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Preface 
 
 
Molecular oxygen is essential for aerobic life, yet incomplete reduction or excitation of 

molecular oxygen during aerobic metabolisms results in the inevitable formation of reactive 
oxygen species (ROS). ROS are capable of causing damage to cellular constituents, including 
proteins, lipids, and nucleic acids. As such, aerobic organisms, including mammals have 
evolved a series of complementary antioxidant enzymes and non-enzymatic antioxidant mo-
lecules to control ROS and thereby protect critical biomolecules from oxidative damage. In 
addition, many diet-derived compounds have antioxidant activities and thus also contribute to 
the mammalian antioxidant defenses. Under physiological conditions, ROS and antioxidant 
defenses are generally in balance. However, increased formation of ROS or compromised 
antioxidant defenses may disrupt this balance, leading to oxidative stress that may eventually 
contribute to the development of many diseases.  

The last two to three decades have witnessed the remarkable advances in our knowledge 
about ROS and antioxidants 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. In line with this notion, accumulating evidence also 
demonstrates the effectiveness of antioxidant-based strategies for the intervention of an in-
creasing number of disease processes that involve an oxidative stress mechanism. In this con-
text, many synthetic antioxidant compounds have been developed, which can also be used to 
augment antioxidant defenses to protect against oxidative stress-associated disease pathophy-
siology. New knowledge in antioxidant biology and medicine will certainly further enhance 
our ability to develop more effective mechanistically-based strategies to combat human dis-
eases that involve an oxidative stress component. 

This book covers both the fundamentals and the most recent advances in antioxidant re-
search in biology and medicine. The aim of the book is to provide a critical evaluation of the 
various endogenous and exogenous antioxidants with an emphasis on their role in health and 
disease. To this end, the book focuses on discussing solid scientific evidence obtained from 
basic research in mammalian models of human diseases as well as studies conducted directly 
in human subjects. The book is divided into four sections, as listed below. 

 
 Section I: Introduction to Oxidative Stress and Antioxidants 
 Section II: Antioxidants Synthesized by Cells 
 Section III: Antioxidants Derived from the Diet 
 Section IV: Synthetic Antioxidants 



Preface viii 

To set a stage for the subsequent discussion on how individual antioxidants function to 
protect against oxidative stress and disease processes, Section I introduces the basic know-
ledge on ROS and oxidative stress. It also provides an overview of the different kinds of anti-
oxidants, the molecular regulation of antioxidant genes, and the antioxidant-based strategies 
for disease intervention. Section I has two chapters. 

Section II consists of seventeen chapters devoted to the discussion of each of the major 
endogenous antioxidants synthesized by cells with respect to their basic biology and in-
volvement in health and disease. Each chapter covers knowledge in three major areas: (1) 
basic biochemistry and molecular regulation, (2) animal studies on the role in disease 
processes, and (3) human studies and clinical applications.  

Section III contains four chapters that cover the major antioxidants derived from the diet: 
vitamin C, vitamin E, carotenoids, and phenolic compounds. The biochemical properties and 
role in health and disease (including both experimental and clinical evidence) for each of 
these diet-derived antioxidants are discussed. 

Section IV consists of four chapters on synthetic antioxidants, including antioxidant en-
zyme mimetics, glutathione precursors, spin traps, and nanomaterials. These chapters describe 
the chemical and biochemical properties of each of the above four classes of synthetic anti-
oxidants with an emphasis on their protective effects in disease processes in both experimen-
tal animals and human subjects.  

It is hoped that this book by integrating knowledge on antioxidants from essentials to ad-
vances, and from basic research to clinical applications will provide the reader a unique ap-
proach to understanding the rapidly evolving field of antioxidants in biology and medicine.  

 
 

Yunbo Li, MD, PhD 
Blacksburg, Virginia 

January, 2011 
 
 
 
 
 
 
 



 

 
 
 
 
 
 
 
 

SECTION I  
INTRODUCTION TO OXIDATIVE STRESS  

AND ANTIOXIDANTS 
 
 
Utilization of molecular oxygen by aerobic organisms, including mammals leads to the 

inevitable formation of reactive oxygen and nitrogen species (ROS/RNS) from various meta-
bolic processes. ROS/RNS have the potential to damage cellular constituents. As such, aero-
bic organisms have evolved a number of antioxidants to protect critical biomolecules from 
ROS/RNS-mediated damage. Under physiological conditions, formation of ROS/RNS and 
functioning of antioxidants are generally in balance. However, increased ROS/RNS produc-
tion or compromised antioxidant defenses may disrupt this balance, leading to potentially 
detrimental conditions, such as oxidative stress injury. Understanding of the basic biology of 
ROS/RNS and oxidative stress is crucial for developing antioxidant-based strategies for the 
intervention of diseases involving an ROS/RNS-dependent mechanism. Section I introduces 
the basics related to ROS/RNS and oxidative stress, and provides an overview of antioxidants 
and their gene regulation. This sets a stage for the subsequent chapters devoted to the discus-
sion of individual antioxidants in biology and medicine. Section I consists of two chapters. 

 
 
 





 

 
 
 
 
 
 
 

Chapter 1 
 
 

Introduction to Oxidative Stress  
 
 

Abstract 
 

Reactive oxygen and nitrogen species (ROS/RNS) are collective terms that refer to a 
number of oxygen- and nitrogen-containing reactive species. ROS/RNS are produced 
from various cellular sources. They also exist as environmental pollutants. Although 
ROS/RNS fulfill important physiological functions, uncontrolled formation of ROS/RNS 
leads to detrimental conditions, such as oxidative stress injury. This chapter introduces 
the common types of ROS/RNS and summarizes the role of oxidative stress in disease 
development.  
 
 

1. Historical Overview 
 
Molecular oxygen is essential for aerobic life, yet incomplete reduction or excitation of 

molecular oxygen during aerobic metabolisms generates oxygen-containing reactive species 
that pose a serious threat to aerobic organisms. Although more than two centuries ago J. 
Priestley stated that “oxygen might not be so proper for use in the usual healthy state of the 

body…”, insight into the mechanisms of oxygen toxicity was provided in an article published 
in 1954 by R. Gerschman and coworkers, hypothesizing that oxygen poisoning and radiation 
injury may have at least one common basis of action, possibly through the formation of oxi-
dizing free radicals [1]. Another important event in the investigations of oxygen toxicity was 
the finding by J.M. McCord and I. Fridovich in 1969 of an enzymatic function of a protein 
containing both copper and zinc, which then was known alternatively as erythrocuprein [2]. 
The function of this enzyme (Cu,Zn superoxide dismutase) is catalysis of dismutation of su-
peroxide (a free radical) to produce hydrogen peroxide and molecular oxygen. The discovery 
of Cu,Zn superoxide dismutase has triggered extensive investigations into the free radical 
mechanisms of oxygen toxicity. A large body of evidence over the last several decades 
demonstrates a critical role for oxygen-derived free radicals and related reactive species in the 
pathophysiology of a wide variety of diseases. While free radicals and related reactive species 
cause deleterious effects in biological systems, it is important to note that these reactive spe-
cies may also play important physiological roles, such as antimicrobial activity and participa-
tion in cell signal transduction [3, 4].  
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2. Free Radicals and Reactive Oxygen  
and Nitrogen Species (ROS/RNS) 

 
2.1. Definitions 

 
2.1.1. Free Radicals 

Free radical is a commonly encountered term in biology and medicine. It refers to any 
chemical species capable of independent existence that contains one or more unpaired elec-
trons. An unpaired electron refers to the one that occupies an atomic or molecular orbital by 
itself. For example, the superoxide (O2

.-) noted above is a free radical. The superscript dot 
indicates the unpaired electron whereas the superscript minus sign indicates that the free radi-
cal is negatively charged. Both anionic and cationic free radicals exist in biological systems. 
In general, free radicals are reactive species. However, as described below, reactive species 
are not necessarily free radicals. 

 
2.1.2. ROS/RNS 

Reactive oxygen species (ROS) is a term also frequently used in biology and medicine. 
This term can be simply defined as oxygen-containing reactive species. It is a collective term 
to include superoxide (O2

.-), hydrogen peroxide (H2O2), hydroxyl radical (.OH), singlet oxy-
gen (1O2), peroxyl radical (LOO.), alkoxyl radical (LO.), lipid hydroperoxide (LOOH), perox-
ynitrite (ONOO-), hypochlorous acid (HOCl), and ozone (O3). Similarly, the term reactive 
nitrogen species (RNS) has been coined to include nitric oxide (.NO), peroxynitrite, nitrogen 
dioxide (.NO2), and other oxides of nitrogen or nitrogen-containing reactive species [5]. It is 
of note that peroxynitrite is classified as both an ROS and an RNS in the literature. 

Among the ROS listed above, some contain unpaired electrons, and thus belong to free 
radicals. They are also called oxygen free radicals. Examples of oxygen free radicals include 
superoxide, hydroxyl radical, peroxyl radical, and alkoxyl radical. Some ROS do not contain 
any unpaired electrons, and thus they are not free radicals. Examples of the non-radical ROS 
include hydrogen peroxide, peroxynitrite, hypochlorous acid, and ozone. Singlet oxygen can 
exist in two states: the delta state (1

g) and sigma state (1
g
+). (1

g
+)1O2 is a free radical be-

cause it contains two unpaired electrons. On the other hand, (1
g)1O2 is a non-radical. Due to 

its highly unstable nature, (1
g
+)1O2 is generally regarded to lack biological significance. As 

such, in biology and medicine, singlet oxygen usually refers to the 1
g

 state and is considered 
a non-radical species. 

 
 

2.2. Sources of ROS/RNS 
 
Utilization of molecular oxygen by aerobic organisms leads to the formation of 

ROS/RNS. ROS/RNS are generated from various endogenous cellular sources, such as 
NAD(P)H oxidases and mitochondria. ROS/RNS are also produced from a variety of exogen-
ous sources, including physical agents, xenobiotics, and biologic agents (Table 1-1). 

 
2.2.1. Endogenous Sources 

The various endogenous sources of ROS/RNS in mammals are described below. 
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Table 1-1. Sources of reactive oxygen and nitrogen species in biology and medicine 
 

Source Description 

Endogenous Sources NAD(P)H oxidases  
Mitochondria (electron transport chain and oxidases) 
Xanthine oxidoreductase  
Cytochrome P450 enzymes  
Uncoupled nitric oxide synthases  
Peroxisomes  

Exogenous Sources Physical agents and particulate matter 
Xenobiotics 
Biologic agents (bacteria and viruses) 

 
 
2.2.1.1. NAD(P)H OXIDASES  
The NAD(P)H oxidase in phagocytic cells produces large amounts of superoxide during 

respiratory burst. Phagocytic NAD(P)H oxidase is perhaps the best characterized cellular 
source of ROS. This multicomponent enzyme consists of the catalytic subunit gp91phox (also 
referred to as NOX2), together with the regulatory subunits p22phox, p47phox, p40phox, p67phox, 
and the small GTPase Rac. For many years, this enzyme was thought to exist as a single iso-
form only in phagocytes and its function restricted to antimicrobial action. This notion 
changed with the discovery of multiple NOX forms that represent an enzyme family contain-
ing at least five members, namely, NOX1, NOX2, NOX3, NOX4, and NOX5. NOX stands 
for NAD(P)H oxidase. The NOX enzymes are expressed in various types of cells, and 
represent an important source of ROS under a wide variety of physiological and pathophysio-
logical conditions [6].  

 

2.2.1.2. MITOCHONDRIA 
Another important cellular source of ROS is mitochondria. In mammalian cells, mito-

chondrial respiration usually accounts for 80-90% of the oxygen consumed by the cells. Un-
der physiological conditions, both complexes I and III of the mitochondrial electron transport 
chain are involved in the univalent reduction of molecular oxygen to superoxide [7]. It is es-
timated that about 0.1% of the oxygen utilized by mitochondria is converted to superoxide. 
The superoxide formed in mitochondria undergoes dismutation to yield hydrogen peroxide 
either spontaneously or catalyzed by manganese superoxide dismutase in mitochondrial ma-
trix. The formation of ROS by mitochondrial electron transport chain is increased under vari-
ous pathophysiological conditions, including tissue ischemia-reperfusion [8]. Certain 
xenobiotics, such as quinone compounds undergo redox cycling catalyzed by mitochondrial 
electron transport chain complexes, leading to increased ROS formation. ROS formed 
through this mechanism are believed to contribute to the cardiotoxicity of doxorubicin, a qui-
none-containing anticancer drug [9]. In addition to mitochondrial electron transport chain, 
NOX4 is recently identified to be present in mitochondria, and may contribute to ROS forma-
tion in this organelle [10]. Monoamine oxidase associated with mitochondria is also known to 
produce hydrogen peroxide. Hence, ROS formed in mitochondria may result from two gener-
al pathways: mitochondrial electron transport chain complexes and oxidases present in mito-
chondria. Besides ROS, nitric oxide is also generated in mitochondria via the action of 
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mitochondrial nitric oxide synthase. Uncontrolled production of mitochondria-derived 
ROS/RNS has been implicated in diverse pathophysiological processes, such as tissue ische-
mia-reperfusion injury and neurodegeneration [11]. 

 
2.2.1.3. OTHER ENDOGENOUS SOURCES 
Other cellular sources of ROS include xanthine oxidoreductase, cytochrome P450 en-

zymes, uncoupled nitric oxide synthases, and peroxisomes. Xanthine oxidoreductase has two 
interconvertible forms: xanthine dehydrogenase and xanthine oxidase. Both forms catalyze 
the conversion of hypoxanthine to xanthine, and xanthine to uric acid. Both forms also cata-
lyze one- and two-electron reduction of molecular oxygen to form superoxide and hydrogen 
peroxide, respectively, with xanthine oxidase being more active in generating the ROS. Xan-
thine oxidoreductase-derived ROS are implicated in pathophysiological processes, such as 
tissue ischemia-reperfusion injury. Cytochrome P450 enzymes, particularly P4502E1 can 
generate significant amounts of ROS when being induced by xenobiotics [12]. The ROS 
formed from P4502E1 contribute to alcoholic liver injury. Nitric oxide synthases normally 
catalyze the formation of nitric oxide. Under certain conditions, such as substrate deficiency 
or oxidative modifications, these enzymes can catalyze one-electron reduction of molecular 
oxygen to form superoxide. The organelle peroxisome contains enzymes, especially the fla-
voprotein dehydrogenases that produce significant amounts of hydrogen peroxide. Peroxi-
some also contains large quantities of catalase, which decomposes hydrogen peroxide (see 
Chapter 4 for discussion of catalase). 

 
2.2.2. Exogenous Sources 

 

2.2.2.1. PHYSICAL AGENTS AND PARTICULATE MATTER 
Ionizing radiation causes homolysis of water to form hydroxyl radical, which contributes 

to radiation-induced tissue injury. Hydroxyl radical is also formed from ultraviolet light-
induced homolysis of hydrogen peroxide (Section 2.3.3). Exposure of biological systems to 
ionizing radiation and ultraviolet light may result in the formation of other ROS/RNS as well. 
In addition to ionizing radiation and ultraviolet light, exposure to asbestos fibers or silica 
dusts leads to the formation of ROS/RNS in biological systems. The metal ions associated 
with asbestos fibers participate in Fenton- or Fenton-type reaction to yield ROS (see Section 
2.3.1 for description of Fenton reaction). Similarly, the surface redox chemical properties of 
silica dusts play a role in ROS formation. On the other hand, both asbestos fibers and silica 
dusts can provoke inflammatory responses, resulting in production of ROS/RNS. Various 
types of nanomaterials, including silicon, gold, and copper nanoparticles as well as CdTe 
quantum dots have been shown to induce ROS/RNS formation in biological systems though 
the detailed mechanisms remain to be elucidated [13]. In contrast, cerium oxide nanoparticles 
and fullerene-derived nanomaterials exert antioxidant effects via scavenging ROS in biologi-
cal systems (see Chapter 27 for discussion of nanomaterials). 

 
2.2.2.2. XENOBIOTICS 
As described in Section 2.2.1.2 above, certain xenobiotics, including drugs are able to 

cause increased ROS/RNS levels in cells and tissues, leading to oxidative injury. There exist 
four general mechanisms for xenobiotic-augmented ROS/RNS levels in biological systems, as 
listed below.  
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 Redox cycling of xenobiotics, such as quinone compounds  
 Interference with mitochondrial electron transport chain, causing increased electron 

leakage and thereby the augmented formation of superoxide  
 Induction of ROS/RNS-producing enzymes, such as P4502E1 
 Inhibition of cellular antioxidants  

 
In addition, some ROS/RNS, such as ozone and nitrogen oxides exist as air pollutants. 

Exposure to these ROS/RNS air pollutants via inhalation may cause pulmonary inflammation 
and oxidative injury. 

 
2.2.2.3. BIOLOGIC AGENTS 
Biologic agents, including bacteria and viruses may cause increased levels of ROS/RNS 

in target cells and tissues. As outlined below, there are four potential mechanisms for the in-
creased ROS/RNS levels caused by biologic agents.  

 
 Biologic agents induce activation of inflammatory cells, such as phagocytic cells, re-

sulting in ROS formation from NAD(P)H oxidase.  
 Biologic agents can cause activation of other ROS/RNS-producing enzymes, such as 

inducible nitric oxide synthase to generate large amounts of nitric oxide. As de-
scribed below, nitric oxide reacts with superoxide, generating the highly reactive 
species peroxynitrite (Section 2.3.4).  

 Certain bacteria contain ROS-producing enzymes that may release significant 
amounts of ROS.  

 Some bacteria-derived toxins may downregulate tissue antioxidants. Viral infections 
may also decrease the expression of certain antioxidants in host cells via modulating 
cell signal transduction [14, 15].   

 
 

2.3. Chemical Reactivity of Major Types of ROS/RNS 
 
As noted above, ROS/RNS are generated from various endogenous and exogenous 

sources. The effects of ROS/RNS in biological systems are determined by multiple factors, 
among which the chemical reactivity of these species plays an important part in determining 
their biological effects. This section summarizes the major chemical reactivity for each of the 
ROS/RNS commonly encountered in biology and medicine. 

 
2.3.1. Superoxide (O2

.-) 

Superoxide is formed from one-electron reduction of molecular oxygen with NAD(P)H 
oxidases, mitochondria, and xanthine oxidoreductase as major cellular sources (see Section 
2.2 for discussion of sources of ROS/RNS). Due to its lower reduction potential, superoxide 
often acts as a reducing agent rather than an oxidizing species. As such, the ability of supe-
roxide to directly oxidize biomolecules is much limited. Nevertheless, superoxide is an im-
portant ROS that can result in cell and tissue injury [16]. The biological damaging potential of 
superoxide is related to several chemical properties of this free radical species, which are 
summarized below. 
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 Although it generally acts as a reducing agent, superoxide does oxidize the iron-
sulfur clusters in several enzymes, such as aconitase. Oxidation of the iron-sulfur 
clusters by superoxide in these enzymes leads to the release of iron from the enzymes 
and the subsequent enzyme inactivation. 

 Superoxide reacts with nitric oxide (.NO) at an almost diffusion-limited rate to form 
the highly damaging species peroxynitrite (ONOO-; Section 2.3.4) (Reaction 1). 

 
O2

.- + .NO           ONOO-        (1) 
 
 In the presence of transition metal ions (e.g., iron) superoxide reacts with hydrogen 

peroxide, producing hydroxyl radical, an extremely reactive species (Section 2.3.3). 
The reaction of superoxide and hydrogen peroxide in the presence of iron to produce 
hydroxyl radical is referred to as iron-catalyzed Haber-Weiss reaction (Reaction 2).  

 
H2O2 + O2

.-           .OH + OH- + O2       (2) 
 

In the absence of iron this reaction proceeds slowly. The presence of iron dramatical-
ly accelerates the reaction to produce hydroxyl radical. The iron-catalyzed Haber-
Weiss reaction can be written in two sub-reactions (Reactions 3 and 4). Reaction 4 is 
also referred to as Fenton reaction. 

 
 O2

.- + Fe3+          O2 + Fe2+        (3) 
 
Fe2+ + H2O2           Fe3+ + .OH + OH-       (4) 
 
Superoxide undergoes spontaneous dismutation to form hydrogen peroxide and molecu-

lar oxygen, and this dismutation reaction is catalyzed by superoxide dismutase (SOD) with a 
reaction rate constant being over three orders of magnitude greater than that of spontaneous 
dismutation (Reaction 5) (see Chapter 3 for discussion of SOD). 

 
O2

.- + O2
.- + 2H+               H2O2 + O2      (5) 

 
2.3.2. Hydrogen Peroxide (H2O2) 

Hydrogen peroxide is formed through either spontaneous or SOD-catalyzed dismutation 
of superoxide. As such, the cellular sources for superoxide formation are also the ones for 
hydrogen peroxide. Similar to superoxide, hydrogen peroxide is not a potent oxidant, and the 
direct reactions between hydrogen peroxide and most biomolecules are much limited. How-
ever, some enzymes, such as protein phosphatases can be directly inhibited by hydrogen pe-
roxide through oxidation of the sulfhydryl (SH) groups of the enzymes [17]. Although it is 
not a potent oxidant, hydrogen peroxide at high levels can lead to cell and tissue injury. As 
summarized below, several mechanisms may account for the damaging effects of hydrogen 
peroxide in biological systems.  

 
 Hydrogen peroxide reacts with the sulfhydryl groups of certain enzymes, leading to 

enzyme inactivation. 

Fe 

SOD 
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 Reaction of hydrogen peroxide with iron produces hydroxyl radical, an extremely po-
tent ROS. The Fenton reaction is believed to be an important mechanism by which 
hydrogen peroxide mediates oxidative damage. Other metal ions, such as cuprous ion 
(Cu1+) also catalyze the formation of hydroxyl radical from hydrogen peroxide via a 
similar reaction called Fenton-type reaction (Reaction 6). 

 
Cu1+ + H2O2           Cu2+ + .OH + OH-      (6) 
 
 Reaction of hydrogen peroxide with chloride (Cl-) generates hypochlorous acid 

(HOCl), another potent oxidant (Section 2.3.8). This reaction is catalyzed by myelo-
peroxidase (MPO) found in phagocytic cells (Reaction 7). Hypochlorous acid is in-
volved in the killing of invading microorganisms as well as tissue injury associated 
with phagocytic cell activation [18].  

 
H2O2 + Cl-              HOCl + OH-       (7) 
 
Hydrogen peroxide is decomposed to water by three major types of enzymes in mam-

mals, which are listed below. 
 
 Catalase (Chapter 4) 
 Glutathione peroxidase (Chapter 6) 
 Peroxiredoxin (Chapter 11) 

 
2.3.3. Hydroxyl Radical (.OH) 

One-electron reduction of hydrogen peroxide forms hydroxyl radical. One source of hy-
droxyl radical formation in biological systems is the reaction of hydrogen peroxide with tran-
sition metal ions through Fenton or Fenton-type reactions (Reactions 4 and 6). As outlined 
below, there are several other potential sources of hydroxyl radical formation, which may also 
have biological relevance. 

 
 Ionizing radiation induces homolytic cleavage of water to form hydroxyl radical and 

hydrogen atom (H.) (Reaction 8). Ultraviolet (UV) light-induced homolytic cleavage 
of hydrogen peroxide also yields hydroxyl radicals (Reaction 9). The hydroxyl radi-
cals formed mediate ionizing radiation- and UV light-induced injury. 

 
H2O                                   H. + .OH       (8) 
 
H2O2                               2.OH        (9) 
 
 Reaction of hypochlorous acid (HOCl) with superoxide produces hydroxyl radical 

(Reaction 10). This reaction may be particularly relevant to sustained activation of 
inflammatory cells (e.g., phagocytic cells) during which both hypochlorous acid and 
superoxide are formed in large quantities. 

 
HOCl + O2

.-                O2 + Cl- + .OH       (10) 

MPO 

Ionizing Radiation 

UV Light 
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 Peroxynitrite (ONOO-) becomes protonated to form peroxynitrous acid (ONOOH) 
(Reaction 11). Decomposition of peroxynitrous acid yields hydroxyl radical and ni-
trogen dioxide radical (.NO2) (Reaction 12) [19].  

 
ONOO- + H+           ONOOH          (11)  
 
ONOOH           .OH + .NO2        (12) 
 
 Reaction of electronically excited nitric dioxide (.NO2*) with water is reported to 

form hydroxyl radical (Reaction 13).  
 

.NO2* + H2O           .OH + HONO  (13)  
 

 HONO is nitrous acid. The above reaction is considered a chemical mechanism of 
 atmospheric hydroxyl radical production [20].  
 
Hydroxyl radical is known as the most reactive ROS. Due to its extremely high oxidizing 

capacity, hydroxyl radical reacts with the first biomolecule that it bumps into at a reaction rate 
constant very near the diffusion limit. Thus, hydroxyl radical reacts non-selectively with both 
less vital biomolecules (e.g., cellular antioxidants) and vital biomolecules (e.g., DNA).  

 
2.3.4. Peroxynitrite (ONOO-) 

Peroxynitrite is formed from the reaction of superoxide and nitric oxide (Reaction 1). 
This reaction occurs at an almost diffusion-limited rate. Thus, peroxynitrite forms if a biolog-
ical system simultaneously generates both superoxide and nitric oxide. As indicated above, 
peroxynitrite is negatively charged and undergoes protonation to form peroxynitrous acid 
(ONOOH) (Reaction 11).  

Peroxynitrite is a potent oxidant capable of causing biological damage. Although it is not 
a free radical, peroxynitrite is much more reactive than its parent molecules, superoxide and 
nitric oxide. In this regard, as described below, formation of peroxynitrite is believed to me-
diate the detrimental effects of high levels of nitric oxide formed during inflammation (Sec-
tion 2.3.5). Peroxynitrite reacts directly or indirectly with most critical biomolecules, 
including lipids, proteins, and nucleic acids. Several chemical mechanisms contribute to the 
biological damaging effects of peroxynitrite, which are outlined below [19]. 

 
 Peroxynitrite and its protonated form (peroxynitrous acid) can directly cause oxida-

tion of biomolecules. 
 Decomposition of peroxynitrous acid leads to the formation of hydroxyl radical and 

nitrogen dioxide (Reaction 12), both of which are highly reactive species capable of 
damaging biomolecules. 

 Peroxynitrite reacts with carbon dioxide (CO2), resulting in the formation of carbo-
nate radical (CO3

.-) and nitrogen dioxide via an unstable intermediate nitrosoperox-
ycarbonate (ONOOCO2

-) (Reaction 14). 
 
ONOO- + CO2          [ONOOCO2

-]           CO3
.- + .NO2     (14)  
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Carbonate radical is a potent oxidant capable of oxidizing biomolecules. Due to the pres-
ence of high levels of carbon dioxide in cells and tissues, the above reaction pathway is be-
lieved to play a major role in peroxynitrite-induced biological damage.  

Glutathione (Chapter 5) is perhaps the most important biomolecule in the detoxification 
of peroxynitrite in mammalian systems. Both glutathione peroxidase (Chapter 6) and perox-
iredoxin (Chapter 11) are able to catalyze the conversion of peroxynitrite to nitrite in vitro. 
However, the role of these two enzymes in protecting against peroxynitrite toxicity in vivo 
remains to be established.  

 
2.3.5. Nitric Oxide (.NO) and Related Nitrogen Oxides 

Nitric oxide, also referred to as nitric monoxide, has one unpaired electron, and is thus a 
free radical. The dot in .NO stands for the unpaired electron. However, nitric oxide is often 
written as NO with the dot omitted. Nitric oxide is the first gaseous species identified as an 
endogenously generated signaling molecule. Nitric oxide plays important roles in many phy-
siological processes, such as vascular homeostasis, neurotransmission, and host defense [21]. 
Nitric oxide is formed in biological systems by two general pathways: nitric oxide synthase-
dependent pathway and nitrate-nitrite-nitric oxide pathway [22].  

Nitric oxide possesses important physiological functions; however, under certain condi-
tions, such as inflammation it also contributes to pathophysiological processes. Although ni-
tric oxide is reported to exert various adverse effects, most of them are more likely mediated 
by its oxidation products rather than nitric oxide itself [19]. Indeed, the direct reactions of 
nitric oxide with most biomolecules, including proteins (except for heme-containing pro-
teins), lipids, and nucleic acids are much limited. Because of its free radical nature, however, 
nitric oxide reacts readily with other free radical species. As noted earlier, nitric oxide reacts 
with superoxide at an almost diffusion-limited rate to form the highly damaging species pe-
roxynitrite (Reaction 1). In addition, nitric oxide-mediated redox reactions may lead to the 
formation of secondary nitrogen oxides, such as nitrogen dioxide. Nitrogen dioxide is a free 
radical species of high reactivity to various biomolecules. It also exists as an important air 
pollutant. 

 
2.3.6. Peroxyl Radical (LOO.) and Alkoxyl Radical (LO.)  

Alkoxyl and peroxyl radicals are formed from lipid peroxidation. Hydroxyl radical ab-
stracts a hydrogen atom from a lipid molecule (LH), leading to the formation of a carbon-
centered radical (L.). In the presence of molecular oxygen, the carbon-centered radical is con-
verted to a peroxyl radical (LOO.) (Reactions 15 and 16).  

 
.OH + LH           L. + H2O        (15) 
  
L. + O2               LOO.

         (16) 
 
Both alkoxyl and peroxyl radicals can abstract hydrogen atoms from adjacent lipid mole-

cules, resulting in the propagation of lipid peroxidation. After abstracting a hydrogen atom 
(H) from an adjacent lipid molecule, peroxyl radical is reduced to lipid hydroperoxide 
(LOOH) (Reaction 17). Decomposition of lipid hydroperoxide in the presence of metal ions, 
such as iron leads to the formation of alkoxyl radical or peroxyl radical depending on the 
form of the iron ions (Reactions 18 and 19). 
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LOO. + H            LOOH        (17) 
 
LOOH + Fe2+           LO.

 + Fe3+ + OH-      (18) 
 
LOOH + Fe3+                LOO.

 + Fe2+ + H+      (19) 
 
Alkoxyl and peroxyl radicals are strong oxidants. In addition to propagating lipid peroxi-

dation in biomembranes or lipoproteins, alkoxyl and peroxyl radicals are also able to oxidize 
proteins, leading to protein dysfunction and enzyme inactivation. Oxidation of DNA by these 
free radicals results in oxidative base modifications [23]. Notably, peroxyl radicals react with 
each other, yielding singlet oxygen [24], a potent oxidant capable of damaging biomolecules 
(Section 2.3.7). 

Both alkoxyl and peroxyl radicals react readily with cellular non-protein antioxidants, in-
cluding vitamin E, vitamin C, glutathione, and bilirubin (see later chapters for discussion of 
these antioxidants). These antioxidants act to protect more vital cellular constituents from 
damage by alkoxyl and peroxyl radicals. At present, no specific enzymes have been found to 
catalytically metabolize alkoxyl and peroxyl radicals in mammals. 

 
2.3.7. Singlet Oxygen (1O2) 

Singlet oxygen is an electronically excited form of molecular oxygen. As noted earlier in 
Section 2.1.2, the term singlet oxygen in biology and medicine usually refers to the 1

g state, 
which is not a free radical. As described below, singlet oxygen is formed by different path-
ways or chemical mechanisms in biological systems.  

 
 Photosensitivity reaction: In a photosensitivity reaction, an endogenous photosensi-

tizer molecule (PS) (e.g., a porphyrin compound) is converted to an excited state 
(PS*) upon illumination by light. The excitation energy is then transferred to molecu-
lar oxygen, converting it to singlet oxygen, while the photosensitizer molecule re-
turns to the ground state (Reactions 20 and 21).  

 
PS + light           PS*        (20) 
 
PS* + O2           PS + 1O2        (21) 
 
 Phagocytic cell respiratory burst: Phagocytic cell activation during inflammation 

leads to the formation of hypochlorous acid (HOCl), which reacts with hydrogen pe-
roxide, forming singlet oxygen (Reaction 22) [25].  

 
HOCl + H2O2             1O2 + H2O + HCl       (22) 
 
 Lipid peroxidation: As stated above in Section 2.3.6, peroxyl radicals (LOO.) gener-

ated during lipid peroxidation react with each other to yield singlet oxygen along 
with the formation of alcohol (LOH) and ketone (LO). This reaction proceeds via a 
linear tetraoxide intermediate (LOOOOL) (Reaction 23).  

 
LOO. + LOO.           [LOOOOL]           LOH + LO + 1O2    (23) 
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Singlet oxygen is a strong oxidant that displays considerable reactivity towards biomole-
cules, including lipids, proteins, and nucleic acids [26, 27]. The interactions between singlet 
oxygen and biomolecules may occur via two modes: direct chemical reaction and physical 
quenching. Physical quenching results in energy transfer and de-excitation of the singlet state 
without chemical changes in the energy acceptor. Direct chemical reaction is the major mode 
of reactivity of singlet oxygen in biological systems. Attack of lipid molecules in biomem-
branes or lipoproteins by singlet oxygen triggers lipid peroxidation. Reaction of singlet oxy-
gen with proteins can result in multiple effects, including oxidation of side-chains, backbone 
fragmentation, aggregation, unfolding, enzyme inactivation, and enhanced degradation by 
proteasome pathway. Reaction of singlet oxygen with DNA leads to base modifications and 
DNA strand breaks. 

A number of non-protein antioxidants react with singlet oxygen and thereby protect vital 
biomolecules from oxidative damage. Notably, dietary carotenoids, such as -carotene and 
lycopene (Section 2 of Chapter 22) have been shown to potently quench singlet oxygen. To 
date, no enzymes have been shown to selectively detoxify singlet oxygen through a catalytic 
mechanism. 

 
2.3.8. Hypochlorous Acid (HOCl) 

Hypochlorous acid is formed from the reaction of hydrogen peroxide and chloride cata-
lyzed by phagocytic myeloperoxidase during inflammation (Reaction 7). Myeloperoxidase 
also utilizes hydrogen peroxide to oxidize bromide (Br-) and thiocyanate (SCN-) to generate 
two other potent oxidants hypobromous acid (HOBr) and hypothiocyanous acid (HOSCN), 
respectively. Both HOBr and HOSCN are minor products as compared with hypochlorous 
acid [28]. 

Hypochlorous acid is a potent oxidizing species that reacts with proteins, lipids, nucleic 
acids, and carbohydrates. Formation of hypochlorous acid by phagocytic cells during respira-
tory burst plays an integral part in innate immune defense system. Hypochlorous acid along 
with other oxidizing species derived from hypochlorous acid, including hydroxyl radical and 
singlet oxygen contributes to the killing of microorganisms. However, under certain condi-
tions, such as chronic inflammation, uncontrolled formation of hypochlorous acid may attack 
normal cellular biomolecules, leading to cell and tissue injury [29]. In this context, hypoch-
lorous acid has been implicated in the pathogenesis of various human diseases, including 
atherosclerosis [30].  

Cellular glutathione has been suggested to play a major role in the detoxification of hy-
pochlorous acid. Hypochlorous acid also reacts with the sulfonate amino acid taurine to form 
an unreactive chloroamine product. Taurine is present at high concentrations in neutrophils, 
and may act to detoxify hypochlorous acid. 

 
2.3.9. Ozone (O3) 

Ozone is a gas in the stratosphere that protects animals on earth from solar irradiation. 
Ozone is also an air pollutant near the earth’s surface, where it is formed by photochemical 

reactions. Ozone pollution still represents a significant environmental issue in many urban 
areas. Recently, it is reported that ozone may be produced by antibodies in biological systems 
[31]. However, this finding has been questioned by other investigators. Ozone is not a free 
radical, but has potent oxidizing capacity. It reacts with biomolecules, including lipids, pro-
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teins and nucleic acids, resulting in cell and tissue damage. Oxidative injury is a significant 
mechanism of ozone-induced pulmonary disorders. 
 

 
2.4. Molecular Targets of ROS/RNS and Cellular Consequences  

 
As discussed above, ROS/RNS are reactive species capable of damaging cellular consti-

tuents, including proteins, lipids, and nucleic acids, leading to cell and tissue injury. Reac-
tions of ROS/RNS with proteins can cause enzyme inactivation, structural alterations, and 
enhanced protein degradation. Attack of lipids by ROS/RNS causes lipid peroxidation, lead-
ing to membrane disruption as well as the formation of secondary reactive species, such as 
aldehydes. Lipid peroxidation-derived reactive aldehydes (e.g., malondialdehyde, 4-hydroxy-
2-nonenal, acrolein) are cytotoxic and mutagenic. They also modulate cell signal transduc-
tion. Direct DNA damage by ROS/RNS can be manifested as DNA base modifications, strand 
breakage, and DND-DNA or DNA-protein cross-links. Damage of the above vital biomole-
cules by ROS/RNS may lead to cell dysfunction, senescence, death, or malignant transforma-
tion. Due to the detrimental nature of ROS/RNS, aerobic organisms, including mammals have 
evolved diverse antioxidant defenses to protect vital biomolecules from ROS/RNS-mediated 
damage. In addition, a number of compounds derived from dietary sources or synthesized in 
the laboratories also exhibit antioxidant activities in biological systems. An introduction to 
the antioxidant system is provided in Chapter 2. The delicate balance between ROS/RNS and 
antioxidant system is an integral part of physiological homeostasis in mammals. Disruption of 
this balance may lead to disease pathophysiology. 

 
 

3. Oxidative Stress and Diseases 
 

3.1. Definitions 
 

3.1.1. Oxidative Stress 

The term oxidative stress refers to a condition where the levels of ROS significantly 
overwhelm the capacity of antioxidant defenses in a biological system. Oxidative stress con-
dition can be caused by either increased ROS formation or decreased activity of antioxidants 
or both in a biological system. Oxidative stress condition is associated with oxidative damage 
to biomolecules, including proteins, lipids, and nucleic acids. Moderate oxidative stress may 
cause cell dysfunction, whereas overt oxidative stress usually causes cell death. It should be 
noted that increases in ROS levels in a biological system are not always associated with in-
jury. Under certain circumstances, small transient increases in ROS levels can be employed as 
a signaling mechanism, leading to physiological cellular responses [4, 17]. In this context, the 
disease conditions in which oxidative stress plays a role usually involve sustained formation 
of relatively large amounts of ROS via various mechanisms, including activation of inflam-
matory cells. 

Oxidative stress and inflammation are intimately related processes. On the one hand, in-
flammation leads to the production of ROS/RNS from cellular sources, including NAD(P)H 
oxidase and inducible nitric oxide synthase. Such formed ROS/RNS mediate the detrimental 
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effects associated with dysregulated inflammation. On the other hand, ROS/RNS cause in-
creased expression of proinflammatory cytokines and adhesion molecules, thus augmenting 
or propagating the dysregulated inflammatory process. Such a dysregulated inflammatory 
state is sometimes referred to as inflammatory stress. As oxidative stress and inflammation 
are closely intertwined, the compound term oxidative/inflammatory stress has been used in 
the literature to describe settings where both oxidative stress and dysregulated inflammation 
contribute to disease pathophysiology. 

 
3.1.2. Other Related Terms 

Analogous terms have been coined to describe the conditions associated with increased 
levels of RNS. For example, the term nitrative stress is defined as a condition under which the 
levels of RNS significantly overwhelm the capacity of RNS-detoxification mechanisms in a 
biological system. Nitrative stress condition is associated with nitration of biomolecules, lead-
ing to cell and tissue injury. Nitration refers to the addition of a nitro (-NO2) group to a com-
pound. The RNS peroxynitrite readily causes nitrative stress in biological systems. Another 
term nitrosative stress is defined as a condition induced by nitric oxide or related species, 
leading to nitrosylation of critical protein cysteine thiols (S-nitrosylation) and metallocofac-
tors of proteins. Nitrosylation refers to the addition of a nitroso (-NO) group to a thiol group 
or a redox active metal ion center of a protein. While dysregulation of nitrosylation is asso-
ciated with pathophysiological conditions, well-controlled nitrosylation plays an important 
role in cell signal transduction and provides a mechanism of redox-based physiological regu-
lation [32]. 

 
 

3.2. Oxidative Stress in Diseases 
 

3.2.1. Different Roles of Oxidative Stress in Diseases 

Increased formation of ROS/RNS and subsequent oxidative damage to biomolecules have 
been consistently observed under various disease conditions. However, these observations do 
not necessitate a causal relationship between oxidative stress and disease development. Possi-
ble relationships between oxidative stress and diseases, and the effects of controlling 
ROS/RNS on disease development are summarized below. 

 
 ROS/RNS act as the only initial cause of the disease. Control of the ROS/RNS will 

prevent or stop the disease development. 
 ROS/RNS act as one of the initial causes of the disease. Control of the ROS/RNS 

will mitigate the disease development. 
 ROS/RNS act as a contributing factor in the disease progression. Control of the 

ROS/RNS will slow the disease progression. 
 ROS/RNS are formed as a consequence of the disease and contribute to the progres-

sion of the disease pathophysiology. Control of the ROS/RNS will slow the disease 
progression. 

 ROS/RNS are formed as a consequence of the disease and play no role in disease in-
itiation or progression. Control of the ROS/RNS will have no effects on disease 
process. 
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3.2.2. Diseases Involving an Oxidative Stress Mechanism 

Establishment of a causal or contributing role for ROS/RNS in a particular disease is the 
basis for developing strategies to prevent and treat that particular disease. Based on findings 
from extensive investigations in animal models of human diseases as well as studies in human 
subjects over the last several decades, it has been recognized that ROS/RNS play a causal 
and/or a contributing role in a wide variety of diseases [33]. Table 1-2 lists some of the dis-
ease processes and related conditions in which oxidative stress plays a role. Another line of 
evidence supporting an important role for elevated ROS/RNS in diseases is the protective 
effects of diverse antioxidants on disease pathophysiology, which are the main focus of this 
book. 

 
Table 1-2. Disease processes and related conditions in which reactive oxygen and nitrogen 
species play a causal or contributing role 

 
Disease Description 

Cardiovascular Diseases Hypertension, Atherosclerosis 
Myocardial ischemia-reperfusion injury 
Heart failure, Cardiotoxicity 

Diabetes and Metabolic Syndrome Diabetes, Diabetic complications 
Obesity, Insulin resistance 

Neurological Diseases Alzheimer’s disease, Parkinson’s disease 
Stroke, Amyotrophic lateral sclerosis 

Pulmonary Diseases  Chronic obstructive pulmonary disease 
Asthma, Hyperoxia-induced lung injury 
Pulmonary toxicity 

Hepatic and Gastrointestinal Diseases Alcoholic fatty liver disease 
Nonalcoholic fatty liver disease 
Hepatotoxicity, Inflammatory bowel disease 
Ischemia-reperfusion injury 

Renal Diseases  Diabetic nephropathy 
Ischemia-reperfusion injury, Nephrotoxicity 

Eye Diseases Cataract 
 Age-related macular degeneration 

Skin Diseases  Ultraviolet light-induced skin injury 
Scleroderma, Contact dermatitis, Psoriasis 

Cancer Chemical carcinogenesis 
Spontaneous cancer development 
Angiogenesis, Cancer metastasis 

Aging Lifespan  
Aging-related organ degeneration 

Arthritic Diseases Rheumatoid arthritis 
Other types of arthritis 

Sepsis  Septic shock  
Multiple organ dysfunction 

Infections Viral infections  
Bacterial infections 
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4. Conclusion  
 
ROS/RNS are able to cause damage to a variety of cellular constituents, including pro-

teins, lipids, and nucleic acids, leading to tissue injury and disease processes. Under certain 
circumstances, well-controlled production of ROS/RNS also fulfils important physiological 
roles, including antimicrobial activity and participation in cell signaling. The biological ef-
fects of ROS/RNS, including both beneficial and detrimental effects are dependent on mul-
tiple factors. These include the chemical reactivity of the ROS/RNS, the concentrations and 
duration of exposure, and the types of tissues/cells that the ROS/RNS are produced from or 
act on. The causal or contributing role of ROS/RNS in various diseases makes it imperative to 
develop antioxidant-based strategies to mitigate the tissue injury and therefore protect against 
the disease development. The subsequent Chapter 2 is intended to provide an overview on 
antioxidants in biology and medicine.  
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Chapter 2 
 
 

Introduction to Antioxidants  
 
 

Abstract 
 

A wide variety of antioxidants have been evolved to combat reactive oxygen and ni-
trogen species-mediated damage in mammals. The endogenous antioxidants include pro-
teins and non-protein compounds synthesized by cells. Mammalian cells and tissues also 
contain antioxidant compounds derived from the diet. In addition, a number of synthe-
sized antioxidant compounds have become available. This chapter defines the term anti-
oxidant and provides an overview of the various classes of antioxidants in biology and 
medicine. The molecular regulation of endogenous antioxidants and antioxidant-based 
strategies for disease intervention are also introduced in this chapter.  
 
 

1. Definition and Mode of Antioxidant Action 
 
The term antioxidant is frequently used in biology and medicine, and has been defined in 

various ways in the literature. One common way to define this term is that antioxidant is any 
substance that can prevent, reduce, or repair the reactive oxygen and nitrogen species 
(ROS/RNS)-induced damage to a target biomolecule [1]. There are three potential modes of 
action by which antioxidants protect biomolecules from ROS/RNS-induced damage. They are 
described as follows. 

 
 Scavenging of ROS/RNS: Many antioxidants are able to directly scavenge 

ROS/RNS. Scavenging of ROS/RNS may occur through enzyme-catalyzed reactions. 
For example, superoxide dismutase catalyzes the dismutation of superoxide to form 
hydrogen peroxide and molecular oxygen (Chapter 3). Non-enzymatic antioxidants 
may scavenge ROS/RNS through direct chemical reactions.  

 Inhibition of ROS/RNS formation: ROS/RNS are formed from various cellular 
sources, such as mitochondria and NAD(P)H oxidases (Section 2.2 of Chapter 1). 
Antioxidants may act on these cellular sources, inhibiting or preventing the formation 
of ROS/RNS. For example, mono-O-methylated flavanols inhibit NAD(P)H oxidases 
in vascular cells, leading to decreased formation of superoxide [2] (Section 2.1.2 of 
Chapter 23). 
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 Removal or repair of the ROS/RNS-induced Damage: ROS/RNS can cause damage 
or modifications to biomolecules. Mammalian cells are equipped with various me-
chanisms to remove or repair the ROS/RNS-modified biomolecules. For example, 
ROS/RNS oxidize methionine residues in proteins, forming methionine sulfoxide. 
Such formed methionine sulfoxide can be reduced back to methionine by methionine 
sulfoxide reductase [3] (Section 2.1 of Chapter 14). Methionine sulfoxide reductase 
is an important repairing system for oxidative protein damage in mammals. Mamma-
lian cells are also equipped with enzymes for repairing oxidative damage of lipids 
and nucleic acids. 

 
 

2. Classification of Antioxidants 
 
Antioxidants are generally classified into two major categories based on their sources, as 

listed below.  
 
 Endogenous antioxidants  
 Exogenous antioxidants  

 
Endogenous antioxidants refer to those made by cells. Endogenous antioxidants can be 

further classified into two subgroups: (1) protein antioxidants and (2) non-protein antioxi-
dants. Endogenous protein antioxidants include enzymes, such as superoxide dismutase and 
catalase, and non-enzymes, such as ferritin and metallothionein. Examples of endogenous 
non-protein antioxidants include the reduced form of glutathione and bilirubin. 

Exogenous antioxidants refer to those that are not made by cells. Exogenous antioxidants 
can be either derived from dietary sources or synthesized in laboratories. Typical examples of 
exogenous antioxidants derived from the diet include vitamin C, vitamin E, and polyphenols. 
Antioxidant enzyme mimetics, spin traps, and cerium oxide nanoparticles are examples of 
synthetic antioxidants. Table 2-1 summarizes the various classes of antioxidants covered in 
this book. 

 
Table 2-1. Classification of antioxidants in biology and medicine (continued on next page) 

 
Source Name of Antioxidant  Chapter 

Endogenous  
Protein Antioxidants  
Made by Cells 

Superoxide Dismutase  
Catalase  
Glutathione-synthesizing Enzymes  
Glutathione Peroxidase  
Glutathione Reductase  
Glutathione S-Transferase  
Glutaredoxin  
Thioredoxin  
Peroxiredoxin  
Thioredoxin Reductase  
Sulfiredoxin  

3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
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Source Name of Antioxidant  Chapter 

Methionine Sulfoxide Reductase  
Heme Oxygenase  
NAD(P)H:Quinone Oxidoreductase  
Paraoxonase  
Ferritin  
Metallothionein  

14 
15 
16 
17 
18 
18 

Endogenous 
Non-protein Antioxidants 
Made by Cells 

Glutathione 
Bilirubin 
Coenzyme Q 
Estrogens 

-Lipoic Acid 
Melatonin 
Pyruvate 
Uric Acid 

5 
19 
19 
19 
19 
19 
19 
19 

Exogenous 
Antioxidants Derived  
from the Diet 

Vitamin C 
Vitamin E 
Carotenoids 
Phenolic Compounds 

20 
21 
22 
23 

Exogenous 
Antioxidants Synthesized  
in Laboratories 

Antioxidant Enzyme Mimetics 
Glutathione Precursors 
Spin Traps 
Nanomaterials 

24 
25 
26 
27 

 
 

3. Antioxidant Gene Regulation 
 
Regulation of antioxidant gene expression is an integral part of cellular defenses against 

ROS/RNS-induced damage in aerobic organisms, including mammals. Multiple mechanisms 
are involved in the regulation of mammalian antioxidant gene expression. At the transcrip-
tional level, nuclear factor-erythroid 2 p45-related factor 2 (Nrf2) plays a central role in the 
regulation of a series of antioxidant genes in mammals. Under certain conditions, other tran-
scription factors may also be involved in antioxidant gene regulation. These include Nrf1, 
Nrf3, nuclear factor kappa-B (NF- B), and AP-1 [4-6]. This section focuses on discussing 
Nrf2 as a central regulator of mammalian antioxidant gene expression and its role in protec-
tion against ROS/RNS-mediated biological damage. 

 
 

3.1. Regulation of Antioxidant Gene Expression by Nrf2 Signaling 
 

3.1.1. Historical Overview 

Early studies during the 1980’s showed that administration of phenolic chemicals to ex-
perimental animals resulted in simultaneous induction of multiple antioxidants, including glu-
tathione, glutathione S-transferase, and NAD(P)H:quinone oxidoreductase 1, suggesting a 
possible existence of a central regulator for the above cellular defenses. Studies in the early 
1990’s demonstrated a crucial role for a cis-acting element, named antioxidant response ele-
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ment (ARE) in the regulation of antioxidant gene expression [7]. In 1997, M. Yamomoto and 
coworkers identified Nrf2 as a critical transcription factor that interacts with the ARE, leading 
to increased expression of various antioxidant and cytoprotective genes [8]. Subsequent stu-
dies from multiple research groups have established that Nrf2 plays a central role in regulat-
ing both constitutive and inducible expression of a wide variety of antioxidant genes in 
mammalian systems [9].  

 

 
 
Figure 2-1. Schematic illustration of Keap1-Nrf2-ARE signaling. See text (Section 3.1.2) for detailed 
description.  
 

 

3.1.2. Keap1-Nrf2-ARE Signaling 

Nrf2 normally resides in the cytosolic compartment through association with a cytosolic 
actin-binding protein, Keap1 (Kelch-like ECH-associated protein 1). Keap1 plays a central 
role in controlling Nrf2 activity [10]. Keap1 exists as dimers inside the cells and functions as 
a substrate linker protein for interaction of Cul3/Rbx1-based E3-ubiquitin ligase complex 
with Nrf2. This protein-protein interaction leads to continuous ubiquitination of Nrf2 and its 
proteasomal degradation (Figure 2-1). Hence, the continuous degradation of Nrf2 under basal 
conditions keeps the Nrf2 level low and thereby the low basal levels of Nrf2-regulated anti-
oxidants. When the cells are exposed to moderate amounts of ROS/RNS or chemical induc-
ers, Nrf2 dissociates from Keap1, becomes stabilized, and translocates into the nuclei. Inside 
the nuclei, Nrf2 interacts with other protein factors, including small Maf (sMaf), and binds to 
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ARE, resulting in increased transcription of antioxidant genes. The increased production of 
antioxidants helps detoxify the ROS/RNS and may even render cells more resistant to higher 
levels of ROS/RNS. Thus, Nrf2-dependent upregulation of antioxidants by moderate levels of 
ROS/RNS can be viewed as an adaptive response to oxidative stress. Two potential mechan-
isms have been proposed to explain the dissociation of Nrf2 from Keap1 under stress condi-
tions, which are summarized below [10, 11]. 

 
 Oxidation of cysteine residues of Keap1: Keap1 is a cysteine-rich protein, and the 

cysteine residues may serve as redox sensors for ROS/RNS or chemical inducers. 
Modifications of these cysteine sulfhydryl groups on Keap1 protein is thought to 
cause dissociation of Nrf2 from Keap1.  

 Phosphorylation of Nrf2: Several protein kinases, including protein kinase C, mito-
gen-activated protein kinase, and phosphatidylinositol 3-kinase have been suggested 
to phosphorylate Nrf2, leading to dissociation of Nrf2 from Keap1.  

 
3.1.3. Nrf2-regulated Antioxidants 

Numerous in vitro and in vivo studies demonstrate that Nrf2 plays an indispensable role 
in the regulation of a wide variety of antioxidant gene expression. The antioxidant enzymes 
known to be regulated by Nrf2 through an ARE-driven mechanism in mammalian cells in-
clude ferritin heavy subunit, both catalytic and modifier subunits of -glutamylcysteine ligase, 
glutathione reductase, heme oxygenase-1, peroxiredoxin-1 and -6, multiple isozymes of gluta-
thione S-transferase, NAD(P)H:quinone oxidoreductase 1, NRH:quinone oxidoreductase 2, 
sulfiredoxin, Cu,Zn superoxide dismutase, thioredoxin, and thioredoxin reductase-1. In addi-
tion to the antioxidant genes, Nrf2 signaling is also found to affect the expression of numer-
ous other genes whose products are involved in various cellular processes, such as generation 
of NADPH and metabolism of xenobiotics [10, 11]. 

 
 

3.2. Nrf2-dependent Induction of Antioxidants and Protection 
against Oxidative Stress 

 
It has been established that Nrf2 plays a crucial role in mediating the induction of cellular 

antioxidants by many chemical inducers. Several classes of chemicals are commonly used for 
induction of cellular antioxidants to protect against disease conditions associated with oxida-
tive stress. These compounds, also known as chemoprotective agents include the following 
four chemical classes. 

 
 Phenolic compounds  
 Dithiolethiones  
 Isothiocyanates  
 Triterpenoids 

 
The above chemical agents have been shown to play a protective role in a variety of ani-

mal models of disease pathophysiology, including oxidative tissue injury, inflammatory dis-
orders, and chemical carcinogenesis [11]. Studies using Nrf2-knockout mouse model 
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demonstrate that the protective effects of the above chemoprotective agents occur primarily 
via activation of Nrf2 and the subsequent induction of antioxidants as well as other cytopro-
tective proteins. As coordinated actions of various antioxidants are essential for efficient de-
toxification of ROS/RNS, the simultaneous upregulation of Nrf2-dependent antioxidants by 
chemoprotective agents may represent an effective strategy for the intervention of disease 
conditions involving an oxidative stress component. 

 
 

4. Antioxidant-based Disease Intervention 
 
The critical involvement of ROS/RNS in a number of disease conditions makes it impera-

tive to develop strategies to control these reactive species-mediated pathophysiological 
processes. Intervention of ROS/RNS-associated disease conditions could be potentially 
achieved through various approaches, among which is the antioxidant-based intervention.  

 
 

4.1. Overall Strategies of Antioxidant-based Disease Intervention 
 
Antioxidant-based intervention of ROS/RNS-associated disease conditions may include 

two overall strategies, as described below. 
 
 Administration of exogenous antioxidant compounds to scavenge ROS/RNS asso-

ciated with disease conditions: For disease conditions caused by increased levels of 
ROS/RNS, scavenging of these reactive species by exogenously administered anti-
oxidant compounds may prevent or diminish the tissue injury caused by the 
ROS/RNS. In this context, both diet-derived antioxidant compounds (e.g., vitamin C, 
vitamin E, polyphenols) and synthetic antioxidant chemicals (e.g., antioxidant en-
zyme mimetics) have been investigated extensively for the intervention of various 
disease processes in animal models and human subjects (Chapters 20-26).  

 Administration of antioxidant enzyme inducers (e.g., chemoprotective agents) to 
augment endogenous cellular antioxidant defenses: As noted above, the chemical in-
ducibility of endogenous antioxidants makes it possible for protecting against 
ROS/RNS-mediated injury by administration of antioxidant-inducing agents. Induc-
tion of cellular antioxidants and other cytoprotective enzymes by chemoprotective 
agents has been demonstrated to be a valid approach to the intervention of diseases 
involving an oxidative stress mechanism in animal models. This approach has also 
been applied for cancer chemoprotection in humans [12]. An alternative approach to 
increasing cellular antioxidant defenses is through transgenic overexpression of the 
individual antioxidant proteins. This is usually done in experimental animals. 

 
 

4.2. Animal Studies on Antioxidant-based Disease Intervention 
 
Animal studies provide important information on the safety and efficacy as well as me-

chanisms of actions for drugs that are used for the prevention and treatment of human diseas-
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es. This is also true for the development of antioxidant-based strategies for the intervention of 
disease conditions involving an ROS/RNS-mediated pathophysiological component. Three 
approaches as outlined below are commonly used to study antioxidant intervention of diseas-
es in experimental animals.  

 
 Administration of exogenous antioxidant compounds 
 Transgenic overexpression of antioxidant proteins 
 Induction of endogenous antioxidants by chemoprotective agents 

 
Transgenic approach provides the most convincing information regarding the effects of 

overexpression of a particular antioxidant protein on a disease condition. This also provides 
the strongest evidence for the involvement of a particular ROS/RNS in disease pathophysiol-
ogy [13]. Using exogenous antioxidant compounds with selective ROS/RNS-scavenging 
properties may also yield important insights into the potential role of ROS/RNS in disease 
pathophysiology. In contrast, the effectiveness of chemical inducers of antioxidants in pro-
tecting against a disease condition may result from the simultaneous induction of multiple 
endogenous antioxidants. Indeed, chemical inducers usually upregulate a series of different 
antioxidant enzymes via activating Nrf2 signaling [14]. As noted earlier, Nrf2 acts as a central 
regulator of a wide variety of mammalian antioxidants and other cytoprotective factors. Fig-
ure 2-2 summarizes the major approaches to augmenting tissue antioxidant defenses for the 
intervention of disease conditions with ROS/RNS as etiological or contributing factors. 

 
 

 
 
 
Figure 2-2. Major experimental approaches to augmenting tissue antioxidant defenses for the 
intervention of disease conditions that involve an oxidative stress mechanism. See text (Section 4.2) for 
detailed description.  
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4.3. Human Studies on Antioxidant-based Disease Intervention 
 
The three approaches used in experimental animal studies, as discussed in Section 4.2 

could also be applied to human studies though at present the use of genetic approach (gene 
therapy) is much limited in humans. In this regard, a more practical antioxidant-based ap-
proach in human studies involves the use of exogenous antioxidant compounds or chemopro-
tective agents capable of inducing endogenous antioxidants. In this context, randomized 
double-blind, placebo-controlled clinical trials are usually conducted to determine the effica-
cy of antioxidant-based strategies in the intervention of human diseases that are believed to 
have an oxidative stress component. The interventional clinical trials can be either preventive 
or therapeutic.  

 
 

5. Caveats on Antioxidants and Antioxidant-based 
Disease Intervention 

 
5.1. Multiple Biological Activities of Antioxidants 

 
Many antioxidants have well-established ability to scavenge ROS/RNS, inhibit their for-

mation, or repair the damage caused by ROS/RNS. However, it is important to note that in 
addition to their effects on ROS/RNS 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 hydrogen peroxide to form water 
and molecular oxygen, a well-known antioxidant activity of catalase. This antioxidant en-
zyme also exhibits peroxidase and oxidase activities toward a number of substrates, including 
alcohols [15] (Section 2.1 of Chapter 4). Another example is -tocopherol, which is known to 
inhibit lipid peroxidation by scavenging lipid peroxyl radical. -Tocopherol has been shown 
to also exert non-antioxidant effects, such as inhibition of protein kinases [16] (Section 2.3 of 
Chapter 21). Thus, the response of a biological system to a particular antioxidant may result 
from: (1) the antioxidative activity of the compound only, (2) the non-antioxidative activity of 
the compound only, or (3) the combined antioxidative and non-antioxidative activities. In 
antioxidant biology and medicine, another important consideration is that many antioxidants, 
such as glutathione and glutathione S-transferase are also important factors in the detoxifica-
tion of electrophilic species, including reactive aldehydes [17]. As described in Section 2.4 of 
Chapter 1, reactive aldehydes are produced from lipid peroxidation elicited by ROS/RNS, and 
they can cause damage to biomolecules. 

 
 
5.2. Genetic Manipulations of Antioxidants 

 
Transgenic overexpression or knockout of particular antioxidant genes is frequently used 

to study the biological activities of endogenous antioxidant proteins in experimental animals. 
While these genetic animal models provide the most convincing evidence regarding the bio-
logical functions of particular antioxidant proteins, interpretation of the data should be done 
with caution. This is because deletion of one antioxidant gene may lead to compensatory 
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upregulation of others. Likewise, overexpression of one antioxidant gene may also lead to 
downregulation of others. Thus, changes in the phenotypes of these genetically manipulated 
animals 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 regarding 
transgenic overexpression of antioxidant genes is that the levels of the overexpressed antioxi-
dant proteins are usually several or even over ten-fold higher than the basal physiological le-
vels. The physiological significance of such dramatically overexpressed antioxidant proteins 
thus needs to be evaluated with caution. Regardless of the caveats, genetic manipulation of 
antioxidant genes in experimental animals continues to serve as an important approach to un-
derstanding the biology of endogenous antioxidants.  

 
 

6. Conclusion  
 
Due to the detrimental effects of ROS/RNS, aerobic organisms, including mammals have 

evolved a number of endogenous antioxidants to counteract ROS/RNS-mediated biological 
damage. In addition, various exogenous antioxidant compounds have been found in dietary 
sources or synthesized in laboratories. The complementary effects of diverse antioxidants 
make it possible to effectively detoxify ROS/RNS and protect against disease conditions in-
volving an oxidative stress mechanism. In this context, coordinated regulation of gene expres-
sion of a series of antioxidants primarily through Nrf2 signaling is an integral part of 
mammalian antioxidant defense mechanisms against oxidative stress. As accumulating evi-
dence suggests a critical role for ROS/RNS in the pathophysiological processes of a wide va-
riety of diseases, it is imperative to develop more effective antioxidant-based strategies for 
disease intervention. Development of such strategies relies on a profound understanding of 
the basic biology of antioxidants and their role in health and disease. The subsequent chapters 
are devoted to the discussion of the various kinds of antioxidants in biology and medicine.  
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SECTION II 

ANTIOXIDANTS SYNTHESIZED BY CELLS 
 
 
Aerobic organisms, including mammals have evolved a wide variety of antioxidants to 

combat oxidative stress. These endogenous antioxidants synthesized by cells include both 
proteins and non-proteins. The protein antioxidants further comprise enzymes and non-
enzymes. Superoxide dismutase and catalase, as mentioned in previous chapters are typical 
examples of antioxidant enzymes synthesized by cells. Examples of non-enzyme protein anti-
oxidants include ferritin and metallothionein. A number of non-protein antioxidants are also 
synthesized by mammalian cells, which include glutathione, bilirubin, and coenzyme Q. 
These various endogenous antioxidants, either proteins or non-proteins, have unique antioxid-
ative properties and often act coordinately to detoxify reactive oxygen and nitrogen species. 
In addition, they also possess other novel biological activities. The seventeen chapters in Sec-
tion II are devoted to the discussion of each of the major endogenous antioxidants with re-
spect to their basic biology and implications in health and disease.  

 
 
 
 





 

 
 
 
 
 
 
 

Chapter 3 
 
 

Superoxide Dismutase  
 
 

Abstract 
 

Since its discovery in 1969, superoxide dismutase (SOD) has been extensively stu-
died in biology and medicine. There are three isozymes of SOD in mammals, namely, 
copper, zinc SOD, manganese SOD, and extracellular SOD. All three isozymes catalyze 
dismutation of superoxide to hydrogen peroxide and molecular oxygen with a similar 
reaction rate constant. SOD isozymes play an important role in protecting against various 
disease processes in animal models, including cardiovascular diseases, diabetes, neurode-
generation, and cancer. This notion from another angle demonstrates a crucial involve-
ment of superoxide in disease pathophysiology. Studies in human subjects also provide 
evidence indicating protective effects of SODs in certain disease conditions.  
 
 

1. Overview 
 

1.1. Definition and History 
 
The term superoxide dismutase (SOD) refers to a family of enzymes that catalyze the 

dismutation of superoxide to hydrogen peroxide and molecular oxygen. There are three iso-
zymes of SOD in mammals, as listed below. 

 
 Copper, zinc superoxide dismutase (Cu,ZnSOD or SOD1)  
 Manganese superoxide dismutase (MnSOD or SOD2)  
 Extracellular superoxide dismutase (ECSOD or SOD3) 

 
Here the term isozyme (also known as isoenzyme or isoform) refers to enzymes that dif-

fer in amino acid sequence but catalyze essentially the same biochemical reaction. 
As introduced in Chapter 1, the enzymatic activity of Cu,ZnSOD was first identified by 

J.M. McCord and I. Fridovich in 1969 [1]. 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 function. The protein was then named erythrocuprein, hepato-
cuprein, or cytocuprein. Superoxide, the substrate of SOD was discovered by L. Pauling in 
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the 1930’s, 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 could produce 
superoxide. J.M. McCord and I. Fridovich subsequently demonstrated that the copper protein 
purified by T. Mann and D. Keilin could catalytically eliminate the superoxide initially dis-
covered by L. Pauling. This copper-containing protein is known as Cu,ZnSOD today. In 1970 
and 1973, I. Fridovich and coworkers further discovered MnSOD and FeSOD (FeSOD is not 
present in mammals), respectively. The third SOD in mammals, namely, ECSOD, was dis-
covered by S.L. Marklund and coworkers in 1982 [2]. 

 
 

1.2. Basic Characteristics 
 
In mammals, Cu,ZnSOD is a homodimer with a molecular mass of 32 kDa. Both 

MnSOD and ECSOD are homotetramers with a molecular mass of 86-88 and 135 kDa, re-
spectively. ECSOD also contains copper and zinc. Cu,ZnSOD is present in cytosol. It is also 
found in nuclei and mitochondrial intermembrane space. MnSOD exists in mitochondrial ma-
trix. ECSOD is associated with plasma membrane or present in extracellular space. The hu-
man genes for Cu,ZnSOD, MnSOD, and ECSOD are localized on chromosomes 21q22, 6q25, 
and 4q21, respectively. Table 3-1 summarizes the basic characteristics of the three SOD iso-
zymes in mammals. 

 
Table 3-1. Basic Characteristics of the three isozymes of mammalian superoxide dismutase  

 
Isozyme Molecular 

Mass  

Assembly  

of Subunits 

Metal 

Ions 

Cellular 

Location 

Chromosomal 

Localization 

Cu,ZnSOD 32 kDa Homodimer Cu 
and 
Zn 

Cytosol, nuclei, 
mitochondrial 
intermembrane 
space 

21q22 

MnSOD 86-88 kDa Homotetramer Mn Mitochondrial 
matrix 

6q25 

ECSOD 135 kDa Homotetramer Cu 
and 
Zn 

Plasma mem-
brane, extracel-
lular space 

4q21 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
All three isozymes of SOD catalyze dismutation of superoxide (O2

.-) to form hydrogen 
peroxide (H2O2) and molecular oxygen with a similar reaction rate constant of ~1.6 x 109    
M-1s-1 (Reaction 1).  
 

2O2
.- + 2H+             H2O2 + O2      (1) 

SOD 
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The reaction rate constant of SOD-catalyzed dismutation of superoxide is over three or-
ders of magnitude greater than that of spontaneous dismutation, which is ~5 x 105 M-1s-1 at 
pH 7.0. Here the term dismutation refers to a chemical reaction in which the same reactant is 
both oxidized and reduced. In the dismutation reaction of superoxide, one superoxide is oxi-
dized to molecular oxygen and another is reduced to hydrogen peroxide. 

The overall mechanism by which SOD functions has been called “ping-pong” mechanism 

as it involves the sequential reduction and oxidation of the metal center, with the concomitant 
oxidation and reduction of superoxide (Reactions 2 and 3, where M stands for the redox metal 
ion of the SOD).  

 
Mn+-SOD + O2

.-             M(n-1)+-SOD + O2      (2) 
 
M(n-1)+-SOD + O2

.- + 2H+                   Mn+-SOD + H2O2    (3) 
 
Cu,ZnSOD also exhibits peroxidase activity. Interaction of hydrogen peroxide with 

Cu,ZnSOD in the presence of bicarbonate yields carbonate radical [3]. As stated in Section 
2.3.4 of Chapter 1, carbonate radical is a potent oxidant capable of inducing damage to bio-
molecules in vitro. In addition, Cu,ZnSOD catalyzes tyrosine nitration by peroxynitrite [4]. 
However, the in vivo significance of these reactions remains to be elucidated. 

 
 

2.2. Molecular Regulation 
 
A number of transcription factors have been shown to play a role in regulating constitu-

tive or inducible expression of SOD genes. These transcription factors include NF- B, AP-1, 
AP-2, SP1, and CCAAT-enhancer-binding protein (C/EBP) [5]. Recently, it has been shown 
that Nrf2 regulates Cu,ZnSOD expression via an antioxidant response element-driven me-
chanism [6]. In addition to the regulation by transcription factors, SOD genes are also subject 
to epigenetic regulation, such as hypermethylation, leading to epigenetic silencing. The term 
epigenetic regulation refers to heritable changes at the level of gene expression not related to 
the underlying DNA sequence. 

SOD expression is regulated not only at transcriptional level, but also at post-
transcriptional level via changes in mRNA stability, mRNA translation, and post-translational 
modifications [7]. Alterations in the regulation of SOD expression at these various levels may 
change tissue SOD activity and thereby modulate the susceptibility to disease pathophysiolo-
gy involving increased formation of superoxide. 

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

Various approaches have been used to study the role of SODs in health and disease in ex-
perimental animals. These approaches include the following. 
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 Gene knockout  
 Transgenic overexpression or viral vector-mediated gene delivery 
 Administration of exogenous SODs or SOD derivatives 
 Pharmacological inhibition or induction of endogenous SODs 

 
Gene knockout and transgenic overexpression models provide the most convincing evi-

dence on the biological activities of SODs. A gene knockout mouse is a mouse that has had 
one or more specific genes artificially deleted from its genome. For a target gene, if both cop-
ies of the gene are deleted (as indicated by the superscript -/-), the animal is called homozyg-
ous. On the other hand, if only one copy of the gene is deleted (as indicated by the superscript 
+/-), it is called heterozygous. In contrast to gene knockout, transgenic overexpression animal 
models are used to achieve selective overexpression of a particular antioxidant protein. 
Transgenic overexpression animals are created by introducing new DNA sequences into the 
germline. 

Direct administration of antioxidant enzymes or proteins to animals is another way to 
study the biological activities of the antioxidants. However, limited bioavailability is a major 
drawback of such an approach. In this regard, antioxidant enzyme mimetics have been com-
monly used owing to their favorable bioavailability (see Chapter 24 for discussion of antioxi-
dant enzyme mimetics). Here the term bioavailability in pharmacology refers to the fraction 
of an administered dose of unchanged drug that reaches the systemic circulation.  

In addition to genetic approaches, pharmacological inhibition or induction of antioxidant 
enzymes is also used to study their biological activities. For example, diethyldithiocarbamate 
is often utilized as an inhibitor of Cu,ZnSOD to study its biological activities in both cell cul-
tures and experimental animals. However, lack of specificity is a major limitation associated 
with the use of pharmacological inhibitors, including diethyldithiocarbamate. A number of 
chemical agents, such as polyphenolic compounds have been shown to induce SODs in cell 
cultures and experimental animals. Again, the limitation is the lack of selectivity as these 
chemical inducers usually cause upregulation of a battery of antioxidant genes. In addition, 
they may also exert non-antioxidant effects. 

 
3.1.2. Role in Cardiovascular Diseases 

Both gene knockout and transgenic overexpression animal studies demonstrate a critical 
protective role for all three isozymes of SOD in cardiovascular disorders, including hyperten-
sion, atherosclerosis, myocardial ischemia-reperfusion injury, cardiac hypertrophy, heart fail-
ure, and drug/xenobiotic-induced cardiovascular complications [8, 9]. With the above animal 
models of human cardiovascular diseases, knockout of SODs leads to exacerbation, whereas 
transgenic overexpression of SODs attenuates the pathophysiological processes. It is notewor-
thy that while homozygous knockout of either Cu,ZnSOD or ECSOD does not affect animal 
survival, deletion of MnSOD in mice is embryonically lethal or causes early neonatal death 
due primarily to dilated cardiomyopathy [10].  

 
3.1.3. Role in Diabetes  

SODs play an important role in protecting against various complications of diabetes in 
animal models. Overexpression of Cu,ZnSOD or MnSOD attenuates diabetic renal injury, 
neuropathy, cardiomyopathy, and retinopathy [11-14]. Conversely, diabetes-induced renal 

http://en.wikipedia.org/wiki/Dose
http://en.wikipedia.org/wiki/Systemic_circulation
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injury and cataract are exacerbated in Cu,ZnSOD-deficient mice. Cu,ZnSOD deficiency also 
potentiates diabetic embryopathy in experimental animals, indicating an involvement of supe-
roxide in hyperglycemia-induced adverse effects on fetus. In addition to protecting against 
diabetic complications, Cu,ZnSOD and MnSOD may also prevent the genesis of diabetes. 
Pancreatic -cell-selective overexpression of Cu,ZnSOD in mice protects the -cells from 
oxidative stress and enhances the resistance of the animals to the development of alloxan-
induced diabetes. Alloxan is a compound capable of causing the pancreatic -cell destruction 
and thereby the development of type 1 diabetes in experimental animals. Adenoviral vector-
mediated overexpression of MnSOD in the pancreatic islets extends islet graft function in a 
mouse model of autoimmunity-induced diabetes. These experimental findings suggest a criti-
cal role for both Cu,ZnSOD and MnSOD in protecting against the pancreatic -cell injury and 
the development of diabetes. In contrast, overexpression of ECSOD in the pancreatic islets 
has been reported to provide no effects on the development of diabetes in nonobese diabetic 
mice [15]. 

 
3.1.4. Role in Neurological Diseases 

SOD overexpression via genetic approaches provides neuroprotection in various animal 
models of neurological disorders, including ischemic brain injury, Parkinson’s disease, and 

Alzheimer’s disease [16, 17]. Intraperitoneal injection of Tat-Cu,ZnSOD fusion protein also 
protects against ischemic brain injury in mice [18]. Similarly, various SOD mimetics are neu-
roprotective in animal models of neurological diseases (Chapter 24).  

Gene knockout animal models have provided important insights into the protective role 
of SODs in neurodegeneration. Dilated cardiomyopathy, mitochondrial abnormalities, hepatic 
lipid accumulation, and early neonatal death have been reported to occur in homozygous 
MnSOD knockout (MnSOD-/-) mice. Treatment with the SOD mimetic Mn(III) tetrakis (4-
benzoic acid) porphyrin (MnTBAP; Chapter 24) rescues the MnSOD-/- mice from the above 
systemic pathological changes and dramatically prolongs their survival. These animals in-
stead develop pronounced neurodegeneration, which is believed to result from excessive mi-
tochondrial production of superoxide in neuronal cells due to the inability of MnTBAP to 
cross the blood-brain barrier [19]. These observations are consistent with the notion that mi-
tochondria are a major source of cellular superoxide, and uncontrolled excessive formation of 
superoxide leads to cell and tissue injury. 

In contrast to MnSOD, deletion of Cu,ZnSOD in animals causes milder phenotypes. Ho-
mozygous Cu,ZnSOD knockout (Cu,ZnSOD-/-) mice develop normally and show no overt 
abnormal phenotypes when they reach adulthood except that females show reduced fertility. 
However, these mice exhibit increased vulnerability to motor neuron loss after axonal injury, 
suggesting that the neuroprotective effects of Cu,ZnSOD may become evident only when 
neurons are under stress or exposed to insults [20]. 

 
3.1.5. Role in Pulmonary Diseases 

A beneficial role for all three isozymes of SOD in pulmonary hyperoxic injury has been 
demonstrated in experimental animals via both gene knockout and transgenic overexpression 
[21, 22]. SODs attenuate pulmonary inflammatory responses, oxidative stress, and tissue re-
modeling following hyperoxia. Overexpression of SODs also results in amelioration of pul-
monary injury induced by drugs (e.g., bleomycin), radiation, and environmental chemicals or 
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dusts (e.g., tobacco smoke, asbestos, air pollutants). Administration of exogenous SOD pro-
tein via intratracheal instillation or inhalation protects against oxidative and inflammatory 
lung injury in experimental animals. Conversely, targeted disruption of SODs aggravates the 
pathophysiological processes of the pulmonary disorders.  

 
3.1.6. Role in Hepatic and Gastrointestinal Diseases 

Multiple animal studies demonstrate a protective role for SODs in hepatic disorders, in-
cluding liver ischemia-reperfusion injury, graft dysfunction after liver transplantation, nonal-
coholic fatty liver disease, and liver injury induced by alcohol and other drugs/xenobiotics. 
Viral vector-mediated delivery of ECSOD gene to liver tissue suppresses ischemia-
reperfusion-induced hepatic injury in mice. Viral vector-mediated delivery of either 
Cu,ZnSOD or MnSOD, but not ECSOD increases animal survival and attenuates graft dys-
function after transplantation of fatty livers in rats. These protective effects may result from 
the SOD-mediated suppression of NF- B activation and proinflammatory cytokine produc-
tion [23]. It is also reported that Cu,ZnSOD deficiency causes ApoB degradation and increas-
es hepatic lipid accumulation in mice [24]. Homozygous MnSOD-deficient mice die within 
the first 10 days of life with dilated cardiomyopathy and accumulation of lipid in liver [10]. 
These observations suggest a critical pathophysiological role for superoxide and oxidative 
stress in hepatic lipid dysregulation and the possible development of nonalcoholic fatty liver 
disease. 

Overexpression of either Cu,ZnSOD or MnSOD in mice inhibits alcohol-induced liver in-
jury, whereas knockout of Cu,ZnSOD aggravates the liver damage [25, 26]. Overexpression 
of Cu,ZnSOD also protects against carbon tertrachloride-elicited hepatotoxicity in mice. 
However, mice deficient in Cu,ZnSOD are resistance to acetaminophen-induced hepatotoxici-
ty, suggesting a possible pro-oxidant role for the physiological level of Cu,ZnSOD activity in 
acetaminophen-mediated liver injury [27]. 

A protective role for SODs in gastrointestinal disorders has been demonstrated in several 
animal models. For example, transgenic overexpression of Cu,ZnSOD in mice protects tissue 
from neutrophil infiltration and lipid peroxidation during intestinal ischemia-reperfusion. Oral 
coadministration of Cu,ZnSOD and catalase is reported to attenuate stress-induced gastric 
mucosal lesions in rats. In an animal model of chemically-induced acute colitis, transgenic 
overexpression of Cu,ZnSOD results in amelioration of colonic inflammation and improves 
animal survival [28]. 
 

3.1.7. Role in Renal Diseases 

Either viral vector-mediated or transgenic overexpression of SODs is reported to atte-
nuate renal ischemia-reperfusion injury in animal models. Administration of lecithinized SOD 
reduces ischemia-induced chronic allograft dysfunction in rats. Targeting a synthetic cationic 
SOD to renal proximal tubular cells inhibits oxidative stress and nephrotoxicity of cisplatin 
and increases the survival of cancer-bearing mice [29]. Cisplatin is an anticancer drug that 
may cause severe renal injury. Viral delivery of Cu,ZnSOD gene reduces cyclosporine A-
induced free radical formation and nephrotoxicity. Cyclosporine A is a commonly used im-
munosuppressive agent whose clinical use in organ transplantation is hampered by its nephro-
toxicity. On the other hand, Cu,ZnSOD deficiency causes salt sensitivity and aggravates 
hypertension in hydronephrosis in mice [30]. Similarly, mice with heterozygous knockout of 
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MnSOD (MnSOD+/-) develop salt-sensitive hypertension and accelerated renal senescence 
[31]. Together, these findings from both transgenic overexpression and gene knockout animal 
models indicate a critical involvement of superoxide in various kidney pathophysiological 
processes, and also point to the feasibility of using SOD-based modalities for the intervention 
of renal diseases. 

 
3.1.8. Role in Skin Diseases 

Oxidative stress is involved in a variety of skin disorders, including ultraviolet light-
induced injury, skin carcinogenesis, and skin aging [32]. A number of animal studies demon-
strate an important role for SODs in protecting against the above skin pathophysiological 
processes. It is also reported that treatment with Cu,ZnSOD ameliorates skin ischemic injury 
in experimental animals [33]. 

 
3.1.9. Role in Cancer 

Oxidative stress is implicated in multistage carcinogenesis, including initiation, promo-
tion, and progression. It is not surprising that SODs are also found to have a beneficial effect 
in experimental carcinogenesis. Many studies with gene knockout models show that long-
term reduction of either Cu,ZnSOD or MnSOD results in increased DNA damage, mutations, 
and higher incidence of cancer development, including hepatocarcinogenesis [34, 35]. Re-
cently, it has been reported that overexpression of ECSOD attenuates heparanase expression 
and inhibits breast carcinoma cell growth and invasion [36]. As mentioned above (Section 
3.1.8), SOD overexpression also inhibits chemically-induced skin carcinogenesis in experi-
mental animals. 

The protective effects of SODs in cancer development have also been investigated via 
examining their involvement in cancer cell growth in vitro. However, the results from these in 
vitro studies are inconsistent, with some studies showing SODs as cancer cell survival factors, 
and others indicating the opposite [36, 37]. Regardless of these in vitro observations, studies 
using gene knockout and transgenic animal models have provided convincing evidence sup-
porting a critical role for SODs in protecting against carcinogenesis. 

 
3.1.10. Role in Other Diseases and Conditions 

SODs may be important protectors in anemia. Deficiency of either Cu,ZnSOD or 
MnSOD in mice causes oxidative stress in red blood cells and hemolytic anemia [38, 39]. 
Studies also demonstrate a protective role for SODs in aging and aging-related cognitive de-
cline and muscle atrophy [40]. Moreover, gene transfer of ECSOD to the penis reduces supe-
roxide levels and improves erectile function in aged or diabetic rats [41, 42].  

As discussed above, substantial experimental evidence demonstrates an important role for 
SODs in protecting against various pathophysiological conditions. However, it has also been 
reported that SODs may exert unfavorable effects under certain experimental conditions. One 
example is the aforementioned role for Cu,ZnSOD in potentiating acetaminophen-induced 
hepatotoxicity [27]. As another example, Cu,ZnSOD-/- mice are shown to produce less 
amounts of caspase-2-dependent cytokines and be less susceptible to lipopolysaccharide-
induced endotoxic shock compared with wild-type littermates [43]. These observations point 
to the complicated involvement of superoxide and SODs in physiology and disease. Never-
theless, animal studies continue providing important insights into the biological activities of 
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antioxidant enzymes and lay a foundation for investigations on their potential health benefits 
in human subjects. 
 

 
3.2. Human Studies and Clinical Perspectives 

 
3.2.1. Study Approaches 

Since the discovery of Cu,ZnSOD more than four decades ago, there have been extensive 
studies on the biological activities of SODs in human health and disease. As outlined below, 
two major approaches are employed to study the biological activities of SODs as well as other 
antioxidant enzymes in human subjects. 

 
 Genetic variation studies: Gene mutations and polymorphisms of SODs have been 

studied in human populations in relation to disease conditions. Here the term 
polymorphism refers to a genetic variation in the DNA sequence with a measurable 
frequency of detection above 1%. Any polymorphism in the chromosomal DNA 
(coding and non-coding) can affect mRNA processing, maturation, and translation as 
a result of changes in conformation. A polymorphism in an antioxidant gene may 
result in a decrease, an increase, or no change in the activity/level of the protein 
encoded by the gene. 

 Clinical interventional studies (trials): Recombinant SODs as well as synthetic SOD 
mimetics have been investigated for their potential use in the intervention of certain 
human disease conditions. 

 
Another approach of clinical potential in humans is gene therapy. Gene therapy with the 

use of antioxidant genes is emerging as a promising approach for select disease conditions 
and is an especially lucrative option for patient groups not suitable for conventional therapies 
[8]. However, this approach is much limited in human studies due to safety concerns. 

 
3.2.2. Genetic Variation Studies 

The discovery in 1993 of the Cu,ZnSOD mutations in familial amyotrophic lateral sclero-
sis, a fatal, adult-onset neurodegenerative disease primarily affecting motor neurons, has at-
tracted broad attention on the biological role of SODs in human disorders [44]. As illustrated 
in Figure 3-1, induction of this disease in humans is believed to be due, at least partially, to a 
toxic gain of function (e.g., an increased pro-oxidant activity) of the mutant Cu,ZnSOD pro-
tein, rather than a loss of SOD activity.  

Many, though not all, human population studies have demonstrated that gene polymor-
phisms exist for all three SOD isozymes, and are associated with altered risk of developing 
various human disease conditions. These include cardiovascular diseases, diabetes, neurode-
generative disorders (e.g., Parkinson’s disease, Alzheimer’s disease), lung diseases, and cer-
tain types of cancer [45-50]. However, it should be borne in mind that the above 
observational studies do not prove a causal relationship between gene polymorphisms and 
disease development. In addition to the gene polymorphism studies, there are also reports in 
human subjects showing a correlation between changes in SOD levels and disease pathophy-
siology. Again, such studies do not establish a causal role for SODs in the genesis or progres-
sion of disease pathophysiology. 



Superoxide Dismutase 41 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 3-1. Schematic illustration of the potential involvement of Cu,ZnSOD-mediated oxidative stress 
in the pathogenesis of familial amyotrophic lateral sclerosis. It is believed that the mutations in 
Cu,ZnSOD gene result in production of mutant Cu,ZnSOD with increased pro-oxidant activities. This 
toxic gain of function causes oxidative stress, leading to motor neuron death. This notion is supported 
by studies in experimental models showing oxidative neuron degeneration induced by the mutant 
Cu,ZnSOD protein. 

 
 

3.2.3. Interventional Clinical Trials 

There have been studies in using SODs for the intervention of certain human disease 
conditions, but the results are inconsistent. An early clinical study reported that recombinant 
human SOD failed to improve recovery of ventricular function in patients undergoing coro-
nary angioplasty for acute myocardial infarction [51]. A randomized double-blind, placebo-
controlled trial showed a beneficial effect of recombinant human SOD on acute and chronic 
rejection in recipients of cadaveric renal transplants [52]. It has also been reported that in kid-
ney transplantation use of a modified perfusate containing polyethylene glycol-SOD (PEG-
SOD), prostaglandin E1, and nitroglycerin improves delayed graft function and survival [53]. 
In certain clinical studies, topical application of SODs was reported to improve skin or muco-
sa lesions associated with various skin disorders, including progressive systemic sclerosis, 
burns, and pruritis. Cu,ZnSOD has also been used in certain creams for cosmetic purposes 
with a hope to retard skin aging. The protective effects of SODs when used as exogenously 
administered agents in human disorders remain to be established through more clinical stu-
dies. One major drawback associated with using native SODs for disease intervention is the 
protein nature of the SODs, which limits their membrane permeability, bioavailability, and 
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half-life. In this context, small molecular mass SOD mimetics have been developed. These 
SOD mimetics have been studied for the intervention of ROS-mediated disease processes 
(Chapter 24). 

 
 

4. Conclusion and Future Directions 
 
Extensive animal studies demonstrate an important role for all three forms of SOD in pro-

tecting against a wide variety of disease conditions. The protective effects apparently result 
from SOD’s ability to scavenge superoxide and attenuate oxidative and inflammatory stress. 

Consistent with the observations made in animal models, human population studies demon-
strate that SOD gene polymorphisms are associated with altered risk of developing various 
disease conditions. It is established that mutations in Cu,ZnSOD gene causally contribute to 
the pathogenesis of familial amyotrophic lateral sclerosis. However, randomized controlled 
trials on using SODs for the intervention of human diseases have been much limited with in-
consistent results. Future studies should focus on developing more effective superoxide sca-
vengers, such as small molecular mass SOD mimetics, and testing their effectiveness in 
disease intervention in well-designed clinical trials. Such studies will further enhance our un-
derstanding of the role of superoxide and SODs in human health and disease. They will also 
contribute to the development of SOD-based modalities to combat human diseases involving 
a superoxide-mediated oxidative stress mechanism. 
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Chapter 4 
 
 

Catalase 
 
 

Abstract 
 

Mammalian catalase is a heme-containing enzyme that catalyzes the decomposition 
of hydrogen peroxide to water and molecular oxygen. It is widely distributed in various 
tissues and primarily localized in peroxisomes. A number of transcription factors, co-
activators, and other signaling molecules are implicated in the regulation of mammalian 
catalase expression. Studies in animal models of catalase deficiency or overexpression 
demonstrate a protective role for catalase in disease conditions ranging from cardiovascu-
lar injury and diabetes to cancer and aging. Inheritable catalase deficiency and catalase 
gene polymorphisms have also been identified in humans. Studies on both hereditary cat-
alase deficiency and gene polymorphisms suggest a potential beneficial role for catalase 
in human health and disease.  
 
 

1. Overview 
 

1.1. Definition and History 
 
Mammalian catalase belongs to a family of iron-protoporphyrin IX-containing proteins 

that include a variety of cytochromes, globins and peroxidases. Catalase is one of the best 
characterized antioxidant enzymes in mammalian tissues. It plays an important role in regu-
lating intracellular hydrogen peroxide levels in mammalian cells. Another major enzyme for 
detoxifying hydrogen peroxide is glutathione peroxidase (Chapter 6).  

Catalase was identified and named by O. Loew in 1900. O. Loew named it catalase due 
to its catalytic action on hydrogen peroxide [1]. A congenital absence of erythrocyte catalase, 
named acatalasemia was first identified by S. Takahara about six decade ago among some 
Japanese patients who had oral gangrene [2]. The disease is also called Takahara’s disease. In 

1964, R.N. Feinstein and coworkers established catalase-deficient mouse strains, including 
acatalasemic and hypocatalasemic mice through a large-scale screening of the progeny of 
irradiated C3H mice [3]. The development of these catalase-deficient mice as well as gene 
knockout and transgenic overexpression animal models has greatly helped understand the 
biological activities of mammalian catalase.  
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1.2. Basic Characteristics 
 
Mammalian catalase is a homotetramer with a molecular mass of ~240 kDa. It is widely 

distributed throughout the body with high levels in liver, kidney, and red blood cells. In cells, 
catalase is primarily localized in peroxisomes. It is also found in other intracellular compart-
ments, including mitochondria, nuclei, and endoplasmic reticulum. Human catalase gene is 
localized on chromosome 11p13. 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
As stated above, mammalian catalase is a homotetramer, and each subunit contains a 

heme (ferriprotoporphyrin IX) at the active site. The active site is internally located and ap-
proachable by a passageway that becomes narrow, thereby explaining the ability of the en-
zyme to use only substrates of small size [4].  

Catalase is best known for its ability to catalyze the decomposition of hydrogen peroxide 
(H2O2) to form water and molecular oxygen (Reaction 1). This is a dismutation reaction be-
cause one molecule of hydrogen peroxide is reduced to water and another molecule is oxi-
dized to molecular oxygen. 

 
2H2O2                                 2H2O + O2       (1) 
 
Catalase catalyzes decomposition of hydrogen peroxide via a two-stage process. In the 

first step, one hydrogen peroxide molecule oxidizes the heme iron of the resting enzyme to 
form an oxyferryl species with a -cationic porphyrin radical, termed compound I (Reaction 
2). The second hydrogen peroxide molecule is utilized as a reductant of compound I to rege-
nerate the resting-stage enzyme along with the formation of water and molecular oxygen 
(Reaction 3, where Por denotes porphyrin). 

 
Catalase(Por-FeIII) + H2O2             Compound I(Por+.-FeIV=O) + H2O   (2) 
 
Compound I(Por+.-FeIV=O) + H2O2              Catalase(Por-FeIII) + H2O + O2  (3)  
 
The sum of Reactions 2 and 3 is:  2H2O2              2H2O + O2 
 
Catalase also possesses peroxidase or oxidase activities toward a number of substrates, 

including low molecular mass alcohols, the tryptophan precursor indole, and the neurotrans-
mitter precursor -phenylethylamine [5]. In general, catalase exhibits the peroxidatic activity 
in the presence of low concentrations of hydrogen peroxide. Reaction 4 illustrates the perox-
idatic activity of catalase in converting alcohol (AH2) to aldehyde (A) in the presence of low 
levels of hydrogen peroxide.  

 
H2O2 + AH2                                   A + 2H2O       (4) 

Catalase 

Catalase 
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2.2. Molecular Regulation 
 
Catalase expression is regulated at multiple levels, including transcription, post-

transcription, and post-translation. Regulation of mammalian catalase expression has only 
been recently studied more carefully, and much still remains unknown. It has been reported 
that the forkhead transcription factor Foxo3a plays an important role in the upregulation of 
catalase gene expression in mammalian cells [6]. Other regulatory factors involved in the reg-
ulation of catalase expression include the transcriptional co-activator PGC-1  (peroxisome 
proliferator-activated receptor  co-activator 1 ), the non-receptor tyrosine kinases c-Abl and 
Arg, Sirt1, Sirt3, telomerase, and AMP-activated protein kinase 1 [7-10]. Recently, Nrf2 is 
also shown to control catalase gene expression though it remains unclear if the promoter of 
catalase gene contains the antioxidant response element [11]. At the post-translational level, 
catalase is shown to undergo ubiquitination and proteasomal degradation by a mechanism 
dependent on c-Abl- and Arg-mediated phosphorylation [12]. 

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

The experimental approaches described in Chapter 3 are also frequently used to study the 
biological activities of catalase in animal models. Like superoxide dismutase, much of our 
current knowledge on the biological activities of mammalian catalase comes from studies in 
knockout, acatalasemic, and transgenic overexpression animal models, as well as the direct 
use of catalase or catalase derivatives. A number of catalase derivatives have been developed 
to selectively deliver the chemically-modified catalase to different tissues or various cell pop-
ulations within the same tissue [13]. Viral vector-mediated gene delivery is also frequently 
employed to overexpress catalase in target tissues of experimental animals to study the effects 
on disease pathophysiology. The chemical inhibitor aminotriazole is a commonly used tool to 
study the biological activities of catalase in cellular systems. 

 
3.1.2. Role in Cardiovascular Diseases 

Studies using both gene knockout and overexpression animal models demonstrate a criti-
cal role for catalase in protecting against various cardiovascular disorders with oxidative 
stress as an important mechanism. These include atherosclerosis, hypertension, myocardial 
ischemia-reperfusion injury, cardiomyopathy, cardiac hypertrophy, and chronic heart failure 
[14-16]. Notably, overexpression of catalase targeted to mitochondria attenuates murine car-
diac aging, suggesting a crucial role for mitochondria-derived hydrogen peroxide in aging-
associated myocardial dysfunction and degeneration [17]. In addition, catalase also protects 
against cardiotoxicity induced by drugs and xenobiotics, including doxorubicin and ethanol in 
experimental animals [18]. 
 
3.1.3. Role in Diabetes 

Overexpression of catalase attenuates oxidative stress, inflammation, and development of 
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both type 1 and type 2 diabetes in experimental animals. Catalase overexpression also ameli-
orates diabetic complications, including diabetic cardiomyopathy [19]. In vitro, mitochondrial 
overexpression of catalase protects the pancreatic -cells from oxidative stress- and inflam-
matory cytokine-induced injury [20]. On the other hand, acatalasemic mice have been shown 
to be more susceptible to chemically-induced pancreatic -cell injury and diabetes [21]. In 
contrast to the large body of literature showing a protective role of catalase in diabetes, one 
study reported that cytoplasmic catalase overexpression in nonobese mice accelerated di-
abetes development [22].  

 
3.1.4. Role in Neurological Diseases 

Homozygous catalase knockout (catalase-/-) mice develop normally and show no gross 
abnormalities. As compared with wild-type littermates, catalase-/- mice are not more suscepti-
ble to hyperoxia-induced lung injury. However, brain mitochondria of the catalase-/- mice are 
more vulnerable to trauma-induced impairment in oxidative phosphorylation than those of 
wild-type mice [23]. This suggests a potential role for catalase in neuroprotection. Indeed, 
transgenic overexpression or viral vector-mediated gene delivery of catalase attenuates the 
disease severity in various animal models of neurodegenerative disorders, including multiple 
sclerosis, optic neuropathy, and Friedreich’s ataxia [24]. Similarly, administration of the syn-
thetic superoxide dismutase/catalase mimetics (Chapter 24) has also been reported to protect 
against neurodegeneration in experimental animals [25, 26].  

 
3.1.5. Role in Pulmonary Diseases 

As stated above in Section 3.1.4, catalase-deficient mice are not more susceptible to 
hyperoxic pulmonary injury than wild-type mice [23]. But, viral vector-mediated delivery of 
catalase gene to lung attenuates hyperoxia-induced lung injury and mortality in mice [27]. 
Immunotargeting of catalase to the pulmonary endothelium also alleviates oxidative stress 
and reduces acute lung transplantation injury in rats [28]. However, a study shows that over-
expression of catalase in lung tissue of mice fails to attenuate allergic airway disease, in 
which oxidative stress and inflammation play an important role [29]. 

 
3.1.6. Role in Hepatic and Gastrointestinal Diseases 

Several studies demonstrate that delivery of catalase gene to liver results in increased he-
patic catalase activity and attenuation of liver necrosis and inflammation following ischemia-
reperfusion in experimental animals. Administration of a catalase derivative, succinylated 
catalase to mice also increases catalase activity in liver tissue and prevents neutrophil-
mediated hepatic ischemia-reperfusion injury [30]. Catalase and glutathione peroxidase-1 
double-knockout mice are found to be more susceptible to ethanol-induced liver injury than 
wild-type mice [31], indicating a potential protective role for catalase in hepatotoxicity. In-
deed, catalase derivatives are shown to protect against liver failure induced by a number of 
hepatotoxicants, including carbon tetrachloride and thioacetamide [13]. Delivery of catalase 
derivatives to liver nonparenchymal cells (e.g., Kupffer cells) is effective in inhibiting liver 
injury during septic shock in mice. This finding implicates that targeting catalase to Kupffer 
cells may suppress liver injury due to Kupffer cell activation (i.e., release of reactive oxygen 
species) during septic shock. Administration of catalase derivatives also attenuates experi-
mental colitis in animal models, suggesting a causal involvement of hydrogen peroxide in the 
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development of colitis. It is also reported that acatalasemic mice exhibit increased susceptibil-
ity to oxidant-mediated peritoneal injury and fibrosis. Peritoneal fibrosis is a critical compli-
cation of peritoneal dialysis [32]. 
 

3.1.7. Role in Renal Diseases 

Catalase deficiency in mice sensitizes these animals to renal oxidative stress and fibrosis 
due to nephronectomy or ureteral obstruction [33, 34]. On the other hand, transgenic overex-
pression of catalase attenuates interstitial fibrosis and tubular apoptosis in db/db diabetic 
mice, suggesting a critical involvement of hydrogen peroxide and oxidative stress in diabetic 
nephropathy [35]. Administration of a catalase derivative (cationized catalase) to mice leads 
to accumulation of the catalase derivative in kidney, and attenuation of cisplatin-induced 
nephrotoxicity without compromising its antitumor activity. The survival of the cisplatin-
treated tumor-bearing animals is also improved by administration of the catalase derivative 
[36]. These observations support the oxidative stress mechanism of cisplatin-induced nephro-
toxicity and point to the feasibility for using catalase-based modalities to enhance the thera-
peutic index of cisplatin. Cisplatin is an important anticancer drug whose clinical use is 
limited by its nephrotoxicity.  

 
3.1.8. Role in Skin Diseases 

Multiple studies suggest a protective effect of catalase in ultraviolet (UV) light-induced 
skin injury. It is known that UV light causes the formation of reactive oxygen species (ROS), 
including hydrogen peroxide in skin tissue. Viral vector-mediated overexpression of catalase 
protects normal human reconstructed epidermis from UV light-induced sunburn cell forma-
tion, hypertrophy, and oxidative DNA damage. Catalase overexpression also reduces UV 
light-induced apoptosis in a human xeroderma pigmentosum reconstituted epidermis [37]. It 
is further reported that catalase overexpression in cultured human keratinocytes inhibits UV 
light-induced apoptosis via preventing DNA damage caused by ROS [38]. 

Animal studies demonstrate that skin wound healing is subject to redox regulation. Viral 
vector-mediated overexpression of catalase in mouse skin is found to retard skin wound heal-
ing and tissue remodeling, suggesting a critical role for hydrogen peroxide in promoting skin 
wound healing in experimental animals [39]. In this regard, hydrogen peroxide at moderate 
concentrations has been suggested as a potential modality to facilitate the process of skin 
wound healing. This represents another example that ROS may play a beneficial role in health 
and disease. 

 
3.1.9. Role in Cancer 

Unlike superoxide dismutase (Section 3.1.9 of Chapter 3), the involvement of catalase in 
experimental carcinogenesis has not been investigated in gene knockout or transgenic over-
expression models. Several studies using catalase derivatives have found a protective effect of 
catalase in tumor metastasis in animal models, including hepatic and pulmonary metastasis as 
well as peritoneal dissemination of tumor cells [13]. These findings provide evidence for a 
causal involvement of hydrogen peroxide in tumor metastasis. In vitro, catalase overexpres-
sion suppresses tumor cell proliferation and invasiveness. Together, these studies suggest that 
targeted delivery of catalase to sites of tumor cell metastasis may be a promising approach to 
inhibiting metastatic tumor growth. 
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3.1.10. Role in Other Diseases and Conditions 

Catalase may also play a beneficial role in other diseases and conditions, including arthri-
tis, eye disorders, and aging. Overexpression of catalase targeted to mitochondria results in 
extension of murine lifespan and delayed development of cardiac pathology and cataract. Tis-
sue oxidative damage, mitochondrial enzyme inactivation, and mitochondrial deletion are also 
attenuated in the catalase-overexpressing animals [40]. A recent study also demonstrates that 
ectopic catalase expression in mitochondria by viral vector-mediated delivery leads to en-
hanced exercise performance in mice, possibly by increased removing of excessive, patho-
genic hydrogen peroxide in muscle [41]. 

 
 

3.2. Human Studies and Clinical Perspectives 
 
The significance of catalase in human health and disease has been investigated largely via 

studying the phenotypic changes in patients with hereditary catalase deficiency and catalase 
gene polymorphisms in general populations.  

 
3.2.1. Hereditary Catalase Deficiency 

As stated above in Section 1.1, acatalasemia in humans was identified about six decades 
ago in some Japanese patients. This rare genetic disorder was originally thought to predispose 
people to oral and facial infections. However, no such predisposition was found in other Jap-
anese people who were later shown to have the same genetic disorder. Hereditary catalase 
deficiency has been subsequently also observed in people from Switzerland and other coun-
tries. Although catalase makes much of the proteins in peroxisomes, patients with hereditary 
catalase deficiency have no obvious features of peroxisomal diseases. However, these patients 
may be more susceptible to oxidative stress injury and have an increased risk of developing 
diabetes [42, 43]. 

 
3.2.2. Gene Polymorphisms 

There exist various polymorphisms in the catalase gene in human populations. Extensive 
studies demonstrate an association of gene polymorphisms with a number of disease condi-
tions, including hypertension, diabetes, neurodegeneration, asthma, inflammatory disorders, 
vitiligo, osteonecrosis, and certain types of cancer [44-52]. Although population gene poly-
morphism studies do not establish a causal relationship between genetic variations of catalase 
gene and development of disease conditions, they do provide important clues to the biological 
significance of this antioxidant enzyme in human health and disease. Such knowledge may 
serve as a basis for developing strategies to minimize the potential risk associated with genet-
ic variations of catalase gene in human subjects.  

 
 

4. Conclusion and Future Directions 
 
Studies in various animal models provide a large body of data supporting a critical role 

for catalase in protecting against a wide range of disease conditions. These studies also pro-
vide evidence for a causal involvement of hydrogen peroxide in disease pathophysiology. 
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Although studies in human subjects have not been as convincing as those in experimental 
animals, there is evidence that catalase may exert beneficial effects in certain human disease 
conditions, including hypertension, diabetes, and cancer. Future studies should emphasize 
translational research and focus on developing novel catalase derivatives or mimetics with 
improved bioavailability and safety profile and testing their efficacy in disease intervention in 
clinical trials. As superoxide dismutase and catalase act coordinately in the sequential meta-
bolism of superoxide to hydrogen peroxide, and hydrogen peroxide to water (Figure 4-1), 
more attention needs to be paid to the combined effects of these two antioxidant enzymes in 
health and disease. Future efforts should also be directed to the continued characterization of 
novel gene polymorphisms and their impacts on tissue catalase expression as well as individ-
ual’s susceptibility to disease development.  

 
 

 
 

Figure 4-1. SOD- and catalase-catalyzed sequential metabolism of superoxide and hydrogen peroxide 
in disease intervention. As illustrated, SOD catalyzes the dismutation of superoxide to hydrogen 
peroxide. The toxic hydrogen peroxide is further decomposed to water by catalase. Combined effects of 
both SOD and catalase ensure the detoxification of both superoxide and hydrogen peroxide in 
biological systems. SOD, superoxide dismutase; O2

.-, superoxide; H2O2, hydrogen peroxide. 
 
 

5. References 
 

[1] Loew O. A New Enzyme of General Occurrence in Organismis. Science 1900;11:701-
702. 

[2] Takahara S. Progressive oral gangrene probably due to lack of catalase in the blood 
(acatalasaemia); report of nine cases. Lancet 1952;2:1101-1104. 

[3] Feinstein RN, Seaholm JE, Howard JB, Russell WL. Acatalasemic Mice. Proc. Natl. 

Acad. Sci. USA 1964;52:661-662. 
[4] Kirkman HN, Gaetani GF. Mammalian catalase: a venerable enzyme with new 

mysteries. Trends Biochem. Sci. 2007;32:44-50. 
[5] Vetrano AM, Heck DE, Mariano TM, Mishin V, Laskin DL, Laskin JD. 

Characterization of the oxidase activity in mammalian catalase. J. Biol. Chem. 2005; 



Antioxidants in Biology and Medicine  54 

280:35372-35381. 
[6] Olmos Y, Valle I, Borniquel S, Tierrez A, Soria E, Lamas S, et al. Mutual dependence 

of Foxo3a and PGC-1alpha in the induction of oxidative stress genes. J. Biol. Chem. 
2009;284:14476-14484. 

[7] Cao C, Leng Y, Kufe D. Catalase activity is regulated by c-Abl and Arg in the 
oxidative stress response. J. Biol. Chem. 2003;278:29667-29675. 

[8] Sundaresan NR, Gupta M, Kim G, Rajamohan SB, Isbatan A, Gupta MP. Sirt3 blocks 
the cardiac hypertrophic response by augmenting Foxo3a-dependent antioxidant 
defense mechanisms in mice. J. Clin. Invest. 2009;119:2758-2771. 

[9] Perez-Rivero G, Ruiz-Torres MP, Diez-Marques ML, Canela A, Lopez-Novoa JM, 
Rodriguez-Puyol M, et al. Telomerase deficiency promotes oxidative stress by 
reducing catalase activity. Free Radic. Biol. Med. 2008;45:1243-1251. 

[10] Colombo SL, Moncada S. AMPKalpha1 regulates the antioxidant status of vascular 
endothelial cells. Biochem. J. 2009;421:163-169. 

[11] Dreger H, Westphal K, Weller A, Baumann G, Stangl V, Meiners S, et al. Nrf2-
dependent upregulation of antioxidative enzymes: a novel pathway for proteasome 
inhibitor-mediated cardioprotection. Cardiovasc. Res. 2009;83:354-361. 

[12] Cao C, Leng Y, Liu X, Yi Y, Li P, Kufe D. Catalase is regulated by ubiquitination and 
proteosomal degradation: role of the c-Abl and Arg tyrosine kinases. Biochemistry 

2003;42:10348-10353. 
[13] Nishikawa M, Hashida M, Takakura Y. Catalase delivery for inhibiting ROS-mediated 

tissue injury and tumor metastasis. Adv. Drug Deliv. Rev. 2009;61:319-326. 
[14] Yang H, Shi M, VanRemmen H, Chen X, Vijg J, Richardson A, et al. Reduction of 

pressor response to vasoconstrictor agents by overexpression of catalase in mice. Am. J. 

Hypertens. 2003;16:1-5. 
[15] Yang H, Roberts LJ, Shi MJ, Zhou LC, Ballard BR, Richardson A, et al. Retardation of 

atherosclerosis by overexpression of catalase or both Cu/Zn-superoxide dismutase and 
catalase in mice lacking apolipoprotein E. Circ. Res. 2004;95:1075-1081. 

[16] Qin F, Lennon-Edwards S, Lancel S, Biolo A, Siwik DA, Pimentel DR, et al. Cardiac-
specific overexpression of catalase identifies hydrogen peroxide-dependent and -
independent phases of myocardial remodeling and prevents the progression to overt 
heart failure in G(alpha)q-overexpressing transgenic mice. Circ. Heart Fail. 2010; 
3:306-313. 

[17] Dai DF, Santana LF, Vermulst M, Tomazela DM, Emond MJ, MacCoss MJ, et al. 
Overexpression of catalase targeted to mitochondria attenuates murine cardiac aging. 
Circulation 2009;119:2789-2797. 

[18] Kang YJ, Chen Y, Epstein PN. Suppression of doxorubicin cardiotoxicity by 
overexpression of catalase in the heart of transgenic mice. J. Biol. Chem. 1996;271: 
12610-12616. 

[19] Ye G, Metreveli NS, Donthi RV, Xia S, Xu M, Carlson EC, et al. Catalase protects 
cardiomyocyte function in models of type 1 and type 2 diabetes. Diabetes 2004;53: 
1336-1343. 

[20] Gurgul E, Lortz S, Tiedge M, Jorns A, Lenzen S. Mitochondrial catalase overexpre-
ssion protects insulin-producing cells against toxicity of reactive oxygen species and 
proinflammatory cytokines. Diabetes 2004;53:2271-2280. 
 



Catalase 55 

[21] Kikumoto Y, Sugiyama H, Inoue T, Morinaga H, Takiue K, Kitagawa M, et al. 
Sensitization to alloxan-induced diabetes and pancreatic cell apoptosis in acatalasemic 
mice. Biochim. Biophys. Acta 2010;1802:240-246. 

[22] Li X, Chen H, Epstein PN. Metallothionein and catalase sensitize to diabetes in 
nonobese diabetic mice: reactive oxygen species may have a protective role in 
pancreatic beta-cells. Diabetes 2006;55:1592-1604. 

[23] Ho YS, Xiong Y, Ma W, Spector A, Ho DS. Mice lacking catalase develop normally 
but show differential sensitivity to oxidant tissue injury. J. Biol. Chem. 2004;279: 
32804-32812. 

[24] Anderson PR, Kirby K, Orr WC, Hilliker AJ, Phillips JP. Hydrogen peroxide 
scavenging rescues frataxin deficiency in a Drosophila model of Friedreich's ataxia. 
Proc. Natl. Acad. Sci. USA 2008;105:611-616. 

[25] Liu R, Liu IY, Bi X, Thompson RF, Doctrow SR, Malfroy B, et al. Reversal of age-
related learning deficits and brain oxidative stress in mice with superoxide 
dismutase/catalase mimetics. Proc. Natl. Acad. Sci. USA 2003;100:8526-8531. 

[26] Peng J, Stevenson FF, Doctrow SR, Andersen JK. Superoxide dismutase/catalase 
mimetics are neuroprotective against selective paraquat-mediated dopaminergic neuron 
death in the substantial nigra: implications for Parkinson disease. J. Biol. Chem. 
2005;280:29194-29198. 

[27] Danel C, Erzurum SC, Prayssac P, Eissa NT, Crystal RG, Herve P, et al. Gene therapy 
for oxidant injury-related diseases: adenovirus-mediated transfer of superoxide 
dismutase and catalase cDNAs protects against hyperoxia but not against ischemia-
reperfusion lung injury. Hum. Gene Ther. 1998;9:1487-1496. 

[28] Kozower BD, Christofidou-Solomidou M, Sweitzer TD, Muro S, Buerk DG, 
Solomides CC, et al. Immunotargeting of catalase to the pulmonary endothelium 
alleviates oxidative stress and reduces acute lung transplantation injury. Nat. 

Biotechnol. 2003;21:392-398. 
[29] Reynaert NL, Aesif SW, McGovern T, Brown A, Wouters EF, Irvin CG, et al. Catalase 

overexpression fails to attenuate allergic airways disease in the mouse. J. Immunol. 
2007;178:3814-3821. 

[30] Yabe Y, Kobayashi N, Nishihashi T, Takahashi R, Nishikawa M, Takakura Y, et al. 
Prevention of neutrophil-mediated hepatic ischemia/reperfusion injury by superoxide 
dismutase and catalase derivatives. J. Pharmacol. Exp. Ther. 2001;298:894-899. 

[31] Kim SJ, Lee JW, Jung YS, Kwon do Y, Park HK, Ryu CS, et al. Ethanol-induced liver 
injury and changes in sulfur amino acid metabolomics in glutathione peroxidase and 
catalase double knockout mice. J. Hepatol. 2009;50:1184-1191. 

[32] Fukuoka N, Sugiyama H, Inoue T, Kikumoto Y, Takiue K, Morinaga H, et al. 
Increased susceptibility to oxidant-mediated tissue injury and peritoneal fibrosis in 
acatalasemic mice. Am. J. Nephrol. 2008;28:661-668. 

[33] Kobayashi M, Sugiyama H, Wang DH, Toda N, Maeshima Y, Yamasaki Y, et al. 
Catalase deficiency renders remnant kidneys more susceptible to oxidant tissue injury 
and renal fibrosis in mice. Kidney Int. 2005;68:1018-1031. 

[34] Sunami R, Sugiyama H, Wang DH, Kobayashi M, Maeshima Y, Yamasaki Y, et al. 
Acatalasemia sensitizes renal tubular epithelial cells to apoptosis and exacerbates renal 
fibrosis after unilateral ureteral obstruction. Am. J. Physiol. Renal. Physiol. 2004;286: 
F1030-1038. 



Antioxidants in Biology and Medicine  56 

[35] Brezniceanu ML, Liu F, Wei CC, Chenier I, Godin N, Zhang SL, et al. Attenuation of 
interstitial fibrosis and tubular apoptosis in db/db transgenic mice overexpressing 
catalase in renal proximal tubular cells. Diabetes 2008;57:451-459. 

[36] Ma SF, Nishikawa M, Hyoudou K, Takahashi R, Ikemura M, Kobayashi Y, et al. 
Combining cisplatin with cationized catalase decreases nephrotoxicity while improving 
antitumor activity. Kidney Int. 2007;72:1474-1482. 

[37] Rezvani HR, Ged C, Bouadjar B, de Verneuil H, Taieb A. Catalase overexpression 
reduces UVB-induced apoptosis in a human xeroderma pigmentosum reconstructed 
epidermis. Cancer Gene Ther. 2008;15:241-251. 

[38] Rezvani HR, Mazurier F, Cario-Andre M, Pain C, Ged C, Taieb A, et al. Protective 
effects of catalase overexpression on UVB-induced apoptosis in normal human 
keratinocytes. J. Biol. Chem. 2006;281:17999-18007. 

[39] Roy S, Khanna S, Nallu K, Hunt TK, Sen CK. Dermal wound healing is subject to 
redox control. Mol. Ther. 2006;13:211-220. 

[40] Schriner SE, Linford NJ, Martin GM, Treuting P, Ogburn CE, Emond M, et al. 
Extension of murine life span by overexpression of catalase targeted to mitochondria. 
Science 2005;308:1909-1911. 

[41] Li D, Lai Y, Yue Y, Rabinovitch PS, Hakim C, Duan D. Ectopic catalase expression in 
mitochondria by adeno-associated virus enhances exercise performance in mice. PLoS 

One 2009;4:e6673. 
[42] Goth L, Eaton JW. Hereditary catalase deficiencies and increased risk of diabetes. 

Lancet 2000;356:1820-1821. 
[43] Masuoka N, Sugiyama H, Ishibashi N, Wang DH, Masuoka T, Kodama H, et al. 

Characterization of acatalasemic erythrocytes treated with low and high dose hydrogen 
peroxide: hemolysis and aggregation. J. Biol. Chem. 2006;281:21728-21734. 

[44] Goth L, Rass P, Pay A. Catalase enzyme mutations and their association with diseases. 
Mol. Diagn. 2004;8:141-149. 

[45] Zhou XF, Cui J, DeStefano AL, Chazaro I, Farrer LA, Manolis AJ, et al. 
Polymorphisms in the promoter region of catalase gene and essential hypertension. Dis. 

Markers 2005;21:3-7. 
[46] Chistiakov DA, Zotova EV, Savost'anov KV, Bursa TR, Galeev IV, Strokov IA, et al. 

The 262T>C promoter polymorphism of the catalase gene is associated with diabetic 
neuropathy in type 1 diabetic Russian patients. Diabetes Metab. 2006;32:63-68. 

[47] Christiansen L, Petersen HC, Bathum L, Frederiksen H, McGue M, Christensen K. The 
catalase -262C/T promoter polymorphism and aging phenotypes. J. Gerontol. A Biol. 

Sci. Med. Sci. 2004;59:B886-889. 
[48] Polonikov AV, Ivanov VP, Solodilova MA, Kozhuhov MA, Panfilov VI. Tobacco 

smoking, fruit and vegetable intake modify association between -21A>T polymorphism 
of catalase gene and risk of bronchial asthma. J. Asthma 2009;46:217-224. 

[49] Wenten M, Gauderman WJ, Berhane K, Lin PC, Peters J, Gilliland FD. Functional 
variants in the catalase and myeloperoxidase genes, ambient air pollution, and 
respiratory-related school absences: an example of epistasis in gene-environment 
interactions. Am. J. Epidemiol. 2009;170:1494-1501. 

[50] Kim TH, Hong JM, Oh B, Cho YS, Lee JY, Kim HL, et al. Genetic association study 
of polymorphisms in the catalase gene with the risk of osteonecrosis of the femoral 
head in the Korean population. Osteoarthritis Cartilage 2008;16:1060-1066. 



Catalase 57 

[51] Warchol T, Lianeri M, Wudarski M, Lacki JK, Jagodzinski PP. Catalase -262C>T 
polymorphism in systemic lupus erythematosus in Poland. Rheumatol. Int. 2008;28: 
1035-1039. 

[52] Rajaraman P, Hutchinson A, Rothman N, Black PM, Fine HA, Loeffler JS, et al. 
Oxidative response gene polymorphisms and risk of adult brain tumors. Neuro. Oncol. 
2008;10:709-715. 





 

 
 
 
 
 
 
 

Chapter 5 
 
 

Glutathione and its Synthesizing 

Enzymes 
 
 

Abstract 
 

The reduced form of glutathione (GSH) is the most abundant intracellular antioxi-
dant thiol in mammalian systems. It is synthesized from three amino acids (i.e., gluta-
mate, cysteine, and glycine) via two successive reactions catalyzed by -glutamylcysteine 
ligase and glutathione synthetase, respectively. In mammalian cells and tissues, GSH par-
ticipates in diverse reactions, including reacting with reactive oxygen and nitrogen spe-
cies, electrophiles, and other non-enzymatic antioxidant compounds, as well as protein 
deglutathionylation. Via participating in these various redox reactions, GSH plays an im-
portant part in mammalian physiology. Extensive studies in animal models demonstrate 
crucial protective effects of GSH in a wide variety of disease processes involving oxida-
tive stress. Consistently, studies in human subjects also suggest potential benefits of GSH 
in human diseases, including hemolytic anemia, hypertension, diabetes, and chronic ob-
structive pulmonary disease.  
 
 

1. Overview 
 

1.1. Definition and History 
 
The term glutathione, if not specified, may refer to both the reduced form (GSH) and the 

oxidized form (GSSG) of glutathione, as well as the protein-bound glutathione moieties. The 
oxidized form is also known as glutathione disulfide. This chapter focuses on the reduced 
form of glutathione, i.e., GSH. In this context, the term glutathione is often used loosely to 
refer to GSH in the literature.  

In 1888, M.J. de Rey Paihade discovered a substance, which was proved to be GSH by 
F.G. Hopkins in 1929 [1]. In 1935, C.R. Harington and T.H. Mead reported the synthesis of 
GSH [2]. It is now known that GSH is the most abundant non-protein thiol-containing com-
pound in mammalian cells. Although it was initially believed to mainly act as a reductant, 
over the past two decades, GSH has been demonstrated to play important roles in various bio-
logical processes and disease conditions.  
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1.2. Basic Characteristics 
 
GSH is a tripeptide ( -glutamylcysteinylglycine) with a molecular mass of 307 (structure 

shown in Figure 5-1). In mammalian cells, the cytosolic concentrations of GSH are in the 
range of 1-10 mM. GSH is also present in high concentrations in mitochondria and nuclei. In 
contrast, the extracellular levels of GSH are much lower, and GSH levels in plasma are usual-
ly in the range of low micromolar concentrations. In mammalian cells, GSH synthesis in-
volves two cytosolic enzymes, namely, -glutamylcysteine ligase (GCL) and glutathione 
synthetase (GSS) (Section 2.1). GCL consists of two subunits: the heavy catalytic subunit 
designated as GCLC with a molecular mass of ~73 kDa and the light modifier subunit desig-
nated as GCLM with a molecular mass of ~31 kDa. GCLC and GCLM are encoded by sepa-
rate genes that are localized on chromosomes 6p12 and 1p22.1, respectively, in humans. 
Human GSS gene is localized on chromosome 20q11.2.  

 
 

 

 

 

 

 

 

 

 

 

Figure 5-1. Structure of -glutamylcysteinylglycine (GSH). As indicated, GSH is a tripeptide, and the 
sulfhydryl group (-SH) is from the cysteine residue. 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry  
 
GSH is synthesized from three amino acids via two successive enzymatic reactions in cy-

toplasm (Figure 5-2). The first step involves combination of cysteine and glutamate to pro-
duce the dipeptide -glutamylcysteine. The reaction is catalyzed by GCL, also known as -
glutamylcysteine synthetase (GCS). This reaction requires coupled ATP hydrolysis. The next 
step involves the enzyme GSS, which catalyzes the addition of glycine to the dipeptide to 
form the tripeptide -glutamylcysteinylglycine (GSH). Similar to GCL, GSS also requires 
coupled ATP hydrolysis. 

 
 

2.2. Molecular Regulation 
 
-Glutamylcysteine ligase is the key enzyme of GSH biosynthesis. As stated above, this 

enzyme consists of two subunits, namely, GCLC and GCLM. As the name indicates, GCLM 
modulates the activity of the enzyme and affects the steady state levels of GSH in mammalian 
cells and tissues. 
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Figure 5-2. Schematic illustration of GSH biosynthesis. As depicted, GSH is synthesized from three 
amino acids through two successive reactions catalyzed by -glutamylcysteine ligase (GCL) and 
glutathione synthetase (GSS), respectively. Two molecules of ATP are consumed for synthesis of each 
molecule of GSH. It is also worth noting that GCL is the key enzyme of the GSH biosynthesis pathway 
with cysteine as the rate-limiting substract. 
 
 

Both subunits are subject to induction by chemical inducers and oxidative stress condi-
tions, and upregulation of either or both of the subunits leads to increased levels of cellular 
GSH. Transcriptional and post-transcriptional regulation of both subunits has been described 
[3, 4]. Post-transcriptional regulation includes mRNA stabilization/destabilization and post-
translational modifications.  

A number of transcription factors are involved in the regulation of GCLC and GCLM 
gene expression in mammalian cells. These include AP-1, AP-2, SP1, NF- B, c-Myc, Nrf1, 
and Nrf2 [3]. Among these transcription factors, Nrf2 appears to play the most important role 
in controlling both basal and inducible expression of GCL under various conditions. Regula-
tion of GCL expression by Nrf2 occurs through an antioxidant response element-driven me-
chanism (Section 3.1 of Chapter 2). 

While much is known about GCL regulation, little attention has been paid to GSS. Recent 
studies have suggested the involvement of AP-1, NF- B, Nrf1, and Nrf2 in the regulation of 
mammalian GSS gene expression in several cell types [3].  
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3. Role in Health and Disease 
 

3.1. General Biological Activities 
 
In mammalian cells and tissues, GSH participates in at least four types of biochemical 

reactions, as listed below. These reactions form the basis for GSH’s involvement in physiolo-
gy and pathophysiology. 

 
 Reaction with reactive oxygen and nitrogen species (ROS/RNS) 
 Reaction with electrophiles 
 Reaction with other non-enzymatic antioxidants  
 Protein deglutathionylation  

 
3.1.1. Reaction of GSH with ROS/RNS 

GSH is a major defense against ROS/RNS. GSH can directly react with ROS/RNS, lead-
ing to the detoxification of these reactive species. GSH is also used as a cofactor by gluta-
thione peroxidase (Chapter 6) in the detoxification of hydrogen peroxide and other peroxides, 
as well as peroxynitrite. In addition, reaction of GSH with RNS results in the formation of S-
nitrosoglutathione. S-Nitrosoglutathione acts as a second messenger to transduce nitric oxide 
(NO) bioactivity [5].  

 
3.1.2. Reaction of GSH 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 me-
chanism of detoxification of electrophilic species. The conjugation reactions with GSH may 
occur spontaneously, but are markedly accelerated by glutathione S-transferase (Chapter 8). 
Notably, for certain xenobiotics, GSH conjugation may result in their bioactivation [6]. The 
term bioactivation (also known as toxification) refers to conversion of less toxic or reactive 
chemicals to more toxic or reactive metabolites. 

 
3.1.3. Reaction of GSH with Other Non-protein Antioxidants 

While GSH is the most abundant non-protein thiol antioxidant in mammalian cells, there 
are also many other cellular non-protein antioxidants, such as -tocopherol (Chapter 21) and 
ascorbate (also known as vitamin C; Chapter 20). -Tocopherol reduces lipid peroxyl radical 
to form lipid hydroperoxide, and in the reaction -tocopherol is oxidized to -tocopherol rad-
ical. The -tocopherol radical can be reduced back to -tocopherol by ascorbate, which is 
oxidized to dehydroascorbate. Dehydroascorbate can then be restored to the reduced form by 
a GSH-dependent reaction catalyzed by dehydroascorbate reductase (Figure 5-3). GSH defi-
ciency results in decreased tissue levels of vitamin C in animal models, pointing to an in vivo 
role of GSH in vitamin C metabolism [7].  

 
3.1.4. Protein Deglutathionylation 

Reversible protein S-glutathionylation (protein-SSG) is an important post-translational 
modification involved in redox signaling. Analogous to protein dephosphorylation catalyzed 
by phosphatases, glutaredoxin isozymes (Section 2.1 of Chapter 9) using GSH as a cofactor 
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catalyze deglutathionylation of proteins. This participates in regulating diverse intracellular 
signaling pathways.  

 

 
 

Figure 5-3. Role of GSH in the regeneration of other non-protein antioxidants, including -tocopherol 
and ascorbate. See text (Section 3.1.3) for detailed description. LOO., lipid peroxyl radical; LOOH, 
lipid hydroperoxide; DR, dehydroascorbate reductase; GSSG, glutathione disulfide.  

 
 
3.2. Animal Studies 

 
3.2.1. Experimental Approaches 

The biological activities of GSH in mammals have been investigated following modula-
tion of its levels in cells or tissues via various approaches. The levels of cellular or tissue 
GSH can be elevated by employing the following four approaches. 

 
 Delivery of membrane permeable GSH esters (Chapter 25) 
 Increase of the availability of cysteine using N-acetylcysteine (Chapter 25) 
 Induction of GSH synthesis by chemical inducers (Chapter 2) 
 Transgenic overexpression of GCL 

 
Likewise, the levels of cellular or tissue GSH can be decreased via utilizing the following 

two approaches. 
 
 Buthionine sulfoximine (BSO)-mediated inhibition of GCL activity 
 Targeted disruption of GCL gene (i.e., the gene knockout model)  

 
It is noteworthy that BSO is a selective inhibitor of GCL. It has been widely used to de-

crease cellular or tissue GSH so as to determine the role of GSH in various physiological and 
pathophysiological processes [8].  

Homozygous deletion of GCLC gene (GCLC-/-) in mice is embryonically lethal, indicat-
ing an essential role for GCLC and GSH in development. On the other hand, homozygous 
deletion of GCLM gene (GCLM-/-) in mice has little effects on survival or development. 
GCLM-/- mice still have the ability to synthesize GSH in limited amounts (~10-20% of nor-
mal levels). Similarly, mice with heterozygous deletion of GCLC gene (GCLC+/-) are viable 
and fertile. GCLC+/- mice exhibit a gene-dose dependent decrease in the GCLC protein and 
GCL activity, but only about a 20% diminution in GSH levels [9]. 
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3.2.2. Role in Cardiovascular Diseases 

The role of GSH and GSH synthesizing enzymes in cardiovascular diseases has been in-
vestigated by employing BSO treatment or gene knockout animal models. Multiple studies 
show that depletion of GSH by BSO causes severe hypertension in normal animals, suggest-
ing a critical role for GSH in controlling oxidative stress and blood pressure regulation [10]. 
Chronic treatment of rats with BSO decreases plasma GSH levels, resulting in modifications 
of plasma low-density lipoprotein (LDL). The LDL modifications can be prevented by co-
treatment of the animals with GSH ethyl ester. Chronic treatment of mice with BSO also ag-
gravates atherosclerosis in mice lacking apolipoprotein E (ApoE). ApoE-deficient mouse is 
susceptible to atherosclerosis, and as such is a commonly used model for studying atheroge-
nesis and its protection. On the other hand, it is reported that an increase in macrophage GSH 
content reduces cell-mediated oxidation of LDL and possibly atherosclerosis in ApoE-
deficient mice [11].  

Depletion of myocardial GSH by BSO results in impaired post-ischemic contractile func-
tion after global ischemia in isolated perfused hearts. Oxidation of myocardial GSH also 
causes mitochondrial depolarization and cardiac arrhythmias in isolated perfused hearts. Re-
cently, it has been shown that mice lacking GCLM (GCLM-/-) are more susceptible to in vivo 
myocardial ischemia-reperfusion injury compared with wild-type animals [12]. Chronic dep-
letion of GSH by BSO also leads to oxidative cardiomyopathy and aggravation of heart fail-
ure induced by drugs, including doxorubicin and cyclophosphamide. 

S-Nitrosoglutathione has also been suggested to exert protective effects in various cardi-
ovascular disorders. A recent study shows that endogenous S-nitrosoglutathione protects 
against in vivo ischemic myocardial injury in mice due, at least in part, to S-nitrosylation-
mediated stabilization of hypoxia-inducible factor-1  (HIF-1 ) and increased angiogenesis 
[13]. The term angiogenesis refers to growth of new blood vessels from preexisting vessels. 

 
3.2.3. Role in Diabetes 

The involvement of GSH in diabetes has been investigated in cultured pancreatic islets 
and in vivo animal models of diabetes. In vitro studies demonstrate a critical activity for GSH 
and GCL in protecting against the pancreatic -cell injury elicited by oxidative stress, in-
flammatory cytokines, as well as exposure to high concentrations of glucose [14, 15]. Nota-
bly, insulin induces GCL and GSH in cell cultures, suggesting a possible interaction between 
insulin and GSH homeostasis.  

There is also evidence supporting a beneficial role for GSH in diabetes in vivo. Chronic 
depletion of GSH by BSO reduces insulin sensitivity and aggravates diabetes in experimental 
animals. Conversely, administration of GSH precursors, including GSH ethyl ester and N-
acetylcysteine ameliorates the pathophysiology of diabetes in animal models [14, 15].  

 
3.2.4. Role in Neurological Diseases 

The protective effects of GSH in neurodegenerative disorders have been demonstrated by 
different approaches in experimental animals. These include the use of BSO to deplete tissue 
GSH and administration of GSH ethyl ester or N-acetylcysteine to augment tissue GSH le-
vels, followed by determination of the changes in the pathophysiology of neurodegeneration. 
In normal animals, chronic treatment with BSO reduces GSH levels and induces oxidative 
damage in various tissues or organs, including brain [16]. GSH depletion also sensitizes the 
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brain to neurotoxin-induced degeneration, which can be protected by co-treatment with either 
GSH ethyl ester or N-acetylcysteine. GSH may also protect against convulsion, aging-
associated memory impairment, and noise-induced hearing loss [17]. Another line of evi-
dence supporting an important role for GSH in protecting against neurodegeneration is that 
GSH decrease usually precedes the neurodegenerative processes in various animal models. 
Furthermore, deficiency in the transporter for neuronal cysteine uptake in mice has been 
shown to cause impaired neuronal GSH metabolism, oxidative stress, and aging-dependent 
neurodegeneration [18].  

Consistent with the observations in animal studies, extensive in vitro experiments also 
demonstrate a critical involvement of GSH in protecting against neuronal cell injury elicited 
by various neurotoxic insults. It is further shown that GSH is essential for the survival of pri-
mary neurons in cultures [19]. 

 
3.2.5. Role in Pulmonary Diseases 

Reduced levels of GSH are commonly observed in animal models of pulmonary diseases. 
Administration of BSO to normal animals decreases GSH levels and causes oxidative damage 
and mitochondrial defects in lung tissue. These deleterious effects can be reversed by co-
treatment of the animals with GSH ethyl ester [20], suggesting that GSH is a critical factor for 
normal physiology of the lung. There is ample evidence showing that GSH also acts as a pro-
tective molecule under various pulmonary pathophysiological conditions. For example, inhi-
bition of GSH synthesis by BSO has been reported to potentiate hyperoxia-induced lung 
injury and mortality in experimental animals. GSH depletion by BSO leads to aggravation of 
lung injury induced by pulmonary toxins [21]. On the other hand, administration of GSH 
ethyl ester or other GSH precursors has been shown to attenuate oxidative lung injury, airway 
inflammation, and allergic asthma in animal models [21, 22].  

 
3.2.6. Role in Hepatic and Gastrointestinal Diseases 

Liver is one of the major pools of GSH in mammals. Animal studies along with cell cul-
ture experiments have established an important role for GSH in protecting against a number 
of liver disorders, including drug/xenobiotic-induced hepatotoxicity, alcoholic liver disease, 
liver ischemia-reperfusion injury, endotoxin-induced liver injury, and nonalcoholic fatty liver 
disease [23].  

Acetaminophen-induced hepatotoxicity remains a major cause of acute liver failure. Stu-
dies using GCLC overexpression, GCLC knockdown, and GCLM knockout models demon-
strate a crucial involvement of GSH in protecting against this drug-induced liver injury [9]. 
Although a moderate decrease in hepatic GSH levels caused by BSO doesn’t lead to signifi-
cant liver injury, it markedly sensitizes the animals to hepatotoxicity induced by various liver 
toxicants, including ethanol. BSO-mediated decrease in hepatic GSH levels also aggravates 
hepatic ischemia-reperfusion injury as well as endotoxin-induced liver injury, both of which 
can be ameliorated by co-treatment with GSH ethyl ester or other GSH precursors.  

As stated above (Section 3.2.1), global homozygous deletion of GCLC gene is embryoni-
cally lethal. This makes it necessary to create models with organ-selective deletion of this 
gene. In this context, it has been recently shown that hepatocyte-specific GCLC deletion leads 
to a rapid onset of steatosis with mitochondrial injury and liver failure in mice [24]. This find-
ing suggests that GSH is essential for preserving normal hepatic function and for protecting 
against the development of nonalcoholic fatty liver disease. In line with this notion, increases 
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of liver GSH by GSH precursors attenuate the progression of nonalcoholic fatty liver disease 
in animal models [25]. 

Multiple animal studies demonstrate beneficial effects of GSH in certain gastrointestinal 
disorders, including experimental colitis and intestinal inflammation induced by bacterial in-
fections [26, 27]. GSH and GSH-related enzymes serve as an important line of defense 
against oxidative stress and inflammatory injury as well as toxic chemicals in the gut. 

 
3.2.7. Role in Renal Diseases 

In contrast to its well-established benefits in many other organs/tissues, the role of GSH 
in renal physiology and pathophysiology has been a subject of controversies. Early studies 
showed that GSH ethyl ester aggravated renal ischemia-reperfusion injury, whereas decrease 
of renal GSH by BSO afforded a protective effect, suggesting a possible detrimental action of 
GSH in renal ischemia-reperfusion injury [28]. However, administration of N-acetylcysteine, 
another GSH precursor was shown to attenuate renal ischemia-reperfusion injury [29]. It has 
further been reported that decrease of renal GSH by BSO leads to a concomitant induction of 
heme oxygenase, which may function to protect against renal ischemia-reperfusion injury 
[30]. As discussed in Chapter 15, heme oxygenase is an important antioxidant defense against 
tissue ischemia-reperfusion injury. 

The role of GSH in nephrotoxicity induced by drugs and toxicants also varies with the 
animal models and the nephrotoxicants examined. For example, multiple studies report a po-
tentiation effect of GSH on cisplatin-induced renal injury though other studies show the op-
posite. GSH mediates bioactivation of certain xenobiotics, such as polychlorinated alkenes, 
causing nephrotoxicity. In contrast, renal GSH is involved in protecting against kidney injury 
induced by various other nephrotoxicants, including heavy metals, radiographic contrast ma-
terials, and the anticancer drug ifosfamide. 

 
3.2.8. Role in Skin Diseases 

Oxidative stress and dysregulated inflammatory responses are frequently involved in skin 
disorders, including ultraviolet (UV) light-induced skin injury and contact dermatitis. Admin-
istration of BSO decreases GSH levels in skin, and sensitizes the animal to both UV light-
induced skin injury and contact dermatitis. Conversely, treatment of the animals with GSH 
ethyl ester or N-acetylcysteine attenuates oxidative injury and inflammation in skin tissue 
[31]. Moreover, GSH is also found to participate in the regulation of skin wound healing in an 
animal model [32]. 

 
3.2.9. Role in Cancer 

GSH plays diverse roles in cancer. Elevation of GSH in tumor cells is a major mechanism 
of anticancer drug resistance. Depletion of tumor cell GSH by BSO has been shown to poten-
tiate the tumor killing activity of various anticancer drugs, such as cisplatin and doxorubicin. 
However, BSO co-treatment also potentiates the adverse effects of anticancer drugs on nor-
mal tissues, which may become a limiting factor for the combined strategy. In vitro studies 
suggest that high GSH levels may promote tumor cell growth and invasion. 

Both ROS and electrophiles are critically involved in chemical carcinogenesis. Depletion 
of tissue GSH by BSO has been reported to cause DNA damage in normal experimental ani-
mals, and potentiate carcinogenesis induced by chemical carcinogens, including aflatoxin B1 
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[33]. Aflatoxin B1 is a potent human liver carcinogen. Likewise, elevation of tissue GSH le-
vels by GSH precursors or chemical inducers has been demonstrated to be effective in pro-
tecting against chemical- as well as UV light-induced carcinogenesis in experimental animals. 
In addition to inhibiting chemical carcinogenesis, GSH also plays a protective role in sponta-
neous tumor development. Recently, it is reported that GSH depletion by BSO results in a 5-
fold increase in the incidence of colonic tumors in p53-knockout mice, suggesting that GSH 
deficiency and loss of p53 function may have a synergistic effect on spontaneous colonic tu-
mor development [34]. 

 
3.2.10. Role in Other Diseases and Conditions 

In addition to the diseases described above, GSH also has a beneficial role in various oth-
er disorders and conditions, including HIV infection, scurvy, cataract, and aging in animal 
models. Moreover, GSH serves as a regulator of immune cell responses, which may partici-
pate in controlling viral replication [35]. Indeed, the effectiveness of the GSH precursor N-
acetyl-cysteine in protecting against HIV infection has been demonstrated in experimental 
animals and suggested in certain clinical trials [36]. 

 
 

3.3. Human Studies and Clinical Perspectives 
 
The well-documented biological activities of GSH in diverse animal models of human 

diseases have prompted translational and clinical research on GSH over the last two decades. 
Multiple GSH precursors or analogs have been investigated in clinical trials for the interven-
tion of human diseases. Studies have also identified mutations and gene polymorphisms in 
GSH synthesizing enzymes and their potential role in disease processes. This section begins 
with a description of hereditary disorders resulting from gene mutations of GSH synthesizing 
enzymes. It then summarizes the major findings from gene polymorphism studies and inter-
ventional clinical trials on GSH precursors.  

 
3.3.1. GCL and GSS Deficiencies due to Gene Mutations 

Mutations have been identified in both GCLC and GSS genes. It has been demonstrated 
that missense mutations in the heavy subunit gene of GCL cause decreased GCL activity and 
GSH levels in erythrocytes, and the patients with this rare hereditary GCL deficiency suffer 
from hemolytic anemia [37]. Glutathione synthetase (GSS) deficiency is also a rare hereditary 
disorder with decreased GSS activity due to mutations in the corresponding gene. Patients 
with GSS deficiency also suffer from hemolytic anemia as well as 5-oxoprolinuria [38]. For 
both GCL and GSS deficiency, hemolytic anemia is believed to result from oxidative stress in 
red blood cells due to decreased cellular GSH levels. 5-Oxoprolinuria in GSS-deficient pa-
tients results from the accumulation of -glutamylcysteine and its subsequent conversion to 5-
oxoproline. As shown in Figure 5-2, GSS catalyzes the reaction between -glutamylcysteine 
and glycine to form the tripeptide GSH. Hence, GSS deficiency causes accumulation of the 
substrate -glutamylcysteine.  

 
3.3.2. Gene Polymorphisms  

A variety of gene polymorphisms exist for both GCLC and GCLM. Many observational 
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epidemiological studies demonstrate that gene polymorphisms of GCLC or GCLM are asso-
ciated with a wide variety of disease conditions, including ischemic heart disease, atheroscle-
rosis, hypertension, diabetes, schizophrenia, chronic obstructive pulmonary disease, cystic 
fibrosis, nonalcoholic liver disease, and certain types of cancer [39-43]. Gene polymorphism 
studies may thus help identify subpopulations at high risk of developing the above disease 
processes, and such knowledge may serve as a guide for disease risk assessment and early 
intervention.  

 
3.3.3. Interventional Clinical Trials 

Decreased levels of GSH have been observed in a number of human disease conditions, 
including those listed above in Section 3.3.2. It is rational that repletion of GSH may thus 
protect against the disease processes. Multiple clinical trials have suggested a potential bene-
fit of using GSH precursors, especially N-acetylcysteine in the intervention of certain human 
diseases, including hypertension, diabetes, chronic obstructive pulmonary disease, and cystic 
fibrosis [21, 44-46] (more detailed discussion in Chapter 25).  

 
 

4. Conclusion and Future Directions 
 
As the most abundant non-protein thiol in mammalian cells, GSH participates in numer-

ous cellular processes that are critical for proper physiological functions of organs/systems. In 
this context, depletion of GSH in animal models aggravates a series of pathophysiological 
processes, which can be corrected, at least partially, by administration of GSH or GSH pre-
cursors. There are also multiple lines of evidence suggesting a beneficial role for GSH in hu-
man health and disease. Although significant progress has been made in the research area of 
GSH and its clinical applications, there is still much to be done to better understand how GSH 
synthesis and metabolism may be manipulated to therapeutic advantage. In this regard, future 
studies should focus on developing novel chemical agents (including both GSH enhancing 
and depleting agents) that can be used to selectively modulate GSH levels in target tissues to 
achieve therapeutic goals. It may be pertinent to suggest that therapeutic research involving 
GSH or its precursors must be carefully designed to take into account of the pharmacokinetic 
and pharmacodynamic profiles as well as the potential adverse effects of the thiol-containing 
compounds. 
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Chapter 6  
 
 

Glutathione Peroxidase 
 
 

Abstract 
 

Mammalian glutathione peroxidase (GPx) represents a family of six isozymes, name-
ly, GPx1-6. GPxs are critical antioxidant enzymes catalyzing the decomposition of hy-
drogen peroxide or organic hydroperoxides. Studies in both transgenic overexpression 
and gene knockout animal models demonstrate an important function for GPx isozymes, 
especially GPx1-4 in protecting against a wide range of disease processes. Although be-
ing not as convincing as that from animal experiments, evidence from human studies also 
suggests a beneficial role for GPxs in certain disease conditions, particularly cardiovascu-
lar disorders. 
 
 

1. Overview 
 

1.1. Definition and History 
 
Glutathione peroxidase (GPx) is the general name for a family of multiple isozymes that 

catalyze the reduction of hydrogen peroxide or organic hydroperoxides to water or corres-
ponding alcohols using the reduced form of glutathione (GSH) as the electron donor [1, 2]. In 
mammalian tissues, there are six GPx isozymes, namely, GPx1, 2, 3, 4, 5, and 6. GPx1, 2, 3, 
and 4 are selenoproteins. GPx6 is also a selenoprotein in humans and pigs, but not in rats and 
mice. GPx5 is a non-selenoprotein. Here the term selenoprotein refers to any protein that con-
tains one or more selenocysteine residues. Selenocysteine, also 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 are identified in humans, among which are many antioxidant 
enzymes [3]. These selenium-containing antioxidant enzymes include the aforementioned 
GPxs (GPx1-4, and 6), thioredoxin reductases (TrxR1, 2, and TGR; Chapter 12), and methio-
nine sulfoxide reductase B1 (MsrB1, also known as selenoprotein R; Chapter 14). 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 selenophos-
phate synthetase 2 (SPS2) [4]. These selenoproteins have diverse biological functions. Some 

http://en.wikipedia.org/wiki/Protein
http://en.wikipedia.org/wiki/Selenocysteine
http://en.wikipedia.org/wiki/Cysteine
http://en.wikipedia.org/wiki/Selenium
http://en.wikipedia.org/wiki/Sulfur


Antioxidants in Biology and Medicine  74 

of them, such as Sel P, Sel S and Sel W also possess antioxidant activities. Selenium defi-
ciency and mutations or polymorphisms in selenoprotein genes possess a strong correlation 
with a variety of human diseases. These include muscle and cardiovascular disorders, immune 
dysfunction, cancer, neurological disorders, male infertility, and endocrine dysfunction [5]. 
This chapter focuses on GPx isozymes, the most extensively investigated selenoproteins in 
biology and medicine. 

GPx activity was first reported in erythrocytes by G.C. Mills in 1957 [6]. The enzyme 
was found to protect hemoglobin from oxidative breakdown. This enzyme was further dem-
onstrated to be a selenoenzyme 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. Later, 
several additional mammalian GPx isozymes were isolated and characterized. As stated 
above, in mammals the GPx family now has six members, and the classification is based on 
their amino acid sequence, substrate specificity, and subcellular localization. 

 
 

1.2. Basic Characteristics 
 
GPx1, 2, 3, and 6 are homotetrameric proteins with a subunit molecular mass of ~20-25 

kDa, whereas GPx4 is a 20-22 kDa monomeric enzyme. GPx5 is a homodimeric enzyme with 
a subunit molecular mass of 24 kDa. The nomenclature and cellular and chromosomal locali-
zation of the various GPx isozymes are described below. 

 
1) GPx1: Also known as classical or cytosolic GPx (cGPx), GPx1 is the first mamma-

lian GPx identified and one of the most abundant and ubiquitously expressed seleno-
proteins. It is present in cytosol, mitochondria, and nuclei. In humans, GPx1 is 
localized on chromosome 3p21.3. 

2) GPx2: Also known as gastrointestinal GPx (GI-GPx), GPx2 is mainly expressed in 
gastrointestinal tract. It is also found in liver and lung. GPx2 is present in cytosol and 
nuclei. In humans, GPx2 is localized on chromosome 14q24.1. 

3) GPx3: Also known as plasma GPx (pGPx), GPx3 is a secreted form of enzyme found 
in plasma. Kidney is the major source of GPx3 in plasma. This enzyme is also ex-
pressed in many other tissues, including lung and heart, and is present in cytosol. In 
humans, GPx3 is localized on chromosome 5q23. 

4) GPx4: Also known as phospholipid hydroperoxide GPx (PHGPx), GPx4 enzyme is 
ubiquitously expressed in a variety of tissues. GPx4 is also a main structural compo-
nent of the sperm mitochondrial capsule in mature spermatozoa, where it exists as an 
enzymatically-inactive, oxidatively cross-linked, insoluble protein [8]. Subcellular 
distribution of GPx4 includes cytosol, nuclei, mitochondria, and membranes. In hu-
mans, GPx4 is localized on chromosome 19p13.3. 

5) GPx5: Also known as epididymal GPx (eGPx), this GPx isozyme is selectively ex-
pressed in epididymis. It is secreted into the epididymal lumen. In humans, GPx5 is 
localized on chromosome 6p22.1. 

6) GPx6: GPx6 is a recently identified isozyme. The expression of GPx6 is believed to 
be restricted to the developing embryo and in olfactory epithelium in adults, suggest-
ing a possible role in embryonic development and olfactory function. In humans, 
GPx6 is localized on chromosome 6p22.1. 
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2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
All of the GPx isozymes are able to catalyze the reduction of hydrogen peroxide (H2O2) 

or organic hydroperoxides (LOOH) to water or corresponding alcohols (LOH) using GSH as 
the electron donor (Figure 6-1). GPx4 is also able to reduce phospholipid hydroperoxides in 
membranes, and as such is named phospholipid hydroperoxide GPx (PHGPx). As a main 
structural component of the sperm mitochondrial capsule in mature spermatozoa, GPx4 is 
also involved in sperm maturation and male fertility [9]. Due to the low levels of GSH in 
extracellular fluid, GPx3 may also use extracellular thioredoxin and glutaredoxin as electron 
donors. In addition to decomposing H2O2 and LOOH, GPx isozymes can also reduce perox-
ynitrite in vitro [10]. 

 
 
 
 
 
 
 
 
 
 

 

Figure 6-1. Glutathione peroxidase (GPx)-catalyzed decomposition of peroxides. As illustrated, GPx 
catalyzes decomposition of hydrogen peroxide (H2O2) or organic hydroperoxides (LOOH) to form 
water or the corresponding alcohols (LOH). The reactions require GSH as the electron donor. GSSG 
stands for glutathione disulfide. 
 
 

2.2. Molecular Regulation 
 
Although the first member of GPx family was identified more than fifty years ago, regu-

lation of gene expression for many of the GPx isozymes is not well-understood. Regulation of 
GPxs may occur at both transcriptional and post-transcriptional levels [11]. It has been re-
ported that p53 is a critical transcription factor involved in the modulation of GPx1 gene ex-
pression. Indeed, a p53-binding site is mapped to the promoter region of GPx1 gene. GPx1 is 
also subject to post-translational modifications by c-Abl and Arg tyrosine kinases [12]. Mul-
tiple transcription factors participate in controlling GPx2 gene expression. These include 
Nrf2, -catenin/TCF, and p63 (a member of the p53 tumor suppressor family) [11, 13]. The 
promoter region of GPx3 has been characterized, and various transcription factors, including 
AP-1, SP1, and HIF-1 have been implicated in the transcriptional regulation [14]. The tran-
scriptional regulation of GPx4 gene has recently been extensively investigated. A range of 
transcription factors are shown to participate in regulating GPx4 gene in cellular systems. 
These factors include C/EBP-epsilon, NF- B, SP1, SP3, NF-Y, and Smad [11, 15]. In con-
trast to the above four isozymes of GPx family, studies on gene regulation of the recently 
identified members GPx5 and GPx6 are scarce.  
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3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

The biological activities of GPxs have been studied in numerous animal models over the 
past several decades. Gene knockout or transgenic overexpession studies of the individual 
GPx isozymes provide the most compelling data on their role in health and disease. Transgen-
ic overexpression of GPx1-5 has been created in animal models. Knockout mouse models for 
GPx1-5 have also been reported in the literature. Notably, homozygous deletion of GPx4 is 
embryonically lethal [16]. Primarily based on studies with these gene knockout and transgen-
ic overexpression models, GPx isozymes are found to play important roles in various physio-
logical and pathophysiological processes. In addition to the genetic models, the GPx mimetic 
ebselen has also been used for disease intervention in both animal models and clinical trials 
(Chapter 24). 

 
3.1.2. Role in Cardiovascular Diseases 

Cardiovascular diseases are among the most extensively studied disease conditions with 
respect to the role of GPxs in animal models of human diseases. Among the various GPx iso-
zymes, GPx1 has received the most attention. Both gene overexpression and knockout studies 
have demonstrated a critical protective role for GPx1 in hypertension, myocardial ischemia-
reperfusion injury, atherosclerosis, and heart failure [17-19]. It has been also found that GPx1 
overexpression ameliorates virus-induced myocarditis [20]. In addition to GPx1, there are 
reports showing beneficial effects of GPx4 in atherosclerosis and myocardial ischemia-
reperfusion injury in animal models [21, 22].  

 
3.1.3. Role in Diabetes 

In vitro studies have conclusively demonstrated a role for GPxs in protecting the pancrea-
tic -cells from glucose toxicity and oxidative stress. However, the involvement of GPx1 in 
diabetes in animal models has been a subject of controversies. For example, one study reports 
that mice with global transgenic overexpression of GPx1 spontaneously develop insulin resis-
tance and obesity [23]. In contrast, another study shows that the pancreatic -cell-selective 
overexpression of GPx1 reverses diabetes in db/db mice [24]. Similarly, GPx3 overexpression 
in adipocytes results in improvement of high glucose-induced insulin resistance and attenua-
tion of proinflammatory gene expression, whereas GPx3 neutralization in adipocytes pro-
motes expression of proinflammatory genes [25]. In addition, reduced plasma levels of GPx3 
are found in diabetic mice, further suggesting a protective role for this GPx isozyme in expe-
rimental diabetes. 

 
3.1.4. Role in Neurological Diseases 

Studies using both transgenic overexpression and gene knockout animal models convin-
cingly show GPx1 as an important cellular factor in protecting against various neurological 
disorders, including Parkinson’s disease, Alzheimer’s disease, and cerebral ischemia-
reperfusion injury [26-28]. Recently, the role of GPx4 in neuroprotection has also been inves-
tigated. As stated above in Section 3.1.1, GPx4 is essential for embryonic development as 
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GPx4 knockout (GPx4-/-) mice die in utero by midgestation. 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 are found to have increased lipid peroxidation, which leads to increased amy-
loidogenesis in experimental Alzheimer’s disease [29]. Selective depletion of GPx4 in hippo-
campus is also shown to result in neurodegeneration, and GPx4 is directly involved in 
proapoptotic signaling, leading to neuron death [30]. In vitro studies demonstrate that the neu-
roprotective effects of GPx4 result from its function in removal of lipid hydroperoxides [31]. 
In this context, GPx4 is associated with cell membrane and acts a major defense against 
membrane lipid peroxidation. Collectively, these findings support GPx4 acting as an impor-
tant protective molecule in neurodegenerative diseases. 

 
3.1.5. Role in Pulmonary Diseases 

GPx1-deficient mice develop normally and show no increased sensitivity to hyperoxia-
induced lung injury [32]. However, as compared with wild-type mice, GPx1-deficient mice 
are more susceptible to lung injury and mortality induced by lethal amounts of paraquat, a 
redox-cycling compound [33]. GPx2 in lung tissue is induced by exposure to cigarette smoke, 
and the induction occurs via an Nrf2-dependent mechanism [34]. The Nrf2-dependent upre-
gulation of GPx2 may be a potential mechanism against cigarette smoke-induced lung injury. 
Targeted disruption of GPx2 gene in mice sensitizes the animals to allergen-induced airway 
inflammation, suggesting that GPx2 may also be an important defense against inflammation 
in the lung [35]. GPx3 is found to be induced in asthmatic lungs via a redox-regulated me-
chanism; however, the exact role of this isozyme in protecting against oxidative and inflam-
matory lung injury remains unclear [36]. 

 
3.1.6. Role in Hepatic and Gastrointestinal Diseases 

GPx1 has been shown to protect liver from oxidative and inflammatory injury induced by 
diaquat, ethanol, and endotoxin in animal models [37-39]. However, knockout of GPx1 in 
mice renders the animals more resistant to acetaminophen-induced hepatotoxicity, and GPx1 
overexpression sensitizes the animals to this drug-induced liver injury [40, 41]. As noted ear-
lier, GPx1 is an intracellularly expressed protein. In contrast, either overexpression of the 
plasma GPx3 or intravenous administration of GPx protein is shown to protect against aceta-
minophen liver toxicity in mice [41]. Under either condition, the GPx protein is mainly 
present in extracellular fluids. It remains unclear why intracellular overexpression of GPx1 
increases acetaminophen-induced liver injury in animal models. It is suggested that this sensi-
tivity may be due to the inability of the GPx1-overexpressing mice to efficiently recover GSH 
depletion as a result of acetaminophen metabolism. Transgenic overexpression of GPx4 in 
mice is shown to protect against diaquat-induced lipid peroxidation and apoptosis in liver 
tissue [42].  

Multiple studies demonstrate that GPx isozymes, particularly GPx2 play an important 
part in protecting against gastrointestinal inflammation. Mice with combined disruption of 
GPx1 and GPx2 have been shown to spontaneously develop chronic colitis, with symptoms 
and pathological alterations consistent with inflammatory bowel disease [43]. This finding 
suggests GPx2 as an integral part of gut homeostasis. As aforementioned, GPx2 is mainly 
expressed in gastrointestinal tract, and thus it may also serve as an important line of antioxi-
dant defense against peroxides either generated in the gut or introduced via diet. 
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3.1.7. Role in Renal Diseases 

GPx3 is secreted primarily by renal tubular cells. Recently, GPx3 is found to bind to the 
basal membranes of mouse renal cortex tubular cells [44]. It is further shown that GPx3 over-
expression protects against renal ischemia-reperfusion-elicited inflammatory response and 
kidney injury in mice [45]. Mice overexpressing GPx1 are also more resistant than wild-type 
littermates to renal ischemia-reperfusion injury [45]. However, GPx1 knockout in mice does 
not sensitize the animals to streptozotocin-induced diabetic nephropathy [46]. Streptozotocin 
is a compound that causes cytotoxicity to the pancreatic -cells, leading to subsequent devel-
opment of type 1 diabetes in experimental animals.  

 
3.1.8. Role in Skin Diseases 

GPx4 exhibits high specific activity in reducing lipid hydroperoxides, and thus may play 
a critical role in protecting skin from ultraviolet (UV) irradiation-triggered long-term effects 
like premature skin aging and cancer. Indeed, overexpression of GPx4 in human dermal fi-
broblasts suppresses UV irradiation-induced lipid peroxidation, inflammation, and activation 
of interstitial collagenase [47]. Skin cancer cells are shown to have a reduced GPx activity 
and an elevated peroxidative burden. In vivo knockout of GPx2 predisposes the mice to UV 
irradiation-induced formation of squamous cell carcinoma [48]. In addition to skin cancer, 
GPx isozymes also play a critical role in protecting against other types of cancer (see Section 
3.1.9 below). 

 
3.1.9. Role in Cancer 

ROS, including hydroperoxides are implicated in multistage carcinogenesis. Thus, by de-
composition of hydroperoxides, GPxs may function to protect against spontaneous cancer 
development [49]. In cell cultures, overexpression of GPxs inhibits tumor cell growth and 
invasiveness, whereas inactivation of GPxs results in increased oxidative DNA damage. 
Double-knockout of GPx1 and GPx2 causes intestinal inflammation and an increased inci-
dence of intestinal cancer in mice [50]. Deficiency in selenoproteins, including GPxs accele-
rates prostate carcinogenesis in a transgenic mouse model [51]. Conversely, overexpression 
of GPx3 in prostate cancer cells is found to suppress the cancer cell growth and metastasis in 
a xenograft animal model [52]. Together, these observations support a protective role for 
GPxs in cancer development. 

 
3.1.10. Role in Other Diseases and Conditions 

GPxs are implicated in various other physiological and pathophysiological processes, in-
cluding reproduction, eye disorders, immune regulation, and sepsis. As stated earlier in Sec-
tion 1.2, GPx4 is not only an antioxidant enzyme, but also a structural protein in spermatozoa. 
Depletion of GPx4 in spermatocytes causes male infertility in mice [9]. GPx5 is a non-
selenoprotein that is selectively expressed in epididymidis, and secreted in significant 
amounts into the epididymal lumen. This enzyme is suggested to act as an important antioxi-
dant defense in the epididymal lumen to protect spermatozoa from oxidative stress [53]. GPxs 
may also be an important antioxidant defense of lens in vivo. GPx1 deficiency leads to in-
creased cataract in mice [54]. Recently, it is reported that increased expression of GPx4 in 
photoreceptors of mice strongly protects retina from oxidative damage [55]. Transgenic mice 
overexpressing GPx1 and GPx3 are more resistant than wild-type counterparts to endotoxem-



Glutathione Peroxidase 79 

ic conditions, as evidenced by a decreased inflammation and hypotension, and an increased 
survival [56].  

 
 

3.2. Human Studies and Clinical Perspectives 
 
The potential involvement of GPxs in human health and disease has been investigated 

over the past two decades primarily by two approaches: (1) detection of the changes of GPx 
isozymes in human tissues under various disease conditions and (2) observational epidemio-
logical studies on the association between GPx gene polymorphisms and altered risk of dis-
ease development. While these studies in human subjects provide important information on 
GPx isozymes in human health and disease, it should be borne in mind that neither approach 
is able to establish a causative role for GPxs in a particular disease condition. 

In line with the well-established role for GPx1 in protecting against cardiovascular dis-
orders in animal models, a low activity of red blood cell GPx1 has been demonstrated to be 
independently associated with an elevated risk of cardiovascular events in humans [57]. Gene 
polymorphisms have been identified in human GPx1, and individuals possessing one or two 
ALA6 alleles have been shown to be at a modest increased risk of coronary artery disease 
[58]. The presence of Pro197Leu substitution of the GPx1 gene may also play a crucial role in 
determining the genetic susceptibility to coronary atherosclerosis in type 2 diabetes [59]. Re-
cently, multiple studies have shown that the promoter polymorphisms in GPx3 gene are asso-
ciated with an increased risk of arterial ischemic stroke as well as cerebral venous thrombosis 
[60, 61], though one study has reported no association of GPx3 gene with cerebral venous 
thrombosis in a German population [62]. In addition to cardiovascular diseases, several popu-
lation studies also demonstrate an association between GPx gene polymorphisms and in-
creased risk of developing various types of cancer, including breast cancer, prostate cancer, 
and colorectal carcinoma [63-66].  

 
 

4. Conclusion and Future Directions 
 
As a major defense in the detoxification of peroxides, mammalian GPxs play a critical 

role in protecting against various pathophysiological conditions that involve oxidative stress 
and inflammation. Both gene knockout and overexpression animal models have contributed 
greatly to our current understanding of the biological activities of various GPx isozymes in 
mammals. Such knowledge has facilitated the studies on the role of GPxs in human health 
and disease. In this context, multiple observational epidemiological studies in human subjects 
suggest a potential beneficial function for GPxs in certain human disorders, especially cardi-
ovascular diseases. Future studies should focus on investigating the involvement of GPxs in 
other human disease conditions, and emphasize both basic and translational research on the 
newly identified GPx isozymes, GPx5 and 6. Such studies will provide novel insights into the 
complementary actions of various GPx isozymes in disease protection. Future research should 
also be aimed at the development of pharmacological approaches to augmenting tissue GPx 
expression and the potential applications of GPx manipulation in the prevention and treatment 
of common human disorders. 



Antioxidants in Biology and Medicine  80 

5. References 
 

[1] Herbette S, Roeckel-Drevet P, Drevet JR. Seleno-independent glutathione peroxidases: 
more than simple antioxidant scavengers. FEBS J. 2007;274:2163-2180. 

[2] Margis R, Dunand C, Teixeira FK, Margis-Pinheiro M. Glutathione peroxidase family: 
an evolutionary overview. FEBS J. 2008;275:3959-3970. 

[3] Kryukov GV, Castellano S, Novoselov SV, Lobanov AV, Zehtab O, Guigo R, et al. 
Characterization of mammalian selenoproteomes. Science 2003;300:1439-1443. 

[4] Reeves MA, Hoffmann PR. The human selenoproteome: recent insights into functions 
and regulation. Cell Mol. Life Sci. 2009;66:2457-2478. 

[5] Lu J, Holmgren A. Selenoproteins. J. Biol. Chem. 2009;284:723-727. 
[6] Mills GC. Hemoglobin catabolism. I. Glutathione peroxidase, an erythrocyte enzyme 

which protects hemoglobin from oxidative breakdown. J. Biol. Chem. 1957;229:189-
197. 

[7] Flohe L, Gunzler WA, Schock HH. Glutathione peroxidase: a selenoenzyme. FEBS 

Lett. 1973;32:132-134. 
[8] Ursini F, Heim S, Kiess M, Maiorino M, Roveri A, Wissing J, et al. Dual function of 

the selenoprotein PHGPx during sperm maturation. Science 1999;285:1393-1396. 
[9] Imai H, Hakkaku N, Iwamoto R, Suzuki J, Suzuki T, Tajima Y, et al. Depletion of 

selenoprotein GPx4 in spermatocytes causes male infertility in mice. J. Biol. Chem. 
2009;284:32522-32532. 

[10] Sies H, Sharov VS, Klotz LO, Briviba K. Glutathione peroxidase protects against 
peroxynitrite-mediated oxidations: a new function for selenoproteins as peroxynitrite 
reductase. J. Biol. Chem. 1997;272:27812-27817. 

[11] Stoytcheva ZR, Berry MJ. Transcriptional regulation of mammalian selenoprotein 
expression. Biochim. Biophys. Acta 2009;1790:1429-1440. 

[12] Cao C, Leng Y, Huang W, Liu X, Kufe D. Glutathione peroxidase 1 is regulated by the 
c-Abl and Arg tyrosine kinases. J. Biol. Chem. 2003;278:39609-39614. 

[13] Banning A, Deubel S, Kluth D, Zhou Z, Brigelius-Flohe R. The GI-GPx gene is a 
target for Nrf2. Mol. Cell Biol. 2005;25:4914-4923. 

[14] Bierl C, Voetsch B, Jin RC, Handy DE, Loscalzo J. Determinants of human plasma 
glutathione peroxidase (GPx-3) expression. J. Biol. Chem. 2004;279:26839-26845. 

[15] Savaskan NE, Ufer C, Kuhn H, Borchert A. Molecular biology of glutathione 
peroxidase 4: from genomic structure to developmental expression and neural function. 
Biol. Chem. 2007;388:1007-1017. 

[16] Yant LJ, Ran Q, Rao L, Van Remmen H, Shibatani T, Belter JG, et al. The 
selenoprotein GPX4 is essential for mouse development and protects from radiation 
and oxidative damage insults. Free Radic. Biol. Med. 2003;34:496-502. 

[17] Chrissobolis S, Didion SP, Kinzenbaw DA, Schrader LI, Dayal S, Lentz SR, et al. 
Glutathione peroxidase-1 plays a major role in protecting against angiotensin II-
induced vascular dysfunction. Hypertension 2008;51:872-877. 

[18] Torzewski M, Ochsenhirt V, Kleschyov AL, Oelze M, Daiber A, Li H, et al. 
Deficiency of glutathione peroxidase-1 accelerates the progression of atherosclerosis in 
apolipoprotein E-deficient mice. Arterioscler. Thromb. Vasc. Biol. 2007;27:850-857. 

[19] Shiomi T, Tsutsui H, Matsusaka H, Murakami K, Hayashidani S, Ikeuchi M, et al. 



Glutathione Peroxidase 81 

Overexpression of glutathione peroxidase prevents left ventricular remodeling and 
failure after myocardial infarction in mice. Circulation 2004;109:544-549. 

[20] Beck MA, Esworthy RS, Ho YS, Chu FF. Glutathione peroxidase protects mice from 
viral-induced myocarditis. FASEB J. 1998;12:1143-1149. 

[21] Dabkowski ER, Williamson CL, Hollander JM. Mitochondria-specific transgenic 
overexpression of phospholipid hydroperoxide glutathione peroxidase (GPx4) 
attenuates ischemia/reperfusion-associated cardiac dysfunction. Free Radic. Biol. Med. 
2008;45:855-865. 

[22] Guo Z, Ran Q, Roberts LJ, 2nd, Zhou L, Richardson A, Sharan C, et al. Suppression of 
atherogenesis by overexpression of glutathione peroxidase-4 in apolipoprotein E-
deficient mice. Free Radic. Biol. Med. 2008;44:343-352. 

[23] McClung JP, Roneker CA, Mu W, Lisk DJ, Langlais P, Liu F, et al. Development of 
insulin resistance and obesity in mice overexpressing cellular glutathione peroxidase. 
Proc. Natl. Acad. Sci. USA 2004;101:8852-8857. 

[24] Harmon JS, Bogdani M, Parazzoli SD, Mak SS, Oseid EA, Berghmans M, et al. beta-
Cell-specific overexpression of glutathione peroxidase preserves intranuclear MafA 
and reverses diabetes in db/db mice. Endocrinology 2009;150:4855-4862. 

[25] Lee YS, Kim AY, Choi JW, Kim M, Yasue S, Son HJ, et al. Dysregulation of adipose 
glutathione peroxidase 3 in obesity contributes to local and systemic oxidative stress. 
Mol. Endocrinol. 2008;22:2176-2189. 

[26] Ridet JL, Bensadoun JC, Deglon N, Aebischer P, Zurn AD. Lentivirus-mediated 
expression of glutathione peroxidase: neuroprotection in murine models of Parkinson's 
disease. Neurobiol. Dis. 2006;21:29-34. 

[27] Weisbrot-Lefkowitz M, Reuhl K, Perry B, Chan PH, Inouye M, Mirochnitchenko O. 
Overexpression of human glutathione peroxidase protects transgenic mice against focal 
cerebral ischemia/reperfusion damage. Brain Res. Mol. Brain Res. 1998;53:333-338. 

[28] Crack PJ, Taylor JM, Flentjar NJ, de Haan J, Hertzog P, Iannello RC, et al. Increased 
infarct size and exacerbated apoptosis in the glutathione peroxidase-1 (Gpx-1) 
knockout mouse brain in response to ischemia/reperfusion injury. J. Neurochem. 2001; 
78:1389-1399. 

[29] Chen L, Na R, Gu M, Richardson A, Ran Q. Lipid peroxidation up-regulates BACE1 
expression in vivo: a possible early event of amyloidogenesis in Alzheimer's disease. J. 

Neurochem. 2008;107:197-207. 
[30] Seiler A, Schneider M, Forster H, Roth S, Wirth EK, Culmsee C, et al. Glutathione 

peroxidase 4 senses and translates oxidative stress into 12/15-lipoxygenase dependent- 
and AIF-mediated cell death. Cell Metab. 2008;8:237-248. 

[31] Yoo MH, Gu X, Xu XM, Kim JY, Carlson BA, Patterson AD, et al. Delineating the 
role of glutathione peroxidase 4 in protecting cells against lipid hydroperoxide damage 
and in Alzheimer's disease. Antioxid. Redox Signal 2010;12:819-827. 

[32] Ho YS, Magnenat JL, Bronson RT, Cao J, Gargano M, Sugawara M, et al. Mice 
deficient in cellular glutathione peroxidase develop normally and show no increased 
sensitivity to hyperoxia. J. Biol. Chem. 1997;272:16644-16651. 

[33] Cheng WH, Ho YS, Valentine BA, Ross DA, Combs GF, Jr., Lei XG. Cellular 
glutathione peroxidase is the mediator of body selenium to protect against paraquat 
lethality in transgenic mice. J. Nutr. 1998;128:1070-1076. 

[34] Singh A, Rangasamy T, Thimmulappa RK, Lee H, Osburn WO, Brigelius-Flohe R, et 



Antioxidants in Biology and Medicine  82 

al. Glutathione peroxidase 2, the major cigarette smoke-inducible isoform of GPX in 
lungs, is regulated by Nrf2. Am. J. Respir. Cell Mol. Biol. 2006;35:639-650. 

[35] Dittrich AM, Meyer HA, Krokowski M, Quarcoo D, Ahrens B, Kube SM, et al. 
Glutathione peroxidase-2 protects from allergen-induced airway inflammation in mice. 
Eur. Respir. J. 2010;35:1148-1154. 

[36] Comhair SA, Bhathena PR, Farver C, Thunnissen FB, Erzurum SC. Extracellular 
glutathione peroxidase induction in asthmatic lungs: evidence for redox regulation of 
expression in human airway epithelial cells. FASEB J. 2001;15:70-78. 

[37] Fu Y, Cheng WH, Porres JM, Ross DA, Lei XG. Knockout of cellular glutathione 
peroxidase gene renders mice susceptible to diquat-induced oxidative stress. Free 

Radic. Biol. Med. 1999;27:605-611. 
[38] Kim SJ, Lee JW, Jung YS, Kwon do Y, Park HK, Ryu CS, et al. Ethanol-induced liver 

injury and changes in sulfur amino acid metabolomics in glutathione peroxidase and 
catalase double knockout mice. J. Hepatol. 2009;50:1184-1191. 

[39] Bajt ML, Ho YS, Vonderfecht SL, Jaeschke H. Reactive oxygen as modulator of TNF 
and fas receptor-mediated apoptosis in vivo: studies with glutathione peroxidase-
deficient mice. Antioxid. Redox Signal 2002;4:733-740. 

[40] Zhu JH, McClung JP, Zhang X, Aregullin M, Chen C, Gonzalez FJ, et al. Comparative 
impacts of knockouts of two antioxidant enzymes on acetaminophen-induced hepato-
toxicity in mice. Exp. Biol. Med. (Maywood) 2009;234:1477-1483. 

[41] Mirochnitchenko O, Weisbrot-Lefkowitz M, Reuhl K, Chen L, Yang C, Inouye M. 
Acetaminophen toxicity: opposite effects of two forms of glutathione peroxidase. J. 

Biol. Chem. 1999;274:10349-10355. 
[42] Ran Q, Liang H, Gu M, Qi W, Walter CA, Roberts LJ, 2nd, et al. Transgenic mice 

overexpressing glutathione peroxidase 4 are protected against oxidative stress-induced 
apoptosis. J. Biol. Chem. 2004;279:55137-55146. 

[43] Esworthy RS, Aranda R, Martin MG, Doroshow JH, Binder SW, Chu FF. Mice with 
combined disruption of Gpx1 and Gpx2 genes have colitis. Am. J. Physiol. 
Gastrointest. Liver Physiol. 2001;281:G848-855. 

[44] Scimeca MS, Lisk DJ, Prolla T, Lei XG. Effects of gpx4 haploid insufficiency on 
GPx4 activity, selenium concentration, and paraquat-induced protein oxidation in 
murine tissues. Exp. Biol. Med. (Maywood) 2005;230:709-714. 

[45] Ishibashi N, Weisbrot-Lefkowitz M, Reuhl K, Inouye M, Mirochnitchenko O. 
Modulation of chemokine expression during ischemia/reperfusion in transgenic mice 
overproducing human glutathione peroxidases. J. Immunol. 1999;163:5666-5677. 

[46] de Haan JB, Stefanovic N, Nikolic-Paterson D, Scurr LL, Croft KD, Mori TA, et al. 
Kidney expression of glutathione peroxidase-1 is not protective against streptozotocin-
induced diabetic nephropathy. Am. J. Physiol. Renal. Physiol. 2005;289:F544-551. 

[47] Wenk J, Schuller J, Hinrichs C, Syrovets T, Azoitei N, Podda M, et al. Overexpression 
of phospholipid-hydroperoxide glutathione peroxidase in human dermal fibroblasts 
abrogates UVA irradiation-induced expression of interstitial collagenase/matrix 
metalloproteinase-1 by suppression of phosphatidylcholine hydroperoxide-mediated 
NFkappaB activation and interleukin-6 release. J. Biol. Chem. 2004;279:45634-45642. 

[48] Walshe J, Serewko-Auret MM, Teakle N, Cameron S, Minto K, Smith L, et al. 
Inactivation of glutathione peroxidase activity contributes to UV-induced squamous 
cell carcinoma formation. Cancer Res. 2007;67:4751-4758. 



Glutathione Peroxidase 83 

[49] Brigelius-Flohe R, Kipp A. Glutathione peroxidases in different stages of carcino-
genesis. Biochim. Biophys. Acta 2009;1790:1555-1568. 

[50] Chu FF, Esworthy RS, Chu PG, Longmate JA, Huycke MM, Wilczynski S, et al. 
Bacteria-induced intestinal cancer in mice with disrupted Gpx1 and Gpx2 genes. 
Cancer Res. 2004;64:962-968. 

[51] Diwadkar-Navsariwala V, Prins GS, Swanson SM, Birch LA, Ray VH, Hedayat S, et 

al. Selenoprotein deficiency accelerates prostate carcinogenesis in a transgenic model. 
Proc. Natl. Acad. Sci. USA 2006;103:8179-8184. 

[52] Yu YP, Yu G, Tseng G, Cieply K, Nelson J, Defrances M, et al. Glutathione 
peroxidase 3, deleted or methylated in prostate cancer, suppresses prostate cancer 
growth and metastasis. Cancer Res. 2007;67:8043-8050. 

[53] Chabory E, Damon C, Lenoir A, Kauselmann G, Kern H, Zevnik B, et al. Epididymis 
seleno-independent glutathione peroxidase 5 maintains sperm DNA integrity in mice. 
J. Clin. Invest. 2009;119:2074-2085. 

[54] Reddy VN, Giblin FJ, Lin LR, Dang L, Unakar NJ, Musch DC, et al. Glutathione 
peroxidase-1 deficiency leads to increased nuclear light scattering, membrane damage, 
and cataract formation in gene-knockout mice. Invest. Ophthalmol. Vis. Sci. 2001;42: 
3247-3255. 

[55] Lu L, Oveson BC, Jo YJ, Lauer TW, Usui S, Komeima K, et al. Increased expression 
of glutathione peroxidase 4 strongly protects retina from oxidative damage. Antioxid. 

Redox Signal 2009;11:715-724. 
[56] Mirochnitchenko O, Prokopenko O, Palnitkar U, Kister I, Powell WS, Inouye M. 

Endotoxemia in transgenic mice overexpressing human glutathione peroxidases. Circ. 

Res. 2000;87:289-295. 
[57] Blankenberg S, Rupprecht HJ, Bickel C, Torzewski M, Hafner G, Tiret L, et al. 

Glutathione peroxidase 1 activity and cardiovascular events in patients with coronary 
artery disease. N. Engl. J. Med .2003;349:1605-1613. 

[58] Winter JP, Gong Y, Grant PJ, Wild CP. Glutathione peroxidase 1 genotype is 
associated with an increased risk of coronary artery disease. Coron. Artery Dis. 2003; 
14:149-153. 

[59] Nemoto M, Nishimura R, Sasaki T, Hiki Y, Miyashita Y, Nishioka M, et al. Genetic 
association of glutathione peroxidase-1 with coronary artery calcification in type 2 
diabetes: a case control study with multi-slice computed tomography. Cardiovasc. 
Diabetol. 2007;6:23. 

[60] Voetsch B, Jin RC, Bierl C, Benke KS, Kenet G, Simioni P, et al. Promoter 
polymorphisms in the plasma glutathione peroxidase (GPx-3) gene: a novel risk factor 
for arterial ischemic stroke among young adults and children. Stroke 2007;38:41-49. 

[61] Voetsch B, Jin RC, Bierl C, Deus-Silva L, Camargo EC, Annichino-Bizacchi JM, et al. 
Role of promoter polymorphisms in the plasma glutathione peroxidase (GPx-3) gene as 
a risk factor for cerebral venous thrombosis. Stroke 2008;39:303-307. 

[62] Grond-Ginsbach C, Arnold ML, Lichy C, Grau A, Reuner K. No association of the 
plasma glutathione peroxidase (GPx-3) gene with cerebral venous thrombosis in the 
German population. Stroke 2009;40:e24; author reply e25. 

[63] Hansen RD, Krath BN, Frederiksen K, Tjonneland A, Overvad K, Roswall N, et al. 
GPX1 Pro(198)Leu polymorphism, erythrocyte GPX activity, interaction with alcohol 
consumption and smoking, and risk of colorectal cancer. Mutat. Res. 2009;664:13-19. 



Antioxidants in Biology and Medicine  84 

[64] Hu YJ, Diamond AM. Role of glutathione peroxidase 1 in breast cancer: loss of 
heterozygosity and allelic differences in the response to selenium. Cancer Res. 2003; 
63:3347-3351. 

[65] Arsova-Sarafinovska Z, Matevska N, Eken A, Petrovski D, Banev S, Dzikova S, et al. 
Glutathione peroxidase 1 (GPX1) genetic polymorphism, erythrocyte GPX activity, 
and prostate cancer risk. Int. Urol. Nephrol. 2009;41:63-70. 

[66] Bermano G, Pagmantidis V, Holloway N, Kadri S, Mowat NA, Shiel RS, et al. 
Evidence that a polymorphism within the 3'UTR of glutathione peroxidase 4 is 
functional and is associated with susceptibility to colorectal cancer. Genes Nutr. 
2007;2:225-232. 

 
 
 
 



 

 
 
 
 
 
 
 

Chapter 7  
 
 

Glutathione Reductase 
 
 

Abstract 
 

Glutathione reductase (GR) catalyzes the formation of GSH from glutathione disul-
fide (GSSG) at the expense of NADPH. As part of the glutathione redox cycle, GR plays 
an important role in the detoxification of reactive oxygen and nitrogen species and other 
reactive intermediates. In addition, by maintaining the high GSH/GSSG ratios, GR is also 
involved in regulating intracellular redox homeostasis. Studies using GR-overexpressing 
or deficient animal models demonstrate a role for GR in protecting against certain patho-
physiological conditions involving oxidative stress. In humans, hereditary GR deficiency 
has been reported, and the clinical manifestations include shortened lifespan of red blood 
cells, cataract, and favism. The exact role of GR in common disease conditions in both 
experimental animals and humans warrants further investigations. 
 
 

1. Overview 
 
As described in Chapter 6, upon reaction with reactive oxygen and nitrogen species 

(ROS/RNS), GSH is oxidized to GSSG (also known as glutathione disulfide). 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 critical for normal cellular 
activities, including redox signaling. Glutathione reductase (GR) reduces GSSG to GSH, and 
is crucial for maintaining the high ratios of intracellular GSH to GSSG [1].  

Mammalian GR is a homodimeric flavoprotein with a molecular mass of 104 kDa. It is 
widely expressed in various tissues. GR activity is present in both cytosol and mitochondria. 
The cytosolic and mitochondrial isozymes of GR are biochemically indistinguishable and 
encoded by a single gene. In humans, GR gene is localized on chromosome 8p21.1. 

 

 
2. Biochemistry and Molecular Regulation 

 
GR catalyzes the reduction of one molecule of GSSG to form two molecules of GSH us-

ing NADPH as the reducing cofactor (Figure 7-1). 
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.  
 

Figure 7-1. Glutathione reductase (GR)-catalyzed regeneration of GSH from glutathione disulfide 

(GSSG). As illustrated, GR 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 as a key enzyme. Deficiency of glucose-6-phosphate dehydrogenase causes decreased 
formation of NADPH, compromising GR-catalyzed regeneration of GSH. This may eventually lead to 
decreased levels of GSH in cells and increased cellular susceptibility to oxidative stress. Deficiency of 
glucose-6-phosphate dehydrogenase has been identified in humans. 
 

 
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 the FAD, which then passes its electrons onto a disulfide 
bridge in the active site of the enzyme. The two sulfhydryl groups so formed then interact 
with GSSG and reduce it to two molecules of GSH, and the protein disulfide of the enzyme is 
reformed [1, 2].  

The cloning and sequencing of mammalian GR were reported in 1990 [3]. However, the 
molecular regulation of mammalian GR expression is poorly understood. Studies suggest a 
possible role for Nrf2 signaling in the regulation of the constitutive expression of GR in 
mammalian cells, including cardiomyocytes, macrophages, and bone marrow stromal cells [4-
6]. In yeast, GR is regulated by the transcription factor yAP-1 [7]. In both cultured cells and 
in vivo animal models, GR is induced by various chemical agents, including dithiolethiones. 
Induction of GR by dithiolethiones occurs via an Nrf2-dependent mechanism. Increased ex-
pression of GR is also reported following exposure of cells to oxidative stress conditions.  

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

There are multiple studies on the biological activities of GR in animal models. A GR mu-
tant mouse strain (Gr1a1Neu) with decreased tissue GR activities has been reported and used to 
investigate the effects of GR deficiency on oxidative tissue injury [8, 9]. Transgenic overex-
pression of GR has been created in Drosophila melanogaster [10]. However, to date, trans-
genic overexpression and gene knockout mouse models of GR have not been reported in the 
literature. Inhibition of GR activity by pharmacological inhibitors, especially N,N-bis(2-
chloroethyl)-N-nitrosourea (BCNU) has been frequently employed to study the biological 
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functions of this antioxidant enzyme in both cellular systems and experimental animals. 
BCNU is an alkylating anticancer agent that may exert many other cellular effects in addition 
to inhibition of GR. Recently, a selective irreversible inhibitor of GR, namely, 2-acetylamino-
3-[4-(2-acetylamino-2 carboxyethylsulfanylthiocarbonylamino)phenylthiocarbamoylsulfanyl] 
propionic acid (2-AAPA) has been reported [11]. At concentrations that markedly inhibit GR 
activity, 2-AAPA has no effects on -glutamylcysteine ligase, glutathione synthetase, supe-
roxide dismutase, and catalase, but shows minimal inhibition of glutathione S-transferase and 
glutathione peroxidase [11]. 

 
3.1.2. Role in Disease Conditions 

By maintaining the high ratios of GSH to GSSG, GR plays an important part in the de-
toxification of ROS/RNS as well as the maintenance of cellular redox homeostasis. GR-
deficient mice (Gr1a1Neu) are shown to be more susceptible to diaquat-induced oxidative stress 
and renal proximal tubular injury [12]. The GR-deficient mice are also more sensitive to 
hyperoxia-induced lung injury after the thioredoxin reductase is inhibited pharmacologically 
[13]. Similarly, inhibition of GR activity in animals or cultured cells by chemical inhibitors or 
siRNA (small interfering RNA used for knockdown of gene expression) results in increased 
sensitivity to oxidative injury. On the other hand, transgenic overexpression of GR in Droso-

phila melanogaster extends survival under hyperoxic conditions [10]. Viral-vector mediated 
increased expression of GR in macrophages attenuates atherosclerotic lesion formation in 
low-density lipoprotein (LDL) receptor-deficient mice [14]. In vitro, overexpression of GR 
protects macrophages from oxidized LDL (oxLDL)-induced cytotoxicity and mitochondrial 
damage [15]. Although GR is found to protect against oxidative injury in various cellular and 
animal models, selective expression of GR in type II cells has been shown to provide no ben-
efits on hyperoxic lung injury in mice [16]. It has also been reported that local expression of 
GR gene in mouse brain is causally associated with anxiety-like behavioral phenotypes [17]; 
however, the significance of this finding remains unclear.  

 
 
3.2. Human Studies and Clinical Perspectives 

 
Hereditary GR deficiency has been documented in humans though it is a rare disorder. 

The first familial deficiency of GR in human red blood cells was reported in 1976 [18]. The 
GR activity could not be restored by in vivo riboflavin administration or in vitro FAD addi-
tion, suggesting a mutation in the gene encoding GR. Recently, a nonsense and a missense 
mutations of the GR gene have been identified, which cause clinical GR deficiency in patients 
[19]. The clinical symptoms of GR deficiency include reduced lifespan of red blood cells, 
cataract, and favism. Favism refers to acute hemolytic anemia caused by ingestion of fava 
beans, which contain compounds that are capable of inducing oxidative stress in cells, includ-
ing red blood cells. A recent observational epidemiological study suggested a correlation be-
tween GR activity and a series of cardiovascular risk factors, including systolic arterial 
pressure, total cholesterol levels, and LDL cholesterol levels [20]. GR may also play a role in 
the pathogenesis of malaria. In this regard, it has been recently reported that GR deficiency 
and drug-induced GR inhibition may protect against malaria by inducing enhanced ring stage 
phagocytosis [21]. Thus, in humans GR may play a protective or detrimental role depending 
on the disease conditions. 
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4. Conclusion and Future Directions 
 
In mammalian cells, GR is a major enzyme for maintaining the high ratios of GSH to 

GSSG. In contrast to other GSH-related enzymes, such as glutathione peroxidase (Chapter 6) 
and glutathione S-transferase (Chapter 8), studies on the biological activities of GR in mam-
malian models using gene knockout or transgenic overexpression approaches have been 
scarce. Extensive cell culture studies and several animal experiments demonstrate a role for 
GR in protecting against oxidative injury. Hereditary GR deficiency due to gene mutations 
has been reported in humans. However, the role of GR in common human diseases, such as 
cardiovascular disorders and diabetes warrants further investigations. In this context, contin-
ued basic research on GR in animal models of human diseases will provide important insights 
into the biological significance of this antioxidant enzyme in health and disease, and lay a 
foundation for translational and clinical research. 
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Chapter 8 
 
 

Glutathione S-Transferase 
 
 

Abstract 
 

Glutathione S-transferase (GST) refers to a superfamily of enzymes that catalyze the 
conjugation of GSH with a wide variety of xenobiotics. GSTs also play an important role 
in cell signal transduction and redox regulation. GSTs are major cellular defenses against 
oxidative and electrophilic stress, and protect against many disease processes in experi-
mental animals. Deficiency of GSTM1 and GSTT1 due to homozygous gene deletions 
has been identified in human populations. These two null genotypes as well as gene po-
lymorphisms in other members of the GST superfamily are associated with increased risk 
of developing various diseases, including cardiovascular disorders, diabetes, neurodege-
neration, and cancer.  
 
 

1. Overview 
 

1.1. Definition and History 
 
Glutathione S-transferase (GST), which is now formally called glutathione transferase, is 

a general name for a superfamily of enzymes that catalyze the conjugation of GSH with a 
wide variety of xenobiotics. These enzymes play an important role in protecting mammalian 
cells and tissues from electrophilic and oxidative stress. Some GST isozymes also regulate a 
number of cellular processes via non-enzymatic reactions [1, 2]. As listed below, this super-
family of enzymes consists of three main families, which are widely distributed in mamma-
lian tissues.  

 
 Cytosolic GSTs  
 Mitochondrial GSTs  
 Microsomal GSTs, also known as membrane-associated proteins in eicosanoid and 

glutathione metabolism (MAPEG) 
 
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) 



Antioxidants in Biology and Medicine  92 

in mammalian systems [3]. 
As stated in Section 1.1 of Chapter 5, M.J. de Rey Paihade in 1888 discovered a sub-

stance, which was proved to be GSH by F.G. Hopkins in 1929. In 1959, the role of GSH in 
the formation of mercapturic acid from bromobenzene in experimental animals was suggested 
in studies by H.G. Bray and coworkers [4]. The enzymatic catalysis of GSH conjugation reac-
tions with xenobiotics was subsequently reported by J. Booth and coworkers in 1961 [5]. 
More than a decade later in 1974, GSTs, the enzymes responsible for catalyzing the conjuga-
tion reactions were eventually purified and characterized by W.B. Habig and coworkers as the 
first enzymatic step leading to the formation of mercapturic acid [6]. The GSH-dependent 
conjugation reactions have been widely used to determine GST activity in biological systems, 
including cultured cells and animal tissues.  
 

 
1.2. Basic Characteristics 

 
1) Cytosolic GSTs: Mammalian cytosolic GSTs are all dimeric with a molecular mass 

of ~50 kDa. They are classified into seven classes, namely, alpha (A), mu (M), pi (P), 
sigma (S), theta (T), omega (O), and zeta (Z). Table 8-1 lists the human and mouse 
cytosolic GST genes. 

 
Table 8-1. Human and mouse cytosolic glutathione S-transferase genes 
 

Class (human) Gene (human) Class (mouse) Gene (mouse) 

Alpha (A) GSTA1 
GSTA2 
GSTA3 
GSTA4 
GSTA5 

Alpha (A) Gsta1 
Gsta2 
Gsta3 
Gsta4 
Gsta5 

Mu (M) GSTM1 
GSTM2 
GSTM3 
GSTM4 
GSTM5 

Mu (M) Gstm1 
Gstm2 
Gstm3 
Gstm4 
Gstm5 
Gstm6 
Gstm7 

Pi (P) GSTP1 Pi (P) Gstp1 
Gstp2 

Sigma (S) GSTS1 Sigma (S) Gsts1 

Theta (T) GSTT1 
GSTT2 

Theta (T) Gstt1 
Gstt2 
Gstt3 

Omega (O) GSTO1 Omega (O) Gsto1 
Gsto2 

Zeta (Z) GSTZ1 Zeta (Z) Gstz1 
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2) Mitochondrial GSTs: Mammalian mitochondrial class kappa GST isozymes are di-
meric. Mouse, rat, and human possess only a single kappa GST (GSTK). This en-
zyme catalyzes GSH conjugation reactions with certain xenobiotics. 

3) Microsomal GSTs: Most of the mammalian MAPEG enzymes are involved in the 
production of eicosanoids. Six human MAPEG isozymes have been identified. Some 
of the isozymes are involved in the detoxification of electrophilic xenobiotics via 
GSH conjugation. 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
Cytosolic GSTs are among the most extensively studied enzymes involved in the detox-

ification of xenobiotics and ROS. As illustrated in Figure 8-1, these enzymes catalyze the 
conjugation reactions of GSH with electrophilic xenobiotics, including reactive aldehydes and 
quinone compounds to form less reactive conjugates (xenobiotic-GS). Some GST isozymes 
also exhibit glutathione peroxidase activity, catalyzing reduction of organic hydroperoxides 
(LOOH) to form alcohols (LOH) [1].  

 
 
 
 
 
 
 

 

 

 

 

Figure 8-1. Glutathione S-transferase (GST)-catalyzed biochemical reactions. As illustrated, GST-
catalyzed conjugation reactions between electrophilic xenobiotics and GSH form less reactive 
xenobiotic-GSH conjugates (Xenobiotic-GS). GST-catalyzed decomposition of organic hydroperoxides 
(LOOH) results in the formation of the corresponding alcohols (LOH). In this reaction, GSH is 
oxidized to glutathione disulfide (GSSG).  

 
 

2.2. Molecular Regulation 
 
The molecular regulation of GST expression has been a subject of extensive studies dur-

ing the past decades. GSTs are subject to both transcriptional and post-transcriptional regula-
tion. They are inducible by a wide variety of conditions/factors, including oxidative stress, 
electrophilic xenobiotics, and chemoprotective agents (Section 3 of Chapter 2). A range of 
transcription factors have been identified to participate in regulating GST gene expression. 
Among them are AP-1, NF- B, AhR, and Nrf2. The importance of each of these transcription 
factors in modulating 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 an antioxidant response ele-
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ment (ARE)-driven mechanism. Indeed, ARE is identified in the promoter region of the genes 
for many GST isozymes [1, 7]. 

 
 

3. Role in Health and Disease 
 

3.1. General Biological Activities 
 
The biological activities of mammalian GST isozymes can be summarized into the fol-

lowing three categories. These biological activities are the basis for GST’s involvement in 

health and disease. 
 
 Protection against cytotoxicity of electrophilic xenobiotics and ROS via enzymatic 

reactions  
 Protection against carcinogenesis  
 Regulation of cell signaling 

 
3.1.1. Protection against Cytotoxicity of Electrophiles and ROS via Enzymatic 

Reactions 

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 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. 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 are reported to protect against ROS-
induced injury [8]. Thus, GSTs play an important role in the detoxification of both electro-
philic species and ROS. It should be noted that although GST-catalyzed glutathione conjuga-
tion 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 [9].  

 
3.1.2. Protection against Carcinogenesis 

Many carcinogens are electrophilic compounds and also substrates for GSTs. Thus, GST-
catalyzed GSH conjugation of carcinogenic chemicals or their reactive metabolites represents 
an important detoxification mechanism for chemical carcinogens. As discussed below, GSTs, 
especially GSTP may also regulate cell signaling, and as such play a protective role in the 
development of spontaneous tumors. 

 
3.1.3. Regulation of Cell Signaling 

In addition to the enzymatic activities, some GST isozymes, particularly GSTP also pos-
sess non-enzymatic functions, regulating a number of cellular processes (e.g., kinase cas-
cades) that are involved in the intrinsic ability of mammalian cells to survive genotoxic, 
metabolic, and oxidative stress [10]. These non-enzymatic reactions may contribute to the 
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protective activities of GST isozymes in disease conditions, especially cancer development. 
Moreover, recent studies suggest that GSTs may participate in S-glutathionylation [11]. As 
noted earlier (Section 3.1.4 of Chapter 5), S-glutathionylation is an important mechanism of 
post-translational regulation involved in cell redox signaling. 

 
 

3.2. Animal Studies 
 

3.2.1. Experimental Approaches 

Animal studies provide much of our current knowledge on the role of GSTs in health and 
disease. The major experimental approaches in animal models include the following. 

 
 Gene knockout of the individual GSTs 
 Transgenic overexpression of the individual GSTs 
 Pharmacological induction or inhibition of endogenous GST activity 

 
Both transgenic and gene knockout animal models generate the most convincing evi-

dence on the biological activities of the individual GSTs. On the other hand, although phar-
macological approaches also provide important information, the specificity issues associated 
with the approaches deserve caution when drawing a conclusion on the role of a particular 
GST in biological systems. In this context, sulfasalazine has been used as a chemical inhibitor 
of general GST activity, whereas dichloroacetic acid has been reported to deplete GSTZ in 
experimental animals [12]. 

 
3.2.2. Role in Cardiovascular Diseases  

Both oxidative and electrophilic stress contribute to the development of cardiovascular 
disorders, including atherosclerosis, hypertension, myocardial ischemia-reperfusion injury, 
and xenobiotic/drug-induced cardiotoxicity. By detoxifying oxidative and electrophilic spe-
cies, GSTs may play a protective role in the above disease processes. In addition, the role of 
GSTs in redox signaling may also contribute to their beneficial effects in cardiovascular sys-
tem. In cultured cells, overexpression of GSTs protects cardiovascular cells from oxidative 
and electrophilic injury. GSTs also regulate vascular smooth muscle cell proliferation and 
migration, both of which are critical events in atherogenesis [13]. Viral vector-mediated GST 
overexpression is shown to mitigate transplant atherosclerosis and inflammatory responses in 
rabbit carotid allografts [14]. Studies using spontaneous hypertension rats also suggest a poss-
ible protective role for GSTM1 in vascular oxidative stress [15]. Although the role of GSTs in 
myocardial ischemia-reperfusion injury has not been reported, GSTs are found to detoxify 
aldehydes generated during myocardial ischemia-reperfusion in animal models [16]. Alde-
hydes have been shown to participate in the pathogenesis of myocardial ischemia-reperfusion 
injury [17]. 

 
3.2.3. Role in Neurological Diseases 

GSTs are detoxification enzymes that can inhibit oxidative and chemical stress underly-
ing neurodegeneration. In this regard, dopamine-derived quinone metabolites as well as envi-
ronmental chemicals are implicated in neurodegenerative disorders, especially Parkinson’s 
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disease. In vitro studies demonstrate a critical role for GSTs in protecting against dopamine-
quinone toxicity. In line with the in vitro studies, it has been reported that increased GST ac-
tivity rescues dopaminergic neuron loss in a Drosophila model of Parkinson’s disease [18]. In 
a mouse model, it has been demonstrated that GSTP is the only GST family member ex-
pressed in substantia nigra neurons, and depletion of this GST isozyme sensitizes the animals 
to experimental parkinsonism induced by 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine 
(MPTP) [19]. MPTP is known to cause parkinsonism in human subjects, and has been widely 
used as a model chemical for inducing parkinsonism in experimental animals. 

 
3.2.4. Role in Pulmonary Diseases 

Lung is a major target organ of environmental pollutants, including both electrophilic and 
oxidative species, and GSTs serve as a principal defense against these noxious species. In 
vitro, GSTs play a critical part in protecting lung cells from injury elicited by oxidants and 
other reactive species, including tobacco smoke. In experimental animals, inhalation of either 
GST or GSH ameliorates oxidative stress and airway inflammation induced by ovalbumin, 
and the combination of GST and GSH affords a synergistic protective effect [20]. Studies 
with GSTP-null mice suggest that GSTP1 is an endogenous inhibitor of allergic responses in 
an experimental model of asthma [21]. Together, these in vivo studies support an important 
role for GSTs in protecting against airway oxidative stress and inflammation. 

 
3.2.5. Role in Hepatic Diseases 

Various GST gene knockout models have been used to study the involvement of GST 
isozymes in liver disorders, including acetaminophen overdose-induced hepatotoxicity [22]. 
The hepatotoxicity associated with acetaminophen overdose results from liver GSH depletion 
and the subsequent accumulation of the toxic metabolite, N-acetyl-p-benzoquinoneimine. N-
Acetyl-p-benzoquinoneimine is a potent electrophile that causes liver cell injury. It was in-
itially thought that conjugation of N-acetyl-p-benzoquinoneimine with GSH was predomi-
nately catalyzed by GSTP in liver cells, and that deficiency of GSTP would aggravate 
acetaminophen-induced hepatotoxicity. However, GSTP knockout mice are found to be more 
resistant to acetaminophen-induced liver toxicity than wild-type mice [23]. While the me-
chanism involved in this unexpected resistance is unclear, GSTP-null mice are shown to be 
able to rapidly regenerate hepatic GSH, which may be associated with the tolerance to aceta-
minophen-induced liver toxicity. In contrast to the GSTP-null mice, GSTZ1-deficient mice 
are very sensitive to acetaminophen toxicity, and show significant hepatotoxicity when ex-
posed to doses that have limited effects in normal mice [24]. Although there is a possibility 
that GSTZ1 contributes directly to the normal detoxification of acetaminophen, it seems more 
likely that the relative low level of hepatic GSH in GSTZ1-null mice is the major contributing 
factor. These observations suggest differential roles for various GST isozymes in a disease 
condition, and also point to the confounding factors involved in the gene knockout animal 
models (see Section 5.2 of Chapter 2 for more discussion of caveats on genetic models). 

Studies using knockout animal models have shown beneficial effects of GSTA3 and 
GSTA4 in liver injury induced by other hepatotoxicants, including carbon tetrachloride, etha-
nol, and aflatoxin B1 [25-27]. Notably, mice deficient in GSTZ (also known as maleylacetoa-
cetate isomerase) exhibit a range of pathological changes in the absence of insults, including 
hepatitis as well as kidney injury and splenic atrophy. This suggests a role for GSTZ in the 
detoxification of endogenous toxic metabolites [28]. 
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3.2.6. Role in Cancer 

GSTs play multiple roles in cancer, which can be summarized as follows. 
 
 Protection against chemical carcinogenesis 
 Protection against spontaneous cancer development 
 Induction of GSTs as a mechanism of anticancer drug resistance 

 
Many carcinogens are either direct DNA-reacting electrophiles or metabolized to form 

electrophilic metabolites. By catalyzing GSH conjugation with the DNA-reacting electrophil-
ic species, GSTs protect cellular DNA as well as other critical targets from damage by chemi-
cal carcinogens. Targeted disruption of GST isozymes causes increased susceptibility to 
chemical carcinogenesis in various animal models. On the other hand, induction of GSTs by 
pharmacological inducers is an important mechanism for chemoprotection against chemical 
carcinogenesis [29].  

In addition to protecting against chemical carcinogenesis, GSTs also play a beneficial 
role in spontaneous carcinogenesis. For example, a gene knockout study shows that GSTP 
deficiency leads to markedly enhanced colon tumorigenesis in APCMin mice [30]. Knockout 
of GSTP in mice also results in inflammatory responses in colon. As compared with wild-
type and heterozygous mice, GSTP homozygous knockout (GSTP-/-) mice spontaneously de-
velop various types of tumors with a significantly higher frequency and with a median tumor 
free lifespan 20 weeks shorter. In addition, one third of the GSTP-/- mice develop lung ade-
nomas, while less than 10% of GSTP+/- and GSTP+/+ mice present such tumors [31]. These 
observations suggest that GSTP may suppress the development of spontaneous tumors. In 
addition to tumor development, GSTP deficiency in mice also causes myeloproliferation pos-
sibly via a deregulation of JNK and Janus kinase/STAT pathways [32]. As discussed above 
(Section 3.1.3), GSTP regulates cell signaling and controls cell proliferation via a process 
independent of the enzymatic activity. 

Another scenario related to GSTs in cancer is the anticancer drug resistance due to upre-
gulation of GSTs in cancer cells. Many anticancer drugs, especially the alkylating agents are 
good substrates for GSTs. Treatment with these anticancer agents can lead to upregulation of 
GSTs in tumor cells, which in turn renders the tumor cells more resistant to cytotoxicity of 
these drugs. This has been shown as a major mechanism of anticancer drug resistance [33]. In 
this context, inhibition of GSTs in tumor cells is desirable as this will enhance the tumor-
killing activity of the anticancer drugs. 

 
3.2.7. Role in Other Diseases and Conditions 

GSTs may also play a role in several other disease conditions. For example, GSTP-null 
mice exhibit an increased sensitivity to cyclophosphamide-induced urinary bladder injury 
[34], a significant side effect associated with the use of cyclophosphamide in patients. As 
stated in Section 3.2.7 of Chapter 5, GSH may be involved in the bioactivation of the anti-
cancer drug cisplatin, leading to nephrotoxicity. It is believed that GSTs catalyze the reaction 
between GSH and cisplatin, forming a GSH conjugate. This cisplatin-GSH conjugate is sub-
sequently metabolized to a nephrotoxicant via -glutamyl transpeptidase and a cysteine S-
conjugate -lyase in the kidney [35].  

GSTZ1 is identical to maleylacetoacetate isomerase and catalyzes a significant step in the 
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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 ma-
leylacetoacetate or maleylacetone in the circulation [12]. Recently, a protective role for 
GSTA4 in insulin resistance and diabetes has been suggested. Targeted disruption of adipose 
GSTA4 leads to increased protein carbonylation, oxidative stress, and mitochondrial dysfunc-
tion, which may contribute to insulin resistance and the development of diabetes. In addition, 
GSTA4 expression is found to be selectively downregulated in adipose tissue of obese insulin 
resistant mice and in human obesity-linked insulin resistance [36]. 

 
 

3.3. Human Studies and Clinical Perspectives 
 
Gene polymorphisms exist for many GSTs, especially the cytosolic GST isozymes. These 

polymorphisms may have a significant influence on the structure and function of correspond-
ing  GSTs. Two GST gene (GSTM1, GSTT1) deletions (also known as null polymorphisms) 
have been identified in human populations. The association of these two gene deletions with 
disease susceptibility, drug effects, and chemical toxicity has been extensively investigated 
over the past decade. This section begins with a discussion of these two gene deletions, fol-
lowed by a description of other GST gene polymorphisms and their potential involvement in 
human health and disease. 

 
3.3.1. GST Deficiencies due to Gene Deletions 

Deletion of either GSTM1 or GSTT1 gene results in a null genotype characterized by a 
general deficiency in the individual GST isozyme activity. The homozygosity for the defi-
ciency occurs at a high frequency in many population groups. Individuals homozygous for 
either deletion are thought to be at increased risk for tumors as a consequence of decreased 
capacity to detoxify possible carcinogens. Indeed, extensive studies demonstrate that either 
null genotype is associated with increased risk of developing various types of cancer [37-39]. 
Since GSTM1 and GSTT1 are critical enzymes responsible for the detoxification of a range 
of xenobiotics, including certain anticancer drugs, these enzymes are also involved in anti-
cancer drug resistance. In this context, studies have shown that individuals with the null geno-
type respond more favorably to certain cancer chemotherapy [40].  

Either GSTM1 or GSTT1 deficiency is also associated with elevated risk of developing a 
number of other diseases. These include hyperlipidemia, atherosclerosis, coronary heart dis-
ease, diabetes, neurodegeneration, asthma, chronic obstructive pulmonary disease, and alco-
holic liver injury [41-47]. 

 
3.3.2. GST Gene Polymorphisms 

In addition to the above null genotype for GSTM1 and GSTT1, other gene polymor-
phisms have also been identified for these two isozymes as well as many other members of 
the GST superfamily. Numerous observational epidemiological studies in various population 
groups have suggested an association between GST gene polymorphisms and risk of develop-
ing many pathophysiological conditions, including cardiovascular disorders, neurodegenera-
tive diseases, carcinogenesis, and cancer drug resistance [1, 40, 48]. These observations in 
human subjects are consistent with the established biological activities of GSTs in experimen-
tal animals.  
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4. Conclusion and Future Directions 
 
GSTs play a critical role in the detoxification of oxidative and electrophilic species. GSTs 

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. Consistent with the findings in expe-
rimental animals, extensive population studies on gene polymorphisms also implicate a bene-
ficial role for GSTs in human health and disease. Continued genetic variation studies in 
human subjects will further enhance our understanding of the association between GSTs and 
human disease conditions, and facilitate our ability to identify the susceptible subpopulations. 
Such studies will also contribute to the development of effective strategies for disease inter-
vention in high risk human subpopulations. 
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Chapter 9  
 
 

Glutaredoxin 
 
 

Abstract 
 

Glutaredoxin (Grx) refers to a family of GSH-dependent enzymes that catalyze the 
reduction of glutathionylated proteins. Grxs also participate in many other cellular 
processes, including cell signaling, growth regulation, anti-inflammation, and iron ho-
meostasis. Animal studies demonstrate a critical involvement of various Grx isozymes in 
protecting against cardiovascular disorders, such as myocardial ischemia-reperfusion in-
jury, cardiac hypertrophy, heart failure, and drug-induced cardiotoxicity. Grxs also exert 
beneficial effects on other disease processes, including neurodegeneration, anemia and 
iron overload, diabetes, airway inflammation, and cancer in animal models. A mutation 
that results in Grx5 gene splicing defects has been identified as the cause of anemia and 
iron overload in a human patient, but the role of Grxs in other human disease conditions 
remains to be elucidated.  
 
 

1. Overview 
 

1.1. Definition and History 
 
The term glutaredoxin (Grx) refers to a family of GSH-dependent oxidoreductases. The 

primary function of Grxs is to catalyze the reduction of glutathionylated proteins, and thereby 
maintain the cellular redox homeostasis [1]. This reduction reaction is known as deglutathio-
nylation. Protein glutathionylation refers to covalent attachment of glutathione to a protein 
cysteine residue via a disulfide bridge. Protein glutathionylation increases during oxidative 
stress. It represents a post-translational modification of proteins. Analogous to protein phos-
phorylation and dephosphorylation, protein glutathionylation and deglutathionylation play an 
important role in cell signal transduction. Because of the reversible nature of protein gluta-
thionylation, it is also considered a transient protective mechanism for critical cysteine resi-
dues of proteins. This notion means that without glutathionylation the critical cysteine 
residues of proteins may become irreversibly oxidized or modified during oxidative stress. 
However, once the cysteine residues first become glutathionylated, they will no longer be 
irreversibly oxidized or modified. Importantly, the original cysteine residues can be reformed 
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upon Grx-catalyzed deglutathionylation. 
The first Grx was identified in 1970’s as a glutathione-dependent reductase of the disul-

fide 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; Chapter 10). As discussed in Chapter 10, Trxs and Grxs share a number of similar activ-
ities. However, it soon became obvious that Grxs, compared with Trxs, are more versatile 
with respect to the choice of substrates and reaction mechanisms. Moreover, in addition to the 
early discovered dithiol Grxs that contain the characteristic Cys-Pro-Tyr-Cys active site mo-
tif, subsequent studies over the past years have revealed a second group of Grxs. This group, 
commonly known as monothiol Grxs, lacks the C-terminal active site thiol in its Cys-Gly-
Phe-Ser active site motif but contains all structural and functional elements to bind and utilize 
GSH as the substrate. Monothiol Grxs are further categorized into (1) single domain mono-
thiol Grxs that consist of only one Grx domain and (2) multidomain monothiol Grxs that con-
tain an N-terminal thioredoxin (Trx)-like domain and one to three C-terminal monothiol Grx 
domains (also known as PICOT homologous domains) [1].  

 
 

1.2. Basic Characteristics 
 
In addition to the classification described above in Section 1.1, Grx isozymes are usually 

named by numbers in the order of their discovery in various species. In mammals, there are 
multiple Grx isozymes, namely, Grx1, 2, 3, and 5 with Grx1 and Grx2 being most extensively 
investigated. Grx4 is present in lower eukaryotes. Grxs have a small molecular mass of ~10-
12 kDa. Both Grx1 and Grx2 are widely distributed in mammalian tissues. Grx1 is mainly 
located in cytosol. Grx2 is primarily localized in mitochondria, and it can also be present in 
nuclei. In humans, Grx1 and Grx2 are localized on chromosomes 5q14 and 1q31.2-q31.3, 
respectively. In mammals, Grx3 is also known as protein kinase C interacting cousin of thi-
oredoxin (PICOT), and is a multidomain monothiol cytosolic Grx. Grx5 is also a monothiol 
Grx, which is mainly present in mitochondria. In humans, Grxs 3 and 5 are localized on 
chromosomes 10q26 and 14q32.13, respectively. 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
Grxs contain active cysteine residues and catalyze the reduction (deglutathionylation) of 

glutathionylated proteins. During the reaction, Grxs are oxidized with the formation of a dis-
ulfide bridge, which is then reduced back to the active cysteine groups by utilizing GSH (Fig-
ure 9-1). Thus, Grxs are GSH-dependent oxidoreductases. Grxs also catalyze the reduction of 
disulfide formed in ribonucleotide reductase as well as the reduction of dehydroascorbate to 
ascorbate. In addition, Grxs are shown to catalyze glutathionylation of proteins [4]. In sum-
mary, the biochemical reactions catalyzed by mammalian Grxs include: (1) deglutathionyla-
tion, (2) reduction of ribonucleotide reductase, (3) reduction of dehydroascorbate, and (4) 
glutathionylation.  
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Figure 9-1. Glutaredoxin (Grx)-catalyzed protein deglutathionylation. As illustrated, protein 
glutathionylation occurs under oxidative stress and other redox conditions. Grxs catalyze reduction of 
protein-SSG to protein-SH, and during the reaction Grxs become glutathionylated. The glutathionylated 
Grxs are reduced back to Grxs by GSH with the concomitant formation of glutathione disulfide 
(GSSG). GSSG can be reduced back to GSH by glutathione reductase (Chapter 7) utilizing NADPH as 
the electron donor (not shown). 
 
 

2.2. 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 mammalian 
Grx gene. Mammalian Grxs are inducible by oxidative stress as well as certain chemicals, 
including 17- -estradiol. Induction of Grxs by oxidative stress stimuli may occur via an AP-
1-dependent mechanism. There is also evidence showing that under certain experimental con-
ditions Grx activity may be enhanced in response to an oxidative stimulus without a concomi-
tant increase in Grx protein expression; however, the exact mechanism of such Grx activation 
remains to be elucidated [4].  

 
 

3. Role in Health and Disease 
 

3.1. General Biological Activities 
 
The general biological activities of Grxs can be summarized into the following four cate-

gories [1, 5]. 
 
 Protection against oxidative injury via mechanisms including maintenance of cellular 

redox homeostasis 
 Regulation of cell growth and apoptosis via participating in cell signaling 
 Anti-inflammatory effects via downregulating the expression of proinflammatory  

cytokines and adhesion molecules 
 Regulation of iron homeostasis by acting as iron-sulfur proteins  
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These biological activities are the molecular basis for the involvement of Grxs in health 
and disease. Figure 9-2 illustrates the major biological activities of Grx isozymes in mamma-
lian systems. 

 
 

 
 

Figure 9-2. Glutaredoxin (Grx)-mediated biological activities. As illustrated, Grxs protect against 
oxidative stress and inflammation. In addition, these redox active proteins also participate in cell 
signaling and regulating iron homeostasis. 

 
 

3.2. Animal Studies 
 

3.2.1. Experimental Approaches 

Both transgenic overexpression and gene knockout animal models have been created to 
determine the role of Grx isozymes in disease conditions. Homozygous knockout of Grx3 in 
mice is embryonically lethal, indicating an essential role for Grx3 in embryonic development 
[6]. In contrast to Grx3, homozygous knockout of other Grxs in mice does not result in em-
bryonic lethality. In addition to the genetically manipulated models, the changes of Grxs in 
various disease processes have been observed in animal models. However, such observations 
do not establish any causal relationship between the changes in Grxs and the disease patho-
physiology [1, 4].  

 
3.2.2. Role in Cardiovascular Diseases 

Cardiovascular disorders are the most extensively studied disease conditions with respect 
to the role of Grxs in disease pathophysiology. Recently, two studies have reported the effects 
of Grx1 knockout on myocardial ischemia-reperfusion injury in mice. The first study demon-
strated that deficiency of Grx1 did not sensitize the adult mice to myocardial ischemia-
reperfusion injury, though the embryonic fibroblasts derived from the knockout mice were 
more susceptible to oxidative stress in vitro [7]. In contrast, the second study showed that 
Grx1 knockout exacerbated myocardial ischemia-reperfusion injury and enhanced the forma-
tion of reactive oxygen species (ROS), indicating a beneficial role for Grx1 in myocardial 
ischemia-reperfusion injury [8]. The protective role for Grx1 in myocardial ischemia-
reperfusion injury is further supported by subsequent studies with Grx1-overexpressing mice. 
Mouse hearts overexpressing Grx1 exhibit significantly improved post-ischemic ventricular 
recovery and reduced myocardial infarct size compared with wild-type hearts. Grx1 overex-
pression also attenuates the ROS formation due to myocardial ischemia-reperfusion [8]. More 
recently, an adenoviral vector-mediated Grx1 gene therapy is shown to increase Grx1 expres-
sion in myocardium and protect against myocardial ischemia-reperfusion injury in diabetic 
mice [9]. 
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Transgenic overexpression of Grx2 is demonstrated to reduce myocardial ischemia-
reperfusion injury by preventing both apoptosis and necrosis of cardiomyocytes. Isolated 
hearts from these transgenic mice display significantly improved contractile performance and 
reduced infarct size [10]. Transgenic overexpression of Grx2 also ameliorates doxorubicin-
induced cardiotoxicity [11]. Doxorubicin-induced cardiotoxicity occurs via an oxidative stress 
mechanism.  

The role of Grx3 in cardiovascular diseases has recently been extensively investigated us-
ing Grx3 transgenic overexpression mice. Grx3 in cardiac cells is upregulated in response to 
hypertrophic stimuli both in vitro and in vivo. Studies using transgenic mice with cardiac-
specific overexpression of Grx3 demonstrate that Grx3 is a potent inhibitor of cardiac hyper-
trophy induced by pressure overload [12]. Cardiac-specific overexpression of Grx3 also re-
sults in increased ventricular function and cardiomyocyte contractility [12]. Further studies 
show that Grx3 attenuates cardiac hypertrophy by disrupting calcineurin-NFAT signaling, a 
pathway critically involved in cardiac hypertrophy [13]. Based on these findings, Grx3 has 
been suggested as an efficient modality for the treatment of cardiac hypertrophy and heart 
failure [14]. 

 
3.2.3. Role in Other Diseases and Conditions 

In addition to a critical protective role in cardiovascular disorders, Grxs are also impli-
cated in many other disease processes. Grx1 downregulation is suggested to result in mito-
chondrial dysfunction in cultured neuronal cells and in animal models of neurodegenerative 
diseases, such as Parkinson’s and motor neuron diseases [15]. Studies using Grx1 knockout 
mice show that absence of Grx1 increases lens susceptibility to oxidative stress and cataract 
induced by ultraviolet light [16]. Consistently, the lens epithelial cells derived from Grx1-
deficient mice exhibit increased sensitivity to oxidative stress in vitro [17].  

Both Grxs 3 and 5 are required for iron-sulfur cluster assembly and heme biosynthesis 
[18, 19]. As such, inactivation or dysfunction of Grx3 or 5 has been implicated in disorders 
involving iron homeostasis, such as anemia. Other disease conditions, including diabetes, 
airway inflammation, and cancer may also involve the alterations of Grxs; however, the exact 
role of Grxs in these disease processes remains to be further elucidated [1, 4].  

 
 

3.3. Human Studies and Clinical Perspectives 
 
The involvement of Grxs in human health and disease is largely unknown. Although 

there are reports on the changes of Grx levels in tissues or fluids of human subjects with such 
disease conditions as lung disorders and cancer, the causal role for Grxs in the disease patho-
physiology remains unclear. As stated above, Grx5 is a recently identified Grx isozyme in 
mammals, and is primarily present in mitochondria. Gene knockout animal models demon-
strate an important role for Grx5 in iron homeostasis [20]. A mutation that results in Grx5 
gene splicing defects has also been identified as the cause of a sideroblastic-like microcytic 
anemia in a human patient [21]. The patient had moderate anemia, hepatosplenomegaly, low 
numbers of ringed sideroblasts, and iron overload [21]. These observations suggest that Grx5 
function is highly conserved, and its defect in human subjects may lead to anemia and iron 
overload. Currently, there have been no reports on gene polymorphisms of Grxs in human 
populations.  
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4. Conclusion and Future Directions 
 
Grxs are multifunctional proteins that participate in various cellular processes, including 

antioxidant defense, cell signaling, cell growth and apoptosis, anti-inflammation, and iron 
homeostasis. Grxs function to protect against disease processes, especially cardiovascular 
disorders in experimental animals. Currently, the involvement of Grxs in human health and 
disease is largely unknown though there has been a single case study demonstrating a role for 
Grx5 defect in anemia and iron overload in a human subject. Apparently, more basic and clin-
ical research are warranted to further elucidate the role of Grxs in both physiology and dis-
ease processes. 
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Chapter 10 
 
 

Thioredoxin 
 
 

Abstract 
 

Thioredoxin (Trx) refers to a family of small redox proteins that undergo NADPH-
dependent reduction by thioredoxin reductase and in turn reduce the disulfide bridge in 
target proteins. Trxs participate in a variety of cellular processes, including scavenging 
reactive oxygen and nitrogen species, anti-inflammation, and regulation of cell signaling. 
Ample experimental evidence demonstrates an important function for Trxs in protecting 
against various pathophysiological conditions involving oxidative stress and dysregulated 
inflammation. These include cardiovascular diseases, diabetes, and neurodegeneration. In 
contrast, the role of Trxs in cancer development remains a subject of controversies in an-
imal models. Studies in human subjects also suggest a possible involvement of Trxs in 
certain disease conditions, such as neural tube defects, diabetes, and cancer.  
 
 

1. Overview 
 

Thioredoxin (Trx or Trn) was first described in 1964 in Escherichia coli as an electron 
donor for ribonucleotide reductase, which is an essential enzyme for DNA synthesis [1]. Trx 
is conserved from E. coli to mammals. The mammalian Trxs are a family of small redox ac-
tive proteins with a molecular mass of ~12 kDa. There are at least three Trxs in mammals: 
Trx1, Trx2, and sperm Trx (Sp-Trx, also designed as p32TrxL). Trxs 1 and 2 are the most ex-
tensively studied Trx isozymes in biology and medicine. They are ubiquitously distributed in 
mammalian tissues. Trx1 is predominantly located in cytosol and can be excreted into extra-
cellular space or translocate into nuclei, whereas Trx2 is present in mitochondria. In humans, 
Trx1 and Trx2 are localized on chromosomes 9q13 and 22q13.1, respectively. 

 
 

2. Biochemistry and Molecular Regulation 
 
2.1. Biochemistry 

 
Trxs are redox proteins that undergo NADPH-dependent reduction by thioredoxin reduc-

tase (Chapter 12) and in turn reduce oxidized cysteine groups in proteins [2]. Trxs have a 
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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 disul-
fide (i.e., the oxidized form of Trxs). The oxidized Trxs are then reduced back to Trxs via 
thioredoxin reductase using NADPH as the electron donor (Figure 10-1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 10-1. Thioredoxin (Trx)-mediated reduction of protein disulfide bridge. 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 ) using NADPH as the electron donor.  

 
 
Trxs serve as a cofactor for many mammalian enzymes, including ribonucleotide reduc-

tase, peroxiredoxins, and glutathione peroxidase-3. In addition, Trx1 can reduce and activate 
a number of transcription factors (e.g., NF- B, AP-1, SP1) that regulate various cellular 
processes. Trxs also bind to and modify the activities of other cellular proteins, including 
those involved in apoptosis. Recently, both Trx1 and Trx2 have been shown to regulate pro-
tein denitrosylation [3]. Protein denitrosylation, the removal of nitroso (-NO) groups primari-
ly from cysteine residues in proteins, is an important aspect of nitric oxide-based signaling 
that regulates protein activity and protein-protein interactions [4]. 

Trxs possess antioxidant activities via various mechanisms, as listed below.  
 
 Trxs may directly scavenge reactive oxygen species (ROS). 
 Trxs act as cofactors for peroxiredoxins (Section 2.1 of Chapter 11), which are im-

portant enzymes for the detoxification of hydrogen peroxide, organic hydroperox-
ides, and possibly peroxynitrite.  

 Trxs act as cofactors for methionine sulfoxide reductases (Section 2.1 of Chapter 14), 
enzymes involved in repairing oxidative protein damage and protecting against oxid-
ative injury.  

 Trxs may also serve as electron donors for glutathione peroxidase-3 (plasma gluta-
thione peroxidase), an enzyme involved in the detoxification of ROS in extracellular 
environment (Chapter 6). However, due to the low concentrations of Trxs in plasma, 
this reaction may not contribute much to the antioxidant activities of Trxs. 
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2.2. Molecular Regulation 
 
Trx activities are regulated at multiple levels, including transcriptional regulation, subcel-

lular localization (e.g., nuclei, cytosol, mitochondria, extracellular space), interaction with 
other molecules, and post-translational modifications [2, 5]. Trxs are responsive to a variety 
of stimuli, such as oxidative stress and inflammatory cytokines. At the transcriptional level, 
Trx expression is regulated by multiple transcription factors, including AP-1, AP-2, NF- B, 
SP1, and Nrf2. On the other hand, as stated above in Section 2.1, a growing number of tran-
scription factors (e.g., NF- B, AP-1, SP1) also require Trx-mediated reduction for efficient 
DNA binding. 

Trx activities are also modulated 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 [6]. Various biochemical and molecular pathways are implicated in 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 is found to enhance Trx1 activities, whereas tyrosine nitration leads to Trx1 
inhibition [5]. 

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

The biological activities of Trxs have been a subject of extensive studies over the past 
few years. Both transgenic overexpression and gene knockout animal models along with other 
genetic models have been created and used for understanding the functions of Trxs in health 
and disease. In contrast to Trx1 gene knockout, homozygous deletion of Trx2 gene has been 
shown to cause embryonic lethality, indicating an essential role for Trx2 in development [7]. 
In addition to the above genetic approaches, recombinant Trx protein has also been used as 
therapeutics for various pathophysiological conditions in experimental animals [8]. Primarily 
based on findings from animal studies, the biological activities of mammalian Trxs can be 
summarized into the following two categories.  

 
 Protection against disease conditions involving oxidative and inflammatory stress  
 Involvement in cancer development and anticancer drug resistance 

 
3.1.2. Role in Cardiovascular Diseases 

Trxs play an important protective role in various forms of cardiovascular disorders in an-
imal models, including hypertension, atherosclerosis, myocardial ischemia-reperfusion injury, 
heart failure, autoimmune myocarditis, and drug-induced cardiotoxicity. It has been reported 
that transgenic overexpression of Trx2 attenuates angiotensin II-induced vascular dysfunc-
tion, oxidative stress, and hypertension in mice [9]. Trx2 overexpression also results in im-
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provement of endothelial function and reduced atherosclerotic lesions in ApoE-deficient mice 
[10]. Studies with genetic animal models demonstrate a beneficial role for Trxs in myocardial 
ischemia-reperfusion injury [11]. In addition, endothelial-specific expression of Trx2 is found 
to promote ischemia-mediated arteriogenesis and angiogenesis, leading to enhanced function-
al recovery from ischemic injury [12]. In a hypertensive rat model, viral vector-mediated 
Trx1 gene delivery attenuates the heart failure after a chronic myocardial infarction, and the 
Trx1 gene delivery also results in increased expression of heme oxygenase-1 [13], a critical 
antioxidant protein in cardiovascular protection (Section 3.1.2 of Chapter 15). The role of 
Trx1 in protecting against heart failure is also evidenced by its attenuation of cardiac hyper-
trophy and oxidative stress in myocardium [14]. In addition, Trx1 overexpression ameliorates 
myosin-induced autoimmune myocarditis via inhibiting chemokine expression and leukocyte 
chemotaxis, suggesting a critical role for Trx1 in suppressing inflammation in myocardium 
[15]. Trx1 is found to be induced by doxorubicin, a cardiotoxic anticancer drug. Transgenic 
overexpression of Trx1 protects against doxorubicin-induced cardiotoxicity and oxidative 
stress in mice [16]. 

 
3.1.3. Role in Diabetes 

Trxs have a protective role in both type 1 and type 2 diabetes in animal models. Trans-
genic overexpression of Trx1 suppresses streptozotocin-induced pancreatic inflammation, 
oxidative stress, and diabetes [17]. A lentiviral vector-mediated Trx1 overexpression in islets 
prolongs graft survival in autoimmune diabetic NOD mice, suggesting a beneficial function 
for Trx1 in islet transplantation for the treatment of type 1 diabetes in experimental animals 
[18]. These results also support the notion that oxidative stress and inflammation are key 
events in type 1 diabetes. Transgenic overexpression of Trxs not only protects against the 
development of type I diabetes, but also prevents progression of type 2 diabetes [19]. Trxs 
have been shown to also protect against diabetic complications in animal models, including 
diabetic cardiomyopathy, nephropathy, and osteopenia [20-22]. In addition, transgenic over-
expression of Trx1 inhibits the development of experimental chronic pancreatitis induced by 
repeated administration of cerulean and lipopolysaccharide in mice [23]. In the same experi-
mental model, Trx1 is observed to attenuate pancreatic fibrosis via suppressing oxidative 
stress and monocyte chemoattractant protein-1 (MCP)-1-mediated chronic inflammation [23]. 
These findings suggest that Trx1 not only protects against the pancreatic -cell injury, but 
also serves as an important defense against pancreatitis and associated fibrosis. 

 
3.1.4. Role in Neurological Diseases 

Overexpression of Trxs in transgenic mice has been shown in multiple studies to protect 
against ischemic brain injury as well as excitotoxic brain damage [24-26]. Similarly, intra-
venous administration of recombinant Trx protein is also found to decrease brain damage fol-
lowing transient focal cerebral ischemia in mice [27]. In Drosophila melanogaster, 
overexpression of Trxs suppresses Parkin-associated endothelin receptor-like receptor-
induced neurotoxicity and extends longevity, indicating a potential protective effect of Trxs in 
Parkinson’s disease and aging [28]. Homozygous knockout of mitochondrial Trx2 has been 
shown to cause massive apoptosis, failure of neural tube closure, exencephaly, and early em-
bryonic lethality in mice, suggesting that Trx2 possesses a particularly important function in 
brain development [7]. 
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3.1.5. Role in Pulmonary Diseases 

Numerous studies using transgenic mice as well as recombinant Trx protein have demon-
strated a beneficial involvement of Trxs in various pulmonary disorders, including airway 
inflammation, asthma, emphysema, and drug/toxicant-induced pulmonary toxicity [29-35]. In 
addition, Trxs also play a role in protecting against pulmonary ischemia-reperfusion injury 
and influenza virus-induced pneumonia in animal models [36-38]. The above pulmonary pro-
tective activities of Trxs are believed to result from both antioxidant and anti-inflammatory 
functions associated with these redox-active proteins. 

 
3.1.6. Role in Hepatic and Gastrointestinal Diseases 

Either transgenic overexpression of Trxs or administration of recombinant Trx protein 
has been shown to ameliorate hepatic injury induced by ethanol, thioacetamide, and lipopoly-
saccharide [39-41]. Trx2 haploinsufficiency (Trx2+/-) in mice also results in mitochondrial 
injury and increased oxidative stress in liver. In addition, Trx2+/- mice are more susceptible to 
the ROS-generator diaquat-induced liver injury than wild-type littermates [42].  

Multiple studies also demonstrate a protective role for Trxs in gastrointestinal disorders 
in animal models. For example, either transgenic overexpression of Trx1 or administration of 
recombinant Trx protein attenuates indomethacin-induced gastric mucosal injury in mice 
[43]. The Helicobacter felis-induced gastritis and oxidative stress are also suppressed in mice 
overexpressing Trx1 [44]. Either transgenic overexpression of Trx1 or administration of re-
combinant human Trx protein results in amelioration of experimental colitis in mice, and the 
colonic protective effects are associated with diminished formation of macrophage migration 
inhibitory factor [45].  

 
3.1.7. Role in Renal Diseases 

Trx1 has a beneficial role in certain renal disorders, including ischemia-reperfusion injury 
and diabetic nephropathy. The endogenous Trx1 protein is rapidly depleted from the cytosol 
in the cortical proximal tubular cells and detected in the tubular fluid following renal ische-
mia-reperfusion in mice, pointing to a possible involvement of Trx1 in renal ischemia-
reperfusion injury. Indeed, transgenic overexpression of human Trx1 in mice leads to in-
creased expression of the Trx in kidney tissue and amelioration of ischemia-reperfusion in-
jury, as assessed by blood creatinine and urea nitrogen levels [46]. Transgenic overexpression 
of Trx1 in mice also suppresses the development of diabetic nephropathy and oxidative renal 
tissue injury following induction of type 1 diabetes by streptozotocin [20].  
 
3.1.8. Role in Skin Diseases 

The anti-inflammatory and antioxidative activities of Trxs are implicated in dermal pro-
tection. A recent study using Trx transgenic mice shows that Trx1 overexpression suppresses 
contact hypersensitivity response by inhibiting leukocyte recruitment during the elicitation 
phase of the contact dermatitis [47]. The study also suggests that Trx1 may be a potential tar-
get for treating contact dermatitis [47]. In addition to exerting the anti-inflammatory and anti-
oxidative effects, Trxs are also found to reduce the disulfide bonds of allergens and thereby 
mitigate the allergenicity of commercial wheat preparations in multiple animal models [48]. 
This finding opens the door to the testing of Trxs in the production of hypoallergenic, more-
digestible foods. 
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Trxs may play a role in protecting against skin aging. In cultured normal human fibrob-
lasts, suppression of Trx1 results in premature senescence [49]. Trx1 is also shown to sup-
press ultraviolet irradiation-induced oxidative stress, proinflammatory responses, and 
activation of matrix metalloproteinase-1 in human skin cells [50]. Although Trxs may exert a 
beneficial effect in skin aging, transgenic overexpression of Trx1 in keratinocytes is reported 
to augment chemically-induced skin carcinogenesis in a two-stage mouse model using topical 
7,12-dimethylbenz(a)antracene as an initiator and 12-O-tetracecanoylphorbol-13-acetate as a 
promoting agent [51]. The potential involvement of Trxs in cancer is further discussed in Sec-
tion 3.1.9 below.  

 
3.1.9. Role in Cancer 

While there is ample evidence supporting the protective effects of Trxs in tissue injury 
induced by oxidative and inflammatory stress, the role of Trxs, especially Trx1 in cancer has 
been a subject of controversies, and the results are inconsistent among different animal mod-
els. Numerous studies have shown an elevated Trx expression in various types of cancer. 
Trx1 may contribute to many of the hallmarks of cancer, including increased cell prolifera-
tion, resistance to cell death, and increased angiogenesis [52]. Some data suggest that Trx 
expression may also contribute to anticancer drug resistance while others indicate the oppo-
site. As described above in Section 3.1.8, transgenic overexpression of Trx1 in keratinocytes 
of mice augments chemically-induced skin carcinogenesis [51]. However, Trx1 overexpres-
sion in mice is demonstrated to attenuate oxidative stress and prevent benzene-induced hema-
to-lymphoid toxicity and thymic lymphoma [53]. Currently, there is no evidence showing that 
transgenic overexpression of Trxs in animals is associated with an increased incidence of 
cancer. Administration of recombinant Trx protein has not been shown to promote tumor 
growth or induce anticancer drug resistance in animal models [6]. Thus, the exact role of Trxs 
in cancer remains to be further elucidated. 

 
3.1.10. Role in Other Diseases and Conditions 

Trxs have been implicated as protectors in many other diseases and related conditions, 
including arthritis, sepsis, eye disorders, male infertility, and aging. Transgenic overexpres-
sion of Trx1 is shown to protect against joint destruction and oxidative stress in a murine 
arthritis model, in which arthritis is induced by administering a mixture of anti-type II colla-
gen monoclonal antibody (mAb) and lipopolysaccharide (LPS) [54]. Administration of re-
combinant Trx protein also suppresses the mAb/LPS-induced joint swelling in wild-type mice 
[54]. Either transgenic overexpression of Trx1 or administration of recombinant Trx protein 
attenuates LPS-induced inflammatory cell activation and septic shock in animal models [55, 
56]. These observations are consistent with the ability of Trxs to suppress inflammation and 
oxidative stress. Oxidative stress and inflammation are important mechanisms underlying eye 
disorders, such as retinal photic injury. A protective role for Trxs in retinal photooxidative 
damage has been demonstrated in animal models by using both Trx-transgenic overexpres-
sion and administration of exogenous recombinant Trx protein [57, 58]. Transgenic overex-
pression of Trx1 inhibits germ cell apoptosis induced by experimental cryptorchidism in 
mice, suggesting that Trx1 intensification may be a useful therapeutic strategy for male infer-
tility associated with heat stress [59]. As discussed above in Section 3.1.8, Trxs may protect 
against cell senescence in cell cultures. The potential role for Trxs in aging has been investi-
gated using transgenic overexpression models. Trx-overexpressing mice exhibit extended 
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median and maximum lifespans compared with wild-type counterparts. Telomerase activity in 
spleen tissues of Trx-overexpressing mice is higher than that in wild-type littermates [60]. 
Tissue oxidative stress is also attenuated in Trx-overexpressing mice. As aforementioned, 
overexpression of Trxs also extends the longevity of Drosophila melanogaster [28] (Section 
3.1.4). Taken together, these findings support an antiaging activity of Trxs in experimental 
animals. 

 
 

3.2. Human Studies and Clinical Perspectives 
 
The diverse biological activities of Trxs as demonstrated by extensive animal studies 

make these redox-active proteins also an attractive subject of investigations in the context of 
human health and disease. The involvement of Trxs in human diseases has been studied pri-
marily via (1) examining the changes of these proteins in accessible tissue samples of patients 
with various disease conditions and (2) gene polymorphism studies. As discussed in prior 
chapters, neither of the above approaches establishes a causal relationship between the 
changes in antioxidant proteins or genes and the altered risk or incidence of disease condi-
tions in the human subjects. But, these studies do provide important information regarding the 
significance of Trxs in human health and disease, and facilitate identification of risk factors 
and genetic biomarkers for human diseases. 

Animal studies suggest that Trx2 is critical for neural tube closure during embryonic de-
velopment [7]. This observation has prompted a recent investigation of the association be-
tween genetic polymorphisms in Trx2 gene and increased risk for neural tube defects. It has 
been observed that a novel Ins/Del polymorphism in the proximal promoter region of human 
Trx2 gene reduces the transcriptional activity of the gene, and is associated with an increased 
risk of spina bifida [61]. The gene polymorphisms of Trxs are also found to be associated 
with an increased risk of diabetes [62]. In addition, genetic variations in the thioredoxin inte-
racting protein (Txnip) are demonstrated to be associated with hypertriglyceridemia and in-
creased blood pressure in type 2 diabetes [63]. The involvement of Trxs in human cancer 
development has been reported in multiple studies. Increased expression of Trx1 is docu-
mented in several types of human cancer, including lung, pancreatic, colon, gastric, and breast 
cancer [52]. Recently, elevated expression of Trx1 has been identified as an independent poor 
prognosis factor in patients with liver metastasis from colorectal cancer [64]. Although the 
exact role for Trxs in human cancer remains to be determined, the association of Trx1 expres-
sion with aggressive tumor growth, resistance to standard therapy, and decreased patient sur-
vival makes it a potential target for cancer drug development [52].  

 
 

4. Conclusion and Future Directions 
 
Trxs are protective molecules in various disease processes, including cardiovascular in-

jury, diabetes, and neurodegeneration in animal models. However, the exact role of Trxs in 
cancer remains inconclusive as both suppressive and promoting activities of Trxs with regard 
to cancer development have been reported in experimental animals. Data on the involvement 
of Trxs in human diseases are relatively scarce. Limited studies in human subjects suggest a 
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possible protective role for Trxs in spina bifida and diabetes, and a potential detrimental ef-
fect on the development of certain types of cancer. Future efforts should be devoted to the 
identification of novel genetic variations of Trx genes and their influence on tissue Trx ex-
pression and susceptibility to disease pathophysiology. As the involvement of Trxs in cancer 
is controversial, more basic research is warranted to define the exact functions of these redox-
active proteins in multistage carcinogenesis as well as anticancer drug resistance.  
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Chapter 11 
 
 

Peroxiredoxin 
 
 

Abstract 
 

Peroxiredoxin (Prx) refers to a family of thiol-dependent peroxidases that reduce hy-
drogen peroxide and organic hydroperoxides to water and alcohols, respectively. There 
are six known mammalian 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 ca-
talysis. In addition to their well-established peroxide-scavenging activity, Prxs also par-
ticipate in the regulation of various cell signaling pathways. Extensive animal studies 
provide substantial evidence supporting a critical protective role for Prxs in various dis-
ease processes involving oxidative and inflammatory stress. In contrast, studies on the in-
volvement of Prxs in human health and disease are much limited.  
 
 

1. Overview 
 

1.1. Definition and History 
 
Peroxiredoxin (Prx) is a general term that refers to a family of small (22-27 kDa) nonse-

leno peroxidases currently known to possess six mammalian isozymes, namely, Prx1, 2, 3, 4, 
5, and 6. These isozymes are able to reduce hydrogen peroxide, organic hydroperoxides, and 
possibly peroxynitrite, and thus represent a class of important antioxidants in mammals [1]. 
As discussed in Chapter 6, glutathione peroxidase represents another family of enzymes that 
detoxify peroxides and possibly peroxynitrite as well. 

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

cerevisae, where it protected the enzyme glutamine synthase from oxidation in a system that 
serendipitously included thiols to generate hydrogen peroxide. The enzyme was first named 
thiol-specific antioxidant (TSA) due to its dependence on thiol compounds [2]. The name was 
then changed to thioredoxin peroxidase as the protein was found to be oxidized by hydrogen 
peroxide and reduced back by thioredoxin (see Chapter 10 for discussion of thioredoxin). 
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.  
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1.2. Basic Characteristics 
 
The six Prxs expressed in mammalian cells are classified into three subgroups: (1) typical 

2-Cys Prxs including Prx1-4, (2) atypical 2-Cys Prx (Prx5), and (3) 1-Cys Prx (Prx6). Prxs 
are widely distributed in mammalian tissues, and the subcellular localization varies with the 
isozymes. Prx 1, 2, and 6 are mainly located in cytosol. Prx3 is restricted to mitochondria. 
Prx4 is present in endoplasmic reticulum and also secreted into extracellular environment. 
Prx5 is localized intracellularly to cytosol, mitochondria, nuclei and peroxisomes. 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 11-1 summarizes the basic characteristics of the six 
Prx isozymes in mammals. 

 
Table 11-1. Basic Characteristics of the six isozymes of mammalian peroxiredoxin  

 
Isozyme Subgroup Cellular Location Chromosomal Lo-

calization 

Prx1 Typical 2-Cys Cytosol 1p34.1 
Prx2 Typical 2-Cys Cytosol 19p13.2 
Prx3 Typical 2-Cys Mitochondria 10q25-q26 
Prx4 Typical 2-Cys Endoplasmic reticulum, extra-

cellular space 
Xp22.11 

Prx5 Atypical 2-Cys Cytosol, mitochondria, nuclei, 
peroxisomes 

11q13 

Prx6 1-Cys Cytosol 1q25.1 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
Prxs catalyze the reduction of hydrogen peroxide and various organic hydroperoxides to 

form water and alcohols, respectively through the reactive cysteine (Cys) residues of the en-
zymes (Figure 11-1). They may also be able to reduce peroxynitrite under certain experimen-
tal conditions [3].  

The typical 2-Cys Prxs (Prx1, 2, 3, and 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 addi-
tional nonconserved Cys residue for catalytic activity. On the other hand, 1-Cys Prx (Prx6) is 
a homodimer and contains only the N-terminal Cys and requires no additional Cys for catalyt-
ic function.  

During reaction with oxidant substrates, the Cys residues of Prxs are oxidized. Thiore-
doxins provide the electrons for reducing the oxidized Prx1-5, whereas GSH is likely to be 
employed to reduce the oxidized Prx6. The molecular and biochemical mechanisms underly-
ing the differential use of thioredoxins and GSH by different Prx isozymes remain to be fur-
ther elucidated. 
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Figure 11-1. Peroxiredoxin (Prx)-mediated reduction of hydrogen peroxide (H2O2) and organic 
hydroperoxides (LOOH). Shown in the scheme is a 2-Cys Prx-catalyzed reduction of H2O2 and LOOH 
to form water and alcohol (LOH), respectively. During the reaction, one sulfhydryl group of the 2-Cys 
Prx is oxidized to sulfenic acid intermediate, followed by the formation of a disulfide bridge (i.e., the 
oxidized form of Prx). The disulfide bridge is reduced by thioredoxin (Trx), and the original Prx is 
regenerated.  

 
 

2.2. Molecular Regulation 
 
Prxs are regulated at multiple levels, including both transcriptional regulation and post-

translational modifications. At the transcriptional level, NF- B has been shown to suppress 
the transcriptional expression of Prx6, whereas increased transcription of both Prx1 and Prx6 
has been reported to be mediated by Nrf2 via an antioxidant response element-driven me-
chanism [4-6]. The B cell-specific activator protein, Pax5 is also shown to function as a trans-
activator of 1-Cys Prx (Prx6) gene expression [7]. 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 are shown to largely control the basal expression 
of Prx5 gene [8]. As described in Section 2.2 of Chapter 4, the forkhead transcription factor 
Foxo3a plays an important role in the regulation of catalase gene expression in mammalian 
cells. A recent study also demonstrates a critical role for Foxo3a in regulating the gene ex-
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pression of Prx3 in human cardiac fibroblasts [9]. 
The post-translational modifications of Prxs have been extensively studied over the past 

few years. Substantial evidence demonstrates a critical involvement of oxidative modifica-
tions of cysteine residues in regulating the activities of various Prx isozymes [10]. As de-
scribed in Section 2.1 of Chapter 13, hyperoxidation of Prx cysteine residues to sulfinic acid 
results in irreversible enzyme inactivation. In addition to cysteine thiol modifications, protein 
phosphorylation and acetylation have also been implicated in the regulation of Prx enzymatic 
activities [10]. 

 
 

3. Role in Health and Disease 
 

3.1. General Biological Activities 
 
Prxs play an important part in the detoxification of hydrogen peroxide and various organ-

ic peroxides, and possibly peroxynitrite. This antioxidant function is the basis for the protec-
tive effects of Prxs in various types of diseases involving an oxidative stress mechanism. In 
addition to their antioxidant function, Prxs are reported to participate in other cellular 
processes, such as regulation of activities of transcription factors (e.g., NF- B, AP-1, p53), 
growth factor and ROS signaling, cell proliferation, differentiation, and apoptosis [1, 11]. 
ROS here stands for reactive oxygen species. Regulation of the above cellular processes or 
signaling pathways may also be an important mechanism underlying the biological activities 
of Prxs in health and disease. 

 
 

3.2. Animal Studies 
 

3.2.1. Experimental Approaches 

Both transgenic overexpression and gene knockout models have been created to investi-
gate the biological functions of Prxs in experimental animals. Viral vector-based gene deli-
very and recombinant Prx protein have also been employed to understand the biological 
activities of Prxs in experimental models. Largely based on studies using these models, Prxs 
have been demonstrated to be critical protectors in numerous disease conditions, among 
which are various forms of cardiovascular disorders.  

 
3.2.2. Role in Cardiovascular Diseases 

As stated in prior chapters, oxidative stress is a crucial mechanism underlying various 
types of cardiovascular disorders. Prxs have been found to undergo complex modifications 
during cardiovascular oxidative stress, suggesting that Prxs may be targets of oxidative stress 
in cardiovascular system [12, 13]. In this context, multiple transgenic overexpression and 
gene knockout animal studies demonstrate a critical protective role for different Prx isozymes 
in cardiovascular disorders, including atherosclerosis, myocardial ischemia-reperfusion in-
jury, and heart failure.  

Homozygous deletion of Prx1 (Prx1-/-) in mice causes excessive endothelial activation 
and inflammation. Deletion of Prx1 also results in early atherosclerosis in ApoE-deficient 
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mice fed normal chow, suggesting an important protective effect of Prx1 in vascular dysfunc-
tion and atherogenesis [14]. Platelet-derived growth factor (PDGF) plays a critical role in 
atherosclerosis and vascular remodeling. It is reported that Prx2 suppresses PDGF signaling 
and restenosis in a mouse model [15]. The involvement of Prx6 in atherosclerosis remains 
controversial. Some data suggest a beneficial role for Prx6 in vascular oxidative stress and 
atherogenesis [16], but others do not show a protective effect [17].  

Prxs become oxidatively modified during myocardial ischemia-reperfusion injury. Tar-
geted disruption of Prx6 in mice has been demonstrated to sensitize the hearts to global 
ischemia-reperfusion injury, as evidenced by reduced recovery of left ventricular function, 
increased myocardial infarction, and higher amounts of apoptotic cardiomyocytes, as well as 
increased oxidative stress compared with wild-type mouse hearts [18]. Similarly, overexpres-
sion of mitochondrial Prx3 has been found to prevent left ventricular remodeling and failure 
after myocardial infarction in mice [19]. Overexpression of Prx3 also protects against myo-
cardial mitochondrial oxidative stress and mitochondrial DNA damage [20]. These results 
point to an important role for Prxs in protecting against myocardial remodeling and heart fail-
ure. They also suggest that Prxs may serve as potential therapeutic targets for the intervention 
of heart failure. 

 
3.2.3. Role in Diabetes 

Prxs are expressed in pancreatic tissue, including the -cells [21]. Prx isozymes are in-
duced in animal models of both type 1 and type 2 diabetes [22, 23]. In cultures, Prxs in the 
pancreatic -cells are also inducible by oxidative stress and proinflammatory cytokines [24]. 
These observations suggest a possible protective role for Prxs in diabetes. Indeed, transgenic 
overexpression of Prx3 in mice results in decreased mitochondrial ROS production and in-
creased resistance to stress-induced pancreatic -cell injury [25]. These animals show im-
proved glucose homeostasis, as evidenced by reduced levels of blood glucose and increased 
glucose clearance. In addition, the Prx3-overexpressing mice are protected from hyperglyce-
mia and glucose intolerance induced by high-fat diet feeding [25]. 

 
3.2.4. Role in Neurological Diseases 

Prxs are widely distributed in mammalian tissues, including the central nervous system. 
The basal expression of the six Prxs shows distinct profiles in different brain regions and dif-
ferent cell types. Prx1 and 6 are expressed in glial cells but not in neuron, whereas Prx2, 3, 4, 
and 5 are expressed in neurons [26]. Multiple studies suggest that Prxs may play an important 
part in protecting against neurological disorders in animal models, including parkinsonism, 
cerebral ischemic injury, age-associated hippocampal oxidative damage and cognitive dys-
function, and drug/toxicant-induced neurotoxicity [27-33]. In addition, neuronal overexpres-
sion of Prx2 in Drosophila melanogaster is shown to attenuate oxidative stress and prolong 
longevity, suggesting an overall protective function of Prx2 in neurodegeneration and aging 
[34]. In line with the animal studies, in vitro experiments also show beneficial effects of Prxs 
on oxidative and inflammatory injury in cultured neuronal cells. 

 
3.2.5. Role in Pulmonary Diseases 

A number of animal studies have documented a protective role for Prxs in several pulmo-
nary disorders, including hyperoxia- and paraquat-induced lung injury, asthma, and endotox-
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in-elicited lung inflammatory injury. Prx6 is probably the most extensively studied Prx iso-
zyme with respect to protection against lung injury [35]. Homozygous knockout of Prx6 sen-
sitizes the mice to hyperoxia-induced lung oxidative stress and inflammation as well as 
mortality [36]. These knockout mice also show increased pulmonary injury following expo-
sure to paraquat, a redox-cycling compound [37]. On the other hand, either transgenic over-
expression or adenovirus-mediated gene transfer of Prx6 results in increased resistance to 
hyperoxia-induced lung injury and mortality in mice [38, 39]. Prx6 also possesses a phospho-
lipase A2 activity and has an important role in lung surfactant turnover [40]. Recently, it is 
reported that Prx1 knockout sensitizes the animals to airway inflammation and hyperrespon-
siveness in a Th2-dominant allergic asthma model [41]. Targeted disruption of Prx3 in mice 
also leads to increased susceptibility of the animals to lipopolysaccharide-induced lung in-
flammation, airway wall thickening, and oxidative DNA and protein damage [42]. These an-
imal studies strongly suggest a critical involvement of Prxs in protecting against lung 
inflammation and oxidative stress.  

 
3.2.6. Role in Hepatic Diseases 

The role of Prxs in liver ischemia-reperfusion injury and alcoholic liver injury has been 
recently studied. Hepatic ischemia-reperfusion is found to alter 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 dys-
function [43]. Chronic consumption of alcohol is reported to cause liver injury and oxidative 
stress as well as decreased expression of Prx6, suggesting a possible protective role for Prx 6 
in alcoholic liver injury [44]. However, neither transgenic overexpression nor targeted disrup-
tion of Prx6 in mice results in attenuation or exacerbation of alcoholic liver injury [45]. It is 
further shown that ethanol administration causes significant induction of catalase, glutathione 
S-transferase, and glutathione peroxidase in both Prx6 transgenic overexpression and knock-
out mice. The concomitant upregulation of the above antioxidant defenses by ethanol in both 
genetic models may explain the failure of genetic alterations of Prx6 to modulate alcoholic 
liver injury [45]. 

 
3.2.7. Role in Skin Diseases 

Several recent studies have examined the possible involvement of Prx6 in skin disorders. 
Overexpression of Prx6 in keratinocytes is shown to protect the skin cells from injury elicited 
by oxidative stress and ultraviolet (UV) irradiation [46]. In experimental animals, targeted 
disruption of Prx6 gene leads to increased sensitivity to UV irradiation-induced skin injury 
and oxidative stress [47]. Knockout animal studies also suggest that Prx6 is required for blood 
vessel integrity in wounded skin [47].  

 
3.2.8. Role in Cancer 

It has been known for decades that ROS are involved in multistage carcinogenesis. Prxs 
via scavenging peroxides appear to have tumor preventive activities as loss of Prx1 in mice 
leads to premature death from multiple malignancies, including lymphomas, sarcomas, and 
carcinomas [48]. Prx1 ablation also increases the susceptibility of mice to Ras-induced breast 
cancer, suggesting a possible function for Prx1 in regulating oncogenic Ras effector pathways 
[49]. Indeed, Prx1 is shown to inhibit Ras-induced tumorigenesis via regulating PTEN/AKT 
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activity [49]. PTEN is a tumor suppressor, and AKT is a protein kinase. In vitro transforma-
tion assays demonstrate that the enhanced Ras-mediated transformation by loss of Prx1 can 
be inhibited by wild-type Prx1 but not by a catalytically inactive mutant of Prx1, in which 
peroxide catalyzing cysteines are replaced by serines. This suggests that the tumor suppres-
sive properties of Prx1 depend on its antioxidant function [50].  

There are studies suggesting that Prxs may also have tumor supportive activities. In-
creased expression of Prxs is documented in various types of cancer. In a cell culture model, 
overexpression of Prx6 is shown to promote the in vitro proliferation and invasion of breast 
cancer cells [51]. In an in vivo study, Prx6-overexpressing breast cancer cells are found to 
grow much faster and exhibit more pulmonary metastases than control cells [51]. Obviously, 
the exact role of Prxs in cancer warrants further investigations by using additional animal 
models of carcinogenesis.  

 
3.2.9. Role in Other Diseases and Conditions 

A protective role for Prxs has been suggested for various other pathophysiological condi-
tions, including anemia, sepsis, spermatogenic cell injury, and aging. Prx1 knockout mice are 
shown to develop hemolytic anemia characterized by an increase in red blood cell ROS, 
which leads to protein oxidation, hemoglobin instability, Heinz body formation, and de-
creased red blood cell lifespan [48]. It has also been reported that Prx2 functions as an effi-
cient scavenger of hydrogen peroxide in red blood cells, and may thus act as an important 
defense against oxidative stress in these cells [52].  

Prx2 possesses an important function in regulating proinflammatory responses to lipopo-
lysaccharide (LPS) and protecting against endotoxin-induced lethal shock in experimental 
animals. LPS is found to induce substantially enhanced inflammatory responses in Prx2-
deficient macrophages. 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 into Prx2-deficient mice significantly rescues the animals from LPS-
induced lethal shock as compared with the injection of a control viral vector [53]. Recently, a 
beneficial role of Prx4 in spermatogenic cells has been suggested as Prx4 knockout mice 
show elevated spermatogenic cell death via oxidative stress [54]. ROS are believed as a major 
contributor to aging. By scavenging ROS, Prxs may play a protective role in aging process. In 
cell cultures, Prx2 is demonstrated to function as an enzymatic antioxidant to prevent cellular 
senescence [55]. Recently, it is reported that Prx5 confers protection against oxidative stress 
and promotes longevity in Drosophila melanogaster [56]. 

 
 

3.3. Human Studies and Clinical Perspectives 
 
The potential involvement of Prxs in human disease conditions have been investigated, 

but the evidence is far less convincing than that obtained from animal studies. The levels of 
Prxs are shown to be altered in tissue samples of patients with various diseases, including 
cardiovascular disorders, neurodegeneration, autoimmunity, and cancer [57-63]. Notably, 
increased levels of Prxs are reported in most of the above disease conditions. Downregulation 
of Prx3-6 is observed in patients with dilated cardiomyopathy [58]. Although a causal role for 
Prxs in human diseases cannot be established solely based on the changes of Prxs in tissue 
samples, under certain conditions, levels of Prxs may serve as markers for disease prognosis. 
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For example, elevated Prx1 in lung tissue is shown to be an independent prognostic factor for 
disease recurrence and reduced survival in stage I non-small cell lung cancer [62]. In contrast, 
a study in patients with renal cell carcinoma demonstrates that Prx2 is associated with tumors 
of a lower grade and with a lower frequency of distant metastasis. Patients with tumors ex-
pressing Prx2 are further shown to have better prognosis [63]. In view of the controversial 
findings, the role of Prxs in human cancer development warrants further investigations. 

 
 

4. Conclusion and Future Directions 
 
Prxs are a family of important antioxidant enzymes that protect against pathophysiologi-

cal conditions involving oxidative and inflammatory stress in various animal models. These 
antioxidant proteins also participate in other cellular processes, including regulation of cell 
signaling, cell proliferation, and apoptosis. Both direct antioxidant and non-antioxidant activi-
ties of Prxs form the basis of the beneficial functionality of Prxs in health and disease. In con-
trast to animal studies, studies in human subjects aiming to establish a causal involvement of 
Prxs in disease protection are scarce. To date, gene polymorphisms in Prxs and their associa-
tion with disease risk have not been reported in humans. Future studies should focus on trans-
lational and clinical research to better define the role of Prxs in human health and disease. 
These studies will lay a foundation for developing therapeutic modalities for the intervention 
of human diseases in which Prxs play a role. 
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Chapter 12  
 
 

Thioredoxin Reductase  
 
 

Abstract 
 

Thioredoxin reductase (TrxR) refers to a class of redox-active enzymes that catalyze 
the reduction of oxidized thioredoxins using NADPH as the electron donor. TrxRs to-
gether with thioredoxins and peroxiredoxins form the mammalian thioredoxin system, 
which is critically involved in antioxidant defenses as well as many other cellular 
processes. Gene knockout animal studies suggest a critical involvement of TrxRs in the 
development and function of certain organs, including heart and brain. TrxRs may also 
play a role in cancer development, either preventing or promoting carcinogenesis depend-
ing on the experimental conditions. Limited observational studies in human subjects point 
to a potential involvement of TrxRs in certain diseases, such as neurodegeneration and 
cancer.  
 
 

1. Overview 
 
Thioredoxin reductase (TrxR) refers to a class of enzymes that catalyze the reduction of 

oxidized thioredoxins (see Chapter 10 for discussion of thioredoxin) with NADPH as the re-
ducing equivalent [1]. TrxRs belong to a pyridine nucleotide disulfide oxidoreductase family. 
There are three major isozymes of TrxR in mammals: TrxR1, TrxR2, and thioredoxin gluta-
thione reductase (TGR). Similar to thioredoxin-1 and -2, TrxR1 is present in cytosol and nuc-
lei, and TrxR2 is localized in mitochondria. Both TrxR1 and TrxR2 are widely distributed in 
mammalian tissues.  

The third isozyme TGR is so called because it possesses both thioredoxin reductase and 
glutathione reductase activities. Hence, TGR can be viewed as a dual functioning enzyme that 
is involved in keeping both thioredoxins and glutathione at reduced state. TGR is also known 
as TrxR3. TGR is abundant in testis, suggesting a potential role for this protein in male repro-
duction. It is also expressed in other tissues, including lung, kidney, heart, and brain. Com-
pared with TrxR1 and TrxR2, TGR has received less attention. It should be noted that in 
mammals the genes for TrxR1, TrxR2, and TGR 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. 
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2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
Mammalian TrxRs exist as homodimers. Each subunit is approximately 54-58 kDa in 

size and contains one FAD binding domain, one NADPH binding domain, and one interface 
domain that is required for dimerization. TrxRs are selenoproteins that catalyze the reduction 
of oxidized thioredoxins using NADPH as the electron donor. As stated above, TGR also cat-
alyzes the reduction of glutathione disulfide (GSSG) to GSH, and thus possesses the gluta-
thione reductase activity (Figure 12-1). TGR is found to have an additional protein disulfide 
isomerase function in sperm cells, and as such may play a role in sperm maturation [2]. In 
addition to thioredoxins and GSSG, TrxRs also reduce several other substrates, such as gluta-
redoxin-2 and protein disulfide isomerase. 

 

 
 
Figure 12-1. Thioredoxin reductase (TrxR)-mediated reduction of oxidized thioredoxins and 
glutathione disulfide (GSSG). As illustrated, all three isozymes of mammalian TrxR are able to catalyze 
the reduction of oxidized thioredoxins using NADPH as the electron donor. In addition, TrxR3 (TGR) 
also catalyzes the reduction of GSSG to GSH using NADPH as the electron donor.  

 
 
TrxRs possess antioxidant functions that occur via several potential mechanisms, as de-

scribed below.  
 
 TrxRs reduce the oxidized form of thioredoxins to the active form. As discussed in 

Section 2.1 of Chapter 10, thioredoxins play an important role in antioxidant de-
fenses via serving as a cofactor for various antioxidant enzymes. 

 TrxRs may also be involved in the regulation of heme oxygenase-1 (HO-1). HO-1 is 
a critical antioxidant and anti-inflammatory enzyme in mammalian tissues (Section 
2.1 of Chapter 15). 

 TrxRs may support the antioxidant functions of various small molecule antioxidants, 
including ascorbate, -tocopherol, and ubiquinone (also known as coenzyme Q).  

 
Although the antioxidant activities of TrxRs have been well-established in various cellu-

lar systems, it should be borne in mind that TrxRs may also participate in other cellular 
processes (e.g., cell proliferation, DNA repair, angiogenesis) that are not directly related to 
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their antioxidant activities [1]. These non-antioxidant activities may also contribute to the role 
of these redox-active proteins in health and disease. 

 
 

2.2. Molecular Regulation 
 
Regulation of TrxR1 expression occurs via various pathways, including transcriptional 

control and post-translational modifications [1, 3]. At the transcriptional level, Oct-1, SP1, 
SP3, and Nrf2 are reported to participate in regulating TrxR1 gene expression. TrxR1 is 
shown to be induced by certain stimuli, such as oxidants and heavy metal ions via an Nrf2-
dependent mechanism [4, 5]. Several post-translational modifications of TrxR1 have been 
suggested, which include glycosylation, phosphorylation, and oxidative modifications [1]. In 
contrast to TrxR1, little has been reported on the regulation of TrxR2 and TGR expression in 
mammalian systems. 

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

Because of the efficient reduction of oxidized thioredoxins by TrxRs, it is conceivable 
that many of the biological activities of TrxRs are mediated by thioredoxins. Indeed, the bio-
logical functions of thioredoxins and TrxRs overlap. Our current understanding of the biolog-
ical effects of TrxRs largely results from studies using gene knockout animal models [6]. In 
this context, homozygous targeted disruption of either Txnrd1 or Txnrd2 in mice causes em-
bryonic lethality, indicating their essential function in embryonic development [7-9]. Mice 
with heterozygous deficiency of either Txnrd1 or Txnrd2, however, do not exhibit any gross 
abnormalities.  

In addition, various chemical inhibitors have been used to study the biological functions 
of TrxRs. These pharmacological inhibitors include auranofin, triphenyl phosphine gold chlo-
ride, aurothioglucose, and 1-chloro-2,4-dinitrobenzene [10-13]. Although these chemical 
agents potently inhibit TrxR activity in biological systems, they lack specificity as do many 
pharmacological inhibitors for other enzymes and pathways.  

 
3.1.2. Role in Cardiovascular Diseases 

As stated above, both Txnrd1 and Txnrd2 genes are essential for murine embryonic de-
velopment. However, homozygous deletion of Txnrd1 or Txnrd2 yields different phenotypes. 
Homozygous deletion of Txnrd1 in mice is shown to cause early embryonic lethality around 
embryonic day 9, with severe growth retardation and lack of primitive mesoderm formation. 
Of note, 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 [7]. In contrast, ubiquitous inactivation of Txnrd2 gene results in 
embryonic death at embryonic day 13, with severe disruption of hematopoiesis and heart de-
velopment as well as extensive apoptosis in liver [9]. Cardiac tissue-restricted ablation of 
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Txnrd2 leads to fatal dilated cardiomyopathy, a condition reminiscent of that in Keshan dis-
ease and Friedreich’s ataxia [9]. The cardiomyopathy in Keshan disease (and possibly also in 
Friedreich’s ataxia) is associated with selenium deficiency. The above experimental findings 
suggest that in contrast to TrxR1, TrxR2 plays a pivotal role in heart development and cardiac 
function.  

 
3.1.3. Role in Neurological Diseases 

The roles of TrxR1 and TrxR2 in brain development and function have been studied us-
ing mice with nervous system-specific deletion of Txnrd1 and Txnrd2 [14]. Mice lacking 
Txnrd1 in nervous system are significantly smaller than control littermates, and display ataxia 
and tremor. These mice show cerebellar hypoplasia, which appears to be responsible for atax-
ia 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 lifespan 
as do control littermates [14]. These results indicate that TrxR1, but not TrxR2 plays a critical 
role in brain development and function in mice. Recently, it has been reported that overex-
pression of a human chromosome 22q11.2 segment containing Txnrd2, COMT (catechol-O-
methyltransferase), and ARVCF (armadillo repeat gene deleted in velocardiofacial syndrome) 
in mice affects incentive learning and working memory; however, the exact contribution of 
Txnrd2 to the phenotype is unclear [15].  

 
3.1.4. Role in Cancer and Other Conditions 

The exact role of TrxRs in cancer remains unclear, and the results are inconsistent among 
different studies [16, 17]. On the one hand, TrxR1 is reported to activate the p53 tumor sup-
pressor and be selectively targeted by carcinogenic electrophilic compounds, implicating a 
role in protecting against carcinogenesis [18]. On the other hand, TrxR1 is shown to be over-
expressed in many types of cancer and involved in the facilitation of cancer cell growth, 
pointing to a cancer promoting activity [16, 17, 19]. In this context, various anticancer drugs 
are reported to target TrxR1 in killing cancer cells, and inhibition of TrxRs has been proposed 
as a novel strategy for cancer intervention [20, 21]. 

There is also evidence from animal studies in combination with cell culture experiments 
showing that TrxRs may have a protective role in male infertility, anemia, oxidative lung in-
jury, cellular senescence and aging, and viral infections [1, 12, 22-24]. 

 
 

3.2. Human Studies and Clinical Perspectives 
 
The potential involvement of TrxRs in human health and disease has been investigated 

largely via observing the changes of these proteins in disease conditions, such as atheroscle-
rosis, neurodegeneration, and cancer [16, 25, 26]. These observational studies, however, do 
not establish a causative role for TrxRs in the disease processes. Multiple gene polymor-
phisms have been identified for human Txnrd1, and among them two intronic single-
nucleotide polymorphisms are found to be significantly associated with the development of 
familial amyotrophic lateral sclerosis [27]. Gene polymorphism studies also suggest an asso-
ciation between Txnrd1 variation and risk of developing advanced colorectal adenoma [28], 
pointing to the possibility of using Txnrd gene variations as biomarkers for certain disease 
risk assessment in human populations. 
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4. Conclusion and Future Directions 
 
TrxRs along with thioredoxins and peroxiredoxins form an important line of antioxidant 

defenses in mammalian cells and tissues. Although studies using gene knockout animal mod-
els suggest a critical role for TrxR1 or TrxR2 in the development and function of brain or 
heart, the involvement of Trxs in the pathophysiological processes of many common diseases 
remains to be determined. Similarly, human studies on the role of Trxs in health and disease 
are much limited and inconclusive. Future studies should focus on creating novel genetic an-
imal models (including both transgenic overexpression and gene knockout) and using these 
models to further elucidate the biological activities of all three TrxR isozymes and their role 
in disease processes. Future efforts should also be directed to the identification of novel ge-
netic variations of TrxRs in human subjects and the investigations of the impact of the genetic 
variations on tissue TrxR expression and activity as well as individual’s susceptibility to dis-
ease development.  
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Chapter 13 
 
 

Sulfiredoxin 
 
 

Abstract 
 

Sulfiredoxin (Srx or Srx1) is a newly identified redox-active enzyme that catalyzes 
the ATP-dependent reduction of hyperoxidized peroxiredoxins (Prxs) in the presence of 
thiol equivalents, such as thioredoxins or glutathione. In addition, Srx catalyzes protein 
deglutathionylation and participates in regulating cell redox homeostasis and cell prolife-
ration. Multiple in vitro cell experiments and limited in vivo animal studies demonstrate a 
role for Srx in protecting against oxidative stress. However, the involvement of Srx in 
common disease processes remains largely unknown.  
 
 

1. Overview 
 
Sulfiredoxin (Srx or Srx1) is a recently discovered small molecular mass (~13 kDa) anti-

oxidant enzyme that catalyzes the reduction of sulfinic peroxiredoxins (Prxs) in the presence 
of ATP. Srx was first identified in yeast by B. Biteau and coworkers in 2003 [1]. It 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 proeukaryotes are not sensitive to oxidative inacti-
vation [2, 3]. Srx is ubiquitously expressed in mammalian tissues [4]. It is primarily present in 
cytosol and also found to undergo translocation to mitochondria [5]. In humans, Srx is loca-
lized on chromosome 20p13. 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
Srx interacts with and binds to 2-Cys Prxs, forming a complex, as evidenced by their co-

immunoprecipitation and structural studies [6]. As described in Chapter 11, Prxs are antioxi-
dant enzymes that exert cytoprotective effects in many models of oxidative stress. However, 
under highly oxidizing conditions Prxs can be inactivated through hyperoxidation of their 
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active site cysteine residue to form sulfinic acid (-SO2H). This hyperoxidized form of Prxs 
cannot be reduced by thioredoxins, 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 thioredoxins or glutathione, thereby reactivating the 
hyperoxidized Prxs [2, 3, 7] (Figure 13-1).  

 
 

 
 

 
 

 
 

 
 
 
 

 

 

Figure 13-1. Hyperoxidation of peroxiredoxin (Prx) to form sulfinic acid, and sulfiredoxin (Srx)-
mediated reduction of the Prx sulfinic acid to sulfenic acid. During normal reduction of peroxides 
(LOOH), the cysteine residue of Prx is oxidized to sulfenic acid (-SOH), which then leads to the 
formation of disulfide bridge. However, under excessive oxidative conditions, the sulfenic acid can be 
further oxidized to sulfinic acid (-SO2H), leading to inactivation of the enzyme. Srx catalyzes reduction 
of sulfinic acid to sulfenic acid. This reaction is dependent on ATP and utilizes thioredoxin (Trx) or 
GSH (not shown) as the electron donor. 

 
 
Srx has been shown to protect against oxidative injury primarily via reactivating Prxs. 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 [10]. 

 
 

2.2. Molecular Regulation 
 
Srx is inducible by stress conditions, including hyperoxia. It has been demonstrated that 

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 [11, 12]. Indeed, in silico analysis of the 5’-promoter-flanking region of Srx 
has identified multiple AREs that are highly conserved [13]. In addition, Srx expression has 
been shown to be regulated by the transcription factor AP-1 [12]. The proximal AP-1 binding 
site of the Srx promoter is found to be embedded within the ARE. Regulation of Srx may also 
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involve histone acetylation. It is reported that expression of Srx can be induced by enhancing 
histone acetylation through treatment of neurons with the histone deacetylase inhibitor tri-
chostatin A [14]. Furthermore, inhibition of histone deacetylase by trichostatin A is associated 
with decreased formation of hyperoxidized Prxs in neurons exposed to oxidative stress [14].  

 
 

3. Role in Health and Disease 
 
Since its identification in 2003, Srx has been investigated in both cellular systems and an-

imal models. Srx undergoes translocation into mitochondria in response to oxidative stress, 
and plays a crucial role in reducing hyperoxidized Prx3 within mitochondria [5]. As stated in 
Section 1.2 of Chapter 11, Prx3 is mainly localized in mitochondria. Overexpression of mito-
chondria-targeted Srx in a human embryonic kidney cell line also leads to decreased forma-
tion of mitochondrial reactive oxygen species (ROS) and increased resistance to apoptosis 
elicited by rotenone [5]. Rotenone is a pesticide that selectively blocks the complex I of mito-
chondrial electron transport chain, leading to increased ROS formation. Similarly, in cultured 
lung epithelial cells, overexpression of Srx protects cells from hydrogen peroxide (H2O2)-
induced toxicity, whereas attenuation of Srx expression by RNA interference potentiates the 
toxicity of H2O2 [13].  

Srx is markedly induced in the lungs of mice exposed to hyperoxia. This hyperoxic in-
duction of Srx is shown to be mediated by Nrf2 signaling [11]. Hyperoxia also elicits the ac-
cumulation of the sulfinic form of the mitochondrial Prx3 in lung tissue, likely due to 
mitochondria being the major site of hyperoxia-induced production of ROS. Hyperoxia in-
duces 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, sulfinic Prx3 is 
converted to a form that is susceptible to proteolysis [11]. Exposure of mice to cigarette 
smoke is also found to induce Srx expression in the lung tissue via an Nrf2-dependent me-
chanism, and such an Nrf2-dependent upregulation of Srx has been proposed to protect 
against cigarette smoke-elicited oxidative stress in lungs [13]. 

In addition to its involvement in protecting against oxidative stress, Srx is suggested to 
also participate in controlling cell proliferation and death pathways [15]. However, its role in 
cancer remains unclear. On the one hand, elevated levels of Srx in epithelial cancer cell lines 
are shown to promote cell proliferation. On the other hand, increased Srx levels sensitize the 
cancer cells to cisplatin-induced killing [15]. In a mouse epidermal JB6 cell model, knock-
down of Srx is reported to abolish tumor promoter-induced transformation, suggesting that 
Srx is required for JB6 cell transformation [16]. Furthermore, screening of patient tissues by 
tissue microarray demonstrates elevated Srx expression in several types of human skin cancer 
[16]. The exact role of Srx in carcinogenesis awaits further investigations. 

 
 

4. Conclusion and Future Directions 
 
Srx, a newly identified redox-active enzyme appears to protect against oxidative stress in 

cellular systems and certain animal models. In addition to its antioxidant function, Srx also 
plays a role in reversal of protein glutathionylation as well as in cell growth regulation. The 
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role of Srx in health and disease currently remains largely unknown and thus warrants further 
investigations both in animal models and in human subjects.  
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Chapter 14  
 
 

Methionine Sulfoxide Reductase 
 
 

Abstract 
 

Mammalian methionine sulfoxide reductase (Msr) 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. Cell experiments 
and animal studies demonstrate that Msrs play an important part in protecting against 
oxidative stress and oxidative stress-associated pathophysiological processes. Observa-
tional studies with human tissues and in human populations also suggest a possible role 
for Msrs in certain disease conditions, including neurological diseases and aging, skin 
disorders, cancer, and obesity.  
 
 

1. Overview 
 
Oxidative modifications of proteins have been implicated in various degenerative disease 

conditions and aging. As compared with most other amino acid residues in proteins, methio-
nine is particularly susceptible to oxidation by reactive oxygen species (ROS) and other re-
lated species. The products of such oxidation are a diastereomeric mixture of methionine 
sulfoxides, as listed below. 

 
 Methionine S-sulfoxide 
 Methionine R-sulfoxide 

 
These two oxidized forms of methionine can be reduced back to methionine by methio-

nine sulfoxide reductase (Msr). 
In mammals, Msr refers to two structurally unrelated classes of monomeric enzymes, 

namely, MsrA and MsrB. MsrA and MsrB catalyze the reduction of methionine S-sulfoxide 
and methionine R-sulfoxide, respectively, using thioredoxin as the electron donor [1, 2]. 
Mammals have a single MsrA gene, and the encoded Msr enzyme can exist in two forms, one 
in cytosol and the other in mitochondria. In contrast, there are three MsrB isozymes in mam-
mals, namely, MsrB1, MsrB2, and MsrB3. MsrB1 is a selenoprotein and present in cytosol 
and nuclei. MsrB2 resides in mitochondria. MsrB3 can be localized in mitochondria or en-



Antioxidants in Biology and Medicine  150 

doplasmic reticulum. Msr isozymes are ubiquitously expressed in mammalian tissues, but 
their expression levels vary in different tissues. The highest expression levels of MrsA have 
been reported in liver, kidney, and brain. MsrB1, like MsrA, is highly expressed in liver and 
kidney, whereas the highest expression levels of MsrB2 and MsrB3 are found in heart and 
skeletal muscle. 

Among the four Msr isozymes (MsrA, MsrB1, MsrB2, and MsrB3) only MsrB1 is a sele-
noprotein, 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; Section 1.1 of Chapter 6). The 
other Msr isozymes have cysteine residues in the active sites instead of selenocysteine. Msrs 
are low molecular mass proteins with molecular masses of approximately 25 kDa for MsrA, 
12 kDa for MsrB1, and 20 kDa for MsrB2 and MsrB3. In humans, the genes for MrsA, 
MsrB1, MsrB2, and MsrB3 are localized on chromosomes 8p23.1, 16p13.3, 10p12, and 
12q14.3, respectively. 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
As stated above, MsrA and MsrB catalyze the reduction of methionine S-sulfoxide and 

methionine R-sulfoxide, respectively, to form the normal methionine using thioredoxin as the 
electron donor (Figure 14-1).  

 

 
 

Figure 14-1. A simplified schematic illustration of methionine sulfoxide reductase (Msr)-catalyzed 
reduction of protein methionine sulfoxide. As depicted, thioredoxin (Trx) is used as the electron donor 
for the Msr-catalyzed reaction. Thioredoxin reductase (TrxR) regenerates the Trx from its oxidized 
form using NADPH as the reducing equivalent. See text (Section 2.1) for detailed description of the 
biochemical mechanisms underlying Msr-catalyzed reduction of protein methionine sulfoxide. 
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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. Then, 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 thioredoxin [2]. 

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 con-
verted 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 thiore-
doxin. In contrast, 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 sul-
fenic acid intermediate by thioredoxin [2].  

Although thioredoxin is the most important cellular cofactor for mammalian Msr iso-
zymes, other thiol equivalents may also be utilized as reductants under certain in vitro expe-
rimental conditions. These include dithiothreitol, thionein, and selenocystamine [1-3]. 
However, it remains unclear if these thiol compounds also support Msr activity in vivo. 
 

 
2.2. Molecular Regulation 

 
Some progress has recently been made regarding the regulation of mammalian Msr iso-

zymes. However, the exact transcriptional and post-transcriptional mechanisms remain large-
ly unknown. Studies in non-mammalian cells, including yeast demonstrate an important role 
for thioredoxin and calcium phospholipid-binding protein in controlling MsrA gene expres-
sion [4, 5]. In addition, yeast glutathione peroxidase-3 is shown to directly interact with MsrA 
and may modulate the MsrA activity in a redox state-dependent manner [6]. In Caenorhabdi-

tis elegans, MsrA expression is regulated by the DAF-16/FOXO pathway [7]. The transcrip-
tional 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 [8]. 
The transcriptional regulation of human MrsB1 has recently been investigated. Human MsrB1 
gene promoter is shown to contain multiple SP1 binding sites, and the expression of MsrB1 is 
tightly controlled by the transcription factor SP1. In addition, the promoter activity of human 
MsrB1 gene is also subject to epigenetic modifications, such as methylation [9]. In MsrA-null 
mice, MsrB1 expression is diminished as compared with that in wild-type animals, suggesting 
that MsrA may have a role in modulating the expression of MsrB1 [10].  

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 

 

3.1.1. Experimental Approaches 

Similar to other antioxidant enzymes, both gene knockout and transgenic overexpression 
animal models have been created to understand the biological functions of Msrs. In this re-
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gard, gene knockout of MsrA or MsrB1 in mice does not cause embryonic lethality, indicat-
ing that neither gene is essential for murine development. However, both MsrA-null mice and 
MsrB1-null mice develop phenotypes of oxidative stress and aging-related tissue degenera-
tion, suggesting an antioxidant function for Msrs in mammals [11, 12]. In addition to the an-
imal models, cellular systems have also been utilized to study the biological activities of 
Msrs. In this context, overexpression of Msrs in cultured cells is shown to protect against 
oxidative stress, whereas decreased Msr expression results in exacerbation of oxidative cell 
injury [13-15]. 

 
3.1.2. Role in Cardiovascular Diseases 

A role for MsrA in ischemic cardiac injury has been suggested by the observation that 
both the cytosolic and mitochondrial Msr activities are reduced during myocardial ischemia-
reperfusion injury [16]. Overexpression of MsrA in primary cardiomyocytes leads to attenua-
tion of cell injury induced by hypoxia and reoxygenation [17]. Further studies using MsrA-
null mice show that MsrA deficiency exaggerates protein oxidation, myocardial apoptosis, 
impaired cardiac function, and increased mortality after myocardial infarction, supporting a 
protective role for MsrA in ischemic heart disease in experimental animals [18].  

There is also evidence for an involvement of Msrs in protecting against vascular degene-
ration and atherogenesis. For instance, overexpression of MrsA in vascular smooth muscle 
cells protects these cells from oxidative damage [19]. It is reported that methionine oxidation 
impairs reverse cholesterol transport by apolipoprotein A-I, a major component of high-
density lipoprotein (HDL) [20]. HDL-mediated reverse cholesterol transport in the arterial 
wall is an important mechanism of suppressing atherogenesis. Reversing methionine oxida-
tion with Msr is found to restore HDL’s ability to transport cholesterol in vitro [20]. The ex-
act role of Msrs in protecting against atherosclerosis and other vascular disorders warrants 
further studies in animal models, such as ApoE-null mice. 

 
3.1.3. Role in Aging and Neurological Diseases  

Early studies by E.R. Stadtman and coworkers demonstrated that as compared with wild-
type mice, MsrA knockout (MsrA-/-) mice exhibit enhanced sensitivity to hyperoxia-induced 
injury, and a shorter lifespan under both normal and hyperoxic conditions [11]. These MsrA-/- 
mice also develop an atypical (tip-toe) walking pattern after six months, and have higher tis-
sue levels of oxidized protein under hyperoxia [11]. These results suggest that MsrA may 
play an important role in aging and neurological disorders. In line with these observations in 
mice, overexpression of MrsA in Drosophila melanogaster is found to markedly extend the 
lifespan. The MsrA-overexpressing flies are also more resistant to paraquat-induced oxidative 
stress, and the onset of senescence-induced decline in the general activity level and reproduc-
tive capacity is delayed markedly [21]. Overexpression of MsrA in yeast also prolongs lifes-
pan. Although substantial evidence supports a critical protective role for MsrA in aging 
process in various models, a recent study reports that lack of MsrA in mice increases sensitiv-
ity to oxidative stress but does not diminish lifespan [22]. The effect of MsrB in aging has 
been recently examined. Overexpression of MsrB in yeast extends lifespan only under calorie 
restriction conditions. However, overexpression of MsrB has no influence on aging in Droso-

phila melanogaster [23]. 
There is evidence showing that MsrA is an important protector in certain neurodegenera-

tive disorders in animal models. As compared with wild-type animals, MsrA knockout mice 
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exhibit lower locomotor activity and altered gait that exacerbate with age. Dopamine regula-
tion and signaling pathways are impaired in these MsrA-/- mice, suggesting a possible in-
volvement of MsrA in experimental parkinsonism [24]. Recently, it is further reported that 
dopamine D2 receptor function is compromised in the brain of MsrA-/- mice [25]. In Droso-

phila melanogaster, MsrA and S-methyl-L-cysteine (a substrate of MsrA) are shown to pre-
vent parkinsonism caused by ectopic expression of human -synuclein in the flies’ nervous 

system [26]. In cultured cells, MsrA blocks dopaminergic cell death and protein aggregation 
induced by rotenone and mutant -synuclein [27]. Both rotenone and mutant -synuclein are 
implicated in the pathophysiology of parkinsonism. 

Methionine oxidation has been suggested to play a role in -amyloid toxicity, an impor-
tant mechanistic event in Alzheimer’s disease. MsrA

-/- mice exhibit enhanced neurodegenera-
tion in brain hippocampus as compared with wild-type mice. In addition, a loss of astrocyte 
integrity, elevated levels of -amyloid deposition, and tau phosphorylation are dominant in 
various regions of MsrA-/- hippocampus but not in those of wild-type mice [28]. The cultured 
brain slices of the hippocampus region of MsrA-/- mice also show increased sensitivity to 
oxidative stress [28]. These findings indicate that a deficiency of MsrA activity may foster 
oxidative stress, accumulation of faulty proteins via methionine oxidation, deposition of ag-
gregated proteins, and eventually premature brain cell death.  

 
3.1.4. Role in Other Diseases and Conditions 

Msrs have also been implicated in the protection of various other disease conditions in-
volving an oxidative stress mechanism. As stated above in Section 1, MsrB1 is widely distri-
buted throughout different tissues, but the highest levels are found in liver and kidney. MsrB1 
knockout mouse model has recently been created, and studies using this model demonstrate 
that liver and kidney are most affected in terms of susceptibility to oxidative damage of pro-
teins [12]. These observations suggest a role for MsrB1 in protecting against oxidative stress 
in liver and kidney 

Msrs are expressed in eye tissues including lens and retina, and ample evidence supports 
a beneficial role for Msrs in eye disorders, especially cataract [29, 30]. Deletion of MsrA in 
mice results in hyperbaric oxygen-induced cataract possibly due to failure in repairing mito-
chondrial cytochrome c whose methionine residues are oxidized to methionine sulfoxides 
[30]. Targeted silencing of MsrA in cultured retinal pigmented epithelium or lens cells sensi-
tizes these cells to oxidative injury [31, 32]. MsrB isozymes are also found to be expressed in 
retinal and lens cells, and protect these cells from oxidative stress [33, 34].  

There is also evidence from both in vitro and in vivo models, showing beneficial effects 
of Msrs in skin disorders, immunity, and infections [35-39]. 

 
 

3.2. Human Studies and Clinical Perspectives 
 
Although being not as convincing as that from animal experiments, evidence from studies 

in human subjects does exist pointing to a possible role for Msrs in human health and disease. 
Our current knowledge on the involvement of Msrs in human disease conditions results pri-
marily from determining the changes of Msrs in tissue samples of patients with disease condi-
tions as well as population studies aiming to identify the genetic loci or genetic variations of 
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Msrs in regard to disease risk. Largely based on these studies, a potential involvement of 
Msrs has been suggested in several disease conditions, including aging and neurological dis-
eases, skin disorders, cancer, and obesity. 

 
3.2.1. Role in Human Aging and Neurological Diseases 

Gene polymorphism studies suggest an association between MsrA (-402C/T) polymor-
phism and longevity in a population of 1534 ethnic Tartars [40]. Studies with brain tissues of 
Alzheimer’s patients demonstrate a significant decrease in MsrA activity compared with con-
trol subjects. mRNA analysis further suggests that the decreased MsrA activity is likely due 
to a post-transcriptional modification [41]. A recent study has identified a novel 4-base pair 
MsrA deletion associated with schizophrenia. It is shown that the 4-base pair deletion within 
the MsrA gene is under-transmitted to schizophrenia patients in two different populations, 
and causes reduced gene expression in individuals homozygous for the deletion [42]. The 
findings suggest that there may be a link between the MsrA polymorphism and risk of devel-
oping schizophrenia. Further studies on the mechanisms by which MsrA is involved in schi-
zophrenia pathophysiology may provide important insights into the biological underpinnings 
of this neurological disorder.  

 
3.2.2. Role in Human Skin Diseases 

Both Msrs A and B are expressed in human skin tissue, including melanocytes. Patients 
with the depigmentation disorder vitiligo are shown to have low catalase expression and con-
stantly accumulate millimolar concentrations of hydrogen peroxide (H2O2) in their skin tis-
sues. Such high concentrations of H2O2 can readily oxidize methionine residues in proteins. 
Indeed, in vivo FT-Raman spectroscopy studies have revealed the presence of methionine 
sulfoxides in the depigmented skin of patients with active vitiligo [43]. Expression of MsrA 
and MsrB is also markedly decreased in the epidermis of patients with vitiligo compared with 
healthy controls. In vitro studies demonstrate that the recombinant human MsrA and MsrB 
enzymes are readily inactivated by H2O2 at concentrations relevant to those seen in the de-
pigmented skin tissues of patients with vitiligo [43]. Together, these observations suggest an 
important protective role for Msrs in human vitiligo.  

Senile hair graying may also involve loss of Msr activity in the hair follicles. An in vivo 
study with FT-Raman spectroscopy shows that human gray/white scalp hair shafts accumu-
late H2O2 in millimolar concentrations [44]. An almost absent protein expression for catalase 
and MsrA and MsrB in association with a functional loss of methionine sulfoxide repair is 
demonstrated in the entire gray hair follicles. Furthermore, oxidation of the methionine resi-
dues, including Met 364 in the active site of tyrosinase, the key enzyme in melanogenesis, 
leads to enzyme inactivation [44]. Collectively, these results point to a causal involvement of 
Msr inactivation in senile hair graying.  

 
3.2.3. Role in Human Cancer and Obesity 

MsrA gene is linked to carcinogenesis in humans. It is reported that chromosome 8p dele-
tions contribute to metastasis of hepatocellular carcinoma. Since human MsrA is localized to 
chromosome 8p23.1, MsrA is suggested to be a candidate gene. Further studies using oligo-
nucleotide microarrays have identified MsrA gene on chromosome 8p as a possible metastasis 
suppressor for human hepatitis B virus-positive hepatocellular carcinoma [45]. In a hepatocel-
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lular cancer cell line, overexpression of MsrA is shown to inhibit cell colony formation and 
invasion [45]. The protective role of MsrA as well as other Msr isozymes in carcinogenesis 
warrants further investigations. 

The accumulation of abnormal amounts of intra-abdominal fat (central adiposity) is asso-
ciated with serious adverse metabolic and cardiovascular outcomes, including type 2 diabetes 
and atherosclerotic coronary heart disease. A recent genome-wide association scan meta-
analysis involving data from 38,580 individuals has identified three loci influencing adiposity 
and fat accumulation, among which is MsrA. This locus of MsrA is strongly associated with 
central adiposity [46]. Further mechanistic studies will provide novel insights into the role of 
MsrA in human physiology and development of obesity. 

 
 

4. Conclusion and Future Directions 
 
Msr isozymes protect cells from oxidative stress via catalyzing the reduction of methio-

nine sulfoxides to methionine. Studies using genetically manipulated animal models have 
provided convincing evidence supporting a beneficial role for Msrs in various pathophysio-
logical conditions involving an oxidative and inflammatory stress mechanism. Evidence from 
studies in human subjects also suggests a potential involvement of Msrs in modulating the 
risk of developing certain diseases. There is a great need to understand the effects (either pro-
tective or detrimental) of various Msr isozymes in pathophysiology of other common diseases 
in animal models, including diabetes and metabolic syndrome, cancer, as well as disorders 
affecting lung, liver, and kidney. Future studies should also emphasize translational and clini-
cal research to further explore the biological functions of Msr isozymes in relation to human 
health and disease.  
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Chapter 15 
 
 

Heme Oxygenase  
 
 

Abstract 
 

Mammalian heme oxygenase (HO) refers to a family of two major isozymes, name-
ly, HO-1 and HO-2 that catalyze the first and rate-limiting step in the oxidative degrada-
tion of heme to eventually produce bilirubin along with the release of carbon monoxide 
and iron. The antioxidant and anti-inflammatory activities of HO enzymes and their 
products bilirubin and carbon monoxide are well-recognized. Extensive animal studies 
have established a critical role for HO enzymes, especially HO-1 in protecting against 
various disease conditions, ranging from cardiovascular diseases to skin disorders. How-
ever, studies also suggest a promoting activity for HO-1 in cancer growth and progression 
in animal models, which is believed to result from the proproliferative and proangiogenic 
effects of HO-1. A growing body of evidence from studies in human subjects indicates a 
beneficial role for HO-1 in various disease processes, which is consistent with findings 
from animal experiments. On the other hand, studies in cancer patients suggest that HO-1 
may play either an inhibitory or a promoting role in human cancer development depend-
ing on the types of cancer. 
 
 

1. Overview 
 
Heme oxygenase (HO) was originally identified in 1968 and 1969 by R. Tenhunen and 

coworkers in seminal papers where they characterized the enzyme HO and its cellular locali-
zation [1, 2]. HO is the rate-limiting enzyme in heme catabolism. In mammals, there are two 
major isozymes of HO: the inducible form HO-1 and the constitutively expressed form HO-2. 
Expression of HO-1 occurs at low levels in most tissues under normal conditions with the 
exception of 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, CD4+/CD25+ regulatory T cells). HO-2 is constitutively expressed in mammalian 
tissues under physiological conditions, with the highest levels found in brain and testes. The 
molecular masses for HO-1 and HO-2 are 32 and 36 kDa, respectively. In mammalian cells, 
HO-1 and HO-2 are mainly associated with endoplasmic reticulum. HO-1 is also reported to 
localize to distinct subcellular compartments, including plasma membrane caveolae, mito-
chondria, and nuclei. A putative third isozyme of HO, namely, HO-3 is reported to be ex-
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pressed in rat tissues. However, the in vivo significance of this putative isozyme in mamma-
lian systems is unclear. In humans, HO-1 and HO-2 are localized on chromosomes 22q13.1 
and 16p13.3, respectively. 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. 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 ferrous ion 
(Fe2+) and carbon monoxide (CO). This reaction requires molecular oxygen as well as reduc-
ing equivalents derived from NADPH cytochrome P450 reductase. The HO-catalyzed reac-
tion displays regiospecificity for the heme molecule such that only the -isomer of biliverdin 
is produced. The biliverdin formed is subsequently reduced to bilirubin by biliverdin reduc-
tase (Figure 15-1) [3, 4].  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Figure 15-1. Heme oxygenase (HO)-catalyzed degradation of heme. As illustrated, HO catalyzes the 
degradation of heme to form biliverdin along with the release of carbon monoxide (CO) and iron. 
Biliverdin is further converted to bilirubin by biliverdin reductase (BR). NADPH serves as the electron 
donor for both HO- and BR-catalyzed reactions. 

 
 
The biological activities of HO isozymes are largely determined by their biochemical 

properties, which include the follows.  
 
 Degradation of heme  
 Formation of biliverdin  
 Formation of bilirubin  
 Production of carbon monoxide  
 Release of iron  
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Since heme is a pro-oxidant, its degradation by HO minimizes oxidative stress induced 
by excess heme. Both biliverdin and bilirubin possess antioxidant activities as well as other 
cytoprotective functions, such as anti-inflammation and antiproliferation (see Chapter 19 for 
discussion of bilirubin). Carbon monoxide is also known to exert anti-inflammatory, antipro-
liferative, and vasodilatory activities [5]. Due to the pro-oxidant activity of iron (e.g., partici-
pation in Fenton reaction, leading to the formation of hydroxyl radical, the most reactive 
species formed in biological systems), the iron released from HO-catalyzed reaction would 
seem to lead to detrimental effects. However, elevation of HO activity and release of iron are 
usually associated with concurrent induction of ferritin, an iron-chelating protein (see Chapter 
18 for discussion of ferritin). Induction of ferritin thus minimizes the pro-oxidant potential of 
the released iron. The reaction products biliverdin, bilirubin, and carbon monoxide primarily 
mediate the antioxidative and anti-inflammatory activities of the HO isozymes under various 
disease conditions. Recent work has identified HO-1 and its gaseous product, carbon monox-
ide to also possess potent proangiogenic properties [6, 7]. There is also evidence suggesting 
that HO-2 may act as an intracellular sensor of oxygen, nitric oxide, and carbon monoxide in 
mammalian systems [8]. 

 
 

2.2. Molecular Regulation 
 
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 inflamma-
tory cytokines [3, 4].  

A number of 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. 
Consistent with the involvement of diverse signaling cascades in the induction of HO-1 gene 
expression, the promoter region of HO-1 contains a wide variety of regulatory elements for 
transcription factors, among which are AP-1, NF- B, Nrf2, and hypoxia-inducible factor-1 
(HIF-1). Evidence also suggests that HO-1 protein localized in nuclei may activate transcrip-
tion factors (e.g., AP-1) important in oxidative stress [9]. It is thought that nuclear localization 
of HO-1 protein may serve to upregulate genes that promote cytoprotection against oxidative 
stress. The exact molecular mechanisms underlying HO-1-mediated transcriptional regulation 
remain to be elucidated. 

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 
revealed that the glucocorticoid response element (GRE) is the only functional responsible 
element in the promoter region of HO-2 gene [8]. Although HO-2 is constitutively expressed, 
it expression is subject to redox regulation. In addition, there is a direct protein-protein inte-
raction between HO-2 and HO-1 [10]. Furthermore, it has been shown that HO-2 can down-
regulate the expression of HO-1, thereby directing the coordinated expression of HO-1 and 
HO-2 [11].  
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3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

Various experimental approaches have been utilized to investigate the biological func-
tions of both HO-1 and HO-2 enzymes. 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. Among these various approaches, genetically manipu-
lated mouse models have been extensively employed, and have provided the most convincing 
evidence on the role of HO-1 and HO-2 enzymes in particular disease conditions. In contrast, 
although the above chemical inducers or inhibitors of HO exhibit certain selectivity for HO 
activity, the results should be interpreted with caution due to other potential effects of these 
chemical agents.  

 
3.1.2. Role in Cardiovascular Diseases 

HO-1 is one of the best characterized antioxidants proven to be effective in ameliorating 
cardiovascular pathophysiology associated with oxidative and inflammatory stress in animal 
models. The cardiovascular disorders in which HO-1 plays a beneficial role include hyperten-
sion, atherosclerosis, myocardial ischemia-reperfusion injury, cardiac transplantation, and 
heart failure. These well-documented cardiovascular protective effects of HO-1 in experimen-
tal animals have been reviewed extensively [12-16].  

HO-2 is constitutively expressed in myocardium and vasculature. Multiple studies also 
suggest a potential protective role for HO-2 in cardiovascular pathophysiology. HO-2 is 
shown to regulate vascular tone, and deletion of HO-2 causes endothelial cell dysfunction and 
increased blood pressure in experimental models [17-19]. However, a recent study reports 
that targeted disruption of HO-2 in mice does not aggravate hypertension induced by either 
chronic infusion of angiotensin II or inhibition of nitric oxide by N(G)-nitroarginine methyl 
ester [20]. Hypoxemia is found to induce HO-2 protein expression in myocardium of mice 
[21]. But, the role of HO-2 in myocardial ischemia-reperfusion injury as well as atherosclero-
sis has not been documented in the literature. Hence, the function of HO-2 in cardiovascular 
diseases remains to be further determined. 

 
3.1.3. Role in Diabetes and Metabolic Syndrome 

Upregulation of HO-1 by chemical inducers (e.g., hemin, tin chloride, cobalt protopor-
phyrin) attenuates hyperglycemia and insulin resistance, and protects against diabetic compli-
cations in various animal models of diabetes [22-25]. In line with these in vivo observations, 
overexpression of HO-1 is found to protect cultured pancreatic -cells from apoptosis caused 
by prodiabetic stimuli, including inflammatory cytokines [26]. There is also evidence sup-
porting a beneficial role of HO-2 in diabetes and metabolic syndrome in experimental ani-
mals. For instance, HO-2-null mice are shown to be obese, display insulin resistance, and 
have high blood pressure [19]. HO-2-deficient mice are also more susceptible to streptozoto-
cin-induced diabetes, diabetic nephropathy, and oxidative stress. The diabetic nephropathy in 
these HO-2-deficient mice can be ameliorated by induction of HO-1 activity via treatment 
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with cobalt protoporphyrin, suggesting a complementary function of HO-1 and HO-2 in pro-
tecting against experimental diabetes [27]. 

 
3.1.4. Role in Neurological Diseases 

HO-2 is highly expressed in brain and cerebral vessels, and has been extensively studied 
in regard to neuroprotection. Substantial evidence supports that HO-2 plays a protective role 
in various neurological disorders, including focal cerebral ischemic injury, injury due to intra-
cerebral hemorrhage, traumatic brain and spinal cord injury, and neurodegenerative disorders 
in animal models. In addition, HO-1 is also found to be neuroprotective. 

 
3.1.4.1. CEREBRAL INJURY DUE TO ISCHEMIA AND HEMORRHAGE 
Targeted disruption of HO-2 in mice leads to exacerbation of infarct volume after middle 

cerebral artery occlusion [28]. Infusion of tin protoporphyrin IX, an HO inhibitor, increases 
infarct volume in wild-type mice but not in HO-2-null mice. It is further shown that the great-
er infarct volume in HO-2-null mice is not attributable to a larger volume at risk, lower intrai-
schemic blood flow, or poor reflow, but rather to a neuroprotective effect of HO-2 activity 
[28]. Indeed, overexpression of HO-2 in neurons protects these cells from oxidative injury 
[29]. Transgenic overexpression of HO-1 in mice has been demonstrated to be neuroprotec-
tive in a model of permanent middle cerebral artery occlusion [30]. Stimulation of HO-1 ac-
tivity by pharmacological agents also suppresses ischemic injury during the acute period of 
stroke in experimental animals. Consistently, overexpression of HO-1 in neuronal cells is 
found to protect these cells from toxicity elicited by oxidative insults, including ROS and 
heme.  

Genetic deletion of HO-2 renders cultured neurons more vulnerable to hemin-induced cy-
totoxicity. Consistently, HO-2 knockout mice exhibit increased brain injury volume and wor-
sened neurological functions following exposure to free heme liberated from hemorrhage 
[31]. While these in vitro and in vivo findings demonstrate that HO-2 is a crucial neuroprotec-
tive enzyme in detoxifying high levels of heme in the brain following intracerebral hemorr-
hage, other studies suggest a detrimental effect of HO-2 as well as HO-1 in intracerebral 
hemorrhage [32, 33]. Thus, further work is needed to determine the exact role of HO-2 in 
intracerebral hemorrhage-elicited brain injury. 

 
3.1.4.2. TRAUMATIC BRAIN AND SPINAL CORD INJURY 
Increased formation of ROS/RNS and oxidative stress are implicated in the pathogenesis 

of traumatic brain injury. The role of HO-2 in attenuating traumatic brain injury has been stu-
died in HO-2-deficient mice. Gene knockout of HO-2 in mice aggravates early pathogenesis 
after traumatic injury to the immature brain, as evidenced by markedly increased apoptosis in 
the hippocampal dentate gyrus and a greater cortical lesion volume in the knockouts relative 
to wild-type counterparts within the first week post-injury [34]. In a controlled cortical impact 
traumatic brain injury model of adult mice, targeted disruption of HO-2 is found to exacerbate 
lipid peroxidation-mediated neuron loss and impaired motor recovery. This suggests that the 
constitutively expressed neuronal HO-2 may protect neurons against traumatic brain injury by 
reducing lipid peroxidation via the catabolism of free heme [35]. Studies using heterozygous 
HO-1-deficient (HO-1+/-) mice also demonstrate that HO-1 can stabilize the blood-spinal cord 
barrier and limit oxidative stress and white matter damage in acutely injured murine spinal 
cord [36]. 
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3.1.4.3. NEURODEGENERATIVE DISEASES 
There is ample evidence showing a beneficial involvement of HO isozymes, especially 

HO-1 in neurodegenerative disorders, including Alzheimer’s disease and Parkinson’s disease. 

Early studies demonstrated that amyloid precursor proteins bind to HO, inhibit the HO activi-
ty, and decrease bilirubin formation in animal models [37]. The amyloid precursor protein-
HO interactions are also associated with augmented oxidative neurotoxicity, an important 
event in Alzheimer’s disease. Subsequently, exogenous administration of HO-1 protein has 
been shown to augment the phagocytosis and clearance of A  peptides in rat and mouse mi-
croglia. Overexpression of HO-1 in neuronal cells also leads to decreased levels of tau protein 
[38]. These in vivo and in vitro observations suggest that HO-1 acts as a protective molecule 
in the pathophysiological process of Alzheimer’s disease.  

Adenovirus-mediated HO-1 gene transfer has been reported to protect dopaminergic neu-
rons from 1-methyl-4-phenylpyridinium (MPP+)-induced neurotoxicity, a commonly used 
experimental model of parkinsonism [39]. The inflammatory stress in substantia nigra in-
duced by MPP+ is diminished by HO-1 overexpression. In contrast, inhibition of HO enzy-
matic activity by zinc protoporphyrin-IX aggravates MPP+-elicited parkinsonism in mice. In 
addition, overexpression of HO-1 in cultured dopaminergic neurons also renders these cells 
resistant to MPP+-induced neurocytotoxicity [39]. Moreover, HO-1 is found to protect mouse 
brain from glutamatergic excitotoxicity [40], an important mechanism underlying neurodege-
nerative disorders, including Parkinson’s disease. Together, these in vitro and in vivo data 
support a beneficial effect of HO-1 in experimental parkinsonism.  

 
3.1.5. Role in Pulmonary Diseases 

Substantial evidence suggests a critical role for HO-1 in various pulmonary disorders in-
volving oxidative stress and inflammation [41]. These include hyperoxic lung injury, lung 
ischemia-reperfusion injury, airway inflammation, and drug-induced pulmonary toxicity. 

 
3.1.5.1. HYPEROXIC LUNG INJURY 
Overexpression of HO-1 in lung tissue via intratracheal adenovirus-mediated gene trans-

fer markedly attenuates hyperoxia-induced pulmonary injury, as evidenced by decreased lung 
inflammation and apoptosis as well as improved survival [42]. In line with the in vivo obser-
vations, overexpression of HO-1 in lung epithelial cells protects these cells from oxidative 
injury. However, targeted disruption of HO-1 in mice is reported to render these animals more 
resistant to hyperoxia-induced lung oxidative stress and mortality as compared with wild-type 
animals [43]. Deletion of HO-1 gene is also associated with decreased lung reactive iron and 
iron-associated proteins. It remains unclear why HO-1 overexpression and gene knockout 
studies yield opposite conclusions on the role of HO-1 in hyperoxic lung injury. Evidence 
from in vivo models implicates a potential toxic threshold for HO-1 overexpression related to 
iron accumulation. For instance, hyperoxia sensitivity is observed at high levels of HO-1 
overexpression, whereas hyperoxia resistance is seen at moderate levels of transient overex-
pression of HO-1 in experimental animals [41]. 

 
3.1.5.2. LUNG ISCHEMIA-REPERFUSION INJURY 
Lung ischemia-reperfusion injury is the inciting event in acute lung failure following 

transplantation, surgery, and shock. It is reported that HO-1-null mice are much more suscept-
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ible to lung ischemia-reperfusion injury as compared with wild-type littermates. HO-1-null 
mice exhibit lethal ischemic lung injury, but are rescued from death by inhaled carbon mo-
noxide [44]. Intranasal administration of siRNA targeting HO-1 results in selective knock-
down of lung HO-1 and exacerbation of ischemia-reperfusion-induced lung cell apoptosis in 
mice [45]. Together, these findings demonstrate a beneficial effect of HO-1 in lung ischemia-
reperfusion injury.  

 
3.1.5.3. AIRWAY INFLAMMATION 
The increasing recognition of the anti-inflammatory activity of HO-1 has led to extensive 

studies on this enzyme in protecting against airway inflammation. Induction of HO-1 by he-
min markedly attenuates allergen-induced airway inflammation, oxidative stress, and hyper-
reactivity in guinea pigs and mice [46, 47]. Conversely, inhibition of HO activity by 
metalloporphyrins aggravates the above pathophysiological responses in animal models of 
airway inflammation. Carbon monoxide, one of the products of HO-catalyzed degradation of 
heme (Scetion 2.1), is also shown to attenuate airway inflammation and hyperreactivity in 
experimental animals.  

 
3.1.5.4. DRUG-INDUCED PULMONARY TOXICITY 
Lung fibrosis represents one of the most serious adverse effects of drugs, such as bleo-

mycin. Adenovirus-mediated HO-1 gene transfer is shown to protect against bleomycin-
induced pulmonary fibrosis in a mouse model. The protection is associated with decreased 
epithelial cell apoptosis and increased interferon- production, and is independent of Fas-Fas 
ligand pathway [48]. Paradoxically, treatment of mice with the HO inhibitor, zinc-
deuteroporphyrin IX-2,4-bisethylene glycol is reported to attenuate bleomycin-induced lung 
fibrosis and production of transforming growth factor-  [49]. This observation apparently 
conflicts with that of the aforementioned HO-1 gene transfer study. As stated above in Sec-
tion 3.1.1, pharmacological inhibitors of HO may also exert other potential actions, which can 
confound the effects due to HO inhibition.  

 
3.1.6. Role in Hepatic and Gastrointestinal Diseases 

HO-1 plays a role in protecting against various liver and gastrointestinal diseases in ani-
mal models. Among them are liver ischemia-reperfusion injury, liver injury from systemic 
inflammatory response syndrome, drug/xenobiotic-induced hepatotoxicity, nonalcoholic fatty 
liver disease, and colitis.  

 
3.1.6.1. LIVER INJURY FROM ISCHEMIA-REPERFUSION AND SYSTEMIC INFLAMMATORY 

RESPONSE SYNDROME 
Either gene transfer or chemical induction of HO-1 protects liver from ischemia-

reperfusion injury, as evidenced by prolonged animal survival, attenuated oxidative and in-
flammatory stress, and decreased apoptosis of hepatocytes [50, 51]. On the other hand, sup-
pression of HO enzyme activity leads to potentiation of liver ischemia-reperfusion injury and 
oxidative and inflammatory stress in experimental animals. Adenovirus-mediated gene trans-
fer of HO-1 also attenuates hepatocellular injury and liver dysfunction caused by systemic 
inflammatory response syndrome, supporting a potent anti-inflammatory activity of HO-1 in 
liver injury [52].  
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3.1.6.2. HEPATOTOXICITY AND OXIDATIVE STRESS 
The antioxidative and anti-inflammatory activities of HO-1 are also implicated in hepato-

protection against drug/xenobiotic-induced toxicity [53-55]. Overexpression of HO-1 in liver 
either by gene transfer or chemical induction results in attenuation of hepatotoxicity induced 
by acetaminophen, carbon tetrachloride, alcohol, and heavy metals. It is noted that hepatotox-
icity induced by the above insults involves oxidative and inflammatory stress mechanisms. 
These findings support an important function of HO-1 in protecting hepatocytes from oxida-
tive and inflammatory stress in experimental animals. Recently, hepatocyte-specific deletion 
of HO-1 is found to cause oxidative stress in the absence of exogenous stressors, indicating a 
critical role for HO-1 in maintaining the redox homeostasis of hepatocytes under basal physi-
ological conditions [56]. 

 

3.1.6.3. NONALCOHOLIC FATTY LIVER DISEASE AND INFLAMMATORY BOWEL DISEASE 
There is evidence for a protective effect of HO-1 in experimental steatohepatitis, a severe 

form of nonalcoholic fatty liver disease. It is further found that the protection by HO-1 results 
from decreased production of proinflammatory cytokines and modulation of fatty acid turno-
ver [57]. Studies using various models of murine colitis also demonstrate a crucial role for 
HO-1 in attenuating colonic inflammation and mucosal injury. In this context, the products 
derived from HO-mediated catabolism of heme, including bilirubin, carbon monoxide, and 
biliverdin have all been shown to be protective against experimental murine colitis [58, 59]. 
Upregulation of HO-1 by pharmacological agents also contributes to the inhibition of experi-
mental colitis in animal models. These findings point to the feasibility of developing thera-
peutic modalities for inflammatory bowel disease via targeting HO-1 in the gut [60-62]. 

 
3.1.7. Role in Renal Diseases 

While the basal levels of HO-1 in renal tissue are relatively low, constitutive expression 
of HO-2 is detectable in various cell populations of kidney. There is increasing experimental 
evidence for an important cytoprotective role of HO isozymes, especially HO-1 in diverse 
forms of kidney diseases. These include renal ischemia-reperfusion injury and kidney trans-
plantation, nephrotoxicity induced by drugs/xenobiotics, diabetic nephropathy, kidney injury 
induced by systemic inflammatory response syndrome, and obstructive kidney disease [63, 
64]. Notably, increased renal expression of HO-1 is often observed under the above disease 
conditions, implicating a possible compensatory mechanism of HO-1 induction in protecting 
against the disease pathophysiology.  

 
3.1.7.1. RENAL ISCHEMIA-REPERFUSION INJURY AND KIDNEY TRANSPLANTATION 
Using genetic mouse models and gene transfer of HO-1, extensive studies have estab-

lished a critical involvement of HO-1 in protecting against ischemia-reperfusion-induced ren-
al cell death, inflammation, and oxidative stress [64]. Expression of HO-1 or administration 
of carbon monoxide and biliverdin has also been causally linked to prolonged xenograft sur-
vival in animal models of kidney transplantation [65-67].  

 
3.1.7.2. DRUG-INDUCED NEPHROTOXICITY AND DIABETIC NEPHROPATHY 
Studies in animal models with either overexpression or suppression of HO-1 demonstrate 

that HO-1 is a critical cytoprotector against nephrotoxicity induced by cisplatin, an effective 
anticancer drug whose clinical use is limited by nephrotoxicity [68, 69]. There is also evi-
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dence suggesting a protective activity of HO-1 in kidney injury induced by cyclosporine A 
and radiocontrast agents.  

Both HO-1 and HO-2 have been implicated in diabetic nephropathy. It is shown that HO-
2 deficiency (HO-2-/-) in mice aggravates diabetes-mediated renal dysfunction and oxidative 
stress, as reflected by increased levels of plasma creatinine, acute tubular damage, microvas-
cular pathology, and augmented superoxide production. Upregulation of HO-1 by administra-
tion of cobalt protoporphyrin prevents the above pathophysiological changes, whereas 
inhibition of HO activity by treatment with tin mesoporphyrin accentuates the renal injury in 
the HO-2-deficient diabetic mice [27]. These observations indicate an important function for 
both HO-1 and HO-2 in suppressing diabetic nephropathy and associated oxidative stress in 
experimental animals. 

 
3.1.7.3. RENAL INJURY FROM SYSTEMIC INFLAMMATORY RESPONSE SYNDROME AND 

URETERAL OBSTRUCTION 
On the one hand, deficiency of HO-1 in mice impairs renal hemodynamics and aggra-

vates systemic inflammatory responses to renal ischemia-reperfusion [70]. On the other hand, 
it is shown that as compared with wild-type counterparts, HO-1-deficient mice are much more 
susceptible to renal cell apoptosis, kidney dysfunction, and inflammation caused by systemic 
inflammatory response syndrome [71]. Both scenarios point to HO-1 as a potent anti-
inflammatory defense in kidney injury. 

Targeted disruption of HO-1 in mice is reported to promote epithelial-mesenchymal tran-
sition and renal fibrosis following unilateral ureteral obstruction [72]. HO-1 deficiency also 
results in increased formation of tubular transforming growth factor- 1 and augments in-
flammation in the above mouse model of obstructive kidney disease.  

 
3.1.8. Role in Skin Diseases 

Skin is constantly exposed to both endogenous and environmental oxidants and proin-
flammatory stimuli. Oxidative stress and inflammation are critical mechanisms underlying 
various human skin disorders, including dermatitis. Multiple studies show that overexpression 
of HO-1 via chemical induction attenuates contact dermatitis elicited by different sensitizers 
in animal models, whereas inhibition of HO-1 activity potentiates the dermatitis [73-75]. It is 
further found that HO-1 inhibits T cell-dependent skin inflammation and the function of anti-
gen-presenting cells [76]. Consistent with a protective effect of HO-1 in skin inflammation 
and dermatitis, this enzyme is often found to be highly induced in the epidermis during der-
matitis in experimental animals.  

HO-1 is also remarkably elevated in epidermis after skin wounding in animal models. In-
hibition of HO activity by tin protoporphyrin-IX results in retardation of cutaneous wound 
closure [77]. Healing is also delayed in HO-1-deficient mice, in which lack of HO-1 leads to 
complete suppression of reepithelialization and thereby the formation of extensive skin le-
sions, accompanied by impaired neovascularization. Transgenic overexpression of HO-1 se-
lectively in keratinocytes improves the neovascularization and hastens the closure of wounds. 
It is further demonstrated that induction of HO-1 in wounded skin tissue is relatively weak in 
diabetic (db/db) mice. Angiogenesis and wound healing are also impaired in these diabetic 
animals. Local delivery of HO-1 transgene using adenoviral vectors promotes wound healing 
and increases the vascularization in these diabetic mice [77]. Together, these data strongly 
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support a critical function of HO-1 in skin wound healing and vascularization. The promoting 
activity of HO-1 in angiogenesis may also have implications for tumor growth and progres-
sion, as discussed in the next section. 

 
3.1.9. Role in Cancer 

Recently, increasing evidence suggests that HO-1 may play a role in cancer development 
via influencing multiple processes. These include cancer cell growth, angiogenesis, metasta-
sis, resistance to drug therapy, and chemical carcinogenesis [6].  

 
3.1.9.1. CANCER CELL GROWTH 
HO-1 overexpression is frequently observed in various types of cancer, and its expression 

also correlates with the rate of cancer cell proliferation. In cell cultures, overexpression of 
HO-1 leads to increased cell proliferation and decreased apoptosis, whereas suppression of 
HO-1 reverses the proproliferative effect. High levels of HO-1 expression resulting either 
from chemical induction or genetic manipulation are shown to also promote the growth of 
various types of tumors in experimental animals, including pancreatic cancer, melanoma, an-
gioma, hepatocellular carcinoma, and prostate cancer [78-82]. Conversely, inhibition of HO-1 
decreases the tumor growth in the animal models.  

 
3.1.9.2. ANGIOGENESIS AND CANCER METASTASIS 
Angiogenesis, formation of new blood vessels from pre-existing ones, plays a critical role 

in tumor growth and progression. There is substantial in vitro and in vivo evidence showing 
that HO-1 possesses potent proangiogenic properties, which may be an important mechanism 
underlying the tumor-promoting activities of this enzyme [6, 7]. The proangiogenic properties 
of HO-1 may also contribute to tumor progression and metastasis mediated by HO-1 expres-
sion, as angiogenesis is essential not only for tumor growth, but also for metastasis.  

 
3.1.9.3. CANCER DRUG RESISTANCE 
The ability of HO-1 to protect cells from various stressors, including cytotoxic com-

pounds implicates that this enzyme may also be involved in tumor cell resistance to chemo-
therapy. Indeed, chemical inhibition or targeted knockdown of HO-1 increases the sensitivity 
of tumor cells to anticancer drugs, whereas upregulation of HO-1 protects these cells from 
anticancer drug-induced cytotoxicity. In line with the in vitro observations, studies in animal 
models of cancer demonstrate that inhibition of HO-1 improves the survival of cancer-bearing 
animals after treatment with anticancer drugs. Conversely, overexpression of HO-1 renders 
the tumor cells more resistant to anticancer drugs, and thereby decreases the effectiveness of 
chemotherapy [6]. As such, suppression of HO-1 has been suggested as a potential approach 
to sensitizing cancer cells to chemotherapy [6, 83].  

 
3.1.9.4. CHEMICAL CARCINOGENESIS 
While a growing body of evidence indicates a role for HO-1 in promoting tumor growth 

and progression in a variety of animal models, the involvement of HO-1 in chemical carcino-
genesis remains unclear. On the one hand, HO-1 acts as a cytoprotective protein in healthy 
tissues exposed to harmful stimuli, including chemical carcinogens, and may thus protect 
against chemical carcinogenesis. On the other hand, the antiapoptotic and proproliferative 
properties of HO-1 may facilitate tumor promotion and progression during multistage chemi-
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cal carcinogenesis. The exact role of HO-1 in chemical carcinogenesis awaits further investi-
gations using HO-1 gene knockout and overexpression animal models. 

 
3.1.10. Role in Other Diseases and Conditions 

As an important defense against oxidative and inflammatory stress, HO enzymes have al-
so been implicated in protecting against various other disease processes. These include ane-
mia [84], arthritis [85], viral and parasitic infections [86-88], sepsis [89], eye disorders [90], 
sickle cell disease [91], and reproductive disorders [92] .   

 
 

3.2. Human Studies and Clinical Perspectives 
 
Our understanding of the role of HO enzymes, particularly HO-1 in human health and 

disease, results from studies in three general areas. They are (1) case reports of HO-1 defi-
ciency, (2) observational studies on HO-1 changes in tissue samples of patients with various 
disease conditions, and (3) HO-1 gene polymorphism studies in human populations in relation 
to changes in disease risk.  

 
3.2.1. HO-1 Deficiency 

The first human case of HO-1 deficiency due to deletion of exons 2 and 3 was reported 
by A. Yachie and coworkers in 1999 [93]. This patient 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 
has been shown to be highly vulnerable to oxidative stress injury as compared with normal 
human cells. Notably, growth retardation, anemia, iron deposition, and vulnerability to oxida-
tive stress injury found in this patient are all characteristics observed in mice lacking HO-1 
(HO-1-/-) [84].  

 
3.2.2. HO-1 Activity in Diseased Tissues 

HO-1 activity is often induced in tissue samples from patients with various disorders, in-
cluding cardiovascular diseases, neurodegeneration, pulmonary diseases, and cancer. Howev-
er, such observations do not allow us to discriminate whether HO-1 upregulation is a cause, a 
consequence, or an accompanying phenomenon of the disease pathophysiology. Nevertheless, 
such studies do provide important clues to the possible involvement of HO-1 in human dis-
ease conditions, and necessitate further research to assess the causal role of HO-1 in disease 
processes. 

 
3.2.3. HO-1 Gene Polymorphisms in Non-cancer Diseases 

The involvement of HO-1 in human health and disease has been investigated by analysis 
of clinical data and comparison of HO-1 allele frequency distribution in healthy people versus 
patients. Human HO-1 gene promoter is highly polymorphic, and several polymorphisms are 
shown to modulate the expression of HO-1. HO-1 gene polymorphisms are associated with a 
wide range of disease conditions involving almost all the major human organs or systems. 
Although some studies report lack of an association between HO-1 gene polymorphisms and 
risk of developing certain diseases, overwhelming evidence supports the notion that HO-1 
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may play an important role in protecting against human diseases that involve mechanisms of 
oxidative stress and inflammation [94-101]. Studies on HO-1 gene polymorphism may help 
identify human subpopulations susceptible to developing certain diseases, and may thus pro-
vide a rational basis for devising effective strategies for disease intervention in the high risk 
subgroups. 

 
3.2.4. HO-1 Gene Polymorphisms in Cancer 

Gene polymorphism studies have also provided important insights into the role of HO-1 
in human cancer development. Multiple reports demonstrate that polymorphisms leading to 
lower HO-1 expression are linked to higher incidence of cancers, including lung adenocarci-
noma and oral squamous cell carcinoma associated with use of tobacco products, as well as 
gastric adenocarcinoma [102-105]. Conversely, polymorphisms leading to increased HO-1 
expression are associated with decreased risk of developing oral squamous cell carcinoma as 
well as a lower tumor recurrence and better relapse-free survival [104]. However, the role of 
HO-1 gene polymorphisms in carcinogenesis may depend on the types of cancer. For exam-
ple, polymorphisms leading to increased HO-1 expression are found to be associated with 
increased risk of malignant melanoma [106]. This suggests that higher levels of HO-1 expres-
sion may facilitate the growth and progression of malignant melanoma, which is in line with 
the observations made in the mouse melanoma model. Polymorphisms leading to increased 
HO-1 expression are also associated with increased risk of gastrointestinal stromal tumor as 
well as higher tumor recurrence rates and shorter survival [107]. Hence, the exact function of 
HO-1 in human cancer development varies with cancer types. Further elucidation of the pre-
cise role of HO-1 in various types of human cancer will facilitate the development of effec-
tive strategies targeting HO-1 (either upregulation or downregulation of HO-1 depending on 
the types of cancer) in cancer therapy. 

 
 

4. Conclusion and Future Directions 
 
HO enzymes, particular 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. HO-1 may 
play a dual role (inhibitory or promoting) in cancer development depending on the types of 
cancer. In line with the experimental findings, studies in human subjects also point to an im-
portant involvement of HO-1 in many disease conditions. Future efforts should focus on fur-
ther elucidation of the precise role of HO enzymes, including both HO-1 and HO-2 in cancer 
as well as other common human diseases, and addressing how to translate the current disco-
veries on HO enzymes into new therapeutic and/or preventive modalities to combat human 
diseases.  
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Chapter 16 
 
 

NAD(P)H:Quinone Oxidoreductase  
 
 

Abstract 
 

NAD(P)H:quinone oxidoreductase (NQO) refers to a family of flavoproteins that 
catalyze the two-electron reduction of quinones and derivatives. In mammas, there are 
two members, namely, NQO1 and NQO2. NQO1 uses NAD(P)H whereas NQO2 em-
ploys dihydronicotinamide riboside (NRH) as the electron donors. In addition to the well-
recognized function in metabolizing quinones and preventing formation of reactive oxy-
gen species, NQO enzymes also possess other important activities. These include anti-
inflammatory effects, direct scavenging of superoxide, stabilization of p53 and other tu-
mor suppressors, and acting as a melatonin-binding site to mediate the biological func-
tions of this neurohormone. Studies in animal models have demonstrated an important 
role for NQO enzymes in protecting against various pathophysiological processes, in-
cluding chemical toxicity, carcinogenesis, and cardiovascular injury. Functional gene po-
lymorphisms are identified in both human NQO1 and NQO2 genes. Studies on the 
association between NQO gene polymorphisms and susceptibility to disease development 
suggest a beneficial involvement of NQO enzymes in a number of human disorders, es-
pecially cancer.  
 
 

1. Overview 
 
NAD(P)H:quinone oxidoreductase (NQO) refers to a family of flavoproteins that include 

two members, namely, NQO1 and NQO2 in mammals. NQO1 and NQO2 strand 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. 
Hence, using the general term NAD(P)H:quinone oxidoreductase to refer to NQO2 is not ac-
curate. NQO1 was discovered in rat liver and named DT-diaphorase by L. Ernster and F. Na-
vazio in 1958. NQO1 and NQO2 catalyze two-electron reduction of various quinones and 
derivatives. As described below, these two enzymes also possess other novel biological ac-
tivities. NQO1 and NQO2 are cytosolic enzymes with a molecular mass of 31 and 25 kDa, 
respectively. They are widely distributed in mammalian tissues though the highest levels are 
usually found in liver. In humans, NQO1 and NQO2 are localized on chromosomes 16q22.1 
and 6pter-q12, respectively.  
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2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
The biochemical properties of NQO enzymes are summarized as follows.  
 
 Two-electron reduction and detoxification of quinone compounds and derivatives 
 Maintenance of -tocopherol and ubiquinone in their reduced and active forms  
 Direct scavenging of superoxide 
 Stabilization of the tumor suppressor p53 protein and other tumor suppressors 
 As a gatekeeper of the 20S proteasome 
 Binding to melatonin 

 
2.1.1. Two-Electron Reduction of Quinones and Derivatives 

Both NQO1 and NQO2 catalyze 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 oth-
er enzymes, such as 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 16-1). 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, nitroaromat-
ics, and azo dyes. 

 
 

Figure 16-1. NAD(P)H:quinone oxidoreductase (NQO) enzyme-catalyzed two-electron reduction of 
quinones. As illustrated, NQO enzymes catalyze two-electron reduction of quinones to hydroquinones. 
This prevents quinones from undergoing one-electron reduction catalyzed by enzymes, such as 
cytochrome P450 reductase (PR). One-electron reduction of quinones leads to the formation of 
semiquinone radicals, which reduce oxygen to superoxide (O2

.-), leading to the formation of other 
reactive oxygen species, such as hydrogen peroxide (H2O2) and hydroxyl radical (.OH). 
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2.1.2. Maintenance of Endogenous Antioxidants -Tocopherol and 

Ubiquinone 

NQO1 is thought to help maintain certain endogenous antioxidants in their reduced and 
active forms. Both ubiquinone (coenzyme Q) and -tocopherol-quinone, two important lipid-
soluble antioxidants are substrates for NQO1 in vitro. NQO1 catalyzes two-electron reduction 
of ubiquinone and -tocopherol-quinone to their hydroquinone forms, which then protect 
against lipid peroxidation of membranes.  

 
2.1.3. Scavenging of Superoxide 

It is well-known that both NQO1 and NQO2 prevent ROS formation from quinone redox 
cycling. In addition, NQO1 also directly scavenges superoxide in an NAD(P)H-dependent 
manner [1]. This effect may be particularly significant in tissues, such as vasculature, where 
NQO1 is highly expressed [2].  

 
2.1.4. 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 is shown to play an 
important role in stabilizing p53 protein via processes including protein-protein interaction 
that prevents ubiquitin-independent degradation of p53 by 20S proteasome [3, 4]. Stabiliza-
tion of p53 protein by NQO1 may contribute to the protective role of NQO1 in carcinogenesis 
(see Sections 3.1.4 and 3.2.2 for more discussion). In addition to p53, NQO1 also regulates 
the ubiquitin-independent 20S proteasomal degradation of p73  and p33, two other tumor 
suppressors [5, 6].  

 
2.1.5. As a Gatekeeper of the 20S Proteasome 

It has been demonstrated that in murine liver tissue majority of NQO1 is associated with 
the 20S proteasome, and NQO1 may function as a gatekeeper for protein degradation through 
the 20S proteasome. More recently, NQO1 is found to protect eukaryotic translation initiation 
factor (eIF) 4GI from proteasomal degradation, and as such may participate in the regulation 
of translation [7].  

 
2.1.6. Binding to Melatonin 

NQO2 has a melatonin-binding site, and as such may mediate some of the biological ac-
tivities of melatonin, such as the antioxidant effects [8, 9]. However, the exact biological sig-
nificance of the binding of melatonin to NQO2 remains to be elucidated. 

 
 

2.2. Molecular Regulation 
 
NQO1 is highly inducible by a wide variety of chemical inducers, including oxidants, 

electrophiles, and phenolic compounds. It is well-recognized that Keap1/Nrf2/ARE pathway 
plays a central role in regulating the gene expression of mammalian NQO1 [10, 11]. Here 
ARE refers to antioxidant response element. Indeed, there are multiple AREs in the promoter 
region of mammalian NQO1 gene. Mammalian NQO1 gene promoter also contains a func-
tional xenobiotic response element (XRE), and arylhydrocarbon receptor (AhR) via binding 
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to XRE is crucially involved in the induction of NQO1 gene expression by xenobiotics, such 
as 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD). There is also evidence suggesting that 
Nrf2/ARE and AhR/XRE coordinate in the regulation of NQO1 expression in mammalian 
tissues [10].  

NQO2 expression is also responsive to a variety of xenobiotics, and NQO2 gene expres-
sion is coordinately induced with NQO1 in response to xenobiotics and antioxidants. Nucleo-
tide sequence analysis of mammalian NQO2 gene promoter reveals the presence of several 
cis-elements, including the binding sites for SP1, SP3, XRE, and ARE. It has been demon-
strated that SP1 activates whereas SP3 represses the promoter activity of NQO2 gene [12]. A 
recent study shows that human NQO2 gene expression is also upregulated by antioxidants via 
an Nrf2-dependent mechanism [13].  

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

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. In addition, NQO1 and NQO2-
double-knockout mouse model has been generated, and the mice lacking both NQO1 and 
NQO2 are born and reproduced normally. Much of our knowledge on the in vivo biological 
functions of NQO enzymes results from studies using these knockout models.  

In addition to the genetic models, several chemicals have been shown to potently inhibit 
NQO enzyme activity, and as such serve as useful tools for studying the biochemical activi-
ties of NQO enzymes in various cellular systems. For example, dicumarol at micromolar con-
centrations is a commonly used competitive inhibitor of NQO1 in biological systems. 
However, at concentrations that inhibit NQO1 activity, dicumarol may also interfere with 
other cellular enzymes, including the enzyme complexes of the mitochondrial electron trans-
port chain [14]. Recently, a more selective and potent NQO1 inhibitor, namely, ES936 has 
been synthesized and characterized by D. Ross and coworkers [15]. ES936 is a quinone com-
pound and a mechanism-based inhibitor of NQO1 in cellular systems, in which over 90% 
NQO1 activity can be inhibited by this chemical at 100 nM. More recently, a range of triazo-
loacridin-6-ones have been synthesized and evaluated for ability to inhibit NQO1 and NQO2, 
and one of them, NSC66041, is identified as the most potent inhibitor of NQO2 with an IC50 
of 6 nM [16, 17]. Notably, NQO2 is also shown to be inhibited by novel compounds, includ-
ing resveratrol [18, 19], the anti-leukemia drug imatinib [20], and the antimalarial quinolines 
[21, 22]. It is suggested that NQO2 may serve as a unique molecular target of these com-
pounds to mediate their biological activities.  

 
3.1.2. An Overview of the Biological Functions of NQO Enzymes in Animal 

Models 

The biological functions of NQO enzymes are closely associated with their biochemical 
properties as described above in Section 2.1. Based on studies in cell cultures and animal 
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models, the best-recognized biological functions of NQO enzymes are (1) protection against 
quinone compound-induced toxicity and (2) protection against carcinogenesis. In addition, 
studies primarily in NQO knockout animals have suggested that NQO enzymes may also play 
an important role in certain other disease conditions, among which are cardiovascular disord-
ers, lung injury, and autoimmunity. The sections below describe in detail these biological ac-
tivities of NQO enzymes in experimental models. 

 
3.1.3. Role in Chemical Toxicity 

The involvement of both NQO1 and NOQ2 in quinone metabolism has been investigated 
in various in vitro and in vivo studies. 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 littermates [23]. In contrast, NQO2 knockout (NQO2-/-) mice show decreased sensitivity 
to menadione toxicity, suggesting that NQO2 may metabolically activate menadione to cause 
tissue injury [24]. NQO1 deficiency in cultured cells also generally aggravates quinone-
induced cytotoxicity, whereas overexpression of NQO1 usually protects the cells from qui-
none toxicity. Quinones are also reactive metabolites of benzene, and are responsible for he-
matotoxicity induced by this human leukemogen. Targeted disruption of NQO1 in mice 
markedly sensitizes the animals to benzene-induced hematotoxicity and bone marrow toxici-
ty, as assessed by peripheral blood counts and bone marrow histopathology [25]. As de-
scribed below in Section 3.2.2, deficiency of NQO1 in humans also increases the 
susceptibility to benzene-induced leukemias. 

It should be noted that some quinone anticancer drugs, such as mitomycin C can be bio-
activated by NQO1 under hypoxic conditions. This is due to the fact that two-electron reduc-
tion of these anticancer quinone drugs results in the formation of more reactive metabolites 
[26]. This unique mechanism of bioactivation may lead to enhanced and selective tumor kill-
ing because tumor cells usually express higher levels of NQO1 and have lower oxygen con-
centrations than do normal cells. On the other hand, NQO1-mediated bioactivation of 
mitomycin C may also contribute to the adverse effects of this anticancer drug. Indeed, 
NQO1-/- mice show a complete resistance to mitomycin C-induced bone marrow suppression. 
The heterozygous (NQO1+/-) mice also exhibit partial resistance to mitomycin C-induced 
bone marrow toxicity compared with wild-type mice [27]. In cultured cells, NQO2 is also 
able to bioactivate mitomycin C as well as several other quinones [28]. However, targeted 
disruption of NQO2 in mice does not aggravate mitomycin C-induced bone marrow suppres-
sion and hematotoxicity [27]. Thus, NQO1 and NQO2 may exert differential effects on qui-
none metabolism and toxicity in mammalian systems. 

 
3.1.4. Role in Carcinogenesis 

Metabolism of environmental carcinogens leads to the formation of reactive quinones. 
Likewise, quinones are also metabolites of endogenous estrogens, which are implicated in 
estrogen carcinogenesis [29]. Both NQO1-/- and NQO2-/- mice show increased susceptibility 
to skin carcinogenesis induced by environmental carcinogens, including benzo(a)pyrene and 
7,12-dimethylbenz(a)anthracene [30-33]. NQO1-/- mice spontaneously develop myelogenous 
hyperplasia due to decreased apoptosis [34]. In addition, as compared with wild-type mice, 
NQO1-/- mice are much more susceptible to benzene-elicited genotoxicity and radiation-
induced myeloproliferative disease [35]. Targeted disruption of NQO2 in mice also leads to 



Antioxidants in Biology and Medicine  184 

myeloid hyperplasia of bone marrow and increased neutrophils, basophils, eosinophils, and 
platelets in the peripheral blood. It is further shown that decreased apoptosis of bone marrow 
cells and circulating granulocytes contributes to myeloid hyperplasia and hyperactivity of 
bone marrow in NQO2-/- mice [24]. NQO2-/- mice are shown to be highly susceptible to radia-
tion-induced B-cell lymphomas, suggesting that NQO2 may function as an endogenous factor 
in prevention against radiation-induced lymphomas [36].  

Both NQO1 and NQO2 are able to reduce estrogen-derived quinone metabolites, thereby 
protecting cells from these quinone-induced genotoxicity [37, 38]. Estrogen-derived quinones 
have been implicated in breast carcinogenesis. As discussed below, gene polymorphism stu-
dies in humans suggest a protective role for both NQO1 and NQO2 in breast cancer develop-
ment (Section 3.2). Induction of NQO1 by oltipraz, a chemoprotective agent is shown to 
attenuate chemically-induced colon carcinogenesis [39, 40]. Targeted disruption of NQO1 in 
mice also leads to increased oxidative DNA lesions in liver and kidney under basal condi-
tions, indicating that NQO1 may be important in attenuating endogenous oxidative DNA 
damage in vivo [41].  

 
3.1.5. Role in Cardiovascular Diseases and Related Conditions 

NQO1 is a highly expressed antioxidant and anti-inflammatory enzyme in cardiovascular 
cells and tissues under basal conditions [2, 42, 43]. Its expression in cardiovascular system is 
also strongly inducible by various stimuli, including oxidants, reactive aldehydes, homocyste-
ine, cigarette smoke, inflammatory cytokines, sheer force, as well as chemoprotective agents. 
Many of these factors are critically involved in cardiovascular disorders. Overexpression of 
NQO1 in cultured cardiovascular cells protects them not only from oxidative cytotoxicity, but 
also from cytokine-induced proinflammatory responses [44, 45]. A recent study reports that 
activation of NQO1 prevents arterial restenosis by suppressing vascular smooth muscle cell 
proliferation in an animal model of balloon injury of carotid artery [46]. Adenoviral vector-
mediated overexpression of NQO1 in cultured vascular cells attenuates tumor necrosis factor-

-induced endothelial adhesion molecule expression and smooth muscle cell migration [44, 
45]. These in vivo and in vitro data suggest that NQO1 functions as an important protector in 
atherogenesis, and induction of NQO1 in vasculature may thus represent an effective strategy 
for the intervention of vascular disorders.  

NQO1 also plays a 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. Insulin tolerance test de-
monstrates that NQO1-/- mice are insulin-resistant [47]. In rodent models of metabolic syn-
drome, -lapachone-mediated pharmacological stimulation of NADH oxidation by NQO1 is 
shown to dramatically ameliorate obesity and related phenotypes, including glucose intoler-
ance, dyslipidemia, and fatty liver [48]. -Lapachone is a specific and high-affinity substrate 
of NQO1, and able to potently stimulate NADH oxidation by NQO1 in vitro and in vivo [49, 
50]. These observations open the possibility of developing strategies targeting NQO1 for the 
treatment of metabolic syndrome.  

 
3.1.6. Role in Pulmonary Diseases 

As stated above, NQO1 and NQO2 double-knockout (NQO1-/-/NQO2-/-) mice are born 
and reproduced normally. However, the double-knockout mice show myelogenous hyperpla-
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sia of bone marrow and development of bronchial-associated lymphoid tissue (BALT) infil-
trated with neutrophils and macrophages [51]. The BALT is absent in wild-type and single-
knockout mice. The double-knockout mice also develop systemic inflammation, as evidenced 
by increased serum levels of tumor necrosis factor- , interleukin-1, and interleukin-6, as well 
as increased expression of inducible nitric oxide synthase and higher nitric oxide production 
in lung macrophages. NQO1-/-/NQO2-/- mice upon exposure to hyperoxia demonstrate severe 
intra-alveolar edema, perivascular inflammation, and massive infiltration of neutrophils as 
compared with wild-type mice [51]. These findings suggest that NQO1 and NQO2 together 
function to suppress BALT development, lung inflammation, and hyperoxic lung injury in 
experimental animals. 

Epidemiological studies have identified NQO1 as a host susceptible factor for ozone ex-
posure. This has prompted experimental studies on the role of NQO1 in ozone toxicity in both 
animal models and cell cultures. Targeted disruption of NQO1 in mice renders them resistant 
to ozone-induced toxicity, as evidenced by decreased oxidative stress, attenuated airway in-
flammation, and diminished airway hyperresponsiveness [52]. In cultured primary human 
airway epithelial cells, inhibition of NQO1 by dicumarol attenuates ozone-induced F2-
isoprostane production and interleukin-8 gene expression [52]. F2-Isoprostane is a highly reli-
able and specific biomarker of oxidative stress. These in vivo and in vitro data indicate that 
NQO1 may play a detrimental role in ozone-induced lung inflammation and oxidative stress. 
These results on ozone toxicity contradict the observations that NQO1 protects against hyper-
oxia-induced lung injury, in which oxidative stress and inflammation play a major role. It 
remains unknown how NQO1 functions as a susceptible factor in ozone toxicity, and if this is 
an ozone-specific phenomenon.  

 
3.1.7. Role in Immunity and Autoimmunity 

There is ample evidence for a beneficial function of NQO1 in inflammatory responses in 
both in vitro and in vivo systems. Studies in gene knockout mouse models demonstrate that 
both NQO1 and NQO2 participate in regulating humoral immunity and autoimmunity. Al-
though targeted disruption of either NQO1 or NQO2 in mice leads to myeloid hyperplasia of 
bone marrow, these knockout mice show decreased lymphocytes in peripheral blood [53]. 
NQO1-/- and NQO2-/- mice also exhibit lower germinal center response, altered B cell homing, 
and impaired primary and secondary immune responses. Both NQO1-/- and NQO2-/- mice dis-
play increased susceptibility to autoimmune disease, as revealed by decreased apoptosis of 
thymocytes and predisposition to collagen-induced arthritis. As compared with wild-type 
mice, the autoimmunity-induced arthritis in NQO1-/- mice is more severe, has an earlier onset, 
and lasts longer. There is no significant difference between NQO2-/- and wild-type mice in the 
onset and severity of the arthritis. However, the arthritis lasts longer in NQO2-/- mice as com-
pared with wild-type mice [53]. These observations implicate that NQO1 and NQO2 are en-
dogenous factors in the regulation of immune response and autoimmunity in animal models. 
The detailed mechanisms by which NQO1 and NQO2 modulate immune response and au-
toimmunity await further investigations.  

 
3.1.8. Role in Other Diseases and Conditions 

NQO1 is expressed in the central nervous system, and may play a protective role in neu-
rodegenerative disorders, particularly Parkinson’s disease. Metabolism of dopamine to reac-
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tive quinone metabolites with the concurrent production of ROS is believed to be responsible, 
at least partially, for dopaminergic neuron degeneration in Parkinson’s disease. NQO1 is 

shown to catalyze two-electron reduction of dopamine-derived quinones, and protect cultured 
neurons from dopamine toxicity [54]. In contrast, overexpression of NQO2 in a dopaminergic 
neuronal cell line augments dopamine-mediated ROS formation [55]. Therefore, the exact 
role of NQO1 and NQO2 in neurodegeneration warrants further studies in animal models. In 
this regard, NQO1-/- and NQO2-/- mouse models will be important tools for understanding the 
role of NQO enzymes in experimental parkinsonism as well as other neurodegenerative dis-
orders, such as Alzheimer’s disease. 

Melatonin is a neurohormone implicated in both biorhythm synchronization and neuro-
protection from oxidative stress. Melatonin is also involved in cytoprotection against oxida-
tive stress in various other tissues and disease conditions (see Chapter 19 for discussion of 
melatonin). The functions of melatonin are believed to be mediated by two G-protein-
coupled-receptors (MT1 and MT2) and MT3, which corresponds to NQO2 [8, 9]. Indeed, all 
tissues from NQO2-null mice are depleted of the melatonin binding site MT3. However, it 
remains to be elucidated if the specific interaction between melatonin and NQO2 is responsi-
ble for the antioxidant activities of this neurohormone. 

NQO1 may participate in regulating skin pigmentation process. NQO1 expression is di-
minished in multiple amelanotic melanoma cell lines. Treatment of both cultured normal hu-
man melanocytes and zebrafish with the NQO1 inhibitor ES936 or dicumarol markedly 
decreases melanogenesis. In contrast, adenoviral vector-mediated overexpression of NQO1 
augments melanogenesis, concomitantly with an increased protein level of tyrosinase, the key 
enzyme involved in the biosynthesis of melanin [56]. These observations indicate that NQO1 
may be a positive regulator of the skin pigmentation process via suppression of tyrosinase 
degradation. 

 
 

3.2. Human Studies and Clinical Perspectives 
 

3.2.1. Study Approaches and Gene Polymorphisms 

The role of NQO enzymes, especially NQO1 in health and disease has been extensively 
studied in humans. The study approaches in human subjects primarily consist of (1) determi-
nation of the changes of NQO enzymes in tissue samples from patients with various disease 
conditions and (2) clinical and epidemiological studies on the association between NQO gene 
polymorphisms and disease risk. Both NQO1 and NQO2 genes are polymorphic. Two genetic 
polymorphisms have been identified in NQO1, which are designated as NQO1*2 and 
NQO1*3, respectively. The wild-type allele of NQO1 is designated as NQO1*1. 

NQO1*2 is a single nucleotide polymorphism, a C to T change at position 609 of the 
NQO1 cDNA. This nucleotide substitution results in a proline to serine substitution at posi-
tion 187 of the amino acid sequence of the protein. As such, NQO1*2 is frequently denoted as 
C609T or Pro187Ser. The mutant NQO1*2 protein is very unstable, and is rapidly ubiquiti-
nated and degraded by the proteasome. Cells with one NQO1*1 allele and one NQO1*2 allele 
have approximately half of the NQO1 activity of NQO1*1/*1 cells (the wild-type cells), but 
NQO1*2/*2 cells have no NQO1 activity. Thus, both NQO1 protein and activity are virtually 
undetectable in tissue samples of individuals carrying the homozygous NQO1*2 genotype 
(i.e., NQO1*2/*2, also denoted as null genotype). Approximately 10% of the human popula-
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tions have the homozygous NQO1*2 genotype, but the frequency varies in different ethical 
groups [10, 11, 57-59].  

A second NQO1 polymorphism has been identified at base 465 of the NQO1 gene also 
involving a base change from cytosine to thymine, designated as NQO1*3 or C465T. This 
nucleotide change results in an arginine to tryptophan substitution at position 139 of the ami-
no acid sequence of the protein. As such, this polymorphism is also denoted as Arg139Trp. 
The NQO1*3 genotype also results in a phenotype with lower NQO1 activity due to the de-
creased stability of the variant RNA and decreased activity of the resulting protein [58]. 
However, this polymorphism occurs at a much lower frequency than does NQO1*2. As such, 
most of the epidemiological studies on the association of NQO1 gene polymorphisms with 
diseases have dealt with NQO1*2. NQO1*2 polymorphism has been linked to a wide range 
of disease conditions, including cancer, cardiovascular diseases, diabetes, and neurological 
disorders. In addition, polymorphisms in NQO2 gene have been shown to affect the expres-
sion and activity of NQO2 protein, and be associated with altered risk of developing certain 
human diseases as well. 

 
3.2.2. Role in Human Cancer 

Knowledge on the critical role of NQO enzymes in protecting against experimental carci-
nogenesis and the p53 stabilizing activity of NQO1 has prompted studies on the involvement 
of NQO enzymes in human cancer development. Epidemiological studies have shown an in-
creased frequency of NQO1*2 allele in patients with cancer, including leukemias, breast can-
cer, and colon cancer compared with healthy controls, suggesting a protective role for the 
normal NQO1 protein in cancer development. An association of the NQO1*2 polymorphism 
and cancer has been most frequently found in leukemias. Individuals with NQO1 deficiency 
(NQO1*2/*2) also exhibit an increased risk of developing leukemias following occupational 
exposure to benzene [60].  

It is recently reported that NQO1*2 genotype is a strong prognostic and predicting factor 
in breast cancer [61]. The homozygous NQO1*2 strongly predicts poor survival in women 
with breast cancer, which is particularly evident after anthracycline-based adjuvant chemothe-
rapy with epirubicin and in p53-aberrant tumors. Survival after metastasis is reduced among 
NQO1*2 homozygotes, further implicating NQO1 deficiency in breast cancer progression 
and treatment resistance. Consistently, response to epirubicin is impaired in NQO1*2-
homozygous breast carcinoma cells in vitro [61]. In cultured human breast cancer cells, 
cDNA-mediated expression of the polymorphic variants (NQO1*2 and NQO1*3) of NQO1 is 
found to poorly reduce estrogen quinones, thereby leading to increased formation of estrogen 
quinone-DNA adducts [62]. Such DNA adducts are implicated in estrogen-induced breast 
carcinogenesis. Polymorphisms of NQO2 that lead to decreased NQO2 expression are also 
associated with increased susceptibility to breast cancer [63]. Wild-type NQO2 is shown to 
reduce estrogen quinones, leading to decreased DNA adduct formation [38]. Nevertheless, the 
precise role of NQO-mediated reduction of estrogen quinones in breast cancer development in 
human patients awaits further evaluation. 

Multiple studies suggest that NQO1 plays a significant role in preventing the develop-
ment of colorectal cancer, and individuals with an NQO1*2/*2 genotype are at an increased 
risk of developing this disease [64]. This conclusion is in line with results from the experi-
mental studies showing that NQO1 may participate in preventing colorectal carcinogenesis in 
a rat model [39, 40].  
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Although extensive studies suggest a significant protective role for NQO enzymes, espe-
cially NQO1 in numerous types of cancer, there are also other epidemiological studies report-
ing no differences or mixed results in occurrence of NQO1*2 in various types of cancer, 
including renal cancer, lung cancer, gastric cancer, prostate cancer, gliomas, and lymphomas. 
The involvement of NQO1 and NQO2 gene polymorphisms in human cancer development 
can be potentially influenced by many factors. These include different ethical backgrounds, 
stage of cancer, concomitant alterations in other antioxidant genes or disease-modifying 
genes, dietary and environmental factors, as well as study design. Confirmation in experimen-
tal systems, including cell cultures and animal studies will further strengthen the conclusion 
regarding a positive association between NQO gene polymorphisms and risk of human dis-
ease development. 

 
3.2.3. Role in Human Cardiovascular Diseases and Related Conditions 

NQO1 is highly expressed and inducible in cardiovascular tissues and cells. As described 
above in Section 3.1.5, activation of NQO1 attenuates atherogenesis in experimental animals. 
A recent epidemiological study involving 834 patients with type 2 diabetes reports that pa-
tients with NQO1*2 polymorphism exhibit a higher prevalence of atherosclerotic plaques of 
carotid artery than those without this polymorphism [65]. Another study in patients under-
going standard coronary artery bypass grafting shows a greater inflammatory response, as 
revealed by increased serum interleukin-6 levels, in the subjects with NQO1*2 genotype as 
compared with the patients without this polymorphism [66]. Significantly higher levels of C-
reactive protein, a biomarker for coronary heart disease, are reported to occur in coronary 
heart disease patients with lower NQO1 activity [67], suggesting a protective role for NQO1 
in cardiovascular inflammation. 

Studies in humans have revealed that NQO1 gene is also highly expressed in adipose tis-
sue, and its mRNA expression is reduced during diet-induced weight loss [68]. The expres-
sion levels of NQO1 mRNA are found to positively correlate with adiposity, glucose 
tolerance, and markers of liver dysfunction, suggesting a possible involvement of NQO1 in 
the metabolic complications of human obesity. However, such studies provide no evidence as 
to whether NQO1 plays an etiological role in the disease pathophysiology or increased NQO1 
mRNA expression is simply an accompanying phenomenon of obesity and its metabolic 
complications. Alternatively, the increased NQO1 mRNA expression could be an adaptive 
response to obesity and its metabolic complications, and might serve as a protective mechan-
ism. In this context, NQO1 is inducible by inflammation, a critical event in metabolic syn-
drome. The involvement of NQO1*2 polymorphism in both type 1 and type 2 diabetes has 
been investigated in two epidemiological studies in a Chinese population and a Danish popu-
lation, and no association between NQO1*2 genotype and diabetes (either type 1 or type 2) is 
demonstrated [69, 70]. The potential involvement of NQO1 in human diabetes and metabolic 
syndrome deserves further investigations, including studies in other ethical groups and geo-
graphical regions. 

 
3.2.4. Role in Human Neurological Diseases 

Oxidative stress and dopamine metabolism are implicated in Parkinson’s disease. NQO 

enzymes are proposed to protect against Parkinson’s disease via their ability to inhibit oxida-
tive stress and augment the detoxification of dopamine quinones. In this context, NQO1 ex-
pression is found in both normal and Parkinsonian substantia nigra [71]. Furthermore, a 
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marked increase in the astroglial and neuronal expression of NQO1 is consistently observed 
in the Parkinsonian substantia nigra. However, studies to date on the association between 
NQO1*2 gene polymorphism and risk of developing Parkinson’s disease have produced null 

results [72, 73]. In contrast, polymorphisms in NQO2 gene promoter are shown to be asso-
ciated with altered susceptibility to Parkinson’s disease [55, 72]. The promoter of NQO2 gene 
is found to be highly polymorphic. Several novel polymorphic alleles are reported, among 
which are 29-bp insertion (I-29 allele) and 29-bp deletion (D-29 allele). Although the D-29 
allele was initially reported to be associated with decreased NQO2 expression, subsequent 
studies demonstrate the opposite, i.e., the D-29 allele in the promoter directs augmented 
NQO2 gene expression that results in greater enzymatic activity than wild-type allele [55]. 
Two studies report a significantly higher frequency of the D-29 allele in patients with Parkin-
son’s disease than in control, suggesting that this NQO2 polymorphism and the resulting ele-
vated NQO2 expression may be associated with increased susceptibility to Parkinson’s 

disease. As described in Section 3.1.8, overexpression of NQO2 in a dopaminergic neuronal 
cell line leads to increased production of ROS when being exposed to exogenous dopamine, 
indicating a possible role for NQO2 in augmenting dopamine-mediated oxidative stress and 
neuronal injury. In contrast to the above two human studies, another population-based case-
control study with 190 Parkinson’s disease patients and 305 unrelated controls matched on 

age and sex demonstrates no association between the I/D-29 polymorphisms and development 
of Parkinson’s disease [73]. 

NQO1 expression is found to co-localize with the Alzheimer’s disease pathology, and the 
ratio of frontal to cerebellar NQO1 enzyme activity is significantly increased in patients with 
Alzheimer’s disease as compared with that in control subjects [74], suggesting a possible in-
volvement of NQO1 in this neurodegenerative disorder. A recent study in a Chinese popula-
tion consisting of 311 Alzheimer’s disease patients and 330 controls shows a higher 

frequency of NQO1*2 allele and a lower frequency of wild-type allele (NQO1*1) in the Alz-
heimer’s patients compared with controls [75]. These observations implicate a possible pro-
tective effect of NQO1 in the development of Alzheimer’s disease. However, a similar study 

also in a Chinese population reveals no association between NQO1*2 genotype and late-onset 
Alzheimer’s disease [76]. 

Multiple studies suggest an involvement of NQO2 in other neurological/psychiatric dis-
orders. For example, a study in a Japanese population of 102 patients with schizophrenia and 
234 controls reports that the D-29 polymorphism of NQO2 gene promoter is associated with 
an increased susceptibility to developing schizophrenia [77]. In the same study, D-29 geno-
type is found to be associated with a lower NQO2 mRNA in white blood cells. Functional 
polymorphisms of NQO2 gene are also associated with methamphetamine psychosis [78] as 
well as the pathogenesis of alcoholism and alcohol withdrawal symptoms [79], indicating a 
possible role for NQO2 in modulating drug abuse-related mental and behavioral changes. A 
more recent study using a cohort of 722 community-dwelling older individuals aged 50 years 
and over demonstrates that a functional NQO2 polymorphism is associated with cognitive 
decline.  

 
3.2.5. Role in Other Human Diseases 

NQO gene polymorphisms are also associated with a number of other human disease 
conditions. These include asthma [80, 81], acute lung injury [82], inflammatory bowel disease 
[83], urolithiasis [84], and clozapine-induced agranulocytosis [85]. However, further studies 
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are needed to better characterize the involvement of NQO gene polymorphisms in modulating 
the risk of developing the above human diseases. 

 
 

4. Conclusion and Future Directions 
 
NQO enzymes are multifunctional proteins that play a beneficial role in diverse patho-

physiological processes involving oxidative stress and inflammation. This notion has been 
supported by extensive studies in animal models as well as in human subjects. Future studies 
should focus on how to translate the enormous amounts of basic and clinical knowledge about 
NQO enzymes into novel preventive and therapeutic modalities for the intervention of human 
diseases in which NQO enzymes play a causative role. In this context, further investigations 
of the role of NQO gene polymorphisms in disease processes in well-designed clinical and 
epidemiological studies will also contribute to the development of sensitive and selective 
NQO-based genetic biomarkers of disease susceptibility and progression. Use of these bio-
markers will help identify susceptible subjects to whom NQO-based interventional modalities 
may be selectively applied.  
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Chapter 17 
 
 

Paraoxonase  
 
 

Abstract 
 

Paraoxonase (PON) refers to a family of three enzymes, namely, PON1, PON2, and 
PON3. Mammalian PON1 and PON3 are found in circulation bound to high-density lipo-
protein, whereas PON2 is an intracellular protein. PON1 was first discovered as an en-
zyme to hydrolyze paraoxon, an activity that both PON2 and PON3 lack. All three PON 
enzymes are able to degrade oxidized lipids and protect against oxidative stress. PON en-
zymes also function to suppress inflammation. Animal studies demonstrate a critical role 
for PONs, especially PON1 in protecting against diverse disease processes involving 
oxidative stress and inflammation, such as atherosclerosis, diabetes, and metabolic syn-
drome. In line with the findings in experimental models, substantial evidence from clini-
cal and epidemiological studies also suggests a potential beneficial role for PONs in a 
variety of human diseases.  
 
 

1. Overview 
 
Paraoxonase (PON) refers to a family of enzymes that includes three members in mam-

mals, namely, PON1, PON2, and PON3. 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 organophosphate insecticide parathion. When two 
closely related enzymes were identified in the mid 1990s, the original PON was referred to as 
PON1, while the two new enzymes were named PON2 and PON3. In contrast to PON1, nei-
ther PON2 nor PON3 exhibits any significant ability to hydrolyze paraoxon or other organo-
phosphate pesticides.  

PON1 (43 kDa) is synthesized and secreted by liver, and is primarily associated with 
high-density lipoprotein (HDL) in plasma. PON1 catalyzes the breakdown of oxidized lipids 
and inhibits oxidation of HDL as well as low-density lipoprotein (LDL). PON2 is an intracel-
lular protein that is widely distributed in mammalian tissues. Similar to PON1, PON2 with a 
molecular mass of 44 kDa also acts as an antioxidant protecting against oxidative stress. 
PON3 (40 kDa) is primarily expressed in liver, and associated with HDL in plasma. Like oth-
er members of the paraoxonase family, PON3 has significant antioxidant activity in protect-
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ing both HDL and LDL from oxidation. In humans, PON1, PON2, and PON3 are localized 
next to each other on chromosome 7q21.3-22.1. 

 
 

2. Biochemistry and Molecular Regulation 
 

2.1. Biochemistry 
 
Since its discovery, mammalian PON1 has been extensively studied with respect to its 

role in metabolizing organophosphate pesticides, lipid hydroperoxides, and a number of other 
substrates. In contrast, studies on PON2 and PON3 have been less extensive. Nevertheless, 
these two new isozymes have been recently found to possess unique biochemical functions. 
This section focuses on discussing the biochemistry of PON1 along with a description of re-
cent findings on the biochemical properties of PON2 and PON3. 

 
2.1.1. Biochemistry of PON1 

The biochemical properties of PON1 are summarized as follows. 
 
 Hydrolysis of organophosphates 
 Degradation of oxidized lipids 
 Lactonase activity 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

Figure 17-1.  Hydrolysis of paraoxon by paraoxonase 1 (PON1). As illustrated, PON1-catalyzed 
hydrolysis of paraoxon forms diethyl phosphate and p-nitrophenol. See text (Section 2.1.1) for detailed 
description. 
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PON1 is an excellent example of a multitasking protein, displaying at least two important 
biochemical functions: (1) hydrolysis of organophosphates (pesticides and nerve agents) and 
(2) inhibition of lipoprotein oxidation by catalyzing degradation of oxidized lipids. PON1 
effectively hydrolyzes a variety of organophosphate pesticides and nerve agents, including 
paraoxon, diazoxon, chlorpyrifos-oxon, sarin, and soman [3]. Hydrolysis of these organo-
phosphates by PON1 leads to their detoxification. Figure 17-1 illustrates the chemical reac-
tion of PON1-catalyzed hydrolysis of paraoxon.  

Since paraoxon and other organophosphate toxicants are not present in the human body 
under normal conditions, other molecules would need to be the physiological substrates of 
PON1. Indeed, extensive studies have demonstrated that PON1 protects LDL and HDL from 
lipid peroxidation by catalyzing the degradation of oxidized lipids contained in the oxidized 
lipoproteins [4]. Notably, cysteine 284 is required for the enzyme’s ability to hydrolyze oxi-
dized lipids, but not for its activity against organophosphates. This suggests that differential 
mechanisms of hydrolysis may operate towards organophosphates and oxidized lipids [5]. It 
has been shown that PON1 can be inactivated by S-glutathionylation [6], a redox signaling 
mechanism characterized by formation of a mixed disulfide bridge between a protein sulfhy-
dryl group and the oxidized form of glutathione (GSSG) (see Chapter 9 for discussion of pro-
tein glutathionylation).  

In addition to hydrolyzing organophosphates, PON1 also hydrolyzes aromatic esters, pre-
ferably those of acetic acid. Indeed, phenyl acetate is one of the most commonly used sub-
strates for assaying the enzymatic activity of PON1 in serum. More recently, PON1 has been 
reported to catalyze the hydrolysis of a variety of aromatic and aliphatic lactones as well as 
the reverse reaction, lactonization, of - and -hydroxycarboxylic acids [7]. PON1 is sug-
gested to act as a lactonase or lactonizing enzyme. PON1 as well as PON2 and PON3 meta-
bolize very efficiently 5-hydroxy-eicosatetraenoic acid 1,5-lactone and 4-hydroxy-
docosahexaenoic acid, which are products of both enzymatic and nonenzymatic oxidation of 
arachidonic acid and docosahexaenoic acid, respectively. These compounds may represent the 
PONs' endogenous substrates. PON1 may also possess other biochemical activities, such as 
metabolizing estrogen esters as well as certain drugs.  

 
2.1.2. Biochemistry of PON2 and PON3 

As noted above, PON2 and PON3 lack the ability to degrade organophosphates. Howev-
er, PON2 and PON3 effectively hydrolyze lactones, and as such also act as lactonases. Of 
particular note is the ability of PONs, especially PON2 to hydrolyze and thereby inactivate 
acrylhomoserine lactones, which are quorum sensing signals of pathogenic bacteria [8] (see 
Section 3.1.6 below for discussion of quorum sensing). PON3 has been shown to hydrolyze 
bulky drug substrates, such as lovastatin and spironolactone in vitro. However, the in vivo 
significance of PON3 in the metabolism of these important drugs and thereby in modulating 
their pharmacological effects remains to be further elucidated. 

Less is known regarding the detailed activities of PON2 and PON3 in metabolizing oxi-
dized lipids. Similar to PON1, purified PON2 and PON3 are shown to inhibit lipid peroxida-
tion of LDL in vitro. Since PON2 is an intracellular protein and not present in plasma, it is 
suggested to act as a protector against cellular oxidative stress. Indeed, intracellular overex-
pression of PON2 attenuates oxidative stress in various types of vascular cells and inhibits 
cell-mediated oxidation of LDL [9, 10]. 
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2.2. Molecular Regulation 
 
Among the three members of the mammalian PON family, PON1 has been most exten-

sively studied with regard to the regulation of gene expression. Multiple regulatory mechan-
isms and signaling pathways have been implicated in the modulation of PON1 gene 
expression in mammalian systems. PON1 expression is inducible by various agents or biomo-
lecules, including dietary phenolic compounds [11-13], aspirin [14], statin drugs [15], alcohol 
[16], glucose [17], and interleukin-6 [18]. On the other hand, several compounds, such as bile 
acids, interleukin-1 , and tumor necrosis factor-  are found to suppress PON1 gene expres-
sion [18, 19] . 

One study in a cultured human liver cell line demonstrates a critical role for SP1 and pro-
tein kinase C in the positive regulation of PON1 gene transcription [20]. The transcription 
factor SP1 as well as sterol regulatory element-binding protein-2 are involved in statin-
induced activation of PON1 gene expression in human liver and kidney cell lines [15, 21]. 
SP1 is also implicated in glucose-induced PON1 gene expression in cultured liver cells [17]. 
On the other hand, induction of PON1 gene expression by dietary polyphenols, such as resve-
ratrol and quercetin occurs via an arylhydrocarbon receptor (AhR)-dependent mechanism [12, 
22]. Nucleotide sequence analysis reveals a xenobiotic response element (XRE)-like sequence 
within the PON1 promoter, and this XRE-like sequence mediates the induction of PON1 gene 
transcription by phenolic compounds. A more recent study reports a role for peroxisome pro-
liferator-activated receptor-gamma (PPAR ) pathway in regulating increased expression of 
PON1 gene by polyphenols in hepatocytes [13].  

PON2 is also inducible by polyphenols. In macrophages, induction of PON2 by polyphe-
nols is shown to occur via PPAR - and AP-1-dependent mechanisms [23]. PON2 gene ex-
pression is also upregulated by unesterified cholesterol and dexamethasone. Induction of 
PON2 expression by unesterified cholesterol occurs through activation of the phosphatidyli-
nositol 3-kinase (PI3K) pathway [24]. A putative glucocorticoid response element in the pro-
moter region of PON2 is suggested to mediate the activation of PON2 gene expression by 
glucocorticoid drugs [25]. The in vivo biological relevance of these two regulatory mechan-
isms of PON2 expression remains to be determined. Currently, the molecular regulation of 
PON3 gene expression is largely unknown.  

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

Both transgenic overexpression and gene knockout mouse models have been created to 
investigate the biological functions of PON isozymes in health and disease. In addition, re-
combinant PON proteins have been made available for studying the protective role of PONs 
in disease conditions in experimental animals. Mice with homozygous knockout of PON1 or 
PON2 are born and reproduced adeptly, indicating neither of these two PONs is essential for 
murine embryonic development. To date, PON3-null mouse model has not been reported in 
the literature. Viral vector-mediated gene transfer and siRNA-mediated gene knockdown 
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have also been utilized to elucidate the biological functions of PONs in various experimental 
models.  

Selective chemical inhibitors of PON enzymes would be useful tools for studying the bio-
logical activities of PONs. In this context, 2-hydroxyquinoline was claimed to be a selective 
inhibitor of PON1 [26]; however its usefulness as a specific inhibitor of PON1 in biological 
systems remains to be determined. Recently, a high throughput PON1 assay has been devel-
oped for discovery of small molecule modulators of PON1 activity. With this assay, an effec-
tive inhibitor of PON1, designated as BAS03551158, has been identified, which is 10-fold 
more potent than 2-hydroxyquinoline in inhibiting purified PON1 [27]. But, this compound is 
less potent in inhibiting serum PON1 than 2-hydroxyquinoline. There are also studies show-
ing selective inhibition of PON1 by negatively charged lipids, such as lysophospholipids [28]. 
However, the value of these PON1 inhibitors in biological systems remains unclear.  

 
3.1.2. An Overview of the Biological Activities of PONs in Animal Models  

As stated earlier, PONs hydrolyze oxidized lipids, and protect against lipid peroxidation 
as well as cellular oxidative stress. In addition, these enzymes possess other novel biological 
functions, including anti-inflammation and stimulation of macrophage cholesterol efflux [29, 
30]. These findings implicate that PONs may potentially affect a variety of disease processes 
involving oxidative stress and inflammation, such as atherosclerosis, diabetes and metabolic 
syndrome, hepatic injury, and infectious diseases. Furthermore, PON1 efficiently hydrolyzes 
various organophosphates, including pesticides and nerve agents [3], implicating that this 
PON enzyme may also act as an important defense against organophosphate poisoning. The 
sections below discuss the role of PONs in a number of pathophysiological conditions in an-
imal models. 

 
3.1.3. Role in Cardiovascular Diseases 

The best characterized biological activity of PONs in experimental animals is the sup-
pression of atherogenesis. There is substantial evidence for an important role of all three PON 
enzymes in protecting against experimental atherosclerosis, vascular inflammation, and oxid-
ative stress [31, 32]. In this regard, targeted disruption of PON1 markedly augments high-fat 
diet-induced vascular inflammation, oxidative stress, and atherosclerosis. Conversely, either 
transgenic overexpression of PON1 or viral vector-mediated PON1 gene transfer greatly atte-
nuates the above detrimental effects caused by high-fat diet [33-36]. Furthermore, HDL iso-
lated from the PON1-deficient animals is unable to protect LDL from lipid peroxidation, 
suggesting that PON1 mediates the antioxidant activities of HDL [33]. Recently, PON1 gene 
transfer is found to also attenuate vascular oxidative stress and improve vasomotor function in 
ApoE-deficient mice with pre-existing atherosclerosis, pointing to a therapeutic activity of 
PON1 in atherogenesis [37].  

The protective effects of both PON2 and PON3 in experimental atherosclerosis have been 
recently demonstrated. Despite lower levels of very low-density lipoprotein (VLDL) and LDL 
cholesterol, mice deficient in PON2 develop significantly larger atherosclerotic lesions com-
pared with their wild-type counterparts [38]. Three potential mechanisms may account for the 
enhanced atherosclerotic lesions in PON2-deficient mice. They are: (1) enhanced inflammato-
ry properties of LDL, (2) diminished anti-atherogenic capacity of HDL, and (3) a heightened 
state of oxidative stress coupled with an exacerbated inflammatory response from PON2-
deficient macrophages [38]. In line with these findings, adenovirus-mediated expression of 
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PON2 protects against the development of atherosclerosis in ApoE-deficient mice [39]. Simi-
larly, adenovirus-mediated gene transfer of human PON3 augments HDL antioxidant effects 
against lipid peroxidation of LDL, and inhibits the progression of atherosclerosis in ApoE-
deficient mice [40]. Transgenic overexpression of human PON3 also attenuates atherosclero-
sis lesion and vascular inflammation in both wild-type mice fed atherogenic diet and in LDL 
receptor-deficient mice [41]. Notably, a recent study demonstrates that transgenic overexpres-
sion of a human PON gene cluster containing PON1, PON2, and PON3 not only represses 
atherosclerosis, but also promotes atherosclerotic plaque stability in ApoE-deficient mice 
[42]. In summary, extensive studies in animal models support a critical role for PONs in pro-
tecting against atherosclerosis. However, it remains unknown if PONs also have a beneficial 
role in other forms of cardiovascular disorders. 

 
3.1.4. Role in Diabetes and Metabolic Syndrome 

Diabetes is characterized by increased inflammation and oxidative stress, and decreased 
PON1 activity. Transgenic overexpression of PON1 attenuates diabetes-induced macrophage 
oxidative stress, represses diabetes development, and decreases mortality in mice treated with 
streptozotocin. Conversely, mice lacking PON1 are more susceptible to streptozotocin-
induced diabetes and oxidative stress [43]. Streptozotocin is a commonly used chemical for 
inducing type 1 diabetes in experimental animals. It has been suggested that pharmacological 
and nutritional intervention directed toward increasing PON1 activity may be beneficial in 
arresting diabetes development and its cardiovascular complications [43]. Recently, the po-
tential role of PON2 in diabetes has been studied in cellular systems under hyperglycemic 
conditions. It is shown that PON2 decreases high glucose-induced macrophage triglyceride 
accumulation and oxidative stress by inhibiting NAD(P)H oxidase and diacylglycerol acyl-
transferase-1 [44]. Hypertriglyceridemia is an independent factor for atherosclerosis, and is 
also associated with the development of diabetes. As such, accumulation of triglycerides by 
macrophages under diabetic conditions may promote foam cell formation and contribute to 
diabetic vascular complications. Thus, augmentation of macrophage PON2 expression may 
attenuate macrophage atherogenicity, foam cell formation, and the resulting vascular compli-
cations in diabetes. 

There is also evidence supporting a beneficial role for PONs in metabolic syndrome and 
associated cardiovascular complications. For instance, transgenic overexpression of human 
PON3 in mice is shown to decrease adiposity and lower circulating leptin levels, implicating 
a critical role for PON3 in protecting against obesity [41]. In mice with combined leptin and 
LDL receptor deficiency, a model of metabolic syndrome, adenovirus-mediated overexpres-
sion of human PON1 significantly reduces the total atherosclerotic plaque volume, the vo-
lume of plaque macrophages, and the amount of plaque-associated oxidized LDL [45].  

 
3.1.5. Role in Liver Diseases 

Liver is the major source of PON synthesis, and PON enzymes may play a protective role 
in liver injury involving oxidative stress and inflammation [46, 47]. Early studies suggest an 
association between decreased PON1 activity and development of chronic liver disease in-
duced by carbon tetrachloride [48]. Adenovirus-mediated overexpression of either human 
PON1 or PON3 in mice attenuates carbon tetrachloride-elicited acute hepatic cell death, lipid 
peroxidation, and inflammation, indicating a causal role for PON1 and PON3 in inhibiting 
toxic liver injury [49]. The effects of PONs in protecting against other forms of liver disord-
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ers, including alcoholic liver injury, acetaminophen overdose-induced hepatotoxicity, and 
nonalcoholic fatty liver disease deserve investigations with the use of genetically manipulated 
animal models. 

 
3.1.6. Role in Infectious Diseases 

PONs are able to hydrolyze and thereby inactivate acrylhomoserine lactones, which are 
quorum sensing signals of pathogenic bacteria [8]. Several lines of evidence suggest a role for 
PONs in innate immunity and in protection against infections by pathogenic microorganisms, 
including Pseudomonas aeruginosa and Trypanosoma congolense.  

 
3.1.6.1. PSEUDOMONAS AERUGINOSA INFECTION 
P. aeruginosa is an opportunistic bacterium which causes serious infections in immune 

compromised individuals, such as AIDS patients. Using small signaling molecules called 
acrylhomoserine lactones, populations of P. aeruginosa can coordinate phenotypic changes, 
including biofilm formation and virulence factor secretion, a process known as quorum sens-
ing. Interference with quorum sensing has been identified as a potential strategy for the inter-
vention of P. aeruginosa infection. Human PON enzymes, especially PON2 are able to 
effectively hydrolyze and inactivate acrylhomoserine lactones, and as such may play an im-
portant role in protecting against P. aeruginosa infection. Indeed, PON2 is shown to inacti-
vate the quorum sensing molecule N-3-oxododecanoyl homoserine lactone in mouse tracheal 
epithelia [50]. The lysates of tracheal epithelia from PON2, but not PON1 or PON3 knockout 
mice have impaired N-3-oxododecanoyl homoserine lactone inactivation compared with wild-
type mice. Using a quorum sensing reporter strain of P. aeruginosa, it is further found that 
quorum sensing is augmented in PON2-deficient tracheal epithelia as compared with those of 
wild-type, suggesting that PON2 may play a critical role in airway defense against P. aerugi-

nosa infection [50].  
An in vitro study demonstrates that expression of any of the three PON isozymes in P. 

aeruginosa leads to inhibition of biofilm formation and decreased resistance to antibiotics 
gentamicin and ceftazidima [51]. In an in vitro biofilm model, serum PON1 is also shown to 
prevent P. aeruginosa quorum sensing and biofilm formation by inactivating N-3-
oxododecanoyl homoserine lactone [52]. These in vitro observations suggest a protective 
function of PON1 in P. aeruginosa infection. However, PON1 knockout mice are found to be 
paradoxically more resistant to P. aeruginosa infection as compared with wild-type litter-
mates [52]. The PON1 knockout mice show increased levels of PON2 and PON3 mRNA in 
epithelial tissues, suggesting a possible compensatory mechanism. A recent study demon-
strates that transgenic overexpression of human PON1 in Drosophila melanogaster dramati-
cally decreases the lethality caused by P. aeruginosa infection. The protection is dependent 
on the lactonase activity of PON1 and the specific inactivation of the N-3-oxododecanoyl 
homoserine lactone, which is critical for the virulence of P. aeruginosa in Drosophila mela-

nogaster [53]. Taken together, these novel findings indicate that PON1 can interfere with qu-
orum sensing in vivo, and may play an important role in innate immune response to quorum 
sensing-dependent pathogens. 

 
3.1.6.2. TRYPANOSOMA CONGOLENSE INFECTION 
PONs may also play a role in protecting against parasitic infections. In vitro studies have 

suggested that a fraction of human HDL, termed trypanosome lysis factor, can suppress try-
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panosome infection. The trypanosome factor fraction consists of PON1 and apolipoprotein A-
II. Both PON1 transgenic overexpression and gene knockout mice have been used to investi-
gate the involvement of PON1 in protection against trypanosome infection. When challenged 
with the same dosage of trypanosomes, mice overexpressing PON1 live significantly longer 
than wild-type mice, and mice deficient in PON1 live significantly shorter. In contrast, mice 
overexpressing another HDL-associated protein, apolipoprotein A-II have the same survival 
as wild-type mice following trypanosome infection [54]. The study also shows that HDL par-
ticles containing PON1 and those depleted of PON1 do not differ in their ability to lyse the 
trypanosome parasites in vitro, suggesting that the in vivo protection by PON1 may be indi-
rect. Hence, the exact mechanism underlying the protective effects of PON1 in trypanosome 
infection remains to be elucidated. 

 
3.1.7. Role in Organophosphate Poisoning 

PON1 effectively hydrolyzes organophosphate pesticides and nerve agents, and as such 
plays an important role in protecting against organophosphate poisoning. Targeted disruption 
of PON1 in mice markedly sensitizes the animals to organophosphate-induced toxicity [33]. 
Administration of either rabbit or human PON1 purified from serum to rats and mice also 
protects them from organophosphate toxicity. Because human PON1 exhibits limited stabili-
ty, engineered recombinant PON1 variants with higher activity and increased stability have 
been developed. Recently, it has been reported that injection of such a recombinant human 
PON1 variant, designated as rHuPON1k192, protects the PON1-/- mice against up to three me-
dian lethal doses of the organophosphate diazoxon [55]. rHuPON1k192 exhibits greater hydro-
lysis of diazoxon, chlorpyrifos-oxon, and paraoxon compared with PON1R192, the more 
efficient one of the two natural human PON1 alloforms (see Section 3.2.2 and Table 17-1). 
After injection, rHuPON1k192 is found to be nontoxic in mice, persist in serum for at least two 
days, and protective against diazoxon both prophylactically and therapeutically [55]. These 
observations point to the potential value for using the engineered recombinant PON1 for: (1) 
protection of military personnel or civilians from organophosphate chemical warfare agents 
and (2) protection of agricultural workers and by-standers from accidental poisoning by orga-
nophosphate pesticides. Such engineered recombinant human PON1 variants may also be of 
value for the intervention of chronic cardiovascular disorders like atherosclerosis considering 
that this enzyme is important in protecting against atherosclerotic vascular diseases in expe-
rimental animals (Section 3.1.3). 

 
 

3.2. Human Studies and Clinical Perspectives 
 

3.2.1. Study Approaches and General Considerations 

The potential involvement of PONs in human diseases has been extensively investigated 
over the last decade. Numerous studies evaluate changes in the levels or activities of PON 
enzymes in sera of patients with various disease conditions. Many others involve the epide-
miological assessment of the association of PON gene polymorphisms with risk or incidence 
of particular diseases. There are also studies aiming to link gene polymorphisms to changes of 
PON activities, and further to risk of disease development. These studies in human subjects 
have provided important information on the involvement of PONs in disease processes; how-
ever, they do not establish a casual role for PONs in disease pathophysiology. Nevertheless, 
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the data obtained from both experimental animal models and human studies have yielded val-
uable insights into the functions of PON enzymes in human health and disease. The sections 
below begin with a description of common PON gene polymorphisms, followed by a sum-
mary of the major clinical and epidemiological findings on the role of PONs in prevalent hu-
man diseases. 

 
3.2.2. PON Gene Polymorphisms 

Among the three members of human PONs, PON1 gene polymorphisms and their influ-
ence on enzyme activity have received the most extensive studies. PON1 gene has two well-
studied polymorphisms in the coding region, which have been associated with various human 
diseases. Substitution of glutamine (Gln or Q) by arginine (Arg or R) at position 192, and 
methionine (Met or M) by leucine (Leu or L) at position 55 of the amino acid sequence of the 
protein independently influence the PON1 activity, and constitute an important molecular 
basis for interindividual variability. These two coding region polymorphisms of PON1 are 
designated as Gln192Arg (or Q192R) and Met55Leu (or M55L), respectively.  

The Q192R polymorphism exhibits a striking substrate specific difference in the hydro-
lytic activity of the enzyme. The 192R alloenzyme shows greater activity toward paraoxon 
hydrolysis than the 192Q alloenzyme, whereas the 192Q alloenzyme provides greater protec-
tion against the accumulation of lipid peroxides in LDL than the R alloenzyme in vitro [56, 
57]. However, it should be noted that the in vitro effects of the PON alloenzymes on LDL 
oxidation may not be translated into the corresponding in vivo activities in human subjects 
(see Section 3.2.3 for further discussion).  

The M55L polymorphism also affects PON1 activity/concentration though less than does 
the Q192R polymorphism. Individuals carrying a leucine at position 55 (L alloenzyme) have 
a higher PON1 concentration than those with a methionine (M alloenzyme) at this position. 
There are also five known polymorphisms located within the PON1 promoter region that have 
been shown to affect PON1 expression. However, their association with human diseases has 
not been clearly demonstrated [32, 58]. Table 17-1 summarizes the impact of Q192R and 
M55L polymorphisms on serum PON1 activity/concentration. 

 
Table 17-1. PON1 gene polymorphisms and effects on serum PON1 activity/concentration 

 
Polymorphism Effects on Serum PON1 Activity/Concentration 

Q192R RR - high serum PON1 activity 
QQ - low serum PON1 activity 

M55L LL - high serum PON1 concentration 
MM - low serum PON1 concentration 

 
Note: See text (Section 3.2.2) for detailed description of the Q192R and M55L polymorphisms of 
PON1 gene and their effects on PON1 activity/concentration. 

 
A number of polymorphisms have been identified in PON2 gene. Among them substitu-

tion of cysteine by serine at position 311 of the amino acid sequence of the protein, designat-
ed as Cys311Ser (or C311S) has received most attention. The C311S polymorphism has been 
found to affect PON2 activity (with the C variant showing impaired lactonase activity) [59], 
and be associated with the development of certain human diseases.  
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Much less is known about the gene polymorphisms of human PON3 and their association 
with diseases. A study in an Italian population has identified five point mutations in PON3 
gene, with three being silent mutations and two being missense mutations. The two missense 
mutations give rise to amino acid substitutions at position 311 (S to T) and 324 (G to D) [60]. 
Currently, the effects of the genetic variations on PON3 activity and the linkage between 
these variations and diseases remain unknown though one study shows an association of 
PON3 gene variation with PON1 activity [61]. This suggests a potential cross-effect among 
PON isozymes. 

 
3.2.3. Role in Human Cardiovascular Diseases  

A beneficial role for PON enzymes in atherosclerosis is strongly supported by transgenic 
overexpression and gene knockout studies in experimental animals (Section 3.1.3). There is 
also ample evidence supporting a protective effect of PONs, especially PON1 in human coro-
nary heart disease. Many epidemiological studies suggest a correlation between low serum 
PON1 activity and coronary heart disease. Numerous gene polymorphism studies demonstrate 
an association between functional polymorphisms of PON1, such as Q192R and M55L, and 
the development of coronary heart disease though some others report conflicting results [32, 
62]. In general, serum PON1 activity is a better predictor of risk for coronary heart disease 
than PON1 genotype. Therefore, it becomes necessary that when performing case-control 
studies, the observed differences in enzyme activities are matched by genotypes. In this con-
text, a recent study demonstrates that PON1 genotype exhibits a significant dose-dependent 
association with decreased levels of serum PON activity (QQ192<QR192<RR192) and with 
increased levels of systemic oxidative stress (QQ192>QR192>RR192) [63]. Hence, among 
the three genotypes, QQ192 is associated with the lowest levels of PON1 activity and the 
highest levels of systemic oxidative stress, whereas RR192 exhibits the opposite. Compared 
with individuals possessing either PON1 RR192 or QR192 genotype, individuals with the 
QQ192 genotype have an increased risk of all-cause mortality and major adverse cardiac 
events. The incidence of major adverse cardiac events is significantly lower in individuals in 
the highest PON1 activity quartile compared with those in the lowest activity quartile [63]. 
These observations are consistent with findings in murine models and provide evidence for a 
cardiovascular protective function of PON1 in humans.  

A more recent study shows that among symptomatic male coronary heart disease pa-
tients, carriership of the PON1 Q192 or M55 alleles is associated with an increase of the 10-
year risk of myocardial infarction and mortality from ischemic heart disease. [64]. Both Q192 
and M55 isotypes are associated with lower PON1 activity/concentration (Table 17-1). The 
data thus support the notion that PON1 activity may predict the adverse coronary events, and 
that PON1 may be a potential target of secondary prevention of coronary heart disease. In line 
with a protective role of PON1 in cardiovascular diseases as well as other aging-related dis-
orders (see sections below), a recent meta-analysis of studies involving a total of 5962 sub-
jects reveals that individuals carrying PON1 RR192 and QR192 genotypes are favored in 
reaching extreme ages, implicating that PON1 may be a longevity gene [65]. 

Gene polymorphisms of PON2 are also associated with an increased risk of cardiovascu-
lar diseases. As noted earlier in Section 3.2.2, the C311S polymorphism of PON2 affects 
PON2 activity, with the C isoform showing impaired lactonase activity [59]. A recent study 
in an Italian population reports that patients with at least one PON2 C allele represent a cate-
gory of subjects at a higher risk for the development of acute myocardial infarction with a 
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worse prognosis [66]. The genotype with the C allele of the PON2 gene is also shown to be a 
risk factor for large vessel disease-associated stroke in a Polish population, further supporting 
a vasoprotective function of PON2 in humans [67]. These observations, however, contradict 
an early study showing S allele carriers of the PON2 C311S polymorphism at a greater risk of 
developing coronary heart disease than C allele carriers [68]. 

 
3.2.4. Role in Human Diabetes and Metabolic Syndrome 

There are a number of clinical studies showing a significant decrease in serum PON1 ac-
tivity in diabetic patients as compared with control subjects. The decrease in serum PON1 
activity is also associated with the development of diabetic complications. A more recent 
study demonstrates that lower serum PON1 activity is related to higher plasma C-reactive 
protein and obesity [69]. These observations indicate a potential beneficial role for PON1 in 
diabetes and metabolic syndrome, which is also in line with findings in animal models (Sec-
tion 3.1.4). However, epidemiological studies on the association of gene polymorphisms of 
PON1 with diabetes have produced inconsistent results. Some studies demonstrate that the 
PON1 genotypes causing decreased PON1 activity (e.g., PON1-QQ192 and PON1-MM55) 
are associated with poorer diabetes control and complications [70]. In contrast, other studies 
report that the PON1-192R allele causing increased PON activity can be an independent car-
diovascular risk factor in type 2 diabetic patients [71].  

As a further line of supportive evidence for a beneficial effect of PON1 in diabetes, the T 
allele of PON1 promoter polymorphism (-107C>T) causing reduced expression of PON1 is 
reported to be associated with lower serum levels of the enzyme and an increased risk for co-
ronary heart disease in type 2 diabetic patients [72]. Moreover, the lower expressor genotype 
of PON1 (-107TT) is also associated with higher blood glucose concentration in non-diabetic 
subjects, suggesting that this polymorphism may predispose the individuals to insulin resis-
tance [73]. Thus, a majority of the clinical and epidemiological findings support the view that 
PON1 may act as a potential protector in diabetes and its complications, as well as in meta-
bolic syndrome. 

 
3.2.5. Role in Human Neurological Diseases 

Clinical and epidemiological studies have implicated PONs in various neurological dis-
orders, including Alzheimer’s disease, Parkinson’s disease, amyotrophic lateral sclerosis, 
multiple sclerosis, schizophrenia, and anxiety. A decrease in the serum levels of PON1 activi-
ty is often observed in patients with Alzheimer’s disease compared with control subjects. 

Some studies report that the R allele of PON1 Q192R polymorphism is associated with an 
increased serum PON1 activity and a decreased risk of developing Alzheimer’s disease [74, 
75]. Among the Alzheimer’s patients, individuals who responded to cholinesterase inhibitors 
(drugs used for the treatment of Alzheimer’s disease) had a significantly higher frequency in 

the R allele compared to non-responders, suggesting that PON1 may facilitate response to 
drug therapy [76]. The MM genotype of PON1 L55M polymorphism (causing decreased se-
rum levels of PON1) is also associated with an increased risk of Alzheimer’s disease, and 

correlated with the pathophysiological changes underlying the disease [77]. Taken together, 
these observations indicate that PON1 may be protective against Alzheimer’s disease. How-
ever, there are also studies showing no association between PON1 gene polymorphisms and 
susceptibility to Alzheimer’s disease [78]. In addition to PON1, a study in a Chinese popula-
tion shows that the C allele of the C311S polymorphism of PON2 is associated with Alzhei-
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mer’s disease [79]. As noted earlier in Section 3.2.2, the C allele displays a decreased lacto-
nase activity of PON2. 

A lower PON1 activity is frequently observed in the sera of patients with Parkinson’s 

disease as compared with control subjects. PON1 gene polymorphisms are implicated as risk 
factors for Parkinson’s disease, but case-control studies have generated controversial results. 
A meta-analysis of the studies relating PON1 M55L and PON1 Q192R polymorphisms to risk 
of developing Parkinson’s disease reveals that the MM55 genotype of PON1 (showing de-
creased serum levels of PON1) is associated with an increased risk of developing Parkinson’s 

disease compared with the LL55 genotype. However, there is no association between the 
PON1 Q192R polymorphism and susceptibility to Parkinson’s disease [80].  

Differences in PON1 polymorphism frequencies and enzyme activity/levels have been 
investigated in several other neurological disorders. Polymorphisms in PON gene cluster are 
associated with amyotrophic lateral sclerosis [81]. Decreased serum levels/activity of PON1 
are observed in patients with multiple sclerosis [82], schizophrenia [83], or anxiety disorder 
[84], supporting the notion that oxidative stress-mediated damage may contribute to the pa-
thogenesis of these neurological diseases. Notably, PON1 expression is upregulated in the 
fetal liver of Down’s syndrome patients, which may provide a clue as to why these patients 
have a lower incidence of atherosclerotic vascular disease than the general population [85].  

 
3.2.6. Role in Human Liver Diseases 

The fact that liver is the major synthesis organ for PON1 has prompted clinical investiga-
tions into the potential role of this protein in various human liver disorders involving oxida-
tive stress and inflammation. Early studies demonstrated a significant decrease in serum 
PON1 activity in patients with liver cirrhosis, which has been confirmed by subsequent stu-
dies in patients with varying degrees of chronic liver diseases, including chronic hepatitis, 
chronic alcoholic liver injury, and nonalcoholic fatty liver disease [86-88]. Indeed, serum 
PON1 activity can reflect liver function, and as such has been proposed as a biomarker for 
monitoring severity and progression of chronic liver diseases [89]. The association of PON1 
gene polymorphisms with chronic hepatitis C virus (HCV) infection has been investigated in 
one study. It shows that patients with HCV-related chronic hepatitis have a higher frequency 
of the RR isoform of the Q192R polymorphism than healthy subjects [87]. The plasma con-
centrations of peroxides are also higher in patients with the hepatitis than control subjects. As 
noted earlier, the PON1 RR192 genotype is associated with an increased serum activity of the 
enzyme (Table 17-1). Thus, the significance of above gene polymorphism study remains un-
clear. Further studies on the association of PON gene polymorphisms with chronic liver dis-
eases will provide insights into the potential impact of PON genotypes on susceptibility to 
chronic liver diseases. Such studies may lead to identification of PON-associated risk factors 
for developing chronic liver diseases. 

 
3.2.7. Role in Human Cancer 

Oxidative stress and inflammation are critical events underlying carcinogenesis. By sup-
pressing oxidative stress and inflammation, PON enzymes may protect against cancer devel-
opment. However, to date little is known about the role of PONs in carcinogenesis in animal 
models. In contrast, there have been many studies in human subjects, suggesting a potential 
protective effect of PON1 in the development of different types of human cancer. A lower 
serum PON1 activity has been consistently observed in patients with various types of cancer 
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compared with control subjects. Gene polymorphisms of PON1 that cause decreased serum 
PON1 activity are associated with increased risk of developing malignancies, including lung 
cancer [90], breast cancer [91], ovarian epithelial carcinoma [92], prostate cancer [93], and 
brain cancer [94]. The causative role of PON1 as well as the other two members of PON fam-
ily in cancer development warrants further investigations in both human subjects and experi-
mental animals. 

 
3.2.8. Role in Other Human Diseases 

PON1 has also been implicated in many other human disorders based on observations 
from clinical and epidemiological studies. These include viral infections (e.g., HIV infection, 
hepatitis B infection) [95], Helicobacter pylori infection [96], idiopathic chronic pancreatitis 
[97], progressive IgA nephropathy [98], age-related macular degeneration [99], erectile dys-
function [100], and organophosphate poisoning [101]. The exact role of PON1 as well as oth-
er PON isozymes in the pathophysiology of the above disease conditions awaits further 
confirmation by additional well-designed studies.  

 
 

4. Conclusion and Future Directions 
 
PONs are multitasking antioxidant enzymes that have a beneficial role in a variety of 

oxidative stress- and inflammation-associated pathophysiological processes in experimental 
animals. Increasing evidence from studies in human subjects also suggests PONs as protec-
tive factors in many diseases, including atherosclerotic coronary heart disease, diabetes, neu-
rodegeneration, and cancer. Currently, there is a great need to translate the important 
discoveries on PON isozymes into effective interventional strategies to prevent and treat hu-
man diseases that involve a PON-dependent mechanism. In this regard, future studies should 
focus on developing effective pharmacological inducers of PONs and evaluating their effec-
tiveness in upregulating PON enzymes and in protecting against oxidative and inflammatory 
tissue degeneration underlying common human disorders. 
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Chapter 18  
 
 

Metal Ion Sequestering Proteins 
 
 

Abstract 
 

Metal ions such as iron and copper are essential elements, yet dysregulation of their 
homeostasis results in tissue injury due partly to their pro-oxidant properties. Mammals 
have evolved a number of mechanisms to maintain metal ion homeostasis, among which 
are ferritin and metallothionein (MT) that possess the ability to sequester metal ions in 
addition to other biological activities. In mammals, ferritin is a 24-subunit intracellular 
protein whose principal role within cells is the storage of iron in a nontoxic, but bioavail-
able form. Studies in experimental models demonstrate that ferritin plays a role in pro-
tecting against pathophysiological conditions involving oxidative stress, such as 
myocardial ischemia-reperfusion injury and neurodegeneration. A number of ferritin ge-
netic disorders have been reported in human subjects with iron-facilitated oxidative stress 
being a contributing factor to the disease pathogenesis. MT refers to a superfamily of 
small molecular mass proteins with high cysteine content and the capacity to bind various 
heavy metals, including copper, zinc, cadmium, and mercury. MTs regulate copper and 
zinc homeostasis. They are also important defenses against heavy metal toxicity as well 
as oxidative and inflammatory stress. Extensive studies in animal models demonstrate an 
important protective function for MTs in a number of disease conditions, such as cardi-
ovascular disorders, diabetes, neurodegeneration, and cancer. Studies in human subjects 
also support a potential involvement of MTs in certain disease processes, including athe-
rosclerosis and diabetes.  
 
 

1. Introduction 
 
Metal ions, including copper and iron ions are essential elements in mammals. For exam-

ple, these metal ions form the active centers of a variety of important enzymes in mammalian 
cells or tissues. However, these metals, particularly copper and iron when exist as free ions 
can also cause detrimental effects. Three mechanisms are involved in the detrimental effects 
mediated by copper and iron ions. They are summarized as following. 

 
 Participation in Fenton/Fenton-type reactions to produce the extremely reactive hy-

droxyl radical (Section 2.3.3 of Chapter 1) 
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 Catalysis of auto-oxidation of biomolecules (e.g., ascorbate, catecholamines) to form 
reactive species, such as free radicals and reactive quinones 

 Involvement in decomposition of lipid hydroperoxides to form peroxyl and alkoxyl 
radicals (Section 2.3.6 of Chapter 1) 

 
Due to the adverse effects of free metal ions, mammals have evolved diverse mechanisms 

for sequestration of these essential but also potentially toxic metal ions. This chapter focuses 
on discussing two important metal ion-sequestering proteins in mammalian systems: ferritin 
and metallothionein. 

 
 

2. Ferritin 
 

2.1. General Aspects, Biochemistry, and Molecular Regulation 
 

2.1.1. General Aspects and Biochemistry 

Ferritin was first discovered in 1973 by V. Laufberger, who isolated a new protein from 
horse spleen that contained up to 23% by dry weight of iron. In mammals, ferritin is a 24-
subunit intracellular protein whose principal role within cells is the storage of iron in a non-
toxic, but bioavailable form [1]. The assembled ferritin molecule, often referred to as a nano-
cage, can store up to 4,500 atoms of iron. Iron in the ferritin nanocage is insoluble and most 
likely redox inactive. In mammals, there are two ferritin genes that encode for the heavy (H) 
and light (L) subunits of ferritin, with a molecular mass of 19 and 21 kDa, respectively. Al-
though the two subunits share approximately 55% of their sequences as well as their multihel-
ical three-dimensional structures, they are functionally distinct. The heavy subunit is 
primarily responsible for the ferrioxidase activity of the ferritin complex, whereas the light 
subunit facilitates the storage of iron into the ferritin core. The efficient storage of iron re-
quires the coordinated actions of both subunits.  

Ferritin is primarily localized in cytosol, existing as a heteropolymers of both heavy and 
light subunits. It is also present in nuclei and plasma [2, 3]. Nuclear ferritin is found to be the 
same as cytosolic ferritin, and not the product of a separate gene. Similarly, plasma ferritin is 
believed to be also derived from cytosolic ferritin though plasma ferritin is composed mainly 
of the light subunits and is relatively iron-poor. Recently, a third mammalian nuclear gene has 
been identified to code for the precursor of the mitochondrial ferritin (FtMt). The mature mi-
tochondrial ferritin subunit possessing ferrioxidase activity assembles into homopolymers [4]. 
In humans, the genes for ferritin heavy subunit, light subunit, and mitochondrial ferritin are 
localized on chromosomes 11q12, 19q13.33, and 5q21.3, respectively. 

 
2.1.2. Molecular Regulation 

The expression of ferritin subunits is under both transcriptional and translational regula-
tion. The translational regulation of ferritin subunits has been well-characterized. The 
mRNAs of heavy and light subunits contain iron regulatory element (IRE), which binds with 
high affinity the repressor, named iron response proteins (IRPs including IRP1 and IRP2). 
The binding activity of IRPs to IRE is modulated by cellular availability of iron. When cellu-
lar iron is abundant, IRPs lose their binding activity to IRE, and thereby leading to increased 
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translation of ferritin subunits. On the other hand, under cellular iron deficiency, the binding 
activity of IRPs to IRE is increased, thus resulting in decreased translation of ferritin subunits 
[1]. Redox status may also affect the translation of ferritin subunits. Reactive oxygen species 
(ROS) cause ferritin induction by inactivating IRP1 through reversible oxidation of critical 
cysteine residues [5]. As discussed below, ROS can also cause ferritin induction via activat-
ing transcription of the ferritin subunit genes. 

At the transcriptional level, several factors can enhance the expression of ferritin sub-
units. These factors include inflammatory cytokines, oxidants, and heme. A number of tran-
scription factors have been shown to mediate the transcription of ferritin subunit genes. For 
example, Nrf2 and Jun D activate transcription of human ferritin heavy subunit gene via an 
antioxidant response element (ARE)-driven mechanism [6, 7]. This Nrf2/ARE pathway is 
shown to mediate the induction of ferritin heavy subunit by phenolic compounds, dithiole-
thiones, and oxidants [7]. Nrf2 may also control the transcriptional expression of ferritin light 
subunit gene [7]. NF- B is demonstrated to mediate the transcriptional activation of ferritin 
heavy subunit by tumor necrosis factor-  [8]. It is reported that p53 downregulates the pro-
moter activity of ferritin heavy subunit gene [9]. On the other hand, ferritin is shown to inte-
ract with p53 and increase p53 protein level and transcriptional activity during oxidative 
stress [10]. This suggests that ferritin cooperates with p53 to cope with oxidative stress.  

 
 

2.2. Role in Health and Disease 
 

2.2.1. General Biological Activities 

Ferritin has a central role in the regulation of cellular iron homeostasis. Sequestration of 
iron ions by ferritin is an important mechanism for controlling iron-mediated ROS formation 
and oxidative damage in mammalian systems (Figure 18-1). As noted earlier, ferritin is most-
ly cytosolic but also found in mitochondria and nuclei. There is substantial evidence that mi-
tochondrial ferritin may protect this organelle from iron toxicity and oxidative damage [11]. 
Similarly, nuclear ferritin may bind and protect nuclear DNA from oxidative injury. In addi-
tion, nuclear ferritin has been suggested to participate in the transcriptional regulation of -
globin gene [2]. As noted earlier in Section 2.1.1, ferritin also exists in extracellular com-
partments, such as plasma. Ferritin in plasma has low iron content and a distinct subunit com-
position. Recently, plasma ferritin is shown to regulate blood vessel formation, a novel role 
beyond iron storage [12].  

Iron can be released from ferritin by several reducing agents, including superoxide in vi-
tro. As described in Section 2.3.1 of Chapter 1, superoxide is also reactive to iron-sulfur clus-
ters in enzymes, leading to release of iron from the enzymes. The released iron further reacts 
with hydrogen peroxide, generating the highly reactive hydroxyl radical. Indeed, superoxide 
and iron have been suggested as partners in crime in oxidative tissue injury [13]. 

 
2.2.2. Animal Studies 

 
2.2.2.1. EXPERIMENTAL APPROACHES 
Animal models of both targeted disruption and transgenic overexpression of ferritin 

heavy subunit (FTH) have been reported in the literature. Homozygous knockout of the heavy 
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subunit results in early embryonic lethality, indicating an essential role for FTH in murine 
development [14].  

 

 
 

Figure 18-1. Protection against iron-mediated oxidative stress by ferritin in cytosol, mitochondria, and 
nuclei. As shown, free iron is redox-active and participates in Fenton reaction, generating hydroxyl 
radical. In contrast, iron sequestered by ferritin is redox-inert.  

 
 
In contrast, the heterozygous knockout (FTH+/-) mice are born and reproduced normally 

[15]. Due to the embryonic lethality of the global homozygous knockout of FTH, conditional 
FTH knockout mice have recently been characterized with respect to phenotypic changes 
[16]. Generation and phenotypic characterization of these genetically-manipulated animal 
models have been key strategies for understanding the biological functions of ferritin in 
mammals.  

 
2.2.2.2. ROLE IN CARDIOVASCULAR DISEASES AND RELATED CONDITIONS  
Evidence indicates a protective role for ferritin in cardiovascular disorders, such as 

ischemic heart injury. Induction of myocardial ferritin is observed during cardiac ischemia 
[17]. It has been suggested that cardiac protection by ischemic preconditioning is mediated by 
ferritin. Cardiac ischemic preconditioning increases de novo synthesis of ferritin in cardiac 
tissue of mice, and the elevated ferritin may serve as a sink for redox-active iron, thus protect-
ing myocardium from iron-mediated oxidative damage associated with ischemia-reperfusion 
injury [18]. In cultured cardiomyocytes, downregulation of ferritin heavy subunit by siRNA 
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increases labile iron pool, oxidative stress, and cell death, supporting a protective role for fer-
ritin in iron-mediated oxidative cardiac injury [19]. As discussed in Chapter 15, heme oxyge-
nase-1 is a critical protector against oxidative pathophysiology underlying various disease 
conditions, including cardiovascular disorders. Induction of heme oxygenase-1 is often asso-
ciated with augmented synthesis of ferritin, which has been suggested to be partially respon-
sible for the beneficial effects of heme oxygenase-1. In this regard, adenovirus-mediated 
overexpression of ferritin heavy subunit is shown to protect cardiovascular cells from apopto-
sis elicited by various insults, including ROS [20]. 

A potential role for ferritin in metabolic syndrome has been proposed based on its inte-
raction with adiponectin. Adiponectin is an adipocyte-derived protein that acts to reduce insu-
lin resistance in liver and muscle and also inhibits atherosclerosis. In primary murine skeletal 
cells, adiponectin is found to upregulate ferritin heavy subunit via an NF- B-dependent me-
chanism. The adiponectin-mediated antioxidative stress activity is shown to rely on the induc-
tion of ferritin. Hence, upregulation of ferritin may partially explain how adiponectin protects 
against oxidative stress and insulin resistance in skeletal muscle [21]. In this context, oxida-
tive stress is an important event underlying insulin resistance and other manifestations of me-
tabolic syndrome. 

 
2.2.2.3. ROLE IN NEURODEGENERATIVE DISEASES 
As noted earlier, homozygous deletion of ferritin heavy subunit causes embryonic lethali-

ty, whereas mice with heterozygous deletion are born and reproduced normally. As compared 
with wild-type mice, the heterozygous mice have less than half the levels of ferritin heavy 
subunit and exhibit an increase in the indices of oxidative stress and apoptosis in the brain, 
implying a beneficial role for ferritin in oxidative neurodegeneration [22]. Transgenic over-
expression of ferritin heavy subunit in dopaminergic neurons of the substantia nigra results in 
increased levels of ferritin in the neurons. This affords protection against neurodegeneration 
and oxidative stress elicited by two parkinsonism-inducing toxicants, 1-methyl-4-phenyl-
1,2,3,6-tetrahydropyridine and paraquat, in young mice [23, 24]. Similarly, pharmacological 
iron chelation also protects against experimental parkinsonism [23, 24]. These observations 
suggest a causative role for iron-mediated oxidative stress in the pathogenesis of experimental 
parkinsonism and the feasibility of developing strategies targeting ferritin for the intervention 
of this neurodegenerative disorder. However, a recent study shows that chronic expression of 
ferritin heavy subunit in dopaminergic midbrain neurons of older mice results in an age-
related expansion of the labile iron pool and subsequent oxidative neurodegeneration [25], 
pointing to a complex role of ferritin in iron metabolism and neurodegeneration associated 
with aging.  

Genetic manipulation of ferritin light subunit has been employed to study the molecular 
involvement of ferritin in neurodegenerative disorders. Insertional mutations in exon 4 of the 
ferritin light subunit gene are associated with hereditary ferritinopathy (also called neuroferri-
tinopathy), an autosomal dominant neurodegenerative disease characterized by progressive 
impairment of motor and cognitive functions [1] (Section 2.2.3.1). Transgenic overexpression 
of one of the mutant human ferritin light subunit cDNAs in mice leads to abnormal iron me-
tabolism likely due to the compromised ability of the mutant ferritin to sequester iron. The 
transgenic mice exhibit increased lipid peroxidation and oxidative protein damage in the brain 
tissue [26].  

Mitochondrial ferritin, a newly discovered ferritin, is expressed in relatively high levels 
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in high energy-consuming cells, such as neurons. A recent study demonstrates that overex-
pression of mitochondrial ferritin inhibits 6-hydroxydopamine-induced dopaminergic neuron 
damage and oxidative stress [27].  

 
2.2.2.4. ROLE IN HEPATIC DISEASES 
As noted above in Section 2.2.2.1, a conditional deletion of ferritin heavy subunit in adult 

mice has recently been reported. This approach deletes ferritin heavy subunit almost com-
pletely in the liver, bone marrow, spleen, and thymus, but less prominently in other tissues. 
The mice are viable and survive up to two years without visible abnormalities. However, mice 
fed on a high iron diet prior to ferritin heavy subunit deletion suffer from severe liver damage, 
as evidenced by markedly increased release of liver enzymes into circulation, hepatic cell 
death, macrosteatosis, hemorrhage, and infiltration of inflammatory cells [16]. Cell depleted 
of ferritin heavy subunit show increased sensitivity to iron salt-induced death in cultures, and 
the cell injury can be prevented by overexpression of a wild-type ferritin heavy subunit but 
not by a mutant subunit lacking ferrioxidase activity. The cell death is preceded by an in-
crease in cytoplasmic free iron, ROS, and mitochondrial dysfunction [16]. These results indi-
cate that the iron-sequestering function of ferritin plays a major role in preventing iron-
mediated cell and tissue damage.  

Iron-elicited oxidative stress is involved in tissue ischemia-reperfusion injury. A study 
demonstrates that adenovirus-mediated overexpression of ferritin heavy subunit gene protects 
rat livers from ischemia-reperfusion injury and prevents hepatocellular damage upon trans-
plantation into syngeneic recipients [28]. The protective effects of overexpression of ferritin 
heavy subunit are associated with the inhibition of endothelial cell and hepatocyte apoptosis 
in vivo. In vitro studies further show that overexpression of the ferritin heavy subunit in endo-
thelial cells suppresses apoptosis induced by a variety of stimuli [28]. These findings demon-
strate that ferritin acts as a critical protector in liver degeneration associated with oxidative 
stress. 

 
2.2.2.5. ROLE IN CANCER 
It has been proposed that ferritin by blocking iron-mediated oxidative stress may play a 

dual role in cancer development. On the one hand, ferritin may prevent cancer development 
by inhibiting iron-mediated oxidative DNA damage and multistage carcinogenesis. Indeed, 
overexpression of ferritin heavy subunit decreases intracellular labile iron pool and oxidative 
stress, and attenuates transforming growth factor-induced hepatic epithelial-mesenchymal 
transition, a process known to be critical in carcinogenesis [29]. On the other hand, by pro-
tecting against oxidative damage and apoptosis, ferritin may promote the survival of the al-
ready formed cancer cells. In this regard, serum ferritin levels are often found to be increased 
in cancer patients, suggesting a possible involvement of ferritin in facilitating cancer devel-
opment (see Section 2.2.3.2 below). Indeed, serum ferritin has recently been shown to pro-
mote angiogenesis in a tumor angiogenesis model [12]. Overexpression of ferritin light 
subunit is also associated with metastatic phenotype of human melanoma cells. Conversely, 
downregulation of ferritin light subunit in melanoma cells strongly inhibits their proliferation 
and invasiveness in both in vitro and in vivo models [30]. Downregulation of ferritin light 
subunit also sensitizes the melanoma cells to oxidative stress and apoptosis [30]. These data 
suggest that ferritin may facilitate melanoma progression by promoting cell growth and inva-
siveness as well as by inhibiting apoptosis in the experimental models. Hence, whether ferri-
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tin plays an inhibitory or promoting role in cancer development may depend on the stage of 
carcinogenesis.  

 
2.2.3. Human Studies and Clinical Perspectives 

The involvement of ferritin in human health and disease can be summarized into the fol-
lowing two scenarios.  

 
 Genetic ferritin disorders 
 Changes of serum ferritin as a marker or risk factor of disease conditions 

 
2.2.3.1. GENETIC FERRITIN DISORDERS 
Genetic variations have been reported for both ferritin heavy and light subunit genes. A 

single point mutation (A49U) in the IRE motif of H-ferritin mRNA was identified in four of 
seven members of a Japanese family affected by dominantly inherited iron overload [31]. 
This mutation is responsible for tissue iron deposition and is a novel cause of hereditary iron 
overload. A more extensive study of 660 human subjects with abnormalities in serum ferritin 
and iron status identified only two additional novel mutations in the 5’-untranslated region of 
ferritin heavy subunit, which however did not seem to contribute to the abnormalities in se-
rum ferritin and iron status [32]. This suggests that ferritin heavy subunit gene is not easily 
subject to mutations.  

In contrast to genetic variations in ferritin heavy subunit, mutations of ferritin light sub-
unit gene are more frequent and often lead to disorders. For example, heterozygous mutations 
in the 5’-untranslated region of the mRNA cause hereditary hyperferritinemia cataract syn-
drome (HHCS), whereas the mutations that modify the C-terminal part of the protein se-
quence cause hereditary ferritinopathies with neurodegeneration. Individuals with HHCS 
have mutations that alter the structure and functionality of the iron regulatory element (IRE), 
and reduce its binding affinity to the iron regulatory proteins (IRPs), thereby leading to in-
creased expression of light subunit. Excess of ferritin light subunit in the lens causes aggrega-
tion into microcrystals, resulting in bilateral nuclear cataract [1]. Patients with hereditary 
ferritinopathies (also known as neuroferritinopathies) exhibit movement abnormalities, hete-
rozygous extrapyramidal Parkinson-type symptoms, and spherical inclusions containing ferri-
tin and iron in brain and other organs [1]. Studies in experimental models suggest that these 
mutations cause dysfunction of ferritin, leading to increased labile iron pool and oxidative 
stress as well as protein aggregation [26]. 

 
2.2.3.2. SERUM FERRITIN IN DISEASE CONDITIONS 
Increased levels of serum ferritin, known as hyperferritinemia have been frequently ob-

served in patients with various pathophysiological conditions, including iron overload, acute 
inflammation and infection, chronic inflammatory disorders, autoimmunity, and malignancies 
[3]. Under certain circumstances, serum ferritin can serve as a useful marker for the above 
disorders; however, interpretation of the results should be done with caution due to the mul-
tiplicity of conditions affecting serum ferritin levels. On the other hand, certain pathophysio-
logical conditions, such as iron deficiency anemia have been associated with decreased levels 
of serum ferritin. Indeed, serum ferritin is routinely ordered in the evaluation of anemia in 
human patients [26].  
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Extensive studies suggest that changes in serum ferritin may be a risk factor for certain 
human diseases. For example, higher serum ferritin concentrations in postmenopausal women 
are associated with an increased risk of ischemic stroke [33]. Several recent studies also dem-
onstrate that hyperferritinemia is associated with insulin resistance and fatty liver [34, 35]. 
Elevated maternal serum ferritin is also related to a higher risk of gestational diabetes and 
intra-uterine growth retardation [36]. As mentioned in Section 2.2.2.2, studies in experimental 
models suggest a protective role for ferritin in ischemic heart disease. However, epidemiolog-
ical studies on ferritin/iron status and cardiovascular diseases have yielded conflicting results, 
with two recent larger studies failing to show a linear association between serum ferritin/iron 
status and risk of ischemic heart disease [37, 38].  

Taken together, although serum ferritin can be used as a biomarker for certain pathophy-
siological conditions, including iron overload and iron-deficient anemia, the value of serum 
ferritin as a biomarker or risk factor in other prevalent diseases, such as diabetes and cardi-
ovascular disorders remains to be further determined. In addition, it should be noted that the 
association of hyperferritinemia with increased risk of certain diseases does not establish a 
causal role for ferritin in disease development. Instead, changes in serum ferritin most likely 
reflect the body’s iron status or responses to pathophysiological conditions. Thus, future stu-
dies should focus on identification of the causal involvement (either protective or detrimental) 
of ferritin in human diseases. In this regard, continued genetic variation studies may lead to 
discovery of new mutations in ferritin subunit genes as well as in mitochondrial ferritin gene. 
Characterization of the novel mutations and the associated phenotypic changes will provide 
important insights into the molecular pathways through which ferritin contributes to human 
health and disease. 

 
 

3. Metallothionein 
 

3.1. General Aspects, Biochemistry, and Molecular Regulation 
 

3.1.1. General Aspects and Biochemistry 

Metallothionein (MT) refers to a superfamily of small molecular mass proteins (6-7 kDa) 
with high cysteine content and the capacity to bind various heavy metals, including copper, 
zinc, cadmium, and mercury. MT was first isolated from horse kidney and characterized by 
M. Margoshes and B.L. Vallee in 1957. In mammals, there are four types of MT proteins, 
namely, MT-1, MT-2, MT-3 and MT-4, among which MT-1 and MT-2 have been most ex-
tensively investigated. MT-1 and MT-2 are widely distributed in mammalian tissues. MT-3 is 
found mainly in brain, kidney and reproductive organs, whereas MT-4 is localized primarily 
in squamous epithelia [39].  

In humans, the MT genes are tightly clustered in the q13 region of chromosome 16, con-
sisting of seven functional MT-1 genes (MT-1A, MT-1B, MT-1E, MT-1F, MT-1G, MT-1H, 
and MT-1X) and a single gene encoding each of the other three MT isozymes, namely, MT-2 
(MT-2A gene), MT-3, and MT-4. Mice have a much simpler gene structure with only one 
functional gene for each of the four isozymes, namely MT-1, MT-2, MT-3, and MT-4, all 
located on chromosome 8 [39]. It should be noted that majority of MT basic research has 
been performed in rodents, predominantly mice. 
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3.1.2. Molecular Regulation 

The genes of MT-1 and MT-2 are usually expressed coordinately in mammalian tissues, 
whereas MT-3 and MT-4 exhibit a much more restricted tissue expression. Regulation of MT-
1 and M-2 expression has received much more extensive studies than that of MT-3 and MT-4, 
and occurs primarily at the transcriptional level. Both MT-1 and MT-2 are highly inducible in 
response to a wide range of stimuli, including heavy metal ions, glucocorticoids, cytokines, 
inflammation, electrophiles, and oxidants. A number of transcriptional regulatory pathways 
have been identified for the upregulation of MT-1 and MT-2 gene expression by various sti-
muli. For example, metal ion-induced expression is mediated by metal-response element-
binding transcription factor-1 (MTF-1) via a metal response element (MRE)-driven mechan-
ism. Similarly, glucocorticoid-induced expression of MT-1 and MT-2 genes is mediated by a 
glucocorticoid response element (GRE)-driven mechanism [40]. In addition to MRE and 
GRE, the promoter region of MT-1 and MT-2 genes also contains the binding sites for a 
number of other transcription factors, such as SP1, Nrf1, and Nrf2. Although both Nrf1 and 
Nrf2 are able to bind to the antioxidant response elements (AREs) of the MT-1 and MT-2 
genes, only Nrf1 activates the transcription [41]. As discussed in Chapter 2, Nrf2/ARE path-
way plays a central role in the upregulation of antioxidant gene expression by metals, oxi-
dants, electrophiles, and inflammatory cytokines. Therefore, the role of Nrf2/ARE in the 
regulation of MT-1 and MT-2 gene expression under the above conditions merits further in-
vestigations. Currently, the molecular regulation of MT-3 and MT-4 gene expression remains 
largely unknown. 

 
 

3.2. Role in Health and Disease 
 

3.2.1. General Biological Activities 

The biological functions of MT proteins are summarized below.  
 
 Storage of the heavy metals in a nontoxic form  
 Regulation of cellular copper and zinc metabolism 
 Antioxidant and anti-inflammatory activities 

 
As illustrated in Figure 18-2, the antioxidant activities of MT proteins stem from two 

main mechanisms. They are: (1) direct ROS-scavenging ability due to the high cysteine con-
tent of the MT proteins and (2) chelation of copper ions, thus preventing the formation of hy-
droxyl radical and other reactive species from copper ion-mediated redox reactions. Since 
oxidative stress and inflammation are intimately related processes, the antioxidant activities 
of MT proteins may also explain their anti-inflammatory functions under various pathophysi-
ological conditions. 

 
3.2.2. Animal Studies 

 
3.2.2.1. EXPERIMENTAL APPROACHES 
Much of our current knowledge on MTs results from studies in murine models, especially 

gene knockout and transgenic overexpression mouse lines. Due to the coordinated expression 
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of MT-1 and MT-2, simultaneous knockout of both genes (MT-1/MT-2-null) in mice has 
been described, and the mice are born and reproduced normally. MT-3 knockout mouse mod-
el has also been reported in the literature, and the mice develop neurological/behavioral dis-
orders [42, 43] (Section 3.2.2.4).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 

 

 

 

Figure 18-2.  Mechanisms underlying metallothionein (MT)-mediated antioxidative activities. As 
illustrated, MT proteins can directly scavenge reactive oxygen and nitrogen species (ROS/RNS) due to 
the high content of cysteine residues. MT proteins by binding to copper ion also prevent copper from 
participating in Fenton-type reaction to generate hydroxyl radical. 

 
 
3.2.2.2. ROLE IN CARDIOVASCULAR DISEASES 
Studies in genetically manipulated animal models have demonstrated a protective role for 

MT-1/MT-2 in various forms of cardiovascular disorders. These include ischemia-reperfusion 
injury [44], alcoholic cardiomyopathy [45], doxorubicin-induced cardiotoxicity [46], as well 
as aging-, high-fat diet-, or sepsis-induced cardiac contractile dysfunction [47-49]. Overex-
pression of MT-1/MT-2 attenuates the oxidative damage and inflammatory responses in myo-
cardium under the above pathophysiological conditions, pointing to an involvement of the 
antioxidant activities of MT proteins in disease protection. Recently, it has been shown that 
MT-1/MT-2 can also enhance angiogenesis and arteriogenesis by upregulating endothelial 
growth factor expression and modulating smooth muscle cell and macrophage function [50]. 
These novel activities may result in collateral flow recovery and contribute to the cardiopro-
tective effects of MT proteins in ischemic heart disease.  
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3.2.2.3. ROLE IN DIABETES AND METABOLIC SYNDROME 
Mounting evidence supports a beneficial role of MT proteins in diabetes and metabolic 

syndrome in experimental models. Overexpression of MT-1/MT-2 in the pancreatic -cells 
renders these cells more resistant to oxidative damage [51]. Transgenic overexpression of the 
MT proteins in mice results in attenuation of streptozotocin-induced diabetes [52]. MT over-
expression also protects against diabetic complications, such as diabetic cardiomyopathy in 
experimental animals [53]. Insulin resistance-induced cardiac dysfunction in mice is alle-
viated by transgenic MT overexpression in myocardium [54], suggesting a beneficial effect of 
MT proteins in metabolic syndrome-associated complications. MT proteins may also function 
to suppress the development of metabolic syndrome. In this regard, an early study demon-
strated that targeted disruption of MT-1/MT-2 genes in mice results in moderate obesity and 
hyperleptinemia [55]. More recently, MT-1/MT-2-null mice have been shown to be more sus-
ceptible to high-fat diet-induced obesity as compared with wild-type counterparts [56]. To-
gether, these findings indicate a protective function of MT-1/MT-2 in the genesis of 
metabolic syndrome.  

 
3.2.2.4. ROLE IN NEUROLOGICAL DISEASES 
One of the best characterized functions of MT-1/MT-2 is the protection against various 

forms of neurological disorders, including cerebral ischemia-reperfusion injury [57, 58], tox-
in-induced parkinsonism [59, 60], excitotoxicity [61], autoimmune encephalomyelitis [62], 
and traumatic brain or spinal cord injury [63, 64]. Overall, the beneficial effects of MT-1/MT-
2 observed in these experimental models are consistent with the protective functions of the 
MT proteins in oxidative stress and inflammation. Indeed, MT-1/MT-2 proteins have been 
proposed as multipurpose neuroprotectants in brain pathogenesis [65]. Recently, studies in 
MT-3-null and -overexpressing mice also demonstrate an important role for this brain-
selective MT isoform in attenuating cerebral ischemic injury and kainic acid-induced seizure 
[42, 66]. Moreover, MT-3-null mice develop abnormalities in psychological behaviors, sug-
gesting a possible involvement of MT-3 in higher levels of brain function [43]. 

 
3.2.2.5. ROLE IN PULMONARY DISEASES 
Multiple studies demonstrate a protective role for MT proteins in acute lung injury and 

inflammation induced by toxicants, such as nickel and ozone [67, 68]. The lung injury and 
inflammation elicited by lipopolysaccharide (given via either intratracheal instillation or sys-
temic administration) are much more severe in MT-1/MT-2-null mice than that in wild-type 
animals [69, 70], implicating a potent anti-inflammatory function of MT-1/MT-2. In line with 
this notion, targeted disruption of MT-1/MT-2 genes in mice also sensitizes the animals to 
ovalbumin-induced airway inflammation and oxidative stress, as evidenced by increased 
proinflammatory cytokine production, infiltration of inflammatory cells, and oxidative DNA 
damage [71]. Ovalbumin-induced airway inflammation is a commonly used experimental 
model of asthma.  

 
3.2.2.6. ROLE IN HEPATIC AND GASTROINTESTINAL DISEASES 
Liver is a major target organ of chemical toxicity. MT proteins play a central part in pro-

tecting against hepatic injury induced by heavy metals, such as cadmium [72]. MT proteins 
also alleviate liver injury caused by other chemicals, including carbon tetrachloride [73], al-
cohol [74], acetaminophen [75], cisplatin [76], and lipopolysaccharide [77]. There is also evi-
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dence indicating an involvement of MT proteins in liver cell regeneration [78]. Moreover, 
adenovirus-mediated human MT-2A gene transfer is shown to reverse liver fibrosis and pro-
mote hepatocyte regeneration in a mouse model of carbon tetrachloride-induced irreversible 
liver damage [79]. 

MT proteins possess a beneficial activity in certain gastrointestinal disorders. Increased 
expression of MT proteins is observed in experimental animals with inflammatory bowel dis-
ease or Helicobacter pylori infection [80, 81]. A recent study demonstrates that targeted dis-
ruption of MT-1/MT-2 genes in mice markedly aggravates H. pylori-induced gastric 
inflammation and ulceration as compared with wild-type mice [82]. However, it remains un-
known if selective overexpression or induction of MT proteins in gastrointestinal tissues is 
also protective against gut inflammatory disorders. 

 
3.2.2.7. ROLE IN RENAL DISEASES 
Studies implicate MT-1/MT-2 as important protective molecules in nephrotoxicity in-

duced by toxicants and drugs, including cadmium, arsenicals, and cisplatin. For instance, tar-
geted disruption of MT-1/MT-2 in mice greatly sensitizes the animals to cadmium-induced 
nephrotoxicity following chronic oral exposure [72]. Long-term exposure to arsenicals leads 
to renal injury in wild-type mice; however, the renal toxicity is dramatically aggravated in 
MT-1/MT-2-null mice, as manifested by increased tubular cell vaculolization, inflammatory 
cell infiltration, and interstitial fibrosis [83].  

Cisplatin is a widely used anticancer drug whose clinical application is limited by neph-
rotoxicity. Targeted disruption of MT-1/MT-2 in mice exacerbates cisplatin-induced renal 
injury. Pre-induction of renal MT proteins by bismuth nitrate or zinc sulfate protects the wild-
type mice from cisplatin-induced nephrotoxicity. However, the same treatment in MT-1/MT-
2-null mice does not induce MT proteins and fails to suppress cisplatin-elicited nephrotoxicity 
[84]. These results indicate that MT proteins are an important endogenous defense against 
cisplatin-associated renal injury and point to the possibility to attenuate this anticancer drug-
induced nephrotoxicity by upregulating renal MT proteins. 

 
3.2.2.8. ROLE IN SKIN DISEASES 
The proangiogenesis properties of MTs along with their role in cell regeneration impli-

cate that these metal-binding proteins may be involved in skin wound healing. MT-1/MT-2 
are upregulated in skin tissue following topical application of zinc and copper. These proteins 
are also elevated in the wound margins, particularly in regions of high mitotic activity. In ad-
dition, MT expression in the wound margins is accompanied by accumulation of zinc, a metal 
involved in wound healing [85, 86]. Induction of MTs in the wound margins may reflect their 
role in promoting cell proliferation and reepithelialization. Indeed, either chemical or physical 
injury-induced epidermal cell proliferation is attenuated in mice with targeted disruption of 
MT-1/MT-2 [87]. 

MT-1/MT-2-null mice also exhibit reduced tolerance to ultraviolet B (UVB)-induced skin 
injury, as revealed by increased numbers of sunburn cells and apoptotic cells compared with 
wild-type littermates [88]. These experimental data suggest that MT-1/MT-2 have a photopro-
tective activity in vivo. The in vivo protective effect of MTs on UV irradiation-induced skin 
injury is also consistent with the observations that MT proteins in skin are highly inducible by 
UVB, and that induction of MTs in cultured keratinocytes attenuates UVB-elicited cell injury 
and oxidative stress. 
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3.2.2.9. ROLE IN CANCER 
As described in prior sections, MTs exhibit antioxidant and anti-inflammatory activities, 

and they also possess antiapoptotic, proliferative, and proangiogenic properties. On the one 
hand, the antioxidant and anti-inflammatory activities of MTs implicate a protective role for 
these proteins in carcinogenesis as oxidative stress and inflammation are critical events under-
lying multistage carcinogenesis. On the other hand, the antiapoptotic, proliferative, and 
proangiogenic properties of MTs would suggest a potential tumor promoting activity. The 
protection by MTs against anticancer drug-induced cytotoxicity may also implicate them in 
anticancer drug resistance. However, direct evidence for a causal tumor promoting activity of 
MTs in experimental animal models has been largely lacking though multiple studies have 
shown an increased expression of MT proteins in malignancies [89].  

In contrast, extensive studies using genetically manipulated mouse models demonstrate a 
critical role for MTs in protecting against multistage carcinogenesis induced by various chem-
ical carcinogens as well as -irradiation. For example, MT-1/MT-2-null mice are found to be 
hypersensitive to lead-induced kidney carcinogenesis and cisplatin-induced hepatocellular 
carcinoma as compared with wild-type counterparts [90, 91]. MT-1/MT-2 deficiency in mice 
also markedly sensitizes the animals to multistage skin carcinogenesis caused by 7,12-
dimethylbezn(a)anthracene and 12-O-tetradecanoylphorbol-13-acetate [92]. In addition to 
chemical carcinogenesis, targeted disruption of MT-1/MT-2 in mice also renders the animals 
more susceptible to -irradiation-induced thymic lymphoma and oxidative DNA damage as 
compared with wild-type littermates [93].  

 
3.2.2.10. ROLE IN OTHER DISEASES AND CONDITIONS 
Studies using mice with genetically manipulated MT genes indicate that these metal-

binding antioxidant proteins may be protective in many other pathophysiological conditions. 
These include chemically-induced retinal neuron damage [94], selective degeneration of cen-
tral photoreceptors caused by hyperbaric oxygen [95], X-irradiation-induced bone marrow 
depression [96], and multiple organ damage following lipopolysaccharide-elicited systemic 
inflammation [70]. 

 
3.2.3. Human Studies and Clinical Perspectives 

The involvement of MTs in protection against various pathophysiological conditions as 
revealed in experimental animals suggests that these proteins may also have a beneficial role 
in human health and disease. Indeed, studies show that levels of MTs are altered in some hu-
man disorders, especially malignancies [89]. MT expression is found to be upregulated in 
certain human malignancies, such as breast and lung cancer, and downregulated in others, 
including hepatocellular carcinoma. It has been recently reported that MT-1G acts as a poten-
tial tumor suppressor gene in human hepatocellular carcinoma [97].  

Genetic variation studies in human populations have identified multiple polymorphisms 
in both promoter and coding regions of the MT genes. Among them several alleles are shown 
to be associated with increased risk of developing certain disorders, including atherosclerosis 
[98, 99], diabetes and diabetic complications [100, 101], and heavy metal toxicity [102, 103]. 
In addition, a recent study in an Italian population demonstrates that a polymorphism in MT-
1A gene coding region is associated with longevity [104]. While these studies indicate an 
association between genetic variations of MT genes and susceptibility to developing certain 
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pathophysiological conditions, they do not establish a causal involvement of MT proteins in 
the disease processes. As such, it becomes necessary that when performing case-control stu-
dies, MT protein levels are detected, and the observed differences in MT protein levels are 
matched by the genotypes. In addition, the association revealed by epidemiological studies 
should be further investigated in experimental models, including cell cultures and genetically 
manipulated animals. Such experimental studies will help establish a causative relationship 
between genetic variations of MT genes, changes of MT proteins, and susceptibility to dis-
ease development. 

 
 

4. Conclusion and Future Directions 
 
Both ferritin and MTs are critically involved in regulating essential metal ion homeosta-

sis. They also possess antioxidant and anti-inflammatory activities as well as other novel 
functions, such as regulation of blood vessel formation. These multifunctional proteins play 
an important part in protecting against various disease processes involving oxidative stress 
and inflammation in animal models. Although being not as compelling as the findings in ani-
mal studies, observations from clinical and epidemiological studies do suggest a possible in-
volvement of these metal-sequestering proteins in human health and disease. Continued basic 
and clinical research is warranted to further elucidate the causative role (either beneficial or 
detrimental) for both ferritin and MTs in disease pathophysiology, and develop strategies se-
lectively targeting these proteins to combat human disorders involving oxidative and inflam-
matory stress.  
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Chapter 19  
 
 

Other Non-Protein Antioxidants 

Synthesized by Cells 
 
 

Abstract 
 

Previous chapters have discussed the endogenous protein antioxidants as well as the 
tripeptide glutathione synthesized in mammalian cells. There are also a variety of non-
protein antioxidants produced by mammalian cells, including bilirubin, coenzyme Q, es-
trogens, -lipoic acid, melatonin, pyruvate, and uric acid. This chapter describes each of 
these common non-protein compounds with respect to their antioxidant activities and role 
in health and disease. 
 
 

1. Introduction 
 
The most important non-protein antioxidant synthesized by cells is perhaps the tripeptide, 

glutathione, which is described in chapter 5. In addition to glutathione, a number of other 
non-protein compounds with antioxidant properties are also synthesized by mammalian cells. 
These include bilirubin, coenzyme Q, estrogens, -lipoic acid, melatonin, pyruvate, and uric 
acid. This chapter discusses the biochemical properties and role in health and disease for each 
of the above non-protein antioxidants. 

 
 

2. Bilirubin  
 

2.1. General Aspects and Biochemistry 
 

2.1.1. Bilirubin and Heme Oxygenases 

Bilirubin (structure shown in Figure 19-1) is the end product of heme metabolism in 
mammals. Heme oxygenases catalyze the cleavage of the heme ring to release ferrous ion, 
carbon monoxide, and biliverdin. The hydrophilic biliverdin is rapidly reduced by biliverdin 
reductase to hydrophobic bilirubin. As discussed in Chapter 15, heme oxygenases possess 
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important antioxidative and anti-inflammatory activities. It is now well-recognized that the 
biological activities of heme oxygenases are primarily mediated by the enzymatic reaction 
products, including bilirubin, biliverdin, and carbon monoxide. Among these products, biliru-
bin has received the most extensive studies with respect to the antioxidative and anti-
inflammatory functions [1]. 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19-1. Structure of bilirubin. See text (Section 2) for description of bilirubin. 
 

 

2.1.2. Physiological Concentrations and Metabolism 

In adult humans, approximately 250-350 mg bilirubin are produced daily primarily via 
breakdown of hemoglobin. The normal human plasma concentrations of unconjugated biliru-
bin are between 5 and 15 M, and over 99% is bound to albumin. In contrast, tissue concen-
trations of unconjugated bilirubin are much lower and estimated to be approximately 20-50 
nM. Unconjugated, albumin-bound bilirubin is transported to liver, where it dissociates from 
albumin and enters hepatocytes. Inside hepatocytes, bilirubin undergoes glucuronidation to 
form water-soluble monoglucuronide and diglucuronide metabolites, which are then excreted 
into bile and eliminated from the body [1]. 

 
2.1.3. Biochemical Properties and Functions 

Bilirubin is a potent scavenger of reactive oxygen and nitrogen species (ROS/RNS), in-
cluding peroxyl radical and peroxynitrite [2, 3]. At physiological tissue concentrations (~20-
50 nM), bilirubin is shown to provide cytoprotection against oxidative damage in various bio-
logical systems. The potent antioxidant effects of bilirubin at physiologically relevant concen-
trations are believed to stem from the biliverdin-bilirubin cycle, a concept first proposed by 
S.H. Snyder and coworkers [4, 5] (Figure 19-2). When bilirubin acts as an antioxidant, it is 
oxidized to biliverdin, which is rapidly reduced by biliverdin reductase to bilirubin. This 
cycle ensures the continuous availability of bilirubin for effective detoxification of ROS/RNS. 
Moreover, bilirubin and glutathione are found to have complementary antioxidant roles, hig-
hlighting the coordinated actions of these two important non-protein antioxidants in defense 
against oxidative stress [6]. In addition to bilirubin, the precursor biliverdin also possesses 
antioxidant activities in both cellular systems and experimental animals [1]. Due to its water 
solubility, biliverdin may scavenge ROS/RNS formed mainly in aqueous environment. In 
contrast, the ROS/RNS-scavenging activities of the lipophilic bilirubin are largely limited to 
lipid environment, such as lipoproteins and cell membranes. 
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Figure 19-2. Biliverdin-bilirubin redox cycle in the detoxification of reactive oxygen species (ROS). 
As illustrated, bilirubin scavenges ROS, and is oxidized to biliverdin. Biliverdin reductase (BR) 
regenerates bilirubin from biliverdin to ensure the continuous detoxification of ROS. HO, heme 
oxygenases; CO, carbon monoxide. 

 
 

2.2. Role in Health and Disease 
 
It is well-recognized that heme oxygenases play an important protective role in various 

pathophysiological conditions (Section 3 of Chapter 15). In view of the potent antioxidant 
activity of bilirubin, it is believed that the beneficial effects of heme oxygenases are mediated, 
at least partially, by bilirubin. This notion is supported by the observations that administration 
of exogenous bilirubin can replicate the protective effects exerted by induction of heme oxy-
genases in different animal models of human diseases. 

 
2.2.1. Animal Studies 

 
2.2.1.1. EXPERIMENTAL APPROACHES 
Direct administration of bilirubin to animals has been frequently used to study its biolog-

ical activities in health and disease. It is known that large doses of bilirubin cause adverse 
effects, such as neurotoxicity. As such, doses of bilirubin are chosen to achieve physiological-
ly relevant plasma concentrations in experimental animals to study the potential protection in 
disease conditions. Physiologically relevant concentrations of bilirubin have been employed 
in cell cultures to understand the cytoprotective effects and the underlying mechanisms. In 
addition to administration of exogenous bilirubin, another important approach to studying the 
biological activities of bilirubin is the use of Gunn rat model. Gunn rat is deficient in the bili-
rubin-conjugating enzyme UDP-glucuronosyltransferase 1A1 (UGT1A1), and as such devel-
ops hyperbilirubinemia. This rat model has been used to assess the beneficial role of bilirubin 
in various disease conditions, including cardiovascular disorders. As UGT1A1 is the primary 
enzyme involved in bilirubin metabolism, another approach to increasing plasma bilirubin in 
animals is through the use of UGT1A1 inhibitors, such as indinavir [7]. 
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2.2.1.2. ROLE IN CARDIOVASCULAR DISEASES 
Administration of bilirubin to animals protects against certain forms of cardiovascular 

disorders, including myocardial ischemia-reperfusion injury and atherogenesis [8-10]. Studies 
using animal models of hyperbilirubinemia demonstrate that elevated plasma bilirubin can 
attenuate angiotensin II- or deoxycorticosterone acetate salt-induced hypertension [11, 12]. In 
cultured cardiovascular cells, bilirubin at physiologically relevant concentrations inhibits cell 
proliferation and proinflammatory responses, as well as oxidative stress-induced cytotoxicity 
[13, 14]. Similar to bilirubin, exogenously administered biliverdin also protects against athe-
rosclerosis in experimental animals and inhibits vascular smooth muscle cell proliferation in 
cultures [10, 15]. 

 
2.2.1.3. ROLE IN DIABETES AND PANCREATIC ISLET TRANSPLANTATION 
Exogenously administered bilirubin or biliverdin protects the pancreatic -cells or islets 

from oxidative and inflammatory stress. Biliverdin also prevents endothelial sloughing and 
oxidative stress in a rat model of type 1 diabetes elicited by streptozotocin [16]. Bilirubin is 
shown to induce tolerance to islet allografts and prolong the survival of the allografts via me-
chanisms including antioxidant activities and modulation of T regulatory cells [17, 18].  

 
2.2.1.4. ROLE IN NEUROLOGICAL DISEASES  
At pathophysiologically high concentrations, bilirubin is known to cause neurotoxicity 

[19]. In contrast, substantial evidence supports an important role for physiologically relevant 
concentrations of bilirubin in neuroprotection. In cultured neuronal cells, bilirubin at physio-
logically relevant concentrations inhibits oxidative stress injury [20]. Administration of bili-
rubin to SJL/J mice has been demonstrated to also suppress autoimmune encephalomyelitis, a 
neurological disorder involving an oxidative stress mechanism [21].  

 
2.2.1.5. ROLE IN PULMONARY DISEASES 
An early study demonstrated that neonatal Gunn rats are more resistance to hyperoxia-

induced lung oxidative stress and tissue injury, suggesting bilirubin as a protective molecule 
in pulmonary diseases [22]. Subsequent studies have shown that either bilirubin or biliverdin 
administration alleviates endotoxin-induced acute lung injury [23], and that bilirubin treat-
ment also ameliorates bleomycin-induced pulmonary fibrosis and inflammation in experimen-
tal animals [24]. In a murine asthma model, administration of bilirubin inhibits VCAM-1-
mediated airway inflammation likely through suppression of cellular ROS production [25]. 
VCAM-1 stands for vascular cell adhesion molecule-1. 

 
2.2.1.6. ROLE IN HEPATIC AND GASTROINTESTINAL DISEASES 
Multiple studies demonstrate that exogenously administered bilirubin or biliverdin exhi-

bits beneficial effects in several liver pathophysiological conditions, including hemin-induced 
hepatic oxidative stress [26], liver ischemia-reperfusion injury [27], and liver transplantation 
[28]. Bilirubin or biliverdin is also found to protect against intestinal ischemia-reperfusion 
injury and colitis in animal models [29, 30].  

 
2.2.1.7. ROLE IN RENAL DISEASES  
Similar to what observed in liver ischemia-reperfusion injury, administration of bilirubin 

or biliverdin attenuates renal ischemia-reperfusion injury [31, 32]. A recent study using Gunn 
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rats shows that hyperbilirubinemia provides marked preservation of renal function and histol-
ogy in a cisplatin nephrotoxicity model [33]. Notably, exogenous bilirubin does not interfere 
with the antineoplastic activity of cisplatin in vitro [33], pointing to the feasibility of using 
bilirubin to enhance the therapeutic index of cisplatin.  

 
2.2.1.8. ROLE IN CANCER 
Bilirubin and biliverdin act as potent scavengers of peroxyl radical and other reactive 

species commonly involved in multistage carcinogenesis. These two pigments are also found 
to inhibit the mutagenic effects of various classes of mutagens in cultured cells [34]. In addi-
tion, bilirubin is shown to suppress tumor cell growth in both in vitro cultures and in vivo 
cancer xenografts [35, 36].  

 
2.2.1.9. ROLE IN SEPSIS 
As noted earlier in Section 2.2.1.5, exogenously administered bilirubin protects against 

endotoxin-induced acute lung injury. Exogenous bilirubin also reduces mortality and counte-
racts hypotension elicited by endotoxin through mechanisms involving a decreased induction 
of nitric oxide synthase 2 (NOS2) secondary to inhibition of NAD(P)H oxidase [37]. Notably, 
a single bolus injection of bilirubin is shown to improve the overall conditions in a mouse 
model of endotoxemia [38], indicating a potential value of employing bilirubin-based strate-
gies in the clinical intervention of sepsis.  

 
2.2.2. Human Studies and Clinical Perspectives 

 
2.2.2.1. GENETIC VARIATIONS LEADING TO HYPERBILIRUBINEMIA IN HUMANS 
Genetic variations have been demonstrated to cause elevated plasma bilirubin in humans. 

The most extensively studied genetic disorder of hyperbilirubinemia is Gilbert’s syndrome 
[39]. This common syndrome is caused by decreased hepatic levels of the enzyme UDP-
glucuronosyltransferase (mainly UGT1A1) due to gene mutations. As this enzyme is respon-
sible for glucuronidation of bilirubin in the liver, reduced activity of this enzyme leads to an 
accumulation of unconjugated bilirubin in the circulation. Gilbert’s syndrome is found in 5-
10% of the population. People with Gilbert's syndrome have mild, chronic unconjugated 
hyperbilirubinemia in the absence of liver disease or overt hemolysis. Another genetic varia-
tion causing hyperbilirubinemia is a gene polymorphism designated as UGT1A1*28 [39]. 
Individuals with UGT1A1*28 allele show decreased liver UGT1A1 activity and increased 
plasma bilirubin levels.  

 

2.2.2.2. EPIDEMIOLOGICAL STUDIES 
The potent antioxidative and anti-inflammatory functions of bilirubin as reported in expe-

rimental models have prompted numerous studies on its potential beneficial effects in human 
diseases. Meta-analysis of a number of epidemiological studies has demonstrated a correla-
tion between increased plasma bilirubin levels and decreased risk of developing coronary 
heart disease [39, 40]. In addition, multiple epidemiological studies have also suggested an 
association between elevated plasma bilirubin levels and reduced risk of developing diabetes 
and its complications [41, 42]. Moreover, there have been several studies indicating a possible 
association between hyperbilirubinemia and decreased risk of other diseases, including asth-
ma, inflammatory disorders, and certain types of cancer. These observations in human sub-
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jects are in line with the findings in animal models, pointing to a potential protective role for 
bilirubin in human health and disease. 

 
 

2.3. Summary 
 
Bilirubin and biliverdin possess potent antioxidative and anti-inflammatory activities. 

These properties contribute to the beneficial effects of these two pigments in various patho-
physiological conditions in animal models. Consistent with the findings in experimental mod-
els, epidemiological studies also suggest a protective role for bilirubin in human diseases, 
including coronary heart disease, diabetes, and certain types of cancer. 

 
 

3. Coenzyme Q 
 

3.1. General Aspects and Biochemistry 

 
3.1.1. Definition 

Coenzyme Q (2,3-dimethoxy-5-methyl-6-multiprenyl-1,4-benzoquinone), also known as 
ubiquinone is a lipid-soluble compound comprised of a redox-active quinoid nucleus and a 
hydrophobic side chain containing a number of monounsaturated trans-isoprenoid units. The 
predominant form of coenzyme Q synthesized by mammalian cells is coenzyme Q10 (CoQ10), 
with 10 isoprenoid units in the side chain (Figure 19-3).  

 
 

 
 
 
 
 

 

 

 

Figure 19-3.  Structure of coenzyme Q10. See text (Section 3) for description of coenzyme Q10. 
 

 
3.1.2. Discovery and Biosynthesis 

CoQ10 was first isolated from beef heart mitochondria by F.L. Crane and coworkers in 
1957 [43]. It is now known that CoQ10 biosynthesis occurs mainly in mitochondria. As noted 
above, CoQ10 is composed of a benzoquinone and a decaprenyl side chain. The quinone ring 
is derived from tyrosine or phenylalanine, whereas the isoprenoid side chain is produced by 
addition of isopentenyl diphosphate molecules (derived from the mevalonate pathway) to far-
nesyl diphosphate in multiple steps catalyzed by decaprenyl diphosphate synthase. Deca-
prenyl diphosphate and para-hydroxybenzoate (PHB) are condensed in a reaction catalyzed 
by PHB-polyprenyl transferase (COQ2), and the benzoate ring is then modified by at least six 
enzymes (COQ3-COQ8), which catalyze methylation, decarboxylation, and hydroxylation 
reactions to eventually form CoQ10 [44]. 
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The molecular regulation of mammalian CoQ10 biosynthesis remains largely unknown. 
An early study demonstrated that peroxisome proliferator-activated receptor is involved in 
regulating CoQ10 biosynthesis [45]. A more recent study shows a critical role for NF- B in 
the transcriptional activation of COQ7 gene and the subsequent induction of CoQ10 synthesis 
[46]. On the other hand, mutations have been identified in some of the genes encoding for 
enzymes involved in CoQ10 biosynthesis and have been linked to CoQ10 deficiencies in hu-
mans [47] (see Section 3.2.2 below). 

 
3.1.3. Localization and Distribution 

CoQ10 is an essential electron carrier of the mitochondrial electron transport chain. It is 
not only present in mitochondrial membrane, but also in other cellular membranes as well as 
in lipoproteins. The concentrations of CoQ10 in human plasma range from 0.40 to 2.0 M 
[48]. The amounts of CoQ10 vary in different tissues, with highest levels found in heart, kid-
ney, and liver. 

 
3.1.4. Exogenous CoQ10  

CoQ10 is also found naturally in dietary sources, especially meats, and the daily intake of 
CoQ10 from food is estimated to be 3-5 mg. Dietary supplementation is another exogenous 
source of CoQ10. Because of its insolubility in water, a variety of formulations have been de-
veloped to solubilize CoQ10 and enhance its absorption. In addition, CoQ10 analogs with im-
proved pharmacokinetic profiles have been developed as promising drugs for disease 
intervention. Among them, idebenone and MitoQ have been investigated in clinical trials for 
both safety and efficacy [48]. MitoQ is a mitochondria-targeted antioxidant analogue of ide-
benone. It possesses a terminal positively charged triphenylphosphonium group, which is re-
sponsible for targeting the compound to mitochondria as the inner membrane of mitochondria 
is negatively charged.  

 
3.1.5. Biochemical Properties and Functions 

As mentioned above, CoQ10 is an essential electron carrier of the mitochondrial electron 
transport chain and thus indispensible for mitochondrial ATP production. In addition, CoQ10 
also possesses other important biochemical activities, including (1) scavenging of ROS/RNS, 
(2) anti-inflammation, and (3) regulation of mitochondrial uncoupling proteins. 

The two-electron reduced form of CoQ10 (CoQ10H2), also known as ubiquinol is a much 
more potent scavenger of ROS/RNS than the oxidized form of CoQ10. NAD(P)H:quinone 
oxidoreductase 1 (NQO1) is shown to catalyze the two-electron reduction of CoQ10 to 
CoQ10H2 (Section 2.1.2 of Chapter 16). In particular, CoQ10H2 effectively scavenges peroxyl 
radical and inhibits lipid peroxidation (Reaction 1). CoQ10H2 is also able to regenerate -
tocopherol ( -TOH) from its radical form ( -TO.) in cellular membranes or lipoproteins 
(Reaction 2). The resulting coenzyme Q radical (CoQ10H.) is relatively stable, and can be re-
duced back to CoQ10H2 by reducing agents, such as ascorbate (Section 2.2.2 of Chapter 20) 
and dihydrolipoic acid (Section 5). 

 
CoQ10H2 + LOO.                  CoQ10H. + LOOH      (1) 
 
CoQ10H2 + -TO.               CoQ10H. + -TOH      (2) 
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CoQ10 exerts multiple anti-inflammatory effects by suppressing the expression of pro-
inflammatory cytokines and adhesion molecules, and by modulating the activities of inflam-
matory cells [49]. The antioxidant activities of CoQ10 also contribute to its anti-inflammatory 
effects as oxidative stress and inflammation are intimately related processes. In addition to the 
well-recognized antioxidative and anti-inflammatory properties, CoQ10 is also involved in the 
regulation of uncoupling proteins. Mitochondrial uncoupling proteins play an important role 
in coordinating mitochondrial oxidative phosphorylation and heat production, as well as for-
mation of ROS. There is evidence showing CoQ10 is an obligatory cofactor for uncoupling 
protein function [50]. The enhancement of uncoupling protein function by CoQ10 may lead to 
decreased formation of ROS from mitochondrial electron transport chain as uncoupling pro-
teins act to decrease mitochondrial ROS production.  

 
 

3.2. Role in Health and Disease 
 

3.2.1. Animal Studies 

The beneficial effects of both CoQ10 and its analogs (e.g., idebenone, MitoQ) have been 
extensively studied in various experimental systems, including cell cultures and animal mod-
els. At physiologically relevant concentrations, CoQ10 and analogs afford cytoprotection 
against ROS/RNS-mediated damage. They also exhibit marked anti-inflammatory activities in 
cell cultures. In experimental animals, administration of CoQ10 and its analogs results in in-
creased levels of these antioxidant compounds in plasma and tissues, including the central 
nervous system. Numerous studies demonstrate that CoQ10 and its analogs protect against 
various pathophysiological processes involving oxidative and inflammatory stress mechan-
isms. These include cardiovascular disorders (e.g., hypertension, atherosclerosis, myocardial 
ischemia-reperfusion injury, heart failure, cardiotoxicity), diabetes and metabolic syndrome, 
neurodegenerative disorders (e.g., Parkinson’s disease, Alzheimer’s disease, Huntington’s 

disease), sepsis, skin disorders, male infertility, and cancer. The beneficial effects of CoQ10 
and its analogs on the above pathophysiological conditions are believed to result from their 
antioxidative and anti-inflammatory activities as well as their critical involvement in mito-
chondrial energetics. 

 
3.2.2. Human Studies and Clinical Perspectives 

Current information on the role of CoQ10 in human health and disease results primarily 
from studies on CoQ10 deficiencies as well as clinical trials on CoQ10 supplementation. In 
addition, the CoQ10 analogs idebenone and MitoQ have also been investigated in clinical tri-
als for the intervention of human diseases. 

 
3.2.2.1. HUMAN COQ10 DEFICIENCIES 
Deficiencies of CoQ10 are classified into primary and secondary deficiencies, and have 

been associated with four major clinical phenotypes [51]: (1) encephalomyopathy characte-
rized by a triad of recurrent myoglobinuria, brain involvement, and ragged-red fibers, (2) in-
fantile multisystemic disease typically with prominent nephropathy and encephalopathy, (3) 
cerebellar ataxia with marked cerebellar atrophy, and (4) pure myopathy with lipid storage 
myopathy and mitochondrial respiratory chain dysfunction.  

Primary CoQ10 deficiencies due to mutations in CoQ10 biosynthetic genes have been 
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identified in patients with the infantile multisystemic and cerebellar ataxic phenotypes. On the 
other hand, secondary CoQ10 deficiencies due to mutations in genes not directly related to 
ubiquinone biosynthesis have been recognized in patients with cerebellar ataxia and pure 
myopathy. In addition, CoQ10 deficiencies have been reported in patients with other disorders, 
including Leigh syndrome encephalopathy, growth retardation, deafness, and cardiofaciocu-
taneous syndrome. In many patients with CoQ10 deficiencies, the causative genetic defects are 
unknown; therefore, it is likely that mutations in additional genes will be identified as causes 
of CoQ10 deficiencies. Regardless of the underlying molecular mechanisms, clinical manife-
stations of CoQ10 deficiencies are believed to be attributed to the compromised functions of 
CoQ10 in energy production as well as in protecting against oxidative and inflammatory 
stress. Numerous studies demonstrate that CoQ10 supplementation improves the clinical con-
ditions in patients with CoQ10 deficiencies, further supporting a causal role of CoQ10 defi-
ciencies in disease pathophysiology [48]. 

 
3.2.2.2. CLINICAL STUDIES 
In line with the findings in experimental models, supplementation of CoQ10 has been 

shown to provide protection against cardiovascular disorders, diabetes, neurodegenerative 
diseases, and certain types of cancer in numerous clinical trials [48, 52]. In addition, clinical 
studies also demonstrate excellent safety profiles for oral CoQ10 supplementation. Although a 
large majority of clinical trials have provided compelling evidence for a beneficial role of 
CoQ10 supplementation in the intervention of common human diseases, inconsistent results 
are also reported. It is worthy of mentioning that most of the clinical trials so far on CoQ10 are 
relatively small-scaled with potential design limitations, which may explain the inconsistency 
in conclusions. In this context, several large-scale double-blind, placebo-controlled trials are 
currently underway to further determine the efficacy of CoQ10 supplementation in the inter-
vention of common human diseases [48].  

 
 

3.3. Summary 
 
In addition to its essential role in mitochondrial ATP production, CoQ10 is also a potent 

antioxidant and anti-inflammatory compound. A growing body of evidence from studies in 
experimental animals supports CoQ10 as an important protector in various disease conditions 
involving oxidative stress and inflammation. Similarly, the beneficial effects of CoQ10 sup-
plementation in human diseases have been suggested by numerous clinical studies. Ongoing 
and future large-scale double-blind, placebo-controlled trials will further define the exact role 
of this multifunctional compound in human health and disease. 

 
 

4. Estrogens  
 

4.1. General Aspects and Biochemistry 
 
The estrogen hormones include estradiol, estrone, and estriol. Physiological levels of es-

trogens are within the nanomolar range. The beneficial effects of estrogens in human health 
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and disease have been increasingly recognized. However, the underlying molecular mechan-
isms remain to be elucidated. At non-physiologically relevant micromolar concentrations, 
estrogens are able to scavenge ROS/RNS and inhibit lipid peroxidation in cell-free systems. 
Estrogens at micromolar concentrations also induce cellular antioxidant proteins, including 
superoxide dismutase, glutathione peroxidase, and thioredoxin [53-55]. Induction of antioxi-
dant enzymes by estrogens and estrogen derivatives is shown to be mediated by pathways 
including estrogen receptor activation as well as Nrf2 signaling [56, 57]. Consistent with 
these in vitro findings, administration of pharmacological doses of estrogens has been demon-
strated to upregulate various tissue antioxidants in experimental animals. In humans, in-
creased estrogen levels also lead to enhanced superoxide dismutase (ECSOD and MnSOD) 
expression in circulating monocytes [53]. In addition, estrogens are shown to suppress in-
flammatory responses in cultured cells and animal models [58]. These studies suggest poten-
tial antioxidative and anti-inflammatory activities of estrogens at pharmacological doses in 
vitro and in vivo. However, currently there is no clear evidence showing that estrogens at 
physiologically relevant concentrations possess any significant in vivo antioxidative and anti-
inflammatory functions. 

 
 

4.2. Role in Health and Disease 
 
Consistent with their antioxidative and anti-inflammatory activities, estrogens given to 

animals at pharmacological doses are found to protect against pathophysiological conditions 
involving oxidative stress and inflammation. These include cardiovascular diseases, neurolog-
ical disorders, and others. 

 
4.2.1. Role in Cardiovascular Diseases 

Administration of estradiol to animals attenuates hypertension and vascular oxidative 
stress, and improves endothelial function in spontaneous hypertensive rats [59]. Long-term 
treatment of ovarectomized ApoE-/- mice with oral estradiol (6 g daily for 12 weeks) inhibits 
the development atherosclerosis [60]. In addition, the estradiol treatment also leads to de-
creased vascular oxidative stress and induction of vascular Cu,ZnSOD and MnSOD in these 
mice, suggesting that the antioxidative actions in the vessel wall may contribute to the athero-
protective effects of estrogens. Pharmacological doses of estrogens have also been shown to 
protect against myocardial ischemia-reperfusion injury in animal models, which is, at least 
partially, dependent on the antioxidative and anti-inflammatory activities of estrogens [61]. 
These findings in animal models are consistent with the cardiovascular protective effects of 
estrogens in humans. However, it should be borne in mind that the beneficial actions of estro-
gens in human health and disease are likely attributed to the multiple molecular and biochem-
ical activities of these hormonal compounds, rather than their specific antioxidative and anti-
inflammatory properties only.  

 
4.2.2. Role in Neurological Diseases and Other Disease Conditions 

Extensive studies indicate the neuroprotective effects of estrogens and estrogen deriva-
tives at pharmacological doses in animal models of human neurological disorders, especially 
cerebral ischemic injury [62, 63]. The neuroprotective actions of estrogens are believed to 
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largely result from their antioxidant activities. Indeed, estrogens are shown to not only inhibit 
ROS formation from NAD(P)H oxidase, but also induce antioxidant enzymes in brain tissue 
of experimental animals [63, 64].  

Estrogens also exert beneficial effects in other disease conditions. For instance, treatment 
with estrogens upregulates pancreatic antioxidants and attenuates experimental diabetes and 
diabetic complications in animal models [65, 66]. Administration of pharmacological doses of 
estrogens is also found to protect against oxidative multiorgan damage in experimental ani-
mals with chronic renal failure [67], attenuate liver ischemia-reperfusion injury and oxidative 
stress [68], and ameliorate toxicant-induced hepatic fibrosis [69, 70].  

 
 

4.3. Summary 
 
Estrogens at micromolar concentrations possess antioxidant activities, as evidenced by 

scavenging ROS/RNS and inducing endogenous cellular antioxidant enzymes. Administration 
of pharmacological doses of estrogens has been shown to attenuate oxidative and inflammato-
ry pathophysiological conditions in various animal models. These experimental findings are 
in line with the established beneficial effects of estrogens in humans. 

 
 

5. -Lipoic Acid 
 

5.1. General Aspects and Biochemistry 
 

-Lipoic Acid (LA; 1,2-dithiolane-3-pentanoic acid) is a naturally occurring sulfur-
containing compound synthesized enzymatically in mitochondria from octanoic acid [71]. LA 
is a necessary cofactor for mitochondrial -ketoacid dehydrogenase, and thus plays a critical 
role in energy metabolism of mammalian cells. In addition to its cellular synthesis, LA is also 
absorbed intact from dietary sources and distributes to various tissues. Micromolar concentra-
tions of LA in plasma can be achieved following administration of LA in both experimental 
animals and humans.  

LA and its reduced form dihydrolipoic acid (structures shown in Figure 19-4) at micro-
molar concentrations have been shown to scavenge various ROS/RNS, chelate redox-active 
metal ions, and restore cellular glutathione levels. LA at micromolar concentrations has also 
been found to induce endogenous cellular antioxidant enzymes and suppress inflammatory 
responses [72-74].  

 
 

5.2. Role in Health and Disease 
 
LA exhibits cytoprotective activities against cell injury elicited by ROS/RNS in vitro. 

Administration of LA to experimental animals provides protection against many pathophysio-
logical processes involving oxidative stress and dysregulated inflammation. These include 
cardiovascular disorders, diabetes and metabolic syndrome, neurodegeneration, sepsis, and 
some others [73]. 
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Figure 19-4. Structures of -lipoic acid (top) and dihydrolipoic acid (bottom). See text (Section 5) for 
description of -lipoic acid. 

 
 
In humans, LA is used to prevent diabetic polyneuropathies [75]. Clinical trials also 

demonstrate an efficacy of LA supplementation in attenuating vascular dysfunction and high 
blood pressure in patients with metabolic syndrome [76, 77].  

 
 

5.3. Summary 
 
LA is a naturally occurring sulfur compound synthesized in mitochondria, and is also de-

rived from dietary sources. LA at micromolar concentrations scavenges ROS/RNS, chelates 
redox-active metal ions, and upregulates cellular antioxidant enzymes. LA is also able to sup-
press inflammatory responses. Administration of LA to animals affords protection against a 
wide range of disease processes involving oxidative stress and inflammation. Studies in hu-
man subjects also show effectiveness of LA supplementation in the intervention of such 
common diseases as diabetes and metabolic syndrome. 

 
 

6. Melatonin 
 

6.1. General Aspects and Biochemistry 
 
Melatonin (N-acetyl-5-methoxytryptamine) is synthesized in pineal gland of mammals, 

and the best known function of this molecule is to regulate circadian rhythms. It is also pro-
duced by many extrapineal tissues, including retina, ciliary body, lens, Harderian gland, brain, 
thymus, airway epithelium, bone marrow, gut, ovary, testes, placenta, lymphocytes, and skin. 
Although the physiological concentrations of melatonin are extremely low in plasma (usually 
less than 1 nM), the intracellular levels of melatonin in certain tissues, such as skin are esti-
mated to be in micromolar range or even higher [78].  
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The highest intracellular concentrations of melatonin are found in mitochondria. In this 
context, melatonin is shown to protect mitochondria from oxidative damage by preventing 
cardiolipin oxidation. Melatonin is a potent scavenger of ROS/RNS in vitro. Melatonin at 
micromolar concentrations also induces certain endogenous cellular antioxidant enzymes and 
inhibits proinflammatory responses. In addition to the antioxidative and anti-inflammatory 
actions, melatonin participates in other cellular processes, including cell signal transduction, 
growth regulation, and angiogenesis [79-81].  
 

 
6.2. Role in Health and Disease 

 
As noted above, melatonin exhibits potent antioxidative and anti-inflammatory activities. 

At micromolar concentrations, melatonin has been shown to protect cells or tissues from 
ROS/RNS-mediated damage. Administration of melatonin to experimental animals has been 
demonstrated to provide protection against various disease conditions, including cardiovascu-
lar diseases, diabetes, neurodegeneration, cancer, skin disorders, sepsis, and many other in-
flammatory conditions [78, 79, 81]. The above beneficial effects of melatonin have also been 
suggested by extensive clinical studies [78, 79, 81]. The clinical studies also demonstrate ex-
cellent safety profiles for oral melatonin supplementation over a wide range of doses. The 
protective effects of melatonin on oxidative stress and inflammation together with its excel-
lent safety profiles and other beneficial activities make this neurohormone an attractive com-
pound for continued clinical research. 

 
 

6.3. Summary 
 
A growing body of evidence shows that melatonin is capable of attenuating oxidative and 

inflammatory stress. Administration of pharmacological doses of melatonin has been shown 
to be protective in a variety of animal models of human diseases involving oxidative stress 
and inflammation. Consistently, numerous clinical studies also suggest a beneficial role for 
melatonin supplementation in the intervention of many common human disease conditions. 

  
 

7. Pyruvate 
 

7.1. General Aspects and Biochemistry 
 
Pyruvic acid (CH3COCOOH) is a three-carbon -keto acid that is present in cells and 

extracellular fluids as its conjugate anion, pyruvate. Pyruvic acid is the final product of glyco-
lysis and the starting substrate for tricarboxylic acid cycle.  

Pyruvic acid reacts nonenzymatically with hydrogen peroxide and protects cells from hy-
drogen peroxide-induced injury. Pyruvic acid also scavenges other ROS/RNS, such as hy-
droxyl radical and peroxynitrite. Due to the unstable nature of pyruvic acid in solution, a 
relatively stable derivative, namely, ethyl pyruvate has been developed and studied for its 
protective effects on ROS/RNS-induced damage. Ethyl pyruvate also effectively scavenges 
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ROS/RNS. In addition, ethyl pyruvate potently suppresses inflammatory responses via, at 
least partially, inhibiting NF- B-mediated expression of proinflammatory cytokines [82, 83].  

 
 

7.2. Role in Health and Disease 
 
In line with its antioxidative and anti-inflammatory activities, treatment with ethyl pyru-

vate (or pyruvate in certain studies) has been shown to improve survival and ameliorate organ 
dysfunction in a variety of preclinical animal models of acute illnesses. These include severe 
sepsis, hemorrhagic shock, stroke, spinal cord ischemia-reperfusion injury, myocardial 
ischemia-reperfusion injury, ethanol-induced liver injury, liver ischemia-reperfusion injury, 
acute pancreatitis, bacterial peritonitis, acute burn injury, and whole-body radiation-induced 
injury [82, 83]. On the other hand, more prolonged treatment with ethyl pyruvate has been 
found to ameliorate inflammatory bowel disease and slow the growth rate of malignant tu-
mors in animal models [84-86]. Prompted by these promising preclinical findings, ethyl py-
ruvate was investigated in a phase 2 clinical trial for the intervention of certain acute 
conditions in high-risk patients undergoing cardiac surgery with cardiopulmonary bypass 
[87]. Although ethyl pyruvate was found to be safe, it failed to improve the clinical outcome.  

 
 

7.3. Summary 
 
Pyruvate reacts nonenzymatically with hydrogen peroxide. The more stable pyruvate de-

rivative, ethyl pyruvate also scavenges ROS/RNS and possesses potent anti-inflammatory 
activities. Ethyl pyruvate has been shown to be protective against disease pathophysiology in 
various animal models of human diseases; however, its effectiveness in disease intervention 
in clinical trials is unclear and warrants further investigations. 

 
 

8. Uric Acid 
 

8.1. General Aspects and Biochemistry 
 
Uric acid is the end product of purine metabolism in humans. The final two reactions in 

the metabolism pathway that lead to the formation of uric acid are the conversion of hypoxan-
thine to xanthine, and xanthine to uric acid. These two reactions are catalyzed by xanthine 
oxidoreductase. As illustrated in Figure 19-5, in most animal species, uric acid is metabolized 
to allantoin by urate oxidase. Humans lack urate oxidase, and as such the plasma levels of 
uric acid in humans are much higher (200-400 M) than those in other mammals.  

Uric acid is also present intracellularly and in other body fluids, but usually at lower le-
vels than in plasma. At physiological pH, almost all uric acid is ionized to urate. Uric acid at 
physiologically relevant concentrations is able to scavenge various ROS/RNS, such as perox-
yl radical, hydroxyl radical, singlet oxygen, peroxynitrite, and ozone [88-90]. Uric acid also 
chelates redox-active metal ions, including copper and iron. These findings suggest that uric 
acid may be a physiologically relevant antioxidant compound in vivo. 
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Figure 19-5. Formation of uric acid from purine metabolism. As illustrated, xanthine oxidoreductase 
(XO) catalyzes the formation of xanthine from hypoxanthine. XO further converts xanthine to uric acid. 
Uric acid is then metabolized by urate oxidase (UO) to allantoin. Humans lack UO, and as such plasma 
levels of urate in humans are high and usually in the range of 300 to 400 M. Hyperuricemia, a 
condition with abnormally elevated levels of plasma urate, is a major risk factor for the development of 
gout in humans. (courtesy of Jason Z. Li) 

 
 

8.2. Role in Health and Disease 
 

8.2.1. Animal Studies 

In experimental animals, uric acid is shown to protect against allergic encephalomyelitis 
and multiple sclerosis likely through its scavenging of peroxynitrite, a reactive species impli-
cated in the pathogenesis of experimental encephalomyelitis and multiple sclerosis [91, 92]. 
Administration of uric acid at the onset of spinal cord injury in a mouse model attenuates the 
pathological changes, including oxidative damage and inflammatory cell infiltration in the 
spinal cord [93]. Uric acid also provides protection in other animal models of human diseases 
involving oxidative stress and inflammation, such as experimental parkinsonism [94], brain 
injury induced by acute ischemia [95, 96], and liver injury resulting from hemorrhagic shock 
[97] or obesity [98]. These findings are consistent with the antioxidant activities of urate.  
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8.2.2. Human Studies and Clinical Perspectives 

In human healthy volunteers, administration of uric acid is shown to increase the serum 
free radical-scavenging capacity [99] and reduce exercise-induced oxidative stress [100]. 
Multiple epidemiological studies suggest that high plasma urate concentrations are associated 
with decreased risk of developing Parkinson's disease [101, 102] as well as other neurological 
disorders, including Huntington’s disease and mild cognitive impairment [103, 104]. Fur-
thermore, a recent clinical study demonstrates that decreased levels of plasma uric acid in 
acute ischemic stroke are correlated with increased stroke severity, unfavorable disease evolu-
tion, and poor long-term clinical outcome [105]. A pilot interventional study reported that in 
acute stroke patients treated with recombinant tissue plasminogen activator (rt-PA), co-
administration of uric acid could reduce lipid peroxidation and prevent a fall of uric acid in 
blood that occurred early after stroke onset [106]. These clinical and epidemiological obser-
vations are in line with the findings in animal studies, pointing to a potential protective role of 
uric acid in human neurological disorders. However, there have been studies reporting incon-
sistent or contradictory results on the effects of uric acid in ischemic stroke in human subjects 
[107, 108], justifying the need for large-scale double-blind, placebo-controlled trials to further 
determine the efficacy of uric acid in stroke intervention. 

On the one hand, there is substantial evidence supporting the antioxidant activities of uric 
acid in both in vitro systems and animal models, as well as in certain human disorders. On the 
other hand, epidemiological studies suggest that high levels of plasma uric acid are strongly 
associated with, and in many cases predict development of hypertension, diabetes, metabolic 
syndrome, kidney diseases, and cardiovascular events [109-111]. Hence, the effects of uric 
acid in human diseases vary with pathological conditions, and the potential value of uric acid 
in disease intervention warrants further clinical studies. 

 
 

8.3. Summary 
 
At physiologically relevant concentrations, uric acid scavenges ROS/RNS and protects 

against oxidative cell injury. Administration of uric acid to animals attenuates the pathophy-
siological processes of various diseases, especially neurological disorders. Epidemiological 
studies also suggest an inverse association between plasma uric acid levels and risk of devel-
oping Parkinson’s disease. However, some epidemiological studies also demonstrate a posi-
tive correlation between plasma uric acid levels and risk of developing many other diseases, 
including cardiovascular disorders and diabetes. The causal involvement of uric acid in hu-
man diseases and the underlying mechanisms deserve further exploration so as to better de-
fine the beneficial and detrimental effects of uric acid in health and disease. 

 
 

9. Conclusion and Future Directions 
 
Bilirubin, CoQ10, estrogens, LA, melatonin, pyruvate, and uric acid are endogenous non-

protein compounds synthesized by mammalian cells. A growing body of experimental evi-
dence supports that these compounds at physiologically or pharmacologically relevant con-
centrations possess antioxidative and anti-inflammatory activities. Some of them, such as 
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estrogens, LA, and melatonin are also able to upregulate endogenous cellular antioxidant en-
zymes. Both animal studies and clinical trials have provided substantial evidence for the 
beneficial effects of these antioxidant compounds in various disease conditions though other 
studies have reported inconsistent results. It should be noted that the beneficial effects of 
these compounds may also result from their non-antioxidant functions. Future studies should 
focus on characterization of the dose-response relationship when using these antioxidant 
compounds in disease intervention. It should be kept in mind that although being synthesized 
by cells, these antioxidant compounds may cause adverse effects when they are supplemented 
at pharmacological doses.  
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SECTION III  

ANTIOXIDANTS DERIVED FROM THE DIET 
 
 
The human diet contains a number of compounds that have antioxidant properties. 

Among them are vitamin C, vitamin E, carotenoids, and phenolic compounds. These com-
pounds are not made by human cells though vitamin C is synthesized in many mammalian 
species. It is important to note that these diet-derived non-protein compounds also possess 
other biological activities in addition to their antioxidant effects. Thus, the role of these com-
pounds in health and disease may results from either the antioxidant or the non-antioxidant 
activities, or both. The biochemical properties and role in health and disease for each of the 
above compounds are discussed in the subsequent Chapters 20-23. 

 
 
 





 

 
 
 
 
 
 
 

Chapter 20 
 
 

Vitamin C  
 
 

Abstract 
 

Vitamin C is a water-soluble antioxidant synthesized in many animal species, but not 
in humans. Humans obtain vitamin C from dietary sources as well as via vitamin supple-
mentation. Vitamin C possesses important biological functions, including serving as a co-
factor for many enzymes, acting as an antioxidant, and participating in regulating cell 
growth, apoptosis, and signaling. Extensive research in animal models has conclusively 
established diverse beneficial functions of this antioxidant vitamin in a wide variety of 
disease conditions involving oxidative stress and inflammation. In line with the findings 
in experimental animals, observational epidemiological studies demonstrate an associa-
tion between high dietary vitamin C intake and decreased risk of human diseases, includ-
ing cardiovascular disorders and cancer. However, large-scale interventional trials in non-
selected populations have failed to conclude a consistent beneficial role for vitamin C 
supplementation in cardiovascular diseases and cancer. In contrast, small-scale clinical 
trials in selected subpopulations of patients with significant oxidative stress have pro-
vided evidence supporting a potential beneficial effect of vitamin C in the intervention of 
certain disease conditions.  
 
 

1. Overview 
 

1.1. Definition and Dietary Sources 
 
Vitamin C, also known as ascorbic acid or ascorbate, is a water-soluble molecule synthe-

sized endogenously in animals except humans, monkeys, guinea pigs, and several other ani-
mal species [1]. Humans lost this capability as a result of a series of inactivating mutations of 
the gene encoding gulonolactone oxidase (GULO), a key enzyme in vitamin C biosynthesis. 
Humans normally acquire vitamin C from various dietary sources through a substrate-
saturable transport mechanism. Dietary sources of vitamin C are mainly vegetables and fruits, 
including brussels sprouts, broccoli, bell peppers, lettuce, tomatoes, citrus fruits, strawberries, 
papayas, and mangoes. Because vitamin C is vulnerable to heat, raw fruits and vegetables 
usually have a higher nutrient density than their cooked counterparts. Another source is vita-
min C supplement. Vitamin C is also frequently added to juice. 
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1.2. Pharmacokinetics 
 
Oral vitamin C intake produces plasma concentrations that are tightly controlled; once its 

oral intake exceeds 200 mg daily, it is difficult to further increase its plasma concentration. 
The maximal plasma concentration attainable by oral intake of vitamin C has been estimated 
to be approximately 200 M though the physiological plasma concentrations in healthy hu-
mans range from 60 to 100 M. In contrast, intravenous injection of large doses of vitamin C 
produces millimolar concentrations of plasma vitamin C [2].  

Under physiological conditions, intracellular levels of vitamin C can be in the millimolar 
range. This is due to selective intracellular accumulation via vitamin C transport system 
present in the plasma membrane [3]. 

 
 

1.3. Deficiency 
 
Vitamin C deficiency in diet causes the dread disease scurvy. Other manifestations of vi-

tamin C deficiency may include anemia, poor wound healing, rough skin, blotchy bruises, and 
frequent infections. 

 
 

2. Biochemical Properties and Functions 
 
The biochemical properties and functions of vitamin C can be summarized into the fol-

lowing three categories. 
 
 As a cofactor for various enzymes  
 As an antioxidant or a potential pro-oxidant 
 Other novel activities 

 
 

2.1. As a Cofactor for Various Enzymes  
 
Vitamin C serves as a cofactor for at least eight enzymes in mammals. The most notable 

ones are proline hydroxylase and lysine hydroxylase, which are involved in collagen synthe-
sis. The other enzymes for which vitamin C acts as a cofactor are involved in carnitine syn-
thesis, catecholamine synthesis, peptide amidation, and tyrosine metabolism [4]. Due to its 
critical role in collagen synthesis, deficiency of vitamin C compromises the integrity of blood 
vessels, leading to scorbutic gums and pinpoint hemorrhage. 

 
 

2.2. As an Antioxidant or a Potential Pro-oxidant 
 

2.2.1. Redox Chemistry 

The redox chemical properties of vitamin C are responsible for its potential antioxidant or 
pro-oxidant activities. Ascorbic acid (AscH2) has two ionizable hydroxyl groups. At physio-
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logical pH, ascorbic acid exists predominantly as a monoanion, i.e., ascorbate monoanion 
(AscH-). AscH- acts as a reducing agent and is converted to ascorbate radical (Asc.-, also 
known as semidehydroascorbate) after donation of one electron. After losing another electron, 
Asc.- is converted to dehydroascorbate (DHA). Asc.- can be reduced back to AscH-. DHA can 
also be reduced by either one electron to Asc.- or by two electrons to AscH- (Figure 20-1). 
Due to its high instability, DHA, if not rapidly reduced, undergoes hydrolytic ring opening to 
2,3-diketogulonic acid. 

 

 
 

Figure 20-1. Vitamin C structure and related redox reactions. See text (Section 2.2.1) for detailed 
description. 

 
 

2.2.2. Antioxidant Functions 

In many in vitro systems, vitamin C has been found to scavenge various reactive oxygen 
and nitrogen species (ROS/RNS), and protect cells from oxidative damage. Vitamin C is able 
to regenerate -tocopherol and coenzyme Q from -tocopherol radical and coenzyme Q radi-
cal, respectively, and thereby plays a role in maintaining the antioxidant activities of -
tocopherol and coenzyme Q. It has recently been demonstrated that vitamin C is also able to 
reduce 1-Cys peroxiredoxin [5]. As discussed in Section 2.1 of Chapter 11, peroxiredoxin is 
critical for the detoxification of hydrogen peroxide, organic hydroperoxides, and possibly 
peroxynitrite. Early studies also showed that vitamin C and glutathione cooperate as an effi-
cient antioxidant system in mammals [6]. In addition to the above activities involved in de-
toxifying ROS/RNS, vitamin C is found to inhibit NAD(P)H oxidase, thus decreasing the 
formation of ROS from this important cellular source [7]. 

 
2.2.3. Potential Pro-oxidant Activities 

Under certain conditions, such as in the presence of redox-active metal ions, vitamin C 
may behave as a pro-oxidant, giving rise to ROS, damaging DNA, and causing protein glyca-
tion. Vitamin C is shown to induce decomposition of lipid hydroperoxides to genotoxins even 
in the absence of redox-active metal ions [8]. In a humanized mouse model, vitamin C is 
found to mediate chemical aging of lens crystallins via the Maillard reaction [9]. In experi-
mental animals, administration of pharmacological doses of vitamin C causes formation of 
vitamin C radical and ROS in extracellular fluid and decreases growth of aggressive tumor 
xenografts [10] (see Section 3.1.10 below for more discussion of the role of vitamin C in can-
cer). Hence, the pro-oxidant activities of vitamin C may exert either detrimental or beneficial 
effects depending on the physiological and pathophysiological conditions. 
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2.3. Other Novel Activities 
 
Vitamin C reduces ferric ion to ferrous ion and thus facilitates iron absorption in the duo-

denum. Recent studies suggest an important role for vitamin C in nucleic acid and histone 
demethylation, as well as proteoglycan deglycanation. Due to its crucial involvement in hy-
droxylation reactions, vitamin C participates in downregulating hypoxia-inducible transcrip-
tion factor-1 (HIF-1 ). In this regard, proline hydroxylation targets HIF-1  for ubiquitin-
mediated degradation [11]. Moreover, vitamin C is shown to regulate angiogenesis [12, 13]. 
These novel mechanisms also contribute to the biological functions of vitamin C in health and 
disease. 

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

A number of approaches have been employed to study the biological activities of vitamin 
C in experimental animals. These include direct administration of vitamin C either orally or 
parenterally. As noted earlier in Section 1.2, intravenous injection of large doses of vitamin C 
produces millimolar plasma concentrations, causing pharmacological effects such as antitu-
mor activity. Due to limited oral bioavailability of vitamin C, lipophilic vitamin C derivatives 
(e.g., ascorbyl stearate) with improved bioavailability have been developed as potential pro-
tectors in animal models of human diseases. 

As aforementioned, humans are unable to synthesize vitamin C endogenously due to in-
activating mutations of the gene encoding gulonolactone oxidase (GULO). Targeted disrup-
tion of GULO gene in mice leads to creation of mutant mice of vitamin C deficiency [14]. 
This vitamin C deficient GULO knockout mouse model has been used to study the biological 
functions of vitamin C under experimental conditions. For example, vitamin C deficiency in 
GULO knockout mice is shown to cause aortic wall damage and augment the instability of 
atherosclerotic plaque likely due to the compromised synthesis of collagen and enhanced 
oxidative stress [14, 15]. 

 
3.1.2. Role in Cardiovascular Diseases 

One of the most extensively investigated biological activities of vitamin C in experimen-
tal animals is cardiovascular protection. Numerous studies have conclusively established that 
vitamin C protects against many forms of cardiovascular disorders in animal models, includ-
ing hypertension, atherosclerosis, and ischemic heart disease [16-18]. Mechanistic studies 
have suggested that the beneficial effects of vitamin C in cardiovascular pathophysiology may 
result from the following mechanisms. 

 
 Protection against ROS/RNS-mediated oxidative modifications of low-density lipo-

protein (LDL) [16]  
 Maintenance of vascular nitric oxide bioavailability and amelioration of endothelial 

dysfunction [17] 
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 Stabilization of atherosclerotic lesion due to production of collagen and inhibition of 
oxidative stress and inflammation [17]. 

 
3.1.3. Role in Diabetes and Metabolic Syndrome 

There is evidence supporting the protective effects of vitamin C in diabetes and metabolic 
syndrome in experimental animals. For example, vitamin C supplementation is found to de-
crease insulin glycation and improve glucose homeostasis in obese hyperglycemic mice [19]. 
Administration of vitamin C alone or in combination with vitamin E also attenuates oxidative 
stress and pancreatic -cell injury, as well as protects against diabetic complications in vari-
ous animal models [20-22].  

 
3.1.4. Role in Neurological Diseases  

The highest concentrations of vitamin C are found in brain and in neuroendocrine tissues 
(e.g., adrenal gland). There is increasing experimental evidence supporting that vitamin C is a 
vital antioxidant in brain. For instance, vitamin C deficiency in GULO knockout mice results 
in elevated oxidative stress in brain tissue as well as sensorimotor deficits [23]. Neurological 
disorders, such as ischemic stroke, Alzheimer’s disease, Parkinson’s disease, and Hunting-
ton’s disease usually involve oxidative stress. Vitamin C as an important antioxidant in brain 

has thus been implicated in the protection against these diseases in animal models [24]. In-
deed, an early study showed that when monkeys were given 1 g/day of vitamin C parenterally 
for six days before middle cerebral artery occlusion, brain infarct size was decreased by 
~50% in the vitamin C-treated group compared with the control group [25]. Administration of 
vitamin C also results in amelioration of experimental parkinsonism [26], -amyloid peptide-
induced oxidative damage in rat brain [27], as well as Huntington’s behavioral phenotype in 
mice [28]. 

The neuroprotection by vitamin C is believed to result mainly from its antioxidant func-
tion. In addition, vitamin C is proposed to act as a neuromodulator of glutamatergic, dopami-
nergic, cholinergic, and GABAergic transmission and related behaviors. Such 
neurotransmission modulating activities may also contribute to the beneficial effects of vita-
min C in neurological disorders [24]. 

 
3.1.5. Role in Pulmonary Diseases 

Pulmonary protection is also a well-recognized biological function of vitamin C in expe-
rimental animals. Early work demonstrated that cigarette smoke depletes vitamin C levels in 
lung tissue, and either oral or intravenous administration of vitamin C prevents cigarette 
smoke-induced lung inflammation and oxidative stress [29]. A recent study shows that high-
dose vitamin supplementation attenuates airway inflammation by modulating Th1/Th2 bal-
ance in a murine model of asthma [30]. Vitamin C may also play a role in pulmonary immune 
response to infections. In this regard, vitamin C deficiency in GULO knockout mice is found 
to be associated with an increased susceptibility to influenza virus-induced lung inflammation 
and tissue injury [31].  

 
3.1.6. Role in Hepatic and Gastrointestinal Diseases 

Administration of vitamin C or its derivatives to experimental animals ameliorates hepat-
ic ischemia-reperfusion injury and improves survival of liver grafts following transplantation 
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[32-34]. Vitamin C supplementation also protects experimental animals from hepatotoxicity 
and oxidative stress induced by acetaminophen, ethanol, or carbon tetrachloride. Recently, 
vitamin C is shown to attenuate liver injury due to metabolic syndrome in a murine model 
[35]. Although the majority of studies suggest a protective function for vitamin C in various 
liver diseases, conflicting results have also been reported in the literature. For example, a re-
cent study demonstrates that vitamin C deficiency attenuates liver fibrosis via upregulating 
peroxisome proliferator-activated receptor-  expression in senescence marker protein 30 
knockout mice [36]. However, the relevance of this finding to the human health remains to be 
further investigated. In addition to liver diseases, there is evidence showing that vitamin C 
treatment also protects against gastrointestinal disorders, including intestinal ischemia-
reperfusion injury and aspirin-induced gastric mucosal damage [37].  

 
3.1.7. Role in Renal Diseases 

A number of studies independently demonstrate a beneficial role for vitamin C in renal 
ischemia-reperfusion injury and kidney transplantation [38, 39]. Such protective effects of 
vitamin C are associated with decreased oxidative stress and inflammation in renal tissue. 
Vitamin C alone or in combination with vitamin E also attenuates nephrotoxicity induced by 
cisplatin, cyclosporine A, or radiocontrast agents. Moreover, vitamin C administration in 
combination with vitamin E or desferrioxamine ameliorates diabetic nephropathy in animal 
models [40, 41]. Desferrioxamine is an iron-chelating agent. 

 
3.1.8. Role in Skin Diseases 

Ultraviolet (UV) irradiation is found to decrease vitamin C levels in skin tissue, suggest-
ing a potential involvement of this antioxidant vitamin in suppressing UV light-mediated skin 
damage. Indeed, topical application of vitamin C protects against UV light-induced skin in-
flammation and oxidative DNA damage. Vitamin C is also effective in protecting against 
acne vulgaris as well as minocycline pigment formation [42, 43]. Notably, co-application of 
vitamin C and other antioxidant compounds, such as vitamin E and fullerene (fullerene is a 
nanomaterial, which is discussed in Chapter 27) is highly effective in ameliorating oxidative 
and inflammatory skin injury induced by UV irradiation in animal models [44]. This suggests 
that vitamin C may synergize with other antioxidants in counteracting UV irradiation-induced 
oxidative stress.  

 
3.1.9. Role in Sepsis 

Oxidative stress and dysregulated inflammation are key events leading to multiple organ 
damage in sepsis. A number of studies in animal models demonstrate that administration of 
vitamin C protects against both lipopolysaccharide and bacteria-induced sepsis and the subse-
quent multiple organ damage [45]. Several mechanisms have been proposed to account for 
the beneficial effects of vitamin C in sepsis. These are listed below. 

 
 Direct scavenging of ROS/RNS formed during sepsis 
 Inhibition of activation of inducible nitric oxide synthase (iNOS) and the subsequent 

formation of nitric oxide during sepsis [46] 
 Inhibition of activation of NAD(P)H oxidase and the subsequent formation of ROS 

as well as attenuation of activation of phosphatase type 2A during sepsis [47] 
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 Modulation of the functionality of inflammatory cells, resulting in decreased in-
flammatory responses [48, 49] 

 
3.1.10. Role in Cancer 

Early studies by E. Cameron and L. Pauling (a two-time Nobel Laureate) reported that 
high pharmacological doses of vitamin C could prolong survival of patients with terminal 
cancer [50, 51] (also see Section 3.2.3). Pharmacological millimolar concentrations of vita-
min C are found to selectively kill cancer cells via an ROS-dependent mechanism [10, 52]. 
High doses of vitamin C given via intravenous injection also exhibit antitumor activities in 
many animal models of human cancer [10, 13, 53], supporting the early findings by E. Came-
ron and L. Pauling. The anticancer activities of pharmacological doses of vitamin C in animal 
models are also in line with the results from mechanistic studies, which are outlined below. 

 
 Vitamin C-mediated inhibition of HIF-1 , a transcription factor involved in tumor 

cell growth under hypoxic conditions [11] 
 Vitamin C-mediated inhibition of angiogenesis [12, 13] 
 Vitamin C-mediated stabilization of p53 tumor suppressor [54] 
 Vitamin C-mediated apoptosis [55, 56] 
 Vitamin C-mediated inhibition of NF- B, a transcription factor involved in inflam-

mation and oncogenesis [57] 
 
It should be noted that the above molecular and cellular mechanisms underlying vitamin 

C-mediated antitumor activities are not mutually exclusive. In fact, many of them are closely 
interrelated. For example, inhibition of HIF-1  may also lead to suppression of angiogenesis. 
Similarly, stabilization of p53 may promote this tumor suppressor-dependent cell cycle arrest 
and apoptosis. 

 
 

3.2. Human Studies and Clinical Perspectives 
 

3.2.1. Study Approaches 

The role of vitamin C in human disease conditions has been investigated by applying var-
ious study approaches, including observational epidemiological studies, randomized con-
trolled clinical trials, and case reports. Although treatment of scurvy has been so far the only 
fully established therapeutic use of vitamin C with a proven mechanism of action in humans, 
there are increasing numbers of studies suggesting a potential beneficial effect for vitamin C 
supplementation in the intervention of many common human diseases, such as cardiovascular 
disorders and cancer.  

 
3.2.2. Role in Human Cardiovascular Diseases 

It has long been recognized that high dietary intake of vegetables and fruits is associated 
with decreased risk of developing cardiovascular diseases. This association is particularly 
attributable to antioxidant compounds, such as vitamins C and E, present in these foods. 
Many observational epidemiological studies and randomized clinical trials have examined the 
relationship between antioxidant vitamin supplementation and incidence of cardiovascular 
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diseases [58]. However, the results and conclusions of these studies are not consistent. While 
observational epidemiological studies suggest an association between high vitamin C intake 
and decreased incidence of cardiovascular diseases, large-scale randomized, placebo-
controlled trials in non-selected populations largely fail to conclude a beneficial effect of vi-
tamin C supplementation in cardiovascular diseases [58]. The findings from these studies 
have been systematically reviewed and analyzed, and the potential causes of their discrepancy 
discussed [16, 59]. Among the potential causes are doses, duration of intervention, and con-
founding effects. In addition, these studies often did not consider the specific physiological 
conditions (e.g., vitamin C status) of the subjects. Because vitamin C may have opposing ef-
fects (antioxidant versus pro-oxidant activities) under different physiological conditions, can-
cellation of positive and negative outcomes within a pooled large sample population may 
result in lack of treatment effects. In this context, multiple relatively small-scale clinical trials 
in selected subpopulations of patients with significant oxidative stress have yielded promising 
results, supporting a potential therapeutic role for vitamin C alone or in combination with 
vitamin E in certain forms of cardiovascular diseases, including hypertension and ischemic 
heart disease [60-62].  

 
3.2.3. Role in Human Cancer 

Similar to the findings related to cardiovascular diseases, observational epidemiological 
studies have also suggested that consumption of diets rich in vitamin C is associated with de-
creased risk of developing cancer. However, large-scale randomized, placebo-controlled in-
terventional trials have mostly concluded that dietary antioxidant vitamin supplementation 
does not reduce the incidence of cancer or cancer-related mortality [63]. This section focuses 
on discussion of the findings related to the utilization of high intravenous doses of vitamin C 
in therapeutic intervention of human malignancies. 

 
3.2.3.1. A HISTORICAL OVERVIEW ON HIGH-DOSE VITAMIN C THERAPY 
As noted earlier in Section 3.1.10, studies conducted by E. Cameron and L. Pauling in the 

1970s suggested that large doses (10 g/day via intravenous infusion for about 10 days and 
orally thereafter) of vitamin C were effective in increasing survival and improving quality of 
life of terminal cancer patients [50, 51]. Similar findings were also reported by clinical trials 
in Japan [64]. However, subsequent studies on large doses of vitamin C given orally (10 
g/day) at the Mayo Clinic did not reach the same conclusion [65, 66], and the routes of ad-
ministration (intravenous infusion versus oral intake) may explain the discrepant results. In-
deed, as discussed above in Section 1.2, oral vitamin C intake produces plasma concentrations 
that are tightly controlled, and the maximal plasma concentration attainable by oral intake of 
vitamin C has been estimated to be approximately 200 M. In contrast, intravenous adminis-
tration of pharmacological doses of vitamin C results in millimolar plasma concentrations, 
and such millimolar concentrations of vitamin C have been shown to selectively kill cancer 
cells in vitro [52].  

 
3.2.3.2. RECENT CLINICAL STUDIES ON HIGH-DOSE VITAMIN C THERAPY 
Recently, S.J. Padayatty and coworkers reported three well-documented cases of ad-

vanced malignancies in which patients had unexpectedly long survival times after receiving 
high doses of vitamin C via intravenous administration [67]. The high intravenous dosing 
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regimens for the 3 patients were (1) 65 g twice per week for 10 months, (2) 30 g twice per 
week for 3 months, followed by 30 g once every 1-2 months for 4 years, interspersed with 
periods of 1-2 months during which the patient had more frequent infusion, and (3) 15 g twice 
per week for about 7 months followed by 15 g once every 2-3 months for about one year. Al-
though the findings from this study supported a potential therapeutic role for high intravenous 
doses of vitamin C in cancer, other possibilities could not be excluded to account for the un-
expectedly prolonged survival of the patients. In this context, a recent phase 1 clinical trial 
reported that high-dose intravenous vitamin C (0.4-1.5 g/kg body weight, three times weekly) 
was well-tolerated but failed to demonstrate anticancer activity when administered to patients 
with previously treated advanced malignancies [68]. Thus, large-scale randomized, placebo-
controlled trials are needed to establish a possible therapeutic value for high intravenous dos-
es of vitamin C in human cancer. 

 
3.2.4. Role in Other Human Diseases 

Multiple clinical trials have also suggested potential benefits of vitamin C supplementa-
tion in the intervention of some other human diseases, including sepsis, gut disorders, and 
metabolic syndrome.  

 
3.2.4.1. SEPSIS 
Parenteral administration of vitamin C may decrease morbidity and mortality in critically 

ill patients who are septic or at risk of becoming septic. In a randomized double-blind, place-
bo-controlled trial with 216 critically ill patients, intravenous infusion of vitamin C and vita-
min E was associated with a decreased mortality [69]. Another randomized trial with 595 
critically ill surgical patients also found that a combination of vitamin C and vitamin E ad-
ministration begun within 24 hours of traumatic injury or major surgery decreased relative 
risk of pulmonary edema and multiple organ failure [70]. These two clinical trials were not 
designed to distinguish between the effects of vitamin C and vitamin E. A third randomized 
trial on vitamin C alone reported decreased morbidity (as evidenced by significant reductions 
in edema formation, fluid resuscitation volume, and respiratory dysfunction) for severely 
burned patient who received high-dose vitamin C therapy intravenously [71].  

 
3.2.4.2. GUT DISORDERS 
Dietary vitamin C supplementation may exert beneficial effects in certain gastrointestinal 

disorders. A randomized controlled trial with 244 Japanese subjects having atrophic gastritis 
reported that taking vitamin C supplement for 5 years was associated with decreased oxida-
tive stress markers in serum [72]. Multiple clinical trials demonstrate that addition of vitamin 
C to the standard antibiotic treatment regimens for Helicobacter pylori infections may in-
crease H. pylori eradication rate [73] or reduce the dosage of the antibiotic clarithromycin 
without compromising the high eradication efficacy for clarithromycin-susceptible H. pylori 

infection [74]. 
 
3.2.4.3. METABOLIC SYNDROME, ANEMIA, ASTHMA, AND SKIN DISORDERS 
There have also been clinical trials examining the potential therapeutic value of vitamin 

C supplementation alone or in combination with other antioxidants in metabolic syndrome, 
anemia, asthma, and skin disorders. A small-scale randomized, placebo-controlled trial re-
ported that vitamin C infusion was associated with attenuated oxidative stress-mediated ar-
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terial dysfunction in patients with metabolic syndrome [75]. Meta-analysis of clinical studies 
suggests a beneficial role of vitamin C for anemia management in hemodialysis patients [76]. 
Systematic review and meta-analysis reveal that relatively low dietary intake of vitamin C 
and vitamin A is associated with significantly increased odds of asthma and wheeze [77]. The 
therapeutic activities of topical application of vitamin C in skin disorders, such as acne vulga-
ris and UV light-induced dermatitis have also been demonstrated by randomized controlled 
clinical trials [42, 78].  

 
 

4. Conclusion and Future Directions 
 
The antioxidant effects of vitamin C have been well-documented in diverse experimental 

systems. This antioxidant vitamin exerts beneficial effects in various oxidative stress-
associated disease processes in animal models. While multiple large-scale randomized clini-
cal trials in non-selected populations fail to show a benefit of vitamin C supplementation in 
the intervention of cardiovascular diseases and cancer, many small-scale clinical trials in se-
lected subpopulations of patients with overt oxidative stress have yielded promising results, 
suggesting a potential value for using vitamin C in disease intervention. Future studies should 
put more emphasis on developing reliable biomarkers to assess the status of antioxidants and 
oxidative stress in selected patient subpopulations, and test the efficacy of vitamin C supple-
mentation in patient groups with marked oxidative stress and/or antioxidant deficiency in 
well-designed clinical trials. There is also a need to further characterize the pharmacokinetics 
and pharmacodynamics of vitamin C not only in normal individuals, but also in selected pa-
tient groups under oxidative stress and/or with antioxidant deficiency. Such studies will pro-
vide important insights into the pharmacological basis of vitamin C-based modalities in both 
preventive and therapeutic intervention of human diseases.  
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Chapter 21 
 
 

Vitamin E 
 
 

Abstract 
 

Vitamin E is a nutritional term, and natural dietary vitamin E comprises eight differ-
ent forms: the -, -, -, and -tocopherols and the -, -, -, and -tocotrienols. Among 
the eight forms of vitamin E, -tocopherol has received the most extensive investiga-
tions, accounting for over 90% of the total literature on vitamin E research. Recently, the 
non- -tocopherol forms of vitamin E have also received attention due to their significant 
biological activities. The antioxidative and anti-inflammatory effects of vitamin E have 
been demonstrated in various in vitro and in vivo experimental models. In addition, both 
tocopherols and tocotrienols also possess other novel biological functions, including 
modulation of cell signaling, antiproliferation, induction of apoptosis, and antiangiogene-
sis. These diverse biological activities obviously contribute to the well-established bene-
ficial effects of vitamin E in a variety of disease conditions in animal models. However, 
large-scale randomized controlled clinical trials on vitamin E (predominantly -
tocopherol) in non-selected populations have mostly failed to show a benefit in the inter-
vention of human diseases, including cardiovascular disorders and cancer. In contrast, 
small-scale clinical trials in selected patient populations provide evidence for a possible 
beneficial role of vitamin E supplementation in disease intervention. 
 
 

1. Overview 
 

1.1. Definition and Dietary Sources 
 
Vitamin E was discovered by H.M. Evans and K.S. Bishop in 1922 as an essential dietary 

factor for reproduction in rats [1]. Vitamin E is a nutritional term, and the major dietary 
sources of vitamin E include vegetable oils, seeds, and nuts. Natural dietary vitamin E com-
prises of eight different forms: -, -, -, and -tocopherols and -, -, -, and -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, -tocopherol is the predominant form in human tissues due to efficient retention 
by liver and distribution to peripheral tissues (see Section 1.4 below). -Tocopherol is also 
the most studied vitamin E isoform in animals and humans, presently accounting for over 
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90% of the total literature on vitamin E research. Other forms of vitamin E, such as -
tocopherol and tocotrienols have also recently received attention due to their significant bio-
logical activities in mammalian systems [2]. 

 
 

1.2. Blood Levels and Tissue Distribution 
 
The normal average plasma concentration of -tocopherol ranges from 22 to 28 M, 

which is about 10 and 100 times higher than that of -tocopherol (2.5 M) and -tocopherol 
(0.3 M), respectively. In tissues, the highest concentrations of -tocopherol are found in 
adipose tissue and the adrenal glands. In contrast to -tocopherol, the uptake and distribution 
of tocotrienols in the body are not very efficient with the plasma concentration usually below 
1 M [3].  

 
 

1.3. Additional Nomenclatures 
 
The natural form of -tocopherol is designated as RRR- -tocopherol (formerly called d-

-tocopherol; structure shown in Figure 21-1). As mentioned above, each tocopherol contains 
a phytyl tail with three chiral centers, thus giving eight stereoisomers. In contrast to the natu-
ral RRR- -tocopherol, the synthetic -tocopherol, designated as all-rac- -tocopherol (for-
merly called dl- -tocopherol) contains ~12.5% of the RRR form together with seven other 
stereoisomers that are less biologically active. As such, the natural form of -tocopherol is 
believed to be more biologically active than the synthetic form. Recently, a novel form of -
tocopherol, namely, -tocopheryl phosphate has been reported to be present in tissues and 
possess biological activities, including modulation of cell signaling [4, 5]. 

 
 
 
 
 
 
 
 
 

 

Figure 21-1. Structure of RRR- -tocopherol. See text (Sections 1.1. and 1.3) for description of -
tocopherol and other forms of vitamin E. 

 
 

1.4. Deficiency 
 
As noted above, -tocopherol is efficiently retained by liver and distributed to peripheral 

tissues via circulation. This is due to the presence of a liver protein that selectively recognizes 
-tocopherol absorbed from the diet and is involved in the secretion of -tocopherol into 

plasma for distribution to peripheral tissues. This protein is named -tocopherol transfer pro-
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tein ( -TTP) [6]. A defect in the gene for -TTP in humans causes a disease known as ataxia 
with vitamin E deficiency [7] (see Section 3.2.2 below). In addition to the above genetic de-
fect, insufficient dietary intake may also lead to vitamin E deficiency. 

 
 

2. Biochemical Properties and Functions 
 
The biological activities of -tocopherol as well as other forms of vitamin E can be 

summarized into three general categories, as listed below. 
 
 Antioxidant and pro-oxidant activities 
 Anti-inflammatory activities 
 Other novel effects 

 
 

2.1. Antioxidant and Pro-oxidant Effects  
 
Due to high lipophilicity, -tocopherol and other forms of vitamin E are believed to be 

the major antioxidants for protecting against lipid peroxidation [8]. In various in vitro sys-
tems, both tocopherols and tocotrienols are able to scavenge peroxyl radicals. Indeed, the 
reaction rate between -tocopherol and peroxyl radicals is much greater than that between 
peroxyl radicals and polyunsaturated fatty acid side chains of the membrane lipids. -
Tocopherol also reacts with others reactive oxygen and nitrogen species (ROS/RNS), such as 
singlet oxygen and peroxynitrite in certain in vitro systems. In addition, -tocopherol has 
been shown to decrease ROS formation from NAD(P)H oxidase [9].  

Pro-oxidant activities of -tocopherol have been reported in vitro. -Tocopherol is able 
to reduce redox-active metal ions, such as copper and iron. The -tocopherol radical formed 
during reaction of -tocopherol with ROS/RNS is also reactive and can cause hydrogen ab-
straction from polyunsaturated fatty acid side chains, leading to lipid peroxidation.  

 
 

2.2. Anti-inflammatory Effects 
 
Various forms of vitamin E have been demonstrated to suppress inflammatory responses 

in both in vitro and in vivo models. The anti-inflammatory effects of vitamin E may result 
from the inhibition of NF- B, a transcription factor critically involved in the expression of 
proinflammatory cytokines [10]. The long-chain carboxychromanol metabolites of various 
forms of vitamin E also potently inhibit cyclooxygenases, important enzymes in the process 
of inflammation [11]. 

 
 

2.3. Other Novel Effects 
 

-Tocopherol and other forms of vitamin E possess many novel activities irrelevant to 
the antioxidant effects. These include modulation of enzyme activities (e.g., inhibition of pro-
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tein kinase C), cell signal transduction, and gene expression. These non-antioxidant effects 
are believed to be the molecular basis of certain vitamin E-mediated biological actions, in-
cluding antiproliferation, induction of apoptosis, and antiangiogenesis [2, 3]. In addition, to-
cotrienols also decrease cholesterol synthesis by inhibiting 3-hydroxy-3-methylglutaryl 
coenzyme A reductase, the key enzyme in cholesterol biosynthesis [2]. Moreover, vitamin E 
isoforms are able to induce the gene expression of enzymes involved in xenobiotic biotrans-
formation [12]. These non-antioxidant functions along with the aforementioned antioxidative 
and anti-inflammatory properties may explain the diverse roles of vitamin E in health and 
disease. 

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 

3.1.1. Experimental Approaches 

The biological activities of vitamin E have been extensively investigated in experimental 
animals via administration of natural vitamin E isoforms, including tocopherols and tocotrie-
nols. Since natural vitamin isoforms are relatively unstable and not soluble in water, several 
vitamin E derivatives with increased stability and water solubility have been synthesized and 
studied in biological systems. These include -tocopherol acetate, -tocopherol succinate, 
and -tocopheryl phosphate [13]. As noted earlier in Section 1.3, -tocopheryl phosphate 
may also be formed endogenously. These relatively stable vitamin E derivatives are used in 
food supplements and cosmetics. In addition, -tocopherol has been modified by coupling it 
to a lipophilic triphenylphosphonium cation through an alkyl linker to increase its selective 
accumulation in mitochondria. This mitochondria-targeted vitamin E derivative (MitoVitE) 
has been used to protect against pathophysiological conditions involving oxidative mitochon-
drial damage [13]. 

As mentioned above (Section 1.4), a defect in the gene for -tocopherol transfer protein 
( -TTP) in humans causes a disease known as ataxia with vitamin E deficiency. Targeted 
disruption of -TTP gene in mice has been reported, and the knockout mice develop -
tocopherol deficiency and delayed-onset ataxia, which can be prevented by -tocopherol sup-
plementation [14]. This -TTP knockout mouse model has been used to investigate the bio-
logical functions of -tocopherol in disease conditions, including cardiovascular disorders. 

 
3.1.2. Role in Cardiovascular Diseases 

As a major form of vitamin E in the body, -tocopherol has been extensively studied 
with respect to its benefit in cardiovascular diseases in animal models. There is substantial 
evidence showing an important role for -tocopherol in protecting against cardiovascular pa-
thophysiology, including atherosclerosis, hypertension, and myocardial ischemia-reperfusion 
injury [15-17]. Recently, other forms of vitamin E, such as -tocopheryl phosphate and toco-
trienols are also found to provide significant protection against cardiovascular diseases in an-
imal models [18, 19]. The cardioprotective functions of vitamin E in experimental animals 
have been related to the following major mechanisms. 
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 ROS/RNS scavenging activity 
 Inhibition of ROS formation from NAD(P)H oxidase 
 Anti-inflammatory activity 
 Augmentation of endothelial nitric oxide bioavailability 
 Inhibition of cholesterol synthesis 
 Modulation of cell signaling 

 
3.1.3. Role in Diabetes and Metabolic Syndrome 

Oxidative stress and inflammation are critical events underlying diabetes and metabolic 
syndrome. A large body of evidence suggests a role for natural vitamin E and derivatives in 
suppressing the development of diabetes in animal models [20, 21]. Various vitamin E iso-
forms are shown to also attenuate oxidative stress and inflammation in diabetic complications 
[22]. Supplementation of vitamin E isoforms ameliorates oxidative stress and inflammatory 
response as well as insulin resistance in animal models of metabolic syndrome [23]. A recent 
study further demonstrates that tocotrienols improve insulin sensitivity through activating 
peroxisome proliferator-activated receptors in experimental animals [24].  

 
3.1.4. Role in Neurological Diseases 

Depletion of brain -tocopherol due to targeted disruption of -TTP gene in mice causes 
lipid peroxidation of brain tissue along with neurodegeneration and ataxia [14]. These -
tocopherol-deficient mice also exhibit augmented -amyloid accumulation and aggregation 
likely due to increased lipid peroxidation in brain tissue [25]. These findings indicate that -
tocopherol acts as a neuroprotective molecule. In addition to -tocopherol, other forms of 
vitamin E (e.g., -tocopherol, tocotrienols) have also been shown to exert potent neuroprotec-
tive effects in animal models of neurological disorders, including stroke, Parkinson’s disease, 

and diabetic neuropathy [2, 26, 27]. 
 

3.1.5. Role in Pulmonary Diseases 

A beneficial role for vitamin E in animal models of pulmonary diseases has been demon-
strated by multiple studies. Supplementation of both vitamin C and -tocopherol attenuates 
acute lung inflammatory response elicited by cigarette smoke in mice [28]. Administration 
of -tocopherol alone also protects experimental animals from lung oxidative stress and in-
flammation elicited by pulmonary toxicants and allergens [29-31]. The role of -tocopherol 
in lung diseases has also been examined in -TTP knockout mice. Severe deficiency of -
tocopherol in -TTP knockout mice leads to exacerbation of acute hyperoxic lung injury [32]. 
In contrast, as compared with wild-type mice the -TTP knockout mice with severe -
tocopherol deficiency are shown to have blunted airway allergic inflammatory response in an 
ovalbumin-induced asthma model [33]. The mechanisms by which severe -tocopherol defi-
ciency differentially modulates airway inflammation in different animal models warrant fur-
ther investigations. 

Recently, the role of -tocopherol in pulmonary protection has received more attention. 
This vitamin E isoform is shown to reduce ozone-induced exacerbation of allergic rhinosinu-
sitis in rats [34]. Administration of -tocopherol also prevents airway inflammation in oval-
bumin-elicited rhinitis and asthma [35]. Similarly, ozone-mediated enhancement of lower 
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airway allergic inflammation can be prevented by -tocopherol treatment in experimental an-
imals [36]. These observations indicate that supplementation with -tocopherol may be a nov-
el complementary therapy for allergic airway diseases.  

 
3.1.6. Role in Hepatic and Gastrointestinal Diseases 

-Tocopherol protects against certain liver disease conditions in experimental animals. 
These include hepatic ischemia-reperfusion injury, liver transplantation, nonalcoholic fatty 
liver disease, and toxicant-induced hepatotoxicity [37-40]. The antioxidative and anti-
inflammatory activities of -tocopherol apparently contribute to the above protective effects 
on liver pathophysiology.  

Administration of -tocopherol or its derivatives has been demonstrated to ameliorate 
experimental colitis and intestinal oxidative stress in murine models [41]. Dietary supplemen-
tation of -tocopherol also suppresses gastric mucosal damage elicited by Helicobacter pylori 
infection through, at least partially, inhibition of inflammatory cell infiltration [42]. As signif-
icant amounts of vitamin E isoforms, including tocotrienols occur in the gut following dietary 
intake, vitamin E may serve as an important defense against gut inflammation and oxidative 
stress. 

 
3.1.7. Role in Renal Diseases 

Multiple studies demonstrate that administration of -tocopherol or tocotrienols results in 
amelioration of the pathophysiological processes underlying various renal diseases, including 
ischemia-reperfusion injury [43], chronic renal allograft nephropathy [44], diabetic nephropa-
thy [45], and drug/xenobiotic-induced nephrotoxicity [46, 47]. The protective effects are as-
sociated with attenuation of oxidative stress and inflammation in renal tissue under these 
pathophysiological conditions.  

 
3.1.8. Role in Skin Diseases 

Similar to vitamin C (Chapter 20), -tocopherol is present in mammalian skin and may 
serve as an important line of dermal antioxidant defenses. Topical application of vitamin E 
isoforms, including tocopherols and tocotrienols exerts dermal protection against certain skin 
disease conditions, such as ultraviolet (UV) irradiation-induced skin injury, contact dermati-
tis, and chemically-induced oxidative stress in animal models [48-50]. Notably, both vitamin 
C and vitamin E have been used in cosmetics [51]. Multiple mechanisms have been proposed 
to account for the dermal protective effects of vitamin E, which are outlined below. 

 
 Direct ROS/RNS-scavenging effects  
 Suppression of cytokine production and inflammatory cell infiltration 
 Stabilization of both keratinocytes and mast cells [49, 52] 

 
In addition, administration of an -tocopherol-derived analog alone or in combination 

with celecoxib (a selective cyclooxygenas-2 inhibitor) has been shown to reduce the multip-
licity of UV irradiation-induced skin cancer in mice [53].  

 
3.1.9. Role in Cancer 

Both natural vitamin E and vitamin E derivatives have been extensively investigated with 
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respect to their anticancer activities. A large body of evidence suggests a critical role for vi-
tamin E in cancer protection in animal models [54, 55]. Early studies have focused on the 
anticancer activities of -tocopherol and the potential clinical applications. Recent studies 
also demonstrate the importance of -tocopherol as well as tocotrienols in cancer protection. 
In fact, under certain conditions these non- -tocopherol forms of vitamin E have more pro-
nounced anticancer activities than -tocopherol [2]. The anticancer effects of vitamin E in 
animal models most likely result from mechanisms involving multiple targets [54-56], as 
listed below. 

 
 Inhibition of cell cycle 
 Induction of apoptosis 
 Suppression of angiogenesis 
 Regulation of immunity and augmentation of tumor immunosurveillance 

 
3.1.10. Role in Other Diseases and Conditions 

Studies in experimental models also suggest a protective role for vitamin E supplementa-
tion in some other disease conditions. These include endotoxemia [57], arthritis [58], erectile 
dysfunction [59], cataract [60], and HIV infection [61]. Notably, a recent study shows that 
severe deficiency of -tocopherol in -TTP knockout mice confers resistance to malarial in-
fection. This increased resistance may result from augmented oxidative damage to the para-
sites due to diminished antioxidant action of -tocopherol [62].  

 
 

3.2. Human Studies and Clinical Perspectives 
 

3.2.1. Study Approaches 

The potential beneficial effects of vitamin E in human disease conditions have been in-
vestigated by three major approaches: (1) observational epidemiological studies to assess the 
association between dietary vitamin E intake and risk of disease development, (2) randomized 
controlled clinical trials to determine the benefits of vitamin E supplementation in preventive 
or therapeutic intervention of diseases, and (3) clinical case reports on genetic variations or 
disorders that may potentially affect the metabolism and biological activities of vitamin E. In 
this context, as described below, a genetic disorder known as ataxia with vitamin E deficiency 
has been identified in humans. Studies on this genetic disorder and the underlying pathophy-
siology have provided valuable insights into the biological significance of vitamin E in hu-
man health and disease. 

 
3.2.2. Ataxia with Vitamin E Deficiency 

Ataxia with vitamin E deficiency (AVED), an autosomal recessive neurodegenerative 
disease, is caused by a defect in the gene for -TTP, a protein critically involved in selective-
ly transporting -tocopherol from liver to plasma and its subsequent distribution to peripheral 
tissues. The neurological symptoms of AVED include ataxia, dysarthria, hyporeflexia, and 
decreased vibration sense, sometimes associated with cardiomyopathy and retinitis pigmento-
sa. Vitamin E supplementation to patients with this disease improves symptoms and prevents 
disease progression [7].  
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Pathophysiologically, patients with AVED develop neuropathy characterized as a dying 
back of the large caliber axons in the sensory nerves. The dying back of the sensory neurons 
is likely caused by nerve deficiency of -tocopherol and the subsequent apoptosis [8].  

 
3.2.3. Role in Human Cardiovascular Diseases  

Observational epidemiological studies suggest an inverse relationship between consump-
tion of vitamin E and risk of developing cardiovascular diseases. However, randomized con-
trolled interventional trials have been controversial, with some positive findings, many null 
findings, and some suggestion of harm in certain populations [63-65]. Possible reasons for the 
controversies include the doses and forms (natural versus synthetic) of the vitamin E used, the 
time-window of intervention, lack of reliable biomarkers to assess both the oxidative stress 
and antioxidant status in the human subjects, as well as the general populations included in 
the trials. It has been suggested that vitamin E may be beneficial to those individuals who are 
antioxidant-deficient or exposed to increased levels of oxidative stress, such as smokers, di-
abetics, and elderly patients, emphasizing the importance of subpopulation targeting. In this 
regard, recent smaller interventional studies with carefully chosen subpopulations, such as 
those under high levels of oxidative stress, have yielded largely positive results [63]. For ex-
ample, a randomized controlled clinical trial reported that vitamin E supplementation (400 IU 
daily) significantly reduced cardiovascular events in a subgroup of middle-aged individuals 
with both type 2 diabetes and the haptoglobin 2-2 genotype [66]. Nevertheless, additional 
large-scale randomized controlled trials in selected populations are needed to better under-
stand the effectiveness of vitamin E supplementation in the intervention of human cardiovas-
cular diseases.  

It should be noted that almost all of the major clinical trials on vitamin E have only in-
volved the use of -tocopherol. As discussed above, other isoforms of vitamin E also possess 
important biological activities, and their beneficial effects have been demonstrated in various 
animal models of human diseases, including cardiovascular diseases, cancer, and neurological 
disorders [2]. Thus, future clinical trials should also include the non- -tocopherol forms of 
vitamin E for disease intervention.  

 
3.2.4. Role in Human Cancer 

Similar to what was found with cardiovascular diseases, observational epidemiological 
studies also show an inverse association between consumption of vitamin E and risk of cancer 
development. However, most large-scale randomized controlled trials have failed to show a 
beneficial role for -tocopherol in cancer intervention [67-69]. The same reasons as described 
for the failure of the clinical trials on vitamin E and cardiovascular diseases (Section 3.2.3) 
could also account for the failure of clinical trials on -tocopherol and cancer. Of note is the 
possibility that -tocopherol may not be the most effective form of vitamin E with respect to 
cancer intervention. Indeed, as described above, the non- -tocopherol forms of vitamin E 
exhibit marked anticancer activities in a variety of animal models of human cancer (Section 
3.1.9). Thus, future studies should also focus on the non- -tocopherol isoforms of vitamin E 
in human cancer intervention. 

Although the majority of the large-scale randomized controlled trials have failed to show 
a benefit for -tocopherol in cancer intervention, results from multiple small-scale studies 
have provided supporting evidence for a possible role of both -tocopherol and -tocopherol 
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in primary prevention of certain specific types of cancer, including gastric noncardia adeno-
carcinoma, pancreatic cancer, ovarian cancer, and breast cancer [5]. The efficacy of vitamin E 
supplementation in human cancer intervention awaits further investigations in large-scale 
randomized controlled trials with better study design, including (1) choosing of the right vi-
tamin E isoforms and the appropriate dosage and duration of intervention, (2) selection of the 
appropriate patient populations with marked antioxidant deficiency or oxidative stress, and 
(3) development of reliable biomarkers for assessing both the antioxidant and oxidative stress 
status in the human subjects. 

 
3.2.5. Role in Other Human Diseases  

 
3.2.5.1. NONALCOHOLIC STEATOHEPATITIS 
A recent randomized controlled trial in a total of 247 adults with nonalcoholic steatohe-

patitis reported that as compared with placebo, intake of vitamin E (RRR- -tocopherol) at a 
dose of 800 IU daily for 96 weeks was associated with a significantly higher rate of im-
provement in disease condition as assessed by histological features of nonalcoholic steatohe-
patitis, inflammation, and serum enzyme levels [70]. The trial concluded that vitamin E is 
superior to placebo for the treatment of nonalcoholic steatohepatitis in adults without di-
abetes. This study also examined the effect of pioglitazone, an antidiabetic drug, at a dose of 
30 mg daily for 96 weeks, and found no benefit of pioglitazone over placebo for the primary 
outcome (i.e., the histological features of nonalcoholic steatohepatitis). However, significant 
benefits of pioglitazone were observed for some of the secondary outcomes (e.g., improve-
ment in insulin resistance) [70].  

The above randomized controlled trial did not examine the effectiveness of combined 
therapy of vitamin E and pioglitazone. In this context, a previous pilot study reported that a 
combination therapy of vitamin E (400 IU/day) and pioglitazone (30 mg/day) produced 
marked improvement in nonalcoholic steatohepatitis histology although vitamin E (400 
IU/day) alone had no significant effects [71]. The lack of effectiveness of vitamin E therapy 
in this pilot study could be due to the lower dose of vitamin E (400 IU/day in the pilot study 
versus 800 IU/day in the randomized controlled trial), shorter duration of treatment, as well as 
limitations in sample size and study design. The efficacy of vitamin E therapy in nonalcoholic 
steatohepatitis observed in the randomized controlled trial described above is also in line with 
the finding in experimental animals that administration of -tocopherol protects against non-
alcoholic fatty liver disease (Section 3.1.6).  

 
3.2.5.2. ADDITIONAL DISEASES AND CONDITIONS 
In addition to nonalcoholic steatohepatitis, small-scale clinical trials also suggest a possi-

ble beneficial role for vitamin E ( -tocopherol or -tocopherol) in several other pathophysio-
logical conditions. These include severe sepsis [72], active ulcerative colitis [73], oxidative 
stress in normal and asthmatic subjects [74], digital ulcers in systemic sclerosis [75], UV ir-
radiation-induced skin injury [76], and HIV infection [77]. Due to the relatively small num-
bers of patients involved as well as other design limitations associated with these small-scale 
clinical trials or pilot studies, the potential beneficial effects of vitamin E therapy in the above 
disease processes need to be further evaluated in well-designed, large-scale randomized con-
trolled trials.  
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Figure 21-2. Vitamin E isoforms as multitasking molecules. As illustrated, vitamin E isoforms have 
antioxidative and anti-inflammatory activities. They also participate in modulating cell signal transduc-
tion, leading to growth inhibition, induction of apoptosis, and inhibition of angiogenesis. These me-
chanisms contribute to the beneficial effects of vitamin E in disease conditions involving oxidative 
stress, inflammation, and growth dysregulation. 

 
 

4. Conclusion and Future Directions 
 
Vitamin E isoforms are multitasking molecules that possess antioxidative and anti-

inflammatory activities, and participate in regulating cell signaling, cell proliferation, and cell 
death (Figure 21-2). The disease-protective effects of vitamin E, especially -tocopherol have 
been well-documented by extensive studies in animal models of human diseases involving 
oxidative stress and inflammation. The benefits of vitamin E (primarily -tocopherol) have 
also been suggested by many observational epidemiological studies and small-scale interven-
tional trials in selected patient groups. However large-scale interventional trials in non-
selected populations have largely concluded the ineffectiveness of vitamin E (primarily -
tocopherol) supplementation in disease intervention. Possible reasons for the controversies 
include the doses and forms of the vitamin E used, the time-window of intervention, the lack 
of reliable biomarkers to assess both the oxidative stress and antioxidant status in the human 
subjects, as well as the general populations included in the trials. Indeed, nearly all major 
clinical trials on vitamin E have only investigated -tocopherol. As discussed earlier, other 
forms of vitamin E, such as - and -tocopherol as well as tocotrienols also possess signifi-
cant disease-protective activities. Hence, more research efforts should be devoted to the in-
vestigations of these vitamin E isoforms with regard to their biological activities, 
pharmacokinetics, and efficacy in disease intervention. 
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Chapter 22 
 
 

Carotenoids 
 
 

Abstract 
 

Carotenoids represent a large family of compounds of over six hundred fat-soluble 
plant pigments that provide much of the color that we see in nature. The major caroteno-
ids in normal human diets include -carotene, -carotene, lycopene, lutein, zeaxanthin, 

-cryptoxanthin, and astaxanthin. Some carotenoids, such as -carotene have pro-vitamin 
A activity. Carotenoids are effective scavengers of singlet oxygen and peroxyl radicals. 
They also possess anti-inflammatory activities and other novel functions in mammalian 
systems. The health benefits of carotenoids are evidenced by their protective effects in a 
wide variety of disease processes that involve oxidative stress and inflammation in ani-
mal models. The beneficial role of carotenoids in various human disease conditions, in-
cluding cardiovascular disorders and cancer has been suggested by extensive 
observational epidemiological studies and many small-scale interventional trials. Howev-
er, large-scale randomized controlled trials on -carotene supplementation have failed to 
show a beneficial effect in cardiovascular diseases and cancer. The exact value of carote-
noid supplementation in human disease intervention awaits further investigations in well-
designed clinical trials.  
 
 

1. Overview 
 

1.1. Definition and Dietary Sources 
 
Carotenoids are a family of lipophilic pigmented compounds that are synthesized by 

plants. In plants, carotenoids contribute to the photosynthetic machinery and protect plant 
tissues from photodamage [1]. Carotenoids are responsible for the yellow, orange, and red 
colors of fruits and vegetables, which constitute the major sources of human dietary caroteno-
ids. Over six hundred carotenoids have so far been identified in nature. The major ones in 
human diet include -carotene, -carotene, lycopene, lutein, zeaxanthin, -cryptoxanthin, and 
astaxanthin. As shown in Figure 22-1, notable major dietary sources for the above carotenoids 
include carrot ( -carotene and -carotene), tomato and watermelon (lycopene), kale and spi-
nach (lutein and zeaxanthin), papaya and peach ( -cryptoxanthin), and salmon (astaxanthin).  
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Figure 22-1. Major carotenoids in human diet and their dietary sources. See text (Sections 1.1 and 1.2) 
for description of carotenoids. (courtesy of Jason Z. Li) 
 

 
1.2. Classification 

 
Based on their chemical composition, carotenoids are classified into two groups: (1) caro-

tenes which are composed of only carbon and hydrogen atoms and (2) xanthophylls which 
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also carry at least one oxygen atom. -Carotene, -carotene, and lycopene are predominant 
members of the carotene group, whereas lutein, zeaxanthin, -cryptoxanthin, and astaxanthin 
belong to the xanthophylls group.  
 

 
1.3. Blood Levels and Tissue Distribution 

 
The tissue and blood levels of carotenoids in humans vary with diet. Carotenoids in hu-

man plasma are estimated to be at low micromolar or submicromolar concentrations. The 
plasma concentrations of carotenoids are considered useful biomarkers of dietary intake of 
fruits and vegetables. Lutein and zeaxanthin are also present in the retina.  

Among the carotenoids, -carotene, lycopene, lutein, zeaxanthin, and astaxanthin have 
been extensively studied with respect to their biological activities in both experimental ani-
mals and human subjects. 

 
 

2. Biochemical Properties and Functions 
 
The biochemical properties and functions of carotenoids can be summarized into four 

general categories, as listed below. 
 
 As a precursor of vitamin A 
 Antioxidant activities 
 Anti-inflammatory activities 
 Other novel activities, such as modulation of cell signaling 

 
 

2.1. As a Precursor of Vitamin A 
 

-Carotene is best known as a precursor of vitamin A. Carotenoids that can be converted 
to vitamin A also include -carotene and -cryptoxanthin [2]. These carotenoids may thus 
prevent vitamin A deficiency. Vitamin A is essential for growth and development, as well as 
visual function. In contrast, lycopene, lutein, zeaxanthin, and astaxanthin lack pro-vitamin A 
activity. 

 
 

2.2. Antioxidant Activities 
 
Carotenoids are potent quenchers of singlet oxygen [2]. They also scavenge other reac-

tive species, such as peroxyl radicals, nitrogen oxides, and peroxynitrite. In addition, carote-
noids, especially lycopene are found to induce cellular antioxidant enzymes via Nrf2-
dependent signaling mechanism [3]. Due to the extremely low levels of carotenoids in tissues 
and blood, the in vivo antioxidant effects of these compounds under physiological conditions 
remain to be established. Carotenoids at physiologically or pharmacologically relevant con-
centrations have been shown to exert non-antioxidant activities, as described below. 
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2.3. Anti-inflammatory Activities 
 
Carotenoids suppress inflammatory responses in both in vitro and in vivo systems. The 

anti-inflammatory activities may result from multiple mechanisms, including detoxification of 
reactive oxygen and nitrogen species (ROS/RNS) and suppression of proinflammatory cyto-
kine formation. In this regard, carotenoids, such as lycopene and astaxanthin are shown to 
potently inhibit NF- B signaling [4, 5]. NF- B is a critical transcription factor involved in the 
regulation of proinflammatory cytokine gene expression. Carotenoids may also inhibit other 
pathways involved in inflammation, such as cyclooxygenases [6]. 

 
 

2.4. Other Novel Activities  
 
Besides the antioxidant and anti-inflammatory activities, carotenoids have been shown to 

possess other biological functions, such as inhibition of growth factor signaling and tumor 
cell growth, modulation of androgen metabolism, induction of apoptosis, immunomodulation, 
and antiangiogenesis [1, 2, 7, 8]. These novel molecular events also contribute to the benefi-
cial activities of carotenoids in health and disease. 

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 
The beneficial effects of carotenoids in health and disease have been extensively investi-

gated in experimental animals. The following sections summarize recent findings on the role 
of carotenoids in protecting against diverse disease processes in animal models. 

 
3.1.1. Role in Cardiovascular Diseases 

Substantial evidence from animal studies supports a beneficial role of dietary supplemen-
tation of carotenoids in cardiovascular pathophysiology involving oxidative stress and in-
flammation. These include atherosclerosis [9, 10], hypertension [11], myocardial ischemia-
reperfusion injury [12], cardiac hypertrophy and heart failure [13], as well as drug-induced 
cardiotoxicity [14]. The protective carotenoids include -carotene, lycopene, lutein, zeaxan-
thin, astaxanthin, and crocetin. It is important to note that different carotenoids may exhibit 
different cardiovascular protective effects. In this context, astaxanthin has recently received 
great attention because of its marked cardiovascular protection in animal models [15, 16]. 
Several mechanisms have been suggested to account for the cardiovascular protective activi-
ties of carotenoids, which are outlined below. 

 
 Detoxification of ROS/RNS 
 Decreased ROS formation from cellular sources, such as NAD(P)H oxidase 
 Increased vascular nitric oxide bioavailability 
 Anti-inflammation 
 Inhibition of low-density lipoprotein (LDL) oxidation 
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3.1.2. Role in Diabetes and Metabolic Syndrome 

A number of studies have reported a beneficial role for various carotenoids, including ly-
copene, lutein, zeaxanthin, and astaxanthin in amelioration of experimental diabetes and di-
abetic complications. Treatment with carotenoids is associated with decreased oxidative stress 
and inflammation in the pancreatic islets, which apparently contribute to the improvement of 
diabetic conditions, including insulin resistance, hyperglycemia, as well as development and 
progression of diabetic complications. Notably, the retina-associated carotenoids lutein and 
zeaxanthin exhibit a marked protection on diabetes-associated eye disorders, such as cataract 
and retinopathy [17, 18].  

Carotenoids, especially the recently identified seaweed carotenoid fucoxanthin have been 
shown to protect against obesity and other metabolic abnormalities in animal models of meta-
bolic syndrome [19]. The antiobesity effect of fucoxanthin is mediated, at least partially, by 
its altering lipid-regulating enzymes and mitochondrial uncoupling proteins of visceral adi-
pose tissue in mice [20]. A beneficial effect of astaxanthin in controlling obesity, hyperten-
sion, insulin resistance, and blood glucose levels in animal models has also been reported in 
the literature [21, 22].  

 
3.1.3. Role in Neurological Diseases 

Oxidative stress and inflammation are critical mechanisms underlying various neurologi-
cal disorders, including cerebral ischemia-reperfusion injury, Parkinson’s disease, and Alz-
heimer’s disease. The neuroprotective effects of retinoic acid in the above disorders have 
been well-recognized in animal models. There is also evidence suggesting a neuroprotective 
role for carotenoids in experimental animals. For instance, administration of lycopene or die-
tary intake of tomato powder rich in lycopene is shown to protect experimental animals from 
cerebral ischemia-reperfusion injury as well as toxin-induced parkinsonism [23-25]. Other 
carotenoids, including astaxanthin and crocetin have also been reported to exhibit neuropro-
tection in cerebral ischemia-reperfusion injury and toxin-induced parkinsonism in animal 
models [26-28].  

 
3.1.4. Role in Pulmonary Diseases 

Multiple studies have demonstrated a beneficial role for lycopene in airway inflammatory 
disorders. Administration of lycopene ameliorates ovalbumin-induced airway inflammation in 
a murine model of asthma [29]. It is further shown that lycopene supplementation suppresses 
Th2 responses and lung eosinophil infiltration [30]. In cultured airway epithelial cells, lyco-
pene decreases proinflammatory responses induced by rhinovirus infection and lipopolysac-
charide [31]. Oral intake of lycopene or tomato extracts rich in lycopene also prevents 
cigarette smoke-induced emphysema and alleviates bleomycin-elicited lung fibrosis and in-
flammation [32, 33]. A recent study in -carotene 15,15’-monooxygenase-1 knockout mice 
demonstrates that genetically altered -carotene metabolism leads to lung inflammation, 
which can be suppressed by dietary -carotene supplementation, suggesting a critical in-
volvement of -carotene in controlling lung inflammation [34]. 

 
3.1.5. Role in Hepatic and Gastrointestinal Diseases 

The hepatoprotective effects of carotenoids have been demonstrated by numerous studies 
in animal models of human liver disorders, including ischemia-reperfusion injury [35, 36], 
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nonalcoholic fatty liver disease [37, 38], viral hepatitis [39], and drug/xenobiotic-induced 
hepatotoxicity [40]. Carotenoids also exhibit a beneficial role in gastrointestinal disorders, 
such as drug-induced peptic ulcer [41], Helicobacter pylori infection [42], inflammatory bo-
wel disease [43], and intestinal ischemia-reperfusion injury [44]. The benefits of carotenoids 
in liver and gastrointestinal diseases most likely result from their antioxidative and anti-
inflammatory activities. In addition, dietary administration of carotenoids, such as lycopene 
and astaxanthin also results in marked induction of multiple antioxidant enzymes in target 
tissues, which may further contribute to the protective effects of carotenoids.  

It should be mentioned that high doses of carotenoids (e.g., lycopene) are able to induce 
phase 1 biotransformation enzymes, such as P4502E1, which may lead to bioactivation of 
alcohol, causing exacerbation of alcoholic liver injury [45]. In addition, the apoptosis-
promoting activity of lycopene is found to worsen dextran sulfate sodium-induced acute coli-
tis, an experimental model of human ulcerative colitis [46].  

 
3.1.6. Role in Renal Diseases 

Administration of -carotene is shown to suppress renal ischemia-reperfusion injury in 
experimental animals, as evidenced by amelioration of renal dysfunction and oxidative stress 
[47, 48]. In db/db mice, a rodent model of type 2 diabetes, treatment with astaxanthin pre-
vents the progression of diabetic nephropathy [49]. In vitro, astaxanthin is found to protect 
against oxidative stress, inflammation, and apoptosis in high glucose-exposed proximal tubu-
lar epithelial cells [50]. It also protects renal mesangial cells from high glucose-induced oxid-
ative stress and proinflammatory cytokine expression [51]. Notably, astaxanthin accumulates 
in the mitochondria of mesangial cells and suppresses high glucose-induced mitochondrial 
ROS formation [51]. These biochemical and cellular mechanisms may contribute to the bene-
ficial effects of astaxanthin in ameliorating diabetic nephropathy observed in experimental 
animals.  

The protective effects of dietary carotenoids, such as lycopene and astaxanthin on 
drug/xenobiotic-induced nephrotoxicity and oxidative stress have been documented by many 
studies. The drugs/xenobiotics whose nephrotoxicity can be ameliorated by carotenoids in-
clude cisplatin [52], cyclosporine A [53], gentamicin [54], and mercury chloride [55]. 

 
3.1.7. Role in Eye Diseases 

The macular region of the retina is yellow in color due to the presence of two diet-derived 
carotenoids lutein and zeaxanthin, which are thus also called macular pigments [56]. These 
two carotenoids absorb blue light and possess potent antioxidative and anti-inflammatory ac-
tivities. Lutein and zeaxanthin have been demonstrated to protect against age-related macular 
degeneration in animal models [56]. They also exert beneficial effects in other eye disorders, 
including diabetic retinopathy [17], cataract [18], and retinal ischemia-reperfusion injury [57]. 
In addition to the macular pigments, other carotenoids, such as astaxanthin and lycopene also 
protect against eye disorders, including age-related macular degeneration and cataract in ex-
perimental animals [58, 59]. Notably, the protective effects of carotenoids in the above eye 
disorders are strongly associated with their ability to suppress inflammation and oxidative 
stress, as well as modulation of cell signaling. Consistent with the above in vivo findings, 
carotenoids are shown to protect retinal or lens cells from oxidative and inflammatory stress 
in vitro [58-61]. 
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3.1.8. Role in Skin Diseases 

Carotenoids as light-harvesting pigments play an important part in protecting plants from 
excessive light and photo-oxidative stress. Carotenoids are also present in mammalian skin 
tissue. As noted earlier in Section 2.2, these pigments are effective scavengers of singlet oxy-
gen, peroxyl radicals, and other reactive species that participate in photodamage. The role of 
carotenoids in skin photoprotection has been investigated in animal models and human sub-
jects [2, 62]. There is ample evidence supporting that carotenoids when given via dietary in-
take can increase their levels in skin tissue and afford protection against ultraviolet (UV) 
irradiation-induced skin damage, as evidenced by amelioration of erythema, inflammation, 
and oxidative stress. Carotenoids are shown to also protect skin from environmental pollu-
tant-induced oxidative damage and inflammation [63]. 

Carotenoids may have a role in skin carcinogenesis. Dietary intake of lutein and zeaxan-
thin protects against UV irradiation-induced epidermal hyperproliferation and skin carcinoge-
nesis [64, 65]. Dietary administration of -carotene also inhibits chemically-induced skin 
carcinogenesis [66]. In contrast, -carotene is shown to enhance photocarcinogenesis in ani-
mal models under certain conditions [67]. Hence, -carotene may possess both anti- and pro-
carcinogenic activities depending on the experimental conditions.  

 
3.1.9. Role in Cancer 

Carotenoids suppress spontaneous development of cancer in various animal models, and 
protect against multistage carcinogenesis induced by chemical carcinogens [1, 68-70]. The 
anticancer activities of carotenoids have been observed with almost all of the major types of 
human cancer in animal models, including lung, liver, breast, prostate, and brain cancer. Ca-
rotenoids not only decrease cancer growth, but also suppress cancer invasion and metastasis. 
Several potential mechanisms have been proposed to account for the anticancer activities of 
carotenoids in experimental animals [1, 7, 68, 69, 71]. These are listed below. 

 
 Antiproliferation 
 Induction of apoptosis 
 Antiangiogenesis 
 Induction of phase 2 enzymes involved in the detoxification of carcinogens 
 Antioxidative stress  
 Anti-inflammation 
 Induction of gap junctional communication 

 
Antiproliferation, induction of apoptosis, and antiangiogenesis are obviously important 

mechanisms involved in the anticancer activities of carotenoids. Induction of phase 2 en-
zymes results in enhanced detoxification of electrophilic carcinogens and diminished forma-
tion of carcinogen-DNA adducts, thus suppressing the initiation step of multistage 
carcinogenesis. As oxidative stress and inflammation are important events in cancer devel-
opment, suppression of these events by carotenoids may also contribute to inhibition of carci-
nogenesis. Gap junctional communication allows small molecular signaling between cells 
through channels that are formed by gap junction proteins, such as connexin 43. Virtually all 
human tumors are deficient in gap junctional communication, and restoration of gap junction-
al communication by forced expression of connexins suppresses the phenotypes of neoplasia. 
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Carotenoids by inducing connexin 43 have been found to augment gap junctional communi-
cation, which may play an important role in their in vivo anticancer activities [71]. 

 
 

3.2. Human Studies and Clinical Perspectives 
 

3.2.1. Role in Human Cardiovascular Diseases 

There have been a number of observational epidemiological studies showing an inverse 
relationship between dietary intakes or blood levels of carotenoids and risk of developing 
cardiovascular diseases, including atherosclerosis, hypertension, and coronary heart disease 
[1, 72, 73]. These observations are in line with the experimental findings that dietary carote-
noids afford significant cardiovascular protection in animal models of human cardiovascular 
diseases (Section 3.1.1). The results from observational epidemiological studies are also con-
sistent with the well-recognized ability of carotenoids to suppress oxidative stress and in-
flammation in experimental systems. In this context, oxidative stress and dysregulated 
inflammation have been increasingly recognized as important mechanisms underlying human 
cardiovascular diseases. 

Although the potential cardiovascular benefits of carotenoids have been suggested by ex-
tensive observational epidemiological studies, large-scale randomized controlled trials have 
mostly failed to show an efficacy of -carotene supplementation in the intervention of human 
cardiovascular diseases [1, 72, 73]. The lack of benefits in these trials could be due to the 
relatively short duration of intervention, use of non-optimal dosages of -carotene, and the 
general populations involved in the studies. Furthermore, -carotene may not be the most 
effective carotenoid in cardiovascular protection. In this context, other carotenoids, such as 
lycopene and astaxanthin have been shown to exhibit marked cardiovascular protective ef-
fects in animal models (Section 3.1.1).  

Notably, recent randomized controlled trials in selected subgroup populations suggest a 
possible beneficial effect of carotenoids in hyperlipidemia, hypertension, and vascular in-
flammation [74-77]. Large-scale randomized controlled trials in selected patient groups are 
needed to further investigate the potential role of carotenoid supplementation in the interven-
tion of cardiovascular diseases. 

 
3.2.2. Role in Human Cancer 

As described above, animal studies provide substantial evidence supporting that carote-
noids are protective against various types of cancer (Section 3.1.9). Results from these animal 
studies are in line with the findings from observational epidemiological studies demonstrating 
that increased consumption of diet rich in carotenoids is associated with decreased risk of 
many types of cancer [1, 2, 78]. In addition, blood levels of -carotene have been inversely 
associated with risk of developing lung cancer. However, most large-scale randomized con-
trolled trials have failed to show any beneficial effects of -carotene supplementation in can-
cer intervention. Two interventional trials even reported an increased risk for lung cancer 
when high doses of -carotene were supplemented to a population who were smokers or ex-
posed to asbestos [2]. Several possible reasons for the unexpected results have been proposed, 
among which is that -carotene at high doses may act as a pro-oxidant, thereby promoting 
carcinogenesis [2].  
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The failure of -carotene supplementation for cancer intervention has prompted investi-
gations of other dietary carotenoids, especially lycopene as potential protective agents against 
human cancer. Multiple observational epidemiological studies have found an inverse relation-
ship between dietary intakes or circulation levels of lycopene and risk of prostate cancer [79, 
80]. Several relatively small-scale randomized controlled trials also suggest a beneficial effect 
of lycopene supplementation in slowing the progression of prostate cancer. However, large-
scale well-designed interventional trials are warranted to ascertain the efficacy of lycopene in 
the intervention of prostate cancer as well as other types of human cancer [79, 80]. In addi-
tion, well-designed randomized controlled trials are also needed to assess the potential value 
of other dietary carotenoids in human cancer intervention, including both primary and sec-
ondary prevention. 

 
3.2.3. Role in Other Human Diseases 

Cardiovascular diseases and cancer have been the major focus of studies related to the 
health benefits of carotenoids. Carotenoids have also been studied with regard to their poten-
tial effects in many other human diseases. The sections below provide a brief summary of the 
recent findings from both observational epidemiological studies and interventional trials on 
the benefits of carotenoids in these diseases. 

 
3.2.3.1. EYE DISEASES 
The macula lutea, also known as yellow spot is part of the retina and the area of maximal 

visual acuity. The carotenoids lutein and zeaxanthin are the pigments responsible for the color 
of this tissue. As aforementioned, these two macular pigments are protective against age-
related macular degeneration and cataract in animal models (Section 3.1.7). Consistently, 
both observational epidemiological studies and small interventional trials have suggested a 
beneficial role for lutein and zeaxanthin in patients with age-associated macular degeneration 
or cataract [81-83]. Supplementation of a mix of -carotene, vitamins C and E, and zinc was 
also found to attenuate the development of advanced age-related macular degeneration in a 
randomized controlled trial [84]. 

 
3.2.3.2. SKIN DISEASES 
Carotenoids accumulate in skin tissue following dietary intake. Multiple interventional 

trials have shown a protective effect of dietary supplementation of carotenoids, such as -
carotene, lycopene, lutein, and zeaxanthin in UV irradiation-induced skin injury [62, 85]. This 
is consistent with the findings in animal studies that carotenoids are protective against skin 
photodamage by UV light (Section 3.1.8). It has been suggested that dietary carotenoids may 
contribute to life-long protection against UV irradiation in humans. In addition to dietary in-
take, topical application of carotenoids has also been shown to afford protection against skin 
oxidative stress and aging in human subjects [62].  

 
3.2.3.3. ADDITIONAL DISEASES AND CONDITIONS 
Observational epidemiological studies demonstrate that plasma levels of lycopene are 

significantly lower in asthmatic patients than in healthy control subjects, suggesting a poten-
tial involvement of this carotenoid in asthma [86, 87]. An early randomized controlled inter-
ventional trial reported a beneficial effect of lycopene supplementation on exercise-induced 
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asthma and oxidative stress [88]. However, this finding was not replicated in a subsequent 
interventional trial [89].  

As discussed above in Section 3.1, extensive animal studies have demonstrated astaxan-
thin as an effective protective agent in various disease conditions via its potent antioxidative 
and anti-inflammatory activities. In line with this, a recent randomized controlled trial reports 
that supplementation of astaxanthin decreases oxidative stress and inflammation in healthy 
human subjects [90]. Randomized controlled interventional trials also show a beneficial role 
for astaxanthin supplementation in improving the symptoms in patients with Helicobacter 

pylori infection [91], and in ameliorating oxidative stress, inflammation, and vascular dys-
function in renal transplant patients [92]. These observations indicate the feasibility of using 
astaxanthin in the intervention of human diseases involving oxidative stress and dysregulated 
inflammation. 

There is substantial evidence supporting that inflammation and oxidative stress contribute 
to the development of human diabetes and metabolic syndrome. An inverse association be-
tween blood levels of carotenoids and risk of diabetes or metabolic syndrome has been dem-
onstrated by observational epidemiological studies in various populations [93-97]. However, 
randomized controlled clinical trials on -carotene supplementation so far have not produced 
positive results with regard to the intervention of diabetes and metabolic syndrome in human 
subjects [98-100]. 

 
 

4. Conclusion and Future Directions 
 
Carotenoids are an important group of chemicals found in human diet that have antioxid-

ative and anti-inflammatory activities. In addition, they also possess other novel biological 
functions, such as antiproliferation and modulation of cell signaling. Carotenoids are protec-
tive against various disease processes in animal models. Consistently, many observational 
epidemiological studies and multiple small-scale interventional trials in selected patient 
groups suggest a beneficial role for carotenoids in human diseases, including cardiovascular 
disorders and cancer. However, most large-scale randomized controlled trials predominantly 
on -carotene supplementation in non-selected populations have failed to show a benefit in 
cardiovascular diseases and cancer. Large-scale randomized controlled trials with selected 
subgroup targeting are warranted to ascertain the value of carotenoid supplementation in the 
intervention of human diseases. Future efforts should also be focused on investigating the 
involvement of carotenoids other than -carotene in human health and disease. It should be 
kept in mind that human diet contains many other bioactive compounds, such as polyphenols 
(Chapter 23), which may interact with carotenoids to influence the development of human 
diseases. In this context, future research including both basic and clinical research should be 
directed to study the combined effects of carotenoids with other diet-derived phytochemicals. 
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Chapter 23  
 
 

Phenolic Compounds 
 
 

Abstract 
 

Phenolic compounds are an important bioactive component of human diet rich in 
fruits and vegetables. Dietary phenolic compounds are usually classified into five groups, 
namely, flavonoids (e.g., genistein), stilbenes (e.g., resveratrol), phenolic acids (e.g., 
caffeic acid), lignans (e.g., secoisolariciresinol), and others (e.g., curcumin). Dietary phe-
nolic compounds possess diverse important biochemical properties and functions, includ-
ing antioxidative and anti-inflammatory activities as well as other novel effects on 
cellular processes. These important biochemical properties and functions are translated 
into their critical role in protecting against disease pathophysiology in many animal mod-
els of human diseases. Both observational epidemiological studies and interventional 
clinical trials also suggest potential benefits of dietary phenolic compounds in various 
human disease processes.  
 
 

1. Overview 
 

1.1. Definition and Dietary Sources 
 
Phenolic compounds, also known as phenols or phenolics, are a class of chemicals con-

sisting of one or more hydroxyl groups (-OH) bonded directly to one or more six-membered 
aromatic rings. The simplest of the class is phenol (C6H5OH), which is a monophenol. Mono-
phenols 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. However, the polyphenol literature often includes discussion of biphenols 
and monophenols because they often possess similar biological activities as do polyphenols. 
Notably, biphenols are also frequently considered as polyphenols in the literature. But, strictly 
this is not correct. 

Phenolic compounds, particularly polyphenols are widely distributed in plants. Fruits and 
vegetables as well as wine and tea constitute the major dietary sources of phenolic com-
pounds, with an average consumption of approximately one gram per day for a normal human 
adult [1, 2]. 

http://en.wikipedia.org/wiki/Aromatic
http://en.wikipedia.org/wiki/Phenol
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1.2. Classification 
 
Dietary phenolic compounds are generally classified into five major groups, which are 

listed below.  
 
 Flavonoids (e.g., genistein) 
 Stilbenes (e.g., resveratrol)  
 Phenolic acids (e.g., caffeic acid) 
 Lignans (e.g., secoisolariciresinol)  
 Others (e.g., curcumin)  

 
Flavonoids, the most commonly studied dietary phenols, share a common structure con-

sisting of two aromatic rings that are bound together by three carbon atoms that usually form 
an oxygenated heterocycle (Figure 23-1). Flavonoids are further classified into the following 
six subclasses.  
 

 Flavonols (e.g., quercetin) 
 Flavones (e.g., luteolin) 
 Isoflavones (e.g., genistein)  
 Flavanones (e.g., taxifolin) 
 Anthocyanidins (e.g., delphinidin)  
 Flavanols (e.g., epigallocatechin-3-gallate)  

 
 
 

 
 
 
 
 
 

 

 

Figure 23-1. The basic chemical structure of flavonoids. This shared structure of flavonoids consists of 
two aromatic rings A and B that are bound together by the third ring C. See text (Section 1.2) for 
description of flavonoids. 
 
 

The structures of some commonly studied phenolic compounds in biology and medicine 
and their major dietary sources are shown in Figure 23-2.  

 
 

1.3. Pharmacokinetic Properties 
 
Following dietary intake, the levels of phenolic compounds in tissues and blood are 

usually in the submicromolar range. Administration of pharmacological doses of pure phenol-
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ic compounds may produce low micromolar plasma concentrations in animals and human 
subjects. Due to the hydroxyl groups, phenolic compounds undergo rapid conjugation reac-
tions catalyzed by phase 2 biotransformation enzymes in vivo. It has been shown that ga-
strointestinal tissues may be exposed to high levels of phenolic compounds following their 
oral supplementation or dietary intake [3]. 

 

 
 
Figure 23-2. Structures of some commonly studied phenolic compounds in biology and medicine and 
their major dietary sources. Quercetin is mainly found in citrus fruits and apples. Soy beans and tea are 
major sources of genistein and epigallocatechin-3-gallate, respectively. Resveratrol is present in grape 
seeds and skin. Caffeic acid is a major phenolic compound in coffee. Curcumin is the principal 
curcuminoid of the popular Indian spice turmeric. 

 
 

2. Biochemical Properties and Functions 
 
Dietary phenolic compounds have been shown to possess various biochemical properties 

and functions. These are summarized into four general categories, as listed below. 
 
 Antioxidant and pro-oxidant activities  
 Anti-inflammatory activities  
 Effects on nitric oxide bioavailability and endothelial function  
 Other novel functions 

http://en.wikipedia.org/wiki/Curcuminoid
http://en.wikipedia.org/wiki/India
http://en.wikipedia.org/wiki/Turmeric
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2.1. Antioxidant and Pro-oxidant Activities  
 
The antioxidant activities of phenolic compounds may result from the following mechan-

isms: (1) scavenging of reactive oxygen and nitrogen species (ROS/RNS) and other reactive 
species, (2) inhibition of ROS formation from cellular sources, and (3) induction of endogen-
ous cellular antioxidant enzymes. Notably, these mechanisms may operate coordinately to 
account for the efficient antioxidative activities observed with certain phenolic compounds. In 
addition to the antioxidant functions, phenolic compounds may also exert pro-oxidant proper-
ties under certain conditions. 

 
2.1.1. Scavenging of ROS/RNS and Other Reactive Species 

In many in vitro systems, plant phenolic compounds have been shown to possess antioxi-
dant activities. At high micromolar concentrations, they are able to scavenge various 
ROS/RNS as well as other reactive species, such as reactive carbonyls [4]. In addition, many 
phenolic compounds chelate redox active metal ions, thus preventing these metal ions from 
mediating the formation of more reactive forms of ROS, such as hydroxyl radical.  

Due to the extreme low concentrations reached in blood from regular dietary intake, phe-
nolic compounds are generally considered to exert insignificant ROS/RNS-scavenging effects 
in vivo. However, supplementation of pharmacological doses of phenolic compounds may 
result in markedly elevated levels of these compounds in vivo that are high enough to directly 
scavenge ROS/RNS and other reactive species. 

 
2.1.2. Inhibition of ROS Formation 

In cultured cells, dietary phenolic compounds at micromolar concentrations have been 
shown to decrease superoxide formation from NAD(P)H oxidase, an important cellular source 
of ROS involved in disease pathophysiology. The decreased ROS formation may result from 
their suppression of NAD(P)H oxidase expression, disruption of signaling pathways leading 
to NAD(P)H oxidase activation, or direct inhibition of the enzymatic activity of the oxidase. 
Both parent phenolic compounds and their metabolites may be directly involved in the inhibi-
tion of ROS formation from NAD(P)H oxidase. Indeed, the metabolites of flavonoid com-
pounds have recently been found to potently inhibit NAD(P)H oxidase in cells, leading to 
decreased formation of superoxide [5]. In addition to NAD(P)H oxidase, other ROS-
producing enzymes, such as xanthine oxidoreductase may also be inhibited by dietary phenol-
ic compounds.  

 
2.1.3. Induction of Endogenous Antioxidant Enzymes 

At micromolar concentrations, many phenolic compounds have been found to upregulate 
endogenous cellular antioxidant enzymes in cell cultures. Administration of pharmacological 
doses of certain phenolic compounds has also been reported to induce tissue antioxidant en-
zymes in experimental animals. The transcription factor Nrf2 appears to be the key regulator 
involved in the upregulation of antioxidant enzymes by phenolic compounds both in vitro and 
in vivo [6, 7].  

 
2.1.4. Potential Pro-oxidant Activities  

Under certain in vitro conditions, many phenolic compounds at high concentrations exhi-
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bit pro-oxidant activities, particularly in the presence of redox-active metals, including copper 
and iron ions. Due to the presence of redox metal ions in culture media, phenolic compounds 
undergo auto-oxidation to form ROS in cell cultures [8]. There is also evidence that certain 
phenolic compounds, such as epigallocatechin-3-gallate at pharmacological doses may in-
crease ROS levels in vivo [9]. Such pro-oxidant effects have been proposed as an underlying 
mechanism of phenolic compound-mediated anticancer activities in animal models (see Sec-
tion 3.1.8 below). 

 
 

2.2. Anti-inflammatory Activities  
 
Phenolic compounds are effective inhibitors of inflammatory responses in both in vitro 

and in vivo systems [10, 11]. They may affect various cascades of inflammation, including 
(1) inhibition of NF- B, a critical transcription factor regulating expression of proinflamma-
tory cytokines, (2) inhibition of cyclooxygenases, lipoxygenases, and phospholipase A2, en-
zymes involved in the formation of inflammatory mediators, such as prostaglandins and 
leukotrienes, and (3) inhibition of expression of adhesion molecules and other proinflammato-
ry factors. In addition, the antioxidant activities of phenolic compounds may contribute to 
their anti-inflammatory functions as oxidative stress and inflammation are two intimately re-
lated processes.  

 
 

2.3. Effects on Nitric Oxide Bioavailability and Endothelial Function  
 
As decreased nitric oxide bioavailability and compromised endothelial function are cru-

cial events underlying cardiovascular diseases, the beneficial role of phenolic compounds in 
these events has recently received attention [12, 13]. Phenolic compounds, such as flavanols 
and resveratrol at low micromolar concentrations increase nitric oxide levels in cultured endo-
thelial cells. These compounds and/or their metabolites inhibit NAD(P)H oxidase, thus reduc-
ing superoxide formation from this enzyme, a major source of vascular superoxide. As 
discussed in Section 2.3.1 of Chapter 1, superoxide reacts with nitric oxide at a near diffu-
sion-limited rate to form peroxynitrite. Phenolic compounds also increase the expression of 
endothelial nitric oxide synthase (eNOS), leading to increased formation of nitric oxide. 
Through decreasing superoxide formation and induction of eNOS, phenolic compounds may 
significantly enhance endothelial nitric oxide bioavailability.  

 
 

2.4. Other Novel Functions 
 
At micromolar concentrations or pharmacological doses, phenolic compounds exhibit a 

variety of other biological activities. These effects include: (1) modulation of many cellular 
signaling molecules, leading to decreased cell proliferation, migration, and angiogenesis, (2) 
induction of apoptosis in tumor cells, (3) modulation of estrogen or androgen receptors, and 
(4) activation of sirtuins.  

Activation of sirtuins by phenolic compounds, especially resveratrol has recently re-
ceived great attention. Sirtuins are a highly conserved family of NAD+-dependent enzymes 
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that regulate lifespan in lower organisms. To date, seven mammalian homologues (Sirt1-7) 
have been identified, and they are linked to many activities, including cellular stress resis-
tance, genomic stability, tumorigenesis, and energy metabolism [14]. Activation of Sirt1 by 
pharmacological doses of resveratrol leads to protection against metabolic disease as well as 
improvement of survival in mice on a high-calorie diet [15] (see Section 3.1.2 below for more 
discussion). A number of other plant phenolic compounds, including butein, quercetin, fise-
tin, isoliquiritigenin and piceatannol have been shown to activate Sirt1 [16, 17]. 

In summary, as illustrated in Figure 23-3, phenolic compounds affect numerous cellular 
processes and possess diverse biochemical properties and functions. Increasing evidence sug-
gests that these diverse biochemical properties and functions contribute to the beneficial role 
of dietary phenolic compounds in health and disease. 

 

 
 

Figure 23-3. Dietary phenolic compounds as multitasking molecules. As illustrated, dietary phenolic 
compounds possess antioxidative and anti-inflammatory activities. In addition, they also participate in 
modulating cell signal transduction and growth regulation. Moreover, phenolic compounds are able to 
cause activation of Sirt1 as well as modulate the receptors of sex hormones. These diverse mechanisms 
contribute to the disease-protective effects of dietary phenolic compounds.  

 
 

3. Role in Health and Disease 
 

3.1. Animal Studies 
 
The beneficial effects of phenolic compounds in disease pathophysiology have been ex-

tensively investigated in a wide variety of animal models over the last two decades. A large 
body of experimental evidence supports an important protective role for numerous phenolic 
compounds in animal models of human diseases involving nearly all organs and systems. It is 
impossible to include this vast amount of information in a single chapter. Hence, the sections 
below are intended to summarize the key findings from these studies. 
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3.1.1. Role in Cardiovascular Diseases 

Cardiovascular diseases are among the best studied disorders with regard to the protec-
tion by dietary phenolic compounds. The most notable polyphenol with established cardi-
ovascular benefits in animal models is probably resveratrol [18]. The cardiovascular 
protective effects of numerous other phenolic compounds have also been demonstrated in 
animal models [13, 19-21]. In addition to the individual pure phenolic compounds, fruit and 
plant extracts rich in polyphenols have been reported to be also cardiovascular protective. The 
disease entities in which dietary phenolic compounds exhibit a beneficial role include hyper-
tension, atherosclerosis, myocardial ischemia-reperfusion injury, cardiac hypertrophy and 
heart failure, cardiac arrhythmia, and drug/xenobiotic-induced cardiotoxicity.  

The cardiovascular protective effects of phenolic compounds are usually manifested as 
prevention of disease development and/or retardation of disease progression. Certain phenolic 
compounds, such as curcumin have been demonstrated to even reverse cardiac hypertrophy in 
a murine model induced by aortic banding and phenylephrine infusion. Although overwhelm-
ing evidence supports beneficial activities of phenolic compounds in cardiovascular patho-
physiology, there are also studies suggesting deleterious effects of certain phenolic 
compounds under specific experimental conditions. For example, it was recently reported that 
late chronic catechin treatment could worsen endothelial dysfunction in low-density lipo-
protein receptor-deficient mice with established atherosclerosis although the same catechin 
treatment reversed the age-related vascular dysfunctions in wild-type mice [22]. The signific-
ance of this observation to human health remains unclear.  

The biochemical properties and functions of phenolic compounds described in Section 2 
are apparently the molecular and cellular basis of cardiovascular protection by these com-
pounds. Specifically, the following major mechanisms may particularly account for the bene-
ficial effects of phenolic compounds in cardiovascular pathophysiology. 

 
 Inhibition of oxidative stress and inflammation in cardiovascular tissues 
 Augmentation of nitric oxide bioavailability in vasculature 
 Antiplatelet activities  
 Stimulation of Sirt1 signaling to augment cardiovascular function 
 Stimulation of high-density lipoprotein-mediated cholesterol efflux from macrophag-

es, preventing foam cell formation 
 
Obviously, the antioxidative and anti-inflammatory activities are important in phenolic 

compound-mediated cardiovascular protection as oxidative stress and inflammation are key 
events of cardiovascular pathophysiology. Augmentation of nitric oxide bioavailability will 
improve vasodilation and endothelial function. In addition, vascular nitric oxide is able to 
suppress inflammation as well as thrombogenesis. Phenolic compounds are shown to also 
have direct antiplatelet activities via interference with signaling involved in platelet activation 
and aggregation. The antiplatelet activities may contribute to the in vivo inhibition of throm-
bogenesis by phenolic compounds [20]. As Sirt1 plays an important role in energy metabol-
ism and cardiovascular function, stimulation of this signaling pathway by phenolic 
compounds, especially resveratrol has been shown to improve cardiac function of experimen-
tal animals with cardiomyopathy [23]. Recently, phenolic compounds from coffee are demon-
strated to stimulate high-density lipoprotein-mediated cholesterol efflux from macrophages in 
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vitro and in vivo, providing a novel mechanism for the antiatherosclerotic effects of dietary 
phenolic compounds [24, 25].  

In addition to the above listed mechanisms, phenolic compounds may target other cellular 
pathways or enzymes to exert cardiovascular protection. For example, inhibition of matrix 
metalloproteinases by phenolic compounds may attenuate cardiovascular remodeling, a criti-
cal event involved in hypertension, atherosclerosis, cardiac hypertrophy, and heart failure. 
Recently, the dietary polyphenol curcumin is found to protect against cardiac hypertrophy and 
heart failure via its inhibition of p300 histone acetyltransferase activity in cardiac tissue [26, 
27]. Histone acetylation plays a critical role in the pathophysiology of cardiac hypertrophy 
and heart failure. 

 
3.1.2. Role in Diabetes and Metabolic Syndrome 

 
3.1.2.1. DIABETES 
The antidiabetic effects of phenolic compounds are well-recognized in animal models of 

both type 1 and type 2 diabetes. Phenolic compounds have been found to prevent the devel-
opment of diabetes as well as retard the progression of diabetic complications. Multiple me-
chanisms have been proposed to explain the protective effects of phenolic compounds in 
diabetes and diabetic complications in addition to their antioxidative and anti-inflammatory 
activities. These additional mechanisms, as listed below, involve multiple targeting sites, in-
cluding gut, pancreas, liver, and peripheral tissues (e.g., muscle, adipose) [28, 29]. 

 
 Inhibition of carbohydrate digestion and glucose absorption 
 Protection against pancreatic -cell dysfunction, and stimulation of insulin secretion 

from pancreatic -cells 
 Suppression of glucose release from liver storage 
 Improvement of glucose uptake in the insulin-sensitive tissues, such as muscle and 

adipose 
 
A variety of phenolic compounds are able to inhibit the activity of -amylase and -

glucosidase, enzymes involved in the digestion of dietary carbohydrates to glucose in the gut. 
Intestinal absorption of glucose is mediated by active transport via the sodium-dependent glu-
cose transporter SGLT1 and by facilitated sodium-independent transport via the glucose 
transporter GLUT2. Numerous phenolic compounds have been demonstrated to inhibit these 
glucose transporting systems, thereby diminishing the absorption of glucose in the gut. Both 
inhibition of dietary carbohydrate digestion and suppression of glucose absorption in the gut 
may greatly contribute to the amelioration of postprandial hyperglycemia in diabetes. 

Pancreatic -cells are an important targeting site for the antidiabetic activities of many 
phenolic compounds, especially the soy-derived isoflavones. Phenolic compounds have been 
found to protect pancreatic -cells from glucotoxicity as well as oxidative and inflammatory 
stress. They also stimulate insulin release from pancreatic -cells possibly via modulation of 
Ca2+ signaling and AMP-activated protein kinase pathway. 

Liver plays a major role in the regulation of blood glucose levels in tight cooperation 
with peripheral tissues. A large number of dietary phenolic compounds, including tea cate-
chins and soy isoflavones have been demonstrated to reduce hepatic glucose output by sup-
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pressing gluconeogenetic enzyme expression and increasing the activity of glucokinase to 
improve glycogenesis and glucose utilization. Activation of AMP-activated protein kinase 
pathway has been implicated in the above effects of phenolic compounds on hepatic glucose 
regulation [30]. 

There is also evidence suggesting that the antidiabetic activities of phenolic compounds 
may result from their stimulation of glucose uptake in insulin-sensitive peripheral tissues, 
such as muscle and adipose tissue. Phenolic compounds have been found to both increase the 
sensitivity of insulin receptor and augment the activity of glucose transporters in cultured ske-
letal cells and adipocytes.  

 
3.1.2.2. METABOLIC SYNDROME 
Substantial evidence supports a beneficial role for dietary phenolic compounds in meta-

bolic syndrome in animal models. In particular, various phenolic compounds, including tea 
catechins, soy isoflavones, and resveratrol have been demonstrated to exhibit antiobesity ef-
fects in animal models of high fat diet-induced obesity [31-33]. The benefits of phenolic 
compounds in obesity and other manifestations of metabolic syndrome may involve multiple 
mechanisms related to lipid metabolism as well as the direct effects on adipocytes. In addi-
tion, the effects of phenolic compounds on carbohydrate metabolism as described above (Sec-
tion 3.1.2.1) may also contribute to their antiobesity activity. Obviously, the antioxidative and 
anti-inflammatory effects of phenolic compounds are beneficial in metabolic syndrome as 
oxidative stress and inflammation are key events involved in obesity, insulin resistance, and 
other abnormalities associated with metabolic syndrome.  

Several signaling pathways have been suggested to be the molecular targets of dietary 
phenolic compounds in metabolic syndrome. These include AMP-activated protein kinase 
and Sirt1 signaling. Activation of AMP-activated protein kinase has been demonstrated as an 
important protective mechanism in diabetes and metabolic syndrome [30]. Recently, activa-
tion of Sirt1 signaling by phenolic compounds, especially resveratrol has been found to im-
prove the efficiency of energy metabolism and insulin resistance, as well as suppress obesity 
and prevent early mortality associated with obesity in animal models [34]. There is also evi-
dence suggesting a close interaction between AMP-activated protein kinase and 
Sirt1signaling in ameliorating obesity and other metabolic abnormalities caused by high-fat 
diet in experimental animals [35]. 

 
3.1.3. Role in Neurological Diseases 

Extensive studies in animal models have demonstrated a protective role for a variety of 
different dietary phenolic compounds in many neurological disorders, including stroke, Par-
kinson’s disease, and Alzheimer’s disease. [36-40]. The neuroprotection has been observed 
with both pure phenolic compounds and fruit or vegetable extracts rich in polyphenols. Fur-
thermore, dietary supplementation of phenolic compounds attenuates aging-related motor and 
cognitive deficits in experimental animals.  

The potential mechanisms underlying the neuroprotective effects of phenolic compounds 
may include their antioxidative and anti-inflammatory activities. An important aspect related 
to the neuroprotection of phenolic compounds is their ability to penetrate the blood-brain bar-
rier and reach the brain tissue. In addition, certain phenolic compounds have been found to 
induce antioxidant enzymes in brain tissue [41]. As redox-active metal ions (e.g., iron, cop-
per) are particularly involved in neurodegenerative disorders, such as Parkinson’s disease, 
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chelation of these redox-active metal ions by phenolic compounds may also contribute to 
their neuroprotection [42].  

Sirt1 signaling has been demonstrated to promote survival and stress tolerance in neurons 
of the central nervous system. Recently, a role for the activation of Sirt1 by dietary phenolic 
compounds in neuroprotection has been suggested in the literature [43]. For example, resvera-
trol pretreatment is found to increase the activity of Sirt1 in rat brain tissue, and protect 
against cerebral ischemic damage. The protective effect of resveratrol on cerebral ischemic 
injury is abolished by the Sirt1-specific inhibitor, sirtinol, suggesting that the neuroprotection 
occurs via activation of Sirt1 signaling pathway. Moreover, activation of Sirt1 by resveratrol 
leads to inhibition of mitochondrial uncoupling protein 2, which may also contribute to resve-
ratrol-mediated neuroprotection [44]. Inhibition of uncoupling protein 2 improves mitochon-
drial ATP production.  

 
3.1.4. Role in Pulmonary Diseases 

A number of dietary phenolic compounds, including resveratrol, curcumin, and tea cate-
chins have been shown to be protective against various pulmonary diseases in animal models, 
such as asthma, chronic obstructive pulmonary disease (COPD), and drug-induced pulmonary 
fibrosis.  

Ovalbumin-induced murine allergic airway inflammation is a commonly used experimen-
tal model of asthma. In this murine model, a variety of phenolic compounds are reported to 
attenuate airway inflammation and oxidative stress. There is also evidence that phenolic com-
pounds, such as quercetin protect experimental animals from ovalbumin-induced airway in-
flammation via regulating Th1/Th2 balance [45].  

Treatment with phenolic compounds ameliorates cigarette smoke-induced COPD-like 
airway inflammation, oxidative stress, and lung tissue injury in experimental animals. Ciga-
rette smoke is a major cause of COPD in humans. As asthma and COPD are characterized by 
inflammation and oxidative stress, the protective effects of phenolic compounds in these pul-
monary diseases are thus most likely attributed to their antioxidative and anti-inflammatory 
functions. Phenolic compounds, such as resveratrol, curcumin, and tea polyphenols induce 
antioxidant enzymes in lung tissue, which may also contribute to the pulmonary protection 
[46, 47]. More recently, Sirt1 signaling pathway has been implicated as a protective mechan-
ism in cigarette smoke-induced lung injury [48]. Thus, activation of Sirt1 by phenolic com-
pounds, such as resveratrol may represent a novel mechanism for protection against the 
pathogenesis of COPD. 

In addition to asthma and COPD, viral infection-elicited lung inflammation is attenuated 
by dietary administration of curcumin in mice. Curcumin, resveratrol, and epigallocatechin-3-
gallate also protect experimental animals from bleomycin-induced pulmonary fibrosis, in-
flammation, and oxidative stress. It is further found that the beneficial effects of epigallocate-
chin-3-gallate in bleomycin-induced pulmonary injury are mediated, at least partially, by 
augmentation of antioxidant enzymes via Nrf2 signaling [47]. 

 
3.1.5. Role in Hepatic and Gastrointestinal Diseases 

 
3.1.5.1. HEPATIC DISEASES 
Many phenolic compounds are protective in diverse hepatic diseases, including ischemia-

reperfusion injury, nonalcoholic fatty liver disease, alcoholic fatty liver disease, endotoxin-
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elicited liver injury, drug/xenobiotic-induced hepatotoxicity, and viral hepatitis. While phe-
nolic compound-mediated hepatoprotective effects are well-documented, the exact underlying 
mechanisms are often difficult to be delineated. This is due to the fact that phenolic com-
pounds possess multiple biological activities, and often time these various activities all con-
tribute to hepatoprotection. Nevertheless, the hepatoprotective effects of phenolic compounds 
are usually associated with attenuation of inflammation and oxidative stress in hepatic tissue. 
This suggests that the antioxidative and anti-inflammatory activities of phenolic compounds 
may primarily contribute to hepatoprotection. In addition, other novel pathways may also be 
involved. For example, the protective effects of resveratrol on both alcoholic and nonalcohol-
ic fatty liver diseases in mice are shown to be mediated partially by activation of Sirt1 and 
AMP-activated protein kinase signaling pathways [49, 50].  

 
3.1.5.2. GASTROINTESTINAL DISEASES 
Although blood or tissue levels of phenolic compounds are usually in the range of low or 

submicromolar concentrations following dietary supplementation, the concentrations of these 
compounds in the gastrointestinal tract have been found to be much higher [3]. Thus, phenolic 
compounds may exert significant beneficial effects in gastrointestinal disorders that involve 
inflammatory and oxidative stress [51, 52]. Indeed, dietary supplementation of pure phenolic 
compounds, including resveratrol, curcumin, tea catechins, and soy isoflavones has been 
found to protect against inflammatory bowel disease, Helicobacter pylori infection, and intes-
tinal ischemia-reperfusion injury in experimental animals. Protection against intestinal in-
flammatory and oxidative disorders has also been observed with dietary supplementation of 
plant extracts rich in polyphenols.  

 
3.1.6. Role in Renal Diseases 

Oxidative stress and inflammation play an important role in various kidney diseases, such 
as ischemia-reperfusion injury, diabetic nephropathy, and drug/xenobiotic-induced nephro-
toxicity. A variety of phenolic compounds, including tea polyphenols, soy isoflavones, resve-
ratrol, and curcumin have been shown to exert beneficial effects on the above 
pathophysiological processes. Dietary supplementation of plant or fruit extracts rich in poly-
phenols also results in protection against renal diseases, including diabetic nephropathy and 
drug-induced nephrotoxicity. In addition to the antioxidative and anti-inflammatory activities, 
other novel actions of phenolic compounds may participate in the renal protection. For in-
stance, resveratrol and flavonoids (e.g., quercetin, daidzein) are shown to promote mitochon-
drial biogenesis in renal tubular cells via Sirt1-dependent signaling [53]. The improved 
energy metabolism via activating Sirt1 may contribute to phenolic compound-mediated renal 
protection against ischemia-reperfusion injury. More recently, Sirt1 activation is found to 
protect mouse renal medulla from oxidative injury [54]. How exactly Sirt1 activation leads to 
protection against oxidative stress remains to be elucidated. Possible mechanisms include 
upregulation of cellular antioxidants and improvement of mitochondrial function [50]. Target-
ing Sirt1 signaling may thus represent a novel approach to protecting against renal diseases 
involving oxidative stress and dysregulated energy metabolism. 

 
3.1.7. Role in Skin Diseases 

A wealth of data from animal studies has revealed beneficial effects of various phenolic 
compounds (e.g., green tea polyphenols) in skin disorders, especially ultraviolet (UV) irradia-
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tion-induced skin injury [55]. The photoprotective effects of dietary phenolic compounds can 
be achieved by either oral administration or topical application. Green tea polyphenols also 
provide protection against UV irradiation-induced oxidative DNA damage, immunosuppres-
sion, and skin carcinogenesis in animal models [56, 57]. Notably, green tea polyphenols pro-
mote rapid repair of UV-induced DNA damage likely through stimulation of a nucleotide 
excision repair mechanism [58]. In addition, chemically-induced skin inflammation is atte-
nuated by oral administration of green tea polyphenols in mice [59]. Moreover, green tea po-
lyphenols have been demonstrated to promote keratinocyte differentiation and skin wound 
healing [60], protect hair follicles from -irradiation-induced apoptosis in vivo [61], and re-
duce psoriasiform lesions in the flaky skin mouse model [62]. The flaky skin mouse is a 
commonly used animal model of human psoriasis. 

 
3.1.8. Role in Cancer 

In addition to cardiovascular diseases, cancer is another most extensively studied disease 
with regard to phenolic compound-mediated protection in experimental animals [63-65]. Al-
most all of the classes of phenols listed in Section 1.2 are demonstrated to exhibit anticancer 
activities. Notable examples include resveratrol, curcumin, tea catechins, and soy flavonoids. 
The anticancer activities of phenolic compounds have been shown in animal models of both 
spontaneous cancer development and chemical carcinogenesis. It is known that cancer devel-
opment involves multiple etiological factors as well as the complex interactions between ge-
netic abnormalities and dysregulated cell signaling. As such, protective effects of phenolic 
compounds in cancer are unlikely due to their action on any specific pathway of cancer de-
velopment. As described earlier in Section 2, phenolic compounds possess multiple biological 
activities, which may act together to contribute to the protection against cancer development. 
Largely based on studies in animal models and cell cultures, several mechanisms have been 
proposed to explain the beneficial effects of dietary phenolic compounds in cancer. These are 
listed below. 

 
 Antioxidative effects 
 Anti-inflammatory activities 
 Antiproliferation 
 Induction of apoptosis 
 Antiangiogenesis 
 Modulation of xenobiotic biotransformation enzymes 

 
Dysregulated inflammation and oxidative stress are critical events in cancer development. 

Thus, suppression of oxidative stress and inflammation by phenolic compounds may contri-
bute to cancer chemoprotection. Phenolic compounds, such as resveratrol, curcumin, and tea 
polyphenols are able to block cell cycle and induce apoptosis in cancer cells via modulating 
cancer cell signaling pathways. The pro-oxidant activities of phenolic compounds, such as 
epigallocatechin-3-gallate may also be involved in induction of apoptosis in cancer cells [9]. 
These effects along with antiangiogenesis may be primarily responsible for the suppression of 
cancer growth and metastasis. In this context, phenolic compounds, such as curcumin and tea 
polyphenols have been shown to potently block cancer invasion and metastasis in animal 
models [66, 67].  
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Phenolic compounds have long been known for their ability to protect against chemical 
carcinogenesis. Among the various mechanisms involved, induction of phase 2 enzymes has 
been demonstrated to play an important part in the detoxification of electrophilic carcinogens, 
thereby inhibiting the formation of carcinogen-DNA adducts, a critical event leading to initia-
tion of the multistage carcinogenesis. In addition, some phenolic compounds, such as resvera-
trol can also inhibit P450 enzymes, resulting in decreased bioactivation of carcinogens to 
form DNA-damaging species [68]. Hence, modulation of carcinogen-metabolizing enzymes 
by phenolic compounds may be a particularly relevant mechanism for protection against 
chemical carcinogenesis. 

 
3.1.9. Role in Other Diseases and Conditions 

Substantial evidence suggests that dietary polyphenolic compounds also exert beneficial 
effects in various other pathophysiological conditions involving oxidative stress and inflam-
mation in animal models. These include sepsis [69], arthritis [70, 71], HIV infection [72], and 
aging [73]. 

 
 

3.2. Human Studies and Clinical Perspectives 
 
It has long been recognized that diet plays an important part in the maintenance of optim-

al health in humans. In this context, consumption of diet rich in fruits and vegetables has been 
associated with decreased risk of developing prevalent diseases, including cardiovascular dis-
orders and cancer. As discussed in previous chapters, various bioactive components from diet 
rich in fruits and vegetables, including vitamin C, vitamin E, and carotenoids have been sug-
gested to play a beneficial role in human diseases. Similarly, the health benefits of dietary 
phenolic compounds have also been extensively assessed over the last two decades in human 
subjects through both observational epidemiological studies and interventional clinical trials. 
Although cardiovascular diseases and cancer have been the focus of human studies, the poten-
tial beneficial effects of dietary phenolic compounds in other human diseases have also re-
cently received attention. The sections below summarize the major findings from these 
human studies. 

 
3.2.1. Role in Human Cardiovascular Diseases 

A potential beneficial effect of dietary phenolic compounds in cardiovascular diseases 
was first suggested by an observational epidemiological study, the Zutphen Elderly Study, 
showing that flavonoid intake in regularly consumed foods was inversely associated with 
mortality from coronary heart disease in elderly men [74]. Since the Zutphen Elderly Study, 
there have been numerous observational epidemiological studies assessing the relationship 
between dietary intake of various classes of phenolic compounds and risk of developing car-
diovascular diseases. Despite of null and inconsistent findings from some studies, the large 
majority of observational studies overwhelmingly suggest an inverse association between 
dietary intake of phenolic compounds and risk of developing different forms of cardiovascu-
lar diseases. In line with these findings, a number of small-scale interventional trials also sug-
gest a potential benefit of supplementation of dietary phenolic compounds, such as cocoa 
polyphenols in the intervention of cardiovascular pathophysiology. The beneficial actions of 
polyphenols include: (1) improvement of hyperlipidemia and hypertension [75-77], (2) aug-
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mentation of vascular nitric oxide formation and amelioration of endothelial dysfunction [21, 
78], and (3) inhibition of platelet activation and aggregation [79]. These observations in hu-
man studies are also consistent with the findings from animal experiments, and point to a po-
tential value of using dietary phenolic compounds in the intervention of human cardiovascular 
diseases.  

 
3.2.2. Role in Human Cancer 

The discovery that the wine polyphenol resveratrol protected against carcinogenesis in 
experimental animals in 1997 [80] sparked the recent surge of interest in the potential benefits 
of phenolic compounds in human cancer. The well-documented cancer chemoprotective ef-
fects of a variety of dietary phenolic compounds in animal models of human cancer have also 
prompted the studies on these compounds in protecting against cancer in human subjects. An 
increasing number of observational epidemiological studies have demonstrated an inverse 
association between dietary consumption of phenolic compounds, such as green tea polyphe-
nols and soy flavonoids, and risk of cancer development.  

In line with the findings in observational epidemiological studies, multiple small-scale in-
terventional trials show a possible protective role for supplementation of dietary phenolic 
compounds in certain types of human cancer, such as prostate cancer. For example, in a re-
cent randomized controlled trial, supplementation of tea catechins (600 mg per day) for one 
year was found to prevent the development of invasive prostate cancer in men with high-
grade intra-epithelial neoplasia, suggesting that tea catechins may be effective for treating 
premalignant lesions of prostate [81]. A more recent interventional trial in prostate cancer 
patients reported that brief treatment with tea polyphenols (mainly epigallocatechin-3-gallate) 
resulted in a significant reduction of serum markers, including prostate-specific antigen, hepa-
tocyte growth factor, and endothelial growth factor [82]. In addition to prostate cancer inter-
vention, supplementation of green tea extract in a randomized controlled trial was found to 
improve clinical response rate in patients with high-risk oral premalignant lesions in a dose-
dependent manner, indicating a potential value for using green tea polyphenols in oral cancer 
prevention [83]. In another pilot trial, supplementation of green tea extract in patients who 
had colorectal adenomas removed by polypectomy was shown to reduce the development of 
metachronous colorectal adenoma compared with a group of patients who did not take the 
green tea extract [84]. 

It should be noted that there are also many small-scale clinical trials that have failed to 
show an effectiveness of supplementation of phenolic compounds, including green tea poly-
phenols in human cancer intervention. Thus, at the present time the exact value of phenolic 
compounds in human cancer intervention remains inconclusive. Hence, well-designed large-
scale interventional trials are needed to firmly establish the potential efficacy of various 
classes of dietary phenolic compounds in the intervention (both preventive and therapeutic) of 
common types of human cancer.  

 
3.2.3. Role in Other Human Diseases and Conditions 

Over the last two decades, the benefits of phenolic compounds in other human disorders 
have also been investigated through both observational epidemiological studies and small-
scale interventional trials. Although many such studies have produced inconsistent results, 
some do point to a potential value of supplementation of dietary phenolic compounds in the 
intervention of certain disease conditions. These include metabolic syndrome [32, 33, 85, 86], 
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kidney transplantation [87, 88], bone loss in menopausal women [89-91], and UV irradiation-
induced skin damage [92, 93].  

 
 

4. Conclusion and Future Directions 
 
Phenolic compounds represent an important component of human diet. In addition to 

having antioxidative and anti-inflammatory activities, these compounds also possess many 
other novel functions, such as modulation of cell signaling. The diseases-protective effects of 
dietary phenolic compounds have been well-recognized in various animal models of human 
diseases associated with oxidative stress and inflammation. Observational epidemiological 
studies and interventional clinical trials in selected patient groups also suggest potential health 
benefits of supplementation of dietary phenolic compounds in certain human diseases. How-
ever, the exact value of dietary phenolic compounds in human disease intervention remains to 
be established via large-scale well-designed interventional trials. Future studies should also 
emphasize the dose-response relationship of dietary phenolic compounds in disease interven-
tion. As multiple classes of phenolic compounds as well as other antioxidant compounds 
coexist in regular human diet rich in fruits and vegetables, both basic and clinical studies 
should be directed to determine the interactions between the different groups of dietary anti-
oxidant compounds with respect to their combined biological activities and role in disease 
intervention. Although dietary phenolic compounds have been shown to be well-tolerated in 
human subjects, potential adverse effects of these compounds, especially upon long-term 
supplementation at high doses should not be ignored. In this context, there are an increasing 
number of case reports of liver injury in human subjects associated with intake of green tea 
dietary supplements.  
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SECTION IV 

SYNTHETIC ANTIOXIDANTS 
 
 
A number of synthetic antioxidant compounds have been developed over the last several 

decades. Many of them are mimetics of endogenous antioxidant enzymes, including superox-
ide dismutase, catalase, and glutathione peroxidase. Some of these antioxidant enzyme mi-
metics possess certain specificities in terms of scavenging reactive oxygen and nitrogen 
species (ROS/RNS). The synthetic antioxidants also include glutathione precursors (e.g., N-
acetylcysteine), spin traps (e.g., -phenyl-tert-butylnitrone), and nanomaterials (e.g., cerium 
oxide nanoparticles). Due to the non-protein nature, synthetic antioxidant compounds are 
relatively stable and usually able to penetrate the cells, and as such some of them can be ad-
ministered orally. Synthetic antioxidants are widely used in both cell cultures and experimen-
tal animals to study the protective effects on ROS/RNS-mediated damage or to help identify 
the ROS/RNS involved in particular pathophysiological processes. In addition, certain syn-
thetic antioxidant compounds have been studied in clinical trials for the intervention of dis-
eases involving an oxidative stress mechanism. The subsequent Chapters 24-27 describe the 
chemical and biochemical properties of the above four classes of synthetic antioxidants with 
an emphasis on their protective role in disease pathophysiology. 

 
 
 
 
 





 

 
 
 
 
 
 
 

Chapter 24  
 
 

Antioxidant Enzyme Mimetics 
 
 

Abstract 
 

Antioxidant enzyme mimetics are synthetic small molecular mass compounds that 
catalytically metabolize reactive oxygen and nitrogen species, including superoxide, hy-
drogen peroxide, and peroxynitrite. The commonly studied antioxidant enzyme mimetics 
in biology and medicine include mimetics of superoxide dismutase, catalase, and gluta-
thione peroxidase, as well as the catalytic scavengers of peroxynitrite. The protective ef-
fects of the various classes of antioxidant enzyme mimetics in disease pathophysiology 
have been demonstrated in a variety of animal models of human diseases, including car-
diovascular disease, diabetes and metabolic syndrome, neurological disorders, and can-
cer. In contrast to the extensive experimental animal studies, there have been very limited 
clinical investigations on the safety and efficacy of antioxidant enzyme mimetics in hu-
man subjects.  
 
 

1. Overview 
 
The recognition of the critical involvement of reactive oxygen and nitrogen species 

(ROS/RNS) in disease pathophysiology has sparked the surge of interest in the potential use 
of antioxidant enzymes for disease intervention. Due to the protein nature and the associated 
instability, limited bioavailability, and antigenicity, systematic administration of native anti-
oxidant enzymes for disease intervention has been much restricted. To circumvent these limi-
tations, a number of synthetic antioxidant compounds that mimic the catalytic activities of 
endogenous antioxidant enzymes have been developed over the last two decades. These in-
clude mimetics of superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx). 
Some of the mimetics possess certain specificities in terms of catalytically scavenging or de-
composing ROS/RNS. Compared with the native enzymes, antioxidant enzyme mimetics are 
relatively stable, able to penetrate the cells, and can be administered orally. These compounds 
are widely used as protective agents against oxidative stress in vitro and in vivo. They are 
also commonly employed as tools to study the involvement of ROS/RNS in disease patho-
physiology. This chapter focuses on discussion of the commonly used mimetics of SOD, cata-
lase, and GPx. The peroxynitrite scavengers are also covered in this chapter. 
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2. Chemistry and Biochemistry 
 

2.1. Superoxide Dismutase Mimetics 
 
Superoxide is crucially involved in various disease processes, and SOD enzymes play an 

important role in protecting against superoxide-mediated cell and tissue injury (Chapter 3). 
However, as stated above, use of the native SODs for suppressing oxidative tissue injury has 
many drawbacks, including limited bioavailability, antigenicity, and high expense. As such, 
several low molecular mass SOD mimetics have been developed to overcome the above limi-
tations. Commonly used SOD mimetics are compounds that contain manganese (Mn) as the 
redox-active center, and include the following [1, 2].  

 
 Mn(III) metalloporphyrins 
 Mn(III) salen complexes 
 Mn(II) pentaazamacrocyclic ligand-based complexes  

 
In addition to these Mn-containing mimetics, several other structurally distinct chemicals 

have also been found to possess SOD-like activity. These include the nitroxide compound 4-
hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl (Tempol) and fullerene derivatives [3, 4]. Ce-
rium oxide nanoparticles may also have SOD-like activity. Fullerenes and cerium oxide na-
noparticles are covered in Chapter 27. 

 
2.1.1. Mn(III) Metalloporphyrins 

The Mn-based metalloporphyrin complexes scavenge superoxide, hydrogen peroxide, pe-
roxynitrite, and lipid peroxyl radicals. Although being referred to as SOD mimetics in the 
literature, these compounds apparently do not selectively scavenge superoxide. The common-
ly investigated Mn(III) metalloporphyrins include Mn(III) tetrakis (4-benzoic acid) porphyrin 
(abbreviation: MnTBAP), Mn(III) tetrakis (1-methyl-4-pyridyl) porphyrin (abbreviation: 
MnTMPyP), and the AEOL series, such as AEOL10113. The chemical name for AEOL10113 
is Mn(III) tetrakis (N-ethylpyridinium-2-yl) porphyrin (abbreviation: MnTE-2-PyP5+). Due to 
its positive charge, MnTE-2-PyP5+ can accumulate in mitochondria [5]. The chemical struc-
tures for MnTMPyP, MnTBAP, and MnTE-2-PyP5+ are shown in Figure 24-1. 

 
2.1.2. Mn(III) Salen Complexes 

The Mn(III) salen complexes, also known as EUK series, scavenge superoxide and hy-
drogen peroxide, and thus have SOD and catalase activities. The members of this class in-
clude EUK-8, EUK-134, EUK-189, EUK-207, EUK-418, and EUK-423 [1]. 

 
2.1.3. Mn(II) Pentaazamacrocyclic Ligand-based Complexes  

Mn(II) pentaazamacrocyclic ligand-based SOD mimetics, such as M40401 and M40403 
are selective for superoxide, which is different from the other two classes of SOD mimetics 
described above. This selectivity for superoxide is believed to be due to the fact that the Mn 
atom at the center of the pentaazamacrocyclic ligand-based compounds is held by five coor-
dination points and is only available for one-electron reduction [6]. In this regard, scavenging 
of hydrogen peroxide and peroxynitrite requires transfer of two electrons. 
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Figure 24-1. Structures of some commonly used superoxide dismutase (SOD) mimetics. See text 
(Section 2.1) for detailed description of various types of SOD mimetics. MnTBAP, Mn(III) tetrakis (4-
benzoic acid) porphyrin; MnTMPyP, Mn(III) tetrakis (1-methyl-4-pyridyl) porphyrin; MnTE-2-PyP5+, 
Mn(III) tetrakis (N-ethylpyridinium-2-yl) porphyrin. (courtesy of Jason Z. Li) 
 
 

2.2. Catalase Mimetics 
 
Catalase is a heme-containing protein that catalyzes the dismutation of hydrogen perox-

ide to form water and molecular oxygen. Catalase mimetics are compounds with redox-active 
metal centers that often contain either manganese (Mn) or iron (Fe). As discussed above, the 
SOD mimetics Mn(III) metalloporphyrins and Mn(III) salen complexes also have catalase 
activity [7]. As such, these compounds are frequently designated as SOD/catalase mimetics. 

 
 

2.3. GPx Mimetics 
 
Another class of endogenous catalytic hydrogen peroxide scavengers is the selenium-

containing GPx (Chapter 6). One of the best studied GPx mimetics is the selenoorganic com-
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pound 2-phenyl-1,2-benzisoselenazol-3(2H)-one, also known as ebselen (structure shown in 
Figure 24-2). Ebselen is one of the first selenium-based GPx mimetics developed. It catalyti-
cally scavenges hydrogen peroxide and other organic hydroperoxides in the presence of re-
ducing cofactors, including glutathione, N-acetylcysteine, and dihydrolipoic acid. Ebselen 
also scavenges peroxynitrite and possibly other ROS/RNS. It is shown to be a substrate for 
thioredoxin reductase [8]. In addition to scavenging ROS/RNS, ebselen may also inhibit 
ROS-producing enzymes, including 5-lipoxygenase and NAD(P)H oxidase, and possess anti-
inflammatory activity [7].  

 
 
 
 
 
 

 

 

 

 

Figure 24-2. Structure of the glutathione peroxidase (GPx) mimetic ebselen.  See text (Section 2.3) for 
detailed description of ebselen. The chemical name of ebselen is 2-phenyl-1,2-benzisoselenazol-3(2H)-
one. 

 
A number of diselenide and ditelluride containing compounds have been reported to cata-

lytically scavenge peroxides with higher GPx-like activity than ebselen. For example, the dis-
elenide compound 2,2'-diseleno-bis-beta-cyclodextrin (2-SeCD) can efficiently scavenge a 
variety of peroxides, including hydrogen peroxide using glutathione as a cofactor [7].  

 
 

2.4. Peroxynitrite Scavengers 
 
As noted above, peroxynitrite can be scavenged by manganese-based metalloporphyrin 

compounds with SOD and catalase activities as well as by GPx mimetics (e.g., ebselen). In 
contrast to manganese-based metalloporpyrins (e.g., MnTBAP, MnTMPyP), iron (Fe)-based 
metalloporphyrins display much higher rate of peroxynitrite decomposition and are relatively 
selective for peroxynitrite. Examples of commonly used iron-based peroxynitrite scavengers 
include 5,10,15,20-tetrakis (2,4,6-trimethyl-3,3-disulfonatophenyl) porphyrinato iron (III) 
(abbreviation: FeTMPS), 5,10,15,20-tetrakis (4-sulfonatophenyl) porphyrinato iron (III) (ab-
breviation: FeTPPS), and 5,10,15,20-tetrakis (N-methyl-4′-pyridyl) porphyrinato iron (III) 
(abbreviation: FeTMPyP) [9]. 

 
 

3. Role in Disease Intervention 
 

3.1. Animal Studies 
 
The critical involvement of superoxide and other ROS/RNS in disease pathophysiology 

has prompted the use of catalytic antioxidant enzyme mimetics for disease intervention in 
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experimental animals. As described above, many of the catalytic antioxidant enzyme mimet-
ics lack selectivity for ROS/RNS. In addition, the catalytic scavenging ability of these com-
pounds toward ROS/RNS as initially demonstrated in cell-free systems may not be the same 
in more complex biological systems. Moreover, these mimetics have been found to exert oth-
er biological activities, such as inhibition or induction of enzymes involved in ROS and xe-
nobiotic metabolism [10, 11]. As such, interpretation of the protective effects of these 
antioxidant enzyme mimetics in disease pathophysiology should be done with caution. In this 
context, simultaneous assessment of the effects of the mimetics on ROS/RNS levels and 
oxidative stress markers in disease processes will help identify the mechanisms of action for 
these compounds in vivo.  

Substantial evidence from studies in animal models shows beneficial effects of various 
antioxidant enzyme mimetics in disease conditions involving an oxidative stress mechanism. 
The sections below summarize the major experimental findings in this research area. 

 
3.1.1. Role in Cardiovascular Diseases 

A number of antioxidant enzyme mimetics are protective against hypertension, endo-
thelial dysfunction, atherogenesis, myocardial ischemia-reperfusion injury, and heart failure. 
Notably, treatment with superoxide-selective Mn(II) pentaazamacrocyclic ligand-based SOD 
mimetics (e.g., M40401, M40403) is shown to improve endothelial function in atherosclerotic 
mice [12], ameliorate myocardial ischemia-reperfusion injury [13], and attenuate the devel-
opment of heart failure [14]. Recently, the GPx mimetic ebselen is found to reduce atheros-
clerotic lesions in diabetic ApoE-deficient mice [15]. The above protective effects are 
correlated with decreased oxidative stress and inflammation in the target tissues, which sup-
port a critical role for superoxide as well as other ROS/RNS in the pathophysiology of cardi-
ovascular diseases. These observations are also in line with the findings that genetic 
manipulations of endogenous antioxidant enzymes (e.g., SOD, catalase, GPx) significantly 
modulate the pathophysiology of the above cardiovascular diseases in animal models. To-
gether, these studies support the notion that protection against cardiovascular diseases can be 
achieved by using catalytic antioxidant enzyme mimetics. 

 
3.1.2. Role in Diabetes and Metabolic Syndrome 

As discussed in previous chapters, genetic overexpression of endogenous antioxidant en-
zymes has been shown to protect against diabetes and diabetic complications in experimental 
animals. There is also substantial evidence for the beneficial effects of antioxidant mimetics, 
including Tempol, MnTMPyP, the superoxide-selective mimetics (e.g., M40401, M40403), 
and ebselen in diabetes and diabetic complications [16, 17]. Consistent with these in vivo 
findings, treatment with antioxidant mimetics protects the pancreatic -cells from oxidative 
stress in vitro.  

Oxidative stress and inflammation have been causally linked not only to diabetes, but al-
so to obesity and obesity-associated complications. Treatment with antioxidant enzyme mi-
metics, such as Tempol reduces oxidative stress and improves insulin resistance in obese 
Zucker rats, indicating a potential value of these mimetics in the management of metabolic 
syndrome [18]. Obesity-associated vascular and renal dysfunction are also ameliorated by 
treatment with Tempol and other antioxidant enzyme mimetics [19]. Notably, supplementa-
tion of Tempol in the food of mice has been shown to cause significant weight loss and pre-
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vent obesity without toxicity [20]. More recently, Tempol is demonstrated to inhibit adipoge-
nesis in vitro, which may underlie, at least in part, some of its in vivo effects on body weight 
and obesity [21]. These observations are consistent with the notion that oxidative stress is an 
important pathophysiological component of adiposity. 

 
3.1.3. Role in Neurological Diseases 

The increasing recognition of the critical role of oxidative stress and inflammation in var-
ious neurological disorders has prompted studies on the neuroprotective effects of catalytic 
antioxidant enzyme mimetics in experimental animals. Administration of antioxidant enzyme 
mimetics, including mimetics of SOD, catalase, and GPx, as well as peroxynitrite scavengers 
and fullerene derivatives has been demonstrated to protect against many neurological disord-
ers [22]. These include cerebral ischemic injury, Parkinson’s diseases, Alzheimer’s disease, 

and neuroexcitotoxicity. Notably, treatment with antioxidant enzyme mimetics has also been 
found to prevent or reverse aging-related learning deficits and brain oxidative stress, and ex-
tent the lifespan in experimental animals [23-25]. These observations from a different angle 
support the oxidative stress mechanism of neurodegeneration and aging, and point to the fea-
sibility of using antioxidant enzyme mimetics in the intervention of neurological disorders 
that involve an oxidative stress component. 

 
3.1.4. Role in Pulmonary Diseases 

Lung is exposed to higher oxygen tension than most other organs under both physiologi-
cal and pathophysiological conditions. Indeed, oxidative stress has long been recognized as a 
causative factor in various pulmonary diseases. The protective effects of antioxidant enzyme 
mimetics have been demonstrated in many animal models of human lung diseases, including 
hyperoxic lung injury, pulmonary ischemia-reperfusion injury, asthma, chronic obstructive 
lung disease, acute respiratory distress syndrome, as well as radiation- and drug-induced lung 
injury [6, 26]. A notable benefit of these mimetics in the above lung pathophysiological 
processes is marked attenuation of inflammatory responses and oxidative stress. In addition, 
there is also evidence supporting the ability of antioxidant enzyme mimetics to inhibit lung 
fibrosis in experimental animals [27].  

 
3.1.5. Role in Hepatic and Gastrointestinal Diseases 

Antioxidant enzyme mimetics are protective against many liver disorders in animal mod-
els. For example, treatment with metalloporphyrin SOD mimetics (e.g., MnTMPyP, 
MnTBAP) or the diselenide GPx mimetic 2-SeCD attenuates hepatic ischemia-reperfusion 
injury, as evidenced by decreased release of liver enzymes and reduced inflammation and 
oxidative stress in liver tissue [28, 29]. Administration of MnTBAP also prevents Fas-
induced acute liver failure and oxidative stress in mice [30]. Both alcoholic and nonalcoholic 
fatty liver diseases are ameliorated by treatment with antioxidant enzyme mimetics, such as 
Tempol and ebselen [31, 32]. Some antioxidant enzyme mimetics, including MnTBAP, ebse-
len, EUK-8, and EUK-134 have been shown to also protect against endotoxin-elicited liver 
injury and drug/xenobiotic-induced hepatotoxicity [33-35]. In addition to liver diseases, 
treatment with Tempol or M40403 suppresses chemically-induced colitis in animal models 
[36, 37]. Tempol also exerts a beneficial effect on intestinal ischemia-reperfusion injury via 
inhibiting superoxide formation and inflammatory responses in the intestine [38]. Together, 
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these findings point to the potential value of catalytic antioxidant enzyme mimetics in the 
intervention of liver and gastrointestinal diseases associated with oxidative stress and dysre-
gulated inflammation. 

 
3.1.6. Role in Renal Diseases 

The protective effects of antioxidant enzyme mimetics in kidney diseases have been in-
vestigated in experimental animals over the last decade. The renal disease conditions in which 
antioxidant enzyme mimetics have a protective role include ischemia-reperfusion injury [39], 
diabetic nephropathy [40], and drug/xenobiotic-induced nephrotoxicity [41, 42]. Treatment 
with antioxidant enzyme mimetics, such as Tempol also attenuates kidney inflammatory res-
ponses to acute sodium overload and protects against autoimmunity-induced glomerular in-
jury [43, 44]. More recently, the SOD/catalase-mimetic MnTBAP has been shown to prevent 
the development of insulin resistance and glucose intolerance due to uremia in a mouse model 
of surgically induced chronic renal failure [45]. Treatment with MnTBAP also blocks the de-
velopment of insulin resistance in normal mice after urea infusion [45]. These studies suggest 
broad applications of antioxidant enzyme mimetics in the management of diverse pathophysi-
ological conditions involving kidney. 

 
3.1.7. Role in Cancer 

An early study by T.W. Kensler and coworkers in 1983 showed an inhibitory effect on 
tumor promotion by a copper-coordination complex with SOD mimetic activity [46]. This 
study provided the first evidence that a low molecular mass antioxidant enzyme mimetic may 
have an impact on multistage carcinogenesis in experimental animals. Subsequent studies 
have demonstrated that several other antioxidant enzyme mimetics, including MnTBAP, 
MnTE-2-PyP5+, and ebselen are also able to suppress chemical carcinogenesis in animal 
models [47-49].  

Antioxidant enzyme mimetics are also protective against carcinogenesis in animal models 
unrelated to chemical carcinogens. For example, treatment with antioxidant enzyme mimetics 
Tempol and EUK-189 prolongs the latency of thymic lymphoma and the animal survival, and 
reduces oxidative stress in Atm-deficient mice. [50-52]. The Atm-deficient mouse is a murine 
model of human ataxia telangiectasia, a hereditary disorder characterized by a high incidence 
of lymphoid malignancies, premature aging, and other abnormalities. Recently, treatment 
with MnTE-2-PyP5+ is shown to inhibit angiogenesis and tumor growth via suppressing oxid-
ative stress in a mouse model of breast cancer [53]. These findings point to the possibility of 
utilizing antioxidant enzyme mimetics for the intervention of human cancer. 

The potential effects of antioxidant enzyme mimetics on cancer therapy, including che-
motherapy and radiotherapy have been investigated in experimental animals. In a mouse 
model of prostate cancer, co-treatment with MnTE-2-PyP5+ does not significantly affect rad-
iation-induced inhibition of tumor growth, but protects against radiation-induced decreases in 
red blood cell counts, hemoglobin, and hematocrit [54]. This suggests a role for MnTE-2-
PyP5+ in reducing adverse effects of radiation therapy. However, in a murine model of lym-
phosarcoma, pretreatment with Tempol significantly reduces cyclophosphamide-induced tu-
mor-killing activity. It is further shown that pretreatment with Tempol upregulates aldehyde 
dehydrogenase in liver, an enzyme known to detoxify the active metabolites of cyclophos-
phamide [11]. Such active metabolites are believed to be responsible for the antitumor activi-
ty of cyclophosphamide. Hence, the concurrent use of antioxidant enzyme mimetics may 
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differentially affect the outcomes of cancer therapy depending on the types of the therapy as 
well as other experimental conditions. 
 

3.1.8. Role in Other Diseases and Conditions 

Catalytic antioxidant enzyme mimetics may also exert beneficial effects in other diseases 
and conditions in experimental animals. These include endotoxin-induced sepsis and multiple 
organ dysfunction [55], skin disorders (e.g., ultraviolet-induced injury) [56], arthritis [57], 
and total body irradiation-induced lethality [58].  

 
 

3.2. Human Studies and Clinical Perspectives 
 
In contrast to the substantial experimental evidence from animal studies, the clinical evi-

dence for the effectiveness of antioxidant enzyme mimetics in disease intervention in human 
subjects is much limited. The GPx mimetic ebselen (Section 2.3 and Figure 24-2) is probably 
the only antioxidant enzyme mimetic whose potential therapeutic effects have been evaluated 
in multiple clinical studies. Several small-scale clinical trials in 1990s demonstrated a poten-
tial benefit of ebselen treatment in patients with acute ischemic stroke and patients with de-
layed neurological deficits after aneurysmal subarachnoid hemorrhage [59-61]. However, 
there are also trials reporting no beneficial effects of ebselen supplementation in patients with 
critical illness, including cerebrovascular events [62]. Thus, the neuroprotective effects of 
ebselen in humans remain to be established.  

Topical application of antioxidant enzyme mimetics for disease intervention has been in-
vestigated in clinical trials. For example, a phase 1 trial reported that topical application of 
Tempol to the scalp before whole brain radiation was safe and might protect against radiation-
induced alopecia in patients with metastatic cancer to the brain [63]. There is also evidence 
indicating that topical application of EUK-134 may suppress ultraviolet irradiation-induced 
oxidant formation on the skin surface in human subjects [64]. 

 
 

4. Conclusion and Future Directions 
 
Antioxidant enzyme mimetics are able to catalytically metabolize ROS/RNS. While most 

of the available antioxidant enzyme mimetics lack selectivity for a particular ROS/RNS, 
some, such as Mn(II) pentaazamacrocyclic ligand-based SOD mimetics do show high speci-
ficity for superoxide. Antioxidant enzyme mimetics protect cells from oxidative stress. These 
compounds also exhibit beneficial effects in a variety of disease conditions involving oxida-
tive stress and dysregulated inflammation in animal models. However, the potential useful-
ness of antioxidant enzyme mimetics in the intervention of human diseases currently remains 
largely unknown due to very limited clinical trials. Future studies should focus on the contin-
ued evaluation of both safety and efficacy of the existing antioxidant enzyme mimetics in 
preclinical models as well as developing more effective new compounds for preclinical as-
sessment. These preclinical studies will lay a foundation for subsequent well-designed clinical 
trials to determine the potential effectiveness of antioxidant enzyme mimetics in human dis-
ease intervention, including both prevention and treatment.  
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Chapter 25  
 
 

Glutathione Precursors 
 
 

Abstract 
 

The reduced form of glutathione (GSH) is an important biomolecule in mammalian 
health and disease. Glutathione precursors include the compounds that directly give rise 
to GSH and those that provide substrates for de novo GSH biosynthesis. Thus, GSH pre-
cursors represent an important approach to increasing cellular and tissue GSH levels. 
GSH precursors may possess other novel biological activities in addition to augmenting 
cellular and tissue GSH levels. The protective effects of GSH precursors, especially N-
acetylcysteine in disease pathophysiology have been well-recognized in a variety of ani-
mal models of human diseases. A number of clinical trials also suggest a potential bene-
ficial role for N-acetylcysteine in the intervention of many human diseases, including 
cardiovascular disorders, diabetes, chronic obstructive pulmonary disease, and contrast 
medium-induced nephropathy.  
 
 

1. Overview 
 
The reduced form of glutathione (GSH) is a critical antioxidant in mammals, and in-

creased GSH levels have been shown to provide protection against oxidative and electrophilic 
injury under various disease conditions (see Chapter 5 for discussion of GSH). However, di-
rect administration of GSH to increase its tissue levels has proven inefficient due to the mem-
brane impermeability and instability of GSH. As such, many membrane permeable and 
relatively stable compounds, known as GSH precursors or prodrugs have been developed, 
which can be administered to elevate GSH levels in vivo via various mechanisms. The term 
GSH precursors refers to synthetic compounds that can increase tissue GSH levels via either 
directly giving rise to GSH or providing substrates for de novo GSH biosynthesis. The GSH 
precursors acting via the former mechanism include GSH esters, whereas those acting 
through the latter mechanism consist of N-acetylcysteine and a number of other cysteine ana-
logs. N-Acetylcysteine is an old drug approved by the United States Food and Drug Adminis-
tration (FDA), which has been used as the specific antidote for acetaminophen overdose. It 
has also been extensively studied as a potential protective agent for the management of a va-
riety of other pathophysiological conditions. This chapter discusses the basic chemical and 
biochemical properties of GSH precursors and their involvement in health and disease with an 
emphasis on N-acetylcysteine. 
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2. Chemistry and Biochemistry 
 

2.1. Glutathione Esters 
 
Since GSH is not significantly taken up by cells, an effective approach to increasing cel-

lular GSH levels is to supply a membrane permeable GSH-containing compound that is well 
transported into cells and converted to GSH. In this regard, membrane permeable GSH esters 
have been developed to provide an effective way of delivering GSH into cells. There are two 
types of GSH esters: GSH monoethyl ester and GSH diethyl ester. When administered to ex-
perimental animals, GSH esters can be transported into many tissues and hydrolyzed by tissue 
esterases to release GSH, resulting in increased tissue levels of GSH [1].  

 
 

2.2. N-Acetylcysteine 
 
Another way of augmenting tissue GSH levels is to increase the availability of the rate-

limiting substrate cysteine using the non-toxic precursor N-acetylcysteine (structure shown in 
Figure 25-1). Orally delivered N-acetylcysteine is readily absorbed and converted by esterases 
to cysteine in tissues (mainly liver), where it is used for synthesis of GSH. In addition to sup-
plying cysteine for GSH synthesis, N-acetylcysteine also directly scavenges ROS/RNS and 
binds redox-active metal ions. N-Acetylcysteine has been shown to possess anti-inflammatory 
activities through mechanisms including inhibition of NF- B activation and suppression of 
the expression of proinflammatory cytokines and adhesion molecules [2, 3]. Moreover, it has 
been reported that N-acetylcysteine inhibits platelet aggregation via increasing platelet nitric 
oxide [4]. These novel effects may also contribute to N-acetylcysteine-mediated protection 
against disease pathophysiology. 

 
 
 
 
 
 

 

 

 

 

 

 

Figure 25-1. Structure of N-acetylcysteine. See text (Section 2.2) for description of N-acetylcysteine. 
 

 
2.3. Other Glutathione Precursors 

 
In addition to GSH esters and N-acetylcysteine, there are many other GSH precursors that 

can be utilized to increase tissue GSH levels. These include various analogs of cysteine, such 
as S-carboxymethylcysteine, N-isobutyrylcysteine, N-acystelyn, erdosteine, and fudosteine. In 
general, these cysteine-derived analogs have improved stability and bioavailability compared 
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with N-acetylcysteine. These compounds have also been investigated in animal studies and 
clinical trials for the intervention of certain diseases, such as chronic obstructive pulmonary 
disease [5].  

 
 

3. Role in Disease Intervention 
 

3.1. Animal Studies 
 

3.1.1. Role in Cardiovascular Diseases 

The protective effects of GSH precursors have been demonstrated in animal models of 
human cardiovascular diseases, including hypertension, atherosclerosis, myocardial ischemia-
reperfusion injury, heart failure, and drug-induced cardiotoxicity. Notably, administration of 
either GSH monoethyl ester or N-acetylcysteine attenuates atherosclerotic plaque formation 
and reduces oxidative stress in vascular wall in experimental animals fed atherosclerotic diet 
[6, 7]. N-Acetylcysteine also prevents accelerated atherosclerosis, vascular inflammation, and 
oxidative stress in uremic ApoE-deficient mice [8]. These findings indicate GSH as an impor-
tant protective molecule and point to the feasibility for using thiol compounds in the interven-
tion of vascular degeneration. 

 
3.1.2. Role in Diabetes and Metabolic Syndrome 

GSH is a critical molecule in protecting the pancreatic -cells from oxidative stress and 
inflammation, and in suppressing the development of diabetes in animal models (Chapter 5). 
There is substantial evidence supporting the beneficial effects of N-acetylcysteine and GSH 
esters in diabetic complications, including cardiomyopathy, neuropathy, vascular dysfunction, 
and cataract. It is of note that N-acetylcysteine protects against hyperglycemia-mediated myo-
cardial hypertrophy likely through attenuation of PKC- 2 overexpression [9]. PKC- 2 over-
expression is an important mechanism underlying diabetic cardiac hypertrophy. It has been 
reported that treatment with N-acetylcysteine restores myocardial manganese superoxide dis-
mutase activity in diabetic animals, which may partially contribute to the improvement of 
diabetic cardiomyopathy [10].  

N-Acetylcysteine is also beneficial in treating metabolic syndrome. For example, oral 
administration of N-acetylcysteine ameliorates arterial hypertension, insulin resistance, and 
oxidative stress in chronically glucose-fed rats [11]. Dietary supplementation of N-
acetylcysteine also alleviates sucrose-induced oxidative stress and insulin resistance in rats. 
Notably, the beneficial effects of N-acetylcysteine on sucrose-induced oxidative stress and 
insulin resistance can be duplicated by consumption of a cysteine-rich diet [12]. More recent-
ly, N-acetylcysteine is found to prevent high-sucrose diet-induced obesity and metabolic dis-
turbances in experimental animals [13]. 

 
3.1.3. Role in Neurological Diseases 

The neuroprotective effects of GSH esters have been well-documented in various animal 
models of human neurological disorders. For example, infusion of GSH monoethyl ester into 
the third ventricle during middle cerebral artery occlusion and reperfusion is found to mar-
kedly reduce the infarct size in experimental animals [14]. Administration of GSH monoethyl 
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ester prevents mitochondrial GSH depletion during focal cerebral ischemia, which may be an 
important mechanism underlying its protection against stroke in animal models [15]. Intrape-
ritoneal injection of GSH monoethyl ester improves functional recovery, enhances neuron 
survival, and stabilizes spinal cord blood flow after spinal cord injury in rats [16]. There is 
also evidence showing beneficial actions of both GSH esters and N-acetylcysteine in other 
neurodegenerative diseases, such as Parkinson’s disease [17]. In this regard, GSH depletion in 
dopaminergic neurons is an early pathophysiological event of Parkinson’s disease. Thus, rep-
letion of GSH via GSH esters and N-acetylcysteine may represent an effective approach to the 
management of Parkinson’s disease. In addition to Parkinson’s disease, brain GSH deficien-
cies have also been observed in aged animals. Supplementation of GSH monoethyl ester is 
shown to restore the aging-related GSH deficiencies, oxidative stress, and neurochemical alte-
rations [18-20]. 

 
3.1.4. Role in Pulmonary Diseases 

The best studied pulmonary disease with respect to protection by GSH precursors is 
chronic obstructive pulmonary disease (COPD). There is substantial evidence showing a 
beneficial role for GSH precursors, including N-acetylcysteine and S-carboxymethylcysteine 
in COPD in experimental animals [5, 21, 22]. The protective effects of these GSH precursors 
in COPD have been associated with decreased pulmonary inflammation and oxidative stress. 
In line with this, GSH precursors, including N-acetylcysteine, S-carboxymethylcysteine, and 
GSH monoethyl ester have also been found to attenuate airway inflammation and oxidative 
stress in animal models of asthma [23, 24]. Administration of N-acetylcysteine or GSH esters 
is shown to alleviate hyperoxia-induced lung injury [25, 26]. Moreover, oral supplementation 
of N-acetylcysteine protects against bleomycin-elicited lung oxidative stress, inflammation, 
and fibrosis in experimental animals [27, 28]. In cultured bronchial epithelial cells, N-
acetylcysteine treatment inhibits bleomycin-induced secretion of proinflammatory cytokines, 
which is consistent with the in vivo observations [29]. 

 
3.1.5. Role in Hepatic and Gastrointestinal Diseases 

GSH precursors are protective in liver diseases, including ischemia-reperfusion injury, 
nonalcoholic fatty liver disease, and drug/xenobiotic-induced liver injury. Intravenous infu-
sion of N-acetylcysteine or GSH monoethyl ester attenuates liver ischemia-reperfusion injury, 
as evidenced by decreased release of liver enzymes and reduced oxidative stress [30, 31]. In 
addition, GSH monoethyl ester treatment protects liver mitochondria from oxidative damage 
during ischemia-reperfusion. The beneficial effects of both N-acetylcysteine and GSH esters 
in nonalcoholic fatty liver disease have been well-documented in various animal models, in-
cluding the nutritional models of either feeding a diet deficient in both methionine and cho-
line or feeding a high-fat diet [32, 33].  

N-Acetylcysteine is best known as the specific antidote for acetaminophen overdose. This 
is primarily due to the increased GSH levels in liver, leading to enhanced detoxification of the 
reactive metabolite of acetaminophen, N-acetyl-p-benzoquinoneimine (Figure 25-2). N-
Acetylcysteine or GSH esters also ameliorate liver injury induced by other drugs/xenobiotics, 
such as cyclophosphamide, carmustine, ethanol, and carbon tetrachloride. 

GSH precursors, such as N-acetylcysteine and GSH monoethyl ester exert beneficial ef-
fects in certain gastrointestinal disorders. These include Helicobacter pylori infection, in-
flammatory bowel disease, and drug-induced peptic ulcer disease. Notably, treatment with N-
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acetylcysteine plus mesalamine, a first line drug for ulcerative colitis, caused a significantly 
greater reduction in colonic injury than either agent alone in a rodent model of colitis [34]. 
This suggests that N-acetylcysteine may have added benefits when combined with established 
therapy in the management of diseases involving oxidative stress and inflammation. 

 

 

 

Figure 25-2. N-Acetylcysteine as the specific antidote for acetaminophen overdose. As illustrated, 
GSH-mediated conjugation reaction is a major detoxification mechanism for the toxic metabolite of 
acetaminophen, N-acetyl-p-benzoquinoneimine in liver cells. The cytochrome P450 2E1 enzyme is 
primarily responsible for the bioactivation of acetaminophen to produce the highly reactive N-acetyl-p-
benzoquinoneimine. In acetaminophen overdose, a large amount of N-acetyl-p-benzoquinoneimine is 
produced, which overwhelms the normal GSH-dependent detoxification capacity of the liver cells, 
causing liver injury. By releasing cysteine, N-acetylcysteine increases liver GSH levels, leading to 
enhanced detoxification of N-acetyl-p-benzoquinoneimine. 

 
 

3.1.6. Role in Renal Diseases 

The most extensively studied renal disorder regarding N-acetylcysteine-mediated protec-
tion in experimental animals (as well as in human clinical trials) is probably contrast medium-
induced nephropathy [35, 36]. While the exact mechanisms remain to be elucidated, the radi-
cal scavenging and anti-inflammatory activities of N-acetylcysteine seem to play an important 
part in the protection against contrast medium-induced nephropathy. Multiple studies also 
demonstrate a protective effect of N-acetylcysteine in renal ischemia-reperfusion injury [37, 
38]. Treatment with N-acetylcysteine is found to attenuate oxidative stress and inflammation, 
and improve the graft function after kidney transplantation in experimental animals. N-
acetylcysteine and GSH esters also ameliorate diabetic nephropathy and drug/xenobiotic-
induced nephrotoxicity [39, 40].  



Antioxidants in Biology and Medicine  358 

3.1.7. Role in Cancer 

Administration of N-acetylcysteine protects experimental animals from carcinogenesis 
induced by a variety of chemical carcinogens [41, 42]. Mechanistically, N-acetylcysteine 
treatment inhibits oxidative DNA damage as well as the formation of carcinogen-DNA ad-
ducts during chemical carcinogenesis. The anticancer activities of N-acetylcysteine have also 
been demonstrated in genetic models of spontaneous carcinogenesis. For example, long-term 
dietary supplementation of N-acetylcysteine is shown to reduce the incidence and multiplicity 
of lymphoma in Atm-deficient mice [43]. In the same animal model, N-acetylcysteine treat-
ment inhibits oxidative DNA damage and reduces the frequency of DNA deletions, which 
may contribute to its cancer chemoprotection [44]. Supplementation of N-acetylcysteine also 
prevents chronic colitis-associated colorectal carcinoma in wild-type mice and hepatocarci-
nogenesis in transaldolase-deficient mice [45, 46]. Furthermore, it has been reported that N-
acetylcysteine synergizes with the anticancer drug doxorubicin in the suppression of tumori-
genesis and metastasis in murine models [47]. The major mechanisms that have been pro-
posed to account for the anticancer activities of N-acetylcysteine in experimental animals are 
summarized below [48, 49].   

 
 Direct reactions between N-acetylcysteine and carcinogens  
 Increased levels of GSH, leading to enhanced detoxification of carcinogens 
 Free radical-scavenging activities 
 Anti-inflammatory effects 
 Inhibition of angiogenesis 

 
3.1.8. Role in Other Diseases and Conditions 

N-Acetylcysteine, GSH esters, and other cysteine analogs have been shown to be protec-
tive in several other disease processes involving oxidative stress and inflammation in experi-
mental animals. These include sepsis [50], ultraviolet irradiation-induced skin injury [51], 
wound healing [52], arthritis [53], viral (e.g., HIV, H1N1) infections [54-56], cataract [57, 
58], and noise-induced hearing loss [59, 60].  

 
 

3.2. Human Studies and Clinical Perspectives 
 

3.2.1. N-Acetylcysteine as the Specific Antidote for Acetaminophen 

Overdose in Humans 

Acetaminophen overdose is responsible for more than 40% of all cases of acute liver fail-
ure each year in the United States. N-Acetylcysteine has been used as the specific antidote for 
acetaminophen overdose [61]. In acetaminophen overdose, hepatic GSH is depleted by the 
toxic metabolite of acetaminophen, N-acetyl-p-benzoquinoneimine, and if left untreated, N-
acetyl-p-benzoquinoneimine may accumulate, causing liver cell death (also see Figure 25-2). 
Timely administration of N-acetylcysteine prevents liver injury by replenishing hepatic GSH 
[62]. Notably, even if administered following the development of acetaminophen-induced 
fulminate hepatic failure, N-acetylcysteine still improves survival rates. Recently, it has been 
suggested that N-acetylcysteine be administered to all patients with acute liver failure regard-
less of its etiology [61].  
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3.2.2. Role in Human Cardiovascular Diseases and Diabetes 

The potential beneficial effects N-acetylcysteine in human cardiovascular diseases and 
diabetes have been investigated in multiple small-scale clinical trials. In a randomized trial, 
N-acetylcysteine as an additive to blood cardioplegia in patients undergoing on-pump coro-
nary artery bypass graft surgery was found to reduce coronary endothelial activation and 
myocardial oxidative stress [63]. A more recent randomized controlled trial demonstrated that 
high-dose intravenous N-acetylcysteine resulted in attenuation of oxidative stress, but did not 
provide an additional clinical benefit to placebo with respect to myocardial reperfusion injury 
in unselected patients with ST-segment elevation myocardial infarction undergoing primary 
percutaneous coronary intervention [64]. A meta-analysis reveals that N-acetylcysteine may 
reduce post-cardiothoracic surgery complications [65]. In a clinical trial with hypertensive 
patients having type 2 diabetes, long-term administration of N-acetylcysteine and L-arginine 
was found to reduce endothelial activation and systolic blood pressure [66]. However, this 
trial did not investigate the effects of N-acetylcysteine alone. A subsequent study by the same 
group demonstrated that oral supplementation of N-acetylcysteine alone was able to attenuate 
oxidative stress and endothelial activation after a high-glucose content meal in patients with 
type 2 diabetes [67]. While these findings suggest the potential protective effects of N-
acetylcysteine in human cardiovascular pathophysiology and diabetes, large-scale randomized 
controlled trials are needed to further ascertain the clinical benefits of N-acetylcysteine-based 
intervention. 

 
3.2.3. Role in Human Pulmonary Diseases 

Clinical trials in patients with chronic obstructive pulmonary disease (COPD) collectively 
showed that orally administered N-acetylcysteine significantly improved responses to stero-
ids, increased general wellbeing, and decreased exacerbation rates and emergency room visits 
[68]. In addition to N-acetylcysteine, S-carboxymethylcysteine has been recently recognized 
as a potentially effective and safe agent for COPD, as evidenced by its ability to reduce the 
incidence of exacerbation and improve quality of life. In a four-week, dose-escalating phase 1 
trial, high-dose oral N-acetylcysteine was found to modulate lung inflammation in cystic fi-
brosis [69]. A subsequent phase 2 study reported that high-dose oral N-acetylcysteine didn’t 

alter clinical or inflammatory parameters in patients with cystic fibrosis though it had a poten-
tial to increase extracellular GSH levels in the airways [70]. The therapeutic value of N-
acetylcysteine and other GSH precursors in cystic fibrosis and COPD warrants further evalua-
tion in large-scale well-designed clinical trials. 

 
3.2.4. Role in Contrast Medium-induced Nephropathy 

Approximately ten million procedures using radiological contrast agents are performed in 
the United States annually. The contrast medium-induced nephropathy remains a major clini-
cal problem. The involvement of oxidative and inflammatory stress in contrast medium-
induced nephropathy has prompted studies on using N-acetylcysteine as a potential protective 
agent in human subjects. In 2000, a randomized placebo-controlled trial showed that N-
acetylcysteine was effective as prophylaxis against contrast medium-induced nephropathy 
[71]. Many subsequent clinical trials have attempted to replicate this report, but the results 
have been mixed and controversial. The inconsistent outcomes may be a result of the hetero-
geneity of the patient populations, different inclusion criteria, stage of kidney disease, and the 
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differences in doses and routes of administration of N-acetylcysteine [72, 73]. In this context, 
recent trials in selected patient populations reported beneficial effects of high-dose N-
acetylcysteine alone or in combination with sodium bicarbonate in contrast medium-induced 
nephropathy [74-76]. Because of the dichotomous findings from clinical trials, prophylaxis of 
contrast medium-induced nephropathy with N-acetylcysteine is currently not considered stan-
dard care. Nevertheless, use of N-acetylcysteine has increased due to its demonstrated safety 
and potential effectiveness in the prevention of contrast medium-induced nephropathy in hu-
man subjects.  

 
3.2.5. Role in Other Human Diseases 

As an antioxidant and GSH precursor, N-acetylcysteine has potential uses in many other 
disease conditions involving oxidative stress and inflammation. Multiple pilot clinical trials 
suggest that N-acetylcysteine may be effective in the management of nonalcoholic steatohe-
patitis, kidney transplantation, ulcerative colitis, Helicobacter pylori infection, HIV infection, 
adenomatous colonic polyps, cigarette smoke-induced carcinogenesis, and addictive beha-
viors [68, 77-80]. Large-scale well-designed clinical trials are needed to further confirm the 
effectiveness of N-acetylcysteine in the intervention of these human diseases.  

 
 

4. Conclusion and Future Directions 
 
Glutathione precursors, including GSH esters, N-acetylcysteine, and other cysteine ana-

logs can be administered to increase cellular and tissue levels of GSH. In addition to increas-
ing GSH levels, GSH precursors, especially N-acetylcysteine also exert other novel biological 
effects, such as anti-inflammation, antiplatelet aggregation, and antiangiogenesis. The protec-
tive effects of GSH precursors, particularly N-acetylcysteine have been extensively demon-
strated in animal models of human diseases, including cardiovascular diseases, diabetes and 
metabolic syndrome, neurological disorders, pulmonary diseases, liver and gastrointestinal 
disorders, kidney diseases, and cancer. In line with the findings in animal studies, multiple 
clinical trials have suggested beneficial effects N-acetylcysteine in various disease conditions. 
However, large-scale well-designed clinical trials are warranted to further establish the effica-
cy of N-acetylcysteine in human disease intervention. As N-acetylcysteine synergizes with 
other drugs in disease treatment, future clinical studies should put more emphasis on evaluat-
ing the added benefits of N-acetylcysteine in established treatment regimens for common hu-
man disease conditions. Future efforts should also focus on the development of novel GSH 
precursors as well as the preclinical assessment of their efficacy and safety in animal models 
of human diseases.  
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Chapter 26  
 
 

Spin Traps 
 
 

Abstract 
 

Spin traps are chemicals that react with unstable free radical species to form relative-
ly stable free radical spin adducts that can be detected by electron paramagnetic reson-
ance (EPR) spectroscopy. Nitrone compounds are the most commonly used spin traps 
with -phenyl-tert-butylnitrone (PBN) as a notable example. Spin traps possess antioxi-
dant activities due to their ability to scavenge free radicals. In addition, they also exert 
other novel biological activities, such as induction of cellular antioxidant enzymes, anti-
inflammation, and antiangiogenesis. Animal studies have demonstrated a protective role 
for spin traps, especially PBN and its derivatives in the pathophysiology of a number of 
diseases. However, pooled analysis of clinical trials on the PBN derivative 2,4-
disulfophenyl-N-tert-butylnitrone (also known as NXY-059) has concluded that this ni-
trone compound is ineffective for the treatment of acute ischemic stroke in human sub-
jects though its efficacy in treating this neurological disorder is well-established in 
preclinical studies. 
 
 

1. Overview 
 
Spin traps are used to react with the short-lived free radicals to form relatively long-lived 

radical adducts that can be detected by electron paramagnetic resonance (EPR) techniques. 
EPR spin trapping has been considered the most specific way of detecting free radical species 
formed in biological systems. Some of the commonly used spin traps have been found to also 
exert antioxidant effects in both in vitro and in vivo systems. Notable examples include the 
nitrone compounds 5,5-dimethyl-1-pyrroline N-oxide (DMPO), -phenyl-tert-butylnitrone 
(PBN), and PBN derivatives. These compounds have been demonstrated to protect against 
various pathophysiological conditions involving oxidative stress. As discussed below, in ad-
dition to directly scavenging free radicals, some spin traps are shown to upregulate cellular 
antioxidant enzymes and exert other novel biological effects. This chapter begins with a brief 
discussion of the chemical and biochemical properties of the antioxidant spin traps followed 
by a summary of the major findings with respect to the role of these compounds in disease 
intervention in both animal models and human clinical trials. 



Antioxidants in Biology and Medicine  368 

2. Chemistry and Biochemistry 
 

2.1. Nitrone Spin Traps 
 
Nitrones have been the most widely used spin traps for detecting free radicals, including 

oxygen radicals and carbon-centered radical species in biological systems. There are two 
classes of nitrone spin traps: the linear and the pyrroline-based cyclic nitrones. The linear ni-
trone spin traps include PBN (structure shown in Figure 26-1) and -(4-pyridyl-1-oxide)-N-
tert-butylnitrone (POBN). The pyrroline-based cyclic nitrone spin traps consist of DMPO, 5-
diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide (DEPMPO), and 5-ethoxycarbonyl-5-
methyl-1-pyrroline N-oxide (EMPO) [1]. These spin traps differ with respect to their affinity 
to free radicals and the stability of the radical adducts formed. In addition, the toxicity also 
varies with different spin traps. In this context, PBN and several PBN derivatives have been 
shown to be well-tolerated. 

 
 
 
 
 

 

 

 

 

 

Figure 26-1. Structure of -phenyl-tert-butylnitrone (PBN). See text (Section 2.1) for description of 
PBN. 

 
 
The nitrone chemical structure in its simplest form can be written as X-CH=NO-Y. The 

nitrone trapping of a free radical intermediate is represented in the following simple reaction 
in which the free radical intermediate (R.) is trapped by the nitrone to form a nitroxyl free 
radical spin adduct (X-CHR-NO.-Y) (Reaction 1) [2].  

 
X-CH=NO-Y + R.                X-CHR-NO.-Y      (1) 
 
The nitroxyl free radical spin adduct is usually much more stable than the original free 

radical intermediate (R.), therefore making it possible in principle to detect and characterize 
the original free radical intermediate using EPR spectroscopy. Likewise, the ability of ni-
trones to trap free radical intermediates to form relatively less reactive spin adducts makes it 
rational to use these compounds to protect against oxidative stress injury in biological sys-
tems. Indeed, the nitrone spin trap PBN has been well-recognized for its protective effects in 
oxidative stress-associated pathophysiology. Several PBN derivatives, including 2,4-
disulfophenyl-N-tert-butylnitrone (also known as NXY-059; see Sections 3.1.3, 3.1.7, and 3.2 
for more discussion of NXY-059) have been developed over the last two decades, which are 
shown to also possess potent antioxidant activities in biological systems. In addition to their 
well-recognized free radical-scavenging properties, nitrone spin traps have been demonstrated 
to possess other novel activities, such as induction of endogenous antioxidant enzymes, anti-
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inflammation, and antiangiogenesis [3-5]. These novel effects may also contribute to nitrone 
spin trap-mediated disease protection. 

 
 

2.2. Other Spin Traps 
 
In addition to nitrones, nitroso compounds have also been used as spin traps, but the ap-

plication of nitroso compounds as spin traps and potential antioxidant agents is limited by 
their instability and toxicity [1]. Iron-dithiocarbamate complexes are employed as spin traps 
for detecting and characterizing nitric oxide in biological systems [6]. The disease protective 
effects of the nitric oxide spin traps in animal models have recently been reported. Section 3 
below summarizes the key findings regarding the beneficial effects of spin traps in disease 
pathophysiology with an emphasis on PBN and PBN derivatives. 

 
 

3. Role in Disease Intervention 
 

3.1. Animal Studies 
 

3.1.1. Role in Cardiovascular Diseases  

Spin traps, such as DMPO, PBN, and iron-dithiocarbamate complexes have been fre-
quently utilized to study free radical formation in cardiovascular diseases. Consequently, 
these spin traps have been shown to protect against cardiovascular pathophysiology involving 
oxidative stress and inflammation. For example, DMPO, PBN, and PBN derivatives are able 
to mitigate myocardial ischemia-reperfusion injury in animal models [7-9]. It is further found 
that DMPO protects against myocardial ischemia-reperfusion injury through scavenging oxy-
gen free radicals and preservation of mitochondrial electron transport chain [10]. PBN has 
been demonstrated to be beneficial in cardiac allograft transplantation via abrogation of in-
flammatory cytokine gene expression during alloimmune activation in rats [11]. Similarly, the 
nitric oxide spin trap iron-diethyldithiocarbamate complex is reported to attenuate inflamma-
tory responses, prolong graft survival, and decrease histological rejection scores in a rat mod-
el of acute cardiac allograft rejection [12]. The protective effects of nitrone spin traps have 
also been observed in other cardiovascular disorders, including post-ischemic cardiac arr-
hythmias and hypertension in experimental animals [13, 14]. 

 
3.1.2. Role in Diabetes 

There have been multiple studies on the potential effects of PBN in chemically-induced 
type 1 diabetes in animal models. An early study demonstrated that administration of PBN 
protects against streptozotocin-induced diabetes in mice, as evidenced by inhibition of hyper-
glycemia, hemoglobin glycation, nitric oxide formation, and pancreatic -cell destruction 
[15]. These initial observations have been confirmed in a subsequent study, which further 
shows a protective role for PBN in alloxan-induced diabetes. PBN treatment attenuates both 
alloxan- and streptozotocin-induced free radical formation and activation of NF- B in pan-
creatic tissue [16]. However, treatment with PBN fails to prevent spontaneous type 1 diabetes 
associated with autoimmunity in rats though lipid peroxidation in pancreatic tissue is inhi-
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bited by the spin trap [17]. To date, the effects of nitrone spin traps on type 2 diabetes have 
not been reported in the literature. 

 
3.1.3. Role in Neurological Diseases 

Over the last two decades the neuroprotective effects of nitrone spin traps, especially 
PBN and its derivatives have been extensively investigated in various animal models of neu-
rological disorders. The most studied neurological disease regarding the protection by nitrone 
spin traps in experimental animals is probably acute ischemic stroke [2, 18]. The beneficial 
effects of PBN and its derivative 2,4-disulfophenyl-N-tert-butylnitrone (NXY-059) in acute 
ischemic stroke have been demonstrated in both rodents and primates, which led to the initia-
tion of clinical trials on NXY-059 for the treatment of acute ischemic stroke in humans [2, 
18] (see Section 3.2 below). Although the exact mechanisms underlying nitrone spin trap-
mediated stroke protection remain to be elucidated, attenuation of free radical damage and 
inflammation, and improvement of energy metabolism may play an important part. As oxida-
tive stress and inflammation are common mechanisms of neurodegeneration, nitrone spin 
traps have also been studied for their beneficial effects in neurodegenerative disorders, in-
cluding Parkinson’s disease. Chemically-induced parkinsonism in mice is ameliorated by 
treatment with PBN [19]. PBN treatment also protects against toxin-induced seizure, excito-
toxicity, and neuroinflammatory disorders in experimental animals [20-22].  

 
3.1.4. Role in Pulmonary Diseases 

The herbicide paraquat causes lung injury through an oxidative stress mechanism. In-
deed, formation of oxygen free radicals has been identified by EPR spectroscopy with PBN-
spin trapping in experimental animals following exposure to paraquat. Paraquat-induced acute 
broncoconstriction and edema in guinea pig lungs are markedly attenuated by PBN treatment 
[23]. Recently, it is reported that administration of PBN to neonatal rats protects these ani-
mals from hyperoxia-induced lung injury. It has been further observed that the hyperoxia-
induced superoxide formation from NAD(P)H oxidase and gene expression of proinflamma-
tory cytokines in lung tissue are inhibited by PBN treatment. This suggests that suppression 
of inflammation may play a part in PBN-mediated pulmonary protection against hyperoxic 
injury [24]. In line with this notion, PBN is shown to inhibit hyperoxia-induced formation of 
nitric oxide, an important event in hyperoxia-elicited inflammatory injury [25]. 

 
3.1.5. Role in Hepatic and Gastrointestinal Diseases 

The protective effects of nitrone spin traps on chemically-induced liver disorders have 
been demonstrated in rat models, including carbon tetrachloride-induced hepatotoxicity and 
copper-induced fulminant hepatitis with jaundice [26, 27]. Recently, a new PBN derivative N-
{[4-(lactobionamido)methyl]benzylidene}-1,1-dimethyl-2-(octylsulfanyl)ethylamine N-oxide 
is shown to suppress copper-induced fulminant hepatitis and oxidative stress at an effective 
dose 5-10 orders of magnitudes lower than that of PBN [28].  

Treatment with PBN improves dextran sulfate sodium-induced colitis in mice, as evi-
denced by attenuated colonic inflammation, oxidative stress, and tissue necrosis. Notably, 
activation of NF- B and NF- B-regulated proinflammatory cytokine gene expression is di-
minished by PBN treatment in this murine model of colitis [29]. More recently, PBN treat-
ment has been reported to reduce visceral pain associated with zymosan-induced colitis and 
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colonic oxidative stress in rats, further supporting a beneficial effect of PBN in experimental 
colitis [30]. In another murine model of colitis elicited by trinitrobenzene sulfonic acid, com-
bination of PBN with mesalamine, a first line drug for treating ulcerative colitis, failed to im-
prove the disease condition beyond that produced by mesalamine alone. However, the study 
did not report the effects of PBN alone on trinitrobenzene sulfonic acid-induced colitis [31].  

 
3.1.6. Role in Renal Diseases 

The nitrone spin trap PBN exerts beneficial effects in renal diseases, especially ischemia-
reperfusion injury in animal models. Early studies reported that administration of PBN reduc-
es ischemia-reperfusion-induced acute renal failure in rats, as revealed by improvement in 
creatinine and urea clearance [32]. Subsequently, studies have demonstrated that PBN treat-
ment causes suprainduction of heme oxygenase-1 in renal tissue, which may mediate, at least 
partially, PBN’s protection against ischemia-reperfusion injury [3]. In this context, transgenic 
overexpression of HO-1 is highly protective against renal ischemia-reperfusion injury (see 
Chapter 15 for discussion of heme oxygenase).  

 
3.1.7. Role in Cancer 

The anticancer activities of PBN were first observed by D. Nakae and coworkers in a rat 
model of hepatocarcinogenesis induced by a diet deficient in choline [33, 34]. In this model, 
chronic administration of PBN is found to inhibit the development of hepatocellular carcino-
ma. PBN treatment also inhibits the formation of oxidative DNA damage as well as the activi-
ty of cyclooxygenase-2 in the target tissue [33]. In addition, PBN is shown to selectively 
induce apoptosis in preneoplastic lesions during the early phase of hepatocarcinogenesis in-
duced by the choline-deficient diet [35]. Notably, the metabolite of PBN, namely, 4-hydroxyl-
PBN, also possesses anticancer activities [35]. 

Recently, PBN and its derivatives have been demonstrated to exert anticancer effects in 
other animal models of cancer. For example, administration of PBN leads to marked induc-
tion of tumor regression, inhibition of angiogenesis, and prolongation of survival in a C6 rat 
glioma model [5]. The PBN derivative 2,4-disulfophenyl-N-tert-butylnitrone (also known as 
OKN007 or NXY-059) also decreases tumor volumes and increases survival in the C6 rat 
glioma model [36]. More recently, PBN is shown to be protective in a murine model of colo-
rectal carcinoma [37]. 

 
3.1.8. Role in Other Diseases and Conditions 

There are a number of other diseases and conditions in which nitrone spin traps have 
been shown to exert beneficial effects in experimental animals. These include sepsis [38], 
ionizing radiation injury [39], light-induced retinal degeneration [40], acute acoustical trauma 
[41], and aging [42]. 

 
 

3.2. Human Studies and Clinical Perspectives 
 
The enormous amount of data obtained from preclinical studies on nitrone spin trap-

mediated disease protection has spurred the interest in utilizing these compounds for the in-
tervention of human diseases. Indeed, as noted earlier in Section 3.1.3, the PBN derivative 
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NXY-059 was developed as a potential neuroprotectant for human stroke. Supported by the 
available preclinical data on its efficacy in treating stroke as well as the safety profiles in hu-
man subjects, a randomized double-blind, placebo-controlled trial (SAINT I) was initiated in 
2003, and the SAINT I trial involving 1722 patients with acute ischemic stroke reported in 
2006 that administration of NXY-059 within 6 hours after the onset of acute ischemic stroke 
significantly improved the primary outcome (reduced disability at 90 days) [43]. However, a 
subsequent larger trial (SAINT II) involving 3306 patients with acute ischemic stroke re-
ported in 2007 that NXY-059 was ineffective for the treatment of acute ischemic stroke given 
within 6 hours after the onset of the symptoms [44]. Furthermore, a pooled analysis of the 
SAINT I and II trials concluded that NXY-059 lacks efficacy in the treatment of acute 
ischemic stroke [45]. As such, NXY-509 was not further developed as a drug for human 
ischemic stroke. 

 
 

4. Conclusion and Future Directions 
 
In addition to their free radical-scavenging activities, spin traps, especially the nitrone 

spin traps also possess other important biological properties, including upregulation of endo-
genous antioxidant enzymes, downregulation of inflammatory responses, and inhibition of 
angiogenesis (Figure 26-2).  

 

 

 

Figure 26-2. Biological activities of spin traps in disease intervention. As illustrated, in addition to their 
free radical-scavenging ability, spin traps also possess other novel biological activities, including 
induction of endogenous antioxidant enzymes, anti-inflammation, and antiangiogenesis. These diverse 
mechanistic events contribute to the biological role of spin traps in disease intervention. 

 
 
The beneficial effects of spin traps, such as PBN and the PBN derivative NXY-059 have 

been demonstrated in many animal models of human diseases, including both rodent and pri-
mate models of acute ischemic stroke. However, pooled analysis of the SAINT trials con-
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cluded that NXY-059 lacks effectiveness in treating human acute ischemic stroke. There have 
been many discussions and critiques of the SAINT trials as well as the preclinical studies on 
NXY-059, which provide suggestions for future studies on neuroprotective agents. These in-
clude (1) better characterization of drug candidate-target interaction and its relationship to 
pharmacodynamic treatment endpoints, (2) combination therapies with different compounds 
targeting different pathways of disease pathophysiology to achieve a better chance of success 
than single medications, and (3) testing candidate drugs in more carefully selected patient 
groups and better designed trials. In view of the demonstrated safety of NXY-059 in human 
subjects, this nitrone spin trap should be further investigated for its potential benefits in the 
intervention of other human diseases in well-designed clinical trials. 

 
 

5. References 
 

[1] Villamena FA, Zweier JL. Detection of reactive oxygen and nitrogen species by EPR 
spin trapping. Antioxid. Redox Signal 2004;6:619-629. 

[2] Floyd RA, Kopke RD, Choi CH, Foster SB, Doblas S, Towner RA. Nitrones as 
therapeutics. Free Radic. Biol. Med. 2008;45:1361-1374. 

[3] Maines MD, Raju VS, Panahian N. Spin trap (N-t-butyl-alpha-phenylnitrone)-mediated 
suprainduction of heme oxygenase-1 in kidney ischemia/reperfusion model: role of the 
oxygenase in protection against oxidative injury. J. Pharmacol. Exp. Ther. 1999;291: 
911-919. 

[4] Sang H, Wallis GL, Stewart CA, Kotake Y. Expression of cytokines and activation of 
transcription factors in lipopolysaccharide-administered rats and their inhibition by 
phenyl N-tert-butylnitrone (PBN). Arch. Biochem. Biophys. 1999;363:341-348. 

[5] Doblas S, Saunders D, Kshirsagar P, Pye Q, Oblander J, Gordon B, et al. Phenyl-tert-
butylnitrone induces tumor regression and decreases angiogenesis in a C6 rat glioma 
model. Free Radic. Biol. Med. 2008;44:63-72. 

[6] Hogg N. Detection of nitric oxide by electron paramagnetic resonance spectroscopy. 
Free Radic. Biol. Med. 2010;49:122-129. 

[7] Tosaki A, Blasig IE, Pali T, Ebert B. Heart protection and radical trapping by DMPO 
during reperfusion in isolated working rat hearts. Free Radic. Biol. Med. 1990;8:363-
372. 

[8] Bolli R, Jeroudi MO, Patel BS, DuBose CM, Lai EK, Roberts R, et al. Direct evidence 
that oxygen-derived free radicals contribute to postischemic myocardial dysfunction in 
the intact dog. Proc. Natl. Acad. Sci. USA 1989;86:4695-4699. 

[9] Tanguy S, Durand G, Reboul C, Polidori A, Pucci B, Dauzat M, et al. Protection 
against reactive oxygen species injuries in rat isolated perfused hearts: effect of 
LPBNAH, a new amphiphilic spin-trap derived from PBN. Cardiovasc. Drugs Ther. 
2006;20:147-149. 

[10] Zuo L, Chen YR, Reyes LA, Lee HL, Chen CL, Villamena FA, et al. The radical trap 
5,5-dimethyl-1-pyrroline N-oxide exerts dose-dependent protection against myocardial 
ischemia-reperfusion injury through preservation of mitochondrial electron transport. J. 

Pharmacol. Exp. Ther. 2009;329:515-523. 
[11] Pieper GM, Nilakantan V, Zhou X, Khanna AK, Johnson CP, Roza AM, et al. 



Antioxidants in Biology and Medicine  374 

Treatment with alpha-phenyl-N-tert-butylnitrone, a free radical-trapping agent, abroga-
tes inflammatory cytokine gene expression during alloimmune activation in rat cardiac 
allografts. J. Pharmacol. Exp. Ther. 2005;312:774-779. 

[12] Pieper GM, Nilakantan V, Hilton G, Halligan NL, Felix CC, Kampalath B, et al. 
Mechanisms of the protective action of diethyldithiocarbamate-iron complex on acute 
cardiac allograft rejection. Am. J. Physiol. Heart Circ. Physiol. 2003;284:H1542-1551. 

[13] Hearse DJ, Tosaki A. Free radicals and reperfusion-induced arrhythmias: protection by 
spin trap agent PBN in the rat heart. Circ. Res. 1987;60:375-383. 

[14] Saito K, Kobayashi C, Ikeda M. Effect of radical scavenger N-tert-butyl-alpha-
phenylnitrone on stroke in a rat model using a telemetric system. J. Pharm. Pharm. Sci. 
2008;11:25-31. 

[15] Tabatabaie T, Kotake Y, Wallis G, Jacob JM, Floyd RA. Spin trapping agent phenyl N-
tert-butylnitrone protects against the onset of drug-induced insulin-dependent diabetes 
mellitus. FEBS Lett. 1997;407:148-152. 

[16] Ho E, Chen G, Bray TM. Alpha-phenyl-tert-butylnitrone (PBN) inhibits NFkappaB 
activation offering protection against chemically induced diabetes. Free Radic. Biol. 

Med. 2000;28:604-614. 
[17] Iovino G, Kubow S, Marliss EB. Effect of alpha-phenyl-N-tert-butylnitrone on diabetes 

and lipid peroxidation in BB rats. Can. J. Physiol. Pharmacol. 1999;77:166-174. 
[18] Green AR, Ashwood T, Odergren T, Jackson DM. Nitrones as neuroprotective agents 

in cerebral ischemia, with particular reference to NXY-059. Pharmacol. Ther. 2003; 
100:195-214. 

[19] Fredriksson A, Eriksson P, Archer T. MPTP-induced deficits in motor activity: 
neuroprotective effects of the spintrapping agent, alpha-phenyl-tert-butyl-nitrone 
(PBN). J. Neural. Transm. 1997;104:579-592. 

[20] Zivin M, Milatovic D, Dettbarn WD. Nitrone spin trapping compound N-tert-butyl-
alpha-phenylnitrone prevents seizures induced by anticholinesterases. Brain Res. 1999; 
850:63-72. 

[21] Milatovic D, Zivin M, Hustedt E, Dettbarn WD. Spin trapping agent phenyl-N-tert-
butylnitrone prevents diisopropylphosphorofluoridate-induced excitotoxicity in skeletal 
muscle of the rat. Neurosci. Lett. 2000;278:25-28. 

[22] Fan LW, Chen RF, Mitchell HJ, Lin RC, Simpson KL, Rhodes PG, et al. alpha-Phenyl-
n-tert-butyl-nitrone attenuates lipopolysaccharide-induced brain injury and improves 
neurological reflexes and early sensorimotor behavioral performance in juvenile rats. J. 

Neurosci. Res. 2008;86:3536-3547. 
[23] Sata T, Kubota E, Misra HP, Mojarad M, Pakbaz H, Said SI. Paraquat-induced lung 

injury: prevention by N-tert-butyl-alpha-phenylnitrone, a free-radical spin-trapping 
agent. Am. J. Physiol. 1992;262:L147-152. 

[24] Chang YS, Kim YJ, Yoo HS, Sung DK, Kim SY, Kang S, et al. Alpha-phenyl-N-tert-
butylnitrone attenuates hyperoxia-induced lung injury by down-modulating inflam-
mation in neonatal rats. Exp. Lung Res. 2009;35:234-249. 

[25] Saito K, Yoshioka H. Protective effect of spin trap agent, N-tert-butyl-alpha-
phenylnitrone on hyperoxia-induced oxidative stress and its potential as a nitric oxide 
donor. Free Radic. Res. 2002;36:143-149. 

[26] Towner RA, Janzen EG, Zhang YK, Yamashiro S. MRI study of the inhibitory effect 
of new spin traps on in vivo CCl4-induced hepatotoxicity in rats. Free Radic. Biol. 



Spin Traps 375 

Med. 1993;14:677-681. 
[27] Yamashita T, Ohshima H, Asanuma T, Inukai N, Miyoshi I, Kasai N, et al. The effects 

of alpha-phenyl-tert-butyl nitrone (PBN) on copper-induced rat fulminant hepatitis with 
jaundice. Free Radic. Biol. Med. 1996;21:755-761. 

[28] Asanuma T, Yasui H, Inanami O, Waki K, Takahashi M, Iizuka D, et al. A new 
amphiphilic derivative, N-{[4-(lactobionamido)methyl]benzylidene}-1,1-dimethyl-2-
(octylsulfanyl)ethylamine N-oxide, has a protective effect against copper-induced 
fulminant hepatitis in Long-Evans Cinnamon rats at an extremely low concentration 
compared with its original form alpha-phenyl-N-(tert-butyl) nitrone. Chem. Biodivers. 
2007;4:2253-2267. 

[29] Naito Y, Takagi T, Ishikawa T, Handa O, Matsumoto N, Yagi N, et al. alpha-Phenyl-
N-tert-butylnitrone provides protection from dextran sulfate sodium-induced colitis in 
mice. Antioxid. Redox Signal 2002;4:195-206. 

[30] Wang J, Cochran V, Abdi S, Chung JM, Chung K, Kim HK. Phenyl N-t-butylnitrone, a 
reactive oxygen species scavenger, reduces zymosan-induced visceral pain in rats. 
Neurosci. Lett. 2008;439:216-219. 

[31] Ancha HR, Kurella RR, McKimmey CC, Lightfoot S, Harty RF. Luminal antioxidants 
enhance the effects of mesalamine in the treatment of chemically induced colitis in rats. 
Exp. Biol. Med. (Maywood) 2008;233:1301-1308. 

[32] Pedraza-Chaverri J, Tapia E, Bobadilla N. Ischemia-reperfusion induced acute renal 
failure in the rat is ameliorated by the spin-trapping agent alpha-phenyl-N-tert-butyl 
nitrone (PBN). Ren. Fail. 1992;14:467-471. 

[33] Nakae D, Kotake Y, Kishida H, Hensley KL, Denda A, Kobayashi Y, et al. Inhibition 
by phenyl N-tert-butyl nitrone of early phase carcinogenesis in the livers of rats fed a 
choline-deficient, L-amino acid-defined diet. Cancer Res. 1998;58:4548-4551. 

[34] Nakae D, Uematsu F, Kishida H, Kusuoka O, Katsuda S, Yoshida M, et al. Inhibition 
of the development of hepatocellular carcinomas by phenyl N-tert-butyl nitrone in rats 
fed with a choline-deficient, L-amino acid-defined diet. Cancer Lett. 2004;206:1-13. 

[35] Nakae D, Kishida H, Enami T, Konishi Y, Hensley KL, Floyd RA, et al. Effects of 
phenyl N-tert-butyl nitrone and its derivatives on the early phase of hepatocarcino-
genesis in rats fed a choline-deficient, L-amino acid-defined diet. Cancer Sci. 2003; 
94:26-31. 

[36] Garteiser P, Doblas S, Watanabe Y, Saunders D, Hoyle J, Lerner M, et al. Multipara-
metric assessment of the anti-glioma properties of OKN007 by magnetic resonance 
imaging. J. Magn. Reson. Imaging. 2010;31:796-806. 

[37] Floyd RA, Towner RA, Wu D, Abbott A, Cranford R, Branch D, et al. Anti-cancer 
activity of nitrones in the ApcMin/+ model of colorectal cancer. Free Radic. Res. 2010; 
44:108-117. 

[38] Kotake Y, Sang H, Tabatabaie T, Wallis GL, Moore DR, Stewart CA. Interleukin-10 
overexpression mediates phenyl-N-tert-butyl nitrone protection from endotoxemia. 
Shock  2002;17:210-216. 

[39] Lee JH, Kim IS, Park JW. The use of N-t-butyl hydroxylamine for radioprotection in 
cultured cells and mice. Carcinogenesis 2004;25:1435-1442. 

[40] Tomita H, Kotake Y, Anderson RE. Mechanism of protection from light-induced 
retinal degeneration by the synthetic antioxidant phenyl-N-tert-butylnitrone. Invest. 

Ophthalmol. Vis. Sci. 2005;46:427-434. 



Antioxidants in Biology and Medicine  376 

[41] Choi CH, Chen K, Vasquez-Weldon A, Jackson RL, Floyd RA, Kopke RD. Effective-
ness of 4-hydroxy phenyl N-tert-butylnitrone (4-OHPBN) alone and in combination 
with other antioxidant drugs in the treatment of acute acoustic trauma in chinchilla. 
Free Radic. Biol. Med. 2008;44:1772-1784. 

[42] Floyd RA. Nitrones as therapeutics in age-related diseases. Aging Cell 2006;5:51-57. 
[43] Lees KR, Zivin JA, Ashwood T, Davalos A, Davis SM, Diener HC, et al. NXY-059 for 

acute ischemic stroke. N. Engl. J. Med. 2006;354:588-600. 
[44] Shuaib A, Lees KR, Lyden P, Grotta J, Davalos A, Davis SM, et al. NXY-059 for the 

treatment of acute ischemic stroke. N. Engl. J. Med. 2007;357:562-571. 
[45] Diener HC, Lees KR, Lyden P, Grotta J, Davalos A, Davis SM, et al. NXY-059 for the 

treatment of acute stroke: pooled analysis of the SAINT I and II Trials. Stroke 2008; 
39:1751-1758. 

 
 
 
 
 



 

 
 
 
 
 
 
 

Chapter 27 
 
 

Nanomaterials 
 
 

Abstract 
 

Nanomaterials have received increasing attention in biology and medicine due to 
their unique interactions with biological systems and their potential applications in both 
diagnostics and therapeutics. Several kinds of nanomaterials, including cerium oxide na-
noparticles, platinum nanoparticles, and fullerene derivatives have been shown to possess 
antioxidative and anti-inflammatory activities. Extensive studies have demonstrated a 
protective role for these antioxidant nanomaterials in a variety of animal models of hu-
man diseases, including cardiovascular diseases, neurological disorders, aging, and can-
cer. On the other hand, nanomaterials, like any existing drugs, also have the potential to 
cause adverse effects in biological systems. Future studies are warranted to further de-
termine the efficacy and safety of the antioxidant nanomaterials in animal models as well 
as in clinical trials. 
 
 

1. Overview 
 
Nanomedicine, a combinatorial approach using nanotechnology and medicine, has be-

come an increasingly important field of research in both diagnostics and therapeutics [1]. The 
field of nanomedicine involves the design and development of novel nanomaterials, such as 
metal nanoparticles, liposomal nanoparticles, fullerenes, carbon nanotubes, dendrimers, and 
nanoshells. Once engineered, these novel nanomaterials are investigated for their potential 
value in the diagnosis and treatment of diseases. Drug delivery, diagnostic imaging, and anti-
oxidant activities are among the major areas of focus in nanomedicine.  

Regarding the antioxidant properties of nanomaterials in biological systems, two scena-
rios may exit: (1) nanomaterials directly scavenge reactive oxygen and nitrogen species 
(ROS/RNS) via the unique redox chemistry of the surface and (2) nanomaterials serve as car-
riers for known antioxidant compounds or enzymes. Many antioxidants (either non-protein 
antioxidant compounds or antioxidant enzymes) exhibit low bioavailability due to limited 
solubility, instability, and first-pass effect. These limitations can be potentially circumvented 
by encapsulating the antioxidants to form antioxidant-loaded polymeric materials (nanocap-
sules or nanospheres). Certain antioxidant-loaded nanomaterials have been reported to protect 
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against oxidative damage in cultured cells and animal models [2-4]. Hence, the second scena-
rio represents a form of drug delivery. This chapter focuses on the antioxidant activities re-
lated to direct scavenging of ROS/RNS by the redox-active nanomaterials, which mainly 
include cerium oxide nanoparticles, platinum nanoparticles, and fullerenes. 

 
 

2. Chemistry and Biochemistry 
 

2.1. Cerium Oxide Nanoparticles 
 
Cerium is a rare earth element of the lanthanide series. The oxide form (CeO2) is used as 

a support material in automotive catalysis. Cerium oxide nanoparticles, also known as nano-
ceria have been shown to scavenge superoxide possibly via the redox properties of Ce3+/Ce4+ 
(Reactions 1 and 2) [5, 6]. 

 
O2

.- + Ce4+                     O2 + Ce3+       (1) 
 
O2

.- + Ce3+ + 2H+               H2O2 + Ce4+     (2) 
 
Because of the above redox reactions, cerium oxide nanoparticles have been suggested to 

possess superoxide dismutase (SOD) mimetic activity, i.e., the autocatalytic dismutation of 
superoxide. It is further reported that the reaction rate constant for cerium oxide nanoparticle-
catalyzed dismutation of superoxide may exceed that determined for the enzyme SOD [5]. 
More recently, cerium oxide nanoparticles are found to exhibit redox state-dependent catalase 
mimetic activity [7]. There is also evidence for the ability of cerium oxide to catalytically 
reduce nitrogen dioxide (.NO2) to nitric oxide (.NO), and .NO to N2 [8, 9]. In contrast to the 
ROS/RNS-scavenging activities, formation of hydroxyl radicals from a Fenton-type reaction 
between cerium and hydrogen peroxide has been observed in vitro [10]. It remains to be fur-
ther elucidated if the above redox reactions also occur in vivo. Figure 27-1 illustrates the re-
dox chemistry of cerium oxide nanoparticles in relation to metabolism of ROS/RNS. 

 
 
 
 
 
 
 
 
 

 
 
 
 

 

 

Figure 27-1. Metabolism of reactive oxygen and nitrogen species (ROS/RNS) catalyzed by cerium 
oxide nanoparticles. See text (Section 2.1) for description of the redox chemistry of cerium oxide 
nanoparticles in relation to catalytic metabolism of ROS/RNS. 
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2.2. Platinum Nanoparticles 
 
Synthetic platinum nanoparticles have recently been shown to scavenge both superoxide 

and hydrogen peroxide in cell-free systems [11, 12]. The hydrogen peroxide-scavenging ac-
tivity of platinum nanoparticles is much higher than that of EUK-8, a superoxide dismutase/ 
catalase mimetic (Section 2.1.2 of Chapter 24). In addition, platinum nanoparticles scavenge 
peroxyl radicals and inhibit peroxyl radical-induced lipid peroxidation [13]. More recently, it 
is reported that platinum nanoparticles may have an activity similar to mitochondrial 
NADH:ubiquinone oxidoreductase [14]. This suggests a unique opportunity for using the na-
noparticles to protect against disease conditions, such as Parkinson’s disease, in which in-
creased ROS formation and decreased mitochondrial complex I activity are critical 
pathophysiological events. 

 
 

2.3. Fullerenes 
 
The fullerene revolution began with the discovery by a team of scientists in 1985 of the 

buckyball (C60) composed of 60 carbon atoms arranged in a hollow soccer ball shape [15] 
(structure shown in Figure 27-2). Because of this discovery, three of the team members were 
awarded the 1996 Nobel Prize in Chemistry. C60 is also known as buckminsterfullerene (or 
fullerene for short), named after Richard Buckminster Fuller, the architect who created the 
dome in 1967 with the same shape as that of the carbon cluster. Now, it is known that fulle-
renes represent a family of carbon allotrope molecules in the form of a hollow sphere, ellipso-
id, tube, or plane with various numbers of carbon atoms [16, 17]. Fullerenes, especially C60 
have received great attention for their potential usefulness in biomedicine. A number of de-
rivatives of C60 fullerene, especially the polyhydroxylated C60 fullerenes (also known as fulle-
renols) have been developed to improve their biocompatibility (e.g., water solubility) and 
activities in biological systems. These functionalized C60 fullerenes have been shown to exert 
a number of biological activities, including enzyme inhibition, antimicrobial activity, and 
scavenging of free radicals [16, 17]. C60 fullerene derivatives may possess SOD activity, in 
that the fullerenes catalytically convert superoxide to hydrogen peroxide and molecular oxy-
gen [18-20]. In addition, C60 fullerene derivatives are found to scavenge peroxyl radicals, 
singlet oxygen, and hydroxyl radicals [21, 22]. The free radical scavenging properties of ful-
lerene derivatives may result from the capacity of the carbon-cluster to absorb electrons as 
well as the redox behaviors of the surface structures, including the hydroxyl groups intro-
duced in the derivatives [18-20, 23]. 

 
 

 

 

 

 

 

 

 

 

Figure 27-2. Structure of C60 fullerene. See text (Section 2.3) for description of fullerenes. 



Antioxidants in Biology and Medicine  380 

2.4. Other Nanomaterials 
 
The free radical-scavenging properties of several other metal nanomaterials have also 

been reported in the literature. For example, both Nano-Se (also known as nano red element 
selenium) and nickel oxide nanoparticles are shown to scavenge carbon-centered free radicals 
in vitro [24, 25]. Nano-Se may also scavenge superoxide and singlet oxygen [25]. Gold-
poly(amidoamine) dendrimer nanocomposites are found to potently scavenge hydroxyl radi-
cals generated from the reaction between hydrogen peroxide and iron [26]. The redox chemi-
stry underlying the potential free radical scavenging activities of these metal nanomaterials 
warrants investigations. 

 
 

3. Role in Disease Intervention  
 

3.1. Animal Studies 
 
The increasing recognition of ROS-scavenging activities of cerium oxide nanoparticles, 

nickel oxide nanoparticles, and fullerenes in both cell-free and cell culture systems has 
prompted studies on using these nanomaterials for the intervention of diseases involving an 
oxidative stress mechanism. In addition, cerium oxide nanoparticles and fullerenes have been 
found to also possess anti-inflammatory activities, as evidenced by their ability to reduce the 
expression of inflammatory cytokines, adhesion molecules, and inducible nitric oxide syn-
thase [27-29]. As oxidative stress and inflammation are intimately related, the ROS-
scavenging ability of cerium oxide nanoparticles and fullerenes may primarily contribute to 
their anti-inflammatory activities. The sections below summarize the recent findings regard-
ing the protective effects of nanomaterials on oxidative and inflammatory stress-mediated 
disease pathophysiology in various animal models of human diseases. 

 
3.1.1. Role in Cardiovascular Diseases 

Multiple in vitro experiments have demonstrated an important role for cerium oxide na-
noparticles and C60 fullerene derivatives in suppressing oxidative stress injury and pro-
inflammatory responses in cultured cardiovascular cells [30, 31]. The in vivo cardioprotection 
of cerium oxide nanoparticles was first studied by J. Niu and coworkers in a transgenic mu-
rine model of ischemic cardiomyopathy [32]. They demonstrated that treatment with cerium 
oxide nanoparticles attenuates the progressive cardiac dysfunction and remodeling as a result 
of inhibition of myocardial oxidative stress, endoplasmic reticulum stress, and inflammatory 
processes. The autoregenerative antioxidant properties of cerium oxide nanoparticles are sug-
gested to account for the above beneficial effects. In addition to cerium oxide nanoparticles, 
fullerene derivatives may also have a protective effect on oxidative cardiomyopathy. As de-
scribed in Chapter 3, mice with homozygous deletion of MnSOD die in utero or within a few 
days of birth due to catastrophic oxidative damage to mitochondria and subsequent develop-
ment of dilated cardiomyopathy. Notably, treatment with a tris-malonic derivative of C60 ful-
lerene dramatically increases the lifespan of the MnSOD-/- mice [18]. This observation 
coupled with the evidence that the C60 fullerene derivative is localized to mitochondria sug-
gests that this fullerene derivative may function as MnSOD to protect against disease patho-
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physiology associated with mitochondrial oxidative stress [18]. Recently, a polyhydroxylated 
fullerene derivative C60OH24 is shown to also protect against doxorubicin-induced acute and 
chronic cardiotoxicity as well as myocardial oxidative stress in rats [33, 34].  

 
3.1.2. Role in Neurological Diseases 

Neuroprotection is an effect that may result in salvage, recovery, or regeneration of the 
nervous system under disease conditions. A promising neuroprotective approach involves 
mitigating oxidative and inflammatory stress, which are believed to be key pathophysiologi-
cal events underlying many types of neurological diseases, including ischemia, trauma, and 
degenerative disorders. Hence, recent efforts have been focused on determining the potential 
neuroprotective effects of nanomaterials that have antioxidant and anti-inflammatory proper-
ties. A number of in vitro studies demonstrate that cerium oxide nanoparticles and fullerene 
derivatives protect cultured neurons from oxidative stress injury elicited by exogenous ROS, 
excitotoxic compounds, and -amyloid peptides [35-39]. In line with the in vitro findings, in 
vivo studies show that administration of a carboxyfullerene or a water-soluble hexasulfonated 
C60 fullerene derivative protects against cerebral ischemia-reperfusion injury and oxidative 
stress in experimental animals [40-42]. Treatment with carboxyfullerene derivatives also re-
sults in prolongation of survival and amelioration of oxidative functional degeneration in a 
murine model of familial amyotrophic lateral sclerosis [38]. In addition, carboxyfullerene 
derivatives suppress iron-induced oxidative stress in nigrostriatal dopaminergic system in 
vivo [43]. Concomitant local injection of a carboxyfullerene derivative also attenuates oxida-
tive degeneration of substantia nigra induced by intranigral infusion of 1-methyl-4-
phenylpyridinium (MPP+), the active metabolite of the parkinsonism-inducing agent 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) [44]. In contrast, concomitant systemic 
administration of the carboxyfullerene and MPTP leads to potentiation of MPTP-induced do-
paminergic degeneration. An increase in the striatal MPP+ level is observed in the carboxyful-
lerene and MPTP-cotreated mice, which may explain the above potentiation effect [44]. 
These findings implicate that fullerene-based nanomaterials may exert both beneficial and 
detrimental effects on disease pathophysiology depending on the experimental conditions. 

 
3.1.3. Role in Pulmonary Diseases 

Lung can be readily exposed to nanomaterials via inhalation, and as such the potential 
harmful effects of nanomaterials on respiratory system have been the focus of research in na-
notoxicology [45]. On the other hand, the potent antioxidative and anti-inflammatory activi-
ties of certain nanomaterials may also have implications for protection against pulmonary 
diseases involving a mechanism of oxidative and inflammatory stress. Early studies demon-
strated that administration of water-soluble fullerene derivatives leads to attenuation of lung 
ischemia-reperfusion injury and associated oxidative stress [46, 47]. More recently, fullerene 
derivatives are shown to inhibit IgE-dependent activation of human mast cells and peripheral 
basophils possibly as a result of the fullerene-mediated free radical scavenging [48]. This 
suggests that antioxidant fullerenes may be useful for the intervention of airway inflammatory 
disorders, such as asthma. In addition to fullerenes, the antioxidant cerium oxide and platinum 
nanoparticles also possess pulmonary protective activities. For example, intraperitoneal ad-
ministration of cerium oxide nanoparticles to mice prevents the onset of radiation-induced 
pneumonia and prolongs the animal survival [49]. Intranasal administration of platinum na-
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noparticles prior to exposure to cigarette smoke attenuates pulmonary inflammation, oxida-
tive stress, and histological damage in mice [50]. Notably, nasal administration of platinum 
nanoparticles does not elicit pulmonary inflammation and toxicity. These observations sug-
gest a potential value for using nanoparticles to prevent inflammatory pulmonary injury 
caused by environmental toxicants. 

 
3.1.4. Role in Hepatic and Gastrointestinal Diseases 

Pretreatment with C60 fullerene and its derivatives protects against carbon tetrachloride- 
or doxorubicin-induced hepatotoxicity and oxidative stress in experimental animals [51, 52]. 
Administration of a water-soluble fullerene derivative also inhibits intestinal ischemia-
reperfusion injury via its free-radical scavenging activities [53]. Recently, it is shown that 
cerium oxide nanoparticles protect gastrointestinal epithelium from radiation-induced damage 
by reduction of ROS and upregulation of MnSOD in mice [54]. In cultured normal human 
colon cells, cerium oxide nanoparticles also inhibit radiation-induced ROS formation and cell 
death. Similar to the in vivo findings, treatment with cerium oxide nanoparticles increases the 
expression of MnSOD in cultured colon cells [54]. As MnSOD is a critical antioxidant de-
fense, the above observations indicate a novel mechanism by which cerium oxide nanopar-
ticles suppress oxidative stress. The molecular mechanism underlying cerium oxide 
nanoparticle-mediated induction of MnSOD awaits further studies. 

 
3.1.5. Role in Eye Diseases 

Retinal degeneration is a common cause of blindness. Photoreceptor cells of the retina are 
incessantly bombarded with photons of light, which, along with the cells’ high rate of oxygen 
metabolism, continuously expose them to elevated levels of ROS. Indeed, accumulating evi-
dence supports a critical involvement of oxidative stress in retinal degeneration. The potent 
autocatalytic properties of cerium oxide nanoparticles in detoxifying ROS have led to the use 
of the nanoparticles for treating oxidative retinal degeneration in experimental models [55-
57]. Treatment of cultured retinal neurons with cerium oxide nanoparticles reduces intracellu-
lar accumulation of ROS. In vivo injection of cerium oxide nanoparticles also prevents loss of 
vision due to damaging light-induced degeneration of photoreceptor cells in mice. Notably, 
even when injected after light damage, the cerium oxide nanoparticles are still partially effec-
tive, suggesting that as long as the cells have not died, they may be prevented from entering 
or preceding down a death pathway [55]. These observations indicate that cerium oxide nano-
particles may be an effective modality for preventing and/or treating eye disorders associated 
with oxidative retinal degeneration.  

 
3.1.6. Role in Aging  

Exposure to cerium oxide nanoparticles prolongs the longevity of Drosophila melanogas-

ter, suggesting a possible beneficial effect of nanomaterials in aging [58]. Chronic administra-
tion of a carboxyfullerene having SOD mimetic activity to mice not only reduces aging-
associated oxidative damage and mitochondrial free radical production, but also significantly 
extends lifespan [59]. The fullerene-treated mice also exhibit improved performance on the 
Morris water maze learning and memory task, suggesting that the antioxidant fullerene deriv-
ative also rescues aging-related cognitive impairment [59]. Recently, the antioxidant platinum 
nanoparticles are found to possess significant antiaging activities in a nematode Caenorhabdi-
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tis elegans model [60, 61]. Notably, treatment with platinum nanoparticles also recovers the 
shortened lifespan of the mev-1 (kn1) mutant. The shortened lifespan of the mutant is due to 
excessive oxidative stress. Collectively, these findings point to the feasibility of using anti-
oxidant nanomaterials to combat aging. 

 
3.1.7. Role in Cancer 

Using nanomaterials as a novel strategy for anticancer drug delivery has recently received 
much attention [62]. This strategy significantly enhances the effectiveness of the well-
established anticancer drugs in animal models. On the other hand, there is evidence suggest-
ing that certain nanomaterials having antioxidative and anti-inflammatory properties may di-
rectly play a role in protecting against cancer development in experimental models. In vitro 
studies demonstrate that treatment with platinum nanoparticles suppresses phorbol-12-
myristate-13-acetate (PMA)-induced ROS formation and promotion of cell transformation in 
a two-stage cell transformation model [63]. PMA is a classical tumor promoting agent capa-
ble of eliciting inflammation and oxidative stress. In cell cultures, platinum nanoparticles also 
exhibit selective inhibition of carcinoma cells over normal cells [64]. More recently, polyhy-
droxylated C82 fullerene derivatives are shown to potently inhibit angiogenesis and tumor 
growth in a mouse model of breast cancer [65]. In contrast to water soluble polyhydroxylated 
fullerenes, nanocrystalline C60 fullerene is reported to augment tumor growth in a mouse 
model of melanoma [66]. Hence, the exact role of fullerenes in tumorigenesis and the under-
lying mechanisms need to be further investigated. 

 
3.1.8. Role in Other Diseases and Conditions 

Antioxidant nanomaterials, especially the polyhydroxylated fullerene derivatives also 
have a protective role in various other disease processes in experimental animals. These in-
clude ultraviolet irradiation-induced oxidative skin injury [67], loss of hair [68], inflammatory 
arthritis [69], ionizing irradiation-induced immune dysfunction and multi-organ damage [70], 
and infections [17]. 

 
 

3.2. Human Studies and Clinical Perspectives 
 
As discussed above, nanomaterials, including cerium oxide nanoparticles, platinum na-

noparticles, and fullerenes possess antioxidative and anti-inflammatory activities, and their 
administration to experimental animals affords protection against a variety of disease condi-
tions that involve oxidative stress and inflammation. However, clinical studies on using these 
nanomaterials for the intervention of human diseases have not yet been reported in the litera-
ture. One likely reason is that nanomedicine is still in its infancy, and much remains to be 
learned from studies using experimental models. Nanomaterials as potential drugs need to be 
further investigated in animal models with respect to not only their pharmacological effects, 
but also their toxicological profiles. In this regard, nanomaterials, including the antioxidant 
nanomaterials discussed in this Chapter have the potential to cause adverse effects [45]. In 
fact, nanotoxicology has been established recently to specifically address the detrimental ef-
fects of nanomaterials in biological systems. Although still in its early stage, nanotoxicology 
has already yielded enormous amounts of information regarding the adverse effects of various 
kinds of nanomaterials. Knowledge on both efficacy and safety of antioxidant nanomaterials 
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in experimental models will lay a basis for subsequent clinical studies to determine their value 
in the prevention and/or treatment of human diseases.  

 
 

4. Conclusion and Future Directions 
 
It has been increasingly recognized that nanomaterials, such as nanoceria, platinum na-

noparticles, and fullerenes possess antioxidant activities via scavenging various ROS/RNS 
and other related reactive species. Moreover, nanomaterials, including cerium oxide nanopar-
ticles and fullerene derivatives, exhibit SOD mimetic activity, suggesting a potential for these 
nanomaterials to catalytically detoxify superoxide in biological systems. Indeed, accumulat-
ing evidence points to the effectiveness of the above nanomaterials in protecting against dis-
ease pathophysiology involving an oxidative stress mechanism in animal models. It should be 
borne in mind that nanomaterials may possess other biological activities irrelevant to free 
radical scavenging, and these non-antioxidant activities may also play a role in disease inter-
vention. Future studies should focus on continued characterization of both efficacy and safety 
of the already existing antioxidant nanomaterials in preclinical studies. Such studies will lay a 
foundation for subsequent clinical trials to evaluate the potential benefits of these nanomate-
rials in human disease intervention. Future efforts should also be devoted to the development 
of novel nanomaterials or derivatives of the existing nanomaterials with improved antioxidant 
properties and reduced adverse effects. 

 
 

5. References 
 

[1] Murday JS, Siegel RW, Stein J, Wright JF. Translational nanomedicine: status 
assessment and opportunities. Nanomedicine 2009;5:251-273. 

[2] Reddy MK, Labhasetwar V. Nanoparticle-mediated delivery of superoxide dismutase 
to the brain: an effective strategy to reduce ischemia-reperfusion injury. FASEB J. 
2009;23:1384-1395. 

[3] Carroll RT, Bhatia D, Geldenhuys W, Bhatia R, Miladore N, Bishayee A, et al. Brain-
targeted delivery of Tempol-loaded nanoparticles for neurological disorders. J. Drug 

Target 2010 (in press). 
[4] Yen FL, Wu TH, Tzeng CW, Lin LT, Lin CC. Curcumin nanoparticles improve the 

physicochemical properties of curcumin and effectively enhance its antioxidant and 
antihepatoma activities. J. Agric. Food Chem. 2010;58:7376-7382. 

[5] Korsvik C, Patil S, Seal S, Self WT. Superoxide dismutase mimetic properties 
exhibited by vacancy engineered ceria nanoparticles. Chem. Commun. (Camb) 2007: 
1056-1058. 

[6] Heckert EG, Karakoti AS, Seal S, Self WT. The role of cerium redox state in the SOD 
mimetic activity of nanoceria. Biomaterials 2008;29:2705-2709. 

[7] Pirmohamed T, Dowding JM, Singh S, Wasserman B, Heckert E, Karakoti AS, et al. 
Nanoceria exhibit redox state-dependent catalase mimetic activity. Chem. Commun. 
(Camb) 2010;46:2736-2738. 

[8] Nolan M, Parker SC, Watson GW. CeO2 catalysed conversion of CO, NO2 and NO 



Nanomaterials 385 

from first principles energetics. Phys. Chem. Chem. Phys .2006;8:216-218. 
[9] Nolan M, Parker SC, Watson GW. Reduction of NO2 on ceria surfaces. J. Phys. Chem. 

B 2006;110:2256-2262. 
[10] Heckert EG, Seal S, Self WT. Fenton-like reaction catalyzed by the rare earth inner 

transition metal cerium. Environ. Sci. Technol. 2008;42:5014-5019. 
[11] Kajita M, Hikosaka K, Iitsuka M, Kanayama A, Toshima N, Miyamoto Y. Platinum 

nanoparticle is a useful scavenger of superoxide anion and hydrogen peroxide. Free 

Radic. Res. 2007;41:615-626. 
[12] Hamasaki T, Kashiwagi T, Imada T, Nakamichi N, Aramaki S, Toh K, et al. Kinetic 

analysis of superoxide anion radical-scavenging and hydroxyl radical-scavenging 
activities of platinum nanoparticles. Langmuir. 2008;24:7354-7364. 

[13] Watanabe A, Kajita M, Kim J, Kanayama A, Takahashi K, Mashino T, et al. In vitro 
free radical scavenging activity of platinum nanoparticles. Nanotechnology 2009;20: 
455105. 

[14] Hikosaka K, Kim J, Kajita M, Kanayama A, Miyamoto Y. Platinum nanoparticles have 
an activity similar to mitochondrial NADH:ubiquinone oxidoreductase. Colloids Surf. 
B Biointerfaces 2008;66:195-200. 

[15] Kroto H, Heath J, BO'Brien S, Curl R, Smaller R. C60: buckminsterfullerene. Nature 

1985;318:162-163. 
[16] Partha R, Conyers JL. Biomedical applications of functionalized fullerene-based 

nanomaterials. Int. J. Nanomedicine 2009;4:261-275. 
[17] Chawla P, Chawla V, Maheshwari R, Saraf SA, Saraf SK. Fullerenes: from carbon to 

nanomedicine. Mini. Rev. Med. Chem. 2010;10:662-677. 
[18] Ali SS, Hardt JI, Quick KL, Kim-Han JS, Erlanger BF, Huang TT, et al. A biologically 

effective fullerene (C60) derivative with superoxide dismutase mimetic properties. Free 

Radic. Biol. Med. 2004;37:1191-1202. 
[19] Liu GF, Filipovic M, Ivanovic-Burmazovic I, Beuerle F, Witte P, Hirsch A. High 

catalytic activity of dendritic C60 monoadducts in metal-free superoxide dismutation. 
Angew Chem. Int. Ed. Engl. 2008;47:3991-3994. 

[20] Osuna S, Swart M, Sola M. On the mechanism of action of fullerene derivatives in 
superoxide dismutation. Chemistry 2010;16:3207-3214. 

[21] Horie M, Fukuhara A, Saito Y, Yoshida Y, Sato H, Ohi H, et al. Antioxidant action of 
sugar-pendant C60 fullerenes. Bioorg. Med. Chem. Lett. 2009;19:5902-5904. 

[22] Yin JJ, Lao F, Fu PP, Wamer WG, Zhao Y, Wang PC, et al. The scavenging of reactive 
oxygen species and the potential for cell protection by functionalized fullerene 
materials. Biomaterials 2009;30:611-621. 

[23] Krusic PJ, Wasserman E, Keizer PN, Morton JR, Preston KF. Radical reactions of C60. 
Science 1991;254:1183-1185. 

[24] Saikia JP, Paul S, Konwar BK, Samdarshi SK. Nickel oxide nanoparticles: a novel 
antioxidant. Colloids Surf. B Biointerfaces 2010;78:146-148. 

[25] Huang B, Zhang J, Hou J, Chen C. Free radical scavenging efficiency of Nano-Se in 
vitro. Free Radic. Biol. Med. 2003;35:805-813. 

[26] Esumi K, Houdatsu H, Yoshimura T. Antioxidant action by gold-PAMAM dendrimer 
nanocomposites. Langmuir 2004;20:2536-2538. 

[27] Hirst SM, Karakoti AS, Tyler RD, Sriranganathan N, Seal S, Reilly CM. Anti-
inflammatory properties of cerium oxide nanoparticles. Small 2009;5:2848-2856. 



Antioxidants in Biology and Medicine  386 

[28] Tzeng SF, Lee JL, Kuo JS, Yang CS, Murugan P, Ai Tai L, et al. Effects of malonate 
C60 derivatives on activated microglia. Brain Res. 2002;940:61-68. 

[29] Dellinger A, Zhou Z, Lenk R, MacFarland D, Kepley CL. Fullerene nanomaterials 
inhibit phorbol myristate acetate-induced inflammation. Exp. Dermatol. 2009;18:1079-
1081. 

[30] Younce CW, Wang K, Kolattukudy PE. Hyperglycaemia-induced cardiomyocyte death 
is mediated via MCP-1 production and induction of a novel zinc-finger protein MCPIP. 
Cardiovasc. Res. 2010;87:665-674. 

[31] Maeda R, Noiri E, Isobe H, Homma T, Tanaka T, Negishi K, et al. A water-soluble 
fullerene vesicle alleviates angiotensin II-induced oxidative stress in human umbilical 
venous endothelial cells. Hypertens. Res. 2008;31:141-151. 

[32] Niu J, Azfer A, Rogers LM, Wang X, Kolattukudy PE. Cardioprotective effects of 
cerium oxide nanoparticles in a transgenic murine model of cardiomyopathy. Cardio-

vasc. Res. 2007;73:549-559. 
[33] Injac R, Perse M, Boskovic M, Djordjevic-Milic V, Djordjevic A, Hvala A, et al. 

Cardioprotective effects of fullerenol C60(OH)24 on a single dose doxorubicin-induced 
cardiotoxicity in rats with malignant neoplasm. Technol. Cancer Res. Treat. 2008;7:15-
25. 

[34] Injac R, Perse M, Cerne M, Potocnik N, Radic N, Govedarica B, et al. Protective 
effects of fullerenol C60(OH)24 against doxorubicin-induced cardiotoxicity and 
hepatotoxicity in rats with colorectal cancer. Biomaterials 2009;30:1184-1196. 

[35] Schubert D, Dargusch R, Raitano J, Chan SW. Cerium and yttrium oxide nanoparticles 
are neuroprotective. Biochem. Biophys. Res. Commun. 2006;342:86-91. 

[36] Das M, Patil S, Bhargava N, Kang JF, Riedel LM, Seal S, et al. Auto-catalytic ceria 
nanoparticles offer neuroprotection to adult rat spinal cord neurons. Biomaterials 

2007;28:1918-1925. 
[37] Dugan LL, Gabrielsen JK, Yu SP, Lin TS, Choi DW. Buckminsterfullerenol free 

radical scavengers reduce excitotoxic and apoptotic death of cultured cortical neurons. 
Neurobiol. Dis. 1996;3:129-135. 

[38] Dugan LL, Turetsky DM, Du C, Lobner D, Wheeler M, Almli CR, et al. Carbo-
xyfullerenes as neuroprotective agents. Proc. Natl. Acad. Sci. USA 1997;94:9434-9439. 

[39] Lee CM, Huang ST, Huang SH, Lin HW, Tsai HP, Wu JY, et al. C60 Fullerene-
pentoxifylline dyad nanoparticles enhance autophagy to avoid cytotoxic effects caused 
by the beta-amyloid peptide. Nanomedicine 2010 (in press). 

[40] Lin AM, Fang SF, Lin SZ, Chou CK, Luh TY, Ho LT. Local carboxyfullerene protects 
cortical infarction in rat brain. Neurosci. Res. 2002;43:317-321. 

[41] Huang SS, Tsai SK, Chih CL, Chiang LY, Hsieh HM, Teng CM, et al. Neuroprotective 
effect of hexasulfobutylated C60 on rats subjected to focal cerebral ischemia. Free 

Radic. Biol. Med. 2001;30:643-649. 
[42] Yang DY, Wang MF, Chen IL, Chan YC, Lee MS, Cheng FC. Systemic administration 

of a water-soluble hexasulfonated C60 (FC4S) reduces cerebral ischemia-induced infarct 
volume in gerbils. Neurosci. Lett. 2001;311:121-124. 

[43] Lin AM, Chyi BY, Wang SD, Yu HH, Kanakamma PP, Luh TY, et al. Carboxyfulle-
rene prevents iron-induced oxidative stress in rat brain. J. Neurochem. 1999;72:1634-
1640. 

[44] Lin AM, Yang CH, Ueng YF, Luh TY, Liu TY, Lay YP, et al. Differential effects of 



Nanomaterials 387 

carboxyfullerene on MPP+/MPTP-induced neurotoxicity. Neurochem. Int. 2004;44:99-
105. 

[45] Xia T, Li N, Nel AE. Potential health impact of nanoparticles. Annu. Rev. Public 

Health 2009;30:137-150. 
[46] Lai YL, Murugan P, Hwang KC. Fullerene derivative attenuates ischemia-reperfusion-

induced lung injury. Life Sci. 2003;72:1271-1278. 
[47] Chen YW, Hwang KC, Yen CC, Lai YL. Fullerene derivatives protect against oxida-

tive stress in RAW 264.7 cells and ischemia-reperfused lungs. Am. J. Physiol. Regul. 

Integr. Comp. Physiol. 2004;287:R21-26. 
[48] Ryan JJ, Bateman HR, Stover A, Gomez G, Norton SK, Zhao W, et al. Fullerene 

nanomaterials inhibit the allergic response. J. Immunol. 2007;179:665-672. 
[49] Colon J, Herrera L, Smith J, Patil S, Komanski C, Kupelian P, et al. Protection from 

radiation-induced pneumonitis using cerium oxide nanoparticles. Nanomedicine 2009; 
5:225-231. 

[50] Onizawa S, Aoshiba K, Kajita M, Miyamoto Y, Nagai A. Platinum nanoparticle 
antioxidants inhibit pulmonary inflammation in mice exposed to cigarette smoke. 
Pulm. Pharmacol. Ther. 2009;22:340-349. 

[51] Gharbi N, Pressac M, Hadchouel M, Szwarc H, Wilson SR, Moussa F. [60]fullerene is 
a powerful antioxidant in vivo with no acute or subacute toxicity. Nano Lett. 2005; 5: 
2578-2585. 

[52] Injac R, Perse M, Obermajer N, Djordjevic-Milic V, Prijatelj M, Djordjevic A, et al. 
Potential hepatoprotective effects of fullerenol C60(OH)24 in doxorubicin-induced 
hepatotoxicity in rats with mammary carcinomas. Biomaterials 2008;29:3451-3460. 

[53] Lai HS, Chen WJ, Chiang LY. Free radical scavenging activity of fullerenol on the 
ischemia-reperfusion intestine in dogs. World J. Surg. 2000;24:450-454. 

[54] Colon J, Hsieh N, Ferguson A, Kupelian P, Seal S, Jenkins DW, et al. Cerium oxide 
nanoparticles protect gastrointestinal epithelium from radiation-induced damage by 
reduction of reactive oxygen species and upregulation of superoxide dismutase 2. 
Nanomedicine 2010;6:698-705. 

[55] Chen J, Patil S, Seal S, McGinnis JF. Rare earth nanoparticles prevent retinal 
degeneration induced by intracellular peroxides. Nat. Nanotechnol. 2006;1:142-150. 

[56] Silva GA. Nanomedicine: seeing the benefits of ceria. Nat. Nanotechnol. 2006;1:92-94. 
[57] Chen J, Patil S, Seal S, McGinnis JF. Nanoceria particles prevent ROI-induced 

blindness. Adv. Exp. Med. Biol. 2008;613:53-59. 
[58] Rzigalinski BA, Meehan K, Davis RM, Xu Y, Miles WC, Cohen CA. Radical nanome-

dicine. Nanomedicine (Lond) 2006;1:399-412. 
[59] Quick KL, Ali SS, Arch R, Xiong C, Wozniak D, Dugan LL. A carboxyfullerene SOD 

mimetic improves cognition and extends the lifespan of mice. Neurobiol. Aging 2008; 
29:117-128. 

[60] Kim J, Takahashi M, Shimizu T, Shirasawa T, Kajita M, Kanayama A, et al. Effects of 
a potent antioxidant, platinum nanoparticle, on the lifespan of Caenorhabditis elegans. 
Mech. Ageing Dev. 2008;129:322-331. 

[61] Kim J, Shirasawa T, Miyamoto Y. The effect of TAT conjugated platinum nanoparti-
cles on lifespan in a nematode Caenorhabditis elegans model. Biomaterials 2010; 
31:5849-5854. 

[62] Chithrani DB. Nanoparticles for improved therapeutics and imaging in cancer therapy. 



Antioxidants in Biology and Medicine  388 

Recent Pat. Nanotechnol. 2010 (in press). 
[63] Nishikawa R, Teruya K, Katakura Y, Osada K, Hamasaki T, Kashiwagi T, et al. 

Electrolyzed Reduced Water Supplemented with Platinum Nanoparticles Suppresses 
Promotion of Two-stage Cell Transformation. Cytotechnology 2005;47:97-105. 

[64] Saitoh Y, Yoshimura Y, Nakano K, Miwa N. Platinum nanocolloid-supplemented 
hydrogendissolved water inhibits growth of human tongue carcinoma cells preferen-
tially over normal cells. Exp. Oncol. 2009;31:156-162. 

[65] Meng H, Xing G, Sun B, Zhao F, Lei H, Li W, et al. Potent angiogenesis inhibition by 
the particulate form of fullerene derivatives. ACS Nano. 2010;4:2773-2783. 

[66] Zogovic NS, Nikolic NS, Vranjes-Djuric SD, Harhaji LM, Vucicevic LM, Janjetovic 
KD, et al. Opposite effects of nanocrystalline fullerene (C60) on tumour cell growth in 
vitro and in vivo and a possible role of immunosupression in the cancer-promoting 
activity of C60. Biomaterials 2009;30:6940-6946. 

[67] Ito S, Itoga K, Yamato M, Akamatsu H, Okano T. The co-application effects of fuller-
ene and ascorbic acid on UV-B irradiated mouse skin. Toxicology 2010;267:27-38. 

[68] Zhou Z, Lenk R, Dellinger A, MacFarland D, Kumar K, Wilson SR, et al. Fullerene 
nanomaterials potentiate hair growth. Nanomedicine 2009;5:202-207. 

[69] Yudoh K, Karasawa R, Masuko K, Kato T. Water-soluble fullerene (C60) inhibits the 
development of arthritis in the rat model of arthritis. Int. J. Nanomedicine 2009;4:217-
225. 

[70] Cai X, Hao J, Zhang X, Yu B, Ren J, Luo C, et al. The polyhydroxylated fullerene 
derivative C60(OH)24 protects mice from ionizing-radiation-induced immune and mito-
chondrial dysfunction. Toxicol. Appl. Pharmacol. 2010;243:27-34. 

 
 



 

 
 
 
 
 
 
 
 
 
 

Index 
 

 
  

1 

1,2-dithiolane-3-pentanoic acid, 249 
12-O-tetracecanoylphorbol-13-acetate, 116 
17- -estradiol, 105 
1-chloro-2,4-dinitrobenzene, 137 
1-Cys Prx, 123, 124, 125 
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine, 96, 

221, 234, 276, 381 
1O2, 4, 12 

 

2 

2,3,7,8-tetrachlorodibenzo-p-dioxin, 182 
2,3-dimethoxy-5-methyl-6-multiprenyl-1,4-

benzoquinone, 244 
2,4-disulfophenyl-N-tert-butylnitrone, 367, 368, 370, 

371 
20S proteasome, 180, 181 
2-AAPA, 87 
2-Cys Prxs, 143, 144 
2-hydroxyquinoline, 201 
2-phenyl-1,2-benzisoselenazol-3(2H)-one, 342 
2-SeCD, 344 

 

3 

3-hydroxy-3-methylglutaryl coenzyme A reductase, 
284 

 

4 

4-hydroxy-2,2,6,6-tetramethylpiperidine-N-oxyl, 340 

4-hydroxy-2-nonenal, 14 
4-hydroxy-docosahexaenoic acid, 199 
4-hydroxyl-PBN, 371 

 

5 

5,5-dimethyl-1-pyrroline N-oxide, 367, 373 
5-diethoxyphosphoryl-5-methyl-1-pyrroline N-oxide, 

368 
5-ethoxycarbonyl-5-methyl-1-pyrroline N-oxide, 368 
5-hydroxy-eicosatetraenoic acid 1,5-lactone, 199 
5-lipoxygenase, 342 
5-oxoproline, 67 
5-oxoprolinuria, 67, 70 

 

6 

6-hydroxydopamine, 222, 232, 234, 308 
 

7 

7,12-dimethylbenz(a)anthracene, 183, 192 
 

A 

absorption, 245, 268, 322 
abstraction, 283 
abuse, 189 
acatalasemia, 47, 52 
acatalasemic mice, 50, 51, 55 
acetaminophen, 38, 39, 44, 77, 82, 96, 100, 166, 203, 

227, 235, 270, 293, 349, 353, 356, 357, 358, 362, 
363, 364 



Index  390 

acetaminophen overdose, 96, 203, 353, 356, 357, 
358 

acetic acid, 199, 294 
acetylation, 126, 145, 322 
acid, 4, 6, 9, 10, 12, 13, 14, 18, 33, 37, 55, 69, 73, 

74, 82, 87, 92, 95, 99, 100, 125, 126, 133, 144, 
146, 147, 149, 151, 156, 166, 171, 174, 186, 187, 
199, 205, 206, 227, 234, 239, 245, 249, 250, 251, 
252, 253, 254, 259, 260, 261, 265, 266, 268, 274, 
275, 276, 277, 278, 279, 283, 292, 294, 301, 315, 
316, 317, 340, 341, 342, 349, 350, 365, 371, 375, 
388 

acne, 270, 274, 277, 279 
acne vulgaris, 270, 274, 277, 279 
aconitase, 8 
acoustical trauma, 371 
acrolein, 14 
acrylhomoserine lactones, 199, 203 
active centers, 217 
active site, 48, 86, 104, 144, 146, 150, 154, 209 
active transport, 322 
acute burn injury, 252 
acute inflammation, 223, 310 
acute ischemic stroke, 254, 260, 261, 346, 350, 367, 

370, 372, 376 
acute liver failure, 65, 344, 348, 349, 358, 364 
acute lung injury, 45, 189, 195, 227, 234, 242, 243, 

256, 294 
acute myeloid leukemia, 278 
acute pancreatitis, 252 
acute renal failure, 293, 371, 375 
acute respiratory distress syndrome, 176, 344 
addictive behaviors, 360 
adenocarcinoma, 170, 177, 257, 289 
adenoma, 138, 141, 328 
adenomatous colonic polyps, 360 
adenovirus, 43, 55, 128, 129, 164, 174, 201, 202, 

221, 222, 228 
adhesion, 15, 105, 184, 242, 246, 255, 276, 319, 354, 

380 
adhesion molecule, 15, 105, 184, 242, 246, 255, 319, 

354, 380 
adipocyte, 221 
adipogenesis, 344, 348 
adiponectin, 174, 214, 221, 311 
adipose, 81, 98, 101, 184, 188, 193, 194, 282, 301, 

308, 322, 323 
adipose tissue, 98, 184, 188, 193, 194, 282, 301, 308, 

323 
adiposity, 155, 158, 188, 194, 202, 344 
adrenal gland, 269, 282 
adrenal glands, 282 
adult T-cell, 120 

adulthood, 37 
AEOL series, 340 
AEOL10113, 340 
aerobic organisms, 1, 3, 4, 14, 23, 29 
aflatoxin, 30, 66, 70, 96, 100, 350 
aflatoxin B1, 66, 70, 96, 100 
age-related macular degeneration, 209, 216, 302, 

305, 310, 311 
aggregation, 13, 56, 153, 158, 223, 276, 285, 321, 

328, 354, 360 
aging process, 129, 152 
agonist, 171, 258 
agranulocytosis, 189, 196 
AhR, 93, 181, 200 
AIDS, 203, 294, 364 
air pollutants, 7, 38 
airway epithelial cells, 82, 185, 301, 308 
airway epithelium, 250 
airway hyperresponsiveness, 185, 362 
airway inflammation, 65, 77, 82, 96, 100, 103, 107, 

115, 120, 128, 164, 165, 173, 185, 227, 235, 242, 
269, 285, 292, 301, 308, 324, 356 

airway wall thickening, 128 
airways, 55, 359 
AKT, 128, 133 
ALA6 alleles, 79 
albumin, 240 
alcohol, 12, 17, 38, 43, 48, 83, 100, 125, 128, 166, 

195, 200, 210, 215, 227, 302, 309, 348 
alcohol abuse, 215 
alcohol consumption, 83 
alcohol withdrawal, 189, 195 
alcoholic cardiomyopathy, 226 
alcoholic cirrhosis, 45 
alcoholic fatty liver disease, 71, 324 
alcoholic liver disease, 65, 174, 215 
alcoholic liver injury, 6, 98, 128, 203, 208, 235, 302 
alcoholism, 189 
alcohols, 28, 48, 73, 75, 93, 123, 124 
aldehyde, 48, 100, 345 
aldehyde dehydrogenase, 100, 345 
aldehydes, 14, 28, 62, 93, 95, 140, 184 
aliphatic lactones, 199 
alkenes, 66 
alkoxyl radical, 4, 11 
alkylating agents, 97 
allantoin, 252, 253 
allele, 169, 186, 187, 189, 194, 195, 206, 207, 215, 

243, 257 
allergenicity, 115 
allergen-induced airway inflammation, 77, 82, 165, 

173, 292 
allergens, 115, 285 



Index 391 

allergic airway diseases, 286 
allergic asthma, 65, 128, 133, 292, 308, 362 
allergic inflammation, 286, 293 
allergic rhinitis, 293 
allografts, 95, 100, 174, 242, 374 
alloxan, 37, 55, 275, 364, 369 
all-rac- -tocopherol, 282 
all-trans retinoic acid, 151 
alopecia, 346, 351 

-(4-pyridyl-1-oxide)-N-tert-butylnitrone, 368  
-amylase, 322 
-carotene, 297, 299
-glucosidase, 322 
-keto acid, 251 
-ketoacid dehydrogenase, 249 
-lipoic acid, 23, 239, 249, 250 
-phenyl-tert-butylnitrone, 367, 368  
-synuclein, 153 
-tocopherol, 28, 62, 63, 136, 180, 181, 245, 281, 
282, 283, 284, 285, 286, 287, 288, 289, 290 

-tocopherol acetate, 284 
-tocopherol radical, 62, 267, 283 
-tocopherol succinate, 284 
-tocopherol transfer protein, 283, 284 
-tocopherol-quinone, 181 
-tocopheryl phosphate, 282, 284 
-TTP, 283-285, 287 

ALS, 214 
Alzheimer's disease, 16, 37, 40, 76, 77, 153, 154, 

164, 189, 207, 208, 246, 269, 301, 344, 
ambient air, 56 
amino acids, 59, 60, 61 
aminotriazole, 49 
AMP-activated protein kinase, 49, 322, 323, 325, 

331 
AMP-activated protein kinase 1, 49 
amylase, 322 
amyloid beta, 292 
amyloid precursor proteins, 164 
amyloidogenesis, 77, 81 
amyotrophic lateral sclerosis, 40, 41, 42, 45, 138, 

141, 207, 208, 381 
androgen, 300, 319 
anemia, 39, 44, 59, 67, 70, 87, 103, 107, 108, 109, 

129, 138, 169, 223, 224, 266, 273, 279 
angiogenesis, 64, 114, 116, 136, 168, 171, 175, 222, 

226, 231, 233, 251, 259, 268, 271, 275, 287, 290, 
307, 319, 345, 358, 364, 371, 372, 373, 383, 388 

angiography, 365 
angioma, 168 
angioplasty, 41, 45, 365 
angiotensin II, 80, 113, 118, 162, 242, 255, 349, 386 

anthracycline, 187 
antiangiogenesis, 281, 284, 300, 303, 326, 360, 367, 

369, 372 
antibiotic, 212, 273 
antibiotic resistance, 212 
antibody, 116, 260 
anti-cancer, 194, 257, 333 
anticancer activity, 273 
anticancer drug, 5, 38, 51, 66, 94, 97, 98, 113, 114, 

116, 118, 138, 166, 168, 183, 228, 229, 358, 383 
anticancer drugs, 66, 94, 97, 98, 138, 168, 183, 383 
antigen, 120, 167, 175, 235, 328, 334 
antigenicity, 339, 340 
antigen-presenting cells, 167, 175 
antimalarial quinolines, 182, 191 
antimicrobial activity, 3, 17, 379 
antioxidant, 1, 6, 14, 17, 21, 23, 25, 26, 27, 28, 29, 

30, 31, 35, 36, 40, 44, 47, 49, 52, 53, 54, 59, 61, 
62, 66, 69, 73, 77, 78, 80, 82, 87, 88, 93, 100, 
108, 112, 114, 115, 117, 119, 123, 125, 126, 128, 
129, 130, 131, 132, 133, 135, 136, 139, 143, 144, 
145, 151, 155, 156, 159, 161, 181, 184, 186, 188, 
191, 193, 197, 201, 202, 209, 210, 213, 219, 225, 
226, 229, 230, 233, 236, 239, 240, 241, 242, 245, 
246, 247, 248, 249, 250, 251, 252, 253, 254, 255, 
258, 259, 260, 263, 265, 266, 267, 269, 270, 271, 
272, 274, 278, 279, 283, 286, 287, 288, 289, 290, 
291, 294, 299, 300, 302, 307, 308, 309, 311, 312, 
318, 319, 323, 324, 329, 330, 331, 332, 333, 335, 
337, 339, 342, 343, 344, 345, 346, 347, 348, 350, 
353, 360, 361, 365, 367, 368, 369, 372, 375, 376, 
377, 380, 381, 382, 383, 384, 385, 387 

antioxidant enzyme mimetics, 26, 36, 337, 339, 342, 
343, 344, 345, 346 

antioxidant gene regulation, 23 
antioxidant response element, 24, 49, 94, 144, 191, 

219, 230, 307 
antioxidative activity, 28 
antiplatelet, 321, 360 
antitumor, 51, 56, 268, 271, 345 
anti-type II collagen monoclonal antibody, 116 
antiviral therapy, 70, 364 
anxiety, 87, 89, 207, 208, 215 
anxiety disorder, 208 
AP-1, 23, 30, 35, 61, 75, 93, 105, 112, 113, 126, 144, 

146, 147, 161, 200, 211 
AP-2, 35, 61, 113 
ApoB, 38, 43 
ApoE, 64, 114, 126, 152, 201, 202, 212, 248, 343, 

355 
ApoE-deficient mice, 64, 114, 127, 201, 202, 343, 

355 
apolipoprotein A-I, 152, 156, 204, 210 



Index  392 

apolipoprotein E, 54, 64, 69, 80, 81, 211, 212, 275, 
347, 361 

apoptosis, 51, 55, 56, 77, 81, 82, 99, 105, 107, 108, 
112, 114, 116, 118, 120, 121, 126, 130, 132, 133, 
137, 140, 145, 152, 162, 163, 164, 165, 167, 168, 
172, 173, 174, 175, 181, 183, 185, 190, 192, 221, 
222, 265, 271, 276, 281, 284, 287, 288, 290, 295, 
300, 302, 303, 307, 310, 319, 326, 349, 364, 371 

apples, 317 
arachidonic acid, 199 
ARE, 94, 181, 219, 225 
Arg, 54, 75, 80, 205, 214 
Arg139Trp, 187, 194 
arginine, 71, 187, 205, 359, 365 
aromatic esters, 199 
aromatic hydrocarbons, 215 
aromatic rings, 315, 316 
arrhythmia, 321 
arsenic, 140 
arsenicals, 228, 235 
arterial hypertension, 355, 361 
arteriogenesis, 114, 118, 226, 233 
arteriosclerosis, 100 
artery, 18, 79, 83, 163, 171, 172, 184, 188, 194, 213, 

214, 236, 269, 350, 355, 359 
arthritis, 16, 52, 116, 121, 134, 169, 176, 177, 185, 

287, 294, 327, 333, 346, 350, 358, 383, 388 
ARVCF, 138, 140 
aryl hydrocarbon receptor, 211 
arylhydrocarbon receptor, 181, 191, 200 
asbestos, 6, 38, 304 
Asc.-, 267 
AscH-, 267 
ascorbate, 62, 63, 104, 136, 218, 245, 265, 267, 274, 

275, 277, 278 
ascorbate monoanion, 267 
ascorbate radical, 267 
ascorbic acid, 69, 265, 267, 274, 275, 276, 277, 278, 

279, 292, 388 
ascorbyl stearate, 268, 277 
aspirin, 200, 210, 270, 276 
assessment, 68, 138, 204, 343, 346, 360, 375, 384 
astaxanthin, 297, 299, 300, 301, 302, 304, 306, 307, 

308, 309, 310, 311, 312 
asthma, 52, 56, 65, 96, 98, 100, 102, 115, 120, 127, 

133, 189, 195, 227, 242, 243, 269, 273, 279, 285, 
292, 293, 301, 305, 308, 312, 324, 332, 344, 356, 
362, 381 

astrocyte, 153 
ataxia, 50, 55, 138, 231, 246, 247, 283, 284, 285, 

287, 291, 345 
ataxia telangiectasia, 345 
ataxia with vitamin E deficiency, 283, 287 

atherogenesis, 64, 81, 95, 127, 152, 171, 184, 188, 
201, 212, 242, 307, 343 

atherosclerosis, 13, 36, 49, 54, 64, 68, 69, 76, 79, 80, 
95, 98, 113, 126, 131, 138, 152, 162, 197, 201, 
202, 204, 206, 211, 212, 215, 217, 221, 229, 236, 
242, 246, 248, 258, 268, 284, 291, 300, 304, 307, 
321, 322, 330, 355, 361 

atherosclerotic diet, 355 
atherosclerotic lesion, 87, 89, 114, 118, 201, 211, 

269, 343 
atherosclerotic plaque, 140, 188, 202, 212, 268, 275, 

355 
atherosclerotic vascular disease, 204, 208 
athletes, 312 
Atm-deficient mice, 345, 350, 358 
atopic dermatitis, 175 
ATP, 60, 61, 143, 144, 146, 245, 247, 324 
ATP hydrolysis, 60 
atrophy, 39, 44, 96, 246 
atypical 2-Cys Prx, 124 
auranofin, 137, 140 
aurothioglucose, 137 
autoimmune diseases, 134 
autoimmune encephalomyelitis, 227, 234 
autoimmune myocarditis, 113, 119 
autoimmunity, 37, 129, 183, 185, 193, 223, 345, 369 
auto-oxidation, 218, 319 
autosomal dominant, 221, 232 
autosomal recessive, 287 
AVED, 287, 288 
axons, 288 
azo dyes, 180 
A  peptides, 164 

 

B 

bacteria, 5, 7, 199, 203, 270 
bacterial infection, 66 
bacterial peritonitis, 252 
bacterium, 203 
BALT, 185, 193 
BAS03551158, 201 
base modifications, 12, 13, 14 
base pair, 154 
basophils, 184, 381 
B-cell lymphomas, 184, 192 
BCNU, 86 
beef, 244, 257 
behavioral change, 189 
behavioral disorders, 226 
behaviors, 227, 233, 269, 360, 379 
bell peppers, 265 



Index 393 

beneficial effect, 39, 41, 45, 53, 66, 76, 95, 96, 103, 
116, 127, 153, 164, 165, 221, 227, 241, 242, 243, 
244, 246, 247, 249, 251, 255, 265, 267, 268, 269, 
270, 272, 273, 274, 278, 281, 287, 288, 289, 290, 
297, 300, 301, 302, 304, 305, 320, 321, 324, 325, 
326, 327, 334, 343, 344, 346, 355, 356, 359, 360, 
369, 370, 371, 372, 380, 382 

benzene, 116, 121, 183, 187, 192 
benzo(a)pyrene, 183, 192 
benzoquinone, 244 

-amyloid peptide, 269, 281 
-amyloid toxicity, 153 
-carotene, 13, 297, 298, 299, 300, 301, 302, 303, 

304, 305, 306 
-carotene 15,15’-monooxygenase-1, 301  
-catenin/TCF, 75 
-cryptoxanthin, 297, 298, 299 
-globin gene, 219 
-lapachone, 184 
-phenylethylamine, 48 

bicarbonate, 35, 360, 365 
bile, 200, 240, 257 
bile acids, 200 
bilirubin, 12, 22, 31, 159, 160, 161, 164, 166, 169, 

170, 231, 239, 240, 241, 242, 243, 244, 255, 256, 
257 

biliverdin, 160, 161, 166, 174, 175, 176, 239, 240, 
241, 242, 243, 244, 255, 256 

biliverdin reductase, 160, 239, 240, 255 
bioactivation, 62, 66, 69, 94, 97, 99, 183, 302, 327, 

357 
bioavailability, 36, 41, 53, 268, 285, 300, 317, 319, 

321, 329, 339, 340, 354, 377 
biocompatibility, 379 
biofilm, 203, 212 
bioflavonoids, 334 
biological activity, 201 
biological processes, 59 
biological systems, 3, 4, 6, 7, 8, 9, 11, 12, 13, 14, 15, 

53, 95, 137, 161, 182, 201, 240, 284, 343, 367, 
368, 369, 377, 379, 383, 384 

biomarkers, 117, 134, 138, 190, 194, 274, 288, 289, 
290, 299 

biorhythm, 186 
biorhythm synchronization, 186 
biosynthesis, 60, 61, 107, 186, 244, 245, 247, 257, 

265, 284, 353, 360 
biotransformation, 100, 302 
biphenols, 315 
bismuth nitrate, 228 
black tea, 329 
bleomycin, 37, 120, 165, 173, 242, 256, 301, 308, 

324, 332, 356, 362 

blindness, 382, 387 
blood cardioplegia, 359 
blood flow, 163, 356, 361 
blood pressure, 64, 71, 117, 122, 162, 171, 250, 311, 

333, 347, 359, 365 
blood vessels, 64, 168, 266, 291 
blood-brain barrier, 37, 323 
blood-spinal cord barrier, 163, 172 
body fluid, 252 
body weight, 273, 344 
bone, 88, 183, 184, 185, 191, 192, 222, 229, 236, 

250, 329, 334, 335 
bone marrow, 86, 88, 183, 184, 185, 191, 192, 222, 

229, 236, 250 
bone marrow depression, 229 
bone marrow toxicity, 183 
bone resorption, 334 
bowel, 16, 77, 166, 189, 228, 235, 252, 302, 325, 

356 
brain, 37, 43, 50, 55, 57, 64, 69, 77, 81, 87, 114, 119, 

127, 132, 134, 135, 138, 139, 140, 141, 150, 153, 
154, 157, 158, 159, 163, 164, 172, 173, 209, 215, 
221, 223, 224, 227, 233, 234, 246, 249, 250, 253, 
258, 260, 269, 275, 276, 285, 292, 303, 308, 323, 
324, 331, 332, 344, 346, 348, 351, 356, 361, 362, 
374, 384, 386 

brain cancer, 209, 303 
brain damage, 114, 119, 260 
brain tumor, 57, 215 
breast cancer, 79, 84, 117, 128, 129, 133, 184, 187, 

192, 194, 209, 215, 289, 333, 345, 363, 383 
breast carcinogenesis, 184, 187 
breast carcinoma, 39, 44, 187 
broccoli, 265 
bromide, 13 
bronchial asthma, 56 
bronchial epithelial cells, 356, 362 
bronchial-associated lymphoid tissue, 185 
bronchoconstriction, 312 
broncoconstriction, 370 
brussels sprouts, 265 
BSO, 63, 64, 65, 66 
buckminsterfullerene, 379, 385 
buckyball (C60), 379 
burn, 252 
butein, 320 
buthionine sulfoximine, 70 
bypass graft, 188, 359 

 

C 

C isoform, 206 
C/EBP-epsilon, 75 



Index  394 

C465T, 187 
C609T, 186, 194 
C60OH24, 381 
Ca2+, 322 
c-Abl, 49, 54, 75, 80 
cadaver, 45 
cadmium, 139, 217, 224, 227, 228, 235, 237 
Caenorhabditis elegans, 151, 156, 383, 387 
caffeic acid, 315, 316 
calcification, 83 
calcineurin-NFAT signaling, 107, 109 
calcium, 17, 151, 156, 330 
calcium phospholipid-binding protein, 151 
caloric restriction, 140 
calorie, 152, 320, 330 
calorie restriction, 152 
cancer, 16, 26, 30, 33, 38, 39, 40, 44, 47, 52, 53, 66, 

68, 74, 78, 79, 83, 84, 91, 95, 97, 98, 99, 101, 
103, 107, 111, 113, 116, 117, 118, 121, 122, 128, 
129, 133, 134, 135, 138, 140, 145, 149, 154, 155, 
159, 168, 169, 170, 175, 179, 184, 187, 188, 192, 
193, 194, 208, 209, 215, 217, 222, 229, 230, 236, 
243, 244, 246, 247, 251, 257, 260, 265, 267, 271, 
272, 273, 274, 275, 277, 278, 281, 286, 287, 288, 
294, 295, 297, 303, 304, 305, 306, 311, 326, 327, 
328, 330, 333, 334, 339, 345, 346, 350, 358, 360, 
363, 371, 375, 377, 383, 386, 387, 388 

cancer cells, 44, 78, 97, 129, 138, 140, 145, 168, 
187, 193, 222, 271, 272, 275, 277, 326 

cancer chemoprotection, 26, 326, 358 
cancer chemotherapy, 98, 194 
cancer drug resistance, 98 
cancer intervention, 138, 288, 304, 305, 328 
cancer progression, 187 
capillary, 349 
capsule, 74, 75 
carbohydrate, 322, 323, 331 
carbohydrate metabolism, 323, 331 
carbohydrates, 13, 322 
carbon, 10, 11, 38, 50, 96, 159, 160, 161, 165, 166, 

171, 173, 174, 176, 202, 227, 235, 239, 241, 251, 
256, 270, 293, 298, 316, 356, 368, 370, 377, 379, 
380, 382, 385 

carbon atoms, 316, 379 
carbon dioxide, 10, 11 
carbon monoxide, 159, 160, 161, 165, 166, 171, 173, 

174, 176, 239, 241, 256 
carbon nanotubes, 377 
carbon tetrachloride, 50, 96, 166, 202, 227, 235, 270, 

293, 356, 370, 382 
carbonate radical, 10, 35 
carbon-centered radical, 11, 368 
carboxyfullerene, 348, 381, 382, 386, 387 

carcinogen, 67, 192, 303, 327, 358 
carcinogen-DNA adducts, 303, 327, 358 
carcinogenesis, 16, 25, 39, 51, 66, 78, 83, 94, 97, 98, 

116, 118, 121, 128, 129, 135, 138, 145, 154, 168, 
170, 179, 181, 183, 184, 187, 191, 192, 208, 222, 
229, 236, 243, 303, 304, 307, 311, 326, 327, 328, 
345, 350, 358, 360, 375 

carcinogenicity, 236 
carcinogens, 66, 94, 97, 98, 168, 183, 229, 303, 327, 

345, 358 
carcinoma, 30, 39, 44, 45, 78, 79, 82, 130, 134, 154, 

158, 168, 170, 177, 187, 209, 229, 236, 277, 309, 
358, 371, 383, 388 

carcinomas, 128, 375, 387 
cardiac aging, 49, 54 
cardiac arrhythmia, 64, 321, 369 
cardiac arrhythmias, 64, 369 
cardiac contractile dysfunction, 226, 233 
cardiac fibroblasts, 126, 131 
cardiac hypertrophy, 36, 49, 103, 107, 108, 109, 114, 

118, 300, 307, 321, 322, 331, 355 
cardiac ischemia, 156, 220 
cardiac surgery, 252, 259 
cardiac transplantation, 162 
cardiofaciocutaneous syndrome, 247 
cardiolipin, 251 
cardiomyocyte, 54, 86, 107, 108, 109, 127, 152, 220, 

231, 386 
cardiomyopathy, 36, 37, 38, 43, 49, 50, 64, 114, 129, 

138, 226, 227, 233, 287, 321, 330, 355, 380, 386 
cardioplegia, 359, 364 
cardiopulmonary bypass, 194, 252, 259 
cardiotoxicity, 5, 49, 54, 95, 103, 107, 113, 119, 226, 

233, 246, 300, 307, 321, 355, 381, 386 
cardiovascular cells, 95, 184, 190, 221, 242, 380 
cardiovascular disease, 30, 33, 36, 40, 42, 64, 79, 

107, 111, 158, 159, 162, 169, 171, 187, 206, 211, 
224, 232, 248, 251, 257, 261, 265, 271, 272, 274, 
278, 284, 288, 291, 294, 297, 304, 306, 307, 311, 
313, 319, 326, 327, 330, 333, 339, 343, 347, 355, 
359, 360, 369, 377 

cardiovascular diseases, 33, 36, 40, 64, 79, 107, 111, 
159, 162, 169, 187, 206, 211, 224, 248, 251, 265, 
271, 272, 274, 284, 288, 294, 297, 304, 306, 319, 
326, 327, 330, 343, 347, 355, 359, 360, 369, 377 

cardiovascular function, 321 
cardiovascular risk, 87, 89, 207, 213, 232 
cardiovascular system, 95, 126, 171, 184, 330 
carnitine, 266 
carotene, 13, 295, 297, 299, 300, 301, 302, 303, 304, 

305, 306, 307, 309, 310, 311, 312, 313 
carotenes, 298 



Index 395 

carotenoids, 13, 263, 297, 298, 299, 300, 301, 302, 
303, 304, 305, 306, 307, 308, 311, 312, 327 

carotid artery, 184, 188, 194, 236 
carrot, 297 
cartilage, 364 
case study, 89, 108 
caspase-2, 39 
catabolism, 80, 98, 159, 163, 166 
catalase, 6, 22, 28, 30, 31, 38, 45, 47, 48, 49, 50, 51, 

52, 53, 54, 55, 56, 82, 87, 125, 128, 154, 337, 
339, 340, 341, 342, 343, 344, 345, 348, 349, 351, 
378, 379, 384 

catalase mimetics, 50, 55, 348 
catalysis, 3, 92, 123, 151, 378 
catalytic activity, 124, 150, 385 
cataract, 37, 52, 67, 78, 83, 85, 87, 107, 153, 157, 

223, 287, 301, 302, 305, 308, 310, 311, 355, 358, 
364 

catechin, 321, 330 
catecholamines, 218 
cation, 284 
cationized catalase, 51, 56 
causal relationship, 15, 40, 52, 106, 117 
caveolae, 159 
CCAAT-enhancer-binding protein, 35 
CD4+/CD25+ regulatory T cells, 159 
cDNA, 88, 173, 186, 187 
CdTe quantum dots, 6 
ceftazidima, 203 
celecoxib, 286, 294 
cell culture, 36, 43, 64, 65, 78, 88, 116, 129, 138, 

168, 182, 185, 188, 230, 241, 246, 260, 318, 319, 
326, 330, 337, 380, 383 

cell cycle, 271, 287, 326 
cell cycle arrest, 271 
cell death, 14, 43, 81, 108, 116, 129, 132, 133, 153, 

156, 166, 173, 193, 202, 221, 222, 231, 255, 277, 
290, 358, 382 

cell dysfunction, 14, 162, 322 
cell line, 140, 145, 155, 169, 171, 186, 189, 200 
cell lines, 140, 145, 171, 186, 200 
cell membranes, 240 
cell migration, 184, 310 
cell proliferation, 51, 95, 97, 100, 109, 116, 126, 

130, 136, 143, 145, 147, 168, 184, 193, 228, 242, 
255, 290, 319 

cell signaling, 17, 18, 94, 97, 99, 103, 105, 106, 108, 
111, 123, 130, 281, 282, 285, 290, 299, 302, 306, 
326, 329 

central adiposity, 155 
central nervous system, 127, 132, 185, 246, 324 
CeO2, 378, 384 
cerebellar ataxia, 246, 247 

cerebellar atrophy, 246 
cerebellar hypoplasia, 138 
cerebellum, 159 
cerebral ischemia-reperfusion injury, 76, 227, 301, 

381 
cerebrovascular events, 346 
cerium, 6, 22, 337, 340, 377, 378, 380, 381, 382, 

383, 384, 385, 386, 387 
cerium oxide nanoparticles, 6, 22, 337, 340, 377, 

378, 380, 381, 382, 383, 384, 385, 386, 387 
cerulean, 114 
cGPx, 74 
chelates, 250, 252 
chemical carcinogenesis, 25, 66, 97, 168, 229, 326, 

327, 345, 358 
chemical properties, 6, 7, 266 
chemical reactions, 21 
chemical reactivity, 7, 17 
chemical stress, 95 
chemical structures, 340 
chemokine, 82, 114, 119 
chemoprevention, 30, 350, 364 
chemoprotection, 97, 101 
chemoprotective agents, 25, 26, 27, 28, 93, 184 
chemotaxis, 114, 119, 121 
chemotherapy, 98, 168, 187, 194, 257, 278, 345 
childhood, 102, 195 
chiral center, 281, 282 
chloroamine, 13 
chlorpyrifos-oxon, 199, 204 
cholesterol, 18, 87, 101, 152, 156, 200, 201, 211, 

284, 285, 292, 311, 321, 330 
choline-deficient diet, 371 
cholinergic, 214, 269 
cholinesterase, 207, 214 
cholinesterase inhibitors, 207, 214 
chondrocyte, 364 
chromatography, 191, 232 
chromosome, 48, 60, 74, 85, 138, 140, 143, 154, 

158, 198, 224 
chronic diseases, 259 
chronic hepatitis, 208, 215 
chronic liver disease, 202, 208 
chronic obstructive pulmonary disease, 59, 68, 98, 

324, 353, 355, 356, 359, 362 
chronic renal failure, 249, 258, 345, 349 
cigarette smoke, 77, 82, 120, 145, 146, 184, 269, 

276, 285, 292, 301, 324, 332, 360, 363, 382, 387 
ciliary body, 250 
circadian rhythm, 250 
circadian rhythms, 250 
circulation, 36, 98, 197, 222, 243, 282, 305 
cirrhosis, 45, 174, 208, 212 



Index  396 

cis-acting element, 23 
cisplatin, 38, 44, 51, 56, 66, 97, 101, 145, 166, 175, 

227, 228, 229, 235, 236, 243, 257, 270, 302, 310 
citrus fruits, 265, 317 
clarithromycin, 273, 279 
cleavage, 9, 239 
clinical symptoms, 87 
clinical trials, 28, 42, 53, 67, 68, 76, 245, 246, 247, 

252, 255, 265, 271, 272, 273, 274, 281, 287, 288, 
289, 290, 297, 306, 315, 327, 328, 329, 337, 346, 
353, 355, 357, 359, 360, 367, 370, 373, 377, 384 

cloning, 86 
clozapine, 189, 196 
clusters, 8, 109, 219 
c-Myc, 61 
CO, 171, 255 
CO2, 10 
CO3

.-, 10 
cobalt, 162, 167 
cobalt protoporphyrin, 162, 167 
cocoa, 327, 333, 334 
cocoa polyphenols, 327 
coding, 40, 205, 229, 237 
coenzyme, 31, 136, 181, 239, 244, 245, 257, 267, 

284 
coenzyme Q, 31, 136, 181, 239, 244, 245, 257, 267 
coenzyme Q radical, 245, 267 
coenzyme Q10, 244, 257 
coffee, 317, 321, 330 
cognition, 275, 348, 387 
cognitive decline, 39, 189 
cognitive deficit, 323, 348 
cognitive deficits, 323, 348 
cognitive dysfunction, 127 
cognitive function, 132, 221 
cognitive impairment, 254, 260, 382 
co-immunoprecipitation, 143 
colitis, 38, 44, 50, 66, 70, 77, 82, 115, 121, 165, 166, 

174, 195, 242, 256, 259, 286, 289, 293, 295, 302, 
309, 344, 349, 357, 358, 360, 363, 365, 370, 375 

collagen, 116, 121, 185, 266, 268, 269, 294, 350 
collagen synthesis, 266 
collagenase, 78, 82 
collagen-induced arthritis, 185, 294, 350 
collateral, 226 
colon, 70, 97, 101, 117, 184, 187, 192, 194, 307, 382 
colon cancer, 187, 194 
colon carcinogenesis, 184, 192, 307 
color, 158, 297, 302, 305 
colorectal adenoma, 138, 141, 328, 334 
colorectal cancer, 83, 84, 117, 122, 187, 375, 386 
combination therapy, 289 
combined effect, 53, 306 

community, 189, 260, 312 
complement, 231 
complex interactions, 326 
complications, 16, 36, 50, 101, 114, 162, 188, 202, 

207, 227, 229, 236, 243, 249, 269, 285, 301, 313, 
322, 343, 355, 359, 365 

composition, 161, 219, 298 
compound I, 48 
compounds, 5, 7, 21, 25, 26, 27, 28, 29, 36, 68, 69, 

87, 93, 94, 99, 123, 138, 140, 151, 168, 180, 181, 
182, 183, 199, 200, 219, 239, 246, 248, 254, 257, 
259, 263, 270, 271, 297, 299, 306, 315, 316, 317, 
318, 319, 320, 321, 322, 323, 324, 325, 326, 327, 
328, 329, 331, 337, 339, 340, 341, 342, 343, 346, 
353, 355, 367, 368, 369, 371, 373, 377, 381 

computed tomography, 83 
COMT, 138, 140 
configuration, 281 
conjugation, 62, 91, 92, 93, 94, 96, 97, 180, 317, 357 
connexin 43, 303 
consensus, 30 
consumption, 83, 128, 133, 272, 288, 304, 315, 327, 

328, 330, 333, 355 
contact dermatitis, 66, 115, 167, 286, 294 
contrast medium-induced nephropathy, 353, 357, 

359, 365 
controlled trials, 42, 247, 254, 272, 273, 278, 288, 

289, 297, 304, 305, 306, 333, 334, 335, 359 
controversies, 66, 76, 111, 116, 288, 290 
convulsion, 65 
coordination, 340, 345 
COPD, 324, 332, 356, 359, 362 
copper, 3, 6, 33, 34, 217, 224, 225, 226, 228, 252, 

283, 319, 323, 345, 350, 370, 375 
CoQ10, 244, 245, 246, 247, 257 
CoQ10 deficiencies, 245, 246, 257 
CoQ10H., 245 
CoQ10H2, 245 
COQ3, 244 
COQ7, 245 
COQ8, 244 
coronary angioplasty, 41, 45 
coronary artery bypass graft, 188, 359 
coronary artery disease, 79, 83, 213, 214 
coronary heart disease, 98, 101, 155, 188, 194, 206, 

207, 209, 214, 243, 244, 304, 327, 333 
correlation, 40, 74, 87, 206, 243, 254 
cortex, 78 
cortical neurons, 386 
cosmetics, 284, 286 
C-reactive protein, 188, 207, 214, 257 
creatinine, 115, 167, 371 
crocetin, 300, 301, 308 



Index 397 

cross-sectional study, 312 
CRP, 214 
cryptorchidism, 116, 121 
Cu,ZnSOD, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 

248 
Cul3/Rbx1-based E3-ubiquitin ligase complex, 24 
culture, 43, 65, 88, 129, 138, 260, 319, 330, 380 
culture media, 319 
curcumin, 315, 316, 321, 322, 324, 325, 326, 331, 

333, 334, 384 
cycling, 5, 7, 77, 128, 180, 181 
cyclooxygenase, 371 
cyclooxygenase-2, 371 
cyclooxygenases, 283, 300, 319 
cyclophosphamide, 64, 97, 101, 345, 347, 356 
cyclosporine, 38, 167, 270, 293, 302, 310, 363 
cyclosporine A, 38, 167, 270, 293, 302 
Cys311Ser, 205, 214 
cysteine, 15, 25, 60, 61, 63, 65, 67, 68, 69, 70, 97, 

103, 104, 111, 112, 113, 124, 126, 144, 146, 147, 
150, 151, 199, 205, 217, 219, 224, 225, 226, 353, 
354, 358, 360, 361, 362, 363, 364, 365 

cysteine 284, 199 
cysteine S-conjugate -lyase, 97 
cysteine-rich protein, 25 
cystic fibrosis, 68, 71, 359, 365 
cytochrome, 6, 153, 157, 160, 180, 309 
cytochrome P450 reductase, 180 
cytochromes, 47 
cytocuprein, 33 
cytokines, 15, 39, 54, 64, 105, 113, 127, 161, 162, 

166, 184, 219, 225, 246, 252, 276, 283, 319, 354, 
356, 370, 373, 380 

cytoplasm, 60 
cytoprotectant, 255 
cytoprotection, 30, 88, 161, 186, 240, 246 
cytosine, 187 
cytosol, 34, 74, 85, 104, 111, 113, 115, 124, 135, 

143, 149, 218, 220 
cytosolic ferritin, 218 
cytosolic GPx, 74 
cytosolic GSTs, 91, 92 
cytotoxicity, 78, 87, 94, 97, 163, 168, 183, 184, 192, 

193, 229, 242 
 

D 

D-29 allele, 189 
DAF-16/FOXO, 151, 156 
daidzein, 325 
deafness, 247 
decaprenyl diphosphate, 244 

decaprenyl diphosphate synthase, 244 
decarboxylation, 244 
decomposition, 47, 48, 73, 75, 78, 93, 218, 267, 275, 

342 
defects, 65, 69, 103, 107, 111, 117, 247 
defense mechanisms, 29, 54 
deficiencies, 56, 245, 246, 257, 356, 362 
deficiency, 6, 37, 38, 43, 44, 47, 51, 52, 54, 55, 62, 

65, 67, 69, 71, 74, 78, 83, 85, 86, 87, 88, 89, 96, 
97, 98, 100, 102, 106, 131, 137, 138, 152, 153, 
167, 169, 172, 175, 176, 183, 187, 192, 193, 202, 
211, 212, 219, 223, 229, 231, 234, 236, 260, 266, 
268, 269, 270, 274, 276, 283, 284, 285, 287, 288, 
289, 291, 292, 299, 351, 365 

degeneration, 16, 41, 49, 65, 119, 152, 186, 209, 
222, 229, 231, 236, 291, 302, 305, 308, 311, 355, 
364, 381, 382 

deglutathionylation, 62, 63, 103, 104, 144 
degradation, 13, 14, 24, 38, 43, 49, 54, 145, 159, 

160, 161, 165, 181, 186, 190, 199, 268 
dehydroascorbate, 62, 63, 104, 267, 276 
dehydroascorbate reductase, 62, 63 
delphinidin, 316 
delta state, 4 
dendrimers, 377 
dendritic cell, 307 
deoxycorticosterone acetate, 242 
dephosphorylation, 62, 103 
depigmentation, 154 
DEPMPO, 368 
depolarization, 64 
deposition, 153, 169, 223 
depression, 229 
derivatives, 36, 49, 50, 51, 53, 55, 179, 180, 248, 

259, 268, 269, 284, 285, 286, 340, 344, 367, 368, 
369, 370, 371, 375, 377, 379, 380, 381, 382, 383, 
384, 385, 386, 387, 388 

dermatitis, 16, 66, 115, 167, 175, 274, 286, 294 
desferrioxamine, 270, 276 
destruction, 37, 116, 121, 369 
detoxification, 11, 13, 15, 26, 28, 53, 62, 79, 85, 87, 

91, 93, 94, 95, 96, 98, 99, 112, 126, 180, 188, 
195, 199, 240, 241, 267, 300, 303, 327, 356, 357, 
358 

dexamethasone, 200, 211 
dextran sulfate sodium, 302, 309, 370, 375 
DHA, 267 
diabetes, 17, 33, 36, 40, 43, 45, 47, 50, 52, 53, 54, 

55, 56, 59, 64, 68, 69, 71, 76, 78, 79, 81, 83, 88, 
91, 98, 101, 102, 103, 107, 111, 114, 115, 117, 
119, 122, 127, 155, 162, 167, 172, 176, 187, 188, 
194, 195, 197, 201, 202, 207, 209, 212, 214, 217, 
224, 227, 229, 232, 233, 236, 242, 243, 244, 246, 



Index  398 

247, 249, 250, 251, 254, 256, 257, 259, 261, 269, 
276, 285, 288, 289, 292, 295, 301, 302, 306, 312, 
313, 322, 323, 331, 339, 343, 348, 349, 353, 355, 
359, 360, 365, 369, 374 

diabetic cardiomyopathy, 43, 50, 114, 227, 233, 330, 
355 

diabetic complications, 37, 50, 114, 162, 207, 227, 
229, 249, 269, 285, 301, 322, 343, 355 

diabetic embryopathy, 37 
diabetic nephropathy, 51, 78, 82, 115, 119, 162, 166, 

167, 257, 270, 286, 293, 302, 309, 325, 345, 357 
diabetic neuropathy, 43, 56, 285, 292 
diabetic patients, 207, 214 
diabetic polyneuropathies, 250 
diabetic renal injury, 36 
diabetic retinopathy, 302 
diacylglycerol, 202, 211 
diacylglycerol acyltransferase-1, 202 
diagnosis, 291, 377 
diagnostic imaging, 377 
dialysis, 51 
diazoxon, 199, 204 
dichloroacetic acid, 95, 100 
dicumarol, 182, 185, 186 
diet, 21, 22, 26, 77, 127, 131, 156, 188, 201, 202, 

211, 222, 226, 227, 233, 234, 263, 266, 282, 292, 
297, 298, 299, 302, 304, 306, 307, 308, 315, 320, 
323, 327, 329, 330, 331, 332, 355, 356, 361, 371, 
375 

dietary intake, 271, 274, 283, 286, 299, 301, 303, 
304, 305, 316, 318, 327 

dietary supplementation, 300, 305, 323, 325, 358 
diethyl phosphate, 198 
diethyldithiocarbamate, 36, 369, 374 
diffusion, 8, 10, 11, 319 
digestion, 322 
diglucuronide, 240 
dihydrolipoic acid, 245, 249, 250, 342 
dihydronicotinamide riboside, 179 
dilated cardiomyopathy, 36, 37, 38, 129, 138, 380 
dimerization, 136 
DIO1, 73 
DIO2, 73 
DIO3, 73 
dioxin, 182 
disability, 372 
disease progression, 15, 260, 287, 321 
diselenide, 342, 344 
dismutation, 3, 5, 8, 21, 33, 34, 35, 48, 53, 341, 378, 

385 
disorder, 50, 52, 67, 87, 154, 189, 203, 208, 221, 

242, 243, 287, 345, 357, 367 
dissociation, 25 

disturbances, 215, 355 
disulfide bridge, 86, 103, 104, 111, 112, 125, 144, 

199 
ditelluride, 342 
dithiol Grxs, 104 
dithiolethiones, 86, 101, 219, 230 
dithiothreitol, 151 
DMPO, 369, 373 
DNA, 10, 12, 13, 14, 18, 30, 35, 36, 39, 40, 44, 51, 

66, 78, 83, 97, 111, 113, 127, 128, 132, 136, 140, 
181, 184, 187, 193, 194, 195, 213, 215, 219, 222, 
227, 229, 233, 267, 270, 293, 303, 326, 327, 332, 
333, 335, 350, 358, 363, 371 

DNA adduct, 187, 194 
DNA damage, 14, 39, 44, 51, 66, 78, 127, 181, 184, 

215, 222, 227, 229, 233, 270, 326, 332, 333, 335, 
350, 358, 363, 371 

DNA lesions, 184, 193 
DNA repair, 136, 332 
DNA strand breaks, 13 
DNA synthesis, 111 
docosahexaenoic acid, 199 
dogs, 387 
donors, 75, 112, 179 
dopamine, 95, 153, 157, 185, 188, 193, 292 
dopamine metabolism, 188 
dopamine toxicity, 186 
dopamine-derived quinone, 95, 186 
dopaminergic, 55, 96, 100, 153, 157, 164, 173, 186, 

189, 221, 222, 231, 232, 234, 260, 269, 308, 356, 
381 

dopaminergic midbrain neurons, 221 
dopaminergic neuron, 55, 96, 100, 164, 173, 186, 

189, 221, 222, 260, 308, 356 
dosage, 204, 273, 289 
dose-response relationship, 255, 329 
dosing, 272 
Down's syndrome, 208, 215 
doxorubicin, 5, 49, 54, 64, 66, 107, 108, 114, 226, 

233, 255, 307, 358, 363, 381, 382, 386, 387 
Drosophila, 55, 86, 87, 88, 96, 100, 114, 117, 119, 

127, 129, 133, 152, 153, 203, 213, 382 
Drosophila melanogaster, 86, 87, 88, 114, 117, 127, 

129, 152, 153, 203, 382 
drug abuse, 189 
drug delivery, 378, 383 
drug resistance, 66, 97, 98, 101, 113, 116, 118, 229 
drug targets, 350 
drug therapy, 168, 207 
drugs, 6, 26, 37, 38, 49, 64, 66, 69, 94, 97, 98, 165, 

166, 168, 183, 191, 192, 199, 200, 207, 228, 245, 
302, 356, 360, 373, 376, 377, 383 

DT-diaphorase, 179, 191, 194 



Index 399 

duodenum, 268 
dusts, 6, 38 
dyes, 180 
dysarthria, 287 
dyslipidemia, 184 
dyspepsia, 312 
d- -tocopherol, 282 

 

E 

ebselen, 76, 342, 343, 344, 345, 346, 347, 349, 350 
ECSOD, 33, 34, 36, 37, 38, 39, 248 
edema, 185, 273, 370 
eGPx, 74 
eicosanoids, 93 
electron, 4, 5, 6, 7, 9, 11, 62, 73, 75, 86, 105, 111, 

112, 135, 136, 144, 145, 149, 150, 160, 179, 180, 
181, 182, 183, 186, 245, 246, 267, 340, 367, 369, 
373 

electron paramagnetic resonance, 367, 373 
electron transport chain, 5, 7, 145, 182, 245, 246, 

369 
electrons, 4, 86, 124, 267, 340, 379 
electrophiles, 59, 62, 66, 97, 161, 181, 225 
electrophilic carcinogens, 303, 327 
elongation, 155 
embryogenesis, 137, 139 
embryonic development, 74, 76, 106, 117, 137 
embryonic fibroblasts, 106 
embryonic kidney cell, 145 
embryonic lethality, 106, 113, 114, 118, 137, 152, 

220, 221, 231 
emphysema, 115, 120, 301, 308 
encephalomyelitis, 227, 234, 242, 253, 260 
encephalomyopathy, 246 
encephalopathy, 246, 247 
encoding, 87, 129, 224, 245, 265, 268 
endocrine, 74 
endocrine dysfunction, 74 
endoplasmic reticulum, 48, 124, 150, 159, 210, 233, 

380 
endothelial activation, 71, 126, 131, 359, 364, 365 
endothelial cells, 54, 139, 193, 222, 274, 319, 386 
endothelial dysfunction, 268, 321, 328, 343, 348 
endothelial growth factor, 122, 226, 328, 334 
endothelial nitric oxide, 285, 319, 330 
endothelial sloughing, 242 
endothelin receptor, 114, 119 
endothelium, 50, 55, 276, 277, 347 
endotoxemia, 176, 243, 257, 287, 375 
endotoxic shock, 39, 45, 257, 277 

endotoxin, 65, 77, 121, 128, 129, 133, 234, 242, 243, 
256, 307, 324, 344, 346, 349, 364 

energy metabolism, 249, 320, 321, 323, 325, 370 
energy transfer, 13 
eNOS, 319 
environmental factors, 188 
environmental tobacco, 195 
enzymatic activity, 33, 97, 164, 189, 199, 318 
enzyme induction, 101 
enzymes, vii, 5, 6, 7, 8, 9, 11, 12, 13, 17, 22, 25, 26, 

27, 31, 33, 36, 40, 42, 47, 53, 54, 60, 64, 66, 67, 
73, 82, 88, 91, 92, 93, 95, 98, 103, 112, 123, 124, 
130, 135, 136, 137, 143, 149, 151, 154, 159, 162, 
169, 170, 179, 180, 182, 186, 187, 188, 190, 193, 
195, 197, 201, 202, 203, 204, 206, 208, 209, 217, 
219, 222, 244, 245, 248, 249, 250, 251, 255, 258, 
259, 265, 266, 283, 284, 294, 299, 301, 302, 303, 
308, 317, 318, 319, 322, 323, 324, 326, 327, 329, 
337, 339, 340, 342, 343, 344, 356, 367, 368, 372, 
377 

eosinophilia, 293, 308 
eosinophils, 184 
epidemiological studies, 68, 79, 98, 186, 187, 188, 

190, 197, 206, 207, 209, 224, 230, 243, 244, 254, 
265, 271, 272, 287, 288, 290, 297, 304, 305, 306, 
315, 327, 328, 329 

epidermis, 51, 56, 133, 154, 158, 167, 235, 293 
epididymal GPx, 74 
epididymal lumen, 74, 78 
epididymidis, 78 
epididymis, 74 
epigallocatechin-3-gallate, 316, 317, 319, 324, 326, 

328, 329, 331, 333, 335 
epigenetic modifications, 151, 156 
epigenetic regulation, 35 
epigenetic silencing, 35 
epirubicin, 187 
epistasis, 56 
epithelia, 203, 212, 224 
epithelial cells, 55, 82, 107, 109, 145, 164, 185, 194, 

301, 302, 308, 310, 332, 333, 356, 362 
epithelial-mesenchymal transition, 167, 175, 222, 

232 
epithelium, 74, 153, 157, 250, 382, 387 
EPR, 367, 368, 370, 373 
equipment, 135 
erdosteine, 354, 362 
erectile dysfunction, 45, 209, 216, 287 
erythrocuprein, 3, 33 
erythrocyte, 47, 80, 83, 84, 133 
erythrocytes, 44, 56, 67, 74 
ES936, 182, 186, 191 
Escherichia coli, 104, 108, 111, 118, 213 



Index  400 

ester, 64, 65, 66, 144, 146, 162, 354, 355, 356, 361, 
362, 363, 364 

esterases, 209, 354 
estradiol, 247, 248, 258 
estriol, 247 
estrogen, 183, 184, 187, 192, 194, 199, 247, 248, 

258, 319, 333 
estrogen carcinogenesis, 183 
estrogen quinones, 187 
estrogen receptor, 248, 258 
estrogens, 183, 239, 247, 248, 249, 254 
estrone, 247 
ethanol, 49, 50, 65, 77, 96, 115, 120, 128, 133, 252, 

270, 356 
ethanol-induced liver injury, 50, 252 
ethyl pyruvate, 251, 252, 259 
etiology, 358 
EUK series, 340 
EUK-134, 340, 344, 346, 349, 351 
EUK-189, 340, 345 
EUK-207, 340 
EUK-418, 340 
EUK-423, 340 
EUK-8, 340, 344, 379 
eukaryotic cell, 143 
eukaryotic translation initiation factor, 181, 190 
excision, 326, 332 
excitation, vii, 3, 12, 13 
excited nitric dioxide, 10 
excitotoxicity, 164, 173, 227, 370, 374 
excretion, 180, 194 
exencephaly, 114, 118 
exercise, 52, 56, 254, 260, 305, 312 
exercise performance, 52, 56 
exons, 161, 169 
experimental autoimmune encephalomyelitis, 234, 

242 
experimental condition, 39, 105, 124, 135, 151, 268, 

303, 321, 346, 381 
exploration, 254 
exposure, 6, 17, 64, 77, 86, 120, 128, 163, 185, 187, 

195, 213, 228, 234, 237, 308, 350, 370, 382 
extracellular matrix, 307 
extracellular space, 34, 111, 113, 124 
extracellular superoxide dismutase, 44, 45 
eye diseases, 311 

 

F 

F2-isoprostane, 185 
FAD, 86, 87, 136 
falciparum malaria, 89 

familial amyotrophic lateral sclerosis, 40, 41, 42, 45, 
138, 141, 381 

farnesyl diphosphate, 244 
Fas-Fas ligand, 165, 173 
fasting, 172 
fat, 127, 155, 158, 173, 201, 211, 226, 227, 233, 234, 

297, 308, 323, 331, 332, 356 
fatty liver, 16, 38, 43, 66, 184, 224, 232, 307, 325, 

332, 356 
fava beans, 87 
favism, 85, 87 
Fenton reaction, 6, 8, 9, 161, 220 
Fenton-type reaction, 6, 9, 217, 226, 378 
ferric ion, 268 
ferrioxidase, 218, 222 
ferriprotoporphyrin IX, 48 
ferritin, 22, 25, 31, 161, 217, 218, 219, 220, 221, 

222, 223, 224, 230, 231, 232, 256 
ferritin heavy subunit, 25, 218, 219, 220, 221, 222, 

223 
ferritin light subunit, 219, 221, 222, 223 
ferritin nanocage, 218 
ferrous ion, 160, 239, 268 
fertility, 37, 75 
FeSOD, 34 
FeTMPS, 342 
FeTMPyP, 342 
FeTPPS, 342 
fetus, 37 
fibers, 6, 246 
fibrinolysis, 173 
fibroblasts, 78, 82, 106, 116, 121, 126, 131, 156 
fibrosis, 43, 51, 55, 56, 68, 71, 114, 120, 165, 167, 

173, 175, 212, 228, 233, 235, 242, 249, 256, 258, 
259, 270, 276, 292, 301, 308, 324, 332, 344, 348, 
356, 359, 362, 365, 366 

filament, 172 
first-pass effect, 377 
fisetin, 320 
flaky skin mouse model, 326, 333 
flavonoids, 29, 312, 315, 316, 325, 326, 328, 329, 

331, 333 
flavoprotein, 6, 85 
flavoprotein dehydrogenase, 6 
fluid, 75, 115, 267, 273, 276, 278 
foam cell, 202, 321 
folate, 260 
follicles, 154, 326, 333 
forkhead transcription factor, 49, 125 
free radical, 3, 4, 7, 10, 11, 12, 13, 34, 38, 94, 212, 

218, 254, 367, 368, 369, 370, 372, 373, 374, 379, 
380, 381, 382, 384, 385, 386 



Index 401 

free radicals, 3, 4, 12, 17, 218, 367, 368, 369, 370, 
373, 379, 380 

frequency distribution, 169 
fruits, 265, 271, 297, 299, 315, 317, 327, 329 
FT-Raman spectroscopy, 154 
fucoxanthin, 301, 308 
fudosteine, 354 
fullerene, 6, 270, 277, 340, 344, 347, 377, 379, 380, 

381, 382, 383, 384, 385, 386, 387, 388 
fullerenols, 379 
fulminant hepatitis, 370, 375 
fusion, 37, 43 

 

G 

GABAergic, 269 
gait, 153 
-glutamyl transpeptidase, 97 
-glutamylcysteine, 67 
-glutamylcysteine ligase, 25, 59, 60, 61, 87 
-glutamylcysteine synthetase, 60 
-glutamylcysteinylglycine, 60  
-irradiation, 229, 326 
-tocopherol, 282, 285, 286, 287, 288, 289 

gamma-tocopherol, 293, 295 
gangrene, 47, 53 
gap junctional communication, 303 
gastric adenocarcinoma, 170, 177 
gastric cancer, 188 
gastric mucosa, 38, 115, 120, 270, 286, 293, 349 
gastric noncardia adenocarcinoma, 289 
gastritis, 115, 121, 273 
gastrointestinal diseases, 165, 302, 332, 345 
gastrointestinal GPx, 74 
gastrointestinal stromal tumor, 170 
gastrointestinal tract, 74, 77, 325 
GCL, 60, 61, 63, 64, 67 
GCLC, 60, 61, 63, 65, 67 
GCLM, 60, 61, 63, 64, 65, 67 
GCS, 60 
gene delivery, 49, 114, 118, 126, 176 
gene expression, 23, 24, 25, 29, 35, 49, 61, 75, 76, 

87, 93, 125, 131, 137, 151, 154, 155, 161, 181, 
182, 185, 189, 191, 193, 194, 200, 210, 211, 225, 
234, 235, 257, 258, 284, 300, 330, 360, 369, 370, 
374 

gene knockdown, 200 
gene knockout, 36, 37, 39, 47, 49, 51, 63, 64, 73, 76, 

79, 86, 88, 95, 96, 97, 106, 113, 126, 137, 139, 
151, 162, 164, 169, 185, 200, 204, 206, 225 

gene mutations, 67, 88, 243 

gene polymorphism, 40, 42, 47, 52, 53, 57, 67, 79, 
91, 98, 99, 107, 117, 130, 138, 158, 169, 170, 
179, 184, 186, 187, 188, 189, 190, 204, 205, 206, 
207, 208, 213, 214, 215, 236, 237, 243 

gene promoter, 151, 169, 176, 177, 181, 182, 189, 
191, 193 

gene therapy, 28, 30, 40, 42, 106, 108, 119, 235 
gene transfer, 39, 128, 162, 164, 165, 166, 173, 174, 

200, 201, 202, 211, 228 
genes, 23, 24, 25, 28, 29, 30, 34, 35, 36, 40, 42, 43, 

54, 56, 60, 67, 71, 74, 76, 82, 83, 92, 94, 117, 
118, 135, 137, 141, 150, 161, 177, 179, 186, 188, 
193, 194, 195, 213, 214, 218, 219, 223, 224, 225, 
226, 227, 228, 229, 233, 236, 245, 246, 257, 258, 
291, 332 

genetic alteration, 128 
genetic defect, 247, 283 
genetic disorders, 217 
genetic manipulations, 343 
genetic variation, 40, 52, 99, 117, 118, 139, 153, 

206, 223, 224, 229, 243, 287 
genistein, 315, 316, 317 
genome, 36, 155 
genotoxicity, 183, 184 
genotype, 83, 89, 98, 101, 102, 177, 186, 187, 188, 

189, 194, 206, 207, 208, 215, 288, 295 
gentamicin, 203, 302, 310 
germline, 36 
gestational diabetes, 224, 232 
GI-GPx, 74, 80 
gland, 250, 269 
glial cells, 127 
glioblastoma, 277 
glioblastoma multiforme, 277 
glioma, 371, 373, 375 
gliomas, 188 
Gln192Arg, 205, 214, 216 
global ischemia, 64, 127 
globins, 47 
glucocorticoid, 161, 200, 225 
glucocorticoid response element, 161, 200, 225 
glucokinase, 323 
gluconeogenetic enzyme, 323 
glucose, 64, 69, 76, 86, 127, 132, 172, 184, 188, 200, 

202, 207, 210, 212, 214, 232, 269, 275, 301, 302, 
310, 322, 323, 334, 345, 355, 359, 361, 365 

glucose homeostasis, 127, 269, 275 
glucose intolerance, 127, 184, 345 
glucose regulation, 323 
glucose tolerance, 132, 188 
glucose transporter GLUT2, 322 
glucose-6-phosphate dehydrogenase, 86 
glucoside, 276 



Index  402 

glucuronidation, 240, 243 
glutamate, 30, 59, 60, 68, 69, 70, 71 
glutamatergic, 164, 269 
glutamine, 123, 205 
glutamine synthase, 123 
glutaredoxin, 62, 75, 103, 108, 109 
glutathione, 11, 12, 13, 22, 23, 25, 28, 31, 47, 50, 55, 

59, 60, 61, 62, 63, 68, 69, 70, 71, 73, 75, 80, 81, 
82, 83, 84, 85, 86, 87, 88, 89, 91, 92, 93, 94, 99, 
100, 101, 102, 103, 104, 105, 108, 112, 123, 128, 
135, 136, 139, 140, 143, 144, 151, 195, 199, 239, 
240, 248, 249, 255, 267, 276, 332, 337, 339, 342, 
347, 353, 361, 362, 363, 364, 365 

glutathione conjugation, 94 
glutathione disulfide, 85, 86, 93, 105, 136 
glutathione peroxidase, 11, 47, 55, 62, 73, 80, 81, 82, 

83, 84, 87, 88, 93, 123, 128, 139, 339, 342, 347 
glutathione precursors, 337 
glutathione reductase, 88, 89, 105, 135, 136 
glutathione S-transferase, 28, 62, 87, 88, 92, 99, 100, 

101, 102, 195 
glutathione synthetase, 59, 60, 61, 70, 87 
glutathione transferase, 91, 99, 100, 101 
glutathionylated proteins, 103, 104 
glutathionylation, 95, 103, 104, 113, 146 
glycerol, 293 
glycine, 59, 60, 67 
glycogenesis, 323 
glycol, 41, 165, 173 
glycolysis, 251 
glycosylation, 137 
gold compound, 140 
gout, 253 
gp91phox, 5 
GPx, 73, 74, 75, 76, 77, 78, 79, 80, 83, 339, 341, 

342, 343, 344, 346 
GPx mimetics, 341, 342 
GPx1, 73, 74, 75, 76, 77, 78, 79 
GPx2, 74, 75, 77, 78 
GPx3, 74, 75, 76, 77, 78, 79 
GPx4, 74, 75, 76, 77, 78, 80, 81, 82 
GPx5, 73, 74, 75, 78, 79 
GPx6, 73, 74, 75 
GR, 85, 86, 87, 88 
Gr1a1Neu, 86, 87, 88 
graft dysfunction, 38 
granulocytes, 184 
growth factor, 122, 126, 127, 165, 167, 222, 226, 

277, 300, 328, 334 
growth rate, 252 
Grx, 103, 104, 105, 106, 107 
Grx1, 104, 106, 107 
Grx2, 104, 107 

Grx3, 104, 106, 107 
Grx4, 104 
Grx5, 103, 104, 107, 108 
GSH, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 

73, 75, 77, 85, 86, 87, 88, 91, 92, 93, 94, 96, 97, 
103, 104, 105, 124, 136, 144, 353, 354, 355, 356, 
357, 358, 359, 360, 364 

GSH diethyl ester, 354 
GSH ethyl ester, 64, 65, 66 
GSH monoethyl ester, 354, 355, 356 
GSH precursors, 64, 65, 66, 67, 68, 353, 354, 355, 

356, 359, 360 
GSH-dependent oxidoreductases, 103, 104 
GSS, 60, 61, 67 
GSSG, 75, 85, 86, 105, 136 
GST, 91, 92, 93, 94, 95, 96, 97, 98, 102 
GSTA1, 92 
GSTA2, 92 
GSTA3, 92, 96 
GSTA4, 92, 96, 98 
GSTA5, 92 
GSTK, 93 
GSTM1, 91, 92, 95, 98, 101, 102, 194, 195 
GSTM2, 92 
GSTM3, 92 
GSTM4, 92 
GSTM5, 92 
GSTO1, 92 
GSTP, 94, 96, 97 
GSTP1, 92, 96, 215 
GSTS1, 92 
GSTT1, 91, 92, 98, 101, 102, 194 
GSTT2, 92 
GSTZ, 95, 96 
GSTZ1, 92, 96, 97 
GTPase, 5 
GULO, 268, 269 
gulonolactone oxidase, 265, 268 
Gunn rat, 241, 242, 243, 255, 256, 257 

 

H 

H1N1, 358, 364 
H2O2, 8, 9, 12, 34, 48, 75, 125, 131, 132, 145, 154, 

378 
Haber-Weiss reaction, 8 
hair, 154, 158, 326, 333, 383, 388 
hair follicle, 154, 326, 333 
hair follicles, 154, 326, 333 
hair graying, 154, 158 
hairless, 310, 311 
half-life, 42 
halogen, 69, 94, 99 



Index 403 

halogen-containing compounds, 69, 94, 99 
haploid, 82 
haplotypes, 45, 141, 176, 215 
haptoglobin, 288, 295 
Harderian gland, 250 
harmful effects, 381 
HDL, 18, 197, 199, 201, 202, 204, 213 
hearing loss, 65, 69, 358, 364 
heart disease, 68, 98, 101, 152, 155, 188, 194, 206, 

207, 209, 214, 224, 226, 232, 243, 244, 268, 272, 
304, 327, 333 

heart failure, 36, 45, 49, 54, 64, 76, 103, 107, 113, 
126, 127, 162, 246, 278, 300, 321, 322, 331, 343, 
355 

heat stress, 116 
heavy metal, 137, 217, 225, 229 
heavy metals, 66, 161, 166, 217, 224, 225, 227 
Heinz body, 129 
Helicobacter pylori, 209, 215, 228, 235, 273, 279, 

286, 293, 302, 306, 312, 325, 356, 360 
hematocrit, 345 
hematopoiesis, 137, 139 
hematotoxicity, 183 
heme, 11, 18, 25, 47, 48, 66, 70, 107, 114, 118, 136, 

159, 160, 161, 163, 165, 166, 170, 171, 172, 173, 
174, 175, 176, 177, 219, 221, 239, 241, 255, 256, 
341, 371, 373 

heme oxygenase, 18, 25, 66, 70, 114, 118, 136, 159, 
170, 171, 172, 173, 174, 175, 176, 177, 221, 239, 
241, 255, 256, 371, 373 

heme ring, 239 
hemin, 162, 163, 165, 242, 256, 349 
hemodialysis, 274, 279 
hemoglobin, 74, 80, 129, 159, 240, 257, 345, 369 
hemoglobin glycation, 369 
hemolysis, 56, 243 
hemolytic anemia, 39, 59, 67, 70, 87, 129, 169 
hemorrhage, 163, 172, 222, 266, 346, 350 
hemorrhagic shock, 252, 253, 260 
hepatic cell death, 202, 222 
hepatic diseases, 324 
hepatic failure, 358 
hepatic fibrosis, 120, 249, 258 
hepatic injury, 38, 115, 201, 227, 275 
hepatic lipid accumulation, 37, 38, 43, 133 
hepatitis, 18, 96, 120, 154, 158, 176, 208, 209, 215, 

302, 309, 325, 370, 375 
hepatitis a, 96, 370 
hepatitis B, 154, 158, 209 
hepatitis B virus, 154, 158 
hepatitis c, 120 
hepatitis C virus, 18, 176, 208 

hepatocarcinogenesis, 39, 44, 70, 309, 350, 358, 363, 
371 

hepatocellular cancer, 155 
hepatocellular carcinoma, 30, 45, 154, 158, 168, 229, 

236, 371, 375 
hepatocuprein, 33 
hepatocyte growth factor, 328, 334 
hepatocyte regeneration, 228 
hepatocytes, 165, 166, 174, 176, 200, 210, 240, 361 
hepatosplenomegaly, 107 
hepatotoxicity, 38, 39, 50, 65, 69, 77, 82, 96, 100, 

165, 166, 203, 235, 270, 286, 302, 325, 344, 370, 
374, 382, 386, 387 

hepatotoxins, 50 
herbicide, 370 
hereditary catalase deficiency, 47, 52 
hereditary ferritinopathies, 223 
hereditary GR deficiency, 85 
hereditary hyperferritinemia cataract syndrome, 223 
heterogeneity, 359 
heteropolymers, 218 
heterozygous, 36, 38, 63, 97, 137, 163, 183, 220, 

221, 223 
hexasulfonated C60 fullerene, 381 
H-ferritin mRNA, 223 
HHCS, 223 
HIF-1 , 271 
high blood pressure, 162, 250 
high fat, 323 
high-density lipoprotein, 152, 197, 210 
high-fat diet, 127, 201, 211, 226, 227, 233, 308, 323, 

332, 356 
high-sucrose diet, 355, 361 
hippocampal dentate gyrus, 163 
hippocampus, 77, 153 
histology, 243, 289 
histone, 145, 146, 268, 322, 331 
histone acetylation, 145, 146 
histone deacetylase, 145 
histone demethylation, 268 
HIV, 67, 140, 209, 215, 287, 289, 294, 295, 327, 

333, 358, 360 
HIV infection, 67, 209, 287, 289, 327, 333, 360 
HIV-1, 140, 294, 295 
HO, 159, 160, 161, 162, 163, 164, 165, 166, 167, 

169, 170 
HO-1, 136, 159, 160, 161, 162, 163, 164, 165, 166, 

167, 168, 169, 170, 175, 177, 255, 371 
HO-2, 159, 160, 161, 162, 163, 166, 167, 170, 171, 

176 
HO-3, 159 
HOBr, 13 
HOCl, 9, 12 



Index  404 

homeostasis, 11, 14, 17, 64, 77, 85, 87, 103, 105, 
106, 107, 108, 127, 143, 144, 166, 174, 217, 219, 
230, 232, 269, 275 

homocysteine, 184, 260 
homodimer, 34, 86, 124 
homolysis, 6 
homolytic, 9 
homolytic cleavage, 9 
homopolymers, 218 
homotetramer, 48 
homozygosity, 98 
homozygous, 36, 37, 63, 65, 76, 88, 91, 97, 98, 106, 

113, 118, 137, 154, 186, 187, 200, 220, 221, 380 
HONO, 10 
HOSCN, 13 
host, 7, 11, 185, 212 
host defense, 11 
human brain, 134 
human subjects, 16, 26, 33, 40, 52, 53, 79, 96, 98, 

99, 107, 111, 117, 130, 135, 139, 146, 153, 155, 
159, 170, 186, 190, 204, 205, 208, 209, 217, 223, 
244, 250, 254, 288, 289, 290, 299, 303, 305, 306, 
317, 327, 328, 329, 339, 346, 359, 372, 373 

humanized mouse, 267, 275 
humanized mouse model, 267, 275 
humoral immunity, 185, 193 
hydrogen, 3, 4, 5, 6, 8, 9, 11, 12, 13, 21, 28, 33, 34, 

35, 47, 48, 49, 50, 51, 52, 53, 54, 56, 62, 73, 75, 
99, 112, 123, 124, 125, 126, 129, 133, 145, 154, 
158, 180, 219, 230, 251, 252, 267, 277, 283, 298, 
339, 340, 341, 342, 378, 379, 380, 385 

hydrogen abstraction, 283 
hydrogen atoms, 298 
hydrogen peroxide, 3, 4, 5, 6, 8, 9, 12, 13, 21, 28, 33, 

34, 35, 47, 48, 49, 50, 51, 52, 53, 54, 56, 62, 73, 
75, 99, 112, 123, 124, 125, 126, 129, 133, 145, 
154, 158, 180, 219, 230, 251, 252, 267, 277, 339, 
340, 341, 342, 378, 379, 380, 385 

hydrolysis, 60, 198, 199, 204, 205 
hydronephrosis, 38, 44 
hydroperoxides, 18, 73, 75, 77, 78, 93, 94, 112, 123, 

124, 125, 198, 214, 218, 267, 275, 342 
hydroquinone, 181 
hydroxycarboxylic acid, 199 
hydroxyl, 4, 6, 8, 9, 10, 13, 18, 161, 180, 217, 219, 

220, 225, 226, 251, 252, 266, 315, 317, 318, 371, 
378, 379, 380, 385 

hydroxyl groups, 266, 315, 317, 379 
hydroxyl radical, 4, 8, 9, 10, 13, 18, 180, 217, 225, 

251 
hydroxylation, 244, 268 
hyperbilirubinemia, 241, 242, 243, 255 
hyperferritinemia, 223, 224, 231 

hyperglycemia, 37, 127, 162, 172, 301, 310, 322, 
355, 369 

hyperleptinemia, 227, 234 
hyperlipidemia, 98, 211, 304, 311, 327 
hypermethylation, 35 
hyperoxia, 37, 50, 55, 65, 77, 81, 87, 88, 108, 127, 

132, 144, 145, 146, 152, 161, 164, 173, 185, 242, 
256, 356, 362, 370, 374 

hyperoxidation, 126, 143, 146 
hyperoxidized peroxiredoxins, 143 
hyperplasia, 120, 183, 185, 191, 192, 211, 256, 293 
hypersensitivity, 70, 115, 121, 175 
hypertension, 36, 38, 44, 45, 49, 52, 53, 56, 59, 64, 

68, 69, 76, 95, 100, 113, 118, 162, 176, 242, 246, 
248, 254, 255, 268, 272, 284, 300, 301, 304, 311, 
321, 322, 327, 343, 349, 355, 361, 369 

hypertriglyceridemia, 117 
hypertrophy, 49, 51, 103, 107, 108, 109, 114, 118, 

261, 300, 307, 321, 322, 331, 355, 361 
hypobromous acid, 13 
hypocatalasemic mice, 47 
hypochlorous acid, 4, 13 
hypoplasia, 138 
hyporeflexia, 287 
hypotension, 79, 243 
hypothesis, 231, 258, 260, 278 
hypothiocyanous acid, 13 
hypoxanthine, 6, 252, 253 
hypoxia, 64, 130, 140, 152, 156, 161, 233, 259, 268, 

275 
hypoxia-inducible factor, 64, 140, 161, 275 
hypoxia-inducible factor-1 , 64 

 

I 

I-29 allele, 189 
IC50, 182 
idebenone, 245, 246 
idiopathic, 195, 209, 215 
idiopathic chronic pancreatitis, 209, 215 
ifosfamide, 66 
IgE, 381 
illumination, 12 
imatinib, 182, 191 
immune dysfunction, 74, 383 
immune regulation, 78 
immune response, 158, 185, 203, 236, 269, 312 
immunity, 153, 185, 193, 203, 287 
immunomodulation, 300 
immunomodulatory, 256 
immunoprecipitation, 143 
immunosuppression, 326, 332 



Index 405 

immunosuppressive agent, 38 
immunosurveillance, 287 
in utero, 77, 380 
in vivo, 11, 18, 25, 35, 62, 64, 78, 81, 82, 86, 87, 96, 

107, 129, 132, 143, 151, 153, 154, 160, 162, 163, 
164, 168, 174, 182, 183, 184, 185, 193, 199, 200, 
203, 204, 205, 222, 228, 231, 236, 243, 248, 252, 
256, 259, 260, 276, 277, 281, 283, 293, 299, 300, 
302, 304, 308, 310, 317, 318, 319, 321, 326, 330, 
339, 343, 344, 347, 353, 356, 362, 367, 374, 378, 
380, 381, 382, 387, 388 

incidence, 39, 44, 67, 78, 101, 116, 117, 170, 192, 
204, 206, 208, 215, 271, 272, 312, 345, 348, 358, 
359, 363 

indinavir, 241 
indole, 48 
indomethacin, 115, 120 
inducible nitric oxide synthase, 7, 14, 173, 185, 270, 

276, 360, 380 
induction, 23, 25, 26, 27, 29, 30, 36, 40, 54, 61, 66, 

70, 77, 82, 95, 97, 101, 115, 128, 139, 140, 145, 
161, 162, 165, 166, 167, 168, 172, 174, 176, 182, 
184, 191, 192, 193, 200, 219, 221, 228, 230, 231, 
241, 243, 245, 248, 255, 281, 284, 290, 300, 302, 
303, 318, 319, 326, 327, 330, 343, 367, 368, 371, 
372, 382, 386 

ineffectiveness, 290 
infancy, 383 
infantile multisystemic disease, 246 
infarct, 81, 106, 107, 163, 269, 355, 386 
infarction, 41, 45, 70, 81, 114, 118, 127, 131, 152, 

206, 213, 275, 278, 359, 364, 386 
infertility, 74, 78, 80, 116, 138, 246 
inflammation, 7, 10, 11, 12, 13, 14, 38, 44, 49, 50, 

65, 66, 69, 71, 77, 78, 79, 82, 96, 100, 103, 106, 
107, 108, 111, 114, 115, 116, 120, 126, 128, 161, 
164, 165, 166, 167, 170, 171, 173, 175, 176, 185, 
188, 190, 197, 201, 202, 208, 209, 211, 212, 223, 
225, 227, 228, 229, 230, 234, 235, 236, 242, 245, 
246, 247, 248, 249, 250, 251, 253, 257, 259, 265, 
269, 270, 271, 283, 285, 286, 289, 290, 292, 293, 
297, 300, 301, 302, 303, 304, 306, 307, 308, 309, 
310, 312, 319, 321, 323, 324, 325, 326, 327, 329, 
330, 332, 333, 343, 344, 346, 355, 356, 357, 358, 
359, 360, 361, 365, 367, 369, 370, 372, 380, 382, 
383, 386, 387 

inflammatory arthritis, 176, 383 
inflammatory bowel disease, 77, 166, 189, 228, 235, 

252, 302, 325, 356 
inflammatory cells, 7, 9, 14, 222, 227, 246, 271 
inflammatory cytokines, 64, 113, 161, 162, 184, 219, 

225, 246, 380 
inflammatory disease, 18 

inflammatory mediators, 319 
inflammatory responses, 6, 37, 66, 95, 97, 129, 167, 

175, 185, 226, 242, 248, 249, 250, 252, 271, 283, 
292, 294, 300, 319, 344, 345, 369, 372, 380 

inflammatory stress, 15, 42, 113, 116, 123, 130, 155, 
162, 164, 165, 166, 169, 217, 230, 242, 246, 247, 
251, 302, 322, 359, 380, 381 

influenza virus, 115, 120, 269, 276 
ingestion, 87, 335 
inhibition, 28, 36, 63, 65, 69, 87, 95, 97, 113, 138, 

145, 162, 164, 165, 166, 167, 168, 185, 191, 199, 
201, 203, 211, 212, 222, 230, 233, 235, 243, 257, 
258, 269, 271, 283, 286, 290, 300, 303, 307, 318, 
319, 321, 322, 324, 328, 343, 345, 347, 354, 369, 
371, 372, 373, 379, 380, 383, 388 

inhibitor, 36, 42, 49, 54, 63, 87, 88, 95, 96, 100, 107, 
109, 140, 145, 163, 165, 173, 182, 186, 191, 201, 
255, 286, 324, 334 

initiation, 15, 39, 181, 190, 192, 259, 303, 327, 363, 
370 

innate immunity, 203 
iNOS, 270, 277 
insecticide, 197 
insertion, 189, 195 
insulin, 54, 64, 69, 76, 81, 98, 131, 162, 172, 184, 

194, 207, 221, 224, 232, 233, 269, 275, 277, 285, 
289, 292, 301, 312, 322, 323, 334, 343, 345, 349, 
355, 361, 374 

insulin resistance, 76, 81, 98, 162, 184, 207, 221, 
224, 232, 233, 285, 289, 301, 323, 343, 345, 349, 
355, 361 

insulin sensitivity, 64, 172, 194, 285, 292, 334 
interface, 136 
interference, 17, 145, 321 
interferon, 165 
interleukin-1, 174, 185, 200, 210 
interleukin-6, 82, 185, 188, 200, 210 
interleukin-8, 185, 362 
interstitial fibrosis, 51, 56, 228 
intervention, 1, 21, 26, 27, 28, 29, 39, 40, 41, 42, 53, 

67, 68, 76, 99, 127, 130, 138, 170, 184, 190, 202, 
203, 204, 221, 243, 245, 246, 247, 250, 251, 252, 
254, 255, 260, 265, 271, 272, 273, 274, 281, 287, 
288, 290, 297, 304, 305, 306, 327, 328, 329, 331, 
337, 339, 342, 344, 345, 346, 353, 355, 359, 360, 
364, 367, 371, 372, 373, 380, 381, 383, 384 

interventional trials, 265, 272, 288, 290, 297, 304, 
305, 306, 327, 328, 329 

intestinal ischemia-reperfusion injury, 242, 270, 302, 
325, 344, 382 

intestine, 256, 309, 344, 387 
intoxication, 293 
intracerebral hemorrhage, 163, 172 



Index  406 

intratracheal instillation, 38, 227 
intra-uterine growth retardation, 224, 232 
intravenously, 273 
introns, 161 
invasive cancer, 333 
iodine, 363 
iodothyronine deiodinases, 73 
ionizing radiation, 6, 9, 371 
ions, 6, 8, 9, 11, 137, 217, 218, 219, 225, 249, 250, 

252, 267, 283, 318, 319, 323, 354 
IRE, 218, 223 
iron, 8, 9, 11, 47, 48, 103, 105, 106, 107, 108, 109, 

159, 160, 161, 164, 169, 173, 176, 217, 218, 219, 
220, 221, 222, 223, 224, 230, 231, 232, 239, 252, 
268, 270, 283, 319, 323, 331, 341, 342, 369, 374, 
380, 381, 386 

iron deficiency anemia, 223 
iron homeostasis, 103, 105, 106, 107, 108, 219, 230, 

232 
iron overload, 103, 107, 108, 109, 223, 224, 231, 232 
iron regulatory element, 218, 223 
iron response proteins, 218 
iron-chelating agent, 270 
iron-dithiocarbamate, 369 
iron-protoporphyrin IX-containing protein, 47 
iron-sulfur clusters, 8, 219 
iron-sulfur proteins, 105 
IRP1, 218 
IRP2, 218 
IRPs, 218, 223 
irradiated C3H mice, 47 
irradiation, 13, 17, 78, 82, 116, 128, 157, 228, 229, 

236, 270, 286, 289, 294, 303, 305, 326, 329, 333, 
346, 350, 358, 383 

ischaemic heart disease, 232 
ischemia, 5, 6, 16, 17, 36, 38, 44, 49, 50, 55, 64, 65, 

66, 70, 76, 78, 81, 82, 95, 103, 106, 107, 108, 
114, 115, 118, 119, 120, 121, 126, 127, 128, 131, 
133, 152, 156, 162, 164, 165, 166, 167, 172, 173, 
174, 175, 217, 220, 222, 226, 227, 232, 233, 234, 
242, 246, 248, 249, 252, 253, 256, 258, 269, 270, 
276, 284, 286, 292, 293, 300, 301, 302, 307, 308, 
309, 310, 321, 324, 325, 343, 344, 345, 348, 349, 
355, 356, 357, 361, 363, 369, 371, 373, 374, 381, 
382, 384, 386, 387 

ischemia-reperfusion injury, 6, 16, 38, 50, 65, 66, 76, 
78, 95, 106, 114, 115, 120, 128, 131, 164, 165, 
166, 173, 220, 222, 226, 242, 252, 256, 258, 269, 
270, 276, 286, 293, 301, 302, 309, 324, 325, 343, 
344, 345, 356, 357, 363, 369, 371, 381, 384 

ischemic brain injury, 37, 43, 114, 260, 308 
ischemic heart disease, 68, 152, 206, 224, 226, 268, 

272 

ischemic injury, 70, 114, 127, 132, 163, 227, 248, 
324, 344 

ischemic stroke, 79, 83, 224, 254, 261, 269, 370, 
372, 373 

islet allografts, 242, 256 
isoflavone, 334, 335 
isolated perfused hearts, 64, 373 
isoliquiritigenin, 320 
isomers, 294 
isopentenyl diphosphate, 244 
isoprenoid, 244 
isozymes, 25, 33, 34, 36, 37, 40, 62, 73, 74, 75, 76, 

77, 78, 79, 85, 91, 93, 94, 96, 97, 98, 103, 104, 
106, 111, 123, 124, 126, 127, 135, 136, 139, 149, 
150, 151, 153, 155, 159, 160, 161, 164, 166, 198, 
200, 203, 206, 209, 224 

 

J 

Janus kinase/STAT, 97, 101 
jaundice, 370, 375 
JB6 cell, 145 
JNK pathway, 140 
joint destruction, 116, 121 
joint swelling, 116 
Jun D, 219 

 

K 

kainic acid-induced seizure, 227, 234 
kale, 297 
Kaposi sarcoma, 175 
kappa GST, 93 
Keap1, 24, 25 
Kelch-like ECH-associated protein 1, 24 
keratinocytes, 51, 56, 116, 121, 128, 167, 228, 286, 

294, 326, 333 
ketone, 12 
kidney, 39, 41, 45, 55, 48, 51, 66, 78, 96, 97, 101, 

115, 135, 145, 150, 153, 155, 166, 167, 184, 193, 
200, 224, 229, 236, 245, 254, 261, 270, 275, 293, 
310, 325, 329, 345, 357, 359, 360, 373 

kidney transplantation, 41, 166, 270, 329, 357, 360 
knockout mouse, 81, 109, 153, 157, 182, 226, 268, 

284 
 

L 

L. Pauling, 33, 271, 272 
LA, 249, 250, 254, 255 
lactonase, 199, 203, 205, 206, 208, 213 



Index 407 

lactonization, 199 
lanthanide, 378 
L-arginine, 71, 359, 365 
latency, 345 
lateral sclerosis, 16, 40, 41, 42, 45, 138, 141, 207, 

208, 381 
LDL, 64, 69, 87, 197, 199, 201, 202, 205, 209, 210, 

268, 300, 307 
LDL cholesterol, 87, 201 
LDL receptor, 202, 307 
leakage, 7 
learning, 55, 138, 140, 275, 344, 348, 382 
Leigh syndrome encephalopathy, 247 
lens, 78, 107, 109, 153, 157, 223, 250, 267, 275, 294, 

302 
lens crystallins, 267, 275 
leptin, 202, 214 
lesions, 38, 41, 114, 118, 167, 175, 184, 193, 201, 

234, 235, 326, 328, 333, 334, 343, 371 
lettuce, 265 
leucine, 191, 205 
leukemia, 120, 182, 191, 278 
leukotrienes, 319 
lifespan, 52, 85, 87, 97, 129, 138, 152, 156, 320, 

330, 344, 348, 380, 382, 387 
ligand, 165, 173, 340, 343, 346 
light scattering, 83 
lignans, 315 
lipid hydroperoxide, 4, 11, 81 
lipid metabolism, 184, 323 
lipid peroxidation, 11, 12, 13, 14, 18, 28, 38, 62, 77, 

78, 94, 99, 163, 172, 181, 199, 201, 202, 213, 
215, 221, 245, 248, 254, 283, 285, 294, 309, 369, 
374, 379 

lipid peroxides, 205, 351 
lipid peroxyl radical, 28, 62, 63, 340 
lipids, 10, 11, 13, 14, 17, 22, 197, 198, 199, 201, 

211, 283 
lipopolysaccharide, 114, 115, 116, 120, 129, 175, 

227, 235, 270, 301, 349 
lipoproteins, 12, 13, 140, 199, 212, 213, 240, 245 
lipoxygenases, 319 
liquid chromatography, 232 
liver, 6, 16, 17, 33, 38, 43, 44, 48, 50, 55, 65, 67, 68, 

69, 70, 71, 74, 77, 82, 96, 98, 99, 100, 102, 115, 
117, 120, 122, 128, 130, 133, 137, 150, 153, 155, 
159, 165, 166, 174, 177, 179, 181, 184, 188, 193, 
194, 197, 200, 202, 208, 210, 212, 215, 221, 222, 
224, 227, 231, 232, 235, 240, 242, 243, 245, 249, 
252, 253, 256, 258, 259, 260, 269, 275, 276, 281, 
282, 286, 287, 289, 293, 301, 302, 303, 307, 322, 
324, 329, 332, 344, 345, 348, 349, 354, 356, 357, 
358, 360, 362, 363, 364, 370 

liver cells, 96, 130, 200, 357 
liver cirrhosis, 208 
liver damage, 222, 228, 231 
liver disease, 16, 38, 65, 68, 69, 71, 165, 166, 174, 

202, 208, 212, 215, 243, 270, 286, 289, 302, 324, 
344, 349, 356 

liver dysfunction, 102, 165, 188, 194, 258 
liver enzymes, 222, 344, 356 
liver failure, 50, 65, 70, 344, 348, 349, 358, 363, 364 
liver fibrosis, 228, 235, 259, 270, 276 
liver ischemia-reperfusion injury, 38, 65, 128, 165, 

242, 249, 252, 276, 356 
liver transplant, 38, 177, 242, 276, 286 
liver transplantation, 38, 177, 242, 276, 286 
LO., 4, 11, 12 
localization, 17, 74, 113, 124, 128, 156, 157, 159, 

161 
locomotor, 153 
locus, 155 
longevity, 114, 117, 119, 127, 129, 133, 154, 158, 

206, 213, 229, 237, 330, 350, 382 
LOO., 4, 11, 12, 63, 245 
LOOH, 4, 11, 12, 63, 75, 93, 125, 144, 245 
lovastatin, 199 
low-density lipoprotein, 64, 87, 89, 140, 197, 201, 

213, 268, 300, 321, 333 
LPS, 129, 133 
lumen, 74, 78 
lung adenocarcinoma, 170, 177 
lung adenomas, 97 
lung cancer, 101, 130, 134, 188, 193, 209, 215, 229, 

304, 363 
lung disease, 40, 43, 69, 71, 285, 344 
lung fibrosis, 165, 301, 344, 348, 362 
lung function, 312 
lung injury, 16, 38, 45, 50, 55, 65, 77, 87, 89, 120, 

127, 132, 138, 140, 164, 165, 173, 183, 185, 189, 
193, 195, 227, 234, 242, 243, 256, 285, 292, 294, 
324, 344, 356, 362, 370, 374, 387 

lung surfactant, 128 
lupus, 57 
lutein, 297, 299, 300, 301, 302, 303, 305, 307, 309, 

310 
luteolin, 316 
lycopene, 13, 297, 299, 300, 301, 302, 304, 305, 307, 

308, 309, 310, 311, 312 
lymphocytes, 185, 250 
lymphoid, 116, 121, 185, 345 
lymphoid tissue, 185 
lymphoma, 116, 121, 229, 345, 350, 358, 363 
lymphomas, 128, 184, 188 
lymphosarcoma, 345 
lysine, 266 



Index  408 

lysine hydroxylase, 266 
lysis, 203 

 

M 

M40401, 340, 343 
M40403, 340, 343, 344, 347, 349, 350 
M55L, 205, 208 
mAb, 116 
machinery, 297 
macrophage cholesterol efflux, 201 
macrophage migration inhibitory factor, 115 
macrophages, 86, 87, 88, 89, 129, 140, 185, 200, 

201, 202, 277, 321 
macrosteatosis, 222 
macula lutea, 305 
macular degeneration, 16, 157, 209, 216, 302, 305, 

310, 311 
macular pigments, 302, 305 
magnetic resonance, 375 
magnetic resonance imaging, 375 
Maillard reaction, 267, 275 
 
malaria, 87, 89, 176 
malarial infection, 287, 294 
male fertility, 75 
male infertility, 74, 78, 80, 116, 138, 246 
maleylacetoacetate, 96, 97, 101 
maleylacetoacetate isomerase, 97, 101 
maleylacetone, 98 
malignancies, 128, 209, 223, 229, 272, 345 
malignancy, 194, 278 
malignant melanoma, 170 
malignant transformation, 14 
malignant tumors, 252 
malondialdehyde, 14 
mammalian tissues, 47, 73, 91, 104, 111, 124, 127, 

135, 136, 143, 150, 159, 161, 179, 182, 197, 224, 
225 

mammals, vii, 1, 4, 9, 12, 14, 21, 22, 23, 29, 31, 33, 
34, 63, 65, 74, 104, 107, 111, 123, 124, 135, 149, 
152, 155, 156, 159, 179, 197, 217, 218, 220, 224, 
239, 250, 252, 266, 267, 353 

management, 26, 274, 279, 343, 345, 353, 356, 357, 
360, 362 

manganese, 5, 18, 33, 42, 43, 340, 341, 342, 350, 
355 

manganese superoxide dismutase, 5, 18, 42, 43, 350, 
355 

mangoes, 265 
manipulation, 29, 79, 168, 221 
MAPEG, 91, 93 
markers, 129, 188, 194, 259, 273, 310, 328, 343 

marrow, 88, 183, 184, 185, 191, 192, 222, 229, 236, 
250 

mast cells, 286, 294, 381 
matrix, 5, 34, 82, 116, 307, 322 
matrix metalloproteinase, 82, 116, 322 
matrix metalloproteinase-1, 82, 116 
maze learning, 382 
MCP-1, 114, 386 
medulla, 325, 332 
MEK, 307 
melanin, 186 
melanocytes, 154, 158, 186 
melanogenesis, 154, 186 
melanoma, 168, 170, 175, 177, 186, 222, 232, 364, 

383 
melatonin, 179, 180, 181, 186, 190, 191, 239, 250, 

251, 254, 259, 276, 293 
membrane permeability, 41 
membranes, 74, 75, 78, 181, 240, 245 
memory, 43, 65, 138, 140, 275, 382 
menadione, 183, 191 
menopausal, 329, 334, 335 
mercapturic acid, 92, 94, 99 
mercury, 217, 224, 302 
mercury chloride, 302 
mesalamine, 357, 363, 365, 371, 375 
mesangial cells, 302, 310 
mesoderm, 137 
mesothelioma, 277 
Met55Leu, 205 
meta-analysis, 155, 158, 206, 208, 213, 214, 274, 

278, 279, 333, 334, 335, 359, 365 
metabolic disorder, 331 
metabolic disturbances, 215, 355 
metabolic syndrome, 118, 155, 162, 171, 184, 188, 

197, 201, 202, 207, 212, 221, 227, 246, 249, 250, 
254, 259, 269, 270, 273, 279, 285, 301, 306, 308, 
312, 323, 328, 331, 339, 343, 355, 360 

metabolism, 25, 53, 62, 65, 68, 69, 77, 88, 91, 94, 
131, 132, 172, 183, 184, 188, 194, 199, 221, 225, 
232, 239, 241, 249, 252, 253, 255, 266, 287, 300, 
301, 320, 321, 323, 325, 331, 343, 370, 378, 382 

metabolites, 62, 94, 95, 96, 97, 183, 186, 240, 283, 
291, 318, 319, 345 

metal response element, 225 
metalloproteinase, 82, 116 
metallothionein, 217, 226, 233, 234, 235, 236, 237 
metal-response element-binding transcription factor-

1, 225 
metals, 66, 161, 166, 217, 224, 225, 227, 233, 236, 

319 
metastasis, 16, 51, 54, 78, 83, 117, 122, 130, 154, 

158, 168, 187, 303, 326, 358, 363 



Index 409 

metastatic cancer, 346 
metformin, 366 
methamphetamine, 189, 195 
methamphetamine psychosis, 189, 195 
methionine, 22, 73, 112, 149, 150, 151, 152, 153, 

154, 155, 156, 157, 158, 205, 356, 362 
methionine oxidation, 152, 153, 156, 158 
methionine R-sulfoxide, 149, 150, 151 
methionine S-sulfoxide, 149, 150, 151 
methionine sulfoxide, 22, 73, 112, 149, 150, 153, 

154, 155, 156, 157, 158 
methionine sulfoxide reductase, 22, 73, 149, 150, 

155, 156, 157, 158 
methylation, 151, 244 
mevalonate, 244 
mice, 36, 37, 38, 39, 43, 44, 47, 50, 51, 52, 54, 55, 

56, 63, 64, 65, 67, 69, 70, 73, 76, 77, 78, 80, 81, 
82, 83, 87, 88, 89, 96, 97, 98, 100, 101, 106, 107, 
108, 113, 114, 115, 116, 118, 119, 120, 121, 122, 
126, 127, 128, 129, 131, 132, 133, 137, 138, 140, 
145, 146, 151, 152, 153, 156, 157, 162, 163, 164, 
165, 167, 169, 171, 172, 173, 174, 175, 176, 182, 
183, 184, 185, 186, 191, 192, 193, 201, 202, 203, 
204, 211, 212, 213, 220, 221, 222, 224, 226, 227, 
228, 229, 231, 232, 233, 234, 235, 236, 248, 255, 
258, 260, 268, 269, 270, 275, 276, 277, 284, 285, 
286, 287, 291, 293, 294, 301, 302, 307, 308, 309, 
310, 311, 320, 321, 324, 325, 326, 330, 332, 333, 
343, 344, 345, 347, 348, 349, 350, 355, 358, 361, 
362, 363, 369, 370, 375, 380, 381, 382, 387, 388 

microarrays, 154 
microglia, 164, 308, 386 
microorganisms, 9, 13, 203 
midbrain, 221, 232 
midgestation, 77 
migration, 95, 100, 115, 184, 193, 256, 310, 319 
military, 204 
minocycline pigment, 270, 277 
mitochondria, 4, 5, 7, 17, 21, 37, 43, 48, 49, 50, 52, 

54, 56, 60, 74, 85, 104, 107, 111, 113, 124, 131, 
135, 143, 145, 146, 149, 159, 219, 220, 244, 245, 
249, 250, 251, 257, 284, 302, 340, 356, 362, 380 

mitochondrial complex I, 379 
mitochondrial damage, 69, 87, 284 
mitochondrial depolarization, 64 
mitochondrial DNA, 127 
mitochondrial dysfunction, 98, 101, 107, 133, 222, 

260, 292, 349 
mitochondrial ferritin, 218, 219, 222, 224, 232 
mitochondrial intermembrane space, 34 
mitochondrial matrix, 5, 34 
mitogen, 25, 161, 307 
mitogen-activated protein kinase, 25, 307 

mitomycin C, 183, 192 
MitoQ, 245, 246 
MitoVitE, 284 
Mn(II) pentaazamacrocyclic ligand-based 

complexes, 340 
Mn(III) metalloporphyrins, 340, 341 
Mn(III) salen complexes, 340, 341 
MnSOD, 33, 34, 36, 37, 38, 39, 43, 44, 248, 380, 382 
MnTBAP, 37, 340, 341, 342, 344, 345, 348 
MnTE-2-PvP5+, 340, 341, 345 
MnTMPyP, 340, 341, 342, 343, 344, 349 
molecular oxygen, vii, 1, 3, 4, 5, 6, 7, 8, 11, 12, 18, 

21, 28, 33, 34, 35, 47, 48, 160, 341, 379 
monitoring, 208 
monoclonal antibody, 116 
monocyte chemoattractant protein, 114, 212 
monocyte chemoattractant protein-1, 114, 212 
monoglucuronide, 240 
mono-O-methylated flavanols, 21 
monophenol, 315 
monothiol Grxs, 104 
morbidity, 273 
Morris water maze learning and memory task, 382 
mortality risk, 213 
motif, 104, 223 
motor activity, 374 
motor neuron disease, 107 
motor neurons, 40, 43 
MPO, 9, 367, 368 
MPP+, 164, 276, 381, 387 
MPTP, 96, 132, 231, 276, 292, 361, 374, 381, 387 
MRE, 225 
MRI, 374 
mRNA, 35, 40, 61, 154, 188, 189, 203, 210, 223, 232 
mRNA stabilization, 61 
Msr, 149, 150, 151, 152, 154, 155 
MsrA, 149, 150, 151, 152, 153, 154, 155, 156, 157 
MsrA (-402C/T), 154 
MsrB, 149, 150, 152, 153, 154, 156 
MsrB1, 73, 149, 150, 151, 152, 153, 156 
MsrB2, 149, 150, 151 
MsrB3, 149, 150, 151 
MT, 217, 224, 225, 226, 227, 228, 229 
MT-1, 224, 225, 226, 227, 228, 229 
MT-2, 224, 225, 226, 227, 228, 229 
MT-3, 224, 225, 226, 227 
MT-4, 224, 225 
MTF-1, 225 
mucin, 362 
mucosa, 41 
multidrug resistant protein efflux pumps, 94 
multiple organ dysfunction, 346 
multiple sclerosis, 50, 207, 208, 214, 253, 260 



Index  410 

multistage carcinogenesis, 39, 78, 118, 128, 222, 
229, 243, 303, 327, 345 

muscle atrophy, 39, 44 
mutagenesis, 18 
mutagens, 243 
mutant, 40, 41, 43, 86, 104, 129, 153, 186, 221, 222, 

232, 268, 383 
mutation, 70, 87, 103, 107, 194, 213, 223, 232 
myelogenous hyperplasia, 183, 185, 192 
myeloperoxidase, 9, 13, 18, 56 
myeloproliferative disease, 183, 192 
myocardial infarction, 41, 45, 70, 81, 114, 127, 131, 

152, 206, 213, 275, 278, 359, 364 
myocardial ischemia, 36, 49, 64, 76, 95, 103, 106, 

107, 113, 126, 127, 152, 162, 172, 217, 242, 246, 
248, 252, 258, 284, 292, 300, 307, 321, 343, 355, 
369, 373 

myocardial ischemia-reperfusion injury, 36, 49, 64, 
76, 95, 103, 106, 107, 113, 126, 127, 152, 162, 
217, 242, 246, 248, 252, 258, 284, 300, 307, 321, 
343, 355, 369, 373 

myocarditis, 76, 81, 113, 119 
myocardium, 106, 114, 119, 134, 162, 172, 220, 226, 

227 
myoglobinuria, 246 
myopathy, 246, 247 
myosin, 114, 119 

 

N 

N(G)-nitroarginine methyl ester, 162 
N,N-bis(2-chloroethyl)-N-nitrosourea, 86 
N2, 378 
N-3-oxododecanoyl homoserine lactone, 203 
N-acetyl-5-methoxytryptamine, 250 
N-acetylcysteine, 63, 64, 66, 68, 70, 71, 293, 337, 

342, 353, 354, 355, 356, 357, 358, 359, 360, 361, 
362, 363, 364, 365, 366 

N-acetyl-p-benzoquinoneimine, 96, 356, 357, 358 
N-acystelyn, 354 
NAD, v, 4, 5, 7, 14, 21, 22, 23, 25, 29, 179, 180, 

181, 184, 190, 191, 192, 193, 194, 195, 202, 243, 
245, 249, 257, 267, 270, 283, 285, 300, 318, 319, 
342, 370 

NAD(P)H 
quinone oxidoreductase, 23, 25, 179, 180, 190, 

191, 192, 193, 194, 195, 245 
quinone oxidoreductase 1, 23, 25, 179, 190, 191, 

192, 193, 194, 195, 245 
NAD(P)H oxidase, 4, 5, 7, 14, 21, 202, 243, 249, 

257, 267, 270, 283, 285, 300, 318, 319, 342, 370 
NADH, 184, 190, 193, 379, 385 

ubiquinone oxidoreductase, 379, 385 

NADPH cytochrome P450 reductase, 160 
nanocage, 218 
nanocapsules, 377 
nanoceria, 378, 384 
nanocomposites, 380, 385 
nanocrystalline C60 fullerene, 383 
nanomaterials, viii, 6, 337, 377, 380, 381, 382, 383, 

384, 385, 386, 387, 388 
nanomedicine, 377, 383, 384, 385 
nanoparticles, 6, 18, 22, 337, 340, 377, 378, 379, 

380, 381, 382, 383, 384, 385, 386, 387 
Nano-Se, 380, 385 
nanoshells, 377 
nanospheres, 377 
nanotechnology, 377 
nanotoxicology, 381, 383 
necrosis, 50, 107, 108, 184, 185, 193, 200, 210, 219, 

230, 370 
negative outcomes, 272 
nematode, 382, 387 
neoplasm, 386 
neovascularization, 167, 176 
nephronectomy, 51 
nephropathy, 16, 51, 78, 82, 114, 115, 119, 162, 166, 

167, 209, 215, 246, 257, 270, 286, 293, 302, 309, 
325, 345, 353, 357, 359, 363, 364, 365 

nephrotoxicants, 66 
nephrotoxicity, 38, 44, 51, 56, 66, 97, 101, 166, 175, 

228, 243, 257, 270, 286, 293, 302, 310, 325, 345, 
357, 363 

nerve, 199, 201, 204, 288 
nerve agents, 199, 201, 204 
nervous system, 127, 132, 138, 153, 185, 246, 324, 

381 
neural function, 80 
neural tube defects, 111, 117 
neuroblastoma, 193 
neurodegeneration, 6, 33, 37, 50, 52, 64, 69, 77, 91, 

95, 98, 103, 111, 117, 127, 129, 132, 135, 138, 
153, 169, 186, 209, 217, 221, 223, 232, 234, 249, 
251, 285, 331, 344, 370 

neurodegenerative diseases, 77, 98, 109, 157, 247, 
331, 348, 356 

neurodegenerative disorders, 40, 50, 64, 95, 152, 
163, 164, 185, 221, 246, 323, 370 

neuroendocrine tissues, 269 
neuroferritinopathy, 221 
neurogenesis, 234 
neurohormone, 179, 186, 251 
neurological disease, 37, 149, 154, 208, 370, 381 
neurological diseases, 37, 149, 154, 208, 381 
neuromotor, 350 
neuronal apoptosis, 132 



Index 411 

neuronal cells, 37, 107, 127, 163, 164, 173, 242 
neurons, 37, 40, 43, 65, 69, 96, 127, 145, 163, 164, 

173, 186, 221, 222, 232, 256, 260, 288, 308, 310, 
324, 356, 381, 382, 386 

neuropathy, 36, 43, 50, 56, 285, 288, 292, 355 
neuroprotection, 37, 50, 76, 81, 163, 186, 232, 242, 

269, 301, 308, 323, 324, 331, 361, 386 
neuroprotective agents, 373, 374, 386 
neurotoxicity, 114, 119, 127, 164, 173, 231, 234, 

241, 242, 256, 387 
neurotoxin, 65 
neurotransmission, 11, 269 
neurotransmitter, 48 
neutrophil, 38, 121 
neutrophils, 13, 18, 184, 185 
NF-Y, 75, 231 
NF- B, 38, 125, 219, 245, 300, 354, 369, 370 
nickel, 227, 380 
nickel oxide nanoparticles, 380 
nigrostriatal, 381 
N-isobutyrylcysteine, 354 
nitrate, 11, 18, 228 
nitration, 15, 113 
nitrative stress, 15 
nitric oxide, 4, 5, 6, 7, 8, 10, 11, 14, 15, 18, 62, 112, 

161, 162, 173, 185, 243, 255, 268, 270, 276, 285, 
291, 300, 317, 319, 321, 328, 330, 354, 360, 364, 
369, 370, 373, 374, 378, 380 

nitric oxide synthase, 5, 6, 7, 11, 14, 173, 185, 243, 
270, 276, 291, 319, 330, 360, 380 

nitrite, 11 
nitroaromatics, 180 
nitrogen, 1, 3, 4, 5, 7, 10, 11, 16, 17, 21, 31, 59, 62, 

85, 111, 115, 161, 226, 240, 255, 259, 267, 283, 
299, 300, 318, 337, 339, 373, 377, 378 

nitrogen dioxide, 4, 10, 11, 378 
nitrogen oxides, 7, 11, 299 
nitroglycerin, 41 
nitrones, 368, 369, 375 
nitrosative stress, 15, 99, 131, 134, 292 
nitroso (-NO) group, 15, 112 
nitroso compounds, 369 
nitrosoperoxycarbonate, 10 
nitrosylation, 15, 113 
nitroxide, 340, 349 
NO, 4, 8, 11, 378 
.NO2*, 10 
.NO2, 4, 10, 378 
Nobel Laureate, 271 
Nobel Prize, 379 
NOD mice, 114, 119, 172 
noise, 65, 69, 358, 364 
noise-induced hearing loss, 65, 69, 358, 364 

nonalcoholic fatty liver disease, 38, 65, 165, 166, 
203, 208, 286, 289, 302, 324, 344, 349, 356 

nonalcoholic steatohepatitis, 70, 289, 295, 309, 360, 
362 

non-enzymatic antioxidants, 59, 62 
non-small cell lung cancer, 130, 134 
NOX1, 5 
NOX2, 5 
NOX3, 5 
NOX4, 5 
NOX5, 5 
NQO, 179, 180, 182, 186, 187, 188, 189, 190 
NQO1, 179, 180, 181, 182, 183, 184, 185, 186, 187, 

188, 189, 190, 191, 192, 193, 194, 195, 245 
NQO1*1, 186, 189 
NQO1*2, 186, 187, 188, 189, 194 
NQO1*2/*2, 186, 187 
NQO1*3, 186, 187 
NQO2, 179, 180, 181, 182, 183, 184, 185, 186, 187, 

188, 189, 191, 192, 193, 195, 196 
Nrf1, 23, 29, 61, 225, 233 
Nrf2, 23, 24, 25, 27, 29, 30, 35, 42, 49, 54, 61, 75, 

77, 80, 82, 86, 88, 93, 113, 125, 130, 137, 139, 
144, 145, 146, 161, 181, 182, 191, 219, 225, 230, 
233, 248, 258, 299, 318, 324, 329, 330, 331, 332 

Nrf3, 23, 29 
NSC66041, 182 
N-terminal Cys, 124 
nuclear factor-erythroid 2 p45-related factor 2, 23 
nuclear ferritin, 219 
nuclear respiratory factor 1, 125 
nuclear respiratory factor 2, 125 
nuclei, 24, 34, 48, 60, 74, 104, 111, 113, 124, 135, 

149, 159, 161, 218, 219, 220 
nucleic acid, vii, 10, 11, 13, 14, 17, 22, 268 
nucleotide excision repair, 326, 332 
nucleus, 171, 244 
null genotype, 91, 98, 102, 186 
nuts, 281 
NXY-059, 367, 368, 370, 371, 372, 374, 376 

 

O 

O2
.-, 4, 7, 8, 9, 34, 35, 53, 180, 378 

O3, 4, 13 
obese Zucker rats, 343, 348 
obesity, 76, 81, 98, 149, 154, 155, 184, 188, 193, 

202, 207, 212, 227, 234, 253, 292, 301, 323, 331, 
334, 343, 355, 361 

obstruction, 51, 55, 167 
obstructive kidney disease, 166, 167 
obstructive lung disease, 344 
occlusion, 163, 172, 269, 350, 355 



Index  412 

Oct-1, 137 
octanoic acid, 249 
.OH, 4, 10, 11, 180 
OKN007, 371, 375 
olfactory epithelium, 74 
oltipraz, 184 
omeprazole, 279 
oncogenesis, 236, 271 
one-electron reduction, 6, 7, 180, 340 
ONOO-, 4, 8, 10 
ONOOCO2

-, 10 
ONOOH, 10 
optic neuropathy, 50 
oral cancer, 328 
organ, 16, 38, 65, 96, 208, 227, 229, 252, 270, 273, 

346, 349, 364, 383 
organic peroxides, 126 
organophosphate poisoning, 201, 204, 209, 213 
organophosphates, 198, 199, 201, 216 
osteoarthritis, 364 
osteonecrosis, 52, 56 
osteopenia, 114, 119 
ovalbumin, 96, 227, 276, 285, 301, 308, 324 
ovarian cancer, 215, 289 
ovarian epithelial carcinoma, 209 
overweight, 333 
oxidants, 12, 13, 18, 96, 137, 167, 181, 184, 211, 

219, 225 
oxidation, 8, 10, 11, 13, 18, 35, 44, 64, 69, 82, 113, 

123, 129, 130, 131, 140, 149, 152, 153, 154, 156, 
158, 184, 193, 197, 199, 205, 209, 210, 218, 219, 
251, 276, 300, 319, 331, 365 

oxidation products, 11 
oxidative cardiomyopathy, 64, 380 
oxidative cytotoxicity, 184 
oxidative damage, 9, 13, 14, 15, 22, 44, 52, 64, 65, 

78, 80, 83, 120, 127, 132, 152, 153, 157, 219, 
220, 222, 226, 227, 230, 231, 240, 251, 253, 258, 
267, 269, 287, 303, 356, 378, 380, 382 

oxidative stress, 1, 3, 14, 15, 16, 17, 25, 26, 27, 28, 
29, 30, 31, 37, 38, 39, 41, 42, 43, 44, 45, 49, 50, 
51, 52, 54, 55, 59, 61, 64, 65, 66, 67, 69, 76, 78, 
79, 81, 82, 85, 86, 87, 88, 91, 93, 94, 95, 96, 98, 
100, 101, 103, 105, 106, 107, 109, 111, 113, 114, 
115, 116, 118, 119, 120, 121, 122, 126, 127, 128, 
129, 131, 132, 133, 134, 143, 144, 145, 146, 149, 
152, 153, 155, 156, 157, 158, 161, 162, 163, 164, 
165, 166, 167, 169, 170, 171, 172, 177, 185, 186, 
188, 190, 193, 194, 197, 199, 201, 202, 206, 208, 
209, 210, 211, 213, 217, 219, 220, 221, 222, 223, 
225, 227, 228, 229, 230, 231, 232, 235, 240, 242, 
246, 247, 248, 249, 250, 251, 253, 254, 256, 259, 
260, 265, 268, 269, 270, 272, 273, 274, 275, 276, 

279, 285, 286, 288, 289, 290, 291, 292, 294, 295, 
297, 300, 301, 302, 303, 304, 305, 306, 307, 310, 
312, 319, 321, 323, 324, 325, 326, 327, 329, 332, 
337, 339, 343, 344, 345, 346, 348, 349, 350, 355, 
356, 357, 358, 359, 360, 361, 362, 364, 367, 368, 
369, 370, 374, 380, 381, 382, 383, 384, 386 

oxidative stress injury, 1, 3, 52, 169, 242, 256, 368, 
380, 381 

oxidative tissue injury, 25, 86, 219, 340 
oxidative/inflammatory stress, 15 
oxide nanoparticles, 6, 22, 337, 340, 377, 378, 380, 

381, 382, 383, 384, 385, 386, 387 
oxidized LDL, 87, 202 
oxyferryl species, 48 
oxygen, 1, 3, 4, 5, 6, 7, 8, 11, 12, 13, 16, 17, 18, 21, 

28, 31, 33, 34, 35, 47, 48, 50, 51, 54, 55, 59, 62, 
82, 85, 91, 106, 111, 112, 120, 126, 145, 149, 
153, 160, 161, 179, 180, 183, 219, 226, 229, 232, 
233, 236, 240, 241, 252, 259, 267, 283, 297, 299, 
300, 303, 318, 337, 339, 341, 344, 348, 349, 350, 
364, 368, 369, 370, 373, 375, 377, 378, 379, 380, 
382, 385, 387 

oxygen free radicals, 4, 17, 369, 370 
oxygen toxicity, 3 
ozone, 4, 7, 13, 185, 193, 227, 234, 252, 285, 293, 

310 
 

P 

p22phox, 5 
p300 histone acetyltransferase, 322, 331 
p32TrxL, 111 
p33, 181, 190 
p40phox, 5 
P4502E1, 6, 7, 302, 309 
p47phox, 5, 274 
p53, 67, 70, 75, 101, 126, 138, 140, 179, 180, 181, 

187, 190, 192, 194, 219, 231, 271 
p63, 75 
p67phox, 5 
pain, 370, 375 
pancreas, 258, 322 
pancreatic cancer, 168, 175, 289 
pancreatic fibrosis, 114 
pancreatic -cells, 50, 76, 78, 127, 162, 227, 242, 

322, 343, 355 
pancreatitis, 114, 119, 209, 215, 252 
papaya, 297 
para-hydroxybenzoate, 244 
paraoxon, 197, 198, 199, 204, 205 
paraoxonase, 197, 198, 210, 211, 212, 213, 214, 215, 

216 



Index 413 

paraquat, 55, 77, 81, 82, 127, 132, 152, 221, 231, 
349, 370 

parasitic infection, 169, 203 
parathion, 197 
Parkin, 114, 119 
Parkinson's disease, 16, 37, 40, 76, 95, 96, 107, 114, 

164, 185, 186, 188, 189, 207, 208, 246, 254, 269, 
285, 301, 323, 344, 356, 371, 379 

Parkinsonian, 188, 195 
parkinsonism, 96, 100, 127, 153, 164, 186, 221, 227, 

253, 269, 301, 370, 381 
pathogenesis, 13, 41, 42, 87, 95, 163, 172, 176, 189, 

208, 217, 221, 227, 234, 324, 332, 363 
pathogens, 17, 158, 203 
pathology, 52, 70, 167, 189, 234, 276, 362 
pathophysiology, 3, 14, 15, 16, 25, 27, 33, 35, 40, 

49, 52, 62, 64, 66, 106, 107, 118, 153, 154, 155, 
162, 166, 169, 188, 204, 209, 214, 221, 230, 247, 
252, 268, 284, 286, 287, 300, 315, 318, 320, 321, 
322, 327, 337, 339, 342, 343, 353, 354, 359, 367, 
368, 369, 373, 380, 381, 384 

pathways, 5, 11, 12, 63, 97, 100, 101, 113, 123, 126, 
128, 131, 137, 145, 153, 161, 173, 174, 200, 224, 
225, 248, 259, 291, 300, 310, 318, 322, 323, 325, 
326, 333, 373 

Pax5, 125, 130 
PBN, 367, 368, 369, 370, 371, 372, 374 
PDGF, 127, 131, 310 
PDGF signaling, 127 
penis, 39, 44 
peptic ulcer, 302, 356 
peptic ulcer disease, 356 
peptide amidation, 266 
peptides, 164, 381 
percutaneous coronary intervention, 359, 364 
performance, 52, 56, 107, 232, 350, 374, 382 
perfusion, 45 
peripheral blood, 183, 184, 185 
peritoneal, 51, 55 
peritoneal dialysis, 51 
peritoneal fibrosis, 55 
peritonitis, 252 
permeability, 41, 349 
peroxidases, 47, 80, 82, 83, 94, 123 
peroxidation, 11, 12, 13, 14, 18, 28, 38, 62, 77, 78, 

81, 94, 99, 163, 172, 181, 199, 201, 202, 213, 
215, 221, 245, 248, 254, 283, 285, 294, 309, 369, 
374, 379 

peroxide, 3, 4, 5, 6, 8, 9, 12, 13, 21, 28, 33, 34, 35, 
47, 48, 49, 50, 51, 52, 53, 54, 55, 56, 62, 73, 75, 
99, 112, 123, 124, 125, 126, 129, 133, 145, 154, 
158, 180, 219, 230, 251, 252, 267, 277, 339, 340, 
341, 342, 378, 379, 380, 385 

peroxides, 62, 75, 77, 79, 123, 126, 128, 144, 205, 
208, 342, 351, 387 

peroxiredoxin, 11, 25, 123, 124, 130, 131, 132, 133, 
134, 140, 144, 146, 267 

peroxisomal diseases, 52 
peroxisome, 6, 49, 200, 233, 245, 257, 270, 276, 

285, 292 
peroxisome proliferator-activated receptor, 49, 245, 

257 
peroxyl radical, 4, 11, 240, 243, 245 
peroxynitrite, 4, 7, 8, 10, 11, 15, 18, 35, 42, 62, 75, 

80, 112, 123, 124, 126, 240, 251, 252, 253, 260, 
267, 283, 299, 319, 339, 340, 342, 344, 347 

peroxynitrite scavengers, 339, 342, 344 
peroxynitrous acid, 10 
pesticide, 145 
pesticides, 197, 198, 199, 201, 204 
pH, 35, 252, 267 
phagocytes, 5 
phagocytosis, 87, 164 
pharmacodynamics, 274 
pharmacokinetics, 274, 290 
pharmacology, 36, 274, 347, 365 
phase 2 biotransformation, 94, 317 
phase 2 enzymes, 88, 193, 259, 303, 327 
PHB, 244 
PHB-polyprenyl transferase, 244 
phenol, 315 
phenolic acids, 315 
phenolic compounds, 181, 200, 219, 263, 315, 316, 

317, 318, 319, 320, 321, 322, 323, 324, 325, 326, 
327, 328, 329 

phenotype, 43, 138, 171, 187, 214, 222, 269, 276 
phenyl acetate, 199 
phenylalanine, 98, 244 
phenylephrine, 321 
PHGPx, 80 
phorbol-12-myristate-13-acetate, 383 
phosphatase type 2A, 270, 277 
phosphatases, 8, 62 
phosphates, 291 
phosphatidylcholine, 82 
phospholipase A2, 128, 319 
phospholipid hydroperoxide GPx, 74, 75 
phosphorylation, 49, 50, 103, 126, 132, 137, 153, 

233, 246, 277, 291 
photocarcinogenesis, 303, 310, 311 
photochemical reaction, 13 
photodamage, 293, 297, 303, 305 
photons, 382 
photoprotection, 295, 303, 332 
photoreceptor, 382 
photosensitivity, 12 



Index  414 

photosensitivity reaction, 12 
photosensitizer, 12 
physical quenching, 13 
physicochemical properties, 384 
physiology, 18, 39, 59, 62, 65, 66, 77, 108, 155, 274, 

330 
phytochemicals, 306, 329 

-cationic porphyrin radical, 48 
piceatannol, 320 
PICOT, 104, 108, 109 
PICOT homologous domains, 104 
pigmentation, 186, 193 
pigments, 243, 244, 257, 297, 302, 303, 305 
pigs, 73, 165, 173, 265, 362 
pilot study, 260, 289, 295, 311, 334, 365 
pineal gland, 250 
pinpoint hemorrhage, 266 
pioglitazone, 289, 295 
PKC- 2, 355 
placebo, 28, 41, 247, 254, 259, 272, 273, 278, 289, 

295, 311, 312, 334, 350, 359, 364, 365, 372 
placenta, 250 
plant pigments, 297 
plants, 297, 303, 315 
plaque, 202, 212, 268, 275, 355 
plasma, 34, 60, 64, 74, 76, 77, 80, 83, 112, 159, 167, 

197, 199, 207, 208, 210, 214, 216, 218, 219, 240, 
241, 242, 243, 245, 246, 249, 250, 252, 253, 254, 
266, 268, 272, 282, 287, 299, 305, 317, 333 

plasma GPx, 74 
plasma levels, 76, 252, 253, 305 
plasma membrane, 34, 159, 266 
plasminogen, 254, 261 
platelet aggregation, 158, 354 
platelets, 184, 361 
platinum, 377, 378, 379, 381, 382, 383, 384, 385, 

387 
platinum nanoparticles, 377, 378, 379, 381, 382, 383, 

384, 385 
PMA, 383 
pneumonia, 115, 120, 364, 381 
pneumonitis, 387 
p-nitrophenol, 198 
point mutation, 206, 223 
pollution, 13, 56 
polychlorinated alkenes, 66 
polycyclic aromatic hydrocarbon, 215 
polyethylene glycol-SOD, 41 
polyhydroxylated C60 fullerenes, 379 
polyhydroxylated C82 fullerene, 383 
polymeric materials, 377 
polymorphism, 40, 45, 52, 56, 57, 67, 68, 70, 83, 84, 

101, 102, 117, 138, 154, 158, 169, 170, 176, 177, 

184, 186, 187, 188, 189, 193, 194, 195, 205, 206, 
207, 208, 213, 214, 215, 229, 236, 243 

polymorphisms, 40, 42, 45, 47, 52, 53, 56, 57, 67, 
70, 71, 74, 79, 83, 91, 98, 99, 101, 102, 107, 117, 
122, 130, 138, 169, 170, 176, 179, 186, 187, 188, 
189, 190, 194, 195, 204, 205, 206, 207, 208, 209, 
213, 214, 215, 216, 229, 236, 237 

polypectomy, 328 
polypeptide, 232 
polyphenols, 22, 26, 200, 210, 211, 306, 315, 321, 

323, 324, 325, 326, 327, 328, 329, 330, 331, 332, 
333, 334 

polyps, 360 
polyunsaturated fat, 283 
PON, 197, 200, 201, 202, 203, 204, 205, 206, 207, 

208, 209 
PON1, 197, 198, 199, 200, 201, 202, 203, 204, 205, 

206, 207, 208, 209, 210, 211, 213, 214, 215, 216 
PON1 L55M, 207 
PON1 Q192R, 207, 208 
PON2, 197, 198, 199, 200, 201, 202, 203, 205, 206, 

207 
PON3, 197, 198, 199, 200, 201, 202, 203, 206 
population group, 98 
porphyrin, 12, 37, 48, 340, 341, 347, 350 
positive correlation, 254 
postmenopausal, 224, 232 
postmenopausal women, 224, 232 
post-transcriptional regulation, 61, 93 
preclinical studies, 346, 367, 371, 373, 384 
premature death, 128 
pressure overload, 107 
prevention, 79, 140, 184, 206, 213, 233, 277, 278, 

289, 291, 295, 305, 309, 311, 321, 328, 330, 331, 
333, 334, 346, 349, 350, 351, 360, 363, 365, 374, 
384 

primary function, 103 
primate, 275, 372 
primates, 370 
primitive mesoderm, 137 
Pro187Ser, 186, 194 
Pro197Leu, 79 
prodrugs, 70, 353 
prognosis, 117, 122, 129, 134, 207, 236 
progressive IgA nephropathy, 209, 215 
pro-inflammatory, 246, 380 
proinflammatory cytokine, 15, 38, 54, 120, 127, 166, 

227, 252, 276, 283, 300, 302, 319, 354, 356, 370 
proliferation, 51, 95, 97, 100, 109, 116, 126, 129, 

130, 136, 143, 145, 147, 168, 175, 184, 193, 222, 
228, 235, 242, 255, 290, 319 

proline hydroxylase, 266 



Index 415 

promoter, 49, 56, 70, 75, 79, 83, 94, 105, 117, 125, 
140, 144, 145, 151, 156, 161, 169, 176, 177, 181, 
182, 189, 191, 193, 200, 205, 207, 214, 219, 225, 
229, 231 

pro-oxidant, 38, 40, 41, 161, 217, 266, 267, 272, 
283, 304, 317, 318, 319, 326, 330 

propagation, 11 
prophylaxis, 359, 365 
prostaglandin E1, 41 
prostaglandins, 140, 319 
prostate cancer, 78, 79, 83, 84, 168, 175, 188, 209, 

215, 295, 305, 311, 328, 334, 345, 350 
prostate carcinogenesis, 78, 83 
prostate-specific antigen, 328, 334 
protective factors, 209 
protective role, 25, 36, 37, 38, 39, 42, 47, 50, 55, 59, 

67, 76, 78, 94, 95, 98, 106, 107, 113, 114, 115, 
116, 118, 123, 126, 127, 128, 129, 138, 152, 154, 
155, 162, 163, 175, 181, 184, 185, 187, 188, 200, 
202, 206, 217, 220, 224, 226, 227, 229, 231, 234, 
241, 244, 254, 287, 320, 323, 328, 337, 345, 367, 
369, 377, 383 

protein carbonylation, 98, 101 
protein deglutathionylation, 59, 105, 143 
protein denitrosylation, 112, 118 
protein dephosphorylation, 62 
protein disulfide, 86, 112, 136 
protein disulfide isomerase, 136 
protein glutathionylation, 103, 105, 145, 199 
protein glycation, 267 
protein kinase C, 25, 104, 200, 210, 284, 347 
protein kinase C interacting cousin of thioredoxin, 

104 
protein kinases, 25, 28, 161, 307 
protein oxidation, 44, 82, 129, 152, 156 
protein sequence, 223 
protein-protein interactions, 112 
proteins, 10, 11, 12, 13, 14, 15, 17, 18, 21, 22, 26, 

27, 28, 31, 36, 47, 52, 63, 74, 91, 103, 104, 105, 
106, 108, 111, 112, 113, 115, 117, 118, 123, 130, 
134, 137, 138, 144, 149, 150, 153, 154, 164, 171, 
172, 173, 190, 191, 200, 217, 218, 223, 224, 225, 
226, 227, 228, 229, 230, 245, 246, 248, 301, 303, 
308, 348 

proteoglycan deglycanation, 268 
proteolysis, 145 
proteome, 191 
pro-vitamin A activity, 297, 299 
pruritis, 41 
Prx, 123, 124, 125, 126, 127, 128, 133, 144 
Prx1, 123, 124, 125, 126, 127, 128, 129, 130 
Prx6, 124, 125, 127, 128, 129 
Pseudomonas aeruginosa, 203, 210, 212, 213 

psoriasis, 326 
psychiatric disorders, 189 
psychosis, 189, 195 
PTEN, 128, 133 
pulmonary diseases, 65, 169, 242, 285, 324, 344, 

360, 381 
pulmonary edema, 273 
pulmonary endothelium, 50, 55 
pulmonary fibrosis, 43, 165, 173, 242, 256, 292, 308, 

324, 332 
pulmonary toxicity, 115, 164 
pumps, 94 
purification, 108, 130, 191 
Purkinje cells, 159 
pyridine nucleotide disulfide oxidoreductase, 135 
pyruvate, 239, 251, 252, 254, 259 
pyruvic acid, 251 

 

Q 

QQ192, 206, 207 
QR192, 206 
quality of life, 272, 359 
quantum dots, 6 
quartile, 206 
quercetin, 200, 293, 294, 316, 320, 324, 325, 334 
quinone, 5, 7, 23, 25, 29, 93, 95, 179, 180, 181, 182, 

183, 184, 186, 187, 190, 191, 192, 193, 194, 195, 
244, 245, 257 

quinoneimines, 180 
quinones, 179, 180, 183, 184, 186, 187, 188, 192, 

218 
quorum sensing, 199, 203, 212 

 

R 

Rac, 5 
radiation, 3, 6, 9, 37, 70, 80, 183, 192, 236, 252, 335, 

344, 345, 346, 348, 350, 371, 381, 382, 387, 388 
radiation therapy, 345 
radical formation, 9, 38, 369 
radical mechanism, 3 
radicals, 3, 4, 9, 11, 12, 17, 19, 69, 180, 218, 283, 

297, 299, 303, 340, 350, 364, 367, 368, 369, 370, 
373, 374, 378, 379, 380 

radiocontrast agents, 167, 270 
radiotherapy, 345, 351 
ragged-red fibers, 246 
Raman spectroscopy, 154 
randomized controlled clinical trials, 271, 274, 281, 

287, 306 
Ras, 128 



Index  416 

reaction rate, 8, 10, 33, 34, 35, 283, 378 
reaction rate constant, 8, 10, 33, 34, 35, 378 
reactions, 8, 9, 11, 13, 21, 35, 59, 60, 61, 62, 75, 91, 

93, 94, 104, 160, 180, 217, 225, 244, 252, 267, 
268, 317, 358, 378, 385 

reactive nitrogen species, 4 
reactive oxygen, 1, 5, 16, 17, 21, 31, 50, 51, 54, 55, 

59, 62, 85, 91, 106, 111, 112, 120, 126, 145, 149, 
161, 179, 180, 226, 232, 233, 240, 241, 259, 267, 
283, 300, 318, 337, 339, 349, 350, 373, 375, 377, 
378, 385, 387 

reactive oxygen species, 17, 51, 54, 55, 91, 106, 112, 
120, 145, 149, 180, 232, 241, 259, 349, 350, 373, 
375, 385, 387 

reactive species, 3, 4, 7, 8, 10, 14, 26, 62, 96, 161, 
218, 225, 243, 253, 299, 303, 318, 384 

reactivity, 7, 11, 13, 17, 99 
receptors, 151, 186, 258, 285, 292, 319, 320 
recognition, 165, 339, 344, 380 
recombinant tissue plasminogen activator, 254, 261 
recommendations, iii 
recurrence, 130, 134, 170, 177 
red blood cell count, 345 
red blood cells, 39, 48, 67, 85, 87, 129 
redox cycling, 5, 180, 181 
redox homeostasis, 85, 87, 103, 105, 143, 144, 166, 

174 
redox proteins, 111 
redox regulation, 51, 82, 91, 131, 156, 161 
redox signaling, 62, 69, 85, 95, 118, 199, 277, 330, 

361 
reepithelialization, 167, 228 
reflexes, 374 
regenerate, 48, 96, 245, 267 
regeneration, 63, 86, 228, 235, 381 
regression, 371, 373 
rejection, 41, 45, 369, 374 
remodelling, 131 
renal allograft nephropathy, 286, 293 
renal cell carcinoma, 130 
renal diseases, 39, 286, 325, 371 
renal dysfunction, 167, 172, 302, 310, 343 
renal failure, 249, 258, 293, 345, 349, 371, 375 
renal inner medullary cells, 159 
renal medulla, 325, 332 
renal proximal tubular cells, 38, 56 
reoxygenation, 130, 152, 156 
repair, 21, 22, 28, 29, 70, 136, 146, 154, 155, 157, 

158, 326, 332 
replication, 67, 140, 176 
repression, 191 
repressor, 218 
reproduction, 78, 135, 281, 291 

reproductive organs, 224 
residues, 22, 25, 73, 103, 104, 112, 113, 124, 126, 

149, 150, 151, 153, 154, 219, 226 
resistance, 16, 37, 38, 66, 76, 81, 96, 97, 98, 100, 

101, 113, 116, 117, 118, 127, 128, 132, 145, 156, 
157, 162, 164, 168, 176, 183, 184, 187, 203, 207, 
212, 221, 224, 227, 229, 231, 232, 233, 242, 285, 
287, 289, 294, 301, 320, 323, 343, 345, 348, 349, 
355, 361 

respiration, 5, 17 
respiratory burst, 5, 12, 13, 291 
respiratory distress syndrome, 176, 344 
respiratory dysfunction, 273 
responsiveness, 44, 258, 277 
restenosis, 127, 184, 193 
resveratrol, 182, 191, 200, 210, 315, 316, 319, 321, 

323, 324, 325, 326, 327, 328, 334 
retardation, 137, 167, 169, 224, 232, 247, 321 
reticulum, 48, 124, 150, 159, 210, 233, 380 
retina, 43, 78, 83, 153, 157, 250, 299, 301, 302, 305, 

382 
retina-associated carotenoids, 301 
retinal degeneration, 371, 375, 382, 387 
retinal ischemia, 302, 310 
retinal ischemia-reperfusion injury, 302 
retinal photic injury, 116, 121 
retinitis, 287 
retinitis pigmentosa, 287 
retinoic acid receptors, 151 
retinopathy, 36, 301, 302 
rheumatoid arthritis, 134, 177 
rhinitis, 285, 293 
rhinosinusitis, 285, 293 
rhinovirus infection, 301, 308 
rHuPON1k192, 204 
riboflavin, 87, 89 
ribonucleotide reductase, 104, 111, 112 
risk assessment, 68, 138 
risk factors, 87, 101, 117, 208, 232 
RNA, 69, 87, 145, 173, 176, 187 
RNS, 1, 3, 4, 6, 7, 14, 15, 16, 17, 21, 22, 24, 25, 26, 

27, 28, 29, 62, 87, 163, 240, 245, 248, 249, 251, 
252, 254, 270, 283, 285, 318, 337, 339, 342, 343, 
354, 378, 384 

rodents, 224, 370 
ROS, 4, 5, 6, 7, 17, 51, 66, 94, 106, 112, 126, 127, 

128, 129, 145, 157, 163, 181, 186, 189, 219, 221, 
242, 246, 249, 267, 270, 283, 285, 300, 302, 318, 
319, 343, 349, 379, 382, 383 

rotenone, 145, 153 
RR192, 206, 208 
RRR- -tocopherol, 282, 289 
rt-PA, 260 



Index 417 

S 

Saccharomyces cerevisae, 123 
SAINT I, 372, 376 
SAINT II, 372 
salmon, 297 
salt-induced hypertension, 242 
sarcomas, 128 
sarin, 199 
S-carboxymethylcysteine, 356, 359, 362 
scattering, 83 
scavengers, 42, 80, 243, 297, 303, 339, 341, 342, 

344, 386 
schizophrenia, 68, 71, 154, 158, 189, 195, 207, 208 
schizophrenic patients, 214 
sclerosis, 16, 41, 50, 207, 208, 214, 253, 260, 289, 

295 
scorbutic gums, 266 
screening, 47, 145 
scurvy, 67, 266, 271 
seaweed, 301 
secoisolariciresinol, 315, 316 
second messenger, 62 
secretion, 43, 203, 276, 282, 322, 356, 362 
seeds, 281, 317 
seizure, 227, 370 
Sel I, 73 
Sel K, 73 
Sel M, 73 
Sel N, 73 
Sel O, 73 
Sel P, 73 
Sel S, 73 
Sel T, 73 
Sel V, 73 
Sel W, 73 
selectivity, 36, 162, 340, 343, 346, 347 
selenenic acid, 151 
seleneylsulfide, 151 
selenium, 73, 81, 82, 84, 138, 295, 341, 380 
selenium deficiency, 138 
selenocystamine, 151 
selenocysteine, 73, 150, 151 
selenoenzyme, 74, 80, 141 
selenophophate synthetase 2  
selenoprotein, 29, 73, 78, 80, 139, 140, 149, 150, 
155, 156 
selenoprotein H, 73 
selenoprotein R, 73, 150 
semen, 333 
semidehydroascorbate, 267 
semiquinone radicals, 180 

senescence, 14, 39, 44, 116, 121, 129, 133, 138, 140, 
152, 270, 276, 308 

senescence marker protein 30, 270, 276 
sensing, 199, 203, 210, 212 
sensitivity, 38, 44, 55, 64, 77, 81, 87, 97, 100, 101, 

107, 109, 128, 129, 152, 153, 157, 164, 168, 172, 
175, 183, 191, 192, 194, 222, 232, 257, 285, 292, 
323, 334 

sensorimotor deficits, 269, 275 
sensors, 25 
sepsis, 78, 116, 129, 169, 226, 233, 243, 246, 249, 

251, 252, 270, 273, 277, 289, 295, 327, 333, 346, 
358, 371 

Sept15, 73 
septic shock, 50, 116, 129 
sequencing, 86, 88 
serine, 186, 205 
serum, 169, 185, 188, 199, 201, 203, 204, 205, 206, 

207, 208, 210, 211, 213, 214, 215, 222, 223, 224, 
232, 254, 257, 260, 261, 273, 289, 295, 311, 312, 
328, 334 

serum ferritin, 222, 223, 224, 232 
sex, 189, 320 
sex hormones, 320 
SGLT1, 322 
S-glutathionylation, 62, 95, 108, 146, 199 
sheer force, 184 
shock, 16, 39, 45, 50, 116, 129, 133, 164, 252, 253, 

257, 258, 260, 277, 350, 364 
sickle cell, 169, 176 
sickle cell disease, 169, 176 
sideroblastic-like microcytic anemia, 107, 109 
sideroblasts, 107 
sigma state, 4 
signal transduction, 3, 7, 14, 15, 91, 103, 109, 111, 

251, 284, 290, 320 
signaling pathway, 63, 123, 126, 153, 161, 200, 259, 

293, 307, 318, 321, 323, 324, 325, 326 
signalling, 17, 131, 307 
signals, 199, 203 
silica, 6 
silica dusts, 6 
silicon, 6 
single-nucleotide polymorphism, 138 
singlet oxygen, 4, 12, 13, 18, 283, 297, 299, 380 
siRNA, 87, 165, 200, 220 
Sirt1, 49, 320, 321, 323, 324, 325, 331, 332 
Sirt3, 49, 54 
sirtinol, 324 
sirtuins, 319, 330 
skeletal muscle, 44, 150, 221, 231, 258, 277, 374 
skin, 16, 39, 41, 44, 51, 66, 78, 116, 121, 128, 133, 

145, 147, 149, 153, 154, 159, 167, 175, 183, 186, 



Index  418 

192, 228, 229, 235, 236, 246, 250, 251, 266, 270, 
273, 277, 286, 289, 294, 303, 305, 310, 311, 312, 
317, 325, 329, 332, 333, 335, 346, 350, 351, 358, 
383, 388 

skin aging, 39, 41, 78, 116 
skin cancer, 78, 145, 286, 294 
skin carcinogenesis, 39, 116, 121, 183, 192, 229, 

236, 303, 311, 326, 350 
skin ischemic injury, 39 
Smad, 75 
small intestine, 309 
small Maf, 24, 30 
S-methyl-L-cysteine, 153, 157 
smoke exposure, 195 
smoking, 56, 83, 101, 102, 312 
smooth muscle, 95, 100, 152, 156, 184, 193, 226, 

233, 242, 255 
smooth muscle cells, 152, 156, 193 
S-nitrosoglutathione, 62, 64 
S-nitrosylation, 15, 19, 64, 68, 132 
soccer, 379 
SOD, 33, 34, 35, 36, 37, 38, 39, 40, 41, 42, 43, 44, 

53, 340, 341, 342, 343, 344, 345, 346, 348, 349, 
361, 378, 379, 382, 384, 387 

SOD/catalase mimetics, 341 
SOD1, 44 
SOD2, 43, 45 
sodium, 302, 309, 322, 345, 349, 360, 370, 375 
sodium bicarbonate, 360 
sodium-dependent glucose transporter, 322 
solid tumors, 176 
solubility, 240, 284, 377, 379 
soman, 199 
soy flavonoids, 326, 328 
SP1, 35, 61, 75, 112, 113, 137, 151, 182, 200, 225 
SP3, 75, 137, 182 
spectroscopy, 154, 367, 368, 370, 373 
sperm, 74, 75, 80, 83, 111, 136, 139 
sperm maturation, 75, 136 
sperm Trx, 111 
spermatocytes, 78, 80 
spermatozoa, 74, 75, 78 
spin traps, 22, 337, 367, 368, 369, 370, 371, 372, 374 
spina bifida, 117, 118, 122 
spinach, 297 
spinal cord, 163, 172, 227, 234, 252, 253, 260, 356, 

361, 386 
spinal cord injury, 163, 227, 234, 253, 260, 356, 361 
spironolactone, 199 
spleen, 117, 159, 218, 222 
splenic atrophy, 96 
spontaneous dismutation, 8, 35 
spontaneous hypertensive rats, 248 

Sprague-Dawley rats, 192 
squamous cell, 78, 82, 170, 177 
squamous cell carcinoma, 78, 82, 170, 177 
Srx, 143, 144, 145 
stabilization, 61, 64, 179, 259, 271 
stable asthma, 312 
statin, 200 
statin drugs, 200 
steatohepatitis, 166, 174, 215, 289, 366 
steatosis, 65, 70, 362, 366 
stenosis, 236 
steroids, 359 
sterol regulatory element-binding protein-2, 200, 210 
stilbenes, 315 
strawberries, 265 
streptococci, 158 
streptozotocin, 78, 82, 114, 115, 119, 131, 162, 172, 

202, 227, 233, 242, 348, 361, 369 
stressors, 166, 168 
stroke, 79, 83, 100, 163, 207, 213, 224, 232, 252, 

254, 260, 261, 269, 285, 323, 331, 346, 350, 356, 
361, 367, 370, 372, 374, 376 

structural protein, 78 
ST-segment elevation myocardial infarction, 359, 

364 
subacute, 387 
subarachnoid hemorrhage, 346, 350 
substantia nigra, 96, 164, 188, 195, 221, 381 
substitution, 79, 186, 187, 205 
substitutions, 206 
substrates, 18, 28, 48, 94, 97, 104, 124, 136, 181, 

198, 199, 353 
succinylated catalase, 50 
sucrose, 355, 361 
sulfenic acid, 125, 144, 151 
sulfhydryl, 8, 25, 60, 86, 112, 125, 199, 210, 362 
sulfinic acid, 126, 144, 146, 147 
sulfinic acid phosphoric ester, 144 
sulfinic peroxiredoxins, 143 
sulfiredoxin, 144, 146 
sulfur, 8, 55, 73, 82, 105, 107, 109, 151, 219, 249 
sunburn cells, 228 
superoxide, 3, 4, 5, 6, 7, 8, 9, 10, 11, 18, 21, 22, 25, 

33, 34, 35, 37, 38, 39, 42, 43, 44, 45, 49, 50, 51, 
53, 54, 55, 87, 167, 172, 180, 181, 190, 195, 219, 
248, 276, 318, 319, 337, 339, 340, 341, 342, 343, 
344, 347, 348, 349, 351, 361, 370, 378, 379, 380, 
384, 385, 387 

superoxide dismutase, 3, 8, 18, 21, 22, 25, 33, 34, 42, 
43, 44, 45, 49, 50, 51, 53, 54, 55, 87, 195, 248, 
337, 339, 341, 347, 348, 349, 351, 378, 379, 384, 
385, 387 

superoxide dismutase mimetics, 347, 348, 349 



Index 419 

suppression, 38, 70, 82, 116, 133, 165, 166, 167, 
168, 183, 186, 201, 242, 259, 271, 294, 300, 303, 
310, 318, 322, 326, 350, 354, 358, 370 

surface structure, 379 
surfactant, 128 
survival, 36, 37, 38, 39, 41, 43, 44, 51, 63, 65, 69, 

79, 87, 88, 114, 117, 119, 130, 134, 164, 165, 
166, 168, 170, 174, 175, 177, 187, 204, 213, 222, 
233, 242, 252, 257, 269, 271, 272, 277, 278, 292, 
320, 324, 330, 345, 356, 358, 361, 369, 371, 381 

survival rate, 358 
susceptibility, 35, 51, 53, 55, 79, 84, 86, 88, 97, 98, 

101, 107, 109, 118, 122, 128, 131, 133, 139, 153, 
177, 179, 183, 185, 187, 189, 190, 192, 193, 207, 
208, 215, 229, 236, 237, 269, 363 

swelling, 116 
symptoms, 77, 87, 157, 189, 195, 223, 287, 306, 312, 

372 
synchronization, 186 
syndrome, 118, 138, 155, 162, 165, 166, 167, 171, 

174, 184, 188, 197, 201, 202, 207, 208, 212, 215, 
221, 223, 227, 243, 246, 247, 249, 250, 254, 257, 
259, 269, 270, 273, 274, 276, 279, 285, 301, 306, 
308, 312, 323, 328, 331, 339, 343, 355, 360 

synergistic effect, 67, 100 
syngeneic recipients, 222 
synthesis, 59, 60, 61, 63, 65, 68, 69, 71, 99, 108, 

109, 111, 202, 208, 220, 245, 249, 266, 268, 284, 
285, 332, 354 

synthetic antioxidants, viii, 22, 337 
systemic inflammatory response syndrome, 165, 166, 

167, 174 
systemic lupus erythematosus, 57 
systemic sclerosis, 41, 289, 295 
systolic blood pressure, 71, 333, 359, 365 

 

T 

T cell, 70, 156, 159, 167, 173, 175 
T regulatory cells, 242, 256 
tamoxifen, 258 
Tartars, 154 
Tat-Cu,ZnSOD fusion protein, 37 
tau, 153, 164 
tau phosphorylation, 153 
tau protein, 164 
taurine, 13 
taxifolin, 316 
TBP-2, 113 
tea catechins, 322, 323, 324, 325, 326, 328, 331, 334 
tea polyphenols, 324, 325, 326, 328, 329, 330, 332 
telangiectasia, 345 
telomerase, 49 

Tempol, 343, 344, 345, 346, 347, 348, 351 
tension, 344 
testes, 159, 250 
tetrachlorodibenzo-p-dioxin, 182 
tetrapyrrole biliverdin, 160 
TGR, 135, 136, 137 
Th1/Th2 balance, 269, 324, 332 
therapeutic agents, 331 
therapeutic goal, 68 
therapeutic index, 51, 243 
therapeutic intervention, 272, 274, 287 
therapeutic targets, 127 
therapeutics, 18, 113, 118, 347, 348, 373, 376, 377, 

387 
therapy, 28, 30, 40, 42, 55, 69, 70, 101, 106, 108, 

117, 119, 121, 140, 168, 170, 175, 176, 207, 231, 
235, 256, 259, 273, 278, 279, 286, 289, 294, 295, 
345, 357, 363, 364, 365, 387 

thioacetamide, 50, 115, 120 
thiocyanate, 13 
thiol, 15, 59, 62, 68, 104, 123, 126, 130, 143, 144, 

149, 151, 274, 355 
thiol-specific antioxidant, 123, 274 
thionein, 151, 233 
thioredoxin, 25, 73, 75, 87, 104, 111, 112, 113, 117, 

118, 119, 120, 121, 122, 123, 125, 131, 132, 135, 
139, 140, 141, 144, 149, 150, 151, 248, 258, 342, 
347 

thioredoxin binding protein-2, 113 
thioredoxin glutathione reductase, 135 
thioredoxin interacting protein, 113, 117, 122 
thioredoxin peroxidase, 123, 131, 132 
thioredoxin reductase, 25, 73, 87, 111, 112, 135, 139, 

140, 141, 342, 347 
third ventricle, 355 
thrombogenesis, 321 
thrombosis, 79, 83, 158 
thymic lymphoma, 116, 121, 229, 345 
thymine, 187 
thymocytes, 185 
thymus, 222, 250 
tin, 162, 163, 167 
tin chloride, 162 
tin protoporphyrin-IX, 167 
tissue, 5, 6, 7, 8, 9, 13, 14, 15, 17, 25, 26, 27, 35, 37, 

38, 49, 50, 51, 53, 54, 55, 62, 63, 64, 65, 66, 77, 
79, 86, 98, 108, 115, 116, 117, 118, 127, 129, 
137, 139, 145, 152, 153, 154, 161, 164, 166, 167, 
169, 181, 183, 184, 185, 186, 188, 193, 194, 209, 
217,219, 220, 221, 222, 223, 225, 228, 234, 240, 
242, 248, 249, 254, 261, 269, 270, 282, 285, 286, 
299, 301, 303, 305, 308, 318, 322, 323, 324, 325, 
340, 344, 353, 354, 360, 369, 370, 371 



Index  420 

tissue injury, 7, 8, 9, 10, 13, 14, 15, 17, 25, 26, 37, 
86, 115, 116, 183, 217, 219, 242, 269, 324, 340 

tissue plasminogen activator, 254, 261 
tissue remodeling, 37, 51 
TNF, 82, 260, 277 
tobacco, 38, 96, 170, 195, 308 
tobacco smoke, 38, 96, 195, 308 
tocopherols, 281, 283, 284, 286, 294, 329 
tocotrienols, 281, 282, 283, 284, 285, 286, 287, 290, 

292, 294, 329 
tomato, 265, 297, 301, 307, 308, 309, 311 
total cholesterol, 87 
toxicity, 3, 11, 16, 42, 44, 54, 69, 76, 77, 82, 94, 96, 

98, 101, 115, 116, 121, 132, 145, 153, 163, 164, 
166, 179, 183, 185, 186, 191, 192, 204, 211, 217, 
219, 227, 228, 229, 235, 237, 293, 309, 333, 344, 
361, 368, 369, 382, 387 

toxicology, 69, 99 
toxification, 62 
toxin, 227, 301, 370 
TPA, 294 
transaldolase, 358, 363 
transcription, 23, 24, 25, 30, 35, 47, 49, 61, 75, 86, 

93, 112, 113, 125, 126, 131, 140, 144, 151, 161, 
171, 191, 200, 210, 219, 225, 230, 268, 271, 283, 
300, 307, 318, 319, 373 

transcription factors, 23, 35, 47, 61, 75, 93, 112, 113, 
125, 126, 131, 140, 161, 171, 191, 219, 225, 373 

transcripts, 161 
transduction, 3, 7, 14, 15, 91, 103, 109, 111, 251, 

284, 290, 320 
transformation, 14, 129, 145, 147, 383 
transforming growth factor, 165, 167, 222 
transforming growth factor- 1, 167 
transgene, 167 
transgenic overexpression, 26, 29, 36, 37, 38, 47, 49, 

50, 51, 73, 76, 81, 86, 87, 88, 106, 107, 113, 114, 
115, 116, 126, 127, 128, 139, 151, 162, 200, 201, 
202, 203, 204, 206, 212, 219, 225, 371 

transition metal, 8, 9, 385 
transition metal ions, 8, 9 
translation, 35, 40, 49, 181, 190, 219 
translational research, 53, 79 
translocation, 143, 145, 146, 291 
transmission, 269 
transplant recipients, 334 
transplantation, 38, 41, 43, 50, 55, 114, 120, 162, 

164, 166, 174, 177, 222, 242, 269, 270, 276, 286, 
329, 334, 357, 360, 363, 369 

transport, 5, 7, 18, 145, 152, 156, 182, 245, 246, 265, 
266, 274, 322, 369, 373 

trauma, 50, 371, 376, 381 
traumatic brain injury, 163, 172, 234, 361 

traumatic injury, 163, 172, 273 
tremor, 138 
trial, 41, 252, 273, 278, 279, 288, 289, 294, 295, 305, 

306, 311, 312, 313, 328, 334, 346, 350, 359, 365, 
372 

triazoloacridin-6-ones, 182 
tricarboxylic acid, 251 
tricarboxylic acid cycle, 251 
trichostatin A, 145 
triggers, 13, 140 
triglycerides, 101, 184, 202, 212 
trinitrobenzene sulfonic acid, 174, 371 
tripeptide, 60, 67, 239 
triphenyl phosphine gold chloride, 137 
triphenylphosphonium, 245, 284 
Trn, 111 
Trx, 111, 112, 113, 114, 115, 116, 118, 150 
Trx1, 111, 112, 113, 114, 115, 116, 117, 118 
Trx2, 111, 112, 113, 114, 115, 117 
Trx2 haploinsufficiency, 115 
TrxR, 112, 135, 136, 137, 139 
TrxR1, 73, 135, 137, 138, 139, 140 
TrxR2, 135, 137, 138, 139 
TrxR3, 135, 136 
Trypanosoma congolense, 203, 213 
trypanosome infection, 204 
trypanosome lysis factor, 203 
tryptophan, 48, 187 
tubular cell vaculolization, 228 
tumor, 51, 54, 66, 67, 75, 78, 97, 101, 113, 116, 117, 

128, 129, 130, 133, 138, 145, 168, 170, 175, 176, 
177, 179, 180, 181, 183, 184, 185, 190, 192, 193, 
200, 210, 219, 222, 229, 230, 236, 243, 257, 259, 
267, 271, 275, 287, 300, 307, 319, 345, 348, 349, 
350, 363, 371, 373, 383 

tumor cells, 51, 66, 97, 168, 175, 183, 319 
tumor growth, 51, 116, 117, 168, 176, 259, 275, 307, 

345, 383 
tumor invasion, 177, 307 
tumor metastasis, 51, 54 
tumor necrosis factor- , 184, 185, 193, 200, 210, 

219, 230 
tumor progression, 168 
tumor promoter, 145 
tumor promoting activity, 229 
tumor suppressor, 75, 113, 129, 133, 138, 179, 180, 

181, 190, 229, 236, 271 
tumor xenografts, 267, 275 
tumorigenesis, 70, 97, 101, 128, 133, 181, 320, 358, 

383 
tumors, 57, 67, 94, 97, 98, 101, 130, 168, 171, 176, 

187, 192, 215, 252, 303, 333 
turmeric, 317 



Index 421 

turnover, 128, 159, 166 
two-electron reduction, 6, 179, 180, 181, 183, 186, 

245 
Txnip, 113 
Txnrd1, 135, 137, 138 
Txnrd2, 135, 137, 138 
Txnrd3, 135 
type 1 diabetes, 37, 71, 78, 102, 114, 115, 122, 172, 

195, 202, 242, 369 
type 2 diabetes, 50, 54, 69, 71, 79, 83, 101, 114, 117, 

119, 127, 155, 172, 176, 188, 194, 214, 236, 257, 
276, 288, 295, 302, 312, 322, 331, 359, 365, 370 

type II cells, 87, 89 
typical 2-Cys Prxs, 124 
tyrosinase, 154, 186 
tyrosine, 35, 49, 54, 75, 80, 98, 113, 161, 233, 244, 

266 
tyrosine kinases, 49, 54, 75, 80, 161 
tyrosine nitration, 35, 113 

 

U 

ubiquinol, 245 
ubiquinone, 136, 180, 181, 244, 247, 257 
ubiquitin, 181, 190, 268 
ubiquitination, 24, 49, 54 
UDP-glucuronosyltransferase, 241, 243 
UDP-glucuronosyltransferase 1A1, 241 
UGT1A1, 241, 243 
UGT1A1*28, 243, 257 
ulcer, 289, 295, 302, 356 
ulcerative colitis, 195, 289, 295, 302, 357, 360, 365, 

371 
ultraviolet, 6, 39, 51, 66, 70, 78, 107, 116, 128, 161, 

228, 236, 286, 303, 310, 325, 335, 346, 358, 383 
ultraviolet B, 70, 228, 236 
ultraviolet irradiation, 116, 346, 358, 383 
unconjugated bilirubin, 240, 243 
uncoupled nitric oxide synthase, 6 
uncoupling protein, 245, 246, 257, 301, 308, 324, 

332 
underlying mechanisms, 241, 254, 325, 383 
unesterified cholesterol, 200, 211 
urate, 252, 253, 254, 260 
urate oxidase, 252, 253 
urban areas, 13 
urea, 115, 345, 371 
uremia, 345 
ureteral obstruction, 51, 55, 167 
uric acid, 6, 239, 252, 253, 254, 260, 261 
uric acid levels, 254, 260 
urinary bladder, 97, 101 
urinary bladder injury, 97 

urolithiasis, 189, 195 
UV, 9, 51, 66, 67, 78, 82, 128, 157, 228, 270, 274, 

277, 286, 289, 295, 303, 305, 325, 329, 332, 364, 
388 

UV irradiation, 78, 128, 157, 228, 270, 286, 289, 
303, 305, 326, 329 

UV light, 9, 51, 66, 67, 270, 274, 305 
UVA irradiation, 82 
UVB, 121, 293 

 

V 

vancomycin, 349 
vascular cell adhesion molecule-1, 242 
vascular diseases, 204 
vascular dysfunction, 80, 113, 118, 127, 250, 306, 

321, 355 
vascular homeostasis, 11 
vascular inflammation, 201, 202, 211, 304, 355 
vascular smooth muscle cells, 152, 156, 193 
vascular wall, 355 
vasculature, 162, 181, 184, 321 
vasodilation, 321, 348 
vasomotor, 70, 201, 211 
VCAM-1, 242 
vector, 36, 37, 38, 49, 50, 51, 52, 87, 95, 106, 114, 

119, 126, 129, 162, 184, 186, 200, 201 
vegetable oil, 281 
vegetables, 265, 271, 297, 299, 315, 327, 329 
ventricle, 355 
vesicle, 386 
vessels, 64, 163, 168, 266, 291 
vibration, 287 
viral hepatitis, 302, 325 
viral infection, 138, 209, 324 
viral vector-mediated gene delivery, 36, 50 
virus, 18, 56, 76, 174, 215 
virus replication, 176 
viruses, 5, 7 
virus-induced myocarditis, 76 
vision, 311, 382 
visual acuity, 305 
vitamin A, 274, 297, 299 
vitamin A deficiency, 299 
vitamin C, 12, 22, 26, 44, 62, 263, 265, 266, 267, 

268, 269, 270, 271, 272, 273, 274, 275, 276, 277, 
278, 279, 285, 286, 295, 327 

vitamin C deficiency, 266, 268, 269, 270 
vitamin E, 12, 22, 26, 30, 263, 269, 270, 272, 273, 

281, 282, 283, 284, 285, 286, 287, 288, 289, 290, 
291, 292, 293, 294, 295, 327 

vitamin E deficiency, 283, 284, 287, 291, 292 
vitamin supplementation, 265, 269, 271, 272 



Index  422 

vitamins, 271, 275, 276, 278, 279, 294, 305, 311, 
312 

vitiligo, 52, 154, 158 
VLDL, 201 
vulnerability, 37, 169, 233 

 

W 

watermelon, 297 
weight loss, 188, 194, 343 
wheat, 115, 121 
wheeze, 274 
white blood cells, 98, 189 
white matter, 163, 172 
withdrawal, 189, 195 
workers, 204, 236 
working memory, 138, 140 
wound healing, 51, 56, 66, 167, 175, 228, 235, 266, 

326, 332, 358, 364 
 

X 

xanthine, 6, 7, 34, 252, 253, 318 
xanthine dehydrogenase, 6 
xanthine oxidase, 6, 34 
xanthine oxidoreductase, 6, 7, 252, 253, 318 
xanthophylls, 298 
xenobiotic, 6, 36, 62, 65, 93, 95, 165, 166, 181, 200, 

284, 286, 291, 302, 321, 325, 326, 343, 344, 345, 
356, 357 

xenobiotic biotransformation, 62, 284, 326 
xenobiotic response element, 181, 200 
xenograft, 78, 166 
xenografts, 243, 267, 275 
xeroderma pigmentosum, 51, 56 
X-irradiation, 17, 229, 236 
X-ray, 364 
XRE, 182 

 

Y 

yAP-1, 86, 88 
yeast, 86, 143, 151, 152, 155 
young adults, 83 

 

Z 

zeaxanthin, 297, 299, 300, 301, 302, 303, 305, 307, 
309, 310 

zebrafish, 109, 186 

zinc, 3, 33, 34, 156, 164, 165, 217, 224, 225, 228, 
233, 235, 236, 305, 311, 386 

zinc protoporphyrin-IX, 164 
zinc sulfate, 228 
zinc-deuteroporphyrin IX-2,4-bisethylene glycol, 

165 
Zutphen Elderly Study, 327, 333 
zymosan, 370, 375 


	ANTIOXIDANTS IN BIOLOGY AND MEDICINE: ESSENTIALS, ADVANCES, AND CLINICAL APPLICATIONS 
	Contents
	Preface 
	SECTION I: INTRODUCTION TO OXIDATIVE STRESS  AND ANTIOXIDANTS
	Introduction to Oxidative Stress
	Abstract 
	1. Historical Overview 
	2. Free Radicals and Reactive Oxygen  and Nitrogen Species (ROS/RNS) 
	2.1. Definitions 
	2.1.1. Free Radicals 
	2.1.2. ROS/RNS 

	2.2. Sources of ROS/RNS 
	2.2.1. Endogenous Sources 
	2.2.1.1. NAD(P)H OXIDASES  
	2.2.1.2. MITOCHONDRIA 
	2.2.1.3. OTHER ENDOGENOUS SOURCES 

	2.2.2. Exogenous Sources
	2.2.2.1. PHYSICAL AGENTS AND PARTICULATE MATTER 
	2.2.2.2. XENOBIOTICS 
	2.2.2.3. BIOLOGIC AGENTS


	2.3. Chemical Reactivity of Major Types of ROS/RNS
	2.3.1. Superoxide (O2.-) 
	2.3.2. Hydrogen Peroxide (H2O2) 
	2.3.3. Hydroxyl Radical (.OH) 
	2.3.4. Peroxynitrite (ONOO-) 
	2.3.5. Nitric Oxide (.NO) and Related Nitrogen Oxides 
	2.3.6. Peroxyl Radical (LOO.) and Alkoxyl Radical (LO.)  
	2.3.7. Singlet Oxygen (1O2) 
	2.3.8. Hypochlorous Acid (HOCl) 
	2.3.9. Ozone (O3) 

	2.4. Molecular Targets of ROS/RNS and Cellular Consequences  

	3. Oxidative Stress and Diseases
	3.1. Definitions 
	3.1.1. Oxidative Stress 
	3.1.2. Other Related Terms 

	3.2. Oxidative Stress in Diseases 
	3.2.1. Different Roles of Oxidative Stress in Diseases
	3.2.2. Diseases Involving an Oxidative Stress Mechanism 


	4. Conclusion  
	5. References

	Introduction to Antioxidants 
	Abstract 
	1. Definition and Mode of Antioxidant Action 
	2. Classification of Antioxidants
	3. Antioxidant Gene Regulation 
	3.1. Regulation of Antioxidant Gene Expression by Nrf2 Signaling 
	3.1.1. Historical Overview 
	3.1.2. Keap1-Nrf2-ARE Signaling 
	3.1.3. Nrf2-regulated Antioxidants 

	3.2. Nrf2-dependent Induction of Antioxidants and Protection against Oxidative Stress 

	4. Antioxidant-based Disease Intervention
	4.1. Overall Strategies of Antioxidant-based Disease Intervention 
	4.2. Animal Studies on Antioxidant-based Disease Intervention 
	4.3. Human Studies on Antioxidant-based Disease Intervention 

	5. Caveats on Antioxidants and Antioxidant-based Disease Intervention 
	5.1. Multiple Biological Activities of Antioxidants
	5.2. Genetic Manipulations of Antioxidants 

	6. Conclusion  
	7. References 


	SECTION II: ANTIOXIDANTS SYNTHESIZED BY CELLS 
	Superoxide Dismutase 
	Abstract 
	1. Overview 
	1.1. Definition and History 
	1.2. Basic Characteristics 

	2. Biochemistry and Molecular Regulation 
	2.1. Biochemistry 
	2.2. Molecular Regulation

	3. Role in Health and Disease
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Diabetes 
	3.1.4. Role in Neurological Diseases 
	3.1.5. Role in Pulmonary Diseases 
	3.1.6. Role in Hepatic and Gastrointestinal Diseases
	3.1.7. Role in Renal Diseases 
	3.1.8. Role in Skin Diseases 
	3.1.9. Role in Cancer 
	3.1.10. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. Study Approaches 
	3.2.2. Genetic Variation Studies 
	3.2.3. Interventional Clinical Trials 


	4. Conclusion and Future Directions 
	5. References 

	Catalase
	Abstract 
	1. Overview 
	1.1. Definition and History 
	1.2. Basic Characteristics

	2. Biochemistry and Molecular Regulation 
	2.1. Biochemistry 
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Diabetes 
	3.1.4. Role in Neurological Diseases
	3.1.5. Role in Pulmonary Diseases 
	3.1.6. Role in Hepatic and Gastrointestinal Diseases 
	3.1.7. Role in Renal Diseases 
	3.1.8. Role in Skin Diseases 
	3.1.9. Role in Cancer 
	3.1.10. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. Hereditary Catalase Deficiency
	3.2.2. Gene Polymorphisms 


	4. Conclusion and Future Directions 
	5. References 

	Glutathione and its Synthesizing Enzymes
	Abstract 
	1. Overview 
	1.1. Definition and History 
	1.2. Basic Characteristics 

	2. Biochemistry and Molecular Regulation 
	2.1. Biochemistry 
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. General Biological Activities 
	3.1.1. Reaction of GSH with ROS/RNS 
	3.1.2. Reaction of GSH with Electrophiles
	3.1.3. Reaction of GSH with Other Non-protein Antioxidants 
	3.1.4. Protein Deglutathionylation

	3.2. Animal Studies
	3.2.1. Experimental Approaches 
	3.2.2. Role in Cardiovascular Diseases 
	3.2.3. Role in Diabetes 
	3.2.4. Role in Neurological Diseases 
	3.2.5. Role in Pulmonary Diseases
	3.2.6. Role in Hepatic and Gastrointestinal Diseases 
	3.2.7. Role in Renal Diseases 
	3.2.8. Role in Skin Diseases 
	3.2.9. Role in Cancer 
	3.2.10. Role in Other Diseases and Conditions

	3.3. Human Studies and Clinical Perspectives 
	3.3.1. GCL and GSS Deficiencies due to Gene Mutations 
	3.3.2. Gene Polymorphisms 
	3.3.3. Interventional Clinical Trials 


	4. Conclusion and Future Directions
	5. References

	Glutathione Peroxidase 
	Abstract 
	1. Overview 
	1.1. Definition and History 
	1.2. Basic Characteristics 

	2. Biochemistry and Molecular Regulation
	2.1. Biochemistry 
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Diabetes 
	3.1.4. Role in Neurological Diseases
	3.1.5. Role in Pulmonary Diseases 
	3.1.6. Role in Hepatic and Gastrointestinal Diseases 
	3.1.7. Role in Renal Diseases 
	3.1.8. Role in Skin Diseases 
	3.1.9. Role in Cancer 
	3.1.10. Role in Other Diseases and Conditions

	3.2. Human Studies and Clinical Perspectives 

	4. Conclusion and Future Directions 
	5. References 

	Glutathione Reductase 
	Abstract 
	1. Overview 
	2. Biochemistry and Molecular Regulation 
	3. Role in Health and Disease
	3.1. Animal Studies
	3.1.1. Experimental Approaches 
	3.1.2. Role in Disease Conditions 

	3.2. Human Studies and Clinical Perspectives

	4. Conclusion and Future Directions
	5. References 

	Glutathione S-Transferase 
	Abstract 
	1. Overview
	1.1. Definition and History 
	1.2. Basic Characteristics 

	2. Biochemistry and Molecular Regulation
	2.1. Biochemistry 
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. General Biological Activities 
	3.1.1. Protection against Cytotoxicity of Electrophiles and ROS via Enzymatic Reactions 
	3.1.2. Protection against Carcinogenesis 
	3.1.3. Regulation of Cell Signaling 

	3.2. Animal Studies
	3.2.1. Experimental Approaches 
	3.2.2. Role in Cardiovascular Diseases 
	3.2.3. Role in Neurological Diseases 
	3.2.4. Role in Pulmonary Diseases
	3.2.5. Role in Hepatic Diseases 
	3.2.6. Role in Cancer 
	3.2.7. Role in Other Diseases and Conditions

	3.3. Human Studies and Clinical Perspectives 
	3.3.1. GST Deficiencies due to Gene Deletions
	3.3.2. GST Gene Polymorphisms 


	4. Conclusion and Future Directions
	5. References 

	Glutaredoxin 
	Abstract
	1. Overview
	1.1. Definition and History 
	1.2. Basic Characteristics 

	2. Biochemistry and Molecular Regulation 
	2.1. Biochemistry 
	2.2. Molecular Regulation

	3. Role in Health and Disease 
	3.1. General Biological Activities 
	3.2. Animal Studies 
	3.2.1. Experimental Approaches 
	3.2.2. Role in Cardiovascular Diseases 
	3.2.3. Role in Other Diseases and Conditions 

	3.3. Human Studies and Clinical Perspectives 

	4. Conclusion and Future Directions 
	5. References 

	Thioredoxin
	Abstract
	1. Overview 
	2. Biochemistry and Molecular Regulation 
	2.1. Biochemistry 
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Experimental Approaches
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Diabetes 
	3.1.4. Role in Neurological Diseases 
	3.1.5. Role in Pulmonary Diseases 
	3.1.6. Role in Hepatic and Gastrointestinal Diseases 
	3.1.7. Role in Renal Diseases 
	3.1.8. Role in Skin Diseases 
	3.1.9. Role in Cancer 
	3.1.10. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 

	4. Conclusion and Future Directions 
	5. References 

	Peroxiredoxin 
	Abstract
	1. Overview
	1.1. Definition and History 
	1.2. Basic Characteristics 

	2. Biochemistry and Molecular Regulation 
	2.1. Biochemistry
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. General Biological Activities 
	3.2. Animal Studies 
	3.2.1. Experimental Approaches 
	3.2.2. Role in Cardiovascular Diseases 
	3.2.3. Role in Diabetes 
	3.2.4. Role in Neurological Diseases 
	3.2.5. Role in Pulmonary Diseases 
	3.2.6. Role in Hepatic Diseases 
	3.2.7. Role in Skin Diseases 
	3.2.8. Role in Cancer 
	3.2.9. Role in Other Diseases and Conditions 

	3.3. Human Studies and Clinical Perspectives 

	4. Conclusion and Future Directions
	5. References

	Thioredoxin Reductase 
	Abstract
	1. Overview 
	2. Biochemistry and Molecular Regulation
	2.1. Biochemistry 
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Neurological Diseases
	3.1.4. Role in Cancer and Other Conditions 

	3.2. Human Studies and Clinical Perspectives 

	4. Conclusion and Future Directions 
	5. References 

	Sulfiredoxin
	Abstract 
	1. Overview
	2. Biochemistry and Molecular Regulation 
	2.1. Biochemistry
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	4. Conclusion and Future Directions 
	5. References 

	Methionine Sulfoxide Reductase 
	Abstract 
	1. Overview
	2. Biochemistry and Molecular Regulation
	2.1. Biochemistry 
	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Experimental Approaches
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Aging and Neurological Diseases 
	3.1.4. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. Role in Human Aging and Neurological Diseases 
	3.2.2. Role in Human Skin Diseases 
	3.2.3. Role in Human Cancer and Obesity


	4. Conclusion and Future Directions 
	5. References 

	Heme Oxygenase
	Abstract 
	1. Overview
	2. Biochemistry and Molecular Regulation 
	2.1. Biochemistry 
	2.2. Molecular Regulation 

	3. Role in Health and Disease
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Diabetes and Metabolic Syndrome 
	3.1.4. Role in Neurological Diseases 
	3.1.4.1. CEREBRAL INJURY DUE TO ISCHEMIA AND HEMORRHAGE 
	3.1.4.2. TRAUMATIC BRAIN AND SPINAL CORD INJURY 
	3.1.4.3. NEURODEGENERATIVE DISEASES 

	3.1.5. Role in Pulmonary Diseases 
	3.1.5.1. HYPEROXIC LUNG INJURY 
	3.1.5.2. LUNG ISCHEMIA-REPERFUSION INJURY 
	3.1.5.3. AIRWAY INFLAMMATION 
	3.1.5.4. DRUG-INDUCED PULMONARY TOXICITY 

	3.1.6. Role in Hepatic and Gastrointestinal Diseases 
	3.1.6.1. LIVER INJURY FROM ISCHEMIA-REPERFUSION AND SYSTEMIC INFLAMMATORY RESPONSE SYNDROME 
	3.1.6.2. HEPATOTOXICITY AND OXIDATIVE STRESS 
	3.1.6.3. NONALCOHOLIC FATTY LIVER DISEASE AND INFLAMMATORY BOWEL DISEASE

	3.1.7. Role in Renal Diseases 
	3.1.7.1. RENAL ISCHEMIA-REPERFUSION INJURY AND KIDNEY TRANSPLANTATION
	3.1.7.2. DRUG-INDUCED NEPHROTOXICITY AND DIABETIC NEPHROPATHY 
	3.1.7.3. RENAL INJURY FROM SYSTEMIC INFLAMMATORY RESPONSE SYNDROME AND URETERAL OBSTRUCTION 

	3.1.8. Role in Skin Diseases 
	3.1.9. Role in Cancer 
	3.1.9.1. CANCER CELL GROWTH 
	3.1.9.2. ANGIOGENESIS AND CANCER METASTASIS 
	3.1.9.3. CANCER DRUG RESISTANCE 
	3.1.9.4. CHEMICAL CARCINOGENESIS 

	3.1.10. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. HO-1 Deficiency 
	3.2.2. HO-1 Activity in Diseased Tissues 
	3.2.3. HO-1 Gene Polymorphisms in Non-cancer Diseases
	3.2.4. HO-1 Gene Polymorphisms in Cancer 


	4. Conclusion and Future Directions 
	5. References 

	NAD(P)H:Quinone Oxidoreductase  
	Abstract
	1. Overview 
	2. Biochemistry and Molecular Regulation
	2.1. Biochemistry
	2.1.1. Two-Electron Reduction of Quinones and Derivatives 
	2.1.2. Maintenance of Endogenous Antioxidants -Tocopherol and Ubiquinone
	2.1.3. Scavenging of Superoxide 
	2.1.4. Stabilization of p53 and Other Tumor Suppressors 
	2.1.5. As a Gatekeeper of the 20S Proteasome 
	2.1.6. Binding to Melatonin 

	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. An Overview of the Biological Functions of NQO Enzymes in Animal Models 
	3.1.3. Role in Chemical Toxicity 
	3.1.4. Role in Carcinogenesis 
	3.1.5. Role in Cardiovascular Diseases and Related Conditions 
	3.1.6. Role in Pulmonary Diseases 
	3.1.7. Role in Immunity and Autoimmunity
	3.1.8. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. Study Approaches and Gene Polymorphisms 
	3.2.2. Role in Human Cancer 
	3.2.3. Role in Human Cardiovascular Diseases and Related Conditions
	3.2.4. Role in Human Neurological Diseases 
	3.2.5. Role in Other Human Diseases 


	4. Conclusion and Future Directions 
	5. References

	Paraoxonase  
	Abstract 
	1. Overview 
	2. Biochemistry and Molecular Regulation
	2.1. Biochemistry 
	2.1.1. Biochemistry of PON1 
	2.1.2. Biochemistry of PON2 and PON3 

	2.2. Molecular Regulation 

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. An Overview of the Biological Activities of PONs in Animal Models  
	3.1.3. Role in Cardiovascular Diseases 
	3.1.4. Role in Diabetes and Metabolic Syndrome 
	3.1.5. Role in Liver Diseases 
	3.1.6. Role in Infectious Diseases 
	3.1.6.1. PSEUDOMONAS AERUGINOSA INFECTION 
	3.1.6.2. TRYPANOSOMA CONGOLENSE INFECTION 

	3.1.7. Role in Organophosphate Poisoning 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. Study Approaches and General Considerations 
	3.2.2. PON Gene Polymorphisms 
	3.2.3. Role in Human Cardiovascular Diseases  
	3.2.4. Role in Human Diabetes and Metabolic Syndrome 
	3.2.5. Role in Human Neurological Diseases 
	3.2.6. Role in Human Liver Diseases 
	3.2.7. Role in Human Cancer
	3.2.8. Role in Other Human Diseases 


	4. Conclusion and Future Directions 
	5. References 

	Metal Ion Sequestering Proteins
	Abstract 
	1. Introduction 
	2. Ferritin 
	2.1. General Aspects, Biochemistry, and Molecular Regulation 
	2.1.1. General Aspects and Biochemistry 
	2.1.2. Molecular Regulation 

	2.2. Role in Health and Disease 
	2.2.1. General Biological Activities 
	2.2.2. Animal Studies 
	2.2.2.1. EXPERIMENTAL APPROACHES 
	2.2.2.2. ROLE IN CARDIOVASCULAR DISEASES AND RELATED CONDITIONS 
	2.2.2.3. ROLE IN NEURODEGENERATIVE DISEASES 
	2.2.2.4. ROLE IN HEPATIC DISEASES 
	2.2.2.5. ROLE IN CANCER 

	2.2.3. Human Studies and Clinical Perspectives 
	2.2.3.1. GENETIC FERRITIN DISORDERS 
	2.2.3.2. SERUM FERRITIN IN DISEASE CONDITIONS 



	3. Metallothionein 
	3.1. General Aspects, Biochemistry, and Molecular Regulation 
	3.1.1. General Aspects and Biochemistry 
	3.1.2. Molecular Regulation 

	3.2. Role in Health and Disease 
	3.2.1. General Biological Activities 
	3.2.2. Animal Studies 
	3.2.2.1. EXPERIMENTAL APPROACHES
	3.2.2.2. ROLE IN CARDIOVASCULAR DISEASES 
	3.2.2.3. ROLE IN DIABETES AND METABOLIC SYNDROME 
	3.2.2.4. ROLE IN NEUROLOGICAL DISEASES
	3.2.2.5. ROLE IN PULMONARY DISEASES 
	3.2.2.6. ROLE IN HEPATIC AND GASTROINTESTINAL DISEASES 
	3.2.2.7. ROLE IN RENAL DISEASES 
	3.2.2.8. ROLE IN SKIN DISEASES 
	3.2.2.9. ROLE IN CANCER 
	3.2.2.10. ROLE IN OTHER DISEASES AND CONDITIONS 

	3.2.3. Human Studies and Clinical Perspectives 


	4. Conclusion and Future Directions
	5. References 

	Other Non-Protein Antioxidants Synthesized by Cells
	Abstract 
	1. Introduction 
	2. Bilirubin 
	2.1. General Aspects and Biochemistry 
	2.1.1. Bilirubin and Heme Oxygenases
	2.1.2. Physiological Concentrations and Metabolism 
	2.1.3. Biochemical Properties and Functions 

	2.2. Role in Health and Disease 
	2.2.1. Animal Studies 
	2.2.1.1. EXPERIMENTAL APPROACHES 
	2.2.1.2. ROLE IN CARDIOVASCULAR DISEASES
	2.2.1.3. ROLE IN DIABETES AND PANCREATIC ISLET TRANSPLANTATION 
	2.2.1.4. ROLE IN NEUROLOGICAL DISEASES
	2.2.1.5. ROLE IN PULMONARY DISEASES 
	2.2.1.6. ROLE IN HEPATIC AND GASTROINTESTINAL DISEASES
	2.2.1.7. ROLE IN RENAL DISEASES 
	2.2.1.8. ROLE IN CANCER 
	2.2.1.9. ROLE IN SEPSIS 

	2.2.2. Human Studies and Clinical Perspectives 
	2.2.2.1. GENETIC VARIATIONS LEADING TO HYPERBILIRUBINEMIA IN HUMANS 
	2.2.2.2. EPIDEMIOLOGICAL STUDIES 


	2.3. Summary 

	3. Coenzyme Q 
	3.1. General Aspects and Biochemistry 
	3.1.1. Definition 
	3.1.2. Discovery and Biosynthesis 
	3.1.3. Localization and Distribution 
	3.1.4. Exogenous CoQ10  
	3.1.5. Biochemical Properties and Functions 

	3.2. Role in Health and Disease 
	3.2.1. Animal Studies 
	3.2.2. Human Studies and Clinical Perspectives 
	3.2.2.1. HUMAN COQ10 DEFICIENCIES 
	3.2.2.2. CLINICAL STUDIES 


	3.3. Summary 

	4. Estrogens
	4.1. General Aspects and Biochemistry 
	4.2. Role in Health and Disease 
	4.2.1. Role in Cardiovascular Diseases 
	4.2.2. Role in Neurological Diseases and Other Disease Conditions 

	4.3. Summary 

	5. -Lipoic Acid 
	5.1. General Aspects and Biochemistry 
	5.2. Role in Health and Disease
	5.3. Summary 

	6. Melatonin 
	6.1. General Aspects and Biochemistry 
	6.2. Role in Health and Disease 
	6.3. Summary

	7. Pyruvate 
	7.1. General Aspects and Biochemistry 
	7.2. Role in Health and Disease 
	7.3. Summary 

	8. Uric Acid
	8.1. General Aspects and Biochemistry 
	8.2. Role in Health and Disease 
	8.2.1. Animal Studies 
	8.2.2. Human Studies and Clinical Perspectives 

	8.3. Summary 

	9. Conclusion and Future Directions 
	10. References


	SECTION III: ANTIOXIDANTS DERIVED FROM THE DIET
	Vitamin C  
	Abstract 
	1. Overview 
	1.1. Definition and Dietary Sources 
	1.2. Pharmacokinetics
	1.3. Deficiency 

	2. Biochemical Properties and Functions
	2.1. As a Cofactor for Various Enzymes  
	2.2. As an Antioxidant or a Potential Pro-oxidant 
	2.2.1. Redox Chemistry 
	2.2.2. Antioxidant Functions
	2.2.3. Potential Pro-oxidant Activities 

	2.3. Other Novel Activities 

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Diabetes and Metabolic Syndrome 
	3.1.4. Role in Neurological Diseases 
	3.1.5. Role in Pulmonary Diseases
	3.1.6. Role in Hepatic and Gastrointestinal Diseases 
	3.1.7. Role in Renal Diseases 
	3.1.8. Role in Skin Diseases 
	3.1.9. Role in Sepsis 
	3.1.10. Role in Cancer 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. Study Approaches 
	3.2.2. Role in Human Cardiovascular Diseases 
	3.2.3. Role in Human Cancer 
	3.2.3.1. A HISTORICAL OVERVIEW ON HIGH-DOSE VITAMIN C THERAPY
	3.2.3.2. RECENT CLINICAL STUDIES ON HIGH-DOSE VITAMIN C THERAPY 

	3.2.4. Role in Other Human Diseases 
	3.2.4.1. SEPSIS 
	3.2.4.2. GUT DISORDERS 
	3.2.4.3. METABOLIC SYNDROME, ANEMIA, ASTHMA, AND SKIN DISORDERS 



	4. Conclusion and Future Directions 
	5. References 

	Vitamin E 
	Abstract 
	1. Overview 
	1.1. Definition and Dietary Sources 
	1.2. Blood Levels and Tissue Distribution 
	1.3. Additional Nomenclatures
	1.4. Deficiency 

	2. Biochemical Properties and Functions 
	2.1. Antioxidant and Pro-oxidant Effects  
	2.2. Anti-inflammatory Effects 
	2.3. Other Novel Effects 

	3. Role in Health and Disease
	3.1. Animal Studies 
	3.1.1. Experimental Approaches 
	3.1.2. Role in Cardiovascular Diseases 
	3.1.3. Role in Diabetes and Metabolic Syndrome 
	3.1.4. Role in Neurological Diseases 
	3.1.5. Role in Pulmonary Diseases 
	3.1.6. Role in Hepatic and Gastrointestinal Diseases 
	3.1.7. Role in Renal Diseases 
	3.1.8. Role in Skin Diseases 
	3.1.9. Role in Cancer 
	3.1.10. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. Study Approaches 
	3.2.2. Ataxia with Vitamin E Deficiency 
	3.2.3. Role in Human Cardiovascular Diseases 
	3.2.4. Role in Human Cancer 
	3.2.5. Role in Other Human Diseases  
	3.2.5.1. NONALCOHOLIC STEATOHEPATITIS
	3.2.5.2. ADDITIONAL DISEASES AND CONDITIONS 



	4. Conclusion and Future Directions 
	5. References 

	Carotenoids 
	Abstract 
	1. Overview 
	1.1. Definition and Dietary Sources 
	1.2. Classification
	1.3. Blood Levels and Tissue Distribution 

	2. Biochemical Properties and Functions 
	2.1. As a Precursor of Vitamin A
	2.2. Antioxidant Activities 
	2.3. Anti-inflammatory Activities 
	2.4. Other Novel Activities  

	3. Role in Health and Disease 
	3.1. Animal Studies 
	3.1.1. Role in Cardiovascular Diseases 
	3.1.2. Role in Diabetes and Metabolic Syndrome 
	3.1.3. Role in Neurological Diseases 
	3.1.4. Role in Pulmonary Diseases 
	3.1.5. Role in Hepatic and Gastrointestinal Diseases 
	3.1.6. Role in Renal Diseases 
	3.1.7. Role in Eye Diseases 
	3.1.8. Role in Skin Diseases 
	3.1.9. Role in Cancer 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. Role in Human Cardiovascular Diseases 
	3.2.2. Role in Human Cancer
	3.2.3. Role in Other Human Diseases
	3.2.3.1. EYE DISEASES 
	3.2.3.2. SKIN DISEASES 
	3.2.3.3. ADDITIONAL DISEASES AND CONDITIONS 



	4. Conclusion and Future Directions 
	5. References 

	Phenolic Compounds
	Abstract 
	1. Overview
	1.1. Definition and Dietary Sources
	1.2. Classification
	1.3. Pharmacokinetic Properties 

	2. Biochemical Properties and Functions
	2.1. Antioxidant and Pro-oxidant Activities
	2.1.1. Scavenging of ROS/RNS and Other Reactive Species
	2.1.2. Inhibition of ROS Formation 
	2.1.3. Induction of Endogenous Antioxidant Enzymes 
	2.1.4. Potential Pro-oxidant Activities 

	2.2. Anti-inflammatory Activities  
	2.3. Effects on Nitric Oxide Bioavailability and Endothelial Function 
	2.4. Other Novel Functions 

	3. Role in Health and Disease 
	3.1. Animal Studies
	3.1.1. Role in Cardiovascular Diseases
	3.1.2. Role in Diabetes and Metabolic Syndrome
	3.1.2.1. DIABETES 
	3.1.2.2. METABOLIC SYNDROME 

	3.1.3. Role in Neurological Diseases 
	3.1.4. Role in Pulmonary Diseases 
	3.1.5. Role in Hepatic and Gastrointestinal Diseases 
	3.1.5.1. HEPATIC DISEASES 
	3.1.5.2. GASTROINTESTINAL DISEASES 

	3.1.6. Role in Renal Diseases 
	3.1.7. Role in Skin Diseases
	3.1.8. Role in Cancer 
	3.1.9. Role in Other Diseases and Conditions

	3.2. Human Studies and Clinical Perspectives
	3.2.1. Role in Human Cardiovascular Diseases 
	3.2.2. Role in Human Cancer 
	3.2.3. Role in Other Human Diseases and Conditions 


	4. Conclusion and Future Directions
	5. References 


	SECTION IV: SYNTHETIC ANTIOXIDANTS
	Antioxidant Enzyme Mimetics
	Abstract 
	1. Overview 
	2. Chemistry and Biochemistry 
	2.1. Superoxide Dismutase Mimetics
	2.1.1. Mn(III) Metalloporphyrins
	2.1.2. Mn(III) Salen Complexes 
	2.1.3. Mn(II) Pentaazamacrocyclic Ligand-based Complexes  

	2.2. Catalase Mimetics
	2.3. GPx Mimetics 
	2.4. Peroxynitrite Scavengers 

	3. Role in Disease Intervention
	3.1. Animal Studies 
	3.1.1. Role in Cardiovascular Diseases 
	3.1.2. Role in Diabetes and Metabolic Syndrome 
	3.1.3. Role in Neurological Diseases 
	3.1.4. Role in Pulmonary Diseases 
	3.1.5. Role in Hepatic and Gastrointestinal Diseases 
	3.1.6. Role in Renal Diseases 
	3.1.7. Role in Cancer 
	3.1.8. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 

	4. Conclusion and Future Directions 
	5. References 

	Glutathione Precursors 
	Abstract 
	1. Overview 
	2. Chemistry and Biochemistry 
	2.1. Glutathione Esters 
	2.2. N-Acetylcysteine 
	2.3. Other Glutathione Precursors 

	3. Role in Disease Intervention 
	3.1. Animal Studies 
	3.1.1. Role in Cardiovascular Diseases 
	3.1.2. Role in Diabetes and Metabolic Syndrome
	3.1.3. Role in Neurological Diseases 
	3.1.4. Role in Pulmonary Diseases
	3.1.5. Role in Hepatic and Gastrointestinal Diseases 
	3.1.6. Role in Renal Diseases 
	3.1.7. Role in Cancer 
	3.1.8. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 
	3.2.1. N-Acetylcysteine as the Specific Antidote for Acetaminophen Overdose in Humans 
	3.2.2. Role in Human Cardiovascular Diseases and Diabetes 
	3.2.3. Role in Human Pulmonary Diseases 
	3.2.4. Role in Contrast Medium-induced Nephropathy 
	3.2.5. Role in Other Human Diseases


	4. Conclusion and Future Directions 
	5. References

	Spin Traps 
	Abstract 
	1. Overview 
	2. Chemistry and Biochemistry 
	2.1. Nitrone Spin Traps 
	2.2. Other Spin Traps 

	3. Role in Disease Intervention 
	3.1. Animal Studies 
	3.1.1. Role in Cardiovascular Diseases
	3.1.2. Role in Diabetes 
	3.1.3. Role in Neurological Diseases 
	3.1.4. Role in Pulmonary Diseases
	3.1.5. Role in Hepatic and Gastrointestinal Diseases 
	3.1.6. Role in Renal Diseases 
	3.1.7. Role in Cancer 
	3.1.8. Role in Other Diseases and Conditions 

	3.2. Human Studies and Clinical Perspectives 

	4. Conclusion and Future Directions 
	5. References 

	Nanomaterials 
	Abstract
	1. Overview 
	2. Chemistry and Biochemistry 
	2.1. Cerium Oxide Nanoparticles 
	2.2. Platinum Nanoparticles 
	2.3. Fullerenes 
	2.4. Other Nanomaterials 

	3. Role in Disease Intervention
	3.1. Animal Studies 
	3.1.1. Role in Cardiovascular Diseases 
	3.1.2. Role in Neurological Diseases
	3.1.3. Role in Pulmonary Diseases 
	3.1.4. Role in Hepatic and Gastrointestinal Diseases 
	3.1.5. Role in Eye Diseases
	3.1.6. Role in Aging  
	3.1.7. Role in Cancer
	3.1.8. Role in Other Diseases and Conditions

	3.2. Human Studies and Clinical Perspectives 

	4. Conclusion and Future Directions 
	5. References 


	Index 

