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FOREWORD

As a practicing cancer physician, | find my patients of- In addition to the scientific information it provides, the
ten come to their appointments with a sheaf of papdmsok makes a crucial contribution by drawing a clear,
downloaded from the Internet, seeking guidance. Jobnganized picture of what we know so far about natural
Boik’s previous bookCancer and Natural Medicinegs compounds. Today, doctors and patients alike have to
dog-eared because it has been a constant source ofsiort through an overwhelming bombardment of informa-
formation in my own practice. | am delighted to add hison on both natural and traditional cancer therapies.
new book,Natural Compounds in Cancer Theragp Boik gives us an extremely valuable overview of what is
my shelf; it deserves to be included in the personal réfnown and what remains to be learned. The use of natu-
erence library of every researcher and cancer docteal compounds in cancer therapy is a field still in its in-
But most of all, it is my hope this book will be read byancy, as he states, but publication of this book is a huge
every cancer patient interested in including natural coratep forward.

pounds in his or her treatment. For the patient, this book addresses the hype in the lay

Cancer patients and cancer physicians are two sidesy#dia about the merits of natural compounds and count-
a single coin: we share similar hopes and dilemmaats it with solid, scientific information. It emphasizes
Patients hope to be cured of cancer without paying &me scientific rationale for a multipronged approach and
unbearable price; doctors hope to cure the cancer wiftrovides an organized starting point for a team effort by
out harming the patient. Understandably, cancer ppatients and their doctors.

tients want to survive not only the disease but also thq:or the physician, Boik delivers a better scientific un-

treatment, without loss Of function or quality of II1Ee'derstanding of the activities of natural compounds and
The dilemma, of course, is that when you blast cancgr

with the big guns of modern Western medicine, little e scientific basis for using them in applied cancer ther-

may be left standing after the smoke clears. apy. Physman_s despere}tely need this mfo_rr_natl(_)n for
two reasons. First, traditional Western medicine in the

Faced with dismaying treatment options, it is no worpast has discounted the role of natural compounds in
der that horrified patients turn to alternative therapiesancer therapy because the scientific approach was lack-
Unfortunately, in seeking to educate themselves, th@yy. Second, the modern physician needs to serve pa-
find information that is unscientific, disorganized, otients who are sorting through more information than
biased by media or commercial hype. That is why eever before. With this book, the value of using natural
eryone should welcome this book; it is honest, scientificompounds in cancer therapy will gain new respect be-
it organizes the available information, and it fills a hugeause it makes the scientific framework accessible to the
need—for patients, doctors, researchers, and everyggsician for the first time.

concerned with better treatments for cancer. For the researcher, this book organizes the details of

As its starting point, this groundbreaking book adoptke work done so far, which for the most part is at the
the scientific approach. Scientists and physicians devel of in-vitro (test tube) and animal studies. But it
mand proof that alternative treatments work, and thaso provides the big picture, indicating how the results
book adheres to the scientific accountability necessarydb these studies can guide human investigations—the
satisfy these demands. This approach is also importaweixt logical and necessary step toward developing effec-
for patients because it helps them see cancer as a mtitie natural compounds for cancer treatment. It will
faceted process, not a sole event. Boik shows us whglp researchers set the direction for this undertaking.

each part of the process is a poften_tlgl target for treatf\latural Compounds in Cancer Therafifs the gap
ment, and why all parts will be inhibited most effec; . . ) e
etween patient expectations and the reality of scientific

tively when combinations of compounds are used. information available in the field. Itis a bridge between

other words, instead of looking for a single magic buIIe[ e skepticism of phvsicians and the hobe of patients
to cure cancer, we would do well to consider that a hol- P phy P P '

. ohn Boik provides physicians, patients, and researchers

ster full of carefully chosen ones might produce the:
; ) . o ith a map of where we are, where we need to go, and

greatest good. Overall, this book is unique in mtegra}ﬁf ;

h -2 : . . L ow we will get there.

ing basic information on molecular biology with clinical

targets for cancer therapy, and will be of use to anyond hope that one day we will not need to label medicine

wanting to understand either. as alternative or traditional, complementary or integra-

tive, Eastern or Western, but simply “Good Medicine.”
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Good medicine will be defined as medicine that prevents
illness, cures disease, avoids injury to the body, and
brings comfort to the soul of the patient. We will help
cancer patients by curing them sometimes, treating them
meanwhile, comforting them ever, hoping with them
always.

Israel Barken, M.D.
Urologic Oncologist

Chairman and Medical Director
Prostate Cancer Research and Education Foundation
San Diego, California
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PREFACE

This book discusses numerous natural compounds tleancer progression. In fact, some of the natural com-
show promise in the treatment of cancer. It examin@®unds discussed here have been used as probes in stud-
fully what research has told us about them, and it pries that unraveled the mechanisms of cancer
poses ways of using them that could significantly inprogression.

crreesi)eu;?ege\éa;]lu dee:20%2?;:;éreitom:f:éebrg;:g txveh?rt]ehﬁhis is not to imply that these natural compounds have
b y ' Blen clinically proven to inhibit cancer. Multiple human

ing of this hew _approach, one needs to see it in the “Mals will be needed for that. What matters is that the
text of the big picture of cancer research.

preclinical information presented here, as well as data
We stand at a turning point in the field of cancer chérom the human trials, is promising. And the most cru-
motherapy. The last 50 years have been dominated digl point, central to this book, is that the beneficial ef-
drugs that are not highly specific to cancer cells. Beirfgcts of these compounds are likely to be much more
nonspecific, these drugs also destroy normal cells, aagparent when they are used in large combinations,
in the process can cause significant and sometimgsrmitting additive and synergistic interactions to occur.
deadly adverse effects. Be_fore long, a new generatlon_oéecond’ although the future does look bright for even-
more powerful but less toxic drugs promises to be ava{l-

able. These new drugs will target events and processléal success in the fight against cancer, we are not there

" V\X ? Much more work remains to be done. As a science,
that are more specific to cancer cells, and thus they . ;
the field of natural compound research can contribute to

not be as harmful to normal cells. This revolution in .
. . . ...a greater understanding of cancer and a faster develop-
therapy is already evident in the laboratory, and within .
L ! . ment of successful therapies.
the next 10 years or so it will become evident in the
clinic. The ability to design and test this new generationThird, we must study natural compounds because they
of drugs comes from the many scientific discoverieare already being used in cancer treatment (and in the
made over the last 20 years that allow us to peer into tineatment of other diseases). For better or for worse,
workings of a cancer cell at the molecular level. Bfundreds of thousands if not millions of patients around
seeing more clearly how cancer cells work, we are naie world are experimenting with natural compounds in
better able to design drugs to halt their proliferation aritieir efforts to heal themselves of cancer. Researchers
spread. This new approach of targeting the mechanisestimate that anywhere from 10 to 80 percent of U.S.,
by which cancer cells prosper has been called, approfEuropean, Australian, and Mexican cancer patients use
ately, a mechanism-based approach. some form of complementary medicine as part of their
verall therapy:*%? For many of these patients, the use

. . )
These developments paint a very encouraging pictut natural compounds is an essential part of the com-

for the eventual success of modern medicine in its batﬁ > mentarv aporoach. For example. two studies in the
to defeat cancer. But with such promising drugs on i y app ) Pe,

horizon, the reader may ask, “Why does it make sense gited States haV(_a reported that roughly 40 to 60 per-
turm to t’he study of natural c’ompounds’?” cent of cancer patients who use some form of comple-

mentary medicine include the use of herbs, vitamins,
antioxidant, or all thre& ** Most of these patients are
WHY NATURAL COMPOUNDS? using natural compounds without the guidance of their
oncologist or any real guidance from scientific studies.
There are three main reasons why natural compourggcause the popularity of using natural compounds in
are worth studying. First, natural compounds that shayancer treatment appears to be growing rather than de-
anticancer pOtentiaI fit into the mechanism-based a@ﬁning' we are Compe”ed to Study natural Compounds

proach as perfectly as a hand fits into a glove. All thg that we can properly guide the public.
natural compounds discussed in this book have been

reported to inhibit cancer. Although most of the infor-

mation available comes from preclinical (test tube and

animal) studies, as is the case with most new mecha-

nism-based drugs, some human studies have also been

conducted. There is solid evidence that these corfhSuperscript numbers throughout the book refehéonumbered
pounds inhibit cancer by interfering with one or more gkferences at the end of each chapter. Hence, soméers will
the mechanisms that researchers now feel are centrap¢easionally be repeated or appear out of sequence.
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OBSTACLES TO RESEARCH ON rest to occur uninterrupted. Moreover, we know that

NATURAL COMPOUNDS cancer cells have some ability to adapt to therapy. We
can imagine that a cancer cell can adapt better to one or

Certainly, natural compounds have received some rafew interrupted events than to many. Hence, my cen-
search attention, as is evidenced by the many studiegral thesis is that the most successful cancer therapies
this book. But this is still a small number of studiesvill be those that target all the primary events involved
compared to what is needed. There appear to be timocancer cell survival. The second part to this thesis is
main reasons why research is still lacking. that to accomplish this task, multiple compounds used in
mbination will be necessary. Natural compounds are
eally suited for this type of application; they are active
geasonable concentrations, and yet their mild nature
ows a variety of large combinations to be used safely.

First, structure patents, granted for new and uniql?
chemical structures, are impossible to obtain for tH
natural compounds discussed here, since their structuff
are already common knowledge. For this reason, thed
compounds are not generally thought of as profitable There are several reasons why the concept of using
Use patents, granted for a new and unique use of a cdarge synergistic combinations of compounds has not
pound, are somewhat easier to obtain for natural cofmeen embraced by Western medical science. First, al-
pounds, but these patents are less valuable than structborigh small combinations of chemotherapy drugs are
patents. routinely used in research and clinical practice, the size
r%f these combinations is normally limited to about three

patent, is a very important aspect of drug developmeﬁ?. five agents. _Larger comb ma_tlon_s are hot tested be-
use as the size of the combination increases, so does

A massive number of studies are required to test a dr . o ;
d expense, technical difficulty, and potential for ad-

and get it approved for market, and the cost of the rerse effects. For example, the statistical analysis of

studies can be many millions, possibly hundreds of mth i b difficult with binati
lions of dollars. Pharmaceutical companies recoup t @eractlr?ns gcozn]?s very di 'Clé WIN com llna lort]rsf
investment by either licensing their patent to oth praer than about Tive compounds. onetneless, this

manufacturers or by acting as the sole manufactu %ok considers combinations_ containing perhaps _15 to
themselves. Since a large portion of the total resea compounds. Although this may seem excessive to

money available comes from pharmaceutical compani ome readers, we must keep in mind that these are rela-

the natural compounds discussed in this book have s!(?‘(zFelygror;ﬁ?gxr:%;osr,rrfglig;di;:: g]:(;rfo:gl?;{:]a(;[llsnjszf dthilrs1
received the full attention they desefve. herbal medicine traditions from around the world. Thus
Second, adequate attention is not given to the naturalmans have been following this general practice with

compounds | discuss because none are likely to becosmme success for many hundreds, if not thousands of
the “silver bullet” miracle cancer cure for which everyyears. With a focused effort, we should be able to over-
one has been searching. In fact, when used alone, thoene any technical difficulties that the study of large
inhibitory effects of most of these compounds would beombinations of natural compounds may present.
considered modest at best. Their true potential will beA th th tof | binati h
realized only when they are used in synergistic combina- nother reason this concept of farge combinations has
. . not been embraced is because many agents must be
tions, and here they may shine. . X . .

available for testing. Some pharmaceutical firms, espe-
cially smaller firms, have only a few cancer drugs under
SYNERGISTIC INTERACTIONS development. These firms have little incentive to spend

money showing their product works best when com-

Until now, the search for miracle cures has meant thigihed with products from competitors.

compounds not likely to be silver bullets are often
viewed as unworthy of further investigation. It is my
belief, however, that this search for the silver bullet i
actually one reason we have not yet found many suita
cancer treatments. The new mechanism-based appro&
informs us that many different events contribute to the
eventual success of a cancer. Any single drug can at

best target a small number of these events, leaving th°te that the combinations of chemotherapy dmgsirrent
useé tend to contain agents that primarily focus@ingle cellu-

lar target: the interruption of DNA activity. Thigsich combina-
& For those readers who have the ability and ingete help fund  tions do not address the full spectrum of eveng®itant in
anticancer research on natural compounds, pleaseAsendix  cancer progression and do not meet the criteriagested here
M. for optimal design of combinations.

The ability to obtain a patent, especially a structu

One last reason is that since the first half of the 1900s,
gulatory agencies and medical researchers have pre-
fgred to work with pure, well-defined substances. In
Rtrast, most of the compounds discussed here are




Preface Xi

commonly used in the form of concentrated plant ex-The third purpose is to help guide future research in
tracts. These extracts are complex mixtures, and combatural compounds. By presenting the available infor-
nations of these extracts are even more complex. Itrigtion as a whole, | hope to make the gaps where in-
only very recently that the U.S. Food and Drug Adminiformation is lacking more obvious, and to steer future
stration (FDA) has considered granting Investigationaésearch toward the study of combinations. Also, by
New Drug (IND) status to complex plant extracts. (INOpresenting information on doses and other clinical as-
status is needed for human studies.) Humans have beeunts, | hope to guide the development of future study
using complex mixtures much longer than isolated condesigns. As a simple example, | encourage future ani-
pounds, and the new openness of regulatory agenciesnal studies to use orally administered compounds at
both promising and welcome. doses relevant to human use, a practice, unfortunately,

In spite of any difficulties involved in testing IargeOﬁen not followed.

combinations, this work needs to be done. For ond want to be clear | am not suggesting that patients
thing, large combinations hold more promise than singgelf-medicate, nor am | suggesting natural compounds
agents or small combinations. In addition, large combide used in lieu of beneficial conventional treatments
nations of natural compounds are already being usethen they are available. In fact, in some instances the
(perhaps haphazardly) by many thousands of cancer past use of natural compounds will probably be as ad-
tients. An even larger number of patients use them functs to conventional treatments, and | have accord-
treatment of other diseases. Thus, however complewgly devoted an entire chapter to this topic. Thus my
their study, we have a responsibility to apply ourselvdsal purpose is to educate patients to help them work
to the task. more effectively with their practitioners, who in turn
should find much supportive information here for devel-
oping their own recommendations. Because this book is
PURPOSES OF THIS BOOK based primarily on preclinical information, the sugges-
et}ons herein are not intended as ready-made treatment
what has been accomplished in the field. This necess@@ns' Obwou_sly, much work remains to o_Ietermlne the
ily entails a description of how natural compounds fi afety and efficacy of _the compoun(_js discussed.  In
into the mechanism-based approach. It also requi S€ caseslwh_ere patients and their doctors fee| that
fgrtam combinations of natural compounds may be use-

The first purpose of this book is to inform the read

discussions on dose calculations, toxicology, and oth | trust th i i il ith i d
aspects of clinical use. Some of the information on dosg’ rust they will use them wisely, with caution, an
er consulting other resources.

and toxicology has not been previously published al
was developed exclusively for this book. In writing this book, | am attempting to reach the pa-
r}_ient, the doctor, and the researcher—three quite differ-

formation into a coherent whole but also to construct &'t audlenceﬁ. _Wl'th the .p?t.'emh'n mind, (Ij_have FXalced
framework the reader can use to understand new inf&Pe m_ost technical material in the appendices. ess
mation on these compounds as data become availaf} .hf_"ca' book at such an early stage of d_evelopment In
Moreover, as more studies are conducted, the usefuln f'ﬁ!d dwou_l(;:i not hlzve b%en as ?fppr_op”?te gecau_se a
of additional natural compounds will undoubtedly comg@Mplified guide would not be as effective In advancing
to light, and some compounds discussed here may rr%c,earch on natural compounds as | hope this book will

longer seem as valuable. It is hoped that the strucﬂ%'
provided here will assist evaluation of these new com-

pounds. ORGANIZATION

The second purpose is to propose a thesis as to ho g . .
natural compounds (or other drugs) might best be useévhe book is divided into three parts, with Chapter 1

in cancer treatment. This thesis has two parts: 1) tRe Vg as an introduction to Parts | and Il. Chapter 1

. fovides an overview of the anticancer strategies pro-
most successful cancer treatments will be those that ad- A . . .

. . . moted in this book, discusses in more detail the need for
dress all the primary events in cancer progression;

large combinations will be needed to accomplish thio "9 combinations of compounds, briefly introduces

task. Clearly, this book does not prove the thesis; but?ile compou_nds _dlscussgd in later chapters_, and provides
some practical information for understanding the con-

does take the first step by arguing that the thesis is plau- )

. . oo centrations and doses reported here.
sible and deserves full investigation. As part of these
arguments, original research conducted by my col-Part | (Chapters 2 to 6) discusses the various events
leagues and myself is presented in Chapter 13, whittvolved in cancer progression at the cellular level, in-

illustrates the potential benefits of large combinations. cluding genetic changes, proliferation, cell death, and

| have tried not only to synthesize the total body of i
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the communication that occurs between cancer cells amdd supplementary information for various chapters
other cells. Each chapter briefly discusses the natuf@lppendices C to H, and K). Appendix | discusses two
compounds likely to affect these events. The purposermbdels | developed to estimate the oral clearance of
these discussions is both to show how natural comatural compounds based on their chemical structure
pounds can affect cancer through multiple means and(twal clearance is a value used in estimating doses). It
set the stage for the more clinical discussions of eatlfen discusses predictions of toxicity made for natural
compound in Part Ill. compounds using the TOPKAT model, which also bases
In Part Il (Chapters 7 to 12) the focus shifts from Cane_stlmates on chemlc_al structure. _Lastly, it presents the
methods used to estimate an equivalent oral dose based
cer at the level of the cell to cancer at the level of the ; . .

. . . . on an intraperitoneal or subcutaneous dose. Appendix J

organism. Here we discuss the interactions that occur .. . . . S
. ontains a technical discussion of the pharmacokinetics
between groups of cancer cells (i.e., tumors) and tf )

- . . e ) . _af.most of the natural compounds and explains the dose
body, including angiogenesis, invasion, metastasis, and . ) ) :
) . ; ) . calculations made for each. Appendix L gives informa-
interactions with the immune system. Again, each cha{)—

' e : gn on the computer programs used to develop some of
ter includes a brief discussion of the natural compounds .
. my data, as well as the companies that make the pro-
likely to affect these events. . .
grams. Lastly, Appendix M informs readers of the fund
Parts | and Il contain the most challenging scientifimy colleagues and | have set up at M. D. Anderson Can-
material, and the reader may find it useful to read theser Center at the University of Texas in Houston that
chapters sequentially, since all terms are explained &8l receive tax-deductible donations to conduct the kind
they are introduced. To further assist the reader, an af+tesearch on natural compounds this book calls for.

ronym list is included and the index is extensive. This book is a continuation of my first booRancer

In Part lll, the focus shifts to the individual com-and Natural Mediciné* There are, however, some sig-
pounds, the evidence for their efficacy, and the clinicaiificant differences between the two. Whereas the first
considerations involved in using them. The introductiobook discussed nearly two hundred natural compounds
to Part Il (Chapter 13) discusses synergism and presetitat may be useful, this book narrows that list to about
research by my group and others supporting the the#lisee dozen judged to have the greatest potential or to be
that synergism is a hopeful approach. Chapter 13 briethy the greatest interest. Furthermore, the discussions on
explains my approach in estimating doses and evaluatigighical considerations here are more advanced. The
toxicology and also contains information on how comreader is referred to my first book for information on
binations can be designed. Chapter 13, along witheories of Traditional Chinese Medicine (TCM) in can-
Chapters 1 and 2, should be considered essential reeek treatment, Eastern and Western psychological thera-
ing, because they introduce the material that forms tipdes in cancer treatment, and additional natural
basis of the book. compounds that may be useful in cancer treatment, in-

Chapters 14 to 22 are organized according to the tyBlé‘ding many Chinese herbs.

of compound in question. For example, polysaccharides

are discussed in Chapter 16 and lipids are discusseo\j@TENT'AL CRITICISMS

Chapter 17. This type of organization is used in many

textbooks of pharmacognosy, the study of crude drugdhis book discusses some controversial issues, and it
of natural origin; it is convenient here since many of thwill not be without its critics. One likely criticism ibé&
compounds within a given chemical family have similack of clinical evidence to prove or come close to prov-
larities in clinical application. The discussion on eachng that natural compounds are indeed beneficial in the
compound includes a review of test tube, animal, arittatment of human cancers. Certainly, randomized,
human anticancer studies; an analysis of their implicdouble-blind, placebo-controlled studies, the gold stan-
tions; and estimates of a required dose. The last chaptiatd in proving efficacy, have not been conducted for
Chapter 23, focuses specifically on potential interactiomsost of these natural compounds, much less for combi-
between natural compounds and chemotherapy and nations of them. It is not my intent to declare that natu-
diotherapy. ral compounds will cure cancer but to provide a
snapshot of a promising field in its infancy and to sug-

The technical material in the appendices includ gstways in which the field might best mature.

chemical structure diagrams for each compound an
table of molecular weights (Appendix A); a discussion Another criticism likely to arise is that the dose esti-
on pharmacokinetic and pharmacodynamic modeling)ates in Part Il are so rough they have little values It i
along with a discussion on the methods used to scéilee they must be refined. For many compounds, only
animal doses to their human equivalents (Appendix Bljmited information is available on which to base dose
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estimates, and as | state in numerous places, most esfinally, | thank my family for their loving kindness,
mates provide only rough, ballpark values. They shoufdith, and enduring support.
not be taken as fact by patients or doctors. They do,

however, represent the best estimates available so far.

Again, this is a field in its infancy. | believe these val-

ues are worthwhile, in that they provide researchers with

rough estimates for designing future studies and chal-

lenge them to develop more accurate estimates. AIQOTES FOR THE 2005

with judicious consideration, prudent caution, and consx
sultation of other resources, doctors and patients WO:IQ-OWNLOADABLE VERSION

ing together may find some of these estimates helpful irOver four years have now passed since this book was
guiding treatment. first released. During this time, knowledge has evolved,
both in the field of cancer research and on a more per-
sonal level. After release of this book, | entered the
ACKNOWLEDGMENTS Ph.D. program at the University of Texas as a student

There are many people | would like to thank for theiPnCe again. It has been my good fortune to work under
gracious help in putting this book together. | regret | athe guidance of Robert Newman, Ph.D. at M. D. Ander-
unable to mention every doctor, researcher, chemist, a#? Cancer Center. Are there sections in the book that |
pharmacologist who was kind enough to answer nwould have written differently? Considering what |
many questions. | thank Hauser Inc. and M. D. AndeKnOW now, of course there are. Yet, there are also sec-
son Cancer Center at the University of Texas in Houlons that I would leave largely intact. My full schedule
ton, who funded the research on synergism carried difévents me from making changes for this downloadable
by my colleagues and myself; Bill Keeney and Davi§€rsion, t_)ut I would briefly like to point out a few areas
Bailey, of Hauser Inc., for their backing and assistanciat are ripe for overhaul.

Robe(t Newman, of M. D. Anderson Cancer Center, f_OrFirst, | would change Chapter 15 on vitamin C and an-
his wisdom and support; Israel Barken, M.D., for higoxidants. While some of the basic information is
kind contribution of the foreword; my steadfast editorsond, conclusions and extrapolations need to be revis-
Silvine Farnell, whose impassioned insistence on clegéd. These include conclusions on vitamin C, which
writing forced me to blossom as an author; Sarafaquires a more thorough investigation on my part. |
Whalen, _who edited and fine-tuned the final _draft of th@ould completely delete the section titled “A Theory on
manuscript; Susan Fogo, who created the first draft faptioxidant Effects”, as it would need extensive work to
many of the illustrations; and Michelle Lundquist, formake it presentable. Also, as part of my graduate work |
her design of a beautiful book cover. am modeling oral clearance and toxicity, but in a more

| would also like to thank the many companies and iféfined manner than is presented in Appendix I. - Thus,
dividuals who offered software assistance, withodh€ material in the appendix would need revision, as
which I could not have written this book. My thanks tdvell as the dose estimates throughout the book that are
Pharsight Inc., for use of their pharmacokinetic, phaR2sed on the models presented in the appendix. Lastly,
WinNonlin®: MathSoft Inc., for use of their mathemat-ion that has been published since the release of the
ics, scientific graphing, and data analysis progra ok. !n this spirit, some research updates from 2001
Mathcad and Axum: ChemSW Inc., for use of theiff® available on our web site.

computational chemistry program Molecular Modeling | am quite pleased to make this book available in
Pro; Daniel Svozil and Hans Lohninger, for use ofjownload form on the honor system. The fact that the
their molecular descriptor program Topix; BioComfbook was well reviewed and well received was a heart-
Systems Inc., for use of their neural network prografarming, wonderful compensation for my family and
NeuroGenetic Optimizer; and Douglas A. Smith of Oxmyself. But as a self-published specialty book, revenues
ford Molecular Group for providing toxicity assessmentfave not come close to paying for the time and expense
of natural compounds using the TOPKAT model. Addief writing and publishing it. So, while | would like to
tional information on these companies can be found gffer this book for free, | cannot afford to do so. Yet, |
Appendix L. want to make the book available to anyone who believes
they might benefit from it. For these reasons, | am mak-
ing the book available in electronic form on the honor
system. | trust that readers who use the book will fulfill
their responsibility to mail in due compensation. Our

John Boik
January, 2001
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address, as well as the price of the book, is given in the
front pages. | will be most pleased to discover that the
honor system works. Happy reading!

J. B.
March, 2005
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1
BACKGROUND FOR PARTS | AND I

Part | of this book discusses cancer at the cellulegctly, via exchange of messenger compounds such as
level, and Part Il discusses cancer at the level of the ®lermones and growth factors, or directly, via cell-to-cell
ganism. The latter refers to interactions between groupsntact. Contact allows cells to respond to the “feel” of
of cancer cells (tumors) and the body. As we will see,reeighboring cells, via cell adhesion molecules, and to
conglomeration of interrelated events occur within aexchange messenger molecules through cell-to-cell por-
individual cancer cell, as well as between tumors and tkeds called gap junctions. With the help of proper com-
body, which allows a cancer to proliferate and spreachunication, appropriate cells proliferate when new cells
For convenience, | refer to these as procancer everdse needed, and when enough new cells have been pro-
For example, one procancer event is the production adiced, cell division stops.
enzymes by tumors that allows them to invade local tis- .

. ancer cells are the descendants of a normal cell in
sues. The mechanism-based approach to cancer tre Cf . .
. ) which something has gone wrong. In this normal cell,
ment used throughout this book views each of these . . :
rocancer events as a potential target for cancer inhiBE ' kind 0 f mternz_;ll or external_stress causes a mix-up
b n its genetic code (its DNA). This event is said to “ini-

tion. AIthQUQh a very’large numk_)er (.)f procancer eVenis ie” the cell to a precancerous state. After its DNA has
occur during a tumor’s life, to simplify and focus thi

aoproach. | aroun them into seven primary clusters SEEN damaged, the cell withdraws from close communi-
pp , | group P Y cation with its neighboring cells. Interrupted cell-to-cell

events. The inhibition of these seven event clusters thus T
. communication is a common result of DNA damage or
becomes the goal of the mechanism-based approach Ol{[-
X other forms of cellular damage. Separated from the
lined here. : Lo
regulatory controls of its community, it is now at the
This chapter defines the seven event clusters and idemercy of its environment. Let us say that the environ-
tifies each with a strategy for cancer inhibition. In addiment around this cell contains a promoting agent, which
tion, we look more closely at why combinations ofs a compound that stimulates cell proliferation. In re-
compounds will be most effective at inhibiting thessponse to the promoting agent, this precancerous cell
seven clusters and why the synergism that occurs withdivides to produce daughter cells, and these daughter
combinations is needed for natural compounds to loells divide to produce more daughter cells, and so on.
effective. We will also look at how combinations ofAll are proliferating only in response to the promoting
compounds might be designed, then introduce the naagent. The promoting agent may be a chemical foreign
ral compounds to be discussed. Finally, some practi¢althe body, or it could come from a natural process such
information is provided to help the reader understand tlas inflammation. One day, the worst occurs. The ge-
concentrations reported and the relationship betweastic instabilities passed down through the generations
animal doses and their human equivalents. finally result in one cell that becomes capable of self-
. . stimulation, and on this day an autonomous cancer cell
It seems useful to start with the basics of what occuls . ! .
. ) S s born. This cell no longer requires the promoting
in cancer; thus we begin with a look at how normal ceI's . . . .
%(ﬁent to stimulate its proliferation. The role of the pro-
behave and how a normal cell becomes a cancer cefl . . , o
duri ; . moting agent is made obsolete by the cell’s ability to
uring carcinogenesis.

make proteins such as growth factors that stimulate pro-

liferation.
DEVELOPMENT OF CANCER AND This original cancer cell divides to produce daughter
CHARACTERISTICS OF CANCER cells, these cells also divide, and soon there is a popula-
CELLS tion of cancer cells. As they divide, they develop ma-

lignant characteristics, such as the ability to invade and
Imagine a healthy tissue containing thousands of cellgetastasize. They also develop other characteristics that
Each cell serves the greater good, which is the continugelp assure survival, for example, the ability to evade
tion of a person’s life. Each cell is programmed so thgie immune system, to mutate when faced with adverse
when the cell is old or no longer needed, it dies a peag@nditions, and to induce the growth of new blood ves-
ful and timely death. This death is called apoptosis. Adels through the process called angiogenesis. The de-
cells are in communication, which allows for the smoot@elopment of these characteristics marks the third stage
repair and replacement of tissues and other aspectsirpfcarcinogenesis, the first two stages being initiation
cell behavior. Communication takes place either indand promotion, respectively. In this book, | use the term
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progressionto refer to both the third stage of carcino- extra receptors for growth factors; and they can pro-
genesis proper and to the entire postpromotion period of duce free radicals, which can make growth factor re-
the cancer’s life. This correctly implies that progression ceptors more responsive to stimulation.

iS an ongoing, evolving process. N
going gp 4. Abnormal cell-to-cell communicationBy decreas-

Compared to normal cells, cancer cells have lost touch ing their contact with normal cells, cancer cells are
with their neighboring cells, their community purpose, freed to act independently. As mentioned previ-
and even largely with one another. They are a race of ously, cell-to-cell communication occurs via portals
self-serving, easily adaptable cells, whose proliferation between adjacent cells (gap junctions) and through
continues with the slightest provocation. They use more cell adhesion molecules. Normal cell-to-cell com-
than their fair share of resources, live longer than their munication through gap junctions maintains homeo-
fair share of time, and produce more than their share of stasis and discourages cancerlike behavior. Normal
offspring. In short, they exhibit the two deadly charac- CAM activity keeps cells in place and prevents sig-
teristics of cancer: uncontrolled proliferation and uncon- nal transduction that may be initiated by abnormal
trolled spread. CAM activity.

5. Induction of angiogenesis. Angiogenesis is the
SEVEN STRATEGIES FOR CANCER growth of new blood vessels toward and within tu-
INHIBITION mors (or other tissues). Solid tumors require angio-
genesis in order to grow. Tumors need blood vessels
To be clear, not all cancers develop exactly as in the to supply oxygen and nutrients, and the blood vessels
scenario above. This scenario is common, however, andcreated by angiogenesis provide the channel by
within it lies the foundation for all our discussions on Which tumor cells metastasize to distant locations.
cancer inhibition. From it, we can identify seven clusg

Invasion and metastasis.Tumors can spread both
ters of procancer events:

locally, via invasion of adjacent tissues, and dis-

1. Induction of genetic instability Each cancer cell  tantly, via metastasis through the blood and lymph
carries within itself genetic instability, and this insta- ~ circulation. The spread of cancer, along with uncon-
bility increases the chances the cell will be able to trolled proliferation, is a central hallmark of malig-
mutate as needed to adapt to its environment. nancy.

2. Abnormal expression of genek essence, the func- 7. Immune evasion. Cancer cells shield themselves
tion of genes is to make proteins—a process called from immune attack, thereby evading destruction;
gene expression. When they are expressed, somethey can hide from immune cells by employing vari-
genes produce proteins that inhibit cancer progres- ous camouflaging techniques or can produce immu-
sion, and others produce proteins that facilitate it. In nosuppressive compounds that impair the ability of
cancer cells, abnormal expression of genes occurs, immune cells to function.

resulting in too few proteins that inhibit cancer and thege seven event clusters provide the targets for the
too many that facilitate it. anticancer strategies laid out in this book. Each of the

3. Abnormal signal transductionSignal transduction is seven clusters of procancer events is illustrated in Figure
the movement of a signal from outside the cell tol.1.

ward the cell's nucleus, where it can stimulate prolif- gjnce each of these seven clusters is a target for ther-
eration or other activities. One important source ofs /e “can identify seven strategies for cancer inhibi-
external signals comes from growth factors. Growtf,, - keep in mind that natural compounds can be used

factors are soluble molecules that bind to specific res carry out each of these seven strategies and that the

ceptors on the cell's surface and stimulate the cellfast results will be seen when all seven are used to-
activities. A second source of external signals COME&Shar The seven strategies are as follows:

from cell adhesion molecules (CAMs). Cells interac

with their environment through CAMs located onl. Reduce genetic instabilityGenetic instability is ag-
their surface. Cell adhesion molecules are proteins gravated by oxidative stress (stress caused by free
that act like fingers to regulate the degree of contact radicals). Cancer cells exist in an oxidative envi-
with other cells and tissues and inform cells of their ronment, and although such an environment kills
surroundings. Other factors are also involved in sig- some cells, many continue to survive. As oxidative
nal generation and signal transduction. For example, Stress increases, the declining population of surviv-
cancer cells can produce their own growth factors, ing cells exhibits greater instability and higher muta-
thereby allowing self-stimulation; they can produce tion rates, in theory eventually producing more
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aggressive and successful cancer
Thus one way of reducing genetic in-
stability is by reducing oxidative
stress. Other possible means of re
ducing genetic instability are dis-
cussed in Chapter 2.

. Inhibit abnormal expression of
genes.One way that gene expressior]
can be normalized is through modify-
ing the activity of transcription fac-
tors. Transcription factors are
proteins that act as switches in the
nucleus to turn on gene expression.
Genes that inhibit cancer progression
are commonly underexpressed in
cancer cells, and genes that facilitat¢
cancer are commonly overexpressed.
Therefore, cancer can be inhibited by
normalizing the activity of those
transcription factors that control the
expression of these genes. The uge
of natural compounds to affect tran-
scription factors is discussed in
Chapter 5.

. Inhibit abnormal signal transduction.
The movement of a signal from out-
side the cell toward the nucleus relies

altered
CAM !
activity

@

Seven Clusters of Procancer Events

cancer cell

gene mutation,
abnormal gene

normal cell

Figure 1.1

production of

@ immunosuppressive

compounds and other forms
of immune evasion

@ invasion and

metastasis

@ production of
angiogenic compounds
and angiogenesis

expression

\ growth factors

free radicals

loss of gap junction
communication

on several proteins (including kinase

enzymes and ras proteins, discussed

later), and so signal transduction can be inhibited by
blocking the actions of these proteins; using natural
compounds for this purpose is discussed in Chapter

4. Signal transduction is a normal process needed by hibit tumor angiogenesis.

healthy cells, but in cancer cells the volume of signal
transduction is excessive, and the signals that flow
favor proliferation and spread. Thus the intent is nqt
to eliminate signal transduction but to bring it dowrt"
to normal levels.

. Encourage normal cell-to-cell communication.
Normal cell-to-cell communication can be fostered
by improving gap junction communication and by
normalizing CAM activity. Natural compounds that
encourage normal cell-to-cell communication are
discussed in Chapter 6.

. Inhibit tumor angiogenesis. Like signal transduc-
tion, angiogenesis is a normal process; it is needed
during wound healing and in other situations. An-
giogenesis in tumors, however, unlike that in normal
conditions, is uncontrolled and ongoing. Our intent
then is not to eliminate angiogenesis but to normalize
its occurrence by normalizing the factors that contral.
it. Angiogenesis is most successful if certain chemi-

certain environmental conditions, such as hypoxic

(low-oxygen) ones. Cancer can be inhibited by

blocking the release or action of angiogenic factors
or by otherwise altering the local environment to in-

Natural compounds that
inhibit tumor angiogenesis are discussed in Chapters
7 and 8.

Inhibit invasion and metastasisinvasion requires
enzymatic digestion of the healthy tissue surrounding
the tumor. It also requires the migration of tumor
cells. Invasion can be reduced by inhibiting enzymes
that digest local tissues, by protecting normal tissues
from the enzymes, and by reducing the ability of tu-
mor cells to migrate. Natural compounds that inhibit
invasion are discussed in Chapter 9. Metastasis re-
quires that cells detach from the primary tumor, en-
zymatically digest blood vessel walls to gain access
to and exit from the blood circulation, and evade the
immune system while in the circulation. Thus me-
tastasis can be checked by inhibiting any one of these
processes. Natural compounds that do so are dis-
cussed in Chapter 10.

Increase the immune responseThe immune re-
sponse against cancer cells can be increased by

cals called angiogenic factors are present, as well as stimulating the immune system and by reducing the
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ability of cancer cells to evade immune attack. BotBynergism in Combinations

actions are best taken n ta_ndem, since W'thOUt P'€The use of combinations provides one other important
vention of immune evasion, immune stimulation will

h little benefit. health ital i I advantage: the possibility of additive or synergistic in-
dave ittle bene 't’” egt y; |V|t_<';1 r|]mmune ce S" CaNeractions. (For convenience, unless stated otherwise,
estroy cancer cells, but only If the cancer cells cgpe termsynergismis used loosely to refer to either addi-

be recognized as foreign to the body. Chapters 1.

d 12 di h ¢ | q e or synergistic interactions.) Synergism is important
an Iscuss the use of natural compounds fQ . ,se it allows lower and safer doses of each com-

stlmglate the immune system and inhibit Immunﬁound to be used; in fact, it is more than important, it is
evasion. required for our purposes. As discussed in Chapter 13,
When natural compounds are used in these strategig@st direct-acting natural compounds, if used alone,
some will directly inhibit cancer cells, causing them tavould require excessive and unsafe doses to inhibit can-
die, revert to normalcy (a process called differentiationyer. My colleagues and | have conducted preliminary
or just stop proliferating. Others will inhibit cancer proresearch on large combinations of natural compounds,
gression indirectly by inducing changes in the local e@nd other groups have conducted research on small
vironment that are unfavorable to angiogenesi€ombinations of natural compounds. The research as a
invasion, or metastasis. This might include, for exanwhole strongly suggests that when used in combination,
ple, inhibiting the enzymes produced by cancer cells thaatural compounds can produce synergistic effects in
allow invasion. Thus we can group natural compoundiro.” If synergistic effects are also produced in vivo,
into two broad categories of action: those that act dind there is reason to believe they would be, such inter-
rectly on cancer cells to inhibit proliferation (called di-actions would make essentially all direct-acting natural
rect-acting compounds) and those that inhibit canceempounds discussed in this book potentially effective
progression by affecting tissues or compounds outsidden used at safe doses. This is true even if the interac-
the cancer cell (called indirect-acting compounds). Hions are additive rather than truly synergistic.
addition, we can add a third category: compounds tha
inhibit cancer through stimulating the immune systen
Although immune attack produces a direct cytotoxiﬁ
effect against cancer cells, immune stimulants therB
selves generally do nbt.

That most direct-acting natural compounds discussed
ere require synergism to be effective at safe doses is,
onically, related to the reason they are included in this
ook—they are milder than most chemotherapy drugs
and less apt to produce adverse effects. Most of these
compounds are on the average (geometric average)
USING NATURAL COMPOUNDS IN about 21-fold less toxic than most chemotherapy
drugs® ¢ Furthermore, the most toxic natural compound

COMBINATION is about 270-fold less toxic than the most toxic chemo-

From the above discussions we begin to see why usitgrapy drug. However, they are also less toxic to can-
combinations of natural compounds is so important. A
;V(S\I/I(;?]e;g;i?sCgfmpt;g](?atlr?:erota Sgnmtgozntgz |2N2| stie::gleet (?(g ngr'] vitro, literally, “in glass,” refers to studie conducted in the
o . t tube, and in vivo, literally, “in life,” referto studies con-
pound could not perform. In addition, since most natyg,cted in animals.
ral compounds inhibit several procancer events, a Iargerh " _ d at a few plackssrbook. It
combination of natural compounds will redundantly tar: © geOMENIC average IS Usec at a 1eWw pacussrmoox. LIS

. the average of a group ofnumbers as calculated by; (xx, -
get all seven clusters of events. Redundant targeting, {8/ ang is near the arithmetic average when the nusbes

useful in that if one compound fails to perform its taskgyenly dispersed. Itis used instead of the agtioraverage
another is available to back it up. Redundancy is in fagtimarily when the arithmetic average is heavilflienced by a
common in stable systems. In nature, for example, bielatively small number of extreme outlying pointts these
logic diversity provides redundant controls of insect pe§&ses; the geometric average can be a more meahuggcrip-
populations. tor.

4 The geometric average of the oral lethal dosesf). rats
predicted for 20 of the natural compounds discussdds g/kg
(see Table 1.4 in Appendix I). This is in contriasthe 21-fold
lower LDsy geometric average of 72 mg/kg for a representative
sample of 17 chemotherapy drugs (NCI data obtafrad the
reference given). Furthermore, the lowestgfor the natural

a By convention, we say that a cytotoxic effectd cells are
killed and a cytostatic effect occurs if cells &ept from prolifer-

ating. Cytotoxic and cytostatic effects can balilyastudied in
vitro. However, many in-vitro tests do not actyallfferentiate
between the two, and in this book, | use the wymtoxicto refer
to both cytotoxic and cytostatic effects unlestestatherwise.

compounds is 270 mg/kg, whereas the lowegg fdD the chemo-
therapy drugs is 1 mg/kg. The equivalent humaesiase about
4.4 grams and 16 milligrams, respectively. Sixtedtigrams is
a very small amount of material!
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cer cells than most chemotherapy drugs. Most of the discussed may not be commercially available at pre-
natural compounds discussed are active in vitro at con- sent.

Centrations Of about 1 to W A target Concentl’ation ° E||m|nat|ng Compounds that do not appear to have

of 15uM is used in most of the dose calculations in later strong anticancer effects relative to the other natural
chapters. In contrast, standard chemotherapy drugs tendcompounds.

to be active at much lower concentrations. Based on
simple analysis of data from the National Cancer Ins
tute, the average effective concentrations§i@or nine
common chemotherapy drugs was O8.%2 This is
roughly 30-fold lower than the active concentrations of

the natural compounds considered here. INTRODUCTION TO THE

Therefore, high concentrations are required to inhiltOMPOUNDS
cancer, and this _requires_ large doses. For roughly G%f the hundreds of natural compounds known to be ac-
percent of the _dlrect-actlng natural compounds, S“‘fR/e against cancer (at least in vitro), this book focuses
high doses are likely to cause adverse effects. As pr%

' &he above process of elimination can be used to guide
e initial design of a combination; after which it could
be refined to meet the needs of a particular patient.

ously stated, however, synergistic interactions will ma Fimarily on only 38. This is clearly a very small per-
ys ' » SYNergistic entage. Narrowing the focus was necessary for several
essentially all of these direct-acting natural compoun

potentially effective when used at safe doses 8asons. For one thing, few data are available for most
) of those known to be active. For another, many would
not be safe for human consumption. For these and other
Designing Combinations reasons, a set of criteria was used to narrow the focus;
Chapter 13, the introductory chapter to Part I, disc_;ompoungls yvere included that met most, if not all, of
cusses how natural compounds might be chosen for JQS following:
in combinations, but an overview of the process can They are not already approved as prescription drugs
provide some context for how the compounds discussed py the U.S. Food and Drug Administration. Fur-
in Parts | and Il might be used. Although compounds thermore, they are not patented or trade secret prod-
could be chosen for the particular procancer events they ycts, so their composition is known and they are not
inhibit, it is more practical and probably just as useful to |icensed to one manufacturer. Although such prod-

consider the design of combinations as a process of ycts can be useful, | will leave it to the manufacturers
elimination; one that can be based on five constraints:  to argue their benefits.

+ Using a large number of compounds to assure redun- The compounds or their plant sources have _a_history
dancy, facilitate synergism, and target all seven clus- of safe human use as food or in herbal medicine tra-
ters of procancer events. An ideal number of ditions.

compounds might be 15 to 18, which means only They are active at concentrations that are achievable
about half the compounds discussed in this book in humans after oral administration. In many cases,
would be used. this requires them to be used in synergistic combina-

« Choosing compounds so that all three categories (di- tions.

rect acting, indirect acting, and immune stimulants) They are expected to be nontoxic to the patient at the
are represented. Since each compound tends to in-required dose. Again, this may require low doses

hibit multiple procancer events, by using a large and synergistic combinations.
combination and compounds from all three catego-

ries, it is likely that all seven clusters of procancer
events will be inhibited. °

» To assure diversity, if a pair or group of compounds
appear to act very similarly, using only one of thé

They are not excessively expensive.

They are readily available commercially or could be
readily available within the next few years.

Sound theoretical reasoning exists to support the hy-

pair or a few of the group.

Eliminating compounds that are not practical for
whatever reason. For example, some compounds

& These are actually Gjvalues rather than 1§ values. The

Glsg is an adaptation of the Kgby the National Cancer Institute
to correct for cell count at time zero. The averaglue quoted
here is based on data from sensitive cell lines.

pothesis that they may be useful in cancer treatment.
For example, the means by which they may inhibit
cancer cells is understood.

They are suitable for long-term therapy because they
are safe and can be administered orally.

Preference was also given to compounds that inhibit
multiple procancer events. By affecting multiple events,
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these compounds are more likely to inhibit a wider rangsmmune system. Table 1.2 lists them according to cate-
of cancers under a greater variety of circumstances. Tdery. Of course, many compounds have multiple ac-

ability to inhibit multiple events also increases théions, and they could be placed in more than one

chances that synergistic interactions will occur betweeategory. Placing these in a single category is a judg-
compounds. In addition, preference was given to corment call. For example, melatonin has a beneficial ef-

pounds with other desirable characteristics, such as diget on the immune system and can directly inhibit some

similarity to the other compounds, being of interest ttypes of cancer cells. The same could be said of gin-
the public, and being useful for instructive reasons. Aseng. Here melatonin and ginseng are both character-
though the compounds selected do include many izked as immune stimulants. Judgment calls aside, the
those already being used by cancer patients, not allarrangement of natural compounds in this table is still a

common use were included; it was not possible to digseful starting point for conceptualizing their behavior.

cuss all compounds that may be of interest. The natural compounds listed in Table 1.1 have re-

Some of the 38 compounds do not look as promising eived different amounts of in-vitro, animal, or human
this time as others. In particular, flaxseed, EGCG (frostudy. For some compounds, only a few studies involv-
green tea), and hypericin (from St. John’s wort) are allg cancer cells have been completed, whereas for oth-
associated either with some uncertainties in safe or efs, there have been many dozens. Because a compound
fective doses, or they are not likely to produce a strort@s received few studies does not mean it is ineffective.
anticancer effect relative to the other compounds. HoBy the same token, because a compound has received
ever, they are still discussed because of public interestrany studies does not indicate it is highly effective. In
them, because it is instructive to see the problems as&act, some studies could have reported negative results.
ciated with them, and because new research may rem@&idl, the number and type of studies roughly indicate
the uncertainties and place them in a more promisitgpw well the anticancer effect has been characterized.
light. In this regard, human studies are, of course, the most

. . . , stefuI in predicting effects in humans. Animal studies
The primary compounds of interest are listed in Table : c i
are less useful than human studies, and in-vitro studies

1.1. (Additional natural compounds are mentioned from : S
. ) . . . - are less useful still. On the other hand, in-vitro and
time to time, but only in passing.) A detailed descrip- . . ! S
. ' . . - - "animal studies can be the most useful in determining
tion of each is provided in Part Ill, and chemical infor- ; .
. . . X . mechanisms of action. Thus all three types are useful
mation for most, including structural diagrams, is given o ecessar
in Appendix A. Note that thousands if not millions of Y-
natural compounds exist; but most of these do not in-To provide a rough estimate of how well the antican-
hibit cancer, and some are not safe for human ingesti@er effects of different compounds have been character-
To avoid confusion, the termatural compoundn this ized, compounds are ranked in Table 1.3 according to a
book refers only to those compounds listed in Table 1.4coring system that gives one point for each in-vitro
unless specifically stated otherwise. study, three points for each animal study, and nine
Most of the compounds in the table are availabl‘?eo'mS fqr each h“ma” StUdY' AIth(_)u_gh somewhat arbi-
' trary, this system is useful in providing a very general
through supplement or herbal suppliers. They are for- 7. .
' I ranking of how well different compounds have been
mulated as pills, powders, liquids, or whole plant parts ! Co -
! . . characterized. The number of in-vitro, animal, and hu-
Some formulations contain crude plant material an S . .
an studies listed is an estimate based on searches of

some contain extracts of various potencies. A sm e MEDLINE database of the National Library of

number are not yet commercially available, while a lat-,~ ... ;
. . Medlcme. These searches covered the period between
ger number are not yet available in the preferred form al

. : mid-1960s and, depending on the compound, Sep-
high-potency standargllzed extracts. SUCh.90ncentraﬁ%§nber—December of 2000. Other studies may exist that
extracts are standardized to contain a specific amount_0

the active ingredient(s). It is likely that most will beare not indexed in MEDLINE, and of course, new stud-

available as standardized extracts in the fiture ies are being indexed on a regular basis. Also note that
' the studies listed do not include those that did not use

As discussed earlier, natural compounds can be dancer cells. For example, general studies on the inhibi-
vided into three groups: those that inhibit cancer cdibn of invasion enzymes are not listed unless the study
proliferation directly, those that act by indirect means tepecifically measured the ability of a compound to in-
inhibit cancer progression, and those that stimulate théit the invasion of cancer cells. Neither do they in-
clude cancer prevention studies or studies in which
compounds were used in combination with chemother-

# To learn about the latest availabilities, or tddrm us of avail-  apy drugs or radiotherapy (except for glutamine and
ability, please visit our web page at www.ompress.c
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TABLE 1.1 NATURAL COMPOUNDS OF INTEREST

COMPOUND BRIEF DESCRIPTION

Anthocyanidins Red-blue flavonoid pigments foundbarries and other plants.

Apigenin A flavonoid found in many plants.

Arctigenin An active compound in burdock seeflec{ium lappa.

Astragalus membranaceus An herb used as an immunostimulant in Chinese herbdicine.

Boswellic acid An active compound in frankincenBegwellia carterior B. serratg.

Butcher's broomRuscus aculeatlis | An herb used to treat venous insufficiency.

Bromelain A proteolytic enzyme obtained from pingles.

Caffeic acid phenethyl ester (CAPE) An active combin bee propolis.

Centella asiatica A tropical herb used to treat skin conditions. cAksiown as gotu kola.

Curcumin An active compound in the spice turme@iarcuma longa

EGCG (epigallocatechin gallate) An active compoimgreen teaGamellia sinensis

Eleutherococcus senticosus An herb with immunostimulant properties. Also krmoas Siberian ginseng and
Acanthopanax senticosus

Emodin An active compound in the hé?blygonum cuspidatuimnd in other herbs.

EPA and DHA (eicosapentaenoic andOmega-3 fatty acids that are found together in dikh Of the two, EPA is of primary

docosahexaenoic acids) interest here.

Flaxseedl{inum usitatissimuin A seed used as food and as a fiber agent.

Garlic Allium sativun A medicinal herb and common flavoring agent. & interested here mostly in its
primarily metabolite, DADS (diallyl disulfide).

Ganoderma lucidum A mushroom used in Chinese herbal medicine thatrhaginostimulating properties.

Genistein and daidzein Isoflavonoids found in legarsuch as soy.

Ginseng Panax ginseny An herb with immunostimulant properties.

Glutamine An amino acid that acts as a fuel feestinal cells.

Horse chestnut An herb used to treat venous insufficiency.

(Aesculus hippocastanym

Hypericin An active compound in the herb St. Jolwmdst (Hypericum perforatum

Luteolin A flavonoid found in many plants.

Melatonin A hormone that is used clinically to imdusleep.

Monoterpenes Fragrant essential oils. Monoterpéraeude limonene, perillyl alcohol, and geranidl.

Parthenolide An active compound in the herb feweilfBanacetum parthenium

Proanthocyanidins Flavonoids that are used to we@bus problems and other conditions.

PSP and PSK Mushroom extracts (obtained f@nriolus versicoloy that have immunostimulant
properties.

Quercetin A flavonoid found in many plants.

Resveratrol A compound found in wine and grapethérhertiPolygonum cuspidatunand in
other herbs.

Selenium A trace element that plays a role in thayts antioxidant system.

Shiitake Lentinus edodgs A mushroom that has immunostimulant properties.

Vitamin A (retinyl esters, retinol, and| A vitamin important in vision, cell proliferatiomnd immune function. Retinol (as

ATRA) retinyl esters) is the dietary and supplement fofmitamin A, and ATRA (alltrans
retinoic acid) is a primary active metabolite.

Vitamin C An antioxidant vitamin that prevents sguand assists immune cells.

Vitamin D; (1,25-Dy) A vitamin important in calcium uptake that hasitamor properties. 1,25-s its
primary active metabolite.

Vitamin E (alpha-tocopherol) An antioxidant vitantimat protects lipid membranes. Alpha-tocophesdhe form of
vitamin E most used as a supplement.

PSP/PSK, which have primarily been studied in combi-Table 1.3 shows some interesting trends. First, there
nation with chemotherapy). are a few compounds with very low scores, some having
received only one study. Many of these low scores are
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TABLE 1.2 THERAPEUTIC CATEGORIES OF NATURAL COMPO UNDS

CATEGORY COMPOUNDS
Immune stimulants Astragalus bromelain EleutherococcusGanodermaginseng, glutamine, melatonin,
PSP/PSK, shiitake
Indirect-acting compounds anthocyanidins, butchiert®m, horse chestnut, proanthocyanidins, vitathin
Direct-acting compounds apigenin, arctigenin, bdkssvacid, CAPE,Centellg curcumin, EGCG, emodin, EPA/DHA,
flaxseed, genistein and daidzein, garlic, hyperikiteolin, monoterpenes, parthenolide,
quercetin, resveratrol, selenium, vitamin A, vitarb; (1,25-Dy), vitamin E

not surprising. For example, the three lowest-ranked

compounds are indirect-acting ones. Most of the indEffective Concentrations
rect-acting compounds listed in Table 1.2 have not gen
erally been thought of as _pof[e_ntlal cancer treat_meB rted in micromolar (M) units, the number of micro-
agents because they do not inhibit cancer cells in vitro

) . les per liter of solutioh. The text may indicate, for
reasonable concentrations or they do not occur in the S . .
example, that a compound inhibits the proliferation of

lasma at high concentrations after oral administration. L i
b 9 ncer cells at 3gM. Commonly, this will be specified

A prime example would be horse chestnut. This book ??the text by saying that the 4Cof a compound is 30

among the first to argue that such compounds may S

be useful in cancer treatment through their ability to pré:M- The 1Go is the in-vitro concentration that inhibits

tect the vasculature and reduce eder@antellais an- e noted activity (such as cell proliferation) by 50 per-

other compound low on the list, having received onl ent. Scientists use thesf&s a convenient indicator of
one in-vitro study and one animal study. Compoun e concentration at which the compound is considered

quite similar to Centella have received more study, 2CtVe-

however, and it is reasonable to suppose it will produceTo make sense of the reported concentrations, the
comparable results. Clearly, all compounds in the liggader should keep a few points in mind. First, most
are still experimental, but those at the bottom of the liglirect-acting natural compounds are active against can-
with a score of less than about 10, should be considergst cells in vitro within the concentration range of about

extremely so, relative to the others. 1 to 50uM. Second, for most of these compounds it is

At the top of the list, a few compounds have receivegfficult to achieve in-vivo plasma concentrations much
much study, including study in humans. For examplgreater than 1 to 16M. Therefore, assuming that the
about 54 human studies have been conducted on PSRNcentration that is effective in vitro will also be effec-
and a relatively high number have also been conducti¢e in vivo, the required concentrations in vivo are often
on melatonin. At least some of the human studies reféfigher than the achievable concentrations. In other
enced in this list were randomized, placebo-controlle#/ords, when used alone, the required dose for many
double-blind studies. Thus it would be incorrect to sa§Pmpounds is higher than the safe dose. Although this
that natural compounds have not been studied in H§-a Problem if natural compounds are used singularly, it
mans. Some clearly have been, but in all cases, agjreasonable to expect it will not be a problem if they

ditional study is still necessary, especially on their use ff€ Used in synergistic combinations. As stated above,
combinations. synergistic interactions would make essentially all di-

rect-acting natural compounds discussed potentially ef-
fective when used at safe doses. We can state as a

Concentrations in this book are most commonly re-

PRACTICAL CONSIDERATIONS ON general rule of thumb that compounds active in vitro at
EFFECTIVE CONCENTRATIONS AND concentrations of 5QM or less have good potential to

be useful in vivo when they are used in synergistic com-
SCALING OF DOSES binations.

We now turn to two practical considerations: identify-
ing effective concentrations and scaling doses from ani-
mal studies. Both are mentioned here to give SOME 1 micromolar M) concentration is equal to 1x10moles
context for understanding the concentrations and dosg$ liter, a 1 millimolar (mM) concentration is egjuo 1x103
reported later in Parts | and II. moles per liter, and a 1 nanomolar (nM) concentatis equal to

1x10° moles per liter. Research papers sometimes @sertih of
micrograms/milliliter g¢g/ml). To convertg/ml toM, multiply
by 1,000 and divide by the molecular weight. Molacweights
for most natural compounds are provided in Apperdix
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A few direct-acting compounds, spe- TABLE 1.3 RANKING BASED ON THE NUMBER OF
C|f|cally the monoterpenes, vitamin E STUDIES CONDUCTED
and diallyl disulfide (an active garlic COMPOUND INVITRO | ANIMAL | HUMAN | SCORE
compound), are effective at concentra 55P and PSK 16 39 c4 619
tions of 100uM or greater. These an
compounds are still useful due to theif EPA and DHA o7 66 12 363
favorable pharmacokinetic ~profiles, | Melatonin 14 13 28 305
however. High plasma concentrationg Vitamin Ds (1,25-D) 133 27 4 250
can be safely achieved after oral dosfGlutamine 7 21 17 223
ing. At the other extreme, only very| vitamin C 37 17 7 151
low plasma concentrations can b€ Genistein and daidzein | 85 21 0 148
achieved in vivo for a few other com-/iamin AT 23 12 7 122
pounds, but this is also not a problem Ginseng 33 15 2 114
since these compounds are also acti .
. . romelain 14 11 6 101
at relatively low concentrations. An
. . Astragalus 13 13 5 97
example is 1,25-p) the active metabo- ?
lite of vitamin Ds. Selenium 35 20 0 95
Quercetin 73 4 0 85
, _ Vitamin EF 44 5 0 59
Scaling Doses from Animal Eleutherococcus 2 8 3 55
Studies Monoterpenes 15 7 2 54
It is important to note that a dose (pefl EGCG and green tea 29 6 0 47
kilogram body weight) that is effective || Boswellic acid 8 3 2 35
in animals is not the same as the dosgapigenin and Iuteolin 26 2 0 32
tha_t would be Qﬁ‘ective in hum_ans. Ganodermaand shiitake | 2 9 0 29
Animals metabolize drugs at a differ-I'cyrcumin 19 3 0 28
ent rate and sometimes in a differenf5ic 7 7 0 28
way than humans. In general, the rat *Emodin 14 3 0 >3
of drug metabolism is related to bod
. . . Resveratrol 18 1 0 21
mass. A small animal will metabolize Flaxseed = 3 0 16
and excrete drugs much more quickl 5 is and CAPE 1 1 0 "
than a human. For this reason, the ef-—2P2lS and
fective dose (per kilogram body [Anthocyanidins 6 2 0 12
weight) in an animal will be greater | Hypericir® 9 0 0 9
than that for a human. Stated anothgfParthenolide 4 1 0 7
way, the dose required to produce @Arctigenin 7 0 0 7
given plasma concentration in a smal| Proanthocyanidins 5 0 0 5
animal will be larger than the dose| Centella 1 1 0 4
needed to produce the same plasmBsutcher's broom 1 0 0 1
concentration in a human. Horse chestnut 1 0 0 1
The scaling of doses between ani " Includes studies in conjunction with chemotherapy.
mals and humans is an uncertain scit' Retinol or retinyl esters, but not ATRA.
ence, and this is eSpeC|a||Y_ true of scal* alpha-tocopherol and vitamin E succinate.
ing oral (as OPPOSEd to Intravenous) s Does not include studies on photoactivated hyperic
doses. In addition, note that a com

pound found effective in animals
would not necessarily be so in humans.
Nonetheless, animal studies are still
useful to suggest compounds that may
be effective in humans, and despite the
uncertainties, scaling of animal doses
to humans is commonly done.

Several generic methods have been
devised to scale doses from animals to

human dosérams
@ F 617

Equation1.1

rat dose (ng/kg): mouse dosémg/kg)

104
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methods provide only a rough approxi-

Figure 1.2a Interspecies Scaling Based on Acute T  oxicity Data mation of the human dose. To be Ce_rtain
of that dose, we must do human studies.

0 Many of the animal doses in this book
1wy are reported both as the actual animal
| | 1 ‘ ‘ dose and as the estimated human equiva-
v = lent, and therefore the reader need not
104 | mouse| keep referring to Equation 1.1 or the

figures. In some cases, only the esti-
mated equivalent human dose is re-
ported. For example, a 100-mg/kg dose
in rats might be reported as a “1.6-gram
dose, as scaled to humans.” Regardless
of the reporting format, every conver-
sion made in this book is based on Equa-
tion 1.1, with modifications for route of
administration as discussed below.

Equivalent Human Dose (grams)

0 200 400 600 800 1000
Rodent Dose (mg/kg) Since we are interested in orally ad-
ministered natural compounds, animal
studies using the oral route most closely
mimic the intended human use and are
most valuable. Although many of the
animal studies reported here did use the
oral route, a good number used either the
intraperitoneal route (injection into the
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, intestinal cavity) or the subcutaneous
A S - mouse route (injection below the skin). These
A S S S SR I routes of administration are not only
| 1 1 1 1 physically different from the oral route
but usually produce different results in
terms of plasma concentrations and me-

Figure 1.2b Interspecies Scaling Based on Acute T oxicity Data
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Equivalent Human Dose (grams)
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tabolism of the compound. It is useful

] to convert these doses to their oral
107 equivalents but unfortunately, this sort
of conversion is also an inexact science
05 and has little precedent in the literature.
0.0 Although it can be done, the results of
0 50 100 150 200 such conversions provide only very

Rodent Dose (mg/kg) rough approximations of an oral dose.
The methods used to make these conver-
sions and the reasoning behind them are
humans. This book uses one common method based on explained in Appendix .

data from acute toxicity studies, a method described in

Appendix B. The result of this method is illustrated IREFERENCES

Figures 1.2a and 1.2b (the latter is a blowup of the zero

to 200-mg/kg dose range). A quick formula for the
method is given in Equation 1.1.

Based on data from the U.S. National ToxicologygPam
online database 1999. http://ntp-server.niehs.aili.g
This equation, like most equations and calculatiorf$3ased on data from the Developmental TherapeBtiagram

used in this book, is based on a 70-kilogram (154 online database, U.S. National Cancer Institu@991

pound) human, a 0.2-kilogram rat, and a 0.025-kilogram NttP://dtp.nci.nih.gov/

mouse. Again, keep in mind that this and other scaling



PART |
CANCER AT THE CELLULAR LEVEL

Cancer cells are easy to kill using drug therapy; howal transduction, and abnormal communication with
ever, they are hard to kill without damaging normahealthy cells—the first four clusters of procancer events.
cells. This is because cancer cells rely on processes thE,t

are fundamentally similar to the processes used by nor- art | is about these first four clusters and the natural
compounds that inhibit them. Chapter 2 discusses the

mal cells. Their differences are in activity, not function. orkings of DNA, the role of transcription factors in

It is like two clocks—one that keeps the right time an s o o
. ._gdene expression, and the causes of genetic instability.
one that is fast. Both clocks use the same mechanisms,
apter 3 presents the results hoped for from cancer

but one works at a higher speed. Any treatment thfsrleatment: cell death, lack of proliferation, or normaliza-

harms the structure of the_ fast clock, when given to ttgl%n of a cell's form and behavior. In Chapter 4, growth
normal clock, would harm its structure as well.

factors are discussed, as well as how growth-factor sig-

Regarding the cellular level then, the best way to imals travel via signal transduction to reach the DNA.
hibit a cancer cell (and to spare normal cells) is not ©hapter 5 reviews several transcription factors and the
destroy its structural properties but to normalize the sigffects that oxidants and antioxidants have on them.
nals that drive it. These signals derive from its geneti@stly, Chapter 6 discusses cell-to-cell communication.
instability, abnormal expression of genes, abnormal sig-






2
MUTATIONS, GENE EXPRESSION, AND PROLIFERATION

Mutations—inheritable changes in the|
DNA—are central to the transformation Figure 2.1
of a normal cell into a cancer cell, to the Typical Cell
development of malignant properties of
cancer cells, and to cancer cells adapta
tion to their environment. The rate of
genetic change is especially great whe
a cancer cell is faced with obstacles tc
its survival. Since mutations, along with
proliferation, are so important to the
survival of a cancer, this chapter dis-
cusses these events in some detail, sta
ing with the basics: the structure and
function of DNA and how cell prolifera-
tion occurs. After this, the mechanismg
of genetic change are reviewed andg cytosol
therapies that might reduce the rate of (cytoplasm)
this change are examined. Finally, the
differences between chemotherapy drug
and natural compounds are explored,
emphasizing how they affect DNA dif-

plasma membrane

—

nuclear
membrane

—
1

nucleus

[72)

vesicles

ferently. DNA
DNA, RNA, AND GENE photocopy machines, a willing cook must first copy, or
EXPRESSION transcribe, the book, letter by letter, then follow the cop-

DNA (d i lei i) is like a lib f K ied version to create the dish. As the cook follows each
(deoxyribonucleic acid) is like a library of coo “word in the copied recipe to translate it into a new dish,

books, with each book containing a recipe for one SPES the cell follows each “word” in the RNA to translate

g'f'.c p;ﬁtelfn. IEacthO(z[k :ceglr\le:eﬁs onei( gene, thel 98P fhto a new protein. The entire process of transcription
€ing the tunctional unit o - 10 make our analogy,,y ransiation that produces a new protein is called
more accurate, we can say that each book is stackedoag e expression

to end, and thus the library is an extremely long buil
ing. Each protein (whose “recipe” is contained in eachln cancer cells, the mutation of genes and the abnormal
gene) has an essential part to play in the life of the cgdroduction or activity of transcription factors result in
By following the recipes, the cell produces countlesgverexpression of genes that promote cancer and under-
numbers of different proteins, each at their appropriagxpression of genes that would otherwise inhibit cancer.
time and each helping the cell perform a distinct fund®y understanding how genes and transcription factors
tion. work, we can understand how natural compounds can be

. . used to prevent their malfunction.
To make proteins, segments of DNA (i.e., genes) are P

first copied to form RNA (ribonucleic acid), which is a

working copy of DNA. This copying process is calledDNA and the Cell

gene transcription and is initiated by the binding of tran-1he cell is of course where DNA resides. Figure 2.1
scription factors and other proteins to the affected gengsirates a typical cell. The outer surface of the cell,
Once transcription is finished, the RNA is read andpe plasma membrane, is sometimes called the lipid bi-
based on its contents, proteins are built up, amino agifer, since its basic structure is a dual layer of lipid
by amino acid. The process of reading RNA and majygjecules. Toward the center lies the nucleus, which
ing proteins is called translation. Using our analogyyniains the DNA. Like the cell as a whole, the nucleus
again, since the cookbook library (the DNA) does ngt 5150 surrounded by a membrane, called the nuclear
allow its books to be checked out and does not hayesmprane. The large space between the plasma mem-
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also made up of nucleotides, but they are
Figure 2.2 slightly different from the four listed

Nucleotides are the Building Blocks of DNA above (one substitution is made).

As shown in the right insets of Figure
2.3, two strings of DNA are joined to-

Nucleotides are composed of:

phosphate group(s) + sugar (ribose) + nitrogenous base gether by weak links between bases to
form a ladderlike structure, and this

/ structure is twisted to form a double

helix. In the DNA ladder, the bases are

always matched in specific pairs.

Thymine is always matched with ade-

CCC nine, and cytosine is always matched

@ with guanine.
Until now, we have been talking of

DNA as if it occurs in one long string

oxygen (one long DNA library). In actuality, it
occurs in several groups of strings called
chromosomes (several different librar-
brane and the nucleus is called the cytoplasm:; it contains ies, each holding a duplicate set of its
many different cellular organs with a multitude of funcown books). In each chromosome, a long, double helix
tions. string of DNA is paired with a matching string. These

strings are joined at the center, giving chromosomes
. their X-shaped structure; chromosomes thus contain four
Nucleotides and the Structure of DNA strands of DNA. Human cells have 46 chromosomes,
What is DNA? Using our analogy again, if each bookach one different from the others. Certain genes appear
in the DNA library is a gene, then each letter in eaatn chromosome 1, for example, while other genes ap-
book is a nucleotide. Thus each gene is comprised op@ar on chromosome 6. The reason chromosomes con-
series of nucleotides linked end to end, and DNA igin a set of matching double helix strings is that when
comprised of a series of genes linked end to end. Edble cell divides, it passes along one-half of the set to
nucleotide is simply a compound made up of one @ach daughter cell.
more phosphorous groups, a sugar core (ribose), and

nitrogenous base, as illustrated in Figure 2.2, the total length of DNA in human cells is nearly two

meters, containing about three billion base pairs. It is
Each of the three elements comprising a nucleotide hamazing that such a large amount of information can be
a function within DNA2 The phosphorus groups link packed into such a small space and even more amazing
different nucleotides together to form DNA, the sugahat this much information can be efficiently manipu-
molecules form the backbone of DNA and give it itéated during cell division. DNA contains about 100,000
structure, and the nitrogenous bases contain the actgahes in total, with the average gene spanning about
code of information. These features are evident in t3€,000 to 20,000 base pairs. Not every gene is actually
left inset of Figure 2.3. In our library analogy, the algeared to producing proteins; some also code for the
phabet in which the books (genes) in the DNA librarproduction of ribosomes that provide an intermediary
are written does not contain 26 letters, but only foufunction in protein synthesis, as will be discussed below.
These four letters are the four choices of nitrogenous
bases, after which the nucleotides are named: adenosﬁ.ngA and Gene Expression
(having an adenine base), guanosine (having a guan P
base), cytidine (having a cytosine base), and thymidinéts stated previously, RNA is the working copy of
(having a thymine base). The actual structures of thNA from which proteins are produced. During the life
bases and nucleotides are shown in Figures A.1 to A a cell, many proteins must be manufactured to per-

of Appendix A. RNA, the working copy of DNA, is form needed functions. To take two examples, during
periods of oxidant stress a cell must manufacture the

' o proteins needed to create antioxidant enzymes, and to
* Properly, we have to speak of nucleotides adthieling blocks  start proliferation a cell must manufacture proteins that
of DNA rather than genes, since some DNA sequanmeprised  jnjtiate division. Thus the need for specific proteins

of nucleotides are not genes themselves but serspacer se- : : :
quences in DNA or serve other purposes. changes dynamically during the life of the cell.
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The process of gene transcription—
copying a gene to form RNA—must Figure 2.3
occur without error for the cell to remain DNA Structure
healthy. Unwanted gene transcriptior
can be detrimental to the cell because |t

would lead to the production of un-| DNA structure: /\ DNA ladder:

wanted proteins. For example, a cel

would be harmed by manufacturing prof _ T O]
teins that initiate proliferation if it were thymine base

not ready to proliferate. The controls ACCT
that govern gene transcription are therg-

fore sophisticated. The enzyme that [ COJG ]
carries out transcription (RNA poly- adenine base Gl C |
merase) will not bind to the DNA or

begin transcription until a correct set of
regulatory proteins have bound to the
DNA and the enzyme. One important
group of these regulatory proteins con
sists of transcription factors that bind tg
the DNA in the promoter region, which
is a sequence of DNA located upstrean
of the transcription start point. There-
fore, transcription factors play a crucial
role in regulating protein synthesis as
well as cell behavior. In cancer cells
abnormalities in the production or activ-
ity of transcription factors help the cell
to survive, proliferate, and spread.

@ cytosine base Y

Twisted DNA ladder:

—

guanine base

- . ' sugar (ribose)
Once transcription starts, the DNA is backbone

copied base by base, with only one sid
of the DNA double strand being copied
The process of gene transcription is il
lustrated in the top inset of Figure 2.4.

D

Protein synthesis occurs when ri-

bosomes, which are tiny intracellular The two-step process of transcription and translation,

organs, ‘read” the bases on RNA and match the codgfl gene expression, thus produces the protein that the
message with appropriate free amino acids that are hglghe has encoded. As we will see, some genes can be
in stock. To give an idea of how important this processther underexpressed or overexpressed in cancer cells,

is to the cell, human cells undergoing active protein sygiying the cancer cell a growth advantage.

thesis contain about 10 million ribosomes. As the ri-

bosomes read RNA, each group of three sequential bases

they encounter informs them which amino acid ICELL PROLIFERATION

needed next for the protein recipe; then one by one )
amino acids are strung together to form proteins in thd cancer treatment, we are greatly concerned with cell

process called translation (illustrated in the bottom insBf°lifération because a main reason cancer cells are so
of Figure 2.4). Using our library analogy one last tim eadly is that they proliferate more during their lifetimes

we have said that the alphabet used to write the bodR@n do normal cells. The process of cellular prolifera-
(genes) contains only four letters (four nucleotidesﬁ'.olrl‘ éai;]es pll?ce Im a well-defined sequence of events
These four letters are arranged in words, with ea&/ied the cell cycle.

word, exactly three letters long, describing one amino

acid. All the words in the book, when read sequentiallshe Cell Cycle

describe one protein. In brief, the cell cycle is a series of events whereby a

cell divides and shares one-half of each chromosome
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Figure 2.4
Gene Transcription and RNA Translation

Gene transcription:

promoter

region
copyin
pYing |

IIIIIIIIIleIIIIIIIIIIIIIIIIIIIIIIIIIII@IIIIIIIIIIIV
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up the middle (see bottom inset of Fig-
ure 2.5). A new double strand is then
synthesized (through the actions of the
enzyme DNA polymerase) to match

the original double strand, all of which

results in the needed pair of double
strands (a complete chromosome).

3. A second gap phase{jGollows com-
pletion of DNA synthesis. This phase
is a resting phase, at the end of which

DNA /

template: the cell is again checked for integrity.

new RNA 4. Lastly, in the mitotic phase (M), the
cell divides. Here the chromosomes
are split, and an identical set of dou-
ble-stranded DNA goes to each daugh-
ter cell. Before leaving the mitosis
phase, the cell is checked once more
for integrity.

Thus the integrity of all dividing cells is
checked at least three times during the cell
cycle, at the ends of the;GG,, and M
phases. During these checkpoints, the
DNA is examined to make sure it is un-
damaged. If it is damaged, an otherwise
healthy cell will stop the cycle and try to
repair the lesions. If the lesions are irrepa-
rable, the cell cycle will stop and the cell
will commit suicide via apoptosis to avoid
passing on damaged DNA. Apoptosis, or

_—7 programmed cell death, is an orderly way
\ for cells to die. As we will see in the next
chapter, many natural compounds induce
cancer cells to undergo apoptosis.

/ bound

 unbound

transcription
factor

protein
synthesis

RNA translation:

_

amino acids =

ribosome

with each offspring. Each offspring thus receives a

double strand of DNA from each chromosome and used\rrest at the G checkpoint, and possibly others, is
it as a template to manufacturer a new, matching doutiiediated by the p53 protein, a transcription factor pro-
strand; with a complete set of chromosomes, it is théticed by thep53 gene. We will discuss this gene and
ready to divide itself. The cycle, which takes about 2is protein in more detail later, but note here thatpi@
hours, is divided into four phases, as illustrated in Figugene plays an extremely important role by inspecting
2.5: and guarding DNA integrity. For this reason, {3

1. A gap phase (¢ immediately follows the comple- gene has been called the “guardian of DNA.” We can
tion of mitosis (cell division). During this phase imagine that thS3 gene and its protein are like a per-

) ; - >~ fectionist inspector in a parts factory, who searches for
there_ IS active gene transcription and synthesis Btfective parts on the assembly line. If defective parts
proteins, which serve to meet the needs of the grog-e found, he sends them in for repair, but if they cannot
Ing new cell I_3eforg leaving this gap phase, the ¢ repaired, he destroys the entire plant. What that
is checked for integrity. means is that proper functioning of the gene and its

2. A synthesis phase (S) follows,Gn which DNA is
replicated. After mitosis, the cell only contains half
the DNA needed to divide again. During DNA rep
lication, the coiled DNA is relaxed by enzymesa By convention, gene names are italicized, whetfeasiames of

called topoisomerases, and the double strand is sl Proteins they produce are not. For examplepBgene
produces the p53 protein.
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protein will destroy cancer cells, since
cancer cells contain aberrant DNA. On Figure 2.5

the other hand, mutations in the3 The Cell Cycle
gene, which are common in cancer celld,
stop p53 from performing its functions
and allow cancer cells to continue tg
proliferate.

In addition to the four cell-cycle
phases described above, a fifth phas
also exists that is not part of the cell cy-
cle proper. 1t is an initial gap phase, in
which no proliferative activity takes
place. In Figure 2.5, this resting phase i
indicated by a box to the side of the cel
cycle. Most cells spend the majority of
their time in this gap phase, and only
enter the cell cycle if they are properly
stimulated. This stimulation generally
takes place in four sequential steps:

(4]

UJ

resting phase
(G,) for cells
not preparing
to divide

1. One or more growth factors must

bind to receptors on the cell surface. DNA Replication:

2. The signal that is elicited by recepto original DNA
binding must be transmitted to the 4 " enzyme wedge
cell’'s nucleus, the process of signal j /
transduction. newly

synthesized

3. “Early” genes must be activated to DNA \
produce proteins. These genes in
cludefos, mycandjun, as described
in Table 2.1.

uncoiled DNA

AN original DNA

4. The fos, myc, and jun proteins,
which are transcription factors, must
bind to the DNA on other genes to initiate the syn-
thesis of proteins such as cyclins (discussed in ChaMUTAT'ONS DURING
ter 4) that drive the cell cycle proper. CARCINOGENESIS AND

Cancer cells are no different from normal cells in theP ROGRESSION
need to be stimulated before entering the cell cycle, eXyytations play a critical role in both carcinogenesis

cept that stimulation is excessive in cancer cells. Thigq cancer progression, since mutations are the force
excessive stimulation provides a number of targets gyt njtiates a cancer cell, as well as the driving force
inhibiting cancer cell proliferation. For example, drawsq their survival and adaptation once formed. Two of
ing frqm the list above, proliferation can be |nh|b|t.ed bYhe most important consequences of mutations are over-
reducing any of these: the abnormal production @fyyression of certain genes called oncogenes (onco =

growth factors, the binding of growth factors to theigancer) which facilitate carcinogenesis and cancer pro-

receptors, abnormal signal transduction, abnormal e¥ression, and underexpression of other genes called tu-
pression of early genes, or the abnormal production

> 9 3 or suppressor genes, which inhibit carcinogenesis and
activity of transcription factors. As we will see, natural;ncer progression.

compounds can perform all of these tasks. In addition,

natural compounds can affect processes in the cell cycle

proper. For example, they can assist the expression@ncogenes and Tumor Suppressor
the p53 gene (or the activity of the p53 protein) and s@Genes

help it do its job as guardian of the DNA. Thus nearly |, neaithy cells, the normal expression of oncogenes

every aspect of the cell cycle becomes a possible targgkst in various normal cell activities, including prolif-
in cancer treatment with natural compounds.
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TABLE 2.1 SELECTED ONCOGENES AND TUMOR SUPPRESSORGENES

ONCOGENES ACTION
Bcl-2 Protects cancer cells by inhibiting apoptosis (progmed cell death) and by reducing damage fripm
free radicals.
c-myc Affects cell proliferation, differentiation, angaptosis. Normal expression of the gene is netalgd

initiate cell division as well as to prevent dietiation. Members of this gene family also in@éud
n-mycand lmyc

fosandjun Encode proteins that act as transcription factofadilitate proliferation and other activities hdir
proteins help initiate entry of a cell into thelasicle. In their normal form, these genes are
transiently expressed following the stimulatioraafell by growth factors. When overexpressed
they promote uncontrolled proliferation.

HER-2/neuyalso known as| Overexpressed in approximately 33% of breast caraed associated with a poor prognosis. It
c-erb-2 produces proteins that can facilitate signal trantdn and act in other ways to assist cancer.celfs

MDM2 Mainly functions to inhibip53activity. In normal cells, the MDM2 protein binttsthe p53 proteir
and maintains p53 at low levels by increasing éstaiction. When normal cells are under stres
and the activity of the p53 protein is needed ahitity of MDM2 to bind to p53 is blocked or
altered in a way that prevents MDM2-mediated deagfiad. As a result, p53 levels rise, causing
apoptosis. In cancer cells, this oncogene is apeessed, causing chronically low p53 levels an
protection from apoptosis.

1=

ras Oncogenic forms afas induce several changes in tumor cells, includimanges in form and
structure and changes in gene expression. Thk ieexcessive DNA synthesis and an increass
chromosomal abnormalitiefRasoncogenes are thought to stimulate the produci@mzymes
(specifically, collagenases) that facilitate turimrasion. Ras proteins may also protect cancés gel
by inhibiting apoptosis, particularly by increasithg expression dfiDM2 genes.

n

SUPPRESSOR GENES ACTION

Bax Promotes cell death by competing wigbl-2. While Baxacts as an inducer of apoptosis, the
formation ofBcl-2/Baxconjugates evokes a survival signal for cellse B3 gene controls, in part
bothBcl-2 andBaxgene expression.

genes that produce Form gap junctions (or portals) between neighboceits. Communication through gap junction
connexin proteins not only inhibits carcinogenesis, but restoratibe@nmunication also normalizes malignant
(e.g.,Cx32andCx43 behavior of cancer cells.

p53 Called the “guardian of DNA.” Whereas the wild-¢yfnormal)p53 gene suppresses tumor growgh

by initiating DNA repair and inducing death of jpagable cells, the mutapb3gene acts as an
oncogene to allow proliferation of cells with DNAamiage. Changes in th&3 gene are one of thd
most common mutations found in human cancers.

Sources: Referenc@s-11

eration. However, when overexpressed, that is, wh#man 10 tumor suppressor genes have been discovered to

too many of their proteins are produced or they are prdate—but it does cover the primary oncogenes and tu-

duced at the wrong times, oncogenes transform healtimpr suppressor genes of interest tdus.

cells into cancer cells or assist in cancer progression.

Overexpression of oncogenes can be caused by exposure . .

to carci%ogens, radiatio%, or certain viruses. yOvsre _[aSSIcaJ DNA Mutations

pression can also be caused by free radicals, such dde root cause of oncogene overexpression and tumor

those produced during chronic inflammatfon. suppressor gene underexpression is gene mutations. In
addition, mutations can lead to abnormal production or

In contrast, tumor SUPPressor genes are ones th:?étivity of transcription factors, abnormal signal trans-
when normally expressed, inhibit carcinogenesis. Thug,

53] Wh h q 1ction, or other events that exacerbate oncogene over-
posis a t(Lijor shupprﬁssor gene. er; they ar? fun EXpression and tumor suppressor gene underexpression.
expressed or when they muta_lte to non unctiona OBy avoid both the direct and indirect effects, we must do
as is common in cancer, carcinogenesis and progressifiye can to prevent mutations

are facilitated.

In the sections below, we first discuss gene mutations

Table 2.1 provides a list of oncogenes and tumor SURs understood in classical genetics, where inheritable

pressor genes and briefly explains what they do. - THi\ A damage is due to changes in DNA base sequences,

list is not complete—more than 30 oncogenes and MG{e. js changes to the order in which bases normally
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occur within a gene. Later, we discuss epigenetibough they will be discussed later, we introduce them
changes, in which the base sequences are not changede as molecules that are unstable because they contain
but bases are still altered and the alterations are still &n unpaired electron. When a free radical molecule con-
heritable. Hence, epigenetic changes, while not classitatts the electrons of a stable molecule, the free radical
mutations, can be thought of as functional ones. molecule gains or loses electrons to achieve a stable

aired-electron configuration. In the process, however,

Base sequence changes are limited only by their tox ﬁe electron balance of the stable molecule is disturbed,

ity to the cell. If the sequence change Is not toxic anand the stable molecule becomes a free radical molecule.

the cell does not repair it, the cell survives and thle . ; o ) ,
. this manner, free radicals initiate a chain reaction of
changes are passed on to subsequent generations. d%e— . : .
. estruction. Free radicals can damage DNA, protein,
guence changes are relatively common, and most are . L
. . ; and fats. Indeed, free radical damage has been impli-
repaired by the ever vigilant DNA repair system. If the : ;
. ; ) : . cated as a major contributor to cancer, as well as to other
repair system malfunctions, as is the case in some mhgr- . X ) . -
. . , ; : egenerative diseases such as aging, cardiovascular dis-
ited disorders, the risk of developing cancer increases, ) ; . X
. . ease, immune dysfunction, brain dysfunction, and cata-
Even when fully functional, however, the repair system_ ", "1,
; . . acts.
is not perfect, and a small probability exists that dam-
aged DNA will escape repair during any one cell divi- Free radicals can be produced by a variety of means.
sion. Often this is a desirable fault, since slight chang@&ey can be produced by external factors such as radia-
in the DNA are required for evolution and adaptation afon and cigarette smoke, and by internal events such as
the species. Indeed, most species are programmed famenune cell activity and cellular respiration (cellular
certain low level of ongoing mutations. If the damage t$reathing” of oxygen). In humans, up to 5 percent of
more than slight, however, or if it is in DNA sequencesxygen taken in is converted to free radicals during cel-
found in oncogenes or tumor suppressor genes, canitgar respiration® During respiration, cells consume

may be initiated. oxygen (Q) and produce water @@). Byproducts of

The sequence changes of classical mutations can i Process include the superoxide radical fOwhich
caused by a number of events. Some occur spontaf@l €ad to the production of the very damaging hy-
ously, and some are due to external causes. One @@yl radical (OR). (The dot represents unpaired elec-
quence change that can occur is the transformation 1#NS:) The hydroxyl radical is the most toxic of all the
one base into another. Since the structures of the bad¥¥gen-based free radicals.

are quite similar, some bases are easily converted to othpther important kinds of free radicals include the per-
ers by simply adding or removing a few atoms (in pagxyl and the alkoxyl radicals, both of which are in-
ticular, an amino group Nji The similarities in bases yolved in lipid peroxidation (oxidative damage to fats).
can be seen in Figures A.1 to A.5 of Appendix A. Othep, recent years, the terreactive oxygen speci¢ROS)
sequence changes are caused by external carcinog@as, been adopted, since it includes the above-mentioned
which alter a base in some way. For example, ultravigadicals plus hydrogen peroxide ) and molecular

let light can fuse two bases together; alkylating cherrfyxygen (Q). While not free radicals in themselves,

cals can add extra small molecules to a base (usuallyn@se two can easily become free radicals in the body.
methyl group, CH); free radicals can add an oxygen

group to a base; and still other carcinogenic chemicald N body maintains a variety of antioxidants as a mul-
can add large molecules to a base. If the alteration ddé@vel defense against free radical damage. These in-
not cause the cell to die, the altered base is prone to plde the enzymes superoxide dismutase, catalase, and

ing mismatched during DNA replication, resulting in glutathione peroxidase; antioxidants synthesized in the
base sequence change. body, such as glutathione, proteins, and uric acid; and

antioxidants obtained from the diet, such as flavonoids,
Sequence changes can also be caused by base dele{j@amins C and E, and beta-carotene. Nevertheless, an-
or additions. Deletions can be large or small and cadxidant defenses are not perfect, and DNA is damaged
occur when a base is cleaved from DNA by a misplacedgularly. There may be as many as 10,000 oxidative
enzyme, or they can be the result of errors during DNHjts to DNA per cell per day in humatfs The vast ma-
synthesis. Additions can be caused by viruses, whiglyity of these lesions are repaired by cellular enzymes.

insert new DNA. Those that are not repaired may progress toward neopla-
sia (the formation of cancer cells). Because of the con-
Free Radicals tinual bombardment of DNA and other tissues by free

. Free radlcals_ were mentioned above as pIay|r_1g a ftes through the diet. Epidemiological studies support
in gene mutations and oncogene overexpression. -

gﬁdicals, the body must obtain ample antioxidant sup-
| protective role for dietary antioxidants by consistently
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reporting that populations who consume inadequaterent times. In this regard, it is more like a long-term

amounts of fresh fruits and vegetables are at a highmwitching system than a short-term one, since methyla-
risk for cancer, heart disease, and other degenerattien patterns are passed from generation to generation.
diseases. The greater the amount of cytosine methylation in a

ene, the less it is expressed. Therefore, depending on
e needs of the cell, some genes may be lightly methy-
ed (hypomethylated) and easily expressed, whereas

Not only can free radicals initiate cancer, they can al
facilitate cancer progression. And in fact, multiple hu:

man tumor cell lines have been reported to produce R Jthers may be heavily methylated (hypermethylated)
(especially hydrogen peroxide) in vitfb.Under normal and silenced. A moderate amount of methylation is

circumstances, few cells other than immune cells PrOrmal for most aenes. As an analogv. we can think of
duce hydrogen peroxide. Free radical production q 9 : 9y,

tumor cells may help them mutate or display other m fe methyl groups added to a gene as a series of "do not

) . . : : isturb” signs. If the gene contains enough of these
lignant properties such as tissue invasion. For examp

superoxide radicals have been reported to increase ‘Tn%ns, the cell knows that the gene should not be ex-
Super . . P o ssed. For example, one way the body avoids express-
invasive capacity of rat liver cancer cells in vitfo.

ing genes that contain virally inserted bases is to attach
To be clear though, free radicals are not always bagktra “do not disturb” methyl groups to'#.
Only when they are overproduced or the body’s antioxi-

dant system is overwhelmed do they cause problems. dﬂIA error by the body (unlike mutations, which are

Chapter 5, we discuss free radicals and ant|OX|dant5éﬂors the body tries to repair), cytosine methylation pat-

more_detall, explaining both their usefulness and d?érns are purposefully passed on to the daughter cells
structiveness.

when a cell divides. Methylation patterns are passed on
in the synthesis phase of the cell cycle (see bottom inset
Epigenetic Changes in DNA of Figure 2.5), when the daughter cell is using its double
{[and of DNA as a template to manufacture a matching
uble strand. Specific enzymes recognize the methyl
foups on the template DNA and add matching methyl
foups to the new strands as they are being formed.

Because cytosine methylation is not perceived as a

It has become clear in recent years that some inhe
able characteristics of cancer cells are not due
changes in DNA sequence (classical mutations) b8
rather to functional changes in the otherwise normé
DNA.*® Unlike classical mutations, these “epigenetic” Abnormalities in cytosine methylation are very com-
changes are reversible. This fact is quite importamfon in cancer cells, and they occur early in the carcino-
since it suggests that some malignant characteristics nmggnic process. Most genes in cancer cells tend to be
be normalized under the right circumstances. Epigenetigpomethylated and therefore overexpressed. This is
changes and their reversal are still poorly understogghrticularly true of the many oncogenes that facilitate
but their study may one day lead to therapies that causcinogenesis. However, a smaller number of genes
cancer cells to revert to more normal behavior. Metast@nd to be hypermethylated and therefore silenced. This
sis, or the spread of tumor cells to distant locations, is particularly true of the small number of tumor sup-
one example of a process in which epigenetic evemigessor genes. One example is silencingpi&gene
may play a crucial role. If genetic makeup were théhat inspects and protects DNA. Hypermethylation and
only determinant in the production of metastatic cellsilencing can occur in other genes also. For example,
one would expect an exponential increase in metastaséiencing of the gene controlling the production of trans-
from previous metastases. This is generally not the cateming growth factor-beta (TGF-beta) can occur in can-
however. Rather, it is likely that epigenetic changeser’® Like the proteins made from tumor suppressor
play an important role in turning metastasis on and’off.genes, TGF-beta is a protein that represses cell prolifera-
a}j_on. Therefore, silencing the TGF-beta gene can lead to

ily by the attachment of a methyl (GHgroup to a spe- increased cancer cell proliferation. As another example,
cific location in a cytosine base. This is iIIustratec?I ypermethylation and silencing of the gene that makes

simply in Figure 2.6, both for a single nucleotide and fo;1e estrogen receptor protein can occur in prostate can-

20 . . -
a series of nucleotides in DNA. Cytosine methylation i%er. Estrogen inhibits prostate cancer growth, and a

. . S : ack of estrogen receptors removes this inhibition.
illustrated in more detail in Figure A.8 of Appendix A. Lastly, hypermethylation and silencing of the genes that

Methylation of cytosine is actually the only knownmake cell-to-cell adhesion proteins (especially the gene
nonaberrant modification to DNA, and it plays a role iontrolling the adhesive protein E-cadherin) are also
determining which genes are activated for transcriptiosommon in many types of canc¢érReduced cell-to-cell
Thus, methylation acts as an intelligent switching sygsommunication, as we have discussed, can facilitate
tem to control the production of proteins needed at digancer progression.

Epigenetic changes in DNA are characterized prim
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Epigenetic changes and mutations

work together to give cancer cells & Figure 2.6
growth advantage. In fact, epigeneti¢c Epigenetic Changes to DNA: Methylation
changes can lead to an increased rate pf of Cytosine Bases

classical mutations in at least three
ways. First, hypomethylation of onco-
genes or hypermethylation of tumor Nucleotide with cytosine base, plus extra methyl group (CH,)
suppressor genes make later mutatiorns
more likely. For example, hypermethy-
lation and silencing of thp53 gene al-

low mutations to occur with greater
frequency, since DNA is not repaired
and mutated cells are not forced to di€.
Second, when a methyl group is addef
to cytosine, the combination is easily
converted to other bases besides cytg-
sine, thereby producing base substitutiop
mutations?®> Third, the hypermethyla-
tion of genes interferes with their repair
if they have been otherwise damag@d.

We see then that classical mutationg
and epigenetic changes are closely
linked. This suggests that by reducing
abnormal methylation, mutations may
also be reduced. Antioxidants may hely
reduce abnormal methylation, since oxi
dative damage to DNA alters cytosing
methylation pattern&:% As discussed
at the end of this chapter, natural com}
pounds that are methyl donors may alsp
reduce abnormal methylation.

From Figure 2.3 .

Mutator Phenotype Theory

Whether due to classic mutations o
epigenetic changes, ongoing geneti¢
alterations are crucial for the continued
survival of cancer cells. Cancer cells

! sugar (ribose)
live in a changing, hostile environment; backbone
among other things, immune cells ang

cancer treatments try to destroy them,

the body in general tries to inhibit their

activity in its attempts to maintain homeostasis, anfl|,g explain why cancer cells have a much higher rate
since they overcrowd themselves, they must compete

. - OF gene mutations than normal cells. Proponents of this
nutrients and oxygen. Only the strongest cells surwv&1eory predict that as analytical techniques improve,

and as conditions change, cancer cells must also changgrn, s thousands of gene mutations will be discovered
The mutator phenotype theory proposes that survivig cancer celld! Indeed, no single genetic change is

cancer cells exhibit two characteristics. First and mofstund in 100 percent of any single type of cancer, but a

obvious, they contain specific mutations that allow thedpewildering number of gene mutations have so far been

to survive the present adverse environment. Second ahscovered.

less obvious, they contain mutations that allow them toA

mutate easily. In other words, they contain mutations ent in cancer progression is mutations in the genes

genes that normally function to maintain genetic stabi t control genetic stability. These include mutations in
ity. Thus they have the characteristic, or phenotype, (g}a 9 Y.

’_Enetic instability’*=>° The mutator phenotype theory

ccording to the mutator phenotype theory, an early



22 Natural Compounds in Cancer Therapy

thep53gene, in DNA polymerase enzymes (which cataively correlated to oxidative stress lev&lsOther stud-
lyze the synthesis of DNA strands during replication), iles have also reported that cancer cells exhibit more
genes that encode for DNA repair enzymes, and in geri@sSA damage than adjacent normal cells and that cancer
that control chromosome segregation during mitosipatients show higher levels of ROS production and
These genetic changes then allow a higher rate of rdbNA damage than healthy subjettg

dom mutations, some fatal to cancer cells and some thaélearly one way by which oxidative conditions can

romote their survival. Examples of the latter are muta- . . . .
P P ? ilitate cancer progression is by increasing the rate of

tions that lead to the overexpression of oncogenes. ssical mutations. Classical mutations can be induced
tumors encounter new obstacles to expansion, a hiaf‘lgl : utations. : utati inau

mutation rate helps assure their survival. In fact, obst Irectly by oxidative damage to DNA and indirectly via

cles to expansion such as drug therapy and competiti pigenetic changes, as discussed above. Oxidative con-

for nutrients and oxygen may actually increase the mut itions can also increase the proliferation of cancer cells
tion rate as tumors attempt to ad3pt? through other means that will be discussed in later chap-

ters. These include ROS-induced increases in the sensi-
Some genetic changes that occur in cancer cells angty of growth factor receptors and ROS-induced

epigenetic changes, and as discussed above, these atmyormalities in the production or activity of transcrip-

be reversible. Aside from reversal of epigenetition factors.

changes, it may also be possible to reduce the rate of

classical mutations and thereby inhibit the progression, . . .

of tumors?’ Since it commonly takes about 20 years Antioxidants in Cancer Treatment

after exposure to a Carcinogen for a solid tumor to be_Vve can see that oxidative stress could either inhibit or

come detectable, even a twofold decrease in the ratef@gilitate cancer cell proliferation, depending on the de-

mutations (and progression) would greatly reduce canc#€e of stress. It is reasonable to suppose that supple-
deaths in adult® mentation with antioxidants could either inhibit or

] ] facilitate cancer cell proliferation, depending on the de-
Mutations require two events: DNA damage and lackree of oxidative stress and the antioxidant status of the
of DNA repair. One source of DNA damage that may,gividual. Based on the limited in-vivo data available,
play a primary role in supporting high mutation rates ighjs does seem to be the case. Although this complex
reactive oxygen species (ROS). Because of inflammgng rather controversial issue is discussed in detail in
tlon_and other fact_ors_, cancer cells normally exist in aBhapter 15, | report here the conclusion that, depending
environment that is rich in ROS. Indeed, chronic ingn circumstances, antioxidants when used alone could
flammatory diseases, which produce high levels of ROgroduce beneficial, detrimental, or insignificant effects
have been associated with genetic instability and a high cancer patients. When used in combination with
incidence of cancé’:**** In addition, chronic inflam-  qther anticancer compounds (i.e., natural compounds or
mation has been associated with ipcrea_sed cancer re@ffemotherapy drugs), their effects are more likely to be
rence after surgerf. Some investigators have peneficial or at least not harmful. Even when beneficial,
attempted to explain the involvement of ROS in ongoingowever, the effects are likely to be mild for many pa-
mutations and cancer progression through what is callgénts. For these reasons, | regard antioxidants as sup-
the persistent oxidative stress theory. portive agents best used within larger combinations of
cancer-inhibiting compounds. Natural compounds such
as flavonoids that act as antioxidants but also inhibit

Persistent Oxidative Stress Theory i
) o cancer through other means have the potential to play a
The persistent oxidative stress theory proposes that fhg,e primary role in treatment.

chronically elevated levels of ROS to which cancer cells _ o _

are exposed contribute to their survival and progres-There is some concern that antioxidants may increase
sion®° If extreme enough, oxidative conditions ddghe success of metastasizing cells. This effect, which

stress cancer cell populations, killing a percentage of tR@s been seen in some animal studies, will also be dis-
cells. However, it is now well established that mild leveussed in Chapter 15. Itis likely, however, that this and

els of ROS can stimulate cell proliferation and canc@ny other disadvantages antioxidant use may pose could
progressiorf- 24 For example, a recent study on pabP€ reduced or eliminated by using antioxidants as only

tients with colorectal cancer reported that carcinor'€ Part of an overall combination therapy, as this book

cells, but not corresponding normal cells or benign t§ecommends.

mors, were oxidatively stressed (as measured by oxidasome readers may question if cancer could success-
tive modifications to DNA bases). This study alsqully be treated by withholding antioxidants and in that
reported that cancer cell proliferation rates were posiray producing oxidative damage. Cancer inhibition
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was reported in such a study done in mice (see Chapsee more abundant and also largely self-originated.

15). Although it is true that cancer cells are susceptibléherefore, if we were to eliminate these signals, normal

to oxidative damage, it is almost assured that a certaiells would also suffer. The natural compounds | dis-

number of cancer cells will survive oxidative therapiesuss do not have this strong an effect, however. Instead,
It is reasonable to suppose from the above discussiaisthe plasma concentrations that are achievable with
that the surviving cells may be highly primed for mutaeral administration, they tend to reduce the signal flow

tions and that these therapies could therefore eventudltymore normal levels.

produce more adaptable, MOre aggressive cancers t.h%e flow of information leading to cell proliferation is
are not easily treated. In addition, restriction of antioxi-

dant intake would likely cause adverse effects in healtrﬁnec“atmj through proteins, as illustrated in Figure 2.7.

tissues. For these reasons, such a prooxidant thera II){isthe figure, abnormal gene expression is the most
: S P pEﬁrominent feature, since such expression is central to the
not seen here as promising.

proliferation and malignant behavior of cancer cells. As
shown, abnormal gene expression results in one of four

HOW NATURAL COMPOUNDS AND ;[ypes Ol]; przotein siglrlwflls tha]lct r?SSiSt proliferation or ma-

ignant behavior. All four of these primary protein sig-
CHEMOTHERAPY DRUGS INHIBIT nals can be inhibited by natural compounds.
PROLIFERATION _ _

1. Errors in thg53 gene can produce p53 proteins that

Let us now pull together what has been presented fail to induce apoptosis in cells with DNA damage,

about how natural compounds inhibit cancer cell prolif- resulting in increased DNA instability and un-
eration and compare how natural compounds work to checked proliferation. Errors in tH@ax gene can
the way current chemotherapy drugs work, thus clarify- produce proteins that also fail to induce apoptosis in
ing what natural compounds have to offer. As we will cancer cells. Errors in thBcl-2 gene can produce
see, the cancer inhibitory effects of most natural com- excessive amounts of proteins that protect against
pounds discussed are not due to direct DNA damage, apoptosis in cancer cells.
whereas direct DNA damage is an important mechanis
for many of the chemotherapy drugs used today. T
distinction is important, in that natural compounds are
therefore less likely than many chemotherapy drugs to
induce DNA mutations in surviving cells. Moreover,
natural compounds are more likely to act selectively on
cancer cells and spare normal cells than are most chemo
therapy drugs now in use.

Abnormalities in some genes can produce excessive
amounts of proteins that assist angiogenesis (the
growth of new blood vessels), or assist in invasion,
metastasis, or evasion of the immune system. Al-
though these do not have direct effects on prolifera-
tion, they do affect proliferation or the rate of cell
death indirectly.

3. Overexpression of oncogenes suchassjun, and
myccan produce large amounts of fos, jun, and myc
proteins. As discussed above, these proteins act as
transcription factors to induce the expression of
genes such as cyclin genes, whose proteins drive the

Targets of Natural Compounds cell cycle proper. In addition, overexpression of cy-

Cancer cells can be likened to drug addicts. They need clin genes can directly produce excessive amounts of
a regular fix to keep them going, and without it, they fall cyclin proteins.

apart. Their fix is the abnormally high throughput of, - Apnormal genes can produce several proteins that
proliferation signals (and “do not die” signals). Without  ¢aijitate signal transduction. These proteins include
these signals, some cancer cel!s enter a quiescent per'Odgrowth factors, growth factor receptors, and kinase
anq many, unable to survive without a fix, die via apop- enzymes, ras proteins, and others. (These are dis-
tosis. Normal c_eIIs, which do nt_)t.depend_on such a high ~,ssed in Chapter 4.) Overproduction of these pro-
throughput of signals (or self-originated signals), tend 10 teing results in increased signal transduction, which
be less susceptible. The natural compounds discussedstimylates abnormal activity of transcription factors
here tgnd to inhibit thg proliferation of cancer ceI_Is BY such as AP-1 and NiB (discussed in Chapter 5).
removing the flow of signals that leads to cell prolifera-  Apnormal transcription factor activity stimulates

tion and prevention of cell death. gene expression, resulting in the overproduction of

Since cancer cells and normal cells work by the same cyclin proteins that drive the cell cycle and the over-
mechanisms, the flow of signals that instructs both to production of other proteins that assist angiogenesis,
proliferate is the same, except in cancer cells the signalsinvasion, and metastasis.

Targets of Natural Compounds Versus
Targets of Chemotherapy Drugs
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Natural Compounds in Cancer Therapy

Natural compounds that inhibit
signal transduction can play a dual
role in inhibiting cancer. In addition
to proliferation signals, cancer cells
(like normal cells) also require “do
not die” signals to prevent death
through apoptosis. In cancer cells,
these signals come in part from both
growth factors and increased signal
transduction.  Therefore, natural
compounds that reduce signal trans-
duction not only can inhibit prolif-
eration but can also induce cell
death.

Targets of Chemotherapy
Drugs

In contrast to natural compounds,
the chemotherapy drugs in current
use primarily target DNA. Several
aspects of DNA are targeted, includ-
ing the structure of individual nu-
cleotides; the integrity  of
nucleotides or their bases within
DNA; the main enzymes active in
the synthesis phase (DNA poly-
merase and topoisomerases, which
are active in DNA replication and in
DNA unwinding, respectively); and
the structures and enzymes active in
the mitosis phase. By acting on
these targets, these drugs prevent
completion of the cell cycle. Their
actions do not target cancer cells
specifically but inhibit the prolifera-
tion of any cell in the cell cycle.
This means that normal cells fre-
quently in the cell cycle, such as
hair cells, immune cells, and cells of
the gastrointestinal lining, are
harmed along with cancer cells. To
give a clearer idea of how these
drugs work, we consider these tar-

Natural compounds that inhibit these signals are digets in more detail, starting with those that target nu-

cussed in Chapters 3 through 6. Their actions includgotide structure.

lowering mutation rates by scavenging free radicals,
normalizing p53 activity, or both; inhibiting abnormal i i
transcription factor activity; inhibiting kinases or other 1argeting Nucleotides Structure

proteins involved in signal transduction; inhibiting the One way of inhibiting cancer cell proliferation is to in-
activity of cyclin proteins, which drive the cell cycle;hibit the production of nucleotides. A number of che-
and increasing cell-to-cell communication, which send®otherapy drugs, classified as antimetabolites, act by

signals that normalize gene expression.

this means. For example, folate, a B vitamin, is needed

for the synthesis of some bases. Drugs such as meth-

otrexate inhibit folate activity.

Other drugs like
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fluorouracil, hydroxyurea,and cytarabinenhibit DNA Targeting Mitosis

synthesis in other ways. The latter inhibits DNA poly- Compounds that inhibit the mitosis (M) phase in the
merase, the enzyme that makes new strands of DN cycle, called antimitotic compounds, prevent cell
during replication. To some degree it also substituiggojiferation. Some chemotherapy drugs that are them-
the sugar arabinose for ribose during DNA synthesigyes natural compounds act as antimitotics, including

(functional nucleotides contain ribose). vincristine and vinblastine. The natural compounds dis-
cussed in this book do not generally act in this way,
Targeting Nucleotides Within DNA however.

A number of chemotherapy drugs act by altering the

nucleotLdes within gNAhObnce it is fOI‘rTIIGd, therebé/ damCYTOS|NE METHYLATION AND DNA:
aging the DNA and inhibiting its replication and tran-
scription. Some drugs—for example, cyclophosphéa-‘ NOTE ON CANCER PREVENTION

mide, carmustine, cisplatin, mitomycin, and busulfan—As a concluding note, we discuss a promising ap-

are alkylating agents, which means they add strings gfoach to prevention (and perhaps eventually treatment)
hydrocarbon molecules to the nucleotides. These stringgt is closely related to what has been covered so far. |
can bind DNA strands together or simply hang on singlgready mentioned the possibility that antioxidants may

DNA strands, thereby interfering with DNA replication,help prevent abnormal methylation patterns. It seems
transcription, or repair. likely that methyl donors have an important role to play

Other chemotherapy drugs, such as doxorubicin affyjPromoting normal methylation as well. (Information
bleomycin, are intercalating drugs, meaning they inséff & related topic, polyamine synthesis, is provided in
themselves between adjacent DNA base pairs. The fiiPendix C for those readers who want more informa-
structure of these drugs allows them to slip easily pHon on other potential cancer prevention and treatment
tween base pairs. Some of these drugs, includigjat€gies.)
doxorubicin and bleomycin, instigate free radical dam-As a reminder, the genes of tumor cells tend to be hy-
age to bases once they are inserted. Intercalating drggenethylated (not enough “do not disturb” signs) and
interfere with both DNA and RNA synthesis. therefore overexpressed. This is particularly true of the

oncogenes. A smaller number of genes, tumor suppres-
; ; sor genes, tend to be hypermethylated (too many “do not

Targc_etmg Topoisomerases ) distt?rb" signs) and the?lgfore silgnced. ( As note%j, these

Topoisomerases are enzymes that unwind the DNA gfyeritable but potentially reversible changes in DNA

that both DNA replication and gene transcription Cagyctyre are called epigenetic changes. Natural com-

take place. Some chemotherapy drugs, such as the ngfiings that are methyl donors may affect methylation
ral compound camptothecin and the semisynthetic co

i . . PR atterns in a way that prevents epigenetic changes, and
pound etoposide, act via topoisomerase inhibition. so they may play a role in cancer prevention.

Some natural compounds discussed here also have thea methylation requires the presence of methyl
capacity to inhibit topoisomerases. These include a@?oups, and the primary donor of methyl groups in the
genin, ATRA (vitamin A), boswellic acid, genistein,p,qy s sadenosylmethionine (SAM). Some readers
luteolin, and quercetin (see Appendix C for detailsy ‘recognize SAM as a natural compound used ex-
These compounds are active in the concentration rang&imentally to treat arthritis, inflammation, and depres-
of roughly 1 to 20QuM, with the 1G, for most of them sjon#” (The structure of SAM is illustrated in Figure
tending to be greater than 80A. Two exceptions are A 9 of Appendix A.) The SAM cycle is illustrated in
boswellic acid and ATRA, which are reportedly active atigure 2.8 (adapted from references 18 and 248).
concentrations between about 1 anduM. This con-  Briefly, SAM is transformed into the amino acid homo-
centration of ATRA is similar to peak plasma concentrgysteine and then into the amino acid methionine. Me-
tions normally produced during ATRA treatment Ofhionine is then converted back into SAM. As shown,
leukemia patients after high doses. All of these corgholine, vitamin B,, and folate assist in this process.
pounds, however, also inhibit cancer through othgfecause of their involvement in the SAM cycle, choline,
mechanisms and usually at lower concentrations th@slate, methionine, and vitamin,Bare considered the

those just discussed. Therefore, topoisomerase inhiglimary dietary sources of methyl donors. One donor,
tion is not likely to be a primary mode of cell inhibition

for any of these compounds in vivo (after oral admini-
stration); other anticancer actions are likely to takesadenosylmethionine derives its name from beingdemo-
precedence. sine molecule (a nucleotide) joined with a methieninolecule.
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Different methyl donors may have dis-
Figure 2.8 tinct effects. The methyl donor me-
Simplified NMetabholism of SAM thionine, for example, has been reported
to act as a promoting agent in some
. situations®® That methionine and SAM
SAM 4’(%21&2:&? o have variant effects was also suggested
in a study where SAM administration
reduced preneoplastic liver lesions in

meth|on|ne . L. . .
animals, but methionine administration
had no effect? The reasons for the dis-

acceptor similar effects are not entirely clear but

choline (DNA, etc) may be due to incomplete conversion of

methionine to SAM.
B,, and

e Although methyl donors may be useful

olate methylated i i i
derivatives aceentor for cancer prevention, their usefulness in
P treating established cancers is more un-

homocystelne certain. For one thing, high SAM con-
centrations could theoretically facilitate
hypermethylation and silencing of tumor
suppressor genes. Second, high folate
intake could assist nucleotide synthesis
in cancer cells. In contrast, it is also
folate, is also required for nucleotide synthesis, as mepessible that administration of methyl donors could be
tioned previously. beneficial. For example, administration of SAM could
ad to hypermethylation and silencing of oncogenes.
J‘;ﬁ therapeutic use of SAM or other methyl donors as a
reatment agent remains to be more fully investigated.

int. = intermediate compound(s)

If the body does not have enough SAM, a variety
diseases can arise, including cancer. This is becauset
insufficient amount of SAM can result in hypomethyla-
tion and therefore overexpression of many genes, in-
cluding oncogenes. In addition, low levels of SAM caEONCLUSION
increase the risk of spontaneous base substitutions, lead-
ing to mutations. Mutations are the central driving force behind trans-

formation of a normal cell into a cancer cell and behind
Since low levels of SAM can be produced by insuffi-

t intake of vl d the ab i (frogressmn of the developing tumor. The mutations
cient intake of methyl donors, the above discussi at give a cancer cell a proliferation advantage are those
would suggest that methyl donors could be useful

" Althouah the dat hl['f'lat lead to increased expression of oncogenes and de-
cancer prevention. oug € dala areé SOmewngh,seq expression of tumor suppressor genes and those

gpr][fllclztmlg, th'.s doeti sleem to b? theﬁ_c:.aset. Anlmatlsf at lead to the production of proteins that otherwise
iets lacking in methyl groups (insufficient amounts o ssist proliferation.

choline, methionine, folate, vitaminB or all of these)
are prone to developing hypomethylated genes (includNormal cells and cancer cells proliferate in response to
ing c-mycandc-fos oncogenes) and to developing liveithe same signals. The distinguishing characteristic of
and other cancef&.°%5 Moreover, in a number of cancer cells is the higher volume of proliferation signals
studies, intramuscular administration of SAM inhibitedor the lower volume of “do not die” signals). Thus
oncogene expression, normalized DNA methylatiorfancer cells are set apart by their extreme behavior,
reversed preneoplastic liver lesions, and provided lontfther than by intrinsically foreign behavior. One char-
term protection from cancer formation in animals treateacteristic that makes natural compounds attractive as
with carcinogens?>® In these studies, the few cancer@nticancer agents is that they can be used to interrupt the
that did form grew relatively slowly. Furthermore, adeflow of information that promotes extreme behavior and
quate intake of the methyl donor folate appears to priius are generally not so damaging to normal cells as
tect humans from some cancers, including cervical ati@atments that target DNA itself.

colon cancer, although study results are inconsitefit.

In one study, oral administration of folate was able to

correct hypomethylation in the rectal cells of some but

not all patients with colorectal cancér.



Mutations, Gene Expression, and Proliferation

REFERENCES

L Ernst P. Review article: The role of inflammatiarthe
pathogenesis of gastric cancer. Aliment Pharmakel 1999
Mar; 13 Suppl 1:13-8.

2 Bertino JR, ed. Encyclopedia of cancer. San ®@idgademic
Press, 1997, pp. 419-431, 1481-1483, 1940-1953.

3 Reed JC. Double identity for proteins of the Bdamily.
Nature 1977; 387:773-6.

4 Haupt Y, Maya R, Kazaz A, Oren M. Mdm2 promotes tapid
degradation of p53. Nature 1977; 387:296.

5 Marshall MS. Ras target proteins in eukaryotitsceFASEB J
1995; 9:1311-1318.

6 Steinman HM. The Bcl-2 oncoprotein functions gsa
oxidant. J Biol Chem 1995 Feb 24; 270(8):3487—-90.

" Fernandes RS, McGowan AJ, Cotter TG. Mutant H-ras
overexpression inhibits drug and U.V. induced apsigt
Anticancer Res 1996 Jul-Aug; 16(4A):1691-705.

8 Smith AD, et al., eds. Oxford dictionary of biechistry and
molecular biology. Oxford: Oxford University Pre4997.

®Ruch RJ. The role of gap junctional intercellular
communication in neoplasia. Ann Clin Lab Sci 198dy—
Jun; 24(3):216-31.

10 Momand J, Wu HH, Dasgupta G. MDM2—master regulafor
the p53 tumor suppressor protein. Gene 2000 JaR42%1—
2):15-29.

1 Greenwald P, Kelloff G, Burch-Whitman C, et al.
Chemoprevention. CA Cancer J Clin 1995; 45:31-49.

12 Ames BN, Shigenaga MK, Hagen TM. Oxidants, artiants
and the degenerative diseases of aging. ProcAdat Sci
USA 1993 Sep; 90:7915-22.

13 Reiter RJ, Melchiorri D, Sewerynek E, Poeggeleeal. A
review of the evidence supporting melatonin’s adean
antioxidant. J Pineal Res 1995; 18(1):1-11.

14 szatrowski TP, Nathan CF. Production of large @mi® of
hydrogen peroxide by human tumor cells. CancerlR84
Feb 1; 51(3):794-8.

15 Shinkai K, Mukai M, Akedo H. Superoxide radicaitentiates
invasive capacity of rat ascites hepatoma cellgtin. Cancer
Letters 1986; 32:7-13.

16 Rennie PS, Nelson CC. Epigenetic mechanismsrémrpssion
of prostate cancer. Cancer Metastasis Rev 1998-99;
17(4):401-9.

17 safarians S, Sternlicht MD, Freiman CJ, et ale Btimary
tumor is the primary source of metastasis in a uma
melanoma/SCID model. Implications for the diredibatne
and paracrine epigenetic regulation of the met&spascess.
Int J Cancer 1996 Apr 10; 66(2):151-8.

18 Zingg M, Jones PA. Genetic and epigenetic aspeddNA
methylation on genome expression, evolution, momaaind
carcinogenesis. Carcinogenesis 1997 May; 18(5):889

19Kang SH, Bang YJ, Im YH, et al. Transcriptiongpression of
the transforming growth factor-beta type | recepgfene by
DNA methylation results in the development of TG#teb
resistance in human gastric cancer. Oncogene D862;
18(51):7280-6.

27

2 Lj LC, Chui R, Nakajima K, et al. Frequent metitjon of
estrogen receptor in prostate cancer: Correlatitm twmor
progression. Cancer Res 2000 Feb 1; 60(3):702—6.

2 Tycko B. Epigenetic gene silencing in cance€lid Invest
2000 Feb; 105(4):401-7.

22 Gonzalgo ML, Jones PA. Mutagenic and epigenéticts of
DNA methylation. Mutat Res 1997 Apr; 386(2):107-18

2 Wachsman JT. DNA methylation and the associdtitween
genetic and epigenetic changes: Relation to cageinesis.
Mutat Res 1997 Apr 14; 375(1):1-8.

24 Weitzman SA, Turk PW, Milkowski DH, Kozlowski KEree
radical adducts induce alterations in DNA cytosine
methylation. Proc Natl Acad Sci USA 1994 Feb 15;
91(4):1261-4.

% Cerda S, Weitzman SA. Influence of oxygen radiajairy on
DNA methylation. Mutat Res 1997 Apr; 386(2):141-52

% | oeb KR, Loeb LA. Significance of multiple mutatis in
cancer. Carcinogenesis 2000 Mar; 21(3):379-385.

27 Loeb LA. Cancer cells exhibit a mutator phenotypelv
Cancer Res 1998; 72:25-56.

28| oeb LA, Christians FC. Multiple mutations in hamcancers.
Mutat Res 1996 Feb 19; 350(1):279-86.

29 Christians FC, Newcomb TG, Loeb LA. Potentialrses of
multiple mutations in human cancers. Prev Med 1895
24(4):329-32.

30 Loeb LA. Mutator phenotype may be required folltistage
carcinogenesis. Cancer Res 1991 Jun 15; 51(12:307

%1 Jackson AL, Loeb LA. The mutation rate and canc@enetics
1998 Apr; 148(4):1483-90.

%2 Ellison BJ, Rubin H. Individual transforming etsin long-
term cell culture of NIH 3T3 cells as products pigenetic
induction. Cancer Res 1992 Feb 1; 52(3):667-73.

3 Ness RB, Cottreau C. Possible role of ovariathepal
inflammation in ovarian cancer. J Natl Cancer 299 Sep
1;91(17):1459-67.

34 Tamatani T, Turk P, Weitzman S, Oyasu R. Tumarige
conversion of a rat urothelial cell line by human
polymorphonuclear leukocytes activated by
lipopolysaccharide. Jpn J Cancer Res 1999 Au@®)EE9—
36.

% Farinati F, Cardin R, Degan P, et al. OxidatiléADdamage
accumulation in gastric carcinogenesis. Gut 19%8;M
42(3):351-6.

% |rani J, Goujon JM, Ragni E, et al. High-gradisimmation in
prostate cancer as a prognostic factor for biocbami
recurrence after radical prostatectomy. UrologydlSep;
54(3):467-72.

37 Toyokuni S, Okamoto K, Yodoi J, Hiai H. Persidteridative
stress in cancer. FEBS Lett 1995 Jan 16; 358(3):1—

%8 Kondo S, Toyokuni S, lwasa Y, et al. Persisteddative
stress in human colorectal carcinoma, but not enacha.
Free Radic Biol Med 1999 Aug; 27(3-4):401-10.

% Clutton SM, Townsend KM, Walker C, et al. Radiati
induced genomic instability and persisting oxidatsiress in
primary bone marrow cultures. Carcinogenesis 1096
17(8):1633-9.



28

Natural Compounds in Cancer Therapy

40 Dreher D, Junod AF. Role of oxygen free radidalsancer
development. Eur J Cancer 1996 Jan; 32A(1):30-8.

41 Arora-Kuruganti P, Lucchesi PA, Wurster RD. Fiatation of
cultured human astrocytoma cells in response mxatant
and antioxidant. J Neurooncol 1999; 44(3):213-21.

“2 del Bello B, Paolicchi A, Comporti M, et al. Hyiiren
peroxide produced during gamma-glutamyl transpapéd
activity is involved in prevention of apoptosis and
maintainance of proliferation in U937 cells. FASER999
Jan; 13(1):69-79.

43 Burdon RH, Alliangana D, Gill V. Hydrogen perogidnd the
proliferation of BHK-21 cells. Free Radic Res 199&v;
23(5):471-86.

4 Li D, Zhang W, Sahin AA, Hittelman WN. DNA addsdn
normal tissue adjacent to breast cancer: A revi€ancer
Detect Prev 1999; 23(6):454—62.

45 Devi GS, Prasad MH, Saraswathi I, et al. Freeas
antioxidant enzymes and lipid peroxidation in diffet types
of leukemias. Clin Chim Acta 2000 Mar; 293(1-2):63.

46 Matsui A, Ikeda T, Enomoto K, et al. Increasedhfation of
oxidative DNA damage, 8-hydroxy-2’-deoxyguanosiine,
human breast cancer tissue and its relationshgoP1 and
COMT genotypes. Cancer Lett 2000 Apr 3; 151(1)9%7—

47 Stramentinoli G. Pharmacologic aspects of S-
adenosylmethionine. Pharmacokinetics and
pharmacodynamics. Am J Med 1987 Nov 20; 83(5A)435—

8 Chiang PK, Gordon RK, Tal J, et al. S-Adenosyhimtine
and methylation. FASEB J 1996 Mar; 10(4):471-80.

4 Shivapurkar N, Wilson MJ, Hoover KL, et al. HapddNA
methylation and liver tumor formation in male C3ktenfed
methionine- and choline-deficient diets. J Nath@= Inst
1986 Jul; 77(1):213-7.

50 Christman JK, Sheikhnejad G, Dizik M, et al. Ruwitaility of
changes in nucleic acid methylation and gene egfmes
induced in rat liver by severe dietary methyl deficy.
Carcinogenesis 1993 Apr; 14(4):551-7.

51 Wainfan E, Poirier LA. Methyl groups in carcinogsis:
Effects on DNA methylation and gene expressionndgaRes
1992 Apr 1; 52(7 Suppl):2071s-2077s.

52 Gerbracht U, Eigenbrodt E, Simile MM, et al. Effef S-
adenosyl-L-methionine on the development of prefestic
foci and the activity of some carbohydrate metatidj
enzymes in the liver, during experimental
hepatocarcinogenesis. Anticancer Res 1993 Nov—Dec;
13(6A):1965-72.

53 Garcea R, Daino L, Pascale R, et al. Inhibitibpromotion
and persistent nodule growth by S-adenosyl-L-meth®in
rat liver carcinogenesis: Role of remodeling anopapsis.
Cancer Res 1989 Apr 1; 49(7):1850-6.

54 pascale RM, Marras V, Simile MM, et al. Chemopretion of
rat liver carcinogenesis by S-adenosyl-L-methionfkéong-
term study. Cancer Res 1992 Sep 15; 52(18):4979-86

%5 Simile MM, Pascale R, De Miglio MR, et al. Coatibn
between S-adenosyl-L-methionine content and praoolucif c-
myc, c-Ha-ras, and c-Ki-ras mRNA transcripts in ¢lagly
stages of rat liver carcinogenesis. Cancer L% 1&8pr 29;
79(1):9-16.

%6 Clinical development plan: Folic acid. J Cell 8i@m Suppl
1996; 26:100-13.

57 Childers JM, Chu J, Voigt LF, et al. Chemoprei@mbf
cervical cancer with folic acid: A phase Il Sou#st
Oncology Group Intergroup study. Cancer Epidemiol
Biomarkers Prev 1995 Mar; 4(2):155-9.

%8 Cravo ML, Pinto AG, Chaves P, et al. Effect dffe
supplementation on DNA methylation of rectal mucivsa
patients with colonic adenomas: Correlation witkrieat
intake. Clin Nutr 1998 Apr; 17(2):45-9.

%9 Grio R, Piacentino R, Marchino GL, Navone R. Astiblastic
activity of antioxidant vitamins: The role of folacid in the
prevention of cervical dysplasia. Panminerva M@83lDec;
35(4):193-6.

0 Choi SW, Mason JB. Folate and carcinogenesisnfagrated
scheme. J Nutr 2000 Feb; 130(2):129-32.

61 Duranton B, Freund JN, Galluser M, et al. Proootf
intestinal carcinogenesis by dietary methionine.
Carcinogenesis 1999 Mar; 20(3):493-7.

62 pascale RM, Simile MM, Satta G, et al. Compaeaéfects of
L-methionine, S-adenosyl-L-methionine and 5'-
methylthioadenosine on the growth of preneopldstions
and DNA methylation in rat liver during the eartpges of
hepatocarcinogenesis. Anticancer Res 1991 Jul-Aug;
11(4):1617-24.



3
RESULTS OF THERAPY AT THE CELLULAR LEVEL

As we explored in Chapter 2, gene mu
tations and the abnormal expression df Figure 3.1
genes play a central role in cancer Differentiation of Stem Cells
These abnormalities, in combination
with a heavy flow of “do proliferate”
and “do not die” signals, allow cancer stem cell self-renewal  stem cell
cells to proliferate and avoid death. In
this chapter we explore what happen @ 4

when cancer cells fail to proliferate or

"

fail to avoid death; that is, we explore at immature cells, high proliferation rate

the cellular level the end results that ’ .

anticancer therapies attempt to producg. clonal expansion clonal expansion
We discuss results at this early poin

because by keeping the goal of treatment

in mind, we are better able to evaluate

the means needed to reach it. Wheh

planning a trip, one should know the

intended destination before deciding the

route to take. Apoptosis a term used

repeatedly in later chapters, is our most

common “destination.”  The “route”

taken to get there will involve inhibition @ @ @ @ @ @ @ @
of one or more of the seven clusters of

procancer events. more mature cells, lower proliferation rate

There are four possible results of a
successful therapy at the cellular level.
A cancer cell may differentiate into a less malignant
form, fail to enter the cell cycle and thus fail to proliferStem Cells

ate, die through necrosis, or die through apoptosis. The least differentiated and most prolific cells within
the body are called stem cells. In a healthy organism,
CELL DIFFERENTIATION stem cells act as a source of new cells during tissue re-

pair, as illustrated in Figure 3.1 (adapted from reference

Cell differentiation is a measure of the maturity of 4). As shown in the figure, stem cells are capable of
cell. Cells that are fully differentiated (fully mature)both self-renewal (self-replacement) and clonal expan-
resemble their parent cells in form and function, anglon and so are virtually immortal. Not surprisingly,
they proliferate very slowly, if at all. In contrast, immastem cells are present in high numbers in tissues that
ture cells are poorly differentiated, do not yet resembtw®nstantly renew their population, such as the bone mar-
their parents, and are able to proliferate at a higher ratew and intestinal lining. Bone marrow cells have a
Most cancer cells are less differentiated, less matutarnover rate of approximately five days, as opposed to
than normal cells, allowing cancer cells to proliferatseveral years for some vascular cells. Although stem
readily. The degree to which a cell differentiates isells in normal tissues have a high ability to proliferate,
regulated by gene expression. Therefore, by manipuléieir proliferation is tightly regulated, occurring only
ing gene expression, one can alter the degree of differemder specific circumstances.
tiation. A number of natural compounds, discussed
below, can induce differentiation in cancer cells, there
decreasing their proliferation rate and causing them
display fewer malignant characteristics.

Small numbers of stem cells are also present in malig-
ant tumors. Unlike stem cell proliferation in normal
%sues, that in cancerous tissue is largely unregulated.
Furthermore, the daughter cells do not fully differentiate
(i.e., acquire the functions of more mature cells), and so

the proliferation rate of the offspring remains high. For



30 Natural Compounds in Cancer Therapy

these reasons, stem cells are the prime targets of cytolume? To provide some examples, the doubling rate
toxic chemotherapy and radiotherapy. of breast cancer is generally about 40 to 100 days, that

Tumors can be described by the degree to which thg.frlung cancer about 60 to 270 days, of colorectal cancer

cells have undergone differentiation; this is referred Pout 630 days on the average, and that of prostate can-

as the “grade” of a tumor. Tumors that are poorly dicer is commonly greater than 740 d4ys.In general,

ferentiated generally grow faster and are assignedtl‘!s(nors in younger patients have a faster doubling rate

higher grade. The opposite is true for tumors that a?tgan those in older patients; likewise, tumors arising
well differentiated. If tumor cells do not differentiate af O™ Metastases tend to have a faster doubling rate than

all, the tumor is called anaplastic (literally, not formed)prlmary tumors. Al of t_hese re_Ia‘uver_ s_Iow—growmg
The grading system usually uses a scale of 1 to 3 or 15@ycers are Ies_s susceptible to differentiating agents than
4, with anaplastic tumors having the highest grade. Ftcnie faster-growing ones.

example, a well-differentiated tumor may be classifiedWe have then the seemingly contradictory result that
as grade 1, whereas a poorly differentiated one may éeigs or other compounds that increase cancer cell pro-
grade 4. Most tumors, except perhaps the most anapliferation can, when used in combination with differenti-
tic, contain enough cells that sufficiently differentiate sating agents, increase cell differentiation and in so
that a pathologist can determine the tissue of origin. F@oing, ultimately reduce proliferation. As we will later
example, at least a few cells from a bone cancer wgke, some chemotherapy drugs and natural compounds,
differentiate into mature and identifiable bone cells.  apart from those that induce differentiation, may also be
more effective at inhibiting cancer when cells are ac-
tively proliferating; agents that increase proliferation

Natural Compounds That Induce may therefore make these more effective too.

Differentiation o _ o _
The cells of most cancers have the potential to differ-NOt s:[urprllsmgly, mo;t (;]f the g|fferent|aé|onts(tjud|esl, usk—
entiate into more mature cells. In other words, many, 'p9 natural compounds have been conducted on Teuke-

not all, cancer cells retain the capacity to express sofed cells. Still, melanoma, colon, breast, lung, bladder,

normal characteristics and, under some circumstanc@g,? li[)ra_m cancer C%g Rla\;e allso been rzpot;]te;j_t% differ-
to suppress malignant behavforNatural compounds entiate In some cases. Natural compounds that induce

and certain drugs can induce differentiation in cancgrlfferem'm'on in vitro are listed in Table 3.1. Of the

cells, although some cancers are more easily inducedCfHnpounds listed, ATRA (an active metabolite of vita-

differentiate than others. The greatest successes soglé')? A) and 1,25-R (the active metabolite of vitamin

. . . . have received the most research attention. The ma-
have been in inducing leukemia cells to differentfate. .~/ ; : ) )
v N Inducing feu ' ! jority of compounds listed in Table 3.1 induce differen-

Cells must be in the cell cycle before they will respontiation within the concentration range of roughly 1 to 50
to differentiating agents; that is, they must be activelyM, the exceptions being ATRA and 1,25;Dvhich
dividing and not in the gresting phase (see Figure 2.5)induce differentiation within the concentration range of
Leukemia cells are particularly sensitive to differentiatabout 0.01 to 1uM. This is still above the normal
ing agents in large part because they have a high ratepffsma concentrations for these two compounds, how-
proliferation relative to cells of other cancers. In coreyer.

trast to leukemia and other fast-growing cancers, success )
in inducing the cells of most solid tumors to differentiate ©°Me Of the compounds listed have also been reported
has been more sporadic. to induce differentiation in vivo. For example, intraperi-

toneal administration of daidzein (at 25 to 50 mg/kg per
We note here that, contrary to popular belief, cancgay) reduced tumor volume and induced differentiation
cells do not generally proliferate at a high rate relative &f |eukemia cells held in chambers in mie. The
normal cells. Fast-growing cancers such as leukemigguivalent human oral dose is about 1.1 to 2.3 grams per
proliferate at roughly the rate of fast-growing normalay. The same intraperitoneal dose of boswellic acid
cells such as bone marrow or hair cells. Fast-growingso induced differentiation of leukemia cells in
cancer cells and fast growing normal cells enter the ceffice!' !> The equivalent human oral dose is about 340

cycle about once every two weeks or less, and in soReg80 milligrams per day. Combinations of ATRA and
cases once every few days. The cells of other cancers

and those of most normal tissues proliferate much more

slowly. Often, the rate of a tumor's growth is measuregNote that actual proliferation rates of cancefls@re faster

; : : : ; ; :than tumor volume doubling times. Tumor volumebting time
as its doubling time, the time required for it to double I|P£a function of both cell proliferation and cekath. The rate of

cell death in many solid tumors may be 75 to 9@@etrof the
rate of cell proliferation.
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vitamin D; at high doses have also been reported to
effective in animals® **

P$ABLE 3.1 NATURAL COMPOUNDS THAT INDUCE
DIFFERENTIATION IN VITRO

COMPOUND

FAILURE TO ENTER THE CELL

Arctigenin

CYCLE

ATRA (vitamin A)

Boswellic acid

The second possible result of successful treatment

Bromelain and other proteolytic enzymes

causing cancer cells to stay out of the cell cycle.

TAPE

discussed in Chapter 2 and illustrated in Figure 2.5, ¢
remain in the initial gap phase {Quntil they are stimu-

iﬁlavonoids (including apigenin, luteolin, quercetjenistein
and daidzein)

lated to proliferate. Generally, the required stimulatio

Emodin

is initially due to the activity of growth factors. Thesq
stimulate the expression of the early genes in cell prol
eration {os, myc,andjun), which eventually results in

EPA and DHA

lcT\/Ionoterpenes

increased expression of other genes that drive the
cycle proper. Therefore, cells can be kept in the initi
gap phase and out of the cell cycle by reducing the

esveratrol

L,25-D; (vitamin Dy)

flote: See Table D.1 in Appendix D for details efdrences.

fects of growth factors. Natural compounds are capable

of reducing these through at least two means. First, thRpoptosis is programmed into the cell at birth and is
can reduce signal transduction, a process growth factgfiggered at old age or under other conditions where cell
rely on for their effects. Second, they can reduce afeath benefits the organism as a whoMpoptosisis a
normal transcription factor activity, which is the last stegreek word referring to the seasonal dropping of leaves
before growth factors cause gene expression. The usgrgf a tree. Like the seasonal dropping of leaves, apop-
natural compounds to inhibit growth factors by thesgsis is a natural and necessary process in many types of
means is discussed in Chapters 4 and 5. human, animal, and even insect cells. For example, in-

In addition to preventing proliferation, keeping cell€reased apoptosis allows rapid cell turnover during
from entering the cell cycle may have the long-term ef¥ound healing.

fect of inducing apoptosis. When cells are not able toThere are many differences between necrosis and
divide, they eventually die of old age. In most casegpoptosis. Unlike necrosis, apoptosis affects scattered,
cells that die of old age do so through apoptosis. individual cells, does not rupture the cell membrane, and

It is unlikely, however, that natural compounds wild0€S not produce inflammation; therefore, it does not
completely prevent cancer cells from leaving &d damage adjace_nt cells. Immune cells ingest apoptotic
entering the cell cycle. Those discussed here are mGfilS before their plasma membranes rupture, and so the
likely to slow down the rate of entry. Slowing down th&€ll’s contents spill into the extracellular space (the
proliferation rate may in fact be better than completef§Pace outside and between cells). Apoptosis represents
preventing cells from entering the cell cycle, since marfj! ©rderly method of removing old, damaged, or other-
natural compounds are more efficient at halting the c&HiS€ unwanted cells. Necrosis, on the_other hand, is a
cycle and inducing apoptosis once the cycle has begt‘.(fP.'em form of c_eII death, usually involving large num- _
Once in the cycle, many events and stresses occur tAgfS Of cells. Since the plasma membrane of a necrotic
make the cell vulnerable to injury. We might liken it tFell ruptures and the cell’'s contents are spilled into the
a woman being more vulnerable to injury while she igxtrgcellular space, necrosis can easily lead to inflam-

pregnant. As mentioned previously, differentiatiof"ation

agents and most chemotherapy drugs are also more efoth necrosis and apoptosis play a role in limiting tu-
fective on cells in the cycle. The same is true of radignor growth. Necrosis may occur, for example, in cells
therapy. distanced from the blood supply. Until recently, induc-

tion of necrosis was thought to be the single goal in

conventional anticancer therapy but it is now understood
APOPTOSIS AND NECROSIS that anticancer agents commonly kill cancer cells via

The last two possible results of successful treatme@OPtosis. In fact, it appears that much of the cell death
are cell death through apoptosis or necrosis. Of the twduced by chemotherapy drugs is due to apoptosis.

apoptosis is the preferred form of death during therapyajthough it may be possible under some conditions for

Apoptosis is a rather new discovery (1972); before thiggtyral compounds to induce necrosis, | do not advocate
cell death was thought to occur only through necrosis.
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their use for this goal. For one thing, very high antb-cell communication. Unlike healthy cells, cancer
probably unsafe doses of natural compounds would bells commonly produce their own growth factors that
required. Apoptosis can be induced by lower dosesot only stimulate proliferation but also mimic the “do
Moreover, necrosis can induce inflammation, which camot die” signals normally generated through cell-to-cell
assist cancer progression through a variety of mechaentact, thereby allowing cancer cells to detach from
nisms. Finally, as compared to whole apoptotic cellsurrounding cells and migrate. In addition, cancer cells
the contents of ruptured necrotic cells are not easigxhibit increased signal transduction that can magnify
picked up by immune cells (macrophages). Thereforany “do not die” signals present.
the cancer’s unique proteins are not efficiently presente
to other immune cells (T cells), which need them tg . .
makes cancer such a serious problem. In most solid tu-

search out and destroy other cancer cells; T cells use
{1ors, growth occurs not so much because cancer cells

antigens much like a dog uses a scent to identify what it" )

tracks. proliferate rapldly_ as because cancer cells te_nd not to
undergo apoptosis. Cancer cells live excessively long
lives and are thus able to have many offspring. Never-

Apoptosis and Cancer theless, the strategies cancer cells use to inhibit apop-

At any given moment for any given cell, apoptosis i\isis are not able to protect all cells from death, and

either induced or not induced depending on the relatifa"efore apoptosis still plays a role in limiting net tu-
balance of “do die” and “do not die” signals. A growing"" growth.

body of evidence suggests that the default signal is “do

die,” meaning that apoptosis is an ever-present defapgtural Compounds That Induce

pathway for all cells and cell survival is maintained Onl)b\poptosis

as long as cells receive the appropriate “do not die” sur- . .

vival signals (such as stimulation by growth factdfs). Natural compounds can induce apoptosis in cancer
Although not always successful, cancer cells have a gi ”S by increasing “do die 5|gnaI§ and reducing *do not
for generating more “do not die” than “do die” signals; 1e 5|gnals._ The former can be mc_reased through any
thereby preventing apoptosis. Fortunately, natural corﬂ]i the following: cellular damage (which probably plays

pounds can be used to readjust the balance in can e],arger role in in-vitro than _in-vivo s.tudies);.increased
cells to favor apoptosis unction of thep53 gene or its protein; and increased

activity of antigrowth factors, such as TGF-beta. “Do
“Do die” signals come from three primary sourcesnot die” signals can be reduced by inhibiting growth
The first is through cellular damage, especially damadgctor activity and signal transduction. It is still un-
involving the DNA. Thep53 gene will attempt to repair known if natural compounds can directly affect killer
DNA damage, and if the damage is irreparable, it wilenes or protective genes. Natural compounds known to
attempt to induce apoptosis. As we know, [tB8 gene induce apoptosis in cancer cells in vitro are listed in Ta-
is commonly mutated in cancer cells and so does ngie 3.2; the majority of these induce apoptosis within the
function properly. concentration range of roughly 1 to BM. One excep-

A second source of “do die” signals comes from cefon IS 1,25-B3, which is active at 10 to 100 nM; al-
tain growth factors, or in this case, antigrowth factordhough this is a low concentration range, it is still above
One such factor is transforming growth factor-betf’® normal plasma concentrations of this vitamin.

(TGF-beta), which is discussed below. Cancer cells camn important factor in translating in-vitro apoptosis
avoid death by decreasing their sensitivity to the inhibaata to in-vivo conditions is the mechanism by which
tory effects of TGF-beta. apoptosis is induced. As we will see in Chapter 15, sev-
A third source of “do die” signals comes from Within?ral_ compounds Iiste(_j in Table 3.2_can ir_1duce apoptosis
the cell itself. Certain “killer’ genes such as Bax N vitro thro_ugh prooxidant mechanisms (in other Words_,
gene, when activated, produce proteins that induce apdp-ough oxidative damage to the cell). For example, this

tosis. These killer genes can be mutated in cancer c&ifs Peen shown for curcumin, CAPE, and vitamin C.
or can otherwise be underexpressed. There are large differences in oxygen tension between

in-vitro and in-vivo environments, however, not to men-
“Do not die” signals come from two primary sourcestion differences in antioxidant enzymes and other anti-
First, they can come from within the cell itself. Certaimxidant compounds. Thus cells in vitro may respond
“protective” genes such ascl-2, when activated, pro- differently to some of these compounds than they do in
duce proteins that inhibit apoptosis. These protectiygyo. Although evidence is still limited, it appears that
genes can be overexpressed in cancer cells. Secafi$hmpounds such as curcumin and CAPE can induce
such signals come from growth factors and normal cebpoptosis in vivo but are likely to do so through mecha-

dI'he reduced rate of apoptosis in cancer cells is what
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nisms other than oxidative stress. Indeed, under mysiag| E 3.2 NATURAL COMPOUNDS THAT INDUCE
conditions these compounds probably act as antioxidapts APOPTOSIS IN VITRO

in vivo, _rath_er than proomdants_,. Stlll,_the _mdl_Jctlon on e

apoptosis via oxidative stress is possible in vivo undf ——
some circumstances (e.g., vitamin C given intravenougly:2>-2 (Vitamin D)
at high doses), but such a prooxidant strategy is not r¢&TRA (vitamin A)

ommended for the reasons summarized in Chapter 2. | Boswellic acids
CAPE

. . Curcumin
Apoptosis and Transforming Growth EPA

Factor-beta — . — . — .
] ) ) Flavonoids (including apigenin, luteolin, genistejquercetin
Some of the compounds listed in Table 3.2 may indugend EGCG)

apoptosis in part by their effects on transforming gro arlic
factor-beta (TGF-beta). TGF-beta is a compound p
sent in a variety of normal and neoplastic cells; it plays
role in regulating proliferation and differentiation. It i Monoterpenes
multifunctional and can either stimulate or inhibit cel

proliferation, depending on the cell type and other comResve_ratrOI

ditions. For example, it induces apoptosis in cancgpeenium

cells that are in the early stages of malignant transformatitamin C

tion.}”*® In this respect, it can be thought of as an antj-Yitamin E

growth factor that provides “do die” signals. In the cellNote: See Table D.2 in Appendix D for details seferences.
of established cancers, however, TGF-beta can have a

very different effect. A, this is probably because it improves TGF-beta signal-
The cells of established cancers appear to lose théig at the same time it increases TGF-beta production.

sensitivity to the growth-inhibiting effects of TGF-beta, other natural compounds are able to directly inhibit
either by underexpressing TGF-beta receptors o E’ly OfGF-beta production or activity. For example, high-
erwise exhibiting aberrant TGF-beta signatig”*  mojecular-weight polysaccharides such as PSK can bind
Indeed, some cancers cells actually produce TGF-befg.and inactivate TGF-befa** By inhibiting TGF-beta
Since TGF-beta also causes an immunosuppressive glrvity, PSK can inhibit the progression of cancers that
fect, these cancer cells can use TGF-beta to evade yBye Jost sensitivity to TGF-beta's inhibitory effects.
mune attack™****  To some degree, production ofthe apility of PSK to inactivate TGF-beta is in keeping
TGF-beta can also stimulate cell proliferation, by bindgth its role as an immune stimulant, since cancer cells

ing to the receptors for other growth factors, and facilkan then no longer use TGF-beta to evade immune at-
tate angiogenesis, in part by increasing the productionggk.

some growth factorS2° Not surprisingly, inhibition of
TGF-beta can inhibit growth and metastasis of estab-
lished cancers in animal modéfs. Because of these CONCLUSION

effects, excessive production of TGF-beta is associate . .
P %\t the cellular level, successful anticancer therapies

with poor prognosis in colorectal cancers, stomach cagén have four bossible outcomes. Thev can cause can
cers, and other neoplasfis* P ' y

cer cells to differentiate into cells that have more normal
Some of the compounds in Table 3.2 induce apoptosesm and function, they can prevent cancer cells from
by normalizing the effects of TGF-beta, either by inentering the cell cycle, or they can induce cell death
creasing TGF-beta receptor expression or by otherwigeough necrosis or apoptosis. Of these, natural com-
improving TGF-beta signaling. This has been showpounds are best suited for inducing differentiation (par-
for example, for genistein, monoterpenes (especialticularly in fast-growing cancers); preventing cells from
perillyl alcohol), and ATRA?®> By improving TGF- entering the cell cycle; and inducing apoptosis. The
beta signaling, these compounds can induce apoptosisnduction of apoptosis is a primary goal of anticancer
both transforming and transformed cancer cells. Sortteerapies using natural compounds because it is applica-
natural compounds, including vitamin A, quercetin, curble to all types of cancer cells; it is the body’s natural
cumin, resveratrol, vitamin Pand melatonin, can in- way of killing cancer cells; and it can be caused through
crease TGF-beta production, yet they do not promote theveral mechanisms that are sensitive to modification by
progression of cancers in vive:** At least for vitamin natural compounds. These include increasing “do die”
signals and decreasing “do not die” signals. Preventing

FHypericin
Teukotriene inhibitors (see Table 8.2)
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cells from entering the cell cycle will also result in

Natural Compounds in Cancer Therapy

greater apoptosis rates, and can be caused by inhibitthganse J, Hipp ML, Bauer G. Fibroblasts transfaring
“do proliferate” signals, such as those produced by the chemical carcinogens are sensitive to intercellduction of
sequential effects of growth factors, signal transduction, aP0Ptosis: Implications for the control of oncogsae

and transcription factor activity.
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4
GROWTH FACTORS AND SIGNAL TRANSDUCTION

Growth factors and signal transduction play crucial The signals that tell a cell to live or to proliferate gen-
roles in stimulating cell proliferation and in maintainingerally come from outside the cell, commonly from con-
a cell's life. Briefly, growth factors are soluble extraceltact with growth factors and from contact, or lack of it,
lular proteins that bind to receptors on the outside of tiwéth other cells and tissues. To illustrate how these sig-
cell. This binding elicits a chemical signal that is trangials occur in normal tissues, consider the liver tissue of
ferred to the cell’s nucleus through a series of stepshealthy animal. The liver cells are in close contact
called signal transduction. The result is the activation ofith one another, both through actions of cell adhesion
transcription factors and the initiation of gene expresnolecules on the surface of the cells and through gap
sion. In addition to growth factors, cell-to-cell contacjunctions (portals) between cells. The liver cells do not
can also generate signals at the cell’s surface that arelergo apoptosis, since contact with neighboring cells
again transferred to the nucleus via signal transductiatontinually generates “do not die” signals. Also, they
In normal cells, all these processes are tightly regulatetb not enter the cell cycle because there are few “do
In cancer cells, however, the regulations fail, and growtroliferate” signals.
factor activity and excessive signal transduction increas
“do proliferate” and “do not die” signals, while decreas-,. . L .
o o . slices away a small section of its liver. The injured area
ing “do die” signals. These changes in signals allow the b inflamed and steeped in arowth factors
cell to live a long life with many cell divisions. 00N Hecomes in : P 9 :

These factors, produced by immune cells, released from

In this chapter, we focus on how growth factors anihe blood, or derived from other sources, cause various
signal transduction work and how natural compoundgpes of cells to proliferate. For example, blood vessel
can be used to affect them. We discuss several impoells proliferate to replace those damaged in the injury,
tant growth factors, then focus on three primary proteirand liver cells are also stimulated to proliferate by these
that mediate signal transduction: protein tyrosine kinaggowth factors. In addition, the reduced cell-to-cell con-
(PTK), protein kinase C (PKC), and the ras protein. lact at the edge of the healthy liver tissue signals that
addition, we briefly discuss other kinases involved inew liver cells are needed. In response to the growth
signal transduction, such as phosphatidylinositol kinasactors and signals from reduced cell-to-cell contact,
(PI kinase), as well as cyclin-dependent kinases thstem cells or other poorly differentiated cells in the liver
control the flow of signals as the cell moves through thenter the cell cycle and proliferate. The entire repair
cell cycle proper. All of these kinases and proteins cgmocess and all the cell proliferation that goes on in it is
be inhibited by natural compounds. wondrously orchestrated so that once tissue repair is

This chapter starts with a brief recap of the differencézé)mplete’ no new tissue is produced.

in signals that occur between normal and cancer cells. | stated previously that cell-to-cell contact is needed to
generate “do not die” signals, but above | state that liver
cells are stimulated to proliferate by lack of cell-to-cell
PROLIFERATION AND APOPTQOSIS IN contact. This apparent contradiction can be explained
NORMAL CELLS VERSUS CANCER by considering that the growth factors present at the
CELLS wound site provide signals that both stimulate prolifera-
tion and mimic the “do not die” signals normally origi-
All cells in the body at every moment are subject taating from cell-to-cell contact. In addition, the liver
the dynamic balance that exists between pro-life amglls at the edge of the injury are only partially separated
pro-death signals. Two very basic pro-life signals afgom other liver cells.
“do not die” and “do proliferate”; their counterpart pro- _ . . . .
death signals are “do die” and “do not proliferate.” All 1N€ situation with cancer cells is both like and unlike
of these signals exist more or less simultaneously, a example of injured liver tissue. It is similar in that

their relative strengths decide a cell's fate. Of thage g cancer cells, like liver cells, are stimulated to prolifera
nals, “do die” and “do not proliferate” seem to be th@nd not to undergo apoptosis. It is different in that the

defaults. That is, if cells are not told to live, they wilpProliferation of cancer cells continues indefinitely.

undergo apoptosis, and if they are not told to proliferatMOreover, the sources of “do proliferate” and “do not
they will not enter the cell cycle. die” signals are also somewhat different. In both cases,

inflammation results in the production or release of

Now imagine that the animal receives an injury that
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GROWTH FACTORS

Figure 4.1 illustrates key features of
the plasma membrane, including recep-
tor proteins for growth factors. As
shown, receptor proteins span the width

Figure 4.1
Plasma NMembrane

outside of cell
carbohydrates

AW growth factors of the plasma membrane and are there-
\, \¥A fore able to transfer the signal from
o \ growth factors outside the cell to struc-
b:;g;,ir tures within the cell.

Once inside the cell, the signal gener-
ated at the receptor is transferred to the
cell's nucleus by kinase enzymes and
other proteins. In many cases, the recep-
tor itself is composed partly of a kinase

'\/ ba . enzyme. _Kinases and other proteins
cholesterol _ channel protein X relay the signal from the receptor to the
molecule proteins . feey  "écePtor protein nucleus in much the same way a baton is

relayed from start to finish by different
runners in a track race. This relay proc-

growth factors, but in cancer, the cells themselves alsg ess is called s_lgnal transduction. ~ Re-
sfearchers commonly use a different analogy and speak

produce their own growth factors. In addition, cance f the relay process as a signal cascade, referring to the
cells can get the most out of any available growth fal: y P 19 ’ 9
water flows over a series of falls.

tors by producing excessive amounts of both the grovx)ﬂ{]ay
factor receptors and the proteins needed in signal tran$2ne feature common to the enzymes involved in signal

duction. transduction is that when the signal comes to them, they
are energized by the attachment of phosphorus atoms. It

Cancer cells differ from injured liver cells in other. . . .
: as if they receive a shock of energy, and this shock
ways. For one thing, cancer cells are generally less di

ferentiated than liver cells. Since poorly diﬁ‘erentiategIIOWS thgm to pass on phosphoru§ atoms to other car-
rier proteins, which then carry the signal to the next en-

cells are prone to proliferate, a relatively large popula-

. . 4ymes. The process of attaching phosphorus atoms to
tion of cancer cells can enter the cell cycle in response o X
enzymes or other proteins is called protein phosphoryla-

growth factor activity and signal transduction. In add'fion. Phosphorus atoms are held tightly together by

tion, oncogenes within cancer cells can directly produc% . .
) . L atomic bonds, and when a group of phosphorus atoms is
proteins such as fos and jun that initiate the cell cycle

and ones such as cyclins that drive the cell cycle propd lit apart, a large amount of energy is released. The
Y L yclep ps osphorus groups needed for protein phosphorylation
Oncogenes are not overexpressed in liver cells.

are delivered to the enzyme by ATP, the primary energy
Lastly, other gene derangements in cancer cells csource in a cefl.

lead to overproduction of proteins that protect againSLI'abIe 4.1 provides a short description of several of the

apoptosis (such as Bcl-2) and can lead to malfunCtlorr}wsost important growth factors in cancer; the descrip-

or underproduction of proteins that induce apoptos{%ns include the type of receptor protein each growth

(such as p53 and Bax). These abnormalities do not 0%t
o actor uses. As can be seen, the cellular receptors for
cur in liver cells. . . .
most of these growth factors are protein tyrosine kinases
All the above factors allow cancer cells to override th@PTKs). PTKs are discussed in detail below, but note
complex controls that normally govern proliferation andiere that receptor PTKs can be produced by oncogenes
survival. We can draw the analogy between canceroasd that an entire family of receptor PTKs exists, each
and injured tissues; the environments of both allow in-
cr:eas(,jed cell pr(;hfelratlor&, but _the fo&mer a<|:ts_ asa wouque can think of ATP (adenosine triphosphate) cubéss as
t _at oes nc_)t_ e"_’l' an S_O its C(_e population eXpangrﬁall batteries floating around in the cell; theyeyup their
without the limits inherent in the final stages of normai:harge” of phosphorus atoms to enzymes, therelmpining

healing. ADP (adenosine diphosphate). ADP is later rechdrigeATP
through the process of burning glucose. ATP ané&bBe nu-
cleotides. Thus nucleotides play other roles endéll besides the
formation of DNA and RNA.




Growth Factors and Signal Transduction 39

TABLE 4.1 GROWTH FACTORS AND THEIR RECEPTORS "

GROWTH FACTOR COMMENTS RECEPTOR
TYPE
Epidermal growth factor The EGF receptor is overexpressed in many typésiomlan cancers. It can | PTK
(EGF) be activated by at least five different growth éast including EGF and TGF-

alpha. EGF receptor binding can produce sevefattsf including increased
cell proliferation, cell motility, invasion, and nastasis.

Fibroblast growth factors FGFs such as basic FGF (bFGF) can be overprodycetby types of tumorPTK
(FGF) cells. They are heparan-binding growth factorsictvlallows them to be
stored in the extracellular matrix, the connectigssue surrounding cells and
tissues. FGFs stimulate proliferation of many tglles and are involved in
angiogenesis.

Insulin-like growth factors IGFs stimulate cell proliferation and share mamypeirties with insulin, PTK
(IGF) except they do not stimulate glucose utilizatidmey can be overproduced
by many types of tumor cells. IGF receptors o@ur variety of human
tumors, including breast cancers.

Platelet-derived growth factof PDGF stimulates the proliferation of epitheliallselnd other cells. It is PTK

(PDGF) released by platelets to stimulate wound healirthcam also be produced b
tumor cells.
Transforming growth factor- | Like epidermal growth factor, TGF-alpha binds toFE@®ceptors. It is PTK
alpha (TGF-alpha) produced by macrophages, brain cells, and othks. cklinduces
angiogenesis in vivo.
Transforming growth factor- | TGF-beta is a multifunctional protein that contrptsliferation, comprised of
beta (TGF-beta) differentiation, and other cell activities. It caither increase or decrease | three distinct

proliferation, depending on the cell type and ctinds. In the early stages oproteins
transformation, TGF-beta inhibits proliferationsgveral cell types; however,
advanced cancers can become resistant to its giohitiitory actions. In
these cancers, TGF-beta can promote invasion atabstasis, partly through
its immunosuppressive effects.

Vascular endothelial growth | VEGF is also known as vascular permeability factbinduces endothelial | PTK
factor (VEGF) proliferation and vascular permeability and plagsraportant role in
angiogenesis. It is related to PDGF and is prodigeepithelial cells,
macrophages, and smooth muscle cells.

Sources: Referencés-4.
Al growth factors listed are technically referréalas cytokines; however, | use the teytokineto refer specifically to cytokines
produced by immune cells that stimulate immunefgetition or proliferation (for example, interlemls have this effect).

with a slightly different function. By producing exces-can receive phosphorus groups from ATP, which, ener-
sive amounts of PTKs or hypersensitive PTKs oncaize them. PTKs can also exist within the cell, in which
genes can allow a cancer cell to become easitase their structure is different, but here we are primarily
stimulated. In addition, oncogenes can also produdescussing receptor PTKs. PTKs derive their name from
growth factors themselves or proteins that act as growttie high concentration of the amino acid tyrosine in their
factors. In these ways, they help cancer cells proliferatgracellular portion.

even in environments that do not favor proliferation. The process of signal transduction by PTKs is illus-

trated in Figure 4.2 (adapted from reference 5). The
SIGNAL TRANSDUCTION figure shows a PTK consisting of a pair of protein
chains. This is the structure for the insulin receptor, for
example. Most other PTKs consist of only a single
PTKs and Signal Transduction chain, but the process of activation is the same. Briefly,

Receptor PTKs are receptor-enzyme units that span the e_xtrz_acellular portion of the receptor PTK i_s activated
plasma membrane; in technical terms, they consist of 84 binding to a growth factor. Binding activates the
extracellular receptor domain, a transmembrane domaiftracellular portion, where ATP gives up phosphorus
and an intracellular tyrosine kinase domain. The intr@OUps to the enzyme, thereby producing ADP. The
cellular portion consists of the kinase enzyme with ghosphorus signal is c_arrled to anoth.er intracellular tar-
small attached tail. Both the tail and the enzyme itsd}et; Such as another kinase, by a carrier molecule.
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inhibited receptor binding of growth

Figure 4.2 factors (EGF and PDGF) to PTK recep-
Activation of Protein Tyrosine tors in human epidermoid carcinoma
Kinase [PTK) cells in vitro®
DUnstimuIated PTK receptor @Receptor stimulated by growth Protein K”.]ase Cand Slgnal
factor (e.g., EGF) Transduction
Like protein tyrosine kinase, protein
@ kinase C (PKC) helps relay chemical

signals through the cell, and a wide
range of procancer events rely on ab-

e normally high PKC activity for signal
/> transduction. Unlike PTK, PKC resides
tyrosine kinasi) totally within the cell and is activated by
GlomEI S other membrane receptors such as PTK.
O PKC is found in almost all tissues, with
?‘Jphosphorylation begins ~ Carrier molecules carry the highest activity in the brath.

phosphorus signal to targets

PKC is a family of at least 12 related

® lipid-dependent enzymes, many of
which are overexpressed in cancer cells.
PKC becomes activated through a series
ATP ATP of steps that are initiated when a stimu-
L 0 lating agent, such as a growth factor,
ADP ADP

“ contacts the appropriate receptor on the
to targets (@ cell surface. This process is illustrated
in Figure 4.3 (adapted from references

A wide range of procancer events rely on abnormally  TABLE 4.2 NATURAL COMPOUNDS THAT
high activity of protein tyrosine kinases for signal trans INHIBIT PROTEIN TYROSINE KINASES
duction. These include proliferation, cell migration, anc COMPOUND

angiogenesis, as well as avoidance of apoptosis and I EAPE
ferentiation. Indeed, the PTK activity of squamous ce ,
carcinomas, for example, can be from sixfold to eighf-2urcumin
fold higher than that in adjacent normal tisstieslot ~ [Emodin _ _ :
surprisingly then, PTK inhibitors tend to reduce the profFlavonoids (including apigenin, luteolin, quercetin
liferation of cancer cells more than that of normal cells. [ 9€nistein, and EGCG)
Hypericin (light-activated)

Table 4.2 lists the natural compounds that inhibit PTHparthenolide
activity. The compounds listed are active in the COnce'"'l\lote: See Table E.1 in Appendix E for details mafidrences.
tration range of roughly 1 to 1Q{M, although the typi-
cal active concentration range is from 10 to |8@.? i
Another natural compound, resveratrol, is also a P-;éo and 11). In short, the signal generated by receptor

inhibitor but is not listed in the table because activity h n_ding activates a k"?ase _su_ch as a PTK. This ir_1 turn
only been shown at high concentrations (greater th tivates both cytosolic (W'Fh'” the cytosol, see Figure
110pM) thus far .1) and membrane PKC via compounds referred to as

“second messengers.” In addition, second messengers
Some natural compounds may inhibit the binding aftimulate the movement of cytosolic PKC to the plasma

growth factors to PTK receptors, rather than inhibitingnembrane, where it can be phosphorylated. Like phos-
PTK activity directly. For example, EGCG at i1 phorylation of PTK, phosphorylation of PKC allows
high-energy phosphorus molecules to be transferred to
a A notable exception is the photoactive compoymeticin and ~ Other carrier molecules, thereby sending along the signal
its companion compound pseudohypericin, which #ezive at  that originated at the surface receptor.
very low concentrations (less than @) when exposed to light.
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D

The details of these processes ar
complex and not essential to understan Figure 4.3
for our purposes, but | briefly describe Activation of PKC
them for readers who would like a moreg
complete picture of what occurs. During
cytosolic PKC activation, phosphoryla- &~ stimulator (e.g., growth factor)
tion of the kinase receptor activates th¢ |
enzyme phospholipase, APLA;). This &ern”g?ane g 2
activated enzyme causes the release pf ’ AN ( \

[oX

©

receptor

PIP2 —=p DAG \

arachidonic acid (AA) from the lipid

bilayer. (Arachidonic acid will be dis- Q @ @
cussed in Chapter 7.) The free arachi membrane
donic acid stimulates the phosphory:- N

lation of cytosolic PKC. One reason tha phosphorylation
fish oils rich in omega-3 fatty acids act

as inhibitors of PKC is that these oils arg (@
. . . phosphorus

not converted to arachidonic acid, anc \ carried
therefore the cell cannot use them tq oKC _/ to targets
stimulate PKC. syiesalie

During membrane PKC activation, S~ PKC  protein kinase C
phosphorylation of the kinase recepto hosohorvlati AA arachidonic acid

- . N phosphorylation
activates the_ enzyme phospholipase € PIP,  phosphatidyl
(PLC). PLC in turn, cleaves phosphati- ‘ @ inositol
dyl inositol biphosphate (P3P a mem- carrier molecules bisphosphate
. carry the phosphorus )

brane-bound compound, into two signal to targets DAG  diacylglycerol
parts—its lipid tail, diacylglycerol PLA, phospholipase A,
(DAG), which remains in the membrane, PLC  phospholipase C
and its nonlipid portion, inositol triphos- Ip inositol
phate (IR), which moves in the cell. P 3 trisphosphate
in turn stimulates the release of calcium Ca'" ionized calcium

ions that stimulate the movement of cy-
tosolic PKC to the plasma membrane.
PKC at the plasma membrane is then PKC expression or activity is inhibited by a number of
stimulated to undergo phosphorylation by DAG in comatural compounds, some of which are listed in Table
junction with the phospholipid molecules in the mem4.3. The compounds listed are active in the concentra-
brane itself. Since they help relay the original signajfion range of roughly 1 to 5aM. As with the PTK in-
arachidonic acid, DAG, & and calcium are all referred hipjtors, most are active in the range of about 10 to 30
to as second messengers of PKC. HM.® Resveratrol may also inhibit PKC but is not listed

PKC activity is commonly increased in cancer cell§ecause inhibition depends greatly on the PKC stimulus.
and p|ays a role in many cellular proce§§e]§’ It is In one StUdy, the |§5 for PKC inhibition by resveratrol
needed for angiogenesis and metastasis of some ¢anged from 30 to 30AM.%*
lines; highly metastatic lines contain more membrane-
bound PKC than do weakly metastatic ones. PKC MAiher Kinases Involved in Signal
also play a role in the activity of telomerase, an enzymle d
that has been associated with excessive life spans dans uction _ _
cancer cells. Indeed, PKC inhibition has been reportedn addition to PTK and PKC, other kinases are in-
to reduce telomerase activity in vitfd. PKC may also Vvolved in signal transduction and, when overactive, can
play a role in tumor cell invasion and multidrug resisfacilitate cancer cell proliferation. In some cases, PTK
tance!”'81° Note that in-vitro invasion can be sup-or PKC activation occurs first, then the signal later

pressed in some cancer cells by using PKC inhibitors Risses through these kinases.

low concentrations that do not inhibit cell prolifera-

tion. 20 a Again, hypericin and pseudohypericin are notadteeptions,
since they are effective at very low concentrativhen activated
by light.
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TABLE 4.3 NATURAL COMPOUNDS THAT INHIBIT
PROTEIN KINASE C

COMPOUND

CAPE

Curcumin

Emodin (although some studies reported no effect)

Flavonoids (including apigenin, luteolin, quercetmd
EGCGQG)

Natural Compounds in Cancer Therapy

other kinases all require ATP to donate phosphorus at-
oms for energy. If ATP is prevented from interacting
with the enzyme, the enzyme cannot function. Several
of the compounds discussed in this chapter inhibit ATP-
enzyme interactions; these include flavonoids (genistein,
apigenin and luteolin) and other phenolic compounds,
such as emodif?: 3

We have identified several kinases involved in signal
transduction. Depending on the origin and type of sig-

Hypericin : ; )
Omega-3 fatty acids (EPA and DHA) n_al, one or more of these kinases can be |r_1volved in the
Selenium signal transduction pathway. Note that using combina-
Vitamin E tions of compounds to inhibit multiple kinases can pro-

duce synergistic effects. For example, a recent study on

liver cancer cells reported that a combination of gen-

istein and quercetin synergistically inhibited signal

Many of the natural compounds that inhibit PTK antransduction and cell proliferation.

PKC also inhibit these kinases. Moreover, in some

cases these kinases may be inhibited at somewhat lower . )

concentrations than are required for inhibition of PTECYClin-Dependent Kinases

and PKC. Some examples are: Cyclin-dependent kinases are not involved with trans-

ferring a signal from surface receptors to the nucleus,

S > .~ ~~but they do help control the signals that drive the cell
P_TK and P_KC but inhibited phosphat!dyl|n03|tolcycle. The cell cycle is regulated in part through the
kinase (PI kinase) at an 4of 12 uM. Similarly, cyjic production and destruction of a family of proteins
quercetin, luteolin, emodin, and hypericin all inhibzjjeq cyclins. They derive their name from their oscil-
ited P1 kinase at Ioz\év_zrplcrom_olar concentrations (I€§§¢ory nature. These proteins help instruct the cell to
than about 2QuM). Pl kinase is elevated up t0pegin the mitosis phase (see Figure 2.5), and they in-
fourfold in some types of cancefs.It is mentioned stryct it to move through other cell cycle transitions as
below in connection with ras proteins. well. Once produced, cyclins become activated through

 In one study, curcumin marginally inhibited purifiedbinding with specific kinases called cyclin-dependent
PKC but strongly inhibited phosphorylase kinas&inases (Cdks). Without activation by Cdks, cyclins are
(PhK). The IG, was about 1M. Phosphorylase nonfunctional and cannot drive cell proliferation.

kinase is a key regulatory enzyme involved in the in-\n heqjthy cells, the ability of Cdks to activate cyclins
tracellular metabolism of sugar (glycogen). In thig heid in check by a family of cyclin-dependent kinase
way, PhK plays a central role in cell proliferatfn. innibitors. Primary Cdk inhibitors include the protein
Que_rcetln also |nr_1|b|ted PhK, but it was tested onlml and the closely related p¥7"2 p21 is of particu-
at high concentrations (1QM).** lar interest, since its production is induced by the p53
« Apigenin (at 12 to 50uM) inhibited mitogen- protein. Induction of p21 protein is one way that p53
activated protein kinase (MAPRY. Apigenin re- halts the cell cycle in injured cells. Induction of p21
versedras transformation of rat fibroblast cells at 12stops cell proliferation but still allows DNA repair to
UM, apparently due to MAPK inhibitiof. MAPK is proceed. _p21 can also be induced independently of the
mentioned below in connection with ras proteins. P53 protein.

» The ability of apigenin and quercetin to inhibit hu- Among other beneficial effects, the p27 protein seems
man prostate cancer cells in vitro was closely corrée be involved in mediating the growth-inhibitory effects
lated with their ability to block activity of proline- of TGF-beta. Not surprisingly, mice lacking tp@7
directed protein kinase FA (PDPK FA). Thed@r gene are prone to developing cancer. Furthermore, loss
cell proliferation and kinase inhibition was about 6 t@f p27 activity has been associated with poor prognosis
18 uM. This kinase is associated with neoplastiéor prostate and colorectal cancer patiéfitS.
transformation and cell proliferatich.

Why does the same group of natural compounds seem
to inhibit so many different kinases? Their pluripotert The p21 protein is sometimes referred to a<B2ar p21WAFL
activity is not surprising, since these compounds tend Lixe p21, the p27 protein also belongs to the Qipfigmily of
affect similar targets in each enzyme. PTK, PKC, armdoteins.

Note: See Table E.2 in Appendix E for details mfidrences.

* In one study, apigenin only marginally inhibited
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Cancer cells commonly underexpre@s orp27genes [TaglE 4.4 NATURAL COMPOUNDS THAT INDUCE
or both. Many natural compounds can indyz&l p21 OR p27 ACTIVITY

and/or p27 gene activity and so lead to restoration d COMPOUND
normal levels of p21 and p27 proteins. Some of the
compounds act by inducingb3 gene expression, while
others act by alternate means and so can ingRter : ,
p27 activity even in cancer cells that contain mutateSilymarin

p53genes. For example, vitamirg [1,25-Dy), vitamin || Vitamin Ds (1,25-D,)

E, antioxidants, and genistein can indp2d expression | Vitamin E

independent op53 Table 4.4 lists compounds that caf|* water soluble analog of vitamin E

inducep21or p27 activity. Note: See Table E.3 in Appendix E for details @afdrences.

The vitamin E study referred to in Ta-
ble 4.4 is of special interest, since it sugf
gested that antioxidants in general might Figure 4.4
induce p21 independent op53 = Other Activation of MAPK Kinases via Ras
studies on the amino acidN-acetyl- Proteins
cysteine, which has antioxidant proper/
ties, further support this concéft.
Again, compounds that indue@1 or p27 &~ stimulator (e.g., growth factor)
expression independent of tp&3 gene Q receptor
are valuable becaugeb3 is commonly g 2 «
mutated in cancer cells. So far howevel, ’ (
induction has only been reported at high
antioxidant concentrations in vitro, and EQ

Pi

ATRA (vitamin A)
Flavonoids (including apigenin, genistein, and EGCG

\ 2 plasma membrane

—P ~ )
lipid (isoprene) tail
since these concentrations cannot bge *P}

achieved in vivo after oral administration, —P ,

o . .. phosphorylation

it is not certain that antioxidants would

produce this effect in vivo. Thus while
antioxidants could be useful in vivo for

many reasons, induction gb21 inde- \

pendent op53 may not be one of them. @ (phosphorylation
Lastly, note that cyclin-dependent

kinases may be inhibited by means othgr \

than expression gb21 or p27. For ex-

ample, PKC has been reported to be an ‘Cphosphorylation

upstream inducer of cyclin-dependen

kinases in some cancer cells. In on

study, inhibition of PKC activity (by se-

lenium compounds) markedly reduced

cyclin-dependent kinase activity in mouse

breast cancer celfs. Other natural com- .

pounds that are not PKC inhibitors, suchEdsuthero- (greater than 80 percent of patients) and colon cancer

coccus have also been reported to inhibit cyclin{greater than 50 percert).

dependent kir)ases in cancer cells, apparently by somggg proteins play a primary role in the MAPK signal
other mechanisrff. transduction cascade illustrated in Figure 4.4. Briefly,
phosphorylation of a surface receptor such as a receptor
Ras Proteins and Signal Transduction PT!( stimulate_s the membrane-bound ras protein._ Acti-
. . _vation of ras, in turn, stimulates the phosphorylation of
Like PTK and PKC, ras proteins also play a role ighe kinase series raf, MEK, and MAPK. MAPK activa-
signal transduction and are commonly overproduced {jy; piays a central role in initiating cell proliferation, as
cancer cells. Oncogenic forms of thes gene have j can girectly interact with nuclear transcription factors.
been observed in 20 to 30 percent of human cancefgg rag protein also plays a role in initiating a number of
Their appearance is most frequent in pancreatic Canggfer signal transduction cascades, including activation

D

l to nuclear proteins




44 Natural Compounds in Cancer Therapy

of Pl kinase (mentioned above) and activation of PKC.gene in cancer cells under some conditims. How-
Since the ras protein is overexpressed in a large numkeeer, it is not clear whether these vitamins inhibg
of cancers and it plays an important role in multiple sigexpression directly or whether inhibition comes indi-
nal transduction cascades, inhibition of ras action is nawctly, as a consequence of other inhibitory actions.

considered an important goal in cancer treatrfient. The third way of inhibiting ras protein activity is to re-

Moreover, inhibition of ras action is important becaus : S .
the ras protein, via stimulation of the MAPK SignaEuce production of the lipid tail necessary for the protein

transduction cascade, induces the expression of o function. The lipid tail that attaches to ras proteins is

: SO - posed of isoprene units. We will go into some de-
g/:‘DtmeZ 9583?8’rgg?nses%?t‘?g]bfeegisfgor ':::)':Je't ::firﬁgggyail on what isoprene units are and how their synthesis
PosS P ( ) ' g Ban be decreased because some natural compounds that
on theMDM2 gene). In this way, ras activity reduce§nhi

. . : . bit isoprene synthesis have been reported to inhibit
g:; (?SIIII;,% of the p53 protein to induce apoptosis in Calkancer cell proliferation in vitro and in vivo, either by

inhibiting production of the lipid tail (and ras function)
When ras proteins are first produced (by expression @f by other means discussed below.

the ras gene), they are not functional. They become
functlo_nal only when they are joined with a lipid tail and Inhibiting Production of the Lipid (Isoprene)
that tail becomes anchored in the plasma membrane, il
shown in Figure 4.4, Given the way ras proteins work, a ) o ) o
there are three conceivable ways their activity can bé/Vhen isoprene units join with the ras protein to give it
inhibited. The first is to inhibit either the upstream sig@ lipid tail, the protein is said to become isoprenylated.
naling that activates them or the downstream signalidd!® ras protein is the primary isoprenylated protein we
that occurs after ras activation, or both. For exampl@ll discuss, but we briefly mention others that play a
PTK and/or PKC activation can lead to downstream r&8!€ in cancer progression. The function of all iso-
activation. This may be one reason why PTK inhibitor@"€nylated proteins can be reduced by inhibiting produc-
such as apigenin and genistein (at 12 tp®8 are able 1o Of isoprene synthesis.
to reverse ras-iinduced transformation of fibroblast
cells?”*® Remember (from Table 2.1) thads is an
oncogene, capable of transforming normal cells to canCells produce isoprenes (also known as isoprenoids)
cer cells. Moreover, apigenin has been reported to ifirough the same pathway by which cholesterol is pro-
hibit MAPK activity and can therefore act downstreangluced. This pathway is important for other reasons be-
of ras activation. Natural compounds such as apigerfifles ras activation and so is worthy of detailed
may then inhibit signals both upstream and downstreagscussion.
of ras proteins.

Isoprene Synthesis

Isoprenoids and their derivatives are a large family of
The second way to inhibit ras protein activity is to incompounds that occur in both animals and plants; more
hibit production of the proteins themselves. Sever#ian 20,000 isoprene compounds are known. Many iso-
natural compounds appear capable of inhibiting the eRtenoid products are familiar, including cholesterol,
pression ofas genes, thereby reducing production of rag/hich is produced in animal cells, and rubber, which is
proteins. For example, quercetin (at 5 toMd) has Produced in plant cells. Certain isoprenoids, such as
been reported to markedly inhilbits gene expression in those needed for the ras tail, are needed for some cancer
human colon cancer cells and human leukemia &effs. cells to proliferate.  Other isoprenoid compounds, in-
This effect appeared to be specific fas expression in cluding such well-known compounds as vitamins A and
cancer cells, as normal cells were not affeétedNor- E, may inhibit cancer through a number of other mecha-
mal cells transiently express but not overexpress NiSMS. Chapters 21 and 22 are devoted to isoprenoids

genes.) ATRA, vitamin E (vitamin E succinate), an@nd isoprenoid-related compounds_ that shc_)w promise in
vitamin D; can also inhibit the expression of thes cancer treatment. Other common isoprenoid compounds

include sex hormones, plant monoterpenes (essential
oils), beta-carotene, and coenzyme Q10. Some of these,

X . . . i like vitamins A and E, consist of isoprene side chains
proteins. GTP is the nucleotide guanine triphogphdRas pro-

teins are activated when they bind with GTP andiaaetivated attached to non-isoprene units.
when GTP is exchanged for GDP (guanine diphosphagcial  |n spite of their diversity, the starting material of all
regulatory proteins force this exchange to occhereby allowing plant and mammalian isoprenoids is acetate. Through a

only momentary activation of ras proteins. Canoelfs, how- - f st that | | lated by th
ever, often produce deranged regulatory proteinsyeby allow- senes of steps thal are largely regulated Dy the enzyme

ing ras proteins to remain activated for longer ipels of time. HMGR (hydroxymethylglutaryl-coenzyme A reductase),

& The ras protein belongs to a large family of dr@alP-binding
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acetate is transformed into the basic isg
prene unit. Basic isoprene units are the
combined, like links in a chain, to form
increasingly complex isoprenoid com-
pounds. The formation of isoprenoid
compounds from acetate is shown ir
Figure 4.5 (adapted fronreferences

=)

Figure 4.5
Major Pathways of Isoprenoid Synthesis

acetate

|

57—60and 65). HMG-CoA
This figure illustrates several impor- H,VfGR |
tant points. It shows that the enzymd I}

HMGR plays an early role in the forma-

mevalonate

tion of all isoprenoid compounds and in
addition, that the actions of HMGR are
controlled through two negative feed-
back loops, one from cholesterol (in ani-
mals) and one from monoterpenes an
possibly sesquiterpenes or other isopreg
noids (in plants). Cholesterol accounts
for over 90 percent of all isoprenoids
produced in animals, and when its con

|

IPP

&N

1 farn(esylated‘ prot}eins
. e.g., ras, lamins.

monoterpenoids <m=— GPP I

(monoterpenes) |farnesy| protein transferase|

2
sesquiterpenoids &— FPP A

?

triterpenoids g gpolesterol

centration gets too high, it serves to in (sesquiterpenes) and steroids

hibit its own production through the _ l
tive feedback loop. This regulatory x p  letraterpenoids:

nega ) diterpencids @me— GGPP —p Yitamin A, steroid

tocotrienols,

- i hormones
vitamin E, etc.

system becomes deranged in cancer
cells, which can produce excessive
amounts of cholesterol and other isopre
noids, including the isoprenoids needed
to make the tail required by the ras pro
tein®~®>  Fortunately, monoterpenes,
even though produced in plants, can sti hle

be used in animals to inhibit the activity )\/H

of HMGR, and inhibition by monoter- Hy \HQ
penes works even when the negativ

feedback loop for cholesterol does not.

(diterpenes) l

dolichol phosphate
rubber, vitamin K
and other compounds

coenzyme Q,,

Abbreviations:
IPP = Isopentenyl pyrophosphate
GGP = Geranyl pyrophosphate
FPP = Farnesyl pyrophosphate
GGPP = Geranylgeranyl pyrophosphate

v

basic isoprene unit

Figure 4.5 implies that the core isopre-
noids—IPP, GPP, FPP, and GGPP—are
built up by adding basic isoprene units to one anothetnhibition of Isoprenoid Synthesis and Cancer

(note the structure of the basic isoprene unit). IPP CON% number of natural compounds inhibit isoprene syn-

tains one basic unit, GPP contains two basic units, aﬂﬂesis, primarily by inhibiting the synthesis of HMGR.
so on. These core isoprenoids are then combined, aga

I . : o) example, one drug, Lovastatin, which is a natural
like links in a chain, to form more complex compound

[S .

. . : compound derived from a fungus, has been reported to
_For example, looking at .FPP n t_he figure, one FPP URduce HMGR activity and the proliferation of a wide
is used to make sesquiterpenoids (sesquiterpenes) g dJety of cancer cell lines in vitf8:%” Monoterpenes

two FP units are combined to make triterpenoids arz iscussed in Chapter 21) also inhibit HMGR, as well as

steroids. cancer cells in vitro and in vivo. In addition to inhibit-
The figure also shows that ras proteins are produced) HMGR, some natural compounds may also directly

from FPP via the actions of an enzyme called farnesyduce ras protein activity by inhibiting farnesyl protein

protein transferase (FPTase). For this reason, ras ptansferase, the enzyme that attaches isoprene units to

teins are sometimes referred to as farnesylated proteiras to form the lipid tail (see Figure 4.5).

Althoug_h there are several far_nesylated proteins "N"Aside from their effects on ras proteins, HMGR inhibi-

volved in cancer, the most studied of these are the ras

proteins. tors. and.those of FP_Tase may also reduc_e cancer cell

proliferation by reducing the attachment of lipid tails to

the lamin family of proteins (see Figure 4.5). Lamins
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are farnesylated proteins that form the lamina (thin wall)Monoterpenes appear to have two actions: at lower
at the inner side of the nuclear membrane (see Figuencentrations they inhibit HMGR activity, and at
2.1). An intact lamina is required for cell division. Likehigher concentrations (greater than 1 mM) they also re-
ras proteins, lamins need a lipid tail in order to functiomluce protein isoprenylation by inhibiting FPTa5&*°

At the time of division, the nuclear lamina is brokerThe result at high concentrations is inhibition of the iso-
down and re-formed in a regulated manner, and lamipgenylation of both ras proteins and the nuclear lamin
are needed for this process. proteins required for cell proliferatidi.”* "> Monoter-
nPenes may also interfere with the synthesis of glycopro-

Another conceivable mechanism by which HMGR int™ I
hibitors may reduce cancer cell proliferation is by ddeins such as IGF-1 receptors, probably from inhibiting

creasing the synthesis of the isoprene dolichol phosphgfg isoprene dolichol phosphde.
(see Figure 4.5). This isoprene has a critical function ing g jic

the assembly of glycoproteins such as growth factorssic Allium sativun) also inhibits HMGR and has
enzymes, growth factor receptors, and membrane COfa, veported to reduce plasma cholesterol levels in hu-
ponents. Decreased production of any of these coyith,s  The compounds responsible include allicin,

reduce cellular proliferation. For example, HMGR in- joene, diallyl disulfide (DADS), and possibly other
hibitors reduced dolichol phosphate synthesis and t lfur-containing compound&#2  Both allicin and

prollfe(;a(tjlon tOf (rjnelanomg cellsbln V|trfo_. Tt|1_e ?EeCt aP3i0ene have been reported to reduce HMGR in healthy
peared due 1o decreased nUMDErS of INSUlN-IIKe grow)a - 4nq intestinal tissue, as well as in human liver can-

factor receptors at the cell's surfdte. cer cells in vitro”>8® Allicin has also been reported to
One last mechanism by which HMGR inhibitors maylecrease isoprenylation of GGPP products at gndC

reduce cancer cell proliferation is by inhibiting the proabout 43uM.%* (One GGPP product that facilitates can-

duction of cholesterol itself. Cholesterol is a requireder and has already been discussed is dolichol phos-

component of cell membranes, and limiting cholesterphate.)

uptake or synthesis in cancer cells can damage thei i ds h h fivity in vi |

membranes. For example, cholesterol is needed f arfic compounds have shown activity In vivo. In one

membrane rigidity (see Figure 4.1). In one study reduS(‘J[Udy’ oral administration of high doses of diallyl disul-

ing membrane cholesterol content by 50 percent doublﬁ(ae (190 mg/kg three times per week) delayed tumor

the toxicity of a fluorescent dye to leukemia and neur@-rqwm’ 'decrgasgd. tumor v_olume, and decreased tumor
blastoma cell&2 weight in mice injected withrastransformed cancer

cells. Furthermore, the treatment reduced HMGR activ-
Natural Agents That Inhibit Isoprene Synthesis ity by nearly 80 percent in both liver and tumor tissue as
Regardless of their exact mechanism of action, HMGEomMpared with control mic¥.
inhibitors do produce an antiproliferative effect in a va- Omega-3 Fatty Acids

riety of normal and cancer cells, and they do produce LU (eicosapentaenoic acid), an omega-3 fatty acid
antitumor effect in vivo. Moreover, cancer cells tend t’g ’

be more sensitive to these effects than normal cel om fish oil, can also inhibit HMGR and ras activation.

: . . . or example, in one study on rats, oral administration of
_C'e.af'y’ th_e d'srUpt'O.n.Of isoprene synthesis by HMG mega-3 fatty acids (at 20 percent of diet) reduced
inhibitors is a promising treatment strategy. Naturé

compounds discussed in this book that inhibit HMG PTase expression, ras function, and colo_n cancer de-
V_%Jopment. In contrast, omega-6 fatty acids, such as

FHidse in most vegetable oils used for cooking, had the
opposite effec¥® These fatty acids have been impli-
Monoterpenes cated in increased cancer risk. In another study on rats,

Monoterpenes that inhibit HMGR include limoneneOral administration of omega-3 fatty acids reduced ras
perillyl alcohol, and geraniol. As would be expected dprotein levels in rat mammary glands, whereas omega-6
a compound that inhibits isoprene synthesis, monotd@tty acids raised the levels. In two other rat studies,
penes also moderately reduce plasma cholesterol |@Fal administration of omega-3 fatty acids (at 7 percent
elsb9 702 Of the monoterpenes, limonene and peri||y1)f diet) reduced the expression of HMGR in breast tis-
alcohol have been most extensively studied. Both corfde compared with administration of omega-6 fatty ac-
pounds inhibit a variety of cancers in rodents, incIudin@'S-m’8
stomach, lung, skin, and liver cancers (see Chapter 21).

include monoterpenes, garlic compounds, and omeg
fatty acids.

monoterpenes is ubiquinone, coenzyme Q10. FPTase activity.
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13 Alessandro R, Spoonster J, Wersto RP, Kohn E@nabi

To avoid apoptosis and promote proliferation, cancer transduction as a therapeutic target. Curr Toprdbiol
cells override the controls that normally regulate these Immunol 1996; 213 (Pt3):167-88.
processes in healthy cells. Cancer cells use several ffRose DP, Hatala MA. Dietary fatty acids and breascer
terrelated and complementary means to override thesenvasion and metastasis. Nutr Cancer 1994; 2142;:11.
controls, two important parts of which are increaseti Philip PA, Harris AL. Potential for protein kira€ inhibitors
growth factor activity and increased signal transduction. in cancer therapy. Cancer Treat Res 1995; 78:3-27.
Indeed, cancer cells commonly produce their owl KuWC, Cheng AJ, Chien T, Wang V. Inhibition efdmerase
growth factors, and the enzymes and proteins that areactivity by PKC inhibitors in human nasopharyngestcer
active in signal transduction tend to occur at abnormally ells in culture. Biochem Biophys Res Commun 1997;

high concentrations in cancer cells. Growth factor actiy

241:730-736.

7

ity and signal transduction enzymes and proteins pro-McCarty MF. Fish oil may impede tumour angiogénesd

vide targets for
compounds.

inhibiting cancer

with  natural
Discussed in detail in Part Ill, natural gep: 46(2):107-15.

invasiveness by down-regulating protein kinase € an
modulating eicosanoid production. Med Hypotheg361

compounds that inhibit signal transduction have alreadyg ian cA Ward NE. Gravitt KR. Ean D. The raéprotein

been reported to produce antitumor effects in animals.
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5
TRANSCRIPTION FACTORS AND REDOX SIGNALING

Transcription factors bind to the regulatory portion ofroups (a process involving protein phosphorylation).
a gene and directly serve to initiate gene transcriptidrhis process is not the only means by which signals
(see Figure 2.4). In this way, they have final contrdatavel within cells, however. In the last decade, re-
over production of all proteins within a cell, and theresearchers have discovered that signal transduction also
fore they control much of a cell's behavior. In order toccurs via free radicals in a process called redox (reduc-
do their job, they must be present in sufficient quantityon-oxidation) signaling. This discovery lagged behind
and must be activated to bind to their target gene. Thé#iat of protein phosphorylation because of the inherently
quantity is dependent on gene expression, since trdransient nature of free radicals and the difficulty of
scription factors are themselves protein products tfcking them. It is now clear that a dynamic balance of
genes. Their activation, on the other hand, is usualbxidants and antioxidants exists within a healthy cell.
dependent on signal transduction, which is initiated Byluctuating concentrations of free radicals serve to
growth factors, cell-to-cell interactions, or some otheswitch on and off a variety of cellular activities, includ-
stimulus such as cell damage. ing enzyme activation and, via transcription factors,
gene expressioh. Although more ephemeral, this form

The amount and activation of transcription factors ) L . .
often abnormal in cancer cells. These abnormalitié)%]s'glnal tran_sducnon IS as important as tha_t of protein
) osphorylation. And like signal transduction due to

favor the production of proteins that allow cancer cellgnOsI : ! L

to proliferate, invade, and metastasize, as well as av&H’t‘?'” phosphorylanon,_ r?dox 5|gna_I|ng IS glso abnor-
apoptosis. For example, oncogenes sudbsagun and mal in cancer cells, providing them with survival advan-
mycproduce excessive amounts of fos, jun and myc prgx_ges.

teins. These proteins serve as transcription factors t@ecause redox signaling plays a large role in activating
initiate the expression of genes that drive the cell cycteanscription factors, this chapter starts with a general
(such as cyclin genes). Other genes, when abnormaiigroduction to redox reactions. Not all the information
expressed, produce excessive amounts of transcriptimesented will be used in discussing transcription fac-
factors that stimulate the expression of genes that caors, but it will come into play in later discussions such
trol other aspects of cancer progression, such as invasagithose on the role of iron and copper in cancer pro-
and metastasis. At the same time excessive amountgymssion and the use of selenium in cancer treatment.
transcription factors are being produced, excessive sig-

nal transduction is also occurring, which serves to acti-

vate available transcription factors. INTRODUCTION TO REDOX

Although many kinds of transcription factors exist, irREACTIONS
this chapter we take a closer look at three that play a
crucial role in cancer: the p53 protein, MB-(nuclear Definition of Terms

factor-kappa B), and AP-1 (activator protein-1). The First, it will help to define terms.Oxidants (some-

p53 protein binds to the regulatory portion of a variet}/ .
X ; X .. fimes called prooxidants) are compounds that accept one
of genes, thus acting as a multifunctional transcription

) ion i more electrons in a redox reaction; they play a cou-
factor. For exa.mp'e’ It b|_nds to the _regulatory portion led role with their oppositegeductants which are
thep21 gene, discussed in the previous chapter, thereBg '

. ! compounds that lose one or more electrons in a redox
controlling progression of a cell through the cell CyCIer'eaction Redox reactionsthen, are reactions in which
The other two transcription factors, MB- and AP-1, ! ’

. . . ! the gain of electrons by an oxidant is coupled with the
also play a role in cell proliferation, as well as in a var

v of oth h as infl i . foss of electrons from a reductant. Similarly, tedox
€ly of other processes such as inflammation, anglogelies,e of 5 cell refers to the moment-to-moment balance
sis, cancer cell invasion, and apoptosis. Like the p

. . X at exists between its oxidant and reductive forces.
protein, the NF«B protein also binds to several genes
and is thus multifunctional. The termredox reactionis shorthand for coupled re-

) _ duction-oxidation reaction. In the process of reduction,

In Chapter 4 we discussed how kinases and ras pffhe compound (the oxidant) gains an electron. In the
teins influence signal trande_Jcno.n. The signal transduGrycess of oxidation, the other compound (the reductant)
tion related to these proteins is dependent upon tRgeq g electron. Oxidation is the well-known process
propagated movement of high-energy phosphorySas tyms metal to rust or browns an apple after it has
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of a hydrogen atom when vitamin C

Figure 5.1 (ascorbate) is oxidized.

Free Radical Scavenging by Vitamin E

Cycling of Antioxidants

(hampuced vitemin © (adieed vitamin C) Because free radical scavenging anti-
n ron missing an electron . .
as balanced efectrons 9 oxidants are of great interest to us, we

A/ .. .
\_/ now look at how they participate in re-
dox reactions, focusing attention on vi-
/\ tamin E as an example. Vitamin E is a
fat-soluble antioxidant that protects fatty

reduced Vitamin E oxidizea"\ acids, such as those in the plasma mem-
vitamin E vitamin E - yot® brane, from oxidation. To prevent the
-

e electrons of fatty acids from being lost
el .
\_4/:&\“‘ to an oxidant or to replace them after
2ot they are lost, vitamin E sacrifices its
/\ electrons. This creates a vitamin E
reduced free radical free rad'i'cal molecule that is now itself a free radical
(has balanced electrons) (missing an electron) (i.e., it is missing an electron). Other
antioxidants, commonly vitamin C, sac-
rifice an electron to the vitamin E radi-
. cal, thus becoming free radicals
tHemselves but regenerating vitamin E so that it can act
again as an antioxidant. In a chain reaction of electron
Antioxidants are, simply enough, compounds that opransport, the unbalance in electrons that started with the
pose oxidation. They can do this through a number wfvading free radical moved first to vitamin E, then to
means; for example, some antioxidants bind iron eftamin C, and finally to NADH, the fundamental elec-
copper, keeping them from participating in redox readton source within cell$. The electrons for NADH are
tions. (As we will see, iron and copper are needed tegenerated by burning glucose. Thus glucose is the
catalyze many types of redox reactions.) These typesulfimate source of antioxidant energy within a cell. This
antioxidants need not participate in electron exchangembcess for vitamin E is illustrated in Figure 5.1; in it,
all. More commonly though, when we use the tarm vitamin E cycles between a reduced (antioxidant) state
tioxidant we are referring to a compound that offerand an oxidized (free radical) state.
itself as a sacrificial reductant, thereby giving up one of
its electrons to spare or replace electron loss from otlﬁr .
compounds, such as DNA and fatty acids, that would ources of Free Radicals
damaged by such a loss. These types of antioxidants afdany of the free radicals we are concerned with are
often referred to afee radical scavengersFree radi- grouped under the terneactive oxygen speci¢ROS).
cals are compounds that have an uneven number of elég-discussed in Chapter 2, these are either free radicals
trons and are therefore unbalanced and reactive. THBgmselves (for example, the hydroxyl radical) or easily
act as oxidants, attempting to gain stability (an evegpnverted into free radicals (molecular oxygen and hy-
number of electrons) by stealing an electron from thé&rogen peroxide). The primary source of ROS in a cell
compounds they encounter. Antioxidants offer this eleés molecular oxygen (§, which is converted to free
tron to free radicals, thereby neutralizing their destru¢adicals or other ROS during cell respiration, immune
tive nature. We can say then that free radicafctivity, and redox reactions with trace metals. ROS can
antioxidant reactions are a subset of reduction-oxidati@tso be introduced from sources outside the body, such
reactions.

been sliced. In all redox reactions, we say that the o
dant is reduced and the reductant is oxidized.

| | point is th d . ft .2 NADH (reduced nicotinamide adenine dinucleotidedom-
One last general point is that redox reactions often 'Bﬁsed of two nucleotides joined together. Onedraadenine

volve the tranSfer of hYdmgen atoms, Sin(_3e hyd_r099n H&se and the other a nicotinamide base (nicotinarisdormed
the only atom with a single electron. During oxidationffom niacin, vitamin B). After donating electrons, NADH be-

a hydrogen atom is commonly lost, and during redugomes NAD (oxidized nicotinamide adenine dinucleotide), \Whic
tion, one is commonly gained. This can be seen in Fit§-converted back to NADH through the burning ofcge. In

; ; ome cases, NADH carries an extra phosphate giauphich
ures A.19 and A.20 of Appendix A, which show the IOS%ase it is called NADPH. It functions in the sawey as NADH

and is interchangeable in many reactions.
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as intake of oxidized (rancid) fatty acids. ROS produceacts with reduced copper (coppgto form oxidized
tion by immune cells and ROS production via traceopper (coppéf) and, most important, the hydroxyl
metal reactions play an important role in cancer; singadical (OH). The hydroxyl radical is a very potent free

both will be mentioned again in later chapters, we digadical that can easily damage DNA and other cellular
cuss these two sources of ROS in more detail below. components.

What is important in these reactions is that some anti-
ROS from Immune Cells oxidants can react with ROS to make hydrogen perox-
Immune cells like macrophages destroy invadini§le, and hydrogen peroxide can react with copper or iron
pathogens and cancer cells by spitting out noxioti@ produce the hydroxyl radical. In other words, in the
chemicals. These chemicals include ROS such as fi@sence of iron or copper, some antioxidants can lead
superoxide radical (©7), which is easily converted to to the production of the damaging hydroxyl radical.
the more damaging hydroxyl radical (OH (The dot This is in contrast to th_e popular view that antioxidants
signifies a free radical.) In addition, macrophages pré/Wways act as free radical scavengers. Although under
duce nitric oxide (NO), a free radical based on nitrogerfOSt in-vivo conditions antioxidants do scavenge free
rather than oxygen. Thus the environment surroundifgdicals, antioxidants can still produce hydroxyl radicals
an activated macrophage is rich in free radicals. in some situations. This possibility is discussed in more

detail in Chapter 15.
Although free radical production by immune cells is

generally beneficial, it can be detrimental if it is part ofa . |
chronic inflammatory response. In this case, there is Agitioxidant Enzymes
resolution to the inflammation and free radical genera-Although the relatively small-sized antioxidants, vita-
tion and subsequent tissue destruction can occur. rhin C, vitamin E, and glutathione, have received the
addition, as noted, chronic inflammation can lead to thmost public attention, large antioxidant enzymes in the
transformation of normal cells into cancer cells and casell also perform a vital role in neutralizing free radi-
assist the progression of cancer cells. cals? In fact, they act more efficiently than the small
antioxidant compounds because they directly catalyze
ROS from Trace Metal Reactions the_conversion_ of free radicals to other, less harmful free
] ] ] ] radicals or to inert or useful compounds such as water
Redox reactions with trace metals, especially iron angq reduced glutathione. Unlike the small antioxidant
copper, can easily generate free radicals. A limitethmpounds, antioxidant enzymes do not become free
amount of free radical generation by this means can Rgjicals that need to be regenerated. The conversion of

beneficial, but excessive production is usually harmfufee ragdicals by antioxidant enzymes is illustrated in

For example, high stores of iron in the body, which Iea\digure 592
to increased free radical production, have been linked to

increased risk of both heart disease and cantér. The left side of the figure shows how oxygen,)(O
loses an electron to produce the superoxiddical

To_produce free radicals from_iro_n or copper usuallébz-—)_ Superoxide is then converted to hydrogen perox-
requires the presence of an antioxidant, and some arjis by the enzyme SOD. Hydrogen peroxide is con-
oxidants are particularly prone to react with these Mefgiad 1o harmless water 4Bl) by the enzymes catalase,
als. This is true for vitamin C (see Chapter 15). Brieflyyathione peroxidase, or both, with glutathione peroxi-
vitamin C can participate in the first of two linked reacgzqe requiring the presence of glutathione to be effec-

tions that are important: tive. The right side of the figure shows that the enzyme

ascorbate + @~ - ascorbate radical + KO, glutathione reductase converts oxidized glutathione to
) ) . reduced glutathione. Reduced glutathione either can
coppef™ + H;0, — coppef” + OH" + OH~ scavenge free radicals itself, or it can act with glu-

Although the shorthand symbols may be unfamiliar tfthione peroxidase as shown.

some readers, their meaning is rather straightforward. Innterestingly, cancer cells are frequently deficient in
the first reaction, vitamin C (called ascorbate when ithe enzymes catalase and SOD, a deficiency that would
solution) reacts with the superoxide radical to produggave the effect of producing extra superoxide radicals
the ascorbate free radical and hydrogen peroxid®@AH and hydrogen peroxide, as long as glutathione peroxi-
Hydrogen peroxide is a very mobile type of ROS; it can

easily pass through membranes to reach any intrace”%a,& number of other relatively large protein compds act as
compgrtmenf. In th.e Seco.nd reaCtl_on’ the hydrOgen tioxidants, including uric acid and albumin, lwitl not be
peroxide produced in the first reaction (or elsewherglated here.
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bridge, is illustrated in Figure 5.3. The
Figure 5.2 di§ulfide bridge is broken when the cys-
Reactive Oxygen Species and Enzyme teine molecules are reduced, as when,
Antioxidants for example, they contact an antioxidant.
Breaking this bridge is like throwing the
on switch for the protein.
o, Legend: . .
©  enzyme One simple example of a redox-active
SOD:  superoxide dismutase protein, or in this case, a redox-active
(electron loss) S%, x;':f“'aroxyge” peptide, has already been mentiofied.
HZO;: hydrogen peroxide The amino acid glutathione acts as an
a 0,"" superoxide radical antioxidant in its reduced form. Glu-
0, tathione is actually a tripeptide made up
of three amino acids, one of which is
%c"ppe’/ zine SOD cysteine. When glutathione is oxidized,
manganese SOD NADH NAD" . .
it loses a hydrogen atom from its cys-
b - teine component. Thus unbalanced, it
HO, ~—0W AT bonds with another oxidized glutathione
glutathione molecule via a disulfide bridge. In this
. _ reductase o state, it cannot act as an antioxidant (i.e.,
catelase iﬁfiﬂ?ﬁi < glutathione gI?J?Iacilﬁi)crjwe it is turned off). Once it is reduced
\_/ again, by NADH for example, the disul-
fide bridge breaks and the glutathione
H,0 molecule can again act as an antioxidant
(it is turned on).

Protein interactions with free radicals
dase is not increased. Indeed, cancer cells are knowryg actually more complex than this basic sketch sug-
produce large quantities of hydrogen peroxide, as digests. In addition to linking separate proteins, disulfide
cussed in Chapter 2. Superoxide concentrations are ds play a role in maintaining the three-dimensional
commonly increased at cancer sites. Increased proddgucture of complex proteins. We have focused on the
tion of these ROS may give cancer cells certain survivebncept of cysteine reduction/oxidation acting as an on-
advantages, some of which are discussed below. off switch because similar actions play a role in many

biological processes, and it illustrates well how proteins

Redox Activation and Deactivation of can be affected by redox states.

Proteins

We have discussed what free radicals are and how thERANSCRIPTION FACTORS
are produced and neutralized; now we turn to one pri- i
mary means by which free radicals activate or deactivatéN e now tum fo three transcription factors (953 pro-
proteins, thus returning to turn back to the primary topfe'n: NF«B, and AP-1) that play a vital role in both

of this chapter, transcription factors. Transcription fa __ealthy and cancerous cells. Cancerous cells gain a sur-

tors, being proteins, can be affected by free radicafy@ advantage by producing insufficient or nonfunc-
through this mechanism tional p53 proteins and by producing excessive amounts

_ o . of NFkB and AP-1. Many references to redox reac-
Like trace metals and antioxidants, proteins can Uflons and redox signaling occur in the following, since

dergo redox reactions. This is especially true for preghese have an effect on all three transcription factors.
teins containing the amino acid cysteine. Such redox

reactions alter cysteine molecules in a way that activates . o

or deactivates the protein, much as if the cysteine pdtD3 Protein as a Transcription Factor

tion of the protein were an on-off switch. The off mode The p53 gene acts as the guardian of DNA, and in the
comes into play when the sulfur atom in cysteine is oxevent of DNA damage it performs three crucial func-
dized (i.e., loses a hydrogen atom). When oxidatiaions. First, it halts the cell cycle, for example, by in-
occurs for two sulfur atoms in adjacent cysteine mole-

cules, the resulting unbalanced sulfur atoms can bo
with one another. This bond, aptly called a disulfid

p%eptides consist of a few amino acids joinedttogreand pro-
%ins consist of many joined together.



Transcription Factors and Redox Signaling 55

creasing the expression of th21 gene.
Second, it initiates DNA repair. Third, Figure 5.3

if the DNA cannot be repaired, it initi- Redox Regulation of Cysteine Disulfide
ates apoptosis, for example, by increas Bonds

ing the expression of thBax gene. To
perform these diverse functions, the p53
protein acts as a transcription factor cysteine #1 bonded
binding to and initiating the expression cysteines
of multiple genes. = =

Because of its role in protecting DNA
and halting the cell cycle, a functional
p53 gene protects against cancer. Not
surprisingly then, mutations of thgb3
gene are very common in cancer cells hydrogen-sulfur sulfur
The mutatedo53 gene is unable to per- oxidation
form its normal functions, thereby al- —
lowing cancer cells to proliferate and
increasing the possibility of additional
mutations by allowing cells with a muta-
tor phenotype to survive (see Chapter 2).
Moreover, the mutategp53 gene can
produce abnormal proteins that in and of
themselves facilitate cancer progres
sion® Mutations in thep53 gene are — —
associated with increased tumor gradg,
stage, and proliferation, as well as poo cysteine #2
prognosis. !

disulfide
bridge

reduction

hydrogen-sulfur sulfur

In addition to the outright mutations of
the p53 gene in cancer cells and, subsef ~ v
quently, the production of abnormal p53 2, 2,
proteins, the p53 protein can also be & &
made nonfunctional after its production.
The functionality of the p53 protein is
regulated byras activity (via the effects
of ras proteins oMDM2 expression; see
Chapter 4) and by both the redox status

of the cell and trace metal concentrations in the'&éfi.  Partly explains both why cadmium and copper are car-
. _ _ _ cinogenic and also why zinc deficiency is carcinogenic.
The p53 protein contains 10 different cysteine resi-

dues, and although disulfide bonds do not actually form
between these cysteine residues, a similar type of bongffect of Natural Compounds on p53 and Its

does form, based on the insertion of zinc atoms betweefrotein

the sulfur atoms. These bonds, which help to maintairiThere are two basic situations to consider when speak-
the active three-dimensional structure of the protein, airey of the effects of natural compounds onpb& gene:
redox-sensitive and are altered by oxidants. Indeeghen it is not mutated and when it is. Both situations
nitric oxide and other free radicals that bind to cysteinean occur within the same tumor. In general, some cells
can change the structure of the p53 protein, makingwithin a tumor contain mutatgub3 genes and some do
inactive™® As discussed in Chapter 2, cancer cells tembt, although many tumors will contain a high percent-
to be in a prooxidant state, and the excess oxidantsaige of one cell type or the other.

such a state may thus help reduce p53 activity.

In cancer cells with normg53 genes, natural com-

The trace metal cadmium can also inhibit the p53 prpounds can stimulate the expression of that gene, lead-
tein by substituting for zinc. The same effect can hiag to apoptosis. This has been reported, for example,
caused by copper. In addition, copper can induce tiath melatonin (at 1 nM), curcumin (at $M), resvera-
production of free radicals, as discussed above. This
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trol (at 50uM), and ginsenosides (ginseng saponins, &rugs byp53 mutants has been demonstrated in vivo. In
10 pM). 2720 one study, breast cancer patients with3 mutants

showed a better response to a variety of chemotherapy

In addition, natural compounds may also be useful H}ugs than patients whose cancer cells pa@normal

assuring that the pS53 protein, once produced, is fungane29 Nevertheless, based on the available evidence,
tional. Although there are few studies on this possibifs \\ 014 not seem prudent to try to indup&3 muta-

ity, it is reasonable to expect that p53 functionality coulfi,ng “nor does it seem unreasonable to inhibit the prolif-
be increased by using compounds that inhibit the actiogs, i ofp53 mutant cells. Indeed, even though3

of ras proteins and by using antioxidants to maintain & iation may increase the initial sensitivity of cancer

reducing environment in the cell. = Also, pS3 proteig)s o treatment, the high mutation rate of these cells

- ! 7 Mwould help them over time to develop resistance to the
tracellular iron or copper concentrations. Anti-iron anﬂwerapy being used

anticopper therapies will be discussed in later chapters.

In cells with mutatedo53 genes, natural compounds ) :
can still be used to induce apoptosis, independent g;(;leeiﬁrfacmr kappa B and Activator

p53 Indeed, some natural compounds appear to selec-
tively eliminatep53 mutant cells from a tumor popula- Nuclear factor-kappa B (NKB) and activator protein-
tion, leaving only normap53 cells. One human study 1 (AP-1) are transcription factors that control a wide
appears to have demonstrated this effect. In a smaéinge of cellular activities. Both transcription factors
nonrandomized study, patients with advanced premaligre particularly important to the functioning of immune
nant lesions of the head and neck were treated with highlls. In general, NkB can be thought of as a tran-
doses of retinoic acid (13-cis-retinoic acid), interferonscription factor whose activity leads to immune activity,
alpha (an immune cytokine), and vitamin E (1,20hflammation, and cell proliferatioff:®* Like the p53
[.U./day). In half the patients whose lesions containedpiotein, it binds to and helps regulate several different
high percentage ab53 mutants, the normg¥53 gene genes. NB helps regulate the genes that produce
reappeared in biopsies after 12 months of treatftent. tumor necrosis factor (TNF), collagenases (enzymes that
degrade collagen), cell adhesion molecules (VCAM and
to use natural compounds to inhibit production of ag~AM). and immunostimulating proteins (interleukins 1,
normal p53 proteins, since such proteins can by therf-©: and 8y~ 3%

selves facilitate cancer progression. For example AP-1 can be thought of as a transcription factor whose
antioxidants such as vitamin E succinate and querceftivity leads primarily to cell proliferatio. Actually,

(at 23uM) have been reported to inhibit expression oAP-1 is made up of a pair of fos and jun proteins. These
mutantp53genes in cancer ceft§>%2* proteins stimulate the expression of genes that drive the
g;_ll cycle. Thus the actions of fos and jun proteins are
mediated, at least in part, through AP-1 activity.

A second approach in cells with mutatg®B genes is

As an aside, methyl donors may help decrease the
pression of mutanp53 genes by preventing53 muta-
tions. For example, rat diets deficient in folate and/orin cancer cells, the amount and activity of AP-1 and
other methyl donors have been reported to cause DNF-kB are commonly excessive, providing the cells
strand breaks within the53 gene’>?**" Supplementa- with a proliferation and survival advantage. For exam-
tion with methyl donors may be more applicable to camie, one study observed excessive activation ofkRF-
cer prevention than cancer treatment, as discussed atj@3 percent of childhood acute lymphoblastic leukemia
end of Chapter 2, but it would be interesting to investpatients® Another study observed that the basal ex-
gate the effects of methyl donors such as SAM on estgfassion of NFkB was fourfold higher in metastatic
lished cancers. Currently, the effects are unknown.  mejanoma cells compared to normal cells and that oxi-

Although the preponderance of evidence suggests tiftive stress (created by hydrogen peroxide) stimulated
p53 mutations are detrimental to the cancer patier®, greater expression of NéB in melanoma cells com-
some evidence implies th@53 mutant cells may be pared to normal celf§.
more susceptible to cancer treatment. This is not sur-
prising sincep53 mutant cells are less able to repair
themselves and thus are more easily destr&yeBor
example, one study demonstrated that genistein (at dlQr.48 is also important in the progression of AIDS gsitthe
pM) inhibited cell proliferation to a greater extenfi®3 DNA sequences affected by the virus contain binsiteg for the
mutant melanoma cells than pb3 normal melanoma transcription factor. Inhibitors of NFB have been studied as
cells. In addition, increased sensitivity to chemothera@pti-AIDS drugs.
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By producing excessive amounts of NB-and AP-1 erences 1 and1-5). The pathways shown in the fig-
or by excessively activating them, or both, cancers cellge are active in both cancer cells and normal cells such
profit in three ways. First, their proliferation is stimu-as immune cells. The difference is, the pathways are
lated. Second, apoptosis is reduced. Third, the inflarexcessively active in cancer cells.

mation that NFB causes is of general use 10 cancer a fe\y new terms are used in Figure 5.4. Caspases are
cells. For example, as will be discussed in Chaptersyf,,ymes that mediate the final stages of apoptosis. IL-1
and_8,_ inflammation can facilitate angiogenesis. Indegg, the immune cytokine interleukin-1. TNF is tumor
y =Ab i } ) Yfecrosis factor, an immune cytokine that promotes an-
NF-KB activity in cancer cells is correlated to_'nV?S'Vegiogenesis but in high concentrations is toxic to cancer
ness, metastasis, and poor progndsiS. In one in-vivo g5 Cytokines will be discussed in more detail in the

study, partial inhibition of NfkB activity (by RNA ma- chapters on the immune system. Lastly, as a reminder,
nipulation) produced both an antimetastatic and antipre:AMs are cell adhesion molecules, which keep cells in

liferative response in cancer-bearing rodéhfS. contact with one another and the surrounding extracellu-
Moreover, at doses that inhibited tumor growth in vivaar matrix. We discuss CAMs in the next chapter.

NF-kB inhibitors did not cause serious adverse effects in

the rodents. This is probably because cancer cells reI?rieﬂy’ the ﬁg.“F? shows. that external stimulants like
on a higher volume of NKB activity than do normal growth fact_ors initiate a S|g_nal at the membrane recep-
cells tor. Reactive oxygen species (ROS) can affect surface

receptors (e.g., a receptor PTK), either by making them

As stated above, NKB activity plays a central role in more sensitive to activation by growth factors or by
inflammation. Indeed, it may be one of the key regulamaking them less easy to turn off after activatirhe
tors of inflammation. Not surprisingly then, a variety ofatter effect appears to involve inhibition of protein tyro-
anti-inflammatory drugs, such as aspirin, produce thesine phosphatases, the enzymes that serve to “reset” and
effects in part by inhibiting NKB activity. This can inactivate kinase¥:*® In similar ways, ROS can also
occur in at least two ways. First, MB- can be stimu- sensitize other kinases that act inside the cell, such as
lated by redox signals, and some anti-inflammatoﬂ?KC.56
drugs may act th_rough attenuation of these signals. Fo,&ctivation of the surface receptor (or internal kinases)
example, gold thiolate, an anti-inflammatory drug useg

) . hrit ihibi W th hi an be blocked by kinase inhibitors. Likewise, ROS
in treating arthritis, may inhibit NkB partly through its - i n15 originating from activated receptors (or internal
antioxidant capabilities.

kinases or ras proteins) can be blocked by antioxidants.

Second, some anti-inflammatory drugs may inhibif not blocked, the signals stimulate MB-and/or AP-1
NF-kB by preventing its disassociation with XB-in- ~activity, which in turn stimulate gene transcription.
hibitor, a compound referred to axB. NF«B nor- Gene transcription leads to additional inflammation,
mally resides inactive within the cell, bound t&B. Proliferation, and cell migration.

Upon activation (by protein phosphorylation), the two \ye see then that redox status is linked with signal
proteins are dissociated and NB-travels to the nu- transduction via the protein phosphorylation pathways in
cleus, where it controls gene expression. The anft |east two ways. First, surface receptor activity and the
inflammatory glucocorticoids (for example, cortisonejctivity of internal kinases are sensitive to ROS. Sec-
may act in part by preventing the dissociation of M- ond, activation of these kinases, and ras proteins, pro-
from 1-kB. duce ROS. These internally produced ROS, in
conjunction with ROS that enter the O%Sélgfrom outside,
L affect the activity of transcription factots™ We note,
Pathways. 9f NF- B gn.d A_P'l Activation however, that the role of ROS in the activation of NF-
Although it is now receiving intense research, the reIz?(B and AP-1 is still being debated. It is possible the
tionship between NkB and AP-1 on the one hand andsffects may be limited to specific cell types and condi-
free radicals, inflammation, cell proliferation, and apoprions, and some effects certainly occur through poorly
tosis on the other, is still poorly understood. Clearly;nderstood mechanisris.Quite likely, ROS are not the
any pathways controlling proliferation, inflammation,driving force behind NFRB and AP-1 activation.
and cellldeath must be tightly regulated if an qrganism @?ather, their role is probably a supportive SheAlso
to remain healthy. These complex relationships contaiye that if concentrations of ROS are t0o high, they will

internal feedback loops and other components not digs; harticipate in signal transduction and will only dam-
cussed here. Nonetheless, trends are being dlscovegl g

o L e the cell, inducing apoptosis or necrosis.
that have clinical significance. A preliminary schema‘ucﬁ g apop
of relationships is presented in Figure 5.4 (based on ref-
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Natural Compounds in Cancer Therapy

clear concentrations of glutathione
are very tightly regulated, since glu-
tathione is needed to protect the
DNA from damage. Indeed, genes
such asBcl-2 protect against apop-
tosis in part by redistributing
glutathione to the nucleds.®?
Nonetheless, antioxidants are still
able to inhibit the binding of NkB
and AP-1 to DNA, even though an-
tioxidants help assure a reducing
environmenf® How this works is
still not clear. Perhaps antioxidants
alter the structure of NKB and AP-

1 so that they are no longer active,
or perhaps some antioxidants actu-
ally act by nonredox means to affect
DNA binding®*

Note in Figure 5.4 that hypoxia (a
low-oxygen environment) helps
stimulate AP-1. For immune cells,
this is useful, since wounds contain
hypoxic areas. In this way, immune
cell activity can be stimulated in
wounds.  Hypoxia-induced AP-1
stimulation is also useful for cancer
cells. Solid tumors contain hypoxic
areas due to their poorly developed
and chaotic arrangement of blood
vessels. Hence much of the tissue
within the tumor mass fluctuates
between oxygenated and hypoxic
conditions. During mild hypoxia,
AP-1 is stimulated, and during re-
oxygenation, free radicals are pro-
duced and NKB is stimulated.
This push-pull arrangement facili-
tates continued proliferation.

Redox reactions affect one other aspect of nuclear fac is important to note that the pathways shown in Fig-
tor activity that can be altered with natural compoundare 5.4 are actually circular in nature. The end results,
As with many if not most transcription factors, the abilparticularly growth factor production and inflammation
ity of NF-kB and AP-1 to bind to DNA and initiate gene(and associated ROS) start the process all over again.
transcription is controlled in part through redox statud.his self-generating movement through the pathways
The mechanisms that control transcription-factor bindielps immune cells to proliferate and mount an attack on
ing to DNA are complex. On the one hand, oxidativewvading pathogens or other tissues perceived as foreign.

conditions in the cytosol can initiate NdB activity, as

If the condition is not readily resolved, however, it can

discussed above. On the other hand, a reducing eradiso result in chronic inflammatory conditions, which

ronment is needed in the nucleus in order forkBFo

are detrimentdi®

The situation with cancer cells is

bind to DNA. This fits into the way that intracellularsimilar to that of chronic inflammation, only worse be-

concentrations of antioxidants such as glutathione atguse fewer controls function in cancer cells. The circu-
controlled. Cytosolic concentrations of glutathione ar@r pathway feeds on itself, producing more and more
allowed to fluctuate widely, and such fluctuations do ngtroliferation and more and more inflammation, ROS,
generally cause much cellular damage. In contrast, rand growth factors.
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Not surprisingly, researchers have found TABLE 5.1 INHIBITION OF NF- kB ACTIVITY BY
that NFkKB and AP-1 activity can protect ANTIOXIDANTS IN VITRO
cells from apoptosis induced by fre_e radical COMPOUND CONCENTRATION | REFERENCES
or other noxious compound5® This pro- : :
tective effect is very useful for immune cellg| Mélatonin 10uM and higher 67
that must survive in an inflamed environmenf Vitamin E succinate | 100 to 1,00QuM 74
rich in ROS. However, it is also || Vitamin E >1mM 74
usefulfor cancer cells that must survive in the Alpha-lipoic acid 1to 4 mM 68, 69, 70
same inhospitable environment. A variety of Vitamin C 5to 20 mM 71
cancer cell lines exhibit increased free radicIN-acetylcysteine (NAC] 20 mM 68

generation and NKB activity but reduced

. 47 75 " Since different types of assays were used tordeterthese values, the
apoptosig”

values only provide rough comparisons of activecenitrations.
T A water-soluble form of vitamin E.

Natural Compounds That Inhibit
NF-«B and AP-1 Activity In spite of their activity in vitro, it is unlikely that these

Natural compounds that inhibit NEB and AP-1 antioxidants strongly inhibit NKB activity in vivo, at
activity can be roughly divided into two groups: thoséeast when used alone. The concentrations at which an-
that act through antioxidant means and those that &@xidants are active in vitro are greater than those nor-
through nonantioxidanones. Most of the studies onmally present in the body, even after supplementation.
NF-B and AP-1 inhibition have involved antioxidants FOr €xample, the plasma concentration of melatonin in
However, natural compounds that act through noAlmans after an ext7reme!y large (100-milligram) dose is
antioxidant means may actually be the most usef@nly about 440 nM! This is 23-fold lower than the
C|inica||y_ Onereason for the more limited potency ofEffeCtive concentration listed in Table 5.1. Moreover,
antioxidant compounds is that ROS are probably not the normally achievable plasma levels of vitamin E are
driving force behind activation of NikB and AP-1 ac- Probably about 10-fold lower than the effective concen-
tivity, as mentioned above. Instead, signal transductiéf@tion listed in the table.

through protein phosphorylation probably plays the pri-|t should not be surprising that these antioxidants are

mary role. weak inhibitors of NF«B activity in vivo, since they are
not known to produce potent anti-inflammatory effects
in vivo. Nonetheless, some antioxidants, including vi-

Inhibition of NFKB and AP-1 activity, and especially tamin E, combinations of antioxidants, and high doses of
NF-«kB activity, has been demonstrated in vitro by &elatonin (13 to 50 mg/kg intraperitoneal in rats), can
number of different antioxidants. Table 5.1 lists someroduce weak to moderate anti-inflammatory effects in
of these in order of decreasing potency. As the tabledents and humans, part of which may be due t&BIF-
indicates, the ability of antioxidants to affect KB- inhibition.”**®  Thus while antioxidants may not be
activity varies greatly. Whereas moderately lipophilidighly potent at inhibiting NiB activity in vivo, they
(fat-soluble) antioxidants such as melatonin mormay still be useful in supporting other more potent natu-
strongly affect NF«B activity, water-soluble antioxi- ral compounds. Also, the ability of antioxidants to in-
dants like vitamin C and strongly lipophilic antioxidantsibit NF«B is likely to increase when they are used in
like vitamin E are substantially weakgr/2-"42 combination.

Antioxidants as Inhibitors of NF-xB and AP-1

Antioxidants may act at various stages of nuclear fac{\gnantioxidants as Inhibitors of NF-xB and AP-1
tor activation. For example, some extracellular antioxi-

dants may neutralize ROS before they enter the cellTh® primary means by which nonantioxidant com-
Antioxidants can also act within the cell by attenuatingounds inhibit NFkB and AP-1 activity is by inhibiting
the ROS Signa| produced by activation of kinases (e_g_lnase activation, ras pr0t6|n activation, or other aSpeCtS
PKC) or by activation of ras proteifrd> 7® of signal transduction. This is as expected, since signal
transduction via protein phosphorylation is probably the
primary stimulus for inducing NkB and AP-1 activity.

& The ability of alpha-lipoic acid to inhibit NKB activity is not
related to its ability to increase intracellulardaced glutathione. P This intraperitoneal dose of melatonin is equeithuman oral
Similarly, vitamin C, which also increases intrdo@r glu- dose of about 210 to 810 milligrams. This is miigimer than
tathione, is a weak inhibitor of NKB activity. the normal human dose of 3 to 10 milligrams.
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TABLE 5.2 INHIBITION OF NF- kB AND AP-1 ACTIVITY BY
NONANTIOXIDANT COMPOUNDS IN VITRO
COMPOUND CONCENTRATION* AND REFERENCES
COMMENTS
NF-kB
1,25-D, 20 nM (weak) 81, 82
Apigenin 10 uM; prevents kB degradation | 83, 84, 85
Curcumin 5 to 150uM; complete inhibition | 86-91 121
of DNA binding at 251M in one
study
CAPE 90 uM (weak) 92
EGCG 10uM to 100 mM (dependent o] 93, 94, 95
cell line and conditions); prevents
IkB degradation
Emodin 185uM (weak) 96
Genistein 30 to 150uM 72,97-99
Hypericin 2uM 100
Leukotriene inhibitors | inhibits NFKB 101, 102
(see Table 8.2)
Luteolin 25uM 83, 84
Parthenolide 5uM 103, 104
PTK and PKC inhibitors | inhibits NFKB discussed in tex

(see Tables 4.2 and 4.3)

Proanthocyanidins 35 to 110uM 105
Quercetin 10 to 50uM; prevents kB 106, 107, 108

degradation
Resveratrd 30uM 109

AP-1

Curcumin 20 to 50uM 90, 110, 111
EGCG typically 5 to 20uM 112,113
Genistein 15 to 74uM 114, 115, 116
PTK inhibitors inhibits AP-1 116
(see Table 4.2)
Quercetin 10 to 50uM 117
Selenium 1 to 10pM 118,119

" Since different types of assays were used tordeterthese values, they provide

only rough comparisons of active concentrations.

T Other authors reported that resveratrol does rif¢et lipopolysaccharide-induced

NF-«B activation, as suggested héré.

Natural Compounds in Cancer Therapy

Other mechanisms of inhibition may
be possible. For example, leukotriene
inhibitors may reduce NKB activity,
in part by reducing the signal trans-
duction initiated by leukotrienes.
Leukotrienes are natural inflammatory
compounds that act somewhat like
growth factors; hence their ability to
stimulate NFkB activity is not sur-
prising. Many natural compounds
inhibit leukotriene production or ac-
tivity (discussed in Chapter 8).

Table 5.2 lists nonantioxidant com-
pounds that inhibit N&B and AP-1
activity. Note that these compounds
may be effective in some cell lines
and circumstances but not in others.
Many of these actually are antioxi-
dants, but they appear to inhibit NF-
kB and AP-1 primarily by nonanti-
oxidant means. Many are also leuko-
triene inhibitors, and some inhibit
both PTK and PKC. Because most
natural compounds have multiple ef-
fects, the exact method of NdB in-
hibition is often not clear. For
example, apigenin, curcumin, EGCG,
and luteolin are all antioxidants, as
well as inhibitors of PTK, PKC, and
leukotrienes.

Most of the NF«B inhibitors listed
produce an anti-inflammatory effect
and/or affect cell adhesion molecules
in vivo. Furthermore, many inhibit
the production of TNF by immune
cells as well as TNF-induced cell ad-
hesion®®'?! (TNF and CAMs are
produced via NB activity, as illus-
trated in Figure 5.4.) The fact that
most of these compounds produce an
anti-inflammatory effect in vivo sup-
ports the possibility they may be act-

Also, as mentioned previously, NdB must disassociate ing through inhibition of NFkB and/or AP-1 activity.

from its inhibitory carrier KB to become active. This g with antioxidant compounds, it is likely that the ef-

dissociation appears to be controlled in large pagcts of these compounds could be maximized by using
through kinase activity, probably through the activity °§ynergistic combinations.

a kinase called IKK, inhibitor of NkEB kinase>® As

mentioned in Chapter 4, the natural compounds dis-
cussed here tend to inhibit multiple kinases, rather thidECHANISMS OF REDOX

being specific for only one.

compounds that are inhibitors of PTK, PKC, or other
kinases probably affect IKK as well.

Therefore, some naturaffODULATION

In this chapter, we have stated that redox status could
affect signal transduction, gene transcription, and cell
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activity; therefore, a brief discussion on the means 18/ ROS can be produced by overexpressiom®fam-
which redox status may be altered in or around cancer ily oncogenes. This may lead to both elevated ROS
cells seems appropriate. production and elevated protection from RS’

Cancer cells generally exist under oxidative stress; Eu?:ﬁ ;gi%a?lsgptﬁ(%rrogﬁgd during kinase activity,
which assists cancer cell proliferation and survival in )

several ways. First, it damages DNA. As long as the ROS can be produced by MB-activation. NF«B
stress level is not so high that it causes cell death, this |eads to the production of TNF and other inflamma-
can lead to higher mutation rates, which is generally tory substances. TNF itself can cause marked in-

beneficial to the cancer cell. Second, oxidative stress creases in hydrogen peroxide production by normal
can increase some types of redox signaling, and it can ce|ls1?®

inactivate certain transcription factors (such as the p53 ] ) ]
protein) that limit cell proliferation. Lastly, oxidative 2+ ronically, ROS can be produced during glutathione

stress impedes cell-to-cell contact, thereby facilitating SYNthesis. The tripeptide glutathione is poorly trans-
cancer progression. ported across the cell membrane. To maintain intra-

_ _ . cellular glutathione concentrations, extracellular

Based on the available evidence, it appears that cancerg|utathione is split apart by GGT (gamma-glutamy!
cells may have some control over their redox environ- transpeptidase) enzymes located on the outside of the
ment and their ability to withstand oxidative str&sin cell. The amino acid fragments are then transported
general, cancer cells appear to be more susceptible tointo the cell, where glutathione is reassembled. In

free radical damage than normal ones, yet they tend to the process of splitting glutathione, however, GGT

exist in a prooxidant state. Thus in some way cancer produces a significant amount of ROS; enough to
cells must develop a balance between ROS-induced stimulate cancer cell proliferation in vitro or in some
apoptosis on the one hand and ROS-induced mutationscases to induce apoptosts.*!

and other alterations in biology that favor survival on the

other. Several mechanisms lead to production of or pf@- Protection from high ROS levels may be mediated
tection from ROS: through alterations in membrane lipids. The low

_ ~ omega-6 and, more important, the low omega-3 con-
1. Immune cells, and especially macrophages, are sig-tent found in the membranes of many cancer cells
nificant sources of ROS. If they produce a sufficient help decrease lipid peroxidation because these fatty

quantity of ROS they will kill cancer cells. How-  acids are easily subject to free radical damage.

ever, cancer cells can minimize macrophage activit ) ] )

by producing immunosuppressive compounds liké: Protection fr_om apoptosis _caused by high RC_)S levels
IL-10, TGF-beta, and PGE?*'?* A subdued im- may be mediated through increased expression of an-

mune response may then produce mild ROS concen- ioxidant genes (including trigcl-2 gene) as well as
trations, suitable for cancer progression. For 'asgenes and those that control the production of an-
example, in a recent mouse study, weakly tumori- tioxidant enzymes.

genic fibrosarcoma cells injected subcutaneously

were unable to grow; however, when co-implanteg:

with a foreign body (a piece of sponge) that gener- ONCLUSION

ated an immune response, the cancer cells exhibitetthe transcription factors p53, NéB, and AP-1 play
increased DNA mutations and subsequently formegh important role in the proliferation and activity of both
aggressive tumors. In addition, this response was &galthy cells and cancer cells. The differences are that
sociated with a decline in tumor-cell antioxidant eneancer cells rely on abnormally low p53 protein activity
zymes:® Note that the immune response was neind abnormally high NKB and AP-1 activity. Since
directly targeted to the cancer cells in this study; thuRese transcription factors play an important role in pro-
it was not intense enough to effectively eliminate thgferation and cell activity, their regulation is necessarily
cancer ce