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GLOSSARY








PREFACE



Molecular oxygen is essential for aerobic life, yet incomplete reduction or excitation of molecular oxygen during aerobic metabolism leading to the inevitable formation of reactive oxygen species (ROS). ROS are double-edged swords, capable of performing physiological functions as well as causing damage to cellular constituents. As such, aerobic organisms, including mammals, have evolved a series of antioxidant enzymes to control ROS levels and maintain cellular redox homeostasis. Disruption of such redox homeostasis due to changes in either ROS or antioxidant enzymes or both would compromise mammalian physiology, contributing to disease development.

The past two to three decades have witnessed the remarkable advancements in our knowledge on ROS and antioxidant enzymes in biology and medicine. It has been increasingly recognized that ROS play an important role in diverse disease processes, including cardiovascular disorders, diabetes, neurodegeneration, and cancer, to name just a few. In line with this notion, accumulating evidence demonstrates the effectiveness of many antioxidant enzyme-based strategies for the intervention of an increasing number of disease processes that involve an oxidative stress mechanism. In this regard, based on knowledge learned from studying cellular antioxidant enzymes, many synthetic antioxidant enzyme mimetics have also been developed, which can be used to augment cellular antioxidant defenses to protect against oxidative stress-associated disease pathophysiology. On the other hand, antioxidant enzymes, like ROS, are also double-edge swords, contributing to certain disease pathophysiology. Hence, when developing antioxidant-based strategies for disease intervention or health promotion, the above notion must be taken into consideration. In this context, new knowledge on the biological functions of cellular antioxidant enzymes will further enhance our ability to develop more effective mechanistically based strategies to combat human diseases that involve a redox mechanism.

The rapid development of antioxidant research in biomedicine makes it imperative to clearly define the scope of “antioxidant biology and medicine” and emphasize the essence of this new scientific discipline. Accordingly, a concise book focusing on the fundamental principles and cutting-edge research discoveries as well as clinical and health impact of mammalian antioxidant systems would greatly facilitate both learning of the new knowledge and translation of the research discoveries into effective modalities for human disease intervention and health promotion. This notion has prompted the writing of the book “Essentials of Antioxidant Biology and Medicine”.

“Essentials of Antioxidant Biology and Medicine” takes a unique approach to integrating the fundamental principles with high quality research discoveries, and the basic bioscience with clinical medicine so as to provide the reader a comprehensive picture of the field in a concise manner. The aim of the book is to provide a critical evaluation of the various cellular antioxidant enzymes with an emphasis on their biological functions and potential impact on human health and disease. To this end, the book focuses on discussing solid scientific evidence obtained from novel basic research in mammalian systems as well as studies conducted directly in human subjects. The book is divided into four units with a total of 18 chapters covering essentially all of the major mammalian cellular antioxidant enzymes.






Unit I



 
:

 
Fundamental Principles









Unit II



 
:

 
Superoxide Dismutase and Catalase









Unit III



 
:

 
The Glutathione System









Unit IV



 
:

 
The Thioredoxin System









Unit V



 
:

 
Other Antioxidant Enzymes









Unit I



 
aims to set a stage for the subsequent discussion of the individual cellular antioxidant enzymes. This unit includes three chapters.

 


Chapter 1



 
defines antioxidant biology and medicine and introduces the concept of the antioxidant paradigm.

 


Chapter 2



 
provides an overview on the molecular regulation of antioxidant genes, focusing on the central regulatory machinery, namely, the Nrf2/ARE signaling pathway.

 


Chapter 3



 
describes the overall strategies of antioxidant-based disease intervention and discusses several related concepts, including the multitasking function, genetics, as well as the double-edged-sword nature of antioxidant enzymes.









Unit II



 
consists of

 


Chapters 4



 
and

 


5



 
, covering superoxide dismutase (SOD) and catalase, respectively. Due to their roles in the sequential metabolism of superoxide to eventually form water, SOD and catalase, two classical antioxidant enzymes, are considered together under this unit.









Unit III



 
deals with the glutathione system, which includes glutathione and its synthesizing enzymes (

 


Chapter 6



 
), glutathione peroxidase (

 


Chapter 7



 
), glutathione reductase (

 


Chapter 8



 
), glutathione

 

S


 
-transferase (

 


Chapter 9



 
), and glutaredoxin (

 


Chapter 10



 
). The glutathione system (consisting of multiple enzyme families) constitutes a chief antioxidant defense in mammalian systems.







Another major mammalian antioxidant system—the thioredoxin system is discussed in

 


Unit IV



 
, which contains

 


Chapters 11



 

‒


 


14



 
, covering four families of antioxidant enzymes: thioredoxin, peroxiredoxin, thioredoxin reductase, and sulfiredoxin, respectively.







Several other antioxidant enzymes are discussed in

 


Unit V



 
, which includes

 


Chapters 15



 

‒


 


18



 
, covering four additional families of antioxidant enzymes, i.e., methionine sulfoxide reductase, heme oxygenase, NAD(P)H:quinone oxidoreductase, and paraoxonase, respectively.




To help the reader study the various topics and retain new knowledge, each of the above 18 chapters begins with chapter highlights and is supplemented at the end with a list of self-assessment questions with answers and explanations. In addition, the book also includes a list of glossary commonly encountered in the field of antioxidant biology and medicine and an informative index.

It is noteworthy that peer-reviewed scholarly journals of high quality are instrumental in disseminating the innovative research findings so as to advance our scientific knowledge. In this context, the contents of this book are written primarily based on the original scientific findings published in highly influential peer-reviewed journals. Due to space limitations, the citation is primarily based on original and representative references.

It is hoped that this book, by integrating fundamental concepts with leading edge discoveries and translating essential bioscience into clinical medicine, will provide the reader a unique approach to understanding this rapidly evolving field of antioxidant biology and medicine. Because of the rapidly evolving nature of the field and biomedicine in general, the information contained in this book is subject to change based on new scientific knowledge and clinical investigations. Although the authors of the book have checked with sources believed to be reliable and accurate at the time of publication, information included in the book may not be accurate in every respect due to the possibility of human errors and rapid changes in biomedical sciences. As such, the authors of the book do not warrant that the information contained in the work is in every respect accurate and complete. The authors disclaim all responsibility for any errors or omissions or for the results obtained from the use of the information contained in this book. The reader is advised to seek independent verification for any data, advice, or recommendations contained in the work.

“Essentials of Antioxidant Biology and Medicine” would not have been possible without the original essential scientific findings published by numerous scientists in influential scholarly journals of high scientific quality. We are thankful for the time and effort made by the editorial personnel at Cell Med Press, AIMSCI Inc., which made the work possible and of high quality.

Robert Z. Hopkins

Y. Robert Li

North Carolina, USA




























UNIT I





fundamental principles






Chapter 1. Defining Antioxidant Biology and Medicine




HIGHLIGHTS


§ In biology and medicine, the term antioxidant refers to any substance that, when present at a level of biological, physiological, or pharmacological relevance, can prevent, reduce, or repair oxidant (especially reactive oxygen species [ROS])-induced damage to biological targets, including lipids, proteins, and nucleic acids.




§

 
Antioxidants typically act via one or more of the following three modes: (1) inhibiting ROS production; (2) scavenging ROS; and (3) repairing ROS-induced damage.







§

 
Antioxidants are classified based on various criteria, including the source, location, enzymatic activity, protein nature, action on ROS, and mechanism of gene regulation. The classification schemes are, however, not mutually exclusive, and an antioxidant can be classified into more than one category.







§

 
The field of “antioxidant biology and medicine” deals with the biological effects of antioxidants with an emphasis on their involvement in human health and disease. The essence of antioxidant biology and medicine lies in the antioxidant paradigm, which defines the scope of the field.
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1. OVERVIEW


Antioxidants, either synthesized in the body or obtained from the diet, are a group of chemical entities that have drawn much attention in recent years. The immense interest in understanding the basic biology of these molecules and their role in human health and disease has propelled the rapid development of a new field, namely, “antioxidant biology and medicine”. This chapter provides an overview of this field by first defining the term antioxidant, and then examining the three action modes of antioxidant molecules as well as the various schemes for classifying the diverse antioxidants. The chapter ends with a brief introduction to the concept of “antioxidant paradigm”, which defines the essence of antioxidant biology and medicine and provides a framework for understanding and advancing this rapidly evolving field.



2. DEFINITION OF ANTIOXIDANT


The word antioxidant is probably one of the most widely encountered terms among biomedical scientists and health professionals, as well as the general public of today’s societies. The term is, however, loosely defined in both the literature and the public media. In fact, there is no universally accepted definition for the term, and it has been defined in various ways for different purposes. In biology and medicine, an antioxidant may be defined as any substance that, when present at a level of biological, physiological, or pharmacological relevance, can prevent, reduce, or repair oxidant-induced damage of a target biomolecule, such as a cellular protein, a membrane lipid, or a nucleic acid molecule.




Among the biologically relevant oxidants, reactive oxygen species (ROS) have received the most attention regarding their roles in human health and disease. ROS can be simply defined as oxygen-containing reactive chemical species [1]. It is a collective term to include superoxide (O

 

2


 

˙


 
ˉ), hydrogen peroxide (H

 

2


 
O

 

2


 
),

 
hydroxyl radical (OH

 

˙


 
), singlet oxygen (

 

1


 
O

 

2


 
), alkoxyl radical (LO

 

˙


 
), lipid peroxyl radical (LOO

 

˙


 
), lipid hydroperoxide (LOOH), peroxynitrite (ONOOˉ), hypochlorous acid (HOCl), and ozone (O

 

3


 
), among others. ROS are produced inevitably from various cellular processes during aerobic metabolism and capable of causing biological damage. Under certain conditions, ROS also play important physiological roles, such as participation in innate immunity and redox signaling [1]. As such, aerobic organisms have evolved a variety of antioxidant molecules to ensure ROS homeostasis and protect against oxidative stress (see

 


Glossary



 
for the definition of oxidative stress and other terms mentioned in the book).






3. THE THREE ACTION MODES OF ANTIOXIDANTS





According to the above definition of antioxidant, there are three potential modes of action by which antioxidant molecules protect against ROS-induced oxidative damage to vital cellular constituents, including proteins, lipids, and nucleic acids (

 


Figure 1.1



 
). These three modes of actions are: (1) inhibiting ROS formation; (2) scavenging ROS already formed; and (3) repairing ROS-induced damage.
















FIGURE 1.1. The three modes of action of antioxidants in biology and medicine.


 
As illustrated, an antioxidant may protect against oxidative injury by inhibiting the formation of ROS, directly scavenging ROS, and/or repairing ROS-damaged cellular targets. It should be noted that a particular antioxidant molecule may possess more than one mode in protecting against ROS-induced molecular damage. Although lipids, proteins, and nucleic acids are the major cellular targets depicted in the scheme, ROS, dependent on their chemical properties, may also cause damage to other cellular constituents, such as carbohydrates and the nucleotide pool. METC denotes mitochondrial electron transport chain.






3.1. Inhibition of ROS Formation


ROS are produced by various cellular sources, including the mitochondrial electron transport chain, NADPH oxidases (also known as NOX enzymes), cytochrome P450 enzyme system, and xanthine oxidase (XO), among many others. Antioxidants may act on these cellular sources, inhibiting or preventing the production of ROS. For example, apocynin (a naturally occurring phenolic compound) inhibits NOX enzymatic activity, thereby reducing NOX-derived ROS and the subsequent oxidative tissue injury [2–4]. Another example is the XO-specific inhibitor, allopurinol. Inhibition of XO by allopurinol attenuates ROS production and oxidative tissue injury in diverse disease models [5–7]. Hence, both apocynin and allopurinol can be regarded as antioxidant compounds that act via inhibiting the ROS production from the specific cellular sources.



3.2. Scavenging of ROS Already Formed





Many endogenous and exogenous antioxidants can directly scavenge or detoxify ROS. Scavenging of ROS can occur through enzyme-catalyzed reactions. For instance, superoxide dismutase (SOD) catalyzes the dismutation of superoxide to form hydrogen peroxide and molecular oxygen, and catalase catalyzes the decomposition of hydrogen peroxide to form water and molecular oxygen (see

 


Chapters 4



 
and

 


5



 
on SOD and catalase, respectively). Non-enzymatic antioxidants typically scavenge ROS through direct chemical reactions. Such non-enzymatic reactions, often time, can lead to the formation of secondary free radical species from the non-enzymatic antioxidants. For example, the antioxidant α-tocopherol (a form of vitamin E) scavenges lipid peroxyl radical by reducing the lipid peroxyl radical to lipid hydroperoxide. In the reaction, α-tocopherol is oxidized to α-tocopherol radical. The α-tocopherol radical is, however, much less reactive than the lipid peroxyl radical and unable to abstract a hydrogen atom from an adjacent polyunsaturated fatty acid. This thereby leads to the inhibition of lipid peroxyl radical-mediated propagation of lipid peroxidation chain reaction (

 


Figure 1.2



 
).
















FIGURE 1.2. Reaction between α-tocopherol and lipid peroxyl radical.


 
As illustrated, the antioxidant α-tocopherol (a major form of vitamin E) scavenges lipid peroxyl radical (LOO˙) by reducing the highly reactive LOO˙ to less reactive lipid hydroperoxide (LOOH). LOO˙, but not LOOH can abstract a hydrogen atom from a polyunsaturated fatty acid (PUFA), thereby propagating lipid peroxidation. In the reaction, α-tocopherol is oxidized to α-tocopherol radical. The α-tocopherol radical is, however, much less reactive than the LOO˙ and unable to abstract a hydrogen atom from a PUFA, thereby leading to the inhibition of LOO˙-mediated propagation of lipid peroxidation chain reaction.






3.3. Repairing of ROS-Induced Damage





ROS can cause damage or modifications to cellular biomolecules, including proteins, lipids, and nucleic acids. Mammalian cells are equipped with various mechanisms to remove or repair the ROS-damaged or modified biomolecules. For example, ROS oxidize the methionine residues in proteins, yielding methionine sulfoxide. The enzyme methionine sulfoxide reductase (Msr) reduces the methionine sulfoxide in proteins back to the normal methionine (see

 


Chapter 15



 
on Msr). This is an important repairing mechanism for oxidative protein damage in mammals. Mammalian cells also contain enzymes for repairing oxidative damage of lipids and nucleic acids [8–10].






4. CLASSIFICATION OF ANTIOXIDANTS





In biology and medicine, antioxidants are classified based on various criteria, including the source, location, enzymatic activity, protein nature, action on ROS, and mechanism of molecular regulation, as well as natural existence.

 


Table 1.1



 
lists the major categories of biological antioxidants and the classification criteria. It should be noted that the various classification schemes do not exclude one another. In fact, as described below, an antioxidant can be classified into more than one category.









	



TABLE 1.1. Classification of antioxidants in biology and medicine









	


Criterion





	


Category





	


Example








	


Source





	


Endogenous antioxidants





	


Catalase, SOD








	


Exogenous antioxidants





	


Resveratrol, vitamin C








	


Location





	


Intracellular antioxidants





	


GPx1, Cu,ZnSOD








	


Extracellular antioxidants





	


ECSOD, GPx3








	


Enzymatic activity





	


Enzymatic antioxidants





	


Catalase, SOD








	


Non-enzymatic antioxidants





	


GSH, vitamin C








	


Protein nature





	


Protein antioxidants





	


Ferritin, SOD








	


Non-protein antioxidants





	


GSH, resveratrol








	


Direct effect on ROS





	


Direct antioxidants





	


Catalase, GPx








	


Indirect antioxidants





	


Apocynin, sulforaphane








	


Dependence on Nrf2/ARE





	


Nrf2/ARE-dependent antioxidants





	


GPx2, NQO1








	


Nrf2/ARE-independent antioxidants





	


GPx1, MnSOD








	


Natural existence





	


Natural antioxidants



Man-made antioxidants





	


Resveratrol, vitamin C



MnTBAP, PEG-HCCs,








	


Note: It should be mentioned that the different ways of classification are not mutually exclusive, and an antioxidant molecule can be classified into more than one category. For example, Cu,ZnSOD can be classified as an endogenous, intracellular, enzymatic, protein, or direct antioxidant dependent on the classification scheme used. See text (Section 4) for detailed description.








	


	


	











4.1. Endogenous and Exogenous Antioxidants





Based on the source, antioxidants are classified into endogenous and exogenous antioxidants. Endogenous antioxidants refer to those that are synthesized in the cells of the host organisms (e.g., animals including humans). Examples include SOD, catalase, and the reduced

 
form

 
of

 
glutathione

 
(GSH)

 
(see

 


Chapter



 
 


6



 
on GSH), to name just a few. On the other hand, those derived from the dietary sources or synthesized in laboratories are called exogenous antioxidants. Plant-derived polyphenols (e.g., resveratrol) and vitamins (e.g., vitamins C and E), as well as various synthetic antioxidant compounds (e.g.,

 

N


 
-acetylcysteine) are examples of exogenous antioxidants.






4.2. Intracellular and Extracellular Antioxidants





Based on the cellular location, antioxidants are classified into intracellular and extracellular antioxidants. Intracellular antioxidants are those present inside cells, such as manganese SOD (MnSOD), catalase, and glutathione reductase. Extracellular antioxidants exist in the extracellular environment, including the plasma. Extracellular SOD (ECSOD) and plasma glutathione peroxidase (GPx) (also known as GPx3; see

 


Chapter 7



 
on GPx) are typical examples of extracellular antioxidant enzymes. Many antioxidants, such as GSH, vitamin C, and thioredoxin (see

 


Chapter 11



 
on thioredoxin) are located both intracellularly and in extracellular milieu.






4.3. Enzymatic and Non-Enzymatic Antioxidants





Based on the enzymatic activity, antioxidants are classified into enzymatic and non-enzymatic antioxidants. Some antioxidant molecules, such as SOD, GPx, and

 
catalase are enzymes that catalyze the dismutation or

 
decomposition of ROS (i.e., superoxide and H

 

2


 
O

 

2


 
). Some other antioxidants, such as the transition metal ion-sequestering proteins (e.g., metallothionein and ferritin; see

 


Glossary



 
) are not enzymes.






4.4. Protein and Non-Protein Antioxidants


Based on the protein nature, antioxidants are classified into protein and non-protein antioxidants. All enzymatic antioxidants are protein antioxidants. The non-protein antioxidant molecules include GSH, vitamin C, and vitamin E. Many synthetic antioxidant enzyme mimetics, such as the SOD mimetics—manganese 5,10,15, 20-tetrakis(4-benzoic acid) porphyrin (MnTBAP) [11] and poly(ethylene glycolated) hydrophilic carbon clusters (PEG-HCCs) [12], are also non-protein antioxidants.



4.5. Direct and Indirect Antioxidants


Based on the direct scavenging effects on ROS, antioxidants are classified into direct and indirect antioxidants. Direct antioxidants refer to those that directly scavenge or metabolize ROS either enzymatically or non-enzymatically. For example, SOD, GPx, catalase, vitamin C, and vitamin E act as direct antioxidants. One the other hand, indirect antioxidants refer to those that do not directly react with ROS. Indirect antioxidants may inhibit the enzymes or cellular pathways that give rise to ROS. For example, the inhibitors of NOXs (e.g., apocynin) are considered as indirect antioxidants because they reduce the levels of ROS by inhibiting the ROS-generating NOX enzymes, rather than directly scavenging the ROS already formed. The uncoupling protein-2 (UCP-2) can also be viewed as an indirect antioxidant because of its ability to reduce the ROS formation by the mitochondrial electron transport chain [13]. The enzymes involved in repairing the damage caused by ROS, such as Msr may also be classified as indirect antioxidants.




Many endogenous antioxidant enzymes are inducible by exogenous compounds, such as sulforaphane, an isothiocyanate compound found in cruciferous vegetables. Although sulforaphane cannot directly scavenge ROS, it protects against oxidative damage by upregulating endogenous antioxidant defenses via the nuclear factor E2-related factor 2 (Nrf2)-dependent mechanism [14–17] (see

 


Chapter 2



 
on Nrf2). As such, sulforaphane can be considered as an indirect antioxidant. Likewise, the synthetic 3

 

H


 
-1,2-dithiole-3-thione (D3T), another potent inducer of Nrf2-regulated antioxidant enzymes, is another example of indirect antioxidants [18]. It should be noted that some antioxidants can act as both direct and indirect antioxidants. For instance, the plant-derived polyphenol resveratrol is able to both directly scavenge ROS and induce endogenous antioxidant enzymes via Nrf2 activation [19].






4.6. Nrf2/ARE-Dependent and -Independent Antioxidants





The transcription factor Nrf2 is the chief regulator of antioxidant genes [20] (see

 


Chapter 2



 
on antioxidant gene regulation). Nrf2 binds to the cis-acting element, known as the antioxidant response element (ARE) [21], in the promoter region of antioxidant genes, causing increased transcriptional expression [21–23]. Indeed, the expression of many antioxidant genes is upregulated following Nrf2-ARE activation. These include ferritin, γ-glutamylcysteine ligase, GPx2, glutathione reductase, heme oxygenase-1 (HO-1), NAD(P)H:quinone oxidoreductase 1 (NQO1), and thioredoxin, among many others. Hence, treatment with Nrf2 activators, such as sulforaphane and D3T mentioned earlier, can result in the increased expression of many antioxidant genes and the consequent elevated levels of the cellular antioxidant enzymes or proteins [14, 18].







Although Nrf2-ARE is a major regulator of antioxidant genes, many other antioxidant genes, due to lack of ARE in their promoter region, are not directly subject to Nrf2-ARE-mediated transcriptional activation. These antioxidants include catalase, GPx1, MnSOD, and Msr, to name a few. However, these antioxidant genes may be responsive to the changes of the cellular redox environment induced by Nrf2 activation or inhibition. In this context, the ARE-lacking antioxidant genes whose expression is altered as a result of Nrf2-dependent cellular redox changes are also commonly called Nrf2-dependent antioxidants. However, strictly speaking, they are not Nrf2/ARE-regulated genes due to lack of ARE in their promoter region. Such ARE-lacking antioxidant genes are more appropriately called redox-sensitive genes (see also Section 2.4 of

 


Chapter 2



 
).






4.7. Natural and Man-Made Antioxidants


Many antioxidants, such as vitamin C and resveratrol, exist naturally in plants including dietary sources, and as such, are commonly called natural antioxidants. On the other hand, the antioxidant compounds manufactured in the laboratories, such as the aforementioned SOD mimetics MnTBAP and PEG-HCCs, are commonly referred to as man-made or synthetic antioxidants because they do not exist naturally. It is of note that some naturally occurring antioxidants, such as vitamin C and resveratrol, can also be synthesized in the laboratories, but the synthesized versions should be considered also as natural antioxidants because they are originally found in nature.



5. ANTIOXIDANT BIOLOGY AND MEDICINE VERSUS THE ANTIOXIDANT PARADIGM


Antioxidant biology and medicine is a relatively new field. To define it, we need to first consider the definitions of biology and medicine. The term biology is defined as the science of life and living things (e.g., plants and animals), studying their structure, function, growth, origin, evolution, and distribution. On the other hand, the term medicine refers to the science or practice of the diagnosis, treatment, and prevention of disease. Modern medicine develops primarily as a result of our profound understanding of human and animal biology at the molecular and cellular levels. Antioxidant biology and medicine may thus be defined as a field that studies the biological effects of antioxidants with an emphasis on their involvement in health and disease.




The essence of antioxidant biology and medicine lies in the antioxidant paradigm, which explains the key components of this field. As illustrated in

 


Figure 1.3



 
, antioxidant paradigm defines the scope of antioxidant biology and medicine to include studies on the sources, chemistry and biochemistry, molecular regulation, and biological effects of antioxidants, as well as their involvement in disease processes. Thus, the antioxidant paradigm provides a fundamental framework for understanding both the basic biology of antioxidants and their role in human health and disease. In this regard, it should be borne in mind that like ROS, antioxidants can be double-edged swords. On the one hand, antioxidants are protective against many disease processes. On the other hand, under certain conditions, some antioxidants, such as GSH,

 

N


 
-acetylcysteine, and vitamin E, as well as the antioxidant gene regulator Nrf2 may become detrimental factors, promoting cancer metastasis [24–26] (

 


Figure 1.3



 
). Hence, the antioxidant paradigm not only defines the scope of the field but also guides the development of antioxidant-based strategies for human disease intervention (see also

 


Chapter 3



 
).
















FIGURE 1.3. The antioxidant paradigm


 
. As illustrated, the antioxidant paradigm defines the scope of antioxidant biology and medicine to include studies on the sources, chemistry and biochemistry, molecular regulation (for antioxidant genes), and biological effects of antioxidants, as well as their involvement in health and disease. It should be noted that like ROS, antioxidants are double-edged swords: one the one hand, antioxidants are typically beneficial molecules protecting against disease processes involving ROS. On the other hand, under conditions where ROS play beneficial roles, counteraction of ROS by antioxidants may lead to detrimental consequences, contributing to disease development (e.g., cancer progression).






6. CONCLUSION AND PERSPECTIVE





Antioxidant biology and medicine is an emerging discipline of biomedicine addressing the biological activities of diverse classes of antioxidant molecules and their eventual involvement in human health and disease. The past two to three decades have witnessed the rapid advancement of this field leading to the increased recognition of the three modes of actions of antioxidants and the dual functions of

 
antioxidants

 
in disease processes. Like any other newly developed and rapidly evolving biomedical discipline, antioxidant biology and medicine also faces a number of challenges, such as (1) lack of a universally accepted definition for antioxidant; (2) lack of standardized schemes for classifying the diverse antioxidant molecules present both in animals and plants; and (3) shortage of standardized methods to quantify and compare the strength or efficacy of different antioxidant molecules. In addition, the scope and essence of this field need to be better defined though the antioxidant paradigm proposed in this chapter offers a general framework for understanding the various aspects of the field.






7. SELF-ASSESSMENT QUESTIONS






7.1.


 
A new antioxidant compound isolated from walnuts is shown to chemically react with hydrogen peroxide and protect against hydrogen peroxide-induced cell injury. Which of the following best describes the nature of this antioxidant?




A. It is a direct antioxidant

B. It is an endogenous antioxidant

C. It is an indirect antioxidant

D. It is an intracellular antioxidant

E. It is an Nrf2/ARE-dependent antioxidant





7.2.


 
There are three isoforms of superoxide dismutase, namely, CuZnSOD, MnSOD, and ECSOD. Which of the following best describes the nature of ECSOD?




A. It acts via repairing ROS-induced damage

B. It inhibits superoxide generation

C. It is an enzymatic antioxidant

D. It is an exogenous antioxidant

E. It is an indirect antioxidant





7.3.


 
A novel compound isolated from grape seeds has been found to protect against xanthine plus xanthine oxidase (XO)-induced cytotoxicity in cultured human cardiomyocytes. This compound, however, does not scavenge the ROS produced by the xanthine plus XO system. Which of the following is the most likely mechanism by which this new compound protects against xanthine plus XO-induced oxidative cardiac cell injury?




A. Activation of xanthine oxidase

B. Converting superoxide to hydrogen peroxide

C. Increasing xanthine regeneration

D. Inhibition of xanthine oxidase

E. Repairing oxidative damage





7.4.


 
Which of the following best describes the nature of the polyphenol mentioned in Question 7.3?




A. It is a direct antioxidant

B. It is an endogenous antioxidant

C. It is an indirect antioxidant

D. It is an intracellular antioxidant

E. It is an Nrf2/ARE-dependent antioxidant





7.5.


 
A recent study (

 

Cell


 
2019; 178(2):330–45) shows that the synthetic antioxidant

 

N


 
-acetylcysteine and dietary vitamin E promote lung cancer metastasis. This is an example of which of the following?




A. Antioxidants as anticancer agents

B. Antioxidants as double-edged swords

C. Antioxidants as poisons

D. Antioxidants as protective molecules

E. Antioxidants as regulating molecules


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is A. This antioxidant acts via directly scavenging hydrogen peroxide. The compound is not an endogenous antioxidant because it is not made by human or animal cells. In fact, it is classified also as an exogenous antioxidant. There is no information to conclude that it is an indirect antioxidant. Intracellular antioxidants are those that are naturally present in human or animal cells. Nrf2/ARE-dependent antioxidants are proteins/enzymes synthesized in human or animal cells.








7.2


 
. The answer is C. ECSOD is an antioxidant enzyme that catalyzes the conversion superoxide to hydrogen peroxide and molecular oxygen (see

 


Chapter 4



 
on SOD). ECSOD does not repair oxidative damage. Neither does it inhibit superoxide generation, though the level of superoxide in a biological system can be reduced in the presence of ECSOD. ECSOD is an endogenous antioxidant as it is synthesized by human or animal cells. It is also a direct antioxidant due to its ability to directly react with superoxide leading to its disappearance.








7.3.


 
The answer is D. The xanthine plus xanthine oxidase system is able to generate both superoxide and hydrogen peroxide, resulting in oxidative cell injury when added to cultured cells. This novel compound does not directly scavenge ROS but protects against xanthine plus xanthine oxidase-induced cell injury, suggesting that it acts very likely as an inhibitor of xanthine oxidase. Inhibition of xanthine oxidase would lead to decreased formation of ROS, thereby reducing oxidative cell injury. Activation of xanthine oxidase or increasing xanthine regeneration would augment oxidative cell injury. Converting superoxide to hydrogen peroxide typically does not protect against oxidative cell injury because the latter is also cytotoxic. It is unlikely for a plant-derived compound to be able to repair oxidative damage.








7.4.


 
The answer is C. The compound is most likely an inhibitor of xanthine oxidase, thus reducing the formation of ROS and the consequent oxidative cell injury. By definition, it is an indirect antioxidant. It is an exogenous antioxidant as it is isolated from grape seeds. There is no information to conclude that this compound is present naturally inside human or animal cells. Nrf2/ARE-dependent antioxidants are proteins/enzymes synthesized by human or animal cells.








7.5.


 
The answer is B. Antioxidants are typically beneficial molecules, but they can become detrimental factors under certain conditions, such as the one reported in the study. Because of this, they are considered double-edged swords.
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Chapter 2. Antioxidant Gene Regulation




HIGHLIGHTS


§ The tight regulation of antioxidant gene expression is essential for controlling oxidative stress and maintaining physiological homeostasis.

§ The nuclear factor E2-related factor 2 (Nrf2) is the chief regulator of the transcription of antioxidant genes as well as other cytoprotective genes.

§ Nrf2 itself is also subject to the regulation at various levels including protein stability and nuclear translocation, transcription, and post-transcription. Among the various pathways, the Keap1-Cul3-Rbx1 axis is the most prominent regulator of Nrf2 activity.

§ In addition to Nrf2, several other cellular factors have been shown to also regulate the transcription of some antioxidant genes under certain conditions, and these include the nuclear factor E2-related factors 1 and 3 (Nrf1 and Nrf3), the nuclear factor kappaB (NF-κB), and the tumor suppressor p53.

§ Being the central regulator of antioxidant genes, Nrf2 signaling is intimately involved in health and disease. While Nrf2 is a protector against oxidative and electrophilic tissue injury, persistent activation of Nrf2 may also contribute to disease pathophysiology, such as cancer progression.
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1. OVERVIEW


The crucial involvement of reactive oxygen species (ROS) in both physiology and pathophysiology makes it necessary to regulate endogenous antioxidants so as to control the undesired effects of ROS while permitting their physiological functions. Multiple mechanisms are involved in the regulation of mammalian antioxidant gene expression. Among them, the nuclear factor E2-related factor 2 (Nrf2) plays the most important role in the transcriptional regulation of a wide variety of antioxidative and other cytoprotective genes in mammals, including humans. This chapter thus focuses on the discussion of Nrf2 as the chief regulator of antioxidant gene expression. The involvement of other transcription factors, including nuclear factor E2-related factors 1 and 3 (Nrf1 and Nrf3), nuclear factor kappaB (NF-κB), and p53 in the regulation of certain antioxidant genes is also considered. The chapter ends with a discussion of the induction of endogenous antioxidants by chemical agents (known also as chemoprotectants), which may represent an important approach to the intervention of ROS-mediated disease pathophysiology.



2. NRF2 AND ITS REGULATION




2.1. General Aspects





Studies during the 1980s demonstrated that administration of chemoprotective agents to animals led to the simultaneous induction of multiple endogenous antioxidant enzymes including glutathione

 

S


 
-transferase (GST) and NAD(P)H:quinone oxidoreductase 1 (NQO1) [1–3]. The simultaneous induction of various antioxidants by chemical inducers suggested the existence of a central regulator for the above cellular defenses. Subsequent studies in early 1990s revealed a crucial role for a cis-acting element, called antioxidant response element (ARE) [4] or electrophile response element (EpRE), in the regulation of antioxidant gene expression [5]. In 1997, M. Yamamoto and coworkers discovered that Nrf2 acts as an indispensable transcription factor that interacts with the ARE, leading to increased transcription of various antioxidative and other cytoprotective genes [6].




Nrf2 is a member of the vertebrate Cap‘n’Collar (CNC) transcription factor subfamily of basic leucine zipper (bZip) transcription factors. Other members of the CNC subfamily of transcription factors include Nrf1, Nrf3, and p45 NF-E2. It has been established that Nrf2 plays a central role in regulating both the constitutive and inducible expression of a wide variety of mammalian antioxidant genes. Nrf2 activation occurs under various stress conditions, such as exposure to mild oxidative or electrophilic stress. Many classes of chemical inducers are able to induce endogenous antioxidants via activating Nrf2 [7]. Indeed, the most notable feature of Nrf2 is the chemical inducibility of its activity [7].

Activation of Nrf2 occurs primarily by increased stability of the Nrf2 protein and consequently more Nrf2 molecules are available for binding to the ARE to cause increased transcription of antioxidant genes. In addition, Nrf2 activation can be also modulated at the transcriptional and post-transcriptional levels. Thus, this section first describes the various cellular factors and pathways regulating Nrf2 protein stability and then considers the regulation of Nrf2 gene expression at both transcriptional and post-transcriptional levels. The section concludes with a brief introduction to Nrf2-regulated antioxidative and other cytoprotective genes and the implications of Nrf2 signaling in health and disease.



2.2. Regulation of Nrf2 Activity via Controlling Its Protein Stability


Several cellular factors are involved in the regulation of Nrf2 protein stability and consequently its nuclear translocation. Among them, Keap1 is the most prominent one.



2.2.1. Keap1 as the Chief Regulator of Nrf2 Protein Stability






Nrf2 normally resides in the cytosolic compartment through association with a cytosolic actin-binding protein, Keap1 (Kelch-like ECH-associated protein 1), which is also less commonly known as INrf2 (inhibitor of Nrf2). Keap1 plays a central role in the regulation of Nrf2 activity. It exists as dimers inside the cells. Keap1 functions as a substrate linker protein for the interaction of Cul3/Rbx1-based E3-ubiquitin ligase complex with Nrf2. This interaction leads to the continuous ubiquitination of Nrf2 and its subsequent proteasomal degradation. Hence, the continuous degradation of Nrf2 under basal conditions keeps the Nrf2 level low and consequently the low basal levels of Nrf2-regulated antioxidants. When cells encounter stress, such as exposure to mild oxidative/electrophilic stress or chemical inducers, Nrf2 dissociates from Keap1, becomes stabilized, and translocates into the nucleus. Inside the nucleus, Nrf2 interacts with other protein factors, including small Maf (sMaf), and binds to the ARE, leading to increased transcription of antioxidant genes (

 


Figure 2.1



 
) [7]. In mammals, including humans, the Keap1-Cul3-Rbx1 axis is considered the most important regulatory mechanism of Nrf2 activation.
















FIGURE 2.1. Keap1 as the chief regulator of Nrf2 activation and consequent ARE-driven antioxidant gene expression.


 
As illustrated, under basal conditions, Keap1 functions as a substrate linker protein for interaction of Cul3/Rbx1-based E3-ubiquitin ligase complex with Nrf2, leading to continuous ubiquitination of Nrf2 and its proteasomal degradation. Under stress conditions, such as exposure to ROS, Nrf2 dissociates from Keap1 (primarily as a result of oxidation of the cysteine residues of Keap1; see

 


Figure 2.3



 
) and becomes stabilized, and then translocates into the nucleus, activating ARE-driven antioxidant gene transcription. The increased antioxidants render the cells resistance to oxidative stress.






2.2.2. Mechanisms Leading to Nrf2-Keap1 Dissociation






Several mechanisms have been proposed to explain the dissociation of Nrf2 from Keap1 under stress conditions. Among them, oxidation of the cysteine residues of Keap1 and the binding of p62 to Keap1 have received the most attention (

 


Figure 2.2



 
).
















FIGURE 2.2. Mechanisms causing the dissociation of Nrf2 from Keap1


 
. As illustrated, the predominant mechanism by which stress conditions (e.g., oxidative and electrophilic stress) and chemical inducers cause the dissociation of Nrf2 from Keap1 is the oxidation of the cysteine residues of Keap1. The cysteine sulfhydryl groups may be oxidized to form a disulfide bridge, sulfenic acid (‒SOH), or sulfinic acid (‒SO2H). These redox modifications cause the separation of Keap1 from Nrf2, leading to Nrf2 stabilization and nuclear translocation. In addition to the above major mechanism, protein kinase C may phosphorylate Nrf2, causing its dissociation from Keap1. Likewise, other cellular factors, such as p62, p21, DJ-1, PALB2, and BRCA1, may disrupt the binding between Nrf2 and Keap1 via direct protein-protein interactions.







(1)

 

Oxidation of the cysteine residues of Keap1


 
: Keap1 is a cysteine-rich protein and some of the cysteine residues serve as redox sensors for electrophiles and ROS. Modifications of these cysteine sulfhydryl groups, especially Cys151, Cys273, and Cys288, of the Keap1 protein cause dissociation of Nrf2 from Keap1. As such, the Keap1-Nrf2 system is considered primarily a thiol-based sensor-effector apparatus for maintaining cellular redox homeostasis [7].







(2)

 

Binding of p62 to Keap1


 
: p62, also known as sequestosome 1 (SQSTM1), is a ubiquitin-binding protein that targets protein aggregates for degradation via the autophagic pathway. p62 competes with Nrf2 for binding to Keap1, and binding of p62 to Keap1 leads to the degradation of Keap1 and the consequent Nrf2 stabilization [8, 9]. Notably, there is an ARE in the p62 gene promoter, and p62 is a target gene of Nrf2, thus creating a positive feedback loop by inducing ARE-driven gene transcription [10]. In other words, p62 increases Nrf2 protein stability, and Nrf2 activates p62 gene expression, and the increased p62 further increases Nrf2 protein stability, hence forming a positive feedback loop. As p62 is a cargo receptor for selective autophagy, Keap1-Nrf2 may have an intriguing functional interaction with autophagy [11].




In addition to autophagy, p62 may also link other cellular processes to Nrf2 activation. For instance, the stress-inducible antioxidant proteins sestrin 1 and sestrin 2 have been shown to interact with Keap1, p62, and the ubiquitin ligase Rbx1. It has been demonstrated that the antioxidant function of sestrins is mediated through the activation of Nrf2 in a manner reliant on p62-dependent autophagic degradation of Keap1 [12, 13].




(3)

 

Other factors


 
: Protein kinase C (PKC) catalyzes the phosphorylation of Nrf2 at Ser40. This phosphorylation promotes the dissociation of Nrf2 from Keap1, leading to increased transcription of the ARE-driven antioxidant genes [14]. As PKC is redox-sensitive, ROS and other stress conditions may cause activation of Nrf2 partly via redox modulation of PKC signaling.







p21

 

Cip1/WAF1


 
and DJ-1 also stabilize Nrf2 by disrupting the Nrf2-Keap1 interaction [15, 16]. p21

 

Cip1/WAF1


 
is a cyclin-dependent kinase (cdk) inhibitor and is a key mediator of the p53-dependent cell cycle arrest after DNA damage. DJ-1 is a protein deglycase, also known as Parkinson’s disease protein 7, encoded by Park7 gene. It protects neurons from oxidative stress injury [17].




Proteins that stabilize Nrf2 via affecting the binding between Nrf2 and Keap1 also include PALB2 (partner and localizer of BRCA2) [18] and the tumor suppressor BRCA1 [19]. As the name indicates, the PALB2 protein binds to, and colocalizes with, the tumor suppressor BRCA2 in nuclear foci and likely also permits the stable intranuclear localization and accumulation of BRCA2 [20].



2.2.3. Keap1-Independent Regulation of Nrf2 Protein Stability






While Keap1 is the major cellular factor controlling Nrf2 activation, regulation of Nrf2 protein stability occurs also through Keap1-independent mechanisms. Among them, β-TrCP-Cul1- and Hrd1-dependent pathways are most notable (

 


Figure 2.3



 
).
















FIGURE 2.3. Keap1-independent regulation of Nrf2 protein stability.


 
As illustrated, Keap1-independent regulation of Nrf2 protein stability may occur via two pathways in the nucleus. One pathway is that GSK-3β phosphorylates Nrf2 enabling it to be recognized by β-TrCP and ubiquitylated by the β-TrCP-Cul1 E3 ubiquitin ligase complex for the eventual proteasomal degradation. The other pathway is dependent on Hrd1, an E3 ligase that ubiquitylates Nrf2 for proteasomal degradation. Hence, both pathways are negative regulators of Nrf2 protein stability, and inhibition of these pathways would cause Nrf2 activation.







(1)

 

β-TrCP-Cul1-dependent pathway


 
: Activation of the phosphatidylinositol 3-kinase (PI3K)/Akt pathway

 
causes

 
Nrf2

 
activation,

 
increasing

 
ARE-driven antioxidant gene transcription [21]. A critical mediator in the PI3K/Akt-dependent pathway is glycogen synthase kinase-3beta (GSK-3β), which phosphorylates Nrf2 [22]. This phosphorylation enables Nrf2 to be recognized by beta-transducin repeat-containing protein (β-TrCP) that in turn marks Nrf2 for ubiquitination. Following ubiquitination by the β-TrCP-Cul1 E3 ubiquitin ligase complex, Nrf2 is degraded by the proteasome [23, 24]. On the other hand, PI3K/Akt phosphorylates GSK-3β, leading to its inhibition, thus linking PI3K/Akt activation to increased Nrf2 protein stability and augmented transcription of Nrf2/ARE-regulated genes [22] (see Section 4.3.2.). Moreover, nuclear heme oxygenase-1 (HO-1; see

 


Chapter 16



 
on HO-1) interacts with Nrf2 and stabilizes it from GSK3β-mediated phosphorylation coupled with ubiquitin-proteasomal degradation, thereby prolonging the accumulation of Nrf2 in the nucleus [25].







(2).

 

Hrd1-dependent pathway


 
: Hrd1 (3‑hydroxy‑3‑methylglutaryl reductase degradation 1) is an E3 ligase known to play a role in the degradation of misfolded proteins in the endoplasmic reticulum [26]. Hrd1 also causes ubiquitylation of Nrf2, leading to its degradation by the proteasome. Hrd1 is hence considered a negative regulator of Nrf2 activity [27]. Hrd1 has been found to suppress Nrf2-mediated cellular protection during liver cirrhosis, and pharmacological inhibition of Hrd1 may prevent Nrf2 degradation and suppress liver cirrhosis [27].






2.3. Other Mechanisms Regulating Nrf2 Activity


In addition to the modulation of Nrf2 protein stability, regulation of Nrf2 occurs also at other levels including transcriptional and post-transcriptional regulation. The cellular factors or events involved include the aryl hydrocarbon receptor (AhR), NF-κB, Nrf2 itself, microRNAs, and Nrf2 gene splicing variants, as well as tumor suppressor p53, retinoic acid receptor alpha, and the transcriptional coactivators—p300/CBP histone acetyltransferases.



2.3.1. AhR






The transcription of Nrf2 gene is activated by AhR. This is due to binding of the AhR (as a heterodimer with AhR nuclear translocator) to the xenobiotic response element-like sequences in the Nrf2 gene promoter and the consequent transactivation of the Nrf2 gene [28]. This pathway is responsible for the activation of Nrf2 by xenobiotics that are AhR ligands, such as 2,3,7,8-tetrachlorodibenzo-

 

p


 
-dioxin (TCDD) [29].






2.3.2. NF-κB



Nrf2 gene promoter also contains a binding site for NF-κB, and NF-κB subunits p50 and p65 induce transactivation of Nrf2 gene [30]. This explains the activation of Nrf2 by NF-κB-activating inflammatory cytokines. Although NF-κB activates Nrf2, Nrf2 activation attenuates NF-κB signaling, suggesting a cross-talk between Nrf2 and NF-κB [31]. Inhibition of NF-κB signaling by Nrf2 may contribute, at least partly, to the anti-inflammatory activity of Nrf2 activators, such as cruciferous sulforaphane [32]. How Nrf2 suppresses NF-κB signaling remains to be determined. It has been suggested that Nrf2 activation may shift the cellular redox status to a more reducing state due to increased expression of antioxidants. Such a more reducing state attenuates NF-κB activation because NF-κB is less readily activated in a reducing environment [33, 34].



2.3.3. Nrf2 Autoregulation



There is evidence suggesting the autoregulation of Nrf2. On the one hand, due to the presence of ARE-like sequences in the promoter region of the Nrf2 gene, Nrf2 may activate its own gene transcription, leading to increased production of Nrf2 protein [35]. This represents a positive feedback mechanism of Nrf2 signaling. One the other hand, Nrf2 may stimulate Keap1 gene expression for its own degradation [36]. This negative feedback may thus limit the undue expression of Nrf2.



2.3.4. MicroRNAs



Post-transcriptionally, Nrf2 is regulated by multiple miRNAs. Among them, miR-144 is the first microRNA shown to silence Nrf2 gene [37]. Nrf2 may also be regulated via alternative gene splicing in certain tumors; some splice variants lack the Keap1-interacting domain, thus resulting in increased Nrf2 protein stability and Nrf2-mediated antioxidant gene expression [38].



2.3.5. p53 and Others



The tumor suppressor p53 has been shown to suppress the Nrf2-dependent transcription of certain antioxidant genes possibly via a direct interaction with the ARE-containing promoters, diminishing the promoter activity [39]. Likewise, activation of retinoic acid receptor alpha may suppress Nrf2-mediated antioxidant gene expression via forming a complex with Nrf2, causing decreased binding of Nrf2 to the ARE [40]. On the other hand, p300/CBP histone acetyltransferases have been reported to directly bind and acetylate Nrf2 in the nucleus, leading to enhanced promoter-specific DNA binding of Nrf2 in response to arsenite-induced oxidative stress [41].



2.4. Nrf2-Regulated Antioxidant Genes




2.4.1. Direct Regulation of Antioxidant Genes via the Nrf2-ARE Pathway



Extensive in vitro and in vivo studies have demonstrated that Nrf2 plays a central role in regulating the transcription of a wide variety of antioxidant genes. In this context, for an antioxidant gene to be claimed as one directly regulated by the Nrf2-ARE pathway, the following four criteria must all be met.

(1) The antioxidant gene contains one or more AREs in the gene promoter or other region.

(2) Nrf2 directly interacts with the ARE, leading to increased promoter activity and transactivation of the target gene.

(3) A mutation in the ARE sequences abolishes the Nrf2 binding to the ARE and the subsequent Nrf2-augmented transactivation of the target gene.

(4) Targeted disruption of Nrf2 gene or Nrf2 gene knockdown diminishes the expression (basal and inducible expression) of the antioxidant gene and its encoded protein.

Based on the criteria outlined above, the antioxidant genes so far known to be directly regulated by Nrf2 through an ARE-driven mechanism are listed below in alphabetical order.

§ Copper, zinc superoxide dismutase [42]

§ Ferritin heavy chain [43]

§ Ferritin light chain [44]

§ γ-Glutamylcysteine ligase catalytic subunit [45]

§ γ-Glutamylcysteine ligase modifier subunit [4]

§ Glutathione peroxidase 2 [46]

§ Glutathione reductase [47]




§ Glutathione

 

S


 
-transferases (multiple isoforms) [48]




§ Heme oxygenase-1 [49]

§ Peroxiredoxin 1 [50]

§ Peroxiredoxin 6 [51]

§ NAD(P)H:quinone oxidoreductase 1 [52]

§ Sulfiredoxin [53, 54]

§ Thioredoxin 1 [55]

§ Thioredoxin reductase 1 [56]



2.4.2. Indirect Regulation of Antioxidant Genes via Nrf2-Mediated Redox Changes



It should be noted that many antioxidant genes are subject to redox regulation. Deletion of Nrf2 as seen in Nrf2-knockout mice decreases the expression of Nrf2-regulated, ARE-driven antioxidant genes, leading to increased ROS levels and altered cellular redox status. Such redox changes may then lead to the altered expression of certain antioxidant genes, that do not contain an ARE and are thus not directly regulated by the Nrf2-ARE pathway. Hence, antioxidant genes, whose expression is altered due to Nrf2 activation or inhibition, are not necessarily the Nrf2 target genes. Indeed, multiple antioxidant genes are primarily regulated by transcription factors other than Nrf2. For instance, NF-κB, a redox-sensitive transcription factor, has been shown to directly regulate the transcription of manganese superoxide dismutase (MnSOD) gene [57] (see also Section 3).



2.4.3. Modulation of Other Cytoprotective Genes upon Nrf2 Deletion






Largely based on gene array analyses of Nrf2-null mice, Nrf2 status has been found to affect the expression

 
of

 
numerous

 
other

 
genes

 
whose

 
products

 
are involved in various cellular processes, such as the generation of reducing equivalents (e.g., NADPH), metabolism and transport of xenobiotics, protein degradation, and growth factor signaling [58, 59]. As noted earlier, an altered expression of an antioxidant or cytoprotective gene upon Nrf2 deletion does not necessarily indicate that the gene is regulated directly through the Nrf2-ARE pathway.






2.5. Nrf2 in Health and Disease




2.5.1. Nrf2 as a Protector in Disease Processes






The role of Nrf2 in health and disease has been extensively investigated primarily using the Nrf2-null (also known as Nrf2-knockout or Nrf2-deficient) mouse model. With this animal model, Nrf2 has been found to play a protective role in disease conditions of virtually all of the major organs or systems (

 


Figure 2.4



 
) [7]. The pathophysiological processes on which Nrf2 provides protective effects involve, at least partially, the following: (1) oxidative and inflammatory stress; (2) electrophilic stress; and (3) chemical carcinogenesis. This is consistent with the ability of Nrf2 to regulate genes whose products play a major role in the detoxification of ROS and electrophilic species [58, 59]. In this regard, oxidative and electrophilic stress is also an important mechanism of chemical carcinogenesis [60, 61].
















FIGURE 2.4. Nrf2 as a protector in disease processes and related conditions.


 
Via regulating cellular antioxidants and other cytoprotective factors, the Nrf2-ARE pathway protects against oxidative stress, electrophilic stress, and inflammatory stress. Primarily based on studies with the Nrf2-knockout mouse model, maintaining and activating a functional Nrf2-ARE signaling has been found to play a protective role in a wide variety of disease processes and related conditions (e.g., aging) involving oxidative, electrophilic, and inflammatory stresses.






2.5.2. Nrf2 as a Promoter in Disease Processes






Although Nrf2 plays a critical role in protecting against chemical carcinogenesis in various animal models [62, 63], persistent activation of this transcription factor may play an unfavorable role in the development of cancer not immediately related to exposure to chemical carcinogens. Mutations or epigenetic modifications affecting the regulation or fate of Nrf2 can lead to constitutive hyperactivation of the Nrf2 signaling. Such hyperactivation of Nrf2 signaling may preserve cancer phenotypes by mechanisms, including: (1) metabolic reprogramming of the cancer cells, thus favoring their proliferation [64–66]; (2) stabilizing pro-metastatic transcription factors, such as Bach1, thereby promoting cancer cell metastasis [67]; and (3) augmenting cancer cell antioxidant defense, rendering resistance of the cancer cells to cytotoxicity of cancer chemotherapeutic drugs or radiation therapy [30, 68] (

 


Figure 2.5



 
).
















FIGURE 2.5. Nrf2 as a promoter in cancer development and progression.


 
As illustrated, genetic variations in Nrf2 and Keap1 genes as well as chemical inducers may cause persistent activation of the Nrf2-ARE pathway leading to increased antioxidants and redox changes (not shown). Such changes may result in: (1) metabolic reprogramming of the cancer cells, promoting cancer cell proliferation; (2) increased stability of pro-metastasis factors, such as Bach1, promoting cancer metastasis; and (3) increased cellular defenses against cytotoxic anticancer drugs, causing drug resistance and cancer relapse. Collectively, these changes contribute to the progression of cancer and poor prognosis.






3. OTHER TRANSCRIPTION FACTORS


Although Nrf2 is a chief regulator of global antioxidant gene expression, several other transcription factors have been found to also regulate certain antioxidant gene expression under specific conditions. These transcription factors include Nrf1, Nrf3, NF-κB, and p53. In general, as compared to Nrf2, the above transcription factors have much limited roles in regulating the expression of antioxidant genes.



3.1. Nrf1 and Nrf3


Nrf1 and Nrf3 are also members of the CNC subfamily of basic leucine zipper (bZip) transcription factors. Like Nrf2, Nrf1 also binds to ARE, but Nrf1 and Nrf2 play distinct roles in the activation of ARE-dependent genes. For example, while both Nrf1 and Nrf2 bind with comparable affinity to the ARE in the metallothionein-1 (MT1) gene promoter, only Nrf1 is able to upregulate reporter gene expression driven by the MT1 promoter [69]. Studies in cultured cells have suggested that Nrf1 and Nrf2 may have overlapping roles in regulating basal expression of certain ARE-containing antioxidant genes, such as γ-glutamylcysteine ligase catalytic subunit (γGCLC) gene [70, 71]. On the other hand, the inducible expression of antioxidant genes is largely dependent on Nrf2 (see Section 4). In addition, Nrf1 (also Nrf2) may regulate rat γGCLC gene via an ARE-independent pathway [72].

In contrast to Nrf2, Nrf1 is an essential gene during development. Homozygous deletion of Nrf1 gene in mice results in late gestational embryonic lethality [73]. Liver-specific inactivation of Nrf1 gene in adult mice leads to nonalcoholic steatohepatitis and hepatic neoplasia [74]. While Nrf2 is primarily regulated by Keap1, β-TrCP- and Hrd1-dependent degradation mechanisms may be primarily responsible for regulating the transcriptional activity of Nrf1 to maintain cellular homeostasis [75]. In contrast to what is seen with Nrf2, Keap1 appears to stabilize Nrf1 [76].

Nrf3 can also bind to ARE; however, its physiological functions remain unclear. It has been reported that in cultured cells, Nrf3 negatively regulates ARE-mediated basal and inducible expression of NQO1 gene [77]. Nrf3 may play a role in smooth muscle cell differentiation from stem cells [78] and in protecting against chemically induced lymphoblastic lymphoma in mice [79].



3.2. NF-κB





NF-κB was first discovered as a transcription factor bound to the immunoglobulin kappa light-chain enhancer in the nucleus of B lymphoid lineage [80]. It plays important roles in the control of immune function, inflammation, stress responses, differentiation, apoptosis, and cell survival [81]. As stated above (Section 2.3.2), NF-κB activates Nrf2, thereby increasing ARE-driven antioxidant gene expression. In addition, NF-κB may regulate certain antioxidant gene expression independent of the Nrf2-ARE pathway. For example, the rat γGCLC gene promoter contains NF-κB-binding sequences, and the binding of NF-κB causes transactivation of γGCLC gene [72]. NF-κB-response elements are present also in the promoter region of both Cu,ZnSOD and MnSOD genes [82, 83], and NF-κB plays a critical role in regulating the gene expression of the above SODs, especially MnSOD [84] (see also

 


Chapter 4



 
).






3.3. p53


The tumor suppressor p53 regulates antioxidant genes in different ways. On the one hand, as stated in Section 2.3, p53 interacts with the ARE and suppresses the Nrf2-ARE-driven antioxidant gene expression [32]. On the other hand, consensus p53 binding sequences are present in the promoter regions of both human MnSOD and glutathione peroxidase 1 (GPx1) genes, and p53 upregulates both MnSOD and GPx1 gene transcription [85]. In addition, p53 upregulates glutaminase 2, an enzyme that regulates antioxidant defense function in cells by increasing the levels of the reduced form of glutathione (GSH) [86].



4. CHEMICAL INDUCTION OF ANTIOXIDANT GENE EXPRESSION




4.1. Chemical Classes of Antioxidant Inducers





Many endogenous antioxidant genes and proteins can be induced both in vitro and in vivo by treatment with a wide variety of chemical agents, known also as chemical inducers. The antioxidant inducers of biological relevance belong to multiple chemical classes, including: (1) plant-derived polyphenols (and synthetic analogs), such as resveratrol; (2) cruciferous isothiocyanates (and synthetic analogs), such as sulforaphane; (3) cruciferous dithiolethiones (and synthetic analogs), such as 3

 

H


 
-1,2-dithiole-3-thione (D3T); (4) natural triterpenoids (and synthetic analogs), such as 2-cyano-3,12-dioxooleana-1,9(11)-dien-28-oic acid (CDDO); and (5) oxidants and electrophilic xenobiotics/drugs, such as peroxides (e.g., hydrogen peroxide), quinones (e.g., menadione), heavy metals (e.g., arsenic), and electrophilic drugs (e.g., dimethyl fumarate, which is a U.S. Food and Drug Administration-approved drug for treating multiple sclerosis).




As noted above, many of these chemicals are found naturally in plants. A common chemical feature of these inducers is their reactivity to sulfhydryl groups, such as protein cysteine residues. Indeed, as described below, this thiol-reacting property of the chemical inducers is primarily responsible for their activation of Nrf2 and Nrf2/ARE-driven antioxidant gene expression in mammalian cells.



4.2. Nrf2 as a Central Player in Chemical Induction of Antioxidants


It has been established that Nrf2 plays a major role in mediating the induction of cellular antioxidants by the various chemical inducers listed above [7]. In the field of chemoprotection or chemoprevention, several classes of chemicals are commonly used for inducing cellular antioxidants to protect against disease conditions associated with oxidative and electrophilic stress. The commonly studied chemoprotective agents include primarily the following four chemical classes.

§ Polyphenolic compounds (e.g., resveratrol)

§ Isothiocyanates (e.g., sulforaphane)

§ Dithiolethiones (e.g., D3T)

§ Triterpenoids (e.g., CDDO)




These chemical agents have been shown to afford chemoprotective

 
effects in various animal models of

 
disease processes, including oxidative and electrophilic tissue injury, inflammatory disorders, and chemical carcinogenesis. Extensive studies with the Nrf2-null

 
mouse model have demonstrated that the above chemoprotective effects occur primarily via activation of the Nrf2-ARE pathway and the subsequent induction of antioxidants as well as other cytoprotective proteins.






4.3. Mechanisms of Nrf2 Activation by Chemoprotective Agents





Chemoprotective agents may induce Nrf2-ARE-driven antioxidant gene expression through various pathways. Among them, redox modification of the cysteine residues of Keap1 and activation of the PI3K/Akt pathway are two well-recognized mechanisms (

 


Figure 2.6



 
)

 
.
















FIGURE 2.6. Mechanisms by which chemoprotectants activate Nrf2-ARE-driven antioxidant gene expression.


 
As illustrated, many chemoprotective agents (or their metabolites) can cause oxidation of the cysteine residues of Keap1, leading to the dissociation of Nrf2 from Keap1 and Nrf2 nuclear translocation, and the increased transcription of ARE-driven antioxidant genes. Some chemoprotectants, such as polyphenols may cause Nrf2 activation via stimulating PI3K/Akt. As shown, activation of PI3K/Akt causes inactivation of GSK-3β, a negative regulator of Nrf2 protein stability (see also

 


Figure 2.3



 
).






4.3.1. Redox Modification of Keap1 Cysteine Residues



Redox modification of the cysteine residues of Keap1 by the chemical inducers or their metabolites leads to the dissociation of Nrf2 from Keap1. This has been suggested to be the primary mechanism by which thiol-reacting chemoprotective agents activate Nrf2. Notably, most of the commonly studied chemoprotective agents (or their metabolites) are able to react with cysteine residues of Keap1 [7].



4.3.2. Protein Phosphorylation



Some Nrf2-activating chemoprotectants, such as resveratrol are not thiol-reactive, and hence, for these chemical inducers, Nrf2 activation must occur via thiol redox-independent mechanisms. As described earlier (Section 2.2.3), stimulation of the PI3K/Akt pathway causes Nrf2 activation via β-TrCP-Cul1-dependent pathway. In this context, the polyphenolic compound carnosol has been shown to activate Nrf2 via stimulating the PI3K/Akt pathway [21]. Estrogen, a phenolic compound, activates Nrf2 also via a PI3K/Akt-dependent mechanism [87].



4.3.3. Other Signaling Pathways






As aforementioned, many other transcription or protein factors, such as p21

 

Cip1/WAF1


 
, p53, DJ-1, NF-κB, AP-1, and AhR, are involved in the regulation of Nrf2 activity. Conceivably, chemoprotective agents may cause Nrf2 activation via redox modulation of these transcription or protein factors. In fact, all these factors are known to be subject to redox modulation.






5. CONCLUSION AND PERSPECTIVE


To maintain ROS homeostasis, aerobic organisms, including humans have evolved various mechanisms regulating antioxidant gene expression. Among them, the Nrf2-ARE axis has been identified as the most prominent pathway. As an essential pathway regulating the transcription of a wide variety of antioxidative and other cytoprotective genes, Nrf2-ARE signaling is also subject to the regulation at the levels of protein stability, transcription, and post-transcription. While pharmacological induction of Nrf2-regulated antioxidants is an effective approach to protecting against oxidative stress-associated disease processes, sustained activation of Nrf2 signaling may also promote cancer progression, making Nrf2 a double-edged sword. It is imperative to take this notion into account when devising Nrf2-based strategies for disease intervention or health promotion.



6. SELF-ASSESSMENT QUESTIONS






6.1.


 
Multiple pathways are involved in regulating the expression of antioxidant genes in aerobic organisms. Which of the following transcription factors plays a central role in controlling transcription of mammalian antioxidant genes?




A. NF-κB

B. Nrf1

C. Nrf2

D. Nrf3

E. p53





6.2.


 
Which of the following cellular factors binds to the antioxidant response element

 
, causing transactivation of metallothionein-1 gene?




A. DJ-1

B. NF-κB

C. Nrf1

D. p53

E. p62





6.3.


 
A newly synthesized compound is shown to be reactive to protein thiol groups and be able to induce the expression of multiple ARE-driven antioxidant genes in cultured human cells. Which of the following is most likely the molecular target of this compound?




A. DJ-1

B. Keap1

C. Nrf3

D. p21

E. p62





6.4.


 
Which of the following is the most prominent mechanism or pathway regulating Nrf2 protein stability in mammalian cells?




A. Hrd1-dependent pathway

B. Keap1-Cul3-Rbx1 axis

C. Nrf1-Nrf2 interaction

D. Nrf2-Nrf3 interaction

E. β-TrCP-Cul1-dependent pathway





6.5.


 
A novel compound isolated from grapes has been shown to cause activation of phosphatidylinositol 3-kinase (PI3K)/Akt in cultured cardiac fibroblasts. Which of the following is most likely to happen following treatment of the cells with this compound?




A. Activation of GSK-3β

B. Inactivation of Hrd1

C. Decreased ARE-driven transcription

D. Nrf2 activation

E. Nrf2 inactivation


ANSWERS AND EXPLANATIONS






6.1.


 
The answer is C. Among the listed transcription factors, Nrf2 is established as the chief regulator of antioxidant gene transcription. All the other factors may also be involved in regulating the transcription of some antioxidant genes under certain conditions, but compared to Nrf2, their role is much limited.








6.2.


 
The answer is C. Among the factors listed, Nrf1 is known to bind to the ARE in the metallothionein-1 gene promoter. There is no evidence showing that the other factors can also bind to the ARE.








6.3.


 
The answer is B. Keap1 is the most prominent regulator of Nrf2 activity, and as a cysteine-rich protein, Keap1 acts as a redox sensor responsible for Nrf2 activation upon exposure to oxidants and electrophilic compounds. The other factors may also be involved in the regulation of Nrf2 activity via distinct mechanisms, but they play a much less prominent role as compared to Keap1.








6.4.


 
The answer is B. In mammals including humans, the Keap1-Cul3-Rbx1 axis is known as the most prominent regulatory mechanism of Nrf2 activation. Hrd1- and β-TrCP-Cul1-dependent pathways also regulate Nrf2 activity, but they play a much less important role as compared to the Keap1-Cul3-Rbx1 axis. There is no evidence showing that the direct interaction between Nrf2 and Nrf1/Nrf3 affects Nrf2 activation in mammalian cells.








6.5.


 
The answer is D. Some Nrf2 inducers such as plant-derived phenolic compounds may cause Nrf2 activation via activating phosphatidylinositol 3-kinase (PI3K)/Akt. As described in Section 2.2.3, this is an example of Keap1-independent regulation of Nrf2 protein stability. Activation of PI3K/Akt causes inactivation of GSK-3β. There is no evidence showing that activation of PI3K/Akt causes Hrd1 inactivation.
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Chapter 3. Assessment of Antioxidants in Health and Disease




HIGHLIGHTS


§ The causal involvement of oxidative stress in diverse human diseases makes it reasonable to develop antioxidant-based modalities for disease intervention.

§ Genetic manipulations of antioxidant genes for disease intervention have been extensively tested in animal models; however, use of such approaches in humans is currently impracticable.

§ Practical strategies of antioxidant-based disease intervention include the administration of exogenous antioxidant compounds and use of chemical inducers of antioxidant genes.

§ Randomized controlled trials are the most rigorous clinical studies to assess the efficacy of antioxidant-based strategies for the intervention of human diseases.

§ When assessing antioxidants in health and disease, several caveats should be taken into consideration, including the multitasking nature of antioxidants and antioxidants as double-edged swords.
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1. OVERVIEW





Animals including humans have evolved diverse antioxidant defenses that keep reactive oxygen species (ROS) under tight control to maintain physiological homeostasis. Disruption of the balance between antioxidant defenses and ROS may lead to oxidative stress and tissue injury. Indeed, accumulating evidence supports a causal involvement of oxidative stress in various human disease processes, including cardiovascular disorders, diabetes and metabolic syndrome, neurodegeneration, and cancer, to name just a few (see also

 


Chapter 2



 
). As a result, the past decades have witnessed the rapid development of antioxidant-based strategies for disease intervention in both experimental animals and human subjects. This chapter introduces the general concept and strategies of antioxidant-based disease intervention and discusses key issues regarding the evaluation of antioxidants in health and disease. These include antioxidants as multitasking molecules and double-edged swords, and the advantages and limitations of genetic manipulations of antioxidant enzymes in studying antioxidant biology and medicine. Knowledge in these areas will help us understand the biology and medicine of the individual antioxidants to be covered in the remaining chapters of the book.






2. ANTIOXIDANT-BASED DISEASE INTERVENTION


The critical involvement of ROS in various disease conditions makes it necessary to devise strategies to control these reactive species-mediated pathophysiological processes. Intervention of ROS-associated disease conditions could be potentially achieved through various approaches, among which the antioxidant-based intervention is of the most relevance.



2.1. Overall Strategies


The antioxidant-based intervention of oxidative stress-associated disease conditions may involve the following two overall strategies.




(1)

 

Administration of exogenous antioxidant compounds to scavenge the ROS associated with disease conditions


 
: For disease processes caused by increased levels of ROS, scavenging of these reactive species by exogenously administered antioxidant compounds would prevent or diminish the tissue injury caused by the ROS. In this regard, both plant-derived antioxidant compounds (e.g., vitamin C, vitamin E, and polyphenols) and synthetic antioxidant chemicals (e.g.,

 

N


 
-acetylcysteine and antioxidant enzyme mimetics) have been used extensively for the intervention of various disease processes in both animal models and human subjects.







(2)

 

Administration of antioxidant enzyme inducers (e.g., chemoprotective agents) to boost endogenous tissue antioxidant defenses


 
: As described in

 


Chapter 2



 
, the chemical inducibility of endogenous antioxidants makes it feasible for protecting against ROS-mediated disease processes by administration of antioxidant-inducing agents. Induction of cellular antioxidants and other cytoprotective enzymes by chemoprotective agents has been shown to be a valid approach to the intervention of disease conditions involving an oxidative or inflammatory stress mechanism in various animal models. This approach has also been applied for cancer chemoprevention in humans [1]. An alternative approach to boosting cellular antioxidant defenses is through transgenic overexpression of the individual antioxidant proteins. This is usually done in experimental animals, and antioxidant gene therapy in humans is currently impracticable (see Section 5).






2.2. Studies in Experimental Animals


Animal studies provide important information on the safety and efficacy as well as mechanisms of actions for drugs used for the management of human diseases. This is also true for the development of antioxidant-based strategies in the intervention of disease conditions involving an ROS-mediated pathophysiological component. Three approaches, as outlined below, are commonly used to study the biological functions of antioxidants and antioxidant-based intervention of diseases in experimental animal models.

§ Transgenic overexpression of endogenous antioxidant genes

§ Administration of exogenous antioxidant compounds to scavenge ROS

§ Induction of endogenous antioxidants by chemical inducers

The transgenic approach provides the most convincing information regarding the protective effects of overexpression of a specific antioxidant protein on a disease condition. This also provides the strongest evidence for the involvement of a particular ROS in the disease process [2‒4].

The use of exogenous antioxidant compounds with a selective ROS-scavenging activity may also generate important information on the involvement of a specific ROS in the disease condition. In this context, the superoxide dismutase (SOD)-mimetics, such as manganese 5,10,15,20-tetrakis(4-benzoic acid) porphyrin (MnTBAP) and poly(ethylene glycolated) hydrophilic carbon clusters (PEG-HCCs), have been used to study the role of superoxide in various disease processes [5‒7].




In contrast, the effectiveness of chemical inducers of antioxidants in protecting against a disease condition may result from the simultaneous induction of diverse endogenous antioxidants. Indeed, chemical inducers usually upregulate a series of different antioxidant enzymes via activating primarily the nuclear factor E2-related factor 2 (Nrf2) [8]. As described in

 


Chapter 2



 
, Nrf2 acts as a central transcriptional regulator of a wide variety of mammalian antioxidative and other cytoprotective genes.

 


Figure 3.1



 
summarizes the major approaches to augmenting tissue antioxidant defenses for the intervention of disease conditions with ROS as an etiological or contributing factor.
















FIGURE 3.1. General approaches to boosting tissue antioxidant defenses for the intervention of disease conditions with ROS as etiological or contributing factors.


 
As illustrated, three general strategies are used to augment tissue antioxidant defenses: (1) administration of exogenous antioxidant compounds; (2) use of chemical or pharmacological inducers of endogenous antioxidant genes; and (3) transgenic overexpression of antioxidant genes (also known as antioxidant gene therapy). While all three approaches are used in experimental animals, only the first two approaches are employed in humans, and antioxidant gene therapy for human use is currently impracticable.






2.3. Studies in Humans


The above three approaches used in animal studies could also be applied to human studies though the use of genetic approach (antioxidant gene therapy) is currently unrealistic in human subjects. Hence, the practical antioxidant-based approaches in human studies involve the intake of exogenous antioxidant compounds and the administration of chemoprotective or pharmacological agents capable of inducing endogenous antioxidants. As described below, randomized controlled trials (RCTs) and observational epidemiological studies may be carried out to assess the effectiveness of the above antioxidant-based approaches.



2.3.1. RCTs



RCTs are the most rigorous clinical studies to assess the usefulness of antioxidant-based strategies for the intervention of human diseases involving an oxidative stress mechanism [9]. The intervention can be either preventive or therapeutic. RCTs, particularly those involving a larger number of participants (typically in thousands), provide the strongest evidence on the causal relationship between antioxidant intervention and disease outcome. One prominent example is the RCTs of dimethyl fumarate, an Nrf2 activator, in treating multiple sclerosis [10, 11]. The efficacy demonstrated through the RCTs led to the approval of dimethyl fumarate (brand name: Tecfidera) by the U.S. Food and Drug Administration (FDA) for treating relapsing forms of multiple sclerosis.



2.3.2. Observational Epidemiological Studies



Observational epidemiological studies are also frequently carried out to assess the relationship between the intake of antioxidants and the altered risk of disease development. However, such studies do not allow the establishment of a causal relationship between the antioxidant intake and the disease outcome. Nevertheless, observational studies do provide clues to a potential role of antioxidant intake in altering disease risk and thereby set a stage for subsequent RCTs to establish the clinical efficacy of the antioxidant-based approach.



3. ANTIOXIDANTS AS MULTITASKING MOLECULES





Many antioxidants have well-established ability to scavenge ROS, inhibit their formation, or repair the damage caused by ROS. However, it is important to note that in addition to their effects on ROS, antioxidants, including both protein and non-protein antioxidants, may also exert other biological effects irrelevant to their antioxidant activities. For example, the antioxidant enzyme catalase decomposes H

 

2


 
O

 

2


 
to form water and molecular oxygen, a well-known antioxidant function of this enzyme. This antioxidant enzyme also exhibits peroxidase and oxidase activities towards a number of other substrates, including alcohols [12], and these activities are irrelevant to the antioxidant function, for which catalase is known for. Another example is α-tocopherol (a form of vitamin E), which is known to inhibit lipid peroxidation by scavenging lipid peroxyl radical (see also

 


Figure 1.2 in Chapter 1



 
). α-Tocopherol has been shown to also exert non-antioxidant effects, such as inhibition of protein kinases [13] and regulation of osteoclast fusion in bone homeostasis [14].




Perhaps the most notable example is the grape-derived polyphenol resveratrol. It is widely recognized as an antioxidant compound providing protective effects against a wide variety of  pathophysiological conditions, including cardiovascular injury, diabetes, and metabolic syndrome [15, 16]. These beneficial effects of resveratrol, however, appear to result largely from its interaction with specific cellular targets, such as Sirt1 and cAMP phosphodiesterases independent of its antioxidant activity [15, 17, 18].




Thus, the response of a biological system to a specific antioxidant molecule may result from: (1) the antioxidative activity of the molecule; (2) the non-antioxidative activity of the molecule; or (3) the combination of the antioxidative and non-antioxidative activities. In antioxidant biology and medicine, another important consideration is that many antioxidants, such as the reduced form of glutathione (GSH) and glutathione

 

S


 
-transferase (GST), are also important factors in the detoxification of electrophilic species, including reactive aldehydes. Reactive aldehydes are produced from lipid peroxidation elicited by ROS, and they also cause damage to cellular biomolecules, including proteins and nucleic acids [19, 20]. Hence, antioxidants may not only scavenge ROS, but also detoxify other reactive species that are chemically not ROS.






4. ANTIOXIDANTS AS DOUBLE-EDGED SWORDS




4.1. Antioxidants Promoting Cancer Development





Like ROS, antioxidants may also act as double-edged swords. On the one hand, antioxidants protect against oxidative stress and associated tissue injury. On the other hand, under certain conditions, antioxidants may cause deleterious effects. For example, increasing some antioxidants (e.g.,

 

N


 
-acetylcysteine, GSH, and thioredoxin) [21‒23] or persistent activation of the antioxidant gene-regulator Nrf2 can promote cancer cell proliferation and metastasis [24‒29]. Dietary supplementation with vitamin E has been shown to also significantly increase the risk of prostate cancer among healthy men [30].






4.2. ROS Levels Dictating Antioxidant-Mediated Cancer Promotion


Cancer cells typically produce higher levels of ROS than do normal cells [31]. Such elevated ROS levels, when they are moderate, are used as signaling molecules to promote cancer cell growth. On the other hand, when the levels of ROS go beyond moderate, these reactive species may actually become cytotoxic and thus inhibit cancer cell growth [32]. Indeed, ROS-producing agents have been used for treating cancer [33]. Hence, the levels of ROS and their different impact on cancer cells dictate the effects of antioxidant intervention. If the ROS levels are moderate and the impact is to promote cancer cell growth, then antioxidant intervention would likely suppress cancer development. On the other hand, if the ROS levels are high causing oxidative stress and cytotoxicity to cancer cells, then antioxidant intervention would likely protect the cancer cells from ROS-mediated cytotoxicity, thereby promoting cancer development.



4.3. Antioxidants Promoting Pathogen Virulence and Autoimmunity





Besides promoting cancer, antioxidants may also aggravate other disease processes. It is generally believed that antioxidants protect against inflammatory stress caused by pathogens. However, certain pathogens depend on host antioxidants to survive and cause inflammation. For instance, intracellular GSH has been shown to play a role in promoting the virulence of the bacterial pathogen

 

Listeria monocytogenes


 
in host cells via activating virulence regulatory protein PrfA [34, 35]. Host cell GSH is also essential for the Lyme disease-causing bacterium

 

Borrelia burgdorferi


 
to induce cytokine production and inflammatory injury [36]. In addition, GSH may also prime T cell metabolism for inflammation causing autoimmunity [37].







In addition to host cell antioxidants, the antioxidant status in pathogens also affects their virulence. In this regard, phagocytes control pathogens (e.g.,

 

Mycobacterium tuberculosis


 
and

 

Trypanosoma cruzi


 
) via releasing reactive species, including ROS, and the antioxidant defenses in the pathogens are able to suppress the phagocytic killing and dictate their virulence [38]. Hence, antioxidant intervention that augments the antioxidant defenses in the above pathogens would promote the disease process.






4.4. Fine Tuning of Antioxidant Intervention


The findings described above suggest that too much antioxidant defense might promote certain disease development, which is contrary to the conventional belief that antioxidants are always beneficial to health. This notion, on the one hand, reveals the complexity of ROS biology, and on the other hand, points to the need for taking such a complexity into consideration when devising strategies for the intervention of diseases involving an ROS-dependent mechanism. Depending on specific disease conditions, this requires the fine tuning of the antioxidant-based approaches to maximize their disease-protecting efficacy while minimizing their adverse impact on the body.



5. GENETICS OF ANTIOXIDANTS




5.1. Transgenic Animals


Transgenic overexpression or knockout of specific antioxidant genes is frequently utilized to study the biological activities of endogenous antioxidant proteins in experimental animals (see Section 2.2). While such genetic animal models provide the most convincing evidence on the biological functions of particular antioxidant enzymes, interpretation of the data should be done with caution. This is because deletion of one antioxidant gene may lead to the compensatory upregulation of other similar ones via genetic compensation [39, 40]. Likewise, overexpression of one antioxidant gene may also lead to downregulation of other complimentary ones. Thus, the changes in the phenotypes of these genetic animal models likely result from the combined actions of all the antioxidants whose expression is altered due to the genetic manipulation of a single antioxidant gene.

Another notion on transgenic overexpression of antioxidant genes is that the levels of the overexpressed antioxidant proteins are usually several or even over ten-fold higher than the basal physiological levels. The physiological significance of such dramatically overexpressed antioxidant proteins thus needs to be evaluated also with caution. Regardless of the caveats, genetic manipulation of antioxidant genes in experimental animals continues serving as an important approach to understanding the biology of endogenous antioxidants.



5.2. Human Gene Polymorphisms


Like many other genes, a number of antioxidant genes show polymorphisms in human populations. The association between antioxidant gene polymorphisms and altered risk of disease development has been extensively investigated over the past decades [41‒44]. Once again, such correlative studies provide important insight into the potential role of antioxidants in human health and disease, but do not establish a causal relationship between the gene polymorphism and the altered disease risk or health condition.



5.3. Human Gene Therapy


Gene therapy may involve approaches including replacing a mutated gene that causes a disease with a healthy copy of the gene, inactivating or “knocking out” a mutated gene that is functioning improperly, and introducing a new gene into the body to help fight a disease. Since 2016, six gene therapy products have been approved between the European Medicines Agency (EMA) and the U.S. FDA: two for B-cell cancers and four for serious monogenic disorders [45]. Human gene therapy is currently being tested only for serious diseases that have no other cures and has not been extended to antioxidant genes. Nevertheless, as the gene therapy techniques and new knowledge on antioxidant genes are rapidly advancing, antioxidant gene therapy of human diseases may become feasible in the future.



6. CONCLUSION AND PERSPECTIVE


The increasing recognition of the oxidative stress mechanism of diverse diseases has led to the rapid development of antioxidant-based strategies for disease intervention in animal models. However, the efficacy of antioxidant-based modalities for disease intervention or health promotion in human subjects remains to be established via rigorously designed studies, such as RCTs. Future efforts should focus on translating the cutting-edge research findings in experimental animals into effective antioxidant-based therapies for human diseases associated with oxidative stress. Likewise, further elucidation of the oxidative stress mechanism of human diseases as well as the biological functions of both conventional and emerging antioxidant enzymes would empower the translational research and transform the paradigm of antioxidant-based disease intervention. The subsequent chapters of the book are devoted to the discussion of the various types of mammalian antioxidant enzymes regarding their biochemistry, molecular regulation, and biological functions, as well as their potential involvement in human health and disease.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
A group of scientists have recently demonstrated a therapeutic activity of a novel compound isolated from green tea (

 

Camellia sinensis


 
) in an animal model of Parkinson’s disease. Which of the following statements about this novel compound would be most appropriate?




A. A randomized controlled trial needs to be performed to establish its efficacy in treating Parkinson’s patients.

B. An observational study needs to be done to establish its efficacy in treating Parkinson’s patients.

C. It is also effective in treating Parkinson’s patients.

D. It is a direct antioxidant.

E. It is an inducer of endogenous antioxidant genes.





7.2.


 
Based on our current knowledge on antioxidants in biology and medicine, which of the following statements is most appropriate?




A. All antioxidants have similar beneficial effects in humans.

B. Antioxidant compounds can only be obtained from the diet.

C. Antioxidant compounds, as the name indicates, only detoxify oxidants.

D. Some antioxidants can inhibit chemical carcinogenesis but may also promote cancer metastasis.

E. The efficacy of an antioxidant is independent of the pathophysiological conditions.





7.3.


 
Which of the following studies will provide the strongest evidence on the efficacy of an antioxidant supplement in treating Alzheimer’s patients?




A. A case study involving three to five Alzheimer’s patients

B. A randomized controlled trial

C. A study in an animal model (e.g. monkeys) of Alzheimer’s disease

D. An in vitro study determining the molecular mechanism of action

E. An observational epidemiological study





7.4.


 
Which of the following is the least practicable approach to treating human patients with a disease that involves an oxidative stress mechanism?




A. Administration of a drug that induces tissue antioxidant enzymes

B. Adoption of a Mediterranean diet

C. Dietary intake of a mix of multiple antioxidant compounds

D. Dietary supplement of an antioxidant compound

E. Introducing a new antioxidant gene





7.5.


 
A gene polymorphism study (

 

Diabetes


 
2017; 56:265‒9) has shown that a genetic variation of the human MnSOD is associated with an increased risk of developing diabetic nephropathy. Which of the following conclusion can be drawn from this finding?




A. Decreasing MnSOD activity by chemical inhibitors will increase the risk of developing diabetic nephropathy.

B. Diabetic nephropathy is caused by superoxide that is detoxified by MnSOD.

C. Increasing MnSOD activity by chemical inducers will be effective in treating diabetic nephropathy.

D. This genetic variation is a causal factor for developing diabetic nephropathy.

E. This genetic variation may be a risk factor for developing diabetic nephropathy, but a causal relationship remains unknown.


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is A. Among the various types of study design, only randomized control trials (RCTs) provide evidence for a causal relationship between a therapy and the disease outcome. A compound effective for treating Parkinson’s disease in animal models may not be effective in humans, and the efficacy needs to be established via RCTs. There is no information to conclude that the compound is either an antioxidant or an antioxidant inducer.








7.2.


 
The answer is D. Different antioxidants may show different beneficial effects in humans. Antioxidants can be obtained from various sources, including the diet, a pharmaceutical preparation, or a dietary supplement. Many antioxidants are multitasking molecules, exerting effects independent of the antioxidant action. The same antioxidants may cause different (opposite) effects under different conditions.








7.3.


 
The answer is B. Among the studies listed, randomized controlled trials provide the strongest evidence on the efficacy of an antioxidant supplement in treating a human disease.








7.4.


 
The answer is E. Antioxidant gene therapy in humans is currently impracticable. Gene therapy is currently being tested for only serious human diseases (often genetic disorders) for which there are no cures. Use of antioxidant-inducing drugs (such as the Nrf2 activator dimethyl fumarate), antioxidant supplements, or the antioxidant-rich Mediterranean diet is practical and has been investigated in human studies with many showing promising results.








7.5.


 
The answer is E. Gene polymorphism studies only provide clues to a possible role of the genetic variation as a disease risk factor and do not allow the establishment of a causal relationship between the genetic variation and the disease outcome. The finding does not provide enough evidence for drawing a conclusion on a definitive role for MnSOD or superoxide in diabetic nephropathy.
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UNIT II





superoxide dismutase and catalase






Chapter 4. Superoxide Dismutase




HIGHLIGHTS


§ Superoxide dismutase (SOD) refers to a family of enzymes catalyzing the dismutation of superoxide to form hydrogen peroxide and molecular oxygen.

§ There are three SOD isoforms in mammals, and they are copper, zinc SOD (Cu,ZnSOD or SOD1), manganese SOD (MnSOD or SOD2), and extracellular SOD (ECSOD or SOD3).

§ The expression of SOD genes is regulated by multiple transcription factors. In addition, epigenetic and other regulatory mechanisms are also involved in controlling SOD expression and activity.

§ The conventional function of SODs is the detoxification of superoxide, thereby protecting against superoxide-mediated tissue injury and disease processes.

§ Native and altered SODs may possess unconventional biological activities, such as causing neurodegeneration, tumor promotion, and peroxidation, as well as participating in transcriptional and redox regulation.
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1. OVERVIEW


The term superoxide dismutase (SOD) (EC 1.15.1.1) refers to a family of enzymes that catalyze the dismutation of superoxide to form hydrogen peroxide and molecular oxygen. There are three SOD isozymes in mammalian systems. They are: (1) copper, zinc SOD (Cu,ZnSOD or SOD1); (2) manganese SOD (MnSOD or SOD2); and (3) extracellular SOD (ECSOD or SOD3). Prokaryotic cells (e.g., bacteria) or plants also contain iron SOD (FeSOD) [1], nickel SOD (NiSOD) [2], or copper only SOD (CuSOD) [3]. As the book focuses on mammalian antioxidant enzymes and related entities, this chapter does not cover FeSOD, NiSOD, and CuSOD.




Cu,ZnSOD is a homodimer with a subunit molecular weight of 15.9 kDa. Both MnSOD and ECSOD are homotetramers with a subunit molecular weight of 24.8 and 25.9 kDa, respectively. ECSOD also contains copper and zinc. Cu,ZnSOD is present in the cytosol. It is also found in the nucleus and mitochondrial intermembrane space [4]. MnSOD exists in mitochondrial matrix. ECSOD is associated with plasma membrane or present in the extracellular space. The human genes for Cu,ZnSOD, MnSOD, and ECSOD are localized on chromosomes 21q22, 6q25, and 4q21, respectively. The basic characteristics of mammalian SOD isozymes are summarized in

 


Table 4.1



 
.









	





TABLE 4.1. Basic characteristics of mammalian SOD isozymes









	



Isozyme





	



Subunit MW (kDa)





	



Subunit assembly





	



Redox metal center





	



Cellular location





	



Chromosomal location








	



Cu,ZnSOD (SOD1)





	



15.9





	



Homodimer





	



Cu





	



Cytosol, mitochondrial IMS, nucleus





	



21q22








	



MnSOD (SOD2)





	



24.8





	



Homotetramer





	



Mn





	



Mitochondrial matrix





	



6q25








	



ECSOD (SOD3)





	



25.9





	



Homotetramer





	



Cu





	



Extracellular space, plasma membrane





	



4q21








	



Note: IMS and MW denote intermembrane space and molecular weight, respectively. The values for MW are based on UniProt at www.uniprot.org.








	


	


	


	


	


	











2. HISTORY


The enzymatic activity of Cu,ZnSOD was first identified by J.M. McCord and I. Fridovich in 1969 [5]. But the protein was discovered before. T. Mann and D. Keilin had purified the protein 30 years earlier from bovine blood and liver as copper-binding protein of unknown functions. The protein was then named erythrocuprein, hepatocuprein, or cytocuprein. Superoxide, the substrate of SOD was discovered by L. Pauling in the 1930s, and it was not known then if this free radical could be produced biologically. In 1969, P.F. Knowles and coworkers showed that the enzyme xanthine oxidase (XO) could produce superoxide. J.M. McCord and I. Fridovich subsequently demonstrated that the copper-containing protein purified by T. Mann and D. Keilin could catalytically eliminate the superoxide derived from XO. This copper-containing protein is known as Cu,ZnSOD today. In 1970 and 1973, I. Fridovich and coworkers further discovered MnSOD and FeSOD (as noted above, FeSOD is not present in mammals), respectively. The third SOD in mammals, namely ECSOD, was discovered by S.L. Marlund and coworkers in 1982 [6].

Since the initial discovery of SOD over 50 years ago, this family of enzymes has become the most extensively studied cellular antioxidants in both animal and plant kingdoms. The substantial amounts of knowledge learned from studying SODs in mammalian systems have greatly advanced our understanding of the involvement of oxygen free radicals and antioxidants in health and disease and laid a foundation for the rapid development of the field of antioxidant biology and medicine.



3. BIOCHEMISTRY





The three mammalian SOD isoforms catalyze the dismutation of superoxide (O

 

2


 

˙


 
ˉ) to form hydrogen peroxide and molecular oxygen with a similar reaction rate constant of ~1.6 × 10

 

9


 
M

 

–1


 
s

 

–1


 
. The overall mechanism by which SOD enzymes function has been called the “ping-pong” phenomenon as it involves the sequential reduction and oxidation of the metal center, with the concomitant oxidation and reduction of superoxide (

 


Figure 4.1



 
). It should be noted that in the absence of SOD, superoxide also underdoes spontaneous dismutation to form hydrogen peroxide and molecular oxygen, but the reaction rate constant is only 0.03% of that of SOD-catalyzed dismutation.
















FIGURE 4.1. Mechanism of SOD-catalyzed dismutation of superoxide (O


 


2



 

˙ˉ) to form hydrogen peroxide (H


 


2



 

O


 


2



 

) and molecular oxygen (O


 


2



 

)


 
. As illustrated, the overall mechanism involves two sequential reactions. In reaction (1), one superoxide reduces the SOD redox metal ion M

 

n+


 
to M

 

(n‒1)+


 
(e.g., reduction of Cu

 

2+


 
in Cu,ZnSOD to Cu

 

1+


 
) and the superoxide is converted to O

 

2


 
. In the subsequent reaction (2), another superoxide oxidizes the M

 

(n‒1)+


 
to the original M

 

n+


 
(e.g., oxidation of Cu

 

1+


 
in Cu,ZnSOD to Cu

 

2+


 
) and the superoxide, in the presence of two H

 

+


 
, is converted to H

 

2


 
O

 

2


 
and the SOD is back to the initial state. The overall mechanism is like a “ping-pong” ball in action and is hence known also as the “ping-pong” mechanism. M denotes the redox metal ion in the SOD isozymes, i.e., Cu

 

2+


 
in Cu,ZnSOD and ECSOD, and Mn

 

3+


 
in MnSOD.






4. MOLECULAR REGULATION




4.1. Transcription Factors


Multiple transcription factors have been suggested to play a role in regulating the constitutive or inducible expression of SOD genes. These transcription factors include nuclear factor kappaB (NF-κB), AP-1, AP-2, SP-1, CCAAT-enhancer-binding protein (C/EBP) [7].

Among them, NF-κB is the best characterized transcription factor in regulating SOD gene transcription. Indeed, NF-κB-response elements are present in the promoter region of both Cu,ZnSOD and MnSOD [8, 9]. In addition to NF-κB, another transcriptional regulatory machinery for MnSOD gene is the combined action of FOXO3a and PGC-1alpha [10, 11]. Moreover, MnSOD gene promoter contains putative binding sequences for FOXM1, and binding of FOXM1 augments MnSOD gene transcription [12]. FOXM1, like FOXO3a, is a member of the forkhead box transcription factor family. MnSOD is also regulated by the tumor suppressor p53, which may both suppress and induce MnSOD gene expression depending on the status of NF-κB and SP-1 [13]. Recently, the nuclear factor E2-related factor 2 (Nrf2) has been shown to regulate Cu,ZnSOD gene transcription via an antioxidant response element (ARE)-driven mechanism [14].



4.2. Epigenetic Regulation


In addition to being regulated by transcription factors, MnSOD gene expression is also subject to epigenetic regulation, such as hypermethylation, leading to epigenetic silencing [15]. The term epigenetic regulation refers to heritable changes at the level of gene expression not related to the underlying DNA sequence. Epigenetic attenuation of MnSOD may initiate and sustain an inheritable form of pulmonary arterial hypertension by impairing redox homeostasis [15] as well as contribute to the development of diabetic retinopathy in rats [16].



4.3. Other Regulatory Mechanisms


SOD expression is regulated not only at the transcriptional level, but also at the post-transcriptional level via changes in mRNA stability, mRNA translation, and post-translational modifications [17]. Notably, MnSOD mRNA is a direct target of the microRNA miR-212, and overexpression of miR-212 decreases the levels of MnSOD [18]. Acetylation of MnSOD leads to its inactivation and Sirt3-mediated deacetylation of MnSOD results in its activation [19]. Furthermore, Sirt3 is able to suppress mitochondrial NLRP3 inflammasome assembly (a critical player in inflammatory stress) via activation of MnSOD [19], thus suggesting MnSOD as an anti-inflammatory molecule.



5. BIOLOGY AND MEDICINE


The conventional function of all three mammalian SOD isozymes is to catalyze the dismutation of superoxide, thereby protecting against superoxide-mediated biological damage. In addition to this conventional function, SODs also possess multiple atypical activities contributing to both health and disease depending on the specific conditions involved.



5.1. Conventional Functions




5.1.1. Role in Protecting against Superoxide Toxicity



Superoxide plays a causal role in diverse disease processes, including cardiovascular diseases, diabetes, neurodegeneration, hyperoxia-mediated pulmonary injury, and tissue ischemia-reperfusion injury, among others [20]. The primary biological function of SODs is to dismutase superoxide and thereby protect against the above disease processes, as demonstrated via using SOD-transgenic animal models to either overexpress or ablate an SOD gene [20].

Based on studies with transgenic mouse models, SODs have been shown to protect against the development of a variety of disease processes and related conditions. These include (in alphabetical order): cardiovascular diseases [21, 22], chemical carcinogenesis [23, 24], diabetes [25, 26], neurodegeneration [27, 28], immunological disorders [29, 30], pulmonary disorders [31, 32], hepatic disorders [33, 34], gastrointestinal diseases [35, 36], and kidney diseases [26, 37, 38], among others.

In addition to transgenic animal models, native SOD enzymes [39, 40] as well as SOD mimetics [41‒43] have been also used for disease intervention in experimental animals. On the other hand, large-scale, well-designed, randomized controlled trials (RCTs) on using SOD (either native protein or biomimetic) in human disease intervention are currently lacking. Nevertheless, multiple small-scale clinical studies reported a possible efficacy of SOD-based therapy in certain pathophysiological conditions, including acute and chronic rejection events in recipients of cadaveric renal transplants [44] and idiopathic interstitial pneumonia [45].



5.1.2. Role in Embryonic Development



While homozygous deletion (also known as knockout or null) of Cu,ZnSOD or ECSOD does not affect animal survival under normal conditions, homozygous knockout of MnSOD causes embryonic or early neonatal death in mice [46]. This suggests that MnSOD is essential for murine embryonic survival. Although Cu,ZnSOD-null mice can reproduce, they do show altered olfactory sexual signaling and bioenergetic function [47]. Mice with ECSOD gene deletion develop normally with no significant phenotypic alterations under physiological conditions [48]. But as compared to wild-type mice, ECSOD-null mice are more susceptible to developing oxidative stress-associated disease processes, such as angiotensin II-induced hypertension [49] and cigarette smoke-induced pulmonary emphysema [32].



5.2. Atypical Activities




5.2.1. SODs as Peroxidases






In addition to its function in catalyzing the dismutation of superoxide to hydrogen peroxide, SODs may also possess other enzymatic activities. For example, Cu,ZnSOD has been shown to exert a peroxidase activity. In this regard, interaction of hydrogen peroxide with Cu,ZnSOD in the presence of bicarbonate yields carbonate radical (CO

 

3


 

˙ˉ


 
), a highly reactive species [50]. In addition, Cu,ZnSOD catalyzes tyrosine nitration by peroxynitrite [51]. As noted below, in cancer cells, MnSOD may become a peroxidase, thereby driving cancer progression [52].






5.2.2. Neurodegeneration Caused by Mutant Cu,ZnSOD






Mutations of Cu,ZnSOD gene, especially the alanine to valine mutation at codon 4 (A4V), are recognized as a cause of familial amyotrophic lateral sclerosis (ALS) [53, 54]. The mutant Cu,ZnSOD results in the formation of aggregates and subsequent neuron degeneration. As compared with the normal enzyme, the mutant Cu,ZnSOD generates more free radicals in the presence of hydrogen peroxide [54]. As stated earlier [50] and demonstrated elsewhere [55, 56], reaction of hydrogen peroxide with the copper redox center of Cu,ZnSOD leads to the formation of highly toxic free radicals, including hydroxyl radicals. In addition to augmenting free radical production, the mutant Cu,ZnSOD aggregates may spread the disease in a prion-like fashion in the central nervous system [57] (

 


Figure 4.2



 
).
















FIGURE 4.2. Potential mechanisms responsible for the development of familial amyotrophic lateral sclerosis (ALS) associated with Cu,ZnSOD gene mutations.


 
As illustrated, a mutation in the Cu,ZnSOD gene (e.g., the alanine to valine mutation at codon 4) results in the production of a mutant Cu,ZnSOD, whose aggregation leads to the production of large SOD aggregates. The mutant Cu,ZnSOD and the large SOD aggregates may exhibit an augmented peroxidase activity, leading to oxidative damage to neurons. On the other hand, the SOD aggregates may also possess prion-like activity, causing neuron degeneration.







A recent case report described that a female infant with a homozygous truncating mutation—c.335dupG (p.Cys112Trpfs

 
٭

 
11) of Cu,ZnSOD showed a complete absence of erythrocyte Cu,ZnSOD activity. The complete absence of Cu,ZnSOD activity conferred the patient’s cells in culture with extreme sensitivity to oxygen toxicity. The infant’s phenotype was remarkable for the predominant impairment of upper motor neurons, whereas other organ systems were unaffected [58].







Likewise, another recent case study reported a complete absence of tissue Cu,ZnSOD enzymatic activity in a boy (at ages of 2 and 6 years) due to a homozygous truncating variant c.335dupG (p.C112Wfs

 
٭

 
11) in Cu,ZnSOD. The resulting phenotype was severe and marked by progressive loss of motor abilities, tetraspasticity with predominance in the lower extremities, mild cerebellar atrophy, and hyperekplexia-like symptoms [59]. Notably, the heterozygous carriers identified within patient’s family had a markedly reduced Cu,ZnSOD activity when compared to non-carriers, but showed no overt neurological phenotype [59]. This suggests a possible gene dosage effect.




The findings of the above two case studies are intriguing. However, the studies per se cannot establish a causal relationship between the loss of Cu,ZnSOD activity and the impairment of motor neuron function. Nevertheless, the findings are in line with the notion that deficiency or dysfunction of Cu,ZnSOD may contribute to the development of motor neuron disorders in humans.



5.2.3. Promotion of Tumorigenesis by MnSOD



Since the dismutation product of SODs is hydrogen peroxide, which is also a reactive oxygen species (ROS) of biological activity [60], SODs may exert detrimental effects under certain conditions. For example, MnSOD overexpression has been found to play a role in promoting tumorigenesis [61, 62]. The proposed mechanisms are outlined below.

§ MnSOD maintains highly functional mitochondria by scavenging superoxide to support the high metabolic activity of the cancer cells.




§ MnSOD increases the production of H

 

2


 
O

 

2


 
, which in turn stimulates cancer cell proliferation and metastasis. Indeed, MnSOD upregulation in cancer cells establishes a steady flow of H

 

2


 
O

 

2


 
originating from mitochondria that sustains AMP-activated kinase (AMPK) activation and the metabolic shift to glycolysis [62]. Glycolytic switch is a hallmark of cancers [63].




§ MnSOD in tumor cells may become modified (e.g., acetylation) and behave as a tumor-promoting peroxidase, contributing to cancer progression [52].



5.2.4. Cu,ZnSOD as a Signaling Molecule






A recent study has shown that Cu,ZnSOD acts as a nuclear transcription factor to regulate oxidative stress resistance [64]. In response to elevated endogenous and exogenous ROS, including H

 

2


 
O

 

2


 
, Cu,ZnSOD rapidly relocates into the nucleus, and in the nucleus, Cu,ZnSOD binds to promoters and regulates the expression of oxidative resistance and repair genes in yeast [64] and numerous functioning genes including oncogenes and amyotrophic lateral sclerosis-linked genes in mammalian cells [65].




In addition, Cu,ZnSOD appears to be a key component of the mechanistic target of rapamycin complex 1 (mTORC1) nutrient signaling that modulates energy metabolism, redox homeostasis, and cellular aging [66]. Specifically, mTORC1 regulates Cu,ZnSOD activity through reversible phosphorylation at Ser39 in yeast and at Thr40 in humans in response to nutrients, thereby controlling cellular redox and preventing oxidative damage [66].

The implications of the above research findings in health and disease remain to be determined. Nevertheless, they open the door for exciting investigations on Cu,ZnSOD as a novel signaling molecule in regulating cellular redox homeostasis and possibly other cellular processes involved in aging and cancer development [67, 68].



6. CONCLUSION AND PERSPECTIVE


In addition to their well-established function in catalyzing the dismutation of superoxide to form hydrogen peroxide and molecular oxygen, native and altered SODs may possess atypical biological activities, such as causing neurodegeneration, tumor promotion, and peroxidation, as well as participating in transcriptional and redox regulation. Deciphering the complex biological activities of SOD isozymes would allow the development of effective modalities for the intervention of human diseases associated with superoxide toxicity or SOD dysfunction. In this regard, future studies should focus on the clinical translation of the basic research findings to identify additional SOD-associated disease processes and testing the efficacy of SOD-based therapeutics in rigorously designed RCTs. Indeed, the past several years have seen an increasing number of human diseases associated with genetic variations of SODs, as revealed primarily by gene polymorphism studies. These include cardiovascular diseases [69‒71], diabetes [72, 73], acute and chronic lung injury [74, 75], hepatic disorders [76, 77], and cancers [78‒81].



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
Mitochondrial electron transport chain (METC) is the major source of superoxide production in mammalian cells. Mitochondrial matrix aconitase is identified as one of the enzymes most susceptible to superoxide-mediated inactivation. Which of the following enzymes is the primary defense against inactivation of mitochondrial aconitase mediated by the METC-derived superoxide?




A. Cu,ZnSOD

B. CuSOD

C. FeSOD

D. MnSOD

E. NiSOD





7.2.


 
A graduate student plans to investigate the effect of aging on the superoxide-dismutation capacity of the mitochondrial fraction isolated from a human cardiac cell line. Which of the following SOD isozymes will the graduate student expect to find in the mitochondrial fraction?




A. Cu,ZnSOD and MnSOD

B. CuSOD and ECSOD

C. FeSOD and Cu,ZnSOD

D. MnSOD and FeSOD

E. NiSOD and MnSOD





7.3.


 
Two recent studies have demonstrated that an SOD isozyme undergoes nuclear translocation and acts as a transcription factor regulating the expression of multiple genes in both yeast and mammalian cells. Which of the following is most likely the isozyme?




A. Cu,ZnSOD

B. CuSOD

C. FeSOD

D. MnSOD

E. NiSOD





7.4.


 
SOD genes are subject to the regulation at various levels, including transcriptional regulation. Which of the following transcription factors is known to regulate the expression of both MnSOD and Nrf2 genes in mammalian cells?




A. AP-1

B. AP-2

C. NF-κB

D. Nrf2

E. Sp1





7.5.


 
An estimated 5-10% of ALS cases are familial and caused by mutations in one of several genes. A mutation in which of the following antioxidant genes is known to cause familial ALS?




A. FeSOD gene

B. NiSOD gene

C. SOD1 gene

D. SOD2 gene

E. SOD3 gene


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is D. Among the listed enzymes, only MnSOD is located in the mitochondrial matrix of mammalian cells. CuSOD, FeSOD, and NiSOD are not present in mammalian cells. Cu,ZnSOD is primarily present in the cytosol, but it is also found in the mitochondrial intermembrane space and nucleus.








7.2.


 
The answer is A. Both Cu,ZnSOD and MnSOD are found in mitochondria; the former in mitochondrial intermembrane space and the latter in mitochondrial matrix. ECSOD is present extracellularly. CuSOD, FeSOD, and NiSOD are not present in mammalian cells.








7.3.


 
The answer is A. Up to date, only Cu,ZnSOD has been shown to act as a transcription factor regulating the expression of multiple genes in both yeast and mammalian cells.








7.4.


 
The answer is C. Among the transcription factors listed, only NF-κB has been shown to regulate the expression of both MnSOD and Nrf2 genes. See

 


Chapter 2



 
for information on NF-κB-mediated transactivation of Nrf2 gene.








7.5.


 
The answer is C. Among the antioxidant genes listed, up to date, only mutations in Cu,ZnSOD (also known as SOD1) gene, especially the alanine to valine mutation at codon 4 (A4V), have been shown to cause familial ALS.
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Chapter 5. Catalase




HIGHLIGHTS





§ Mammalian catalase is a heme enzyme that converts hydrogen peroxide (H

 

2


 
O

 

2


 
) to water and molecular oxygen and has the highest turnover number. Catalase is present primarily in the peroxisome though it may also be present in the cytosol or mitochondrion.




§ Catalase expression is regulated at multiple levels, including transcription, post-transcription, and post-translation. The enzyme is highly inducible by chemoprotectants. Intracellular localization of catalase may also be subject to redox regulation.




§ The conventional function of mammalian catalase is to decompose H

 

2


 
O

 

2


 
, thereby protecting against H

 

2


 
O

 

2


 
-mediated tissue injury and disease processes, including cardiovascular disorders and diabetes, among many others.




§ Mice with catalase gene ablation develop normally. Inheritable catalase deficiencies occur in humans and are associated with an increased risk of developing diabetes.

§ Catalase also possesses atypical activities including metabolizing ethanol to acetaldehyde and promoting the progression of certain cancers, especially human chronic lymphocytic leukemia.
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1. OVERVIEW





Catalase (EC 1.11.1.6) is a heme enzyme that converts hydrogen peroxide (H

 

2


 
O

 

2


 
) to water and molecular oxygen. It is present primarily in the peroxisome of nearly all aerobic cells and belongs to a family of iron-protoporphyrin IX-containing proteins that include a variety of cytochromes, globins, and peroxidases.




Mammalian catalase is homotetrameric with a subunit molecular weight of ~60 kDa (~240 kDa for the homotetramer). It is widely distributed throughout the body with high levels found in the liver, kidney, and red blood cells (also known as erythrocytes). In mammalian cells, except mature blood cells, catalase is primarily localized in peroxisomes. In mature blood cells, including erythrocytes and granulocytes, catalase is present mainly in the cytosol [1]. Catalase has been shown to be also present in mouse cardiac mitochondria [2]. In humans, the catalase gene is localized on chromosome 11p13.



2. HISTORY





L.J. Thénard discovered H

 

2


 
O

 

2


 
in 1818 [3]. He also noticed that animal and plant tissues could decompose H

 

2


 
O

 

2


 
. Subsequently, in 1900, O. Loew identified a H

 

2


 
O

 

2


 
-decomposing substance in many organisms ranging from plants to mammals and he named it catalase because of its catalytic action on H

 

2


 
O

 

2


 
[4]. This was quickly followed by studies on its general occurrence, catalytic activity, and changes in diseases [5–7]. Catalase is one of the best characterized antioxidant enzymes in mammalian tissues with 3-dimentional structure resolved for both animal and human catalase [8–11].




A congenital absence of erythrocyte catalase, named acatalasemia, was first reported by S. Takahara in 1952 among some Japanese patients who had oral gangrene [12]. The disease is also known as Takahara’s disease. In 1964, R.N. Feinstein and coworkers established catalase-deficient mouse stains, including acatalasemic and hypocatalasemic mice through a large scale screening of the progeny of irradiated C3H mice [13]. The development of these catalase-deficient mice as well as gene knockout and transgenic overexpression animal models has greatly advanced our understanding of the biological functions of mammalian catalase.



3. BIOCHEMISTRY





Catalase is best known for its high efficiency in catalyzing the decomposition of H

 

2


 
O

 

2


 
to form water and molecular oxygen, as shown in the reaction below.







2 H

 

2


 
O

 

2


 
→ 2 H

 

2


 
O + O

 

2








The above reaction is a dismutation reaction because one molecule of H

 

2


 
O

 

2


 
is reduced to water and another molecule is oxidized to molecular oxygen. Catalase perhaps has the highest turnover number of all enzymes and the maximal turnover number for H

 

2


 
O

 

2


 
has been determined to be ~4 × 10

 

7


 
s

 

–1


 
per catalase molecule [14, 15].







Catalase catalyzes the decomposition of H

 

2


 
O

 

2


 
via a two-step process. In the first step, one H

 

2


 
O

 

2


 
molecule oxidizes the heme iron of the resting enzyme to form an oxyferryl species with a π-cationic porphyrin radical, termed compound I (

 


Figure 5.1



 
, Reaction 1). Another H

 

2


 
O

 

2


 
molecule is utilized as a reductant of compound I to regenerate the resting-stage enzyme along with the formation of water and molecular oxygen (

 


Figure 5.1



 
, Reaction 2).
















FIGURE 5.1. Mechanism of catalase-catalyzed decomposition of hydrogen peroxide (H


 


2



 

O


 


2



 

) to form water and molecular oxygen (O


 


2



 

).


 
As illustrated, the overall mechanism involves two sequential reactions. In reaction (1), one H

 

2


 
O

 

2


 
oxidizes the heme iron of the resting enzyme to form an oxyferryl species—compound I, and the H

 

2


 
O

 

2


 
is reduced to H

 

2


 
O. In the subsequent reaction (2), another H

 

2


 
O

 

2


 
then reduces compound I to regenerate the resting-state catalase, with the concomitant production of H

 

2


 
O and O

 

2


 
. Por denotes porphyrin.






4. MOLECULAR REGULATION




4.1. Catalase Expression


Catalase expression is regulated at multiple levels, including transcription, post-transcription, and post-translation [16]. It has been reported that the forkhead transcription factor FOXO3a plays an important role in the upregulation of catalase gene transcription in mammalian cells [17, 18]. Activation of the FOXO3a-catalase pathway also affords protection against oxidative pathophysiology, including myocardial hypertrophy [18, 19] and ischemia-reperfusion injury [20]. Moreover, catalase gene promoter contains putative binding sequences for FOXM1, and FOXM1 augments catalase gene transcription [21]. FOXM1, like FOXO3a, is a member of the forkhead box transcription factor family.

Other factors involved in the regulation of catalase expression include the transcriptional co-activator PGC-1α (peroxisome proliferator-activated receptor-gamma co-activator 1α) [22], microRNAs (such as miR-146a) [23], the non-receptor tyrosine kinases c-Abl and Arg [24], telomerase [25], and AMP-activated protein kinase α1 [26]. Notably, it has been reported that catalase can undergo ubiquitination and proteasomal degradation by a mechanism dependent on c-Abl- and Arg-mediated phosphorylation [27].



4.2. Chemical Inducibility





The inducibility of catalase by the chemoprotectant 3

 

H


 
-1,2-dithiole-3-thione (D3T) in cells, including macrophages [28], bone marrow stromal cells [29], cardiac fibroblasts [30], and cardiomyocytes [31], is strictly dependent on nuclear factor E2-related factor 2 (Nrf2) status. However, it remains unknown if catalase gene is directly regulated by the Nrf2-antioxidant response element (ARE) pathway (see

 


Chapter 2



 
on Nrf2-ARE).






4.3. Intracellular Localization





Although catalase is predominantly present in the peroxisome, it may shuttle between the cytosol and the peroxisome under certain conditions, such as oxidative stress [32, 33]. The valosin-containing protein (VCP) has been shown to regulate the shuttling of catalase between the cytosol and the peroxisome [32]. It is suggested that VCP may cause catalase localization to the peroxisome under basal conditions, and when intracellular H

 

2


 
O

 

2


 
levels increase, the ATPase activity of CVP may become inactivated, leading to the redistribution of catalase to the cytosol for the effective decomposition of intracellular H

 

2


 
O

 

2


 
[32].







In addition to VCP, the peroxisomal import receptor PEX5 has been reported to also function as a stress sensor, retaining catalase in the cytosol in times of oxidative stress [33]. In the presence of increased cytosolic H

 

2


 
O

 

2


 
, PEX5 may undergo redox modulation, leading to decreased import of catalase to the peroxisome and consequent accumulation of catalase in the cytosol to combat the oxidative insult of extra-peroxisomal origin [33].






5. BIOLOGY AND MEDICINE





The conventional function of mammalian catalase lies in its ability to catalytically decompose H

 

2


 
O

 

2


 
, thereby protecting against H

 

2


 
O

 

2


 
-mediated biological damage. In addition to this conventional function, catalase also possesses certain atypical activities, including metabolizing ethanol and promoting cancer progression under certain conditions.






5.1. Conventional Functions




5.1.1. Role in Protecting against Disease Processes






As described in

 


Chapter 4



 
, dismutation of superoxide, either spontaneously or catalyzed by superoxide dismutase (SOD), produces H

 

2


 
O

 

2


 
which is also a reactive oxygen species (ROS). In fact, H

 

2


 
O

 

2


 
is one of the most extensively studied ROS and plays a causal role in various disease processes [34]. The primary function of mammalian catalase is to catalyze the decomposition of H

 

2


 
O

 

2


 
to form water and serves as one of the major defense mechanisms against H

 

2


 
O

 

2


 
-induced toxicity and disease pathophysiology. Using primarily catalase gene-knockout or -overexpression animal models, substantial studies over the past decades have established an important role for catalase in protecting against a wide variety of disease processes and related conditions. These include various forms of cardiovascular disorders [35–39], diabetes and metabolic syndrome [40–43], multistage tumorigenesis [44–46], neurodegeneration [47, 48], pulmonary injury [49, 50], hepatic injury [51], osteoporosis [52], and thymic atrophy [53], as well as aging [54–57].







As mitochondria are the chief source of cellular H

 

2


 
O

 

2


 
and catalase is generally lacking in mitochondria, targeted overexpression of catalase in mitochondria has been employed to define the function of such ectopically expressed catalase. Notably, overexpression of catalase targeted to mitochondria significantly attenuates cardiac aging and extends the lifespan of mice by over five months [39, 56]. Targeted expression of catalase to mitochondria also prevents age-associated reductions in mitochondrial function and insulin resistance in mice [58] as well as attenuates high-fat diet-induced muscle insulin resistance and ischemic myopathy in animal models [59, 60].




In addition to genetically overexpression of catalase, derivatives of catalase with improved pharmacokinetic profiles have been employed to assess the biological function of catalase. For instance, a genetically engineered derivative of catalase known as catalase-SKL has been shown to be able to enter cells and traffic to organelles (primarily peroxisomes) when given intraperitoneally [47] and reduce the beta-amyloid-induced microglia activation, cholinergic loss, and long-term memory impairments in an animal model [61].

As noted above, studies in animal models with both global and mitochondria-specific overexpression of catalase point to a critical protective role for catalase in the development of insulin resistance and diabetes. In line with this notion, hereditary catalase deficiencies in humans are also associated with an increased risk of diabetes [62]. In addition, patients with hereditary catalase deficiencies may be more susceptible to the development of methemoglobinemia and hemolysis upon exposure to oxidizing agents [63].

In human populations, gene polymorphisms leading to decreased expression of catalase have been shown to be associated with an increased risk of developing various diseases, including diabetes [64], obesity [65], and vitiligo [66]. However, such studies do not establish a causal relationship between the catalase gene polymorphism and the altered disease risk. Furthermore, studies on human catalase gene polymorphisms and disease risk have frequently produced inconsistent results.



5.1.2. Role in Embryonic Development



Mice with deletion of catalase gene develop and reproduce normally indicating that catalase gene is not required for murine reproduction and embryonic development [67].



5.2. Atypical Activities







5.2.1. Peroxidase and Oxidase Activities toward non-H



 



2




 


O



 



2




 


Substrates









Catalase possesses peroxidase and oxidase activities toward a number of substrates, including alcohols, the tryptophan precursor indole, and the neurotransmitter precursor β-phenylethylamine [68]. The reaction below illustrates the peroxidase activity of catalase in converting alcohol (AH

 

2


 
) to aldehyde (A).







H

 

2


 
O

 

2


 
+ AH

 

2


 
→ A + 2 H

 

2


 
O




Catalase is also one of the three enzymes involved in the metabolism of ethanol in the liver to acetaldehyde [69, 70]. The other two enzymes are alcohol dehydrogenase and cytochrome P450 2E1.



5.2.2. Promotion of Cancer Progression






Catalase may also play a role in promoting chemotherapy resistance and cancer progression. For example, increased catalase expression has been found to induce chemoresistance to the anticancer drug cisplatin [23]. Conversely, low catalase expression in chronic lymphocytic leukemia (CLL) cells results in an escalated accumulation of H

 

2


 
O

 

2


 
in the leukemic cells with a consequent greater inhibition of phosphatases and an increase of redox signaling sensitivity [71]. Notably, the lower levels of catalase are associated with a slower progression of CLL in humans [71]. In cultures, human CLL cells express catalase and release catalase into the culture medium, which in turn reduces oxidative stress and spontaneous apoptosis [72], suggesting a role for autocrine catalase in the survival of CLL cells. This is in line with the concept that

 
under

 
conditions

 
when

 
cancer

 
cells

 
experience oxidative stress injury, antioxidants may act as promoters of cancer progression (see also

 


Chapter 2



 
).






6. CONCLUSION AND PERSPECTIVE


Studies in various animal models have provided a large body of data supporting a critical role for catalase in protecting against a wide range of disease conditions associated with oxidative stress. Although studies in human subjects have not been as convincing as those in experimental animals, there is evidence that catalase may be a protector in diseases such as diabetes. Future studies should emphasize translational research and focus on developing novel catalase derivatives (e.g., catalase-SKL; see also Section 5.1.1) or mimetics with improved bioavailability and safety profile and testing their efficacy in disease intervention in randomized controlled trials.




As SOD and catalase act coordinately in the sequential metabolism of superoxide to H

 

2


 
O

 

2


 
, and H

 

2


 
O

 

2


 
to water, respectively (

 


Figure 5.2



 
), the synergistic effects of these two antioxidant enzymes in health and disease warrant further investigation, especially clinical studies. In this regard, catalase and SOD are frequently overexpressed simultaneously in animal models for protecting against oxidative tissue injury [54, 73, 74]. Likewise, antioxidant mimetics with both SOD and catalase activities are also used for disease intervention in animal models [75, 76].














FIGURE 5.2. Superoxide dismutase and catalase in the sequential metabolism of superoxide (O


 


2



 

˙ˉ) and hydrogen peroxide (H


 


2



 

O


 


2



 

).


 
As illustrated, SOD catalyzes the dismutation of O

 

2


 

˙


 
ˉ to form O

 

2


 
and H

 

2


 
O

 

2


 
, which is also a reactive oxygen species capable of causing cell injury. The toxic H

 

2


 
O

 

2


 
is then decomposed by catalase to form water. Hence, the combined action of SOD and catalase eventually converts O

 

2


 

˙


 
ˉ to water. In biological systems, H

 

2


 
O

 

2


 
results primarily from the dismutation of O

 

2


 

˙


 
ˉ though some enzymes can directly produce H

 

2


 
O

 

2


 
. As such, the combined action of SOD and catalase may ensure effective protection against O

 

2


 

˙


 
ˉ toxicity.






7. SELF-ASSESSMENT QUESTIONS






7.1.


 
A research scientist has isolated and purified an enzyme from a pig liver. He notices the formation of numerous air bubbles upon adding the enzyme to a solution containing 1 mM H

 

2


 
O

 

2


 
. Which of the following is most likely the enzyme?




A. Aconitase

B. Alcohol dehydrogenase

C. Catalase

D. Cu,ZnSOD

E. MnSOD





7.2.


 
An undergraduate student plans to isolate different organelles from primary cultured human hepatocytes to study the subcellular localization of catalase. Which of the following subcellular fractions will she expect to find the highest level of catalase?




A. Cytosol

B. Microsomal fraction

C. Mitochondrial fraction

D. Nuclear fraction

E. Peroxisomal fraction





7.3.


 
Two iron-containing enzymes, designated as enzyme A and enzyme B, are known antioxidants naturally present in aerobic organisms. One product of enzyme A-catalyzed reaction is also the substrate for enzyme B. Both enzymes A- and B-catalyzed reactions give rise to molecular oxygen. Which of the following are most likely the enzymes A and B?




A. Aconitase and catalase

B. Cu,ZnSOD and catalase

C. FeSOD and catalase

D. MnSOD and catalase

E. MnSOD and Cu,ZnSOD





7.4.


 
Targeted expression of catalase to mitochondria in mice is most likely to cause which of the following?




A. Increased catalase activity in red blood cells

B. Increased incidence of leukemia

C. Increased insulin resistance

D. Increased lifespan

E. Shortened lifespan





7.5.


 
Inheritable catalase deficiencies have been reported in humans. These individuals have been shown to most likely experience an increased risk of developing which of the following diseases?




A. Diabetes

B. Myocardial infarction

C. Osteoporosis

D. Parkinson’s disease

E. Stroke


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is C. Among the enzymes listed, only catalase-catalyzed decomposition of H

 

2


 
O

 

2


 
generates molecular oxygen, which is responsible for the air bubbles.








7.2.


 
The answer is E. In mammalian cells, such as hepatocytes, catalase is primarily present in the peroxisomes. It may also be present in the cytosol and mitochondria, but to a much less extent as compared to peroxisomes.








7.3.


 
The answer is C. Since both enzymes are iron-containing proteins, the correct answer must be either A or C. (note: aconitase is an iron-sulfur cluster-containing enzyme.) Based on the specifics of the catalyzed reactions, A can be eliminated.








7.4.


 
The answer is D. Based on the results from high-profile studies, targeted expression of catalase to mitochondria in mice leads to increased lifespan, decreased cardiac aging, and decreased insulin resistance. Up to date, there has been no evidence showing increased incidence of leukemia in these mice. Since red blood cells do not contain mitochondria, catalase activity in these cells most likely remains unchanged.








7.5.


 
The answer is A. Based on available studies in these individuals with inheritable catalase deficiencies, increased risk of diabetes has been reported. Up to date, an increased risk for developing the other conditions listed has not been reported in the literature.
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UNIT III





The Glutathione system






Chapter 6. Glutathione and Its Synthesizing Enzymes




HIGHLIGHTS


§ The term glutathione, if not specified, may refer to both the reduced form (GSH) and the oxidized form (GSSG) of glutathione. GSH is the most abound non-protein cellular thiol molecule with intracellular concentrations of 1–10 mM.

§ GSH is a tripeptide of γ-glutamylcysteinylglycine and its synthesis involves two cytosolic enzymes, namely, γ-glutamylcysteine ligase (γGCL) and glutathione synthetase (GSS), with the former as the key enzyme.

§ The gene expression of both γGCL and GSS is coordinately regulated by various transcription factors, including the nuclear factor E2-related factor 2 (Nrf2).

§ GSH is a major cellular defense against oxidative and electrophilic stress. It is also involved in the regeneration of vitamins E and C and serves as a cofactor or substrate for various enzymes.

§ GSH can become a double-edged sword, exerting both beneficial and detrimental effects depending on the disease conditions involved.
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1. OVERVIEW





The term glutathione, if not specified, may refer to both the reduced form (GSH) and the oxidized form (GSSG) of glutathione (structures shown in

 


Figure 6.1



 
). This chapter focuses on the reduced form, i.e., GSH and the enzymes involved in its biosynthesis. Intracellular glutathione may also exist in other forms, including

 

S


 
-nitrosoglutathione (GSNO), a potential mediator of nitric oxide signaling [1] and the recently discovered

 

S


 
-geranygeranyl-L-glutathione (GGG), a natural ligand for human B cell-confinement receptor P2RY8 [2].
















FIGURE 6.1. Structures of glutathione.


 
As illustrated, the reduced form of glutathione or GSH is a thiol molecule. On the other hand, the oxidized form of glutathione or GSSG is a disulfide molecule.




GSH is a tripeptide (γ-glutamylcysteinylglycine) with a molecular weight of 307.3. In mammalian cells, the cytosolic concentrations of GSH are in the range of 1–10 mM. GSH is also present in high concentrations in organelles including the mitochondrion [3] and nucleus [4]. In these intracellular compartments, the GSH:GSSG ratio typically ranges from 100:1 to 100:5. On the other hand, the ratio of GSH:GSSG can be reduced to the range of 1:3 to 1:1 in the endoplasmic reticulum, a relatively oxidizing environment [5]. The glutathione redox state (GSH:GSSG) is tightly regulated [6] and influences cell signaling and survival [7, 8]. Compared with those inside cells, the extracellular levels of GSH are much lower, and GSH levels in the plasma are usually in the range of lower micromolar concentrations.




In mammalian cells, GSH synthesis involves two cytosolic enzymes, namely, γ-glutamylcysteine ligase (γGCL) (EC 6.3.2.2) and glutathione synthetase (GSS) (EC 6.3.2.3). γGCL consists of two subunits: the heavy catalytic subunit designated as GCLC with a molecular weight of 72.8 kDa and the light modifier subunit designated as GCLM with a molecular weight of 30.7 kDa. GCLC and GCLM are encoded by separate genes that are localized on chromosomes 6p12 and 1p22.1, respectively, in humans. Mammalian GSS is a homodimer with a subunit molecular weight of 52.4 kDa. Human GSS gene is localized on chromosome 20q11.2.

 


Table 6.1



 
summarizes the basic characteristics of glutathione and its synthesizing enzymes.









	



TABLE 6.1. Basic characteristics of GSH and its synthesizing enzymes









	


	


Molecular weight





	


Subunit assembly





	


Intracellular location





	


Chromosomal location








	


GSH





	


307.3 Da





	


NA





	


Cytosol, ER, mitochondrion, nucleus





	


NA








	


γGCL





	


72.8 kDa (GCLC), 30.7 kDa (GCLM)





	


Heterodimer





	


Cytosol





	


6p12 (GCLC), 1p22.1 (GCLM)








	


GSS





	


52.4 kDa





	


Homodimer





	


Cytosol





	


20q11.2








	


Note: NA and ER denote ‘not applicable’ and endoplasmic reticulum, respectively. Due to its membrane impermeability, GSH synthesized in the cytosol requires special transporting mechanisms to enter the non-cytosol cellular compartments, such as the mitochondrion, ER, and nucleus. The number for GSS refers to the subunit molecular weight. Values for molecular weight are based on UniProt at www.uniprot.org.








	


	


	


	


	









2. HISTORY


Glutathione was initially discovered by J. de Rey-Paihade in 1888 from the extracts of yeast and various animal tissues and de Rey-Paihade named the substance philothion, meaning “love and sulfur” in Greek. In 1921, F.G. Hopkins reported the isolation of philothion as a dipeptide of glutamic acid and cysteine, which he named glutathione to honor the history of the discovery of philothion [9]. Subsequently, in 1922, F.G. Hopkins and M. Dixon showed that glutathione underwent reversible oxidation-reduction, which involved a disulfide linkage between two molecules of glutathione, and this oxidation-reduction system was thermostable [10].

As noted above, in his earlier studies, F.G. Hopkins concluded that glutathione was a dipeptide of glutamic acid and cysteine, which was challenged in 1927 by G. Hunter and B.A. Eagles, who suggested that glutathione was possibly a tripeptide. In 1929, after developing a new procedure for preparing crystalline glutathione, F.G. Hopkins showed that glutathione is indeed a tripeptide of glutamic acid, glycine, and cysteine [11]. Isolation and characterization of glutathione is one of the many contributions made by F.G. Hopkins, who received the Nobel Prize in Physiology or Medicine in 1929 for his discovery of the growth-stimulating vitamins.




Based on the findings by others, C.R. Harington and T.H. Mead in 1935 concluded that the structure of glutathione is γ-glutamylcysteinylglycine, and they for the first time synthesized glutathione, i.e., GSH [12]. It is now known that GSH is the most abundant non-protein thiol-containing molecule in animal cells as well as in plants and fungi. Although it was initially believed

 
to

 
mainly

 
act

 
as

 
a

 
reductant,

 
recent

 
studies have revealed multiple novel functions and activities of GSH in biology and medicine.






3. BIOCHEMISTRY





GSH is synthesized from three amino acids via two successive enzymatic reactions in the cytoplasm (

 


Figure 6.2



 
). The first step involves the combination of L-cysteine and L-glutamate to produce γ-glutamylcysteine. This reaction is catalyzed by γGCL, also formerly known as γ-glutamylcysteine synthetase (γGCS). This reaction requires coupled hydrolysis of adenosine triphosphate (ATP). The next step involves the enzyme GSS, which catalyzes the addition of glycine

 
to

 
the

 
dipeptide

 
to

 
form

 
γ-glutamylcysteinylglycine (GSH). This enzyme also requires coupled hydrolysis of ATP. It is also worth noting that the key enzyme γGCL can be selectively, potently, and irreversibly inhibited by L-buthionine sulfoxide (BSO) [13], which has been widely used as a chemical approach to selectively depleting cellular GSH for studying the biological functions of GSH in both cultured cells [14–16] and animals [17–19].
















FIGURE 6.2. Biosynthesis of the reduced form of glutathione (GSH).


 
As illustrated, GSH is synthesized from three amino acids through two successive reactions catalyzed by γ-glutamylcysteine ligase (γGCL) and glutathione synthetase (GSS), respectively. Two molecules of adenosine triphosphate (ATP) are consumed for synthesizing each molecule of GSH. It is noteworthy that γGCL is the key enzyme of GSH biosynthesis.






4. MOLECULAR REGULATION




4.1. γGCL





γGCL is the key enzyme of GSH biosynthesis. As noted earlier, this enzyme consists of two subunits, GCLC and GCLM. As the name indicates, GCLM modulates the activity of the enzyme and affects the steady-state levels of GSH in cells. Both subunits are subject to induction by chemical inducers as well as oxidative stress conditions, and upregulation of either or both of the subunits leads to increased levels of cellular GSH. Transcriptional and post-transcriptional regulation of both subunits have been described [20, 21]. Several transcription factors are implicated in the transcriptional regulation of GCLC and GCLM genes in mammalian cells. These include AP-1, AP-2, SP-1, nuclear factor kappaB (NF-κB), c-Myc, nuclear factor E2-related factor 1 (Nrf1), and nuclear factor E2-related factor 2 (Nrf2) [20]. Among these transcription factors, Nrf2 appears to play the most important role in controlling both basal and inducible expression of γGCL genes under various conditions [22–24] (see also

 


Chapter 2



 
). Recently, hypoxia-inducible factor 1 (HIF-1) has been shown to also increase GCLM gene transcription and this HIF-1-dependent GSH synthesis is involved in chemotherapy-induced enrichment of breast cancer stem cells, which in turn is responsible for tumor recurrence and metastasis [25] (see also Section 5.2.3).




Post-transcriptional regulation includes mRNA stabilization/destabilization and post-translational modifications. In this context, microRNAs, including miR-18a and miR-433, have been shown to downregulate GCLC expression, leading to decreased cellular levels of GSH [26, 27].



4.2. GSS


While much is known about γGCL gene regulation, little attention has been paid to that of GSS. Recent studies have suggested a potential involvement of AP-1 [28] and Nrf1 and Nrf2 [29] in the regulation of mammalian GSS gene expression in several cell types. In this regard, multiple studies have demonstrated the binding sites for AP-1, Nrf1, and Nrf2 in the GSS gene promoter [28, 29]. The involvement of similar transcription factors (i.e., AP-1, Nrf1, and Nrf2) in regulating the expression of both GCLC/GCLM and GSS genes is in line with the observations that GCL subunits and GSS are often regulated in a coordinated manner in mammalian cells [30].



4.3. GSH Efflux and Degradation


A recent genome-wide haploid genetic screen has identified the ATP binding cassette (ABC) family transporter—multidrug resistance protein 1 (MRP1) as a critical regulator of GSH efflux. Disruption of MRP1 prevents GSH efflux from the cell, thereby increasing intracellular GSH levels [31]. On the other hand, specific pathways have been suggested to directly degrade intracellular GSH to regulate its homeostasis. In this context, ChaC2, a member of the ChaC family of γ-glutamylcyclotransferases, appears to be an important enzyme that specifically degrades GSH in the cytosol of mammalian cells [32].



5. BIOLOGY AND MEDICINE




5.1. Conventional Functions


In mammalian systems, GSH is a major antioxidant involved in at least five types of biochemical reactions. They are: (1) reaction with ROS leading to their detoxification; (2) reaction with electrophiles; (3) regeneration of α-tocopherol (a form of vitamin E) and vitamin C; (4) protein deglutathionylation catalyzed by glutaredoxin; and (5) DNA synthesis.

Notably, deletion of either GCLC or GSS gene in mice is embryonic lethal, indicating that GSH synthesis is essential for murine embryonic development [33, 34]. Gene mutations leading to GSS deficiency have also been reported in humans. The GSS deficiency in humans is a rare inherited autosomal recessive disorder with clinical manifestations including hemolytic anemia, metabolic acidosis, 5-oxoprolinuria, and neurological dysfunction [35–37].



5.1.1. Reaction with ROS






GSH is a major defense against ROS. It can directly react with ROS, leading to the detoxification of these reactive species. GSH is used also as a cofactor by glutathione peroxidase (see

 


Chapter 7



 
) in the detoxification of H

 

2


 
O

 

2


 
and other peroxides, as well as peroxynitrite. In addition, the reaction between GSH and nitic oxide (or nitric oxide-derived species) leads to the formation of

 

S


 
-nitrosoglutathione. In mammalian systems,

 

S


 
-nitrosoglutathione may act as a second messenger to transduce nitric oxide bioactivity [1, 38]






5.1.2. Reaction with Electrophiles






Electrophiles (electron-deficient species), such as reactive aldehydes, are derived from xenobiotic biotransformation as well as lipid peroxidation. GSH reacts with electrophiles, forming less reactive conjugates. Thus, conjugation with GSH represents an important mechanism for the detoxification of electrophilic species. The conjugation reactions with GSH may occur spontaneously but are markedly accelerated by glutathione

 

S


 
-transferases (see

 


Chapter 9



 
). It is noteworthy that for certain xenobiotics, GSH conjugation may result in their bioactivation, thereby leading to increased toxicity [39].






5.1.3. Regeneration of Vitamins E and C






While GSH is the most abundant non-protein thiol antioxidant in mammalian cells, there are also many other cellular non-protein antioxidants, such as α-tocopherol and vitamin C (also known as ascorbic acid or ascorbate). α-Tocopherol reduces lipid peroxyl radical to form lipid hydroperoxide, and in the reaction α-tocopherol is oxidized to α-tocopherol radical (see also

 


Figure 1.2 of Chapter 1



 
). The α-tocopherol radical can be reduced back to α-tocopherol by ascorbate, which during the reaction is oxidized to dehydroascorbate. Dehydroascorbate can then be restored to the reduced form by a GSH-dependent reaction catalyzed by dehydroascorbate reductase (

 


Figure 6.3



 
). Because of this role, GSH deficiency results in decreased tissue levels of vitamin C in animal models [40, 41].
















FIGURE 6.3. Role of the reduced form of glutathione (GSH) in the regeneration of α-tocopherol and ascorbate.


 
As illustrated, α-tocopherol reduces lipid peroxyl radical (LOO˙) to form lipid hydroperoxide (LOOH), and in the reaction, α-tocopherol is oxidized to α-tocopherol radical. The α-tocopherol radical can be reduced back to α-tocopherol by ascorbate, and the ascorbate is oxidized to dehydroascorbate via an ascorbate radical intermediate. Dehydroascorbate can then be reduced back to the original ascorbate by a GSH-dependent reaction catalyzed by dehydroascorbate reductase (DR). During this reaction, GSH is oxidized to glutathione disulfide (GSSG), which can be reduced back to GSH by glutathione reductase (GR; see

 


Chapter 8



 
) using NADPH as the electron donor. Hence, with NADPH-supplied electrons, the vitamin E, vitamin C, and glutathione cycles are sequentially coupled, leading to the reduction of the highly reactive lipid peroxyl radical to the less reactive lipid hydroperoxide.






5.1.4. Protein Deglutathionylation






Reversible protein

 

S


 
-glutathionylation (protein-SSG) is

 
an

 
important

 
post-translational

 
redox

 
modification







involved in cellular signaling. Analogous to protein dephosphorylation catalyzed by phosphatases, glutaredoxin (see

 


Chapter 10



 
) using GSH as a cofactor/electron donor catalyzes deglutathionylation of proteins. This participates in regulating diverse intracellular signaling pathways [42, 43].






5.1.5. DNA Synthesis



Deoxyribonucleotides are DNA-building blocks and are produced de novo by reduction of ribose to deoxyribose. This reduction is catalyzed by ribonucleotide reductase. Glutathione-glutaredoxin serves as an efficient electron-donating system for mammalian ribonucleotide reductase [44, 45].



5.2. Atypical Activities


In addition to the above well-established functions, GSH also possesses many atypical biological activities, exerting both beneficial and detrimental effects.



5.2.1. The Cofactor for Glyoxalase 1



GSH is the cofactor for glyoxalase 1, an enzyme involved in the detoxification of glycolysis-derived α-oxoaldehyde—methylglyoxal, and in the protection against hyperglycemia-induced oxidative stress [46–48]. On the contrary, as a GSH-dependent enzyme, glyoxalase 1 may be also involved in the development of anxiety. Local overexpression of glyoxalase 1 in the mouse brain results in increased anxiety-like behavior, while local inhibition of glyoxalase 1 expression by RNA interference decreases the anxiety-like behavior [49]. This is possibly due to the ability of glyoxalase 1 to decrease brain levels of methylglyoxal, a γ-aminobutyric acid (GABA) type A receptor agonist [50]. Activation of GABA type A receptors reduces the neuronal excitability, causing sedative and anxiolytic effects [51].



5.2.2. Activation of PrfA






Intracellular GSH may play a role in promoting the virulence of pathogens in host cells. Infection by the human bacterial pathogen

 

Listeria monocytogenes


 
is mainly controlled by the positive regulatory factor A (PrfA) [52], a member of the Crp/Fnr family of transcriptional activators. Activation of PrfA is dependent on host cell GSH, and the GSH-dependent PrfA activation is mediated by allosteric binding of GSH to PrfA [53]. By binding to PrfA in the cytosol of the host cell, GSH induces the correct fold of the HTH motifs, thus priming the PrfA protein for DNA interaction and promoting the virulence [52].






5.2.3. Cancer Promotion



Increased GSH content in cancer cells is a major mechanism underlying cancer cell resistance to chemotherapy [54, 55]. In this regard, many classical anticancer drugs are electrophilic compounds that are detoxified by GSH conjugation in the cancer cells. Indeed, targeting cellular GSH synthesis represents a potential means of rendering cancer cells more susceptible to anticancer treatment, including chemotherapy and radiotherapy [56].

Failure of chemotherapy results also from anticancer drug-induced enrichment of cancer stem cells, which is responsible for cancer reoccurrence and metastasis. It has been reported that GSH is responsible for chemotherapy-induced enrichment of breast cancer stem cells. Mechanistically, chemotherapy induces the expression of both the cystine transporter xCT and the GCLM in a HIF-1-dependent manner, leading to increased intracellular GSH levels, which inhibit mitogen-activated protein kinase kinase (MEK) activity through copper chelation. Loss of MEK-ERK signaling causes FOXO3 nuclear translocation and transcriptional activation of the gene encoding the pluripotency factor Nanog, which is required for enrichment of breast cancer stem cells [25].

In addition to its role in anticancer therapy resistance, GSH may act also as a cancer-promoting molecule. For example, in experimental models, GSH and thioredoxin synergize to drive cancer initiation, proliferation, and progression [16, 57]. On the contrary, disruption cellular GSH synthesis has been found to cause apoptosis or ferroptosis and suppress tumorigenesis in various animal models [58–61]. Hence, GSH may be an intrinsic factor driving cancer progression.



5.2.4. Regulation of Lymphocytes



Recent findings have suggested a regulatory role for GSH in lymphocyte function and homeostasis. Upon antigen stimulation, T lymphocytes undergo dramatic changes in metabolism to fulfill the bioenergetic, biosynthetic, and redox demands of proliferation and differentiation. GSH is a critical factor in the above metabolic dynamics. Conversely, inhibition of GSH synthesis in T cells compromises the activation of mammalian target of rapamycin-1 (mTOR) and expression of NFAT and Myc transcription factors, abrogating the energy utilization and Myc-dependent metabolic reprogramming that allows activated T cells to switch to glycolysis and glutaminolysis. These changes caused by GSH deficiency in T cells prevent autoimmune disease but block antiviral defense, suggesting that GSH plays a unique role in metabolic integration and reprogramming during inflammatory T cell responses [62, 63].




As mentioned above (Section 1), GGG is a newly discovered form of modified glutathione in mammalian tissues. It is present in lymphoid tissues at nanomolar levels. GGG is a potent ligand for P2RY8, a Gα

 

13


 
-coupled receptor that mediates the inhibition of migration and regulates the growth of B cells in lymphoid tissues. Activation of the P2RY8 receptor by GGG results in the inhibition of the chemokine-mediated migration of human germinal-center B cells and T follicular helper cells, and the antagonism of the induction of phosphorylated AKT in germinal-center B cells [2]. Notably, GGG is metabolized to an inactive form by gamma-glutamyltransferase-5 (GGT5), an enzyme highly expressed by follicular dendritic cells, and overexpression of GGT5 disrupts the ability of P2RY8 to promote B cell confinement to germinal centers, suggesting that GGT5 establishes a GGG gradient in lymphoid tissues [2]. Collectively, these findings define GGG as a novel intercellular signaling molecule that is involved in organizing and controlling germinal-center responses and the homeostasis of lymphocytes as a whole.






6. CONCLUSION AND PERSPECTIVE


As the most abundant non-protein thiol molecule in cells, GSH participates in numerous cellular processes that are critical for proper physiological functions. Based primarily on studies in mammals, GSH has been demonstrated to be a critical molecule in protecting against various disease processes. On the other hand, under certain conditions, GSH may become a detrimental factor, contributing to chemotherapy resistance and cancer progression. Understanding the complexity of GSH biology would help devise strategies for disease intervention through manipulating cellular GSH to maximize its benefits and avoid or minimize its harmful effects.




Due, at least partly, to the limited membrane permeability of GSH, systemic administration of GSH appears to be an ineffective approach to disease intervention based on results from randomized controlled trials (RCTs) [64]. On the other hand, the membrane permeable GSH precursor—

 

N


 
-acetylcysteine has been shown by small-scale RCTs to be protective against several disease processes, including chronic obstructive pulmonary disease [65] and myocardial infarction [66]. The field of GSH-based disease intervention would benefit from continued development of GSH analogs with improved bioavailability and testing of such modalities in large-scale RCTs.






7. SELF-ASSESSMENT QUESTIONS






7.1.


 
In an experiment examining the consequences of cellular GSH depletion, Dr. F.A. Smith treats the cultured renal tubular cells with 50 µM L-buthionine sulfoxide (BSO) for 24 hours. Which of the following is the most appropriate statement about the use of BSO in this experiment?




A. To directly react and deplete cellular GSH

B. To increase the oxidation of GSH to GSSG

C. To inhibit both glutathione synthetase and γ-glutamylcysteine ligase

D. To inhibit glutathione synthetase, the key enzyme in GSH biosynthesis

E. To inhibit γ-glutamylcysteine ligase, the key enzyme in GSH biosynthesis





7.2.


 
The reduced form and oxidized form of glutathione (GSH and GSSG) are kept at different ratios in different subcellular compartments for redox regulation. Which of the following compartments contains the highest ratio of GSSG to GSH?




A. Cytosol

B. Endoplasmic reticulum lumen

C. Lysosome

D. Mitochondrial matrix

E. Nucleus





7.3.


 
A graduate student has observed an increase in the level of intracellular GSH after treating a human cardiac cell line in culture with an Nrf2-specific activator. Which of the following is most likely the major mechanism for the increased GSH level?




A. Decreased utilization of GSH by GSH-dependent enzymes

B. Direct reduction of GSSG to GSH by the Nrf2 activating substance

C. Increased conversion of protein thiols to GSH

D. Increased expression of glutathione synthetase

E. Increased expression of γ-glutamylcysteine ligase





7.4.


 
GSH plays important physiological roles by serving as a cofactor or substrate for a variety of enzymes. Which of the following is a GSH-dependent enzyme that has been implicated in the development of anxiety-like behavior in animals?




A. γ-Glutamyltransferase-5

B. Glutaredoxin

C. Glyoxalase 1

D. Mitogen-activated protein kinase kinase

E. Positive regulatory factor A





7.5.


 
A recent study (

 

Nature


 
2019; 567(7747):244–8) has uncovered a novel function for glutathione in organizing and controlling germinal-center responses and the homeostasis of lymphocytes as a whole. This study has identified that an endogenously formed GSH derivative serves as a physiological ligand for P2RY8, a receptor involved in the regulation of lymphocyte migration and growth. Which of the following is the newly discovered ligand?




A. Glutathione disulfide




B.

 

N


 
-Acetylcysteine







C.

 

S


 
-Geranygeranyl-L-glutathione







D.

 

S


 
-Nitrosoglutathione




E. γ-Glutamylcysteinylglycine


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is E. BSO is a selective, potent, and irreversible inhibitor of γ-glutamylcysteine ligase, which is the key enzyme in GSH biosynthesis. BSO does not inhibit glutathione synthetase. The direct reaction between BSO and GSH is insignificant, if any.








7.2.


 
The answer is B. The matrix of endoplasmic reticulum is an oxidizing environment, and the GSSG:GSH ratio can be up to 1:1. On the other hand, the ratios of GSSH:GSH are much lower in other intracellular compartments, including the cytosol, mitochondrial matrix, and nucleus. Information on glutathione redox in peroxisomes is currently lacking.








7.3.


 
The answer is E. The genes for both γ-glutamylcysteine ligase and glutathione synthetase are regulated by Nrf2 signaling. Since γ-glutamylcysteine ligase is the key enzyme in GSH biosynthesis, increased expression of this enzyme contributes to the GSH elevation to a greater extent than does glutathione synthetase. It is also likely that γ-glutamylcysteine ligase is more inducible than glutathione synthetase by Nrf2 activators. As such, E is the best answer. Without E, D would be the best answer. The likelihood for A, B, and C is minimal, if any, based on current literature.








7.4.


 
The answer is C. GSH is the cofactor for glyoxalase 1, an enzyme that decreases brain levels of methylglyoxal, a γ-aminobutyric acid (GABA) type A receptor agonist, and its decreased levels may contribute to the development of anxiety-like behavior.








7.5.


 
The answer is C. This is a major discovery in the field of GSH biology. As the newly uncovered endogenous GSH derivative,

 

S


 
-geranygeranyl-L-glutathione acts as an intercellular signaling molecule regulating the homeostasis of lymphocytes in the germinal centers of lymphoid tissues.

 

N


 
-Acetylcysteine is a man-made compound that does not occur naturally in cells.
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Chapter 7. Glutathione Peroxidase




HIGHLIGHTS


§ The term glutathione peroxidase (GPx) refers to a family of enzymes, and in mammalian systems, there are eight GPx isozymes, namely, GPx1, 2, 3, 4, 5, 6, 7, and 8.




§ GPx1–6 isozymes catalyze the reduction of H

 

2


 
O

 

2


 
or lipid hydroperoxides (LOOH) to water or corresponding alcohols (LOH) using the reduced form of glutathione (GSH) as the electron donor. On the other hand, GPx7 and 8 may act as peroxidases of protein disulfide isomerase.




§ The regulatory mechanisms for the gene expression of GPx isozymes remain partly understood, with each isozyme gene being regulated differently at transcriptional and post-transcriptional levels.

§ GPx1–6, especially GPx1–4, are among the most important antioxidant enzymes, protecting against diverse disease processes associated with oxidative stress in animal models. GPx7 and 8 play a role in protein folding.

§ Some GPx isozymes also possess atypical biological activities contributing to both physiological and pathophysiological processes.
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1. OVERVIEW





Glutathione peroxidase (GPx) (EC 1.11.1.9) is the general name for a family of isozymes that catalyze the reduction of hydrogen peroxide (H

 

2


 
O

 

2


 
) or organic hydroperoxides to water or corresponding alcohols using the reduced form of glutathione (GSH) as an electron donor. In mammalian tissues, there are eight GPx isozymes, namely, GPx1, 2, 3, 4, 5, 6, 7, and 8. Among the eight isozymes, GPx1, 2, 3, 4, and 6 are selenoproteins. GPx5 is a non-selenoprotein. GPx7 and 8 are the newest members of the GPx family and have been shown to be endoplasmic reticulum (ER)-resident proteins with ill-defined biological functions [1, 2]. Like GPx5, both GPx7 and 8 are also non-selenoproteins.







GPx1, 2, 3, and 6 are homotetrameric proteins with a subunit molecular weight of ~22–26 kDa, whereas GPx4 is a 22.2 kDa monomeric enzyme. GPx5 is a homodimeric enzyme with a subunit molecular weight of 25.2 kDa. GPx7 and 8 are monomeric proteins, with a molecular weight of 21.0, and 23.9 kDa, respectively. The nomenclature and general properties of GPx isozymes are outlined below and some basic characteristics are given also in

 


Table 7.1



 
.









	



TABLE 7.1. Basic characteristics of mammalian GPx isozymes









	


Isozyme





	


Subunit MW (kDa)





	


Subunit assembly





	


Selenium dependence





	


Cellular location





	


Chromosomal location








	


GPx1





	


22.1





	


Homotetramer





	


Yes





	


Cytosol, mitochondrion, nucleus





	


3p21.3








	


GPx2





	


22.0





	


Homotetramer





	


Yes





	


Cytosol, nucleus





	


14q24.1








	


GPx3





	


25.6





	


Homotetramer





	


Yes





	


Extracellular (plasma)





	


5q23








	


GPx4





	


22.2





	


Monomer





	


Yes





	


Cytosol, mitochondrion, membrane, nucleus





	


19p13.3








	


GPx5





	


25.2





	


Homodimer





	


No





	


Extracellular (epididymal lumen)





	


6p22.1








	


GPx6





	


25.0





	


Homotetramer





	


Yes





	


Extracellular (secreted)





	


6p22.1








	


GPx7





	


21.0





	


Monomer





	


No





	


Endoplasmic reticulum





	


1p32








	


GPx8





	


23.9





	


Monomer





	


No





	


Endoplasmic reticulum





	


5q11.2








	


Note: MW denotes molecular weight. Values for MW are based on UniProt at www.uniprot.org.








	


	


	


	


	


	











1.1. GPx1


GPx1 is also known as classical or cytosolic GPx (cGPx). It is the first mammalian GPx identified and one of the most abundant and ubiquitously expressed selenoproteins. GPx1 is present in the cytosol, mitochondrion, and nucleus. In humans, GPx1 gene is localized on chromosome 3p21.3.



1.2. GPx2


GPx2 is also known as gastrointestinal GPx (GI-GPx). It is mainly expressed in the gastrointestinal tract. It is also found in the liver and lungs. GPx2 is present in the cytosol and nucleus. In humans, GPx2 gene is localized on chromosome 14q24.1.



1.3. GPx3


GPx3 is also known as plasma GPx (pGPx). It is a secreted form of enzyme found in the plasma. The kidney is the major source of GPx3 in the plasma. This enzyme is also expressed in many other tissues, including the lungs and heart, and is present in the cytosol as well. In humans, GPx3 gene is localized on chromosome 5q23.



1.4. GPx4


GPx4 is also known as phospholipid hydroperoxide GPx (PHGPx). It is ubiquitously expressed in a variety of tissues. GPx4 is also a main structural component of the sperm mitochondrial capsule in mature spermatozoa, where it exists as an enzymatically inactive, oxidatively cross-linked, insoluble protein [3]. Subcellular distribution of GPx4 includes the cytosol, mitochondrion, nucleus, and membrane. In humans, GPx4 gene is localized on chromosome 19p13.3.



1.5. GPx5


GPx5 is also known as epididymal secretory GPx (eGPx). GPx5 is selectively expressed in the epididymis. It is secreted into the epididymal lumen. In humans, GPx5 gene is localized on chromosome 6p22.1.



1.6. GPx6


The expression of GPx6 is believed to be restricted to the developing embryo and in olfactory epithelium in adults. It is secreted into the extracellular milieu. In humans, GPx6 gene is localized on chromosome 6p22.1, which is also where GPx5 gene is localized.



1.7. GPx7


GPx7 is a non-selenocysteine-containing phospholipid hydroperoxide GPx (NPGPx) that is localized in the ER. In humans, GPx7 gene is localized on chromosome 1p32.



1.8. GPx8


Like GPx7, GPx8 is also a non-selenium enzyme that is present in the ER. In humans, GPx8 gene is localized on chromosome 5q11.2.



2. HISTORY





A GPx activity was first reported in erythrocytes by G.C. Mills in 1957 [4]. The enzyme was found to protect hemoglobin from oxidative breakdown [5] and to be also the primary mechanism for eliminating H

 

2


 
O

 

2


 
in erythrocytes [6]. This enzyme was further demonstrated to be a selenoprotein by L. Flohe and coworkers in 1973 [7]. The enzyme was later named GPx1 and has become the most extensively studied isozyme of the GPx family. Subsequently, several additional mammalian GPx isozymes were isolated and characterized. As stated above, in mammals, the GPx family now has eight members, and the classification is based on criteria including amino acid sequence, substrate specificity, and subcellular localization.






3. BIOCHEMISTRY




3.1. Reduction of Peroxides





GPx1–6 isozymes are all able to catalyze the reduction of H

 

2


 
O

 

2


 
or lipid hydroperoxides (LOOH) to water or corresponding alcohols (LOH) using GSH as an electron donor (

 


Figure 7.1



 
). In addition, GPx4 is able to reduce phospholipid hydroperoxides in membranes, and as such, is named phospholipid hydroperoxide GPx (PHGPx). Due to the low levels of GSH in extracellular fluid, GPx3 may also use extracellular thioredoxin and glutaredoxin as electron donors [8]. Notably, γ-glutamylcysteine serves as a cofactor for GPx1 in detoxifying peroxides [9]. In contrast to that of GPx1–6, the biochemistry of GPx7 and 8 in the reduction of cellular peroxides remains unclear.
















FIGURE 7.1. Glutathione peroxidase (GPx)-catalyzed decomposition of hydrogen peroxide (H


 


2



 

O


 


2



 

) and lipid hydroperoxide (LOOH).


 
As illustrated, GPx catalyzes the decomposition of H

 

2


 
O

 

2


 
and LOOH to form water, and lipid alcohol (LOH) plus water, respectively. During the reaction, the reduced form of glutathione (GSH) is oxidized to glutathione disulfide (GSSG). The GSSG formed can then be reduced back to GSH by glutathione reductase (not illustrated; see

 


Chapter 8



 
).






3.2. Reduction of Peroxynitrite





In addition to decomposing H

 

2


 
O

 

2


 
and LOOH, some

 
GPx

 
isozymes,

 
including GPx1

 
[10]

 
and

 
GPx5

 
[11],

 
have been shown to also reduce peroxynitrite and protect against peroxynitrite-induced cytotoxicity (

 


Figure 7.2



 
). Peroxynitrite is a potent oxidant generated from the reaction of nitric oxide and superoxide.
















FIGURE 7.2. Glutathione peroxidase (GPx)-catalyzed decomposition of peroxynitrite (ONOOˉ).


 
As illustrated, GPx catalyzes the decomposition of the highly reactive ONOOˉ to form nitrite (NO

 

2


 
ˉ) and water. During the reaction, the reduced form of glutathione (GSH) is oxidized to glutathione disulfide (GSSG). ONOOˉ is produced from the reaction between nitric oxide (NO) and superoxide (O

 

2


 

˙


 
ˉ) at a diffusion-limited rate in biological systems.






3.3. Peroxidation of Protein Disulfide Isomerase (PDI)





GPx7 and 8 in the ER may serve as PDI peroxidases, oxidizing PDI using H

 

2


 
O

 

2


 
[1] (

 


Figure 7.3



 
). As such, GPx7 and 8 may play a role in protein folding.
















FIGURE 7.3. Glutathione peroxidase 7 and 8 (GPx7 and 8) act as peroxidases towards protein disulfide isomerase (PDI).


 
As illustrated, both GPx7 and 8 catalyze the peroxidation of DPI using H

 

2


 
O

 

2


 
present in the endoplasmic reticulum. The oxidized form of PDI in turn introduces disulfide bond between two cysteine sulfhydryl groups (‒SH) in the polypeptide, leading to protein folding. During the process, the reduced form of PDI is regenerated.






4. MOLECULAR REGULATION


Although the first member of GPx family was identified more than 50 years ago, the regulatory mechanisms for the gene expression of many of the GPx isozymes remain partially understood. Nevertheless, regulation of GPxs may occur at both transcriptional and post-transcriptional levels [12].



4.1. GPx1


The tumor suppressor p53 may be involved in the regulation of GPx1 gene transcription. A p53-binding site is mapped to the promoter region of GPx1 gene and the GPx level is positively correlated with the level of p53 induction in cells [13]. On the other hand, high glucose-induced phosphorylation of p53 leads to its dissociation from the GPx1 promoter, resulting in decreased GPx1 expression in endothelial cells [14]. In addition to p53, TFAP2C, a member of the activating protein 2 (AP-2) family of transcription factors, is shown to bind to the AP-2 regulatory region of the GPx1 gene promoter, leading to increased transcription of the GPx1 gene [15].




GPx1 is subjected to post-translational modifications by c-Abl and Arg tyrosine kinases [16]. A recent study suggests a critical role for CUEDC2 in regulating GPx1 protein stability. CUEDC2 (CUE domain-containing 2) is a ubiquitously expressed multifunctional

 
protein

 
involved

 
in

 
many

 
physiological

 
and pathophysiological processes, including cell cycle regulation and inflammation. CUEDC2 may promote E3 ubiquitin ligases tripartite motif-containing 33 (TRIM33)-mediated ubiquitination of GPx1 and its subsequent proteasomal degradation [17]. Targeted deletion of CUEDC2 gene in mice results in the increased protein levels of GPx1 in the myocardium and the increased resistance to both myocardial ischemia-reperfusion injury and aging-related cardiac dysfunction [17].






4.2. GPx2





Multiple transcription factors participate in the regulation of GPx2 gene expression. These include nuclear factor E2-related factor 2 (Nrf2) [18], β-catenin/TCF [19], and p63 (a member of the p53 tumor suppressor family) [20]. These transcription factors have been found to bind to their specific sequences in the GPx2 promoter, augmenting GPx2 gene transcription. Identification of GPx2 as an Nrf2-regulated gene provides an opportunity for inducing this antioxidant enzyme via using Nrf2-activating chemoprotective agents (see also

 


Chapter 2



 
).






4.3. GPx3


The promoter region of GPx3 has been characterized, and several transcription factors, including AP-1, SP-1, and hypoxia-inducible factor 1 (HIF-1) are implicated in the transcriptional regulation of the gene [21]. The peroxisome proliferator-activated receptor γ (PPARγ) also acts as a positive regulator of GPx3 gene expression [22, 23]. In addition, GPx3 may be subjected to post-transcriptional regulation. For example, the microRNA miR-921 has been shown to bind to the 3′-UTR of the GPx3 mRNA, decreasing GPx3 expression in a lung cancer cell line [24].



4.4. GPx4


The transcription factors involved in the regulation of GPx4 gene include C/EBP-epsilon and -alpha, SP-1, SP-3, NF-Y, and Smad [25–27]. Regulation of GPx4 expression may occur also at the translational level. In this regard, the guanine-rich sequence-binding factor 1 (Grsf1) has been demonstrated to bind to a defined target sequence in the 5′-untranslated region (UTR) of the mitochondrial GPx4 mRNA and recruit the GPx4 mRNA to translationally active polysome fractions, thereby increasing the translation of GPx4 mRNA into GPx4 protein [28].



4.5. GPx 5–8


In contrast to those on GPx1–4, studies on GPx5–8 gene regulation are scarce. A metabolomic study reported that the high mobility group nucleosome-binding protein 5 (HMGN5), a chromatin architectural protein, may play a role in regulating GPx6 gene transcription. Functional loss of HMGN5 led to decreased GPx6 gene expression in the liver of mice [29].

Short interfering RNAs (siRNAs) target specific mRNAs for their degradation mediated by RNA-induced silencing complex (RISC). Persistent activation of siRNA-RISC frequently causes accumulation of non-targeting siRNA, leading to non-targeting siRNA stress and cell injury. It has been shown that under non-targeting siRNA stress, nucleolin, a multifunctional protein, binds to the GPx7 promoter, increasing GPx7 gene transcription. The increased GPx7 protects against non-targeting siRNA stress by binding to exoribonuclease XRN2, facilitating XRN2 to remove accumulated non-targeting siRNA [30, 31].

The GPx8 gene promoter was reported to contain two hypoxia-response elements (HREs), and binding of HIF-2α to the HREs led to increased transcription of the GPx8 gene in Hela cells [32].



5. BIOLOGY AND MEDICINE





The primary biological function of GPx1–6 isozymes is to decompose H

 

2


 
O

 

2


 
and organic peroxides, thereby protecting against peroxide-induced oxidative stress and tissue injury. H

 

2


 
O

 

2


 
and organic peroxides (such as lipid hydroperoxides) are among the major reactive oxygen species (ROS) that contribute to oxidative tissue injury. As such, GPx1–6, especially GPx1–4, are among the most important antioxidant enzymes against oxidative stress-associated disease pathophysiology. On the other hand, the newly discovered GPx7 and 8 serve primarily as PDI peroxidases in the ER though evidence also suggests a protective role of them in oxidative stress. In addition, as described below, some GPx isozymes also possess certain atypical biological activities contributing to both physiological and pathophysiological processes.






5.1. GPx1




5.1.1. Conventional Functions



Among the eight isozymes, GPx1 is the most extensively studied one regarding its role in biology and medicine. Studies with both GPx1-knockout and -overexpressing mouse models have demonstrated a protective role of this enzyme in various disease processes, especially cardiovascular disorders (e.g., atherosclerosis and ischemic heart disease) [33–35]. Notably, deletion of GPx1 gene in mice does not affect development despite the increased susceptibility to oxidative stress [36].

GPx1 may also protect against cardiovascular diseases in humans. In patients with coronary heart disease, a low GPx1 activity in red blood cells is independently associated with an increased risk of cardiovascular events [37, 38]. Functional variants in GPx-1 gene (causing decreased GPx1 expression) are also associated with increased intima-media thickness of carotid arteries and an elevated risk of macrovascular diseases in type 2 diabetic patients [39].



5.1.2. Atypical Activities



GPx1 may become a double-edged sword under certain pathophysiological conditions. For example, mice with global transgenic overexpression of GPx1 spontaneously develop insulin resistance and obesity [40]. On the other hand, pancreatic β-cell-selective overexpression of GPx1 reverses diabetes in db/db mice [41]. It is possible that the global overexpression of GPx1 diminishes ROS levels in the muscle and the consequent insulin signaling. In this regard, ROS enhance insulin signaling as evidenced by increased glucose uptake by the muscle tissue [42].

As one of the major regulators of cellular redox status, GPx1 may promote tumor progression by reducing ROS levels in cancer cells under certain conditions [43]. In this context, oxidative stress is a limiting factor for cancer cell survival and metastasis [44, 45]. Notably, the mitochondrial enzyme glutamate dehydrogenase 1 (GDH1), a redox regulator commonly upregulated in human cancers, has been shown to promote cancer cell proliferation and tumor growth via activating GPx1 [46]. Mechanistically, the action of GDH1 leads to the eventual formation of fumarate, and the fumarate formed binds to and activates GPx1, thereby causing decreased ROS levels in the cancer cells [46].



5.2. GPx2


As GPx2 is primarily expressed in the gut, studies on its role in biology and medicine have primarily focused on the gastrointestinal system. GPx2 represents an important line of antioxidant defense against peroxides in the gut. GPx2 is dispensable for mouse development as mice with targeted deletion of GPx2 gene reproduce normally. Mice with combined disruption of GPx1 and GPx2, however, develop colitis, with symptoms and pathology consistent with inflammatory bowel disease [47]. These mice also display  an increased incidence of bacteria-induced intestinal cancer [47].



5.3. GPx3


Although deletion of GPx3 gene does not affect development, GPx3-deficient mice show increased sensitivity to ROS-related pathophysiological processes. For example, GPx3 deficiency in mice results in a prothrombotic state and vascular dysfunction that promotes platelet-dependent arterial thrombosis [48]. In humans, the promoter polymorphisms in GPx3 gene (causing decreased GPx3 expression) have been shown to be associated with an increased risk of arterial ischemic stroke as well as cerebral venous thrombosis [49, 50]. In addition, it has been reported that aging-related decline of serum GPx3 activities is associated with an increased risk of cardiovascular events in patients with atrial fibrillation [51].



5.4. GPx4


GPx4 has recently received much attention due to its unique biological functions and its involvement in diverse disease processes.



5.4.1. Conventional Functions






GPx4 is essential for murine embryonic development as GPx4-knockout (GPx4

 

–/–


 
) mice die in utero by midgestation [52]. Heterozygous (GPx4

 

+/–


 
) mice are born and able to reproduce. However, these mice spontaneously develop neurodegeneration, suggesting a critical involvement of GPx4 in normal physiology of the brain. Brains of GPx4

 

+/–


 
mice have increased lipid peroxidation, which leads to increased amyloidogenesis, a prototypical pathological feature of Alzheimer’s disease [53]. Selective depletion of GPx4 in hippocampus also results in neurodegeneration, and GPx4 inactivation is directly involved in pro-apoptotic signaling, leading to neuron death [54]. In vitro studies have demonstrated that the neuroprotective effects of GPx4 results from its function in removal of lipid hydroperoxides [55]. In this context, GPx4 is associated with cell membrane and acts a major defense against membrane lipid peroxidation. Besides its neuroprotective function, overexpression of GPx4 also protects against atherosclerosis and myocardial ischemia-reperfusion injury in animal models [56, 57].






5.4.2. As a Protector in Ferroptosis-Dependent Disease Processes






As aforementioned, membrane-associated GPx4 plays an important role in repairing oxidative damage to membrane lipids. Recent studies have identified GPx4 as an essential inhibitor of ferroptotic cell death. Ferroptosis is a newly discovered type of cell death that differs from apoptosis, necrosis, and autophagy, and results from iron-dependent lipid peroxide accumulation triggered by insufficiency of GPx4 [58–62] (

 


Figure 7.4



 
). GPx4 insufficiency-induced ferroptosis is involved in various disease processes. For example, inactivation of GPx4 causes ferroptosis and triggers lipid peroxidation-induced acute renal failure [63]. Conditional ablation of the ferroptosis inhibitor GPx4 in neurons results in rapid motor neuron degeneration and paralysis in mice [64]. Other disease processes involving GPx4-regulated ferroptosis include heart failure resulting from doxorubicin cardiotoxicity or from ischemia-reperfusion injury [65], chronic obstructive pulmonary disease (COPD) [66], and stroke [67], as well as bacterial infections [68, 69]. The essential protective role of GPx4 in diverse disease pathophysiology also highlights the fact that lipid peroxidation and oxidative stress are important causal factors in many disease processes [70].
















FIGURE 7.4. Glutathione peroxidase 4 (GPx4) as an essential regulator of ferroptosis.


 
As illustrated, the reactive oxygen species such as superoxide (O

 

2


 

˙


 
ˉ) and hydrogen peroxide (H

 

2


 
O

 

2


 
) in the presence of iron (Fe) cause lipid peroxidation. As a key enzyme reducing lipid hydroperoxides, GPx4 protects against lipid peroxidation, thereby keeping lipid peroxidation under control and maintaining physiological homeostasis. However, insufficiency of GPx4 (e.g., decreased expression of GPx4 or inhibition of its activity) causes the accumulation of lipid peroxide, which induces ferroptosis, contributing to disease pathophysiology.






5.4.3. As a Protector in Pyroptosis-Dependent Disease Processes



Pyroptosis is a newly discovered form of regulated cell death initiated by inflammasomes, which detect cytosolic contamination or perturbation. This novel mode of regulated cell death is involved in the pathophysiology of various disease processes, especially infections [71–73]. Using a mouse model of  conditional GPx4 knockout in myeloid lineage cells, a recent study has demonstrated a protective function of GPx4 in polymicrobial sepsis through suppressing pyroptosis [74, 75].



5.4.4. As a Structural Component of Sperm



As a main structural component of the sperm mitochondrial capsule in mature spermatozoa, GPx4 is involved in sperm maturation and male fertility [76–78]. The function of GPx4 in male fertility may also result from its antagonism of arachidonic acid 15-lipoxygenase (ALOX15)-mediated metabolism of hydroperoxy lipids [78].



5.5. GPx5–8


GPx5 is not essential for murine embryonic development but may play an important role in maintaining sperm DNA integrity via protecting against oxidative DNA damage in mice [79]. A higher incidence of miscarriages and developmental defects occurs when wild-type female mice are mated with GPx5-deficient males, compared with wild-type males of the same age [79]. In cultured cells, overexpression of GPx5 protects against oxidative stress-induced lipid peroxidation and DNA mutation [80].

Huntington’s disease (HD) is a fatal neurodegenerative disorder caused by a CAG repeat expansion encoding a polyglutamine tract in the huntingtin protein. An earlier study using genome-wide overexpression suppressor screen in yeast and a Drosophila model of HD has identified GPx activity as an HD protective factor [81]. A subsequent study with a mouse model of HD has shown that overexpression of GPx6 dramatically alleviates both behavioral and molecular phenotypes associated with HD [82].

In addition to serving as a PDI peroxidase, GPx7 may also protect against oxidative stress-induced tissue injury possibly by serving as an oxidative stress sensor/transducer [83, 84]. In line with this notion, complete loss of GPx7 in animals causes systemic oxidative stress, increases carcinogenesis, and shortens lifespan [85]. Several studies have also suggested a role for GPx8 in maintaining cellular redox homeostasis [86, 87]. Notably, GPx8 serves as a cellular substrate of the hepatitis C virus NS3-4A protease and may thus be involved in promoting viral particle production [88].



6. CONCLUSION AND PERSPECTIVE





GPxs represent a major defense system in the detoxification of H

 

2


 
O

 

2


 
and lipid hydroperoxides in mammals. As demonstrated by substantial studies using genetically modified animal models, this family of enzymes, especially GPx1–4, plays a critical role in protecting against diverse disease processes associated with oxidative stress. Of note, GPx4, the key protector of lipid peroxidation, has been identified as an essential regulator of ferroptosis. On the other hand, some GPx isozymes also possess atypical biological activities contributing to physiology (e.g., protein folding) as well as disease pathophysiology (e.g., cancer progression). The rapid advancement in our understanding of the diverse biological functions of GPxs from animal studies lays a basis for investigating the role of this family of antioxidant enzymes in human health and disease. In this context, more translational research on GPx isozymes, including the newly identified members (i.e., GPx7 and 8), is warranted.






7. SELF-ASSESSMENT QUESTIONS






7.1.


 
The human genome contains 25 genes coding for selenocysteine-containing proteins, also known as selenoproteins. GPx isozymes account for one fifth of the human selenoproteins. Which of the following GPx enzymes does not depend on selenium for its enzymatic activity?




A. GPx1

B. GPx2

C. GPx3

D. GPx4

E. GPx5





7.2.


 
Among the eight GPx isozymes, whose gene expression is known to be regulated via Nrf2 signaling?




A. GPx1

B. GPx2

C. GPx3

D. GPx4

E. GPx5





7.3.


 
GPx isozymes, especially GPx1–6, are important antioxidants in the detoxification of H

 

2


 
O

 

2


 
and lipid hydroperoxides. Homozygous deletion of which of the following GPx genes is known to cause embryonic lethality in mice?




A. GPx1

B. GPx2

C. GPx3

D. GPx4

E. GPx5





7.4.


 
Ferroptosis is a newly discovered type of regulated cell death that differs from apoptosis, necrosis, and autophagy, and results from iron-dependent lipid peroxide accumulation in mammalian cells. Deficiency of which of the following GPx isozymes most likely causes ferroptosis?




A. GPx4

B. GPx5

C. GPx6

D. GPx7

E. GPx8





7.5.


 
A selenium-independent GPx isozyme is known to act as a PDI peroxidase. This GPx isozyme is most likely present in which of the following cellular compartments?




A. Cytosol

B. Endoplasmic reticulum

C. Mitochondrion

D. Nucleus

E. Peroxisome


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is E. Among the eight isozymes, GPx1, 2, 3, 4, and 6 are selenoproteins, whereas GPx5, 7, and 8 are non-selenoproteins.








7.2.


 
The answer is B. Up to date, among the eight GPx genes, only GPx2 gene has been shown to be an Nrf2 target gene. The promoter of GPx2 gene contains an antioxidant response element (ARE), to which Nrf2 binds, leading to increased GPx2 gene transcription.








7.3.


 
The answer is D. Among the eight GPx genes, only GPx4 gene has been shown to be indispensable for murine embryonic development.








7.4.


 
The answer is A. GPx4 is also known as phospholipid hydroperoxide GPx (PHGPx) whose insufficiency has been shown to trigger ferroptosis. In fact, GPx4 has been established as an essential regulator of ferroptosis in mammalian systems.








7.5.


 
The answer is B. Among the eight GPx isozymes, only GPx7 and 8 have been demonstrated to act as PDI peroxidases. Both isozymes are present in endoplasmic reticulum, where they play a role in protein folding via modulating the activity of PDI.
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Chapter 8. Glutathione Reductase




HIGHLIGHTS


§ Mammalian glutathione reductase (GR) is a homodimeric flavoprotein present in the cytosol and mitochondria, that catalyzes the formation of the reduced form of glutathione (GSH) from the oxidized form of glutathione (GSSG) using NADPH as the electron donor.

§ The mammalian GR gene is regulated by the nuclear factor E2-related factor 2 (Nrf2) via an antioxidant response element (ARE)-driven mechanism. Treatment of cells with Nrf2 activators causes increased expression of GR.

§ By maintaining the high intracellular GSH:GSSG ratios, GR plays an important role in regulating intracellular redox homeostasis and in protecting against oxidative stress. GR is also critical for host immunity against bacterial and fungal infections.

§ The clinical manifestations of patients with hereditary GR deficiency include shortened lifespan of red blood cells, cataract, and favism.

§ Like other antioxidant enzymes, GR is a double-edged sword in cancer development. On the one hand, it protects against chemical carcinogenesis. On the other hand, overexpression of GR in established cancers causes chemotherapy resistance and promotes cancer progression.
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1. OVERVIEW


Glutathione reductase (GR) (EC 1.8.1.7), also known as glutathione disulfide (GSSG) reductase, is a flavoprotein that catalyzes the formation of the reduced form of glutathione (GSH) from GSSG at the expense of the reduced form of nicotinamide adenine dinucleotide phosphate (NADPH). Mammalian GR is a homodimeric flavoprotein with a subunit molecular mass of ~52–56 kDa. It is ubiquitously expressed in tissues. GR activity is present in both the cytosol and the mitochondrion. These two isozymes of GR are biochemically indistinguishable and are encoded by a single gene. In humans, GR gene is localized on chromosome 8p21.1.



2. HISTORY





Based on earlier studies on glutathione redox by F.G. Hopkins and others (see

 


Chapter 6



 
), E.E. Conn and B. Vennesland reported, in 1951, the occurrence of GR in wheat germ [1, 2], and in the same year, L.W. Mapson and D.R. Goddard demonstrated this enzyme in pea seeds [3]. These investigators also proposed the GR-catalyzed reaction as following: NADPH + GSSG + H

 

+


 
→ NADP

 

+


 
+ 2 GSH. Subsequently, in 1952, T.W. Rall and A.L. Lehninger demonstrated the presence of GR in animal tissues [4]. In 1955, E. Racker purified GR from baker’s yeast and bovine liver, and identified NADPH as the primary electron donor for the enzyme [5]. Subsequent studies in 1965 established the role for flavin adenine dinucleotide (FAD) and a sulfhydryl group in the catalytic mechanism of the enzyme [6, 7]. The structure of GR was resolved during late 1970s and early 1980s [8, 9]. This was followed by extensive studies on the involvement of this enzyme in biology and medicine.






3. BIOCHEMISTRY





In mammalian cells, the ratios of intracellular GSH to GSSG are high, usually in the range of 10:1 to 100:1. Maintenance of such high ratios of intracellular GSH to GSSG is dependent on the activity of GR. GR catalyzes the reduction of GSSG to GSH with NADPH as the reducing cofactor. One molecule of NADPH is required for reducing each molecule of GSSG to form two molecules of GSH (

 


Figure 8.1



 
).
















FIGURE 8.1. Glutathione reductase (GR)-catalyzed reduction of glutathione disulfide (GSSG) to the reduced form of glutathione (GSH).


 
As illustrated, glutathione peroxidase (GPx) (see

 


Chapter 7



 
) catalyzes the decomposition of peroxides at the expense of GSH. GR then catalyzes the reduction of GSSG to GSH using NADPH as the electron donor. NADPH is primarily provided by the pentose phosphate pathway with glucose-6-phosphate dehydrogenase (G6PD) as the key enzyme. 6PGD, 6-phosphogluconate dehydrogenase; LOOH, lipid hydroperoxide; LOH, lipid alcohol.







As stated above, mammalian GR is a homodimer. The binding sites for NADPH and GSSG are at the opposite sides of each subunit of the dimer, and FAD is bound to the center of each subunit. NADPH reduces FAD, which then passes its electrons onto a disulfide bridge in the active site of the enzyme. The two –SH groups formed then interact with GSSG and reduce it to two molecules of GSH, and the protein disulfide bridge is reformed [10, 11]. While GR is the primary enzyme for reducing GSSG to GSH, thioredoxin 1 and thioredoxin 2 (see

 


Chapter 11



 
) and glutaredoxin 2 (see

 


Chapter 10



 
) may act as efficient backup systems to GR for intracellular GSSG reduction [12, 13].






4. MOLECULAR REGULATION





The cloning and sequencing of mammalian GR was reported in 1990 [14]. However, the molecular regulation of mammalian GR expression remains elusive. Studies have suggested a critical role for the nuclear factor E2-related factor 2 (Nrf2) in regulating GR expression in various mammalian cellular systems [15–17]. Indeed, the mammalian GR gene promoter contains antioxidant response elements (AREs), to which Nrf2 binds, causing increased transcription [18] (see also

 


Chapter 2



 
). In yeast, GR is regulated by the transcription factor yAP-1 [19].




In both cultured cells and in vivo animal models, GR is induced by various chemical agents, including dithiolethiones, primarily through an Nrf2-dependent mechanism [15–17]. Increased expression of GR has also been reported following exposure of cells to oxidative stress conditions [18]. Hence, the inducibility of GR makes it part of the adaptive mechanisms in maintaining cellular redox homeostasis under stress conditions.



5. BIOLOGY AND MEDICINE




5.1. Conventional Functions





By maintaining the high ratios of GSH to GSSG, GR plays an important role in counteracting oxidative and electrophilic stress as well as in maintaining cellular redox homeostasis. A GR mutant mouse strain (Gr1

 

a1Neu


 
) with GR deficiency has been reported and characterized [20, 21]. These mice reproduce and develop normally, indicating that GR is not essential for murine development. The GR-deficient mice, however, are more susceptible to diquat-induced oxidative stress and renal proximal tubule injury compared to the wild-type counterparts [22]. Diquat is a toxicant that undergoes redox cycling to form reactive oxygen species (ROS), leading to oxidative stress. The GR-deficient mice are also found to be more susceptible to hyperoxia-induced lung injury after the thioredoxin reductase is inhibited pharmacologically [23].




On the other hand, viral-vector mediated increased expression of GR in macrophages has been shown to attenuate atherosclerotic lesion formation in low-density lipoprotein (LDL) receptor-deficient mice [24]. In vitro, overexpression of GR protects macrophages from oxidized LDL (oxLDL)-induced cytotoxicity and mitochondrial damage [25]. These findings suggest that GR in macrophages may be an important line of defense against atherogenesis, a process involving oxLDL accumulation in the vessel wall [26].

Hereditary GR deficiency has been documented in humans and it is a rare disorder. The first familial deficiency of GR in human red blood cells was reported in 1976 [27]. The GR activity could not be restored by in vivo riboflavin administration or in vitro FAD addition, suggesting a mutation in the gene encoding GR. A nonsense and a missense mutation of the GR gene have been recently identified, which cause clinical GR deficiency in patients [28]. The clinical manifestations of GR deficiency include reduced lifespan of red blood cells, cataract, and favism [27, 28]. Favism refers to acute hemolytic anemia caused by ingestion of fava beans, which contain compounds capable of inducing oxidative stress in cells.



5.2. Atypical Activities


In addition to its well-known function in protecting against oxidative and electrophilic stress by maintaining high ratios of GSH to GSSG in cells, GR also possesses multiple atypical activities, including a role in immunity against infections and a possible involvement in promoting anxiety.



5.2.1. Role in Immunity against Infections






GR plays a role in maintaining the phagocytic function of the leukocytes, and phagocytic cells lacking GR do not undergo a normal respiratory burst and the cells are also damaged by oxidative stress either from outside or during phagocytosis [29]. GR deficiency may thus lead to increased susceptibility to infections. Indeed, GR-deficient mice exhibit enhanced susceptibility to

 

Escherichia coli


 
challenge, indicated by dramatically increased bacterial burden, cytokine storm, striking histological abnormalities, and substantially elevated mortality. Examination of the bactericidal functions of the neutrophils from the GR-deficient mice in vitro reveals impaired phagocytosis and defective bacterial killing activities [30]. Notably, unlike wild-type neutrophils that exhibit a sustained oxidative burst upon stimulation, GR-deficient neutrophils display a very transient oxidative burst that abruptly ceases shortly after stimulation [30], an observation similar to an earlier report on human phagocytic cells [29]. More recently, GR has been shown to also promote fungal clearance and suppress inflammation during systemic

 

candida albicans


 
infection [31]. These findings suggest an important role for GR in innate immunity against pathogen infections.






5.2.2. Involvement in Anxiety






It has been reported that local expression of GR gene in mouse brain is causally associated with anxiety-like behavioral phenotypes [32]. How GR expression causes anxiety remains unknown. It is known that the glycolysis byproduct methylglyoxal is a GABA

 

A


 
receptor agonist and suppresses anxiety [33], and it is metabolized via GSH-dependent mechanisms. It is thus likely that GR reduces GSSG to GSH to increase the availability of GSH for the metabolism of methylglyoxal, thereby diminishing the methylglyoxal-mediated agonism of the GABA

 

A


 
receptors (see also Section 5.2.1 of

 


Chapter 6



 
).






5.2.3. Role in Cancer Development



The role of GR in cancer development is complex depending on the nature and stage of the cancer. For example, GR appears to protect against chemically induced cancer development, likely via its action to increase cellular GSH, thereby counteracting electrophilic and oxidative stress, which are key events in chemical carcinogenesis [34]. On the other hand, in established cancers, GR, by maintaining high GSH levels in cancer cells, may contribute to the development of chemotherapy resistance [35]. In this context, many cancer chemotherapeutic drugs, especially the alkylating drugs, are detoxified via GSH-dependent mechanisms.




Moreover, in cancers not immediately caused by chemical carcinogens, the increased GR activity maintains redox homeostasis that enables cancer cell survival and proliferation under metabolic stress conditions. Indeed, a recent study has shown that AMP-activated protein kinase (AMPK) α1 is overexpressed in colorectal cancer patients’ specimens and the high expression is correlated with poor patients’ survival. Mechanistically, AMPKα1 increases the activity of GR likely via phosphorylation at Thr507, and this increased GR activity in turn leads to increased levels of GSH in the cancer cells, thereby protecting cancer cells from metabolic stress and ensuring their proliferation [36] (see also

 


Chapter 6



 
on the tumor-promoting activity of GSH).






6. CONCLUSION AND PERSPECTIVE


GR is a major enzyme responsible for maintaining the high ratios of GSH to GSSG in mammalian cells. Substantial studies in cell cultures and experimental animals have demonstrated a role for GR in protecting against oxidative tissue injury as well as in host immunity against infections. In humans, hereditary GR deficiency has been reported and the clinical manifestations include shortened lifespan of red blood cells, cataract, and favism. Despite substantial advancement in our understanding of the biological functions of GR, the exact role of this antioxidant enzyme in common disease conditions in both animal models and humans warrants further investigations.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
A graduate student has observed that when GR activity is completely inhibited in yeast, the reduction of GSSG to GSH continues though at a smaller rate. Which of the following is most likely responsible for the continued reduction of GSSG to GSH in the absence of functional GR?




A. Catalase

B. Cu, Zn superoxide dismutase

C. Glutaredoxin 2

D. Glutathione peroxidase 4

E. Glutathione synthetase





7.2.


 
A research assistant plans to determine the GR activity of various subcellular fractions isolated from cultured human hepatocytes. In which of the following fractions will the research assistant expect to find the highest GR activity?




A. Cytosol

B. Endoplasmic reticulum

C. Golgi apparatus

D. Lysosome

E. Nucleus





7.3.


 
Which of the following will most likely occur upon chemical inhibition of GR in cultured human cardiac fibroblasts?




A. Decreased level of hydrogen peroxide

B. Decreased ratio of GSH:GSSG

C. Increased ratio of GSH:GSSG




D. Increased ratio of NAD

 

+


 
:NADPH




E. Increased resistance to oxidative stress





7.4.


 
A research scientist has isolated a new compound from blue berries that can potently activate Nrf2 in cultured rat cardiac H9c2 cell line. Which of the following will be most likely elevated upon treatment of the cells with this compound?




A. Glutathione disulfide

B. Glutathione reductase

C. Iron superoxide dismutase

D. Manganese superoxide dismutase

E. Nitric oxide





7.5.


 
A graduate student is determining hydrogen peroxide-induced alteration in the red blood cells (RBCs) isolated from three patients with hereditary GR deficiency and comparing the change with that in the red blood cells from three normal individuals of similar ages and lifestyle. Which of the following is most likely the difference?







A. H

 

2


 
O

 

2


 
induces more GSSG formation in the normal individuals’ RBCs







B. H

 

2


 
O

 

2


 
reduces more GSSG to GSH in the patients’ RBCs







C. The GR in the normal individual’s RBCs is more inducible by H

 

2


 
O

 

2








D. The patients’ RBCs are more resistant to H

 

2


 
O

 

2


 
-induced lysis







E. The patients’ RBCs are more susceptible to H

 

2


 
O

 

2


 
-induced lysis





ANSWERS AND EXPLANATIONS






7.1.


 
The answer is C. While GR is the primary enzyme for reducing GSSG to GSH, thioredoxin 1, thioredoxin 2, and glutaredoxin 2 may act as efficient backup systems to GR for cytosolic GSSG reduction.








7.2.


 
The answer is A. GR activity is present in both the cytosol and the mitochondrion. These two isozymes of GR are biochemically indistinguishable and encoded by a single gene.








7.3.


 
The answer is B. GR is the primary enzyme maintaining a high ratio of GSH:GSSG. When GR is inhibited, this ratio decreases. Inhibition of GR results in decreased GSH, thereby leading to increased sensitivity to oxidative stress.








7.4.


 
The answer is B. GR is an Nrf2 target gene and its expression is induced by Nrf2 activators. Increased GR will decrease GSSG. FeSOD is not present in mammalian cells. MnSOD is not regulated by Nrf2. There is no evidence that Nrf2 activation increases nitric oxide production.








7.5.


 
The answer is E. GR deficiency decreases GSH levels in RBCs. Decreased GSH levels will increase H

 

2


 
O

 

2


 
-induced lysis of RBCs as GSH is a major antioxidant defense against oxidative stress in RBCs. Due to lack of the nucleus in RBCs, GR expression in these cells cannot be induced by oxidants.
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Chapter 9. Glutathione


 


S



 

-Transferase






HIGHLIGHTS


§ Glutathione S-transferase (GST) refers to a superfamily of enzymes, consisting of three main families, namely, cytosolic, mitochondrial, and microsomal GSTs.

§ Cytosolic GSTs are among the most extensively studied enzymes involved in the detoxification of xenobiotics including carcinogens. Some GST isozymes also possess a glutathione peroxidase-like activity in detoxifying lipid hydroperoxides and protecting against oxidative stress.

§ The expression of GST genes is subject to both transcriptional and post-transcriptional regulation, and the nuclear factor E2-related factor 2 (Nrf2) is involved in regulating the transcription of multiple GST genes.

§ In addition to protecting against electrophilic and oxidative stress and carcinogenesis, some GST isozymes are also involved in regulating cell signaling as well as biosynthesis of such biomolecules as steroid hormones, prostaglandins, and leukotrienes.

§ Null polymorphisms (i.e., deletion of the genes) of GSTM1 and GSTT1 occur at high frequencies in many human population groups and are associated with an increased risk of developing drug toxicity, cardiovascular disorders, and cancers.
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1. OVERVIEW





Glutathione

 

S


 
-transferase (GST) (EC 2.5.1.18) (more formally, but less commonly known as glutathione transferase) is a general term for a superfamily of enzymes that catalyze the conjugation of the reduced form of glutathione (GSH) to a wide variety of xenobiotics and play important roles in protecting mammalian cells and tissues from electrophilic and oxidative stress. Some GSTs also regulate cellular processes via mechanisms independent of GSH conjugation.




As described below, the mammalian GST superfamily consists of three main families: cytosolic, mitochondrial, and microsomal GSTs [1]. Among the three main families, cytosolic GSTs are the most extensively studied enzymes involved in the detoxification of electrophilic xenobiotics and reactive oxygen species (ROS).



1.1. Cytosolic GSTs





Mammalian cytosolic GSTs are all dimeric with a subunit molecular weight of ~23–28 kDa. They are classified into seven classes, namely, alpha (A), mu (M), pi (P), sigma (S), theta (T), omega (O), and zeta (Z) [1].

 


Table 9.1



 
lists the human and mouse cytosolic GST genes.









	



TABLE 9.1. Human and mouse cytosolic GST genes









	


Class, gene, and chromosomal location in the human





	


Class and gene in the mouse








	



Class






	



Gene






	



Chromosomal location






	



Class






	



Gene









	


Alpha (A)





	


GSTA1



GSTA2



GSTA3



GSTA4



GSTA5





	


6p12.2



6p12.2



6p12.2



6p12.2



6p12.2





	


Alpha (A)





	


Gsta1



Gsta2



Gsta3



Gsta4



Gsta5








	


Mu (M)





	


GSTM1



GSTM2



GSTM3



GSTM4



GSTM5





	


1p13.3



1p13.3



1p13.3



1p13.3



1p13.3





	


Mu (M)





	


Gst1



Gst2



Gst3



Gst4



Gst5



Gst6



Gst7








	


Pi (P)





	


GSTP1





	


11q13.2





	


Pi (P)





	


Gstp1



Gstp2








	


Theta (T)





	


GSTT1



GSTT2



GSTT4





	


22q11.23



22q11.23



22q11.23





	


Theta (T)





	


Gstt1



Gstt2



Gstt3








	


Zeta (Z)





	


GSTZ1





	


14q24.3





	


Zeta (Z)





	


Gstz1








	


Omega (O)





	


GSTO1



GSTO2





	


10q25.1



10q25.1





	


Omega (O)





	


Gsto1



Gsto2








	


Sigma (S)





	


GSTS1





	


4q22.3





	


Sigma (S)





	


Gsts1








	


Note: Mammalian cytosolic GSTs are typically homodimeric, meaning two identical subunits encoded by the same gene. This is expressed as following: for example, GSTA1-1 meaning that the GST enzyme is a homodimer of two GSTA1 subunits. On the other hand, heterodimers formed between members of the same class can also occur. This is expressed as following: for example, GSTA1-2 meaning that the GST enzyme is a heterodimer of GSTA1 and GSTA2 subunits. It is of note that the different members of the genes of the same class are localized on the same locus of the chromosome.








	


	


	


	


	









1.2. Mitochondrial GSTs


Mitochondrial GSTs, also known as kappa class GSTs, are soluble enzymes which bear structural similarities with cytosolic GSTs [1]. Mammalian mitochondrial GST isozymes are also dimeric. Mouse, rat, and human possess only a single mitochondrial GST, namely, GST kappa 1 (GSTK1), which is present in the mitochondrion and peroxisome [2]. This enzyme catalyzes GSH conjugation reactions with certain xenobiotics [3], but its biological functions in mammalian systems remain elusive. In humans, the GSTK1 gene is localized on chromosome 7q34.



1.3. Microsomal GSTs





Microsomal GSTs are known also as the membrane-associated proteins in eicosanoid and glutathione metabolism (MAPEG). They are integral membrane proteins and not evolutionarily related to the other major classes of GSTs. Most of the mammalian MAPEG enzymes are involved in the production of eicosanoids. Six human MAPEG proteins have been identified. They are 5-lipoxygenase-activating protein (FLAP), leukotriene C4 (LTC4) synthase, microsomal glutathione

 

S


 
-transferase 1 (MGST1), MGST2, MGST3, and MGST1-like 1 (MGST1-L1) [4]. Microsomal GST-derived biomolecules can contribute to disease pathophysiology. For example, the MGST2-generated LTC4 has been shown to be a major mediator of endoplasmic reticulum (ER) stress- and chemotherapy-triggered oxidative stress and oxidative DNA damage in vitro and in mouse kidneys [5].






2. HISTORY





As stated in

 


Chapter 6



 
, R. Paihade in 1888 discovered a substance, which was proved to be GSH by F.G. Hopkins and others in the 1920s. In 1959, the role of GSH in the formation of mercapturic acid from bromobenzene in animals was suggested in studies by H.G. Bray and coworkers [6]. The enzymatic catalysis of GSH conjugation was subsequently reported by J. Booth and associates in 1961 [7]. More than a decade later, in 1974, GSTs, the enzymes responsible for catalyzing the conjugation reaction, were eventually purified and characterized by W.B. Habig and coworkers as the first enzymatic step in mercapturic acid formation [8]. Subsequent studies over the past three decades have identified GSTs as a superfamily of enzymes involved not only in xenobiotic metabolism, but also in many other cellular processes, including signal transduction.






3. BIOCHEMISTRY





Cytosolic GSTs are among the most extensively studied enzymes involved in the detoxification of xenobiotics and ROS. As illustrated in

 


Figure 9.1



 
, these enzymes catalyze the conjugation reactions of GSH with various electrophilic xenobiotics, including reactive aldehydes and

 
quinone compounds, to form less

 
reactive conjugates (xenobiotic-GS). Some GST isozymes also exhibit a glutathione peroxidase activity, catalyzing the reduction of lipid hydroperoxides (LOOH) to form lipid alcohols (LOH) and protect against oxidative stress injury [9–11].
















FIGURE 9.1. Glutathione S-transferase (GST)-catalyzed xenobiotic conjugation reaction and decomposition of lipid hydroperoxide (LOOH).


 
As illustrated, GST-catalyzed conjugation reaction between an electrophilic xenobiotic compound and GSH typically forms a less reactive xenobiotic-GSH conjugate (xenobiotic-GS). GST-catalyzed decomposition of LOOH results in the formation of the corresponding lipid alcohol (LOH). In this reaction, GSH is oxidized to glutathione disulfide (GSSG), and GST may be thus considered as a glutathione peroxidase-like enzyme.






4. MOLECULAR REGULATION





The molecular regulation of GST expression has been a subject of extensive studies during the past decades. GSTs are subject to both transcriptional and post-transcriptional regulation. They are inducible by a wide variety of conditions, including oxidative stress, electrophilic xenobiotics, and chemoprotective agents. A range of transcription factors have been identified to participate in regulating GST gene expression. Among them are AP-1, nuclear factor kappaB (NF-κB), aromatic hydrocarbon receptor (AhR), and nuclear factor E2-related factor 2 (Nrf2). The importance of each of the transcription factors in regulating GST gene expression varies with the GST isozymes and the types of cells or tissues examined. Among the various transcription factors, Nrf2 appears to play the most important role in regulating many members of GSTs via the antioxidant response element (ARE)-driven mechanism. Indeed, ARE is present in the promoter region of the genes for many GSTs [1, 12] (see also

 


Chapter 2



 
on Nrf2/ARE-regulated genes).






5. BIOLOGY AND MEDICINE





The biological functions of GST isozymes can be summarized into the following four categories: (1) metabolism of electrophilic xenobiotics and ROS; (2) protection against cancer development; (3) regulation of cell signaling; and (4) biosynthesis and catabolism (

 


Figure 9.2



 
). In addition, GSTs may regulate mitochondrial populations in axons through increased GSH oxidation in a Drosophila model [13].
















FIGURE 9.2. Diverse biological functions of glutathione S-transferases (GSTs).


 
As illustrated, GSTs are involved in the detoxification of electrophilic compounds (including xenobiotics and endogenously formed substances, such as aldehydes derived from lipid peroxidation) as well as lipid hydroperoxide (LOOH). Some GST isozymes, especially GSTP1, are also involved in regulating cell signal transduction. These biological functions collectively contribute to GST-mediated protection against (1) toxicity induced by xenobiotics (including drugs), (2) oxidative stress, and (3) cancer development/chemical carcinogenesis. On the other hand, some GSTs are involved in the biosynthesis of such biomolecules as steroid hormones, prostaglandins, and leukotrienes.






5.1. Role in Metabolism of Electrophilic Xenobiotics and ROS


GSTs play a central role in phase 2 biotransformation, in which they catalyze the GSH conjugation reactions with various substrates containing electrophilic moieties. The resulting more water-soluble conjugates are excreted via the multidrug resistant protein efflux pumps or undergo further metabolism to form mercapturic acids.

Substrates of GST isozymes include a wide range of endogenous metabolites, environmental xenobiotics, as well as alkylating and free radical-generating anticancer drugs. As mentioned above, some GST isozymes also function as glutathione peroxidases, catalyzing the reduction of organic hydroperoxides, including those derived from lipid peroxidation. In this regard, certain GST isozymes have been found to protect against ROS-induced injury [9]. Thus, GSTs play an important role in detoxifying both electrophilic species and ROS.

In line with the above notion, downregulation of adipose GSTA4 has been shown to lead to increased  protein carbonylation, oxidative stress, and mitochondrial dysfunction in mice [14]. Genetic deficiency of GSTP also increases myocardial sensitivity to ischemia-reperfusion injury in mice due to the decreased detoxification of lipid peroxidation-derived reactive aldehydes [15]. In humans, downregulation of GSTP may also contribute to enhanced oxidative stress in asthma [16]. Less commonly studied GST isozymes, such as GSTS1 and GSTO1, have been reported to protect against oxidative neurodegeneration in animal models of Parkinson’s disease [17, 18].




It should be noted that although GST-catalyzed GSH conjugation is generally regarded as a detoxification mechanism, GSH conjugation of certain xenobiotics, such as halogen-containing compounds, may lead to their bioactivation, resulting in increased toxicity in biological systems [19]. Moreover, overexpression of GSTs in cancer cells contributes to the development of resistance to alkylating/electrophilic anticancer drugs via the formation of less cytotoxic GSH conjugates [20]. GST-mediated anticancer drug resistance may occur also via GSH conjugation-independent mechanisms. For instance, a recent study has demonstrated that overexpression of GSTP1-1 in cancer cells leads to resistance to cisplatin, a widely used anticancer

 
drug

 
for

 
solid

 
tumors,

 
and

 
the

 
resulting cisplatin resistance is not due to GSH conjugation. Instead, GSTP1-1 protein sequesters and inactivates cisplatin via the actions of two cysteine residues of the enzyme [21].






5.2. Role in Protecting against Cancer Development




5.2.1. Chemical Carcinogenesis



Many carcinogens are electrophilic compounds that are substrates of GSTs. Thus, GST-catalyzed GSH conjugation of carcinogenic chemicals or their reactive metabolites represents an important detoxification mechanism for chemical carcinogens. Indeed, induction of GSTs by pharmacological agents is a major mechanism of chemoprotection against chemical carcinogenesis. On the contrary, deficiency of GST isozymes (e.g., GSTP) sensitizes animals to chemically induced carcinogenesis [22, 23].



5.2.2. Tumorigenesis Unrelated to Chemical Carcinogens



Certain GST isozymes may also protect against tumorigenesis that is not immediately associated with chemical carcinogens. For example, in an initiated mouse model of colon cancer, deletion of GSTP results in increased inflammatory responses and marked enhancement of colon tumorigenesis as indicated by early tumor onset and decreased survival [24]. This suggests that GSTs may affect other cellular processes to protect against tumorigenesis. Indeed, as discussed below, GSTs, particularly GSTP can regulate cell signaling to impact cancer development.



5.3. Role in Regulation of Cell Signaling





In addition to catalyzing GSH conjugation reactions, GST isozymes, especially GSTP, also regulate a number of cellular processes, such as kinase cascades and

 

S


 
-glutathionylation, that contribute to the intrinsic ability of mammalian cells to survive genotoxic, metabolic, and oxidative stress [25–28]. Indeed, GSTP1 acts as an endogenous inhibitor of c-Jun N-terminal kinase (JNK) signaling through direct interactions between the C-terminal of JNK and GSTP1 [27]. These atypical functions may contribute to the protective activities of GSTP in various disease conditions, especially cancer development. On the other hand, dysregulation of GSTP-mediated signaling may contribute to cancer development as well. For example, in brain cancer cells, phosphorylation of GSTP by epithelial growth factor receptor has been found to promote the formation of the GSTP1-JNK complex and suppress JNK downstream signaling, leading to significant suppression of both spontaneous and drug-induced apoptosis in the tumor cells [29].






5.4. Role in Biosynthesis and Catabolism





Some GST isozymes (e.g., GSTA, GSTS, and MAPEG) are involved in the biosynthesis of steroid hormones, prostaglandins, and leukotrienes [1, 30]. GSTZ1 is also known as maleylacetoacetate isomerase and catalyzes a significant step in the catabolism of phenylalanine and tyrosine. Exposure of GSTZ1-deficient mice to high dietary phenylalanine causes a rapid loss of white blood cells, likely due to the accumulation of maleylacetoacetate or maleyacetone in the circulation [31]. Disruption of the phenylamine catabolism due to GSTZ1 deficiency also leads to the accumulation of succinylacetone, which may promote tumorigenesis via activating the Nrf2 pathway [32]. As discussed in

 


Chapter 2



 
, Nrf2 activation can promote cancer development under certain conditions.






6. CONCLUSION AND PERSPECTIVE


GSTs are critical enzymes in the detoxification of oxidative and electrophilic species. They also participate in cell signaling and growth regulation. Via these diverse activities, GSTs provide protection against various disease processes involving oxidative and electrophilic stress as well as growth dysregulation in animal models. Elucidation of the biological functions of GSTs in experimental models lays a basis for understanding the role of these enzymes in human health and disease. In this context, studies in human populations have identified polymorphisms in many of the GST genes, especially those encoding cytosolic GST isozymes. Most notably, null polymorphisms (i.e., deletion of the genes) of GSTM1 and GSTT1 have been shown to occur at high frequencies in many human population groups.

The null polymorphisms of GSTM1 and GSTT1 genes are associated with an increased risk of developing diverse disease processes, including drug toxicity [33], cardiovascular disorders [34], pulmonary inflammation and dysfunction [35, 36], and cancers [37]. Continued genetic variation studies in human populations will further advance our understanding of the association between GST expression and human diseases and enhance our ability to identify the susceptible subpopulations for risk assessment as well as effective disease intervention.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
GST is a term referring to a superfamily of enzymes with diverse intracellular localizations and biological functions. Which of the following GST isozymes is present in both mitochondria and peroxisomes in mammalian cells?




A. GSTA1

B. GSTK1

C. GSTM1

D. GSTP1

E. GSTT1





7.2.


 
Which of the following enzymes is classified as a member of the membrane-associated proteins in eicosanoid and glutathione metabolism (MAPEG)?




A. Glutaredoxin 2

B. Leukotriene C4 synthase

C. Monoamine oxidase

D. Thioredoxin 1

E. Xanthine oxidase





7.3.


 
In studying c-Jun N-terminal kinase (JNK) signaling, a graduate student has observed a regulatory role for a GST isozyme in JNK signaling in cultured human fibroblasts. Which of the following is most likely the GST isozyme?




A. GSTA5

B. GSTK1

C. GSTM2

D. GSTP1

E. GSTT1





7.4.


 
Gene polymorphisms occur in human GST genes. In many human population groups, null polymorphisms have been shown to occur at high frequencies in which of the following GST genes?




A. GSTA1

B. GSTK1

C. GSTP1

D. GSTT1

E. GSTZ1





7.5.


 
Some GST enzymes are involved in the biosynthesis of such cellular biomolecules as steroid hormones, prostaglandins, and leukotrienes. Which of the following GST isozymes is known to generate leukotriene C4?




A. GSTA2

B. GSTM2

C. GSTP1

D. GSTT1

E. MGST2


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is B. Mouse, rat, and human possess only a single mitochondrial GST, namely, GST kappa 1 (GSTK1), which is present in both mitochondria and peroxisomes. The other enzymes listed are cytosolic GSTs.








7.2.


 
The answer is B. Leukotriene C4 (LTC4) synthase is one of the six human MAPEG proteins that have been so far identified.








7.3


 
. The answer is D. GSTP1 regulates cell signaling via acting as an endogenous inhibitor of JNK signaling in mammalian cells.








7.4.


 
The answer is D. Null polymorphisms (i.e., deletion of the genes) of GSTM1 and GSTT1 have been shown to occur at high frequencies in many human population groups.








7.5.


 
The answer is E. MGST2-generated LTC4 has been shown to be a major mediator of endoplasmic reticulum (ER) stress- and chemotherapy-triggered oxidative stress and oxidative DNA damage in vitro and in mouse kidneys.
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Chapter 10. Glutaredoxin




HIGHLIGHTS


§ Glutaredoxin (Grx) refers to a family of glutathione-dependent enzymes that catalyze the reduction of glutathionylated proteins. In mammals, the Grx family includes four isozymes, namely, Grx1, 2, 3, and 5. Grx4 is present only in lower eukaryotes.

§ In addition to protecting against oxidative stress, Grxs participate in many other cellular processes, including cell signaling, growth regulation, and iron homeostasis.

§ Studies in animal models have demonstrated a critical involvement of various Grx isozymes in protecting against oxidative stress-associated disease processes, especially cardiovascular disorders.

§ Grx5 deficiency due to gene mutations has been identified as the cause of anemia and iron overload in two human patients, but the overall role of Grxs in human health and disease remains largely unknown.
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1. OVERVIEW


Glutaredoxin (Grx), informally known as thioltransferase, refers to a family of glutathione-dependent enzymes that catalyze the reduction of glutathionylated proteins. This reduction reaction is known as deglutathionylation. Protein glutationylation refers to covalent attachment of glutathione to a protein cysteine residue via a disulfide bridge. Protein glutationylation increases during oxidative stress. It represents a post-translational modification of proteins. Analogous to protein phosphorylation and dephosphorylation, protein glutathionylation and deglutathionylation may play an important role in cell signal transduction. Because of the reversible nature of protein glutathionylation, it is considered a transient protective mechanism for critical cysteine residues of proteins.

Grx isozymes are usually named by numbers in the order of their discovery in various species. In mammals, there are four Grx isozymes, namely, Grx1, 2, 3, and 5 with Grx1 and Grx2 being most extensively investigated. Grx4 is present only in lower eukaryotes.

Grx1 and 2 are dithiol Grxs as they contain the characteristic Cys-Pro-Tyr-Cys active site motif. On the other hand, Grx3 and 5 are monothiol Grxs, because they lack the C-terminal active site thiol in its Cys-Gly-Phe-Ser active site but contain all structural and functional elements to bind and utilize the reduced form of glutathione (GSH) as a cofactor. While Grx5 is a single domain monothiol Grx that consists of only one Grx domain, Grx3 is a multidomain monothiol Grx.




Grxs have a small molecular weight of ~11–38 kDa. Both Grx1 and Grx2 are widely distributed in mammalian tissues. Grx1 is found in the cytosol. Grx2 is localized in the mitochondrion as well as the nucleus and the Grx2 proteins in these subcellular locations are derived from alternative splicing of the Grx2 gene [1]. Grx 3 is also known as protein kinase C-interacting cousin of thioredoxin (PICOT) and is a cytosolic Grx. Grx5 is mainly present in the mitochondrion. In humans, Grx1, Grx2, Grx3, and Grx5 are localized on chromosomes 5q15, 1q31.2, 10q26.3, and 14q32.13, respectively. The basic characteristics of mammalian Grxs are summarized in

 


Table 10.1



 
.









	



TABLE 10.1. Basic characteristics of mammalian Grx isozymes









	


Isozyme





	


MW (kDa)





	


Active site thiol status





	


Cellular location





	


Chromosomal location








	


Grx1





	


11.8





	


Dithiol





	


Cytosol





	


5q15








	


Grx2





	


18.1





	


Dithiol





	


Mitochondrion, nucleus





	


1q31.2








	


Grx3





	


37.4





	


Monothiol





	


Cytosol





	


10q26.3








	


Grx5





	


16.6





	


Monothiol





	


Mitochondrion





	


14q32.13








	


Note: MW denotes molecular weight. Values for MW are based on UniProt at www.uniprot.org. Grx4 is not included in the table because it is present only in lower eukaryotes.








	


	


	


	


	









2. HISTORY





The first Grx was identified in 1970s as a glutathione-dependent reductase of the disulfide formed in ribonucleotide reductase during its catalytic cycle in

 

Escherichia coli


 
[2, 3]. It was shown that Grx was able to restore the growth of

 

E. coli


 
in a mutant lacking thioredoxin (Trx; see

 


Chapter 11



 
on Trx). As discussed in

 


Chapter 11



 
, Trxs and Grxs share a number of similar activities. However, it soon became obvious that Grxs, as compared with Trxs, are more versatile with respect to the choice of substrate and reaction mechanisms. Moreover, in addition to the early discovered dithiol Grxs containing the characteristic Cys-Pro-Tyr-Cys active site motif, subsequent studies over the past two decades have revealed a second group of Grxs. This group is commonly known as monothiol Grxs. As noted earlier, monothiol Grxs lack the C-terminal active site thiol in its Cys-Gly-Phe-Ser active site but maintain all the capacity to bind and utilize GSH as the reducing substrate. Recently, scientists have further classified the monothiol Grxs into (1) single domain monothiol Grxs that consist of only one Grx domain and (2) multidomain monothiol Grxs that contain an N-terminal Trx-like domain and one to three C-terminal monothiol Grx domains (also known as PICOT homologous domains) [4].






3. BIOCHEMISTRY





Grxs contain active cysteine residues and catalyze the reduction (deglutathionylation) of glutathionylated proteins [5]. During the reaction, Grxs are oxidized with the formation of a disulfide bridge, which is then reduced back to the active cysteine groups by utilizing GSH as the electron donor (

 


Figure 10.1



 
). Thus, Grxs are GSH-dependent oxidoreductases. Mitochondrial Grx2 can also catalyze glutathionylation of mitochondrial membrane thiol proteins [6]. Moreover, Grxs possess dehydroascorbate reductase activity [7], suggesting a possible role in maintaining the homeostasis of ascorbate (also known as vitamin C).
















FIGURE 10.1. Glutaredoxin (Grx)-catalyzed protein deglutathionylation


 
. As illustrated, protein glutathionylation occurs under oxidative stress and other redox conditions. Grx catalyzes the reduction of the glutathionylated protein (protein-SSG) to the native protein-SH, and during the reaction, Grx becomes glutathionylated. The glutathionylated Grx is then reduced back to Grx by the reduced form of glutathione (GSH), and during the reaction, GSH is converted to glutathione disulfide (GSSG).






4. MOLECULAR REGULATION





Our understanding of the transcriptional regulation of Grx expression in mammalian cells is very limited. The AP-1 binding site has been found in the promoter region of a mammalian Grx gene [8]. Mammalian Grxs are inducible by oxidative stress [9, 10] as well as certain chemicals, including 17-beta-estradiol [11]. Induction of Grxs by oxidative stress may occur via an AP-1-dependent mechanism [12]. It has been reported that Grx1 gene promoter contains two putative nuclear factor kappaB (NF-κB)-binding sites, and NF-κB activation leads to increased Grx1 gene expression [13]. Notably, overexpression of Grx1 decreases

 

S


 
-glutathionylation of IKKβ (inhibitor of NF-κB kinase), prolongs NF-κB activation, and increases the levels of proinflammatory mediators [13]. Hence, the above findings suggest that Grx1 and NF-κB may form a positive feedback loop: on the one hand, Grx1 is positively regulated by NF-κB, and on the other hand, Grx1 decreases

 

S


 
-glutathionylation of IKKβ to promote NF-κB activation. In addition, it has been reported that Grx activity may be enhanced in response to an oxidative stimulus without an increase in Grx protein expression. However, the mechanism of such Grx activation remains unknown [14].






5. BIOLOGY AND MEDICINE




5.1. Conventional Functions


The primary function of Grxs is to maintain cellular redox homeostasis and participate in cellular redox signaling. In this context, protein glutathionylation/deglutathionylation has been emerging as an important mechanism of cell redox regulation of a number of biological processes, including metabolic oxidative stress [15], cell growth and apoptosis [16, 17], angiogenesis [18, 19], inflammation [20–22], and embryonic organ development [23, 24], among others.




Among the Grx isozymes, the mitochondrial Grx2 has received much attention regarding its involvement in disease processes associated with oxidative stress and mitochondrial dysfunction. For example, Grx2 gene deletion causes decreased levels of protein-SH and GSH and increased accumulation of

 

S


 
-glutathionylated proteins as well as mitochondrial damage in the lenses, leading to early onset of age-dependent cataracts in mice [25]. Likewise, Grx2-deficient mice show myocardial mitochondrial dysfunction and develop left ventricular hypertrophy and fibrosis, and the mice also become hypertensive [26]. Likewise, transgenic overexpression of Grx2 in mice protects against doxorubicin-induced cardiac injury [27].




Like Grx2, the cytosolic Grx1 has also recently been shown to protect against certain disease processes via reducing protein oxidation in animal models. In this context, compared to wild-type mice, mice lacking Grx1 become far more susceptible to bleomycin- or adenovirus encoding active transforming growth factor beta-1 (AdTGFB1)-induced pulmonary fibrosis, whereas transgenic overexpression of Grx1 in the lung epithelium attenuates pulmonary fibrosis [28]. Notably, direct administration of the Grx1 protein into airways is able to augment Grx1 activity and reverse increases in collagen in mice with TGFB1- or bleomycin-induced fibrosis, even when administered to fibrotic, aged animals [28].



5.2. Atypical Functions




5.2.1. Role in DNA Synthesis



Owing to their ability to catalyze the reduction of disulfide formed in ribonucleotide reductase [2, 29, 30], Grxs play an important role in regulating DNA synthesis. In addition, Grxs may be also involved in mitochondrial DNA synthesis as well as in cellular DNA repair [30].



5.2.2. Role in Iron Homeostasis



Some Grx isozymes participate in regulating iron homeostasis. For example, Grx5 is essential for iron-sulfur cluster biosynthesis and the maintenance of normal mitochondrial and cytosolic iron homeostasis [31]. Deficiency of Grx5 causes sideroblastic anemia [32, 33]. Grx3 is also able to transfer its [2Fe-2S] clusters to anamorsin, a physical and functional protein partner of Grx3 in the cytosol, whose [2Fe-2S] cluster-bound form is involved in the biogenesis of cytosolic and nuclear iron-sulfur proteins [34].

A mutation that causes Grx5 gene splicing defects was identified as the cause of a sideroblastic-like microcytic anemia in a human patient in 2007 [35]. The patient had moderate anemia, hepatosplenomegaly, low numbers of ringed sideroblasts, and iron overload [35]. A second case was also recently reported, showing that heterozygous missense mutations in the Grx5 gene caused sideroblastic anemia in a Chinese patient [36]. These two case observations are in line with the findings in Grx5-knockout mice and suggest that Grx5 function is highly conserved and its defect in humans leads to anemia and iron overload.



5.2.3. Role in Regulation of Inflammatory Responses



Grxs may regulate immune cells via reversing reactive oxygen species (ROS)-induced glutathionylation. A recent study has shown that physiological ROS-induced glutathionylation of α4 integrin in neutrophils increases the binding of neutrophil-associated α4 integrin to vascular cell adhesion molecule 1 (VCAM-1) on endothelial cells. This enhanced binding is reversed by Grx1 [22]. It is of note that Grx1 disruption causes dramatically elevated α4 glutathionylation and subsequently enhanced neutrophil egress from the bone marrow in mice. Likewise, intravenous injection of recombinant Grx1 into mice inhibits α4 glutathionylation and suppresses inflammation-induced neutrophil mobilization from the bone marrow [22].

Glutathionylation of the highly conserved Cys-188 in interleukin-1β (IL-1β) positively regulates its bioactivity by preventing ROS-induced irreversible oxidation of the Cys residue, including sulfinic acid and sulfonic acid formation. Grx1 regulates IL-1β glutathionylation and bioactivity (i.e., causing deglutathionylation and suppressing IL-1β bioactivity) and may thus protect against IL-1β-mediated inflammatory disorders [37].



6. CONCLUSION AND PERSPECTIVE


Grxs are multifunctional proteins participating in various cellular processes, including antioxidant defense, cell signaling, cell growth and apoptosis, anti-inflammation, and iron homeostasis. Grxs function to protect against pathophysiology in animal models of human diseases, especially cardiovascular disorders. Currently, the involvement of Grxs in human health and disease is largely unknown though there have been case studies demonstrating a role for Grx5 defect in anemia and iron load in two human subjects. Up to date, studies on gene polymorphisms of Grxs and the association of the polymorphisms with disease conditions in human populations have been lacking. Continued basic research and clinical investigation are warranted to further elucidate the role of Grxs in both physiology and disease processes.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
The molecular regulation of mammalian Grx gene expression remains partially understood despite extensive studies in recent years. In this context, which of the following transcription factors is most likely involved in regulating the transcription of Grx1 gene in cultured human cardiac fibroblasts?




A. HIF-1

B. NF-κB

C. Nrf1

D. Nrf2

E. p53





7.2.


 
Multiple Grx isozymes have been identified in both plants and animals. Which of the following is primarily a mitochondrial enzyme whose deficiency in mice causes myocardial mitochondrial dysfunction and ventricular hypertrophy?




A. Grx1

B. Grx2

C. Grx3

D. Grx4

E. Grx5





7.3.


 
Iron homeostasis is essential for mammalian physiology. Which of the following antioxidant enzymes is most likely involved in the regulation of iron homeostasis in human cells?




A. Catalase

B. Extracellular superoxide dismutase

C. Glutaredoxin 5

D. Glutathione peroxidase 2




E. Glutathione

 

S


 
-transferase P1








7.4.


 
Which of the following antioxidant enzymes is most likely involved in regulating DNA synthesis via catalyzing the reduction of ribonucleotide reductase?




A. Catalase

B. Extracellular superoxide dismutase

C. Glutaredoxin 1

D. Glutathione peroxidase 1




E. Glutathione

 

S


 
-transferase P1








7.5.


 
Grx enzymes play important roles in diverse biological processes, including iron homeostasis and growth regulation. Deficiency of which of the following Grx isozymes has been demonstrated to cause sideroblastic anemia in humans?




A. Grx1

B. Grx2

C. Grx3

D. Grx4

E. Grx5


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is B. Mammalian Grx1 gene promoter has been found to contain two putative NF-κB binding sites, and NF-κB activation leads to increased Grx1 gene transcription. Currently, there is no evidence showing a role for any of the other transcription factors listed in regulating Grx1 gene transcription.








7.2.


 
The answer is B. Among the Grx isozymes, both Grx2 and Grx5 are present in the mitochondrion. But only Grx2-deficient mice show myocardial mitochondrial dysfunction and develop left ventricular hypertrophy and fibrosis, and the mice also develop hypertension.








7.3.


 
The answer is C. Among the enzymes listed, only Grx5 is essential for iron-sulfur cluster biosynthesis and the maintenance of normal mitochondrial and cytosolic iron homeostasis. Grx3 is also involved in the biosynthesis of iron-sulfur cluster-containing protein.








7.4.


 
The answer is C. Among the enzymes listed, only Grx1 catalyzes the reduction of disulfide formed in ribonucleotide reductase.








7.5.


 
The answer is E. Among the various Grx isozymes, only Grx5 deficiency due to gene mutations has been reported to cause sideroblastic anemia in two human patients.
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UNIT IV





The thioredoxin system






Chapter 11. Thioredoxin




HIGHLIGHTS


§ Thioredoxin (Trx) refers to a class of small redox proteins that undergo NADPH-dependent reduction by thioredoxin reductase (TrxR) and in turn reduce the disulfide bridge in target proteins. Mammalian Trxs include two isozymes, namely, Trx1 and Trx2.

§ In addition to directly scavenging reactive oxygen species (ROS), Trxs serve as cofactors for various enzymes, including ribonucleotide reductase, peroxiredoxins, and glutathione peroxidase 3. Trxs also modulate the activity of many transcription factors.

§ Studies in animal models have shown that both Trx1 and Trx2 protect against disease conditions that involve oxidative and inflammatory stress, especially cardiovascular disorders. On the other hand, Trxs may promote cancer development under certain conditions.

§ The exact role of Trxs in human health and disease remains largely unknown.
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1. OVERVIEW





The term thioredoxin (Trx) refers to a class of small redox proteins (~12 kDa) that undergo NADPH-dependent reduction by thioredoxin reductase (TrxR; see

 


Chapter 13



 
on TrxR) and in turn reduce the disulfide bridge in target proteins. Currently, there are two Trxs in mammals: Trx1 and Trx2. They are ubiquitously distributed in mammalian tissues. Trx1 is predominantly located in the cytosol and can be also excreted into the extracellular space or translocate into the nucleus, whereas Trx2 is present in the mitochondrion. In humans, Trx1 and Trx2 are localized on chromosomes 9q13 and 22q13.1, respectively.

 


Table 11.1



 
summarizes the basic characteristics of mammalian Trxs. It should be noted that the term ‘thioredoxin superfamily’ is often encountered in the literature and refers to a large group of proteins, including Trxs, glutaredoxins (see

 


Chapter 10



 
), and protein disulfide isomerases (PDIs).









	



TABLE 11.1. Basic characteristics of mammalian Trx isozymes









	


Isozyme





	


MW (kDa)





	


Cellular location





	


Chromosomal location








	


Trx1





	


11.7





	


Cytosol, extracellular space, nucleus





	


9q13








	


Trx2





	


12.2





	


Mitochondrion





	


22q13.1








	


Note: MW denotes molecular weight. Values for MW are based on UniProt at www.uniprot.org.








	


	


	


	









2. HISTORY





Trx was first described in 1964 in

 

Escherichia coli


 
as an electron donor for ribonucleotide reductase, which is an essential enzyme for DNA synthesis [1]. Subsequently, the Trx protein was purified from yeast [2], rat liver [3], and calf liver [4]. The structure of the

 

E. coli


 
Trx was resolved in 1975 [5]. Since then, studies have demonstrated that Trxs are a family of redox-active proteins conserved from

 

E. coli


 
to mammals and possess diverse biological functions.






3. BIOCHEMISTRY





Trxs are redox proteins that undergo NADPH-dependent reduction by TrxR and in turn reduce oxidized cysteine groups on proteins. Trxs have a conserved Cys-Gly-Pro-Cys redox catalytic site that is responsible for reducing the protein disulfide bridge. As a result, the two cysteine residues of the Trxs are oxidized to form a disulfide (i.e., the oxidized form of Trxs). The oxidized Trxs are then reduced back to Trxs via TrxR using NADPH as an electron donor (

 


Figure 11.1



 
).
















FIGURE 11.1. Reduction of protein disulfide bridge by thioredoxin (Trx).


 
As illustrated, during the reduction reaction, the sulfhydryl groups on Trx are oxidized to form a disulfide bridge. The oxidized Trx is then reduced back to Trx by thioredoxin reductase (TrxR; see

 


Chapter 13



 
) at the expense of NADPH.






4. MOLECULAR REGULATION


Trx expression and activities are regulated at multiple levels, including transcriptional regulation, subcellular localization (e.g., nucleus, cytosol, mitochondrion, or extracellular space), interaction with other molecules, and post-translational modifications [6].



4.1. Nrf2 Signaling


Trxs, especially Trx1, are responsive to a variety of stimuli, including oxidative stress and inflammatory cytokines. At the transcriptional level, Trx1 expression is regulated by the nuclear factor E2-related factor 2 (Nrf2) via an antioxidant response element (ARE)-driven mechanism [7–9]. This Nrf2-ARE-dependent upregulation of Trx1 gene transcription may account for the induction of Trx1 under stress conditions (e.g., oxidative stress) or by pharmacological inducers [8, 10, 11]. Induction of Trxs by oxidants indicates a compensatory response protecting against oxidative stress injury.



4.2. Other Regulatory Mechanisms





Trx activities are regulated by interacting proteins. For example, the activities of Trx1 are negatively regulated by thioredoxin-interacting protein (Txnip). Txnip is also known as thioredoxin-binding protein-2 (TBP-2). In addition to negatively regulating Trx1, Txnip may possess other biological activities, such as acting as a metabolic control protein and a tumor suppressor [12].

 
Various molecular pathways are implicated in the post-translational modifications of Trxs, which include oxidation and nitrosylation of the cysteine groups, glutathionylation, and tyrosine nitration. Notably, nitrosylation of certain cysteine residues of Trx1 enhances Trx1 activities, whereas tyrosine nitration leads to Trx1 inhibition [13].






5. BIOLOGY AND MEDICINE


The conventional function of Trxs is to serve as an antioxidant defense against oxidative stress. In addition, Trxs are also involved in the regulation of cell signaling and may contribute to cancer progression under certain conditions.



5.1. Antioxidant Functions


Primarily via the antioxidant functions, Trxs protect against diverse disease processes associated with oxidative stress. This section first considers the mechanisms underlying the antioxidative effects of Trxs and then discusses the key findings showing an important role for Trxs in protecting against oxidative disease processes, including cardiac injury, immune/inflammatory disorders, and neurodegeneration.



5.1.1. Mechanisms of Antioxidative Effects



Trxs exert antioxidative effects via multiple mechanisms, as outlined below.

§ Trxs are able to directly scavenge reactive oxygen species (ROS).




§ Trxs act as cofactors for peroxiredoxins (see

 


Chapter 12



 
) which are important enzymes in detoxifying H

 

2


 
O

 

2


 
and organic hydroperoxides.







§ Trxs act as cofactors for methionine sulfoxide reductases (see

 


Chapter 15



 
), enzymes involved in repairing oxidative protein damage and protecting against oxidative injury.







§ Trxs may also serve as electron donors for glutathione peroxidase 3 (GPx3, also known as plasma glutathione peroxidase), an enzyme involved in the detoxification of ROS in extracellular environment [14] (see also

 


Chapter 7



 
). However, due to the low concentrations of Trxs in the plasma, this reaction may not contribute much to the overall antioxidant activities of Trxs.






5.1.2. Role of Trx1 in Protecting against Oxidative Disease Processes






Trx1 gene therapy has been demonstrated to enhance angiogenic signaling, decrease oxidative stress, and reduce ventricular remodeling in infarcted myocardium of diabetic rats [15]. Trx1 also inhibits angiotensin II-induced myocardial hypertrophy through upregulation of miR-98/let-7—powerful growth suppressors [16]. A recent study shows that Trx1 reverses age-related hypertension by chronically improving vascular redox and restoring endothelial nitric oxide synthase (eNOS) function in mice [17].

 
Notably,

 
Trx1

 
directly interacts with guanylyl cyclase to maintain basal activity of guanylyl cyclase and its sensitivity to nitric oxide-mediated activation [18]. This effect may underlie Trx1-mediated cardiac protection because nitric oxide-guanylyl cyclase signaling is critical for cardiovascular homeostasis.




Another molecular mechanism of Trx1-mediated cardiac protection may be related to mechanistic target of rapamycin (mTOR) signaling. mTOR is a serine/threonine kinase that regulates cell growth, metabolism, and survival, and Trx1 directly interacts with mTOR in cardiomyocytes to preserve mTOR activity during oxidative stress [19]. Using a cardiac-specific Trx1 knockout (Trx1cKO) mouse model and cultured cardiomyocytes, a study has shown that Trx1 is essential for maintaining myocardial mitochondrial function via mTOR signaling [20].

In addition to its cardiac protective activity, Trx1 is also able to confine T cell alloresponse and pathogenicity in graft-versus-host disease in mice via its action on ROS [21]. The immune-modulating and anti-inflammatory activity of Trx1 have also been demonstrated in several other experimental models [22–24].



5.1.3. Role of Trx2 in Protecting against Oxidative Disease Processes



As a mitochondrial protein, Trx2 regulates cellular redox and survival by suppressing mitochondrial ROS generation and by inhibiting apoptosis signal-regulating kinase 1 (ASK1)-dependent apoptotic signaling [25, 26]. Consistently, cardiac-specific Trx2-knockout mice develop spontaneous dilated cardiomyopathy at one month of age with increased heart size, reduced ventricular wall thickness, and a progressive decline in left ventricular contractile function, resulting in mortality due to heart failure by ~4 months of age [27]. These findings support an essential role for mitochondrial Trx2 in preserving cardiac function by suppressing mitochondrial ROS production and ASK1-dependent apoptosis.




Increased mitochondrial ROS formation is an important mechanism of neurodegeneration. By suppressing mitochondrial ROS, Trx2 also acts as a neuroprotective molecule. In a recent study, exome sequencing was performed in a 16-year-old adolescent suffering from an infantile-onset neurodegenerative disorder with severe cerebellar atrophy, epilepsy, dystonia, optic atrophy, and peripheral neuropathy. It uncovered a homozygous stop mutation in the Trx2 gene [28]. Analysis of the fibroblasts derived from the patient revealed the absence of Trx2 protein, increased ROS levels, impaired oxidative stress defense, and dysfunction of mitochondrial oxidative phosphorylation [28]. Reconstitution of Trx2 expression restored all the above parameters, indicating a causal role of Trx2 gene mutation in oxidative stress and mitochondrial dysfunction. Moreover, supplementation with the antioxidant idebenone (a synthetic analogue of coenzyme Q

 

10


 
) effectively suppressed cellular ROS production, improved cell viability, and more importantly, mitigated clinical symptoms during a short-term follow-up [28].






5.2. Role in Embryonic Development





Both Trx1 and Trx2 are indispensable for embryonic development in mice. In Trx1-null (Trx1

 

–/–


 
) mutants, early embryonic death (by embryonic day 6.5) is associated with a dramatically reduced proliferation of inner mass cells [29]. Trx2-null embryos develop exencephaly, show markedly increased apoptosis, and die during mid-gestation around embryonic day 10.5 [30]. Notably, Trx2-null embryos display an open anterior neural tube, suggesting that Trx2 is critical for neural tube closure during embryonic development [30]. In line with this notion, a novel Ins/Del polymorphism in the proximal promoter region of human Trx2 gene has been shown to reduce the transcriptional activity of the gene, and be associated with an increased risk of spina bifida [31].






5.3. Role in Cell Signaling


In addition to serving as a cofactor for various enzymes, including ribonucleotide reductase, peroxiredoxins, and GPx3, Trxs, especially Trx1, are known to regulate the activity of a growing number of transcription factors, including AP-1, nuclear factor kappaB (NF-κB), p53, and hypoxia-inducible factor 1 (HIF-1) [32–35]. These factors regulate various cellular processes, including cell growth and proliferation, apoptosis, proinflammatory response, and angiogenesis, among others. Recently, both Trx1 and Trx2 have been shown to regulate protein denitrosylation [36]. Protein denitrosylation, the removal of nitroso (–NO) groups primarily from cysteine residues in proteins, is an important aspect of nitric oxide-based signaling that regulates protein activity and protein-protein interactions [37]. Notably, Trx1 may act as a master regulator of the tricarboxylic acid cycle in plant mitochondria [38].



5.4. Role in Cancer Development





Trx-mediated redox modulation contributes to tumorigenesis. As described in

 


Chapter 6



 
, GSH and thioredoxin antioxidant pathways synergize to drive cancer initiation and progression [39]. Glioma cells recruit and exploit microglia (the resident immune cells of the brain) for their proliferation and invasion ability. A recent study has shown that inhibition of the denitrosylation of

 

S


 
-nitrosylated procaspase-3 mediated by Trx2 is a part of the microglial pro-tumoral activation pathway initiated by glioma cancer cells [40]. In view of the tumor-promoting activity of Trxs, inhibition of Trxs or TrxR may be an effective strategy for cancer intervention [41–44].






6. CONCLUSION AND PERSPECTIVE


Trxs are protective molecules in various disease processes, including cardiovascular injury, immune and inflammatory disorders, and neurodegeneration. However, the exact role of Trxs in cancer development remains elusive and current evidence suggests a tumor-promoting activity of Trxs under certain conditions. On the other hand, data on the role of Trxs in human diseases are relatively scarce. Future efforts should be devoted to the identification of novel genetic variations of Trx genes, and their influence on tissue Trx expression as well as susceptibility to disease pathophysiology in human populations.

In addition, studies should focus on developing Trx mimetics with favorable pharmacokinetic profiles and testing their efficacy in disease intervention in randomized controlled trials. In this context, a recent study has demonstrated that a Trx-mimetic peptide (Ac-Cys-Pro-Cys-amide) exerts potent anti-inflammatory and antioxidative effects and protects against atherogenesis in a mouse model [45]. Hence, the Trx-mimetic peptide may represent a promising therapeutic modality for the treatment of human diseases involving inflammatory/oxidative stress.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
The thioredoxin superfamily consists of several classes of redox-active proteins. Which of the following enzymes belongs to the thioredoxin superfamily?




A. Catalase

B. Glutaredoxin

C. Glutathione peroxidase

D. Glutathione reductase

E. Superoxide dismutase





7.2.


 
A graduate student has isolated a redox-active protein from the mitochondria of rat myocardial tissues. This redox-active protein is able to reduce protein disulfide bridge at the expense of NADPH. Which of the following is most likely the redox-active protein?




A. Glutaredoxin 1

B. Glutathione reductase

C. NADPH:quinone oxidoreductase 1

D. Thioredoxin 1

E. Thioredoxin 2





7.3.


 
Which of the following proteins can both directly scavenge ROS and serve as a substrate for glutathione peroxidase 3?




A. Albumin

B. Ferritin

C. Glutaredoxin 1

D. Metallothionein

E. Thioredoxin 1





7.4.


 
The transcription factor Nrf2 is activated by a number of phytochemicals, including sulforaphane. Treatment of cultured human hepatocytes with sulforaphane is most likely to induce which of the following proteins via an Nrf2-dependent and ARE-driven mechanism?




A. Apoptosis signal-regulating kinase 1

B. Glutathione peroxidase 3

C. Mechanistic target of rapamycin

D. Thioredoxin interacting protein

E. Thioredoxin 1





7.5.


 
A gene is known to encode a redox-active protein of ~12 kDa in the mitochondria, and deletion of the gene causes embryonic lethality in mice. Transgenic overexpression of the gene in mice leads to decreased mitochondrial ROS generation. Which of the following is most likely the protein encoded by the gene?




A. Catalase

B. Glutathione peroxidase 4

C. Manganese superoxide dismutase

D. Thioredoxin 1

E. Thioredoxin 2


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is B. The thioredoxin superfamily consists of a large group of proteins, including thioredoxins, glutaredoxins (see

 


Chapter 10



 
), and protein disulfide isomerases (PDIs). PDIs are enzymes that mediate oxidative protein folding in the endoplasmic reticulum.








7.2.


 
The answer is E. Based on the intracellular location and the ability to reduce protein disulfide bridge, the redox-active protein is thioredoxin 2. Thioredoxin 1 and glutaredoxin 1 are present in the cytosol. Glutathione reductase and NADPH:quinone oxidoreductase 1 are unable to reduce protein disulfide bridge.








7.3.


 
The answer is E. Among the listed proteins, only thioredoxin 1 has been shown to serve as a substrate for glutathione peroxidase 3 (GPx3). Metallothionein can scavenge ROS but are unable to serve as a substrate for GPx3.








7.4.


 
The answer is E. Among the genes encoding the listed proteins, only thioredoxin 1 (Trx1) gene is transcriptionally activated by an Nrf2-ARE-dependent mechanism. As discussed in

 


Chapter 2



 
,  Trx1 is one of the Nrf2 target genes.








7.5.


 
The answer is E. Based on the molecular weight and mitochondrial location, the protein is thioredoxin 2. Thioredoxin 1 (Trx1) gene is also indispensable for embryonic development in mice, but Trx1 is not present in mitochondria.
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Chapter 12. Peroxiredoxin




HIGHLIGHTS


§ Peroxiredoxin (Prx) refers to a family of thiol-dependent peroxidases that decompose hydrogen peroxide and lipid hydroperoxides and protect against oxidative stress.

§ There are six mammalian Prx isozymes (Prx1–6), classified as typical 2-Cys, atypical 2-Cys, or 1-Cys Prxs based on the mechanism and the number of cysteines involved during catalysis.

§ In addition to their well-established peroxide-scavenging activity, some Prxs also participate in the regulation of various cell signaling pathways.

§ Extensive animal studies provide substantial evidence supporting a critical protective role of Prxs in various disease processes involving oxidative and inflammatory stress. In contrast, studies on the causal involvement of Prxs in human health and disease are limited.
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1. OVERVIEW





Peroxiredoxin (Prx) is a term referring to a family of small nonseleno-peroxidases currently known to possess six mammalian isozymes, namely, Prx1–6. These isozymes are able to reduce hydrogen peroxide (H

 

2


 
O

 

2


 
), organic hydroperoxides, and possibly peroxynitrite, and thus represent a class of important antioxidants in mammals. Indeed, as a family of antioxidants discovered in past decades, Prxs have received extensive studies in recent years, leading to the discovery of many of their novel biological functions.




The six Prxs expressed in mammalian cells are classified into the following three subgroups:

§ Typical 2-Cys Prxs including Prx1–4

§ Atypical 2-Cys Prx with Prx5 as the only member

§ 1-Cys Prx with Prx6 as the only member




Prxs are widely distributed in mammalian tissues, and the subcellular localization varies with the isozymes. Prx1, 2, and 6 are mainly located in the cytosol. Prx2 may also be released into the extracellular space under inflammation [1]. Prx3 is restricted to the mitochondrion. Prx4 is present in the endoplasmic reticulum (ER) and is also secreted into the extracellular milieu. Prx5 is localized intracellularly to the cytosol, mitochondrion, nucleus, and peroxisome. In humans, Prx1, 2, 3, 4, 5, and 6 are localized on chromosomes 1p34.1, 19p13.2, 10q25–q26, Xp22.11, 11q13, and 1q25.1, respectively.

 


Table 12.1



 
summarizes the basic characteristics of the six Prx isozymes in mammalian systems.









	





TABLE 12.1. Basic characteristics of mammalian Prx isozymes









	



Isozyme





	



Subunit





MW (kDa)





	



Subunit assembly





	



Subgroup





	



Cellular location





	



Chromosomal





location








	



Prx1





	



22.1





	



Homodimer





	



Typical 2-Cys





	



Cytosol





	



1p34.1








	



Prx2





	



21.9





	



Homodimer





	



Typical 2-Cys





	



Cytosol





	



19p13.2








	



Prx3





	



27.7





	



Homodimer





	



Typical 2-Cys





	



Mitochondrion





	



10q25-q26








	



Prx4





	



30.5





	



Homodimer





	



Typical 2-Cys





	



ER, extracellular space





	



Xp22.11








	



Prx5





	



22.1





	



Monomer





	



Atypical 2-Cys





	



Cytosol, mitochondrion, nucleus, peroxisome





	



11q13








	



Prx6





	



25.0





	



Homodimer





	



1-Cys





	



Cytosol





	



1q25.1








	



Note: ER and MW denote endoplasmic reticulum and molecular weight, respectively. The values for MW are based on UniProt at www.uniprot.org.








	


	


	


	


	


	









2. HISTORY





The first Prx was discovered by E.R. Stadtman and coworkers in 1988 in

 

Saccharomyces cerevisiae


 
, where it protected the enzyme glutamine synthase from oxidation in a system that serendipitously included thiols to generate hydrogen peroxide (H

 

2


 
O

 

2


 
). The enzyme was first named thiol-specific antioxidant due to its dependence on thiols [2]. The name was then changed to thioredoxin peroxidase as the protein was found to be oxidized by H

 

2


 
O

 

2


 
and reduced back by thioredoxin (Trx) (see

 


Chapter 11



 
on Trx). Subsequent studies showed homologous proteins in other species that shared the peroxidase activity, and the term peroxiredoxin was introduced, which has been widely adopted in the literature.






3. BIOCHEMISTRY





Prxs catalyze the reduction of H

 

2


 
O

 

2


 
and various organic hydroperoxides (e.g., lipid hydroperoxide) to form water and alcohols, respectively, through the reactive cysteine (Cys) residues of the enzymes (

 


Figure 12.1



 
). Some Prxs have been shown to also reduce peroxynitrite [3–5], a potent oxidant.
















FIGURE 12.1. Peroxiredoxin (Prx)-mediated reduction of H


 


2



 

O


 


2



 

and lipid hydroperoxides (LOOH) using thioredoxin (Trx) as the electron donor.


 
Shown in the illustration is a 2-Cys Prx-catalyzed reduction of H

 

2


 
O

 

2


 
and LOOH to form water and lipid alcohol (LOH), respectively. During the reaction, one sulfhydryl group of the 2-Cys Prx is oxidized to sulfenic acid (SOH) intermediate, followed by the formation of a disulfide bridge (i.e., the oxidized form of Prx). The disulfide bridge is reduced by Trx, and the original Prx is regenerated.




The typical 2-Cys Prxs (Prx1–4) are homodimers and contain both the N- and C-terminal-conserved Cys residues and require both of them for catalytic function. Atypical 2-Cys Prx (Prx5) is a monomer and contains only the N-terminal Cys but requires one additional nonconserved Cys residue for catalytic activity. 1-Cys Prx (Prx6) is a homodimer and contains only the N-terminal Cys and requires only the N-terminal Cys for catalytic function.

During the reduction reaction with oxidant substrates, the Cys residues of Prxs are oxidized. Trx provides the electrons for reducing the oxidized Prx 1–5, whereas the reduced form of glutathione (GSH) is likely to be employed to reduce the oxidized Prx6 [6].



4. MOLECULAR REGULATION


Prxs are regulated at multiple levels, including both transcriptional regulation and post-translational modifications. The exact regulatory mechanisms vary with the individual Prxs.



4.1. Prx1





Prx1 is a target gene of the nuclear factor E2-related factor 2 (Nrf2) (see also

 


Chapter 2



 
on Nrf2). Human Prx1 gene promoter contains two antioxidant response elements (AREs), and binding of Nrf2 to the AREs leads to increased transcription of Prx1 gene [7]. Deletion of Keap1, the inhibitor of Nrf2, leads to elevation of Prx1 mRNA and protein [7]. Prx1 is also subject to epigenetic regulation. For instance, hypermethylation of Prx2 promoter results in Prx2 gene silencing [8].




Post-translationally, Prx1 is a substrate of human sirtuin enzymes [9] and deacetylation of Prx1 by Sirt2 inhibits the peroxidase activity of Prx1 and sensitizes breast cancer cells to the cytotoxicity caused by oxidative stress-inducing agents [10]. Prx1 is also a substrate of the histone deacetylase (HDAC) 6, and HDAC6-mediated deacetylation decreases Prx1 activity. On the other hand, the acetylated form of Prx1 accumulates in the absence of an active HDAC6, leading to increased activity of Prx1 and its resistance to superoxidation [11].




In addition, Prx1 activity is inhibited by the tumor suppressor Mst1-mediated phosphorylation at Thr-90 and Thr-180 [12]. Likewise, the cyclin-dependent kinase 2 (Cdc2)-mediated phosphorylation at Thr-90 also inactivates Prx1 [13], suggesting a possible role for Prx1 in regulating cell cycle. Moreover, the growth factor PDGF (platelet-derived growth factor)-mediated phosphorylation on Tyr-194 inhibits Prx1, resulting in a transient increase in intracellular H

 

2


 
O

 

2


 
levels and the consequent redox signaling [14] (see also Section 5.1.4).






4.2. Prx2


The transcriptional regulation of mammalian Prx2 gene remains elusive. Prx2 expression is inducible by oxidative stress, suggesting a possible involvement of redox-sensitive transcription factors. In this regard, two putative NF-κB-binding sites have been identified in the Prx2 gene promoter, and NF-κB may transcriptionally upregulate Prx2 gene expression [15]. Evidence also suggests a possible interaction between Nrf2 and the Prx2 gene promoter [16], but the exact role of Nrf2 in transcriptional activation of Prx2 gene currently remains unknown.




Like Prx1, Prx2 gene silencing by promoter hypermethylation has been reported [17, 18]. Post-translationally, tyrosine nitration of Prx2 increases its peroxidase activity and its resistance to overoxidation [19]. On the other hand,

 

S


 
-nitrosylation of Prx2 inhibits both its enzymatic activity and its protective function against oxidative stress [20, 21].






4.3. Prx3





Several cellular factors have been implicated in the regulation of Prx3 gene expression. An early study has shown that Prx3 is a c-Myc target gene and Prx3 is required for c-Myc-mediated cell proliferation and neoplastic transformation [22]. Two putative FOXO3a DNA binding sites in Prx3 gene promoter have been identified and binding of FOXO3a to these sites leads to increased transcription of Prx3 gene [23]. As discussed in

 


Chapters 4



 
and

 


5



 
, the forkhead transcription factor FOXO3a also plays a critical role in regulating the expression of genes encoding MnSOD [24] and catalase [25, 26], two important antioxidant enzymes. At the post-translational level, the Fanconi anemia group G protein has been found to physically interact with Prx3 in the mitochondria, leading to the diminished activity of Prx3 and consequent mitochondrial oxidative stress [27].






4.4. Prx4


As an enzyme residing in the ER, the molecular regulation of Prx4 remains largely unknown. The histone H3 demethylase Ndy1 (also known as KDM2B) has been shown to positively regulate the transcription of Prx4 gene via directly binding to the gene promoter and demethylating the promoter-associated histone H3, leading to protection against oxidative stress [28].



4.5. Prx5


In the promoter of human Prx5 gene, the binding sites for both nuclear respiratory factor 1 and nuclear respiratory factor 2 have been predicted. Both of these transcription factors have been found to largely control the basal expression of Prx5 gene [29]. Prx5 expression may also be regulated by Prx1 and c-Myc. In this regard, Prx1-deficient cells show remarkably increased expression of Prx5, and Prx5 levels normalize when Prx1 expression is restored. Prx5 levels are also dependent on c-Myc, and the Prx5 gene promoter contains binding sequences for the complex of c-Myc and Prx1 [30].



4.6. Prx6





Prx6 is one of the Nrf2 target genes that are transcriptionally activated by an Nrf2-dependent, ARE-driven mechanism (see

 


Chapter 2



 
on Nrf2). Deletion of the ARE sequence from the Prx6 gene promoter leads to remarkable decreases in both basal and inducible expression of Prx6 [31]. Prx6 gene expression is also regulated post-transcriptionally. In this context, the microRNA miR-371-3p has been identified as a suppressor of Prx6 [32]. The B cell-specific activator protein—Pax5 has also been shown to function as a transactivator of Prx6 gene expression [33]. Moreover, it has been reported that lens epithelium-derived growth factor (LEDGF) may bind to the heat shock element and stress-related elements in the Prx6 gene promoter, causing increased transcription of the Prx6 gene in lens epithelial cells [34].






5. BIOLOGY AND MEDICINE


As critical enzymes in detoxifying peroxides, Prxs play an important role in protecting against oxidative stress and associated disease processes. In addition to the well-known antioxidant functions, some Prx isozymes also possess atypical activities, causing either beneficial or detrimental effects depending on the individual Prxs and specific disease conditions involved.



5.1. Prx1


The role of Prx1 in protecting against oxidative stress and associated disease processes has been demonstrated in various animal models of human diseases, including hemolytic anemia, cancer, and cardiovascular disorders, among others. Prx1 is also involved in cell signaling.



5.1.1. Role in Protecting against Hemolytic Anemia and Cancer



Mice lacking Prx1 are viable and reproduced adeptly but have a shortened lifespan owing to the development, beginning at about nine months, of severe hemolytic anemia and several types of cancers, both of which are also observed at increased frequency in heterozygotes [35]. The hemolytic anemia is characterized by an increase in erythrocyte reactive oxygen species (ROS), leading to protein oxidation, hemoglobin instability, Heinz body formation, and decreased erythrocyte lifespan, suggesting that Prx1 is a major antioxidant defense in erythrocytes. The malignancies include lymphomas, sarcomas, and carcinomas, and are frequently associated with loss of Prx1 expression in heterozygotes, indicating that Prx1 functions as a tumor suppressor [35].

Mechanistically, Prx1 may inhibit tumorigenesis via safeguarding the lipid phosphatase activity of the tumor suppressor PTEN (phosphatase and tensin homolog), and this lipid phosphatase activity is essential for the tumor suppressive function of PTEN [36]. In addition, Prx1 interacts with the transcriptional regulatory domain of the c-Myc oncoprotein and suppresses its neoplastic transforming activity [37, 38]. On the other hand, oxidative damage of telomeres can promote disease processes, including cancer development. In this context, Prx1 safeguards telomeres from ROS to counteract telomere damage and preserve telomeric DNA for elongation by telomerase [39]. Moreover, Prx1 helps prevent ROS-mediated inhibition of telomerase [40].



5.1.2. Role in Protecting against Cardiovascular Disorders






Homozygous deletion of Prx1 (Prx1

 

–/–


 
) in mice causes excessive endothelial activation and inflammation and results in early atherosclerosis in apolipoprotein E (ApoE)-deficient mice fed normal chow, suggesting an important protective role for Prx1 in vascular inflammation and atherogenesis [41]. Oxidative stress activates macroautophagy/autophagy and contributes to atherogenesis via lipophagic flux, a form of lipid removal by autophagy. A recent study has shown that Prx1 plays a crucial role in the maintenance of lipophagic flux in macrophages [42]. In fact, Prx1 is among the highly expressed antioxidant enzymes in macrophages. These findings suggest that the anti-atherosclerotic function of Prx1 may results, at least partly, from its protection against macrophage lipid accumulation, oxidation, and foam cell formation [42].






5.1.3. Role in Other Biological or Disease Processes



Prx1 is involved in neuronal differentiation. The six-transmembrane protein GDE2 controls the onset and progression of spinal motor neuron differentiation through extracellular glycerophosphodiester phosphodiesterase metabolism. Prx1 controls neuronal differentiation by thiol-redox-dependent activation of GDE2. Specifically, Prx1 catalytic activity leads to reduction of the GDE2 Cys25-Cys576 disulfide bond and activation of GDE2. Notably, loss of Prx1 causes motor neuron deficits analogous to GDE2 ablation [43], highlighting the importance of the Prx1-GDE2 association in motor neuron differentiation.




Although Prx1 is considered a tumor suppressor (see Section 5.1.1), under certain conditions, this enzyme may also function to promote angiogenesis and cancer progression [44, 45]. This is in line with the notion that antioxidants may promote caner progression by maintaining the redox homeostasis in the cancer cells (see also

 


Chapters 2



 
and

 


3



 
).






5.1.4. Role in Cell Signaling






A role of Prx1 in cell signal transduction has been demonstrated by multiple studies. This is related to its ability to regulate the intracellular levels of H

 

2


 
O

 

2


 
, a well-recognized signaling molecules. S.G. Rhee and associates have shown that Prx1 associated with membranes is transiently phosphorylated on tyrosine-194 and thereby inactivated both in cells stimulated via a growth factor or immune receptors in vitro and in those at the margin of healing cutaneous wounds in mice [14]. They have further demonstrated that the above localized inactivation of Prx1 allows for a transient accumulation of H

 

2


 
O

 

2


 
around membranes, where signaling components are concentrated, while preventing the toxic accumulation of H

 

2


 
O

 

2


 
elsewhere in the cell [14].







The above research group has also reported that the centrosome-associated Prx1 is selectively inactivated through phosphorylation by Cdk1 during early mitosis, thereby exposing the centrosome to H

 

2


 
O

 

2


 
and facilitating inactivation of centrosome-bound phosphatases [46]. Dephosphorylation of Prx1 by phosphatases during late mitosis again shields the centrosome from H

 

2


 
O

 

2


 
and thereby allows the reactivation of Cdk1-opposing phosphatases at the organelle. Hence, by controlling the pericentrosomal H

 

2


 
O

 

2


 
level, Prx1 is a critical player in mitotic progression [46]. These findings support the concept that localized H

 

2


 
O

 

2


 
production within cellular subdomains is essential for both cellular redox signaling and redox homeostasis.






5.2. Prx2




5.2.1. Role in Protecting against Hemolytic Anemia






Similar to what observed in Prx1-deficient mice, Prx2-null (Prx2

 

–/–


 
) mice are fertile but develop oxidative hemolytic anemia [47]. These findings suggest that the effective antioxidative defense in erythrocytes depends on the presence of both Prx1 and Prx2, and deficiency of either one will compromise the lifespan of erythrocytes. Notably, Prx2 may also play a role in iron homeostasis and act as a key cytoprotector against iron overload due to chronic hemolysis [48]. Interestingly, the malarial parasite

 

Plasmodium falciparum


 
imports the human Prx2 into their cytosol for peroxide detoxification and thereby maintains their survival in erythrocytes under oxidative stress conditions, such as treatment with ROS-generating anti-malarial drugs [49].






5.2.2. Role in Protecting against Cardiovascular Disorders






Prx2 is a negative regulator of PDGF signaling and protects against PDGF-dependent vascular restenosis [50]. It is well known that endogenous H

 

2


 
O

 

2


 
is produced in response to PDGF stimulation and the H

 

2


 
O

 

2


 
formed in turn mediates the PDGF-induced vascular smooth muscle cell proliferation and migration—events leading to vascular stenosis and atherosclerosis [51, 52]. Mechanistically, Prx2 is recruited to the PDGF receptor upon PDGF stimulation and attenuates the inactivation of protein tyrosine phosphatase by PDGF-induced H

 

2


 
O

 

2


 
.







Prx2 is able to also suppress PDGF receptor activation in primary cultured cells and decrease PDGF-dependent neointimal thickening of vascular smooth muscle cells in a mouse restenosis model [50]. These findings demonstrate a localized role for endogenous H

 

2


 
O

 

2


 
in PDGF signaling and indicate a protective function of Prx2 in atherosclerotic cardiovascular disease. Indeed, Prx2 deficiency exacerbates vascular inflammation and atherosclerosis in ApoE-deficient mice, and notably, as compared with deficiency of glutathione peroxidase 1 or catalase, Prx2 deficiency results in a more severe predisposition to develop atherosclerosis [53]. Moreover, Prx2 protects against collagen-stimulated platelet activation and platelet-dependent thrombosis [54]. In addition to atherosclerosis, Prx2 may also act as a cytoprotector against the development of pulmonary hypertension [55]. Collectively, Prx2 appears to be a critical factor in protecting against diverse cardiovascular disorders.






5.2.3. Role in Protecting against Neurodegeneration and Aging






Among the Prx isozymes, Prx2 is the most abundant one in mammalian neurons, making it a prime candidate to defend against oxidative neurodegeneration. Indeed, multiple studies have suggested a protective role for Prx2 in such neurological disorders as Parkinson’s disease [20, 21, 56, 57] and ischemic stroke [58]. Moreover, neuronal overexpression of Prx2 in

 

Drosophila melanogaster


 
has been shown to attenuate oxidative stress and prolong the organism’s longevity, suggesting an overall protective function for Prx2 in neurodegeneration and aging [59]. In line with this notion, the antidiabetic drug metformin has been reported to promote lifespan through Prx2-dependent mitohormesis in

 

Caenorhabditis elegans


 
[60].






5.2.4. Role in Protecting against Endotoxemia






Prx2 suppresses inflammatory cytokine signaling [61]. It plays an important role in regulating proinflammatory responses to lipopolysaccharide (LPS) and protecting against endotoxin-induced lethal shock in experimental animals [62]. In this regard, LPS induces substantially enhanced inflammatory responses in Prx2-deficient macrophages as compared to the wild-type cells. Mice with targeted disruption of Prx2 show an increased sensitivity to LPS-induced septic shock and lethality, whereas intravenous injection of the adenovirus-encoding Prx2 gene to Prx2

 

–/–


 
mice rescues the animals from LPS-induced lethal shock [62].






5.2.5. Role in Cancer Development



Prx2 appears to be a double-edged sword in cancer development depending on the type of cancer cells and organs involved. For example, Prx2 represses melanoma metastasis by increasing E-Cadherin/β-Catenin complexes in adherens junctions, and Prx2 silencing enhances lung metastasis of melanoma in a mouse model [63]. In humans, Prx2 has been identified as a potential tumor suppressor gene in acute myeloid leukemia (AML). Low protein expression of Prx2 gene is clinically associated with poor prognosis in patients with AML [18]. Functionally, Prx2 acts as inhibitor of myeloid cell growth by reducing levels of ROS generated in response to cytokines. Forced Prx2 expression inhibits c-Myc-induced leukemogenesis in vivo on bone marrow transplantation in mice [18]. In line with its above tumor-suppressing activity, Prx2 directly interacts with replisome and safeguards genome integrity under oxidative stress [64].

On the other hand, Prx2 promotes growth and lung metastasis of breast cancer cells by protecting them against oxidative stress [65]. Prx2, as an antioxidant, has been found to also prevent the oxidative inactivation of vascular endothelial growth factor (VEGF) receptor-2 in vascular endothelial cells and support tumor angiogenesis in vivo [66]. In colorectal cancers with APC mutation, Prx2 promotes cancer cell survival by binding to tankyrase and preventing its oxidative inactivation [67]. Tankyrase belongs to a group of enzymes called poly(ADP-ribose) polymerases (PARPs) and plays a critical role in promoting tumorigenesis [68].



5.2.6. Role in Cell Signaling






Prx2 and STAT3 (signal transducer and activator of transcription 3) form a redox relay for H

 

2


 
O

 

2


 
signaling [69]. Specifically, H

 

2


 
O

 

2


 
oxidizes Prx2, which then interacts with the transcription factor STAT3, resulting in the flow of the oxidative equivalents from Prx2 to STAT3. The redox relay generates disulfide-linked STAT3 oligomers with attenuated transcriptional activity [69], suggesting Prx2 as an endogenous modulator of STATs function. STAT3, a member of the signal transducer and activator of transcription (STAT) protein family, mediates the expression of a variety of genes in response to cell stimuli, and plays a key role in many cellular processes, including cell growth and apoptosis [70, 71].






5.3. Prx3





As an antioxidant enzyme in mitochondria, the major source of cellular ROS, Prx3 plays a critical role in regulating mitochondrial redox homeostasis and protecting against oxidative disease processes, such as cardiovascular disorders and diabetes. Notably, Prx3-null (Prx3

 

–/–


 
) mice are fertile suggesting that Prx3 is not essential for murine embryonic development [72]. But these animals were reported to be susceptible to LPS-induced inflammatory injury [72]. They were also found to have accelerated oxidative stress, mitochondrial impairment, as well as decline of physical strength [73].






5.3.1. Role in Protecting against Cardiovascular Disorders



Transgenic overexpression of mitochondrial Prx3 has been found to prevent left ventricular remodeling and failure after myocardial infarction in mice [74]. Overexpression of Prx3 also protects against myocardial mitochondrial oxidative stress and DNA damage [74, 75]. These findings point to an important role for Prx3 in protecting against myocardial remodeling and heart failure and that Prx3 may serve as potential therapeutic targets for the intervention of heart failure. This is also in line with the notion that mitochondrial oxidative stress and injury is a critical pathophysiological mechanism underlying ischemic heart disease and heart failure [76, 77].



5.3.2. Role in Protecting against Diabetes and Metabolic Syndrome



Transgenic overexpression of Prx3 in mice results in decreased mitochondrial ROS production and increased resistance to stress-induced pancreatic β-cell injury [78]. These animals show improved glucose homeostasis, as evidenced by reduced levels of blood glucose and increased glucose clearance. In addition, the Prx3-overexpressing mice are protected from hyperglycemia and glucose intolerance induced by high-fat diet feeding [78]. There is also evidence suggesting a possible role for Prx3 in protecting against hyperglycemia-induced cardiac injury in a mouse model of diabetic cardiomyopathy [79].




Prx3 may regulate adipose homeostasis and play a role in controlling obesity. In this context, it has been reported that decreased levels of adipose Prx3 occur in both obese mice and obese human subjects, and Prx3

 

–/–


 
mice exhibit increased fat mass, compared to wild-type mice, due to adipocyte hypertrophy [80]. Prx3

 

–/–


 
mice have been shown to also develop impaired mitochondrial function of adipocytes and adipokine dysregulation, as well as glucose intolerance and insulin resistance [80].






5.3.3. Role in Adrenal Steroidogenesis






Prx3 in mouse adrenal cortex is inactivated by H

 

2


 
O

 

2


 
produced by cytochrome P450 (CYP) 11B1 (a mitochondrial enzyme catalyzing the last step of corticosterone synthesis) during corticosterone production stimulated by adrenocorticotropic hormone. Inactivation of Prx3 triggers a sequence of events, including accumulation of H

 

2


 
O

 

2


 
, activation of p38 mitogen-activated protein kinase, suppression of steroidogenic acute regulatory protein synthesis, and inhibition of steroidogenesis. Thus, the coupling of CYP11B1 activity (via releasing superoxide anion and the consequent production of H

 

2


 
O

 

2


 
) to Prx3 inactivation provides a feedback regulatory mechanism for adrenal steroidogenesis that functions independently of the hypothalamic-pituitary-adrenal axis [81].






5.3.4. Role in Cancer Development



Multiple studies have shown a tumor-promoting activity of Prx3. As described earlier, Prx3 is a target gene of the c-Myc oncoprotein, and Prx3 is required for c-Myc-mediated cell proliferation and neoplastic transformation [22]. This requirement of Prx3 in c-Myc-induced cell transformation appears to be related to the ability of Prx3 to maintain mitochondrial redox homeostasis [22, 82]. It has been also reported that human colon cancer stem cells overexpress Prx3, and the overexpressed Prx3 is required for the maintenance of mitochondrial function and tumorigenesis in a mouse model of xenograft colon cancer [83]. These findings are consistent with the belief that mitochondrial redox homeostasis is critical for cancer cell survival and progression [84].



5.4. Prx4




5.4.1. Role in Oxidative Protein Folding



Among the six mammalian Prxs, Prx4 is the only one present in the ER, suggesting a unique function for this enzyme in regulating ER redox homeostasis and protein folding. Indeed, substantial evidence supports a critical role for the ER-localized Prx4 in oxidative protein folding [85–87].



5.4.2. Role in Protecting against Inflammatory Stress






Inflammasomes are cytosolic protein complexes, which orchestrate the maturation of active interleukin-1beta (IL-1β) by proteolytic cleavage via caspase-1. Prx4 has been demonstrated to limit caspase-1 activation and restrict inflammasome-mediated signaling [88]. Mechanistically, Prx4 and caspase 1 interact in the cytosol and form a redox-sensitive regulatory complex via caspase-1 cysteine 397 that leads to caspase-1 sequestration and inactivation. Loss of Prx4 augments IL-1β maturation. Pxr4-null (Prx4

 

–/–


 
) mice are fertile but show markedly increased sensitivity to LPS-induced IL-1β secretion and septic shock [88].






5.4.3. Role in Protecting against Cardiovascular Disorders and Diabetes



Transgenic overexpression of Prx4 attenuates vascular inflammation, oxidative stress, and atherosclerosis in ApoE-knockout mice [89]. Grx4 overexpression also inhibits oxidative stress, cytokine release, hyperglycemia, hypoinsulinemia, and steatohepatitis in mouse models of diabetes [90, 91]. In insulin-secreting INS-1E cells, Prx4 improves insulin biosynthesis and glucose-induced insulin secretion [92].



5.4.4. Role in Other Biological or Disease Processes



An alternatively transcribed form of Prx4 gene is specifically expressed in spermatids of postpubertal mouse testis, suggesting a possible function of Prx4 in reproduction [93]. In line with this view, Prx4-knockout mice exhibit elevated spermatogenic cell death via oxidative stress [94].




Prx4 has been shown to regulate neurogenesis by acting as a redox sensor to directly couple neuronal differentiation with redox environments in the ER [95]. Prx4 ablation causes premature motor neuron differentiation and progenitor depletion, leading to imbalances in subtype-specific motor neurons. Mechanistically, Prx4 dimers, generated by endogenous H

 

2


 
O

 

2


 
, oxidize two cysteine residues within the GDE2 enzymatic domain, which blocks GDE2 trafficking to the plasma membrane and prevents the neurogenic function of GDE2 [95]. GDE2, also known as six-transmembrane protein glycerophosphodiester phosphodiesterase 2, is a critical factor for inducing motor neuron differentiation by inhibiting Notch signaling in adjacent motor neuron progenitors [96, 97].






5.5. Prx5





Prx5 is the least studied isozyme among the six mammalian Prxs. Its antioxidative and anti-inflammatory functions have been shown primarily in cellular models [98, 99], and comprehensive in vivo studies on its biological functions are scarce. Nevertheless, studies in mouse models have suggested a possible role for Prx5 in protecting against oxidative stress injury in obesity-related pathological conditions [100, 101]. Prx5

 

–/–


 
mice are fertile but develop markedly increased fat mass and adipocyte hypertrophy [100].






5.6. Prx6





Prx6 is among the most extensively studied Prxs with regard to its antioxidant functions and protection against diverse oxidative disease processes. Notably, Prx6

 

–/–


 
mice are reproduced adeptly, but show increased sensitivity to oxidative pathophysiology [102].






5.6.1. Role in Protecting against Diabetes






Prx6 is a novel protector in the pathogenesis of diabetes. Prx6

 

–/–


 
mice are fertile, but spontaneously develop an early-stage type 2 diabetes due to reduced glucose-dependent insulin secretion and increased insulin resistance, as well as impaired insulin signaling in skeletal muscle along with a reduction in the density and size of the islets of Langerhans as compared with wild-type mice [103]. The Prx6

 

–/–


 
mice also develop a systemic proinflammatory status and diabetic dyslipidemia [103]. Collectively, these findings indicate Prx6 as a critical player in metabolic and redox homeostasis and its disruption leads to the development of diabetes and systemic inflammation. Mechanistically, the anti-diabetic and anti-inflammatory functions of Prx6 most likely result from its ability to neutralize H

 

2


 
O

 

2


 
, peroxynitrite, and phospholipid hydroperoxides [6, 104, 105]. In addition, Prx6 is involved in the biosynthesis of palmitic acid ester of 9-hydroxystearic acid (9-PAHSA) [106], which is an endogenous lipid with anti-diabetic and anti-inflammatory effects [107, 108].






5.6.2. Role in Maintaining Pulmonary Homeostasis and Protecting against Lung Injury






Prx6 is probably the most extensively studied Prx isozyme with respect to its role in pulmonary homeostasis and protection against lung injury [109]. Prx6 possesses a phospholipase A

 

2


 
(PLA

 

2


 
) activity and has an important role in lung surfactant turnover [110–112]. Homozygous knockout of Prx6 sensitizes the mice to hyperoxia-induced lung oxidative stress and inflammation as well as mortality [113]. These knockout mice also show increased pulmonary injury following paraquat-induced oxidative stress [114]. On the other hand, either transgenic overexpression or adenovirus-mediated gene transfer of Prx6 results in increased resistance to hyperoxia-induced lung injury and mortality in mice [115, 116].






5.6.3. Role in Protecting against Hepatic Disorders



Hepatic ischemia-reperfusion alters the cellular localization of Prx6 in mice, and targeted disruption of Prx6 sensitizes the animals to liver ischemia-reperfusion injury, which is associated with increased mitochondrial ROS formation and dysfunction [117].




Chronic consumption of alcohol causes liver injury and oxidative stress as well as decreased expression Prx6, suggesting a possible protective role for Prx 6 in alcoholic liver injury [118]. However, neither transgenic overexpression nor targeted disruption of Prx6 in mice results in attenuation or exacerbation of alcoholic liver injury [119]. Notably, ethanol administration causes a significant induction of catalase, glutathione

 

S


 
-transferase, and glutathione peroxidase in both the transgenic overexpression mice and the knockout mice. The concomitant upregulation of the above antioxidant defenses by ethanol in both genetic models may explain the failure of genetic alteration of Prx6 to modulate alcoholic liver injury [119]. In contrast to its inability to protect against alcoholic liver disease, Prx6 confers protection against nonalcoholic fatty liver disease through maintaining mitochondrial function [120].






5.6.4. Role in Cancer Development



Like many other antioxidant proteins, Prx6 also plays a dual role in cancer development. Loss of Prx6 in mice enhances the susceptibility to skin tumorigenesis, whereas overexpression of Prdx6 in keratinocytes of transgenic mice has the opposite effect [121]. In contrast to its beneficial effect in tumor prevention, overexpression of Prdx6 leads to an acceleration of malignant progression of existing skin tumors, thus revealing a dual function of this enzyme in the pathogenesis of skin cancer [121]. Prx6 has been shown to also promote cancer progression in animal models of other cancer types, especially lung cancer [122]. In addition, Prx6 contributes to acquired resistance to cancer drug therapies [32].



5.6.5. Role in Cell Signaling



Prx6 is involved in regulating G protein-coupled receptor signaling induced by opioid analgesics [123]. Specifically, following opioid administration, Prx6 is recruited to the opioid receptor complex by c-Jun N-terminal kinase (JNK) phosphorylation. Prx6 activation generates ROS via NADPH oxidase, reducing the palmitoylation of receptor-associated Gαi in a JNK-dependent manner. Selective inhibition of Prx6 blocks Gαi depalmitoylation, prevents the enhanced receptor G-protein association, and blocks acute analgesic tolerance to morphine and kappa opioid receptor inactivation in vivo. Opioid stimulation of JNK also inactivates dopamine D2 receptors in a Prx6-dependent manner. These findings establish JNK-dependent Prx6 recruitment and oxidation-induced Gαi depalmitoylation as an additional mechanism of Gαi-G protein-coupled receptor inactivation [123].




It remains unclear how exactly Prx6 activation causes ROS generation from NADPH oxidase (also known as NOX). It has been shown that upon phosphorylation, Prx6 translocates to the cell membrane, where its PLA

 

2


 
activity facilitates assembly of the NOX2 complex and activation of the oxidase [124, 125]. By simulating NADPH oxidase-derived ROS production, Prx6 may also promote oxidative stress injury under certain conditions, such as LPS-induced acute lung injury [126]. This again illustrates the complexity of antioxidant biology.






5.6.6. Role in Other Biological or Disease Processes



The exact role of Prx6 in atherosclerosis remains controversial. Some data suggested a protective role for Prx6 in vascular oxidative stress and atherogenesis [127], but others did not show a protective effect [128].

Prx6 is a protector against oxidative stress in the skin. Overexpression of Prx6 in keratinocytes protects the skin cells from injury elicited by oxidative stress and ultraviolet (UV) irradiation [129]. In mice, targeted disruption of Prx6 gene leads to increased sensitivity to UV irradiation-induced oxidative stress and skin damage [130]. Following skin injury, Prx6-knockout mice develop severe hemorrhage due to oxidative damage of vascular endothelium, suggesting that Prx6 is required for blood vessel integrity in wounded skin [130].



6. CONCLUSION AND PERSPECTIVE


Prxs are a family of important antioxidant enzymes that protect against pathophysiological conditions involving oxidative and inflammatory stress in various animal models. Some Prx isozymes are also involved in regulating cell signaling and play a dual role in cancer development. In contrast to animal studies, high-profile studies in human subjects aiming to establish a causal role for Prxs in disease pathophysiology are lacking. Thus, future studies should focus on translational and clinical research to better define the role of Prxs in human health and disease. Such studies will lay a foundation for developing therapeutic modalities for the intervention of human diseases in which Prxs play a role.



7. SELF-ASSESSMENTS QUESTIONS






7.1.


 
In studying the molecular regulation of Prx enzymes in human fibroblast, a researcher has observed a remarkable induction of a Prx isozyme by a phytochemical in an Nrf2/ARE-dependent manner. Which of the following is most likely the Prx isozyme?




A. Prx1

B. Prx2

C. Prx3

D. Prx4

E. Prx5





7.2.


 
An Nrf2-regulated Prx isozyme is known to possess only the N-terminal Cys for catalytic function. Which of the following is the Prx isozyme?




A. Prx1

B. Prx3

C. Prx4

D. Prx5

E. Prx6





7.3.


 
A Prx isozyme expressed in mouse cardiomyocytes has been shown to possess both glutathione peroxidase activity and phospholipase A

 

2


 
activity. This enzyme is known to stimulate the ROS production from which of the following enzymes?




A. Cu, Zn superoxide dismutase

B. Cytochrome P450 2E1

C. Glutaredoxin 1

D. NADPH oxidase

E. Xanthine oxidase





7.4.


 
A group of research scientists has observed that a Prx enzyme present in the mitochondria is involved in the regulation of adrenal corticosterone production. Which of the following is the Prx isozyme?




A. Prx1

B. Prx3

C. Prx4

D. Prx5

E. Prx6





7.5.


 
Many enzymes are involved in regulating the redox homeostasis of endoplasmic reticulum (ER) and oxidative protein folding? Which of the following two enzymes possess the above function?




A. Prx1 and glutathione peroxidase 4

B. Prx3 and glutathione peroxidase 6

C. Prx4 and glutathione peroxidase 7

D. Prx5 and glutathione peroxidase 5

E. Prx6 and glutathione peroxidase 2


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is A. Among the six Prx isozymes, only Prx1 and Prx6 are regulated by Nrf2/ARE.








7.2.


 
The answer is E. Both Prx1 and Prx6 are regulated by Nrf2/ARE signaling. Prx1 is a typical 2-Cys Prx, whereas Prx6 is a 1-Cys Prx.








7.3.


 
The answer is D. Among the six Prxs, only Prx4 possesses phospholipase A

 

2


 
activity, and this activity is responsible for the activation of NADPH oxidase, generating ROS.








7.4.


 
The answer is B. Among the six Prxs, only Prx3, a mitochondrial enzyme, has been shown to be able to regulate adrenal steroidogenesis.








7.5.


 
The answer is C. So far, the book has discussed three antioxidant enzymes in ER that are involved in oxidative protein folding. They are glutathione peroxidase (GPx) 7, GPx8, and Prx4.
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Chapter 13. Thioredoxin Reductase




HIGHLIGHTS


§ Thioredoxin reductase (TrxR) refers to a class of redox-active enzymes that catalyze the reduction of oxidized thioredoxins using NADPH as the electron donor. Mammalian TrxRs include three isozymes, namely, TrxR1, TrxR2, and TrxR3.

§ TrxRs together with thioredoxins (Trxs) and peroxiredoxins (Prxs) form the mammalian thioredoxin system and are critical players in antioxidant defenses.

§ Multiple transcription factors are implicated in the regulation of TrxR gene expression. Notably, TrxR1 is a target gene of nuclear factor E2-related factor 2 (Nrf2).

§ Gene-knockout animal studies suggest an essential role for TrxRs in the development and function of such organs as the heart and the brain and in protecting against oxidative disease pathophysiology.

§ TrxRs may promote cancer growth and progression, and inhibition of TrxRs may thus be a potentially novel approach to cancer therapy.
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1. OVERVIEW


Thioredoxin reductase (TrxR) (EC 1.8.1.9) refers to a class of enzymes that catalyze the reduction of oxidized thioredoxins. TrxRs belong to a pyridine nucleotide disulfide oxidoreductase family. There are three major isozymes of TrxR in mammals: TrxR1, TrxR2, and TrxR3 and they are all homodimeric selenoproteins. TrxR3 is commonly known as thioredoxin glutathione reductase (TGR) because it possesses both thioredoxin reductase and glutathione reductase activities [1]. Similar to thioredoxin 1 (Trx1) and Trx2, TrxR1 is present in the cytosol and nucleus, and TrxR2 is localized in the mitochondrion. On the other hand, TrxR3 is present in the cytosol, endoplasmic reticulum (ER), and nucleus.




Both TrxR1 and TrxR2 are widely distributed in mammalian tissues, whereas TrxR3 is abundant in the testis. TrxR3 is also expressed in other tissues, including the lung, kidney, heart, and brain. In mammals, the genes for TrxR1, TrxR2, and TrxR3 are denoted as Txnrd1, Txnrd2, and Txnrd3, respectively. In humans, Txnrd1, Txnrd2, and Txnrd3 are localized on chromosomes 12q23–q24.1, 22q11.21, and 3q21.3, respectively. The basic characteristics of the three TrxR isozymes are summarized in

 


Table 13.1



 
.









	



TABLE 13.1. Basic characteristics of mammalian TrxR isozymes









	


Isozyme





	


Subunit



MW (kDa)





	


Subunit assembly





	


Cellular location





	


Gene name





	


Chromosomal location








	


TrxR1





	


70.9





	


Homodimer





	


Cytosol, nucleus





	


Txnrd1





	


12q23–q24.1








	


TrxR2





	


56.5





	


Homodimer





	


Mitochondrion





	


Txnrd2





	


22q11.21








	


TrxR3





	


70.7





	


Homodimer





	


Cytosol, ER, nucleus





	


Txnrd3





	


3q21.3








	


Note: ER and MW denote endoplasmic reticulum and molecular weight, respectively. Values for MW are based on UniProt at www.uniprot.org.








	


	


	


	


	


	









2. HISTORY





The discovery of TrxR was related to the studies on the biosynthesis of deoxyribonucleotides in

 

Escherichia coli


 
. As noted in

 


Chapter 11



 
, in 1964, T.C. Laurent, E.C. Moore, and P. Reichard discovered Trx in

 

E. coli


 
as the reducing substrate of ribonucleotide reductase, a critical enzyme involved in DNA synthesis [2]. This discovery prompted the search for the enzyme responsible for the conversion of oxidized Trx to its reduced form, which quickly led to the isolation and characterization of TrxR from

 

E. coli


 
by E.G. Moore and associates in the same year [3]. Subsequently, E.G. Moore in 1967 further reported the isolation of TrxR from rat tumor tissues [4]. The crystal structure of

 

E. coli


 
TrxR was resolved by G. Waksman and coworkers in 1994 [5], followed by elucidation of the 3-dimentional structure of mammalian TrxR1 in 2001 [6] and TrxR2 in 2005 [7]. Studies over the past decade have shown TrxRs as multitasking molecules involved in diverse biological processes.






3. BIOCHEMISTRY





Mammalian TrxR isozymes exist as homodimers. Each subunit is ~56–71 kDa in size and contains one flavin adenosine dinucleotide (FAD)-binding domain, one NADPH binding domain, and one interface domain required for dimerization. TrxRs are selenoproteins that catalyze the reduction of oxidized Trxs at the expense of NADPH. TrxR3 also catalyzes the reduction of glutathione disulfide (GSSG) to the reduced form of glutathione (GSH), and thus possesses also the glutathione reductase activity [1] (

 


Figure 13.1



 
). TrxR3 has an additional protein-disulfide isomerase (PDI) function in sperm cells, and as such, may play a role in sperm maturation [8]. In addition to oxidized Trxs and GSSG, TrxRs can also reduce several other substrates, such as glutaredoxin 2 (see

 


Chapter 10



 
on glutaredoxin) and PDI, and play an important role in protein folding [9, 10].
















FIGURE 13.1. Thioredoxin reductase (TrxR)-mediated reduction of oxidized thioredoxin (Trx) and glutathione disulfide (GSSG).


 
As illustrated, all three isozymes of mammalian TrxR are able to catalyze the reduction of oxidized Trx using NADPH as an electron donor. In addition to catalyzing the reduction of oxidized Trx, TrxR3, known alternatively as thioredoxin-glutathione reductase (TGR), also catalyzes the reduction of GSSG to the reduced form of glutathione (GSH) at the expense of NADPH. It should be noted that multiple pathways can result in the formation of oxidized Trx (see

 


Chapters 11



 
and

 


12



 
), and the efficient reduction of the oxidized Trx to the reduced form is critical for the biological functions of Trx and Trx-dependent enzymes (e.g., peroxiredoxins).






4. MOLECULAR REGULATION




4.1. TrxR1


Regulation of TrxR1 expression occurs via various pathways, including transcriptional control and post-translational modifications [11, 12]. At the transcriptional level, Oct-1, SP-1, SP-3, and the nuclear factor E2-related factor 2 (Nrf2) are implicated in regulating TrxR1 gene transcription [13, 14]. Notably, TrxR1 is induced by chemical stimuli, including electrophilic aldehydes and heavy metal ions, via an Nrf2-dependent, antioxidant response element-driven mechanism [14, 15]. Several post-translational modifications of TrxR1 have been suggested, including glycosylation, phosphorylation, and oxidative modifications [11]. Moreover, caveolin 1, the structural protein component of caveolae, directly binds to TrxR1, leading to the inhibition of TrxR1 activity [16]. Caveolin 1 also binds to and inhibits Nrf2 [17], the central regulator of antioxidants, including TrxR1.



4.2. TrxR2 and TrxR3


In contrast to TrxR1, little has been reported on the regulation of TrxR2 and TrxR3 expression in mammalian systems. The transcription Kruppel-like factor 9 (Klf9) is able to bind to the promoter of TrxR2 gene, suppressing TrxR2 gene expression [18]. In addition, TrxR2 and TrxR3 have been shown to be regulated by Wnt signaling in the intestinal epithelium [19].



5. BIOLOGY AND MEDICINE


The conventional function of TrxRs is to serve as an antioxidant defense against oxidative stress and oxidative stress-associated disease processes. In addition, TrxRs also possess certain atypical biological activities, contributing to both physiological homeostasis and pathophysiological processes depending on the conditions involved.



5.1. Antioxidant Functions


TrxRs possess antioxidant functions that occur via several mechanisms, as outlined below.




§ TrxRs reduce the oxidized form of Trxs to the active form. As discussed in

 


Chapter 11



 
, Trxs play an important role in antioxidant defenses via serving as a cofactor for various antioxidant enzymes.







§ TrxRs are involved in the regulation of heme oxygenase-1 (HO-1) [20]. HO-1 is a major antioxidant enzyme (see

 


Chapter 16



 
on heme oxygenase).




§ TrxRs support the antioxidant function of various small molecule antioxidants, including ascorbate, α-tocopherol, and coenzyme Q [21, 22].



5.2. Role in Organ Development and Oxidative Disease Processes





Much of our current understanding of the biological functions, especially the role in disease processes, of TrxRs results from studies using transgenic animal models [23]. In this context, homozygous targeted disruption of either Txnrd1 or Txnrd2 in mice causes embryonic lethality, indicating the essential role of either one in murine embryonic development [24‒26]. On the other hand, Txnrd3

 

‒/‒


 
mice are fertile. Studies on the biological functions of mammalian TrxR3 are scarce. As a widely expressed enzyme in platyhelminth parasites, TrxR3 is essential for parasitic redox homeostasis [27, 28] and may thus serve as a potential drug target for parasitic infections.






5.2.1. Cardiac Development and Disorders



TrxR1 and TrxR2 play different roles in cardiac development. Homozygous deletion of Txnrd1 in mice causes early embryonic lethality around embryonic day 9, with severe growth retardation and lack of primitive mesoderm formation. However, cardiac development is not affected by a conditional heart-specific deletion of Txnrd1, suggesting that the cytosolic TrxR1 is essential for embryogenesis but dispensable for cardiac development [24]. In contrast, ubiquitous inactivation of Txnrd2 gene results in embryonic death at embryonic day 13, with severe disruption of hematopoiesis and heart development, as well as extensive apoptosis in the liver [26]. Cardiac tissue-restricted ablation of Txnrd2 leads to fatal dilated cardiomyopathy, a condition reminiscent of that in Keshan disease and Friedreich’s ataxia [26]. These early findings suggest that TrxR2 but not TrxR1 plays a pivotal role in cardiac development and function.

Subsequent studies have further substantiated the early findings on a critical role of TrxR2 in protecting against cardiac disorders. For example, cardiac selective ablation of Txnrd2 in mice aggravates systolic dysfunction and cardiomyocyte cell death after ischemia and reperfusion. The TrxR2-deficient myocardium shows increased loss of mitochondrial integrity and function [29], which is in line with the concept that TrxR2 is essential for protecting against mitochondrial oxidative stress [30]. Heart-specific knockout of Txnrd2 has been shown to also induce metabolic and contractile dysfunction in the aging myocardium in mice [31]. Consistent with the findings in experimental animals, mutations in Txnrd2 gene have been suggested to cause dilated cardiomyopathy in humans [32].



5.2.2. Brain Development and Aging






The roles of TrxR1 and TrxR2 in brain development and function have been studied using mice with nervous system-specific deletion of Txnrd1 or Txnrd2 [33]. Mice lacking Txnrd1 in the nervous system are significantly smaller than control littermates and display ataxia and tremor. These mice show cerebellar hypoplasia, which appears to be responsible for ataxia and tremor. In contrast, mice with nervous system-selective deletion of Txnrd2 develop normally, do not show any histological deterioration in the brain, and have a similar life span as do control littermates [33]. These results suggest that TrxR1, but not TrxR2, may play a critical role in brain development and function in mice. On the other hand, it has been shown that TrxR2, but not TrxR1, is elevated in long-lived primate as well as rodent species, and overexpression of TrxR2, but not TrxR1, in

 

Drosophila melanogaster


 
extends mean lifespan [34]. Hence, TrxR1 and TrxR2 play different roles in brain development and aging.






5.3. Atypical Activities




5.3.1. Role in Protein Folding



Appropriate protein folding in the ER requires the reduction of non-native disulfides so that the correct or native disulfides can form. As a cytosolic protein, TrxR1 is required for the reduction of non-native disulfides and the consequent formation of correct disulfides in the ER. However, the cellular components that connect the activity of TrxR1 in the cytosol with the reduction of disulfides of proteins in the ER lumen remain to be identified [35]. On the other hand, as noted earlier, TrxR3 possesses a PDI-like function in sperm cells [8].



5.3.2. Role in Cell Signaling






TrxRs, especially TrxR1, regulate cell signal transduction via various mechanisms, including redox control of tyrosine kinase signaling. In this regard, the inhibitory reversible oxidation of protein tyrosine phosphatases (PTPs) is an important regulatory mechanism in growth factor signaling. TrxR1 is required for reactivation of the oxidized PTPs and protecting PTP1B from H

 

2


 
O

 

2


 
-mediated inactivation [36]. Txnrd-null cells show increased oxidation of PTP1B, increased phosphorylation of platelet-derived growth factor (PDGF) receptor-beta, and an enhanced mitogenic response, after PDGF-BB stimulation [37].




TrxR1 is involved in the regulation of the activity of multiple transcription factors, including AP-1 [38] and p53 [39]. An alternative splicing variant of TrxR1 also serves as a modulator of estrogen signaling [40]. Moreover, it has been reported that TrxR1 negatively regulates HIV-1 transactivating protein Tat-dependent transcription in human macrophages, suggesting that increasing TrxR1 expression via selenium supplementation may be a potential adjuvant therapy for HIV/AIDS patients [41].



5.3.3. Role in Botulism



Botulinum neurotoxins consist of a metalloprotease linked via a conserved interchain disulfide bond to a heavy chain responsible for neurospecific binding and translocation of the enzymatic domain in the nerve terminal cytosol [42]. The metalloprotease activity is enabled upon disulfide reduction and causes neuroparalysis by cleaving the SNARE proteins. The TrxR1/Trx1 system is present on synaptic vesicles and responsible for the reduction of the interchain disulfide of botulinum neurotoxin serotypes A, C, and E, and the manifestation of the neurotoxicity. Pharmacological inhibition of TrxR1 or Trx1 prevents the botulinum neurotoxin-induced paralysis, thus providing a novel approach to intervening botulism [42].



5.3.4. Role in Cancer Growth and Progression



As antioxidants, TrxRs along with Trxs are important for maintaining redox homeostasis in supporting cancer cell growth and progression [43, 44]. Indeed, TrxRs are frequently upregulated in metastatic cancers. Consequently, inhibition of TrxRs has been shown to be an effective strategy for cancer treatment [45‒47]. For instance, selective inhibition of TrxR1 by chemical inhibitors (discovered via a large screening effort) results in suppression of tumor growth in animal models of breast cancer and squamous cell carcinoma [45]. Inhibition of TrxR1 also shows an efficacy in treating hepatocellular carcinoma [47], lung cancer [46, 48], and leukemia [49] in animal models.



6. CONCLUSION AND PERSPECTIVE


TrxRs along with Trxs and peroxiredoxins (Prxs) form an important line of antioxidant defense in mammalian cells. Although studies using gene knockout mouse models suggest a critical role for TrxR1 and TrxR2 in the development and function of the brain and the heart, respectively, the involvement of TrxRs in the pathophysiological processes of many common diseases remains to be determined. Similarly, studies on the role of TrxRs in human health and disease are much limited and inconclusive. Future studies should focus on creating novel genetic animal models (including both transgenic overexpression and heterozygous gene knockout) and using these models to further elucidate the biological functions of all three TrxRs and their role in disease pathophysiology. Future efforts should also be directed to the identification of novel genetic variations of TrxRs in human populations and investigations of the impact of the genetic variations on tissue TrxR expression as well as individual’s susceptibility to disease development. In this context, a recent genome-wide association analysis has identified Txnrd2 as one of the three susceptibility loci for primary open-angle glaucoma [50], a neurodegenerative disorder associated with mitochondrial dysfunction [51].



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
Maintenance of a high GSH:GSSG ratio is critical for cellular redox signaling. Which of the following enzymes is able to reduce GSSG to GSH in the presence of NADPH?




A. HO-1

B. PTP1B

C. TrxR1

D. TrxR2

E. TrxR3





7.2.


 
An antioxidant protein is inducible by grape seed-derived resveratrol, a polyphenol, via an Nrf2/ARE-dependent mechanism. Which of the following is most likely the protein?




A. TGR

B. Trx2

C. TrxR1

D. TrxR2

E. TrxR3





7.3.


 
Homozygous deletion of which of the following genes is least likely to cause embryonic lethality in mice?




A. Trx1

B. Trx2

C. Txnrd1

D. Txnrd2

E. Txnrd3





7.4.


 
A selenoprotein isolated from human cardiac tissues is known to be present in mitochondria and its selective-deficiency in the myocardium increases the sensitivity to myocardial ischemia-reperfusion injury in mice. Which of the following is this selenoprotein?




A. Trx1

B. Trx2

C. TrxR1

D. TrxR2

E. TrxR3





7.5.


 
Inhibition of which of the following proteins will mostly likely prevent the paralysis induced by botulinum neurotoxins?




A. Prx1

B. Prx2

C. Prx3

D. TrxR1

E. TrxR2


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is E. Among the enzymes listed, only TrxR3 possesses a glutathione reductase activity. It is thus also known as thioredoxin glutathione reductase (TGR).








7.2.


 
The answer is C. Among the proteins listed, only TrxR1’s gene is directly regulated by the Nrf2/ARE signaling.








7.3.


 
The answer is E. Among the listed genes, only Txnrd3, a gene encoding TrxR3, is dispensable for mouse embryonic development.








7.4.


 
The answer is D. Among the listed proteins, TrxR1‒3 are selenoproteins. Among these three TrxRs, only TrxR2 is present in mitochondria and its selective ablation in myocardium aggravates ischemia-reperfusion injury as well as aging-related myocardial dysfunction in mice.








7.5.


 
The answer is D. The TrxR1/Trx1 system is present on synaptic vesicles and responsible for the reduction of the interchain disulfide of botulinum neurotoxin serotypes A, C, and E—a process required for neurotoxicity.
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Chapter 14. Sulfiredoxin




HIGHLIGHTS


§ Sulfiredoxin (Srx or Srx1) is a recently identified redox-active enzyme that catalyzes the adenosine triphosphate (ATP)-dependent reduction of hyperoxidized peroxiredoxins (Prxs) in the presence of thiol equivalents, such as thioredoxins (Trxs) or the reduced form of glutathione (GSH).

§ Srx participates in regulating cell redox signaling, specifically, the adrenal circadian rhythm of corticosterone production.

§ As a target gene of nuclear factor E2-related factor 2 (Nrf2), Srx is inducible under stress conditions, including oxidative stress, and plays an important role in protecting against oxidative disease processes, including pulmonary injury, endotoxemia, and hepatotoxicity.

§ Under certain conditions, Srx may behave like an oncoprotein, contributing to cancer growth and progression.
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1. OVERVIEW


Sulfiredoxin (Srx or Srx1) (EC 1.8.98.2) is a recently identified small-molecular-weight (14.3 kDa) antioxidant enzyme that catalyzes the reduction of sulfinic peroxiredoxins (i.e., hyperoxidized Prxs) in the presence of adenosine triphosphate (ATP) [1]. Srx is only found in eukaryotic cells. This is thought to be due to the role of Srx in the restoration of hyperoxidized Prxs, whose counterparts in prokaryotes are not sensitive to oxidative inactivation. Srx is ubiquitously expressed in mammalian tissues [2]. It is primarily present in the cytosol and also found to undergo translocation into the mitochondrion under oxidative stress [3]. In humans, Srx is localized on chromosome 20p13.



2. HISTORY





Srx was first identified in yeast by B. Biteau and coworkers in 2003 [1]. Shortly afterwards, in 2004, mammalian Srx was identified in a human lung cancer cell line, and its ability to reactivate a hyperoxidized Prx was characterized by T.S. Chang and associates [2]. The structural basis for the retroreduction of inactivated peroxiredoxins by human Srx was elucidated by T.J. Jönsson and coworkers in 2005 [4]. Subsequently, the molecular mechanism underlying the reduction of cysteine sulfinic acid (‒SO

 

2


 
H) of Prxs to cysteine by Srx was reported by W. Jeong and associates in 2006 [5]. Since then, the antioxidant and other biological functions of Srx have been investigated in mammalian systems.






3. BIOCHEMISTRY




3.1. Reduction of Cysteine Sulfinic Acid





Srx binds to 2-Cys Prxs, forming a complex, as evidenced by their co-immunoprecipitation and structural studies [6]. As described in

 


Chapter 12



 
, Prxs are antioxidant enzymes that exert cytoprotective effects in many models of oxidative stress. However, under highly oxidizing conditions, Prxs can be inactivated through hyperoxidation of their active site cysteine residue to form sulfinic acid (–SO

 

2


 
H). This hyperoxidized form of Prxs cannot be reduced by thioredoxins (Trxs) and is thus considered as an inactivated state. Srx acts by catalyzing the ATP-dependent formation of a sulfinic acid phosphoric ester on Prxs, which is then reduced by thiol equivalents, such as Trxs or the reduced form of glutathione (GSH), thereby reactivating the hyperoxidized Prxs [7] (

 


Figure 14.1



 
).
















FIGURE 14.1. Hyperoxidation of peroxiredoxin (Prx) by reactive oxygen species (ROS) to form sulfinic acid, and sulfiredoxin (Srx)-mediated reduction of the Prx sulfinic acid to sulfenic acid


 
. During normal reduction of ROS (e.g., peroxides), the cysteine residue of Prx is oxidized to sulfenic acid (‒SOH), which then leads to the formation of a disulfide bridge. The disulfide bridge can be reduced by thioredoxin (Trx), thereby regenerating the Prx. However, under excessive oxidative conditions, the sulfenic acid can be further oxidized to sulfinic acid (‒SO2H), leading to inactivation of the enzyme. Srx catalyzes the reduction of sulfinic acid to sulfenic acid. This reaction is dependent on ATP and utilizes Trx or GSH (not shown) as the electron donor.






3.2. Deglutathionylation





In addition, Srx has been found to catalyze deglutathionylation of proteins, including 2-Cys Prxs [8, 9]. Deglutathionylation is an important mechanism of post-translational modifications of proteins, including signaling molecules, and has been implicated in cell redox homeostasis and growth regulation (see also

 


Chapter 10



 
).






3.3. Denitrosylation





As stated in

 


Chapter 12



 
(Section 4.2),

 

S


 
-nitrosylation of peroxiredoxin 2 (Prx2) inhibits both its enzymatic activity and its protective function against oxidative stress [10]. Srx is able to denitrosylate (removing ‒SNO from) the nitrosylated Prx2 (SNO-Prx2) in an ATP-dependent manner, thus causing reactivation of Prx2 [11].






4. MOLECULAR REGULATION




4.1. Nrf2 Signaling





The nuclear factor E2-related factor 2 (Nrf2) regulates Srx expression via an antioxidant response element (ARE)-driven mechanism, which appears to be a major signaling event underlying the inducible expression of Srx under oxidative stress [12, 13]. In silico analysis of the 5′-promoter-flanking region of Srx gene has identified multiple AREs that are highly conserved [14] (see also

 


Chapter 2



 
on Nrf2/ARE).






4.2. Other Regulatory Mechanisms


In addition to Nrf2, the transcription factor AP-1 is also implicated in regulating Srx expression [13]. The proximal AP-1 binding site of the Srx promoter has been found to be embedded within the ARE sequences. Regulation of Srx expression may also involve histone acetylation. In this regard, the expression of Srx in cultured neurons has been shown to be induced by enhancing histone acetylation through treatment with the histone deacetylase inhibitor trichostatin A [15]. Furthermore, inhibition of histone deacetylase by trichostatin A is associated with decreased formation of hyperoxidized Prxs in the neurons exposed to oxidative stress [15].



5. BIOLOGY AND MEDICINE





Since its discovery in 2003, the biological functions of Srx have been investigated in both cellular systems and animal models, including the Srx-null (Srx

 

‒/‒


 
) mouse model. The Srx

 

‒/‒


 
mice are reproduced adeptly, suggesting that Srx is dispensable for murine embryonic development [16].






5.1. Conventional Functions




5.1.1. Antioxidant Functions






The major biological function of Srx is to protect against oxidative stress primarily via reactivating hyperoxidized Prxs [3, 17]. As noted above, Srx acts also as a Prx2 denitrosylase, removing –SNO from the SNO-Prx2 in an ATP-dependent manner [11].

 

S


 
-Nitrosylation of Prx2, an antioxidant enzyme widely expressed in mammalian neurons, inhibits both its enzymatic activity in decomposing peroxides and its protective function against H

 

2


 
O

 

2


 
-induced cytotoxicity in cultured neuronal cells [10]. Hence, Srx may reactivate Prxs via at least 2 pathways, namely, sulfinic reduction and denitrosylation.







In addition to its nonselective reactivation of Prxs in the cytosol, Srx undergoes translocation into mitochondria in response to oxidative stress and plays a crucial role in reducing hyperoxidized Prx3 within mitochondria [3]. As described in

 


Chapter 12



 
, Prx3 is mainly localized in mitochondria and plays a critical role in protecting against mitochondrial oxidative stress injury. Overexpression of mitochondria-targeted Srx in cultured cells leads to decreased formation of mitochondrial reactive oxygen species (ROS) and increased resistance to apoptosis elicited by rotenone, a toxin that induces mitochondrial ROS formation via inhibiting mitochondrial complex I [3].






5.1.2. Protection against Oxidative Disease Processes



Srx is markedly induced in the lungs of mice exposed to hyperoxia. This hyperoxic induction of Srx is mediated by Nrf2 signaling [12]. Hyperoxia also elicits the accumulation of the sulfinic form of the mitochondrial Prx3 in the lung tissue, likely due to mitochondria being the major site of hyperoxia-induced production of ROS. Hyperoxia induces the degradation of Prx3 in the lung tissue of Nrf2-deficient mice but not in that of wild-type animals, suggesting that in the absence of a sufficient amount of Srx (due to Nrf2 deficiency), sulfinic Prx3 is converted to a form that is susceptible to proteolysis [12]. Exposure of mice to cigarette smoke also induces Srx expression in the lung tissue via an Nrf2-dependent mechanism, and such Nrf2-dependent upregulation of Srx has been proposed to protect against cigarette smoke-induced oxidative stress in the lungs [14].




Oxidative and inflammatory stress is a critical pathophysiological component of endotoxemia and endotoxic shock. In macrophages, Srx is upregulated by lipopolysaccharide (LPS) in an Nrf2- and AP-1-dependent manner, suggesting a possible role for Srx in protecting against LPS-induced oxidative/inflammatory stress [18]. Indeed, as compared to wild-type mice, Srx

 

‒/‒


 
mice show increased susceptibility to LPS-induced endotoxic shock, thus adding this enzyme to the list of host antioxidant/anti-inflammatory defense factors against the pathogenesis of sepsis [16].




Srx may also act as a protector against oxidative liver injury. For example, the concerted action of Srx and Prx1 protects against alcohol-induced oxidative injury in mouse liver [19]. On the other hand, the concerted action of Srx and Prx3 has been shown to protect against pyrazole-induced mitochondrial oxidative stress and liver injury in mice [20].

Animal studies also suggest a possible protective role for Srx in other disease processes, including cerebral ischemia/reperfusion [21]. Consistently, genetic polymorphisms of Nrf2 and its target gene Srx have been shown to be associated with cerebrovascular disease in a Finnish cohort—the TAMRISK study [22].



5.2. Atypical Activities




5.2.1. Role in Cell Signaling






Srx plays an important part in ROS redox signaling. In this context, hydrogen peroxide (H

 

2


 
O

 

2


 
) released from mitochondria regulates various cell signaling pathways and Prx3 is a major antioxidant enzyme in controlling the levels of mitochondrial H

 

2


 
O

 

2


 
. Srx undergoes translocation into mitochondria and reactivates mitochondrial Prx3, and this interaction results in an oscillatory H

 

2


 
O

 

2


 
release from the organelle for mediating cell metabolic signaling [23, 24].







As described in

 


Chapter 12



 
(Section 5.3), Prx3 is involved in regulating adrenal steroidogenesis in an Srx-dependent manner. This regulation also displays circadian oscillations. Steroidogenic tissue-specific ablation of Srx in mice results in the persistent accumulation of inactive Prx3 and consequent suppression of the adrenal circadian rhythm of corticosterone production [24].






5.2.2. Role in Cancer Growth and Progression



Srx may promote cancer growth and progression under certain conditions. In a mouse epidermal JB6 cell model, knockdown of Srx abolishes tumor promoter-induced transformation and enhances cell sensitivity to oxidative stress, suggesting that Srx is required for JB6 cell transformation [25]. Screening of patient tissues by tissue microarray has demonstrated elevated Srx expression in several types of human skin cancers [25], suggesting a possible role for Srx in human skin malignancies.

Srx is also highly expressed in human lung cancer [26], and high Srx levels are associated with poor survival in lung cancer patients [27]. Knockdown of Srx reduces anchorage-independent colony formation, cell migration, and invasion of human lung cancer cells. Srx preferentially interacts with Prx4 relative to other Prxs due to its intrinsic higher binding affinity. Knockdown of Prx4 recapitulates the phenotypic changes of depleting Srx. Disruption or enhancement of the Srx-Prx4 axis leads respectively to reduction or acceleration of tumor growth and metastasis formation in vivo [26]. These findings suggest that Srx-Prx4 axis is critical for lung cancer maintenance and metastasis.




In line with the tumor promoting activity of Srx in animal models, Srx gene polymorphism studies in human subjects suggest an inverse relationship between Srx expression and the survival outcomes in breast cancer [28]. An inverse relationship also exists between the Nrf2 expression and the survival outcomes in breast cancer [28]. As noted earlier, Srx is an Nrf2 target gene. The above finding suggests that Srx may be a critical mediator of breast cancer progression due to Nrf2 overexpression (see also

 


Chapter 2



 
on discussion of Nrf2 as an oncoprotein).






6. CONCLUSION AND PERSPECTIVE


Srx, a recently discovered redox-active enzyme, is able to protect against oxidative stress in cellular systems as well as certain animal models. In contrast to its protective function in certain oxidative disease processes, including pulmonary injury, endotoxemia, and hepatotoxicity, Srx behaves like an oncoprotein, contributing to cancer growth and progression under multiple conditions. Currently, the role of Srx in human health and disease remains largely unknown and thus warrants further investigations.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 

S


 
-Nitrosylation inhibits the enzymatic activity of Prx2. Which of the following enzymes is most likely able to reverse the reduced activity of SNO-Prx2?




A. Catalase

B. Glutathione reductase

C. Manganese superoxide dismutase

D. Sulfiredoxin

E. Thioredoxin glutathione reductase





7.2.


 
The tightly regulated process of protein glutathionylation and deglutathionylation plays a critical part in cellular redox signaling. In addition to glutaredoxins, which of the following enzymes is also most likely able to catalyze protein deglutathionylation in mammalian systems?




A. Glutathione peroxidase 1

B. Glutathione reductase

C. Peroxiredoxin 1

D. Sulfiredoxin

E. Thioredoxin reductase 2





7.3.


 
The transcription of which of the following antioxidant genes will be most likely upregulated in cultured human cardiomyocytes after incubation with a natural phenolic compound that activates the Nrf2-ARE signaling?




A. Glutathione peroxidase 5

B. Peroxiredoxin 4

C. Peroxiredoxin 5

D. Sulfiredoxin

E. Thioredoxin reductase 3





7.4.


 
Which of the following events must occur in order for Srx to reactivate hyperoxidized Prx3 in pulmonary epithelial cells?




A. Mitochondrial translocation of Prx3

B. Mitochondrial translocation of Srx

C. Nuclear translocation of Srx

D. Peroxisomal translocation of Prx3

E. Peroxisomal translocation of Srx





7.5.


 
Which of the following redox-active proteins is most likely involved in regulating the adrenal circadian rhythm of corticosterone production?




A. Glutaredoxin 1

B. Peroxiredoxin 1

C. Sulfiredoxin

D. Thioredoxin glutathione reductase

E. Thioredoxin 2


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is D. Among the listed enzymes, only sulfiredoxin has been demonstrated to be a Prx2 denitrosylase.








7.2.


 
The answer is D. Besides glutaredoxins, sulfiredoxin has been shown to also catalyze the deglutathionylation of proteins, including Prxs. This is one of the three mechanisms by which Srx reactivates Prxs.








7.3.


 
The answer is D. Among the listed antioxidant genes, only Srx is an Nrf2 target gene.








7.4.


 
The answer is B. Under oxidative stress, Srx undergoes translocation into mitochondria and reactivates the hyperoxidized Prx3 that is present in the mitochondria.








7.5.


 
The answer is C. Both Srx and Prx3 (see Section 5.3.3. of

 


Chapter 12



 
for Prx3) are involved in regulating the adrenal circadian rhythm of corticosterone production.
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UNIT V





other antioxidant enzymes






Chapter 15. Methionine Sulfoxide Reductase




HIGHLIGHTS


§ Methionine sulfoxide reductase (Msr) refers to a family of enzymes that reduce methionine sulfoxide to regenerate methionine in proteins.

§ Msrs consist of two structurally unrelated groups of enzymes, namely, MsrA and MsrB (including MsrB1, MsrB2, and MsrB3) that catalyze the reduction of methionine S-sulfoxide and methionine R-sulfoxide, respectively.

§ The molecular regulation of mammalian Msr expression remains largely unknown though such cellular factors/events as SP-1, retinoic acid receptor, and myristoylation may be involved.

§ Msrs play an important part in protecting against oxidative stress and oxidative stress-associated pathophysiological processes in animal models. Studies in human subjects also suggest a protective role of Msrs in certain pathophysiological conditions.
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1. OVERVIEW





Mammalian methionine sulfoxide reductase (Msr) refers to two structurally unrelated classes of thiol-dependent enzymes, namely, MsrA (EC 1.8.4.11) and MsrB (EC 1.8.4.12) that catalyze the reduction of methionine

 

S


 
-sulfoxide and methionine

 

R


 
-sulfoxide, respectively. Mammals have a single MsrA gene, and the encoded Msr enzyme can exist in two forms, one in the cytosol and the other in the mitochondrion. In contrast, there are three MsrB isozymes in mammals, namely, MsrB1, MsrB2, and MsrB3. MsrB1 is a selenoprotein and present in the cytosol and nucleus. MsrB2 resides in the mitochondrion. MsrB3 can be localized in the mitochondrion or the endoplasmic reticulum. Msr isozymes are ubiquitously expressed in mammalian tissues, but their expression levels vary in different tissues. The highest expression levels of MsrA have been reported in the liver, kidney, and brain. MsrB1, like MsrA, is highly expressed in the liver and kidney, whereas the highest levels of MsrB2 and MsrB3 are found in the heart and skeletal muscle.







Among the four Msr isozymes (MsrA, MsrB1, MsrB2, and MsrB3), only MsrB1 is a selenoprotein, and is shown to have the highest catalytic activity due to the selenocysteine in the active site. MsrB1 is also known as selenoprotein R (Sel R). The other Msr isozymes have cysteine residues in the active sites instead of selenocysteine. Msrs are low molecular weight proteins with a molecular weight (in kDa) of 26.1 for MsrA, 12.8 for MsrB1, 19.5 for MsrB2, and 20.7 for MsrB3. In humans, the genes for MsrA, MsrB1, MsrB2, and MsrB3 are localized on chromosomes 8p23.1, 16p13.3, 10p12.2, and 12q14.3, respectively. The basic characteristics of mammalian Msr isozymes are summarized in

 


Table 15.1











	



TABLE 15.1. Basic characteristics of mammalian Msr isozymes









	


Isozyme





	


MW (kDa)





	


Selenoprotein





	


Cellular location





	


Chromosomal location








	


MsrA





	


26.1





	


No





	


Cytosol, mitochondrion





	


8p23.1








	


MsrB1





	


12.8





	


Yes





	


Cytosol, nucleus





	


16p13.3








	


MsrB2





	


19.5





	


No





	


Mitochondrion





	


10p12.2








	


MsrB3





	


20.7





	


No





	


Mitochondrion, ER





	


12q14.3








	


Note: MW and ER denote molecular weight and endoplasmic reticulum, respectively. Values for MW are based on UniProt at www.uniprot.org.








	


	


	


	


	









2. HISTORY





An enzyme capable of reducing methionine sulfoxide to methionine in proteins was first purified in1980 by N. Brot and associates in

 

Escherichia coli


 
[1]. This enzyme was initially called peptide methionine sulfoxide reductase but is now known as MsrA. Subsequent studies by N. Brot and coworkers identified MsrA in mammalian tissues [2, 3]. The structure and mechanism of catalysis of MsrA were resolved in early 2000s [4‒6]. Around the same time, MsrB proteins were discovered in various organisms, including mammals [7‒9]. The past two decades have witnessed a rapidly growing number of studies on the biological functions of Msr proteins, especially MsrA, in mammalian systems.






3. BIOCHEMISTRY





MsrA and MsrB catalyze the reduction of methionine

 

S


 
-sulfoxide and methionine

 

R


 
-sulfoxide, respectively, to regenerate methionine using thioredoxin (Trx) as the electron donor (

 


Figure 15.1



 
) Mammalian MsrA has three conserved cysteine residues, which participate in the reaction as catalytic and resolving cysteines. A sulfenic acid intermediate at the catalytic cysteine is generated when this cysteine residue attacks the sulfur of methionine

 

S


 
-sulfoxide. Subsequently, the thiol-disulfide exchange involving the two resolving cysteine residues results in the formation of a disulfide bond on the enzyme surface, which is finally reduced by Trx.
















FIGURE 15.1. Methionine sulfoxide reductase (Msr)-catalyzed reduction of protein methionine sulfoxide


 
. As illustrated, upon exposure to reactive oxygen species (ROS), the protein methionine residue may be oxidized to methionine sulfoxide, resulting in oxidative protein damage and dysfunction. This can be reversed by Msr-catalyzed reduction using thioredoxin (Trx) as an electron donor. Thioredoxin reductase (TrxR) then regenerates the Trx from its oxidized form using NADPH as a reducing equivalent. It should be noted that Msr-catalyzed reduction is stereospecific (not depicted in the illustration) with MsrA and MsrB catalyzing the reduction of methionine S-sulfoxide and methionine R-sulfoxide, respectively, to form the normal methionine.







Mammalian MsrB1 has one conserved cysteine residue in the N-terminal portion and the catalytic selenocysteine in the C-terminal region. During catalysis, the selenocysteine is converted to selenenic acid intermediate upon interacting with the sulfur of methionine

 

R


 
-sulfoxide, and the selenenic acid intermediate rearranges to form seleneylsulfide with the help of the resolving cysteine residue. The seleneylsulfide is reduced to selenocysteine by Trx. In contrast to MsrB1, mammalian MsrB2 and MsrB3 have only one conserved cysteine residue and seem to have evolved a different catalytic mechanism for the direct reduction of the sulfenic acid intermediate by Trx.







Although Trx is the most important cellular cofactor for mammalian Msr isozymes, other thiol equivalents may also be utilized as reductants under certain experimental conditions. These include dithiothreitol, thionein, and selenocystamine [10, 11]. Moreover, under certain conditions, MsrA can function as a stereospecific methionine oxidase, producing methionine

 

S


 
-sulfoxide as its product [12].






4. MOLECULAR REGULATION





Some progress has recently been made regarding the regulation of mammalian Msr isozymes. However, the exact transcriptional and post-transcriptional mechanisms remain largely unclear. Studies in non-mammalian cells, including yeast, demonstrate an important role for Trx and calcium phospholipid-binding protein in regulating MsrA gene expression [13, 14]. In addition, yeast glutathione peroxidase 3 is able to directly interact with MsrA and may regulate the MsrA activity in a redox state-dependent manner [15]. In

 

Caenorhabditis elegans


 
, MsrA expression is regulated by the DAF-16/FOXO pathway [16].




The transcriptional regulation of MsrA gene in mammalian cells may occur via two different promoters, whose activity is partially regulated by all-trans retinoic acid via retinoic acid receptors [17]. The transcriptional regulation of human MrsB1 has recently been investigated. Human MsrB1 gene promoter contains multiple SP-1 binding sites, and the expression of MsrB1 is tightly regulated by the transcription factor SP-1. In addition, the promoter activity of human MsrB1 gene is also subject to epigenetic modifications, such as methylation [18]. In MsrA-knockout mice, MsrB1 expression is diminished as compared with that in wild-type animals, suggesting that MsrA may have a role in regulating the expression of MsrB1 [19].

Recently, it has been shown that mammalian MsrA also undergoes post-translational modifications, such as myristoylation. Myristoylation affects the intracellular compartmentalization of MsrA as well as its interaction with other cellular proteins [20].



5. BIOLOGY AND MEDICINE




5.1. Antioxidant Functions





The primary function of Msr enzymes is to repair oxidative protein damage. Oxidative modifications of proteins have been implicated in various degenerative disease conditions as well as aging. As compared with most other amino acid residues in proteins, methionine is particularly susceptible to oxidation by reactive oxygen species (ROS), giving rise to a diastereomeric mixture of methionine sulfoxides, namely, methionine

 

S


 
-sulfoxide and methionine

 

R


 
-sulfoxide. By reducing methionine sulfoxide to methionine, Msr enzymes, especially MsrA, protect against oxidative stress in diverse cellular systems [21‒23]. As described below, in vivo studies have also demonstrated a protective function for Msr enzymes in multiple oxidative stress-associated disease processes.






5.2. Role in Protecting against Oxidative Disease Processes and Conditions


Like other antioxidant enzymes, both gene-knockout and transgenic overexpression animal models have been created to determine the role of Msrs in protecting against oxidative stress-associated disease processes and conditions. In this regard, gene knockout of MsrA or MsrB1 in mice does not cause embryonic lethality, suggesting that neither gene is essential for murine development [24, 25]. It is noted that high-profile in vivo studies are almost exclusively focused on MsrA.



5.2.1. Cardiovascular Disorders



MsrA deficiency in mice exaggerates protein oxidation, myocardial apoptosis, impaired cardiac function, and increased mortality after myocardial infarction, supporting a protective role for MsrA in ischemic heart disease [26]. Indeed, overexpression of MsrA prevents aldosterone-enhanced cardiac rupture after myocardial infarction in mice [27]. Mice with myocardium-restricted transgenic overexpression of MsrA are also resistant to atrial fibrillation induction after angiotensin II infusion [28].

Mechanistically, the cardioprotective effects of MsrA are mediated by its ability to reverse the methionine oxidation of the calcium/calmodulin-dependent protein kinase II (CaMKII) [26‒28]. In this regard, methionine oxidation of CaMKII leads to its activation, contributing to various cardiac pathophysiological processes, including myocardial oxidative injury and cardiomyopathy [29], heart failure [29, 30], and cardiac arrhythmias [31].




Multiple studies have examined the involvement of Msrs in atherosclerosis and vascular inflammation in animal models but led to inconsistent conclusions. For example, hepatic overexpression of MsrA via intravenous injection of a viral vector expressing human MsrA was shown to reduce hepatic steatosis and aortic atherosclerosis in apolipoprotein E (ApoE)-deficient mice [32]. Likewise, intraperitoneal injection of PEP-1-MsrA (MsrA fused with PEP-1, a cell penetrating peptide) also ameliorated inflammation and atherosclerosis in ApoE-deficient mice [33]. On the other hand, deletion of the MsrA gene (MsrA

 

‒/‒


 
) did not affect atherosclerotic lesion area in ApoE-deficient mice and had no significant effect on susceptibility to experimental thrombosis after photochemical injury. However, MsrA

 

‒/‒


 
mice showed increased neointimal hyperplasia after vascular injury [34].






5.2.2. Aging and Neurological Disorders






Early studies by E.R. Stadtman and coworkers have demonstrated that, as compared with wild-type mice, MsrA

 

‒/‒


 
mice exhibit enhanced sensitivity to hyperoxia-induced injury and a shorter lifespan under both normal and hyperoxic conditions [24]. These MsrA

 

‒/‒


 
mice also develop an atypical (tip-toe) walking pattern after six months and have higher tissue levels of oxidized protein under hyperoxia [24]. These findings suggest that MsrA may play an important role in protecting against aging and neurological disorders. In line with these observations in mice, overexpression of MsrA in

 

Drosophila melanogaster


 
markedly extends the organism’s lifespan. Moreover, the MsrA-overexpressed flies are more resistant to paraquat-induced oxidative stress, and the onset of senescence-induced decline in the general activity level and reproductive capacity is delayed markedly [35].






5.2.3. Tumorigenesis



MsrA is down-regulated in breast cancer tissues, and the levels of MsrA correlate with advanced tumor grade [36]. Reduction of MsrA levels, via gene silencing, results in increased cell proliferation and extracellular matrix degradation, and consequently a more aggressive cellular phenotype, both in vivo and in vitro. MsrA down-regulation also causes up-regulation of vascular endothelial growth factor (VEGF), providing additional support for tumor growth in vivo [36]. These findings suggest MsrA as a cellular protector against breast cancer development. In addition to MsrA, MsrB3 may also play a beneficial role in the pathogenesis of breast cancer by controlling oncogene-induced DNA damage in breast stem cells [37].



5.3. Atypical Activities


By reducing methionine oxide in target proteins, Msrs have been shown to play a role in regulating other cellular processes, such as actin dynamics [38, 39] and mitophagy [40].



5.3.1. Regulation of Actin Dynamics






In conjunction with Mical proteins, MsrB1 regulates mammalian actin assembly via stereoselective methionine oxidation and reduction in a reversible, site-specific manner. Two methionine residues in actin are specifically converted to methionine

 

R


 
-sulfoxide by Mical1 and Mical2 and reduced back to methionine by MsrB1, supporting actin disassembly and assembly, respectively [39].






5.3.2. Regulation of Mitophagy



Mitophagy can selectively remove damaged toxic mitochondria, protecting cells from apoptosis. As an enzyme in the mitochondrial matrix, MsrB2 plays an important part in switching on mitophagy by reducing Parkin methionine oxidation, and transducing mitophagy through ubiquitination by Parkin (an E3 ubiquitin ligase) and interacting with LC3 (a central protein in the autophagy pathway) [40].



6. CONCLUSION AND PERSPECTIVE


Msrs protect cells from oxidative stress via catalyzing the reduction of methionine sulfoxide to methionine. Studies using genetically manipulated animal models have provided convincing evidence supporting a beneficial role for Msrs in various pathophysiological conditions involving an oxidative stress mechanism. These include cardiovascular disorders and neurodegeneration.

There is also evidence from studies, especially on genetic variations, in human subjects, suggesting a potential involvement of Msrs in modulating the risk of developing certain diseases, including neurodegeneration [41], hearing loss/deafness [42], and obesity [43]. Notably, functional null mutations of MsrB3 gene abolish the enzymatic activity of MsrB3, a mitochondrial enzyme, and are causally associated with human deafness DFNB74, a novel autosomal recessive nonsyndromic hearing impairment [42]. MsrB3 is expressed widely, including in the inner ear. The above findings suggest that MsrB3-catalyzed reduction of methionine sulfoxide to methionine is essential for normal hearing.

Despite the recent advancement in our understanding of the biological functions of mammalian Msrs, more rigorous studies are warranted to further determine the causal involvement of this class of antioxidant enzymes in human health and disease. In addition, the biological functions of MsrB isozymes need to be better defined in studies involving both animal models and human subjects.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
A graduate student has isolated a selenoprotein from cultured human hepatocytes. Biochemical analysis shows that this protein can reduce methionine

 

R


 
-sulfoxide to methionine. Which of the following is most likely the protein?




A. MsrA

B. MsrB1

C. MsrB3

D. TrxR1

E. TrxR2





7.2.


 
Which of the following enzymes is most likely able to oxidize methionine to methionine

 

S


 
-sulfoxide?




A. Catalase

B. MsrA

C. MsrB1

D. MsrB2

E. MsrB3





7.3.


 
Homozygous deletion of which of the following antioxidant genes is least likely to cause embryonic lethality in mice?




A. MsrB1

B. Trx1

C. Trx2

D. Txnrd1

E. Txnrd2





7.4.


 
Homozygous deletion of which of the following antioxidant genes is most likely to cause accumulation of protein methionine

 

S


 
-sulfoxide in tissues of mice?




A. GSTA1

B. MsrA

C. MsrB1

D. MsrB2

E. MsrB3





7.5.


 
Functional null mutations of which of the antioxidant genes have been shown to cause human deafness DFNB74?




A. ApoE

B. Grx1

C. MsrA

D. MsrB1

E. MsrB3


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is B. Among the enzymes listed, MsrB1, TrxR1, and TrxR2 are selenoproteins. Among these three selenoproteins, only MsrB1 is able to reduce methionine

 

R


 
-sulfoxide to methionine.








7.2.


 
The answer is B. Among the four mammalian Msr isozymes, only MsrA has been found to oxidize methionine to methionine

 

S


 
-sulfoxide. There is no evidence showing the same ability for the other enzymes listed.








7.3.


 
The answer is A. Trx1, Trx2, Txnrd1, and Txnrd2 are all indispensable for embryonic development in mice. In contrast, MsrB1-null mice are reproduced adeptly.








7.4.


 
The answer is B. Among the four mammalian Msr isozymes, only MsrA is able to reduce methionine

 

S


 
-sulfoxide. As such, MsrA deficiency will lead to accumulation of protein methionine

 

S


 
-sulfoxide.








7.5.


 
The answer is E. Functional null mutations of MsrB3 gene are causally associated with human deafness DFNB74.
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Chapter 16. Heme Oxygenase




HIGHLIGHTS


§ Mammalian heme oxygenase (HO) enzymes, including primarily HO-1 and HO-2, catalyze oxidative degradation of heme, producing bilirubin along with the release of carbon monoxide (CO) and iron.

§ The molecular regulation of HO-1 expression involves multiple transcription factors, including nuclear factor E2-related factor 2 (Nrf2). On the other hand, our understanding of the regulation of HO-2 expression is very limited.

§ The antioxidant and anti-inflammatory activities of HO enzymes and their products bilirubin and CO have been well recognized in mammalian systems.

§ Animal studies have established a critical role for HO enzymes, especially HO-1, in protecting against various disease conditions associated with oxidative stress and inflammation. However, the role of HO enzymes in human health and disease remains ill-defined.
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1. OVERVIEW





Mammalian heme oxygenase (HO) (EC 1.14.14.18) refers to a family of two major isozymes, namely, HO-1 and HO-2, that catalyze the first and rate-limiting step in the oxidative degradation of heme to eventually produce bilirubin along with the release of carbon monoxide (CO) and ferrous iron (Fe

 

2+


 
). HO-1 is also known as the inducible form, and HO-2 as the constitutively expressed form. Expression of HO-1 occurs at low levels in most  tissues under physiological conditions with the exception of the spleen (the site of red blood cell hemoglobin turnover) and several other unique cell types (e.g., renal inner medullary cells, Kupffer cells in the liver, Purkinje cells in the cerebellum, and CD4

 

+


 
/CD25

 

+


 
regulatory T cells). HO-2 is constitutively expressed in mammalian tissues under physiological conditions, with the highest levels found in the brain and testes.







The molecular weights for HO-1 and HO-2 are 32.8 and 36.0 kDa, respectively. In mammalian cells, HO-1 and HO-2 are mainly associated with the endoplasmic reticulum. HO-1 may also localize to distinct subcellular compartments, including the mitochondrion, nucleus, and plasma membrane caveolae. A putative third isozyme of HO, namely, HO-3, has been reported to be expressed in rat tissues. However, the in vivo significance of this isozyme is unclear. In humans, HO-1 and HO-2 are localized on chromosomes 22q12.3 and 16p13.3, respectively.

 


Table 16.1



 
summarizes the basic characteristics of HO isozymes.









	



TABLE 16.1. Basic characteristics of mammalian HO isozymes









	


Isozyme





	


MW (kDa)





	


Cellular location





	


Chromosomal location








	


HO-1





	


32.8





	


ER, mitochondrion, nucleus, plasma membrane caveolae





	


22q12.3








	


HO-2





	


36.0





	


ER





	


16p13.3








	


Note: MW and ER denote molecular weight and endoplasmic reticulum, respectively. The values for MW are based on UniProt at www.uniprot.org.








	


	


	


	









2. HISTORY


HO was originally identified, in 1968 and 1969, by R. Tenhunen and coworkers and reported in two seminal papers, where they characterized the enzyme and its intracellular localization [1, 2]. Subsequently, three distinct isoforms of the enzyme were described between 1986 and 1997. Two of these are constitutively activated (HO-2 and HO-3) and one is an inducible form (HO-1) [3, 4]. However, as noted earlier, the existence of HO-3 remains controversial [5, 6]. The first crystal structure of human HO-1 was resolved in 1999 [7], which was followed by a number of structural studies of the enzyme under diverse conditions, yielding insights into the catalytic mechanism [8‒10]. Over the past two decades, HOs have become one of the most extensively studied antioxidant enzyme families regarding their biological functions and involvement in disease processes.



3. BIOCHEMISTRY





Both HO-1 and HO-2 catalyze the first and rate-limiting step in the oxidative degradation of heme to form the open-chain tetrapyrrole biliverdin with concurrent release of Fe

 

2+


 
and CO. This reaction requires molecular oxygen as well as reducing equivalents from NADPH cytochrome P450 reductase (CYPR). The HO-catalyzed reaction displays regiospecificity for the heme molecule, such that only the α-isomer of biliverdin is produced. The biliverdin formed is subsequently reduced to bilirubin by biliverdin reductase [11, 12] (

 


Figure 16.1



 
).
















FIGURE 16.1. Heme oxygenase (HO)-catalyzed degradation of heme.


 
As illustrated, endoplasmic reticulum-associated HO catalyzes the degradation of heme to form biliverdin along with the release of carbon monoxide (CO) and ferrous iron. Biliverdin is further converted to bilirubin by cytosolic biliverdin reductase (BR). As noted, NADPH cytochrome P450 reductase (CYPR) is required for transferring the reducing equivalents for the HO-catalyzed reaction.






4. MOLECULAR REGULATION




4.1. HO-1





Regulation of

 
mammalian HO-1 expression occurs primarily at the transcriptional level though post-transcriptional modifications may also be involved. HO-1 gene expression is highly inducible by diverse stimuli, including heme, reactive oxygen and nitrogen species (ROS/RNS), hyperoxia, hypoxia, electrophiles, heavy metals, ultraviolet light, and inflammatory cytokines [11, 12]. Multiple signaling pathways have been implicated in the regulation of HO-1 gene expression in mammalian cells. These include mitogen-activated protein kinases (MAPKs), tyrosine kinases, phosphatidylinositol 3-kinase (PI3K), as well as protein kinases A, G, and C [11, 12]. Consistent with the involvement of diverse signaling cascades in the induction of HO-1 gene expression, the promoter region of the HO-1 gene contains a wide variety of regulatory elements for transcription factors, among which are AP-1 [13, 14], AP-2 [15], nuclear factor kappaB (NF-κB) [15], hypoxia-inducible factor-1 (HIF-1) [16], and nuclear factor E2-related factor 2 (Nrf2) [17, 18].







Binding of the above transcription factors to their respective response elements increases HO-1 gene transcription, and Nrf2 appears to be a major regulator of HO-1 gene expression under diverse stress conditions [17, 18]. Indeed, chemical activators of Nrf2, including chemoprotectants (see also

 


Chapter 2



 
on chemoprotectants), are potent inducers of HO-1 in mammalian systems [19, 20]. As an Nrf2-regulated antioxidant enzyme, nuclear HO-1 also interacts with Nrf2 and stabilizes it from glycogen synthase kinase 3β (GSK3β)-mediated phosphorylation coupled with ubiquitin-proteasomal degradation, thereby prolonging the accumulation of Nrf2 in the nucleus [21]. This increased Nrf2 activity in turn results in upregulation of HO-1 gene as well as other cytoprotective genes, thus amplifying the antioxidative defense response (see also

 


Chapter 2



 
on Nrf2 regulation).






4.2. HO-2


In contrast to the structure of the HO-1 gene, which has a simple composition of 5 exons and 4 introns, that of mammalian HO-2 is among the most complex gene structures. Five or more transcripts for HO-2 are present in mammalian tissues, with tissue-dependent patterns of display and abundance. However, studies on transcriptional regulation of HO-2 gene have found that the glucocorticoid response element (GRE) is the only functionally responsible element in the promoter region of HO-2 gene [22]. The physiological significance of this finding remains unknown.

HO-2 activity may be regulated post-translationally. For instance, calmodulin binds to HO-2 in a calcium-dependent manner, and this interaction markedly increases HO-2 enzymatic activity [23].



4.3. Interaction between HO-1 and HO-2


It has been shown that a direct protein-protein interaction between HO-2 and HO-1 occurs, and this interaction limits the enzymatic activity of the HO enzymes as the activity of the HO-1 and HO-2 complex is lower than that expected from the sum of HO-1- and HO-2-derived activities [24]. In addition, HO-2 has been shown to downregulate the expression of HO-1, and this may allow the coordinated expression of HO-1 and HO-2 [22].



5. BIOLOGY AND MEDICINE


Various experimental approaches have been utilized to investigate the biological functions of HO isozymes, especially HO-1. These include: (1) transgenic overexpression and gene-knockout mouse models; (2) viral vector-mediated HO gene transfer; and (3) use of chemical inhibitors (e.g., metalloporphyrins) or chemical inducers (e.g., hemin) to modulate HO activity in experimental animals.




Mice with homozygous deletion of HO-1 gene (HO-1

 

‒/‒


 
) are fertile but develop an anemia associated with abnormally low serum iron levels, yet accumulated hepatic and renal iron, suggesting that HO-1 is required for iron reutilization [25]. HO-1 deficiency also increases the animals’ susceptibility to diverse disease conditions [26] (see Section 5.2). Likewise, HO-2

 

‒/‒


 
mice are able to reproduce but show increased sensitivity to hyperoxia-induced oxidative injury and mortality though HO-2 deletion is associated with increased induction of HO-1 and GSH (the reduced form of glutathione) [27].







The first human case of HO-1 deficiency due to loss/deletion of exons 2 and 3 was reported by A. Yachie and coworkers in 1999 [28]. This patient with HO-1 deficiency exhibited marked growth retardation, severe hemolytic anemia, a low level of serum bilirubin, and tissue iron deposition, among other clinical abnormalities. In addition, a lymphoblastoid cell line derived from the patient was shown to be highly vulnerable to oxidative stress injury as compared with normal human cells. Notably, growth retardation, anemia, iron deposition, and vulnerability to stressful injury found in this patient are all characteristics observed in HO-1

 

‒/‒


 
mice [25].






5.1. Antioxidative and Anti-Inflammatory Functions


HO isozymes possess antioxidative and anti-inflammatory activities, and the underlying mechanisms are outlined below.

§ The enzymatic degradation of heme, an oxidative species

§ The formation of biliverdin and bilirubin, two antioxidant molecules

§ The production of CO, an anti-inflammatory and vasodilatory molecule




Due to the prooxidant activity of iron (e.g., participation in Fenton reaction, leading to the formation of hydroxyl radical), the iron released from HO-catalyzed reaction would seem to lead to detrimental effects. However, induction of HO activity and release of iron are usually associated with concurrent induction of ferritin, an iron-chelating protein. The simultaneous induction of ferritin may thus minimize the prooxidant potential of the released iron. As noted in

 


Chapter 2



 
, ferritin is also regulated by Nrf2.






5.2. Protection against Oxidative Disease Processes by HO-1


The reaction products biliverdin, bilirubin, and CO primarily mediate the antioxidative and anti-inflammatory activities of the HO isozymes in protecting against the pathogenesis of various disease conditions involving oxidative and inflammatory stress, especially cardiovascular disorders.



5.2.1. Cardiovascular Disorders



Substantial evidence supports a protective function of HO-1 in various forms of cardiovascular disorders in animal models employing HO-1 gene knockout or gene therapy. These include vascular injury [29‒32], hypertension [33‒35], myocardial ischemia-reperfusion injury [29, 36‒40], heart failure [41], arterial atherosclerosis and thrombogenesis [42, 43], and cardiac transplantation [44, 45].



5.2.2. Other Disorders



Other conditions in which HO-1 plays a protective role include inflammatory disorders (e.g., sepsis, asthma, neuroinflammation) [46‒49], infectious diseases (e.g., tuberculosis, malaria, hepatitis C) [50‒54], and certain types of cancers (e.g., colitis-associated cancer) [55]. However, as described below, HO-1 may also promote the growth and progression of a variety of other types of cancers (see Section 5.4.1).



5.3. Protection against Disease Processes by HO-2


In contrast to studies on HO-1, those on HO-2 are mainly focused on its neuroprotective effects because HO-2 is highly expressed in the brain tissue. Several studies have suggested that HO-2 may play a role in protecting against multiple neurological conditions, including cerebral ischemic injury [56, 57], injury due to intracerebral hemorrhage [58], and traumatic brain injury [59], among others.



5.4. Atypical Activities of HO-1


While HO isozymes are generally considered cytoprotective, HO-1 may also cause detrimental effects under certain conditions, making it a double-edged sword in health and disease.



5.4.1. HO-1 as a Promoter of Cancer Progression






HO-1 is upregulated in many types of cancers and multiple studies suggest a tumor-promoting activity for HO-1. Several mechanisms have been proposed to account for HO-1-mediated cancer progression. These include (1) inhibition of cancer cell apoptosis and autophagy [60, 61], (2) stimulation of angiogenesis [62, 63], and (3) promotion of anticancer drug resistance [64, 65]. In addition, HO-1 has been shown to be susceptible to intramembrane proteolysis and translocate to the nucleus to promote cancer growth and invasiveness independent of its enzymatic activity [66, 67]. Nuclear HO-1 is known to interact with Nrf2, leading to increased nuclear accumulation of Nrf2 and augmented Nrf2 signaling [21]. As described in

 


Chapter 2



 
, Nrf2 may act as a oncoprotein, promoting cancer progression. Hence, the tumor-promoting activity of HO-1 may be mediated, at least partially, through Nrf2 signaling.




The tumor-promoting activity of HO-1 makes it a promising target for cancer therapy. Indeed, inhibition of HO-1 activity and HO-1 gene silencing have been shown to suppress cancer progression in various animal models of human cancers [68‒71]. Notably, fasting-mimicking diet promotes T cell-mediated tumor cytotoxicity via downregulation of HO-1 [72].



5.4.2. HO-1 as a Promoter of Other Disease Processes



In addition to promoting cancer progression, HO-1 may also contribute to the development of other disease processes. A recent study has reported that HO-1 in macrophages drives lipopolysaccharide-induced cardiac dysfunction via suppressing lysosomal degradation of inducible nitric oxide synthase (iNOS) in mice. Mechanistically, HO-1 interacts with iNOS at the flavin mononucleotide domain, which prevents iNOS conjugation with LC3 (a critical protein in the autophagic pathway) and subsequent lysosomal degradation in macrophages [73].

As noted earlier, the HO-catalyzed reaction results in the eventual release of iron, which may contribute to certain disease processes. In this context, it has been shown that iron released from heme because of HO-1 activity plays a role in the pathophysiology of thalassemia, as evidenced by amelioration of anemia and reduction of iron overload in a β-thalassemia mouse model following HO-1 inhibition [74]. Likewise, free iron released from heme degradation by HO-1 (which is upregulated by doxorubicin) may contribute to doxorubicin-induced cardiomyopathy in mice [75]. Doxorubicin is a widely used anticancer drug but causes severe cardiomyopathy.



5.5. Atypical Activities of HO-2





HO-2 is present in neuronal structures regulating copulatory reflexes, and the reflex activity of the bulbospongiosus muscle, which mediates ejaculation and ejaculatory behavior, is markedly diminished in HO-2

 

‒/‒


 
mice [76]. The above findings suggest a role for HO-2 (likely via release of CO, a gasotransmitter) in male reproductive behavior. HO-2 acts also as a cellular myristate-binding protein that negatively regulates both virus replication and host inflammatory responses independent of its enzymatic activity [77].







Notably, HO-2

 

‒/‒


 
mice develop sleep apnea characterized by high apnea and hypopnea indices during rapid eye movement (REM) sleep, suggesting a protective function for HO-2 in sleep apnea [78], a major risk factor of cardiovascular diseases. Mechanistically, HO-2 generates CO, which inhibits the production of hydrogen sulfide (H

 

2


 
S) from cystathionine-γ-lyase (CSE). CSE-derived H

 

2


 
S activates carotid body chemoreflex, resulting in sleep apnea [78].






6. CONCLUSION AND PERSPECTIVE


HO enzymes, particularly HO-1, are among the most extensively studied antioxidative and anti-inflammatory enzymes in mammalian systems. These enzymes protect against various oxidative stress- and inflammation-associated disease processes in animal models. On the other hand, HO-1 may play a dual role (inhibitory or promoting) in cancer development dependent on the types of cancers involved.

Despite the substantial research findings on HO enzymes in animal models, the role of these enzymes in human health and disease remains obscure. Nevertheless, multiple studies on HO-1 gene polymorphisms in human populations have suggested a possible protective function of HO-1 in several disease conditions, such as hypertension [35], vascular restenosis after balloon angioplasty [79], emphysema [80], and sickle cell disease [81], but a causal relationship remains to be established. Future efforts should thus focus on determining the precise role of HO enzymes, including both HO-1 and HO-2, in the development of common human diseases, and addressing how to translate the current discoveries on HO enzymes into new therapeutic and preventive modalities to combat human diseases associated with HO dysfunction.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
A research scientist has observed the formation of carbon monoxide (CO) from a reaction catalyzed by an antioxidant enzyme that is highly expressed in the brain, constitutively. Which of the following is most likely also a product of this enzymatic reaction?




A. Cupric ion

B. Cysteine

C. Ferrous iron

D. Hydrogen peroxide

E. Nitric oxide





7.2.


 
An enzyme, whose gene transcription is positively regulated by an Nrf2/ARE-dependent mechanism, is able to catalyze the formation of biliverdin from heme. Which of the following is most likely the enzyme?




A. Biliverdin reductase

B. Glutathione peroxidase 2

C. HO-1

D. HO-2

E. HO-3





7.3.


 
Which of the following proteins is known to interact with Nrf2 in the nucleus, resulting in the increased transcription of the Nrf2-dependent, ARE-driven cytoprotective genes in mammalian cells?




A. Biliverdin reductase

B. Catalase

C. HO-1

D. Manganese superoxide dismutase

E. Thioredoxin reductase 1





7.4.


 
An antioxidant protein, whose highest expression is found in the brain and testes, acts as a cellular myristate-binding protein, and mice with homozygous deletion of the gene encoding this protein develop sleep apnea. Which of the following is most likely the protein?




A. Cystathionine-γ-lyase

B. HO-1

C. HO-2

D. HO-3

E. iNOS





7.5.


 
Which of the following antioxidant proteins most likely plays a role in the reproductive behavior of male mice?




A. Biliverdin reductase

B. Catalase

C. Glutathione peroxidase 2

D. HO-2

E. HO-3


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is D. Based on the formation of CO as a product of the enzymatic reaction, the enzyme is heme oxygenase (most likely HO-2 due to its high levels of constitutive expression in the brain). HO-catalyzed decomposition of heme leads to the eventual production of CO and bilirubin as well as the release of ferrous ion (Fe

 

2+


 
).








7.2.


 
The answer is C. Based on the formation of biliverdin as a product of the enzymatic reaction, the enzyme is a heme oxygenase. Among the heme oxygenase isozymes, only the gene encoding HO-1 is an Nrf2 target gene. Glutathione peroxidase 2 (GPx2) is also regulated by Nrf2/ARE.








7.3.


 
The answer is C. Nuclear HO-1 is known to interact with Nrf2, leading to increased nuclear accumulation of Nrf2 and thereby the augmented Nrf2/ARE signaling.








7.4.


 
The answer is C. Among the proteins listed, only HO-2 has been shown to act as a cellular myristate-binding protein. HO-2-knockout mice have been shown to also develop sleep apnea due to dysregulated carotid body chemoreflex.








7.5.


 
The answer is D. HO-2 is expressed in neuronal structures regulating copulatory reflexes, and the reflex activity of the bulbospongiosus muscle, which mediates ejaculation and ejaculatory behavior, is markedly diminished in HO-2

 

‒/‒


 
mice.
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Chapter 17. NAD(P)H:Quinone Oxidoreductase




HIGHLIGHTS


§ NAD(P)H:quinone oxidoreductase (NQO) refers to a family of flavoproteins that catalyze the two-electron reduction of quinones and their derivatives. NQO family includes two members, namely, NQO1 and NQO2. They use NAD(P)H and dihydronicotinamide riboside (NRH) as the electron donor, respectively.

§ The molecular regulation of NOQ expression involves multiple transcription factors, especially nuclear factor E2-related factor 2 (Nrf2).

§ Besides metabolizing quinones and protecting against oxidative stress, NQO enzymes, especially NQO1, also possess several novel biological functions, such as stabilizing the tumor suppressor p53.

§ Animal studies show a role for NQO enzymes, especially NQO1, in protecting against various pathophysiological processes, including quinone toxicity, carcinogenesis, and cardiovascular disorders.

§ Gene polymorphism studies in human populations also suggest a protective role for NQO1 in certain disease processes, such as cancer development.
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1. OVERVIEW





NAD(P)H:quinone oxidoreductase (NQO) refers to a family of flavoproteins that include two members, namely, NQO1 (EC 1.6.5.2) and NQO2 (EC 1.10.5.1) in mammalian species. NQO1 and NQO2 stand for NAD(P)H:quinone oxidoreductase 1 and NRH: quinone oxidoreductase 2, respectively. NQO2 uses dihydronicotinamide riboside (NRH) rather than NAD(P)H as the electron donor. NQO1 and NQO2 catalyze the two-electron reduction of various quinones and their derivatives. As described below, these two enzymes also possess other novel biological activities. NQO1 and NQO2 are cytosolic enzymes with a molecular weight of 30.9 and 25.9 kDa, respectively. They are widely distributed in mammalian tissues though the highest levels are usually found in the liver. In humans, NQO1 and NQO2 are localized on chromosomes 16q22.1 and 6p25.2, respectively. The basic characteristics of mammalian NQO1 and NQO2 are summarized in

 


Table 17.1
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TABLE 17.1. Basic characteristics of mammalian NQO isozymes
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Cytosol





	


6p25.2








	


Note: MW and NRH denote molecular weight and dihydronicotinamide riboside, respectively. The values for MW are based on UniProt at www.uniprot.org.








	


	


	


	


	









2. HISTORY


NQO1 was first discovered by L. Ernster and F. Navazio in 1958, and the enzyme was then named DT-diaphorase [1]. Subsequently, L. Ernster and coworkers purified and characterized the enzyme from rat liver in 1962 [2]. The three-dimensional structure of NQO1 was resolved in 1995, leading to the elucidation of the mechanism of the two-electron reduction [3]. NQO2 was initially isolated from bovine kidney by S. Liao and coworkers in 1962 [4]. It was cloned, rediscovered, and named NQO2 in the 1990s [5, 6]. The NQO enzymes, especially NQO1, has received extensive studies over the past decades regarding their biological functions and potential involvement in human health and disease.



3. BIOCHEMISTRY





Both NQO1 and NQO2 catalyze the two-electron reduction of quinones to hydroquinones, which then undergo conjugation reactions, leading to their excretion from the body. This two-electron reduction reaction prevents the unwanted one-electron reduction of quinones by other enzymes, such as NADPH cytochrome P450 reductase. The one-electron reduction results in the formation of reactive semiquinone radicals, and the subsequent formation of reactive oxygen species (ROS) via redox cycling (

 


Figure 17.1



 
). Two-electron reduction of quinones by NQO enzymes thus prevents the formation of reactive semiquinone radicals and ROS. In addition to quinones, NQO enzymes also catalyze two-electron reduction of quinoneimines, nitroaromatics, and azo dyes.
















FIGURE 17.1. NAD(P)H:quinone oxidoreductase (NQO)-catalyzed two-electron reduction of menadione, a quinone compound


 
. As illustrated, NQO enzymes catalyze two-electron reduction of the quinone to hydroquinone. This prevents the quinone from undergoing one-electron reduction catalyzed by enzymes, such as cytochrome P450 reductase and mitochondrial electron transport chain enzyme complexes. One-electron reduction of the quinone leads to the formation of semiquinone radical. The semiquinone radical readily reduces oxygen to superoxide (O

 

2


 

˙ˉ


 
), which may subsequently lead to the formation of other reactive oxygen species, such as hydrogen peroxide (H

 

2


 
O

 

2


 
) and hydroxyl radical (OH

 

˙


 
). NADPH serves as the electron donor for NQO1, whereas NQO2 uses dihydronicotinamide riboside (NRH) as the electron donor.






4. MOLECULAR REGULATION




4.1. NQO1





NQO1 is highly inducible by a wide variety of chemical

 
inducers,

 
including

 
oxidants,

 
electrophiles,

 
and







phenolic compounds (see also

 


Chapter 2



 
). It is well-recognized that the Keap1/Nrf2/ARE pathway plays a central role in regulating the gene transcription of mammalian NQO1 [7, 8]. Here Nrf2 and ARE denote nuclear factor E2-related factor 2 and antioxidant response element, respectively. Indeed, there are multiple AREs in the promoter region of mammalian NQO1 gene. The NQO1 gene promoter also contains a functional xenobiotic response element (XRE). Binding of the aryl hydrocarbon receptor (AhR) to the XRE is crucially involved in the induction of NQO1 gene expression by xenobiotics that activate the AhR, such as 2,3,7,8-tetrachlorodibenzo-

 

p


 
-dioxin (TCDD). Nrf2/ARE and AhR/XRE may coordinate in the regulation of NQO1 expression in mammalian tissues [7].






4.2. NQO2


NQO2 expression is also responsive to a variety of xenobiotics, and notably, NQO2 gene transcription is coordinately induced with that of NQO1 in response to xenobiotics and antioxidants. Nucleotide sequence analysis of mammalian NQO2 gene promoter reveals the presence of several cis-acting elements, including the binding sites for SP-1 and SP-3, XRE, and ARE. It has been shown that SP-1 activates, whereas SP-3 represses, the promoter activity of NQO2 gene [9]. NQO2 gene transcription may also be regulated via an Nrf2-dependent mechanism [10].



5. BIOLOGY AND MEDICINE


Gene-knockout mouse models have been created for NQO1 and NQO2. Mice deficient in either NQO1 or NQO2 are born and reproduced adeptly as the wild-type mice, indicating that neither gene is essential for murine embryonic development [11, 12]. The knockout mice, however, exhibit altered susceptibility to quinone toxicity as well as many other disease processes [11, 12]. Indeed, much of our knowledge on the in vivo biological functions of NQO enzymes results from studies using these knockout models.



5.1. Conventional Functions




5.1.1. General Consideration



The most notable function of NQO enzymes is to metabolize quinone compounds, leading to their detoxification and excretion. In addition, NQO1 may help maintain certain endogenous antioxidants in their reduced and active forms. In this regard, both ubiquinone (coenzyme Q) and α-tocopherol-quinone, two important lipid-soluble antioxidants, are substrates for NQO1. NQO1 catalyzes two-electron reduction of ubiquinone and α-tocopherol-quinone to their hydroquinone forms, which then protect against lipid peroxidation of membranes [13, 14].

Reduction of certain quinones to their hydroquinone form by NQO1 may also lead to their bioactivation, producing ROS. This occurs when the hydroquinone form is unstable and autoxidizes to give rise to superoxide. Quinone compounds that are bioactivated by NQO1 include the anticancer agents mitomycin C [15] and beta-lapachone [16]. NQO1-mediated redox cycling of beta-lapachone and ROS generation has been employed to selectively kill cancer cells that overexpress NQO1 [17‒19].



5.1.2. Role in Chemical Toxicity






Quinones exist as environmental toxic compounds. They are also formed endogenously, such as from metabolism of estrogens. NQO1-knockout (NQO1

 

‒/‒


 
) mice are more susceptible to menadione-induced tissue injury compared with wild-type mice [11]. In contrast, NQO2 knockout (NQO2

 

‒/‒


 
) mice exhibit decreased sensitivity to menadione toxicity, suggesting that NQO2 may metabolically activate menadione to cause tissue injury in mice [12]. Quinones are also reactive metabolites of benzene and are responsible for hematotoxicity induced by this human leukemogen. Targeted disruption of NQO1 in mice markedly sensitizes the animals to benzene-induced hematotoxicity and bone marrow damage [20].






5.1.3. Role in Protecting against Carcinogenesis






The metabolism of many environmental carcinogens produces electrophilic quinones. Likewise, quinones are also metabolites of endogenous estrogens, which are implicated in estrogen carcinogenesis [21]. Both NQO1

 

‒/‒


 
mice and NQO2

 

‒/‒


 
mice show increased susceptibility to skin carcinogenesis induced by environmental carcinogens, including benzo(a)pyrene and 7,12-dimethylbenz(a)anthracene [22‒24]. In addition, compared with wild-type mice, NQO1

 

‒/‒


 
mice are much more susceptible to benzene-elicited genotoxicity and radiation-induced myeloproliferative disease [25]. Likewise, targeted disruption of NQO2 in mice also results in myeloid hyperplasia of the bone marrow [12].




Both NQO1 and NQO2 are able to reduce estrogen-derived quinones, thereby protecting cells from these quinone-induced genotoxicity [26, 27]. In line with these findings, gene polymorphism studies in humans suggest a protective function of NQO1 against breast cancer [28], as well as other types of cancers, especially leukemias (both primary leukemias and leukemias associated with benzene exposure and drug therapy) [29‒33].



5.1.4. Role in Protecting against Other Disease Processes



NQO1 is highly expressed in cardiovascular tissues under basal conditions and its expression is also readily inducible by various stimuli, including oxidants, reactive aldehydes, homocysteine, cigarette smoke, inflammatory cytokines, and sheer force, suggesting a potential role for NQO1 in maintaining cardiovascular homeostasis [34]. Overexpression of NQO1 in cultured cardiovascular cells protects them not only from oxidative cytotoxicity, but also from cytokine-induced proinflammatory responses and smooth muscle cell migration [35, 36]. Activation of NQO1 prevents arterial restenosis by suppressing vascular smooth muscle cell proliferation in an animal model of balloon injury of carotid artery [37]. NQO1 is downregulated during cardiac hypertrophy, and ectopic expression of NQO1 rescues the loss of the enzyme and reverses the molecular events of hypertrophy in cardiomyocytes [38].




NQO1 may also play a beneficial role in lipid metabolism and insulin resistance. As compared with wild-type mice, NQO1

 

‒/‒


 
mice exhibit higher ratios of NAD(P)H to NAD(P), lower levels of abdominal adipose tissue, and higher levels of hepatic triglycerides. Notably, NQO1

 

‒/‒


 
mice are insulin-resistant [39]. In rodent models of metabolic syndrome, β-lapachone-mediated stimulation of NAD(P)H oxidation by NQO1 dramatically ameliorates adiposity and associated phenotypes, including glucose intolerance, dyslipidemias, and fatty liver [40]. β-Lapachone is a specific and high-affinity substrate of NQO1, and able to potently stimulate NAD(P)H oxidation by NQO1 in vitro and in vivo [16, 41].




The above findings from animal studies suggest a beneficial function for NQO1 in maintaining cardiovascular and metabolic homeostasis. In line with this notion, multiple studies in human populations have suggested an association between NQO1 gene polymorphisms (leading to NQO1 deficiency) and an increased risk of developing cardiovascular and metabolic disorders [42‒44].



5.2. Atypical Activities


Several atypical activities of NQO1 have been identified. These include stabilization of p53 and other tumor suppressors; acting as a gatekeeper of the 20s proteasome; binding to melatonin; and acting as an anti-inflammatory molecule and a superoxide scavenger. In addition, NQO1 may promote tumorigenesis under certain conditions.



5.2.1. Stabilization of p53 and Other Tumor Suppressors



The p53 tumor suppressor protein suppresses tumorigenesis by mediating either growth arrest or apoptosis in response to stresses, such as DNA damage. NQO1 plays an important role in stabilizing p53 protein via processes including protein-protein interactions that prevent ubiquitin-independent degradation of p53 by 20S proteasome [45, 46]. Stabilization of p53 protein by NQO1 may contribute to the protective role of NQO1 in multistage carcinogenesis (see Section 5.1.3). In addition to p53, NQO1 also regulates the ubiquitin-independent 20S proteasomal degradation of p73α and p33, two other tumor suppressor proteins [47, 48].



5.2.2. Acting as a Gatekeeper of the 20S Proteasome



In murine liver tissues, the majority of NQO1 is associated with the 20S proteasome, and NQO1 may function as a gatekeeper for protein degradation through the 20S proteasome. Indeed, NQO1 protects eukaryotic translation initiation factor (eIF) 4GI from proteasomal degradation, and as such, may participate in the regulation of translation [49]. NQO1 is also involved in the regulation of the stability of DNA polymerase β in response to oxidative stress. This occurs via direct protein-protein interactions between NQO1 and DNA polymerase β, preventing the latter from proteasomal degradation [50].



5.2.3. Binding to Melatonin



NQO2 has a melatonin-binding site, and as such, may mediate some of the biological activities of melatonin, such as the antioxidant effects [51, 52]. However, the exact biological significance of the binding of melatonin to NQO2 remains to be elucidated. Such a binding may also impact the function of NQO2.



5.2.4. Acting as an Anti-Inflammatory Molecule



In addition to its role in protecting cells against toxic quinones and oxidative stress, NQO1 also suppresses toll-like receptor (TLR)-mediated innate immune responses. Mechanistically, NQO1 interacts with the nuclear IκB protein IκB-ζ, which is essential for the TLR-mediated induction of a subset of secondary response genes, including interleukin-6 ( IL-6), and promotes IκB-ζ degradation in a ubiquitin-dependent manner. PDLIM2, known as the ubiquitin E3 ligase, participates in NQO1-dependent IκB-ζ degradation. NQO1 augments the association between PDLIM2 and IκB-ζ, resulting in increased IκB-ζ degradation [53]. Hence, the above findings suggest that NQO1-PDLIM2 complex as a novel and important regulator in the innate immune signaling and therapeutic potential of augmenting NQO1 in TLR-mediated inflammation and disorders.



5.2.5. Acting as a Superoxide Scavenger






It is well-known that both NQO1 and NQO2 protect against ROS formation from quinone redox cycling (

 


Figure 17.1



 
). In addition, NQO1 also directly scavenges superoxide in an NAD(P)H-dependent manner [54]. This effect may be particularly significant in tissues, such as vasculature and myocardium, where NQO1 is highly expressed [55].






5.2.6. Acting as a Promoter of Cancer Development and Progression



Like other antioxidant enzymes, NQO1 may also become a double-edged sword in tumorigenesis. As noted earlier, NQO1 protects against chemical carcinogenesis in animal models, and NQO1 gene polymorphisms (causing NQO1 deficiency) are associated with an increased risk of certain types of cancers, especially leukemias (see Section 5.1.3). On the other hand, overexpression of NQO1 has been shown to be associated with poor prognosis in multiple types of human cancers including breast, colon, cervix, lung, and pancreas, among others [56‒59]. Mechanistically, NQO1 inhibits proteasome-mediated degradation of hypoxia-inducible factor-1α (HIF-1α), a master transcription factor of oxygen homeostasis that has been implicated in the survival, proliferation, and malignant progression of cancers [60]. NQO1 also functions as an upstream activator of both the PI3K/Akt and MAPK/ERK pathways in liver cancer cells, and NQO1 ablation blocks metabolic adaptation and inhibits liver cancer cell proliferation and hepatocellular carcinoma growth in mice [61]. Hence, NQO1 may act as a survival factor in cancer cells, driving cancer growth and progression.



6. CONCLUSION AND PERSPECTIVE


NQO enzymes, particularly NQO1, are multifunctional proteins. In addition to catalyzing the two-electron reduction of quinones and their derivatives, NQO1 also possesses multiple novel biological functions, such as stabilizing tumor suppressor proteins and acting as a gatekeeper of the 20S proteasome. Extensive animal studies demonstrate a protective role for NQO1 in quinone toxicity, chemical carcinogenesis, cardiovascular injury, and metabolic syndrome, among others. In line with the findings from animal research, studies in human populations also suggest an association between NQO1 gene polymorphisms (leading to NQO1 deficiency) and an increased risk of developing various diseases, including cancers and cardiovascular/metabolic disorders. On the other hand, like other antioxidants, increased expression of NQO1 in cancer cells may drive cancer growth and progression. In this regard, NQO1 may serve as a promising target for cancer therapy. Indeed, multiple randomized clinical trials are currently underway to determine the efficacy of using NQO1-targeting agents to treat high NQO1-expressing cancers



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
A graduate student has observed that a flavoprotein catalyzes the reduction of a quinone compound to its hydroquinone form using dihydronicotinamide riboside as the reducing equivalent. Which of the following is most likely the protein?




A. Glutaredoxin 1

B. NQO1

C. NQO2

D. Ribonucleotide reductase

E. Sulfiredoxin





7.2.


 
A protein is known to stabilize the tumor suppressor p53 and catalyze the two-electron reduction of quinones. Which of the following most appropriately describes the expression of the gene encoding this protein?




A. Is constitutively expressed but not inducible under stress conditions

B. Is downregulated in all diseased tissues

C. Is inducible by Nrf2-activating compounds

D. Is suppressed by the Nrf2/ARE signaling

E. Is upregulated in myocardial hypertrophy





7.3.


 
Treatment of mammalian cells with 2,3,7,8-tetrachlorodibenzo-

 

p


 
-dioxin (TCDD) results in remarkably increased transcription of a gene encoding an enzyme that catalyzes the two-electron reduction of menadione. Which of the following cis-acting elements is primarily responsible for the transactivation of the gene?




A. Antioxidant response element

B. cAMP response element

C. Electrophile response element

D. NF-κB response element

E. Xenobiotic response element





7.4.


 
Which of the following antioxidant enzymes has been shown to bind to melatonin, a hormone that regulates the sleep-wake cycle?




A. Heme oxygenase 1

B. Heme oxygenase 2

C. Manganese superoxide dismutase

D. NQO1

E. NQO2





7.5.


 
Which of the flowing antioxidant enzymes has been shown to act as a gatekeeper of the 20S proteasome and prevent DNA polymerase β from proteasomal degradation during oxidative stress?




A. Catalase

B. Cu, Zn superoxide dismutase

C. Glutaredoxin 2

D. NQO1

E. NQO2


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is C. Among the listed enzymes, only NQO1 and NQO2 are able to catalyze the two-electron reduction of a quinone to its hydroquinone form. NQO1 uses NAD(P)H as the electron donor, whereas NQO2 employs dihydronicotinamide riboside (NRH) as the reducing equivalent.








7.2.


 
The answer is C. Based on the information provided the protein is NQO1. Its gene is an Nrf2 target gene. NQO1 can be either upregulated or downregulated depending on the disease processes involved.








7.3.


 
The answer is E. Based on the information (two-electron reduction of menadione, a quinone compound), the enzyme is NQO1. Its gene promoter contains an XRE, responsible for the activation of NQO1 gene transcription in response to TCDD.








7.4.


 
The answer is E. Among the enzymes listed, only NQO2 has been shown to possess a melatonin-binding site. Melatonin exerts its biological effects through at least two transmembrane G-protein-coupled receptors, MT1 and MT2, and a lower-affinity cytosolic binding site, designated MT3. MT3 has been identified as NQO2.








7.5.


 
The answer is D. Among the enzymes listed, only NQO1 has been shown to act as a gatekeeper of the 20S proteasome and protect proteins (e.g., eukaryotic translation initiation factor 4GI and DNA polymerase β) from proteasomal degradation. The in vivo biological significance of this novel activity, however, remains unknown.
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Chapter 18. Paraoxonase




HIGHLIGHTS


§ Paraoxonase (PON) refers to a family of three enzymes, namely, PON1, PON2, and PON3. PON1 and PON3 are found in the circulation bound to high-density lipoprotein (HDL), whereas PON2 is an intracellular protein.

§ PON1 was first discovered as an enzyme to hydrolyze paraoxon, an activity that both PON2 and PON3 lack. All three PONs possess esterase- and lactonase-like activities and metabolize diverse chemicals, including drugs. Notably, all PON isozymes also decompose oxidized lipids and protect against oxidative stress.

§ The molecular regulation of PON1 and PON2 expression is complex, involving multiple factors and pathways. On the other hand, the molecular regulation of PON3 expression remains largely unknown.

§ Animal studies demonstrate a critical role for PONs, especially PON1, in protecting against various disease processes involving oxidative stress and inflammation, especially atherosclerosis.

§ Gene polymorphism studies in human populations suggest reduced expression of PON1 as a risk factor of developing atherosclerotic cardiovascular diseases.
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1. OVERVIEW





Paraoxonase (PON) refers to a family of enzymes that includes three members in mammals, namely, PON1, PON2, and PON3, which possess varying esterase- and lactonase-like activities. PON1 (EC 3.1.1.2; EC 3.1.1.18; EC 3.1.8.1) exists as a homodimer with a subunit molecular weight of 39.7 kDa and is synthesized and secreted by the liver into the circulation. In the plasma, PON1 is primarily associated with high-density lipoprotein (HDL). PON1 catalyzes the breakdown of oxidized lipids and blocks oxidation of HDL as well as low-density lipoprotein (LDL). It also catalyzes other reactions (see below). PON2 (EC 3.1.1.2; EC 3.1.1.81) exists as a homotrimer with a subunit molecular weight of 39.4 kDa. It is an intracellular protein that is widely distributed in mammalian tissues. PON2 hydrolyzes lactones and other chemicals and acts also as an antioxidant protecting against oxidative stress. PON3 (EC 3.1.1.2; EC 3.1.1.81; EC 3.1.8.1) exists as a homodimer with a subunit molecular weight of 39.6 kDa. It is primarily expressed in the liver and associated with HDL in the plasma. It hydrolyzes lactones and other chemicals and has significant antioxidant activity in protecting both HDL and LDL from oxidation. In humans, PON1, PON2, and PON3 genes are localized next to each other on chromosome 7q21.3–22.1

 

.


 


Table 18.1



 
summarizes the basic characteristics of the three PON isozymes.









	



TABLE 18.1. Basic characteristics of mammalian PON isozymes









	


Isozyme





	


Subunit MW (kDa)





	


Subunit assembly





	


Association with HDL





	


Distribution





	


Chromosomal location








	


PON1





	


39.7





	


Homodimer





	


Yes





	


Plasma





	


7q21.3–22.1








	


PON2





	


39.4





	


Homotrimer





	


No





	


Intracellular





	


7q21.3–22.1








	


PON3





	


39.6





	


Homodimer





	


Yes





	


Plasma





	


7q21.3–22.1








	


Note: MW denotes molecular weight. The values for MW are based on UniProt at www.uniprot.org.








	


	


	


	


	


	









2. HISTORY


PON1 was first identified by W.N. Aldridge in 1953 as an enzyme to hydrolyze paraoxon [1, 2]. PON was thus named for its ability to metabolize paraoxon, the primary metabolite of the insecticide parathion. When two closely related enzymes were identified in the mid of 1990s [3], the original PON was referred to as PON1, while the two new enzymes were named PON2 and PON3. In contrast to PON1, neither PON2 nor PON3 exhibits any significant ability to hydrolyze paraoxon. The 3-dimensional structure of PON1 was resolved in 2004, permitting a detailed description of PON1’s active site and catalytic mechanism [4]. The past two decades have seen the rapid advancement in our understanding of the biological functions of PONs and their involvement in health and disease.



3. BIOCHEMISTRY




3.1. PON1


PON1 is an excellent example of a multitasking protein, displaying at least three important biochemical functions: (1) hydrolysis of organophosphates (pesticides and nerve agents) leading to their detoxification; (2) protection of lipoprotein oxidation by catalyzing the degradation of oxidized lipids; and (3) catalyzing the hydrolysis of a variety of aromatic and aliphatic lactones as well as the reverse reaction—lactonization, of γ- and δ-hydroxycarboxylic acids [5]. In addition, PON1 is noted for its arylesterase activity towards phenyl acetate [5].




PON1 is most noted for its ability to catalyze the hydrolysis of a variety of organophosphate pesticides and nerve agents, including paraoxon, diazoxon, chlorpyrifos-oxon, sarin, and soman [6]. Hydrolysis of

 
these

 
organophosphates

 
by

 
PON1

 
leads

 
to

 
their detoxification.

 


Figure 18.1



 
illustrates the chemical reaction of PON1-catalyzed hydrolysis of paraoxon.
















FIGURE 18.1. Hydrolysis of paraoxon by paraoxonase 1 (PON1).


 
As illustrated, PON1-catalyzed hydrolysis of paraoxon forms diethyl phosphate and p-nitrophenol. This is a classical reaction catalyzed by PON1. In addition, PON1 also catalyzes the degradation of oxidized lipids as well as the hydrolysis of a variety of aromatic and aliphatic lactones (not illustrated).






3.2. PON2 and PON3


PON2 and PON3 lack the ability to hydrolyze organophosphates. However, these two isozymes effectively hydrolyze lactones. Like PON1, both PON2 and PON3 also inhibit lipid peroxidation of LDL in vitro. Since it is an intracellular protein and not present in the plasma, PON2 has been suggested to act as an intracellular protector against oxidative stress. Indeed, intracellular overexpression of PON2 attenuates oxidative stress in vascular cells and inhibits cell-mediated oxidation of LDL [7, 8].



4. MOLECULAR REGULATION




4.1. PON1


Among the three members of the mammalian PON family, PON1 has been most extensively studied regarding the regulation of its expression. It has been reported that PON1 expression is inducible by various agents or biomolecules, including phenolic compounds [9‒11], aspirin [12], statin drugs [13], alcohol [14], glucose [15], and interleukin-6 [16]. On the other hand, several molecules such as bile acids, interleukin-1β, and tumor necrosis factor-α have been found to suppress PON1 gene expression [16, 17]. These findings suggest a possible involvement of multiple transcription factors or signaling pathways in regulating PON1 gene expression.

Indeed, at the transcriptional level, SP-1 and protein kinase C are implicated in the positive regulation of PON1 gene transcription [18]. Likewise, SP-1 and sterol regulatory element-binding protein-2 are involved in statin-induced activation of PON1 gene expression in mammalian cells [13, 19]. SP-1 is also implicated in glucose-induced PON1 gene expression in cultured liver cells [15]. On the other hand, induction of PON1 gene expression by dietary polyphenols, such as resveratrol and quercetin, has been shown to occur via an aryl hydrocarbon receptor (AhR)-dependent mechanism [10, 20]. Nucleotide sequence analysis shows a xenobiotic response element (XRE)-like sequence within the PON1 gene promoter, and this XRE-like sequence mediates the induction of PON1 gene transcription by phenolic compounds [20]. Moreover, the peroxisome proliferator-activated receptor gamma (PPARγ) pathway may also be involved in regulating the inducible expression of PON1 gene by polyphenols in hepatocytes [11].



4.2. PON2


Like PON1, PON2 expression is also inducible by polyphenols. In macrophages, induction of PON2 by polyphenols occurs via PPARγ- and AP-1-dependent mechanisms [21]. PON2 gene expression is upregulated by unesterified cholesterol and dexamethasone. Induction of PON2 expression by unesterified cholesterol occurs through activation of the phosphatidylinositol 3-kinase (PI3K) pathway [22]. A putative glucocorticoid response element in the promoter region of PON2 gene has been suggested to mediate the activation of PON2 gene expression by glucocorticoid drugs [23]. On the other hand, it has been reported that the tumor suppressor p53 is able to transcriptionally suppress PON2 expression, and inactivation of p53 in pancreatic ductal adenocarcinoma results in transcriptional overexpression of PON2 [24].



4.3. PON3


Currently, the molecular regulation of PON3 gene expression remains largely unknown. An early study reported a systemic upregulation of PON3 mRNA levels in late-gestation rat, sheep, and human fetuses [25].



5. BIOLOGY AND MEDICINE





Both transgenic overexpression and gene-knockout mouse models have been created to investigate the biological functions of PON isozymes in health and disease. Mice with homozygous knockout of PON1 (PON1

 

‒/‒


 
) [26] or PON2 (PON2

 

‒/‒


 
) [27] are born and reproduced adeptly, indicating neither of these two PONs is essential for murine embryonic development. The role of PON3 in murine development remains ill-defined. In one study, homozygous knockout of PON3 (PON3

 

‒/‒


 
) in mice was shown to lead to embryonic lethality and increased rates of early fetal and neonatal death [28]. On the other hand, another group reported that PON3

 

‒/‒


 
mice were generally healthy and reproduced adeptly [29].






5.1. PON1




5.1.1. Role in Protecting against Organophosphate Poisoning






Among the three PON isozymes, PON1 has received the most attention regarding its biological functions. As noted above, the classical function of PON1 is to metabolize toxic organophosphates, leading to their detoxification. Indeed, compared with wide-type mice, mice lacking PON1 show remarkably increased sensitivity to organophosphate toxicity [26]. Conversely, injection of recombinant human PON1 protein to PON1

 

‒/‒


 
mice results in increased resistance of these animals to organophosphate poisoning [30]. Notably, a recent study suggests that ancient convergent losses of PON1 in marine mammals have made these animals unable to detoxify organophosphate compounds, thereby increasing their risk of poisoning upon exposure to man-made organophosphate pesticides [31].






5.1.2. Role in Protecting against Cardiovascular Disorders






Due to its close association with HDL and ability to suppress lipid peroxidation [32, 33], the role of PON1 in maintaining cardiovascular homeostasis has been investigated extensively in both animal models and human subjects. HDLs isolated from PON1

 

‒/‒


 
mice are unable to prevent LDL oxidation in a co-cultured cell model of the artery wall, and both HDLs and LDLs isolated from PON1

 

‒/‒


 
mice are more susceptible to oxidation by co-cultured cells than the lipoproteins from wild-type littermates. When fed on a high-fat diet, PON1

 

‒/‒


 
mice are more susceptible to atherosclerosis than their wild-type littermates [26]. Deficiency of PON1 also greatly accelerates atherosclerosis in apolipoprotein E (ApoE)-knockout mice fed a regular diet [34]. These findings suggest that PON1 may act as an endogenous protector against atherogenesis. In line with this notion, transgenic overexpression of human PON1 gene in mice does not affect plasma cholesterol levels but decreases atherosclerotic lesion formation. Furthermore, HDLs isolated from the transgenic mice also protect against LDL oxidation more effectively than those from the wild-type mice [35].




Mechanistically, the anti-atherosclerotic activity of transgenic overexpression of PON1 may result, at least partly, from suppressing the oxidative stress and inflammatory status of macrophages [36‒39] and enhancing HDL-mediated cholesterol efflux from macrophages [40]. In this context, macrophages are critically involved in atherogenesis [41]. In addition, myeloperoxidase (MPO), PON1, and HDL have been shown to bind to one another, forming a ternary complex, wherein PON1 partially inhibits the activity of MPO, an enzyme involved in atherosclerosis [33].

In humans, polymorphisms of PON1 gene (leading to reduced PON1 expression) have been shown to be an independent cardiovascular risk factor [42, 43]. PON1 may also determine the efficacy of certain cardiovascular drugs. For example, PON1 plays a key role in the bioactivation, and is also a major determinant of the clinical efficacy, of clopidogrel, a widely used platelet inhibitor for the treatment of atherosclerotic cardiovascular diseases [44, 45].



5.2. PON2




5.2.1. Role in Protecting against Cardiovascular Disorders






Like PON1

 

‒/‒


 
mice, PON2-null mice, fed a high-fat diet, show increased vascular inflammation and aggravated atherosclerosis, as compared with wild-type mice [27]. Likewise, PON2 deficiency greatly accelerates atherosclerosis and augments mitochondrial oxidative stress and dysfunction in ApoE-deficient mice fed a regular diet [46] or a Western diet [47]. On the other hand, adenovirus-mediated expression of human PON2 protects against the development of atherosclerosis in ApoE-deficient mice [48]. These findings suggest that PON2 acts also as an endogenous protector against vascular inflammation and atherosclerosis. In addition to its protection against atherosclerosis, PON2 has also been shown to protect against myocardial ischemia-reperfusion injury [49] and heart failure [50] in animal models.




Multiple mechanisms may account for the cardiovascular protective function of PON1. In vascular cells, PON2 is associated with endoplasmic reticulum (ER) and decreases ER stress-induced caspase activation and apoptosis [7]. PON2 may also prevent mitochondrial superoxide formation and apoptosis independent of its lactonase activity [51]. Notably, PON2 controls endothelial cell tissue factor activity and prevents systemic coagulation activation and inflammation in mice [52].



5.2.2. Atypical Activities



PON2 is a multitasking protein possessing other novel biological activities. For instance, overexpression of PON2 has been observed in cancer cells and the upregulated PON2 may be involved in cancer cell survival and stress resistance [53]. A recent study has shown that PON2 facilitates pancreatic cancer growth and metastasis by stimulating GLUT1-mediated glucose transport in mice [24]. Hence, pharmacological inhibition of PON2 may be a promising strategy for treating pancreatic cancer.




PON2 is expressed in multiple nephron segments, including the aldosterone-sensitive distal nephron, where the epithelial Na

 

+


 
channel (ENaC) is expressed. PON-2 may regulate ENaC activity by modulating its intracellular trafficking and surface expression [54].






5.3. PON3


PON3 is associated with HDL in the plasma, suggesting a potential role in lipid metabolism and cardiovascular homeostasis. Indeed, PON3-null mice fed on high-fat diet exhibit abnormal lipid metabolism, elevated oxidative and inflammatory stress, and increased susceptibility to obesity and atherosclerosis, compared with wild-type mice [29]. Conversely, transgenic overexpression of human PON3 results in amelioration of vascular inflammation, obesity, and atherosclerosis in mice fed an atherosclerotic diet and in LDL receptor-knockout mice [55]. Adenovirus-mediated expression of human PON3 also protects against the progression of atherosclerosis in ApoE-deficient mice [56].




Hence, each of the three PON isoforms can individually protect against vascular inflammation and atherosclerosis. As noted earlier, PON1, PON2, and PON3 genes are localized next to each other on chromosome 7q21.3–22.1 (

 


Table 18.1



 
). A transgenic mouse model expressing human PON gene cluster (consisting of PON1, PON2, and PON3) has been established. Studies with this model show that the PON gene cluster transgene not only represses atherogenesis but also promotes atherosclerotic plaque stability in ApoE-deficient mice [57].






6. CONCLUSION AND PERSPECTIVE


PONs are multitasking enzymes possessing both antioxidative and anti-inflammatory functions as well as multiple atypical activities independent of their antioxidative and anti-inflammatory effects. Studies with animal models demonstrate a beneficial role for PONs in oxidative stress- and inflammation-associated pathophysiological processes, especially vascular inflammation and atherosclerosis. Although this chapter focuses on PON-mediated cardiovascular protection in animal models, PONs may also function to protect against other pathophysiological processes, such as diabetes [58, 59], neurodegeneration [60, 61], and bacterial infection [62, 63].

Substantial evidence from studies in human subjects also suggests PONs, especially PON1, as protective factors in atherosclerotic cardiovascular diseases. Currently, there is a great need to further define the biological functions of PON2 and PON3 and translate the important discoveries on all three PON isozymes into effective interventional strategies to prevent and treat human diseases that involve a PON-dependent mechanism. In this context, continued studies on the association between PON gene polymorphisms (leading to reduced PON expression) and the risk of developing other common diseases in human populations are warranted. This will broaden the spectrum of disease processes in which altered PON expression plays a causal role.



7. SELF-ASSESSMENT QUESTIONS






7.1.


 
A protein associated with HDL is able to bioactivate the antiplatelet drug clopidogrel. Deficiency of this protein in mice increases their sensitivity to organophosphate poisoning. Which of the following is most likely the protein?




A. ApoE

B. MPO

C. PON1

D. PON2

E. PON3





7.2.


 
Which of the following enzymes is most likely able to hydrolyze paraoxon?




A. Catalase

B. MPO

C. PON1

D. PON2

E. PON3





7.3.


 
A graduate student has observed a 3-fold induction of PON1 mRNA following treatment of cultured human hepatocytes with resveratrol, a polyphenol isolated from grape seeds. Which of the following is most likely the mechanism driving the PON1 gene transcription under this experimental condition?




A. Antioxidant response element-driven

B. ER stress

C. Mitochondrial superoxide

D. MPO-catalyzed oxidation

E. XRE-driven





7.4.


 
Which of the following would most likely accelerate the atherogenesis in ApoE-knockout mice?




A. Activation of p53

B. Deficiency of MPO

C. Deficiency of PON1

D. Overexpression of LDL receptor

E. Overexpression of PON3





7.5.


 
Three genes are localized next to each other on a chromosome and transgenic overexpression of this gene cluster in mice protects against atherosclerosis. Which of the following are most likely the proteins encoded by the three genes?




A. Catalase, PON3, ApoE

B. MPO, ApoE, PON2

C. p53, ApoE, PON3

D. PON1, MPO, PON3

E. PON1, PON2, PON3


ANSWERS AND EXPLANATIONS






7.1.


 
The answer is C. Both PON1 and PON3 are associated with HDL. But, only PON1 has been shown to bioactivate clopidogrel as well as detoxify organophosphate compounds.








7.2.


 
The answer is C. Among the three PONs, only PON1 is able to hydrolyze paraoxon, the active metabolite of the commonly used insecticide parathion.








7.3.


 
The answer is E. Nucleotide sequence analysis shows an XRE-like sequence within the PON1 gene promoter, and this XRE-like sequence mediates the induction of PON1 gene transcription by phenolic compounds, including resveratrol.








7.4.


 
The answer is C. Deficiency of any of the three PON isozymes would accelerate atherosclerosis in animal models. On the other hand, deficiency of MPO or overexpression of LDL receptor or PON3 would suppress atherosclerosis.








7.5.


 
The answer is E. In humans, PON1, PON2, and PON3 genes are localized next to each other on chromosome 7q21.3–22.1. Transgenic expression of the gene cluster of PON1, PON2, and PON3 in mice not only suppresses atherosclerosis but also increases atherosclerotic plaque stability.
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Alkoxyl radical (RO˙ or LO˙):


 
It is a reactive oxygen species typically formed during lipid peroxidation and acts as a potent oxidizing species.








Alternative medicine:


 

see


 
Complementary and alternative medicine








Angiogenesis:


 
The term refers to blood vessel formation. It can be either a physiological or pathophysiological process. In this regard, tumor angiogenesis is the growth of new blood vessels that tumors need to grow. Tumor angiogenesis is caused by the release of chemicals by the tumor and by host cells near the tumor.








Antioxidant enzyme mimetics:


 
The term typically refers to synthetic small-molecular-weight compounds that catalytically metabolize reactive oxygen species, including superoxide, hydrogen peroxide, and peroxynitrite. The most commonly used antioxidant enzyme mimetics are metalloporphyrin compounds. For example, MnTBAP and MnTMPyP act as superoxide dismutase and catalase mimetics, and FeTMPyP, FeTMPS, and FeTPPS act as catalysts of peroxynitrite decomposition








Antioxidant response element (ARE):


 

see


 
Nuclear factor E2-related factor 2 (Nrf2)








Antioxidant:


 
In the fields of biology and medicine, the term refers to any substance that, when present at a level of biological, physiological, or pharmacological relevance, can prevent, reduce, or repair the oxidant (e.g., reactive oxygen species)-induced damage of a target biomolecule.








Antioxidant paradigm:


 
This recently coined term defines the scope of antioxidant biology and medicine to include studies on the sources, chemistry and biochemistry, molecular regulation, and biological effects of antioxidants, as well as their involvement in disease processes. Thus, the antioxidant paradigm provides a fundamental framework for understanding both the basic biology of antioxidants and their role in human health and disease.








Antioxidative/anti-inflammatory defenses:


 
Due to the fact that reactive oxygen species and inflammation are intimately intertwined, many antioxidant enzymes or proteins, as well as non-protein antioxidants also possess anti-inflammatory activities. Hence, the compound term “antioxidative/anti-inflammatory defenses” is sometimes used to describe these antioxidative molecules. The most notable example of an antioxidative/anti-inflammatory enzyme is heme oxygenase-1 (see

 


Chapter 16



 
).








Antioxidative/phase 2 proteins:


 

see


 
Phase 2 enzymes (phase 2 proteins)








Antoine-Laurent Lavoisier (1743−1794):


 
A French chemist, who along with Carl Wilhelm Scheele (1742−1786) and Joseph Priestley (1733−1804), discovered oxygen in the 1770s.








Anxiety disorders:


 
Occasional anxiety is an expected part of life. But anxiety disorders involve more than temporary worry or fear. For a person with an anxiety disorder, the anxiety does not go away and can get worse over time. The symptoms can interfere with daily activities such as job performance, school work, and relationships. There are several types of anxiety disorders, including generalized anxiety disorder, panic disorder, and various phobia-related disorders.








Aquaporins (AQP)


 
: They are commonly known as water channels, which represent a family of integral membrane proteins that serve as channels in the transfer of water, and in some cases, small polar solutes (e.g., glycerol, amino acids, sugars) across the membrane. Currently, there are at least 13 aquaporins in mammals, namely, AQP1‒13. Some aquaporins, such as AQP3, AQP8, and AQP9, also transport hydrogen peroxide across cell membrane.








Autophagy:


 
Autophagy is one of the many types of regulated cell death.

 
It refers to a process by which a cell breaks down and destroys old, damaged, or abnormal proteins and other substances in its cytoplasm. The breakdown products are then recycled for important cell functions, especially during periods of stress or starvation. Autophagy also helps destroy bacteria and viruses that cause infection and may prevent normal cells from becoming cancer cells. Once cancer has formed, autophagy may protect the cancer cells by providing extra nutrients to them or by keeping anticancer drugs or other substances from destroying them. Autophagy may also affect the body’s immune response against viruses, bacteria, and cancer cells. Notably, a related term—mitophagy is also frequently encountered in the literature. It refers to the selective degradation of mitochondria by autophagy. Mitophagy often occurs to defective mitochondria following damage or stress including oxidative injury. In this context, mitochondrion is the chief source of cellular reactive oxygen generation.
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Biological system:


 
The term is frequently used, but often ill-defined in the fields of biology and medicine. In this book, the term biological system is tentatively defined as a system consisting of biological entities or processes, such as organisms, organs, tissues, cells, or biomolecules, or combinations of them. A biomolecule is a molecule produced by living cells, e.g., a protein, carbohydrate, lipid, or nucleic acid.








Biomarker:


 
This term typically refers to a characteristic that is objectively measured and evaluated as an indicator of normal biological processes, pathogenic processes, or pharmacological responses to a therapeutic intervention. Oxidative stress biomarker may be defined as a molecular change in a biological molecule (e.g., a lipid, protein, or DNA molecule) that has arisen from attack by reactive oxygen species and related reactive species, and such a molecular change can be objectively measured and evaluated as an indicator of disease pathogenesis and development. According to this definition, a valid oxidative stress biomarker should be predictive of disease pathogenesis and disease progression.








Biomolecule:


 

see


 
Biological system
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Caenorhabditis elegans



 
:

 
It is a widely used model organism to study animal development and others. This soil nematode offers great potential for genetic analysis, partly because of its rapid (3-day) life cycle, small size (1.5 mm-long adult), and ease of laboratory cultivation. This organism is also commonly used to study the impact of reactive oxygen species on longevity.








Carbon monoxide (CO):


 
It is an environmental pollutant as well as an endogenously produced gaseous signaling molecule in biological systems. Heme oxygenase (see

 


Chapter 16



 
) is currently the only mammalian enzyme known to produce carbon monoxide.








Carl Wilhelm Scheele (1742−1786):


 
A Swedish chemist, who along with Joseph Priestley (1733−1804) and Antoine-Laurent Lavoisier (1743−1794), discovered oxygen in the 1770s.








Carotenoids:


 
Carotenoids are a family of compounds of over six hundred fat-soluble plant pigments that provide much of the color we see in nature. The major carotenoids in human diets include β-carotene, α-carotene, lycopene, lutein, zeaxanthin, β-cryptoxanthin, and astaxanthin. Many, if not all, carotenoids are potent scavengers of singlet oxygen in biological systems.








Causal relationship:


 

see


 
Risk factor








Cell senescence:


 
It refers to the phenomenon by which normal diploid cells lose the ability to divide, normally after certain numbers of cell divisions in vitro. Free radicals and related reactive species can cause cell senescence.








Cell signal transduction:


 

see


 
Cell signaling








Cell signaling:


 
It refers to the ability of cells to detect changes in their environment to generate an appropriate physiological response upon information processing. Cell signaling and cell signal transduction are frequently used interchangeably in the literature. Signaling molecules are protein and non-protein molecules involved in cell signaling. Second messengers are small signaling molecules (e.g., cyclic adenosine monophosphate [cAMP], Ca

 

2+


 
, and diacylglycerol) that are generated upon receptor activation by the extracellular stimulus (also known as extracellular signaling molecule or first messenger) and diffuse away from their source, spreading the signal to other parts of the cell. Certain reactive oxygen species, such as nitric oxide and hydrogen peroxide, act as second messengers.








Cell transformation:


 
The term refers to the change that a normal cell undergoes as it becomes malignant. Free radicals and related reactive species can cause cell transformation.








Chocolate:


 
Chocolate, especially dark chocolate is considered antioxidative. Chocolate is a food preparation in the form of a paste or solid block made from roasted and ground cacao seeds (beans) in the pod-like fruit of the

 

Theobroma cacao


 
tree. Various food components, such as sugar and milk, are typically added in the chocolate products. Dark chocolate is a form of chocolate without milk added and typically contains up to 70–85% cacao power. Note that the words cacao and cocoa are used interchangeably. But strictly, they are not the same. Raw cacao powder is made by cold-pressing un-roasted cacao beans. The process keeps the living enzymes in the cacao and removes the fat (cacao butter). On the other hand, cocoa powder is raw cacao beans that have been roasted at high temperatures, which usually gives it a less bitter taste. Also, exposure to higher temperatures reduces the enzyme content and lowers the overall nutrient content of the powder, as compared to cacao powder.








Clinical study:


 
It is defined as a research study involving human volunteers (also called participants, including normal individuals or patients) that is intended to add to medical knowledge. There are two types of clinical studies: interventional studies (also called clinical trials) and observational studies.








Coenzyme:


 
It refers to a nonprotein compound that is necessary for the functioning of an enzyme.








Complementary and alternative medicine (CAM):


 
The term is defined by the U.S. National Institutes of Health as a group of diverse medical and health care practices and products that are not presently considered to be part of conventional medicine. Complementary medicine is used together with conventional medicine, whereas alternative medicine is used in place of conventional medicine. A related term, “integrative medicine” refers to the combination of treatments from conventional medicine and CAM for which there is some high-quality evidence of safety and effectiveness. Many natural CAM modalities, such as phytochemicals, possess antioxidant activities.








Cystathionine β-synthase (CBS):


 

see


 
Hydrogen sulfide (H

 

2


 
S)








Cystathionine γ-lyase (CSE):


 

see


 
Hydrogen sulfide (H

 

2


 
S)
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Death rate or mortality rate:


 
The term refers to

 
the relative frequency with which death occurs within some specified interval of time in a population. Mortality rate is typically expressed as number of deaths per 100,000 individuals per year.








Depression:


 
Depression, also known as major depressive disorder or clinical depression, is a common but serious mood disorder that causes a persistent feeling of sadness and loss of interest. It affects how a person feels, thinks, and handles daily activities, such as sleeping, eating, or working. To be diagnosed with depression, the symptoms must be present for at least two weeks.








Disease incidence


 
: It refers to the number of new cases of a disease that develop in a population per unit of time. The unit of time for incidence is not necessarily one year although we often discuss incidence in terms of one year.








Disease prevalence


 
: It refers to an estimate of how many people have a disease at a given point or period in time. Prevalence is sometimes expressed as a percentage of population.








Dismutation:


 
A reaction between two identical molecules in which one is reduced and the other oxidized.








Dose-response relationship:


 
The term refers to the change in effect on, or response of, an organism caused by differing levels of exposure (or doses) to a factor (usually a chemical, a drug, or a pathogen) after a certain exposure time.








Drugs:


 
The U.S. FD&C Act (Law) defines drugs as “articles intended for use in the diagnosis, cure, mitigation, treatment, or prevention of disease and articles (other than food) intended to affect the structure or any function of the body of man or other animals.” Over-the-counter (OTC) drugs are drugs that can be purchased without a doctor’s prescription. In the field of modern medicine, the terms “drug” and “medicine/medication” are used interchangeably although drugs can be both legal (i.e., typical medicines/medications) and illegal (e.g., cocaine).
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Efficacy:


 
The term is used to refer to either the maximum response achievable from a pharmaceutical drug in a research setting or the capacity for a sufficient therapeutic effect in a clinical setting.








Electrophile (electrophilic species):


 
The term refers to an electron-deficient species that undergoes covalent reactions by accepting an electron pair from an electron-rich biomolecule, such as a protein or DNA molecule. The electron-rich biomolecule is known as a nucleophile. α,β-Unsaturated aldehydes are good examples of electrophiles produced in biological systems as a result of lipid peroxidation. Electrophilic stress results from exposure of cells to electrophiles.








Electrophilic stress:


 

see


 
Electrophile








Electrophile response element (EpRE):


 

see


 
Nuclear factor E2-related factor 2 (Nrf2)








eNOS uncoupling:


 

see


 
Uncoupling of endothelial nitric oxide synthase (eNOS)








Epidemiology:


 
The term is defined as

 
the study of the distribution and determinants of health-related states or events in specified populations and the application of this study to control health problems. The objectives of epidemiology include: (1) identification of the etiology or cause of a disease and the relevant risk factors; (2) determination of the extent of disease found in the community; (3) study of the natural history and prognosis of disease; (4) evaluation of both existing and newly developed preventive and therapeutic measures and modes of health care delivery; and (5) providing the foundation for developing public policy relating to environmental problems, genetic issues, and other considerations regarding disease prevention and health promotion.








Epigallocatechin-3-gallate (EGCG):


 
It is a polyphenolic compound naturally present in large quantities in green tea.








Epigenetics:


 
It is the study of how age and exposure to environmental factors, such as diet, exercise, drugs, and chemicals, may cause changes in the way genes are switched on and off without changing the actual DNA sequence. These changes can affect a person’s risk of disease and may be passed from parents to their children. Likewise, the term epigenetic regulation refers to heritable changes at the level of gene expression not related to the underlying DNA sequence and it is an important mechanism underlying the regulated expression of many antioxidant genes.








EPR spectrometer:


 

see


 
Paramagnetism








EPR:


 

see


 
Paramagnetism








ESR:


 

see


 
Paramagnetism








Estrogens:


 
Estrogens, also known as female sex hormones, are hormones that promote the development and maintenance of female characteristics of the body. Estrogens are also present in the body of males.








Evidence-based medicine (EBM):


 
EBM is defined by Dr. D. L. Sackett and associates as “a systematic approach to clinical problem solving which allows the integration of the best available research evidence with clinical expertise and patient

 
values.” A relevant term, evidence-based practice is defined by Dr. M. H. Ebell as “making a conscientious effort to base clinical decisions on research that is most likely to be free from bias and using interventions most likely to improve how long or well patients live.”
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Fenton reaction:


 

see


 
Haber‒Weiss reaction








Fenton-type reaction:


 

see


 
Haber‒Weiss reaction








Ferritin:


 
It is a 24-subunit intracellular protein whose principal role within mammalian cells is the storage of iron in a nontoxic, but bioavailable, form. In mammals, these subunits are both the light (L) and the heavy (H) type with an apparent molecular weight of 19 kDa or 21 kDa, respectively. Genes encoding ferritin heavy and light chains are regulated by Nrf2.








Ferroptosis:


 
Ferroptosis is a newly discovered type of cell death that differs from apoptosis, necrosis, and autophagy, and results from iron-dependent lipid peroxide accumulation triggered by insufficiency of GPx4. GPx4 insufficiency-induced ferroptosis is involved in various disease processes.








First messenger:


 

see


 
Cell signaling








Flavonoids:


 

see


 
Phenolic compounds








Flavoproteins:


 
Flavoproteins refer to those that contain one or more flavin nucleotides (FAD or FMN) as redox cofactors or co-substrates. They are involved, for example, in the oxidative degradation of pyruvate, fatty acids, and amino acids, and in the process of electron transport.








Free radical biology and medicine:


 
It refers to the study of free radicals and related reactive species and antioxidants in biological systems and their roles in human health and disease.








Free radical paradigm:


 
It is a recently coined term to define the scope of free radical biology and medicine and offer a framework for understanding the basic biology of free radicals and related reactive species and antioxidants, as well as their roles in human health and disease.








Free radical:


 
A free radical is any chemical species capable of independent existence that contains one or more unpaired electrons. An unpaired electron is the one that occupies an atomic or molecular orbital by itself. Hydrogen atom (H

 

˙


 
) is the simplest free radical as it contains only one electron (which is certainly unpaired). A superscript dot (

 

˙)


 
is frequently used to denote the unpaired electron and indicate that the species is a free radical.
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Gene polymorphisms:


 
The term refers to variations in a nucleotide sequence of a gene. Polymorphisms in genes result in protein polymorphisms. A polymorphism is said to occur when the most common allele has a frequency of no greater than 99 percent. In other words, a genetic variation must occur in the population at a rate of at least 1% to generally be considered polymorphic. Some forms of gene polymorphisms (including antioxidant genes) are associated with an increased risk of disease.








Gene therapy:


 
Gene therapy may involve approaches including replacing a mutated gene that causes a disease with a healthy copy of the gene, inactivating or “knocking out” a mutated gene that is functioning improperly, and introducing a new gene into the body to help fight a disease.








Genome:


 

see


 
Redox proteome








Genomics:


 

see


 
Redox proteome








Genotype:


 
This term may refer to

 
(1) the alleles that an individual possesses at a gene locus. One of these alleles is inherited from the mother, the other from the father; and (2) an individual’s entire array of single locus genotypes.








Global Burden of Disease (GBD) Study:


 
The GBD Study is a large multi-institutional, multi-individual, global collaborative initiative involving over 2,500 investigators in over 133 countries. It is the most comprehensive, continuous, worldwide descriptive epidemiological study to date. For three decades, the study (GBD 1990, GBD 2010, GBD 2013, GBD 2015, GBD 2017, GBD 2019) has described mortality and morbidity from major diseases, injuries, and risk factors to health at global, national, and regional levels. The project is funded by the Bill and Melinda Gates Foundation.








Glucose 6-phosphate dehydrogenase (G6PD):


 

see


 
Pentose phosphate pathway








γ-Glutamylcysteine ligase (γGCL):


 
It is also known less formally as γ-glutamylcysteine synthetase (γGCS), the key enzyme involved in the biosynthesis of reduced glutathione (GSH). It catalyzes the formation of γ-glutamylcysteine from the reaction of glutamate and cysteine. Glutathione synthetase (GSS) catalyzes the formation of GSH from the reaction of γ-glutamylcysteine and glycine.

 
γGCL gene expression is regulated by Nrf2.








γ-Glutamylcysteine synthetase (γGCS):


 

see


 
γ-Glutamylcysteine ligase (γGCL)








Glutathione synthetase (GSS):


 

see


 
γ-Glutamylcysteine ligase (γGCL)








Glutaredoxin (Grx):


 
This term refers to a family of reduced glutathione (GSH)-dependent enzymes that catalyze the reduction of glutathionylated proteins. This reduction reaction is known as deglutathionylation. Protein glutathionylation (also known as protein

 

S


 
-glutathionylation) refers to the covalent attachment of glutathione to a protein cysteine residue via a disulfide bridge. Currently, there are four mammalian Grxs, namely, Grx1, Grx2, Grx3, and Grx5. Grx4 is present only in lower eukaryotes.








Glutathione disulfide (GSSG):


 

see


 
Glutathione








Glutathione peroxidase (GPx):


 
The term refers to a family of multiple isozymes that catalyze the reduction of H

 

2


 
O

 

2


 
or organic hydroperoxides to water or corresponding alcohols using reduced glutathione (GSH) as an electron donor. Currently there are eight mammalian GPx isozymes, namely, GPx1, 2, 3, 4, 5, 6, 7, and 8. GPx may also decompose peroxynitrite to form nitrite and water.








Glutathione reductase (GR):


 
It refers to a homodimeric flavoprotein that catalyzes the formation of reduced glutathione (GSH) from glutathione disulfide (GSSG) at the expense of NADPH. Mammalian GR is present in both the cytosol and the mitochondrion.








Glutathione


 


S



 

-transferase (GST):


 
The term refers to a superfamily of enzymes that catalyze the conjugation of reduced glutathione (GSH) to a wide variety of xenobiotics and play important roles in protecting mammalian cells and tissues from electrophilic and oxidative stress. Some GST isozymes also regulate cellular processes via non-GSH conjugation-dependent mechanisms. Mammalian GST isozymes are classified into three main families: (1) cytosolic GSTs; (2) mitochondrial GSTs; and (3) microsomal GSTs.








Glutathione system:


 
It is a major cellular antioxidant defense system that includes the reduced form of glutathione (GSH), glutathione peroxidase, glutathione reductase, glutathione

 

S


 
-transferase, and glutaredoxin.








Glutathione:


 
The term, if not specifies, typically refers to both the reduced form (GSH) and the oxidized form (GSSG) of glutathione. GSSG is also called glutathione disulfide. GSSG is reduced to GSH by glutathione reductase.








Great Oxidation Event (GOE):


 
GOE refers to the increase of oxygen in the atmosphere 2.4−2.1 billion years ago. GOE is believed to lead to the emergence of the earliest animals on Earth.
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Haber‒Weiss reaction:


 
It refers to

 
the reaction between superoxide and hydrogen peroxide to give rise to hydroxyl radical, hydroxide ion, and molecular oxygen. This reaction proceeds slowly and can be dramatically accelerated by iron ions, which is known as iron-catalyzed Haber‒Weiss reaction. The iron-catalyzed Haber‒Weiss reaction can be written in two sequential sub-reactions: (1) O

 

2


 

˙


 
ˉ + Fe

 

3+


 
→ O

 

2


 
+ Fe

 

2+


 
and (2) Fe

 

2+


 
+ H

 

2


 
O

 

2


 
→ Fe

 

3+


 
+ OH

 

˙


 
+ OHˉ. The second reaction is commonly referred to as the Fenton reaction, which is also frequently called the Fenton chemistry. Other transition metal ions such as Cu

 

1+


 
also react with hydrogen peroxide to form hydroxyl radical, and such reactions are called Fenton-type reactions.








Heme oxygenase (HO):


 
The term refers to a family of two major isozymes, namely, HO-1 and HO-2 that catalyze the first and rate-limiting step in the oxidative degradation of heme to eventually produce bilirubin along with the release of carbon monoxide and ferrous iron. HO enzymes, especially HO-1 possess potent antioxidative and anti-inflammatory activities.








Heterozygote:


 
It refers to an animal (including human) who has inherited two different alleles (one from each parent) at a gene locus. Usually interpreted to mean that one of the alleles is expressed normally.

 
In transgenic animal models, heterozygous deletion of a gene is denoted as “gene

 

+/−


 
”.








HO-1:


 

see


 
Heme oxygenase (HO)








Homolysis:


 
It is known also as homolytic fission or homolytic cleavage referring to the cleavage of a bond so that each of the molecular fragments between which the bond is broken retains one of the bonding electrons. Thus, the products of homolysis are free radicals.








Homozygote:


 
It refers to an animal (including human) who has inherited identical alleles (one from each parent) at a gene locus. In transgenic animal models, homozygous deletion of a gene is denoted as “gene

 

−/−


 
”.








Hormones:


 
Hormones are chemical substances typically produced by endocrine glands and secreted directly into the bloodstream. They usually travel through the blood to distant tissues and organs, where they can bind to specific receptors, triggering various responses. Examples of hormones include insulin, androgens, and estrogens.








Human deafness DFNB74:


 
DFNB74 is an autosomal recessive hearing disorder that is caused by pathogenic sequence variants in the methionine sulfoxide reductase B3 gene.








Hydrogen gas (H


 


2



 

):


 
A gas that is mainly produced in the gut via bacteria-mediated fermentation of dietary components. It is recognized as a potent antioxidant protecting against diverse disease processes.








Hydrogen peroxide (H


 


2



 

O


 


2



 

):


 
One of the most extensively investigated reactive oxygen species produced in biological systems. It is also recognized as a signaling molecule. Hydrogen peroxide occurs ubiquitously in both animal and plant cells, as well as microorganisms. It is also found in Earth’s atmosphere as well as interstellar space. Notably, hydrogen peroxide enters cells via water channels (see Aquaporins).








Hydrogen sulfide (H


 


2



 

S):


 
It is an environmental pollutant as well as an endogenously produced gaseous signaling molecule in biological systems. H

 

2


 
S is produced endogenously via enzymatic activity of cystathionine β-synthase (CBS) or cystathionine γ-lyase (CSE), nonenzymatic pathways (such as reduction of thiol-containing molecules) and is also released from intracellular sulfur stores (sulfane sulfur).








Hydroxyl radical (HO˙):


 
It is

 
probably the most powerful oxidizing reactive oxygen species in biology and medicine with a standard reduction potential of +2300 mV. It is typically produced via the Fenton reaction in cells.








Hypochlorous acid (HOCl):


 
It is the active ingredient of household bleach. Hypochlorous acid is also produced in biological systems, especially by phagocytic cells during respiratory burst to kill invading pathogens.
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Inflammasomes:


 
Inflammasomes are cytosolic multiprotein oligomers of the innate immune system responsible for the activation of inflammatory responses towards infectious microbes as well as molecules derived from host proteins.








Inflammation:


 
It is a vital part of the immune system’s response to injury and infection, serving as a mechanism initiating the elimination of noxious agents/pathogens and of damaged tissue. Inflammation is marked by capillary dilatation, leukocytic infiltration, redness, heat, and pain. Dysregulated inflammation leads to tissue injury and is a major pathophysiological mechanism of many human diseases. In fact, many common human diseases, such as cardiovascular disorders, diabetes and metabolic syndrome, asthma, and chronic obstructive pulmonary disease (COPD), and neurodegeneration, are chronic inflammatory disorders in nature.








Iron-catalyzed Haber‒Weiss reaction:


 

see


 
Haber‒Weiss reaction








Iron-sulfur [Fe-S] cluster:


 
Iron-sulfur [Fe-S] clusters, including [2Fe-2S], [4Fe-4S], and [3Fe-4S], are ubiquitous and evolutionarily ancient prosthetic groups that are required to sustain fundamental life processes. [Fe-S] clusters participate in electron transfer, substrate binding/activation, iron/sulfur storage, regulation of gene expression, and enzyme activity. [Fe-S] cluster-containing proteins are called iron-sulfur proteins (e.g., aconitase, succinate dehydrogenase), which are typically susceptible to redox modulation by reactive oxygen species.








Iron-sulfur protein:


 

see


 
Iron-sulfur [Fe-S] cluster
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James Lorrain Smith (1862−1931):


 
A Scottish pathologist who pioneered the oxygen toxicity research in the late 19th century and discovered the fatal pulmonary damage resulting from exposure to hyperoxia. As such, pulmonary oxygen toxicity is also known as the “Lorrain Smith effect".








Joseph Priestley (1733−1804):


 
An English radical Unitarian minister and chemist, who along with Carl Wilhelm Scheele (1742−1786) and Antoine-Laurent Lavoisier (1743−1794), discovered oxygen in the 1770s. Priestley also discovered nitric oxide (NO) in 1772.
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Lipid peroxidation:


 
It refers to oxidation of lipids, especially polyunsaturated fatty acids (PUFAs). Free radical-triggered lipid peroxidation proceeds through the following three steps: initiation, propagation, and termination. Lipid peroxidation gives rise to secondary reactive species, including alkoxyl and peroxyl radicals, singlet oxygen, and electrophilic aldehydes, among others.








Lorrain Smith effect:


 
see James Lorrain Smith (1862−1931).









M











Mediterranean diet:


 
It refers to a modern nutritional model inspired by the traditional dietary patterns of some of the countries of the Mediterranean basin, particularly Southern Italy, Greece, Cyprus, Portugal, Turkey, and Spain. Common to the diets of these regions are: (1) high consumption of olive oil, legumes, unrefined cereals, fruits, vegetables, and fish; (2) moderate consumption of wine; and (3) low consumption of meat and meat products. Like Kitavan diet, Mediterranean diet is associated with cardiovascular protection and decreased occurrence of coronary heart disease and stroke.








Meta-analysis:


 
A meta-analysis is defined as a way of combining data from many different research studies. A meta-analysis is a statistical process that combines the findings from individual studies (observational studies and clinical trials).








Metabolic syndrome:


 
A metabolic syndrome is diagnosed when a person has three or more of the following measurements: (1) abdominal obesity (waist circumference of >40 inches in men, and >35 inches in women); (2) blood triglyceride level of ≥150 mg/dL; (3) high-density lipoprotein (HDL) cholesterol of <40 mg/dL in men or <50 mg/dL in women; (4) systolic blood pressure (top number) of ≥130 mm Hg, or diastolic blood pressure (bottom number) of ≥85 mm Hg; and (5) fasting glucose of ≥100 mg/dL.








Metabolome:


 

see


 
Redox proteome








Metabolomics:


 

see


 
Redox proteome








Metallothionein (MT):


 
It refers to a superfamily of small-molecular-weight proteins (6‒7 kDa) with high cysteine content and the capacity to bind various heavy metals, including zinc, copper, cadmium, and mercury.








Methionine sulfoxide reductase (Msr):


 
The term refers to two structurally unrelated classes of thiol-dependent enzymes, namely, MsrA and MsrB that catalyze the reduction of methionine

 

S


 
-sulfoxide and methionine

 

R


 
-sulfoxide, respectively. Msr enzymes are crucial for repairing oxidative protein damage.








Micronutrients:


 
They are dietary components, often referred to as vitamins and minerals, which although only required by the body in small amounts, are vital to development, disease prevention, and wellbeing. Micronutrients are not produced in the body and must be derived from the diet, and as such, often called essential micronutrients.








Microorganism:


 
The term, also called microbial or microbe, refers to a microscopic organism, especially a bacterium, virus, or fungus. Agents that inhibit or kill microorganisms are called antimicrobials.








MicroRNAs (miRNAs):


 
The term refers to a type of RNA found in cells and in the blood. MicroRNAs are smaller than many other types of RNA and can bind to messenger RNAs (mRNAs) to block them from making proteins. MicroRNAs are involved in the regulation of the expression of many antioxidant genes.








Mitochondrial electron transport chain:


 
It is also known as mitochondrial electron transport enzyme complexes, including complex I (NADH:ubiquinone oxidoreductase), complex II (succinate:ubiquinone oxidoreductase), complex III (ubiquinol:cytochrome c oxidoreductase), and complex IV (cytochrome c oxidase). It is of note that mitochondrial complex V (ATP synthase) is not part of the electron transport chain.








Mitophagy:


 

see


 
Autophagy








Mortality


 
: It refers to the total number of deaths attributable to a given disease in a population during a specific interval of time, usually a year.









N











NAD(P)H:quinone oxidoreductase (NQO):


 
The term refers to a family of flavoproteins that include two members, NQO1 and NQO2 in mammals. NQO1 and NQO2 stand for NAD(P)H:quinone oxidoreductase 1 and NRH:quinone oxidoreductase 2, respectively. NQO2 uses dihydronicotinamide riboside (NRH) rather than NAD(P)H as the electron donor. Both NQO1 and NQO2 catalyze two-electron reduction of various quinones and derivatives.








NADPH oxidase:


 

see


 
NOX








NF-κB:


 

see


 
Nuclear factor kappaB








Nitration:


 

see


 
Nitrative stress








Nitrative stress:


 
It refers to

 
a condition under which the levels of reactive nitrogen species (RNS) overwhelm the capacity of RNS-detoxification mechanisms in a biological system. Nitrative stress is associated with nitration of biomolecules, leading to cell and tissue injury. Nitration refers to the addition of a nitro (–NO

 

2


 
) group to a compound. Nitration can be caused by peroxynitrite and nitrogen dioxide.








Nitric oxide (NO or NO˙):


 
It is

 
also called nitric monoxide, a gaseous signaling molecule playing important physiological roles. Overproduction of nitric oxide also contributes to disease processes.








Nitrosation:


 

see


 
Nitrosative stress








Nitrosative stress:


 
It is defined as a condition induced by nitric oxide (NO

 

˙


 
) or related species, leading to the formation of nitrosation of critical protein cysteine thiols (this is commonly known as

 

S


 
-nitrosylation) or nitrosylation of metallocofactors of proteins. Nitrosation refers to the addition of a nitroso (–NO) group to a thiol group of a protein via covalent binding. This is also known as

 

S


 
-nitrosation. On the other hand, nitrosylation refers to the non-covalent binding of a nitrosyl (NO bound to a metal) group to the redox active metal ion center of a protein. However, the above nomenclature is not strictly adopted in the field of free radical biology and medicine. In this context,

 

S


 
-nitrosation and

 

S


 
-nitrosylation are frequently used interchangeably.








Nitrosylation:


 

see


 
Nitrosative stress








NOX/DUOX family:


 

see


 
NOX








NOX:


 
It denotes NADPH oxidase. The NOX enzyme family currently has five members, namely, NOX1, NOX2, NOX3, NOX4, and NOX5. The NOX1‒5 along with the dual oxidases (DUOX 1 and DUOX 2) are now members of an enzyme family, known as the NOX/DUOX family.








NQO1:


 

see


 
NAD(P)H:quinone oxidoreductase








NQO2:


 

see


 
NAD(P)H:quinone oxidoreductase








Nrf2:


 

see


 
Nuclear factor E2-related factor 2








Nuclear factor E2-related factor 2 (Nrf2):


 
Nrf2 is a member of the vertebrate Cap‘n’Collar (CNC) transcription factor subfamily of basic leucine zipper (bZip) transcription factors. Other members of the CNC subfamily of transcription factors include Nrf1, Nrf3, and p45 NF-E2. Nrf2 plays a central role in regulating both the constitutive and inducible expression of a wide variety of antioxidative/cytoprotective genes in mammals. Nrf2 normally resides in the cytosolic compartment via association with a cytosolic actin-binding protein, Keap1 (Kelch-like ECH-associated protein 1), which is also known as INrf2 (inhibitor of Nrf2). Keap1 plays a central role in controlling Nrf2 activity. Keap1 exists as dimers inside the cells and functions as a substrate linker protein for the interaction of Cul3/Rbx1-based E3-ubiquitin ligase complex with Nrf2, leading to continuous ubiquitination of Nrf2 and its proteasomal degradation. Hence, the continuous degradation of Nrf2 under basal conditions keeps the Nrf2 level low and thereby maintains low basal levels of Nrf2-regulated genes. When the cells encounter stresses, such as exposure to oxidants or chemical inducers, Nrf2 dissociates from Keap1, becomes stabilized, and then translocates into the nucleus. Inside the nucleus, Nrf2 interacts with other protein factors, including small Maf (sMaf), and binds to the antioxidant response element (ARE), also known as electrophile response element (EpRE), a unique cis-acting regulatory sequence (core sequence:5′-TGACNNNGC-3′) found in the 5′-regulatory region of a number of antioxidative/cytoprotective genes, leading to their increased transcription.








Nuclear factor kappaB (NF-κB):


 
NF-κB (full name: nuclear factor κ-light-chain-enhancer of activated B cells) is a family of transcription factors that regulate diverse cellular processes, including cytokine production and inflammatory responses, cell survival and proliferation, and cell differentiation, among others. NF-κB has been recognized as a member of Rel family of transcription factors. In mammals, there are five different members to compose the NF-κB family: p65 (RelA), RelB, c-Rel, p50/p105 (NF-κB1), and p52/p100 (NF-κB2). The most widely studied form of NF-κB is a heterodimer of the p50 and p65 subunits and is a potent activator of gene transcription. In the literature of free radical biology and medicine, the term NF-κB, if not specified, typically refers to the p50/p65 heterodimer. NF-κB is activated by a wide variety of agents including free radicals and related reactive species.








Nucleophile:


 

see


 
Electrophile









O











Odds ratio:


 

see


 
Odds








Odds:


 
The ratio of the probability of occurrence of an event to that of non-occurrence, or the ratio of the probability that something is so, to the probability that it is not so. Odds ratio (also known as relative risk) is defined as the ratio of the odds of an event in one group to the odds of an event in another group.








Omega-3 fatty acids:


 
Omega-3 fatty acids (ω-3 fatty acids) refer to a series of essential unsaturated fatty acids that have a final carbon-carbon double bond in the n-3 position (also known as the ω position), that is, the third bond from the methyl end of the fatty acid. Omega-3 fatty acids are present in high amounts in nuts and oily fish. Fish oil capsule is the most common form of dietary supplementation of omega-3 fatty acids.








One-electron reduction potential:


 

see


 
Reduction potential








Oxidant stress:


 

see


 
Oxidative stress








Oxidative stress biomarker:


 

see


 
Biomarker








Oxidative stress:


 
It is defined as a condition where the levels of reactive oxygen species (ROS) significantly overwhelm the capacity of antioxidant defenses, leading to potential damage in a biological system. Oxidative stress condition can be caused by either increased ROS formation or decreased activity of antioxidants or both in a biological system. Oxidative stress is recognized as an important contributor to diverse disease processes. The term oxidant stress is interchangeable with oxidative stress, but less commonly used in the literature.








Oxygen free radical:


 

see


 
Reactive oxygen species








Oxygen radical:


 

see


 
Reactive oxygen species








Ozone (O


 


3



 

):


 
It is a gas in the stratosphere (commonly known as stratospheric ozone) that protects animals on Earth from solar irradiation. It is also an air pollutant near Earth’s surface (commonly known as tropospheric O

 

3


 
). Ozone has been suggested to be produced in biological systems via an antibody- or amino acid-catalyzed water oxidation pathway. Biologically produced ozone may be part of the innate immunity. Ozone is an ROS.









P











Paramagnetism:


 
It refers to

 
the magnetic state of a chemical species with one or more unpaired electrons. The unpaired electrons are attracted by a magnetic field due to the electrons’ magnetic dipole moments. Hence, free radicals are paramagnetic and can be detected by electron paramagnetic resonance (EPR) spectrometry, also known as electron spin resonance (ESR) spectrometry. The Bruker (www.bruker.com) EMX spectrometer is perhaps the most widely used EPR instrument in the field of free radical research. EPR technique is considered the most specific way for detecting free radicals in biological systems. Due to relatively low sensitivity of EPR detection and the fact that biologically relevant free radicals are typically in low concentrations and very short-lived, it is difficult, if not impossible, to directly detect these free radicals by EPR spectrometry. This dilemma can be circumvented by EPR detection of more stable secondary radical adducts formed by adding exogenous spin traps—molecules that react with primary free radicals to give rise to longer-lasting free radical adducts with characteristic EPR signatures that can accumulate to levels permitting detection. This technique is known as spin-trapping or EPR spin-trapping detection of free radicals.








Paraoxonase (PON):


 
The term refers to a family of enzymes that includes three members in mammals, namely, PON1, PON2, and PON3. PON enzymes possess antioxidant activities and protect against oxidative stress-associated pathophysiology, especially atherosclerosis.








Pathogenesis:


 
Pathogenesis refers to the development of a disease and the chain of events leading to that disease. Included here also are some related terms. Pathology is the medical discipline that describes conditions typically observed at a disease state (an abnormal or undesired condition). Pathophysiology is a convergence of pathology with physiology and seeks to explain the physiological processes or mechanisms whereby diseases develop and progresses. Physiology is the biological discipline that describes normal processes or mechanisms operating within an organism.








Pathophysiology:


 

see


 
Pathogenesis








Paul Bert (1833−1886):


 
A French physiologist, who pioneered the oxygen toxicity research in the late 19th century. The central nervous system (CNS) effect of hyperoxia is thus also known as the “Paul Bert effect”.








Paul Bert effect:


 

see


 
Paul Bert (1833−1886)








Pentose phosphate pathway:


 
It is a metabolic process that breaks down glucose 6-phosphate to pentose with the production of NADPH. The two enzymes involved in the production of NADPH are glucose 6-phosphate dehydrogenase (G6PD) and 6-phosphogluconate dehydrogenase (6PGD), with the former as the key enzyme of the pathway.








Peroxiredoxin (Prx):


 
It refers to a family of small (21–31 kDa) nonseleno peroxidases currently known to possess six mammalian isozymes, namely, Prx1–6. Prx isozymes catalyze the decomposition of H

 

2


 
O

 

2


 
, organic hydroperoxides, and possibly peroxynitrite.








Peroxyl radical (ROO˙ or LOO˙):


 
It is

 
a reactive oxygen species that is typically formed during lipid peroxidation and acts as a potent oxidizing species.








Peroxynitrite (


 
ONOOˉ): It is also known as peroxynitrite anion which is typically formed from the bi-radical reaction between superoxide and nitrogen oxide in biological systems. Peroxynitrite is a clinical example of reactive nitrogen species (RNS). It is also classified as a reactive oxygen species (ROS).








Phagocytic respiratory burst:


 

see


 
Respiratory burst








Phase 2 enzymes (phase 2 proteins):


 
This ill-defined term is used loosely in the field of antioxidant biology and medicine to refer to enzymes that are involved in phase 2 biotransformation reactions, with glutathione

 

S


 
-transferase and UDP-glucuronosyltransferase as prototypical examples. Phase 1 and phase 2 reactions are related to biotransformation (also known as metabolism) of xenobiotics. Phase 1 biotransformation reactions include oxidation, reduction, and hydrolysis, whereas phase 2 biotransformation involves primarily conjugation reactions, such as conjugation with endogenous cellular ligands (e.g., glutathione and glucuronic acid). In addition to the classical conjugation enzymes, other enzymes and proteins have also been considered as phase 2 enzymes/proteins in the literature. These include (in alphabetical order) aflatoxin B1 dehydrogenase, dihydrodiol dehydrogenase, epoxide hydrolase, ferritin, γ-glutamylcysteine ligase, heme oxygenase-1, leukotriene B4 dehydrogenase, and NAD(P)H:quinone oxidoreductase 1. Some of the above phase 2 proteins, such as γ-glutamylcysteine ligase, heme oxygenase-1, and ferritin, are typically classified as antioxidants. As such, the compound term, “antioxidative/phase 2 proteins” is used in the literature to refer to the above protein molecules.








Phenolic compounds:


 
Phenolic compounds, also called phenols or phenolics, are a class of chemicals consisting of one or more hydroxyl group (‒OH) bonded directly to one or more six-membered aromatic rings. Monophenols contain one such aromatic hydroxyl group, whereas compounds containing two such hydroxyl groups are called biphenols. Polyphenols are those that contain more than two such hydroxyl groups. Dietary phenolic compounds are usually classified into five classes: (1) flavonoids (e.g., genistein); (2) stilbenes (e.g., resveratrol); (3) phenolic acids (e.g., caffeic acid); (4) lignans (e.g., pinoresinol); and (5) others (e.g., curcumin). Among dietary phenolic compounds, flavonoids are the most commonly studied compounds. Flavonoids are further classified into the following six subclasses: (1) flavonols (e.g., quercetin); (2) flavones (e.g., luteolin); (3) isoflavones (e.g., genistein); (4) flavanones (e.g., taxifolin); (5) anthocyanidins (e.g., delphinidin); and (6) flavanols (e.g., epigallocatechin-3-gallate).








Phenotype:


 
It refers to the biochemical, physiological, and physical characteristics resulting from the interaction of genotype with environment.








6-Phosphogluconate dehydrogenase (6PGD):


 

see


 
Pentose phosphate pathway








Photosensitivity reaction:


 
In a photosensitivity reaction, an endogenous photosensitizer molecule (PS) (e.g., a porphyrin, flavin, or quinone molecule) is converted to an excited state (PS*) upon illumination by light. The excitation energy is then transferred to molecular oxygen (O

 

2


 
), converting it to singlet oxygen, while the photosensitizer molecule returns to the ground state.








Polyphenols:


 

see


 
Phenolic compounds








Prebiotics:


 

see


 
Probiotics








Probiotics:


 
Probiotics are live beneficial microorganisms, most commonly bacteria, that are intended to cause health benefits. Prebiotics are dietary substances that favor the growth of beneficial bacteria over harmful ones. Thus, prebiotics can be considered the “foods” for probiotics. Products that combine probiotics and prebiotics to cause synergism are frequently referred to as synbiotics.








Proteasomes:


 
The term refers to cellular machineries that break down proteins that are no longer needed and recycle or remove the resulting breakdown molecules.








Protein carbonyl group:


 
It refers to a carbon atom double-bonded to an oxygen atom (C=O) in a protein molecule, which can be formed as a consequence of oxidation of the amino acid residues of a protein by reactive oxygen species (ROS). In free radical biology and medicine, protein carbonylation typically refers to the formation of reactive aldehydes or reactive ketones following ROS attack of the protein. Such carbonyl groups can react with 2,4-dinitrophenylhydrazine to form hydrazones, enabling their detection in a biological system as a biomarker for oxidative protein damage.








Protein carbonylation:


 
 

 

see


 
Protein carbonyl group








Protein deglutathionylation:


 

see


 
Glutaredoxin








Protein disulfide isomerases (PDIs):


 
The term refers to a class of enzymes (primarily located in the endoplasmic reticulum) that catalyze the formation and breakage of disulfide bonds between cysteine residues within proteins as they fold. Some antioxidant enzymes (e.g., GPx7) interact with PDIs.








Protein


 


S



 

-glutathionylation:


 
Also known as protein glutathionylation;

 

see


 
Glutaredoxin








Protein tyrosine nitration:


 
It refers to the addition of a nitro (‒NO

 

2


 
) group adjacent to the hydroxyl group on the aromatic ring of the tyrosine residue. Protein tyrosine nitration (3-nitrotyrosine) is commonly used as a biomarker for the formation of reactive nitrogen species.








Proteome:


 

see


 
Redox proteome








Proteomics:


 

see


 
Redox proteome








Pyroptosis:


 
It is a newly discovered form of regulated cell death that occurs most frequently upon infection with intracellular pathogens. Pyroptosis is initiated by inflammasomes which detect cytosolic contamination or perturbation.









R











Randomized controlled trial (RCT):


 
The term RCT refers to a type of clinical study in which subjects (typically patients with a particular disease) are randomly assigned to one of two groups: one—the experimental group receiving the new treatment that is being tested, and the other—the comparison group or control receiving an existing treatment or a placebo. The two groups are then followed up to see if there are any differences between them in disease outcome. A placebo is a substance or other kind of treatment that looks just like a regular treatment or medication, but it’s not—it can be viewed as the inactive form of the regular treatment. If an RCT employs a placebo as a control, it is called a placebo-controlled trial. If both investigators and patients do not know the treatment assignments, the trial is called double-blind; if only one party knows the assignments, it is called single-blind.








Reactive chlorine species (RCS):


 
It refers to chlorine-containing reactive species, with hypochlorous acid (HOCl) as a prototype. A more generalized term, namely, reactive halogen species, is also sometimes encountered in the literature, and this term refers to halogen (e.g., Cl and Br)-containing reactive species that include HOCl and hypobromous acid (HOBr). Both HOCl and HOBr are produced by granulocytes during their respiratory burst and may be involved in the killing of invading pathogens as well as injury of host tissues.








Reactive halogen species:


 

see


 
Reactive chlorine species (RCS)








Reactive nitrogen species (RNS):


 
Nitrogen-containing reactive species that include nitric oxide (NO

 

˙


 
), peroxynitrite (ONOOˉ), nitrogen dioxide radical (NO

 

2


 

˙


 
), and other oxides of nitrogen or nitrogen-containing reactive species. As RNS are almost exclusively oxygen-containing species, by definition, they also belong to ROS. The compound term “reactive oxygen and nitrogen species (ROS/RNS)” is often used to refer to a group of ROS and RNS commonly seen in biological systems.








Reactive oxygen and nitrogen species (ROS/RNS):


 

see


 
Reactive nitrogen species








Reactive oxygen intermediates (ROIs):


 

see


 
Reactive oxygen species








Reactive oxygen metabolites (ROMs):


 

see


 
Reactive oxygen species








Reactive oxygen species (ROS):


 
This term refers to oxygen-containing reactive species. It is a collective term to include superoxide (O

 

2


 

˙


 
ˉ), hydrogen peroxide (H

 

2


 
O

 

2


 
),

 
hydroxyl radical (OH

 

˙


 
), singlet oxygen (

 

1


 
O

 

2


 
), peroxyl radical (LOO

 

˙


 
), alkoxyl radical (LO

 

˙


 
), lipid hydroperoxide (LOOH), peroxynitrite (ONOOˉ), nitric oxide (NO), nitrogen dioxide (NO

 

2


 

˙


 
), carbonate radical (CO

 

3


 

˙


 
ˉ), hypochlorous acid (HOCl), and ozone (O

 

3


 
). Some ROS, such as superoxide, hydroxyl radical, and nitrogen dioxide are free radicals and hence are also called oxygen free radicals or oxygen radicals. Although the term ROS is most commonly used, other equivalent terms are also available, including reactive oxygen intermediates (ROIs), reactive oxygen metabolites (ROMs), and reactive oxygen.








Reactive oxygen:


 

see


 
Reactive oxygen species








Redox biology:


 
The term redox refers to reduction-oxidation. Redox biology is a relatively new field that is concerned with the study of oxidation-reduction processes associated with living things. Redox homeostasis refers to a dynamic process involving redox reactions to ensure normal physiology in a biological system. Reactive oxygen species and antioxidant molecules are the key players involved in redox homeostasis. Disruption of redox homeostasis contributes to disease pathophysiology, including tumorigenesis.








Redox homeostasis:


 

see


 
Redox biology








Redox metabolome:


 

see


 
Redox proteome








Redox modulation:


 

see


 
Redox signaling








Redox potential:


 

see


 
Reduction potential








Redox proteome:


 
It refers to components of the proteome that undergo reversible redox reactions and those modified by reactive oxygen species or related chemical entities. Proteome is the entire set of proteins expressed by a genome, cell, tissue, or organism under certain conditions. Proteomics may be simply defined as the large-scale study/analysis of proteins produced by the genome of a particular cell, tissue, or organism. Other related terms include metabolome, metabolomics, redox metabolome, genome, and genomics. Metabolome is simply defined as the total number of metabolites present within a cell, tissue, or organism. Metabolomics is the large-scale study/analysis of the entire set of metabolites present within a cell, tissue, or organism. Redox metabolome is a redox-active subset of the metabolome, with NADPH/NADP

 

+


 
, GSH/GSSG (reduced form of glutathione/oxidized form of glutathione), and cysteine/cystine being specifically relevant to the redox proteome. Genome is the complete set of genes or genetic material present in a cell or organism. Genomics is the study of the genome.








Redox regulation:


 

see


 
Redox signaling








Redox signaling:


 
It refers to the process wherein reactive oxygen species (ROS) or related chemical entities act as second messengers to cause physiological cellular responses via redox reactions. It is necessary to emphasize the difference between redox signaling and redox modulation. Redox signaling emphasizes a physiological process, where ROS act as second messengers to mediate responses that are required for proper function and survival of the cell. On the other hand, redox modulation (or redox regulation) refers to a process wherein ROS alter the activity or function of the redox-sensitive molecular targets, including signaling proteins and metabolic enzymes, leading to either a physiological or pathophysiological response, or both.








Reduced glutathione (GSH):


 
The term is used to specify the reduced form of glutathione;

 

see


 
Glutathione








Reduction potential:


 
Reduction potential is also less commonly known as redox potential. If it is measured at standard conditions (see next), the reduction potential is called standard reduction potential. Standard reduction potential (E

 

0


 
) may be defined as the potential in volts or millivolts generated by a reduction half-reaction of a redox reaction compared to the standard hydrogen electrode at the standard conditions (i.e., 25

 

o


 
C, 1 atmosphere, 1 M concentration). Hence, reduction potential indicates the tendency of a chemical species to acquire electrons and thereby be reduced during the redox reaction. The more positive the reduction potential is, the more likely the chemical species will be reduced. If the reaction involves a single electron transfer, it is called one-electron reduction. A related term is standard oxidation reduction. It can be defined as the potential in volts or millivolts generated by an oxidation half-reaction of a redox reaction compared to the standard hydrogen electrode at the standard conditions.








Respiratory burst:


 
This term typically refers to an increase in oxygen consumption and reactive oxygen species production by phagocytic cells (e.g., macrophages, neutrophils) as a result of the activation of their membrane NADPH oxidase (also known as NOX) during phagocytosis of microorganisms.








Resveratrol:


 
It is a polyphenolic compound naturally present in good quantities in red grapes, peanuts, and certain berries. Resveratrol is perhaps the most extensively studied natural polyphenol with regard to its biological activities and potential involvement in human health.








Risk factor:


 
It is defined as an exposure, behavior, or attribute that, if present and active, clearly increases the probability of a particular disease in a group of people who have the risk factor compared with an otherwise similar group of people who do not. Risk factor is one of the three fundamental types of causal relationships. The other two are sufficient cause and necessary cause. The former refers to that if the factor (cause) is present, the effect (disease) will always occur, and latter refers to that the factor (cause) must be present for the effect (disease) to occur.








RNS:


 

see


 
Reactive nitrogen species








ROS/RNS:


 

see


 
Reactive nitrogen species








ROS:


 
s

 

ee


 
Reactive oxygen species









S











Second messenger:


 

see


 
Cell signaling








Selenoproteins:


 
The term selenoprotein refers to any protein that contains a selenocysteine residue. Selenocysteine, known as the 21st amino acid, has a structure similar to cysteine, but with an atom of selenium taking the place of the usual sulfur. Twenty-five selenoproteins have been identified in humans, among which are many antioxidant enzymes. The selenium-containing antioxidant enzymes include the GPx (GPx1‒4, and 6), thioredoxin reductases (TrxR1, 2, and TGR), and methionine sulfoxide reductase B1 (MsrB1, also known as selenoprotein R). The other selenoproteins include iodothyronine deiodinases (DIO1, 2, and 3), selenoprotein H (Sel H), Sel I, Sel K, Sel M, Sept15, Sel N, Sel O, Sel P, Sel S, Sel T, Sel V, Sel W, and selenophosphate-synthetase-2 (SPS2).








Singlet oxygen (


 


1



 

O


 


2



 

):


 
It is an electronically excited form of molecular oxygen. There are two types of singlet oxygen, namely, (

 

1


 
Δ

 

g


 
)

 

1


 
O

 

2


 
and (

 

1


 
Σ

 

g


 

+


 
)

 

1


 
O

 

2


 
. The

 

1


 
Σ

 

g


 

+


 
form is a free radical of higher energy that undergoes rapid decay rather than chemical reactions. This form of singlet oxygen is thus regarded to be too short-lived to be of any significance in biological systems. Singlet oxygen is the major active species responsible for the efficacy of photodynamic therapy.








Signaling molecule:


 

see


 
Cell signaling








Sirtuins:


 
Sirtuins are class III histone deacetylases that play important roles in regulating diverse biological processes, especially metabolism. Members of Sirtuins in humans include Sirt1, 2, 3, 4, 5, 6, and 7.








SOD1:


 

see


 
Superoxide dismutase








SOD2:


 

see


 
Superoxide dismutase








SOD3:


 

see


 
Superoxide dismutase








Spin-trapping (EPR spin-trapping):


 

see


 
Paramagnetism








Standard reduction potential:


 

see


 
Reduction potential








Statistics:


 
The term can be used to refer either to “a branch of mathematics dealing with the collection, analysis, interpretation, and presentation of masses of numerical data” or “a collection of quantitative data.”








Stress:


 
It is defined by the U.S. National Institutes of Health as a physical and emotional reaction that people experience as they encounter changes in life. Although stress, as your body’s reaction to a challenge, can be positive in short bursts, long-term (chronic) stress causes sustained elevation of stress hormones (e.g., adrenaline and cortisol) and disruption of normal metabolism, contributing to or worsening a range of health problems such as cardiovascular diseases, digestive disorders, headaches, sleep disorders, depression, anxiety, and other mental illnesses.








Sulfiredoxin (Srx):


 
It is a recently identified small molecular mass (~14 kDa) antioxidant enzyme that catalyzes the reduction of sulfinic peroxiredoxins in the presence of adenosine triphosphate (ATP) and using thioredoxin or reduced glutathione (GSH) as an electron donor.








Superoxide (O


 


2



 

˙ˉ):


 
It is also known as superoxide anion or superoxide anion radical. It is produced from one-electron reduction of molecular oxygen (O

 

2


 
+ eˉ

 
→ O

 

2


 

˙


 
ˉ) in biological systems. Superoxide is also present in oceans, deserts, and the universe (e.g., Mars).








Superoxide dismutase:


 
This term refers to a family of enzymes that catalyze the dismutation of superoxide to hydrogen peroxide and molecular oxygen. There are three isozymes of SOD in mammalian systems: SOD1 (or CuZnSOD), SOD2 (or MnSOD), and SOD3 (or ECSOD).








Systematic review:


 
A systemic review is a summary of the clinical literature in a comprehensive manner. It is a critical assessment and evaluation of all available clinical studies that address a particular clinical issue.









T











Thioredoxin (Trx):


 
This term refers to a family of small redox proteins (~12 kDa) that undergo NADPH-dependent reduction by thioredoxin reductase and in turn reduce the disulfide bridge in target proteins. Currently, there are two mammalian Trx isozymes: Trx1 and Trx2.








Thioredoxin glutathione reductase (TGR):


 

see


 
Thioredoxin reductase








Thioredoxin reductase (TrxR):


 
this term refers to a class of enzymes that catalyze the reduction of oxidized thioredoxin. There are three major isozymes of TrxR in mammals: TrxR1, TrxR2, and TrxR3. TrxR3 is also commonly known as thioredoxin glutathione reductase (TGR).








Thioredoxin system:


 
It refers to an important antioxidant system that includes thioredoxin, peroxiredoxin, thioredoxin reductase, and sulfiredoxin.








α-Tocopherol:


 

see


 
Vitamin E









U











Uncoupling of endothelial nitric oxide synthase (eNOS):


 
eNOS uncoupling refers to a state, in which eNOS switches from producing nitric oxide (NO) to generating superoxide. Oxidative modification of eNOS and its co-factors by free radicals and related species may cause eNOS uncoupling. The consequence of eNOS uncoupling is two-fold: (1) decreased NO bioavailability and (2) increased formation of superoxide and peroxynitrite.








Uncoupling proteins (UCP):


 
The term refers to members of the anion carrier protein family located in the inner mitochondrial membrane. Currently there are five uncoupling proteins in mammalian cells, namely, UCP1, UCP2, UCP3, UCP4, and UCP5. These proteins act as proton channels or transporters and dissipate the proton gradient across the mitochondrial inner membrane. Uncoupling proteins, especially UCP2, may regulate mitochondrial reactive oxygen species production and is considered as an antioxidant.








U.S. Food and Drug Administration (FDA):


 
The U.S. FDA is a federal agency responsible for protecting the public health by assuring the safety, efficacy, and security of human and veterinary drugs, biological products, medical devices, nation’s food supply, cosmetics, and products that emit radiation. The U.S. FDA also provides accurate, science-based health information to the public. Unless specified, when the term “FDA” is mentioned, it typically refers to the U.S. FDA.
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Vascular peroxidases (VPO):


 
They are recently identified novel heme-containing peroxidases expressed in cardiovascular tissues. VPO1 is highly expressed in both the heart and the vascular wall, whereas VPO2 is highly expressed only in the heart.








Vitamin C:


 
It is also known as ascorbic acid or ascorbate and is a water-soluble molecule synthesized endogenously in animals except humans, monkeys, guinea pigs, and several other animal species. Humans lost this capability as a result of a series inactivating mutations of the gene encoding L-gulonolactone oxidase, a key enzyme in vitamin C biosynthesis. Ascorbic acid (AscH

 

2


 
) has two ionizable hydroxyl groups. At a physiological pH, ascorbic acid exists predominantly as a monoanion, i.e., ascorbate monoanion (AscHˉ). AscHˉ acts as a reducing agent and is converted to ascorbate radical (Asc

 

˙


 
ˉ,

 
also known as semidehydroascorbate) after donation of one electron. After losing another electron, Asc

 

˙


 
ˉ is converted to dehydroascorbate (DHA). DHA can be reduced by either one electron to Asc

 

˙


 
ˉ or by two electrons to AscHˉ.








Vitamin E:


 
Vitamin E is a nutritional term; natural dietary vitamin E comprises of eight different forms: α-, β-, γ-, and δ-tocopherols and α-, β-, γ-, and δ-tocotrienols. Tocotrienols have unsaturated side-chain, whereas tocopherols contain a phytyl tail with three chiral centers that naturally occur in the

 

RRR


 
configuration. Among the eight forms of dietary vitamin E, α-tocopherol is the predominant form in human tissues due to efficient retention by the liver and distribution to peripheral tissues.
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Xanthine dehydrogenase (XDH):


 

see


 
Xanthine oxidoreductase








Xanthine oxidase (XO):


 

see


 
Xanthine oxidoreductase








Xanthine oxidoreductase:


 
Xanthine oxidoreductase (XOR) has two interconvertible forms: xanthine dehydrogenase (XDH) and xanthine oxidase (XO). Both forms catalyze the conversion of hypoxanthine to xanthine and xanthine to uric acid. Both forms also catalyze one- and two-electron reduction of molecular oxygen to form superoxide and hydrogen peroxide, respectively, with xanthine oxidase being more active in generating the above reactive oxygen species. The reversible conversion of xanthine dehydrogenase to xanthine oxidase occurs under certain conditions including hypoxia and oxidation of the cysteine thiol groups of the enzyme. XOR contributes to diverse disease processes.
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