


ENZYME INHIBITION 
IN DRUG DISCOVERY 
AND DEVELOPMENT

The Good and the Bad

Edited by

CHUANG LU

ALBERT P. LI

A JOHN WILEY & SONS, INC., PUBLICATION





ENZYME INHIBITION 
IN DRUG DISCOVERY 
AND DEVELOPMENT





ENZYME INHIBITION 
IN DRUG DISCOVERY 
AND DEVELOPMENT

The Good and the Bad

Edited by

CHUANG LU

ALBERT P. LI

A JOHN WILEY & SONS, INC., PUBLICATION



Copyright © 2010 by John Wiley & Sons, Inc. All rights reserved.

Published by John Wiley & Sons, Inc., Hoboken, New Jersey
Published simultaneously in Canada

No part of this publication may be reproduced, stored in a retrieval system, or transmitted in 
any form or by any means, electronic, mechanical, photocopying, recording, scanning, or 
otherwise, except as permitted under Section 107 or 108 of the 1976 United States Copyright 
Act, without either the prior written permission of the Publisher, or authorization through 
payment of the appropriate per-copy fee to the Copyright Clearance Center, Inc., 222 
Rosewood Drive, Danvers, MA 01923, (978) 750-8400, fax (978) 750-4470, or on the web at 
www.copyright.com. Requests to the Publisher for permission should be addressed to the 
Permissions Department, John Wiley & Sons, Inc., 111 River Street, Hoboken, NJ 07030, 
(201) 748-6011, fax (201) 748-6008, or online at http://www.wiley.com/go/permission.

Limit of Liability/Disclaimer of Warranty: While the publisher and author have used their best 
efforts in preparing this book, they make no representations or warranties with respect to the 
accuracy or completeness of the contents of this book and specifi cally disclaim any implied 
warranties of merchantability of fi tness for a particular purpose. No warranty may be created 
or extended by sales representatives or written sales materials. The advice and strategies 
contained herein may not be suitable for your situation. You should consult with a professional 
where appropriate. Neither the publisher nor author shall be liable for any loss of profi t or any 
other commercial damages, including but not limited to special, incidental, consequential, or 
other damages.

For general information on our other products and services or for technical support, please 
contact our Customer Care Department within the United States at (800) 762-2974, outside the 
United States at (317) 572-3993 or fax (317) 572-4002.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in 
print may not be available in electronic formats. For more information about Wiley products, 
visit our web site at www.wiley.com.

Library of Congress Cataloging-in-Publication Data:

Enzyme inhibition in drug discovery and development : the good and the bad / [edited by] 
Chuang Lu, Albert P. Li.
   p. ; cm.
 Includes bibliographical references and index.
 ISBN 978-0-470-28174-1 (cloth)
 1. Enzyme inhibitors. 2. Drug development. 3. Drugs–Metabolism. I. Lu, Chuang. 
II. Li, A. P.
 [DNLM: 1. Enzyme Inhibitors–pharmacology. 2. Drug Discovery–methods. 3. Enzyme 
Inhibitors–chemical synthesis. QU 143 E605 2009]
 QP601.5.E58 2009
 615′.19–dc22

2009014027

Printed in the United States of America

10 9 8 7 6 5 4 3 2 1

http://www.copyright.com
http://www.wiley.com/go/permission
http://www.wiley.com


CONTENTS

v

PREFACE ix

CONTRIBUTORS xi

PART I. DRUG DISCOVERY APPROACHES AND 
TECHNOLOGIES 1

 1. The Drug Discovery Process 3
Gerald T. Miwa

 2. Medicinal Chemistry of the Optimization of 
Enzyme Inhibitors 15
Geraldine Harriman, Amy Elder, and Indranath Ghosh

 3. Bioanalytical Technologies in Drug Discovery 43
Jing-Tao Wu

 4. Safety Biomarkers in Drug Development: Emerging Trends 
and Implications 71
Eric R. Fedyk

 5. The Role of Drug Metabolism in Drug Discovery 91
Tonika Bohnert and Liang-Shang Gan



vi CONTENTS

   6. Applied Pharmacokinetics in Drug Discovery and 
Development 177
Hua Yang, Xingrong Liu, Anjaneya Chimalakonda, Zheng Lu, 
Cuiping Chen, Frank Lee, and Wen Chyi Shyu

PART II. INHIBITION OF THE DRUG METABOLIZING 
ENZYMES—THE UNDESIRABLE INHIBITION 241

 7. Enzyme Inhibition and Inactivation: Cytochrome 
P450 Enzymes 243
R. Scott Obach

 8. Cytochrome P450 Induction 265
Edward L. LeCluyse, Michael W. Sinz, Nicola Hewitt, 
Stephen S. Ferguson,and Jasminder Sahi

   9. Inhibition of Drug-Metabolizing Enzymes in the 
Gastrointestinal Tract and Its Infl uence on the Drug–Drug 
Interaction Prediction 315
Aleksandra Galetin and J. Brian Houston

10. Enzyme Inhibition in Various In Vitro Systems 345
Ping Zhao

11. Cytochrome P450 Degradation and Its Clinical Relevance 363
Mingxiang Liao, Ping Kang, Bernard P. Murray, 
and Maria Almira Correia

12. Complexities of Working with UDP-Glucuronosyltransferases 
(UGTs): Focus on Enzyme Inhibition 407
Michael B. Fisher

13. Evaluation of Inhibitors of Drug Metabolism in Human 
Hepatocytes 423
Albert P. Li and Chuang Lu

14. Grapefruit Juice and Its Constituents as New Esterase 
Inhibitors 443
Suresh K. Balani



CONTENTS vii

15. Transporter–Xenobiotic Interactions: An Important Aspect 
of Drug Development Studies 467
Gang Luo, Richard Ridgewell, and Thomas Guenthner

16. Polymorphisms of Drug Transporters and Their 
Clinical Implications 503
Cindy Q. Xia and Johnny J. Yang

17. Clinical Drug Interactions Due to Metabolic Inhibition: 
Prediction, Assessment, and Interpretation 533
Lisa L. von Moltke and David J. Greenblatt

18. Predicting Interindividual Variability of Metabolic Drug–Drug 
Interactions: Identifying the Causes and Accounting for 
Them Using a Systems Approach 549
Amin Rostami-Hodjegan

  PART III. INHIBITION OF THE DRUG TARGET 
ENZYMES—THE DESIRABLE INHIBITION 569

19. NF-κB: Mechanism, Tumor Biology, and Inhibitors 571
Lenny Dang

20. G-Protein-Coupled Receptors as Drug Targets 625
Wenyan Miao and Lijun Wu

21. Pharmacological Modulation of Ion Channels for the 
Treatment of Chronic Pain 669
Yi Liu and Ning Qin

22. Targeting the mTOR Pathway for Tumor Therapeutics 719
Wei Chen

23. HIV-1 Protease Inhibitors as Antiretroviral Agents 749
Sergei V. Gulnik, Elena Afonina, and Michael Eissenstat

INDEX 811





ix

 PREFACE     

  Development of pharmaceuticals is a complex science that involves collabora-
tive activities of scientists from several different areas, such as: biochemistry 
to validate drug targets, medicinal chemistry to synthesize compounds; phar-
macology to test the compounds ’  effi cacy; drug metabolism and pharmacoki-
netics (DMPK) to ensure that the compounds have  “ drugable ”  properties, 
such as appropriate absorption, distribution, metabolism, and excretion 
(ADME) profi les; formulation science to design appropriate drug products; 
toxicology to characterize the safety profi le in animals and help estimate the 
safety margin for humans; and last but not least, clinical sciences to ensure 
adequate pharmacokinetic, effi cacy, and safety profi les in humans. Marketing 
and fi nance departments are involved right from the start and throughout the 
process in projecting the market on the basis of the drug ’ s properties and 
the existing competition. During the costly and lengthy drug development 
process, the management team continually evaluates the progress of individ-
ual programs, sets priorities for development, and allocates resources to 
maximize the possibility of success given the company ’ s position and market 
conditions. 

 Diseases are often associated with the elevation or repression of certain 
proteins that could be used as drug targets. In general, drug discovery starts 
by manipulating the drug target proteins (a receptor, kinase, or enzyme) with 
an agonist or, more commonly, with an antagonist or inhibitor. Such inhibition 
can generally be termed  “ good inhibition, ”  because it leads to a desired out-
come — that is, suppression of a target and, in turn, a treatment for a disease. 
More often than not, other proteins unrelated to the target are also inhibited, 
potentially leading to adverse effects. This additional, unwanted inhibition 
can be termed  “ bad inhibition. ”  The inhibited proteins may be receptors, 
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metabolizing enzymes, drug transporters, and so on. For the purposes of this 
book, only bad inhibition related to DMPK is covered. Just as good inhibition 
can lead to bad effects (e.g., related to mechanism - based adverse effects), bad 
inhibition can have a positive side as well. For example, drugs known to affect 
nontarget proteins may be used in select cases to cause mixed - type positive 
effects or in combination with appropriate drugs to complement their short-
comings. These attributes will be discussed in many of the chapters. In this 
high - throughput era, individual specialities are sometimes too focused on 
delivering in their own area. An overall understanding of the drug discovery 
and development process allows each scientist to look beyond his or her spe-
cialty at the bigger picture and to mold and integrate his or her research to 
fi ll the grand need of the product from all departments ’  perspectives. The goal 
of this book is to provide in - depth information to these specialized scientists 
on the latest science, strategy, and approaches in enzyme inhibition as applied 
to drug discovery and drug development, as well as to provide value to those 
who are interested in learning the science of fi elds other than their own. 

 This book represents the fi rst of its kind in terms of its inclusion of both phar-
macologic and pharmacokinetic aspects of enzyme inhibition, with chapters 
written by over 50 leading scientists in their fi elds, from both academia and 
industry (major pharmaceutical and biotechnology companies). The fi rst part 
of this book gives an overall review of the drug discovery processes, including 
chapters on drug discovery strategy, medicinal chemistry, analytical chemistry, 
drug metabolism, pharmacokinetics, and safety biomarker assessment. The 
second part of this book discusses the manipulation of drug - metabolizing 
enzymes and transporters and their mostly adverse consequences, such as 
drug – drug interactions. The third part of this book reviews the inhibition of 
several major drug target pathways, such as the GPCR pathway, the NFκB
pathway, and the ion channel pathway. This book will allow DMPK scientists 
to learn and appreciate target biology in drug discovery and, conversely, will 
allow discovery biologists and medicinal chemists to have a broader under-
standing of DMPK. It is also intended for readers with a general interest in 
the fi eld — for instance, students in pharmacology, clinical development staff, 
those in marketing, and regulatory practitioners, as well as pharmaceutical 
executives, because it offers the opportunity to learn in a single treatise the 
basic science of drug discovery and development. 

Albert  P. L i
Chuang  L u

Cambridge, Massachusetts 
 Columbia, Maryland 
 June 2009
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 DRUG DISCOVERY APPROACHES 
AND TECHNOLOGIES 





1

Enzyme Inhibition in Drug Discovery and Development, edited by Lu and Li
Copyright © 2010 John Wiley & Sons, Inc.

 THE DRUG DISCOVERY PROCESS  

  Gerald T.   Miwa       

   1.1   INTRODUCTION 

 The discovery and development of drugs is an ineffi cient process. Only one of 
approximately 10,000 compounds synthesized reaches the marketplace, and 
this requires approximately 10 – 15 years and $800,000,000 in R & D expendi-
tures (Khosla and Keasling,  2003 ). The objective of drug discovery should be 
to identify a compound that will prove to be safe and effective against the 
intended disease with minimal attrition due to toxicities, inadequate exposure, 
or unsuccessful translation of target modulation to clinical benefi t against the 
disease. Drug discovery, the process used to select a compound for drug devel-
opment, is common in most pharmaceutical and biotechnology companies. 
This process is composed of the following phases: target identifi cation and 
validation, hit identifi cation, lead optimization, and development candidate 
nomination (Fig.  1.1 ).   

 Target identifi cation and validation is the process used to identify and 
confi rm that the modulation of a biological target will produce a desired 
therapeutic effect. The methods employed for this phase are mainly biological. 
The confi rmation or validation of the utility of the target in modifying a human 
disease is critical and remains the greatest potential issue of this phase because 
of its implication in clinical failures due to inadequate effi cacy. Hit identifi ca-
tion is the process employed to initially identify molecules that interact with 
the target. Both biological and chemical methods are used to identify hits. The 
methods employed, although more comprehensive than in the past, may still 
not identify all possible hits. Usually, more stringent selection criteria are 
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TARGET IDENTIFICATION AND VALIDATION 5

implemented to screen hits in order to identify lead compounds that have the 
potential to improve further with structure modifi cations. Lead optimization 
is the chemical structure – activity optimization process that identifi es the best 
possible drug - like molecule. Usually absorption, distribution, metabolism and 
excretion (ADME) and toxicology assays are added to the biological and 
chemical methods during lead optimization. Development candidate nomina-
tion is the process used to further characterize the potential exposure, effi cacy, 
and safety of the nomination candidate and to judge if the molecule is suitable 
for drug development. The most common liabilities remaining from this phase 
are inaccurate predictions of human exposure, safety and effi cacy. Although 
the objectives are common among companies engaged in this process, the 
methods, issues, and acceptance standards vary. Nevertheless, the best measure 
for the success of drug discovery is the demonstration of a compound ’ s effec-
tiveness and safety in patients. This chapter describes the elements of the drug 
discovery process and comments on its successfulness and areas currently 
under evaluation to improve success.  

  1.2   TARGET IDENTIFICATION AND VALIDATION 

 Target identifi cation is the process used to identify potential therapeutic 
targets amenable to modulation by drug molecules, antibodies, aptamers, or 
gene modulators such as siRNAs and antisense oligonucleotides. The identi-
fi cation of potential targets for therapeutic intervention by drugs has greatly 
improved in the past two decades. Prior to the mid - 1980s, drug targets were 
identifi ed by the serendipitous discovery of active agents such as the penicillins 
and the benzodiazepines, through the symptomatic changes in disease models 
in animals such as cardiovascular drugs or through activity in suitable in vitro
systems such as for anti - infective drugs. Biochemical targets were identifi ed 
through their postulated relevance in pathways thought to be involved in 
disease processes such as HMG - CoA reductase in cholesterol biosynthesis and 
coronary heart disease (Tobert,  2003   ), and the H2 - receptor in gastric acid 
secretion and gastric ulceration. In rare cases, targets could be identifi ed 
and validated in humans through existing genetic mutations in the human 
population such as the defi ciencies in 5 - alpha reductase (Johnson et al.,  1986 ) 
which led to the 5 - alpha reductase inhibitor class of drugs for benign prostatic 
hypertrophy and propecia. 

 During the past two decades, greater knowledge and newer biological 
methods have permitted the mining of patient samples and animal models 
of diseases to elucidate the probable genes implicated in the disease etiology. 
Techniques such as gene expression profi ling and comparative genomics have 
been valuable in identifying potential targets. For example, the capability 
to identify the overexpression of HER2 in the diseased tissues of some 
breast cancer patients was used to identify HER2 as a new target for meta-
static breast cancer and led to the discovery of Herceptin (Chang,  2007 ). 
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Single - nucleotide polymorphisms (SNP) genotype – phenotype correlations 
from patient samples have also yielded many more, albeit clinically less 
validated, potential targets for drug design (Wunber et al.,  2006 ). In 
addition, greater knowledge of the role of specifi c receptors, cell cycle regula-
tors, enzymes, and other proteins in biochemical pathways has led to the 
identifi cation of potential drug targets at the organism and biochemical 
levels. 

 The complete sequencing of the human genome ushered in the potential 
to vastly increase the number of drug targets. It has been estimated that there 
are as many as 10,000 potential drug target genes in the human genome, which 
is comprised of approximately 30,000 to 50,000 genes (Venter et al.,  2001 ; 
IHGSC,  2001 ). In addition, this may underestimate the total number of pos-
sible protein targets because of splice variants and post - translational modifi ca-
tions (Pillutla et al.,  2002 ). More recently, nonreceptor or noncatalytic protein 
targets such as protein – protein interactions and nonprotein targets such as 
DNA and mRNA have also been recognized. This is an enormous increase 
over the approximately 43 protein targets for the 100 best selling drugs 
(Zambrowicz and Sands,  2003 ) and is the basis for optimism for the future of 
the pharmaceutical industry. Of course, many, perhaps most, of the proteins 
will not be suitable for pharmaceutical development. Since there are thou-
sands of potential protein targets, a growing effort has been made to develop 
high - thoughput screens to identify potential drug targets through ligand – 
protein (Pellecchia et al.,  2004 ) and protein – protein interactions with protein 
microarrays (McBeath and Schreiber,  2000 ) or cell microarrays (Bailey et al., 
 2002 ). This and other technology for screening large protein libraries is com-
prehensively reviewed by Pillutla et al. ( 2002 ). 

 Target validation is the assessment and evidence supporting the linkage of 
a target to the etiology of the disease or pathology and the amelioration of 
the disease by modulation of the target. In other words, it is the convincing 
demonstration that modulation of the target, usually through inhibition, 
results in amelioration of the disease. Target validation is critical and, 
arguably, the most important step in translating a new potential target into a 
viable drug target because of its role in achieving effi cacy in patients, currently 
one of the major reasons for drug attrition in the clinic (Kola and Landis, 
 2004 ). 

 The most accepted criteria for target validation during drug discovery are 
based on three categories: (1) demonstration of the target protein expression 
or mRNA in relevant cell types or in the target tissues from animal models or 
patients, (2) demonstration that modulation of the target in cell systems results 
in the desired functional affect, and (3) demonstration that the target has a 
causal role in producing the disease phenotype in animal models and/or 
patients (Windler et al.,  2003 ). 

 The demonstration of protein expression is usually accomplished in dis-
eased or target tissues by in situ  hybridization or immunocytochemistry. For 
example, the localization of orexin peptides and receptors in the hypothala-
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mus provided evidence for its role in the regulation of feeding (Sakurai et al., 
 1998 ).  In situ  hybridization permits gene detection only at the transcriptional 
or mRNA level, whereas immunocytochemistry identifi es and locates the 
protein expression product but requires appropriate antibodies. 

 Today, the association of the target protein with diseased or target tissue 
is rarely considered suffi cient for target validation. The functional association 
of the target with disease modifi cation is also required. The demonstration 
that modulation of the target results in the desired functional affect can often 
be explored or demonstrated through inhibition of the target by transgenic 
(Tornell and Snaith,  2002 ) and gene knockout mice, small molecule inhibitors, 
antisense oligonucleotides, and small interfering RNA (siRNA). Antisense 
oligonucleotides inhibit gene expression through complementary binding to 
single - stranded DNA or RNA. They have been used to characterize the func-
tion of genes as well as potential drugs. In contrast, siRNAs inhibit gene 
expression through complementary binding to mRNA followed by catalytic 
destruction of the mRNA (Natt,  2007 ; Behike,  2006 ; Hammond et al.,  2000   ). 
Consequently, siRNAs have rapidly eclipsed antisense oligonucleotides 
as a tool for inhibiting gene expression and target validation (Szymkowski, 
 2003 ). Scholarly reviews of techniques and examples of target identifi cation 
and validation can be found in Natt ( 2007 ), Behike ( 2006 ), Pillutla et al. 
( 2002 ), and Ohlstein et al. ( 2000 ). Proteomic methods have been less success-
ful in identifying or validating potential drug targets because analytical tech-
niques for exploring the entire proteome have not been adequate (Kopec 
et al.,  2005   ). However, the recent development of cell microarrays (Bailey 
et al.,  2002 ) may provide more feasible methods for quickly assessing disease -
 based changes in the proteome. 

 Despite the enormous advances in the technologies for examining the 
genome and proteome in cell - based and animal models of diseases and for 
validating potential drug targets with these methods, there remains consider-
able uncertainty about the prospective translation of these fi ndings to human 
diseases (Williams,  2003 ). Today, target validation still ultimately depends on 
retrospective verifi cation from clinical studies while the lack of effi cacy in 
patients continues to be a major source of drug attrition. Consequently, the 
current performance of target validation has been criticized (Sams - Dodd, 
 2005 ). This had led to more holistic approaches for target validation such as 
the confi rmation of activity in cell systems (Kenakin,  2003 ) and target decon-
volution (Terstappen et al.,  2007 ). Target deconvolution is the identifi cation 
of both target and off - target proteins and their functional roles affected by a 
compound in mammalian cells or model organisms such as zebrafi sh or nema-
todes. Both target and off - target proteins are identifi ed by a growing battery 
of techniques that include the use of the compound as an immobilized ligand 
for binding and isolating these proteins through affi nity chromatography and 
through the gene expression changes caused by the compound. A more inte-
grated preclinical and clinical paradigm has also been advocated for drug 
discovery (Schadt et al.,  2003 ).  
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  1.3   HIT IDENTIFICATION 

 Up to this point in the discovery process, the focus has been on the target and 
not the drug. Following target validation suffi cient to create confi dence that 
the target is involved in the etiology of a disease and that modulation of the 
target will result in the reduction of the phenotypic expression of the disease, 
the search for a drug molecule is initiated. Hit identifi cation is the fi rst stage 
of this process. For small molecules, the goal is to identify the core molecular 
structure that demonstrates promise for further structure optimization. 

 There are a number of strategies for identifying hits. With the advent 
of large compound libraries through combinatorial synthesis, proprietary 
compound collections, and natural products and the increased feasibility of 
screening provided by automated analysis and data informatic methods, high -
 throughput screening (HTS) of large compound libraries against potential 
targets emerged as a major source of compound hits. This approach was 
eagerly pursued, especially by large pharmaceutical companies, during the 
1990s. Although the random screening of large combinatorial libraries is less 
common today, many companies continue to use HTS of focused compound 
libraries as a source of hits. Focused libraries are subsets of chemical libraries 
that are chosen based on a company ’ s proprietary knowledge of the target 
structure or by other chemoinformatic criteria (Goodnow,  2006 ). In addition 
to the use of smaller, more focused compound libraries to screen for chemical 
hits, a growing effort to identify higher - quality hits through further character-
ization has been adopted by some pharmaceutical companies. The most 
common approach is the characterization of desirable drug - like properties 
using assays that can be easily implemented in a high - capacity and rapid -
 turnaround format such as those for drug absorption, metabolism, drug inter-
actions, and cardiac ion channel modulation. For example,  in vitro  assays for 
oral absorption such as the Caco - 2 cell system, metabolic stability such as the 
hepatic liver microsomal system, the potential for drug interactions with CYP 
inhibition assays, and the potential for cardiac QT interval prolongation with 
hERG binding have been moved to the end of the hit identifi cation stage to 
provide higher - quality characterization to the leads they generate (Bleicher 
et al.,  2003 ). 

 Computational or modeling techniques have also been employed as a 
source of hits (Balakin et al.,  2006 ). For example, ligand - based design employs 
known binding ligands to map out the structural binding features of the target. 
This computational method does not require knowledge of the structure of 
the binding domain of the target but does depend on a comprehensive struc-
ture – activity relationship with known ligands. A more refi ned computational 
method, structure - based design, can be employed when the three - dimensional 
structure of the ligand - binding domain of the target protein is known. Modeling 
of ligands docking to the target provides a means for identifying potential hits 
(Kitchen et al.,  2004 ). Actual HTS screening with focused compound libraries 
can then be used to confi rm these potential hits or identify new hits. 
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 An alternative or complementary approach to HTS with compound librar-
ies is fragment - based lead design (FBLD). This method has been gaining 
popularity in the last decade (Hajduk and Greer,  2007 ; Everts,  2008 ) and is 
based on measuring the binding of smaller chemical fragments or functional 
groups to target proteins rather than the functional assay of the interaction of 
the larger molecules containing more chemical fragments employed with HTS. 
The strategy of FBLD is to identify individual chemical functional groups 
(such as amino, carboxylate, carbonyl, aryl, etc.) that bind to different sites on 
the target and then combine them in a single molecule in order to create 
compounds with higher binding affi nities. One strategic advantage of FBLD 
over HTS is that a smaller library of compounds is required to defi ne a greater 
fraction of the total number of possible chemical scaffolds (Hajduk and Greer, 
 2007 ). For example, it has been estimated that for scaffolds of MW 500, there 
are 10 62  possible scaffolds while the usual HTS screen is limited to about 10 6

compounds leaving a vast amount of chemical space unscreened. In contrast, 
the smaller size of FBLD fragments, MW    <    200, results in approximately 10 7

possible combinations requiring a much smaller fragment library of 10 4  – 10 5  to 
give much better screening coverage. The low coverage of all possible scaf-
folds possible with HTS may be a signifi cant contributor to the disappointing 
success of this approach in identifying clinical candidates (Drews,  2000 ). 

 Although the functional assays of HTS are often not sensitive enough to 
detect the lower affi nity binding of fragments, a number of general methods 
have been applied to successfully screen FBLD libraries such as NMR detec-
tion of the chemical shifts produced from fragment binding to the target 
protein, X - ray crystallographic detection of ligand binding, and surface 
plasmon resonance, which measures the change in protein surface refractive 
index upon ligand binding. To date, FBLD has yielded several clinical candi-
dates from a number of companies such as Abbott, Astex Therapeutics, 
Novartis, Plexxikon, and Sunesis (Everts,  2008 ).  

  1.4   LEAD OPTIMIZATION 

 Hit identifi cation, through the screening of compound libraries, FBLD, or 
other sources, provides the entry point for the drug discovery phase known 
as lead optimization (LO). Lead optimization is a systematic effort to maxi-
mize the pharmacological and drug exposure properties of a lead candidate 
while minimizing its toxicity and drug – drug interaction potential through 
structure modifi cations (refer to Chapter  2  in this book). Often, some assess-
ment of certain acute toxicity markers and factors that can contribute to 
inadequate exposure or overexposure is either conducted systematically or 
conducted occasionally during LO or as part of the compound characteriza-
tion stage prior to the nomination of a compound to development. The most 
common toxicity and exposure assays employed during this stage are: hERG 
binding for potential adverse cardiac ion channel binding, cytotoxicity assays 
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as predictors of organ toxicities, limited AMES assays to identify direct acting 
genotoxins, the evaluation of chemically reactive metabolites (Baillie,  2006 ), 
the identifi cation of off target receptors with the NOVA screen (Kramer 
et al.,  2007 ; Sasseville et al.,  2004 ), the identifi cation of major metabolic 
pathways (refer to Chapter  5  in this book  ), and the evaluation of drug – drug 
interaction potential through the identifi cation of enzymes and transporters 
responsible for the clearance of the compound, the evaluation of polymorphic 
CYPs such as 2C9, 2C19, and 2D6 as primary clearance enzymes, the evalua-
tion of the induction potential for CYPs involved in drug clearance (refer to 
Chapter  8  in this book) and the inhibition of these enzymes and drug trans-
porters (refer to Chapters  7 ,  15 , and  17  in this book; Balani et al.,  2005 ). In 
some cases, acute single or repeat dose  in vivo  toxicology studies are con-
ducted, usually based on the observation of organ toxicities from previous 
compounds in the class or LO program. 

 The fi rst step in LO is the identifi cation of the pharmacophore or compo-
nent groups on the lead molecule responsible for the desired interaction with 
the target. Often, the pharmacophore is only a small portion of the entire 
molecule, and other portions are either (a) providing the framework to support 
the pharmacophore for either favorable or less favorable binding to the target 
or (b) extraneous and have no effect on binding of the pharmacophore. 
Identifi cation of the pharmacophore, framework, and extraneous portions of 
the lead molecule requires systematic structural modifi cations, most com-
monly through selective deletion, of portions of the lead molecule to defi ne 
these components. Lead optimization can then be pursued through selective 
additions, deletions, and functional group modifi cations of the lead molecule 
to maximize activity. Of course, it is also essential to optimize the biopharma-
ceutical and exposure or pharmacokinetic properties while minimizing the 
toxicity potential during LO. If LO is conducted  in vivo , the structure can also 
be directly optimized for pharmacokinetic properties such as bioavailability, 
systemic exposure, distribution to target organs or tissues, and duration of 
action while minimizing the potential for drug – drug interactions via induction 
or inhibition of clearance enzymes (refer to Chapter  6  in this book  ). The sys-
tematic structure modifi cations lead to an understanding of the relationship 
between chemical structure and the activity, exposure, and safety properties 
of the lead. This structure – activity relationship (SAR) is often the most time -
 consuming phase of LO, requiring hundreds to thousands of compounds to 
optimize these properties.  

  1.5   CRITERIA FOR THE DEVELOPMENT CANDIDATE 

 During the last phase of LO, when one or a few compounds are judged to 
possess the optimal properties of exposure, activity, and safety, they are 
usually more fully characterized to verify their potential as drug development 
candidates. The most common discovery criterion for drug development is 
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that there is compelling enough evidence to merit confi dence that the com-
pound will have the desired effi cacy, exposure, and safety properties in the 
clinic. The specifi c criteria in each of these areas are compound - specifi c and 
depend on factors such as the seriousness of the disease, the properties of 
previous development candidates, the strength of the patent position, and the 
needed ease of administration of the dose and dose regimen to ensure compli-
ance. In addition, there are a number of nondiscovery criteria that also infl u-
ence the decision to advance a compound into development such as the 
competition from other drugs in development and existing marketed drugs, 
the anticipated manufacturing requirements and cost of producing drug 
product, the projected development times, the anticipated development and 
regulatory issues, and the market potential and other commercial issues. 

 Although the majority of development candidates arise from the drug dis-
covery process or candidates that are licensed in from other companies, there 
are other, less common, sources for drug candidates. Drug metabolites have 
been a source for development compounds (Fura,  2006 ), and some notable 
examples have gone on to become drugs such as oxazepam, pravastatin, and 
fexofenadine. Side effects or off - target effects observed in the clinic have led 
to new or increased indications for some drugs such as Viagra, marketed for 
erectile dysfunction although originally developed for angina and hyperten-
sion, and Zyban, marketed for smoking cessation although originally devel-
oped as an antidepressant.  

  1.6   PERSPECTIVE 

 Pharmaceutical companies pursue similar processes for discovering new drugs. 
Although each company has its own specifi c criteria and metrics for measuring 
success during drug discovery, the most appropriate metric should be the 
success in meeting safety and effi cacy criteria in patients with minimal com-
pound attrition. By this measure the pharmaceutical industry has not become 
more successful and actually may have become less successful during the past 
decade in its efforts to discovery new drugs (Mathieu,  2007   ). As an industry, 
pharmaceutical companies have greatly advanced in their knowledge and 
accessibility to new drug targets and the technology for screening for hits. 
During the last two decades, the addition of screening assays relevant to drug 
disposition and drug – drug interactions in humans and the optimization of 
ADME properties during hit identifi cation and lead optimization has had 
remarkable success in reducing the attrition from inadequate drug exposure 
during clinical development (Kola and Landis,  2004 ). The process and methods 
employed for lead optimization of pharmacological activity have not seen as 
dramatic an improvement in speed or scope, but their success in identifying 
development candidates has been maintained. 

 The greatest challenges facing successful drug discovery are those closest 
to meeting the primary objectives for a new drug: safety and effi cacy. Only 1 
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of 10 compounds entering clinical development is approved as a new drug. 
The main contributors to this 90% attrition during clinical development are 
inadequate effi cacy (27%) and inadequate safety (34%) (Fig.  1.1 ). The absence 
of better models and methods to predict drug effi cacy for many new disease 
targets and to predict toxicities in humans portend that these will continue to 
be the major sources for drug attrition during development. This is recognized 
by the industry, and there is a growing emphasis on better target validation 
and predictive toxicity screens that can be implemented earlier in drug dis-
covery. Solutions to these needs will be crucial to improving the success of the 
discovery process.  
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2
 MEDICINAL CHEMISTRY OF THE 
OPTIMIZATION OF ENZYME 
INHIBITORS 

  Geraldine   Harriman  ,   Amy   Elder  , and   Indranath   Ghosh       

   2.1   INTRODUCTION 

 Over the years the increased knowledge of the function of enzymes in signal-
ing pathways has led to the identifi cation of new targets and the discovery of 
new therapeutic agents directed at these targets. Enzymes have been well -
 exploited as medicinal targets, leading to discoveries that have greatly 
improved the quality of life of patients. Recently highlighted are the advance-
ments within the kinase fi eld. Several new molecular entities have entered the 
clinic, and certain inhibitors have been approved as new drugs for important 
therapeutic indications. (Fischer,  2004 ; Klebl and Mueller,  2005 ). 

 In the search for new medicinal agents, it is important to appropriately 
modulate the therapeutically targeted enzyme while being mindful not to also 
modulate enzymes in non - related biological processes. In this chapter, we will 
describe certain types of enzyme inhibitors in addition to highlighting some of 
the  “ off - target ”  enzymes or proteins that are considered when creating selective 
enzyme inhibitors that have good drug - like properties (DLPs). A variety of 
strategies are used by medicinal chemists to create molecules that are effective 
enzyme inhibitors but also avoid modulating metabolizing enzymes (such as the 
cytochrome P450s), being degraded (e.g., amidases) or sequestered by proteins 
(e.g., serum albumin) or interacting undesirably with other targets (e.g., the 
hERG channel). These are the topics that will be reviewed in this chapter. 
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 There are many approaches to the identifi cation of novel chemical matter 
that initiate the involvement of medicinal chemistry. One common approach 
is to subject a well - characterized protein (enzyme, receptor, etc.) to a chemical 
library and  “ screen ”  the contents of this compound collection for small mol-
ecules that can modulate its activity (e.g., enzyme inhibition). This exercise is 
referred to as a high throughput screening (HTS) campaign (Colas,  2008 ; 
Dunlop et al.,  2008 ; Kale et al.,  2008 ; Mayr and Fuerst,  2008 ; Wunder et al., 
 2008 ). From this exercise, small molecules that affect protein function (i.e., 
screening hits) are selected for advancement into the next phase of the drug 
discovery process (Fig.  2.1 ). In the next phase, known as hit - to - lead (HTL), 
a battery of structural variants or analogs of each hit are synthesized, and their 
potency against the same biological target is determined. Through this itera-
tive process, structure – activity relationships (SAR) are developed and drug -
 like properties (DLPs) are determined (solubility, selectivity against related 
and nonrelated proteins, stability against drug metabolism enzymes, etc.) 
(Lipinski,  2000 ; Li,  2001, 2005 ; Yamashita and Hashida,  2003 ; Wang et al., 
 2007 ; Gleeson,  2008 ). Key issues identifi ed in the HTL stage are addressed 
with the synthesis and evaluation of additional analogs of the  “ lead ”  or best 
structures in the lead optimization (LO) stage. It is in this phase that desirable 
properties are optimized, and undesirable properties are eliminated or mini-
mized, culminating in the identifi cation of a development candidate (DC) 
which is then moved forward into preclinical development. These optimized 
properties usually include signifi cant potency against the primary biological 
target, acceptable DLPs, signifi cant effi cacy in a pharmacological model of 
disease, and a pharmacokinetic profi le that will translate into acceptable effi -
cacious exposure in human. Simultaneous optimization of all these properties 
to a single DC can be quite a feat, because each one of these parameters 
involves its own unique structure – activity relationship. Some of the strategies 
used in the optimization of small molecules as potential therapeutics will be 
discussed in this chapter.    

  2.2   TYPES OF ENZYME INHIBITORS 

 Many drugs are enzyme inhibitors, inhibiting enzyme processes in the body 
by inhibiting either binding of the substrate or catalysis. Enzymes can also be 
activated by small molecules, but this is beyond the scope of this chapter 

HTS

(or rational design)

Hit to Lead 

potency & DLPs

Lead Optimization

potency, efficacy, 

PK & DLPs

DC

Drug Discovery Process

     Figure 2.1.     The process utilized by many drug discovery companies.  
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(Goode et al.,  2008 ; Guertin and Grimsby,  2006 ; Evgenov et al.,  2006 ; Thakur 
et al.,  2007 ; Milne et al.,  2007 ; Putt et al.,  2006 ). Enzyme inhibitors can be 
broadly classifi ed as reversible or irreversible depending on their binding 
(Robertson,  2005 ; Cleland,  2007 ; Copeland,  2007 ; Johnson,  2007 ; Hammes, 
 2008 ; Morrison,  2007 ; Pliska,  2007 ; Stojan,  2005 ; Tipton,  2007 ; Varfolomeev, 
 2005 ). Certain drugs are designed as reversible inhibitors because of the 
potential for lower side effects associated with a reversible inhibitor relative 
to an irreversible inhibitor. This chapter will focus on reversible inhibitors and 
their design and optimization. Reversible inhibitors can be further classifi ed 
into competitive, uncompetitive, or noncompetitive inhibitors, depending on 
how an inhibitor binds to the target enzyme. Competitive inhibitors typically 
bind at the active site and compete with the substrate; the binding of each is 
mutually exclusive. This has been the primary objective for many medicinal 
chemistry programs; however, uncompetitive and noncompetitive inhibitors 
have also been successfully pursued. This chapter will describe examples from 
all of these classes of enzyme inhibitors. 

  2.2.1   Competitive Inhibition and Transition-State Mimetics 

 One method to design competitive enzyme inhibitors is based on a rational -
 drug design process which takes advantage of known structures of substrates 
and mimics these in the design of inhibitors. The premise for this strategy is 
that the inhibitor can bind in the active site in a similar way to that of the 
substrate without forming product, while inhibiting the binding of the sub-
strate. As a result, many inhibitors exhibit a striking resemblance to enzyme 
substrates, and  “ compete ”  for their binding sites. This approach has been used 
successfully in the kinase inhibitor fi eld where many compounds are competi-
tive with the kinase substrate ATP (Liu and Gray,  2006 ). 

 Certain classes of molecules, such as the aminoquinazolines, have been 
shown to competitively bind to the ATP binding pocket (Fig.  2.2 ) of kinases 
and inhibit their function. Examples of competitive inhibitors are the mar-
keted drug Gefi tinib, and its analog Erlotinib (Fig.  2.3 ) (Clark et al.,  2005 ), 
which are both ATP competitive EGFR (epidermal growth factor receptor) 
kinase inhibitors. (Laufer et al.,  2005 ; Crespo et al.,  2008 ). These inhibitors 
are structurally similar to ATP and make similar key hydrogen bond interac-
tions with the kinase. Figure  2.4  illustrates the binding of Erlotinib in the ATP 
binding pocket of EGFR, forming key interactions with the kinase at the ATP 
binding site.   

 Many examples of transition - state mimetics exist in the aspartic protease 
fi eld where the inhibitors have been designed to mimic the proposed transi-
tion - state structure during cleavage of the enzyme substrate (Fig.  2.5 ). 
(Bursavich and Rich,  2002 ; Yokokawa et al.,  2008 ) Inhibitors in the aspartic 
protease fi eld have been designed to target diseases such as AIDS, Alzheimer ’ s 
disease, and hypertension. Ritonavir was at least partially designed based on 
the structure of the proposed transition - state hydrolysis intermediate of the 
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viral polypeptide substrate by HIV protease and the symmetry of the protease 
(Fig.  2.6 ). (Kempf et al.,  1998 ) Initial attempts to design inhibitors of HIV 
proteases included key transition state mimetics (TS mimetics) which lacked 
the scissile peptide bond but mimicked the hydrolysis of the HIV polypeptide 
substrate by the protease (Boudes and Geiger,  1996 ; Kempf et al.,  1998 ). A 
signifi cant number of transition state mimetic HIV protease inhibitors have 
been advanced into the clinic or approved as drugs, including Saquinavir, 
Ritonavir, Indinavir, Amprenavir, Lopinavir, and Nelfi navir (Mastrolorenzo 
et al.,  2007 ; Nguyen et al.,  2008 )   
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 Transition - state mimetic inhibitors also take advantage of the better binding 
resulting from what has been referred to as an induced fi t model. This model 
was proposed by Koshland to explain the unexpectedly high enzyme affi nity 
exhibited by TS mimetics (Thomas and Koshland,  1960 ) More recently, com-
pounds in the HIV protease fi eld have used the growing body of knowledge 
around the TS analogs to solve some of the limitation within this fi eld of 
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inhibitors, including the low oral bioavailability, poor aqueous solubility, high 
protein binding, and overall poor pharmacokinetic properties. Ekergren and 
co - workers described inhibitors containing the traditional alcohol - based tran-
sition - state mimetic with a twist, converting the secondary alcohol to a tertiary 
alcohol to create  “ shielded inhibitors ”  (Fig.  2.7 ) (Ekegren et al.,  2005, 2006a,b ; 
Wu et al.,  2008 ). Pleasingly, a set of these inhibitors exhibited increased per-
meability and excellent human microsomal stability which has the potential 
to improve overall pharmacokinetic properties. TS mimics have also been 
used as inhibitors of the serine protease, human mast cell tryptase. TS tryptase 
inhibitors have been designed with the presence of a heterocyclic activated 
ketone as the transition - state mimetic. This ketone, when hydrated, forms 
the key transition structure that mimics hydrolysis of the substrate (Fig.  2.8 ) 
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(Costanzo et al.,  2003 ). In addition, novel transition state mimetics have been 
discovered for use in zinc proteases. Dae Park and colleagues discovered that 
the sulfonyl urea based inhibitors can act as novel transition state analogs to 
produce inhibitors of carboxypeptidase A (Fig.  2.9 ) (Park et al.,  2002 ).    

  2.2.2   Noncompetitive/Allosteric Inhibitors 

 Noncompetitive inhibitors bind to a site that is remote from the active site 
(Fig.  2.10 ). The binding of a noncompetitive inhibitor to the enzyme elicits a 
conformational change within the enzyme. This conformational change no 
longer allows the substrate to bind to the enzyme in a fully productive manner. 
During this process, both the substrate and inhibitor may remain capable of 
binding to the enzyme at the same time to create a nonproductive complex. 
In contrast to competitive inhibitors, a noncompetitive inhibitor cannot be 
competed out of the enzyme by the substrate and can still effectively inhibit 
the enzyme under high substrate concentrations. At a simple mechanistic 
level, noncompetitive and allosteric inhibition appears to be the same and the 
terms are often used interchangeably.   

 Although drug discovery programs have been very successful in identifying 
competitive inhibitors and excellent drugs, for some therapeutic targets, these 
inhibitors may not provide the target selectivity required for closely related 
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receptor subtypes and may produce undesirable off - target side effects. In this 
respect, allosteric inhibitors are particularly attractive and can potentially 
address many of the undesirable properties associated with competitive 
inhibitors (Kenakin,  2004 ).  

  2.2.3   Protein Kinase Inhibition: A Good Example of Allosteric Inhibition 

 The vast majority of protein kinase inhibitors (PKIs) reported to date are 
ATP - competitive and bind at the ATP binding site, which is common to all 
kinases and highly conserved. Thus, it was believed that developing selective 
small - molecule PKIs would be a challenging endeavor. Although selective 
inhibitors competitive with ATP have been identifi ed (Fischer,  2004 ; Parang 
and Sun,  2004 ; Barnett et al.,  2005 ) for specifi c protein kinases, it remains to 
be seen whether side effects or resistance will appear with these inhibitors in 
long - term clinical studies (Cowan - Jacob et al.,  2004 ). 

 An alternative way to avoid target promiscuity in the design of kinase 
inhibitors is to look for noncompetitive inhibitors, with the aim of obtaining 
interactions remote from the ATP site. In this way, regions outside the 
ATP binding pocket can be targeted for designing allosteric inhibitors that 
cause signifi cant conformational changes in the target kinase. These com-
pounds are likely to be more selective within the kinase family with fewer 
off - target side effects. Thus, there is growing interest in identifying new classes 
of allosteric PKIs that do not directly compete with ATP (Bogoyevitch and 
Fairlie,  2007 ), and some of these novel small molecule inhibitors are discussed 
below. 

 BIRB 796 (Fig.  2.11 ) is a potent selective inhibitor of p38 mitogen - activated 
protein kinase (MAPK), a Ser/Thr protein kinase (Pargellis et al.,  2002 ; Regan 
et al.,  2002, 2003a,b ; Mol et al.,  2004 ) It was developed from a diaryl urea 
(Fig.  2.11 ), which was identifi ed from a high - throughput screening campaign. 
The allosteric mode of inhibition of this class of compounds was evident from 
the crystal structure of the urea with human p38 MAPK, which showed the 
compound bound to the enzyme at a site remote from the ATP binding region 
(Fig.  2.11 ) (Regan et al.,  2002 ). In the case of the diaryl urea inhibitor 
and BIRB 796, the mechanism of inhibition involves a large conformational 
change in the enzyme which blocks productive binding of ATP (Regan et al., 
 2002 ).   

 Interestingly, BIRB 796 appears to be kinetically  “ ATP - competitive ”  in its 
inhibition despite its allosteric mechanism of action. However, there are other 
allosteric protein kinase inhibitors that show noncompetitive kinetics with 
respect to ATP (Martinez et al.,  2002 ; Davidson et al.,  2004 ; Bogoyevitch and 
Fairlie,  2007 ) Two examples of such allosteric PKIs are shown in Fig.  2.12 . 
Compounds PD098059 and PD318088 are inhibitors of MEK1/2 (Favata 
et al.,  1998 ; Sebolt - Leopold et al.,  1999 ). A crystal structure of MEK1 with 
PD318088 in the presence of Mg 2+  and ATP indicates that PD318088 does not 
inhibit ATP binding; however, in the presence of PD318088 the enzyme 



undergoes signifi cant conformational changes in the kinase activation loop 
and N - terminal lobe resulting in inhibition of the kinase (Ohren et al.,  2004 ).     

  2.3   IMPROVEMENT OF DRUG - LIKE PROPERTIES ( DLP  s ) 

 Drugs encounter numerous hurdles in the form of processes in the human 
body that may prevent them from reaching their fi nal targets. In the drug 
discovery process, it is the job of the medicinal chemist to identify likely 
hurdles and design molecules that either overcome or avoid these obstacles. 
The goal of this process is to obtain development candidates that can effec-
tively and selectively reach their intended biological target  in vivo , elicit the 
desired effect  , at the same time not affect other targets, which would result in 
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potential undesired effects. Such undesired effects may be driven by the mol-
ecule ’ s interaction with transporters, metabolizing enzymes, absorption mech-
anisms, and so on. This part of the chapter will address a few examples of 
medicinal chemistry strategies to overcome these hurdles. 

  2.3.1   Avoiding Enzyme - Related Associated Side Effects 

 The area of antidepressants offers one good example of a drug discovery 
process that has resulted in safer and more effi cacious drugs. The monoamine 
oxidase inhibitors were fi rst discovered in the 1950s and 1960s, but exhibited 
severe side effects including cardiovascular side effects, hypertensive crisis, 
hyperpyrexia, and psychosis. These side effects were believed to be partly due 
to the poor selectivity of binding to the Apo - A and B enzyme and the irrevers-
ible nature of the monoamine oxidase inhibition. Improvements in selectivity 
and reversibility resulted in the identifi cation of reversible inhibitors of mono-
amine oxidase type A (RIMAs), examples of these include Aurorex (Fig. 
 2.13 ), which was the fi rst RIMA (Lotufo - Neto et al.,  1999 ). Aurorex no longer 
requires close dietary supervision by a physician, which is still needed for older 
monoamine oxidase inhibitors.    

  2.3.2   Improving Drug - like Properties; Strategies to Improve 
Plasma Stability 

 Beyond inhibitor selectivity, many programs have struggled with the issue of 
stability in plasma, which ultimately will limit the amount of compound that 
reaches the site of action. Within the antiviral fi eld, the human cytomegalovi-
rus protease has proven to be a diffi cult target to drug. Borthwick and co -
 workers have described successful efforts to overcome the problems of both 
poor solubility and poor plasma stability of their inhibitors (Borthwick et al., 
 2003 ). Modifi cation to the lactam nitrogen in the inhibitors resulted in increased 
stability in human plasma and whole - cell antiviral activity (Table  2.1 ). One 
strategy utilized increased steric hindrance around the lactam and the second 
included the deactivation of the carbonyl of the lactam, making it less suscep-
tible to enzymatic hydrolysis. This was achieved by substituting the lactam 
nitrogen with different groups, including a cyclopropyl carbonyl (with various 
substitution patterns) as well as electron - donating and electron - withdrawing 
aryl and heteroaryl groups. The best plasma stability was observed with 
an electron - withdrawing heterocyclic group that resulted in human plasma 
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     Figure 2.13.     Aurorex.  



stability of  > 24   h, however, acceptable antiviral activity was not achieved 
except with a benzothiazole substitution.    

  2.3.3   Improving Drug - like Properties; Strategies to Avoid Potential 
Drug – Drug Interactions 

 Cytochrome P450 enzymes are the major metabolizing enzymes in the human 
body. Inhibition of P450 enzymes is undesirable because of the potential risk 
of side effects due to drug – drug interactions. Overcoming this challenge in 
drug discovery continues to be a major challenge for medicinal chemists due 
to the promiscuous nature of the cytochrome P450 enzymes. Companies have 
developed  in vitro  HTS methods to help predict drug - drug interactions early 
in drug discovery. In addition, computational models have been developed to 
identify structural features that are likely to inhibit the fi ve major cytochrome 
P450 isozymes (1A2, 2D6, 2C9, 2C19, and 3A4) (Yan and Caldwell,  2001 ). 
Developing SAR around compounds that exhibit P450 inhibition continues to 
be a challenge for medicinal chemists. However, successful examples using 
true rational drug design strategies have been reported in the literature, and 
a few examples will be shown. 

 Nicotinic acid (niacin) has recently been shown to bind to the GPCR recep-
tor, GPR109A (Raghavan et al.,  2008 ). Niacin is well known for its ability to 
raise HDL - cholesterol levels, the  “ good cholesterol, ”  and is the leading mar-
keted drug for this purpose. A group at Merck was interested in identifying a 
series of compounds that bound to the GPCR receptor GPR109A, in hopes 
of identifying other potent niacin receptor agonists. The group screened their 
library and identifi ed an initial anthranilic acid - based hit (Fig.  2.14 ). This hit 

 TABLE 2.1.     Human Plasma Stability of Lactams 
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was elaborated to a biphenyl anthranilic acid derivative that showed undesir-
able activity against the CYP2C8 and CYP2C9 P450 subtypes. Replacements 
of the anthranilic acid with a tetrahydroanthranilic acid proved to be accept-
able with improved  in vitro  activity against the niacin receptor and an improved 
overall profi le for the cytochrome P450 isoforms, CYP2C8 and CYP2C9.   

 Medicinal chemists involved in the discovery of human gonadotropin -
 releasing hormone receptor antagonists ( h  - GnRH - R) identifi ed a series of 
potent uracil - containing analogs, which also exhibited potent inhibition of 
cytochrome CYP3A4. SAR work showed that the incorporation of an acid 
functionality could separate activity at the  h  - GnRH - R from that at CYP3A4 
(Fig.  2.15 ) (Chen et al.,  2008 ). Kim and co - workers used a similar strategy of 
incorporation of an acidic carboxylic acid to overcome inhibition of CYP3A4 
in the dipeptidyl peptidase IV (DPP - IV) serine protease (Fig.  2.16 ) (Jun 
et al.,  2008 ).   

 Data - mining has been used to design computational models to predict 
structural features that will inhibit specifi c P450 enzymes. A variety of differ-
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ent computational models have been developed and used as predictors to 
fi lter compounds with structural features predicted to inhibit specifi c cyto-
chrome P450 ’ s. Multiple groups have used Quantitative Structure Activity 
Relationship (QSAR) models using different statistical approaches, including 
partial least squares (PLS), multiple linear regression (MLR), classifi cation 
and regression trees (CART) and Bayesian neuronal network (BNN) to name 
a few (Chohan et al.,  2005 ; Burton et al.,  2006 ; Olsen et al.,  2006 ; Hudelson 
et al.,  2008 ; McMasters et al.,  2007 ; Jensen et al.,  2007 ).  

N

N

O

O F

F3C

Z

CF3

Z

-OH
-NH2

-NHCH2C(O)OEt

-OCHC(O)OH
-NHCH2CH2C(O)OH

GnRH
Ki (nM)

69

1100

110
>10,000

>10,000

CYP3A4
IC50 (uM)

0.80

9.1

0.35
20

31

N

N

O

O F

F3C

NH

F

OMe

CO2H

GnRH
Ki = 2.2 nM

CYP3A4
IC50 = 36 uM

     Figure 2.15.     Optimization of the uracil core to differentiate GnRH antagonism and 
CYP3A4 inhibition.  

DPP-IV

Ki = 0.51 μM

N

N

O
NH

O

O
HO

ONH2

F

F

F

HCl

CYP3A4

Ki = 59.3 μM

     Figure 2.16.     Dipeptidyl peptidase IV inhibitor.  

IMPROVEMENT OF DRUG-LIKE PROPERTIES (DLPs) 27



28 THE OPTIMIZATION OF ENZYME INHIBITORS

  2.3.4   Improving Drug - like Properties; Strategies to Improve Intestinal 
Absorption and Cell Permeability 

 Absorption of compounds is crudely described as the movement of com-
pounds into the bloodstream and can greatly affect the ultimate bioavailability 
of a compound. Multiple routes of administration can deliver compounds to 
the bloodstream, including intravenous, intramuscular, or subcutaneous, 
however, most common for human therapeutics and the most challenging is 
oral delivery. The delivery of compounds orally involves the additional chal-
lenges that a compound must undergo dissolution, solubilize, and be absorbed 
across the gutwall. In order for compounds to be absorbed into the blood-
stream, they must cross the gastrointestinal wall, which is lined with epithelial 
cells. Compounds that target the brain have the additional challenge of cross-
ing the blood – brain barrier (BBB). Compound ionic charge, size, and overall 
polar surface area as well as the presence or absence of certain functional 
groups can effect how well compounds cross the gut wall and/or the BBB. In 
addition, the presence of transporter at either site can decrease the ultimate 
absorption of compounds. Absorption remains a major focus for medicinal 
chemists since compounds must be absorbed before an in vivo  pharmacologi-
cal response can be elicited. For this reason, there exist a number of  in vitro
and in silico  predictive models of drug absorption across the gut wall and BBB 
permeability.  In vitro  tools include the PAMPA assay (parallel artifi cial mem-
brane permeation assay), which is a predictor of passive diffusion only and is 
a measure of permeability across an artifi cial membrane without interference 
from other factors. The PAMPA assay does not predict paracellular transport, 
active uptake, or effl ux by transporters. As a result, the PAMPA assay allows 
the ability to rank order compounds based solely on passive permeability 
through an artifi cial membrane. Additional  in vitro  models for predicting 
absorption include cell - based assays employing either Caco - 2, the MDCK cell 
line with and without MDR1 transfection, or the bovine brain microvessel 
endothelial cell (BBMEC) (Terasaki et al.,  2003 ; Garberg et al.,  2005 ; Irvine 
et al.,  1999 ). The Caco - 2 assay evaluates compound permeability due to tran-
scellular passive diffusion as well as active and paracellular transport. This cell 
line is a cultured human colonic cell line that expresses transporters present 
in the gut wall, and for this reason it can serve as a very good predictor of 
physiological drug absorption. Results from the Caco - 2 assay provide informa-
tion about the compounds ’  effects on transporters, including the P - glycoprotein 
transporter. The MDCK cell line has gained popularity as a better predictor 
of brain penetration than the Caco - 2 cell line. In addition, the MDCK cell line 
is a better predictor for effl ux for compounds that are recognized and effl uxed 
by the P - glycoprotein (P - gp) versus the Caco - 2 cell line (which has the pres-
ence of multiple transporters). The topic of transporters is discussed within 
this text. Some examples of the use of these  in vitro  tools to drive medicinal 
chemistry to identify compounds with improved drug - like properties will be 
highlighted. 



 Qiao and co - workers at BMS describe work to discover effi cacious factor 
Xa inhibitors (Qiao et al.,  2009 ). Modifi cation of functional groups greatly 
affected the permeability of the compounds based on evaluation using the 
Caco - 2 assay. Modifi cation of groups such as sulfonyl and amides, which are 
known to reduce permeability due to the higher polar surface area, showed a 
reduced permeability as measured using the Caco - 2 assay (Fig.  2.17 ). However, 
the presence of a trifl uoromethyl group greatly increased permeability. 
Subsequent modifi cations to the pyrazolodihydropyridone core were investi-
gated. The group also achieved improvements in permeability through het-
erocyclic isosteric replacements of esters and acids. An additional example 
has been shown in the design of novel noradrenaline reuptake inhibitors. Fish 
and co - workers designed molecules with modifi cation to a key amide that 
showed modulation of permeability and a decrease in effl ux by the P - gp trans-
porter using the MDCK cell line (Fig.  2.18 ). (Fish et al.,  2008 ). This decrease 
in effl ux is attributed to the increased lipophilicity and the altered H - bond 
capacity of the amide.   

 In the fi eld of phosphatase inhibitors a continued challenge has been the 
ability to obtain permeable, orally bioavailable compounds. Key recognition 
binding motifs utilized in many phosphatase inhibitors are polar functional-
ities that mimic the phosphate present on the substrate. For this reason, many 
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     Figure 2.17.     Factor Xa inhibitors with improved permeability.  
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phosphatase inhibitors contain an acidic carboxylic acid (Fig.  2.19 ). Inhibitors 
designed for PTP1B (protein tyrosine phosphatase 1B) by a group at Wyeth 
Research show the effect of a diacid on cellular permeability. Compounds with 
this functional group showed decreased passive permeability based on mea-
surements using the PAMPA assay (Wan et al.,  2007 ). However, replacing the 
acid with a well - known acid isosteric replacement, the tetrazole, slightly 
improves the passive permeability. Subsequent optimization and replacement 
of the acid with a cyclic thiadiazolidine improved the passive permeability to 
an acceptable level.   

  In silico  models can also be used to predict compound absorption based on 
lipophilicity, H - bond capacity, molecular size, polar surface area (PSA), and 
quantum properties. (Borchardt et al.,  2004 ). Many models have been gener-
ated to predict compound absorption and ability to penetrate the BBB (Clark, 
 2005 ), in addition, the well known Lipinski rules help predict certain proper-
ties of compounds that could improve absorption. (Lipinski,  2000 ) As with the 
models that have been generated for the prediction of P450 inhibition, these 
models provide guidance for compound selection and evaluation. Ultimately, 
advancing a compound into  in vivo  pharmacokinetic studies provides the most 
accurate readout of compound absorption and bioavailability.  

  2.3.5   Improving Drug - like Properties; Strategies to Avoid  h  ERG  Binding 

 Among the many safety issues considered during drug discovery research and 
development, it is likely that no other off - target event has received more 
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recent attention than binding to the hERG channel ( h uman  E ther - a - go - go 
 R elated  G ene or  KCNH2) . The hERG channel is a potassium - gated ion 
channel, which is expressed in the heart and nervous system and found in 
tetrameric pores on the cell surface. Compounds that bind or interact with 
the hERG channel have been shown to affect repolarization of the heart fol-
lowing a depolarization event. This is often described as QT prolongation, an 
event that affects the time between ventricular depolarization (Q point) and 
ventricular repolarization (end of T wave) (Roden,  2004 ). Affecting or pro-
longing the QT interval leads to problematic endpoints such as ventricular 
arrhythmias, torsade de pointes (Webster et al.,  2002 ), and ventricular 
fi brillation (Casis et al.,  2006 ; Kamiya et al.,  2006 ; Sanguinetti and Tristani -
 Firouzi,  2006 ). 

 Over the past decade, many important drugs have been removed from the 
market due to their cardiotoxicity. Due to the hydrophobic nature of the 
hERG channel, it has been shown to effectively bind a diverse set of pharma-
ceutically important compounds. Reports in the literature have illustrated that 
certain drug design strategies can be utilized to avoid undesired interactions 
with the hERG channel. Some successful strategies employed include stan-
dard SAR to eliminate hERG activity as well as several computational 
approaches (Pearlstein et al.,  2003a,b ). Here we review four approaches that 
have been successfully used to attenuate hERG binding affi nity: modifying 
hydrophobic interactions with key amino acid residues in the channel, decreas-
ing molecular lipophilicity of hERG ligands, decreasing basicity of the ligands, 
and creation of zwitterionic molecules that disfavor hERG binding (Jamieson 
et al.,  2006   ). 

 Several examples appear in the literature that support an approach which 
considers the interactions made between the ligand and the hERG channel 
that utilizes rational drug design approaches (Pearlstein et al.,  2003   ). These 
reports describe the necessary interactions between hydrophobic groups found 
on the ligands interacting with hERG ’ s tyrosine 562. Disruption of, or decreases 
in, these hydrophobic – hydrophobic interactions have opened an avenue for 
some researchers to obtain acceptable  in vitro  selectivity windows. Figure  2.20    
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illustrates this approach. Replacement of the  p  - tolyl group of the 5HT1A 
agonist with a cyclohexylmethylene allowed for retention of agonist activity 
against 5HT1A while decreasing hERG affi nity (Becker et al.,  2006 ).   

 Other strategies include decreasing the lipophilicity of the hERG ligands. 
It is believed that it is critical for the hERG ligands to access the pore and 
bind to the hydrophobic residues next to the pore surface. The residues found 
near the top of the channel pore favor the binding of hydrophobic compounds. 
Many groups have found that decreasing the lipophilicity of hERG ligands 
can decrease their affi nity for the channel. An example of this is shown below, 
where a series of PDE4 inhibitors were optimized and this strategy was 
employed to effectively decrease the affi nity of this series of inhibitors for 
the hERG channel (Figure  2.21 ) (Friesen et al.,  2003 ). Replacement of a 
phenyl with a small methyl substituent in addition to the modifi cation of the 
pyridine to the pyridone allowed for a suffi cient decrease in lipophilicity to 
obtain a 50 - fold decrease in hERG affi nity while improving potency against 
PDE4A  .   

 The strategy of adding polar functional groups to hERG ligands has also 
been effective at attenuating the affi nity of molecules for this channel (Figure 
 2.22 ). This approach is especially effective when basic nitrogen - containing 
hERG ligands are converted to their corresponding zwitterion. The most well 
known exam ple of this strategy is the transformation of terfenadine to fexof-
enadine. Terfenadine, an antihistamine, was removed from the market in 1997 
as a result of reports of cardiac arrhythmias. The addition of the carboxylate, 
which results in a zwitterionic structure, removes a signifi cant amount of 
hERG affi nity from the molecule. Fexofenadine is a currently marketed anti-
histamine with no reported hERG - associated liabilities.   

 A series of KDR (kinase domain receptor) inhibitors were developed utiliz-
ing the pyrazolopyrimidine scaffold. Initial lead compound in this series exhib-
ited high affi nity for KDR but with insuffi cient  in vitro  selectivity against the 
hERG channel. In Fig.  2.23 , modifi cations of the basicity of an appended 
piperazine substituent increased the window of affi nity to the desired target 
over the hERG channel (Dinges et al.,  2007 ). This approach also proved 
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     Figure 2.24.     Decrease of the basicity of the piperazine nitrogen led to a lower affi nity 
for the hERG channel.  

fruitful in the advancement of certain piperazine - containing adenosine A2 
antagonists. In this body of work, the reported selectivity of A2 over hERG 
greatly improved when the benzylic piperazine ’ s basicity was decreased. The 
modifi ed aniline - type analog proved to be equally potent against adenosine 
A2, but with no affi nity to the hERG channel at 5    μ g/mL (Matasi et al.,  2005 ; 
Slee et al.,  2008 ) (Fig.  2.24 ).   

 Within this chapter, we have provided a glimpse into the process of the 
discovery and optimization of new drug entities, including the process from 
identifi cation of a hit to the conversion to a drug candidate. Many aspects need 
to be addressed between identifi cation of the initial hit and advancement of a 
compound with drug - like properties into preclinical studies. A more compre-
hensive summary would require a full book, and many good reviews have been 
published for this sole reason. The goal of this chapter is to provide a brief 
overview of the challenges and diffi culties of developing compounds that can 
advance into the clinic and to highlight many of the aspects that need to be 
addressed. Many of these concepts will be more fully examined in other chap-
ters within this book.   
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3
 BIOANALYTICAL TECHNOLOGIES 
IN DRUG DISCOVERY  

  Jing - Tao   Wu       

   3.1   INTRODUCTION 

 The majority of the ADME information we generate on a compound, such as 
pharmacokinetics, metabolic stability, enzyme inhibition/induction, permea-
bility, protein binding, and so on, rely on the quantitative measurement of 
a compound, its metabolites, or some surrogates or markers in biological 
matrices. Since radio - labeled compounds are generally not available in the 
drug discovery stage, most of these measurements are conducted using cold 
compounds. Traditionally, the analytics of quantitatively measuring analytes 
in biological matrices, namely bioanalysis, is a low - throughput approach with 
medium sensitivity and specifi city. The introduction and routine implementa-
tion of liquid chromatography – tandem mass spectrometry (LC/MS/MS) in 
drug discovery laboratories revolutionized the bioanalysis and turned it into 
a technology with much higher throughput, sensitivity, and specifi city. This 
technology advancement enabled ADME screening to be routinely incorpo-
rated into the drug discovery process. For the past two decades, bioanalytical 
technology has evolved rapidly to meet the ever - increasing needs. 

 There are some unique and diffi cult challenges associated with bioanalysis. 
First, biological matrixes are highly complex and contain numerous compo-
nents that can potentially cause interference with the detection of the analyte. 
With LC/MS/MS methods, these matrix components can also potentially 
alter the quantitative results by ionization suppression, namely, matrix effect 
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(Matuszewski et al.,  1999 ). Considering that the analyte concentrations are 
usually at low or even subnanomolar levels while the concentrations of some 
of the matrix components are at the millimolar levels, matrix complexity forms 
a formidable challenge for bioanalysis. Also, metabolites of the parent com-
pound are frequently formed either in vivo  or  in vitro . These metabolites are 
often structural analogs or conjugates of the parent compounds, and therefore 
they may cause interference with the quantitation of the parent compound 
(Jemal and Xia,  1999 ). In addition, analyte stability in matrix is often a concern 
since there are enzymes in the biological matrixes that may catalyze the deg-
radation of the molecule. To make it even more challenging, bioanalysis 
requires highly quantitative results with well - defi ned accuracy and precision 
and good day - to - day, batch - to - batch reproducibility. Finally, with the broad 
role of bioanalysis in drug discovery and development, the volume of the work 
is signifi cant and therefore the bioanalytical methodology must meet the 
throughput requirement. 

 In this chapter, we will fi rst describe the bioanalytical practices that are 
commonly used in the pharmaceutical industry today to tackle the challenges 
discussed above. We will then focus on some new and, in the author ’ s opinion, 
highly promising technologies that are emerging and will likely shape the way 
we do bioanalysis in the coming years.  

  3.2   THE CURRENT COMMONLY USED BIOANALYTICAL 
PRACTICES 

 A large variety of bioanalytical tools and processes are available and are used by 
the pharmaceutical industry. Because of the specifi c needs and strategy of each 
company as well as the experience and preference of the scientists who perform 
the bioanalytical work, there are no standard bioanalytical practices across the 
industry. However, some common or similar tools and process do exist. This 
section will describe these most commonly used practices in bioanalysis. 

 Unarguably, the core technology used in today ’ s bioanalytical work is based 
on LC/MS/MS. This chapter will only review LC/MS/MS - based bioanalytical 
practices. It should be recognized that other analytical methodologies such as 
liquid chromatography with fl uorescent/UV detection is occasionally still used 
in certain types of bioanalytical applications with the distinct advantage of cost 
reduction. Before the biological samples are analyzed on a LC/MS/MS system, 
they are subject to a sample preparation procedure to selectively enrich the 
analyte of interest and remove the matrix components. We will discuss the 
sample preparation and LC/MS/MS analysis steps separately. 

  3.2.1   Sample Preparation 

 Because of the complexity of the biological matrices, biological samples need 
to be cleaned up before analysis. There are three types of commonly used 
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sample preparation methods. They are protein precipitation, liquid – liquid 
extraction, and solid - phase extraction. This section will only provide a brief 
discussion on these methods along with their pros and cons. A detailed descrip-
tion of these methods can be found elsewhere (Wells,  2003 ). 

3.2.1.1 Protein Precipitation ( PPT).   Protein precipitation is the most com-
monly used method in drug discovery due to its simplicity and broad applica-
bility. In this method, an organic solvent such as acetonitrile is added to the 
biological samples, usually at a volume ratio of 3 – 6   :   1. The mixture is vortexed 
followed by centrifugation. The supernatant can be dried down and reconsti-
tuted or it can be injected directly after dilution with aqueous solvent to 
reduce the organic strength. Because of the relatively nonselective nature, this 
method involves minimal method development work and usually gives good 
extraction recovery for compounds with a large variety of chemical structures. 
The disadvantage of this method, due to the same nonselective nature, is 
frequently associated with ion suppression and lack of robustness for batches 
of large size. 

 PPT is generally the method of choice for sample preparation during the 
early screening stage of drug discovery due to its simplicity and broad appli-
cability. It is also a good method to consider if multiple analytes or metabolites 
with diversifi ed structures need to be analyzed from the same sample. After 
a lead compound is selected as a potential development candidate, a more 
refi ned method is usually developed to provide the ruggedness and reproduc-
ibility required.  

3.2.1.2 Liquid–Liquid Extraction ( LLE).   LLE is another commonly used 
sample preparation technique that selectively separates the analyte from 
matrix components by differential partitioning between the aqueous sample 
matrix and an immiscible solvent such as methyl -  tert  - butylether (MTBE), ethyl 
acetate, diethyl ether, or hexane. The addition of a pH buffer to the sample 
prior to extraction is generally important to keep the analyte in its un - ionized 
form. After the addition of the immiscible solvent, the mixture is thoroughly 
vortexed to allow the analyte and sample matrix components to distribute 
between the aqueous and organic phases. The analyte in its un - ionized form 
will preferentially distribute into the organic solvent (the analyte must be 
soluble in the organic solvent used). Hydrophilic components in the matrix will 
stay in the aqueous phase. The organic phase is then isolated, evaporated, and 
reconstituted in mobile phase before injection. LLE is generally applicable to 
a wide range of compounds, and the extracts are generally clean since most of 
the water - soluble inorganic salts and proteins are removed during extraction. 
Although LLE is a relatively low - cost extraction method from a laboratory 
supply perspective, the procedures are often tedious and labor - intensive.  

3.2.1.3 Solid-Phase Extraction ( SPE).   In an SPE method, a biological 
sample containing the analyte of interest fl ows through a solid - phase bed and 
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the analyte is adsorbed onto the surface of the solid while the matrix compo-
nents go to waste. A wash step is then usually employed to further clean up 
the samples on the solid before the elution step where the analyte is eluted 
off the solid surface to a collection plate. Compared to PPT and LLE, SPE 
offers the best selectivity through the selection of (a) the sorbent and the type 
and (b) the strength of the wash solvent and the elution solvent. SPE is also 
more readily amenable for parallel processing with automation. Some of the 
key disadvantages include (a) increased complexity of the selection of 
the sorbent and the selection of the washing and elution solvent and (b) the 
manipulation of pH of the samples. It also has a relatively higher cost com-
pared to the other two methods.  

3.2.1.4 Selection of the Extraction Method.   There is no fi xed rule on extrac-
tion method selection. The method selected should fi t for the purpose of the 
applications and should also take into account the experience of the bioanalyst 
and the laboratory and automation equipment available. Generally speaking, 
PPT is usually preferred for discovery screening studies where the batch size 
of the samples is relatively small and the quality of the data does not need to 
meet regulatory standards (although carefully optimized PPT methods have 
been routinely used to support regulated studies). This is mostly because of 
the wide applicability of the PPT methods and the simplicity in method devel-
opment. When a molecule enters into development stage, an LLE or SPE 
method becomes more desirable. The resources invested in developing these 
more selective methods are readily justifi able by the large number of samples 
and the need to meet regulatory standards.  

3.2.1.5 Automation.   Because of the multistep handling of the samples 
during sample preparation, sample preparation is a well - recognized bottle-
neck in bioanalysis. Tremendous efforts have been made in this area to 
improve the throughput by automation. Microplates, typically in a 96 - well 
format, have become the gold standard for bioanalytical sample processing. 
The use of these 96 - well plates allows for parallel processing by hand and more 
importantly by liquid handlers. The use of liquid handlers for automated 
sample preparation is getting more and more popular. Some of the popular 
liquid handlers most commonly used in bioanalytical laboratories include 
MultiPROBE (PerkinElmer Life Sciences), Quadra 96 (Tomtec), Microlab 
(Hamilton), and Tecan Genesis (Tecan USA). A more detailed review and 
comparison for these liquid handlers can be found elsewhere (Wells,  2003 ).   

  3.2.2    LC / MS  Analysis 

 Liquid chromatography with UV or fl orescence detection traditionally was the 
standard tool for bioanalysis. Its key drawbacks include lack of specifi city, long 
method development and sample analysis time, and often suboptimal sensitiv-
ity. The introduction of LC/MS technology was a quantum leap because it 
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provided the unparalleled specifi city, speed, and sensitivity in bioanalysis. It 
is also a key enabling factor that ADME screening has now been routinely 
incorporated into the drug discovery process. 

 The gold standard in mass spectrometry for bioanalysis is the triple - 
quadrupole mass spectrometer (Rolando and Sablier,  2003   ). Although the 
single quadrupole, ion trap, or time - of - fl ight mass spectrometers were occa-
sionally also used for bioanalysis, they generally only fi t some specifi c bioana-
lytical applications due to their different limitations and, therefore, will not 
be discussed in detail in this chapter. The triple quadrupole mass spectrometer 
is a tandem mass spectrometer with two quadrupole mass analyzers and a 
collision cell (originally also confi gured as a quadrupole) in between. During 
bioanalysis, the triple quadrupole mass spectrometer is commonly operated 
in the multiple reaction monitoring (MRM) mode. In this mode, the fi rst mass 
analyzer is set to a fi xed mass - to - charge ratio ( m / z ) so that only compounds 
with this specifi c  m / z  can pass through. Once the analyte passes through the 
fi rst mass analyzer, it enters the collision cell where it will be fragmented 
through collision with an inert gas such as nitrogen or argon. The second mass 
analyzer is then set to a fi xed  m / z  that is corresponding to a specifi c fragment 
of the analyte. In the MRM mode, for any compounds that can cause interfer-
ence with the analyte, they must have the same  m / z  as the analyte and they 
must also form a fragment that has the same m / z  as that of the analyte. 
Because of this multistage gating mechanism, the chances for an endogenous 
component to cause interference with the analyte are signifi cantly reduced. 
However, as will be discussed a little later, the use of a tandem mass spec-
trometer does not guarantee the specifi city of the assay, particularly when it 
comes to interferences from metabolites. 

 Most of the molecules generated in the drug discovery process are nonvola-
tile, and the samples for ADME studies are usually in liquid phase. There had 
not been a straightforward ionization method to ionize nonvolatile compound 
from liquid matrixes until the introduction of atmospheric pressure ionization 
(API) methods in the late 1980s. Two most common forms of API methods 
are electrospray ionization (ESI) and atmospheric pressure chemical ioniza-
tion (APCI) (Kebarle and Tang,  1993 ). These API methods provide a simple 
way to ionize a large variety of structurally diversifi ed compounds directly out 
of a liquid fl ow and thus making them an almost ideal interface between LC 
and MS. Although these API methods are predominantly used for LC/MS/
MS, they also carry two potential caveats for bioanalysis. First, these methods, 
particularly ESI, are readily subject to ion suppression (King et al.,  2000 ). 
When the analyte is eluting with matrix components, these matrix components 
may potentially suppress the signal of the analyte, resulting in a quantitative 
bias. This is often called the matrix effect in bioanalysis. It is one of the 
most common issues in bioanalysis, particularly during the discovery stage 
when stable isotope - labeled internal standards are not available. The second 
caveat is associated with metabolite interference via collision - induced 
dissociation (CID) in the ion source region (Wells and McLuckey,  2003 ). 
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When a metabolite with a labile chemical bond (such as a glucuronide conju-
gate) is ionized, the collision with the gases in the ion source region may break 
down the labile bond and thus potentially convert the metabolite back into 
the parent compound, resulting in potential interference. The matrix effects 
and metabolite conversion in the ion source are among the most important 
factors for evaluation during the development of a bioanalytical assay. This is 
why chromatographic separations prior to mass spectrometric detection are 
still an essential step in bioanalysis regardless of the high specifi city offered 
by the mass spectrometer. By carefully optimizing chromatography, the 
analyte can be separated from matrix components that cause the ion suppres-
sion. Also, metabolites with labile chemical bonds can be separated from the 
analyte in retention time, thus avoiding interference. As an essential step, 
unfortunately, chromatography has thus become a bottleneck in bioanalysis 
in many cases.   

  3.3   EMERGING NEW BIOANALYTICAL TECHNOLOGIES 

 Bioanalytical technology has evolved rapidly in the past 20 years because 
ADME science is fully engaged into the drug discovery process. In this section, 
we will review some of the emerging and highly promising technologies in the 
bioanalytical area. Some of these technologies are still in the early phase of 
development and implementation, but in the author ’ s opinion they are in the 
right direction to meet the ever - increasing demands for bioanalysis. These new 
technology developments are discussed in this section under three categories. 
They are (a) technologies to increase throughput, (b) technologies to enhance 
assay performance, and (c) technologies to create new capability. 

  3.3.1   Higher Throughput 

 As ADME screening is incorporated into the drug discovery process, both 
the workload and the turnaround requirement have increased signifi cantly, 
thereby posing strong demands for higher - throughput bioanalytical technolo-
gies. As discussed in the previous section, sample preparation and chromato-
graphic separations are the two most common bottlenecks in bioanalysis and 
a lot of new developments have been made in technologies to address these 
two bottlenecks. 

3.3.1.1 High-Speed Separations.   One straightforward approach to increase 
the bioanalytical throughput is to reduce the chromatographic runtime. It is 
important to note that this goal should be achieved without sacrifi cing the 
quality of the chromatographic separations. This is one of the most active 
areas in bioanalytical technology development. Two technologies have thus 
far shown to be most promising in this area and will be discussed in detail 
below. 
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  3.3.1.1.1   Ultrahigh Pressure Using  LC  Columns with Small Particle Sizes.     The 
use of ultrahigh pressure and LC columns with small particle sizes was pio-
neered by the group at the University of North Carolina led by Jorgenson 
(MacNair et al.,  1997 ). More recently, Waters Corporation was among the fi rst 
companies to commercialize the technology with less elevated but practically 
more manageable backpressure (Mazzeo et al.,  2005 ). According to the Van 
Deemter curves, higher separation effi ciency, as measured by the plate height, 
can be achieved by using particles with smaller sizes. Also, separation effi -
ciency is well - maintained at much higher fl ow rate with particles of smaller 
sizes. Therefore, it is possible to use particles of smaller sizes with higher linear 
fl ow rate to achieve faster separations with good separation effi ciency. The 
use of high fl ow rate and small particle sizes is associated with a high backpres-
sure that requires modifi cation of conventional HPLC equipment. One of 
most popular versions of these modifi ed HPLC equipment is the ACQUITY 
UPLC (Ultra - Performance Liquid Chromatography) system from Waters 
Corporation. 

 There have been a few publications in the literature on the use of the UPLC 
system for higher - throughput bioanalytical applications (Yu et al.,  2006 ; 
Plumb et al.,  2008 ; Wang et al.,  2006 ; O ’ Connor et al.,  2006 ). One good com-
parison of the performance of UPLC and HPLC in bioanalysis was demon-
strated in the separation of a drug mixture in rat plasma (Yu et al.,  2006 ). In 
this work, a mixture of ibuprofen, alprazolam, naproxen, prednisolone, and 
diphenhydramine in rat plasma were analyzed on the UPLC/MS/MS and the 
HPLC/MS/MS systems. As shown in Fig.  3.1 , while maintaining comparable 
chromatographic resolution, the UPLC/MS/MS offered a threefold decrease 
in analysis time and up to tenfold increase in detected peak height, which 
translated into a fi ve -  to tenfold improvement in the lower limit of quantitation 
for four out of the fi ve compounds. Also, a repeat injection of 963 plasma 
samples resulted in highly reproducible retention time and measured concen-
tration, which demonstrated the robustness of the system for routine bioana-
lytical applications.   

 The ultrahigh - pressure separations employing columns with small particle 
sizes are quickly gaining popularity in the bioanalytical area. They offer dis-
tinct advantage in speed and sensitivity with simple instrumentation. The high 
fl ow rates associated with these separations require a robust ion source on the 
mass spectrometer or the use of a fl ow splitter. The narrow chromatographic 
peak width also requires high sampling speed on the mass spectrometer. Since 
the nonscanning MRM mode is routinely used in bioanalysis, this is generally 
not a problem except for multiple - component assays measuring a large number 
of analytes at the same time.  

3.3.1.1.2   Monolithic  LC  Columns.     Monolithic columns consisting of one 
piece of silica or an organic polymer has generated a lot of interest as a poten-
tial high speed separation tool (Tanaka et al.,  2001 ). Compared to conven-
tional particulate columns, monolithic columns have a unique bi - porous 
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structure. The smaller pores with low - nanometer diameter on the silica skel-
eton provide the surface area needed for capacity. The larger pores with low -
 micrometer diameter reduce the fl ow resistance to allow a high fl ow rate with 
reduced backpressure. Like LC columns with small particle sizes, monolithic 
columns can maintain high separation effi ciency at high linear fl ow rate, result-
ing in high - speed separations with high chromatographic resolving power. 

 The use of monolithic columns for high - throughput bioanalysis has been 
reported by several laboratories (Plumb et al.,  2001 ; Wu et al.,  2001 ; Huang 
et al.,  2006 ; Zhou et al.,  2005 ; Peng et al.,  2003 ; Hsieh et al.,  2002 ). The advan-
tages of using these columns for bioanalysis were demonstrated in the analysis 
of a mixture of fenfl uramine, alprozolam, temazepam, and tamoxifen in rat 
plasma (Wu et al.,  2001 ). In this work, the separation was performed on a 
monolithic column at fl ow rates of 1, 3, and 6   mL/min, respectively (Fig.  3.2 ). 
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0.0

2.0 x106

4.0 x106

6.0 x106

8.0 x106

Tamoxifen

Temazepam

Alprozolam

Fenfluramine

Flow rate: 1 mL/min

A
bs

ol
ut

e 
In

te
ns

ity

Retention time (min)

2.0 x106

4.0 x106

6.0 x106

Flow rate: 3 mL/min

1.0 x106

2.0 x106

3.0 x106

4.0 x106

Flow rate: 6 mL/min

     Figure 3.2.     Total ion chromatograms of the separation of rat plasma extract containing 
a four - component mixture. Separations were performed on the monolithic column with 
a fl ow rate of 1, 3, and 6   mL/min, respectively. A linear gradient from 20% to 80% 
solvent B was used.  Adapted from Wu et al.  (2001) . Reproduced with permission of 
John Wiley & Sons, Ltd.   
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 TABLE 3.1.     Performance of the Monolithic Column at Different Flow Rates for 
the Separation of a Four - Component Plasma Extract 

   Figure of Merit 
Flow Rate 
(mL/min)  

   Number of Plates 
per Meter ( × 10 5 )     Resolution   a        Signal/Noise  

   1     3     6     1     3     6     1     3     6  

  Fenfl uramine    0.87    0.85    0.69    14.2    14.7    13.5    45    65    70  
  Alprozolam    1.15    1.23    1.28    3.7    3.6    3.4    150    150    100  
  Temazepam    1.46    1.30    1.22    3.7    3.6    3.4    240    172    258  
  Tamoxifen    4.54    4.65    3.43    10.5    10.8    8.1    250    340    226  

     a  Resolution was calculated using the most adjacent peak pair.    

 Source :   Adapted from Wu et al.  (2001) . Reproduced with permission of John Wiley & Sons, Ltd. 

As shown in the fi gure, by increasing the fl ow rate from the normally used 
1   mL/min to an elevated 6   mL/min, the chromatographic run time was reduced 
accordingly from 6   min to 1   min. The performance of these separations is sum-
marized in Table  3.1 . The number of separation plates, resolution, and signal/
noise ratio were well - maintained at the high separation speed.     

 Monolithic columns offer the speed and simplicity for high - throughput 
bioanalysis. The choices of columns, in terms of column dimension and column 
chemistry, are relatively limited due to technical challenges in column 
preparation.   

  3.3.1.2   Online Extraction.     The two high - speed separation methods dis-
cussed above have the potential to alleviate the bottleneck of chromato-
graphic separations. Similar efforts have also been made to address the 
bottleneck in sample preparation. While automation using robotic liquid han-
dlers is playing a more and more signifi cant role in bioanalytical sample 
preparation, online extraction based on column switching has generated 
considerable interest, largely because this technology only involves conven-
tional HPLC equipment with which most of the bioanalytical scientists are 
familiar. 

 A schematic diagram of a column switching setup is shown in Fig.  3.3 . In 
this technology, samples in their biological fl uids are directly injected onto an 
extraction column or cartridge with no or minimal pretreatment. The analyte 
is retained on the extraction column using different mechanisms based on the 
nature of the extraction column while sample matrix components are washed 
to waste. The retained analyte is then eluted off the extraction column onto 
a separation column via column switching. The analyte is then further sepa-
rated from matrix components on the separation column and then detected 
by the mass spectrometer. There have been numerous publications on the use 
of online extraction for bioanalysis (Wu, et al.,  2000 ; Jemal et al.,  1998 ; Ingelse 
et al.,  2008 ; Herman,  2005 ; Wu,  2001 ). One of the most popular modes is the 
use of a high - fl ow — or sometimes called  “ turbulent - fl ow ”  — online extraction 
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method. In this mode, an extraction column with large particle sizes (30 – 60    μ m 
in diameter) is operated at a high linear fl ow rate during the online extraction. 
The use of this high linear fl ow rate improves the effectiveness and robustness 
of the extraction.   

 Figure  3.4  shows the MRM chromatograms for a multiple - component assay 
using this high - fl ow online extraction method to support a 14 - in - 1 cassette 
dosing pharmacokinetic screening (Wu et al.,  2000 ). Not only could all the 
analytes be well retained using online extraction, good separation effi ciency 
was also achieved on the separation column via column switching. In this 
work, one extraction column could be routinely used for 200 – 300 plasma 
sample injections with good reproducibility. The precision and accuracy, as 
well as the lower limit of quantitation, were comparable with conventional 
offl ine sample preparation methods.   

 The use of online extraction with column switching can effectively remove 
the sample extraction step with either a commercial or simple custom - built 
systems. A potential drawback of this technique is usually associated with the 
overall robustness of the system with the direct handling of untreated biologi-
cal fl uids. The stability of the analyte in the biological matrix is also a potential 
concern since the unextracted samples will be placed in the autosampler for 
hours before analysis.  

  3.3.1.3   Parallel Separations.     In addition to the high - speed and online 
extraction methods mentioned above, another trend in high - throughput bio-
analysis is to go parallel. A most common form of the parallel mode is to 
multiplex chromatographic separations since it is often one of the key bottle-
necks in bioanalysis. One of the simplest modes of parallel separations is to 
stagger the injections so that the analyte on one column elutes at a retention 
time when there is no analyte eluting on the other column (Wu,  2001 ; Jemal 
et al.,  2001 ; Korfmacher et al.,  1999 ; King et al.,  2002 ). A more sophisticated 

Separation column 

Electrically actuated 
six-port switching valve

High flow 

HPLC
Pump 1 

Autosampler 

 extraction column

MS

HPLC
Pump 2

Waste

     Figure 3.3.     A representative schematic diagram of a column switching system.  



2
.0

0
4
.0

0
6
.0

0
8
.0

0
1
0
.0

0
1
2
.0

0

T
im

e
0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %

0

1
0
0 %

2
.0

0
4
.0

0
6
.0

0
8
.0

0
1
0
.0

0
1
2
.0

0

T
im

e
0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %0

1
0
0 %

C
14

 (
42

7/
26

2)

C
13

 (
43

4/
15

7)

IS
 2

 (
44

0/
13

3)

C
12

 (
44

9/
15

7)

C
11

 (
45

4/
28

9)

C
10

 (
45

4/
15

7)

C
9 

(4
56

/3
95

)

C
8 

(4
67

/1
70

)

R
et

en
ti

on
 T

im
e 

(m
in

) 
R

et
en

ti
on

 T
im

e 
(m

in
) 

6.
81

9.
08

8.
08

7.
26

3.
26

6.
31

7.
938.

40

9.
28

IS
 1

 (
47

7/
15

7)
5.

43

C
7 

(4
82

/1
33

)
8.

40

5.
64

C
6 

(4
91

/1
57

)

5.
82

C
4 

(4
95

/1
57

)

8.
58

C
5 

(4
94

/1
33

)

6.
14

C
3 

(4
97

/1
57

)

C
1 

(5
25

/1
57

)

C
2 

(5
03

/1
57

)
6.

52

*
*

   
  

F
ig

ur
e 

3.
4.

     M
R

M
 c

hr
om

at
og

ra
m

s 
of

 a
 p

la
sm

a 
sa

m
pl

e 
co

lle
ct

ed
 1

   h
 a

ft
er

 i
nt

ra
ve

no
us

 d
os

in
g 

of
 1

4 
co

m
-

po
un

ds
 t

o 
a 

do
g.

 T
he

 p
la

sm
a 

sa
m

pl
e 

w
as

 d
ir

ec
tl

y 
in

je
ct

ed
 o

nt
o 

an
 o

nl
in

e 
ex

tr
ac

ti
on

 c
ol

um
n 

sw
it

ch
in

g 
sy

st
em

.  A
da

pt
ed

 f
ro

m
 W

u 
et

 a
l. 

 (2
00

0)
 . R

ep
ro

du
ce

d 
w

it
h 

pe
rm

is
si

on
 o

f 
th

e 
A

m
er

ic
an

 C
he

m
ic

al
 S

oc
ie

ty
.   

54



EMERGING NEW BIOANALYTICAL TECHNOLOGIES 55

mode, however, involved the parallel online extraction, parallel separation, 
and pseudo - parallel mass spectrometric detection (Deng et al.,  2001 ). A sche-
matic diagram of the instrument setup is shown in Fig.  3.5 . In this work, an 
autosampler equipped with four injectors made four injections of unextracted 
plasma samples simultaneously onto four high - fl ow online extraction columns 
connected to four electrically actuated valves. After the extraction step, when 
the analyte was retained on the extraction column and matrix components 
were washed to waste, the four valves switched simultaneously and eluted the 
analyte onto four separation columns. The effl uent from the four columns was 
introduced into the mass spectrometer simultaneously. The mass spectrometer 
was equipped with an indexed four - sprayer electrospray interface that allowed 
for the pseudo - simultaneous and indexed detection of the effl uent from the 
four parallel separations. Although sophisticated in instrumentation, the 
system enabled a fourfold throughput improvement for extraction and separa-
tion without having to modify the analytical method itself.    

  3.3.1.4   Ambient Ionization.     Ambient ionization refers to a class of ioniza-
tion methods that were developed recently to ionize samples under ambient 
conditions in their native environment (Cooks et al.,  2006 ). The unique feature 

Mass 
Spectrometer

Flow Splitters

Separation Columns

Four-Sprayer
Electrospray

Interface

Extraction
Pump
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     Figure 3.5.     Schematic diagram of the four - way parallel extraction, parallel separation, 
and pseudo - parallel mass spectrometric detection system.  Adapted from Deng et al. 
 (2001) . Reproduced with permission of John Wiley & Sons, Ltd.   
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of this ionization method is that samples can be ionized directly without any 
sample preparation. Although several forms of the ambient ionization methods 
are available, two of these methods have drawn most of the attention. They 
are the DESI (Desorption ElectroSpray Ionization) and the DART (Direct 
Analysis in Real Time) methods (Takats et al.,  2004 ; Cody et al.,  2005 ). The 
use of these techniques in different application areas has been reported (Chen 
et al.,  2005 ; Petucci et al.,  2007 ). 

 Because of the fact that no sample preparation is required for these 
ambient ionization methods, they appear to be extremely attractive for high -
 throughput bioanalysis. However, the application of these methods in the 
bioanalytical area is still in the very early stage due to the quantitative nature 
of these applications and the complexity of the sample matrixes. Two recent 
publications reported extensive evaluation of DART as a potential high -
 throughput tool for bioanalysis (Zhao et al.,  2008 ; Yu et al.,  2009 ). DART was 
chosen in these works because of its superb ability to handle ion suppression 
of biological matrixes possibly due to its preferential ionization of low - 
molecular - weight species over large molecules such as proteins in the matrix. 

 With refi nement and optimization of the sample introduction process, the 
signal reproducibility of the DART/MS/MS system has shown to be satisfac-
tory for quantitative applications of biological samples with CV% in the single 
digit. With the current instrument setting, the reported lower limit of quantita-
tion is generally one to two orders of magnitude higher than that from con-
ventional LC/MS/MS, but it is still very useful for many types of bioanalytical 
applications. The ability of the DART method to handle untreated biological 
matrixes, as measured by matrix effects, is shown in Fig.  3.6  as an example 
(Yu et al.,  2009 ). Although matrix ion suppression still exists, this has shown 
great promise considering that there was no sample preparation and chroma-
tography. A comparison of the DART data with those from the conventional 
LC/MS/MS method for a mouse PK study is shown in Table  3.2 . Clearly, 
DART was able to provide comparable results as LC/MS/MS methods for 
certain types of applications.     

 A major drawback for using the DART system for bioanalysis is that 
metabolites with labile chemical bonds may likely break down in the ion 
source and cause potential interference with parent compound quantitation. 
Therefore, the DART system is most suitable for either early - stage screening 
studies or late - stage compounds whose major metabolite profi les are known. 
In addition to its potential as a high - throughput bioanalytical tool, DART may 
also have the potential as a clinical diagnostic tool due to its simplicity in 
sample manipulation and the fast readout of the results.   

  3.3.2   Enhanced Assay Performance 

 In addition to the tremendous amount of the effort made on throughput 
improvement, the reliability of the bioanalytical assay, particularly for com-
pounds at the late discovery stage, has also been an area where some impor-
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     Figure 3.6.     Evaluation of matrix effect with DART/MS/MS without extraction and 
chromatography.  Top panel:  Matrix effect of test compounds in plasma.  Lower panel:  
Matrix effect of verapamil in different tissue homogenates. Matrix effect is defi ned as 
the ratio of analyte peak height in matrix over that in neat solvent. A matrix effect 
value of 1 is no matrix effect.  Adapted from Yu et al.  (2009) . Reproduced with permis-
sion of the American Chemical Society.   
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tant technology improvements are being made. This section will highlight two 
key technologies in this area. 

  3.3.2.1   High - Field Asymmetric Waveform Ion Mobility Spectrometry 
( FAIMS ).     FAIMS is a technology that was developed in the late 1990s by 
Purves and Guevremont  (1999) . Its principle of operation is based on separat-
ing ions by differences in ion mobility under high electric fi eld. This unique 
capability allows FAIMS to separate compounds that are isobaric or that are 
diffi cult to separate by HPLC. Because of this unique feature, this technique 
has drawn more attention recently in the bioanalytical area to remove interfer-
ences and improve the reliability of the assay (Kapron et al.,  2005 ; Hatsis 
et al.,  2007 ; Xia et al.,  2008 ). The FAIMS is now a commercially available 
add - on device to some of the standard triple - quadrupole mass spectrometers. 
One good example of this unique capability is demonstrated in removing the 
interference caused by the ion source fragmentation of a coeluting N - oxide 
metabolite (Hatsis and Kapron,  2008 ). As shown in Fig.  3.7 , the N - oxide 
metabolite caused an increase in the peak area of the parent compound in a 

 TABLE 3.2.     Concentration Comparison Between the  DART / MS / MS  and 
 LC / MS / MS  Methods for a  PK  Study in Mouse on a Proprietary Compound 

   Concentration (nM)  

   Sample     LC/MS/MS     DART/MS/MS     %MPD  

  30   min (A)    3990    4170    2.2  
  30   min (B)    3930    4412    5.8  
  30   min (C)    2300    2918    11.8  
  1   h (A)    3500    4297    10.2  
  1   h (B)    4200    5846    16.4  
  1   h (C)    2480    3011    9.7  
  2   h (A)    3500    4430    11.7  
  2   h (B)    1890    2340    10.6  
  2   h (C)    2900    3073    2.9  
  4   h (A)    2940    2674     − 4.7  
  4   h (B)    3480    3672    2.7  
  4   h (C)    4510    4766    2.8  
  8   h (A)    3110    2851     − 4.3  
  8   h (B)    1900    2111    5.3  
  8   h (C)    3270    3130     − 2.2  
  16   h (A)    BQL    BQL    NA   a     
  16   h (B)    2    BQL    NA  
  16   h (C)    BQL    BQL    NA  
  24   h (A)    BQL    BQL    NA  
  24   h (B)    BQL    BQL    NA  
  24   h (C)    1.39    BQL    NA  

     a  NA  , not available.     

Source :   Adapted from Yu et al.  (2009) . Reproduced with permission of the American Chemical 
Society. 
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conventional LC/MS/MS assay. After employing the FAIMS, the interference 
of the N - oxide on the parent compound was completely removed. Therefore, 
the specifi city of the assay was improved without the need to optimize the 
chromatography to separate the metabolite from the parent.   

 It is not expected that FAIMS will become a mainstream standard add - on 
equipment for LC/MS/MS systems for routine bioanalysis. However, it is a 
potentially useful tool for a bioanalytical scientist to solve issues associated 
with assay specifi city.  

  3.3.2.2   High - Resolution  MS .     As discussed earlier, triple quadrupole mass 
spectrometers have become the standard platform for bioanalysis. Traditionally, 
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     Figure 3.7.     Use of FAIMS to remove the contribution of in - source decay of a metabo-
lite to the precursor ion signal.  (a)  Representative chromatogram of an amine drug. 
 (b)  Chromatogram of the amine drug in the presence of its  N  - oxide metabolite.  (c)  
Chromatogram of the amine drug obtained with FAIMS.  (d)  Chromatogram of the 
amine drug in the presence of its  N  - oxide metabolite obtained with FAIMS. The 
numbers in each chromatogram refer to the signal obtained for the amine drug. 
 Adapted from Hatsis and Kapron  (2008) . Reproduced with permission of John Wiley 
& Sons, Ltd.   
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triple quadrupole mass spectrometers have been operated at unit mass resolu-
tion during these applications. More recently, ThermoFinnigan introduced 
their Quantum product line, which offers enhanced mass resolution on a triple 
quadrupole instrument. With this enhanced resolution, the mass spectrometer 
can work at a resolution of 0.2 - Da peak width, FWHM (full width at half -
 maximum) while substantially maintaining the ion transmission effi ciency. In 
bioanalysis, this enhanced resolution will translate into increased specifi city 
and sensitivity by removing or reducing interferences or chemical background 
(Xu et al.,  2003 ; Yang et al.,  2002 ; Pucci et al.,  2006 ; Jemal and Ouyang,  2003 ). 
An example of the effective use of this enhanced resolution is shown for the 
quantitation of nefazodone in human urine (Fig.  3.8 ) (Jemal and Ouyang, 
 2003 ). When the instrument was operated at unit mass resolution (0.7   FWHM), 
there was considerable chemical noises at the lower concentration (30   pg/mL). 
When the enhanced resolution (0.2   FWHM) was used, the chemical noise 
background was signifi cantly reduced, resulting in signifi cantly improved sig-
nal - to - noise ratio.   

 The enhanced resolution capability is a useful tool to increase the sensitivity 
of the assay if the quantitation limit is chemistry noise limited  . It is important 
to recognize that the enhanced resolution capability may not be able to remove 
interferences from drug - related species such as metabolites because these 
interferences may share the same exact masses.   

  3.3.3   New Capability 

 In addition to technologies to improve the throughput and performance of the 
bioanalytical assays, some recent development in technology is also poten-
tially enabling bioanalysis to answer questions that conventional bioanalytical 
methods are not able to address. This section will cover two new technologies 
that offer these new capabilities. 

3.3.3.1 Nanospray.   Nanospray refers to electrospray at low fl ow rates, typi-
cally ≤ 1    μ L/min. From the fi rst report on nanospray by Wilm and Mann  (1994) , 
signifi cant interest has been generated in this area. Nanospray is more than 
simply a reduction of electrospray fl ow, because it offers some unique advan-
tages over conventional electrospray. One of the most notable advantages is 
its reduced ion suppression and increased tolerance for salt contamination 
compared to conventional electrospray (Gangl et al.,  2001 ). This is a highly 
attractive feature for high - throughput bioanalysis because it becomes poten-
tially feasible to eliminate chromatographic separation. Based on this concept, 
a chip - based nanospray device was developed and became commercially avail-
able. It has been used for different types of bioanalytical applications from 
high - throughput assays for  in vitro  samples to regulatory - compliant assays 
(Van Pelt et al.,  2003 ; Wickremsinhe et al.,  2005 ). Taking advantage of the 
reduced ion suppression, Hatsis et al.  (2007)  have combined nanospray with 
FAIMS to speed up separations from the liquid phase to the gas phase. 
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 Although often being viewed as a potential high - throughput tool, the most 
intriguing application of nanospray in the bioanalytical area is the potential 
as a semi - equimolar response ionization technique. The qualitative and quan-
titative information on metabolite formation plays an important role in drug 
discovery because it provides potential means to reduce metabolic clearance, 
understand the pharmacokinetics – pharmacodynamics relationship, and alert 
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0.20   FWHM.  Adapted from Jemal and Ouyang  (2003) . Reproduced with permission 
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us of any chemical toxicity. Although the conventional electrospray technique 
has been very successful for bioanalysis, the ionization effi ciency of com-
pounds may differ signifi cantly and therefore a pure reference standard is 
generally required for each analyte in bioanalysis. At the early discovery stage, 
the pure standards of metabolites are often not available, and therefore our 
capability of acquiring the quantitative information on metabolites has often 
been hindered at this stage. 

 Compared to conventional electrospray, the initial droplets generated in 
nanospray are much smaller. The smaller droplets increase the surface area 
and reduce the diffusion time for a solvated species to the droplet surface 
where they can be ionized. Also, smaller initial droplets reduce the number 
of columbic explosions, which is a mechanism for differed electrospray 
response due to preferential species enrichment during the process. Therefore, 
it is possible to achieve more uniform or equimolar response for compounds 
with different structures in nanospray. This equimolar response phenomenon 
was fi rst reported by Karas and co - workers and was more recently demon-
strated by Henion, Hop, and Wu (Schmidt et al.,  2003 ; Henion,  2004 ; Hop 
et al.,  2005 ; Valaskovic et al.,  2006 ). The evaluation of this semi - equimolar 
response phenomenon for metabolite quantitation was demonstrated in Fig. 
 3.9 , where the relative response for these six compounds and their metabolites 
were compared in conventional electrospray and nanospray at different fl ow 
rate (Valaskovic et al.,  2006 ). In all these cases, it was observed that nanospray 
at low fl ow rate always generated more uniform response between the parent 
compound and the metabolite. The largest difference in response between the 
parent and the metabolite observed in nanospray is about 2 in this set of test 
compounds.   

 The equimolar response feature of nanospray ionization still needs to be 
fully validated with compound sets of larger sizes, but it certainly offers 
the potential capability to answer some challenging questions in drug 
discovery.  

3.3.3.2 Mass Spectrometry -Based Tissue Imaging.   Mass spectrometry -
 based tissue imaging has generated a lot of interest recently (Chaurand 
et al.,  2004 ). Compared to the information acquired in conventional bio-
analysis, which includes only the identity and quantity of the drug, tissue 
imaging also provides distribution of the drug in the tissues. In addition to 
the information provided by whole - body autoradiography, which only pro-
vides the distribution and quantity of all drug - related material, mass spec-
trometry - based tissue imaging can provide molecular - specifi c information 
and thus can differentiate the parent molecule from each metabolite. 
Another advantage of mass spectrometry - based imaging is that there is no 
need for radio - labeled compound which facilitates acquiring the distribution 
data in the discovery stage. 

 The MALDI (Matrix - Assisted Laser Desoprtion Ionization) technique has 
often been used as the method of choice for mass spectrometry - based tissue 
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imaging because of its high sensitivity and excellent spatial resolution (Karas 
and Hillenkamp,  1988 ). MALDI is a soft ionization method that uses a matrix 
solution to form co - crystals with the analyte before being subject to a laser 
beam with a certain wavelength. These crystals absorb energy from the laser 
beam and transfer them to the analyte for desorption and ionization. While 
MALDI imaging has been frequently used for large molecules, there are also 
a few interesting reports on small molecule applications. Korfmacher and co -
 workers used MALDI imaging to directly measure clozapine in rat brain 
(Hsieh et al.,  2006 ). Troendle et al.  (1999)  reported the use of MALDI imaging 
for paclitaxol in rat liver. 

 More recently, DESI has been reported to be used for tissue imaging 
instead of MALDI. As discussed in Section  3.3.1.4 , a key advantage of DESI 
is that the samples can be analyzed at ambient under intact conditions. Kertesz 
et al.  (2008)  have reported the use of DESI for tissue imaging using proprano-
lol as an example. The results were found to be in agreement with those 
generated by whole - body autoradiography.    

  3.4   CONCLUSIONS AND FUTURE DIRECTIONS 

 Bioanalytical technology has been evolving rapidly in the past two decades 
largely due to the new development in mass spectrometry and separations 
sciences. The detection sensitivity and ion source robustness of mass spec-
trometers have improved signifi cantly over the years. It may become possible 
in the near future that a dilute - and - shoot approach can be routinely employed 
with biological samples such as plasma, thus signifi cantly reducing the work-
load for sample preparation and minimize effects associated with sample 
matrixes. The new development in high - speed separations has already signifi -
cantly shortened chromatographic runs, and new technology is on the horizon 
to move the separation from liquid phase to gas phase or even completely 
eliminate separation for some applications. 

 There is no doubt that throughput has been the key theme of these new 
developments, but it is worth pointing out that the new trend is gradually 
shifting toward enabling technologies that offers new capabilities. Instead of 
measuring systemic exposure in conventional bioanalysis, future challenges 
in bioanalysis will be in the areas such as measuring drug distribution and 
unbound drug concentration at the target tissue, measuring metabolite levels 
without reference standards, and reliably measuring various types of safety 
and effi cacy biomarkers in the clinic. The latter one is another fast - growing 
area that is not covered in this chapter, but bioanalysis will play an important 
role in it. 

 The fast growth of bioanalytical technology has clearly been driven by the 
increasing role of ADME science in drug discovery. On the other hand, the 
advancement in bioanalytical technology has also successfully enabled ADME 
science to be engaged more and more into the drug discovery process. It is 
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expected that this healthy cycle will continue on as ADME science continues 
to play a more and more important role in drug discovery.  
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4
 SAFETY BIOMARKERS IN DRUG 
DEVELOPMENT: EMERGING 
TRENDS AND IMPLICATIONS  

  Eric R.   Fedyk       

   4.1   INTRODUCTION 

 Biomarker is a general term that is utilized by many scientifi c disciplines and 
with differing defi nitions. The National Institutes of Health defi ned medical 
biomarkers as  “ A characteristic that is objectively measured and evaluated as 
an indicator of normal biologic processes, pathogenic processes, or pharma-
cologic responses to a therapeutic intervention ”  (Biomarkers Defi nitions 
Working Group,  2001 ). This general defi nition is indeed an accurate repre-
sentation of the vast spectrum of types of biomarkers. Common examples 
include pharmacodynamic biomarkers, effi cacy biomarkers, safety bio-
markers, disease biomarkers, surrogate endpoints and bridging biomarkers 
(Table  4.1 ). While biomarkers such as fever have been utilized by clinicians 
for centuries, the new millennia has brought renewed interest this fi eld due to 
the potential to personalize medicine and/or reduce the cost of drug discovery 
and development. The use of biomarkers in drug discovery and development 
is such a large fi eld that insightful review generally requires focusing on spe-
cifi c types of biomarkers and disciplines. This chapter will focus on safety 
biomarkers, characteristics that are objectively measured and evaluated as 
indicators of pathogenic processes or toxicologic responses to a therapeutic 
intervention, because this subdiscipline is currently the least defi ned and offers 
the greatest opportunity to improve drug development and medicine.    
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  4.2   THE OPPORTUNITY FOR MODERNIZATION 
OF PRECLINICAL SAFETY ASSESSMENT 

 In 1962, congressional amendments to the Food, Drug, and Cosmetic Act 
created for the fi rst time a requirement that drugs be scientifi cally shown to 
be effective before they could be marketed (a requirement for safety had been 
in effect since 1938). During the 1960s – 1980s, drug developers, the academic 
community, and regulators worked to develop and refi ne ways to design, 
conduct, and analyze randomized controlled clinical trials that could produce 
the needed evidence. Many important advances in pharmacotherapy (e.g., 
cardiovascular therapies, psychiatric drugs, anti - infectives, and cancer treat-
ments) were introduced during this era. However, the evidence generated in 
drug development programs was still somewhat limited. For example, dose –
 response information was usually scanty, often few women were studied, data 
on long - term use (even for chronically administered drugs) were lacking, 
evaluations of subgroups such as patients with renal or hepatic insuffi ciency 
were not conducted, and data on drug – drug interactions were not available. 
From the mid - 1980s through the 1990s, as an increasing number of drug thera-
pies became available, the United States Food and Drug Administration 
(FDA) as well as the international regulatory community established the 
expectation that such information would be obtained during drug develop-
ment programs. Therefore, modern development programs usually are much 
more extensive and contain many more clinical studies and patient exposures 
than was usual in 1960 – 1985. 

 Despite these signifi cant advances, recalcitrant issues remain that gener-
ate uncertainty about the performance of drugs that are new to the market. 
Data from long - term use, for example, are still usually limited due to the 
escalating cost of developing therapeutics (Fig.  4.1 ), in terms of time (6 – 20 

 TABLE 4.1.     Types of Biomarkers 

   Type     Description  

  Pharmacodynamic 
biomarkers  

  Used to understand the relationship between dose and 
pharmacologic activity of a test agent on the target 
 in vivo .  

  Effi cacy biomarkers    Correlate with the desired effect of a treatment, but 
unvalidated (unlike surrogate endpoints).  

  Safety biomarkers    Indicate potentially harmful effects of a drug in cell - based, 
preclinical or clinical studies.  

  Disease biomarkers    Indicate the presence or likelihood of a particular disease.  
  Surrogate endpoints    Accepted as a substitute for desired outcome because it 

can be predictive before meaningful clinical endpoints.  
  Bridging biomarkers    Can be used in both preclinical and clinical studies. Can 

be disease, effi cacy, or toxicity biomarkers.  
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years) and money (0.8 – 1.7 billion dollars) (DiMasi et al.,  2003 ; Adams and 
Brantner,  2006 ; Development TTCFD,  2006 ). Secondly, current drug devel-
opment programs cannot detect drug - related adverse outcomes that repre-
sent a small increase in frequency of a problem that is already common 
in the treated population (e.g., ischemic cardiovascular events). Current 
methodologies to predict the occurrence of rare (1 in  > 1000 subjects) and 
sometimes catastrophic side effects are impractical, cost - prohibitive, and 
consequently rarely practiced. A number of constraints have thwarted well -
 intentioned attempts to make the results of clinical trials more widely appli-
cable, and hence the patients enrolled in trials do not refl ect the full range 
of the population or treatment situations that occur in practice. New safety 
issues are consequently identifi ed only after drugs enter the market, with 
the withdrawals of rofecoxib and valdecoxib for cardiovascular toxicity 
being notable examples (Solomon,  2006 ; Hermann and Ruschitzka,  2007 ). 
New issues have emerged as well. Increased pressure upon regulatory agen-
cies to accelerate the drug approval process by shortening review cycles, 
coupled with aggressive marketing techniques targeting the consumer 
(Wood,  2006 ), have nevertheless led to early release, immediate uptake, and 
widespread use of many new drugs, with a general expectation that their 
performance is well understood for this patient population. Increasing rec-
ognition of this problem has since led to calls for larger trials and longer 
patient exposures prior to drug marketing which, conversely, can be incom-
patible with accelerating the drug review process and lowering the cost of 
developing therapeutics.    

     Figure 4.1.     The relative cost and timelines to develop a biopharmaceutical.  
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  4.3   A DECREASE IN THE EFFICIENCY OF DEVELOPMENT 
OF PHARMACEUTICALS 

 The productivity of the pharmaceutical industry has been steadily decreasing 
the last couple of decades because successful development of novel drugs 
has decreased, despite increased investment in pharmaceutical research and 
development (Administration USFaD,  2004a, 2006b ). Recent data indicates 
that 2004 represented a 20 - year low in introductions of new chemical entities 
(NMEs) worldwide. The same phenomenon has been observed in the United 
States, where the submission rate of new drug applications for NMEs has 
shown a downward trend in the past decade (Administration USFaD,  2004a,b ). 
Not surprisingly, the investment needed per successful NME has risen to an 
estimated $0.8 – 1.7 billion (DiMasi et al.,  2003 ; Adams and Brantner,  2006 ; 
Development TTCF,  2006 ). This cost is driven by the high rate of clinical 
failure, estimated at 70 – 90% of candidates (Administration USFaD,  2004b ). 
The rising percentage of late - stage clinical failures, now 50% of compounds 
tested in phase 3 trials, is of particular concern. These late - stage failures affect 
the cost of successful drug development disproportionately since the cost of 
each stage of development grows progressively larger (Fig.  4.1 ). Costly failures 
such as these may discourage investment in more innovative, risky approaches, 
as well as in therapeutics for diseases that represent smaller markets. 
Additionally, the need to recoup this investment during the period of market 
exclusivity, prior to the introduction of generic copies, is an incentive for 
aggressive marketing techniques (Wood,  2006 ). Rapid market uptake also 
entails a large number of individuals who have already been exposed by the 
time a drug problem is discovered after marketing. 

 Thus, rising societal demands for greater certainty about the outcomes of 
drug therapy are occurring at a time when the pharmaceutical industry is 
experiencing diffi culty controlling the cost and quality of drug development. 
These concurrent trends generated signifi cant concern on a federal level, given 
the number of medical conditions that currently have unsatisfactory or no 
therapeutic options. The FDA, with its dual roles of protecting and promoting 
health, is charged with implementing policies that ensure that the benefi ts of 
new products will outweigh their risks, while simultaneously promoting inno-
vations that can improve health. The challenges inherent to this mission drove 
the genesis of the Critical Path Initiative.  

  4.4   THE CRITICAL PATH INITIATIVE 

 Expectations have been high that signifi cant public investment in biomedical 
research would produce an explosion of new therapies for previously untreat-
able or inadequately treated diseases. President Richard Nixon declared a war 
on cancer in his State of the Union address in 1971 and stated that the same 
kind of concentrated effort that split the atom and took man to the moon 
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should be turned toward conquering cancer. The failure of this and similar 
efforts to achieve these lofty goals has prompted extensive speculation on the 
cause of this problem. In 2004, the FDA published a White Paper entitled 
 “ Innovation or Stagnation: Challenges and Opportunities on the Critical Path 
to Medical Product Development ”  (Administration USFaD,  2004a ). This 
document acknowledges that a combination of factors has likely led to the 
current issues with development of therapeutics. The Critical Path also illu-
minated an important and generally unrecognized problem: the lagging science 
of drug development. 

 Drug development can be conceptualized as a process leading from basic 
research through a series of developmental steps to a commercial product. 
The FDA White Paper identifi ed the  “ Critical Path ”  as a process beginning 
with identifi cation of a drug candidate during the stage of Discovery Research 
(Fig.  4.1 ) and culminating in a marketing approval. Along the path to market-
ing, the product is subjected to a series of evaluations to predict its safety and 
effectiveness and to enable its mass production. There has been very little 
change in the science of the development process, despite extensive invest-
ment in basic biomedical science over the past four decades. Many of the 
newer and more sophisticated scientifi c tools used in identifying drug targets 
and lead compounds during discovery research have yet to be employed in 
the preclinical and clinical development stages (Fig.  4.1 ). This is particularly 
true for safety biomarkers. There are relatively few new safety biomarkers in 
conventional use; most widely used safety biomarkers have been recognized 
for decades (Table  4.2 ). The high rate of failure in the clinic due to safety 

 TABLE 4.2.     Examples of Conventional Safety Biomarkers 

   Safety Biomarker     Type     Target Tissue  

  Body temperature    Clinical    Multiple  
  Stool consistency    Clinical    Intestine, colon  
  Alanine transferase    Serum chemistry    Liver  
  Gamma glutamyl 

transpeptidase  
  Serum chemistry    Biliary system  

  Conjugated bilirubin    Urine test    Liver, biliary system  
  pH    Urine test    Digestive system, urinary tract  
  Red blood cell indices    Hematology    Bone marrow, vasculature  
  White blood cell count    Hematology    Bone marrow, vasculature  
  Platelet count    Coagulation    Bone marrow, vasculature  
  Activated clotting time    Coagulation    Vasculature  
  Organ weights    Gross pathology    Multiple  
  Organ appearance    Gross pathology      
  Hyperplasia    Histology    Multiple  
  Hypertrophy    Histology    Multiple  
  QT prolongation    Electrocardiogram    Cardiac  
  PR interval prolonation    Electrocardiogram    Cardiac  
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issues suggests that we need to improve our cache of biomarkers and that the 
safety biomarkers of yesteryear are insuffi cient for evaluating the therapeutics 
of tomorrow. Reducing these clinical failures will also, in turn, increase the 
overall effi ciency of developing therapeutics.    

  4.5   THE CRITICAL PATH OPPORTUNITIES LIST 

 FDA ’ s 2004 Critical Path White Paper generated considerable discussion and 
debate among academics, clinicians, the biopharmaceutical and medical device 
industries and patient advocacy groups. Over 100 groups submitted comments 
on the paper. After extensive consultation with numerous stakeholders, 
FDA issued the  “ Critical Path Report and List ”  in 2006 (Administration 
USFaD,  2006b ). This report highlighted the scientifi c areas that would have 
the greatest impact on improving the development process: development and 
utilization of biomarkers; modernizing clinical trial methodologies and pro-
cesses; the aggressive use of bioinformatics, including disease modeling and 
trial simulation; and improvement in manufacturing technologies. It also con-
tained the  “ 2006 Critical Path Opportunities List, ”  76 discrete projects that, 
if completed, could improve product development and subsequent use. A 
number of these projects are now being undertaken, many in partnership with 
the FDA (Administration USFaD,  2007 ). 

 Development of new biomarkers was identifi ed as the highest priority for 
scientifi c effort. Genomic, proteomic, and metabolomic technologies, as well 
as advanced imaging techniques, offer tremendous opportunity for generating 
new biomarkers that can refl ect the state of health or disease at the molecular 
level (Woodcock,  2007 ; Wagner,  2008 ). The greatest need and opportunity in 
biomarker development exists in safety, in part because previous activity 
focused primarily on pharmacodynamics, effi cacy, and surrogate endpoint 
biomarkers (Table  4.1 ). Prediction of adequate safety is an essential part of 
drug development. Currently, preclinical safety testing involves traditional 
in vitro  and animal toxicology studies. Animal toxicology tests are very useful 
for assessing safety for initial human testing; however, they often fail to 
uncover the types of toxicities seen after widespread human exposure. New 
technologies, such as gene expression assays (Mardis,  2008 ) in whole - cell 
or animal systems, proteomics (Petricoin et al.,  2006 ), or metabolomics 
(van Ravenzwaay et al.,  2007 ), may provide much greater insight into the 
whole spectrum of pharmacologic effects of a candidate drug. Such technolo-
gies may also be useful in comparing the candidate ’ s effects [both pharmaco-
logic ( “ On - target ” ) and nonspecifi c ( “ Off - target ” ) effects] to those of other 
drugs in its class or other drugs intended for similar uses (Caskey,  2007 ). Drug 
developers are currently using such technologies in preclinical safety assess-
ment; and the clinical utilization and, ultimately, implications of such fi ndings 
are being assessed.  



IDENTIFICATION OF THE BEST CANDIDATE THERAPEUTICS 77

  4.6   IDEAL ATTRIBUTES OF SAFETY BIOMARKERS 

 A theoretical description of the ideal attributes of a toxicity biomarker would 
include high specifi city for the toxicity of interest. The biomarker would only 
be expressed in the target tissue (e.g., kidney) or within a specifi c cell type 
within a given tissue (e.g., renal tubules) and not expressed in nontarget tissues 
in various types of pathologies. The biomarker would also exhibit specifi city 
for various mechanisms of toxicity — for example, necrosis and not apoptosis, 
hypertrophy, and so on. The ideal biomarker would also exhibit high sensitiv-
ity, such that minimal injury has occurred prior to detection, perhaps by 
exhibiting low levels of basal expression and robust and immediate release 
upon tissue injury. The amount of release would, moreover, be proportionate 
to the degree of injury. Measuring the biomarker would require noninva-
sive procedures — for example, imaging technologies or detection from easily 
accessible samples such as saliva, urine, blood, and so on. The biomarker 
should be robust in the detection is rapid, simple, inexpensive and for all 
toxicology species, including humans (i.e., a bridging biomarker). Lastly, the 
stability of the ideal biomarker would be suffi ciently long to permit easy detec-
tion and yet short enough such that reversibility of an injury could be detected 
by monitoring levels of that same biomarker. A real - world example of a safety 
biomarker that illustrates many of these attributes is serum troponin for 
drug - induced cardiac toxicity (Wallace et al.,  2004 ).  

  4.7   SAFETY BIOMARKERS IMPROVE IDENTIFICATION 
OF THE BEST CANDIDATE THERAPEUTICS 

 The emerging concept of  “ personalized medicine ”  is a paradigm for improving 
the overall quality of patient care and is defi ned as the right drug, for the right 
patient, at the right dose and at the right time (Woodcock,  2007 ). The utiliza-
tion of novel safety biomarkers to improve drug development can be framed 
in a similar paradigm; selecting the right therapeutic candidates, the right 
subjects, the right dose and time. Safety biomarkers are increasingly utilized 
to select the best therapeutic candidates. Well - established, validated, and 
qualifi ed safety biomarkers are utilized early in development to screen and 
prioritize lead therapeutic candidates with respect to the potential risk of 
adverse events. This improves the productivity of drug development by fi rst 
identifying potential failures early and then re - allocating downstream resources 
exclusively to the most promising candidate therapeutics. Failures late in 
development are particularly devastating to productivity because the cost of 
drug development increases with each stage (Fig.  4.1 ). Biomarkers can aid in 
early decision making on whether to drop a drug from consideration or to 
move it through trials. A conventional example of such a screen is the human 
Ether - a - go - go Related Gene (hERG) assay (Meyer et al.,  2007 ). hERG 
encodes the K v 11.1 potassium ion channel responsible for the repolarizing  IKr
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current in the cardiac action potential. The hERG potassium ion channel is 
sensitive to drug binding, which can result in (a) decreased channel function 
and (b) the acquired long QT syndrome and fatal cardiac arrhythmia, due to 
repolarization disturbances of the cardiac action potential. The hERG channel 
contains a relatively large inner vestibule that provides more space for many 
different drug classes to bind and block this potassium channel. Some of the 
most common drugs that can cause QT prolongation include antiarrhythmics 
(especially Class 1A and Class III), anti - psychotic agents, and certain antibiot-
ics (including quinolones and macrolides). The severity and frequency of 
consequences with compounds that bind to the hERG channel has convinced 
many pharmaceutical companies to assay effects on this channel during early 
preclinical drug development (Fig.  4.1 ), lead optimization in some instances, 
to prioritize candidate therapeutics with respect to their potential to cause 
cardiac arrhythmia (Meyer et al.,  2007 ).  

  4.8   SAFETY BIOMARKERS IMPROVE IDENTIFICATION 
OF THE MOST APPROPRIATE SUBJECTS 

 The current problems with predicting and evaluating drug safety are often due 
to extreme variability of the human disease response. Safety biomarkers can 
be utilized to identify subjects that are likely to respond adversely to a drug. 
Omission of these subjects from clinical trials increases the likelihood of 
enrolling subjects that will respond favorably and in so doing can reduce the 
overall cost of the trial by reducing the size of a study population required to 
obtain a statistically signifi cant effect. Identifi cation of subject CYP2D6 and 
CYP2C19 genotypes is predictive of drug metabolism enzyme activity and can 
be used to select subjects for clinical trials of therapeutics that are metabolized 
by these gene products. 

 Cytochrome P450 isoenzymes are a group of heme - containing enzymes 
involved in oxidative metabolism of a number of drug classes and xenobiotics. 
The P450 genes are polymorphic, which have a functional signifi cance for drug 
metabolism as certain allelic variants exhibit either altered activity or com-
plete absence of enzymatic activity. The CYP2D6 gene, encoding for debriso-
quine hydroxylase, has at least 70 allelic variants   resulting in four phenotypic 
types: poor metabolizers with gene inactivation of both alleles, intermediate 
metabolizers with one reduced activity allele and one null allele, extensive 
metabolizers with at least one functional allele, and ultrarapid metabolizers 
with excess enzymatic activity due to multiple copies (3 – 13) of functional 
alleles from gene duplication (Johansson et al.,  1993 ; Sachse et al.,  1997 ; 
Griese et al.,  1998 ). The enzyme encoded by CYP2D6 metabolizes many 
antidepressants, antipsychotics, antiarrhythmics, opiates, antiemetics, and 
beta - adrenergic receptor blocker drugs. The CYP2C19 gene, encoding the 
enzyme S  - mephenytoin hydroxylase, has two major variant alleles that result 
in enzyme defi ciency (Goldstein,  2001 ). Differences in drug metabolism due 
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to CYP450 phenotype can impact plasma levels of both the active moiety 
(drug or drug metabolite) and toxic metabolites. The enzyme encoded by 
CYP2C19 metabolizes compounds from the classes of anticonvulsants, proton 
pump inhibitors, anticoagulants, benzodiazepines and antimalarials. Diagnostic 
assays that identify a patient ’ s CYP2D6 and CYP2C19 genotype from a whole 
blood sample are currently utilized for this express purpose. 

 Poor metabolizers treated with drugs that are extensively metabolized by 
these isoenzymes are at increased risk for an excessive or prolonged thera-
peutic effect and for toxicity, while ultrarapid metabolizers may not achieve 
therapeutic plasma levels with standard dosing. In the case of prodrugs that 
require enzymatic action to become therapeutic, the opposite phenomenon 
occurs. The distribution of functional, reduced function, and nonfunctional 
CYP2D6 alleles shows racial/ethnic differences (Bradford,  2002 ; Bjornsson et 
al.,  2003 ; Solus et al.,  2004 ). Functional CYP2D6 alleles are predominant in 
European Caucasians, while reduced function alleles have a high frequency 
in Asian and African populations and their descendants. Nonfunctional alleles 
are present at the highest frequency in European Caucasians, but are present 
at the lowest frequency in Asians. The frequency of the ultrarapid metabolizer 
phenotype is highest in Saudi Arabian and Ethiopian populations (Ingelman -
 Sundberg,  1999 ). The two most common allelic variants of CYP2C19 ( * 2 and 
 * 3) result in a nonfunctional enzyme. The frequency of poor metabolizers is 
highest in Asian populations (approximately 15 – 30%) (Bjornsson et al.,  2003 ).  

  4.9   SAFETY BIOMARKERS IMPROVE IDENTIFICATION 
OF THE OPTIMAL DOSE 

 The relationship between the dose of a drug and desired effect is often bimodal; 
low doses are insuffi cient for effi cacy, moderate doses may be optimal and 
higher doses detrimental due to toxicity. The therapeutic window is an index 
for estimating the dosage which can treat disease effectively while staying 
within the safety range (Fig.  4.2 ). More specifi cally, it is the range between 
the ED50 and the starting point of LD50 curve. The inherent genetic and 
environmental heterogeneity within a human population can infl uence the 
pharmacologic and toxicologic components of the therapeutic index to the 
extent that there may not be a single dose that is optimal for each subject 
within a population. There is a need hence, for safety biomarkers that guide 
dosing of individual subjects. Current safety biomarkers used for this purpose 
are often the end product of the toxicity itself, a change from an irreversible 
cellular event, for example release of Alanine Transferase from necrotic hepa-
tocytes. The unmet need is for antecedent safety biomarkers; markers which 
precede and predict a toxicological response which provide the opportunity 
to intervene and minimize toxicity experienced by the subject. Recent improve-
ment in the comprehension of pathogenic mechanisms and advancements in 
systems biology provide an unprecedented opportunity to identify antecedent 
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candidate safety biomarkers  in silico . These candidates can then be tested 
empirically to assess potential utility as safety biomarkers. This activity will 
yield antecedent biomarkers that are useful in guiding dosing of individual 
subjects.    

  4.10   SAFETY BIOMARKERS CAN ASSIST IN IDENTIFYING 
THE OPTIMAL DOSE AT A SPECIFIC TIME 

 The inherent environmental heterogeneity during the course of a subject ’ s 
therapy also infl uences pharmacologic and toxicologic components of the 
therapeutic index. Stress, concomitant medications (i.e., drug – drug intera-
tions), diet, and infections are a few of numerous variables that can shift the 
optimal dose of a therapeutic at a given point in time (Fig.  4.3 ). Monitoring 
levels of a predictive safety biomarker and understanding the relationship of 
the biomarker to the toxicity can assist in adjusting the dosing to within the 
optimal exposure at that point in the subject ’ s therapy. If the therapeutic 
modulates the level of a causal safety biomarker to a level that presents a 
safety hazard, then the investigator could reduce the dose to minimize the 
likelihood of that toxicity. An intriguing example is the level of serum immu-
noglobulin with respect to immunosuppression and the predisposition of sub-
jects to bacterial infection and/or malignancy.   

 Levels of serum immunoglobulin are inversely related to exposure to 
immunosuppressive therapeutics; a decrease in levels of serum immuno-
globulin by a therapeutic is indicative of immunosuppression that predisposes 
subjects to infection and/or malignancy. A limitation of using of serum immu-
noglobulins as a predictive safety biomarker is the inherent delay in detecting 
modulation by a therapeutic due to two confounding factors. A steady - state 

     Figure 4.2.     Safety biomarkers can defi ne optimal dosing for subjects.  
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level of serum immunoglobulins exists prior to exposure to a therapeutic; 
hence, an immunosuppressant is characterized by a reduction in signal. A 
decrease from this homeostatic level is primarily determined by two variables, 
the rate of production and the rate of catabolism, and these two rates are 
vastly different. Production can be inhibited with minutes of exposure to the 
therapeutic. The half - life of a serum immunoglobulin, namely gamma (IgG), 
is 27 days. This long serum half - life delays detection of therapeutics that 
inhibit production because detecting a 50% reduction in these steady - state 
IgGs will require 27 days, assuming that production is completely inhibited by 
the therapeutic. Calculating an IC 50  for this potential effect further requires 
measuring less than full inhibition of production by a therapeutic; hence two 
months of dosing with a therapeutic could elapse before a robust biomarker 
signal is detected, depending on the sensitivity of the detection assay. The long 
half - life of the protein could be circumvented by measuring a less stable inter-
mediate, such as mRNA with a half - life of two days. Innovative new safety 
biomarkers such as these could provide more timely feedback on the initial 
toxic activity and would greatly reduce the risk of infection and the need for 
supportive therapy.  

  4.11   STRATEGIES FOR IDENTIFYING AND DEVELOPING 
SAFETY BIOMARKERS 

 Biomarkers are often identifi ed and developed in parallel with the candidate 
therapeutic (Fig.  4.4 ) because a particular candidate therapeutic may have a 
recognized liability and/or partnering these two activities is an effi cient use 
of time and resources. Pharmacology experiments designed to characterize 
effi cacy of a candidate therapeutic are also excellent opportunities for 

     Figure 4.3.     Safety biomarkers can defi ne optimal dosing for subject at a given point 
in time.  
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developing pharmacodynamic and/or effi cacy biomarkers. They also can be 
valuable indicators of toxicity, both mechanistic (on - target) and chemical 
(off - target). The stage of drug development at which a biomarker is developed 
also heavily infl uences the selection strategy for discovery, validation, and 
qualifi cation. Early identifi cation of biomarkers permits abundant opportuni-
ties for co - development with the candidate therapeutic — for example, non-
clinical effi cacy and toxicity assessment, Phase I, II, and III clinical trials, and 
post - fi ling (Fig.  4.4 ). Conversely, identifi cation of biomarkers later in develop-
ment limits opportunity for co - development, perhaps only Phase III trials and/
or post - fi ling and may require repeating resource - intensive investigations 
(e.g., nonclinical toxicology, clinical studies, etc.). Safety biomarkers can be 
particularly challenging in this respect because the need for these biomarkers 
is often recognized later in the drug development process than for pharmaco-
dynamic, effi cacy, and disease biomarkers. One strategy for overcoming this 
challenge of a  “ late - start ”  is to validate a well - developed biomarker for this 
new toxicity, thereby skipping assay development and analytical validation of 
the qualifi cation stage of development. More often, however, a suitable pre-
existing safety biomarker assay is not been suitable and one must consider 
 “ Top - down ”  versus  “ Bottom - up ”  strategies for identifying a suitable safety 
biomarker(s).    

  4.12    “ TOP - DOWN ”  VERSUS  “ BOTTOM - UP ”  BIOMARKER 
IDENTIFICATION STRATEGIES 

 Identifi cation strategies utilizing unbiased, high - content and high - sample 
throughput technologies are commonly referred to as  “ Top - down ”  approaches. 

     Figure 4.4.     Development of safety biomarkers in biopharmaceutical development.  

Marketing & 

Sales

Regulatory 

Filing

Late Clinical 

Development

Early Clinical 

Development

Preclinical 

Development

Discovery 

Research

Biomarker Identification

Biomarker Qualification

Biomarker Validation

Analytical Validation

Clinical Validation

Clinical Utility

Preclinical Validation

Marketing & 

Sales

Regulatory 

Filing

Late Clinical 

Development

Early Clinical 

Development

Preclinical 

Development

Discovery 

Research

Biomarker Identification

Biomarker Qualification

Biomarker Validation



“TOP-DOWN” VERSUS “BOTTOM-UP” BIOMARKER IDENTIFICATION 83

This strategy consists of a broad screening of molecules on a suffi ciently high 
content platform in order to identify molecular patterns associated with a 
phenotype of interest (Fig.  4.5 ). A defi ning characteristic is that a high - content 
molecular platform and often large numbers of samples is utilized in lieu of 
existing data and hypothesis - driven science. This approach is often utilized 
when the activity of potential therapeutic is poorly understood. A weakness 
of this strategy is that it provides correlative data that may not indicate the 
underlying mechanism of the adverse phenotype. Additional prospective 
studies are consequently required to determine the likely predictive utility 
(and any mechanistic relevance) of signatures discovered following these types 
of exploratory analyses. These  “ Top - down ”  strategies are typically employed 
early in preclinical development and with suffi cient opportunity for additional 
prospective investigations.   

 An alternative strategy is hypothesis - driven science that utilizes knowledge 
of the candidate therapeutic and pathology to guide functional investigations 
that test causality. This  “ Bottom - up ”  strategy can be more effi cient than a 
 “ Top - down ”  strategy if causality is proven because it minimizes the size and 
number of identifi cation investigations necessary for qualifi cation (Fig.  4.5 ). 
 “ Bottom - up ”  strategies are typically utilized later in preclinical development 
or with second -  and third - generation therapeutic programs, in response to an 
adverse phenotype (i.e., issue management). A weakness in with  “ Bottom - up ”  
strategy is that it is limited by the content of the existing knowledgebase and 
is subject to bias in these data, which can prevent identifi cation of the best 
biomarker for the given issue. Safety biomarkers that directly refl ect a toxi-
cologic mechanism often possess the highest predictive clinical utility due to 
their proximal relationship to the pathology and due to a higher likelihood of 
evolutionary conservation of this critical activity across species. 

 A wide variety of profi ling technology platforms is utilized to identify 
safety biomarkers of adverse events. Evaluations of DNA, RNA, protein, or 

     Figure 4.5.      “ Top - down ”  versus  “ bottom - up ”  biomarker discovery strategies.  
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metabolic profi les in preclinical models can enable us to identify signatures 
that can be refi ned and eventually used for safety assessment in clinical devel-
opment (Glas et al.,  2006 ). Examples of more common patient stratifi cation 
biomarkers with varying degrees of utility include (a) critical DNA variants 
in genes encoding proteins involved in a drug ’ s mechanism of action and 
(b) critical protein levels in specimens as indicated by immunohistochemistry. 
Similarly, transcriptomic, proteomic, and metabolomic signatures identifi ed in 
preclinical models can be refi ned and utilized in clinical studies to identify 
patients most likely to respond adversely to the therapeutic intervention. 
While genomic, proteomic, and metabolomic standards are currently being 
established, it is worth noting that there continues to be need for integrating 
innovative new technologies that outperform the current standards, with 
next - generation sequencing being a recent example (Mardis,  2008 ). These 
 “ Nextgen ”  sequencing systems will be similar to existing unbiased, open -
 content, mass spectrometry, and NMR - based systems used to analyze pro-
teomic and metabolic signatures, with the notable exception that all of the 
profi led moieties will be identifi able upon generation of the original expres-
sion profi le signature, whereas additional effort may be required to identify 
moieties via mass spectrometry. These platform - based solutions for the 
thorough interrogation of DNA, RNA, proteins, and/or metabolites in a given 
biological specimen are powerful new tools for the discovery of novel safety 
biomarkers. 

 Appropriate study design, careful selection of the most informative and 
reproducible molecular signatures, and validation of the assays used to assess 
those biomarker profi les in subsequent clinical studies are all critical compo-
nents that can maximize the chances of predicting adverse events in human 
patients. Another primary component is the relevance of the preclinical 
models from which the signatures are derived. A potential limitation is the 
identifi cation and utilization of models that mimic the pathways encountered 
clinically, whether animals models or human  in vitro  and/or  ex vivo  systems. 
There are species - dependent metabolic and toxic effects, and traditional 
animal models can provide misleading data. A prototypical example is 
troglitazone - induced hepatotoxicity in humans, which is not observed in the 
rat. The variability observed between hepatocytes from different human 
donors, along with the high cost associated with obtaining these cultures, has 
severely limited the utility of human hepatocyte cultures. Searching for con-
tinual improvements in the predictability of model systems is critical for 
improving the safety of biopharmaceuticals and, hence, the effi ciency of the 
biopharmaceutical development.  

  4.13   QUALIFICATION OF SAFETY BIOMARKERS 

 Biomarker qualifi cation entails validating the analytical performance, the pre-
clinical relevance, and the clinical relevance of the potential safety biomarker. 



A SAFETY BIOMARKER QUALIFICATION PROCESS 85

Analytical and preclinical validation often begin during the identifi cation 
phase and proceed in parallel well into the biomarker qualifi cation phase 
(Fig.  4.4 ). Analytical validation is the design and assessment of a detection 
assay for the potential safety biomarker. Key analytical performance criteria, 
such as sensitivity and specifi city, are assessed to determine if they fulfi ll cri-
teria required for clinical validation. Preclinical validation is an assessment of 
the utility of the potential safety biomarker in preclinical model systems. 
Utility is assessed with respect to a number of different variables. If the poten-
tial safety biomarker was discovered in an in vitro  rat system, for example, is 
a similar phenomenon observed in vivo  in the rat, the dog, and/or nonhuman 
primates  ? Is the potential safety biomarker representative of the effect of the 
specifi c therapeutic or a group of therapeutics of similar toxic activity, or dis-
similar toxic activity (toxicologically active and inactive versions), but of a 
similar structure? Is the potential safety biomarker representative of a specifi c 
pathway of toxicity — for instance, a biomarker of cellular necrosis and not 
apoptosis? Clinical validation proceeds only if the safety biomarker(s) is 
representative of toxicity in preclinical species and the performance char-
acteristics of the analytical assay(s) surpass the criteria set for initiation of 
clinical validation. 

 The analytical performance of a high - content technology platform, such as 
microarrays or mass spectrometry, utilized to identify the biomarker is often 
insuffi cient for clinical validation due to the rigor of diagnostic standards (Glas 
et al.,  2006 ). Identifi cation technologies also tend to be newer technology 
platforms that may be incompatible with existing practices and/or infrastruc-
ture in clinics throughout the world. Clinical validation and utility (Fig.  4.4 ) 
often require reconfi guration of the detection assay with a technology 
platform that offers enhanced analytical performance and/or is more amena-
ble to clinics worldwide, such as quantitative polymerase chain reaction or 
enzyme - linked immunoabsorbent assays (Glas et al.,  2006 ). Reconfi guration 
also entails additional rigorous analytical validation.  

  4.14   A SAFETY BIOMARKER QUALIFICATION PROCESS 

 The absence of practical processes for the clinical validation of a potential 
safety biomarker has severely limited the use of novel biomarkers in drug 
development and the clinic. The validity of preclinical and clinical bio-
markers was traditionally settled by debate, consensus, and the passage of 
time. This process was too ineffi cient, often requiring a decade before a 
consensus was reached. Recognizing the urgent need for accelerated appli-
cation of biomarkers in drug development, the FDA outlined a process 
for accurate, comprehensive, and aggressive qualifi cation of biomarkers 
(Goodsaid and Frueh,  2007 ). The process is driven by the Interdisciplinary 
Pharmacogenomic Review Group (IPRG) to allow contributions of exper-
tise from different FDA Centers, such as the Center for Drug Evaluation 
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and Research (CDER), the Center for Devices and Radiological Health, 
and the National Center for Toxicological Research, as well as across clini-
cal divisions and from nonclinical toxicology reviewers in CDER (Goodsaid 
and Frueh,  2006, 2007 ). The responsibilities of IPRG include creation of a 
specifi c review function for the assessment of biomarker qualifi cation data 
sets: the IPRG Biomarker Qualifi cation Review Team. The IPRG Biomarker 
Qualifi cation Review Team will evaluate study protocols and review study 
results for the qualifi cation of novel biomarkers of drug safety, using appro-
priate preclinical, clinical, and statistical considerations (Fig.  4.6 ). The team 
will then develop recommendations and guidance for the submission of 
biomarker data, assess the original biomarker context proposal through 
voluntary data submission, and then evaluate the qualifi cation study proto-
col together with the sponsor to reach a consensus protocol (Fig.  4.6 ). This 
process map refl ects the expectation of a true partnership between sponsors 
and the FDA in the critical steps in this process of initial evaluation, quali-
fi cation protocol draft, and data review (Goodsaid and Frueh,  2006, 2007 ). 
The qualifi cation process must also be coordinated with the review of drug 
submissions at the FDA, since biomarker development is often a compo-
nent of an overall drug development program. The decision to accept, 
reject, or amend the Qualifi cation Data Report will be made by the IPRG 
Biomarker Qualifi cation Review Team, which will   ultimately draft a recom-
mendation for the appropriate clinical division regarding the approval or 
rejection of the qualifi cation submission.    

     Figure 4.6.     Process map for biomarker qualifi cation.  
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  4.15   THE CRITICAL PATH INSTITUTE AND THE PREDICTIVE 
SAFETY TESTING CONSORTIUM 

 The ultimate validity and utility of a safety biomarker is furthermore deter-
mined by the extent to which the biotherapeutic development community uses 
it. The qualifi cation process outlined by the FDA incorporates an interlabora-
tory review involving consortium of potential users. Reaching a consensus 
position between these parties also requires a review structure within regula-
tory agencies that can evaluate qualifi cation data for these biomarkers and 
determine whether these biomarkers can be qualifi ed. The FDA and other 
stakeholders established a consortia for this purpose called the Critical Path 
Institute (C - Path) (Administration USFaD,  2005 ). C - Path is envisioned as a 
neutral third party, without fi nancial support from the regulated industry. 
Because of C - Path ’ s neutral funding and its mission to focus on process, not 
products, FDA can actively participate in the work without concerns about 
confl icts of interest. C - Path ’ s strategy is to invite stakeholders to join consortia 
in which they can work with the FDA to improve the process of medical 
product development (Administration USFaD,  2005 ). The FDA agreed to 
participate under a Memorandum of Understanding ( http://www.C-Path.org ). 
The fi rst and essential requirement is that there are champions for the project 
within the FDA. Also, there must be two or more companies willing to work 
together on the project, and there must be a source of external funding that 
is independent of commercial interests. The projects focus on precompetitive 
aspects of drug development, specifi cally preclinical toxicology. 

 The fi rst consortium formed by C - Path, the Predictive Safety Testing 
Consortium (PSTC), was announced in March 2006 by Secretary of Health 
and Human Services Michael Leavitt (Administration USFaD,  2006a ). The 
PSTC entails 16 global pharmaceutical companies that are sharing their pre-
clinical methods and data for tests of nephrotoxicity, hepatotoxicity, vasculitis, 
muscle toxicity, and carcinogenicity. In this consortium, methods developed 
by one company that appear to best predict drug toxicity are verifi ed by 
experiments performed by a second company. Hundreds of scientists from 
pharmaceutical companies, the FDA, and the European Medicines Agency 
(EMEA) participate in the meetings and discussions as advisors. The methods 
that are cross - validated by the companies are expected to eventually provide 
the scientifi c basis for regulatory guidance to be issued by the FDA and the 
EMEA (Administration USFaD,  2006a ). 

 As of this writing, the US Congress is considering the FDA Revitalization 
Act. This legislation would create the Reagan – Udall Institute, a foundation 
established to advance FDA ’ s mission and engage in critical path research. 
Legislation being introduced in the House of Representatives would authorize 
funding for the FDA to create multiple critical path public – private partner-
ships. The European Commission is in the fi nal stages of approving the 
Innovative Medicines Initiative, a similar partnership among the pharmaceuti-
cal industry, the European Union, and academia that would conduct research 
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relevant to drug development, with funding divided equally between govern-
ment and industry. A systematic approach to improving the process of devel-
oping therapeutics will ultimately become part of the fabric of translational 
research.  

  4.16   SUMMARY AND CONCLUSIONS 

 The use of new safety biomarkers combined with active surveillance tools in 
the health - care environment has the potential to revolutionize approaches to 
drug safety, moving from detection and enumeration to prediction, preven-
tion, and active management of drug toxicity in the future. To achieve this 
potential, drug safety must be integrated further into the overall process of 
developing drugs. Steps are being taken for more and better data to be gener-
ated earlier in selection of the best clinical candidate drugs using improved 
nonclinical model systems that promise to be more informative and predictive 
of human outcome. Technologies are delivering on improved approaches 
to monitor all major toxicities seen in animals in accelerated human trials. 
The changes in regulatory policy, new technologies, and platform reduction 
approaches being implemented in drug development are also critical contribu-
tors. Consortia and partnerships among industry representatives, together 
with an open dialogue with regulatory authorities, are critical to the effi cient 
acceptance and implementation of these new models, endpoints, and new 
approaches in early human clinical trials. Taken together, it would appear that 
drug development is on the verge of a signifi cant transformation.  
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5
 THE ROLE OF DRUG METABOLISM 
IN DRUG DISCOVERY  

  Tonika   Bohnert   and   Liang - Shang   Gan       

   5.1   INTRODUCTION 

 Drug discovery is an extremely challenging, convoluted, and expensive process, 
which demands a very close knit interaction of a variety of multidisciplinary 
teams. Success of such an intricate and integrated alliance of highly trained, 
multifaceted professionals is ultimately governed by the development of a 
safe  and  effi cacious  new drug or to improve upon the safety and effi cacy of 
existing, competitive drugs, already in the market. Central to the development 
of a safe and effi cacious drug is the role of drug metabolism. The science of 
drug metabolism focuses primarily on evaluating and understanding the 
dynamic interplay of absorption, distribution, metabolism, and excretion, 
most commonly referred to as ADME properties of the drug or the new 
chemical entity (NCE). Collectively, these ADME properties ultimately 
govern the overall disposition of an NCE. High intrinsic permeability across 
the intestinal epithelium is one of the primary players responsible for a good 
absorption of a compound. The recent advances in the area of uptake and 
effl ux transporters (also considered as Phase 0 and 3 metabolism, respectively) 
have signifi cantly improved the understanding of human absorption  in vivo
and the vital role transporters play in tissue distribution of drugs and hence 
the overall pharmacological response of the NCE. Drug distribution illustrates 
the passage of the drug from the systemic circulation to the target organ/target 
sites to elicit the desired pharmacodynamic response. Depending on whether 
the drug is available as free fraction, plasma and tissue protein bound, 
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partitioned into red blood cells, or lipid bound, it can have remarkably differ-
ent outcomes to the overall pharmacology and toxicology profi le. Drug metab-
olism generally refers to the science of biotransformation of an NCE. As 
simple as it sounds, metabolism not only entails the basic concept of the rate 
and extent of enzymatic breakdown of the NCE, but also involves (a) detailed 
understanding of major enzymes involved in the metabolism pathways, 
(b) their relative contribution in vivo , (c) potential for drug – drug interactions 
(DDI) with the NCE and existing drugs to be commonly used in combination, 
(d) formation of reactive metabolic intermediate of the NCE, and (e) all of 
these parameters in context to their clinical signifi cance. Lastly, excretion 
refers to the irreversible removal of the NCE and all its metabolites from the 
body, with liver and kidneys being the primary organs of drug excretion. Drug 
metabolizing enzymes and transporters (drug disposition proteins [DDPs]) 
play a very important role in excretion processes as liver and kidneys are the 
primary organs of drug removal. Drug excretion and biotransformation 
together are the key regulators of total drug clearance from the body, which, 
in concert with drug absorption, is a determinant of good oral exposure. Good 
oral exposure, along with the optimum drug distribution properties, ultimately 
regulates the safety and effi cacy of an NCE. The objective of this chapter is 
to (a) highlight the intricate interplay of several ADME processes (such as 
metabolic stability, formation of reactive intermediates, and inhibition and 
induction of drug disposition enzymes) that play a crucial role in the bio-
transformation of an NCE and the potential DDI risk and (b) emphasize the 
need to evaluate these processes at various stages of drug discovery and 
development. 

  5.2   DRUG METABOLISM 

 Exposure and duration of action are two important factors that ultimately 
guide the successful development of a safe and effi cacious drug. During the 
entire course of drug discovery and development, optimizing pharmacokinetic 
(PK) properties of an NCE is a primary goal, in addition to improving its 
potency and selectivity toward the target receptor. Poor metabolic stability is 
the culprit for causing poor PK properties [high clearance, low exposure, short 
half - life, and low oral bioavailability (BA)] in several cases. Metabolic stability 
portrays an NCE ’ s ability to survive enzymatic modifi cation or degradation 
once it enters the body. It is often desired to have a metabolically stable com-
pound (except in cases of prodrugs — discussed later) as the successful drug 
candidate. Optimum metabolic stability also ensures minimal variations in 
interindividual responses for exposure and duration of action. Determination 
of metabolic stability, also commonly referred to as  in vitro  intrinsic clearance 
(Clint ) by DMPK scientists, is one of the key  in vitro  ADME parameters that 
is evaluated and optimized very early on [in lead identifi cation (LI) or lead 
optimization (LO) stages] during drug discovery process in the pharmaceutical 
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industry (Brown et al.,  2007 ; Baranczewski et al.,  2006b ; Jolivette and Ekins, 
 2007 ; Masimirembwa et al.,  2003 ; Nassar et al.,  2004b ; Riley et al.,  2002 ; Smith 
and van der Waterbeemd,  1999 ; Yengi et al.,  2007 ). Optimization of metabolic 
stability or Cl int  (intrinsic clearance) is a highly iterative process that involves 
close alliance between medicinal chemists and DMPK scientists to understand 
the intricate structure – stability relationship (SSR) of individual chemical 
series. It requires a thorough understanding of the chemistry of metabolism 
or biotransformation to successfully modulate the existing functional groups 
of a chemical series and transform a less desirable, metabolically unstable 
chemotype into one that has favorable Cl int . Metabolic stability  in vitro  is also 
believed to imitate hepatic clearance in vivo , which in turn is a major contribu-
tor to total body clearance of majority of xenobiotics. High metabolic stability 
and hence low Cl int  are often desirable. In most cases, low Cl int  also leads to 
favorable secondary PK properties such as good bioavailability (Stoner et al., 
 2004 ) and long half - life which result in good exposure and desired duration 
of action, respectively. Compounds that possess low Cl int  are also less suscep-
tible to DDI.  

  5.2.1   Drug Metabolizing Enzymes ( DME  s ) 

 There are a large number of drug metabolizing enzymes that are responsible 
for metabolism and bioactivation of xenobiotics and endogenous substrates 
(Table  5.1 ) (Guengerich,  2006a ; Ioannides,  2002 ; Lynch and Price,  2007 ; 
Parkinson,  2001 ; Rendic and Di Carlo,  1997 ; Williams et al.,  2005 ; You and 
Morris,  2007 ). Cytochrome P450s (CYPs) represent the major class of drug 
metabolizing enzymes and are responsible for metabolism of 70 – 80% of the 
drugs on market. In addition to CYPs, fl avin - containing monooxygenase 
(FMO), monoamine oxidase (MAO), molybdenum - containing oxidoreduc-
tases [aldehyde oxidase, (AO) and xanthine oxidase (XO)], and esterases are 
important contributors to Phase I metabolism; and enzymes like UGT, sulfo-
transferase (SULT),  N  - acetyl transferase (NAT), and glutathione  S  - transferase 
(GST) are important contributors toward Phase II conjugation reactions. In 
addition to these primary oxidative, reductive, and conjugative enzymes, there 
are important specialized deconjugative enzymes, such as  γ  - glutamyl transpep-
tidase,  β  - glucuronidase, and sulfatase, that are involved in further metabolism 
of conjugative Phase II metabolites. Each of these enzymes is also classifi ed 
into families (40% or more sequence homology) and subfamilies (55% or 
more sequence homology) or isoforms, based on similarities in their amino 
acid sequence. A substrate ’ s physicochemical properties sometimes govern 
which enzyme will preferentially metabolize an NCE. For example, both 
CYPs and AO facilitate oxidation of carbon atoms. However, CYPs prefer 
carbon atoms with high electron density — in contrast to AO, which preferen-
tially metabolizes carbon atoms with low electron density. For example, 
electron - rich ring system naphthalene is oxidized by CYPs (primarily 1A2 
and 3A4), while incorporation of additional nitrogen atoms into naphthalene 
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 TABLE 5.1.     Major Human Drug Disposition Enzymes and Their Tissue Distribution 
(Ioannides,  2002   ; You and Morris,  2007 ) 

   Enzyme     Isoforms  
   Tissue 

Expression     Reaction Catalyzed  
   Phase  
 1 or 2  

  Cytochrome P450    1, 2, 3, 4    Liver, GI, 
kidney, brain, 
heart, lung, 
spleen, skin  

  Oxidation, 
reduction, 
hydrolysis, 
dehydrogenation, 
dealkylation  

  1  

  Flavin mono - oxygenase    1, 2, 3, 4, 
5, 6  

  Liver, GI, 
kidney, brain, 
lung, skin  

  Oxidation    1  

  Monoamine oxidase    A, B    Liver, GI, 
kidney, brain, 
stomach, 
blood  

  Oxidative 
deamination  

  1  

  Aldehyde oxidase        Liver, GI, 
kidney, brain, 
lung  

  Oxidation, 
reduction  

  1  

  Xanthine oxidase        Liver, GI, 
kidney, brain, 
heart, lung, 
spleen, 
skeletal 
muscle  

  Oxidation, 
reduction  

  1  

  Prostaglandin synthase    1, 2    Kidney, lung, 
GI, sex glands, 
heart, brain  

  Oxidation    1  

  Lipoxygenases        Liver, GI, 
kidney, brain, 
lung, skin  

  Oxidation    1  

  UDP -
 glucuronosyltransferase  

  1, 2    Liver, 
esophagus, GI, 
kidney  

  Conjugation with 
glucuronic acid  

  2  

  Glutathione  S  - transferase    A, M, P, 
S, T, O, 
K, Z  

  Liver, GI, 
kidney, brain, 
heart, lung, 
spleen, testis, 
skeletal 
muscle  

  Conjugation with 
GSH  

  2  

  Sulfotransferase    1, 2, 4    Liver, GI, 
kidney, brain, 
lung,  

  Conjugation with 
sulfate  

  2  

   N  - Acetyl - transferase    1,2    Liver, GI, blood 
epithelium  

  Conjugation with 
acetyl moiety  

  2  

  PGP    MDR1/
ABCB1, 
MDR2/
ABCB2  

  GI, kidney, bile 
duct, BBB, 
liver  

  Transport of wide 
variety of 
substrates  

  0/3  
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   Enzyme     Isoforms  
   Tissue 

Expression     Reaction Catalyzed  
   Phase  
 1 or 2  

  ABCC/MRP    1, 2, 3, 4, 
5, 6, 8, 
9, 10, 
11, 12  

  Liver, GI, 
kidney, heart, 
lung, brain, 
macrophages, 
spleen, testis, 
adrenal/
cerebral cortex  

  Transport of wide 
variety of 
substrates  

  0/3  

  BCRP    ABCG1/2/
3/4/5/8  

  Liver, GI, 
kidney, lung, 
stomach, 
pancreas, 
CNS, placenta  

  Transport of wide 
variety of 
substrates  

  0/3  

  OCT    1, 2, 3    Liver, kidney, 
heart, lung, 
brain, spinal 
chord, 
pancreas  

  Transport of 
low - MW 
hydrophilic 
cation  

  0/3  

  OAT    1, 2, 3, 4, 
URAT1/
RST  

  Kidney, liver, 
brain, eyes, 
adrenal gland  

  Transport of 
organic anions  

  0/3  

  OATP    1, 2, 3, 4, 
5, 6  

  Liver, GI, 
kidney, heart, 
lung, brain, 
skin, eye, 
skeletal 
muscle, testis  

  Transport of 
relatively large 
steroid -  or 
peptide - like 
substrates  

  0/3  

  Peptide transporter    PEPT1, 2 
 PHT 1, 2  

  Liver, GI, 
kidney, lung, 
brain, 
pancreas  

  Transport of 
peptide - like 
substrates  

  0/3  

  BSEP        Liver    Transport of bile 
salts  

  0/3  

  CNT/ENT    1, 2, 3/
1, 2, 3, 
4  

  Liver, GI, 
kidney, heart, 
lung, brain, 
pancreas, 
spleen, testis, 
skeletal 
muscle, 
prostate, 
lymph node, 
ovary, bone 
marrow  

  Transport of 
nucleoside and 
nucleoside 
analogs  

  0/3  

  MCT/SMCT    1, 2, 3, 
4/1, 2  

  Liver, GI, 
kidney, heart, 
lung, brain, 
pancreas, 
spleen, testis, 
skeletal 
muscle  

  Transport of 
monocarboxylate 
compounds  

  0/3  

TABLE 5.1. Continued
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(thus decreasing electron density of the original aromatic ring system) yield 
compounds (phthalazine and pteridine) that are primarily metabolized by AO 
(Parkinson,  2001 ).   

 Metabolism — or, more strictly, biotransformation of xenobiotics — is tradi-
tionally classifi ed as Phase I and Phase II metabolism (Ioannides,  2002 ; 
Parkinson,  2001 ). Phase I metabolism primarily entails oxidation (hydroxyl-
ation, epoxide formation, heteroatom oxidation, and dealkylation), reduction, 
or hydrolysis of lipophilic xenobiotics, which results in their conversion to 
more hydrophilic metabolites. Phase I metabolism often introduces new func-
tional groups ( - OH,  - NH 2 ,  - SH,  - COOH) or unmasks these functional groups, 
already present in the parent drug. Phase II metabolism involves conjugation 
of the metabolites formed from Phase I oxidation or sometimes direct conju-
gation of parent xenobiotic itself (when parent drug structure contains  - OH, 
 - NH 2 ,  - SH,  - COOH) with endogenous substrates such as uridine diphosphate 
glucuronic acid (UDPGA), 3 ′  - phosphoadenosine - 5 ′  - phosphosulphate (PAPS), 
glutathione, or amino acids. For example, the imidazobenzodiazepine com-
pound, midazolam (MDZ), often used in treatment of insomnia, is hydroxyl-
ated (an oxidation reaction) to yield 1 ′  - OH and 4 - OH MDZ. The hydroxylated 
metabolites can further undergo conjugation with UDPGA into hydrophilic 
glucuronide conjugates, which undergo renal excretion and are cleared from 
the body. Recent evidence of direct glucuronidation of the parent, MDZ, has 
also been reported in vitro  (Klieber et al.,  2008 ). Unlike MDZ, where a new 
 - OH functional group was introduced due to oxidative enzymatic reaction, the 
analgesic drug phenacetin, undergoes a Phase I deethylation fi rst to unmask 
the existing  - OH group within the molecule, which further undergoes Phase 
II conjugation with either glucuronide or sulfate metabolites (Hinson,  1983 ). 
A list of examples of Phase I  &  II biotransformation pathways are listed in 
Table  5.1 . Ultimate result of Phase I  &  II metabolism is conversion of a lipo-
philic parent xenobiotic into a hydrophilic metabolite, which can be easily 
cleared from the body and hence detoxify body of the xenobiotic. There are 
instances however when Phase II biotransformation has been attributed to 
cause toxicity as in case of NAT - mediated toxicity of arylamines (Hein et al., 
 2000 ) and GSH - mediated toxicity of reactive metabolic intermediates 
(discussed in detailed in later section). In addition to these well studied and 
commonly observed biotransformation, there are several examples of complex 
or unusual reactions (Guengerich,  2001 ; Isin and Guengerich,  2006a   ), medi-
ated by CYP that include ipso substitution (replacement of aromatic halide 
by hydroxyl group), oxidative/reductive ring coupling, contraction and expan-
sion, aryl migration (Fig.  5.1 ).    

  5.2.2   Drug Metabolism Studies 

 Designing correct metabolism studies  in vitro  to best predict  in vivo  scenario 
is quite challenging; and as simple as an  in vitro  metabolic stability assay setup 
might appear, there are several considerations that have to be carefully thought 
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out before simply measuring a compound ’ s metabolic stability and using that 
data to gauge properties  in vivo . This is because factors that govern metabo-
lism of an NCE, other than its physicochemical properties, as briefl y alluded 
to above, are numerous and in some cases complex to predict. Some major 
determinants of metabolism are: a substrate ’ s stereochemistry; substrate con-
centration that the enzyme is exposed to; presence of multiple metabolic 
pathways that may be mediated by a single or multiple enzymes; route of 
administration; tissue where metabolism occurs; dose; gender; age; and species 
in which metabolism is studied (Lin and Lu,  1997 ). These are illustrated by a 
few examples here. 

  Stereochemistry.     Differential metabolism of enantiomers of the oral antico-
agulant warfarin is well documented in humans.  S  - Warfarin is metabolized by 
CYP2C9 to 7 - hydroxywarfarin (used as 2C9 marker reaction).  R  - warfarin, on 
the other hand, is metabolized by CYP1A2 to 6 -  and 8 - hydroxywarfarin and 
by CYP3A4 to the 10 - hydroxymetabolite (Kaminsky and Zhang,  1997 ). The 
triazole - containing antifungal agent, itraconazole, administered as a racemic 
mixture of four isomers, also exhibits stereoselective metabolism  in vivo  and 
 in vitro , where only two out of the four isomers are differentially metabolized 
by CYP3A4 (Kunze et al.,  2006 ). The proton pump inhibitor omeprazole, used 
to treat peptic and duodenal ulcers, also demonstrates stereoselective metabo-
lism: In human liver microsomes, the  R  - omeprazole is hydroxylated approxi-
mately 10 times faster than its  S  - enantiomer by CYP2C19, but the  S  - omeprazole 
is preferentially  O  - demethylated over its R - isomer by the same enzyme 
CYP2C19. Also,  S  - omeprazole preferentially undergoes CYP3A4 - mediated 
sulfoxidation over the  R  - enantiomer (Abelo et al.,  2000 ). The serotonin 5 - HT 4  
receptor agonist cisapride, prescribed to gastroesophageal refl ux patients, 
exhibits preferential  N  - dealkylation and parahydroxylation in (+) - cisapride 
and a predominant orthohydroxylation in ( − ) - cisapride, all mediated by 
CYP3A4 (Desta et al.,  2001 ). Another well - known example is that of the 
anticonvulsant mephenytoin, a marker substrate for CYP2C19, where the 
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     Figure 5.1.     Some uncommon reactions catalyzed by CYP  (Guengerich,  2001 ; Isin and 
Guengerich,  2006a   ) .  



98 THE ROLE OF DRUG METABOLISM IN DRUG DISCOVERY

R  - enantiomer isomer is 4 ′  - hydroxylated two -  to sixfold faster in dog, rat, and 
rabbit liver microsomes but the S  - enantiomer is preferentially 4 ′  - hydroxylated 
in monkey and human liver microsomes (Yasumori et al.,  1993 ). The ( − ) - 
enantiomer of synthetic analgesic tramadol was O  - demethylated at a much 
higher rate than (+) - enantiomer in rat liver microsomes and was subject to 
inhibition by quinine and quinidine (Liu et al.,  2003 ).  

Substrate Concentration.   Diazepam, a benzodiazepine commonly prescribed 
for anxiety, alcohol dependency, and insomnia, undergoes CYP3A4 - mediated 
3 - hydroxylation  in vitro ; but at low substrate concentration, both  in vitro  and 
in vivo , CYP2C19 - mediated  N  - demethylation is the major pathway (Andersson 
et al.,  1994 ). Another example is that of the proton pump inhibitor lansopra-
zole, used to treat gastrointestinal ulcers and acid refl ux. Lansoprazole is 
metabolized by CYP3A4 to 5 - hydroxylansoprazole at high concentrations, 
encountered in in vitro  studies; but at pharmacological low substrate concen-
tration, CYP2C19 is the major contributor to the formation of this metabolite 
(Pearce et al.,  1996 ). Molinate, a thiocarbamate herbicide that is attributed to 
cause testicular toxicity, undergoes hydroxylation at low doses but sulfoxida-
tion at higher doses (Jewell and Miller,  1999 ). Several examples of dose -
 dependent metabolism have been cited in the literature (Jewell and Miller, 
 1999 ; Higashikawa et al.,  1999 ; Kharasch et al.,  1999 ; Powis,  1983 ). One of the 
common reasons for dose - dependent metabolism of an NCE is saturation of 
enzyme or transporter responsible for its clearance via either metabolism or 
active transport (carrier - mediated) respectively. In the examples cited above, 
two major CYP isoforms are involved in the metabolism of the substrate: 
(1) a high - affi nity CYP, responsible for metabolism at low substrate concen-
tration, and (2) a low - affi nity CYP, responsible for metabolism at high sub-
strate concentration. With increasing substrate concentration, relative 
contribution by the high - affi nity CYP decreases while that by the low - affi nity 
CYP increases, and at high substrate concentration the high - affi nity CYP is 
saturated and the low - affi nity CYP is the primary contributor to the metabo-
lism of the substrate, resulting in the difference of metabolism pathways at 
different substrate concentration.  

Multiple Metabolic Pathways.   Most compounds are metabolized by multiple 
enzymes to yield either the same metabolite or different metabolites. 
Metabolism via multiple pathways/enzymes is highly preferred for NCEs to 
minimize risks associated with drug – drug interactions (discussed later in the 
chapter). The tricyclic antidepressant imipramine is metabolized by a high -
 affi nity CYP1A2 - mediated pathway and a low - affi nity CYP3A4 - mediated 
pathway to give the major N  - desmethyl metabolite and is also metabolized 
by CYP2D6 to give a minor hydroxylated metabolite (Ohmori et al.,  1993 ). 
The steroid hormone testosterone, commonly used as CYP3A4 marker sub-
strate, undergoes CYP2C9, 2C19, and 3A4 - mediated metabolism to yield 1 β  - , 
2α  - , 2 β  - , 6 β  - , 11 β  - , 15 β  - , and 16 β  - hydroxylated metabolites (Yamazaki and 
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Shimada,  1993 ). Caffeine undergoes CYP2E1 - mediated N1 -  and N7 -
 demethylation, CYP1A2 - mediated N3 - demethylation, and CYP3A4 - mediated 
8 - hydroxylation (Tassaneeyakul et al.,  1994 ). The cough suppressant and 
CYP2D6 activity marker substrate dextromethorphan undergoes CYP2D6 -
 mediated  O  - demethylation (minor contribution from CYP2C9, CYP2C19) 
plus CYP2E1 and 3A3/4 mediated N  - dealkylation (minor contribution from 
CYP2C9, CYP2C19, and CYP2D6) (Aming and Haining,  2001   ). The non -
 benzodiazepine hypnotic zolpidem forms three hydroxylated metabolites, 
mediated by the CYPs 3A4, 2C9, 1A2, 2D6, and 2C19 in that order (Von 
Moltke et al.,  1999 ). The endogenous substrate estrone is metabolized at 
multiple sites to its (a) 2 -  and 4 - hydroxy metabolites by CYP 1A1, 1A2, and 
1B1 and (b) 16 α  - hydroxy metabolite by CYPs 1A1, 2C19, and 3A5 (Cribb 
et al.,  2006   ). The NSAID acetaminophen undergoes both glucuronidation and 
sulfation at the same site in humans, with glucuronidation being the predomi-
nant contributor (Kane et al.,  1995 ). Benzodiazepine drug fl unitrazepam is 
demethylated by CYP2C19 and is hydroxylated at the 3 - position by CYP3A4 
(Kilicarslan et al.,  2001 ).  

Tissue Specifi city.   Although liver is the primary organ for metabolism of most 
xenobiotics, drug metabolizing enzymes are ubiquitous and are found in most 
organs such as small intestine, kidney, lung, heart, brain, and spleen. Therefore, 
it is not uncommon for involvement of certain tissue specifi c metabolizing 
enzymes toward biotransformation of a xenobiotic. Tissue preferential metab-
olism can also result in tissue - specifi c bioactivation of xenobiotics. CYP1A1 
is essentially an extrahepatic enzyme in human, which is found in intestine, 
lung, skin, lymphocytes (Parkinson,  2001 ) but not in the liver and is predomi-
nantly involved in metabolism of aromatic hydrocarbons like benzo[a]pyrene, 
while 3 - methylindole (skatole), is a lung - specifi c toxin due to its bioactivation 
by lung - specifi c CYP2F1 (Thornton - Manning et al.,  1996 ). Commonly used 
industrial and laboratory solvent benzene causes severe hemopoietic disor-
ders, including bone marrow cancer. The reason for this is believed to be the 
initial CYP2E1 - mediated hepatic metabolism of benzene to an epoxide, which 
is then rapidly transported via blood into bone marrow, rich in peroxidases 
(Raj et al.,  2001 ). Peroxidases are believed to convert the benzene - epoxide 
into toxic semiquinones and hydroquinones, resulting in bone - marrow - specifi c 
toxicities. The synthetic heroin 1 - methyl - 4 - phenyl - 1,2 - 3,6 - tetrahydropyridine 
(MPTP) crosses the blood – brain barrier and is metabolized by brain MAO - B 
to produce the pyridinium ion, which by virtue of its positive charge, cannot 
permeate out of the brain and causes neurotoxicity (Yoshihara et al.,  2000 ). 
A commonly prescribed NSAID, acetamoniphen, is metabolized via CYP2E1 
in the liver, into a reactive iminoquinone metabolite, which is attributed to 
severe hepatotoxicity (James et al.,  2003 ). The hypersensitive reaction of 
phenytoin is attributed to its preferential bioactivation in the skin, due 
to abundance of CYP2C18 in the skin (poor expression in liver) (Kinobe 
et al.,  2005 ).  
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Route of Administration.   Upon PO dosing, bisphenol, a dietary additive, 
was found to be eliminated almost exclusively via monoglucuronide conjugate. 
Upon IP or SC administration, the majority of the dose was recovered as 
parent drug, resulting in much higher OBA (oral bioavailability) of bisphenol 
upon IP or SC administration compared to the PO route (Pottenger et al., 
 2000 ) due to overcoming the fi rst pass effect via PO route. A route - dependent 
pulmonary fi rst pass of biphenylacetic esters in rats has also been observed 
(Dickinson and Taylor,  1998 ). Toluene 2,4 - diisocyanate (2,4 - TDI) demon-
strates route - dependent carcinogenicity because 2,4 - TDI is primarily 
metabolized to the carcinogenic compound toluene 2,4 - diamine upon PO 
administration but forms noncarcinogenic conjugated metabolites via inhala-
tion exposure (Timchalk et al.,  1994 ). It is common to see poor exposure of 
NCEs when administered via the PO route due to the fi rst pass effect, which 
refers to metabolism of the compound in the gut lumen and liver (metabolism 
or biliary excretion) before the NCE reaches systemic circulation.  

Species Specifi city.   The aromatic amine - containing carcinogen, 2 - amino - 3,8 -
 dimethylimidazol[4,5 - f]quinoxaline (MeIQx), is differentially metabolized to 
two genotoxic N  - hydroxylated metabolites in humans and rodents by CYP1A2, 
but not in cynomologous monkeys since monkeys are defi cient in CYP1A2 
(Edwards et al.,  1994 ; Frantz et al.,  1995 ). As a result, monkeys are not 
suitable tox species to assess human carcinogenicity mediated by MeIQx. 
Coumarin, a common food and fragrance constituent, exhibits metabolism -
 based species - specifi c toxicity. In humans, it is primarily metabolized by the 
high - affi nity CYP2A6 to the nontoxic 7 - hydroxylated metabolite, which is 
eliminated by further glucuronidation and sulfation conjugation reactions. In 
mice and rats, on the other hand, coumarin primarily undergoes 3,4 - epoxide 
formation, mediated by both CYP1A2 and 2E1 (Born et al.,  1997 ). This 
epoxide rearranges to a phenylacetaldehyde, which is a potent hepatotoxin in 
these rodents. The dopamine D3 - receptor antagonist SB277011 exhibited high 
OBA in rats but was projected to have very poor OBA in humans. This was 
attributed to species difference in metabolism of the compound by aldehyde 
oxidase (AO) whereby rats had a much lower rate of AO - mediated metabo-
lism of SB277011 compared to humans in liver homogenates (Austin et al., 
 2001 ). Species difference in metabolism and bioactivation of felbamate has 
been attributed to a lack of toxicity of felbamate in animal models, but a 
species - selective toxicity in humans. Factors such as increase in CYP - mediated 
oxidation, poor esterase activity, higher aldehyde dehydrogenase activity, and 
higher UGT - mediated glucuronide formation of the reactive atropaldehyde 
metabolite of felbamate in rats contribute to lack of toxicity in this species 
compared to humans (Dieckhaus et al.,  2000 ).  

Gender Specifi city.   It is not uncommon to fi nd gender - specifi c differences in 
activity and pathway of metabolism and therefore even in drug response 
(Franconi et al.,  2007 ; Harris et al.,  1995 ; Kuperman et al.,  2001 ). This effect, 
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however, is more pronounced in animals than in humans. For example, 
CYP3A4 - mediated metabolism of testosterone and dexamethasone to the 
6β  - hydroxytestosterone (Bogaards et al.,  2000 ) and 6 - hydroxydexamethasone 
(Tomlinson et al.,  1997 ), respectively, is considerable higher in male rats than 
in female rats. ( − ) - Verbenone is a bicyclic ketone, used in herbal tea, spices, 
and perfume, and limonene is a hydrocarbon used in cosmetics and fl avoring. 
In male rats, both were found to be metabolized by male - specifi c isoform 
CYP2C11 to the respective hydroxylated metabolites. In contrast, in female 
rats the female - specifi c isoform CYP2C12 was unable to generate these 
metabolites (Miyazawa et al.,  2003 ). The ( − ) - enantiomer of the analgesic drug 
tramadol undergoes substantially faster conversion to its desmethyl metabo-
lite and the secondary glucuronide metabolite in female RLM than in male 
RLM (Jin and Liu,  2004 ). In general, in rodents, males have been seen to have 
higher activity of both Phase I and Phase II drug metabolizing enzymes than 
females (Guo et al.,  1993 ).  

Age Specifi city.   Activities of drug metabolizing enzymes, especially Phase I 
enzymes, have been demonstrated to diminish with age in rodents (Guo et al., 
 1993 ; Stohs et al.,  1980 ), and this difference has been also seen to be gender 
specifi c. For most drug - metabolizing enzymes, there is no defi nite pattern of 
increasing or decreasing metabolizing activity: Some enzymes increase in 
content with age since birth (CYP2E1 and 2D6 in humans), while some 
others decrease with age (CYP1A2 in humans) (Hunt et al.,  1992 ; Wauthier 
et al.,  2007 ). Some, like CYP3A4 in humans, have been suggested to increase 
in childhood, peak at adolescence, and decrease in adults (Cotreau et al., 
 2005 ). 

 Since liver is considered to be the primary site of metabolism for the major-
ity of the xenobiotics and endogenous compounds, subcellular fractions, intact 
cells, and tissue slices derived from liver are powerful  in vitro  tools, routinely 
used in the pharmaceutical industry to assess the metabolism of NCEs. 
Subcellular fractions (liver microsomes, microsomes with cDNA - expressed 
metabolic enzymes, S9 homogenates) from a variety of rodent and nonrodent 
animal species, along with human, are easily commercially available, easy to 
handle, and amenable to long - term storage. Liver microsomes are the most 
commonly used in vitro  system and although they contain enzymes located 
in the endoplasmic reticulum only, such as CYP, FMO, UGT, and esterases, 
microsomes are viewed as a very good system for assessing oxidative potential 
of NCEs. cDNA - expressing microsomes have the advantage of expressing 
high concentration of one particular enzyme/isoform and are often used when 
assessing the DDI potential of NCEs. S9 homogenates, although they have 
the advantage over microsomes of containing both oxidative and conjugative 
enzymes, have not attained as much popularity as the microsomes due to rela-
tively lower enzyme activity levels. Predictability of  in vivo  clearance from the 
subcellular - fraction - derived -  in vitro  Cl int  is often questionable because of the 
need to fortify the subcellular fraction with supraphysiological proportions of 
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cofactors (e.g., NADPH, NADPH reductase, MgCl 2 , cytochrome b5). In spite 
of the mixed success of in vivo  Cl int  predictions from subcellular - metabolism -
 derived data (discussed further in Section  5.2.4 ), it is well accepted that in the 
early stages of drug discovery, the subcellular fractions play an extremely 
important role in rank - ordering compounds. Intact cells (cryopreserved and 
fresh hepatocytes) and tissue slices have certain distinct advantages over sub-
cellular fractions in that they possess intact cellular morphology and are there-
fore believed to mimic the in vivo  situation more closely than subcellular 
fractions. However, it must be remembered that cryopreserved hepatocytes 
mimic compound uptake through the cell membrane as in an in vivo  situation; 
but, due to internalization of effl ux transporters, compound effl ux is not cap-
tured. They also do not need any added cofactors to facilitate metabolism, and 
metabolism studies can be carried out over much more extended time periods 
than with the subcellular fractions. However, handling and storage of intact 
cells and especially tissue slices are also a lot more complicated than subcel-
lular fractions, which are by far the most commonly used  in vitro  tools to 
evaluate metabolism of NCEs in drug discovery stages. Several excellent 
reviews have been published recently to compare the advantages and disad-
vantages of these various in vitro  models and overview of experimental condi-
tions required (Balani et al.,  2005 ; Blanchard et al.,  2004 ; Brown et al.,  2007 ; 
De Graaf et al.,  2002 ; Fisher et al.,  2002 ; Hewitt et al.,  2007a ; Lam and Benet, 
 2004 ; Ponsoda et al.,  2004 ; Reddy et al.,  2005 ; Gomez - Lechon et al.,  2007 ; 
Soars et al.,  2007a ).   

  5.2.3   Estimation of Metabolic Stability: Cl int  and Cl hep

 Metabolic stability of compounds in various stages of drug discovery is rou-
tinely assessed in readily available subcellular fractions (Lin et al.,  2003 ), such 
as microsomes, S9 homogenates, and cryopreserved hepatocytes in various 
animal species (rodents and human the least). Although the ultimate goal is 
the successful development of a human drug, metabolic stability screens are 
performed in other species, especially rodents, because animal models are 
routinely used to serve as the disease or effi cacy models for proof of concept 
and as a PK model to predict human exposures. Assessment of metabolic 
stability of the NCEs in animal subcellular fractions serves to predict whether 
the NCEs will be stable enough to maintain a desired exposure in the animal 
PD and effi cacy studies and for IVIVC studies discussed later. Therefore, 
metabolic stability assessment in subcellular fractions from human and the 
disease model animals, with attention to gender (if any effect), is routinely 
performed by the discovery DMPK groups. Metabolic stability at the early 
discovery stages is commonly expressed as either percent parent compound 
remaining after incubation for a certain period of time (up to 30   min for micro-
somes and up to 2 – 4   h for hepatocytes) or more scientifi cally as intrinsic Cl 
(Clint ). Cl int  represents the maximum capacity of the liver to metabolize a 
compound, in absence of limitations of hepatic blood fl ow, plasma protein 
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binding of the compound, and permeability/uptake into hepatocytes. Another 
term related to Cl int  is the extraction ratio ( E ) (Fig.  5.2 , Eq. 5.4). As the name 
suggests, extraction ratio is a dimensionless number, which signifi es the frac-
tion of a compound removed by liver, during compound transit through the 
liver.  E  values of  < 0.25, 0.25 – 0.75, and  > 0.75 represent low, moderate, and high 
extraction compounds, respectively.   

 It is highly advisable to translate the percent parent remaining to Cl int  and 
scale the resulting Cl int  further to predict total body Cl (Cl hep ). Methods to 
scale Cl int  to Cl hep  are discussed later on in this section and in Fig.  5.2 , Eqs. 3 
and 5 (Barter et al.,  2007 ; Fagerholm,  2007a,b ; Hakooz et al.,  2006 ; Houston 
and Galetin,  2003 ; Lin,  1998 ; Obach,  2001 ; Riley et al.,  2005 ). The reason why 
percent parent remaining is not very informative is because fi rstly the percent 
parent reported is highly dependent on the incubation conditions with a par-
ticular subcellular fraction. It has been well - documented that extrinsic vari-
ables (Hermann et al.,  2006 ) such as incubation time, microsomal protein 
concentration/hepatocyte count (amount of subcellular fractions), nature and 
strength of buffer, incubation temperature, substrate concentration, substrate 
solubility, percent and nature of organic solvents used to prepare substrate 
stock solutions, and speed of shaking during incubation interval can all signifi -
cantly affect the percent parent remaining reported. Hence to minimize the 
inter - lab and inter - day assay variability resulting from the factors mentioned 
above, it is highly recommended to report metabolic stability in terms of Cl int , 
which is essentially an assay independent parameter. Commonly used methods 
to calculate Cl int  involves determination of either (a)  in vitro  half - life ( t1/2 ) or 
(b) calculating the enzyme kinetic parameters, namely, maximum velocity of 
the enzymatic reaction ( Vmax ) and substrate concentration yielding the half of 
Vmax  ( Km ). 

Clint  –  T1/2  Method.     This is a simple model - independent method, where percent 
parent remaining over time is fi rst determined and then the log percent 
remaining versus time is plotted. The negative slope of the resulting linear 
regression ( −k ) is used to obtain  in vitro t1/2 , where  t1/2    =   0.693/ k  (Mohutsky 
et al.,  2006 ) (Fig.  5.2 ). The  in vitro t1/2  is further converted to Cl int  using Eq. 
(1) in Fig.  5.2 . To illustrate the importance of calculating Cl int , let ’ s consider a 
compound that is 50% remaining at 30   min in mouse, rat, beagle, cynomolo-
gous (cyno), and human microsomes. Apparently, it would be tempting to 
conclude that it possesses the same stability across all species; however, upon 
converting this 50% remaining to Cl int  via Eq. 1, this corresponds to a Cl int

between 40 and 180   mL/min/kg across species.  

Clint  –  Vmax/Km   Method.     Cl int  can also be obtained as a ratio of the enzyme 
kinetic parameters,  Vmax  and  Km , of the pathway of interest (Fig.  5.2 ). However, 
this method involves quantitation of the metabolite of interest resulting from 
a particular biotransformation pathway. In most cases of early discovery, 
knowledge of metabolites, or the number of metabolites, and analytical 
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Clint= intrinsic clearance
Clhep= hepatic clearance
[S] = Substrate concentration
Vmax= maximum reaction velocity
Km = substrate concentration that results in half of maximum velocity
Qh= hepatic blood flow
f u,blood/serum/plasma =f raction unbound in blood/serum/plasma
B/P = blood:plasma partition ratio
Clinf lux= intrinsic clearance of inf lux
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CALCULATION OF CLhep INCORPORATING TRANSPORTERS

     Figure 5.2.     Equations used to calculate Cl int , Cl hep , and  E   (Fagerholm,  2007 ; Mohutsky 
et al.,  2006 ; Naritomi et al.,  2001 ; Wilkinson,  1987 ; Wilkinson and Shand,  1975 ; Pang 
et al.,  2007 ) .  
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methodologies to quantify these metabolites are not available. So, the simple 
 t  1/2  method is the most common method for Cl int  determination at early stages 
of discovery. 

 Conversion of percent parent remaining to Cl int  is still insuffi cient to unam-
biguously evaluate an NCE as a potential high or low clearance compound, 
unless the Cl int  is scaled to its total body or systemic clearance (Cl hep ) 
(Fagerholm,  2007b ; Naritomi et al.,  2001 ). Cl int  can be further converted to 
Cl hep  via several different methods, such as the well - stirred or venous equilib-
rium model, sinusoidal perfusion or parallel tube model, and physiological -
 based dispersion model (Wilkinson,  1987 ; Wilkinson and Shand,  1975 ) (Fig. 
 5.2 ). Due to the complex nature of the dispersion model, the fi rst two models, 
especially the well - stirred model, are more commonly used in a discovery 
setting to obtain the predicted Cl hep . In most cases, when the NCE in question 
is a low clearance compound ( E     <    0.25), Cl hep  predicted from either well - stirred 
or parallel tube models will not be much different. However, for a high 
clearance compound ( E     >    0.75), Cl hep  predicted from the parallel tube model 
yields a higher value than that from a well - stirred model. Hence it is prudent 
to take into consideration the nature of the model with high clearance 
compounds. Once the predicted Cl hep  is calculated, the values can be expressed 
as percent hepatic blood fl ow to classify compounds as low, moderate, 
and high Cl based on whether the Cl hep  is  < 25%, between 25% and 75%, or 
 > 75% hepatic blood fl ow of a particular species. With the recent surge of 
knowledge in transporters, the traditional Cl hep  equation has been modifi ed to 
incorporate the transporter contribution to total hepatic clearance (Fig.  5.2 ) 
(Pang et al.,  2007 ).    

  5.2.4    In Vitro  and  In Vivo  Correlation ( IVIVC ) 

 In the early stages of discovery, since it is not possible to get any actual human 
data, the results obtained from human subcellular fractions are extremely 
valuable in predicting the human PK parameters and assessing the potential 
of an NCE as a successful human drug candidate. But before a signifi cant 
amount of effort is dedicated to optimize and modulate DMPK properties of 
a new chemotype, it is very important to evaluate the ability of the  in vitro  
ADME assays to predict the  in vivo  situation — that is, establish  in vitro  –  in 
vivo  correlations (IVIVC) early on in discovery. There are several reports of 
successful IVIVC and of unsuccessful IVIVC in the literature (Dunne et al., 
 1997   ; Ito et al.,  1998a ; Iwatsubo et al.,  1997 ; Nagilla et al.,  2006 ; Obach,  2000a ; 
Rostami - Hodjegan and Tucker,  2007 ; Venkatakrishnan et al.,  2001 ). The 
primary reasons why IVIVC fail are some underlying assumptions that are 
made in predicting Cl hep  from Cl int , namely: 

  1.     Metabolism is the major route of Cl of the NCE. In cases where NCE 
is subjected to high effl ux clearance (Gardner et al.,  1995 ),  in vitro  
metabolic stability data in microsomes or hepatocytes do not accurately 
predict the overall  in vivo  body clearance.  
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  2.     Liver is the primary organ responsible for the Cl of the NCE with insig-
nifi cant contribution from renal or biliary excretion pathways. 
Comparison of  in vitro  versus  in vivo  data would normally suggest addi-
tional studies. For example, the role of biliary excretion can be evaluated 
in the event that  Q h      >    Cl plasma     >    predicted  in vitro  Cl hep . When Cl plasma     >     Q h   
(and Cl renal  is low), then extrahepatic metabolism should be assessed, 
along with NCE stability in plasma and its blood:plasma partition ratio.  

  3.     CYP - mediated oxidative metabolism is the key metabolism pathway, 
and contributions by other phase I and phase II enzymes are not preva-
lent. This is only true for Cl hep  prediction from microsomes since hepa-
tocytes constitute the complete cellular enzyme systems, both phase I 
and phase II.  

  4.     Cl int  is similar in microsomes and hepatocytes  in vivo . Several com-
pounds demonstrate uptake rate - limited clearance in hepatocytes; this 
means that at low physiological NCE concentration, rate of uptake into 
hepatocytes is the rate - limiting step compared to rate of metabolism. 
As a result of this, Cl int  in microsomes is much higher than hepatocytes 
at lower NCE concentration (Hallifax and Houston,  2006   ; Lu et al., 
 2006a ; Parker and Houston,  2008 ; Soars et al.,  2007b ).  

  5.     Enzyme expression and activities in isolated subcellular fractions are 
representative of those in the physiological milleu.  

  6.     In the case of IVIVC using microsomes, the assumption is that no 
uptake transporter is involved in drug uptake  in vivo  and accumulation 
into the hepatocytes.  

  7.     In the case of IVIVC using hepatocytes, the assumption is that effl ux 
transport does not impact the overall metabolism of NCE since effl ux 
transporters get internalized and hence are nonfunctional in cryopre-
served hepatocytes.  

  8.      In vitro  conditions used to determine metabolic stability represent 
physiological conditions where NCE (substrate) concentrations are 
much lower than the  K m   of the metabolizing enzymes responsible for 
its clearance. This is a very basic, yet extremely important, assumption 
since under these conditions, it is assumed that rate of metabolism is 
linear with incubation time and enzyme concentration and Michaelis –
 Menten (MM) fi rst - order kinetics is conserved. In the early stages of 
drug discovery where knowledge of  K m   of the NCEs is commonly non-
existent, and highly sensitive analytical methods for NCE quantitation 
are not generally developed, caution must be used in assuming that MM 
kinetics are followed.  

  9.     Secondary metabolism pathways, which are not captured in a static  in 
vitro  system, are nonexistent. For example, it is highly possible, espe-
cially with microsomes, that the metabolites that are initially formed 
via oxidative metabolism are either (a) further oxidized by non - CYP -
 mediated conjugation pathways or (b) cleared by alternate pathways.  
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  10.     Nonspecifi c binding to microsomes and hepatocytes (Austin et al.,  2001 ; 
Hallifax and Houston,  2007   ; Kalvaas et al.,  2001 ; McLure et al.,  2000 ; 
Obach,  1996, 1997 ,  1999 ; Siebert et al.,  2004 ; Venkatakrishnan et al., 
 2000 ). It is generally agreed upon that depending on the physicochemi-
cal properties of NCE, nonspecifi c binding to subcellular fractions will 
be affected. For example, basic and neutral compounds are more highly 
bound to microsomes than acidic compounds, which are more highly 
bound to plasma proteins. Numerous excellent publications in this fi eld 
highlight the need to assess nonspecifi c binding of compounds to micro-
somes or hepatocytes for an accurate projection of  in vivo  Cl. However, 
caution must be exercised in interpretation of binding data since issues 
of whether fraction unbound in microsomes (fu mic ) is refl ective of non-
specifi c binding  in vivo , or whether compounds bind to different binding 
compartments in hepatocytes vs. microsomes, or whether to measure 
fu plasma  over fu blood  have all been dealt with skepticism, and a lot of these 
approaches are still under investigation. It is thus advisable to investi-
gate the appropriateness of nonspecifi c binding — hepatocyte versus 
microsome binding, plasma versus blood binding — during IVIVC 
studies and establish the best combination of these binding parameters 
that is important in predicting  in vivo  Cl.  

  11.     Atypical kinetics has been extensively studied with the CYP in recent 
years and has been attributed to the promiscuity of the CYP enzymes 
to accommodate multiple substrate molecules within the active site 
(Houston and Kenworthy,  2000 ; Isin and Guengrich,  2006b ; Kramer 
and Tracy,  2008 ; Tracy,  2006 ). Its manifestation is seen either via simple 
kinetic plots, where the reaction rate versus substrate graphs are not 
the usual hyperbolic or via Eadie – Hofstee plots where the reaction rate 
versus reaction rate/substrate ratio plots deviate from the usual linear 
relationship. Depending on the data fi t of these plots, they can be clas-
sifi ed as homotropic (due to autoactivation, biphasic kinetics, or sub-
strate inhibition) or heterotropic cooperativity (activation) (Fig.  5.3   ). 
Failure to recognize atypical kinetics results in inaccurate estimation of 
 in vitro  Cl, which is translated into inaccurate prediction of  in vivo  Cl.  

  12.     Blood/plasma partition ratio. Due to ease of biochemical analysis, in 
most cases, plasma is analyzed with the assumption that due to rapid 
equilibration of compounds between plasma and blood, concentration 
of the NCE is same in plasma and in blood, resulting in Cl plasma    =   Cl blood . 
However, in cases when compound is extensively bound to plasma 
as in acidic compounds (i.e.,  C  plasma     >     C  blood , and therefore 
AUC plasma     >    AUC blood , which leads to Cl plasma     <    Cl blood ), calculation of 
compound clearance in plasma leads to underestimation of  in vivo  Cl. 
Conversely, when compound is extensively bound to red blood cells, 
especially for basic compounds, Cl plasma  overestimates  in vivo  Cl by the 
same logic as above. Also, in case of plasma instability of an NCE, 
Cl plasma  will overestimate  in vivo  Cl. It is thus highly advisable for drug 
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discovery teams to ensure early on that the proper compartment is 
sampled and analyzed and chemical stability of the NCE in that com-
partment is assessed for accurate  in vivo  Cl calculation. Blood/plasma 
partition ratio and plasma stability of NCE should be assessed as an 
important part of IVIVC. Due to some of these primary reasons,  in 
vitro  data may not refl ect the  in vivo  situation; and in these cases, com-
pound optimization based on  in vitro  data will, most likely, not lead to 
the development of a successful drug candidate. It is a good practice to 
establish IVIVC early on for each chemical series and interpret the data 
accordingly.    

 Accurate projection of human PK parameters (Cl and  V  dss ) and effi cacious 
dose is extremely valuable in discovery and ensures that NCE with poor PK 
properties or safety concerns (due to high dose requirement) are not selected 
as a potential drug candidate for development (Fagerholm,  2007 ; De Buck 
et al.,  2007 ; Feng et al.,  2000 ; Ito and Houston,  2005 ; Obach et al.,  1997 ; Shiran 
et al.,  2006 ; Sinha et al.,  2008   ). Human PK projection can be performed via 
some common methods (Fig.  5.4 ): (a) Allometric scaling of  in vivo  PK param-
eters (Mahmood,  2005 ; Mahmood et al.,  2003 ) (namely, Cl and  V  dss ), obtained 
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     Figure 5.3.     Eadie – Hoftsee plots for atypical enzyme kinetics  (Houston and Kenworthy, 
 2000 ; Isin and Guengrich,  2006 ; Kramer and Tracy,  2008 ; Tracy,  2006 ) .  
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in preclinical animal species via several methods based on simple allometry, 
rule of exponents (ROE), unbound Cl/F, or unbound fraction - corrected inter-
cept (FCIM) (Mahmood,  2006   ); (b)  in vivo  Cl projection from  in vitro  Cl int  
data discussed above —  in vitro  Cl int  (either  t  1/2  or enzyme kinetic method 
described above) obtained in multiple animal species is scaled to Cl hep  in 
respective species, which is then compared to plasma Cl, observed in each of 
these animal species; if the correlation of the predicted Cl hep  and Cl plasma  is 
within two -  to threefold, then Cl human  is predicted using  in vitro  human 
Cl int  data; (c) species - invariant time methods such as equivalent time, 
kallynochrons (elementary Dedrick plot), apolysichrons, dienetichrons, 
or syndesichrons — each of which are some modifi cations of the elementary 
Dedrick plot method (Boxenbaum and Ronfeld,  1983 ); and (d)  C  ss  - MRT 
method. For human OBA estimation, the fraction of dose absorbed in portal 
vein ( F g      ×     F a  ) of each preclinical animal species can be calculated, the average 
of which can be used to estimate human  F g      ×     F a  . This estimate can be combined 
with the predicted human Cl, obtained by methods outlined above, to yield 
the predicted human OBA. Human OBA value can further be used to 

Cl = a BWb

BW = Body Weight
MLP= Maximum Life Span
a = coef f icient (log a is the y-intercept) of CL
b= exponent (b is slope of log-log plot ofCL and BW) of CL
c = coef f icient (log a is the y-intercept) of Vdss
d= exponent (b is slope of log-log plot ofVdss and BW) of Vdss

ROE used for Cl prediction:
if 0.55 < b < 0.7 then Simple allometry best (above equation)
if 0.71 < b < 0.99 then Cl x MLP = a BWb

if b > or = 1, then Cl x brain weight = a BWb
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     Figure 5.4.     Equations used in human PK projection (calculation of CL,  V  dss , and OBA) 
 (De Buck et al.,  2007 ; Feng et al.,  2000 ; Ito and Houston,  2005 ; Obach et al.,  1997 ; 
Shiran et al.,  2006 ; Sinha et al.,  2008 ; Mahmood,  2005, 2006 ; Mahmood et al.,  2003 ; 
Boxenbaum and Ronfeld,  1983 ; Abdel - Rahman and Kauffman,  2004   ; Huang et al., 
 2008 ) .  
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estimate the predicted human exposure at a desired dose (fi rst - in - human as 
well as effi cacious dose) (Mahmood,  2005 ). It is higly advisable to use multiple 
scaling methods to obtain a range of values for each of the predicted PK 
parameters since quite often, estimates obtained via different methods can be 
5 -  to 10 - fold different, in which case it is always desirable to use the best - case 
and worst - case scenario predictions of PK profi le. With the predicted human 
PK parameters, a thorough understanding of the PK – PD relationship (Abdel -
 Rahman and Kauffman,  2004 ) (in multiple animal species — if data are avail-
able), and considerations such as role of species difference in plasma protein 
binding of NCE in the effi cacious – exposure relationship, the effi cacious 
human dose can also be predicted (Mahmood,  2005 ; Huang et al.,  2008 ).     

  5.3   METABOLITE IDENTIFICATION AND REACTIVE 
INTERMEDIATES 

 In the previous section we discussed in detail how improving metabolic stabil-
ity of NCEs also results in improved plasma clearance for NCEs that are 
primary cleared by metabolism. To successfully modulate metabolism of an 
NCE, it is very crucial to know which site(s) of the NCE is prone to metabo-
lism and what types of metabolites are formed from the parent compound. 
This knowledge helps medicinal chemists strategically block these reactive 
sites, also called metabolic soft spots and design better, lower metabolic -
 clearance analogues. Knowledge of metabolites is very crucial in understand-
ing the various biotransformation pathways of an NCE and the enzymes that 
are involved in those (Baranczewski et al.,  2006a,b ). This information, in turn, 
can aid in reducing the risk of DDI, which could be precipitated due to the 
modulation of those enzymes that are involved in the NCE biotransformation. 
Structure elucidation of metabolites may also indicate formation of reactive 
intermediates, which have the potential to bind to biomolecules and cause 
immune - mediated toxicity. Knowledge of formation of reactive metabolites 
in early discovery stages is very helpful in minimizing the risk associated with 
reactive intermediates (metabolites). Metabolites themselves could be toxic, 
resulting in unexpected toxicity during drug development (Tang,  2007 ). In 
several cases, metabolites, due to structural similarity with their parent, are 
also pharmacologically active, which results in a disconnect between PK – PD 
data in most cases. Metabolite characterization  in vitro  is performed in human 
and multiple animals ’  subcellular fractions to guide species selection for safety 
assessment studies in preclinical development — the species that most closely 
resembles human with respect to metabolite profi le is selected as the preferred 
species for toxicity evaluations. When comparative studies of NCE metabolite 
formation with human and animal subcellular fractions indicate possible 
formation of unique human metabolite(s), the human - specifi c metabolite(s) 
has to be separately assessed in animal studies, especially if it is an active or 
toxic metabolite. When unique human metabolite(s) is detected in subcellular 
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fractions, proper precautions must also be exercised to address the fi rst clinical 
trials. Metabolite identifi cation is therefore very important in drug discovery 
for NCE progression and should be incorporated very early on to eliminate 
structural liabilities in the later stages of drug development. 

  5.3.1   Metabolite Identifi cation 

 In the early stages of LO, metabolite identifi cation (met ID) is routinely per-
formed in liver subcellular fractions, cDNA - expressed enzymes, or cryopre-
served hepatocytes. Although it is highly preferable to maintain low NCE 
concentration (1    μ M) in incubation mixture to mimic physiologically relevant 
conditions, analytical diffi culties in detection of metabolites that are formed 
in low quantities force most metabolite identifi cation reactions to be per-
formed around 10    μ M or higher (depending on the extent of metabolism of 
the NCE). At supraphysiological incubation conditions of most met ID studies, 
the biotransformation pathways can sometimes be different from an in vivo
situation. For example, in the case of CYP2D6 - mediated metabolism of dex-
tromethorphan, dextrorphan is the major metabolite both  in vitro  and  in vivo . 
However, in the presence of low dextromethorphan concentration or high 
enzyme activity (in cDNA expressed enzyme), dextrorphan is further metabo-
lized to secondary metabolites (Van et al.,  2009 ), highlighting the importance 
of incubation conditions in determination of biotransformation pathways. 
Phase II conjugation of phenol is found to be dose - dependent, with the high -
 affi nity (low - capacity) pathway of sulfate ester formation being predominant 
at low phenol concentration but low - affi nity (high - capacity) glucuronide 
formed at higher phenol concentration (Timbrell,  1982 ). In the majority of 
cases, this difference is mostly quantitative rather than qualitative; in other 
words, even at artifi cially higher NCE concentrations, commonly used for met 
ID studies, the profi le of metabolites would not alter signifi cantly (in most 
cases), although their relative amounts and the enzymes involved in their 
formation may vary signifi cantly. Primary and secondary amines are capable 
of forming cabamoyl glucuronide via reaction with dissolved CO 2  and UDPGA 
in vivo . This is illustrated by tertiary amine - containing compounds Org3770 
and Org5222, which undergo demethylation and the resulting secondary 
amine further reacts with dissolved CO 2  and UDPGA to form the respective 
carbamoyl glucuronide (Fig.  5.5 ). The  β  - blocker amosulol, which contains a 
primary amine, undergoes direct conjugation to form its carbamoyl glucuro-
nide (Delbressine et al.,  1990 ; Schaefer,  2006 ; Suzuki and Kamimura,  2007 ). 
However, under usual  in vitro  met ID assay conditions, where there is no dis-
solved CO 2 , carbamoyl glucuronides cannot form. But if the structure of NCE 
suggests the possibility of formation of such metabolites,  in vitro  met ID 
should be conducted in the presence of dissolved CO 2 .   

 Very sensitive analytical LC/MS/MS -  or LC/NMR - based methods have 
revolutionized metabolite identifi cation, quantitation, and characterization 
(Castro - Perez,  2007 ; Chen et al.,  2007 ; Clarke and Haselden,  2008 ; Gao et al., 
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 2007 ; Liu and Hop,  2005 ; Nassar and Lee,  2007 ; Prakash et al.,  2007 ; Staack 
and Hopfgartner,  2007 ; Yan et al.,  2008 ). Signifi cant improvement of 
analyzers, such as the ion trap, quadrupole linear ion trap, and quadrupole 
time - of - fl ight, over the triple quadrupole analyzer has enabled biotransforma-
tion chemists to detect metabolites present in very tiny quantities. From a 
physiologically relevant point of view, it is not very practical to characterize 
all possible metabolites of an NCE, regardless of how tiny their concentrations 
may be; however, in cases where there is a possibility of formation of a toxic 
or active metabolite, this information can be very useful. Advanced instru-
ments (Qtrap, QTOF, LTQ - FT, LTQ - OrbiTrap) that allow accurate mass 
determination and LC/NMR (1 - D and 2D - NMR) that allow unambiguous 
elucidation of the site of metabolism, met ID has become an integral part of 
most small molecule drug discovery. It must be remembered that met ID with 
cold NCE is qualitative (best semi - quantitative) since it is assumed that the 
ionization effi ciency of the parent and the metabolites are all similar in the 
mass spectrometer (MS). In reality, due to structural differences between 
the parent and metabolites, ionization effi ciencies can be substantially differ-
ent. Due to this reason, relative intensity of parent/metabolites in the MS is 
not a good indication of their absolute abundance and relative ratios. For 
example, it was observed that the response of the ring - opened metabolite of 
ziprasidone is almost 50% lower than that of its parent (Hop et al.,  2005 ). Met 
ID of tetrahydroquinoline antimalarial compound PB - 93 demonstrated that 
its major metabolite, resulting from  N  - dealkylation of its imidazole ring, has 
poor ionization effi ciency compared to parent and could not even be detected 
by MS (van Voorhis et al.,  2007 ). Similar dramatic decrease in ionization 
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effi ciency of an  N  - dealkylated metabolite has also been reported elsewhere 
(Hop et al.,  2005 ). Difference in metabolite ionization effi ciency was also 
reported for the anthracycline drug, doxorubicin (Arnold et al.,  2004 ). Few 
examples just described emphasize the fact that met ID with cold NCE is 
limited by its qualitative nature. In order to get an accurate estimate of the 
absolute amounts of metabolite, met ID should be performed either with a 
radiolabeled NCE or with authentic standards of the metabolites (synthesized 
separately). Radio - detector response is directly proportional to the amount of 
radiolabel present, and so intensity of radiochromatograms is refl ective of the 
actual amounts of parent NCE and its metabolites. Authentic standards of 
metabolites are extremely useful in generating metabolite – calibration curves 
and eliminate the uncertainties associated with differential ionization effi cien-
cies of parent versus its metabolites. As valuable as radiolabeled NCE or 
authentic metabolite standards are, their availability is limited to late - stage 
discovery or development in most cases. 

In silico  metabolism prediction softwares such as Meteor and Metasite, 
coupled with several met ID data processing softwares (offered by Agilent, 
Applied Biosystems, and Thermo Scientifi c), have made biotransformation 
prediction for an NCE much easier. However, a strong organic chemistry 
background, coupled with good expertise in LC/MS/MS methodologies and 
data interpretation, are the key prerequisites for successful met ID. Met ID 
in vivo  is usually done in biological matrices like plasma, urine, bile, and feces. 
Ion suppression from a variety of endogenous compounds in the biological 
matrices is a commonly encountered hurdle in in vivo  met ID and leads to 
drastic decrease of MS signal intensity of parent and its metabolites. A strong 
expertise in sample preparation and novel sample introduction into the LC/
MS/MS (e.g., UPLC and nano fl ow techniques) tremendously improves success 
in detection and identifi cation of  in vivo  metabolites. There are a multitude 
of very good articles discussing several of these modern analytical strategies 
involved in met ID and are highly recommended for further reading (Castro -
 Perez,  2007 ; Chen et al.,  2007 ; Clarke and Haselden,  2008   ; Gao et al.,  2007 ; 
Liu and Hop,  2005 ; Nassar and Lee,  2007 ; Prakash et al.,  2007 ; Staack and 
Hopfgartner,  2007 ; Yan et al.,  2008 ). 

 Met ID data should be obtained early on during LO, to enable medicinal 
chemists to improve an NCE ’ s stability toward metabolism; and there have 
been numerous reported examples where structural  “ soft spots ”  in NCEs were 
fi xed, based on met ID data. The antifungal agent ketoconazole (KTZ) is 
primarily cleared by hepatic metabolism. Poor metabolic stability, coupled 
with poor solubility, contributed to poor PK of ketoconazole. Efforts were 
directed to design a better compound fl uconazole, whereby the metabolically 
labile pyrazole moiety of KTZ was replaced by metabolically inert triazole 
moieties in fl uconazole (Fig.  5.6 A) (Smith et al.,  1996 ). Diltiazem is an exten-
sively metabolized benzodiazepine, with  N  - demethylation of its 3    °  amine 
linker being the major route of metabolism. The 3    °  amine was replaced by 
a 2    °  cyclic amine (pyrrolidine) that signifi cantly enhanced stability toward 
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metabolism (via decreasing radical stability and affording steric hindrance) 
(Fig.  5.6 B) (Floyd et al.,  1992 ). In the case of the BMS - 1 compound, the 
dimethyl oxazole group was found to be the metabolic soft spot (determined 
via MS and NMR). Replacement of a Me group by a halogen signifi cantly 
improved metabolic stability of this compound (also decreased metabolism of 
the other Me group on the oxazole) (Fig.  5.6 C) (Zhang et al.,  2007a ). Dietary 
fl avonoids have been in use as chemoprotective agents; but due to extensive 
glucuronidation and sulfation, they exhibit very poor OBA. A strategy to 
permethylate the polyphenols remarkably improved not only metabolic stabil-
ity but also GI absorption (Fig.  5.6 D) (Walle et al.,  2007 ). A systematic 
approach in understanding the structure – stability relationship (SSR) has also 
been demonstrated with the HIV protease inhibitor indinavir, whereby the 
position of N in the pyridine ring as well as the nature of substitution at 
another key metabolic site are important determinants of metabolic stability 
(Fig.  5.6 E) (Campiani et al.,  2002 ; Chiba et al.,  2001 ). In the case of the TRPV1 
inhibitor compound   (backup of a clinical candidate), once the metabolic soft 
spots were identifi ed, they were blocked by halide substitution, resulting in 
analogues that possessed much superior metabolic stability and clearance 
(Fig.  5.6 F) (Doherty et al.,  2008 ). Halide substitution to block metabolism on 
an aromatic ring has been illustrated in the case of benzimidazole antivirals 
(Fig.  5.6 G,H) (Stratford et al.,  1999 ; Victor et al.,  1997 ). In some cases, the 
most successful blocking of a metabolic soft spot is by synthesizing the metab-
olite that forms and   then using it, because the lead compound - maintaining 
potency and selectivity is a challenge in these cases. This is well illustrated in 
the case of cholesterol absorption inhibitor compound SCH48461, which was 
subjected to hydroxylation of its benzene ring and benzylic position and an 
O  - demethylation. The combination of blocking the soft spots and substitution 
of a  – OH at the benzylic position resulted in compound SCH58235, which was 
resistant to metabolism (Fig.  5.6 I) (Rosenblum et al.,  1998 ). Replacement of 
a metabolically labile functional group by its bioisostere has also been exploited 
in designing more stable analogues. The HIV protease inhibitor compound, 
ritonavir, resulted from a strategic replacement of metabolically labile pyridyl 
groups on its precursors to stable, bioisosteric thiazole groups in ritonavir 
(Fig.  5.6 J) (Thompson,  2001 ). More often than not, efforts to block metabolic 
soft spots make other sites more prone to metabolism. In contrast to efforts 
of improving metabolic stability by blocking soft spots, there may be the need 
to decrease stability of a compound to avoid an extremely long half - life of the 
NCE (and avoid toxicity due to NCE ’ s long residence time in the body). 
Compounds made earlier than the COX2 inhibitor had extremely long half -
 lives. Replacement of the halogen on a benzene ring by a metabolically labile 
 – Me group in celecoxib resulted in signifi cantly decreased half - life when com-
pared to that of earlier compounds (3.5   h of celecoxib versus 220   h of earlier 
compounds) (Fig.  5.6 K) (Penning et al.,  1997 ). Judicious use of met ID data 
to guide the design of better analogs is crucial in every stage throughout com-
pound progression. Even in development stages, as more quantitative met ID 
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data becomes available, it is very important to revisit the structural character-
istics of an existing series and employ the met ID data to improve upon the 
existing PK properties.    

  5.3.2   Prodrug Approaches 

 Met ID expertise is sometimes harnessed to design prodrugs that are intended 
to overcome poor PK properties such as poor GI absorption or high fi rst - pass 
metabolism (hence have low oral BA and duration of action). Prodrugs are 
inherently inactive compounds that are designed to be converted into their 
pharmacologically active forms upon administration in the body. It is highly 
desirable that other than the intended active form of the prodrug, other unde-
sirable biotransformation pathways are minimal. Met ID information is the 
key to understanding the biotransformation pathways leading to the prodrug 
activation and formation of other possible metabolites. Esterases, amidases, 
and phosphatases play a major role in conversion of several prodrugs into their 
 “ active ”  parent drug form (Fig.  5.7 ) (Stella et al.,  2007 ). Esterases mediate 
conversion of drugs like enalapril to active enalaprilat, valacyclovir to acyclo-
vir, ceftin to cerufoxime, moexipril to moexiprilat, mycophenolate mofetil to 
mycophenolic acid, olmesartan medoxomil to olemarsatan, and many more; 
phosphatases are involved in conversion of clindamycin 2 - phosphate to clinda-
mycin, amifostine to WR - 1065, fosamprenavir to amprenavir, fosphenytoin to 
phenytoin, and psilocybin to psilocin; aldehyde oxidase has been involved in 
conversion of antiviral agent famcyclovir to pencyclovir; codeine undergoes 
CYP2D6 - mediated demethylation to active morphine. Identifying metabolites 
of prodrugs, other than the active drug, is crucial for successful development 
of prodrugs. Another strategy involved in the design of prodrugs is their target 
tissue selective activation. For example, several chemotherapeutic agents are 
activated in hypoxic tumor cells via redox activation to generate the cytotoxic 
drug form — for example, tirapazamine (Graham et al.,  1997   ). It is important 
to have a thorough knowledge of mechanistic biotransformation pathways of 
the hypoxia - selective prodrugs into their cytotoxic drugs and other possible 
metabolites (desirable to minimize formation of noncytotoxic metabolites to 
improve therapeutic effi cacy). While dwelling on metabolites, it is worthwhile 
mentioning/introducing the concept of  “ antimetabolites. ”  Antimetabolite is a 
drug (or NCE) that bears very close resemblance to an endogenous essential 
metabolite and therefore is able to interfere with the cellular pathway(s) in 
which the endogenous metabolite plays a crucial role (Silverman,  2004 ). This 
could lead to severely compromised cellular function such as inhibition of cell 
growth or multiplication. For example, the anticancer agent methotrexate 
interferes with folic acid metabolism by binding to dihydrofolate reductase 
and inhibits DNA synthesis, which in turn inhibits cell replication. Drugs like 
mercaptopurine, thioguanine, fl uorouracil, and gemcitabine, by virtue of their 
structural similarities to endogenous purines and pyrimidines, prevent these 
DNA bases from incorporating into the DNA helix and cause cell cycle arrest. 
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It is very important to elucidate structure of the endogenous metabolites to 
be able to target them by designing NCEs that closely mimic them.    

  5.3.3   Pharmacologically Active Metabolites 

 Biotransformation of compounds should not be always considered detrimen-
tal. In situations where the metabolite formed possesses pharmacological 
activity toward the same target as the NCE/parent itself, it could increase the 
therapeutic effi ciency of the NCE (Fura,  2006 ). There may be instances where 
the metabolite binds to off - target receptors, which could result in either unde-
sirable toxicity or even reversal of parent NCE ’ s pharmacological action. In 
this section, the discussion will be limited to the concept of pharamacologically 
benefi cial metabolites. The cholesterol - lowering drug atorvastatin is metabo-
lized to two active metabolites, the  ortho  -  and  para  - hydroxyatorvastatin 
(Lennernas,  2003 ). Proton pump inhibitor omeprazole, which itself does not 
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possess any pharmacologic activity, is converted into its reactive sulfenic acid 
metabolite, which causes inhibition of the H + , K +  - ATPase enzyme to prevent 
acid secretion in the parietal cells (Olbe et al.,  2003 ); the prostate cancer drug 
fl utamide is metabolized into hydroxyfl utamide, which is more potent than the 
parent and possesses a longer duration of action (Shet et al.,  1997 ). Phase I 
metabolism reactions such as oxidation and dealkylation pathways contribute 
to formation of a major proportion of pharmacologically active metabolites 
(Fig.  5.8 ). One reason is that these simple biotransformation pathways result 
in metabolites that are not signifi cantly different from their parent drug struc-
turally and are therefore able to bind to the same receptor target to mediate 
the same pharmacological effect. Some drugs that are metabolized into phar-
macologically active metabolites via oxidation/hydroxylation are bupropion, 
propafenone, carbamazepine, thioridazine, tamoxifen, propranolol, and sim-
vastatin, and those metabolized via dealkylation are codeine, imipranime, 
fl uoxetine, amitryptiline, diazepam, phenacetin, and verapamil. Conjugation 
by Phase II metabolizing enzymes usually do not lead to pharmacologically 
active metabolites, with a few exceptions: morphine 6 -  O  - glucuronide and 
morphine - 6 - sulfate (Joshi,  2008 ), codeine - 6 - sulfate and codeine - 6 - acetyl 
(pain reliever) (Lalovic et al.,  2006 ; Milo et al.,  2006 ), ezetimibe glucuronide 
(cholesterol absorption inhibitor) (Catapano,  2001 ), minoxidil sulfate (antihy-
pertension agent) (Anderson et al.,  1998 ), and  N  - acetyl procainamide (antiar-
rhythmic agent) (Okumura et al.,  1997 ). Knowledge of active metabolites 
formation is very important in early development, and it is invaluable in 
understanding their effects on PK – PD, modulation of enzymes and transport-
ers, potency toward the target receptor compared to the parent, their free 
fraction in plasma, and concentration at the target receptor site (or off - target 
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potency). For example, the active metabolite norfl uoextine is a potent CYP2D6 
inhibitor and can cause DDI when coadministered with other drugs that are 
substrates of CYP2D6 (Crewe et al.,  1992 ). If a polymorphic enzyme (such as 
CYP2D6, 2C9, 2C19, NAT, SULT) is involved in generation of the active 
metabolite, then the effect of genotype on drug effi cacy will have a signifi cant 
effect and has to be incorporated for effi cacious dose calculations and adjust-
ments. Formation of active metabolites results in counterclock hysteresis in 
the effect versus concentration plot in a PK – PD link model as seen in cases 
of tramazosin, amitryptiline, imipramine, tesofensine (Lehr et al.,  2008 ), and 
glibenclamide (Rydberg et al.,  1997 ). The hysteresis can be resolved by inclu-
sion of an effect compartment, which accounts for the  “ lag ”  in the pharmaco-
logic effect due to formation of the active metabolite.    

  5.3.4   Reactive Intermediates 

 Trapping of reactive intermediates is extremely valuable to mitigate risk asso-
ciated with the development of an NCE that generates the reactive metabo-
lites. It is implicated that either (a) reactive metabolites bind to crucial proteins 
and cause direct organ damage or (b) the modifi ed protein elicits a hapten -
 mediated immune response. A complex cascade of signaling ensues, resulting 
in unpredictable toxic responses, also called the idiosyncratic toxicity or idio-
syncratic drug reaction (IDR). It is called idiosyncratic because the toxicity is 
not only unprecedented but also occurs in one out of a thousand patients 
receiving the drug, thus making it virtually impossible to detect earlier at the 
pre - registration phase. Several IDRs do not show dose - proportionality and 
the mechanism of idiosyncratic toxicity, in most cases remains elusive. IDR 
risk is a signifi cant liability and increases cost and risk of development of an 
NCE. It is therefore crucial to detect reactive metabolites very early on during 
discovery and strategically remove the toxicophores (the functional group that 
is responsible for toxicity) to avoid costly drug failures in development or, 
worse, in post - marketing. Reactive intermediates are envisioned to be elec-
trophiles (either charged species or Michael acceptors) that can be trapped by 
nucleophilic chemical such as glutathione (GSH) or cyanide (CN), depending 
on the  “ hard ”  (hardly polarizable, e.g., CH 3 C +  = O) or  “ soft ”  (easily polarizable 
e.g.,   CH =CH CH2 2 2

+− ) nature of the reactive electrophiles (Gorrod et al.,  1990 ; 
Nassar and Lopez - Anaya,  2004 ; Zhang et al.,  2000 ). The majority of electro-
philes generated are  “ soft ”  and are trapped by the endogenous thiol GSH 
(Scholz et al.,  2005 ) and  N  - acetyl cysteine, while the  “ hard ”  electrophiles are 
trapped by the hard nucleophiles like cyanide (Argoti et al.,  2005 ), methoxyl-
amine, and semicarbazide. Intermediates such as quinones, quinone methide, 
quinone imine, iminoquinone methide, aldehyde, epoxides, arene oxides, free 
radicals, acyl halides,  S  - oxides and  S  - oxidation products,  α  - , β  - unsaturated 
carbonyl (Michael acceptors), nitro reduction products (e.g., nitroso), isocya-
nates, and ketenes (Fig.  5.9 ) can be trapped by either GSH or  - CN. GSH 
adducts can be detected by monitoring neutral loss of 129, 147, or 307   amu 
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fragments via CID. A precursor ion scan of  m / z  of 272 in negative mode 
(due to deprotonated  γ  - glutamyl - dehydroalanyl - glycine fragment) can also be 
used as a diagnostic to detect GSH - trapped metabolites. A common diagnostic 
for cyanide - trapped metabolites is to monitor neutral loss of 27   amu fragment 
(loss of HCN). Use of an equimolar ratio of stable - labeled and unlabeled 
GSH or  – CN is also gaining popularity since this creates an isotopic doublet 
pattern for neutral losses at 129 (for GSH trap) and 27 (for  - CN trap) 
and rules out interference due to endogenous compounds from biological 
matrices. Monitoring exact mass neutral loss of 129.0416 or 27.0109 for GSH 
and CN adducts, respectively, via QTOF, also aids in unambiguously 
detect the nucleophile - trapped metabolites. GSH conjugates can lose the 
glutamic acid moiety (mediated by  γ  - glutamyltranspeptidase) to generate the 
 S  - cysteinylglycine conjugate, which can undergo acetylation of its free  – NH 2  
group to yield  N  - acetylcysteine conjugate (Fig.  5.10 ).   

 Formation of a GSH adduct is normally considered a detoxifi cation pathway, 
but this may not be necessarily true in several cases where organ toxicity has 
been attributed to GSH adduct formation (Anders et al.,  1992 ). It has been 
observed that  in vivo , the  S  - cysteinylglycine conjugate can be further degraded 
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(via β  - lyase) to expose the naked thiol, which can cause toxicity liabilites 
(Cooper et al.,  2002 ; Cooper and Pinto,  2006 ; Dekant et al.,  1994 ), demon-
strated for haloalkenes (Dekant,  2003 ; Lock and Schnellmann,  1990 ), 
efavirenz (Mutlib et al.,  1999 ), cisplatin (Townsend et al.,  2003   ), and dichlo-
roacetylene (Patel et al.,  1994 ). Acetaminophen is a very well studied com-
pound with detailed characterization of its GSH - trapped adducts reported in 
literature.  In vitro , the major metabolites are the GSH, cysteine, and  N  -
 acetylcysteine conjugates; but  in vivo , several other peptide conjugates were 
also detected (Mutlib et al.,  2000 ), illustrating the differences in metabolism 
in vivo  versus  in vitro  system. GSH adducts have been detected for a variety 
of drugs such as acetaminophen, carbamazepine, imipramine, felabamate, 
remoxipride, clozapine, and many more. Recent advances in the GSH - trapping 
method have included use of radiolabeled [ 35 S] - GSH (Lim et al.,  2008 ), dansyl -
 GSH, GSH - ethyl ester, and quartenary ammonium GSH (Soglia et al.,  2004, 
2006 ) agents to improve sensitivity and detection simplictity of GSH adducts. 
Cyanide trapped conjugates have been detected for drugs such as nicotine, 
ketoconazole, indinavir, mianserin, ciprofl oxacin, and rifampin. It is clear that 
there are several drugs that have had a positive signal in trapping experiments 
of reactive intermediates by GSH or cyanide. Some of these are also known 
to cause toxicity (although the mechanism of toxicity remains elusive) while 
some don ’ t. Consider the case of acetaminophen: This drug causes no hep-
totoxicity at its usual lower doses but at very high doses causes hepatic necrosis 
due to formation of a quinine – imine reactive intermediate (which can poten-
tially deplete cellar GSH reserves and form covalent adducts with critical 
proteins). However, a structurally very similar analog of acetaminophen, 
3 - hydroxyacetanilide, can bind to GSH and proteins but causes no hepatotox-
icity (Rashed et al.,  1989   ). It emphasizes the fact that even though reactive 
intermediates/metabolites are formed, this does not automatically imply 
that an NCE will cause toxicity. Conversely, there have been cases where 
a drug forms reactive intermediates but fails to generate a trapped adduct 
in GSH trapping studies: A reactive metabolite of valproic acid is formed 
due to sequential CYP - oxidation and  β  - oxidation via mitochondrial 
CoA (Tang and Abbott,  1997 ) and hence is not trapped via the typical 
GSH trapping assay. Phenytoin is proposed to form a free radical reactive 
intermediate (Munns et al.,  1997 ), which does not form a stable GSH adduct. 
Felbamate undergoes non - CYP - mediated bioactivation into its reactive alde-
hyde metabolite and hence would also not be detected in typical GSH trapping 
experimental conditions, conducted in microsomes (Dieckhaus et al.,  2000 ). 
Also, it should be emphasized here that the trapping methodology is a useful 
tool to provide mechanistic insight into bioactivation pathways that lead to 
formation of moderately  stable reactive intermediates.  In vivo , nucleophiles 
such as GSH are ubiquitious in cytosol but reactive intermediates need to 
possess adequate stability to survive transport from the site of generation to 
the cytosol to be quenched and eliminated as conjugated moieties. Hence 
caution must be exercised when designing trapping experiments of reactive 
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metabolites, and a thorough understanding of the chemical structure of the 
parent NCE and its biotransformation mechanism is extremely important for 
data interpretation. 

 GSH and CN trapping are commonly used methods to trap reactive inter-
mediates (Xu et al.,  2005 ). Some of the recently emerging methods to measure 
 “ biochemical markers ”  of toxicity, resulting from reactive intermediate forma-
tion, are also gaining popularity (Guengerich and MacDonald,  2007 ). For 
example, increase of alanine transaminase level as an indicator of heptotoxic-
ity, induction of glutathione transferase and quinone reductase as indicators 
of cells stress, and measure of mitochondrial function for cell toxicity have 
been proposed as methods that could be used for risk assessment toward reac-
tive metabolite - mediated - IDRs. Use of gene chips to explore gene expression 
patterns to identify individuals susceptible to IDRs has also been proposed. 
However, as with other existing methods, quantitative risk assessment and 
its clinical relevance remain a challenging hurdle for all of these methods. 
Covalent binding assessment has also been extensively used as the gold stan-
dard for reactive intermediate screening (Evans et al.,  2004 ; Takakusa et al., 
 2008 ): A radiolabeled NCE is incubated with fortifi ed liver microsomes, and 
the amount of radioactive material covalently bound to the microsomes is 
indicative of an NCE ’ s propensity toward oxidative bioactivation. An  in vitro
covalent binding value of ≤ 50   pmol/mg has been accepted as desirable for 
compound progression.  In vitro  results are corroborated by evaluating the 
NCE ’ s ability to form covalent adducts  in vivo  in preclinical species. While 
there are reports of good correlation between covalent binding and GSH -
 adduct formation (Masubuchi et al.,  2007 ), it is widely accepted that correla-
tion of amount of covalent protein binding in vitro  to the amount of covalent 
binding in vivo  (in preclinical species), and subsequent prediction of organ 
toxicity (in humans) with respect to its clinical relevance is extremely compli-
cated and should not be attempted. The cutoff values provide a good rank -
 ordering approach whereby NCEs with the least or no covalent binding are 
preferentially progressed into development to mitigate the risks associated 
with reactive intermediate formation. Covalent adducts formation may also 
provide useful information regarding species difference in the bioactivation 
of an NCE: A Merck piperidine compound demonstrated high turnover and 
high covalent binding both in vitro  (with liver microsomes) and  in vivo  in 
rhesus monkeys only (Baillie,  2008 ). Detailed mechanistic studies not only 
revealed the bioactivation site, but also indicated that the rhesus monkey was 
not representative of human metabolism and would therefore not be the ideal 
preclinical species for toxicology studies (Baillie,  2008 ). One of the most 
detailed quantitative studies to evaluate covalent adduct formation via meta-
bolic bioactivation of drugs and their ability to cause liver injury was recently 
reported by Obach et al.  (2008a) . The authors calculated the Cl int  of covalent 
adduct formation and incorporated (a) the contribution of covalent binding 
as a fraction of total metabolism and (b) the daily dose of drug and hence the 
effective daily dose of covalent binding, and (c) competing detoxifi cation 
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pathways for removal of reactive metabolites and observed an acceptable cor-
relation between a set of known hepatotoxic and nonhepatotoxic drugs. The 
conclusion still remains that in vitro  covalently binding studies are best used 
to retrospectively investigate mechanism of toxicity when encountered in a 
clinical setting and is valuable in identifying imminent bioactivation pathways 
of NCEs and rank - ordering NCEs in discovery stages. However, efforts to 
quantitatively link the degree of covalent binding to clinical toxicity should 
not be attempted prospectively.  

  5.3.5   Idiosyncratic Drug Reactions ( IDR  s ) 

 In several cases, reactive metabolites have been implicated to be the cause for 
idiosyncratic drug reactions (IDRs) (Erve,  2006 ; Park et al.,  2006 ; Uetrecht, 
 2003, 2006   ; Walgren et al.,  2005 ). Several drugs that have been withdrawn from 
the market and have been implicated to cause toxicity in liver, bone marrow, 
or skin (usually observed to be the major sites of toxicity) are observed to 
generate reactive metabolites. Here are a few examples of drugs withdrawn 
for various reasons: (a)  Hepatotoxicity : Antidepressant nefadozone (with-
drawn in 2004) is bioactivated to a reactive quinoneimine metabolite 
(Kalgutkar et al.,  2005b ); the thiophene ring of the diuretic drug tienelic acid 
is bioactivated into a reactive epoxide and a sulfoxide (Koenigs et al.,  1999 ); 
NSAIDs, like benoxaprofen and bromfenac, were observed to form reactive 
acyl glucuronide (Bailey and Dickinson,  2003 ) (b)  Bone marrow toxicity : The 
antiepileptic drug felbamate forms a putative reactive atropaldehyde interme-
diate, generated from its monocarbamate metabolite (Kapetanovic et al., 
 1998 ); antipsychotic drug clozapine is metabolized into a reactive iminium 
intermediate via peroxidases (Williams et al.,  2000 ); the analgesic drug ami-
nopyrine is metabolized into a highly reactive dication intermediate (Uetrecht 
et al.,  1995 ). (c)  Skin toxicity : Anticonvulsant carbamazepine forms reactive 
quinoneimine and epoxide metabolites (Pirmohamed et al.,  1992 ); and the 
anticonvulsant phenytoin is bioactivated into a reactive free radical and an 
arene oxide (Munns et al.,  1997 ); and the bacteriostatic antibiotic sulfamethox-
azole undergoes N  - hydroxylation, which undergoes further oxidation into the 
reactive nitroso metabolite (Burkhart et al.,  2001 ). In the majority of examples 
cited above and several others reported in the literature, formation of reactive 
intermediates has been attributed to covalent binding to critical biomolecules. 
However, conclusive proof of a quantitative relationship between reactive 
metabolite formation, degree of covalent binding, and subsequent magnitude 
of an IDR has been yet to be unambiguously proven. One of the reasons could 
be due to failure to quantify covalent binding in the organ of toxicity. In addi-
tion to failure to quantify covalent binding in organ of toxicity, the following 
additional factors make toxicity predictions extremely challenging: (a) uncer-
tainty in in vivo  reactivity of the reactive metabolites (does it bind to macro-
molecules at the tissue/site of generation or is able to travel throughout the 
body to several tissues), (b) uncertainty as to which reactive metabolite (in 
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case multiple are formed from the same parent) is responsible for covalent 
modifi cation of proteins  in vivo , (c) uncertainty regarding identity of proteins, 
genes, and cellular pathways that are affected  in vivo , and (d) inability to trap 
reactive intermediates that possess high reactivity. Although the mechanism 
of toxicity remains evasive, it is agreed upon that depending on the structural 
characteristics of an NCE, it generates chemically reactive intermediates (Ju 
and Uetrecht,  2002 ) that can bind covalently to critical proteins. The cova-
lently bound modifi ed protein can elicit a cascade of signaling pathways 
leading to an immune response. Depending on an individual ’ s genotype, the 
immune response can potentially cause severe IDRs. Therefore, severity of 
an IDR depends on an NCE ’ s potential to generate reactive metabolites and 
an individual ’ s susceptibility to abrogate the potentially harmful cascade of 
immune response triggered due to formation of the reactive metabolite –
 biomolecule adducts. It must be borne in mind that metabolite - mediated 
toxicity can result not only via proposed covalent binding to critical proteins 
but also due to formation of pharmacologically active metabolites that dem-
onstrate target and off - target potency. In the case of the synthetic analgesic 
tramadol (opioid and monoaminergic), severe neurological toxicity has been 
attributed to CYP2D6 - mediated conversion into its  O  - desmethyl metabolite, 
which, in the case of extensive metabolizers, is present in high concentration 
and demonstrates more potent agonist activity toward the μ  - opioid receptor 
than against tramadol itself (Smith et al.,  2009 ). Cardiotoxicity caused by the 
active metabolite of the anti - obesity drug fenfl uramine has been proposed to 
off - target the pharmacologic effects of the active metabolite dexfenfuramine 
(Smith et al.,  2009 ).  

  5.3.6   Structural Alerts 

 Structural characterisitics of compounds forming reactive intermediates/
metabolites have been extensively reviewed (Kalgutkar et al.,  2005a ; Kalgutkar 
and Soglia,  2005 ; Dalvie et al.,  2002 ). Compounds containing functional groups 
such as anilines, nitrobenzenes, benzyl/cyclopropyl amines, thiophenes, furans, 
thiazoles, sulfonylureas, hydrazines, carboxylic acids (those with  α  - protons), 
methylenedioxide, alkynes, terminal alkenes, halogenated hydrocarbons, and 
Michael acceptors (Fig.  5.11 ) are all recognized to be produce reactive metab-
olites, most of which can be trapped in  in vitro  assays by nucleophiles like 
GSH and cyanide. During discovery, when these functional groups are encoun-
tered in NCEs, an iterative approach is undertaken by medicinal chemists, 
pharmacologists, and DMPK scientists to reduce these structural liabilities to 
avoid potential risk of DDI later in development, while maintaining potency 
and selectivity of NCEs. The HIV protease inhibitor ritonavir is proposed 
to undergo CYP3A4 thiazole - ring bioactivation to mediate hepatotoxicity 
(Koudriakova et al.,  1998 ). In contrast, other protease inhibitors such as indi-
navir and saquinavir, designed to eliminate thiazole ring - structural liability, 
were not associated with any heptotoxicity. Antidepressant mianserin is 
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known to be bioactivated into an iminium ion that mediates cytotoxicity due 
to covalent binding to microsomal protein (Roberts et al.,  1993 ). Structurally 
similar analogues of mianserin, which do not form this iminium ion, resulted 
in substantial decrease of cytotoxicity. Removal of aniline motifs in prototype 
drugs such as carbutamide, practolol, and procainamide results in safer thera-
peutic agents tolbutamide, atenolol, and fl ecainide, respectively (Kalgutkar 
and Soglia,  2005 ). A fl uoro - analogue of the anticonvulsant felbamate is shown 
to prevent reactive aldehyde formation in felbamate due to  β  - elimination and 
is therefore hypothesized to reduce risk of hepatotoxicity and aplastic anemia, 
seen in the parent drug (Thompson et al.,  1996 ). Sometimes it is also possible 
to preserve the toxicophoric moiety of a parent structure but reroute metabo-
lism via introduction of functional groups that are more prone to metabolism 
than the toxicophore. This results in preferential metabolism at these alternate 
sites, other than the original toxicophores, that eliminates or signifi cantly 
decrease formation of reactive metabolites. Tolcapone, used to treat 
Parkinson ’ s disease, contains a 3 - nitrocatechol moiety that is proposed to 
undergo bioactivation to a reactive quinoneimine intermediate, which could 
be the cause of the severe hepatotoxicity of tolcapone (Smith et al.,  2003 ). 
A structurally similar analogue, entacapone, possesses the 3 - nitrocatechol 
moiety, but nevertheless is primarily cleared via glucuronidation, with no 
signifi cant bioactivation to the quinoneimine intermediate as tolcapone. As 
predicted, entacapone also does not cause hepatotoxicity. Leukotriene recep-
tor antagonist compounds CP - 80,798 and CP - 85,958 both possessed a chroma-
nol structure that underwent ring opening to generate a reactive hydroxyaldehyde 
intermediate that was proposed to be the culprit for causing toxicity in pre-
clinical species. Structural modifi cations were made so that metabolism at 
alternate sites were predominant, resulting in minimizing formation of the 
reactive aldehyde intermediate. These new analogues, which did not result in 
formation of the reactive aldehyde metabolite, were found to be nontoxic in 
preclinical species (Andrews et al.,  1995 ; Chambers et al.,  1999 ).    
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     Figure 5.11.     Functional groups that lead to generation of reactive intermediates 
 Courtesy of Kalgutkar et al.  (2005) , Kalgutkar and Soglia  (2005) , and Dalvie et al., 
 (2002)  .  
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  5.3.7   Metabolites in Safety Testing ( MIST ) 

 Metabolites have been implicated in numerous cases of organ toxicity and 
drug failure. Therefore safety assessment of metabolites is of primary impor-
tance during all stages of drug development (Guengerich and MacDonald, 
 2007 ; Baillie et al.,  2002 ; Davis - Bruno and Atrakchi,  2006 ; Guengerich,  2006b ; 
Humphreys and Unger,  2006 ; Naito et al.,  2007 ; Kumar et al.,  2008 ). The fi rst 
comprehensive industry guidance to address the role of Metabolites in Safety 
Testing of a drug was published several years ago, famously called the MIST 
document, which was followed by a recent FDA guidance addressing the same 
issue (FDA,  2008 ). MIST has since become the center stage of many discus-
sions amongst multidisciplinary drug development scientists with the common 
goal of designing the most informative preclinical and clinical studies to best 
address safety testing of metabolites. A summary of the MIST highlights is 
presented here. MIST guidance had originally proposed that human metabo-
lites that represent > 25% of drug - related material in circulation after a single 
dose should be considered for safety evaluation. This 25% criterion was later 
revised in the most recent guidance, which suggests that circulating metabo-
lites in excess of 10% of parent drug, at steady - state conditions (to account 
for any metabolite accumulation that might occur after multiple dosing), need 
further safety evaluation. This criterion was critically reviewed by Obach in 
several publications (Smith and Obach,  2005, 2006 ), where some important 
changes/additional considerations were proposed: (a) Absolute amount of 
metabolites should be considered compared to the relative amount as sug-
gested by the MIST document. Major justifi cation against using relative 
metabolite amount is that via the relative amount method, metabolites  > 10% 
of low - dose drugs (usually low - dose drugs do not lead to toxicity) would 
require unnecessary testing while metabolites < 10% of high - dose drugs (has 
more toxicity issues) could escape evaluation (potential risk). (b) In the case 
of an extensively metabolized parent drug, the parent will represent a very 
minor amount of all drug - related material in circulation compared to the rest 
of the metabolites. In this case, it would be necessary to monitor all the 
metabolites, which may be extremely laborious and expensive. (c) Similarity 
of the metabolite to its parent ’ s structure is deemed important. Biotransforma-
tion can result in signifi cantly different physicochemical properties of metabo-
lites as compared to the parent, resulting in signifi cantly different distribution 
properties of the metabolite versus the parent. Metabolites are generally more 
acidic than the parent and hence more bound to plasma proteins as compared 
to the highly lipophilic parent, which is more highly tissue - bound. So, as per 
the guidance, quantitating circulating metabolites as percent of parent might 
be misleading when a major amount of metabolite resides in plasma while a 
major amount of parent resides in tissues. (d) For a circulating metabolite that 
results from Phase I metabolism, is structurally similar to its parent, and can 
possess similar pharmacologic action to the target receptor as its parent, it was 
proposed that when a metabolite unbound concentration/ in vitro  receptor 
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potency ratio is  < 0.25 of the ratio in the parent, the metabolite will not cause 
signifi cant contribution to the overall pharmacology. (e) For circulating 
metabolites that demonstrate off - target pharmacology/toxicity, an unbound 
concentration > 1    μ M warrants its evaluation toward several nontarget recep-
tors. (f) For excreted metabolites that represent the body ’ s exposure to non-
selective toxicity via reactive intermediate formation (due to hapten - mediated 
immunologic IDR or chemical modifi cation of proteins by the reactive inter-
mediates), when amount excreted (generally as conjugated forms like GSH 
or mercapturic acid - adducts) is  > 10   mg, this needs to be further evaluated in 
safety studies. The exceptions where excreted unconjugated, reactive metabo-
lites have been detected are alcofenac - arene epoxide and troglitazone quinine. 
(g) A recent addition incorporating duration of parent drug administration 
and age of patients was proposed in the case of metabolites that cause toxicity 
usually after chronic dosing (Smith et al.,  2009 ). It is clear that before signifi -
cant resources are invested in safety evaluation of metabolites, a number of 
factors have to be taken into consideration: The primary ones are the absolute 
abundance of metabolites, its structural similarity to parent, whether it is 
circulating or excreted, whether it demonstrates target or off - target pharma-
cology, and the mechanism of toxicity elicited by the metabolite. In the event 
that the metabolite of interest in humans does not have adequate coverage in 
the animal toxicology studies (either not formed in animals or formed in dis-
proportionately high concentration), it is recommended to evaluate its safety 
following direct administration of the metabolite in toxicology studies. This 
strategy also has severe limitations since it has been recently discussed that 
kinetics of administration of preformed metabolites can be substantially dif-
ferent from metabolites generated in situ  mainly due to differences in absorp-
tion, tissue penetrability, clearance rate and mechanism, route of administration, 
and stability in dosing solutions (Pang,  2009 ; Prueksaritanont et al.,  2006 ). 
Moreover, analysis of 24 withdrawn drugs from the market revealed that 
animals in toxicology studies for all of these drugs had coverage for the cor-
responding metabolites that precipitated the toxicity event in humans (Smith 
and Obach,  2006 ). 

 Reactive metabolites have been one of the primary reasons, implicated in 
precipitating IDRs (Uetrecht,  2003 ), although any concrete correlation 
between reactive metabolite formation and IDR has not yet been established. 
The primary reason for this is likely due to lack of understanding of mecha-
nisms that cause IDRs. Nevertheless, reactive metabolites are commonly 
viewed as one of the possible causes of potentiating IDRs. It is therefore 
highly recommended that liability of reactive intermediate formation should 
be minimized early on in discovery. With detailed knowledge of metabolite 
formation, structural motifs that show propensity of reactive metabolite for-
mation should be avoided or modifi ed to minimize possible risk of IDRs. 
NCEs with high potency, which are expected to be effi cacious at low dose 
[it is generally believed that drugs with doses < 10   mg/day have less propensity 
for causing IDRs (Uetrecht,  2001 )], along with those with high metabolic 
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stability (to avoid metabolism - based DDI), should be developed to keep the 
absolute exposure of the body to NCE and its metabolites low. These are 
precautions that may decrease possibility of an IDRs; but since IDRs are not 
predictable (due to their inherent nature), these strategies do not guarantee 
elimination of an IDR risk.   

  5.4    CYP  MAPPING AND REACTION PHENOTYPING 

 About 2 million DDIs are reported every year, resulting in approximately 
100,000 fatalities, primarily due to unexpected adverse DDIs postmarketing. 
Diffi culty in accurately predicting DDIs may be the cause of such a high inci-
dence of undesirable side effects of coadministration of drugs. Throughout the 
course of drug discovery, it is a standard practice to assess NCEs for their 
ability to be either (1) a victim of a DDI (mediated by another coadministered 
drug) or (2) a perpetrator (or precipitant) of DDI themselves. It is well estab-
lished now that the magnitude of a DDI is dependent of the degree of contri-
bution of the clearance pathway that is modulated (inhibited or induced): The 
higher the fraction of the dose metabolized by the enzyme that is modulated, 
the greater the magnitude of DDI. It is very favorable for an NCE to have 
multiple pathways of clearance, so that when one of these is affected, the effect 
is compensated for by the other pathways. Interindividual differences in drug 
disposition due to differential expression of polymorphic enzymes is also criti-
cal in assessing a DDI risk (Hamberg et al.,  2007 ; Rodrigues and Rushmore, 
 2002 ; Williams et al.,  2008 ). For example, CYP2D6 is a well - studied polymor-
phic enzyme and there is a signifi cant difference in metabolism (and therefore 
exposure) of some CYP2D6 substrates (antidepressants, antipsychotics, 
opioids) in the poor metabolizers (PM) and rapid metabolizers (RM). This 
results in either lack of drug effi cacy due to increased clearance of the drug 
in the RMs or increased toxicity due to accumulation of drug in the PMs. Cases 
like these, which could warrant a dose adjustment based on the genotype of 
the individual, further highlight the need to identify major enzymes involved 
in the clearance of an NCE: Development of an NCE that is primarily metabo-
lized by polymorphic enzymes is a major DDI risk and should be avoided early 
on during discovery if possible. Hence identifying major pathways that are 
responsible in the clearance of an NCE is crucial in eliminating DDI risk later 
on in development. A signifi cant amount of work has been done in the area 
of the CYP enzyme phenotyping, and therefore most of the discussion in this 
section will be centralized around these major DMEs. 

 In early discovery phases, a qualitative idea of the major route of elimina-
tion contributing to the total clearance of an NCE is suffi cient. Sometimes 
crude evaluation of clearance pathways may be obtained by coadministration 
of aminobenzotriazole (ABT), a potent nonspecifi c inactivator of most CYPs 
or cyclosporin A (CsA), and a potent nonspecifi c inhibitor of several major 
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transporters, along with the NCE in a rat PK study. Primary involvement of 
CYPs or transporters is suggested based on whether ABT or CsA affects the 
exposure of the NCE. Use of ABT and CsA in  in vitro  experiments is also 
very common to assess CYP - mediated metabolism contribution or involve-
ment of transporters in clearance of NCEs. To tease out the contribution of 
FMO -  and CYP - mediated metabolism, it is also common to either treat micro-
somes with Triton X - 100 (a detergent that completely inhibits CYP activity 
but not FMO activity) or incubate microsomes at 50    ° C for 2 – 3   min. FMO is 
heat - inactivated in contrast to CYP, the catalytic activity of which is only 
slightly compromised. 

 During the late LO stage, a little bit more rigorous method called enzyme 
mapping is implemented. Enzyme mapping is very useful in identifying the 
enzymes that are involved in the major metabolism pathway of an NCE. In 
other words, enzyme mapping helps identify the DMEs that are primarily 
responsible for the overall clearance of an NCE. In early discovery stages, 
most common method is via the use of recombinant human enzymes. cDNA -
 expressed major human DMEs (CYP, UGT, FMO, NAT) are easily available 
commercially. An NCE is simply incubated with each of these recombinant 
enzymes, and the Cl int  ( Vmax / Km ) is determined for each of the enzymes. Care 
is taken to ensure that reactions are carried out under linear conditions of the 
enzyme kinetics; that is, NCE disappearance or the metabolite formation (of 
pathway of interest) is linear with respect to incubation time and protein 
concentration. The Cl int  number gives a rough estimate of relative contribution 
of each of the enzymes involved in metabolism of the NCE: Higher Cl int  of an 
enzyme suggests higher contribution by that enzyme. A good idea of high -  and 
low - affi nity enzymes involved in the metabolism of an NCE can also be 
obtained from the Km  values generated in a recombinant system: Low  Km  for 
an enzyme suggests high affi nity to that enzyme, implying that at low substrate 
(NCE) concentration, the contribution of that particular enzyme would be 
more pronounced than one which has a high Km  value. Caveats of this method 
are as follows: (1) In most of the early stages of discovery, knowledge of 
metabolite and hence a single major pathway of interest is lacking. It is 
common to determine the Cl int  by rate of parent (NCE) disappearance over 
time. So when NCE disappearance is monitored over time, it gives no idea 
about the major biotransformation pathway; instead, it gives just an idea of 
the overall rate of metabolism of a compound (which, in most discovery set-
tings, is also valuable knowledge). (2) Since the amounts of accessory proteins 
such as NADPH - cytochrome reductase, cytochrome b5, and heme (in the case 
of CYP) are different in different c - DNA expression systems, this causes sig-
nifi cant lot - to - lot variability of the catalytic activity of the enzymes. (3) Since 
expression level and specifi c activities of the enzymes are very different in 
human liver than what is observed in recombinant enzymes, relative contribu-
tion of an enzyme to the total metabolism of the NCE in vivo  cannot be 
estimated: The most that these data will suggest is the qualitative involvement 
of a certain enzyme in metabolism of the NCE (which may be suffi cient in 
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early discovery stages). It is also highly possible that in the absence of other 
DMEs a recombinant system will exhibit NCE turnover, which would other-
wise not be observed in vivo . To transform Cl int  obtained from recombinant 
enzymes into a physiologically meaningful value, this Cl int  must be normalized 
by applying several scaling factors. However, well - defi ned scaling factors (such 
as relative activity factor, RAF, discussed below) are available for CYP iso-
forms only and cannot be extended to other DMEs. Nonethelesss, in the early 
stages of discovery, Cl int  values from recombinant enzymes do provide useful 
information about involvement of certain enzymes (or isoforms) in the overall 
metabolism of an NCE. 

 When an NCE is moved further into late - stage discovery or early develop-
ment, a more rigorous version of CYP mapping is performed where a more 
quantitative estimation of contribution by a CYP isoform to total NCE clear-
ance is evaluated. The integrated approach, also called CYP phenotyping, is 
usually a combination of a several steps discussed below (Harper and Brassil, 
 2008 ; Lu et al.,  2003 ; Zhang et al.,  2007b ). 

Step 1.     CYP phenotyping starts with assessment of metabolite formation of 
an NCE using NADPH - fortifi ed pooled HLM (20 – 50 donors to reduce inter-
subject variability) and ruling out non - CYP mediated pathways. The kinetics 
of major metabolite(s) formation is analyzed under initial rate conditions 
(NCE depletion is usually ≤ 15% and metabolite formation is linear with 
respect to protein concentration and incubation time) over a wide range of 
NCE concentrations (solubility of NCE permitting). Enzyme kinetic param-
eters Vmax  and  Km  for each major biotransformation pathway are determined 
via careful analysis of Eadie – Hoftsee plots. In the case where kinetics of a 
biotransformation pathway is biphasic (curved Eadie – Hoftsee plot seen in this 
case as compared to straight Eadie – Hoftsee plot), involvement of two enzymes 
with two different Km  values is suggested. Implication of two  Km  values for a 
single biotransformation pathway is that at low concentrations, physiologically 
relevant conditions, the low  Km  enzyme (and the high - affi nity enzyme) pre-
dominantly contribute to the biotransformation pathway of interest. To clarify, 
N  - demethylation of clomipramine is catalyzed by CYPs 3A4, 2C19, and 1A2 
with different Km  values (Nielsen et al.,  1996 ). Hence the result of modulating 
these different CYP isoforms will have different consequences, depending on 
the dose of clomipramine. The contribution of CYP isoforms could be altered 
depending on the biotransformation pathway monitored: CYP2C19 is the 
high - affi nity isoform, while CYP3A4 is the low - affi nity isoform, involved in 
demethylation of the benzodiazepine fl unitrazepam; but for the formation of 
another active 3 - hydroxy metabolite of fl unitrazepam, CYP3A4 is the high -
 affi nity isoform, while CYP2C19 is the low - affi nity isoform (Kilicarslan et al., 
 2001 ). It is also possible to have a monophasic Eadie – Hoftsee plot (straight 
line) due to contribution of two different isoforms toward formation of the 
same metabolite with similar Km  values. Due to its cardinal role in the CYP 
phenotyping process, enzyme kinetics determination has to be done carefully 
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especially for low - clearance compounds that are metabolized via multiple 
pathways. During reaction phenotyping studies, care must also be taken to 
maintain the NCE concentration as close to physiologically relevant as pos-
sible to avoid contribution of low - affi nity isoforms at high NCE concentration. 
This is illustrated in 5 - hydroxylation of lansoprazole, where CYP3A4 is the 
major contributor at high substrate concentrations but CYP2C19 is the major 
contributor at low substrate concentrations (Pearce et al.,  1996 ).  

  Step 2.     After major biotransformation pathways are identifi ed and their kinet-
ics evaluated, effect of CYP - isoform - specifi c chemical inhibitors on the par-
ticular biotransformation pathway (in HLM) is assessed. This gives a better 
idea of relative contribution by the CYP isoforms toward the metabolite for-
mation. This is normally done with [S]    ≤     Km  of the NCE and [I]/ Ki     >    10 of the 
CYP - specifi c - inhibitor. The reason for the need to keep [S]    ≤     Km  of the NCE 
is because the degree of inhibition by chemical inhibitors is dependent on 
NCE concentration [S] and mechanism of inhibition (competitive, non-
competitive, uncompetitive, or mechanism - based). However, depending on 
whether [S]/ Km     <    1 (when [S]    <     Km ) or [S]/ Km     ≈    1 (when [S]    ≈     Km ), degree of 
inhibition would be independent of [S], which mimics more closely an  in vivo
situation. This again highlights the importance of an accurate determination 
of Km  in Step 1 above. The reason why [I]/ Ki     >    10 is crucial is because in order 
for almost complete inhibition of a specifi c isoform, a high inhibitor concentra-
tion yielding a high [I]/ Ki  ratio (normally  > 10) should be used. Complete 
inhibition of an isoform is very crucial to determination of relative contribu-
tion by that isoform. This is especially true when multiple CYP isoforms are 
involved in the metabolism of the NCE. Due to the need for high inhibitor 
concentration for almost complete inhibition of an isoform, the inhibitor used 
should also be highly specifi c for that particular CYP isoform, so that relative 
contribution by the isoform that is being assessed is not miscalculated (for 
example, ketoconazole is a potent and selective CYP3A4 inhibitor at low 
concentration, but inhibits several CYP isoforms at high concentrations). If 
CYP - specifi c inhibitors are unavailable, then IC50 values of the inhibitor for 
various CYP isoforms should be determined (using a wide range of [I], solubil-
ity permitting); and based on the magnitude of IC50, relative potency of 
inhibitor toward each CYP isoform can be assessed. It must be borne in mind 
that absence of selective inhibitors can lead to overestimation of inhibition 
and hence contribution by a particular CYP isoform. If the inhibitor used is a 
MBI, then care must be taken to include this into the inhibition study design. 
In complement to chemical inhibitors, CYP - isoform - specifi c inhibitory anti-
bodies are also used to evaluate relative contribution of different CYP iso-
forms toward NCE metabolism. The advantage of antibodies is that since they 
act as noncompetitive inhibitors, their inhibitory potency is independent of 
NCE concentration [S]. The drawbacks of antibodies are cross - reactivity with 
other CYP isoforms (nonselective — for example, antibodies to CYP3A4 also 
inhibit CYP3A5) and lack of 100% inhibition. To clarify, when extent of 
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inhibition with antibodies is 85%, it is hard to unambiguously conclude 
whether this is due to involvement of other CYPs (therefore metabolism was 
not 100% inhibited by a CYP - specifi c antibody) or merely due to partial inhi-
bition via an suboptimum antibody concentration. Hence it is highly recom-
mended to use various concentration of an antibody to assess its inhibitory 
potency toward a CYP isoform using an isoform specifi c substrate. Both 
chemical and antibody inhibitors gives relative percent contribution of a par-
ticular CYP toward the total metabolism of an NCE.  

  Step 3.     Correlation analysis is performed with the specifi c biotransformation 
pathway of the NCE of interest and CYP isoform - specifi c marker substrate 
metabolism rates or immunoquantifi ed CYP levels to further confi rm contri-
bution of a particular CYP isoform. The rate of formation of the metabolite 
of interest (of the NCE) is studied in a panel of liver microsomes (prepared 
from at least 10 different human donors) and is correlated with the rate of 
metabolism of a CYP isoform - specifi c marker substrate or specifi c CYP -
 isoform levels, determined via immunoquantitation. The results are analyzed 
via statistical analysis of the data, where a correlation coeffi cient ( r )    ≥    0.63 
(with Student ’ s  t  test  P  ratio    ≤    0.05) is considered signifi cant. When two or 
more CYP isoforms are involved, it is necessary to use specifi c inhibitors of 
the other isoforms to get a successful correlation analysis with one isoform at 
a time. Activity correlations might also fail due to involvement of polymorphic 
CYP2B6, 2D6, 2C9, and 2C19 (when levels of CYPs are used for correlation 
studies) where although levels of CYP (via immunoquantitation) isoforms 
appear the same, they could have signifi cantly different activities ( kcat / Km ).  

  Step 4.     In some cases when polymorphic CYP isoforms are involved, it is 
advantageous to have genotyped livers to understand the effect of allelic vari-
ants versus wild type on the specifi c biotransformation pathway of an NCE.  

Step 5.     Confi rmation via relative activity factor (RAF) method using cDNA -
 expressed enzymes and HLM — Cl int  (rate of metabolism) values are generated 
by incubating the NCE with cDNA - expressed enzymes under linear MM -
 kinetic - conditions. The Cl int  values obtained from recombinant enzymes are 
weighted for relative abundance of each of the isoforms in the liver by a con-
version number RAF. Determination of RAF for each CYP isoform is per-
formed by comparing the rate of a CYP - isoform - specifi c reaction in HLM to 
the same reaction in recombinant enzyme (Venkatakrishnan et al.,  2000 ; 
Proctor et al.,  2004 ; Uttamsingh et al.,  2005 ). RAF can be defi ned in terms of 
either Vmax  (maximum reaction velocity) (Eq. (1) in Fig.  5.12 ) (Venkatakrishnan 
et al.,  2000 ) or Cl int  (Eq. (3) in Fig.  5.12 ) (Uttamsingh et al.,  2005 ). In these 
assays to determine the rate of metabolism in rCYP and HLM, it is ensured 
that the concentration of each of the CYP isoform - specifi c probe substrate is 
maintained at the maximal velocity conditions ( Vmax ), which is different for 
HLM and the recombinant enzyme. Once the RAF is generated, the relative 
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contribution of each isoform can be obtained by Eq. (2) in Fig.  5.12  
(Venkatakrishnan et al.,  2000 ) or Eq. (4) in Fig.  5.12  (Uttamsingh et al.,  2005 ). 
Intersystem extrapolation factor (ISEF) has also been proposed as a further 
modifi cation to RAF (Proctor et al.,  2004 ).    

  Step 6.     Sometimes, a less rigorous method may be used prior to the RAF 
method. Similar to the RAF method, the data obtained with cDNA is normal-
ized using mean specifi c content of each of the specifi c CYP isforms involved 
(literature reported or immunoquantitated). Drawback of this method is that 
amounts of CYP isoforms sometimes vary considerably in the microsomal 
preparations, and so even the normalized rates may not refl ect the  in vivo  
conditions. The normalized rates are converted to a total normalized rate 
(TNR) as shown in Eq. (5) in Fig.  5.12  (Rodrigues,  1999 ). Detailed kinetic 
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     Figure 5.12.     RAF and TNR calculation  (Venkatakrishnan et al.,  2000 ; Uttamsingh 
et al.,  2005 ; Rodrigues,  1999 ) .  
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studies of the biotransformation is performed (i.e.,  K m  ,  V  max , RAF method) 
only when TNR are  ≥ 20%. TNR is also correlated with percent inhibition, or 
the correlation coeffi cient  r , described in Step 4 above. Due to its limitations, 
it is advised to use the RAF method over the TNR method. 

 A combination of Steps 1 – 6 described above is use to yield an integrated 
value of  f m   CYP  to assess the contribution of each CYP isoform to the biotrans-
formation pathway of interest (Zhang et al.,  2007 ; Uttamsingh et al.,  2005 ). 
The magnitude of the product of  f m   CYP  and  f m   (fraction of the NCE cleared via 
metabolism) refl ects the propensity of an NCE to be subjected to DDI. The 
higher the value of  f m   CYP     ×     f m  , the higher the risk of DDI. Change in exposure 
of an NCE in the presence and absence of a modulator (inhibitor or inducer) 
can be simulated by the equation shown in Fig.  5.13  (Bachmann,  2006 ; Brown 
et al.,  2006 ; Obach et al.,  2006 ; Venkatakrishnan et al.,  2003 ) (discussed further 
in Section  5.5 ). As can be easily seen, the product  f m   CYP     ×     f m  , plays a crucial 
role in predicting the change in exposure of an NCE, and therefore the DDI 
risk. To elucidate, consider the fact that two NCEs, A and B, have the same 
 f m   CYP3A4  value of 0.9; that is, CYP3A4 contributes to 90% metabolism of both 
A and B. But in the case of A, renal and biliary clearance play a major role 
such that the fraction of the total dose of A cleared by CYP - mediated metabo-
lism ( f m  ) is 0.2. The NCE B is primarily cleared by CYP - mediated metabolism; 
hence its ( f m  ) is 0.8. Based on the values of  f m   CYP     ×     f m   for compound A 
(0.9    ×    0.2   =   0.18) and that for compound B (0.9    ×    0.8   =   0.72), it can be predicted 
that since compound B has an  f m   CYP     ×     f m   value of  > 0.5, this may pose a DDI 
risk and warrants further evaluation. Important to note also is that since the 
change in exposure is also dependent on the change in Cl int  (with and without 
inhibitor), which in turn depends on the [I]/ K i   ratio, during simulation to 
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Clint, control / Clint, inhibitor

+ [1-(fm fm,CYP)]
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f m = f raction of total clearance due to all CYP-metabolism
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or non-competitive inhibition
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     Figure 5.13.     Exposure change in the presence of an inhibitor  (Bachmann,  2006 ; Brown 
et al.,  2006 ; Obach et al.,  2006 ; Venkatakrishnan et al.,  2003 ) .  
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predict the effect of fmCYP     ×     fm , maximal inhibition ( ≥ 95%, i.e., [I]/ Ki     ≥    20) of 
a CYP isoform is usually assumed. Estimate of  fm , can be most accurately 
made from a human radiolabel study, or a good estimate can be obtained from 
a single - dose Phase I human study. In many projects, due to the absence of 
human data in early stages of development, an estimate of  fm  is not available 
and fmCYP  data are used to guide clinical DDI studies via a  “ rank order ”  
approach discussed in detail in Section  5.5 . Essentially the  fmCYP  values are 
determined (via a combination of CYP phenotyping methods discussed above) 
and the CYP with the highest fmCYP  is evaluated clinically using CYP - isoform -
 specifi c inhibitors. For polymorphic CYP isoforms and CYP2C19, which does 
not have potent, selective inhibitors, PK of the NCE in genotyped indivduals 
is recommended.   

 Unfortunately, assessment of contribution by other enzymes such as FMO, 
SULT, and UGT (Kaji and Kume,  2005 ; Sakaguchi et al.,  2004 ) are limited to 
qualitative evaluation only. The primary reason for this is that for these 
enzymes, availability of cDNA - expressed enzymes, normalization methods, 
isoform - specifi c substrates, and inhibitors (chemical and antibody) is limited. 
For this reason, identifi cation of these other enzymes to the overall metabo-
lism of an NCE is limited to a  “ mapping ”  level at best.     

  5.5   DRUG – DRUG INTERACTIONS ( DDI  s ) 

 In this era of polypharmacy, drug – drug interaction (DDI) is a much publicized 
and highly researched area (Rodrigues,  2008 ). Well - known severe DDI such 
as those involving terfenadine, astemizole, cisapride, mibefradil, troglitazone, 
zomepirac, and benoxaprofen completely warranted the attention that this 
area has received over the recent years.  “ Potential risk of DDI ”  is a phrase 
that drug development teams highly prefer to stay away from and is a major 
area of risk assessment during discovery and development stages of any NCE. 
Depending on the nature of DDI, it can be classifi ed as either pharmacody-
namic or pharmacokinetic. A pharmacodynamic DDI (PD - DDI) is where the 
independent effects of the two drugs produce a change in the nature, magni-
tude, or duration of the effect expected from either drug alone. The drugs 
involved independently contribute to the pharmacology due to their separate 
actions on the same or different target receptor and modulate the overall 
pharmacodynamic manifestation in the body. PD - DDI can be synergistic (e.g., 
isoproteronol   +   epinephrine on  β  - adrenoreceptors, drugs that prolong QTc 
and exacerbate ventricular arrythmias such as risperidone   +   haloperidol) or 
antagonistic (NSAIDS inhibiting antihypertensive effects of ACE inhibitors, 
benzodiazepine   +   theophylline at the GABA receptor) (Oates,  2006 ). The 
most common DDIs are pharmacokinetic (PK) in nature where one drug 
alters the pharmacokinetics of a coadministered drug (i.e., either its absorp-
tion, distribution, metabolism, or excretion). Examples are numerous, such as 
warfarin   +   cimetidine, cyclosporine   +   rifampicin, atenolol   +   ranitidine, and 
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alprazolam   +   itraconazole (Michalets,  1998 ). In a pharmacokinetic DDI, one 
drug may be conceptualized as the victim (i.e., the affected drug), with the 
other as the perpetrator (i.e., the causative agent). Ultimately, most PK - based 
DDIs lead to undesirable effects due to (1) modulation of pharmacologic 
action/PD of the victim drug, resulting in lack of effi cacy, and (2) toxicity 
resulting from either the victim drug itself or formation of a toxic metabolite 
in undesirable amounts. For the scope of this chapter we will focus on the 
PK - based DDIs and common mechanistic tools used in the discovery stages 
of drug development to mitigate risks associate with such DDIs. 

  5.5.1   Inhibition and Induction 

 Most of the DDIs result from two basic, yet complex, phenomena when an 
NCE inhibits or induces the enzymes involved in the clearance or more cor-
rectly  “ disposition ”  of another coadministered drug (Pelkonen et al.,  2008 ; 
Zhou,  2008 ). The DDI risk is more profound if the victim drug has high intrin-
sic clearance. So, development of an NCE that is either itself a modulator of 
drug disposition enzymes (DDE) or affected by modulation of the DDEs, 
especially if the NCE also possesses high Cl int , is not favorable. Therefore, 
inhibition and induction of drug - metabolizing enzymes is routinely assessed 
very early on during drug discovery. With the much needed increase in 
research and knowledge in the transporter area in recent years, the role of 
transporters in disposition of NCEs has come to the forefront and discovery 
groups in the pharmaceutical industry are evaluating the role of transporters, 
along with drug - metabolizing enzymes in the early stages of development 
(Huang et al.,  2008 ; Ayrton and Morgan,  2008 ; Balayssac et al.,  2005 ; Chandra 
and Brouwer,  2004 ; DeBuske,  2005 ; Enders et al.,  2006 ; Funk,  2008 ; Szakacs 
et al.,  2008 ; Zhang et al.,  2008 ; Zhou et al.,  2008 ). 

 Inhibition of enzymes can be reversible or irreversible; and no matter what 
the mechanism, inhibition always results in reduction of intrinsic clearance of 
the pathway that is inhibited. Reversible inhibition, also known as direct inhi-
bition, can be typically classifi ed as competitive, uncompetitive, noncompeti-
tive, or mixed, with competitive inhibition being the most commonly observed 
pathway of inhibition. Drug disposition literature is rich in such examples of 
inhibitors for most major drug disposition enzymes (You and Morris,  2007 ; 
Rodrigues,  2008 ) — for instance, inhibition of CYP1A2 (fl uvoxamine), CYP2A6 
(tryptamine), CYP2C8 (quercetin), CYP2C9 (sulfaphenazole), CYP2C19 
(Omeprazole), CYP2D6(quinidine), CYP2E1 (4 - methylpyrazole), CYP 3A4/5 
(ketoconazole), UGT (valproic acid), SULT (2,6 - dichloro - 4 - nitrophenol), 
NAT (methotrexate), PGP (verapamil), MRP (MK571), BCRP (Ko143), 
OATP1B1(gemfi brozil), and many more. Caution must be exercised during 
LI and LO stages since more often than not, NCEs act as competitive inhibi-
tors of the enzymes that they are substrates of. So in several instances, NCE, 
which exhibits metabolic instability or is a transporter substrate, may also be 
a competitive inhibitor of the corresponding disposition enzymes. Two other 
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types of inhibition are also observed, albeit to a much lower extent — for 
example, noncompetitive, mixed - type inhibition of CYP2C8 and 2C19 by 
bisphenol (Niwa et al.,  2000 ), potent noncompetitive inhibition of CYP2D6 
by hyperforin (Obach,  2000b ), competitive as well as noncompetitive inhibi-
tion of UGT by ketoconazole (Takeda et al.,  2006 ). 

 Inhibitory potential of NCE is routinely determined in early compound 
optimization stages by a simple, model - independent IC 50  determination assay 
(Rodrigues,  2008 ). IC 50  determination is usually performed at one substrate 
concentration ( S     ≤     Km ), along with a wide range of inhibitor concentrations 
to monitor the decrease in reaction velocity with increasing inhibitor concen-
tration. An NCE is classifi ed as potentially high, medium, or low DDI - risk 
based on whether its IC 50  value for a particular enzyme is  < 0.1    μ M, 0.1 – 1    μ M, 
or > 1.0    μ M, respectively. IC 50  values should be compared to maximum pre-
dicted NCE plasma concentration ( Cmax ) at steady state; and only if IC 50  values 
are greater than Cmax , a potential DDI - risk  in vivo  can be anticipated. Drawback 
from risk prediction based on IC 50  values is that IC 50  values are heavily depen-
dent on (a) subcellular fraction used (pooled microsomes, cDNA expressing 
microsomes, heptocytes), (b) concentrations of the substrate, inhibitor, and 
enzyme, (c) incubation time, (d) solvent effect, (e) choice of marker substrate 
used especially for CYP3A4 and 2C9, which show cooperativity, (f) solubility 
limit of inhibitor and substrate, and (g) extent of protein binding of inhibitor. 
Failure to optimize several of these parameters also leads to failure of inhibi-
tion kinetics to comply with the MM kinetics due to substrate depletion, 
product inhibition, or allosteric binding at the enzyme active site. This in turn 
leads to over -  or underprediction of the magnitude of the DDI. Sometimes, 
with all precautions exercised, inhibition kinetics still is complex due to pro-
miscuous nature of the enzyme active site. Care must be used to best address 
these extrinsic parameters if possible during experimental design and recog-
nize when inhibition kinetics deviate from typical MM kinetics and incorpo-
rate these limitations in predicting an in vivo  DDI, based on  in vitro  data 
(Weaver,  2001 ; Yao and Levy,  2002 ). 

 A more rigorous assessment of inhibitor potency, usually performed for 
late - stage discovery compounds, is via determination of  Ki , which requires 
thorough kinetic analysis of a specifi c biotransformation pathway of interest. 
Eadie – Hoftsee (or Lineweaver – Burke) plots are generated using multiple 
substrate and inhibitor concentrations, and the mechanism of inhibition (com-
petitive, noncompetitive, uncompetitive or mixed) is assigned based on model 
fi t of the data, defi ned by statistical criteria. The  Ki  value, which, unlike the 
IC50  value, is a more intrinsic number, is substrate - independent, and yields a 
superior ranking method when compared to IC 50  determination. Evaluating 
an NCE ’ s inhibitory potential involves assessment of its [I]/ Ki  ratio, where [I] 
represents the mean Cmax  (peak plasma) of inhibitor at steady state, after 
highest proposed clinical dose and Ki  is the dissociation constant of the 
enzyme – inhibitor complex. An inhibition is considered high, medium, or 
low risk based on whether its [I]/ Ki  ratio is  > 1, 0.1 – 1, or  < 0.1, respectively. 
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In addition to the [I]/ Ki  ratio of the inhibitor, the contribution of the inhibited 
pathway to the overall metabolism of an NCE also plays a crucial role in 
determining the magnitude of a DDI (discussed more in Section  5.4  and later 
in this section). For a reversible inhibition, which is the most commonly 
observed inhibition, the change in exposure of the victim drug in the presence 
of an inhibitor is given by the equation in Fig.  5.13  (Bachmann,  2006 ; Brown 
et al.,  2006 ; Obach et al.,  2006 ). In addition to the crucial [I]/ Ki  ratio, this 
equation incorporates enzyme interaction at the intestinal site and parallel 
routes of metabolism. It can be clearly seen that parameters like  fm     ×     fmCYP  and 
[I]/Ki  play a vital role in risk assessment due to potential DDI.  Fm  represents 
the fraction of total metabolism that is CYP - mediated while  fmCYP  is the frac-
tion of total CYP - mediated metabolism of the victim drug, which is due to the 
inhibited CYP isoform. In situation where an NCE can inhibit multiple CYPs 
with [I]/ Ki  ratio  > 0.1 for each of the CYP - mediated pathways, then a rank 
order approach is recommended for conduct of clinical DDI (Obach et al., 
 2005   ). According to this approach, a clinical DDI study is initiated with the 
enzyme that is most potently inhibited in vitro  by an NCE (highest [I]/ Ki  ratio 
that is also > 0.1) and a selective probe substrate of the enzyme. If the AUC 
changes are less than twofold, then no further DDI studies are necessary; but 
if the AUC changes are greater than twofold, then the next most potently 
inhibited CYP in vitro  is evaluated in a clinical DDI study, and so on. This 
approach of predicting clinical DDI from in vitro  data has retrospectively been 
proven successful for several drugs such as diltiazem, erythromycin, fl uox-
etine, and ketoconazole, but also has failed for drugs like cimetidine, trolean-
domycin, and fl uvoxamine. PBPK models, based on parent metabolism and 
metabolite exposure changes, have also proven valuable for improving quan-
titative DDI predictions (Pang,  2009 ; Chien et al.,  2006 ).  

  5.5.2   Mechanism - Based Inhibition ( MBI ) 

 In contrast to reversible inhibition, which does not require bioactivation of 
the NCE, most of the irreversible inhibition results in conversion of an intrinsi-
cally inactive compound into a reactive species. The reactive species binds 
either irreversibly (covalently bound) or  “ quasi - irreversibly ”  (noncovalent, 
tight intermediate at the catalytically active site) to the enzyme that mediates 
the bioactivation. This type of irreversible inhibition is often referred to as 
time - dependent, metabolism -  or mechanism - based (MBI) or suicide inhibi-
tion. Although used interchangeably, there are some distinct features of each 
of these types of irreversible inhibition that make them very subtly different 
from each other. Strictly speaking, time - dependent inhibition (TDI) refers to 
decrease in rate of the enzyme - catalyzed reaction over time which may result 
from either (a) slow binding of inhibitor (rare) or (b) enzymatic or nonenzy-
matic formation of an inhibitory species (Riley et al.,  2007 ). Proper controls 
must be also be used as well to ensure the viability of the enzymes; for 
example, CYP2E1 is degraded over time due to preincubation with NADPH. 
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Irreversibility of TDI has to be established before classifying them as MBI 
also. Catalytic activation of an NCE by an enzyme is a prerequisite for metab-
olism -  and mechanism - based inactivation, and therefore the potency of both 
these types of inhibition will increase over time (with preincubation). In addi-
tion to being time - dependent, metabolism -  and mechanism - based inactivation 
are also usually inhibitor concentration - dependent and NADPH - dependent. 
The main difference between metabolism -  and mechanism - based inactivation, 
however, is that in mechanism - based inactivation, the reactive species that is 
formed, stays within the enzyme active site and immediately inactivates the 
enzyme. In contrast, in metabolism - based inactivation, the reactive electro-
phile can leave the enzyme active site and react with nucleophilic biomolecules 
other than the enzyme that generated the reactive intermediate. For this 
reason, metabolism - based inactivation potency can be decreased  in vitro , by 
addition of external nucleophiles such as GSH, while this will not alter potency 
of a mechanism - based inactivator. TDI and MBI study design and detailed 
characteristic properties of these two kinds of inhibition (e.g., irreversibility, 
saturation kinetics, substrate protection, stoichiometric binding to enzyme) 
have been reviewed extensively (Hollenberg et al.,  2008 ; Grimm et al.,  2009 ). 
For the scope of this chapter, we will refer to both metabolism -  and mecha-
nism - based inactivation as mechanism - based inactivation (MBI). 

 Some excellent detailed reviews have been published in this area that 
emphasize the importance of risk assessment early on in the discovery of 
NCEs with potential structural liabilities that may be prone to bioactivation 
and subsequent inactivation of DMEs (Bertelsen et al.,  2003 ; Fontana et al., 
 2005 ; Fowler and Zhang,  2008 ; Maurer et al.,  2000 ; Polasek and Miners,  2007 ; 
Venkatakrishnan and Obach,  2007 ; Von Moltke et al.,  2000 ; Voorman et al., 
 1998 ; Yang et al.,  2007 ; Zhao,  2008 ; Zhou et al.,  2004c ; Kalgutkar et al.,  2007 ). 
Acetylene - bearing compound 17 -  α  - ethynylestradiol causes potent MBI of 
CYP3A4 via heme modifi cation and of CYP 2B1 and 2B6 via covalent binding 
to the apoprotein due to reactive ketene intermediate (Kent et al.,  2006 ). 
Tienilic acid is selectively oxidized by 2C9 to an  S  - oxide, which not only binds 
covalently to 2C9 via Michael addition with an active site amino acid residue, 
but is also able to escape the enzyme active site and react with microsomal 
proteins. This latter reaction has been attributed to the immune - mediated 
hepatotoxicity seen with tienilic acid (Neuberger and Williams,  1989 ). The 
hydrazine - containing compound phenelzine inactivates both MAO and CYP 
via alkylation by a carbon - centered radical intermediate (Kalgutkar et al., 
 2005 ). Benzyl isothiocyanate is a potent MBI of several CYP isoforms (1A1, 
1A2, 2B1, 2E1) due to formation of an isocyanate intermediate that covalently 
binds to the amino acid residue at the active site (Kent et al.,  2001 ). Paroxetine, 
which contains a methylenedioxy group, undergoes bioactivation to a carbene 
intermediate that results in potent MBI of CYP2D6 (Venkatakrishnan and 
Obach,  2005 ). Thiazole - containing NSAID sudoxicam is bioactivated to a 
thiourea reactive intermediate, which results in severe hepatotoxicity attrib-
uted to covalent modifi cation of critical proteins (Obach et al.,  2008b ). 
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 MBI of CYPs have been extensively investigated, and the presence of 
functional groups such as aniline, nitrobenzene, hydrazine, benzyl/propargyl/
cyclopropyl amine, hydantoin, thioureas, thiazole, furan, thiophene, epoxides, 
methylene dioxy, methyl indoles, alkyne, isothiocyanate, and terminal alkenes 
on NCEs warrants immediate and early assessment of inactivation potential 
of the NCEs to avoid severe DDI liability in late - stage development (Fontana 
et al.,  2005 ; Kalgutkar et al.,  2007 ). It must be borne in mind that if an NCE 
does possess a structural alert, it does not automatically imply that it will be 
a potent inhibitor. Structure of NCE should be carefully studied early in the 
discovery stages, and its propensity toward metabolic activation should be 
thoroughly evaluated before classifying it as an MBI. The potency of an MBI 
should be assessed using the equation in Fig.  5.13  to predict fold change in 
exposure due to an MBI (Galetin et al.,  2006 ; Obach et al.,  2007 ). It must be 
recognized that the kinetic parameters ( kinact ,  KI ,  kdeg ) used to characterize an 
MBI are different from those used for reversible inhibitors ( Ki ). The param-
eter kinact  is a fi rst - order rate constant for maximal rate of enzyme inactivation, 
KI  (unlike the reversible inhibitor - enzyme dissociation constant  Ki , described 
above) represents the concentration of the inactivator, which causes half the 
maximal rate of inactivation, and  kdeg  is the fi rst - order endogenous degrada-
tion rate of the enzyme of interest. Distinguishing MBI from simple reversible 
inhibitor is critical is predicting a clinical DDI, since applying a reversible 
inhibition model to an MBI may result in signifi cant underprediction of a DDI 
risk. The major reason is that for reversible inhibition, the degree of inhibition 
is dependent on the [I]/ Ki  ratio but in the case of MBI, in addition to this [I]/ KI

component, the ratio  kinact / kdeg  is also a very crucial determinant. So, in the 
case of an MBI, it is possible to have a low [I]/ KI  ratio (which, in a reversible 
inhibition setting, would suggest low DDI risk), but if  kinact / kdeg  ratio is high, 
this could result in a substantial DDI risk. This is very well demonstrated by 
correlation studies from Obach ’ s group (Obach et al.,  2007 ): CYP3A4 inacti-
vator fl uoxetine, CYP1A2 inactivator zileuton, and CYP 2D6 inactivator par-
oxetine all have very similar [I]/ KI  ratio (approximately 0.02), but only 
paroxetine, with a very high  kinact / kdeg  ratio, was predicted to yield a signifi cant 
clinical DDI (the magnitude of DDI predicted was similar to that seen in a 
clinic).  

  5.5.3   Nuclear Receptors and Induction 

 Another mechanism that gives rise to DDIs is when an NCE activates one of 
the many nuclear receptors and modulates the transcription and hence the 
expression of DMEs and transporters. Most common cases result in induction 
of drug disposition enzymes (Fuhr,  2000 ; Sinz et al.,  2008 ; Xu et al.,  2005 ), 
where levels of the enzymes are elevated and thus lead to either faster clear-
ance of NCEs or enhanced formation of reactive metabolites. Faster clearance 
of NCE leads to lower - than - expected exposure, as demonstrated by signifi cant 
decrease of exposures of several drugs such as midazolam, amitriptyline, 
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cyclosporine, digoxin, indinavir, irinotecan, warfarin, phenprocoumon, alpra-
zolam, dextrometorphane, simvastatin, and ethinylestradiol in the presence of 
St. John ’ s wort, which has been shown to be a potent inducer of both CYP3A4 
and Pgp (Izzo,  2004 ). Reduced exposure sometimes severely compromises 
therapeutic effi cacy as seen with coadministration of cyclosporine (immuno-
suppresant and CYP3A4 substrate) and rifampin (potent CYP3A4 inducer 
commonly used to treat tuberculosis - TB) to organ transplant patients, who 
were also treated for TB (Chen and Raymond,  2006 ). CYP2E1 induction by 
ethanol is attributed to the increased formation of a reactive hepatotoxic 
quinoneimine metabolite from acetaminophen (Zhao et al.,  2003 ). Induction 
of Phase I and Phase II DMEs and transporters is regulated by a large family 
of nuclear receptors, which are activated by a diverse array of xenobiotics as 
well as endogenous ligands. Some of the most commonly encountered nuclear 
receptors (also called transcription factors) are aryl hydrocarbon receptor 
(AhR), pregnane X receptor (PXR), constitutive androstane receptor (CAR), 
glucocorticoid receptor (GR), peroxisome proliferator - activated receptor -  αβγ
(PPAR -  αβγ ), farsenoid receptor (FXR), hepatocyte nuclear factor 4 α  (HNF -
 4 α ), vitamin D receptor (VDR), nuclear factor erythoroid 2 p45 - related factor 
2 (Nrf2), estrogen receptor (ER), and liver X receptor (LXR) (Matheny 
et al.,  2004 ; Wang and LeCluyse,  2003 ). Some of these receptors, like the AhR 
and CAR, reside in the cytoplasm, while receptors like PXR predominently 
reside in the nucleus. Upon activation by ligands (via binding at the ligand 
binding domain except for CAR, which does not require binding of ligand), 
the ligand – receptor complex forms homodimers or heterodimers in the nucleus 
[for example, with retinoid X receptor (RXR) in the case of CAR and PXR, 
and with AhR nuclear translocator (Arnt) in the case of AhR], in the presence 
of other coactivators. The dimeric complexes then bind to response elements 
of target gene that yield in the transcription of the corresponding enzyme(s). 
Unlike enzyme inhibition, which is an immediate effect, induction is a graded 
effect and more often felt after multiple or chronic dosing of an NCE. 

 Several features of the mechanism of enzyme induction make data inter-
pretation not so straightforward (Xu et al.,  2005 ; Fuhr,  2000 ; Sinz et al.,  2008 ; 
Fahmi et al.,  2008 ; Lin,  2006 ; Luo et al.,  2002, 2004 ). Just like the DMEs and 
the transporters, the nuclear receptors demonstrate promiscuity, in that they 
have broad substrate specifi cities (due to large substrate binding domain) (Ma 
and Lu,  2008 ). As an example, PXR can be activated by several ligands, like 
phenobarbital, rifampin, paclitaxel, nifedipine, mifepristone, 5 β  - pregnane - 3 -
 20 - dione, dexamethasone, ritonavir, and hyperforin, which are of very differ-
ent chemotypes. 1,7 - Phenanthroline, which was viewed as a selective UGT 
inducer, was found to concurrently increase MRP3 and decrease CYP2C11 
and OATP2 expression in rat liver (Wang et al.,  2003 ). Also adding to the 
complexity is the fact that it is not uncommon to see a DME or transporter 
be under the regulatory control of multiple nuclear factors (Chen et al.,  2005 ; 
Lim and Huang,  2008 ; Puga et al.,  2009 ; Tirona et al.,  2003 ). Following are 
some cases of regulation of drug disposition enzymes by multilple receptors: 
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CYP3A4 by PXR, CAR, GR, HNF - 4 α , FXR, and VDR; CYP2C9 by PXR, 
CAR, and GR; UGT 1A1 by PXR, CAR, AhR; SULT2A1 by PXR, VDR, 
and FXR; MRP2 by PXR, CAR, and FXR, OATP1B by HNF - 1 α  and PXR. 
This also refl ects receptor cross - talk or overlap of target specifi city, which has 
been demonstrated in several recent fi ndings. For example, cross - talk such as 
those of PXR and CAR, FXR, HNF - 4 α , GR, and LXR and that between CAR 
and VDR will result in cross - regulation of target genes (of DMEs and trans-
porters), making prediction of DDI mechanism anything but straightforward. 
Due to regulation of several DMEs and transporters via common receptors, 
it is advised to monitor a few CYP isoforms that are indicative of activation 
of the principal nuclear receptors: CYPs 1A2, 2B6, and 3A4 induction are 
suggested to be indicative of activation of AhR, CAR, and PXR receptors, 
respectively (Hewitt et al.,  2007c ). In addition to normally observed agonist 
activity of xenobiotics on enzyme - expression pathways, there have also been 
cases where enzyme levels are down - regulated. Examples of negative modula-
tion of enzyme expression have been demonstrated with colchicine, which 
down - regulates CYPs 2B6, 2C8, 2C9, and 3A4 (alters the GR - CAR/PXR 
pathway) (Dvorak et al.,  2003 ), with ketoconazole and miconazole, which 
inhibit the GR - transcription pathway (Duret et al.,  2006 ), with cytokines, 
which down - regulate expression of CYPs 1A2, 2C, 2E1, and 3A4 (Abdel -
 Razzak et al,  1993 ), and with rifampicin, which down - regulates SUL2A1 (Fang 
et al.,  2007 ). 

In vitro  models to study enzyme induction have been established that use 
sandwich culture primary hepatocytes, liver slices, or reporter gene constructs 
of which the sandwich culture primary hepatocytes model is deemed as the 
gold standard by DMPK scientists (Hewitt et al.,  2007a – c ). Readers are 
advised to refer to these excellent reviews that discuss in detail in vitro  meth-
odologies and optimization of experimental conditions such as culture format, 
number of donors, culture medium, confl uence number, culture period, and 
so on, for studying enzyme induction. While experimental details of  in vitro
induction studies is beyond the scope of this chapter, a couple of things are 
worth mentioning: Having a thorough knowledge of DMEs or transporters 
that are involved in the disposition of an NCE is an added advantage in design-
ing the best in vitro  induction model. This is highlighted in a few cases described 
next (Hewitt et al.,  2007c ): UGT1A1 induction results obtained for chrysin in 
primary human hepatocytes and HepG2 cells. While in HepG2 cells, there 
was a signifi cant induction of UGT1A1, chrysin failed to induce this enzyme 
in primary human hepatocytes. The reason for this was that due to the pres-
ence of high levels of UGTs in primary hepatocytes, chrysin was rapidly 
glucuronidated but in HepG2 cells, which lack intracellular UGT, high con-
centration of parent compound chrysin resulted in high enzyme induction. 
HepG2 cells also have low expression of PXR and CAR, so evaluation of 
enzyme induction caused by activation of these receptors in HepG2 cell line 
will result in inaccurate induction - potential prediction. Similarly, Fa2N - 4 cells, 
which are also used to study enzyme induction, have been shown to lack CAR 
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expression, along with uptake transporters OATP1B1 and OATP1B3. This 
could be a severe limitation in using this cell line for predicting CAR - mediated 
enzyme inducers or for NCEs that depend on the above - mentioned uptake 
transporters to get into these cells to activate the induction mechanism. 
Endpoint measurement in induction studies is usually quantifying the activity 
or the mRNA levels of the target enzyme(s). However, in certain cases of 
concurrent inhibition and induction, as demonstrated by troleandomycin and 
ritonavir (Luo et al.,  2002 ), there may be no change in enzyme activity, and 
measurement of mRNA levels will be an accurate indicator of the degree of 
induction. Also to note is that induction can also be tissue - specifi c as exempli-
fi ed in a recent study with Wistar rats treated with phenobarbital/ β  -
 napthafl avone (PB/NF) or cyclohexanol/albendazole (CH/ABZ). Microsomal 
fractions were then isolated from esophagus, stomach, duodenum, colon, and 
liver. Induction of CYP1A1/2 and CYP3A2 isoenzymes was observed in the 
esophageal, duodenal, and colonic microsomes in rats treated with PB/NF and 
in hepatic and duodenum microsomes of rats treated with CH/ABZ 
(Hernandez - Martinez et al.,  2007 ). Benzo( a )pyrene - mediated lung toxicity 
has also been proposed to be due to lung - specifi c induction of CYP1A1 and 
1B1 by the carcinogen (Harrigan et al.,  2006 ). Grapefruit juice has been shown 
to selectively inhibit CYP3A4 in intestines and not in the liver, when admin-
istered at its regular strength (Veronese et al.,  2003 ). 

 Frequently in early discovery stages, a simple rank - order approach based 
on the  C  max /EC 50  ratio ( C  max  is the maximum plasma concentration of inducer 
after administration of the highest anticipated clinical dose, and EC 50  is the 
concentration of inducer where 50% of maximal induction is observed). A 
high, medium, or low risk is associated to whether the  C  max /EC 50  ratios are 
 > 1, 0.1 – 1, or  < 0.1, respectively. A more reliable method, called the relative 
induction score (RIS) method, is also used to better predict clinical DDI 
based on  in vitro  induction data (Fig.  5.14 ) (Hewitt et al.,  2007c ). RIS takes 
into account the maximum induction response in addition to  C  max  and EC 50 . 
However, it was argued that even if two NCEs have similar EC 50  and  E  max , 
the concentration at which induction response is observed may be different, 
which might affect the DDI predictability. Therefore, the RIS method has 
also been modifi ed to incorporate an additional NOAEL term (Fig.  5.14 ), 
which is the highest concentration at which no induction is observed for 
an NCE.    

Emax Cmax

EC50 + Cmax
= Effect

Emax Cmax fu,plasma

EC50 + Cmax fu,plasma
= Effect

NOEL
Cmax fu,plasma

x

Emax= maximum induction response
EC50= inducer concentration that results in

half maximal response
Cmax= maximum unbound plasma concentration

of inducer
f u,plasma= f raction unbound of inducer in plama
NOAEL= No adverse ef f ect level

     Figure 5.14.     Relative induction score calculation  (Hewitt et al.,  2007c ) .  
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  5.5.4   Interplay Between Drug - Metabolizing Enzymes and Transporters 

 DDI is prevalent in all major therapeutic areas. There are numerous 
examples in the literature where a DDI may be the result of modulation 
of a drug - metabolizing enzyme, as exemplifi ed by the DDI between 
terfenadine – ketoconazole, fl uvoxamine – astemizole, cisapride – erythromycin, 
statins – protease inhibitors, felodipine – nifedipine, codeine – quinidine,  β  -
 blockers – ritonavir, and rifampin – cyclosporin/simvastatin/verapamil/
midazolam (Levy et al.,  2000 ). Sometimes it may be due to modulation of 
transporters such as those exemplifi ed by digoxin – quinidine, probenecid – 
acyclovir/allopurinol/cephalosporins/ciprofl oxacin, and talinolol/verapmil 
(Marchetti et al.,  2007a ). More often than not, DDIs result from a intricate 
interplay of modulation of both DMEs and transporters (Pal and Mitra,  2006 ). 
Gemfi brozil (lipid - lowering drug) causes six -  to eightfold increase of exposures 
of coadministered drugs like cerivastatin (lipid - lowering drug) and repaglinide 
(antidiabetic) due to inhibition of not only uptake inhibitor OATP1B1, but 
also CYP2C8 (Ayrton and Morgan  2008 ). CYP3A4 and Pgp, which have sub-
stantial overlap in substrates and modulators, are widely believed to be coregu-
lated and play a concerted role in drug disposition. Interestingly, it was recently 
demonstrated in mice that Pgp and CYP3A4 induction is tissue -  and inducer -
 specifi c and that there is a disconnect between induction of these two enzymes 
(Matheny et al.,  2004 ) highlighting the complex nature of the interplay of 
DMEs and transporters. Increase in plasma and CSF concentration of HIV 
protease inhibitors ritonavir and squinavir, due to coadministration with keto-
conazole, has been attributed to potent inhibition of both CYP3A4 and Pgp by 
ketoconazole (Khaliq et al.,  2000 ). Transporters can modulate the extent of 
metabolism of an NCE by differential exposure of an NCE to the DME (Lam 
and Benet,  2004   ; Lau et al.,  2004 ). This is well demonstrated by the fact that 
when digoxin (CYP3A4/Pgp substrate) was coadministered with Pgp inhibitor 
quinidine, digoxin metabolism was enhanced. In contrast, when coadminis-
tered with uptake transporter Oatp2 - inhibitor rifampicin, metabolism of 
digoxin was diminished. Concurrent inhibition and induction by drugs can 
further decrease predictability of DDI from in vitro  assays if not properly 
modeled or accounted for (McConn and Zhao,  2004 ). Coadministration of 
alprazolam and ritonavir leads to initial inhibition of alprazolam clearance 
(thereby increasing alprazolam - mediated toxicity) due to CYP3A4 inhibition 
by ritonavir. However, upon extended coadministration of these two drugs, 
clearance of alprazolam increased signifi cantly due to induction of CYP3A4 by 
ritonavir (Greenblatt et al.,  2000 ). St. John ’ s wort has several constituents that 
are both potent competitive inhibitors and inducers of CYP3A4 (Mannel, 
 2004 ). There are extensive data available in the fi eld of quantitative DDI pre-
diction with CYP; but unfortunately, in the area of other DMEs (FMO, UGT, 
NAT, SULT) or transporters (Pgp, BCRP, MRP, OAT, OATP), DDI predic-
tions are still qualitative at best. The primary reason for this is the lack of 
DME -  or transporter - isoform - specifi c substrates and inhibitors as well as lack 
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of proper scaling factors to normalize the  in vitro  results with respect to their 
 in vivo  relevance. Also, in the majority of the  in vitro  DDI studies, the focus is 
on evaluation of one DME or one transporter only (again due to lack of specifi c 
substrates and inhibitors). This does not capture the complex  in vivo  interplay 
of DMEs and transporters or of multiple DMEs and multiple transporters with 
each other (You and Morris,  2007 ). For orally administered drugs, it has been 
seen that the modulation of DMEs and transporters in intestines and liver are 
not parallel; for example, even if induction does occur in both intestines and 
liver together, the levels of DMEs and transporters in each of these sites will 
not be correlated (Mouly et al.,  2002 ; Zhou et al.,  2004a ).  

  5.5.5   Limitations of  In Vitro   DDI  Studies 

 In the discovery stages, DMPK teams rely heavily on  in vitro  tools, and pre-
clinical animal model data for DDI predictions and methodologies and strate-
gies to improve DDI predictions have been extensively published in the 
literature (Venkatakrishnan et al.,  2003 ; Ito et al.,  1998b ; Lau et al.,  2006 ; Lu 
et al.,  2006b ; Ohno et al,  2007 ; Sahi et al.,  2006 ; Shou,  2005 ; Weinkers and 
Heath,  2005 ; Youdim et al.,  2008   ). There is a vast amount of knowledge and 
research in the DDI - prediction area, and examples of successful prediction of 
occurrence or the magnitude of clinical DDI (Obach et al,  2006 ; Bachmann 
and Lewis,  2005 ; Lu et al.,  2008a,b ) have been reported. However, more often 
than not, clinical DDI prediction can be extremely complicated due to a mul-
titude of reasons, some of which are listed as follows (several also discussed 
in detail earlier in Section  5.2.4   ). Inhibitors and inducers of DMEs and trans-
porters will be referred to as  “ modulators ”  in general: 

  1.     Failure to incorporate high plasma protein binding of NCE (inhibitor) 
will result in inaccurate assessment of the active concentration of mod-
ulators at the pharmacologic - enzyme site.  

  2.     Failure to account for nonspecifi c binding (NSB) (Grime and Riley, 
 2006 ) of modulators to subcellular fractions such as microsomes lead 
to underestimation of DDI potential. In the case where the NSB is 
linear — that is, when  K m   of a clearance pathway is  <  K d   (dissociation 
constant of the bound complex) — a simple correction factor can be 
used to account for this binding. However, in the case where  K m      ≥     K d  , 
the enzyme kinetics exhibit sigmoidicity, which can be misinterpreted 
as auto - inactivation.  

  3.     Additional relevant  in vivo  clearance pathways (both hepatic and extra-
hepatic) are not captured in  in vitro  experiments (e.g., not accounting 
for Phase II conjugation reactions when predciting DDIs from 
microsomes).  

  4.     Shift in major metabolic pathway (and hence the pathway is inhibited) 
 in vivo  as compared to  in vitro  due to supraphysiological concentrations 
of modulators in  in vitro  assays.  
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  5.     Formation of metabolites that could themselves give rise to potent 
DDIs, as in the cases of itraconazole (Isoherranen et al.  (2004)  and 
fl uoxetine (Otton et al.,  1993 ), may not be investigated in an  in vitro  
DDI experimental setup.  

  6.     On the contrary to the point just mentioned, formation of inhibitory 
metabolites (or reactive species)  in vitro , which would be normally 
eliminated  in vivo  and hence not pose a DDI risk  in vivo .  

  7.     Active uptake or effl ux in liver  in vivo  (Hallifax and Houston,  2006 ; Lu 
et al.,  2006 ; Parker and Houston,  2008 ; Soars et al.,  2007 ), resulting in 
higher -  or lower - than - predicted concentration of modulators inside the 
hepatocytes.  

  8.     High partitioning of modulators into liver (Hallifax and Houston, 
 2007 ).  In vitro  studies assume instant equilibrium between free drug 
fraction in plasma and the tissue (enzyme - active site in hepatocytes); 
but this is not the case in several cases, especially highly basic drugs 
such as intraconazole, quinine, fl uvoxamine, fl uoxetine, amitryptiline, 
diazepam, triazolam, and dextropmethorphan. This could lead to 
understimation of the DDI magnitude.  

  9.     Atypical kinetics (Isin and Guengrich,  2006 ; Kramer and Tracy,  2008 ; 
Tracy,  2006 ; Noe et al.,  2007 ; Tracy and Hummel,  2004 ; Williams et al., 
 2002 ). Presence of allosteric multiple binding sites in DMEs like CYP 
3A4, 2C8, and 2C9, UGT2B7, SULT1A1, Pgp, OATP1B1, and MRP2 
will result in atypical kinetics (Ma and Lu,  2008 ). The enzyme kinetic 
parameters generated in these cases (normally assuming typical 
Michaelis – Menten kinetics) are not accurate, and hence DDI predic-
tions made based on them also do not refl ect the  in vivo  situation. To 
elucidate this, using estrone - 3 - sulfate (E3S) as a OATP1B1 substrate 
at its typical concentration, to predict gemfi brozil and statin DDI, 
would be misleading since it shows substrate - concentration - dependent 
DDI (Noe et al.,  2007 ). When predicting inhibitory potency of an NCE 
toward CYP3A4, it is highly advisable to use a couple of different 
substrates with different chemical structures since CYP3A4 is notori-
ous to exhibit substrate - dependent inhibition due to atypical kinetics.  

  10.     Intestinal efflux, especially for low permeability and low therapeu-
tic index compounds (Murakami and Takano,  2008 ; Takano et al.,  
2006 ).  

  11.     Failure to properly design  in vitro  enzyme inhibition kinetics experi-
ments. This is demonstrated in the case of SKF - 525A, which demon-
strated shift in inhibition kinetics from reversible competitive inhibition 
to irreversible MI - complex formation due to preincubation (Franklin 
and Hathaway,  2008 ).  

  12.     In the case of MBI, inaccurate determination of  k  deg  value of the modu-
lated enzyme (more details with the MBI inhibition description are 
discussed above).  
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  13.     Effect of  f u   in the intestine. Due to the possible presence of mucosal 
diffusional barrier  in vivo , unbound modulator concentration in intes-
tine could be higher or lower than unbound portal vein concentration, 
depending on whether measured at the absorption or postabsorption 
phase respectively (Thummel et al.,  2008 ).  

  14.     Assumption that the key kinetic parameters such as  K i  ,  k  cat ,  K  I ,  k  inact , 
 k  deg , EC 50 , and  E  max , which are crucial in DDI assessment, are similar 
 in vivo  to those determined  in vitro .  

  15.     In the case of CYP - mediated DDI, accurate determination of  f m   (frac-
tion of dose cleared by all CYP)    ×     f m   CYP  (contribution of each CYP 
isoform to the total CYP - mediated metabolism) is crucial (discussed in 
detail in Section  5.4 ). Knowledge of  f m      ×     f m   CYP  is very informative in 
predicting DDI, since this number also depicts the fraction of total 
clearance of an NCE that will be affected when the drug disposition 
enzymes involved in that pathway are modulated (Zhang et al.,  2007b ). 
Studies have shown that magnitude of DDI will be greatly diminished 
if  f m      ×     f m   CYP  is  < 0.5. Unfortunately,  quantitative  reaction phenotyping is 
not possible for a lot of major DMEs and transporters, due to unavail-
ability of specifi c substrates and inhibitors for non - CYP enzymes and 
transporters. This may lead to inaccurate prediction of the magnitude 
of DDI  in vivo , from  in vitro  studies, involving non - CYP enzymes and 
transporters.  

  16.     Route of administration and extraction ratio of the victim drug. For 
example, in general, modulation of clearance of a victim drug has a 
more profound effect when the victim drug has a high extraction ratio 
and is administered via oral route than a low extraction ratio drug, 
administered via the intravenous route (Bachmann,  2006 ).  

  17.     When NCE demonstrates concentration - dependent plasma protein 
binding (PPB) and the unbound concentration ( C u  ) is signifi cantly 
higher than protein binding dissociation constant ( K d  ), then extraction 
ratio ( E h  ) will be equal to the unbound fraction of drug and will be 
independent of Cl int , in contrast to when PPB is linear. This will also 
have a marked effect in DDI prediction, especially of NCEs with high 
Cl int  (Huang and Oie,  1984 ).  

  18.     Similar chemical structure but different affi nity for disposition enzymes 
could potentially result in unpredictable DDI for compounds with similar 
chemical structures. The angiotensin II receptor antagonist telmisartan 
is shown to be an OATP1B3 substrate (Ishiguro et al.,  2006 ); but valsar-
tan, another drug in the same therapeutic class and with very similar 
chemical structure, has major contribution by OATP1B1 (Yamashiro 
et al.,  2006 ) (in addition to OATP1B3) in its uptake. In spite of very 
close structures of paclitaxel and docetaxel, the enzymes mediating their 
major route of metabolism are different: CYP2C8 hydroxylates the 
taxane ring of paclitaxel (Dai et al.,  2001 ), while CYP3A4 catalyzes the 
oxidation of a  t  - butyl side chain of docetaxel (Cresteil et al.,  2002 ).  
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  19.     Quantitative models for change in exposure due to modulation of 
enzymes (and their validation with clinical data) are available for CYPs 
only; but when disposition of NCE involves non - CYP enzymes and 
transporters, such quantitative predictions may not be accurate.  

  20.     Uncertainty in quantitative effect of inhibitors toward intestinal clear-
ance (fi rst pass). In most discovery projects, it is common to use the 
highest predicted unbound inhibitor concentration in systemic circula-
tion to calculate the [I]/ K i   ratio described earlier. Although this might 
be satisfactory in predicting inhibition of hepatic disposition enzymes, 
for drugs given via the IV route, this would underpredict the magnitude 
of a DDI of an NCE that is orally administered. The reason for this is 
that after oral administration, the concentration of inhibitor at hepatic 
inlet would most likely be much higher than that in systemic circulation, 
and a fraction of inhibitor absorbed from intestines should also be 
accounted for (Fig.  5.15   ) (Brown et al.,  2005 ). Also, due to the signifi -
cantly higher concentration of drug at the enterocytes than at the 
hepatocytes, saturation of intestinal DMEs are more likely to be 
observed compared to saturation of hepatic DMEs (Thummel et al., 
 2008 ). Intestinal DME saturation would result in a reduced DDI mag-
nitude than what is predicted by  in vitro  studies. An integrated equation 
to refl ect the contribution of intestinal metabolism to systemic exposure 
of an orally administered drug is given by equation shown in Fig.  5.16    
(Galetin,  2007 ). Incorporation of intestinal metabolism in prediction of 
 in vivo  DDI risk is important especially for CYP3A4 - metabolized 
NCEs (Obach et al,  2006 ).    

 Additional considerations  in vivo  that are not modeled in  in vitro  DDI 
assays are as follows: 

Cu, i < Cmax + ka D Fa

Qh

Cu, i = Unbound concentration of inhibitior at the inlet of liver after
PO administration
Cmax= Maximum plasma concentration
ka=absorption rate constant
D = Dose
Fa= fraction absorbed from GI tract into portal vein
Qh= hepatic blood flow

     Figure 5.15.     Estimation of inhibitor concentration at the inlet of liver after oral admin-
istration  (Brown et al.,  2005 ) .  

AUCPO, inhibitor

AUCPO, control

Qgm + fu Clint, gm

Qgm + fu Clint, gm
[1 + (Igm/Ki)]

1 + Iu

Ki
=

Igm= unbound inhibitor concentration in intestine
Iu= unbound inhibitor concentration in liver
Qgm= blood flow to GI mucosa
f u= fractionun bound of inhibitor in plama
Ki= inhibition constant

     Figure 5.16.     Exposure change due to inhibition of intestinal metabolism (for orally 
administered drug in which case this pathway is relevant)  (Galetin,  2007 ) .  
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  1.     Effect of genetic polymorphism leading to inter - individual variability in 
exposure (and drug response)  in vivo , which is not predicted by  in vitro  
assays: Polymorphisms (Ioannides,  2002 ; Rodrigues and Rushmore, 
 2002 ; Satoh,  2007 ; Urquhart et al.,  2007 ) of CYPs 2D6, 2C9, and 2C19 
have been extensively demonstrated in clinical studies that have affected 
exposures of drugs like celecoxib,  S  - warfarin, tolbutamide (CYP2C9 
polymorphism), omeprazole, lansoprazole (CYP2C19 polymorphism), 
haloperidol, propafenone, encanide, and indolealkylamine (CYP2D6 
polymorphism). Polymorphism has also been described for other 
enzymes (Ioannides,  2002 ) such as FMOs, NATs, GST, UGT1A1, 
thiopurine -  S  - methyl transferase (TPMT), and transporters (You and 
Morris,  2007 ) such as Pgp, ABCC/MRP, ABCG2/BCRP, OCT, OATP, 
PepT, and NT (nucleoside transporters CNT and ENT); and if poly-
morphic enzymes are identifi ed to be involved in the clearance of an 
NCE, it must be taken into consideration with the  in vitro  data for a 
DDI risk assessment.  

  2.     Species and gender difference: In the literature, there have been 
numerous examples of species difference in terms of metabolism and 
transport of drugs that have been attributed to differential regulation 
of drug - disposition enzymes in different species (a few have been 
mentioned above in Section  5.2.2 ). During design of a well - predictive 
 in vitro  DDI study, it is very important to take these factors into con-
sideration to get the most accurate information from an  in vitro  study. 
When using data from preclinical animal models in complement with 
 in vitro  data, species difference in expression and activity of the DDEs 
should be very carefully evaluated before efforts to predict human 
DDI from the combined  in vitro  and  in vivo  data are undertaken 
(Marathe and Rodrigues,  2006 ). Coadministration of probenecid with 
famotidine leads to decrease of renal clearance of famotidine in humans 
but not in rats. It is proposed that human OAT3 is predominantly 
involved in the uptake of famotidine, while rat OCTs are the major 
uptake transporter for this drug. Hence coadministration of probene-
cid, an inhibitor of OAT3, has substantial effect in human renal clear-
ance of famotidine, but not in rats (Tahara et al.,  2005, 2006 ). Species 
difference in MAO has been demonstrated  in vitro  recently (Ramadan 
et al.,  2007 ). The Gastric acid suppressor omeprazole is a CYP1A2 
inducer in humans but not in rodents (Hewitt et al.,  2007b ). The bar-
biturate phenobarbital predominantly induces CYP3A4 in human but 
CYP 2B in rats (Hewittet et al.,  2007b ). Species and tissue difference 
in expression and activity of esterases have been proposed to result in 
species and tissue differences in the hydrolysis rate of glycovir. In addi-
tion, due to gender differences in disposition of drugs (discussed in 
Section  5.2.2 ), it is not unexpected to see a gender difference in the 
magnitude of a DDI, especially in the case of an NCE with narrow 
therapeutic index.  
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  3.     There has been a signifi cant recent growth in the area of use of geneti-
cally modifi ed mouse models (Cheung and Gonzalez,  2008 ; Lin,  2008 ; 
Muruganandan and Sinal,  2008 ) to assess DDI potential and toxicity 
prediction due to IDRs (discussed in an earlier section). Double trans-
genic mouse [expressing human CYP3A4/PXR (Ma et al.,  2008 ), CYPs 
3A4/2D6 (Felmlee et al.,  2008 ), and OATP1B1 (van de Steeg et al., 
 2009 )], knockout mouse (specifi c drug disposition enzyme -  and trans-
porter - null mouse, SOD2 null mouse (Boelsterli and Hsiao,  2008 )], 
humanized mouse (Gonzalez,  2007 ; Ma et al.,  2007 ) [mouse expressing 
human CYPs PXR and PPAR (Gonzalez and Yu,  2006 )], and chimeric 
mouse with humanized liver (Katoh et al.,  2006, 2008   ) have truly revo-
lutionized ways to investigate the mechanism of human - specifi c bio-
transformation and toxicity as shown in the case of several drugs. 
However, quantititative risk prediction of DDI and toxicity in humans 
from these models is yet to be thoroughly established.    

 It can be summarized that due to species (and possible gender) difference 
in expression level, functional activity, and tissue distribution of drug disposi-
tion enzymes, extrapolation of data from  in vitro  studies and from preclinical 
species   to predict DDI in humans is very challenging. To compound the dif-
fi culty of DDI prediction, a thorough knowledge of known DDIs at the pre-
scriber ’ s level is absent, which further contributes to DDI occurrences in the 
clinic (Ko et al.,  2008 ).  

  5.5.6   Herb/Food – Drug Interactions 

 About 20% of the population use herbal products for either (a) minor symp-
toms such as the common cold or (b) more serious health conditions such as 
complementary and alternative medicine (CAM) in combination with conven-
tional chemotherapeutic and HIV treatments (Bent,  2008 ; Bent and Ko,  2004 ; 
Marchetti et al.,  2007b ; Meijerman et al.,  2006 ). Herbs contain a combination 
of several chemicals such as fl avonoids, steroids, sterols, fatty acids, alkaloids, 
saponins, tannins, terpenes, and glycosides. Some of the popular herbs are 
St. John ’ s wort (SJW) (depression), garlic (cholesterol lowering), echinacea 
(common cold), ginko biloba (dementia), ginger (nausea), ginseng (improve 
energy and physical/cognitive performance), kava kava (anxiety), vitamin E 
(antioxidant), quercetin (anemia),  β  - carotene (antioxidant), milk thistle (helps 
liver function), and chamomile (sleep disorder/anxiety). SJW is a concurrent 
inhibitor and inducer of CYP3A4 and Pgp (with induction being the predomi-
nant effect in chronic administration) and is a potent inhibitor of other CYP 
1A2, 2C9, and 2C19. A multitude of DDIs have been reported with SJW 
(Zhou et al.,  2004b ) and several drugs like cyclosporin, digoxin, indinavir, 
paroxetine, theophylline, warfarin, nefadozone, digoxin, oral contraceptives, 
irinotecan, and sertraline. Alteration of DMEs and transporters (inhibition of 
disposition proteins or transcriptional activation of several nuclear receptors 
such as PXR, CAR, VDR) have been proposed to be the result of lower 
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plasma levels of several anticancer drugs (Meijerman et al.,  2006 ). Herb - drug 
DDI have been well exemplifi ed in numerous  in vitro  as well as in clinical 
circumstances (Bent,  2008 ; Bent and Ko,  2004 ; Marchetti et al.,  2007b ; 
Meijerman et al.,  2006 ; Zhou et al.,  2004b ): Pgp inhibition by curcumin, green 
tea extracts, and quercetin; inhibition of BCRP by genistein; inhibition of CYP 
2C9, 2C19, 2E1, 3A4/5/7 by garlic; induction of CYPs 1A2, 2B, 3A, and 
UGT1A1 by fl avonoids like chrysin; induction of CYP2B by ginko biloba; 
induction of hepatic CYP3A4; inhibition of intestinal CYP3A4 by echinacea; 
and many more. There have also been several clinically signifi cant food – drug 
DDIs (Wang and Morris,  2007 ) reported for isoniazid, warfarin, MAO inhibi-
tors, procarbazine, and linezolid. Grapefruit - juice - mediated clinical DDIs 
have also been well established (Bailey et al.,  1998 ) for the statins, nifedipine, 
carpamazepine, verapamil, cylcosporin, tacrolimus, midazolam, amiodarone, 
HIV protease inhibitors, buspirone, and more. The underlying reason is due 
to inhibition of CYP3A4 (especially intestinal CYP3A4), both via reversible 
and suicide inactivation mechanisms by furanocoumarins, bergamottin, 
6′ ,7 ′  - dihydroxybergamottin, and furanocoumarin dimers.  

  5.5.7   Benefi cial  DDI  s  

 DDIs should not be viewed as solely undesirable, because there have been 
several cases where the PK of one drug has been modulated by another via a 
well - planned design to improve the exposure (and hence the effi cacy) of the 
affected drug. Kaletra is a coformulation of lopinavir and ritonavir whereby 
ritonavir – mediated CYP3A4 inhibition results in higher plasma levels of lopi-
navir and boosts its anti - HIV protease activity (Cvetkovic and Goa,  2003 ). 
Sinamet is a mixture of l  - dopa and carbidopa, where carbidopa inhibits decar-
boxylation of l  - dopa outside the CNS and hence signifi cantly increases its 
effi cacy in Parkinson ’ s disease treatments (Yeh et al.,  1989 ). Ketoconazole 
(KTZ), a potent CYP3A4 inhibitor, is commonly used in combination with 
cyclosporin A (CsA) to enhance the immunosuppressive properties of the 
latter as a result of increase in CsA exposure due to KTZ - mediated inhibition 
of CsA metabolism (Gerntholtz et al.,  2004 ). Primaxin is a combination of 
antimicrobial drug imipenem and cilastatin (Barza,  1984 ), where cilastatin 
inhibits renal dipeptidase and thus prevents loss of imipenem effi cacy due to 
inactivation by this enzyme.  

  5.5.8   Protein Binding Mediated  DDI  s  

 The clinical consequence of protein binding has been debatable over the 
past several decades (Benet and Hoener,  2002 ; Christensen et al.,  2006 ; 
DeVane,  2002 ; MacKichan,  1984 ; Mahmood,  2000 ; McElnay and D ’ Arcy,  1983 ; 
Sellers,  1979 ; Wilkinson,  1983 ). If we apply the basic PK principles, protein 
binding displacement can result in the need to adjust the dosing regimen of an 
NCE in cases where the unbound concentration of the NCE changes. 
Theoretically, this may happen with high extraction drugs (also with small  Vdss ) 



152 THE ROLE OF DRUG METABOLISM IN DRUG DISCOVERY

only with narrow therapeutic index (NTI) when (a) they are administered IV, 
(b) they have a very short PK – PD equilibration time (change in free drug con-
centration immediately affects PD), and (c) they are administered PO but with 
nonhepatic route of clearance. No drugs have been found to meet the latter 
criterion to date. It is worthwhile to mention here that although there have 
been several reports of clinically relevant DDIs due to protein binding dis-
placement, especially those with warfarin, tolbutamide, and phenytoin (all with 
NTI) in the past, recent evaluation of these DDIs revealed that inhibition of 
metabolism of the victim drugs by the corresponding perpetrator drugs, rather 
than protein binding displacement, is the culprit in these cases (MacKichan, 
 1989 ; Rolan,  1994 ). Nonetheless, when developing NCEs that possess NTI, 
such as those used in critical treatments such as antiarrhythmia, and anesthetic/
pain medication, anticoagulants, anticonvulsants, and antidepressants, it is 
advisable to evaluate possible protein binding displacements that could lead to 
DDI. During assessment of DDI due to protein - binding displacement, factors 
such as species (in which DDI is assessed since species difference in plasma 
protein binding is well known), gender (women have about 10% lower albumin 
than men), and disease state (during infl ammation, AAG concentration is 
about fi vefold higher, whcih will affect protein binding of basic drugs that are 
highly bound to AAG) should always be factored in.   

  5.6   CONCLUSION 

 Drug discovery is an extremely challenging process, where success is heavily 
dependent upon very thorough understanding of chemistry and mechanism of 
biotransformation of NCEs in humans. Due to unavailability of data in humans 
in early drug discovery stages, DMPK scientists rely heavily on  in vitro  ADME 
tools, in complement with  in vivo  preclinical animal models, to predict ADME/
PK of NCE in humans. In recent times, the availability of various sophisticated 
in vitro  ADME tools and  in vivo  preclinical models, has remarkably reduced 
poor PK - related, late - stage compound attrition. However, it must be realized 
that in vitro  assays all have their limitations for example, NCE clearance and 
its DDI properties in vitro  are highly dependent on extrinsic parameters (sub-
strate concentration, buffer, incubation time, pH, protein concentration, nature 
of subcellular fraction, inhibitor concentration, etc., discussed above). Results 
obtained in preclinical animal models should also be very carefully evaluated 
because there is signifi cant species and gender difference in biotransformation 
pathways of NCEs and NCE - mediated inhibition and induction of drug dispo-
sition proteins, DDPs (due to differential expression and activity of the DDPs, 
differential plasma protein binding discussed above), even when the animal 
model appears to be physiologically relevant to humans. Extreme care must be 
taken to design in vitro  and  in vivo  experiments and interpret data obtained 
from a combination of several of these studies to accurately predict whether an 
NCE will be a successful human drug candidate. Sometimes, even with the 
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best - designed experiments and prediction tools, extrapolation of animal data 
to humans may fail due to highly species - specifi c interplay of DDPs and their 
effect on the NCE disposition under consideration.  

 ACRONYMS 

 AUC     Area under curve 
 Cl hep      Hepatic clearance 
 Cl int      Intrinsic clearance 
 DDE     Drug disposition enzyme 
 DDI     Drug – drug interactions 
 DDP     Drug disposition protein 
 DME     Drug metabolizing enzyme 
 DMPK     Drug metabolism and pharmacokinetics 
 GI     Gastrointestinal 
 GSH     Glutathione 
 HLM     Human liver microsomes 
 IDR     Idiosyncratic drug reaction 
 IP     Intraperitoneal 
 IV     Intravenous 
 IVIVC      In vitro – In vivo  correlation 
 LC     Liquid chromatography 
 LI     Lead identifi cation 
 LO     Lead optimization 
 MRT     Mean residence time 
 MS     Mass spectrometry 
 NCE     New chemical entity 
 NMR     Nuclear magnetic resonance 
 NSAID     Nonsteroidal anti - infl ammatory drug 
 OBA     Oral bioavailability 
 PK     Pharmacokinetics 
 PD     Pharmacodynamics 
 PO     Oral 
Qh      Hepatic blood fl ow 
 SC     Subcutaneous 
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6
 APPLIED PHARMACOKINETICS 
IN DRUG DISCOVERY 
AND DEVELOPMENT 

  Hua   Yang  ,   Xingrong   Liu  ,   Anjaneya   Chimalakonda  , 
  Zheng   Lu  ,   Cuiping   Chen  ,   Frank   Lee  , and   Wen Chyi   Shyu       

   6.1   INTRODUCTION 

 Drug development attrition due to absorption, distribution, metabolism, and 
excretion (ADME) reasons has greatly decreased in the past decade. Based 
on Ismail Kola and John Landis, the drug development attrition rate due to 
pharmacokinetics (PK) has been decreased from approximately 40% of the 
total development attrition in 1991 to approximately 10% in 2000 (Kola and 
Landis,  2004 ; Prentis et al.,  1988 ). This substantial improvement in reducing 
drug metabolism and pharmacokinetics (DMPK) - related drug attrition is 
greatly attributed to the new drug discovery model that has been widely 
adopted in the pharmaceutical industry in the past two decades. In the new 
model, drug metabolism and pharmacokinetics are incorporated into the early 
drug discovery stage. Compounds are evaluated for their potency as well as 
for their DMPK properties (Roberts,  2003 ; Alavijeh and Palmer,  2004 ). 
Different DMPK evaluation technologies and tools have been developed and 
implanted in drug discovery to provide valuable DMPK versus structure rela-
tionships for chemical structure optimization. The chemical synthesis – DMPK 
assessment – structure modifi cations – DMPK assessment cycles have been used 
to generate compounds that have desirable DMPK properties for clinical 
development. In the compound structure modifi cation – DMPK assessment 
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cycles, the DMPK efforts have been focused on metabolic stability, cell 
permeability, clearance (CL), half - life ( t1/2 ), oral bioavailability, and drug – 
drug interaction (DDI) potential. The rapid turnaround time required for 
DMPK assessment to enable modifi cation of a chemical structure has become 
one of the key elements in drug optimization (Lin and Lu,  1997 ; Lin et al., 
 2003 ). 

 There are many different ways to implement DMPK screening in drug 
discovery. Since a good drug should be effi cacious, safe, and with desirable 
DMPK properties, different strategies have been applied in optimizing all 
these properties. Some companies only screen compounds for their DMPK 
properties after the compounds have met the potency and selectivity criteria. 
Other companies, large - size pharmaceutical companies in particular, charac-
terize DMPK properties on all compounds synthesized. Different DMPK 
evaluation technologies and assays have been developed in order to support 
the objectives of drug discovery and development at different stages. In the 
early discovery stage, rapid testing on many compounds to provide general 
information on the key chemotypes of the compound is essential. Therefore, 
in vitro  and  in vivo  high - throughput assays are important tools to provide 
adequate information regarding structure – DMPK relationships, as well as to 
screen or rank compounds. Examples of these assays include  in vitro  metabolic 
stability assessment using microsomal or S9 preparations, CYP inhibition 
screening using fl uoresce probes, pharmacokinetics screening using cassette 
dosing, single to limited points pharmacokinetic screening, sampling pooling, 
and so on. Compared to the traditional or more defi nitive DMPK study 
designs, these high - throughput assays are simplifi ed, sometimes automated, 
and less comprehensive or less rigorous in terms of study design and assay 
validation. The results may not be defi nitive in terms of the absolute quantita-
tive values of the DMPK parameters. However, these quick assays offer rich 
DMPK information with comparative or relative nature to a large number of 
compounds and enable massive and quick compound screening, structure –
 activity analysis, issue identifi cation, and compound optimization, and hence 
they are of great value in early drug discovery (Riley and Grime,  2004 ; Kansy 
et al.,  2004 ; Lipinski et al.,  1997 ; Korfmacher et al.,  1997 ; Kuo et al.,  1998 ; Cox 
et al.,  1999 ; Hop et al.,  1998 ; Berman et al.,  1997 ). 

 In order to support a discovery program,  in vivo  animal pharmacokinetic 
information must be obtained. This information, combined with the  in vitro
metabolism data, is crucial to identifying potential human DMPK issues and 
in exploring the in vivo  –  in vitro  correlations to assist the selection of the right 
screening tools. Discovery program support usually demands quick feedback 
time, and the available amount of compound material for pharmacokinetic 
studies is usually limited. In order to utilize the resource optimally, pharma-
cokinetic studies are usually limited to one species, and they may expand to 
other species for lead compounds or to investigate specifi c questions. It is 
critical in identifying the appropriate animal species for in vivo  pharmacoki-
netic studies to provide reliable prediction of drug absorption, distribution, 
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and elimination in humans. Program -  and compound - specifi c information and 
knowledge, early  in vitro  and  in vivo  DMPK studies, and practical concerns 
are usually the major determinants in pharmacokinetic animal species selec-
tion (Lin and Lu,  1997 ). 

 Pharmacokinetics also serves as a  “ bridging ”  function in supporting phar-
macology, pharmacodynamic, and toxicology studies, as well as formulation 
development. In discovery or preclinical development programs, DMPK sci-
entists work closely with the pharmacology, toxicology, and formulation func-
tions and contribute to study designs (especially dose, dose regime, and 
compound exposure assessment) and study results interpretation. Analysis 
and understanding of PK – pharmacodynamics (PD), PK – effi cacy, and PK –
 toxicology relationships, determination of the effi cacy, and determination 
of toxicity exposure are some of the most important contributions to the dis-
covery or development programs. This information is very important in the 
internal go/no - go decisions and has great value in guiding the clinical study 
designs. 

 There are many common DMPK - related drug development issues, such as 
poor oral bioavailability, short half - life, drug – drug interactions, metabolites 
that are related to toxicity, and pharmacokinetic variability. In the past 10 – 20 
years, the pharmaceutical industry has accumulated substantial experience 
with many successful cases in the projection of human pharmacokinetics based 
on different preclinical in vitro  or  in vivo  approaches (Huang et al.,  2008 ; 
Riviere et al.,  1997 ; Mahmood,  1999, 2007 ; Sinha et al.,  2008   ). However, the 
projection of the human effi cacious dose, based on the projected human PK 
and effi cacious exposure obtained in preclinical animal models, remains a 
major challenge. The fundamental question is regarding the quantitative pre-
dictability of the animal models, in terms of their mechanistic similarities to 
the human disease and consequentially the response to drug treatment. As 
a recent trend in the pharmaceutical industry, new approaches such as the 
use of mechanism - based PD markers, the establishment of more relevant 
animal disease models in effi cacy assessments, and the incorporation of 
mechanism - based pharmacokinetics – pharmacodynamics and effi cacy analysis 
are being introduced into drug discovery and development to guide clinical 
trial design. 

 The pharmaceutical industry faces considerable challenges, with lower 
revenue growth, a lower number of new chemical entities approvals, and 
higher expenses in pharmaceutical R & D. The cost of developing a new drug 
is spiraling upwards, with estimates of as much as US$1 billion to bring a new 
medicine to the market (Dimasi et al.,  2003 ). The current status of the phar-
maceutical industry demands signifi cant improvement in its effi ciency in drug 
discovery and development, with new thinking, strategies, and new technolo-
gies. New technologies, such as computer - aided approaches ( in silico ), use of 
iRNA technologies, and stem - cell - based test systems, are being widely dis-
cussed and explored in the pharmaceutical industry. Since developmental 
drugs usually fail due to either effi cacy or safety reasons, there is a clear need 
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to fi nd human - relevant, predictive, and cost - effective test systems for drug 
effi cacy and safety evaluations (Kapetanovic,  2008 ; Congreve et al.,  2008 ; 
Ekins et al.,  2007 ; Sundstrom,  2007 ).  

  6.2   OVERVIEW OF  DMPK  IN DRUG DISCOVERY AND 
PRECLINICAL DEVELOPMENT 

 DMPK plays important roles in drug discovery and development by designing 
optimum DMPK properties, assessing and minimizing the DDI potential of 
the compounds, supporting the preclinical  in vivo  PK/PD, effi cacy, and safety 
evaluations, profi ling the DMPK properties of the development candidates, 
supporting formulation development, projecting human PK and effi cacious 
dose, and supporting the rational selection of dose and dosing regime for the 
clinical studies. 

 The major tasks for preclinical DMPK include initial routine studies to 
support compound screening and structural modifi cation, and subsequent 
characterization of the development candidate. In order to effectively support 
discovery programs in the initial compound screening, the criteria for key 
assays are high capacity, adequate reliability, appropriate reproducibility, and 
rapid turnaround time. Once the fi nal candidate(s) is indentifi ed for clinical 
development, comprehensive DMPK studies are conducted for the develop-
ment candidate to collect adequate DMPK information to project human PK 
profi les, to assess the DMPK issues, and to help establish the human dose and 
dosing regime design. It is important to identify the potential DMPK issues 
associated with a chemical series or a development candidate and to identify 
the right tools to assess or manage the issues. 

 Compounds in different chemical series usually have different DMPK 
properties and DMPK - related issues. For a given chemical series, the major 
DMPK - related issues can vary from short elimination half - life, high total body 
clearance, poor oral bioavailability, or variable plasma drug exposure, to great 
likelihood of DDI potential. Since drug discovery requires a lot of good 
science and some luck, it is important to identify the major DMPK issues at 
the early discovery stage for the given program and manage the issues through 
compound structural modifi cation with the feedback from the DMPK evalu-
ations. A common approach to identifying the major DMPK issues at the early 
stage of drug discovery consists of a panel of in vivo  and  in vitro  studies. 
Usually a handful of representative compounds from different chemotypes are 
selected for DMPK evaluation. The DMPK assessment usually includes rat 
pharmacokinetic studies following intravenous and oral administration with 
urine collections,  in vitro  metabolic stability or intrinsic clearance studies using 
microsomal or S9 fractions (usually in rats and humans), CYP inhibition 
screening (against fi ve major CYP enzymes, 1A2, 2C9, 2C19, 2D6, and 3A4), 
and cell permeability screening (using PAMPA or Caco - 2 cell line). The 
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results from these in vivo  and  in vitro  studies provide early comprehensive 
information regarding the major DMPK issues, some initial insights into the 
human relevance, and potential mechanisms that attribute to the issues. Based 
on this information, appropriate strategies and tools are identifi ed and applied 
to further evaluate the compounds and to eliminate or minimize the unwanted 
DMPK properties. 

 For example, from rat pharmacokinetic stud, the common DMPK issues 
are high total body clearance and/or poor oral bioavailability. The primary 
cause of high total body clearance is rapid metabolism. In this case, rat urinary 
excretion of the compound is low and the intrinsic clearance in the microsomal 
or S9 fractions is high. There is a good correlation between the  in vivo  total 
body clearance and in vitro  metabolic stability (or intrinsic clearance). It is 
important to compare the metabolic stability of different compounds, espe-
cially in terms of compound ranking, in rat and human microsomal or S9 
fractions. Most compounds are metabolically more stable in humans than in 
rats. A dramatic difference in the  in vitro  metabolic stability between rats and 
humans or a lack of correlation between the in vitro  metabolic stability 
between these two species may suggest different metabolic mechanisms and 
warrant a follow - up investigation. When there is a good  in vivo  and  in vitro
correlation in clearance between rats and humans,  in vitro  metabolic stability 
assays, which are usually fast and with high capacities, can be used to screen 
compounds and to develop a structure – clearance relationship. In this case, 
one can also rely on rat studies to generate adequate pharmacokinetic 
information. 

 It is not uncommon for there to be no correlation between  in vitro  meta-
bolic stability and in vivo  total body clearance. The  in vivo  system is much 
more complicated than the in vivo  system using microsomes or S9 fractions. 
In addition to liver metabolic intrinsic clearance, other factors may play 
important roles in the in vivo  elimination of the compounds. Factors such as 
plasma protein binding, red blood cell partitioning, extrahepatic metabolism, 
urinary and biliary excretions can make an in vitro  prediction fail. In this situ-
ation, one might considering using  in vivo  pharmacokinetic studies to screen 
compounds.  In vivo  studies usually have higher cost and lower capacity and 
are also associated with a longer turnaround time. Therefore appropriate  in
vivo  study strategy is important. Several pharmacokinetic screening methods 
are widely used, each of which has different advantages and disadvantages. 
One approach is cassette dosing, in which several compounds are formulated 
together and dosed to the animals as a mixture (Watt et al.,  2000 ; Brewer and 
Henion,  1998 ; Cox et al.,  2002 ; Smith et al.,  2007 ; Korfmacher et al.,  2001 ; 
Ackermann,  2004 ). In order to avoid the potential DDI among the mixture 
of compounds, which may provide misleading results, a cassette dosing 
approach is usually used at a low dose level, and compounds are selected with 
minimal potential for DDI based on in vitro  information. A well - characterized 
control compound is included in the cassette dosing to help interpret the study 
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results. Cassette dosing can increase the  in vivo  study capacity, minimize the 
number of animals used, shorten the overall information turnaround time, and 
provide adequate pharmacokinetic information for compound screening and 
comparison purposes. The cassette dosing approach can be used in all animal 
species, such as rat, dog, and monkey. In the event that there is no appropriate 
 in vitro  screening tool and rat is not the appropriate pharmacokinetic species 
(i.e., due to signifi cantly different elimination mechanism between rats and 
humans) for guiding the human PK optimization, cassette dosing is a great 
cost - effective approach in using large animal species for PK screening. 
However, an appropriate cassette dosing approach requires signifi cant bioana-
lytical and formulation support and experience. In addition, there are several 
other  in vivo  PK screening approaches aimed at lowering the bioanalytical 
burden (Hopfgartner and Bourgogne,  2003 ; Atherton et al.,  1999 ; Singh et al., 
 2005 ). These approaches include brief PK (only one or limited time points are 
taken), sample pooling, or single animal PK screening. 

 Rat is the most commonly used animal species in preclinical pharmacoki-
netic evaluations. However, one has to keep in mind that the objective of the 
rat study is to provide reliable pharmacokinetic information to optimize 
human PK properties of the compounds. It is important to conduct the phar-
macokinetic studies in a human - relevant species when signifi cant differences 
in the elimination pathway between rats and humans are observed or there is 
no correlation in the  in vitro  metabolic stability between rats and humans. For 
example, in program A, a panel of  in vitro  and  in vivo  DMPK studies were 
conducted for six representative compounds, the key results of which are sum-
marized in Table  6.1 . The results indicate that the estimated clearance value 
based on liver microsomal studies is much higher in rats than that in humans. 
In addition, the estimated clearance value based on liver microsomal studies 
is similar in humans and in monkeys. Based on the results, a PK study in two 
monkeys using intravenous administration and cassette dosing was conducted. 
The results suggest that there is a good correlation between the  in vitro  and 
 in vivo  clearances in monkey, and high clearance is unlikely a general liability 
in humans for compounds of this chemotype.   

 TABLE 6.1.      In Vivo  and  In Vitro   DMPK  Parameters for Representative 
Compounds in Program A 

   Compound  
   Rat  in vivo  CL 

 (L/h/kg)  
   Rat  in vitro  CL 

 (L/h/kg)  

   Human 
 in vitro  CL 

 (L/h/kg)  

   Monkey 
 in vitro  CL 

 (L/h/kg)  

  A    3.4    3.7    0.3    0.5  
  B    3.9    4.2    0.5    0.4  
  C    1.2    2.2    0.2    0.4  
  D    5.7    4.1    0.4    0.5  
  E    2.7    3.5    0.4    0.1  
  F    1.9    3.1    0.2    0.3  
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 Nonclinical drug discovery and development are usually staged based on 
the different objectives and deliverables at different phases. Drug discovery 
efforts usually start at the target identifi cation, target validation, and high -
 throughput screening, where the primary objectives of the program are to 
(1) identify a potential therapeutic target based on the knowledge in disease 
etiology and the biological systems associated with it, (2) establish the key 
biology or biochemistry assays to evaluate the binding affi nity and potency of 
the compounds, and (3) screen library compounds for target affi nity to identify 
attractive chemical series. DMPK support usually starts at the late  “ hit to 
lead ”  stage, where one or more attractive chemical series have been identifi ed 
and the compound evaluation is started to select the lead chemical series; 
however, there is a tendency to initiate DMPK - related activities earlier in the 
drug discovery process than in the past. At the initial stage, the focus of the 
DMPK effort is to identify the major DMPK issues and  in vivo  or  in vitro  
screening tools that could address the DMPK - related issues. As summarized 
in Tables  6.2  and  6.3 , selected compounds are evaluated for  in vitro  metabolic 
stability (usually in humans and rats), Caco - 2 permeability, and rat PK follow-
ing intravenous and oral doses (Balani et al.,  2005 ). Correlation analysis is 
commonly conducted to assess the  in vitro  versus  in vivo  and rat versus human 
relationships. Extremely high  in vivo  clearance (i.e., greater than hepatic 
blood fl ow or cardiac output) is not uncommon for the early compounds and 
is usually an indication of the instability of the compounds in dosing formula-
tion (plasma or blood) or chemical instability. Additional studies are usually 
warranted to further identify the mechanism and human relevance. When high 
 in vivo  plasma clearance is associated with high plasma volume of distribution, 
the partitioning of the testing compounds into the red blood cells should be 

 TABLE 6.2.      ADME  Discovery Assays by Stage — Deliverables 

   H2L     LO     Late LO and DC  

  Identify major human 
relevant DMPK 
issues  

  Optimization of PK 
profi les for 
development 
candidate selection  

  Projected human 
pharmacokinetics, 
effi cacious dose  

  Identify relevant  in 
vitro  or  in vivo  
tools for compound 
screen  

  ADME profi ling and 
characterize potential 
drug/drug interactions 
for development 
candidate selection  

  Characterize anticipated 
human drug – drug 
interactions  

   In vivo  and  in vitro  
correlation  

      Defi ne exposure and toxicity  

          Calculation of preliminary 
safety  

          Analysis PK – PD relationship 
in effi cacy model  
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evaluated. When a compound is highly partitioned into red blood cells, its 
exposure in whole blood should be monitored and  in vivo  total body blood 
clearance should be measured. Poor oral bioavailability is also a common 
DMPK issue. The solubility, cell permeability, and liver microsomal stability 
information of the compounds should be evaluated together to identify the 
major contributing factors. Sometimes, additional studies such as portal vein 
infusion or sampling as well as the use of 1 - aminobenzotriazole (ABT, a 
mechanism - based P450 inhibitor) can be employed to help with the mecha-
nism identifi cation (Balani et al.,  2004 ; Woodcroft et al.,  1997 ). For organ -
 targeted therapy, such as CNS, liver, or tumor targets, drug exposure in the 
targeted organ is critical. Screening of compounds for their target organ or 
tissue exposure could be important. For certain chemical series, target organ 
or tissue distribution correlates with volume of distribution of the compounds. 
In this case, volume of distribution might be used as a surrogate for organ or 
tissue exposure. Identifi cation of the major chemical - series - specifi c DMPK 
issues and the related mechanisms is very important in effective drug discovery 

 TABLE 6.3.      ADME  Discovery Assays, by Stage   

   H2L     LO     Late LO and DC  

   In vivo  animal PK in 
rodents  

   In vivo  PK optimization: 
cassette or discrete PK 
screen in appropriate 
species  

  PK in nonrodent species  

  Hepatic intrinsic 
clearance  

  Use of appropriate  in 
vitro  assays to screen 
compounds and 
address PK liabilities  

  PK/PD correlation analysis 
and modeling  

  Caco - 2 permeability    ID major metabolites 
using  in vitro  assays  

  Project Human PK and 
effi cacious dose  

  Studies to resolve 
exposure issues in 
pharmacology models  

  CYP inhibition 
(competitive and 
mechanism based)  

  Determine toxicokinetics in 
toxicity studies  

      ID transporter substrates, 
RBC partition, and 
plasma stability  

  Non - GLP validation of 
bioanalytical methods for 
parent drug and method 
transfer  

          Stable isotope synthesis  
          Radioisotope synthesis  
          Determine CYP and 

transporter inhibition 
IC50s  

          Transporter mapping  
          CYP/UGT mapping  
          Plasma protein binding  
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support. For example, if the major factor contributing to poor oral bioavail-
ability is cell permeability, chemists can then focus their efforts on optimizing 
the cell permeability of the compounds.   

 At the lead optimization stage, the major DMPK focus is to screen and 
optimize compounds (as shown in Table  6.2 ). The chemical - series - specifi c 
ADME tools identifi ed in the hit - to - lead stage are used for this purpose. 
Metabolite identifi cation is commonly used to identify the major metabolites, 
and the information is feedback to chemists for structural modifi cation of the 
compounds. Through lead optimization, a limited number of compounds 
showing good effi cacy and desirable DMPK properties are identifi ed as poten-
tial development candidates. Comprehensive DMPK profi ling is then con-
ducted to further characterize the compounds and identify potential DMPK 
liabilities. As shown in Table  6.3 , a panel of DMPK studies is conducted to 
help with the fi nal selection of the development candidate, to enable the pro-
jection of human PK and effi cacious dose range. A typical discovery DMPK 
study fl ow chart is presented in Fig.  6.1  (Balani et al.,  2005 ).   

 The following sections will focus on the basic PK concepts, basic DMPK 
strategy in drug discovery, PK data analysis, and human PK and effi cacious 
dose projection.  

     Figure 6.1.     A typical discovery DMPK study fl ow chart.  
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  6.3   BASIC PHARMACOKINETIC CONCEPTS 

 The commonly used pharmacokinetics concepts are listed here for your 
reference. 

  Pharmacokinetics (PK):     Describe the relationship between dose and con-
centrations of a drug in a reference fl uid or tissue such as the plasma or 
blood; what the body does with the drug; and study of the time course 
of drug absorption, distribution, metabolism, and excretion.  

  ADME:     Abbreviation for absorption, distribution, metabolism, and 
excretion.  

  Absorption:     A process by which a drug proceeds from the site of adminis-
tration to blood. It describes the rate and extent of drug entry into body 
(measured by bioavailability). There is no absorption process for intra-
venous administration. A brief drug absorption process and some impor-
tant factors that affect drug absorption are illustrated in Fig.  6.2 .  

  Oral bioavailability (oral F):     Measures the extent to which the active ingre-
dient is absorbed and becomes available at the site of action (the blood-
stream is used as a surrogate).  

     Figure 6.2.     A brief drug absorption process and some important factors that affect 
drug absorption.  
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  Distribution:     Following absorption, the compound reaches other tissues or 
organs throughout the body via blood fl ow, diffusion, and/or transporter. 
The extent of drug distribution is determined by volume of distribution. 
Distribution is a reversible process among all tissues/organs within the 
body.  

  Volume of distribution ( V ):     A measure of the apparent space in the 
body throughout which the drug is distributed. Volume of distribution 
is a proportionality constant between the amount of drug in the body 
and the concentration measured at certain reference tissue (such as 
plasma).

      V = amount of drug in body concentration at measurement site     (6.1)   

 Major factors that determine drug distribution include delivery of drug to 
tissue (determine the rate of distribution), cell membrane permeability, 
binding of drug to plasma and tissue components, and the effects of active 
transporters (infl ux and effl ux pumps).  
  Metabolism and excretion:     These two processes together are called elimi-

nation, which removes drug from the body. Rate of elimination is deter-
mined by the sum of all elimination pathways.  

  Clearance concepts:     Clearance (CL) is a proportionality rate constant that 
relates drug concentration at the reference site (commonly blood or 
plasma) to the elimination rate (amount/unit of time). Blood CL is equal 
to the volume of blood completely cleared of drug per unit time (L/h, 
L/h/kg).

      CL rate of elimination/blood concentration=     (6.2)      

1.     CL is the true measure of the ability of organs or the body to remove 
(or clear) substances from the body.  

  2.     The total body CL (not the  t  1/2 ) refl ects changes in the body ’ s ability 
to eliminate drugs.  

  3.     CL is a model - independent parameter; it can be estimated with com-
partmental or noncompartmental pharmacokinetic analysis.  

  4.     CL is an additive parameter; individual organ CL adds up to the total 
body CL.    

      CL CL CL CL CLtot = + + +m r b o     (6.3)  

where CL tot  is the total body clearance, CL  m   is the metabolic clear-
ance, CL  r   is the clearance via renal elimination (nonmetabolism), CL  b   
is the elimination via biliary elimination (nonmetabolism), and CL  o   
is the clearance via other elimination pathways.  
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  Hepatic CL:     The volume of plasma (or blood) from which a drug is com-
pletely removed by liver in a given time period. It determines the ability 
of the liver to remove drug from the blood, and is the function of liver 
metabolic activity and biliary excretion.

      CL CL CLhmh b= +     (6.4)  

where CL  h   is the hepatic clearance, CL hm  is the hepatic metabolic clearance, 
and CL  b   is the biliary excretion clearance. Drugs can be classifi ed as low, 
medium, or high clearance based on the hepatic extraction ratio ( ε ).

      ε = CLh Q     (6.5)  

where CL  h   is the hepatic clearance and  Q  is the hepatic blood fl ow. When 
a drug is mainly eliminated in liver,  ε    =   CL/ Q  where CL is the total body 
clearance. When  ε  is greater than 0.7, the compound is classifi ed as high 
clearance; when  ε  is less than 0.3, the compound is classifi ed as low clear-
ance. Hepatic blood fl ow in different animal species and humans is sum-
marized in Table  6.4 .  
  Renal CL:     The volume of plasma (or blood) from which a drug is com-

pletely removed by the kidneys in a given time period is defi ned as renal 
clearance. It measures the ability of the kidneys to remove drug from 
the plasma (or blood), and is the function of kidney fi ltration, secretion, 
reabsorption and metabolism.

      CL CL CL CL CLse rm rear f= + + −     (6.6)  

where CL  r   is the renal clearance, CL  f   is the glomerular fi ltration clearance, 
CL se  is the clearance via tubular secretion, CL rm  is the clearance via 
kidney metabolism if there is any, and CL rea  is the clearance via 
reabsorption.  
  Half - life ( t  1/2 ):     The period of time required for the concentration or amount 

of drug in the body (usually measured in plasma or blood) to be reduced 
by one - half. Half - life is a function of clearance and volume of 
distribution.

      t1 2 0 693= ∗. V CL     (6.7)    

 TABLE 6.4.     Hepatic Blood Flow in Different Animal Species 

        Mouse     Rat     Rabbit     Monkey     Dog     Human  

  Liver blood fl ow (mL/min/kg)    86    69    52    44    30    21.4  
  Liver blood fl ow (L/h/kg)    5.2    4.1    3.1    2.7    1.8    1.3  

   Boxenbaum J.  Pharmacokinet Biopharm  1980;8:165.   
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Intravenous bolus dose:     A fl uid dose of drug administered intravenously 
and rapidly at one time.  

Intravenous infusion:     Administration of a drug or other substance as part 
of a liquid solution injected directly into a vein at a prescribed rate.  

Extravascular dose:     Any nonvascular (intravenous or intra - arterial) 
method of drug administration, such as oral, subcutaneous, and so on.         

  6.4   BASIC  DMPK  STRATEGY IN DRUG DISCOVERY 

 DMPK is now considered to be an integral part of drug discovery. The 
advances in medicinal chemistry (e.g., combinatorial chemistry, multiple par-
allel synthesis, etc.), along with complementary advances in biological screen-
ing technology (HTS, uHTS), have resulted in the necessity of screening many 
more compounds, more quickly, for DMPK properties. This section will 
discuss the stages of drug discovery, the typical DMPK studies that are being 
conducted, and the DMPK strategies used to effectively support drug discov-
ery at each stage. 

  6.4.1   The Stages of a Typical Drug Discovery Program 

 Drug discovery for small molecules involves the design and identifi cation of 
a molecule to treat a human disease. It typically has multiple distinctive stages 
in the modern pharmaceutical industry. These stages include target identifi ca-
tion (TI), high - throughput screening (HTS), hit to lead (HTL), lead optimiza-
tion (LO), and backup (BU). 

 In drug discovery, the fi rst step in initiating a research program is to propose 
and develop a scientifi c hypothesis that pertains to how perturbation of a 
specifi c drug target, such as GPCR receptors, ion channels, enzymes, and so 
on, can treat a human disease or multiple diseases. The DMPK discipline is 
to characterize the PK/PD profi le of tool compounds to enable biologists to 
test their hypothesis in animal models though PK/PD data analysis and 
modeling. 

 Once the scientifi c rationale is established based on the preliminary data, 
the next step, defi ned as HTS, is to identify chemical leads that can interact 
with the target. Typically, a large number of compounds are screened using 
robot in microplates such as 96 - well, 384 - well, or 1536 - well. At this step, 
DMPK contributions are limited to working with chemists by applying a 
chemical/physical - based approach, such as Lipinski Rule of Five (Lipinski 
et al.,  1997 ). 

 After the compounds that can interact with the target are identifi ed, chem-
ists evaluate the initial hits and select multiple series with diverse chemical 
structures to design new compounds. The typical length of this stage, which 
is defi ned as HTL, is one to two years. The objective of this stage is to 
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demonstrate one or multiple chemical series that show required potency 
(typically less than 1    μ M) and have drug - like properties, such as oral bioavail-
ability. In most organizations, DMPK scientists join the discovery team at 
this stage and play critical roles in guiding the discovery team to select the 
right series. 

 The next stage of drug discovery is LO. This stage requires the most 
resource - intensive efforts for DMPK scientists while medicinal chemists 
design and synthesize various compounds in a single or multiple series. DMPK, 
biology, formulation, and safety then characterize the properties of these 
compounds in the respective functional areas. Different pieces of information 
are integrated to provide a holistic picture of the compound. The typical 
length of this stage is 1 – 2 years. DMPK scientists work closely with chemists 
to screen DMPK properties, identify issues, and interpret the data in the 
context of clinical relevance. DMPK scientists also work closely with the biolo-
gists to conduct more resource intensive PK/PD studies in the animal disease 
models and to further characterize the compounds. Meanwhile, DMPK scien-
tists support safety and formulation studies and the development of an early 
clinical plan. The end product of this stage is to identify one or multiple com-
pounds for further preclinical development. 

 Once a drug candidate has been identifi ed for preclinical development, 
typically the drug discovery team continues to work on the project to design 
or identify backup compounds. Ideally, the issues or risk factors for the 
drug candidate(s) have been identifi ed; the goal for the BU program is to 
design a compound or multiple compound(s) to overcome the issues. For 
example, if the projected human PK required a twice - a - day dose regimen, 
the BU program may want to design a compound with a once - a - day dose 
regimen. Unfortunately, due to the lengthy development time, in most cases 
it is generally impractical to await validation of the identifi ed issues in 
humans in order to provide feedback for the discovery scientists to redesign 
the molecule. Therefore, the typical strategy is to further improve these 
drug properties that are perceived as posing issues in humans or to simply 
design a different scaffold to derisk the potential safety issue due to the 
chemical structure. 

 The drug discovery process discussed above represents a typical drug dis-
covery program in the pharmaceutical industry with novel targets. However, 
there are many exceptions to this typical process. Since most pharmaceutical 
researchers are exploring new territories, new information emerges every day. 
The new fi ndings from literature, from competitors, or from collaborators 
often change the discovery path. In order to stay at the frontier of new 
research, scientists must simultaneously stay focused on their research and be 
fl exible in changing directions. Although this description of drug discovery 
appears to represent a smooth linear process with one stage fi nishing before 
another starts, in reality, the discovery process is seldom smooth and rarely 
ever linear.  
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  6.4.2   Typical  DMPK  Studies in Different Stages of Drug Discovery 

 The advancement of LC - MS/MS technology in the last 30 years has revolu-
tionized the DMPK studies in drug discovery. This analytical technology can 
rapidly, sensitively, and selectively determine drug concentration in complex 
biological matrixes. This allows DMPK scientists to run PK studies in preclini-
cal species and have data turnaround in a few days. Another advance is the 
ready availability of human tissue, such as human liver microsomes and hepa-
tocytes. This allows DMPK to use  in vitro  technique to quickly assess the 
metabolic stability and screen compounds. The progress of P450, UGT gluco-
nonide transferase, FMO, MAO, and other enzymes has contributed signifi -
cantly to the use of  in vitro  agents to predict the potential variability of a 
compound and its DDI potential mediated by the drug metabolism enzymes 
in humans (Lee et al.,  2003 ). Recently, the understanding of transporters such 
as the ABC family and OATPs has signifi cantly enhanced our ability to iden-
tify the drug transporters and to assess the potential for the DDI due to drug 
transporters (Giacomini and Sugiyama,  2006 ). 

 Optimal DMPK screening requires a careful balance of  in silico  to  in vitro  and 
 in vivo  screening. Desirable properties include: good solubility; permeability; 
available parental formulation; high and consistent bioavailability; appropriate 
concentration at target site; adequate half - life; linear kinetics; small fi rst - pass 
effect; metabolism; no(auto) induction; no cytochrome P450 inhibition; no 
interaction with P - glycoprotein (PGP); and a wide therapeutic index. 

 The following represent the typical studies that are conducted in the DMPK 
department to advance a drug discovery program.

  Target Identifi cation ( TI ) 

   •      PK profi le of tool compounds  
   •      Protein binding of tool compounds  
   •      Exposure of tool compounds in preliminary PK/PD model   

  High - Throughput Screening ( HTS ) 

   •      Rule - based library design and compounds selection  
   •       In silico  prediction   

  Hit to Lead ( HTL ) 

   •       In silico  prediction  
   •      Solubility assay  
   •       In vitro  metabolic stability assay  
   •       In vitro  permeability assay  
   •       In vitro  P450 inhibition assay  



192 APPLIED PHARMACOKINETICS

   •      Reactive metabolite  
   •      Rodent PK of the key compounds in the selected series  
   •      Protein binding  
   •      Exposure of tool or lead compounds in preliminary PK/PD studies  
   •      Support of biomarker development   

  Lead Optimization ( LO ) 

   •       In silico  prediction  
   •      Solubility assay  
   •       In vitro  metabolic stability assay  
   •       In vitro  permeability assay  
   •       In vitro  P450 inhibition assay  
   •       In vitro  P450 induction assay  
   •       In vitro  transport assay  
   •      Metabolite structure elucidation  
   •      Reaction phenotyping assay  
   •      Reactive metabolite  
   •      Rodent PK of lead compounds  
   •      Nonrodent PK of lead compounds  
   •      Protein binding of lead compounds  
   •      Exposure of lead in PK/PD studies  
   •      Development of PK/PD models to characterize the PK/PD relationship 

in preclinical species  
   •      Support of safety studies for dose selection and TK analysis  
   •      Support of biomarker development for translational pharmacology  
   •      Simulated human PK, PD, DDI potential, and therapeutic window     

  6.4.3    DMPK  Strategies in Different Stages of Drug Discovery Programs 

 The purpose of drug discovery is to generate and test scientifi c hypotheses. 
Drug discovery itself is a scientifi c endeavor and exploration. Because of its 
complexity, it requires skilled and experienced scientists from different disci-
plines to work together. The progress of science and technology enables us to 
understand the biological systems better than ever before. But there is far 
more about the biological systems that we do not know at the present time 
than we do know. Serendipity or sheer luck also plays an important role in 
the success of a drug discovery program. 

 There is no single strategy that can or should be employed by a drug dis-
covery team. The effectiveness of drug discovery is the combination of the 
strategy, the knowledge of science, and the experience and risk tolerability of 
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the research organization. The following DMPK strategy represents the 
general strategy that the authors employ. 

6.4.3.1 Target Identifi cation.   The objective of research at this stage is to 
generate preliminary data to support the scientifi c hypothesis that perturba-
tion of a specifi c biological target may be able to treat a human disease. Proof 
of the concept is critical for a drug discovery organization, because this will 
justify the investment in a particular program. 

 An  in vivo  model is generally required to demonstrate the intended mecha-
nism of action. The  in vivo  proof of concept data will strengthen the hypoth-
esis. If an  in vivo  model is not available due to species - unique differences, 
alternative models, such as knockout/knock - in animal models or using RNAi 
approach, might possibly be used to support the proposed hypothesis. The key 
deliverable for the DMPK scientist is characterization of the PK profi le for a 
tool compound or compounds reported in the scientifi c community. The infor-
mation is used to select a dose and dose regimen in the in vivo  animal model 
to demonstrate the relationship of dose and the intended pharmacological 
response in the animal model and to validate the utility and limitation of the 
animal model. Another deliverable is to determine the plasma concentration 
or tissue concentration, also called exposure, in the  in vivo  studies in order to 
develop the concentration – response relationship. 

 Traditionally, only the dose – response relationship was characterized by 
pharmacologists. With better understanding of the relationship between phar-
macologic response and pharmacokinetic profi le, scientists have found that 
plasma concentration is a better indicator than the dose for representing the 
drug concentration that interacts with its target. However, for specifi c tissue/
organ targeted mechanisms, tissue/organ concentration could also be impor-
tant. For example, with CNS targets, the brain tissue concentration - response 
relationship must be examined thoroughly. Because of the blood – brain barrier, 
for some drugs, the concentration in plasma does not represent the drug con-
centration that interacts with the target in the brain. Establishment of the 
relationship between in vitro  concentration versus  in vitro  activity and  in vivo
concentration versus in vivo  activity is the most critical evidence for proof of 
the concept in preclinical models. The readers are referred to more detailed 
discussion in a review paper (Liu et al.,  2008 ).  

6.4.3.2 High-Throughput Screen ( HTS).   The objective of research at this 
stage is to identify scaffolds of molecules as the starting points to design and 
optimize the structure. This step is mainly an  in vitro  biology - driven activity. 
Using robots, the capacity of  in vitro  testing has increased tremendously. We 
used to examine one compound a time by using a single test tube, and now it 
is possible to examine hundreds or thousands of compounds at a time by using 
microplates. 

 As DMPK becomes involved at an ever - earlier stage in the drug discovery 
process, there is a clear need to be able to screen thousands of hits. In an HTS 
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campaign, all collected compounds or a subset of them may need to be 
screened rapidly. Because the major objective of this work is to identify com-
pounds that have biological activity, so that medicinal chemists can begin 
optimizing the starting compounds, typically no DMPK assay is run at this 
stage. A common approach to identifying compounds with good DMPK prop-
erties is to either (a) use in silico  screening for metabolic stability, permeabil-
ity, or enzyme inhibition or (b) use a physical/chemical rule approach to design 
the library or select the library compounds.  

6.4.3.3 Targeted Product Profi le.   First the discovery team needs to work 
with marketing colleagues to develop a targeted product profi le that is believed 
to bring commercial success by the time the product is lunched. Since it may 
take more than 6 years from this stage of the project to the fi nal product 
launch, it is often diffi cult to project the market situation. The targeted product 
profi le may have to be modifi ed if a competitor introduces a product during 
this time. For example, product for an indication can be dosed twice a day 
because there is no drug on the market. If a competitor introduces a drug with 
the same mechanism, the new product profi le may have to be modifi ed to have 
a once - a - day dose property to be successful in the marketplace. Usually the 
information regarding the competitor ’ s drug is not accessible at this stage, with 
the only knowledge being that a competitor is running clinical trials. Sometimes 
the team has to run head - to - head comparison nonclinical studies between the 
proprietary compound and a competitor ’ s compound to gain insight into the 
product differentiations.  

6.4.3.4 Hit to Lead ( HTL).   The objective of research at this stage is to 
identify one or several chemical series for which the potency, selectivity, and 
ADME properties can be further improved by modifying the drug structure. 

 In current drug discovery, the medicinal chemists are often able to generate 
several viable lead series and rapidly develop these into potent, selective 
molecules through a directed medicinal chemistry effort. However, it is often 
more of a challenge to design a compound that is potent and selective and 
also shows high oral bioavailability, a desirable half - life, and low DDI poten-
tial. The emphasis has shifted toward designing molecules possessing not only 
high affi nity at a biological target, but also suitable pharmacokinetic and 
metabolic characteristics. This has led to a paradigm shift in the integration 
of DMPK functions into earlier stages of drug discovery. 

 For most drug discovery projects, the oral route is the preferred dosing 
route clinically. For a drug to reach its target and manifest activities, a number 
of barriers must be overcome. In order to gain insight into the clinical human 
PK for a discovery compound, a variety of  in vitro  tests using human tissue 
preparation have been developed to project the PK characteristics of the 
compound in humans. Several strategies have been used to incorporate the 
data from the in vitro  assays to make decisions regarding a particular com-
pound and guide the design for new compounds. 
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 One strategy is to use the rule - based decision process. For example, the 
metabolic stability of compounds obtained in a human liver microsomal assay 
can be used to classify compounds into low, medium, or high clearance com-
pounds. The classifi cation is typically based on the historical experience 
observed within the laboratory by comparing a large dataset of compounds 
with their in vitro  stability and  in vivo  clearance and oral bioavailability. It 
should be noted that in the absence of this calibration, caution should be 
exercised when using these in vitro  data to make decision for the compounds, 
because the in vitro  classifi cation can give false - positive prediction, meaning 
that high in vitro  clearance does not necessarily translate into  in vivo  high 
clearance due to plasma protein binding and blood - plasma partitioning. It is 
helpful to test the selected compounds in vivo  in preclinical species, such as 
in rodents, to verify the  in vitro  prediction. 

 The  in vitro  data could also be used differently to project the human PK 
and dose. The  in vitro  metabolic stability data are quantitatively extrapolated 
into in vivo  clearance using PK models or using commercially available soft-
ware such as GastroPlus. This exercise requires skilled DMPK scientists to 
perform the human PK projection. Similar to the classifi cation method, it is 
very critical to verify the predictability of this approach. Validation could be 
performed by extrapolating animal in vitro  data generated from the same 
assay to human in vitro  data to animal  in vivo  PK projection using the same 
assumption performed in humans. 

 The typical  in vitro  assays are presented in the previous section. Usually a 
few compounds from each scaffold that have already demonstrated desirable 
potency and selectivity are selected for  in vitro  assays. The most important 
assays are metabolic stability and permeability. Liver tissue preparations such 
as microsomes, S9 fraction, and hepatocytes are used to determine the meta-
bolic stability. The permeability is determined in epithelial cells such as Caco - 2 
or MDCK cells. The measurement of apical to basolateral permeability and 
basolateral to apical permeability provides not only the permeability of the 
compound across the epithelial membrane in the gastrointestinal track but 
also the potential involvement of effl ux transporters in the testing cell systems. 

 One additional assay that may be performed is solubility testing. Because 
solubility is more related to the scaffold and less related to a specifi c structure, 
it needs to be determined if the solubility is truly an issue for the whole series 
or just for a subset of compounds in a series. However, for basic compounds 
such as most CNS drugs, the solubility is typically high and there is no need 
to screen their solubility. 

 One of the major causes of DMPK - related failure in the clinic is the area 
of drug – drug interactions. Severe drug – drug interactions could produce 
undue toxicity and/or therapeutic failure. It is now possible to clone and 
express the multiple major human P450 isoforms (phase I metabolism), 
along with human uridinediphosphoglucuronyl transferase (phase II), allow-
ing structural series to be screened for their potential to inhibit or induce 
the metabolism of co - administered drugs that are metabolized by these 
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enzymes. Transporter protein interactions are now also being investigated 
in a similar way. 

 At this stage, which DMPK assays should be deployed, how many com-
pounds need to be examined, and the timing for initiating the assays are 
dependent on the primary issues of the chemotype, the depth and breadth of 
knowledge about drug research, the target patient population, and available 
resources. In the authors ’  views, at the minimum, some solubility,  in vitro
metabolic stability, and  in vitro  fl uorescence - probe – based P450 assays should 
be conducted for one compound in the chemical series that has shown in vitro
pharmacological potency and selectivity. If the results indicate that it has poor 
oral bioavailability or severe drug – drug interactions (assuming that severe 
drug – drug interactions are not acceptable for this indication), several addi-
tional compounds should be tested to verify whether the results are due to the 
specifi c structure of the compound or whether these issues are a liability for 
the whole series. In this situation, preliminary metabolite structure elucidation 
should be conducted to understand the mechanism of the issue and to deter-
mine if the liability could be removed during the chemical design (Baranczewski 
et al.,  2006 ; Prakash et al.,  2007 ). 

 An alternative strategy is to focus only on the pharmacological potency and 
selectivity at this stage. Once the compounds showed high potency and selec-
tivity, then their DMPK profi le and identify issues can be examined. The 
drawbacks of this approach is that if the issue is related to the core chemical 
structure of the scaffold and cannot be readily modifi ed, then it will not be 
possible, or at least very diffi cult, to resolve the DMPK - related issues in the 
LO stage. Sometimes the whole series has to be abandoned simply due to 
DMPK issues. In addition, the high - throughput capability and relatively low 
cost of in vitro  DMPK assays enable early identifi cation of these avoidable 
issues. Another key activity for DMPK at this stage is to work closely with 
pharmacologists to develop and/or validate new animal models that are more 
closely mimic clinical situation and test the lead compounds in these pharma-
cology models. As discussed above, one of the main contributions from DMPK 
in the target identifi cation stage is to determine the plasma or tissue drug and 
sometimes, the concentration of its metabolite(s) in the pharmacological 
model. 

 In recent years, progress has been made by DMPK scientists for PK/PD 
analyses in preclinical studies. The PK/PD analysis allows us to explore the  in
vitro  and  in vivo  association for the pharmacology. It helps to validate the 
animal model and guide the study design. More importantly, if some biomark-
ers can be used in both animals and humans, the PK/PD model can be used 
to guide the strategy of early clinical development plan, which includes fi rst -
 in - human trial and proof - of - concept studies.  

6.4.3.5 Lead Optimization ( LO).   The objective of research at this stage is 
to identify one or several compounds that meet the targeted profi le for pre-
clinical development. 
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 The division between hit - to - lead and LO is sometimes not entirely clear. 
Generally speaking, more resources are invested in programs at the LO stage, 
with an expectation that in 1 – 2 years a fi nal candidate that meets all the target 
product profi le criteria will be identifi ed and advanced for clinical develop-
ment. At this stage, the knowledge of how to improve the potency – selectivity –
 acceptable DMPK profi le for one series should have been developed, although 
those attributes may not exhibit in a single molecule. The team should already 
understand the key issues and develop a plan or screening cascade to design 
new compounds and screen them. The fi nal goal for the discovery team is to 
synthesize at least one compound that has the required potency, selectivity, 
DMPK profi le, and physical properties as specifi ed by the project team. 

 To be able to design an effi cient research process, a medicinal chemist, 
DMPK, and a pharmacologist must work closely together, so that the available 
resources in each department can be optimized to enable the discovery 
program to move forward quickly. Below is the typical drug discovery screen-
ing program in the pharmaceutical industry. In this hypothetical program, the 
targeted product profi le of the compound includes effi cacy, safety, and a once -
 a - day dosing regimen to treat a disease, with no clinically signifi cant drug – drug 
interactions. 

 The research activities are generally as follows: 

 Tier 1: 100 – 1000 Compounds/year 

  1.     Chemical synthesis: 1 – 10   mg  
  2.      In vitro  biology binding/ in vitro  biology selectivity  
  3.     DMPK assays  

  a.      In vitro  metabolic stability  
  b.      In vitro  permeability  
  c.      In vitro  DDI assay    

  4.     Other issue - driven assays    

 The key information from the Tier 1 screening is used to determine whether 
the compound is potent and selective for the intended pharmacological target 
and if it has the desired DMPK profi le. 

 The Tier 1 assays can be executed in parallel or sequential fashion. Each 
has its own advantages and disadvantages. The main advantage of parallel 
screening is a quick data turnaround time, so that all information is ready at 
the point of decision. The disadvantage of parallel screening is the need to use 
extensive resources, because a compound could be discarded due to lack of 
selectivity. The primary advantage of sequential screening is conservation of 
resources. The disadvantage is that it takes more time to generate the informa-
tion necessary to make a decision. 

 To maximize the usage of resources and shorten the critical data turn-
around time, the  “ go/no - go ”  assays should be performed in parallel fashion, 
while the less time - sensitive assays could be performed in sequential fashion. 
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For example, if high metabolic stability is the key issue for poor oral bioavail-
ability, the permeability is generally high, and there are no obvious DDI 
issues, then only  in vitro  metabolic stability should be run to make the decision 
on the particular compounds. As a program moves forward, more and more 
compounds are tested, and knowledge of the chemotypes is accumulated. 
Developing an  in silico  model for the structure -  and biological/DMPK - related 
properties should be considered. This  in silico  tool may be used to prioritize 
the compounds for  in vitro  assays, for  in vivo  assays, and for resource - intensive 
assays. More importantly, the model could guide the medicinal chemists ’  
effort in compound designing for improved properties. 

 One major decision from Tier 1 screening is to determine whether one or 
two compounds meet the criteria for the next tier of testing — that is, testing 
for  in vivo  effi cacy and  in vivo  PK profi le. Tier 1 screening also allows the 
team to gain insightful knowledge regarding the chemical structure and prop-
erty relationship.

  Tier 2: 10 – 100 Compounds/year 

  1.     Chemical synthesis: 10 – 100   mg  
  2.     Confi rm  in vitro  potency  
  3.     Confi rm  in vitro  selectivity  
  4.      In vitro  biology functional assay  
  5.      In vitro  functional selectivity assay  
  6.      In vitro  safety assay (e.g., hEGR assay)  
  7.     Preliminary  in vivo  effi cacy assay  
  8.     Additional DMPK assay  

  a.     Protein binding  
  b.     Reactive metabolite  
  c.     Time - dependent P450 inhibition    

  9.     Other issue - driven assays  
  10.      In vivo  rodent PK (IV and PO)  
  11.     Human dose and DDI projection    

 The main objectives at Tier 2 screening are to confi rm Tier 1 screening data 
for the potency and selectivity for the target, to demonstrate compound ’ s  in 
vivo  effi cacy, and to ensure that the compound has an appropriate  in vivo  PK 
profi le. The  in vivo  animal PK data will confi rm whether the projected clear-
ance and oral bioavailability based on the  in vitro  data is consistent with the 
 in vivo  data. The  in vitro  –  in vivo  correlation in animals forms the basis for the 
human PK projection. At this stage an attempt should be made to predict 
the preliminary human PK profi le and DDI potential. 

 The decisions from the Tier 2 data are used to advance compounds for more 
detailed evaluation on  in vivo  effi cacy and PK profi les in nonrodent species. 
In addition,  in vitro  safety assays will be initiated to assess safety profi les.
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  Tie 3: 2 – 10 Compounds/year 

  1.     Chemical synthesis: 100 – 1000   mg  
  2.     Confi rmative  in vivo  effi cacy assay in a dose - related response  
  3.      In vitro  safety assay (e.g., MNT and Ames)  
  4.     DMPK assay  

  a.     Blood/plasma ratio  
  b.     Metabolite identifi cation  
  c.     Reaction phenotyping  
  d.     P450 induction    

  5.     Other issue - driven assays  
  6.      In vivo  nonrodent PK (IV and PO)  
  7.      In vivo  rat biliary excretion study  
  8.     Refi ne human dose and DDI projection    

 The main objective at this stage is to confi rm the  in vivo  effi cacy in a dose -
 related response, to demonstrate low risk for  in vivo  genotoxicity, and to 
further profi le the PK in non - rodent PK. These data will provide greater con-
fi dence in the  in vitro  –  in vivo  correlation and human PK and DDI potential 
assessment. 

 The decisions from Tier 3 are used to narrow down the number of com-
pounds for further  in vivo  safety evaluation and extensive PK/PD studies, as 
well as to develop a PK/PD model to assess the therapeutic window and guide 
development of early clinical plans.

  Tier 4: 1 – 5 Compounds/year 

  1.     Chemical synthesis: 1 – 10   g  
  2.     Extensive PK/PD studies, such as developing a PK/PD model and time 

course for the responses  
  3.     DMPK assay  

  a.     Protein binding  
  b.     Defi nitive metabolic stability data  
  c.     Defi nitive drug transport data  
  d.     Defi nitive drug inhibition data    

  4.     Other issue - driven assays  
  5.      In vivo  rodent high - dose PK to enable safety study  
  6.     Preliminary  in vivo  safety study  
  7.     Refi ne human dose, DDI, and therapeutic window projection    

 The main outcome of Tier 4 screening is the performance of a preliminary 
assessment for the safety of a compound  in vivo , typically in rodents for tar-
geted organ toxicity and in dogs or monkeys for cardiovascular toxicity. This 
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information is critical since the outcome of the study could be a go/no - go 
decision for the compound. 

 In Tier 4, PK/PD analysis is often performed to further confi rm the phar-
macological activities of the compound and to develop a quantitative relation-
ship between or mathematic model of the plasma drug concentration and 
biomarker or effi cacy in the animal model. This PK/PD analysis further vali-
dates the target with a specifi c compound to support the program and will also 
serve as a tool to simulate human pharmacological response, calculate thera-
peutic and safety window, and guide the subsequent dose range fi nding studies.  

6.4.3.6 Backup ( BU ).   Once a drug candidate is nominated for preclinical 
development, typically the drug discovery teams will continue working on the 
program to develop additional compounds as backups for the prototype drug 
candidate. Because the attrition rate for preclinical and clinical drug develop-
ment is very high, the main rationale for a BU program is to increase the chance 
of success by developing multiple compounds for the same biological target. 

 There are several scenarios for BU programs. In the fi rst scenario, there is 
a known or projected issue for the drug candidate, such as an unfavorable 
DMPK property (short half - life, low oral bioavailability, or potential DDI, 
etc.). In this case, the DMPK strategy for a BU program is identical to the LO 
strategy. The screening cascade needs to be specifi cally designed to address 
that issue and identify a compound or multiple compounds that devoid that 
issue. In the second scenario, there is no known issue for the current drug 
candidate. One strategy for a BU program is to identify a structurally dissimi-
lar candidate in case the development of the fi rst candidate has to be termi-
nated due to unexpected toxicity or off - target effects (Greenlee and Desai, 
 2006 ). The DMPK strategies discussed above for HTL and LO can be applied 
in this scenario. The other scenarios in which a BU program is useful include 
developing a second - generation drug in order to design a single compound to 
interact with multiple drug targets or to develop a different drug candidate 
intended for different indications (Greenlee and Desai,  2006 ). 

 The primary goal of drug discovery is to design and synthesize a compound 
with high effi cacy and adequate safety, avoiding ADME - related attrition in 
the clinic while using minimal resources. Although a variety of  in vitro  and  in
vivo  assays are available to assess effi cacy, safety, and PK properties, the key 
is to have a research team that can use state - of - the - art technology and inte-
grate all the assays together to design an issue - driven screening cascade. 
Although drug discovery is full of serendipity, however, the odds of success 
may favor the fully prepared mind.    

  6.5   PHARMACOKINETIC DATA ANALYSIS 

  6.5.1   Introduction 

 Pharmacokinetics describes the movement of a drug through the body. It 
captures characteristics of a compound whose concentrations vary over the 
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time course in different biological matrices in our body, like plasma, blood, 
urine, saliva, cerebrospinal fl uid, tissues, and so on. This concentration – time 
course refl ects the biological process of drug absorption, distribution, metabo-
lism, and excretion (ADME). Pharmacokinetic data refer to the concentration 
data of a drug at different time points, usually in plasma because it is the most 
conveniently monitored bio - matrix. Basically, classic pharmacokinetic data 
are a kind of repeated measurement data; the drug concentration is measured 
across a time scale, providing a continuous type of experimental data. 

 Based on the features of pharmacokinetics and its data, key questions to 
be answered include why and how the data should be analyzed prior to the 
actual data analysis. These are questions of reason and method. Since phar-
macokinetic data refl ect the drug ADME kinetic process, the ability to extract 
that instructional information out of the data could greatly enable the develop-
ment of drug. Specifi cally, with the information about the features of drug 
ADME obtained from data analysis, the effi cacy and safety of the drug could 
be further assessed. In terms of methods, since the origin of pharmacokinetics 
in 1937, scientists in this fi eld have developed many different theories and 
tools for analyzing pharmacokinetic data. Mathematical equations have been 
derived to describe and predict a drug concentration – time course; biological 
meanings can be applied to mathematical parameters that represent drug 
ADME features. The mathematical equations are further used to predict or 
simulate pharmacokinetic behavior of the drug under different dosing regi-
mens or different physiological conditions (i.e., disease states, gender, age, 
etc.). Pharmacokinetic modeling and simulation has become a very powerful 
tool in drug development.  

  6.5.2   Pharmacokinetic Models 

 Based on the anatomy of the human body, the concept of compartments is 
used to represent the entire body, different body spaces such as blood and 
tissue, and even specifi c organs such as the liver and kidneys. Strictly speaking, 
every pharmacokinetic model is a compartment model with different levels of 
details within and/or between compartments. Generally speaking, every model 
used thus far in pharmacokinetic analysis falls into one of the following catego-
ries: noncompartmental analysis (NCA), compartmental analysis, or physio-
logical - based pharmacokinetic model (PBPK). 

6.5.2.1 Noncompartmental Modeling (Nesch,  1984).   Noncompartmenal 
modeling is the primary pharmacokinetic data analysis method in the phar-
maceutical industry because it is possible to quickly obtain several key phar-
macokinetic parameters, such as area under the curve (AUC), systemic 
clearance (CL), volume of distribution at steady state ( Vss ), and mean resi-
dence time (MRT), directly from the concentration data without making 
any compartmental assumptions or detailed model structures. These key 
pharmacokinetic parameters describe the basic drug ADME features. In a 
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noncompartmental approach, statistical moment analysis and/or a linear 
system approach are applied to the pharmacokinetic data. Basically, drug 
distribution through the body is a stochastic process, and an individual drug 
molecule passing through the body has its own probability. So considering the 
drug concentration – time profi le  in vivo  as a statistical probability distribution 
curve, moment analysis is applied to analyze the pharmacokinetic data. 
Statistically, the expected value (mean) of a random variable is a weighted 
average of the possible values that it takes, with each value being weighted by 
the probability that it assumes. For a continuous random variable, probability 
density function  f ( t ), 0    <     t     <     ∞ , the expected value of  f ( t ) is defi ned as follows:

      M tf t dt= ( )∞
∫0

    (6.8)   

 And for the  n th moment of a given function  f ( t ), we have
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 It is clear that the zeroth moment (when  n    =   0) is given by

      m f t dt0 0
= ( )∞

∫     (6.10)  

which is the area under curve (AUC). In pharmacokinetics, we use AUC to 
indicate the extent of exposure of a drug to the body. 

 The fi rst moment (when  n    =   1) is expressed as

      m tf t dt1 0
= ( )∞

∫     (6.11)  

which is the area under the fi rst moment curve (AUMC) and is also the 
expected value of function  f ( t ) when  f ( t ) is true probability function. 
Furthermore, the second, third, and fourth moments of the function  f ( t ), when 
 n    =   2, 3, 4, are the variance, skewness, and kurtosis of the distribution. 

 Mean residence time (MRT) is the average time that all drug molecules 
stay in the body. It is also the exit time for drug molecules leaving the body 
by elimination if the entry time is 0. By comparison, MRT in pharmacokinetics 
is merely the expected value (mean) of the distribution in statistics, which is 
described by fi rst moment of the distribution. We can think of a drug 
concentration – time profi le as the probability distribution curve of the MRT 
of a drug, where the  x  axis is MRT and the  y  axis represents probability. In 
order to obtain a true probability density function for this distribution of 
MRT, we need the fraction (probability) of drug molecules eliminated at each 
time point, which is 1    −     D t  / D  0 ; in IV bolus administration, it is 1    −     e   −    kt  . Then 
MRT of drug administered by IV bolus is calculated as follows:

      MRT = ( ) = −( )′ = =∞ −∞ −∞
∫ ∫ ∫tf t dt t e dt tke kkt kt

0 0 0
1 1     (6.12)  
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with the assumption that  k  is a constant. Using the above method, we can 
easily calculate MRT for different dosing regimens. Alternatively, we can 
think of MRT as the weighted average of all possible values that  T , which is 
residence time, can take, each value being weighted by the probability that  T  
assumes in the body.
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where  De i   is the amount of drug eliminated at time  t i   in IV bolus adminis-
tration. When  T  is a continuous variable, we could rewrite Eq.  (6.13)  as 
follows:
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 The result is still applicable to other routes of dose administration. MRT also 
represents the time required for 63.2% of drug to be eliminated from the body 
after IV bolus administration. 

 We generally use either linear trapezoidal or log - linear trapezoidal methods 
to calculate AUC and/or AUMC, which can also be used in the calculation of 
MRT in Eq.  (6.14)  because sometimes the linear trapezoidal method can 
underestimate and/or overestimate the area under ascending phase of a drug 
concentration – time curve. The methods to calculate the AUC and AUMC 
based on the drug concentration – time curve are summarized in Table  6.5 .   

 Where  Δ  t    =    t n      −     t n    − 1  is the time interval between two adjacent time points, 
 C z   is the estimated drug concentration at  t  last , which is the last time point having 
measurable drug concentration.  λ   z   is the slope of the terminal phase of the 
plasma drug concentration – time profi le on a semilog scale, which can obtained 
from the last few ( > 2) data points during the terminal phase by linear regres-
sion. Because both the linear trapezoidal or log - linear trapezoidal methods 

 TABLE 6.5.     Linear Trapezoidal, Log - Linear Trapezoidal, and Extension Equations 
for Calculating the  AUC  and  AUMC  
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can only calculate AUC 0 ∼ tlast  and/or AUMC 0 ∼ tlast , for the area between  t  last  and 
infi nity, we use an extension function. Sometimes the linear trapezoidal rule 
may be applied for the ascending phase and the log - linear trapezoidal method 
for the descending phase of the drug concentration – time profi le; however, 
usually the difference between AUC values gained from the linear versus log -
 linear method is not signifi cant. Other pharmacokinetic parameters, CL and 
 V  ss , are defi ned as follows:

      CL
FD

AUC
=     (6.15)  

      VSS CL MRT= ⋅     (6.16)   

 Noncompartmental modeling still uses a compartment, called a sampling com-
partment (body), which is more general and simpler than the compartments 
used in compartmental modeling. If we have the input function  D ( τ ), which 
is the dosing regimen for this compartment, and the output function  C ( t ), 
which is the drug concentration – time profi le, collected at later time, then there 
should be a probability function  P ( t     −     τ ) representing the fraction of drug 
molecules moving from the input site to the output site during the period  t     −     τ  
to link  D ( τ ) and  C ( t ).

      C t P t D d
t

( ) = −( ) ( )∫ τ τ τ
0

    (6.17)   

 This is called convolution integral. If we let  D ( τ ) equal the unit bolus dose, 
the probability function  P ( t ) will be equal to the drug concentration – time 
course after the unit bolus dose (ubd), which is also called disposition function. 
Equation  (6.17)  can be written as

      C t C t D t( ) = ( ) ∗ ( )ubd     (6.18)   

 As long as the system follows the principle of superposition and is time -
 independent, we can use Eq.  (6.18)  to analyze pharmacokinetic data. In most 
instances, when we know the dosing regimen,  D ( t ) and measure the  C ( t ), then 
it is possible to calculate  C ( t ) ubd , which includes the pharmacokinetic param-
eters described previously, by deconvolution. The noncompartmental approach 
only deals with response, that is, the concentration – time curve; in contrast, 
 C ( t ) ubd , or disposition function, also can be determined with detailed structure 
by regression method. This latter approach is called compartmental 
modeling.  

  6.5.2.2   Compartmental Modeling (Giorgio,  1984 ; Landaw and DiStefano, 
 1984 ; Piotrovskii,  1987 ).     If the noncompartmental model can be seen as 
having too little structure and the physiological - based pharmacokinetic model 
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as having too much detail, then the classical compartmental model is in the 
middle. For this reason, it is well - accepted and commonly used in the area of 
pharmacokinetics. The simplest form of compartmental modeling is called a 
one - compartment model. 

 The concept of the sampling compartment in a one - compartment model is 
similar to the noncompartmental model, but the approach is different. The 
compartmental approach includes some detailed structures, such as  K , which 
is a fi rst - order elimination rate constant, and  V , which is apparent volume of 
distribution to link dose ( D ) and concentration ( C ), where  D    =    V     ·     C . In addi-
tion, we assume that this compartment is well - stirred, meaning that the drug 
is homogeneously and instantaneously distributed in this compartment. In the 
one - compartment model, we use this compartment to represent the whole -
 body system. However,  K  is an elimination constant; clinicians are more 
comfortable with the clearance parameter because of its physiological mean-
ings. Clearance refers to a volume of drug in vascular circulation removed per 
unit time, which represents the rate at which the drug is eliminated from the 
body: CL   =    K  ·  V . Clearance (CL) and volume of distribution ( V ) are defi ned 
as primary parameters, whereas the elimination rate constant ( K ), half - life 
(t1/2 , which is time required for 50% of drug eliminated), AUC, and the rest 
of the parameters are secondary parameters because they are derived from 
primary parameters. 

 Besides the one - compartmental model, in the practice of pharmacokinetic 
data analysis, two - compartment and even three - compartmental models may 
be refl ected by the concentration – time data. If the one - compartment model 
represents the whole body, the two - compartment model consists of a blood/
plasma compartment called the central compartment, which is usually the 
sampling compartment, and a tissue compartment called the peripheral com-
partment, which represents the whole group of tissues, such as the liver, skin, 
fat, and so on. The three - compartment model involves a greater level of 
detail within the tissue compartment, splitting the tissue compartment as a 
whole into (a) one tissue compartment to which the drug is more quickly 
and easily distributed (e.g., liver, kidney, etc.) and (b) another tissue com-
partment to which the drug is more slowly distributed (e.g., fat, muscle, etc.). 
If we use an extravascular dosing regimen such as oral drug administration, 
we can include a so - called depot compartment before our sampling compart-
ment to represent the absorption process. Generally, one -  and two - compart-
ment models should be suffi cient to describe most pharmacokinetic data. It 
is best to avoid building overly complex compartmental models (e.g., fi ve or 
six compartments) for curve fi tting unless the data did refl ect this, because a 
model with too many compartments can make biological interpretation of 
parameter and process diffi cult and can cause serious problems of model 
identifi cation. 

 Although we try to link physiological meanings within the compartmental 
model with the noncompartmental model, the association is still loose. Often 
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in compartmental analysis, we use a linear mammillary model to describe our 
system; for this type of model, we assume that all other models are connected 
with the central compartment and that elimination can only happen in the 
central compartment. 

 In a noncompartmental model, one important assumption is superposi-
tion, which in pharmacokinetics is considered as dose proportionality. If 
dose proportionality is not observed over multiple dose levels, the kinetic 
system is a nonlinear system instead of linear system. The process of non-
linearity could occur during the phase of drug absorption, distribution or 
elimination. In most instances, nonlinear pharmacokinetics refers to nonlin-
ear elimination. There are two different equations for nonlinear versus 
linear elimination:

      
dC
dt

V C
K C

m

m

= −
+     (6.19)  

      
dC
dt

KC= −     (6.20)   

 When  C  is much lower than  K m  , Eq.  (6.19)  can be reduced to Eq.  (6.20) ; when 
 C  is much higher than  K m  , the rate of change of concentration is a constant 
and is independent of concentrations and is saturated. Equation  (6.19)  is 
usually applied to the drug absorption, distribution, and elimination phases 
wherever the nonlinearity occurred. 

 Table  6.6  lists the pharmacokinetic compartmental models that are built 
into two different software packages, WinNonlin (version 5.2, Pharsight, 
Mountain View, CA) and NONMEM (Beal and Sheiner,  1989 ). Both are 
widely used for pharmacokinetic and pharmacodynamic data analysis. 
WinNonlin has 19 compartmental models typically used for PK data analysis; 
all assume fi rst - order elimination and fi rst - order input for extravascular 
administration. Exchanges between micro and macro represent different 
kinds of parameterization for the model. In NONMEM, there are a total of 
12 built - in ADVANs for PK/PD analysis and different TRANS representing 
different parameterizations of the models, as well ADVANs 5 through 9 
(not listed) for more general usage and including differential equations, very 
useful in simultaneous PKPD analysis. In general, the models in these software 
packages already cover most of the models needed for pharmacokinetic 
analysis.   

 There is a standard procedure of pharmacokinetic data analysis with a 
compartmental model. Because pharmacokinetic data is the drug concentra-
tion data at different time points over a period of time, the drug concentration 
is a response variable, also called a dependent variable; time is a fi xed inde-
pendent variable which is assumed to be no - error. In a compartmental model, 
a regression analysis is performed between concentration ( C ) and time ( t ). 
Prior to performing the regression analysis, it helps to visualize the relation-
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 TABLE 6.6.     Pharmacokinetic Compartmental Models in  W  in  N  onlin  and 
 NONMEM   

   PK Models     WinNonlin     NONMEM  

  1 - Comp    Model 1, IV bolus 
 Model 2, IV infusion 
 Model 15, IV bolus/IV infusion  

  ADVAN 1, TRAN1 - K 
 ADVAN 1, TRAN2 - CL,V  

  1 - Comp 
extravascular  

  Model 3, fi rst - order input 
 Model 4, fi rst - order input   +   lag 

time 
 Model 5, fi rst - order input,  k  10    =    k  01  
 Model 6, fi rst - order input   +   lag 

time,  k  10    =    k  01   

  ADVAN 2, TRAN1 - K,K A  
 ADVAN 2, 

TRAN2 - CL,V,K A   

  2 - Comp    Model 7, IV bolus, micro 
 Model 8, IV bolus, macro 
 Model 9, IV infusion, micro 
 Model 10, IV infusion, macro 
 Model 16, IV bolus/IV - infusion, 

micro 
 Model 17, IV bolus/IV - infusion, 

macro  

  ADVAN 3, TRAN1 - K, 
K12, K21 

 ADVAN 3, TRAN3 - CL, V, 
Q, Vss 

 ADVAN 3, TRAN4 - CL, V, 
Q, V2 

 ADVAN 3, TRAN5 - AOB 
[A/B], ALPHA, BETA 

 ADVAN 3, TRAN6 -
 ALPHA, BETA, K21  

  2 - Comp 
extravascular  

  Model 11, fi rst - order input, micro 
 Model 12, fi rst - order input   +   lag 

time, micro 
 Model 13, fi rst - order input, macro 
 Model 14, fi rst - order input   +   lag 

time, macro  

  ADVAN 4, TRAN1 - K, 
K23, K32, KA 

 ADVAN 4, TRAN2 - V2/V3 
or K32)   +   KA  

  3 - Comp    Model 18, IV bolus, macro 
 Model 19, IV infusion, macro  

  ADVAN 11, TRAN1   -   

  3 - Comp 
extravascular  

      ADVAN 12, TRAN1   -   

  1 - Comp MM        ADVAN 10, TRAN1 -
  V  MAX ,  K  M   

ship between these two variables by plotting drug concentration versus 
time in a semilog scale. The typical plots of one - compartment and two - 
compartment models after IV bolus dose are shown in Fig.  6.3 .   

 For a one - compartment model after IV bolus dose, differential Eq.  (6.20)  
is used to describe the system, and Eq.  (6.21)  is the solution of that differential 
equation.

      C C e
D
V

ekt V
t

= =− −
0

0
CL

    (6.21)   
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 In Eq.  (6.21) ,  C  is a dependent variable,  t  is an independent variable,  V  and 
CL are called parameters, and  D  0 , the dose administered, is a constant. Once 
the plot suggests that the concentration – time relationship appears to be a 
one - compartment model, an appropriate model from the software could be 
chosen. For example, Model 1 from WinNonlin could be chosen to perform 
the regression analysis and derive the values of  V  and CL, which are inter-
preted with biological meanings:  V  represents the extent of drug distribution, 
and CL represents the rate of drug eliminates from the body. Concentrations 
at different time points following a new dose ( D  0 ) could be predicted from the 
values of  V  and CL. For a two - compartment model after IV bolus, the initial 
phase represents the distribution process with slope of  α  and intercept of  A , 
and the terminal phase is called the elimination phase with the slope of  β  and 
intercept of  B . Typically, the concentration – time profi le could be described 
by the following equation:

      C Ae Bet t= +− −α β     (6.22)  

where  C , plasma concentration, is a dependent variable, and  t , time after dose, 
is an independent variable. 

  6.5.2.2.1   Noncompartmental Versus Compartmental Modeling (Cobelli and 
Toffolo,  1984 ; Gillespie,  1991 ).     Noncompartmental modeling uses fewer 
assumptions than compartmental modeling. Dose proportionality (superposi-
tion) and time - independent are two important assumptions in noncompart-
mental modeling, and it is also assumed that the drug concentration – time 
profi le refl ects the probability of the drug distributing through the body. The 
noncompartmental approach does not involve a detailed model structure and 
can be commonly used for general PK analysis, allowing interpretation of data 

     Figure 6.3.     Typical plots of one - compartment and two - compartment models after IV 
bolus dose.  
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and parameter estimation without the assignment of a particular model; it is 
useful in oral bioavailability studies. On the other hand, compartmental mod-
eling consists of a number of homogeneous, well - mixed compartments with 
similar PK behaviors within the compartment. The exchange between them 
and with the environment is assumed at a certain order, zero order or fi rst 
order, and in a certain direction. In comparison with the empiricism of non-
compartmental modeling, there may be some rationale for compartmental 
modeling for a mechanistic study. Currently, the noncompartmental approach 
is used as an exploratory tool while the model is under construction.   

  6.5.2.3   Physiologically Based Pharmacokinetic Model ( PBPK ) (Gibaldi 
and Perrier,  1982 ).     The physiologically based PK model includes the greatest 
level of detail within the body: It is still a compartmental model, but each 
compartment represents an individual organ in the body, and the parameters 
between or within the compartment have intrinsic biological meanings, such 
as blood fl ow, weight, and/or volume of the organ. The technical challenge of 
this model is the need of a large number of datasets from blood and various 
tissues, which is especially diffi cult in human studies. Because almost every 
compartment in the PBPK approach represents a specifi c organ in the body, 
it is not necessary to assume that each compartment is well - stirred when drug 
distribution is diffusion - limited. Each compartment could be further split into 
intracellular space, extracellular space, and capillary blood. The partition coef-
fi cient of the drug to each tissue/organ is determined based on the concentra-
tion of the drug in tissue to blood, with the assumption that the concentration 
of the drug leaving an organ is equilibrated with the concentration in the 
organ. Basically, modeling in PBPK analysis is also based on the system of 
differential equation with the principle of mass balance. PBPK analysis is also 
one of the methods for PK/PD scaling from animals to humans; however, its 
application is limited due to the need for extensive information as compared 
to other methods. The selection of a PK analysis model depends on the objec-
tives of the study and the stage of drug discovery/development.   

  6.5.3   Parameter Estimation (Draper and Smith,  1998 ) 

 In Eq.  (6.21) ,  C  is a measured concentration which is an observation,   
D
V

e V
t0 − CL

 

is a model - generated concentration, called predication, which can be general-
ized as a function  f ( t ,  θ ),  t  is independent variable time in PK data, and  θ  

represent the vector of the parameters  V  and CL here. In reality,   C
D
V

e V
t

−
−0

CL

 

is not zero; therefore, Eq.  (6.21)  could rewritten as follows:

      C
D
V

e V
t

= +
−0

CL

ε     (6.23)   
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  ε  is called residual error in Eq.  (6.23)  and accounts for all sources of error. It 
includes the difference between observation and prediction, which is not zero, 
analytical assay error, sample processing error, model misspecifi cation, and 
unexpected error. There are three unknown parameters,  V , CL, and  ε , in Eq. 
 (6.23) .  V  and CL are called pharmacokinetic parameters, while  ε  is called 
statistical parameter. Because  E ( ε )   =   0 by assumption, the actual statistical 
parameter is the variance ( σ  2 ) of residual  ε . The values of V and CL could be 
estimated using the classical least squares method, which yields the smallest 
sum of squares of residuals, ideally 0. Because pharmacokinetic data are 
repeated measurement data, SSE (sum of squares of residuals) can be 
expressed as follows:

      SEE CL
CL

V C
D
V

ei
V

t

i

n
i

,( ) = −⎛
⎝⎜

⎞
⎠⎟

−
∑ 0

2

    (6.24)   

 To fi nd the least squares estimate of  V  and CL, we need to differentiate Eq. 
 (6.24)  with respect to  V  and CL, respectively, as shown below:

      
∂ ( )

∂
= −⎛

⎝⎜
⎞
⎠⎟

∂

∂
=

−

−

∑SSE V
V

C
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V
i

V
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n
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, CL CL

CL

0

0

0     (6.25)  
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0     (6.26)   

 These two equations need to be solved to obtain the estimate of  V  and 
CL. However, practical experience has shown that this is computationally 

diffi cult to do because of the nonlinear function   
D
V

e V
t0 − CL

. Strictly speaking, 

nonlinearity in   
D
V

e V
t0 − CL

 is not intrinsic, since both sides of Eq.  (6.21)  have 

been logarithmically transformed. The relationship between ln    C     ∼     t  is linear; 
however, for the two - compartmental model, which is described in Eq.  (6.22) , 
log transformation would not result in a linear relationship. Here the format 

of   
D
V

e V
t0 − CL

 is kept to show that a nonlinear function is used for nonlinear 

regression in pharmacokinetic data analysis. 
 Among the methods of nonlinear regression, the Gauss – Newton method is 

not only the primary method for managing nonlinear function but also a 
powerful tool in standard PK software such as WinNonlin and NONMEM. 
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Basically, the Gauss – Newton method is a method of linearization using the 
Taylor series, where the nonlinear pharmacokinetic compartmental model is 
linearlized fi rst, and then linear regression is performed to estimate the values 
of pharmacokinetic parameters. In linear regression,  Y , a dependent variable, 
is the  n     ×    1 vector of the observed concentrations at different time points;  X , 
an independent variable, is the  n     ×     p  matrix of time;   β   is the  p     ×    1 vector of 
pharmacokinetic parameters; and   ε   is the  n     ×    1 vector of residuals, in which  n  
is the number of observations and  p  is the number of PK parameters. So the 
following equation represents all of our observations and linear relationship 
between  Y  and  X :

      Y X= +b e     (6.27)   

 Following the steps discussed above and computational work because of lin-
earity,   β   (PK parameters), can be solved as follows:

      β̂ = ( )−
X X X YT T1

    (6.28)   

 Equation  (6.29)  describes the variance – covariance matrix of   ̂β :

      V X Xβ̂ σ= ( )−2 1T     (6.29)   

 Equation  (6.30)  describes the variance – covariance matrix of  X β  , which is the 
prediction of  Y ,   Ŷ  :

      V X X X XŶ T T= ( )−1
    (6.30)   

 Besides the residual   ε  , the studentized residual is defi ned as follows:

      r
h

i
i

ii

=
−( )

ε
σ̂2 1

    (6.31)  

where  h ii   is the  i th diagonal element of  H , a hat matrix in Eq.  (6.30) . In 
order to linearly approximate our pharmacokinetic nonlinear function, we 
need to select a starting point ( t s  C s  ), also called an expansion point, on the 
curve of the nonlinear function; any values of the parameters that result in 
the linear approximate function and include that starting point can be used as 
an initial estimate of the parameters ( V  0 ,CL 0 ). The linear approximate func-
tion is polynomial and in pharmacokinetic data analysis, we generally only 
include the fi rst two terms in the Taylor series, which are zero - order and fi rst -
 order approximations.
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 If we let  Y  as  n     ×    1 vector of   
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;   β   as p    ×    1 vector of 
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, and  ε  as  n     ×    1 vector 

of residuals. We will compute Eq.  (6.27)  in nonlinear regression and then 
iteratively update the estimates of the parameter until the difference between 
SSEs from two iterations is very small ( < 0.0001). 

 Let ’ s go through an example with the standard pharmacokinetic analysis 
software WinNonlin. Drug A was administrated to a patient at 50   mg by IV 
bolus, and the following drug plasma concentrations were measured: 

  Time (h):    1    2    3    4    6  
   C  ( μ g/mL):    1.222    0.954    0.864    0.671    0.447  

 To analyze this data, the fi rst step is to make a plot in a semilog scale 
(Fig.  6.4 ). Based on the plot, a one - compartment model appears to fi t the data, 

so the model structure is   C
D
V

e
D
V

eV
t kt= =

− −0 0
CL

, because  V  and  K  can be 

approximately determined from the plot;   
D
V

e kt0 −  is chosen as structural at this 

time.   V
D
C

= 0

0

, where  C  0  can be obtained from extrapolation to the  Y  axis, and  

K  is the slope of line.   
 After calculation, we can plug the initial estimates of 33   L and 6.6   L/h of  V  0  

and CL 0  into Eq.  (6.32) ,  X , a 5    ×    2 matrix here:

     Figure 6.4.     Plot in a semilog scale.  
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in which  D  0    =   50,  V    =    V  0    =   33,  K    =    K  0    =   0.2,  t    =   1,2,3,4,6,   β     =   (V    −    33,  
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T

… . By using Eq.  

(6.28) , we have a vector of the estimate of  V  and  K  from the fi rst iteration;  V  1  
and  K  1  will then be considered as starting values for the second iteration, with 
the new values of  X ,   β  , and  Y  based on  V  1  and  K  1 . We will continue this cycle 
until the change in Eq.  (6.24)  from two iteration is very small, which means 
that we have already reached the minimal point of SSE. The values of  V  and 
 K  corresponding to this point are our fi nal estimates of the parameters. 

 The following is typical output from WinNonlin analyzing our pharmaco-
kinetic data after an IV bolus dose.  

 WinNonlin Compartmental Modeling Analysis.     Version 5.2 Build 
200701231637. 

  WinNonlin Compiled Model.     1 compartment IV bolus, no lag time, fi rst - order 
elimination. 

 

   C(T ) = D/V*exp(–K10*T )
K10bolus IV

1   

 First, Model 1 is chosen from the library of models in WinNonlin (shown in 
Table  6.6 ); this model will describe the structure, which is the fi xed effect of 
the data. The following settings indicate that we chose the Gauss – Newton 
method with modifi cation, which can make process of convergence quicker 
and more effi cient. The process of iteration will stop when the change of SSE 
between two continuous iterations is less than 0.0001; the maximal number of 
iterations is here set to be 50.  

  Settings for Analysis 

    Input Workbook:     [Untitled1]  
  Input Worksheet:     Sheet1  
  Input Sort Keys:     [none]  
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  Gauss – Newton (Levenberg and Hartley) method used  
  Convergence criteria of 0.0001 used during minimization process  
  50 maximum iterations allowed during minimization process     

  Input Data 

  Time (h)    Concentration (mg/L)  

  1    1.222  
  2    0.954  
  3    0.864  
  4    0.671  
  6    0.447  

 This is the original pharmacokinetic data from IV bolus dose. The following 
table shows the information from our initial estimate and the lower and upper 
bound of this estimate.  

  Output Data 

    initial parameters 

  Parameter    Value    Lower    Upper  

V   33    0    330  
K10   0.2    0    2  

minimization process 

  Iteration    Weighted SS     V      K10

  0    5.38E - 03    33    0.2  
  1    3.98E - 03    33.93    0.1955  
  2    3.98E - 03    33.96    0.1951  
  3    3.98E - 03    33.97    0.1951  

 Basically, the above table lists the results after each iteration, which were 
described previously with the method of fi rst - order approximation. 

    fi nal parameters

  Parameter    Units    Estimate  
  Standard 

Error    CV%  

  Univariate 
CI, Lower 

 Bound  

  Univariate 
CI, Upper 

 Bound  

  Planar 
CI, 

Lower
 Bound  

  Planar 
CI, 

Upper   
 Bound  

V   L    33.966    1.23    3.6    30.063    37.869    28.003    39.930  
K10   1/h    0.1950    0.014    7.0    0.1514    0.2387    0.1283    0.2617  
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 The above table is the key component in all of this output data, because it 
gives us the fi nal estimate of our two parameters,  V  and  K  10 , from the linear-
ization method. The standard error of each parameter was the square root 
of diagonal elements of the matrix in Eq.  (6.29) , in which the value of  σ  2 , 
called the mean sum of square of residuals (MSE), can be found in the later 
table of diagnostics,  s  2 . The last four columns provide information on the lower 
and upper bound of two kinds of 95% confi dence intervals (CIs). Univariate 
CIs are calculated assuming that the two parameters are not correlated with 
each other, estimate    ±     t  0.975, 3     *    std error. Planar CIs are calculated by taking 
into account the correlation. As a result, the range of planar CI will be wider 
than that of univariate CI. To obtain this kind of CI, we need to solve 
Eq.  (6.24) . 

    dosing 

  Constant    Value  

  Number of doses    1  
  Dose #1    50  
  Time of dose #1    0  

    correlation matrix 

  Parameter     V      K  10   

   V     1  
   K  10      − 0.855279    1  

 If one defi nes   D V= { }diag β̂  based on Eq.  (6.29) , a diagonal matrix consist-
ing of diagonal elements of   Vβ̂, and  D  1/2  is the diagonal matrix in which dia-
gonal elements are the standard error of   ̂β , then the correlation matrix  P  
is defi ned as follows:

      P D V D= − −1 2 1 2β̂     (6.33)   

    eigenvalues 

  Number    Value  

  1    26.26  
  2    8.82E - 04  

    condition numbers 

  Iteration    Rank    Condition  

  0    2    4.479587  
  1    2    4.486198  
  2    2    4.488673  
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 Eigenvalues here refer to the eigenvalues of matrix  X  T  X . A condition 
number, which is defi ned as the square root of the ratio of largest to smallest 
eigenvalues, can indicate the ill condition (large condition number) of the 
matrix, meaning that the model is overparameterized. 

    variance – covariance matrix 

  Parameter     V      K  10   

   V     1.50311      
   K  10      − 1.44E - 02    1.88E - 04  

 The variance – covariance matrix was calculated from Eq.  (6.29) . The following 
summary table gives us information about the observations, predications, and 
residual  ε . Note that  W  represents weight; we applied equal weight to every 
observation in this example. Besides these values, the eighth column, the 
standard error of predication, was calculated from Eq.  (6.30) , and the last 
column, standard residual, was actually calculated using the method in Eq. 
 (6.31) , studentized residual. 

    summary table 

  Time_obs 
(h)  

  Conc_obs 
(mg/L)  

  Time 
(h)  

  Concentration 
(mg/L)  

  Predicted 
(mg/L)  

  Residual 
(mg/L)     W     SE   Ŷ      

  Standard 
Residual  

  1    1.222    1    1.2220    1.2112    0.0108    1    0.0307    0.5537  
  2    0.954    2    0.9540    0.9965     − 0.0425    1    0.0189     − 1.3679  
  3    0.864    3    0.8640    0.8199    0.0441    1    0.0175    1.3800  
  4    0.671    4    0.6710    0.6746     − 0.0036    1    0.0205     − 0.1208  
  6    0.447    6    0.4470    0.4567     − 0.0097    1    0.0250     − 0.3665  

    diagnostics 

  Function    Item    Value  

  1    CSS    0.342153  
  1    WCSS    0.342153  
  1    SSR    3.98E - 03  
  1    WSSR    3.98E - 03  
  1    S    3.64E - 02  
  1    DF    3  
  1    CORR_(OBS,PRED)    0.9942  
  1    WT_CORR_(OBS,PRED)    0.9942  
  1    AIC     − 23.63782  
      SBC     − 24.41894  

 The table presenting diagnostics, above, presents the value of the corrected 

sum of squares (CSS),   C Ci
i

n

−( )
=
∑

1

; weighted CSS (WCSS) is the same as 
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CSS because weight is 1 in this example. SSR is the sum of square of 
residuals,

  C
D
V

ei
kt

i

n
i−⎛

⎝
⎞
⎠

−

=
∑ 0

2

1

,

where  V  and  k  are our fi nal estimations.  S  is the standard error term, calculated 
by   MSE , that is,   SSR DF. DF is degree of freedom,  n     −     p , which is 5    −    2   =   3 
here. The correlation coeffi cient is calculated by the square root of coeffi cient 
of determination  R  2 , which is   CSS SSR CSS−( ) . AIC and SBC are two com-
monly used statistical standards for comparing model selection; both AIC and 
SBC have different terms of penalty for adding more parameters into the 
model. AIC is formally defi ned as  − 2 max log - likelihood +2P; in WinNonlin, 
AIC is approximately  n  log  e  (SSR) +2P. SBC is defi ned  n  log  e  (SSR)   +    P log  e n , 
where  n  is the number of observations and  p  is the number of parameter. The 
model with the smaller AIC and SBC is considered better. 

    partial derivatives 

  Function    Time (h)     V      K  10   

  1    1     − 0.03562204     − 1.21105193  
  1    2     − 0.02930935     − 1.99268124  
  1    3     − 0.02411535     − 2.45908851  
  1    4     − 0.01984180     − 2.69747835  
  1    6     − 0.01343247     − 2.73866791  

 This table is actually the matrix of  X  at the value of the fi nal estimate of the 
parameters. 

    secondary parameters 

  Parameter    Units    Estimate    Standard Error    CV%  

  AUC    h * mg/L    7.546648    0.328894    4.36  
  K10_HL    h    3.553545    0.249506    7.02  
  Cmax    mg/L    1.472034    0.053080    3.61  
  CL    L/h    6.625458    0.289035    4.36  
  AUMC    h    *    h    *    mg/L    38.689270    4.298317    11.11  
  MRT    h    5.126682    0.359961    7.02  
   V  ss      L     33.966618    1.226015    3.61  

 The last table summarizes the value of secondary parameters that can be 
calculated from our primary parameters,  V  and  k , by different pharmacoki-
netic relationships. Generally, if a secondary parameter is a function of one 
or more primary parameters,  p    =    f ( θ ), its standard error can be approximately 
calculated as follows:
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cov ,     (6.34)   

 The plots in Figs.  6.5 – 6.9  are generated for the aim of diagnosis. We made 
some assumptions when we performed nonlinear regression, such as no 
signifi cant error related to model specifi cation and independent variable ( x ), 
and  ε     ∼    NID (0,  I  σ  2 ), which means that  ε  I  have mean 0 and equal variance  σ  2  
and are uncorrelated. In order to test our assumptions, some key plots, such 
as the following, were needed.     

  X  Versus Observed  Y  and Predicted  Y .     The plot in Fig.  6.5  was made to see 
if the model ’ s prediction can describe the data of observation well.  

  Observed  Y  Versus Weighted Predicted  Y .     If the model is correct, the plot of 
predicted  Y  versus observed  Y  (Fig.  6.6 ) should indicate a straight line.  

  Weighted Predicted  Y  Versus Weighted Residual  Y .     The plot of residuals 
versus predicted  Y  (Fig.  6.7 ) could be used to test whether the residuals have 

     Figure 6.5.     Plot of  X  versus observed  Y  and predicted  Y .  

0.4

0.6

0.8

1.0

1.2

1.4

1.6

0 1 2 3 4 5 6

Time (hr)

Observed

Predicted

     Figure 6.6.     Plot of observed  Y  versus weighted predicted  Y .  
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equal variance. If the pattern in this plot is scattered, it indicates that the 
model already extracted the describable part of data, leaving only a random 
part of data there.  

   X  Versus Weighted Residual  Y .     Residuals versus  X , an independent variable, 
should also be scattered (Fig.  6.8 ).  

  Partial Derivatives.     The plot in Fig.  6.9  can be used to help the selection of 
optimal sampling time in the experimental design. Partial derivatives here can 
be considered as a measure of the sensitivity of the model with respect to the 
change of the model parameters. For example, in order to obtain a reliable 
estimate the parameter of  k , the optimal sampling time points should be taken 
from the earlier time period. 

 In this example, equal weight is applied to every data point. In PK data 
analysis, weighting data is another important issue that needs to be considered. 
In PK data analysis, the need for weighting comes from the fact that we do 
not have equal confi dence in each data point we collected from the experiment 
(Peck et al.,  1984 ). In the experiment, some data are more trustable, while 

     Figure 6.7.     Plot of predicted  Y  versus weighted residual  Y .  
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     Figure 6.8.     Plot of  X  versus residual  Y .  
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some are less trustable. To express the reliability of different data quantita-
tively, one could choose to use variance. This is a reasonable choice, because 
data points with less variance after several replications should be more trust-
able than a data point with very large variance. However, here the variance 
refers to population variance, not sample variance, so it is not appropriate to 
use the calculated variance from several replications as the weight in the data 
analysis. The data with less variance should be more trustable and contribute 
more weight in the least sum of square than the data with large variance; 
therefore, the weight is defi ned as

      Weight
Variance

=
1

    (6.35)   

 PK data are considered as random variables, so they are treated as data ran-
domly drawn from a specifi c probability distribution. It is hard to know the 
true population distribution, but we can get some idea based on the sample 
distribution of our PK data. Every distribution can be described by two param-
eters, expectation and variance. So the variance of that probability distribution 
is assumed to be the population variance that will be used in Eq.  (6.35) . 
Sometimes, PK data can be assumed to be normally distributed, but most of 
the time it is log - normally distributed. In normally distributed data, variance 
is constant  σ  2  and expectation is  μ ; for log - normally distributed data, variance 
and expectation are calculated as follows:

      Var X e e( ) = −( ) +σ μ σ2 2
1 2     (6.36)  

      E X e( ) = +μ σ2 2     (6.37)   

   Var x e E x( ) = −( ) ( )σ2
1 2  and the coeffi cient of variation (CV) is   eσ2

1−( ) , 
which is also a constant. So, when we assume that the PK data are log - normally 
distributed, we are assuming that we have data with a constant CV, not 

     Figure 6.9.     Plot of partial derivatives.  
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constant variance. This is also the reason that we recommend the weight 1/  ŷ   
and 1/  ŷ   2  when we analyze PK data.    

  6.5.4   Tools for Pharmacokinetic Data Analysis 

 There are many tools for PK data analysis. The following is a partial list of 
these tools: 

   •      Excel  
   •      WinNonlin  
   •      ADAPT II  
   •      Scientist  
   •      Kinetica  
   •      Madonna  
   •      NONMEM  
   •      SAS  
   •      R    

 Out of all of these software programs, it is likely that many individuals have 
some experience with Microsoft Excel, since basic spreadsheet operation is 
common. Excel can generate basic plots for data exploration and model diag-
nosis in PK data analysis, and it can also be used to summarize the results and 
data in a table with its friendly graphic user interface (GUI). Usansky et al. 
of Allergan (Irvine, CA) developed a group of PK functions for Excel. There 
are eight PK functions that will simplify routine PK calculations in Excel 
worksheets:  C  max ,  t  max , ElimRateConstant( k ), Half - life( t  1/2 ), AUC 0_t , AUC 0_inf , 
AUMC 0_t , and AUMC 0_inf . With these add - on PK functions, a preliminary PK 
data analysis such as noncompartmental analysis, plotting, and summary could 
be done in Excel. 

 WinNonlin is a software program that is used extensively in the pharma-
ceutical industry for PK and PD data analysis. It is a Windows - based software 
for noncompartmental, compartmental, and PBPK data analysis. Although 
WinNonlin has a library of common PK and PD models, user - defi ned models 
can be designed for special needs. 

 NONMEM is a software program for population PKPD data analysis, but 
it also can be used for traditional PK data analysis. It has several subroutines 
for PK compartmental analysis. It is easier to include information for complex 
dosing regimens in a dataset for NONMEM analysis. Besides this advantage, 
NONMEM can also evaluate the relationship between PK parameters and 
physiological and/or demographic covariates to estimate the population PK 
parameters. 

 R is a free statistical software program that now has several packages for 
PK data analysis, even for population PK analysis. For example, the PK 
package is designed for basic pharmacokinetics, the PKfi t package is a data 
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analysis tool for pharmacokinetics, and the PKtools package is a unifi ed com-
putational interface for population PK. Several other useful packages, such as 
drc and nlmeODE, can also be used in pharmacokinetic data analysis.   

  6.6   HUMAN PK AND HUMAN EFFICACIOUS DOSE PROJECTION 

  6.6.1   Commonly Used Methods in Human Pharmacokinetic Projections 

 Human PK projections range from projection of PK parameters such as human 
clearance (CL  H  ) and volume of distribution at steady state ( V  SS    H  ) to projec-
tion of the complete human oral concentration – time profi le. Therefore, these 
methodologies can be broadly classifi ed into two major classes: 

  1.     Methodologies used for predicting human pharmacokinetic parameters  
  2.     Methodologies used for predicting human plasma concentration – time 

profi le    

  6.6.1.1   Methodologies Used for Predicting Human Pharmacokinetic 
Parameters.     The methods commonly used to predict human PK parameters 
such as human clearance (CL H ), volume of distribution at steady state ( V  SS    H  ), 
and half - life ( t  1/2 ) will be discussed in this section. 

 Predicted parameters such as CL H  are in turn used to calculate the area 
under the curve (AUC) at a certain dose and thus provide estimates of plasma 
exposure in humans. Commonly used methods include simple allometry or its 
variants, which rely on various correction factors (Mahmood,  1999 ,  2005 ), and 
the use of  in vitro  systems such as liver microsomes and/or hepatocytes (Obach 
et al.,  1997 ). In this section we will explore the use of allometry and its associ-
ated methodologies. 

  6.6.1.1.1   Simple Allometric Scaling.     The most common method to predict 
CL  H   and  V  SS    H   is simple allometric scaling. This involves correlation of clear-
ance (CL) or volume of distribution at steady state ( V  SS ) determined in pre-
clinical species to their respective body weights (BW) using a power equation, 
such as the two shown below (Mahmood,  1999 ,  2005 ):

      CL mL BWmin( ) = ∗a b     (6.38)  

      V c d
SS L BW( ) = ∗     (6.39)  

where  a  and  c  are intercepts and  b  and  d  are the exponents of CL and  V  SS , 
respectively. A plot of a representative allometric correlation of CL is pro-
vided in Fig.  6.10 . To enable visualization of data points that may potentially 
span across multiple orders of magnitude, a dual logarithmic axis is commonly 
used (Fig.  6.10 , right - hand panel). Additionally, the dual logarithmic axis 
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linearizes the curve and helps to assess the visual goodness of fi t. In practice, 
the exponents of CL and  V  SS  can span a relatively wide range ( ∼ 0.2 – 1.8), 
although multiple reports in literature propose the concept of a fi xed exponent 
(0.75 and 1 for CL and  V  SS , respectively).   

 Although allometry is commonly applied to predict CL  H   and  V  SS    H  , it has 
also been used to scale human half - life (Mahmood,  1999 ), various compart-
ment model rate constants (Mordenti,  1985 ), and hepatic extraction ratios, 
among other parameters (Tannenbaum et al.,  1997 ).   

 6.6.1.1.2   Simple Allometric Scaling with Correction Factors.     Although simple 
allometric scaling is widely used to predict CL H  and V SS    H  , various correction 
factors have been devised to improve the predictive performance of allometric 
scaling (Mahmood,  1999 ,  2005 ). These correction factors include plasma 
protein binding, liver microsomal metabolic rates, brain weight (BRW), and 
maximum life - span potential (MLP), among others. Adding consideration of 
these factors into simple allometry, although supposed by many to result in 
more  “ physiological ”  predictions, in reality only adds additional empiricism 
to the process (Mahmood,  1999 ,  2005 ). In any case, it has been shown using 
a relatively large dataset that incorporation of some of these factors results in 
better prediction of PK parameters, especially CL  H  .    

  Rule of Exponents.     The  “ rule of exponents ”  proposed by Mahmood and 
Balian is a widely used method of incorporating correction factors into allome-
tric predictions (Mahmood and Balian,  1996 ). In this methodology the brain 
weight (BRW) or maximum life - span potential (MLP) of various species 
are used as correction factors. The choice of the specifi c correction factor 
depends on the value of the exponent of CL [ b  in Eq.  (6.38)   ]. If  b  ranges 
from 0.55 and 0.70, then this method proposes the use of simple allometry 

     Figure 6.10.     Representative plots of clearance of a compound in preclinical species 
against body weight. The human clearance (CL  H  ) is predicted using a power equation 
[Eq.  (6.38)   ]. The left - hand plot presents the body weight in linear axis and the right -
 hand plot presents the same data in dual logarithmic axis. The solid line is the fi t using 
a power equation, and the broken line is the extrapolation to the CL  H   using  a  and  b  
from the power equation fi t.  
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(no correction factors necessary). If  b  ranges from 0.71 and 1.0, then correction 
with MLP is suggested. If  b  ranges from  > 1.0 and 1.3, then correction with 
BRW is suggested (Mahmood and Balian,  1996 ). However, in cases where  b  is 
below 0.55 or above 1.3, the method does not provide a correction factor, but 
only surmises that the predicted CL using simple allometry may be inaccurate. 
Although the rule of exponents is used commonly, it is important to note that 
this method is not rigid and that caution should be exercised in predicting CL 
in cases where the exponent values are borderline (Mahmood,  1999 ). 

 Of note is the observation that the CL H  predicted using simple allometry 
is higher compared to the CL H  predicted using BRW or MLP correction. 
Therefore, oftentimes in the drug discovery setting when selection of com-
pounds based on CL H  is performed, simple allometry is used instead of allom-
etry with correction factors, because it provides the most conservative (highest 
possible) value of CL H .  

  Plasma Protein Binding and Liver Microsomal/Hepatocyte Scaled Clearance.    
 Introduction of correction factors such as plasma protein binding and/or  in
vitro  microsomal or hepatocyte scaled metabolic rate or clearance into the 
allometric power equation has been proposed. The impact of these correction 
factors on improving the predictive power of allometry is, however, contro-
versial. For example, Lave et al. ( 1997 ) proposed the use of  in vitro  hepatocyte 
or microsomal scaled clearance values as a correction factor in allometry. They 
reported that inclusion of in vitro  results into the correlation could improve 
the predictive power of allometry compared to other approaches that they 
evaluated. However, in a reanalysis performed by Mahmood ( 1998 ), the 
authors concluded that the application of the rule of exponents to the dataset 
used by Lave et al. resulted in similar results. Similarly, incorporation of 
plasma protein binding into the predictions to estimate unbound clearance (as 
opposed to total clearance) was proposed. Although Obach et al. ( 1997 ) 
reported a slight improvement in prediction of unbound clearance compared 
to total clearance, others such as Mahmood (Mahmood,  1999 ,  2005 ) and 
Bjorkman and Redke ( 2000 ) reported a lack of improvement in predictive 
power when protein binding was introduced. In fact, Mahmood states that the 
introduction of protein binding may result in more error in prediction of 
human clearance (Mahmood,  2005 ). 

 Recently, Tang and Mayersohn ( 2005 ) presented a new empirical method 
using the intercept of the allometric power equation [ a  in Eq.  (6.38) ] and ratio 
of protein binding of rats and humans. Implementing their approach on a rela-
tively large dataset ( ∼ 60 compounds), they demonstrated better predictability 
of human clearance compared to simple allometry and the rule of exponents 
(Tang and Mayersohn,  2005 ). Further use of this methodology with additional 
datasets will help us gain understanding on this promising technique.     

6.6.1.2 Methodologies Used for Predicting Human Plasma Concentration –
Time Profi le.   The prediction of the concentration – time profi le becomes 
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necessary in discovery programs where the maximum or trough plasma con-
centrations, as opposed to an AUC estimate, are critical for determining 
effi cacy or toxicity. This is true in case of antiviral drug discovery, wherein the 
trough concentrations are known to be critical in determining effi cacy and 
development of resistant strains. 

 Estimation of maximum or trough plasma concentrations is relatively com-
plicated compared to AUC, for which only two predicted parameters are 
required (bioavailability ( F ) and CL  H  ). Prediction of the human PK profi le 
involves two major steps (Fig.  6.11 ): 

   •      Estimation of the human intravenous (IV) PK profi le from preclinical 
species IV data  

   •      Introduction of an absorption component into the model to estimate the 
PK profi le following extravascular administration      

 Most methods for predicting the human IV profi le are modifi ed forms of the 
original scaling technique proposed by Dedrick et al. The Dedrick approach, 
in turn, relies on the principles of allometric scaling. 

 The central idea introduced initially by Dedrick (Dedrick et al.,  1970 ; 
Dedrick,  1973 ) and later expanded by Boxenbaum (Boxenbaum,  1982, 1984 ; 
Boxenbaum and Ronfeld,  1983 ) is the concept of physiological or pharmaco-
kinetic time. The time taken for completing a specifi c physiological event is 
called  physiological time . If the event is a pharmacokinetic process, then it is 
designated as a  pharmacokinetic time . This concept is based on observations 
of life spans of various species in relation to their size (Boxenbaum,  1982, 
1984 ; Boxenbaum and Ronfeld,  1983 ). Species with a smaller size tend to 
perform physiological events at a faster pace and thus have a shorter life span 
compared to animals with a larger size, whose life span is consequently longer. 
Boxenbaum illustrated this using an example of the potential life spans of a 
dog and a human, which are 14 and 98 years, respectively. Compared to its 
potential life span, a dog will  “ utilize ”   ∼ 7% of his life in one year, whereas 
the human will  “ utilize ”   ∼ 7% of his life every 7 years (Boxenbaum,  1982, 1984 ; 

     Figure 6.11.     Typical scheme used in prediction of a human oral pharmacokinetic 
profi le from preclinical species intravenous and oral pharmacokinetic data.  
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Boxenbaum and Ronfeld,  1983 ). Thus the chronological time of 1 year for the 
dog and 7 years for the human are equivalent and correspond to time taken 
for a specifi c physiological event that  “ utilizes ”   ∼ 7% of the total life span. 
Since these events can be related to the body size of each species, body weight 
was used to  “ transform ”  the time axis in scaling up the plasma concentrations 
of preclinical species. The readers are referred to seminal publications by 
Dedrick and Boxenbaum (Dedrick et al.,  1970 ; Dedrick,  1973 ; Boxenbaum, 
 1982, 1984 ; Boxenbaum and Ronfeld,  1983 ) for additional theoretical details 
of this technique. 

  6.6.1.2.1   Species Invariant Time ( SIT ) Approaches.     Multiple types of phar-
macokinetic times were introduced to scale the PK profi les of a compound. 
These are called kallynochrons, apolysichrons, dienetichrons, and syndesi-
chrons (Boxenbaum,  1982, 1984 ; Boxenbaum and Ronfeld,  1983 ). A kallyno-
chron is defi ned as a unit of pharmacokinetic time wherein each species clears 
the same volume of plasma per unit body weight. Similarly, an apolysichron 
is defi ned as a unit of pharmacokinetic time wherein each species clears the 
same volume of plasma per unit body weight  d  , where  d  is the exponent of 
volume of distribution. As can be seen here, if the exponent of  V SS   is unity, 
then kallynochron and apolysichron are equivalent. Incorporation of addi-
tional factors such as MLP and BRW resulted in generation of dienetichrons 
and syndesichrons, respectively (Boxenbaum,  1982, 1984 ; Boxenbaum and 
Ronfeld,  1983 ). 

 The data transformation required for prediction of the human IV and sub-
sequently the oral (PO) PK profi le will be illustrated below  . 

 In prediction of a human IV PK profi le, the fi rst step involves the plotting 
of the plasma concentrations of the specifi c drug in various preclinical species 
(a representative plot is shown in Fig.  6.12 ).   

     Figure 6.12.     Representative plasma concentration time profi les of a potential 
drug candidate following intravenous administration to rat, dog, and cynomolgus 
monkey.  
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 Subsequently the  X  and  Y  axes are transformed as shown below:

      X
d b

axis
Time

BW
= −     (6.40)  

      Y

d

axis
Concentration

Dose
BW

=     (6.41)  

where  b  and  d  are the exponents of clearance and volume of distribution in 
various preclinical species. First, exponents determined from simple allometry 
are incorporated along with body weights to transform the preclinical PK data. 
Second, following this transformation, the  “ collapsed ”  concentration – time 
profi les are fi tted using an appropriate compartmental PK model. A modifi ca-
tion of this two - stage approach can also be used, wherein both the estimation 
of the allometric exponents and the subsequent compartmental modeling can 
be performed using a single - stage approach. A modifi cation of this approach 
is presented below. 

 In the provided discussion  , based on information about the preclinical PK 
properties of this drug candidate, a two - compartment model was used for 
fi tting the data. The two - compartment model equation was modifi ed to assist 
in the transformation of the preclinical PK profi les according to the principles 
described before. The resulting equation is shown below.

      
C

A
T

B
Tp

d

d b d bDose
BW

BW BW
= ∗ − ∗⎛

⎝
⎞
⎠ + ∗ − ∗⎛

⎝
⎞
⎠− −exp expα β     (6.42)  

  where  A  and  B  are functions of dose, volume of central compartment, and 
rate constants,  α  and  β  are disposition rate constants,  T  is the time, and  b  
and  d  are the exponents of clearance and volume of distribution. The pre-
clinical PK profi les are fi tted to Eq.  (6.42)  to determine  A ,  B ,   α  ,   β  ,  b , and 
 d  simultaneously. The representative observed versus the predicted PK pro-
fi les following modeling of the preclinical data using Eq.  (6.42)  is shown in 
Fig.  6.13 . In this case, the exponent of volume of distribution is  > 1 ( ∼ 1.1), 
and therefore the unit of pharmacokinetic time is presented as apolysi-
chrons. Figure  6.13  illustrates representative plots of observed and the pre-
dicted preclinical PK profi les following transformation of preclinical IV PK 
data using Eq.  (6.42) . The left - hand panel presents the data in a chronologi-
cal time format, whereas the right - hand panel presents the data in apolisi-
chron units.   

 When the PK data are plotted in apolysichrons, the apparent disconnect in 
the plasma concentration – time profi les in different species is absent and they 
 “ collapse ”  on one another. The human data are also assumed to be similar 
to the preclinical species in this plot, and so the human IV PK profi le is 
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back - generated by simulating the profi le for a 70 - kg individual using the esti-
mated model parameters. 

 Although the human IV PK profi le is useful, given that most drugs are 
administered by the oral (PO) route, the PK profi le following oral adminis-
tration is desired. In this case, the preclinical species IV or PO PK data are 
analyzed using appropriate methods (like deconvolution or compartment 
modeling) to estimate the fi rst - order absorption rate constant ( k a  ). This, in 
conjunction with the observed average preclinical species bioavailability, is 
integrated along with the generated human IV PK profi le to simulate the 
human oral PK profi le. In cases where the absorption is complex (not fi rst 
order), appropriate absorption models should be developed for integration 
with the IV data, so that an oral profi le can be generated. In addition, the 
bioavailability observed in preclinical species may not be refl ective of what 
is expected in humans, because the formulation can change dramatically 
(from solution to tablet). Therefore, the availability of preclinical oral 
data using a clinically relevant formulation would be benefi cial in assessing 
this risk. 

 For application of other pharmacokinetic time units like dienetichrons and 
syndesichrons, the time unit in Eq.  (6.42)  would need to be modifi ed as pro-
posed by Boxenbaum.    

6.6.1.2.2   Mean Residence Time ( MRT ) Normalization Approach.     A second 
methodology for prediction of the human IV PK profi le is the relatively recent 
approach proposed by Wajima et al. ( 2004 ). This involves the normalization 
of the concentration and time axes using the  C  SS  and mean residence time 
(MRT), respectively. In this methodology, the  C  SS  (not to be mistaken for the 
concentration at steady state) is calculated by dividing the administered dose 
by the  V  SS . 

 In this approach, the preclinical species plasma concentration and time data 
are transformed as shown below in Eqs.  (6.43)  and  (6.44) .

     Figure 6.13.     Representative plots of observed and the predicted preclinical pharma-
cokinetic profi les following transformation of preclinical IV PK data using Eq.  (6.42) . 
The left - hand panel presents the data in a chronological time format whereas the right -
 hand panel presents the data in apolisichron units.  
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      X axis
Time
MRT

=     (6.43)  

      Y

V
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=     (6.44)   

 These data, when plotted together,  “ collapse ”  similar to that observed for 
the SIT methods (Figure  6.13 , right - hand panel). A representative plot of 
preclinical PK data from rats, dogs, and cynomolgus monkeys (left - hand 
panel), along with their transformation using the MRT normalization 
approach, is shown in Fig.  6.14 .   

 Similar to the species invariant time approach, the normalized human 
concentration – time profi le is assumed to be similar to the normalized preclini-
cal species profi les. Therefore, the human IV PK profi le is simulated by back -
 transforming the  X  axis and  Y  axis of the collapsed plots by multiplying them 
with human MRT and human  C  SS , respectively. The human MRT and  C  SS  are 
calculated using the predicted human clearance and  V  SS . The clearance and 
 V  ss  can be predicted using either allometry or other  in vitro  or  in silico  
methodologies. 

 Therein lies the major fl exibility of this approach, in that a broad spectrum 
of clearance and/or  V  ss  values, determined using various methodologies, can 
be incorporated into the modeling process to simulate various scenarios. In 
contrast, the SIT methodology cannot commonly incorporate  in vitro  or  in 
silico  scaled clearance and  V  SS  values and is restricted to human clearance and 
 V  SS  values predicted using the various time transformations. In practice, based 
on accumulated knowledge in a drug discovery program, if  in vitro  or  in silico  
scaled clearance or  V  SS  values are found to be more appropriate, then the 
MRT normalization approach would be the preferred method over the SIT 
method.    

     Figure 6.14.     A representative plot of preclinical pharmacokinetic data from rat, dog, 
and cynomolgus monkey ( left - hand panel ) along with their transformation using the 
MRT normalization approach ( right - hand panel ).  
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  6.6.2   Projection of Human Effi cacious Dose 

 Projection of the human effi cacious dose is not an easy task because it requires 
good estimation of the pharmacokinetics of drug candidates in humans (as 
described in Section  6.6.1   ) and good understanding of the PK – PD relation-
ship. To establish the PK – PD relationship, various animal effi cacy models are 
used, depending on the therapeutic area. One critical assumption here is that 
the preclinical effi cacy models serve as good surrogates of human diseases. 
However, it should be recognized that different preclinical effi cacy models 
often give quantitatively different (or confl icting) results. When that happens, 
it simply becomes a question of which preclinical animal models better repre-
sent human disease conditions (e.g., rodents versus larger animals). This is not 
an easy question to answer, and it is beyond the scope of this chapter. 

 Assuming that the use of these preclinical effi cacy models is valid, the main 
question is, Does  in vivo  effi cacy correlate with the overall systemic AUC or 
a threshold concentration at trough ( Cmin )? It is often very diffi cult to delineate 
whether AUC or  Cmin  drive the effi cacy, and the approaches to estimating the 
human effi cacious dose are quite different depending on the endpoint of inter-
est. If the overall exposure (AUC) drives the effi cacy, then the projected 
human dose can be simply estimated by incorporating the overall CL and oral 
bioavailability. 

 Projected human effi cacious dose   =   ( F     *    AUC)/CL, where AUC is the drug 
exposure that produced desirable effi cacy in the preclinical animal models, 
and CL is the projected human CL based on the methods described above. 
On the other hand, if maintaining a threshold concentration throughout the 
dosing period is important to sustain effi cacy, then the  Cmin  (or  Ctrough ) needs 
to be estimated from the preclinical effi cacy models or  in vitro  potency derived 
from human systems. Once  Cmin  is established, then the required PK profi les 
can be constructed using the methods described earlier, such as the species 
invariant time approach or the mean residence time approach. It should be 
emphasized that the estimated human effi cacious dose is a rough projection 
based on numerous assumptions. Therefore, the value of using such informa-
tion should be considered carefully during the decision - making process. 

 Estimation of the human effi cacious dose at the discovery stage can be 
useful in providing a ballpark fi gure on the clinically relevant dose with respect 
to developability. If the projected human effi cacious dose exceeds  > 1000   mg 
and beyond, then the pharmaceutical development tasks may become unreal-
istically challenging, and alternative drug candidates should be considered.   

  6.7   PHARMACOKINETIC (TOXICOKINETIC) STUDIES 
SUPPORTING SAFETY ASSESSMENT 

 Toxicokinetics (TK) refers to pharmacokinetics at high doses where toxicity 
is likely to happen. For a long time, toxicokinetics was used as an evidence 
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that the animals tested in the drug safety study had been exposed to the drug 
tested; however, the utility of toxicokinetics is now becoming more versatile. 
Toxicokinetics is a tool used to assess systemic exposure to drugs in preclinical 
toxicological animal species for the purpose of evaluating drug safety prior to 
administration into humans. 

 The objective of preclinical safety studies is to determine a dose or expo-
sure that will produce adverse effects and to determine a dose or exposure 
that will be safe and well - tolerated. These data are used to explain the observed 
toxicity in specifi c tissues or organs in animals, to monitor humans, and to 
establish safety margins based on drug exposures to ensure that the proposed 
range of doses in humans will also be safe and well - tolerated. Different toxi-
cokinetic studies are conducted at different stages to support the initiation of 
the fi rst - in - human phase I study, for chronic drug dosing into phases II and 
III, and for the inclusion of women of child - bearing potential as well as for 
pediatrics, if these specifi c patient population could be benefi t from the drug 
treatment. Toxicokinetics is not only an important part of exposure monitor-
ing in general toxicology studies, but it is also important in developmental and 
reproductive studies, in genotoxicity studies, in cardiovascular safety monitor-
ing, and in bridging studies when the form of drug changes or when the route 
of administration of drug changes. 

  6.7.1   Toxicokinetic Study Design 

 The Food and Drug Administration (FDA), the Europeans Medicines Agency 
(EMEA), and the Japan Pharmaceutical Manufacturers Association (JPMA) 
have adopted guidelines for assessing drug toxicokinetics in preclinical toxicity 
studies (ICH,  1994 ). These regulatory documents provide guidance on key 
elements of toxicokinetic study design, such as dose selection, species selec-
tion, route of administration, and toxicokinetic parameters. 

6.7.1.1 Study Design.   The parameters monitored in toxicokinetics are 
AUC (0−t) ,  Cmax , and  Tmax . AUC (0−t)  is the area under the concentration curve 
describing the drug concentration as a function of time up to the last measur-
able time point ( t ) and is a measure of drug exposure with respect to time. 
Cmax  is the maximum concentration of the drug achieved in the plasma follow-
ing dose administration, and  Tmax  is the time at which  Cmax  is attained. 

 Due to the limitation of blood volume that can be collected from the 
animal, the number of blood samples is often limited to approximately four 
to six time points. It is impossible to fully characterize all toxicokinetic param-
eters based on these limited time points. However, intrinsic PK characteristics 
[e.g., half - life ( T1/2 ), volume at steady state ( VSS ), clearance (CL S ), etc.] are 
generally obtained from a full PK assessment study that was conducted prior 
to the toxicokinetic study. Based on the PK parameters, the sample collection 
time points can be carefully selected in order to capture more accurate toxi-
cokinetic parameters.  
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6.7.1.2 Species.   Generally, drug safety evaluation studies are initiated in 
two relevant preclinical species — one rodent, the other nonrodent — and in 
both male and female animals. When animal species selection is under con-
sideration, the species should exhibit species - selective toxicities that are rel-
evant to humans, and the metabolic profi le of the animal should be qualitatively 
similar to that of humans. For developmental and reproductive studies, and 
genotoxicity studies, rodents are often chosen due to their shorter life spans, 
allowing evaluation of effects of the drug within a practical time frame.  

6.7.1.3 Blood Sampling and Sampling Times.   Blood lost affects the well -
 being of animals, particularly if the animal is to survive for longer - term assess-
ment. In general, the total volume of blood that can be safely sampled for 
toxicokinetic analysis is less than 10% of total blood volume in the animal. 
Therefore, blood samples collected for toxicokinetic evaluation should be 
considered carefully during the study design in order to achieve the study 
objective(s). In general, time points near the  Tmax  should be considered in 
order to assess Cmax  as accurately as possible (Pai et al.,  1996 ), with one or two 
samples collected during the distribution phase (for intravenously adminis-
tered drugs) or absorption phase (for extravascularly administered drugs), as 
well as two or three samples collected during drug elimination, with the fi nal 
sampling time at trough, at the end of the dosing interval (i.e., for a QD dosing 
regimen, this is a 24 - h post dose, immediately prior to the next day ’ s dose).  

6.7.1.4 Serial Versus Sparse Study Designs.   In large animals (e.g., dogs, 
monkeys, rabbits), multiple blood samples can be collected from each indi-
vidual animal in a serial sampling design. Drug safety and toxicokinetics of 
the drug can be evaluated from the same animal. However, for small animals 
(e.g., mice, rats), due to limited total blood volume constraints, it is challenging 
to collect multiple blood samples in order to generate a plasma concentration –
 time profi le from an individual animal without compromising the safety evalu-
ation of the animal. Therefore, alternative designs are generally considered 
for these small animals, such as a sparse sampling design or a satellite group 
design. In a sparse sampling design, at each dose group, the animal used in 
the safety evaluation study is assigned into one of the three subgroups with 
three to four animals per sex per subgroup. Each subgroup is assigned to be 
bled at different time points, and each animal is generally bled twice. For 
example, at the lowest dose group, animals in the subgroup A are bled in 0.5   h 
and 4   h post dose; the subgroup B are bled at 2   h and 8   h post dose; and animals 
subgroup C are bled at 6   h and 24   h post dose. A complete plasma concentra-
tion profi le is generated using time points from all animals in each dose level 
group. In a satellite group design, additional animals (three to four animals 
per sex per dose) will be included in the drug safety study. These animals will 
not be included in the safety evaluation, although they will be treated in 
exactly the same way as the safety evaluation animals, in terms of dosing, 
handling, feeding, and so on. Similar to PK studies, serial blood samples will 
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be collected from each individual animal and toxicokinetic parameters will be 
derived.  

6.7.1.5 Doses.   Dose is selected based on the need for safety evaluation and 
to provide acceptable exposure margins for human studies (ICH S1C, and S3A 
Guidelines). Three or four dose levels are generally selected. A good under-
standing the pharmacology and pharmacokinetics of the drug enables a selec-
tion of optimal dose levels for evaluating drug safety in the tested animals. 
The lowest dose is expected to be the highest pharmacologic clinical dose 
where no toxicity is expected, based on the pharmacology dose – response 
study. At the highest dose, it is anticipated that drug - dependent toxicity will 
be observed but will not be fatal. The mid dose is selected to provide some 
toxicity and to exhibit dose - related responses.  

6.7.1.6 Dose Regimen.   The route of administration should be the same as 
that intended for human use. Frequency of dosing in safety studies is typically 
once daily. However, if the exposure is limited due to poor absorption (i.e., 
poor solubility), it is not uncommon that twice - a - day dosing is conducted to 
enhance the exposure and to provide adequate exposure margin over humans. 
For the cytotoxic agent, the dose regimen in the safety evaluation study could 
also mimic the human dose regimen by giving intermittent dosing (e.g., 5 days 
on cycle, 2 days off cycle) to allow recovery of the animal from the cytotoxic 
agent.  

6.7.1.7 Metabolite Monitoring.   FDA and ICH guidelines issued in the mid -
 1990s described the considerations that must be given to monitor parent drug 
concentrations in the course of safety assessment (ICH,  1994 ). These guide-
lines also acknowledged the role of metabolites and made reference to infor-
mation that might be considered in various regulatory situations (Center for 
Drug Evaluation and Research,  2002 ). In 1999, a PhRMA perspective was 
issued that described how metabolite monitoring could be conducted and also 
discussed how metabolite - driven toxicities might be addressed in toxicity 
testing (Baillie et al.,  2002 ). Considerable open debate followed, which culmi-
nated in an FDA - issued guideline (Center for Drug Evaluation and Research, 
 2008 ). Because metabolites can have both target (pharmacologically intended) 
and off - target effects, preclinical safety testing should attempt to ensure that 
human subjects are not put at unreasonable risk from the metabolites of the 
drugs they are taking. Ideally, preclinical species will produce a spectrum of 
metabolites similar to those produced in human subjects, and suffi cient expo-
sure margins can be documented for those metabolites which predominate in 
humans. A particular risk is presented when humans produce large amounts 
of metabolites not seen to a signifi cant degree in preclinical studies. 

  6.7.1.7.1   Sex Differences.     Exposure differences between male and female 
animals are often observed in during toxicity testing. These differences can 
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occur through differences in drug metabolism due to differential expression 
of cytochrome P450 enzymes in male and female animals. In general, CYP2A2, 
CYP2C11, CYP3A1, CYP3A2 are male - specifi c and have higher activities in 
male rats than in female rats; while CYP2A1, CYP2C7 and CYP2C12 are 
female - specifi c (Parke and Ioannides  , 1996; Waskiewicz et al.,  1995 ). Therefore, 
for drugs that are substrates of these enzymes, sex - related differences in 
drug exposures are likely to occur and may contribute to sex - related drug 
toxicity.   

  6.7.1.8   Safety Margins.     The interpretative use of toxicokinetic information 
is to derive the relationship between drug exposures and toxicology responses 
in the drug safety studies using preclinical species. The toxicokinetic data are 
further used to evaluate a safety margin or exposure multiple for the potential 
human therapeutic dose that is expected to be safe and well - tolerated in 
humans. The dose during preclinical safety testing that resulted in no adverse 
fi ndings is considered as a  no observed adverse effect level  (NOAEL). The 
safety margin is a quantitative term that describes the risk of toxicity in human 
at the anticipated therapeutic exposure. It is determined using relevant toxi-
cokinetic parameter (e.g., AUC or  C  max ) at this dose is also characterized, and 
compared against the anticipated clinical therapeutic exposure.

      Safety margin
AUC
AUC

NOAEL

Clinical

=     (6.45)  

 or 

      Safety margin NOAEL

Clinical

=
C
C

max,

max,

    (6.46)    

  6.7.1.9   Rationale for Selection of Starting Dose.     The starting dose for the 
fi rst in human is based on the result of safety data obtained from the available 
GLP - compliant animal toxicology studies. Generally, the estimation of the 
human equivalent dose (HED) is 1/10th of the NOAEL dose. For example, 
if the NOAEL dose is 30   mg/kg/day (180   mg/m 2 /day) for rats based on the 
fi ndings of toxicity, and the NOAEL dose in the GLP - compliant toxicity study 
in dogs is 6   mg/kg/day (120   mg/m 2 /day), then the estimated HED should be 
considered based on the more sensitive species. In this case, it is the dog. The 
NOAEL dose in the dog is 6   mg/kg/day (120   mg/m 2 /day), corresponding to 
3.2   mg/kg HED. Therefore, a daily oral dose of 25   mg (corresponding to 0.4   mg/
kg for a 60 - kg subject) will be used as the starting dose. This starting dose may 
or may not be expected to have minimal pharmacological activity. 

 The proposed dose escalation will depend upon the toxicology fi ndings and 
the PK characteristics. If the overall toxicology fi ndings in the animal are 
modest and the compound exhibits linear pharmacokinetics in the animal, 
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then the next dose could be double or greater. However, if the severity of the 
toxicology fi ndings increases greatly as the dose increase and the compound 
exhibits greater than dose - proportional pharmacokinetics, then the dose 
increment in human should be slow and cautious. Human safety will be evalu-
ated based on the clinical profi le (evaluation of adverse events, vital signs, and 
clinical laboratory parameters). The actual ending dose for dose escalation 
will be determined by the occurrence of dose - limiting toxicity defi ned by the 
investigator.    
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7
 ENZYME INHIBITION AND 
INACTIVATION: CYTOCHROME 
 P 450 ENZYMES  

  R. Scott   Obach       

   7.1   INTRODUCTION 

 Cytochrome P450 enzymes play the predominant role in the clearance of a 
majority of drugs. Therefore, drugs that can affect the activity of these 
enzymes can potentially cause pharmacokinetic drug – drug interactions by 
altering the rate of clearance of other drugs when more than one drug is 
administered simultaneously. Knowledge of the enzymes of the P450 family, 
their substrate selectivities, and inhibitors that has developed over the past 
few decades has formed the basis for approaches that are used to predict 
drug – drug interactions from  in vitro  data and thus avoid selection of com-
pounds in early drug research that will cause drug – drug interactions. Many 
reviews, monographs, and even entire books have been written on the topic 
of cytochrome P450 biochemistry and its importance in drug research, and 
the reader is referred to these works for greater detail (Ortiz de Montellano, 
 2005 ; Lee et al.,  2003 ). The objective of this chapter is to briefl y bring together 
(a) concepts of inhibition of P450 enzymes, (b) methodological consider-
ations for laboratory analysis, and (c) approaches to predict drug interactions 
from in vitro  data.  
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  7.2   CYTOCHROME  P 450 CYCLE, UNIFIED MECHANISM, AND 
INHIBITION MECHANISMS 

  7.2.1   Catalytic Cycle and Unifi ed Mechanism 

 In order to understand the role of inhibition of P450 enzymes and drug – drug 
interactions, some basic elements of these enzymes must be appreciated. 
There are hundreds of cytochrome P450 enzymes, and humans possess over 
50 (Guengerich,  2003 ). While all of the P450s possess the common feature of 
a heme with a thiol ligand at their active centers, these enzymes have been 
divided into families based on their similarities and differences in amino acid 
sequence. Many of the human enzymes are involved in the metabolism of 
endogenous compounds, which can be pharmacological targets themselves 
(e.g., aromatase inhibitors), but for the metabolic clearance of drugs, just three 
of the P450 families predominate: CYP1, CYP2, and CYP3. Unlike the classic 
biochemical concept of  “ one enzyme, one substrate, ”  the drug metabolizing 
P450 enzymes exhibit a broad array of substrate, reaction, and inhibitor speci-
fi cities. This broad array of substrates, reactions, and inhibitors contributes to 
making drug metabolic clearance and drug – drug interactions complex, multi-
variate phenomena. It requires that a fairly complex experimental approach 
(in vitro  and  in vivo ) and analysis is done for understanding the enzymes 
involved in drug metabolism and prediction of drug – drug interactions for any 
given drug. These approaches have been the focus of comprehensive reviews 
and chapters (Zhang et al.,  2007 ; Bjornsson et al.,  2003 ; Madan et al.,  2002 ; 
Tucker et al.,  2001 ) as well as the focus of government regulatory guidance in 
the development of new drugs (FDA,  2006   ). 

 Despite these complexities, the various P450 enzymes actually utilize a 
common bioorganic mechanism in their catalytic cycle, and the different reac-
tion outcomes are a function of the chemical substituents residing on the 
substrates and the orientation(s) of the substrate in the binding pocket which 
determines which substituent(s) will be oriented toward the active heme 
center. Understanding the mechanisms of inhibition (described below) 
requires an understanding of the P450 reaction cycle (Fig.  7.1 ) which has been 
developed through many years of research [reviewed in Makris et al.  (2005) ]. 
Briefl y, the cycle is initiated by the binding of the substrate to the enzyme in 
its ground - state ferric form, which is followed by a reduction reaction of the 
ferric to ferrous forms. The source of electrons is NADPH, which transfers 
the reducing equivalents through NADPH:cytochrome P450 reductase. 
Binding of O 2  occurs next to form a heme - peroxy species, a second reducing 
equivalent is introduced (from NADPH:P450 reductase or cytochrome b 5 ), 
and the O – O bond undergoes scission resulting in a reactive species hypoth-
esized to be either an oxene (i.e., Fe(V) = O) or radical (Fe(IV) – O • ) species. 
This reactive intermediate is the entity that reacts with various drugs, and the 
reaction catalyzed (e.g., hydroxylation, heteroatom dealkylation, heteroatom 
oxygenation, epoxidation, etc.) depends upon the nature of the substrate 
substituent that is oriented closest to it.    
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  7.2.2   Inhibition Mechanisms 

 Inhibition and inactivation of P450 enzymes can occur via a few different types 
of mechanisms. Reversible inhibition can occur when the inhibitor binds to 
the substrate binding site preventing substrate from binding. Some reversible 
competitive inhibitors are actually substrates themselves that merely compete 
for the same binding site, but with one substrate having a greater affi nity than 
the other (e.g., fl uxoetine inhibition of CYP2D6), whereas other inhibitors 
bind in the substrate binding site but are not metabolized by the enzyme (e.g., 
quinidine inhibition of CYP2D6). Reversible inhibition can also occur if the 
inhibitor has a chemical substituent that forms a noncovalent ligand inter-
action with the ferric iron in the heme, such as many imidazole containing 
inhibitors (e.g., ketoconazole). These different types of binding interactions 
can be distinguished spectrally, because shifts in the absorbance spectrum of 
the heme will occur upon ligand binding and are referred to as type I and type 
II binding spectra. Type I binding results in an absorbance maximum at 
approximately 390   nm and a minimum at 420   nm, while type II binding results 
in a maximum at around 430   nm and a minimum at around 400   nm. 

 While inhibition is reversible and activity of the enzyme is restored when 
the inhibitor dissociates from the enzyme, inactivation results in permanent 
disabling of enzyme activity. Inactivators can possess intrinsic chemical reac-
tivity yet possess other portions that permit preferential binding to the 
enzyme; these are affi nity labels. For the purposes of understanding drug 
interactions and P450s, such inactivators do not have practical relevance and 
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     Figure 7.1.     Summary of the catalytic cycle of cytochrome P450.  
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will not be discussed further. For drug interactions, inactivators that are 
mechanism - based are important. In these cases the inactivator serves as a 
substrate and is activated by the P450 to a reactive intermediate that irre-
versibly damages the enzyme by chemically reacting with it. The reaction 
can occur by forming a covalent bond between the inactivator and the 
amino acid chain or by forming an adduct with the porphyrin of the heme. 
A type of inactivation that is unique to the P450 enzymes is the formation 
of quasi - irreversible complexes. In this case, the inactivator is converted by 
the enzyme to an intermediate that will form a tight noncovalent ligand 
with the heme iron, which can be observed spectrally by an increase in 
absorbance at 456   nm. This complex can be dissociated  in vitro  by the addi-
tion of ferricyanide (hence the name  “ quasi - irreversible ” ), but  in vivo  this 
is type of inactivation is irreversible. There are several types of chemical 
substituents on drugs that can cause mechanism - based inactivation of human 
P450 enzymes by one of the three mechanisms described above, and some 
of the better studied ones are listed in Table  7.1  (Kalgutkar et al.,  2007 ; 
Riley et al.,  2007 ).     

 TABLE 7.1.     Chemical Substituents Known to Cause Mechanism - Based Inactivation 
of Human Cytochrome  P 450 Enzymes 

   Substituent  
   Inactivating 

Species     Target     Examples  

  Amine    Nitroso    Heme Fe 
(quasi - irreversible)  

  Erythromycin 
(CYP3A4)  

  Alkene    Epoxide    Apoprotein and 
porphyrin  

  Secobarbital 
(CYP2B)  

  Alkyne    Ketene    Porphyrin and 
apoprotein  

  Ethinyl estradiol  

  Cyclopropylamine    Radical    Aporprotein    Tranylcypramine 
(CYP1A2)  

  Methylenedioxy    Carbene    Heme Fe 
(quasi - irreversible)  

  Paroxetine 
(CYP2D6)  

  Thiophene    Epoxide or  S  - oxide    Apoprotein    Tienilic acid 
(CYP2C9)  

  Furan    Unsaturated 
aldehyde  

  Apoprotein    Menthofuran 
(CYP2A6)  

  Phenol    Quinone    Apoprotein    Raloxifene 
(CYP3A4)  

  Benzotriazole    Benzyne    Porphyrin    ABT (several 
CYPs)  

  Alkyl imidazole    Imidazomethide    Apoprotein    Furaphylline 
(CYP1A2)  

  Acyl glucuronide    Unknown    Unknown    Gemfi brozil 
(CYP2C8)  
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  7.3   CYTOCHROME  P 450 ASSAY APPROACHES 

  7.3.1   Multiplicity of Human Cytochrome  P 450 Enzymes and 
Substrate Specifi cities 

 The drug - metabolizing human cytochrome P450 enzymes reside primarily in 
families 1, 2, and 3, although there are a few drugs metabolized by members 
of family 4. Experimental approaches to measure the inhibition of P450 activi-
ties in human liver microsomes are highly dependent on ensuring that the 
activity assays employed possess selectivity for individual P450 enzymes. 
Assay selectivity is not critical when the enzymes used are purifi ed or expressed 
singly from recombinant DNA in heterologous expression systems. Over the 
years, a good basis of knowledge has been developed regarding the selectivity 
of various substrates and inhibitors of individual P450 enzymes, and this 
knowledge forms the basis of the approaches used to determine the P450 
enzymes involved in the metabolism of new drugs and the prediction of drug –
 drug interactions. The most important of the human drug - metabolizing 
enzymes, along with well - established  in vivo  probe  in vitro  reactions used to 
explore whether a new compound will inhibit a P450 enzyme are listed in 
Table  7.2 . Note that there is a not a perfect overlap for chemical tools used 
in vitro , and those used in the clinic because some of the best  in vitro  tools 
are not available for administration to humans.    

  7.3.2   Cytochrome  P 450 Assay Approaches: Human Liver Microsomes 

 The use of human liver microsomes as a source of enzyme activity in the 
testing of new compounds as inhibitors of P450 enzymes is a common practice. 
While human liver tissue suitable for preparation of microsomes was rare in 
the past (i.e., before 1990), over the past 15 years it has become easier to 
obtain this material by means of ethical nonprofi t tissue acquisition networks 
and commercial suppliers who process the tissue for research. Liver micro-
somes can be from individual donors or, more frequently, are pooled from 
multiple individuals to provide an  “ average human. ”  Generation of inhibition 
data in liver microsomes from multiple individual donors permits some assess-
ment of variability, however, for prediction of overall drug – drug interactions, 
the use of pooled liver microsomes is adequate and is resource - sparing. 
Furthermore, the data gathered using pooled liver microsomes can be entered 
into computer programs that can model populations to gain a sense of 
variability. 

 Liver microsomes provide the advantage that the P450 enzymes are in 
membranes comprised of a  “ natural ”  phospholipid composition and have 
the appropriate amounts of NADPH:P450 reductase and cytochrome b 5 . 
But it must be kept in mind that the in vitro  system is far different from an 
intact in vivo  situation: oxygen tension is greater  in vitro , the natural structure 
of the endoplasmic reticulum has been disrupted into microsomes upon 
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homogenization, and natural buffers and other solutes are not present. The 
extent that these differences between in vivo  and  in vitro  contribute to con-
founding in vitro  to  in vivo  extrapolation and prediction is unknown, and there 
is really no way to know for certain. An exploration of the effects of buffers 
used in vitro  has been done. Endogenous buffering capacity within a hepato-
cyte is probably a sum of many components such as bicarbonate and many 
cellular solutes (e.g., amino acids, phosphates, pyrophosphates, etc.). Most 
investigators utilize phosphate or Tris buffers at concentrations of 25 – 100   mM 
to ensure maintaining pH at 7.4 throughout an incubation period. However, 
it has been shown that different buffers can have different effects on P450 
enzymes [e.g., bicarbonate versus others for CYP2D6 activity (Hutzler et al., 
 2003 )]. The effect of Mg 2+  has also been explored and shown to have an effect 
on CYP3A activity (Maenpaa et al.,  1998 ). The presence of contaminating 
fatty acids in liver microsomal preparations may be underlying an effect of 
added albumin causing an apparent stimulation of some P450 activities by 
sequestration of inhibitory fatty acids (Rowland et al.,  2008 ; Ishii et al.,  2001 ; 
Xu et al.,  2003 ; Powis et al.,  1977 ). The use of NADPH or NADPH regenera-
tion systems may impact activity for extended incubation times, with the latter 
avoiding the buildup of NADP that can inhibit the reductase. These experi-
mental variables may have an effect on absolute activities and cause problems 
for scaling in vitro  activity to  in vivo  clearance. However, the measurement of 
inhibition is a relative measurement (i.e., everything is relative to the control 
activity); thus the impact of these variables may not be as important for pre-
diction of in vivo  inhibition. However, this has not been systematically 
evaluated. 

 A major complicating factor in the use of human liver microsomes for 
in vitro  inhibition assays is that this system possesses a complex mixture of 
P450 enzymes. This absolutely requires that the activity assays used be 
selective markers for individual enzymes. In almost all cases, a particular 
reaction will be catalyzed by more than one enzyme. A key to using a reac-
tion as a selective marker activity is in the selection of an appropriate sub-
strate concentration. A good selective marker activity should be at least 
95% attributable to the enzyme of focus at the substrate concentration 
employed. There are many other practical attributes to marker activities 
(listed in Table  7.3 ). A list of well - accepted P450 marker activities is 
included in Table  7.2 ; and it should be noted that despite their widespread 
use and acceptance, many of these suffer from lacking one or more of these 
desirable attributes.   

 Sound enzyme kinetic practice is a must for any good inhibition experi-
ment. Preliminary investigation of the linearity of the marker reaction velocity 
with time and protein concentration is a necessary experiment to establish 
appropriate conditions. Certainly, consumption of substrate should never 
exceed 20%, and more ideally this should not exceed 10% and should be as 
low as possible. For P450 reactions in liver microsomes, reaction rates typically 
begin to decline after 30   min; this is hypothesized to be due to the buildup of 
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reactive oxygen species that arise via nonproductive cycling of the enzyme. In 
some cases, the marker activity shows some indication of mechanism - based 
inactivation, as is the case for CYP3A - catalyzed midazolam hydroxylation 
(Khan et al.,  2002 ), thus necessitating the use of fairly short incubation times. 
A lack of linearity with protein concentration is most often observed when 
the substrate nonspecifi cally binds to microsomal protein or lipid. For the 
commonly used P450 substrates, this is typically not much of a problem 
because the rate of reaction is high enough such that low microsomal 
protein concentrations can be used and the substrates are not excessively 
lipophilic. 

 Analytical approaches employed for P450 marker activities in human liver 
microsomes have almost exclusively included HPLC separation of the product 
of interest from the substrate (and other products as the case may be), with 
different detection techniques. Many of the early assays used HPLC - UV (e.g., 
6 β  - hydroxytestosterone, acetaminophen, 7 - hydroxywarfarin, etc.) or HPLC 
with fl uorescence (e.g., 1 ′  - hydroxybufuralol) (Fasco et al.,  1977 ; Kronbach 
et al.,  1987 ; Butler et al.,  1989 ; Purdon and Lehman - McKeeman,  1997 ). With 
the increased availability of less expensive, user - friendly HPLC - MS/MS 
instrumentation, many of the P450 assays have been converted to using this 
detection approach. In general, HPLC - MS affords a considerable increase in 
sensitivity that permits the use of lower microsomal protein concentrations, 
employment of stable isotope - labeled products as internal standards yields an 
increase in assay precision, and the selectivity of MS detection reduces the 
need for extensive sample clean - up procedures as a simple fi ltration step to 
remove protein can be all that is needed (Walsky and Obach,  2004 ). Standard 

 TABLE 7.3.     Characteristics of Good Liver Microsomal Cytochrome  P 450 Marker 
Activities 

      •      Substrate, product, and a suitable internal standard are commercially available, 
inexpensive, stable as solids, and available with sound analytical characterization. 
In particular, the substrate should not have the product as a contaminant.  

   •      Substrate is readily soluble in water or organic solvents that do not inhibit P450 
activities at 1% (v/v).  

   •      The substrate and product are stable in solution.  
   •      The product is readily able to be analyzed (e.g., ionizes on API - MS, has strong 

chromophore for UV, or is highly fl uorescent).  
   •       ≥ 95% of the activity is catalyzed by one enzyme.  
   •      The activity can be characterized by simple hyperbolic Michaelis – Menten kinetics.  
   •      The activity is high enough that low microsomal protein concentrations can be 

used.  
   •      Multiple regioisomeric products are either not formed or are readily separated by 

HPLC without lengthy run times.  
   •      The substrate and product do not undergo appreciable nonspecifi c binding to 

microsomes.     
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aspects of sound analytical method verifi cation are required (i.e., standard 
curves, quality control samples). A unique quality control sample needed for 
P450 inhibition assays is the determination that the test inhibitor does not 
interfere with the assay for the product itself. A less selective detection tech-
nique such as HPLC - UV can be subject to interference if the test compound 
coelutes with the product, and even a selective technique like HPLC - MS can 
be subject to interference if the test compound coelutes with the product and 
causes ion suppression. With HPLC - MS/MS, some investigators have devised 
various  “ cocktail ”  approaches in which a set of P450 - selective substrates are 
co - incubated in an attempt to gather the inhibition data for a test compound 
all at once (Dixit et al.,  2007 ; Tolonen et al.,  2007 ; Smith et al.,  2007 ; Kim et 
al.,  2005 ). Challenges exist in selecting a reaction time suitable for all activities 
and in ensuring that all substrates do not interfere with any one of the other 
assays. The phenomenon of competition for limiting NADPH:P450 reductase 
and interactions between the P450 enzymes (Backes and Kelley,  2003 ) them-
selves can confound this approach.  

  7.3.3   Cytochrome  P 450 Assay Approaches: Recombinant Enzymes 

 Commercially available P450 enzymes that have been cloned and expressed 
in heterologous expression systems have proven to be a useful tool for in vitro
inhibition assays. The great advantage offered by such systems is that each 
individual P450 enzyme is expressed separately; therefore the marker activity 
employed does not have to be selective. A disadvantage of these systems is 
that they are further from the actual in vivo  situation; the amounts of P450, 
reductase, and cytochrome b 5  do not match what is in liver microsomes, and 
any effect of P450 – P450 interactions is absent. 

 For testing new compounds as P450 inhibitors, the recombinant P450 
systems have permitted the use of fl uorogenic substrates that are amenable to 
plate reader platform assays (Ghosal et al.,  2003 ; Chauret et al.,  1999 ,  2001 ; 
Miller et al.,  2000 ). This serves as a great advantage over chromatography -
 based approaches since the throughput can be increased considerably. The 
fl uorogenic substrates have each been designed such that they will serve as 
substrates for the human P450 enzymes, and many are based on a coumarin -
 type core. As with any other enzyme inhibition assay, the assay procedure 
must be based on a kinetically sound foundation (linearity). The speed and 
throughput of these assays makes them very appealing for screening in early 
drug research. However, the correlation of results from fl uorogenic assays 
using recombinant P450 enzymes to those generated using liver microsomes 
and drug - like substrates does not have a high enough fi delity to merit their 
use in defi nitive assessments of P450 inhibition (Cohen et al.,  2003 ). Whether 
this is due to the recombinant enzyme or the fl uorogenic substrate has not 
been determined. A more recent area of research is the development of 
luminescent substrates based on the well - known luciferase biochemistry (Cali 
et al.,  2006 ).  
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  7.3.4   Mechanism - Based Inactivation 

 Some of the most notorious of the perpetrators of clinical drug – drug interac-
tions are mechanism - based inactivators. Examination of new compounds as 
potential mechanism - based inactivators utilizes the P450 activity assays 
described above; however, in this case the test compound must fi rst be prein-
cubated with enzyme and NADPH prior to the addition of the substrate and 
conduct of the substrate activity assay incubation. There are several experi-
mental approaches that can be used to assess mechanism - based inactivation. 
The most widely used approach involves preincubation of the test compound 
with liver microsomes (or other source of P450 enzyme); an aliquot is removed 
from this preincubation and diluted into a second incubation assay containing 
the P450 marker substrate and NADPH. When this is done using multiple 
inactivator concentrations, a plot of the apparent inactivation rate constants 
measured at each concentration versus the inactivator concentration is con-
structed and the theoretical maximum inactivation rate constant ( kinact ) and 
concentration yielding half - maximal inactivation ( KI ) are estimated. Note that 
for P450 enzymes it is important to correct for any loss of enzyme activity that 
can occur when the enzyme is incubated with NADPH in the absence of 
inactivator. (That is, the plot of  kinact,app  versus [I] may yield a nonzero inter-
cept.) There has been considerable debate in the literature about the best 
methodological approach to conduct inactivation experiments and whether 
different approaches yield data that would be interpreted differently (Ghanbari 
et al.,  2006 ). Co - incubation of test compound and substrate and measuring the 
product formed at multiple timepoints (i.e.,  “ progress curve ” approach) rep-
resents another approach to measure mechanism - based inactivation (Fairman 
et al.,  2007 ). A systematic evaluation of these approaches is warranted for 
P450 inactivation and prediction of drug interactions.  

  7.3.5   Complicating Factors 

 For the P450 enzymes, there are several complicating factors that need to be 
appreciated when conducting inhibition experiments. 

 Many P450 reactions do not show straightforward hyperbolic enzyme 
kinetic behavior. The more complicated the enzyme kinetic behavior, the 
more challenging it is to determine inhibition kinetics. P450 enzymes can 
exhibit activation kinetics, substrate inhibition kinetics, and two - site kinetics 
(Fig.  7.2 ). Sound characterization of the enzyme kinetics of the marker activity 
is necessary in order to design and interpret inhibition experiments. Aberrant 
enzyme kinetic behavior will require careful consideration of substrate con-
centrations used in inhibition experiments and the number of substrate/inhibi-
tor concentration pairs needed to reliably defi ne the kinetic parameters.   

 Nonspecifi c binding of the inhibitor to liver microsomes can counfound the 
determination of inhibition constants, making them artifi cially high. While the 
extent of nonspecifi c binding of the substrate should already have been taken 
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care of when the assay was developed, and the binding should be low because 
the substrates used tend to not be highly lipophilic, this may not be the case 
for the compounds being tested as inhibitors. For some compounds, non-
specifi c binding can cause meaningful shifts in inhibition constants even with 
very low microsome concentrations (Margolis and Obach,  2003 ). The mea-
surement of nonspecifi c binding can be experimentally measured with equi-
librium dialysis or ultrafi ltration, but there have been recently described 
computational approaches to make estimates for the fraction unbound 
 in vitro  (Gao et al.,  2008 ; Sykes et al.,  2006 ; Hallifax and Houston,  2006 ; Austin 
et al.,  2002 ). 

 Careful investigations of inhibitor and substrate specifi cities of some 
P450 enzymes have revealed that there are some instances in which inhibitors 
will differentially affect the activities of different substrates for the same 
enzyme. This phenomenon is best characterized for CYP3A (which includes 
two very closely related enzymes CYP3A4 and 3A5 with overlap in substrate 
and inhibitor specifi cities). For this enzyme, three different substrate classes 
have been proposed (Kenworthy et al.,  1999 ), necessitating the use of more 
than one activity assay to ensure that a new compound does not inhibit just 
one class of substrate. The effects of CYP3A inhibitors on midazolam 
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     Figure 7.2.     Eadie – Hofstee plots showing different typical kinetic behaviors of P450 
reactions.  (A)  Normal;  (B)  autoactivation;  (C)  substrate inhibition;  (D)   “ two - activity ”  
kinetics.  
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1′  - hydroxylase and testosterone 6 β  - hydroxylase (or other activities residing in 
these substrate classes) can be different in vitro . Furthermore, the effects on 
dihydropyridine calcium channel blocker dehydrogenation by CYP3A (i.e., 
nifedipine or felodipine) represent a third class. The relevance of these  in vitro
substrate classes to in vivo  drug – drug interactions has yet to be demonstrated. 
Recent investigations have shown that a similar phenomenon occurs for 
CYP2C9, and it appears that inhibitors can have different potencies for metab-
olism of warfarin, fl urbiprofen, and a third class of substrates that includes 
tolbutamde and diclofenac (Nath and Atkins,  2008 ; Kumar et al.,  2006 ).   

  7.4   PREDICTING DRUG – DRUG INTERACTIONS FROM IN VITRO
INHIBITION DATA 

  7.4.1   Assay Placement Strategy 

 The myriad approaches to determining the inhibition of P450 enzymes each 
have their advantages and disadvantages that permit their placement into 
various stages of drug research. At early stages, when thousands of new com-
pounds are being synthesized in small quantities, a quick assessment of poten-
tial P450 inhibition liability can be made through the use of plate - based 
fl uorogenic substrate assays or high - throughput cocktail approaches using 
HPLC - MS/MS. A single inhibitor concentration is tested. The selection of the 
concentration needs to be able to be suitable for the widest range of com-
pound and project types, and there is no single concentration that will ade-
quately serve all compounds. In some cases, the anticipated human dose will 
likely be low (e.g.,  < 1   mg/day) because the potency of the series for the phar-
macological target will be high — in these instances the universal inhibitor 
concentration used for the initial P450 inhibition screen may be too high. For 
other cases the human dose will likely be high (e.g.,  > 1000   mg/day) because 
the potency for the target will not be as great (e.g., antibacterials), and in these 
instances the inhibitor concentration will likely be too low. However, in high -
 throughput screening, customization of the inhibitor concentration to the need 
of each chemical series is generally not practical, and these small sacrifi ces in 
assay fi delity are made so as to maintain throughput. 

 Determination of the potential for mechanism - based inactivation in early 
drug research, in a screening mode, can be challenging. The conduct of mech-
anism - based inactivation experiments is typically more complex than what is 
amenable to high throughput. Nevertheless, there may be a need, particularly 
with some chemical series, to gather  in vitro  inactivation data in order to assist 
in compound design in efforts to breed out this property. Abbreviated 
approaches can be employed to merely check if a compound can cause greater 
inhibition if it is preincubated with the P450 enzyme in the presence of 
NADPH prior to addition of the P450 marker substrate and conduct of the 
activity incubation. In such a simple approach, it needs to be assured that the 
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test compound concentration is within a suitable range such that a difference 
in inhibition between preincubated and non - preincubated can be discerned. 
Using a test compound concentration such that 25% inhibition would be 
observed in the absence of preincubation with NADPH is optimal for sensitiv-
ity in identifying mechanism - based inactivators in a screening mode where 
using multiple test compound concentrations is resource - prohibitive (Obach 
et al.,  2007 ). 

 As individual compounds become a greater focus of attention, the assay 
employed to test for P450 inhibition can be a lower - throughput assay that can 
include a greater number of test compound concentrations. It is most common 
to run IC 50  curves at this point in pooled human liver microsomes with P450 -
 selective substrate activity assays. With fewer compounds, greater care and 
attention can be paid to each to ensure that the data obtained can be used for 
sound decision - making regarding the continued progression of the compound 
into the more expensive clinical development phase. At this point, there is 
more information and greater confi dence in the other input parameters, in 
addition to inhibition potency, needed to make predictions of drug – drug inter-
actions in vivo . The need to determine  Ki  values vs merely determining IC 50

values (using a substrate concentration equal to KM ) is debatable. The former 
provide some insight into the kinetic mechanisms, but the latter can also be 
used to make predictions of drug interactions with the assumption of a com-
petitive inhibition mechanism. For mechanism - based inactivation, determina-
tion of the parameters KI  and  kinact  are necessary to predict the magnitude of 
drug – drug interactions (Mayhew et al.,  2000 ); and while an abbreviated 
approach such as an  “ IC 50  shift ”  has been shown to be useful in making pre-
dictions of drug interactions for mechanism - based inactivators, such an 
approach is empirical (Obach et al.,  2007 ).  

  7.4.2   Prediction of Drug – Drug Interactions 

 The procedures used to quantitatively predict the magnitude of drug – drug 
interactions from in vitro  inhibition and inactivation data have only recently 
been reasonably well established, although some of the fundamental equa-
tions for carrying out this process have been available for decades. Increasing 
the accuracy of predictions has depended on the incorporation of an increasing 
number of input parameters. 

 P450 inhibition potency certainly is a main driver in the potential for a new 
compound to cause drug interactions. In the past, a value of 1    μ M was defi ned 
as a cutoff for concern; that is, if a compound showed a  Ki  or IC 50  of less than 
1    μ M, then it was more likely that a drug interaction would be observed 
(Wrighton et al.,  2000 ). A systematic evaluation of this cutoff showed that it 
was correct in about four of fi ve instances when an  in vivo  drug interaction 
was defi ned as any case where one drug caused a two - fold or greater increase 
in exposure to a second drug (Obach et al.,  2005 ). The clear limitation of such 
a simple approach is that the concentration of inhibitor in vivo  is completely 
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disregarded. Another approach used an empirical cutoff of the ratio between 
the  in vivo  circulating concentration of inhibitor and the  K i   value ([I]/K i ) such 
that if this ratio is greater than 0.1, then a drug interaction was likely and 
should be explored with a clinical study. The value used for [I] was the total 
circulating  C  max  value. This approach suffers from being oversimplistic and 
disregards several other important factors as well as disregards the well -
 established free - drug hypothesis that states that only unbound drug can exhibit 
an effect (i.e., that bound drug must fi rst dissociate from nonspecifi c binding 
sites before it can interact with the target protein). 

 Increasing the complexity of the prediction approach and consideration of 
other important input parameters is necessary to begin to approach reliable 
and quantitative methods for predicting drug – drug interactions from  in vitro  
data. The aforementioned approach of employing a ratio cutoff for [I]/ K i   has 
its origins in the Rowland – Matin equation (Rowland and Matin,  1973 ), which 
relates the magnitude of a drug – drug interaction to inhibitor potency, inhibi-
tor concentration, and, very importantly, the fraction of the clearance of the 
victim drug that is dependent on the affected enzyme:
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where AUC  i   and AUC are the exposures of the victim drug in the presence 
and absence of concomitant administration of inhibitor,  K i   is the inhibition 
constant, [I]  in vivo   is the concentration of the inhibitor (see below), and, impor-
tantly,  f  CL(CYPX)  is the fraction of the victim drug that is cleared by the affected 
enzyme (CYPX). The importance of the  f  CL(CYP)  value is illustrated in Fig.  7.3 . 
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     Figure 7.3.     Relationship between the maximum magnitude of exposure increase and 
the fraction of clearance catalyzed by the affected enzyme.  
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If the value is at 0.5 or below, then even the most potent of inhibitors can only 
cause a two - fold drug interaction. But as the value increases, especially above 
0.8, the potential for large drug interactions becomes possible. Reliable and 
accurate values for  f  CL(CYP)  are not easy to determine. For some enzymes, 
observations of clearance differences for a victim drug between wild - type 
subjects and subjects possessing a null phenotype for a given P450 enzyme 
(e.g., CYP2D6) can be used to calculate  f  CL(CYP)  (Venkatakrishnan and Obach, 
 2005 ).   

 A very important question arises regarding the value to use for [I]  in vivo  . This 
term truly represents the concentration of inhibitor that is available to bind 
to the P450 enzyme, which would be a concentration free in solution within 
the cell (hepatocyte in most cases), which is unmeasurable, especially in 
humans. Proposals of surrogate concentrations for the intracellular concentra-
tion available to bind to P450 enzymes have been made. The aforementioned 
systemic total  C  max  suffers from the fl aws that it ignores the impact of protein 
binding and its effect on free intracellular concentration, and it also lacks a 
consideration of the inhibition that can occur during fi rst pass after absorption 
of orally administered agents. Others have proposed estimates of total liver 
concentration estimated from tissue partition ratios (e.g., from rats); however, 
this also represents a total concentration and not a free concentration (von 
Moltke et al.,  1998 ). Much of what is present in the liver is partitioned into 
phospholipid membranes, sequestered into subcellular organelles (e.g., lyso-
somes, fat vesicles) or nonspecifi cally bound to cellular proteins, and not 
available to bind to P450. In other approaches, the use of an estimate of the 
unbound concentration of the inhibitor that is incident to the liver — that is, 
the free portal vein concentration — has been successfully used in the Rowland –
 Matin equation to predict the magnitude of drug interactions (Kanamitsu 
et al.,  2000 ). This concentration is estimated from the dose, absorption rate 
constant ( k a  ), and fraction absorbed ( F a  ) of the inhibitor:
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where  f u   is the unbound fraction of the inhibitor in blood and  Q h   is hepatic 
blood fl ow. Use of this concentration has the limitation that the potential for 
the inhibitor to be actively infl uxed or effl uxed by membrane transporters is 
not considered. 

 The impact of inhibition that occurs in the intestine during fi rst - pass absorp-
tion is also important for CYP3A4 inhibitors and substrates and needs to be 
accounted for. In this case, since CYP3A4 is the major P450 enzyme in the 
intestine, the Rowland – Matin equation can be simplifi ed to remove the 
 f  CL(CYPX)  term and replace it with unity. However, the impact of the intestine 
extraction will be a function of the extent to which this tissue extracts the 
victim drug during fi rst pass (termed 1    −     F g   in the case of intestine). High -
 extraction CYP3A - metabolized drugs (e.g., buspirone) will be subject to 
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greater effects at the intestine than low - extraction CYP3A - metabolized drugs 
(e.g., alprazolam) (Galetin et al.,  2007 ), so it is important to have an estimate 
of the  F g   value. Thus, the effect of a CYP3A4 inhibitor on the intestinal extrac-
tion during fi rst pass can be described as
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where  F g   is the fraction of the victim drug that evades extraction by the intes-
tine, and  F g   ,inh  is the same value in the presence of the inhibitor. [I]  g   is the 
maximum concentration of the inhibitor in the enterocyte during absorption 
and is estimated as
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where the terms are the same as described before, with  Q g   being the intestinal 
blood fl ow ( ∼ 3.5   mL/min/kg). The effect on intestinal fi rst pass is multiplied 
with the effect on hepatic metabolism to yield the prediction of the change in 
AUC caused by an orally administered CYP3A inhibitor on a CYP3A 
substrate:
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 For mechanism - based inactivation, these relationships between magnitude 
of effect and  in vitro  parameters remain similar in structure; however, the 
added complexity of the inactivation rate constant ( k  inact ) and  in vivo  enzyme 
degradation rate constant ( k  deg ) must also now be included. Thus, while drug 
interactions caused by reversible inhibition are primarily driven by the ratio 
of inhibitor concentration  in vivo  and inhibition potency, for inactivation this 
ratio is also still important, but the ratio of inactivation rate and  in vivo  
degradation rate of the enzyme must also be considered. If a compound causes 
a very high rate of inactivation, the concentration needed  in vivo  to cause 
an effect may not need to be great. If another compound has a low rate of 
inactivation, the concentrations needed  in vivo  to elicit an effect needs to be 
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high, and the behavior of such a compound begins to resemble that of a revers-
ible inhibitor more than an inactivator. 

 The equations used to predict the magnitude of a drug interaction caused 
by an inactivator are still derived from the Rowland – Matin equation, but with 
inactivation rate and degradation rate constants included:
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where  k  inact  is the maximum inactivation rate constant measured  in vitro ,  K  I  is 
the inactivator concentration that causes inactivation at half the maximum 
inactivation rate, and  k  deg  is the  in vivo  rate of degradation of the enzyme in 
the absence of inactivator. Other parameters are as described before. For 
CYP3A, interactions including an effect on intestinal extraction are necessary 
(Wang et al.,  2004 ):
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 Values for degradation rate constants for P450 enzymes  in vivo  are contro-
versial (Ghanbari et al.,  2006 ; Yang et al.,  2008 ), since there is no direct 
method by which such values can be measured in humans. Values used for 
making predictions of drug interactions for inactivators have come from  
in vitro  experiments in human hepatocytes, values from animals, or values 
estimated by modeling clinical studies using enzyme inducers and inactivators 
(Obach et al.,  2007 ). 

 In all of these prediction approaches, the system is considered to be static 
and single concentrations of inhibitors/inactivators are used (e.g., systemic 
 C  max , estimated portal free  C  max , etc.). However, this is clearly an oversimpli-
fi cation, because both inhibitor and substrate concentrations are dynamic. 
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Furthermore, these approaches simply target the  “ average human ”  and inter-
subject variability is missed (since several of the parameters in these equations 
will differ from person to person). Nevertheless, the approaches described 
using these static, average values perform reasonably well in predicting the 
average magnitude of drug interactions from in vitro  data (Obach et al.,  2006 ; 
Ito et al.,  2005 ; Ito and Houston,  2005 ). Predicting intersubject variability in 
drug interactions requires the use of population pharmacokinetic approaches 
(Inoue et al.,  2006 ) or advanced software (Einolf,  2007 ).   

  7.5   CONCLUSIONS 

 Inhibition and inactivation of human cytochrome P450s represent an impor-
tant area of drug research. Availability of human reagents (microsomes and 
expressed P450 enzymes) has led to an understanding of the mechanisms and 
enzymes involved in drug clearance. Utilizing  in vitro  methods to measure 
inhibition constants and inactivation parameters can generate data useful in 
predicting drug – drug interactions. High - throughput methods can permit an 
early assessment of this potential for newly synthesized compounds and permit 
the offending structural motifs to be designed out of the molecule. Using these 
approaches and applying discipline in preventing the further progression 
of compounds that inhibit or inactivate cytochrome P450 into clinical trials 
should reduce the occurrence of pharmacokinetic - based drug interactions in 
clinical practice and improve the overall safety of pharmacotherapy.  
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 CYTOCHROME  P 450 INDUCTION  

  Edward L.   LeCluyse  ,   Michael W.   Sinz  ,   Nicola   Hewitt  , 
  Stephen S.   Ferguson  , and   Jasminder   Sahi       

   8.1   INTRODUCTION 

  8.1.1   Background 

 Induction of hepatic drug - metabolizing enzymes has long been recognized in 
pharmacology and toxicology as a possible consequence of exposure to drugs 
and other xenobiotics (Conney,  1967 ). The induction of drug - metabolizing 
enzymes can have signifi cant consequences on the pharmacokinetics and 
toxicity of drugs. For example, rifampin can decrease the  in vivo  AUC of 
coadministered drugs by as much as 70 – 90%, as in the case of ( R ) - verapamil 
coadministration with rifampin (Lin  2006 ). Another classic example of the 
clinical relevance of CYP induction is organ rejection in patients receiving 
cyclosporine who were also treated with rifampin for tuberculosis (Hebert 
et al.,  1992 ). Induction of CYPs can also lead to toxicity by increasing reactive 
metabolite production or by increasing the CYP1A2 - mediated activation of 
procarcinogens (Guengerich et al.,  1990 ). As such, the effi cacy of a drug is 
reduced if its clearance is increased by enzyme induction. Prior knowledge of 
potential interactions with co - therapies is needed to guide pharmaceutical 
companies in the development of a new drug as well as propose post - market 
labeling. There may be a tendency to link induction effects only to therapeutic 
drugs; however, a number of cultural -  and lifestyle - related agents also induce 
enzyme activities, such as smoking, alcohol drinking, diet, and nutroceuticals 
(e.g., St. John ’ s wort). 
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 Four of the more important outcomes of hepatic enzyme induction that are 
of clinical relevance to humans are listed below: 

  1.     Cytochrome P450 induction is one of the key mechanisms for pharma-
cokinetic drug – drug interactions. Chronic dosing of an inducing agent 
will increase the enzymatic activity of drug - metabolizing enzymes; and 
any coadministered drug that utilizes these same enzymes as a major 
clearance pathway will be more rapidly eliminated, resulting in lower 
drug concentrations that may be less effective. Drugs that are known to 
be affected by enzyme inducers include the benzodiazepines, the anti-
epileptic drug carbamazepine, corticosteroids, and beta - blockers (e.g., 
propranalol).  

  2.     In some instances, the inducing agent itself is a substrate of the induced 
enzymes. In this situation, increased enzyme activity means that the drug 
itself may be metabolized more rapidly in a patient on long - term therapy 
than in a patient who just started drug therapy. As a result, after being 
on a drug for a while, a patient may exhibit pharmacokinetic tolerance 
under the original dosing regimen and subsequently require a dose 
increase (e.g., carbamazepine).  

  3.     Alternatively, increased enzyme activity means that some drugs and 
xenobiotics may be bioactivated to a toxic metabolite to a greater extent 
in patients that have been exposed to enzyme inducers for prolonged 
periods. The classical example is that of acetaminophen (paraceta-
mol), which is bioactivated to the reactive metabolite  N  - acetyl -  p  -
 benzoquinoneimine (NAPQI) (Moore et al.,  1985 ). Reactive metabolite 
formation by inducible CYP and UGT enzymes is often observed during 
the development of a new drug. Many of these events can lead to increased 
inactivation of the enzymes and/or formation of other protein adducts.  

  4.     There is a growing awareness of the potential pathophysiological conse-
quences associated with the long - term exposure to inducing agents. 
These are usually caused by the disruption of cellular homeostasis by 
overburdening biochemical pathways that regulate levels of physiologi-
cal substrates. This has led to clinical manifestations of some character-
istic pathophysiologies, such as chloracne, hypoporphyria, endocrine 
disruption, altered infl ammatory response, and bone - density loss 
(Parkinson,  2001 ; Pascussi and Vilarem,  2005 ; Zhou et al.,  2006 ; Moreau 
et al.,  2007 ).    

 Unlike inhibition, induction generally takes days to result in a clinically 
relevant effect on drug clearance and may persist for several days beyond 
ceasing administration of the inducing agent. Upon withdrawal or reduction 
of blood and tissue concentrations of the inducer, enzyme activities slowly 
return to normal levels through degradation and turnover of the respective 
RNA and protein (Parkinson,  2001 ; Josephy,  2005 ). Accordingly, the rate and 
extent of the inductive effect depends on the continued exposure to an induc-
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ing agent at suffi ciently high concentrations and the biochemical parameters 
surrounding the regulation and expression of the individual target genes 
involved. 

 One of the more important details that is often underappreciated in con-
sidering the clinical impact of exposing patients to an inducing agent is that 
inducers activate multiple genes simultaneously. Thus, an inducer like rifampin 
can increase the amount of CYP enzymes (such as CYP3A4 and CYP2B6) 
and phase II enzymes (such as UGT ’ s and GSTs). This is the reason why 
rifampin and nelfi navir reduce concentrations of UGT substrates like zidovu-
dine, as well as CYP substrates like ethinyl estradiol. Moreover, not all enzyme 
inducers work alike or cause the same effect. Some drugs are potent inducers, 
while others are moderate or weak inducers. Rifampin and St. John ’ s wort are 
two of the most potent inducers. Protease inhibitors and non - nucleotide 
reverse transcriptase inhibitors such as nelfi navir, efavirenz, and nevirapine 
are moderate CYP inducers. Many of the anticonvulsive agents, such as phe-
nobarbital and carbamazepine, despite being weak inducers, can cause an 
observable increase in the clearance of coadministered compounds. As will be 
discussed later, the relative impact that an inducing agent will have in a clinical 
setting is a combination of its intrinsic potency and effi cacy as well as its cor-
responding pharmacokinetic profi le. 

 Recognizing the safety and health issues associated with exposure to induc-
ing agents, the US Food and Drug Administration (FDA) has recently placed 
more emphasis on determining whether a drug candidate has the potential to 
induce CYP and UGT enzymes and induce drug transporters in humans 
(FDA,  2006 ). Although the FDA has always encouraged routine, thorough 
evaluation of drug interactions in vitro  whenever feasible and appropriate, the 
original guidance documents on drug interaction studies published in 1997 
contained limited information on the proper conduct of in vitro  induction 
studies. The Pharmaceutical Research and Manufacturer ’ s Association 
(PhRMA) subsequently published a White Paper that addressed many of 
these issues and acknowledged the importance of appropriate study design 
(Bjornsson et al.,  2003 ). In 2006, the FDA published a draft guidance on drug 
interaction studies that addressed some of these limitations and presented 
details on the principles and conduct of in vitro  induction studies for IND and/
or NDA submissions. 

 In this chapter, we have discussed the key model systems and study design 
considerations for evaluating the induction potential of new chemical entities 
(NCE) in humans. In addition, a major objective of this chapter is to describe 
the current scientifi c and regulatory perspectives regarding the molecular 
mechanisms of enzyme induction and how these factor into the current screen-
ing strategies utilized by the pharmaceutical industry.  

  8.1.2   Mechanisms of  CYP  Induction 

 Before embarking on a path to describe the best strategies and methods for 
determining the potential of a new drug to be an inducer of human clearance 
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mechanisms, it is important to understand the molecular mechanisms that are 
a prerequisite to any clinically signifi cant event. The classical defi nition of 
enzyme induction is the biochemical process of initiating or increasing the 
expression of a gene or the amount of the resulting mRNA or protein product 
in response to an endogenous or exogenous factor (e.g., hormone, chemical, 
metabolite, etc.). As is the case of most drugs involved in clinically relevant 
drug interactions, the inducer molecule either directly or indirectly activates 
a cytosolic receptor complex, causing it to translocate to the nucleus, of the 
cell. Once inside the nucleus, the new complex is converted to an active tran-
scription factor through mechanisms that are not well understood, leading to 
the transcription and translation of target genes that possess the correspond-
ing DNA binding sequences in their promoter regions (Fig.  8.1 ) (Wang and 
LeCluyse,  2003 ). Although increased levels of these enzyme systems can occur 
by the stabilization of mRNA and/or proteins (e.g., induction of CYP2E1), 
inductive events that lead to clinically signifi cant changes in the clearance or 
bioactivation of drugs predominantly occur by a receptor - mediated process 
that leads to the increased production of an enzyme or other protein at the 
level of gene transcription.   

 Drugs causing  de novo  synthesis of enzymes often do so by binding to and 
activating one or more nuclear receptor that have been identifi ed in recent 
years to be the primary mediators of the inductive effects of drugs. The prin-
cipal receptors that have been identifi ed or implicated in nearly all the reported 
clinically relevant drug interactions are the aryl hydrocarbon receptor, the 
pregnane X receptor (also known as the steroid and xenobiotic receptor, 
SXR), and the constitutive androstane receptor (Fig.  8.2 ). It is now well known 
that these nuclear receptors control the expression of the cytochrome P450 
enzymes, such as CYP1A (AhR), CYP2B, CYP3A, and CYP2C subfamilies 
(PXR and CAR), the phase II enzymes such as UGTs, glutathione -  S  - 
transferases, and sulfotransferases, and transporters including MDR1, MRP2, 
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     Figure 8.1.     General mechanism of enzyme regulation. NR: nuclear receptor; DR: drug 
receptor complex; Phase 1: oxidation, reduction, and hydrolysis reactions; Phase II: 
conjugation reactions; Phase 0/3: transporter mediated uptake and effl ux.  
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OATP ’ s, and OCT ’ s (Fig.  8.3 ). It should be kept in mind that not all CYPs 
are inducible (e.g., CYP2D6 has no known inducer) and not all increases in 
enzyme levels are due to this mechanism. For example, CYP2E1 induction by 
isoniazid involves the stabilization of the enzyme itself rather than  de novo  
synthesis (Novak and Woodcroft,  2000 ; Raucy et al.,  2004 ).   

 AhR and CAR are thought to be predominantly localized in the cytoplasm 
of hepatocytes, and after receptor activation they are translocated to the 
nucleus. CAR, in its inactive form, is bound to endogenous steroids; but in 
the presence of phenobarbital (PB) or  “ PB - like ”  inducers, it is dephosphory-
lated, which initiates its translocation to the nucleus (Squires et al.,  2004 ; 
Kawana et al.,  2003 ). Notably, CAR does not require ligand binding to be 
transactivated and is constitutively active in most immortalized cell lines (i.e., 
up - regulates target gene expression in the absence of an inducing agent); 
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     Figure 8.2.     Regulation of genes by the nuclear receptors AhR, CAR, and PXR. Upon 
activation by coactivator peptides and proteins, the heterodimer binds to target xeno-
biotic response elements located in the proximal and distal P450/transporter gene 
promoters, resulting in transcription. AhR, aryl hydrocarbon receptor; ARNT, AhR 
nuclear translocator responsive element; XRE, xenobiotic response element; PXR, 
pregnane X receptor; PXRE, PXR response element; CAR, constitutive androstane 
receptor; PBREM, phenobarbital - responsive enhancer module; RXR, retinoid X 
receptor.  



270 CYTOCHROME P450 INDUCTION

therefore it is named after this constitutive activation mechanism. PXR has 
been found in both the cytoplasm and nucleus, depending on the species of 
origin (Kawana et al.,  2003 ; Squires et al.,  2004 ). Once in the nucleus, these 
receptors form heterodimers with other factors, such as Arnt (AhR nuclear 
translocator) for AhR and retinoid X receptor (RXR) for both PXR and 
CAR. Upon activation by other coactivator peptides and proteins, the het-
erodimer then binds to the target xenobiotic response elements located in both 
the proximal and distal P450 gene promoters, resulting in the transcription of 
the respective CYP isoform (Fig.  8.2 ) (Lehmann et al.,  1998 ; Goodwin et al., 
 1999 ; Sueyoshi et al.,  1999 ; Moore and Kliewer,  2000 ). 

 The current practice for investigating induction in preclinical species is the 
 ex vivo  measurement of CYP activities in livers of animal species. While it is 
now well - recognized that regulatory mechanisms for induction differ across 
species, signifi cant induction in preclinical species could trigger early  in vitro  
human hepatocyte and/or clinical induction studies. Currently, different 
 in vitro  methods to analyze CYP enzyme induction are used, all with their 
advantages and disadvantages. The current gold standard within the industry 
and the recommended method by regulatory agencies for the prediction of 
enzyme induction by xenobiotics in humans is the primary human hepatocyte 
induction model. In this chapter, the  in vitro  methodologies (incubation condi-
tions, relevant CYPs, and positive controls) most commonly utilized to deter-
mine the induction potential of an NCE are described. In addition, the relative 
advantages and disadvantages of each methodology for drug discovery and 
development purposes are discussed. The major focus of this chapter is on the 
use of the most widely adopted and accepted model system, namely primary 
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     Figure 8.3.     Overlapping regulation of CYP and UGT enzymes and transporters by 
nuclear receptors. Nuclear receptors control expression of multiple drug metabolizing 
enzymes and xenobiotic transporters.  
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human hepatocyte cultures. The different technologies that are available and 
currently used to evaluate the potential of a new drug to cause enzyme induc-
tion in vitro  will be discussed. Because the outcome of an  in vitro  assay deter-
mines whether further clinical in vivo  drug – drug interactions are carried out 
(FDA,  2006 ), much consideration and discussion has been placed on the 
analysis and interpretation of the corresponding data. As such, the use of dif-
ferent threshold values and acceptance criteria for relevant endpoints (e.g., 
fold induction relative to vehicle controls, 40% of the positive response, and 
EC50 / Emax  values) and the current strategies utilized to predict the induction 
potential of new drugs are discussed as well.   

  8.2   METHODS FOR EVALUATING ENZYME INDUCTION 

 The methodologies utilized for assessing drug – drug interactions caused by 
enzyme induction change as a drug candidate moves from early discovery to 
the clinic. Higher - throughput, less defi nitive methods (e.g.,  in silico ) and 
nuclear receptor - based assays are used early in discovery; but later in discov-
ery and preclinical/clinical development, immortalized cells and primary 
human hepatocytes are more likely to be used. This section provides an over-
view of these methodologies and their application in eliminating or predicting 
drug – drug interactions. 

  8.2.1  In Silico

In silico  computational modeling is a high - throughput, cost - effective approach 
that is typically conducted in collaboration between drug metabolism and 
medicinal chemistry scientists early in drug discovery to identify and eliminate 
problematic chemotypes (e.g., CYP inhibitors). Ambiguities in the catalytic 
cycle and the fl exibility of CYP active sites make  in silico  extrapolations of 
enzyme inhibition challenging (Stjernschantz et al.,  2008 ). It is also compli-
cated to successfully predict induction of CYP enzymes, because this requires 
combining crystal structure information of the nuclear receptor proteins with 
the in silico  structural biology. For this, chemical structures are docked with 
crystal structures of nuclear receptors (e.g., PXR) and the model built using 
in vitro  and  in vivo  data.  In silico  modeling of induction potential is further 
confounded by the structure of the PXR binding site, because this is large, 
fl exible, and promiscuous, enabling binding to molecules with molecular 
weights ranging from 300 to greater than 800 daltons (Dickins,  2004 ). 

 Moreover, agonists and antagonists bind to several distinct regions of PXR, 
such as the ligand - binding domain (LBD) and AF - 2 region (Ekins et al.,  2007 ). 
However, merely docking the compound in the protein structure does not 
always suffi ce, because the large ligand - binding domain of PXR accommo-
dates ligands of all sizes. Larger ligands (e.g., rifampicin) can alter the protein 
structure after binding, thereby further increasing volume of the binding cavity 
(Handschin et al.,  2003 ). The modeling of ligand – receptor complexes is further 



272 CYTOCHROME P450 INDUCTION

confounded by multiple binding modes and orientations and the potential for 
simultaneous binding of additional small molecules. There is evidence to 
suggest that > 30% activation in a PXR reporter gene assay indicates a high 
risk of CYP3A4 induction (Gao et al.,  2007 ), indicating that transactivation 
data is a valid measure to guide SAR. The majority of the available  in vitro
PXR data is transactivation data that are expressed relative to a positive 
control (typically rifampicin) or fold increase over vehicle control and rela-
tively less data related to ligand binding of agonists. The transactivation data 
are useful in developing and validating models; however, binding data are 
more directly correlatable to the in silico  modeling. 

 There have been successes combining computational and experimental 
data for different classes of molecules. The PXR crystal structure has been 
successfully used in silico  to identify some classes of potential substrates; for 
example, since the PXR binding site is hydrophobic and contains polar resi-
dues, hydrophobic compounds with polar groups have the potential to be PXR 
ligands (Watkins et al.,  2001 ; Lemaire et al.,  2007 ). By  “ docking ”  compounds 
with the PXR crystal structure, Gao et al. demonstrated that polar groups at 
the end of an activator reduce PXR activity by destabilizing interactions in 
the hydrophobic areas of the PXR ligand - binding pocket. This was confi rmed 
by synthesizing analogues incorporating these structural features, using both 
the transactivation assay and human hepatocytes (Gao et al.,  2007 ). Using 
structure – activity relationships (SAR) based on these data, chemotypes were 
made relatively induction - free by introducing polar groups in regions with a 
higher affi nity for hydrophobic groups and making the ligand structure rigid, 
so as to prevent binding. In addition,  in silico  modeling using an automated 
docking method (GOLD) successfully  “ visualized ”  the ketoconazole binding 
site to PXR as being in the AF - 2 binding pocket and not the ligand - binding 
pocket (Wang et al.,  2007 ). Xiao et al.  (2002)  constructed a three - dimensional 
model of the ligand - binding domain of hCAR that had a ligand - binding cavity 
the same size as that of PXR, although with less fl exibility as it lacked the 
surface loop. Docking calculations of known hCAR selected ligands corre-
lated well with previously reported receptor binding data, and the hCAR 
ligands identifi ed by pharmacophore modeling were relatively planar struc-
tures with one hydrogen bond acceptor and three hydrophobic features (Xiao 
et al.,  2002 ).  

  8.2.2   Reporter Gene Assays 

 Induction of drug - metabolizing enzymes occurs in the majority of cases 
via transcriptional gene activation, as is the case with CYP1A1/2, CYP3A4, 
and UGT. Induction also occurs, albeit less frequently, by stabilization of 
mRNA or protein — for example, for CYP2E1 (Gonzalez,  2007 ). For drug -
 metabolizing enzymes, transcriptional activation is mediated by nuclear recep-
tors that function as transcription factors and include: CAR, PXR, FXR 
(farnesoid X receptor), PPAR (peroxisome proliferator activated receptor), 
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and HNF - 4 α  (hepatocyte nuclear receptor - 4 α ) (Moore et al.,  2002 ; Tirona and 
Kim,  2005 ; Lim and Huang,  2008 ; Liu et al.,  2008 ). For all these, gene tran-
scription is regulated through binding of the DNA - binding domain of the 
receptor to specifi c response elements in the promoter region of target genes. 
AhR regulates CYP1A enzymes in a similar fashion; however, it is not a 
member of the nuclear receptor family but belongs to the basic helix –
 loop – helix PER - ARNT - SIM transcription factor family (Beischlag et al., 
 2002 ). 

 High - throughput  in vitro  receptor binding and transactivation assays that 
assess the interaction between receptors and potential ligands are employed 
to evaluate the potential for induction. In particular, PXR - derived nuclear 
hormone receptor models (ligand binding and transactivation) are widely 
utilized to predict or evaluate CYP3A4 enzyme induction. To evaluate ligand 
binding, genetically expressed, isolated receptors are incubated with a test 
compound and a high - affi nity radiolabeled ligand (e.g., SR12813), and the 
competition of the radiolabeled ligand with a test compound is measured (IC 50

determination) (Zhu et al.,  2004 ). While simple, effective, and high through-
put, this methodology can result in a disproportionate number of false posi-
tives and negatives for some chemotypes. Chemical entities that require active 
transport into the hepatocyte may not have access to the intracellular milieu 
in vivo , but would have direct access to the receptor in this assay, leading to 
a false - positive or enhanced response. Also, ligand binding may not be fol-
lowed by the appropriate displacement of corepressors or recruitment of 
coactivators, as in the case of docetaxel and paclitaxel (Harmsen et al.,  2007 ). 
For these reasons, the more physiological cell - based transactivation assays are 
preferable and often provide similar throughput. 

 The PXR transactivation model requires an immortalized/transformed cell 
line that is transfected with two vectors: the full - length human PXR and a 
variation of the CYP3A4 promoter region coupled to a reporter gene (e.g., 
luciferase). Upon ligand binding to receptor, there is increased expression of 
luciferase which is proportional to the increased production of luminescent 
product and induction response (EC 50  determination) (Sinz et al.,  2006 ). 
However, this assay can also result in false negatives, because in some cases 
binding to the PXR receptor does not lead to transactivation or enzyme induc-
tion. False negatives or attenuated responses also result in cases where induc-
tion is the combined effect of several receptors due to cross - talk between 
nuclear receptors (e.g., PXR and CAR). For example, CYP3A4 induction can 
be mediated by both PXR and CAR. Because these test systems are relatively 
simple, containing single receptors, a full induction response may not be 
achieved, unlike hepatocytes that contain all relevant and functional nuclear 
receptors and enzymes (Wang and LeCluyse,  2003 ). 

 In general, there appears to be a reasonably good correlation between PXR 
binding and transactivation assays and PXR transactivation and primary 
human hepatocyte results (Zhu et al.,  2004 ). However, at this time, the PXR 
transactivation assay appears to result in less false positives than the binding 
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assay and provides improved correlation to human drug – drug interactions and 
is the assay of choice in most laboratories. 

 The methodologies for CAR and AhR - mediated gene transcription are 
more complex in that they are ligand - activated (e.g., PXR) and also activated 
by ligand - binding independent mechanisms. AhR can be activated in the 
cytoplasm upon ligand binding or via protein tyrosine kinases (Backlund and 
Ingelman - Sundberg,  2005 ). A transactivation assay, similar to that for PXR, 
is utilized for AhR, using luminescence to measure the transactivation (Yueh 
et al.,  2005 ). CAR nuclear translocation can occur by direct binding to the 
receptor or through a partially elucidated ligand - independent mechanism 
involving kinases that dephosphorylate CAR; for example, phenobarbital 
activates CYP2B6 transcription without binding to CAR (Qatanani and 
Moore,  2005 ). CAR transactivation assays are relatively diffi cult to conduct, 
because cells frequently have high basal CAR activity, due to spontaneous 
CAR translocation to the nucleus when expressed in cell lines (Chang and 
Waxman,  2006 ). In addition, since there are both direct and indirect mecha-
nisms of CAR activation, screening requires a nuclear translocation assay to 
complement a transactivation assay. The CAR nuclear translocation assay is 
best conducted in primary hepatocytes, because unlike in cell lines, CAR 
does not spontaneously translocate in primary hepatocytes. CAR transloca-
tion from cytoplasm to nucleus can be monitored by using an expressed CAR 
protein tagged with fl uorescent proteins (e.g., GFP or EYFP) and visualizing 
this with the aid of confocal microscopy. The ratio of CAR proteins between 
cytoplasm and nucleus can also be monitored by Western blot analysis 
(Faucette et al.,  2007 ). A relatively more recent assay utilizes transactivation 
of a CAR human splice variant, CAR3. Since CAR3 had  ∼ 80% lower 
basal activity compared to wild - type CAR (CAR1) (Auerbach et al.,  2005 ; 
Faucette et al.,  2007 ), the assay could more readily identify a potential CAR 
activator. 

 The hepatocyte nuclear factor 4 α  (HNF - 4 α ) is a constitutively active tran-
scription factor of the nuclear hormone receptor family that plays a dominant 
role in the expression and interindividual variations of drug - metabolizing 
enzymes in human hepatocytes (Kamiyama et al.,  2007 ) and is involved in 
hepatic xenobiotic metabolism (Nakata et al.,  2006 ). Although HNF - 4 α  is 
implicated in binding to the regulatory regions of over 1500 genes including 
GR, SXR, MRP2, CYP1A2, CYP2B6, CYP2C8, CYP2D6, and CYP2E1 
(Odom et al.,  2004 ) and has a dose - dependent effect upon mRNA expression 
levels of CYP2A6, CYP2B6, CYP2C9, CYP2D6, CYP3A4, and CYP3A5 in 
primary human hepatocytes (Jover et al.,  2001 ), this nuclear receptor is not 
widely evaluated in drug discovery at this time. This may be because while it 
is well known that HNF - 4 α  regulates basal expression of multiple liver - specifi c 
genes involved in hepatic metabolism and participates in the nuclear receptor 
responses to xenobiotics through activation of PXR and CAR (Bell and 
Michalopoulos,  2006 ; Kamiyama et al.,  2007 ), there is limited information on 
direct effects of HNF - 4 α  on enzyme regulation. Some indication of this effect 
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is that phenobarbital increases HNF - 4 α  mRNA and protein expression in the 
nucleus of hepatocytes, independent of CAR and PXR, and this is mediated 
by cellular phosphatase and kinase (Bell and Michalopoulos,  2006 ). These 
data suggest that HNF - 4 α  regulation is likely an integral part of the hepatic 
response to phenobarbital. Thus far, HNF - 4 α  is studied by using RT - PCR 
or Western blot analysis, and a binding assay has yet to be reported. 
Further characterization of this receptor is necessary to determine its overall 
involvement in regulation of drug - metabolizing enzymes and drug – drug 
interactions. 

 No nuclear receptor has been implicated for the regulation and expression 
of CYP2E1, which appears to be different from the other CYP enzymes. 
CYP2E1 is regulated by transcriptional activation, and inducers increase 
mRNA translation and the stability of mRNA and/or protein, resulting in 
enhanced enzyme activity due to diminished degradation (Gonzalez,  2007 ). 
CYP2E1 is induced by DMSO, ethanol, isopentanol, isoniazid, Phenobarbital, 
and rifampin and also by starvation and diabetes (Koop and Tierney,  1990 ; 
Kostrubsky et al.,  1995 ; Madan et al.,  2003 ).  

  8.2.3   Stem Cells 

 The advantage of human embryonic (hESC) and adult (hASC) stem cells is 
the potential to grow indefi nitely and provide a continual and readily available 
source of cells that exhibit and retain hepatocyte - like properties — for example, 
major xenobiotic transporters, drug metabolizing enzymes, nuclear receptors, 
and transcription factors. Multiple laboratories are currently working on 
improving isolation, purifi cation, and culture of hSCs to form specifi c func-
tional differentiated cell types (Agarwal et al.,  2008 ). Thus far, cell lines 
developed from hESC have differentiated into hepatocyte – like cells but with 
limited drug - metabolizing enzymes; for example, the HLC cells exhibit hepa-
tocyte morphology and markers ( α  - fetoprotein, albumin, HNF - 4 α ) but limited 
P450 metabolism (Hay et al.,  2007 ). Inducible CYP1A1 and CYP3A4/7 mRNA 
and immunoreactive protein as well as CYP2C8/9/19 mRNA have been dem-
onstrated in SA002 and SA167 cell lines but with no corresponding catalytic 
activity (Ek et al.,  2007 ). NeoHep cells were developed from terminally dif-
ferentiated peripheral blood monocytes. These cells have hepatocyte - like 
morphology and expression of hepatocyte markers but limited drug metabo-
lism (CYP1A and UGT) and CYP3A induction activities (Ruhnke et al., 
 2005 ). Similarly, cell lines derived from hASC that have been characterized 
are reported to retain limited drug - metabolizing enzyme activity (Schwartz 
et al.,  2002 ; Herrera et al.,  2006 ; Kazemnejad et al.,  2008 ). Nonetheless, these 
studies indicate the possibility of hSC - derived hepatocytes being developed 
for metabolism studies in the future. Thus far, no stem - cell - derived cell lines 
that develop into mature, differentiated hepatocytes with functional nuclear 
receptors, drug - metabolizing enzymes, and transporters are available (Sinz 
et al.,  2008b ).  



276 CYTOCHROME P450 INDUCTION

  8.2.4   Cell Lines 

 Cell lines (native or transfected) derived from human hepatic tissues are used 
as an alternative to primary fresh or cryopreserved hepatocytes when specifi c 
issues arise (e.g., can a particular chemotype/compound activate PXR?). 
These hepatocyte cell lines either arise spontaneously from cancerous tissues 
(HepG2) or are immortalized/transformed in the laboratory, typically either 
by using the viral oncogene, SV - 40 large - T antigen (Fa2N - 4) (Mills et al., 
 2004 ), or by expression of telomerase reverse transcriptase. Many of these cell 
lines have altered gene expression and typically little to no endogenous P450 
activity. One of the contributing reasons for this is that in hepatoma cell lines 
there is down - regulation of xenosensors, including PXR and CAR (Pacussi 
et al.,  2005   ); however, AhR appears to be stable in these cell lines, and often 
CYP1A enzymes are inducible. The human hepatoma cell line, HepG2, is used 
for induction studies because some P450 enzymes are inducible to detectable 
levels even though the expression levels of Phase I and Phase II drug metabo-
lism enzymes are signifi cantly lower than those in human liver and hepatocyte 
samples (Wilkening et al.,  2003 ). An advantage of HepG2 cells is that these 
are relatively easy to transfect and demonstrate activation of CAR -  and PXR -
 mediated transcripts (Kodama et al.,  2004 ). In HepG2 cells, CYP1A1 has been 
induced by 2,3,7,8 - tetrachlorodibenzo -  p  - dioxin (TCDD), CYP3A4 mRNA 
has been induced by o , p′  - dichloro - diphenyl - trichloroethane ( o , p′  - DDT), and 
CAR activation of CYP2B6 has been assessed by phenobarbital - type com-
pounds (Bonzo et al.,  2005 ; Medina - Diaz and Elizondo,  2005 ; Swales et al., 
 2005 ). However, due to the low expression of very few drug - metabolizing 
enzymes, HepG2 cells have limited applications in drug metabolism and 
induction. The human hepatoma cell line Huh - 7 has been utilized to study 
P450 induction after transfection with PXR to evaluate activation of CYP2B6 
and CYP3A4 by known inducers (Wang and LeCluyse,  2003 ) and after trans-
fection with the CYP2C19 promoter (Arefayene et al.,  2003 ). 

 The BC2 cell line is derived from a human hepatocarcinoma, is stable for 
over 2 years of culture, differentiates at confl uency, and remains differentiated 
for several weeks in culture. BC2 cells express CYP1A1/2, CYP2A6, CYP2B6, 
CYP2C9, CYP2E1, CYP 3A4, GST, and UGT enzymes (Gomez - Lechon 
et al.,  2001 ). While CYP1A and CYP3A activity were induced to expected 
levels by 3 - MC and dexamethasone, phenobarbital could induce CYP2B6 
activity by a maximum of only 1.7 - fold. A subpopulation of these cells (ADV -
 1) demonstrates higher drug - metabolizing enzyme activity than the BC2 
parental cell line (O ’ Connor et al.,  2005 ). Future publications will determine 
the utility of this cell line to metabolism applications. 

 HepaRG cells display several hepatocyte - like functions including drug -
 metabolizing enzymes, nuclear receptors, hepatic drug transporters, and a 
hepatocyte - like morphology (Aninat et al.,  2006 ; Le Vee et al.,  2006 ). These 
cells express genes for multiple drug - metabolizing enzymes including CYP1A1, 
CYP1A2, CYP2B6, CYP2C8, CYP2C9, CYP2E1, and CYP3A4, and the 
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mRNA for these is induced by the prototypical inducers 3 - methylcholantrene, 
rifampicin, and isoniazid (Aninat et al.,  2006 ; Kanebratt and Andersson, 
 2008b ). Activities of phenacetin  O  - dealkylase, bupropion hydroxylase, diclof-
enac 4 ′  - hydroxylase, and midazolam 1 - hydroxylase activities are also induced. 
However, basal activities are low relative to primary hepatocytes; for example, 
CYP3A4 - mediated basal testosterone hydroxylation activity is about 2 pmol/
mg protein/minute (Aninat et al.,  2006 ) relative to 100 – 500 pmol/mg protein/
minute typically observed in primary human hepatocytes. A concern with the 
HepaRG cells is that this cell line presents as two cell types at confl uency: (a) 
the cholangiocytes that are fl attened and have a clear cytoplasm and (b) the 
hepatocytes that form clusters of granular epithelial cells (Kanebratt and 
Andersson,  2008a ). When cultured for 2 – 3 weeks in media containing 2% 
DMSO and 50    μ M hydrocortisone hemisuccinate, the hepatocytes make up 
50 – 55% of the total cell population and form structures resembling bile cana-
liculi (Cerec et al.,  2007 ). Quantitative extrapolations of  in vivo  hepatic induc-
tion with this heterogeneous cell line cannot be made with confi dence, because 
the percent response specifi cally by the hepatocyte - like cells cannot be evalu-
ated without very sensitive analytical methods and the contribution of the 
cholangiocytes, which make up 50% of the population, is not known. 

 Fa2N - 4 is a nontumorigenic, immortalized hepatic cell line that has been 
successfully used to assess AhR and PXR - mediated induction (CYP1A  &  
CYP3A4). These cells are easy to maintain in culture and provide consistent 
data for the fi rst 10 – 20 passages. At higher passages, the cells start proliferat-
ing faster and simultaneously lose the ability to induce (unpublished observa-
tions). In the early passages, Fa2N - 4 cells demonstrate inducible CYP1A2, 
CYP3A4, CYP2C9, UGT1A, and MDR1 transcripts and the induction 
response of CYP1A2, CYP2C9, and CYP3A4 to the prototypical inducers 
rifampin and beta - naphthofl avone is within the range (albeit the lower level) 
observed for primary human hepatocytes (Mills et al.,  2004 ; Ripp et al.,  2006 ). 
Using mRNA analysis, 24 compounds that were previously evaluated for 
induction in primary human hepatocytes were assessed for induction in Fa2N -
 4 cells (Ripp et al.,  2006 ). A majority of these showed comparable induction 
to primary hepatocytes. However, troglitazone, a potent  in vitro  and clinical 
CYP3A4 inducer (Sahi et al.,  2000 ), did not induce this enzyme in the Fa2N - 4 
cells. Troglitazone - mediated induction is believed to be a CAR - mediated 
process, and there is evidence that this nuclear receptor pathway is not func-
tional in Fa2N - 4 cells (Hariparsad et al.,  2008 ). Overall, current data indicate 
that AhR -  and PXR - mediated induction correlates well between Fa2N4 cells 
and primary hepatocytes, while CAR - mediated induction demonstrates sig-
nifi cant differences. This is because in the Fa2N4 cells, expression of CAR, 
sulfotransferase, OATP1B1, and OATP1B3 is signifi cantly lower than cryo-
preserved primary human hepatocytes, while expression of PXR and AhR is 
similar (Hariparsad et al.,  2008 ). In this study, the CAR activators CITCO and 
artemisinin did not induce CYP2B6 in Fa2N4 cells, the PXR/CAR dual activa-
tors phenytoin, phenobarbital, and efavirenz caused lower - than - expected 
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induction, and PXR - mediated induction was equivalent (in the case of 
rifampin, higher than that observed in human hepatocytes). When using this 
cell line for discovery - stage induction studies, these limitations should be kept 
in perspective. Another limitation of the Fa2N4 cells is that since enzyme 
activity is low, it is diffi cult to differentiate between or rank order the induc-
tion potential within a series of compounds based on enzyme activity measure-
ments. Consequently, mRNA is a more appropriate endpoint when using this 
cell line. It should also be kept in mind that the Fa2N - 4 cells are not being 
capable of metabolizing compounds (unpublished observations) due to the 
low basal level of drug - metabolizing enzymes. In the case of highly metabo-
lized compounds, this could result in artifi cially enhanced induction, because 
there is no metabolic clearance. Conversely, false negatives could result in 
cases where the metabolite may contribute to, or be responsible for, the induc-
tion. The majority of other transformed cell lines used to evaluate induction 
of drug - metabolizing enzymes are derived from human intestinal or breast 
tumors. These include the intestinal cell line LS174T, the breast cancer cell 
line MCF - 7, and the colonic tumor cell line, Caco - 2. All these cell lines 
exhibit low expression and activities for limited Phase I and Phase II drug -
 metabolizing enzymes, and RT - PCR analysis is required to evaluate induction 
over basal levels, which are in most cases not detectable. These likely do not 
express all the relevant receptor - mediated pathways; for example, the LZ180 
cells express PXR but not CAR and therefore present limited induction 
response (Gupta et al.,  2008 ). Some cell lines can be cultured in an environ-
ment that artifi cially induces relevant enzymes; for example, long - term treat-
ment of Caco - 2 cells with 1,25 - dihydroxyvitamin D3 induces CYP3A4 activity 
to levels comparable to human small intestinal epithelium (Schmiedlin - Ren 
et al.,  2001 ). While these cell lines can be used for preliminary studies to 
address specifi c questions (e.g., does this chemical class carry a CYP1A induc-
tion liability?), no available cell line demonstrates the complete set of drug -
 metabolizing enzymes and associated nuclear receptors at appreciable 
concentrations; for example, the LS180 and Fa2N - 4 cells do not have appre-
ciable concentrations of CAR. Due to the cross - talk between nuclear recep-
tors, using cell lines possessing only some receptor pathways may result in 
erroneous data/conclusions.  

  8.2.5   Primary Human Hepatocytes 

 Primary human hepatocytes have the ability to model metabolism, inhibition, 
and induction when placed in suspension or culture (Fig.  8.4 ). Under appropri-
ate culture conditions, human hepatocytes retain all the necessary receptors, 
regulatory components, drug - metabolizing enzymes, and transporters, as well 
as the ability to metabolize and induce enzymes, analogous to the  in vivo  liver. 
As shown in Table  8.1 ,  in vitro  enzyme induction data utilizing primary human 
hepatocytes in culture correlates well with clinical observations when pharma-
cologically relevant concentrations of test article are used (LeCluyse et al., 
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 2000 ; Sahi et al.,  2000, 2004 ). Human hepatocytes in primary culture are con-
sidered the most appropriate  in vitro  system for assessing induction of drug -
 metabolizing enzymes (LeCluyse et al.,  2005 ). One of the most widely accepted 
models is the sandwich culture model where fresh isolated or cryopreserved 
hepatocytes are plated on collagen, allowed to attach, and then sandwiched 
on top by an extracellular matrix overlay such as gelled collagen or Matrigel  ®   
(LeCluyse et al.,  1994, 1999 ; LeCluyse,  2001 ). This environment allows for 

     Figure 8.4.     Primary human hepatocytes in primary sandwich culture. Hepatocytes 
from a 41 - year - old male donor liver after 3 days in culture. See the insert for color 
representation of this fi gure.  

 TABLE 8.1.     Relationship Between  In Vitro  Potency and the Prediction of  
In Vivo  Induction Using the  EC  50  and Therapeutic Plasma Concentrations   
(Hewitt et al.,  2007 )   

   Compound     EC 50  ( μ M)      C  max / C  ss  ( μ M)     [I]/EC 50      Induction Potential  

  Rifampin    0.8    14    17.5    Likely  
  Carbamazepine    0.8    25    28    Likely  
  Phenobarbital    125    40 – 180    0.3 – 1.5    Likely  
  Phenytoin    25    80    3.2    Likely  
  Troglitazone    3 – 5    7    2.3    Likely  
  Avasimibe    0.2    1 – 6    5 – 30    Likely  
  Rosiglitazone    5 – 10    0.3 – 1.2    0.06 – 0.12    Possible  
  Simvastatin    0.14    0.024    0.17    Possible  
  Lovastatin    1 – 5    0.008    0.008 – 0.02    Unlikely  
  Clotrimazole    1 – 5    Topical    Inhibition    Unlikely  
  Nifedipine    8    0.008    0.001    Unlikely  
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(a) maintenance of hepatocytes in a more liver - like environment, (b) mainte-
nance of liver - like cell morphology, and (c) formation of functional bile cana-
liculi (LeCluyse et al.,  1994 ; Kostrubsky et al.,  2003 ; Sahi et al.,  2006 ). This 
culture system renders possible assessment of the cumulative effects of meta-
bolism, induction, time - dependent inhibition, and metabolite effects, replicat-
ing the more steady - state - like effects on CYP activity and gene expression 
(Sinz et al.,  2008a ). Hepatocytes can also be cultured as monolayers on a col-
lagen matrix without the overlay and used for metabolism and induction 
experiments. While the cells are easier to culture and utilize in this environ-
ment, they do not exhibit the liver - like morphology or form functional bile 
canaliculi.     

 Tissue culture media also infl uences the morphology, integrity, and cellular 
function of hepatocytes. Figure  8.5  shows enzymatic activity data generated 
from cultures of human hepatocytes treated with prototypical inducers for 3 
days in three different media, namely, Williams E (WEM), Chee ’ s (MCM), 
and DMEM/Ham ’ s F - 12. Our data demonstrate marked differences in the 
fold - over - control induction responses over these three routinely used culture 
media. We used 6 β  - hydroxytestosterone (6 β T) conversion from testosterone 
as a marker of CYP3A activity. The lower fold - over - control response with 
WEM appears to arise from an elevated basal CYP3A response in vehicle 
control (and media - only controls) that is refl ected at both the mRNA and 
functional activity level. This suggests that WEM supports a higher basal 
CYP3A expression relative to the DMEM/Ham ’ s F - 12 and Chee ’ s media. 
Interestingly, the blunted fold - over - control response with WEM is less pro-
found in microsomal - based studies relative to  in situ  media - based study designs 
(data not shown). This, coupled with the observation that mRNA responses 
are less blunted with WEM, suggests that other processes (e.g., testosterone 
uptake transporters) may also be affected by media compositions. We have 
also observed profound media formulation effects in cultures of rat hepato-
cytes where Chee ’ s media was found to elevate basal CYP1A expression while 
other media types were more effective in modeling CYP1A induction.   

 Another determinant of cell function is the plating density of hepatocytes 
(Hamilton et al.,  2001 ). As shown in Fig.  8.6 , at high plating densities,  > 100% 
confl uent, cells in conventional cultures do not spread out. Hepatocytes display 
hepatocyte - like morphology for 1 – 2 days, albeit without formation of bile 
canaliculi, and then begin to detach. When close to confl uence ( ≥ 90%) at the 
time of plating, the cells redevelop normal morphology, tight junctions, and 
bile canaliculi. When plated at less than 50% confl uence, hepatocytes appear 
fi broblast – like after a day in culture and send out philopodial extensions. We 
also observed that sparsely plated hepatocytes have signifi cantly lower 
CYP3A4 activity than hepatocytes plated at optimal confl uence, although 
PXR levels remain equivalent (Hamilton et al.,  2001 ); our unpublished obser-
vations; Fig.  8.7 ). Fetal bovine serum commonly used in tissue culture is typi-
cally not used long - term when conducting metabolism or toxicology studies. 
While serum helps to enhance attachment, it contains many components (most 
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     Figure 8.5.     Effect of tissue culture media on expression and activity of the major CYP 
enzymes in primary human hepatocytes. Human hepatocytes in primary sandwich 
culture were treated with prototypical inducers for 3 days in different media. WEM 
(dashed  ), MCM (white), and DMEM/Ham ’ s F - 12 (black) with various prototypical 
inducers including: 3 - MC (2    μ M), OMP (50    μ M), PB (1   mM), CITCO (200   nM), RIF 
(10    μ M), and phenytoin (50    μ M).  (A)  Enzymatic activity for CYP1A2 (APAP).  (B)  
Relative CYP1A2 mRNA content (TaqMan  ®  ).  (C)  Enzymatic activity for CYP2B6 
(OHBP).  (D)  Relative CYP2B6 mRNA content (TaqMan  ®  ).  (E)  Enzymatic activity 
for CYP3A (6 β T).  (F)  Relative CYP3A4 mRNA content (TaqMan  ®  ). Error bars 
indicate standard errors of triplicate samples.  
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of which are undefi ned) that stimulate cell proliferation and a loss of pheno-
typic expression patterns. Some serum factors may also inhibit establishment 
of bile canaliculi in hepatocyte cultures (Terry and Gallin,  1994 ). As such, it 
is typically removed after the initial attachment period of 4 – 6   h (LeCluyse 
et al.,  2005 ). The additives most commonly used in primary hepatocyte cul-
tures are a glucocorticoid (e.g., dexamethasone), insulin, selenium, and 
transferring, which aid in the preservation of hepatocyte - specifi c functions, 
polygonal hepatocyte morphology, and structural integrity of cytoplasmic 
membranes, especially bile canaliculi - like structures (LeCluyse et al.,  2005 ).   

 After 2 – 3 days in culture, primary hepatocytes can be used for induction 
experiments and are typically incubated for 2 days with the test compounds 
when mRNA is the endpoint and for 3 days when enzyme activity is to be 

D. Decreased cell density (25%)

B. Optimized cell density (100%)

C. Lower cell density (50%)

A. High cell density (150%)

     Figure 8.6.     Effect of plating cell density on morphology of human hepatocytes in 
primary culture.  (A)  Too - high plating density.  (B)  Ideal plating density showing 
normal morphology.  (C)  At 50% confl uence, hepatocytes appear fi broblast - like.  (D)  
At 25% confl uence, hepatocytes form pseudopodia.  
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assessed. Table  8.2  provides a list of CYP inducers and probe substrates com-
monly used for these  in vitro  studies (Sinz et al.,  2008a, 2008b ).    

  8.2.6   Cryopreserved Hepatocytes 

 The use of plateable cryopreserved hepatocytes for evaluating  in vitro  
induction of P450 enzymes is increasing as these become more accessible. 
Cryopreservation may moderately change P450 enzyme activities, which 
were reported to decrease between 3% (CYP1A2) and 22% (CYP2A6) 
while CYP3A4 activity increased 164% (Li et al.,  1999 ). Since the drug -
 metabolizing enzymes remain inducible after cryopreservation and due to 
signifi cant variation in activities of drug - metabolizing enzymes between indi-
vidual human livers, cryopreserved cells generate results essentially indistin-
guishable from freshly isolated cells (Schehrer et al.,  2000 ). Expression of 
mRNA and protein expression, as well as activities of CYP1A2, 2B6, 2C9, 
2E1, 3A4, and UGT in cryopreserved hepatocytes, are inducible by prototypi-
cal inducers (Reinach et al.,  1999 ; Roymans et al.,  2005 ) as is the RNA expres-
sion of CYP3A5, carboxylesterases (CES1 and CES2), and sulfotransferases 
(CHST1, CHST3, CHST4, CST, SULT2A1, and TPST2) (Nishimura et al., 
 2004 ). The advantage that cryopreserved cells offer over freshly isolated cells 
is that experiments can be planned in advance and are not dependent on 
availability of fresh primary hepatocytes. Moreover, vials of cells can be 
stored over several years, making it possible to conduct a series of studies 
using the same cells, which is a distinct advantage when comparing results 
within a chemotype. For reasons not yet fully understood, a large percent of 
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     Figure 8.7.     Effect of plating density on CYP3A4 protein and activity and PXR in 
primary human hepatocyte cultures. Hepatocytes have signifi cantly lower CYP3A4 
protein and activity when underplated. PXR levels do not appear to be signifi cantly 
effected by plating density.  
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 TABLE 8.2.      CYP  Inducers and Probe Substrates Used  In Vitro  

   CYP Enzyme     Inducer     Substrate/Probe  

  1A2    Omeprazole,  β  -
 Naphthofl avone, 
3 - methylcholantrhrene, 
Lansoprazole  

  Phenacetin, theophylline, caffeine, 
acetaminophen, tacrine  

  2A6    Dexamethasone, pyrazole    Coumarin, nicotine, butadiene  
  2B6    Phenobarbital, CITCO, 

phenytoin  
  Efavirenz, buproprion, propofol, 

 S  - mephenytoin  
  2C8    Rifampicin, phenobarbital    Taxol, repaglinide, rosiglitazone, 

amodiaquine  
  2C9    Rifampicin, phenobarbital     S  - Warfarin, tolbutamide, diclofenac, 

phenytoin, fl urbiprofen  
  2C19    Rifampicin     S  - Mephenytoin, fl uoxetine, 

omeprazole, esoprazole, 
lansoprazole, pantoprazole, 
citalopram, diazepam, hexobarbital, 
imipramine, proguanil, propanolol  

  2D6    None identifi ed    Dextromethorphan, bufuralol, 
codeine, ethylmorphine, 
desipramine, atomoxetine, nicotine, 
debrisoquine  

  2E1    Ethanol, isoniazid, 
acetone  

  Chlorzoxazone, aniline, 
 p  - nitrophenol, lauric acid, 
acetaminophen, caffeine, dapsone, 
enfl urane, theophylline  

  3A4/3A5    Rifampicin, Rifabutin, 
Rifapentine, 
Sulfi npyrazone, 
Carbamazepine, 
Dexamethasone, 
Phenytoin, 
Troleandomycin, 
Troglitazone, taxol  

  Midazolam, testosterone, 
dextromethorphan, triazolam, 
terfenadine, buspirone, felodipine, 
lovastatin, eletriptan, sildenafi l, 
simvastatin, triazolam, 
acetaminophen, carbamezapine, 
cyclosporin, digitoxin, diazepam, 
erythromycin, fl uoxetine, 
nifedipine, quinidine, saquinavir, 
cortisol, terfenadine, verapamil  

   Compiled from references in Sinz et al.  (2008a)  and Sinz et al.  (2008b) .   

human hepatocyte preparations lose the ability to attach in culture. While 
these unattachable cryopreserved cells are useful for metabolism studies, 
induction cannot be assessed in cell suspension. Due to the limited number 
of donor hepatocytes that attach after cryopreservation, the commercial 
supply of attachable cryopreserved human hepatocyte preparations is rela-
tively limited. The USFDA allows for the use of fresh or cryopreserved 
human hepatocytes for induction assessments.  
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  8.2.7    FDA  Draft Guidance on Use of Hepatocytes 
for Induction Assessments 

 The 2006 FDA draft guidance on drug – drug interactions states the follow-
ing:  “  A drug that induces a drug - metabolizing enzyme can increase the rate 
of metabolic clearance of a coadministered drug that is a substrate of the 
induced pathway. A potential consequence of this type of drug – drug interac-
tion is sub - therapeutic blood concentrations ”   (FDA,  2006 ). This draft guid-
ance provides recommendations of primary hepatocyte - based  in vitro  assays, 
including substrates and positive controls that can be used in assays measur-
ing catalytic activity of the major drug - metabolizing enzymes CYP1A2 and 
CYP3A4. It is suggested that freshly isolated and/or attachable cryopre-
served hepatocyte cultures from at least three individual donors be treated 
with the test compound and appropriate vehicle and positive controls for 
2 – 3 days prior to analysis. The recommended positive control activity is 
greater than twofold increase in enzyme activity of probe substrate. A 
minimum of three test compound concentrations based on the expected 
human plasma drug levels are suggested, one of which should be an order 
of magnitude greater than this concentration. In the absence of knowledge 
of human plasma levels, concentrations ranging over at least two orders of 
magnitude should be studied. The FDA draft guidance allows for enzymatic 
analysis to be conducted in microsomes prepared from the hepatocytes or 
in situ , using media - based assays and probe substrates. The potential for  in
vivo  induction should be assessed based on induction activity with the test 
compound versus induction with the positive control. Since co - induction of 
CYP2C, CYP2B, and MDR1 occurs along with CYP3A4, negative results 
for CYP3A4 may eliminate the need to address interactions eliminated by 
these enzymes and MDR1. Fold increase, percent increase, or EC 50  values 
are acceptable; for example, a drug that produces an increase in probe drug 
enzyme activity that is more than 40% of the positive control will be regarded 
as an enzyme inducer for CYP3A4. 

 A 2007 pharmaceutical industry survey indicated that while it was 
agreed that human hepatocytes in primary culture are the best predictor of 
in vivo  induction, the methodologies used have not been standardized across 
laboratories and there is no consensus on criteria for determining in what 
cases clinical drug – drug interaction studies are required (Hewitt et al., 
 2007 ). A recent position paper on drug interaction evaluations (Huang et 
al.,  2008 ) agrees with the FDA Draft guidance that since activation of PXR 
results in co - induction of both CYP2C9 and CYP2C19, a negative  in vitro
result for CYP3A induction eliminates the need for additional induction 
studies for both CYP3A and CYP2C enzymes. However, this position paper 
recommends that since CYP2B6 may not be co - induced with CYP3A4, 
the potential for induction of these enzymes should be evaluated in vitro
as well.  
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  8.2.8    In Vivo  Transgenic/Chimeric Models 

In vivo  animal induction models offer many advantages over the static  in vitro
systems because in vivo  models incorporate many of the dynamic processes, 
such as drug absorption, distribution, metabolism, and elimination, all of 
which occur concurrently. Multiple dynamic processes working in parallel 
determine the actual test compound concentration over time at the site of 
action, unlike the static tissue culture systems currently used. Test compounds 
can be administered over several days at pharmacological doses/exposures 
equivalent to those expected or observed in human plasma to enable improved 
assessments of human induction in an in vivo  setting. However, there are 
signifi cant interspecies differences in the nuclear receptors as well as drug -
 metabolizing enzymes. In the case of PXR, the DNA - binding domain is fairly 
well conserved across species, but there are signifi cant differences in the 
ligand - binding domain, which contribute to the observed cross - species differ-
ences. Some of the newer transgenic/chimeric mouse models have circum-
vented the LBD dissimilarities between species by incorporating human 
attributes (genes). Humanized nuclear receptor transgenic mice, knockout 
mice, and chimeric mice with transplanted human hepatocytes are useful tools 
for assessing regulation of drug - metabolizing enzymes, and hepatotoxicity of 
drug candidates. For example, dose - dependent increases in cyp3A mRNA 
were observed with increasing concentrations of rifampin in hPXR transgenic 
mice (Xie et al.,  2000 ; Kim et al.,  2008 ). Rifampicin is a potent hPXR agonist 
but a very poor mouse PXR agonist. In knockout mice, CITCO, phenytoin, 
and phenobarbital increased CYP2B6 expression in CAR+ but not CAR −
mice (Wang et al.,  2004 ). When treated with increasing oral doses of rifampi-
cin, SXR humanized and PXR - knockout (KO) mice demonstrated linear 
increases in plasma and liver tissue exposure up to 60   mg/kg doses (Kim et al., 
 2008 ). Increases in RNA expression and microsomal activity reached maximum 
responses at 10   mg/kg in SXR humanized mice while at the same dose of 
rifampicin the induction response was absent in PXR - KO mice. After 3 days 
of rifampicin treatment (10   mg/kg rifampicin) in SXR humanized mice, tri-
azolam plasma AUC and  Cmax  were greatly reduced compared to pretreatment 
levels (83% and 74%, respectively). These results indicate that the humanized 
SXR mouse may be used as a quantitative model to predict PXR - mediated 
CYP3A induction and the resulting pharmacokinetic changes of CYP3A sub-
strates in humans (Kim et al.,  2008 ). The limitation of the transgenic/knockout 
systems are that only one or two enzymes and/or nuclear receptor are typically 
 “ humanized ”  and the cross - talk between nuclear receptors/enzymes/trans-
porters may be disconnected as the human and mouse systems may or may 
not be functioning in a similar fashion. 

 A newer model circumvents some of these disconnects, by using chimeric 
mice that have livers predominantly populated with human hepatocytes. One 
such model utilizes SCID mice that are injected with human hepatocytes, and 
the engraftment is considered successful if over 80% of the hepatocytes in the 
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mouse liver are of human origin (Tateno et al.,  2004 ). CYP1A1/2 and CYP3A4 
mRNA, protein content, and enzyme activity was induced in chimeric mice 
treated with known human inducers and in hepatocytes isolated from these 
humanized chimeric mice, within the range observed for human hepatocytes 
(Katoh et al.,  2005 ; Nishimura et al.,  2005 ; Yoshitsugu et al.,  2006 ). A second 
humanized chimeric mouse model utilizes severely immunodefi cient, fumary-
lacetoacetate hydrolase (Fah) - defi cient mice. Mice are pretreated with a uro-
kinase - expressing adenovirus and engrafted (up to 90%) with human 
hepatocytes. The basal expressions of CYP1A1, CYP1A2, CYP2B6, CYP3A4, 
CYP3A7, and UGT1A1 in the chimeric mice were in the range expected for 
adult human livers. Induction of mRNA and enzymatic activity by beta - 
naphthofl avone (BNF), phenobarbital, and rifampicin was also similar to that 
of human hepatocytes (Azuma et al.,  2007 ). These humanized models, while 
technically challenging and not fully validated, could be possible  “ bridges ”  
between preclinical ( in vivo ) and clinical studies.   

  8.3   EXPERIMENTAL ENDPOINTS IN CELL - BASED ASSAYS 

 There is  “ cross - talk ”  between receptors involved in the regulation of a large 
number of phase I and phase II drug - metabolizing enzymes and drug trans-
porters, and it is impractical and superfl uous to assess the induction potential 
of new drugs for the full complement of target genes. A more effi cient and 
effective initial strategy is the use of a single and sensitive target gene for each 
of the respective nuclear receptors. Most of these principles are refl ected in 
the latest FDA guidance documents and commentaries on drug – drug interac-
tions, which describe for the fi rst time considerations and recommendations 
for proper study design of in vitro  induction experiments and interpretation 
of in vitro  results (FDA,  2006 ; Huang et al.,  2008 ). Overall, the current  in vitro
approaches, which are based on our recent knowledge of the mechanisms of 
enzyme induction, are designed to help determine whether new drugs are 
likely to be involved in drug – drug interactions at therapeutic doses  in vivo . 

  8.3.1   Study Design Considerations 

 Appropriate design of an induction study employing primary human hepato-
cyte cultures is essential for the effective evaluation of the induction potential 
of new drugs. This includes the use of healthy hepatocytes in the most liver -
 like culture environment, appropriate positive control inducers, relevant 
concentrations of control inducers that maximize inductive response while 
minimizing potential cytotoxicity, effective vehicle controls, appropriate time 
in culture, and the right complement of endpoints to allow effective interpreta-
tion of data. The following section describes the most important consider-
ations in the design of an induction study in cultures of human hepatocytes 
and those which are essential for a relevant interpretation of data and predic-
tion of in vivo  interactions.  
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  8.3.2   Cell Health and Monolayer Integrity 

 The most important consideration for achieving optimal outcomes from an 
in vitro  induction study is the health and integrity of the hepatocyte cultures. 
Primary cultures of human hepatocytes are known as the gold standard for 
assessing the induction potential of new drugs because they are thought to be 
the most liver - like  in vitro  model capable of sustaining normal levels of metab-
olism, induction, and transport. However, the importance of maintaining high -
 quality monolayers for optimal results often goes unappreciated. For example, 
if large induction responses are observed (e.g., 400 - fold CYP3A induction) 
with positive control inducers, then the common misconception is that these 
data are  “ better ”  for the prediction of clinically relevant induction potential 
for new chemical entities. Realistically, very large fold changes ( > 20 -  to 30 -
 fold) in CYP3A activity are not physiologically relevant in the human liver, 
and they more likely refl ect a problem with the model, such as poor cell health 
or inappropriate culture conditions. Often these conditions lead to artifi cially 
diminished basal CYP3A expression as well as a reduction in many of the 
other liver - specifi c endogenous processes (e.g., metabolism, transport, cell –
 cell signaling) that make a mature hepatocyte culture system such an effective 
in vitro  model for predicting responses in human liver (Hamilton et al.,  2001 ). 

 Additionally, a compromised or stressed culture system produces exagger-
ated concentration – response profi les and cytotoxicity due to the relatively 
poor health of these culture models. Alternatively, in the event that a 
metabolite(s) of a new drug is the relevant inducer or toxicant in vivo , the 
proper responses would not likely be effectively modeled in a compromised 
primary hepatocyte culture system. Figure  8.6  shows an example of a healthy 
sandwich culture of human hepatocytes alongside a stressed culture. A simple 
morphological assessment can help make a decision regarding the suitability 
of a cell culture monolayer for an induction study. Good cell – cell contacts 
(e.g.,  “ cobblestone ”  appearance of monolayers), cytosolic clarity (not granular 
in appearance), and clearly defi ned nuclei (single or multiple often observed 
in health cultures of hepatocytes) are useful markers of cell health (Fig.  8.6 B). 
Recording images of the cell monolayers at each time point is useful for evalu-
ating any trends in cell health that may be related to the effects of new chemi-
cal entities at higher concentrations relative to vehicle control cultures. This 
is especially important in primary cultures relative to immortalized clonal cell 
lines. Taken together, these considerations point to the need for researchers 
to evaluate and use robust primary human hepatocyte culture models with the 
most liver - like features and functions to ensure that the results derived from 
these model systems produce the most physiologically relevant data for pre-
diction of human induction and hepatotoxicity.  

  8.3.3   Culture Conditions 

 In addition to cell health, other considerations, such as the choice of vehicle 
control, positive control inducers, culture medium (discussed above), and time 
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of incubation, are also important for optimal results. The choice of vehicle 
control is often dictated by the solubility of the new chemical entity being 
assessed for induction potential. Common solvents include dimethylsulfoxide 
(DMSO), methanol, and acetonitrile for most drugs, or simple isotonic buffers 
(e.g., PBS, HBSS) and cell culture medium for water - soluble compounds. Care 
should be taken in choosing the concentration of solvent vehicles because they 
can contribute to an elevated baseline P450 expression and reduce the dynamic 
range of induction (LeCluyse et al.,  2000 ; Hamilton et al.,  2001 ). Commonly 
used DMSO concentrations range from 0.1% to 0.2% because they are high 
enough to maintain chemical solubility in aqueous media yet have minimal 
impact on basal P450 expression/activity. Methanol is similar to DMSO, 
however slightly higher concentrations may be an effective solvent depending 
on the choice of culture medium. Acetonitrile is a less common vehicle for 
primary hepatocyte - based induction studies; however, 0.1% has minimal 
impact on basal P450 expression in our laboratory. When initially setting up 
these types of experiments, it is important to know the effects of the solvent 
on cell function and health prior to designing the study to ensure that the 
proper controls are included (or design - appropriate controls within the experi-
ment such as a media - only control). 

 Table  8.3  provides a list of recommended positive control inducers based 
on our practical experience and understanding of various nuclear receptor 
pathways and their role in P450 transcription. The 2006 draft FDA guidance 
on drug interactions also provides a list of positive control inducers for various 
P450 targets. There are quite a few similarities and a few notable differences 
between our recommended list (Table  8.3 ) and the 2006 Draft Guidance. 
However, there are a few differences between our recommended list and the 
2006 draft guidance. For example, unlike the draft FDA guidelines, we do not 
recommend dexamethasone as a positive control inducer for CYP2A6 in cul-
tures of human hepatocytes. We have used dexamethasone (along with PB 
and RIF) as a positive control for CYP2A6 in over 100 preparations of primary 
human hepatocytes and have not observed it to be an effective inducer in our 
system. In our hands, phenobarbital at 1   mM concentrations was the most 
effective inducer of CYP2A6 activity and mRNA followed by rifampin at 
10    μ M. Our serum - free culture media are supplemented with 50   nM dexa-
methasone to maintain liver - like expression of other GR - regulated receptor 
pathways (e.g., CAR and PXR). 50   nM dexamethasone is far below the con-
centration needed to markedly activate PXR ( ∼ 10    μ M); however, a recent 
report has shown that CYP2A6 can be regulated indirectly by low concentra-
tions of dexamethasone via the glucocorticoid receptor and increased binding 
of hepatic nuclear factor 4 receptor (HNF4) to the CYP2A6 promoter (Onica 
et al.,  2008 ). Therefore, it is likely that the dexamethasone recommendation 
for CYP2A6 is not compatible with concomitant assessment of CYP2B6 and 
CYP3A4 induction potential due to the requirement of GR  “ basal ”  activation 
to maintain liver - like expression of CAR and PXR. A second notable differ-
ence in our positive control recommendations compared to those listed in the 
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recent FDA guidance is that the upper concentration is suggested to result 
in maximal induction ( E  max )  in vitro  with primary human hepatocytes 
cultures. These concentrations are often signifi cantly lower than those 
required to produce maximal induction for many cell lines (Kanebratt and 
Andersson,  2008b ). The concentrations recommended in Table  8.3  refl ect 
the upper asymptote of the dose – response curves while minimizing the 
potential for cytotoxicity and cellular stress that can arise and confound 
data interpretation.    

  8.3.4   Temporal Effects 

 Time in culture is also an important consideration for obtaining optimal induc-
tion results but also for monolayer and cell integrity. Understanding the time 
course of diminishing cell integrity can signifi cantly impact the choice of time 
points to assess induction potential. However, there are general recommenda-
tions based on the time required for multistep biological processes (e.g., induc-
tion) to manifest. For instance, during the post - plating period ( ∼ 18 – 24   h), 
hepatocytes are refractory to most inducing agents while the cells are attaching 
to the substratum and cell – cell contacts are being restored. In the case of 
temporal kinetics of the induction response, DNA is transcribed to mRNA, 
which is then translated to protein that must be complexed with a heme por-
phyrin group and inserted into the membrane of the endoplasmic reticulum 

 TABLE 8.3.      In Vitro  Positive Control Inducer Recommendations in Cultures of 
Primary Human Hepatocytes 

   Enzyme  
   Recommended 

Inducer  

   Concentration 
in Primary 

Human 
Hepatocytes  

   Acceptable 
Inducer  

   Concentration 
in Cultures of 

Primary Human 
Hepatocytes  

  CYP1A2    3 - MC    2    μ M    Omeprazole 
  β  - Napthofl avone  

  50    μ M 
 50    μ M  

  CYP2A6    PB    1000    μ M    RIF    10    μ M  
  CYP2B6    PB    1000    μ M    Phenytoin 

 CITCO 
 RIF  

  50    μ M 
 1    μ M 

 10    μ M  
  CYP2C8    RIF 

 PB  
  10    μ M 

 1000    μ M  
        

  CYP2C9    RIF 
 PB  

  10    μ M 
 1000    μ M  

        

  CYP2C19    RIF    10    μ M          
  CYP2D6    No established 

PC inducer  
            

  CYP2E1    No established 
PC inducer  

            

  CYP3A4    RIF    10    μ M    PB    1000    μ M  
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prior to exhibiting functional enzymatic activity. Each of these steps has mul-
tiple components that require both concentration and time to accumulate 
precursor substrates at suffi cient quantities to affect the next downstream 
process. As a result, short time points (e.g., 1 – 6   h) are typically too early to 
observe substantial induction of enzymatic activity. In addition, inductive 
events that require metabolism of a parent compound to produce active 
metabolites will require additional time to accumulate signifi cant concentra-
tions of metabolite to illicit the start of the multicomponent induction process. 
As a result, the general rule for induction assessment is to culture cells for 
48 – 72   h when monitoring enzymatic activity. Longer ( > 72 h) time points are 
effective as long as the primary hepatocyte culture system is still of appropri-
ate quality. For some applications (e.g., cytotoxicity assessment), longer - term 
exposure may be more refl ective of a chronic exposure phenomena (e.g., 
glutathione depletion, proliferation signaling), which may only be important 
for chronic treatment regimens.  

  8.3.5   Endpoint Analysis and Data Interpretation 

 As implied in Fig.  8.1 , induction of CYP enzyme expression can be assessed 
at several different levels, namely mRNA, protein, and enzymatic activity. The 
choice of endpoint(s) is important because it will affect the initial study design; 
however, it is often diffi cult to know what endpoints to choose before knowing 
the results. Based on the 2006 FDA Draft Guidance for Industry relating to 
drug – drug interactions, the minimum requirement for assessment of induction 
potential is CYP1A and CYP3A enzymatic activity in three independent 
preparations of hepatocytes (or appropriate cell lines if they are suitable to 
monitor induction of enzymatic activity). However, simply choosing the 
minimum activity endpoints may be problematic for interpreting the data from 
enzymatic activity alone, including underestimating or overestimating induc-
tion potential. Failure to effectively interpret data from an induction study 
(e.g., decreases in enzymatic activity with increasing concentrations of an 
inducer) can lead to indecision regarding the best development strategy and 
having to repeat the in vitro  studies, which can cost precious time and resources. 
In the following section we demonstrate the utility of an effective study design 
by presenting example induction data using a variety of endpoints and describ-
ing ways to interpret the results. We also show how an effective study design 
anticipates common outcomes based on a mechanistic understanding of induc-
tion pathways and provides the prerequisite data to identify compounds that 
have the potential to be involved in signifi cant inductive effects. In addition, 
we explain how studies can be designed to de - convolute simultaneous, often 
opposing, processes that can ultimately determine the ensuing enzymatic 
activity. 

 Figure  8.8  contains representative data for CYP1A2 and CYP3A mRNA 
and enzymatic activity (panels A – D) from primary hepatocyte cultures treated 
with positive control compounds or three concentrations of a test article (TA). 
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This test article was observed to be a noninducer of CYP1A2 activity (phen-
acetin  O  - deethylation) (Fig.  8.8 C) and a weak inducer of CYP3A activity 
(testosterone 6 ß  - hydroxylase) (Fig.  8.8 D). From these data, one might predict 
that the potential for this test article to cause clinically relevant induction is 
minimal. This prediction is supported in the matching mRNA data where 
CYP1A2 and CYP3A4 do not appear to be signifi cantly induced relative to 
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     Figure 8.8.     Effect of inducers of CYP mRNA and activity. Examples of no induction 
(CYP1A2) and small induction (CYP3A4) responses with test article (TA, 2, 20, and 
200    μ M) relative to positive control responses (3 - MC (2    μ M), PB (1   mM), RIF (10    μ M), 
and dexamethasone (50    μ M)) in cultures of primary human hepatocytes.  (A ,  C)  
CYP1A2 mRNA (TaqMan  ®  ) data and enzymatic activity, respectively.  (B ,  D)  CYP3A4 
mRNA (TaqMan  ®  ) content and CYP3A enzymatic activity, respectively.  (E)  CYP2B6 
enzymatic activity data that demonstrate clear induction with the TA that was not 
signifi cant in (or predictable from) the CYP3A enzymatic activity data. Equation rep-
resents calculation used to determine induction potential. Error bars indicate standard 
errors of triplicate samples. APC: Adjusted positive control.  
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the corresponding positive controls (i.e., 3 - MC and rifampin, respectively) 
(Fig.  8.8 A,B), although CYP3A4 mRNA levels were induced more promi-
nently at the highest concentration of test article than the corresponding 
CYP3A enzymatic activity. In total, these data suggest low potential for induc-
tion with this test article from these data, especially based on the current FDA 
criterion that an induction response is not considered signifi cant unless it 
exceeds 40% of the positive control response (FDA,  2006 ).   

 However, as stated previously, there are three principal nuclear receptor 
pathways known to be involved in clinically relevant drug interactions (i.e., 
AhR, PXR, and CAR); and CYP1A2 and CYP3A do not effectively address 
all of these, especially CAR - mediated induction (Huang et al.,  2008 ). Figure 
 8.8 E shows the corresponding CYP2B6 (a sensitive CAR target gene) enzy-
matic activities in hepatocyte cultures treated with this test article. Note the 
relative percent of adjusted positive control responses for each enzymatic 
activity at the 200    μ M concentration of test article (25% versus 56% for 
CYP3A and CYP2B6, respectively). These data demonstrate that the CYP3A 
activity data did not accurately predict the true potential of the compound to 
induce CYP enzymatic activity. Not only did the initial CYP1A and CYP3A 
induction results underestimate the CYP2B6 induction response in vitro , it is 
likely that it also has underestimated the induction of CYP2C8 and CYP2C9 
as well as other CAR target genes such as UGT1A1 (Smith et al.,  2005 ; Sahi 
et al.,  2009 ). 

 Overall, this example illustrates the importance of assessing CYP2B6 
induction as a marker for the CAR pathway that continues to emerge as an 
important mediator of hepatic CYP induction in humans by several drugs 
(Faucette et al.,  2007   ). Notably, a recent commentary by the FDA acknowl-
edges that assessing CYP1A and CYP3A activities alone may not be suffi cient 
to eliminate completely the possibility of a new drug to induce CYP enzyme 
activity in vivo  (FDA,  2006 ; Huang et al.,  2008 ). The document now recom-
mends the addition of CYP2B6 activity to the screening regimen to account 
for activators of CAR. 

 In the example above, monitoring mRNA was a useful, confi rmatory tool, 
but did not provide new insights (relative to the enzymatic activity data) as 
only induction appeared to be operative with the test article. However, 
Fig.  8.9  shows two test articles evaluated for CYP3A enzymatic activity where 
test article 1 (TA1) showed a very small increase at all three concentrations 
(maximal at 20    μ M) while test article 2 (TA2) produced a decrease in enzy-
matic activity with increasing concentrations. In looking at these activity data, 
TA1 seems to be a weak inducer while TA2 produces a clear decrease that is 
not readily explained.   

 At fi rst glance it is not clear from simply looking at the enzymatic activity 
alone how to interpret the data or what the cause(s) might be for such an 
effect. In most cases such as these, there are three possible explanations for 
the concentration - dependent decrease in enzyme activity: (1) cytotoxicity, 
(2) enzyme inhibition, and (3) gene suppression. From the cell morphology 
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assessment (Fig.  8.9 C), the integrity of the hepatocyte monolayer does not 
appear to be compromised by high concentrations of TA2. Assessment of 
cytotoxicity (e.g., ATP content, mitochondrial function, membrane integrity) 
can serve as a quantitative measure of cellular stress and identify cultures 
where cell health has been compromised relative to vehicle control. In the 
case of TA2, there was no sign of cytotoxicity; therefore this is not likely to 
be the cause for the decreases in CYP3A enzymatic activity. 

 When measuring enzymatic activity as the sole endpoint, it is important to 
understand that changes can arise for multiple reasons that may or may not 
be related to the amount of enzyme being produced. For example, some 
mechanism - based inhibitors may go unnoticed in the time frame of routine 
time - dependent inhibition screening when utilizing a standard microsomal -
 based  in vitro  assay protocol. In the event that a time - dependent inhibitor is 
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     Figure 8.9.     CYP3A enzymatic activity data (A), mRNA content (B), and cell morphol-
ogy (C) from cultures of primary human hepatocytes with two test articles  . Data 
demonstrate an inhibition - like phenotype based on the combination of endpoints 
indicating that cytotoxicity and suppression were not likely to be operative in these 
assays. Positive control concentrations were: 3 - MC (2    μ M), PB (1   mM), and RIF 
(10    μ M) relative to 0.1% DMSO vehicle (Veh) control. Error bars indicate standard 
errors of triplicate samples. C represents vehicle control hepatocytes; similar morphol-
ogy was observed in the treated hepatocytes.  
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evaluated as an inducer in primary culture of human hepatocytes, it is not 
unusual to observe a concentration -  and time - dependent decrease in enzy-
matic activity compared to vehicle - control cultures. In fact, primary hepato-
cyte cultures generally are a more sensitive model system for identifying 
time - dependent inhibitors due to (1) the longer exposure periods to the test 
article, (2) the replenishment of test article on a daily basis, and (3) a greater 
range of concentrations are often tested. Therefore, it is often advantageous 
to measure an endpoint independent of substrate turnover alone to aid in the 
interpretation of the results such as those depicted in Fig.  8.9 . 

 A simple, quantitative method for addressing this issue is the inclusion of 
endpoints for mRNA and/or protein data (e.g., Western immunoblotting, 
ELISA) in the initial study design. Because mRNA is not sensitive to inhibi-
tion phenomena (protein content can sometimes decrease with certain types 
of mechanism - based inhibitors), yet is decreased with both cytotoxicity and 
suppression, it is a useful tool to identify compounds that are inhibitors of 
enzymatic activity in primary cultures of human hepatocytes. In the example 
illustrated in Fig.  8.9 , the corresponding mRNA data demonstrates that TA1 
is actually a moderate inducer of CYP3A4 expression (Fig.  8.9 B); however, 
this did not manifest markedly in signifi cant changes in enzymatic activity 
(Fig.  8.9 A). TA1 was later found to be a mechanism - based inhibitor of CYP3A 
activity in human liver microsomes, which resulted in a blunted induction 
response relative to changes in the CYP3A4 mRNA content, especially at the 
2    μ M concentration. At 20    μ M there appears to be a balance between induc-
tion and inhibition with TA1 under the conditions used. However, other PXR 
target genes, such as CYP2C enzymes, are likely to be induced by TA1 where 
inhibition is not operative. 

 For TA2 in Fig.  8.9 , the decrease in enzymatic activity observed was not 
supported by the mRNA data. In fact, TA2 causes a concentration - dependent 
increase in CYP3A4 mRNA levels and appears to be a moderate inducer rela-
tive to the positive control rifampin. These combined data demonstrate that 
TA2 is likely an inhibitor of CYP3A enzymatic activity, and based on the net 
outcome (i.e., predominant loss in enzyme activity), it appears to be a more 
effective inhibitor than inducer of CYP3A activity. Indeed TA2 was found to 
be an extremely potent and effi cacious mechanism - based inhibitor of CY3A 
activity in human liver microsomes. Therefore, these data taken together 
provide valuable clues that demonstrate that TA2 is not cytotoxic at the con-
centrations examined, but rather is an inhibitor of CYP3A enzymatic activity. 
In addition, the mRNA results suggest that TA2 has the potential to be 
involved in the induction of other parallel clearance pathways that are not 
affected by its inhibitory properties. Without the cell morphology and mRNA 
data, it would be diffi cult to prove that the decreases in enzymatic activity 
were the result of inhibition, even though circumstantially the human liver 
microsome inhibition data show that TA2 has the ability to inhibit CYP3A in 
liver microsomes. Therefore, it is important to include an additional endpoint 
evaluation in the induction study design to avoid inexplicable data when trying 
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to use enzymatic activity to rule out the need for human clinical trials. Notably, 
the current FDA guidance on drug interactions acknowledges the need to 
evaluate CYP mRNA and enzymatic activities when conducting an  in vitro  
induction study of a new drug in the event that time - dependent inhibition is 
observed (FDA,  2006 ). 

 A traditional equation for enzymatic activity is depicted in Fig.  8.10  where 
the typical endpoint measurement is the formation of product [P]. The increase 
or decrease in [P] production can arise from multiple factors that may or may 
not be related to changes in the amount of enzyme [E] being produced. Since 
induction is defi ned as an increase in the expression of [E], it is important that 
an endpoint independent of this biochemical reaction (e.g., mRNA and protein 
content) be monitored to help deconvolute these data from these dynamic, 
integrated, whole - cell models.   

 Figure  8.11  shows another example of a test article that decreases enzymatic 
activity. Again, based on the enzymatic activity alone, it is not clear why the 
activity is decreasing. However, the right panel shows the hepatocyte mono-
layer from these cultures treated with 25    μ M TA, and it also shows evidence 
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     Figure 8.10.     Representation of a CYP enzymatic activity reaction. Enzymatic activity 
is most frequently monitored by the formation of P (product). E is the P450 enzyme 
(ribbon diagram of enzyme structure), S is the substrate (testosterone), and I repre-
sents an inhibitor that can act on E, E - S, or E - P to form inhibitory complexes. The 
primary point to note is that by only monitoring the production (or depletion) of P, it 
is not possible to determine if the drug causes decreases in the concentration of P by 
inhibition of the enzyme or suppressor of the expression of enzyme; or conversely, to 
determine whether drug is an inducer enzyme expression or activator of catalytic activ-
ity for increases in the concentration of P. Enzymatic activity is most frequently moni-
tored by the formation of P (product). E is the P450 enzyme (ribbon diagram of enzyme 
structure), S is the substrate (testosterone), and I represents an inhibitor that can act 
on E, E - S, or E - P to form inhibitory complexes. The primary point to note is that by 
only monitoring the production (or depletion) of P, it is not possible to determine if 
the drug causes decreases in the concentration of P by inhibition of the enzyme or 
suppression of enzyme expression; or, conversely, to determine whether drug induces 
enzyme expression or is an activator of catalytic activity for increases in the concentra-
tion of P. See the insert for color representation of this fi gure.  
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of cell stress and cytotoxicity. It is routinely observed that diminished primary 
hepatocyte cell health in culture leads to lower cytochrome P450 expression 
and enzymatic activity. Therefore, assessment of cell health by recording cell 
morphology images and/or running a cytotoxicity assay at various time points 
during the treatment period is important for results similar to those observed 
in Fig.  8.10  and distinguishing this response from inhibition or suppression. It 
is also important to note that because the effects of cytotoxicity and induction 
may be simultaneously operative, false - negative or false - positive conclusions 
regarding the true induction potential of a new drug could be made in the 
absence of supporting data. As a result, when cytotoxicity is evident, caution 
should be taken when using these data to make defi nitive calls regarding the 
induction potential of an NCE because it is diffi cult to assess the relative 
impact of these opposing forces on CYP activity.   
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     Figure 8.11.     Effects of cellular stress on CYP3A enzymatic activity in cultures of 
primary human hepatocytes. Cell images from vehicle - treated cultures and 25    μ M test 
article (TA) are shown to the right with the resulting 6 ß T activity data shown to the 
left. Error bars indicate standard errors of triplicate samples.  
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 Figure  8.12  shows representative CYP1A2 enzymatic activity and mRNA 
data for a compound [A]. In this example, the cell health is essentially unper-
turbed with the highest concentration of compound (Fig.  8.12 , image panels), 
and the membrane integrity was found to be good relative to vehicle control 
based or lactate dehydrogenase leakage data (data not shown). However, 
CYP1A2 enzymatic activity clearly decreases with increasing concentration of 
compound [A]. Initial indications are that compound [A] may be an inhibitor 
of CYP1A enzymatic activity; however, corresponding mRNA data indicated 
that CYP1A2 mRNA content is profoundly reduced at all three concentra-
tions of test article. Since the cell morphology and LDH leakage data suggest 
that this is not cytotoxicity, taken together these data indicate that compound 
[A] is suppressing CYP1A2 expression and consequentially causing a reduc-
tion in CYP1A enzymatic activity.   

 From this small sample of representative data, we hope to convey the 
importance of choosing appropriate endpoints to effectively interpret induc-
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     Figure 8.12.     Example of suppression in cultures of primary human hepatocytes. Cell 
morphology data to the right indicate some changes in cell morphology with the highest 
concentration of test article, but are suggestive of an overt cellular stress phenotype 
consistent with cytotoxicity when compared with vehicle control cultures. Error bars 
indicate standard errors of triplicate samples, and an asterisk ( * ) indicates statistically 
signifi cant responses (Dunnett ’ s test) at  P     <    0.05). V: vehicle; T: treated. The photomicro-
graph represents hepatocytes treated with the highest concentration of the compound.   
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tion data in cultures of primary human hepatocytes. At this point in our 
understanding of the induction mechanisms, the endpoints for generating the 
most relevant in vitro  induction data are CYP1A, CYP2B6, and CYP3A enzy-
matic activity, as well as an activity - independent endpoint (e.g., mRNA or 
protein content) to deconvolute inhibition effects from other processes such 
as suppression and cytotoxicity. We also recommend evaluating effects on the 
cell monolayers each day prior to dosing to monitor changes in cell integrity 
and health. In addition, we also recommend a cytotoxicity assay (e.g., ATP, 
LDH leakage, MTT) to further assess cell health at the conclusion of each 
study to determine the impact that drug cytotoxicity may have on the experi-
mental outcomes and thus interpretation of the corresponding enzymatic 
activity data. Therefore, an induction study designed with  in situ  enzymatic 
activity, mRNA assessment, and cytotoxicity assessment represents a com-
prehensive study design to completely understand a compounds effect on 
hepatocyte health, P450 expression, and enzymatic activity. In summary, this 
section has outlined and briefl y discussed the many considerations for design-
ing a comprehensive in vitro  induction study that provides the type of mean-
ingful data necessary to interpret the results and perform the in vitro  –  in vivo
correlations that are described in the next section.   

  8.4    IN VITRO  –  IN VIVO  CORRELATIONS 

 The methods for calculating CYP induction  in vitro  have evolved over the past 
5 years. Initial evaluation involved the calculation of fold increase in enzyme 
activity relative to the solvent or negative control (fold induction), whereby 
an induced activity of twofold higher than the vehicle control was considered 
a positive response. However, the large variation in fold induction between 
individual CYPs and primary hepatocyte preparations makes it diffi cult to 
compare the data from one preparation to the next. In order to take the varia-
tion into account, Bjornsson et al.  (2003)  suggested that a response of greater 
than 40% of the positive control activity could be used as an alternative, 
which, in principle, helps eliminate biological variation but may not in fact 
make the interpretation much clearer (Hewitt et al.,  2007 ). The comparison 
of the induction response by a drug with that of a positive control (causing a 
maximal induction response) also refl ects the effi cacy of the induction response 
by the drug under investigation. However, the prediction of the induction 
potential of a compound using in vitro  models is much more complex than just 
the calculation of fold increase over control levels or percent induction relative 
to a positive control, especially if viewed in light of the receptor - mediated 
pharmacological response that it is. As such, pharmaceutical companies are 
recognizing the need for better and more predictive strategies to interpret 
in vitro  induction data (Smith et al.,  2007 ). 

 Most inducing agents produce a sigmoidal concentration – response profi le 
that refl ects many characteristic aspects related to its potential to be an inducer 
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in vivo  (Fig.  8.13 A). The characteristic features that are refl ected in the profi le 
of each inducing agent are: (1) the potency or EC 50  — effective concentration 
at half - maximal response; (2) the  Emax  or effi cacy — the maximum effect or 
extent of the induction response; (3) the NOEL — the  “ no observable effect 
level ”  or greatest concentration or amount at which no effect is observed 
(Fig.  8.13 C); and (4)  “ sigmoidicity ”  — the relative shape of the concentration –
 response curve that relates to a number of biochemical and molecular factors, 
such as cooperativity in receptor binding, ligand metabolism, and biosynthesis 
of target genes (Kohn and Portier,  1993 ).   

 In Fig.  8.13 , different induction response curves are compared to illustrate 
the importance of choosing the most appropriate calculation of the clinical 
induction risk. Figure  8.13 A shows the induction response of drugs A, B, and 
C, which all have the same maximum response ( Emax  or effi cacy) and no -
 observed - effect level (NOEL) but different EC 50  values  (potencies). In this 
example, drug A is the most potent, followed by B and then C. This is one 
method of calculation which is acceptable by the FDA in both the 2004 (FDA, 
 2004 ) and  2006  guidance documents; however, the guidance does not specify 
thresholds for determining the clinical signifi cance of the  in vitro  induction 
results. In a similar paradigm to that used for categorizing enzyme inhibitors, 
the likelihood of an in vivo  interaction can be projected based on the mean 
steady - state  Css  concentration of total drug (bound plus unbound) following 
administration of the highest clinical dose and, in this case, the  in vitro  potency 
or EC 50  of a compound. It should be noted that by using the total  Css  concen-
tration, this implies the most conservative prediction of enzyme induction 
because it often incorporates a higher concentration as compared to using the 
unbound drug concentration. As with enzyme inhibition, a  Cmax /EC 50  ratio of 
greater than 1 would indicate that the compound is likely to cause in vivo
induction. A  Cmax /EC 50  ratio of between 0.1 and 1 may indicate a possible 
induction effect, and a  Cmax /EC 50  ratio of less than 0.1 indicates that the drug 
is unlikely to cause CYP induction in vivo . 

 Figure  8.13 A illustrates how the  Cmax /EC 50  ratio can be utilized in a similar 
fashion as the [I]/ Ki  ratio to determine the likelihood of a compound to be 
involved in clinically relevant drug interactions. As the ratio increases, the 
likelihood of an interaction increases from  “ remote ”  to  “ possible ”  to  “ likely. ”  
As with inhibitors, an estimated ratio of greater than 0.1 would be considered 
positive and a follow - up  in vivo  evaluation might be recommended. In the 
three cases illustrated in Fig.  8.13 A, if the  Cmax  is less than 1    μ M, then the 
prediction would indicate that none of the drugs are likely to induce this 
enzyme in vivo . However, if the  Cmax  is 8    μ M, then drug A would be predicted 
to cause a more signifi cant induction  in vivo  than drugs B and C. 

 Table  8.1  shows the induction EC 50  values for CYP3A4 induction for a 
number of drugs and their in vivo Cmax  or steady - state concentrations, and how 
the Cmax /EC 50  ratio relates to the predicted CYP3A4 induction potential. 
Notable drugs in this table are troglitazone and its successor, rosiglitazone. 
Troglitazone is known to cause induction  in vivo  (Dimaraki and Jaffe,  2003 ); 
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     Figure 8.13.     Induction response models comparing differences in potency when 
measured by different parameters.  (A)  EC 50 ,  (B)   E  max ,  (C)  NOEL, and  (D)  mixed 
parameters.  
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however, rosiglitazone has no signifi cant clinical induction effects (Harris 
et al.,  1999 ) despite it having an EC 50  similar to troglitazone (which suggests 
that they are equipotent in causing CYP3A4 induction). Rosiglitazone is given 
in much smaller doses than troglitazone, consequently, the  C  max  is correspond-
ingly lower and signifi cantly below its EC 50  value. Unlike the EC 50  alone, the 
 C  max /EC 50  ratio for troglitazone is suffi ciently high to indicate the likelihood 
for interactions which is refl ected in the  in vivo  fi ndings, supporting the use 
of this calculation for simple estimation of the induction potential. 

 Although the use of  C  max /EC 50  ratio allows for a relatively simple approach 
to ranking compounds and obtaining an approximation of the likelihood for 
clinical interactions, it does not take into account all of the complexities of the 
molecular signaling pathways that mediate an induction response. Inasmuch 
as induction is a receptor - mediated process, the laws of mass action for drug 
binding to a receptor are applicable (El - Sankary et al.,  2001 ) and the following 
equation describes how the net effect of an inducer is affected by the EC 50 , 
the  E  max  and drug concentration:
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max max
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+

=
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Effect
50

    (8.1)  

where  E  max  is the maximum induction response, EC 50  is the concentration at 
which the induction response is half the maximum value and  C  max  is the 
maximum unbound plasma concentration. Using this calculation and a reporter 
gene HepG2 model, El - Sankary et al. were able to rank compounds in terms 
of their induction potential  in vivo . In a more recent report by Ripp et al. 
 (2006)  the clinical induction potencies of a number of drugs were compared 
with those measured in immortalized human hepatocytes. An interesting 
aspect of this report was the calculation of the induction potency in which the 
free  C  max , EC 50 , and  E  max  were incorporated, using the equation above, to 
produce a  “ relative induction score. ”  The authors concluded that the use of 
an EC 50  alone was not suffi cient to assess the clinical induction risk. Indeed, 
the correlation of the relative induction score using  C  max , EC 50 , and  E  max  with 
clinical induction data was signifi cantly improved. They found that when the 
EC 50  alone is used to determine potency, then mispredictions often occurred. 
This point is further exemplifi ed in Fig.  8.13 B, where all three drugs exhibit 
the same EC 50  and NOEL; however, drug A causes a more profound induction 
than drugs B and C (the  E  max  is over twofold higher than that for drug C). 
Thus, even though all three drugs caused a maximal induction at 100    μ M, drug 
A would be considered the most potent. 

 Another factor that should be considered is the lowest concentration at 
which the induction response occurs (no - observed - effect level, NOEL). In 
Fig.  8.13 C, drug A starts to induce at a very low concentration, whereas drug 
B and drug C only start to induce at 1    μ M and 5    μ M, respectively. The signifi -
cance of the induction response of all three drugs will depend on the  C  max . 
Although drug A reached a maximum response at a higher concentration than 
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drug B or C, it has a much lower NOEL. This approach also has the advantage 
of being more amenable for comparing compounds of limited solubility or 
those causing cytotoxicity at concentrations that would otherwise be required 
to complete an entire concentration – response profi le. This is similar to the 
strategy proposed by Kanebratt and Andersson  (2008a)  using the ratio of the 
known or predicted drug exposure ( F ) and the concentration at which a drug 
causes a twofold increase in CYP induction  in vitro  ( F /2). 

 Taking the NOEL into account and incorporating it into Eq.  (8.1)  may give 
a better estimation of drugs with varying dose response curves:
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where  E  max  is the maximum induction response, EC 50  is the concentration at 
which the induction response is half the maximum value,  C  max  is the maximum 
unbound plasma concentration and NOEL is the highest concentration at 
which no induction is evident. In Eq.  (8.2) , the unbound fraction (fu) of  C  max  
is incorporated since only unbound drug is theoretically available to activate 
the nuclear receptor and cause induction. However, the true effect of protein 
binding is not known and opinions differ. Some argue that the induction 
response is unaffected by protein binding because it is a cumulative effect, 
whereas others have reported a clear correlation between the unbound drug 
concentration and the induction response (Lin,  2006 ; Ripp et al.,  2006 ). 
Another factor that is often overlooked when considering the induction 
potential of compounds is the difference between plasma and liver drug 
concentrations, which often can be 10 -  to 100 - fold. In many cases the apparent 
discrepancies between  in vitro  and predicted  in vivo  induction responses, 
based on predicted or known plasma levels, can be explained in part by 
plasma - to - tissue drug concentrations that are  > 10 - fold (McCune et al., 
 2000 ). 

 As suggested before, comparison of induction response curves is more 
complex than simply determining any one of these parameters alone. Figure 
 8.13 D shows how the effi cacy, potency, and NOEL may differ between drugs. 
Drug A, although having a steep response curve and exhibiting the highest 
effi cacy ( E  max ), would be considered to have a low clinical induction potential, 
especially if the  C  max  was less than 1    μ M. The  C  max    :   NOEL ratio would be 100; 
that is, in order to reach an induction threshold, the plasma concentration 
would have to be 100 times higher than the normal therapeutic concentration. 
Drugs B and C have the same EC 50  values and drug B has a higher  E  max  than 
drug C, but drug C would be considered to be more of a potential inducer 
than B because it causes induction at a lower concentration than drug B. As 
such, approaches that consider all four key parameters (i.e., potency, effi cacy, 
NOEL, and concentration) that relate to the induction potential of a com-
pound in the calculation or interpretation of an induction risk factor gives the 
best overall predictive power of primary human hepatocyte data. 
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 Whatever method is used to calculate the potential induction risk  in vivo , 
once a compound is found to be positive in an in vitro  hepatocyte induction 
assay, drug interaction clinical trials are generally warranted, but it is rare that 
these results would stop the development of a compound. However, attrition 
sometimes occurs if the compound showed potent induction effects, especially 
if these were expected and interfered with co - therapies or caused profound 
autoinduction. Often multiple options are pursued when considering the 
implications of a positive in vitro  induction response. Most often additional 
drug – drug interaction studies are necessary during clinical testing or other 
pharmacokinetic properties of the compound are assessed to determine the 
overall induction potential. For example, some of the other properties consid-
ered were protein binding, clearance and bioavailability, all of which infl uence 
the induction response in vivo . Moreover, the induction data are often pro-
vided back to the discovery chemists in an attempt to minimize or eliminate 
the inductive properties of new molecules.  

  8.5   CONCLUSIONS 

 There are numerous examples of the effects of CYP inducing drugs which 
cause a lack of therapeutic effi cacy or an increase in toxicity of the drug itself 
or of coadministered drugs. Although it does not typically cause the demise 
of a drug, induction is nevertheless an important characteristic to identify and 
minimize. The CYPs are the main targets of interest for determining the induc-
tion potential of new drugs because they metabolize a majority of the drugs 
currently on the market and marked changes in expression can be observed 
in the presence of inducing agents. It is also important to acknowledge that 
the same orphan nuclear receptor pathways regulate enzymes and proteins 
other than the CYPs and that induction of a CYP may be an indication that 
other elimination pathways, including phase II enzymes and transporters, also 
are induced. This is one reason why certain sensitive CYP enzymes are pro-
posed as  “ sentinel ”  target genes for each of the key receptor pathways, namely 
CYP1A2, CYP2B6, and CYP3A4 for AhR, CAR, and PXR, respectively. In 
this case, one must bear in mind that CYP2B6 is recommended as an endpoint, 
not because of its overall role in drug metabolism, but rather because of its 
role as an indicator that other CAR - mediated pathways are induced. 

 The methods for determining enzyme induction do vary between laborato-
ries, but they mainly adhere to the same principles: primary human hepatocyte 
culture model; a 2 -  to 3 - day treatment period; and measurement of RNA 
expression and enzyme activities. Mechanistic studies involving measurement 
of proteins are encouraged but not generally necessary. Cell lines offer an 
alternative for drug screening, but the best prediction of  in vivo  induction is 
universally agreed to be primary human hepatocytes. With the acceptance of 
cryopreserved hepatocytes as an alternative to fresh cells, access to human 
hepatocytes for these studies is now much easier. Ultimately, the prediction 
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of the potential of a drug to cause enzyme induction in vivo  will also depend 
on the interpretation of the data. Pharmacological - based calculations includ-
ing the EC 50 ,  Emax , NOEL, and therapeutic drug concentrations are recom-
mended, especially if these are combined also with other factors such as 
protein binding. The need for more predictive assessment of enzyme induction 
in vitro  still exists; and with more comprehensive studies being conducted to 
determine the key factors that ultimately determine the in vivo  outcomes, this 
goal may soon be achieved.  

 ACRONYMS AND NOTATION 

 AhR     Aromatic hydrocarbon receptor 
 AUC     Area under the plasma concentration – time curve 
 BSEP     Bile salt export protein 
Cmax      Maxiumum plasma concentration 
CSS      Drug concentration at steady state 
 CAR     Constitutive androstane receptor 
 CES     Carboxylesterases 
 CITCO     (6 - (4 - Chlorophenyl)imidazo[2,1 -  β ][1,3]thiazole - 5 -

 carbaldehyde  O  - (3,4 - dichlorbenzyl)oxime) 
 CYP     Cytochrome P450; DDI, Drug – drug interaction 
Emax      Maximal response (effect) 
 EC 50      Concentration of an agonist that produces 50% of the maximal 

response
 hASC     Human adult stem cells 
 hESC     Human embryonic stem cells 
 HNF4 α      Hepatocyte nuclear factor 4 α
 hSC     Human stem cells 
 IC 50      Concentration of drug that produces 50% inhibition 
 IND     Investigational new drug 
 LDB     Ligand - binding domain 
 MDR1     Multidrug resistant protein 1 
 MRP     Multidrug resistance - associated protein 
 NDA     New drug application 
 NCE     New chemical entity 
 OAT     Organic anion transporter 
 OATP     Organic anion transporting 
 OCT     Organic cation transporter 
o , p′  - DDT      o , p′  - Dichloro - diphenyl - trichloroethane 
 PXR     Pregnane X receptor 
 STs     Sulfo - transferases 
 SXR     Steroid and xenobiotic receptor 
 TCDD     2,3,7,8 - Tetrachlorodibenzo -  p  - dioxin 
 UFT     UDP - glucuronosyltransferases 
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 INHIBITION OF DRUG -
 METABOLIZING ENZYMES IN THE 
GASTROINTESTINAL TRACT AND 
ITS INFLUENCE ON THE DRUG –
 DRUG INTERACTION PREDICTION  

  Aleksandra   Galetin   and   J. Brian   Houston       

   9.1   INTRODUCTION 

  9.1.1   Metabolic Enzymes and Transporters in the Human Small Intestine 

 Human small intestine expresses a range of phase I and II enzymes (Lown 
et al.,  1994 ; Madani et al.,  1999 ; Paine et al.,  1999 ; Zhang et al.,  1999 ; Tukey 
and Strassburg,  2001 ; Glaeser et al.,  2002 ; Matsumoto et al.,  2002 ; Chen et al., 
 2003 ; Wojnowski and Kamdem,  2006 ; Ritter,  2007 ; Thummel,  2007 ): CYP3A 
accounts for ∼ 80% of total P450s in the gut (range 59 – 96%), followed by 
CYP2C9 ( ∼ 14%). In addition, a number of other P450 enzymes (CYP2C19, 
CYP2J2, CYP2D6) are expressed but in signifi cantly lower expression levels 
(< 2% of total P450s) (Lin et al.,  1999 ; Paine et al.,  2006a ). The total amount 
of CYP3A expressed in the human small intestine (65.7 – 70.5   nmol) represents 
approximately 1% of the hepatic estimate (Paine et al.,  1997 ; von Richter 
et al.,  2004 ; Yang et al.,  2004 ). The zonal expression of the intestinal enzymes 
differs from the liver and varies along its whole length, with the highest levels 
of P450 and UGT protein found in the proximal region of the intestine declin-
ing distally (Paine et al.,  1997 ; Thummel et al.,  1997 ; Lin et al.,  1999 ; Lapple 
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et al.,  2003 ). This heterogeneous expression of metabolic enzymes is also 
observed within the small intestinal villi, with the highest levels found in 
mature enterocyte lining the villus tips (Kolars et al.,  1994 ; Watkins,  1997 ). A 
recent study by Cao et al. ( 2006 ) indicated a threefold greater expression of 
UGTs relative to CYP3A4 in the human duodenum, but it is questionable 
whether this estimate will refl ect the UGT   :   P450 abundance ratio along the 
whole length of the gut. 

 The most common method of assessment of intestinal metabolism is based 
on the comparison of hepatic and intestinal activity expressed per milligram 
of microsomal protein, resulting in differential catalytic activity in comparison 
to the liver (Paine et al.,  1997 ; Obach et al.,  2001 ; von Richter et al.,  2004 ; 
Yang et al.,  2004 ; Galetin and Houston,  2006 ; Komura and Iwaki,  2007 ; van 
de Kerkhof et al.,  2007 ). Great inconsistency across the studies is evident and 
can be rationalized by differences in enterocyte isolation method (mucosal 
scraping or enterocyte elution), segment of the intestine used (proximal or the 
whole length), source of the intestinal tissue (individual or pooled), and inter-
individual variability in CYP3A4/CYP3A5 expression in both liver and intes-
tine (Kuehl et al.,  2001 ; Lin et al.,  2002 ; Xie et al.,  2004 ). However, comparison 
of intestinal and hepatic catalytic activities (normalized for the mean popula-
tion relative abundance of P450 enzymes in specifi c organs and expressed per 
pmol P450) results in very good agreement in the metabolic activities between 
the organs and across the range of different P450s (Yang et al.,  2004 ; Galetin 
and Houston,  2006 ). 

 In addition to metabolic enzymes, the presence of effl ux transporters in 
particular P - glycoprotein (P - gp) on the apical membrane of enterocytes can 
also modulate intestinal CYP3A fi rst - pass metabolism by decreasing the intra-
cellular concentration of drugs and metabolites via active effl ux. This pro-
posed interplay between the two proteins allows recirculation of the drug and 
in conjunction with the variable abundance of CYP3A4 and P - gp contributes 
to the interindividual variability in the drug absorption and bioavailability 
(Lin and Yamazaki,  2003 ; Kivisto et al.,  2004 ; Wu and Benet,  2005 ; Benet 
et al.,  2008 ). A number of studies have shown that the expression of P - gp 
increases progressively from stomach (Fojo et al.,  1987 ; Mouly and Paine, 
 2003 ; Thorn et al.,  2005 ), whereas other reports suggest that the effl ux trans-
porters have similar distribution pattern to CYP3A4, with higher expression 
levels in jejunum in comparison to ileum and colon (Nakamura et al.,  2002 ; 
Berggren et al.,  2007 ). The abundance of P - gp in the human small intestine 
has been estimated to be 70 – 74% relative to CYP3A4 (Paine et al.,  2005 ; Cao 
et al.,  2006 ). In addition to P - gp, MRP1 and MRP2 transporters are located 
in the intestine at the basolateral and apical membrane, respectively (Endres 
et al.,  2006 ) and are primarily involved in the effl ux of phase II drug conju-
gates. In contrast to effl ux transporters, uptake transporters and their poten-
tial interplay with metabolic enzymes and effl ux transporters have received 
less attention over years. Recent studies have reported the expression of a 
number of uptake transporters on the apical membrane of enterocytes, includ-
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ing OATP1A2, OATP2B1, OATP1B3 and OATP1B1 (Glaeser et al.,  2007 ); 
the latter two were previously thought to be liver - specifi c (Ho and Kim,  2005 ; 
Shitara et al.,  2006 ; Niemi,  2007 ).   

  9.2   PREDICTION OF METABOLIC DRUG – DRUG INTERACTIONS 

 CYP3A4 is susceptible to a number of reversible and irreversible metabolic 
drug – drug interactions (DDI), considering that it is the most abundant human 
P450 enzyme in both liver and intestine (Galetin et al.,  2005, 2006 ; Obach 
et al.,  2006, 2007 ; Einolf,  2007 ; Thummel,  2007 ; Youdim et al.,  2008 ). In order 
to progress the quantitative basis of DDI prediction, models have been refi ned 
over the years to incorporate various inhibitor concentrations as surrogates 
for inhibitor concentration at the enzyme active site (Kanamitsu et al.,  2000 ; 
Houston and Galetin,  2003 ; Ito et al.,  2004 ; Einolf,  2007 ) and  Ki  values obtained 
under standardized in vitro  conditions (Galetin et al.,  2005 ; Brown et al.,  2006 ). 
The contribution of multiple inhibitors (or metabolites) and/or the conse-
quence of multiple inhibition mechanisms has also been addressed (Isoherranen 
et al.,  2004 ; Rostami - Hodjegan and Tucker,  2004 ; Galetin et al.,  2006 ; Hinton 
et al.,  2008 ; Templeton et al.,  2008 ). In contrast to a most commonly used 
time - averaged value, certain simulation programs (e.g., Simcyp  ®  ) can incor-
porate the time course of the inhibitor concentration (Rostami - Hodjegan and 
Tucker,  2007 ), which can be important in the assessment of reversible inhibi-
tion DDIs, but less critical for time - dependent inhibition where the reduced 
state of activity is relatively stable during the dosing interval period of study. 

 In addition to inhibitor properties, metabolic DDI models have also focused 
on enzyme properties, e.g., degradation rate constant (Venkatakrishnan and 
Obach,  2005 ; Galetin et al.,  2006 ; Yang et al.,  2008 ). Comparable affi nities of 
most of the CYP3A substrates for both CYP3A4 and CYP3A5 (Galetin et al., 
 2004 ; Huang et al.,  2004 ), differential expression levels of polymorphic 
CYP3A5 in the population (Xie et al.,  2004 ; Wojnowski and Kamdem,  2006 ), 
and differential potency of both reversible and irreversible inhibitors toward 
CYP3A5 (Gibbs et al.,  1999 ; McConn et al.,  2004 ; Isoherranen et al.,  2008 ) 
may represent an additional factor contributing to the interindividual vari-
ability in the magnitude of DDI observed. A considerable focus of the DDI 
prediction model has also been on the characteristics of the victim drugs, 
namely incorporation of the parallel elimination pathways (Brown et al.,  2005 ; 
Ito et al.,  2005 ; Galetin et al.,  2006 ; Obach et al.,  2006 ), consideration of  in
vitro  CYP3A4 kinetic complexities (Galetin et al.,  2005 ; Houston and Galetin, 
 2005 ) and contribution of the intestinal inhibition (Wang et al.,  2004 ; Einolf, 
 2007 ; Galetin et al.,  2007 ; Obach et al.,  2007 ). There is an increasing interest 
in the potential impact of metabolic intestinal interactions, and this has only 
been recently considered as a part of the prediction strategy (Wang et al., 
 2004 ; Galetin et al.,  2006 ; Obach et al.,  2006 ; Einolf,  2007 ; Galetin,  2007 ; 
Obach et al.,  2007 ; Galetin et al.,  2008 ). This chapter will address the ability 
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and limitations of the current approaches to estimate the extent of intestinal 
DDI, in particularly focusing on the most abundant intestinal P450, CYP3A4. 

  9.2.1   Drug – Drug Interaction Prediction Models 

 The most common  in vivo  metric used to assess DDIs is the change in area 
under the plasma concentration time curve (AUC) of the victim drug follow-
ing multiple dosing of an inhibitor relative to the control state (Tucker et al., 
 2001 ; Bjornsson et al.,  2003 ; Ito et al.,  2004 ; Huang et al.,  2007, 2008 ). DDI 
prediction models incorporate the contribution of parallel metabolic pathways 
(defi ned by fraction of drug metabolized,  fm  CYP   i  ) and renal clearance of 
unchanged drug, assuming that the other pathways involved in the metabolism 
of the substrate are not subject to inhibition (Brown et al.,  2005 ; Galetin 
et al.,  2005 ; Ito et al.,  2005 ; Chien et al.,  2006 ). Contribution of the intestinal 
interaction is incorporated into the prediction equation based on a hepatic 
enzyme interaction as the ratio of the intestinal wall availability in the pres-
ence and absence of the inhibitor (  ′FG  and  F G  , respectively). This approach is 
applicable for both reversible and irreversible inhibition interactions, as shown 
in Eqs.  9.1  and  9.2 , respectively (Rostami - Hodjegan and Tucker,  2004 ; Wang 
et al.,  2004 ; Galetin et al.,  2006 ; Obach et al.,  2006 ).
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where  I j   is the estimated unbound inhibitor concentration (either the average 
systemic plasma concentration after repeated oral administration ([I] av ), or the 
maximum hepatic input concentration ([I] in ) (Kanamitsu et al.,  2000 ; Ito et al., 
 2004 ),  K i,j  , is the particular inhibition constant,  f m   CYP   i   represents the fraction 
of a substrate drug metabolized by the inhibited pathway via a particular P450 
enzyme, (1    −     Σ  f m   CYP   i  ) represents clearance via other P450 enzymes and/or renal 
clearance; the terms  i  and  j  indicate the potential to incorporate existence of 
multiple enzymes and inhibitors, respectively. 

 The analogous relationship exists for irreversible inactivation, where the 
model incorporates two parameters to describe  in vitro  inactivation and  in 
vivo  enzyme degradation rate constant:
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where  k  inact,   j   is the maximal inactivation rate constant,  K I,j   is the inhibitor 
concentration at 50% of  k  inact,   j  , and  k  deg  is the endogenous degradation rate 
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constant of the enzyme (Wang et al.,  2004 ; Galetin et al.,  2006 ). In addition 
to inhibition by multiple inhibitors, the model can easily be extended to 
accommodate the inhibition via different inhibition mechanisms (reversible 
and time - dependent) (Rostami - Hodjegan and Tucker,  2004 ; Hinton et al., 
 2008 ). 

  Estimation of   ¢¢F FG G Ratio.     The   ′F FG G  ratio can be estimated in three dif-
ferent ways (Galetin et al.,  2007 ), as outlined below; in each case the  F G   control 
values can be obtained from either  in vivo  or  in vitro  data (discussed in detail 
in Section  9.3 ). 

  1.      In vivo    ′F FG G  ratio — obtained from intravenous (i.v.) and oral data in 
the presence of an inhibitor (limited availability of such datasets). The 
inhibitor is assumed not to affect the fraction absorbed ( F a  ), or the 
plasma binding of a victim drug and not to alter the hepatic blood fl ow.  

  2.     Maximal   ′F FG G  ratio — assuming the  “ worst case ”  scenario (i.e., maximal 
inhibition of intestinal CYP3A4 resulting in   ′ =FG 1) and therefore the 
maximal ratio as 1/ F G  .  

  3.     Model predicted   ′F FG G  ratio — from  in vitro  inhibition data using a 
simple intestinal model. Model predicted  F G   ratio is obtained from the 
decrease in the intestinal intrinsic clearance in the presence of an inhibi-
tor (  CL′int,g), using the  in vitro  - obtained  K i   and the estimated inhibitor 
concentration in the intestinal wall during absorption phase ( I G  ) [Eqs. 
 (9.3) – (9.5) ] (Rostami - Hodjegan and Tucker,  2004 ; Obach et al.,  2006 ).
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 where   CL′int,g  and CL int,   g   are intestinal intrinsic clearance in the presence and 
absence of the inhibitor, respectively;  F a   is the fraction absorbed,  k a   is the 
absorption rate constant,  D  is dose, and  Q  ent  is the enterocytic blood fl ow.  I G   
is estimated from Eq.  (9.5)  when substrate and inhibitor are coadministered 
under the assumption that the inhibitor is not subject to extensive fi rst - pass 
metabolism itself. 

 Decrease in the intestinal intrinsic clearance of the victim drug in the pres-
ence of a time - dependent inhibitor is obtained from corresponding  in vitro  
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and enzyme parameters ( k  inact ,  k  deg  and  K I  ) and  I G  , as illustrated in Eq.  (9.6)  
(Wang et al.,  2004 ; Obach et al.,  2007 ).
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 The potential for a signifi cant interaction in the intestine is determined by the 
ratio of intestinal concentration of the inhibitor to its estimated potency, that 
is,  I G  / K i  . A relative ratio of  > 10 in the case of reversible inhibition indicates a 
risk for interaction in the intestine. Relationship between   ′F FG G  and inhibitor 
potency ( I G  / K i  ) and victim drug properties ( F G  ) is illustrated in Fig.  9.1 . 
Similarly, in the case of time - dependent inhibitors, tight binders ( K I      <    1    μ M) 
or fast inactivating compounds ( k  inact     >    0.01   min  − 1 ) have a potential for interac-
tion in the intestine when  I G      >    1    μ M (Galetin et al.,  2007 ). Physiological vari-
ability in enterocytic blood fl ow (0.1 – 0.5   L/min, 2 – 10% cardiac output) results 
in a range of  I G   after a standard dose (e.g., 8 – 42    μ M ketoconazole after 200   mg 
dose) (Galetin et al.,  2007 ), contributing potentially to the interindividual dif-
ferences in the magnitude of inhibition effect in conjunction with other factors 

     Figure 9.1.     Relationship between   ′F FG G  and inhibitor potency (defi ned by  I G  / K i  ) for 
varying degrees of intestinal extraction ( F G  ). Surface simulated from the relative 
change in the intestinal intrinsic clearance caused by the reversible inhibitor over an 
 I G  / K i     =   0.01 – 100 and  F G     =   0.1 – 1 [Eqs.  (9.3)  and  (9.4) ]. The same relationship is appli-
cable for inactivation index ( k  inact     ·     I G  / k  deg     ·    ( K I     +    I G  )) and   ′F FG G  in the case of time -
 dependent inhibitor [Eqs.  (9.3)  and  (9.6) ]  (Galetin et al.,  2008 ) .  
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(inhibitor dose, intake of food, CYP3A4/3A5 intestinal abundance, and activ-
ity). Estimated inhibitor concentrations during the absorption phase for 36 
reversible and time - dependent inhibitors in the recent analysis (Galetin et al., 
 2007 ) span over three orders of magnitude, with the concentrations of digoxin 
and azithromycin among the lowest ( < 0.1    μ M) and fl uconazole and gemfi brozil 
among the highest ( > 100    μ M). In addition to inhibitor concentration, changes 
in splanchic blood fl ow may also affect the  F G   of the victim drug itself. 
Decreased contact with intestinal CYP3A observed in the case of cirrhotic 
patients with transjugular intrahepatic portosystemic shunts (Chalasani et al., 
 2001 ) results in the faster removal from the vicinity of the enzyme. This can 
provide the rationale for decreased intestinal extraction and greater  F G   
observed for midazolam in this group of patients (Rostami - Hodjegan and 
Tucker,  2002 ).     

  9.2.2   Limitations and Accuracy of Different Methods to Estimate the 
Extent of Intestinal Interaction 

 In order to improve the predictability of the intestinal inhibition interactions, 
a comprehensive analysis of various approaches to assess the  F G   ratio has 
been performed recently. An extensive database of 93 reversible and time - 
dependent inhibition CYP3A4 DDIs (Galetin et al.,  2007 ) was used in this 
assessment. Evaluation was performed across the range of  in vivo  effects, 
including a representative number of weak, medium, and potent DDIs 
(Bjornsson et al.,  2003 ; Huang et al.,  2007 ) in the dataset. The database involved 
11 victim drugs with differential importance of intestinal fi rst - pass metabolism; 
more than half of the interaction studies (27 out of 50) involved victim drugs 
with an intestinal extraction exceeding 50% (e.g., midazolam, tacrolimus, 
felodipine, buspirone, atorvastatin, and cyclosporine) and were classifi ed as 
moderate or potent (increase in AUC of  > 2 or  > 5 - fold, respectively). 

 Galetin et al. ( 2007 ) have evaluated the advantages and limitations of the 
maximal  F G   ratio (  ′ =FG 1), as a pragmatic indicator of the extent of intestinal 
inhibition in comparison to the  in vivo  (where available) and model predicted 
 F G   ratios from  in vitro  data. The analysis has indicated a very good agreement 
between maximal and observed  F G   ratios  in vivo  for interactions involving 
potent inhibitors (regardless of the inhibition mechanism), and substrates 
predominantly metabolized with no transporter issues (e.g., midazolam, nife-
dipine). However, the assumption of complete intestinal inhibition (1/ F G  ) 
overpredicted the  F G   ratio observed  in vivo  for dual P - gp - CYP3A4 victim 
drugs cyclosporine and tacrolimus by 32 – 223%, respectively; the lack of avail-
ability of i.v. data in the presence of an inhibitor prevented a more extensive 
comparison. In addition, comparison of the maximal  F G   and predicted  F G   
ratios [Eq.  9.3 ] for 36 inhibitors showed no signifi cant difference between the 
two approaches for 91% of the studies. This excellent agreement between the 
two methods supports the application of the 1/ F G   approach as a pragmatic way 
to estimate intestinal inhibition interactions; however, this assumption may 
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result in an overprediction of the importance of intestinal inhibition in the 
interactions with moderate to weak inhibitors (increase in AUC of a victim 
drug by  < 2 - fold). In addition, the analysis highlighted the sensitivity of the 
DDI prediction models to the accuracy of the estimated  F G   control value, in 
particular for drugs with a high intestinal fi rst - pass extraction ( > 75%), due to 
either extensive intestinal metabolism (e.g., buspirone) or proposed interplay 
with effl ux transporter (e.g., tacrolimus) (Galetin et al.,  2007 ). Different 
approaches to assess the intestinal extraction from both  in vivo  and  in vitro  
data will be discussed in the following section.   

  9.3   IN VIVO   AND  IN VITRO  METHODS FOR ESTIMATION OF  F G   

 Due to ethical reasons, direct measurement of  F G   is rarely performed in 
humans, with the exception of studies in anhepatic patients during liver trans-
plant operations or in patients where the portal blood circulation bypasses the 
liver (Paine et al.,  1996 ; Thummel et al.,  1996 ). Two approaches to estimate 
 F G   from  in vivo  data, namely, use of i.v. and oral data and interaction studies 
with grapefruit juice (GFJ), are discussed in more detail in this section. 

  9.3.1   Assessment of  F G   from i.v. and Oral Clinical Data 

 The estimation of  F G   from plasma concentration – time profi les after oral and 
i.v. administration is based on the assumption of negligible metabolism in 
enterocytes after i.v. administration and that systemic clearance of a drug after 
i.v. dose refl ects only hepatic elimination. This allows assessment of the intes-
tinal contribution after oral administration by rearranging the following equa-
tions [Eqs.  (9.7) – (9.9) ] (Hall et al.,  1999 ; Galetin et al.,  2007 ).

      F F F Fa G H=     (9.7)  

      F F E Ea G H= −( ) −( )1 1     (9.8)  

      E QH H b H= CL ,     (9.9)  

where  F  represents the overall oral bioavailability,  F a   is the fraction of the oral 
dose absorbed intact across the apical membrane of the epithelial layer,  F G   
and  F H   are fraction of the drug that escapes intestinal and hepatic elimination, 
respectively,  E G   and  E H   are the intestinal and hepatic extraction ratios, respec-
tively, CL  H   ,   b   is the hepatic blood clearance (determined from net clearance 
after i.v. administration after correction for renal excretion), and  Q H   is the 
average hepatic blood fl ow. If plasma clearances are reported, they need to 
be corrected by the blood   :   plasma ratio in order to obtain CL  H   ,   b   (Yang et al., 
 2007a ).  F a F G   is corrected for  F a   when data are available; otherwise complete 
absorption is assumed ( F a     =   1). The extent of intestinal extraction of 21 drugs 
estimated by this method is shown in Table  9.1 , ranging from 6% to 86% in 
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 TABLE 9.1.      F ,  F G   and  f m   CYP3A4  Values for 21  CYP 3 A 4 Substrates   a    

   CYP3A Substrate      F       F G        f m   CYP3A4      References  

  Tacrolimus    0.14    0.14    0.99    Floren et al. ( 1997 )  
  Buspirone    0.05    0.21    0.99    Obach et al. ( 2006 )  
  Atorvastatin    0.14    0.24    0.77    Lennernas ( 2003 )  
  Cyclosporine    0.22 – 0.36    0.29 – 0.68    0.71    Gupta et al. ( 1989 ), Hebert 

et al. ( 1992 ), Ducharme 
et al. ( 1995 ), Ku et al. 
( 1998 ), Lee et al. ( 2001 )  

  Felodipine    0.14    0.45    0.81    Blychert et al. ( 1991 ), 
Lundahl et al. ( 1997 )  

  Midazolam    0.24 – 0.41    0.40 – 0.79    0.94    Olkkola et al. ( 1993 ), 
Kupferschmidt et al. ( 1995 ), 
Olkkola et al. ( 1996 ), 
Thummel et al. ( 1996 ), 
Gorski et al. ( 1998 ), 
Palkama et al. ( 1999 ), 
Tsunoda et al. ( 1999 ), 
Tateishi et al. ( 2001 ), Wang 
et al. ( 2001 ), Lee et al. 
( 2002 ), Kharasch et al. 
 (2004a, b, 2007) , Masica 
et al. ( 2004 ), Saari et al. 
( 2006 ), Farkas et al. ( 2007 )  

  Simvastatin     < 0.05    0.66    0.99    Obach et al. ( 2006 )  
  Triazolam    0.55    0.75    0.92    Masica et al. ( 2004 )  
  Nifedipine    0.41    0.78    0.71    Holtbecker et al. ( 1996 )  
  Quinidine    0.78    0.90    0.76    Damkier et al. ( 1999 )  
  Alprazolam    0.84    0.94    0.8    Hirota et al. ( 2001 )  
  Methadone    0.92    0.78     —     Kharasch et al. ( 2004a )  
  Nisoldipine    0.05 – 0.08    0.11    0.99    Takanaga et al. ( 2000 )  
  Saquinavir     < 0.04    0.18    0.99    Kupferschmidt et al. ( 1998 )  
  Alfentanil    0.42    0.60    0.87    Kharasch et al. ( 2004b, 2007 )  
  Rifabutin    0.20    0.21    0.9    Skinner et al. ( 1989 ), Skinner 

and Blaschke ( 1995 )  
  Sildenafi l    0.38    0.54    0.9    Muirhead et al. ( 2002 ), 

Nichols et al. ( 2002 )  
  Maraviroc    0.23    0.75 – 0.93     —     Abel et al. ( 2008 )  
  Trazodone    0.77    0.83    0.35    Greenblatt et al. ( 1987 )  
  Zolpidem    0.72    0.79    0.6    Patat et al. ( 1994 )  
   R  - Verapamil    0.39    0.66    0.96      
   S  - Verapamil    0.16    0.52    0.96    Eichelbaum et al. ( 1979 ), 

Fromm et al. ( 1996 )  

     a  The  F G   values were estimated from i.v. and oral data  (Galetin et al.,  2008 ) , and  f m   CYP3A4  were 
obtained from renal excretion data  (Brown et al.,  2006 ; Galetin et al.,  2006 ; Houston and Galetin, 
 2008 ) .   



324 INHIBITION OF DRUG-METABOLIZING ENZYMES

the case of alprazolam and tacrolimus, respectively (Galetin et al.,  2008 ). 
In all the cases, CYP3A4 contributes predominantly to their elimination 
(fmCYP3A4     >    0.7 with the exception of trazodone and zolpidem (Brown et al., 
 2005 ; Galetin et al.,  2006 ; Houston and Galetin,  2008 ). In the case of felodipine 
and quinidine, the intestinal extraction is lower than hepatic, whereas for 
certain substrates (e.g., triazolam and tacrolimus) intestinal extraction rivals 
or even exceeds that of the liver (Galetin et al.,  2007 ).  In vivo F G  estimates 
obtained by this method are of limited availability and represent the measure 
of the net result of the transporter – enzyme interplay.   

 The i.v./oral approach is based on several assumptions that may lead to 
inaccuracies in FG  estimates. The assumption that the extent of intestinal 
metabolism after i.v. administration is negligible may not necessarily be valid 
as an average 8% extraction ratio after an i.v. - dosed midazolam has been 
reported in anhepatic patients (up to 26% in one patient) (Paine et al.,  1996 ). 
Variation in drug - dependent parameters such as CL i.v. ,  F , and blood   :   plasma 
ratio contributes to differential FG  estimates. Additional errors may occur due 
to the use of average QH  despite its physiological range from 17.1 to 25   mL/
min/kg (Kato et al.,  2003 ), which may result in biased  EH  and consequently 
FG  estimates for drugs with CL H,b  approaching hepatic blood fl ow. Alteration 
of QH  due to vasodilatation caused by calcium channel antagonists (Bengtsson -
 Hasselgren et al.,  1990 ; Fromm et al.,  1996 ; Lundahl et al.,  1997 ) could add to 
the variability in this parameter, resulting in an increased  QH  value (23 – 36% 
in case of nifedipine and felodipine, respectively), and this is generally not 
taken into account when estimating FG  from i.v./oral data. In the absence of 
accurate estimates of Fa , the indirect method assumes complete absorption 
(i.e.,  Fa    =   1) when estimating  EH , which can contribute to an underestimation 
of the FG  and subsequently overestimation of the  FG  ratio in the DDI pre-
diction, in particular if the latter is obtained assuming maximal intestinal 
inhibition.  

  9.3.2    FG   Estimates from Grapefruit Juice Interaction Studies 

 Since the fi rst grapefruit juice (GFJ) interaction with felodipine (Bailey et al., 
 1989, 1991 ) a large number of studies have been reported for drugs from dif-
ferent therapeutic groups (Bailey et al.,  1998 ; Fuhr,  1998 ; Dresser and Bailey, 
 2003 ; Saito et al.,  2005 ; Kirby and Unadkat,  2007 ; Farkas and Greenblatt, 
 2008 ), making the GFJ interaction the most well - characterized food – drug 
interaction to date. Furanocoumarins have been identifi ed as main contribu-
tors to the observed clinical interactions with GFJ (Paine et al.,  2006b ), causing 
the irreversible inhibition of intestinal CYP3A4 (Schmiedlin - Ren et al.,  1997 ). 

 Analysis of a large number of GFJ interaction studies suggested that a 
single dose of GFJ (on average 175 – 250   mL used in clinical studies) adminis-
tered 0 – 4   h before drug intake can be considered suffi cient to produce maximal 
inhibitory effects. The estimation of  FG  from GFJ interaction studies is based 
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on several assumptions: (1) complete inhibition of intestinal CYP3A4 metabo-
lism in the intestine; (2) concomitant administration of GFJ has no effect on 
the fraction absorbed of the investigated drugs and on hepatic CYP3A4 activ-
ity, that is,  F a   and  F H   remain unchanged in both control and grapefruit juice 
phase; and (3) the intestine has a negligible contribution to the systemic elimi-
nation of the investigated drugs. In this case, the  F G   of a CYP3A substrate is 
estimated from a comparison of the AUC after oral administration in the 
presence and absence of grapefruit juice, as illustrated in Eq.  (9.10)  (Gertz 
et al.,  2008a ).

      FG = AUC
AUC

control

GFJ

    (9.10)   

 The GFJ approach is proposed as a pragmatic method to estimate  F G  , because 
it only requires measurements of AUC in the presence and absence of GFJ, 
unlike the i.v./oral method. In addition, the wide use and hence abundance of 
data makes the GFJ approach an attractive alternative to the i.v./oral method. 
However, this approach makes several assumptions that might lead to biased 
estimations of intestinal availability, and this has recently been reviewed 
(Gertz et al.,  2008a ). The most important assumption in the use of GFJ inter-
action studies is complete and selective inhibition of the intestinal CYP3A4 
enzymes. In the comprehensive analysis of the GFJ interaction data (Gertz et 
al.,  2008a ), assessment of this assumption was undertaken for drugs where i.v./
oral data in the absence and presence of GFJ were reported. In the case of 
complete intestinal inhibition, the  F G   of the drug in the presence of GFJ should 
equal 1, and this was confi rmed for drugs subject solely to metabolism (e.g., 
midazolam, alfentanil, and nifedipine). In contrast, GFJ was unable to 
completely inhibit the intestinal metabolism of cyclosporine and saquinavir, 
resulting in potentially biased  F G   estimate by this method, probably due to 
transporter involvement. 

 There is a great inconsistency in the conduct of GFJ clinical studies (differ-
ent brands and dosage of GFJ), which can result in differential extent of 
inhibition and consequently differential or erroneous estimates of  F G  . Even 
though Paine et al.  (2006)  have shown that furanocoumarins represent the 
main components relevant for the interaction, the effect is most likely to be a 
combination of various constituents; normalization of active ingredients is 
therefore highly problematic. 

 Another potential limitation of the grapefruit juice method is that the 
intestinal transporter activity is not taken into account. Components of GFJ 
show only weak inhibition toward the P - gp  in vitro  (Honda et al.,  2004 ) and 
 in vivo  (Becquemont et al.,  2001 ; Parker et al.,  2003 ), with no signifi cant 
change in the P - gp protein levels, in contrast to CYP3A4 (Lown et al.,  1997 ; 
Greenblatt et al.,  2003 ), suggesting that the effect of GFJ on P - gp is unlikely 
to be as substantial as that on CYP3A4. GFJ has recently been reported 
to inhibit intestinal uptake transporters (e.g., OATP1A2 and OATP2B1) 
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(Glaeser et al.,  2007 ), with no signifi cant effect on the transporter protein 
expression. Coadministration of GFJ and fexofenadine (substrate for a range 
of uptake transporters) has shown a differential inhibitory effect of GFJ, 
depending on the time prior the administration. These fi ndings indicate a 
potential limitation in the use of this approach to estimate  F G   for drugs whose 
disposition is dependent on both effl ux/uptake transporters and metabolic 
enzymes. This was indeed shown in the direct comparison of  F G   estimates from 
i.v./oral and GFJ data for a range of CYP3A4 substrates (Gertz et al.,  2008a ), 
as illustrated in Fig.  9.2 . The authors have reported the highest discrepancy 
between the methods and overestimation of  F G   in the case of atorvastatin, 
cyclosporine, and saquinavir, all substrates for P - gp and OATP transporters 
(Shitara and Sugiyama,  2006 ; Lau et al.,  2007 ; Niemi,  2007 ). In contrast, a very 
good agreement between the GFJ and i.v./oral  F G   estimates was observed for 
purely metabolised drugs, supporting the interchangeable use of these methods 
for drugs where transporter mediated uptake/effl ux is insignifi cant.    

  9.3.3   Interstudy and Interindividual Variability in  F G   

 Midazolam i.v./oral data are available from several clinical studies, highlight-
ing the complications of interindividual variability in the  F G   estimates (Table 
 9.1 ). The mean (weighted for population size)  F G   estimate for midazolam 
obtained from 315 individuals was 51.1    ±    9.7%, ranging from 40 – 79%. 
Interindividual variability was also observed in the oral bioavailability 
(29    ±    5.2%) and  F H   estimates (57.6    ±    8.8%), as illustrated in Fig.  9.3 . The 

     Figure 9.2.     Comparison of the F G  for 16 CYP3A4 substrates obtained by i.v./oral and 
GFJ method  (Gertz et al.,  2008a ) . Data represent mean (weighted for the study 
size)    ±    sd.  �  represents drugs that are mainly metabolized, and  �  represents drugs 
where either uptake transport or P - gp attributes to the disposition of the drugs. Dashed 
line represents 1.5 - fold difference from the line of unity (full line).  
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variable extent of midazolam  F G   values results in a maximal  F G   ratio (and 
hence increase in the hepatic prediction) of up to 2.5 - fold. This is in good 
agreement with the observed 1.8 -  to 2.7 - fold increase in AUC ′ /AUC ratio 
after oral administration of midazolam in comparison to i.v. dose in the pres-
ence of seven reversible and time - dependent inhibitors (Galetin et al.,  2007 ). 
In the case of cyclosporine, comparable availability of the GFJ interaction 
data in both healthy (6 studies, 74 individuals) and kidney transplant patient 
(8 studies, 64 individuals) population allowed the assessment of the impact of 
health status on  F G   estimates (Gertz et al.,  2008a ). Signifi cantly lower esti-
mates ( p     <    0.01) were observed in the healthy group compared to stable kidney 
transplant patients, 0.64 and 0.77, respectively. The analysis has also shown 
more pronounced interindividual variation in  F G   estimates (33% and 27% for 
the healthy and kidney transplant patients, respectively), in contrast to the 
interstudy variability (9.2% and 5.7% for the healthy and kidney transplant 
patients, respectively).    

  9.3.4   Prediction of  F G   from  In Vitro  Data 

 Modeling of intestinal fi rst - pass requires incorporation of drug absorption, 
zonal and cellular heterogeneous distribution of metabolic enzyme, and effl ux/
uptake transporters along the length of the intestine and enterocytic rather 
than total organ blood fl ow. A number of physiologically based models have 
been reported with different levels of complexity and integration of passive 

     Figure 9.3.      F G  ,  F H  , and  F  estimates for midazolam obtained from 16 different studies 
(315 individuals)  (Olkkola et al.,  1993 ; Kupferschmidt et al.,  1995 ; Olkkola et al.,  1996 ; 
Thummel et al.,  1996 ; Gorski et al.,  1998 ; Palkama et al.,  1999 ; Tsunoda et al.,  1999 ; 
Tateishi et al.,  2001 ; Wang et al.,  2001 ; Lee et al.,  2002 ; Kharasch et al.,  2004a, b, 2007 ; 
Masica et al.,  2004 ; Saari et al.,  2006 ; Farkas et al.,  2007 ) . The box indicates 50%, and 
the upper and lower whiskers represent, respectively, the highest and lowest value that 
is not an outlier. The black line represents the median value (Galetin et al.,  2008 ).  
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permability with the activity of metabolic enzymes and transporters (Ito et al., 
 1999 ; Pang,  2003 ; Tam et al.,  2003 ). Adaptations of the original Compartmental 
Absorption Transit (CAT) (Yu and Amidon,  1999 ) and Advanced CAT model 
(Agoram et al.,  2001 ; Tubic et al.,  2006 ) have now been incorporated in the 
commercially available softwares (GastroPlus and Simcyp  ®  ); an overview of 
these integrated dynamic models for the prediction of oral drug absorption and 
metabolism can be found in the recent article by Dokoumetzidis et al. ( 2007 ). 

 In contrast to complex physiologically based models, Yang et al. ( 2007b )   
proposed a  “ minimal ”   Q  gut  model. This model overcomes the inadequacy of 
the well - stirred approach adapted from the corresponding liver model 
(Rowland et al.,  1973 ; Wilkinson and Shand,  1975 ) to derive  F G   (Lin et al., 
 1997 ; Thummel et al.,  1997 ) by combining cellular permeability (including 
active transport), enterocytic blood fl ow, intrinsic activity, and spatial hetero-
geneity of intestinal metabolic enzymes and their relative abundance. A mech-
anistic model to predict  F G   values from  in vitro  metabolism and transporter 
data is shown in Eq.  (9.11)  (Yang et al.,  2007b ).

      F
Q

Q u
G

g

=
+ ⋅

gut

gut gutfu CL int,

    (9.11)  

      Q
Q

Q
gut

perm ent

perm ent

CL

CL
=

⋅
+

    (9.12)  

where fu gut  is the fraction unbound in the enterocytes, CLu int,   g   is the intestinal 
clearance, and  Q  gut  is the nominal blood fl ow in the small intestine.  Q  gut  is a 
hybrid function of the permeability clearance (CL perm ) and enterocytic blood 
fl ow ( Q  ent ), as illustrated in the Eq.  (9.12) . Sensitivity analysis of this model 
has indicated that intestinal extraction of greater than 50% (i.e.,  F G      <    0.5) 
is observed for drugs with approximate CLu int,   g      ≥    1    μ L/min/pmolCYP3A 
regardless of  Q  gut  if fu gut  is 1. The  Q  gut  model is less sensitive to the drug per-
meability in comparison to drug clearance (Galetin et al.,  2008 ; Gertz et al., 
 2008b ). Different surrogates can be used for the effective free fraction in the 
gut, namely fu gut    =   1 or equal to plasma or blood binding; however, an accurate 
estimate of this parameter is diffi cult. This represents an issue of concern due 
to the sensitivity of the model and the predicted  F G   on this parameter. 
The use of plasma or blood binding as fu gut  results in a general loss of predic-
tion accuracy in comparison to assumption of no binding (fu gut    =   1) (Yang 
et al.,  2007b ).   

  9.4   IMPACT OF INCORPORATION OF INTESTINAL INHIBITION 
IN THE PREDICTION STRATEGY 

 High concentrations of the putative inhibitor achieved during the absorption 
phase suggest a high potential for DDIs at the level of the gut wall. In addi-
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tion, the relatively low blood fl ow to the intestinal mucosa means that the 
outfl ow of the drugs from the enterocyte is not as high as that in the hepato-
cyte, and hence lower abundance of CYP3A can act severalfold more effi cient 
than in the liver. Therefore, signifi cant intestinal fi rst - pass metabolism may 
contribute to the interindividual variability in the magnitude of DDI, as seen 
for a number of CYP3A4 substrates (e.g., midazolam, tacrolimus, and felo-
dipine) (Floren et al.,  1997 ; Lundahl et al.,  1997 ; Quinney et al.,  2008 ). 

 A number of clinical studies have indicated a more pronounced inhibition 
(and induction) of intestinal CYP3A in comparison to the liver (Gomez et al., 
 1995 ; Palkama et al.,  1999 ; Tsunoda et al.,  1999 ; Saari et al.,  2006 ; Galetin 
et al.,  2007 ). The effect of eight reversible and irreversible inhibitors (expressed 
as a percent of change) on the  F G   and  F H   of a range of CYP3A substrates is 
shown in Fig.  9.4 . A greater increase in  F G   (13 – 49%) in comparison to  F H   
(0.2 – 28%) was observed irrespective of the inhibition mechanism. For mutual 
P - gp and CYP3A4 substrates (e.g., cyclosporine, tacrolimus) the interaction 
is complex and is a result of interactive nature and differing interrelationship 
of these two proteins in the intestine and liver (Benet et al.,  2004 ). However, 
the more pronounced intestinal inhibition cannot entirely be linked to 
CYP3A4 - P - glycoprotein interplay, because the greatest increase in  F G   for 
interactions involving ketoconazole ( n    =   3) was observed with midazolam, a 
victim drug where the contribution of effl ux transporter is minimal.   

     Figure 9.4.     The effect of 8 reversible and irreversible inhibitors on intestinal ( F G  ) and 
hepatic ( F H  ) CYP3A  (Galetin et al.,  2007 ) . Interactions identifi ed according to the 
inhibitors:  �  represents ketoconazole  (Gomez et al.,  1995 ; Gorski et al.,  1998 ; Tsunoda 
et al.,  1999 ) ,  �  itraconazole  (Olkkola et al.,  1996 ) ,    fl uconazole  (Olkkola et al.,  1996 ) , 
 �  voriconazole  (Saari et al.,  2006 ) ,  �  clarithromycin  (Gorski et al.,  1998 ) ,    erythro-
mycin  (Gupta et al.,  1989 ; Olkkola et al.,  1993 ) ,  �  grapefruit juice  (Ducharme et al., 
 1995 ; Lundahl et al.,  1997 ) , and    saquinavir  (Palkama et al.,  1999 ) .  

% Change in FH

%
 C

ha
ng

e 
in

 F
G

0
0

10

10

20

20

30

30

40

40

50

50

60

60



330 INHIBITION OF DRUG-METABOLIZING ENZYMES

 The incorporation of the intestinal inhibition into the DDI prediction 
strategy (as the   ′F FG G  ratio) has shown variable success (Wang et al.,  2004 ; 
Brown et al.,  2006 ; Galetin et al.,  2006 ; Obach et al.,  2006 ; Einolf,  2007 ). 
Incorporation of the maximal intestinal inhibition (1/ F G  ) resulted in the suc-
cessful prediction of time - dependent CYP3A4 DDIs by verapamil (Wang et 
al.,  2004 ) using unbound average systemic plasma concentration after 
repeated oral administration. Although successful, this dataset only con-
tained midazolam as a victim drug. Galetin et al. ( 2006 ) have also investi-
gated the impact of the maximal intestinal inhibition assumption on the 
prediction of 28 time - dependent DDIs. However, in this case the dataset 
included nine victim drugs with a differential extent of intestinal extraction 
( F G   ranging from 0.21 to 0.98 in the case of buspirone and alprazolam, 
respectively). The use of the 1/ F G   approach minimized the number of false 
negative predictions in this study, but at the same time reduced the number 
of predictions within twofold of  in vivo  value by 20% (Fig.  9.5 ). Prediction 
of interactions with midazolam, triazolam, and nifedipine as victim drugs was 
overall improved by the incorporation of the intestinal interaction, whereas 
pronounced overpredictions were observed for the interactions with cyclo-
sporine and buspirone. This is in agreement with fi ndings reported by Brown 

     Figure 9.5     Relationship between predicted and observed AUC ratios for time - 
dependent interactions.  (A)  Predictions of 28 TDI using Eq.  (9.2)  applying the average 
unbound plasma concentration of the inhibitor, corresponding fm CYP3A4  and CYP3A4 
 t  1/2deg  of 3 days and no intestinal interaction. Interactions identifi ed according to the 
substrates:  �  represents midazolam,  �  triazolam,  �  alprazolam,  �  buspirone,  �  quini-
dine,  �  simvastatin,  �  cyclosporine,  	  felodipine, and  *  nifedipine.  (B)  Effect of incor-
porating the maximal intestinal inhibition (  ′ =FG 1) in the predictions; all other conditions 
and symbols are as in panel A. The solid line represents line of unity, and dashed lines 
represent the twofold limit in prediction accuracy. The shaded areas correspond to the 
true negative and positive time - dependent interactions defi ned by the twofold increase 
in the AUC; F+ and F −  represent false - positive and false - negative predictions, respec-
tively  (Galetin et al.,  2006 ) .  
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et al. ( 2006 ) and the overprediction trend observed in the prediction of ator-
vastatin and tacrolimus reversible CYP3A4 - mediated DDIs. Other studies 
have incorporated intestinal inhibition in the form of the predicted FG  ratio 
[Eq.  (9.3) ] rather than assuming maximal inhibition of intestinal enzymes 
(Obach et al.,  2006 ; Einolf,  2007 ). Obach et al. ( 2006 ) have reported an 
improvement in the prediction precision and accuracy of a range of reversible 
CYP3A4 DDIs and also time - dependent DDIs (Obach et al.,  2007 ) using 
unbound hepatic input concentration. In contrast, use of total inhibitor con-
centration resulted in the minor impact of intestinal inhibition on the predic-
tion accuracy.   

 All these studies illustrate that the  FG  of a victim drug is an important 
determinant of the interaction magnitude in addition to the inhibitor proper-
ties. A minimal 50% intestinal extraction is indicated as an appropriate cutoff 
value for a potential signifi cant contribution of the intestinal interaction, irre-
spective of the potency of the inhibitor and its inhibition mechanism (Galetin 
et al.,  2007 ). CYP3A substrates with high extent of intestinal fi rst - pass extrac-
tion ( > 75%) are particularly sensitive to any inaccuracy in the initial  FG  esti-
mates. The incorporation of the intestinal interaction will correct the prediction 
based solely on hepatic enzyme interaction by fourfold or more if maximal 
intestinal inhibition is assumed. This could lead to a potential overprediction 
of DDIs, as seen in the cases of interactions with cyclosporine, atorvastatin, 
and buspirone as victim drugs (Brown et al.,  2006 ; Galetin et al.,  2006 ). For 
the drugs with intestinal extraction ≤ 50% (e.g., midazolam), the maximal 
value of the FG  ratio is  ≤ 2 even in the cases of potent inhibition — that is, when 
the inhibitor decreases CL int,g  of a victim drug by  > 90%. Although this may 
suggest that the contribution of intestinal inhibition is likely to be relatively 
minor, for some DDIs this twofold increase may represent a signifi cant 
improvement in DDI prediction and result in elimination of a false - negative 
result. 

 The role of intestinal inhibition cannot be assessed in isolation, but rather 
in conjunction with other inhibitor -  and substrate - related characteristics due 
to multifactorial nature of the DDI prediction models [Eqs.  (9.1)  and  (9.2) ]. 
The databases used so far to assess the impact of intestinal inhibition differ in 
some of the parameter estimates that contribute signifi cantly to the DDI pre-
diction success — for example,  fmCYP3A4 , inhibitor concentrations (use of either 
single inhibitor concentration or more dynamic concentration – time profi le), 
and enzyme degradation constants (Ito et al.,  2004 ; Wang et al.,  2004 ; Galetin 
et al.,  2005 ; Brown et al.,  2006 ; Galetin et al.,  2006 ; Obach et al.,  2006 ; Einolf, 
 2007 ; Yang et al.,  2008 ). As shown previously, DDI prediction models are 
particularly sensitive to any inaccuracies in the fmCYP  estimate, especially for 
victim drugs where the enzyme inhibited contributes more than 80% to the 
overall elimination (Brown et al.,  2005 ; Galetin et al.,  2006 ). Overestimation 
of this parameter may lead to signifi cant overpredictions of true positives and 
increased number of false - positive predictions, regardless of the role of an 
intestinal interaction.  
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  9.5   CONCLUSIONS 

 The incorporation of the intestine in DDI prediction models results in 
the model that represents a  “ correction ”  of hepatic prediction by the  FG

ratio. The variable success of this prediction strategy raises the question of 
whether the inclusion of the gut contribution by the relatively simple FG

term describes the role of intestine in an adequate way. Differences in the 
success of a prediction cannot be associated only with the incorporation of the 
intestine in the prediction strategy, because other parameters are inconsistent 
between the datasets (e.g.,  fmCYP3A4 ) for which the model is particularly 
sensitive. 

 The current inconsistency in the use of either hepatic input or average 
plasma concentration as a surrogate inhibitor concentration at the enzyme 
(or transporter) active site affects the evaluation of the role of intestinal 
inhibition. In some instances, a combination of assumptions may result in a 
comparable prediction outcome; for example, the use of unrealistically high 
hepatic input concentrations may compensate for ignoring the contribution 
of the gut, whereas incorporation of the same inhibitor concentration cor-
rected for the plasma binding in conjunction with the intestinal inhibition 
may also result in a successful prediction. In addition, although plasma inhibi-
tor concentration may be adequate for some compounds, it will underesti-
mate the liver concentration for those drugs where hepatic uptake involves 
an active process. Comprehensive analysis of different methods to estimate 
the FG  ratio indicated a very good agreement between predicted estimates 
and approach based on maximal intestinal inhibition (use of 1/ FG  in the DDI 
prediction model). Although attractive, the pragmatic 1/ FG  approach has 
limitations and can lead to potential overpredictions in the case of moderate 
to weak inhibitors or in the interactions involving victim drugs with contribu-
tion from both metabolic enzymes and transporters in their disposition. 
Regardless of the method used to estimate the FG  ratio, several analyses have 
highlighted the importance of the FG  of the victim drug, in particular for 
highly extracted victim drugs (i.e.,  FG   ≤  0.25). Accurate assessment of this 
parameter is essential for the quantitative prediction of human drug clear-
ance and drug – drug interaction potential.  
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10
 ENZYME INHIBITION IN VARIOUS 
IN VITRO  SYSTEMS  

  Ping   Zhao       

   10.1   INTRODUCTION 

 Drug - metabolizing enzymes (DMEs) in the liver are responsible for the elimi-
nation of the majority of medicines. Inhibition of hepatic DMEs constitutes 
one of the major mechanisms of metabolism - based drug – drug interactions 
(DDI), where the exposure of the victim drug (substrate, S) can be elevated 
by the concomitantly administered interacting drug (inhibitor, I) to raise 
safety concern. Metabolism - based DDI has received broad attention by regu-
latory agencies and pharmaceutical industries during the development of new 
chemical entities (NCEs). Recently, the U.S. Food and Drug Administration 
published draft guidance on drug interactions ( http://www.fda.gov/cder/
guidance/6695dft.pdf   , hereafter as FDA guidance). The gold standard in eval-
uating the DDI risk is to perform controlled clinical trials by coadministering 
NCE and P450 substrates or inhibitors (FDA guidance). However, before an 
NCE can be evaluated in human subject, two basic questions are often asked 
regarding its potential to cause drug interaction: (i) Does the compound 
strongly inhibit enzyme(s) responsible for the elimination of commonly used 
medications or the medications it is expected to be combined with (NCE being 
inhibitor)? and (ii). Is NCE ’ s clearance predominantly mediated by enzyme 
to be inhibited (NCE being a victim)? 

 According to FDA guidance,  in vitro  studies, if appropriately validated and 
designed, can serve as important fi rst step to determine if the  in vivo  tests are 
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346 ENZYME INHIBITION IN VARIOUS IN VITRO SYSTEMS

needed. The  in vitro  hepatic systems include perfused liver, liver slices, hepa-
tocytes, S9, cytosol, and microsomal fractions. Accumulating knowledge on 
the mechanisms and the ongoing optimization of various  in vitro  systems 
derived from human liver tissues allow pharmaceutical companies to routinely 
evaluate drug metabolism and DDI with the hope to quantitatively predict 
the  in vivo  outcomes. The practice of using  in vitro  data to predict  in vivo  situ-
ation is often referred to as  in vitro – in vivo  extrapolation (IVIVE), which 
usually requires information on  in vitro  kinetics and pharmacokinetics of both 
I and S. Take reversible inhibition, for example, if the victim enzyme is respon-
sible for the elimination of S by means of Michaelis – Menten kinetics and [S] 
is expected to be much lower than  K m  ; the rate of metabolism equals product 
of enzyme ’ s intrinsic clearance (  CL′int) and substrate concentration:   CL′ ⋅int [S]. 
Therefore, the extent of enzyme inhibition can be measured by Eq.  (10.1) :

      
CL

CL
int

int,

′
′

= + [ ]
INH i

I
K

1     (10.1)  

where [I] is the (unbound) concentration of inhibitor, and  K i   is the (unbound) 
inhibition constant. Theoretically, one can use  in vivo  exposure of inhibitor to 
predict the extent of change in   CLint′ . Indeed,   CLint′  of substrate serves as the 
universal currency because of its relationship to  in vivo  systemic clearance, the 
key pharmacokinetic parameter dictating drug exposure. For detailed theoreti-
cal basis of IVIVE on the inhibition of DME, the readers are recommended 
to reviews by Ito et al.  (1998)  and Lin and Lu  (1999) . Table  10.1  summarizes 
the equations and some basic assumptions used in conventional IVIVE to 
predict two types of commonly encountered inhibition: reversible inhibition 
and time - dependent inactivation.   

 In this chapter, we will review the utility of  in vitro  hepatic systems in 
characterizing drug inhibition potential of NCEs.  

  10.2   PREPARATION OF LIVER SAMPLES 

  10.2.1   Liver Anatomy 

 Liver is an extremely complicated organ. For detailed structure of the liver, 
readers are referred to anatomy and physiology textbooks. A brief overview 
of liver anatomy is provided in this section to facilitate subsequent review of 
each  in vitro  hepatic system. 

 Liver is comprised of several cell types differing in architectures and func-
tions. Communication among different cell types is accomplished through an 
intricate but highly organized network of blood vessels and bile ducts. Liver 
lobe is the organ ’ s building block. Lobe is made of single layers of hepatocytes 
sandwiching sinusoids, whose primary role is to deliver blood from hepatic 
artery and portal vein to hepatic vein. Accounting for the majority of the cell 
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population, hepatocytes are responsible for many important biological func-
tions, including the synthesis and disposition of endogenous substances as well 
as the metabolism and transport of xenobiotics. Hepatocytes exchange nutri-
ents, endogenous substances, and xenobiotics through the plasma membrane 
facing sinusoids. Side by side, hepatocytes connect with each other through 
tight junctions. The pocket within tight junctions is called bile canaliculus, 
which forms the smallest unit for bile collection. The distinct characteristics 
of sinusoidal membrane and canaliculi membrane of hepatocytes is accentu-
ated by different types of transporters expressed on them. Thus, one needs to 
appreciate liver heterogeneity before selecting an  in vitro  system to study drug 
inhibition.  

  10.2.2   Preparation of Subcellular Fractions 

 Figure  10.1  illustrates the derivation of different  in vitro  systems from liver. 
Although theoretically feasible as conducted in animal studies, perfused intact 
liver is prohibited from both cost and ethical standpoints.   

 Human liver slices are the most physiologically relevant  in vitro  system. 
The preparation of the precision - cut liver slices involves two steps. First, liver 
cylinder cores with several millimeters in diameter are prepared from fresh 
tissue using a motor - driven coring tool. Second, liver slices are harvested using 
a semiautomated tissue slicer (de Kanter et al.,  2002a,b ). Oxygenated (95% 
oxygen/5% carbon dioxide) medium is used in both steps. The average 
thickness of liver slices is around 200    μ m to allow optimal penetration of 
test compounds into inner layers of hepatocytes. Liver slices maintain the 
three - dimensional structure of liver lobule and likely preserve cell – cell 
interaction. 

     Figure 10.1.     Preparation of subcellular fraction from liver tissue.  

Fresh tissue

Liver slices

Hepatocytes Frozen tissue
Flash-freezing

Homogenate (crude)Cryopreserved hepatocytes

P: Nuclei, heavy 
mitochondria, cell membrane
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S: Liver S9 P: Mitochondria

P: ER fractionS: Cytosol
Wash, reconstitution

Microsomes

500 xg, 5-10 min, 4°C

8000-9000 xg, 10-20 min, 4°C

100,000 xg, 60 min, 4°C

Cryopreservation
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 The next level of tissue preparation is hepatocyte. Depending on how the 
cells are prepared from fresh tissue, the hepatocyte system can have different 
fi nal formats. Culture and suspension are now available for both fresh and 
cryopreserved hepatocytes. For nearly 40 years, collagenase perfusion tech-
nique has been adapted as the standard procedure to prepare hepatocytes 
from fresh tissues (Berry and Friend,  1969 ). The resulting cells can be plated 
for longer incubations, or directly used as suspension for shorter incubations. 
Cryopreservation made it possible to freeze hepatocytes for future use (Li 
et al.,  1999 ). The resulting cryopreserved hepatocytes can be thawed virtually 
at any time and hence become attractive  “ off - the - shelf ”  reagents like micro-
somes. Lately, fresh human hepatocytes are becoming  “ ready - to - use ”  because 
several providers have successfully streamlined the process from obtaining 
fresh tissue to fresh cell preparations as pre - plated or suspension forms. The 
sandwich - cultured hepatocytes system received its name because a single layer 
of cells is sandwiched between two collagen layers. This system restores cell –
 cell interaction and bile canaliculi and has been successfully used to study 
biliary excretion and drug transport (LeCluyse et al.,  1994 , Liu et al.,  1998, 
1999a,b   ). The interplay between metabolism and transport has also been 
explored in sandwich - cultured hepatocytes (Hoffmaster et al.,  2005   ; Turncliff 
et al.,  2006 ). 

 Liver homogenate and subcellular fractions can be prepared from fresh as 
well as frozen liver tissues, and in theory from slices and hepatocytes. 
Homogenate usually requires four to fi ve volumes of homogenizing buffer. 
The homogeneous preparation is achieved by strong sheer force using a high -
 speed homogenizer. A  “ fi ner ”  homogenate is centrifuged at low speed (a few 
hundred ×g  force) or fi ltered to eliminate cell membrane and nuclei compo-
nents. Centrifugation of homogenate at 8000 – 9000  ×g  results in supernatant 
known as liver S9 fraction (the number refl ecting centrifugation speed of 9000 
×g ), with pellets containing primarily mitochondria and other  “ heavier ”  organ-
elles. Liver S9 fraction can be centrifuged further at ultrahigh speed, normally 
around 100,000 ×g , to precipitate the endothelial reticulum (ER) fraction. 
The resulting supernatant is cytosol. The ER pellet is usually washed with 
buffer, recentrifuged, and reconstituted to obtain microsomes. Subcellular 
fractions and homogenates are normally aliquoted and frozen at below − 70    ° C 
before use. Also, time required to obtain each fraction differ markedly 
from a few minutes for homogenate to more than an hour for microsomes. 
One expects the signifi cant loss of endogenous substances especially in S9 and 
microsomes. 

 Table  10.2  summarizes the physiological relevance of different  in vitro
system to study enzyme inhibition. Liver slices contain the complete meta-
bolism and transport functionalities. Hepatocytes generally preserve major 
metabolizing enzymes. Hepatocytes in suspension or traditional cultures 
signifi cantly lose polarity and canaliculi, leading to the alteration of the 
correct mapping of effl ux and uptake transporters. These transporters may 
play a critical role in the overall disposition of NCE and its metabolites. The 
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metabolism – transport interplay of several compounds has been demonstrated 
by several groups accentuating the importance of drug transporters (Lam and 
Benet,  2004   ; Hoffmaster et al.,  2005   ; Turncliff et al.,  2006 ; Lam et al.,  2006   ). 
As such, one should be careful interpreting  in vitro  data generated from sub-
cellular systems. Although rarely used, homogenate and S9 possess the advan-
tage of having relatively complete DME machinery. Cytosol is often used 
when specifi c liver DMEs are to be studied. Microsomes are the most widely 
used  in vitro  system due to the high expression of major DMEs (including 
P450s and UGTs) and the advantage of simplicity and reproducibility.     

  10.3    IN VITRO  EXPERIMENTAL DESIGN 

 Figure  10.2  shows the general experimental procedures to study the inhibition 
of hepatic DMEs in microsomes. Reversible inhibition experiment aimed at 
gaining insight in mechanism (i.e., competitive versus noncompetitive) and 
obtaining  K i   values composes a matrix of several inhibitor concentrations and 
several substrate concentrations (Fig.  10.2 A). Defi nitive time - dependent inac-
tivation experiment aimed at obtaining  k  inact  and  K  I  values requires an  “ inac-
tivation incubation ”  with inactivator for varying times followed by an  “ activity 
incubation ”  with substrate (Fig.  10.2 B). During the early stage of drug devel-
opment, researchers are more interested in IC 50  values (reversible inhibition) 

 TABLE 10.2.     Physiological Relevance of  in Vitro  Human Hepatic Systems for the 
Study of Metabolism - Based Drug Interactions  

    In Vitro  Systems  
   Architecture and 

Cell – cell Interactions     DME  
   Transporter 
Functions  

  Liver slices    Preserved    Complete    Preserved  
  Hepatocytes              
     Suspension    Disrupted; loss of 

polarity  
  Complete    Partially 

preserved; 
direction 
unknown  

     Culture plates 
(conventional)  

  Partially preserved; 
loss of polarity  

  Complete    Partially 
preserved; 
direction 
unknown  

     Culture plates 
(sandwiched)  

  Restored upon the 
establishment of 
canaliculi  

  Complete; likely 
down -
 regulated  

  Preserved  

  Homogenate    NA    Complete    NA  
  S9    NA    Nearly complete    NA  
  Cytosol    NA    Cytosol specifi c    NA  
  Microsomes    NA    ER specifi c    NA  

   DME, drug - metabolizing enzyme; ER, endothelial reticulum; NA: not applicable.   



     Figure 10.2.     General design for drug inhibition experiment  in vitro .  (A)  Reversible 
inhibition.  (B)   . Time-dependent inactivation.  (A)  and  (B) : Incubation time depending 
on substrate reaction linearity.  
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or the change in IC 50  (time - dependent inactivation) to rank - order NCEs. In 
this case, a simplifi ed version of Fig.  10.2  can be designed by using  S     <     K m   for 
reversible inhibition and using one inactivation time point (besides time zero) 
for time - dependent inactivation. Several general considerations are applicable 
to all  in vitro  systems for the design of inhibition experiment: 

  a.     Given the known interindividual variability of DMEs caused by genetic 
polymorphisms and environmental factors, it is recommended to use 
liver samples prepared from multiple donors. In addition, one also needs 
to decide whether to perform experiment in pooled samples or samples 
from individual donor. When ranking inhibition potential amongst NCEs 
is the study objective, a pooled sample is generally suffi cient.  

  b.     Relative fractional clearance is an important factor to infl uence the pre-
diction of inhibition using conventional IVIVE (Table  10.1 ). For sub-
strate undergoing multiple metabolic pathways, the fraction metabolized 
by the enzyme to be inhibited ( f m  ) is the ratio of   CLint′  by the enzyme to 
that by all pathways according to the parallel characteristics of clearance 
concept. As  f m   decreases, inhibition becomes less signifi cant. It is impor-
tant to consider the contribution of noninhibitory pathways when evalu-
ating drug inhibition.  

  c.     Inhibition parameters become equivocal if they are calculated from 
inhibitor concentrations that do not represent unbound inhibitor con-
centration at the active site of the enzyme (Table  10.1 ). Factors infl uenc-
ing  I u   include nonspecifi c binding and metabolic consumption of inhibitor 
during incubation. It is more critical when parameters are to be gener-
ated using hepatocytes, because membrane permeability and trans-
porters are likely to cause concentration gradient across cell membrane. 
For subcellular systems, the unbound fraction in incubation can be deter-
mined both experimentally or by  in silico  prediction (Obach,  1997 ; 
Austin et al.,  2005 ; Hellifax and Houston,  2006 ).      

 In addition, incubation time, concentration ranges for both S and I, reaction 
linearity against time and enzyme concentrations, and inhibitory product(s) 
also need to be considered. For detailed discussions, readers are referred to 
the FDA guidance and Bjornsson et al. ( 2003   ).  

  10.4   APPLICATION OF  IN VITRO  HEPATIC SYSTEMS IN 
STUDYING INHIBITION OF DRUG METABOLIZING ENZYMES 

 Choosing an  in vitro  system to study DDI requires careful consideration of 
the study objective and the biological appropriateness of the system. The 
objective of the study certainly dictates the selection process. Although 
general perception favors the use of intact systems such as hepatocytes, sub-
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cellular fractions often provide satisfactory results if the objective is to obtain 
inhibition parameters, because they represent an environment more closely 
to purifi ed enzymes. This is especially useful when rank - ordering DDI poten-
tial of a series of NCEs of the same chemical class in drug discovery to 
facilitate the timely decision - making progress. A handful of studies have 
reported parameters generated using hepatocytes (Yamazaki et al.,  2004 ; 
Brown et al.,  2007 ; Van et al.,  2007   ). More  in vitro  studies aimed at validating 
the utility of hepaotcyte parameters for conventional IVIVE are needed. 
Next, the knowledge of subcellular distribution of the enzyme of interest is 
critical (Table  10.2 ). The use of liver microsomes, rather than cytosol, to 
study P450 inhibition is an obvious example. Equally important, while his-
torically less evaluated, is the impact of concurring mechanisms, such as 
sequential metabolism and transport of both substrate and inhibitor, on the 
enzyme to be inhibited. The urge to comprehensively understand the inter-
play between metabolism and transport is a result of frequent occurrence of 
mis - prediction by subcellular fractions using conventional IVIVE procedure 
illustrated in Section  10.1 . With the advancement of hepatocytes as a more 
ready - to - use reagent, it has become popular to study metabolism and drug 
interactions in hepatocytes (Hewitt et al.,  2007   ). Although it is possible to 
obtain hepatocyte  Ki , the fundamental limitations of conventional IVIVE do 
not seem to be overcome by directly using hepatocyte parameters. The 
unique advantage of hepatocytes as an integrated system prompts us to criti-
cally assess the alternative utilities other than another system to generate 
parameters (McGinnity et al.,  2005 ; Van et al.,  2007   ; Paine et al.,  2008 ; Zhao, 
 2008 ; Lu et al.,  2007, 2008 ). 

 In this section, we will discuss the advantage and disadvantage of each 
in vitro  system. The fl ow begins with the simplest system, microsomes, which 
have been extensively used to study enzyme inhibition (Fig.  10.1 ). 

  10.4.1   Subcellular Systems 

10.4.1.1 Liver Microsomes.   Since P450s are responsible for the majority of 
metabolism of xenobiotics in humans, microsomes have been the system of 
choice to study drug metabolism and DDI. Besides its simplicity and reproduc-
ibility, the microsomal system has abundant levels of P450s and other major 
DMEs such as FMO and UGTs. Microsomes are often capable of metaboliz-
ing compounds at rates robust enough for researchers to design a variety of 
inhibition studies. The resulting kinetic parameters can be used in conven-
tional IVIVE (Table  10.1 ). 

 As mentioned in Section  10.3 , experiments using gender - pooled micro-
somal sample prepared from 50 – 60 donors are deemed suffi cient if the objec-
tive is to rank inhibition potential of a series of compounds. On the other 
hand, inhibition experiments performed in individual microsomal samples 
across a panel of donors appear to reveal more interindividual variability of 
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the victim enzyme in response to inhibition, although intensive lab activity 
and more sophisticated data analysis are required. 

 Factors infl uencing microsomal parameters such as nonspecifi c binding 
(Obach,  1996 ,  1999 ; Tucker et al.,  2001 ; Austin et al.,  2002 ) and metabolic 
turnover of inhibitors (Zhao et al.,  2005 ; Van et al.,  2007   ) can be corrected to 
be meaningful for further usage in the equations of IVIVE (Table  10.1 ). 
Microsomal unbound fraction ( fu,mic ) can be obtained in an experimental 
design similar to plasma protein binding study or from in silico  predictions 
(Austin et al.,  2002, 2005 ; Hallifax and Houston,  2006 ). One approach to 
correct metabolic consumption of inhibitor is to calculate a time - averaged 
inhibitor concentration by dividing partial area under the [I] versus incubation 
time curve by reaction time ( Iu,ave , Zhao et al.,  2005 ). The abundance of P450 
levels and the homogeneous incubation condition grant microsomes the 
advantage to be applied in the investigation of the effect of parallel pathways 
on the inhibition of specifi c CYP isozyme. The value of  fm  for substrate and 
the selectivity of inhibitor can be evaluated from routine CYP phenotyping 
studies (Bjornsson et al.,  2003   ; FDA guidance). The continuous discovery of 
selective inhibitors of CYP isoforms makes the chemical inhibition in micro-
somes the primary approach to obtain fm  for compounds undergoing P450 
metabolism. In addition, the challenge on selectivity of chemical inhibitors can 
be overcome by calculating fm  contributed by each CYP isoform using the 
approach proposed by Lu et al.  (2007) . 

 The disadvantage of microsomal system in studying DDI also stems from 
its simplicity and homogeneity. When non - CYP enzymes (i.e., phase II such 
as UGTs) or nonmicrosomal enzymes are involved, relying on  fm  generated 
using CYP phenotyping in microsomes may result in mis - prediction. 
Theoretically, one can supplement microsomes with uridine phosphate gluc-
uronic acid (UDPGA) in addition to NADPH to identify parallel UGT medi-
ated pathways and to assess its infl uence on the interpretation of CYP 
inhibition. However, the utility of this system requires further validation given 
the known sensitivity of UGT - mediated reaction toward exogenous substances 
added to microsomes (Fisher et al.,  2000 ).  

10.4.1.2 Liver S9.   Liver S9 shares microsome ’ s properties of simplicity and 
homogeneity. The inclusion of enzymes primarily of cytosolic origin over-
comes the disadvantage of microsomes. Thus, upon supplement with cofac-
tors, S9 can be a cost - effective substitute of microsomes, although reports on 
inhibition studies using S9 have been limited. The unpopularity is likely due 
to lower abundance of ER enzymes in S9 incubations than in microsomes at 
the same protein concentration (i.e., mg/mL incubation), leading to lower 
metabolic turnover. Several labs reported the use of S9 to study the inhibition 
of DMEs, including carbonyl reductase by quercetin (Holleran et al.,  2004 ) 
and carboxyesterase by tri - bis - ( p  - nitrophenyl phosphate) as well as grapefruit 
juice contents (Tabata et al.,  2004 ; Li et al.,  2007a,b ). The mechanism of 
competitive inhibition of glucuronidation of valpric acid by probenecid was 
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confi rmed in rat liver S9 incubations (Ward et al.,  2000 ). These fi ndings suggest 
that liver S9 can be a cost - effective alternative of liver microsomes, especially 
when exploration of non - P450 enzymes is of interest.  

10.4.1.3 Other Subcellular Fractions.   Inhibition studies have been per-
formed for cytosolic - specifi c enzymes such as  N  - acetyl - transferases (Vrtic 
et al.,  2003 ; Chen et al.,  2000 ), glutathione -  S  - transferases (Chen et al.,  2000 ), 
dihydrodiol dehydrogenase (Porter et al.,  2000 ), catechol -  O  - methyl transfer-
ase (Nagai et al.,  2004 ), and aldehyde dehydrogenases (Ren and Slattery, 
 1999 ). These enzymes may be important in the metabolism of certain drugs. 
Inhibition kinetics of aldehyde dehydrogenase by carmustine (BCNU) was 
studied using human liver cytosol and erythrocytes (Ren and Slattery,  1999 ). 
The persistent inhibition of aldehyde dehydrogenase - mediated bioactivation 
of cyclophosphamide by four split doses of BCNU in the BCNU/cyclophos-
phamide/etoposide regimen was hypothesized to result in lower incidence 
of cyclophosphamide - induced venoocclusive disease of the liver (Ren and 
Slattery,  1999 ). Another important cytosolic enzyme aldehyde oxidase cata-
lyzes both oxidation and reduction reactions (Obach and Walsky,  2005 ; Obach, 
 2004 ). The inhibition of aldehyde oxidase appears to be dictated by the type 
of reaction. For example, reloxifene inhibits oxidation reaction through non-
competitive mechanism with Ki  at subnanomolar values, whereas it is a non-
competitive inhibitor of the reduction reaction with a Ki  of 51   nM (Obach, 
 2004 ). These results suggest the complexity of these nonmicrosomal enzymes. 

 Liver homogenate sits one level higher than liver S9, therefore encompass-
ing more complete metabolic machinery; however, the use of homogenates to 
study enzyme inhibition is rarely reported. Several isoforms of phase I and 
phase II enzymes residing in mitochondria have been shown to contribute to 
the metabolism of compounds. For example, CYP2E1 derived from rat liver 
mitochondria is responsible to approximately 20% of the overall bioactivation 
of acetaminophen to for the reactive intermediate iminoquinone metabolite 
(Neve and Ingelman - Sundberg,  2001 ; Robin et al.,  2001 ); however, the local 
proximity has signifi cant implication because mitochondrion is likely a primary 
target of acetaminophen - mediated hepatotoxicity. In order to isolate the con-
tribution from mitochondria, one needs to obtain kinetic parameters from 
different in vitro  systems including homogenate.   

  10.4.2   Intact Systems 

10.4.2.1 Hepatocytes.   Hepatocyte resembles intact liver more closely than 
subcellular systems because it contains complete machinery for drug transport 
and metabolism. In theory, hepatocytes also eliminate the use of cofactors 
required for subcellular systems. Historically, the use of human hepatocytes 
has been hindered by cost, labor - intensive cell preparation, and long - term 
storage. The development of more  “ ready - to - use ”  products, including cryopre-
served hepatocytes and preplated freshly isolated hepatocytes, have attracted 
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investigators from both pharmaceutical industries and academic laboratories 
(Li et al.,  1999 ; Lu and Li,  2001 ; Liu et al.,  1999a,b ; LeCluyse et al.,  1994, 2005 ). 
In fact, during a 5 - year time period between 2002 and 2007, the number of 
publications using hepatocytes to study drug metabolism has increased whereas 
the numbers using microsomes has decreased (Hewitt et al.,  2007 ). 

 The cell integrity and wider window of incubation time give the hepatocyte 
unique fl exibility to be applied under a variety of experimental designs. 
Nonspecifi c binding and uptake transport can be evaluated using techniques 
such as centrifugation through oil layers or washing the cells with fresh media 
to obtain intracellular and extracellular drug concentrations. One of the cri-
teria to ensure the quality of hepatocyte system is viability, which is usually 
tested to last for hours for suspension and days for plated cells. Inhibition 
experiment aimed at exploring inhibition kinetics described in Section  10.3  
can be performed in relatively short period of time to satisfy general require-
ments such as reaction linearity. On the other hand, hepatocytes can be incu-
bated for hours or even days to reveal competing mechanisms, including 
concomitant induction and inhibition, the infl uence of phase II pathways on 
CYP inhibition potency, the effect of inhibitory metabolites from substrate 
and/or inhibitor, and the effect of active uptake/effl ux transport. 

 To date, a few studies reported inhibition or inactivation parameters gener-
ated using hepatocytes (Yamazaki et al.,  2004 ; Brown et al.,  2007 ; Van et al., 
 2007   ). The emphasis has been placed on comparing the unbound parameters 
between hepatocytes and microsomes or supersomes. More data seem to be 
required to validate and justify the utility of the hepatocyte parameter to 
predict drug inhibition using conventional IVIVE (Table  10.2 ). Take revers-
ible inhibition for example, microsomal unbound  Ki  is intuitively  “ cleaner ”  
thus better represents the enzyme of interest, whereas an unambiguous 
unbound hepatocyte  Ki  cannot be readily verifi ed until the concurring metabo-
lism and transport events are understood. This should not be confused with  
the prediction of intrinsic hepatic clearance using hepatocytes as routinely 
performed in drug discovery, where the metabolism is  “ globally ”  assessed in 
an environment with complete machinery that is not represented in subcel-
lular systems (McGinnity et al.,  2004 ; Lu et al.,  2006 ). 

 Instead of focusing on hepatocyte inhibition parameters, several groups 
have attempted to comprehensively evaluate drug inhibition in vitro  by taking 
advantage of the physiological resemblance and heterogeneity of hepatocytes. 
Different from the conventional IVIVE, these new approaches evaluate 
hepatocyte data and subcellular data together with the aid of additional 
mathematical treatments including modeling and simulation. In fact, longer 
incubation time allows hepatocyte experiments to be designed to mimic 
in vivo  situation, where multiple mechanisms can be assessed simultaneously 
(Turncliff et al.,  2006 ; McGinnity et al.,  2005 ; Riley et al.,  2005 ; Zhao et al., 
 2007 ; Paine et al.,  2008 ). The concentration – time profi les of both parent 
drug (either substrate or inhibitor) and their metabolites can be fi tted to 
pharmacokinetic models to reveal the impact of transporters and inhibitory 
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metabolites on the metabolic events, including enzyme inhibition. Fitting the 
hepatocyte data to a compartmental model, Paine et al.  (2008)  clearly showed 
the importance of hepatic uptake with regard to the disposition kinetics of 
compounds incubated in rat hepatocyte suspension, improved prediction of  in
vivo  hepatic clearance in an analogous physiological - based pharmacokinetic 
model was also presented (Paine et al.,  2008 ). Such mechanistic experimental 
design can also test the predictability of microsomal parameters (McGinnity 
et al.,  2005 ; Zhao et al.,  2007 ; Van et al.,  2007   ). Another example of compre-
hensively using combined data from hepatocytes and microsomes to predict 
drug inhibition in vivo  attempt to circumvent the use of  in vitro K i , which is 
known to vary dramatically, depending on how  in vitro  experiments are con-
ducted (Lu et al.,  2007, 2008 ). Reversible CYP inhibition by ketoconazole was 
titrated in hepatocytes suspended in plasma. Combining microsomal  fm  values 
of substrates and the reported in vivo  exposure of ketoconazole, the degree 
of inhibition can be directly extrapolated assuming that the in vivo  plasma 
total [I] can be represented by ketoconazole concentration in hepatocytes 
incubated in plasma. The predicted inhibition appears to agree very well with 
in vivo  observations. Theoretically, a sandwich - cultured hepatocyte system 
should be superior to traditional cell cultures or suspensions (Table  10.2 ). The 
utility of this delicate in vitro  system has focused on drug transport to evaluate 
hepatic uptake and biliary excretion (Liu et al.,  1999a,b ). Although the evalu-
ation of enzyme inhibition in sandwich - cultured human hepatocytes using 
aforementioned mechanistic modeling will be very informative, the effort may 
have been hampered by the preservation of DMEs after sandwich culturing 
of the cells (Turncliff et al.,  2006 ). 

 In summary, besides serving as another  in vitro  system to generate inhibi-
tion parameters for conventional IVIVE, hepatocytes can be used in combina-
tion with subcellular data and sophisticated modeling and simulation to better 
predict enzyme inhibition in vivo .  

10.4.2.2 Liver Slices.   Liver slices are unequivocally the closest system to 
mimic the in vivo  situation. Besides the advantages and mechanistic experi-
mental design mentioned in the previous section for hepatocytes, liver slices 
can be used to monitor events other than metabolism and transport, such as 
pharmacological and toxicological responses. The major drawbacks for liver 
slices are cost and their labor - intensive preparations. Thus, liver slices appear 
to be a more appropriate target system where liver enzyme inhibition and its 
toxicological consequence are evaluated together, rather than being used as a 
predicting system for conventional IVIVE.    

  10.5   CONCLUSION 

 Multiple liver systems have been used to assess the inhibition of DMEs 
in vitro . The selection of one system over another depends on the objective 
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of the study and the composition of DMEs of the system to be selected. Liver 
microsomes continue to be the system of choice when obtaining inhibition 
parameters, and ranking inhibition potential are the major objectives. In con-
trast to conventional IVIVE, which relies primarily on microsomal inhibition 
parameters, hepatocyte experiments have been designed to comprehensively 
investigate enzyme inhibition in the presence of competing mechanisms. In 
addition, alternative approaches taking advantage of the integrity and hetero-
geneity of hepatocyte systems have emerged to help us better predict drug 
inhibition in vivo  from  in vitro  data.  
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11
 CYTOCHROME  P 450 
DEGRADATION AND ITS CLINICAL 
RELEVANCE  

  Mingxiang   Liao  ,   Ping   Kang  ,   Bernard P.   Murray  , and 
  Maria Almira   Correia       

   11.1   INTRODUCTION 

 Cytochromes P450 (abbreviated P450s or CYPs) are a very large and diverse 
superfamily of hemoprotein enzymes present in all organisms, including 
eukaryotes and prokaryotes. P450s are responsible for the metabolism of a 
variety of exogenous and endogenous compounds, via multiple mechan-
isms such as oxidations, reductions, and dehydrogenations (Correia,  2005 ; 
Guengerich,  2005 ). Thus far, more than 7700 distinct P450s have been identi-
fi ed and classifi ed into families and subfamilies; of these, 57 human P450s 
belonging to P450 1 – 4 families are believed to be responsible for drug metabo-
lism. More than 85% of the drugs currently on the market are metabolized by 
P450s (Evans and Relling,  1999 ). 

 The P450 content is regulated by various factors including physiological, 
pathological, genetic, and environmental; indeed, P450 expression is induced 
by exogenous and endogenous ligands through de novo  protein synthesis as 
well as inhibited degradation. Some substrates, such as phenobarbital, induce 
P450s mainly through increased synthesis, whereas others such as troleando-
mycin, acetone, and ethanol  “ induce ”  other P450s (CYP3A, CYP2E1, and 
CYP2B1) through protein stabilization. By contrast, some suicide inactivators 
such as CCl 4 , 3,5 - dicarbethoxy - 2,6 - dimethyl - 4 - ethyl - 1,4 - dihydropyridine, and 
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6′ ,7 ′  - dihydroxybergamottin (grapefruit furanocoumarin) accelerate the degra-
dation of certain P450s (Correia et al.,  1983 ; Correia,  1991, 2003 ; Watkins 
et al.,  1986, 1987 ; Song et al.,  1989 ). The P450 isoforms exhibit various half -
 lives ranging from 7 to 20   h (Correia,  1991, 2003 ; Watkins et al.,  1987 ; Dai and 
Cederbaum,  1995 ), and their degradation is proposed to involve different 
mechanisms. 

 An increasing amount of evidence indicates that native and inactivated 
P450s are degraded via two major proteolytic pathways — autophagic - 
lysosomal and proteasomal degradation — but information regarding the 
functional impact of P450 degradation on clinical therapeutics is limited. As 
discussed below, substrate/inactivator - induced P450 stabilization/degradation 
would alter P450 content and activity, which may lead to drug – drug interac-
tions (DDIs) (Lown et al.,  1997 ; Schmiedlin - Ren et al.,  1997 , Paine and 
Oberlies,  2007 ). Furthermore, mounting evidence documents that covalent 
binding of metabolites to P450s followed by their proteasomal degradation 
may lead to idiosyncratic syndromes through antigen presentation engendered 
during this proteolytic process. Indeed, anti - P450 autoantibodies have been 
detected in the serum of patients suffering from autoimmune hepatitis or 
drug - induced hepatitis (Leeder et al.,  1996 ; Bourdi et al.,  1996 ; Uetrecht,  2005, 
2007 ; Eliasson and Kenna,  1996 ). Furthermore, the exploration of the degra-
dation of various allelic P450 variants may provide some useful information 
on the infl uence of P450 polymorphisms on drug action and disease. For 
instance, CYP1B1 is implicated in chemical carcinogenesis, and thus the vari-
able degradation rates of its polymorphic forms may contribute to differences 
in cancer susceptibility in individuals (Bandiera et al.,  2005 ). The elucidation 
of P450 proteolytic processes may provide deep insight into their biochemical 
and therapeutic signifi cance, thereby assisting researchers in the pharmaceuti-
cal industry in new drug discovery and development and also assisting hospital 
clinicians in improving therapy. This chapter addresses our current concepts 
about proteolytic pathways of P450 degradation and their potential clinical 
relevance.  

  11.2   PROTEIN DEGRADATION 

 In the 1950s, Christian de Duve discovered the lysosome in the rat liver (de 
Duve et al.,  1953 ). This not only led to the recognition that protein degrada-
tion occurs in this cellular organelle, but also led to the discovery that intracel-
lular proteins are regulated by both synthesis and degradation. Later work in 
the 1970s showed that lysosomal degradation could not account for all pro-
teolytic processes and led to the discovery of a new proteolytic degradation 
system in reticulocytes. This marked a new era for mechanistic studies of 
protein degradation. The proteasome was discovered in 1976 (Goldberg and 
St. John,  1976 ), and then, at the beginning of 1980s, ubiquitin was shown 
to conjugate covalently to protein substrates to tag them for proteolysis 
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(Ciechanover et al.,  1980 ), a discovery for which the 2004 Nobel Prize in 
Chemistry was awarded. To date, protein degradation has been widely recog-
nized to play important roles in almost all essential cellular processes, such as 
signal transduction, cell cycle regulation, antigen presentation, transcriptional 
regulation, cell differentiation, and quality control (Goldberg,  1991, 2007 ; 
Hershko and Ciechanover,  1992, 1998 ; Shringarpure et al.,  2001 ; Tai and 
Schuman,  2008 ). Protein degradation in mammalian cells proceeds largely via 
two major routes: the autophagic - lysosomal and proteasomal pathways. 

  11.2.1   Autophagic - Lysosomal Degradation 

 Before the discovery of the proteasomal degradation system, lysosomes were 
believed to be the main loci for protein degradation. Lysosomes are organelles 
containing a wide variety of hydrolases which digest excess or damaged organ-
elles, particles, microbes, and some subcellular components, such as mem-
branes, proteins, lipids, and nucleic acids. Membranes surround the lysosomes, 
allowing them to maintain an internal acidic pH of ∼ 4.5, for optimal function 
of the lysosomal proteases. The degradation of organellar/cytoplasmic con-
stituents within lysosomes is termed autophagic - lysosomal degradation (ALD) 
(Cuervo et al.,  2004 ; Shintani and Klionsky,  2004 , Klionsky,  2005, 2007 ; 
Mizushima and Klionsky,  2007 ). ALD plays important roles in various 
physiological and pathophysiological processes in mammalian cells, such as 
starvation response, intracellular clearance/quality control, microorganism 
elimination, cell death, tumor suppression, and antigen presentation of MHC 
class II molecules (Mizushima,  2005 ). 

 In mammalian cells and yeast, ALD occurs via three different processes: 
microautophagy, chaperone - mediated autophagy, and macroautophagy 
(Cuervo and Dice,  1998 ; Dice,  1987 ; Dice et al.,  1990 ; Kopitz et al.,  1990 ; 
Seglen,  1987 ). Microautophagy is relatively nonspecifi c and occurs when por-
tions of cytoplasm are engulfed directly by the lysosome. In contrast, 
chaperone - mediated autophagy is limited to proteins and selectively degrades 
only those which can be recognized and bound by hsc70 - containing chaperone – 
co - chaperone complexes. This substrate – chaperone complex is translocated 
to the lysosomes on a one - by - one basis. Macroautophagy is the only pathway 
known to be involved in the degradation of endoplasmic reticulum (ER) -
 bound proteins among the three identifi ed ALD processes. Macroautophagy 
consists of several steps: sequestration, transport, degradation, and recycling 
of the degradation products, and these are illustrated schematically in Fig. 
 11.1 . In this process, the cytoplasmic material is fi rst sequestered by a phago-
phore or isolation membrane to form an autophagosome. This is then deliv-
ered to, and fused with, endosomes; and then it is fused with lysosomes/
vacuoles to form autolysosome or autophagolysosome, where its contents are 
degraded by lysosomal proteases. Once the proteins or peptides have been 
degraded in the lysosome/vacuole, the resulting amino acids are released into 
the cytosol for reutilization (Yorimitsu and Klionsky,  2005 ; Klionsky,  2005 ). 
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A number of chemicals have been used to inhibit various stages of ALD, such 
as (a) 3 - methyladenine (3 - MA) and wortmannin, which block autophagic 
sequestration, (b) NH 4 Cl, which inhibits proteolysis by elevating intralyso-
somal pH, (c) bafi lomycin A1, which strongly inhibits the vacuolar - type Na +  -
 H +  - ATPase (V - type ATPases), (d) chloroquine, which elevates intralysosomal 
pH and inhibits several lysosomal degradative processes, and (e) leupeptin, 
which inhibits lysosomal proteases (Cuervo et al.,  2004 ; Teckman and 
Perlmutter,  2000 ; Roccaro et al.,  2006 ; Jin et al.,  2008 ) (Fig.  11.1 ).    

  11.2.2   Ubiquitin - Dependent Proteasomal Degradation 

 The ubiquitin – proteasome system, reportedly responsible for the destruction 
of greater than 80% of normal and abnormal proteins, is involved in the 
control of various cellular processes, such as cell cycle, apoptosis, and tran-
scriptional regulation. In addition to its biological importance, ubiquitin -
 dependent proteasomal degradation (UPD) is also implicated in certain 
pathological conditions contributing to many diseases such as autoimmune 
diseases, neurodegenerative disorders, cancer, and viral infections. During the 
UPD process, proteins are tagged by conjugation with ubiquitin and delivered 
to the 26S proteasome for degradation (Ciechanover and Ben - Saadon,  2004 ). 

  11.2.2.1   Ubiquitin and Ubiquitination.     Ubiquitin is a highly evolutionarily 
conserved 76 - residue protein, and as its name implies, it is ubiquitously 

     Figure 11.1.     The mammalian autophagic - lysosomal degradation (ALD) system: 
Macroautophagy.  Modifi ed from Correia and Liao ( 2007 ).   
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expressed in all eukaryotic cells. In eukaryotic cells, ubiquitin is covalently 
bound to proteins through a process called ubiquitination, wherein a single 
molecule (monoubiquitination) or multiple molecules (polyubiquitination) 
are attached (Peters et al.,  1998 ). Monoubiquitination can serve as a signal to 
target membrane proteins to the lysosome for proteolytic turnover, and it may 
be involved in DNA repair, gene transcriptional regulation, and DNA replica-
tion as well (Hicke,  2001 ). Polyubiquitination is usually, but not always, 
employed to mark proteins for their degradation by the 26S proteasome, and 
a chain consisting of at the least four ubiquitin molecules is usually required 
to target proteins for their proteasomal binding and degradation (Passmore, 
 2004 ; Kim et al.,  2007 ). Polyubiquitination may also control the stability, func-
tion, and cellular localization of numerous proteins. 

 The ubiquitination reaction involves three sequential steps catalyzed by 
three enzymes: E1, E2, and E3 (Peters et al.,  1998 ; Pickart,  2001 ; Haas and 
Siepmann,  1997 ; Hershko and Ciechanover,  1998 ; Weissman,  2001 ; Finley, 
 2002 ; Thompson et al.,  2008 ). In the initial step, ubiquitin is activated in the 
presence of ATP by a ubiquitin - activating enzyme (E1) through covalent 
binding to the cysteine residue of E1 via its C - terminal Gly76. In the second 
step, the activated ubiquitin is transferred to a cysteine residue of a ubiquitin -
 conjugating enzyme (E2). Once conjugated to ubiquitin, the E2 molecule 
binds to a ubiquitin ligase (E3). In the fi nal step, E3 identifi es the target sub-
strate and transfers the activated ubiquitin molecule from the cysteine residue 
of E2 to a lysine ε  - NH 2  or an  α  - NH 2  group of the target protein. Consequently, 
the fi rst ubiquitin molecule is covalently attached to protein substrate through 
its C - terminal Gly76. Once one molecule of ubiquitin has been attached to 
the protein, additional rounds of ubiquitination occur to form a polyubiquitin 
chain wherein the internal Lys48 of the fi rst ubiquitin is bonded to the 
C - terminal Gly76 of another ubiquitin molecule. The branched chain may 
consist of up to 20 ubiquitin molecules. In eukaryotes, only a few E1s exist, 
with a greater diversity of E2s and an even greater number of E3s. Accordingly, 
the human UPD system involves only a few E1s, about 50 E2s, and greater 
than 500 E3s (Peng,  2008 ). Generally, a given E2 is able to interact with 
various E3s, whereas E3s can only associate with a limited number of E2s. E3 
is responsible for the recognition and binding of targets (Glickman and 
Ciechanover,  2002 ) with the structural diversity and binding specifi city within 
the E3 family governing the observed substrate specifi city of the proteasome 
(Risseeuw et al.,  2003 ). 

 The currently known E3s are grouped into three major classes: the HECT 
(homologous to E6 - AP C - terminus) E3s, the RING - fi nger E3s, and the U - box 
(C - terminus of Hsc70 interacting protein) E3s (Weissman,  2001 ). HECT E3s, 
which are found in all eukaryotes, contain an N - terminal WW domain (two 
tryptophan residues, 20 – 22 residues apart) and a 350 - residue C - terminal 
HECT homology domain. The N - terminal domains of E3s bind substrates and 
the C - terminal HECT domains directly transfer activated ubiquitin from a 
given E2 to a conserved HECT cysteine before conjugation to the substrates. 
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Thus, HECT E3s bind ubiquitin directly. So far, the well - known HECT E3s 
include Nedd4, E6AP, TOM1, and Rsp5p (Weissman,  2001 ; Lu et al.,  1999 ; 
Bernassola et al.,  2008 ). RING - fi nger E3s contain a 70 - amino - acid sequence 
with eight conserved cysteine and histidine residues that coordinate two zinc 
atoms to form the small fi nger, which provides an E2 - docking surface. RING -
 fi nger E3s may exist as a single subunit with both RING fi nger - E2 docking 
and substrate recognition domains on the same polypeptide or as a multisub-
unit complex including a RING - fi nger protein for E2 docking, an F - box 
protein for recognition of phosphorylated substrates, and other adapter sub-
units. RING - fi nger E3s mediate substrate ubiquitination by binding to E2 -
 ubiquitin complex and further facilitate the transfer of ubiquitin to the targeted 
protein. RING - fi nger E3s catalyze substrate ubiquitination by bringing the 
E2s in suffi ciently close proximity to the protein target rather than by direct 
thioesterifi cation of the activated ubiquitin as in the case of HECT E3s. Two 
known subsets of RING - fi nger E3s include the anaphase - promoting complex 
(APC) and the Skp1 - Cullin - F - box (SCF) protein complex, which contains 
Skp1 or Skp1 - like protein for substrate recognition, the cullin subunit, and 
an F - box protein for the recognition of phosphorylated substrates. U - box 
type E3s function as chaperone - dependent ubiquitin ligases, containing 
an N - terminal tetratricopeptide repeat (TPR) domain that binds molecular 
chaperones Hsc70 and Hsp90 and a C - terminal U - box which is similar to that 
of the RING - fi nger E3 except for its lack of the characteristic zinc - binding 
motif (Freemont,  2000 ; Joazeiro and Weissman,  2000   ; Jackson et al.,  2000 ). 
The ubiquitin ligase activity of U - box type E3s is similar to that of RING -
 fi nger E3s; that is, it facilitates the interaction between E2 - bound ubiquitin 
and their substrates. The U - box type E3s play an active role in the recognition 
of ubiquitinated, chaperone - associated aberrant proteins for clearance by the 
proteasome (Murata et al.,  2003 ; Cyr et al.,  2002 ).  

11.2.2.2 Proteasome.   The key component of UPD is the 26S proteasome 
(Fig.  11.2 ). This is a large barrel - like protein complex ( < 2000   kDa) located in 
the nucleus and the cytoplasm of all eukaryotes. It is composed of a 20S pro-
teolytic core ( ∼ 750   kDa) and one or two ATP - dependent assemblies termed 
the 19S ( ∼ 700   kDa) regulatory complex, or proteasome activator PA700 
(Pickart and Cohen,  2004 ; Coux et al.,  1996 ; Glickman et al.,  1998 ). The 20S 
proteasome core consists of four stacked rings (2 α  and 2 β ) with outer  α  - rings 
fl anking the two inner  β  - rings. Each ring contains seven similar, but function-
ally distinct subunits. The outer  α  - rings serve as docking domains for the 19S 
and regulate protein access into the barrel by controlling the size of its opening. 
Each β  - ring contains three catalytically active sites ( β 1,  β 2, and  β 5) that are 
located on the interior surface of the rings to ensure that the target protein 
enters the central pore before it is degraded. These three  β  - subunits exhibit 
various proteolytic activities, including chymotrypsin - like, trypsin - like, and 
peptidyl - glutamyl peptide - hydrolyzing activities. The unique, catalytically 
active N - terminal threonine residues present in these three  β  - subunits are 
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critical in peptide bond hydrolysis. They are also the target for proteasomal 
inhibitors such as MG - 132, MG - 262, lactacystin, epoxomycin, and bortezomib 
(Velcade  ®  ) (Rock et al.,  1994 ; Dick et al.,  1996 ; Adams,  2002 ). The 19S cap 
at either or both ends of the 20S proteolytic core is composed of an ATPase -
 containing base and a ubiquitin - recognizing lid hinged together by the Rpn10 
subunit. The 19S lid is responsible for recognition of the polyubiquitinated 
chain and subsequent substrate deubiquitination, which regenerates free ubiq-
uitin for new proteolytic cycles. The 19S base restricts the opening to the 
proteasomal proteolytic chamber to a mere 13 -  Å  diameter, thus accessible 
only to unfolded proteins and thereby preventing normally folded proteins 
from premature proteolytic attack. Recognition of polyubiquitinated proteins 
by the 19S regulatory particle and their translocation into the 20S core particle 
requires ATP hydrolysis (Pickart and Cohen,  2004 ; DeMartino et al.,  1994 ).   

 Another form of the proteasome is the immunoproteasome, in which the 
three catalytic  β  - subunits are replaced by alternate subunits  β 1i,  β 2i, and  β 5i, 
resulting in the generation of different peptide products. Primarily constitu-
tively expressed in immune cells, immunoproteasomes are also expressed in 
other cell types, albeit at lower levels, and they can be induced by exposure 
to interferon gamma, interferon alpha, and cytokines. Immunoproteasomes 

     Figure 11.2.     The ubiquitin - proteasomal degradation (UPD) system. See the insert for 
color representation of this fi gure.  
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are intended to be produced and degraded more rapidly than normal protea-
somes with an assembly half - time of 21   min versus 82   min, along with a deg-
radation half - life of 27   h compared to the normal 133   h. This rapid assembly 
and degradation may enable the cell to meet the urgent demands of an effi -
cient and prompt immunological response followed by restoration to their 
normal physiological status once immunoproteasomes are no longer required 
(Heink et al.,  2005 ; Yewdell,  2005 ; Deol et al.,  2007 ).  

11.2.2.3 Endoplasmic Reticulum -Associated Degradation.   ER is the 
major locus for protein folding, post - translational modifi cations, and trans-
port. During the period of ER dysfunction, such as ER stress, protein matura-
tion in the ER may be terminated or ineffi cient and the resulting misfolded, 
aberrant proteins are then degraded via an important cellular process, named 
endoplasmic reticulum - associated degradation (ERAD) (Bonifacino and 
Lippincott - Schwartz,  1991 ; Hampton,  2002 ; Lippincott - Schwartz et al.,  1988 ; 
Lord et al.,  2000 ; Raasi and Wolf,  2007 ). This process involves three steps: (i) 
ubiquitination of misfolded or damaged target ER proteins, (ii) extraction/
translocation of substrates from the ER to the cytoplasm, and (iii) subsequent 
degradation of target proteins by the 26S proteasome. ERAD is responsible 
not only for the destruction of the unfolded, misfolded, or aberrant luminal 
and membrane - bound ER proteins, but also for the regulated degradation of 
ER proteins, such as the rate - limiting enzyme of the mevalonate pathway, 
HMG - CoA reductase (3 - hydroxy - 3 - methylglutaryl - coenzyme A reductase), 
and for the maintenance of physiological levels of ER proteins such as P450s 
(Hampton and Rine,  1994 ; Ward et al.,  1995 ; Correia and Liao,  2007 ). 

 Because of the high evolutionary conservation of ERAD in all eukaryotic 
cells, our current understanding of mammalian ERAD was mainly derived 
from the analyses of protein degradation pathways in the yeast,  Saccharomyces 
cerevisiae  (Hampton et al.,  1996 ; Hampton,  2002 ; Bays et al.,  2001a,b ; Biederer 
et al.,  1997 ; Raasi and Wolf,  2007 ; Wolf,  2004 ). Analyses of the ERAD of 
model yeast proteins, such as Hmg2p and CPY * , led to the identifi cation of 
cellular ERAD genes, such as HRD (HMGR degradation) and DER (degra-
dation in ER) (Hampton et al.,  1996 ; Hampton,  2002 ; Bays et al.,  2001a ; 
Schafer and Wolf,  2005 ). This HRD/DER machinery is responsible for the 
ERAD of integral and lumenal ER proteins. This machinery involves the ER -
 associated ubiquitin - conjugating enzymes (E2s) including Ubc6p and Ubc7p; 
the ER - associated ubiquitin - ligase (E3), Hrd1p/Der3p (an integral ER -
 membrane protein with a C - terminal RING - H2 motif); and the E3 cofactor, 
Hrd3p (a C - terminally ER - membrane - anchored protein). The HRD/DER 
machinery also includes Hrd2p/Rpn1 (a 19S cap subunit and thus an indispens-
able component of the 26S proteasome), Cdc48p (an AAA ATPase homolo-
gous to p97 or VCP in mammalian cells), and Npl4p/Hrd4p and Ufd1p. The 
Cdc48p – Ufd1p – Npl4p complex is apparently involved in the recognition of 
polyubiquitinated luminal and integral ER proteins, the dislocation of these 
proteins from the ER, and the subsequent delivery to the 26S proteasome. 
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Hrd1p/Der3p targets soluble, luminal, and membrane - bound ER proteins, 
whereas another ER - associated ubiquitin - ligase, Doa10p, mainly targets the 
integral ER - membrane proteins with large cytosolic domains and soluble 
cytosolic/nuclear proteins (Hochstrasser et al.,  1995 ; Swanson et al.,  2001 ; 
Ravid et al.,  2006 ). The DOA10 machinery requires two ubiquitin - conjugating 
enzymes, Ubc6 and Ubc7/Cue1p, as well as the Cdc48p - Ufd1p - Npl4p complex 
(Meyer et al.,  2000 ; Dai and Li,  2001 ; Bazirgan and Hampton,  2005 ; Huyer et 
al.,  2004 ). Another HRD/DER - independent ERAD pathway also exists in  S.
cerevisiae , which involves an Rsp5p/Ubc4p/Ubc5p or Rsp5p/Ubc7p complex 
(Haynes et al.,  2002 ; Arnason et al.,  2005 ; Belgareh - Touz é  et al.,  2008 ).  

11.2.2.4 Signals for Differential Proteolytic Degradation.   Although the 
precise signals for the differential degradation of proteins remain to be identi-
fi ed, intrinsic molecular structural determinants ( “  degrons  ” ) or a variety of 
post - translational modifi cations may target the proteins for their diverse deg-
radation.  Degrons  are specifi c primary sequences of amino acid residues in 
proteins that mediate the degradation of target proteins (Varshavsky,  1991 ; 
Ravid and Hochstrasser,  2008 ); and when incorporated into heterogeneous 
proteins, the  degron  usually steers the fusion proteins to be degraded via the 
same proteolytic pathway as that of the original degron -  containing protein 
(Hochstrasser and Varshavsky,  1990 ; Glotzer et al.,  1991 ; King et al.,  1996 ). 
Some well - known  degrons  include: KFERQ, NPXY, YXX Ø , [DE]XXXL[LI], 
DXXLL, and acidic clusters as sorting signals for ALD system; lysine or 
N - terminal residues for ubiquitin conjugation; proline, glutamic acid, serine, 
and threonine/PAGE sequences for kinases/calpains and other Ca 2+  - dependent 
proteases; and Deg - 1 sequence, destruction boxes, degradation motifs, 
KK motifs, PEST sequences, Pro - rich domains, and some N - terminal 
and C - terminal residues for proteasomal degradation (Hochstrasser and 
Varshavsky,  1990 ; Glotzer et al.,  1991 ; King et al.,  1996 ; Bachmair and 
Varshavsky,  1989 ; Varshavsky,  1996 ; Dice et al.,  1990 ; Sokolik and Cohen, 
 1992 ; Bonifacino and Traub,  2003 ). In ERAD,  degrons  not only exist as dis-
crete modular units, but also are  “ distributed ”  along the entire primary 
sequence or tertiary structure of the protein (Doolman et al.,  2004 ; Gardner 
and Hampton,  1999 ). 

 In addition to primary sequences, some post - translational modifi cations 
also serve as important signals for protein degradation. These include ubiqui-
tination, phosphorylation, deamidation, glycosylation, glutathione - protein -
 mixed disulfi de formation, and histidine, cysteine, or methionine oxidations 
(Dice,  1987 ; Dunlop et al.,  2002 ). It is clear that ubiquitination is a major post -
 translational modifi cation required for the highly selective degradation of 
particular proteins. Thus, monoubiquitination targets proteins for lysosomal 
destruction (Hicke,  2001 ), while polyubiquitination ( > 4 ubiquitin molecules) 
primarily marks proteins for their destruction by the 26S proteasome (Peters 
et al.,  1998 ; Pickart,  2001 ; Kim et al.,  2007 ). In the late 1990s, phosphorylation 
was proposed to contribute to the disposal of some proteins via UPD. In this 
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process, only phosphorylated proteins would be recognized by specifi c E3 -
 ligases as substrates. One well - known example is the activation of the tran-
scription factor NF -  κ B through the degradation of its inhibitor, I κ B α . Upon 
stimulation, two serine residues (Ser32 and Ser36) of I κ B α  are fi rst phosphory-
lated, and this targets I κ B α  for UPD. With the release from inhibition by 
Iκ B α , the NF -  κ B is activated and freed to enter the cellular nucleus, wherein 
it plays a pivotal role in the regulation of various cellular processes through 
binding to the corresponding DNA - binding elements (Whiteside et al.,  1995 ; 
Miyamoto et al.,  1994 ; Chen et al.,  1995 ).   

  11.2.3   Cytochrome  P 450 Degradation 

 The accelerated/decelerated degradation of P450s can alter their content, 
thereby infl uencing their function. This has the potential to trigger serious 
complications related to P450 - mediated drug metabolism, such as drug – drug 
interactions (DDIs). Some substrate/inactivators could contribute to such 
physiological and pathological processes by inducing or inhibiting P450 deg-
radation. Elucidation of the mechanisms whereby P450 degradation affects 
drug metabolism would enhance our understanding and the predictability of 
potential DDIs or idiosyncratic syndromes. Such mechanistic elucidation of 
P450 degradation, however, requires a fundamental understanding of their 
cellular biology. 

 The high evolutionary conservation of the eukaryotic proteolytic pathways 
has permitted the use of various models, including  in vitro  reconstitution 
systems, yeast, mammalian cell lines, hepatocytes, and intact animals for P450 
degradation analyses. Several P450 proteolytic mechanisms have been pro-
posed, and a vast amount of evidence indicates that the two major proteolytic 
pathways: UPD and ALD are involved in the degradation of native and inac-
tivated P450s. Other mechanisms such as ubiquitin - independent 20S protea-
somal degradation have also been reported (Huan et al.,  2004 ; Yang and 
Cederbaum,  1997 ; Roberts,  1997 ; Correia,  2003 ; Correia and Liao,  2007 ). The 
degradation of native hepatic CYP2B1, CYP1A1, and substrate/inhibitor -
 ligated CYP2E1 is shown to occur mainly via ALD, while the turnover of 
CYP3A and substrate - free CYP2E1 is reported to occur via different path-
ways. By contrast, most of suicidally inactivated P450s, including CYP2B1, 
CYP2C11, CYP2E1, and CYP3A, are targeted to UPD (Correia and Liao, 
 2007 ). 

 The basis for the differential P450 degradation remains to be elucidated. 
As discussed above, it is conceivable that  degrons  in each P450 primary 
sequence and/or post - translational modifi cations are required for such het-
erogeneity (Aguiar et al.,  2005 ). Not much is really known about P450 
degrons , but the focus to date has been toward the C - terminal region of these 
proteins. A CYP2E1 variant with nine of its C - terminal residues deleted 
is rapidly degraded (Huan and Koop,  1999 ), while the incorporation of 
the CYP3A4 C - terminal (CT) heptapeptide onto the CYP2B1 C - terminus 
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switched its degradation from predominantly ALD to UPD (Liao et al., 
 2006 ). 

 Compared to the paucity of our current knowledge about P450  degrons , 
increasing evidence documents the role of posttranslational modifi cations 
in accelerating P450 degradation (Correia et al.,  2005 ). P450 ubiquitination 
is an unequivocal modifi cation that commits both native and inactivated 
P450 enzymes to degradation. Other modifi cations, such as heme pyrrole 
N - modifi cation, oxidation, and phosphorylation, are also reported to contrib-
ute to P450 turnover. P450 heme modifi cation caused by oxidative uncoupling 
or inactivation includes irreversible binding of heme mono -  and dipyrrolic 
fragments to the P450 protein. Such a post - translational modifi cation is 
reported to result in the rapid degrada tion of heme - modifi ed CYP3A 
enzymes ( in vivo ), cumene - hydroperoxide (CuOOH) inactivated CYP3A4 
protein ( in vitro ), and heme - modifi ed CYP2 families (CYP2B1, CYP2C11, 
and CYP2E1) via UPD (He et al.,  1998 ; Correia et al.,  1987, 1989, 1992 ; Dai 
and Cederbaum,  1995 ; Roberts,  1997 ; Wang et al.,  1999 ; Korsmeyer et al., 
 1999 ; Tierney et al.,  1992 .). 

 Phosphorylation is another post - translational modifi cation that can also 
mark P450 enzymes for degradation. For instance, the phosphorylation of 
CYP3A1 and CYP2E1 by cAMP - dependent serine kinase is thought to result 
in their ER - protease - mediated degradation (Eliasson et al.,  1992, 1994 ; 
Zhukov et al.,  1993 ). On the other hand, the phosphorylation of CYP2B1 and 
2C11 by protein kinase C (PKC) is thought to cause their catalytic inactivation 
and protein denaturation (Jansson et al.,  1990 ; Correia,  2003 ). Very recently, 
a direct correlation between P450 phosphorylation, ubiquitination, and deg-
radation was described and three CYP3A4 phosphorylation sites (S478, T264, 
and S420) were identifi ed. Phosphorylation of these residues signifi cantly 
enhanced CYP3A4 ubiquitination leading to subsequent CYP3A4 protea-
somal degradation (Wang et al.,  2009 ).   

  11.3   INDIVIDUAL  P 450 TURNOVER 

  11.3.1    CYP 2 B 1 

 Much insight into the mechanisms of CYP2B1 degradation has been gained 
from studying a variety of different systems, such as chemical - treated or 
untreated animals, hepatocytes, transfected cell lines, subcellular fractions, 
recombinant CYP2B1, and  S. cerevisiae  (Bolender and Weibel,  1973 ; 
Yamamoto et al.,  1985 ; Correia and Liao,  2007 ). Masaki et al. ( 1987 ) fi rst 
reported that CYP2B1 accumulates in autolysosomes isolated from leupeptin -
 treated rat livers and free of other organellar contaminants. Leupeptin blocks 
lysosomal cathepsins B, H, and L, thereby preventing CYP2B1 proteolytic 
degradation (Masaki et al.,  1987 ). Similar results were obtained with acetone -
 regulated stabilization of CYP2B1 in rat liver (Ronis and Ingelman - Sundberg, 
 1989 ; Ronis et al.,  1991 ). CYP2B1 was also found to be degraded in lysosomes 
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in leupeptin - treated or untreated rats (Ueno et al.,  1991 ). The major protease 
responsible for CYP2B1 ALD was subsequently identifi ed as lysosomal 
cathepsin D (Tsuji and Akasaki,  1994 ). Studies in  S. cerevisiae  strains geneti-
cally defi cient in specifi c components involved in ubiquitination, proteasomal, 
or lysosomal degradation also showed that native CYP2B1 heterologously 
expressed in S. cerevisiae  is degraded via the ALD pathway (Liao et al.,  2005 ). 

 However, ALD may not be the only pathway reportedly involved in 
CYP2B1 turnover. The degradation of CYP2B1 expressed in tetracycline 
(Tc) - inducible HeLa cell was unaffected by lysosomal inhibitors, but blocked 
by proteasomal inhibitors, suggesting that CYP2B1 may be a target for pro-
teasomal degradation rather than ALD in this system (Huan et al.,  2004 ). 
Thus, native CYP2B1 may be degraded differently in model systems, rat liver, 
S. cerevisiae  and HeLa cells. Another  in vitro  study with hepatic microsomal 
fractions revealed that CYP2B1 proteolysis is an Mg 2+  - ATP - independent 
process (Eliasson et al.,  1992 ). By contrast, CuOOH - inactivated, heme - 
modifi ed CYP2B1 undergoes ubiquitin - dependent 26S proteasomal degrada-
tion in vitro , while the native protein did not appear to be a substrate of this 
proteolytic pathway (Korsmeyer et al.,  1999 ). Recently, studies in hepato-
cytes and Hela cells transfected with Myc - tagged CYP2B1, confi rmed that 
UPD is also responsible for IL - 1 -  or NO - donor - induced CYP2B1 turnover 
(Lee et al.,  2008 ). This is consistent with the report that no native microsomal 
CYP2B1/2B2 from ethanol - treated rats is degraded after incubation with an 
ATP - supplemented cytosolic system (Roberts et al.,  1995 ). 

 The above fi ndings reveal that native CYP2B1 primarily undergoes lyso-
somal degradation both in in vivo  and  in vitro  systems, whereas the turnover 
of CYP2B1 after suicide inactivation or NO - donor inactivation is via UPD.  

  11.3.2    CYP 2 E 1 

 CYP2E1 represents 7% of total P450 content in human liver microsomes and 
is involved in the metabolism of organic solvents and important drugs, such 
as halothane. Several  in vivo  studies showed that native CYP2E1 exhibits 
biphasic turnover, consisting of (a) a rapid phase with a half - life of 7   h and (b) 
a slow phase with a half - life of 38   h (Barmada et al.,  1995 ; Roberts et al.,  1995 ; 
Song et al.,  1989 ). However, when complexed with substrates, such as acetone 
and ethanol, the rapid phase of degradation is eliminated (Roberts et al.,  1995 ; 
Song et al.,  1989 ). Such substrate - induced stabilization of CYP2E1 is proposed 
to be due to the inhibition of reactive oxygen radical generation because, in 
the absence of substrates, CYP2E1 exhibits a high oxidase activity resulting 
in oxidative uncoupling during unproductive cycling (Goasduff and Cederbaum, 
 2000 ). The hypothesis is that the reactive oxygen radicals generated lead to 
the oxidation and/or heme modifi cation of the protein, which in turn trigger 
the rapid phase of CYP2E1 proteolytic degradation. This hypothesis was sup-
ported by fi ndings in Fao cells cultured under serum withdrawal, in which 
CYP2E1 was signifi cantly stabilized by treatment with diphenyleneiodonium, 
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which inhibits NADPH - cytochrome P450 reductase and thus CYP2E1 -
 dependent hydroxylase activities. The above results suggest that CYP2E1 
catalytic cycling in the absence of its substrates is responsible for its rapid 
degradation (Zhukov and Ingelman - Sundberg,  1999 ). 

 There is no consensus for the identity of the proteolytic pathway respon-
sible for the degradation of native CYP2E1. Several distinct degradation 
pathways have been proposed, including cAMP - serine kinase - dependent 
MgATP - activated ER serine - protease - mediated CYP2E1 degradation 
(Eliasson et al.,  1992 ; Zhukov et al.,  1993 ), UPD of ethanol - free CYP2E1 
(Bardag - Gorce et al.,  2002 ; Morishima et al.,  2005 ), ubiquitin - independent 20S 
proteasomal degradation of CYP2E1 (Roberts,  1997 ; Huan et al.,  2004 ; Yang 
and Cederbaum,  1996 ), and ALD (Ronis and Ingelman - Sundber,  1989   ; Ronis 
et al.,  1991 ; Roberts et al.,  1995 ; Bardag - Gorce et al.,  2002 ). 

 cAMP - serine kinase - dependent phosphorylation is associated with CYP2E1 
degradation. In cultured rat hepatocytes, the rapid degradation of CYP2E1 is 
enhanced by glucagon or 8 - bromoadenosine 3 ′ ,5 ′  - cyclic monophosphate which 
activates cAMP - dependent pathways. Such CYP2E1 degradation is not infl u-
enced by lysosomal inhibitors, but involves its phosphorylation at Ser129, and 
this phosphorylation and the subsequent degradation can be blocked by the 
ligands, ethanol and imidazole (Eliasson et al.,  1990, 1992 ). Two ER serine 
proteinases with molecular weight of 32,000 Da were identifi ed to be respon-
sible for this rapid degradation of CYP2E1 (Zhukov et al.,  1993 ). However, 
mutation of Ser129 failed to impair CYP2E1 degradation, thereby revealing 
that additional phosphorylation sites may exist and contribute to the degrada-
tion of CYP2E1 expressed in COS 7 cells (Freeman and Wolf,  1994 ). 

 Acetone - induced CYP2E1 is degraded at the least partially by the ALD 
pathway in the intact rat liver and cultured rat hepatocytes (Ronis and 
Ingelman - Sundberg,  1989 ; Ronis et al.,  1991 ). The fraction of CYP2E1 protein 
with the longer half - life, stabilized by substrate complexation, is most likely 
the fraction subject primarily to ALD disposal (Eliasson et al.,  1992 ; Song 
et al.,  1989 ) and upon withdrawal of its substrates, CYP2E1 is susceptible 
to UPD (Goasduff and Cederbaum,  2000 ; Bardag - Gorce et al.,  2002 ). For 
example, ethanol stabilizes CYP2E1 protein by preventing its catalytic uncou-
pling and thus reducing its fl ux via the UPD pathway. In addition to suppress-
ing autocatalytic inactivation, it has been proposed that ligand - mediated 
stabilization of CYP2E1 is due to blocking of a ubiquitination site within the 
CYP2E1 substrate - binding cavity (Bardag - Gorce et al.,  2002 ; Banerjee et al., 
 2000 ). Identifi cation of the precise CYP2E1 residues ubiquitinated should 
resolve this controversy. Interestingly, in cultured Fao hepatoma cells, CYP2E1 
apparently relies partially on lysosomes for its degradation, and this requires 
CYP2E1 transport to the lysosomes (Zhukov and Ingelman - Sundberg,  1997 ). 

 CYP2E1 is also reported to undergo ubiquitin -  independent  20S protea-
somal degradation in rat hepatocytes and transfected HepG2 cells expressing 
human CYP2E1 (Roberts,  1997 ; Yang and Cederbaum,  1997 ; Huan et al., 
 2004 ). In these studies, proteasomal inhibitors, including lactacystin, ALLN 
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(N  - acetyl - Leu - Leu - Norleucinal), and PSI (Czb - Ile - Glu(OtBu) - Ala - Leucinal), 
protected CYP2E1 from degradation. Additionally, Goasduff and Cederbaum 
( 2000 ) reported that in an  in vitro  reconstituted system, human liver micro-
somal CYP2E1 incurs an ATP - dependent degradation, which is inhibited by 
geldanamycin, an inhibitor of the chaperone, Hsp90, and such inhibition could 
be reversed by the addition of Hsp90. Similar fi ndings were obtained after 
treatment of transfected human skin fi broblasts cells expressing CYP2E1 with 
another hsp90 inhibitor, radicicol (Morishima et al.,  2005 ). In that study, 
CYP2E1 was reportedly ubiquitilated by the hsp70 - dependent ubiquitin -
 ligase, CHIP, in a cell - free system and in HEK cells coexpressing CYP2E1 
and CHIP (Morishima et al.,  2005 ). By contrast, the hsp90 inhibitors, geldana-
mycin, herbimycin, and radicicol, failed to infl uence CYP2E1 turnover in 
tetracycline (Tc) - inducible HeLa cells or in FR - 8a2 cells expressing CYP2E1 
(Huan et al.,  2004 ). Ethanol - inducible CYP2E1 is apparently also a target for 
proteasomal degradation in vivo . Treatment of ethanol - treated rats with the 
proteasome inhibitor bortezomib resulted in inhibited proteasomal chymo-
trypsin - like activity with consequently induced CYP2E1 protein level. After 
ethanol withdrawal, both the proteasomal chymotrypsin - like activity and liver 
CYP2E1 content returned to basal levels (Bardag - Gorce et al.,  2002 ). 

 From the above examples, it is clear that the degradation of CYP2E1 can 
involve the proteasome, but the role of ubiquitination in native CYP2E1 
degradation is somewhat controversial. Some investigators attribute the failure 
to detect ubiquitinated CYP2E1 to low abundance of ubiquitinated protein 
and/or the existence of deubiquitinating hydrolases in the liver cytosol (Haas 
et al.,  1985 ; Wilkinson,  1997 ). However, additional evidence indicates that 
CYP2E1 is indeed ubiquitinated in a rabbit reticulocyte lysate system. Two 
putative ubiquitination sites in CYP2E1, Lys317, and Lys324 residues in a 
predicted CYP2E1 cytosolic domain were also identifi ed through molecular 
modeling (Banerjee et al.,  2000 ). 

 Interestingly, CYP2E1 inactivated by CCl 4  or 3 - aminotriazole is ubiqui-
tinated and rapidly degraded presumably by the 26S proteasome in mouse 
liver (Tierney et al.,  1992 ), but ubiquitination and degradation are not observed 
when CYP2E1 is inactivated by aminobenzotriazole (ABT) (Huan and Koop, 
 1999 ).  

  11.3.3    CYP 3 A  

 P450s of the CYP3A subfamily are major enzymes which account for  > 30% 
of total human hepatic P450 content and responsible for the metabolism of at 
least 50% of marketed drugs. Different proteolytic mechanisms have been 
reported for the degradation of CYP3A enzymes. 

 The cAMP - dependent phosphorylation of native CYP3A1/3A23 on its 
Ser393 has been proposed to cause its turnover by MgATP - dependent serine 
proteases at the ER (Eliasson et al.,  1994 ). Another pathway proposed 
for CYP3A23 degradation was high - molecular mass (HMM) - dependent, 
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ubiquitin/26S proteasome - independent degradation (Zangar et al.,  2002 ). But 
later this HMM CYP3A species was found to be a crosslinking artifact due to 
the aging of the microsomal preparations (Kimzey et al.,  2003 ). The native 
human CYP3A4 was degraded by an ATP - /ubiquitin - dependent 26S protea-
some pathway in a liver cytosolic system (Fraction II) (Korsmeyer et al.,  1999 ). 
This was confi rmed by studies of native rat liver CYP3A2/3A23 degradation 
in cultured hepatocytes (Faouzi et al.,  2007 ) or suspensions of primary hepa-
tocytes (Wang et al.,  1999 ) treated with a number of proteasomal or lysosomal 
inhibitors. This was also documented by degradation analyses of native human 
CYP3A4 heterologously expressed in S. cerevisiae  strains defi cient in specifi c 
UPD or ALD components and their corresponding isogenic wt strains (Murray 
and Correia,  2001 ; Liao et al.,  2006 ). Subsequent studies in  in vivo  and/or  in
vitro  reconstituted systems revealed that CYP3A enzymes are ubiquitinated 
by the Ubc7/gp78 ubiqutin – ligase complex and recruited by the p97 - Npl4 -
 Ufd1 complex before their degradation by the 26S proteasome (Wang et al., 
 1999 ; Murray et al.,  2002 ; Liao et al.,  2006 ; Correia,  2003 ; Correia and Liao, 
 2007 ; Faouzi et al.,  2007 ; Pabarcus et al.,  2009 ). 

 On the other hand, the predominant proteolytic pathway for suicidally 
inactivated CYP3A is well recognized to be UPD, as documented in intact rat 
livers, suspensions or cultures of rat hepatocytes and transfected cell lines 
(Correia et al.,  1992 ; Wang et al.,  1999 ; Correia,  2003 ). This is also supported 
by in vitro  fi ndings of the degradation of CuOOH - inactivated, heme - modifi ed 
CYP3A4 (Korsmeyer et al.,  1999 ). However, in HepG2 cells, CYP3A4 deg-
radation induced by high doses of acetaminophen is proposed to occur pre-
dominately via a pepstatin A - inhibitable lysosomal cathepsin  d  - mediated 
process, but also partially via proteasomal pathway (Zhang et al.,  2004 ). These 
observations attest to diverse proteolytic pathways responsible for inactivated 
CYP3A degradation. 

 Much effort has been made to identify the cellular participants involved in 
CYP3A UPD. The ER - associated E2, Ubc7p, plus its ER - membrane anchor, 
Cue1p, but not Ubc6p, were shown to play a role in the degradation of het-
erologously expressed CYP3A4 in S. cerevisiae  (Murray and Correia,  2001 ; 
Liao et al.,  2006 ). On the other hand, deletion of the three ubiquitin ligases 
examined (the two canonical ER - anchored proteins Hrd1p/Hrd3p and 
Doa10p, along with Rsp5p) did not affect CYP3A4 turnover in this system. 
The fi ndings from  in vitro  reconstituted systems also revealed that Ubc7/gp78 
ubiquitin ligase complex is responsible for CYP3A4 ubiquitination before its 
26S proteasomal degradation (Pabarcus et al.,  2009 ). This conclusion is some-
what unexpected, because gp78 is  ∼ 30% related to the mammalian homolog 
of Hrd1p,  HRD1  (Doolman et al.,  2004 ). The latter has been convincingly 
excluded in CYP3A4 UPD in yeast (Murray and Correia,  2001 ; Liao et al., 
 2006 ). Although another mammalian hepatic E3 CHIP is reported to ubiqui-
tinate CYP2E1 and CYP2B4 (Morishima et al.,  2005 ), its role in ubiquitinating 
CYP3A4 is unclear. No clear  S. cerevisiae  homolog of CHIP exists, so genetic 
CHIP deletion analyses of CYP3A4 degradation are not feasible, and thus the 
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E3 ubiquitin ligase involved in CYP3A4 UPD in S. cerevisiae  remains to be 
identifi ed. In  S. cerevisiae , CYP3A4 UPD was also dependent on the AAA 
ATPase Cdc48p – Ufd1 – Npl4p complex (Liao et al.,  2006 ). The AAA ATPase 
Cdc48p – Ufd1 – Npl4p complex is required in (a) the translocation and/or 
extraction of both integral and luminal ubiquitinated proteins from the ER 
membrane into the cytosol and (b) subsequent delivery to the 26S proteasome. 
A possible role for p97/Cdc48p complex in the CYP3A ER extraction and 
delivery for proteasomal degradation is also suggested in primary cultured rat 
hepatocytes, after  in situ  protein crosslinking. p97 is detected cross - linked in 
CYP3A - immunoprecipitates by both immunoblotting and proteomic analyses 
(Faouzi et al.,  2007 ). 

 Little is known about the precise signals that trigger CYP3A degradation. 
Although CYP3A4 C - terminal (CT) - heptapeptide incorporation into CYP2B1 
switches its degradation in S. cerevisiae  from predominantly ALD into UPD, 
the deletion of its CT domain is insuffi cient to alter CYP3A4 UPD. These 
fi ndings exclude a role of CYP3A4 CT heptapeptide as a proteasomal  degron
for its degradation and infer the existence of additional CYP3A4 UPD degrons . 
Such possible determinants exist in either single or multiple domains, or they 
are even distributed throughout its structure (Liao et al.,  2006 ). 

 The potential role of post - translational modifi cations in CYP3A turnover 
has been examined by several groups. Although a role for ubiquitination has 
been established in CYP3A degradation, the association of its phosphoryla-
tion, ubiquitination, and degradation is unclear. As discussed above, phos-
phorylation of native CYP3A1/23 by cAMP - dependent kinase results in a 
marked degradation of the enzyme (Eliasson et al.,  1994 ), and native CYP3A4 
is also phosphorylated in a system catalyzed by rat liver cytosolic Fraction II 
(Korsmeyer et al.,  1999 ; Wang et al.,  2001 ). This phosphorylation was greatly 
enhanced when CYP3A4 was inactivated by CuOOH, and followed by its 
ubiquitination and 26S proteasomal degradation. PKC and PKA were identi-
fi ed as the major FII kinases responsible for CYP3A4 phosphorylation (Wang 
et al.,  2001 ). Two CYP3A4 target sites, T264 and S420, phosphorylated  in vitro
by PKC were identifi ed by HPLC - peptide mapping and LC - MS/MS analyses 
(Wang et al.,  2001 ). Recent studies identifi ed a third site, S478, phosphorylated 
by rat liver cytosolic kinases. Further studies of CYP3A4 ubiquitination and 
degradation in S. cerevisiae  and in reconstituted systems indicated that PKA/
PKC - mediated phosphorylation enhances CYP3A4 degradation by enhancing 
its ubiquitination, suggesting a direct link between P450 phosphorylation, 
ubiquitination, and degradation (Wang et al.,  2009 ).   

  11.4   CLINICAL RELEVANCE OF  P 450 DEGRADATION 

  11.4.1    P 450 Turnover and Drug Interactions 

 Pharmacokinetic drug interactions occur when the absorption or disposition 
of one agent (the  “ victim ”  or  “ object ” ) is affected by treatment with another 
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agent (the  “ perpetrator ”  or  “ precipitant ” ). It is also common to consider 
interactions with environmental factors (such as diet or herbal medications) 
and pharmacogenetic variability as forms of drug interaction. The turnover of 
P450s can infl uence both the severity and the time course for some classes of 
pharmacokinetic drug interactions, and the key factor that determines the 
level of infl uence is how the time course for the interaction of the perpetrator 
with the target P450 compares with that of the turnover of the enzyme. For 
example, drug interactions due to rapidly reversible enzyme inhibition are 
unlikely to be infl uenced by protein turnover because even very potent inhibi-
tors dissociate from the enzyme with a very short half - life (small fractions of 
a second), which is many orders of magnitude shorter than the half - life for 
P450 protein turnover (hours or days). The classes of drug interaction infl u-
enced by P450 protein turnover are discussed below. 

11.4.1.1 Effects of Disease States.   It has been known for some time that 
disease states can infl uence the pharmacokinetics of P450 substrates (Morgan 
et al.,  2008 ), the most common observation being a reduction in clearance of 
those substrates. In many cases this is due to increased degradation and/or 
decreased synthesis of the P450 proteins and the resulting effects can be very 
dramatic when the substrates have a low therapeutic index (e.g., Kraemer 
et al.,  1982 ). Decreased synthesis can be due to suppression by infl ammatory 
mediators of induction pathways controlled by xenobiotic receptors (Moreau 
et al.,  2008 ). Studies with animals have also shown decreased expression of 
cytochromes P450 after bacterial or viral infection, or after the administration 
of model infl ammatory mediators, such as bacterial lipopolysaccharide or poly 
rI:rC, and an increase in the rate of P450 degradation has been observed (e.g., 
Gooderham and Mannering,  1986 ). The increased P450 degradation is hypoth-
esized in some cases to be due to inactivation of the enzyme by nitric oxide 
generated by nitric oxide synthase, NOS2, induced by a variety of cytokines 
(Aitken et al.,  2008 ). Infl ammatory cytokines (such as interferon alpha) and 
immunomodulating agents are now fi nding clinical use in antiviral and cancer 
chemotherapy. Drug interactions with these cytokines have been reported 
(Israel et al.,  1993 ; Islam et al.,  2002 ); but these are not widely appreciated, 
likely due to the confounding effects of the underlying diseases.  

11.4.1.2 Enzyme Inhibition.   While disease states can lead to drug interac-
tions due to relatively nonspecifi c increases in P450 degradation, enzyme 
inhibition affects a single P450 protein (or a relatively small subsets of 
proteins). As outlined above, for P450 protein degradation to affect an 
inhibitory drug interaction, the duration of the inhibitory effect must be of 
the same order as that of the half - life of the protein, so simple reversible 
inhibition of a P450 enzyme is relatively insensitive to the rate of turnover of 
the enzyme. 

 Long - term inhibition of an enzyme requires tight ( “ quasi - irreversible ” ) or 
covalent interaction with the inhibitor or destruction of prosthetic groups 
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(Correia and Ortiz de Montellano,  2005   ; Hollenberg et al.,  2008 ). In many 
cases this is achieved by the inhibitor being a substrate for the enzyme and 
being converted to the inactivating form. This has led to the process being 
termed suicide inhibition, mechanism - based inhibition, or time - dependent 
inhibition (Silverman,  1988 ). In some cases, covalent binding of metabolites 
to the P450 apoprotein can be the cause of idiosyncratic reactions (as described 
in the section below). The biggest impact of P450 protein turnover on the 
response to enzyme inactivation is upon the time course for recovery of activ-
ity after the inhibitor has left the system (see below). 

 In addition to inhibitory drug interactions being caused by other drugs, a 
number of dietary and herbal compounds are also known to display this prop-
erty. Grapefruit juice, shown nearly 20 years ago to be the culprit of an inter-
action with felodipine, is probably the most famous example and it contains 
a variety of furanocoumarin derivatives that are potent mechanism - based 
inhibitors of human intestinal CYP3A activity (Bailey et al.,  1998 ), as well as 
acutely inhibiting some drug transporters. Clinical studies have shown that the 
inhibition of intestinal CYP3A activity is associated with increased protein 
degradation because there is rapid and profound loss of the protein after 
consumption of a single glass of grapefruit juice (Schmiedlin - Ren et al.,  1997 ; 
Lown et al.,  1997 ). This is in contrast to the results with another mechanism -
 based inhibitor, diltiazem, which inactivates intestinal CYP3A but does not 
accelerate its degradation appreciably (Pinto et al.,  2005 ). This suggests that 
there are inhibitor - dependent qualitative differences in the sequelae following 
enzyme inactivation. Since, under normal conditions, hepatic CYP3A activity 
is relatively unaffected by grapefruit juice, interaction studies with this agent 
are now performed to determine the relative contributions of intestinal and 
hepatic CYP3A to fi rst - pass metabolism of drugs (Kharasch et al.,  2004 ; Gertz 
et al.,  2008 ). Other dietary and herbal components that have been shown to 
inactivate human P450 enzymes include: psoralens (Koenigs and Traeger, 
 1998 ) and phenethylisothiocyanate (Nakajima et al.,  2001 ), found in a variety 
of vegetables; resveratrol, which is found in red wine (Chang et al.,  2001 ); 
and methylenedioxyphenyl alkaloids, found in goldenseal herbal extract 
(Chatterjee and Franklin,  2003 ).  

11.4.1.3 Induction.   Induction is a phenomenon wherein the amount of 
active protein affecting a drug ’ s absorption and/or disposition is increased, 
usually leading to reduced exposure and/or increased elimination of the victim 
drug. Since the amount of active protein present is dependent upon the turn-
over of that protein, protein turnover can have a strong infl uence on the rate 
and extent of the induction effect. 

 Induction of P450s can be achieved by increasing their rates of synthesis 
and/or decreasing their rates of degradation. The most - studied mechanism is 
increased transcription through activation of xenobiotic receptors such as the 
aryl hydrocarbon receptor (AhR), the pregnane X receptor (PXR), and the 
constitutive androstane receptor (CAR) (Wang and LeCluyse,  2003 ), but 
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mRNA stabilization and post - translational events can also infl uence the rates 
of synthesis. An increase in the content of some P450s, notably CYP1A2, 
CYP2E1, and CYP3A, can also be achieved through decreases in their rates 
of degradation through ligand stabilization (e.g., Steward et al.,  1985 ; Eliasson 
et al.,  1994 ; Chien et al.,  1997 ; Watkins et al.,  1986 ) as discussed above. As 
with enzyme inhibition, environmental constituents can also act as inducers —
 for example, activation of AhR by tobacco smoke (e.g., Thum et al.,  2006 ) 
and charcoal - grilled meat, as well as activation of PXR by herbal preparations 
such as St. John ’ s wort (Zhou and Lai,  2008 ). 

 Protein degradation also plays a more fundamental role in the CYP1A 
induction process: Ligand - activated AhR is degraded by the proteasome 
machinery to attenuate the signal (Ma,  2007 ), and similar mechanisms may 
also be in place for PXR (Masuyama et al.,  2002 ). Proteasomal protein deg-
radation also plays a role in the response to antioxidants through the Nrf2/
KEAP1 pathway (Zhang,  2006 ) that regulates murine CYP2A5 (Abu - Bakar 
et al.,  2007 ).  

11.4.1.4 Pharmacogenetics.   From the above it is clear that P450 drug inter-
actions can be infl uenced by protein degradation whether the precipitating 
event is another drug, a disease state, or a dietary or other environmental 
factor. Protein degradation can also affect the magnitude of pharmacogenetic 
drug interactions because some P450 allelic variants have been shown to 
encode proteins with reduced stability. For example, Hichiya et al. ( 2005 ) 
demonstrated that introduction of the R186G mutation into CYP2C8, a 
change found in the naturally occurring CYP2C8 * 8 allele, resulted in poor 
protein expression in COS - 1 cells and that this could be overcome by treat-
ment with the proteasome inhibitor, MG - 132. A similar fi nding was reported 
for the N453S mutation in CYP1B1 * 4 (Bandiera et al.,  2005 ). Allelic variants 
of CYP1A2, CYP2A6, CYP2B6, CYP2C9, CYP2C19, CYP2D6, CYP3A4, 
and CYP3A5 leading to reduced stability of expressed protein have also all 
been reported (summarized at  www.cypalleles.ki.se ).  

11.4.1.5 Protein Degradation Kinetics and Drug Interactions.   The exam-
ples above stress the importance of the relative rate of protein turnover on 
the potential for drug interactions. Here we discuss how the rate affects the 
magnitude and time course of the effect. 

 Proteins are turned over continuously, and under steady - state conditions 
the rate of degradation is balanced by the rate of synthesis of new protein. 
The kinetics of this process have been studied for many years using model 
proteins (e.g., Berlin and Schimke,  1965 ; Steinberg et al.,  1975 ; Watson et al., 
 1981 ), and the general fi nding is that the rate of protein degradation largely 
follows fi rst - order kinetics, so the loss depends upon the amount of protein 
present. In contrast, the rate of protein synthesis obeys zero - order kinetics 
and so is not directly dependent upon the amount of protein present. Thus 
the basal turnover of enzyme (E) with time ( t ) can be expressed as follows, 
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with  k  synth  and  k  deg  being the rate constants for synthesis and degradation, 
respectively.

   d dt k kE Esynth deg[ ] = − [ ]   

 Under equilibrium conditions, the apparent protein half - life ( T  ½ ) is then

   T k1 2 2= ln deg   

 The actual rate of protein synthesis refl ects contributions from both consti-
tutive and induced synthesis, and the balance of the contributions of the two 
is enzyme - dependent. For example, CYP2D6 is largely regulated by the con-
stitutively expressed transcription factor, hepatic nuclear factor 4 α  (HNF4 α ), 
and is thus unaffected by inducers (Cairns et al.,  1996 ). In contrast, CYP1A1 
is expressed in the lung in only tiny amounts but can be increased enormously 
by activation of AhR by cigarette smoke (Thum et al.,  2006 ). CYP3A4 lies 
between these extremes because it shows substantial constitutive expression, 
likely mediated by HNF4 α , but it is also strongly inducible through activation 
of PXR or CAR (Tirona et al.,  2003 ). Induction effectively increases the rate 
of synthesis while inactivation can be considered to increase the rate of deg-
radation; and in either situation if a change is persistent enough, a new steady -
 state level of protein expression is achieved. 

 As discussed above, both the rates and routes of P450 degradation can also 
be infl uenced by inducers and enzyme inactivators. For some enzymes, such 
as CYP2E1, there are contributions from the slower ALD and faster UPD 
routes and the extent of the latter can be increased by enzyme inactivation, 
triggering ERAD. No clear feedback pathways for regulation of drug metabo-
lizing P450s have been identifi ed, so inhibition of the enzymes does not result 
in a compensatory increase in the rates of their synthesis. 

 Extending the model described above, the turnover of the protein in the 
presence of an inducer or an inhibitor can be expressed as follows:

   d dt k k k kE Esynth induc MBI[ ] = +( ) − +( )[ ]deg  

where  k  induc  is the increase in the rate of synthesis due to induction and  k  MBI  
is the increase in rate of degradation (or inactivation) due to mechanism - based 
inhibition. However, the same principle can be used to calculate turnover 
changes triggered by an inhibitor (or more formally a repressor) that decreases 
the rate of synthesis ( k  synth  is lower) or an inducer that acts through protein 
stabilization ( k  deg  is lower)  in vitro  systems capable of determining such rate 
changes are not widely available. The approach summarized in the above 
equation has been used successfully to model pharmacokinetic data without 
making assumptions about the underlying mechanism(s) for the change in 
rates (e.g., Pitlick et al.,  1976 ). However, for prediction of the quantitative and 
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temporal effects of the interacting agents, it should be possible to determine 
 k  induc  and/or  k  MBI  in  in vitro  systems. 

 Attempts have been made to predict  k  induc , the increase in synthesis rate, 
from  in vitro  induction data using a simple  E  max  model (e.g., Kato et al.,  2005 );

   k
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t t
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C
EC C

, + = [ ]
+ [ ]50

  

 The concentration of inducer at time   =    t , [C]  t   affects the induced rate of 
synthesis,  k  induc , after a lag time,  t  lag . The lag time represents the delay from, 
for example, occupation of the xenobiotic receptor to the point when freshly 
synthesized enzyme is present. The two model parameters are  k  max , the theo-
retical maximal rate of induced synthesis, and EC 50 , the concentration of 
inducer resulting in half - maximal activation in the  in vitro  system. Note that 
although there are good correlations between responses in  in vitro  systems 
with different endpoints (e.g., increases in mRNA, protein, enzyme activity, 
or reporter gene expression), the dynamic ranges of the various systems can 
differ considerably. Although  t  lag  is likely inversely related to the rate of turn-
over (more rapidly cycling proteins showing a shorter delay), this parameter 
has not been explored in detail. 

 Similarly, the increase in inactivation rate caused by a mechanism - based 
inhibitor,  k  MBI , can be calculated from  in vitro  data as follows (Silverman, 
 1988 ):
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where  k  inact  and  K I   are the inactivation kinetic parameters and [C]  t   is the inhibi-
tor concentration. It should be noted that not all agents act purely as inducers 
or inhibitors. A well - known example is the HIV protease inhibitor, ritonavir, 
which is both a potent mechanism - based inhibitor of human CYP3A enzymes 
(Ernest et al.,  2005 ) and a signifi cant inducer in the clinic (Foisy et al.,  2008 ). 
Another striking example in a preclinical species is the simultaneous induction 
and inactivation of rat CYP2B1 by secobarbital (He et al.,  1996 ). 

 The drug concentrations used in the above calculations, as well as the affi n-
ity constants for induction and inactivation (EC 50  and  K I  ), may need to be 
corrected for  in vitro  or  in vivo  protein binding, depending upon the  in vitro  
test system used and the disposition of the compound  in vivo . In some cases, 
Hill slopes need to be applied to the concentration and affi nity constants, such 
as has been seen with AhR - mediated induction (Broccardo et al.,  2004 ). For 
the relevant concentration, [C]  t  ,  in vivo , many researchers have used a single 
value, such as the average plasma concentration at steady state while others 
have used pharmacokinetic – pharmacodynamic (PKPD) modeling to link the 
pharmacokinetics of the agent with the turnover of the enzyme. This can be 
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especially complex when the clearance of the agent depends upon the enzyme 
it is affecting. 

 The kinetics of protein turnover strongly affect both the magnitude and the 
time course of the response to inducers and inactivators. For instance, for 
mechanism - based inhibition a common approach used is the one described by 
Mayhew et al. ( 2000 ). The effects of inhibition on the area under the plasma 
concentration – time curve (AUC) of a victim drug, cleared by the inhibited 
enzyme, can be estimated by assuming that clearance of that drug is propor-
tional to the amount of active enzyme present. Then

   
AUC
AUC

inhibited

normal

MBI

deg

≈
+k k

k
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 So an enzyme that is turned over relatively slowly ( k  MBI     >>     k  deg ) will respond 
more strongly to an inactivator. The rate of return of the enzyme level to 
normal after the inactivator is removed depends upon  k  synth . Similarly, the 
response to an inducer is dependent upon the basal rate of synthesis:
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 Although their values are critical to the prediction of responses to induc-
ers and mechanism - based inhibitors, the rates of turnover of P450s, and par-
ticularly the human enzymes, are the subject of debate with wide - ranging 
values for protein half - life being reported (Correia,  2003 ; Yang et al.,  2008 ). 
Some of this variability is likely due to the confounding infl uence of back-
ground exposure to varying levels of inducing agents in the environment. 
This makes it diffi cult to separate  k  synth  from ( k  synth    +    k  induc ). The ultimate 
upper limit on protein half - life is constrained by the turnover of the cell or 
organelle in which the protein is located. In relatively short - lived continu-
ously cycling cells, such as small intestinal epithelium or skin keratinocytes, 
the lifetime of P450 protein depends upon the transit time of the cells. For 
example, in short - lived (transit time  ∼ 24   h) mature small intestinal villus tip 
enterocytes, where the majority of intestinal P450 is located, it is likely that 
the levels of CYP3A do not have time to recover to baseline after the cells 
are no longer exposed to an inhibitor or inducer before the cells are shed 
into the intestinal lumen. In longer - lived  “ conditional renewal ”  populations, 
such as the liver and kidney, the lifetime of a P450 protein may be limited 
more by the continuous turnover of the ER in which the proteins are located 
(Omura et al.,  1967 ; Parkinson et al.,  1983 ; Shiraki and Guengerich,  1984 ). 
These values only represent the maximum limit to the lifetime of the proteins 
because it is clear that the components of the ER are turned over asynchro-
nously by varying mechanisms. 

 To illustrate the quantitative importance of protein turnover, Fig.  11.3  
shows the simulated effects of an inducer (Fig.  11.3 A) and a mechanism -
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 based inhibitor (Fig.  11.3 B) on the levels of target enzymes during the treat-
ment and recovery phases. Despite their differing effects, both compounds 
are of the same therapeutic class (endothelin receptor antagonists) and both 
are used in chronic treatment of pulmonary arterial hypertension. Bosentan 
is a PXR activator (van Giersbergen et al.,  2002 ) and chronic treatment leads 
to a reduction in the plasma concentration of coadministered sildenafi l due 
to a two - fold increase in clearance (Paul et al.,  2005 ). Sitaxsentan contains a 
methylenedioxyphenyl moiety and inactivates human CYP2C9, resulting in 
a need for dose - adjustment (80% reduction) of coadministered warfarin and 
a requirement for regular liver function monitoring (Kabunga and Coghlan, 
 2008 ). In each case, two different half - lives were used for turnover of the 
target enzyme, those being 26   h (reported for CYP3A4) and 104   h (reported 
for CYP2C9).   

 It is clear that the more rapidly cycling enzyme responds more quickly, in 
both onset and recovery, to inducers and mechanism - based inhibitors. For this 
enzyme, the magnitude of induction is higher but the nadir for the enzyme 
level is not as low when exposed to a mechanism - based inhibitor. The more 
slowly cycling enzyme responds sluggishly to induction and de - induction but 
is more strongly affected by the mechanism - based inhibitor. 

 These two examples graphically highlight the importance of the rates of 
turnover of human P450s on the magnitude and time course of drug interac-
tions. The degradation of P450s can thus affect a drug ’ s pharmacokinetics and 
hence its pharmacodynamics through their response to other drugs, diet, and 
disease and through the manifestation of pharmacogenetic variability.   

     Figure 11.3.     The effect of protein degradation half - life on drug interactions.  (A)  
Simulation of the effect of treatment with an inducer, bosentan, upon hepatic cyto-
chrome P450 levels. Regimen consists of 24   h of pretreatment, 5 days of dosing, and 
then 5 days of recovery. Parameters used were:  C  average  4    μ M, EC 50  19.9    μ M,  k  max  600% 
of basal synthesis rate, and a lag time of 12   h.  (B)  Simulation of the effect of treatment 
with a mechanism - based cytochrome P450 inhibitor, sitaxsentan, upon hepatic enzyme 
levels. Regimen consists of 24   h of pretreatment, 5 days of dosing, and then 5 days of 
recovery. Parameters used were:  C  average  1.8    μ M,  k  inact  0.1   min  − 1 ,  K I   250    μ M.  
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  11.4.2    P 450 Degradation and Anti -  P 450 Autoantibodies in Autoimmune 
Hepatitis and Drug - Induced Hepatitis 

 P450 degradation may also have pathological relevance in autoimmune hepa-
titis and drug - induced hepatitis because aberrant processing of the protein can 
lead to the generation of autoantibodies. Indeed, there are serum autoanti-
bodies that specifi cally recognize individual P450 enzymes in some patients 
with autoimmune hepatitis and drug - induced hepatitis. These include anti -
 CYP2D6 antibodies in type II chronic autoimmune hepatitis (AIH - 2) (Kerkar 
et al.,  2003 ; Imaoka et al.,  2005 ), anti - CYP11A1, anti - CYP17A, and anti -
 CYP21 antibodies in both autoimmune polyendocrino - pathycandidiasis - 
ectodermal dystrophy and Addison ’ s disease (Liiv et al.,  2002 ; Uibo et al., 
 1994 ). Anti - P450 antibodies have also been found in idiosyncratic drug 
reactions, such as halothane hepatitis (anti - CYP2E1), tienilic acid hepatitis 
(anti - CYP2C9), dihydralazine hepatitis (anti - CYP1A2), and hypersensitivity 
reactions to the aromatic anticonvulsants phenytoin, phenobarbital, and car-
bamazepine (anti - rat CYP3A) (Mizutani et al.,  2005 ; Liu and Kaplowitz,  2002 ; 
Leeder et al.,  1996 ). In drug - induced hepatitis, reactive drug metabolites have 
been shown to covalently modify the particular P450 enzyme that bioactivates 
the drug, resulting in the formation of P450 - drug adducts such as CYP2E1 -
 trifl uoroacetate (Bourdi et al.,  1996 ), CYP1A2 - dihydralazine (Masubuchi 
et al.,  1999 ), CYP2C9 - tienilic acid (Koenigs et al.,  1999 ), and CYP3A4 -
 carbamazepine (Kang et al.,  2008 ). 

 It is generally believed that the generation of autoantibodies against 
P450s involves the lysosomal/proteasomal degradation of native or modifi ed 
P450s to produce intracellular antigenic peptides of defi ned length and 
sequence. A working hypothesis linking P450 degradation and immune 
responses is shown in Fig.  11.4 . In hepatocytes, native (e.g., CYP2D6 in 
AIH - 2 hepatitis) or drug - modifi ed P450 (e.g., CYP2C9 in tienilic acid hepa-
titis) proteins are degraded to peptides which can be further degraded by 
peptidases to free amino acids. A few epitopic peptides that manage to avoid 
the proteolytic processes wind up on major histocompatibility complex 
(MHC) class I molecules on the surface of hepatocytes. The peptide – MHC 
pair can then be recognized by specifi c T - cell receptors on CD8 T cells, 
which in turn results in cytotoxicity to hepatocytes. It has been demonstrated 
in ex vivo  systems that CYP2D6 - specifi c CD8 T - cell immune responses are 
vigorous in AIH - 2 and correlate with disease activity, implicating their direct 
role in disease pathogenesis (Ma et al.,  2006 ; Longhi et al.,  2007 ). Hepatocytes 
normally do not express MHC class II molecules, but a change can be trig-
gered by viral or autoimmune hepatitis. Degraded P450 peptides are pre-
sented on MHC class II molecules to CD4 T helper cells. Alternatively, after 
hepatocyte death, P450 proteins can be taken up by macrophage and 
degraded by lysosomes. The resulting antigenic peptides then bind to MHC 
class II molecules and are recognized by helper T cells. After presentation, 
both B and T cells may be activated and undergo clonal expansion. B cells 
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mature into plasma cells that eventually secrete an autoantibody directed 
against a P450 protein.   

 AIH type 2 is characterized by the presence of anti - liver/kidney microsomal 
autoantibodies type 1 (LKM - 1), for which CYP2D6 has been identifi ed as the 
major antigen. Epitopes of anti - CYP2D6 autoantibodies have been identifi ed 
by epitope mapping and are immunoreactive with sera of patients with auto-
immune hepatitis. The most frequently targeted epitopes are residues 193 – 212 
and 257 – 269, followed by 321 – 351, 373 – 389, and 410 – 429 (Manns et al.,  1991 ; 
Yamamoto et al.,  1993 ; Kerkar et al.,  2003 ). A recent study has also revealed 
conformational epitopes residues 316 – 327 (Ma et al.,  2002 ). Although B - cell, 
helper T - cell and CD8 T - cell responses are associated with liver damage and 
may play a combined role in AIH - 2 pathogenesis, it remains uncertain whether 
CYP2D6 becomes an autoantigen through a mechanism of molecular mimicry 
or as a consequence of antigenic alteration (Ma et al.,  2006 ; Longhi et al., 
 2007 ). Susceptibility to type 2 AIH is most likely determined by a complex 
combination of environmental and genetic factors, which include allelic poly-
morphisms in HLA class II genes. 

 After chronic treatment with the antihypertensive drug dihydralazine, a 
large number of patients with hepatitis showed anti - CYP1A2 antibodies. 

     Figure 11.4.     Generation of anti - P450 autoantibodies in autoimmune hepatitis or drug -
 induced hepatitis.  Modifi ed from Pessayre ( 1993 ).   
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An epitope - mapping study showed that a CYP1A2 amino acid 335 – 471 
domain serves as a conformational epitope that is immunoreactive with 100% 
sera of patients with dihydralazine - induced hepatitis (Belloc et al.,  1997 ). A 
recent report has shown that CYP1A was present on the plasma membrane 
and was further increased by dihydralazine administration in rat hepatocytes 
(Robin et al.,  2000 ). This observation suggests that the anti - CYP1A2 autoan-
tibodies may participate in the immunologic destruction of hepatocytes. 

 In 60% of patients suffering from severe hepatitis after administration of 
tienilic acid, a specifi c antibody directed against CYP2C9 was detected. Studies 
indicate that native epitopes, as well as tienilic acid - modifi ed epitopes, are 
recognized by anti - CYP2C9 autoantibodies. Three regions of CYP2C9 (amino 
acids 314 – 322, 345 – 356, and 439 – 455) form a major conformational autoanti-
body binding site which is immunoreactive with sera of patients with tienilic 
acid - induced hepatitis (Lecoeur et al.,  1996   ). Studies in a rat model have 
shown that CYP2C11 - tienilic acid adducts were present on the plasma mem-
brane of hepatocytes, indicating that antibody - dependent cytotoxicity and 
complement - related mechanisms associated with anti - CYP2C9 antibodies 
may be involved in the disease process (Robin et al.,  1996 ). 

 Sera from 70% of patients with halothane - induced hepatitis contains auto-
antibodies that recognize rat CYP2E1. Two distinct conformational epitopes 
on the CYP2E1 surface containing the G - helix and an area formed by juxta-
position of the J ′  and K ″  helices, respectively, are immunoreactive with sera 
of patients with halothane -  and alcohol - induced hepatitis (Vidali et al.,  2004 ). 
Eliasson and Kenna ( 1996 ) have shown that native CYP2E1 and trifl uoroac-
etate (a halothane metabolite) adducts of CYP2E1 were present on the cell 
surface of hepatocytes and could act as cell surface target antigens that are 
recognized by the antibodies of patients and potentially by other immune 
effector mechanisms. 

 Curiously, a subset of patients with anticonvulsant hypersensitivity has 
circulating antibodies that recognize members of the rat CYP3A but not the 
related human CYP3A proteins (Leeder et al.,  1996 ). Less intense reactivity 
has been observed with rat CYP2C11, whereas CYP2C6 and CYP3A2 are 
minor antigens in some patients (Leeder et al.,  1992 ). Amino acids 355 – 367 
of the CYP3A1 protein were identifi ed as the epitope recognized by antibod-
ies in the serum of anticovulsant hypersensitive patients (Leeder et al.,  1996 ). 

 Despite their usefulness for diagnosis and research, the pathogenetic role 
of the anti - P450 autoantibodies is still unclear. It is yet to be documented 
whether autoantibodies observed in autoimmune or drug - induced hepatitis 
themselves contribute to liver damage. Although in some cases cell surface 
targeting of intact P450 protein may play a role in developing autoantibodies, 
it is clear that the process of P450 degradation, either chemically or pathologi-
cally induced, is important in the production of antigenic peptides capable of 
engendering an immune response. A better understanding of P450 degrada-
tion may lead to the selection of therapeutic agents with less liability of causing 
hepatitis in the clinic.   
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  11.5   CONCLUSIONS 

 P450s are important enzymes responsible for the metabolism of 85% mar-
keted drugs and a wide range of endogenous substrates. Their expression 
refl ects a balance between synthesis and degradation, and the pathways for 
their turnover are gradually being elucidated. Over the past several decades, 
the two major protein degradation pathways (lysosomal and proteasomal) and 
their roles in the regulation of various cellular processes, from cell cycle to 
quality control, have drawn enormous attention. P450s are substrates for both 
of these pathways, and their relative contributions are enzyme - dependent and 
are affected by numerous factors including the state of the protein (native or 
inactivated). These protein degradation pathways are no longer of strictly 
academic interest, because the fi rst drug that targets proteasomes, bortezomib 
(Velcade  ®  ), has been marketed for anticancer therapies (Russo et al.,  2007 ). 
As discussed here, P450 degradation is involved in DDIs, drug - induced 
hepatitis, and hypersensitivity syndromes. Therefore, there is a critical need 
to understand P450 degradation mechanisms and their pathological and physi-
ological relevance.    
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12
 COMPLEXITIES OF WORKING 
WITH  UDP  -
 GLUCURONOSYLTRANSFERASES 
( UGT  s ): FOCUS ON ENZYME 
INHIBITION

  Michael B.   Fisher       

   12.1   INTRODUCTION 

 The discovery and development of a new chemical entity (NCE) involves 
signifi cant investment in money and time. Therefore, it is important to under-
stand and try to minimize or eliminate factors that contribute to the attrition 
of NCEs in development. There have been several high - profi le drug with-
drawals due to adverse events precipitated by drug – drug interactions (Ajayi 
et al.,  2000 ). The most high - profi le inhibitory drug interaction occurred when 
the cytochrome P4503A (CYP3A) inhibitor ketoconazole was administered 
along with terfenadine. Normally, terfenadine is   converted almost completely 
by CYP3A to the active metabolite fexofenadine; inhibiting this pathway 
resulted in patients getting signifi cant exposure to the parent, terfenadine, 
which resulted in prolongation of the cardiac Q - T interval. Indeed, since the 
ketoconazole – terfenadine interaction was elucidated [reviewed in Kivist ö  
et al. ( 1994 )], there has been an increased focus on especially minimizing the 
potential for inhibitory drug – drug interactions, both in research and devel-
opment. Early assessment of the drug interaction potential of molecules in 
discovery is crucial to fi nding chemical space lacking inhibition potential 
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toward the CYPs, and this assessment continues through the development of 
NCEs, both  in vitro  and in clinical studies. However, a recent retrospective 
examination of new drug interactions in Japan from 2000 to 2003 (Yoshida 
et al.,  2006 ) indicated that metabolic interactions were the most common 
(45%), with pharmacological interactions less common (27%), suggesting that 
drug interactions are still a liability in NCEs. 

 In recent years the reagents and methods to measure P450 metabolism have 
been widely available and have been universally applied to measure CYP 
inhibition (Bachmann et al.,  2003 ). Compounds in research will be tested at 
one or several concentrations in vitro  in incubations to assess effects on the 
activity of CYP1A2, 2C9, 2C19, 2D6, and 3A and sometimes CYP2B6, 2C8, 
and 2E1. Human liver microsomes (HLM), recombinant enzymes, and even 
hepatocytes have been applied, and each system has advantages and disad-
vantages that would need to be considered before applying one to a given 
situation. 

 These  in vitro  CYP inhibition data have been applied over the years using 
various models to predict in vivo  drug – drug interactions (Venkatakrishnan 
et al.,  2003 ). There exist common aspects to the various models. Firstly, the 
inhibitor potency ( Ki , IC 50 ) toward the target must be known; secondly, the 
in vivo  inhibitor concentration ( I  ) must be surmised. It is the ratio of  I/Ki  that 
drives the observed drug – drug interaction. Additionally, the fraction of the 
victim drug ’ s clearance pathway that this inhibitable reaction represents (frac-
tion metabolized,  fm ) also determines the magnitude of its maximal inhibition 
(Obach et al.,  2006 ). An appreciation of these variables as they apply to 
enzyme inhibition is imperative in understanding the drug interaction poten-
tial of any drug. 

 An understanding of the enzymology and cell biology is obviously very 
useful in understanding the caveats, or complexities, associated with studying 
P450s in vitro . For example, it has been appreciated for at least a decade that 
complexities, such as atypical kinetics, heterotropic activation, and substrate 
dependence to inhibition profi les, can often be observed with CYP3A4 and 
2C9 (at least) due to multiple binding regions in their active sites (Atkins, 
 2006 ). An understanding of these complexities has led to the derivation of 
new and better ways to deal with complex enzyme kinetics. Additionally, the 
presence of the heme prosthetic group has allowed a further understanding 
of some of these intricate ligand - binding events through spectroscopic mea-
surements (Roberts et al.,  2005 ). Potent inhibition often involving the heme 
has also added complexity to unmasking and predicting drug interactions with 
CYPs (Hutzler et al.,  2006 ). Decades of research with P450 enzymology and 
biochemistry has helped elucidate and predict drug interaction potential of 
this enzyme system. 

 A recent survey of drugs on the market demonstrated that while metabo-
lism via the P450s was most frequently observed, the next most common 
pathway was conjugative metabolism by the UDP - glucuronosyl transferases 
(Williams et al.,  2004 ). The UGTs are a superfamily of enzymes that add a 
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glucuronic acid moiety to a nucleophilic atom in a molecule. Once thought to 
occur only subsequent (hence the nomenclature  “ phase 2 metabolism ”  refer-
ring to conjugation reactions) to the addition or unmasking of a nucleophilic 
handle, such as aromatic hydroxylation to form a phenol, copious examples 
of direct conjugation are known to occur (Kiang et al.,  2005 ). 

 As with the P450s, an understanding of the enzymology and cell biology is 
also very useful in understanding the caveats and complexities associated with 
studying UGTs in vitro , as will be discussed. However, an advanced under-
standing of the biochemistry and enzymology of this enzyme system has lagged 
compared with the P450s. There are several reasons for this, not the least of 
which is the more recent commercial availability of recombinant UGT iso-
forms, the lack of a well - characterized battery of selective probe substrates 
and inhibitors, and the lack of a spectrally sensitive prosthetic group like in 
P450s. This chapter will provide a perspective on clinical drug interactions and 
observations and expectations from in vitro  UGT inhibition data. It will then 
try to examine the known biochemical complexities associated with UGTs and 
how these observations helped to refi ne our methods to quantitatively assess 
UGT inhibition in vitro .  

  12.2   INTRODUCTION TO  UGT  INHIBITION 

 Since the fi rst  in vitro  glucuronidations and the isolation and identifi cation of 
the vital cofactor UDPGA were performed by Geoffrey Dutton in the fi rst 
half of the 20th century (Dutton  1997 , and references therein), our under-
standing of this enzyme system has been slowly advancing. The UGTs are a 
superfamily of membrane - bound enzymes that catalyze the addition of a gluc-
uronic acid moiety from UDPGA onto nucleophilic atoms, such as oxygen, 
nitrogen, sulfur, or even carbon, in endo -  and xenobiotics. The UGTs are 
expressed largely in the liver, but some forms have a very tissue - specifi c 
expression pattern. For example, UGT1A7, 1A8, and 1A10 appear to be 
extrahepatic isoforms, showing only gastrointestinal expression (Tukey and 
Strassburg,  2000 ; Miners et al.,  2006 ). Unlike P450s, where the active site is 
thought to be cytosolic, the UGT active site resides in the lumen of the endo-
plasmic reticulum (Gu é raud and Paris,  1998 ) (see Fig.  12.1 ). According to a 
recent review, 17 human UGT proteins have been identifi ed to date: UGT1A1, 
1A3, 1A4, 1A5, 1A6, 1A7, 1A8, 1A10, 2A1, 2B4, 2B7, 2B10, 2B11, 2B15, 
2B17, and 2B28 (Miners et al.,  2006 ). Currently, the ready availability of  in
vitro  systems such as HLM, recombinant enzymes, and hepatocytes has 
allowed the kinetic characterization of glucuronide formation and inhibition. 
Some complexities unique to UGTs relative to P450s have likely caused a lag 
in their entry into mainstream research.   

 General observations with regards to UGTs are that they are low affi nity 
enzymes in general, and that no really potent inhibitors are known. Williams 
et al. ( 2004 ) took a weight of evidence approach and determined that since 
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substrate affi nities are typically low (high  K m  ), inhibitor affi nities are typically 
low (high  K i   or IC 50 ), glucuronidation is usually not a major clearance pathway 
(unlike oxidation by P450s), and since multiple UGTs are usually capable of 
performing the catalysis, the expectation is that clinically relevant drug inter-
actions involving inhibition of glucuronidation will be rare. This was realized 
in that manuscript in the few clinical studies examined where AUC increases 
for the aglycone are typically  < 2 × . While this is a reasonable conclusion given 
the available data at the time, recent data discussed later in the chapter iden-
tify artifacts or unique situations that suggest that liver microsomes, the most 
common matrix for examining interactions, may not be the most appropriate 
system to examine without incorporating some recent learnings. Kinetic dif-
ferences due at least in part to a buffer system, fatty acids liberated during 
microsomal incubation acting as UGT inhibitors, and kinetic differences due 
to heterodimerization are a few of the phenomena recently shown to affect 
ligand affi nities in microsomal or recombinant systems.  

  12.3   INHIBITION OF  UGT  

  12.3.1   Bilirubin 

 UGTs can metabolize endogenous compounds as well as xenobiotics. For 
example, UGT2B15 and 2B17 are able to glucuronidate endogenous steroids 
with high affi nity (B é langer et al.,  2003 ). However, probably the most impor-
tant potential interaction involves metabolism of an endogenous compound, 
bilirubin, by UGT1A1. Bilirubin is a heme degradation product and is an 
important antioxidant at low concentrations. Higher concentrations can lead 
to jaundice and kernicterus (bilirubin encephalopathy) (Fevery,  2008 ). While 
this is a known phenotype with UGT1A genetic mutations (Tukey and 

     Figure 12.1.     The different subcellular localization of cytochrome P450s and 
UDP - glucuropnosyltransferases.  
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Strassburg,  2000 ) due to an inability to suffi ciently glucuronidate bilirubin, 
several drugs have been known to inhibit UGT1A1 and cause elevated bili-
rubin. In fact, the elevated bilirubin can be misinterpreted as a biomarker of 
hepatotoxicity instead of UGT1A1 inhibition (Zhang et al.,  2005 ). Some of 
the HIV protease inhibitors, especially indinavir and atazanavir, have been 
associated with elevated bilirubin levels  in vivo . A recent study attempted to 
link this observation with the propensity to inhibit UGT1A1 for six protease 
inhibitors. Interestingly, the unbound  C  max / K i   was  > 0.1 for the two compounds 
associated with clinical hyperbilirubinemia, while it was  < 0.1 for the four 
compounds without this observation (Zhang et al.,  2005 ). This preliminary 
observation suggests that  in vitro  data may be of some value in rank ordering 
compounds with regard to their propensity to inhibit UGT1A1 and cause 
hyperbilirubinemia. 

 Trubetskoy et al. ( 2007 ) describe a high - throughput 384 - well assay for 
UGT1A1 inhibition that may have some value in research for assessing risk 
of UGT1A1 inhibition. The assay uses recombinant enzyme and the fl uores-
cent substrate 7 - hydroxy - 6 - methoxycoumarin (7 - HMC). Glucuronide conju-
gation of 7 - HMC by UGT1A1 reduces the fl uorescence, and thus inhibiting 
UGT1A1 would result in enhanced fl uorescence relative to control. Formatting 
the assay in recombinant enzyme eliminates the need to use a selective probe. 
However, as discussed later, there may be some disadvantages to using recom-
binant enzyme as the  in vitro  system to study UGTs, but using something like 
HLM or hepatocytes would require the use of a selective probe to study the 
isoform of interest. If available, one could envision a lower - throughput 
UGT1A1 inhibition assay in a nonfl uorescent format that utilized a selective 
probe (Table  12.1 ) in HLM, with the probe metabolite detected using liquid 
chromatography – mass spectrometry.   

 As stated in Miners et al. ( 2006 ), only a subset of known human UGT 
isoforms are likely to be important in hepatic drug metabolism. Table  12.1  
shows one attempt to assemble a list of selective probes.   

 TABLE 12.1.     Potential Probes for Studying Major Human Drug Metabolizing 
 UGT  s  

   UGT Isoform     Selective Probe     Selective Inhibitor  

  1A1    Bilirubin,  β  - estradiol (3 - gluc.), etoposide    Ketoconazole, 
atazanavir  

  1A3    Hexafl uoro - 1 α ,25 - dihydroxyvitamin D(3)      
  1A4    Trifl uoperazine    Hecogenin  
  1A6    Serotonin      
  1A9    Propofol, sulfi npyrazone      
  2B7    Zidovudine (AZT)    Mefanamic acid, 

fl urbiprofen  
  2B15    ( S ) - Oxazepam, dihydrotestosterone      

  Source :   Table created in part using Miners et al. ( 2006 ) and Court ( 2005 ). 
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  12.4   CLINICAL DRUG – DRUG INTERACTIONS 

 As mentioned above, when examining inhibition of glucuronidation to date, 
few drug interactions manifest clinically as a > 2 ×  AUC for the victim drug. A 
relatively recent review demonstrates that a few signifi cant drug interactions 
can be attributed to inhibition at the UGT active site (Kiang et al.,  2005 ). This 
is not meant to be an exhaustive list of clinical drug interactions involving 
UGT, but is meant to highlight some that are clinically signifi cant and some 
that have warranted further study, both  in vitro  and  in vivo . 

 Difl unisal and indomethacin are both anti - infl ammatory drugs that are 
excreted at least in part as glucuronides (Hardman and Limbird,  1996 ). Van 
Hecken et al. ( 1989 ) assessed a potential interaction between difl unisal (inhibi-
tor) and indomethacin (victim). Co - medication with difl unisal caused a 72% 
decrease in urinary indomethacin glucuronide, 50% decrease in indomethacin 
clearance, and a 2 – 3 ×  increase in the AUC of indomethacin. Conversely, the 
oxidative metabolites and their downstream products were unaffected, strongly 
suggesting selective inhibition of glucuronidation. Interestingly, the authors 
speculate that the observed decrease in volume of distribution could result 
from decreased enterohepatic recirculation of indomethacin glucuronide 
during difl unisal cotreatment. This is an interesting speculation that points 
out how glucuronidation is unique relative to P450 - mediated oxidation. 
Glucuronidation is a reversible process that can have a downstream effect on 
a drug ’ s pharmacokinetics, such as enterohepatic recirculation (Roberts et al., 
 2002 ), such that perturbation of its metabolism can affect the  in vivo  equilib-
rium and infl uence more than just clearance. 

 To try and understand the  in vivo  drug – drug interaction, an  in vitro  inves-
tigation (Mano et al.,  2006 ) was performed using human liver and intestinal 
microsomes. Indomethacin was found to have a 10 - fold lower  Km  value in 
intestine relative to liver (17 versus 210    μ M). Difl unisal was also shown to 
more potently inhibit indomethacin glucuronidation in intestine relative to 
liver (IC 50  15 – 49    μ M versus 100 – 230    μ M). The authors speculated that a dif-
ferent UGT isoform was involved in intestine, and this was an explanation for 
the divergent behavior of substrate and inhibitor. They also concluded that 
intestinal concentrations of difl unisal likely exceed the IC 50 , and so inhibition 
of intestinal glucuronidation of indomethacin is a possible cause of the 
interaction. 

 Mycophenolic acid (MPA), the active component of the prodrug mycophe-
nolate mofetil used in the prevention of transplant rejection, is extensively 
glucuronidated in humans. MPA is often given in combination with cyclosprin 
or tacrolimus (Hardman and Limbird,  1996 ). In 1997, Zucker et al. ( 1997 ) 
reported an increase in the exposure of mycophenolic acid (MPA) after dosing 
mycophenolate mofetil (MMF) and tacrolimus. Patients on tacrolimus co -
 medication had a 1.6 - fold increase in the AUC for MPA relative to the control 
group who received cyclosporine and MMF. There was also a 2.3 ×  higher 
MPA  Cmin  and 40% lower MPA - glucuronide exposure in plasma with 
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tacrolimus. This increased exposure manifested as an enhancement in observed 
effi cacy. Interestingly, the MPA pharmacokinetics with coadministered tacro-
limus could be mimicked in the cyclosporine group by increasing the cyclo-
sporine dose, suggesting that cyclosporine may be a less potent inhibitor than 
tacrolimus and that this lower potency can be overcome by increasing the dose 
of cyclosporine. 

 An  in vitro  investigation of the basis for this interaction was performed by 
Zucker et al. ( 1999 ). A partially purifi ed UGT from human kidney was used 
to demonstrate that while both agents are inhibitors of MPA glucuronidation 
(∼ 2 and 0.033    μ M for cyclosporin and tacrolimus, respectively), clinically 
relevant plasma concentrations of tacrolimus ( ∼ 0.012 to 0.03    μ M) reach its 
in vitro K i  value, whereas cyclosporin plasma levels ( ∼ 0.166 to 0.830    μ M) do 
not. Thus, in this instance the  in vitro  data adequately align with the clinical 
observations.  

  12.5    AZT  AS AN EXAMPLE TO UNDERSTAND  UGT  INHIBITION 
IN VITRO  AND  IN VIVO

 An ideal tool compound to study UGT drug – drug interactions and their 
in vivo  predictability from  in vitro  data would be a drug cleared almost com-
pletely through hepatic metabolism by a single UGT isoform. This would 
simplify the consideration of fraction metabolized and parallel elimination 
pathways and their ability to attenuate the effect of a pathway inhibitor. 
3′  - Azido - 3 ′  - deoxythymidine (AZT, zidovudine) has been reported to be a 
selective probe substrate for UGT2B7, and its major clearance pathway is 
through hepatic metabolism (Court et al.,  2003 ). Thus, drug interactions 
involving AZT as the victim drug could likely be more straightforward to 
understand than interactions involving multiple UGTs. In 1998, Trapnell 
et al. ( 1998 ) tried to use  in vitro  data to try and understand in vivo drug inter-
action results for four perpetrator drugs (atovaquone, fl uconazole, metha-
done, and valproic acid) toward AZT glucuronidation. Curiously, the rate of 
AZT glucuronidation in HLM was substantially increased in the presence of 
2% bovine serum albumin (BSA), a protein typically used to model plasma 
protein binding. This increase is the opposite of what would occur if substrate 
binding to albumin were taking place; if BSA decreased the available AZT 
for metabolism, a decrease in metabolism would have been the result. 
Therefore, something more complex than a free fraction effect is occurring. 
This will be discussed in some detail later, but this may be the fi rst mention 
of this albumin effect for UGT2B7. All four compounds (atovaquone, fl uco-
nazole, methadone, and valproic acid) were inhibitory to AZTG formation to 
varying degrees, with IC 50  values of  > 100, 50, 8, and 100    μ g/mL. Compared 
with reported clinical plasma concentrations, the authors conclude that only 
fl uconazole and valproic acid are likely to cause clinically signifi cant interac-
tions with AZT. 
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 Clinical drug interaction studies examining the effects of atovaquone, 
fl uconazole, methadone, and valproic acid on AZT metabolism and phar-
macokinetics have been reported [Trapnell et al. ( 1998 ) and references 
therein]. Interestingly, atovaquone caused a 30% decrease in AZTG/AZT 
AUC ratio and a 30% increase in AZT AUC. Fluconazole caused a 48% 
decrease in oral formation CL of AZTG, a 34% decrease in urinary AZTG/
AZT, and a 74%, 84%, and 128% increase in AZT AUC,  Cmax , and  T1/2 . 
Methadone caused a 52% increase in the oral AZT AUC, an 18% increase 
in bioavailability, and a 22% decrease in clearance. The intravenous AZT 
AUC increased 30% upon coadministration of methadone, and after AZT 
oral administration it revealed a 42% average increase in excretion of 
unchanged AZT. Valproic acid caused a 22% decrease in AZTG AUC, 
along with a near doubling and halving, respectively, of the AUC and oral 
clearance of AZT. Methadone caused a 30% decrease in AZT intravenous 
clearance and a 42% increase in the excretion of unchanged AZT. Therefore, 
since a signifi cant alteration in AZT pharmacokinetics was seen for all per-
petrators, it appears that the  in vitro  approach utilized actually underesti-
mated the drug interaction potential of co - medications toward AZT. While 
the prediction of UGT drug interactions is still developing relative to pre-
dicting drug interactions with P450s, it is becoming apparent that additional 
factors need to be accounted for with UGTs to more fully exploit the avail-
able in vitro  systems. 

  12.5.1   Complexities in Studying  UGT  s   In Vitro

 There are several characteristics that make UGTs a fairly complex enzyme 
system to study in vitro  and extrapolate to  in vivo . As described below, the 
subcellular localization, biochemistry, and genetics of UGTs are unique and 
differ from P450s. These need to be considered and accounted for in the 
design, execution, and extrapolation of  in vitro  data. 

12.5.1.1 Latency.   Probably the earliest complexity observed with regard to 
UGTs is their  “ latency ”  in liver microsome preparations. Historically, it was 
observed that treatment of liver microsomes with detergents, for example, 
appeared to activate enzyme activity manyfold. Two hypotheses were pro-
vided to explain this observation (Gu é raud and Paris,  1998 ). Firstly, the 
luminal localization of the UGTs provided a membrane barrier to the UGT 
active site. Detergent served to permeabilize the membrane, and it allowed 
substrate and cofactor to access the active site more readily. Secondly, a con-
formational change hypothesis proposed that the detergent inducing a confor-
mational change to a more active conformer was the explanation for the 
 “ activation. ”  However, with the identifi cation of the pore - forming peptide 
alamethicin as a convenient reagent for circumventing latency (Fisher et al., 
 2000 ), the barrier hypothesis appeared to be more fully supported. Additionally, 
the observation that some forms of UGT are very susceptible to detergent 
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inhibition (Kurkela et al.,  2003 ) makes this treatment much less practical than 
alamethicin treatment to circumvent latency.  

12.5.1.2 Different  In Vitro Systems.   Multiple  in vitro  systems are candi-
dates for predicting drug – drug interactions. For CYPs, HLM or recombinant 
P450 isoforms are the simplest and most convenient, with hepatocytes being 
a more complex system. With the relatively recent commercial availability of 
expressed individual UGT isoforms, the same statement could be made 
regarding UGTs. However, the elucidation of some considerable effects on 
enzyme activity and enzyme kinetics of hetero - oligomerization between dif-
ferent UGT isoforms, and also between UGT and CYP isoforms, cautions 
against the sole use of recombinant enzymes to study glucuronidation ( vide
supra ). Additionally, signifi cant lack of  in vitro  –  in vivo  correlations for the 
clearance via glucuronidation of some drugs as measured in liver microsomes 
argues against the analogous application of only non - cell - based systems to 
studying glucuronidation without a more complete elucidation of the cause of 
the in vitro  –  in vivo  disconnect. 

 Firstly, in the 1980s, Mistry and Houston ( 1987 ) observed a 10 -  to 30 - fold 
underprediction of clearance in the rat using rat liver microsomes for drugs 
primarily glucuronidated in vivo . It was more than 10 years later that a handful 
of publications reported the same phenomenon in HLM, while also indicating 
that human hepatocytes better predict  in vivo  clearance (Boase and Miners, 
 2002 ; Soars et al.,  2002 ; Engtrakul et al.,  2005 ). Follow - up studies (Engtrakul 
et al.,  2005 ) using AZT glucuronidation as a model and ibuprofen as an inhibi-
tor showed that substrate and inhibitor both were 5 -  to 10 - fold more potent 
in human hepatocytes compared with HLM.  Vmax , when normalized for micro-
somal content, was also signifi cantly altered. Kinetic defi ciencies in HLM were 
partially abrogated through the use of carbonate buffer systems, a more physi-
ologically relevant buffer system. Clearance predictions for AZT were signifi -
cantly more accurate when using hepatocytes. The above differences between 
liver microsomes and hepatocytes really suggest that caution should be exer-
cised when using liver microsomes to generate quantitative data for glucuroni-
dation reactions.  

12.5.1.3 Albumin Effect.   As mentioned above, the general observation of 
high Km  values for glucuronidated substrates has led to the generalization that 
extrapolation from in vitro  data from HLM may be unsuccessful. Interestingly, 
it was recently reported that the addition of fatty acid free albumin to HLM 
and recombinant UGT incubations reduced the Km  for AZT by nearly an 
order of magnitude, and this is due to the albumin sequestering UGT2B7 -
 inhibitory fatty acids produced during microsomal incubation (Rowland et al., 
 2007, 2008a ). The  Km  reported in this system was comparable to what was 
measured as mentioned above in human hepatocytes (Engtrakul et al.,  2005 ). 
The phenomenon appears to be similar to the albumin effect documented for 
CYP2C9 (Rowland et al.,  2008b ). While this is a relatively new fi nding, it is 
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very signifi cant and has been used to examine some previously poorly pre-
dicted interactions in vitro  ( vide infra ).  

12.5.1.4 UDP Production.   A byproduct of glucuronidation is the release 
of UDP from UDPGA. 1 - Naphthol is a probe substrate and has been used 
as an inhibitor of some UGT isoforms. In HLM the rapid glucuronidation 
of this aglycone by UGT1A6 liberates signifi cant amounts of UDP (Fujiwara 
et al.,  2008 ). Curiously, UDP has been shown to be a somewhat potent inhibi-
tor of UGTs, and consistent with this, 1 - naphthol inhibited other UGTs 
(UGT1A1, 1A4, 1A9) when examined in HLM only. Inhibition of the other 
recombinant  UGT forms was dependent on the addition of recombinant 
UGT1A6, presumably to generate the inhibitory concentrations of UDP. 
UDP was shown to noncompetitively  inhibit the metabolism of estradiol, 
imipramine, and propofol by UGT1A1, 1A4, and 1A9, respectively. The inhi-
bition type for serotonin metabolism by UGT1A6 was a mixed type of com-
petitive and noncompetitive. In contrast, UDP competitively altered the  Km

for UDPGA for all: UGT1A1 ( Ki  7    μ M), UGT1A4 ( Ki  47    μ M), UGT1A6 ( Ki

259    μ M), and UGT1A9 ( Ki  143    μ M). This might exist as a type of regulatory 
feedback inhibition, but so far this has not been characterized. This mecha-
nism of UGT inhibition could obviously complicate the quantitative and even 
qualitative inhibition result, depending on the  in vitro  system used. It is 
tempting to speculate that the latency observed with  in vitro  glucuronidation 
is due to UDP production and its subsequent enzyme inhibition and that 
permeabilization of the microsomal membrane allows suffi cient diffusion 
of the UDP out of the lumen of the microsomal vesicle to restore full 
activity.  

12.5.1.5 Oligomerization.   Three recent reviews have summarized the sig-
nifi cant amount of research that has been performed to understand the oligo-
merization state of the UGT enzymes (Finel and Kurkela,  2008 ). The reader 
is directed to these reviews and references therein. A few observations will be 
made here to emphasize the complexities to which the oligomerization state 
appears to contribute. 

 Meech and Mackenzie  (1997)  reported results from experiments to explore 
the role of dimerization of UGTs in 1997. Rat UGT2B1 was mutated into two 
different inactive mutants toward testosterone. When the two mutants were 
coexpressed, testosterone glucuronidation was restored. The data suggest that 
the two inactive forms can interact somehow to form an active enzyme complex 
with restored glucuronidation activity. This work strongly suggested that 
UGTs form functional dimers/oligomers. 

 More recently, Kurkela et al. ( 2007 ) examined the interaction between 
human UGT isoforms. UGT1A6 is known to selectively glucuronidate sero-
tonin, while UGT2B7 is inactive toward this substrate. When these two iso-
forms were coexpressed and the amount of UGT1A6 incubated was kept the 
same as in the single expression experiment, the activity of UGT1A6 toward 
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serotonin was nearly fi ve times higher than UGT1A6 alone. This suggests that 
an activating interaction was occurring between these two isoforms. These 
same authors also studied the effect of coexpression with UGT1A4 on UGT 
activity. The Y485D mutation in UGT1A6 results in a 10 -  and 50 - fold increase 
in the Km  toward UDPGA and 1 - naphthol, respectively. Coexpression of this 
mutant with UGT1A4 restored the Km  values at or near the wild - type values. 
Coexpresion with UGT1A4 was shown to increase the enzyme - normalized 
activities of several other wild - type UGTs. Therefore, UGT1A4 is able to 
interact with other UGTs and somehow enhance activity. Given the number 
of possible hetero - oligomer partners available in the UGT superfamily [which 
may have just increased with the recent identifi cation of alternative splicing 
that can occur at exon 5 to generate a negative modulator of the wild - type 
enzyme (Girard et al.,  2007 )] strongly suggests that we ’ ve just scratched the 
surface of this work. 

 Clearly, oligomerization can change the catalytic activity and kinetic param-
eters of UGTs. These differences would likely affect any UGT inhibition 
observed. How does this affect the use of recombinant single isoforms? 
Actually, the case to use single expressed UGT isoforms is further cautioned 
with consideration of UGT/CYP interactions. Takeda et al. ( 2005 ) showed 
that coexpression of UGT2B7 with CYP3A4, but not CYP1A2 or CYP2C9, 
increased the Km  for morphine - 3 - glucuronide formation by 10 - fold. The  Vmax

was not affected. So what is the evidence that these members of two different 
enzyme superfamilies actually physically interact? This same laboratory 
showed that CYP3A4 was co - immunoprecipitated using anti - UGT antibody. 
The antibody was shown to not recognize CYP3A4. Similar results were seen 
with UGT2B1 and CYP3A2 in rat, suggesting that a consistent interaction 
occurs in rodents (Ishii et al.,  2007   ). Interestingly, this work with UGT2B7 
and CYP3A4 was independently confi rmed when Fremont et al. ( 2005 ) showed 
that UGT2B7 co - immunoprecipitated with anti - CYP3A4 antibody. Much 
more work needs to be done to understand the functional consequences of 
UGT – UGT and UGT – CYP interactions, but it is clear that differences in 
kinetic parameters can occur in systems more complex than a single isoform. 
For example, Opera ñ a and Tukey ( 2007 ) recently showed homo -  and hetero -
 oligomerization to varying extents for all of the UGT1A isoforms in a whole -
 cell system using fl uorescently tagged UGT isoforms by fl uorescence resonance 
energy transfer. 

 The reader is encouraged to use some caution when interpreting data gen-
erated from recombinant UGTs versus liver microsomes. For example, the 
N  - glucuronidation of ( S ) - ketotifen shows a high - affi nity and a low - affi nity 
component in HLMs (Breyer - Pfaff et al.,  2000 ). UGT1A4 is often involved in 
N  - glucuronidation. Indeed, upon screening a battery of recombinant UGTs, 
UGT1A4 was involved. However, enzyme kinetics showed that UGT1A4 was 
the low - affi nity enzyme. No other isoform was found to correspond to the 
high - affi nity component. It is tempting to speculate that a hetero - oligomer is 
the high - affi nity component.    
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  12.6   PUTTING IT ALL TOGETHER: CORRECT PREDICTION OF 
FLUCONAZOLE – ZIDOVUDINE AND VALPROIC ACID –
 LAMOTRIGINE INTERACTIONS 

 These two drug interactions will be used to exemplify how our understanding 
of, and tools to apply to, UGTs have improved in the last couple of years. 
Valproic acid (VPA) and lamotrigine are both antiepileptic drugs that are 
signifi cantly glucuronidated  in vivo  (Hardman and Limbird,  1996   ). For the 
VPA – lamotrigine interaction, it has been reported that VPA co - treatment will 
increase the exposure of lamotrigine in a dose - dependent fashion (Morris 
et al.,  2000 ). However, neither molecule is considered to have much affi nity 
for UGTs. In 2006 (Rowland et al.,  2006 ), using alamethicin - treated micro-
somes, it was demonstrated that the  Km  (or S50) of lamotrigine N2 -
 glucuronidation by UGT2B7 in HLM went from 1869    μ M to 255    μ M with the 
inclusion of 2% BSA, more than a seven - fold decrease. Interestingly, the  in
vitro K i  of VPA for lamotrigine N2 - glucuronidation in HLM also decreased 
with BSA, going from 2465    μ M to 387    μ M. Clearly, the inclusion of BSA 
increases the affi nity of both ligands, and it was demonstrated that albumin is 
sequestering inhibitory fatty acids that were released from the microsomal 
membrane (Rowland et al.,  2007 ). The authors then attempted to extrapolate 
all these data to predict a fold change in AUC for lamotrigine that would be 
expected with VPA co - medication. When the data without albumin were used, 
no signifi cant interaction was predicted. However, when the data generated 
with albumin present were used, the authors conclude that a 1.9 -  to 2.3 - fold 
change in AUC would be expected.  In vivo , a 2.6 - fold change was observed. 
The addition of albumin helped to make this interaction predictable. 

 Zidovudine (AZT), as mentioned above, is a selective probe for UGT2B7 
and is cleared almost completely through glucuronidation (Hardman and 
Limbird,  1996   ). It is known that co - medicating patients with fl uconazole 
causes a 1.92 - fold increase on the AUC for AZT (Uchaipichat et al.,  2006 ). 
In vitro  data generated using alamethicin in recombinant UGT2B7 and in 
HLM indicate the Km  for AZT - glucuronidation is 500 – 900    μ M. However, with 
the addition of 2% BSA, the  Km  values decreased 85 – 90%, to 70 – 90    μ M. 
Interestingly, BSA also caused a decrease in the  Ki  of fl uconazole for AZT -
 glucuronidation, going from 500 – 1100    μ M to 70 – 140    μ M. Only the data gener-
ated with BSA present predicted an in vivo  interaction, with fold AUC changes 
ranging from 41% to 217% of the in vivo  interaction. 

 While an examination of the literature suggests that most substrates for 
UGTs are low - affi nity substrates, the vast majority of these data were likely 
generated with no knowledge of some of the complexities mentioned above. 
The use of alamethicin and the inclusion of BSA, for example, can dramati-
cally affect the apparent affi nity. Compounds like AZT can go from showing 
a Km  approaching mM without BSA, to  Km  values approaching low  μ M with 
BSA. More importantly, extrapolation of the data can possibly be more clini-
cally relevant and useful to the scientist.  
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  12.7   CONCLUSIONS 

 Inhibition of an endogenous process, such as the glucuronidation of bilirubin, 
can have toxic consequences via hyperbilirubinemia. Inhibition of the gluc-
uronidation of xenobiotics has shown a generally low potency of inhibition 
and some lack of in vitro  –  in vivo  correlation. One conclusion from this obser-
vation could be that drug interactions are not that important for this enzyme 
system. However, a recent appreciation of several  in vitro  phenomena has 
been shown to signifi cantly affect the substrate and inhibitor kinetics. Indeed, 
factors such as inhibitory fatty acids being liberated during microsomal incu-
bations can affect the kinetics of substrates and inhibitors, and the inclusion 
of albumin to sequester these fatty acids can improve the in vitro  kinetics and 
in vitro  –  in vivo  correlations. However, for highly bound substrates and/or 
inhibitors, the addition of albumin could complicate data interpretation. The 
production of the inhibitory byproduct UDP, complex buffer system effects 
on UGTs, and homo -  and heterodimerization of UGTs and UGT - CYPs are 
only recently appreciated phenomena that likely lead to complex in vitro
artifacts. Further work is required to establish a standard set of  in vitro  condi-
tions to best study UGTs in vitro .  
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13
 EVALUATION OF INHIBITORS OF 
DRUG METABOLISM IN HUMAN 
HEPATOCYTES  

  Albert P.   Li   and   Chuang   Lu       

  13.1   INTRODUCTION 

 One major challenge in the selection of drug candidates for clinical trials is 
that, due to species – species differences in drug properties, human - specifi c 
drug effects cannot be detected using nonhuman animal experimental systems. 
The high rate of clinical trial failures has been attributed to this species – spe-
cies difference (DiMasi et al.,  2003 ). One of the reasons for species – species 
differences in drug properties is the occurrence of species – specifi c xenobiotic 
metabolism pathways. Species differences in P450 - dependent monooxygen-
ases, a major group of enzymes responsible for drug metabolism, are well 
established (Guengerich,  2006 ) (Table  13.1 ).   

In vitro  experimental systems with human - specifi c properties represent an 
attractive tool for the assessment of human - specifi c drug properties.  In vitro
experimental systems derived from the human liver, namely, human hepato-
cytes and human liver tissue fractions, are now used routinely for the assess-
ment of human drug metabolism. The combined use of human  in vitro  hepatic 
systems and relevant nonhuman animal models is believed to be responsible 
for the reduction in the contribution of pharmacokinetics as a major factor in 
human clinical trial failures from approximately 40% in 1991 to approximately 
10% in 2000 (Kola and Landis,  2004 ). 
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 For metabolism and drug – drug interaction studies, the human - based 
 in vitro  systems include cell - free systems such as liver homogenates, post -
 mitochondrial supernatants (S - 9 or S - 10), and purifi ed liver microsomes. Liver 
microsomes, due to their ease of use and relatively low cost, are an experi-
mental system of choice for the evaluation of metabolic stability, metabolite 
profi ling, metabolite identifi cation, and P450 inhibition studies. Genetically 
engineered microsomes (cDNA - expressed microsomes) with only one specifi c 
P450 isoform are used for the evaluation of isoform - specifi c properties (Li, 
 2001 ,  2004a ). 

 There are limitations to the use of cell - free systems. Specifi cally, the use of 
liver microsomes excludes experimentation with enzymes present in the 
plasma membranes, mitochondria, and cytosol, which may play important 
roles in the metabolism of the drugs being studied. Furthermore, the lack of 
an intact plasma membrane and the associated uptake transporters precludes 
the evaluation of selective distribution of drugs between the intracellular and 
extracellular compartments. 

 Intact hepatocytes may represent a physiologically more relevant experi-
mental system than cell - free systems. The parenchymal cells of the liver, 
commonly known as hepatocytes, contain the majority of, if not all, hepatic 
xenobiotic biotransformation enzymes. Hepatocytes isolation techniques were 
developed in the 1970s, and the isolated hepatocytes were proposed to be used 
as a relevant experimental system for the evaluation of drug properties (e.g., 
Fry,  1982 ), a view that continues to be held by the scientifi c community (e.g., 
Li,  2007 ; Gomez - Lechon et al.,  2007 ). The use of hepatocytes in the evaluation 
of drug metabolism, drug – drug interaction potential, and drug toxicity is now 
routine practice in both academic and industrial laboratories (Li,  2005 ; Lu 
et al.,  2007 ). 

 TABLE 13.1.     Predominant  P 450 Isoforms in Various Animal Species    a     

   P450 Family  

   P450 Isoforms  

   Human     Mouse     Rat     Dog     Monkey  

  CYP1A    1A1/2    1A1/2    1A1/2    1A1/2    1A1/2  
  CYP2A    2A6    2A5    2A5    2A13/25    2A23/24  
  CYP2B    2B6    2B9/10    2B1    2B11    2B17  
  CYP2C    2C8/9/19    2C29/37/38/40/44    2C6/7/11    2C21/41    2C20/43  
  CYP2D    2D6    2D22    2D1    2D15    2D17  
  CYP2E    2E1    2E1    2E1    2E1    2E1  
  CYP3A    3A4/5    3A11/13    3A1/2    3A12/26    3A8  

     a  The P450 - dependent monooxygenases are the major xenobiotic metabolizing enzymes in the 
liver. The table here illustrates one of the scientifi c bases for species - species differences in drug 
properties. Species specifi c P450 isoforms may lead to different affi nities and rates of metabolism 
of xenobiotics, leading to species differences in metabolic fate and/or toxicity. For the fi ve animal 
species shown here, species differences in P450 isoforms are present for all P450 families except 
for CYP1A and CYP2E.   
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 In this chapter, the use of hepatocytes in the evaluation of enzyme inhibi-
tion will be reviewed. Our discussion will be limited to the application of 
human hepatocytes, although the principles described here are also applicable 
to hepatocytes from laboratory animals. 

  13.1.1   Human Hepatocytes for the Evaluation of Human Drug Properties 

 Hepatocytes isolated from human livers represent a valuable experimental 
system in drug development. For decades, efforts in drug development have 
been handicapped by the inability in the accurate prediction of human in vivo
drug properties in preclinical studies with laboratory animals. This human –
 nonhuman animal differences in drug - properties are mainly a result of species 
differences, especially in drug - metabolizing enzyme activities. As illustrated 
in Table  13.1 , the isoforms of the major family of drug - metabolizing enzymes, 
the P450 - dependent monooxygenases, are different between laboratory 
animals and humans. The different isoforms may lead to differences in rates 
of metabolism and formation of different metabolites from a chemical entity, 
resulting in species – species differences in metabolic fate and toxicity. A clear 
example of species differences in metabolism is the formation of 7 - hydroxy-
coumarin in humans but not in rodents (Easterbrook et al.,  2001 ). 

 Hepatocytes isolated from human livers would retain human - specifi c 
hepatic metabolism activities and therefore represent a valuable preclinical 
experimental system for the early assessment of human - specifi c drug 
properties.  

  13.1.2   Isolation of Human Hepatocytes 

 The general procedures for the isolation of hepatocytes from all animal 
species, including humans, are essentially similar, involving fi rstly the perfu-
sion of the liver or liver fragment with an isotonic, divalent ion - free buffer 
containing the calcium chelator EGTA to remove blood, dissolve clots, and 
loosen cell – cell junctions. This is followed by perfusion with a collagenase -
 containing isotonic buffer with the divalent ions calcium and magnesium, 
which are required for collagenase activity. The collagenase serves as an 
enzyme to dissociate the hepatocytes from the liver parenchyma into single 
cell suspension. Our laboratory represents one of the fi rst to isolate and cryo-
preserve human hepatocytes, and a detailed procedure for human hepatocyte 
isolation based on the original method of Berry and Friend  (1969)  was previ-
ously reported by our laboratory (Li et al.,  1992 ) for human liver fragments. 
The procedures have now been modifi ed for large - scale hepatocyte isolation 
from the whole human liver (Li,  2007 ). 

 Procurement of human livers for research as well as human hepatocyte 
isolation are activities that are not commonly available to most laboratories, 
and they had represented the major hindrance to research with human hepa-
tocytes when this experimental system was initially introduced to the scientifi c 
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community. This major hindrance to the use of human hepatocytes is now 
circumvented by the cryopreservation of the hepatocytes.  

  13.1.3   Cryopreservation of Human Hepatocytes 

 Our laboratory was one of the fi rst to report successful cryopreservation of 
human hepatocytes (Loretz et al.,  1989 ), as well as the fi rst to show (a) similar 
drug - metabolizing enzymes between cryopreserved and freshly isolated 
human hepatocytes and (b) the development of assays for metabolic stability, 
drug – drug interactions, and cytotoxicity using cryopreserved human hepato-
cytes (Li et al.,  1999a,b ). The similarity between freshly isolated and cryopre-
served human hepatocytes in drug - metabolizing enzyme activities is now 
generally accepted by the scientifi c community (Li et al.,  1999a,b ; Li,  2007 ; 
Hewitt et al.,  2007 ; Jouin et al.,  2006 ). 

 Until recently, cryopreserved hepatocytes in general would lose their ability 
to be cultured as attached, monolayer cultures, presumably due to the unavoid-
able membrane damage occurring during the cryopreservation and subse-
quent thawing processes. It has been projected in the past that one out of 
10 – 20 human hepatocyte isolations would lead to  “ plateable ”  cryopreserved 
hepatocytes. A focused research effort was initiated in our laboratory in 2005 
to overcome this defi ciency in hepatocyte cryopreservation. Our research 
resulted in the development of highly optimized hepatocyte isolation, cryo-
preservation, and recovery procedures (Li,  2007 ). In our laboratory, approxi-
mately 50% of the isolations would lead to  “ plateable ”  cryopreserved 
hepatocytes (Li,  2007 ). 

 Besides the retention of high viability and plateability, human hepatocytes 
after cryopreservation have been shown to retain human drug - metabolizing 
enzyme activities, including the activities of P450 isoforms, UDP - dependent 
glucuronosyl transferase activity (UGT), and sulfotransferase activity (ST) (Li 
et al.,  1999a,b ). The originally proposed applications of cryopreserved hepa-
tocytes in drug metabolism studies (Li et al.,  1999a,b ) have been generally 
accepted by the scientifi c community at large (Jouin et al.,  2006 ; Brown et al., 
 2007 ). Plateable cryopreserved human hepatocytes can also be used for 
enzyme induction studies (Kafert - Kasting et al.,  2006 ; Hewitt et al.,  2007 ). 
Cryopreserved human hepatocytes are found to retain uptake transporters 
such as Na +  - taurocholate cotransporting polypeptide (NTCP), organic anion 
transporting polypeptide (OATP), and organic cation transporter (OCT) 
(Shitara et al.,  2003 ; Maeda et al.,  2006 ). Besides the retention of uptake 
transporter activities, cryopreserved human hepatocytes were found, upon 
multiple days of culture, to form functional bile canaliculi and have been 
applied toward the evaluation of effl ux transporter activities (Bi et al.,  2006 ; 
Li et al.,  2008 ). 

 Human hepatocyte cryopreservation is an enabling technology for the 
use of human hepatocytes. The advantages of cryopreserved hepatocytes 
over freshly isolated cells include long - term storage, ease of experimental 
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scheduling, choice of precharacterized lots for experimentation, and repeat 
experimentations with hepatocytes from the same donors. Thus, the U.S. FDA 
has listed in the latest guidance document (FDA,  2006 ) that cryopreserved 
human hepatocytes are an acceptable experimental system for the generation 
of drug metabolism and drug – drug interaction data to support IND and NDA 
submissions.  

  13.1.4   Prepooled Cryopreserved Human Hepatocytes 
from Multiple Donors 

 Cryopreserved human hepatocytes were fi rst available commercially in the 
mid - 1990s. Since then, this experimental system is widely accepted by the 
pharmaceutical industry in drug development studies. Until the early 2000s, 
cryopreserved hepatocytes from individual donors were used. Recognizing 
that for the evaluation of  “ general ”  drug properties such as metabolic stability 
and metabolite profi ling, one would like to have results representing the 
average of multiple individuals, practitioners of the fi eld would pool cryopre-
served hepatocytes from multiple donors for their studies. This is akin to the 
use of liver microsomes that are prepared from multiple individuals. 

 To eliminate the need to thaw hepatocytes from multiple donors, it is now 
discovered that cryopreserved human hepatocytes can be thawed, pooled, and 
recryopreserved without signifi cant changes in viability or drug - metabolizing 
enzyme activities. These prepooled human hepatocytes (usually pooled from 
fi ve male and fi ve female donors) are now available commercially for experi-
mentation. The viability, cell morphology, and enzyme activities of one of the 
lots are illustrated in Fig.  13.1 . The ability to prepare prepooled human hepa-
tocytes represent another major advance in hepatocyte technology, allowing 
this experimental system to be used to replace liver microsomes in studies that 
the use of hepatocytes represent a more relevant approach.    

  13.1.5   Applications of Human Hepatocytes in Drug Development 

 The following are the current routine applications of human hepatocytes in 
drug development. Cryopreserved human hepatocytes, especially prepooled 
human hepatocytes, are recommended to be used for these assays. The general 
scientifi c principles of the  in vitro  screening methodologies have been previ-
ously reviewed (Li,  2001 ,  2004a ,  2007 ), the specifi c procedures for the assays 
are described here. 

  1.     Metabolic Stability Screening.     An important  “ drug - like ”  property for 
new chemical entities (NCE) is appropriate metabolic stability to allow 
a practical frequency of drug administration. In the past, liver micro-
somes were used routinely for metabolic stability screening. However, 
as liver microsomes contain mainly enzymes such as the P450 isoforms 
for Phase I oxidation, the assay would only yield metabolic stability 
toward microsomal oxidative enzyme metabolism, while in humans  in 
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vivo , the chemicals studied may be cleared via nonmicrosomal enzyme 
pathways such as conjugating enzyme pathways. Intact hepatocytes 
therefore represent a more relevant experimental system for metabolic 
stability evaluation than liver microsomes (Lav é  et al.,  1997 ; Li,  2001 , 
 2004a ,  2007 ; Jouin et al.,  2006 ).  

  2.     Metabolite Profi ling and Species Comparison.     The identifi cation of 
metabolites formed from the parent drug (metabolite profi ling) is impor-
tant to drug development, because it allows the design of chemical 
structure to improve metabolic stability or to decrease cytotoxicity (see 
below). Metabolite identifi cation is also important for the determination 
of the key drug metabolizing - enzyme pathways (e.g., oxidation or con-
jugation) as part of the program to understand drug – drug interaction 
potential. Lastly, metabolite profi ling allows the selection of laboratory 
animal species most relevant to humans for  in vivo  experimentation. An 
animal species that forms metabolites found in humans would be more 
relevant than one with metabolites different from those formed in 
humans. This species comparison is routinely performed using  in vitro  
systems such as hepatocytes (e.g., from human, rat, mouse, guinea pig, 
dog, monkey) (Lee et al.,  1994 ; Li,  2001 ,  2004a,b ; Zhang et al.,  2007 ).  

  3.     Drug – Drug Interaction Evaluation.     A major adverse drug property with 
fatal outcome is drug – drug interaction. A drug may inhibit the metabolic 
clearance of a co - administered drug, leading to toxicity due to high sys-
temic exposure to the affected drug (inhibitory drug – drug interactions). 
Conversely, a drug may enhance the metabolic clearance of a coadmin-
istered drug, leading to ineffi cacy due to lower than optimal systemic 
exposure (inductive drug – drug interactions). Inhibitory drug – drug inter-
actions are caused by the inhibition of drug - metabolizing enzyme activi-
ties. Inductive drug – drug interactions are caused by the induction of 
drug - metabolizing enzyme activities. Both types of drug – drug interac-
tions can be evaluated with human hepatocytes (Li,  2001 ,  2004a,b )     

  13.1.6   Evaluation of the Inhibition of Drug - Metabolizing Enzymes 
in Human Hepatocytes 

 In this review, emphasis is placed on the use of human hepatocytes for enzyme 
inhibition studies. The use of human hepatocytes for enzyme induction studies 
have been reviewed recently (Hewitt et al.,  2007   ). As discussed earlier, intact 
hepatocytes represent an ideal experimental system for the evaluation of drug 
metabolism. For the same reasons, they also represent an ideal experimental 
system for the evaluation of the inhibition and induction of drug - metabolizing 
enzymes, either in the context of drug – drug interactions or in toxicity evalu-
ation. The advantages of the use of intact hepatocytes to evaluate the inhibi-
tory potential of a chemical on drug - metabolizing enzymes are as follows 
(Li,  2007 ): 
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  1.     Intact Plasma Membranes.     Chemicals that are not permeable to the 
plasma membranes will not be available to intracellular enzymes. Intact 
hepatocytes have intact plasma membranes and therefore will model 
differential distribution between extracellular and intracellular environ-
ments as occur  in vivo . Cell - free systems such as liver microsomes do 
not have a biological barrier between the chemicals to be evaluated and 
the drug - metabolizing enzymes and may lead to nonphysiological inter-
actions between the nonpermeable chemicals and intracellular enzymes.  

  2.     Active Uptake Transporters.     Besides the intact plasma membranes, intact 
hepatocytes have active uptake transporters that can actively accumulate 
a chemical, leading to a higher intracellular than extracellular concentra-
tions. This differential distribution may lead to a higher inhibitory poten-
tial than would be expected from the plasma (extracellular) concentrations. 
Furthermore, drug – drug interactions may also occur at the site of the 
active transporters that can be studied with intact hepatocytes.  

  3.     Complete Drug - Metabolizing Enzyme Pathways.     The effects of an enzyme 
inhibitor are determined by its concentration at the active site of the 
affected enzyme. Two of the determinants of intracellular enzyme - site 
concentrations, as discussed earlier, are its permeability and, if it is a sub-
strate, uptake transporter activity. A third determinant is its metabolism 
by intracellular enzymes. For instance, an inhibitor may be rapidly conju-
gated by glucuronosyl transferases or sulfotransferases to metabolites that 
have lower or no inhibitory activities. In some cases, these metabolites may 
demonstrate higher inhibition potential. Metabolism by these or other 
cytosolic enzymes cannot be effectively modeled with liver microsomes.  

  4.     Physiological Enzyme and Cofactor Concentrations.     One major advan-
tage of intact hepatocytes is that enzymes and cofactors are present in 
physiological concentrations. Furthermore, the multiple enzyme systems 
are present uninterrupted unlike other cell - free systems that are pre-
pared by homogenization of the liver.      

  13.2    P 450 INHIBITORS ON DRUG METABOLIZING ENZYME 
ACTIVITIES IN HUMAN HEPATOCYTES 

 Evaluation of P450 inhibition can be performed readily using cryopreserved 
human hepatocytes prepooled from multiple donors. The P450 isoform - 
specifi c substrates used routinely for the inhibitory drug – drug interaction 
assay and isoform - specifi c inhibitors that can be used as positive controls for 
the assay are shown in Table  13.2 . The procedures for hepatocyte P450 inhibi-
tion assay is as shown below: 

  1.     Add 125    μ L of HMM containing 4 ×  concentration of the drug to be 
evaluated into each well of a 24 - well plate.  
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  2.     Add 125    μ L of HMM containing 4 ×  concentration of the drug - metabo-
lizing enzyme substrate into the same well.  

  3.     Add 250    μ L of HMM containing 250,000 human hepatocytes.  
  4.     Incubate for 30   min at 37    ° C.  
  5.     Add 1   mL of ACN to terminate reaction.  
  6.     Centrifuge to remove cellular macromolecules.  
  7.     LC/MS or HPLC quantifi cation of metabolites.      

  13.2.1   Towards a More Physiological Model: Human Hepatocyte/Whole 
Plasma System for  P 450 Inhibition 

 A major challenge of  in vitro  drug – drug interaction studies is to predict the 
extent of clinical drug – drug interactions. A common approach is to use the 
ratio of the inhibitor ’ s physiological concentration [I] over the inhibitor ’ s 
inhibition constant  K i  ([I]/ K i  ) (Soars et al.,  2003 ; Ito et al.,  2004 ; Blanchard 
et al.,  2004 ; Cook et al.,  2004 ; Obach et al.,  2006 ;   Bachmann,  2006 ; Galetin 
et al.,  2006 ). This simplistic approach suffers the drawback of the diffi culties 
of obtaining accurate [I] and  K i   values. 

 Theoretically,  K i   is an absolute value dependent only on the inhibitor –
 enzyme affi nity. However, there is substantial diffi culty in the accurate deter-
mination of  K i   values. The determined  K i   value, or so - called apparent  K i   value, 
is known to be infl uenced by the following factors: (1)  Ubiquitous protein 
binding : For inhibitors that have high protein - binding potential, the amount 
of inhibitor available for interaction with the enzyme active site can be reduced 

 TABLE 13.2.     Isoform - Selective Substrates and Their Respective Metabolites and 
Inhibitors that Can Be Used as Positive Controls for the Cryopreserved Human 
Hepatocyte  P 450 Inhibition Study    a     

   P450 
Isoform     Substrate     Metabolite     Positive Control  

  1A2    Phenacetin    Acetaminophen    Furafylline  
  CYP2A6    Coumarin    7 - OH Coumarin    8 - Methoxypsoralen  
  CYP2B6    Buproprion    Hydroxybuproprion    Triethylenethiophosphoramide 

(ThioTEPA)  
  CYP2C8    Paclitaxel    6a - OH Paclitzxel    Quercetin  
  CYP2C9    Tolbutamide    4 - OH Tolbutamide    Sulfaphenazole  
  CYP2C19     S  - Mephenytoin    4 - OH Mephenytoin    Ticlopidine hydrochloride  
  CYP2D6    Dextromethorphan    Dextrophan    Quinidine  
  CYP2E1    Chlorzoxazone    6a - OH Chlozoxazone    Diethyldithiocarbamate  
  CYP3A4    Testosterone    6b - Hydroxytestosterone    Ketoconazole  

     a  It is recommended that prepooled cryopreserved human hepatocytes are used for this assay, akin to the 
use of liver microsomes pooled from multiple donors. The intact hepatocytes provide intact cell proper-
ties including an intact plasma membrane with uptake transporter activities as well as complete, uninter-
rupted enzyme pathways at physiological cofactors that are not present in liver microsomes.   
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due to nonspecifi c binding (ubiquitous binding). What has been observed is 
that for inhibitors that are highly protein - bound, the higher the liver micro-
somal concentration is used, the higher would be the apparent  Ki  values. (2) 
Enzyme substrates : Different substrates often generate different  Ki  values. (3) 
Enzyme system : Different systems, for instance, recombinant enzymes and 
human liver microsomes, could generate different  Ki  values. Thus, the  Ki

values for ketoconazole in the literature vary from 0.015 to 8    μ M (Thummel 
and Wilkinson,  1998 ), a range of 500 - fold. The  Ki  values for ketoconazole 
listed in the recently published FDA Drug – Drug Interaction Draft Guidance 
 (2006)  also carry a 50 - fold difference range from 0.0037 to 0.18    μ M. 

 In addition to the diffi culty in determining a reliable value of  Ki , the deter-
mination of physiological inhibitor concentration [I] is also extremely diffi cult. 
While plasma [I] can be experimentally measured, what is needed is not 
plasma [I], but [I] at the active site of the enzymes to be studied. As discussed 
earlier, intracellular hepatic concentration of an inhibitor is affected by its 
binding to plasma proteins, active transporter activities (if it is a uptake trans-
porter substrate), and intracellular metabolism by hepatic enzymes. While 
various methods have been employed to estimate [I] (Ito et al.,  2004 ; Blanchard 
et al.,  2004 ; Cook et al.,  2004 ; Obach et al.,  2006 ; Bachmann,  2006 ), not a single 
approach could be applied to different classes of drugs. 

 Because of the diffi culties of accurately measuring both [I] and  Ki , the use 
of the ratio of these two parameters, [I] /  Ki , to predict drug – drug interaction 
is often found to yield results that are not quantitatively representative of the 
in vivo  situation. To overcome this challenge, a novel experimental model, the 
hepatocytes suspension/whole plasma system, has been developed (Lu et al., 
 2006 ). Because this model encompasses the key  in vivo  parameters — (a) 
plasma proteins to account for protein binding, (b) intact hepatocytes to allow 
partitioning across the intact plasma membrane, and (c) uptake transporter 
and complete drug - metabolizing enzyme pathways — the observed results 
should represent in vivo  inhibitory potential. The human hepatocyte – plasma 
system accurately predicted drug – drug interaction effects of ketoconazole (Lu 
et al.,  2008a ) and fl uconazole (Lu et al.,  2008b ) and is believed to be applicable 
to most inhibitors. One drawback of the assay is that hepatocytes in suspen-
sion are known to lack effl ux transporters. Effl ux pump substrates that can be 
pumped out of hepatocytes, leading to reduced hepatocyte concentration and 
hence reduced potency, therefore cannot be effectively studied. 

 The predicted drug – drug interaction for ketoconazole and fl uconazole as 
compared to actual clinical fi ndings are shown in Tables  13.3  and  13.4 , which 
were modifi ed from Lu et al. ( 2008a,b ).    

  13.2.2   Inhibition of Drug - Metabolizing Enzymes 
in Hepatotoxicity Screening 

 Hepatotoxicity is a major manifestation of drug toxicity, because the liver 
usually would receive the highest bolus concentration of an ingested drug. 
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 TABLE 13.3.     Drug – Ketoconazole  DDI  Prediction Using the Hepatocytes 
in Plasma Model    a     

   Compound  

   Fold of AUC Change  

    f  renal      Predicted     Observed  

  Theophylline    1.13 – 1.16    1.11    0.18  
  Desipramine    1.00    1.02    0.70  
  Midazolam    16.7    17.0     < 0.01  
  Tolbutamide    1.43    1.77    0.001  
  Omeprazole    1.74 – 2.74    1.36 – 2.05     < 0.01  
  Loratadine    2.48    3.47    Negligible  
  Cyclosporine    3.45    4.39     < 0.01  
  Alprazolam    2.75 – 4.91    3.98    0.20  
  Budesonide    5.11    5.39    Negligible  
  Buprenorphine    5.17    2.30    Negligible  
  Docetaxel    3.48    2.22    0.02  
  Loratadine    1.92    3.47    Negligible  
  Methylprednisolone    2.19    2.36    0.05  
  Sirolimus    8.66    10.9    Negligible  
  Tacrolimus    1.95    2.39     < 1  

     a  The fold AUC change was calculated based on data obtained  in vitro  using human hepatocytes 
suspended in whole human plasma as described in Lu et al.  (2008) . The results illustrate the 
accuracy of this experimental system in the prediction of  in vivo  effects, which is attributed to the 
presence of whole plasma for the modeling of plasma factors and intact human hepatocytes for 
the modeling of intact cell properties.   

 TABLE 13.4.     Drug – Fluconazole  DDI  Prediction Using the Hepatocytes 
in Plasma Model    a     

   Compound  

   Fold of AUC Change  
   Prediction 
Error (%)      f  renal      Predicted     Observed  

  Theophylline    1.00    1.19     − 16.0    0.18  
  Tolbutamide    2.44    2.09    16.5    0.001  
  Omeperazole    2.61    6.29     − 58.5     < 0.01  
   S  - Wafarin    2.76    2.84 – 4.31     − 22.9     < 0.02  
  Phenytoin    2.19    1.75    25.1    0.02  
  Midazolam    2.89    3.60     − 19.7     < 0.01  
  Sirolimus    3.02    4.70     − 35.7    Negligible  
  Cyclosporine    1.98    1.84    7.6     < 0.01  
  Tacrolimus    1.57    1.19    31.8     < 0.01  

     a  The fold AUC change were calculated based on data obtained in vitro using human hepatocytes 
suspended in whole human plasma as described in Lu et al. ( 2008b ). The results illustrate the 
accuracy of this experimental system in the prediction of  in vivo  effects, which is attributed to the 
presence of whole plasma for the modeling of plasma factors and intact human hepatocytes for 
the modeling of intact cell properties.   
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Furthermore, the hepatocytes, being the cells responsible for drug metabo-
lism, are the fi rst cells to be affected by reactive or toxic metabolites. Isolated 
hepatocytes therefore represent a physiologically relevant experimental model 
for the evaluation of hepatotoxicity.  In vitro  hepatocyte cytotoxicity measure-
ments have been found to be effective in the delineation of hepatotoxic and 
help to fi nd less hepatotoxic structures (Li,  2007 ). 

 While drug metabolism is generally believed to be an important parameter 
of drug toxicity, it is often diffi cult to ascertain the role of drug metabolism in 
the observed adverse drug effects. One approach is to identify the metabolites 
for experimental evaluation of the toxicity of the metabolites. This approach, 
however, has the following drawbacks: 

  1.     Expense.     Extensive resources are needed for the identifi cation and sub-
sequent purifi cation or manufacturing of the metabolites for testing.  

  2.     Relevance.     Testing of the observed metabolites may or may not refl ect 
the toxic mechanisms  in vivo . Firstly, the fi nal metabolites may or may 
not represent the toxic metabolite: The toxic species may be a highly 
reactive, relatively unstable metabolite or intermediate. Secondly, due 
to reactivity and membrane permeability, metabolites formed  in situ  
may react with different cellular targets if added to extracellular media.    

 Building on the successes in using hepatocytes in drug metabolism, 
drug – drug interactions, and hepatotoxicity studies, two assays have been 
recently developed with plateable cryopreserved human hepatocytes for the 
evaluation of the role of metabolism in xenobiotic toxicity: The Metabolic 
Comparative Cytotoxicity Assay (MCCA) and the Cytotoxic Metabolic 
Pathway Identifi cation Assay (CMPIA) (Li,  2009 ). 

 In the MCCA, the cytotoxicity of a drug is evaluated in the metabolically 
incompetent cell line [e.g., Chinese hamster ovary (CHO) cells] and in the 
metabolically competent primary human hepatocytes, in both the absence and 
presence of a potent cytochrome P450 (CYP) inhibitor, 1 - aminobenzotriazole 
(ABT). ABT has been reported to cause autocatalytic inactivation of P450, 
leading to a nonspecifi c, mechanism - based inhibition of multiple human P450 
isoforms including CYP1A2, CYP2B6, CYP2C9, CYP2C19, CYP2D6, 
CYP2E1, and CYP3A4. In the MCCA, a chemical that is transformed by 
metabolism to cytotoxic metabolites would be more cytotoxic in the metaboli-
cally competent cells than in the metabolically incompetent cells. Furthermore, 
if P450 - dependent oxidative metabolism is involved in the metabolic activa-
tion, ABT would attenuate the cytotoxicity of this chemical in the metaboli-
cally competent cells. 

 The CMPIA is proposed to be performed when a toxicant is found to 
require xenobiotic metabolism in order to be cytotoxic in the MCCA. In this 
assay, the cytotoxicity of the toxicant is evaluated in human hepatocytes, in 
the presence and absence of isoform - selective P450 inhibitors, to defi ne which 
P450 isoforms are involved in metabolic activation. If a specifi c metabolic 
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pathway is involved in metabolic activation, a selective inhibitor of this meta-
bolic pathway is expected to attenuate the cytotoxicity of the chemical in 
question. 

 The MCCA was developed in our laboratory for the defi nition of the 
general role of hepatic metabolism, especially P450 - dependent metabolism in 
cytotoxicity, and the CMPIA for the evaluation of the role of specifi c P450 
isoforms in metabolic activation. Because our major interest is to defi ne 
human drug toxicity, human hepatocytes — and, more specifi cally, plateable 
cryopreserved human hepatocytes — were used in these assays. Human hepa-
tocytes are known to retain human - specifi c drug metabolism and therefore 
can be used for the evaluation for the evaluation of the role of human drug 
metabolism on drug toxicity. As a control, a metabolically incompetent cell, 
the CHO cell, is used for comparison with the metabolically competent human 
hepatocytes in these assays to further defi ne metabolism - related cytotoxic 
effects. 

 The application of MCCA and CMPIA to evaluate the role of drug metabo-
lism in the toxicity of a toxicant has been illustrated with afl atoxin B1 (AFB 1 ), 
a hepatotoxicant and hepatocarcinogen that is known to require P450 -
 dependent drug metabolizing enzyme activities for its toxicity (Figs.  13.2 A –
  13.2 D; Li,  2009 ). In the MCCA, AFB 1  was found to be more cytotoxic in the 
metabolically competent human hepatocytes than in the metabolically incom-
petent CHO cells, therefore confi rming the known requirement of hepatic 
metabolism for its hepatotoxicity (Figs.  13.2 A and  13.2 D). Furthermore, the 
nonspecifi c P450 inhibitor, ABT, was found to be effective in attenuating 
AFB1  cytotoxicity, thereby confi rming that P450 - dependent mixed function 
monooxygenase activity is involved in metabolic activation (Fig.  13.2 A). In 
the CMPIA, ketoconazole and diethyldithiocarbamate, but not furafylline, 
sulfaphenazole, nor quinidine, were found to be effective in attenuating AFB 1
cytotoxicity in human hepatocytes (Figs.  13.2 B and  13.2 C). Ketoconazole was 
found to be as effective as the nonspecifi c inhibitor, ABT, therefore suggesting 
that the pathways inhibited by ketoconazole (mainly CYP3A4) are key path-
ways for metabolic activation. As diethyldithiocarbamate is known to inhibit 
CYP2A6 and CYP2E1, the results suggest that one or both of these isoforms 
may also be involved in AFB1 activation. The lack of effects of furafylline, 
sulfaphenazole, and quinidine on AFB1 cytotoxicity suggest that CYP1A2, 
CYP2C9, and CYP2D6 are not key pathways for AFB1 activation. The nega-
tive results are important to aid in ruling out key isoforms for metabolic 
activation, because isoform - selective inhibitors, while selective for certain 
isoforms, are known to have effects on multiple pathways. The lack of effects 
by furafylline, sulfaphenazole, and quinidine combined with the attenuating 
effects of ketoconazole and diethyldithiocarbamate suggest that CYP3A4 
(the major P450 isoform inhibited by ketoconazole) and CYP2E1 and/or 
CYP2A6 (the major P450 isoforms inhibited by diethyldithiocarbamate) are 
the major isoforms involved in the metabolic activation of AFB1. Our obser-
vation, that CYP3A4 is involved in the metabolic activation of AFB1 to 
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 Figure 13.2.      (A)  Effect of ABT on afl atoxin B1 cytotoxicity in human hepatocytes. 
 (B)  Effect of ABT, EDDTC, and furafylline on afl atoxin B1 cytotoxicity in human 
hepatocytes.  (C)  Effect of ketoconazole, quinidine, and sulfaphenozole on afl atoxin 
B1 cytotoxicity in human hepatocytes.  (D)  Effect of ABT, EDDTC, and furafylline on 
afl atoxin B1 cytotoxicity in CHO cells. 
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cytotoxic metabolite, is consistent with the results obtained by others based 
on the quantifi cation of toxic metabolites.   

 The results suggest that the MCCA and CMPIA are useful assays to esti-
mate the role of xenobiotic metabolism, especially metabolism by P450 iso-
forms, in drug toxicity. Because P450 - related pathways may not be the only 
pathways involved in metabolic activation, we are also developing approaches 
to evaluate non - P450 metabolic pathways such as alcohol dehydrogenase, 
esterase, monoamine oxidase, and fl avin - dependent monooxygenases in drug 
toxicity in the MCCA and CMPIA. We believe that the MCCA and CMPIA 
can be used to identify drugs that would require metabolism to be toxic. These 
assays can be followed with analytical chemistry studies in metabolite identifi -
cation for a defi nitive elucidation of the key pathways involved in the genera-
tion of toxic metabolites. Knowledge of the key pathways may allow the 
identifi cation of human subpopulations that, due to genetic and environmental 
conditions, would be more susceptible to the toxicity of the drugs in question.   

  13.3   DISCUSSION 

 While this chapter deals with enzyme inhibition studies in human hepatocytes, 
the underlining theme is that one should always critically evaluate the tools 
used for drug development. To be able to predict accurately human  in vivo
effects, one needs to consider the key parameters and critically asks if they 
are adequately modeled in the chosen experimental system. The intact cell 
properties such as intact plasma membrane, active transporters, and complete, 
uninterrupted drug metabolizing enzyme pathways are properties in human 
hepatocytes that are not present in liver microsomes. Using intact human 
hepatocytes suspended in whole plasma is another step forward in terms of 
physiological relevance. 

 The big picture is that the earlier one can determine human - specifi c drug 
properties, the more likely is one to successfully develop a nontoxic and effi ca-
cious drug. An ideal drug candidate is one that is readily absorbed, has an 
acceptable plasma half - life to accommodate a convenient drug administration 
schedule, and has high effi cacy, minimum toxicity, and minimum drug – drug 
interaction potential. Successful selection of drug candidates with these desired 
properties would greatly enhance the effi ciency of drug development. 

 Because of species – species differences in drug properties, results with labo-
ratory animals are not always predictive of human drug properties. The use 
of human - based  in vitro  experimental systems during preclinical trials allows 
the early assessment of human - specifi c drug properties. The reduction of 
pharmacokinetics as a contributing factor in clinical trial failures of drug can-
didates is attributed to the application of the in vitro  hepatic system in the 
defi nition of human drug metabolism. 

 The successes of the hepatic  in vitro  systems underscore the importance of 
a science - based approach to the prediction of human drug properties — a key 
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step toward the enhancement of the effi ciency of drug development. The 
scientifi c understanding of the basis of species – species differences in drug -
 metabolizing enzymes has argued strongly for the defi ciency of nonhuman 
laboratory animal models and the relevance of human - based metabolically 
competent experimental systems. In past two to three decades, the persistence 
of the pioneers of the fi eld in the painstaking characterization of the  in vitro
systems and the generation of supportive data has led to the endorsement of 
the U.S. FDA, which ultimately led to the universal acceptance of the use of 
in vitro  approaches to defi ne human drug metabolism and drug - drug interac-
tion potential. The positive experience with  in vitro  hepatic systems has paved 
the way for an important goal of alternative experimental systems, namely, 
the reduction, refi nement, and replacement of the use of nonhuman labora-
tory animals in the assessment of human drug toxicity. Human hepatocyte 
technologies — isolation, cryopreservation, prepooling, and applications in 
drug metabolism, enzyme inhibition, and enzyme induction — have proven to 
be critical scientifi c advancements that, when applied intelligently, will con-
tribute to the ultimate success in the preclinical prediction of human drug 
properties.  
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14
 GRAPEFRUIT JUICE AND ITS 
CONSTITUENTS AS NEW ESTERASE 
INHIBITORS 

  Suresh K.   Balani       

  14.1   INTRODUCTION 

 The major emphasis on grapefruit juice (GFJ) in the literature has been tied 
to its inhibition of CYP3A4/5 (hereafter referred to as CYP3A) (Bailey et al., 
 1989, 1991 ; Saito et al.,  2005 ; Schmiedlin - Ren et al.,  1997 ; He et al.,  1998 ; Zhou 
et al.,  2004 ) and OATP (Dresser et al.,  2002 ), with sparse data on the inhibi-
tion of Pgp (De Castro et al.,  2007 ). Extensive literature exists on the inhibi-
tion of CYP3A in vitro  as well as  in vivo , in animals and in humans (Huang 
et al.,  2004 ). The irreversible inhibition of CYP3A by GFJ has largely been 
attributed to the gut, with loss of enteric CYP3A protein, but not mRNA 
(Lown et al.,  1997 ). The potency of the CYP3A inactivation could be similar 
to that observed with troleandomycin. As is well established, the inhibition of 
CYP3A is due to the mechanism - based effect of the constituent furanocou-
marins bergamottin and 6 ′ ,7 ′  - dihydroxybergamottin (DHB) and DHB ’ s 
dimers. Notably, Greenblatt et al.  (2003)  have utilized the mechanism - based 
effect in humans to assess the rate of resynthesis of CYP3A in human gut. 
They showed that CYP3A activity was restored back to the baseline level in 
3 days after stopping the daily GFJ dose. This has important implications in 
setting inclusion/exclusion criteria for clinical protocols. 

 The focus of this chapter is on a new fi nding that GFJ also inhibits esterase 
activity. Thus, this, expands on the GFJ – drug interaction concerns. Esterases, 
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broadly, are present in the blood, liver, intestine, muscles, kidney, brain, and 
other tissues and fl uids, with the liver typically showing the highest activity. 
In the tissues, they are localized in the microsomes, cytosol, and lysosomes. 
In the past, strawberry and banana extracts have shown inhibitory effects on 
esterase activity (Van Gelder et al.,  1999, 2000 ), but GFJ has only recently 
been shown to inhibit esterase activity in vitro  in animal and human tissues 
and in vivo  in animals (Li et al.,  2007a,b ). The fi nding has strong implications 
of interactions with ester prodrugs such as enalapril, lovastatin, irinotecan 
(CPT11), and capecitabine, as discussed below, and the illicit drugs heroin and 
cocaine. The type, distribution, and biochemistry of esterases (e.g., paraox-
onase, carboxylesterase, acetylcholinesterase, and cholinesterase) involved in 
the activation of ester prodrugs have been reviewed by Liederer et al.  (2006) . 
Most esterases have broad, overlapping substrate selectivity. Species differ-
ences have also been noted, with rodents generally showing higher esterase 
activity than higher species. Enalapril is metabolized only by esterases, and 
hence it is an ideal probe substrate to investigate esterase - mediated GFJ – drug 
interactions. Because lovastatin is a substrate for both CYP3A and esterases, 
in humans the oral exposure to lovastatin has been reported to increase by as 
high as 15 - fold with coadministration of GFJ. With the potential adverse 
effects including myopathy, this increase can be of concern for this statin. 
Because GFJ inhibits multiple enzymes, the combined effects of inhibition by 
GFJ could be large on the pharmacokinetics of some compounds. The antitu-
mor activity of CPT11 was shown to be directly related to the carboxylesterase 
activity that leads to the active product SN38; so the higher the carboxylester-
ase activity, the higher the antitumor activity observed in nude mice with 
HT - 29 xenograft tumors (Morishita et al.,  2005 ). The level of esterase activity 
in that experiment was inversely proportional to the dose of the esterase 
inhibitor bis - ( p  - nitrophenylphosphate) (BNPP). In other words, the antitumor 
activity of CPT11 was reduced by BNPP in a dose - dependent manner. The 
anticancer prodrug capecitabine undergoes a three - step activation process  in
vivo  to become 5 - fl uorouracil. One of the steps, conversion of the prodrug to 
5′  - deoxy - 5 - fl uorocytidine, is catalyzed by carboxylesterases, and the next two 
steps are catalyzed by cytidine deaminase and thymidine phosphorylase, spe-
cifi cally inside colorectal tumors (Quinney et al.,  2005 ; Verweij,  1999 ; Miwa 
et al.,  1998 ). Inhibition of prodrug activation thus would lead to a reduced 
clinical response. Loperamide is often required to treat chemotherapy - associ-
ated diarrhea (e.g., with the use of CPT11), and loperamide is known to 
competitively inhibit carboxylesterase 2 ( Ki    =   1.5    μ M). Thus, the pharmaceuti-
cal companies and clinicians must be adequately informed of such drug – drug 
interaction potentials. Apart from these interactions, it is also important to be 
aware of the potential for increased toxicity, if any, due to the prodrug itself 
in the circulation, and also of the need for any potential prodrug - related 
exposure coverage in animals during the toxicity testing phase. On the other 
hand, the potential benefi cial effects of this interaction also need to be 
recognized. 
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 This chapter dwells on GFJ and its constituent - mediated inhibition of, 
specifi cally, carboxylesterase activity, while providing background informa-
tion on CYP3A, Pgp, and OATP inhibitory effects. For more details on the 
types, distribution, and regulation of carboxylesterases, readers are referred 
to some of the literature reviews (Satoh and Hosokawa,  1998 ; Satoh et al., 
 2002 ; Xie et al.,  2002 ).  

  14.2   GRAPEFRUIT JUICE CONSTITUENTS 

 GFJ is a milieu of chemicals, including fl avonoids, fruity esters, psoralen 
derivatives, sugars, polysaccharides, organic acids, vitamins, and minerals. The 
structures of some of the key fl avonoid ingredients discussed in this chapter 
are shown in Figs.  14.1  and  14.2 . Several volatile components have also been 
identifi ed and quantitated. These include alcohols, ketones, aldehydes, esters, 
and others (Shaw et al.,  2000 ). These constituents vary widely by GFJ type, 
which, along with the amount of juice consumed (a typical serving in clinical 
interaction studies is 8   oz), could result in differential inhibitory activities 
toward enzymes and transporters (Ross et al.,  2000 ). De Castro et al.  (2006)  
looked at the concentrations of four important constituents in GFJ: naringin 
(the primary bitter component, as well as a predominant fl avonoid in GFJ), 
naringenin, bergamottin, and 6 ′ ,7 ′  - dihydroxybergamottin (DHB). They found 
extensive variability in their composition, with concentrations of naringin 
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 Figure 14.1.     Structures of some of the components present in grapefruit juice. 
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ranging from 174 to 1492    μ M, bergamottin from 1 to 37    μ M, DHB from 0.22 
to 52    μ M, and naringenin not detectable. The concentrations of all constituents 
in white grapefruit were generally greater than those in red grapefruit. 
Although naringenin was not detected in grapefruit juice (Kuhnau,  1976 ), oral 
administration of grapefruit juice resulted in renal excretion of naringenin 
glucuronide conjugates demonstrating  in vivo  formation of this active species. 
Also, the microfl ora of the gut probably hydrolyzed the naringin in GFJ to 
naringenin (Fuhr and Kummert,  1995 ). The 6 ′ ,7 ′  - epoxybergamottin concen-
tration in white grapefruit juice and its concentrate were 7.4 and 0.1    μ M, 
respectively (Schmiedlin - Ren et al.,  1997 ). The concentration of some of the 
methoxyfl avonoids — nobelitin, tangeretin, sinensetin, and heptamethoxyfl a-
vone — was found to be approximately 1.5    μ M (Manthey and Buslig,  2005 ). 
These methoxyfl avonoids are known to inhibit Pgp. Other fl avonoid glyco-
sides identifi ed in most GFJs are hesperidin, neohesperidine, didymin, and 
poncirin. The aglycon quercetin was detected only in certain brands. The total 
fl avonoid concentration ranged from 19 to 84   mg/100   mL. The fl avonoids with 
highest concentrations, next to naringin, were hesperidin and narirutin (Ross 
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et al.,  2000 ). The results of other studies quantitating the fl avonoids are 
covered elsewhere (Gattuso et al.,  2007 ; Paine et al.,  2006 ; Ranganna et al., 
 1983 ). Additionally, dimeric 6 ′ ,7 ′  - dihydroxybergamottins (GF - I - 1, GF - I - 4, and 
GF - I - 6) and a sesquiterpene nootkatone have been isolated from GFJ (Paine 
et al.,  2006 ; Tassaneeyakul et al.,  2000 ; Guo et al.,  2000 ). The dimeric furano-
coumarins, however, have received unusually little attention, even though 
they are more potent inhibitors of CYP3A than bergamottin and DHB. The 
GF - I - 1,  - 4, and  - 6 concentrations in a variety of GFJs ranged from 0.1 to 
8.7    μ M. Upon centrifugation, while DHB was found primarily in the centrifu-
gate portion, its epoxide and dimeric forms and bergamottin were associated 
more with the particulate part of GFJ. Nootkatone has some inhibitory activ-
ity toward CYP2A6 and CYP2C19. The concentration of the dimeric DHBs 
GFJ - I - 1 and GFJ - I - 4 in GFJ was claimed to be 20 – 200 times lower than that 
of bergamottin or DHB.    

  14.3   ATTRIBUTES OF  GFJ  

  14.3.1   Effect on  CYP  s  

 The CYP3A inhibitory effect of GFJ has been demonstrated to be a result of 
the furanocoumarins  in vivo  in humans as shown by comparison of the effect 
of regular GFJ with the one from which the furanocoumarins had been 
extracted out, through resins treatment, on the pharmacokinetics of felodip-
ine, a good substrate of CYP3A (Paine et al.,  2006 ). The median area under 
the plasma concentration – time curve (AUC) of felodipine was approximately 
two - fold greater in the healthy volunteers treated with regular GFJ than in 
those treated with furanocoumarin - free GFJ or orange juice, with no apparent 
differences in the  T  max  or  t  1/2 . The effect has been considered to be largely due 
to CYP3A inhibition at the gut rather than hepatic level. The GFJ consituents 
that have received the least recognition are the dimers of DHB, particularly 
GFJ - I - 1 and GFJ - I - 4, that are actually more potent inactivators of CYP3A 
than are bergamottin or DHB, although they are present in low concentra-
tions. Another dimer, GFJ - I - 6, was a weaker inhibitor compared to the two 
other dimers. This dimeric epoxide analog of DHB could not be tested for its 
inhibitory potency, because of its instability, but is also expected to be an 
active inhibitor. In liver microsomes, the inhibitor concentrations producing 
the half - maximum rate of inactivation ( K I  ) of CYP3A - mediated nifedipine 
oxidation for bergamottin, DHB, GFJ - I - 1, and GFJ - I - 4 (isolated and purifi ed 
from GFJ) were 40, 5.56, 0.31, and 0.13    μ M, respectively, without much differ-
ence in the inactivation rate constant ( k  inact , 0.05 – 0.08   min  − 1 ). Even though the 
dimers ’  concentrations are 20 – 200 times lower than that of DHB, the potency 
with which they inhibited CYP3A, as assessed in terms of their  K I   values, was 
approximately 20 – 40 times stronger. Thus, these dimers are also expected to 
play a respectable role in drug – GFJ interactions  in vivo  in humans. Other 
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components kaempferol and limonin were shown to be weaker in inhibitory 
potency toward CYP3A by two orders of magnitude. Bergamottin, DHB, 
GFJ - I - 1, and GFJ - I - 4 besides being inhibitors of CYP3A, showed decent 
inhibition of CYP1A2, CYP2C9, CYP2C19, and CYP2D6 (IC 50  in the range 
of 0.14 – 5    μ M) (Tassaneeyakul et al.,  2000 ). DHB inhibited CYP1A2 activity 
with similar potency as CYP3A. CYP2E1 was the least sensitive to the inhibi-
tory effect of furanocoumarin components. The sesquiterpene nootkatone 
showed strong inhibition of CYP2A6 and CYP2C19 ( Ki    =   0.8 and 0.5    μ M, 
respectively) (Tassaneeyakul et al.,  2000 ). Thus, coadministration of drugs 
with GFJ can be expected to have the potential for varying degree of interac-
tion with multiple CYPs. 

 Bergamottin in GFJ has also been shown to be a substrate and inhibitor of 
CYP2B6 in an in vitro  system (Lin et al.,  2005 ). The inactivation was demon-
strated to be mechanism - based and irreversible, with covalent binding to the 
CYP apoprotein and destruction of heme. In fact, it was a more potent inac-
tivator of CYP2B6 than of CYP3A. Bergamottin is metabolized to 6 ′ ,7 ′  - epoxy -  
and 6 ′ ,7 ′  - dihydroxybergamottins, which are also potent CYP3A inactivators 
(He et al.,  1998 ). Bergamottin is readily absorbed from the gut (Kane and 
Lipsky,  2000 ). Thus, drugs that are substantially cleared by CYP2B6, which is 
present in the liver, gut, kidney, and brain, may interact with GFJ. Examples 
of such drugs are efavirenz, bupropion, and cyclophosphamide. Human  in vivo
data on such interactions are yet to be generated.  

  14.3.2   Effect on Transporters 

 GFJ components also have been shown to have differential effects on the oral 
absorption of drugs that are primarily affected by Pgp. De Castro et al.  (2008)  
and Uno et al.  (2006)  showed that, in rats, exposure to talinolol, which is 
known to be a good substrate of Pgp and is not metabolized, is increased by 
bergamottin, naringenin, and naringin by approximately 80%. The underlying 
reason for the interaction was indeed found to be Pgp inhibition by these and 
some other components, and of course by GFJ itself, as demonstrated in 
a Caco - 2 transport study (de Castro et al.,  2007 ). 6 ′ ,7 ′  - Epoxybergamottin, 
6′ ,7 ′  - dihydroxybergamottin, aglycone naringenin, and glycoside naringin 
inhibited the talinolol transport with IC 50  values of 0.7, 34, 236, and 2409    μ M, 
respectively. Bergamottin did not show much inhibitory activity at concentra-
tions up to 10    μ M. These concentrations are in the range that is normally 
observed in GFJ. Likewise, many polymethoxylated fl avones, like tangeretin, 
nobiletin, 3,5,6,7,8,3,4 ′  - heptamethoxyfl avone, and sinensetin, were also potent 
inhibitors of the basolateral - to - apical transport of talinolol in the Caco - 2 
model, with IC 50  values of  < 5    μ M (Mertens - Talcott et al.,  2007 ). Since the 
concentration of these polymethoxylated fl avones is generally small in GFJ, 
their true interaction potential has yet to be assessed in vivo . 

 In contrast to increases in exposure upon coadministration of drugs with 
GFJ, fexofendine  Cmax  actually decreased by 30% (Banfi eld et al.,  2002 ). 
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Fexofenadine is known not to undergo much metabolism, but is a substrate 
of Pgp and OATP. Glaeser et al.  (2007)  studied the human intestinal expres-
sion of OATP by taking duodenal biopsies and measured the effect of GFJ 
on OATP, Pgp, and CYP3A expression in relation to the oral dose pharma-
cokinetics of fexofenadine. The intestine was found to express several OATPs 
(OATP 1A2, 1B1, 1B3, and 2B1); and effl ux transporters, along with CYP 
enzymes. OATP1B1 and 1B3 were previously thought to be expressed only 
in the liver, but the Glaeser et al. study showed expression in the gut as well. 
Both OATP1A2 and Pgp were found to be colocalized and expressed on the 
apical side of enterocytes. Because OATP1A2 is predominantly responsible 
for the uptake and Pgp for the effl ux of fexofenadine, as shown by  in vitro  
data, GFJ ingestion 2 hours before or concomitant with administration of 
fexofenadine led to reduced plasma exposure in humans, without affecting the 
expression of OATP1A2 or Pgp; but in contrast, CYP3A expression was 
reduced. Inhibition of both OATP1A2 and Pgp was inferred from these 
results, without their down - regulation.   

  14.4    IN VITRO  ESTERASE INHIBITION BY  GFJ  

  14.4.1   Purifi ed Porcine Esterase 

  In vitro  studies using commercially available purifi ed porcine esterase and 
human hepatic and intestinal S9 have shown that the hydrolysis of esterase 
substrates  p  - nitrophenylacetate (PNPA), lovastatin, and enalapril is inhibited 
in a GFJ concentration - dependent manner (Li et al.,  2007a ) (Fig.  14.3 ). These 
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 Figure 14.3.     Inhibitory activity of grapefruit juice on purifi ed porcine esterase activity 
using  p  - nitrophenylacetate as a substrate.  Reproduced with permission from Li et al. 
 (2007a) . Copyright 2007 by the American Society for the Pharmacology and 
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studies provide proof of concept that GFJ does have esterase inhibition 
properties.    

  14.4.2   Esterase Activity in Gut Lumen 

 A matrix that has not received wide attention in the past is the gut lumen. The 
gut lumen is made of various digestive juices and enzyme - rich fl uids secreted 
into the mouth, stomach, and duodenum. Examples include saliva (lysozymes, 
α  - amylases), pepsin, chymotrypsin, proteases, lipases, carbohydrases, nucle-
ases, carboxypeptidases, pancreatic amylases, steapsin, lactases, bile, and so 
on. Thus, it has a high mix of various enzymes that have hydrolase - type activi-
ties, and hence it can have the potential to hydrolyze prodrugs vastly before 
they could even enter the gut membrane. The lumen from rat intestine, col-
lected from control rats, was shown to carry substantial esterase activity, and 
the activity toward enalapril and lovastatin was substantially inhibited in the 
presence of diluted GFJ (frozen, Minute Maid brand) (Li et al.,  2007a ). 
Lovastatin hydrolysis was reduced to 65% and 48% of the control by 20% 
and 40% of 1   :   3 diluted GFJ at pH 7, and to 34% and 26% of the control by 
20% and 40% of 1   :   3 diluted GFJ at pH 3.5 (pH of GFJ), respectively. The 
extent of GFJ reduction of hydrolysis was similar for enalapril and lovastatin 
and is depicted in Fig.  14.4 .  In vivo , using regular - strength, GFJ would be 
expected to result in even greater degrees of inhibition for these compounds. 
Likewise, hydrolytic activities in human liver and gut S9 fractions were affected 
by GFJ. The overall effect of GFJ could thus be large in stabilizing prodrugs 
in the gut lumen and making them more available for absorption in the entero-
cytes, with the net effect being higher bioavailability.   

 There are obvious challenges in obtaining gut lumen from humans. Balani 
et al.  (1997)  and Stoeckel et al.  (1998)  have noninvasively collected juices from 
the guts of healthy volunteers. They used a nasogastric tube guided by fl uo-
roscopy to reach into the duodenum; and, using cholecystokinenin octapeptide 
(CCK8) to induce gallbladder contractions, they collected the fl uids, with or 
without an investigational drug onboard. These studies show the possibility of 
conducting experiments in the human gut lumen similar to those done in rat 
gut lumen with GFJ or its constituents. Gut lumen also contains microfl ora, 
at increasing concentrations along the length of the GI tract, which could also 
contribute to the esterase activity in that matrix.  

  14.4.3   Effect on Gut and Liver Enzymes 

 Van Gelder et al.  (2002)  have shown in an elaborate study the use of discrete 
and mixed fruity esters and a strawberry extract in the inhibition of esterase 
activity toward the HIV drug tenofovir disoproxil fumarate (tenofovir DF), a 
bis - ester prodrug of an acyclic nucleoside phosphonate drug. The carboxylic 
ester is hydrolyzed by carboxylesterases to tenofovir monoester. Van Gelder 
et al. used rat intestinal preparations, such as homogenate and  in situ  rat 
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intestinal preparations, to study esterase inhibition. The strawberry extract 
(1% volume   :   volume) almost completely inhibited the hydrolysis of tenofovir 
DF in the intestinal homogenate. Since strawberry extract is a complex mixture 
of chemicals, they next focused on some of the fruity esters. Among the 30 
different esters tested at a high concentration of 1   mM, about 20% (e.g., 
phenyl benzoate, propyl paraben, phenethyl isobutyrate, etc.) showed  ≥ 90% 
inhibition of the hydrolysis of tenofovir DF. Notably, aspirin, an ester, also 
inhibited the hydrolysis of tenofovir DF by approximately 35%. Not all esters 
tested had an effect on the hydrolysis. Combinations of some of the esters 
were also found to have substantial inhibitory effects on the hydrolysis. To 
assess the effect of esters and strawberry juice on Pgp - mediated transport of 
tenofovir DF, Caco - 2 studies were performed, which showed that the esters 
also inhibited Pgp - mediated cyclosporin A transport. Thus, these inhibitors 
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 Figure 14.4.     Inhibition of esterase activity by grapefruit juice in rat intestinal and liver 
S9 fractions and intestinal lumen using enalapril as a substrate.  Reproduced with 
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can serve a dual purpose as esterase and Pgp inhibitors to boost the prodrug 
stability and its net absorptive permeability, thereby increasing the bioavail-
ability of tenofovir DF in the whole system. An  in situ  study involving rat 
intestinal coperfusion with strawberry extract or an ester mixture of propyl 
paraben, octyl acetate, and ethyl caprylate showed increases in tenofovir 
equivalents in mesenteric plasma. Although, based on  in vitro  homogenate 
and Caco - 2 studies, these results could be attributed to both the esterase and 
Pgp inhibition, coperfusion of tenofovir DF with cyclosporin A did not show 
any effect on net permeability of tenofovir, suggesting that the hydrolysis may 
be rapid inside the mucosa, leading to less availability for Pgp to effl ux the 
compound out. Thus,  in vitro  effects should be considered carefully to make 
inferences for potential in vivo  effects.   

  14.5    IN VIVO  INHIBITION OF ESTERASE BY  GFJ  

 The interaction studies of various drugs with GFJ have shown varied responses 
to drugs ’  exposures  in vivo . Most studies have attributed GFJ - mediated 
changes to CYP3A inhibition, depending on the extent to which they are 
metabolized or cleared by CYP3A. The classic examples are those of felodip-
ine (Bailey et al.,  1989, 1991 ) and cyclosporine (Ducharme et al.,  1995 ), for 
which the severity of the interaction is tied to the therapeutic range of the 
drug. As also mentioned earlier, drugs that are cleared by CYP3A and ester-
ase have shown a greater impact on the drug ’ s exposure change, like the case 
of lovastatin in which the oral bioavailability was increased to greater than 
15 - fold upon coadministration with GFJ in humans. For lovastatin, also a 
substrate of carboxylesterase, which is known to hydrolyze it to the active 
hydroxyacid drug, the contribution of esterase inhibition cannot be ignored. 
The defi nitive involvement in lovastatin metabolism of esterase inhibition by 
GFJ has been demonstrated in rats (Li et al.,  2007a ). Unlike CYP3A inhibition 
at the gut level, esterase inhibition could occur at the gut, hepatic, and other 
tissue levels, as shown in the above  in vitro  section. Mechanistic studies to 
elucidate the role of esterases in the bioavailability for two ester prodrugs 
lovastatin and enalapril are shown below. 

  14.5.1   Involvement of Esterases 

 Bis - ( p  - nitrophenylphosphate) (BNPP) is a nonspecifi c esterase inhibitor 
(Walker and Mackness,  1983 ). To show that esterases do play a role in the 
bioavailability of enalapril and lovastatin (10   mg/kg, PO) in the rat model, the 
animals were dosed orally with these prodrugs without (control, water) or with 
BNPP at 25   mg/kg PO (Li et al.,  2007a   ). The blood samples (0.3   mL) were 
collected into heparin tubes containing 3    μ L of 200   mM phenylmethyl sulfonyl 
fl uoride (PMSF) and 5    μ L of acetic acid (6   :   4 dilution with water), to ensure 
that additional esterase activity was arrested. BNPP cotreatment increased 
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the  C  max  and AUC of enalaprilat, the active drug, relative to the control level 
by 56% and 57%, and of lovastatin acid by 235% and 141%, respectively. The 
exposure increase for enalaprilat is mostly due to esterase inhibition, while 
that of lovastatin acid is mainly due to both esterase and CYP inhibition.  

  14.5.2   Dose - Dependent Effects of  GFJ  

 As a next step, coadministrations of 1   :   3, 1   :   2, and 1   :   0 diluted GFJ concentrate 
(Minute Maid brand, frozen concentrate) were tested against the water control 
(pH 3.5, the pH of GFJ) (Li et al.,  2007a ). The dose - dependent effects on the 
exposure to the active products from enalapril and lovastatin were quite inter-
esting and, initially, a bit puzzling, as shown in Fig.  14.5 . Relative to the water 
control, with 1   :   3, 1   :   2, and concentrated GFJ coadministration the  C  max  
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increased by 311%, 135% and 157%, respectively, while the AUC increased 
by 279%, 157% and 170%, respectively, for lovastatin acid; and the  Cmax

increased by 60% and 50% with 1   :   3 and 1   :   2 diluted GFJ, respectively, whereas 
it decreased by 43% when the GFJ concentrate was used, and the AUC 
increased by 65%, 70%, and 16%, respectively, with increasing GFJ strength 
for enalaprilat (Li et al.,  2007a   ). The puzzling part of the relatively decreased 
enhancement of exposure with increased GFJ strength could be explained by 
differential trapping and/or binding of the prodrug to the juice components, 
including pulp. This was indeed found to be the case when the extent of lov-
astatin was measured after mixing at a fi xed concentration into the different 
strengths of GFJs and centrifuging to produce pulp - free fractions. The con-
centration of the prodrug in the centrifugate was 88%, 74%, and 66% of the 
buffer control at 12.5%, 25%, and 100% GFJ (1   :   3 diluted), respectively. With 
the use of GFJ concentrate, one can expect that only a limited amount of the 
prodrug will remain free (available for absorption), and hence the observation 
of substantially reduced enhancement in exposure in vivo  at the highest GFJ 
strength. The reduced enhancement of the exposure was also in line with the 
fact that the absorption was delayed, with the shift of  Tmax  from 1   h to 4   h at 
the highest GFJ concentration. A possibility of delayed gastric emptying, 
when high - strength GFJ was administered, and its effects on the pharmacoki-
netics are yet to be explored.    

  14.5.3   Esterase Versus  CYP 3 A  Inhibitory Effects 

 The results of the case study of enalaprilat exposure enhancement upon coad-
ministration of enalapril with GFJ were evidently due to an esterase inhibitory 
effect. For the case of the high - exposure enhancement of lovastatin acid upon 
coadministration of lovastatin with GFJ, the relative contributions of the two 
inhibitory attributes were discerned using a creative approach in which the 
effects due to competitive and mechanism - based processes were segregated 
at the gut mucosal level. Irreversible CYP3A inactivation in the gut was estab-
lished by pretreatment of portal vein - cannulated rats with GFJ at 15 and 2   h, 
to achieve maximal CYP3A inactivation, before administering lovastatin 
without (Group B) or with (Group C) another dose of GFJ (Li et al.,  2007a   ). 
The later GFJ coadministration helped to discern exposure increases due to 
esterase inhibition in the gut of the pretreated animals. Pretreatment with 
water (pH 3.5) and cotreatment with water (pH 3.5) served as a control 
(Group A). Portal blood was sampled, and the authors measured the concen-
trations of (a) CYP3A - mediated oxidative products 6 ′β  - hydroxylovastatin and 
the corresponding hydroxyacid, (b) the esterase - mediated product lovastatin 
acid, and (c) lovastatin. GFJ pretreatment (CYP3A - inactivated) led to a 49% 
increase in the AUC of lovastatin acid compared with the control animals with 
no GFJ pretreatment (Fig.  14.6 ). This was in line with the reduction in the 
oxidative metabolite ’ s AUC to 12% of the control level, demonstrating that 
gut CYP3A activity was inactivated after GFJ pretreatment. Group C animals, 
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in which CYP3A activity had been inactivated, showed that, upon coadmin-
istration of lovastatin with GFJ, the AUC of lovastatin acid was further 
increased by 46%, compared to the animals with GFJ pretreatment and coad-
ministration of lovastatin with water (Group B). This additional increase in 
the AUC of the active drug lovastatin acid was considered to be due to the 
effect of esterase inhibition in the gut lumen and enterocytes by GFJ, leading 
to enhanced absorption of the prodrug. A similar trend was obtained when 
the combined increases of lovastatin and lovastatin acid were considered. The 
pharmacokinetic changes noted were due solely to the effects of GFJ at the 
gut level and not at the hepatic level, since the rats pretreated with GFJ at 
0.5   h before an IV dose of lovastatin or enalapril did not show any signifi cant 
changes in the pharmacokinetics of either the prodrugs or their active com-
ponents. These data unequivocally supported the premise of major contribu-
tions from both CYP3A and esterase in the increased oral bioavailability of 
lovastatin acid as a result of prodrug stabilization by GFJ in the rat gut. Thus, 
on the basis of the  in vitro  and/or  in vivo  data in rats and humans, GFJ can 
potentially cause drug interactions for ester prodrugs in humans as well.     

  14.6   EFFECTS ON GUT PERMEABILITY 

 As described in the previous section, GFJ stabilizes prodrugs in the gut lumen; 
and with more of the intact, less polar prodrug available, more of it would 
be expected to permeate across the gut membrane. This was substantiated 
using Caco - 2 cell cultures — with little, if any, CYP3A activity — and studying 
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apical - to - basolateral (A - to - B) transport of these prodrugs (Li et al.,  2007a   ). 
The data showed that the permeability of lovastatin was increased by 40% in 
the presence of 6.25% GFJ, demonstrating that permeability was enhanced 
by the inhibitory effect of GFJ on the esterase and not on CYP3A, because 
the Caco - 2 system was nearly devoid of CYP3A activity. At higher GFJ con-
centrations, there was entrapment of drug in GFJ particulates, thereby lower-
ing the free fraction, with a less dramatic increase in the permeability. The 
increase in the A - to - B permeability was not a result of inhibition of Pgp activ-
ity by GFJ, shown by the fact that a Pgp/BCRP inhibitor, GF120918, had no 
effect on the permeability of lovastatin. This suggested that Pgp contributed 
little to lovastatin permeability in the Caco - 2 model. For enalapril, which is 
absorbed mainly by the passive diffusion process, the permeability increased 
with GFJ concentrations up to 25%, and thereafter it started diminishing for 
the reasons stated above. 

 Discrete ester mixtures (e.g., propyl  p  - hydroxybenzoate, octyl acetate, and 
ethyl caprylate), as mentioned earlier, have also been shown to stabilize the 
antiviral prodrug tenofovir disoproxil fumerate (DF) and increase its perme-
ability across Caco - 2 cell membranes. This was demonstrated to be a product 
of both esterase and Pgp inhibition (Van Gelder et al.,  2002 ). Considering that 
GFJ is a milieu of fruity esters and other chemicals, the inhibitory effects of 
GFJ could also result from a combination of several different mechanisms, by 
different chemical classes. GFJ and orange juice are known to inhibit Pgp 
(Takanaga et al.,  2000a, 1998 ; Spahn - Langguth and Langguth,  2001 ). This also 
means that the utility of selective ester mixtures are potentially viable for use 
in humans to enhance the exposure of active components, delivered as ester 
prodrugs. On the other hand, one must be cognizant of the potential adverse 
consequences of the higher exposure to prodrugs and their active components. 
Reviews of the carboxylesterases and prodrug design to increase oral absorp-
tion are described elsewhere (Beaumont et al.,  2003 ; Calogeropoulou et al., 
 2003 ; Hatfi eld et al.,  2008 ; Hosokawa,  2008 ).  

  14.7   EFFECTS AT THE HEPATIC LEVEL 

 The CYP3A - based drug - GFJ interaction occurs with the drugs that are cleared 
largely by gut CYP3A. Thus, in acute studies, one can use GFJ to selectively 
knock out gut CYP3A activity allowing an assessment of possible hepatic 
CYP3A contributions (Hall et al.,  1999 ). Though the effects of GFJ are largely 
seen at the gut level after consumption of a standard volume, higher volumes 
(triple dose) have been shown to have an effect on CYP3A activity at the 
hepatic level (Veronese et al.,  2003 ). Interestingly, there is also a report on 
the inductive effects of repeated administration of GFJ on CYP3A activity 
in rat livers.   Mohri et al.  (2000)  studied the acute and chronic effects of 
GFJ ingestion (2   mL) on gut and hepatic CYP3A levels in rats. The pharma-
cokinetics of nifedipine were not affected by GFJ after IV administration of 
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nifedipine, compared to control (saline administration after IV administration 
of nifedipine). After intraduodenal (ID) administration of nifedipine, however, 
its AUC was increased 1.6 - fold. When GFJ was administered BID for 10 
consecutive days, the plasma clearance after IV or ID administration of nife-
dipine was substantially higher relative to that after a single GFJ administra-
tion. Microsomes prepared from gut mucosa from these animals still showed 
lower CYP3A activity. In hepatic microsomes, however, there was signifi cant 
(p     <    0.005) induction of CYP3A activity (1.43    ±    0.17   nmol/mg/min versus 
1.00    ±    0.06   nmol/mg/min) and also an increase in CYP3A contents, concluding 
that the lower exposure of nifedipine after chronic GFJ administration led to 
CYP3A induction at the hepatic level. The GFJ ingredient responsible for the 
inductive effect is not known. Whether this is just a species - specifi c effect or 
will ever be observed in humans is also unknown at this time, because most 
studies in humans involving subchronic GFJ administration (Lown et al.,  1997 ; 
Brunner et al.,  1998 ) have shown only exposure increases for the drugs tested 
as a result of down - regulation of CYP3A in the intestine. Unfortunately, the 
fi eld of esterase inhibition by GFJ is relatively new and much work has yet to 
be done.  

  14.8    GFJ  FLAVONOIDS AS ESTERASE INHIBITORS 

 Among the well - known chemical inhibitors of esterases are diethyl  p  - nitro-
phenyl phosphate (BNPP) and some aromatic diones (Wadkins et al.,  2004, 
2005 ). Some of these compounds are rather toxic for their clinical use. Esterase 
inhibition by fruity esters in strawberry juice and banana extracts has been 
documented in the literature (Van Gelder et al.,  2002 ). 

 In search of the active components that were responsible for the esterase -
 inhibiting properties of GFJ, Li et al.  (2007b)  tested 10 fl avonoids and fura-
nocoumarins and found that morin, galangin, kaempferol, quercetin, and 
naringenin inhibited the esterase activity of purifi ed porcine esterase, as well 
as in human and rat liver microsomes, with IC 50  values in human liver micro-
somes of ≥ 30    μ M, using PNPA as a model substrate. Hesperidin, naringin, 
bergamottin, DHB, and bergapten did not show much activity, with IC 50

values of > 100    μ M in human liver microsomes. 
 In a Caco - 2 cell membrane assay, the A - to - B permeability of lovastatin, 

which was not affected by the Pgp/BCRP inhibitor GF120918, was enhanced 
> 60% by the addition of kaempferol or naringenin. In this model, lovastatin 
was shown not to be a substrate of Pgp. This enhancement effect was probably 
a result of the stabilization of the ester prodrug, as shown by the reduction of 
hydrolysis in rat hepatic S9 to 55% and 72% of the control by kaempferol and 
naringenin, respectively. The corresponding drop produced by the esterase 
inhibitors BNPP and phenylmethyl sulfonyl fl uoride (PMSF) was to 54% and 
24%, respectively, of the control activity. Similar results were obtained for the 
ester prodrug enalapril when incubated with kaempferol, naringenin, BNPP, 
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or PMSF in rat liver microsomes, leading to reduction of hydrolysis to 29%, 
66%, 19%, or 1%, respectively, of the control. Thus, in these systems, kaemp-
ferol appeared to be a stronger inhibitor than naringenin. 

 The ultimate effect of esterase inhibition was then documented  in vivo  in 
rats for lovastatin and enalapril, given orally at 10   mg/kg, in the presence of 
kaempferol or naringenin, also at 10   mg/kg. The AUC enhancement of the 
active component, lovastatin acid, resulting from kaempferol and naringenin 
was 246% and 288%, respectively. These effects were similar to those obtained 
with BNPP coadministration. Likewise, the AUC of enalaprilat upon coad-
ministration of enalapril with kaempferol or naringenin was increased by 
109% or 38%, respectively. The plasma concentration – time plots for these are 
shown in Fig.  14.7 .   

 Since enalapril is metabolized only by carboxylesterase, these data provide 
strong evidence that these GFJ components have the potential to be used  in 
vivo  in other species, including humans, to enhance the stability of carboxy-
lester prodrugs. The safety of these fl avonoids administered alone on a chronic 
basis is yet to be determined. But given that GFJ has high concentrations of 
these fl avonoids and that life - threatening toxicities, other than those due to 
GFJ – drug interactions, have not been reported in humans, the potential for 
severe toxicity with these fl avonoids is expected to be low. Because the situ-
ation with lovastatin differs, in the sense that both CYP3A and carboxylester-
ase metabolize this prodrug, additional studies, similar to those described 
earlier (Li et al.,  2007a ) using GFJ itself, were conducted using portal vein -
 cannulated rats. Oral coadministration of kaempferol with lovastatin, fol-
lowed by portal plasma collection and analysis for lovastatin, lovastatin acid, 
and the CYP3A product 6 ′  β  - hydroxylovastatin, revealed AUC increases of 
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113%, 154%, and 208%, respectively. The ratio of 6 ′β  - hydroxylovastatin to 
lovastatin with and without kaempferol provided a measure of the extent of 
CYP3A activity alteration due to kaempferol cotreatment. The ratio remained 
low, at 0.06 to 0.08, demonstrating a weak CYP3A inhibitory effect of kaemp-
ferol on lovastatin metabolism. This is consistent with the literature reports 
that kaempferol is a weak inhibitor of CYP3A with an IC 50  of  > 100    μ M (Ho 
et al.,  2001 ). Thus the exposure enhancement of lovastatin/lovastatin acid in 
rats upon coadministration with kaempferol is largely a result of its esterase 
inhibitory effect. This is also consistent with the poor absorption of fl avonoids 
due to their high polarity (Schmiedlin - Ren et al.,  1997 ; He et al.,  1998 ).  

  14.9   UTILITIES OF  GFJ  APPROACHES 

 A pharmacokinetic modeling approach was used by Takanaga et al.  (2000b)  
incorporating in vitro  CYP3A inhibition data for the effect of GFJ on felodip-
ine to predict the interaction in vivo  in humans. On the basis of different 
schedules of GFJ ingestion, along with simulation of pharmacokinetics, they 
estimated a CYP3A turnover t1/2  of approximately 8   h. These results show that, 
to avoid GFJ interaction based on CYP3A inhibition, GFJ ingestion must be 
at least 2 – 3 days apart from dosing of a CYP3A substrate drug. This was also 
consistent with the fi ndings from a clinical study in which the recovery of 
CYP3A activity, as measured by the pharmacokinetics of midazolam (6   mg 
PO), was assessed after a single, standard intake of GFJ (300   mL) in humans. 
The AUC of midazolam increased by 1.65 - fold when given 2   h after the GFJ 
intake. Subsequent administration of midazolam at 26, 50, and 74   h post - GFJ 
ingestion showed that exposure to midazolam returned to baseline by 74   h, 
with midazolam - to - control AUC ratios of 1.29, 1.29, and 1.06, respectively 
(Greenblatt et al.,  2003 ). From these results, Greenblatt et al. estimated that 
the CYP3A recovery t1/2  was 23   h. Overall, the study showed that the gut 
CYP3A returned to the baseline levels within 3 days. Takanaga et al.  (2000c)  
also noted similar fi ndings. For a recent review on the controversial values of 
CYP turnover rates, readers are referenced to an article by Yang et al.  (2008) . 
It is plausible that there will be a large degree of intersubject variability in 
drug exposure after inactivation of CYP3A in the gut by GFJ, depending on 
the frequency, GFJ dosing time relative to drug dosing time, quantity of GFJ 
intake, and the extent of gut CYP3A expression in the subjects, such that the 
higher the CYP3A expression, the higher the AUC increase of the drug. As 
opposed to the time - dependent nature of CYP3A inhibition, esterase and 
transporter inhibition at the gut level will happen competitively. Thus, the 
time gap between GFJ intake and an ester drug, which is not metabolized by 
CYP3A administration, does not have to be as long to avoid esterase -  or 
transporter - mediated interactions: A gap of 4 – 6   h generally would suffi ce for 
most drugs that are absorbed relatively rapidly. Glaeser et al.  (2007)  demon-
strated that a lapse of 4   h (i.e., administering GFJ at least 4   h postdose) was 
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suffi cient to eliminate the inhibitory effect on OATP and Pgp for the phar-
macokinetics of fexofenadine. However, clinical studies are needed to estab-
lish that this is true for esterase effects.  

  14.10   CLINICAL EFFECTS OF  GFJ  

 Apart from the drug exposure - boosting properties of GFJ, its health - related 
benefi ts have been widely recognized throughout the health industry. GFJ 
is known to have antioxidant, antiseptic, cardiotonic, anti - infl ammatory, anti-
carcinogenic, antimutagenic, and hypocholesterlemic activities. The anti -
 infl ammatory properties of the citrus fl avonoids are considered to be a result 
of their activities against the proinfl ammatory mediators, like arachidonic acid 
derivatives, prostaglandins, and thromboxane (Benavente - Garc í a et al.,  2008 ). 
Published literature also shows benefi ts in its inhibition of atherogenesis 
(Cerda et al.,  1994 ). These results appear to be related to ingestion of the 
pectin in GFJ, as shown in studies in microswines in which less plaque and 
coronary artery narrowing were observed. Some studies in humans have 
shown reduction in plasma cholesterol (Cerda et al.,  1988 ). GFJ and fl avonoids 
are shown to help in inhibition of breast cancer growth in vitro  and  in vivo  in 
rats (So et al.,  1996 ; Guthrie et al.,  1998 ). Effects on multicancer pathways of 
fl avonoids have also been described (Benavente - Garc í a et al.,  2007 ). In glioma 
cells, kaempferol is known to elevate intracellular oxidative stress to induce 
apoptosis or suppress survivin in tumor necrosis factor - related apoptosis -
 inducing ligand - mediated apoptosis (Sharma et al.,  2007 ; Siegelin et al.,  2008 ). 
The fact that some of these fl avonoids are effl ux pump inhibitors raises the 
possibility of their use in combination with other cytotoxic agents that are 
substrates of these pumps. Their combined use raises the possibility of 
increased concentrations of these agents in cancer cells, with a subsequent 
increase in effi cacy. In cell cultures, various fl avonoids increased the rate of 
apoptosis, inhibited cell proliferation, and inhibited angiogenesis. However, 
data on intervention studies in humans have been few. 

 In some epidemiological studies, GFJ intake has been associated with the 
formation of renal stones (Curhan et al.,  1996, 1998 ), probably via an indirect 
mechanism, such as via the binding of GFJ fl avonoids to calcium and their 
presence in high concentrations in the kidney (Ameer,  1998 ).  

  14.11   FUTURE SCOPE 

 The fi eld of esterase inhibition by GFJ and its constituents is relatively new, 
and much work in animals and humans is yet to be done. With scores of 
chemicals identifi ed in GFJ, additional potential effects of GFJ and its con-
stituents on various other enzymes and transporters need to be explored. The 
hope is that the recent fi ndings discussed here will stimulate more interest in 
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this fi eld and increase both drug developers ’  and regulatory agencies ’  aware-
ness of GFJ in the development of safer drugs. Since fl avonoids act as esterase 
inhibitors, they may be of utility as bioavailability - boosting agents for various 
prodrugs in vivo  in humans.  
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15
 TRANSPORTER – XENOBIOTIC 
INTERACTIONS: AN IMPORTANT 
ASPECT OF DRUG DEVELOPMENT 
STUDIES

  Gang   Luo  ,   Richard   Ridgewell  , and   Thomas   Guenthner       

  15.1   INTRODUCTION 

 Transporters are constitutive transmembrane proteins that actively move 
small molecules across biological membranes. Those small molecules, known 
as transporter substrates, include endogenous compounds, xenobiotics, and 
their metabolites. Transporters can work in both directions, moving substrates 
into cells (known as infl ux transport or uptake) or out of cells (known as effl ux 
transport). 

 Transporters can move substrates against transcellular concentration gra-
dients, either by utilizing energy directly from hydrolysis of adenosine triphos-
phate (ATP) or by coupling to a secondary active transport system that 
extracts energy from an electrochemical gradient. The former are known as 
ATP - binding cassette (ABC) transporters, while the latter are known as sec-
ondary active transporters, also called solute carrier transporters (SLC). 
Facilitative transporters, a specifi c subtype of SLC transporter, allow solutes 
to fl ow downhill with their electrochemical gradient. 

 Human ABC transporters are members of a large ancient superfamily that 
has seven currently recognized families (ABCA to ABCG) and 53 members. 
Readers are referred to the cited website for nomenclature as well as other 
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detailed and updated information ( http://www.genenames.org/genefamily/
abc.php ). Notably, many transporters have multiple aliases (Dean et al.,  2001 ). 
For example, the most important ABC transporters ABCB1, ABCB11, 
ABCC1 and 2, and ABCG2 are also known as P - glycoprotein (P - gp), breast 
cancer resistance protein (BCRP), multidrug resistance - associated protein 
(MRP) 1 and 2, and bile salt export pump (BSEP), respectively. ABC trans-
porters generally exist as a dimer, consisting of two half - molecules, each 
containing one ATP - binding domain (Allikmets et al.,  1996 ; Choudhuri and 
Klaassen,  2006 ; Hollenstein et al.,  2007a,b ; Sharom,  2008 ). However, some 
ABC transporters, such as BCRP and adrenoleukodystrophy protein (ALDP, 
encoded by ABCD1), exist only as a single half - molecule monomer (Mao and 
Unadkat,  2005 ; Zaher et al.,  2006 ; El - Sheikh et al.,  2007 ; Robey et al.,  2007 ; 
Velamakanni et al.,  2007 ; Koshiba et al.,  2008 ; Zhou et al.,  2008 ). Unlike 
cytochrome P450 (CYP) superfamily members, ABC superfamily members 
share little overall amino acid homology. The greatest degree of homology is 
seen in the ATP - binding domain, which typically contains characteristic con-
served residue motifs (called Walker A and B) separated by nonconserved 
90 – 120 amino acid residues (Allikmets et al.,  1996 ). In terms of their function, 
all currently known ABC transporters are unidirectional effl ux transporters, 
pumping their substrates out of cells only. 

 The human SLC superfamily comprises 46 families and approximately 360 
members. Readers are referred to the cited website for nomenclature as well 
as other detailed and updated information ( http://www.bioparadigms.org/slc/
menu.asp ). Again, most of the important SLC members have aliases. The 
overall sequence homology is also low among SLC families; family members 
are considered related if they share as much as 20% homology (Zhang et al., 
 2002 ; Hediger et al.,  2004 ; Srimaroeng et al.,  2008 ). Like ABC transporters, 
SLC transporters are related in function, but not in terms of evolution. Unlike 
the ABC transporters, SLC transporters are smaller (monomers, compared to 
dimeric ABC transporters) and operate bidirectionally, moving their sub-
strates both into and out of cells. 

 Because many endogenous compounds are substrates of transporters, and 
almost all transporters signifi cantly affect the intercellular disposition of 
endogenous compounds, transporters play many critical roles in human physi-
ology and pathology (Enomoto et al.,  2003 ; Xia et al.,  2007 ; Choi and Song, 
 2008 ; Zhou et al.,  2008 ). Transporter dysfunctions are known to cause many 
diseases, as shown in Table  15.1 . For example, defects in 14 ABC transporters 
are associated with 13 genetic diseases, including cystic fi brosis, Stargardt 
disease, age - related macular degeneration, adrenoleukodystrophy, Tangier 
disease, Dubin – Johnson syndrome, and progressive familial intrahepatic 
cholestasis (Ambudkar et al.,  2000 ; Gottesman and Ambudkar,  2001 ). 
Overexpression of urate transporter 1 (URAT1) in male humans may be the 
major reason that gout (hyperuricemia) occurs more often in men than in 
women, and more often in humans than in other species (Enomoto et al.,  2002, 
2003 ; Enomoto and Endou,  2005 ).   
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 TABLE 15.1.     Inherited Diseases Caused by Genetic Defi ciency of Transporters   a    

   Disease     Symptom  
   Defected 

Transporter     Reference  

  Adrenoleukodystrophy    Lethal peroxisomal 
neurodegradation  

  ALDP 
(ABCD1)  

  Takahashi 
et al. ( 2007 )  

  Byler disease    Cholestasis, jaundice, and 
failure to thrive  

  P - type 
ATPase  

  Alissa et al. 
( 2008 )  

  Byler syndrome    Cholestasis, jaundice, and 
failure to thrive  

  BSEP 
(ABCB11)  

  Alissa et al. 
( 2008 )  

  Congenital 
hyperinsulinism  

  Congenital 
hyperinsulinism  

  SUR 
(ABCC8)  

  Hussain et al. 
( 2008 )  

  Cystic fi brosis    Cystic fi brosis (CF) and 
congenital bilateral 
aplasia  

  CFTR 
(ABCC7)  

  Lewis - Jones 
et al. ( 2000 )  

  Dubin – Johnson 
syndrome  

  Mild jaundice until 
puberty or adulthood  

  MRP2 
(ABCC2)  

  Jedlitschky 
et al. ( 2006 )  

  MDR3 defi ciency    Cholestasis, jaundice, and 
failure to thrive  

  MDR3 
(ABCB4)  

  Alissa et al. 
( 2008 )  

  Surfactant defi ciency    Fatal respiration disease    ABCA3    Hamvas et al. 
( 2007 )  

  Stargardt ’ s disease    Juvenile macular 
degeneration  

  ABCR 
(ABCA4)  

  Westerfeld 
and Mukai 
( 2008 )  

  Tangier disease    Very low levels of 
high - density lipoprotein, 
along with an enlarged 
liver and spleen  

  ABCA1    Nofer and 
Remaley 
( 2005 )  

  Wilson disease    Copper accumulation in 
the liver and brain  

  ATP7B    Forbes and 
Cox ( 1998 )  

     a  Progressive familial intrahepatic cholestasis includes Byler disease, Byler syndrome, and MDR3 
defi ciency. Fourteen ABC transporters have been associated with 13 genetic diseases, including 
cystic fi brosis, Stargardt disease, age - related macular degeneration, adrenoleukodystrophy, Tangier 
disease, Dubin – Johnson syndrome, and progressive familial intrahepatic cholestasis (Lewis - Jones 
et al.,  2000 ; Gottesman and Ambudkar,  2001 ; Nofer and Remaley,  2005 ; Jedlitschky et al.,  2006 ; 
Hamvas et al.,  2007 ; Takahashi et al.,  2007 ; Alissa et al.,  2008 ; Hussain et al.,  2008 ; Westerfeld 
and Mukai,  2008 ). Wilson disease is associated with ATP7B mutations (Forbes and Cox,  1998 ).   

 Transporters also play a critical role in drug disposition. In addition to 
endogenous compounds, many xenobiotics and their metabolites are sub-
strates of transporters (Ho et al.,  2000 ; Tirona et al.,  2003 ; Mao and Unadkat, 
 2005 ; Nozawa et al.,  2005 ; Tahara et al.,  2005 ; Zaher et al.,  2006 ; Behravan 
and Piquette - Miller,  2007 ; Luo et al.,  2007b   ; Xia et al.,  2007a   ; Choi and Song, 
 2008 ; El - Sheikh et al.,  2008 ; Funk,  2008 ; Srimaroeng et al.,  2008 ; Tian et al., 
 2008 ; Zhou et al.,  2008 ). Furthermore, transporters are highly expressed in 
intestine, liver, and kidney (Launay - Vacher et al.,  2006 ; Xia et al.,  2007a   ; 
Terada and Inui,  2007 ; El - Sheikh et al.,  2008 ; Funk,  2008 ), which are critical 
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organs for determining xenobiotic disposition in the body. Specifi cally, trans-
porters have been documented to be major determinants of drug and toxicant 
absorption, distribution, and elimination. 

 In this chapter, we will discuss the importance of transporters to drug 
development research. We will cover aspects of transporter tissue expression 
and functions, substrates, and inhibitors. In particular, the importance of 
drug – transporter interactions in the drug discovery and development process 
will be discussed, including common transporter study models and, in particu-
lar, partial or complete deactivation of transporters by chemical inhibition or 
genetic manipulation, including knockout.  

  15.2   TISSUE EXPRESSION AND FUNCTIONS 

 Expression of transporters is practically ubiquitous and can be seen in all 
tissues, cells, and species. Species differences in drug transporter expression 
are not extensive in terms of variations in substrate specifi city, but are more 
often seen in terms of overall transporter activity. For example, rats generally 
demonstrate high levels of biliary transport, compared to humans, of many 
structurally varied endogenous compounds (e.g., taurocholate), xenobiotics 
(e.g., methotrexate, pravastatin, and temocaprilat), and metabolites (2,4 - 
dinitrophenyl -S  - gluthione and estradiol - 17 β  - glucuronide) (Ishizuka et al., 
 1999 ; Sasaki et al.,  2004 ). This species difference is likely attributable to a 
much higher high expression/activity of multiple transporters in the canalicu-
lar membrane in rats than in other species (including dogs, monkeys, and 
humans) as demonstrated by Li et al. ( 2009 ) for MRP2/Mrp2. 

 The expression of transporters can also be induced by many xenobiotics, 
including therapeutic drugs (e.g., rifampin) and natural products (e.g., St. 
John ’ s wort extract) (Westphal et al.,  2000b   ; Gurley et al.,  2008 ). It should be 
noted that induction of drug transporters and metabolic enzymes are mediated 
by a number of common signal transduction pathways (Geick et al.,  2001 ; 
Kauffmann et al.,  2002 ; Luo et al.,  2002 ; Sahi et al.,  2003 ; Cerveny et al.,  2007 ). 
Therefore, co - induction of drug - metabolizing and drug - transporting proteins 
(e.g., CYP3A4 and P - gp) is frequently observed after exposure to a single 
xenobiotic compound. The potential for such co - induction must be taken into 
consideration when assessing or predicting potential drug – drug interactions. 

 The highest levels of transporter expression are normally seen in tissues 
and organs that are critical to life and reproduction (such as brain, testis, and 
placenta), or that play signifi cant roles in drug metabolism and disposition 
(including intestine, liver, and kidney). In addition, ABC transporters are 
often highly expressed in tumor cells, exerting a negative effect on patient 
survival by protecting tumor cells from the cytotoxicity of anticancer drugs 
(conferring anticancer drug resistance). The expression patterns of transport-
ers in tissues and organs usually refl ect the critical role that transporters play 
in maintaining cell growth and viability. For example, transporters play an 
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important role in the protection of brain, testis, and fetus from the harmful 
effects of environmental toxins and constitute a critical component of the 
blood – brain barrier (BBB) and blood – placenta barrier. P - gp is highly 
expressed in brain endothelial cells and forms an important component of the 
blood – brain barrier. Laboratory studies with ivermectin demonstrate this pro-
tective role. Ivermectin, a neurotoxin that produces central nervous system 
depression and ataxia, very poorly crosses the BBB of wild - type animals. 
However, hypersensitivity was found to ivermectin in mice in which the 
expression of the Mdr1a (also called Mdr3) P - gp gene was disrupted (Schinkel 
et al.,  1994 ), as well as in certain dogs of the Collie breed whose Mdr1 gene 
is naturally mutated (Roulet et al.,  2003 ). 

 In addition, transporters contribute signifi cantly to the maintenance of 
overall organ function and homeostasis, such as regulation of the enterohe-
patic circulation of bile acids (Alrefai and Gill,  2007 ; Pellicoro and Faber, 
 2007 ; Kosters and Karpen,  2008 ). Table  15.1  lists currently known examples 
of inherited diseases caused by genetically determined defi ciencies of ABC 
superfamily transporter expression and function (Forbes and Cox,  1998 ; 
Lewis - Jones et al.,  2000 ; Gottesman and Ambudkar,  2001 ; Nofer and Remaley, 
 2005 ; Jedlitschky et al.,  2006 ; Hamvas et al.,  2007 ; Takahashi et al.,  2007 ; Alissa 
et al.,  2008 ; Hussain et al.,  2008 ; Westerfeld and Mukai,  2008 ). Transporters 
are also important mediators and determinants of the pharmacokinetics of 
therapeutic drugs affecting multiple aspects of absorption, distribution, metab-
olism, and elimination. Currently, oral administration is the most common 
route of drug treatment, requiring absorption from the stomach and small 
intestine. Notably, P - gp and Peptide transporter 1 (PEPT1) are highly 
expressed in the small intestine. The former may limit the absorption of 
certain drugs such as digoxin and taxol by retrograde effl ux transport (Westphal 
et al.,  2000a ; Breedveld et al.,  2006 ), while the latter can promote the absorp-
tion of certain drugs containing a peptide - like moiety, such as valacyclovir, 
through infl ux transport (MacDougall and Guglielmo,  2004 ; Li et al.,  2008 ). 

 The liver is the most important organ in drug metabolism and contributes 
signifi cantly to drug clearance through both metabolism and biliary clearance. 
In liver, many transporters (including both SLC and ABC transporters) are 
expressed on the sinusoidal membrane and facilitate drug movement in both 
directions, in and out of liver cells. In addition, the aforementioned multiple 
ABC transporters are expressed on the canalicular membrane. These trans-
porters are responsible for the biliary excretion of drugs (e.g., methotrexate) 
and drug metabolites (e.g., estradiol - 17 β  - glucuronide) (Funk,  2008 ). In addi-
tion, transporter activity in the kidney is a major determinant of the renal 
clearance and disposition of many drugs (Somogyi,  1996 ; Launay - Vacher 
et al.,  2006 ). While drug metabolism activity in the kidney is low compared to 
that of the liver, due to low levels of expression of CYPs in kidney cells, the 
kidney determines overall plasma clearance by actively secreting or reabsorb-
ing drugs and drug metabolites through transporters expressed on the renal 
tubular membrane. Although transporters affect drug disposition at multiple 
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points, the impact is often much more signifi cant on distribution to a specifi c 
organ than on the overall systemic circulation levels. For example, after 
intravenous administration of taxol (10   mg/kg) to mice, the brain exposure 
(AUC 0 – 8h ) was approximately 12 - fold higher in Mdr1a knockout mice than in 
wild - type mice, while the plasma exposure (AUC 0 – 8h ) was only 50% higher 
(Kemper et al.,  2003 ). Similarly, the brain and plasma drug levels at 4   h after 
an intravenous dose of digoxin (1   mg/kg) were 35 - fold and 1.9 - fold, respec-
tively, higher in Mdr1a knockout mice than in wild - type mice (Schinkel et al., 
 1995 ). Likewise, P - gp plays a major role in the effl ux of fexofenadine in the 
small intestine and BBB, but only a limited role in its biliary excretion (Tahara 
et al.,  2005 ). Xenobiotic - metabolizing enzymes normally play the major role 
in hepatic clearance of most drugs. However, the primary route of elimination 
of sulfasalazine in mice is through hepatic clearance by biliary excretion, medi-
ated exclusively by BCRP. This provides an exceptional example of an indi-
vidual transporter species that can predominantly determine the rate of 
clearance of a drug (Zaher et al.,  2006 ). 

 An important clinical phenomena connected in a large part to transporter 
activity is that of anticancer drug resistance in tumor cells. Effl ux transporters, 
including P - gp, MRP1, and BCRP, are highly expressed on the plasma mem-
branes of many resistant tumor cells, and this overexpression can be induced 
even further in the presence of anticancer drugs. These transporters actively 
pump anticancer drugs such as taxol and mitoxantrone out of tumor cancer 
cells. Therefore, effl ux transporters can protect tumor cells from cytotoxicity, 
the intended drug effect (Gottesman and Ambudkar,  2001 ). Finally, the level 
of transporter expression may provide a pharmacokinetic basis for species and 
gender differences, as exemplifi ed by URAT1. Uric acid, the fi nal product of 
human purine metabolism, is poorly soluble at pH 7.4 and exists in extracel-
lular fl uid predominantly as monosodium urate. Human cells do not contain 
uricase, the enzyme that catalyzes the conversion of urate to allantoin, which 
is more water - soluble and therefore easily eliminated from the body by renal 
excretion. Furthermore, in humans, and particularly in men, URAT1 is highly 
expressed on the apical membrane of renal proximal tubule epithelial cells 
and mediates the reabsorption of most of the fi ltered urate back into the peri-
tubular circulation, contributing to systemic hyperuricemia and gout. The high 
levels of this urate - specifi c transporter in men may explain the inordinately 
high rate of occurrence of gout in male humans (Enomoto et al.,  2002, 2003 ; 
Enomoto and Endou,  2005 ). 

 The tissue expression and function of transporters results in functional col-
laboration not only among different transporters, but between transporters 
and metabolic enzymes as well. There are hundreds of known transporters in 
humans, with both overlapping and complementary substrate specifi cities and 
activities. We currently view these transporters as great  “ team players, ”  
although in many casess a single transporter often plays a predominant role. 
Collaboration among transporters can be seen from their tissue expression 
patterns, membrane topography and spatial juxtaposition, overlap in substrate 
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specifi city (as well as in response to xenobiotic chemical inducers), and coop-
erative versatility. For example, enterohepatic circulation of bile acids is criti-
cal for nutrition and maintenance of homeostasis. Bile acids synthesized in 
hepatocytes are excreted into bile by BSEP expressed on the canalicular 
membrane, reabsorbed from the intestine into the systemic circulation with 
the help of an apical sodium - dependent bile acid transporter expressed in 
ileum (IBAT), and fi nally taken up the into liver by the sodium - dependent 
taurocholate cotransporting polypeptide (NTCP) expressed on the sinusoidal 
membrane of hepatocytes (Kosters and Karpen,  2008 ). Similarly, there are 
many known cases of transporters and metabolic enzymes that share both 
substrate and inducer specifi city and also play their own cooperative and 
complementary roles in the overall physiological process of xenobiotic disposi-
tion. For example, in the case of phase I metabolism, dozens or hundreds of 
endogenous chemicals and xenobiotics are common substrates and/or induc-
ers of both P - gp and CYP3A4 (Zhou,  2008 ; Zhou et al.,  2008 ). In the case of 
phase II metabolism, many conjugates generated by Phase II metabolic 
enzymes are subsequently excreted into the bile by MRP2, or pumped into 
the bloodstream by other MRP family members expressed on hepatocyte 
sinusoidal membranes (Chu et al.,  2004 ; Matsushima et al.,  2005 ).  

  15.3   SUBSTRATES AND INHIBITORS 

 Table  15.2  lists compounds that have been useful as model substrates and 
inhibitors for transporters that play critical roles in drug disposition (Xia 
et al.,  2005, 2007b   ; Zhou et al.,  2008 ). Because of the versatility and broad 
substrate specifi city of the transporters, inclusion in this chapter of an exhaus-
tive list of all substrates and inhibitors for each transporter is not practical. 
Instead, it is more important to discuss the characteristics of transporter sub-
strates and inhibitors that have potential uses in the drug development process, 
concentrating primarily on their substrate spectra, structural requirements, 
and species differences.   

 In general, the substrate requirements of most transporters are quite broad 
and nonspecifi c. This is easy to rationalize in light of the generalization that 
transporter superfamilies are functionally similar to members of individual 
drug metabolizing enzyme superfamilies, in that a limited number of related 
isoforms with similar catalytic properties have the capacity to dispose of a 
theoretically unlimited number of chemically diverse xenobiotics. For example, 
substrates for MRP2 include structurally diverse endogenous compounds 
(e.g., leukotriene C4), xenobiotics (e.g., methotrexate), and Phase II conju-
gates of lipophilic substances (e.g., bilirubin glucuronides, estrone 3 - sulfate, 
and S  - glutathionyl 2,4 - dinitrobenzene) (Xia et al.,  2005, 2007b   ; Zhou et al., 
 2008 ). The substrate binding affi nities and transport capacities of the trans-
porters themselves are largely substrate - dependent. Human MRP2 has 
an extremely high affi nity for its specifi c endogenous substrates, including 
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 TABLE 15.2.     Basic Information for Critical Transporters in Humans 

   Gene     Aliases     Tissue Expression     Substrate     Inhibitor  

  ABCB1    P - gp, MDR1    Intestine, liver, 
kidney, brain, 
testes, placenta  

  Digoxin    Elacridar, 
LY335979  

  ABCB11    BSEP    Liver    Taurocholate    Bosentan  
  ABCC1    MRP1    Intestine, liver, 

kidney, brain  
  Adefovir      

  ABCC2    MRP2    Liver, intestine, 
kidney, brain  

  Leukotriene C4    MK - 571  

  ABCG2    BCRP    Liver, intestine, 
breast, placenta  

  Mitoxantrone    Ko134, 
elacridar  

  SLC10A1    NCTP    Liver, pancreas    Taurocholate      
  SLC10A2    IBAT, ISBT    Intestine, kidney, 

biliary tract  
  Taurocholate      

  SLC15A1    PEPT1    Intestine, kidney    Glycylsarcosine      
  SLC15A2    PEPT2    Kidney    Glycylsarcosine      
  SLCO1B1    OATP - C    Liver    Rifampin    Cyclosporin  
  SLCO2B1    OATP - 1B3    Liver    Digoxin      
  SLCO2B1    OATP - B    Intestine, liver, 

kidney, brain  
  Pravastatin      

  SLC22A1    OCT - 1    Liver    Acyclovir    Ritonavir  
  SLC22A4    OCTN1    Kidney, skeleton 

muscle, placenta  
  Carnitine      

  SLC22A5    OCTN2    Kidney, skeleton 
muscle, placenta, 
intestine, liver  

  Carnitine    Grepafl oxacin  

  SLC22A6    OAT1    Kidney, brain     p  - Aminohippurate    Probenecid  
  SLC22A7    OAT2    Liver, kidney    Zidovudine      

bilirubin glucuronides and leukotriene C4, with a  K m   of approximately 1    μ M, 
but it has a quite low binding affi nity to some xenobiotic substrates such as 
methotrexate ( K m    ∼ 480    μ M) and  p  - aminohippurate ( K m    ∼ 1   mM) (El - Sheikh 
et al.,  2007 ; Zhou et al.,  2008 ). BCRP is active in the transport of a number 
of glucuronide, glutathione, and sulfate conjugates. However, BCRP shows 
some degree of substrate selectivity, because its  K m   for sulfate conjugates such 
as estrone - 3 - sulfate is approximately 10    μ M, while its  K m   ’ s for glucuronide and 
glutathione conjugates are much higher (Chen et al.,  2003 ; Imai et al.,  2003 ; 
Suzuki et al.,  2003 ; Mao and Unadkat,  2005 ). The same substrate can have 
very different binding affi nities to different members of the same transporter 
family. For instance, PEPT1, which is predominantly expressed in intestine, 
has in general a low binding affi nity (high  K m  , up to 30   mM) but a high catalytic 
capacity for most of its substrates (Brandsch et al.,  2004 ). On the other hand, 
PEPT2, which is mainly expressed in kidney, exhibits a higher binding affi nity 
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and lower catalytic capacity for most of its substrates (Inui et al.,  2000 ). 
Differences in substrate binding affi nities to important transporters should 
help us understand, predict, and even prevent transporter - based drug – drug 
interactions. For example, both methotrexate and the glucuronide conjugate 
of DPC 333 are substrates of MRP2, with differing binding affi nities; metho-
trexate has a relatively high Km , while the  Km  for DPC 333 glucuronide is much 
lower. As a consequence of this interaction, metabolism of DPC 333 produces 
a glucuronide conjugate that potently inhibits the biliary excretion of metho-
trexate mediated by canalicular MRP2. This interaction decreases the overall 
elimination of methotrexate in vivo  with the potential for higher drug toxicity 
(Luo et al.,  2007b   ). 

 The structural diversity of most transporter substrates and inhibitors is so 
broad that it is usually diffi cult to specifi cally defi ne their structural require-
ments. However, some general structural features required by specifi c trans-
porters for their substrates have been revealed. For example, most P - gp 
substrates contain a nitrogen group, aromatic moieties, planar domains, and 
molecular size larger than 300 Da, are positively charged at physiological pH, 
and are amphiphilic and lipophilic (Xia et al.,  2007b   ). Substrates for PEPT1 
generally contain a peptide or peptide - like moiety and include dipeptides, 
tripeptides, or peptidomimetic drugs, but not tetrapeptides (Terada et al., 
 2000 ; Vig et al.,  2006 ). Notably, not all dipeptides are PEPT1 substrates. Its 
binding affi nity to dipeptides is infl uenced by charge, hydrophobicity, molecu-
lar size, and side - chain fl exibility. It should be noted that the current under-
standing of the key features for substrates and inhibitors is still not at a highly 
advanced state, as demonstrated by the continued inability of studies using 
experimental pharmacophores to accurately predict transporter substrate 
preferences in vivo  (Chang et al.,  2006 ). Furthermore, substrate and inhibitor 
specifi cities overlap to a great degree among many transporters, and overlap 
between many transporters and xenobiotic - metabolizing enzymes is also quite 
common. Examples are pravastatin, which is a substrate of P - gp, MRP family 
members, BCRP and organic anion transporters (OATs) (Matsushima et al., 
 2005 ), and GF120918, which is a potent inhibitor of both P - gp and BCRP (Xia 
et al.,  2005 ). Finally, species differences exist not only in transporter expres-
sion levels, as discussed, but also in their substrate binding affi nities. For 
example, the transcellular transport across monolayers of cells transfected 
with MDR1 from human, monkey, canine, rat (Mdr3 and Mdr1), and mouse 
(Mdr1a and Mdr1b) transfected cells demonstrated up to a 16.5 - fold differ-
ence in apparent Km  for diltiazem (Katoh et al.,  2006 ).  

  15.4   EXPERIMENTAL MODELS FOR STUDYING TRANSPORTERS 
IN DRUG DEVELOPMENT 

 The study of the effects of transporters on the disposition of drug candidates —
 and, conversely, the study of the effects of drug candidates on transporter 
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activity — should be considered as a critical component of any drug devel-
opment process, as part of the routine ADME (absorption, distribution, 
metabolism, and elimination) assessment. Drug – transporter interactions are 
investigated to determine the roles of transporters in the distribution, elimina-
tion, and toxicity of drug candidates, to determine whether a compound of 
interest is a substrate and/or inhibitor of a specifi c transporter, to examine 
transporter - based drug – drug interactions, and often to contribute to an under-
standing of the mechanism of an observed toxicity or a drug – drug interaction. 
These studies usually employ a combination of  in vivo ,  in situ , and  in vitro
models. The selection of appropriate experimental models will obviously be 
dependent on the purpose of the study, the availability and costs of transporter 
models, and the required study timeline. 

  15.4.1    In Vivo  Models 

In vivo  studies in animals as well as in human subjects are generally superior 
to in vitro  or  in situ  models in (a) providing direct evidence that a transporter 
is important in overall drug disposition and toxicity and (b) investigating 
potential drug – drug interactions in an intact multiorgan system. More impor-
tantly, results obtained  in vivo  should be more immediately relevant and 
applicable to the clinical pharmacology of the candidate molecule. However, 
caution is necessary when interpreting and applying data obtained in whole 
animal studies, because effects on disposition that appear to be linked to a 
single transporter may, in fact, involve multiple transporters and secondary 
mechanisms, and pharmacokinetically important species differences may also 
exist and cannot be ignored. For example, a single compound, namely metho-
trexate, is a known substrate of multiple transporters including reduced folate 
carrier 1, MRP2 and MRP3, OATs, and folate binding protein 1 (Saito et al., 
 1996 ; Masuda et al.,  1997 ; Uwai et al.,  1998 ; Hirohashi et al.,  1999 ; Kool 
et al.,  1999 ; Borst et al.,  2000 ; Uwai et al.,  2000 ; Van Aubel et al.,  2000 ; Birn 
et al.,  2005 ) as well as metabolic enzymes (Rajgopal et al.,  2001 ), and a single 
drug such as ritonavir can inhibit (and even induce) many transporters and 
enzymes (Luo et al.,  2002, 2003 ). Species comparison studies are often 
conducted using both normal (wild - type) and animals that are transporter -
 defi cient, as a result of gene knockout, naturally genetic defi ciency, or chemical 
knockout (see below). In humans, special attention should be paid to genetically 
determined defi ciencies in important transporters (listed in Table  15.1 ). Such 
patients may be hypersensitive to certain drugs compared to normal subjects. 

  15.4.2    In Situ  Models 

 Isolated organ perfusion provides a test system that closely mimics whole -
 body physiology, with certain practical advantages. In nondrug - development 
studies, this model has been frequently used to demonstrate the role of 
transporters in drug disposition and to examine the mechanisms of observed 
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drug – drug interactions. Isolated organ perfusion permits close control of 
experimental conditions, the effects of the organ of interest are observed 
directly, and data interpretation is usually relatively straightforward. 
Furthermore, expensive reagents can be used relatively sparingly and effi -
ciently. The most often utilized perfused organs are liver, kidney, intestine, 
and brain, usually from rats and mice. As is the case for  in vivo  whole - animal 
studies, an experimental comparison between perfused organs from wild - type 
and specifi c transporter - defi cient animals is often extremely instructive (Luo 
et al.,  2007b   ; Tian et al.,  2008 ). Such transporter defi ciency could be a result 
of gene knockout, natural genetic defi ciency, or chemical inhibition. However, 
the use of isolated organ perfusion in transporter studies has limitations as 
well. Experimental procedures and preparations are usually relatively complex 
and technically diffi cult, throughput is normally relatively low, and training 
requirements are often demanding. In addition, the organ donors are usually 
rats and mice because of cost considerations, although other animals such as 
dog and monkey could theoretically be used in exceptional circumstances. In 
addition, data interpretation and extrapolation may be complicated by species 
differences in expression levels and substrate specifi city of transporters and 
coexisting xenobiotic - metabolizing enzymes.  

  15.4.3    In Vitro  Models 

 For addressing specifi c mechanism - focused questions,  in vitro  transporter 
models are often more direct and less complicated than whole - animal or 
whole - organ models. Standard  in vitro  models include cell - based assays, using 
freshly isolated intact cells or established cell lines, isolated membrane 
fraction - based assays (including ATPase assays, membrane vesicular uptake, 
and radio - ligand binding assays), and assays utilizing oocytes and yeast. 

 Established cell lines have been extensively used in transporter studies. 
The most commonly used cell lines include immortalized human colorectal 
carcinoma - derived cell line (Caco - 2), MDR human KB carcinoma (KB - V - 1) 
cells, immortalized Madine – Darby canine kidney (MDCK) cells, Chinese 
hamster ovary (CHO) cells, human embryonic kidney (HEK) 293 cells, porcine 
proximal tubular epithelial (LLK - PK1) cells, and MCF - 7 cells, derived from 
human metastatic breast cancer. Caco - 2 cells, which in 21 - day cultures natu-
rally express high levels of P - gp on the apical membrane, are used directly as 
monolayers in transwells to determine the polarized permeability ratio of 
basolateral to apical and apical to basolateral transport, usually in the absence 
and presence of a selective P - gp inhibitor. P - gp has been thoroughly studied 
in cultured cell models and has provided the most consistent data among dif-
ferent laboratories. Studies of other related transporters, including MRP2, 
BCRP, and PEPT1, are sparser with varying results. Human epidermoid car-
cinoma KB cells (KB - 3 - 1) express little (if any) P - gp and are sensitive to 
chemotherapeutic agents such as doxorubicin, daunorubicin, mitoxantrone, 
vinblastine, paclitaxel, and colchicine. However, KB - V - 1 cells, derived from 
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the parental KB - 3 - 1 cells in the presence of vinblastine at a low concentration, 
express a much higher level of P - gp (Galmarini,  2002 ). KB - V - 1 cells are cur-
rently used as a standard drug development model to determine the pharma-
cokinetic contribution of P - gp to the cytotoxicity of candidate anticancer drugs 
in the absence and presence of a P - gp inhibitor (Galmarini,  2002 ). MDCK 
cells, which spontaneously express P - gp at a very low level, are often used as 
host cells for transfection with transporter genes of interest. While MDCK 
cells are probably the most commonly used transfected cell in transport 
studies, other mammalian cell lines including CHO, HEK293, LLC - PK1, and 
MCF - 7 also provide useful models (Xia et al.,  2007a   ). After MDCK cells, 
Caco - 2 is probably the most frequently used transfection host cell line. 
Important differences between Caco - 2 and MDCK cells are that MDCK cells 
do not require 21 days of culture before they are used; and because MDCK 
cells are naturally P - gp nonexpressing, they can be transfected with a sham 
vector and used as a direct control. As a practical point for transport studies, 
Caco - 2 cell monolayers usually have tighter junctions than MDCK cells. 

 The main utility of transfected cells as an experimental model is that inter-
actions with a single transporter of interest in the disposition of test compound 
can be studied in relative isolation. Therefore, this test system is excellent 
for mechanism - based pharmacokinetic determinations. Both transiently and 
stably transfected cells are useful experimental models. Although approxi-
mately one month is required to establish stable transfectants and select for 
expressing colonies (usually by antibiotics Geneticin, also known as G418), 
stably transfected cell lines eventually provide much higher throughput and 
experimental reproducibility. 

 Transfected cells are good model systems for studying SLC - dependent drug 
transport. For example, CHO cells transfected with hOAT1 showed effi cient 
uptake of adeforvia and cidofovir and exhibited a 100 - fold higher intracellular 
accumulation of drug and/or metabolites than did nontransfected CHO cells. 
Consequently, adefovir and cidofovir were approximately 400 - fold more cyto-
toxic to the hOAT1 transfected CHO cells compared to nontransfected cells. 
On the other hand, the prodrug form of cidofovir, which is a poor substrate 
for hOAT1, produced greatly reduced nephrotoxicity compared to the active 
drug in vivo , and it only marginally increased cytotoxicity  in vitro  to hOAT1 
transfected CHO cells (Ho et al.,  2000 ). Another example of metabolism -
 dependent uptake by a specifi c transporter is provided by a study where 
HEK293 cells stably transfected with organic anion transporter polypeptide 
(OATP) 1B1 were able to accumulate 7 - ethyl - 10 - hydroxycamptothecin 
(SN - 38), the active metabolite of irinotecan, but not the parent compound 
or its glucuronide conjugate metabolite. Because OATP1 is predominantly 
expressed on the sinusoidal membrane of hepatocytes, this study concludes 
that OATP1B1 is important for the specifi c hepatic uptake of SN - 38 (Nozawa 
et al.,  2005 ). 

 Because the liver has a central role in drug disposition, the active transport 
of test compounds by liver cells is often measured using freshly isolated 
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hepatocytes. However, biliary excretion cannot be directly examined using 
suspended hepatocytes because of the loss of the canalicular network and the 
internalization of transporters expressed on canalicular membranes during the 
isolation and preparation of hepatocytes. In the last 10 years, the B - Clear 
hepatocyte model has been developed to overcome this problem. In this 
model, primary cultures of freshly isolated hepatocytes are cultured in a sand-
wich format permitting a canalicular network to be formed on the hepatocyte 
monolayer. A compound that is a substrate for hepatocyte transporters can 
be taken up and excreted into the bile pocket. Because the canalicular network 
disappears when the surrounding buffer is made calcium - free, the difference 
between the total uptake of test compound by hepatocytes in calcium - contain-
ing buffer and in calcium - free buffer represents the biliary excretion of test 
compound. Currently, this model has been validated in hepatocytes from rats, 
dogs, monkeys, and humans. Most results obtained so far using the B - Clear 
model are consistent with those seen in in vivo  studies (Liu et al.,  1999a,b ). 
The B - Clear model allows comparison of transport - dependent hepatocyte 
uptake between different species (notably, between human and rat or dog or 
monkey hepatocytes). Also the biliary excretion of multiple interactive com-
pounds can be tested in vitro  in a single experiment. 

 Another useful category of  in vitro  models for the measurement of drug –
 transporter interaction is the isolated membrane - based transporter assay. 
Currently useful models include the ATPase assay, membrane vesicle uptake, 
and radioligand - binding assays. The ATPase assay provides rapid and high 
throughput for screening substrates and/or inhibitors of ABC transporters. An 
ABC transporter contains one or two ATP binding sites and hydrolyzes ATP 
when a substrate binds to and activates it. The ABC transporter - associated 
ATPase is vanadate - sensitive and magnesium - dependent. Based on this prin-
ciple, a simple and effi cient ATPase assay has been devised, which measures 
the amount of inorganic phosphate liberated in reactions containing an ABC 
transporter preparation and a test compound, in the presence and absence 
of vanadate. For example, verapamil, a substrate of P - gp, stimulates magne-
sium - dependent and vanadate - sensitive membrane ATPase activity in prepa-
rations containing P - gp enriched cell membranes (Sarkadi et al.,  1992 ). ABC 
transporter - enriched cell membrane preparations isolated from baculovirus -
 infected insect cells or from stably transfected cell lines are commercially 
available from BD Gentest (Woburn, Massachusetts, U.S.) and Solvo 
Biotechnology (Budapest, Hungary). However, this method is only valid for 
ABC transporters because SLC transporters do not have ATPase activity. 

 Because the isolation of membrane vesicles from intact cells requires some 
degree of specialized skill and training, the use of membrane vesicles for rapid 
high - throughput screening of drug candidate – transporter activity has not been 
extensive. However, isolated membrane vesicles provide an excellent model 
for the study of molecular aspects of ABC transporter - mediated effl ux. For 
instance, rat liver canalicular membrane vesicles (CMV) have been used to 
demonstrate the active uptake of daunomycin, daunorubicin, and vinblastine, 
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whose biliary excretion is extensive (Kamimoto et al.,  1989 ; Sinicrope et al., 
 1992 ; Bohme et al.,  1994 ; Kwon et al.,  1996 ) and is likely primarily mediated 
by P - gp. Plasma membrane vesicles purifi ed from KB - V - 1 cells have been used 
to study P - gp - dependent effl ux of vinblastine from cancer cells (Horio et al., 
 1988 ). Brush border membrane vesicles (BBMV) prepared from rat intestine 
were used to show expression of P - gp on the apical membrane, but not on the 
basolateral membrane (Hsing et al.,  1992 ) and were used to demonstrate and 
differences in P - gp expression in ileum, jejunum, and duodenum (Makhey 
et al.,  1998 ). Renal BBMV were used to examine the effect of P - gp on its 
substrate disposition in the kidney (Dutt et al.,  1994 ). 

 Radiolabeled ligand - binding assays, including photoaffi nity assay and scin-
tillation proximity assay (SPA), are reliable and well - characterized methods 
for the determination of binding affi nity of a substrate to transporters of inter-
est. Photoaffi nity assays have been used to characterize molecular features of 
the binding sites of ABC transporters including P - gp (using [ 125 I] - iodoary -
 azidoprazosin) (Limtrakul et al.,  2007 ), MRP2 (using [ 3 H] - leukotriene C4) 
(Jedlitschky and Keppler,  2002 ), and BCRP (using [ 125 I] - iodoary - azidoprazosin) 
(Limtrakul et al.,  2007 ). Photoaffi nity assays are time - consuming and labor -
 intensive and are therefore suitable for transporter characterization rather 
than high - throughput screening of drug – transporter interactions. 

 The SPA assay provides an excellent system for high - throughput screening 
of interactions between transporters and their substrates and inhibitors. There 
are two different SPA assays. In the fi rst type of SPA assay, cell membrane 
fractions containing a transporter of interest are preincubated and covalently 
bound to microscopic beads which contain a scintillant that can be stimulated 
to emit light when a radiolabeled transporter substrate ligand is added. The 
beads produce measurable light in proportion to the binding of ligand to the 
transporter. Displacement of the standard radioligand by a test compound 
produces a proportional decrease in light emission. SPA has been successfully 
used to screen compounds that interact with P - gp modulators, using [ 3 H] -
 vinblastine as a standard probe substrate in P - gp - enriched cell membrane 
fractions prepared from KB - V - 1 cells. However, the use of SPA to study 
interactions with other transporter species has not been developed yet. A 
second type of SPA assay has been developed to measure interactions of small 
molecules with uptake transporters. Cells are transfected with an uptake trans-
porter and are grown in microplate wells that are impregnated with scintillant. 
Transporter - dependent cellular uptake of a standard probe radioligand that 
is incubated with cells brings it into proximity with the scintillant in the plate 
base and produces measurable light emissions. The interactions of test mol-
ecules with these transporters will decrease uptake of the standard probe and 
proportionally decrease light emissions. This method saves the time required 
to isolate and prepare transporter - enriched cell membrane fractions (Bonge 
et al.,  2000 ; Lohmann et al.,  2007 ). 

Xenopus laevis  oocytes provide an  in vitro  model for transporter study that 
may be useful in some special circumstances. These oocytes are approximately 
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1.0   mm in diameter and are precursors to mature eggs of the African clawed 
frog. Defolliculated oocytes are micro - injected with complementary RNA 
(cRNA) that is synthesized from the cDNA of a transporter gene of interest 
and cultured for 3 days so that the transporter encoded by cRNA is expressed 
and functions. For instance,  Xenopus  oocytes transfected with OATP - C and 
its three common variants (polymorphisms) were able to take up SN - 
38, pravastatin, estrone - 3 - sulfate, and estradiol - 17 - glucuronide differently 
(Nozawa et al.,  2005 ). This model provides a useful method for measuring 
uptake of a test compound mediated by SLC transporters, but has not been 
demonstrated to be useful for measuring effl ux mediated by ABC transport-
ers. In addition its limited usefulness, there are technical diffi culties inherent 
in this assay. Variations among experiments are large, partially due to seasonal 
variations in oocyte properties. 

 Finally, both effl ux and uptake transporters have been functionally 
expressed in yeast (Ruetz et al.,  1993 ; Osato et al.,  2003 ). Yeasts that are 
manipulated to express mammalian transporters can be used to measure trans-
porter - dependent drug uptake, either by measuring the content of the test 
compound in centrifugal fi ltrates of transfected yeast incubated with the test 
compound or by measuring cytotoxicity, expressed by yeast growth in the 
presence of the compound, as a refl ection of cellular uptake. Also, transporter 
proteins can be produced in large quantities by transfected yeast, which can 
serve as a useful source of membrane vesicles. The advantages of yeast - based 
systems include simple genetic manipulation, a low level of background 
expression in controls, and high levels of production of transporter proteins. 
However, not every mammalian transporter can be expressed in yeast expres-
sion systems because of the presence of codons at the N - terminus of mam-
malian transporters that are not expressible in yeast and also because of 
occasional inaccurate post - translational modifi cations of mammalian proteins 
in yeast hosts (Sawamiphak et al.,  2005 ).   

  15.5   EXPERIMENTAL MANIPULATION 
OF TRANSPORTER ACTIVITY 

 Design of optimally informative studies using the model transport systems 
discussed above usually requires some form of experimental manipulation of 
transporter activity. Such manipulations are required to distinguish (a) affi ni-
ties of drug candidates for multiple transport systems and (b) the contributions 
of individual transporters to overall drug transport and disposition. Studies of 
metabolism of drug candidates have typically employed up - regulation (induc-
tion or transfection) or down - regulation (inhibition or blockade of expression) 
of individual metabolic enzymes to establish their contributions to the overall 
metabolism of the proposed drug. In a similar fashion, transporter studies 
have, in the past, relied on induction or inhibition of individual transporters 
to determine specifi c transport interactions. More recently, knockout animals, 
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which are bred to lack expression of one or more constitutive transporter 
proteins, have found increasing usefulness in the demonstration or verifi cation 
of specifi c individual transporter activity toward a drug or drug candidate. The 
use of induction, inhibition, and knockout of individual transporter species 
will be discussed in light of their applicability to drug development studies. 

  15.5.1   Induction of Transporter Activity 

 Chemical induction of individual transporter species can be useful in the dem-
onstration of overall transporter effects, but does not offer satisfactory preci-
sion as a means of examining a single transporter species in isolation. Many 
transporters do not respond to induction by any known inducer compound; 
and those that do are usually not induced in isolation, but rather as a conse-
quence of activation of broad - scale chemical induction pathways. As a result, 
expression of multiple transporters, as well as multiple drug - metabolizing 
enzymes, can be simultaneously induced, complicating interpretation of 
experimental results. For example, the PXR ligands rifampin and pregneno-
lone 16 α  - carbonitrile induce human MRP2 (Kauffmann et al.,  2002 ) and 
rodent Mrp2 (Johnson and Klaassen,  2002 ), respectively. However, interpre-
tation of results obtained with animals pretreated by PXR ligands may be 
greatly complicated by the fact that these compounds simultaneously greatly 
increase hepatic clearance of many therapeutic drugs by inducing the expres-
sion of highly nonspecifi c monooxygenase CYP3A4 (Luo et al.,  2007a   ). The 
complex pattern of chemical induction of Mrp transporters provides an 
example of extreme complexity within a single transporter superfamily. The 
toxicity of acetaminophen is partially mitigated by the fact that it induces 
several members of the Mrp superfamily in liver, which decreases its net con-
centration in hepatocytes (Aleksunes et al.,  2008 ). However, its induction of 
Mrp3 and Mrp4 appears to be mediated by NFE - Related Factor 2 (Nrf2), 
which also mediates the induction of other cytoprotective enzymes such as 
NADPH quinone oxidoreductase and glutamylcysteine ligase, while the 
induction of Mrp1 and Mrp2 in liver by acetaminophen appears to be Nrf2 -
 independent (Aleksunes et al.,  2008 ). Inducers that stimulate multifactorial 
enzyme induction via constitutive androstane receptor (CAR), such as phe-
nobarbital and trans - stilbene oxide, also induce Mrp2, Mrp3, Mrp4, and Mrp7, 
but not Mrp5 and Mrp6, in male mice (Slitt et al.,  2006 ). Aromatic hydrocar-
bon receptor (AhR) ligands, such as TCDD, induce another combination of 
Mrp family members, namely, Mrp2, Mrp3, Mrp5, and Mrp6 (Maher et al., 
 2005 ). The lesson for drug development studies is that an overall picture of 
drug - transport interaction can be identifi ed by using chemical induction as a 
means of experimentally altering transporter activity only on a fairly global 
level. However, a simplistic analysis of the interaction of a compound of inter-
est with a specifi c transporter, or even with a smaller subset of transporters, 
may not be possible using simple chemical induction as a means of altering 
transporter activity. A more precise analysis may be possible by using down -
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 regulation, rather than up - regulation of individual transporter species as an 
experimental approach.  

  15.5.2   Inhibition of Transport Activity 

 The addition of a chemical inhibitor of transporter activity to an experimental 
model offers a simple method of down - regulating transporter activity. 
However, as is the case with using chemical induction to manipulate trans-
porter activity, a simple picture of global transport effects is often possible, 
but a detailed analysis of the interaction of drug candidates with individual 
transporter species is probably not obtainable. Historically, inhibition of trans-
port proteins has been a useful therapeutic modality. In fact, the clinical 
introduction of probenecid, probably the fi rst example of an effective trans-
port inhibitor drug, predates the actual discovery of transport proteins and 
therefore predates a mechanistic understanding of that drug ’ s effect as well. 
Probenecid was initially used to enable more effi cient use of penicillin by 
inhibiting its renal clearance (Somogyi,  1996 ). Penicillin was a  “ wonder drug ”  
for prevention and cure of infection among wounded soldiers and the spread 
of infectious disease among civilians due to destruction of public hygiene 
infrastructure during the World War II. However, its supply was a problem 
because the drug was diffi cult and expensive to manufacture at that time, and 
even large doses were extremely therapeutically ineffi cient, due to the drug ’ s 
extremely rapid and effi cient renal clearance, which involves active secretion 
through renal transporters resulting in a high clearance. Concomitant admin-
istration of probenecid with penicillin resulted in more effi cient dosing of 
penicillin, by inhibiting its active secretion by renal tubular transporters, thus 
permitting the same clinical outcome with much smaller doses (Somogyi, 
 1996 ). Subsequently, probenecid also became a very useful drug for the treat-
ment of gout or hyperuricemia, which it does by inhibiting the organic anion 
transporter (OAT) - mediated reabsorption of uric acid in kidneys and thus 
reducing uric acid levels in plasma (Silverman et al.,  2008 ). 

 As discussed above, inhibition by one drug of transporter - dependent move-
ment of a second drug is a major source of drug – drug interactions. The study 
of these interactions has provided a large database of compounds that can act 
as inhibitors of transport activity, and many of these compounds have been 
used to experimentally manipulate overall and individual transporter activity. 
A recent review of transporter - related drug – drug interactions (Xia et al., 
 2007a   ) contains a 12 - page table that exhaustively describes such potential 
inhibitors of transport activity in drug development studies. However, as is 
the case with using chemical inducers to modulate transport activity, chemical 
inducers are often very nonspecifi c, toward both multiple types of transport 
proteins but also toward other metabolic enzymes as well. For example, most 
transporters are broadly substrate - specifi c for hydrophobic or amphipathic 
anionic and cationic small molecules. These same types of compounds are 
good substrates for nonspecifi c phase 1 and 2 enzymes such as CYP3A4. The 
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complications that arise when a compound used to inhibit a specifi c trans-
porter in fact inhibits multiple transporters (such as probenecid or cyclospo-
rine A does), or inhibits one or more metabolic enzymes as well (such as 
erythromycin or verapamil does), will usually preclude the use of this strategy 
to specifi cally identify or characterize individual transporter interactions. 
Nevertheless, broad - scale transporter inhibition by compounds such as vera-
pamil, which inhibits most Mdr and Mrp transporters, can often give a good 
picture of the overall transporter - related disposition of a drug candidate.  

  15.5.3   Knockout of Transporter Genes 

 A more selective and informative strategy for examining the contribution of 
individual transporters to the disposition of a candidate molecule involves 
selective repression of transporter gene expression, either by employing natu-
rally defi cient genetic mutants or through the development of knockout animal 
models. Selective chemical repression of transporter gene expression is not a 
common experimental approach, although moderate inhibition of expression 
of the adenosine transporter Ent1 at the blood – brain barrier is seen following 
pretreatment of mice with ethanol (Choi et al.,  2004 ). A more selectively 
directed chemical method for knocking down transporter activity might 
involve the use of siRNA technology to target expression of specifi c or closely 
related transporter genes (Yu,  2007 ). However, a more fully developed experi-
mental approach, with dozens of existing genetically altered strains available, 
is the knockout mouse model, where expression of specifi c transporter sub-
types or individual gene products has been deleted in a targeted fashion. 
A recent review by Klaassen and Lu ( 2008 ) lists 29 currently available 
rodent transporter knockout models and two currently available naturally 
transporter - defi cient mutant strains. Table  15.3  is an adaptation of a table 
from that review. To date, the most extensive number of studies using trans-
porter knockout to establish and characterize drug interactions with specifi c 
transporter species has been directed toward members of the ABC superfam-
ily (Mdr and Mrp family members), with a more limited number of knockout 
models for members of the SLC superfamily, including several Oat and organic 
cation transporters (Octs) (Klaassen and Lu,  2008 ).   

 The fi rst animal model in which a specifi c target gene was knocked out 
was the Mdr1 - null mouse, developed in the mid - 1990s. Knockout of Mdr1a 
and 1b genes produced mice whose intestinal and blood – brain barriers lost 
the ability to protect against a number of cytotoxic xenobiotics (Schinkel 
et al.,  1995, 1997 ). The same knockout strains were used to demonstrate a 
loss of protection at the placental barrier against xenobiotic uptake in preg-
nant Mdr1 - null mice (Smit et al.,  1999 ). In addition to Mdr1 null mice, knock-
out models for other members of the ABC transporter superfamily have also 
been subsequently developed. Mrp2 -  and Mrp3 - null mice have been used to 
establish the central role of these transporters in biliary uptake and excretion 
of sulfate, glucuronide, and glutathione conjugated metabolites and in the 
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 TABLE 15.3.     Available Transporter - Defi cient Rodent Models 

   Gene Product 
 (Gene Symbol)   

   Rodent 
Model  

   Gene Product 
 (Gene Symbol)   

   Rodent 
Model  

   Gene Product 
 (Gene Symbol)   

   Rodent 
Model  

  Abca1  (Abca1)     KO    Mdr1a  (Abca1)     MM    Oat1  (Slc22a6)     KO  
  Abcg5/g8 

 (Abcg5/g8)   
  KO    Mdr2  (Abcb4)     KO    Oat3  (Slc22a8)     KO  

  Asbt  (Slc10a2)     KO    Mrp1  (Abcc1)     KO    Oatp1a1  (Slco1a1)     KO  
  Atp7b  (Atp7b)     KO    Mrp2  (Abcc2)     KO    Oatp1a4  (Slco1a4)     KO  
  Atp8b1 

 (Atp8b1)   
  KO    Mrp2  (Abcc2)     MR    Oatp1b2 

 (Slco1b2)   
  KO  

  Bcrp  (Abcg2)     KO    Mrp3  (Abcc3)     KO    Oct1  (Slc22a1)     KO  
  Bsep  (Abcb11)     KO    Mrp4  (Abcc4)     KO    Oct2  (Slc22a2)     KO  
  Dmt1 

 (Slc11a2)   
  MR    Mrp5  (Abcc5)     KO    Octn2  (Slc22a5)     KO  

  Ent1  (Slc29a1)     KO    Mrp6  (Abcc6)     KO    Pept2  (Slc15a2)     KO  
  Mct8  (Slc16a2)     KO    Npc1L1  (Npc1l1)     KO    Znt1  (Slc30a1)     KO  
  Mdr1  (Abcb1)     KO    Npt2  (Slc34a1)     KO    Znt3  (Slc30a3)     KO  

   Abbreviations: KO, knockout mouse; MM, mutant mouse; MR, mutant rat.  
  References are: Umbenhauer et al. ( 1997 ) for Mdr1a mutant mouse, Muller et al. ( 1996 ) for Mrp2 
mutant TR  −   rat, Ito et al. ( 1997 ) for Mrp2 mutant Eisai hyperbilirubinemic rat, Knopfel et al. ( 2005 ) 
for divalent metal transporter1 (Dmt1) mutant Belgrade rat, and Klaassen and Lu ( 2008 ) for all others.   

  Source :   Adapted from Klaassen and Lu ( 2008 ). 

reuptake of bile acids  in vivo  (Belinsky et al.,  2005 ; Manautou et al.,  2005 ; 
Zelcer et al.,  2005 ; Lagas et al.,  2006 ; Vlaming et al.,  2006 ). Although Mrp4 is 
expressed primarily in the kidney, it also plays a role in hepatic transport of 
bile acids, because livers from Mrp4 - null mice showed marked accumulation 
of bile acids after bile duct ligation (Mennone et al.,  2006 ). The role of Mrp6 
in transporting small peptides in hepatocyte membranes has been investigated 
in Mrp6 - knockout mice (Klement et al.,  2005 ). The targeted knockout of Abcg 
family members has also been used to examine the role of these transporters 
in transport of xenobiotics at the intestinal and blood – brain barriers. Abcg5 -  
and Abcg8 - null mice show elevated blood and brain levels of dietary phytos-
terols (Jansen et al.,  2006 ). Bcrp (Abcg2) - null mice are highly sensitive to 
phototoxicity caused by accumulation of breakdown products of dietary chlo-
rophyll (Jonker et al.,  2002 ). In addition, this transporter is highly expressed 
in rodent kidney, and Bcrp - null mice exhibit decreased urinary clearance of 
a number of xenobiotic sulfate metabolites (Mizuno et al.,  2004 ). Finally, 
Abca1 knockout mice have been used to study (a) the role of this transporter 
in intestinal and hepatic absorption of cholesterol and (b) the potential effects 
of drugs upon this specifi c uptake pathway. Abca1 - null mice show a marked 
decrease in the effl ux of cholesterol from hepatocytes into blood, along with 
an overall decreased blood level of circulating cholesterol and HDL lipopro-
teins (Drobnik et al.,  2001 ; Timmins et al.,  2005 ). 
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 Knockout of a number of Slc superfamily transporters has been used to 
generate models for the study of the role of these proteins in renal secretion 
and clearance of xenobiotics. Oct1 and Oct2 are found on the basolateral 
proximal tubule membrane where they transport cations into the tubular fl uid. 
Knockout of either Oct1 or Oct2 alone has a minimal effect on cation clear-
ance, but simultaneous knockout of both completely abolished tetraethylam-
monium secretion (Jonker et al.,  2003 ). Oct1 is also expressed on hepatocyte 
basolateral membranes, and Oct1 - null mice show decreased hepatic uptake 
of cationic compounds, including some anticancer drugs and toxins (Jonker 
et al.,  2001 ). Knockout animals defi cient in Slc superfamily anion transporters 
Oat1 and Oat3 show lower renal uptake and clearance for a variety of anionic 
xenobiotic compounds (Sweet et al.,  2002 ; Eraly et al.,  2006 ). In addition, 
impaired renal uptake of furosemide in Oat1 - null animals produces a decreased 
diuretic response to this drug (Eraly et al.,  2006 ). Oat family transporters are 
also present in hepatocyte membranes and at the blood – brain barrier; and 
knockout of Oatp1b2 allows mice to resist phalloidin - induced hepatotoxicity 
(Klaassen and Lu,  2008 ), while Oat3 - null mice show a marked decrease in 
uptake of fl uorescein at the choroid plexus compared to intact animals (Sweet 
et al.,  2002 ). Knockout of Pept2, another Slc transporter that is highly expressed 
at the choroid plexus, results in a markedly impaired transport of dipeptides 
across the blood – brain barrier (Shen et al.,  2003 ; Ocheltree et al.,  2005 ). 

 In addition to mouse gene knockout models, some preclinical animals are 
naturally genetically defi cient in certain specifi c transporters and therefore can 
provide useful experimental models. So far, Mdr1a defi ciency has been dis-
covered in a subpopulation of the CF - 1 mouse strain (Umbenhauer et al., 
 1997 ) and in certain dogs of the collie breed (Roulet et al.,  2003 ), Mrp2 defi -
ciency is seen in Wistar - derived TR  −   rats (Muller et al.,  1996 ) and in Sprague –
 Dawley - derived Eisai hyperbilirubinemic rats (Ito et al.,  1997 ), and Divalent 
metal transporter1 (Dmt1) defi ciency is seen in Belgrade rats (Knopfel et al., 
 2005 ). 

 Although these genetically modifi ed strains have been primarily used to 
examine basic questions of transport specifi city and physiology, they should 
also provide valuable resources for screening and development of new drug 
candidates. The ability to screen drug bioavailability, disposition, clearance, 
and dose - related therapeutic and toxic effects in animals defi cient in specifi c 
or multiple transport proteins will allow the effi cient detection of both prob-
lematic and benefi cial drug – transporter interactions very early on in the drug 
development process.   

  15.6   SPECIFIC EXAMPLES OF TRANSPORTER STUDIES 
IN DRUG DISCOVERY AND DEVELOPMENT 

 Over the last decade, drug development programs have increasingly incorpo-
rated studies on the effects of physiologically important transporters on the 



SPECIFIC EXAMPLES OF TRANSPORTER STUDIES 487

pharmacokinetics of new drug candidates and, conversely, the effects of can-
didate drugs on transporter activities. The reasons for incorporation of studies 
of drug – transporter interactions into the drug development process can be 
roughly grouped into four categories (although certainly other additional 
reasons for studying drug – transporter interactions may exist): (1) These 
studies will help explain and predict those tissue -  and organ - specifi c effects 
of drugs, either toxic or therapeutic, that are attributable to tissue - specifi c 
transport. (2) The propensity of drug candidates to provoke drug – drug inter-
actions with existing therapeutic drugs may be explained or predicted by 
their common interaction with important transporters. (3) Characterization of 
drug – transporter interactions may suggest structural alterations in the drug 
molecule that will increase its bioavailability. (4) In some cases, transporters 
themselves may be primary therapeutic targets for new drugs, as revealed by 
drug – transporter interaction studies during the development process. Specifi c 
examples of these types of studies are presented below. 

  15.6.1   Transporter Contribution to Tissue Specifi city 

15.6.1.1 Prediction and Explanation of Tissue -Specifi c Toxicity.   Statins 
inhibit hepatic 3 - hydroxy - 3 - methylglutaryl - coenzyme A (HMG - CoA) reduc-
tase, which lowers the rate of synthesis of cholesterol and reduces total cho-
lesterol in the body. All known statins share the undesirable side effect of 
muscle toxicity (rhabdomyolysis). In fact, because of its association with mul-
tiple cases of lethal rhabdomyolysis, Baycol (cerivastatin sodium) was with-
drawn from the market. The development of other statins (e.g., pravastatin) 
provided similar products with greatly reduced muscle toxicity. Pravastatin 
has been shown to be a good substrate for OATPs that are highly expressed 
on the liver sinusoidal membrane, thereby mediating the uptake of pravastatin 
into hepatocytes (Funk,  2008 ). Therefore, pravastatin distributes preferen-
tially to the liver (its therapeutic target organ), but poorly to muscle (its major 
potential site of toxicity). In addition, pravastatin has been found to be poorly 
metabolized by CYPs in vivo ; instead, the nonmetabolized drug is transported 
directly into the bile by MRP2, which is highly expressed on the canalicular 
membrane. This promotes enterohepatic circulation of the active drug, and it 
allows maintenance of effective concentrations in the liver and reduction of 
doses required for treatment. Such observations show the impact of drug –
 transporter interactions on potential strategies for screening and selecting 
HMG - CoA reductase inhibitor candidates. 

 Cidofovir and adefovir, two potent antiviral agents, provoke a signifi cant 
tissue - specifi c nephrotoxicity in humans. Transporter studies (Ho et al.,  2000 ) 
clearly demonstrated that both cidofovir and adefovir are substrates of human 
OAT1, which is highly expressed on the basolateral membrane of the renal 
proximal tubule. This transporter generates an intracellular accumulation of 
cidofovir and adefovir, leading to nephrotoxicity. Adefovir has a higher 
binding affi nity to human OAT1 than to rat OAT1, and therefore a higher 
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dose is required to induce nephrotoxicity in rats. Such transporter - mediated 
tissue - specifi c toxicity may be predicted early on in the drug development 
process by properly designed screening for drug – transporter interactions (Ho 
et al.,  2000 ).  

15.6.1.2 Desirable Pharmacokinetic Effects of Drug –Transporter 
Interactions at Target Tissues.   An important pharmacokinetic consideration 
for drug candidates developed for treatment of human immunodefi ciency 
virus (HIV) infections is the problem of virus  “ sheltering ”  in the central 
nervous system (CNS), where it is protected by the blood – brain barrier 
(Huisman et al.,  2001 ; Park and Sinko,  2005 ), making total eradication of the 
virus in the body potentially more diffi cult. For example, saquinavir, an HIV 
protease inhibitor, does not penetrate the blood – brain barrier and is therefore 
free of CNS toxicity. However, it also lacks ability to target residual virus 
sheltered in the CNS. Saquinavir is a good substrate for P - gp, which is a highly 
expressed component of the BBB. Substrates for P - gp are kept at low con-
centrations in the brain due to active effl ux transport. On the other hand, 
sustiva (efavirenz) is a non - nucleotide reverse transcriptase inhibitor, which 
is not a substrate of P - gp, and therefore it is able to reach higher concentra-
tions in the brain to eradicate the remaining virus in central nervous system. 
On the negative side, efavirenz has a greater potential for provoking CNS 
toxicity (Marzolini et al.,  2001 ). Tissue specifi city for similar drug candidates 
should be predictable on the basis of properly designed transporter studies 
during drug development. 

 It has been well documented that rifampin induces multiple human CYPs 
and drug transporters (Westphal et al.,  2000b ; Luo et al.,  2002 ,  2007a   ), and 
individual differences in the rifampin - mediated CYP/transporter induction 
ratio are very signifi cant to its overall pharmacokinetics (Luo et al.,  2002, 
2003 ). However, the molecular mechanisms responsible for this high degree 
of interindividual variation have not been fully elucidated. Tirona et al. ( 2003 ) 
demonstrated that the uptake of rifampin into liver, the target organ 
for hepatic CYP and transporter induction, is mediated by OATP - C. 
Furthermore, the activity of OATP - C - mediated hepatic uptake of rifampin 
was very different in subjects having naturally occurring allelic variants 
of OATP - C (Tirona et al.,  2003 ). These fi ndings may not fully explain the 
individual difference in CYP/transporter induction by rifampin, but certainly 
further our understanding.   

  15.6.2   Potential Drug – Drug Interactions Due to Transporter 
Induction or Inhibition 

 Fexofenadine, an antihistamine drug used to treat hay fever and similar aller-
gic symptoms, is a poor substrate for human CYP enzymes but a good sub-
strate for P - gp and OATP (Miura et al.,  2007 ). In clinical studies, fexofenadine 
showed diminished oral bioavailability in subjects who were pretreated with 
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rifampin (Hamman et al.,  2001 ), but showed increased bioavailability when 
itraconazole was coadministered (Shimizu et al.,  2006 ). The decreased bio-
availability was attributed to induction of P - gp by rifampin, which resulted in 
a retrograde effl ux that lowered the net gastrointestinal uptake and absorption 
of fexofenadine. Likewise, the increased bioavailability of fexofenadine in the 
presence of itraconazole was likely due to inhibition of P - gp by itraconazole. 
Such potential transporter - based drug – drug interactions may be predictable 
by transporter studies early in the drug development process.  

  15.6.3   Recognition of Drug – Transporter Interactions to Improve 
Oral Bioavailability 

 The oral route is the most convenient, economic, and safe route of drug 
administration. However, poor oral bioavailability is a problem that can 
adversely affect the potential clinical usefulness of a drug candidate. In fact, 
many drug candidates have failed because of their poor absorption from the 
stomach and small intestine. Careful characterization of the properties of 
important intestinal transporters has provided an effective approach to over-
coming low oral bioavailability in some cases. Essentially, this approach advo-
cates the oral administration of a prodrug that will provide a better substrate 
for transporters expressed in the small intestine, including PEPT1 and IBAT. 
In particular, PEPT1 is expressed highly in the small intestine, but at low levels 
in the kidney, and shows a high capacity and low affi nity for peptide - bond 
containing substrates (Brandsch et al.,  2004 ). Once a prodrug is absorbed, the 
active drug can be metabolically generated by the fi rst pass through the liver. 
Valacyclovir, a prodrug form of acyclovir, is one such successful example. The 
effi cacy of oral acyclovir is limited because of its poor oral bioavailability; 
however, valacyclovir (the  l  - valyl ester of acyclovir), is well absorbed in the 
small intestine through uptake transport mediated by PEPT1 (MacDougall 
and Guglielmo,  2004 ; Li et al.,  2008 ). In healthy human volunteers, the oral 
bioavailability of acyclovir after oral administration of valacyclovir was 54%, 
in comparison to the 10 – 20% bioavailability of acyclovir itself (MacDougall 
and Guglielmo,  2004 ; Li et al.,  2008 ).  

  15.6.4   Transporters as Potential Novel Drug Targets 

 Because transporters play such an important role in physiology and drug dis-
position in vivo , it is rational to consider transporters as potential targets for 
drugs developed for treatment of certain diseases. For instance, Tangier 
disease is associated with a genetic mutation of ABCA1 (Nofer and Remaley, 
 2005 ; Bennett et al.,  2006 ). Patients with this mutation are characterized by 
very low levels of high - density lipoprotein in plasma accompanied by accumu-
lation of cholesterol in tissue macrophages. This results in prevalent athero-
sclerosis and an enlarged liver and spleen. ABCA1 is known to transport 
excess cholesterol from macrophages into the high - density lipoprotein (HDL) 
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metabolic pathway. Because of this, ABCA1 has been proposed as a drug 
target for the reduction of high total - body cholesterol levels. Diseases result-
ing from high cholesterol may be amenable to prevention by drugs designed 
to induce ABCA1 through activation of the hepatic X receptor signal trans-
duction pathway (Bennett et al.,  2006 ).   

  15.7   SUMMARY 

 The key roles of transporter proteins in determining the overall disposition of 
drugs and toxic xenobiotics is attracting increased awareness among academic 
and industrial pharmacological scientists. Drug – transporter interactions will 
affect multiple aspects of drug disposition, including absorption and bioavail-
ability, tissue - specifi c distribution and uptake, hepatic uptake and metabolism, 
and renal and hepatic elimination and clearance. The possibility of numerous 
potential interactions between drug candidates and the multiple transporters 
present in vivo  is an aspect of drug disposition that must be assessed early on 
in the drug development process. Such assessment may provide an early 
warning of undesirable toxic effects or drug – drug interactions that would not 
otherwise be indicated by pharmacodynamic studies. Fortunately, recent 
advances in characterization of transport proteins, along with technological 
developments of models for the effi cient determination of drug – transporter 
interactions, allow the assessment of the potential for these interactions, early 
on in the drug development process. In particular, the development of genetic 
knockout models for important transport proteins should permit a continued 
development of cost -  and time - effi cient assessment of the interaction of drug 
candidates with specifi c individual transporters, even against a background of 
often redundant transport proteins with overlapping substrate selectivities.  

 ACRONYMS AND ABBREVIATIONS 

 ABC     Adenosine triphosphate (ATP) - binding cassette 
 BCRP     Breast cancer resistance protein 
 BBB     Blood – brain barrier 
 BBMV     Brush border membrane vesicle 
 BSEP     Bile salt export pump 
 CHO     Chinese hamster ovary 
 CMV     Canalicular membrane vesicle 
 HEK     Human embryonic kidney 
 IBAT     Ileal sodium - dependent bile acid transporter 
 LLC - PK     Porcine - derived proximal tubular epithelial 
 MDR     Multidrug resistance 
 MRP     Multidrug resistance - associated protein 
 NCTP     Sodium taurocholate cotransporting polypeptide 
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16
 POLYMORPHISMS OF DRUG 
TRANSPORTERS AND THEIR 
CLINICAL IMPLICATIONS  

  Cindy Q.   Xia   and   Johnny J.   Yang       

  16.1   INTRODUCTION 

 The role of transporters in drug disposition was gradually recognized over the 
last three decades (Juliano and Ling,  1976 ), much after the emergence of 
knowledge on CYPs. We are currently following in the footsteps of CYPs 
knowledge - base development and are steadily increasing our understanding 
of transporter functions, types, locations, and their roles in a qualitative 
fashion. Classically, transporters are proteins that translocate endogenous 
compounds (such as bile acids, lipids, sugars, amino acids, steroids, hormones, 
and electrolytes) and xenobiotics (such as drugs and toxins) across biological 
membrane to maintain cellular physiological solute concentrations and fl uid 
balance as well as to provide a mechanism of detoxifi cation for any potentially 
harmful foreign substances in the cells. Transporter proteins are divided 
into the adenosine triphosphate (ATP) - binding cassette (ABC) transporter 
superfamily and the solute carrier (SLC) family of proteins. SLC transporters 
act by facilitating the uptake of their substrates into the cells. This family of 
transporters contains 46 subfamilies and 360 transporters including sodium -
 bile acid cotransporters (NTCP, SLC10 family), proton oligopeptide cotrans-
porters (PEPT, SLC15 family), organic anion transporting polypeptides 
(OATP, SLC21 family), organic cation/anion/zwitterion transporters (OCT/
OAT, SLC22 family), and nucleoside transporters (NT, SLC29 family). SLC 
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transporters are divided into facilitative transporter and active transporter 
classes. Facilitative transporters are not coupled to any energy source and 
passively facilitate the diffusion of molecules across the membrane down their 
concentration gradients allowing a rapid equilibrium across the membrane. 
The active SLC transporters use an energy source that is provided by an ion -
 exchanger which causes pH alteration in the microenvironment of the cell 
surface, or is indirectly coupled to Na + /K +  ATPase which can create an intra-
cellular negative membrane potential due to the imbalance in charge move-
ment. ABC effl ux membrane transporters consist of transmembrane domains 
(TMDs) and nucleotide binding domains (NBDs). They are directly coupled 
to ATPase activity and hydrolyze ATP to derive energy for pumping sub-
strates across the cell membrane. The full effl ux transporters, such as 
P - glycoprotein (P - gp, also known as multidrug resistance 1 (MDR1) protein) 
and multidrug resistance protein (MRP), possess two NBDs in one polypep-
tide chain. The half - transporters, such as breast cancer resistance protein 
(BCRP, also known as mitoxantrone resistance protein [MXR], ABCG2, 
ABCP), contain only one NBD (Borst and Elferink,  2002 ). The half - 
transporters function as a dimer or tetramer bridged by specifi c linkages. 
Among 49 human genes in seven subfamilies of ABC transporters, P - gp in 
ABCB family, MRP1 and MRP2 in ABCC family, and BCRP in ABCG family 
are the major ABC transporters to confer resistance in the tumor cells and to 
effl ux xenobiotics (such as drugs or toxins) out of normal tissues. Uptake (SLC 
family) and effl ux (ABC family) transporters interact dynamically to mediate 
the accumulation and translocation of drugs or endogenous substrates into 
the cells. 

 Transporter proteins affect drug absorption in small intestine and drug 
elimination in liver and/or kidney by governing drug substance in and out of 
the intestinal enterocytes, hepatocytes, or renal tubular cells (Xia et al.,  2007, 
2008 ). Transporters can also limit or facilitate penetration of drugs into brain, 
placenta, tumor, T cells, and so on. The inhibition of transporters or lack of 
transporter functions can alter the exposure of drugs into the tissues and 
potentially result in either lack of effi cacy or increased toxicity. A classic 
example of that is provided by studies on antiparasitic agent avermectin, which 
caused neurotoxicity in CF - 1 mice defi cient in P - gp (Lankas et al.,  1997 ). The 
roles of transporters in drug disposition have been evaluated by using trans-
porter knockout or defi cient animals or by using transporter inhibitors in both 
animals and humans. 

 Polymorphisms of transporters have been drawn great attention due to 
their potential impact on interindividual differences in pharmacokinetics of a 
drug and subsequent pharmacological and toxicological effects. Many  in vitro
and clinical studies have demonstrated that some polymorphisms are associ-
ated with a change in expression and function of transporters and pharmaco-
kinetics of drugs. However, compared to well - studied polymorphisms of 
metabolic enzymes, the clinical signifi cance of the generic polymorphisms 
in transporters is not well understood. Tissue distributions, functions, and 
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evaluation models of drug transporters can be found in Chapter  15    in this 
book. The present chapter will focus on our current understanding of studies 
on genetic polymorphisms of the most important transporters including P - gp, 
BCRP, MRP, OATP, OAT, OCT, PEPT, and their implications in interindi-
vidual variations of drug exposure. This should be considered as an updated 
understanding of this topic, but not an exclusive review. Some of the past 
reviews for this area are provided in the references for extended reading. 

 Polymorphic genetic variations have been reported in human MDR1 (P -
 gp), MRP1, MRP2, BCRP, OATP (OATP1B1, OATP1B3 and OATP2B1), 
OAT1, OCT1, and OCT2 (Beketic - Oreskovic et al.,  1995 ; Sparreboom et al., 
 2003 ; Ho and Kim,  2005 ; Kerb,  2006 ). Generally, the role of single nucleotide 
polymorphisms (SNPs) in drug disposition is confi rmed  in vitro  by measuring 
the effl ux or uptake activities of specifi c substrates in the cells or membranes 
expressing recombinant protein, and it is confi rmed  in vivo  by measuring the 
expression of mRNA or protein in tissue samples, by assessing the intra-
cellular accumulation of substrates, by evaluating the pharmacokinetic 
alterations of drug substrates, or by associating clinical outcomes from drug 
substrates (Kerb,  2006 ).  

  16.2   GENETIC POLYMORPHISMS OF  MDR 1 ( P  -  gp ) AND 
THEIR IMPLICATIONS 

  16.2.1   Genetic Variability 

 The MDR1 gene (ABCB1) was the fi rst human ABC transporter gene cloned 
and characterized in drug - resistance cancer cells (Chen et al.,  1986 ), and its 
product P - gp has been best characterized among ABC transporters. The 
MDR1 gene, which is composed of 28 exons, locates on chromosome 7q21.1. 
Kioka et al. ( 1989   ) fi rst reported the polymorphisms of the MDR1 gene from 
in vitro  studies. Two amino acid substitutions, Gly185Val and Ala893Ser, were 
detected in P - gp isolated from colchicine - selected drug - resistant normal 
human adrenal gland cell cultures. The Gly185Val in P - glycoprotein from 
colchicine - resistant cells occurred during selection of cells in colchicine treat-
ment. Cells transfected with the MDR1 cDNA carrying Val185 acquire 
increased resistance to colchicine compared to other drugs. The other amino 
acid substitution Ala893Ser was suggested to refl ect genetic polymorphism. 
Subsequently, Hoffmeyer et al. ( 2000 ) were the fi rst to systemically screen the 
MDR1 gene for the presence of single - nucleotide polymorphisms (SNP) in 
2000. In their report, the original MDR1 gene was defi ned as the wild type; 
and all 28 exons, including the core promoter region and exon – intron bound-
aries, were amplifi ed by PCR. By sequencing the MDR1 gene from 185 
Caucasian individuals, 15 polymorphisms have been revealed, which include 
eight in exons and seven in introns. This report had a tremendous impact 
because a polymorphism, C3435T in exon 26, which caused no amino acid 
change, was associated with altered P - gp expression in human duodenum and 
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thereby intestinal absorption of digoxin, a prototypical MDR1 substrate. 
Individuals with the homozygous T allele (TT genotype) had a twofold 
decreased P - gp protein level ( P    =   0.056) in duodenum biopsies as compared 
to those with the wild - type alleles (CC genotype). Consequently, the exposure 
of digoxin was signifi cantly higher in T allele after oral administration. Later, 
various investigators have reported that the T allele is associated with increased 
P - gp protein expression or has no clearly distinguishable effect (Sparreboom 
et al.,  2003 ; Marzolini et al.,  2004 ; Sakaeda,  2005 ; Kerb,  2006 ). 

 To date, genetic polymorphisms of human MDR1 has been extensively 
investigated. There are more than 40 SNPs and 64 haplotypes of MDR1 that 
have been identifi ed. Broad attentions have been focused on the silent muta-
tion C3435T in exon 26 and nonsynonymous variants in exon 21 (Mickley 
et al.,  1998 ), G2677T (Ala893Ser), and G2677A (Ala893Thr) (Sakaeda,  2005 ; 
Kerb,  2006 ). Potential functional consequence of MDR1 polymorphisms can 
be assumed from their location within MDR1 gene in relation to the domain 
structure of P - gp. Both polymorphisms, G2677T/A and G2995A (in exon 24, 
Ala999Thr), are located in the second transmembrane domain, and the exon 
G2995A variant is closer to the ABC domain. Since certain serine residues in 
P - glycoprotein are subject to phosphorylation by protein kinase C, G2677T 
(Alz893Ser) may result in altered protein function (Tang et al.,  2002 ). The 
A61G mutation (Asn21Asp) results in a net charge change (basic to acidic) 
close to the N - terminus of P - glycoprotein, which appears to be of minor func-
tional importance (Ambudkar,  1999   ). The protein alteration Phe103Leu in 
exon 5 is located next to the second transmembrane domain on the extracel-
lular side of P - glycoprotein and closes to glycosylation sites of P - glycoprotein. 
A protein structural alteration may happen due to the change from a large 
aromatic to a large lipophilic residue. The nonsynonymous G1199A SNP in 
exon 11 (Ser400Asn) results in a signifi cant size change dependent on pH and 
isoelectric environment of the residue, which possibly result in a charge change 
in the protein. This SNP is located on the cytoplasmatic side just preceding 
the fi rst ATP binding domain (Ambudkar,  1999 ). The C3435T SNP at a 
wobble position in exon 26 does not alter its encoded Ile amino acid (Ile1145Ile) 
and is therefore of apparent silent nature. Although this polymorphism was 
associated with altered P - glycoprotein expression and function as mentioned 
above, the molecular basis of this observation is still poorly understood.  

  16.2.2   Interethnic Variability 

 There are marked differences in genotype and allele frequencies among 
African, Caucasian, and Asian populations. The frequencies depend on the 
origin, even in the same ethnic group living in the same country (Ostrovsky 
et al.,  2004 ). Interestingly, C3435T was found to be closely linked with C1236 
(locates in exon 12) and G2677T (Ieiri et al.,  2004a ). Over 90% of Japanese, 
62% of European American, and 80% of Caucasian German individuals have 
C3435T and G2677T SNPS simultaneously (Ieiri et al.,  2004a ). The allelic 
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frequency distributions of SNPs in MDR1 gene have been reported in differ-
ent racial populations [see reviews: Sparreboom et al. ( 2003 ), Sakaeda ( 2005 ), 
Kerb ( 2006 )]. C3435T has been detected in all ethnic populations, albeit with 
variation in frequencies. The frequency of the C3435T allele has been shown 
as 43 – 54% in Caucasians, 34 – 63% in Asians, and 73 – 90% in Africans. The 
incidence of C/T and C/C 3435 genotypes in the African is much higher than 
those in other racial populations. For G2677T/A, Caucasians (57%) and 
Japanese (43%) share a similar frequency G2677 allele, while there is a trend 
of lower frequency in the Indian population (34%) and higher frequency in 
African American (87%). Additionally, the frequency of Caucasians homo-
zygous for 1236TT is about one - third of the value in Japanese (13.3% versus 
37.5%). Moreover, several mutations are only identifi ed in single ethnic 
populations. For instance, the nonsynonymous SNP at position 3421 was only 
found in Ghanaians and African Americans (2.4% and 4.3%, respectively), 
but not in Caucasians. An A61G variant (Asn21Asp) was observed only in 
Caucasians. Although ethnic difference in P - gp activities have not widely 
compared, inter - ethnic differences in the distribution of the MDR1 variants 
are a possible cause of the inter - ethnic differences in the pharmacokinetics of 
P - gp substrate drugs.  

  16.2.3   Impact of  MDR 1 Polymorphism on  P  -  gp  Tissue Expression 

 Hoffmeyer et al. ( 2000 ) fi rst reported that C3435T was associated with a lower 
level of MDR1 in the duodenum and resulted in a high plasma concentration 
of digoxin. Since then, clinical investigations on MDR1 - genotype - related 
MDR1 activity have been performed primarily focusing on C3435T. However, 
there seems to be no consensus in the reports on the association of C3435T 
with MDR1 expression. The association pattern might differ among tissues 
and be altered depending on pathological conditions or ethnicity, even in the 
same tissues. In contrast to the observations by Hoffmeyer et al. ( 2000 ), 
Nakamura et al. ( 2002 ) reported nonsignifi cantly increased MDR1 mRNA 
levels in Japanese subjects with the 3435TT in comparison to the CT and CC 
groups. Tanabe et al. ( 2001 ) found that the P - glycoprotein expression in 100 
human placentas was in relation to genotype at position 3435 with the trend 
of CC    >    CT    >    TT, although not signifi cantly. The same group also observed a 
nonsignifi cant trend for P - glycoprotein expression in relation to the polymor-
phism at position 2677 (GG    >    G/A,T    >    A,T/A,T). They demonstrated signifi -
cantly higher P - glycoprotein levels in human placentas from patients with TT 
genotype in exon 1b (T - 129C) in comparison to the group with CT genotype 
(Tanabe et al.,  2001 ). 

 To date, there is no rational explanation for the correlation between C3435T 
and MDR1 expression. The connection might refl ect linkage disequilibium 
between C3435 and a SNP in the promoter region and/or in the exon – intron 
boundaries that are important for mRNA splicing.  
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  16.2.4   Impact of  MDR 1 Polymorphisms on Pharmacokinetic 

 The SNPs of MDR1 was demonstrated to be associated with the changes in 
P - gp expression and function, as well as subsequent alteration in drug disposi-
tion. However, much of the clinical data have been contradictory or inconclu-
sive (Sparreboom et al.,  2003 ). Discordant clinical data have been noted in 
C3435T for P - gp drug substrates, including digoxin, fexofenadine, cyclosporine, 
and tacrolium. Similar confl icting fi ndings have also been observed for the exon 
21 (G2677T/A) polymorphisms (Sparreboom et al.,  2003 ; Ieiri et al.,  2004b ; 
Marzolini et al.,  2004, 2005 ; Sakaeda,  2005 ; Kerb,  2006 ). Several clinical studies 
demonstrated that P - gp polymorphisms have no effect on the plasma concen-
trations of its substrates, such as squinavir (La Porte et al.,  2007 ), gabapentin 
(Kang et al.,  2007 ), talinolol (Bernsdorf et al.,  2006 ), lopinavir, efavirenz, 
loperamide, dicloxacillin, and docetaxel (Sparreboom et al.,  2003 ; Ieiri et al., 
 2004b ; Marzolini et al.,  2004 ; Marzolini et al.,  2005 ; Sakaeda,  2005 ; Kerb,  2006 ). 

 Infl uence of the ABCB1 polymorphisms 2677G > T/A and 3435C > T on pla-
cental P - gp expression and function was evaluated by using dually perfused 
human placental and well - established P - gp substrate saquinavir. The results 
indicate that the variant allele 3435T was associated with signifi cantly higher 
placental P - gp expression than the wild - type alleles. Although the ABCB1 
polymorphism 3435C > T altered the expression levels of P - gp in the human 
placenta, this did not have any consequences on P - gp - mediated placental 
transfer of saquinavir (Rahi et al.,  2008 ). The P - gp function at the blood – brain 
barrier, evaluated by integration plot analysis with the fi rst 3 - min data using 
11 C - verapamil as a probe, was not signifi cantly different between the haplo-
types of MDR1 genes (1236TT, 2677TT, 3435TT versus 1236CC, 2677GG, 
3435CC) (Takano et al.,  2006 ). 

 Because of confl icting results of the functional signifi cance of MDR1 exon 
26 C3435T SNP on the disposition of digoxin in different ethnic groups, 
Chowbay et al. ( 2005 ) performed a meta - analysis on published data investigat-
ing the infl uence of C3435T SNP on the pharmacokinetics of digoxin and the 
expression of MDR1. Meta - analysis was performed on data from published 
studies investigating the infl uence of MDR1 C3435T SNP on digoxin pharma-
cokinetics, as well as MDR1 expression in Caucasian and Japanese popula-
tions. The following outcomes were included: exposures to digoxin measured 
by area under the concentration – time curve (AUC) and maximum concentra-
tion ( Cmax ), the mean intestinal MDR1 mRNA expression, and P - gp expres-
sion in the absence of digoxin administration. The meta - analysis results of 
available studies indicate that the synonymous MDR1 C3435T SNP does 
not affect the pharmacokinetics of digoxin and the expression of MDR1 
mRNA. Future studies should focus on the impact of MDR1 haplotypes on 
the pharmacokinetics of MDR1 substrates rather than the C3435T SNP alone 
(Chowbay et al.,  2005 ). 

 Although it is not uncommon to see controversial conclusions from pub-
lished clinical observations about P - gp polymorphism in drug disposition, even 
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using the same probe drug and in the same racial group, there are several 
possible reasons for such inconsistent data including different experimental 
conditions (e.g., probe drug used, dose level, single dose versus repeat dose), 
small sample sizes, sample selection, or heterogeneity in ethnical diverse 
populations. Many transporter probe substrates are also substrates for drug -
 metabolizing enzymes or other transporters. For example, cyclosporine and 
tacrolimus may be complicated by the involvement of CYP3A metabolism. 
Digoxin and fexofenadine are also substrates of OATPs. Thus, it is possible 
that other metabolism and multiple transport mechanisms apart from P - gp 
contribute to the variable drug disposition.  

  16.2.5   Impact of  MDR 1 Polymorphisms on Drug Response and 
Disease Risk 

 Besides the direct effect of genetic polymorphism on the drug disposition of 
P - gp substrates, the association between genetic variant and clinical outcomes 
remains largely unexplored. The effects of P - gp polymorphisms on drug 
response are summarized in Table  16.1 . C3435T polymorphism was analyzed 
in 116 patients with allogenic kidney graft treated with cyclosporin A and 144 
randomly selected healthy individuals. The prevalence of MDR1 gene geno-
types 3435CC, 3435CT, and 3435TT were also compared in patients after 
allogenic kidney graft with both acute and chronic graft rejection and control 
groups. The results of the study demonstrated that the allelic frequency and 
MDR1 genotype distribution were similar in all evaluated groups, indicating 
that MDR1 gene polymorphism was not a predisposing factor for terminal 
kidney failure leading to renal transplantation. Therefore, evaluation of 
C3435T polymorphism of MDR1 gene will probably not be useful for charac-
terization of groups of patients at increased risk of acute and chronic kidney 
graft rejection (Kotrych et al.,  2007 ).   

 HIV patients with the MDR1 TT genotype 6 months after starting treat-
ment had a greater rise in CD4 - cell count (257 cells/ μ L) than did patients with 
the CT (165 cells/ μ L) and CC (121 cells/ μ L) genotype ( p    =   0.0048), and they 
also had the best recovery of naive CD4 - cells. These data suggest that 
P - glycoprotein has an important role in admittance of antiretroviral drugs to 
restricted compartments in vivo , and the polymorphism MDR1 3435 C/T 
predicts immune recovery after initiation of antiretroviral treatment (Fellay 
et al.,  2002 ). MDR1 variant C3435T showed association with lower P - gp 
expression in acute myeloid leukemia (AML) and childhood ALL patients 
but not in adult ALL patients (Illmer et al.,  2002 ; Jamroziak et al.,  2005 ). 

 The physiological importance of P - gp in the GI tract has come from the 
description of the mdr1 knock - out mice model, which develops a spontaneous 
colitis in a specifi c pathogen - free environment. A meta - analysis of the avail-
able fi ndings obtained with two - SNPs polymorphisms (C3435T and G2677T/A) 
in infl ammation bowel disease (IBD) demonstrated a signifi cant association 
of 3435T allele and 3435TT genotype with ulcerative colitis, but no association 
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 TABLE 16.1.     Effects of  P  -  gp  Polymorphisms on Drug Resposne 

   Drug Response     Populations     Reference  

   Effi cacy of HIV Drug Therapy   
  3435T allele associated with better 

immune recovery after HAART   a     
  Caucasian    Fellay et al. ( 2002 )  

  3435C allele associated with failure 
of vial and immune response to 
HAART  

  Caucasian    Brumme et al. ( 2003 )  

  C3435T not associated with 
immune response to HAART  

  Caucasian    Winzer et al. ( 2005 )  

  1236T with better immune recovery 
after HIV protease inhibitor 
treatment, no effect of G2677GT 
and C3435CT  

  Asian    Zhu et al. ( 2004 )  

  3435.Cn heterozygot children had 
more rapid virologic responses to 
HAART  

  Caucasian    Saitoh et al. ( 2005 )  

  3435T, 2677T and 2677T/13435T 
not associated with viral/immune 
response to HAART  

  Caucasian    Winzer et al. ( 2005 )  

  3435T. 2677T and 2677Tfi 435T 
1101 associated with viral/
immune response to HAART  

  Caucasian    Verstuyft et al. ( 2005 )  

  3435TT with better viral response 
and fewer viral resistance in 
efavirenz patients  

  Caucasian and 
African - American  

  Haas et al. ( 2005 )  

   Effi cacy of AML Treatment   
  1236C/2677G/3435C associated 

with lower P - gp expression and 
decreased survival  

  Caucasian    Illmer et al. ( 2002 )  

   Effi cacy of ALL Treatment   
  C3435T not associated with 

prognostic effects  
  Caucasian    Jamroziak et al. 

( 2005 )  

   Effi cacy of Atorvastatin Treatment   
  3435T and 2677C/3435T with 

increased response  
  Asian    Kajinami et al. ( 2004 )  

   Radiotherapy Response   
  Patients with 2677G - 3435C 

haplotype had a signifi cant better 
response to radiotherapy than 
those with the other haplotypes  

      Wang et al. ( 2007 )  

   Effi cacy of Antiepileptic and Antipsychiatric Therapy   
  3435C associated with drug -

 resistance in epilepsy  
  Caucasian    Siddiqui et al. ( 2003 )  

  C3435T not associated with 
drug - resistance in epilepsy  

  Caucasian    Tan et al. ( 2004 )  
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   Drug Response     Populations     Reference  

  No association with C3435T    Caucasian    Sills et al. ( 2005 )  
  G2677T and C3435T are not 

associated, with therapeutic 
response to paroxetine in 
patients with major depressive 
disorder  

      Mihaljevic - Peles et al. 
( 2008 )  

  C3435T but not G2677 is 
associated, with some therapeutic 
response to bromperidol in 
schizophrenic patients  

      Yasui - Furukori et al. 
( 2006 )  

   Steroid Dose/Weaning   
  3435T and 2677T associated with 

success of steroid weaning in 
pediatric heart transplantation 
patients  

  Caucasian and 
African - American  

  Zheng et al. ( 2002 )  

  3435T — and not 2677T — associated 
with success of steroid weaning 
in pediatric heart transplantation 
patients  

  Caucasian and 
African - American  

  Zheng et al. ( 2004 )  

   Toxicity/Safety   
  3435TT associated with cyclosporin 

nephrotoxicity  
  Caucasian    Hauser et al. ( 2005 )  

  3435TT associated with 
nortriptyline - induced postural 
hypotension  

  Caucasian    Roberts et al. ( 2002 )  

  2677T positive predictor of 
tacroliinus - induced neurotoxicity  

  Asian    Yamauchi et al. 
( 2002 )  

  3435T and 2677T associated with 
lower risk for steroid - induced 
osteonecrosis in kidney 
transplantation patients  

  Asian    Asano et al. ( 2003 )  

     a  HAART, high active antiretroviral therapy.   

TABLE 16.1. Continued

with Crohn ’ s disease (Annese et al.,  2006 ). The MDR1 exon 26 C3435T allele 
has also been suggested to have a protective role for patients with parkinson-
ism and especially among those with a history of exposure to pesticides. This 
assumes that pesticides in general are substrates of P - gp and that CNS expo-
sure to such agents may cause neurodegenerative disease (Furuno et al.,  2002 ; 
Drozdzik et al.,  2003 ). Recent fi ndings also suggested that the C3435T allele 
was signifi cantly greater in subjects with drug - resistant seizure disorders 
(Siddiqui et al.,  2003 ). Although C3435T MDR1 polymorphism is not an 
important genetic risk factor for rheumatoid arthritis (RA) susceptibility, the 
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risk of having an active form of RA resistance to therapy with disease - 
modifying antirheumatic drugs (DMARDs) in patients with C3435C and 
C3435T genotype was 2.89 - fold higher than in homozygous T3435T subjects 
(Pawlik et al.,  2004 ; Drozdzik et al.,  2006 ).   

  16.3   GENETIC POLYMORPHISMS OF  MRP  AND 
THEIR IMPLICATIONS 

 MRPs are organic anion pumps belonging to the C subfamily of ABC trans-
porter families. MRP1, MRP2, and MRP3 have similar substrates, including 
glutathione, glucuronate, and sulfate conjugates of the drugs and unconju-
gated drugs, such as methotrexate, vinblatine, irinotecan, daunorubicin, 
pravastatine, and HIV inhibitors (Xia et al.,  2007, 2008 ). The MRP1 and 
MRP2 genes locate in chromosome 16p13.1 and 10q24, respectively. 

 ABCC genes have been screened in Japanese, Chinese, and Caucasians (Ito 
et al.,  2001 ; Saito et al.,  2002 ; Lang et al.,  2004 ; Niemi et al.,  2004 ; Wang et al., 
 2004 ). Although a high number of rare mutations, which lead to amino acid 
changes, has been reported in literature and database (Pharmcogenetics and 
Pharmacogenomics Knowledge Base,  www.pharmgkb.org ), there are few 
striking common nonsynonymous. Nonsynonymous SNPs that occur with a 
frequency of clearly more than 1% have only been reported for MRP2 
(ABCC2): G1249A (Val471Ile; 14% in African Americans, 13% in Asians, 
and 24% Caucasians), C2943G (Phe981Leu; 4% in Caucasians), and G4544A 
(Cysl515Tyr; 2% in Caucasians), as well as for ABCC3, C202T (His68Tyr; 2% 
in Caucasians), and G3890A (Arg1297His; 5% in Caucasian). The contribu-
tion of common nonsynonymous SNPs to the genetic variability of expression 
and function of MRP transporters is limited. Little success has been attained 
to characterize the functional effects of MRP1, MRP2, and MRP3 variants by 
in vitro  assays and clinical trials. The more common ABCC2 nonsynonymous 
variants Val471Ile and Ala1450Thr did not differ from wild type regarding 
their in vitro  transport activity for various substrates (Hirouchi et al.,  2004 ). 
Niemi et al. ( 2004 ) screened the ABCC2 gene and failed to fi nd a correlation 
between ABCC2 SNPs with pravastatin plasma levels, while Lang et al. ( 2004 ) 
systematically screened the entire ABCC3 gene for genetic variants and found 
a statistical signifi cant correlation of a polymorphism in the promoter region 
with mRNA expression in hepatocytes, which apparently affected the binding 
of nuclear factors as demonstrated by electrophoretic mobility shift assay.  

  16.4   GENETIC POLYMORPHISMS OF  BCRP  AND 
THEIR IMPLICATIONS 

 BCRP (ABCG2, formerly known as MXR/ABCP) gene locates in chromo-
some 4q22. BCRP has been systemically screened for single nucleotide 
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polymorphism (SNP) in 90 different ethnic populations. More than 40 non-
synonymous and synonymous SNPs have been revealed in the promoter as 
well as in both the exon and intron sequences (Honjo et al.,  2002 ; Lepper et 
al.,  2005 ). The two most frequent naturally occurred SNPs G34A and C421A 
have been identifi ed in humans (Zamber et al.,  2003 ). G34A variant in exon 
2 resulting in a Val12Met amino acid change has been associated with a low 
BCRP protein expression and an altered effl ux function in cancer cells (Imai 
et al.,  2002 ; Zamber et al.,  2003 ; Mizuarai et al.,  2004 ). All Mexican - Indians 
screened possess at least one variant allele, while the frequency in Caucasians 
was only 4.7%. Recent studies suggested that nasopharyngeal carcinoma 
patients who were wild type for the G34A showed a trend toward lower sys-
temic exposure of irinotecan compared with patients with one or two variant 
alleles (Table  16.2 ) (Zhou et al.,  2005 ).   

 The mutation C421A at exon 5 with an amino acid change of Gln to Lys 
at codon 141 has been reported with (a) a reduced BCRP protein level but 
not mRNA level in PA317 cells and (b) a decreased BCRP effl ux function in 
transfected LLC - PK and HEK283 cells (Imai et al.,  2002 ; Mizuarai et al.,  2004 ; 
Kobayashi et al.,  2005 ). Although C421A did not infl uence interindividual 
variation in the expression of BCRP mRNA and protein in human intestines 
(Zamber et al.,  2003 ), it signifi cantly affected the pharmacokinetics of difl o-
motecan. In fi ve cancer patients heterozygous for this allele, plasma difl omo-
tecan levels after intravenous administration were about threefold higher than 
those in 15 patients with wild - type alleles (Table  16.3 ) (Sparreboom et al., 
 2004 ). These fi ndings provide the fi rst evidence linking variant BCRP C421A 
allele to altered BCRP substrate drug exposure and suggest that BCRP geno-
type might contribute to interindividual variability. The same group recently 
also demonstrated that the oral bioavailability of topotecan in two cancer 
patients heterozygous for C421A allele increased 1.3 - fold compared with 
10 wild - type patients, due to the increased oral absorption (Table  16.2 ) 
(Sparreboom et al.,  2005 ). C421A allele also showed increased oral absorption 
of sulfasalazine in Japanese healthy volunteers (Yamasaki et al.,  2008 ) and 
rosuvastatin in Chinese healthy volunteers (Zhang et al.,  2006 ) (Table  16.2 ). 
The AUC 0 – 48hr  of sulfasalazine increased about 3.5 - fold in AA 421  homozygous 
than in CC 421  homozygous (Yamasaki et al.,  2008 ). In contrast, no signifi cant 
changes in irinotecan pharmacokinetics were observed in relation to the 
BCRP C421A genotype in European Caucasians (De Jong et al.,  2004 ) (Table 
 16.2 ). There were no signifi cant differences in nitrofurantoin plasma exposure 
(AUC 0 – 72h ) and urinary elimination among the ABCG2 CC 421 , CA 421 , and 
AA421  genotypic cohorts from 36 prescreened Chinese healthy subjects (12 
subjects per genotype). The lack of the contribution of this genetic variant to 
irinotecan and nitrofurantoin disposition might be obscured by a functional 
role of some other polymorphic proteins. C421A allele frequency varies highly 
among different populations (Imai et al.,  2002 ; Backstrom et al.,  2003 ; Zamber 
et al.,  2003 ). C421A allele appears to be very common in Japanese and Chinese 
populations, with allele frequency between 26% and 35%. In both European 
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 TABLE 16.2.     Effects of  ABCG 2 Polymorphism on Pharmacokinetics 
of Drug Substrate 

   Drug     Population     Parameter     Effect     Reference  

  Irinotecan    Cancer patients 
(G34A) 

 (GG/GA+AA) 
(11/10)  

   C  max     Signifi cantly 
higher in A 
allele  

  Zhou et al. 
( 2005 )  

  Difl omotecan    Cancer patients 
(C421A) 

 (CC/CA/AA) 
(15/5/0)  

  AUC,  C  max  
(i.v.)  

  Signifi cantly 
higher in 
CA  

  Sparreboom 
et al. ( 2004 )  

  AUC,  C  max  
(p.o.)  

  No signifi cant 
difference  

  Sparreboom 
et al. ( 2004 )  

  Irinotecan    European 
Caucasians 
cancer patients 
(C421A) 

 (CC/CA/AA) 
(68/14/2)  

  AUC,  C  max     No signifi cant 
difference  

  De Jong et al. 
( 2004 )  

  Nitrofurantoin    Chinese healthy 
volunteer 
(C421A) 

 (CC/CA/AA) 
(12/12/12)  

  AUC (p.o.), 
urinary 
elimination  

  No signifi cant 
difference  

  Adkison et al. 
( 2008 )  

  Sulfasalazine    Japanese healthy 
volunteer 
(C421A) 

 (CC/CA/AA) 
(12/12/12)  

  AUC (p.o.)    Increased in 
1.9 - fold in 
CA and 
3.5 - fold in 
AA  

  Yamasaki 
et al. ( 2008 )  

  Rosuvastatin    Chinese healthy 
volunteer 
(C421A) 

 (CC/CA/AA) 
(12/12/12)  

  AUC,  C  max  
(p.o.)  

  Increased in 
CA   +   AA  

  Zhang et al. 
( 2006 )  

  Topotecan    Cancer patients 
(C421A) 

 (CC/CA/AA) 
(10/2/0)  

  AUC (i.v.)    No signifi cant 
difference  

  Sparreboom 
et al. ( 2005 )  

  AUC (p.o.)    Increased in 
CA but not 
signifi cant 
( P    =   0.16)  

    

  Bioavailability    Signifi cantly 
higher in 
CA  

  Sparreboom 
et al. ( 2005 )  

   AUC, area under the time - concentration curve; AA, homozygous variant; GA or CA, heterozy-
gous variant; GG or CC, wild type;  C  max , The maximal drug plasma concentration; i.v., intravenous 
injection; p.o., oral administration.   



 TABLE 16.3.     Effects of  SLCO 1 B 1 ( OATP 1 B 1,  OATP  -  C ) Polymorphism on 
Pharmacokinetics of Drug Substrate 

   Drug  

   Allele 
(Haplotype)   :   Population 

(Frequency)   a        Parameter     Effect     Reference  

  Pravastatin     * 1b (130Asp): AS (54%), 
CA (13%)  

  AUC 0 – 6hr     Decrease   b       Mwinyi et al. 
( 2004 )    Urine 

elimination  
  Increased  

   * 15 (130Asp/174Ala): AS 
(10%), CA (12%)  

  AUC    Increased    Nishizato et al. 
( 2003 ), Niemi 
et al. ( 2004 )  

   * 17  - 1187A/130Asp/174Ala: 
CA(1%)  

  AUC 0 – 12hr     Increased    Niemi et al. 
( 2004 )  

   * 18 (130Asp/155Thr): CA 
(9%)  

  AUC 0 – 12hr     No change    Niemi et al. 
( 2004 )  

   * 19 (643Phe): CA (1%)    AUC 0 – 12hr     No change    Niemi et al. 
( 2004 )  

   * 20/ * 21: CA (7%)    AUC 0 – 12hr     No change    Niemi et al. 
( 2004 )  

   * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC 0 – 12hr     Increased    Mwinyi et al. 
( 2004 )  

   * 15 (130Asp/174Ala): AS 
(10%), CA (12%)  

  Myopathy    Higher    Morimoto 
et al. ( 2004 )  

  Statins     * 5 (174Ala): AS (1%), CA 
(1%)  

  Cholesterol 
level  

  Decreased      

  Fluvastatin     * 14 (130Asp/667Gly): AS 
(0%), CA (rare)  

  Cholesterol 
level  

  Decreased    Couvert et al. 
( 2008 )  

   * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC 0 – 12hr  
and  C  max   

  Increased    Niemi et al. 
( 2006b )  

  Simvastatin 
acid  

   * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC 0 – 12hr  
and Cmax  

  Increased    Pasanen et al. 
( 2006 )  

  Simvastatin    rs4149056 C variant    Myopathy    Higher    Link et al. 
( 2008 )  

  Pitavastatin     * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC    Increased    Chung et al. 
( 2005 )  

  Fexofenadine     * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC    Increased    Niemi et al. 
( 2005 )  

  Repaglinide     * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC    Increased    Kalliokoski 
et al. ( 2008a )  

  Nateglinide     * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC    No change    Kalliokoski 
et al. ( 2008a )  

  Rosiglitazone     * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC    No change    Kalliokoski 
et al. ( 2008b )  

  Pioglitazone     * 5 (174Ala): AS (1%), CA 
(1%)  

  AUC    No change    Kalliokoski 
et al. ( 2008b )  

  Rosuvastatin     * 5 (174Ala): AS (1%), CA 
(1%)  

  Drug 
exposure  

  Increased    Lee et al. 
( 2005a )  

   * 15 (130Asp/174Ala): AS 
(10%), CA (12%)  

  AUC and 
 C  max   

  Increased    Choi et al. 
( 2007 )  

     a  AS, Asians; CA, Caucasians.  
    b  Statically not signifi cant.   
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and American Caucasian, the allele frequency is approximately 10 – 12%. The 
low frequency ( < 1%) is observed in African Americans and Africans from 
North or South of Sahara.   

 The R482T or R482G mutant of BCRP, where the wild - type arginine on 
the amino acid position 482 is replaced by threonine or glycine, alters the 
substrate specifi city (Allen et al.,  2002 ; Chen et al.,  2003 ). Interestingly, these 
mutations were only found in drug - resistant human tumor cell lines (Honjo 
et al.,  2001 ; Robey et al.,  2001 ), but not in human individuals (Honjo et al., 
 2002 ; Zamber et al.,  2003 ).  

  16.5   GENETIC POLYMORPHISMS OF  OATP  ( SLC  21) AND 
THEIR IMPLICATIONS 

 Genetic variants of uptake transporter have been predominantly investigated 
for OATPs (gene symbol SLCO). OATPs mediate the uptake of anionic, 
neutral, and cationic compounds. The major OATPs includes OATP1A2 
(OATP - A, SLCO1A2), OATP1B1 (OATP - C, SLCO1B1), OATP1B3, 
(OATP - 8, SLCO1B3), and OATP2B1 (OATP - B, SLCO2B1). 

  16.5.1   Polymorphisms of  OATP 1 A 2 ( SCLO 1 A 2) 

 OATP1A2 has been reported to be the only transporter in the brain capillary 
endothelium and may play a critical role in the CNS penetration of many drugs 
and hormones across the blood – brain barrier (BBB) (Gao et al.,  2000 ). 
Therefore, genetic variability of OATP1A2 could have an important impact 
on the effi cacy and central nerve system (CNS) toxicity of various drugs. 
OAP1A2 mRNA has also been detected in liver and kidney. Its substrates 
include endogenous compounds such as bile acids, steroids, hormones, and 
their conjugates, thyroid hormones as well as drugs such as 3 - hydroxy - 3 -
 methylglutaryl – coenzyme A (HMG - CoA) reductase inhibitors, fexofenadine, 
ouabain, and peptides (Xia et al.,  2008 ). In 2001, several SLCO1A2 mutations 
were identifi ed in regulatory regions which can affect the gene expression from 
48 Japanese individuals. Later, six nonsynonymous polymorphisms within 
the coding region of SLCO1A2, T38C (Ile3Thr), A516C (Glu172Asp), G559A 
(Ala187Thr), A382T (Asn128Tyr), A404T (Asn187Thr), and C2003G 
(Thr668Ser) have been detected in 96 individuals from various ethnic back-
grounds (Lee et al.,  2005b ). The allelic frequencies of these variants appeared 
to be ethnicity - dependent, and some of these genetic variants were associated 
with markedly reduced uptake transporter activity. T38C and A516C poly-
morphisms were more common in European - Americans (11.1% and 5.3%, 
respectively) than in Hispanic -  and African - Americans, whereas these SNPs 
were not observed with Chinese - Americans. G559A variation was observed 
only in Hispanic - Americans (0.5%), whereas A382T was found only in 
African - Americans (1.0%). C2003G variation was observed in African -  and 
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Hispanic - Americans with varying allelic frequencies of 3.7% and 1.0%, 
respectively. None of the six nonsynonymous SNPs tested were observed in 
Chinese - Americans.  In vitro  functional assessment revealed that the A516C 
and A404T variants had markedly reduced capacity for mediating the cellular 
uptake of OATP1A2 substrates, estrone 3 - sulfate, and two  δ    - opioid receptor 
agonists, deltorphin II and [ d  - penicillamine2,5] - enkephalin. On the other 
hand, the G559A and C2003G variants appeared to have substrate - dependent 
changes in transport activity. Cell surface biotinylation and immunofl uores-
cence confocal microscopy suggested that altered plasma membrane expres-
sion of the transporter may contribute to reduced transport activity associated 
with the A516C, A404T, and C2003G variants. The A404T (N135I) variant 
also showed a shift in the apparent molecular size suggesting alterations in 
glycosylation status (Lee et al.,  2005b ). The contribution of SLCO1A2 genetic 
variants to the interindividual variability in drug disposition and CNS entry 
needs to be further investigated in clinic.  

  16.5.2   Polymorphisms of  OATP 1 B 1 ( SLCO 1 B 1) 

 OATP1B1, OATP1B3, and OATP2B1 are mainly expressed in sinusoidal 
(basolateral) membrane of hepatocytes. OATP2B1 mRNA has been also 
detected in intestine, pancreas, lung, ovary, testes, heart, and spleen. They 
have been demonstrated to extract their substrates from the blood into the 
liver. OATP1B1 and OATP1B3 share the similar substrates as for OATP1A2, 
albeit with difference in affi nity. OATP2B1 exhibits restricted substrate speci-
fi city and only transport cholyltaurine and pravastin at acidic pH; thus its 
importance in the drug hepatic elimination is not clear yet (Marzolini et al., 
 2005 ). To date, 44 polymorphism of SLCO1B1 (encoding OATP1B1) have 
been identifi ed in coding regions, including 17 nonsynonymous (change of an 
amino acid), 4 conservative (no change of amino acid), 20 intronic, and 3 in 
the promoter regions. Of the nonsynonymous variant, seven were common: 
A388G (Asnl30Asp, in OATP1B1 * 1b), and T521C (Va1174Ala, OATP1B1 * 5) 
occurred in African - Americans (74% and 1%), Asians (63% and 16%) and 
Caucasians (40% and 14%) while A452G (Asnl51Ser, OATP1B1 * 16) was 
detected specifi cally in Asians (3.8%), and C463A (Prol55Thr, OATP1B1 * 4) 
(8%) and A1929C (Leu643Phe, OATP1B1 * 19) (9%) were specifi c for 
Caucasians and G1463C (Gly488Ala, OAP1B1 * 9) (9%) and A2000G 
(Glu667Gly, OATP1B1 * 11) (34%) was found only in African - Americans 
(Tirona et al.,  2001 ; Michalski et al.,  2002 ; Nozawa et al.,  2002 ; Niemi et al., 
 2004 ; Sakaeda,  2005 ).  In vitro  experiments with cultured cells expressing wild 
type and mutated OATP1B1 revealed that several variants exhibited mark-
edly reduced uptake of estrone sulfate and estradiol 17 β  -  d  - glucoronide (Tirona 
et al.,  2001 ). Alterations in transport activity were specifi cally associated with 
SNPs that introduced amino acid changes within the transmembrane - spanning 
domains and extracellular loop 5. The common amino acid variants with 
altered transporter function were Va1174Ala ( * 5) Gly488Ala ( * 9). Interestingly, 
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the variant A1964G (Asp655Gly,  * 10) reduced the transport activity of estrone 
sulfate but not that of 17 β  -  d  - glucuronide, suggesting possible substrate - depen-
dent polymorphisms. Cell surface traffi cking defects proved to be responsible 
for altered transport function of many of these SLCO1B1 variants (Tirona 
et al.,  2001 ). 

16.5.2.1 Impact of OATP 1B1 Polymorphisms on Pharmacokinetics. 
 Nishizato et al. ( 2003 ) provided the fi rst evidence in human that SLCO1B1 
variants were associated with altered pharmacokinetics of pravastatin. Subjects 
with the OATP1B1 * 15 allele (130Asp174Ala) had a reduced total and non-
renal clearance and increase plasma concentrations of pravastatin as com-
pared with those with the SLCO1B1 allele (130Asp). These fi ndings suggest 
much of the loss of function defect associated with the SLCO1B1 haplotype 
is related to the Val174Ala mutation. Subsequently, several groups demon-
strated that SLCO1B1 variant haplotypes had signifi cant effects on the dispo-
sition, effi cacy, and toxicity of HMG - CoA reductase inhibitors. The T521C 
(Val174Ala) genetic polymorphism of SLCO1B1 considerably increases the 
plasma concentration of simvastatin acid and moderately increases those of 
pravastatin but seems to have no signifi cant effect on fl uvastatin. Effects of 
SLCO1B1 polymorphism on the response of drug substrates in humans are 
summarized in Table  16.3 . After a single oral dose of 40   mg pravastatin, the 
AUC (0 – 6h)  of pravastatin from the OATP1B1 * 1b (A388G) group was more 
than 60% lower than those derived from carriers of the wild - type OATP1B1 * 1a 
haplotype, although this difference failed to reach statistical signifi cance. 
However, the amount of pravastatin excreted into the urine from time 0   h to 
12   h was signifi cantly diminished in the OATP1B1 * 1b haplotype group com-
pared with  * 1a wild - type control subjects. Whereas the AUC 0 – 6h  of pravastatin 
from OATP1B1 * 5 (T521C) was more than twofold higher than those from 
the OATP1B1 * 1b (A388G) group. It seems that  * 5 expression delayed the 
hepatocellular uptake of pravastatin, while  * 1b expression accelerated 
OATP1B1 - dependent uptake of the drug (Mwinyi et al.,  2004 ). In subjects 
with the G - 11187A or T521C genotype, the mean AUC 0 – 12h  of pravastatin was 
98% ( P    =   0.0061) or 106% ( P    =   0.0034) higher, respectively, compared to 
subjects with the reference genotype. These results were substantiated by 
haplotype analysis. In heterozygous carriers of  * 15B (containing the A388G 
and T521C variants) and  * 17 (containing the G - 11187A, A388G and T521C 
variants), the mean AUC 0 – 12h  of pravastatin was 93% ( P    =   0.024) and 130% 
(P    =   0.0053) higher, respectively, compared to noncarriers. These results 
suggest that haplotypes are more informative in predicting the OATP1B1 
phenotype than single SNPs (Niemi et al.,  2004 ). In summary, individuals 
carrying the SLCO1B1  T521C (V174A) variant, as found in SLCO1B1 * 5,  * 15, 
 * 16 and  * 17 haplotypes, are associated with higher pravastatin exposure, a 
result consistent with decreased in vitro  transport function. 

 Systemic exposure to rosuvastatin had been observed to be approximately 
twofold higher in Japanese subjects living in Japan compared with white 
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subjects in Western Europe or the United States. Lee et al. ( 2005a ) observed 
that plasma exposure to rosuvastatin and its metabolites was signifi cantly 
higher in Chinese, Malay, and Asian - Indian subjects compared with white 
subjects living in the same environment. While Lee et al. found an association 
between the homozygous SLCO1B1  521CC genotype and increased rosuvas-
tatin levels in white subjects, heterozygosity at this allele did not confer dif-
ferences in drug concentrations within each ethnic group. It is worth noting 
that the genetic polymorphism in SLCO1B1  at the 521 position did not account 
for the clear population differences in rosuvastatin exposures among white 
subjects and the Asian groups. These results may not be surprising, given the 
lack of profound differences in the allelic frequencies of the 521C variant 
among white (0.222), Chinese (0.086), Malay (0.129), and Asian - Indian (0.071) 
subjects. It seems that the pharmacogenetics of other rosuvastatin disposition 
pathways may better explain the ethnic differences in pharmacokinetics 
because no other known SLCO1B1  polymorphism is more predominant in 
Asians and white subjects yet.  

16.5.2.2 Impact of OATP 1B1 Polymorphisms on the Treatment 
Outcome.   Notably, the factors that may determine statin ’ s therapeutic 
response are as important as those that affect statins ’  clearance from the sys-
temic circulation because the liver is both the site of the drug target and the 
major eliminating organ. Hence, interindividual differences in the expression 
and function of hepatocyte drug transporters that take up (i.e., basolateral 
uptake transporters) or take away (i.e., biliary or basolateral effl ux trans-
porters) statin to and from its intracellular target, HMG - CoA reductase, 
would be expected to translate into variability in hepatocellular drug levels 
and the resulting antihyperlipidemic effects. In support of this notion, a small 
retrospective study by Tachibana - Iimori et al. indicated that individuals with 
SLCO1B1  521C alleles had attenuated lipid - lowering effects by statins (pravas-
tin, atorvastatin, and simvastatin) in comparison with those homozygous 
for 521T, consistent with  in vitro  evidence for decreased hepatocyte uptake 
transport function of this variant. Because individuals with  SLCO1B1  521C 
alleles have higher drug levels of pravastatin than those with 521T, the 
concentration – response relationship is likely to differ among individuals 
depending on the SLCO1B1  genotype (Tachibana - Iimori et al.,  2004 ). 

 In rare cases, statins can cause muscle pain or weakness in association with 
elevated creatine kinase levels (i.e., myopathy); occasionally, this leads to 
muscle breakdown and myoglobin release (i.e., rhabdomyolysis), with a risk 
of renal failure and death. The mechanisms by which statins cause myopathy 
remain unknown but appear to be related to statin concentrations in the 
blood. Morimoto et al. have found that the frequency of OATP - C * 15 is sig-
nifi cantly higher in patients who experienced myopathy after receiving pravas-
tatin or atorvastatin than in patients without myopathy. However, there were 
two patients who experienced pravastatin - induced myopathy despite the fact 
that they did not possess OATP - C * 15 or other known mutations of OATP1B1 
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that have been reported to decrease the function of OATP1B1 (Morimoto 
et al.,  2004 ). Recently, The ongoing Study of the Effectiveness of Additional 
Reductions in Cholesterol and Homocysteine (SEARCH) collaboration group 
has carried out a genome wide association study using approximately 300,000 
markers (and additional fi ne - mapping) in 85 subjects with defi nite or incipient 
myopathy and 90 controls, all of whom were taking 80   mg of simvastatin daily 
as part of a trial involving 12,000 participants. A single strong correlation of 
myopathy with the rs4363657 SNP located within SLCO1B1 on chromosome 
12 was yielded from 300,000 markers. The noncoding rs4363657 SNP was in 
nearly complete linkage disequilibrium with the nonsynonymous rs4149056 
SNP ( r2    =   0.97), which has been linked to statin disposition. The prevalence 
of the rs4149056 C allele in the population was 15%. Among participants 
taking 80   mg of simvastatin daily, rs4149056 CC homozygotes had an 18% 
cumulative risk, with myopathy occurring primarily during the fi rst year, 
whereas the CT genotype was associated with a cumulative risk of about 3%. 
In contrast, the cumulative risk of myopathy was only 0.6% among TT homo-
zygotes. Overall, more than 60% of these myopathy cases could be attributed 
to the rs4149056 C variant in SLCO1B1 . No SNPs in any other region were 
clearly associated with myopathy. This genome - wide study from the SERACH 
group has identifi ed common genetic variants in  SLCO1B1  that are associated 
with substantial alterations in the risk of simvastatin - induced myopathy. These 
fi ndings are likely to apply to other statins because myopathy is a class effect, 
and SLCO1B1  polymorphisms affect the blood levels of several statins. 
Moreover, these variants may be relevant to the effects of other classes of 
drugs transported by OATP1B1. Consequently, the genotyping of  SLCO1B1
polymorphisms may be useful in the future for tailoring both the statin dose 
and safety monitoring in order to obtain the benefi ts of statin therapy more 
safely and effectively. 

 Tirona et al. ( 2003 ) demonstrated that various SNPs in SLCO1B1 markedly 
reduced the hepatocellular uptake of rifampin, suggesting that carriers of 
these functionally defi cient OATP - C variants may exhibit reduced capacity 
for rifampin - mediated induction of hepatic drug - metabolizing enzymes and 
transporters. This fi nding also indicates that transporters, metabolizing 
enzymes, and regulatory factors should be viewed and evaluated as an inte-
grated system when analyzing the genetic of drug response. Later, Niemi 
et al. ( 2006a ) demonstrated that SLCO1B1 polymorphisms did not affect the 
extent of induction of hepatic CYP3A4 by rifampicin in humans, probably 
because other uptake transporters, such as OATP1B3, can compensate for 
reduced uptake of rifampicin by OATP1B1.   

  16.5.3   Polymorphisms of  OATP 1 B 3 ( SLCO 1 B 3) and 
 OATP 2 B 1 ( SLCO 2 B 1) 

 Compared to OATP1B1, OATP1B3 (SLC1B3) and OATP2B1 (SLCO2B1) 
are less intensively studied. OATP1B3 is the only OATP family member able 
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to transport digoxin and cholecystokinin, thus it would be of interest to study 
the effect of genetic variants of OATP1B3 on the transport of its specifi c 
substrates in vivo . SLCOlB3 was genetically characterized with three nonsyn-
onymous SNPs: 112Ala and 233Ile, which were the major variants in Caucasians 
with frequency of 78% and 71%, respectively, and 522Cys, which occurred 
in 2% of Caucasians. While protein from the two frequent variants showed 
equal localization and uptake of bromosulfophthalein and bile acids in vitro , 
OATPlB3 522Cys protein was retained intracellularly and abolished bromo-
sulfophthalein uptake completely (Letschert et al.,  2004 ). 

 SLCO2B1 gene (encoding OATP2B1) has two nonsynonymous SNPs: 
assigned names as OATP - B * 2 (C1175T, T392I) and OATP - B * 3 (C1457T, 
S486F). Nozawa et al. ( 2002 ) described the presence of a nonsynonymous SNP 
in SLCO2B1 at codon 486 (S486F, OATP - B * 3) that reduces the uptake rate 
of estrone sulfate in cells expressing the variant transporter. The functional 
importance of this variant to the in vivo  disposition of substrate drugs remains 
to be defi ned.   

  16.6   GENETIC POLYMORPHISMS OF  OAT  AND  OCT  ( SLC 22) 
AND THEIR IMPLICATIONS 

 OAT1 (gene symbol SLC22A6), OAT2 (gene symbol SLC22A7), and OAT3 
(gene symbol SLC22A8) mainly locate in kidney proximal tubular cells and 
have important roles in renal clearance and drug disposition of organic anions. 
Among these three OATs, OAT1 and OAT3 are polymorphic. Race - specifi c 
SNPs of SLC22A6 (product OAT1) and SLC22A8 (product OAT3) have been 
identifi ed. Among 12 OAT1 coding region variants, G1361A (Arg454Gln) 
resulted in the function loss for the uptake of methotrexate,  p  - aminohippu-
rate, and ochratoxin in transfected cells. However, there was no signifi cant 
difference in the renal clearance of adefovir observed between the subjects 
with OAT1 454Gln variant and reference transporter OAT1 454Arg. These 
data indicate that the coding region of OAT1 has low genetic and functional 
diversity and the coding region variants of OAT1 may not contribute substan-
tially to inter - individual differences in renal elimination of xenobiotics (Zair 
et al.,  2008 ). For OAT3, more than 12 nonsynonymous SNPs have been identi-
fi ed in the coding regions. C1166T (Ala389Val) showed little difference in 
pravastatin clearance when compared with wild - type transporter in the clinic 
studies (Nishizato et al.,  2003 ). Other SNPs exhibited altered transporter func-
tions in vitro , but the clinical relevant genetic variants have not been well 
established (Zair et al.,  2008 ). 

 OCT1 (gene symbol SLC22A1) and OCT2 (gene symbol SLC22A2) have 
an extensive overlap in their substrate specifi city, although they show distinc-
tive distribution in tissue distributions (Xia et al.,  2008 ). OCT1 is primarily 
found in sinusoidal membrane of hepatocytes and to a less extent in intestinal 
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cells, while OCT2 and its splice variant OCT2 - A are in mainly found in kidney 
proximal tubular cells (Xia et al.,  2008 ). 

 Genotyping studies have identifi ed over 200 SNPs in the SLC22A1 genes, 
and most of the variants have been functionally characterized with in vitro
studies. The SNPs and the results of their functions have been published in 
the PharmaGKB database (Kerb,  2006 ). Of the SNPs isolated, C41T (S14F), 
identifi ed in African - Americans, is associated with increased uptake of toxin 
1 - methyl 1 – 4 phenylpyridinium (MPP)  in vitro  (Shu et al.,  2003 ). C848T 
(Pro283Leu) and C859G (Arg287Gly), which are the SNPs expressed in Asian 
subjects, showed reduced uptake of MPP and tetraethylammonium bromide 
(TEA) with a reduction in Km  and  Vmax   in vitro  (Itoda et al.,  2002 ; Sakata et 
al.,  2004 ). The OCT1 protein variants Ser14Phe (C41T), Arg61Cys (C181T), 
Ser189Leu (C566T), Gly401Ser (G1203A), 420del (1260delATG), and 
Gly465Arg (G1393A) exhibited reduced or lost uptake of metformin (an OCT 
substrate and widely used in the treatment of Type 2 diabetes) in stable trans-
fected HEK293 cells, as a result of lowered  Vmax  when compared with the 
reference proteins (Shu et al.,  2008 ). Among these seven nonsynonymous, 
420del and Arg61Cys are common polymorphisms of OCT1, with allele fre-
quencies of 19% and 7.2%, respectively, in individuals of European descent. 
Recently, the same research group (Shu et al.,  2007 ) has demonstrated that 
metformin has higher AUC, higher  Cmax , and lower oral volume of distribution 
(V/F) in the individuals carrying a reduced function OCT1 allele (Arg61Cys, 
Gly401Ser, 420del, or Gly465Arg). Clinical and Oct1 ( − / − ) knockout mice 
studies demonstrated that OCT1 expression may associate with metfomin 
effi cacy (Shu et al.,  2008 ). OCT1 mRNA levels tend to be lower in Met408Val 
(A1222G) variant, although not statistically signifi cant. In healthy volunteers, 
metformin treatment resulted in signifi cantly elevated plasma glucose concen-
trations and prolonged plasma insulin level in subjects expressing M408V 
(V1222G), although the basal plasma glucose levels were similar in the OCT 
variant and reference subjects. However, in Japanese patients the polymor-
phism of OCT1 (including Met408Val) and OCT2 have little contribution to 
the clinical effi cacy of metformin (Shikata et al.,  2007 ). 

 In contrast to those in the SLC22A1 (OCT1) gene, it appears that the 
number of nonsynonymous variants in the SLC22A2 (encoding OCT2) gene 
and their allelic frequencies were lower than in other known drug transporter 
genes such as MDR1, MRP1, MRP2, and OATP - C. The observations are 
consistent with the fi nding of a lower frequency of nonsynonymous variants 
in ethnically diverse genomic DNA samples (Leabman et al.,  2002 ). Recent 
population - genetic analysis has demonstrated that selection has acted against 
amino acid changes in OCT2 (Leabman et al.,  2002 ), suggesting that OCT2 is 
relatively intolerant of nonsynonymous changes. This selection may be due to 
a necessary role of OCT2 in the renal elimination of endogenous amines or 
xenobiotics, including environmental toxins, neurotoxic amines, and thera-
peutic drugs. A number of race - specifi c SLC22A2 SNPs have been identifi ed 
from genetic variant screening studies. Of the SNPs, C596T (Thr199Ile) and 
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C602T (Thr201Met) are in Korean and Japanese subjects, A493G (Met165Val), 
G495A (Met165Ile), and C1198T (Arg400Cys) are in African - American sub-
jects, and A1294C (Lys432Gln) is present in both African - American and 
Mexican - American populations (Leabman et al.,  2002 ; Kerb,  2006 ; Zair et al., 
 2008 ). In general, the less frequent nonsynonymous variants resulted in 
more signifi cant and deleterious functional changes. However, the G808T 
(Ala270Ser) variant was reported to exhibit subtle functional differences from 
the reference form of OCT2 (Leabman et al.,  2002 ). A clinical study in Chinese 
healthy volunteers showed that the G808T (Ala270Ser) polymorphism is 
associated with a reduced metformin renal or tubular clearance (Wang 
et al.,  2008 ). The renal tubular clearance of metformin averaged 8.78    ±    1.75, 
7.68    ±    0.672, and 6.32    ±    0.954   ml/min/kg for participants with GG ( n    =   6), GT 
(n    =   5), and TT ( n    =   4) genotypes, respectively ( P    =   0.037, one - way analysis 
of variance). Moreover, the inhibition of metformin renal tubular secretion 
by cimetidine also appeared to be dependent on this mutation. In the presence 
of cimetidine, metformin clearance was decreased in all participants, but the 
decrease was signifi cantly lower in the TT group than in the GG group (18.7 
versus 48.2%,  P    =   0.029). Although the altered transporter activity and sub-
strate selectivity of other SLC22A2 SNPs have been demonstrated in vitro , 
the clinical relevant remains to be further investigated.  

  16.7   GENETIC POLYMORPHISMS OF  PEPT  ( SLC 15) AND 
THEIR IMPLICATIONS 

 PEPT1 is predominantly localized at the apical (luminal) membrane of absorp-
tive enterocytes of small intestines and mainly responsible for the active 
absorption of di -  and tripeptides as well as hydrophilic drugs such as  β  - lactam 
antibiotics and angiotensin - converting enzyme inhibitors (Xia et al.,  2008 ). To 
date, 40 coding polymorphisms and over 100 haplotypes have been identifi ed 
in the SLC15A1 gene (encoding PEPT1). Although the allelic frequencies of 
many PEPT1 SNPs are low, race - specifi c SNPs have been observed. Although 
PEPT1 is an attractive target for improving oral drug delivery, functional 
characterization and protein expression of genetic variants still remain in vitro
studies and no clinical relevant variant has been identifi ed yet.  

  16.8   SUMMARY 

 Drug transporters play important roles in drug disposition, effi cacy, and toxic-
ity. Several polymorphic variants of ABC and SLC transporters, which have 
been summarized in this chapter, may alter protein expression and function 
in humans, such as BCRP C421A SNP and OATP1B1 T521C SNP, which have 
the potential to be the most clinically relevant in terms of in vitro  versus  in
vivo  data correlation and altered transporter activities. Recently, advances in 



524 POLYMORPHISMS OF DRUG TRANSPORTERS

high - throughput DNA sequencing technologies have provided a lot of infor-
mation on occurrence and frequency of drug transporter polymorphisms. 
Transfected cells have been served as a great tool to evaluate the expression, 
localization, and function of transporter genetic variants. However, the effects 
of genetic variants in drug transporter genes associated with its phenotypical 
consequence are still controversial, because contradictory results have been 
reported. Most published studies have experienced small sample sizes in rela-
tion to the allele and genotype frequency of the studied variant, and they have 
also encountered subjects and probe drugs with confounding factors. 

 Transporters may interplay with drug metabolism enzymes and are regu-
lated by several nuclear receptors. A probe drug is usually a substrate for 
multiple transporters and metabolism enzymes. To evaluate the genetic com-
ponent of drug transporters, a more integrative approach, considering several 
genes with involvement of functional units and pathways, is necessary. Given 
the presence of linkage disequilibrium that exists for many SNP investigated 
so far, studies on the effects of haplotypes rather than of SNPs have been 
increased. Other factors such as lifestyle, comedication, and comortality must 
also be considered in line with a patient ’ s genetic makeup. With more knowl-
edge and advanced technologies, we will continue increasing our appreciation 
of understanding the underlying biological mechanisms on interindividual 
variability in drug disposition and effi cacy and lowering the drug - associated 
risk by tailoring the doses based on patient genetic profi ling.  
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 CLINICAL DRUG INTERACTIONS 
DUE TO METABOLIC INHIBITION: 
PREDICTION, ASSESSMENT, AND 
INTERPRETATION  

  Lisa L.   von   Moltke   and   David J.   Greenblatt       

     Drug interactions are an important consideration in clinical practice, espe-
cially among populations where chronic therapy with multiple medications is 
common. As most countries continue to see growth in their elderly demo-
graphic sectors, and more diseases become amenable to chronic management, 
the issue of interactions will likely remain an important consideration for 
scientists and clinicians involved in drug development, the regulatory sector, 
and patient care.  

  17.1   CLASSIFICATION OF DRUG INTERACTIONS 

 Interactions are generally considered to fall into three broad categories: phys-
iochemical, pharmacodynamic, or pharmacokinetic. For an intravenously 
administered drug, physiochemical interactions may in theory occur at any 
time before the drug is administered. In the case of an oral medication, this 
kind of interaction can occur any time prior to absorption, including the time 
that the drug is within the gastrointestinal tract. Because of the customary 
cautions and controls surrounding the mixing of intravenous medications 
without prior knowledge that the combination is compatible, the physiochemi-
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cal interactions of intravenous medications would be expected to be less 
common than interactions that occur following oral administration, and can 
result from chelation (such as occurs with certain cations and tetracyclines), 
changes in gastrointestinal motility, and changes in pH. 

 Pharmacodynamic interactions are important, but relatively diffi cult to 
predict with the kind of quanitative estimates that now accompany many 
kinetic interaction predictions. Interactions of this type can be additive or 
antagonistic. Examples include the increased sedation and respiratory depres-
sion that benzodiapepines and opioids produce, each working via different 
molecular receptors. Antagonism is evident in the partial reversal of the sedat-
ing effects of benzodiazepines by caffeine (Cysneiros et al.,  2007 ) (Fig.  17.1 ). 
In these types of interactions, neither drug affects the clearance or bioavail-
abilty of the other, such that the altered effects are not due to a change in 
systemic exposure to either drug.   

 Drug interactions that do occur as the result of changes in systemic expo-
sure are classifi ed as pharmacokinetic, and result when the bioavailability and/
or clearance of one compound is changed by another, such that the plasma 
concentrations of one of the compounds (which can be referred to as the 
 “ victim ” ) are altered to some measurable extent by the other (which can be 
termed the  “ perpetrator ” ). The mechanisms underlying most of these kinetic 
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     Figure 17.1.     Mean ( ± SE,  n    =   12) area under the 4 - h pharmacodynamic effect area 
(AUCE) for a test of manual tapping speed, done at multiple time points following 
concurrent single doses of zolpidem 7.5   mg, or matching placebo, together with caffeine 
500   mg, or matching placebo, administered to healthy volunteers in a crossover study. 
The test refl ects speed of motor function. The pharmacokinetic component of the study 
showed no drug interaction — zolpidem and caffeine did not alter each other ’ s kinetic 
properties. However, a pharmacodynamic interaction was evident. Placebo plus 
placebo produced an AUCE no different from zero. Placebo plus caffeine improved 
tapping speed, consistent with a stimulant effect, whereas zolpidem plus placebo 
depressed tapping speed. The combination of zolpidem and caffeine also produced 
depressed tapping speed, but less so than with zolpidem alone (zolpidem plus placebo). 
 See Cysneiros et al. ( 2007 ).   
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interactions involve the perturbation of enzyme or transporter activity through 
either inhibition or induction of activity (Farkas et al.,  2008 ; Greenblatt and 
von Moltke,  2005, 2008 ). The clinical result can be advantageous and desir-
able, adverse and undesirable, or of no clinical consequence whatsoever. 
Interactions that occur as the result of inhibition have received relatively more 
attention, since this situation often results in exaggerated drug action or overt 
toxicity, and can occur quite quickly. In contrast, induction is a slower process 
and often results in suboptimal exposure to the victim drug or loss of effi cacy, 
which is not necessarily dramatic or clearly evident. Drugs which are  “ pro-
drugs ”  can have differing scenarios.  

  17.2   PREDICTABILITY OF DRUG INTERACTIONS 

 Despite many limitations and caveats, the use of  in vitro  tools and approaches 
have signifi cantly improved the ability to anticipate and predict pharmacoki-
netic interactions involving the cytochrome P450 (CYP) system, glucuronyl 
transferses (UGTs), and transporters such as ABCB1 (P - glycoprotein). This 
has been of tremendous importance to the efforts to focus fi nite clinical 
resources for description of interactions likely to be of interest and clinical 
signifi cance. In essence, new molecular entities are evaluated to determine 
whether they are candidates to be  “ victim ”  drugs (whose own kinetics can be 
altered to a meaningful extent by other medications) or  “ perpetrator ”  drugs 
(that can alter other compounds ’  pharmacokinetics appreciably), or both. 

In vitro  models, based on human liver microsomal preparations or recom-
binant CYPs or UGTs, can be used to generate values of an inhibition constant 
(Ki ) or 50% inhibitory concentration (IC 50 ) for a specifi c candidate perpetra-
tor drug suspected of being an inhibitor of a particular metabolic pathway 
(Volak et al.,  2008 ; Venkatakrishnan et al.,  2001, 2003 ). The predictive scaling 
paradigm compares the anticipated or measured in vivo  exposure to the per-
petrator ([I]) to the in vitro K i  or IC 50 . Based on current regulatory guidelines 
(Huang et al.,  2007 ), a ratio ([I])/ Ki ) of less than 0.1 is reasonable evidence 
that an in vivo  drug interaction is unlikely, whereas a ratio exceeding 10.0 
indicates a high probability of an in vivo  interaction. Ratios in the intermedi-
ate range (0.1    <    [I]/ Ki     <    10.0) only indicate that an interaction is  “ possible ”  
and that it can be delineated only with a clinical drug interaction study. A 
number of authors have pointed to reasons for uncertainties in predictive 
scaling (Greenblatt et al.,  2008 ; von Moltke et al.,  1998 ; Ito et al.,  1998, 2004 ; 
Lin,  2000, 2006 ; Bachmann,  2006 ; Obach et al.,  2006 ; Brown et al.,  2006 ). 
Although extreme values of [I]/ Ki  ( < 0.1 or  > 10.0) generally are predictively 
correct, there are cases of  “ false - negative ”  predictions even at these extremes. 
An example is that involving bupropion as perpetrator and desipramine as 
victim. The  in vivo  interaction (inhibition of desipramine clearance by bupro-
pion) is large and clinically important, even though [I]/ Ki  is less than 0.1 
(Reese et al.,  2008 ).  
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  17.3   CONSEQUENCES OF DRUG INTERACTIONS 

  17.3.1   Clinical Implications of Being a Victim Drug 

 When a drug in being examined as a potential victim of an interaction, two key 
pieces of information help inform clinical relevance. The fi rst is the relative 
contributions(s) of the enzymes(s) and/or transporters that determine the victim 
drug ’ s baseline pharmacokinetic exposure. A drug whose clearance is fully depen-
dent on a single enzyme or subfamily (such as CYP3A) may have a greater chance 
of a clinically meaningful interaction when combined with a potent CYP3A inhibi-
tor such as ketoconazole, as opposed to a drug that is dependent on multiple 
enzymes for its clearance (Venkatakrishnan et al.,  2001, 2003 ). Additionally, it 
will likely be important to know whether the enzymes or transporters play a role 
in bioavailability (whether there is signifi cant presystemic extraction or enteric 
effl ux transport, for example) as well as systemic clearance. 

 The other important determinant of clinical relevance is the character of 
the dose - response or concentration – response relationship of the victim drug, 
which in turn determines the width of its therapeutic window. As noted above, 
alteration of victim profi les do not become clinically important unless systemic 
plasma levels are pushed into ranges of toxicity, or dropped below those which 
are needed for effi cacy (Fig.  17.2 ). In many drug development paradigms 
where the safety profi le is established in normal healthy volunteers very early, 
there may be some understanding of this relationship such that a prediction 
of altered clearance based on in vitro  data can have some validity. But even 
in these cases, the therapeutic window may itself be altered in more fragile 
patient populations. When safety is fi rst assessed in patients as opposed to 
healthy volunteers, questions may arise as to whether to allow these patients 
to continue therapy with known inhibitors or inducers that may be necessary 
for their medical conditions. This evaluation is further complicated when little 
or nothing is actually known about the therapeutic window of the proposed 
victim in humans, in which case an evaluation of possible clinical relevance is 
diffi cult, and concomitant administration with potent inhibitors is of substan-
tial concern. The presence of potent inducers, many of which are pleiotropic 
and induce multiple enzymes and tranpsorters, in a Phase I setting may result 
in an underestimation of exposure and clinical effect at a given dose. The 
importance of this could be magnifi ed in settings where the cohorts exposed 
to a particular dose in a Phase I escalation scheme contain small numbers (as 
with some adaptive design protocols), or in settings where large numbers of 
individuals are on inducing medications (such as patients with central nervous 
system lesions on enzyme - inducing antiepileptic drugs).    

  17.3.2   Case Examples 

17.3.2.1 Terfenadine and Cardiac Arrhythmias.   Once the therapeutic 
window of the victim drug is known, the routes of clearances have been 
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established, and the ability of known prototype inhibitors identifi ed as poten-
tially important have been evaluated in clinical studies, the impact of the fact 
that the drug can be  “ victimized ”  by particular inhibitors will depend on (a) 
the toxicity under conditions of inhibitions and (b) the therapeutic use of the 
drug. In a case such as terfenadine, one of the fi rst nonsedating antihistamines 
marketed in the United States, the fact that a potent inhibitor such as keto-
conazole could produce a life - threatening cardiac arrhythmia (Torsades de 
Pointes), and the drug was indicated for a relatively mild condition (allergic 
rhinitis) with other therapeutic options available, resulted in a public health 
risk - benefi t assessment that dictated the drug be removed from the market 
(Monahan et al.,  1990 ; Woosley et al.,  1993 ; Honig et al.,  1993 ; von Moltke 
et al.,  1994a ).  

  17.3.2.2   Context - Dependent Clinical Relevance.     For drugs that have clini-
cally monitorable pharmacodynamic effects under conditions of metabolic 
inhibition (such as increased sedation with inhibition of CYP3A - dependent 
benzodiazepines), the result of being a victim may have relevance in certain 
clinical situations but less so in others. An example is the interaction of the 
viral protease inhibitor ritonavir as perpetrator with the benzodiazepine deriv-
ative midazolam as victim. Midazolam is metabolized by hepatic and enteric 
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     Figure 17.2.     Hypothetical effect of addition of an inhibitory perpetrator drug to 
ongoing treatment with constant doses of a victim drug. Plasma concentrations of the 
victim are shown by the solid line. Levels are constant at 6 units, until the inhibitory 
perpetrator is added ( arrow ). Due to impairment of clearance, plasma levels of the 
victim increase until the new steady - state concentration (13 units) is reached. The 
clinical importance of the interaction depends on the concentration – response relation-
ship for the victim drug. If the lower limit of the toxic plasma concentration range is 
19 units (dashed line labeled A), the pharmacokinetic interaction might increase the 
therapeutic effect of the victim drug, but does not produce adverse effects. However, 
if the lower border of toxicity is 13 units (dashed line labeled B), the interaction results 
in clinical toxicity.  
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CYP3A isoforms, with low net systemic availability (approximately 30%) 
after oral dosage (Tsunoda et al.,  1999 ; Greenblatt et al.,  1984 ). Coadministration 
of midazolam with ritonavir causes greatly increased systemic exposure 
(increased area under the plasma concentration curve, AUC) to midazolam, 
evident as prolongation of half - life and particularly reduced presystemic 
extraction after oral dosage (Knox et al.,  2008 ). If midazolam is intended as 
an outpatient oral sedative - hypnotic, the interaction with ritonavir could be 
dangerous — the maximum intensity of midazolam - induced sedation would be 
increased, and the duration of sedation also prolonged (Fig.  17.3 ). However, 
if midazolam is intended as an intravenous sedative prior to general anesthe-
sia, the interaction with ritonavir might be of minimal clinical importance. 
Since ritonavir changes the clearance but not the volume of distribution of 
midazolam (Knox et al.,  2008 ), the initial sedative effect of midazolam might 
not be detectably altered. In the context of general anesthesia and surgery, 
ventilation is in any case monitored and controlled. Any change in the inten-
sity or duration of midazolam sedation would be easily managed.    

  17.3.2.3   Managing Versus Avoiding Drug Interactions.     For  “ victim drugs ”  
used to treat life - threatening diseases, especially with limited alternative 
options, the overall risk – benefi t analysis will yield a greater willingness to 
accept and manage a potential drug – drug interaction rather than avoid a 
model drug combination. An example is the use of cyclosporine and azole 
antifungals (such as ketoconazole, itraconazole, or voriconazole) in transplant 
patients. It may be that this drug combination is the only reasonable option 
for a transplant patient with complicating fungal infection. Although these 
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     Figure 17.3.     Plasma midazolam concentrations following a 3 - mg oral dose of mid-
azolam given to a healthy volunteer subject on two occasions: in the control condition 
without cotreatment, and during coadministration of ritonavir, three doses of 100   mg 
over a 30 - h period.  



CONSEQUENCES OF DRUG INTERACTIONS 539

azole antifungals impair CYP3A metabolic activity and increase systemic 
exposure to cyclosporine (Gomez et al.,  1995 ; Venkatakrishnan et al.,  2000 ), 
clinicians may choose to accept the interaction and manage it by monitoring 
cyclosporine concentrations, watching for signs of toxicity and reducing cyclo-
sporine dosage if necessary (Albengres and Tillement,  1992 ; Sobh et al.,  1995 ). 
Discontinuing either cyclosporine or the azole antifungal would avoid the 
potential drug interaction, but raise the unacceptably greater hazard of trans-
plant rejection or untreated disseminated mycosis.   

  17.3.3   Clinical Implications of Being a Perpetrator Drug 

 The key clinical consideration for an inhibitory perpetrator drug is the extent 
to which systemic exposure to the inhibitor at clinically relevant concentration 
leads to impaired clearance of the victim drug. This question can ultimately 
be answered only through a clinical pharmacokinetic study in which clearance 
of the victim drug is determined in the control condition (without the inhibi-
tory perpetrator), and again during exposure to relevant concentrations of the 
inhibitor. If the specifi c study design involves single - dose administration of the 
victim drug on two occasions in a crossover paradigm, systemic exposure to 
the victim in the control condition (AUC 0 ) is compared to that during coad-
ministration of the inhibitor (AUC I ). The relative increase in AUC (AUC I /
AUC 0  ratio) is equivalent to the reciprocal of the relative clearance decrement 
caused by the inhibitory perpetrator. 

 The problem faced by pharmaceutical sponsors in the process of drug 
development is that clinical drug interaction studies are costly, time - 
consuming, and involve a low but fi nite risk to study participants. Unavoidable 
limitations in development time and resources make it inevitable that not 
every needed clinical study can actually be done. Some (or most) studies 
that are done will prove to be negative, and some clinically important drug 
interactions may be delayed in identifi cation due to the logistics of study 
scheduling. 

 As discussed above, the use of  in vitro  models early on in the course 
of development may allow identifi cation of these interactions that are prob-
able, possible, or unlikely. The hope is that this information will allow more 
effective and effi cient channeling of development resources to those drug 
interaction studies that are likely to be positive, and/or those that will yield 
information of substantial clinical importance. Still, it must be recognized that 
the in vitro – in vivo  scaling paradigms continue to have major limitations, 
despite ongoing refi nement of technical procedures and theoretical scaling 
models. The hope of a direct and reliable  in vitro – in vivo  link (Fig.  17.4 ) has 
not been achieved. Explanations for fl awed predictability are described in 
detail previously (Greenblatt et al.,  2008 ), and fall into the following three 
categories: (1) biased or inaccurate determination of  in vitro K i  or IC 50  attrib-
utable to technical issues; (2) uncertainty in identifying  in vivo   “ inhibitor 
exposure ”  ([I]) consistent with actual concentrations available to the enzyme; 



540 CLINICAL DRUG INTERACTIONS DUE TO METABOLIC INHIBITION

and (3) physiologic factors modulating  in vivo  disposition of perpetrator or 
victim drugs that are not refl ected  in vitro .    

  17.3.4   Case Examples 

  17.3.4.1   Underprediction.     The antidepressant drug fl uvoxamine is known 
to be a potent inhibitor of drug disposition mediated by the CYP1A2 enzyme 
(Rasmussen et al.,  1995, 1998 ; Greenblatt et al.,  1999 ; Jeppesen et al.,  1996a ; 
Becquemont et al.,  1996 ). Victim drugs whose clearance is known to be sig-
nifi cantly inhibited by coadministration of fl uvoxamine include: caffeine, 
theophylline, tacrine, tizandidine, olanzapine, clozapine, duloxetine, and 
ramelteon (Jeppesen et al.,  1996b ; Christensen et al.,  2002 ; Culm - Merdek 
et al.,  2005 ; Yao et al.,  2001 ; Orlando et al.,  2006 ; Rasmussen et al.,  1997 ; 
Becquemont et al.,  1997 ; Granfors   et al.,  2004 ; Wang et al.,  2004 ; Lobo et al., 
 2008 ). However, a consistent fi nding in the literature is that values of  in vitro 
K i   for fl uvoxamine versus specifi c victim substrates, together with measured 
systemic plasma concentrations of fl uvoxamine ([I]), yield a large underesti-
mation of the actual clinical drug interaction (AUC I /AUC O ), by a factor of 
10 - fold or more (Yao et al.,  2001 ; Culm - Merdek et al.,  2005 ). An example of 
this is the fl uvoxamine – ramelteon interaction (Lee and Doddapaneni,  2005 ). 
Using the paradigm in Fig.  17.4 , the predicted AUC I /AUC O  for ramelteon is 
approximately 3.0, whereas the actual value observed  in vivo  is 190 (Fig.  17.5 ). 
The reasons for the gross underprediction are not established. One possible 
explanation is that enzyme - available intrahepatic concentrations of fl uvox-
amine greatly exceed systemic plasma concentration. This has been demon-
strated for a number of lipophilic drugs (Yamano et al.,  1999a,b, 2000, 2001 ; 
von Moltke et al.,  1994b, 1998 ; Parker and Houston,  2008 ), and specifi cally for 
fl uvoxamine in experimental models (von Moltke et al.,  1995 ).    

  17.3.4.2   Selective Enteric Inhibition.     A number of naturally occurring 
furanocoumarin derivatives found in grapefruit juice are irreversible (mecha-
nism - based) inhibitors of the CYP3A enzyme subfamily (Farkas and 
Greenblatt,  2008 ; Mertens - Talcott   et al.,  2006 ). The most important of these 
furanocoumarins is 6 ′ 7 ′  - dihydroxybergamottin (DHB). The IC 50  for DHB as 
an  in vitro  inhibitor of CYP3A falls in the nanomolar range (Greenblatt et al., 
 2003 ). However, it appears that DHB and other furanocoumarins are ordi-
narily consumed or inactivated in the gastrointestinal tract, and they will not 
reach the portal or systemic circulation in clinically important amounts. This 
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     Figure 17.4.     Paradigm for predictive scaling of  in vitro  data on metabolic inhibition to 
clinical drug interaction studies. See text for explanation of symbols.  
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is generally the case with nutrients and natural substances (Markowitz et al., 
 2008 ). As a consequence, metabolic inhibition is limited to enteric CYP3A, 
and clinical drug interactions with grapefruit juice will be observed only when 
the victim drug is given orally and normally undergoes presystemic extraction 
by enteric CYP3A. Inhibitory interactions will not occur when the victim drug 
is given intravenously. This has been clearly demonstrated in the case of mid-
azolam, cyclosporine, nifedipine, and nicardipine (Kupferschmidt et al.,  1995   ;   
et al.,  1995   ; Rashid et al.,  1995   ; Uno et al.,  2000   ) (Fig.  17.6 ).    

  17.3.4.3   Boosting or Augmentation.     Often we implicitly assume that inhib-
itory drug interactions are unwanted or hazardous. However, inhibitory inter-
actions are sometimes deliberately produced for therapeutic benefi t, in which 
case the interaction phenomenon is termed  “ boosting ”  or  “ augmentation. ”  
The viral protease inhibitor ritonavir now is more commonly used for 
its boosting properties (attributed to strong inhibition of CYP3A and 
P - glycoprotein) than for its antiretroviral properties as such. A number of 
other protease inhibitors (lopinavir, atazanvir, saquinavir) are coadministered 
with low - dose ritonavir (the perpetrator) to increase systemic exposure, 
reduce dosing requirements, and extend the interval between doses for the 
victim antiretroviral (Flexner,  2000 ; Sahali et al.,  2008 ). Lopinavir, in fact, is 
available only as fi xed - dose combination with ritonavir (Kaletra) (Magnum 
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     Figure 17.5.      Left : Mean plasma concentrations of ramelteon, a substrate for metabo-
lism by CYP1A2, administered to healthy volunteers in the control condition (ramelt-
eon alone: closed circles) and during coadministration of fl uvoxamine (closed triangles, 
ramelteon plus fl uvoxamine, actual). The open circles represent the plasma concentra-
tions of ramelteon predicted to occur from the relationship in Fig.  17.4  based on  in 
vitro  data, together with systemic plasma concentrations of the inhibitory perpetrator, 
fl uvoxamine.  Right : Mean ( ± SE) total AUC for ramelteon in the control condition, 
and the predicted and actual AUC during coadministration of fl uvoxamine. The scaling 
paradigm, using an  in vitro K i   of 0.16    μ M for fl uvoxamine versus ramelteon together 
with measured systemic plasma fl uvoxamine concentrations ([I]) of approximately 
0.33    μ M, predicts a three - fold increase in ramelteon AUC, but the observed increase 
in the clinical drug interaction study was 190 - fold.  
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and Graham,  2001   ; Sham et al.,  1998 ). It is of interest that doses of ritonavir 
required for maximal boosting are very low — far below those needed for 
antiretroviral activity (Mathias et al.,  2009 ). Pharmacokinetic boosting is also 
used in other clinical situations, such as reduction of cyclosporine dosage 
requirements by coadministration of ketoconazole (Albengres and Tillement, 
 1992 ; Sobh et al.,  1995 ).    

  17.4   COMMENT 

 The evaluation of pharmacokinetic drug interactions requires the integration 
of scientifi c and clinical information. The two core questions are: 

  1.     How big is the interaction? The question is mainly a pharmacokinetic 
one, which can be answered in quantitative terms as the AUC I /AUC 0  
ratio for the victim drug, either after single doses or at steady state.  

  2.     Is the interaction of clinical importance? This question is more diffi cult, 
and requires clinical insight rather than simply prespecifi ed statistical 
procedures. Factors to consider include: the magnitude of the interac-
tion; the concentration – response relationship for the victim drug; and 
the underlying health and vulnerability of the affected patient popula-
tion. The question does not necessarily have a  “ yes/no ”  answer, but 
rather an assignment of graded risk.    
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     Figure 17.6.     Effect of grapefruit juice (GFJ) coadministration on systemic exposure 
(total AUC) to four different victim drugs metabolized by CYP3A enzymes. Each bar 
is the ratio of the mean AUC during GFJ coadministration divided by the mean AUC 
in the control condition, based on studies in healthy volunteers. The effect of GFJ 
depends on the route of administration of the victim drug. When given intravenously, 
GFJ has no effect — the AUC ratios are not signifi cantly different from 1.0 (dashed 
line). However, GFJ signifi cantly increases the AUC ratio when the victim is given 
orally. This indicates the selective inhibition by GFJ of enteric but not hepatic CYP3A.  
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 In the context of the prevalence of polypharmacy in contemporary clinical 
practice, clinically important drug interactions actually are relatively uncom-
mon (Bergk et al.,  2004 ). Drug interactions requiring avoidance of a drug 
combination, or even dosage adjustment of victim or perpetrator, are quite 
unusual relative to the number of possible drug interactions.  
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 PREDICTING INTERINDIVIDUAL 
VARIABILITY OF METABOLIC 
DRUG – DRUG INTERACTIONS: 
IDENTIFYING THE CAUSES AND 
ACCOUNTING FOR THEM USING 
A SYSTEMS APPROACH  

  Amin   Rostami - Hodjegan       

   18.1   INTRODUCTION 

 As discussed in previous chapters, metabolic drug – drug interactions (M - DDI) 
may result in restricted use, withdrawal, or nonapproval by regulatory agen-
cies. However, many of these M - DDIs, particularly during the clinical use, are 
not related to observations in an  “ average ”  person, but rather they are seen 
in a subgroup of patients. Therefore, understanding the theoretically conceiv-
able extreme effects in a certain subgroup of patients following coadministra-
tion of given doses of interacting drugs is desirable. In fact, this has been 
advocated by some of the scientists working in regulatory agencies, as well as 
those in industry, following high - profi le cases of drug withdrawals from the 
market due to M - DDI (Krayenbuhl et al.,  1999 ). 

 Full understanding of the issue of variability in M - DDI requires the knowl-
edge of the parameters infl uencing the exposure to a  “ perpetrator ”  drug and 
the proportional metabolism by the pathway of interest for a  “ victim ”  drug. 
This knowledge can be built as a progressive process during drug development 
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(Jamei et al.,  2009a ). Accordingly, the available information for interindivid-
ual variability in each system parameter (human body) and trial design can be 
incorporated into simulation of various populations (as opposed to single 
average individual). 

 Earlier identifi cation of the covariates for M - DDI (prior to conduct of any 
clinical studies) is desirable and can avoid suboptimal study designs. Ignoring 
these covariates in the design of M - DDI studies during so - called Phase II, or 
inadequate planning for collection of relevant information during Phase III 
studies, may lead to delays in approval or nonapproval by regulatory bodies. 
More importantly, observation of unexpected M - DDI during clinical use, 
which may happen only in subgroups of patients, may lead to withdrawal that 
has signifi cant implications regarding the cost. Thus, accounting for variability 
can prevent false conclusions regarding the absence of signifi cant M - DDI 
when certain groups who were not examined in the early studies remain sus-
ceptible to such effects. 

 The use of physiologically based pharmacokinetics (PBPK) helps to build 
a framework that captures and integrates mechanisms (/sources) of variations 
in absorption, distribution, metabolism, and elimination (ADME) processes 
(Jamei et al.,  2009a ). However, separation of information on human body 
from those of the drug and study conditions (/design) is an essential step in 
identifying the sources of interindividual variability and this may require 
sophisticated software and databases (Jamei et al.,  2009b ). 

 This chapter summarizes the kinetic basis of M - DDI which is described 
in detail in previous chapters, and it outlines the components that lead to 
interindividual variability in M - DDI. The complementary nature of the 
chapter means that readers are frequently referred to information provided 
in previous chapters.  

  18.2   PHARMACOKINETIC BUILDING BLOCKS 
DETERMINING  M  -  DDI  

 A number of previous chapters have described the most common mathematical 
formalism in predicting M - DDI related to  “ inhibition ”  of metabolism. These 
indicated that, under  “ static ”  (non - time - variant) concentrations for the  “ perpe-
trator, ”  M - DDI can be estimated using the following equation [after Rowland 
and Matin  (1973) , with expansions introduced by Rostami - Hodjegan and Tucker 
 (2004)  for multiple interactions and generalization to consider all mechanisms of 
inhibition instead of restricting the model to competitive inhibition]:
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where fm  j   is the fraction of substrate clearance mediated by the inhibited 
metabolic pathway  j  and CL u  int, j   is the intrinsic metabolic clearance of sub-
strate down pathway  j . The fold reduction in this value will be defi ned later 
as it varies by the type of inhibition. 

 In the case of induction, the fold change in activity of the induced 
enzyme can be incorporated in a way similar to that of inhibition; however, 
the overall impact on AUC is still dependent on the fractional metabolism by 
the pathway (fm):
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 Fold induction in CL u  int  can be defi ned based on the concentration of the 
inducer at the site of effect, [I]; the maximal increase in the level of induced 
enzyme, E max ; and IndC 50  (the concentration of inducer associated with half -
 maximal induction):
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 E max  is measured as a fold of the uninduced value when the enzyme is exposed 
to a high concentration of inducer. 

 It is important to realize that the derivation of Eqs.  (18.1)  and  (18.2)  relies 
on a number of assumptions that are often ignored. Details of these can be 
found in a review by Rostami - Hodjegan and Tucker ( 2004 ). The equation 
applies only to orally administered drugs undergoing hepatic metabolism and 
it ignores, amongst many other factors, the possibility of inhibition of gut 
 “ fi rst - pass ”  metabolism (see Chapter  9  in this book) and time - variant inhibi-
tor concentration (see later sections). Nonetheless, despite its relative simplic-
ity, the equation captures the two main elements that defi ne the level of any 
M - DDI, namely: (i) fractional metabolism (fm) and (ii) potency of interacting 
drug (fold reduction or induction in CL u  int ). 

  18.2.1   Sensitivity of  M  -  DDI  to Fractional Metabolism 

 It is evident from the Eq.  (18.1)  that in the presence of a  “ strong inhibitor ”  the 
uninhibited pathways, defi ned by 1    −    fm, determine the level of interaction:
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 We will later discuss how fm value varies within populations, but typical 
examples include the following cases (Rostami - Hodjegan and Tucker,  2004 ): 

   •      Genetic control of noninhibited metabolic pathways  
   •      Renal impairment infl uencing 1    −    fm  
   •      Variable rates of maturation of CYP enzymes in the liver  
   •      Disparity between maturation of renal function and metabolic routes    

 The two latter cases can lead to an age - varying value of 1    −    fm and the conse-
quent differences in M - DDIs in neonates compared to adults, even under similar 
exposure to an inhibitor; which of course are diffi cult to study experimentally.  

  18.2.2   Sensitivity of  M  -  DDI  to Potency of Inhibitors 

 The fold inhibition can be defi ned according to the type of inhibition that 
occurs (Rostami - Hodjegan and Tucker,  2004 ). Thus, for multiple ( “ p ” ) com-
petitive inhibitors acting via same mechanism to inhibit enzyme  “ j ” :
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where [I  k  ] is the concentration of inhibitor  k  at the enzyme site, and  Ki k   is the 
inhibition constant for inhibitor  k  obtained from  in vitro  studies after account-
ing for nonspecifi c binding. The same equation applies for multiple noncom-
petitive inhibitors acting at the same enzyme site. However, if the mechanisms 
of inhibition by multiple inhibitors are different (independent), the fold reduc-
tion in clearance would be greater:
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 For the case of mechanism - based (suicidal) inactivation of enzymes:
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where  k  deg  is the natural degradation rate constant for the enzyme,  k  inact  is the 
maximum degradation rate constant in the presence of a very high concentra-
tions of inhibitor, and  K  I  is the concentration of inhibitor associated with 
half - maximal inactivation. 

 Under the assumption that the inhibited metabolic pathway is the only 
elimination pathway (i.e., fm   =   1), the effect of competitive inhibition can be 
described by the following equation:
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 This equation has been used for  “ semiquantitative ”  predictions of M - DDI as 
described in previous chapters. It is evident from this equation that the level 
of interaction, under the assumption of 1    −    fm approaching 0, is independent 
of the variability in the circulating plasma concentrations of the  “ victim ”  drug. 
However, the equation clearly shows the sensitivity to [I] and  k  deg  and the fact 
that interindividual variability in these parameters may propagate to M - DDI. 
 K i   and  K  I  are considered to be inherent characteristics of the inhibitor binding 
to the enzyme, and hence no interindividual variability is usually assumed for 
them; this may not be true if in certain genotypes, mutations at an active site 
of enzyme infl uence the affi nity of binding for the inhibitors. 

 Figure  18.1  captures the range of sensitivities for inhibitory M - DDI defi ned 
by Eq.  (18.1) . It shows that the variation in fm will have considerable impact 
when dealing with M - DDI caused by strong inhibitors, while the outcome is 
not sensitive to variation of [I] under this condition.    

  18.2.3   Sensitivity of  M  -  DDI  to Inhibition of Gut  “ First - Pass ”  Metabolism 

 The importance of gut - wall metabolism is explained in Chapter  9  in this book. 
The amendment to Eq.  (18.1) , when there is a signifi cant contribution by gut -
 wall metabolism to bioavailability, is described by Eq.  (9.1)  in Chapter  9 , and 
as a reminder it is shown below:
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  where  F G   and   ′FG  describe the fraction of drug that escapes fi rst - pass gut 
metabolism in the absence and presence of any interacting drug, respectively. 
The mechanistic models for  F G   such as  “ segmental and segregated intestinal 
transport and metabolism ”  described by Pang and colleagues (Pang,  2003 ; 
Tam et al.,  2003 ) have not been used widely since many of the parameter 
values for the model cannot be generated from the current  in vitro  studies. 
Variations of these models are now implemented in commercially avail-
able software (Jamei et al.,  2009b ) which may facilitate a wider use. Less 
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mechanistic, more pragmatic, models have gained more popularity as they 
could link some of the currently available  in vitro  data to clinical observations. 
Readers are referred to a recent report by Yang et al.  (2007) , as an example, 
where the  F G   was described using an operational  Q  Gut  model. The model 
retains the form of the  “ well - stirred ”  model, but the fl ow term ( Q  Gut ) is a 
hybrid of both permeability through the enterocyte membrane and villous 
blood fl ow.
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 Thus, expanding  Q  Gut  in terms of its fundamental parameters leads to
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where CL perm  is a clearance term defi ning permeability through the enterocyte 
and  Q  villi  is actual villous blood fl ow. Interindividual variability in intrinsic 
metabolic clearance (CL u  int   Gut ) and its inhibition will impact the outcome of 
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     Figure 18.1.     Concentration – effect relationship for M - DDI by an inhibitor (measured 
as the fold change in AUC for  “ victim ”  drug).  Left Panel:  Arrow A shows that a change 
in the [I] (alongside X axis) for weak or moderate inhibitors will lead to a changes in 
AUC, and hence the variability in [I] is associated with the level of variability in the 
interaction. This happens regardless of fm (i.e., compare solid and broken lines which 
are superimposable at low ranges of [I]).  Right panel:  Arrows A shows that for strong 
inhibitors, any variation in circulating concentrations of ([I]) will not lead to any appre-
ciable effect on M - DDI level; hence interindividual variability in [I] does not propagate 
to inhibitory effect. However, change in fm (or its interindividual variability) is associ-
ated with variation in the inhibitory response as indicated by arrow B and the big gap 
between broken and solid lines at the top end of the curves.  
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M - DDI. However, two compounds with exactly the same intrinsic clearance 
(or same degree of inhibition on clearance at the level of gut wall) may exhibit 
quite different extents of fi rst - pass gut metabolism if the exposure to enzymes 
during transit through the gut wall varies between individuals. The degree of 
exposure depends on the effects of uptake and effl ux transporters, passive 
membrane permeability, and enterocytic blood fl ow. 

 In the presence of an inhibitor that only alters intrinsic gut metabolic clear-
ance, Eq.  (18.10)  can be rewritten to include an estimate of the concentration 
of inhibitor in the enterocyte ([I] gut ) and its inhibitory constant for affected 
pathway  j :
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 Fold inhibition can be defi ned depending on the type of inhibition:
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 When an inhibitor is not coadministered with a substrate, the unbound con-
centration of inhibitor in the systemic circulation can be used as an estimate 
of [I] gut . However, when inhibitor and substrate are coadministered, the value 
of [I] gut  may be estimated from the prehepatic absorption rate of inhibitor 
knowing enterocytic blood fl ow ( Q  ent ) according to Eq.  (18.14) :
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where  f a   is the fraction of the inhibitor dose that is absorbed into the gut wall 
and  k a  (I) and Dose(I) are the absorption rate constant and dose of inhibitor, 
respectively. The above equation assumes that the inhibitor is not subject to 
major fi rst - pass gut metabolism itself. 

 Operating concentrations for induction of gut metabolism would be similar 
to those described above; however, Eq.  (18.15)  is used instead of  (18.12)  to 
account for the increase (rather than decrease) in the activity (see Almond 
et al.  (2009)  for further details):
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 Equations  (18.12)  through  (18.15)  highlight the nonlinear relationship between 
the inhibitor concentrations (/dose) and the extent of effect on FG . Thus, the 
interindividual variations related to [I] Gut  (see Section  18.3.2   ) may not neces-
sarily lead to variable inhibition of intestinal fi rst - pass metabolism, and the 
propagation of variability in [I] Gut    will depend on the nature of  “ victim ”  drug. 
If the  “ victim ”  drug has a high  FG  to start with, variability in [I] Gut  becomes 
irrelevant for any moderate inhibitory effects. Similarly, if the  “ victim ”  drug 
has high FG , variation in [I] Gut  is not going to cause variations in the level of 
M - DDI involving moderate induction of gut fi rst - pass. Variability in [I] Gut  (and 
the dose of  “ perpetrator ”  drug) will have a proportional infl uence on the 
inhibition and induction of  “ victim ”  drugs with low  FG .   

  18.3   CURRENT KNOWLEDGE OF  ADME  VARIABILITY 
RELEVANT TO  M  -  DDI  

 Examples of incorporating variability into predictions of mDDI using fi rst 
principles are given in this section with extended examples from an earlier 
report (Rostami - Hodjegan and Tucker,  2004 ). 

  18.3.1   Sources of Variability in Fractional Metabolism 

 If we consider that variation in fm depends on relative variability of metabolic 
routes, and that many of these routes are infl uenced by genetic polymorphism, 
then it is intuitive that, even at a fi xed level of a given inhibitor (fi xed [I] and 
[I]Gut ), a large variability in the extent of M - DDI is likely. The aspects related 
to genetic variability in noninhibited pathways has been reviewed by Collins 
et al.  (2006)  in relation to approved drugs on the market. However, as shown 
by Eq.  (18.2) , the notion of fm determining the variability in M - DDI is only 
true when dealing with strong inhibitors (i.e., M - DDI is more sensitive to fm 
than to [I]). A hypothetical example was considered by Rostami - Hodjegan 
and Tucker  (2004)  to show the interindividual variability of M - DDI by a 
strong inhibitor for a  “ victim ”  compound that is metabolized 50% by CYP1A2, 
30% by CYP2D6 (an enzyme under genetic control), and 20% by renal excre-
tion. As shown in Fig.  18.2 , while complete inhibition of CYP1A2 in a typical 
healthy adult may not increase the AUC more than twofold, the same level 
of inhibition in an elderly patient with a compromised renal function or in an 
individual who lacks functional CYP2D6 for genetic reasons may cause up to 
2.7 -  and 3.5 - fold increases, respectively. The extent of inhibition in a poor 
CYP2D6 metabolizer with renal failure would be even greater (up to 11 - fold 
assuming 20% normal renal function).   

 In the case of strong mechanism - based (suicidal) inactivation (MBI) 
(Ghanbari et al.,  2006 ) and induction (Shou et al.,  2008 ), the fold change in 
clearance depends on the natural degradation rate ( kdeg ) of the enzyme and it 
changes with the time parameter. The  kdeg  is an intrinsic parameter of the 
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system (human body), rather than a drug - dependent parameter (Yang et al., 
 2008 ). Thus, differential equations incorporating the dynamics of enzyme 
synthesis and degradation (Riley et al.,  2007 ) are necessary. Interindividual 
variability in the degradation could be substantial (Yang et al.,  2008 ) as shown 
by the range of values in Table  18.1 .    

  18.3.2   Sources of Variability in Operating Inhibitor Concentrations [ I ] 

 The circulating concentration of the inhibitor (and hence concentration at the 
active site) is subject to variability due to variation in the administered dose 
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     Figure 18.2.     Amplifi cation of inhibition effect on a particular enzyme (CYP1A2) by 
compromised level of activity in uninhibited routes (1 - fm). The use of strong inhibitors 
will not signifi cantly raise the plasma concentrations unless the parallel pathways 
(escape routes) are compromised. In the example given above, uninhibited routes, 
namely renal excretion and CYP2D6 activity, might be lower in some patients due to 
renal impairment or poor metabolizer genotype. These covariates will be associated 
with higher exposure to the  “ victim ”  drug under any inhibition of the major pathway 
(CYP1A2 in this case). However, the highest susceptibility is seen in (rare) poor 
metabolizers of CYP2D6 whose kidney function is also impaired. Studying such a 
specifi c group during Phase II is fraught with problems; nonetheless, it is valuable to 
know the extent of theoretically conceivable M - DDI in such a group.  
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 TABLE 18.1.     Turnover Half - Lives of Human Hepatic  CYP  s  

   Enzyme  
   Method of 
Assessment      N       t  1/2  (h)   a        Reference  

  CYP1A2     In vitro     1    51    Diaz et al.  (1990)   
   In vitro     NC   b       43   c       Maurel  (1996)   
   In vitro     5    36 (8 – 58)   d       Renwick et al.  (2000)   
   In vivo     12    39 (27 – 54)    Faber and Fuhr  (2004)   
   In vivo     7    105    Magnusson et al.  (2008)   

  CYP2A6     In vitro     2    26 (19 – 37)    Renwick et al.  (2000)   
  CYP2B6     In vitro     1    32    Renwick et al.  (2000)   
  CYP2C8     In vitro     5    23 (8 – 41)    Renwick et al.  (2000)   
  CYP2C9     In vitro     5    104    Renwick et al.  (2000)   
  CYP2C19     In vitro     3    26 (7 – 50)    Renwick et al.  (2000)   
  CYP2D6     In vitro     4    70    Renwick et al.  (2000)   

   In vivo     13    51    Liston et al.  (2002)  
Venkatakrishnan and 
Obach  (2005)   

   In vivo     15    46.6  ±  11.8    O ’ Mathuna et al.  (2008)   
  CYP2E1     In vitro     5    27 (7 – 40)    Renwick et al.  (2000)   

   In vivo     6    60    Berthou et al.  (1995)   
   In vivo     11    50  ±  19    Emery et al.  (1999)   

  CYP3A4     In vitro     1    44    Pichard et al.  (1992)   
   In vitro     NC    26   c       Maurel  (1996)   
   In vitro     4    79    Renwick et al.  (2000)   
   In vivo     15    72   c       Tran et al.  (1999)   
   In vivo     6    96  ±  38 (53 – 154)    Pitlick et al.  (1976)   
   In vivo     7    72 (20 – 146)    Lai et al.  (1978)   
   In vivo     3    (85 – 806)    Warren et al.  (1980)   
   In vivo     8    (36 – 50)    Fromm et al.  (1996)   
   In vivo     13    10   c    (2 – 158)    Boddy et al.  (1995)   
   In vivo     35    94 (62 – 205)    Rostami - Hodjegan et al. 

 (1999)   
   In vivo     7    70    Magnusson et al.  (2008)   
   In vivo     16    85  ±  61    Hsu et al.  (1997)   
   In vivo     6    140 (48 – 284)    von Bahr et al.  (1998)   

  CYP3A5     In vitro     3    36 (15 – 70)    Renwick et al.  (2000)   

     a t  1/2    =   ln(2)/ k  deg .  
    b  NC, not clear.  
    c  Estimated from reported data.  
 
    

d  Values in parentheses are ranges.  
    e   ±  indicates SD.   

  Source :   Updated from Yang et al.  (2008)  and Ghanbari et al.  (2006) . 
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of the  “ perpetrator ”  or issues related to variable compliance. However, even 
under the administration of an equal dose to a group of subjects, [I] can vary 
substantially due to interindividual variation in all ADME processes that 
govern pharmacokinetics. Many of these variations can be simulated, and a 
detailed account is given for metabolism (Rostami - Hodjegan and Tucker, 
 2007 ) as well as other aspects (Jamei et al.,  2009c ). Here we summarize such 
sources of variability: 

18.3.2.1 Variability in [ I] Due to Interindividual Difference in Oral 
Absorption.   Absorption of inhibitor is determined by its release from the 
formulation and permeation to enterocytes (fa), proportional escape from gut 
wall ( FG ) and hepatic metabolism ( FH ). All of these are subject to interindi-
vidual variation. For instance, variations in gastrointestinal (GI) motility and 
pH can lead to variable extent and rate of absorption, and hence variable 
concentration time profi les after the administration of the same dose in dif-
ferent individuals. Variable [I] (/and [I] Gut ) may propagate to the M - DDI 
according to Eqs.  (18.3) ,  (18.7) , and  (18.12) . However, it should be noted that 
reported large variation in motility and residence time in the intestine [e.g., 
by Yu and co - workers (Yu and Amidon,  1998 )], as well as variations in pH 
(Dressman and Fleisher,  1986 ; Evans et al.,  1988 ; Dressman et al.,  1990 ; 
Russell et al.,  1993 ), may or may not translate into pharmacokinetic differ-
ences depending on drug and formulation characteristics (see Jamei et al. 
( 2009c ) for further details of issues related to variability in absorption). 

FG  for any inhibitor would be sensitive to the abundance of drug - 
metabolizing enzymes. The abundance of enzymes in the gut wall is infl uenced 
by genetics and diet. There are various enzymes in the gut as described by 
Galetin and Houston in Chapter  9 ; however, CYP3A (Kolars et al.,  1992 ; 
Watkins,  1992 ; Paine et al.,  1997, 2006 ; Zhang et al.,  1999 ) and UGTs (Ritter, 
 2007 ) are probably the most infl uential enzymes affecting gut wall metabolism, 
and hence their variability can affect the FG  of inhibitor profi le (as well as  FG

of the  “ victim ”  drug). 
 Active secretion of the drug from the gut wall into the gut lumen by the 

multidrug effl ux pump, P - glycoprotein (P - gp), as well as infl ux and effl ux by 
other transporters, is subject to interindividual variations that affect trans-
porter abundance and/or activity. However, knowledge in this area is sparse.  

18.3.2.2 Variability in [ I] due to Interindividual Differences in Elimination. 
The sources of variability in intrinsic metabolic clearance that determine fm 
of the victim drug can equally affect the FH  of the  “ perpetrator ”  drug and 
hence cause variability in [I]. Induction and inhibition of enzymes by envi-
ronmental substances or toxins contributes to interindividual differences 
in drug metabolism as much as the genetic makeup of the individual 
(Lin et al.,  1997 ). 

 If renal excretion of the inhibitor (/inducer) was the major route of its 
elimination, individual variations in urine fl ow, urine pH, and plasma protein 
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binding can lead to interindividual differences in [I]. The extent of sensitivity 
to these parameters depends on the nature of the compound and the mecha-
nisms involved in its renal elimination (e.g., glumerular fi ltration, active secre-
tion, passive reabsorption). 

  Recently, more attention has been paid to the genetic differences in trans-
porters responsible for active renal secretion of drugs [e.g., OATP 1B1 
(Yamashiro et al.,  2006 )] as well as active uptake to hepatocytes (Watanabe 
et al.,  2009 ). Obviously, these may infl uence the circulating levels of [I] with 
potential impacts on interindividual variability of M - DDI.   

  18.3.3   Problems Associated with Identifying Covariates of  M  -  DDI  Using 
Clinical Data 

 Compliance (/adherence) to dosage regimens is an important aspect of clinical 
studies that if not monitored (or if the inhibitor or inducer plasma concentra-
tions were unknown) could lead to diffi culty in interpreting the dose – effect 
relationship (Vrijens and Goetghebeur,  1999 ) and should be considered in 
interpretation of any results from clinical data. 

 An argument that has often been used against paying attention to vari-
ability in fold inhibition (or induction) is the inverse relationship between 
the CL of the  “ victim ”  drug and the level of fold induction. It is argued 
that when fm is high in an individual due to high baseline activity of the 
inhibited enzyme, the concentration of the drug would be low to start with; 
under this hypothesis, high fold inhibition would not be of concern since it 
suppresses the initial high CL to bring it at a level similar to that of average 
individuals and raises the concentration of the  “ victim ”  drug from very low 
baseline levels to something in line with an average patient. This hypothesis 
is only valid if the prescribed dose is considered to be the same in all indi-
viduals and does not co - vary with their clearance. There are considerable 
data to show that prescribers, even in absence of monitoring drug concen-
trations, adjust the dose in line with the clearance of the drug, by using 
marker of activity. Hence the majority of patients receiving the  “ victim ”  
drug under a realistic clinical setting will have similar concentrations in 
plasma at baseline (which is achieved via variable dose). A typical example 
of this would be the correlation between the genotype of CYP2C9 and the 
prescribed level of maintenance dose even when the prescribers were 
unaware of the patient genotype (Fig.  18.3 ); if these patients are exposed 
to an inhibitor, fold inhibition will raise the concentration to a much higher 
level in individuals who are at high doses [because of high CL]). Nonetheless, 
it is not always possible to link the level of M - DDI to the level of thera-
peutic dose of a  “ victim ”  drug, particularly when the reason for high fm is 
compromised status of noninhibited routes in some subjects. Figure  18.4  
schematically describes such complexity in analyzing the covariate effects in 
M - DDI studies.     
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Experimental dose – genotype data
12

= meta-analysis of literature data.     
(Dickinson et al., 2007)
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     Figure 18.3.     Meta - analysis of data for warfarin maintenance dose in relation to 
 CYP2C9  genotype. The prescribers were not aware of the patients ’  genotype and 
genotyping took place retrospectively.  Drawn from the data collected and analyzed by 
Dickinson et al.  (2007)    from the literature reports (Aithal et al.,  1999 ; Margaglione 
et al.,  2000 ; Taube et al.,  2000 ; Loebstein et al.,  2001 ; Higashi et al.,  2002 ; Kamali 
et al.,  2004 ; Siguret et al.,  2004 ).   
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     Figure 18.4.     Schematic representation of reasons to exercise caution in taking initial 
high clearance in an individual as an indication for safety of high  “ fold - interaction. ”  
Some assume that the concentration of the  “ victim ”  drug will rise only to the level of 
concentrations in average people after M - DDI; the latter notion ignores the natural 
dose adjustment that takes place in a clinical setting based on markers of drug effect.  

  18.4   TOOLS FOR INCORPORATING INTERINDIVIDUAL 
VARIABILITY IN  M  -  DDI  

 To our knowledge, currently the only automated tool with the capability 
of assessing interindividual variability in M - DDI is the Simcyp ®  
Population - based ADME Simulator (Jamei et al.,  2009b ). The Simulator 
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     Figure 18.5.     Investigating covariates by creating  virtaal patients . Fold increase in AUC 
resulting from an interaction between a hypothetical CYP3A4 substrate (NBG002) 
and orally adminstered fl uconazole is simulated in a Caucasian population at two dose 
levels for the inhibitor using Simcyp ADME Simulator. The covariation of M - DDI 
with the hepatic and gut expression levels of CYP3A4 (according to  R  2  values for the 
regression lines) and the renal function of individuals was investigated in the virtual 
population created by Simcyp (V 7). The graphs show that CYP3A4 in the gut and 
liver is a determinant of the level of interaction ( “ regression to mean effect ” ) particu-
larly for weak inhibitors (/doses), which do not abolish metabolic activity completely. 
However, the remaining elimination pathway (renal CL in this case) also plays a sig-
nifi cant role, and this is largely dependent on whether a major part of the metabolic 
activity disappears due to inhibition or not. As the inhibitor dose is increased from 200 
to 2000   mg, renal function is a stronger covariate for increased AUC. Therefore, the 
level of inhibition, especially in the presence of a strong inhibitor (or larger dose), is 
determined by the function of the noninhibited routes (i.e., 1 - fm). Thus, it should be 
noted that covariates determining the magnitude of drug – drug interactions are dose -
 dependent. A degree of inhibition of CYP3A4 that is not important in normal subjects 
may produce a pronounced effect in renally impaired subjects and elderly patients (or 
CYP2D6 poor metabolizers if this enzyme is involved, etc.).  

contains large databases of information relevant to ADME on healthy and 
disease populations. The  “ bottom - up ”  nature of the platform, which uses 
mechanistic modeling and simulation of the processes of oral absorption, 
tissue distribution, metabolism, and excretion of drugs, assists the user with a 
more realistic assessment of theoretically conceivable extremes in M - DDI. 
The models are particularly useful to M - DDI involving multiple drug interac-
tions, combined effects of parent drug and metabolite, and time -  and dose -
 dependent phenomena such as auto - induction and auto - inhibition. In many 
cases, M - DDIs are primarily the result of inhibition of  “ fi rst - pass ”  metabolism 
because the concentration of inhibitor is highest during its absorption. This is 
demonstrated by simulations showing the large impact that staggering the 
times of administration of inhibitor and substrate can have on the degree of 
an interaction (Yang et al.,  2003 ). Predictions of M - DDI with the commonly 
used Eq.  (18.1)  do not account for different levels of inhibition during  “ fi rst -
 pass ”  and systemic exposure. An account of various strategies in using qualita-
tive, semiquantitative, and quantitative predictions of M - DDI was provided 
recently by Einolf  (2007) . More recent examples are provided by Fahmi and 
co - workers  (2009) . Readers are also referred to two review articles which 
outline the position by the experts from leading pharmaceutical companies in 
the USA (i.e., PhARMA reports by Grimm et al.  (2009)  and Chu et al.  (2009) ). 

 As an example, the capability of the currently available  in silico  techniques 
regarding covariate analysis is shown in a simulation study that was carried 
out and described in Fig.  18.5 . The results highlight a fundamental concept 
that was described at the beginning of this chapter, namely,  “ covariates of 
M - DDI depend on the strength of the inhibitor at a given dose. ”  Another 
example of the use of program for assessment of variations due to administra-
tion time and study design is given by Zhao et al.  (2009) .    
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  18.5   CONCLUSIONS 

 The speed and cost of drug development requires optimization to reduce the 
ever - rising cost/benefi t of the process of drug development. The majority of 
the procedures involving assessment of covariates for M - DDI are still being 
built based on observed data ( “ top - down ” ) rather than taking advantage of 
broader knowledge of the system in which the M - DDI happens (i.e., human 
body) under the so - called  “ bottom - up ”  approach. Although the identifi cation 
and quantifi cation of covariates is now considered in drug development, deter-
mining covariates using traditional small parallel studies or using large - scale 
sparse sampling coupled with population - based pharmacokinetic studies is not 
straightforward and is not possible all the time.  In vitro – in vivo  extrapolation 
(IVIVE) has become possible now because of advances in the understanding 
of the extrapolation factors (physical chemistry, biology, physiology, and 
genetics) and the ability to  “ integrate ”  such information using mechanistic 
models of the human body (Rostami - Hodjegan and Tucker,  2007 ) combined 
with the power of computers (Jamei et al.,  2009b ). These efforts are in parallel 
to other scientifi c activities under the umbrella of  “ Systems Biology ”  and are 
embraced increasingly by the pharmaceutical industry [e.g., see Lalonde et al. 
 (2007) ]. Population - based simulations of M - DDI considering the full profi les 
of interacting drugs (accounting for the mutual effect), and additional com-
plexities of inhibitory metabolites (simultaneous inhibition and induction) to 
fi nd the most appropriate study designs and assess the M - DDI in rare condi-
tions (which clinically exist but diffi cult to design as part of any study) are a 
small part of a big effort in accelerating the drug development while keeping 
it as safe as ever, if not safer.  
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  NF  -   κ   B : MECHANISM, TUMOR 
BIOLOGY, AND INHIBITORS  

  Lenny   Dang       

   19.1    NF  -   κ   B  

 Nuclear factor kappa B (NF -  κ B) is an evolutionary conserved family of tran-
scription factors involved in responses to a vast array of external stress stimuli. 
Intense research in this fi eld, as evident by the volume of scientifi c papers 
published on this subject over the last 20 years, has yielded a great deal of 
understanding the basic mechanism underlying this important signaling 
pathway. NF -  κ B has emerged to be one of the most - studied biological path-
ways in eukaryotes. Yet, as much as we appreciate the importance of NF -  κ B 
in the pathogenesis of a plethora of diseases ranging from infl ammation to 
cancer, diabetes, pain, and neurological disorders, among many others, the 
diversity of tissue - specifi c responses and the complexity of the  in vivo  dynamic 
network of this pathway are only beginning to unravel with the use of classic 
genetic techniques in combination with genomic and pharmacological tools 
that recently have become more readily available. There is great promise in 
targeting this pathway with so much compelling evidences, yet further studies 
in both normal physiology and disease states will still be needed in order to 
develop safe and effective therapeutics for a myriad of diseases. 

 This review is intended to introduce readers to basic mechanistic biology, 
associated pathology, and exemplary inhibitors of NF -  κ B pathway. But given 
the importance and the breadth of this research fi eld, this overview cannot 
possibly be suffi ciently comprehensive to cover all disease areas that are 
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relevant to the discovery and development of therapeutics for various NF -
κ B - driven diseases. For instance, NF -  κ B in the context of infl ammation and 
autoimmune diseases in and of itself is a vast area of research deserving a 
much more extensive review than this space allows. As such, a number of 
excellent review articles are available for more in - depth understanding of 
NF -κ B mechanism in a variety of disease settings. In particular, review series 
authored or edited by Thomas D. Gilmore over the years are highly recom-
mended readings. 

 With that consideration, the discussion in this chapter will focus on current 
knowledge of the basic regulation of NF -  κ B and its role in hemaetological 
malignancies. Toward the end of the chapter, we will discuss specifi c approaches 
to inhibit NF -  κ B with the aim toward disease management.  

  19.2   THE  NF  -   κ   B  PROTEIN FAMILY 

 In eukaryotes, the generically known NF -  κ B actually composes fi ve members 
of the Rel/NF -  κ B proteins: p65 (RelA), RelB, c - Rel, p50 (NF -  κ B1), and p52 
(NF -κ B2) (Fig.  19.1 ). This is characterized by a 300 amino - acid N - terminal 
sequence known as the Rel - homology domain (RHD) (Hayden and Ghosh, 
 2004   ; Gilmore,  2006 , reviews). The RDH sequence mediates dimerization, 
inhibitory kappa - B binding interaction, nuclear localization, and DNA binding. 
These fi ve members can be further subdivided into two groups based on their 
sequence C - terminal to their RDH: the  “ NF -  κ B ”  proteins (p50/p105 and p52/
p100) and the  “ Rel ”  proteins (RelA, RelB, and c - Rel). The Rel protein family 
members, but not the NF -  κ B proteins, possess a potent transactivation domain 
(TA) C - terminal to the RHD which is required for competent gene transcrip-
tion. On the other hand, the NF -  κ B(1/2) family proteins are synthesized as 
precursors and are distinguished by possessing an I kappa - B like inhibitory 
domain characterized by multiple ankyrin - like repeats. Consequently, 
members of this subgroup become activated when they are partially processed 
proteolytically by the proteasome to the transcriptionally competent forms of 
p50 and p52 (Palombella et al.,  1994   ; Sears et al.,  1998 ). Without processing, 
however, these NF -  κ B precursors in some instances can indeed act as inhibi-
tors when combined with Rel family members. These NF -  κ B and Rel family 
members can associate as homo -  or heterodimers, depending on context. The 
prototypical dimer most often studied is the p50/RelA heterodimer; however, 
other combinations are also frequently observed. For example, p50/p50 or 
p52/p52 homodimers can form to negatively regulate gene expression (Nolan 
et al.,  1993 ). These different NF -  κ B dimers bind to kappa - B sites within the 
promoter/enhancer region of the target genes and regulate gene transcription 
positively or negatively via recruitment of coactivators and corepressors 
(Lenardo and Baltimore,  1989 ). This ability to dimerize in a combinatorial 
manner and be activated under a variety of internal and external stimuli 
allows NF -  κ B to orchestrate unique sets of gene transcription programs 



     Figure 19.1.     The NF -  κ B, I κ B, and IKK protein family members. Members of the IKK, 
I κ B, and NF -  κ B are shown. Amino acid numbers are shown to the right of each 
protein. Post - translational modifi cation includes P (phosphorylation), Ac (acetylation), 
and Ub (ubiquitination). Other abbreviations are as follows: ANK (ankyrin repeats), 
CC (coil – coil), DD (death domain), GRR (glycine - rich region), HLH (helix – loop –
 helix), LZ (leucine - zipper), NBD (NEMO binding domain), RHD (Rel homology 
domain), TAD (transactivation domain), and Z (zinc - fi nger domain).  
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differentially, depending on the context of other cellular processes (Xiao 
et al.,  2004 ). Moreover, it is worth noting here that despite the structural simi-
larities among these NF -  κ B family members and their ability to bind to the 
same cognate DNA sequence, genetic deletion studies reveal distinct and 
nonoverlapping functions (Perkins,  2007 ).    

  19.3   MECHANISM OF  NF  -   κ   B  ACTIVATION 

 Activation of NF -  κ B occurs at multiple levels, but it is clear that the main 
mechanism of regulation occurs through the association of tightly controlled 
and highly labile inhibitory proteins known as I kappa Bs. Under most basal 
conditions, NF -  κ B dimers are maintained in an inactive state by this family of 
I kappa B proteins. The typical I κ B family members include I κ B α , I κ B β , and 
Iκ B ε , as well as the NF -  κ B precursor proteins described earlier, p100 (NF κ B1) 
and p105 (NF κ B2). Additionally, there are two atypical I κ B proteins that are 
inducible, I κ B ζ  and Bcl - 3, and an alternative spliced of NF κ B1 resulting in 
Iκ B γ  whose biological role remains unclear (Hayden and Ghosh,  2008 ). All 
of these I κ B proteins are characterized by the presence of multiple ankyrin -
 like repeat sequences, which are important for their interaction with NF -  κ B 
dimers. 

 In most cells, the prototypical canonical NF -  κ B is the trimeric complex of 
Iκ B α  bound to p50 - RelA, which as a latent complex is incapable of binding 
to DNA and importantly preferentially partitioned to the cytoplasm. 
Examination the crystal structure of this trimeric complex reveals two impor-
tant features. The fi rst one is that I κ B α  masks one of two nuclear localization 
sequences (NLS), only the one on p65 at the RHD, but not the NLS on p50. 
Secondly, it reveals that I κ B α  itself contains a surface - exposed signal sequence 
for nuclear export (NES) (Phelps et al.,  2000 ; Johnson et al.,  1999   ). The com-
bination of exposed NLS of p50 and NES of I κ B α  results in a constant shut-
tling of the trimeric complex between nucleus and cytoplasm, even though the 
basal steady - state favors cytosolic NF -  κ B. Regulated removal of I κ B α
from the trimeric complex via proteolytic degradation of I κ B α  dramatically 
alters the dynamic equilibrium in favor of the accumulation of unbound NF -  κ B 
in the nucleus, allowing for DNA binding and gene transcription (Perkins, 
 2007 ). Interestingly, one of the early response gene transcription events by 
NF -κ B is in fact the expression of its own inhibitory protein I κ B α , creating an 
important negative feedback loop. As such, in the absence of I κ B α , termina-
tion of NF -  κ B activation following canonical stimulation by TNF -  α , for 
instance, is signifi cantly delayed (Pasparakis et al.,  2006   ). This example illus-
trates the importance of not only the intensity and duration of the stimulus 
signal, but also the kinetics of feedback loop that determine the degree of 
NF -κ B pathway activation. Moreover, it has been suggested that isoforms of 
typical I κ B proteins ( α ,  β ,  ε ) participate differentially in controlling the ampli-
tude, duration, and oscillation frequency of NF -  κ B activation resulting in 
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distinct gene transcription programs (Hoffmann et al.,  2002     ). Consistently, 
while genome substitution of I κ B β  knock - in can mostly replace I κ B α  func-
tionally, gene knockout studies suggest that each I κ B protein has unique 
functions even in the same pathway (Tergaonkar et al.,  2005   ).  

  19.4    NF  -   κ   B  SIGNALING PATHWAYS 

 Depending on the type of stimulus and cellular context, there are several dis-
tinct pathways through which NF -  κ B can be activated, often referred to as 
canonical, alternative, and atypical (Fig.  19.2 ). The canonical pathway involves 
the degradation of I κ B α  regulated via signal - induced phosphorylation by the 
Iκ B α  kinase complex (IKK) consisting of IKK α , IKK β , and NEMO. The non-
canonical or alternative pathway involves the proteasome processing of p100, 
which is regulated via phosphorylation not by the IKK complex that contains 
IKKβ , but rather by the IKK α  homodimer. And fi nally, the atypical pathway 
modulates NF -  κ B in manners entirely independent of IKK phosphorylation  .   

 In the canonical pathway, external stimuli such as TNF -  α , IL - 1 β , and LPS 
promote the rapid degradation of I κ B α . This process is regulated by the phos-
phorylation of I κ B α  at two conserved residues at the N - terminus, Ser 32  and 
Ser36 , by the IKK complex (Ghosh and Baltimore,  1990 ; Mercurio et al.,  1997   ). 
Phosphorylation on these two serines creates a conserved binding motif 
(DS * GXXS * ) for  β  - transducin repeat - containing protein ( β  - TrCP), a receptor 
subunit of a large Skip1/Cullin1/F - box (SCF) E3 ligase complex which in 
coordination with the E2 UbcH5 mediates poly - ubiquitination of consecutive 
lysines 21 and 22 on I κ B α  (Campbell et al.,  2004     ). This K48 - linked poly - 
ubiquitinated I κ B α  is then targeted to the 26S proteasome for proteolytic 
degradation while sparing p65 and p50, exposing the previously masked NLS 
on p65. With two NLS exposed on both p65 and p50, combined with the loss 
of NES on I κ B α , unbound NF -  κ B is then preferentially partitioned from the 
cytoplasm to the nucleus for DNA - binding. This process is highly effi cient and 
rapid. In fact, immunofl uorescent imaging techniques now readily available 
commercially using anti - p65 antibodies are often used to assay for NF -  κ B 
nucleus translocation as a convenient and highly quantitative measurement of 
canonical pathway activation in cells. Moreover, in a demonstration of how 
the NLS and the process of nuclear translocation serve to tightly regulate 
pathway activation, a cell - permeable polypeptide was designed based on the 
NLS of p50. This peptide, known as SN50, but not a scrambled - sequence 
control peptide, inhibited NF -  κ B transcription in a dose - dependent manner 
in endothelial or monocytic cells stimulated with either LPS or TNF α  (Lin 
et al.,  1995   ). In fact, SN50 is commonly used as an NF -  κ B inhibitor research 
tool in a variety of cellular biology experiments. 

 In the alternative or noncanonical pathway, instead of utilizing proteasomal 
degradation, activation of NF -  κ B proceeds through proteasomal processing 
of the precursor form of p100 to 52, an interesting mechanism where the 26S 
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proteasome partially proteolyzes p100 only up to the glycine - rich region of 
p100, resulting in releasing active p52 (Palombella et al.,  1994   ). This proteoly-
sis thereby allows p52 to form a transcriptionally competent complex with 
RelB in the nucleus. This p52/RelB heterodimer complex binds to distinct  κ B 
elements and drives specifi c transcriptional responses in part due to the fact 
that RelB contains an effi cient transactivator domain (TAD) (Perkins,  2007 ). 
Stimuli such as lymphotoxin  β , CD40L, and LPS activate this pathway via 
NF -  κ B - inducing kinase (NIK) phosphorylation and activation of IKK α , 
leading to specifi c phosphorylation of the C - terminus of p100 on conserved 
Ser 866  and Ser 870  that signals for its proteolytic processing. In gene deletion 
studies, mouse embryonic fi broblasts (MEFs) from  Ikk - alpha   – / –   mice showed 

     Figure 19.2.     NF -  κ B signaling pathways. Schematic diagram illustrating the three 
described activation pathways of NF -  κ B: canonical, alternative, and atypical. Canonical 
NF -  κ B pathway mediates TNF α , IL - 1 β , or LPS responses leading to the activation of 
the IKK complex, ubiquitination, and proteasomal degradation of I κ B α , which then 
allows p50/RelA to accumulate in the nucleus for transcription. Alternative NF -  κ B 
signals from LT -  β , CD40, or BAFF, which lead to activation of the IKK α  homodimer, 
results in proteasomal processing of p100 to p52 to form the transcriptionally compe-
tent p52/RelB complex. An atypical NF -  κ B pathway is involved during genotoxic, UV, 
or hypoxia stress responses, which in many cases results in IKK - independent activation 
of NF -  κ B. See the insert for color representation of this fi gure.  
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normal NF -  κ B activation in response to TNF α  or IL - 1 β  that stimulate the 
canonical pathway, suggesting that IKK α  is dispensable for canonical signal-
ing. However, MEFs from these mice were defective in NF -  κ B responses to 
stimulation via B - cell activating factor of the TNF family (BAFF) or lympho-
toxin (LT -  β ), members of the TNF -  α  superfamily that are important in B - cell 
functions (Senftleben et al.,  2001   ). Such selective defect in NF -  κ B signaling 
delineates the alternative NF -  κ B pathway from the canonical pathway and 
defi nes the distinct physiological functions of IKK α  from IKK β . Given the 
difference between the two mechanisms of NF -  κ B activation, one via protea-
somal degradation and one via proteasomal processing resulting in different 
NF -κ B dimers that drive transcription, the canonical pathway and the alterna-
tive pathway each regulates distinct sets of gene expression. 

 In the atypical pathway, NF -  κ B can be activated independently of IKK by 
inducers such as UV irradiation, oxidation, hypoxia, and chemotherapeutic 
stress. For example, c - Src or Syk dependent phosphorylation of I κ B α  on 
tyrosine 42 can activate NF -  κ B following hypoxia or glucose stress, respec-
tively, leading to the dissociation but not degradation of I κ B α . This mecha-
nism of I κ B α  dissociation has been suggested to be mediated by 
phosphoinositide - 3 kinase (PI - 3K) (Singh et al.,  1996 ; Campbell et al.,  2004 ; 
Fan et al.,  2003 ; Yang et al.,  2008   ). Under basal conditions, I κ B α  protein can 
also be destabilized by constitutive casein kinase II (CK2) dependent phos-
phorylation of a cluster of serine/threonine residues at its C - terminal PEST 
domain (Beauparlant,  1996 ). However, under UV irradiation stimulation, p38 
MAP kinase activates CK2 in a stress - responsive manner leading to the same 
Iκ B α  PEST domain phosphorylation (Neumann and Naumann,  2007   ). And 
fi nally, there is yet another unique twist of NF -  κ B activation mechanism fol-
lowing DNA damage via the less well studied  “ nuclear - to - cytoplasmic ”  signal-
ing. In this case, nuclear NEMO is fi rst sumoylated by a ubiquitin - like protein 
modifi er called SUMO, a process that is enhanced by p53 - inducible death 
domain - containing protein (PIDD) and receptor - interacting protein 1 (RIP1). 
Sumoylated NEMO is then phosphorylated by ataxia telangiectasia - mutated 
(ATM) kinase, resulting in the mono - ubiquitination of NEMO which signals 
for cytoplasmic translocation where NEMO activates IKK complex (Wu et 
al.,  2006   ). This last example serves to illustrate that even at the most funda-
mental level of regulation, the NF -  κ B pathway integrates a complex signaling 
network in response to a remarkably wide range of cellular conditions.  

  19.5   REGULATION OF THE  IKK  COMPLEX 

 Despite the many different possible ways to activate NF -  κ B in response to a 
plethora of inducers, it is generally accepted that the majority of these signals 
converge onto I κ B kinase complexes. Understanding how IKK is regulated is 
central to the understanding of NF -  κ B pathway. Therefore, considerable 
efforts were directed at isolating and identifying the bona fi de I κ B kinase. 
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Using classical protein chemistry techniques, the I κ B kinase complex was fi rst 
purifi ed from HeLa cell extracts as a high - molecular - weight protein of approx-
imately 700 – 900   kDa which was capable of specifi cally phosphorylating Ser 32

and Ser 36 , the two residues critical for signal - induced degradation of I κ B α
(Chen et al.,  1995   ). Subsequently, the identities of the kinases within similarly 
purifi ed complexes were unambiguously revealed by several independent 
groups to be IKK α  (IKK1) and IKK β  (IKK2). Moreover, following biochemi-
cal analysis of the 700 -  to 900 - kDa complex, as well as complementation 
studies using a cell line lacking responsiveness to NF -  κ B stimuli, it was clear 
that there was an additional scaffolding protein essential for proper canonical 
NF -κ B activation, identifi ed as NEMO (IKK γ ) (Mercurio et al.,  1997   ; 
DiDonato et al.,  1997   ; Woronicz et al.,  1997   ; Rothwarf et al.,  1998   ). Indeed, 
recombinant expression techniques in yeast recapitulated the native assembly 
of the IKK complex and biochemically confi rmed that the core component of 
the canonical IKK complex composed of IKK α , IKK β , and NEMO (Miller 
and Zandi,  2001   ). IKK α  and IKK β  both associate with NEMO through their 
C - terminal stretch of six residues known as the NEMO - binding domain 
(NBD). It is worth noting that IKK β  has higher affi nity to NEMO than does 
IKKα , possibly explaining the fact that IKK α  can exist as a homodimer in the 
alternative pathway while IKK β  must be associated with NEMO as a complex 
for catalytic activity. Indeed, an 11 - mer polypeptide from the NBD sequence 
that interferes with NEMO - IKK β  assembly could completely inhibit IKK 
complex kinase activity and subsequently I κ B α  degradation, NF -  κ B DNA -
 binding, and  κ B gene transcription (Choi et al.,  2003   ). While the exact stoi-
chiometry of the endogenous IKK complex has not been conclusively 
determined due to limited purity and variability from the conventional puri-
fi cation schemes, it is thought that the complex is composed of a dimer of 
trimers (Miller and Zandi,  2001   ; Karin and Ben - Neriah,  2000 ). 

 The identifi cation of the catalytic components of the IKK complex led to 
the identifi cation of two other related kinases, IKK ε  (IKKi) and TANK -
 binding kinase 1 (TBK1), of which the four together comprise the family of 
IKK proteins (Peters and Maniatis,  2001   ). The IKK family is distinguished by 
three important architectural features: a kinase domain located at the 
N - terminus, a helix – loop – helix (HLH); and leucine - zipper (LZ) motifs at the 
C - terminus. Mutagenesis of these regions suggests that dimerization of 
IKKα / β , which is required for catalytic activity, is mediated by the LZ domains 
(Mercurio et al.,  1997 ). The kinase domain of either IKK α  or IKK β  is con-
served among other serine/threonine kinases, such as the presence of the 
activation loop with virtually identical sequence between IKK α  and IKK β , 
whose phosphorylation confers an active conformation change necessary for 
substrate binding. Mutating Ser 177  and Ser 181  on IKK β   “ activation - loop ”  
renders the kinase inactive (similarly for IKK α  on Ser 176/180 ). Moreover, com-
putational modeling shows general conservation in the ATP binding pocket, 
particularly at Lys 44  where the MgATP - coordination occurs. Lys 44  is often 
mutated to generate kinase - defective IKK proteins. Overexpression studies 
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using such Lys 44  mutants, which can incorporate into and dimerize 
with wild - type endogenous IKK complex, indicates that phosphorylation of 
Iκ B α  by the IKK complex is indeed the rate - limiting step in the activation of 
canonical NF -  κ B (Zandi et al.,  1997   ; Woronicz et al.,  1997   ; Karin and Ben -
 Neriah,  2000 ). 

 Surmised from the knowledge of how MAP family kinases are generally 
activated and from mutational studies, it is clear that phosphorylation on the 
activation loop of the catalytic subunits is required to activate the enzymatic 
activity of the IKK complex. However, it is less clear exactly how and which 
kinase(s) are the bona fi de activators of IKK enzymes. Purifi ed directly from 
unstimulated HeLa cell extracts, IKK complex is inactive against GST - tagged 
Iκ B α  or short polypeptide spanning the Ser 32/36  of I κ B α , unless it is pre -
 incubated in the presence of MgATP with either recombinant NF -  κ B inducing 
kinase (NIK) or with constitutively activated kinase domain of mitogen -
 activated protein kinase kinase 1 (MEKK1) (unpublished results; Lee et al., 
 1997   ), suggesting that phosphorylation by an upstream IKK kinase is required 
to activate IKK. In addition to NIK and MEKK1, several groups have pro-
posed other candidates for the IKK - K, including Akt/PKB, MEKK2, MEKK3, 
Cot/TPL2, and TGF -  β  activated kinase 1 (TAK1), TANK binding kinase 1 
(TBK1, also called NAK) (Karin and Ben - Neriah,  2000 ). Many of these 
studies, however, rely mainly on forced overexpression of target proteins 
which in some cases may exaggerate promiscuous interactions that otherwise 
may not be observed under normal physiological conditions. With that 
being said, the relevance of each of these kinases is likely to be cellular 
context - dependent. 

 Regardless of the identity of IKK kinases, however, recent works suggest 
that the key to enzymatic activation of the IKK complex lies the combination 
of regulated protein – protein interaction via K63 linked ubiquitination and the 
ability of NEMO to modulate oligomerization, behaving as an assembler of 
higher - order protein complexes (Poyet et al.,  2000   ; Hayden and Ghosh,  2008 ). 
This line of thought is supported by analysis of how signal is transduced from 
the receptors via TNF - receptor - associated factor (TRAF), whose family 
members include TRAF2 and TRAF6, which serve to mediate NF -  κ B activa-
tion from TNF - R and from IL - 1R/Toll - like receptors, respectively. TRAF 
proteins are RING - domain - containing E3 ligases that mediate K63 - linked 
ubiquitination in conjunction with E2 Ubc13/Uev1A that direct their sub-
strates for specifi c protein – protein interaction rather than for proteasomal 
protein degradation (Deng et al.,  2000   ). In response to cytokine signals, TRAF 
proteins oligomerize and mediate K63 - linked ubiquitination of RIP1 by 
TRAF2 (or in case of TRAF6 by auto - ubiquitination). This K63 - linked ubiq-
uitination on RIP or TRAF6 allows for specifi c binding of TAB2 or TAB3, 
which are K63 - polyubiquitin receptor modules that serve as regulatory sub-
units in the TAK1 kinase complex (Kanayama et al.,  2004   ). The recruitment 
through the TAB activates TAK1 that is now primed to phosphorylate the 
activation loop on IKK. But in addition to RIP1 and TRAF6, NEMO is also 
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ubiquitinated as it is recruited to the TRAF/RIP complex by another E3 ligase 
called inhibitor of apoptosis protein (cIAP), a component of the TNF receptor 
complex (Tang et al.,  2003   ). In this setting, NEMO coordinates the association 
with RIP1 with its C - terminus and the association with IKK with its N - terminus 
to expose the IKK activation loop for TAK1 to phosphorylate, leading to 
enzymatic activation of IKK. The exposed activation loop of IKK upon assem-
bly into the signalsome has also been proposed to be trans - autophophorylated 
by IKK itself, because there is equally compelling evidence for IKK autophos-
phorylation as there is for TAK1 as an IKK - K (Hayden and Ghosh,  2008 ). 

 As an integrator of signals, the mechanism for NF -  κ B signal suppression 
and termination is equally complex as the activation process. But what is clear 
is that NF -  κ B activation is transient from most stimuli; and interestingly, often 
the stronger the stimuli the more transient the responses (Karin and Ben 
Neriah,  2000 ). In addition to transcriptional regulation of I κ B α  as a negative 
feedback loop to dampen NK -  κ B signaling, aside from constitutive cytoplas-
mic PP2A phosphatase activity, regulation of the IKK activation itself appears 
to possess two distinct negative - feedback mechanisms: deubiquitination and 
deactivating phosphorylation. First, underscoring the importance of K63 
linked ubiquitination in the process of IKK activation, both the A20 ubiquitin -
 editing and CYLD de - ubiquitinating enzymes that are capable of removing 
the K63 - linked polyubiquitin chains conjugated on RIP or TRAF6 protein 
serve as potent negative regulators of NF -  κ B. For example, when the proteins 
are overexpressed in cells, A20 and CYLD can diminish TAK1 activation and 
abolish subsequent IKK/NF -  κ B activation (Chen et al.,  2006   ). Second, phos-
phorylation on Ser 740  at the NEMO binding domain (NBD) and on Ser 68  of 
NEMO results in the disruption of NEMO - IKK interaction and thereby ter-
minates enzymatic activity of IKK complex. It has been generally thought that 
this negative - feedback phosphorylation is mediated by IKK itself (Palkowitsch 
et al.,  2008   ). However, a recent report suggests that a Ser 740  kinase purifi ed 
from HeLa cell extract capable of specifi cally phosphorylate NBD of IKK is 
in fact polo - like kinase 1 (PLK1), a mitotic cell - cycle kinase (Higashimoto 
et al.,  2008   ).  

  19.6    IKK  GENE KNOCKOUTS 

 At fi rst approximation, IKK α  and IKK β  appear to share overlapping function 
because both exist in the same enzyme complex in vivo ; and when expressed 
individually as recombinant enzymes, they both can recognize the same sub-
strate motif on I κ B proteins with relatively high specifi city, although with 
varying effi ciency from a kinetics standpoint. Despite their general biochemi-
cal similarities, however, the divergent physiological roles of IKK α  and IKK β
only came to light with IKK - defi cient mouse studies. Indeed, extensive studies 
using targeted gene deletions, conditional knockouts, and transgenic models, 
combined with critical analyses of naturally occurring mutations in diseases, 
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have provided profound insights into the physiological functions of IKK pro-
teins (Pasparakis et al.,  2006   ; Courtois and Gilmore,  2006 ). 

Ikk - alpha – / –   knockout mice survive embryonic development but die prena-
tally mainly as a consequence to an unexpected and severe skin barrier defect 
that results in dehydration (Hu et al.,  1999   ). These mice superfi cially exhibit 
developmental abnormalities that are characterized by truncated limbs, ears, 
snouts, and tails. But upon closer examination, these IKK α  - defi cient mice 
contained normal skeletal embryonic development features, but were unable 
to emerge into its normal size due to the constrain of a severe thickening skin 
defect caused by the combination of hyperproliferation and underdifferentia-
tion of keratinocytes (Hu et al.,  1999   ). The thickened epidermis of these 
IKKα  - defi cient mice measured about 5 -  to 10 - fold thicker when compared to 
their wild - type litter mates (Karin and Ben - Neriah,  2000 ). As such, IKK α
appears to play a critical role in skeletal morphogenesis during development 
by regulating karatinocyte differentiation and formation of the epidermis. 
Moreover, by extension of its role in morphogenesis from embryonic develop-
ment into adulthood, and given that  Ikk - alpha  - defi cient keratinocytes lack 
terminal differentiation markers and are unable to stop proliferation, IKK α
protein appears to also act as a tumor suppressor in the skin by virtue of its 
function as a potent cofactor of the transforming - growth factor beta (TFG -  β ) 
signaling pathway (Descargues et al.,  2008 ). However, it is important to note 
that while its tumor suppressor function is dependent on the intact protein, its 
kinase activity may be dispensable in this role. 

 More relevant to the understanding of NF -  κ B signaling, a second key 
observation from Ikk - alpha  knockout studies showed that IKK α  is dispens-
able for NF -  κ B signaling from pro - infl ammatory stimuli like TNF α , IL - 1 β , or 
LPS. However, NF -  κ B DNA - binding activity was reduced about twofold in 
MEFs lacking IKK α , suggesting that IKK α  participates in some role modulat-
ing NF -  κ B. Indeed, IKK α  is found to be necessary for lymphoid organogenesis 
because it mediates NF -  κ B signaling from CD40, BAFF, and LT -  β  stimulation 
(Bonizzi et al.,  2004   ). More interestingly, detailed analyses of IKK α  - defi cient 
mice reveals that IKK α  plays a critical role in negatively regulating 
macrophage NF -  κ B activation and contributes to infl ammation resolution in 
a complementary fashion with the pro - infl ammatory nature of IKK β  (Lawrence 
et al.,  2005   ). 

 Unlike the surprised results generated from the  Ikk - alpha  knockout mice, 
phenotypes of mice with Ikk - beta  gene deletion were less surprising and essen-
tially consistent with genetic deletion of p65/RelA or double deletion of p65 
and p50 (Karin and Ben - Neriah,  2000 ). Constitutive  Ikk  - beta − / −  knockout mice 
died in utero  at embryonic day E12.5 – E14.5 from excessive loss of hepatocytes 
due to massive apoptosis; and in a similar fashion,  relA/p65 – / –   mice also died 
at E14.5 and p65/p50 double knockout mice died at E12.5 (Beg et al.,  1995   ). 
Apoptosis appears to be modulated by TNF α , since the inactivation of TNFR1 
by additionally deleting TNFR1  in  Ikk - beta – / –   mice indeed rescued their hepa-
tocytes from apoptosis and embryonic death (Li et al.,  1999   ; Tanaka et al., 
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 1999   ). These physiological observations were confi rmed at the cellular level, 
because MEFs from Ikk  -  beta – / –   mice characteristically undergo apoptosis in 
response to TNF -  α  challenge at much higher sensitivity compared to normal 
MEFs, presumably due to a loss of anti - apoptotic signals normally provided 
by NF -  κ B activation via IKK β  (Geisler et al.,  2007     ; Li et al.,  1999   ; Tanaka 
et al.,  1999   ). And not unexpectedly,  Ikk- gamma  knockout is embryonic lethal 
due to hepatocyte apoptosis as well (Beraza et al.,  2007 ); suggesting that 
NEMO is essential for IKK β  function and share functions with IKK β  at least 
with respect to TNF α /NF -  κ B signaling axis. 

 Relevant to therapeutic considerations, these results beg the question of 
whether complete inhibition of IKK complex in adult hepatocytes would lead 
to the same hypersensitivity to apoptosis. To answer this question, hepatocyte -
 targeted conditional knockout studies provided some clues as to what may 
happen upon NF -  κ B drug intervention. First, it is informative to compare the 
severity of TNF α  - induced apoptosis between knockouts of RelA/p65, IKK γ , 
and IKK β  of hepatocyte in adult animals. For instance, disruption of RelA/
p65 rendered adult mice sensitive to lethal liver injury upon TNF α  administra-
tion, as reported in many studies. Primary RelA/p65 - defi cient hepatocytes 
showed no NF -  κ B activation and committed rapid apoptosis after TNF α  treat-
ment. Similarly, hepatocyte - specifi c deletion of IKK γ  results in near complete 
inhibition of NF -  κ B activation and these MEFs are highly sensitive to TNF α  -
 induced apoptosis (Luedde et al.,  2007     ). In contrast, hepatocytes defi cient for 
IKKβ  in this particular study displayed some residual NF -  κ B activity and 
consequently were susceptible to only moderate apoptosis in response to 
TNFα  (Geisler et al.,  2007   ). More recently, studies using tissue - specifi c tar-
geted gene transfer of dominant - negative kinase - dead IKK β  - DN as a way to 
suppress endogenous IKK β  activity specifi cally in mouse hepatocytes con-
cluded that in vivo  status and levels of hepatic TNF -  α  and   NF -  κ B determined 
the cellular fate between necrosis and apoptosis under endotoxemia condition 
(Dajani et al.,  2007   ). What these studies suggest is that in post - embryonic 
development some residual NF -  κ B is required for proper hepatic tissue regen-
eration where TNF α  is present at a relatively high level. What this could mean 
to drug development is that determination of appropriate dose and schedule 
to preserve a minimum level of hepatic NF -  κ B activity will be paramount in 
order to maximize therapeutic window. 

 A second key observation from the constitutive knockout experiment was 
that embryonic fi broblasts from these mice clearly show impaired activation 
of NF -  κ B in response to TNF α  and IL - 1 β  stimulation. Importantly, cells 
derived from ikk - beta +/ –  heterozygotes as a result of loss of copy on one allele 
showed a corresponding twofold reduction in IKK β  expression, correlated to 
an approximately half of the kinase activity and a 70 – 80% decrease in NF -  κ B 
DNA binding and transcription activity in response to TNF α  or IL - 1 β . This 
tight correlation between loss of IKK β  expression and NF -  κ B responsiveness 
demonstrates that despite their biochemical similarities, IKK α  clearly cannot 
compensate for IKK β  functions at least in MEFs; furthermore, it solidifi es 
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IKKβ  catalytic subunit within the IKK complex as the main signal transducer 
of pro - infl ammatory activation of NF -  κ B.  

  19.7    NF  -   κ   B  IN CANCER 

 The fi rst clue to linking NF -  κ B to cancer was the realization upon identifi ca-
tion and cloning of the c - rel  gene as a homolog of the  v - rel  oncogene from the 
avian Rev - T retrovirus. And consistent with its acutely oncogenic nature, 
expression of v - Rel potently promotes cellular oncogenic transformation that 
leads to fatal development of B - cell lymphomas and leukemias in birds 
(Gilmore,  1992 ). Since that initial discovery, more compelling evidence has 
come to light connecting NF -  κ B to various human cancer types. As an example, 
in various subtypes of human B - cell lymphomas, and to a lesser extent some 
subtypes of T - cell lymphomas, REL gene amplifi cations indeed have been 
detected at signifi cant frequency (Courtois and Gilmore,  2006   ). From a broad 
perspective, NF -  κ B participates in multiple aspects of oncogenesis, growth, 
and progression by virtue of its transcriptional control of important factors 
mediating cell survival, growth, angiogenesis, anti - apoptosis, and tissue inva-
siveness, among other functions. Indeed, it appears that the NF -  κ B pathway 
is intricately involved in key mechanisms that are the  “ hallmarks of cancer. ”  
In a seminal paper published in 2000, Hanahan and Weinberg outlined the 
fundamental phenotypic attributes of cancer and cancer - associated cells that 
distinguish them from normal cells under healthy homeostasis; these attributes 
are referred to as the six  “ hallmarks of cancer ” : self - suffi ciency from external 
growth signals, insensitivity to anti - growth signals, evasion of apoptosis, limit-
less replicative potential, sustained angiogenesis, and capacity to invade tissue 
and metastasis to distant sites (Hanahan and Weinberg,  2000 ). It is worth 
noting that as relevant as the role of NF -  κ B is in the intrinsic oncogenic signal-
ing in specifi c tumor types, these principles are equally applicable to the host 
environment changes that are necessary to support invasion and progression 
of tumors, where NF -  κ B plays a particularly important role.  

  19.8   PROMOTION OF GROWTH 

 NF -  κ B contributes to tumorigenesis by providing a direct stimulus toward 
proliferation via the transcription of proto - oncogenes such as c - Myc and cyclin 
D1 (Kessler et al.,  1992   ; Guttridge et al.,  1999   ), as well as many growth factors 
such as IL - 2, GM - CSF, and IL - 6. In particular, NF -  κ B was shown to promote 
cell growth in embryonic fi broblasts in   correlation with its transcriptional 
regulation of cyclin D1. In diploid fi broblasts, NF -  κ B was shown to be required 
to induce cyclin D1 expression and retinoblastoma protein (pRb) hyper - 
phosphorylation to promote G 1  - to - S progression, demonstrating cyclin D1 as 
a major target gene of NF -  κ B and establishing the role of NF -  κ B in early phase 
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of cell cycle to regulate cell growth (Guttridge et al.,  1999   ). In addition, IKK α
links mitogenic signaling to cyclin D1 transcription via Wnt/ β  - catenin/Tcf 
pathway by direct phosphorylation at the N - terminus of  β  - catenin (Albanese 
et al.,  2003   ). In Burkitt ’ s lymphoma, the  c - myc  gene is translocated to one of 
the immunoglobulin genes resulting in the dysregulation of c - myc  transcrip-
tion. In this setting, translocated c - Myc expression driven by immunoglobulin 
enhancers requires activated NF -  κ B binding to the enhancer region. The 
consequence of deregulated c - Myc expression has been linked to increased 
expression of cyclin A and cyclin E (Jansen - Durr et al.,  1993   ), concomitant 
with decreases in p27 kip1  levels and interferes   with the function of the CDK 
inhibitor p27 kip1  (Vlach et al.,  1996   ), all of which are consistent with the 
thought that c - Myc promotes S - phase entry. 

 In some tumors, constitutive expression of proinfl ammatory cytokines cor-
related with growth. For example, head and neck squamous cell carcinoma 
(HNSCC) constitutively expresses IL - 1 α , IL - 6, IL - 8, and granulocyte - 
macrophage colony - stimulating factor (GM - CSF) via activation of NF -  κ B. 
Overexpression of I κ B α  - SR reduced tumor burden in a mouse xenograft 
model system, although cells  in vitro  were not specifi cally sensitive to canoni-
cal NF -  κ B inhibition, suggesting the importance of these cytokines in driving 
tumor survival and growth in vivo  (Duffey et al.,  1999   ). 

 Finally, it is interesting to note that many carcinogens (including nicotine 
and carcinogenic metals) that are known to initiate tumorgenesis in lung 
cancer and in head and neck squamous cell carcinomas (HNSCC) are also 
potent activators of NF -  κ B in promoting cell proliferation and survival (Van 
Waes,  2007 ; Baldwin,  2001 ). Nicotine has also been shown to activate reactive 
oxygen species (ROS) and to activate NF -  κ B in a dose - dependent manner 
(Barr et al.,  2007   ).  

  19.9   EVASION OF APOPTOSIS 

 Apoptosis is a critical process in the maintenance of tissue homeostasis by 
eliminating unnecessary or harmful cells. Dysregulation of apoptotic pro-
grammed cell death is recognized as one of the hallmarks of cancer, allowing 
for uncontrolled growth and progression of tumors. Failure in the timely 
apoptosis contributes to tumorgenesis by creating a permissive environment 
for genetic instability resulting in genetic mutations and conferring resistance 
to chemotherapeutics. As an advantage to survival, many solid and hemato-
logical tumors are frequently associated with high expression of known 
anti - apoptotic factors such as Bcl - 2, or the loss of pro - apoptotic factors such 
as the tumor suppressor p53 (Basseres and Baldwin,  2006 ). As some examples, 
lymphomas that are driven by Epstein – Barr virus (EBV), the cause of mono-
nucleosis, override cell apoptosis by expressing the viral protein BHRF1, 
a homolog Bcl - 2 (Dawson et al.,  1998   ). Human T - lymphocyte virus I (HTLV) 
gene Tax activates NF -  κ B to hijack survival and proliferation machinery 
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contributing the pathogenesis of lymphomas, T - cell leukemias, and nasopha-
ryngeal carcinomas (Van Waes,  2007 ). Similarly, human papilloma virus 
(HPV), implicated in causing cervical cancer, can activate NF -  κ B and pro-
duces a protein call E6 that binds and inactivates the apoptosis promoter p53. 
Malignant melanoma cells avoid apoptosis by down - regulating the expression 
of the gene encoding apoptotic protease activated factor - 1 (Apaf - 1), a com-
ponent of the apoptosome that interacts with Cytochrome c released from 
mitochondria to initiate the caspase cascade. 

 It is well established that there are two main pathways of apoptosis, the 
extrinsic pathway involving death receptors and the intrinsic mitochondria 
pathway (Elmore,  2007 ). Although NF -  κ B has been shown to mediate both 
anti -  and pro - apoptotic signaling depending on cellular context, overwhelming 
evidence strongly supports its role in anti - apoptosis. NF -  κ B regulates a variety 
of factors that are known to suppress apoptosis, including inhibitor of apop-
tosis proteins 1 and 2 (c - IAP1 and c - IAP2), X - linked IAP (XIAP), A1/Bfl  - 1, 
Bcl - x (BCL - 2 antiapoptosis family members), cellular Fas - associated death 
domain - like IL - 1 β  converting enzyme (FLICE) inhibitor protein (c - FLIP), 
TRAF1, and TRAF2 (Kucharczak et al.,  2003     ; Wang et al.,  1999   ). As examples 
of anti - apoptotic mechanisms, IAPs block apoptosis induced either via extrin-
sic death receptor activation or via intrinsic mitochondrial pathways by directly 
binding to and inhibiting effector caspases - 3,  - 6, and  - 7. c - FLIP blocks apop-
tosis for instance by acting as a decoy protein to bind to TNFR and competes 
with caspase - 8 binding with TNFR due to its similarity to caspase - 8 but without 
any catalytic activity. There are many other similar examples in which these 
NF -κ B factors exert their anti - apoptotic effects. 

 In context of cancer transformation, for example, NF -  κ B is required to 
suppress apoptosis for effi cient Ras transformation (Mayo et al.,  1997   ). 
The  ras  proto - oncogene is frequently mutated in human tumors, and its 
mechanism of cellular transformation involves the stimulation of key tran-
scription factors, namely c - Myc, c - Jun, Ets, and NF -  κ B. As expression of 
mutant H - Ras leads to transformation of immortalized mouse fi broblasts, 
NF -κ B activation is absolutely required to keep p53 - independent apoptosis in 
check, since the coexpression the genetic inhibitor I κ B α  - superrepressor (I κ B -
 SR) leads to spontaneous apoptosis in these cells (Basseres and Baldwin,  2006   ; 
Mayo et al.,  1997   ). Consistent with the thought that NF -  κ B activation provides 
survival mechanisms, many tumor cell types are sensitive to inhibition of 
NF -κ B. In some Hodgkin Reed/Sternberg cells, for example, where I κ B α  is 
defective resulting in constitutive NF -  κ B activation, forced expression of I κ B α
leads to apoptosis (Cabannes et al.,  1999   ). Notably, inhibition of NF -  κ B in 
H/R - S cells concomitantly leads to loss of key anti - apoptotic effectors such as 
c - IAPs, TRAF, and A1/Bfl  - 1 (Hinz et al.,  2001   ). Similarly, diffuse large B - cell 
lymphoma or multiple myeloma cells that exhibit high constitutive NF -  κ B are 
also sensitive to commit apoptosis upon inhibition of NF -  κ B by either the 
Iκ B α  – SR or small - molecules against IKK β  (Annunziata et al.,  2007     ; Lam 
et al.,  2005   ; Hideshima et al.,  2002   ). In addition to trancriptionally regulating 
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anti - apoptotic proteins via NF -  κ B activation, IKK β  can play a direct role in 
regulating apoptosis. In breast cancer cells, IKK β  acts in part as an oncogene 
by directly phosphorylates and promotes the degradation of forkhead O - box 
3a (FOXO3a) transcription factor, whose functions include inhibition of cell -
 cycle and the promotion of apoptosis (Hu et al.,  2004   ).  

  19.10   INVASION AND METASTASIS 

 Cancer metastasis is a complex process involving a series of steps that 
include invasion, angiogenesis, and traffi cking of cancer cells through blood 
vessels, extravasations, organ - specifi c homing, and growth at distal sites. As 
part of such disease progression, cancer - associated angiogenesis is critical for 
continued tumor growth under increasingly nutrient - constrained environ-
ment as the tumor increases both in size burden and in reach of distal tissue 
sites. Angiogenesis itself is a process with a series of coordinated steps to 
build new blood vessels to support this growth. One of the earliest events 
in angiogenesis involves the degradation of vascular basement membrane 
and the remodeling of extra cellular matrix (ECM). In this setting, the role 
NF -κ B plays is well documented. NF -  κ B activation leads to expression key 
enzymes involved in this early step, namely matrix metalloprotease  - 2,  - 3, 
and  - 9 (MMP - 2,  - 3, - 9) and urokinase - type and tissue - type plasminogen acti-
vators (uPA and tPA) (Tabruyn and Griffi oen,  2007   ). Not surprisingly, 
highly metastatic breast cancer cell lines frequently have high expression of 
MMPs. But in addition to matrix MMPs, uPA, tPA, and infl ammatory cyto-
kines, other chemokines regulated by NF -  κ B play important roles in inva-
siveness and angiogenesis. As an example, the chemokine stromal - derived 
factor - 1 α  (SDF - 1 α ) and its receptor CXCR4 are thought to be equally 
important in motility, homing, and proliferation of cancer   cells at specifi c 
metastatic sites. Indeed, NF -  κ B transcriptionally up - regulates CXCR4 in 
metastatic breast cancer cells, and inhibition of NF -  κ B by overexpresing 
Iκ B α  – SR leads to loss of SDF - 1 α  mediated migration  in vitro  (Helbig et al., 
 2003   ). On the other hand, it should also be pointed out that on the balance 
NF -κ B can also modulate anti - angiogenesis by blocking endothelial cell 
migration by activating inhibitors of MMP - 1 and plasminogen activator 
inhibitors (PAI - 1,  - 2) in response to TNF α  and reactive oxygen species 
(ROS) (Tabruyn and Griffi oen,  2007   ). 

 Endothelial cells utilize integrins as the principal adhesion receptors to 
interact with the extracellular environment. Integrins serve to modulate endo-
thelial cell migration, proliferation, and survival. In glioblastoma multiforme 
(GBM), treatment of PMA activates NF -  κ B and leads to an increase in mRNA 
of β 3 and  α V integrin subunits (Ritchie et al.,  2000   ). Moreover, interaction of 
α V -  β 3 integrin with the ECM activates NF -  κ B via activation of the IKK 
complex and degradation of I κ B α . In rat aortic endothelial cells (RAECs), 
ligation of α V -  β 3 integrin by its ligand osteopontin triggers a prosurvival 
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signal that can be inhibited by forced expression of a dominant - negative 
IKKβ  – DN (Rice et al.,  2006   ). 

 In addition to formation of new blood vessels to support growth and main-
tenance of tumor burden, infl ammatory cytokines from either tumor cells or 
infi ltrating tumor associated macrophages (TAM) provide a rich array of 
stimuli for progression, angiogenesis, and invasion. Endothelial angiogenic 
factors such as vascular endothelial growth factor (VEGF) can be produced 
by a variety of cells. But in particular to TAMs, macrophage VEGF expression 
is up - regulated by a hypoxia - induced mitogenic factor through the activation 
of the NF -  κ B pathway (Kiriakidis et al.,  2003   ). And in an  in vitro  model 
system, coculturing of macrophages with ovarian or breast cancer cell lines 
led to tumor - cell - specifi c activation of NF -  κ B activity with correspondent -
 enhanced invasiveness that was inhibitable by blocking NF -  κ B with TNF α
neutralizing Abs, an NF -  κ B inhibitor, RNAi to RelA, or by overexpression 
of I κ B α  (Hagemann et al.,  2006   ). Even more interestingly, when NF -  κ B is 
genetically inhibited specifi cally in TAMs, these macrophages revert back to 
a  “ classical ”  phenotype in a process to which Hagemann et al. ( 2008 ) refer as 
 “ re - educating ”  as they then become cytotoxic to tumor cells  in vitro  and  in
vivo . These studies suggest that inhibiting NF -  κ B in the tumor microenviron-
ment (specifi cally TAMs) to suppress invasion and metastasis may be of great 
therapeutic benefi t.  

  19.11   CHEMOTHERAPY RESISTANCE 

 Chemo - induced activation of NF -  κ B is a well - established mechanism for sup-
pression of the apoptotic potential of the chemotherapy through induction of 
antiapoptotic gene expression (Tapia et al.,  2007   ). Several studies have shown 
that topoisomerase I inhibitor irinotecan (CPT - 11) activates NF -  κ B in most 
colorectal cancer cell lines. An adjuvant approach to promote chemosensitiv-
ity by adenovirus - mediated transfer of I κ B α  – SR (as a genetic inhibitor of 
NF -κ B) demonstrated effective chemosensitization of CPT - 11  in vitro  in 
human colon cancer cell lines via increased induction of apoptosis, as well as 
in a tumor xenograft model, resulting in a signifi cantly enhanced tumor 
response to CPT - 11 (Cusack et al.,  2000   ). In a similar fi nding, suppression of 
the canonical NF -  κ B pathway via siRNA silencing of p65 expression in the 
HCT - 116 cell line did not impact cell viability on its own; however, depletion 
of p65 - sensitized cells contributed to the cytotoxic   effects of CPT - 11 by sev-
eralfold. Knockdown of p65 by siRNA decreased expression of two cellular 
inhibitors of apoptosis that are known to be regulated by NF -κ B, c - IAP1, and 
c - IAP2 and subsequently increased the ability of CPT - 11 to activate caspase - 3. 
Importantly, the reduction in viability translated into decreased colony forma-
tion in a longer - term survival assay, as well as increased tumoricidal responses 
to CPT - 11 treatment in a mouse xenograft model (Guo et al.,  2004   ). Other 
studies confi rmed the importance of NF -  κ B in chemo - induced resistance in a 
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variety of cancer cells. Constitutive activation of NF -  κ B in a subset of breast 
cancers leads to overexpression of c - IAP2 and manganese superoxide dis-
mutase (Mn - SOD) and resistance to paclitaxel cytotoxic effects, which can be 
reversed by expression of the genetic inhibitor I κ B - SR or by parthenolide (a 
natural product inhibitor of NF -  κ B DNA binding) leading to increased pacl-
itaxel - sensitivity (Patel et al.,  2000   ). A recent study identifi ed sonic hedgehog 
(Shh) as an NF -  κ B target gene that confers TRAIL resistance to apoptosis, 
and this Shh knockdown prevents NF -  κ B - stimulated proliferation; conversely, 
the addition of Shh rescues the proliferation defect via NF -  κ B inhibition in a 
pancreatic cancer model (Kasperczyk et al.,  2009   ). Several other studies noted 
similar resistance to chemotherapeutics via the up - regulation of NF -  κ B — for 
instance, in non - small - cell lung carcinomas (Jones et al.,  2000   ), in pancreatic 
cancer cells under treatment with etoposide or doxorrubicin (Arlt et al.,  2001   ), 
in gliomas cells under treatment with carboplatin or SN - 38 (Weaver et al., 
 2003   ), in prostate cancer cells with paclitaxel (Flynn et al.,  2003   ), in human 
stomach cancer cell lines with 5 - fl uorouracil (5 - FU) (Uetsuka et al.,  2003   ), in 
colon cancer (Voboril et al.,  2004   ), in gastric cancer (Camp et al.,  2004   ), 
in ovarian carcinoma cells with anthracyclines (Salvatore et al.,  2005   ), and in 
breast cancer cells (Montagut et al.,  2006   ). Finally, in chronic myelogeneous 
leukemia (CML) where the disease is characterized by the Philadelphia chro-
mosome resulting in the constitutively active BCR - Abl - kinase, imatinib is an 
effective treatment for BCR - Abl positive leukemia. However, many CML 
patients eventually relapse and develop resistance to imatinib. A common 
mechanism of resistance is mutation of the gatekeeper residue where imatinib 
binds in the active site of BCR - Abl. But another mechanism for resistance is 
the up - regulation of NF -  κ B. Indeed, the IKK β  inhibitor PS - 1145 not only was 
shown to inhibit the proliferation of CML cell lines, but also overcame ima-
tinib resistance and acted synergistically with imatinib against resistant cell 
lines and cells from resistant patients with increased apoptosis and inhibition 
of proliferation and colony growth (Cilloni et al.,  2006   ). These results, among 
many others, make a compelling case for the development of NF -  κ B pathway 
inhibitors as adjuvant therapeutics in combination with the current armament 
of standard DNA - damage and anti - metabolite agents for treatment of a 
variety of malignancies.  

  19.12    NF  -   κ   B  IN HEMATOLOGICAL TUMORS 

 While NF -  κ B plays many essential roles in various aspects of tumorgenesis 
and tumor progression of a variety of solid cancer types, the most compelling 
rationale for NF -  κ B therapeutic intervention remains in the areas of hemae-
tologic malignancies. In particular, B lymphocytes depend on IKK/NF -  κ B 
pathway for survival and maintenance. For instance, conditional knockout of 
either NEMO or IKK β  in adult B cells by using B lineage - specifi c disruption 
led to the disappearance of mature B lymphocytes (Pasparakis et al.,  2002   ). 
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Indeed, specifi c pharmacological inhibition of NF -  κ B in adult mice led to rapid 
lymphocytes depletion in a TNFR1 - dependent manner. In this study, treat-
ment of the selective IKK β  inhibitor MLN120B  in vivo  led to disappearance 
of thymocytes and bone marrow B cells at various stages of development, but 
interestingly leaving granulocytes population well intact (Nagashima et al., 
 2006   ). These results suggest a special role NF -  κ B plays in the survival and 
maintenance specifi cally for lymphocytes with which can readily be adapted 
as an advantage for tumorgenesis and proliferation. Some examples of NF -
κ B - driven hemaetological malignancies are discussed below.  

  19.13   HODGKIN ’ S DISEASE 

 Hodgkin ’ s disease (HD), also known as Hodgkin ’ s lymphoma, is a cancer of 
the lymphatic system named after the British physician Thomas Hodgkin, who 
in 1832 fi rst described the disease where he noted enlarged lymph nodes 
without obvious signs of infl ammation. Histologically, HD is characterized 
by the presence of large, multi -  or binucleated malignant Hodgkin/Reed –
 Sternberg (H/RS) cells derived from clonal expansion of germinal - center B 
cells, surrounded by reactive immune cells. In most cases, H/RS cells lack the 
expression of B - cell receptor (BCR) that normal B cells require for survival 
and maintenance (Jost and Ruland,  2007   ). As such, many of these H/RS cells 
bypass BCR maintenance signals and become autonomous via altering intrin-
sic signaling pathways for survival. Indeed, high constitutive NF -  κ B activity is 
a defi ning characteristic of H/RS cell lines as well as of primary cells derived 
from HD patients (Scheidereit,  2006   ; Bargou et al.,  1997   ; Hinz et al.,  2001   ). 

 Constitutively activated NF -  κ B in HD can arise from several distinct mech-
anisms. A commonly shared mechanism of oncogenic alterations is the con-
stitutive activation of IKK via modulating upstream TRAFs from autonomously 
activated receptors such as CD30, receptor activator of nuclear factor  κ B 
(RANK), and CD40. For example, self - oligomerization of CD30 receptor 
recruits TRAF2 and TRAF5 to their cytoplasmic tails and propagates activat-
ing signals to both the canonical and alternative NF -  κ B pathways to directly 
contribute to survival of H/RS cells (Jost and Ruland,  2007 ). RANK, a member 
of the TNF - receptor superfamily, is highly expressed in H/RS cells (Fiumara 
et al.,  2004   ). In Hodgkin ’ s disease, overexpressed RANK constitutively acti-
vates canonical NF -  κ B pathway via TRAF molecules because its ligand 
RANK - L is also frequently overexpressed by H/RS and other bystander cells 
leading to autonomous stimulation. High expression of CD40, also another 
member of the TNF - receptor superfamily, is another feature of malignant H/
RS cells. Via CD40, NF -  κ B is constitutively activated in H/RS cells because 
its cognate ligand CD40L (CD154) is also highly expressed on activated CD4+ 
T cells and other surrounding cells, including eosinophils, neutrophils, den-
dritic cells, and even subsets of activated normal B lymphocytes (Carbone, 
 2005 ; Pham et al.,  2005 ; O ’ Grady,  1994 ). This activated cellular background 
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constantly provides the necessary NF -  κ B stimulus to malignant H/RS cell for 
its survival. Finally, HD is often associated with Epstein – Barr virus (EBV) 
involvement at an estimated frequency of up to 50% of all HD patients (Braun 
et al.,  2006a,b   ). The degree of EBV involvement in HD cases may vary with 
subtypes, and the correlative incidence of EBV - positive HD may be age -
 related (Carbone,  2005   ). Nonetheless, EBV is thought to contribute to patho-
genesis of HD wherein EBV - positive cells NF -  κ B pathway is hijacked and 
aberrantly activated through expression of latent membrane protein 1 (LMP1), 
a virally encoded gene whose intracytoplasmic tail mimics the action of ligated 
CD40 receptor (Deacon et al.,  1993   ; Braun et al.,  2006a,b   ). 

 In most EBV - negative and some EBV - positive HD cases, NF -  κ B can also 
be constitutively activated downstream of IKK from the various inactivating 
mutations of inhibitory I κ B proteins. Complete loss of I κ B α  has been found 
in HD patient biopsies where loss - of - function mutations in one allele of I κ B α
gene (i.e., insertions, non - sense, or deletion) are frequently combined with 
deletion of the second allele of I κ B α . More commonly, mutations in the 
ankyrin repeats region of I κ B α  were often detected, leading to its inability to 
suppress NF -  κ B (Emmerich et al.,  1999   ; Jungnickel et al.,  2000   ). In addition, 
frameshift mutations in I κ B ε  generating pre - terminal stop codon have also 
been identifi ed in some H/RS cells (Emmerich et al.,  2003   ).  

  19.14   NON - HODGKIN ’ S LYMPHOMA 

 Non - Hodgkin ’ s lymphoma (NHL) is a collection of clinically and histologi-
cally diverse set of malignancies of the immune cells. NHL can be divided into 
aggressive (fast - growing) and indolent (slow - growing) types and can be either 
B - cell or T - cell non - Hodgkin lymphoma. But generally speaking, NHL is 
prevalently a set disease of B - cell origin, which, among many, includes diffuse 
large B - cell lymphoma (DLBCL), MALT lymphoma, Burkitt ’ s lymphoma, 
follicular lymphoma, immunoblastic large - cell lymphoma, precursor B - 
lymphoblastic lymphoma, and mantle - cell lymphoma.  

  19.15   DIFFUSE - LARGE  B  - CELL LYMPHOMA 

 Among NHL, the most common subtype is diffuse large B - cell lymphoma 
(DLBCL) because it accounts for about 40% of all NHL cases and represents 
the majority of the aggressive types. DLBCL is characterized by lymphoid 
cells whose nuclei are approximately twice the size of that of a small lympho-
cyte, and these malignant cells displace the normal lymph node architecture 
in a diffuse pattern. Most recently, the use of gene expression profi ling using 
cDNA microarrays led to the discovery of biologically and clinically distinct 
subtypes of DLBCL. On the basis of correlative analysis of gene expression 
patterns and clinical outcomes, it is now possible to classify DLBCL into three 
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subgroups that arise from distinct genetic pathways: germinal - center B - 
cell - like (GCB - DLBCL), activated B - cell - like (ABC - DLBCL), and Type 3 
DLBCL lymphoma (Alizadeh et al.,  2000   ; Rosenwald et al.,  2002   ; Wright 
et al.,  2003   ; Lenz et al.,  2008   ). This cell - of - origin gene - expression - based clas-
sifi cation is important not only for rationalizing current management of 
DLBCL, but also for identifying key target pathways for future novel drug 
development. Profi le analysis of the poorest - prognosis ABC - DLBCL sub-
group, distinguishing from the better - prognosis GCB - DLBCL, revealed a 
differentially elevated NF -  κ B gene signature that includes cancer relevant 
NF -κ B target genes like BCL - 2, cFLIP, and cyclin D2. Importantly, this gene 
signature was found with concomitantly activated IKK complex leading to 
persistent NF -  κ B transcription (Davis et al.,  2001   ). The mechanism of upstream 
oncogenic activation of NF -  κ B in this setting is a subject still under investiga-
tion, but as one example, recent fi ndings uncover CARD11 (an oligomeric 
cytoplasmic scaffold protein required for NF -  κ B signal transduction) as a bona 
fi de oncogene that is often missense mutated at its coil – coil domain in ABC -
 DLBCL leading to constitutive IKK activation (Lenz et al.,  2008   ). Inhibition 
of NF -  κ B by expression of I κ B - SR or use of IKK inhibitor ( β  - carboline deriva-
tives PS - 1145 or MLX105) was selectively toxic to ABC - DLBCL cells but not 
to GCB - DLBCL cells. Phenotypically, blocking NF -  κ B in ABC - DLBCL cells 
arrested cells in G1 phase followed by apoptosis. Importantly, to demonstrate 
that ABC - DLBCL cells are addicted to NF -  κ B pathway for survival, RelA 
(p65) was introduced in an estrogen receptor inducible manner in ABC cells 
under treatment with IKK inhibitor. Since RelA is downstream from IKK and 
its overexpression functionally bypasses IKK, its induced expression indeed 
was shown to fully rescue the toxic effect of IKK inhibitor on ABC cells, sug-
gesting the sole dependence on NF -  κ B pathway by ABC - DLBCL for growth 
and survival (Davis et al.,  2001   ). Taken together, ABC - DLBCL represents 
one of the most compelling clinical opportunities to develop IKK or NF -  κ B 
drug as single - agent therapy or in combination with existing chemotherapeu-
tics for hematological malignancies.  

  19.16    MALT  LYMPHOMA 

 MALT lymphoma is a relatively rare form of lymphoma accounting for about 
8% of NHL cases, and this type belongs to a group of neoplastic disease known 
as marginal zone B - cell lymphoma (Bertoni and Zucca,  2006   ). While most NHL 
develops in the lymph nodes (i.e., nodal lymphoma), MALT lymphoma devel-
ops from the mucosa - associated lymphoid tissue, which is any lymphatic tissue 
found in other parts of the body such as the stomach, thyroid gland, lungs, sali-
vary glands, or eyes, and is therefore commonly referred to as extranodal lym-
phoma. Primary MALT lymphoma cases arising from gastric mucosa are 
commonly associated with Helicobacter pylori  infection, in which the disease 
can be simply treated with antibiotic therapy. But MALT lymphoma can also 
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develop at other sites, especially in the context of chronic infl ammation. 
Moreover, many of these cases harbor genetic lesions that constitute advanced 
diseases that are unresponsive to antibiotics. At least three distinct recurrent 
chromosomal translocations have been implicated in the pathogenesis of MALT 
lymphoma, all of which interestingly converge onto NF -  κ B via the activation of 
IKK complex despite their seemingly disparate mutation events. 

 The fi rst, t(1;14)(p22;q32), results in the transfer of the entire BCL10 gene 
to chromosome 14 where BCL10, being juxtaposed next to the promoter of 
Ig heavy - chain gene, is inappropriately overexpressed by the Ig enhancer. The 
second, t(14;18)(q32;q21), in a similar manner to the fi rst, also is a transloca-
tion event that juxtaposes the MALT1  gene (MALT lymphoma translocation 
1) next to the promoter region of the Ig heavy - chain genes also resulting in 
MALT1 overexpression via the Ig enhancer. The third, t(11;18)(q21;q21), 
juxtaposes a fragment of the cIAP2 gene on chromosome 11 next to the 
MALT1 gene on chromosome 18 resulting in the synthesis of a novel fusion 
protein, cIAP2 - MALT1 (Lucas et al.,  2001   ). Among these events, one common 
observation is the net strong expression of BCL10, supporting the close inter-
action between BCL10 and MALT1 in the activation of IKK. In normal 
lymphocytes, BCL10 is thought to oligomerize with MALT1 in response to 
antigen leading to the K63 - linked ubiquitination of NEMO (IKK γ ) and activa-
tion of IKK complex (Zhou et al.,  2005   ). But in MALT lymphoma, BCL10/
MALT1 - mediated ubiquitination of NEMO is constitutive, since the translo-
cation mutations uncouple the cascade from the homeostasis control of ligand –
 receptor signaling (Sagaert et al.,  2006   ; Bertoni and Zucca,  2006   ). In the case 
of the cIAP2 - MALT1 fusion, autonomous NF -  κ B activation also occurs 
through the deregulation of NEMO ubiquitination. It is now known that in 
normal lymphocytes, cIAP2 functions as the ubiquitin ligase (E3) for BCL10 
which targets BCL10 for proteasome - mediated degradation, which normally 
inhibits antigen - receptor - mediated cytokine production. However, in MALT 
lymphoma, cIAP2 - MALT1 fusion protein lacks E3 activity. As a consequence, 
BCL10 protein is stabilized to interact with MALT1 to activate IKK. 

 The MALT lymphoma example illustrates the central role of NF -  κ B in the 
relationship between the pathogenesis of chronic infl ammation and cancer 
exemplifi ed by other diseases like colitis - associated colorectal cancer and 
hepatitis - associated hepatocarcinoma, among others (Greten et al.,  2004   ). It 
also poignantly illustrates how genetic mutations can lead to aberrant NF -  κ B 
pathway activation that drives lymphomagenesis. This latter point is further 
exemplifi ed by elegant genetic investigative work in the pathogenesis of mul-
tiple myeloma.  

  19.17   MULTIPLE MYELOMA 

 Multiple myeloma (MM) is a progressive disease characterized by the prolif-
eration of malignant plasma cells and subsequent overabundant production 
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of monoclonal paraprotein. Plasma cells reside in the bone marrow compart-
ment as they become differentiated from plasmablasts that derive earlier from 
post - germinal - center B cells that have undergone somatic hypermutation, 
antigen selection, and IgG switching (Cheng et al.,  2007     ). Notably, MM is a 
clonal disease where MM cells have strong dependence on the bone marrow 
microenvironment for survival and growth (Hideshima et al.,  2002   ). An 
intriguing feature of   MM   is that the antibody - producing cells (i.e., plasma 
cells) are malignant and thus may cause unusual manifestations. While MM 
remains an incurable disease, it has also now become a highly treatable disease 
with the advent of bortezomib, a potent reversible proteasome inhibitor now 
approved for use in front - line therapy, as well as second - generation deriva-
tives of thalidomide when used in combination with dexamethasone (Barlogie 
et al.,  2008   ). The mechanisms by which these drugs act in MM setting are 
complex and not well understood. However, it has been demonstrated at least 
in vitro  that both of these agents can block NF -  κ B transcription in cells. In 
particular, bortezomib is a potent inhibitor of both canonical and alternative 
NF -κ B by virtue of its potent biochemical activity against degradation of I κ B α
or processing of p100, respectively. In fact, bortezomib has nanomolar potency 
when tested in a κ B - driven luciferase reporter assay (unpublished). 

 While bortezomib ’ s considerable effi cacy in MM may be attributed to other 
additional mechanisms of action such as the unfolded protein stress responses, 
its ability to potently inhibit NF -  κ B at least in part affi rms the NF -  κ B hypoth-
esis in MM pathogenesis. Indeed, both transformed MM cell lines and freshly 
drawn bone - marrow aspirates of MM patients exhibit a high level of constitu-
tive NF -  κ B nuclear expression (Ni et al.,  2001   ). Consequently, it is thought 
that NF -  κ B plays a dual role in driving MM progression, an intrinsic depen-
dence on the pathway for survival, and an extrinsic dependence on bone 
marrow microenvironment for growth via cell - adhesion induced secretion of 
growth factors such as IL - 6, BAFF, and APRIL from bone marrow stroma 
cells (BMSCs). Treatment with the IKK β  inhibitor PS - 1145 on RMPI8226 or 
MM.1S cells when cultured alone could only suppress intrinsic cell viability 
only modestly, even though the inhibitor could completely block TNF α  -
 induced NF -  κ B activation as measured by expression of intracellular adhesion 
molecule ICAM - 1. However, when MM cells were cocultured with BMSCs, 
PS - 1145 was able to inhibit both (a) the IL - 6 secreted from BMSCs triggered 
by MM cell adhesion and (b) the proliferation of MM cells adherent to BMSCs 
(Hideshima et al.,  2002   ). Such results highlight the NF -  κ B signaling interplay 
between cancer cells and their microenvironment. Recently, treatment of 
IKKβ  inhibitor AS602868 on a panel of 14   MM cell lines and primary 
cells from 13 patients showed a dose - dependent induction of apoptosis and 
inhibition of cell cycle progression, suggesting the role of NF -  κ B as the 
oncogenic growth driver in this setting. More relevant to clinical settings, 
combining AS602868 with suboptimal doses of melphalan or VELCADE  ® 

showed an additive effect in growth inhibition of these MM cells (Jourdan 
et al.,  2007   ). 
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 Other studies further solidify and expand our understanding of the biologi-
cal consequences of constitutive NF -  κ B in MM pathogenesis (Mitsiades et al., 
 2002a,b   ; Hideshima et al.,  2006   ; Jourdan et al.,  2007   ). But it was only until 
recently that the molecular basis underpinning constitutive oncogenic NF -  κ B 
activation in MM been revealed. Works from two independent labs showed 
that many MM cell lines and primary tumor cells harbor diverse genetic muta-
tions that cause NF -  κ B activation necessary for their survival (Annunziata 
et al.,  2007   ; Keats et al.,  2007   ). Through the use of various genomic and 
molecular techniques, genetic and epigenetic mutations were identifi ed to be 
either loss - of - function of negative regulators or gain - of - function of positive 
regulators of NF -  κ B. 

 Genes that are positive regulators of NF -  κ B having activating mutations in 
MM include NIK, CD40, LT β R, TACI, NF -  κ B1 (p50/p105), and NF -  κ B2 (p52/
p100). Expression of NIK normally directly activates the alternative NF -  κ B 
pathway. However, interestingly, it appears that either amplifi cation or over-
expressed NIK in MM activates IKK β  and canonical pathway because expres-
sion of I κ B - SR or treatment with the IKK β  - specifi c inhibitor MLN120B 
caused cell death, but knockdown of IKK α  using silencing RNAi did not 
(Annunziata et al.,  2007   ). In other cases with high NF -  κ B, truncation of 
NF -κ B2 to generate constitutively active p52 appears to be a mechanism to 
bypass altogether upstream signal - induced controls. In MM cases where 
CD40, lymphotoxin  β  receptor, or TACI was overexpressed, the proposed 
mechanism is that these receptors could lead to effi cient activation of NF -  κ B 
either by autonomous oligomerization or by increased sensitivity to their 
cognate ligands produced by the BM microenvironment. [Transmembrane 
activator and calcium modulator and cyclophilin ligand interactor (TACI) is 
a lymphocyte specifi c member of the TNF - receptor superfamily]. 

 Negative regulators of NF -  κ B signaling with inactivating mutations found 
include TRAF3, CYLD, and BIRC2 (cIAP1)/BIRC3 (cIAP2). Homozygous 
deletion of CYLD found in many primary MM tumors was associated with 
high NF -  κ B signature expression (Annunziata et al.,  2007   ). CYLD serves to 
de - ubiquitinate K63 - linked chains from activated TRAF2, TRAF6, IKK γ , or 
BLC3; hence, the loss of CYLD expression positively up - regulates NF -  κ B at 
several different levels. Another common recurrent mutation among these 
was TRAF3 inactivation. TRAF3 functions as a RING - fi nger containing E3 
ligase - mediating degradation of NIK and thus acts as an essential negative 
regulator of the NIK - IKK signaling axis (He et al.,  2007 ). Reintroducing 
TRAF3 expression in TRAF3 - defi cient MM cells reduced NF -  κ B activity in 
both canonical and alternative pathways and was toxic to these cells 
(Annunziata et al.,  2007   ). Indeed, a recent study confi rmed that receptor -
 mediated inhibition of TRAF3 intricately links activation of alternative 
pathway to activation of the canonical NF -  κ B pathway (Zarnegar et al.,  2008   ). 

 The MM example illustrates two important themes. For one, NF -  κ B activity 
within the host microenvironment is as important in promoting survival as 
intrinsic activity of the cancer cell. Second, canonical and alternative NF -  κ B 
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pathways are intimately linked at the IKK complex node, since diverse muta-
tions in both pathways appear to converge onto IKK β  to drive NF -  κ B tran-
scription programs for survival. It is also worth noting that some aspects of 
NF -κ B signaling revealed in the MM example above may be unique to MM, 
because cancer cells often adapt and evolve to gain growth and survival advan-
tage by rewiring essential pathway networks upon which it eventually becomes 
dependent. This is the concept of oncogene addiction (Weinstein,  2002 ).  

  19.18   MYELOID MALIGNANCIES 

  19.18.1   Myelodysplastic Syndrome 

 Myelodysplastic syndrome (MDS) is a collection of hematopoietic stem cell 
disorders in which the bone marrow does not produce enough blood cells. 
While MDS itself is not considered cancerous, late - stage MDS can progress 
and transform to acute myeloid leukemia (AML), which usually does not 
respond well to chemotherapy. Therefore, this group of disease is classifi ed 
based on a continuum of cases from those without blast cells to those of high 
proportion of blast cells, and to those with transformed blasts in AML. MDS 
therefore is sometimes referred to as pre - leukemia. Interestingly, both low -
 risk and high - risk MDS lead to cytopenia, however, the loss of blood produc-
tion in each case is caused by different disease mechanisms. Low - risk MDS is 
characterized by excessive apoptosis of progenitors, leading to ineffi cient 
hemaetopoiesis and cytopenia. But high - risk MDS is characterized by a pro-
gressive increase in blast cells infi ltration with reduced apoptotic potential that 
leads to cytopenias through marrow failure (Braun et al.,  2006   ). 

 While activation of NF -  κ B is not generally observed in early - stage MDS 
patients, it is found mainly in high - risk MDS, especially those who carry cyto-
genetic alterations (Cilloni et al.,  2007   ). A recent analysis of tissues from MDS 
patients showed a correlation between NF -  κ B activation to the risk of disease 
progression toward AML development. This correlation was signifi cant not 
only in cross - patient population analysis, but also longitudinal follow - up with 
individual patients (Braun et al.,  2006a,b   ). Such fi nding suggests the require-
ment of activated NF -  κ B for the progressive suppression of apoptosis and 
increased survival and proliferation of MDS clonal population as the disease 
progresses from early MDS toward AML transformation. The same study 
furthermore demonstrated the specifi city of activated NF -  κ B in high - risk 
MDS but not in low - risk MDS. Analysis of the same samples using fl uorescent 
in situ  hybridization (FISH) of common MDS - associated mutations showed 
that activated NF -  κ B was restricted to only MDS cells carrying cytogenetic 
alterations, rather than an attribute of general stress responses from surround-
ing stroma cells (Braun et al.,  2006a,b   ). In a panel of MDS and AML cell lines, 
siRNA knockdown of p65 (or the IKK complex components) or a cell - 
permeable IKK γ /NEMO - antagonistic peptide could block constitutive NF -  κ B 
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activation and induced apoptotic cell death (Carvalho et al.,  2007   ). In a similar 
fi nding, inhibition of NF -  κ B activation in P39 cell line using either the IKK 
inhibitor BAY11 – 7082 or bortezomib, also resulted in the apoptotic cell death 
(Braun et al.,  2006a,b   ). These studies strongly suggest that therapeutic inhibi-
tion of NF -  κ B has the potential to specifi cally eliminate blasts that pathologi-
cally interfere with hematopoiesis in high - risk MDS.  

  19.18.2   Acute Myeloid Leukemia 

 Acute myeloid leukemia (AML) is a cancer of stem or progenitor cells. Clonal 
leukemic stem cells (LSC) may carry a heterogeneous set of cytogenetic 
alterations and molecular mutations to promote their proliferation, evasion of 
apoptosis, and defects in differentiation (Jordan,  2002 ; Haferlach,  2008 ). LSCs 
provide the seeds for the generation of leukemic blasts which can proliferate 
in an uncontrolled manner initially in the bone marrow leading to loss of 
platelets and red blood cells, but can then quickly spread to lymph nodes, liver, 
spleen, brain, and testis. As an acute leukemia, fatal outcome is likely if left 
untreated. AML is treated initially with chemotherapy aimed at inducing a 
remission, and eligible patients may go on to receive hematopoietic stem cell 
transplantation. Although rapidly cycling leukemic blasts are susceptible to 
chemotherapy - induced cell death, primitive LSCs are quiescent cells that 
possess the self - renewal capacity of stem cells but are cycling slowly and thus 
tend to be chemoresistant leading to disease relapses (Cilloni et al.,  2007   ). 
Importantly, current chemotherapeutics do not effectively distinguish LSCs 
from hematopoeitic stem cells that are important to regenerate various healthy 
blood cells. Ultimately, successful therapeutics will target unique vulnerabili-
ties in LSCs that are distinct from normal hemaetopoietic stem cells. One of 
the distinguishing features of LSCs is the constitutive activation of NF -  κ B. 
Indeed, constitutive NF -  κ B DNA - binding activity was observed in 16 of 22 
(73%) investigated AML cases and was associated with resistance to apoptosis 
(Birkenkamp et al.,  2004   ). Enrichment of AML leukemic cells (CD34 + /CD38  -  /
CD123+ ) showed a consistent high level of nuclear NF -  κ B which was con-
fi rmed by positive expression of  κ B - driven genes, which is in contrast to 
unstimulated CD34 +  progenitor cells where nuclear NF -  κ B level remained 
low. Moreover, treating these cells with proteasome inhibitor MG - 132 blocked 
NF -κ B nuclear activity and induced cell death, whereas normal CD34 + /CD38  -

  cells showed little, if any, effect (Guzman et al,  2001   ). 
 Such tantalizing results suggest the link between NF -  κ B activation and cell 

proliferation in AML. However, the degree of dependence on NF -  κ B for 
disease progression is not well understood, nor is the underlying molecular 
mechanism by which NF -κ B is activated. In one study, NF -  κ B activation levels 
correlated with blast counts in the peripheral blood (Frelin et al.,  2005   ). But 
this was contrasted to another study where 14 of 30 AML cases showed acti-
vated NF -  κ B but that the levels of activation were not directly correlated with 
blast counts (Bueso - Ramos et al.,  2004   ). Perhaps more sensitive assays and 
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larger cohort studies would help to establish a more clear correlation. What 
seems to be evident, however, is that constitutive NF -  κ B in AML occurs via 
disregulation of IKK kinase activity. Two independent studies involving 35 
and 18 patients both showed increased IKK activity in bone marrow LSCs and 
AML peripheral blood blasts, respectively (Baumgartner et al.,  2002   ; Frelin 
et al.,  2005   ). Pharmacological inhibition of IKK β  by the anilino - pyrimidine 
AS602868 induced apoptosis of primary AML cells and sensitized AML blasts 
to neoplastic drugs (Frelin et al.,  2005   ). What is interesting was the fi nding 
that AS602868 also contributed to  in vitro  effi cacy by additionally inhibiting 
Fms - like tyrosine kinase 3 (FLT3), which is also frequently overexpressed or 
mutated in AML patients (Griessinger et al.,  2007   ). In this study, results from 
transfecting either Ba/F3 murine pre - B cells or the MV4 – 11 human AML line 
with various known FLT3 mutants (ITD, D835V, D835Y) strongly suggested 
that oncogenic stimulation of FLT3 leads to activation of NF -  κ B. In another 
similar fi nding, suppression of NF -  κ B activity by the SN - 50 peptide in AML 
cells resulted in enhanced chemotherapy - induced apoptosis (Birkenkamp et 
al.,  2004   ). And in further exploring the mechanism by which NF -  κ B may be 
activated in AML, this study suggested that constitutive NF -  κ B activity was 
mediated by the PI3 - K/Akt - mediated pathway and that activation of Ras may 
lead to NF -  κ B activation in AML cells. 

 The importance of NF -  κ B in AML is now well established. Nonetheless, 
heterogeneity of cancer would dictate that there are likely subpopulations of 
AML patients who harbor stronger dependence on NF -  κ B for disease pro-
gression than others and that any NF -κ B - based therapeutics would be most 
likely to be successful when used in combination with cytotoxic chemothera-
peutics or with inhibitors of other growth pathways such as RTK, PI - 3K, and 
MAPK signaling networks.   

  19.19   THERAPEUTIC APPROACHES TO  NF  -   κ   B    

 With a deeper understanding of NF -  κ B mechanistic biology and better appre-
ciation of its contribution to pathogenesis of diseases ranging from cancer to 
other debilitating immune diseases like rheumatoid arthritis, the clinical 
research community has steadily uncovered the mechanism of action for a 
number of old drugs that act partly through their NF -  κ B inhibitory activities, 
all with the hope to leverage the full utility of these drugs in various disease 
settings. And given the attractiveness of the NF -  κ B pathway as a target, there 
are a growing number of drug discovery efforts to develop novel inhibitors 
and translational approaches to blocking NF -  κ B. See Figure  19.3 .   

  19.19.1    NSAID  s  and  I  mi  D  s  

 Nonsteroidal anti - infl ammatory drugs (NSAIDS), such as aspirin and sulindac, 
exert their anti - infl ammatory effects largely through blocking prostaglandin 
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synthesis by inhibiting cyclooxygenase - 2 (COX - 2). But many NSAIDS also 
mediate their effects through non - COX2 mechanisms (Olivier et al.,  2006   ). 
Aspirin and sodium salycilate were demonstrated to inhibit NF -  κ B by blocking 
the degradation of I κ B α  (Kopp and Ghosh,  1994   ). Follow - up studies into the 
mechanism of action of aspirin and sulindac against NF -  κ B showed direct inhibi-
tion of IKK β  in a manner which prevents ATP binding (Yin et al.,  1998   ; 
Yamamoto et al.,  1999   ). Aspirin was also tested  in vivo  as an NF -  κ B inhibitor in 
several studies. For example, in a model of angiotensin - II induced vascular wall 
infl ammation using rats harboring human renin and angiotensinogen genes, high 
doses of aspirin were shown to inhibit NF -  κ B and AP - 1 activation and infl am-
mation in heart and kidney, reduced mortality, cardiac hypertrophy, fi brosis, and 
albuminuria independent of blood pressure (Muller et al.,  2001   ). Aspirin was 
also demonstrated to have effi cacy in blocking infl uenza virus propagation  in vivo  
via its NF -  κ B inhibiting activity (Mazur et al.,  2007   ). 

 Sulfasalazine is a derivative of 5 - aminosalicylic acid (5 - ASA), used primar-
ily as an anti - infl ammatory agent in the treatment of infl ammatory bowel 

     Figure 19.3.     Targeting the NF -  κ B pathway. Exemplifi ed strategies used by various 
groups in developing therapeutics against NF -  κ B. This schematic illustrates various 
points of intervention, including 26S proteasome, neddylation, IKK, and specifi c 
nuclear import inhibitors. See the insert for color representation of this fi gure.  
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disease such as ulcerative colitis, as well as for rheumatoid arthritis. 
Sulfasalazine is actually a prodrug, because it is not active in its ingested form. 
It is broken down by bacteria in the colon into two products, 5 - ASA and 
sulfapyridine. According to its label, following oral administration, approxi-
mately 33% of the sulfasalazine is absorbed, all of the sulfapyridine is absorbed, 
and about 33% of the 5 - ASA is absorbed. There is controversy as to which of 
these two products are responsible for the anti - infl ammatory activity (Olivier 
et al.,  2006   ). Nonetheless, sulfasalazine has been shown to inhibit NF -  κ B via 
direct inhibition of both IKK α  and IKK β  (Weber et al.,  2000   ). Treatment of 
adipose tissue and skeletal muscle with sulfasalazine signifi cantly inhibited the 
release of IL - 6, IL - 8, and TNF -  α  and p65 DNA - binding activity, with con-
comitant increase in expression of insulin receptor β , which suggests that regu-
lating aberrant cytokine release via interfering NF -  κ B by sulfasalazine can 
thereby alleviate insulin resistance in type - 2 diabetes mellitus (Lappas et al., 
 2005   ). Sulfasalazine can also suppress drug resistance and invasiveness of lung 
adenocarcinoma cells expressing AXL partly through its ability to inhibit 
NF -κ B (Lay et al.,  2007   ). 

 Thalidomide and its derivatives are known collectively as immunomodula-
tory drugs (IMiDs). They have been shown to be active in multiple myeloma 
when combined with dexamethasone, but also as single agents in NHL and 
MDS. IMiDs  in vivo  mechanism of action is poorly understood. It is thought 
that IMiDs activate T helper 1 response with an increase of IL - 2 and IFN -  γ
secretion, leading to stimulation of natural killer (NK) cell response against 
tumor cells (Davies et al.,  2001   ; Zhu et al.,  2008   ). But IMiDs have also been 
shown to act partly through the inhibition of NF -  κ B, although the mechanism 
by which it regulates NF -  κ B is not clear. In MM cells, IMiDs down - regulate 
NF -κ B and suppress the expression of cIAP - 2 and FLICE inhibitory protein, 
together with activation of caspase - 8 resulting in enhanced MM cell sensitivity 
to Fas - induced apoptosis (Mitsiades et al.,  2002   ). In another study, thalido-
mide inhibited IL - 1 β  - induced NF -  κ B transcriptional activation and IL - 8 pro-
duction in Caco - 2 colon cancer cells, where thalidomide was shown to suppress 
Iκ B α  degradation and NIK - induced NF -  κ B transcriptional activation (Jin 
et al.,  2002   ).  

  19.19.2   Proteasome Inhibitors 

 Protein degradation is as essential as protein synthesis to living cell. Proteins 
are degraded by two major processes: lysosomal degradation and proteasomal 
degradation. The latter primarily degrades endogenous proteins that are cova-
lently tagged with K48 - linked polyubiquitin chains. The proteasome itself is a 
large multiprotein complex inside virtually all living cells, mainly residing in 
the cytoplasm, the nucleus, and smooth endoplasmic reticulum. Mammalian 
26S proteasome usually consists of a 19S (or in some cases 11S/PA28) regula-
tory particle encapping a 20S catalytic core particle consisting of four concen-
tric stacked rings. The two inner rings are composed of seven catalytic  β
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subunits, while the two outer rings are composed of seven noncatalytic  α
subunits that serve as docking domains for the regulatory particles with the 
allosteric N - termini of each  α  subunit acting as a gating mechanism against 
unregulated entry of polypeptides. These four rings together create a narrow 
cylinder forming a hollow aperture through which unfolded proteins being 
degraded are threaded for proteolytic processing to lengths of seven to eight 
aminoacids for further metabolic recycling. The interior central chamber of 
the core particle formed by the β  subunits contains three distinct active sites, 
namely β 5,  β 2, and  β 1, each having distinct substrate specifi cities that are 
enzymatically characterized as chymotrypsin - like, trypsin - like, and peptidyl -
 glutamyl peptide - hydrolyzing (PHGH) activities (Adams et al.,  2002   ; Voges 
et al.,  1999   ; Orlowski and Wilk,  2000 ). In addition to seven constitutively 
synthesized β  subunits, three inducible  β  subunits, namely  β 1i,  β 2i, and  β 5i 
(also known as LMP2, MECL, and LMP7 respectively), are synthesized in 
response to interferon (IFN -  γ ) that are incorporated into the 20S catalytic core 
particle during biogenesis and maturation of the proteasome complex (Griffi n 
et al.,  1998   ). The substitution of these immunoproteasome  β i subunits for the 
constitutive β  subunits alters the substrate specifi city of the catalytic core, 
creating an interesting drug development opportunity for selective targeting 
the tissue - restricted immunoproteasome for autoimmune diseases. 

 26S proteasome - mediated protein degradation is essential to the metabolic 
and regulatory processes of cellular physiology. In broad terms, 26S protea-
some functions to remove abnormal and misfolded proteins, serves as an 
essential component in cellular stress responses by degrading key regulatory 
proteins, controls the timely transitions between cell cycle stages, regulates 
signal - induced cell fate and differentiation, and lastly participates in the 
immune system by processing antigenic peptides presented by the major his-
tocompatibility complex (MHC) class I molecules. Although the 26S protea-
some serves as an effector to a vast array of cellular processes under 
homeostasis, early observations that blocking the proteasome could induce 
apoptosis in a broad range of cell lines suggest that it could be modulated as 
a cancer target. Indeed, inhibition by cell - permeable peptidyl aldehyde - based 
or lactacystin - based proteasome inhibitors with relatively high specifi city 
toward the β 5 chymotrypsin - like activity could readily induce apoptosis in a 
variety of transformed cell lines and primary cancer cells in vitro  (Orlowski, 
 1999 ). This may certainly be explained by the fact that apoptosis cascade 
modulators like IAPs, Bik, Bim, Bad, and Bid, as well as pro - apoptotic pro-
teins like p53, p21 Cip1 , p27 Kip1 , and I κ B α , are all regulated by proteasomal 
degradation (Nikrad et al.,  2005   ; Olivier et al.,  2006   ). But most intriguingly, 
the relationship between proteasome and programmed cell death seems in 
many cases to depend on cell type and cellular context. In one example, in 
freshly isolated MM cells from bone marrow of patients or in dexamethasone - 
resistant transformed MM cell lines, complete inhibition of cell proliferation 
was observed at bortezomib concentrations of less than 100   nM, compared to 
EC50 values of greater than 5 – 10    μ M against normal bone marrow stromal 
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cells (Hideshima et al.,  2001   ). In another instance, limited inhibition of 
proteasome appears to protect cultured primary thymocytes or neurons from 
apoptosis, suggesting that quiescent and nonproliferating cells are not as sus-
ceptible to cytotoxic effects of proteasome inhibitors as those that are under-
going rapid cell division, especially in cases of cancerous lymphocytes and 
monocytes such as CLL - derived cells (Masdehors et al.,  1999   ; Orlowski,  1999 ). 
Moreover, it has been postulated that proteasome inhibition in cancer cells 
promotes apoptosis by renormalizing the overall balance from antiapoptotic 
signals back toward proapoptotic signals. Such preferential induction of pro-
grammed cell death toward transformed cells in vitro  was the impetus to 
further investigate proteasome inhibitors in vivo , where these inhibitors were 
indeed shown to be effi cacious in a Burkitt ’ s lymphoma xenograft model 
(Orlowski et al.,  1998   ). 

 Given that many lymphoma and leukemia cells often have constitutive 
NF -κ B and are hypersensitive to proteasome inhibitors, one of the early 
hypotheses for the mechanism - of - action of proteasome inhibitors was that 
they transduce their effects through modulating the NF -  κ B pathway in hema-
tologic malignant cells. Indeed, in our laboratory as in many others, protea-
some inhibitors including the early prototype aldehyde - based MG - 132 is still 
commonly used as a potent reference inhibitor of NF -  κ B in cell - based assays 
owing to its ability to effectively stabilize phospho - I κ B α  expression. In par-
ticular, as discussed earlier, multiple myeloma and non - Hodgkin ’ s lymphoma 
have an especially strong therapeutic rationale for such potent NF -  κ B block-
ers demonstrated in preclinical settings. With compelling preclinical results 
of these early peptidyl aldehyde - based inhibitors, a series of boronic acids 
were optimized for potency, selectivity, and biodistribution that ultimately 
resulted in the development molecule PS - 341 (bortezomib, VELCADE  ®  ) 
(Adams,  2002   ). 

 Bortezomib was the fi rst proteasome inhibitor to be extensively studied in 
murine models of cancer and infl ammation, and to have rapidly progressed 
through clinical trials in cancer patients due to its positive clinical activity in 
MM and NHL. Bortezomib showed selective and reversible inhibition with  Ki

of 0.62   nM against the 20S proteasome and about 1400 -  to 14,000 fold - lower 
Ki  values measured against a panel of 11 known proteases. Bortezomib dem-
onstrated anti - proliferation activity against a broad range of carcinoma cell 
lines when it was tested in a National Cancer Institute panel of 60 cell lines 
(Adams et al.,  1999   ). In animal model studies, bortezomib inhibited myeloma 
tumor growth and prolonged survival in a RPMI - 8226 murine xenograft model 
(LeBlanc et al.,  2002   ). Bioavailability appears to be low, regardless of admin-
istration route and species. Pharmacokinetic studies showed rapid plasma 
clearance and tissue distribution after subcutaneous injection, with an initial 
half - life  t1/2α  of 0.2 – 0.5   h, a slower terminal elimination half - life  t1/2β  after fi rst 
dose (1.45 – 2.0   mg/m 2 ) of 9 – 15   h, and a large volume of distribution of  > 500   L 
(Adams,  2002 ). A number of Phase I studies demonstrated bortezomib to be 
well tolerated at various dosing schedules (Orlowski and Kuhn,  2008   ). Early 
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positive clinical activities were seen in non - small - cell lung carcinoma and in 
prostate carcinoma (Aghajanian et al.,  2002   ; Papandreou et al.,  2004   ). 
However, the most impressive clinical responses were observed in multiple 
myeloma and in mantle - cell and follicular non - Hodgkin ’ s lymphoma (Orlowski 
et al.,  2002   ). A multicenter, open - label Phase II study indeed confi rmed bor-
tezomib activity where it was found to produce durable responses with mean-
ingful survival benefi ts in patients with recurrent and/or refractory multiple 
myeloma. In a population of heavily pretreated MM patients, bortezomib 
produced an overall response rate of 35% and a median duration of response 
of 12 months, including a number of patients who experienced complete 
response with undetectable myeloma protein (Richardson et al.,  2003   ). As a 
side note, common adverse events associated with bortezomib include throm-
bocytopenia, neutropenia, fatigue, and peripheral neuropathy. 

 Building on positive results from these early trials, a confi rmatory random-
ized Phase III trial comparing bortezomib to dexamethasone showed that 
bortezomib gave better response quality and higher overall response rate of 
43% versus 18%, longer median time to progression at 6.2 versus 3.5 months, 
and better overall survival rate of 29.3 versus 23.7 months, respectively 
(Richardson et al.,  2005, 2007   ). More recently, a large multicenter, random-
ized front - line Phase III study coded as VISTA was conducted in previously 
untreated MM patients with VELCADE  ®   in combination with melphalan and 
prednisone (VcMP) compared to melphalan and prednisone (MP) alone. The 
VcMP arm demonstrated a 30% complete response rate compared to 4% with 
MP; and more importantly, a signifi cant survival benefi t with the VcMP arm 
showing overall survival with a 39% reduction in risk of death (hazard 
ratio   =   0.61;  p    =   0.008) with a follow - up of 16.3 months (San Miguel et al., 
 2008 ). Together, these and other similar clinical studies led to the approval of 
VELCADE  ®   for treatment of multiple myeloma patients in more than 80 
countries worldwide to date. 

 In addition to its activity in MM, bortezomib is also quite active in a 
number of other B - cell malignancies where NF -  κ B is known to contribute to 
the pathogenesis. Several Phase II studies demonstrated signifi cant clinical 
activity in mantle cell, follicular, and marginal zone lymphomas, as well as in 
Waldenstrom ’ s macroglobulinemia (Goy et al.,  2005   ; O ’ Connor et al.,  2005   ; 
Treon et al.,  2007   ). In mantle cell lymphoma (MCL) cell lines  in vitro,  bortezo-
mib induces G1 cell cycle arrest followed by induction of apoptosis. Cell cycle 
arrest was associated with reduced expression of cyclin D1, which is a molecu-
lar genetic marker of MCL. Programmed cell death was associated with down -
 regulation of the antiapoptotic factors Bcl - xL and bfl /A1 with concomitant 
mitochondrial cytochrome c release and activation of caspase - 3 (Ludwig et al., 
 2005   ). A follow - up pivotal trial in relapsed MCL showed overall response 
rate of 33%, including 8% complete remission with a median duration of 
response of 9.2 months and time to progression of 6.2 months, leading to FDA 
approval of VELCADE  ®   for second - line mantle cell lymphoma. Currently, 
there are more than 200 ongoing VELCADE  ®   clinical trials worldwide. 
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 Given the clinical benefi ts already demonstrated by bortezomib, a number 
of other proteasome inhibitors are under development. Two examples cur-
rently in clinical trials are NPI - 0052 (salinosporamide) and PR - 171 (carfi lzo-
mib). However, unlike bortezomib, whose interaction mode can be described 
in enzymatic terms as reversible, slow, tight binding to the proteasome, NPI -
 0052 and carfi lzomib are covalently irreversible inhibitors. Preclinical studies 
have shown that these inhibitors can partially overcome bortezomib resistance 
in vitro  and have enhanced  in vivo  effi cacy compared to bortezomib in a 
number of mouse xenograft models, including MM and chronic lymphocytic 
leukemia, suggesting they may have broader antitumor activities (Orlowski 
and Kuhn,  2008   ). Clinical studies are still in progress for these inhibitors, but 
early reports of clinical responses for carfi lzomib, including some bortezomib -
 refractory MM and Waldenstrom ’ s macroglobulinemia patients, are indeed 
promising (Stewart et al.,  2007   ).  

  19.19.3    IKK  Inhibitors 

 Since the cloning of the IKK complex, considerable efforts have been focused 
on the development of specifi c IKK β  inhibitors mainly to target the canonical 
NF -κ B signaling pathway for infl ammatory diseases. Aspirin and early salicy-
late - derived compounds were rather weak IKK β  inhibitors, but nonetheless 
were useful in the demonstration of their anti - infl ammatory properties both 
in vitro  and  in vivo  (Yin et al.,  1998   ; Yuan et al.,  2001   ). Since then, a number 
of more potent, orally active, specifi c IKK β  inhibitors have been published. 
Some examples are TPCA1, BMS - 345541, Bayer Compound A, and PS - 1145 
and its derivative MLN120b. 

 At Millennium Pharmaceuticals, in collaboration with scientists from 
Hoechst (Aventis), a series of  β  - carbolines were synthesized as inhibitors of 
IKKβ  (Castro et al.,  2003   ). The prototype  β  - carboline PS - 1145 is suffi ciently 
potent and selective against IKK kinase complex with Ki  value of 90   nM in 
an ATP - competitive manner, while essentially inactive against a panel of 
14 known kinases. This compound demonstrated specifi c NF -  κ B pathway 
inhibition and cellular effi cacy in a broad range of cancer cells. For example, 
PS - 1145 was shown to block the protective effect of IL - 6 against dexametha-
sone - induced apotosis in a number of MM cell lines (Hideshima et al.,  2002   ). 
PS - 1145 also induced apoptosis in prostate cancer cells and signifi cantly sen-
sitized these cells to apoptosis through TNF α  - mediated cytotoxicity, which 
correlated with down - regulation of NF -  κ B - regulated gene expression includ-
ing IL - 6, cyclin D1, cyclin D2, IAP - 1, and IAP - 2. Moreover, PS - 1145 inhibited 
the invasion activity of highly invasive PC3 - S cells in invasion chamber assay 
(Yemelyanov et al.,  2006   ). Furthermore, docetaxel - induced NF -  κ B activation 
and IL - 6 expression were effectively inhibited by treatment of PS - 1145, leading 
to synergistic docetaxel cytotoxic effects on PC - 3 and DU - 145 androgen -
 independent prostate cancer cells (Domingo - Domenech et al.,  2006   ). Similar 
results were observed with pancreatic cancer cells, where treatment of 
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PS - 1145, treatment of bortezomib, or siRNA knockdown of p65 led to sensi-
tization of Panc - 1 and HS776T cells to TRAIL - induced apoptosis (Khanbolooki 
et al.,  2006   ). And fi nally, PS - 1145 and a derivative  β  - carboline were shown to 
be specifi cally cytotoxic to a subsets of diffuse - large B - cell lymphoma 
(DLBCL) and primary mediastinal B - cell lymphoma (PMBL) cells. This cyto-
toxic effect from PS - 1145 was fully dependent on canonical NF -  κ B signaling 
because overexpression of an inducible p65 alone could rescue these cells from 
apoptosis (Lam et al.,  2005   ). 

 Given the selective  in vitro  inhibition of NF -  κ B by PS - 1145, a number of 
studies were conducted to assess its activity in vivo . Although the compound 
has low aqueous solubility when dosed as a suspension in methylcellulose, 
PS - 1145 exhibits excellent oral bioavailability in rodent at 100% and has quick 
absorption with Tmax  at  < 0.5   h and a half - life  t1/2α  of 1.5 – 2   h. In an acute LPS 
challenge model, this compound showed consistent inhibition of 60% of total 
serum TNF α  release at 50   mg/kg when dosed 1   h prior to LPS challenge. In a 
murine graft - versus - host disease (GVHD) model, PS - 1145 protected mice 
from lethality of GVHD, did not compromise donor engraftment, and effected 
marked reduction in the levels of serum cytokines that are normally increased 
during GVHD (Vodanovic - Jankovic et al.,  2006   ). In a pancreatic tumor model, 
where Panc - 1 tumor sizes were monitored dynamically and noninvasively by 
chemiluminescence, 50   mg/kg PS - 1145 treatment alone was not active in inhib-
iting tumor growth. However, PS - 1145 overcame TRAIL - induced resistance 
in vivo  and was effi cacious in combination with 10   mg/kg TRAIL resulting in 
Panc - 1 tumor regressions (Khanbolooki et al.,  2006   ). 

 Further optimization of the  β  - carbolines series identifi ed another molecule 
that has excellent selectivity, good potency, and excellent pharmacokinetics 
profi le, namely MLN120b [ N  - (6 - chloro - 7 - methoxy - 9 H  - beta - carbolin - 8 - yl) - 2 -
 methyl - nicotinamide]. MLN120b is an ATP - competitive inhibitor and is highly 
selective for IKK β  with  Ki  value of 45   nM and is essentially inactive against a 
large panel of kinases.  In vitro , this compound effectively inhibits TNF α  -  
stimulated NF -  κ B translocation into the nucleus, blocks TNF α  -  or IL - 1 β  -
 induced RANTES and MCP - 1 production in human fi broblast - like synoviocytes 
(HFLS), and also potently inhibits LPS -  or peptidoglycan - induced cytokines 
production in human cord - blood - derived mast cells. In addition, in human 
chondrocytes MLN120b inhibits IL - 1 β  - induced matrix metalloproteinase 
(MMP) production, and blocks IL - 1 β  - induced prostaglandin E2 production 
(Wen et al.,  2006   ). All of this suggests that MLN120b would be effective in 
rheumatoid arthritis where these cellular processes are manifested in the 
infl ammation and destruction of arthritic joints. Indeed, oral administration 
of MLN120b suppressed both clinical and histopathologic manifestations of 
disease in a murine model of antibody - induced arthritis, where  in vivo  imaging 
demonstrated that NF -  κ B activity in infl amed arthritic paws was inhibited by 
MLN120b, resulting in signifi cant suppression of infl ammatory genes tran-
scription that is dependent on NF -  κ B (Izmailova et al.,  2007   ). Similarly, in a 
rat adjuvant - induced arthritis model, MLN120b inhibited paw swelling in a 
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dose - dependent manner (median effective dosage 12   mg/kg BID) and offered 
signifi cant protection against arthritis - induced weight loss as well as cartilage 
and bone erosion (Schopf et al.,  2006   ). 

 Scientists at GlaxoSmithKline synthesized [5 - ( p  - fl uorophenyl) - 2 - ureido]
thiophene - 3 - carboxamide (TPCA - 1) as a potent ATP - competitive inhibitor 
with IC50 values of 20   nM against IKK β  and 400   nM against IKK α . TPCA - 1 
appears to be at least 500 - fold selective against a panel of other known kinases, 
as well as COX - 1 and COX - 2. In human monocytes, TPCA - 1 inhibits the 
LPS - stimulated production of TNF -  α , IL - 6, and IL - 8 in a concentration -
 dependent manner with IC 50  values ranging from 170 to 320   nM. In a murine 
Type II collagen - induced arthritis (CIA) model where NF -  κ B activation is 
known to correlate closely with appearance of disease, prophylactic or thera-
peutic intraperitoneal administration of TPCA - 1 limited the onset and sever-
ity of disease in a manner comparable to a maximally effective dose of 
etanercept (Podolin et al.,  2005   ). In a rat model of airway infl ammation, oral 
administration of TPCA - 1 effectively blocked NF -  κ B nuclear translocation in 
the lung tissues following antigen challenge, which was associated with a 
reduction in expression of infl ammatory cytokines, airway eosinophilia, and 
late asthmatic reaction (Birrell et al.,  2005   ). 

 At Bristol - Myers Squibb, 4(2 ′  - aminoethyl)amino - 1,8 - dimethylimidazo(1,2 -
 a)quinoxaline (BMS - 345541) was shown to have IC 50  values of 300   nM against 
IKKβ  and 4000   nM against IKK α  and to be relatively selective against a panel 
of 15 known kinases. Interestingly, kinetic analyses revealed nonlinear 
Michaelis kinetics with competitive inhibition with respect to I κ B α  peptide 
substrate and noncompetitive inhibition with respect to ATP. BMS - 345541 
inhibited LPS - stimulated TNF α , IL - 1 β , IL - 8, and IL - 6 in THP - 1 cells with IC 50

values at 1 – 5    μ M  in vitro ; and oral administration of the drug blocked serum 
cytokine production  in vivo  following LPS challenge in a dose - dependent 
manner (Burke et al.,  2003   ). This molecule was also shown to be effi cacious 
in a CIA chronic model of infl ammation when dosed prophylactically or 
therapeutically, and it was shown to have activity in a dextran sulfate sodium 
(DSS) - induced colitis mouse model (McIntyre et al.,  2003   ; MacMaster et al., 
 2003   ). In malignant melanoma disease model, consistent with the thought that 
aberrant IKK/NF -  κ B activation leads to constitutive expression of angiogenic 
CXCL8 and CXCL1 that promote tumorigenesis in melanoma, treatment of 
BMS - 345541 blocked cellular secretion of CXCL1, induced mitochondrial -
 mediated apoptosis  in vitro , and inhibited tumor growth in xenograft mice 
bearing SK - MEL - 5, A375, or Hs 294T tumors (Yang et al.,  2006   ). 

 At Bayer, scientists optimized a series of hydroxyphenyl pyridines 
and derived the  “ Compound A ”  (2 - amino - 6 - [2 - (cyclopropylmethoxy) - 6 -
 hydroxyphenyl] - 4 - piperidin - 4 - yl nicotinonitrile), which showed broad anti -
 infl ammatory activity  in vitro  and  in vivo  (Murata et al.,  2004   ). This compound 
was shown to be selective for and potent against IKK β  with  Ki  of 2 – 4   nM 
(Ki    =   135   nM versus IKK α ; IC 50     >    10    μ M versus other kinases) and exhibited 
competitive inhibition with respect to ATP and noncompetitive against the 
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Iκ B α  peptide substrate. Pharmacokinetic studies showed 36 – 69% oral bio-
availability in rodents with half - life  t1/2α  of 1.3 – 2.1   h and large volumes of dis-
tribution of 5.3 – 6.9   L/kg. In animal studies,  “ Compound A ”  demonstrated 
effi cacy in several chronic and acute disease models, including allergen -
 induced airway infl ammation and hyperreactivity model, OVA - induced lung 
infl ammation, and arachidonic - acid - induced and phorbol - ester (PMA) -
 induced ear edema rat models (Ziegelbauer et al.,  2004   ). 

 Other non - small molecule approaches to blocking IKK include utilizing 
NEMO - binding domain (NBD) peptide to disrupt IKK complex formation. 
In murine colitis models, NBD peptide was shown to ameliorate colonic 
infl ammatory injury through down - regulation of proinfl ammatory cytokines, 
suggesting that IKK inhibitors could be effective in the treatment of infl am-
matory bowel diseases (Shibata et al.,  2007   ). In another study, NEMO - binding 
domain peptide was shown to block osteoclastogenesis and bone erosion in 
infl ammatory arthritis (Dai et al.,  2004a   ). These studies further validate IKK 
as potent regulator of cytokine - induced infl ammatory arthritis and autoim-
mune diseases. 

 As an interesting note, the  www.NF- κ B.org  website created by Thomas D. 
Gilmore curates known NF -  κ B inhibitors and pathway modulators that 
have been described in the literature at a count of more than 750 different 
compounds, although many of these are natural products that are not 
fully characterized mechanistically or pharmacologically. This website is an 
excellent encyclopedic reference for published NF -  κ B inhibitors and all things 
NF -κ B.  

  19.19.4   Neddylation Inhibitor 

 Another interesting approach to blocking NF -  κ B is by targeting the ubiqui-
nation machinery that controls the signal - induced degradation of I κ B ’ s and 
processing of NF -  κ B proteins that are mediated by  β  - TRCP containing SCF 
E3 ligase. This class of E3 ligases is generically formed by four subunits: Skp1, 
Cul - 1, Rbx1, and a variable F - box protein such as  β  - TrCP that provides sub-
strate specifi city; hence they are termed SCF E3 ligases. These SCF E3 ligases 
are tightly regulated by the Nedd8 pathway. Nedd8 is a ubiquitin - like protein 
modifi er that is conjugated exclusively on Cullin proteins in the SCF complex. 
Following the cloning of the E1 activating enzyme for Nedd8 (APPBP1 -
 UBA3, or NAE) by scientists at Millennium, molecular characterization of 
NAE biology quickly revealed that neddylation is absolutely essential for 
proper SCF E3 ligase functions and SCF - mediated ubiquitination of regula-
tory proteins like I κ B α , p105, or p27 (Read et al.,  2000   ; Podust et al.,  2000   ; 
Amir et al.,  2002   ; Ohh et al.,  2002   ). Indeed, targeting NAE with small - 
molecule inhibitors resulted in potent suppression of pathways controlled by 
SCF - mediated ubiquitination such as NF -  κ B. Medicinal chemistry optimiza-
tion of a series adenosine derivatives resulted in the development molecule 
MLN4924, a potent and selective inhibitor of NAE. In ABC - like DLBCL 
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cells, MLN4924 induces marked stabilization of phospho - I κ B α  and inhibits 
p65 nuclear translocation and NF -  κ B gene transcription. Inhibition of NF -  κ B 
signaling in OCI - Ly10 cells results in a G1 cell cycle arrest and an acute induc-
tion of apoptosis, a phenotype similar to that observed from treatment with 
IKKβ  inhibitors like MLN120b. Interestingly, in contrast to NF -  κ B - dependent 
cells, however, in GCB - like OCI - Ly19 cells MLN4924 instead induces accu-
mulation of several other SCF - ligase substrates including Cdt1, leading to an 
accumulation of cells with increased DNA content ( > 4   N) followed by a DNA 
damage response and induction of cell death (Soucy et al.,  2009   ). This mecha-
nism of action in GCB - like cells is observed in other tumor cell lines that are 
not dependent on activated NF -  κ B signaling for survival. In a xenograft ABC -
 like OCI - Ly10 tumor model, a single dose of MLN4924  in vivo  resulted in 
inhibition neddylated - cullin proteins, marked elevation of phospho - I κ B α
levels, and an induction of apoptosis via observation of cleaved caspase. In 
therapeutic treatment mode, daily or intermittent dosing of MLN4924 below 
maximum tolerated doses resulted in signifi cant tumor regression in the OCI -
 Ly10 model, affi rming the addiction of these tumors to NF -  κ B signaling  in
vivo  (Milhollen   et al., 2008). Currently, MLN4924 is in early clinical trials for 
both solid and hematological cancers. 

 This example aptly illustrates the concept of oncogene addiction and 
context inhibition in cancer, in that even though a neddylation inhibitor like 
MLN4924 can simultaneously block several different signaling pathways, the 
mechanism of cell death is dependent on the context of genetic susceptibility 
of individual cancer cell types. Therefore, neddylation inhibitors, or protea-
some inhibitors for that matter, can indeed uncover NF -  κ B susceptibility in 
cancer cells where NF -  κ B pathway is overactivated.   

  19.20   FUTURE DIRECTIONS 

 Great strides have been made over the past   two decades in advancing our 
understanding of NF -  κ B biology through the synergy between academic 
research and industry drug discovery engines (see Fig.  19.4 ). To be sure, there 
is much more to learn about this pleiotropic pathway in order to develop an 
effective therapy in the many disease settings involving NF -  κ B. The most 
specifi c way to surgically inhibit canonical NF -  κ B seems to be the IKK β  inhibi-
tors, as evident by the efforts concentrated thus far on discovering selective 
inhibitors against IKK β . While there has been tremendous progress in this 
fi eld, blocking IKK β  is not without concerns. The most critical concern for 
potent IKK β  blockers is likely to be liver toxicity given the precarious balance 
of apoptotic fate for hepatocytes in the presence of TNF α  under loss of IKK β
activity, as seen in animal knockouts. However, since NF -  κ B is such a potent 
immune modulator, sustained or extensive inhibition of IKK β  may not be 
necessary, depending on the degree of NF -  κ B dependence in a particular 
application. Short - term or intermittent dosing could be considered for many 
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of these applications. Moreover, given the new appreciation for the alternative 
NF -  κ B pathway contribution to the pathogenesis of some cancers, targeting 
IKK α  may be another effective way to block NF -  κ B. So far, the major concern 
with regard to blocking IKK α  may of the potential long - term consequences 
of skin defects including possible carcinoma development. But such concern 
may be less relevant for short - term therapy. Other IKK family members, such 
as IKK ε  or TBK1, should also be considered for some solid tumor types 
including subsets of breast, lung, and prostate. No potent and selective inhibi-
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     Figure 19.4.     Chemical structures of published NF -  κ B inhibitors  .  
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tors of these kinases have been reported so far, but targeting IKK ε  should be 
less pleiotropic in their effects when compared to IKK α  or IKK β , given its 
inducible nature and restricted tissue expression.   

 Other ways to uncover NF -  κ B susceptibility in certain disease settings such 
as targeting the proteasome or the ubiquitination machinery appear to be 
extremely promising, given the success of VELCADE  ®   in hematological 
malignancies and highly encouraging early results thus far with the neddylation 
inhibitor discovered recently. Among these targets to be considered should 
include the regulatory component of the 26S proteasome, the ubiquitin E1, 
and the β  - TrCP E3 ligase and its associated E2, although the diffi culty to 
achieve protein – protein disruption of E3 ’ s by drug - like small molecules is not 
underestimated here. Other diffi culties in developing such pleiotropic inhibi-
tors certainly lie in the management of optimal dosing and schedules in order 
to maximize their therapeutic index. But in diseases where NF -  κ B is strongly 
activated, such multitasking inhibitors have proven to be highly effective and 
well - tolerated so far in preclinical as well as early - clinical testing. 

 All of these targets mentioned above are highly promising approaches to 
modulate NF -  κ B with the goal to advance disease treatments. However, 
advancement in two areas could help accelerate this endeavor. The fi rst is the 
development of more sensitive and robust pharmacodynamic markers in order 
to manage optimal dosing and scheduling of these inhibitors. The second is 
the development of more robust disease model systems to better recapitulate 
NF -κ B signaling network  in vivo . Having such tremendous potential to treat 
a broad range of diseases with equally tremendous challenges facing the 
efforts to develop safe and effective NF -  κ B drugs, especially following the 
fruitful two decades of past, the next decade of NF -  κ B research promises to 
be an even more exciting one for scientists and clinicians in this fi eld.  
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20
 G - PROTEIN - COUPLED RECEPTORS 
AS DRUG TARGETS  

  Wenyan   Miao   and   Lijun   Wu       

   20.1   INTRODUCTION 

 G - protein - coupled receptors (GPCR) form the largest gene family in 
mammals, comprising  ∼ 2% of the human genome. They are cell surface pro-
teins with seven transmembrane (TM) domains; therefore they are also 
referred to as the 7TM receptors or heptahelical receptors. GPCRs trigger 
intracellular signaling in response to a plethora of extracellular stimuli such 
as light, neurotransmitters, hormones, peptides and proteins, amino acids, 
biogenic amines, nucleotides and nucleosides, lipids, and ions. 

 GPCRs are expressed on many cell types and play vital roles in generating 
cellular responses in reaction to changes in their extracellular environment. 
These receptors are highly selective in ligand recognition, allowing them to 
generate diverse responses to different physiological settings. Not surprisingly, 
GPCRs have been implicated in numerous diseases including infl ammatory, 
cardiovascular, metabolic, neurological, psychiatric, infectious diseases, and 
cancer. They have served as successful targets for drug development, and over 
30% of current marketed drugs target GPCRs, with over $50 billion annual 
sales worldwide.  
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  20.2    GPCR  CLASSES AND STRUCTURES 

 There are over 800 GPCR genes in the human genome. They are divided into 
three major classes based primarily on their physiological ligand and sequence 
homology (Kristiansen,  2004 ; Kolakowski,  1994 ): 

 The Class A rhodopsin family has a conserved DRY (Asp - Arg - Tyr) motif 
at the intracellular boundary of the third transmembrane domain. This is the 
largest GPCR family with ∼ 700 members, about 400 of which encode sensory 
GPCRs, including olfactory, taste, and pheromone receptors (Gaillard et al., 
 2004 ). 

 The Class B secretin family consists of receptors to hormones and neuro-
peptides. This is a family with  ∼ 50 members, more than half of which are 
orphan receptors with ligands yet to be identifi ed. The N - terminal portion of 
these receptors is ∼ 120 residues long and functions as the hormone - binding 
domain. 

 The Class C glutamate receptor family has 17 members. These receptors 
share a unique feature of exceptionally long N - terminus. Examples of recep-
tors in this family include metabotropic glutamate receptors and GABA B
receptors. 

 It is inherently diffi cult to obtain high - resolution structural information for 
membrane proteins. In fact, less than 1% of the 30,000 structures deposited in 
the public database represent membrane proteins. All GPCRs share the common 
structural signature of seven transmembrane helices connected with alternating 
intracellular and extracellular loops, with extracellular N - terminus and intracel-
lular C - terminus. The large percentage of hydrophobic regions makes it diffi cult 
to obtain receptor protein with suffi cient quantity and purity for structural 
studies. In addition, recombinant GPCR expression levels are often low because 
high levels of exogenous GPCRs on the cell surface often causes stress to the 
host cells. Furthermore, detergent is almost always required when purifying 
GPCRs. In conjunction with the inherent structure fl exibility of the extracellular 
and intracellular loops and protein instability in the presence of detergent, it has 
been diffi cult to study GPCR structure using X - ray crystallography. 

 In 2000 the fi rst crystal structure of a mammalian GPCR, bovine rhodopsin, 
was solved (Palczewski et al.,  2000 ). This study revealed that the seven trans-
membrane helices were arranged in a counterclockwise fashion, with various 
amount of kinks and bends within each helix. There is an eighth helix in the 
cytoplasmic tail that runs parallel to the plasma membrane. The fi rst crystal 
structure for a human GPCR was solved in 2007 for a β 2 - adrenergic receptor 
bound by an inverse agonist and an antigen - binding fragment (Fab) of an 
antibody to its third intracellular loop (Rasmussen et al.,  2007 ). The overall 
assembly of the transmembrane helices is similar to that of the bovine rho-
dopsin, with differences in the arrangement of the cytoplasmic ends of these 
helices. Specifi cally, the  β 2 - adrenergic receptor has a more  “ open ”  structure 
for G - protein interaction, which was thought to account for its constitutive 
basal activity in the absence of ligand. 



GPCR SIGNALING 627

 The extracellular domains play critical roles in ligand recognition and thus 
are highly variable among GPCRs. They are often glycosylated differently 
under different conditions in different cell types. The glycosylation can affect 
receptor expression, ligand binding, and receptor signaling (Wheatley and 
Hawtin,  1999 ; Duvernay et al.,  2005 ). Evidently, the heterogeneity of receptor 
glycosylation contributes to added diffi culty in obtaining structure information 
for the extracellular domains, an invaluable tool for GPCR drug discovery. 

 Due to the limited structure information, computational modeling has been 
widely used to facilitate rational drug design for GPCRs. Pharmacophore 
models can be built based on the structure of available receptor agonists and 
antagonists. These models have been used with reasonable success to design 
 “ focused ”  compound libraries to a GPCR target in order to discover new 
chemical scaffolds and reduce the cost and time in drug screening (Holenz 
et al.,  2005 ). Additionally, homology models can be established with informa-
tion from known GPCR crystal structures and target receptor mutagenesis 
studies (Deupi et al.,  2007 ). Virtue screens are often conducted with these 
models to predict the potential binders, agonists, or antagonists in the com-
pound libraries.  

  20.3    GPCR  SIGNALING 

 Upon agonist binding, GPCRs undergo conformational changes and engage 
intracellular heterotrimeric G proteins for downstream signaling. Ligand 
may bind to various sites on the receptor, including the N - terminus, the extra-
cellular loops, and the transmembrane region, or any combinations of the 
above. Small - molecule ligands such as biogenic amines and lipids tend to bind 
the transmembrane regions of the receptors, whereas large ligands such as 
proteins and peptides usually bind to the N - terminus and the extracellular 
loops. 

 G proteins respond to the receptor activation signal by binding to the intra-
cellular loops of the receptor (Bourne,  1997 ). Trimeric G proteins consist of 
three subunits:  α ,  β , and  γ .  α  is the largest subunit, ranging from 40   kD to 
46   kD. The  β  and  γ  subunits are 35 – 36   kD and 8 – 9   kD, respectively. In their 
quiescent state, G proteins are bound by GDP on the  α  subunits. Upon GPCR 
activation, G proteins are recruited to the receptors, triggering GTP/GDP 
exchange. The GTP - bound  α  subunit then dissociates from  βγ , and the  βγ
subunits remain tightly bound and function as a single unit. The free  α  and  βγ
transduce the activation signal to their respective downstream effectors. The 
α  subunit has intrinsic GTPase activity that hydrolyzes the bound GTP into 
GDP. The GDP - bound  α  subunit ceases its signaling and reunites with  βγ  to 
their original trimeric quiescent state ready for reactivation (Fig.  20.1 ).   

 So far, 20   G α , 6   G β , and 12   G γ  have been identifi ed in mammals. The 
large array of G proteins with different subunit combinations gives them the 
capacity to generate specifi c and diverse signal for a large number of GPCRs 
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(Neves et al.,  2002 ). G proteins can be categorized into four classes based 
primarily on the sequences and signaling of their G  α   subunit: 

  1.     G  i   /   o  , which inhibits adenylyl cyclase, causes reduction of intracellular 
cAMP levels. Subtypes in this class include G  i   (G  i   1 , G  i   2  and G  i   3 ), G  o   and 
G  z  .  

  2.     G  s  , which activates adenylyl cyclase, leads to increase of intracellular 
cAMP levels.  

  3.     G  q   /11 , which activates phospholipase C β  (PLC β ). PLC β  breaks down 
plasma membrane phosphatidylinositol 4,5 - bisphosphate (PIP 2 ) into dia-
cylglyceride (DAG) and inositol 1,4,5 - triphosphate (IP3). DAG acti-
vates protein kinase C and IP3 induces calcium fl ux from ER into the 
cytoplasm. There are fi ve members in the G  q   /11  family: G  q  , G 11 , G 14 , G 15 , 
and G 16 .  

  4.     G 12/13 , whose downstream signaling remains elusive. There are reports 
showing that G 12/13  are involved in the activation of small G proteins 
Rho, Ras, Na + /H +  exchanger, nitric acid synthase and cytoskeleton rear-
rangement (Dhanasekaran and Dermott,  1996 ; Kitamura et al.,  1996 ). 
This family has two members, G 12  and G 13 .    

 Two toxins, pertussis toxin and cholera toxin, have been useful to distin-
guish the G  i   versus G  s   action. Both toxins catalyze the ADP - ribosylation 
reaction to the  α  subunit, with distinct specifi city. Pertussis toxin specifi cally 

     Figure 20.1.     GPCR signaling pathways.  
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modifi es G αi . The ADP - ribosylated G αi  is unable to release GDP and therefore 
loses its ability to bind to the GPCRs. As a result, pertussis toxin inhibits the 
Gi  signal. In comparison, cholera toxin can lock G αs  in the GTP - bound form 
through ADP - ribosylation, resulting in constitutive G s  signaling that leads to 
higher intracellular cAMP levels. 

 It is important to keep in mind that although a particular GPCR preferen-
tially signals through one class of G proteins, they may often couple to other 
family of G proteins as well. This promiscuity in G - protein coupling allows a 
receptor to generate a wider range of responses based on the nature of the 
ligands and the state of the receptor, such as post - translational phosphoryla-
tion and palmitoylation (Daaka et al.,  1997 ; Okamoto et al.,  1997 ). Therefore, 
cellular context can add complexity to GPCR signaling based on the avail-
ability and concentration of different classes of G proteins and various down-
stream effectors. 

 Given its essential role in regulating a wide range of cellular activities in 
response to extracellular stimuli, GPCR signaling is fi ne - tuned by elaborate 
mechanisms to ensure not only fast and specifi c turn - on but also prompt turn -
 off, even in the continued presence of ligand. This is achieved by rapid recep-
tor desensitization. A group of kinases called GPCR kinases (GRKs) are 
recruited and turned on by activated receptors to phosphorylate the serine/
threonine residues of the C - terminal tail and the intracellular loops of the 
receptors. The phosphorylated receptors have high affi nity for intracellular 
adaptor protein β  - arrestins.  β  - arrestins turn off the receptor signal by sterically 
preventing further receptor/G - protein interaction. The receptors are then 
recruited into the clathrin - coated pits and undergo endocytosis. Subsequently, 
receptors in the intracellular vesicles either recycle back to the plasma mem-
brane for another round of signaling (resensitization) or undergo degradation 
in the lysosomes for long - term signal down - regulation. It has been shown that 
the relative cellular levels of GRKs and β  - arrestins determine the fate of 
receptor toward resensitization or degradation (Menard et al.,  1997 ; Premont 
and Gainetdinov,  2007 ). 

 Seven GRKs (GRK1 - 7) and four  β  - arrestins have been cloned so far. GRKs 
have specifi city for their target receptors, and their expression level varies in 
different tissues and cell types. Their subcellular localization and activity are 
tightly regulated by G - protein subunits, lipids, membrane anchoring proteins, 
and calcium - sensing proteins (Penela et al.,  2003 ). Additionally, as scaffolding 
proteins,  β  - arrestins not only orchestrate receptor internalization but also 
mediate G - protein - independent receptor signaling by bringing receptors into 
close proximity of signaling molecules. Recent evidence revealed the role of 
β  - arrestins in the activation of MAPK cascade, Akt and PI3 kinases and small 
G - protein RhoA (DeWire et al.,  2007 ). 

 The GTP hydrolysis by the G α  subunit is enhanced 100 -  to 1000 - fold by 
GTPase activating proteins (GAP) or regulators of G protein signaling (RGS). 
Over 20 mammalian RGS proteins have been identifi ed. Some (RGS3 and 
RGS5) have ubiquitous expression, whereas others are more restricted to 
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certain cell types or cell differentiation and activation stages. RGS proteins 
have remarkable selectivity toward their target G α  proteins (Xie and Palmer, 
 2007 ). In addition, recent evidence suggests that RGS proteins are also capable 
of generating their own signal, functioning as antagonists to receptor/G - protein 
interaction, as scaffolding proteins for G - protein signaling, and engaging their 
own downstream effectors (Bansal et al.,  2007 ). 

 Another element that further adds to the complexity of GPCR signaling 
is receptor dimerization and oligomerization. Increasing literature informa-
tion revealed the ability of GPCRs to form homo -  and hetero - oligomers 
(Milligan et al.,  2003 ). Compared to their monomeric counterparts, oligomer-
ized receptors may have different expression, G - protein coupling, signaling, 
and pharmacological properties (Franco et al.,  2007 ; Milligan et al.,  2006 ). For 
example, two CNS GPCRs, the orexin - 1 receptor and the CB1 receptor are 
capable of forming heterodimers. Antagonists for one receptor reduced 
signaling of the other receptor (Ellis et al.,  2006 ). As a result, drugs to 
one partner may affect the pharmacology of the other partner in the dimer. 
This is an important aspect to consider when we study the heterogeneity of 
GPCR signaling, drug – drug interaction and the off - target effect of GPCR 
modulators. 

 GPCR signaling is still a fast growing area after decades of extensive 
research. New assay technologies are shedding light on many aspects of GPCR 
signaling that either complement or challenge the traditional dogmas. As the 
name implies, the vast majority of GPCRs exert their functions by activating 
G proteins. However, there are recent examples of 7 - transmembrane domain 
receptors that function independently of G proteins (Sun et al.,  2007a ). Sun 
et al. ( 2007b ) observed that  β2  - adrenergic receptor switched from G - protein -
 dependent to independent signaling when high concentration of ligand is 
present. Also, there exist many phosphorylation - independent GPCR desensi-
tization mechanisms (Ferguson,  2007 ).  

  20.4    GPCR  PHARMACOLOGY 

 GPCRs are believed to constitutively toggle among conformations with dif-
ferent levels of activity. An agonist stabilizes the active conformation and tips 
the balance of the receptor population toward the active state. A full agonist 
can activate a receptor to its highest potential in the test system, whereas a 
partial agonist can only partially turn on the receptor. One explanation for 
the action of full and partial agonists is their differential ability to induce the 
optimal receptor conformation required to maximally engage the signaling 
molecules in a given assay system. 

 In the absence of agonists, when the population of receptors with active 
conformation is high enough to generate signal above the detection threshold 
of a certain assay system, constitutive activity is observed. Agents stabilizing 
the inactive conformation will shift the balance of the receptor population 
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toward the inactive conformation and suppress the constitutive activity. These 
agents are called inverse agonists. 

 An antagonist blocks the action of an agonist. It may occupy the agonist 
binding site to prevent agonist/receptor interaction, in which case the antago-
nist and agonist are mutually exclusive. This type of antagonists is referred as 
orthosteric antagonists. Alternatively, an antagonist and an agonist may not 
share the same binding site; instead they exist in a ternary complex with the 
receptor. These antagonists are called allosteric antagonists. Another term 
often used is  “ neutral antagonist. ”  It refers to an agent that by itself does not 
elicit any response through the receptor but only demonstrates activity by 
interfering with the agonist action. Like the agonist, an antagonist can be a 
full antagonist, which completely depresses the agonist induced activity; or it 
can be a partial antagonist that only suppresses a portion of the agonist 
activity. 

 In recent years, more and more attention has been directed toward the 
allosteric receptor modulators (Raddatz et al.,  2007 ; Milligan and Smith, 
 2007 ). Occupancy of the allosteric sites by these modulators changes the 
receptor conformation and the changes are transmitted to the ligand binding 
sites. In other words, allosteric modulators can turn a receptor into a  “ new ”  
receptor with different properties to its agonists, antagonists, and downstream 
signaling molecules. 

 The effect of a given allosteric modulator is infl uenced by the receptor, 
the agonist, and the assay system. For example, the neuromuscular 
blocker alcuronium can increase the affi nity of muscarinic antagonist  N  -
 methylscopolamine specifi cally for M 2  and M 4  but not other subtypes of mus-
carinic receptors (Jakubik et al.,  1995 ). In addition, an alcuronium analogue 
eburnamonine can modulate the affi nity of several muscarinic agonists toward 
M2  differently: it caused a 25 - fold and 7 - fold increase of affi nity for agonists 
pilocarpine and oxotremorine, respectively, while having no effect on 
some other agonists (Jakubik et al.,  1997 ). A more remarkable example is the 
HIV drug AK602. Chemokine receptor CCR5 is one of the two receptors 
that mediate HIV viral entry into the immune cells. AK602 has potent anti -
 HIV activity by blocking the binding between the viral protein gp120 and 
CCR5. CCR5 has three ligands  : CCL3 (MIP1 α ), CCL4 (MIP1 β ), and CCL5 
(RANTES). As an allosteric inhibitor, AK602 blocks CCL3 binding to CCR5 
but allows the signaling of CCL4 and CCL5 toward CCR5 (Maeda et al., 
 2004 ). Therefore allosteric modulators can exert not only receptor specifi c but 
also agonist - dependent effect. 

 As a result, it is possible to target the allosteric sites to inhibit the nondesir-
able while preserving the desirable agonist activity. In practice, however, it is 
important to keep in mind that allosterism is contingent upon multiple ele-
ments such as cellular background, signal readout, assay format, and so on. A 
proper assay system is vital to uncover allosteric modulators. Most impor-
tantly, the activity of allosteric modulators needs to be assessed in multiple 
biologically relevant systems to evaluate their potential impact in vivo .  
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  20.5    GPCR  ASSAYS FOR DRUG DISCOVERY 

 GPCRs have a long history as drug targets with well - studied signaling path-
ways. As a result, a plethora of bioassays have been developed as powerful 
tools to support GPCR drug discovery (Fig.  20.2 ).   

 Careful considerations should be given before one initiates assay develop-
ment for a GPCR target. It is important to establish the assays in ways that 
best mimic the receptor ’ s physiological setting, so that data from the assays 
are more likely to predict the physiological effect of the compounds. One of 
the most important variables to consider is the assay cell line. Cellular back-
ground not only affects receptor expression and post - translational modifi ca-
tion, but also dictates whether appropriate intracellular signaling machinery 
is present to preserve the physiological pharmacology and signaling. In this 
section, we will discuss the most widely used GPCR assay formats. 

 A receptor binding assay is used to study the pharmacology of compound –
 receptor interaction. The most widely used format is the radioligand binding 
assay. This assay measures the specifi c binding of radioisotope - labeled   ligand 
to the receptor and the ability of compounds to displace this binding. 
Traditional radioligand binding assays require wash steps to remove the 
unbound ligand. To increase the throughput, homogeneous assays that do not 
require any wash steps have been developed, such as the scintillation proxim-
ity assays (SPA). Radioligand binding assay is a simple assay format with 
straightforward data interpretation. As a result, it is one of the most important 
workhorses in GPCR drug discovery. 

 However, many labs consider radioactivity an undesirable feature, espe-
cially for high - throughput screening. Therefore, various formats of nonradio-
active binding assays have been developed. Ligand can be labeled with a 
fl uorescence tag that can be detected directly, or a tag that allows amplifi cation 
of the signal through a conjugated enzymatic reaction, such as a horseradish 
peroxidase (HRP) tag. 

     Figure 20.2.     Common GPCR assays.  
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 In some cases, a compound is directly labeled with a radioisotope in order 
to study the direct interaction between the compound and the receptor, rather 
than the ability of the compound to compete off the labeled ligand. This is 
especially useful to study the agonistic compounds or functional allosteric 
compounds that do not inhibit ligand binding. 

 Cell - based functional assays are indispensable for compound activity char-
acterization. There has been an explosion of new assay technologies in the last 
10 – 15 years with major improvements to make the assays more simple, robust, 
reliable, and amenable for automation. Generally, assays measuring signaling 
events proximal to the receptor are likely to have less false positives but also 
less signal amplifi cation. Conceivably, assays examining the distal functions of 
the receptor are generally more robust due to signal amplifi cation, but likely 
with more false positives. Usually a combination of several assays is employed 
to meet the needs of different stages of compound characterization. 

 Guanine nucleotide exchange assays measure the GTP/GDP exchange trig-
gered by receptor activation. Traditionally, the assay is done with  35 S - labeled 
GTPγ S. GTP γ S can bind to G α  upon G - protein activation. GTP γ S is non-
hydrolyzable, therefore locking G α  in this GTP γ S bound form, which can be 
readily quantifi ed. Recently a nonradioactive format was developed by 
PerkinElmer using time - resolved fl uorescence (TRF), in which europium -
 labeled GTP was used in place of [ 35 S]GTP γ S. The advantage of the guanine 
nucleotide exchange assay is that it requires no knowledge of the G - protein 
coupling property of the target receptor. However, since the event is in very 
close proximity to the receptor, it has very little signal amplifi cation. A robust 
guanine nucleotide exchange assay requires abundant receptors and G pro-
teins and reasonably fast guanine nucleotide exchange rate. Thus for some 
receptors it is diffi cult to achieve a satisfactory assay window with this format. 

 Recruitment of  β  - arrestin to the receptor is another signaling event proxi-
mal to receptor activation. In recent years, two assay platforms have been 
developed to measure this event. Taking advantage of the fact that  β  - arrestins 
co - internalize with the receptors when they bind GPCR with high affi nity, 
Cellomics developed a high content imaging system to measure the β  - arrestin 
clustering ( http://www.cellomics.com/ ). In this system,  β  - arrestins are tagged 
with a fl uorescence tag such as a green fl uorescent protein (GFP). In quiescent 
cells,  β  - arrestins distribute evenly within the cytosol, resulting in diffused fl uo-
rescence. Co - internalizing with the activated receptor leads to  β  - arrestin redis-
tribution into punctate aggregates within the cells. The images are captured 
by a high - throughput High Content Reader and analyzed by image analysis 
softwares. This platform does not require any modifi cation of the receptor; 
however, it is not homogeneous and requires complicated algorithms to accu-
rately interpret the imaging data. 

 In addition, DiscoveRx developed the PathHunter assay to measure the 
β  - arrestin/GPCR interaction using the Enzyme Fragment Complementation 
(EFC) Technology ( http://www.discoverx.com/pathhunter_overview.php ). In 
this assay platform,  β  - arrestin and the target GPCR are each fused to one of 
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the two inactive β  - galactosidase fragments. When  β  - arrestin comes to close 
proximity of the receptor, the active enzyme is reconstituted and generates 
chemiluminescent signal with a β  - galactosidase substrate. This assay is in a 
simple homogeneous format; however, it requires tagging the target receptor 
with a β  - galactosidase enzyme fragment. It is important to ensure that the tag 
does not affect the receptor function. 

 Many assays are developed to measure the activity of second messengers 
as the result of receptor activation. As described above in GPCR signaling, 
both G i  and G s  affect adenylyl cyclase activity, which can be quantifi ed by the 
change of intracellular cAMP levels. It is straightforward to measure the G s  -
 induced increase of cAMP. However, to measure G i  activation, one needs to 
fi rst use an adenylyl cyclase activator such as forskolin to increase the intracel-
lular cAMP, then measure the reduction of cAMP levels as a result of G i
activation. Traditional cAMP assays are done with  125 I - labeled cAMP as the 
tracer. Over the years the radioactive assay has been replaced by fl uorescence 
or luminescence - based assays using various new technologies, such as non-
homogeneous dissociation - enhanced lanthanide fl uorescence immunoassay 
(DELFIA), homogeneous time - resolved fl uorescence resonance energy trans-
fer (HTRF), fl uorescence polarization, AlphaScreen TM  chemiluminescence, 
and enzyme complementation. All these assays employ the same principal   as 
the radioactive assays, in that cellular cAMP compete with a labeled cAMP 
tracer for cAMP antibody binding. A detailed comparison of these assay 
formats was described by Gabriel et al. ( 2003 ). In their studies, the highest 
sensitivity was observed in the DELFIA assay. Among the homogeneous 
assays, the HTRF and AlphaScreen TM  assays showed the biggest dynamic 
range and highest sensitivity. 

 The G q  activation can be gauged by two products in the pathway: the ino-
sitol phosphate and the cytosolic calcium. As mentioned previously, G q  activa-
tion leads to PLC β  activation, which generates IP3. IP3 is rapidly converted 
to IP2 and then IP1 within the cells. As a result, assays have been developed 
to measure the IP1 accumulation. Early assay formats measure cellular IP1 in 
the competition binding with a radioactive IP1 tracer to an IP1 antibody. A 
nonradioactive HTRF assay called IP - One was developed by Cisbio ( http://
www.htrf.com/products/gpcr/ipone/ ). In this format the TRF signal is gener-
ated between a europium - IP1 antibody and the IP1 acceptor. Free IP1 from 
the cell lysates competes with the IP1 acceptor and results in the reduction of 
the TRF signal. In addition, intracellular calcium fl ux is another hallmark of 
Gq  activation. This calcium fl ux can be accurately captured by various fl uores-
cent calcium dyes and Flexstation or a high - throughput real - time fl uorescence 
imaging plate reader (FLIPR) developed by Molecular Devices ( http://www.
moleculardevices.com/ ). 

 Importantly, by coexpressing a promiscuous G protein with a target GPCR, 
calcium fl ux and IP - One assays can be used as universal GPCR assays regard-
less of a receptor ’ s natural G - protein coupling property. Most GPCRs can 
couple to the promiscuous G proteins, namely G α 15  and G α 16 , and generate 
signal in the G q  pathway. This strategy enables a single assay platform for 
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rapid high - throughput screening of different classes of GPCRs. Another 
important utility of this universal assay system is to screen for natural or sur-
rogate ligand for orphan GPCRs without the knowledge of their preferred G 
proteins. For the receptors that do not couple well to G α 15/16 , an alternative 
strategy is to use the chimeric G α  proteins. These chimeric G α  have the back-
bone of G αq  or G α 16 , with the last fi ve to nine amino acids replaced by the 
corresponding sequences of G αi  or G αs . For some G i  -  or G s  - coupled receptors, 
these engineered G proteins better channel receptor signaling into the G q
pathway (Milligan and Rees,  1999 ). One caution to keep in mind is that pro-
miscuous G proteins and the chimeric G proteins may alter the pharmacology 
of the receptors. 

 Another productive assay format widely used for GPCR drug discovery is 
the homogeneous reporter gene assays. In these assays, a reporter gene is 
placed under transcriptional regulation of a responsive element for transcrip-
tion factors such as CRE (responding to cAMP), AP1, or NFAT (responding 
to calcium). The reporter proteins are synthesized when these second 
messengers are generated as the result of GPCR activation. Commonly 
used reporter proteins include luciferase, various fl uorescent proteins,  β  -
 galactosidase, and  β  - lactamase. These reporter assays are generally simple, 
robust, and easily adaptable to automation. However, a longer incubation 
period is often needed to accumulate enough reporter proteins to generate 
suffi cient signal. Having long assay duration in combination with measuring 
distal signaling events to receptor activation, the reporter assays have a higher 
probability of generating false positives. 

 In recent years, assays using biosensors have been developed to investigate 
real - time GPCR interaction with other receptors or proteins. These assays 
usually use bioluminescence resonance energy transfer (BRET) or fl uores-
cence resonance energy transfer (FRET) technology (Pfl eger and Eidne,  2005 ). 
Both technologies measure the energy transfer between a donor and an accep-
tor protein when they come to close proximity to each other. A GPCR and its 
binding partner are each fused to one of the donor/acceptor proteins, and 
binding events can be detected as they are happening in live cells. A few energy 
donor/acceptor pairs have been established for these assays, such as (a) Renilla 
luciferase and green or yellow fl uorescent protein (GFP or YFP) for BRET 
assays and (b) cyan fl uorescent protein (CFP) and YFP for FRET assays. 
People have successfully used these assays to detect real - time interaction 
between receptors and G proteins,  β  - arrestins, or GRKs. New donor/acceptor 
protein pairs are constantly being explored to increase the robustness of the 
assays in order for them to be amenable for high - throughput screens.  

  20.6   CHALLENGES AND OPPORTUNITIES FOR 
 GPCR  DRUG DISCOVERY 

 GPCRs have an excellent track record as productive drug targets; never-
theless, this target class faces challenges in drug discovery. The signifi cant 
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structure homology in the GPCR transmembrane domains makes the off -
 target toxicity for small - molecule inhibitors a liability. There are many exam-
ples of GPCR inhibitors with toxicity issues due to their cross - reactivity with 
other GPCRs. Therefore, improving the compound selectivity has been one 
of the most important goals in GPCR drug discovery. 

 Recent years have seen an explosion of knowledge toward receptor allo-
steric modulation, GPCR homo -  and heterodimerization and oligomerization, 
and so on. We now realize that GPCR signaling is a more complex system 
than we previously understood. This presents both challenges and opportuni-
ties for future GPCR drug discovery. The allosteric modulators may provide 
us with the much needed drug - target specifi city and specifi c inhibition of 
undesired and preservation of the desired target signaling. GPCR oligomer-
ization necessitates potential GPCR drugs to be evaluated in a more complex 
system, so that we can better predict their effi cacy  in vivo  and understand their 
side effects and their interaction with other drugs. Meanwhile, GPCR oligo-
merization offers a new receptor modulation mechanism that we may be able 
to exploit in order to achieve specifi c therapeutic goals. 

 In addition, given the long history of GPCR drug discovery, most of the 
 “ low hanging fruit ”  have been picked. Nevertheless, many opportunities still 
lie ahead in the GPCR fi eld. For example, about 100 nonsensory GPCRs 
remain  “ orphan ”  with their ligands remain unidentifi ed. Though challenging, 
pairing these orphan receptors with their physiological ligands may unearth 
fruitful targets for GPCR drug discovery (Chung et al.,  2008 ; Levoye et al., 
 2006 ).  

  20.7    GPCR  s  AS DRUG TARGETS IN INFLAMMATION 

 Immune cells express a wide range of GPCRs, including receptors for chemo-
kines, lipids, complement anaphylatoxins, various neuropeptides, nucleotides, 
and biogenic amines. Their expression is often cell - type - specifi c and changes 
depending on the stages of cell development, differentiation, activation, and 
cell cycle. This receptor expression regulation along with differential intracel-
lular signaling machinery in each cell type enables GPCRs to generate intri-
cate responses to complex stimuli in the immune system. A diverse array of 
host -  or pathogen - derived molecules serve as ligands for these GPCRs. They 
modulate the immune system by regulating immune cell migration, survival, 
differentiation, and activation. As a result, one can envisage that aberrant 
GPCR expression and signaling can lead to a variety of immune disorders.  

 20.7.1   Chemokine Receptors 

 Chemokine receptors are a class of over 20 G i  - coupled GPCRs that direct cell 
migration, induce leukocyte activation and differentiation, and promote cell 
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proliferation. They are crucial participants in multiple infl ammatory and auto-
immune diseases, HIV entry into the cells, and cancer metastasis (Viola and 
Luster,  2008 ; O ’ Hayre et al.,  2008 ). 

 Chemokine receptors are activated by about 50 chemotactic cytokines 
(chemokines). These are small proteins with 60 – 130 amino acids. Although 
chemokines have varied sequence homology, they share similar tertiary struc-
tures. The binding specifi city is largely conveyed through the fl exible 
N - terminal tail and the more rigid N - loop by their interaction with the 
N - terminus and extracellular loops of the chemokine receptors (Goncharova 
and Tarakanov,  2008 ). Most chemokines are secreted molecules except for 
CX3 CL1 and CXCL16, which are membrane - bound with a mucin - rich trans-
membrane domain. 

 Chemokines are classifi ed into four subclasses based on the sequential 
arrangement of the fi rst two of the four conserved cysteines: C - C, C - X - C (X 
being a non - cysteine amino acid), C, and CX 3 C (Prieschl et al.,  1995 ). They 
can also be divided into constitutive and inducible chemokines based on their 
expression regulation. The constitutive chemokines are usually expressed at 
a constant level at certain sites within the body. These chemokines are respon-
sible for directing homeostatic leukocyte traffi cking for immune surveillance 
and tissue/organ development. In contrast, the inducible chemokines are 
usually up - regulated under infl ammatory conditions and participate in recruit-
ing infl ammatory cells to the disease tissues. The local chemokine concentra-
tion gradient provides a directional migration signal for leukocytes. Chemokine 
receptor activation up - regulates integrins on the cell surface, thereby promot-
ing cell rolling and adhesion to the endothelial cells and fi nally leading to 
leukocyte extravasation into the infl ammatory sites. As a result, chemokine 
and chemokine receptors participate in a wide range of processes, such as 
innate and adaptive immune responses, organogenesis, hematopoiesis and 
tumor growth, and metastasis. 

 There is considerable promiscuity among chemokines and their receptors. 
Many chemokines activate multiple receptors and many chemokine receptors 
can be activated by multiple chemokines (Allen et al.,  2007 ) (Table  20.1 ). This 
apparent functional redundancy adds complexity in exploiting these receptors 
as drug targets. However, there is growing evidence suggesting that the distinct 
in vivo  spatial and temporal expression of the apparently overlapping chemo-
kines and chemokine receptors fi ne - tunes the system so that it can respond 
appropriately under complex immunological circumstances. In addition, both 
chemokines and chemokine receptors may form homo -  and heterodimers and 
oligomers, adding further convolution to the system.   

 Given the importance of the chemokine system in the immune disease 
pathology, signifi cant effort has been made to generate therapeutics to modu-
late the activity of this system (Viola and Luster,  2008 ). Specifi cally, various 
modifi ed forms of chemokines, antibodies to chemokines or chemokine recep-
tors, and small - molecule antagonists to chemokine receptors have been tested 
preclinically and clinically for their disease - modifying activity. Below we will 
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 TABLE 20.1.     Chemokine and Chemokine Receptor Families for (a)  CC  
Chemokines and (b)  CXC ,  CX  3 C, and C Chemokines   a    

CCR1 CCR2 CCR3 CCR4 CCR5 CCR6 CCR7 CCR8 CCR9 CCR10

CCL1 (I-309)

CCL2 (MCP-1)

CCL3 (MIP-1α)

CCL4 (MIP-1β)

CCL5 (RANTES)

CCL7 (MCP-3)

CCL8 (MCP-2)

CCL11 (eotaxin)

CCL13 (MCP-4)

CCL14 (HCC-1)

CCL15 (HCC-2)

CCL16 (HCC-4)

CCL17 (TARC)

CCL18 (PARC)

CCL19 (MIP-3β)

CCL20 (MIP-3α)

CCL21 (SLC)

CCL22 (MDC)

CCL23 (MPIF-1)

CCL24 (eotaxin-2)

CCL25 (TECK)

CCL26 (eotaxin-3)

CCL27 (CTACK)

CCL28 (MEC)

describe several infl ammatory chemokine receptors that have been studied in 
the clinic. 

 CCR1 is induced primarily on activated T cells, monocytes and macro-
phages under infl ammatory conditions. Being a key receptor for a panel of 
infl ammatory chemokines including CCL3 (MIP - 1 α ), CCL5 (RANTES), and 
CCL7 (MCP - 3), a number of CCR1 antagonists have been developed as 
potential therapeutics for treating various immune disorders (Gladue et al., 
 2004 ; Pease and Horuk,  2005 ). Pfi zer ’ s CP - 481715 was effi cacious in reducing 
infi ltrating macrophages and other CCR1 - positive cells in the synovium of 
rheumatoid arthritis (RA) patients in a phase Ib trial. However, this com-
pound failed the phase II RA trial because of the lack of effi cacy. Currently, 
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several other CCR1 antagonists from multiple companies are being tested in 
clinical trials for RA and multiple sclerosis (MS). 

 CCR2 is primarily expressed on monocytes and macrophages and directs 
their tissue infi ltration in response to infl ammatory chemokines CCL2 
(MCP - 1), CCL7 (MCP - 3) and CCL13 (MCP - 4). Due to the critical roles of 
monocytes and macrophages in disease pathogenesis, CCR2 and its ligand 
have been implicated preclinically in animal models for multiple diseases such 
as RA, MS, atherosclerosis, organ transplantation, myocardial infarction, vas-
cular remodeling, and so on (Quinones et al.,  2005 ; Mahad and Ransohoff, 
 2003 ; Charo and Peters,  2003 ). As a result, considerable effort has been put 
into testing the clinical benefi t of inhibiting CCR2 for many diseases. Both 
CCR2 small - molecule antagonists and a humanized monoclonal anti - CCR2 
antibody are under clinical evaluation for indications including RA, MS, 
atherosclerosis, and COPD. 

 CCR3 is expressed mainly on eosinophils but also on a variety of other 
infl ammatory cells such as T H 2 cells, basophils, mast cells during airway 

CXCR1 CXCR2 CXCR3 CXCR4 CXCR5 CXCR6 XCR1 CX3CR1

CXCL1 (GROα)

CXCL2 (GROβ)

CXCL3 (GROγ)

CXCL4 (PF4)

CXCL5 (ENA-78)

CXCL6 (GCP-2)

CXCL7 (NAP-2)

CXCL8 (IL-8)

CXCL9 (Mig)

CXCL10 (IP-10)

CXCL11 (I-TAC)

CXCL12 (SDF-1)

CXCL13 (BCA-1)

CXCL14 (BRAK)

CXCL16

XCL1 (lymphotactin)

XCL2 (SCM-1β)

CX3CL1 (fractalkine)

TABLE 20.1. Continued

            a  Signifi cant redundancy exists where a receptor may have multiple ligand, and a ligand may be able to 
activate multiple receptors. The ligand – receptor relationship is represented by the shaded boxes.    
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infl ammation. It responds mostly to CCL11 (eotaxin), CCL24 (eotaxin - 2), and 
CCL26 (eotaxin - 3). CRTH2 is a lipid receptor primarily expressed on the 
TH 2 cells responding to prostaglandin D2 (PGD2). CCR3 and CRTH2 are 
responsible for mobilizing the eosinophils and T H 2 cells traffi cking to the lung 
during airway infl ammation and allergic reaction (Pease,  2006 ; Pettipher, 
 2008 ). Several small molecule antagonists against CRTH2 or CCR3 are being 
developed in the clinic for asthma and allergy. In addition, CCR3 antisense 
oligonucleotides and a monoclonal anti - eotaxin - 1 antibody are also under 
clinical evaluation for the same indications. 

 CCR9 is up - regulated on gut - homing T cells and plasmacytoid dendritic 
cells during intestinal infl ammation (Johansson - Lindbom and Agace,  2007 ). 
ChemoCentryx and GSK have a CCR9 antagonist in phase II/III clinical trials 
for Crohn ’ s disease and ulcerative colitis. Being a selective antagonist to 
CCR9 which is almost exclusively expressed in the gut, this compound may 
have fewer side effects than the existing IBD drugs that cause general immune 
suppression. 

 CXCR1 and CXCR2 are primarily expressed on neutrophils and medi-
ate migration of these cells in response to pro - infl ammatory chemokines 
CXCL8 (IL - 8), CXCL5 (ENA - 78), CXCL1 - 3 (GRO α ,  β  and  γ ), and others. 
Pharmacopeia and Schering - Plough are developing a CXCR1/CXCR2 dual 
inhibitor in a phase II trial for chronic obstructive pulmonary disease (COPD), 
because neutrophils have been implicated in the pathogenesis of this disease 
(Magno and Di Stefano,  2007 ). 

 CCR5 is another inducible chemokine receptor up - regulated on activated 
T cells, monocytes and macrophages. It responds to a panel of infl ammatory 
chemokines and induces infl ammatory cell migration into the disease tissues 
(Turner et al.,  2007 ). AstraZeneca is developing a CCR5 antagonist AZD -
 5672 in phase II trials for RA. 

 In addition, HIV viruses use CCR5 or CXCR4 as co - receptors for entering 
into the immune cells. Chemically modifi ed forms of CCL5 (RANTES, a 
CCR5 ligand) and small - molecule antagonists to the receptor have shown 
effi cacy in blocking the HIV entry (Copeland,  2006 ). Selzentry, a CCR5 
blocker developed by Pfi zer, has been approved for AIDS treatment. A 
CXCR4 antagonist from Genzyme, Plerixafor, was tested in a phase Ib/IIa 
trial for HIV. It dose dependently eliminated CXCR4 - dependent viral entry 
in 9 out of 19 patients, but the trial was discontinued due to what was believed 
to be non - mechanism - based adverse effects. Currently plerixafor is in phase 
III clinical trials for non - Hodgkin ’ s lymphoma and multiple myeloma due to 
its ability to mobilize white blood cells after stem - cell transplantation in these 
cancer patients. This compound is also being investigated preclinically for the 
treatment of rheumatoid arthritis. Many companies have compounds targeting 
CCR5 or CXCR4 in various stages of AIDS clinical trials. In addition, a 
CXCR4/CXCR5 dual antagonist is under evaluation in clinical trials for mul-
tiple indications, including phase II trials for viral infection, HIV/AIDS, RA, 
wound healing, cancer, cachexia, anorexia, and phase I trials for type II dia-
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betes. This highlights the great potential of the CCR5 and CXCR4 antagonist 
as therapeutics for many diseases.   

 20.7.2    N  - Formyl Peptide Receptors 

 Formyl peptide receptor (FPR) and FPR - like receptor (FPRL1) are highly 
expressed on neutrophils and monocytes. They mediate the chemotactic activ-
ity of N  - Formyl peptides.  N  - Formyl peptides are derived either exogenously 
from bacteria or endogenously from mitochondria. It has been long estab-
lished that FPR and FPRL1 are involved in attracting phagocytes to sites of 
bacterial infection and host tissue damage. Therefore they are part of the 
innate host defense system (Panaro and Mitolo,  1999 ). 

 In addition to pathogen - derived FPR ligand, more and more host endog-
enous FPR ligand are being discovered, including the serum amyloid A, 
annexin 1, lipid metabolite (LXA4),  β  amyloid (A β42 ), and prion peptide (aa 
106 – 126) (Le et al.,  2002 ), implicating the involvement of the formyl peptide 
receptors in infl ammation, neurodegenerative diseases, and infection. 
Functionally, in addition to inducing chemotaxis, they also induce phagocyte 
oxidative burst and cytokine production (Sodhi and Biswas,  2002 ; Arbour 
et al.,  1996 ). Future research is directed toward understanding how formyl 
peptide receptors can respond to such a diverse array of agonists. This knowl-
edge may help us craft strategies for generating appropriate FPR receptor 
antagonists for specifi c therapeutic indications.   

 20.7.3   Lipid Receptors 

20.7.3.1 Lysophospholipid Receptors.  The lysophospholipid receptors are 
activated by bioactive lysophospholipid mediators lysophosphatidic acid 
(LPA) and sphingosine - 1 - phosphate (S1P). Originally, they were referred to 
as the endothelial differentiation gene (EDG) receptors. Later on, they were 
named the LPA receptors or the S1P receptors based on the higher - affi nity 
ligand to which they bind. 

 Currently, there are four identifi ed and validated LPA receptors (LPA 1 – 4 ), 
all of which have been detected with various expression levels in the immune 
tissues including the spleen and the thymus. They are involved in regulating 
T - cell survival, migration, and IL - 2 production. Different LPA receptor sub-
types play distinct roles in immune modulation. For example, LPA 2  is respon-
sible for LPA - induced naive T - cell migration and IL - 2 production inhibition, 
whereas LPA 1  is expressed on activated T cells and mediates the opposite 
effect — that is, inducing IL - 2 production and inhibiting cell migration (Zheng 
et al.,  2000, 2001 ). 

 There are fi ve members in the S1P receptor family (S1P 1 – 5 ). They play a 
distinct role in regulating immune cell migration, activation, proliferation, and 
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cytokine secretion (von Wenckstern et al.,  2006 ). The most prominent func-
tion of S1P is to regulate lymphocyte homeostatic traffi cking between the 
peripheral blood and the lymphoid organs and tissues. This function is mostly 
mediated through the S1P 1  receptor. S1P 1 R is the most widely expressed 
among all S1P receptor subtypes. It is expressed on T cells, B cells, dendritic 
cells, macrophages, and mast cells (von Wenckstern et al.,  2006 ). Although 
S1P1 R mediates migration of all these cell types, it has been most extensively 
studied for its role in controlling the lymphocyte egress from the lymphoid 
organs into the circulating blood (Chiba et al.,  2006 ). 

 In addition to its role in modulating cell migration, S1P also promotes 
TH 2 polarization during T cell activation by suppressing IL - 2, IL - 4 and 
IFNγ  and promoting IL - 10 production. This effect is mainly mediated 
through the S1P 4  receptor expressed on T cells and dendritic cells (Wang 
et al.,  2005 ). Finally, S1P induces mast cell degranulation through S1P 2  (Jolly 
et al.,  2004 ). 

 The importance of the S1P receptors in immune regulation is highlighted 
by the immunosuppressive drug fi ngolimod, also known as FTY720 (Zhang 
et al.,  2007 ). It is a chemical derivative of myriocin, a natural product isolated 
from a parasitic fungus called Isaria sinclairii . This fungus has been used 
extensively in traditional Chinese medicine as an immune suppressant. Upon 
phosphorylation by sphingosine kinase in vivo , FTY720 becomes a S1P recep-
tor agonist. It is a strong agonist for S1P 1  but can also activate S1P 3 , S1P 4 , and 
S1P5 . Working through S1P 1 , FTY720 causes lymphopenia by trapping lym-
phocytes in the spleen and lymph nodes. FTY720 has shown its promise in 
treating multiple sclerosis and preventing organ transplantation rejection 
(Zhang et al.,  2007 ). It is currently sponsored by Novartis in phase III trials 
for MS (Horga and Montalban,  2008 ). The phase III trials for renal transplan-
tation rejection were discontinued because FTY720 did not meet the endpoint 
of the study. Presumably, a selective S1P 1  agonist will retain the benefi cial 
effect of FTY720 and steer clear of the side effects invoked by activating other 
S1P receptors. A selective S1P 1  agonist Actelion - 2 is being co - developed by 
Actelion and Roche. It is currently in phase I trial for the treatment of RA, 
psoriasis and MS.  

20.7.3.2 Leukotriene Receptors.  Leukotrienes comprise a family of prod-
ucts of the 5 - lipoxygenase pathway of arachidonic acid metabolism. Leukotriene 
A4  (LTA 4 ) can be converted to leukotriene B 4  (LTB 4 ) and cysteinyl leukotri-
enes LTC 4 , LTD 4 , and LTE 4 . 

 Leukotrienes act by binding to several GPCRs expressed on neutrophils, 
macrophages, eisonophils, T lymphocytes, and mast cells. Type 1 cysteinyl 
leokotriene receptor (CysLT1) recognizes cysteinyl leokotrienes in a descend-
ing order of affi nity of LTD 4     >    LTC 4    =   LTE 4 , whereas CysLT2 receptor rec-
ognizes cysteinyl leokotrienes in a descending order of affi nity of LTC 4    =   
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LTD 4     >    LTE 4 . CysLT1 mediates sustained brochoconstriction, mucus secre-
tion, and edema in the airways, whereas CysLT2 contributes to infl ammation, 
vascular permeability, and tissue fi brosis (Kim and Luster,  2007 ; Massoumi 
and Sjolander,  2007 ). 

 Two receptors have been identifi ed for LTB 4 . BLT1 is the high - affi nity 
receptor for LTB 4  that mediates most, if not all, of its potent chemoattractant 
and proinfl ammatory action. BLT2 is a lower - affi nity receptor for LTB 4  and 
other lipooxygenase products. Little is known about the physiological function 
of BLT2. 

 By binding to their specifi c cognate receptors, leukotrienes promote the 
accumulation and function of virtually all subgroups of leukocytes at sites of 
infl ammation. Such responses are important in the pathogenesis of diseases 
including asthma, cardiovascular diseases, and cancer (Nicosia et al.,  2001 ; 
Back and Hansson,  2006 ). 

 Several anti - leukotriene agents have been on the market, including mon-
telukast, zafi rlukast, and pranlukast. All these drugs are selective CysLT1 
antagonists. Several BLT - 1 antagonists are undergoing clinical trials for the 
treatment of a wide range of immune diseases such as RA, cystic fi brosis, and 
COPD. In addition, several LTD 4  antagonists are under clinical evaluation for 
the treatment of asthma by inhibiting bronchoconstriction.  

20.7.3.3 Prostaglandin E2 ( PGE2) Receptors.  PGE 2  is a cyclooxygenase 
(COX) metabolite of arachidonic acid. It is a potent inducer for acute infl am-
matory responses including pain and swelling at the infl ammatory sites. The 
importance of PGE 2  in rheumatoid arthritis and osteoarthritis pathogenesis is 
highlighted by the COX - 2 inhibitors, which are highly effi cacious in treating 
these diseases (Akaogi et al.,  2006 ; Baraf,  2007 ). 

 There are four receptors (EP1 - 4) for PGE 2 . Each receptor mediates differ-
ent biological activities of PGE 2 . For example, EP3 is responsible for PGE 2  -
 induced fever and pain, whereas EP4 mediates the infl ammation related bone 
resorption (Kobayashi and Narumiya,  2002 ). Pfi zer has an EP4 antagonist in 
phase I trial for osteoarthritis. Amgen is developing AMG - 009, a prostaglan-
din receptor antagonist for asthma.  

20.7.3.4 Platelet-Activating Factor ( PAF ) Receptor.   PAF is a potent pro -
 infl ammatory phospholipid with diverse functions, such as wound healing, 
angiogenesis, and pathogen clearance (Stafforini et al.,  2003 ). It is produced 
by a wide variety of cells in the immune system, including platelets, neutro-
phils, eosinophils, monocytes, and macrophages. PAF not only mediates cell 
migration, but also induces infl ammatory molecule secretion. Pathologically, 
PAF and its receptor have been implicated in multiple immune disorders such 
as acute infl ammation, asthma, anaphylactic shock, transplantation rejection, 
skin infl ammation and allergy, thrombosis, and so on (Braquet et al.,  1987 ). 
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A PAF antagonist is being tested in phase I trials for ulcerative colitis and 
Crohn ’ s disease.    

 20.7.4   Complement Receptors 

 C3a and C5a are two anaphylatoxins generated by the complement cascade 
during infection or tissue injury (Rambach et al.,  2008 ). The pro - infl ammatory 
responses induced by C3a and C5a are mediated by C3aR and C5aR, respec-
tively. These receptors are widely expressed on neutrophils, phagocytes, 
eosinophils, mast cells, bronchial epithelial cells, vascular endothelial cells, 
and smooth muscle cells. They participate in multiple cellular responses 
including cell migration, degranulation, and activation. 

 C5a has been implicated in multiple immune disorders such as rheumatoid 
arthritis, infl ammatory bowel diseases, sepsis, systemic lupus erythematosus, 
asthma, and so on. It is up - regulated at infl ammatory sites, serving not only 
as a potent chemoattractant for neutrophils and monocytes but also as an 
activator for these cells (Guo and Ward,  2005 ). C5a has been shown to enhance 
the monocyte and granulocyte phagocytic activity by boosting other comple-
ment receptor expression and augmenting oxidative burst (Mollnes et al., 
 2002 ). In addition, it has been implicated in modulating macrophage cytokine 
production such as interleukin - 1 (IL - 1) and tumor necrosis factor (TNF) 
(Cavaillon et al.,  1990 ). Multiple C5a inhibitors are being evaluated in clinical 
trials for RA and psoriasis.  

  20.7.5   Protease - activated Receptors ( PAR  s ) 

 PARs have a unique activation mechanism: A fragment of the N - terminus of 
the receptor is cleaved by extracellular serine proteases and the remaining 
N - terminus serves as a tethered ligand by binding intramolecularly to the 
receptor. 

 There are four members in the PAR family (PAR1 – 4). PAR1, PAR3, and 
PAR4 are activated by thrombin, whereas PAR2   is activated by a panel of 
trypsin - like serine proteases, including trypsin, tryptases, mast cell granzymes, 
neutrophil proteinase 3, and factor VIIa and Xa. Among the PAR family 
members, PAR2 has demonstrated the most association with the infl amma-
tory responses by being a sensor to tissue injuries (Bunnett,  2006 ). PAR2 is 
widely expressed on various cells and tissues in the airway, GI tract, joint, and 
CNS. It is involved in regulating the epithelium contractility, leukocyte adhe-
sion, neutrophil tissue infi ltration, and cytokine secretion. Studies with PAR2 
agonists, PAR2 antagonists, and the PAR2 knockout animals point out con-
tradictory roles that PAR2 plays in infl ammatory processes (Coelho et al., 
 2003 ). It is pro - infl ammatory in arthritis, infl ammatory bowel diseases, allergic 
airway, and skin infl ammation (Ferrell et al.,  2003 ; Mall et al.,  2002 ; Ebeling 
et al.,  2007 ; Seeliger et al.,  2003   ), whereas it is protective in colitis, asthma, 
and ischemia (Fiorucci et al.,  2001 ; Milia et al.,  2002 ; Cocks et al.,  1999 ). 
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Further studies with potent and selective PAR2 agonists and antagonists will 
aid better understanding of the role PAR2 plays under various infl ammatory 
conditions.   

 20.7.6   Other Peptide Receptors 

20.7.6.1 Bradykinin Receptors.   Two bradykinin receptors (BK1 and BK2) 
regulate vascular functions and promote local infl ammatory responses such as 
redness, swelling, and pain. They also modulate blood fl ow and bronchocon-
striction. Therefore, antagonizing these receptors may provide therapeutic 
opportunities for arthritis, sepsis, asthma, allergic rhinitis, and diabetes 
(Sharma et al.,  2003 ). Sanofi  - Aventis is investigating a BK1 antagonist for the 
treatment of infl ammation and pain. This compound inhibited paw edema 
induced by bradykinin and ear edema induced by capsaicin in animal models. 
It is currently in phase II clinical trial for chronic pain. In addition, a BK2 
antagonist is being developed in phase II trial for trauma head injury.  

20.7.6.2 Corticotropin Releasing Factor and Urocortin Receptors. 
Corticotropin releasing factor (CRF) and urocortins are neuropeptides that 
mediate stress - related responses through their receptors CRF1 and CRF2. 
CRF activates CRF1, whereas urocortins activate both CRF1 and CRF2. CRF 
and urocortins can be synthesized and released by mast cells in the skin in 
response to IgE receptor crosslinking. In addition, both CRF receptors are 
up - regulated on the skin mast cells following stress. As a result, the interplay 
between the CRF peptides and their receptors leads to exacerbation of the 
infl ammatory skin conditions such as psoriasis and atopic dermatitis. 
Additionally, antagonists to CRF1 and agonists to CRF2 may be used in treat-
ing GI infl ammation (Gravanis and Margioris,  2005 ).  

20.7.6.3 Endothelin Receptors.   The three endothelins (ET1 - 3) are primar-
ily known to regulate contractility in the vascular system. They exert their 
activity through two GPCRs, namely, ET A R and ET B R. ET - 1 is produced by 
cardiovascular endothelial cells and stimulates vasoconstriction and smooth 
muscle proliferation (Levin,  1995 ). It can also be produced by macrophages 
upon bacterial or LPS challenge and is associated with macrophage functions 
such as (a) pro - infl ammatory cytokine secretion and (b) superoxide and matrix 
metalloprotease production (Aung et al.,  2006   ). Antagonists to the endothelin 
receptors have shown anti - infl ammatory activity in various preclinical animal 
models including colitis, asthma, and allergy (Nett et al.,  2006 ).  

20.7.6.4 Melanocortin Receptors. The melanocortin receptors (MC1R 
through MC5R) are activated by four melanocortin peptides —  α  - ,  β  - , and  γ  -
 melanocortin and adrenocorticotropic hormone (ACTH). These peptides are 
derived from a single peptide called POMC (pro - opiomelanocortin) through 
post - translational protease cleavage. The expression and maturation of the 
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melanocortin peptides are enhanced by infl ammatory cytokines and interfer-
ons. The primary melanocortin receptors expressed on leukocytes are MC1R 
and MC3R. Notably, these receptors are anti - infl ammatory rather than pro -
 infl ammatory. Upon activation by melanocortins, they suppress the NF -  κ B -
 induced transcription of pro - infl ammatory cytokines and chemokines, as well 
as inhibiting infl ammatory cell migration by reducing adhesion molecule 
expression on these cells. Accordingly, the melanocortin peptides demon-
strated a protective role in multiple animal models for human diseases includ-
ing rheumatoid arthritis, gouty arthritis, infl ammatory bowel diseases, sepsis, 
allergy, organ transplatation, and auto immune uveoretinitis (Catania et al., 
 2004 ).  

20.7.6.5 Tachykinin Receptors. The tachykinin family of neuropeptides 
consists of at least nine members that are widely expressed in the central and 
periphery nervous system. Two members of this family, substance P and neu-
rokinin A, play important roles in inducing neurogenic infl ammation by infl u-
encing the vascular functions, including vasodilation and constriction, mucous 
secretion, and vascular permeability. In addition, substance P has been shown 
to regulate the production of pro - infl ammatory cytokines, lipids, and reactive 
oxygen species by macrophages (Ho et al.,  1996 ; Murris - Espin et al.,  1995 ). 
As a result, these neuropeptides have been implicated in the airway, gastro-
intestinal, and joint immune disorders, such as obstructive airway diseases, 
chronic ulcerative colitis, and arthritis (Mazzone,  2004 ; Rijnierse et al.,  2006 ; 
Keeble and Brain,  2004   ). 

 Neurokinins exert their functions through three receptors NK1 - 3. Several 
NK2  receptor antagonists are being evaluated in the clinic for asthma and 
irritable bowel syndrome (IBS). In addition, a NK 3  antagonist is being devel-
oped in phase II trials for IBS and COPD. It is also in phase I trial for respira-
tory infection.   

  20.7.7   Other Nonpeptide Receptors 

20.7.7.1 Histamine Receptors.  Histamine is largely released from mast cells 
and basophils and plays a vital role in allergic infl ammation, such as vasodila-
tion and bronchoconstriction, leukocyte migration, cytokine production, and 
T - cell differentiation and activation (Thurmond et al.,  2008 ). Increased level 
of histamine has been detected in the disease tissues of allergy, asthma, MS, 
and psoriasis. It has been demonstrated that elevated histamine level in asth-
matic bronchoalveolar lavage fl uid is responsible for airway hypersensitivity 
and obstruction (Casale et al.,  1987 ; Jarjour et al.,  1991 ). There are four his-
tamine receptors, H 1 – 4 . H 1 , H 2 , and H 4 , expressed on many infl ammatory cells, 
including endothelial cells, smooth muscle cells, eosinophils, basophils, mast 
cells, dendritic cells, monocytes, and T cells. In contrast, H 3  is mainly expressed 
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in the nervous system and inhibits of excitatory neurotransmission in the 
airway (Ichinose and Barnes,  1989 ). 

 H 1  has a well - established role in allergy induction. Many nonsedative H 1
inhibitors are being tested in clinical trials for allergy, hives, and contact der-
matitis. In recent years, H 4  has emerged as a promising target for various 
immune indications. It has more restricted expression on the hematopoietic 
cells and is capable of mediating chemotaxis of these leukocytes. H 4  may work 
synergistically with H 1  in mediating the histamine - induced pro - infl ammatory 
responses. It is conceivable that H 4  antagonists are under rigorous investiga-
tion as potential anti - infl ammatory therapeutics. Finally, based on the evi-
dence that H 3  activation inhibits bronchoconstriction (O ’ Connor et al.,  1993 ), 
a H 3  agonist is being evaluated in phase II clinical trial for asthma.  

20.7.7.2 Muscarinic Receptors.   Muscarinic receptors (M 1 – 5 ) respond to ace-
tylcholine, the primary parasympathetic neurotransmitter in the airway. 
Acetylcholine induces smooth muscle contraction and mucous secretion, 
mainly by activating M 3 . In addition to the nerve cells, other cells involved in 
airway infl ammation were recently found to produce acetylcholine as well. 
These include epithelial and endothelial cells, smooth muscle cells, and leu-
kocyte infi ltrates such as lymphocytes, macrophages, neutrophils, eosinophils, 
and mast cells. These immune cells also express the muscarinic receptors, 
enabling acetylcholine to act in an autocrine fashion to induce cell prolifera-
tion, activation, and cytokine production (Gosens et al.,  2006 ). In addition, 
non - neuronal origin of acetylcholine has been implicated in airway tissue 
remodeling during chronic airway infl ammation in COPD and asthma (Gosens 
et al.,  2004 ). 

 Several M 3  antagonists are under clinical evaluation for the treatment of 
COPD and asthma either as stand - alone drugs or in combination with  β 2 -
 adrenoceptor agonists.  

20.7.7.3 Adenosine Receptors.  Adenosine is an important extracellular 
signal molecule for multiple systems within the body. It induces sedation 
through the central nervous system and has an antihypertensive effect in the 
periphery nervous system and an anti diuretic effect in the kidney. 

 There are four subtypes of adenosine receptors — A 1 , A 2A , A 2B , and A 3  — all 
of which can be detected in the immune system. They differ in their affi nity 
to adenosine as well as in their intracellular signaling pathways. A 1 , A 2A , and 
A3  are high - affi nity adenosine receptors, whereas A 2B  is a low - affi nity recep-
tor. A 1  and A 3  are G i  - coupled, whereas A 2A  and A 2B  are G s  - coupled. Given 
above, it is not surprising that adenosine plays a complex role in the immune 
system — it is released under various infl ammatory conditions and can be pro -  
and anti - infl ammatory depending on its local concentrations, cells, and recep-
tor subtypes involved. 



648 G-PROTEIN-COUPLED RECEPTORS AS DRUG TARGETS

 It has been established that the A 1  receptor activation alleviates infl amma-
tory and neuropathic pain (Sawynok,  1998 ). However, its role in asthma 
pathogenesis is more convoluted. The A 1  receptor is at least partially respon-
sible for bronchoconstriction in asthma by acting on the airway smooth muscle 
(Livingston et al.,  2004   ). On the other hand, the A 1  receptor was also shown 
to mediate the anti - infl ammatory effect of adenosine in the lung (Sun et al., 
 2005 ). More in - depth studies are ongoing to understand the role of A 1  in 
modulating pulmonary infl ammation. 

 The A 2A  receptor activation dampens infl ammatory signal during tissue 
damage (Ohta and Sitkovsky,  2001 ). Since A 2A  activation also causes vasodila-
tion and hypotension, the A 2A  agonists may have better utility as local agents 
rather than systematic drugs. Preclinical studies have demonstrated the thera-
peutic potential of the A 2A  agonists in treating multiple immune diseases 
including asthma, COPD, and sepsis (Mohsenin and Blackburn,  2006 ; Fozard 
et al.,  2002 ), while the A 2A  antagonists have shown effi cacy in a mouse infl am-
matory pain model (Bilkei - Gorzo et al.,  2008 ). An A 2A  receptor agonist in the 
form of inhaled dry powder is currently in phase II clinical trials for asthma 
and COPD. Another A 2A  receptor agonist is in phase I trial for acute infl am-
mation such as sickle cell crisis. 

 The A 2B  receptor on airway mast cells participates in allergen - induced mast 
cell degranulation, contributing to airway infl ammation and bronchial hyper-
sensitivity in asthmatic patients (Sun et al.,  2006 ; Fozard and McCarthy,  2002 ). 
Thus A 2B  antagonists may be benefi cial in treating the airway infl ammatory 
diseases. Several A 2B  antagonists are being tested in clinical trials for asthma, 
cardiopulmonary diseases, and IBS. 

 The A 3  receptor is the most enigmatic adenosine receptor subtype. It has 
demonstrated both pro -  and anti - infl ammatory activity. For airway diseases 
such as asthma and allergy, A 3  plays a pro - infl ammatory role. It is up - regulated 
during airway infl ammation and its activation leads to lung mast cell degranu-
lation, increased eosinophil lung infi ltration, and prolonged infl ammatory cell 
survival. A 3  antagonists are being explored preclinically and clinically as anti -
 asthmatic and anti - allergic therapeutics (Gessi et al.,  2008 ). 

 On the other hand, literature also pointed out the anti - infl ammatory role 
for A 3 . In both human and murine macrophages, A 3  inhibits LPS - induced 
TNF -α  production. As expected, A 3  agonists were effective in preclinical 
models for sepsis, colitis, and reperfusion lung injury (Gessi et al.,  2008 ). 
Moreover, exciting preclinical and clinical data have proved the effi cacy of A 3
agonists in treating rheumatoid arthritis (Silverman et al.,  2008 ). CF - 101 is an 
oral A 3  receptor agonist that suppresses TNF -  α . It is under development in 
phase II trial for RA and psoriasis. It is also being investigated as a potential 
therapeutics for IBD.  

20.7.7.4 Purinergic Receptors.  Purinergic receptors respond to extracellu-
lar nucleotides. These receptors are classifi ed into the ionotropic P2X recep-
tors and the metabotropic P2Y receptors. The seven members of the P2X 
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family (P2X 1 – 7 ) are all ATP - gated nonselective cation channels (North,  2002 ). 
These receptors are beyond the scope of this chapter and thus will not be 
discussed here. The P2Y family consists of eight GPCRs: P2Y 1 , P2Y 2 , P2Y 4 , 
P2Y6 , P2Y 11 , P2Y 12 , P2Y 13 , and P2Y 14 . Depending on the subtype, their high -
 affi nity ligand repertoire includes ATP and ADP (P2Y 1 , P2Y 11 , P2Y 12 , and 
P2Y13 ), UTP and UDP (P2Y 2 , P2Y 4 , and P2Y 6 ), and UDP - glucose (P2Y 14 ). 
The P2Y receptors are widely expressed on leukocytes, and often multiple 
subtypes are present on the same cells and in the same tissues. These receptors 
have subtype - dependent G - protein coupling and subsequently distinct intra-
cellular signaling cascades. They are also likely to form homo -  and heterodi-
mers and oligomers under certain conditions, further adding complexity of 
their biological functions. 

 Nucleotides are important extracellular signaling molecules. ATP is one of 
the most important danger signals that sense local tissue damage and cell 
activation. For instance, normally the pericellular ATP concentration is in the 
nanomolar range, whereas intracellular ATP is in the millimolar range. 
However, extracellular ATP can dramatically increase during cell activation 
and cell death at the infl ammatory sites. 

 Not surprisingly, the P2Y purinoceptors participate in a host of immune 
responses such as cell migration, differentiation, survival, and activation. For 
example, P2Y 2  and P2Y 4  likely mediate the ATP -  and UTP - induced mucous 
secretion in the airway (Burnstock,  2004 ; Cressman et al.,  1999 ). P2Y 11  is 
selectively activated by ATP and participates in dendritic cell maturation 
(Wilkin et al.,  2001 ). P2Y 13  has been proposed to play a role in regulating the 
immune responses due to its predominant expression in the spleen, lymph 
nodes, bone marrow, and brain (Communi et al.,  2001 ). 

 Among the P2Y receptors, P2Y 6  sparked the most interest in the infl am-
matory disease arena. It is expressed in the spleen and thymus and on blood 
leukocytes (Communi et al.,  1996 ). The highest affi nity ligand for P2Y 6  is 
UDP. In the innate immune system, P2Y 6  is involved in the IL - 8 production 
by monocytes upon UDP and LPS challenge (Warny et al.,  2001 ). In the adap-
tive immune system, P2Y 6  is up - regulated on activated circulating T cells but 
not resting T cells. It is also highly expressed on the bowel - infi ltrating T cells 
in the diseased but not the healthy tissues (Somers et al.,  1998 ). Given this, 
P2Y6  may participate in causing tissue damage in IBD. Indeed, P2Y 6  was 
recently incriminated in stress - associated intestinal infl ammation (Grbic et al., 
 2008 ).  

20.7.7.5 Adrenergic Receptors.  The adrenergic receptors mediate the 
 “ fi ght - or - fl ight ”  response to the neuro transmitters epinephrine and norepi-
nephrine in the sympathetic nervous system. They are further classifi ed into 
the α  -  and  β  - adrenoceptor subtypes, with each subtype controlling different 
aspect of the sympathetic responses. For example, the  α  - adrenoceptor 
activation causes vasoconstriction and intestinal relaxation, whereas the  β  -
 adrenoceptor activation leads to bronchial dilation and vasodilation. 
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 The adrenergic receptors also take part in various immune responses. In 
IBS, a high level of  α 2 - adrenergic receptor was detected on the monocyte 
infi ltrate, contributing to local intestinal infl ammation (Blandizzi,  2007 ). 
In addition, aberrant  β  - adrenoceptor function has been implicated in 
airway hypersensivity in bronchial asthma (Townley,  2007 ). Furthermore,  β  -
 adrenoceptors on dendritic cells have been shown to mediate the inhibitory 
effect of norepinerphrine on dendritic cell migration and activation during 
pathogen challenge, demonstrating the role of  β  - adrenoceptors in the innate 
immunity (Maestroni et al.,  2005 ). 

 Currently, marked  β  - agonists are short - acting and mostly used as rescue 
drugs. Multiple long - lasting  β 2 - adrenoceptor agonists in the inhaled form, 
either stand - alone or in combination with corticosteroid, are in various phases 
of clinical trials for the treatment of COPD and asthma. Nadolol, an estab-
lished antihypertensive drug that is an antagonist for the β 1 receptor and an 
inverse agonist for the β 2 receptor, is being tested as an antiasthmatic drug 
for patients who are nonresponsive to β  - agonist treatment. In addition, mul-
tiple β 3 - adrenoceptor agonists are being investigated in the clinic for the 
treatment of IBS.  

20.7.7.6 Cannabinoid Receptor  CB2.  The cannabinoids are anti - infl amma-
tory agents that modulate lymphocyte differentiation, lymphocyte and mac-
rophage migration, and cytokine production (Klein et al.,  2003 ; Raborn et al., 
 2008 ). The cannabinoid receptors are CB1 and CB2. CB1 is mainly expressed 
in the brain, whereas CB2 is expressed primarily on cells with the hematopoi-
etic origin, including B cells, NK cells, monocytes, neutrophils, and T cells. 
The levels of CB2 on lymphocytes and macrophages are regulated based on 
the stages of cell differentiation and activation. Studies with CB2 knockout 
mice have indicated that CB2 activation could be benefi cial in treating mul-
tiple disorders such as multiple sclerosis, allergic dermatitis, atherosclerosis, 
osteoporosis, and pain (Buckley,  2008 ). CB2 activation has also been impli-
cated in suppressing intestinal, pulmonary, and arthritic infl ammation (Wright 
et al.,  2008 ; Ashton,  2007 ). 

 A selective CB2 agonist Cannabinor has shown effi cacy in various animal 
models for immune disorders including RA, MS, and IBD. Several cannabi-
noid derivatives are being investigated preclinically and clinically for the treat-
ment of RA, IBD, MS, and asthma.    

  20.8    GPCR  s  AS DRUG TARGETS IN OBESITY 

 Obesity has become a global epidemic in the last two decades. Being over-
weight increases the risk for numerous diseases such as diabetes, hypertension, 
dyslipidemia, coronary heart disease, stroke, osteoarthritis, and so on. 
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Controlling obesity will most likely help resolve numerous public health issues. 
However, developing effi cacious and safe anti - obesity drugs remains a chal-
lenging task for the biotech and pharmaceutical industry. 

 GPCRs have emerged as an important class of molecules involved in energy 
homeostasis. Most of these GPCRs are located in the hypothalamus in the 
brain, the control center for food intake and energy expenditure. In this 
section, several examples will be discussed.  

 20.8.1   Melanocortin Receptors 

 As mentioned previously, melanocortins are four peptides derived from the 
POMC peptide:  α  - ,  β  - , and  γ  - melanocortin and ACTH. The melanocortin 
system is critically linked to feeding and body weight regulation, because 
POMC defi ciency led to morbid obesity (Coll et al.,  2004 ). As predicted, intra-
cerebroventricular (i.c.v.) infusion of  α  - MSH caused reduced food intake and 
body weight in rodent (McMinn et al.,  2000 ). Interestingly, two endogenous 
peptides can antagonize the action of α  - MSH: agouti and agouti - related pep-
tide (AGRP). Overexpression of either antagonist peptides causes obesity, 
while defi ciency of these peptides results in increased metabolic rate and 
longer life span for mice fed with high - fat diet (Stutz et al.,  2005 ; Ilnytska and 
Argyropoulos,  2008 ). 

 Out of the fi ve melanocortin receptors, MC2R specifi cally interacts with 
ATCH, while the remaining four receptors are activated by  α  - MSH. MC4R 
and MC3R have been linked to body weight regulation. MC4R is mainly 
expressed in the brain, and its defi ciency resulted in severe obesity in both 
human and mouse (Huszar et al.,  1997 ; Farooqi,  2006 ). MC3R is expressed 
both centrally and peripherally. The MC3R knockout mice are obese but not 
hyperphagic as are the MC4R knockout mice. MC3R is therefore most likely 
involved in regulating nutrient partitioning and energy expenditure (Butler 
and Cone,  2002 ). 

 Selective MC4R agonists are under clinical evaluation for obesity, type II 
diabetes, and related metabolic syndrome. In addition, Contrave, a combina-
tion of opioid antagonist naltrexone and the dopamine agonist bupropion, is 
being investigated in a phase III trial for obesity. Contrave can stimulate the 
α  - MSH release by the POMC neurons and can presumably achieve weight 
loss by boosting MC4R activity.   

 20.8.2   Melanin Concentrating Hormone Receptors 

 Melanin concentrating hormone (MCH) is a 19 - amino - acid cyclic peptide. It 
is primarily produced by neurons in the brain and is one of the key hypotha-
lamic orexigenic neuropeptides. Acute i.c.v. injection of MCH peptide 
increased food intake in rats, although chronic injection led to tolerance to 
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the peptide (Kela et al.,  2003 ; Rossi et al.,  1997 ). As expected, MCH knockout 
mice are hypophagic with higher metabolic rate and less body fat (Shimada 
et al.,  1998 ). 

 There are two MCH receptors, MCH 1  and MCH 2 , both of which are primar-
ily expressed in the brain. Most of the drug discovery effort has been directed 
toward MCH 1  because MCH 2  does not have a functional counterpart in 
rodent, making it diffi cult to evaluate the preclinical activities of drug candi-
dates in the rodent obesity models. The MCH 1  knockout mice are leaner and 
hyperphagic with normal body weight, while the MCH ligand knockout mice 
had the hypophagic phenotype. In addition, the MCH 1  knockout mice also 
have remarkably higher locomotor activity and altered metabolic rate (Marsh 
et al.,  2002 ). Several MCH 1  receptor antagonists are being tested as anti -
 obesity therapeutics in phase I clinical trials.   

 20.8.3   Cannabinoid Receptor  CB1  

 In addition to their role in the infl ammatory system as discussed above, the 
endocannabinoids also play a vital role in feeding regulation. While CB2 
receptor mediates their anti - infl ammatory activities, CB1 is responsible for 
the appetite and body weight regulation. 

 CB1 is expressed in the central and peripheral nervous system, as well as 
in some non - neuronal peripheral tissues. Consistent with the ability of can-
nabinoids to induce spontaneous compulsive eating, blocking CB1 activity 
through either genetic knockout or receptor antagonism not only reduces 
body weight, suppresses appetite, and reduces adiposity, but also improves 
metabolic parameters including insulin, glucose, and triglyceride levels (Kunos, 
 2007 ). Therefore antagonizing CB1 becomes a lucrative strategy in treating 
obesity and the related metabolic syndromes. 

 The most advanced CB1 antagonist developed is Rimonabant from 
Sanofi  - Aventis. It is also an inverse agonist for CB1. Rimonabant was approved 
in Europe in 2006 as an anorectic anti - obesity drug. Two additional 
CB1 antagonists from AstraZeneca are under clinical evaluation for obesity, 
despite recent termination of clinical development for several compounds 
due to safety concerns. In addition, GW Pharmaceuticals is developing 
Tetrahydrocannabivarin (THCV), a naturally occurring cannabinoid receptor 
antagonist that inhibits both CB1 and CB2, in a phase I clinical trial for 
obesity.  

  20.8.4   Ghrelin Receptor 

 Ghrelin is a hormone synthesized in the stomach that induces appetite and 
stimulates gastric emptying (Masuda et al.,  2000 ). Its level is high during 
fasting and drops after a meal; therefore it is referred as a  “ hunger ”  hormone. 
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As expected, chronic ghrelin administration induces obesity (Wren et al., 
 2001 ). Interestingly, the ghrelin level has an inverse relationship with body 
mass index: It is lower in obese people than in lean people. Consequently, 
people with weight loss have an increased sense of hunger due to a higher 
ghrelin level in their blood (Shiiya et al.,  2002 ). 

 The only obesity treatment that has produced permanent weight loss result 
is the gastrointestinal bypass surgery. This surgery removes part of the stomach 
and small intestine for the extremely obese patients. People lose weight by 
eating less, feeling full more quickly, and absorbing less food. Plasma ghrelin 
levels in postsurgery patients are dramatically lower, which may at least partly 
contribute to the long - lasting appetite reduction in these patients (Cummings 
et al.,  2002 ). 

 The receptor for ghrelin is the growth hormone secretagogue receptor. It 
is expressed in the hypothalamus and the arcuate nucleus in the brain. The 
ghreline receptor is part of the network that links the gut nutriment sensors 
and the brain appetite control centers to regulate appetite before and after 
meals. As expected, ghrelin receptor antagonists reduced food intake and 
body weight and improved metabolic parameters in mice (Asakawa et al., 
 2003 ).   

 20.8.5   Other Peptide Receptors 

20.8.5.1 Neuropeptide  Y ( NPY) Receptors.  NPY is distributed in the brain 
and some of the non - neuronal tissues. It is an orexigenic peptide that regulates 
feeding based on nutrition status and the presence of other drugs such as nico-
tine and cannabis. The hypothalamic NPY level is higher in genetically obese 
animals and it rises with food deprivation. However, it decreases with a long -
 term high - fat diet (Bina and Cincotta,  2000 ; Beck et al.,  2001 ; Hansen et al., 
 2004 ). Chronic NPY administration has been shown to increase body weight 
and adiposity in rats (Zarjevski et al.,  1993 ). 

 There are fi ve NPY receptors, four of which have been associated with 
appetite regulation: the Y1, Y2, Y4, and Y5 receptors. These receptors are 
widely distributed in the brain and some peripheral tissues. Considerable 
effort has been put into understanding the complex roles that these receptors 
play in energy homeostasis using ligand and receptor knockout animals and 
receptor agonists and antagonists (Kamiji and Inui,  2007 ). 

 Another peptide in the same peptide family as NPY is peptide YY (PYY). 
PYY is expressed in the small intestine, with high expression in ileum, colon, 
and rectum (Adrian et al.,  1985 ). It is a gut hormone that is released into the 
circulation after a meal. Gut hormones are peptides whose expression is 
modulated by ingested nutrients during and after meals. Their receptors 
are located in the feeding and satiety center in the brain. Gut hormones func-
tion as the feedback mediators from the gastrointestinal tract to infl uence 
appetite. The circulating form of PYY is PYY 3 – 36 , a high - affi nity ligand for the 
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Y2 receptor. PYY 3 – 36  administration reduces food intake in both human and 
rodent (Halatchev et al.,  2004 ; Batterham et al.,  2002 ). It does so by acting 
centrally on neurons to induce satiety and peripherally on gut to decrease 
motility. 

 Currently, three NPY receptor modulators are under clinical evaluation for 
obesity, including a dual Y2/Y4 agonist that is a synthetic peptide analogue 
administered s.c., an intranasal formulation of PYY 3 – 36 , and an oral Y5 
antagonist.  

20.8.5.2 Orexin Receptors.  The orexins (orexin - A and  - B, also known as 
hypocretin - 1 and  - 2) are peptides in the nervous system. They are primarily 
expressed in the brain and function to increase food intake and regulate sleep/
arousal cycles. Peripheral orexin was detected in neurons in the gut and it 
facilitates motility based on food status (Kirchgessner and Liu,  1999 ). Orexins 
are part of the brain – gut axis of energy homeostasis control. 

 There are two orexin receptors, OX 1 R and OX 2 R, expressed in distinct 
regions in the CNS. Similar to their ligands, these receptors have also been 
detected in the peripheral neurons, such as the ones in pituitary, small intes-
tine, and pancreas (Kirchgessner,  2002 ). The OX 1 R antagonists reduces food 
intake in ob/ob mice (Porter et al.,  2001 ). However, no OX 1 R antagonist is in 
the clinic for obesity, likely due to its liability in disrupting sleep and wakeful-
ness states.  

20.8.5.3 Opiate Receptors.  The opiate peptides increase short - term food 
intake. They do so by modulating the reward pathway centrally and regulating 
gastrointestinal motility peripherally. There are four opiate receptors,  μ ,  δ ,  κ , 
and ORL1, out of which  μ  and  κ  have been associated with obesity (Zhang et 
al.,  2006 ; Jarosz,  2007 ). Elevated level of  μ  receptor was found in rats suscep-
tible to diet - induced obesity (Barnes et al.,  2006 ). Activation of  μ  and  κ  recep-
tors led to over eating, whereas antagonists to these receptors such as naloxone 
and naltrexone reduce food intake (Yeomans and Gray,  2002 ). As mentioned 
above, a combination of opioid antagonist naltrexone and the dopamine 
agonist bupropion is under clinical evaluation in phase III obesity trials.   

  20.8.6   Nonpeptide Receptors 

20.8.6.1 Serotonin Receptors.  Serotonin (5 - HT) is believed to have an 
inhibitory effect on food intake and weight gain by enhancing satiety. 5 - HT 
injected into the paraventricular nucleus decreases food intake in rats 
(Leibowitz et al.,  1989 ). This anorectic effect of serotonin is mediated mainly 
through two serotonin receptor subtypes, 5 - HT 1B  and 5 - HT 2C . The 5 - HT 2C
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knockout mice had increased appetite and body weight (Tecott et al.,  1995 ), 
whereas the 5 - HT 1B  knockout mice had higher food and water intake and 
higher body weight without signs of obesity (Bouwknecht et al.,  2001 ). 

 The importance of the serotonergic system in body weight control can be 
highlighted by the anorectic effect of sibutramine, one of the anti - obesity 
drugs currently on the market. Sibutramine inhibits the reuptake of serotonin, 
norepinephrine, and dopamine, leading to elevated local concentration of 
these neurotransmitters. Another compound that has demonstrated anorectic 
effi cacy in humans is fenfl uramine. This compound boosts synaptic 5 - HT levels 
by promoting its effl ux from the neurons. However, fenfl uramine was with-
drawn from the market due to side effects including heart valve hypertrophy 
and primary pulmonary hypertension, most likely due to increased serotonin 
signal through other 5 - HT receptor subtypes expressed in the cardiovascular 
system. Since 5 - HT 1B  is expressed in the cardiovascular system, 5 - HT 2C  is 
conceivably a more viable obesity target. 

 Several 5 - HT 2C  agonists are undergoing clinical evaluation. The most 
advanced compound is Lorcaserin from Arena. It is an oral drug being tested 
in phase III trial for obesity. Another 5 - HT 2C  agonist ATHX - 105 from Athersys 
is in phase I trial for obesity. Wyeth also has a 5 - HT 2C  agonist Vabicaserin. It 
is currently in a phase II trial for schizophrenia and under preclinical evalua-
tion for obesity. 

 In recent years, selective 5 - HT 6  antagonists have demonstrated their poten-
tial as highly effi cacious and safer therapeutics for obesity treatment (Heal 
et al.,  2008 ). 5 - HT 6  is expressed exclusively in the brain and is involved in the 
regulation of satiety through the reward system. The 5 - HT 6  knockout mice 
were resistant to diet - induced obesity by reducing food intake; therefore, 
5 - HT 6  antagonism may be a viable option as appetite suppressant (Heal et al., 
 2008 ). Its exclusively central location may reduce the likelihood of peripheral 
side effects. Studies are ongoing to further unravel the detailed biological 
pathway linking 5 - HT 6  to obesity. Two 5 - HT 6  antagonists are being tested as 
anti - obesity drugs in phase I clinical trials: BVT - 74316 from Biovitrum and 
PRX - 07034 from EPIX Pharmaceuticals.  

20.8.6.2 β3-Adrenergic Receptor. β 3 - adrenoceptor is expressed exclusively 
in the adipose tissues at high levels and mediates lipolysis and thermogenesis. 
In white adipose tissue,  β 3 - adrenoceptor activation leads to hydrolysis of 
triglyceride, resulting in less stored fat mass. In brown adipose tissue,  β 3 -
 adrenoceptor participates in metabolic thermogenesis by stimulating fatty acid 
oxidation (Galitzky et al.,  1993 ). Therefore agonists to  β 3 - adrenoceptor are 
postulated to have anti - obesity effect by increasing energy expenditure. 
Indeed,  β 3 agonists have demonstrated their effi cacy in reducing body fat in 
mouse, rat, and dog obesity models (Ghorbani et al.,  1997 ; Nagase et al.,  1996 ; 
Omachi et al.,  2007 ). 
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 Nisshin Kyorin is developing a  β 3 agonist in phase II trials for obesity and 
diabetes. Several other  β 3 agonists are in clinical development for type II 
diabetes, overactive bladder, and IBS.    

  20.9   CONCLUSIONS AND PERSPECTIVES 

 After decades of extensive exploration on GPCR biology, pharmacology, and 
drug discovery, GPCR research remains a fascinating fi eld today. As one of 
the most important cell surface molecules, GPCRs play intricate roles in regu-
lating cellular responses to their microenvironment. Therefore, modulating 
GPCR activity presents itself as an enticing opportunity for therapeutic inter-
ventions. Indeed, there is a proven record of GPCR modulators as successful 
drugs. 

 We are gaining new knowledge daily on the contribution of GPCRs to the 
pathogenesis of various diseases. A large effort is being made in an attempt 
to match orphan receptors with their physiological ligands. More and more 
new assay technologies are becoming available for GPCR research. A great 
deal of progress is being made to further understand new GPCR modulation 
mechanisms such as receptor oligomerization and allosterism. With much 
attention from scientists in both academia and industry, GPCRs remain strong 
candidates for future drug development. We believe that new GPCR modula-
tors will continue as prolifi c therapeutics for disease intervention.   
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 PHARMACOLOGICAL 
MODULATION OF ION CHANNELS 
FOR THE TREATMENT OF 
CHRONIC PAIN  

  Yi   Liu   and   Ning   Qin       

   21.1   INTRODUCTION 

 Ion channels are a diverse class of cell membrane - spanning proteins that 
regulate the fl ow of ions across the membrane. They are expressed in all living 
cells and play important roles in a wide range of biological processes, such as 
electrical signaling in nerve and muscle, cardiac pacemaking, hormone secre-
tion, and immune cell activation. Consequently, improper functioning of ion 
channels may have serious deleterious effects and result in disease. This is 
evidenced by the many channelopathies (diseases caused by defects in ion 
channel function) that have been identifi ed (Doyle and Stubbs,  1998 ; Bernard 
and Shevell,  2008 ). 

 Ion channel drug discovery aims to identify drugs that treat diseases with 
minimal undesirable effects by selectively normalizing or compensating for 
the function of  “ diseased ”  channels while leaving other, uninvolved channels 
or proteins intact. To this end, ion channels must be druggable targets. A 
recent analysis estimates that as many as 10% of the 2000 – 3000 druggable 
targets in the human genome may be ion channels (Russ and Lampel,  2005 ). 
Another study shows that more than 13% of the proteins targeted by currently 
available drugs are ion channels, placing them second among the gene classes 
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as drug targets (Overington et al.,  2006 ). Moreover, these ion channels encom-
pass diverse gene families — from voltage - gated sodium channels to ligand -
 gated chloride channels — and are targeted for a variety of diseases (Imming 
et al.,  2006 ), further demonstrating the general druggability of ion channels as 
a class. 

 This chapter concerns those ion channels that are implicated in chronic 
pain, a group of painful conditions that can severely affl ict large populations 
of people and for which treatment options are limited due to issues of effi cacy 
and/or adverse effects. We begin by giving a general overview of ion channels 
and introducing methods to study ion channel function and pharmacology, 
particularly those methods that are commonly employed in ion channel drug 
discovery. This is followed by a general discussion of the role of ion channels 
in chronic pain. The rest of the chapter then focuses on several voltage - gated 
sodium channels (Na v 1.3, Na v 1.7, Na v 1.8, and Na v 1.9), a voltage - gated calcium 
channel (Ca v 2.2), and a transient receptor potential (TRP) channel (TRPV1). 
We review the current understanding of their role in chronic pain and efforts 
of small - molecule analgesic discovery and development that target these chan-
nels. Finally, we end the chapter with a few perspectives.  

  21.2   ION CHANNELS — AN OVERVIEW 

 This section gives a general overview of some key elements of ion channels. 
Readers are advised to consult an excellent book for more in - depth discus-
sions of the subject (Hille,  2001 ). 

  21.2.1   Ion Channels Facilitate and Regulate Ion Transport 
Across Cell Membranes 

 The lipid membrane that surrounds living cells is impermeable to ions. 
Specialized transmembrane proteins such as ion channels and transporters are 
necessary to help ions travel through the membrane. This chapter focuses on 
ion channels. In contrast to transporters, which use energy to move ions across 
the membrane against their concentration gradient, ion channels employ a 
passive transport mechanism by which ions pass through a water - fi lled pore 
down their electrochemical gradient without energy expenditure. This ion 
conduction pathway is formed by a circular arrangement of several (typically 
3 – 5, sometimes identical) protein subunits (e.g., potassium channels) or of 
several homologous domains of a single protein subunit (e.g., sodium chan-
nels). Each subunit has multiple (typically 2 – 16) membrane - spanning seg-
ments. In addition to pore - forming (a.k.a.  α ) subunits, there are auxililary 
(e.g.,  β ) subunits that do not form a channel by themselves but interact with 
α  subunits to modulate channel function and expression. Ionic fl ow through 
the pore is  “ gated ”  — that is, controlled by one or more  “ gates ”  that regulate 
channel opening and closing (Fig.  21.1 ). In addition to closed states, many 
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channels can enter other nonconducting states (usually referred to as inacti-
vated or desensitized states) in the prolonged presence of a stimulus. Ion 
channels can be opened by stimuli as diverse as membrane potential, chemical 
ligands, temperature, light, and mechanical force.    

  21.2.2   Ion Channel Classifi cation 

 Ion channels can be classifi ed in several different ways. One of them is based 
on their selectivity for physiological, inorganic ions — that is, the ion species 
that is selectively allowed to pass through the pore. For example, sodium 
channels only conduct Na +  ions. Based on this classifi cation, there are also 
potassium channels, calcium channels, proton channels, chloride channels, and 
nonselective cation channels (these channels are selective for cations over 
anions, but do not discriminate among cations, such as Na + , K + , and Ca 2+ ). 
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     Figure 21.1.     Ionic fl ow is controlled by  “ gates ”  in the ion channel protein.  Left panel : 
Schematic depiction of ion channel gating. Though oversimplifi ed and hypothetical, 
this model is sometimes used to approximate the gating of some voltage - gated chan-
nels. Permeation is controlled by two sets of gates in this drawing (in the middle and 
at the bottom of the channel protein, respectively). Ion fl ow is prevented when either 
gate is shut. When the upper gate (the activation gate) is shut, the channel is said to 
be in a closed state (C or CI). When the lower gate (the inactivation gate) is shut, the 
channel enters a so - called inactivated state (CI or OI). The only conducting state is 
the open state (O), in which neither gate is in position to block the fl ow of ions through 
the pore.  Right panel : Time course of voltage - gated sodium channel currents recorded 
from a rat dorsal root ganglion neuron. Channels are opened rapidly in response to a 
depolarizing voltage step to 0   mV (current shown as downward defl ection), followed 
by inactivation (seen as current decay).  
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Specifi c amino acid sequences in the pore of each type of channel are respon-
sible for their ion selectivity. 

 Another way of classifying ion channels is by the nature of their gating —
 that is, the stimulus that activates them. Voltage - gated ion channels open and 
close in response to membrane potential. For example, voltage - gated potas-
sium, or K v , channels are opened by depolarization and closed by hyperpolar-
ization. Ligand - gated ion channels open in response to the binding of ligand 
molecules to specifi c site(s) on the channel protein. The chloride - permeable 
GABA A  receptor, opened by the binding of  γ  - aminobutyric acid, is an example 
of a ligand - gated channel. Some channels are capable of poly - modal gating; 
that is, they can be gated by more than one type of stimulus. An example of 
such a channel is the transient receptor potential vanilloid 1 (TRPV1) channel, 
which can be activated by depolarization (electrical), noxious heat (thermal), 
and protons and capsaicin (chemical). 

 Aside from functional classifi cations, ion channels are also grouped into 
families and superfamilies according to the homology of their primary amino 
acid sequence. For example, the superfamily of voltage - gated ion channels 
includes three families: voltage - gated sodium (Na v ), potassium (K v ), and 
calcium channels (Ca v ).  

  21.2.3   Molecular and Functional Diversity of Ion Channels 

 One aspect of ion channel diversity is already evident from their classifi cation: 
They convert a variety of input stimuli into electrical signals carried by differ-
ent species of ions in a stimulus - dependent manner. Different ion channels 
often serve vastly different physiological functions in a cell as a result of their 
differences in ionic selectivity and other functional properties, such as kinetics 
of channel activation and inactivation. Activation of Na v  channels in a neuron, 
for instance, causes rapid infl ux of Na + , and the resultant membrane depolar-
ization triggers the initiation of action potentials. In contrast, activation of K v
channels in a neuron counters the actions of Na v  channels by repolarizing the 
membrane (due to the effl ux of K + ), which contributes to the termination of 
action potentials. 

 The functional diversity of ion channels refl ects their diversity at the molec-
ular level. Molecular cloning has unveiled not only a large number of ion 
channel genes that encode pore - forming  α  subunits, but also the existence of 
auxiliary (e.g.,  β ) subunits that associate with  α  subunits and modulate channel 
function (Sanguinetti et al.,  1996 ; Nerbonne,  1998 ). Through alternative 
splicing of transcripts, ion channel genes can also produce multiple forms of 
channel subunits that have distinct functional properties and patterns of local-
ization (Nerbonne,  1998 ; Gray et al.,  2007 ). Because many channels consist of 
more than one α  subunit, variation in functional and physiological properties 
may also arise from the formation of functionally distinct heteromultimeric 
channels between different α  subunits (Nerbonne,  1998 ). In addition, 
subunit proteins can also undergo post - translational modifi cations, such as 
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phosphorylation by protein kinases, which may regulate and further extend 
the range of channel functions (Nerbonne,  1998 ). Thus, electrical signals gen-
erated by ion channels can be remarkably diverse and rich in information.  

  21.2.4   Ion Channel Modulation 

 Modulation of an ion channel refers to a process in which the function of the 
channel is modifi ed. Virtually all ion channels are subject to modulation. It is 
of fundamental importance for the regulation of neuronal electrical activity, 
including that associated with pain signaling. Many mechanisms have evolved 
by which channel activity can be modulated, such as those that occur through 
interaction with other proteins (e.g., G - proteins or Ca 2+ /calmodulin), phos-
phorylation by protein kinases, or other post - translational modifi cations, and 
those that involve modulation by cations (e.g., Ca 2+ ), metabolites, fatty acids, 
and other molecules. Of the many potential modulatory mechanisms, channel 
phosphorylation, which results from a cascade of intracellular events that are 
often triggered by the binding to specifi c cell surface receptors of neurotrans-
mitters, hormones, proinfl ammatory mediators, and so on, is among the most 
prevalent and of particular interest in pain signaling. Some of the peripheral 
and central sensitization mechanisms in chronic pain, for example, involve the 
phosphorylation of various types of ion channels, such as TRPV1, Na v  chan-
nels, and  N  - methyl -  d  - aspartic acid (NMDA) receptors. The most common 
amino acids to be phosphorylated are serine and threonine. The biophysi-
cal manifestation of channel modulation is diverse and can range from 
changes in the rate of desensitization and threshold for thermal activation to 
shifts in the voltage dependence and kinetics of channel activation and 
inactivation. 

 In ion channel drug discovery, efforts are directed toward identifying chem-
ical or biological molecules that modulate specifi c ion channel functions in 
such a way as to treat diseases with minimal undesirable effects. A wide variety 
of molecules could potentially be useful in this respect, ranging from inorganic 
molecules and low - molecular - weight organic molecules to small interfering 
RNA (siRNA) and antisense (AS) oligodeoxynucleotides (ODNs), to toxins, 
antibodies, and other proteins. The primary emphasis of this chapter is on 
small organic molecule modulators.   

  21.3   METHODS FOR STUDYING ION CHANNEL FUNCTION AND 
PHARMACOLOGY — SCREENING ASSAYS/TECHNOLOGIES 

 Despite being attractive therapeutic targets, ion channels have until recently 
been a challenging class of proteins to screen against using target - based, func-
tional, and high - throughput screening (HTS) assays. The past decade has seen 
great improvement in HTS technologies, particularly for cell - based, functional 
assays that can be confi gured to screen a variety of ion channels in a robust 
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and cost - effective manner. The recent advent of automated patch - clamp tech-
nologies has also greatly increased the throughput over conventional patch 
clamp. These technological breakthroughs will undoubtedly help to accelerate 
the pace of ion channel drug discovery. Here, we describe some of the major 
screening assays and technology platforms currently used in ion channel drug 
discovery. 

  21.3.1   Nonfunctional Methods — Radioligand Binding 

 This method requires the use of a high - affi nity ligand for the channel of 
interest that is labeled with a radioactive tracer (e.g.,  3 H). If a (unlabeled) test 
compound binds to the same site on the channel protein as the labeled ligand, 
it competes with and decreases the ability of the labeled ligand to bind to the 
site. The binding affi nity of the test compound for the channel can thus be 
obtained from the reduction of the radioactivity associated with the decreased 
binding of the labeled ligand. 

 The binding assay offers some advantages. For example, because of the 
competitive nature of the assay, novel compounds can be identifi ed that act 
at a known site (to the extent that the ligand binding site is characterized). In 
addition, it can be performed with relatively high throughput and at a reason-
able cost. There are also some inherent limitations associated with this method. 
First, a high - affnity ligand must exist and be available in a radiotracer form. 
Second, it is not a functional assay. As such, the data have relatively low 
information content: It does not provide information about whether binding 
to a channel has any effect on channel function, let alone the nature of any 
effect (agonism, antagonism, etc.). Third, it is prone to false negatives in that 
it does not report as hits compounds that bind to allosteric sites. This may 
limit the extent to which hits with structural as well as modulatory diversity 
can be identifi ed. Lastly, the assay involves radioactivity, which has safety and 
environmental concerns.  

  21.3.2   Functional Methods — Membrane Potential 

 Functional assays exploit the fact that movement of ions across the cell mem-
brane (ion fl ux) takes place during channel activation. Membrane potential 
assays can report functional information about the channel by using voltage -
 sensitive dyes to detect changes in the cell membrane potential, a direct con-
sequence of ion fl ux. 

21.3.2.1 Single-Dye Assays.   Oxonol - derived voltage - sensitive fl uorescent 
dyes are negatively charged and move in response to membrane potential, 
partitioning out of the cell with hyperpolarization and into the cell with depo-
larization. Thus, depolarization increases and hyperpolarization decreases the 
intracellular fl uorescence upon excitation of the dye. The fast response times 
and other improved features (e.g., quenching of extracellular fl uorescence) 
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afforded by the membrane potential dye kit from MDS Analytical Technologies 
overcome some of the drawbacks of the earlier dyes, resulting in higher 
throughput and temporal resolution. Imaging plate readers such as FLIPR TETRA ® 

(MDS Analytical Technologies) and FDSS7000 (Hamamatsu) are well - suited 
for HTS using this dye kit. This method is applicable to a variety of ion channel 
types. Due to the indirect nature of this method, nonspecifi c fl uorescent signals 
such as autofl uorescence and interaction of compounds with the dye may 
result in false positives.  

21.3.2.2 Dual-Dye Assays.   This approach is based on the principle of fl uo-
rescence resonance energy transfer (FRET), whereby an excited donor trans-
fers its energy to a nearby acceptor, which then produces fl uorescence. The 
effi ciency of the energy transfer is critically dependent on the distance between 
the donor and the acceptor. The FRET donor is a coumarin dye that is linked 
to phospholipids anchored to the outer leafl et of the cell membrane. The 
FRET acceptor is an oxonol derivative. Upon membrane hyperpolarization, 
the acceptor moves to the outer leafl et of the membrane near the donor, 
resulting in FRET. Conversely, FRET is disrupted upon membrane depolar-
ization, resulting in increased donor but decreased acceptor fl uorescence. The 
ratio of fl uorescence from the donor and acceptor can thus be used to report 
membrane potential changes. Several technology platforms are suitable for 
FRET in HTS formats, including VIPR (Vertex), FLIPR TETRA ®   and FDSS7000. 
This method has general applicability, good sensitivity, and temporal resolu-
tion (faster kinetics than the single dye method). The ratiometric nature of 
FRET also helps to reduce artifacts, such as those related to cell number and 
time - dependent changes in dye concentration. On the other hand, FRET 
assays are more complex to perform, placing restraints on cost and through-
put. False positives can also be an issue. A recently reported method that 
combines FRET with electrical fi eld stimulation, the E - VIPR (Huang et al., 
 2006 ), may help to reduce false positives (at least for voltage - gated channels) 
with its more physiologically relevant mode of channel stimulation compared 
with artifi cial methods such as the use of neurotoxins or high concentrations 
of extracellular K + . In addtition, E - VIPR can potentially bridge the gap 
between patch - clamp and conventional HTS by identifying use - dependent 
channel modulators.   

  21.3.3   Functional Methods — Ion Flux 

 Ion fl ux assays directly measure the fl ux of ions that results from channel 
opening. The major difference among various fl ux assays lies in the method 
of detection. 

21.3.3.1 Radiolabeled Tracer Flux Assays.   These assays follow the move-
ment of radioactive tracer ions down their electrochemical gradient through 
the channel of interest. Radioactive isotopes of physiological ions, such as 
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 22 Na + ,  45 Ca 2+ , and  36 Cl  −  , have been used to study sodium (Willow et al.,  1984 ), 
calcium (Rasmussen et al.,  1987 ), and chloride (Thampy and Barnes,  1984 ) 
channels, respectively. Other commonly used tracers include: (for sodium 
channels) [ 14 C] - guanidinium (Willow et al.,  1984 ), (for potassium channels) 
 86 Rb +  (Weir and Weston,  1986 ), and (for chloride channels)  125 I  −   (Derand 
et al.,  2002 ). A test compound is typically added prior to channel activation 
and the cumulative fl ux over a period of time after channel activation in the 
presence and absence of the compound is compared to determine its effect. 
The cumulative fl ux is determined by measuring the amount of radioactivity 
in the cell lysate and/or extracellular buffer (with, for example, a scintillation 
counter). Radiotracer assays are direct, robust, and fairly HTS friendly. A 
major drawback of this method is the use of hazardous radioactive material. 
Other limitations include: low temporal resolution, lack of voltage control, 
relatively low signal - to - noise ratio, and non - real - time measurement.  

  21.3.3.2   Nonradioactive Tracer Flux Assays.     The principle of this method 
is the same as that for the radioactive tracer fl ux. The main difference is that 
tracers used in this method are nonradioactive and detected by atomic absorp-
tion spectroscopy (AAS). Most studies have been conducted on potassium or 
nonselective cation channels using Rb +  as the tracer (Terstappen,  1999 ). Use 
of other ions, such as Li +  (for sodium channels), has also been reported 
(Trivedi et al.,  2008 ). The biggest advantage of this method over its radioactive 
predecessor is the lack of radioactivity. The signal - to - noise ratio is also higher 
than the radioactive method. It otherwise shares the pros and cons with the 
radioactive method. A commercial HTS system, ICR12000 (Aurora Biomed), 
is currently available.  

  21.3.3.3   Fluorescence - Based Flux Assays.     The emission spectrum of an 
ion - sensitive fl uorescent dye shifts upon binding of the ion. Thus, ion - binding -
 induced changes in fl uorescence intensity (often measured near the peak -
 emission wavelength of the bound dye) can be used as a measure of changes 
in the intracellular concentration of the free ion. The most widely used are 
Ca 2+  - sensitive dyes, such as Fluo - 3 and Fluo - 4. These dyes have been used 
successfully in screening against Ca 2+  - permeable ion channels. Cells express-
ing these channels are fi rst loaded with a Ca 2+  - sensitive dye. Channel activa-
tion results in Ca 2+  infl ux, which causes a signifi cant increase in the intracellular 
Ca 2+  concentration, leading to increased Ca 2+  binding to the dye and fl uores-
cence intensity. If a compound interacts with the channel, it may affect Ca 2+  
infl ux and alter the fl uorescence intensity. Such calcium mobilization assays 
can be easily confi gured in HTS formats using FLIPR TETRA ®   or FDSS7000. 
This method does not control membrane potential. In addition, false positives/
negatives can result from, among other possibilities, autofl uorescence, com-
pound - dye interactions, or compound effects on Ca 2+  release from intra-
cellular calcium stores.  
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21.3.3.4 Patch -Clamp Electrophysiology.   Since its introduction some three 
decades ago (Hamill et al.,  1981 ), patch - clamp electrophysiology, which 
directly measures the ionic current (i.e., the rate of ionic fl ux) fl owing through 
ion channels in real time, has revolutionized ion channel research and remained 
as the  “ gold standard ”  for studying ion channel function and pharmacology. 
A central feature of this technique involves the formation of a high resistance 
seal ( > 10 9     Ω  or 1   G Ω ) between the membrane of a cell and the wall of a glass 
microelectrode placed against the membrane. The tight seal reduces the back-
ground electrical noise to such a low level that it becomes possible to resolve 
small currents fl owing through as few as a single ion channel. Patch clamp 
allows for accurate control of voltage applied to the cell membrane through 
the electrode. The high temporal resolution afforded by patch clamp (and 
unmatched by other techniques) also makes it possible to resolve fast channel 
events. 

 There are four basic patch - clamp confi gurations (Hille,  2001 ), of which the 
whole - cell confi guration is the most widely used in drug discovery. In this 
confi guration, the recording electrode makes direct contact with the interior 
of the cell. This provides excellent control of the cell membrane potential and 
allows the whole - cell current (total current conducted by all the channels of 
interest in the plasma membrane of the entire cell) to be measured. 

 Conventional patch clamp, as it is now called, comes with some critical 
limitations, particularly when it is used in drug discovery. First, only a single 
cell can be recorded at a time, making its throughput painfully low. Second, 
the method is technically challenging and labor intensive, requiring the con-
stant attention of a specialist who is  “ skilled in the art ”  and further limiting 
the throughput. As a result, patch clamp has historically been a major bottle-
neck in ion channel drug discovery, being useful only for a small number of 
late - stage compounds. 

 Recent efforts to increase the throughput and ease of use of patch clamp 
have resulted in several commercially available whole - cell patch - clamp plat-
forms with varying degrees of automation and increased throughput over 
conventional patch clamp (Dunlop et al.,  2008 ). Three systems in particular, 
all in planar - array formats that can record multiple cells in parallel, have seen 
wide applications in drug discovery. IonWorks Quattro (MDS Analytical 
Technologies) adopts a 384 - well format and uses a population patch - clamp 
strategy (simultaneous recording of 64 cells per well) to achieve high success 
rate and low variability. It has the highest throughput of all the patch - clamp 
systems currently available and is capable of primary screening of directed 
compound libraries. However, its sub - G Ω  seal resistance and electronics 
limitations impose signifi cant restrictions on the scope of its utility (e.g., it is 
unsuitable for studying certain types or properties of ion channels). PatchXpress 
(MDS) and the QPatch HT (Sophion) are both capable of achieving G Ω  seals 
and can therefore generate high - quality data comparable to those obtained 
by conventional patch clamp. The QPatch HT has the additional advantage 
of higher throughput (48 wells for Qpatch HT vs 16 wells for PatchXpress), 
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microfl uidics fl ow, and continuous operation for several hours without needing 
operator intervention (which further extends the throughput and effi ciency). 
Neither system has the capacity for primary screening, but both are well - suited 
for secondary screening, selectivity profi ling, and mechanistic studies. 

 One of the issues common to all three systems is their propensity to cause 
rightward potency shift for some compounds compared to conventional patch 
clamp. This will likely be successfully addressed in future automated patch -
 clamp systems. But the jury is still out as to the feasibility of cost - effective 
patch - clamp HTS in the foreseeable future. A potentially promising alterna-
tive to the  “ needle - in - a - haystack ”  HTS approach, however, would be to screen 
relatively small, but richly ion channel - focused, libraries using current or 
future (improved) patch clamp technologies. 

 Importantly, automated patch clamp has in recent years seen increasing 
integration into the drug discovery workfl ow and has begun to have signifi cant 
impact on discovery programs. This trend is likely to continue.   

  21.3.4   Functional Methods — Label - Free Assays 

 Cell - based, label - free technologies have recently gained increasing recogni-
tion as viable compound screening platforms. Although they have been mostly 
used for G - protein - coupled receptors (GPCRs) targets, indications are that 
they may be suitable for screening against ion channels as well. These methods 
detect ligand - induced, integrated cellular responses (e.g., local mass redistri-
bution caused by protein traffi cking and cytoskeletal rearrangement, or 
changes in cell volume, morphology, adherence, etc.) via a biosensor/
transducer (optical, electrical, calorimetric, acoustic, magnetic, etc.) at the cell 
surface that converts cellular changes into quantifi able signals (Shiau et al., 
 2008 ). 

 Several label - free HTS systems have been developed in recent years based 
on either impedance (e.g., CellKey ™  from MDS) or waveguide (e.g., Epic ™  
from Corning and BIND ™  from SRU Biosystems) technologies (Shiau et al., 
 2008 ). These label - free methods offer certain advantages over those that 
employ labels (e.g., fl uorescent dyes). For example, they are minimally inva-
sive and are thus more likely than label - dependent methods to represent 
endogenous, physiological (rather than artifi cial) states of the cellular system 
[in this respect, they are also advantageous compared to whole - cell patch 
clamp, which, despite itself being a label - free method (albeit of a type beyond 
the narrow defi nition used in this section), artifi cially modifi es the native 
intracellular environment]. This helps to increase the likelihood of obtain-
ing more biologically relevant pharmacology. They are also void of assay 
artifacts introduced by labels, such as autofl uorescence and compound - dye 
interaction. 

 On the fl ipside, these systems generally have low temporal resolution and, 
because of the integrated nature of the readouts, present a less clear or more 
complex picture of the underlying mechanism under investigation than the 
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other methods discussed above. In addition, the extent to which these plat-
forms are applicable to studying ion channel pharmacology (particularly in 
HTS formats) remains to be demonstrated as of this writing.   

  21.4   CHRONIC PAIN — ROLE OF ION CHANNELS 

 Pain is an unpleasant sensory experience associated with hurting and soreness. 
Acute (or nociceptive) pain, produced by the normal, physiological function-
ing of the nervous system in response to damage or threat of damage to the 
body, is a natural and necessary alarm/defense mechanism that is essential for 
survival. In such a scenario, a noxious (i.e., high - threshold) stimulus activates 
nociceptors (C -  and A δ  - fi bers) in the periphery, which carry the information 
to neurons in the spinal cord, which in turn convey the (synaptically inte-
grated) signal to the brain for proper processing and protective action. Acute 
pain usually ceases after the stimulus is no longer present. In contrast, chronic 
(or clinical) pain is a persistent and pathologic expression of the nervous 
system with regard to pain signaling and sensation. It long outlasts the resolu-
tion of the initiating event (Watkins and Maier,  2003 ; Woolf,  2004 ) and is not 
known to serve any benefi cial function. Patients often experience crippling 
pain in response to even innocuous (i.e., low - threshold and normally nonpain-
ful) stimuli (such as a light touch to the skin), a condition known as allodynia. 
Noxious (painful) stimuli produce pain with even higher intensity (hyperalge-
sia) in chronic pain conditions than normal. In addition, chronic pain may also 
arise spontaneously without any peripheral stimulus. 

 Chronic pain can be either infl ammatory or neuropathic in nature (Fig. 
 21.2 ). Infl ammatory pain results from tissue damage and infl ammation, which 
involves the release of infl ammatory mediators (e.g., cytokines). Although 
infl ammatory pain can help to minimize further tissue damage and promote 
healing, it can also become a serious clinical condition, such as that associated 
with rheumatoid arthritis. Neuropathic pain typically develops with injury to 
the peripheral or central nervous system due to events such as surgery, cancer, 
or diabetes. Diabetic neuropathy, postherpetic neuralgia, and pain associated 
with chemotherapy and spinal cord injury are some examples of neuropathic 
pain. Although infl ammatory pain and neuropathic pain have different causes, 
it can sometimes be diffi cult to distinguish between the two in chronic pain 
conditions in which both mechanisms are involved.   

 A number of mechanisms can cause chronic pain. Sensitization of periph-
eral or central neurons following infl ammation or injury, which lowers the 
activation threshold of these neurons and increases their overall responsive-
ness to input, is a major cause of pain hypersensitivity. Sensitization is brought 
about (in peripheral neurons) by the release or production of infl ammatory 
mediators (e.g., cytokines, neurotrophins, or prostanoids) and (in central 
neurons) by synaptic input from the periphery as well as transcriptional regu-
lation. After peripheral infl ammation or nerve injury, transcriptional and 
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post - transcriptional changes in nociceptors can lead to increased membrane 
excitability and synaptic transmission. Peripheral nerve injury and infl amma-
tion also cause disinhibition (loss of inhibition) in central neurons, resulting 
in increased excitability and pain. [For review, see Woolf ( 2004 ).] 

 A variety of ion channels are expressed (in normal and/or pain states) in 
pain pathways and play a central role in pain signaling. In normal nociception, 
ion channels are intimately involved in the transduction (conversion of 
peripheral stimuli into electrical signals), conduction (propagation of action 
potentials from the peripheral to the central terminal of a nociceptor), and 
transmission (modulation of presynaptic signals and passage of these signals 
to postsynaptic neurons) of nociceptive signals. In chronic pain, the functional 
properties (e.g., activation threshold, voltage dependence, functional expres-
sion, etc.) of many of these channels are modulated, often by channel phos-
phorylation, such that pain signaling (intensity and/or duration) becomes 
greatly enhanced. For example, peripheral infl ammation increases the expres-
sion of a thermal transducer ion channel, TRPV1, in the peripheral terminal 
of nociceptors (Ji et al.,  2002 ). Prostaglandin E 2  (PGE 2 ), whose production is 
a major element of the infl ammatory reaction, decreases the thermal activa-
tion threshold of TRPV1 from  ∼ 42    ° C to  ∼ 35    ° C (Moriyama et al.,  2005 ). These 
actions increase the peripheral sensitivity to heat, which may, at least in part, 
underlie the burning pain experienced by individuals with sunburn (Chizh 
et al.,  2007 ). Central sensitization increases the surface expression of NMDA 
receptors in postsynaptic neurons. As a result, the excitability of these neurons 
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tissue damage

/inflammation

nerve injury
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     Figure 21.2.     Peripheral infl ammation and nerve injury cause chronic pain. Peripheral 
infl ammation and nerve injury can result in various changes in the PNS and/or CNS 
(e.g., peripheral or central sensitization — see text) that cause neuronal hyperexcitabil-
ity, leading to pain hypersensitivity and spontaneous pain. See the insert for color 
representation of this fi gure.  
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in response to presynaptically released glutamate is increased, contributing to 
allodynia and hyperalgesia (Woolf,  2004 ). Peripheral infl ammation and nerve 
injury also cause disinhibition in central neurons through glycine and GABA 
receptor - mediated mechanisms (Zeilhofer,  2008 ). Other channels, including 
voltage - gated sodium, potassium, and calcium channels, are also indispensable 
in pain signaling. In the sections that follow, we focus on some of these chan-
nels and discuss in more detail the roles that they play in chronic pain and 
drugs that target these channels for the treatment of chronic pain.  

  21.5   PHARMACOLOGICAL MODULATION OF ION CHANNELS 
FOR THE TREATMENT OF CHRONIC PAIN 

 In the following sections, we discuss three types of ion channels with respect 
to their roles in chronic pain and modulation of these channels for the treat-
ment of these painful syndromes. 

  21.5.1   Voltage - Gated Sodium Channels ( N  a   v  ) 

 Voltage - gated sodium channels are expressed in neurons in nociceptive path-
ways and play a critical role in the initiation and propagation of sensory nerve 
action potentials necessary for pain signaling. It is thus not surprising that 
sodium - channel - blocking drugs have been found effective and used clinically 
for treating pain syndromes. 

21.5.1.1 Basic Molecular, Structural, Functional, and Pharmacological 
Properties.   Voltage - gated sodium channels consist of a large (220 – 260   kD)  α
subunit and one or more smaller (33 – 45   kD)  β  subunits. The  α  subunit has 
four homologous domains (I – IV) that are arranged to form a central conduc-
tion pore with a pseudo - fourfold symmetry. Each domain further consists of 
six transmembrane segments (S1 – S6), of which the highly conserved S4 
segment is known as the voltage sensor. It contains several positively charged 
amino acid residues and moves to open and close the channel in response to 
changes in membrane potential. The S6 segments of the homologous domains 
are arranged in a square array surrounding the inner pore, whereas the mem-
brane - reentrant pore loops between the S5 and S6 segments line the narrower 
outer pore and form the ion selectivity fi lter (responsible for its Na +  selectiv-
ity). The inner portion of the pore contains a highly conserved region that 
binds local anesthetics (LAs) and a number of antiarrhythmic and anticonvul-
sant drugs. The linker region between domains III and IV is responsible for 
the fast inactivation of the channel by plugging the inner pore upon channel 
activation. [For review, see Catterall ( 2000a ); also see Fig.  21.3 ]. The  α  subunit 
alone can form a functional channel. However, interaction with  β  subunits 
(which have a single transmembrane segment) or with other accessory pro-
teins (e.g., p11) results in changes of the function (e.g., channel kinetics and 
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voltage sensitivity) and/or cellular localization of the channel (Tseng et al., 
 2007 ). To date, nine functional  α  subunits, Na v 1.1 – Na v 1.9, and four  β  subunits, 
β1  –  β4 , have been identifi ed from mammalian species (Goldin et al.,  2000 ; 
Catterall et al.,  2003 ; Tseng et al.,  2007 ).   

 Na v  channels reside in one of three classes of conformational states: closed 
(or resting), open, or inactivated. Transitions from one state to another involve 
conformational changes of the channel protein. At hyperpolarized membrane 
potentials (e.g.,  − 100   mV), the channel is in the closed state, preventing Na +

ions from fl owing through the channel. It opens rapidly ( < 1   ms) upon mem-
brane depolarization and selectively allows Na +  ions into the cell down its 
electrochemical gradient. Continued depolarization causes the channel to 
enter a nonconducting, fast inactivated state within milliseconds. Slower 
(seconds or longer) inactivation, whose molecular mechanism is less well 
understood, also occurs after prolonged depolarization. Recovery from inac-
tivation is necessary before the channel can be available again for activation. 
These functional characteristics help to shape the important physiological 
roles that Na v  channels play. For example, activation of these channels is 
responsible for the rapid rising phase of action potentials (Catterall,  2000a ). 
Fast inactivation contributes to the termination of action potentials (McCollum 
et al.,  2003 ; Ulbricht,  2005 ) and regulation of action potential fi ring frequency 
(Herzog et al.,  2003 ), whereas slow inactivation plays a role in limiting the 
overall excitability of the cell (Nau and Wang,  2004 ; Rogawski and Loscher, 
 2004 ). Indeed, as we shall see later in this section, many Na v  channel blockers 
in clinical use exploit the functional signifi cance of Na v  channel inactivation 
to achieve therapeutic effi cacy by stabilizing the channel in the inactivated 
state. 

 No fewer than six classes of neurotoxins can modify Na v  channel function 
through interaction with various sites on the channel (Catterall et al.,  2003 ). 
Nav  channels can be divided into two groups based on their sensitivity to 
tetrodotoxin (TTX), a highly Na v  channel - selective, small - molecule neuro-
toxin from pufferfi sh. Binding to neurotoxin receptor site 1 at the outer pore 
(Penzotti et al.,  1998 ), TTX potently ( ∼ nM) and tonically (i.e., with no prefer-
ence for any particular state) blocks six of the nine Na v  isoforms (Na v 1.1 –
 Na v 1.4, Na v 1.6 and Na v 1.7). The other three (Na v 1.5, Na v 1.8, and Na v 1.9) are 
resistant to TTX. Both TTX - sensitive (TTX - S) and TTX - resistant (TTX - R) 
isoforms are capable of generating action potentials in sensory neurons 
(Renganathan et al.,  2001 ). Binding of alkaloid toxins such as veratridine and 
batrachotoxin occurs at a different site (site 2) located in S6 and promotes 
activation and/or destabilizes inactivation. Many drugs in clinical use, includ-
ing local anesthetics and a number of anticonvulsants and antiarrythmics, 
inhibit veratridine and batrachotoxin binding and enhance Na v  channel inac-
tivation by binding to a region in the inner half of S6 that at least partially 
overlaps with site 2 (Ragsdale et al.,  1996 ; Linford et al.,  1998 ). Preferential 
binding of these drugs to the inactivated state (e.g., by shifting the voltage 
dependence of steady - state inactivation in the hyperpolarizing direction, 
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which makes the channel less available for activation than in the absence of 
a drug) is thought to underlie the phenomenon of use - dependent inhibition, 
wherein the degree of drug inhibition increases with the increase of frequency 
of channel activation and inactivation. Use - dependent inhibition is favored 
over tonic inhibition because drugs that exhibit use dependence are more 
selective in inhibiting neurons that fi re action potentials hyperactively (thought 
to occur during pain signaling) without much affecting neurons involved in 
normal,  “ housekeeping ”  signaling. These drugs also tend to exhibit voltage -
 dependent inhibition, blocking the channel more potently at depolarized than 
hyperpolarized potentials. This is probably largely, if not entirely, secondary 
to the voltage dependence of inactivation. As with use - dependent inhibition, 
voltage - dependent inhibition is also desirable in that abnormally hyperactive 
neurons tend to be depolarized.  

21.5.1.2 Role of Nav Channels in Chronic Pain.   A large body of evidence 
(molecular, biochemical, genetic, pharmacological, etc.) exists that illustrates 
the critical role of Na v  channels in chronic pain. Multiple subtypes of Na v
channels are expressed in neurons along pain pathways. Their level and/or 
pattern of expression as well as functional properties may change after nerve 
injury or tissue infl ammation in ways that produce neuronal hyperexcitability, 
which contributes to spontaneous ectopic activity in chronic pain states. This 
provides a mechanistic basis for using Na v  channel blockers in the treatment 
of chronic pain. 

 Expression of the TTX - R Na v 1.8 (a.k.a. SNS or PN3) is restricted almost 
exclusively to peripheral sensory neurons (Waxman and Wood,  1999 ; Amaya 
et al.,  2000 ), making it an attractive target for the development of novel, 
Nav 1.8 - selective blockers. Na v 1.8 has slow inactivation and fast repriming 
(recovery from inactivation) kinetics (Gold,  1999 ) and a high threshold for 
activation and steady - state inactivation. Aside from being a major contributor 
to action potentials in nociceptors (Renganathan et al.,  2001 ), the biophysical 
properties of Na v 1.8 make it particularly suited and important for generating 
high - frequency action potentials (even more so when neurons are depolarized 
for a prolonged duration). TTX - R sodium currents in peripheral nerves are 
increased by PGE 2 , adenosine, and serotonin, among others, in part through 
modulation of Na v 1.8 (England et al.,  1996 ; Gold,  1999 ; Cardenas et al.,  2001 ). 
Expression of Na v 1.8 is increased in digital nerve and dorsal root ganglion 
(DRG) in rat models of infl ammatory pain (Tanaka et al.,  1998 ; Coggeshall 
et al.,  2004 ). Peripheral nerve injury also leads to functional and biochemical 
changes of Na v 1.8 in a way that suggests a potential role of the channel in 
neuropathic pain (Gold et al.,  2003 ). Furthermore, patients with chronic neu-
rogenic pain or chronic local hyperalgesia and allodynia also have elevated 
Nav 1.8 expression (Coward et al.,  2000 ; Yiangou et al.,  2000 ; Coward et al., 
 2001 ). 

 Studies using animals in which Na v 1.8 is selectively knocked out or knocked 
down provide further insight into the role of the channel and the potential 
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utility of Na v 1.8 - selective blockers in chronic pain. Although Na v 1.8 - knockout 
mice exhibit no change in neuropathic pain behaviors, the development of 
infl ammatory hyperalgesia is delayed in these animals (Kerr et al.,  2001 ; 
Nassar et al.,  2005 ). Selective knockdown of Na v 1.8 by antisense oligodeoxy-
nucleotides or siRNA reverses mechanical allodynia and thermal hyperalgesia 
after peripheral infl ammation and nerve injury (Porreca et al.,  1999 ; Lai et al., 
 2002 ; Joshi et al.,  2006 ; Dong et al.,  2007 ). Overall, there is strong evidence in 
support of an important role for Na v 1.8 in chronic pain. 

 Another TTX - R sodium channel, Na v 1.9 (a.k.a. SNS2 or NaN), is also 
predominantly expressed in nociceptive neurons (Amaya et al.,  2000 ). Na v 1.9 
exhibits very slow activation and inactivation kinetics (an exception for Na v
channels) and substantial overlap of activation and steady - state inactivation 
near the resting membrane potential (Cummins et al.,  1999 ; Ostman et al., 
 2008 ). These properties enable Na v 1.9 to produce a persistent sodium current 
that amplifi es the response of nocicptors to subthreshold stimuli (Herzog 
et al.,  2001 ). As with Na v 1.8, modulation of Na v 1.9 by infl ammatory mediators 
also results in increased current amplitude (Rush and Waxman,  2004 ), helping 
to maintain infl ammation - induced hyperalgesia. Consistent with this, hyper-
sensitivity and spontaneous pain behavior produced by peripheral infl amma-
tion (but not by nerve injury) are diminished in Na v 1.9 - knockout mice (Priest 
et al.,  2005 ; Amaya et al.,  2006 ). 

 Na v 1.3, which is TTX - sensitive and exhibits rapid recovery from inactiva-
tion, is thought to be responsible for the rapidly repriming TTX - S currents in 
injured DRG neurons and important in maintaining sustained high - frequency 
fi ring that underlies neuronal hyperexcitability (Cummins and Waxman, 
 1997 ). It is virtually undetectable in normal adult DRG or trigeminal neurons, 
but is up - regulated in DRG and dorsal horn neurons after infl ammation or 
nerve injury (Cummins and Waxman,  1997 ; Black et al.,  1999 ; Dib - Hajj et al., 
 1999 ; Black et al.,  2004 ). Na v 1.3 - knockout mice do not show impaired neuro-
pathic pain behavior (Nassar et al.,  2006 ). However, studies using selective 
knockdown of Na v 1.3 by AS ODN indicate that, following peripheral nerve 
injury, Na v 1.3 is a major contributor to the hyperexcitability of dorsal horn 
neurons and the injury - induced allodynia and hyperalgesia (Hains et al., 
 2004 ). 

 Another TTX - S sodium channel, Na v 1.7 (a.k.a. PN1), has received consid-
erable attention in recent years for its participation in pain signaling. Na v 1.7 
is preferentially expressed in nociceptive and sympathetic neurons (Toledo -
 Aral et al.,  1997 ). It produces a fast activating and inactivating current. Because 
it recovers from inactivation only slowly, it is unable to sustain high frequency 
fi ring, making it unlikely to have a major role in the depolarizing upstroke of 
repetitive action potentials (Cummins et al.,  1998 ). However, Na v 1.7 also 
develops closed - state inactivation very slowly. This crucial feature allows it to 
pass depolarizing currents in response to slow, small depolarizations near the 
resting potential, suggesting that it may serve as a  “ threshold ”  channel to 
enhance stimulus depolarizations (Cummins et al.,  1998 ). 
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 Na v 1.7 is up - regulated in DRG neurons in animal studies of infl ammatory 
pain (Black et al.,  2004 ). Nerve growth factors (NGF) may contribute to this 
up - regulation since it is known to increase Na v 1.7 expression (Toledo - Aral 
et al.,  1995 ) and infl ammatory pain responses evoked by NGF are reduced in 
mice whose nociceptors lack Na v 1.7 (Nassar et al.,  2004 ). Conditional Na v 1.7 -
 knockout (Nassar et al.,  2004 ) and knockdown (Yeomans et al.,  2005 ) studies 
in mice show that infl ammation - induced mechanical and/or thermal hyperal-
gesia are either reduced or abolished in these animals. These preclinical 
studies support the notion that Na v 1.7 plays a key role in infl ammatory pain. 
Although conditional Na v 1.7 - knockout studies in mice do not implicate Na v 1.7 
in neuropathic pain (Nassar et al.,  2005 ), clinical studies of human patients 
suggest otherwise. 

 A number of gain - of - function mutations in Na v 1.7 have been linked to two 
painful human disorders. One of them, inherited erythromelalgia (IE), is 
characterized by severe chronic burning pain sensations in the extremities 
(Dib - Hajj et al.,  2007 ). Na v 1.7 mutations found in these patients led to hyper-
excitability in DRG neurons (Dib - Hajj et al.,  2005 ; Harty et al.,  2006 ; Rush 
et al.,  2006 ). The second disorder, with distinct Na v 1.7 mutations from those 
in IE, is an autosomal dominant chronic pain syndrome called paroxysmal 
extreme pain disorder (PEPD) and is characterized by severe burning rectal, 
ocular, and submandibular pain sensations (Dib - Hajj et al.,  2007 ). These data 
indicate that Na v 1.7 is suffi cient to cause neuropathic pain in humans. There 
is also compelling evidence that Na v 1.7 is necessary for humans to perceive 
pain, because loss of Na v 1.7 function causes an individual to be completely 
indifferent to pain (Cox et al.,  2006 ; Ahmad et al.,  2007 ; Goldberg et al.,  2007 ). 
Importantly, individuals lacking functional Na v 1.7 appear otherwise fairly 
normal (no overt motor, cognitive, or cardiac defi cits), sparking widespread 
interest in the prospects of selectively targeting Na v 1.7 for the treatment of 
pain disorders.  

21.5.1.3 Inhibition of Nav Channels for the Treatment of Chronic Pain.   The 
compelling evidence for the involvement of Na v  channels in chronic pain 
argues for the development of Na v  channel blockers for treating these pain 
syndromes. Currently available drugs that block Na v  channels were originally 
developed for treating various indications. They were discovered empirically 
using traditional, rather than gene target - based, discovery approaches and 
were only subsequently found to inhibit Na v  channels. A number of these 
drugs, mostly anticonvulsants, tricyclic antidepressants, and local anesthetics, 
were later found to be also effective in treating neuropathic pain (see Table 
 21.1 ).   

 Among anticonvulsants, carbamazepine and lamotrigine are both use -
 dependent Na v  channel blockers and bind preferentially to the inactivated 
state (Willow et al.,  1985 ; Xie et al.,  1995 ). Carbamazepine is effective for 
treating trigeminal neuralgia (Wiffen et al.,  2005 ) and PEPD (Fertleman 
et al.,  2006 ), but not very effective for diabetic neuropathy and certain other 
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painful neuropathic conditions (Wiffen et al.,  2005 ; Eisenberg et al.,  2007 ). 
Lamotrigine also has effi cacy for several types of neuropathic pain, including 
trigeminal neuralgia, painful diabetic neuropathy, HIV - associated neu-
ropathy, and post - stroke pain (Vestergaard et al.,  2001 ; Eisenberg et al.,  2007 ). 
But lamotrigine is not effective in treating chemotherapy - induced or spinal 
cord injury - induced neuropathic pain (Hargus and Patel,  2007 ). Another anti-
convulsant, oxcarbazepine, is an improved derivative of carbamazepine and 
is thought to derive its anticonvulsant effi cacy mainly from inhibition of Na v
channels (Ambrosio et al.,  2002 ). Several clinical studies demonstrate that 
oxcarbazepine is similar in effectiveness to carbamazepine for treating tri-
geminal neuralgia and diabetic neuropathy, but has less severe side effects 
(nausea, dizziness, etc.) than carbamazepine (Hargus and Patel,  2007 ). Other 
clinical studies indicate that oxcarbazepine is effective in treating several 
forms of neuropathic pain (Magenta et al.,  2005 ), including pain associated 
with multiple sclerosis (Solaro et al.,  2007 ). A new investigational anticonvul-
sant drug, lacosamide, is in Phase III clinical trials for both epilepsy and 
neuropathic pain. In a Phase II study, lacosamide is shown to be effective in 
painful diabetic neuropathy (Rauck et al.,  2007 ). Although it is also an Na v
channel blocker with a higher affi nity for inactivated channels, lacosamide is 
differentiated from the other Na v  channel - blocking drugs by virtue of its pref-
erential interaction with channels in the slow, rather than fast, inactivated state 
(Errington et al.,  2008 ; Sheets et al.,  2008 ), suggesting that it may be more 
effective than those drugs in selectively blocking hyperactivity in neurons that 
are chronically depolarized. 

 Tricyclic antidepressants have long been used to treat neuropathic pain, 
sometimes as fi rst - line therapy. Of these, amitriptyline is the most effective 
and commonly used for the management of neuropathic pain. Clinical studies 
show that amitriptyline is effective in treating diabetic neuropathy (Turkington, 
 1980 ; Max et al.,  1992 ), pain associated with postherpetic neuralgia (Watson 
et al.,  1982 ; Max et al.,  1988 ), central pain (Leijon and Boivie,  1989 ), and nerve 
injury pain (Kalso et al.,  1996 ). Amitriptyline has a higher affi nity for the open 
and inactivated states of Na v  channels (Wang et al.,  2004 ; Leffl er et al.,  2007 ) 
and blocks these channels in a use - dependent manner and at concentrations 
that are effective for treating neuropathic pain (Song et al.,  2000a ; Wang 
et al.,  2004 ; Dick et al.,  2007 ), suggesting that its effect on Na v  channels may 
be clinically important. 

 Local anesthetics are very effective state - dependent blockers of Na v  chan-
nels, with higher affi nities for open/inactivated states (Ragsdale et al.,  1996 ). 
Clinically, LAs are primarily used to provide local anesthesia for acute pain 
relief. The most commonly used LA for neuropathic pain treatment is lido-
caine, which can be effectively administered either topically via a patch or 
systemically by intravenous injection. In one study, lidocaine patches (5%) as 
an add - on therapy alleviate both allodynia and ongoing pain in patients with 
diverse focal peripheral neuropathic pain syndromes, including postherpetic 
neuropathy, and compare reasonably well with topically applied capsaicin and 
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systemic administration of gabapentin in separate studies (Meier et al.,  2003 ). 
Other studies indicate that lidocaine patches (5%) are effective in treating 
painful diabetic neuropathy (Barbano et al.,  2004 ) and idiopathic distal poly-
neuropathy (Herrmann et al.,  2005 ) and may be useful for treating lower back 
pain (Hines et al.,  2002 ) and central neuropathic pain (Hans et al.,  2008 ). 
Intravenous injection of lidocaine is also shown to be effective in easing 
neuropathic pain (Ferrante et al.,  1996 ; Tremont - Lukats et al.,  2006 ), including 
diabetic neuropathy (Bach et al.,  1990 ). 

 It is important to note that many of the currently available drugs that block 
Nav  channels also have effects on other channels/proteins. Therefore, it is 
possible that inhibition of Na v  channels does not fully, or even primarily, 
account for their effi cacy in chronic pain. In addition, these drugs tend to have 
poor therapeutic windows at least in part because of their nonselective nature 
in blocking various Na v  isoforms, including those expressed in the peripheral 
and central nervous systems as well as the cardiovascular system (Catterall, 
 2000a ). As a result, they often have limited clinical utility for treating pain. 
More recent, largely gene - target based efforts aimed at identifying novel Na v
channel blockers with improved therapeutic index have resulted in analgesic 
agents with various intriguing properties. 

 One such molecule is ralfi namide (formerly NW - 1029), which, in Phase II 
clinical trials, is well tolerated (no difference from placebo) and effective in 
patients with multiple forms of neuropathic pain ( http://www.newron.com ). A 
primary mechanism of action of ralfi namide is the use -  and frequency - depen-
dent inhibition of both TTX - S and TTX - R Na v  channels, particularly in the 
inactivated state (Stummann et al.,  2005 ). Interestingly, ralfi namide selectively 
suppresses fi ring of action potentials in capsaicin - responsive, nociceptive 
neurons, but has no such effect on capsaicin - unresponsive neurons (Yamane 
et al.,  2007 ). This selectivity of ralfi namide may contribute to the effective-
ness of the drug in reducing infl ammatory and neuropathic pain and to the 
side effect profi le. Ralfi namide is in phase IIb/III trials for neuropathic low 
back pain. 

 Another way to achieve selectivity, as intuitive as it is challenging, is to 
develop novel Na v  channel blockers that are subtype - selective, a property that 
current Na v  channel - blocking drugs are lacking. One such molecule, A - 803467, 
has recently been reported (Jarvis et al.,  2007 ). A - 803467 is a potent blocker 
of Na v 1.8 with higher affi nity for the inactivated state and  > 100 - fold selectivity 
against Na v 1.2, Na v 1.3, Na v 1.5, and Na v 1.7. It is the fi rst reported small mole-
cule with selectivity for Na v 1.8 over cardiac and other neuronal Na v  channels. 
A - 803467 potently blocks TTX - R sodium currents and spontaneous and 
evoked action potentials in dissociated rat DRG neurons. It also attenuates 
the fi ring in spinal dorsal horn neurons  in vivo . A - 803467 is effi cacious in 
several animal models of infl ammatory and neuropathic pain. Despite showing 
good CNS penetration, A - 803467 does not signifi cantly alter motor functions, 
coordination, or balance, consistent with its Na v 1.8 - selective profi le. The 
discovery of A - 803467 illustrates not only the feasibility of identifying highly 
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subtype - selective Na v  channel blockers, but also the potential of selective 
Nav 1.8 blockers for the treatment of chronic pain with less toxicity. 

 Yet another strategy to achieve selectivity, as exemplifi ed by CDA54 
(Brochu et al.,  2006 ), is to develop compounds that effectively can only block 
peripheral neuronal sodium channels in vivo  by virtue of poor CNS penetra-
tion. CDA54 blocks multiple subtypes of (preferentially inactivated) Na v
channels with similar potency, including Na v 1.2 (mainly expressed in the 
CNS), Na v 1.7, and Na v 1.8 (both preferentially expressed in peripheral sensory 
neurons), and is effective in two animal models of neuropathic pain. However, 
thanks to its poor CNS penetration (with a brain to plasma concentration ratio 
of 0.03), CDA54 does not affect motor coordination at a dosage that is effec-
tive in pain models. This is in contrast to clinically used Na v  blockers, which 
accumulate in the CNS and cause impaired motor coordination in animals and 
CNS side effects in man at all effi cacious doses.   

  21.5.2   Voltage - Gated Calcium Channels ( C  a   v  ) 

 Voltage - gated calcium channels are expressed in various excitable cells, 
including neurons in pain pathways. They regulate Ca 2+  infl ux across the 
plasma membrane and play a critical role in coupling excitation to multiple 
processes, including muscle contraction, neurotransmitter release, gene 
expression, exocytosis, and Ca 2+  - dependent enzyme activity. 

21.5.2.1 Basic Molecular, Structural, Functional, and Pharmacological 
Properties.   Similar to Na v  channels, Ca v  channels consist of a large (190 –
 250   kD) pore - forming  α1  subunit and two or more of the auxiliary subunits, 
α2δ  (160 – 180   kD),  β  (50 – 70   kD), and  γ  (20 – 30   kD). The molecular architecture 
of Ca v  channels also resembles that of Na v  channels in that the four homolo-
gous domains (I – IV) of the  α1  subunit, each also consisting of six trans-
membrane segments (S1 – S6, with S4 being the voltage sensor), form the Ca 2+

conduction pathway. In particular, segments of S5 and S6, along with the 
membrane - reentrant pore loops between them, line the channel pore. The 
extracellular pore loops contain amino acid residues that are critical for Ca 2+

selectivity. Residues in S6 and in the intracellular loop linking domains I and 
II are implicated in channel inactivation (Stotz et al.,  2004 ). To date, 10  α1

(Catterall,  2000b ), four  β  ((Birnbaumer et al.,  1998 ), four  α2δ  (Davies et al., 
 2007 ), and eight  γ  subunits (Chen et al.,  2007 ) have been cloned and character-
ized. Most of the specifi c functional and pharmacological characteristics reside 
in the subtype - defi ning  α1  subunit. The auxiliary subunits play important roles 
in, among others, channel traffi cking and assembly, the modulation of channel 
function, and pharmacology (Birnbaumer et al.,  1998 ; Klugbauer et al.,  2003 ; 
Chen et al.,  2007 ). Based on primary sequence homology as well as functional 
and pharmacological properties, Ca v  channels are divided into three subtypes: 
Cav 1. x  ( x    =   1 – 4, a.k.a.  α1S ,  α1C ,  α1D , and  α1F , the  α1  subunits for L - type 
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channels), Ca v 2. x  ( x    =   1 – 3, a.k.a.  α  1A ,  α  1B , and  α  1E , the  α  1  subunits for P/Q - , 
N - , and R - type channels, respectively) and Ca v 3. x  ( x    =   1 – 3, a.k.a.  α  1G ,  α  1H , and 
 α  1I , the  α  1  subunits for T - type channels). (Also see Fig.  21.4 ). Ca v 3 channels 
have a low - voltage threshold for activation and fast rate of inactivation. The 
other subtypes are activated by more depolarized potentials and also inacti-
vate more slowly. In addition to serving as vehicles of Ca 2+  infl ux that triggers 
various downstream events, Ca v  channels also contribute directly to cell excit-
ability by membrane depolarization that results from the Ca 2+  entry upon 
channel activation. Ca v 1 channels can be blocked by various dihydropyridines, 
phenylalkylamines, and benzothiazepines and potentiated by BAY - K - 8644. 
Ca v 3 channels are sensitive to inhibition by mibefradil and the scorpion toxin 
kurtoxin, among others. Peptide toxins potently inhibit Ca v 2 channels (e.g., 
 ω  - agatoxin IVA for Ca v 2.1,  ω  - conotoxin MVIIA and GVIA for Ca v 2.2, and 
SNX - 482 for Ca v 2.3), which, in part, helped to validate Ca v 2.2 as a target for 
chronic pain. Small - molecule inhibitors of Ca v 2.2 for the treatment of neuro-
pathic pain are also an active area of drug discovery efforts in the pharmaceu-
tical industry. In the remainder of this section, we will focus on this Ca v  
channel subtype with respect to its role in pain signaling and its modulation 
for the treatment of chronic pain. For a general review of Ca v  channels, see 
Catterall ( 2000b ).    
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     Figure 21.4.     Voltage - gated calcium channels — structure and classifi cation. See the 
insert for color representation of this fi gure.  
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21.5.2.2 Function and Modulation of N-Type Calcium Channels.   The 
N - type calcium channel is a heteromeric protein complex consisting of the 
pore - forming subunit, Ca v 2.2, and auxiliary  α2δ  - 1 and  β3  subunits (Witcher 
et al.,  1993 ). It has a high - voltage threshold for activation and preferentially 
undergoes inactivation via subthreshold, closed states (Patil et al.,  1998 ). This 
mechanism of inactivation results in rapidly decreasing Ca 2+  currents in 
response to repetitive fi ring of high - frequency action potentials, because fewer 
channels become available for activation each time they cycle through these 
states during a fi ring burst. Functional expression is increased in the presence 
of α2δ  - 1 and  β  subunits (Williams et al.,  1992 ; Stea et al.,  1993 ). In addition,  β
subunits also modulate channel activation and inactivation (Stea et al.,  1993 ). 

 N - type calcium channels can be modulated by various factors, including 
synaptic proteins, GPCRs, and protein kinases. Binding of synaptic proteins, 
such as syntaxin - 1, SNAP - 25, and Rab3A interacting molecule (Rim), to the 
cytoplasmic linker between domains II and III of the channel (the  “ synprint ”  
region) is thought to help colocalize the channel with synaptic vesicles and 
target the channel to the presynaptic terminus (Zamponi,  2003 ). Syntaxin - 1 
has also been shown to directly modulate the channel function by right - 
shifting the voltage dependence of inactivation (Stanley,  2003 ). Activation of 
Gi/o  - coupled GPCRs, such as  μ  - opioid receptors, results in the binding of 
G - protein  βγ  subunits to and voltage - dependent inhibition of N - type calcium 
channels, which is in part responsible for morphine - mediated analgesia 
(Seward et al.,  1991 ; Bourinet et al.,  1996 ). GPCRs can also mediate internal-
ization of N - type calcium channels directly (Beedle et al.,  2004 ; Altier et al., 
 2006 ) or indirectly (Puckerin et al.,  2006 ; Tombler et al.,  2006 ). Protein kinase 
C increases N - type calcium channel activity by either reversing G - protein -
 mediated channel inhibition (Barrett and Rittenhouse,  2000 ) or recruiting new 
Cav 2.2 subunits to the plasma membrane (Zhang et al.,  2008 ).  

21.5.2.3 Role of N-Type Calcium Channels in Chronic Pain.   Both pre-
clinical and clinical studies indicate that N - type calcium channels play an 
important role in chronic pain. Ca v 2.2 is located throughout the presynaptic 
terminal of peripheral and central neurons, such as those in the superfi cial 
dorsal horn of the spinal cord (Gohil et al.,  1994 ; Westenbroek et al.,  1998 ). 
It is a major player in the regulation of neurotransmitter release and synaptic 
transmission critical in pain signaling. 

 Expression of Ca v 2.2 and  α2δ  - 1 is up - regulated in DRG neurons and the 
dorsal horn in animal models of neuropathic pain and correlates temporally 
with the development of allodynia (Luo et al.,  2001, 2002 ; Newton et al.,  2001 ; 
Abe et al.,  2002 ; Cizkova et al.,  2002 ). Mice lacking Ca v 2.2 display decreased 
thermal and mechanical pain responses under infl ammatory and nerve injury 
conditions, suggesting a critical role of the channel in the initiation and/or 
maintenance of infl ammatory and neuropathic pain states (Hatakeyama et al., 
 2001 ; Kim et al.,  2001 ; Saegusa et al.,  2001 ). In addition, pain responses in 
mice lacking the β3  subunit are also reduced under infl ammatory conditions 
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(Murakami et al.,  2002 ). Blockade of Ca v 2.2 by selective peptide inhibitors is 
effective in several animal models of chronic pain (Chaplan et al.,  1994 ; 
Malmberg and Yaksh,  1994 ; Bowersox et al.,  1996 ; Scott et al.,  2002 ). Prialt  ® 

(Ziconotide), a synthetic version of  ω  - conotoxin - MVIIA (found in the venom 
of the predatory marine snail Conus magus ) that selectively blocks N - type 
calcium channels, is effective in human patients with acute and chronic pain 
(Brose et al.,  1997 ; Atanassoff et al.,  2000 ; Staats et al.,  2004 ), providing clinical 
validation for the role of N - type calcium channels in chronic pain.  

21.5.2.4 Modulation of N-Type Calcium Channels for the Treatment of 
Chronic Pain.   N - type calcium channels are potently blocked by several  ω  -
 conopeptides, including GVIA, CVID, and MVIIA. GVIA blocks the channel 
irreversibly. Although intrathecal administration of GVIA is effective against 
neuropathic pain in animals (Scott et al.,  2002 ), it may be diffi cult clinically to 
achieve safe and stable dosing due to the irreversible nature of the block. As 
with GVIA, CVID (under the name of AM336 in clinical trials) is also effec-
tive in an animal model of neuropathic pain (Scott et al.,  2002 ). In addition, 
it has a larger therapeutic window than GVIA and MVIIA in animals and 
may produce less adverse effects in humans. 

 Ziconotide binds with high affi nity to the outer pore/vestibule region of 
Cav 2.2 (Feng et al.,  2001 ), consistent with a direct pore - blocking mechanism, 
and potently and tonically inhibits N - type Ca 2+  currents (Jain,  2000 ; Feng et 
al.,  2003 ) as well as neurotransmitter release in cultured neurons (Smith et al., 
 2002 ). Ziconotide is effi cacious in several animal models of chronic pain 
(Chaplan et al.,  1994 ; Malmberg and Yaksh,  1994 ; Yamamoto and Sakashita, 
 1998 ; Horvath et al.,  2001 ). Patients that receive epidural ziconotide before, 
during, and after surgery require signifi cantly less postoperative morphine 
than patients that receive placebo (Atanassoff et al.,  2000 ). In a Phase III study 
(Staats et al.,  2004 ) with cancer and AIDS patients who are intolerant of or 
refractory to opioid treatment, improvement in the Visual Analog Scale of 
Pain Intensity (VASPI) scores in ziconotide - treated patients (intrathecal 
administration) is signifi cantly higher than in placebo - treated patients. 
Ziconotide is also reported to be very effective in a case study of a patient 
with chronic neuropathic pain (Brose et al.,  1997 ). Unlike morphine, there is 
no development of tolerance associated with the use of ziconotide (Jain,  2000 ). 
Ziconotide intrathecal infusion (Prialt  ®  ) has been approved by the US Food 
and Drug Administration (FDA) for the management of severe chronic pain 
in patients for whom intrathecal therapy is warranted and who are intolerant 
of or refractory to other analgesics (also see Table  21.2 ).   

 Although ziconotide is effective for the treatment of chronic pain, it requires 
intrathecal administration and careful titration. A major adverse effect of 
ziconotide is symptomatic orthostatic hypotension (Jain,  2000 ). Dizziness, 
ataxia, sedation, nausea, bradycardia, and other side effects have also been 
reported (Jain,  2000 ). 



 TA
B

L
E

 2
1.

2.
      N

  - T
yp

e 
C

al
ci

um
 C

ha
nn

el
 M

od
ul

at
or

s 
fo

r 
th

e 
Tr

ea
tm

en
t 

of
 C

hr
on

ic
 P

ai
n 

   C
om

po
un

d  
   Tr

ad
e 

N
am

e 
(c

om
pa

ny
)  

   St
ru

ct
ur

e  
   M

ol
. T

ar
ge

t  
   In

di
ca

ti
on

  
   St

at
us

  

  Z
ic

on
ot

id
e  

  P
ri

al
t 

(E
la

n)
  

  25
 - r

es
id

ue
 p

ep
ti

de
  

  C
a v

 2.
2  

  Se
ve

re
 c

hr
on

ic
 p

ai
n  

  L
au

nc
he

d  
  G

ab
ap

en
ti

n  
  N

eu
ro

nt
in

 (
P

fi z
er

)  

  

C
O

O
H

H
2
N

   
 

   α  2
  δ  -

 1  
  N

eu
ro

pa
th

ic
 p

ai
n 

as
so

ci
at

ed
 w

it
h 

po
st

he
rp

et
ic

 n
eu

ra
lg

ia
  

  L
au

nc
he

d  

  P
re

ga
ba

lin
  

  L
yr

ic
a 

(P
fi z

er
)  

  
C

O
O

H
H

2
N

H
3
C

H

C
H

3

   
 

   α  2
  δ  -

 1  
  N

eu
ro

pa
th

ic
 p

ai
n 

as
so

ci
at

ed
 w

it
h 

po
st

he
rp

et
ic

 n
eu

ra
lg

ia
/d

ia
be

ti
c 

pe
ri

ph
er

al
 n

eu
ro

pa
th

y;
 

fi b
ro

m
ya

lg
ia

  

  L
au

nc
he

d  

  N
M

E
D

 - 1
60

  
  (N

eu
ro

m
ed

/M
er

ck
)  

  Sm
al

l m
ol

ec
ul

e  
  C

a v
 2.

2  
  N

eu
ro

pa
th

ic
 p

ai
n  

  P
ha

se
 I

I   a      

   
  

 a   D
is

co
nt

in
ue

d.
   

694



PHARMACOLOGICAL MODULATION OF ION CHANNELS 695

 The anticonvulsants gabapentin (Neurontin  ®  ) and its structural analog pre-
gabalin (Lyrica  ®  ) appear to have a novel mechanism of action (see below) and 
are widely used for treating various neuropathic pain conditions. In preclincal 
studies, both drugs are effi cacious in models of chronic pain (Luo et al.,  2002 ; 
Field et al.,  2006 ). Results from clinical trials demonstrate that gabapentin and 
pregabalin are effective in treating pain associated with postherpetic neuralgia 
(Rowbotham et al.,  1998 ; Dworkin et al.,  2003 ), diabetic neuropathy (Backonja 
et al.,  1998 ; Rosenstock et al.,  2004 ), fi bromyalgia (Crofford et al.,  2005 ; 
Arnold et al.,  2007 ), spinal cord injury (Tzellos et al.,  2008 ), and postsurgical 
pain (Gilron,  2007 ). Both drugs are FDA approved for treating postherpetic 
neuralgia. Pregabalin is additionally approved for the treatment of fi bromyal-
gia (the only drug approved by FDA for treating this condition) and diabetic 
neuropathy. Sedation, dizziness and ataxia are among some of the common 
adverse effects of both drugs (Gilron,  2007 ). Pregabalin is also a Schedule V 
controlled substance with abuse potential. 

 Although the mechanism of action of gabapentin and pregabalin may still 
be a subject of debate (Sills,  2006 ), it is fi rmly established that these drugs bind 
to the α2δ  - 1 subunit of Ca v  channels (Gee et al.,  1996 ; Field et al.,  2006 ), which 
is important in Ca v  channel membrane traffi cking and assembly (Klugbauer 
et al.,  2003 ). It is thought that interaction of these drugs with  α2δ  - 1 may 
decrease the cell surface expression of functional Ca v 2.2 channels (Hendrich 
et al.,  2008 ). Importantly, pregabalin loses its analgesic effi cacy in mice 
knocked - in with an  α2δ  - 1 mutant that reduces the binding affi nity of gabap-
entin and pregabalin (Field et al.,  2006 ), further illustrating the critical role of 
this auxiliary subunit in mediating the effects of gabapentin and pregabalin. 
It remains controversial, however, as to whether these drugs directly inhibit 
neuronal Ca 2+  currents (Sills,  2006 ). In addition, it is not clear if/how binding 
of gabapentin or pregabalin to α2δ  - 1 can result in selective targeting of Ca v 2.2, 
because this mechanism of action would be expected to also affect other Ca v
channels. 

 Target - based efforts to develop selective and orally bioavailable, small -
 molecule N - type calcium - channel blockers have led to the identifi cation of a 
number of novel chemotypes of compounds. Incorporation of key structural 
features of Ca v 2.2 - selective conotoxins into the rational design of small mol-
ecule conotoxin mimetics results in Ca v 2.2 blockers with modest ( ∼ 2 – 20    μ M) 
potency but relatively high ( > 20 - fold) selectivity against Ca v 2.1 (Baell et al., 
 2004 ; Schroeder et al.,  2004 ). Several novel scaffolds have been reported to 
potently block N - type calcium channels (Hu et al.,  1999 ; Song et al.,  2000b ; 
Snutch et al.,  2001 ; Seko et al.,  2002 ; Franco et al.,  2004 ; Teodori et al.,  2004 ) 
and have effi cacy in animal models of chronic pain (Seko et al.,  2002 ; Bowen 
et al.,  2004 ; Teodori et al.,  2004 ). Intriguingly, some of these compounds also 
exhibit strong use - dependent inhibition of N - type calcium channels (Snutch 
et al.,  2001 ; Pan et al.,  2004 ), which may be important for increasing the thera-
peutic window of selective Ca v 2.2 blockers for the treatment of chronic pain 
(Winquist et al.,  2005 ).   
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  21.5.3    TRPV 1 

 The family of TRP channels consists of 28 members that are divided into six 
subfamilies, one of which is TRPV (vanilloid). TRPV1 is the founding and 
most extensively studied member of the six known TRPV channels. The 
cloning of TRPV1 (Caterina et al.,  1997 ) has opened the door to our under-
standing of the molecular mechanism of sensory transduction of thermal and 
chemical stimuli. The recognition of its role in transduction/integration of 
diverse pain stimuli has led to the novel approach of developing selective 
TRPV1 antagonists to block pain signaling at the sensor, versus the traditional 
approach of blocking infl ammatory responses or other stages such as signal 
conduction or transmission. 

21.5.3.1 Basic Molecular, Structural, Functional, and Pharmacological 
Properties.   TRPV1 is a cation - selective, outwardly rectifying, homotetrameric 
channel. Each subunit is predicted to have six transmembrane segments (S1 –
 S6) and a molecular weight of  ∼ 95   kD. The pore of TRPV1 is in part formed 
by the loop between S5 and S6 and has a higher permeability for Ca 2+  over 
Na+ . TRPV1 can be activated by a wide variety of stimuli, including natural 
products such as vanilloids [e.g., capsaicin, the pungent ingredient in hot chili 
peppers, and its potent analog, resiniferatoxin (RTX)], endogenous ligands 
such as endocannabinoids (e.g., anandamide) and other lipids (e.g.,  N  -
 arachidonoyldopamine), eicosanoids [e.g., 15 - ( S ) - HPETE], protons and poly-
amines, synthetic agents such as 2 - aminoethoxydiphenyl borate (2 - APB) and 
olvanil, as well as nonchemical stimuli such as membrane depolarization (elec-
trical) and noxious heat ( > 42    ° C; thermal). TRPV1 is sensitized (i.e., the activa-
tion threshold is lowered) by proinfl ammatory mediators such as bradykinin 
and prostaglandins and is inhibited by phosphatidylinositol 4,5 - bisphosphate 
(PIP2 ) and Ca 2+ /calmodulin. Subthreshold levels of any type of agonist (e.g., 
protons) also sensitize TRPV1 activation by other types of agonists (e.g., 
capsaicin). [For a review, see Szallasi et al. ( 2007 ); also see Fig.  21.5 .] 

 The polymodal nature of TRPV1 activation has led to the identifi cation of 
multiple sites/regions involved in channel activation by different stimuli, 
including capsaicin (linker of S2 and S3, S3/S4) (Jordt and Julius,  2002 ; Gavva 
et al.,  2004 ), protons and polyamines (near the outer pore) (Jordt et al.,  2000 ; 
Ahern et al.,  2006 ; Klionsky et al.,  2006 ) and heat (C - terminus) (Brauchi et 
al.,  2006 ). In the continued presence of an agonist, TRPV1 undergoes Ca 2+  -
 dependent desensitization that is thought to involve phosphatases (e.g., calci-
neurin) and calmodulin (Tominaga and Tominaga,  2005 ). 

 Many TRPV1 antagonists have been identifi ed. These include naturally 
occurring plant products (e.g., thapsigargin and yohimbine), acylpolyamine 
toxins from the funnel web spider venom, and endogenous molecules such as 
adenosine, fatty acids (e.g., eicosapentaenoic acid) and dynorphins. A multi-
tude of synthetic TRPV1 antagonists (e.g., capsazepine, an early capsaicin 
analog) have been reported to have analgesic properties (more on these 
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compounds later). Many of the natural and synthetic small - molecule TRPV1 
ligands appear to share at least an overlapping binding site with capsaicin 
(Immke and Gavva,  2006 ; Gharat and Szallasi,  2008 ). Others, such as ruthe-
nium red, a nonselective TRP channel antagonist, and acylpolyamine toxins 
appear to block the channel pore (Garcia - Martinez et al.,  2000 ; Kitaguchi and 
Swartz,  2005 ).  

  21.5.3.2   Role of  TRPV 1 in Chronic Pain.     Consistent with a role in pain 
signaling, TRPV1 is highly expressed in peripheral nociceptors, that is, small -  
to medium - sized sensory neurons (unmyelinated C - fi bers and certain thinly 
myelinated A δ  fi bers). After peripheral infl ammation and nerve injury, there 
is an increase in the level of TRPV1 in the peripheral terminal of nociceptors, 
thereby increasing peripheral sensitivity to heat and other stimuli (Ji et al., 
 2002 ; Rashid et al.,  2003a,b ). Tissue damage or infl ammation causes the release 
of intracellular factors such as protons, ATP, and various proinfl ammatory 
mediators (e.g., substance P, calcitonin gene related peptide, bradykinin, NGF 
and PGE 2 ), which can either activate TRPV1 directly (Waldmann,  2001 ), 
increase its membrane expression (Ji et al.,  2002 ), or otherwise sensitize the 
channel (e.g., via phosphorylation or PIP 2  hydrolysis) by lowering its threshold 
of activation (Chuang et al.,  2001 ; Tominaga et al.,  2001 ). In TRPV1 - knockout 
mice, nociceptive responses to painful thermal stimulation are impaired and 
thermal hypersensitivity in infl ammatory models of pain is greatly decreased 
(Caterina et al.,  2000 ; Davis et al.,  2000 ). Selective knockdown of TRPV1 
using siRNA and antisense approaches is also effective in deseasing pain 
behavior in rat models of neuropathic pain (Christoph et al.,  2006, 2007 ). After 
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     Figure 21.5.     TRPV1, a cation - selective channel capable of polymodal gating. TRPV1 
is a cation - selective, homotetrameric channel ( middle panel ). Each subunit is predicted 
to have six transmembrane segments (S1 – S6;  left panel ). A wide variety of stimuli can 
activate TRPV1, including capsaicin, protons, and noxious heat. Left panel shows some 
of the implicated regions of the channel in these interactions.  Right panel : Capsaicin -
 activated currents in  Xenopus  oocytes injected with TRPV1 cRNA. Current trace 
adapted by permission from Macmillan Publishers Ltd.  [ Nature ] (Caterina et al.,  1997 ), 
copyright 1997 .  
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initial channel activation, TRPV1 agonists cause channel desensitization and 
functional antagonism of TRPV1 - expressing nocieptors, which alleviates pain -
 like behaviors in rodents and pain in humans (Szallasi and Blumberg,  1999 ). 
TRPV1 is also expressed in higher brain centers, such as hypothalamus and 
cortex (Acs et al.,  1996 ; Steenland et al.,  2006 ), that are thought to be impor-
tant for pain processing. Consistent with this, a selective TRPV1 antagonist 
with good CNS penetration shows a broader spectrum of analgesic activities 
than one with similar properties except for poor CNS penetration (Cui et al., 
 2006 ). Taken together, these results implicate a critical role of TRPV1 in 
chronic pain as well as the potential utility of selective TRPV1 antagonists and 
agonists for treating these conditions.  

21.5.3.3 Modulation of  TRPV1 for the Treatment of Chronic Pain 

21.5.3.3.1    TRPV 1 Antagonists.     The compelling evidence supporting the role 
of TRPV1 as a molecular integrator of pain signals has led to discovery pro-
grams at a number of pharmaceutical companies that aim to develop selective 
and orally bioavailable small molecule TRPV1 antagonists for the treatment 
of infl ammatory and other chronic pain. HTS and medicinal chemistry efforts 
have identifi ed many novel chemotypes of potent and selective TRPV1 antag-
onists with oral bioavailability (Immke and Gavva,  2006 ; Szallasi et al.,  2007 ). 
Generally, these compounds completely reverse capsaicin - induced behavioral 
changes (e.g., eye wiping, fl inching, hypothermia, and secondary mechanical 
hyperalgesia), indicating good on - target effects. They also tend to be at least 
partially effi cacious in various animal models of infl ammatory pain, such as 
thermal and/or mechanical hyperalgesia induced by complete Freund ’ s adju-
vant (CFA) or carrageenan. Some compounds also have effi cacy in models of 
noninfl ammatory pain, including neuropathic pain, sodium monoiodoacetate -
 induced osteoarthritic pain, bone cancer pain,  p  - benzoquinone - induced writh-
ing, and colorectal distention - induced electromyographic activity. It remains 
to be seen whether the effi cacy in some of these models (e.g., attenuation of 
mechanical hyperalgesia, which is not observed in TRPV1 knockout mice) 
may be mediated by potential off - target activity of these compounds; BCTC, 
for example, is a potent antagonist of not only TRPV1, but also TRPM8, 
another TRP channel implicated in chronic pain (Colburn et al.,  2007 ). 
However, this seems unlikely given the structural diversity of the compounds 
that show effi cacy in these models. Overall, results with TRPV1 antagonists 
not only help to further validate TRPV1 as a target for chronic pain (at least 
preclinically), but also demonstrate the potential utility of such compounds 
for treating these syndromes. 

 Several TRPV1 antagonists have advanced to various stages of clinical 
development (see Table  21.3 ). Notably, in Phase I trials with healthy volun-
teers, SB - 705498 (GlaxoSmithKline) signifi cantly reduces capsaicin - evoked 
fl are and acute heat - evoked pain on nonsensitized skin. Furthermore, it 
reduces heat - evoked pain after ultraviolet B - evoked infl ammation. SB - 705498 
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has completed a Phase II clinical trial for dental pain. NGD8243 (Neurogen/
Merck) was in Phase II previously for pain and is currently in Phase II for 
cough. Also in Phase II trials are GRC 6211 (Glenmark/Eli Lilly) for various 
pain conditions, including osteoarthritic pain, and AZD1386 (AstraZeneca) 
for chronic nociceptive pain.   

 In addtition to expression in pain pathways, TRPV1 is also more broadly 
expressed in other neuronal and nonneuronal tissues (Caterina,  2003 ). 
Consequently, TRPV1 antagonism may also result in other, unintended/unde-
sirable effects, potentially narrowing or even closing the therapeutic window. 

 One of the potential obstacles facing successful clinical development of 
TRPV1 antagonists is the tendency for these compounds to cause hyperthermia. 
Capsaicin has long been known to cause hypothermia in multiple species, 
including man (Hori,  1984 ; Szallasi and Blumberg,  1999 ). However, it was not 
until recently, with the help of diverse chemotypes of TRPV1 antagonists, that 
clear evidence began to emerge showing the presence of tonic TRPV1 activity 
and its involvement in the ongoing regulation of body temperature (Gavva et 
al.,  2007 ). Indeed, AMG 517, a selective TRPV1 antagonist previously in Phase 
I clinical trials, causes marked hyperthermia in humans and has been discontin-
ued from further clinical development (Gavva et al.,  2008 ). It appears that the 
site of action for TRPV1 antagonist - induced hyperthermia is outside the blood –
 brain barrier (Tamayo et al.,  2008 ), suggesting that it is unlikely for TRPV1 
antagonist - induced hyperthermia to be effectively mitigated by restriction to 
peripheral exposure. Interestingly, a recently identifi ed novel TRPV1 modula-
tor, AMG 8562, has a unique pharmacological profi le against TRPV1 (blocks 
capsaicin, but not heat - induced activation, and potentiates proton - induced acti-
vation) and is effi cacious in several rodent on - target and pain models without 
causing hyperthermia (Lehto et al.,  2008 ). These fi ndings raise the possibility of 
maintaining TRPV1 antagonist effi cacy in chronic pain states without causing 
hyperthermia. However, it remains to be seen whether any off - target activity of 
AMG 8562 may contribute to its distinct in vivo  pharmacological profi le. 

  21.5.3.3.2    TRPV 1 Agonists.     Despite the overwhelming enthusiasm for 
TRPV1 antagonists in recent years, it was capsaicin, a TRPV1 agonist, that 
fi rst saw application in pain relief. In fact, topical capsaicin has been used 
clinically to relieve pain for decades (Mason et al.,  2004 ), well before the 
identifi cation of its molecular mechanism of action. Although capsaicin causes 
activation of nociceptors initially, it achieves functional antagonism by taking 
advantage of the fact that this initial excitation is followed by a lasting refrac-
tory period, during which nociceptors are unresponsive to further stimulation, 
a phenomenon known as capsaicin desensitization. The underlying mechanism 
of capsaicin desensitization, which requires activation of TRPV1, appears to 
be complex (Knotkova et al.,  2008 ). Because TRPV1 agonists silence the 
entire capsaicin - sensitive nerve terminal, it may be argued that, at least in 
principle, they should be more effective as analgesics than TRPV1 antagonists, 
which only selectively block TRPV1. 
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 Controlled clinical studies using over - the - counter capsaicin cream/patches 
or other topical capsaicin formulations (at concentrations    ≤    0.075%) have 
generally shown moderate to poor effi cacy for chronic pain (Mason et al., 
 2004 ; Knotkova et al.,  2008 ). This approach may nonetheless be useful 
as either an adjunct therapy or monotherapy for some patients who are 
unresponsive to or intolerant of other treatments. Topical application of 
higher concentrations of capsaicin (5 – 10%) has been reported to be effective 
in patients with a number of painful neuropathic conditions (Robbins et al., 
 1998 ). NGX - 4010, an 8%  trans  - capsaicin patch, signifi cantly reduces pain com-
pared to placebo in Phase III clinical trials for postherpetic neuralgia and 
painful HIV - associated distal sensory polyneuropathy; it is also in Phase II 
trials for painful diabetic neuropathy ( http://www.neurogesx.com/ngx_4010 ). 
The side effects associated with topical capsaicin treatment are generally 
limited to the initial burning sensations. Topical applications are mostly 
only helpful for relatively superfi cial and localized pain that is amenable to 
topical treatment. In addition, the intense burning sensations upon administra-
tion of high doses of capsaicin require pretreatment with local/regional 
anesthesia. 

 A potentially more effective therapy involves injection of capsaicin directly 
to the site of pain (e.g., intra - articularly, perineurally, or within soft tissue). 
This route of administration leads to prolonged (but reversible) and localized 
desensitization of nociceptors and provides site - specifi c pain relief. Adlea ™  
(formerly ALGRX - 4975), an injectable capsaicin formulation, demonstrates 
statistically signifi cant pain reduction in Phase III clinical trials for knee 
replacement and bunionectomy surgeries, respectively ( http://www.anesiva.
com/wt/page/adlea ). Other clinical studies also show effi cacy of Adlea ™  for 
various pain indications (Knotkova et al.,  2008 ), including joint pain from 
moderate to severe osteoarthritis, pain following orthopedic surgeries, mus-
culoskeletal pain due to tendonitis of the elbow, and post - trauma neuropathic 
pain in interdigital neuroma (also see  http://www.anesiva.com/wt/page/
cl_dataadlea ). The systemic exposure of Adlea ™  is short ( T1/2   ∼  1 – 2   h and 
undetectable in blood after 24   h) relative to its duration of action (weeks to 
months with a single injection). Adlea ™  is safe and well - tolerated in clinical 
studies with a side effect profi le similar to that of placebo. 

 Injectable capsaicin therapy is more invasive than topical applications, 
although this is in part offset by the infrequency of administration due to the 
long - acting nature of this treatment. In addition, it is typically necessary to 
precede a capsaicin injection with local/regional anesthesia in order to blunt 
the capsaicin - induced acute pain. In contrast to topical or injectable capsaicin 
formulations, which are generally safe, oral administration of capsaicin is not 
considered viable as a clinical option due to adverse effects on blood pressure, 
breathing, and other refl ex functions (Knotkova et al.,  2008 ). 

 In addition to capsaicin, RTX, an ultrapotent capsaicin analog, is also a 
powerful analgesic agent in animal models of neuropathic and bone cancer 
pain (Brown et al.,  2005 ; Menendez et al.,  2006 ; Kissin et al.,  2007 ) and has 
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more favorable therapeutic profi les than capsaicin (Szallasi and Blumberg, 
 1999 ). Currently, RTX clinical trials are being conducted in patients with 
severe cancer pain (Knotkova et al.,  2008 ).     

  21.6   CONCLUDING REMARKS 

 Chronic pain infl icts the lives of millions of people. But safe, effective, and 
reliable long - term treatments remain a great challenge. Many ion channels are 
implicated in chronic pain states. Some of the currently available drugs being 
used for treating chronic pain are known to modulate ion channels. However, 
the effectiveness of these drugs is limited by undesirable effects and other 
challenges. Selective targeting (e.g., by use - dependent modulation or other-
wise normalization of disease - specifi c functional, such as gating, changes) of 
ion channels that are specifi cally expressed and involved in chronic pain signal-
ing may lead to effective drugs with greater therapeutic windows. Our increas-
ing appreciation of the molecular mechanisms of chronic pain and the 
signifi cant improvement in ion channel screening technologies, such as the 
automated patch clamp, have greatly enabled and facilitated target - based ion 
channel drug discovery in recent years. While challenges remain great, the 
opportunities and prospects for ion channel analgesic discovery have never 
been greater.  
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 TARGETING THE  M TOR PATHWAY 
FOR TUMOR THERAPEUTICS 

  Wei   Chen       

     The centerpiece of life is survival and growth, and for prehistoric humans it 
involved balancing the discrepancy between the environment (scarce avail-
ability of food) and human development. It has been hypothesized that the 
dominant genetic pathways in humans evolved in favor of mechanisms to 
increase caloric intake (Ames,  2006 ). Once the balance between the environ-
ment and human development tilted to high energy intake, exceeding the 
capacity of our genetic pathways, pathological events arose, like obesity and 
tumorigenesis (Speakman,  2004 ; Polednak,  2008 ). In order to battle diseases 
caused by this interruption in energy homeostasis, it is important to under-
stand how energy homeostasis is regulated. As one of the major regulators of 
energy homeostasis, our understanding of the function of mTOR (mammalian 
target of rapamycin) and its regulation has gradually unfolded since mTOR 
was identifi ed more than 30 years ago when rapamycin was characterized as 
an antibiotic (Heitman et al.,  1991 ). In recent years, growing evidence has 
supported the importance of mTOR for cell growth, proliferation, and survival 
(Gingras et al.,  2001 ; Schmelze and Hall,  2000 ; Fingar and Blenis,  2004 ). It 
plays a central role in integrating signals from metabolism, energy homeosta-
sis, the cell cycle, and the stress response, which may lead to growth, differ-
entiation, or cell death (Gingras et al.,  2001 ; Schmelze and Hall,  2000 ; Fingar 
and Blenis,  2004 ). This review summarizes recent advances in mTOR biology 
and its clinical application in oncology, and it focuses on the cross - talk between 
mTOR pathways with the JNK (Jun N - terminal kinase), Ras/Erk, Wnt, and 
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metabolism regulation pathways. Analysis of mTOR functions related to its 
physiological and pathological contexts will help us better understand the 
physiological role and regulation of mTOR, which may have implications for 
mTOR as a potential target for diseases, particularly for tumor therapeutics.  

  22.1    M  TOR  FUNCTIONS AS A KINASE IN TWO DISTINCT 
COMPLEXES TO PHOSPHORYLATE DIFFERENT SETS 
OF SUBSTRATES 

 mTOR, the mammalian target of rapamycin, is a member of phosphatidylino-
sitol 3 - kinase - related kinase (PIKK) family, which contains TOR (target of 
rapamycin), PI3K (phosphatidylinositol triphosphate kinase), ATM (ataxia 
telangiectasia mutated protein), ATR (ataxia telangiectasia related protein), 
DNA - PK (DNA - dependent protein kinase), and TRAP (Trp RNA - binding 
attenuation protein) (Hoekstra,  1997 ). TOR from mammals and other meta-
zoans is highly conserved and is about 42% identical to yeast TOR in its amino 
acid sequence (Wullschleger et al.,  2006 ). mTOR is a large protein ( ∼ 280   kD) 
consisting of distinct structures like the HEAT repeats domain, FAT domain, 
FRB domain, kinase domain, NRD domain, and FATC domain (Fingar and 
Blenis,  2004 ). The HEAT (Huntington, EF3, a subunit of PP2A, TOR1) 
repeats and FAT (FKBP12 – rapamycin - associated protein, ataxia telangiecta-
sia mutated protein, Trp RNA - binding attenuation protein) domains are 
involved in protein – protein interaction. FRB (FKBP12 rapamycin binding) 
domain binds to the FKBP12 – rapamycin complex, and NRD (negative regula-
tive domain) is a putative negative regulating domain (Wullschleger et al., 
 2006 ). Structure and mutagenesis studies suggest that the FATC (FAT at 
C - terminal) domain contains a disulfi te - bonded loop that may be regulated 
by cytoplasmic redox (reduction – oxidation) potential, which may play a role 
in mTOR stability (Dames et al.,  2005 ). 

  22.1.1   The Subunits of  m  TOR  Complexes Are Shared 
with Other Pathways 

 The kinase activity of mTOR requires specifi c components to form complexes 
in vivo  to become functionally dependent on different substrates. The two 
mTOR complexes that have been identifi ed so far are mTORC1 and mTORC2 
in mammalian cells (Wullschleger et al.,  2006 ). mTORC1 contains mTOR, 
mLST8, Raptor, and Rheb, while mTORC2 includes mTOR, mLST8, Rictor, 
and mSin1 (Inoki et al.,  2005 ). The components listed here for each complex 
are required for mTOR kinase activity in cells. Other components also have 
been shown to associate with either mTORC1 or mTORC2 complexes, which 
may or may not affect mTOR kinase activity. For example, PRAS40, an Akt 
substrate, can bind to mTORC1 and inhibit mTORC1 activity once phos-
phorylated by Akt (Wang et al.,  2007 ). Protor also interacts with mTORC2 
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with unknown function (Pearce et al.,  2007 ). Both PRR5 and PRR5L interact 
with mTORC2, but their functions are not very clear (Woo et al.,  2007 ; 
Thedieck et al.,  2007 ). 

 The subunit of mTORC2, mSin1 (also named as MIP1), was originally 
identifi ed as MEKK2 interacting protein, which inhibits JNK kinase activity 
(Jacinto et al.,  2006 ). mSin1 has a PH (Pleckstrin homology) domain and can 
bind to PIP3 (phosphatidylinositol triphosphate) and PA (phosphatidic acid), 
leading to mSin1 translocation to plasma membrane, as evidenced by the fact 
that the majority of GFP - tagged mSin1 was detected on the plasma membrane 
(Schroder et al.,  2007 ). It was reported that mSin1 interacts with Ras and 
affects its activity, but how this interaction affects mTOR activity is not clear 
(Schroder et al.,  2007 ). There are fi ve different spliced forms of mSin1, and 
each isoform seems to participate in different biological activities. Further 
studies are needed to produce a more detailed picture of their functionality. 
Rictor has been reported to interact strongly with ILK (integrin - linked kinase) 
and Myo1c to play a role in cell skeleton reorganization, which is independent 
of mTOR activity (McDonald et al.,  2008 ; Hagan et al.,  2008 ). Rheb is also 
involved in the MAPK pathway by interacting with B - Raf (Karboniczek 
et al.,  2006 ).  

  22.1.2   The List of Identifi ed Substrates for  m  TOR  Complexes Is Growing 

 The well - studied substrates for mTORC1 are p70S6K, phosphorylated at 
T386, and 4EBP1, phosphorylated at S42 (Chung et al.,  2002 ; Graves et al., 
 1995 ). Phosphorylation at T386 by mTORC1 activates p70S6k, which is 
involved in protein synthesis through p70S6 in combination with other phos-
phorylations by PDK1 and SGK (Balendran et al.,  1999 ). Phosphorylation of 
4EBP1 at S42 by mTORC1 leads to its dissociation from 4EF, allowing 4EF 
to participate in translation initiation. It is reported that mTORC1 also phos-
phorylates NFATc4 at S168/170, which regulates the nucleocytoplasmic loca-
tion of NFATc4 (Yang et al.,  2008 ). mTORC1 also phosphorylates SGK1 at 
S422 to control p27 nuclear translocation and regulate the cell cycle (Hong 
et al.,  2008 ). Another newly identifi ed substrate for mTORC1 is PRAS40, 
which is phosphorylated by mTORC1 at several sites, leading to increased 
mTORC1 activity (Oshiro et al.,  2007 ). Most of these mTORC1 substrates 
contain a TOR signaling motif (TOS motif), which mediates the interaction 
between substrates with Raptor of mTORC1 (Schalm and Blenis,  2002 ). 

 The substrates thus far identifi ed for mTORC2 include Akt, possibly PKC α , 
and downstream effectors like Rho and Rac1 (Jacinto et al.,  2004 ; Sarbassov 
et al.,  2004, 2005 ). Residue S473 of Akt is believed to interact with the N - nodule 
of Akt and affect the substrate binding. So far the only known substrates of 
Akt requiring phosphorylation at S473 are the FoxO transcription factors 
(Shiota et al.,  2006 ; Guertin et al.,  2006 ). Knocking out Rictor or mSin1 did 
not affect the expression level of Akt and its kinase activity toward GSK3 β , 
TSC2, and others (Shiota et al.,  2006 ; Guertin et al.,  2006 ). Two recent studies 



722 TARGETING THE mTOR PATHWAY FOR TUMOR THERAPEUTICS

report that mTORC2 phosphorylates Akt1 at S450, affecting the stability of 
Akt1 in cells, but this phosphorylation at S450 is delayed compared to phos-
phorylation at S473 by mTORC2 (Facchinetti et al.,  2008 ; Ikenoue et al., 
 2008 ). These data confl ict with another report that JNK phosphorylates Akt 
at S450 under ischemic/reoxygenation condition (Shao et al.,  2006 ). Further 
studies are needed to reveal the actual mechanism of phosphorylation of 
Akt S450.   

  22.2   REGULATION OF  M  TOR  COMPLEXES DIFFER FROM EACH 
OTHER WITH SOME OVERLAP 

 Three phosphorylation sites have been identifi ed on mTOR so far: T2446, 
S2448, and S2481 (Peterson et al.,  2000 ; Holz and Blenis,  2005 ). T2446 has 
been proposed to be phosphorylated by AMPK and S2448 has been suggested 
as an Akt and/or a p70S6K phosphorylation site. No obvious consequence, in 
terms of either kinase activity or the composition of mTOR complexes, has 
been observed in vivo  when these two sites on mTOR are phosphorylated. It 
is an interesting observation that the phosphorylation at S2448 is associated 
with mTOR translocation into the nucleus during hypoxia (Li et al.,  2007 ), 
which may facilitate mTORC1 functioning as a transcription factor during 
hypoxia. S2481 has been confi rmed as an autophosphorylation site on mTOR, 
while phosphorylation at this site is not sensitive to mitogen treatment, amino 
acid withdrawal, or rapamycin treatment (Peterson et al.,  2000 ). In our labora-
tory, dephosphorylation of S2481 on mTOR did not change its kinase activity 
in vitro , although the phosphorylation level of S2481 has been widely used as 
an indicator of mTOR activity in many published studies (unpublished data)  . 

  22.2.1   The Cellular Localization of  m  TORC 1 Is Different 
from That of  m  TORC 2 

 The subunit composition of mTORC1 is substantially different from that of 
mTORC2, and these two kinase complexes have also been shown to function 
differently from each other. It is interesting to analyze whether their cellular 
localizations differ, refl ecting their differing functions. In live  Saccharomyces 
cerevisiae  cells, TOR1 and TOR2 have distinct locations: TOR1 is diffusely 
expressed in the cytoplasm and concentrated near vacuolar membranes, while 
TOR2 is expressed in the cytoplasm but is predominantly present in dots at 
the plasma membrane (Sturgill et al.,  2008 ). In mammalian cells, both mTORC1 
and mTORC2 are shown to be associated with membranes, with a very small 
fraction in the nucleus (Hresko et al.,  2005 ; unpublished data)  . When cells 
were treated with a PI3K - specifi c inhibitor that did not inhibit mTORC2, the 
amount of mTOR associated with the plasma membrane decreased substan-
tially and the phosphorylation of Akt at S473 was blocked, while the amount 
of mTOR in other fractions of cells was not affected (unpublished data)  . This 
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result suggests that mTORC2 has to be transferred to the plasma membrane 
to become activated. Activation of FBXW7 led to partial mTOR degradation 
accompanied by decreased mTORC1 signaling, while the phosphorylation of 
Akt1 at S473 was not changed (Mao et al.,  2008 ). This supports the existence 
of another level of regulation of mTORC2 to prevent the dynamic equilibrium 
of mTOR between mTORC1 and mTORC2, which maintains mTORC2 
complex even mTORC1 is degraded. We hypothesize that mTORC2 has to 
be associated with plasma membrane to become activated and phosphorylate 
Akt at S473, which is also bound to plasma membrane through interactions 
of its PH domain with PIP3.  

  22.2.2   Activation of  m  TORC 1 Is Regulated Through Multiple Mechanisms 

 One of mechanism to activate mTORC1 may be through TSC1/TSC2. The 
TSC1/TSC2 complex was identifi ed in a genetic disease that was found to 
involve hyperactivity of mTORC1 activity, in which loss - of - function mutations 
were identifi ed in TSC1/TSC2. These mutations resulted in the loss of inhibi-
tion of mTORC1 activity (Gomez,  1991 ; van Slegtenhorst et al.,  1997 ; European 
Chromosome 16 Tuberous Sclerosis Consortium,  1993 ). Later studies indi-
cated that TSC2 actually functions as a GEF to a small GTPase, Rheb, to 
inhibit the interaction of Rheb with mTORC1 and activate mTORC1 (Castro 
et al.,  2003 ; Garami et al.,  2003 ; Inoki et al.,  2003 ; Saucedo et al.,  2003 ; Stocker 
et al.,  2003 ; Tee et al.,  2003 ; Zhang et al.,  2003 ). TSC1 binds to TSC2 and 
stabilizes TSC2 protein by preventing proteasome degradation mediated 
through DDB1 - Cul4 - Roc1 E3 ligase (Nellist et al.,  2001 ; Hu et al.,  2008 ). 
Therefore, TSC1 and TSC2 form a stable complex to block Rheb activity and 
mTORC1 activation. The mechanism of how Rheb activates mTORC1 is not 
well established, although one recent study proposed that Rheb could 
compete with an mTOC1 endogenous inhibitor, FKBP38. However, this 
confl icts with the results of another published study (Bai et al.,  2007 ; Wang 
et al.,  2008 ). 

 Many signal pathways converge on the TSC1/TSC2 complex to regulate 
mTORC1 activity. AMPK phosphorylates TSC2 at S1345 to activate TSC2 
function, resulting in a decrease in mTORC1 activity when AMPK is activated 
by a low ratio of ATP to AMP, or by interaction with p53 (Hardie et al.,  1998, 
2001 ; Budanov and Karin,  2008 ). AMPK is also reported to directly phos-
phorylate Raptor to affect mTORC1 assembly and down - regulate mTORC1 
activity (Gwinn et al.,  2008 ). Stress response protein REDD1 also phosphory-
lates TSC2 to stabilize TSC2 and down - regulate mTORC1 activity (Sofer 
et al.,  2005 ). Erk activated through the Raf – Mek – Erk pathway phosphorylates 
TSC2 at S864 to destabilize TSC2 and release its inhibitory effect on Rhomb, 
activating mTORC1 (Ma et al.,  2005 ). It is well known that PI3K can activate 
mTORC1 through Akt. But how Akt affects TSC2 is less certain; it has been 
proposed that Akt affects TSC2 either by directly phosphorylating TSC2 at 
S939, S981, and T1462 to down - regulate TSC2 or by increasing the ATP - to -
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 AMP ratio to inhibit AMPK activity, decrease TSC2 activity, and increase 
mTORC1 activity (Inoki et al.,  2002 ; Hahn - Windgassen et al.,  2005 ). GSK3 β
is suggested to phosphorylate TSC1 at T357 and T390 to enhance the interac-
tion between TSC1 and TSC2, which leads to the stabilization of TSC2 and 
inhibition of mTORC1 activity (Mak et al.,  2005 ). GSK3 β  can be inactivated 
by Akt phosphorylation or the canonical Wnt pathway, which leads to activa-
tion of mTORC1 (Inoki et al.,  2006 ). IKK β , from the NF κ B pathway, also 
phosphorylates TSC1 at S487 and S511 to break the interaction between TSC1 
and TSC2, which leads to the activation of mTORC1. This plays a substantial 
role in the infl ammation response and wound healing (Lee et al.,  2007 ). 

 Amino acids also stimulate mTORC1 activity, although the mechanism has 
not been clearly revealed. Vps34, a member of the PI3K kinase family, is 
required for mTORC1 activation by amino acids (Nobukuni et al.,  2005 ). 
MAP4K3, a member of MAPKK, was reported to participate in amino acid 
activation of mTORC1, although the detailed mechanism is unknown (Findlay 
et al.,  2007 ; Cook and Morley,  2007 ). One study showed that Rag1, a small 
GTPase, is also involved in amino acid activation of mTORC1 by facilitating 
mTORC1 localization to certain endoplasmic compartments where Rab7 
exists (Sancak et al.,  2008 ). This raises the question of whether there are more 
small GTPases besides Rheb and Rag1 that can activate mTORC1 in response 
to different stimuli to contribute to the control of cell growth and prolifera-
tion. It might be an interesting experiment to run a genome - wide search for 
GTPases that modulate mTORC1 activity. 

 The growing evidence suggests that mTORC1 is not only temporally regu-
lated, but also spatially controlled. The majority of mTORC1 is localized to 
the endoplasmic membrane when cells are stained with antibodies against 
mTORC1 components or prepared as differential fractions after Western 
blotting with antibodies against mTORC1 subunits (Hresko and Mueckler, 
 2005 ; Liu and Zheng,  2007 ). A small amount of mTORC1 is also detected in 
the nucleus (Cunningham et al.,  2007 ). mTORC1 is believed to associate with 
the membrane through Rheb and/or through mTOR interactions with phos-
phatidic acid (PA) (Liu and Zheng,  2007 ; Buerger et al.,  2006 ; Fang et al., 
 2001 ). mTOR also contains a sequence that directs mTOR to membrane 
association (Liu and Zheng,  2007 ). Similar to other members of the Ras super-
family, Rheb has a C - terminal CaaX box that is subject to farnesylation, which 
has been reported to play a key role in Rheb ’ s subcellular localization and 
which directs its association with the endoplasmic membrane (Buerger et al., 
 2006 ). After brief association with the endoplasmic reticulum, Rheb localizes 
to highly ordered, distinct structures within the cytoplasm that display char-
acteristics of Golgi membranes where Rab7 also localizes. Failure of Rheb to 
localize to the endoplasmic membrane impairs its ability to interact with 
mTOR and activate mTORC1 downstream targets. It has been noted that the 
interaction between Rheb and mTOR is necessary but not suffi cient to acti-
vate mTORC1 (Long et al.,  2005 ). Therefore additional proteins must be 
involved in mTORC1 activation (Avruch et al.,  2008 ). 
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 Phosphatidic acid (PA) is the product of PLD1/2 in cells; it has long been 
recognized as a secondary messenger (Oude Weernink et al.,  2007 ). PLD has 
been reported to mediate certain pathways of mitogenic activation of mTORC1 
(Fang et al.,  2001 ). Studies have revealed that its product, PA, could directly 
bind to mTOR at the FBD domain to compete with the FKBP12 - rapamycin 
complex (Chen et al.,  2003 ). The interaction between PA and mTOR may 
activate mTORC1 activity by directing the mTORC1 complex to localize to 
certain areas within the cell, since direct treatment with PA did not increase 
mTORC1 activity in biochemical assay (unpublished data  ). An unexpected 
result of a recently published study shows that Rheb binds to PLD1 and 
stimulates PA production in a manner dependent on its GTPAse acivity (Sun 
et al.,  2008 ). Knockdown of PLD1 abolished the capability of Rheb to activate 
mTORC1, which may be the reason Rheb is not suffi cient to activate mTORC1 
(Sun et al.,  2008 ). PLD1 is found in plasma membranes as well as in perinu-
clear compartments composed with ER and Golgi and in other dispersed 
vesicular structures in the cytoplasm (Kim et al.,  1999 ). Upon activation, PLD1 
can be transferred into different cellular locations; the consequences of these 
PLD1 translocations are not well understood. 

 In summary, it can be hypothesized that Rheb activated by inhibition 
of TSC2 is transferred to certain endoplasmic membranes, to which PLD1 
also locates, to elevate PA production by PLD1. PA then brings mTOR to 
assembly with Rheb and other components to form mTORC1 at the endo-
plasmic membrane and activate mTORC1 (Fig.  22.1 ).    

  22.2.3    m  TORC 1 Is Thought to Play a Role as a Transcription Factor 

 In a variety of studies with different procedures, mTOR has been found in the 
cell nucleus, which raises the possibility that, in addition to its key role in 
translation regulation, mTOR could participate in transcription activity. Two 
recent research reports confi rmed this. They found that mTORC1 interacts 
with the transcription factor YY1 to recruit PCG - 1 α  to specifi cally transcribe 
mitochondria genes, which play a key role in cellular energy homeostasis 
(Cunningham et al.,  2007 ). As discussed later, mTORC1 participates in both 
transcription and translation to coordinate different physiological activities 
most effi ciently. As another example, mTORC1 is involved in activation of 
HIF - 1 α  transcription activity (Land and Tee,  2007 ). HIF - 1 α  utilizes a similar 
mechanism to interact with CBP/p300 through mTORC1, which activates 
transcription of genes needed for cell survival and growth under hypoxic 
conditions. 

 So far there is no report of mTORC2 functioning as a transcription factor, 
but our data suggest that it can be detected in the cell nucleus. Whether 
mTORC2 has a similar function in gene transcription needs further study. Our 
data suggest that mTORC2 interacts with LRP130, which also interacts with 
PCG - 1 α  to participate in transcription (Cooper et al.,  2006 ). We are currently 
characterizing the potential role of mTORC2 in this setting.  
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  22.2.4   Multiple Feedback Loops Regulate  m  TORC 1 Activity 

 Within the PI3K - Akt - mTORC1 axis, there is a feedback loop to maintain the 
signal pathway response to stimuli in an acute and temporal manner. Insulin 
activates PI3K by bringing IRS to the insulin receptor where it is phosphory-
lated by the receptor ’ s kinase activity (Boura - Halfon and Zick,  2008 ). 
Phosphorylated IRS serves as a docking site for p85, a subunit of PI3K, and 
brings PI3K to the membrane to activate it and trigger the signal cascade 
PI3K - Akt - mTORC1 - p70S6K, eventually activating p70S6K. However, acti-
vated p70S6K can phosphorylate IRS and lead to degradation of IRS through 
the proteasome pathway to down - regulate PI3K activity (Wan et al.,  2007 ). 
Short - term treatment with rapamycin has been shown to lead to increased 
phosphorylation of Akt1 at S473 because of this feedback loop mechanism, 
resulting in increased PI3K activity. However, this feedback regulation is a 
short - term effect. Prolonged treatment with rapamycin in mice and humans 
has been reported to inhibit mTORC1 activity, actually decreasing the phos-
phorylation of S473 on Akt (Sarbassov et al.,  2006 ). This prolonged treatment 
with rapamycin leads to decreased but reversible glucose tolerance and insulin 
sensitivity (Di Paolo et al.,  2006 ). GSK3 β  and JNK also play a negative role 
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     Figure 22.1.     mTORC1 activation. See the insert for color representation of this fi gure.  
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in IRS stabilization and keep PI3K activity under control (Liberman et al., 
 2008 ; Sharfi  and Eldar - Finkelman,  2008 ). GSK3 β  directly phosphorylates 
IRS1 at Ser332 while JNK phosphorylates IRS1 at Ser307. On the other hand, 
p70S6K can directly phosphorylate GSK3 β  and inactivate GSK3 β , which leads 
to cell growth in TSC2 - null cells (Zhang et al.,  2006 ). It is not clear whether 
this aberrant pathway plays an important role in tumorigenesis.  

  22.2.5   The Mystery of  m  TORC 2 Regulation Is Still Waiting to Be Solved 

 There is very limited information about mTORC2 regulation simply because 
it has only recently been discovered. It is helpful to analyze historical data 
about regulation of known mTORC2 substrates to understand how mTORC2 
may be controlled in cells. So far, Akt is the only protein that has been con-
fi rmed to serve as a substrate of mTORC2 kinase (Sarbassov et al.,  2005 ). 
Three phosphorylation sites on Akt − T308, S450, and S473 have been identi-
fi ed (Manning and Cantley,  2007 ). T308 localizes to the activation loop of Akt 
and is required for its kinase activity, and phosphorylation at S450 plays a role 
in stabilizing newly synthesized Akt (Facchinetti et al.,  2008 ; Ikenoue et al., 
 2008 ; Manning and Cantley,  2007 ). Phosphorylation at S473 is not required 
for either Akt kinase activity or protein stability but is required for the sub-
strate specifi city of Akt (Shiota et al.,  2006 ; Guertin et al.,  2006 ). It has been 
well established that PDK1 phosphorylates Akt1 at T308 when activated by 
the PI3K pathway (Manning and Cantley,  2007 ). But the search for the kinase 
that phosphorylates S473 has lasted for some time, and several kinases have 
been proposed, including DNAPK, ILK, ATM/ATR, and PKCs. Only recently, 
mTORC2 was identifi ed and confi rmed to be the kinase that phosphorylates 
Akt at S473 in vivo  (Shiota et al.,  2006 ; Guertin et al.,  2006 ). Knockout of 
either Rictor or mSin1 in mice only affected the phosphorylation of Akt at 
S473, but did not change Akt protein levels or the intensity of phosphorylation 
at T308. The phosphorylation of most Akt substrates, like GSK3 β , TSC2, and 
other, was not changed except for that of FoxO transcription factors (Shiota 
et al.,  2006 ; Guertin et al.,  2006 ). DNAPK may also phosphorylate Akt1 at 
S473 only when there has been DNA damage, without responding to other 
mitogenic stimuli (Bozulic et al.,  2008 ). 

 Since the discovery of mTORC2 as the kinase that phosphorylates the 
S473 site of Akt1, the list of its direct substrates has not been expanded. 
Several reports showed that the phosphorylation of PKC and the activity of 
RhoA and RAC1 are enhanced upon mTORC2 activation (Jacinto et al., 
 2004 ; Dada et al.,  2008 ; Waters et al.,  2008 ). However,  in vitro  kinase assays 
failed to confi rm that they serve directly as mTORC2 substrates. The major-
ity of Rictor is associated with endoplasmic membrane, with some localizing 
to plasma membrane (unpublished data)  . As discussed above, mSin1 contains 
a PH domain that binds to PIP3 and PA  in vitro , while GFP - mSin1 is 
restricted to the plasma membrane (Schroeder et al.,  2007 ). LPA treatment 
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of cells stimulates PLD1 activity and translocation to the plasma membrane, 
in which the increased phosphorylation of Akt1 at S473 was observed, and 
can be inhibited by a PLD - specifi c inhibitor (Kam and Exton,  2004 ; Yaghini 
et al.,  2007 ). However, the activity of purifi ed mTORC2 complex was not 
affected by PA when tested in an  in vitro  kinase assay (data on fi le). Therefore, 
a mechanism for mTORC2 activation may be hypothesized, in which, upon 
activation, PA generated by PLD1 brings mTOR/Rictor/mLST8 to the plasma 
membrane to be assembled with mSin1, brought to the plasma membrane by 
PIP3, to form mTORC2 and be activated (Fig.  22.2 ). Indeed, PA treatment 
increased the amount of mTor associated with the plasma membrane (unpub-
lished data)  , and PLD1 activated by PKC was observed to be transferred to 
the plasma membrane (Kim et al.,  1999 ), which also leads to the increased 
phosphorylation of Akt at S473 (Partovian et al.,  2008 ). On the other hand, 
application of a PI3K - specifi c inhibitor was able to decrease the amount of 
mTOR associated with the plasma membrane and reduce the phosphoryla-
tion of Akt at S473; this could be due to the dissociation of mSin1 from the 
plasma membrane (unpublished data)  .     
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     Figure 22.2.     mTORC2 activation. See the insert for color representation of this fi gure.  
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  22.3   IS THE KEY PHYSIOLOGICAL FUNCTION OF  M TORC 1 AND 
M  TORC 2 TO COORDINATE THE CELLULAR RESPONSE TO 
ENERGY HOMEOSTASIS? 

 Since rapamycin was discovered as a specifi c inhibitor for mTORC1, it has 
been widely used to study the function of the mTORC1 pathway (Heitman 
et al.,  1991 ). Inhibition of mTORC1 with rapamycin has been found to alter 
many major processes, including mRNA translation, ribosome biogenesis, 
nutrient metabolism, cell cycle regulation, and autophagy (Heitman et al., 
 1991 ; Gingras et al.,  2001 ). However, the mechanisms through which mTORC1 
mediates these processes are not clear, even though two of its substrates, 
p70S6K1 and 4EBP1, are relatively well understood. 

 The phosphorylation of p70S6K1 has been widely recognized as an indica-
tor for mTORC1 activation. p70S6K, a member of the AGC family of kinases, 
becomes activated when phosphorylated by mTORC1 at its hydrophobic 
C - terminal motif and by PDK1 at its activation loop (Zanchi and Lancha, 
 2008 ). There are two members of p70S6K: p70S6K1 and p70S6K2 (Zanchi and 
Lancha,  2008 ). A knockout experiment demonstrated that p70S6K1, not 
P70SK2, controls cell size (Jastrzebski et al.,  2007 ). It was proposed that 
p70S6K1 controls the translation of an abundant class of mRNA containing a 
5′  TOP sequence; however, there have been recent reports against this idea 
(Jastrzebski et al.,  2007 ). Several substrates of p70S6K1 have been identifi ed, 
including the ribosomal S6 protein and the translational regulators eEF2 
kinase and eIF - 4B. Still the mechanism through which p70S6K1 controls cell 
size has yet to be determined. 

 The major and earliest identifi ed function of mTORC1 is to control protein 
synthesis in cells (Heitman et al.,  1991 ). As it is well known that protein syn-
thesis consumes about 30% of the energy of cells (Buttgereit and Brand, 
 1995 ), it is necessary to understand how mTORC1 works to infl uence or regu-
late cellular energy homeostasis or vice versa. Glucose has been thought to 
be the major source of energy in cells, supplying it through many steps of 
oxidization in the cytosol and mitochondria (Xie and Wang,  2000 ). mTORC1 
coupled with TSC1/TSC2 and p70S6K directly regulates glucose transport via 
regulation of Glut1 translocation to the plasma membrane, where it becomes 
active, which regulates glucose uptake into cells (Buller et al.,  2008 ). 
Mitochondria are the organelles that produce the energy supply (ATP) for 
almost all cellular processes through F 1 F 0  ATP synthase, driven by a proton 
gradient generated by an electron transfer chain reaction that consumes 
oxygen (Hagen and Vidal - Puig,  2002 ). A recent report showed that mTORC1 
directly controls mitochondrial gene expression through YY1 − mTORC1 − PCG -
 1 α  interaction (Cunningham et al.,  2007 ). Rapamycin treatment of C2C12 cells 
led to a 32% decrease in mitochondrial DNA expression and a 12% decrease 
in oxygen consumption (Cunningham et al.,  2007 ). This shows that the cells 
were able to directly control their energy consumption and maintain ATP 
levels through mTORC1. On the other hand, mTORC1 is reported to be 
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associated with mitochondria, and oxygen concentration regulates the assem-
bly of mTORC1 on the mitochondrial membrane (Schieke et al.,  2006 ). This 
observation indicates that mTORC1 can function as an oxygen sensor for 
mitochondria to coordinate the response of mitochondria and the nucleus and 
could serve as a signal of nutrition and energy homeostasis. 

 Treatment of cells with rapamycin also triggers autophagy through stabili-
zation of Atg1, which is constitutively degraded when phosphorylated by 
mTORC1 (Scott et al.,  2004 ). Similarly, under nutrient restriction, the activity 
of mTORC1 is down - regulated, resulting in Atg1 stabilization and initiation 
of the autophagy process (Pattingre et al.,  2008 ).   This process is thought to 
provide necessary metabolites for cell survival during short - term nutrient 
restriction. 

 mTORC2 is also involved in glucose metabolism and energy homeostasis 
either directly or indirectly through its downstream target the FoxO transcrip-
tion factors. Conditional tissue - specifi c knockout of Rictor in mice led to 
decreased glucose uptake in the short - term, while insulin sensitivity in the 
whole body was not affected (Kumar et al.,  2008 )  . The possible mechanism 
for this may be direct or indirect phosphorylation of AS160, which controls 
Glut4 transfer from the Golgi to the plasma membrane, by mTORC2 (Kumar 
et al.,  2008 ). mTORC2 also controls the phosphorylation of Akt at S473, which 
is required for FoxO phosphorylation by Akt as described above. The phos-
phorylation of FoxO results in FoxO translocation into the cytosol and deg-
radation through the proteasome pathway (Weidinger et al.,  2008 ). FoxO has 
been reported to be deeply involved in glucose metabolism and energy homeo-
stasis and other functions like apoptosis, vasculogenesis, oxidative stress resis-
tance, infl ammation, tumor suppression, and tissue - specifi c stem/progenitor 
cell maintenance (Gross et al.,  2008 ). FoxO increases the level of circulated 
glucose through gluconeogenesis and glycolysis by regulating G6PC, PGC - 1 α , 
and AGRP gene transcription (Salih and Brunet,  2008 ). Transgenic over-
expression of FoxO in mice did not affect overall insulin sensitivity, although 
in vitro  experiments showed decreased beta - pancreatic cell proliferation 
(Buteau et al.,  2007 ; Okamoto et al.,  2006 ). This is consistent with the report 
that conditional muscle tissue - specifi c knockout of Rictor in mice does not 
affect whole - body insulin sensitivity, while it decreases blood glucose uptake 
(Kumar et al.,  2008 ). Therefore, inhibition of mTORC2 leads to FoxO trans-
location into the nucleus to trigger transcription of proteins that increase 
glucose circulation to supply energy from degradation of glycogen. FoxO also 
plays a role in regulation of angiogenesis by inhibiting vessel formation and 
migration in endothelial cells, which is similar to the pathological angiogenesis 
induced by sustained Akt (Potente et al.,  2005 ). Stem/precursor cells and 
tumorigenic cells are thought to be regulated by FoxO factors that limit their 
proliferation (Tothova et al.,  2007 ). Transgenic knockout of FoxO1 alone or 
in combination with deletion of FoxO1 and FoxO4 led to a reduced pool of 
hematopoietic stem cells as a result of increased ROS and apoptosis, which 
resulted in reduced quiescence. This was noted to increase with age, but could 
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be reversed with treatment with the antioxidant N  - acetyl -  l  - cysteine (Salih and 
Brunet,  2008 ). 

 In summary, mTORC1 and mTORC2 work together to control glucose 
uptake by cells via regulation of glucose transporters, and at the same time 
they work to control glucose metabolism by affecting the equilibrium between 
gluconeogenesis and glycolysis in response to the cell energy supply. Combined 
with autophagy, mTORC1 and mTORC2 play a key role in supporting tumor 
cell survival and proliferation under metabolic stress conditions.  

  22.4    M  TORC 2 REGULATES ACTIN REORGANIZATION 

 Another important observation for understanding the function of mTORC2 
is that it regulates actin reorganization (Jacinto et al.,  2004 ; Sarbassov et al., 
 2004 ). It had been hypothesized that depletion of Rictor in cells, leading to 
reorganization of actin, occurred via the RhoA/Rac1 pathway (Jacinto et al., 
 2004 ). Rac1 GTP exchange factor, P - Rex1, was reported to interact with 
mTOR and only participate in the mTORC2 signal pathway in order to affect 
Rac1 activity, since siRNA knockdown of Rictor, but not Raptor, affected 
Rac1 activity (Hern á ndez - Negrete et al.,  2007 ). P - Rex1 has a PH domain that 
specifi cally binds to PIP3, and it has been thought to relay signals to Rac1 
from GPR/PI3K when Rac1 is transferred to the plasma membrane (Barber 
et al.,  2007 ). It has been reported that prolonged treatment with rapamycin 
decreases Akt phosphorylation at S473 and Rac1 activation, independent of 
mTORC1, in neurofi bromin - defi cient cells (Sandsmark et al.,  2007 ). Prolonged 
treatment with rapamycin leads to Rictor dephosphorylation, translocation 
into the cytoplasm, and decreased assembly of mTORC2, without affecting 
the total amount of Rictor protein in cells (Rosner and Hengstschl ä ger,  2008 ). 
On the other hand, Rictor also interacts with Myo 1c to affect actin reorgani-
zation through Paxillin (Hagan et al.,  2008 ). Therefore, Rictor may regulate 
actin reorganization through mTORC2 - dependent and  - independent path-
ways. The mechanism of Rac1 activation by mTORC2 needs to be further 
studied (Fig.  22.3 ).   

 Simultaneous pharmacological inhibition of mTORC1 and mTORC2 with 
small molecules in tumor cell lines led to decreased phosphorylation of Akt 
at both S473 and T308 in most cell lines except MDA - MB - 486. MDA - MB - 486 
has very high PI3K activity, and the phosphorylation of Akt at T308 was not 
affected by mTOR inhibitors (Chresta et al.,  2008 ). This may suggest that 
mTORC2 could affect PI3K activity through the Rho family pathway (Wu 
et al.,  2007 ). Therefore, inhibition of mTORC2 may result in reduced mTORC1 
activity through Rho/PI3K/Akt/TSC/Rheb/mTORC1 in cells in which the Rho 
family plays a substantial role in PI3K activation. But ablation of Rictor did 
not reduce TSC2 phosphorylation by Akt and mTORC1 activity in a trans-
genic murine model, which suggests that, at least in the context of the TSC1/
TSC2 pathway, mTORC2 does not directly regulate mTORC1  in vivo  (Shiota 
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et al.,  2006 ). As discussed above, Rac1 can regulate PLD1, directly activating 
mTORC1 through the mTORC2/Rac1/PLD1/mTORC1 pathway (Powner 
and Wakelam,  2002 ). PKC and another member of Rho family, Cdc42, have 
also been reported to activate mTORC1 through up - regulation of PLD (Fang 
et al.,  2003 ). Considering that PLD can be regulated by many other pathways 
(Maiese et al.,  2007 ), the observation of an mTORC2 pathway disconnected 
from the PI3K pathway in a transgenic murine model may suggest that tumor 
cells utilize the mTORC2 pathway to increase the basal level of PI3K signal-
ing. It also has been proposed that the effi cacy of an mTOR inhibitor is 
inversely correlated with K - Ras activity in xenograft models (Chresta et al., 
 2008 ). As is well known, Rac1 is required as the effector of Ras, which suggests 
that constitutively activated Ras can override the mTORC2 regulation of 
Rac1. This further supports the hypothesis that Rac1 is a downstream target 
of mTORC2.  

  22.5    M  TOR  CAN COORDINATE WITH OTHER PATHWAYS TO 
REGULATE CELL PROLIFERATION 

 Cells have to coordinate many external signals to make precise decisions about 
their fates by sharing components of different pathways to create an informa-
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tion exchange network. For example, GSK3 β  is controlled by Akt phosphory-
lation to regulate glucose homeostasis (Maise et al.,  2007 ). Furthermore, 
GSK3β  phosphorylates TSC1 and TSC2 in cooperation with AMPK to acti-
vate TSC2, leading to mTORC1 inactivation (Inoki et al.,  2006 ). But this 
process is inhibited by β  - catenin activation, which suggests that  β  - catenin 
activation can up - regulate mTORC1 to enhance translation. On the other 
hand, activated p70S6K can phosphorylate GSK3 β  to result in inactivation of 
GSK3β  and further enhancement of  β  - catenin activation (Zhang et al.,  2006 ). 
This provides a linkage between the mTORC1 and Wnt pathways to coordi-
nate with each other and regulate cell growth. It is reported that activated 
Rac1 interacts with JNK2 to phosphorylate β  - catenin, which results in  β  -
 catenin translocation into the nucleus, where it becomes activated (Wu et al., 
 2008 ). As discussed above, mTORC2 can activate Rac1 and then lead to  β  -
 catenin activation. Activated Akt also directly phosphorylates  β  - catenin at 
S522 to result in β  - catenin translocation into the nucleus and activation, 
although it is not clear if the phosphorylation of S473 on Akt is required for 
this event (Fang et al.,  2007 ). All these studies point to fact that there are 
tightly controlled feedback loops between the mTORC1/mTORC2 and Wnt 
pathways. 

 One of the MAP kinase pathway kinases, ERK, directly phosphorylates 
TSC2 to inactivate TSC2 and lead to mTORC1 activation (Ma et al.,  2005 ). 
This plays a special role in ERK - mediated (as opposed to Akt - mediated) 
mTORC1 activation in tuberous sclerosis and human cancer. ERK is hyperac-
tive in all subependymal giant - cell astrocytomas, which leads one to hypoth-
esize that consistent ERK activation in different tuberous sclerosis - associated 
tumors is a molecular trigger for the development of these neoplasms (Jozwiak 
et al.,  2008 ). Although B - Raf has been reported to interact with Rheb and 
result in decreased dimerization of B - Raf/C - Raf and decreased kinase activity, 
this process is rapamycin - insensitive, which suggests that Rheb/B - Raf interac-
tion is independent of mTORC1 activity (Karbowniczek et al.,  2006 ). 

 The hypoxia response plays a key role in tumorigenesis (Wouters and 
Koritzinsky,  2008 ). It was reported that when the oxygen concentration 
becomes very low (hypoxic condition), the overall activity of mTORC1 does 
not decrease until there is a prolonged low oxygen condition, and it was also 
reported that there is actually an initial brief (about 60 minutes) increase in 
activity (Li et al.,  2007 ). Under hypoxic conditions, HIF - 1 α  is stabilized and 
transferred into the nucleus to activate transcription of a set of genes coding 
VEGF and other angiogenesis factors (Gardner and Corn,  2008 ). There is also 
evidence suggesting that mitochondria - derived ROS might control activation 
of HIF - 1 α  during hypoxia (Klimova and Chandel,  2008 ). ROS can activate 
HIF - 1 α  by increasing its translation through the PI3K - Akt - mTORC1 pathway, 
in which case an increase of PTEN glutathionylation, due to ROS, leads to 
PI3K activation. As discussed above, mTORC1 can serve as a transcription 
factor to bring HIF - 1 α  to CBP/p300, which is required for this transcription 
activation (Land and Tee,  2007 ). It has not been determined whether mTORC1 
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kinase activity is necessary for this process. The translocation of mTORC1 
into the nucleus has been reported to be associated with the augmentation of 
phosphorylation of mTOR at S2481 under hypoxic conditions (Li et al.,  2007 ). 
Rapamycin treatment only partially reduces the phosphorylation of S2481 on 
mTOR. It is possible that mTORC1 participates in HIF - 1 α  activation at an 
early stage of hypoxia and is then down - regulated during prolonged hypoxia 
to support cell survival. 

 Treatment with rapamycin in a variety of cell lines leads to cell cycle arrest 
in G1, although the mechanism is not well understood. It has been reported 
that cyclin D translation is controlled by mTROC1 activity (Gao et al.,  2004 ). 
A very recent research article revealed that mTORC1 can phosphorylate SGK 
at S422, and phosphorylated SGK then phosphorylates p27 at S157 to result 
in its translocation out of the nucleus, the release of its inhibition of CDKs, 
and the promotion of mitosis (Hong et al.,  2008 ). The Wnt pathway may also 
play a role here in directly controlling the transcription of Cyclin D. The Wnt 
pathway can be activated through the mTORC2/Rac1 pathway (Wu et al., 
 2008 ).  

  22.6   IS  JNK  SIGNALING PATHWAY RESPONSIBLE FOR CELL 
APOPTOSIS RESULTING FROM  M TORC 1/ M TORC 2 INHIBITION? 

 Inhibition of mTORC1 leads to mitotic cells arresting in G1, possibly through 
down - regulation of Cyclin D1 translation (Gao et al.,  2004 ), which may even-
tually result in cell death through apoptosis and/or other pathways. But for 
those cells that are not proliferating, the outcome of inhibition of mTORC1/
mTORC2 is not well studied. It has been reported that inhibition of mTORC1 
can activate the JNK pathway by suppressing protein phosphatase activity 
and inducing apoptosis (Huang et al.,  2004 ). It is important to elucidate the 
possible connection between the JNK and mTOR pathways. The c - JNK is a 
stress - activated member of the MAP kinase family. It includes three JNK 
genes coding JNK1, JNK2, and JNK3 (Johnson and Lapadat,  2002 ). JNK1 and 
JNK2 are ubiquitously expressed, while JNK3 is restricted to the brain, heart, 
and testes (Raman et al.,  2007 ). JNK activation has been strongly implicated 
in infl ammatory responses, neurodegeneration, and apoptosis (Kyriakis and 
Avruch,  2001 ). JNKs can function either in the cytoplasm or in the nucleus, 
depending on their translocation signals (Raman et al.,  2007 ). However, JNK -
 induced apoptosis requires JNK translocation into the nucleus, and activation 
of genes beyond c - Jun and AP - 1 (Bj ö rkblom et al.,  2008 ). It has been reported 
that ROS - induced apoptosis in neuronal death goes through the JNK2/FoxO3 
pathway in coordination with inhibition of PI3K/Akt pathway (D á vila and 
Torres - Aleman,  2008 ). As is well known, tumor cells rely on abnormal aerobic 
glycolysis to support their proliferation (Ortega et al.,  2008 ). Mitochondrial 
alterations and dysfunction also are common in cancer cells (Ortega et al., 
 2008 ). Inhibition of mTORC1 leads to further decreased mitochondria activ-
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ity, and it forces tumor cells to increasingly rely on aerobic glycolysis, which 
also leads to ROS production increases (Hervouet et al.,  2007 ). The increased 
ROS levels can lead to cell death through either the mitochondria pathway or 
the JNK pathway (Hervouet et al.,  2007 ). 

 As discussed above, both mTORC1 and mTORC2 play substantial roles in 
glucose homeostasis: mTORC1 controls Glut1 traffi c and autophagy, and 
mTORC2 manipulates Glut4 -  and FoxO - dependent glucose regulation. 
Inhibition of mTORC1 and mTORC2 could dramatically lower glucose uptake 
by tumor cells, which may activate the JNK pathway. It has been shown that 
with depletion of glucose from cell culture media, JNK becomes activated 
through the ROS/ASK1/MKK4/JNK pathway (Song and Lee,  2003a ). 
Activated JNK phosphorylates Beclin (Atg5), which is required for autophagy 
(Wei et al.,  2008 ). Also, blockade of mTORC1 leads to autophagy by stabiliz-
ing Atg1 and supporting cell survival (Pattingre et al.,  2008 ). Therefore a 
feedback loop must exist to down - regulate the JNK pathway and prevent cell 
death due to the constitutively activated JNK pathway. 

 It has been established that Akt coupling with Hsp90 phosphorylates ASK1 
at S83 to block ASK1 function (Zhang et al.,  2005 ). Hsp90 plays an important 
role in stabilizing newly synthesized Akt (Ikenoue et al.,  2008 ). ASK1 acti-
vates MKK4 and leads to JNK activation to promote apoptosis (Kim et al., 
 2005 ). Therefore activated Akt can block JNK activation. Inhibition of 
mTORC1 with rapamycin and its analogues activates ASK1 through decreased 
phosphorylation at S83 on ASK1 (Huang et al.,  2004 ). This decreased Akt 
activity may be a result of the decrease in phosphorylation at S473 by mTORC2, 
which has been reported to be the consequence of prolonged treatment with 
rapamycin (Sarbassov et al.,  2006 ). Concomitantly, Akt interacts with MKK4 
and inhibits its activation of JNK (Song and Lee,  2003b ). Therefore, inactiva-
tion of Akt can lead to JNK activation through ASK1/MKK4/JNK and release 
the Akt inhibitory checkpoint. It is interesting to note that JIP1 also interacts 
with Akt and inhibits its activity, while this inhibition can be released once 
JIP1 is phosphorylated by JNK via a negative feedback loop under metabolic 
stress (Song and Lee,  2003b ). It is also reported that reactivation of Akt medi-
ated by JNK promotes cardiomyocyte survival after hypoxic injury  in vitro
and in vivo , involving phosphorylation of Akt at S450 by JNK (Shao et al., 
 2006 ). This indicates that JNK - induced apoptosis under conditions of meta-
bolic stress can be rescued or stopped by activation of Akt through multiple 
negative feedback loops, which is very important for tumorigenesis (Fig.  22.4 ). 
mSin1 was fi rst identifi ed as a component of the MAP kinase pathway; it 
interacts with MEKK2 and inactivates JNK1 (Schroder et al.,  2005 ). However, 
it has not been studied whether there is a direct regulatory relationship 
between the mTORC2 and JNK pathways. And it could be very interesting 
to fi nd out whether inhibition of mTORC2 could activate the JNK pathway 
under metabolic stress. In summary, inhibition of mTORC1/mTORC2 could 
lead to activation of the JNK pathway and sustain it by preventing Akt nega-
tive feedback regulation, which results in cell death.    
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  22.7   TARGETING  M  TOR  IN TUMOR THERAPEUTICS 
IS PROMISING 

 mTOR is a validated target for tumor therapy (Kopelovich,  2007 ). Currently, 
there are three drugs in clinical trials: temsirolimus (CCI779), everolimus 
(RAD001), and deforolimus (AP23573) (Gadducci et al.,  2008 ). These com-
pounds are analogues of rapamycin with better pharmacokinetic characteris-
tics. They directly target mTORC1 activity  in vivo , as confi rmed with 
pharmacodynamic markers like phosphorylation of p70S6K (Gadducci et al., 
 2008 ). Temsirolimus has shown improved survival among patients with renal 
cell carcinoma despite a low response rate in a phase 3 clinical trial of patients 
with poor prognoses (Rini,  2008 ). There are also dual inhibitors that target 
both PI3K and mTOR currently in clinical trials. Compound XL765 from 
Exelixis is one of these, and is being studied in a phase 1 study of patients with 
solid tumors (Laird,  2007 ). This compound has shown 80% to 90% reductions 
in phosphorylation of pathway components including Akt, 4EBP1, and 
p70S6K, and a 54% reduction in cell proliferation (as assessed by Ki67 
staining) in tumor tissue from a patient with chondrosarcoma (Exelixis Press 
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     Figure 22.4.     Feedback loop of Akt to inhibit JNK activation. See the insert for color 
representation of this fi gure.  
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Release,  2008 ). BEZ235 from Novartis also targets both mTOR and PI3K and 
is being developed as a solid tumor therapeutic; it is currently in phase 1 trials 
(Schnell et al.,  2008 ). 

 However, very little is understood about the pharmacological difference 
between targeting mTOR and PI3K, although these two targets are somewhat 
located in the same biological pathway. As discussed above, perturbation of 
PI3K activity leads to changes in both mTORC1 and mTORC2 activities, 
while mTORC1/mTORC2 can be regulated independently of PI3K. One of 
the major effectors for PI3K is Akt, which can phosphorylate and regulate 
many biological pathways. Akt can be activated by phosphorylation at T308 
by PI3K/PDK1 without phosphorylation at S473 by mTORC2, which can 
normally phosphorylate GSK3 β , TSC2, and Bcl2 (Guertin et al.,  2006 ). FoxO 
transcription factors are the only substrate so far that require Akt phosphory-
lated at both S473 and T308 (Guertin et al.,  2006 ). No systematic examination 
has been done to check all Akt substrates for the requirement of phosphoryla-
tion at S473 by mTORC2. This kind of information will help to understand 
the difference between PI3K and mTORC2 function. The question about 
mTORC2 activation also needs to be answered, although some evidence 
points to PI3K as one of the activators, as discussed above. One of the 
mTORC1 functions is coordination with other transcription factors to partici-
pate in transcription control. The translocation of mTOR into the nucleus 
from the cytosol is related to its autophosphorylation at S2481 via an unknown 
mechanism, but independent of PI3K, under hypoxic conditions (Li et al., 
 2007 ). This could be another difference to be studied between targeting PI3K 
and mTOR. Understanding these mechanisms will further elucidate the regu-
lation of mTOR in cell proliferation, survival, and death. 

 Tumorigenesis has been hypothesized to heavily rely on glycolysis, rather 
than oxidative phosphorylation, for an energy supply, even in the presence of 
high oxygen concentrations (Ortega et al.,  2008 ). This can be explained in 
some tumors as a result of up - regulation of the HIF pathway to increase tran-
scription of genes involved in glycolysis and lactate metabolism, while respira-
tory chain complex activities and subunit amounts are severely diminished in 
the mitochondria (Wallace,  2005 ). However, the transcription of genes 
involved in the structure and biogenesis of these complexes does not seem to 
be substantially decreased, which may be attributed to alterations in the res-
piration chain to increase ROS production (Hervouet et al.,  2007 ). The 
increased ROS level has been detected in many tumor cells, presumably to 
change the cell signal transduction pathways (Brandon et al.,  2006 ). ROS can 
serve as a signaling molecule or cellular toxicants, depending on its spatially 
and temporally occurring and its level (Liu et al.,  2008 ). High levels of ROS 
can result in cell apoptosis or senescence through JNK and other pathways. 
Therefore tumor cells have to develop mechanisms to protect themselves from 
ROS - induced damage. One of the mechanisms that has been reported is up -
 regulation of the pentose phosphate pathway by Akt to increase NADPH 
production and increase Mcl - 1 protection against apoptosis, in which Mcl - 1 
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is directly controlled by mTORC1 during translation (Mills et al.,  2008 ). 
Prolonged high levels of ROS lead to activation of the JNK pathway, which 
can result in autophagy, necrosis, and apoptosis (Matsuzawa and Ichijo,  2008 ). 

 Rapamycin and its analogues for treatment of cancer cells can lead to apop-
tosis, but the mechanism has not been well elucidated. Inhibition of mTORC1 
obviously can lead to cell cycle arrest through down - regulation of cyclin D and 
SGK/p27 translocation, alteration of Glut4 transference to the plasma mem-
brane to decrease glucose uptake, increases in autophagy to supply nutrition 
temporarily, and generally decreases in protein translation, including anti -
 apoptotic Mcl - 1. On the other hand, inhibition of mTORC2 leads to alteration 
of Glut1 translocation to the plasma membrane and decreased glucose uptake, 
FoxO transcription factors transference into nucleus, which activates glycoge-
nolysis and decreases β  - catenin activity to transcribe Cyclin D and other cell 
cycle genes. Depletion of glucose from cell culture media leads to a dramatic 
increase in ROS, which results in apoptosis through the ASK/MEKK/JNK 
pathway. Inhibition of mTORC2 also releases the negative feedback inhibition 
of JNK by Akt, which could lead to sustained activation of the JNK pathway 
and eventually lead to cell death through a mechanism like apoptosis, autoph-
agy, and necrosis. It is also possible that prolonged activation of FoxO tran-
scription factors from blockade by mTORC2 results in tumor cell reliance on 
glycogenolysis to supply energy and eventually leads to depletion of glycogen 
and cell death. Inhibition of mTORC2 also blocks cell migration, possibly 
through the Rac1 pathway, to prevent metastasis of the tumor.  

  22.8   CONCLUSION 

 Although mTOR is becoming a promising target for tumor therapy, there are 
still many biological and clinical aspects that need to be clarifi ed. Understanding 
the difference between inhibition of PI3K, mTORC1, and mTORC2 will 
provide strong indications for identifying specifi c patient groups likely to be 
responsive to each targeted tumor therapy. Further understanding of the 
outcomes of mTORC1/mTORC2 inhibition will support biomarker identifi ca-
tion. Examining the possible relationship between mTORC1 and mTORC2 is 
especially critical for understanding how cells use mTOR to integrate external 
and internal signals to coordinate nutrition, energy, and environmental stress 
with cell growth and proliferation. Because our research has focused on the 
biological mechanism of mTOR in various models that were specifi cally 
selected and manipulated to simplify the studies, it is very important to inte-
grate clinical information into the whole picture in order to gain a better 
understanding about particular diseases and select specifi c therapeutic methods 
for specifi c groups of patients. As the biology becomes more mature, it is 
becoming possible to evaluate mTORC1 and mTORC2 as therapeutic oncol-
ogy targets and to select the right groups of patients that may best respond to 
these therapies.  
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  HIV  - 1 PROTEASE INHIBITORS AS 
ANTIRETROVIRAL AGENTS  

  Sergei V.   Gulnik  ,   Elena   Afonina  , and   Michael   Eissenstat       

   23.1   INTRODUCTION 

 Human immunodefi ciency virus (HIV) encodes three enzymes essential for 
its life cycle and critical for infectivity: HIV protease (HIV PR); RNA -
 dependent DNA polymerase, or reverse transcriptase (HIV RT); and inte-
grase. All three enzymes have been successfully targeted by small - molecule 
inhibitors. Historically, nucleoside HIV RT inhibitors were introduced fi rst in 
1987, followed by HIV PR inhibitors (PIs) and non - nucleoside HIV RT inhibi-
tors (NNRTIs). The fi rst - in - class integrase inhibitor raltegravir, developed by 
Merck and approved by the FDA in 2008, is the latest addition to the arsenal 
of antiretrovirals. The introduction of HIV PIs into clinical practice in the 
mid - 1990s initiated the era of highly active antiretroviral therapy (HAART) 
and resulted in the dramatic improvement of the management of HIV infec-
tion. Further advances were made with newer PIs such as lopinavir, ampre-
navir, atazanavir and, most recently, tipranavir and darunavir. In addition, 
boosting with a low dose of ritonavir overcame pharmacokinetic limitations 
of most drugs in this class (Youle,  2007 ) and took full advantage of their 
benefi cial properties, such as high potency and high barrier to resistance. This 
chapter will touch on biochemical and structural properties of HIV PR, the 
important function of this enzyme in the viral lifecycle, and methods for mea-
suring HIV PR inhibition. It will briefl y introduce readers to the history of PI 
discovery and development, highlight strengths and shortcomings of currently 
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approved HIV PIs, and describe the concept of PK boosting of HIV PIs by 
ritonavir. Finally, it will discuss the problem of viral resistance and current 
approaches for the design of HIV PIs with improved resistance profi les.  

  23.2    HIV   PR  AS AN ANTIVIRAL TARGET 

  23.2.1   Role of  HIV   PR  in the Viral Life Cycle 

 Structural proteins of HIV are translated as a polyprotein precursor, p55 Gag, 
from a single - spliced mRNA. A minus one ribosomal frame shift at the 
C - terminus of nucleocapsid protein occurs at a frequency of about 5% and 
results in the synthesis of p160 Gag - Pol precursor that, in addition to structural 
proteins, contains viral enzymes. HIV PR is responsible for proper processing 
of Gag and Gag - Pol to generate mature individual structural proteins and 
enzymes (Fig.  23.1 A). It was shown in early HIV research that mutation of 
catalytic residues of HIV PR as well as chemical inhibition of the enzyme 
resulted in the production of immature non - infectious viral particles (Kaplan 
et al.,  1993 ; Kohl et al.,  1988 ; McQuade et al.,  1990 ; Seelmeier et al.,  1988 ). 
These studies confi rmed the critical role of HIV PR for viral infectivity and 
provided the rationale for the design of inhibitors of this enzyme as potential 
antiviral drugs.    

  23.2.2   Enzyme Structure and Catalytic Mechanism 

 The determination of the molecular structure of HIV PR by X - ray crystal-
lography in 1989 (Lapatto et al.,  1989 ; Navia et al.,  1989 ; Wlodawer et al., 
 1989 ) opened the door for the rational design of inhibitors targeting this 
enzyme. The fi eld has fl ourished since then; and more than 150 crystallo-
graphic and NMR structures of wild - type (WT) and drug - resistant mutant 
enzymes, both unliganded and in complex with different inhibitors, have been 
deposited in the Protein Data Bank (PDB) ( http://www.rcsb.org/pdb ). 
Additional structures not deposited in PDB can be found in the National 
Institute of Standards HIV Structural database ( http://xpdb.nist.gov/hivsdb/
hivsdb.html ). Some of the structures were solved at very high resolution, 
below 1    Å , allowing the resolution of multiple inhibitor conformations [recently 
reviewed (Weber et al.,  2007 )]. 

 HIV PR is a homodimer of two 99 - amino - acid monomers related to each 
other by crystallographic twofold symmetry (Fig.  23.2 A). It is a member of 
the aspartic proteinase family of hydrolases. However, the homodimeric struc-
ture is a unique feature of retroviral aspartic proteases, where the architecture 
of each monomer is similar to that of a single domain of monomeric but bilobal 
aspartic proteinases of eukaryotes. The secondary structure of the monomer 
is dominated by beta sheets with only one short helix. The conserved active 
site triad D25 – T26 – G27 is positioned in the loop that forms part of the active 
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site. Each monomer provides one of the two catalytic aspartic acids that are 
almost coplanar and H - bonded to the catalytic water molecule. The active site 
is covered by two fl exible beta hairpin loops termed fl aps. The fl aps undergo 
signifi cant movement upon substrate/inhibitor binding (tips of the fl ap move 
up to 15    Å ) closing on the substrate and locking it in the active site (Fig. 
 23.2 B). The catalytic aspartates face a fairly long and primarily hydrophobic 
substrate binding cleft with well - defi ned subsites that can accommodate 
peptides of seven to eight amino acids in length. This distinctive active site 

     Figure 23.1.     ( A ) Structural organization of Gag and Gag - Pol polyproteins. p55 Gag 
and p160 Gag - Pol polyprotein precursors are translated from single - spliced mRNA. 
Minus 1 ribosomal frame shift at the C - terminus of NC (indicated by the arrow point-
ing up, FS) occurs at a frequency of about 5% and results in Gag - Pol synthesis. 
Abbreviations: MA, matrix protein; CA, capsid protein; NC, nucleocapsid protein; PR, 
protease; RT, reverse transcriptase; RH, RNAse H domain of RT. The width of the 
box around each protein is scaled to its size. ( B ) Amino acid sequence around HIV 
PR cleavage sites indicated in part A spanning the P5 – P5 ′  region.  
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     Figure 23.2.     A ribbon diagram representation of HIV PR 3 - D structure. The enzyme 
is a homodimer with a secondary structure dominated by beta - sheets. Substrates and 
inhibitors bind in the active - site cleft located roughly in the middle of the molecule 
and interact with active site aspartates, (side chains shown as stick models). ( A ) 
Unliganded form of the enzyme (PDB code 2PC0). ( B ) HIV PR in complex with 
saquinavir represented as a stick model colored by atoms (PDB code 2NMW). Note 
the large conformational shift of the beta - hairpin loops (fl aps) located on the top of 
the molecule, which adopt a closed conformation upon inhibitor binding. The hydroxy 
group of the inhibitor, present in all clinical HIV PIs, forms H - bonding interactions 
with the active site aspartates, displacing the catalytic water molecule (shown in part 
 A  as a red sphere). See the insert for color representation of this fi gure.  

A

B
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architecture, and especially the prominent and deep binding pockets, allowed 
the successful design of potent and selective HIV PR inhibitors.   

 Since each monomer contributes one half of the active site, only dimeric 
HIV PR is catalytically active. The dimeric structure is stabilized by exten-
sive interactions at the dimer interface, dominated by four stranded anti-
parallel beta sheets consisting of four N -  and four C - terminal PR residues 
that contribute more than 50% of the interface contacts. The dimer disso-
ciation constant has been determined using different biophysical and bio-
chemical approaches including: urea -  and temperature - induced protein 
unfolding (Grant et al.,  1992 ; Todd et al.,  1998 ), the effect of enzyme con-
centration on catalytic activity (Cheng et al.,  1990 ; Jordan et al.,  1992 ; 
Kuzmic,  1993 ; Louis et al.,  1999a ; Zhang et al.,  1991 ), binding of fl uores-
cently labeled inhibitors (Darke et al.,  1994 ), and sedimentation equilibrium 
(Grant et al.,  1992 ; Xie et al.,  1999 ). The wide array of  Kd  values reported 
ranged from picomolar to micromolar. It appears that dimer stability 
depends strongly on the experimental conditions; reduced pH and increased 
ionic strength favor dimerization. The highest dimerization constant (5.8    μ M) 
was measured at pH 7.0. It was proposed that relatively low dimer stability 
at neutral pH may serve as a regulatory mechanism that restricts HIV PR 
dimer formation in infected cells up to the point of viral maturation (Gulnik 
et al.,  2000 ). 

 The general base – general acid mechanism of catalysis has been well 
accepted for aspartic proteinases, including HIV PR. One aspartate of the 
active site is protonated and serves as a general acid, while the other is 
negatively charged and plays the role of a general base, which increases the 
nucleophilicity of the fi nal member of the catalytic triad, a water molecule. 
Nucleophilic attack of the catalytic water molecule on the carbonyl carbon 
of the scissile bond results in the formation of metastable tetrahedral gem -
 diol intermediate, followed by peptide bond breakage. This mechanism is 
supported by experimental data, including biochemical and structural studies 
as well as theoretical calculations (Brik and Wong,  2003 ; Davies,  1990 ; 
Dunn,  2002 ; Hyland et al.,  1991a,b ; Meek et al.,  1994 ; Northrop,  2001 ; 
Polgar et al.,  1994 ). However, the precise mechanistic details — including the 
proton sharing arrangement between the aspartates and the catalytic water, 
as well as proton shuttling during catalysis, nucleophilic attack, and cleavage 
to products — remain controversial (Das et al.,  2006 ; Kovalevsky et al.,  2007 ; 
Meek et al.,  1994 ; Silva et al.,  1996 ; Tyndall et al.,  2008 ). Recently, the 
high - resolution crystal structure of a gem - diol tetrahedral intermediate was 
reported by Weber ’ s group (Kovalevsky et al.,  2007 ), suggesting that at least 
under these crystallization conditions, its decomposition into products was 
rate - limiting, in agreement with kinetic studies of the reaction mechanism. 
This structure, together with  ab initio  calculations, led to the proposal of a 
modifi ed reaction mechanism in which no hydrogen atoms are transferred 
from the HIV PR during the catalysis, contrary to what has been generally 
accepted.  
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  23.2.3   Substrate Specifi city and Polyprotein Processing 

 At least 11 sites within Gag and Gag - Pol polyproteins are recognized and 
cleaved by HIV PR (Fig.  23.1 ). Brief examination of the sequences in Fig. 
 23.1 B suggests that the enzyme has rather promiscuous substrate specifi city. 
Interestingly, three out of nine natural cleavage sites have proline in the P1 ′
position. The ability to cleave peptides with a P1 ′  proline is rarely observed 
for other endopeptidases and appears to be a unique feature of the retroviral 
aspartic proteases. It was proposed that substrates of HIV PR may be broadly 
grouped into two categories based on the specifi c amino acids in P1 and P1 ′
positions: hydrophobic – hydrophobic and aromatic – proline (Griffi ths et al., 
 1992 ). However, it became clear that even such a broad classifi cation has a 
number of exceptions in which either small nonpolar or charged amino acids 
are found in the P1 and P1 ′  positions. The substrate specifi city of HIV PR has 
been extensively probed using synthetic peptides corresponding to cleavage 
sites in HIV and other proteins and by introducing systematic substitutions 
at different subsites [reviewed in Dunn et al. ( 1994 ) and Tomasselli and 
Heinrikson ( 1994 )]. These studies suggest that the enzyme recognizes eight 
amino acids at positions P4 through P4 ′ . The comprehensive knowledge of 
subsite preferences uncovered by this research was instrumental in designing 
autolysis - resistant HIV PR. The Q7K/L33I/L63I triple mutant HIV PR, which 
has a dramatically reduced autolysis rate, but is biochemically and structurally 
similar to the wild - type enzyme (Mildner et al.,  1994 ), has been widely used 
for biochemical and structural studies. Detailed structural analysis of six deca-
peptides bound to the inactive D25N mutant HIV PR was performed in 
Schiffer ’ s laboratory (Prabu - Jeyabalan et al.,  2002 ). All peptides were bound 
in an extended conformation with strict conservation of the main chain but 
not the side - chain H bonds. This study suggested that HIV PR specifi city is 
governed by the recognition of the asymmetric shape of substrate subsite resi-
dues rather than a particular amino acid sequence. Recently, Komorowski and 
colleagues (Kontijevskis et al.,  2007 ) applied the rough sets approach to the 
analysis of 374 cleavable and 1251 noncleavable substrates of HIV PR. The 
predictive model resulting from this study suggests that combination of at least 
three particular amino acids is required for the productive cleavage of sub-
strates by HIV PR. 

 Multiple cellular host proteins with important biological functions have 
been reported to be cleaved by HIV PR in vitro  (Korant et al.,  1998 ; Snasel 
and Pichova,  1996 ). However, the relevance of these observations for HIV 
pathogenesis in vivo  remains unclear. 

 The order of Gag and Gag - Pol polyprotein processing has been studied by 
adding purifi ed recombinant HIV PR to reticulocyte - expressed polyproteins 
in trans  (Pettit et al.,  2005 ; Pettit et al.,  1994 ). These and other studies revealed 
that proteolytic processing of Gag - Pol polyprotein precursor is a highly 
orchestrated and tuned process in which timing, order, and extent of the pro-
cessing is critical for generation of infectious viral particles (Krausslich et al., 
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 1995 ; Mervis et al.,  1988 ; Pettit et al.,  1994 ; Wiegers et al.,  1998 ). For example, 
delaying, but not fully abolishing, cleavage at the CA - p2 site by bevirimat is 
suffi cient for this maturation inhibitor to demonstrate potent antiviral activity 
in cell culture and effi cacy in patients (Zhou et al.,  2004 ). Despite some prog-
ress, the mechanism of HIV PR autoactivation and the exact order of Gag - Pol 
processing by HIV PR embedded in the Gag - Pol precursor remain unclear. 
It has been shown that maturation occurs concomitant to, or shortly after, viral 
budding (Kaplan et al.,  1994 ). It appears that HIV maturation does not depend 
on cellular proteinases and HIV PR is solely responsible for this process. Since 
each monomer provides one - half of the active site of HIV PR, the dimeriza-
tion of the protease domain within Gag - Pol polyprotein is a prerequisite for 
HIV PR activation. Other Gag and Pol proteins including MA, CA, NC, RT, 
and IN have a tendency to form dimers or oligomers that can infl uence the 
strength of the initial polyprotein dimer and the spatial arrangement of the 
individual proteins in it. The initial events in the full - length Gag - Pol polypro-
tein precursor autoprocessing were studied using an in vitro  reticulocyte tran-
scription/translation system. It was shown that the fi rst cleavage occurs at the 
p2/NC site by what appeared to be an intramolecular reaction, followed by 
processing at TF - p6 *  (Pettit et al.,  2004 ). However, in this artifi cial system the 
reaction failed to proceed beyond the initial steps for reasons that are not well 
understood. Studies of truncated model precursors indicated that the intramo-
lecular cleavage at the N - terminus of HIV PR coincided with the appearance 
of full protease activity and was followed by intermolecular cleavage leading 
to the liberation of the C - terminus (Louis et al.,  1994 ; Louis et al.,  1999a,b ; 
Wondrak et al.,  1996 ). It was proposed that the high dimerization constant of 
HIV PR having an N - terminal TF fusion peptide may provide an additional 
mechanism for the regulation of the timing for viral maturation (Louis et al., 
 2007 ).  

  23.2.4   Methods for Evaluating the Potency of  HIV   PI  s  

 It is important to have a reliable and sensitive assay for monitoring HIV PR 
activity that can be used for biochemical studies and inhibitor evaluation. 
Continuous assays using chromogenic or fl uorogenic substrates are the most 
common. Chromogenic substrates usually contain  p  - nitrophenylalanine at the 
P1′  position. At a pH below 6.5, protonation of the N - terminal nitrophenylala-
nine generated during cleavage shifts the absorbance maximum from 278 to 
272   nm. The product formation can be continuously followed by monitoring 
the absorbance decrease at 300 – 310   nm (Dunn et al.,  1994 ). Another tech-
nique uses peptides modifi ed by fl uorophore and quencher groups. The fl uo-
rescence is quenched in substrate by either collision or resonance energy 
transfer. Cleavage of the peptide leads to an increase in fl uorescence due to 
the separation of fl uorophore from quencher. EDANS [5 - ((2 - aminoethyl)
amino)naphthalene - 1 - sulfonic acid] and DABCYL [4 - ((4 - (dimethylamino)
phenyl)azo)benzoic acid] (Krafft and Wang,  1994 ; Matayoshi et al.,  1990 ), as 
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well as tyrosine and  p  - nitrophenylalanine, are among the most commonly 
utilized fl uorophore - quencher pairs (Peranteau et al.,  1995 ). Both chromo-
genic and fl uorogenic substrates of HIV PR are now commercially available, 
and assays can be performed in high throughput format using plate readers. 

 All HIV PIs currently approved by the FDA are competitive inhibitors that 
target the active site of the enzyme. On the enzyme level the potency of inhibi-
tors is usually evaluated by measuring the decrease of the initial rate of sub-
strate cleavage in the presence of different inhibitor concentrations. The IC 50  
values and inhibition constants ( K i  ) can be obtained from the analysis of such 
response curves. Examples of different response curves are presented in Fig. 
 23.3 . Several important points that may affect the data analysis and interpreta-
tion of the results for HIV PR inhibitors should be emphasized. Rational 
design and medicinal chemistry efforts have led to the discovery of extremely 
potent inhibitors. The estimation of inhibition constants for such inhibitors 
can be challenging, but methods for the analysis of inhibition data for tight 
binding inhibitors are available. These methods take into account the deple-
tion of inhibitor due to binding to the enzyme and must be used when the 
inhibition constant is in the range of the enzyme concentration in the assay. 
The most commonly used equation for analyzing concentration – response data 
for tight binding inhibitors was introduced by Morrison and colleagues 
(Williams and Morrison,  1979 ):
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where  v i   and  v  0  are the initial rates of substrate conversion with and without 
inhibitor, and  E t  ,  I  t   ,  S , and  K m   are total enzyme concentration, total inhibitor 
concentration, substrate concentration, and Michaelis – Menten constant, 
respectively. Determination of such very low  K i   values also requires careful 
selection of the range of inhibitor concentrations, and active enzyme concen-
tration should be accurately determined in a separate experiment. Increasing 
the substrate concentration in the assay is also helpful, since it elevates the 
apparent  K i   and increases the curvature in the  “ elbow ”  part of the dose –
 response curve, allowing for more accurate estimation of the inhibition con-
stant (Fig.  23.3 C). An excellent discussion on tight binding inhibitors that 
covers both theoretical and practical aspects of the problem and contains a 
nice literature review can be found in Copeland ( 2005 ). It is not uncommon 
to see publications where the enzyme concentration in the assay is two to four 
orders of magnitude higher than the reported  K i  . It is important to emphasize 
that at such high enzyme concentration to  K i   ratios it is very challenging 
(nearly impossible) to get reliable measurements for the inhibition constant, 
as illustrated in Fig.  23.3 B. Therefore, caution should be taken when interpret-
ing low picomolar values of inhibition constants reported for PIs.   
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 It is well documented that the activity and kinetics of HIV PR is highly 
dependent on experimental conditions such as pH, ionic strength, DMSO 
concentration, and the presence of common additives such as detergents, PEG 
and BSA (Gulnik et al.,  2000 ; Porter et al.,  2001 ). The absence of standardized 
assay conditions makes it diffi cult to compare inhibition constants obtained in 
different laboratories. 

     Figure 23.3     Examples of different dose – response curves that can be generated for  K i   
determination. The curves were created using the program DynaFit  (Kuzmic,  1996 ) . 
Total enzyme concentration,  E t  , was fi xed at 10   nM. ( A ) Dose – response curve for an 
inhibitor with  K i     =   10   nM. Substrate concentration in this experiment was  S    =   0.2 K m  . 
In this case,  K i   can be accurately determined using Morrison ’ s equation. ( B ) Dose –
 response curves for inhibitors X with  K i     =   0.1   nM (squares), and Y with  K i     =   0.01   nM 
(diamonds). The inhibition curves for these two inhibitors are very similar. Substrate 
concentration in this experiment was  S    =   0.2 K m  . Accurate determination of inhibition 
constants in this case is problematic. ( C ) Dose – response curves for the same inhibitors 
as in part B, but measured at  S    =   5 K m  . Increasing the substrate concentration intro-
duced more curvature into the titration with inhibitor X. In this case,  K i   can be deter-
mined using a carefully planned experimental set up for inhibitor X, but not for 
inhibitor Y. It is generally accepted that inhibition constants can be accurately esti-
mated using Morrison ’ s equation when  E t      ≤    100  ×  (1   +    S / K m  )  (Copeland,  2005 ) .  
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 The most common secondary assays for HIV PR inhibitors involve measur-
ing antiviral activity in cell culture. The relative ease of propagating HIV in 
cell culture allowed the development of various assays. The inhibition of viral 
replication can be measured using single or multiple replication cycle assays 
in CD4 positive T - cell lines or primary macrophages. Protease inhibitors show 
robust antiviral activity in cell based assays in the nanomolar range (Haubrich, 
 2004 ; Kellam and Larder,  1994 ; Pauwels et al.,  1987 ; Petropoulos et al.,  2000 ; 
Qari et al.,  2002 ).   

  23.3   INHIBITORS OF  HIV   PR  

  23.3.1    FDA  - Approved  HIV   PI  s  

 Once HIV PR was established as a realistic therapeutic target for inhibition 
to treat HIV infection in the late 1980s, companies were able to quickly mount 
synthetic efforts targeting this aspartyl protease. Many companies were able 
to capitalize on already established programs aimed at inhibiting aspartyl 
proteases such as renin and were thus familiar with approaches to targeting 
the catalytic site. Most of the initial approaches involved elaborating a certain 
peptidomimetic template or core which incorporated a transition state mimetic 
of the cleavage of the peptide substrate. Elaborating these cores with func-
tionality that made effective interactions with the residues of the enzyme in 
the catalytic pocket allowed the relatively rapid identifi cation of potent inhibi-
tors. These were relatively large molecules for drugs with molecular weights 
in the 700 dalton range, and most of the subsequent work in the fi eld was 
aimed at trying to simplify the molecules to improve bioavailability without 
giving up the high potency (picomolar to low nanomolar at the enzyme level) 
required to effectively inhibit the virus at the cellular level (nanomolar). Later 
efforts targeted the resistance problem observed with all PIs. The structures 
of the FDA approved HIV PIs are shown in Fig.  23.4 .   

Saquinavir.   Roche won the race to the market with the introduction of 
saquinavir (Ro31 - 8959) in 1995. Saquinavir is considered a substrate based 
inhibitor; that is the peptide substrate amino acids were replaced by amino 
acid mimetics. Saquinavir uses a hydroxyethylamine core with the amine being 
incorporated into a decahydroisoquinoline mimic of proline. This moiety at 
P1′  – P2 ′  provided increased potency and the quinolinecarboxamide at P3 was 
an effective amino acid mimetic (Roberts et al.,  1990 ). The P1 substituent was 
a benzyl group, which has been retained in most subsequent PIs. The P2 
leucine of the substrate was replaced by asparagine. Saquinavir remains one 
of the most potent PIs in vitro  and has a reasonably good profi le against 
mutants (Craig et al.,  1991 ). However, the very low bioavailability of this drug 
limited its usage despite the 1997 introduction of a moderately improved 
formulation.  
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  Indinavir.     Merck screened compounds prepared for its renin program and 
identifi ed potent protease inhibitors that used a hydroxyethylene as the transi-
tion state mimic. An early lead had a benzyl amide at P2 ′ . Constraining the 
benzyl group into the presumed bioactive conformation provided a more 
potent indane derivative to which a  cis  - 2 - hydroxy group was added to provide 
a further 80x improvement in potency. In order to enhance the solubility of 
these compounds, a substituted piperazine moiety was introduced to mimic 
the decahydroisoquinoline of saquinavir. The resulting molecule indinavir 
(L - 735524) had signifi cantly better bioavailability than saquinavir and was 
much less protein bound (about 60%) (Dorsey et al.,  1994 ; Vacca and Condra, 
 1997 ; Vacca et al.,  1994 ). In addition, unlike other HIV PIs that are strongly 
bound to alpha - acid glycoprotein (AAG) in serum, indinavir is primarily 
bound to serum albumin. Indinavir captured most of the market when it was 
introduced in 1996, despite requiring three times per day dosing.  

  Ritonavir.     Abbott researchers used the twofold symmetry of the protease in 
their design (Erickson et al.,  1990 ). They explored symmetrization of both the 
C - terminus and N - terminus of hydroxyethylene - based inhibitors — that is, by 
incorporating the same groups on the left side of the inhibitor that were 
making interactions with the S residues into the right side of the inhibitor to 
make interactions with the S ′  residues, and vice versa. The N - symmetrization 
was successful and provided 2,3 - dihydroxy - 1,4 - butanediamine derivatives that 
were potent PIs. Only one of the hydroxyls was shown to be important for 
binding to the catalytic Asps and the other was removed (Kempf et al.,  1993 ). 

     Figure 23.4.     Chemical structures of FDA - approved HIV PIs.  
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Several compounds were put into clinical trials but generally showed poor 
bioavailability and high protein binding. The early analogues had pyridine 
substituents at P3 and P2 ′ . These were found to be susceptible to P450 oxida-
tion. The bioavailability was greatly improved by replacing the pyridines with 
thiazoles, which resulted in the discovery of ritonavir (ABT - 538) (Kempf 
et al.,  1995 ). Despite being approved at the same time as indinavir and only 
requiring twice - a - day administration, ritonavir did not achieve as high a 
market share, presumably due to a wide spectrum of side effects. The excellent 
bioavailability of ritonavir was found to largely result from its effectiveness 
as an inhibitor of its own metabolism by Cyp3A4 (Kempf et al.,  1997 ). 
This property was utilized by Abbott in the development of their second -
 generation PI lopinavir, ABT - 378 ( vide infra ), which was combined with 
ritonavir to be marketed as Kaletra.  

Nelfi navir.   Agouron and Lilly collaborated to develop nelfi navir using 
structure - based design techniques. This compound retained the hydroxyethyl-
amine moiety of saquinavir, but replaced the P3 - P2 quinoline – asparagine 
moiety by a 2 - methyl - 3 - hydroxybenzamide (Kaldor et al.,  1997 ). Structural 
analysis of the benzamide suggested that the nonplanar binding conformation 
was favored by the introduction of a 2 - methyl substituent (Freskos et al., 
 1996 ). Replacing the P1 benzyl by phenythiomethyl gave a 10 - fold boost in 
potency for this compound. Nelfi navir (AG - 1343) entered the market in 1997 
and soon surpassed indinavir as the market leader.  

Amprenavir.   Vertex and GSK collaborated in the development of amprena-
vir (VX - 478). Since a general problem with PIs is poor bioavailability, Vertex 
attempted to address this by reducing the molecular weight of the inhibitor 
and increasing the solubility. They also used structure - based drug design tech-
niques to identify suitable amino acid mimetics. They used the hydroxyethyl-
amine core of saquinavir, but incorporated the amine into a sulfonamide as 
originally described by Monsanto - Searle (Vazquez et al.,  1995 ). The major 
change was the introduction of a tetrahydrofuran moiety at P2, reported 
earlier by Merck (Ghosh et al.,  1993 ). A  p  - aminobenzensulfonamide was 
optimum in P2 ′  (Kim et al.,  1995 ). Amprenavir was introduced in 1999. While 
smaller and more bioavailable than many other PIs, amprenavir was not very 
soluble or potent and its formulation led to a high pill burden. In 2003 GSK 
introduced a phosphate prodrug fosamprenavir (GW - 433908) with improved 
solubility and a reduced pill burden (Furfi ne et al.,  2004 ).  

Lopinavir.   In order to have an improved resistance profi le, Abbott removed 
the P3 isopropylthiazolyl group of ritonavir and then introduced a conforma-
tional constraint in the resulting urea by incorporating it into a six - membered 
ring. The P2 ′  thiazolylmethoxycarbonyl moiety was replaced by a dimethyl-
phenoxyacetyl group that had previously shown good affi nity in the Biomega 
saquinavir analogue, palinavir (Beaulieu et al.,  2000 ; Lamarre et al.,  1997 ). 
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Lopinavir was about an order of magnitude more potent as an antiviral than 
ritonavir and was also less affected by the V82A mutation commonly found 
in ritonavir - resistant viruses (Sham et al.,  1998 ). However, it had very poor 
bioavailability in animals (and humans). The main route of elimination of 
lopinavir was via metabolism by CYP3A4. Since ritonavir had previously been 
identifi ed as a potent 3A4 inhibitor, Abbott investigated the effect of ritonavir 
on the bioavailability of lopinavir (Kumar et al.,  1999 ). It was found that the 
blood levels of lopinavir were much higher when dosed in the presence of 
ritonavir. This led to the development of a fi xed - dose combination of the two, 
named Kaletra. The amount of ritonavir required to boost lopinavir was 
100   mg as opposed to the antiviral dose of 600   mg. Kaletra was approved in 
late 2000 and became the market leader by 2003.  

Atazanavir.   Ciba - Geigy examined hydroxyethyl hydrazine derivatives as 
their core (Fassler et al.,  1996 ). In these compounds the N of the hydrazine 
closer to the hydroxy in the core was substituted with a benzyl derivative to 
provide a structure that is essentially an aza analog of the Abbott series. The 
optimum benzyl derivative had a 2 - pyridyl attached at the para position. 
Methoxycarbonyl -tert  - leucine amides capped the molecule at both termini to 
give CGP - 73547 (Bold et al.,  1998 ). The molecule was purchased by BMS 
(BMS - 232632) and eventually was marketed as atazanavir in 2003. Remarkably 
for such a large molecule (MW 705 for the free base), atazanavir has good 
bioavailability as well as good antiviral activity. It has a unique resistance 
profi le; it selects I50L in patients, which sensitizes the virus to all other PIs 
(Gong et al.,  2000 ). This feature makes atazanavir an excellent choice as a fi rst 
line PI in PI - containing regimens. Administration with ritonavir boosting 
allows once - a - day treatment. The major issue in clinical development was 
hyperbilirubinemia, but this side effect generally appears to be of minor con-
sequence (Zhang et al.,  2005 ). Atazanavir and Kaletra currently have the 
major share of the PI market.  

Tipranavir.   Upjohn and Parke - Davis took a different approach to the iden-
tifi cation of HIV PIs. Screening of compound libraries against HIV PR pro-
vided warfarin as a hit (Fig.  23.5 ). This pyrone derivative was considered to 
be an excellent starting point for elaboration since it was nonpeptidic and low 
molecular weight. Both companies did extensive SAR on substituted pyrones, 
and the compound had to be built up to a size comparable to other PIs before 
potency and selectivity comparable to the competitors was achieved (Prasad 
et al.,  1995a,b ; Skulnick et al.,  1995 ; Thaisrivongs et al.,  1994, 1995, 1996 ; 
Tummino et al.,  1994 ; Vara Prasad et al.,  1994 ). An example of one of the 
Parke - Davis analogues, PD178390, is shown in Fig.  23.5 . Upjohn was success-
ful in identifying a clinical candidate. This compound, PNU - 140690 (tiprana-
vir), was truly nonpeptidic, lacking any amide bonds. It also lacked the aliphatic 
hydroxy transition state mimetic found in other PIs, but rather used the 
enol of the β  - dicarbonyl subunit of the pyrone to make interactions with the 
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catalytic aspartates; the other carbonyl interacts directly with Ile50 on the fl ap, 
whereas other PIs interact with this residue via a conserved water molecule. 
Boehringer Ingelheim purchased the rights to tipranavir in 2000, and it was 
approved in 2005. Tipranavir is effective against resistant mutants, and high 
blood levels of drug are achieved. Unfortunately, it is a strong CYP 450 
inducer, inducing its own metabolism and requiring double the usual boosting 
dose of ritonavir (200   mg), resulting in multiple drug – drug interactions (King 
and Acosta,  2006 ). These problems and the signifi cant incidence of side effects 
of this drug suggest that its market share will most likely stay restricted to 
deep salvage regimens.    

  Darunavir.     In the course of elaborating the P2 position of saquinavir ana-
logues, Ghosh replaced the quinaldic – asparaginamide moiety by a fused bicy-
clic tetrahydrofuran (bis - THF) that could potentially make hydrogen bonding 
interactions with the main chain Asp 29 and Asp 30 NH ’ s of HIV PR (Ghosh 
et al.,  1994, 1996 ). Aside from retaining potency, the bis - THF moiety improved 
aqueous solubility, reduced logP, and reduced MW. The bis - THF was used to 
replace the THF of amprenavir (Ghosh et al.,  1998 ). The excellent resistance 
properties of this series were uncovered by NCI researchers (Erickson et al., 
 1999 ; Yoshimura et al.,  2002 ). One of the bis - THF - containing analogues was 

     Figure 23.5.     Chemical structures of selected experimental HIV PIs described in this 
chapter.  
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later developed by Tibotec as TMC - 114 (darunavir) (De Meyer et al.,  2005 ; 
Surleraux et al.,  2005b ). Several groups subsequently reported structural 
support for the tight bonding of darunavir and some other bis - THF - containing 
compounds both to wild - type and mutant virus (King et al.,  2004b ; Kovalevsky 
et al.,  2006a,b ; Tie et al.,  2004 ). It was proposed that the high potency and 
exceptional resistance properties of darunavir derive from its unique binding 
mode that maximizes hydrogen bonding interactions with conserved main -
 chain atoms of the enzyme [extensively reviewed recently (Ghosh et al., 
 2006a,b, 2007, 2008 ; Mitsuya et al.,  2008 ; Weber et al.,  2007 )]. A subnanomolar 
dissociation constant for darunavir with an extremely slow off - rate from WT 
HIV PR, as estimated by surface plasmon resonance (Dierynck et al.,  2007 ), 
may contribute to the fl at resistance profi le of this inhibitor (Gulnik and 
Eissenstat,  2008 ). Darunavir requires boosting by ritonavir, and it was initially 
approved in 2006 for the treatment of PI - experienced patients as salvage 
therapy. In October 2008 the darunavir – ritonavir combination was approved 
as a fi rst - line therapy for naive patients. 

 With the sole exception of tipranavir, the evolution of commercial HIV PIs 
can be described as incremental structural changes in the initially described 
leads that led to greater potency, increased activity against mutants, and in 
some cases improved bioavailability. As will be discussed in Section  23.3.5 , 
the common current practice of using ritonavir to boost blood levels and in 
particular trough levels of HIV PIs somewhat obviates the struggle to identify 
compounds with good bioavailability.   

  23.3.2   Thermodynamics of  HIV   PI  Binding 

 In general, high binding affi nity can be achieved by optimizing either the 
entropy or enthalpy components of the total Gibbs energy change 
(ΔG    =    ΔH     −     TΔS ). Enthalpy and entropy changes originate from different 
types of interactions between inhibitor and enzyme. Hydrogen bonds and van 
der Waals interactions primarily contribute to enthalpy changes. On the other 
hand, favorable entropic changes originate primarily from the burying of 
hydrophobic groups of the inhibitor in the active site, resulting in an increase 
in the solvent entropy while minimizing the decrease of conformational 
freedom of the inhibitor upon binding. Therefore, a combination of enthalpic 
and entropic optimization is required to achieve high affi nity of drug - like 
molecules. Enthalpic optimization is notoriously the more diffi cult to achieve. 
Several factors are responsible for this. First, the hydrogen bond interactions 
have to be nearly perfect in terms of distance and geometry; otherwise, the 
potential enthalpic gain will be overcome by the loss of enthalpy due to desol-
vation of polar groups upon binding. The other issue that makes it diffi cult to 
optimize enthalpy - driven affi nity is the compensating loss of entropy caused 
by ordering the enzyme and inhibitor upon binding. The hydrogen bonds 
should be designed in such a way that they do not interfere with maximal 
burial from the solvent. In addition, in order to minimize conformational 
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entropy losses upon binding, hydrogen bonds must be targeted to structurally 
conserved regions of the protein. To increase binding affi nity, it is preferable 
to place hydrogen bond donors or acceptors in a conformationally constrained 
part of the inhibitor (Lafont et al.,  2007 ). 

 The early thermodynamic studies by isothermal titration calorimetry of 
HIV PI interactions with enzyme revealed that binding is associated with posi-
tive enthalpy, indicating that binding is an entropically driven process (Hoog 
et al.,  1996 ; Luque et al.,  1998 ; Xie et al.,  1998 ). While some of the early FDA -
 approved HIV PIs, including saquinavir, indinavir, and nelfi navir, had this 
property, binding of others exhibited a negative enthalpy change. However, 
with the exception of amprenavir and darunavir (Ohtaka and Freire,  2004, 
2005 ; Surleraux et al.,  2005b ), binding remained mainly entropy - driven. For 
the latter two inhibitors, the enthalpic contribution to the total binding energy 
was greater than the entropic. Detailed thermodynamic and structural analysis 
of the binding of HIV PIs to the enzyme was performed by researchers in 
Freire ’ s and others ’  laboratories [see Ohtaka and Freire, ( 2004, 2005 ) for 
excellent reviews]. As will be discussed below, resistance to HIV PIs presents 
one of the major challenges for their long - term clinical effi cacy. Inhibitors that 
utilize hydrogen bonding with conserved and structurally constrained regions 
of the active site should be less susceptible to drug resistance mutations. 
Introduction of fl exible groups that interact with the unconserved regions of 
the protein can also lead to inhibitors with an improved resistance profi le, 
since it may provide entropic compensation for the enthalpic loss caused by 
mutation (Vega et al.,  2004 ). Interestingly, most of the HIV PIs with improved 
resistance profi les, such as bis - THF - containing inhibitors (see below), exhibit 
primarily enthalpically driven binding to the enzyme. For these inhibitors the 
loss of binding enthalpy caused by mutations is at least partially compensated 
by favorable entropic gains. On the other hand, tipranavir is an example of 
an HIV PI with an excellent resistance profi le for which binding to the WT 
HIV PR is primarily entropically driven. This inhibitor maintains high affi nity 
to the mutants by compensating for entropy losses with enthalpy gains 
(Muzammil et al.,  2007 ).  

  23.3.3   Molecular Structures of  HIV   PR  -  HIV   PI  Complexes 

 HIV PR has been a relatively friendly enzyme from a structural biology view-
point. It can be expressed in high yield as inclusion bodies in  E. coli , purifi ed 
under denaturing conditions in quantities suffi cient for crystallization, and 
crystallized in the presence of a variety of common precipitants. The quality 
of HIV PR crystals and the resulting structural resolution was also improved 
by use of an autolysis - resistant mutant of the enzyme (Mildner et al.,  1994 ). 
Consequently, HIV PR is often referred to as a success story in the fi eld of 
structure - based drug design. The structures of the WT HIV PR with all FDA -
 approved PIs are available (Clemente et al.,  2006 ; Hong et al.,  2000 ; Kaldor 
et al.,  1997 ; Kempf et al.,  1995 ; Kim,  1995 ; Smith et al.,  1997 ; Stoll et al.,  2002 ; 
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Surleraux et al.,  2005b ; Tie et al.,  2004 ; Turner et al.,  1998 ). Additionally, many 
structures with experimental PIs have also been published or deposited in the 
PDB ( http://www.rcsb.org/pdb ). The structural aspects of HIV PR – HIV PI 
interactions as well as the structural basis for resistance to HIV PIs are very 
well covered in the literature and have been reviewed extensively (Erickson, 
 1995 ; Erickson and Burt,  1996 ; Gulnik et al.,  2000 ; Louis et al.,  2007 ; Weber 
et al.,  2007 ; Wlodawer and Vondrasek,  1998 ). All marketed HIV PIs with the 
exception of tipranavir are peptidomimetics that bind to the active site in an 
extended conformation similarly to peptide substrates. The central hydroxyl 
moiety that is present in every inhibitor and mimics the transition - state tetra-
hedral intermediate makes hydrogen bonding interactions with the conserved 
active site aspartic acids Asp25 and Asp25 ′  of the dimeric enzyme. All PIs 
contain bulky hydrophobic substituents in P1 and P1 ′  that make favorable van 
der Waals interactions with the hydrophobic S1 and S1 ′  pockets of the active 
site. S2 and S2 ′  subsites can accommodate more polar residues, while S3 and 
S3′  are partially exposed to solvent. Carbonyl and NH groups of the peptido-
mimetic core of PIs make direct and water - mediated hydrogen bonds to the 
main chain and side chains of HIV PR. Newer - generation PIs have an increased 
number of direct H - bond interactions with the main chain atoms of the 
enzyme. This feature increases the enthalpic contribution to the binding ener-
getics of these inhibitors and minimizes the detrimental effect of mutations on 
inhibitor potency. Tipranavir, the only nonpeptidic marketed PI, has a unique 
binding mode. It does not bind in the active site in an extended conformation; 
rather, it makes a direct hydrogen bonding interaction with Ile50 on the fl ap, 
while in all other marketed PI - PR complexes this interaction is mediated 
through a conserved water molecule. In addition, tipranavir makes seven 
direct H - bonds and fewer water - mediated H - bonds than other inhibitors 
(Muzammil et al.,  2007 ; Turner et al.,  1998 ).  

  23.3.4   Viral Resistance to  HIV   PI  s  

 Similarly to other antiretrovirals, viral resistance to HIV PIs is one of the 
major roadblocks to their long - term effi cacy. Despite expectations that the 
relatively small size of HIV PR and its dimeric nature would restrict possibili-
ties for mutations, drug resistance mutations have been found in more than 
one - third of its 99 amino acids. The main factors contributing to rapid genera-
tion of resistance in HIV are: relatively low fi delity of HIV reverse transcrip-
tase (one mutation per 10 4  – 10 5  bases), rapid viral turnover at steady state 
(approximately 10 9  new virions per day), and relatively high adaptability of 
biological function of HIV PR to mutations. Therefore, each single mutation 
is sampled thousands of times daily in each patient. The presence of drug 
provides a selective advantage for some of the preexisting mutants: They 
become more fi t than wild - type virus and quickly overgrow the wild - type 
population. There are several ways in which the virus can manifest resistance 
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to HIV PIs. Mutations in the target enzyme, HIV PR, are the most common 
and obvious possibility. HIV PR mutations can be broadly divided into two 
classes: active site and nonactive site. Active - site mutations are located in the 
inhibitor binding cleft and directly interfere with PI binding. Active - site muta-
tions at V32, G48, I50, V82, and I84, and to a lesser extent D30, often result 
in a signifi cant increase in  Ki  values (Gulnik et al.,  2000 ; Louis et al.,  2007 ; and 
references therein). Nonactive - site mutations do not directly contact bound 
inhibitor, but may interfere with its binding through a long - range protein 
perturbation. While a single nonactive - site mutation may exhibit a minimal 
effect on the Ki , accumulation of multiple nonactive - site mutations can signifi -
cantly affect inhibitor binding. This has been demonstrated using recombinant 
HIV PR, in which a primary active - site mutation reverted to the WT amino 
acid (Muzammil et al.,  2003 ; Olsen et al.,  1999 ). To complicate the matter 
further, biochemical analysis revealed that the effect of additional mutations 
on resistance is not simply additive and may also be highly sequence - depen-
dent (Clemente et al.,  2004 ). These results underscore the danger of general-
izations based on the analysis of single mutants on the WT background. 
Non - active - site mutations may also compensate for the loss of enzyme activity 
often associated with active - site mutations. On the enzyme level, such muta-
tions often increase the kcat / Km  value of HIV PR, leading to increases in the 
enzyme vitality (Gulnik et al.,  1995 ) or mutant processing activity (Tang and 
Hartsuck,  1995 ). On the viral level, accumulation of nonactive - site mutations 
often leads to the restoration of viral fi tness (Nijhuis et al.,  1999 ), which may 
have been signifi cantly reduced by some of the active - site mutations. 

 Some active - site (V82F, V82F/I84V, V82T/ I84V) as well as nonactive - site 
(L24I, L90M, F53) mutations have been shown to reduce the dimer stability 
(Liu et al.,  2005, 2006 ; Xie et al.,  1999 ). Since there is a linkage between inhibi-
tor binding and induced dimer formation, a reduction in dimer stability can 
lead to a reduction in the apparent binding affi nity of the inhibitor. 

 Mutations in the Gag cleavage site represent another mechanism of viral 
response to HIV PIs. Such mutations were fi rst reported by Doyon et al. 
( 1996 ) in the study of the investigational PI, BILA 2186. These cleavage site 
mutations appear to compensate for the loss of the catalytic effi ciency of HIV 
PR and help to restore viral fi tness diminished by mutations in HIV PR 
(Maguire et al.,  2002 ; Myint et al.,  2004 ; Robinson et al.,  2000 ). These muta-
tions are very common and found both during in vitro  selection studies and 
in patients (Shafer and Schapiro,  2008 ). A recent report suggests that certain 
cleavage site mutations can result in resistance to a broad spectrum of PIs 
even in the absence of mutations in HIV PR (Nijhuis et al.,  2007 ). 

 Many structures of HIV PIs with different drug resistance mutants are 
available in the literature and the Protein Data Bank (PDB) (Chen et al.,  1995 ; 
Clemente et al.,  2004 ; Hong et al.,  2000 ; King et al.,  2002 ; Klei et al.,  2007 ; 
Kozisek et al.,  2007 ; Liu et al.,  2005 ; Mahalingam et al.,  2004 ; Prabu - Jeyabalan 
et al.,  2003 ) and this subject was recently reviewed by Louis et al. ( 2007 ). The 
structural effect of mutation on inhibitor binding can be explained for active -
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 site mutations based on the specifi c interaction between the inhibitor and the 
active - site subsite. Generally speaking, mutations I84V, V82A, and I50V that 
introduce smaller amino acids result in the loss of van der Waals interactions 
with inhibitor substituents in contact with these residues. Mutations V32I and 
G48V introduce larger side chains and force inhibitor rearrangement to avoid 
unfavorable clashes. The effects of some of these active - site mutations have 
been successfully modeled. However, it is not uncommon that mutations can 
cause asymmetric rearrangement of the protein and inhibitor atoms in the two 
monomers of the enzyme (Baldwin et al.,  1995 ; Tie et al.,  2005 ). In many cases 
the structural effect of non - active - site mutations is more diffi cult to rational-
ize. For example, the M46I mutation that is common to many multi - PI - 
resistant HIV isolates is located in the fl ap and does not contribute directly to 
inhibitor binding. Flap movement is critical for catalysis and inhibitor binding. 
Structural data, molecular dynamics simulations, and NMR experiments 
suggest that the fl ap undergoes large conformational rearrangement upon 
ligand binding (Collins et al.,  1995 ; Freedberg et al.,  2002 ; Hornak et al.,  2006 ; 
Ishima et al.,  1999 ; Katoh et al.,  2003 ). Flap mutations may therefore contrib-
ute to resistance by interfering with fl ap dynamics. In addition, some of the 
non - active - site mutations are located at the interface of domains of the protein 
that move as rigid bodies with respect to each other (Rose et al.,  1998 ). It was 
proposed that such mutations may stabilize a more open conformation and 
contribute to resistance by increasing the off - rate of inhibitors. 

 It is important to emphasize that although resistance mutations are sampled 
every day in each patient, mutants are generally less fi t than WT virus and may 
present a replication advantage only in the presence of drug. If the concentra-
tion of drug is high enough to fully suppress viral replication, then resistance 
selection is not possible. Therefore, the main driving force and cause of the 
emergence of resistant virus is suboptimal exposure to the drug. The selection 
of drug - resistant HIV has been performed  in vitro  in cell culture in an attempt 
to predict the emergence of clinical resistance. In these studies, virus was 
propagated for several passages at increasing drug concentrations, usually 
starting with approximately IC 95  levels (Gong et al.,  2000 ; Partaledis et al.,  1995 ; 
Tisdale et al.,  1995 ). Selection of resistant viruses for the fi rst generation of PIs 
was achieved with relatively few passages and a two -  to threefold increase of 
selection concentration at each passage, while newer PIs featuring a higher 
barrier to resistance required a more permissive strategy, with a lower starting 
selection concentration (IC 50 ) and smaller incremental increases (30 – 50%) of 
selection concentrations. Generally,  in vitro  selection studies have been helpful 
for predicting clinical resistance, although the relative frequencies with which 
specifi c mutants and mutant combinations are found in the clinical setting can 
vary greatly from those found in vitro , owing to much different selection pres-
sure, viral dynamics, and virus population sizes. 

 For most PIs a single mutation is not suffi cient to signifi cantly reduce 
phenotypic susceptibility and the accumulation of multiple mutations may be 
required to generate a high level of resistance, indicating that PIs as a class 
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are characterized by a higher barrier to resistance than RT or integrase 
inhibitors (Martinez - Cajas and Wainberg,  2007 ). The emergence of resistance 
in patients highly correlates with inadequate drug exposure, which in turn is 
highly infl uenced by pharmacokinetic properties of the drug and patient 
adherence, with severity of adverse effects affecting the latter. In order 
to overcome these problems, efforts have focused on the discovery of agents 
with better oral bioavailability and improved potency, resistance, and safety 
profi les. Newer PIs are characterized by a better pharmacologic profi le, lower 
impact on lipid metabolism, and a higher genetic barrier to resistance. The 
specifi c path for viral escape for each HIV PI is usually unique to each indi-
vidual patient and is determined by such factors as the viral load and the level 
of residual viral replication, viral polymorphism and background mutations, 
drug pressure, and so on. Therefore, treatment of different patients with the 
same PI may often result in the selection of a different constellation of drug - 
resistant mutations in HIV PR and Gag cleavage sites. Nevertheless, although 
the specifi c combination of mutations may be different, each PI usually selects 
for several characteristic major mutations. Major mutations are defi ned in 
general as those selected fi rst in the presence of drug, or those shown at a 
biochemical or virologic level to result in signifi cant inhibition of activity or 
replication (Johnson et al.,  2008 ). Figure  23.6  and Table  23.1  illustrate the 

     Figure 23.6.     A ribbon diagram of HIV PR showing the position of major PI resistant 
mutations highlighted in bold in Table  23.1 . The two HIV PR monomers are shown in 
green and cyan. The side chains of the active - site aspartates are shown in yellow. 
Active - site mutations are in blue. Note that most of the major PI - resistant mutations 
are clustered around the active site of the enzyme or on the fl aps. See the insert for 
color representation of this fi gure.  
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location of major protease mutations and their association with approved PIs. 
It is important to note that most of these mutations are associated with mul-
tiple PIs and I84V contributes to resistance to all PIs, thus refl ecting the high 
degree of cross - resistance within the whole PI class (Johnson et al.,  2008 ). The 
cross - resistance between different PIs can be rationalized based on the pepti-
domimetic character of most of these drugs and their overlapping interactions 
with the active site of the enzyme. However, some of the inhibitors select for 
unique mutations. For example, D30N occurs only in patients   treated with 
  NFV (Perrin and Mammano,  2003 ). I50L is associated solely with ATV treat-
ment, while DRV is affected by L76V (De Meyer et al.,  2008 ; Vora et al., 
 2006 ). In addition, mutations selected by one inhibitor may increase suscepti-
bility to other PIs. These include the ATV - associated I50L mutation, which 
sensitizes HIV PR to other PIs (Gianotti et al.,  2007 ); I50V and I54L, which 
increase tipranavir susceptibility (Elston et al.,  2006 ); N88S, which sensitizes 
virus to amprenavir (Ziermann et al.,  2000 ); and L76V, which increases 
susceptibility to atazanavir, saquinavir, and tipranavir (Braun et al.,  2007 ; 
Vermeiren et al.,  2007 ).     

 As mentioned earlier, some major active - site HIV PR mutations may 
impair viral replication potential and viral fi tness, and secondary mutations 
often appear in HIV - infected patients to compensate for these defects. These 
mutations usually cause low resistance by themselves and are often present as 
polymorphisms in treatment - naive patients. Distinct amino acids at codons 10, 
20, 36, 63, 71, 77, and 93 are recognized as secondary nonactive - site mutations. 
While these mutations do not cause PI resistance by themselves, when present 
with major mutations their contribution to resistance and compensation for 
the decrease of catalytic effi ciency sometimes results in a synergistic effect. 
For example, the naturally occurring polymorphism L63P contributes to resis-
tance by restoration of fi tness decreased by major resistance mutations D30N 
and L90M (Condra et al.,  1995 ; Mammano et al.,  2000 ; Nijhuis et al.,  1999 ; 
Rose et al.,  1996 ). Compensatory mutations may also occur to overcome 
fi tness loss by improving such Gag functions as polymerization of viral pro-
teins and/or assembly (Doyon et al.,  1996 ; Gatanaga et al.,  2002 ; Maguire 
et al.,  2002 ; Myint et al.,  2004 ; Zhang et al.,  1997 ). 

 The availability of several PIs represented a signifi cant breakthrough in the 
HIV treatment paradigm by allowing sequential therapy. However, this 
approach may be limited by viral cross - resistance to the PIs. The degree of 
cross - resistance generally correlates with the level of resistance to the 
resistance - selecting primary PI and with the total number of mutations that 
emerge in the HIV PR. The gradual accumulation of resistance mutations and 
increase of cross - resistance in patients failing PI regimens is well - documented 
(Yusa and Harada,  2004 ) and justifi es constant monitoring of the viral load 
and genotypic and/or phenotypic testing of the virus. An early switch from a 
failing regimen should minimize the potential for high level cross - resistance. 
A signifi cantly higher frequency of substitutions at positions 10, 54, 71, 82, 84, 
and 90 is observed in broadly cross - resistant proteases (Hertogs et al.,  2000 ; 
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Palmer et al.,  1999 ; Shafer et al.,  1998 ). Cross - resistance represents a signifi -
cant problem in choosing a treatment regimen for salvage therapy. In order 
to assist clinicians in selecting treatment strategies, a variety of genotypic and 
phenotypic assays have been developed. Interpretation of genotypic results 
relies on rules - based algorithms and virtual phenotype where all mutations 
have a certain score based on their contribution to resistance. The International 
AIDS Society - USA (IAS - USA) maintains a list of signifi cant resistance - 
associated mutations in the reverse transcriptase, protease, and envelope 
genes (see  http://www.iasusa.org/resistance_mutations ). A database catalog-
ing existing mutations is also available (Stanford database,  http://hivdb.
stanford.edu/ ). The Stanford database contains more than 90,000 protease, 
reverse transcriptase and integrase sequences from more than 80,000 distinct 
viral isolates obtained from nearly 40,000 individuals. It provides an excellent 
publicly available online resource for analysis of the correlations between 
genotypic data and treatment for people from whom sequenced HIV - 1 iso-
lates have been obtained (genotype - treatment); correlations between geno-
type and in vitro  drug susceptibility (genotype - phenotype); and also correlations 
between genotype and the clinical response to a new treatment regimen 
(genotype - outcome). 

 Phenotyping assays measure the ability of viruses to grow in the presence 
of different concentrations of antiretroviral drugs. Drug concentrations that 
inhibit 50% and 90% of viral replication are calculated, and the ratio of the 
IC50  of test and reference viruses is reported as the fold increase in IC 50  (i.e., 
fold resistance). Interpretation of phenotyping assay results is based on clini-
cally signifi cant fold increase cutoffs that are now available for the majority 
of PIs (DHHS,  2008 ).  

  23.3.5   Pharmacokinetic Properties of  HIV   PI  s  and 
the Concept of  PK  Boosting 

 All HIV PIs are substrates and inhibitors of CYP450 and as such exhibit 
properties considered undesirable in current drug development, since they can 
lead to various drug – drug interactions (see Part II of this book). The potent 
inhibition of CYP450 by ritonavir (RTV) is well documented. It has been 
shown that RTV inhibits the metabolism of several CYP 3A4 substrates with 
a nanomolar IC 50  (Ernest et al.,  2005 ; Kempf et al.,  1997 ; Kumar et al.,  1996, 
1999 ; von Moltke et al.,  2000 ). RTV also inhibits CYP 2D6 and 2C9 isoforms 
to a much lesser extent (Kumar et al.,  1996 ). The exact mechanism of CYP450 
inhibition by RTV is not fully understood. Binding of RTV to CYP450 is 
characterized by a type II difference spectrum, suggesting direct interaction 
with the ferric heme iron (Kempf et al.,  1997 ). While modifi cation of either 
of the two thiazole groups maintains the type II spectral shift, the potency of 
CYP 3A4 inhibition is dramatically reduced, suggesting that the direct inter-
action with the iron is not the underlying source of the potency of this 
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compound. Several studies have suggested that RTV is a mechanism - based 
inhibitor of CYP 3A4 based on the observation of reduced IC 50  values upon 
preincubation of the CYP with RTV in the presence of NADPH (Ernest 
et al.,  2005 ; Koudriakova et al.,  1998 ; Kumar et al.,  1999 ; von Moltke et al., 
 2000 ). The quasi - irreversible inactivation of CYP 3A4 and 3A5 through the 
formation of a metabolic intermediate complex (MIC) has been proposed 
(Ernest et al.,  2005 ), but the nature of the metabolic species involved in MIC 
formation remains elusive. 

 The generally hydrophobic nature of the HIV PR active site dictates the 
hydrophobic character of its inhibitors. This hydrophobicity contributes to the 
binding affi nity of HIV PIs with CYP3A4, and to a much lesser extent of 
CYP2D6, CYP2C9, and CYP2C19, causing them to be excellent substrates 
and contributing to their suboptimal pharmacokinetic properties. The short 
elimination half - life of PIs leads to complicated dosing regimens requiring 
TID or BID administration in order to keep plasma concentrations above IC 50

values. It may also contribute to the variability of PI plasma concentrations 
of HIV infected individuals seen in controlled pharmacokinetic studies 
(Acosta et al.,  2000 ; Kaletra, prescribing information; Reyataz, prescribing 
information). 

 Potent inhibition of the metabolism of several HIV PIs by RTV in liver 
microsomal preparations as well as dramatic enhancement of the bioavail-
ability of different PIs by RTV in animal studies (Kempf et al.,  1997 ) suggested 
the possibility of its utilization as a PK booster for other HIV drugs. The 
ability of RTV to inhibit some effl ux transporters, particularly P - glycoprotein 
(MDR - 1) and MRP - 1 (Drewe et al.,  1999 ; Olson et al.,  2002 ; Storch et al., 
 2007 ), may also contribute to its boosting properties. The clinical enhance-
ment of saquinavir levels by ritonavir was observed in the mid - 1990s (Mascolini, 
 1996 ). Boosted PI regimens are currently well - accepted and common in clini-
cal practice. They also  “ boosted ”  sales of RTV, originally approved by the 
FDA as an antiretroviral drug in 1996 and not used much anymore as a PI. In 
modern practice, RTV is predominantly used only as a PK booster at doses 
that are subtherapeutic for inhibition of viral replication. Moreover, the use 
of unboosted PIs is gradually declining (or being completely eliminated in the 
case of PI experienced patients) and the most recent PIs, such as darunavir 
and tipranavir, were approved only as RTV - boosted regimens. Pharmacokinetic 
properties of another potent HIV PI, lopinavir, did not support its develop-
ment as a stand - alone drug. It was developed by Abbott Laboratories cofor-
mulated with low - dose RTV (Kaletra, prescribing information). The PK 
enhancement of HIV PIs by RTV has been the subject of multiple excellent 
reviews (Becker,  2003 ; Gallant,  2004 ; Motwani and Khayr,  2006 ; Moyle and 
Back,  2001 ; Scott,  2005 ; Walmsley,  2007 ; Youle,  2007 ; Zeldin and Petruschke, 
 2004 ). 

 The main pharmacokinetic parameters of nonboosted PIs and the effects 
of RTV boosting are summarized in Table  23.2 . The usual metrics of drug 
exposure that relate to pharmacologic response are AUC,  Cmax ,  t½  and  Cmin  (or 
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 C  trough ). For HIV PIs,  C  min  is considered to be the best predictor for virologic 
response. Plasma  C  min  levels that are above the IC 90  are usually a good indica-
tor of effective and prolonged viral suppression (DHHS,  2008 ; Haas et al., 
 2000 ; Hoetelmans et al.,  1998 ; Moyle,  2001 ).  “ Inhibitory Quotient ”  (IQ), 
defi ned as the ratio of  C  min  to IC 50 , has proven to be useful in predicting viro-
logic response (Barrios et al.,  2004 ; Gonzalez de Requena et al.,  2004 ; 
Hoefnagel et al.,  2005 ; Hsu et al.,  2003 ). Different approaches have been taken 
to calculating IQ values, with the numerator of the formula being  C  min  in the 
majority of the cases. There is ongoing debate about the denominator: IC 50  
for virus isolated from the patient; protein binding adjusted IC 50  for WT virus; 
or virtual phenotype value (virtual IQ).   

  C  min  of PIs (as well as other PK parameters) is highly variable between 
patients, in part refl ecting variability in CYP 3A4 levels. RTV increases the 
 C  min  for all boosted PIs (see Table  23.2 ), which directly translates into an 
increased IQ. This is undoubtedly the major benefi t of boosting. In most cases, 
RTV boosting also leads to an increase in the total exposure (AUC) and  C  max . 
These effects of RTV boosting can result in decreased daily pill burden and/
or frequency of dosing and more convenient dosing by reducing food effects. 
Simplifi cation of antiviral regimens through RTV boosting is likely to improve 
patients ’  adherence to therapy, a critical factor for the successful treatment of 
HIV where adherence rates of more than 95% are required (Paterson et al., 
 2000 ). The benefi cial effect of RTV boosting on improved virologic suppres-
sion and the decreased development of drug resistance was confi rmed in 
cohort studies and large population - based settings (Lima et al.,  2008 ; Wood 
et al.,  2007 ). It should be mentioned that other potent 3A4 inhibitors such as 
ketoconazole that have been examined clinically do not have the same boost-
ing capability as ritonavir (Autar et al.,  2007 ; Sekar et al.,  2008 ). It is thus 
possible that some other aspect of ritonavir ’ s pharmacological profi le makes 
it particularly effective as a booster. For example, tissue distribution could 
have a major impact, since the principal metabolizing CYPs are mainly in the 
gut and the liver.   

 The benefi ts associated with RTV boosting come at a cost. There is the 
potential for an increase in the toxic side effects of  “ boostees ”  due to an 
increase in their exposure: higher incidence of lipid abnormalities and cardio-
vascular risk and increased risk of drug – drug interactions due to direct CYP 
and transporter inhibition as well as induction of different metabolic enzymes 

 TABLE 23.3.     Inhibition of  CYP 3 A 4 by  HIV   PI  s  

   Inhibitor     CYP 3A4  K i   in Microsomes ( μ M)     CYP 3A4  K i   in Bactosomes ( μ M)  

   RTV     0.017    0.03  
   APV     0.5    0.11  
   IDV     0.17 – 0.9    0.24  
   NFV     0.31 – 4.8    0.3  
   SQV     0.7 – 4.0    0.76  
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(Becker,  2003 ; Foisy et al.,  2008 ). Ritonavir currently needs to be refrigerated 
(although Abbott has a new formulation that should solve this problem) and 
has a spectrum of associated side effects. Despite these issues, the benefi ts of 
boosted PI regimens in the management of HIV infection are generally con-
sidered to outweigh these costs. 

 The benefi ts of PI boosting and the commercial success of RTV have 
prompted research on new CYP inhibitors as potential boosters, preferably 
without ritonavir ’ s side effects. Another important consideration in the design 
efforts was elimination of the PI activity associated with RTV due to concerns 
that subtherapeutic doses of RTV may select PI class - resistant HIV. Sequoia 
Pharmaceuticals has described benzofuran - derived P450 inhibitors as PK 
boosters (Eissenstat and Duan,  2008 ). They have recently reported that the 
initial development candidate from this class, SPI - 452, has entered Phase 1 
clinical studies, and they have suggested the possibility of combining it with 
their new clinical PI, SPI - 256. Recently, Abbott and Gilead have disclosed in 
patent applications elaboration of dithiazoles related to ritonavir as P450 
inhibitors. These inhibitors generally retain the thiazoles at either end of the 
molecule, but lack the hydroxyl in the core required for protease inhibitory 
activity (Desai et al.,  2008 ; Flentge et al.,  2008 ; Klein et al.,  2008 ). Gilead has 
disclosed that one of their compounds, GS - 9350, has entered phase 1 clinical 
trials. In addition, Abbott described amine cores with thiazole - substituted 
urethanes at both termini (Flentge et al.,  2008 ). While somewhat less potent 
CYP inhibitors than ritonavir in vitro , some of these compounds were excel-
lent boosters of lopinavir in dogs. Pfi zer has reported series of sulfonamido 
pyridines and substituted pyrazoles as PK boosters (Planken et al.,  2008a,b ). 
Tibotec has described the clinical boosting properties of a benzoxazole - 
containing protease inhibitor (Van ’ t Klooster et al.,  2006 ).  

  23.3.6   PIs ’  Off - Target Activity 

 High potency of PIs toward HIV PR translates into high antiviral effi cacy. 
However, interactions of PIs with other (human) cellular targets have been 
implicated in various side effects, including serious metabolic perturbations 
and drug – drug interactions. 

 PIs are predominantly metabolized by CYP3A4, but are also substrates and 
competitive inhibitors of cell transporters. Each of these properties is known 
to cause drug – drug interactions in multidrug regimens. Their CYP3A4 inhibi-
tory activity ranges from the micromolar range for most PIs to the low nano-
molar inhibition by RTV (Table  23.3 ) (Granfors et al.,  2006 ). RTV also has 
some inhibitory activity for other CYP isoforms in vitro  and is considered an 
inhibitor of 2D6 in vivo  (Granfors et al.,  2006 ; Hsu et al.,  1998 ). The potent 
inhibition of CYP3A4 by RTV is used for pharmacologic enhancement of 
other PIs (Section  23.3.5 ). The extent of competitive inhibition of transporters 
such as Pgp, MRP2, and BCRP varies from relatively weak (low micromolar 
range) by SQV, NFV, and IDV to potent inhibition by RTV (IC 50  for Pgp 
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20 – 50   nM) (Ford et al.,  2003 ; Gutmann et al.,  1999 ; Janneh et al.,  2007 ; Perloff 
et al.,  2000 ). Although many clinically signifi cant drug – drug interactions of PIs 
can be explained solely by their inhibitory activity toward CYPs, sometimes 
drug interactions, or the lack thereof, do not fi t this mechanism. For example, 
acute administration of RTV signifi cantly increases exposure of CYP3A4 
substrates such as alprazolam or midazolam, but its chronic administration has 
no effect (Culm - Merdek et al.,  2006 ; Greenblatt et al.,  1999 ). Similarly, chronic 
administration of nelfi navir increases the oral clearance of ethynyl estradiol 
and zidovudine (Viracept package insert). These data suggest that PIs are 
inducers as well as inhibitors of metabolic enzymes. CYPs (3A4, 2B6, 2C8, 
2C9, and 2C19) as well as other phase I and phase II metabolizing enzymes 
and drug effl ux pumps are regulated by the nuclear receptor PXR. PXR gets 
activated by direct ligand binding, and it has a promiscuous binding site resem-
bling the substrate cavity of CYP enzymes that can accommodate a variety of 
different moieties (Orans et al.,  2005 ). Not surprisingly, CYP substrates are 
very often good ligands of PXR, which results in CYP induction and more 
effi cient clearance of xenobiotics from the body. It has been shown that PIs 
can induce the expression of CYPs as measured by mRNA and protein levels 
in vitro  (Dixit et al.,  2007 ). The net  in vivo  effect of chronic PI administration 
is thus a combination of CYP inhibition and induction, with the outcome in 
most cases net inhibition of CYP 3A4, although this may vary between PIs 
and for other CYPs (Culm - Merdek et al.,  2006 ; Fellay et al.,  2005 ; Fichtenbaum 
and Gerber,  2002 ; Vourvahis and Kashuba,  2007 ; Yeh et al.,  2006 ). 

 Signifi cant side effects observed upon treatment with PI - based HAART 
include: fat tissue redistribution with loss of subcutaneous adipose tissue 
(lipoatrophy), often in combination with fat accumulation in abdominal and 
dorsocervical regions; hyperlipidemia involving both cholesterol and triglyc-
erides; and insulin resistance. These abnormalities are characterized as HIV -
 associated lipodystrophy syndrome (HIV - LD). Considerable efforts have 
been devoted to address the PI - associated HIV - LD syndrome in experimental 
systems such as animal and cell culture models in hopes that identifi cation of 
cellular and molecular mechanisms will lead to better understanding of the 
clinical syndrome. Various investigators have shown that PIs interfere with 
adipocyte differentiation and adipocyte - specifi c gene expression. One of the 
most studied effects of PIs is on expression of sterol regulatory element 
binding proteins (SREBP), although results are quite complex and controver-
sial (Mallon,  2007 ). This endoplasmic reticulum (ER) resident membrane -
 bound protein undergoes activation through specifi c proteolytic cleavages, 
release from the membrane, and translocation to the nucleus. Mature acti-
vated SREBP up - regulates genes involved in fatty acid and cholesterol bio-
synthesis (Osborne,  2000 ). Expression of one of the SREBP isoforms, 
SREBP - 1, is signifi cantly lower in the adipose tissue of patients with HIV - LD 
(Bastard et al.,  2002 ; Kannisto et al.,  2003 ). Consistent with this observation, 
exposure of adipocytes to IDV or NFV decreased levels of active SREBP - 1 
and concomitantly decreased rates of adipocyte differentiation  in vitro  (Caron 



INHIBITORS OF HIV PR 777

et al.,  2001 ; Dowell et al.,  2000 ; Miserez et al.,  2002 ). In contrast, RTV increased 
the level of the mature active form of SREBP - 1 both  in vitro  and in mice 
(Nguyen et al.,  2000 ; Riddle et al.,  2001 ). It has been shown that long - term 
treatment of mice with LPV/RTV (but not ATV) results in the development 
of a metabolic syndrome resembling HIV - LD and a 5.5 - fold increase in 
SREBP - 1c gene expression in the inguinal depot (Prot et al.,  2006 ). These 
apparently contradictory results underscore the complexity of the phenome-
non. There are several other possible explanations for how PIs may cause lipid 
abnormalities. HIV PIs have been implicated in the induction of ER stress 
and the subsequent activation of unfolded protein response (Carr,  2000 ; Zhou 
et al.,  2005, 2006 ). In addition, a decrease in expression of peroxisome 
proliferator - activated receptors (PPAR) was observed upon exposure to PIs 
(Caron et al.,  2001 ; Lenhard et al.,  2000 ; Mallon,  2007 ). PPARs are transcrip-
tion factors that are important for normal function of both differentiating and 
differentiated adipocytes. Interestingly, certain proteins involved in the modi-
fi cation or activation pathways of SREBP (human site - 1 protease, S1P) or 
PPAR (cytoplasmic retinoid acid binding protein 1, CRABP - 1) have sequence 
homology to the catalytic region of HIV - 1 protease (Barbaro,  2006 ). Any of 
these mechanisms could contribute to HIV - induced metabolic syndromes. 

 Another adverse effect associated with PI treatment is insulin resistance, 
frequently found early in the treatment of HIV - 1 infected patients. Several 
studies have now shown that HIV PIs exert a direct effect on glucose uptake, 
specifi cally inhibiting the GLUT4 isoform of glucose transporter, with minimal 
inhibition of GLUT2 and no inhibition of GLUT1 (Murata et al.,  2002 ; Noor, 
 2007 ; Schutt et al.,  2000 ). Therapeutic levels (1 – 5    μ M) of APV, LPV/RTV, and 
RTV acutely inhibited glucose uptake  in vitro  in primary rat adipocytes and 
in rats in vivo , whereas ATV displayed no inhibition compared to controls 
(Yan and Hruz,  2005 ). Recent studies have begun to elucidate the relationship 
between PI structure and GLUT4 - mediated glucose transport. Hertel et al. 
( 2004 ) screened a panel of short peptides for their ability to inhibit glucose 
uptake in primary rat adipocytes. Peptides that inhibited GLUT4 contained a 
highly aromatic core fl anked by hydrophobic moieties similar to the phenyl-
alanine derived core structure of most PIs. Thus, inhibition of GLUT4 may 
represent a direct molecular target of PIs and may provide an off - target design 
opportunity for future PIs; that is, compounds could be designed to minimize 
effects on this metabolic pathway. However, the involvement of HIV PIs in 
insulin resistance may not be solely attributed to inhibition of GLUT4. At 
least two other possible mechanisms have been recently proposed: inhibition 
of resistin degradation and inhibition of Akt signaling. Resistin is a hormone 
that was found to be produced and released from adipose tissue to serve 
endocrine functions likely involved in insulin resistance. It was called  “ resis-
tin ”  because of the observed insulin resistance when it was injected in mice 
(Degawa - Yamauchi et al.,  2003 ; Gabriely et al.,  2002 ; McTernan et al.,  2002 ; 
Steppan et al.,  2001 ). Although this fi eld is controversial, there are studies 
showing that elevated resistin levels correlate with obesity and insulin 
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resistance (Hirosumi et al.,  2002 ; Rajala et al.,  2004 ; Silha et al.,  2003 ). An 
interesting putative role for HIV PIs in regulation of resistin levels emerged 
from their inhibition of several cellular aspartic proteases. It has been docu-
mented that PIs are somewhat inhibitory of cellular proteases, such as cathep-
sins D and E. The  Ki  ratios for HIV PR and  “ unwanted targets ”  vary 
signifi cantly between PIs. RTV shows the most signifi cant inhibition of cathep-
sins D and E (Kempf et al.,  1995 ). Both cathepsins are able to cleave resistin 
in vitro  and have been implicated in the regulation of its degradation. HIV 
PIs have been evaluated for their ability to inhibit resistin cleavage. RTV or 
SQV, but not NFV, IDV, or ATV prevented cleavage (Geese and Ranade, 
 2008 ), which generally correlates with the severity of side effects caused by 
these PIs. Another possible mechanism of insulin resistance may be through 
inhibition of Akt signaling by PIs (Ben - Romano et al.,  2003, 2004 ). The role 
of Akt in mediating insulin effects has been demonstrated in Akt2 knockout 
mice, which are insulin - resistant and have higher fasting and post - prandial 
glucose levels than do wild - type mice (Cho et al.,  2001 ). Prolonged exposure 
of adipocytes and other cell types to nelfi navir resulted in impaired Akt phos-
phorylation and insulin - stimulated glucose uptake. An interesting outcome of 
these studies was the possible repositioning of PIs as anticancer therapies, 
since activation of the Akt pathway promotes cell proliferation and tumor 
formation (Altomare and Testa,  2005 ). It has been shown that some PIs can 
inhibit proliferation and cause cell death in more than 60 tested cell lines, and 
cytotoxic effects of chemotherapeutic agents such as docetaxel could be 
enhanced when combined with PIs (Gupta et al.,  2007 ; Ikezoe et al.,  2004 ; 
Yang et al.,  2006 ). The potency of PIs in cellular anticancer assays is usually 
≥ 10    μ M, with NFV being the most potent. NFV is currently in clinical trials 
evaluating its ability to reduce solid tumors and also as a radiation/chemo-
therapy sensitizer ( http://www.Clinicaltrial.gov ). The Akt signaling pathway 
that originally linked PIs to cancer may not be the only mechanism of inhibi-
tion of malignant cell lines. The PI effects do not always correlate with Akt 
inhibition; and other off - target effects of PIs such as proteasome inhibition, 
ER stress, or induction of unfolded protein response may contribute to puta-
tive anticancer properties.  

  23.3.7   Approaches to the Design of  HIV   PI  s  with Improved 
Resistance Profi les 

 As was indicated in Section  23.3.1 , the evolution of PIs revolved around 
improving potency, PK properties, and resistance profi le. While even the fi rst 
marketed PI, saquinavir, is quite potent as an inhibitor of the protease and as 
an antiviral agent, its poor PK properties made it a relatively ineffective drug. 
The quandary that medicinal chemists have been trying to deal with over the 
years is how to maintain high potency against the target in a molecule that 
has a good PK profi le when the number of hydrogen bond interactions 
and lipophilic interactions required for this potency is high, leading to high 
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molecular weights and generally breaking many of the  “ rule of 5 ”  and other 
guidelines for good PK properties. In a similar vein, the more interactions that 
are required for tight binding, the more chance the target enzyme can mutate 
to make the drug less effective, leading to resistance. 

 Several approaches have been employed in recent years to design PIs with 
better resistance profi les. One classical approach can be termed structural 
diversity. That is, it stands to reason that the more dissimilar the new inhibitor 
is structurally from earlier inhibitors, the more likely it is to have a different 
resistance profi le. In fact, the interactions that the inhibitor makes with the 
target need to be different, but that is likely to be the case. Noteworthy in this 
respect are the nonpeptide based inhibitors. While many such compounds 
were explored, the ones that have received the most attention are cyclic ureas, 
pyrone - based inhibitors, and lysine - derived inhibitors. 

 The cyclic ureas were fi rst described in 1994 (Lam et al.,  1994 ). These com-
pounds were derived from a structure - based design program where the intent 
was to replace the conserved bound  “ fl ap ”  water in the enzyme that makes 
H - bonds to Ile50 and Ile50 ′  by a carbonyl in the inhibitor. Based on modeling 
of the earlier ritonavir type acyclic analogues DuPont – Merck scientists gener-
ated a variety of fi ve - , six, and seven - membered ring templates with this car-
bonyl as well as hydroxy groups placed so as to interact with the catalytic Asps. 
The most potent of these analogues were seven - membered ring cyclic ureas 
decorated with either substituted or unsubstituted benzyls at each nitrogen 
and with one of the core hydroxyls removed. Several such analogues including 
DMP - 323 (Fig.  23.5 ) were selective for HIV PR over other aspartyl proteases 
(Erickson - Viitanen et al.,  1994 ). DMP - 323 showed reasonable PK properties 
in animals and underwent clinical evaluation in humans, but was dropped due 
to poor bioavailability. This compound was signifi cantly less potent against 
the I84V mutant protease (Nillroth et al.,  1997 ). A second analogue, DMP450 
(Fig.  23.5 ), which incorporated basic amine substituents on the two aryl groups, 
had greatly improved solubility and improved bioavailability in humans (Lam 
et al.,  1996 ), but still had a suboptimal resistance profi le (Hodge et al.,  1996 ). 
Abbott researchers described a structurally related hydrazo analogue (Fig. 
 23.5 ) that was also potent (Sham et al.,  1996 ), and subsequently various groups 
reported other types of analogues. However, it does not appear that any of 
these compounds made it to the clinic. 

 Pyrone - based nonpeptide inhibitors were discussed above in Section  23.3.1  
in the context of the discovery of tipranavir. 

 A more recent discovery is the identifi cation of lysine - based PIs. Lysine 
derivatives were identifi ed as hits through screening of commercially available 
protected amino acids in an enzymatic assay with recombinant HIV PR. 
Subsequent rounds of chemical modifi cation led to the discovery of a series 
of potent lysine sulfonamide PIs (Sevigny et al.,  2006 ; Stranix et al.,  2003, 2004, 
2006 ). This series was licensed by Ambrillia (formerly Procyon) to Merck in 
2006 and the lead compound, PPL - 100, entered clinical trials as MK - 8122, but 
was placed on developmental hold in 2008. This compound is a phosphate 
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prodrug of PL - 100 (Fig.  23.5 ), which has an antiviral IC 50  of 16   nM and sub-
nanomolar potency in the enzyme assay (Stranix et al.,  2006 ). PL - 100 exhib-
ited a favorable profi le compared to reference PIs in the PhenoSense assay 
(Monogram Biosciences) against a panel of 63 MDR isolates (Dandache et 
al.,  2007 ).  In vitro  selection studies resulted in generation of novel active site 
mutations, T80I and P81S, that do not cause cross - resistance with other PIs, 
along with K45R and M46I (Wu et al.,  2006 ). The crystal structure of a close 
analogue of PL - 100 in complex with WT HIV PR (Nalam et al.,  2007 ) shows 
that the inhibitor makes direct hydrogen bonds with the fl ap, similar to sub-
strates, cyclic ureas, and tipranavir and unlike most other PIs where this 
interaction is water - mediated. It forms hydrogen bonds mostly with main -
 chain or conserved atoms of the enzyme, which contributes to its favorable 
resistance profi le. 

 Another approach to overcoming resistance is to design compounds that 
generate most of their binding energy with HIV PR by forming interactions 
with residues that cannot mutate. This principle is pretty much self - evident 
from the defi nition of resistance. Maximizing interactions with the protein 
main chain (hydrogen bonds) is one such approach. Freire describes this in 
terms of optimizing enthalpic binding (Ohtaka et al.,  2004 ). Additional inter-
actions are made with invariant residues or the invariant portion of a residue 
that mutates within a limited chemical space. For example, if a residue mutates 
from valine to alanine, a compound that made a hydrophobic interaction with 
the alanine might be able to make the same interaction with the alanine 
portion (CH) of the valine. Of course it would need to not be so bulky as to 
bump into the other carbons of the valine. While the details of the approaches 
researchers use to reach this endpoint may vary, they generally fi t with these 
basic design principles. What is by no means so obvious is how to generate 
suffi cient potency to have good antiviral properties while making only interac-
tions with conserved substructures of the enzyme. From the discussion above, 
it becomes intuitively apparent that it is much easier to design a weak inhibitor 
with a good resistance profi le than a potent compound with a good resistance 
profi le. Additionally, a large inhibitor that makes enough of these invariant 
interactions to be potent may expand outside of the chemical space required 
for good PK properties. 

 Some of the approaches to tackle resistance that fi t into these principles 
are described below. In some cases the favorable resistance profi les resulted 
from analyzing the SAR of many analogues. By correlating favorable resis-
tance profi les with structural (X - ray or NMR) interactions and/or with 
thermodynamics of binding, hypotheses for the interactions responsible for 
the favorable resistance profi les could be generated. 

 One class of compounds that fi ts within the above parameters is the bis -
 THF - containing inhibitors originally described by Ghosh in 1996 and fol-
lowed up on by many groups since then (see discussion on Darunavir in 
Section  23.3.1 ). Collaboration of Vertex and GSK on amprenavir analogues 
that incorporated the bis - THF resulted in the discovery of brecanavir (Fig. 



INHIBITORS OF HIV PR 781

 23.7 ), in which the methylenedioxy analog of darunavir was elaborated by a 
thiazolemethoxy substituent on the P1 benzyl (Ford et al.,  2006 ; Hanlon 
et al.,  2004 ; Hazen et al.,  2007 ; Miller et al.,  2006 ; Reddy et al.,  2007b ; 
Spaltenstein et al.,  2005 ). This compound was very potent and had an excel-
lent resistance profi le. The thiazole was chosen because, besides its excellent 
potency and resistance profi le, it was among the better analogues with respect 
to bioavailability; and additionally, blood levels in rats and dogs were dra-
matically increased in the presence of ritonavir. In clinical trials, blood levels 
were low in the absence of ritonavir, but were signifi cantly boosted in its 
presence. The development of brecanavir was halted at the end of 2006 due 
to formulation problems.   

 Tibotec described replacement of the P2 ′  aryl group of darunavir by various 
bicyclic heteroaryls (Fig.  23.7 ). In these compounds the amino of TMC - 114 or 
the ether oxygen of TMC - 126 has been incorporated into a heteroaromatic 
ring to provide benzoxazoles, benzothiazoles, benzisoxazoles, benzimidazoles, 
and oxindoles (Surleraux et al.,  2002a,b, 2003a,b, 2005a ; Tahri and Wigerinck, 
 2004 ). X - ray crystal structures of 2 - aminobenzoxazole and 2 - aminobenzothia-
zole analogues showed that the azole N made an H bond with the NH of 
Asp30 ′  and the 2 - amino group was interacting with the Asp30 ′  side - chain 
carboxyl. These interactions are similar to those made by the amino group of 
darunavir (Tie et al.,  2004 ). 

     Figure 23.7.     Chemical structures of selected bis - THF - containing HIV PIs and related 
analogues.  
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 By analyzing multiple crystal structures of WT and mutant HIV PRs in 
complex with different inhibitors Sequoia Pharmaceuticals identifi ed a series 
of conserved and critical polar interactions between the inhibitors and the 
enzyme. These interactions are directed to main - chain and active - site atoms 
of HIV PR, and they defi ne a conserved atomic substructure that cannot be 
altered by mutations. This resulted in the identifi cation of potent P2 ′  oxindole, 
indole, benzofuran, and benzisoxazole derivatives with excellent resistance 
profi les (Fig.  23.7 ). From among these, a substituted benzofuran analogue, 
SPI - 256, was moved to clinical trials (Eissenstat et al.,  2005 ; Eissenstat and 
Guerassina,  2005 ; Erickson et al.,  2003, 2008 ; Wynne et al.,  2008 ). 

 Recent reports from the Ghosh laboratory suggest that the bis - THF can be 
replaced by a hexahydrocyclopenta[ b ]furanyl group with no loss in potency. 
In this series a p  - hydroxymethyl substituent on the benzenesulfonyl group 
(GRL - 06579A) was more potent than the amino analogue (Ghosh et al., 
 2006b ). The resistance profi le was generally comparable to darunavir. X - ray 
crystal structure analysis showed H - bonding of the tetrahydrofuran O to 
Asp29NH and H - bonding of the hydroxymethyl group to Asp30 ′ NH. 

 Schiffer and co - workers have proposed and published extensively on the 
substrate envelope hypothesis [reviewed recently in Nalam and Schiffer 
 (2008) ]. The structural analysis of peptide substrates corresponding to the 
cleavage site in Gag and Gag - Pol in complex with inactive D25N HIV PR 
revealed that peptides with different sequences adopt a similar shape upon 
binding (Prabu - Jeyabalan et al.,  2002 ). The consensus volume occupied by the 
substrates has been termed the substrate envelope (King et al.,  2004a ). It has 
been proposed that inhibitors that bind HIV PR within the substrate envelope 
should exhibit a favorable resistance profi le. The rationale is that the reduc-
tion in affi nity of such inhibitors by resistant mutations will lead to a reduction 
of affi nity for substrate and reduced viral viability. It has been noted that the 
primary HIV PR mutations do not extensively contact substrates, as opposed 
to inhibitors (King et al.,  2004a ), providing a structural rationale for the 
hypothesis. The analysis of currently approved PIs and newly designed com-
pounds revealed a negative correlation between favorable resistance profi le 
and protrusions outside the substrate envelope (Chellappan et al.,  2007 ; King 
et al.,  2004a,b ; Prabu - Jeyabalan et al.,  2006 ; Reddy et al.,  2007a ). Most recently 
a library of PIs based on the amprenavir hydroxyethylaminosulfonamide 
scaffold was designed using computational approaches, where the ability to 
conform to the substrate envelope was incorporated into the scoring function 
(Altman et al.,  2008 ; Chellappan et al.,  2007 ). Although the binding constants 
for the two best inhibitors were two to four orders of magnitude worse than 
clinical PIs, they were less affected by mutations, as judged by smaller mutant 
to WT K i  ratios, supporting the hypothesis. Potency could be improved 
(Altman et al.,  2008 ), but generally only with a sacrifi ce in resistance profi le. 

 Flexibility is a concept that is also often discussed in the context of resis-
tance. Inhibitors that can adjust their interactions to changes in the target 
protein structure (mutants) will have better resistance properties. Freire 
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described it in terms of the peptide substrate having a higher fl exibility than 
the synthetic inhibitors and thus being more able to adapt to backbone rear-
rangements or subtle conformational changes induced by mutations in the 
protease (Luque et al.,  1998 ). Conceptually, there are a variety of ways that 
inhibitor  “ interaction fl exibility ”  might be achieved. One is by using inhibitors 
with large conformational fl exibility that can change their conformation to 
optimize interactions with the mutated target. Unfortunately, the larger the 
number of rotatable bonds in a molecule, the less likely it is to have good PK 
properties (Veber et al.,  2002 ). In addition, such compounds pay an entropic 
penalty on binding, resulting in lower potency, since the binding conformation 
is one of many possible available conformations. If conformational fl exibility 
is relatively low, and the conformations required for tight binding to mutants 
are among the most stable, then the entropic penalty should be low. This effect 
may contribute to the excellent properties mentioned above for the bis - THF, 
which has only a small number of possible orientations of the bicyclic ring 
(Nivesanond et al.,  2008 ). In recent studies aimed at the design of PIs based 
on the substrate envelope hypothesis, it was noted that not all envelope -
 respecting inhibitors exhibit favorable resistance properties, while some 
inhibitors that exceeded the envelope do, suggesting that other factors such 
as inhibitor fl exibility may play an important role. 

 Another way that fl exibility in interactions can be achieved is by having 
redundant or  “ adjustable ”  interacting groups. Removal (or weakening) of one 
interaction could be compensated for by introducing or increasing the strength 
of another, resulting in minimal net change in binding potency. A different 
approach would be to have a group in the inhibitor that can interact in multiple 
ways with the protein residue and thus adapt to mutation. For example, a 
lipophilic moiety incorporating a hydrogen - bonding group might be able to 
adjust its binding to an Ala to Ser mutant. An example of a group with both 
hydrophobic and hydrogen bonding properties is the β  - methanesulfonyl - l -
 valine moiety used by LG Chemicals as a P2 substituent (Park et al.,  1996 ). 
Another way that interaction fl exibility might be accomplished is by an adjust-
able hydrogen bond network in the inhibitor. For example, if the inhibitor has 
stable tautomeric states such as keto – enol or imine – enamine that replace a 
hydrogen bond acceptor by a hydrogen bond donor (or vice versa), it could 
potentially accommodate a shift in the protein structure interaction from an 
amide NH of the backbone (or side chain) to the carbonyl. Such a tautomeric 
equilibrium could contribute to the excellent resistance profi les of some PIs 
with oxindole substituents at P2 ′  (Fig.  23.7 ). 

 In an attempt to make a PI prodrug with preferential intracellular retention, 
Gilead scientists synthesized several analogues of UIC - 94003 (TMC - 126) with 
phosphonic acid derivatives attached to the para - position of the P1 benzyl 
group (Cihlar et al.,  2006 ). The original clinical candidate GS - 9005 entered 
clinical trials in 2004, but was dropped due to low oral bioavailability and 
poor antiviral effect. A second phosphonate - containing analogue, GS - 8374, 
has been the subject of recent presentations and publications. Although the 
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phosphonate moiety was designed to be fully solvent - exposed, with no interac-
tion with enzyme (confi rmed by crystallographic study), it unexpectedly 
improved the inhibitor resistance profi le. It was proposed that the solvation 
of the exposed phosphonate provides an anchor point for the inhibitor and 
that this  “ solvent anchoring ”  increases its degrees of freedom in the active site 
and helps the inhibitor adapt to the changes of the active site caused by muta-
tions. Isothermal titration calorimetry measurements of inhibitor interactions 
revealed greater entropic compensation for the loss of enthalpy upon binding 
to mutant HIV PRs for the phosphonate - containing inhibitors than for 
UIC - 94003, resulting in improved  Kd  ratios. GS - 8374, when assayed using the 
PhenoSense Assay (Monogram Biosciences) against a panel of 24 resistant 
mutant viruses, exhibited a mean fold change of 6.2, comparable to tipranavir, 
but it is 90 - fold more potent against WT. In comparison, darunavir and bre-
canavir had mean fold changes of 30 and 23 against the same panel (Callebaut 
et al.,  2007 ). 

 The potency of PIs is usually described by their  Ki , which is equivalent to 
the equilibrium dissociation constant. The latter is a ratio of off - rate ( koff ) to 
on - rate ( kon ). For PIs and for most enzyme inhibitors, the off - rate is the domi-
nating factor in the equation; that is, the improvement of binding of an inhibi-
tor (decrease in Ki ) generally results from a decrease in off - rate. Similarly, the 
increase in off - rate for a given inhibitor is the main contributor to its decreased 
binding affi nity toward drug - resistant mutants. The importance of the  koff  and 
drug - target residence time for  in vivo  systems has recently been reviewed 
(Copeland et al.,  2006 ; Tummino and Copeland,  2008 ). Some very potent PIs 
are such tight binders that their off - rates are very slow; numbers in the range 
of 100   h have been reported (Dierynck et al.,  2007 ). On the other hand, the 
estimated half - life of viral maturation and virion release in cell culture is only 
several hours (Kaplan et al.,  1994 ). Therefore a signifi cant increase in off - rate 
due to mutations might be tolerated for such potent inhibitors before the 
effect on antiviral IC 50  could be detected. In other words, even though binding 
of a very potent inhibitor to the mutant enzyme is weaker, it potentially may 
be outside the realm of impact on the viral kinetics. Thus increasing an inhibi-
tor ’ s potency against WT by means of decreasing its off - rate may be an impor-
tant factor in raising its genetic barrier for resistance (Gulnik and Eissenstat, 
 2008 ). In terms of drug design, one potential way to achieve an infi nitely long 
off - rate is through irreversible inhibitors. Medicinal chemists generally shy 
away from irreversible inhibitors because of the possibility of toxicity associ-
ated with the inhibitor reacting with proteins other than those being targeted. 
Several groups have worked on irreversible HIV PIs. The most advanced was 
LB71350, a clinically studied compound developed by the Korean company 
LG Biotech (Choy et al.,  1996 ). This compound incorporated an epoxide into 
its core that was shown to alkylate Asp25 of the protease. The presence of 
two active - site aspartates acting in concert provides some inherent selectivity 
versus off - target alkylation: One of the catalytic Asps is situated perfectly to 
activate the epoxide oxygen by protonation while the other can nucleophili-
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cally attack the epoxide carbon to form an ester (Kona,  2008 ). This compound 
was structurally closely related to other PIs and did not show an unusually 
good resistance profi le  in vitro . 

 Another approach to avoiding resistance associated with current PIs is to 
interact with the protease in some other way. The different approaches to the 
design of HIV PIs that bind outside the active site have yet to bear fruit (as 
measured by antiviral activity) and will thus only be discussed very briefl y. 
Signifi cant progress in improving the potency of inhibitors targeting the dimer 
interface has been made [recently reviewed in Bannwarth and Reboud - Ravaux 
( 2007 )]. A series of recent studies identifi ed mutations in HIV PR that desta-
bilized dimer and allowed the NMR structure determination of the folded PR 
monomer (Bannwarth and Reboud - Ravaux,  2007 ; Ishima et al.,  2003, 2007 ; 
Louis et al.,  2007 ), and the study of the interactions of monomer with an 
interface peptide inhibitor (Frutos et al.,  2007 ). These studies suggested that 
precursors of HIV PR form a much weaker dimer, which may allow the design 
of inhibitors targeting monomer prior to maturation and formation of the 
more stable dimer (Ishima et al.,  2007 ; Louis et al.,  2007 ). Binding to the 
monomeric precursor could be a potential explanation for the disruption by 
darunavir and tipranavir of HIV PR dimerization in cells observed using a 
FRET -  based assay (Koh et al.,  2007 ). The possibility of targeting PR fl exibil-
ity through allosteric inhibitors has been suggested [for recent review see 
Hornak and Simmerling ( 2007 )]. Folding inhibitors of HIV PR that act by 
trapping the protein in a partially denatured state by targeting highly con-
served local elementary structures,  “ nuclei of folding, ”  have also been pro-
posed (Bonomi et al.,  2007 ; Broglia et al.,  2007, 2008 ). A short peptide with 
low micromolar activity that may inhibit the enzyme through this mechanism 
was reported (Broglia et al.,  2006 ), although no additional proof of the pro-
posed mode of inhibition was presented. 

 The real confi rmation for the usefulness of any of the hypotheses described 
above would be the successful design of new inhibitors of HIV PR (or other 
HIV enzymes) that are not close structural analogs of current inhibitors. 
Unfortunately, to date most of these hypotheses have been used to explain 
the profi les of compounds that had already been synthesized.   

  23.4   CONCLUDING REMARKS 

 After the identifi cation of HIV as the virus causing AIDS at the beginning of 
the 1980s signifi cant efforts were made to understand the molecular biology 
and virology of HIV. This led to rapid identifi cation and characterization of 
viral enzymes as important drug design targets essential for infectivity. The 
onset of HIV PR screening was accelerated by the existence of renin inhibitor 
programs at several pharmaceutical companies, since HIV PR is a member of 
the same family of aspartic proteinases. In addition, the rapid progress in 
structural biology of HIV PR provided guidance for rational optimization of 
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the hits. In fact, HIV PIs are pointed to as the fi rst major success of structure -
 based drug design. These efforts resulted in the nine HIV PIs presently 
approved by the FDA for the treatment of HIV/AIDS. HIV PIs are an impor-
tant component of HAART and have contributed signifi cantly to the improve-
ment of antiretroviral regimens. Although PIs have a high genetic barrier to 
resistance, viral resistance to PI - containing regimens remains a major problem 
that is exacerbated by the emergence of viruses cross - resistant to the whole 
PI class. Suboptimal pharmacokinetic profi les are characteristic of all PIs, 
presumably because of the large number of (hydrophobic) interactions 
required to achieve high potency. However, the pharmacokinetic profi les of 
PIs can usually be signifi cantly improved by pharmacokinetic boosters such as 
ritonavir. PK boosting allows for a reduction in the frequency of dosing by 
increasing plasma half - life of PIs, and it also reduces interpatient variability. 
However, ritonavir boosting comes at the cost of toxicity added on top of the 
side effects associated with the PIs. There is a persistent clinical need for HIV 
PIs with improved resistance and side effect profi les, and signifi cant design 
efforts have been mounted in academia and the pharmaceutical industry to 
address this need. In addition, the design of novel CYP inhibitors with 
improved safety profi les as PK boosters for PIs and other HIV drugs has been 
initiated.  

 ACRONYMS 

 APV     Amprenavir 
 ATV     Atazanavir 
 CA     Capsid protein 
 CYP     Cytochrome P450 
 DRV     Darunavir 
 ER     Endoplasmic reticulum 
 FDA     Food and Drug Administration 
 HAART     Highly active antiretroviral therapy 
 HIV - 1     Human immunodefi ciency virus type 1 
 HIV - LD     HIV - associated lipodystrophy syndrome 
 IDV     Indinavir 
 IN     Integrase 
 LPV     Lopinavir 
 MA     Matrix protein 
 NC     Nucleocapsid protein 
 NFV     Nelfi navir 
 NMR     Nuclear magnetic resonance 
 NNRTI     Non - nucleoside reverse transcriptase inhibitor 
 PDB     Protein data bank 
 PI     Protease inhibitor 
 PK     Pharmacokinetics 
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ABC. See ABC transporters; 
ATP-binding cassette transporters

ABCA1, as novel drug target, 489–490
ABCB1, in drug-resistance cancer cells, 

505
ABCC/MRP, tissue distribution of, 95
ABCG2, polymorphisms of, 514
ABC transporters, Seealso adenosine 

triphosphate (ATP)–binding 
cassette (ABC) transporter

classifi cation of, 467–468
SLC, 468
superfamilies of, 468

absorption
and ADME variability, 559
of compounds, 28
defi ned, 186
effect of transporters on, 504
models for prediction of, 30
in vitro assays for oral, 8

absorption, distribution, metabolism and 
excretion (ADME) assay, 5

absorption, distribution, metabolism and 
excretion (ADME) properties

defi ned, 186

in drug discovery process, 64
in drug metabolism, 91
and variability relevant to M-DDIs, 

556–561, 557, 558, 561
absorption, distribution, metabolism and 

excretion (ADME) screening
in drug discovery process, 43
and higher throughput bioanalytical 

technologies, 48–56, 50, 51, 52,
53–55

absorption, distribution, metabolism and 
excretion (ADME) studies, 
staging of, 183, 183, 184

ABT. See aminobenzotriazole; 
1-aminobenzotriazole

acetaminophen
GSH adducts for, 121
hepatotoxicity associate with, 99
metabolism of, 99
in P450 degradation, 390
reactive intermediates of, 121

acetone
in P450 degradation, 388
P450s induced by, 363

acetonitrile, 289



812 INDEX

ACQUITY Ultra-Performance Liquid 
Chromatography (UPLC) system, 
49

acute lymphocytic leukemia (ALL), 
and MDR1 polymorphisms, 509, 
510

acute myeloid leukemia (AML)
and MDR1 polymorphisms, 509, 510
NF-κB in, 596–597

acyclovir, 116, 117
acyl glucuronide, in P450 enzyme 

inactivation, 246
acyl halides, trapping of, 119, 120
acylpolyamine toxins, 696, 697
Addison’s disease, 386
adefovir, 478, 487
adenoleukodystrophy (ALD), and 

transporter defi ciency, 468, 469
adenoleukodystrophy protein (ALDP), 

468
adenosine, 696
adenosine A2 antagonists, piperazine-

containing, 34, 34
adenosine receptors, 647–648
adenosine triphosphate (ATP), 

hydrolysis of, 467
adenosine triphosphate (ATP)-binding 

cassette (ABC) transporter 
superfamily, 503

AdleaTM, for pain, 701
ADME. See absorption, distribution, 

metabolism and excretion
administration, drug, and metabolism, 

100
administration, route of, and DDI 

potential, 147
adrenergic receptors, role of, 649–650
adverse events, safety biomarkers of, 

83–84
adverse outcomes, detection of, 73
AFB. See afl atoxin B1
afl atoxin B1 (AFB1)

effect of ABT on, 436
hepatotoxicity of, 435

age of patients, and chronic dosing, 127
age specifi city, and drug metabolism, 

101–102
AhR. See aryl hydrocarbon receptor
AK602 (HIV drug), 631

Akt, 721, 722, 726
and insulin resistance, 778
JNK activation blocked by, 735, 736
in tumor therapy, 737

Akt1, 726, 727
albumin effect, in UGT in vitro studies, 

415–416, 419
alcohol drinking, enzyme activities 

induced by, 265
alcuronium, 631
ALD. See adenoleukodystrophy; 

autophagic-lysosomal degradation
aldehyde, trapping of, 119, 120
aldehyde oxidase (AO), 93

inhibition of, 355
tissue distribution of, 94

ALDP. See adenoleukodystrophy 
protein

alfentanil, intestinal extraction of, 323
ALGRX-4975, 701
alkaloids, and voltage-gated sodium 

channels, 683–684
alkene, in P450 enzyme inactivation, 

246
alkyl imidazole, in P450 enzyme 

inactivation, 246
alkynes

and generation of reactive 
intermediates, 124, 125

in P450 enzyme inactivation, 246
allergic airway, PARs in, 644
allodynia

defi ned, 679
role of Nav channels in, 684

allosteric antagonists, 631
allosteric inhibitors, 21, 21–22
allosteric receptor modulation, 636
allosteric receptor modulators, effect of, 

631
allosterism, 631
AlphaScreenTM chemiluminescence, 634
alprazolam

bionanalysis of, 51, 51–52, 52
DDIs with, 144
interaction with ketoconazole of, 433
intestinal extraction of, 323
and intestinal inhibition, 330
and St. John’s Wort, 141

ambient ion ionization, 55–56, 57, 58
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AMES assays, to identify direct acting 
genotoxins, 10

amines, in P450 enzyme inactivation, 
246

amino acids, and mTORC1, 724
aminobenzotriazole (ABT)

effect on AFB of, 435, 436
in NCE development, 128–129

1-aminobenzotriazole (ABT), 434
aminopyrine, bone marrow toxicity 

associated with, 123
aminotriazole, in P450 degradation, 

389
amitriptyline, 119

metabolism of, 118
for neuropathic pain, 688
and St. John’s Wort, 140–141
structure of, 687

AML. See acute myeloid leukemia
amosulol, 111
amprenavir (APV), 18, 116, 117, 749, 

759, 760
analytical validation, 85
A-803467 (Nav channel blocker), 

689–690
anesthetics, local, for neuropathic pain, 

688–689
angiogenesis, 586
anilines, and generation of reactive 

intermediates, 124, 125
animal models. See also specifi c models

in DDI studies, 152–153
for induction experiments, 286

animal toxicology tests, 76
anthranilic acid hit, optimization of, 

25–26, 26
antiarrhythmics

QT prolongation caused by, 78
and voltage-gated sodium channels, 

681–682
antibiotics, QT prolongation caused by, 

78
anticancer therapies, 392
anticonvulsants

hypersensitivity to, 391
impact of inducing agents on, 267
for neuropathic pain, 686, 687
and voltage-gated sodium channels, 

681–682

antidepressants, improvement of, 24. See
also specifi c antidepressants

antiepileptic therapy, and P-gp 
polymorphisms, 510

antimetabolites, defi ned, 116
antipsychiatric therapy, and P-gp 

polymorphisms, 510
anti-psychotic agents, QT prolongation 

caused by, 78
antiretrovirals, 749
antisense (AS) oligodeoxynucleotide 

(ODN), 673
antisense oligonucleotides, in target 

validation, 7
AO. See aldehyde oxidase
APCI. See atmospheric pressure 

chemical ionization
API. See atmospheric pressure 

ionization
apolysichron, defi ned, 226
apoptosis

as critical process, 584
and JNK signaling pathway, 734–735, 

736
pathways of, 585
and proteasome inhibition, 601
in tumorigenesis, 584

APV. See amprenavir
area under curve (AUC), 202

calculation of, 203, 203–204
in compartmental analysis, 205
effects of inhibition on, 384
in pharmacokinetic models, 201
in in vivo DDI models, 318

area under the moment curve 
(AUMC), calculation of, 203,
203–204

arene oxides, trapping of, 119, 120
aromatic hydrocarbons, metabolism of, 

99
arthritis, PARs in, 644. See also

rheumatoid arthritis
aryl hydrocarbon receptor (AhR), 141, 

304
CYP enzymes controlled by, 268–269, 

269
in hepatoma cell lines, 276
and induction of P450s, 380–381
in induction studies, 293
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aspartic protease fi eld, inhibitors in, 17, 
19

aspirin
anti-infl ammatory effects of, 

597–598
and NF-κB, 598

asthma, PARs in, 644
ataxia telangiectasia-mutated (ATM) 

kinase, 577
ataxia telangiectasia mutated protein 

(ATM), 720
ataxia telangiectasia related protein 

(ATR), 720
atazanavir (ATV), 749, 759, 761

coadministered with low-dose 
ritonavir, 541

elevated bilirubin levels associated 
with, 411

atherosclerosis, CCR2 in, 639
ATM. See ataxia telangiectasia-mutated
atmospheric pressure chemical 

ionization (APCI), 47
atmospheric pressure ionization (API) 

methods, 47
atomic absorption spectroscopy (AAS), 

in ion channel studies, 676
atorvastatin

intestinal extraction of, 323
in intestinal interaction studies, 321
metabolism of, 117
and overestimation of FG, 326
structure of, 118
as victim drug, 331

atorvastatin treatment, and P-gp 
polymorphisms, 510

atovaquone, and AZT glucuronidation, 
413–414

ATP. See adenosine triphosphate
ATPase assay, 479
ATP-binding cassette (ABC) 

transporters, 467
ATR. See ataxia telangiectasia related 

protein
ATV. See atazanavir
AUC. See area under curve
AUC1/AUC0 ratio, in pharmacokinetic 

drug interactions, 542
AUC CHECK. See area under plasma 

concentration-time curve

AUMC. See area under the moment 
curve

autoantibodies, against P450s, 386, 387
autoimmune diseases, NF-κB in context 

of, 572
autophagic-lysosomal degradation 

(ALD), 364, 365–366
autophagic-lysosomal degradation 

(ALD) pathway
in CYP2E1 degradation, 375
proteolytic, 372

avasimibe, in vitro-in vivo correlations 
for, 279

azithromycin, in DDI models, 321
azole antifungals, interaction with 

cyclosporine of, 539
AZT. See zidovudine

backup (BU) program
DMPK strategies in, 200
goal for, 190
in typical drug discovery program, 189

BAFF. See B-cell activating factor of the 
TNF family

banana, esterase activity inhibited by, 
444

batrachotoxin, and voltage-gated sodium 
channels, 683–684

Baycol, withdrawal of, 487
BBB. See blood-brain barrier
BBMV. See brush border membrane 

vesicle
BC2 cell line, 276
B-cell activating factor of TNF family 

(BAFF), 577
B-Clear hepatocyte model, 479
BCRP. See breast cancer resistance 

protein
BCRP enzyme, 95
benoxaprofen, hepatotoxicity associated 

with, 123
benzene, hemopoietic disorders caused 

by, 99
benzimidazole antivirals, metabolic 

stability of, 114, 115
benzofurans, 781, 782
benzothiazoles, 781, 782
benzotriazole, in P450 enzyme 

inactivation, 246
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N-benzylnirvanol, in P450 assays, 248
bergamottin, 457

effect on CYPs of, 448
in GFJ, 445–446, 446, 448

bergapten, 457
β-arrestin

in activation of MAPK cascade, 629
in GPCR assay, 633

β-carbolines, as inhibitors of IKKβ, 603
β3-adrenergic receptor, in obesity, 

655–656
β-transducin repeat-containing protein 

(β-TrCP), 575
β-TrCP. See β-transducin repeat-

containing protein
beta-carotene, 150
beta-glucuronidase, 93
beta-naphthofl avone (BNF), induction 

of enzymatic activity by, 287
bile acids, eterohepatic circulation of, 

473
bile salt export pump (BSEP), 468, 

473
biliary excretions, 181
bilirubin

glucuronidation of, 410–411, 419
UGTIA1 metabolism of, 410

binding interactions, in inhibition of 
P450 enzymes, 245

bioanalysis, 43
higher throughput technology in, 

48–56, 50, 51, 52, 53–55
and matrix complexity, 44
sample preparation in, 44–45

automation in, 46
liquid-liquid extraction, 45
protein precipitation, 45
selection of extraction method for, 

46
solid-phase extraction, 45–46

bioavailability. See also oral 
bioavailability

of bortezomib, 601
of drug compounds, 28
and induction response, 304

bioavailability-boosting agents, 
fl avonoids as, 461

biochemical markers, from reactive 
intermediates, 122

bioluminescence resonance energy 
transfer (BRET) technology, 635

biomarker qualifi cation, process map 
for, 86

Biomarker Qualifi cation Review Team, 
IPRG, 86

biomarkers, 77. See also safety 
biomarkers

defi nitions of, 71
“top-down” vs. “bottom-up” 

identifi cation of, 82–84, 83
types of, 71, 72

biopharmaceutical development
development of safety biomarkers in, 

81–82, 82
stages of, 73, 74

biotransformation
in CYP mapping, 131
of metabolites compared with their 

parent structure, 126
of NCE, 92

BIRB 796, 22, 23
bis-(p-nitrophenylphosphate) (BNPP), 

and antitumor activity of CPT11, 
444

BK. See bradykinin receptors
blood-brain barrier (BBB), 28

penetration of drugs across, 516
and role of transporters, 471

blood-placenta barrier, and role of 
transporters, 471

blood/plasma partition ratio, in IVIVC, 
107–108

blood sampling, in toxicokinetic studies, 
232

BNPP. See bis-(p-nitrophenylphosphate)
bone cancer pain, RTX for, 701–702
bone marrow, role in multiple myeloma 

of, 593
bone marrow toxicity, drugs causing, 

123
boosting, pharmacokinetic, 541–542
bortezomib, 392

clinical benefi ts of, 603
MM treated with, 593
study of, 601–602

“bottom-up” strategy, for identifying 
biomarkers, 83, 83

bradykinin receptors (BK), 645
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brain weight (BRW), as correction 
factor, 223–224

breast cancer
activation of NF-κB in, 588
effect of GFJ and fl avonoids on, 460

breast cancer cell lines, highly 
metastatic, 586

breast cancer resistance protein (BCRP), 
468

genetic polymorphisms of, 512
NBD of, 504
in resistant tumor cells, 472
substrate selectivity of, 474
in vitro studies with, 477

brecanavir
chemical structure of, 781
development of, 781
discovery of, 780–781

BRET. See bioluminescence resonance 
energy transfer

bridging biomarkers, 71, 72
bromfenac, hepatotoxicity associated 

with, 123
brush border membrane vesicles 

(BBMV), 480
BSEP. See bile salt export protein; bile 

salt export pump
BSEP enzyme, 95
budesonide, interaction with 

ketoconazole of, 433
buprenorphine, interaction with 

ketoconazole of, 433
bupropion

metabolism of, 118
in P450 assays, 248

Burkitt’s lymphoma, 584, 590
buspirone

intestinal extraction of, 323
and intestinal inhibition, 330
in intestinal interaction studies, 321
in P450 assays, 248
as victim drug, 331

Byler disease, and transporter defi ciency, 
469

Byler syndrome, and transporter 
defi ciency, 469

Caco-2 assay, compound permeability 
evaluated with, 28, 29, 29

CYP3A4 activity induced by, 278
in transport studies, 477, 478

caffeine, metabolism of, 99
calcium-channel blockers, novel 

chemotypes of, 695
calcium channels

of N-type, 692–695, 694
voltage-gated, 690–695, 691, 694

cAMP assays, 634
cancer

and chronic infl ammation, 592
context inhibition in, 607
“hallmarks” of, 583
lung, 584
metastasis, 586
nuclear factor κ B in, 583, 584
pancreatic, 588

candidate therapeutics, safety markers 
developed with, 81–82, 82

cannabinoid receptor CB1, 652
cannabinoid receptor CB2, 650
capecitabine, interaction with GFJ of, 

444
capsaicin

hypothermia caused by, 700
over-the-counter, 701
topical, 700, 701
topically applied, 688

capsaicin, injectable
indications for, 701
local anesthesia for, 701

CAR. See constitutive androstane 
receptor

carbamazepine
chemical structure of, 687
GSH adducts for, 121
metabolism of, 118
Nav binding of, 686, 688
skin toxicity associated with, 123
in vitro-in vivo correlations for, 279

carbamoyl glucuronides
formation of, 111
structures of, 112

carboxylesterase
enalapril metabolized by, 458
GFJ inhibited by, 445

carboxypeptidase A inhibitors, 21
cardiac arrhythmias, terfenadine and, 

536–537
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cardiotoxicity
fenfl uramine-caused, 124
of withdrawn drugs, 31

carmustine (BCNU), inhibition kinetics 
of aldehyde dehydrogenase by, 
355

cassette dosing, 181–182
catalysis, general base-general acid 

mechanism of, 753
CCR1, 638–639
CCR2, 639
CCR3, 639–640
CCR5, 640
CCR9, 640
CDA54 (sodium channel blocker), 690
celecoxib, metabolic stability of, 114,

115
cell death, proteasome and, 600. See also

apoptosis
cell-free systems

evaluation of, 430
for in vitro experiments, 424

cell lines. See also specifi c cells
from human hepatic tissues, 

276–278
for in vitro studies, 477

cell permeability, 178
cell permeability screening, in DMPK 

assessment, 180–181
cell permeability studies, 185
Center for Devices and Radiological 

Health, 86
centrifugation, of hepatocytes, 356
CES. See carboxylesterases
CFMO. See fl avin mono-oxygenase
CFP. See cyan fl uorescent protein
chamomile, 150
channelopathies, 669
chaperone-mediated autophagy, steps in, 

365–366, 366
chemokine receptors

of GPCRs, 636–641, 638–639
promiscuity of, 637

chemokines
classifi cation of, 637, 638–639
promiscuity of, 637

chemotherapeutic agents
combined with PIs, 778
resistance to, 587–588

chimeric mice, for assessing regulation 
of DMES, 286

(6-(4-chlorophenyl)imidazo[2,1-beta]
[1,3]thiazole-5-carbaldehyde
O-(3,4-dichlorbenzyl)oxime)
(CITCO), as CYP inducer, 
284

cholera toxin, and G proteins, 628–629
cholestasis, familial intrahepatic, 468
cholesterol, effects of fl avonoids on, 

460
cholesterol absorption inhibitors, 

metabolic stability of, 114, 115
chromatography, in bioanalysis, 48
chronic myelogeneous leukemia (CML), 

up-regulation of NF-κB in, 588
CID. See collision-induced dissociation
cidofovir, 478, 487
cilastatin, 151
cimetidine, 138
ciprofl oxacin, reactive intermediates of, 

121
cisapride, stereoselective metabolism of, 

97
CITCO. See (6-(4-chlorophenyl)

imidazo[2,1-beta][1,3]thiazole-5-
carbaldehyde O-(3,4-
dichlorbenzyl)oxime)

citrus fl avonoids, anti-infl ammatory 
properties of, 460

clarithromycin, and intestinal inhibition, 
329

clearance (CLs), 178
in compartmental analysis, 205
defi ned, 187
FG values in intestinal, 328
hepatic, 188, 188
and induction response, 304
in pharmacokinetic models, 201
renal, 188
in toxicokinetics studies, 231

clearance pathways, and DDI potential, 
145

clearance studies, in humans vs. rats, 
182, 182

clinical failures, late-stage, 74
clinical studies

of DDIs, 149
and target validation, 7
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clinical trials
constraints on, 73
cytochrome P450 in, 260
failures for, 423, 437
indication for, 304

clinical validation, 85
cloning, molecular, 672
clotrimazole, in vitro-in vivo correlations 

for, 279
clozapine

bone marrow toxicity associated with, 
123

GSH adducts for, 121
CMPIA. See Cytotoxic Metabolic 

Pathway Identifi cation Assay
CMV. See canalicular membrane 

vesicle
CNT/ENT enzyme, 95
codeine

metabolism of, 118
structure of, 118

colitis
and MDR1 polymorphisms, 509
PARs in, 644
role of adenosine receptors in, 648

collision-induced dissociation (CID), 
47

colon cancer, up-regulation of NF-κB in, 
588

column switching system, schematic 
diagram of, 52, 53

combinatorial synthesis, 8
compartmental modeling

noncompartmental modeling vs.,
208–209

in pharmacokinetics, 204–209, 207,
208

complement receptors, 644
complete Freund’s adjuvant (CFA), 

698
compliance/adherence, to dosage 

regimens, 560
computational modeling

in drug design for GPCRs, 627
for structural features inhibiting P450 

enzymes, 26–27
computational techniques, in hit 

identifi cation, 8

computer-aided approaches (in silico),
179

concentration, drug, pharmacokinetc 
data in, 201

concentration-response data, for tight 
binding inhibitors, 756

concentration-response relationship, of 
victim drug, 536, 537

concentration-time profi le
mean residence time normalization 

approach to, 228–229, 229
prediction of, 225, 225–226
species invariant time approaches to, 

226, 226–228, 228
concentration-time profi les, and 

hepatocyte data, 356–357
conformational states, for voltage-gated 

sodium channels, 683
consensus protocol, in biomarker 

qualifi cation, 86, 86
constitutive androstane receptor (CAR), 

141, 304
CYP enzymes controlled by, 268–269, 

269
in hepatoma cell lines, 276
and induction of P450s, 380–381
and induction of transporter activity, 

482
in induction studies, 289, 293

convolution integral, 204
correlation analysis

in CYP mapping, 132
rat vs. human relationships, 183

corticotropin releasing factor (CRF), 645
costs, in biopharmaceutical 

development, 72–73, 73
coumarin, species specifi city of, 100
covalent adduct formation, and liver 

injury, 122–123
covalent binding, and IDRs, 123
CPT11. See irinotecan
c-rel gene, 583
Critical Path White Paper, of FDA 

(2004), 76
Crohn’s disease, and MDR1 

polymorphisms, 511
cryopreservation, of human hepatocytes, 

425–427
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Css. See drug concentration at steady 
state

CuOOH, in P450 degradation, 388
curcumin, Pgp inhibition by, 151
CVID, for chronic pain, 693
CXCR1, 640
cyan fl uorescent protein (CFP), 635
cyclic ureas, 779
cyclopropylamine, in P450 enzyme 

inactivation, 246
cyclopropyl amines, and generation 

of reactive intermediates, 124, 
125

cyclosporin A (CsA)
combined with ketoconazole, 151
in NCE development, 128–129

cyclosporine
and azole antifungals, 538–539
drug interactions

with fl uconazole, 433
with ketoconazole, 433
with MMF, 412

intestinal extraction of, 323
and intestinal inhibition, 321, 330
in intestinal interaction studies, 321
and overestimation of FG, 326
and St. John’s Wort, 141
as victim drug, 331

cyclosporine A, 484
CYP. See cytochrome P450
CYP450, HIV PI inhibition of, 771
CYP1A2, 304

enzymatic activity for, 298, 298
inhibition effect on, 556, 557

CYP3A
effect of GFJ on, 454
enzymatic activity data for, 294,

295–294
GFJ inhibition of, 443
GFJ interaction with, 456
in GI tract, 315
hepatic (FH), 329
inhibition of, 295
inhibition of intestinal, 380
inhibitory effect of GFJ on, 447
intestinal (FG), 329
intestinal inhibition of, 329, 329
kinetic behaviors of, 253–254

post-translational modifi cations in, 
378

turnover for, 376–378
CYP3A4, 304

DDIs associated with, 317–318
effect of plating density on, 280, 

280
PIs metabolized by, 775

CYP2B1, turnover for, 373–374
CYP2B6

inteaction with GFJ of, 448
as sentinel target gene, 304

CYP2C8, improvement of, 26, 26
CYP2C9

in GI tract, 315
improvement of, 26, 26

CYP2C12, gender specifi city of, 101
CYP2C19, enzyme encoded by, 

78–79
CYP2C9 genotype, and warfarin 

maintenance dose, 560, 561
CYP2D6, enzyme encoded by, 78
CYP2D6 alleles, racial/ethnic differences 

in, 79
CYP2E1

ethanol-inducible, 376
turnover for, 374–376

CYP enzymes, 363. See also cytochrome 
P450

effect of GFJ on, 447–448
as “sentinel” target genes, 304

CYP1 family, 244
CYP2 family, 244
CYP3 family, 244
CYP inducers

probe substrates, 283, 284
used in vitro, 283, 284

CYP inhibition, measurement of, 408
CYP inhibition screening, in DMPK 

assessment, 180–181
CYPs/UGT, heterodimerization of, 

419
cysteine oxidation, in protein 

degradation, 371
cysteinyl leokotriene receptor, type 1 

(CysLT1), 642
cystic fi brosis, and transporter defi ciency, 

468, 469
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cytochrome P450 (CYP) assays
complicating factors in, 252–254, 253
with human liver microsomes, 247, 

249–251, 250
mechanism-based inactivation in, 

252
recombinant enzymes in, 251
in vitro reactions and inhibitors for, 

247, 248
cytochrome P450 (CYP) degradation

clinical relevance of
anti-P450 autoantibodies in 

hepatitis, 386–387, 387, 388–390,
391–392

P450 turnover and drug 
interactions, 378–385

drug-induced, 386–387, 387, 388–390,
391

individual P450 turnover
CYP3A, 376–378
CYP2B1, 373–374
CYP2E1, 374–376

cytochrome P450 (CYP) enzymes, 15, 
93, 94

atypical kinetics with, 107, 108
basic elements of, 244
and drug-drug interactions, 243
enzymatic activity reaction of, 296,

296–297, 297
in GI tract, 315
MBI of, 140
subcellular localization of, 409, 410
turnover half-lives of human hepatic, 

557, 558
uncommon reactions catalyzed by, 96, 

97
cytochrome P450 (CYP) mapping, 129

in NCE development, 128
steps in, 130–134

cytochrome P450 (CYP) system, drug 
interactions involving, 535

cytochrome P450 isoenzymes, 78
cytopenia, in myelodysplastic syndrome, 

595
cytosol

to study P450 inhibition, 353
in vitro data generated from, 350

cytotoxicity, and induction potential of 
NCE, 297

cytotoxicity assays, as predictors of 
organ toxicities, 10

Cytotoxic Metabolic Pathway 
Identifi cation Assay (CMPIA), 
434, 435, 437

DART. See Direct Analysis in Real 
Time

DART/MS/MS, compared with LC/MS/
MS, 56, 58

darunavir (DRV), 749, 763, 781
daunomycin, 479–480
daunorubicin, 479–480
DDE. See drug disposition enzyme
DDEP, in P450 degradation, 388, 390
DDI. See drug-drug interaction
DDP. See drug disposition protein
deamidation, in protein degradation, 

371
dearomatization, 96, 97
debrisoquine, in P450 assays, 248
Dedrick approach, for predicting human 

IV profi le, 225
deforolimus (AP23573), 736
degrons

defi ned, 371
posttranslational modifi cations in, 

373
DESI. See Desorption ElectroSpray 

Ionization
desipramine, interaction with 

ketoconazole of, 433
Desorption ElectroSpray Ionization 

(DESI), 56, 64
detoxifi cation, mechanism of, 503
development candidate (DC)

fi nal selection of, 184, 185
identifi cation of, 16
nomination process for, 3, 4, 5, 10–11

dexamethasone
bortezomib compared with, 602
as CYP inducer, 284
gender specifi city of, 101
as positive control inducer, 289

dextromethorphan
metabolism of, 111
in P450 assays, 248

dextrometorphane, and St. John’s Wort, 
141
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DHB. See 6′,7′-dihydroxybergamottin
diabetes mellitus, type-2, insulin 

resistance in, 599
diaryl urea inhibitor, 22, 23
diazepam, metabolism of, 98, 118
diclofenac, effects of CYP inhibitors on, 

254
didymin, in GFJ, 446
dienetichrons, 226, 228
diet, enzyme activities induced by, 265
dietary fl avonoids. metabolic stability of, 

115
diethyldithiocarbamate, and 

hepatotoxicity, 435, 436
diffuse large B-cell lymphoma 

(DLBCL), NF-κB in, 590–591
difl omotecan, and ABCG2 

polymorphisms, 514
difl unisal, interaction with indomethacin 

of, 412
digoxin

in DDI models, 321
and St. John’s Wort, 141

dihydralazine, and patients with 
hepatitis, 387

6′,7′-dihydroxybergamottin (DHB), 457
in GFJ, 445–446, 446
selective enteric inhibition of, 

540–541, 542
diltiazem

metabolism of, 113, 114, 115
predicting clinical DDI for, 138

dilute-and-shoot approach, in 
bioanalytical technology, 64

dimerization
receptor, 630
of UGTs, 416

dimethylsulfoxide (DMSO), 289
dipeptidyl peptidase IV (DPP-IV) 

inhibitor, 26, 27
diphenylene iodonium, in P450 

degradation, 389
Direct Analysis in Real Time (DART), 

56, 57, 58
disease

of genetic defi ciency of transporters, 
468, 469, 471

and NF-κB pathways, 571
disease biomarkers, 71, 72

disease states, and pharmacokinetics of 
P450 substrates, 379

dissociation-enhanced lanthanide 
fl uorescence immunoassay 
(DELFIA), 634

distribution, drug, 91
defi ned, 187
as stochastic process, 202

DLBCL. See diffuse large B-cell 
lymphoma

DLPs. See drug-like properties
DMEM/Ham’s F-12 media, 280, 281
DMEs. See drug metabolizing enzymes
DMPK. See drug metabolism and 

pharmacokinetics
DNA binding, in NF-κB activation, 574
DNA-dependent protein kinase (DNA-

PK), 720
DNA-PK. See DNA-dependent protein 

kinase
docetaxel, 147

combined with PIs, 778
interaction with ketoconazole of, 433

dose
and desired effect, 79–80, 80
effi cacious human, 179
extravascular, 189
human equivalent, 234
intravenous bolus, 189
NOAEL, 234, 301, 302–303

dose, optimal
in silico identifi cation of, 79–80
timing of, 80–81, 81

dose, starting, in toxicokinetic studies, 
234–235

dose determination, and NF-κB, 582
dose proportionality

in noncompartmental modeling, 208
in pharmacokinetics, 206

dose regimen, in toxicokinetic studies, 
233

dose-response, of victim drug, 536, 537
dose-response relationship, in target 

identifi cation, 193
dosing

cassette, 181–182
and pharmacokinetc behavior, 201

drug approval process, pressures to 
accelerate, 73
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drug candidates
for HIV infections, 488
ideal, 437
identifi cation of, 190
interactions with multiple transporters 

of, 490
sources for, 11
successful selection of, 437

drug design
of HIV PIs, 785
structure-based, 786

drug development
cost of, 74, 77
decrease in effi ciency of, 73, 74
precompetitive aspects of, 87
safety in, 564

drug development attrition, 177
drug discovery

basic DMPK strategy in
different stages, 192–200
typical program, 189–190
typical studies, 191–192

bioanalysis in, 44
DMPK issues in, 180–185
DMPK study fl ow chart in, 185, 185
drug-transporter interactions in, 470
ion channel, 673
met ID in, 112
nonclinical, 183
pharmacokinetics in, 178–179
primary goal of, 200
process, 3, 4, 5

criteria for development candidate 
nomination, 10–11

hit identifi cation in, 8–9
lead optimization, 9–10
target identifi cation and validation, 

5–7
safety and effi cacy in, 4, 11–12
subcellular fractions in, 102
success during, 5, 11–12
use of biomarkers in, 71

drug disposition enzyme (DDE), 
nuclear receptor regulation of, 
141–142

drug disposition protein (DDP), 92
drug-drug interaction (DDI) studies

ADME tools in, 152
in vitro, 145–148, 148

in vitro vs. in vivo, 152–153
in vivo, 148–150

drug-drug interactions (DDIs), 135–136, 
178

benefi cial, 151
clinical studies, 138, 149
CYP-mediated, 147
and cytochrome P450 enzymes, 243
cytochrome P450 induction in, 266
as DMPK-related failure, 195
due to transporter induction or 

inhibition, 488–489
evaluation of, 429
food-drug, 151
herb-drug, 150–151
intestinal inhibition in, 331
intestinal vs. hepatic prediction of, 

332
metabolic, 549–550
metabolism-based, 345
and modulation of DMEs, 144
and modulation of transporters, 144
overprediction of, 331
pharmacokinetic nature of, 135–136
of PIs, 776
potential for, 92
protein binding medicated, 151–152
risk of, 136, 140
role of inhibition in, 136–138
undesirable effects of, 136

drug-drug interactions (DDIs), 
predicting, 25, 128, 142, 317–318

intestinal inhibition and, 328–331, 329,
330

limitations and accuracy of, 321–322
models for, 318–321, 320
problems with in vitro, 145–148, 148
RIS method, 143, 143
from in vitro inhibition data

assay placement strategy, 254–255
procedures, 255–260, 256

drug interaction evaluations, position 
paper on, 285

drug interactions. See also idiosyncratic 
drug reaction

classifi cation of, 533–535, 534
consequences of

boosting or augmentation, 541–542
case examples for, 536–539
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clinical implications for perpetrator 
drugs, 539–540, 540

clinical implications for victim drug, 
536–537

selective enteric inhibition, 540–541, 
542

underprediction, 540, 541
managing vs. avoiding, 538–539
predictability of, 535
predicting intersubject variability in, 

260
P450 turnover and, 378–385

effects of disease states, 379
enzyme inhibition, 379–380
induction, 380–381
pharmacogenetics, 381
protein degradation kinetics, 

381–385
drug interaction studies, 539
drug-like properties (DLPs)

in drug discovery process, 16
of enzyme inhibitors, 15
improvement of, 23–24

to avoid hERG binding, 30–34, 
31–34

avoiding enzyme-related side 
effects, 24, 24

drug-drug interactions, 25–27, 26,
27

intestinal absorption and cell 
permeability, 28–30, 29, 30

plasma stability, 24–25, 25
drug metabolism, 92–93. See also

metabolism
drug metabolizing enzymes, 93, 94–95,

96
estimation of metabolic stability in, 

102–103, 104, 105
studies, 96–97

on age specifi city, 101–102
gender specifi city, 100–101
multiple metabolic pathways, 98–99
route of administration, 100
species specifi city, 100
stereochemistry, 97–98
substrate concentration, 98
tissue specifi city, 98

in vitro and in vivo correlation for, 
105–110, 108, 109

drug metabolism and pharmacokinetics 
(DMPK)

chemical-series-specifi c, 184–185
drug attrition related to, 177

drug metabolism and pharmacokinetics 
(DMPK) assays, 197–198, 198, 
199

drug metabolism and pharmacokinetics 
(DMPK) assessment cycles, 
177–178

drug metabolism and pharmacokinetics 
(DMPK) screening, 178

drug metabolism and pharmacokinetics 
(DMPK) strategies

for BU program, 200
in different stages of drug discovery 

programs, 192–193
in high-throughput screening, 

193–194
in hit-to-lead, 194
in targeted product profi le, 194
in target identifi cation, 193
in typical drug discovery program, 

189–190
drug metabolism and pharmacokinetics 

(DMPK) studies, 180
in different stages of drug discovery, 

191–192
fl ow chart for, 185
in vitro and in vivo, 182, 182

drug metabolizing enzymes (DMEs), 93, 
94–95, 96

complete pathways for, 430
and DDIs, 144–145
enzyme mapping of, 129
induction of, 265, 272
inhibition of, in human heapatocytes, 

429–430
inhibition of hepatic, 345
interplay with transporters of, 

524
in NCE development, 128
tissue distribution of, 94–95
tissue specifi city of, 99

drugs. See also inducers
CYP inducing, 304
increased indications for, 11
undesirable side effects of 

coadministered, 128
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drug-transporter interactions
effects of, 490
screening for, 488

drug transporters, induction of, 470. See
also Transporters

DRV. See darunavir
dual-dye assays, of ion channels, 675
Dubin-Johnson syndrome, transporter 

defi ciency in, 468, 469
dynorphins, 696

Eadie-Hofstee plots, 107, 108, 137
in CYP mapping, 130
of kinetic behaviors of P450 reactions, 

252, 253
EBV. See Epstein-Barr virus
echinacea, 150, 151
efavirenz, in P450 assays, 248
effi cacy

and drug discovery, 4, 11–12
effect of genotype on, 119
of HIV PIs, 765
of NCE, 92

effi cacy biomarkers, 71, 72
electrophiles, reactive intermediates as, 

119
electrospray, nanospray compared with, 

62, 63
electrospray ionization (ESI), 47
elimination, drug

and ADME variability, 559–560
nonlinear vs. linear, 206

elimination constant, in compartmental 
analysis, 205

enalapril, 116, 117, 457
and GFJ exposure, 453, 453–454
interaction with GFJ of, 444
and role of esterases, 452

enalaprilat, 116, 117, 453
encephalopathy, bilirubin, 410–411
endoplasmic reticulum-associated 

degradation (ERAD), 370–371
endothelial differentiation gene (EDG), 

641
endothelin receptors, 645
entacapone, 125
enzyme complementation, 634
Enzyme Fragment Complementation 

(EFC) Technology, 633–634

enzyme induction
classical defi nition of, 268
methods for evaluating

cell lines, 276–278
cryopreserved hepatocytes, 283–284
FDA on hepatocytes for induction 

assessments, 285
with primary human hepatocytes, 

278–283, 279, 279, 281, 283, 284
reporter gene assays, 272–275
in silico, 271–272
stem cells, 275
in vivo transgenic/chimeric models, 

286–287
model system for, 270–271
prediction of, 270
in vitro models of, 142–143, 143

enzyme induction studies, cryopreserved 
human hepatocytes for, 426

enzyme-inhibitor complex, in DDIs, 
137–138

enzyme inhibitors
allosteric, 21, 21–22
competitive, 17, 18, 19
competitive compared with 

noncompetitive, 21–22
DLPs of, 15
noncompetitive, 21, 21–22
protein kinase inhibitors, 22–22, 23
reversible, 17
“shielded,” 20, 20
transition-state mimetics, 17–21, 

18–21
types of, 16–17

enzyme mapping, 129
enzyme regulation, general mechanism 

of, 268, 268
enzymes. See also drug metabolizing 

enzymes
de novo synthesis of, 268
in GI tract, 316
as medicinal targets, 15
xenobiotic-metabolizing, 472

enzymes, recombinant, in cytochrome 
P450 assays, 251

enzymology, P450, 408
epoxides, trapping of, 119, 120
Epstein-Barr virus (EBV), HD 

associated with, 590
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ERAD. See endoplasmic reticulum-
associated degradation

ERK, in mTORC1 activation, 733
Erlotinib, 17

bound in ATP binding pocket, 19
structure of, 18

erythromycin, 138
and inhibition of transport activity, 

484
and intestinal inhibition, 329

ESI. See electrospray ionization
esterase inhibition

by in vitro GFJ
effect on gut and liver enzymes, 

450–452
esterase activity in gut lumen, 450, 

451
purifi ed porcine esterase, 449,

449–450
by in vivo GFJ

dose-dependent effects of GFJ in, 
453, 453–454

esterase vs. CYP3A inhibitory 
effects in, 454–455, 455

involvement of esterases in, 
452–453

esterase inhibitor
GFJ as, 443–445
GFJ fl avonoids as, 457–459, 458

esterases, in conversion of prodrugs, 116, 
117

estrogen receptor (ER), 141
estrone, metabolism of, 99
ethanol

as CYP inducer, 284
in P450 degradation, 389
P450s induced by, 363

ethinyl estradiol
impact of inducing agents on, 

267
and St. John’s Wort, 141

European Medicines Agency (EMEA), 
87, 231

everolimus (RAD001), 736
E-VIPR, 675
Exelixis, 736
expansion equations, 203, 203–204
exposure assay, during lead 

optimization, 9–10

exposure change
calculation of, 134, 134
and intestinal metabolism, 148, 148

extraction ratio, and DDI potential, 
147

extravascular dose, 189
ezetimibe, structure of, 118

factor Xa inhibitors, with improved 
permeability, 29, 29

FAIMS. See high-fi eld asymmetric 
waveform ion mobility 
spectrometry

famciclovir, 116, 117
famotidine, OAT3 in uptake of, 149
Fa2N-4 hepatic cell line, 277–278
farsenoid receptor (FXR), 141
fatty acids

during microsomal incubations, 
419

as TRPV1 antagonists, 696
FBLD. See fragment-based lead design
felbamate

bone marrow toxicity associated with, 
123

fl uoro-analogue of, 125
GSH adducts for, 121
reactive intermediates of, 121
species specifi city of, 100

felodipine
grapefruit juice interaction with, 

324
intestinal extraction of, 323
and intestinal inhibition, 330
in intestinal interaction studies, 321
in P450 assays, 248

fenfl uramine
bionanalysis of, 51, 51–52, 52
cardiiotoxicity associated with, 

124
fexofenadine, 11, 32, 33

impact of transporters on, 472
oral bioavailibility of, 488–489
and SLCO1B1 polymorphisms, 

515
F’G/FG ratio

in DDI prediction model, 318
estimation of, 319
and inhibitor potency, 320, 320



826 INDEX

FG ratio
estimation of

from grapefruit juice interaction 
studies, 324–326, 326

interstudy and interindividual 
variability in, 326–327, 327

from IV and oral clinical data, 322, 
323, 324

as indicator of intestinal inhibition, 
321

model predicted, 319
prediction of, from in vitro data, 

327–328
underestimation of, 324
use of term, 332
of victim drugs, 331

fi bromyalgia, calcium channel 
modulators in, 695

FISH. See fl uorescent in situ
hybridization

fl avin mono-oxygenase (FMO), 93
in enzyme mapping, 135
tissue distribution of, 94

fl avonoids, 151
citrus, 460
dietary, 115
as esterase inhibitors, 461
GFJ, 446, 457–459, 458

FLT3. See Fms-like tyrosine kinase 3
fl uconazole

and AZT glucuronidation, 413–414
in DDI models, 321
interaction with zidovudine of, 418
and intestinal inhibition, 329
metabolism of, 113, 114
predicted drug-drug interaction for, 

432, 433
fl unitrazepam, metabolism of, 99
fl uorescence-based fl ux assays, of ion 

channel function, 676
fl uorescence polarization, 634
fl uorescence resonance energy transfer 

(FRET) technology, 635, 675
fl uorescent in situ hybridization (FISH), 

of MDS-associated mutations, 595
5-fl uorouracil, 444
fl uoxetine, 118, 138, 146
fl urbiprofen, effects of CYP inhibitors 

on, 254

fl utamide
metabolism of, 118
structure of, 118

fl uvastatin, and SLCO1B1 
polymorphisms, 515

fl uvoxamine, 138
Fms-like tyrosine kinase 3 (FLT3), in 

AML patients, 597
fold inhibition (or induction), variability 

in, 560
food, drug interactions with, 150–151. 

See also grapefruit juice
Food and Drug Administration (FDA), 

U.S., 72, 231
biomarker qualifi cation process of, 85
“Critical Path Report and List” of, 76
on cryopreserved human hepatocytes, 

427
on drug-drug interaction risk, 287, 

291, 345
on drug interaction, 289
on drug interaction studies, 267
on hepatocytes for induction 

assessments, 285
HIV PIs approved by, 758–763, 759,

762
Memorandum of Understanding of, 

87
2004 White Paper of, 75, 76

food-drug interaction, with grapefruit 
juice, 324

formyl peptide receptor (FPR), 641
fosamprenavir, 116, 117
fosphenytoin, 116, 117
FoxO phosphorylation, 730
FPR. See formyl peptide receptor
FPR-like receptor (FPRL1), 641
fraction-corrected intercept (FCIM), 

unbound, 109
fragment-based lead design (FBLD), in 

hit identifi cation, 9
free radicals, trapping of, 119, 120
FRET. See fl uorescence resonance 

energy transfer
furafylline, and hepatotoxicity, 435, 436
furanocoumarins

in GFJ, 446, 447
selective enteric inhibition of, 

540–541, 542
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furans
and generation of reactive 

intermediates, 124, 125
in P450 enzyme inactivation, 246

furaphylline, in P450 assays, 248

gabapentin, 689, 694
Gag and Gag-Pol polyproteins, 750

processing, 754–755
structural organization of, 751

Gag cleavage site, mutations in, 766, 
768

galangin, in GFJ, 445
γ-glutamyl transpeptidase, 93
garlic, 150
Gauss-Newton method, of nonlinear 

regression, 210–213, 212
GBM. See glioblastoma multiforme
Gefi tinib, 17, 18
geldanamycin, 376
gemfi brozil, in DDI models, 321
gender differences

in DDI studies, 149–150
during toxicity testing, 233–234

gene expression assays, 76
gene expression profi ling, 5
generic copies, 74
genetic polymorphism, and DDI studies, 

149
gene transcription, in NF-κB activation, 

574
genome, human, drug target genes in, 

6
genomics, comparative, 5
GFJ. See grapefruit juice
GFP. See green fl uorescent protein
ghrelin receptor, 652–653
ginger, 150
ginko biloba, 150, 151
ginseng, 150
GI tract,, effect of GFJ on esterase 

activity in, 450–452, 451. See also
intestinal inhibition

glibenclamide, 119
glioblastoma multiforme (GBM), 586
gliomas cells, up-regulation of NF-κB in, 

588
glucagon, in P450 degradation, 388
glucocorticoid receptor (GR), 141

glucose metabolism
and JNK pathway, 735
and mTOR complexes, 730–731

glucuronidation, as reversible process, 
412

glucuronyl tranferses (UGT), drug 
interactions involving, 535

glutamate receptor family, of GPCR 
genes, 626

glutathione (GSH) adduct formation, in
vivo, 120, 120

glutathione-protein-mixed disulfi de 
formation, in protein degradation, 
371

glutathione S-transferase (GST), 93, 94
glycosylation, in protein degradation, 

371
gout (hyperuricemia), 468
GPCR. See G-protein-coupled receptor
GPCR kinases (GRK), 629
G-protein-coupled receptor (GPCR)

classes of, 626
in drug discovery, 635–636
as drug targets, 625
as drug targets in infl ammation, 

636–650
chemokine receptors, 636–641, 

638–639
complement receptors, 644
lipid receptors, 641–642
N-formyl peptide receptors, 641
nonpeptide receptors, 646–650
peptide receptors, 645–646
protease-activated receptors, 

644–645
as drug targets in obesity, 650–651

cannabinoid receptor CB1, 652
ghrelin receptor, 652–653
melanin concentrating hormone 

receptors, 651–652
melanocortin receptors, 651
neuropeptide Y receptors, 653–654
peptide receptors, 653–654

glycosylation of, 627
label-free technologies for, 678
pharmacology of, 630–631
research, 656
signaling of, 627–630, 628
structure of, 626–627
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G-protein-coupled receptor (GPCR) 
assays, 632, 632–635

G-proteins, classes of, 628
Gq activation, 634
grapefruit juice (GFJ)

attributes of
effect on CYPs of, 447–448
effect on transporters of, 448–449

clinical effects of, 460
coadministration of drugs with, 448
constituents of, 445, 445–447
CYP3A4 inhibited by, 143
DDIs associated with, 151
effects at hepatic level of, 456–457
effects on gut permeability of, 455–456
as esterase inhibitor, 443–445
fl avonoids, 457–459, 458
irreversible inhibition of CYP3A, 443
pharmacokinetic modeling approach 

to, 459
and P450 inhibition, 380
and selective enteric inhibition, 540–

541, 542
in vitro esterase inhibition by, 449,

449–451, 451
in vivo inhibition of esterase by, 452,

452–455
grapefruit juice (GFJ) fl avonoids, as 

esterase inhibitors, 457–459, 458
grapefruit juice (GFJ) interactions

with felodipine, 324
and intestinal inhibition, 329

green fl uorescent protein (GFP), 635
green tea extracts, 151
GRK. See GPCR kinases
GSH. See glutathione
GST. See glutathione S-transferase
GTPase activating proteins (GAP), 629
guanine nucleotide exchange assays, 633
gut enzymes, effect of GFJ on, 450–452
gut lumen

esterase activity in, 450, 451
obtaining humans, 450

GVIA, for chronic pain, 693

HAART. See highly active antiretroviral 
therapy

half-life (t1/2), 178
calculation of, 188

in compartmental analysis, 205
in toxicokinetics studies, 231

hASC. See human adult stem cells
HD. See Hodgkin’s disease
head and neck squamous cell carcinoma 

(HNSCC), NF-κB activation in, 
584

healthy patients, FG estimates for 
midazolam in, 327

HED. See human equivalent dose
HEK. See human embryonic kidney
HeLa cell extracts, IKK complex from, 

578
Helicobacter pylori infection, MALT 

lymphoma associated with, 
591–592

hematological tumors, NF-κB in, 
588–589

heme prosthetic group, 408
HepaRG cells, 276–277
hepatic clearance (Clhep), 103. See also

intrinsic clearance
calculation of, 103, 104, 105
models for, 105

hepatic 3-hydroxy-3-methylglutaryl-
coenzyme A (HMG-CoA), 487

hepatic systems, in vitro, 346. 350,
352–357

hepatitis
and anti-P450 autoantibodies, 364
autoimmune, 386–387, 387, 388–390,

391
hepatocyte culture system, monolayer 

integrity of, 288
hepatocyte nuclear factor 4 alpha 

(HNF-4 alpha), 141, 274–275
hepatocyte P450 inhibition assay, 430–

431, 431
hepatocytes, 346

active transport of test compounds by, 
478–479

advantage of intact, 430
in assessment of human-specifi c drug 

properties, 424–425
centrifugation of, 356
compared with cell-free systems, 424
cryopreservation of, 283–284, 349
cryopreservation of human, 426–427
cryopreserved
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advantages of, 426–427
applications of, 427
cell properties of, 427, 428
from multiple donors, 427, 428

impact of tissue culture media on, 280, 
281

inhibition of DMEs in, 429–430
inhibition of IKK complex in adult, 

582
isolation of human, 424–426
isolation techniques for, 424
nonspecifi c binding to, 107
P450 inhibitors of DMEs in, 430–431, 

431
and hepatotoxicity, 432, 434–435, 

436, 437
physiological model, 431–432, 433

plating density of, 280, 282
sandwich-cultured, 349
technologies with, 438
using intact human, 437
in vitro experiments with, 423
for in vitro studies of DME inhibition, 

355–357
hepatocytes, primary human, 304

correlation with clinical observations 
of, 278–279, 279

in primary sandwich culture, 279–280, 
280

in suspension or culture, 278–279, 279,
279

in vitro positive control inducer 
recommendations in cultures of, 
289, 290

hepatocyte scaled clearance, and 
predictive power of allometry, 
224

hepatocyte system, sandwich-cultured, 
357

hepatotoxicity
drugs causing, 123
troglitazone-induced, 84

hepatotoxicity screening, inhibition of 
DMEs in, 432, 434–435, 436, 437

HepG2 cells, 276
heptahelical receptors, 625
heptamethoxyfl avone, in GFJ, 445, 446
herbimycin, 376
herbs, drug interactions with, 150–151

Herceptin, discovery of, 5
hERG. See Human Ether-a-go-go 

Related Gene
hERG binding

modulation of, 32, 33
for potential adverse cardiac ion 

channel binding, 9
hERG channel, avoiding binding of, 

31–34, 31–34
hESC. See human embryonic stem cells
hesperidin, 445, 446, 457
heterotropic activation, 408
higher throughput technologies

ambient ion ionization, 55–56, 57, 58
enhanced assay performance, 56, 58

with FAIMS, 58–59, 59
high-resolution MS, 59–60, 61

high-speed separations, 48–52, 50, 51,
52

new capability
mass spectrometry-based tissue 

imaging, 62–64
nanospray, 60–62

online extraction, 52–53, 53, 54
parallel separations, 53, 55, 55

high-fi eld asymmetric waveform ion 
mobility spectrometry (FAIMS), 
58–59, 59

nanospray combined with, 60
principle of operation of, 58

highly active antiretroviral therapy 
(HAART), 749, 776–777

high-speed separations, 48
monolithic LC columns, 49, 51, 51–52, 

52
using LC columns with small particle 

sizes, 49, 50
high-throughput assays

for UGT1A1 inhibition, 411
in vitro and in vivo, 178

high-throughput screening (HTS), 8, 16, 
16

DMPK strategies in, 193–194
DMPK studies in, 191
FBLD compared with, 9
functional assays of, 9
and ion channel studies, 673–680
in typical drug discovery program, 189

histamine receptors, 646–647
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histidine oxidation, in protein 
degradation, 371

hit identifi cation, 3, 4
optimization of ADME properties 

during, 11
process of, 3
strategies for, 8

hit-to-lead (HTL) phase, 16
DMPK strategies in, 194–196
DMPK studies in, 191–192
in typical drug discovery program, 

189–190
HIV, 785. See human immunodefi ciency 

virus
HIV-1. See human immunodefi ciency 

virus type 1
HIV-associated lipodystrophy syndrome 

(HIV-LD), 776
HIV-LD. See HIV-associated 

lipodystrophy syndrome
HIV PI-HIV PI complexes, molecular 

structures of, 764–765
HIV PR. See HIV protease
HIV protease (HIV PR), 749

activity and kinetics of, 757
amino acid sequence for, 751
as antiviral target

catalytic mechanism, 750–751, 753
enzyme structure, 750–751, 752, 753
evaluating potency of HIV PIs, 755–

758, 757
polyprotein processing, 755
substrate specifi city, 754
in viral life cycle, 750, 751

inhibitors of, 758
precursors of, 785

HIV protease inhibitors (HIV PIs), 749
DDIs with, 144
dose-response curves for, 756, 757
FDA-approved, 758, 759, 762–763

amprenavir, 759, 760
atazanavir, 759, 761
darunavir, 759, 762–763
indinavir, 759, 759
lopinavir, 760
nelfi navir, 759, 760
ritonavir, 759, 759–760
saquinavir, 758, 759
tipranavir, 759, 761–762

hydrophobic character of, 772
improved resistance profi le for, 778–

785, 781
molecular structures of, 764–765
off-target activity of, 775–778
pharmacokinetic properties of, 771–

775, 773, 774
pharmaco parameters of nonboosted, 

772, 773, 774
secondary assays for, 758
thermodynamics of HIV PI binding, 

763–764
transition state mimetic, 18, 19–20
viral resistance to, 765–771, 768, 769,

770
HIV protease screening, 785
HIV reverse transcriptase (HIV RT), 

749
HLM. See human liver microsomes
HMG-CoA. See hepatic 3-hydroxy-3-

methylglutaryl-coenzyme A
HNF-4 alpha. See hepatocyte nuclear 

factor 4 alpha
HNSCC. See head and neck squamous 

cell carcinoma
Hodgkin Reed/Sternberg (H/RS) cells, 

585, 589
Hodgkin’s disease (HD), NF-κB in, 

589–590
homogenates

in enzyme inhibition, 355
in vitro data generated from, 350

homogeneous time-resolved fl uorescence 
resonance energy transfer 
(HTRF), 634

HPLC separation, in P450 assays, 
250–251

HPV. See human papilloma virus
hSC. See human stem cells
HTL. See hit-to-lead
HTLV. See human T-lymphocyte virus
HTS. See high-throughput screening
human adult stem cells (hASC), 

hepatocyte-like properties of, 
275

human embryonic stem cells (hESC), 
hepatocyte-like properties of, 
275

human equivalent dose (HED), 234
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Human Ether-a-go-go Related Gene, 31. 
See also hERG

Human Ether-a-go-go Related Gene 
(hERG) assay, 77–78

human genome, GPCR genes in, 626
human immunodefi ciency virus (HIV)

chemokines in, 640
enzymes of, 749
identifi cation of, 785

human immunodefi ciency virus (HIV) 
patients, and MDR1 
polymorphisms, 509, 510

human liver microsomes (HLM)
in P450 assays, 247, 249–251, 250
in in vitro studies of UGTs, 415

human papilloma virus (HPV), 585
humans, extrapolation of animal data to, 

153
human T-lymphocyte virus I (HTLV), 

584
hydrazines, and generation of reactive 

intermediates, 124, 125
hydrophobic interactions, and hERG 

affi nity, 31–32, 32
hyperalgesia, chronic local, role of Nav

channels in, 684
hyperbilirubinemia, 411, 419
hypertension, congenital, and 

transporter defi ciency, 469
hypoxia response, in tumorigenesis, 

733–734

IBAT. See ileum bile acid transporter
IBD. See infl ammatory bowel disease
identifi cation, target, process of, 5
idiosyncratic drug reaction (IDR)

causes of, 123
minimalization of, 127–128
and reactive intermediates, 119
and reactive metabolites, 127
severity of, 124

IDR. See idiosyncratic drug reaction
IDV. See indinavir
IκBα kinase complex (IKK), 575–577, 

576
IκB proteins, 573
IKK. See IκBα kinase complex
IKK complex

gene knockouts, 580–583

in MALT lymphoma, 592
regulation of, 577–580

IKKε (IKKi), 578
IKK inhibitors, 603–606, 608
IKK protein family, 573
ileum bile acid transporter (IBAT), 

473
imaging plate readers, 675
IMiD. See immunomodulatory drug
imidazole, in P450 degradation, 388
imipramine, 119

GSH adducts for, 121
metabolism of, 98, 118

immune disease pathology, chemokine 
system in, 637–638

immunocytochemistry, in target 
validation, 6–7

immunofl uorescent imaging techniques, 
575

immunoglobulin, serum, safety markers 
for, 80–81

immunomodulatory drug (IMiD)
NF-κB inhibited by, 599

immunoproteasome, 369
IN. See integrase
inactivation rate constant (kinact), in CYP 

assays, 258
incubation conditions, in metabolite 

identifi cation, 111
incubation time

in drug inhibition experiment, 351,
352

for hepatocyte experiments, 356
indinavir (IDV), 18, 759, 759

elevated bilirubin levels associated 
with, 411

metabolic stability of, 114, 115
reactive intermediates of, 121
and St. John’s Wort, 141

indomethacin, interaction with difl unisal 
of, 412

induced fi t model, better binding from, 
19

inducers, recommended positive control, 
289, 290

induction
defi ned, 380
of P450s, 380–381
of transporters, 470
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induction, CYP
clinical relevance of, 265–266
mechanisms of, 267–271, 268–270
methods for determining, 304–305
rate and extent of, 266–267
in vitro-in vivo correlations in, 

299–304, 301
induction experiments

FDA on hepatocytes for, 285
primary hepatocytes used for, 282–283

induction potential, determining, 304
induction response

comparison of models of, 300, 301, 302
temporal kinetics of, 290–291

induction studies
cell health in, 288
culture conditions in, 288–290, 290
data interpretation for, 291–299, 292,

294, 296–298
endpoint analysis in, 143, 295–299, 

296–298
study design in, 287
temporal effects in, 290–291
in vitro, 142–143, 143

infl ammation
and cancer, 592
GPCRs as drug targets in, 636–650
and Nav channels, 685
NF-κB in context of, 572

infl ammatory bowel disease (IBD)
IKK inhibitors in, 606
and MDR1 polymorphisms, 509
PARs in, 644
treatment of, 598–599

infl ammatory pain, 679, 680, 692–693
inherited erythromelalgia (IE), Nav

channels in, 686
inhibition, 450. See also esterase 

inhibition
inhibition, enzyme

experimental design for, 350, 351,
352

measurement of, 346
mechanisms of, 347
reversible, 356
in vitro studies of, 352–355

inhibition experiments, in P450 assays, 
248, 249–251

inhibition interactions, 318

inhibition studies, with human 
hepatocytes, 430–431, 431

inhibitor concentration, at inlet of liver, 
148, 148

“Inhibitory Quotient” (IQ), 774
Innovative Medicines Initiative, of 

European Commission, 87
in silico computational models

developing, 198
of enzyme induction, 271–272

in silico techniques, for incorporating 
interindividual variability in 
M-DDIs, 563, 563

in situ hybridization, in target validation, 
6–7

in situ models, transporter, 476–477
in-source decay, FAIMS for removal of, 

58, 59
insulin resistance

elevated resistin levels in, 777–778
PI treatment associated with, 777

integrase (IN), 749
integrins, endothelial cell utilization, 

586
Interdisciplinary Pharmacogenomic 

Review Group (IPRG), 85
interferon (IFN-°), and protein 

degradation, 600
interindividual variability

of DMEs, 352
for midazolam, 326–327

interlaboratory review, in qualifi cation 
process, 87

interleukin-1 (IL-1), 644
International AIDS Society-USA 

(IAS-USA), 771
intestinal inhibition

and DDI prediction, 328–331, 329, 330
impact of, 331
predictability of, 321
role of, 331

intestinal lumen, 452. See also gut lumen
intestines, in DDI prediction models, 

332
intravenous (IV) bolus dose

compartmental models after, 207–208, 
208

defi ned, 189
intravenous (IV) infusion, 189
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intravenous medications, physiochemical 
interactions of, 534

intrinsic clearance (Clint). See also
hepatic clearance

calculation of, 103, 104, 105
and DDIs, 136
in drug discovery, 102
and enzyme mapping, 129
high vs. low, 93
intestinal, 319–320
and IVIVC, 106
models for, 105
in vitro, 92

intrinsic clearance (Clint) studies, in 
DMPK assessment, 180–181

in vitro and in vivo correlation (IVIVC)
and PK parameters, 105–1087108–110, 

109
reasons for failure of, 105–1087

in vitro-in vivo extrapolation (IVIVE)
of inhibition mechanisms, 346, 347
popularity of, 564
and relative fractional clearance, 352

in vitro models
of drug interactions, 535, 539–540, 540
to identify drug interactions, 535, 539–

540, 540
in vitro studies

cell-free systems in, 424
of enzyme inhibition, 345, 347

preparation of liver samples for, 
346–350

experimental design for, 350, 351, 352
hepatocytes in, 357
of inhibition of DMEs, 352–353

with intact systems, 355–357
subcellular systems, 353–355

liver systems for, 357–358
physiological relevance in, 349–350, 

350
to predict drug-drug interactions, 415
of transporters, 477–481
in vitro data predicted from, 358

in vitro systems, hepatic, 437–438
in vivo studies, of transporters, 476
ion channels

and chronic pain, 679–681, 680
classifi cation of, 671–672
defi ned, 669

diversity of, 672–673
function of, 670
gating of, 670, 671, 671
ligand-gated, 672
methods for studying, 673–674

ion fl ux assays, 675–678
label-free assays, 678–679
membrane potential assays, 

674–675
radioligand binding, 674

modulation of, 673
pharmacological modulation of

voltage-gated calcium channels, 
690–695, 691, 694

voltage-gated sodium channels, 
681–690, 682, 687

selective targeting of, 702
types of, 670
voltage-gated, 672

ion channel screening technologies, 702
ion fl ux assays, of ion channel function, 

675–678
ionization, ambient, 55–56, 57, 58
ion trap, quadrupole linear ion trap, 

112
IonWorks Quattro (MDS Analytical 

Technologies), 677
IPRG. See Interdisciplinary 

Pharmacogenomic Review Group
ipso substitution, 97
irinotecan (CPT11)

and ABCG2 polymorphisms, 514
antitumor activity of, 444
interaction with GFJ of, 444
and St. John’s Wort, 141

ischemia, PARs in, 644
isoniazid, as CYP inducer, 284
itraconazole, 146

interaction with cyclosporine of, 
538–539

and intestinal inhibition, 329
IVIVC. See in vitro and in vivo

correlation

Japan Pharmaceutical Manufacturers 
Association (JPMA), 231

JNK. See Jun N-terminal kinase
JNK signaling pathway, 734–735, 736
Jun N-terminal kinase (JNK), 719
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kaempferol
coadministration of lovastatin with, 

458–459
CYP3A inhibited by, 448
as esterase inhibitor, 457–458
in GFJ, 445
in glioma cells, 460

kallynochron, defi ned, 226
kava kava, 150
KCNH2, 31. See also hERG channel
ketenes, trapping of, 119, 120
ketoconazole (KTZ), 138, 151

coadministered with terfenadine, 407
hepatotoxicity of, 435, 436
interaction with cyclosporine of, 

538–539
interaction with terfenadine of, 537
and intestinal inhibition, 329, 329
metabolism of, 113, 114
in P450 assays, 248
predicted drug-drug interaction for, 

432, 433
reactive intermediates of, 121
reversible CYP inhibition by, 357

kidney
P450 turnover in, 384
transporter activity in, 471

kidney transplant patients, FG estimates 
for midazolam in, 327

kinase domain receptor (KDR) 
inhibitors, and hERG binding, 32, 
33, 34

kinase fi eld, advances in, 15
kinase inhibitors, design of, 22. See also

protein kinase inhibitors
kinetic parameters, and DDI potential, 

147
kinetics

atypical, 408
in DDI, 146
Michaelis-Menten (MM) fi rst-order, 

106
knockout animal models

development of, 490
and transporter activity, 484

knockout mice
for assessing regulation of DMES, 286
IKK complex studies with, 580–583
Nav channels in, 684–685

label-free assays, in ion channel study, 
678–679

lacosamide, 687, 688
lactams, human plasma stability of, 24, 

25
lamotrigine

interaction with VPA of, 418
for neuropathic pain, 688
structure of, 687

lansoprazole, metabolism of, 98
LBD. See ligand-binding domain
LC Columns, monolithic, as high speed 

separation tool, 49, 51, 51–52, 
52

lead optimization (LO) phase, 3, 4, 16
defi ned, 9
DMPK strategies in, 183, 185, 

196–200
DMPK studies in, 192
enzyme mapping in, 129
met ID during, 113
process of, 113
research activities of, 197–200
steps in, 10
in typical drug discovery program, 

189, 190
leukemias

ALL, 509, 510
AML, 509, 510, 596–597
CML, 588
T-cell, 585

leukemic stem cells (LSC), NF-κB in, 
596

leukotriene receptor antagonist 
compounds, 125

leukotrienes, 642–643
lidocaine

for neuropathic pain, 688–689
structure of, 687

lidocaine patches, for neuropathic pain, 
689

ligand-binding domain (LBD), 271
limonin, CYP3A inhibited by, 448
linear trapezoidal equations, 203,

203–204
Lineweaver-Burke plots, 137
lipid receptors

leukotriene receptors, 642–643
lysophospholipid receptors, 641–642
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platelet-activating factor (PAF) 
receptor, 643–644

prostaglandin E2 (PGE2) receptors, 
643

Lipinski rules, 30, 189
lipodystrophy syndrome, HIV-

associated, 776
lipophilicity, and hERG binding, 32, 32
lipoxygenases, 94
liquid chromatography-mass 

spectrometry (LC/MS) 
technology, in drug discovery 
process, 46–48

liquid chromatography-tandem mass 
spectrometry (LC/MS/MS), 43, 
44

liquid-liquid extraction (LLE)
advantages and disadvantages of, 45
reasons for selecting, 46

liver
anatomy of, 346, 348
available for research, 424–426
in DDI studies, 146
expression of transporters in, 471
genotyped, in CYP mapping, 132
metabolic role of, 106
P450 turnover in, 384
role in metabolism of, 101
in vitro experiments with, 423

liver enzymes, effect of GFJ on, 450–452
liver microsomal clearance, and 

predictive power of allometry, 
224

liver microsomal studies, 182
liver microsomes

for metabolic stability screening, 427, 
429

in P450 assays, 247, 249–251, 250
to study P450 inhibition, 353
UGT latency in, 414–415
in in vitro experiments, 424

liver samples, preparation of
anatomy of liver, 346, 348
subcellular fractions, 348, 348–350, 

350
liver slices, uses for, 357
liver systems, for in vitro studies, 

357–358
liver X receptor (LXR), 141

LLE. See liquid-liquid extraction
LO. See lead optimization
log-linear trapezoidal equations, 203,

203–204
long QT syndrome, 78
long-term use, data from, 72–73
lopinavir (LPV), 18, 541, 749, 759,

760–761, 772
loratadine, interaction with ketoconazole 

of, 433
lovastatin

coadministered with GFJ, 455
coadministration of kaempferol with, 

458–459
and GFJ exposure, 453, 453–454
interaction with GFJ of, 444
plasma concentration-time profi le of, 

453
and role of esterases, 452
in vitro-in vivo correlations for, 279

low therapeutic index compounds, and 
DDI potential, 146

LPA. See lysophosphatidic acid
LPV. See lopinavir
LSC. See leukemic stem cells
LT-β. See lymphotoxin
lung cancer, NF-κB activation in, 584
lymphoma

B-cell, 585
diffuse-large B-cell, 590–591
Hodgkin’s, 589
MALT, 591–592
non-Hodgkin’s, 590
pathogenesis of, 585

lymphotoxin (LT-β), 577
lysophosphatidic acid (LPA), 641

MA. See matrix protein
macroautophagy, steps in, 365–366, 366
macular degeneration, age-related, 468
MALDI. See Matrix-Assisted Laser 

Desorption Ionization
malignant melanoma cells, evasion of 

apoptosis in, 585
MALT1 gene, 592
MALT lymphoma, 590, 591–592
mantle cell lymphoma (MCL), 602
MAO. See monoamine oxidase
maraviroc, intestinal extraction of, 323
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marker activities, of liver microsomal 
cytochrome P450s, 249–251, 250.
See also biomarkers

mass spectrometry (MS)
for bioanalysis, 47, 62, 64
high-resolution, 59–60
in P450 assays, 250–251

Matrix-Assisted Laser Desorption 
Ionization (MALDI) technique, 
for mass spectrometry-based 
tissue imaging, 62, 64

matrix effect, 43
in bioanalysis, 47
with DART/MS/MS, 56, 57

matrix metalloprotease, in cancer 
metastasis, 586

maximum life-span potential (MLP), as 
correction factor, 223–224

MBI. See mechanism-based inactivation; 
mechanism-based inhibition

MCCA. See metabolic comparative 
cytotoxicity assay

MCH. See melanin concentrating 
hormone receptors

MCL. See mantle cell lymphoma
MCT/SMCT enzyme, 95
MDCK cells

as predictor of brain penetration, 28
in transport studies, 477, 478

M-DDI. See metabolic drug-drug 
interaction

MDR. See multidrug resistance
MDR1. See multidrug resistant protein 1
Mdr1a defi ciency, 486
Mdr1-null mouse, 484–485
MDS. See myelodysplastic syndrome
MDZ. See midazolam
mean residence time (MRT)

calculation of, 202–203
defi ned, 202
in pharmacokinetic models, 201

mean residence time (MRT) 
normalization approach, to 
predicting concentration-time 
profi le, 228–229, 229

mean sum of square of residuals (MSE), 
215

mechanism-based inactivation (MBI), 
use of term, 139

mechanism-based inhibition (MBI)
compared with metabolism-based 

inactivation, 139
defi ned, 138

mechanism-based (suicidal) inactivation 
(MBI), 556

medicine, “personalized,” 77
MeIQx, species specifi city of, 100
MEK1/2, non-ATP competitive 

allosteric inhibitors of, 22, 23
melanin concentrating hormone 

receptors (MCH), 651–652
melanocortin receptors, 645–646, 651
Membrane-based inactivation

of CYPs, 140
potency of, 134, 140

membrane potential assays, of ion 
channels, 674

membrane vesicle uptake, in transport 
assay, 479–480

mephenytoin, stereoselective metabolism 
of, 97–98

S-mephenytoin, in P450 assays, 248
metabolic comparative cytotoxicity assay 

(MCCA), 434
application of, 435
use of, 437

metabolic drug-drug interaction 
(M-DDI)

and ADME variability
in fractional metabolism, 556–557, 

557, 558
in operating inhibitor 

concentrations, 557, 559–560
covariates for, 550
identifying covariates of, 560–561, 

561
kinetic basis of, 550–556, 554
population-based simulations of, 564
variability in, 549–550, 561, 562, 563

metabolic enzymes, induction of, 470. 
See also drug metabolizing 
enzymes; enzymes

metabolic stability, 178
estimation of, 102–103, 104, 105
improving, 113, 114, 115
optimum, 92

metabolic stability screening, with intact 
hepatocytes, 427, 429
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metabolic stability studies
in DMPK assessment, 180–181
staging of, 183, 183, 184
in vitro, 195

metabolism
assessment of intestinal, 316
CYP-mediated, 134
extrahepatic, 181
Phase I and Phase II, 96
in xenobiotic toxicity, 434

metabolism, drug
ADME properties in, 91
and drug-drug interactions, 

135–136
benefi cial DDIs, 151
drug-metabolizing enzymes and 

transporters, 144–145
herb/food-drug interactions, 

150–151
inhibition and induction, 136–138
limitation of in vitro DDI studies, 

145–148, 148
mechanism-based inhibition, 

138–140
nuclear receptors and induction, 

140–144, 143
protein binding medicated, 

151–152
in vivo studies, 148–150

metabolism and excretion, defi ned, 
187

metabolite identifi cation (met ID)
analytic methods of, 111–113
data processing softwares for, 113
importance of, 110
performance of, 111, 113
of pharmacologically active 

metabolites, 117–119, 118
prodrug approaches to, 116–117, 117
reactive intermediates, 119–123, 120

metabolite monitoring, in toxicology 
studies, 233

metabolite profi ling, 429
metabolites

knowledge of, 110
pharmacologically active, 117–119, 118

metabolites in safety testing (MIST), 
126–128

metastasis, cancer, steps in, 586

methadone
and AZT glucuronidation, 413–414
intestinal extraction of, 323

methanol, 289
methionine oxidation, in protein 

degradation, 371
methoxylfavonoids, in GFJ, 446
methylenedioxy

and generation of reactive 
intermediates, 124, 125

in P450 enzyme inactivation, 246
3-methylindole (skatole), 99
methyl phenethylpiperidine, in P450 

assays, 248
methylprednisolone, interaction with 

ketoconazole of, 433
methyl-tert-butylether (MTBE), in LLE, 

45
met ID. See metabolite identifi cation
metoprolol, in P450 assays, 248
mianserin

cytotoxicity mediated by, 124–125
reactive intermediates of, 121

Michael acceptors
and generation of reactive 

intermediates, 124, 125
trapping of, 119, 120

Michaelis-Menten (MM) fi rst-order 
kinetics, 106

MI-complex formation, due to 
preincubation, 146

microautophagy, steps in, 365–366, 366
Microlab, 46
Microsoft Excel, 221
microsomes, 358. See also liver 

microsomes
compared with hepatocytes, 356
in DDI studies, 352–354
in enzyme inhibition studies, 353–354
nonspecifi c binding to, 107
in vitro data generated from, 350

midazolam (MDZ)
in DDI models, 321
FG estimate for, 326–327, 327
glucuronidation of, 96
interaction with fl uconazole of, 433
interaction with GFJ of, 459
interaction with ketoconazole of, 433
intestinal extraction of, 323
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midazolam (MDZ) (cont’d)
and intestinal inhibition, 329, 329, 330
in intestinal interaction studies, 321
in P450 assays, 248
prediction of intestinal inhibition with, 

330
and St. John’s Wort, 140–141
as victim, 537–538, 538

milk thistle, 150
minoxidil, structure of, 118
MIST. See metabolites in safety testing
mitoxantrone resistance protein (MXR), 

504
MLN120b, 604
MM. See multiple myeloma
MMF. See mycophenolate mofetil
modeling techniques, in hit 

identifi cation, 8. See also specifi c 
models

molinate, 98
molybdenum-containing oxidoredutases, 

93
monamine oxidase inhibitors, 

improvement of, 24
monoamine oxidases (MAOs), 93

species difference in, 149
tissue distribution of, 94

monooxygenases, P450-dependent, 
species differences in, 423, 424

monoubiquitination, 367
montelukast, in P450 assays, 248
morin, in GFJ, 445
morphine, chemical structure of, 118
mouse models, genetically modifi ed, in 

DDI studies, 150
MPA. See myophenolic acid
MPTP, neurotoxicity associated with, 

99
MRM. See multiple reaction monitoring
MRM chromatograms, comparison of, 

49, 50
MRP. See multidrug resistance-

associated protein
MRP1, in resistant tumor cells, 472
MRP2, in vitro studies with, 477
MRP1 transporters, in GI tract, 317
MRP2 transporters, in GI tract, 317
MRT. See mean residence time
mSin1, 721, 727

MTBE. See methyl-tert-butylether
mTOR complexes, 720–721

identifi ed substrates for, 721–722
regulation of, 722

mTOR (mammalian target of 
rapamycin), 719

biological mechanism of, 738
cell proliferation regulated by, 

732–734
functions of, 720
kinase activity, 720–721
mTORC1, 720, 738

activation of, 723–725, 726
cellular localization of, 722–723
cross-talk between mTORC2 and, 

731, 732
feedback regulation of, 726
inhibition of, 734–735, 736
key function of, 729–731
spatial control of, 724
as transcription factor, 725

mTORC2, 720, 725, 738
actin reorganization regulated by, 

731–732
activation of, 728, 728
cellular localization of, 722–723
cross-talk between mTORC1 and, 

731, 732
inhibition of, 734–735, 736
key function of, 729–731
pharmacological inhibition of, 731
regulation of, 727–728, 728

in tumor therapeutics, 736–738
multidrug resistance-associated protein 

(MRP), 468, 504
genetic polymorphisms of, 512
MDR1, 504
MDR1 polymorphisms

and disease risk, 509, 511–512
drug response and, 509, 510–511
genetic variability in, 505–506
impact on P-gp of, 507
interethnic variability in, 506–507
pharmacokinetics of, 508–509

multiple myeloma (MM)
bortezomib in, 602
cells, 585
characteristics of, 592–593
IMiDs in, 599
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pathogenesis of, 594–595
plerixafor for, 640
proteasome inhibition in, 601
treatment of, 593

multiple reaction monitoring (MRM) 
mode, for triple quadrupole mass 
spectrometer, 47

multiple sclerosis, pain associated with, 
688

muscarinic receptors, 647
mutations, in resistance to HIV PR, 

766–768, 768, 769, 770
MXR. See mitoxantrone resistance 

protein
mycophenolate mofetil (MMF), 412
myelodysplastic syndrome (MDS), 

595–596
myocardial infarction, CCR2 in, 639
myophenolic acid (MPA), 

glucuronidation of, 412

N-acetyl-tranferase (NAT), 93, 94
NADPH inactivation, in P450 

degradation, 389
nanospray

advantages of, 60
application of, 61–62
compared to conventional 

electrospray, 62, 63
equimolar response feature of, 62, 

63
naphthalene, 93
naringenin

as esterase inhibitor, 457–458
in GFJ, 445–446, 446, 448

naringin
in GFJ, 445–446, 446, 448
in human liver microsomes, 457

narrow therapeutic index (NTI), in 
DDIs, 152

NAT. See N-acetyl-tranferase
nateglinide, and SLCO1B1 

polymorphisms, 515
National Cancer Institute, 601
National Center for Toxicological 

Research, 86
NBD. See NEMO-binding domain; 

nucleotide binding domain
NCE. See new chemical entity

NCTP. See sodium taurocholate 
contransporting polypeptide

neddylation inhibitor, 606–607
nefazodone

hepatotoxicity associated with, 123
in human urine, 60, 61

nelfi navir (AG-1343), 759, 760
nelfi navir (NFV), 18

approval of, 18
impact of inducing agents on, 267

NEMO-binding domain (NBD), 580, 606
NEMO protein

in MALT lymphoma, 592
in NF-κB activation, 578, 579

NeoHep cells, 275
nerve growth factors (NGF), and Nav

channels, 686
neuralgia, postherpetic, calcium channel 

modulators in, 695
neurogenic pain, role of Nav channels in, 

684
neuropathic pain, 679, 680

calcium channels in, 692–693
sodium channel blockers for, 686, 688
tricyclic antidepressants for, 688

neuropathy, diabetic, 686, 688
neuropeptide Y (NPY) receptors, 

653–654
neurotoxins, and voltage-gated sodium 

channels, 683
new chemical entity (NCE)

assessing DDI potential of, 101–102
biotransformation prediction for, 113
CYPs in metabolism of, 132
and DDIs, 128
dose-dependent metabolism of, 98
drug inhibition potential of, 346
drug interactions, 407, 408
enzymatic breakdown of, 92
exposure change in, 134, 134
induction potential of, 267
inhibitory potential of, 137
investment in, 74
and metabolism-based DDI, 345
multiple metabolic pathways for, 98

“nextgen” sequencing systems, for 
biomarker discovery, 84

NF-κB. See nuclear factor kappa B
NF-κB-inducing kinase (NIK), 576
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NF-κB pathway inhibitors, development 
of, 588

NF-κB protein family, 572, 573, 574
NFV. See nelfi navir
NHL. See non-Hodgkin’s lymphoma
niacin, identifi cation of receptor agonists 

of, 25–26, 26
nicotine, reactive intermediates of, 121
nicotine, ROS activated by, 584
nicotine acid (niacin), 25
nifedipine

effects of GFJ on, 456–457
intestinal extraction of, 323
and intestinal inhibition, 330
in P450 assays, 248
prediction of intestinal inhibition with, 

330
in vitro-in vivo correlations for, 279

NIK. See NF-κB-inducing kinase
nisoldipine, intestinal extraction of, 323
nitric oxide, and P450 degradation, 379
nitrobenzenes, and generation of 

reactive intermediates, 124, 125
nitrofurantoin, and ABCG2 

polymorphisms, 514
nitro reduction products, 119
nitroso, trapping of, 120
NMED-160, for chronic pain, 694, 695
NNRT1. See non-nucleoside reverse 

transcriptase inhibitor
NOAEL. See no observable adverse 

effect level
nobelitin, in GFJ, 446
non-Hodgkin’s lymphoma (NHL), 590

plerixafor for, 640
proteasome inhibition in, 601

NONMEM software program, 210
advantages of, 221
in pharmacodynamic data analysis, 

206, 207
non-nucleotide reverse transcriptase 

inhibitors, impact of inducing 
agents on, 267

non-small-cell lung carcinomas, 
up-regulation of NF-κB in, 588

nonspecifi c binding (NSB), and DDI 
potential, 145

nonsteroidal anti-infl ammatory drugs 
(NSAIDs), and role of NF-κB, 
597–598

no observed adverse effect level 
(NOAEL), 234

no observed effect level (NOEL), and 
induction response, 301, 302–303

nootkatone, in GFJ, 446, 447
noradrenaline reuptake inhibitors, novel, 

29, 30
NPY. See neuropeptide Y
nuclear factor erythoroid 2 p45-related 

factor 2 (Nrf2), 141
nuclear factor-κB (NF-κB), 571

anti-apoptosis role of, 585
in cancer, 583, 584
chemo-induced activation of, 587–588
in DLBCL, 590–591
and dose determination, 582
in Hodgkin’s disease, 589–590
IKK modulation of, 581
and lymphomagenesis, 592
in malignancies

acute myeloid leukemia, 596–597
DLBCL, 590–591
hematological tumors, 588–589
Hodgkin’s disease, 589–590
MALT lymphoma, 591–592
multiple myeloma, 592–595
myeloid, 595–597

mechanism of activation for, 574–575
research in, 609
role in metastasis of, 587
signaling pathways of, 575–577, 576,

580
surgical inhibition of, 607
susceptibility of, 609
therapeutic approaches to, 597, 598

IKK inhibitors, 603–606
IMiDs, 599
neddylation inhibitor, 606–607
NSAIDs, 597–599
proteasome inhibitors, 599–603

tumorigenesis promoted by, 583–584
website for, 606

nuclear localization sequences (NLS), 
574

nuclear receptors
CYP enzymes and, 268–269, 269, 275
and DDIs, 140–144, 143
examples of, 141
in induction studies, 293
interspecies differences in, 286
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overlapping regulation of CYP and 
UGT enzymes and transporters 
by, 269–270, 270

promiscuity demonstrated by, 141
regulation of genes by, 268–269, 269

nucleoside transporter (NT), 503
nucleotide binding domain (NBD), 504
nutroceuticals, enzyme activities induced 

by, 265

OAT enzyme, 95
OATP. See organic anion transporting 

polypeptide
OATP1A2 (SCLO1A2), polymorphisms 

of, 516–517
OATP1B1 (SLCO1B1)

polymorphisms of, 517–518
pharmacokinetics of, 518–519
and treatment outcomes, 519–520

OATP1B3 (SLCO1B3), polymorphisms 
of, 520–521

OATP2B1 (SLCO2B1), polymorphisms 
of, 520–521

OATP enzyme, 95
OBA. See oral bioavailability
obesity

elevated resistin levels in, 777–778
GPCRs as drug targets in, 650–651

OCT1 (gene symbol SLC22A1), 521–522
OCT2 (gene symbol SLC22A2), 521–522
OCT (organic cation transporter) 

enzyme, 95
oligomerization

receptor, 630
of UGT enzymes, 416–417

omeprazole
chemical structure of, 118
as CYP inducer, 284
drug interactions of

with fl uconazole, 433
with ketoconazole, 433

metabolism of, 117–118
in P450 assays, 248
stereoselective metabolism of, 97

oncogene addiction, concept of, 595, 607
online extraction

in bioanalytical sample preparation, 
52–53, 53, 54

with column switching, 53, 53
OPatch HT (Sophion), 677

opiate receptors, and obesity, 654
optimization, drug, 178
oral bioavailability (OB), 178, 184

and cell permeability, 185
defi ned, 186
in DMPK assays, 198
drug-transporter interactions to 

improve, 489
for midazolam, 326–327

orexin receptors, and obesity, 654
organic anion transporter (OAT)

genetic polymorphisms of, 521–523
substrates for, 475

organic anion transporting polypeptide 
(OATP)

in drug disposition, 503
effect of GFJ on, 449

organic cation/anion/zwitterion 
transporters (OCT)

in drug disposition, 503
genetic polymorphisms of, 521–523

organ rejection, and CYP induction, 
265

organ-targeted therapy, 184
organ transplantation, CCR2 in, 639
ovarian carcinoma, up-regulation of 

NF-κB in, 588
oxazepam, 11
oxcarbazepine

anticonvulsant effi cacy of, 688
structure of, 687

oxidative metabolism, CYP-mediated, 
106

oxidative/reductive ring coupling, 97

paclitaxel, 147
PAF. See platelet-activating factor
pain. See also neuropathic pain

infl ammatory, 679, 680, 692–693
perception of, 686

pain, chronic
calcium channels in, 692–693
causes of, 679–680
inhibition of Nav channels for 

treatment of, 686–690, 687
modulation of calcium channels for, 

693, 694, 695
pharmacological modulation of ion 

channels for
TRP channels, 696–702, 697, 699
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pain, chronic (cont’d)
voltage-gated calcium channels, 

690–695, 691, 694
voltage-gated sodium channels, 681–

690, 682, 687
role of ion channels in, 670, 679–681, 

680
role of Nav channels in, 684–686

pain signaling
ion channels in, 680
and modulation of ion channels, 673

palinavir, 759, 760–761
pancreatic cancer, up-regulation of 

NF-κB in, 588
PAR. See protease-activated receptor
parallel artifi cial membrane permeation 

(PAMPA) assay, limitations of, 
28

parallel separations, 53, 55, 55
parameter estimation, in 

pharmacokinetics, 209–221, 212,
218–220

paroxetine, and MBI, 139
paroxysmal extreme pain disorder 

(PEPD), 686
partial derivatives, plot of, 219, 220
patch-clamp electrophysiology, of ion 

channels, 677, 678
PatchXpress (MDS), 677
PathHunter assay, 633
pathophysiology, of CYP induction, 266
PB-93 compound, met ID of, 112
PD. See pharmacodynamics
PDB. See Protein Data Bank
penciclovir, 116, 117
penicillin, concomitant administration of 

probenecid with, 483
PEPT. See peptide transporter
peptide receptors, 653–654

bradykinin receptors, 645
corticotropin releasing factor, 645
endothelin receptors, 645
melanocortin receptors, 645–646
nonpeptide receptors, 654–655
opiate receptors, 654
orexin receptors, 654
serotonin receptors, 654–655
tachykinin receptors, 646
urocortin receptors, 645

peptide transporter, 95
peptide transporter 1 (PEPT1)

in small intestine, 471
in vitro studies with, 477

PEPT (SLC15), genetic polymorphisms 
of, 523

PerkinElmer Life Sciences 
(MultiPROBE), 46

permeability, and DDI potential, 146
peroxidases, toxicities associated with, 99
peroxisome proliferator-activated 

receptor-alpha beta gamma 
(PPR-alpha beta gamma), 141

peroxisome proliferator-activated 
receptor (PPAR), and exposure 
to PIs, 777

perpetrator, use of term, 534
perpetrator drugs, clinical implications 

with use of, 539–540, 540
personalized medicine, emerging 

concept of, 77
pertussis toxin, and G proteins, 628–629
pesticides, exposure to, and MDR1 

polymorphisms, 511
p53-inducible death domain-containing 

protein (PIDD), 577
P450. See also cytochrome P450
P450 autoantibodies, pathogenetic role 

of anti-, 391
P450 degradation, 373. See also

Cytochrome P450 degradation
characteristics of, 388–390
differential, 372
and pharmacogenetic variability, 385
proteolytic pathways of, 364

P450 enzymes, 363. See also Cytochrome 
P450 enzymes

basic characteristics of, 363
catalytic cycle of, 244, 245
characteristics of, 392
DDIs associated with, 317–318
inhibition mechanisms for, 245–246, 

246
P450 genes, 78
P450 inhibition assay, hepatocyte, 430–

431, 431
P450 isoforms

cloning of human, 195
species differences in, 423, 424
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P-glycoprotein (P-gp), 468, 504
in GI tract, 317
polymorphisms of

and disease risk, 509, 511–512
drug response and, 509, 510–511
genetic variability in, 505–506
impact of MDR1 on, 507
interethnic variability in, 506–507
pharmacokinetics of, 508–509

in resistant tumor cells, 472
RTV inhibition of, 771
in small intestine, 471
in in vitro studies, 477

P-gp. See P-glycoprotein
PGP enzyme, 94, 150, 151
pharmaceutical industry

challenges for, 179
consortia and partnerships among, 88
drug discovery processes of, 11
productivity of, 74
trends in, 179

Pharmaceutical Research and 
Manufacturer’s Association 
(PhRMA), 267

pharmacodynamic biomarkers, 71, 72
pharmacodynamic interactions, 534, 534
pharmacodynamic markers, for NF-κB, 

609
pharmacodynamics (PD), 179
pharmacokinetic drug interactions. See

also drug interactions
clinical importance of, 542–543
prediction of, 534–535

pharmacokinetic (PK) data analysis, 
200–201

for human effi cacious dose projection
commonly used methods, 222–229, 

223, 225, 226, 228, 229
success of, 230

parameter estimation, 209–221, 212,
218–220

pharmacokinetic models in, 201–209
pharmacokinetic (PK) models

compartmental analysis, 204–209, 207,
208

noncompartmental, 201–204, 203
physiologically-based, 209

pharmacokinetic (PK) parameters
methodologies for predicting

human plasma concentration-time 
profi le, 224–230, 225, 226, 228,
229

liver microsomal/hepatocyte scaled 
clearance, 224

plasma protein binding, 224
rule of exponents, 223–224
simple allometric scaling, 222–223, 

223
pharmacokinetic (PK) properties, 

optimizing, 92
pharmacokinetic (PK) screening

methods, 181
in vivo, 182

pharmacokinetic (PK) studies
DMPK assessment in, 180–181
DMPK issues in, 181
supporting safety assessment, 230–231
toxicokinetic study design in, 231–235

pharmacokinetics (PK)
basic concepts, 186, 186–189
“bridging” function of, 179
defi ned, 186, 200–201
in drug discovery, 178–179
of M-DDI, 550–551

to inhibition of gut fi rst-pass 
metabolism, 553–556

sensitivity to fractional metabolism 
of, 551–552

sensitivity to potency of inhibitors 
of, 552–553, 554

origin of, 201
parameter estimation in, 209–221, 212,

218–220
physiologically based, 550

pharmacophore
identifi ed in LO, 10
models, 627

phenacetin, metabolism of, 118
phenobarbital

as CYP inducer, 284
induction of enzymatic activity by, 287
P450s induced by, 363
and species differences, 149
in vitro-in vivo correlations for, 279

phenol, in P450 enzyme inactivation, 246
phenotyping

CYP, 130
of viruses, 771
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phenprocoumon, interaction with St. 
John’s Wort, 141

phenylmethyl sulfonyl fl uoride (PMSF), 
457

phenytoin, 116, 117
as CYP inducer, 284
hypersensitive reaction of, 99
interaction with fl uconazole of, 433
reactive intermediates of, 121
skin toxicity associated with, 123
in vitro-in vivo correlations for, 279

phosphatase inhibitors, 29–30, 30
phosphatases, in conversion of prodrugs, 

116, 117
phosphatidic acid (PA), 725
phosphatidylinositol 3-kinase-related 

kinase (PIKK) family, 720
phosphatidylinositol triphosphate kinase 

(PI3K), 720
phosphoinositide-3 kinase (PI-3K), and 

IKK complex, 577
phosphorylation

of CYP3A1/3A23, 376
CYP2E1 degradation associated with, 

375
NF-κB-inducing kinase, 576
in P450 degradation, 373
in protein degradation, 371

photoaffi nity assay, 480
PhRMA. See Pharmaceutical Research 

and Manufacturer’s Association
physiochemical interactions, 533–534
physiologically-based pharmacokinetic 

model (PBPK), 209
physiologically-based pharmacokinetics 

(PBPK), 550
PI. See HIV PR inhibitor; protease 

inhibitor
PIDD. See p53-inducible death 

domain-containing protein
PI3K, 738. See phosphatidylinositol 

triphosphate kinase
PI-3K. See phosphoinositide-3 kinase
PI3K-Akt-mTORC1 axis, 726
PIKK. See phosphatidylinositol 

3-kinase-related kinase
pioglitazone, and SLCO1B1 

polymorphisms, 515
pitavastatin, and SLCO1B1 

polymorphisms, 515

PKC, phosphorylation of, 727
PKCα, 721
PKIs. See protein kinase inhibitors
plasma, stability in, 24–25, 25
plasma extract, separation of four-

component, 51, 51–52, 52
plasma membranes, in DME inhibition, 

430
plasma protein binding (PPB), 181

concentration-dependent, 147
and predictive power of allometry, 

224
platelet-activating factor (PAF) 

receptor, 643–644
p38 mitogen-activated protein kinase 

(MAPK), 22, 23
PMSF. See phenylmethyl sulfonyl 

fl uoride
PO. See oral
polyendocrino-pathycandidiasis-

ectodermal dystrophy, 386
polypharmacy, 135, 543
polyubiquitination, 367
poncirin, in GFJ, 446
PO route, and fi rst pass effect, 100
potency, pharmacological

in HTL stage, 196
in LO stage, 197

PPT. See protein precipitation
pravastatin, 11, 475, 487, 515
P450 reaction cycle, 244, 245
preclinical evaluations, rat model for, 

182, 182
preclinical models, in DDI studies, 152
preclinical species, investigating 

induction in, 270
preclinical studies

developing compounds for, 34
PK/PD analyses in, 196

preclinical validation, 85
predictive models, of drug absorption, 28
Predictive Safety Testing Consortium 

(PSTC), 87
predictive scaling paradigm, 535, 539–

540, 540
pregabalin, for chronic pain, 694, 695
pregnane X receptor (PXR), 141, 304

CYP enzymes controlled by, 268–269, 
269

hepatoma cell lines, 276
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and induction of P450s, 380–381
in induction studies, 289, 293
transactivation model, 273

P-Rex1, in mTorc2 signal pathway, 731
primaxin, 151
probenecid, 484

glucuronidation of valpric acid 
inhibited by, 354

for treatment of gout, 483
procainamide, chemical structure of, 118
prodrugs

A to B transport of, 456
defi ned, 116
design of, 116–117, 117
in gut lumen, 455
PI, 783–784

propafenone, metabolism of, 118
propranolol, metabolism of, 118
prostaglandin E2 (PGE2), in 

infl ammatory reaction, 680
prostaglandin E2 (PGE2) receptors, 643
prostaglandin synthase, 94
prostate cancer, up-regulation of NF-κB

in, 588
protease-activated receptors (PAR), 

644–645
protease inhibitors (PIs)

as anticancer therapies, 778
coadministered with low-dose 

ritonavir, 541
DDIs of, 776
elevated bilirubin levels associated 

with, 411
evaluating potency of, 755–758, 757
and heptotoxicity, 124
impact of inducing agents on, 267
library of, 782
lysine-based, 779–780
pharmacokinetic profi les of, 786
potency of, 784
prodrugs, 783–784

proteasome inhibitor, 599–603
bortezomib, 601–602
chemical structures of, 608

proteasomes
degradation of, 364
MM treated with, 593
26S proteasome, 368

protein binding
clinical consequence of, 151–152

and induction response, 304
in P450 inhibition of DMEs, 431–432

Protein Data Bank (PDB), 750, 766
protein degradation, 599

autophagic-lysosomal degradation, 
365–366, 366

in CYP1A induction process, 381
cytochrome P450 degradation, 

372–373
discovery of, 364
and drug interactions, 383–385, 385
in essential cellular processes, 365
kinetics of, 381–383
26S proteasome-mediated, 600
ubiquitin-dependent proteasomal 

degradation, 366–372, 369
protein degradation pathways, 392
protein expression, demonstration of, 6
protein kinase inhibitors (PKIs), 22–22, 

23
protein precipitation (PPT)

in drug discovery, 45
reasons for selecting, 46

proteins. See also specifi c proteins
human UGT, 409
polyubiquitinated, 369

protein synthesis, mTORC1 control of, 
729

protein turnover, kinetics of, 384
protein tyrosine phosphatase 1B 

(PTP1B), inhibitors designed for, 
30, 30

proteolytic degradation, signals for 
differential, 371–372

proteolytic pathways
for degradation of CYP2E1, 375
major, 372
for suicidally inactivated CYP3A, 377

proteomic methods, in target validation, 
7

proton oligopeptide cotransporters 
(PEPT), 503

PS-1145, inhibition of NF-κB by, 604
PS-341 (bortezomib, VELCADE®), 601, 

602
p70S6K1, phosphorylation of, 729
psoriasis

role of adenosine receptors in, 648
pulmonary arterial hypertension, 385
purinergic receptors, 648–649
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PXR. See pregnane X receptor
pyrazole, as CYP inducer, 284

QT prolongation, 31
Quadra 96, 46
quadrupole time-of-fl ight, 112
Qualifi cation Data Report, 86
qualifi cation process

interlaboratory review in, 87
for safety biomarkers, 85–86, 86

quantitative models, of DDI potential, 
148

quantitative structure activity 
relationship (QSAR) models, of 
inhibition of P450s, 27

quasi-irreversible complexes, in P450 
enzyme inactivation, 246

quercetin, 150, 151
quinidine

and hepatotoxicity, 435, 436
intestinal extraction of, 323
and intestinal inhibition, 330
in P450 assays, 248

quinoneimine, trapping of, 119, 120
quinonemethide, trapping of, 119, 120
quinones, trapping of, 119, 120

Rac1, mTORC2 activation of, 731, 732
radicicol, 376
radiolabeled tracer fl ux assays, of ion 

channels, 675–678
radioligand binding assays, 479, 480, 674
radiotherapy, and P-gp polymorphisms, 

510
ralfi namide

for neuropathic pain, 689
structure of, 687

raltegravir, 749
ramelteon, in P450 assays, 248
rapamycin, 729, 730, 734, 736. See also

mTOR
characterized as antibiotic, 719
mammalian target of, 719
for treatment of cancer cells, 738

ras proto-oncogene, 585
Ras superfamily, 724
rat, pharmacokinetic studies in, 181, 

182
rat aortic endothelial cell (RAEC), 586

reactive intermediates
biochemical markers of toxicity from, 

122
and idiosyncratic drug reactions, 

123–124
and metabolites in safety testing, 

126–128
moderately stable, 121
structural alerts for, 124–125, 125
trapping of, 119–120, 120, 122

reactive metabolite formation, and CYP 
induction, 266

reactive oxygen species (ROS), 584, 737
reactive species, in DDI studies, 146
Reagan-Udall Institute, 87
receptor activator of nuclear factor κB

(RANK), in Hodgkin’s disease, 
589

receptor allosteric modulation, 636
receptors, and potential ligands, 273
recombinant assays, in cytochrome P450 

assays, 251
red blood cell partitioning, 181
REDD1 (stress response protein), 723
regression analysis, in compartmental 

model, 206
relative activity factor (RAF)

for CYP isoforms, 130
for CYP mapping, 132–133, 133

relative induction score (RIS), to predict 
clinical DDIs, 143, 143

Rel-homology domain (RHD), 572, 573
Rel protein family, transactivation 

domain of, 572
remoxipride, GSH adducts for, 121
renal stones, GFJ intake and, 460
renin inhibitor programs, 785
repaglinide

in P450 assays, 248
and SLCO1B1 polymorphisms, 515

repolarization of heart, compounds 
affecting, 31

reporter gene assays, homogeneous, 
635

reporter proteins, 635
resistin, 777
reticulocytes, proteolytic degradation in, 

364
retinoid X receptor (RXR), 141
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reversible inhibitors
classifi cation of, 17
of monamine oxidase type A 

(RIMAs), 24
Revitalization Act, FDA, 87
Rheb. interaction with mTOR 

complexes of, 723–725, 726
rhesus monkey, for toxicology studies, 

122
rheumatoid arthritis (RA)

CCR2 in, 639
and IKK inhibition, 604
role of adenosine receptors in, 648

rhodopsin family, of GPCR genes, 626
ribbon diagram

of HIV PR, 768
of HIV PR 3-D structure, 752

Rictor protein
dephosphorylation of, 731
tissue-specifi c knockout of, 730

rifabutin
as CYP inducer, 284
intestinal extraction of, 323

rifampicin
as CYP inducer, 284
induction of enzymatic activity by, 

287
rifampin

coadministered with verapamil, 265
CYP/transporter induction by, 488
impact of inducing agents on, 267
reactive intermediates of, 121
in vitro-in vivo correlations for, 279

ring expansion, 96, 97
RIS. see relative induction score
ritonavir (RTV), 18, 759, 759–760

boosting properties of, 541–542
chemical structure of, 20
DDIs with, 144
design of, 17–18
and hepatotoxicity, 124
inhibition of CYP450, 771
inhibition of CYP3A4 by, 775
inhibition of HIV PIs by, 772
metabolic stability of, 114, 115
as perpetrator, 537–538, 538
sales of, 772

ritonavir (RTV) boosting, effects of, 773,
774–775

RNA-dependent DNA polymerase, 749
rodent models, transporter-defi cient, 485
ROS. See reactive oxygen species
rosiglitazone

induction response of, 302
in P450 assays, 248
and SLCO1B1 polymorphisms, 515
in vitro-in vivo correlations for, 279

ROS production, in tumorigenesis, 737
rosuvastatin

and ABCG2 polymorphisms, 514
and SLCO1B1 polymorphisms, 515
systemic exposure to, 518–519

Rowland-Matin equation, 256, 257, 259
R (statistical software program), 221
RT. See reverse transcriptase
RTV. See ritonavir
RTX, 701–702
rule-based decision process, in DMPK 

strategy, 195
rule of exponents, for predicting 

pharmacokinetic parameters, 
223–224

rule of exponents (ROE), 109
ruthenium red, 697

safety
in drug development, 564
and drug discovery, 4, 11–12
of high “fold-interaction,” 560, 561
of NCE, 92

safety assessment
of metabolites, 126
modernization of preclinical, 72–73

safety biomarkers, 71, 72
and best candidate therapeutics, 77
examples of, 75
ideal attributes of, 77
and identifi cation of appropriate 

subjects, 78–79
identifying developing, 81–82, 82
need for, 75–76
and optimal dose, 79–80, 80
qualifi cation of, 82, 84–86, 86
and timing of optimal dose, 80–81, 81

safety margins, in toxicokinetic studies, 
234

sampling, in toxicokinetic studies, 232
saquinavir (Ro31–8959), 758, 759
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saquinavir (SQV), 18, 488, 541
DDIs with, 144
intestinal extraction of, 323
and intestinal inhibition, 329
and overestimation of FG, 326

SAR. See structure-activity relationship
SB277011, species specifi city of, 100
SCH58235 compound, metabolic 

stability of, 114, 115
SCID mice, injected with human 

hepatocytes, 286–287
scientifi c hypothesis, in drug discovery 

program, 189
scintillation proximity assay (SPA), 480
secondary active transporters (SLC), 

467, 468
secretin family, of GPCR genes, 626
selectivity, pharmacological

in HTL stage, 196
in LO stage, 197

semilog scale, lot in, 212
“sentinel” target genes, CYP enzymes 

as, 304
sepsis, role of adenosine receptors in, 

648
serotonin, and UGT isoforms, 416–417
serotonin receptors, and obesity, 

654–655
7TM receptors, 625
sex differences

in DDI studies, 149–150
during toxicity testing, 233–234

S473, phosphorylation at, 727
“shielded inhibitors,” 20, 20
sigmoidal concentration-response 

profi les, of inducing agents, 
299–300

signal-to-noise ratio, with enhanced 
resolution capability, 60

sildenafi l, intestinal extraction of, 323
Simcyp® Population-based ADME 

Simulator, 561, 562, 563
simple allometric scaling, 222–223, 223, 

223
simvastatin

intestinal extraction of, 323
and intestinal inhibition, 330
metabolism of, 118
and SLCO1B1 polymorphisms, 515

and St. John’s Wort, 141
in vitro-in vivo correlations for, 279

sinamet, 151
sinensetin, in GFJ, 446
single-dye assays, 674–675
single nucleotide polymorphism (SNP), 

in drug disposition, 505
single-nucleotide polymorphisms (SNP) 

genotype-phenotype correlations, 
6

sirolimus
interaction with fl uconazole of, 433
interaction with ketoconazole of, 433

SIT. See species invariant time
sitaxsentan, and warfarin, 385
skin, P450 turnover in, 384
skin infl ammation, PARs in, 644
skin toxicity, drugs causing, 123
SLC. See secondary active transporters; 

solute carrier transporters
SLCO. See solute carrier organic anion 

transporter
SLCO1B1, polymorphisms of, 515
SLC transporters

energy source for, 504
knockout of, 486

small interfering RNA (siRNA), 7, 673
small intestine

metabolic enzymes and transporters 
in, 315–317

P450 turnover in, 384
smoking, enzyme activities induced by, 

265
SN-38. See 7-ethyl-10-

hydroxycamptothecin
S9, liver, 354–355

in enzyme inhibition studies, 354
in vitro data generated from, 350

sodium bile acid cotransporters, 503
sodium channel blockers

development of novel, 689–690
for neuropathic pain, 686–690, 687

sodium channels, voltage-gated, 681–690, 
682, 687

software programs, Microsoft Excel, 
221

solid-phase extraction (SPE)
advantages of, 45–46
reasons for selecting, 46
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solute carrier (SLC) transporters, 467, 
468

energy source for, 504
knockout of, 486
subfamilies of, 503

sonic hedgehog (Shh) gene, 588
SPA. See scintillation proximity assay
SPE. See solid-phase extraction
species, in toxicokinetic studies, 232
species comparison, for in vivo

experimentation, 429
species differences

and DDI studies, 149–150
in drug transporter expression, 470

species invariant time (SIT) approaches
compared with MRT normalization 

approach, 229
to predicting concentration-time 

profi le, 226, 226–228, 228
species-species differences, in drug 

properties, 437
species specifi city, and drug metabolism, 

100–101
sphingosine-1-phosphate (SIP), 

641–642
spinal cord injury, calcium channel 

modulators in, 695
SQV. See saquinavir
St. John’s Wort, 150

constituents of, 144
in DDIs, 141
impact of inducing agents on, 267

Stargardt’s disease, and transporter 
defi ciency, 468, 469

statins
HMG-CoA inhibited by, 487
side effects of, 519
and SLCO1B1 polymorphisms, 515

stem-cell-based test systems, 179
stem cells

human adult (hASC), 275
human embryonic (hESC), 275
leukemic, 596

stem cell transplantation, in AML, 596
stereochemistry, in drug metabolism, 

97–98
steroid and xenobiotic receptor (SXR), 

CYP enzymes controlled by, 
268–269, 269

stomach cancer, up-regulation of NF-κB
in, 588

strawberry, esterase activity inhibited by, 
444

strawberry extract, and esterase 
inhibition, 449–451

stress response protein (REDD1), 723
structure-activity relationship (SAR), 

272
in drug discovery process, 16
in lead optimization, 10
and P450 inhibition, 25

structured diversity approaches, to drug 
design, 779

structure-stability relationship (SSR), in 
drug metabolism, 93

STs. See sulfo-transferases
Study of the Effectiveness of Additional 

Reductions in Cholesterol and 
Homocysteine (SEARCH), 520

subcellular fractions
compared with intact cells, 102
in drug metabolism studies, 101
and IVIVC, 106
from liver tissue, 348, 348–350, 350
unique human metabolites in, 

110–111
subcellular systems

liver microsomes, 353–355
liver S9, 354–355

sublfaphenazole, in P450 assays, 248
sudoxicam, and MBI, 139
suicide inactivators, P450s degraded by, 

363–364
suicide inhibitions, 138, 380
sulfamethoxazole, skin toxicity 

associated with, 123
sulfaphenazole, and hepatotoxicity, 435, 

436
sulfasalazine

and ABCG2 polymorphisms, 514
in IBD, 598–599

sulfatase, 93
sulfotransferase (SULT), 93, 94, 135
sulindac

anti-infl ammatory effects of, 597–598
and NF-κB, 598

SULT. See sulfotransferase
superposition, in pharmacokinetics, 206
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supersomes, compared with hepatocytes, 
356

SUR. See sulfonylurea receptor
surfactant defi ciency, and transporter 

defi ciency, 469
surrogate endpoints, 71, 72
surveillance tools, in health-care 

environment, 88
SXR. See steroid and xenobiotic 

receptor
syndesichrons, 226, 228
Systems Biology, 564

tachykinin receptors, 646
tacrolimus, 412

drug interactions of
with fl uconazole, 433
with ketoconazole, 433

intestinal extraction of, 323
and intestinal inhibition, 321
in intestinal interaction studies, 321

TAD. See transactivator domain
talinolol, in GFJ, 448
tamoxifen

bionanalysis of, 51, 51–52, 52
metabolism of, 118

tangeretin, in GFJ, 445, 446
Tangier disease

genetic mutation associated with, 489
and transporter defi ciency, 468, 469

TANK-binding kinase 1 (TBK1), 578
target deconvolution, 7
targeted product profi le, in DMPK 

strategies, 194
target identifi cation (TI)

DMPK strategy in, 193
DMPK studies in, 191
protein and nonprotein, 6
in typical drug discovery program, 189
and validation, 3, 4

targets, drug
ion channels as, 669–670
for therapeutic intervention, 5

target validation, defi ned, 6
taxol, impact of transporters on, 472
TCDD. See 2,3,7,8-tetrachlorodibenzo-

p-dioxin
Tecan Genesis, 46
telmisartan, 147

temazepam, bionanalysis of, 51, 51–52, 
52

temsirolimus (CCI779), 736
tenofovir disoproxil fumerate (DF), 451, 

452, 456
terfenadine, 32, 33

and cardiac arrhythmias, 536–537
coadministered with ketoconazole, 

407
tesofensine, 119
testosterone

gender specifi city of, 101
metabolism of, 98

tetrodotoxin (TTX), and Nav channels, 
683

TF. See trans-frame region
thalidomide

MM treated with, 593
NF-κB inhibited by, 599–603

theophylline
interaction with fl uconazole of, 433
interaction with ketoconazole of, 433
in P450 assays, 248

therapeutic index, variables affecting, 
80

therapeutic window, 79, 80
thiazoles, and generation of reactive 

intermediates, 124, 125
thiophenes

and generation of reactive 
intermediates, 124, 125

in P450 enzyme inactivation, 246
thiophene-3-carboxamide (TPCA-1), as 

competitive inhibitor, 605
thioridazine, metabolism of, 118
tienilic acid

in hepatitis, 391
hepatotoxicity associated with, 123
and MBI, 139

time-dependence, in noncompartmental 
modeling, 208

time-dependent inhibition (TDI), 138
timelines, in biopharmaceutical 

development, 72–73, 73
time-resolved fl uorescence (TRF), 633
timing, of optimal dosing, 80–81, 81
tipranavir (TPV), 749, 759, 761–762, 764, 

765
tizanidine, in P450 assays, 248
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TMD. See transmembrane domain
TNF-receptor-associated factor (TRAF), 

579
tolbutamide

effects of CYP inhibitors on, 254
interaction with fl uconazole of, 433
interaction with ketoconazole of, 433
in P450 assays, 248

tolcapone, 125
tolerance, pharmacokinetic, and CYP 

induction, 266
“top-down” approaches, to biomarker 

identifi cation, 82–84, 83
topotecan, and ABCG2 polymorphisms, 

514
total normalized rate (TNR), in CYP 

mapping, 132, 133–134
toxicity

after chronic dosing, 127
monitoring of, 88

toxicity assay, during lead optimization, 
9–10

toxicity screens, predictive, 12
toxicokinetics (TK)

defi ned, 230
study design, 231
utility of, 231

toxicokinetics (TK) studies
blood sampling in, 232
dose regimen in, 233
doses in, 233
metabolite monitoring in, 233–234
safety margins in, 234
sampling times in, 232
serial vs. sparse designs, 232–233
species in, 232
starting dose in, 234–235

toxicology, preclinical, 87
toxicology assay, 5
toxicology studies

animal, 76
animal vs. human, 127
covalent adduct formation, 122–123

TPV. See tipranavir
tracer fl ux assays, nonradioactive, of ion 

channel function, 676
TRAF. See TNF-receptor-associated 

factor
TRAF3, in pathogenesis of MM, 594

tramadol, stereoselective metabolism of, 
98

tramazosin, 119
transactivation assays, in receptor gene 

assays, 274
transactivator domain (TAD), 576
transcription factors, 141. See also

nuclear receptors
transfected cells, in evaluation of 

transporter genetic variants, 524
transgenic mice, for assessing regulation 

of DMES, 286
transient receptor potential vanilloiod ! 

(TRPV1), 672
transition-state mimetics, 17–21, 18–21
transmembrane domain (TMD), 504
transporter activity

experimental manipulation of, 
481–482

induction of transporter activity, 
482–483

inhibition of transporter activity, 
483–484

knockout of transporter genes, 
484–486, 485

transporter assay, isolated membrane-
based, 479

transporter defi ciency, causes of, 477
transporter protein interactions, 196
transporters. See also ABC transporters

and anticancer drug resistance, 472
classifi cation of, 503–504
collaboration among, 472–473
compared with ion channels, 670
and DDIs, 144–145
defi ned, 467, 503
disease of dysfunction of, 468, 469,

471
drug interactions involving, 535
effect of GFJ on, 448–449
and enterohepatic circulation of bile 

acids, 471
experimental models for, 475–476, 

477–481
functions of, 471–473
and genetic polymorphisms of MRP, 

512
in GI tract, 316–317
grapefruit inhibition of, 325–326
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transporters. See also ABC transporters 
(cont’d)

inhibition of, 474, 504
in intact hepatocytes, 430
polymorphisms of, 504–505

BCRP, 512–516, 514–515
MDR1, 505–512
OAT, 521–523
OATP (SLC 21), 516–521
OCT, 521–523
PEPT (SLC15), 523
P-gp, 505–512
role of, 523–524

as potential novel drug targets, 
489–490

role in drug disposition, 469–470
in sito models, 476–477
and species differences, 475
tissue expression of, 410–473, 474
in vivo models, 476

transporter studies, 486–487
drug-drug interactions due to 

transporter induction or 
inhibition, 488–489

drug-transporter interactions at target 
tissues, 488

oral bioavailibility, 489
potential novel drug targets, 489–490
transporter contribution to tissue 

specifi city, 487–488
transporter substrates, 467

characteristic of, 473–475, 474
examples of, 474
structural diversity of, 475

transporter-xenobiotic interactions, in 
drug development studies, 
467–470

TRAP. See Trp RNA-binding 
attenuation protein

trazodone, intestinal extraction of, 323
triazolam

intestinal extraction of, 323
and intestinal inhibition, 330
in P450 assays, 248
prediction of intestinal inhibition with, 

330
tricyclic antidepressants, for neuropathic 

pain, 686, 688
trigeminal neuralgia, 686, 688

triple quadrupole mass spectrometer, 47, 
58, 59–60

troglitazone, 277
clinical induction effects of, 300, 302
in vitro-in vivo correlations for, 279

troleandomycin, 138
in P450 assays, 248
P450s induced by, 363

troponin, for drug-induced cardiac 
toxicity, 77

Trp RNA-binding attenuation protein 
(TRAP), 720

TRPV1
in chronic pain, 697–698
modulation for treatment of chronic 

pain, 698, 699, 700
properties of, 696–697, 697

TRPV1 antagonists
clinical development of, 698, 700
in clinical trials for pain, 698, 699
identifi cation of, 696

tryptase inhibitors, 20, 20–21
TSC1/TSC2 complex, 723
TTX. See tetrodotoxin
tumor associated macrophages (TAM), 

in cancel metastasis, 587
tumor cells, anticancer drug resistance 

in, 472
tumorigenesis

energy supply for, 737
evasion of apoptosis in, 584–586
hypoxia response in, 733–734
and JNK-induced apoptosis, 735, 736
NF-κB promotion of, 583–584
ROS production in, 737

tumor necrosis factor (TNF), 644
tumor therapy

identifying patients for, 738
mTOR as target for, 736–738

ubiquitin, 366–367
ubiquitination

CYP3A4, 378
in P450 degradation, 388, 389, 390
in protein degradation, 371

ubiquitination reaction, 367–368
ubiquitin-dependent proteasomal 

degradation (UPD), 366–372, 
369
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ubiquitin ligase (E3), classes of, 367–368
ubiquitin-proteasomal degradation 

(UPD), as byproduct of 
glucuroidation, 416, 419

ubiquitin-proteasomal degradation 
(UPD) system, 368–370, 369

UDPGA, isolation and identifi cation of, 
409

UDP-glucuronosyltransferases (UGTs), 
94, 407

active sites for, 409
conjugative metabolism by, 408
in GI tract, 316
heterodimerization of, 419
human drug metabolizing, 411, 411
inhibition of, 409–410

and AZT, 413–414
bilirubin, 410–411
and clinical drug-drug interactions, 

412–413
subcellular localization of, 409, 410
substrates for, 418
in vitro studies of

albumin effect in, 415–416, 419
with different in vitro systems, 

415
latency, 414
oligomerization, 416–417
UDP production, 416, 419

in vitro study of, 408
UGT. See UDP-glucuronosyltransferases
UGT enzyme, 93, 135
UGTs, recombinant, 471
Ultra-Performance Liquid 

Chromatography (UPLC) system, 
for higher-throughput 
bioanalytical applications, 49

unbound concentration/in vitro receptor 
potency ratio, metabolite, 
126–127

uncertainty, in DDI studies, 148
underprediction, of drug interactions, 

540, 541
undesired effects, in drug discovery 

process, 24
UPD pathway, for CYP3A, 377–378
UPD proteolytic pathways, 372
UPLC. See Ultra-Performance Liquid 

Chromatography

uracil core, optimization of, 26, 27
URAT. See urate transporter
URAT1. See urate transporter 1
urate transporter 1 (URAT1), 468
uridinediphosphoglucuronyl transferase, 

human, 195
urinary excretions, 181
urocortin receptors, 645
utility

of potential safety biomarker, 85
of safety biomarker, 87

valacyclovir, 116, 117
validation

analytical, 85
clinical, 85
preclinical, 85

validation, target
criteria for, 6
defi ned, 6

validity, of safety biomarker, 87
valproic acid (VPA)

and AZT glucuronidation, 413–414
interaction with lamotrigine of, 

418
reactive intermediates of, 121

valsartan, 147
variance-covariance matrix, calculation 

of, 216
vascular remodeling, CCR2 in, 639
VELCADE®, 601, 602, 609
verapamil, 484

coadministered with rifampin, 265
intestinal extraction of, 323
metabolism of, 118

veratridine, and voltage-gated sodium 
channels, 683–684

verbenone, gender specifi city of, 101
Viagra, 11
victim, use of term, 534
victim drugs

clinical implications for, 536
effects of inhibition on area under 

plasma concentration-time curve 
of, 384

vinblastine, 479–480
VIPR, 675
virtual patients, investigating covariates 

by creating, 562, 562
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viruses. See also specifi c viruses
phenotyping assays of, 771
“sheltering” of, 488

Visual Analog Scale of Pain Intensity 
(VASPI), 693

vitamin D receptor (VDR), 141
vitamin E, 150
voltage-gated calcium channels (Cav)

classifi cation of, 690–691, 691
function and modulation of, 692–695, 

694
properties of, 690–695, 691
role of chronic pain, 692–693

voltage-gated sodium channels (Nav)
in chronic pain, 684–686
inhibition of Nav channels for, 

686–690, 687
properties of, 681–684, 682
structure of, 682

volume at steady state (Vss), in 
toxicokinetics studies, 231

volume of distribution at steady state 
(Vss)

in pharmacokinetic models, 201
volume of distribution (V)

in compartmental analysis, 205
defi ned, 187

voriconazole
interaction with cyclosporine of, 

538–539
and intestinal inhibition, 329

VPA. See valproic acid
v-rel gene, 583

warfarin
coadministered with sitaxsentan, 385
effects of CYP inhibitors on, 254
and identifi cation of HIV PIs, 761
and St. John’s Wort, 141
stereoselective metabolism of, 97
structure of, 762

S-warfarin

interaction with fl uconazole of, 433
in P450 assays, 248

war on cancer, 74–75
96-well plates, 46
Western blot analysis, 274
Williams E media (WEM), 280, 281
Wilson disease, and transporter 

defi ciency, 469
WinNonlin software program, 210, 221

in compartmental modeling analysis, 
213–221, 218–220

in pharmacodynamic data analysis, 
206, 207, 208

withdrawn drugs
analysis of, 127
Baycol, 487
terfenadine, 536–537

Wnt pathway, 734

xanthine oxidase (XO), 93, 94
xenobiotic-metabolizing enzymes, 472
xenobiotics

biotransformation of, 96
defi ned, 503

xenopus laevis oocytes, for transporter 
study, 480–481

XO. See xanthine oxidase

yeast, transporters in, 481
yellow fl uorescent protein (YFP), 635

ziconotide, for chronic pain, 693
zidovudine (AZT), 418

impact of inducing agents on, 267
interaction with fl uconazole of, 418
in UGT inhibition, 413–414

zolpidem
intestinal extraction of, 323
metabolism of, 99

zwitterion molecules, and hERG 
binding, 32, 33

Zyban, 11
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Figure 19.2. NF-κB signaling pathways. Schematic diagram illustrating the three 
described activation pathways of NF-κB: canonical, alternative, and atypical. See pages 
575–576 for text discussion.



Figure 19.3. Targeting the NF-κB pathway. Exemplifi ed strategies used by various 
groups in developing therapeutics against NF-κB. See pages 597–598 for text 
discussion.
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β subunit, MW: 55-70 kd
(β1, β2, β3 & β4)

α2δ subunit, MW: 160-180 kd
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Figure 21.4. Voltage-gated calcium channels—structure and classifi cation. See pages 
690–691 for text discussion.
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Figure 22.1. mTORC1 activation. See page 725 for text discussion.
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Figure 22.4. Feedback loop of Akt to inhibit JNK activation. See page 735 for text 
discussion.
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Figure 23.2. A ribbon diagram representation of HIV PR 3-D structure. See pages 
751–752 for text discussion.

Figure 23.6. A ribbon diagram of HIV PR showing the position of major PI resistant 
mutations highlighted in bold in Table 23.1. See pages 768–769 for text discussion.
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