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Foreword

The ACS Symposium Series was first published in 1974 to provide a
mechanism for publishing symposia quickly in book form. The purpose of
the series is to publish timely, comprehensive books developed from the ACS
sponsored symposia based on current scientific research. Occasionally, books are
developed from symposia sponsored by other organizations when the topic is of
keen interest to the chemistry audience.

Before agreeing to publish a book, the proposed table of contents is reviewed
for appropriate and comprehensive coverage and for interest to the audience. Some
papers may be excluded to better focus the book; others may be added to provide
comprehensiveness. When appropriate, overview or introductory chapters are
added. Drafts of chapters are peer-reviewed prior to final acceptance or rejection,
and manuscripts are prepared in camera-ready format.

As a rule, only original research papers and original review papers are
included in the volumes. Verbatim reproductions of previous published papers
are not accepted.

ACS Books Department
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Preface

Oxidative stress is a state where a biological system has a diminished
capacity to counteract an overproduction or invasion of reactive oxygen species
and other radicals. This book presents recent achievements in the understanding
of oxidative stress, the mechanisms of damage to cells, DNA and proteins,
and involvement in premature aging and major diseases, including cancer,
Alzheimer’s, autism, HIV infection and stroke, among others. The book is a
comprehensive source of information providing some of the latest directions
in diagnostics of oxidative stress, including novel methods for detecting
oxidative-stress biomarkers, prevention by antioxidants, and therapy using newly
developed free radical-scavenging agents and natural defense systems.

The book covers topics beginning from general effects of oxidative stress
on human health and the role of antioxidants, through the important problems of
disease prevention and treatment, including mechanisms of action of naturally
occurring antioxidants, systemic defenses and redox homeostasis, artificial
nanoparticle antioxidants and treatment of neurological diseases associated with
oxidative stress, and finishing with examples of modern analytical platforms
for the detection of free radicals and oxidative stress metabolites, including
electrochemical sensors and biosensors and mass spectrometry approaches.
Several chapters present reviews on important subjects of oxidative stress and
implications of oxidative stress in disease progression and therapy, mechanisms
of oxidative damage as well as antioxidants and prevention by antioxidants. Other
chapters describe analytical methodologies for the detection of free radicals and
protein interactions.

This work showcases new investigations and discoveries made in research
groups around the world. We hope that this book will provide for a novice a
solid background on oxidative stress and its consequences, methods of detection,
disease prevention and therapy. For scientists and practitioners already involved
in this field we aim to provide a wealth of information on the most recent
achievements and new insights to the broad subject matter of oxidative stress,
e.g. detection of biomarkers, mutagenesis and progressive damage to DNA,
proteins and lipids, mechanism of free radical reactions, redox regulation in
biological systems, and novel antioxidant therapies for the treatment of oxidative
stress diseases. Since this field is rapidly expanding, with new discoveries of
implications of oxidative stress in many common diseases being reported every
year, we hope that a wide audience will find this book useful as a database and a
collection of concepts and ideas to build on in further studies.

ix
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Chapter 1

The Role of Antioxidants in Human Health

Saikat Sen* and Raja Chakraborty

Creative Educational Society’s College of Pharmacy, Kurnool, Andhra
Pradesh -518 218, India

*E-mail: saikat.pharm@rediffmail.con. Phone: +91-9032011182.

Recent development in medicinal field reports a number of
disease associated with free radicals. The risk of diseases due to
oxidative stress is compounded by unhealthy lifestyle, exposure
of chemicals, pollution, cigarette smoking, drugs, illness, and
stress etc. Antioxidants are the substances which can scavenge
free radicals and help to decrease the incidence of oxidative
stress induced damage. Traditional herbal medicines, dietary
foods were the main source of antioxidant for ancient peoples
that protected them from the damage caused by free radicals.
Over consumption of antioxidants however can cause severe
adverse reactions as well. In this chapter we have discuss the
concept of free radical biology and role of different antioxidants
on human health and diseases.

Introduction

Oxygen is an indispensable element for life. Oxidative property of oxygen
plays a vital role in various biological phenomena; being essential for life, oxygen
can also aggravate the damage within the cell by oxidative events. Oxygen is used
by the cell to generate energy and free radicals are formed as a consequence of
ATP (adenosine triphosphate) production by the mitochondria. Reactive oxygen
species (ROS) and reactive nitrogen species (RNS) are the by-products resulting
from the cellular redox process. These reactive species play a dual role in human
as both toxic and beneficial compounds. The delicate balance between their two
opposite effects is undoubtedly a key aspect of life. At low or moderate levels,
reactive species exert beneficial effects on cellular redox signalling and immune
function, but at high concentrations, they produce oxidative stress, a harmful
process that can damage cell function and structures (1, 2).

© 2011 American Chemical Society
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The causes of the toxic properties of oxygen were obscure prior to Gershman’s
free radical theory. World War II (1939-1945) gave rise to the field of free radical
biochemistry. Gershman and Gilbert speculated that the lethal and toxic effects of
ionizing radiation following the aftermath of Hiroshima and Nagasaki might be
due to cellular action of ROS. In 1954 Gershman’s free radical theory stated that
the toxicity of oxygen is due to partially reduced forms of oxygen. In the same year,
Commoner, Townsend, and Pake reported aweak electron paramagnetic resonance
(EPR) signal attributable to the presence of free radicals in a variety of lyophilised
biological materials. Soon thereafter Denham Harman (1956) explored the world
of free radicals in biological systems and proposed the concept of free radicals
playing a role in the ageing process. These early studies triggered intense research
in the area of free radicals in biological systems for decades to come (3–5).

Free radicals induced oxidative stress is now believed to be a fundamental
mechanism underlying a number of human cardiovascular, neurologic and other
disorders. Antioxidants are our crucial defense against free radical induced
damage, and are critical for maintaining optimum health and wellbeing. It has
been estimated that ~ 5% of inhaled oxygen is converted into several damaging
ROS species like superoxide, hydroxyl and hydrogen peroxide by equivalent
reduction of oxygen. In today’s modern world the risk of diseases due to oxidative
stress is compounded by unhealthy lifestyle, exposure of chemicals, pollution,
cigarette smoking, drugs, illness, and stress etc. Exogenous consumption of
antioxidants from plant, animal, and mineral sources have proved beneficial
to human health and effective to reduce the incidence of free radical induced
diseases. The antioxidants are also associated with reduction of free radical
generation and improves antioxidant status in patients, thus it may be beneficial
to recover normal function and treatment of such diseases. In recent years there
has been increased interest in the therapeutic use of antioxidants in the treatment
of disease associated with oxidative stress (6–8). Several studies reported that
low antioxidant intake or low blood levels of antioxidants increases the risk of
different diseases, infect low dietary intake of fruits and vegetables doubles the
risk of cancer (7). Therefore, wholesome antioxidant diet and natural antioxidant
supplements as part of a healthy lifestyle are now being recognized to protect
health from oxidative stress.

Concept of Free Radical Biology

ROS and RNS are the by-products result from the cellular redox process
and are well documented for playing a dual role as both deleterious and
beneficial species. Though in normal physiological condition the generation of
reactive species are tightly regulated by different enzymatic and non-enzymatic
antioxidant, but overproduction of ROS results in oxidative stress, which is
important mediator of damage to cell structures, including lipids and membranes,
proteins, and DNA (4, 9).

2
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Free Radicals and Their Sources

Free radicals are defined as molecules or molecular fragments containing one
ormore unpaired electrons in the outer orbit. This unpaired electron(s) are unstable
and usually gives a significant degree of reactivity to the free radical. ROS includes
superoxide (O2• −), hydroxyl (•OH), peroxyl (ROO•), lipid peroxyl (LOO•), alkoxyl
(RO•) radicals. Nitrogen free radicals includes nitric oxide (NO•) and nitrogen
dioxide (NO2•). Oxygen and nitrogen free radicals can be readily converted to
other non-radical reactive species which are also dangerous for health. Hydrogen
peroxide (H2O2), ozone (O3), singlet oxygen (1O2), hypochlorous acid (HOCl),
nitrous acid (HNO2), peroxynitrite (ONOO−), dinitrogen trioxide (N2O3), lipid
peroxide (LOOH) are not free radicals and generally named oxidants and can easily
lead to free radical reactions in living organisms. Oxidants are also capable of
nirosylating proteins thereby disrupting biological function. Thus, ROS and RNS
include radical and non-radical species. These reactive species are produced in
animals and humans under physiologic and pathologic conditions (1, 4, 9, 10).

Free radicals can be produced from both endogenous and exogenous
substances. Production of free radicals in the body is continuous and a normal part
of our physiology. The biological process associated with free radical generations
includes the following (1, 2, 11, 12).

• Immune system: Immune system cells generate oxy-radicals and ROS in
response to pathogens.

• Metabolic process: Free radicals can generate during metabolism of
arachidonic acid, platelets, macrophages and smooth muscle cells.
Lipid peroxidation an important source of free radicals and can
formed from several sources like mitochondrial cytochrome oxidase,
xanthine oxidases, neutrophils. Mitochondria generate continuously and
abundantly oxy-radicals and ROS as toxic waste through a number of
metabolic processes, each of which can produce different free radicals.

• Inflammation: Inflammation releases cytokines and initiates neutrophils
and macrophages to produce free radicals.

• Stress: Mental and body’s stress can trigger the production of free
radicals as a toxic by-product. Additionally, the hormones that mediate
the stress reaction in the body like cortisol and catecholamine themselves
degenerate into destructive free radicals.

• Pollution: The different type of pollutants like air pollutants (asbestos,
benzene, carbon monoxide, chlorine, formaldehyde, ozone, and toluene),
chemical solvents (cleaning products, glue, paints, paint thinners,
perfumes, and pesticides), and water pollutants (chloroform and other
trihalomethanes) are all potent generator of free radicals. Burning of
organic matter during cooking, forest fires, and volcanic activities also
can generate free radicals.

• Radiation: UV radiations, medical and dental x-rays, gamma rays, and
microwave radiation can lead to free radical generation.

• Dietary factors: Additives, alcohol, coffee, foods from animal origin,
foods that have been barbecued, broiled fried, grilled, or otherwise

3
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cooked at high, temperatures, foods that have been browned or burned,
herbicides, hydrogenated vegetable oils, pesticides, sugar and processed
foods containing high levels of lipid peroxides, and can produce free
radicals.

• Toxins and drugs: Carbon tetrachloride, paraquat, benzo pyrene, aniline
dyes, toluene and drugs like adriamycin, bleomycin, mitomycin C,
nitrofurantoin, chlorpromazine etc. increases free radical productions.

• Other factors: Automobile exhausts fumes, smoking of tobacco products,
cause free radicals generation.

Biological Role of Free Radicals

The beneficial effects of ROS and RNS occur at low/moderate concentrations
and involve in several normal physiological function against several cellular
responses. Most cells can produce superoxide, hydrogen peroxide and nitric
oxide constitutively while others have inducible ROS/RNS release system. For
example defense against infectious agents by phagocytosis, killing of cancer
cells by macrophages and cytotoxic lymphocytes, detoxification of xenobiotics
by Cytochrome P450, generation of ATP in mitochondria (energy production),
cell growth, and the induction of mitogenic responses at low concentrations
are some key beneficial activities of ROS and RNS. They also play important
role on different cellular signalling at low concentration like activation of
several cytokines and growth factor signalling, non-receptor tyrosine kinases
activation, protein tyrosine phosphatises activation, release of calcium from
intracellular stores, activation of nuclear transcription factors. ROS exert vital
actions such as gene transcription, and regulation of soluble guanylate cyclase
activity in cells. NO produced by endothelial cells is essential for blood pressure
regulation of vascular smooth muscle, leukocyte adhesion, platelet aggregation,
angiogenesis, and thrombosis. In addition, NO produced by neurons is an
important neurotransmitter and key for neural plasticity, and NO generated by
activated macrophages is a key mediator of the immune response. Moreover,
recent studies also suggest that the ROS, such as superoxide, hydrogen peroxide
may act as second messengers, but may be harmful as the accumulation of these
free radicals are increased (3, 4, 9, 13).

Scavenging of Free Radicals

Free radicals derived from radicals in presence of oxygen and function at
low, but measurable concentrations in the cells. The “steady state” concentrations
of free radicals are determined by the balance between their rates of production
and their rates of removal by various antioxidants. Thus the redox state of
a cell and its oscillation determines cellular functioning. Ironically, different
ROS-mediated activities in fact protect cells against ROS-induced damage and
re-establish or maintain “redox balance” termed also “redox homeostasis”. But
the ROS in higher concentration responsible for cellular damage, therefore, to
protect the cells and organ systems of the body against free radicals, humans
have evolved an extremely sophisticated and complex antioxidant protection
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system. Antioxidants are defined as the substance which at low concentration
significantly inhibit or delay the oxidative process, while often being oxidized
themselves. Endogenous and exogenous antioxidants are used to neutralize free
radicals and protect the body from free radicals by maintaining radox balance (1,
4, 10, 14, 15). These antioxidants can classify into different groups. A detailed
classification antioxidants are given in Table 1.

Superoxide dismutase (SOD) is an important endogenous antioxidant enzyme
and can exist in several common forms. They are proteins contain copper and zinc,
or manganese, iron, or nickel and act as the first line defense system against ROS
which scavenges superoxide radicals. SOD catalyzes the dismutation of O2•- to
H2O2 and O2. Humans contain three forms of superoxide dismutase: SOD1 is
located in the cytoplasm, SOD2 in the mitochondria, and SOD3 is extracellular.
Catalase (CAT) is a common, most efficient enzyme found cell. It is a tetramer of
four polypeptide chains and contains four porphyrin heme groups which allow
the enzyme to react with the hydrogen peroxide. Each catalase molecule can
decompose millions of hydrogen peroxide molecules to water and oxygen in every
second. Glutathione peroxidase (GPx) present in the cytoplasm of the cells and
protect the cell against oxidative injury caused by H2O2 and prevent the formation
of hydroxyl radical from H2O2. It consists of four protein subunits; each of which
contains one atom of the element selenium at its active site. GPx remove H2O2
by coupling its reduction to H2O with oxidation of GSH. Glutathione reductase
(GR) is flavoprotein enzyme and important cellular antioxidant necessary for the
conversion of GSH. The oxidised glutathione is glutathione disulphide (GSSG)
which reduced back to GSH by the presence of enzyme GR which uses NADPH
as an electron donor. The ratio of GSH/GSSG is an important general measure
of oxidative stress of an organism, very high concentration of GSSG may damage
many enzymes oxidatively (4, 9, 10).

Glutathione is a tripeptide and a powerful antioxidant highly abundant in
the cytosol (1–11 mM), nuclei (3–15 mM), and mitochondria (5–11 mM) and
is the major soluble, non-enzymatic antioxidant in these cell compartments.
GSH in the nucleus maintains the redox state of critical protein sulphydryls
that are essential for DNA repair and expression. It is the major intracellular
nonprotein thiol compound (NPSH) synthesized intracellularly from cysteine,
glycine and glutamate. GSH is important in maintaining -SH groups in other
molecules including proteins, regulating thiol-disulfide status of the cell, and
detoxifying foreign compounds and free radicals. Sulphur containing amino
acids like methionine and cysteine are precursors of GSH but also provide -SH
groups to react with H2O2 and the OH• radical and may prevent tissue damage.
GSH is capable of scavenging hydroxyl radical and singlet oxygen directly, or
detoxifying hydrogen peroxide and lipid peroxides by the catalytic action of
GPx. GSH also involved in amino acid transport through the plasma membrane,
regeneration of some important antioxidants, vitamins C and vitamin E is regulate
by the glutathione; for example glutathione can reduce the tocopherol radical
of Vitamin E directly, or indirectly, via reduction of semidehydroascorbate to
ascorbate. Lipoic acid is another endogenous antioxidant, characterized as a
“thiol” or “biothiol,” is a sulfur-containing molecule. Lipoic acid and its reduced
form, dihydrolipoic acid has been called a “universal antioxidant, as these are
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capable of quenching free radicals in both lipid and aqueous domains. Lipoic
acid may also produce its antioxidant effect by chelating with pro-oxidant metals
(4, 7, 9, 10, 16). Exogenous antioxidants are also play vital role to help the
endogenous antioxidant to protect the body. Pathways of ROS/RNS formation,
lipid peroxidation process and role of different antioxidants are given in Figure 1.

Table 1. Classification of antioxidants

6
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Figure 1. Pathway of ROS, RNS formation, the lipid peroxidation process and
role of several antioxidants in the management of oxidative stress. O2, oxygen;
NO, nitric oxide; •NO, nitric oxide radical; M-ETS, mitochondrial electron
transport system; BH4, (6R)-5,6,7,8,-tetrahydro-L-biopterin; AA, amino acid;
Arg, L-arginine; Cit, L-citrulline; ONOO-, peroxynitrite; HOCl, hypochlorous
acid; MPO, myeloperoxidase; H2O2, hydrogen peroxide; H2O, water; NAD+,
nicotinamide adenine dinucleotide (oxidized); NADH, nicotinamide adenine
dinucleotide (reduced); NADP+, nicotinamide adenine dinucleotide phosphate
(oxidized); NADPH, nicotinamide adenine dinucleotide phosphate (reduced);
AA, amino acid; L•, lipid radical; LH, lipid (unsaturated fatty acid); H•LOH,
hydroxy lipid radical; LO•, lipid alkoxyl radical; LOO•, lipid peroxyl radical;
LOOH, lipid hydroperoxide; LOH, form of alcohol; Vit C, vitamin C; Vit E,
vitamin E; GSH, glutathione; GSSH, oxidised glutathione; GR, glutathione
reductase, GPx, glutathione peroxidase; SOD, superoxide dismutase; CAT,
catalase; O2•-, superoxide radical; •OH, hydroxyl radical; T-O•, Vitamin E

radical; T-OH, Vitamin E; Asc•−, ascorbyl radical; AscH, ascorbate monoanion;
DHLA, dihydrolipoic acid; ALA, α-lipoic acid.
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Concept of Oxidative Stress and Molecular Damage

The relation between free radicals and molecular damage can be described
by the concept of ‘oxidative stress’. The harmful effect of free radicals causing
potential biological injury is termed oxidative stress and nitrosative stress. The
term oxidative stress has coined to describe a harmful condition caused by the
excess of ROS production and/or a decrease in antioxidant levels. Similarly
overproduction of reactive nitrogen species is named as nitrosative stress.
Oxidative stress is the condition described as a shift towards the pro-oxidants
in the pro-oxidant/antioxidant balance that can occur as a result of an increase
in oxidative metabolism. Prolonged exposure to free radicals, even at a low
concentration, may responsible for the damage of biologically important
molecules and potentially lead to tissue injury. Oxygen is essential for the
generation of all ROS and RNS. Thus, although molecular oxygen is absolutely
essential for aerobic life, it can be toxic under certain conditions and this
phenomenon has been termed the oxygen paradox (3, 9, 15, 17).

Oxidative stress causes different diseases via four critical steps; membrane
lipid peroxidation, protein oxidation, DNA damage and disturbance in reducing
equivalents of the cell; which leads to cell destruction, altered signaling pathways.
Oxidative stress has been implicated in various diseases like cancer, cardiovascular
diseases, neurological disorders, diabetes, and ageing. Different mechanism
are involved in the pathogenesis of such diseases such as “mitochondrial
oxidative stress” conditions which can exemplify by pro-oxidants shifting the
thiol/disulphide redox state and damaging glucose tolerance; “inflammatory
oxidative conditions” and increased activity of either NADPH oxidase or xanthine
oxidase-induced formation of ROS; or by both. Ageing is mainly due to the result
of lipid peroxidation, DNA damage, protein oxidation by free radical action.
Every biological molecules present in our body are at risk of damage by free
radicals. Such damaged cell molecules can impair cell functions or can lead to
cell death ultimately resulting in diseased states (3, 4, 9).

Lipids

Lipids present in membrane of subcellular organelles are highly susceptible
to free radical damage. Free radical when reacted with lipid can undergo the
highly damaging chain reaction of lipid peroxidation leading to both direct and
indirect effects. Lipid peroxidation leads the generation of large number of toxic
by-products that can have effects at a site away from the area of generation, act as
‘second messengers’. Lipid peroxidation induced damage is highly detrimental
to the functioning of the cell. Lipid peroxidation in cell membranes can damage
cell membranes by disrupting fluidity and permeability. Peroxidation of lipid is
initiated by the attack of a species, which can remove a hydrogen atom from a
methylene group, resulting the formation of an unpaired electron on the carbon
atom (•CH). Carbon radical thus formed is stabilized by molecular rearrangement
to produce a conjugated diene, which then can react with an oxygen molecule
to form a lipid peroxyl radical (LOO•). These radicals can react with other
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lipid molecules to abstract hydrogen atoms further, so that lipid hydroperoxides
(LOOH) forms and at the same time propagate other lipid peroxidation further (3,
4, 9, 11, 18).

Proteins

Proteins are also susceptible by the free radicals directly. Free radicals can
cause the damage of many kind of protein, interfering with enzyme activity and
function of structural protein. A highly reactive and stable product such as protein
hydroperoxides can generate by the oxidation of proteins caused by ROS/RNS,
which can generate additional radicals mainly upon interaction with transition
metal ions. Although most oxidised proteins are functionally inactive in nature
and are rapidly removed, but some can gradually accumulate with time and thereby
contribute to the damage associated with ageing as well as various diseases (3, 11).

DNA

ROS/RNS interfere with DNA and leads to oxidative damage. DNA is highly
susceptible to damage by the free radicals such as •OH. Theses can react with
DNA by addition or loss of hydrogen atoms from the sugar moiety. In particular,
the C4-C5 double bond of pyrimidine is very sensitive to attack by •OH, which
results generation of a spectrum of oxidative pyrimidine damage products,
such as thymine glycol, uracil glycol, urea residue, 5-hydroxydeoxyuridine,
5-hydroxydeoxycytidine, hydantoin and others. Likewise, purines are susceptible
to attach by •OH which leads to the generation of 8-hydroxydeoxyguanosine
(8-OHdG), 8-hydroxydeoxyadenosine, formamidopyrimidines and other less
characterized purine oxidative products. Free radical attack also causes the
activation of the poly (ADP-ribose) synthetase enzyme which can leads to
fragmentation of DNA and programmed cell death. This process depletes the
cellular level of NAD+ levels thereby disrupting electron transport chain function
(3, 9, 11, 19).

Carbohydrates

Free radicals such as •OH react with carbohydrates by randomly resulting
in carbon-cantered radical. This directs to chain breaks in vital molecules like
hyaluronic acid (3).

In virtually free radical reactions have been implicated in every human
pathological condition. Some of the human diseases where role of free radical
well established includes neurodegenerative disorders (Alzheimer’s disease,
Parkinson’s disease, multiple sclerosis, amyotrophic lateral sclerosis, memory loss
and depression), cardiovascular disease (atherosclerosis, ischemic heart disease,
cardiac hypertrophy, hypertension, shock and trauma), pulmonary disorders
(inflammatory lung diseases such as asthma and chronic obstructive pulmonary
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disease), diseases associated with premature infants (bronchopulmonary,
dysplasia, periventricular leukomalacia, intraventricular hemorrhage, retinopathy
of prematurity and necrotizing enterocolitis), autoimmune diseases (rheumatoid
arthritis), renal disorders (glomerulonephritis, tubulointerstitial nephritis, chronic
renal failure, proteinuria, uremia), gastrointestinal diseases like peptic ulcer,
inflammatory bowel disease and colitis), diabetes, tumours and cancers (2, 12).

Antioxidants and Health

Antioxidants can produce their protective role against free radicals by as
variety of different mechanism including (a) the catalytic systems to neutralise or
divert ROS, (b) binding or inactivation of metal ions prevents generation of ROS
by Haber-Weiss reaction, (c) suicidal and chain breaking antioxidants scavenge
and destroy ROS, (d) absorb energy, electron & quenching of ROS. In 21st
century, demand for intake of antioxidant food or dietary antioxidant increasing
with the hope of keep body healthy and free from diseases (20, 21).

Food and Antioxidants

Foods consumption is a major source of exogenous antioxidants and has
been estimated that a typical diet provides more than 25,000 bioactive food
constituents and many of this may modify a multitude of processes that are
related to different diseases. Antioxidants are abundant in vegetables and fruits
and are also found in grain cereals, teas, legumes, nuts and other food products.
A systematic survey has identify more than 3100 antioxidant foods, beverages,
spices, herbs and supplements which are regularly consumed by different cultures.
Decrease in intake of nutritional and antioxidant food may increase the chance of
oxidative stress which may leads to cell damage, therefore intake of such natural
antioxidants may give protective effect against free radical induced diseases. A
recent study reported that plant-based foods are generally higher in antioxidant
content than animal-based and mixed food product. Beverages like unprocessed
tea leaves, tea powders and coffee beans often have better antioxidant values from
beer, wine and lemonades. The dairy products, meat, and fish generally have low
in antioxidant content (22, 23). Therefore herbs, spice, fruit and food from plant
sources may still be important contributors to our antioxidant intake, especially in
dietary cultures where spices and herbs are consumed regularly.

Dietary Antioxidant, Nutrient Antioxidant, and Antioxidant Supplements

The potential beneficial effects of antioxidants in protecting against disease
have been well established. It is increasingly thought that nutrition may play a
vital role in helping to defend against oxidative stress and damage induced by
free radicals. Therefore, certain nutrients and dietary components with antioxidant
properties are important for the protection against oxidative stress injury the body.
In normal condition, our cell can capable to prevent free radical induced diseases
by generation its own endogenous antioxidants or by take them from food (24,
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25). Antioxidants through our diet play an important role in helping endogenous
antioxidants for the neutralization of excess free radicals. Vitamin C, vitamin E,
N-acetyl cysteine, carotenoids, co-enzyme Q10, alpha-lipoic acid, beta carotene,
lycopene, selenium, flavonoids etc are popularly used as dietary and nutritive
antioxidant (7, 24, 25).

Vitamins C and vitamin E are the important non enzymatic antioxidant, which
react with free radicals to form radicals themselves which are less reactive than
the radicals. They break radical chain reactions by trapping peroxyl and other
reactive radicals. Vitamin E is a key lipid-soluble antioxidant and a most effective
chain-breaking antioxidant within the cell membrane where it protects membrane
fatty acids from lipid peroxidation. Vitamin E can transfer its phenolic hydrogen
to a peroxyl free radical of a peroxidized PUFA (ω-6 polyunsaturated fatty acid),
thus it break the radical chain reaction and prevent the peroxidation of PUFA in
cellular and subcellular membrane phospholipids. Vitamin E is a chiral compound
with eight stereoisomers (α, β, γ, δ tocopherol and α, β, γ, δ tocotrienol) but only α-
tocopherol is themost bioactive form in humans. The important effect of vitamin E
includes protection against colon, prostate and breast cancers, some cardiovascular
diseases, ischemia, cataract, arthritis and certain neurological disorders. Vitamin C
is crucial for collagen, carnitine and neurotransmitters biosynthesis. Vitamin C act
as reducing agent reacts with vitamin E radical to yield a vitamin C radical while
regenerating vitamin E. Like a vitamin E radical, vitamin C radical is not a reactive
species as its unpaired electron is energetically stable. It is possible that these
vitamins are consumed in the process of lipid peroxidation induced by oxygen
radicals in ischemia reperfusion to prevent the tissue damage. Health benefits of
vitamin C include anti-atherogenic, anti-carcinogenic, immunomodulator, it is also
beneficial in reducing the incidence of stomach cancer, in preventing lung and
colorectal cancer (1, 4, 9, 16).

β-carotene, is a fat soluble carotenoids which are considered pro-vitamins as
they can be convert into active vitamin A (ratinol), which is essential for vision.
It is consider as a strong antioxidant and the best quencher of singlet oxygen.
It is provide antioxidant protection to lipid-rich tissues. Lycopene is another
carotenoid with antioxidant activity. It found beneficial against prostate cancer.
Selenium is a trace mineral required to forms the active site of several antioxidant
enzymes including glutathione peroxidase. At low dose, it is important for its
antioxidant, anti-carcinogenic and immunomodulator activity. Flavonoids are
polyphenolic compounds found in most plant with antioxidant activity. More
than 4000 flavonoids have been identified and divided into different subdivision
like flavanols, flavanones, flavones, isoflavones, catechins, anthocyanins,
proanthocyanidins. Different flavanoids are reported to prevent or delay a number
of chronic and degenerative ailments such as cancer, cardiovascular diseases,
arthritis, aging, cataract, memory loss, stroke, Alzheimer‘s disease, inflammation,
infection (3, 7, 9).

Antioxidants like anthocyanins, beta-carotene, catechins, coenzyme Q10,
flavonoids, lipoic acid, lutein, lycopene, selenium, and vitamins C and E are
abundant in vegetables, fruits and are also found in grain cereals, teas, legumes,
and nuts; and now many antioxidants are also available as dietary supplements.
Antioxidant supplements are often synthetic, and some of these synthetic forms
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may not have the same effects on the body as natural antioxidants occurring in
foods due to the extensive processing associated with manufacturing. Although
antioxidant molecules often prevent oxidative damage in laboratory experiments,
there is some debate as to whether consuming antioxidants (in food or supplement
form) actually benefits health in all conditions and the requirement of antioxidants.
There is limited scientific data to support the use of antioxidant supplements
to prevent disease based on clinical trials in humans. Antioxidants in foods
are generally considered safe, and studies of antioxidant supplements generally
have not reported adverse effects. Therefore more research is needed to better
understand the safety aspects of dietary supplementation and it is advisable that
antioxidant supplements should not be used as a replacement for a healthful diet
or conventional medical care, without physician consultation (23, 26).

Antioxidants in Traditional Medicinal Systems

Over the centuries humans have relied on plants for basic needs such as
food, clothing, and shelter and medicine. Traditional medicines or folk medicines
in worldwide are the synthesis of the therapeutic experience of generations of
practicing physicians of indigenous systems of medicine. The Indian, Chinese,
Egyptian, Greek, Roman and Syrian traditional medicine comprise very ancient
and reputed medicinal systems used natural substances derived mainly from plants
for treatment of different disease. From ancient time, knowingly or unknowingly
people are taking different fruits, vegetable, food or medicine from plant, animal
and mineral sources which contain antioxidant constituent and responsible for
several health benefits. Traditional or complementary medicine treats the body as
a holistic organism with dynamic processes that maintain the body balance and
keep us healthy. On a global scale there is substantial and justifiable recognition
of the many benefits that orthodox medicine. Many compounds from natural
sources have been used as drugs, either in their original or semi-synthetic form.
Plant derived constituents can also serve as drug precursors, drug prototypes,
and pharmacological probes (27–29). In different traditional medicinal systems
plants are the primary component to treat a diseases and subsequently so many
plants, fruit, vegetable are used to keep the body healthy. In the modern age
exploring the different pharmacological action of traditional medicine, isolation
of phyto-constituents is the main research interest. Many research studies have
identified antioxidant activity in a wide array of plants across many traditional
medicinal systems. Table II listed some of the traditional medicinal plants, which
have found beneficial in treatment/prevention of several diseases through their
antioxidant mechanism (3, 6, 30, 50).

These are only some of the examples of the plants possess antioxidant activity,
a lot more plants have screened for their antioxidant activity and still a lot of plant
need to be screen. Theses plants are used in different health care system to treat
different diseases or they are used as vegetable, or different parts of the plants are
edible as fruit for salad and used regularly by people.
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Table II. Traditional medicinal plants with antioxidant activity

Tradi-
tional

medicinal
system

Plants with antioxidant activity

Indian
(Unani
and
Ayurveda)

Aegle marmelos, Allium cepa, Allium sativum, Aloe vera, Amomum
subulatum, Andrographis paniculata, Asparagus racemosus, Azadirachta
indica, Bacopa monniera, Cinnamomum verum, Cinnamomum tamala,
Curcuma longa, Emblica officinalis, Glycyrrhiza glabra, Hemidesmus
indicus, Momordica charantia, Nigella sativa, Ocimum sanctum,
Picrorrhiza kurroa, Plumbago zeylanica, Syzigium cumini, Terminalia
bellarica, Tinospora cordifolia, Trigonella foenumgraecum, Withania
somnifera, Zingiber officinalis, Terminalia arjuna, Curcuma domestica,
Cuscuta reflexa, Daucus carota, Foeniculum vulgare, Mangifera indica,
Momordica charantia, Psoralea corylifolia, Santalum album, Solanum
nigrum, Swertia chirayita, Baccharis coridifolia, Bryonia alba, Cichorium
intybu, Cinnamomum zeylanicum, Crithmum maritimum, Cynara
scolymus, Emilia sonchifolia, Eucalyptus camaldulensis, Eucalyptus
rostrata, Eucommia ulmoides, Lavandula angustifolia, Lycium barbarum,
Melissa officinalis, Murraya koenigii, Myrica gale, Panax ginseng, Piper
nigrum, Plantago asiatica, Prunus domestica, Rhazya stricta, Rosmarinus
officinalis, Salvia officinalis, Salvia triloba, Solanum melongena, Solanum
tuberosum, Syzygium caryophyllatum, Eugenia caryophyllus, Thymus
zygis, Tinospora cordifolia, Uncaria tomentosa, Centella asiatica

Africa Sacoglottis gabonensis, Mallotus oppositifolium, Gongronema latifolium,
Trichilia roka, Cussona barteri, Glinus oppositifolius, Lannea vilutina,
Tapinanthus globiferus, Balanites aegyptiaca, Bombax costatum, Boscia
senegalensis, Entada Africana, Gynandropis gynandra, Hypaene thebaica,
Leptadenia hastate, Sesbania pachycarpa, Thonningia sanguinea,
Dorstenia psilurus, Dorstenia ciliate, Dorstenia mannii, Sutherlandia
frutescens, Pelargonium reniforme, Olea europa, Myrothamnus
flabellifolia, Rhoicissus digitata, Rhoicissus rhomboidea, Rhoicissus
tridentate, Eucalyptus Camaldulensis, Cleome Arabica, Burkea Africana,
Salvia tiliifolia, Chamaecrista mimosoides, Buddleja salviifolia, Schotia
brachypetala

China Paeonia suffruticosa, Ligustrum lucidum, Morus alba, Paeonia
lactiflora, Anemarrhena asphodeloides, Rehmannia glutinosa, Angelica
keiskei, Leonurus heterophyllus, Asarum heterotropoides, Phaseolus
radiatus, Ligusticum sinense, Morus alba, Angelica anomala, Alpinia
oxyphylla, Angelica sinensis, Eucommia ulmoides, Spirodela polyrrhiza,
Albizzia julibrissin, Atractylodes macrocephala, Cuscuta chinensis,
Saposhnikovia divaricata, Ophiopogon japonicus, Clematis chinensis,
Trichosanthes kirilowii, Codonopsis pilosula, Platycodon grandiflorum,
Prunus persica, Magnolia liliflora, Ampelopsis japonica, Anoectochilus
formosanus, Asparagus cochinchinensis, Panax ginseng, Prunus japonica,
Achyranthes bidentata, Achyranthes longifolia, Agrimonia pilosa,
Artemisia anomala, Artemisia argyi, Biota orientalis, Bletilla striata,
Boehmeria nivea, Caesalpinia sappan, Campsis grandiflora, Carthamus
tinctorius, Celosia, Cephalanoplos segetum, Cirsium japonicum, Curcuma
aromatica, Curcuma wenyujin, Curcuma zedoaria, Cyathula officinalis,
Dalbergia odorifera, Ginkgo biloba, Ilex pubescens, Impatiens balsamina,
Imperata cylindrica, Leonurus heterophyllus, Ligusticum chuanxiong,

Continued on next page.
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Table II. (Continued). Traditional medicinal plants with antioxidant activity

Tradi-
tional

medicinal
system

Plants with antioxidant activity

Lycopus lucidus, Millettia dielsiana, Momordica cochinchinensis, Panax
notoginseng, Polygonum cuspidatum, Polygonum orientale, Prunus
persica, Rosa chinensis, Rubia cordifolia, Salvia miltiorrhiza, Sanguisorba
officinalis, Scutellaria harbata, Selaginella tamariscina, Sophora
japonica, Sparganium stoloniferum, Bothriospermum chinense, Cordyceps
militaris, Scleria laeviformis, Dryopteris wallichiana, Aeschynanthus
mengxingensis, Gaura parviflora, Lysimachia clethroides, Lysimachia
heterogenea, Nardostachys chinensis, Valeriana jatamansi

Korea Saxifraga stolonifera, Pteridium aquilinum, Hemerocallis minor, Plantago
asiatica, Osmunda japonica, Portulaca oleracea, Synurus deltoides,
Ligularia fischeri, Rumex acetosa, Polygonum aviculare, Symplocarpus
renifolius, Chenopodium album, Euonymus alatus, Cedrela sinensis,
Nelumbo nucifera, Eucommia ulmoides, Zanthoxylum piperitum, Cudrania
tricuspidata, Houttuynia cordata, Ulmus pumila, Rubus coreanus,
Pinus densiflora, Carthamus tinctorius, Glycine soja, Glycine max,
Lithospermum erythrorhizon, Prunus buergeriana, Prunus davidiana,
Prunus padus, Prunus pendula, Prunus sargentii, Prunus serrulata,
Prunus yedoensis

Thailand Arcangelisia flava, Coscinium blumeanum, Fibraurea tinctoria, Amomum
testaceum, Anethum graveolens, Angelica dahurica, Angelica sinensis,
Artemisia, Atractylodes lancea, Cuminum cyminum, Dracaena loureiri,
Foeniculum vulgare, Kaempferia galangal, Lepidium sativum, Ligusticum
sinense, Oliv cv chuanxiong, Mammea siamensis, Mesua ferrea, Mimusops
elengi, Myristica fragrans, Nigella sativa, Syzygium aromaticum,
Acacia pennata, Anethum graveolens, Cassia siamea, Coccinia grandis,
Coriandrum spp., Diplazium esculentum, Eryngium foetidum, Garcinia
cowa, Lasia spinosa, Limnophila aromatica, Momordica charantia,
Morinda citrifolia, Ocimum americanum, Ocimum gratissimum,
Polygonum odoratum, Sesbania grandiflora, Sesbania javanica, Spilanthes
acmella, Tiliacora triandra

Jordon Punica granatum, Quercus calliprinos, Quercus calliprinos, Cinchona
ledgeriana, Juniperus communis, Salvia fruticosa, Crataegus azarolus,
Crataegus azarolus, Varthemia iphionoides, Artemisia herba-alba,
Thymus capitatus, Morus nigra, Arum palaestinum, Matricaria aurea,
Artemisia judaica, Teucrium polium, Pinus halepenss, Sarcopoterium
spinosum, Crataegus azarolus, Inula viscose, Achillea fragrantissima,
Hipiscus sabdariffa, Rhus cariara, Laurus nubilis, Feoniculum vulgare,
Ocimum basilicum, Eruca sativa, Tregonella foenum grasem, Neigella
sativa, Petroselinum sativum, Cuminum cymnium, Rumex pulcher, Beta
vulgaris, Brassica nigra, Calamintha incana, Verbina triphylla, Portulaca
aleraceae, Vitis vinifera, Cichorium pumilum, Nasturtium officinale

Continued on next page.
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Table II. (Continued). Traditional medicinal plants with antioxidant activity

Tradi-
tional

medicinal
system

Plants with antioxidant activity

North
America

Ceanothus coeruleus, Chrysanctinia mexicana, Colubrina greggii,
Cyperus alternifolius, Heliotropium angiospermum, Phyla nodiflora,
Schinus molle, Licania arborea, Ficus involuta, Bunchosia cannesens,
Syderoxylon capiri, Sapium macrocarpum, Ficus cotinifolia, Annona
squamosa, Vitex molli, Piper leucophyllum, Gliricidia sepium, Cacahuano
Tecahuananche, Astianthus viminalis, Hamelia patens, Swietenia humilis,
Stemmadenia bella, Rupechtia fusca, Bursera grandifolia, Ziziphus
amole, Jacaratia mexicana, Gyrocarpus jathrophifolius, Pseudobombax
ellipticum, Comocladia engleriana, Plumeria rubra Tamarindus indica,
Lippia alba, Pimenta dioica, Rheedia aristata, Rhus hirta, Cornus
stolonifera, Nuphar variegatum, Quercus alba, Corylus cornuta, Kalmia
angustifolia, Quercus rubra, Juniperus communis, Picea mariana,
Sorbus americana, Gaultheria procumbens, Tsuga Canadensis, Prunus
serotina, Picea glauca, Ledum groenlandicum, Abies balsamea, Sassafras
albidum, Juniperus virginiana, Thuja occidentalis, Solidago Canadensis,
Populus balsamifera, Taxus Canadensis, Achillea millefolium, Verbascum
thapsus, Acorus calamus, Aralia nudicaulis, Asarum canadense, Celastrus
scandens, Populus tremuloides, Aralia racemosa roots, Dirca palustris,
Arisaema triphyllum roots, Taraxacum officinalis, Smilacina racemosa,
Heracleum lanatum

Central
& South
America

Amphipterygium adstringens, Cordia boissieri, Acalypha alopecuroidea,
Anthemis nobilis, Ambrosia artemisiaefolia, Arctostaphylos uva-ursi,
Calluna vulgaris, Cassia fistula, Crataegus mexicana, Chiranthodendron
pentadactylon, Cinchona succirubra, Castela texana, Echium Sp., Arnica
Montana, Cassia obovata, Citrus limon, Artemisia vulgaris, Ocimum
basilicum, Psacalium decompositum, Prunella vulgaris, Schinus molle,
Senecio formosus, Tanacetum parthenium, Tagetes lucida, Leucophyllum
frutescens, Satureja douglasii, Haplopappus baylahuen, Aristolochia
giberti, Cecropia pachystachya, Eugenia uniflora, Piper fulvescens,
Schinus weinmannifolia and Schinus terebinthifolia, Gentianella nitida,
Iryanthera lancifolia, Lepechinia meyenii, Oenothera multicaulis,
Philodendron solimoesense, Tetracera volubili

Europe Acorus calamus, Alisma plantago-aquatica, Allium ursinum, Cotinus
coggygria, Angelica sylvestris, Anthriscus cerefolium, Anthriscus
sylvestris, Carum carvi, Daucus, Eryngium campestre, Sanicula europaea,
Achillea millefolium, Arctium lappa, Artemisia absinthium, Artemisia
vulgaris, Bellis perennis, Bidens tripartite, Carlina acaulis, Carthamus
tinctorius, Cichorium intybus, Cirsium arvense, Conyza Canadensis,
Hieracium pilosella, Matricaria recutita, Onopordum acanthium, Solidago
virgaurea, Taraxacum officinale, Tussilago farfara, Betula pendula,
Alliaria petiolata, Capsella bursa-pastoris, Nasturtium officinale, Humulus
lupulus, Sambucus nigra, Sambucus ebulus, Viburnum lantana, Viburnum
opulus, Evonymus europaeus, Cornus mas, Corylus avellana, Juniperus
communis, Hippophae rhamnoides, Elaeagnus angustifolia, Equisetum
arvense, Calluna vulgaris, Vaccinium myrtillus, Anthyllis vulneraria,
Genista tinctoria, Lotus corniculatus, Ononis spinosa, Trifolium arvense,
Trifolium pratense, Trifolium repens, Quercus petraea, Quercus robur,

Continued on next page.
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Table II. (Continued). Traditional medicinal plants with antioxidant activity

Tradi-
tional

medicinal
system

Plants with antioxidant activity

Centaurium erythraea, Erodium cicutarium, Geranium macrorrhizum,
Geranium robertianum, Achillea millefolium, Arctium lappa, Betula
pendula, Calendula officinalis, Cichohrium intybus, Clinopodium vulgare,
Crataegus monogyna, Glycyrrhiza glabra, Humulus lupulus, Hypericum
perforatum, Laurus nobilis, Matricaria chamomilla, Melissa officinalis,
Mentha piperita, Mentha spicata, Rubus idaeus, Salvia officinalis, Sideritis
scardica, Taraxacum officinale, Thymus vulgaris, Tilia cordata, Trigonella
foenum-graecum, Urtica dioica, Hypericum perforatum, Ballota
nigra, Galeopsis tetrahit, Galeopsis speciosa, Glechoma hederacea,
Lamium album, Lamium maculatum, Lamium puprpureum, Leonurus
cardiaca, Lycopus europaeus, Marrubium vulgare, Mentha aquatica,
Mentha longifolia, Mentha pulegium, Origanum vulgare, Prunella
vulgaris, Teucrium chamaedrys, Thymus serpyllum, Viscum album,
Lythrum salicaria, Fraxinus ornus, Ligustrum vulgare, Syringa vulgaris,
Chamerion angustifolium, Epilobium parviflorum, Oenothera biennis,
Euphrasia officinalis, Chelidonium majus, Phytolacca americana, Pinus
sylvestris, Plantago major, Elymus repens, Rumex acetosa, Primula elatior,
Agrimonia eupatoria, Alchemilla vulgaris, Filipendula ulmaria, Fragaria
vesca, Geum urbanum, Potentilla anserine, Prunus spinosa, Rosa canina,
Rubus fruticosus, Sorbus aucuparia, Galium aparine, Ruscus aculeatus,
Populus nigra, Populus tremula, Salix caprea, Verbascum densiflorum,
Verbascum phlomoides, Verbascum thapsus, Tilia platyphyllos, Tilia
tomentosa, Valeriana officinalis, Verbena officinalis, Viola tricolour

Phyto-Constituents as Antioxidant

Phytochemicals or plant constituents are the major source of antioxidants.
The majority of these phytochemicals are redox active molecules; hence they
are active to maintain redox balance and therefore defined as antioxidants.
The chemicals from plants are generally classified as primary or secondary
constituents, depending on their role in plant metabolism. Primary constituents
comprise of the common sugars, amino acids, proteins, purines and pyrimidines
of nucleic acids, chlorophyll’s etc., whereas secondary constituents includes
alkaloids (derived from amino acids), terpenes (a group of lipids) and phenolics
(derived from carbohydrates). Antioxidant phyto-constituents are the secondary
constituents or metabolites found naturally in plants such as fruits and vegetable.
Plants produce a extremely impressive array of antioxidant compounds such as
carotenoids, flavonoids, cinnamic acids, benzoic acids, folic acid, ascorbic acid,
tocopherols and tocotrienols to prevent oxidation of the susceptible substrate.
These plant-based antioxidants are believed to have a better biological effect
than the synthetic one, because phytoconstituents are a part of the physiological
functions of living flora and hence they are believed to have better compatibility
with human body. Recent researches have shown that that plant extracts,
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phytoconstituents and food from plant sources have effective inhibitors of lipid
peroxidation and oxidative stress. Antioxidants of plant origin with free-radical
scavenging properties could have great importance as prophylactic and therapeutic
agents in several diseases caused due to oxidative stress (2, 51).

Synthetic Antioxidants

Chemically synthesized antioxidants are not in nature and often added to
food as preservative to prevent lipid peroxidation. These antioxidants act mainly
via two different pathways and known as primary and secondary antioxidants.
Primary antioxidants prevent the formation of free radicals and can be classified
into free radical terminators, oxygen scavengers and chelating agents. Radical
terminators include butylated hydroxyanisole (BHA), butylated hydroxytoluene
(BHT), tertiary butyl hydroquinone (TBHQ), and gallates. The important
example of oxygen scavengers includes sulphites, glucose oxidase and ascorbyl
palmitate, while chelating agents are heavy metal like iron, copper. Secondary
antioxidants like thiodipropionic acid and dilauryl theodipropionate act by
breaking down the hydroperoxides formed during lipid oxidation into stable end
products. These antioxidants are also used in processed fruits and vegetables, soft
drinks, margarine and canned shellfish. There are several antioxidants found in
plants that have also prepared been synthetically like gallic acid. The phenolic
synthetic antioxidants have similar common biological effect on the molecular,
cellular and organ levels. Commonly used synthetic antioxidants like BHA,
BHT, ethoxyquin and propyl gallate may produce beneficial interactions such
as radioprotection, protection against acute toxicity of chemicals, antimutagenic
activity and antitumorigenic action. But beneficial interactions of antioxidants
with physical and chemical noxae are contrasted to those leading to adverse
effects, for example radiosensitization, increased toxicity of other chemicals,
increased mutagen activity and increased tumor yield from chemical carcinogens
(52, 53).

Several synthetic chemicals with antioxidant activity also been used
in the treatment of different diseases; for example 5-amino-salicylic acid
(synthetic antioxidants) was the most effective drug in the treatment of chronic
inflammations of the bowel. Recent research has suggested that the antioxidant
mexidol may be useful in treatment of acute pancreatitis and it permits to slow
down destructive processes in the pancreas, and significantly decrease the number
of severe complications of acute pancreatitis and reduce mortality. Intraperitoneal
injection of the potent antioxidants carvedilol and melatonin was also found to
be beneficial in treatment of chronic fatigue syndrome as it causes significant
reduction in immobility. Some statins (example: atorvastatin, simvastatin,
pravastatin, rosuvastatin), xanthine oxidase inhibitors like allopurinol also
possesses antioxidant activity and used in the treatment of hyperlipoproteinemias,
gout respectively. Several synthetic anti-diabetic drugs like glibenclamide,
metformin, repaglinide also possess antioxidant activity (52–58).
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Antioxidants in Prophylaxis and Therapy

The relation between free radicals, antioxidants and functioning of various
organs and organ systems is highly complex and the discovery of redox signaling
is a landmark in this regard. In recent years, antioxidants have gained a lot of
importance and are emerging as potential as prophylactic and therapeutic agents
in many diseases. Free radicals have been associated with pathogenesis of various
disorders like cardiovascular diseases, cancer, diabetes, autoimmune diseases,
neurodegenerative disorders, gastrointestinal disorders, eye disease, aging and
many more. These are the agents, which scavenge ROS and RNS, and prevent the
damage caused by them. The discovery of the role of free radicals in pathogenesis
of different disease has led to a medical revolution that is assuring a new paradigm
of healthcare. Antioxidants may function as immune modulators and can used
for prophylaxis or therapy of certain diseases along with the mainstream therapy.
Supplements of exogenous antioxidants can act directly to quench the free
radical or free radical reactions, prevent lipid peroxidation and also boost the
endogenous antioxidant system and hence deliver the prophylactic or therapeutic
activity. Many novel approaches and significant findings have come to light
in the last few years. The natural food, spices and medicinal plants are rich
sources of antioxidants and can be prime source to treat such diseases. Several
antioxidants epigallocatechin-3-O-gallate, lycopene, ellagic acid, coenzyme Q10,
indole-3-carbinol, genistein, quercetin, vitamin C and vitamin E have been found
to be pharmacologically active as prophylactic and therapeutic agents. Therefore
targeting oxidative stress or boosting the endogenous levels of antioxidants by the
use of antioxidants and or is likely to have beneficial outcome in the management
of several disorders (59, 60).

Antioxidants against Disease

Cardiovascular Disease

Cardiovascular disease is of multifactorial etiology linked with a multiple
risk factors like hypercholesterolaemia, hypertension, smoking, diabetes, poor
diet, stress and physical inactivity. ROS-induced oxidative stress plays a key
role in pathogenesis of different cardiovascular diseases such as atherosclerosis,
ischemic heart disease, hypertension, cardiomyopathies, cardiac hypertrophy and
congestive heart failure. Oxidative stress is responsible for altering phospholipids
and proteins leading to peroxidation and oxidation of thiol groups. Oxidative
stress leads the changes in membrane permeability, membrane lipid bilayer
disruption and functional modification of various cellular proteins; abnormalities
in myocyte function due to increased due to the effects of ROS on subcellular
organelles. In general, Ca2+ overload can be induced by ROS, which is playing a
key role in genesis of myocyte dysfunction (1, 4).

Endothelial dysfunction is one of the major causes of cardiovascular diseases,
but it is believed that oxidation of LDL, loss of nitric oxide and vascular
inflammatory due to oxidative stress would implicate a potential for antioxidant
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therapies to ameliorate endothelial dysfunction. The potential effect of both
synthetic and natural antioxidant was investigated. Antioxidant vitamins by
potentiating endothelial nitric oxide levels and inhibiting vascular inflammation,
lipid peroxidation, platelet aggregation, oxidation of LDL can be beneficial
to prevent endothelial dysfunction. But results of some results of prospective
antioxidant clinical trials have been disappointing. Though in vitro study
showed the potential effect of α-tocopherol, ascorbic acid and β-carotene, but
in vivo result is not satisfactory. The biggest doubt, which antioxidants raises
is that of suicidal oxidative stress, induced by certain antioxidants, which can
act as pro-oxidants in high concentrations and can cause the cell to undergo
severe oxidative stress ultimately resulting in suicidal cell death. Antioxidant
vitamins like vitamin C, vitamin E and β-carotene produce complicated and
conflicting results studied by different researchers. There biggest concern is
which antioxidants can act as pro-oxidants and can cause the cell to undergo
severe oxidative stress ultimately resulting in suicidal cell death. Further
research is required to investigate the in vivo effect of certain antioxidant and
their mechanism of action. Although cereals, pulses (legume), spices, dark
green leafy vegetables such as kale and spinach, citrus fruits, crude palm oil,
soybean oil, cod liver oil, sprouts, peppers, whole grain, honey, walnuts and
black tea can significantly increase the hepatic antioxidant enzymes reduces the
risk of cardiovascular diseases. Some specific fruits, vegetables or legumes can
prevent cardiovascular disease induced by oxidative stress, due to presence of
unique dietary antioxidant components. Flavanone, flavanol, flavone, isoflavone,
phenolic acid, and anthocyanins are natural antioxidant component found in fruit
and vegetables. The promising link between the intake of leguminous foods
and reduced risk of cardiovascular disease and coronary heart disease has been
reported in several researches. These components may reduce oxidative stress
by influencing a variety of cellular activities (inhibit lipid oxidation, increase in
plasma antioxidant capacity, reduction in platelet aggregation, plasma lipid levels
reduction, scavenge free radicals, reduction in intracellular ROS generation,
induction of GSH, anti-apoptotic effect, increase in bioavailability of nitric oxide,
reduction in matrix metalloproteinase production, anti- inflammatory responses)
related to cardiovascular health and decreases the chance of moetality (61–65).

Cancer

Free radical induced oxidative stress causes a cellular redox imbalance
usually found in various cancer cells compared with normal cells, it may be
related to oncogenic stimulation modification of genetic material resulting from
“oxidative damage”. DNA mutation is a vital step in carcinogenesis and elevated
levels of oxidative DNA lesions have been noted in various tumours, strongly
involving such damage in the etiology of cancer. RNS like peroxynitrites and
nitrogen oxides, have also been implicated in DNA damage and cancer. ROS
causes activation of AP-1 (activator protein) and NF-κB (nuclear factor kappa
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B) signal transduction pathways, which in turn lead to the transcription of genes
involved in cell growth regulatory pathways and pathogenesis of cancer (4, 66).

Antioxidants may act by preserving normal cell cycle regulation, inhibition
of proliferation and inducing apoptosis, inhibition of tumour invasion and
angiogenesis, suppression of inflammation, and stimulation of phase II
detoxification enzyme activity. Activation of NF-κB can be blocked by several
antioxidants, including l-cysteine, N-acetyl cysteine (NAC), thiols, green tea
polyphenols, and Vitamin E. Antibiotic antioxidants like vitamin C, vitamin E
and β-carotene also found to have preventive role against cancer. Photoprotective
property of β-carotene is helpful to protect against ultraviolet (UV)-light-induced
cancer. Vitamin E plays a key role in immunocompetence (by increasing humoral
antibody production, resistance to bacterial infections, cell-mediated immunity,
the T lymphocyte response, tumor necrosis factor (TNF) production, and natural
killer cell activity), inhibit of mutagen formation, repair of membranes and DNA,
and blocking of nitrosamine formation and thus prevent the cancer formation.
Vitamin C confers its anti-carcinogenic activity through its effects on blocking the
formation of nitrosamines and fecal mutagens, enhance the immune response, and
accelerate of detoxification of liver enzymes. Chemotherapy (like bleomycin) and
radiation therapy (x-ray and γ-ray) in cancer can generate free radicals and causes
threaten the integrity and survival of surrounding normal cells. Antioxidant
diet or consumption of antioxidant like vitamins E, C, and selenium may have
potential role in enhancing the efficacy of cancer treatment, they may also protect
against side effects to normal tissues that are associated with treatment (4, 64, 67).

Diabetes

Diabetes mellitus is global problem associated with increased formation of
free radicals and decrease in antioxidant potential, which results disturbed balance
between radical formation and antioxidant protection in normal cell. Both insulin
dependent (type 1) and non-insulin-dependent diabetes (type 2) are associated with
increased oxidative stress. Hyperglycemia in can also stimulates ROS formation
from a variety of sources like oxidative phosphorylation, glucose autooxidation,
NAD(P)H oxidase, lipooxygenase, cytochrome P450 monooxygenases, and nitric
oxide synthase (NOS). Several studies are reported the depletion of antioxidant
enzyme levels in patients with diabetes. Oxidative stress has also implicated in
the pathogenesis of cardiovascular disease, retinopathy, neuropathy, nephropathy,
and erectile dysfunction in diabetes (4, 58).

Antioxidant can confer significant beneficial effect in diabetic patient.
Antioxidant vitamins and supplements can help decrease the markers indicative
of oxidant stress and lipid peroxidation in diabetic subjects. The intake of
dietary antioxidant (total vitamin E, α-tocopherol, γ-tocopherol, β-tocotrienol,
and β-cryptoxanthin) was associated with a reduced risk of type 2 diabetes.
Phytochemicals with antioxidant activity like cinnamic acids, coumarins,
diterpenes, flavonoids, lignans, monoterpenes, phenylpropanoids, tannins
and triterpenes also proved beneficial to protect diabetes or protect diabetic
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complications. Several anti-diabetic and other synthetic drugs with antioxidant
activity like angiotensin convertase inhibitors, angiotensin block receptors,
melatonin, α-lipoic acid, glibenclamide, allopurinol, metformin, repaglinide,
caffeic acid phenethyl ester, carvedilol found beneficial in diabetes and to prevent
diabetic complications due to their antioxidant activity (57, 58).

Rheumatoid Arthritis

Rheumatoid arthritis is a chronic inflammatory autoimmune disease
characterized by progressive, erosive, and chronic polyarthritis. The pathogenesis
of this disease is linked with the formation of free radicals at the site of
inflammation which leads to lipid peroxidation. Oxidative stress causes
modification of low density lipoprotein, inactivation of alpha-1-protease inhibitor,
DNA damage, lipid peroxidation and heat shock protein ciated with the activation
of neutorphil, NADPH oxidase and endothelial cell xanthine dehydrogenase,
which contribute significantly to the inflammatory process. Oxidative conditions
in synovial tissue are also connected with a higher prevalence of p53 mutations.
Decrease concentrations of whole blood glutathione and total thiols were found
in patients of rheumatoid arthritis. Decreased in glutathione concentration has
been associated with cell damage, depressed immunity and progression of ageing
(4, 68, 69).

Exogenous antioxidants like vitamins and other nutrients appear to be
potential agents for therapeutic management in the management of rheumatoid
arthritis. Different study reported that use of antioxidants as supplements with
the conventional drugs yields even better results as revealed by increase in total
thiols, glutathione and vitamin C concentrations and decrease in malondialdehyde
concentrations. Some clinical trials have reported that use of antioxidant vitamins
as a complementary intervention to help manage the disease. Intake of certain
antioxidant micronutrients, particularly β-cryptoxanthin and supplemental zinc,
and possibly diets high in fruits and cruciferous vegetables, also confer protective
against the development of rheumatoid arthritis. These observations clearly
supports the use of antioxidant supplemented drug regimen with conventional
drug therapy, and suggests that antioxidants may have an important role to play
in this inflammatory disorder, as they lower the oxidative stress and the resultant
inflammatory damage. Although, some more clinical trials may be require to
evaluate the safety and efficacy of adding on antioxidant therapy for the treatment
of rheumatoid arthritis (68–71).

Neurodegenerative Diseases

Neurodegenerative disorders are a heterogeneous group of diseases of the
nervous system, characterized by loss of nerve cells from brain and spinal cord,
which leads either functional loss (ataxia) or sensory dysfunction (dementia).
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Mitochondrial dysfunctions and excitotoxicity and finally apoptosis have been
reported in different neurodegenerative diseases. Free redical induced oxidative
stress contribute in several neurodegenerative disorders like such as Parkinson’s
disease, Alzheimer’s disease, multiple sclerosis, amyolotrophic lateral sclerosis,
Huntington’s disease, cognitive dysfunction in the elderly, schizophrenia and
tardive dyskinesia. Neuronal biochemical composition is mainly vulnerable to
ROS and causes peroxidation of unsaturated lipids and oxidative modification.
The brain consumes an inordinate fraction (20%) of total oxygen for its relatively
small weight (2%) and contains high level of fatty acids which are more
susceptible to peroxidation. In addition, brain is lower in antioxidant activity
and not enriched in antioxidant defenses compare the other tissue like liver.
ROS are highly reactive to different fundamental molecules in cellular pool and
initiate cascade of reactions at same time that leads to neuronal cell death, which
responsible for neurodegenerative diseases (72–74).

Inactivation of oxyradicals by dietary antioxidants like vitamin C, vitamin
E, β-carotene can be a important approach in neuroprotection in variety of
neurological disorders. Use of antioxidant like α-lipoate, coenzyme Q10,
melatonin, phenyl-alpha-tert butyl nitrone, flavanoid, GSH-glycosid, and Euk-8
(a salen-manganese complex) also produced beneficial effect in such diseases.
Several clinical evidences suggest that neurodegenerations can be ameliorated
upon dietary intake or supplementary intake of natural antioxidants. Several
natural antioxidants found to prevent oxidation of proteins, lipid peroxidations
and prevent generation of ROS, thus act as upstream therapeutic barrier to
oxidative stress. An important futuristic upstream therapeutic approach is to
protect death of oxidative stress neuronal death against potential toxic protein
formed in neuronal disorders can be the future therapeutic strategy to fight
against oxidative stress, and a number of natural and synthetic products have
been advised to work in neuroprotection to combat the ill effects free radicals.
A promising example include the use of β-amyloid vaccination in Alzheimer’s
disease that prevents plaque formation and subsequent neuron inflammation, and
Ginkgo biloba, a Chinese herb has been recognized for its excellent antioxidant
properties that restrict β-amyloid toxicity after plaque formation (72, 73, 75).

Effectively of commercial antioxidants against neurodegenerative diseases
depends upon their blood brain barrier (BBB) penetration capacity. However,
antioxidants possess widely varying chemical structures and therapeutic use of
most of these commercial antioxidants is limited since they do not cross the
BBB. Expression of most antioxidant enzymes is controlled by the transcription
factor nuclear factor-E2-related factor (Nrf2) and antioxidant response elements
(ARE) in the genes encoding enzymatic antioxidants and is induced by oxidative
stress. Brain of multiple sclerosis patients showed the enhanced expression of
Nrf2/ARE-regulated antioxidants is suggestive of the occurrence of oxidative
stress. But treatment with exogenous antioxidant required high quantity, therefore,
the induction of endogenous antioxidant enzymes by activators of the Nrf2/ARE
pathway and develop a antioxidant which can cross the BBB after systemic
administration maybe a sophisticated approach to treat of multiple sclerosis and
other such disorder (24, 73, 75).
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Gastrointestinal Diseases

Oxidative stress has been evaluated as a causative factor for almost all
gastrointestinal diseases and intervention with antioxidants attempted, both
dietary as well as synthetic. However, the results in these studies have been
diverse and need more epidemiological and clinical research before the findings
can be applied unanimously and intervention with antioxidants endorsed. The
gastrointestinal tract (GIT) is particularly important part to play in the generation
and damage through free radicals and well endowed with the enzymatic
machinery necessary to form large amounts of oxygen radicals. Mucosal xanthine
oxidase and NADPH oxidase found in the resident phagocytotic leukocytes
(macrophages, neutrophils, eosinophils) of the lamina propria are consider
as important source of free radicals. Other sources of oxygen radicals in the
gastrointestinal tract include ischemia, reperfusion, drug ingestion, diet, and
radiation therapy. The transcription factor nuclear factor kB (NFkB) plays a key
role in immune responses and inflammation (via cyokines) through regulation
of gene expression of cytokines and other immune response genes, which are
particularly involved in the pathogenesis of various gastrointestinal disorders;
which is redox sensitive and responds to oxidative stress. Recent studies have
demonstrated the involvement of oxygen radicals following active episodes of
small-intestinal ischemia, ulcerative colitis, gastric ulcer, inflammatory bowel
disease, pancreatitis, alcoholic and non-alcoholic liver diseases (76, 77).

Despite the wide range of therapeutic attempts, the management of different
gastrointestinal diseases has not yet been solved. Anti-inflammatory, antiulcer,
immunomodulatory, cytostatic drugs currently used, have several side effects
which can be dangerous also. Therefore, the use of natural and/or synthetic
antioxidants might be an additional and adjuvant treatment approach to treat GIT
disorders, as it is well established that the direct free radical scavenging effect
and/or the membrane protection play an important role in the action mechanism
of several old-established drugs. Several clinical and preclinical studies had
shown the effective ness of natural or synthetic drugs with antioxidant activity in
the management of GIT disorders. Protective effects of natural antioxidants, like
vitamins A, C and E have been confirmed in the treatment of gastroduodenal ulcer
and gastric cancer. Among the synthetic antioxidants, 5-amino-salicylic acid
was found as the most effective drug in the treatment of chronic inflammatory
bowel disorder. Several preclinical studies has also reported the effectiveness of
several phyto-constituent in the treatment of GIT disorders and which is due to
their antioxidant potential. A study in 123 alcoholic cirrhoses patient showed that
supplement with sadenosyl methionine, a key methyl donor in GSH synthesis
improved survival and delayed the need for liver transplantation. Several natural
antioxidants found beneficial in the treatment of non-alcoholic fatty liver diseases,
viral liver diseases, and acute liver failure. Several investigations reported
increased oxidative stress and low level of antioxidant in patient with chronic
pancreatitis. The clinical trial also reported the significant improvement in the
quality of life and reduction in pain due to combined antioxidant supplementation
in patients with chronic pancreatitis. Therefore it is believed that in such
conditions, supplementation with antioxidants may break the vicious cycle and
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help curb the progression of disease. Though, a recent randomised controlled
trial in alcoholic liver diseases patients with antioxidant (N-acetyl cysteine,
vitamins A and E, biotin, selenium, zinc, manganese, copper, magnesium,
folic acid and coenzyme Q) and clinical studies with antioxidant supplement in
acute pancreatitis have hitherto been unable to establish the efficacy of therapy.
Therefore large clinical trials of antioxidant supplementation are essential to
explore the extent of antioxidant treatment benefit and establish the hypothesis
regarding antioxidant supplementation in various diseases. But it is important
to develop new and effective synthetic antioxidants, and widely employ them
therapeutically to treat such diseases (54, 76, 77).

Renal Disorders

Renal system is also susceptible to ROS induced damage, and connection
between oxidative stress and renal disease are well established. Vascular
(endothelial and smooth muscle cells), glomerular (endothelial and mesangial)
and tubular (proximal, distal and collector) cells of renal structure are capable to
produce ROS due to stimulating factor like drugs, acute hypertension, radiation
exposure and hyperoxia. In addition, large amounts of ROS are also generating
by granulocytes, monocyte-macrophages and platelets, which are present in
many inflammatory renal process (vasculitis, glomerulonephritis, pyelonephritis).
Chronic renal failure oxidative stress can be considered as a potentially major
cause of patient morbidity and mortality. It may also be implicated in the
pathogenesis of atherosclerosis, diabetes, malnutrition, anaemia, dialysis-induced
amyloidosis, and perhaps increased risk of cancerogenesis in these patients (78,
80).

Ascorbic acid is most prominent antioxidants, exerting beneficial effects by an
inhibition of lipid peroxidation and by reducing endothelial dysfunction. Although
deficiency of vitamin C can be observed in chronic renal failure patients, but its
administration in these patients requires deliberation; because excessive intake of
vitamin C in food or as supplementation may lead to its excessive serum levels,
resulting in hyperoxalaemia that may contribute to vascular disease in uraemic
patients. Selenium is a cofactor of GPx and deficiency of selenium responsible
for reduction in the activity of this enzyme resulting in increased oxidative stress
induced diseases like proteinuria and glomerular esclerosis. Selenium and vitamin
E supplementation found effective in proteinuria in rats. Vitamin E supplement
also probed beneficial in to slow the rate of decline in kidney function in chronic
renal failure (78–80).

Pulmonary Disorders

The pathogenesis of chronic pulmonary disorders like asthma and chronic
obstructive pulmonary disease (COPD) is complex, which involves both airway
inflammations with an oxidant/antioxidant imbalance. An air pollutant such as
ozone and cigarette smoking, infections, and other allergens increases generation
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of free radicals and amplify the risk of pulmonary disorders. ROS have been shown
to be associated with the pathogenesis of asthma and lung injury by causing direct
oxidative damage to epithelial cells and cell shedding. ROS also evoke bronchial
hyper-reactivity as well as directly stimulating histamine release from mast cells
and mucus secretion from airway epithelial cells (81, 82).

In a separate study reported the effectiveness of antioxidant therapy in
the treatment of asthma and COPD. Administration of vitamin E, vitamin C,
combination of vitamin E and C, selenium, zinc, and garlic oil, in addition
to their classical treatment of asthma showed beneficial effect and reduce the
number of daily attacks. Another case-control study showed that symptomatic
asthma in adults is associated with a low dietary intake of fruit, the antioxidant
nutrients vitamin C and manganese, and low plasma vitamin C levels. Intake
of dietary antioxidant also found beneficial in management of asthma. Several
thiol antioxidants and mucolytic agents, such as glutathione, N-acetyl-L-cysteine,
N-acystelyn, erdosteine, fudosteine and carbocysteine; Nrf2 activators; and
dietary polyphenols (curcumin, resveratrol, and green tea catechins/quercetin)
have been reported to increase intracellular thiol status along with induction of
GSH biosynthesis and might be useful in the treatment of COPD. Vitamin E and C
can protect cellular components from many types of oxidative stress by both free
radical scavenging mechanism and stabilizing the cell membranes. Vitamin E is
a lipophilic chain-breaking antioxidant that acts by preventing the chain reaction
involved in lipid peroxidation, while vitamin C is more hydrophilic and acts to
quench radicals inside the cell. Flavanoids also reduce asthma inflammation
through antioxidant, antiallergic, and antiinflammatory properties. They are
avid scavengers of nitric oxide, can decrease histamine release, arachidonic acid
metabolism, and cytokine productions. Increase in selenium intake may suppress
asthma inflammation by saturating glutathione peroxidase and down-regulates
the transcription factor NF-κB. Therefore the use of antioxidants and targeting
oxidative stress or boosting the endogenous levels of antioxidants is likely to have
beneficial outcome in the treatment of pulmonary disorders (81–84).

Eye Disorders

Eye is the most susceptible organ to oxidative damage caused by light,
toxins (smoke), atmospheric oxygen, and abrasion. Oxidative stress recognised
as important cause of several eye disorder like cataracts, glaucoma, and macular
degeneration. Free radical theory of ageing is related with the aetiology of eye
diseases, which postulates that ageing and age-related diseases result from the
accumulation of cellular damage from ROS. Ultraviolet increases generation of
ROS, the conversion of this light energy into a nerve impulse by the photoreceptors
generates more free radicals such as hydrogen peroxide, superoxide and hydroxyl
radicals. Proteins in the lens are unusually long lived and are subjected to
extensive oxidative damage. The decrease in the Na+/K+ATPase results the
inability to maintain steady concentrations of Na+, K+, and Ca++ within the lens,
which is thought to be associated with oxidative damage to the sulfhydryl portions
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of the molecule, usually protected by the interaction of several antioxidants
(85–87).

Antioxidants are found to have beneficial in the management of eye disorders.
Vitamin E is found in human lenses and experimental studies have demonstrated
that vitamin E is able to reverse cataract formation. Retinol has also found
in human lenses but results from epidemiological studies are controversial.
Carotenoids are also thought to play a role in management of cataract.
Different carotenoids like beta-carotene, alpha-carotene, betacryptoxanthin,
lycopene, zeaxanthin and lutein may confer beneficial effect in such conditions.
Population-based cohort study, higher dietary lutein and zeaxanthin intake
reduced the risk of long-term incident age related macular degenerations.
Animal experiments have shown evidence for a protective role of selenium on
cataract formation. Many more clinical trials have needed to be conduct to find
the protective effect of other promising phytochemicals with antioxidant and
anti-inflammatory properties including flavonoids (catechins, Ginkgo biloba,
bilberry, grape seed extract, green tea), anthocyanins (bilberry, blueberry, black
currant), and stilbenes (resveratrol) etc (85–89).

Infertility and Pregnancy

ROS can have beneficial or detrimental effects on reproductive system
depending on the nature and the concentration of the ROS as well as the location
and length of exposure to ROS. Free radicals can act as key signal molecules
modulating various reproductive functions and can influence the oocytes,
sperm, and embryos in their microenvironments, for example follicular fluid,
hydrosalpingeal fluid, and peritoneal fluid. These microenvironments have a
direct influence on superiority of oocytes, sperm oocyte interaction, implantation,
and early embryo development. Oxidative stress has been implicated in male
and female infertility (90). ROS are known to be generated from spermatozoa
and leucocytes, but elevated production of ROS in semen affects sperm function,
especially fusion events associated with fertilization, and direct infertility in
male. Increased ROS levels also correlate negatively with sperm concentration
and sperm motility. Spermatozoa are highly susceptible to the damage induced
by excessive ROS because the plasma membrane of spermatozoa contain large
quantities of polyunsaturated fatty acids (PUFA) and cytoplasm contains low
concentrations of scavenging enzymes. Peroxidative damage causes caused by
free radicals results impaired sperm function (90–92).

Oxidative stress influences multiple physiological processes, from oocyte
maturation to fertilization, embryo development and pregnancy. Oxidative stress
influences both implantation and early embryo development which decides a
successful pregnancy. Free radical generation. The role of oxidative stress
has been demonstrated in female infertility, including fetal dysmorphogenesis,
abortions, and intrauterine growth restriction. Oxidative stress has been
implicated in many of the causes of infertility, such as endometriosis, polycystic
ovarian disease, unexplained infertility, tubal infertility, and recurrent pregnancy
loss. Oxidative stress may influence the expression of cytokine receptors in the
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placenta, cytotrophoblasts, vascular endothelial cells, and smooth muscle cells.
Increase in ROS is also involved in defective embryo development and retardation
of embryo growth, which is attributed to induced cell-membrane damage, DNA
damage, and apoptosis (92, 93).

Treatment with antioxidant found to have beneficial effect in both male,
female and to induce normal pregnancy. Antioxidant supplements play a vital
role and help endogenous enzymatic antioxidants to act nullify the oxidative
stress. Different research showed that endogenous and exogenous antioxidants
such as SOD, CAT, glutathione, vitamin E, vitamin C, N-acetyl cysteine, albumin,
taurine and hypotaurine prevents sperm mortality and N-acetyl cysteine and
coenzyme Q10 increases spermmotility by reducing oxidative stress. For example,
(a) oral supplementation coenzyme Q10 was shown to improve fertilization
rate, (b) administration of vitamin C along with vitamin E and glutathione
showed significant reduction in hydroxyl glutathione levels in spermatozoa and
also causes increase in sperm count, (c) vitamin E supplement to a group of
asthenozoospermic patients with normal female partners showed a significant
decrease in lipid peroxidation and increased motility and pregnancy rates. Another
study on human suggests that higher antioxidant consumption is associated with
increased sperm numbers and motility, and to some extent it may attenuate the
impact of age on sperm motility in healthy, non-smoking volunteer (91, 94).

Various antioxidant systems, like SOD, CAT, vitamin E, glutathione and
carotenoids play a vital role to control ROS at physiological levels within the
ovary. So that theca interna cells can protect the oocyte from excess ROS during
its maturation. Trasferrin also suppress ROS generation and important antioxidant
factor important for healthy follicle development. Vitamin C also confers a
protective effect within the follicle. Pathophysiology of polycystic ovarian disease
and endometriosis associated infertility clearly has shown the association with
oxidative stress, and drugs such as Rosiglitazone maybe effective by decreasing
the levels of oxidative stress. N-acetyl-cysteine, acknowledged replenishing
stores of the antioxidant glutathione, on insulin secretion and peripheral insulin
resistance in subjects with polycystic ovarian syndrome. Recently RU486,
pentoxifylline, curcumin, caffeic acid phenethyl ester have been shown to be
effective in endometriosis, and their antioxidant activity may contribute in this
regard. Moreover vitamin C and E supplementation appears to be effective in
preventing or reducing disease severity associated with preeclampsia. Demand
for enzymatic antioxidant defense is increased in embryos and oocytes and
their tubal and follicular fluid microenvironments during pregnancy, and several
studies also reported the linkage of significant decrease in antioxidant level (like
SOD, Vitamin E, β-carotine, etc.) is associated with miscarriage and abortion.
Vitamin C and E are may play a key role in compensating for the oxidative
burst during early pregnancy and reduce the risk of pregnancy loss. Several
studies reported that folic acid supplements had better quality oocytes and a
higher degree of mature oocytes, and may reduce risk of having a baby with a
neural-tube defect. Although another study has failed to prove that folic acid
supplements can decrease the risk of miscarriage. Report also showed that of
omega-3 supplements have been used in prevention of recurrent miscarriage
with antiphospholipid syndrome, and melatonin may be essential for successful
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pregnancy and prevention of spontaneous abortion. Therefore several further
investigations on human are needed to confirm their action (92, 93, 95).

Aging

Ageing is inevitable process may be defined as a progressive decline in
the physiological functions of an organism after the reproductive phase of
life. Although the rate of aging is nutrition and oxidative stress dependent,
oxidative stress is responsible for damage of different cell components and
believed to be one of the key components of age related disorders. Two main
theories regarding the process of ageing have been proposed: genetic theory and
damage-accumulation theories which involve free radical theory, glycation theory,
error catastrophe theory, membrane theory, entropy theory and others. Among
this “free radical theory” is probably the most complex approach and based on the
fact that the random deleterious effects of free radicals produced during aerobic
metabolism cause damage to DNA, lipids, and proteins and accumulate over time
(4, 96).

The human body has several endogenous antioxidants to eliminate free
radicals. But relative depletion of those enzymes causes oxidative stress.
Decreases in free radicals are generation will decrease the chances of oxidative
stress induced injury to the mitochondria and their DNA, which overall should
reduce aging and age- associated diseases. Since free radical damage to biological
molecules has been implicated as the principal cause of aging, therefore attempts
to attenuate free radical reactions through exogenous antioxidant. Diet restriction
or caloric-restricted diets showed the effectiveness to increase life span in mice
and consider as an approach that can increased the expression of antioxidant
enzymes such as SOD, CAT. Exercise is approach training raised the levels of
antioxidant enzymes in both skeletal and cardiac muscle. Many antioxidant
compounds have been shown to increase the average or mean life span of an
organism/experimental animals like N-acetylcysteine, a synthetic antioxidant
and butyl hydroxytoluene. It is also reported that vitamin C did have some
life-extending effects, and vitamin E produced a marginal increase on median life
span with no influence in maximum life span. Treatment with some antioxidants,
such as ascorbic acid, tocopherols, and polyphenols, carotenoids, coenzyme Q10,
ergothioneine may be effective to enhance resistance to oxidative stress and
prevent/improve skin aging (96–98).

Free radicals also found to be associated with several other disorders and the
use of antioxidant probably may play an important role. Disorders in premature
infants like bronchopulmonary, dysplasia, periventricular leukomalacia,
intraventricular hemorrhage, retinopathy of prematurity and necrotizing
enterocolitis are shown to be associated with oxidative stress and therefore it may
be quite interesting that the use of antioxidant in management of such disorders.
Several antioxidants are also possessing antimicrobial activity, therefore food
industries are regularly using antioxidants which may contribute to controlling
the growth of some food-borne pathogens. Antioxidant property of a substance
also may produce beneficial effect to accelerate wound healing. The discussion
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clearly shows that antioxidant property of a substance or intake of antioxidant
substance is may be the future treatment strategy to treat or prevent the health
problems. Though some of the antioxidant constituents has been proved clinically
effective but lot more research and clinical trial still essential to explore any
adverse effect or interactions by other antioxidant constituents (2, 99). Role of
different antioxidants and their sources are tabulated in Table III.

Table III. Different antioxidants and their effects

Antioxidants Location/Sources Remarks

Superoxide
dismutase (SOD)

Cytosol, mitocondria,
nucleus, plasma

Dismutation of superoxide to hydrogen
peroxide (H2O2)

Catalase (CAT) Peroxisomes Dismutation of H2O2 to molecular
oxygen and water

Glutathione
peroxidase (GPx)

Cytosol, mitochondria Reduction of H2O2 and other
hydroperoxides, lipid peroxides,
lipoxygenase products

Glutathione
reductase (GR)

Cytosol, mitochondria Reduction of low molecular weight
disulfides

Glutathione (GSH) A tripeptide is present
in high concentrations
in most eukyrotic cells.
It present within the
cytosol of cells and is
the major intracellular
nonprotein thiol
compound

Substrate in GSH redox cycle, act as
a reductant, reducing H2O2 directly to
water with the formation of GSSG.
It also reacts with superoxide anion,
hydroxyl, and alkoxyl radical directly
by a radical transfer process and
inhibits tissue damage. GSH is
capable of scavenging ROS directly or
enzymatically via GPx.

Uric acid Wide distribution Uric acid is a powerful antioxidant
and is a scavenger of singlet oxygen
and radicals like superoxide anion,
hydroxyl, and alkoxyl radical and binds
transition metals.

Cysteine Wide distribution Cysteine is also a vital component for
the synthesis of glutathione and can
reduce organic compounds by donating
e- from SH groups. N-acetyl-L-cysteine
(NAC) is a derivative of cysteine act as
glutathione precursor and Scavenges of
H2O2 and peroxide

CoQ10 synthesized in human
cells and also found in
wheat bran, fish, organ
meats

It inhibit lipid peroxidation, reduces
mitochondrial oxidative stress, and also
able to recycle vitamin E.

Continued on next page.
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Table III. (Continued). Different antioxidants and their effects

Antioxidants Location/Sources Remarks

Transferrin It is a major iron
transporting protein in
the body

It bind free iron salts, which can leads
to the generation of reactive oxygen
species

Lactoferin It is a milk protein
found extracellularlly

Similar action like transferring to helps
in iron binding

Ceruloplasmin A metal binging
protein in
extracellularlly

It is a copper binding protein. It
catalyses the oxidation of Fe2+ to Fe3+
while oxygen is reduced to water.

Bilirubin Blood stream
tissue, plasma and
extravascular place. It
is Principal component
of RBC.

It is an end product of heme catabolism,
generally viewed as cytotoxic,
lipid-soluble waste product. But at
micromolar concentrations in vitro,
efficiently scavenges peroxyl radicals
and protects albumin-bound linoleic
acid from peroxyl radical-induced
oxidation.

Vitamin E Present in relatively
high concentrations
in both cells and
mitochondrial
membranes.
Found in amla (Indian
gooseberry), lemon,
oranges, groundnut
oil, olive oil, palm
oil, cashew nuts,
germinated pulses,
rasins

Direct scavenging of superoxide,
hydroxyl radicals, upregulation of
antioxidant enzymes, breaks lipid
peroxidation chain reactions.

Vitamin C ICF, ECF, and also
found in lemon,
oranges, olive oil,
palm oil, cashew nuts,
germinated pulses,

Scavenges superoxide, hydroxyl
radicals, neutralize oxidants from
stimulated neutrophils, regenerates
vitamin E

Carotenoids:
α-carotene,
β-carotene,
γ-carotene, crocin,
β-cryptoxanthin,
lycopene, lutein,
zeaxanthin, bixin,
astaxanthin,
capsorubin,
canthaxanthin

apples, banana,
berries, grapes,
jackfruit, kiwi, lemon,
mango, pineapple,
orange, papaya,
watermelon, sweet
potato, plum, carrot,
asparagus, beet
beetroot, brinjal,
broccoli, brussels
sprouts, tomatoes,
spinach, cauliflower,
corn, onions, cabbage,
beans, pumpkin,
cucumber, mushroom,

Antioxidant activity of carotenoids
is based on their singlet oxygen
quenching activity. Carotenoids are
found useful in cancer, cardiovascular
diseases, cataract, HIV infection.
Carotein useful to decrease the risk
of cardiovascular diseases and certain
cancers; lutein and zeaxanthin effective
in eye disorders; α-and β-carotein
and β-cryptoxanthin can able to be
converted to Vitamin A and its related
role in the development an d disease
prevention; lycopene is effective

Continued on next page.
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Table III. (Continued). Different antioxidants and their effects

Antioxidants Location/Sources Remarks
chillies, red palm oil,
Milk, yogurt, eggs and
medicinal plants

in cancer, cardiovascular diseases,
osteoporosis, emphysema.

Flavonoids

Anthocyanidins
(cyanidine,
delphinidine,
petunidine),

Blackberries,
blueberries,
strawberries, plum

Flavonols
(isorhamnetin,
kaempferol,
quercetin,
myricetin)

Apple, tomato, cherry,
broccoli, onion

Isoflavonoids
(anisole,
cumestrol,
daidzein, genistein)

Soyabeen, soy foods,
legumes (greengram,
lupin peas, soy beans,
white and horse gram)

Flavones
(apigenin, luteolin)

Green leafy spices
(parsley)

Flavanones
(naringenin,
hesperetin.
eridictyol)

Citrus fruits (orange,
lemon)

Flavanol
(epicatechin,
catechin,
glycocetachine),

Tea, red grapes,
chocolate, cocoa
beverages, red wine

Other polyphenols:
cinnamic acid,
coumarin,
condensed tannins,
hydroxybenzoic
acid (gallic aid,
protocatechuic
acid, vanillic acid),
hydroxycinnamic
acid (caffeic
acid, caftaric
acid, chlorogenic
acid, coumaric
acid, ferulic acid,
sinapic acid),
proanthocyanidins,

Green leafy
vegetables, plum,
blackberries,
blueberries,
strawberries, apple,
tomato, cherry,
broccoli, onion

Flavanoids have capable to scavenge
hydroxyl radical, superoxide anions
and lipid peroxy radicals.
Different flavonoid have found
effective in several clinical and
preclinical studies. Some of the
important effect of favonoids includes
antiulcer, antiviral, anti inflammatory,
anti arthritis, anti osteoporotic,
antidiarrheal, antiatherosclerosis
anti platelet aggregation and anti
thrombogenic effects,
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Risks of Antioxidants

Our endogenous antioxidant defense systems are incomplete without
exogenous antioxidants such as vitamin C, vitamin E, carotenoids and polyphenols
are playing an essential role in maintaining redox balance. However, isolated
compounds at high concentration may be toxic, owing to pro-oxidative effects or
their potential to react with beneficial concentrations of ROS normally present
at physiological conditions that are required for optimal cellular functioning.
Natural and dietary antioxidants have been found to useful in preventing or
treatment in certain diseases. However, though it is apparent that natural
antioxidants have many positive effects on health, but they could also have
harmful effects if taken in excess. If natural antioxidants are taken in greater
than certain concentrations, they can create significant, sometimes even deadly,
physiological effects. Generally it was estimated that vitamin C, vitamin E and
carotenoids range between high micromolar and low millimolar levels in human
plasma and organs, while polyphenol concentrations found in the high nanomolar
to low micromolar range. An interactive and often synergistic action between
endogenous and exogenous antioxidants helps to maintain a balance between
oxidation and antioxidation. Consumption of vitamin C more than 3000 mg/day
for several days can lead to illnesses such as kidney stones, and an increased need
for oxygen. Also, intake of vitamin C with any acid can lead to excess uric acid
excretion and erosion of dental enamel. Few studies also reported that vitamin
E supplements may amplify the risk of bleeding in certain individuals. Vitamin
A overdoses (1600-3200 mg/kg) for extended period can also lead to symptoms
such as fatigue, breast soreness, gastrointestinal stress, renal problems, vascular
inflammation, and thyroid problems. Coenzyme Q10 also may cause severe
haemorrhage if taken in very large quantities, and can act like pro-oxidant in high
concentrations. Some reports also suggested that β-carotene supplementation can
produce significant increase in stroke incidence and overall cardiovascular deaths.
Some of the studies reported that β-carotene supplements may increase the risk
of lung cancer in smokers. The dietary antioxidants like β-carotene, vitamin C,
vitamin E and other produce complicated and conflicting results in cardiac health
studied by different researchers. The intake of active antioxidant compounds will
help to prevent complex multi-factorial diseases and may slow their development
or inhibit their progression. Antioxidant foods generally are considered safe, but
several antioxidant supplements are reported to have adverse effects. Therefore,
the use of these compounds and consumption of these as complex foods within
the normal diet or as individual or mixed supplements, and the suitable doses
that confer health benefits without additional risk, have yet to be identified.
Synthetic antioxidants at very large doses also may produce toxic effects. For
example BHT and BHA found to produce alterations in enzyme activity, lipid
concentration and carcinogenic effects. It is believed that degradation products of
those chemicals mainly responsible for such toxic effects. Even though at normal
level synthetic antioxidants seem to pose no side effect, but tong term use may
led to chronic health problems (25, 52, 100, 101). Therefore public awareness
and proper investigation regarding this is the need to minimize the toxic effect of
antioxidants.
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Perspectives and Future Directions

Despite of the existence of endogenous defense mechanisms against ROS,
it has been suggested that we are more susceptible to ROS induced oxidative
stress due to change in lifestyle, food habits, pollution, and stress. More than 100
disorders have been reported as the ROS-mediated disorders. The association
of ROS in aging has been well documented. Modern science and research
have begun to unravel the molecular components of free-radical biology and
biological inter-relationships of these components in mediating various disease
processes for a better understanding and exploitation in biomedical/clinical
sciences. Several clinical studies and basic research have shown that depletion
of endogenous enzyme in certain pathological may be mitigated by the use of
exogenous antioxidants might. Sustained interest in the use of antioxidants for
management of human disease and the role of dietary antioxidant in prevention
of disease offer better understanding for the development of newer and better
therapeutic entities with antioxidant activity. Parallel identification, development
of natural or synthetic antioxidants and their suitable formulation can provide
enormous scope for better treatment of several diseases. On-going studies
continue to produce epidemiological evidence suggesting that antioxidant
rich foods or antioxidant supplements reduce the risk of chronic disease and
promote wellness. Several factors like poor solubility, inefficient permeability,
instability due to storage of food, first pass effect, and GI degradation need
to be improved antioxidants are to be developed as drug targets. Therefore
modification in dosage form, physicochemical characteristics, biopharmaceutical
properties and pharmacokinetic parameters are important to consider in the drug
development process. Progression in both the therapeutic and nutritional fields
with antioxidants has not only been punctuated by some successes, but by various
spectacular failures as well ((21, 59, 101–104).

Today, encouraging a varied diet (healthy food with antioxidant activity)
remains the best advice in garnering the benefits of antioxidants and the many
other bioactive components available from food. Concurrently, it is also necessary
to avoid oxidant sources (cigarette, alcohol, exposure of chemicals, stress etc)
to remain healthy. Continued research is needed to identify the therapeutically
important constituents and dietary components that have antioxidant action,
quantify these components and assess their potential for in vivo antioxidant
activity and their interactions with target tissue. It is also imperative to reveal the
relationship between intake of antioxidants and their dose-dependent functional
effects. In the light of present understanding the appropriate role for antioxidants
in human health will becomemore apparent. As clinical evidence emerges and our
understanding of genomic differences improves, the specific role of antioxidants
with variation of species or genetic differences need to be identify. The future
holds great promise for discoveries of new knowledge about free radical biology
and antioxidants, and for turning this basic knowledge into practical use for
ensuring a healthy life. Developing coordinated research collaborations involving
biomedical scientists, phytochemical researchers, nutritionists and physicians is a
critical first step evaluating the role of antioxidants in health and disease for the
coming decades.
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Chapter 2

Pathophysiological Implications of Altered
Redox Balance in HIV/AIDS Infection:
Diagnosis and Counteract Interventions

L. Gil del Valle*, Ph.D.

Clinical Pharmacology Lab, Institute of Tropical Medicine Pedro Kourí,
Autopista Novia del Mediodía, km 6 ½ , La Lisa, La Habana, Cuba

*E-mail: lgil@ipk.sld.cu

Oxidative stress (OS) has been detected in many tissues of HIV
infected individuals using different biochemical’s markers and
diverse bio-techniques. The OS characterization has been made
in populations from several countries and different risk groups
using case and control, cross sectional and interventions studies.
During the infection course the imbalance in redox status
are related to oxidative molecular damage, viral replication,
micronutrient deficiency and inflammatory chronic response,
all of them implicated in cellular apoptosis and decreased
immune proliferation. Several OS counteract actions are
developed including exogenous supply of antioxidants, both as
modification in micronutrient intake from diet or extract from
natural origin and antioxidant vitamins. Physical exercise with
a controlled program and follow- up is used too. The general
strategy and combination of these interventions represent an
important complementary deal for HIV infection treatment
in the era of high active antiretroviral therapy. This last
are involved in others associated malignancies related to
mitochondrial toxicity, that in turn increase OS.

© 2011 American Chemical Society
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Introduction

Human Immunodeficiency Virus (HIV) infection is a worldwide increasing
pandemic. HIV/AIDS patients suffer from several opportunistic infections and
other malignancies that occur in relation of poor immune system function (1).
Oxidative stress (OS), as results from the imbalance between reactive oxygen
species (ROS) production and the inactivation and resolution of oxidative
biomolecule damage (2, 3), have been recognized since beginning of HIV
infection reports (4, 5). Under most circumstances, OS is deleterious to normal
cell functions. An emerging view, however, is that, within certain limits, cellular
redox status is a normal physiological variable that may elicit cellular response
such as transcriptional activation, proliferation or apoptosis (6). Exposure to
oxidants challenges cellular systems and their responses may create conditions
that are favourable for the replication of HIV through nuclear factor κB (NF-κB)
mechanism (7).

The hallmark of HIV infection is cellular T CD4+ depletion and dysfunction.
Different agents appear may trigger apoptosis in CD4+ T cell, including viral
protein (i.e. gp 120, Tat), inappropriate secretion of inflammatory cytokines
by activated macrophages i.e. tumor necrosis factor alpha (TNF-α) and toxins
produced by opportunistic microorganisms (8–10). Since OS can also induce
apoptosis, it can be hypothesized that such a mechanism could participate in
CD4+ T cell and neuronal apoptosis observed in AIDS (11, 12).

Micronutrients deficiency is another aspect that contributes to OS in HIV
evolution (13, 14). The nutritional requirements index of the HIV infected
patients are in accordance with the chronically activation of immune system.
All these aspects are involved in a vicious autocatalytic cycle which underline
in recurrence of malignancies, weight loss and toxicities because of exacerbate
associated metabolism (15, 16).

HIV Biology and Tropism

HIV constitutes the third retrovirus discovered. It is an enveloped animal
RNA virus with two positive strands. It is classified as lentivirus belonging to
retroviridae family. The virus genome is formed by more than 9200 base pairs
longer; including the long terminal repeat (LTR) at both ends and has three major
coding regions. These regions encode core (gag), polymerase (pol), envelope
(env) and several “accessory” gene products (Nef, Tat, Vpr, Vif, Rev and Vpu).
The accessory genes are expressed early in cell cycle infection so they modulate
activation of late transcription. When Tat and Rev reach the threshold a change in
frameshift reading occurs in order to express HIV constitutive genes. The generic
RNA virus, codes for antigenic envelope glycoproteins, interior structural and
non-structural proteins, and polymerases used for virion replication (17).

HIV infects cells utilizing CD4 as receptor. CD4 interact with gp120 HIV
envelope glicoprotein and also needs certain chemokine receptors as coreceptors
(CXR4 and CCR5). This last interact with gp41 transmembrane protein. The
interactions between receptor and coreceptors guarantees HIV entry and infection.
CD4+ T lymphocytes and macrophages are major target for HIV infection (18).
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Cellular tropism can be defined in terms of HIV possibility to grow in cells
(examined in vitro). HIV isolates that grow productively in macrophages and
but less efficiently in T cell lines is called M tropic. HIV which can grow in
T cells but not in macrophages is classified as T tropic. HIV isolates that can
grow in both T cells and macrophages are classified as dual tropic. Most of M
tropic viruses utilize the CCR5 chemokine receptor and most T tropic strains
utilize CXR4 receptor. The V3 region in gp120 is the major co-determinant for
coreceptor use (19, 20).

HIV infection is multifactor depending on biological and behavioural features
of virus and host. Transmission occurs by sexual relations, breast feeding,
contaminated blood products, contaminated intravenous injectors and through
maternal-fetal circulation (vertical way). HIV is delivered to lymphoid tissues,
spleen, lung, lives and the central nervous system (CNS). Persistence of parasitic
viruses requires infecting host cells, pirating host resources, outmanoeuvring host
immune components and replicating (20, 21).

Progression and Surrogate Marker of Disease Evolution and Management

Although several cellular, humoral markers and viral load, which predicts
progression independently of the absolute T CD4+ lymphocyte count, are reported
to be associated with disease progression, only the CD4 count and viral load have
come into general use because of precision and specificity diagnostic technique
(22). In healthy adults, the T CD4+ lymphocyte counting is between 800 to 1200
units per mm3 of blood. The TCD4+ lymphocytopenia and the increase of the viral
load are parameters which determine the progression of the HIV infection which
reaches its peak at the final stage called AIDS, which is the most advanced phase
of the virus infection. Additional surrogate markers of progression, that add value
to CD4 count, would therefore be useful in the clinical management of individual
patients considering the tendency of actual anti-retroviral therapy to diminish viral
load count. Highly active antiretroviral therapy (HAART) resistance and HIV
mutation are affecting the prognostic value of these indexes (22, 23). Also they
are used during antiviral and alternative/complementary therapy evaluation (24).

Additional surrogate markers of progression, that add value to both, would
therefore be useful in the clinical management of individual patients considering
the tendency of actual anti-retroviral therapy of negative viral load. The study
and refinement of surrogate markers of HIV disease progression continues to
be an important area of research particularly with the advent of therapies that
claim to halt or slow the process of immunological decline. Additional markers
of progression would therefore be useful i.e. in the decision of when to start or
change therapies.

Increased levels of CD38+/CD8+ cells have also been shown to correlate with
a number of other markers of disease progression, including viral load (24).

The CD38 molecule is a transmembrane glycoprotein expressed at different
stages of maturation or differentiation (25). Increased expression on lymphocytes
is associated with cell activation, intracellular calcium mobilization (26). In CD8
cells it has been shown that the CD38+ subpopulation is in the pre-G0-G1 phase
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suggestive of a preapoptotic state (27). CD38+/CD8+ levels were increased with
severity of HIV infection (24).

Human monocyte-derived macrophages are involved in a variety of
pathological events during HIV infection. Even if the exact cause of the loss
of CD4+ T cells is unknown, the most widely accepted hypothesis is that HIV
primes the cell to apoptotic death (28, 29). When activated, peripheral blood
T lymphocytes are induced to express Fas/APO-1/CD95 receptors that mediate
apoptosis when binding to Fas ligand (28). A correlation between Fas expressing
CD4+ cells and CD4+ T cells count in blood was observed in previous report and
relationship with redox status, in agreement with the increase of Fas/CD95 found
in HIV+ patients (29, 30).

HIV Infection and Redox Regulation: Relation to Viral
Replication and Apoptosis

Altered Redox Indexes during HIV Infection

HIV infections cause a chronic inflammation as shown by high plasma
levels of inflammatory cytokines and increased ROS production in seropositive
individuals (31–33).

Of the mechanisms contributing to the HIV progression, OS, induced by
the increased production of ROS, may play a critical role in the stimulation of
HIV replication, the development of immunodeficiency and the degenerative
evolution of individuals (21). ROS generated by endogenous manner is, in certain
boundaries, essential for maintain homeostasis (2). ROS also acts as specific
signalling molecules to trigger the activation of specific signalling pathways,
transmitting the effect of ROS. At low levels cellular function are regulated
by a proliferative response whereas at high levels certain pathway module the
cellular strategies for detoxification and thus, are essentials for survival of cell
and organism. OS had in turn two main consequences: activation of specific
signal transduction pathway and damage to cellular components, both of which
impact on physiology and the development of diseases (6, 34, 35). Many of
these effects involve activation of specific transcription factors that control the
expression of a range of target genes. This encodes protein/enzymes to mediate
biological response to OS.

Engagement of HIV envelope with T cell receptor meanly CD4 generate
signals that lead to an increase in free intracellular calcium, which mediate
protein kinase (PK) phosphorilation and activation of NADPH oxidase (35). In
this aspect NADPH oxidase enzyme in phagocytic cell (NOX2, gp 91 phox) is
critical in host defence against pathogens (2, 6). This enzyme contribute to an
excessive ROS production which may be related to an increased activation of
polymorphonuclear leukocytes during infections or influenced by the prooxidant
effect of tumor necrosis factor-alpha (TNF-α) produced by activated macrophages
during the course of HIV infection (36)

The OS was shown to be related to the constitutive production of H2O2 by
neutrophils at all stages of the disease, even in the early stages when the number
of CD4+ T cells is still high (36).

42

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

00
2

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



To establish the implication of oxidative damage it is essential to be able to
measure it accurately and in accordance with progression recognized marker of
disease. Different approaches are used, sometimes measuring the levels of the
damaged done by ROS and evaluating antioxidant total defences or not are taken
as evidences of OS (37, 38).

In Table I are summarised studies that show oxidative stressed HIV-infected
populations and having significantly lower antioxidant concentrations than non
HIV individuals (33, 39–47). In the literature disturbs in the metabolism of
glutathione (GSH), thioredoxin (TRX), ascorbic acid, tocopherol and selenium
(Se), seric and tissue antioxidant diminished concentrations are reported.
Increased peroxides (PO), isoprostanes (isoP), malondyaldehyde (MDA) and
carbonyl (CO) concentrations and altered glutathione peroxidase (GPx), catalase
(CAT) and superoxide dismutase (SOD) activity have been reported. In addition,
altered levels were found in both pediatrics and adults HIV patients.

These findings could be explained in part by several mechanisms such as: 1-
chronic inflammatory activation of immune system, 2-low intake of antioxidant
or their precursors from diet in relation to requirements, 3-malabsorption, 4-
enhanced cysteine metabolism in peripheral tissues, 5-down regulation synthesis
of antioxidant enzymes by viral protein as Tat and, 6-virally encoded regulatory
proteins. All influences on consequent loss of sulphur-group that may account
for glutathione and antioxidant deficiency during HIV infection. Abnormally
high levels of ROS as a consequence of chronic immune system activation
by HIV infections could lead to a decline of antioxidant defence molecules
and accumulative damage of cellular components generating augmented lipid
peroxidation products, oxidized proteins and altered DNA sequences (34).
Almost redox implicated enzymes and molecules are physiologically endogenous
generated and are involved in detoxification and general metabolism. As a
consequence of antioxidant depletion the detoxification capacity of reactive
metabolites is reduced and this is probably connected to the peroxides high levels
detected and drug side effects in HIV+ patients. Considering previously data OS
has a dominant pathogenic action in the HIV infection (34).

These characteristics favours the progression of the infection with increase of
viral replication, carcinogenesis, immune dysfunction, increase in the T cells and
neuronal apoptosis, and disturbed patterns in cytokine and hormone production (2,
33). Thus, the clinic significance of the OS related with the HIV is reflected by the
strong association between decrease of survival of these individuals and increase
of oxidative damage indexes in the plasma and the CD4+ lymphocytes.

Other experiments suggesting that lipid peroxidation is much more important
in the asymptomatic stage rather than in AIDS. An explanation for this may relate
to the depletion of neutrophils which occurs in the late disease stages and which
may be influenced by the treatments used by patients too, so increased damage
indexes values may be a consequence of the multifactorial nature of the redox
system (21, 23).

Peroxides serve as a source for hydroxyl or peroxyl reactive radicals who
can interact with cellular components inducing cell damage potentially leading
to cell death (2, 6). The increase of PO observed in HIV+ patients emphasizes
the higher OS, which occurs during HIV infection. It should also be noted that
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peroxides and aldehydes generated are not only passive markers of OS, but also
cytotoxic products (38). It is thus important to evaluate the role to these oxidative
products in lymphocyte death. Nuclear DNA fragmentation is a biochemical
hallmark of apoptosis (2, 3) and its increase in HIV+ patients. The pathology of
ROS is related to oxidation of nucleic acids and chromosomes break. Limited
chromosomal damage can be repaired whereas extensive DNA damage promotes
apoptosis (8).

Table I. Evidences of biomolecule oxidative damage and antioxidant
deficiency in HIV/aids patients

PLACE NI EVALUATION CRITERIA * REFERENCES

Grenoble
(France)

43 P Gluthatione , Malondialdehyde ,
Total peroxides

Favier et al.
(1994)

Buenos Aires
(Argentina)

20 P Gluthatione, Total antioxidant
capacity,
E Superoxide dismutase

Repetto et al.
(1996)

Bonn
(Germany)

102 E Gluthatione,
S Gluthatione and Selenium

Look et al. (1997)

Stanford
(USA)

204 P Gluthatione Herzenberg et al.
(1997)

Toronto
(Canada)

29 L Gluthatione and Cistein Walmsley et al.
(1998)

Toronto
(Canada)

49 P Total peroxides , EA Ethane Allard et al.
(1998)

La Habana
(Cuba)

85
(Adults)
11
(Child)

P Gluthatione peroxidase (-),
E superoxido dismutase (-),
P Malondialdehyde (+), P
hidroperoxide (+) P Total
Antioxidant capacity (-), P
Gluthatione (-) L percent of DNA
fragmentacion (+)

Gil et al. (2003)
Gil et al. (2002)

India 50 S Total antioxidant capacity (-),
Malondialdehyde (+),
Superoxide dismutase (-), vitamin
E and C (-)

Suresh et al.
(2009)

Italy 26 P hidroperoxide (+), P Total
Antioxidant capacity (-), P thiol
group (-)

Coaccioli et al.
(2010)

Legend NI: Number of individuals. *Statistical analysis with significant difference respect
control group (p<0.05). – diminish ↔ no change + increment. P- plasma, S- serum, L-
lymphocytes, EA-expired Air, E-erythrocytes.
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Antioxidant enzymes levels are sensitive to OS. Both increased and decreased
levels have been reported in different disease states in which an enhancement of
ROS could be a cause or a consequence of the disease. Several kinds of molecules
contribute to the antioxidant capacity of plasma. The possible interaction among
different antioxidants in vivo could also render the measurement of any individual
antioxidant less representative of the overall antioxidant status (38). There is thus
experimental evidence that recognize different metabolic events that occur as a
consequence of HIV infection directly influence the consumption of antioxidant
components thus contributing to the OS (34).

The behaviour characterization of total antioxidant capacity and other indexes
in HIV patients point to the multifactorial feature of this infection. Some authors
consider OS not as an epiphenomenon, but rather as having a central role in HIV
disease (34).

These revised studies provide evidences of oxidative damage to different
molecules corresponding with diverse clinical conditions in relation to CD4+
lymphocytes subset and viral load. The combination of redox indexes that could
be most useful based on that is not clear but the behavior and correlation with
progression markers could be contributing in follow up evaluations.

HIV Replication and Oxidative Stress

In HIV-infected patients OS has been implicated in increased HIV
transcription through the activation of NF-κB (36). NF-κB is bound to factor I
κB in the cytoplasm in its active form, but various factors, such as TNF-α and
ROS can cause the release of NF-κB from factor IκB, and NF-κB translocates to
the nucleus and binds to DNA. GSH is a major intracellular thiol, which acts as
a free radicals scavenger and is though to inhibit activation of NF-κB (36). TRX
is related to redox regulation of IκB. NF-κB is involved in the early transcription
of HIV-1. Thus, ROS may potentially be involved in the pathogenesis of HIV
infection not only through direct effects on cells instead off through interactions
with NF-κB and activation of HIV replication too.

Some viral proteins interfere with host T cell functions and promote rampant
virus replication. Taylor et al. (1997) pointed out several regions of HIV-1 with
the potential to encode selenoproteins, a GPx viral homologue and a thioredoxin
reductase (TDR) homologue. These could be contributing to Se host deficiency.
Significance of host Se status is based on the antioxidant properties of amino acid
selenocysteine, the catalytic center of selenoenzymes as GPx family (48). This
enzyme regulates biologic oxidative homeostasis by neutralizing metabolically
produced ROS (3, 49).

The viral selenoproteins have been suggested could be involved in regulation
of NF-κB controlling HIV replication (35, 48). TDR homologue viral expression
could be contributed to activation of NF-κB while reducing cellular GPx levels
via Se sequestration. Whereas the viral GPx homologue- as a late expressed gene-
would be expected to deactivate NF-κB by decreasing oxidant tone. Notable
another TDR viral homologue action is in the synthesis of deoxyribonucleotides,
via ribonucleotide reductase, enhancing stimulation of proviral DNA synthesis
activities (49).

45

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

00
2

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



These dietary and antioxidant Se-deficient nutritional conditions found in
HIV individuals contribute to the physiologic OS conducive to impaired immune
systems and RNA viral mutations, which can be virulent and pathogenic (49, 50).

Translation initiation of the HIV’ full length messenger RNA is suggested
through cap-dependent but also use an internal ribosome entry site (IRES) located
in the 5′ untranslated region. This site are RNA structure region that directly
recruited the 40s ribosomal subunit at or near an initiation codon. Various models
for the 5′ UTR encompassing IRES have been proposed based on phylogenetic,
chemical mapping and mutagenesis approaches. The wild type compose include
stem loop. Translation process requires host cell factor called IRES trans-acting
factor (ITAF). Researches concerning in vitro experiments strongly argue that OS
in HIV increase the IREs activity via an effect on stem loop. This data combines
chemical and conformational changes caused by OS in favor of viral replication
(51).

Apoptosis during HIV Infection in Relation to Oxidative Stress

In vivo studies have shown that OS might lead to immunodeficiency at
cellular and humoral levels. The role of OS in lymphocytes depletion during
HIV infection may result from different mechanism such as impairment of
proliferation, as suggested in animal models, but also from apoptosis (8, 9, 12).
Several investigators have proposed that apoptosis, could be initiated by OS, and
is the direct cause of lymphocyte loss in patients infected with HIV (10, 29).
These investigations provide evidence that infection-induced OS contributes to
CD4+ T lymphocytes depletion by increasing their rate of apoptosis, particularly
Fas/APO-1/CD95 induced apoptosis. The pro-oxidant stimuli can also increase
the pathogenic effects of HIV and is associated with a progressive increase of
plasma viral load too (28).

CD4+ T cell subset depletion in HIV/AIDS patients is the most dramatic
effect of apoptosis mediated by redox abnormalities and induction of Fas/APO-
1/CD95 receptor expression (30). The proportion of lymphocytes expressing Fas
was shown to be elevated in HIV –infected individuals. Generally these studies
demonstrated that the proportion of Fas-expressing cells increases with diseases
progression, the increased Fas expression was found by some investigators to be
in CD4+ lymphocytes and by others in both CD4+ and CD8+ T cells (29).

In previous work, it has been demonstrated that viral Tat protein liberated by
HIV-1-infected cells interferes with calcium homeostasis, activates caspases and
induces mitochondrial generation and accumulation of ROS, all being important
events in the apoptotic cascade of several cell types.

HIV allocation in central nervous system (CNS) induces progressive
multi symptoms of motor, cognitive dysfunction and behavioral changes. The
neurological and psychiatric characteristic caused by HIV infection is referred
as associated dementia (HAD). The in vitro and in vivo experiments suggest
that neuronal apoptosis occurred in absence of direct infection (12). Activated
microglia and macrophage infected or not produce proinflammatory cytokines
(TNF, IFNγ, Il-1β, arachidonic acid), inducible nitric oxide synthase, quinolate,
PAF, glutamate and quinolic acid. This products as viral proteins promote
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neuronal toxicity via the NMDA type glutamate receptor. The receptor activation
and ROS increased generation may initiate caspase activation or promote calcium
influx. Also dopaminergic system may be involved in HAD. The recognized
indirectly pathway are attributed to neurotoxins release by activated cells in the
CNS producing excitotoxicity and OS. This involving viral proteins too (52–54).

Observations showed that free ROS-induced apoptosis by a non cytokine/
mediated mechanism was significantly enhanced in HIV-infected subjects even
in the very early stages after infection. Moreover, ROS-mediated apoptosis was
not restricted to a particular cell.

HIV Infection, Nutritional Requirements, and Micronutrients
Deficiency

Although major advances have been made in understanding the biology of
HIV infection and significant progress in therapy has been carried out in the last
few years (55–59), the basic role of host nutrition in the pathogenesis of HIV
remains a major lacuna in the scientific knowledge (60).

Micronutrient deficiency is often common during the HIV infection.
Insufficient dietary intake and increased requirements contribute to the
development of micronutrients deficiency (1, 16, 61). The premise that
micronutrients deficiency plays a role in the pathogenesis of HIV infection is
mainly based on two theories, i.e. the OS theory and the nutritional immunological
theory, both of which have related and overlapping mechanism (3).

It is possible that prolongation of the interval between infection and
symptoms observed over the last decade might relate to HAART but in part to
better nutrition too (1, 60, 61). That possibility should encourage additional
studies of nutritional status because controlled interventions (in particularly high
doses of antioxidants) might determine whether nutrition can remedy the possible
consequences of abnormal nutritional status and how it can be influence on
adverse reaction of HAART (60).

Some micronutrients play essential roles in maintaining normal immune
function and its may protects immune effector’s cells from OS (2). For HIV
patients is particularly important to identify metabolic alterations and nutritional
deficiencies and determine whether the supplementation will improve clinical
outcome. This requires realistic and sustainable healthcare interventions in terms
of costs, technology transfer and independence from sophisticated monitoring
requirements.

Early in the HIV epidemic was observed a relationship between loss of lean
body mass and timing of death in patients with AIDS (55). Such an impact
of nutritional state on survival was shown by Suttmann et al. (1995), who
demonstrates an independent effect of loss of body cell mass in survival (57). If
malnutrition does accelerate the progress of HIV infection, it might be argued that
improving nutritional state may improve clinical outcome (34).

The impact of both individual and diverse micronutrients on HIV disease has
been studied by several groups (13, 15, 46, 50, 58, 59, 62–65). Baum et al. (1995)
showed an association in development of vitamin deficiency with reduction in T
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CD4+ cell count and conversely the normalization of vitamin concentrations was
associated with an increase in T CD4+ cell count (15). Some investigators have
chosen to look at micronutrient intake rather than plasma levels because these
may not be the most sensitive indicator of micronutrient status due to metabolic
processes depress the plasma concentrations of some of them (14). Tang et
al. (1993) demonstrated that high intakes of vitamin C, thiamin or niacin were
associated with a reduced relative risk of disease progression (13). Vitamin A
intake appears to have a bi-modal shaped relationship with outcome, both very
high and very low intake being associated with poorer outcome (56).

During the HIV infection the nutritional requirement are modified and are not
in accordance with the conventional RDA. Even when in HIV patients a significant
increment in the intake of vitamin A, E and C was noted, those values do not reach
the critical (satisfied <70% of the individual requirements) established by WHO
(57, 61, 66).

Elevated lipid peroxidation products (MDA, PO), damage to DNA and
depleted antioxidant capacity (TAC, GSH, GPx) have been documented in HIV
populations in relation to micronutrient deficiency and provide additional evidence
that individuals with HIV infection develop moderate to severe micronutrients
deficiency and that deficiency could be related to their redox status (61). These
conditions could be associated with cell damage, metabolic abnormalities and
immune dysfunctions all of which are observed in HIV/AIDS patients. Increment
in micronutrient intake but unaltered energy and macronutrient intake study noted
a significance increase in antioxidant status evaluated by an increase in TAC, GPx
and GSH and a decrease in SOD (63).

Several kinds of molecules could contribute to the antioxidant capacity of
plasma from exogenous or endogenous origin. An association between vitamins
A, E, C, vegetables and fruits intake, minerals and total antioxidants status
suggests a role of antioxidant-pro-oxidant balance on T cells stabilization and
functions which resound in immune response. The mechanisms underlying
the present observations are not clear but multiple pharmacological effects of
antioxidant vitamins and flavonoids have been reported, including vascular
protection, anti-inflammatory, anti-tumor and anti-hypertension activities (3).

Flavonoids also posses free- radicals scavenging abilities, and their
anti-radical property is directed towards both hydroxyl radicals and superoxide
anions both of which are implicated in the initiation of lipid peroxidation. Only
a limited number of studies on the antioxidant action of flavonoids at the cellular
level have been reported and little is known about the mechanism of the cellular
reactions (2, 67, 68). Flavonoids can however prevent oxidative cell damage by
either increasing glutathione, which is indispensable for the peroxides reducing
activity of GPx or protecting cell glutathione depletion with the cooperation of
ascorbic acid (61).

Actual analysis of nutrition influence of HIV infection evolution suggest
that the evidence-base for the specific effect of micronutrient supplements
in children and adults infected with HIV is limited, but is sufficient to make
some recommendations for patients management (60). In the absence of
population-specific adverse effects, there is no reason to decline similar
recommendations for HIV-infected populations. In general order the individual
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or combined vitamin supplementation are encourage in keeping with WHO2003
recommendations (66), everything possible should be done to promote and
support adequate dietary intake of micronutrients at Individual Nutrient Intake
Level (INL98) levels, while recognising that this may not be sufficient to correct
specific micronutrient deficiencies in all HIV-infected individuals.

The optimal composition and dosage of various supplements requires
investigation, as these can vary considerably among commercial supplements and
therefore may not have equivalent effects Research participants should be diverse
with respect to stage of disease, use of antiretroviral therapy, immune status, and
nutritional status.

It is important during the supplementation recognize between the
micronutrients administration as nutritional factor for immune response and the
pharmacological use of high doses of them as preventive therapy in HIV infection.
A recent controlled trial demonstrated that multivitamin supplementation delayed
the progression of disease among HIV-infected women. In the light of these
observations it becomes advisable the administrations of multivitamins, except
vitamin A in HIV infected persons before the initiation and during antiretroviral
therapy.

HIV Infection, Redox Regulation, and HAART

When patients are diagnosed as HIV+, antiretroviral therapy is initiated when
CD4 + T cell subset fall bellow 200 lymphocytes /mm3, when HIV infection
is fairly advanced. The combined therapy named High Active Antiretroviral
Therapies (HAART) applied varies depending on therapeutics objectives, cost
and availability on the market. In the latest years, a relevant decline of the
morbidity and mortality of HIV infection has been observed due to the use of
HAART (69, 70). HAART have led to a decrease of viral load, and a quantitative
and qualitative improvement of the immune functions in patients, specially
T-CD4+ lymphocyte count, having as a consequence a decrease of infectious
complications and a global clinical improvement (69).

The HAART therapy consist of different combination of viral inhibitor such
as: nucleoside reverse transcriptase inhibitor (NRTI), non nucleoside reverse
transcriptase inhibitor (NNRTI), protease inhibitor (PI), fushion inhibitor (FI),
co-receptor inhibitor (CRI) and integrase inhibitor (INI). The main reasons for
combining different anti-HIV drugs in the treatment of AIDS as (i) synergy, (ii)
lower toxicity and (iii) prevention of drug resistance development have remained
(69, 70).

But HAART does not completely solve the immune and metabolic alterations
during HIV evolution. Instead hepatic toxicity from AZT, ddI, and ddC
was reported early in the epidemic. Recent reports continue to point at the
mitochondria as toxic target and activation of the P450 hepatic system by PI (71).

Mitochondrial toxicity as an important side effect of antiretroviral therapy in
HIV infection is linked pathophysiologically to clinical and experimental settings
with long-term significance (72–77). Combinations of anti-HIV drugs containing
NRTI are used during HIV infection evolution as clinical guidelines recommend
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(70). Such regimens may be important to the development of mitochondria
toxicity. Clinical and basic evidences for HAART mitochondrial toxicity in
relation to energy deprivation secondary to mitochondrial (mt) DNA depletion,
oxidative stress which produced structure damage and altered functions, and
mtDNA mutations resulting from oxidative mtDNA damage, aberrant mtDNA
replication and altered mtDNA transcription are reported (74–76).

Essential Elements of Mitochondrial Functions

Mitochondria are semi-autonomous organelles that perform essential
functions in cellular metabolism and the regulation of cell death. It is widely
believed that they arose from an endosymbiotic relationship between a glycolityc
pro-eukaryotic cell and an oxidative bacterium (78, 79). Mitochondria posses
a double-membrane structure and contain their own genome along with their
own transcription, translation, and protein assembly machinery. As such, they
are able to maintain genomic independence from the nucleus. However, most
proteins in the organelle are encoded by nuclear DNA (nDNA) and imported into
it. Although DNA mitochondrial replication (mtDNA) is not synchronized with
nDNA replication, the overall number of them per cell remains fairly constant
for specific cell types during cellular events (76). It suggests that the generation
of mitochondria is mainly influenced by extra-mitochondrial transduction signal
(74).

The most well-known and best-characterized function of mitochondria is the
production of adenosine triphosphate (ATP) through oxidative phosphorylation
(80). The process is carried out by the respiratory chain which contains 87
polypeptides encoded by both mtDNA and nDNA. This result the unique
biochemical process achieved by a well coordinated effort of the products from
two separate genomes (81).

Glycolisis can also generate ATP and provides a compensatory mechanism
when the phosporylation become inefficient as a consequence of defect in
respiratory chain (80, 81).

The normal electrons flow could be compromises as a consequence of
certain mtDNA mutation. It can lead to an increase of bifurcation and ROS
generation. Mitochondria are indispensable to eukaryotic cells due to their
extensive involvement in critical metabolic processes (76, 81, 82).

Mitochondrial Dysfunction Hypothesis during Antiviral Treatment

DNA polymerase-γ (DNA pol-γ) is the eukaryotic mtDNA replication
enzyme. It is encoded by nDNA and contains two subunits. The DNA pol-γ
activity is inhibited by (NRTI) used commonly during antiviral treatment of
HIV/AIDS patients. This inhibition produces mtDNA depletion which leads to a
decreased energy production. This event is cumulative and toxic manifestations
increase with duration of exposure (76, 81).

NRTI have been divided into classes of mtDNA replication inhibitors
according to the relative importance of DNA chain termination, or internalization
of the analogue into nascent mtDNA and substitution for the natural base.
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Competition with the native nucleotide and NRTI at the nucleotide binding site of
DNA pol-γ appears to be a crucial event (83).

In the model of competitive inhibition fialuridine monophosphate (1-[2-
deoxy-2-fluoro-β-D-arabinofuranosyl]-5-iodouracil; FIAU) is a representative.
Others NRTI which share this characteristic are FIAC (1-[2-deoxy-2-
fluoro-β-D-arabinofuranosyl]-5-iodocytosine), FMAU (1-[2-deoxy-2-fluoro-
β-D-arabinofuranosyl]-5-methyluracil) and FEAU (1-[2-deoxy-2-fluoro-
β-D-arabinofuranosyl]-5-ethyluracil). Each has demonstrated virucidal
effects in disease models. The second type of NRTI is represented by
dideoxynucleotides: 3′ –azido-3′–deoxythytmidine (AZT), 2′,3′-dideoxyinosine
(ddI), 2′,3′- dideoxycytidine (ddC), (-)-2′-deoxy-3′-thiacytidine (3TC), 2′,3′
–didehydro-3′-deoxythymidine (d4T) which compete with natural nucleotides
as above but it also terminate nascent mtDNA synthesis because they lack 3′-
hydroxyl group (3′-OH) for continued mtDNA polymerization. Accordingly,
these compounds may have potentially hazardous consequences (83–85).

Deletion mutants (truncated mtDNA templates) may be replicated more
quickly and efficiently than native mtDNA counterparts owing to enzyme activity.
Abundance of defective mtDNA may reach a threshold of energy depletion
like that of heritable mitochondrial illnesses, including those that show mtDNA
depletion (86–92).

Mitochondrial dysfunction hypothesis incorporated the inhibition of DNA
pol-γ, OS occurring and acquired mtDNA mutations into a pathophysiological
continuum related to energy depletion in HIV/AIDS patients with NRTI treatment
(80, 84, 87).

Oxidative Stress during HIV Infection and NRTI Treatment

Inhibition of DNA pol-γ by NRTI contributes to both an altered expression of
proteins component of respiratory chain and an increase in bifurcation of electron
flow mainly at complexes I and III. They may also lead to the dysregulation
of the mitochondrial enzyme systems (inhibition of succinate transport or
cytochrome oxidase activity, reduction in carnitine). This implicates an increment
in mitochondrial ROS generation and OS recrudescence. OS may amplify some
of pathophysiological and phenotypic events in NRTI toxicity. Mainly OS are
implicated in mutations of mtDNA based on: (1) lack of known repair enzymes
for mtDNA error excision; (2) lack of histones protecting mtDNA, and (3) a
subcellular proximity of mtDNA to oxidants (81, 93).

Oxidative Stress in Mitochondria andMutations of mtDNA in NRTI Toxicity

The results of these events are extensive strand breakage and degradation
of deoxyribose. The oxidative mtDNA mutations may be by peroxynitrite and
hydroxyl radicals would likely inactivate complex I first which could amplify ROS
generation and increase OS (87, 93).

Hydroxyl radical’s oxidation to mtDNA results in formation of oxidized
base 8-hydroxydeoxyguanosine (8-OHdG). This in DNA leads to GC → AT
transversions unless repaired. It can lead to mispairing and point mutation.
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Although most of the components of a mitochondrial base excision repair system
have been identified, it is unclear how efficiently this repair removes the wide
sprectrum of adducts that may occur from oxidative damage. Mitochondrial
oxidative damage was supported indirectly by the co-existence of MDA on or
near the inner mitochondrial membrane. This last could lead to cross-linking,
deletion errors in transcription or mtDNA polymerization (74, 76, 82).

An accumulation of mtDNA defects may result in myocytes with oxidative
capacity that varies from normal to severely impair in a so-called myocardial
bioenergy mosaic in the NRTI treated cells (83). Pathophysiological events not
will occur until the thresholds of damage were severe enough to impact on organ
function (2, 3).

Clinical Evidences of NRTI Mitochondrial Toxicity and OS

From early in the era of HAART, spectrums of changes in body fat have been
reported to occur in 20%-80% of subjects receiving these therapies (88–92). In
those with abdominal obesity, hypertension, abnormal serum lipids, and evidence
of insulin resistance, this constellation simulates features of the dysmetabolic
syndrome (syndrome X) (91). Moreover, there is also evidence that the loss of
subcutaneous fat per se in persons with HIV is associated with insulin resistance
(92).

Extracts of muscle biopsy specimens of AZT treated had depleted skeletal
muscle mtDNA. Inefficient used of long-chain fatty acid for β-oxidation occurs
and fat droplets accumulate (94).

A high lactate/piruvate ratio (consistent with abnormal mitochondrial
function) was detected in the blood of patients with HAART toxicity (95–99).
Controversy exists regarding potential mechanism. Although extensive
experimental data may lack to support the hypothesis, it is reasonable to consider
the possibility of subclinical mitochondrial dysfunction and resulting anaerobic
metabolism may relate to this observation (72, 83, 87).

The experimental literature show evidences of mitochondrial changes in
selected tissues from rats, mice, other rodent species and primates with a variety
of NRTI dosing schedule (100–102). Even current human therapeutic doses
or NRTI doses that are below those currently used clinically, mitochondrial
defects are demonstrated in tissues. Respect to mitochondrial toxicity of NRTI,
cardiomyopathy (CM) was reported by many authors in relation to AZT and /or
other NRTI. CM is reported in AIDS, but is remains controversial (86, 88, 94, 98).
Features of AIDS CM are shared with the documented AZT myopathy. Clinical
features of AZT CM occur after prolonged treatment.

Hepatic toxicity from AZT, ddI, ddC, d4T and 3TC was reported early in
the epidemic (103–112). Fatal hepatomegaly with severe steatosis, severe lactic
acidosis and adult Reye’s syndrome in AZT - treated HIV seropositive patients
were all pathogenetically linked to AZT-induced hepatotoxicity. Clinical features
resembled some of those seem in FIAU toxicity (85).

Treatment with certain NRTI (d4T/3TC combinations) results in anion gap
acidosis (103). Moreover the lactic acidosis/hepatic steatosis syndrome may be
more common than previously appreciated in adults and children treated with

52

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

00
2

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



NRTI and d4T has been suggested as a culprit in these cases. d4T treatment cause
lipodystrophy (96, 104). This last phenotype is observed in patients long treated
with others NRTI (104–108). Lypodystrophy consist of two components that
may be analyzed together or independently: fat accumulation and fat atrophy.
Lipodystrophic syndrome in HIV-1 infected patients is characterized by an
abnormal distribution of fat tissue with subcutaneous lipoatrophy of the face,
arms, and legs, and an increase in visceral fat of abdomen and back of the neck or
by subcutaneous fat loss in the arms and legs without accumulation of abdominal
fat (lipoatrophy). Fat accumulation is seen within the abdominal cavity, the
upper back (dorsocervical fat pad), the breast, and in subcutaneous tissue. Fat
atrophy is ascribed to d4T, lesser extent to AZT and ddI (107, 108). Mechanism
may involve altered mitochondrial biogenesis and/or oxidative changes, and
possibly adipocyte apoptosis. Adipose tissue is now recognized as a main site
for the release of hormonal signals that influence CNS, peripheral tissues and the
subsequent alteration in overall metabolism. A meta-analysis of 5 series with
5435 HAART recipients showed fat accumulation in 9% to 34% and fat atrophy
in 12% to 40% (107).

These rates of lipodystrophy are lower (12%-40%) than those reported earlier
by Carr et al. (1999) (83%) and emphasize differences in methodologies, potential
for selection bias, and the need for reproducible case definitions (108). Although
the mechanisms involved in the onset of lipodystrophy are still unknown, mtDNA
depletion has been observed in peripheral adipose tissue, peripheral blood
mononuclear cells (PBMCs), and skeletal muscle of lipodystrophic patients (81).

To date, no effective therapies are available to reverse HAART-related
lipodystrophy, although switching to a stavudine-, zidovudine-, or NRTI-sparing
regimen seems to be the best option (109).

Mitochondrial toxicity from NRTI may impact on peripheral nervous system
function and as the epidemic continues, these side effects are increasingly
important. Dose-relating painful peripheral neuropathies occurred in the majority
of patients treated with ddC in doses of 0.03-0.09 mg/kg per day. Peripheral
neuropathy occurred in 55% of d4T treated patients after 1 year treatment.
Clinical distal dysesethesias, areflexia, distal sensory loss, and mild muscle
weakness were common. Sural nerve biopsies for patients with ddC neuropathy
showed axonal degeneration and mitochondria with disrupted cristae. 3TC has an
associated peripheral neuropathy (110, 111).

Attenuation and prevention of these effects could improve efficacy of HIV
treatment and it will resound in HIV subjects’ quality of life.

Since different groups have tested the symptom effects of HAART in
these populations it was therefore appropriate to test the effect of HAART on
surrounded marker as mitochondrial toxicity and OS indexes during progression
of treatment and infection (112–123). Authors assessed OS indexes in HIV +
individuals before HAART treatment show altered indexes after period under
treatment (Table II). Works about HAART influences on OS indexes noticed
a decrease in the antioxidant system, an increase in damaged molecules and a
failure to repair oxidative damage. These results are controversial with some
authors but consistent with others.
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Table II. Evidences of biomolecule oxidative damage and antioxidant
deficiency in HIV/aids patients with HAART

PLACE NI EVALUATION CRITERIA * REFERENCES

EEUU 120 3 combinations
F2 isoprostanes (+)

Hulgan T et al.
Clin Infect Dis J (2003)

Nor-
way

20 2 combinations
MDA (-), GSH (-), GSSG(+), VIT E (+),
VIT C (-)

Aukrust P et al.
Clin Infect Dis J (2003)

EEUU 164 2 combinations
Syndrome metabolic X, oxidative stress
indices (+) associate to PI ± 6 months

Hurwitz B et al.
Cardiovascular Toxicology
(2004)

Cameroon85 3 combinations
Groups sulfhydrils (-), malondialdehide
(TBARS) (+), carbonyls groups (+),
albumin (-) y Vit C (-) in plasma

Ngondi J et al. AIDS Res
Ther (2006)

EEUU 164 1 combination ddI/d4T (lipodistrophy
symptons)
75 cases, 71 control
F2 isoprostanes ( no association )

Hulgan T et al. J Acquir
Immune Defic Syndr (2006)

Spain 245 2 combinations ( NNRTI, PI)
total peroxide concentration (+).
PI 2-month

Masiá M et al. Clin Therap
(2007)

Italy 86 3 combinations
Serum total antioxidant capacity
(d-ROMs) (+) and antioxidant activity
(OXY-adsorbent as MPO activity) (-)
related to treatment adherence

Mandas A et al. J Biomed
Biotechnol (2009)

India 100 3 combinations
LPO, GSH ↔ PI 9,2 ± 7 months

Wanchu A et al. AIDS Res
Hum Retrov (2009)

EEUU 194 4 combinations AZT/ d4T/EFZ/ NVP
Plus 91 control
F2 isoprostanes ( no association with
HIV-1 RNA or HAART)

Redhage LA et al. HIV Clin
Trials (2009)

Cuba 56 2 combinations
MDA (-), GSH (-), PP, HPO, CAT, SOD,
PAOP in plasma
PI ± 6 months

Gil et al.
Biomed Aging Path (2011)

Legend NI: Number of individuals. *Statistical analysis with significant difference
(p<0.05). – diminish ↔ no change + increment.

Ngondi et al. (2006) assessed the effect of different HAART in OS parameters
and found an increase in lipid oxidation while antioxidants decrease. They did
not found differences related OS damage with antivirals combination. They
showed significant differences in lineal association between some parameters as
sulphydryls and albumin with CD4+ T lymphocytes count and with viral load
(117).
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Hulgan et al. (2003) quantified plasma F2 isoprostanes as OS index. They
planned different strategies and found that this index augmented in 120 HIV+
individuals treated with HAART but they could not distinguish differences due
to drugs or HAART combinations (114). During long term follow-up they did not
found association with peripheral neuropathy or cardiovascular risk (116) in their
studies context. Meanwhile Masia et al. (2007) found increased plasma peroxide
associated with established cardiovascular risk factors in the study context (119).

Several studies relating OS with HAART associated to mitochondrial
dysfunction were published (74, 86, 87). Although the relation is suggested there
is still a debate about whether it plays a direct role in HAART toxicity. The
mechanism is unclear. DNA pol γ inhibition favours to an energy deprivation
and increase ROS formation. OS-mediated cell damage results in part via ROS
reactions (87) mainly due to NRTI. This antiviral class has been implicated as a
cause of several insidious and sometimes irreversible chronic toxicities.

Gil et al. (2011) shows redox indexes at baseline in both groups of treatment
were similar (123). Those parameters values were different than those reported
previously probably because the methods used. Observations permit to assume
that HAART is responsible of the OS values change taking in to account that it
was the only change introduced with a good compliance. Observation remarks
that both combination used produced an increase in OS indexes paralleled to
HIV progression marker change and BMI. The significant differences found in
biochemical and clinical values due to HAART show worse prognostic for the
D4T, 3TC, NEV combination.

In the study was demonstrated no significant linear relations for the majority
of declared variables for both therapy combinations. However, significant linear
regressions were found for PP- CD4+ T lymphocytes, MDA-VL, PO-VL and
GSH-VL in therapy I and MDA-VL, HPO-VL and GSH-VL in therapy II. In a
previous work a relationship between PP and CD4 + T lymphocytes were found in
HIV patients’ naive of treatment (33) which persisted in therapy I group but was
lost in the other group.

A beneficial change in CD4+ T cell count and viral load were observed in
about 80% for both treated groups. These are in accordance with the HAART
therapeutically effects reported (1, 70), but when redox indexes are considered in
simultaneous variable analysis, significant differences (p<0.05) appear between
therapy combinations comparisons, indicating a worse prognostic for therapy II.
Therapies I and II showed different magnitude in second simultaneous change
variable which presents 60% failure associated to toxic metabolic alterations
related to OS. Differences could be achieved to the manner and accumulative
impact on redox toxicity by each individual antiviral drug as well as the
combinations (77).

Previous works describe some clinical and metabolic benefits during
replacement of antiviral treatment. Lipatrophy, as consequence of antiretroviral
treatment, was improved recently replacing d4T (used for > 3 years) with abacavir
or AZT in 16 HIV individuals during 48 weeks. For that mitochondrial indices and
fat apoptosis were evaluated. This result indicates that antiretroviral associated
mitochondrial toxicity during HIV infection could be reversed (109) while others
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found it during dietary micronutrient intake improvement in treatment naive
patients (63, 124).

Theoretical an OS enhance occurs as a dynamic process of immune
reconstitution too (90). In most of HIV patients the treatment aiming to
reduce and control viral replication could produce clinical deterioration as
newly inflammatory process occurs when HIV becomes a chronic condition.
Immune reconstitution is related to lymphocytes redistribution, systemic immune
activation changes, modification of lymphocytes turnover rate, and others events
(125–127). This hypothesis will require larger prospective studies including
immunological assessments. Long term clinical implications of OS and how it is
related to antiretroviral therapy associated disease should be studied.

HIV Infection and Antioxidant Supplementation

Since antiretroviral therapy does not completely eliminate HIV, it is likely
that the final outcome of treatment will depend not only on the efficacy of
treatments in reducing viral load, but also on the immune system ability to recover
and control residual virus. Date showing oxidative damage together with results
pointing to the ROS-mediated activation of the virus, strongly argue in favor
of the benefits of early antioxidant therapy (34, 69, 74). If oxidative damage
contributes significantly to the HIV infection then actions that decreased it should
be beneficial for infected individuals. Taking into account that the antioxidant
actions have to be designing in order to not remove totally ROS, but control their
levels so as to allow useful functions whilst minimizing oxidative damage.

The redox indexes follow up could be contributing to an integral overview in
HIV infection; in addition further studies may be justified to evaluate the role of
ROS as apoptosis mediators and as indexes of treatment efficacy.

It seems therefore logical to try to restore appropriate redox balance during
HIV disease, meanly restoring antioxidant deficiencies (34). This notion
becomes even more attractive, when one takes into account that a wide variety
of antioxidant, including GSH replenishment have been shown to inhibit HIV
replication ex vivo. Alleviating wasting and improving liver function may also
the beneficial effects of this treatment. GSH deficiency has been associated with
impaired survival in HIV disease (43).

Table III show several studies with limited beneficial results in antioxidant
and vitamins interventions (42, 62, 64, 65, 128–137).

N-acetylcysteine administration have been elucidated that contributes to
replenish GSH in HIV patients and suggesting it can improve their survival (42).

Others researchers have been evaluated the effects of vitamin E and C
supplementation during 3 months on these patients. They showed that this
combination of antioxidant vitamins could reduce OS and produce a trend towards
a reduction in viral load (134).

Intakes of thiamine, riboflavin, and niacin were positively associated with T
CD4+ cell count and inversely associated with HIV disease progression among
men in the San Francisco Men’s Health Study (SFMHS) cohort.
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Table III. Control studies evidences of nutritional intervention and
antioxidant supplementation in HIV/aids patients

PLACE GROUP NI* INTERVENTION EVALUATION
CRITERIA **

REFER-
ENCES

Durban
(Sudafrica)

Childs 28 Vitamin A doses accordin
to age

(-) diarrhea Cout-
soudis et
al. (1995)

Portland
(EE UU)

Adults 72 β-carotene 180 mg ↔T CD4+
lymphocytes

Coodley
et al.
(1996)

Korea Adults 16 Red Ginseng korean 5,4 g
daily during 4 years

(+)T CD4+
lymphocytes
(-)T CD8+
lymphocytes

Cho et al.
(1997)

Bonn
(Germany)

Adults 24 Selenium 500 mg +
N acetylcysteine 600 mg
daily during 6 months

(Tendency to
+) T CD4+
lymphocytes
Viral Load ↔

Look et
al. (1998)

Cape
Town

Childs 75 Vitamin A 60 mg (-) T CD4+
lymphocytes

Hussey et
al. (1998)

Dar Es
Salaam
(Tanzania)

Preg-
nant
Womens

1075 Multivitamins + Vitamin
A/ β-caroten, Vitamin A/
β-caroten

(-) fetal
mortality and
low weight
borne

Fawzi et
al. (1998)

Toronto
(Canada)

Adults 49 Vitamin C ( 1g) and E
(800 mg) daily during 3
months

(-) lipd
peroxidation
(-)viral load

Allard et
al. (1996)

Italy Adults 35 Zinc Sulphate
200 mg daily

(-) morbility Moc-
chegiani
et al.
(1995)

Stanford
(EE UU)

Adults 246 N acetylcysteine
(2,3-8,8 mg) daily during
8 months

(+) GSH
(+) quality of
life (2 years)

Herzen-
berg et al.
(1997)

Stanford
(EE UU)

Adults 81 N acetylcysteine
(8 mg) daily during 8
weeks

(+) GSH De Rosa
et al.
(2000)

La
Habana
(Cuba)

Adults 81 Mangifera indica (2,4 g)
daily during 6 months

(+)GSH, TAC,
(-) GPx , OP,
MDA, SOD,
%FADN

Gil et al.
(2002)

Continued on next page.
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Table III. (Continued). Control studies evidences of nutritional intervention
and antioxidant supplementation in HIV/aids patients

PLACE GROUP NI* INTERVENTION EVALUATION
CRITERIA **

REFER-
ENCES

Canada Adults 331 Multivitamins (incl.
vitamin A and trace
elements) + natural mixed
carotenoids (equiv to
120000IU beta-carotene
daily)
four capsules daily for
mean (s.d.)13 6 months.

↔CD4,
↔Viral load

Austin et
al. 2006

EEUU Adults 262 Selenium 200μg daily 9
months

↔CD4, ↔Viral
load, (+) Se

Hurwitz
et al.
2007

Tanzania Adults 1148 Multivitamins
Daily for 24 months

↔CD4, ↔Viral
load, (+) Body
weight

Villamor
et al.
2008

Legend *Number of studied individuals. **Statistical analysis with significant difference
(p<0.05). – diminish ↔ no change + increment respect the beginning of intervention.

In the Multicenter AIDS Cohort Study (MACS), higher dietary intakes of
these vitamins, along with vitamin B-6, were associated with a slower progression
to AIDS, but only niacin remained significantly associated in the multivariate
model. A high intake of B vitamins and use of vitamin B supplements were also
associated with improved survival in this cohort.

Progression to AIDS was slower with a higher intake of vitamins C and E
among subjects in the SFMHS. In the MACS cohort, subjects with the highest
quartile of vitamin C intake had significantly more AIDS-free time than did those
with lower intakes, but no significant difference was observed with intakes of
vitamin E. Time to death did not vary by intake of either nutrient in this cohort.
However, the serum vitamin E concentration in the highest quartile was associated
with a 34% decrease in the risk of progression to AIDS compared with the lowest
quartile. Nevertheless, the serum vitamin E concentration was not correlated with
changes in CD4+ counts over time or with risk of death (134).

Studies focused on beta carotene and vitamin A gave disparate results and
presently is not considered of benefit in HIV-infected patients (133). Selenium and
probably iron are the only trace elements that remained as independent predictors
of mortality after multivariate adjustment.

Gil et al. (2005) observed an increase in TAC, GSH and GPx activity and
decrease in SOD activity during the examination of 40 institutionalized HIV
individuals at the beginning and the end of an increment in micronutrient intake
during seasonal period of three months. During this period the fresh fruit and
vegetable are more available and diet offers were increased in correspondence
with increase of dietary intake of Vit A, E and C (p<0.05 for all). Simultaneous
improved antioxidant status and increased micronutrients intake occur in 69 % of
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HIV patients and it is related with a significant decrease in CD38+/CD8 count, a
subset of lymphocyte that correlate with viral load and progression (63).

Improvement in GSH redox status and an increase in the antioxidant vitamins
without full normalization have been reported by other researcher who evaluated
this parameter in 20 HIV + individuals with HAART in 72 weeks follow up (126).

Micronutrient supplementation in a few studies during pregnancy has been
shown to reduce the risk of low birth weight and preterm birth. These birth
outcomes may be risk factors for vertical HIV transmission during delivery or
breast-feeding. Use of multivitamin and mineral supplements by low-income
pregnant women in the United States is associated with a 41% reduction in
the risk of low birth weight and a 34% reduction in the risk of preterm birth.
There was no significant effect on the risk of small-for-gestational-age births.
However, supplement use was not randomized so there may have been residual
confounding of the observed associations despite multivariate adjustment for
known confounders such as parity, prepregnancy body mass index, gestational
weight gain, smoking, and previous poor birth outcome. The observed beneficial
effect of micronutrients is probably mediated through improvement in fetal
nutritional status, enhancement of fetal immunity, and decreased risk of infections,
which together would decrease risks of intrauterine growth retardation, fetal
loss, preterm birth, and low birth weight. However, how the individual vitamins
produce these effects is not fully understood. Vitamins may increase placental
weight, which will increase the surface area available for maternal-fetal exchange,
since placentas of undernourished women are lighter and have fewer villi than
those of well-nourished women (133).

TheHIV infected population spends large sums ofmoney each year on various
mineral and natural antioxidants supplements but not clinical trials have rigorously
investigated the effects of these supplementations.

Flavonoids as natural products have free radicals-scavenging abilities and,
their anti-radicals property is directed towards •OH and O2•- which are remarkable
ROS implicated in the initiation of lipid peroxidation. Their antioxidant function
may be synergistically promoted through the activation of GPx dependent on the
Se sufficiency (2, 67).

Study assessed with Korean red ginseng (KRG) suggests its long-term
immune modulation effects without side effects on HIV-infected patients. This
study carried out during 2 years showed increased levels of CD4 (p<0.01) in 10 of
12 patients involved in daily supplementation with 5.4 g of KRG. But not redox
markers were evaluated and it not associated with antioxidant properties (130).

Vimang® is an extract obtained from the stem bark of selected varieties
of Mangifera indica L. and contains a mixture of components (polyphenols,
terpenoids, steroids, fatty acids and microelements) (Centre of Pharmaceutical
Chemistry, 1998) (137). Vimang® has shown a powerful scavenger activity of
hydroxyl radicals (•OH) and hypochlorous acid, a significant inhibitory effect on
the peroxidation of rat brain phospholipids, and inhibited DNA damage induced
by iron/bleomycin or copper-phenantroline systems. Vimang® also inhibits
microsomal lipid peroxidation, neuronal death by ischemic reperfusion and
provided better protection than Vit. E,C and β-caroteno against TPA-induced
oxidative damage in mice. Vimang® has been also tested in a broad set of
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toxicological tests with satisfactory results, in terms of acute and sub-chronic
toxicity, genotoxicity, and irritability demonstrating that it can be classified as a
non-toxic product (138–141).

Vimang® supplementation during 6 months significantly decreases oxidative
damage and contributes to increase of antioxidant capacity in a group of 30 HIV
infected patients. Furthermore with this supplementation there was a trend towards
a reduction in CD95 with no influencing on CD4 subset count (137).

Hurwitz et al. (2007) find that dietary supplementation of Se (200 mg) per
day to HIV-infected subjects increased blood Se levels, increased T cell count and
decreased viral load (64). Further, a 5-year randomized, double-blind placebo-
controlled clinical trial in Tanzania found a 5% decrease in risk of mortality with
each increase of 0.01 μMol Se/L blood from dietary supplementation in HIV-
infected pregnant women.

Potential synergistic activity between combination of antiviral therapy and
antioxidant supplementation should be explored.

The supplementation with antioxidants, insulin-sensitizing agents, and human
growth factor in HIV-1 infected patients with lipodystrophy failed to demonstrate
a significant benefit. The growth hormone releasing hormone analogue seem
to be the most promising to date but the very small number of randomized and
controlled studies leaves the question about their utility still open. Despite that,
dietary supplements and antioxidants to reverse fat maldistribution are widespread
in HIV-1-infected patients, who take them without medical prescription (62, 125,
142–144).

A pilot study assessed antioxidant supplementation on mitochondrial
function, fat distribution, and lipid and glucose metabolism in HIV-1-infected
patients with antiretroviral therapy (ART)-related lipoatrophy. Sixty one
ART-treated HIV-1-infected patients with lipoatrophy were randomized to
receive either n-acetyl-L-carnitine (n=21), lipoic acid+n-acetylcisteine (LA/NAC)
(n=20), or no supplementation (n=20) for 48 weeks. mtDNA content increased
in CD4+ T-cells from patients who received n-acetyl-carnitine (+30 copies/cell;
p=0.03), without significant difference by the overall comparison of the study
groups. Fat body mass and lipid profile did not change significantly in any of the
arms. Authors showed that antioxidant supplementation might play a protective
role on mitochondrial function, but with only very limited effects on the reversal
of lipodistrophic abnormalities in HIV-1-infected patients on long-term HAART
(142).

Reducing or delaying mitochondrial damage and the OS by using antioxidants
might represent, potentially, a therapeutic strategy for ART-related lipodystrophy.
Acetyl-L-carnitine and lipoic acid (LA) have been found to be protective nutrients
of mitochondria. In vitro findings showed that acetyl-L-carnitine facilitates the
uptake of acetyl-CoA into the mitochondria during fatty acid oxidation and
the removal of excess short- and medium-chain fatty acids; it also enhances
acetylcholine production and stimulates protein and membrane phospholipid
synthesis. Acetyl-L-carnitine has been found to be depleted in patients with
HAART-related neurotoxicity and it was proposed as a therapeutic agent for distal
symmetrical polyneuropathy in HIV-1-infected patients. LA supplementation
decreases oxidative stress in vivo by reacting with oxygen species, by protecting
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membranes through the interaction with vitamin C, and by increasing intracellular
content of glutathione and l-cysteine. Acetyl-L-carnitine and LA combination
synergistically promote mitochondrial synthesis and adipocyte metabolism
in vitro through an increased expression of peroxisome proliferator-activated
receptors (PPARs) PPARγ and PPARα mRNA, possibly improving insulin
sensitivity (142).

Additional adverse effects and/or regimen adherence difficulties to HAART
have serious consequences such as loss of serum HIV suppression, development
of drug-resistant HIV strains, and increased probability of illness progression (64).

The OS effects due to phophorylated-NRTI mitochondrial toxicity may
amplify some of the pathophysiology and phenotypic events during infection (64,
105, 108). This aspect result in a new tissue target as treatment is prolonged with
increased longevity from AIDS, resistance to NRTI appears, and AIDS become
a relatively manageable chronic illness.

HIV Infection, Redox Regulation, and Physical Exercise

Until the efficacy and safety of pharmacological interventions are rigorously
studied in persons with HIV, the cornerstone of management for central fat
accumulation should be diet and exercise, as extrapolated from populations not
infected with HIV (145). For central fat accumulation, the goal should be to
decrease intake of saturated fat and excess caloric energy. Aerobic exercise
is expected to augment the effects of dietary change because intra-abdominal
fat (mesenteric and omental adipose tissue) is metabolically more active than
peripheral fat in responding to lipolytic stimuli, such as increases in epinephrine
with exercise. In persons without HIV, intensive aerobic exercise can decrease
intra-abdominal adipose tissue by 17%-20% (146). In addition, aerobic exercise
increases peripheral glucose disposal in obese persons, even in the absence of
weight loss (147), and should be beneficial for subjects with insulin resistance.
A recent report suggests that an aerobic exercise program with a moderate-fat,
low-glycemic-index, high-fiber diet can reverse aspects of lipodystrophy (148).

Exercise training has been used as non pharmacological treatment to promote
improvement in anthropometric, cardiorespiratory, muscular and psychological
outcomes in HIV infected individuals (149–151).

Physical exercise due to higher oxygen update may promote an increase in
production of ROS by mitochondria and can therefore influence on the redox state
of the cell. Also muscular damage subsequent to exercise can cause inflammation
and release superoxide by NADPH from neutrophyls. Physical exercise promotes
a transient increase in the production of ROS which conceivable produce an
exposure/withdrawal in an environment of redox imbalance has been suggested
as a factor responsible for adaptation of exercise-induced antioxidant mechanisms
(152, 153).

The training regular responses are assumed as similarly to the HIV negative
individuals.

Some investigations have shown significant benefits of aerobic exercise in
HIV-infected persons in the areas of cardiorespiratory capacity, immune status,
and metabolic activity as well as psychological variables such as a reduction in
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symptoms of depression and anxiety (149, 150, 154, 155). These benefits have
been observed in as little as 6 weeks of training from aerobic activity at any
intensity if performed at least 2 to 3 sessions per week. However, a comparison
across intensities is difficult, as most of the studies did not equalize the dosage of
exercise across the intensity range.

Physiological variables measured in aerobic exercise interventions in
HIV-infected populations include body composition and high-density lipoprotein
(HDL) cholesterol. A 16-week intervention in a group composed of men and
women developed a lower intensity aerobic exercise regimen (~40% VO2max),
twice a week for 45 minutes. There were significant increases (p<0.05) in
VO2max and HDL cholesterol, as well as significant decreases (p<0.05) in
total abdominal adipose tissue, total cholesterol, and triglycerides. Similarly,
other group reported a significant increase (p<0.05) in VO2max as well as
decreases in BMI, waist-to-hip ratio, body density, and body fat after a 12-week
moderate-intensity aerobic exercise intervention (~60% of HRmax) performed
for 30 minutes a day, 3 days a week.

A study carried out a comparisson between the levels of OS markers
and the immunological response profile in HIV-infected and non-HIV subject
participating in a single session of aerobic exercise followed by one session of
resistance exercise, both at moderate intensity is reported (156).

The exercise protocol consisted of a single session of 20 minutes on a
cycloergometer followed by a set of six resistance exercises. The activity of
glutathione S-transferase (GST) and catalase were measured in plasma samples,
total glutathione (TGSH) and thiobarbituric acid reactive substances (TBARS)
were measured in erythrocytes. T CD4+ cells, T CD8+, viral load, complete
blood count, and white blood count were also assessed. All measurements were
performed at three times: baseline, after aerobic exercise, and after resistance
exercises. At baseline, the HIV group had lower GST activity than controls, but
after the exercise session GST values were similar in both groups. Compared
to the control group TGSH was significantly lower (p<0.05) in the HIV group
at baseline, after aerobic and resistance exercises (156). The control group
presented higher TBARS values after aerobic exercise compared to the HIV
group. The neutrophil count was lower in the HIV group after aerobic and
resistance exercises. Similarly, the exercise session did not significantly change
T CD4+ count and viral load among HIV subjects, suggesting that exercise was
performed at a safe intensity, as previously demonstrated in other study (150).

These data indicate that HIV-infected subjects had lower antioxidant activity
at rest. Physical exercise stimulated the enzymatic activity similarly in both
groups.

The increase of the antioxidant capacity after physical exercise in HIV
individuals has been found by several authors as well as higher concentration in
the non enzymatic antioxidant such uric acid, ascorbic acid and α tocopherol. This
effect produces adaptation and promotes greater tissue resistance to oxidative
challenge.

Based on these results physical training (mixed aerobic and strength) may be
safely performed by HIV infected individuals. The physical schedule program
constitutes a complementary strategy providing induction of antioxidant response
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which produces a beneficial adaptation capable to mitigate the deletereal effects
of OS.

Although the general goal for diet is caloric energy restriction to reduce
central fat, the prescribing of specific changes for intake of macronutrients (fats
and carbohydrates) should be based on serum lipid levels and glucose intolerance
(151).

A relatively strong body of literature illustrates the beneficial effects of
combined aerobic and resistance exercise training for those infected with HIV.
The advantage of combined exercise training is enhanced cardiorespiratory
function in a population that is typically deconditioned with the strength and
muscle mass gains of resistance training.

Results to date indicate that moderate- to high-intensity aerobic, resistance,
and combined aerobic and resistance exercise regimens can be safe and elicit
favourable and beneficial changes in the HIV-infected population. These benefits
can include changes in body composition, functional capacity, muscular strength,
total and HDL cholesterol, cognitive function, depression and anxiety, overall
health, and quality of life. Most studies indicate no beneficial effect of exercise
training on HIV status, viral load, or immune function (155). However, aerobic
exercise has shown no negative effect on immunity or disease progression. The
effects of resistance or combined exercise programs on immunity have yet to be
determined.

Concluding Remarks

Advanced in HIV research allow the scientific community to better
understand the molecular and clinic mechanism. Oxidative stress underlying HIV
evolution causes a very wide spectrum of genetic, metabolic, and cellular response
from diverse tissues overwhelms the organism. This impact contributing to the
spectrum of malignancies associated to HIV infection. The OS evaluations will
therefore become potential utility factors to follow antiviral combinations effects,
as well as the usefulness of antioxidant and alternative therapies. The counteract
actions strategy to diminish the impact of oxidative damage may contribute both
restoration of immune response and down regulation of HIV replication but also
may attenuate the toxic effects of HAART which will impact on quality of live of
infected individuals.
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Chapter 3

Thermodynamics of Free Radical Reactions
and the Redox Environment of a Cell

Klaudia Jomovaa and Marian Valko*,a,b
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Constantine The Philosopher University, SK-949 74 Nitra, Slovakia

bFaculty of Chemical and Food Technology, Slovak Technical University,
SK-812 37 Bratislava, Slovakia

*E-mail: marian.valko@stuba.sk. Fax: +421-2-524 93 198.

This contribution reports on the thermodynamics of free radical
reactions and the maintenance of cell redox homeostasis.
Attention is focused on the definition of the half-cell reduction
potential and the reducing capacity of the antioxidant couples,
the cellular defence system substantiated by the thioredoxin,
NADP(H), ascorbic acid, and thiol-containing molecules
including glutathione (GSH), cysteine and protein thiols.
Triggering of the signalling processes in the cell require
the action of the electrochemical potential gradients of the
corresponding redox pairs. Experimental quantification of
electrochemical potential gradients of the corresponding redox
pairs is briefly discussed.

Introduction

Maintenance of a stable redox homeostasis plays a key role in the proper
functioning of cellular processes (1). Oxidative stress results from altered
redox homeostasis and has been linked with the development of many diseases
including, cardiovascular disease, diabetes, neurodegenerative disorders, cancer
and has also been implicated as an important factor in cell growth regulation
and ageing (2). Organisms have evolved a complex defence system based on
mechanisms comprised of non-enzymatic (low-molecular weight) and enzymatic
antioxidants.

© 2011 American Chemical Society
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The cellular defence system includes redox buffers such as the thioredoxin,
NAD(P)H, ascorbic acid, and thiol-containing molecules including glutathione
(GSH), cysteine and protein thiols (3). The reducing cellular environment creates
the electrochemical gradient necessary for electron transfer in oxidation-reduction
reactions occurring in biological systems. The aim of this contribution is to give
a brief overview of the thermodynamics of free radical reactions and the basic
principles and importance of the maintenance of the redox environment in the cell.

Thermodynamics of Free Radical Reactions

A reductant, or reducing agent, is a substance that loses electrons and causes
another species to be reduced. Conversely, an oxidant, or oxidising agent, is
a substance that gains electrons and causes another species to be oxidised (4).
Oxidation (oxidation reaction) is a process in which a substance loses electrons
and reduction (reduction reaction) is a process in which a substance gains
electrons (5). Oxidation and reduction reactions are called redox reactions.
Redox reactions represent one of the most common and most important chemical
reactions occurring in biological systems. In the biochemistry of free radical
reactions we use more frequently the terms antioxidant and pro-oxidant, than
the terms reductant and oxidant, respectively (6). The thermodynamic principles
represent the basis for the prediction of the direction of chemical reactions
and thermodynamic quantities can conveniently be used to predict a hierarchy
for free radical reactions. Free radicals are species covering a wide range of
properties, ranging from those capable of strong oxidation to those capable of
strong reduction. One of the most important thermodynamic quantities suitable
for the characterization of the course of free radical reactions is the half-cell
reduction potential. For example, the one-electron reduction of a compound “A”
is related to the half-cell reduction potential of the couple (7):

The half-cell reduction potentials for many substances can be determined
by a variety of electrochemical techniques (8). Table 1 summarizes the values
of half-field reduction potentials of various species. They are listed from highly
oxidising (at the top of Table 1) to highly reducing (at the bottom of Table 1).
Oxidised species can accept electrons (hydrogens) from any reduced species
occurring below it in Table 1, or, conversely, reduced species are able to donate
electrons (hydrogens) to any oxidised species above it in Table 1.

The life time of free radicals is usually very short and therefore it is difficult
to maintain the thermodynamically reversible equilibrium at the surface of the
electrode in order to determine the exact values of half-cell potentials (10).
Therefore, a reliable estimate of half-cell potentials requires application of
fast kinetic methods (11). Table 1 summarises half-cell reduction potentials of
selected couples.
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Table 1. Half-cell reduction potentials of selected couples (pH = 7)

Redox couples Eθ/mV (25°C)
•OH, H+/H2O +2310
•OOH, H+/H2O2 +1060
•OOR, H+/ROOH +770-1440

O2•–, 2H+/H2O2 +940

α-TO•, H+(Vit. E radical)/ α-TOH (Vit. E) +500

H2O2, H+/H2O, •OH +320

Asc•–,H+ (Ascorbyl rad.)/AscH– (Ascorbate) +282

GSSG/2GSH 248

Redox reactions can generally be described by the set of equations:

An example of a simple type of redox reaction is:

This reaction consists of two half reactions:

In this case ferric ions are reduced from the +3 to the +2 oxidation state and
cupric ions are oxidised from +1 to +2 oxidation state. In oxidations and reductions
occurring in biological systems the electrons are often carried by protons and
therefore reactions are pH-dependent, since the concentration of H+ can itself
change the half-cell potentials of the redox couples (12).

The reaction Gibbs energy change of any reaction also involving a redox
reaction is given by the following equations (12):
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where ΔrGθ is the standard reaction Gibbs energy, R is the gas constant (8.314
Jmol-1 K-1), T is the thermodynamic temperature (K). Since ΔrG = -zFE we may
write:

This equation is called theNernst equation and provides the electrical potential
which can be obtained from an oxidation-reduction reaction. Eθ is the standard
reduction potential defined as the potential of a couple at unit activity (ln1 = 0). F
is the Faraday constant = 96494 C/mol, and z is the number of electrons involved
in the process. At equilibrium ΔrG = 0, thus eqn. 8 simplifies to:

where K is the equilibrium constant of the reaction. For a general chemical
reaction (for example: aA + bB ↔ cC + dD), the equilibrium constant is defined
by the equation: K = (aAa.aBb)/(aCc.aDd) where aij is the dimensionless quantity
called activity, where subscript i refers to chemical species and superscript j
refers to stoichiometric coefficients a, b, c and d. They show up as powers of the
corresponding reactants and products.

For a spontaneous process, the change in the Gibbs free energy must be
negative (ΔrG < 0), thus from the equation (10) it follows that E must be positive
(E > 0) (13).

For any two redox pairs the overall redox potential is called the electromotive
force (ΔE) and is calculated according to the following equation:

The Nernst equation (9) using temperature at t = 25°C (298.15 K) and 2.303
as the conversion factor for the decadic logarithm can be rewritten

Thus from the eqn. (12) one may determine the electrochemical potential
between two redox couples.

As an example of these equations we refer here to a very important reaction
which takes place in biological systems, namely the regeneration of vitamin
E by vitamin C (14). Based on the half-cell reduction potential values of the
α-tocopheryl radical (α-T-O•)/α-tocopherol (α-T-OH, vitamin E) couple and an
ascorbate radical (Asc•−)/ascorbate monoanion (AscH−, vitamin C) couple it
is clear that the ascorbate monoanion can react with the tocopheryl radical to
regenerate vitamin E (15):
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ΔE is defined as the difference in the half-cell reduction potentials of the two
couples:

where E2 is the reduction potential for the half-cell reaction of the species that is
reduced (α-T-OH/α-T-O•) andE1 is the reduction potential for the half-cell reaction
of the species that is oxidized (AscH−/Asc•−). Thus the electromotive force ΔE for
this redox couple (ΔE = E2 – E1 = 0.5 – 0.282 = 0.218 V; see Table 1) is positive and
consequently the position of the equilibrium can be calculated. As the reduction
potential of theE1 couple is more negative than that of theE2 couple, ΔE becomes a
positive number and ΔG is negative. Hence the equilibrium constant K is positive
and so the equilibrium goes to the right-hand side. Thus vitamin C can react with
the vitamin E radical and regenerate it.

When discussing reactions occurring in living systems, the thermodynamic
principles are not the only ones which should be considered. The issue of
kinetics of the process also play an important role, because any reaction that is
thermodynamically possible may not be kinetically feasible; in other words the
reaction is too slow to be biologically important (16).

Since biological systems are not in equilibrium (equilibrium = death), the
conditions of reversibility cannot be fulfilled and therefore the redox potential
cannot be determined according to its theoretical definition. More suitable is the
term redox state which is applied not only to describe the state of a particular redox
couple, but also, in the broader sense, to describe the redox environment of a cell
(6).

Many redox reactions occurring in living systems are represented by
two-electron processes, avoiding thus the formation of free radicals (17).
Similarly to one-electron reactions described above, there is a thermodynamic
hierarchy for the two-electron redox reactions (see Table 2). There are two
important redox couples (see below) significantly influencing the cellular redox
environment. These involve the glutathione system (GSSG/GSH) and the
thioredoxin system (TRX-SS/TRX-(SH)2) (17). A major source of electrons
for reductive biosynthesis including the glutathione and thioredoxin systems
is the nicotinamide adenine dinucleotide system (NAD+/NADH) (18). The
NAD(P)+/NAD(P)H system is described by the reaction

This reaction can be described by two steps

and overall reaction
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Table 2. Two-electron reduction potentials of selected couples at pH = 7

Redox couples Eθ/mV (25°C)

Xanthine/hypoxanthine, H+ -371

Uric acid/xanthine, H+ -360

NAD+, H+/NADH -316

NADP+, H+/NADPH -315

GSSG, 2H+/2GSH -240

TRX-SS, 2H+/TRX-(SH2) -270 to -124 (mean value -240)

GRX-SS, 2H+/GRX-(SH2) -218

FAD, 2H+/FADH2 -219

Pyruvate, 2H+/Lactate -183

Dehydroascorbate, H+/Ascorbate +54

Ubiquinone (CoQ), 2H+/ubihydroquinone (CoQH2) +84

O2, 2H+/H2O2 +300

H2O2, 2H+/2H2O +1320

The value of the overall reaction (-316 mV) in which two-electrons are
exchanged, can be regarded as the average of the two one-electron reactions.

The half cell reduction potential described by the Nernst equation for the
overall reaction (NAD(P)+, H+/NAD(P)H couple) can be expressed as

Assuming the concentrations of NAD(P)H and NAD(P) to be 80μM and
0.8μM, respectively, the equation can be rewritten as (19)

The value of E is very negative and is in agreement with the idea that the
NAD(P)+/NAD(P)H system is a key player in maintaining the reducing cell
environment.

Now we describe the glutathione couple. The half reaction for the GSSG/
2GSH couple is
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and the Nernst equation is given by

The ratio of reduced to oxidised glutathione is approximately 100:1, thus
assuming the concentrations of reduced glutathione and oxidised glutathione are
5 mM and 50 μM, respectively, the Nernst equation is (20)

The thioredoxin are a family of di-cysteine proteins participating in the
electron transfer reactions. The half-reaction for this redox pair can be expressed
according to the reaction (see Figure 1) (21)

Figure 1. Formation of TRX-(SH)2 from TRX-SS.

In this reaction one molecule of TRX-SS forms one molecule of TRX-(SH)2
and the Nernst equation can be expressed in the following form

Redox Environment of the Cell
Schafer and Buettner recently suggested that the redox state of a redox couple

(for example α-T-OH/α-T-O• or AscH−/ Asc•−) is defined by the half-cell reduction
potential and the reducing capacity of that couple (1). The redox state of all redox
couples contributes to the redox environment of the cell.

The redox state of a biological system is given by the “total number of
electrons” and is kept within a narrow range under normal conditions – in analogy
according to which a biological system regulates its pH. Oxidative stress results
in alterations of the redox state. A 30 mV change in the redox state means a
10-fold change in the ratio between reductant and oxidant (1).

Mitochondria use more than 90% of the cellular oxygen consumption.
The mitochondrial electron transport chain is represented by a series of redox
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reactions in which four electrons are transferred to oxygen which is subsequently
reduced to water. However, in the course of the electron transport chain a
small amount of dioxygen is reduced to superoxide by single electrons that leak
(from 0.25 to 2%) from the electron transport chain (22). A small proportion of
moving electrons that are not used for the energy production but are shunted to
oxygen to form superoxide radical anions (and hydrogen peroxide) represents
initiating species of redox cascades functioning in biological systems (23). Under
physiological conditions, the steady state levels of superoxide and hydrogen
peroxide molecules are very low. Hydrogen peroxide is an oxidant molecule
participating in two-electron oxidation, typical for altering the redox equilibrium
of thiol molecules activating thus the signalling pathways responsible for cell
differentiation or alternatively at high flux cell apoptosis and necrosis (24).

Glutathione is the master antioxidant and smallest intracellular non-protein
thiol molecule in the cells. Glutathione together with thioredoxin, which is
represented by a group of small redox proteins are both responsible for the
maintenance of the cellular redox state (25).

The thioredoxins are more specific than the glutathione system (26).
Thioredoxins are known to react with approximately twenty biomolecules that
are involved in various regulatory and catalytic processes. The thioredoxins are
more specific than the glutathione system. Thioredoxin functioning interferes
with the transcription factors such as NF-kappaB, AP-1 and the glucocorticoid
receptor. Thioredoxins are also known to regulate stress signalling pathways,
such as stress kinases ASK1 (27).

Glutathione is the major soluble antioxidant in these cell compartments and
occurs in the cytosol (1–10mM), nuclei (3–12mM), andmitochondria (5–10mM).
Since GSH is synthesized in the cytosol, its mitochondrial functioning requires
the mitochondrial electroneutral antiport carrier. The transport of GSH has been
documented by experiments in which externally added GSH is readily taken up by
mitochondria, despite the ~8mM GSH present in the mitochondrial matrix (28).
A higher concentration of glutathione in the cell is more protective to the cell and
requires a higher oxidation stimulus to change the redox cellular environment.
Thus when examining the redox-buffer capacity of the cell one should consider
the total concentration of GSH. Concentrations of GSH vary from cell to cell, for
example liver cells contain approximately 5 mM of GSH.

Glutathione action in the nucleus is substantiated by the maintenance of the
redox state of critical protein sulfhydryls that are necessary for the repair of DNA.
An oxidative environment leads to oxidation of protein sulfhydryls (protein-SH):
two electron oxidation yields sulfenic acids (protein-SOH) and one-electron
oxidation yields thiyl radicals (protein-S•) (see Figure 2) (29).

Glutathione accomplishes its protective role against deleterious effect of
reactive oxygen species (ROS) by the following mechanisms (30): (i) GSH is
involved in amino acid transport through the plasma membrane, (ii) GSH is a
direct scavenger of ROS including singlet oxygen, (iii) GSH regenerates various
antioxidants, including ascorbic acid and alpha-tocopherol from their radical
forms back to their active forms and (iv) GSH is a cofactor of various antioxidant
enzymes.
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Figure 2. Protection of protein sulfhydryl groups by GHS.

The attack of proteins by ROS and reactive nitrogen species (RNS) affects
practically all amino acid residues and polypeptide backbone (2). The attack of
free radicals to proteins may lead to the oxidation of the amino acids. Cysteine and
methionine residues of proteins are particularly susceptible to oxidation by ROS
(2, 22). The –SH (thiol or sulfhydryl) groups of cysteine aminoacids are the most
vulnerable aminoacids to reversible and irreversible oxidation. The accumulation
of oxidatively modified proteins plays an important role in the process of ageing.

A moderate oxidative environment confirmed by two-electron oxidation
may lead to the formation of reversible sulfenic acid derivatives of cysteine
(Protein-SOH, sulfenic acid) and via one electron oxidation to the thiyl radicals
(protein-S•) (31). These partially oxidised products react with a tripeptide
glutathione (present in the cytoplasm in millimolar concentration) and form
S-glutathiolated protein (protein-SSG). If the process of oxidation of protein
sulfhydryls is not interrupted by glutathione, further oxidation results in the
formation of irreversibly oxidised products such as sulfinic (protein-SO2H) and
sulfonic (protein-SO3H) acids (22, 31). Thus when oxidative stress exceeds
the potentially dangerous threshold, the process of S–glutathiolation triggers
protective mechanisms against irreversible and deleterious oxidation of sensitive
cysteine residues under conditions of oxidative stress.

The high abundance of reduced forms of both GSH and TRX is maintained
by the activity of GSH-reductase and TRX-reductase, respectively (32). Both of
these “redox buffering” thiol systems not only counteract intracellular oxidative
stress and act as antioxidants in the cell, but they are also involved in cell signalling
process (3, 33). In addition to GSH and TRX, there are other both hydrophylic and
lipophilic low molecular weight antioxidants, that when present at physiological
concentration, can significantly contribute to overall ROS scavenging activity.

Triggering of the signalling processes in the cell require the action of
the electrochemical potential gradients of the corresponding redox pairs.
Experimental quantification of these gradients is now only in the early stage of
development (34). The suitable systems in this respect are tumours characterized
by the pronounced heterogeneity in their redox environment and partial pressure
of oxygen, compared to healthy tissue.

Electron paramagnetic resonance (EPR) imaging is a suitable method for
monitoring the redox status modulated by oxidative stress in vivo (35). EPR
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spectroscopy, also referred to as Electron Spin Resonance (ESR) spectroscopy, is
a nondestructive sensitive analytical technique which can be used for studies of
species containing at least one unpaired electron (36). Such species are termed
paramagnetic. In the EPR experiment, the sample, containing paramagnetic
species with one or more unpaired electrons, is placed in a magnetic field,
which removes the degeneracy of the various spin states of the paramagnetic
particle. Transitions between the different spin states (alpha and beta) can then be
induced by irradiation at the appropriate microwave frequency. The record of the
absorption of the microwave radiation by the sample is the EPR spectrum. The
EPR spectrum is sensitive to the nature and physical and chemical environment
of the unpaired electrons and therefore it is very useful for the characterization of
paramagnetic centers. The EPR spectroscopy has found numerous applications
in chemistry, physics, biology and medicine. A very useful technique employed
for the detection and characterization of short-lived radical species is EPR spin
trapping (37). This technique is based on the application of a diamagnetic
molecule (spin trap) which preferentially interacts with a reactive free radical to
form a more stable spin adduct which can be detected by EPR technique. The
most useful radical trap for the detection of oxygen-centered free radicals is
5,5-dimethyl-1-pyrroline N-oxide (DMPO).

Low-frequency EPR and EPR-imaging techniques using nitroxide redox
probes are in particular suitable for the monitoring of the cell redox environment
status as well for the detection of the cellular hypoxic state that marks the
onset of tumoural angiogenesis. In EPR experiments on tumour tissues of
radiation-induced fibrosarcoma (RIF-1) tumour-bearing mice it has been
confirmed that there is significant heterogeneity of redox status in the tumour
tissue compared with normal tissue (38). EPR imaging has revealed that tumour
tissues contain 4-fold higher concentrations of GSH levels compared with
normal tissues. The significant heterogeneity of tumour cell redox status and the
possibility of the fine tuning of the redox status of cancer cells may open new
horizons in cancer therapy.
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Chapter 4

Oxidative Stress in the Metabolism of Estrogens
Leading to Cancer Initiation: Prevention by

Specific Antioxidants

Eleanor G. Rogan*,1,2 and Ercole L. Cavalieri1,2
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College of Public Health, University of Nebraska Medical Center,

Omaha, Nebraska 68198-4388
2Eppley Institute for Research in Cancer and Allied Diseases,
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*E-mail:egrogan@unmc.edu

Oxidative metabolism of the estrogens estrone (E1) and
estradiol (E2) is the critical event in the initiation of cancer
by estrogens. E1 and E2 are oxidized by cytochrome
P450 (CYP) to the catechol estrogens 2-OHE1(E2) and
4-OHE1(E2) and then to the catechol estrogen quinones,
which react with DNA to form estrogen-DNA adducts. The
E1(E2)-3,4-quinones [E1(E2)-3,4-Q] react predominantly with
DNA to form the depurinating adducts 4-OHE1(E2)-1-N3Ade
and 4-OHE1(E2)-1-N7Gua. The resulting apurinic sites in
the DNA can generate mutations leading to the initiation
of cancer. Estrogen metabolism becomes unbalanced when
expression of the activating enzymes CYP19 (aromatase) and
CYP1B1 is higher and expression of the protective enzymes
catechol-O-methyltransferase and quinone reductase is lower.
In this case, larger amounts of adducts are formed, and the
risk of initiating cancer is greater. Women at high risk of
developing breast cancer, or diagnosed with the disease, have
higher levels of estrogen-DNA adducts than women at normal
risk. These results and others in humans and cell culture
indicate that formation of estrogen-DNA adducts is a critical
event in the initiation of cancer. Two antioxidant compounds,
N-acetylcysteine and resveratrol, efficiently block formation

© 2011 American Chemical Society
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of estrogen-DNA adducts and, thus, are promising agents to
prevent cancer.

A weak mechanism of carcinogenesis for aromatic compounds, which
includes the parent compound benzene, is the oxidative metabolism to
phenols, followed by further hydroxylation to catechols and then oxidation to
ortho-quinones (1). The electrophilic quinone compounds can react with DNA
via 1,4-Michael addition, with predominant formation of depurinating adducts
at the N-3 of adenine (Ade) and the N-7 of guanine (Gua) (Figure. 1). This
mechanism of metabolic activation can occur with benzene (2, 3), naphthalene
(4, 5), the natural estrogens estrone (E1) and estradiol (E2) (6–9) and the synthetic
estrogens hexestrol (10, 11) and diethylstilbestrol (DES) (Figure 2) (12). The
apurinic sites formed by loss of these adducts from DNA can generate the critical
mutations leading to the initiation of cancer (13–15).

For the estrogens, overwhelming evidence for this mechanism of
carcinogenesis has been derived from experiments on estrogen metabolism,
formation of DNA adducts, mutagenicity, cell transformation and carcinogenicity.
In addition, unbalanced metabolism of estrogens has been shown to be the factor
that renders the estrogens weak carcinogenic compounds. The predominant
pathway that leads to the initiation of cancer is formation of E1(E2)-3,4-quinones
[E1(E2)-3,4-Q] and reaction of this electrophilic compound with DNA to form the
depurinating 4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1-N7Gua adducts (Figure
1) (9, 16). Error-prone repair of the resulting apurinic sites leads to mutations that
can initiate cancer (13–15).

Figure 1. Major metabolic pathway in cancer initiation by estrogens.
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Figure 2. Common mechanism of metabolic activation to form depurinating
DNA adducts for benzene, naphthalene, estrogens (E1/E2), DES and hexestrol.
1,2-DHN, 1,2-dihydroxynaphthalene; 1,2-NQ, 1,2-naphthoquinone; HES,

hexestrol.

Estrogen Metabolism

Aromatization of 4-androstene-3,17-dione and testosterone is catalyzed
by the enzyme cytochrome P450 (CYP)19 (aromatase) to produce E1 and E2,
respectively (Figure 3). Excess estrogen is stored as E1-sulfate. Estrogens are
metabolized by two major pathways. One is 16α-hydroxylation (not shown in
Figure 3), and the other is the catechol estrogen pathway in which E1 and E2 are
hydroxylated at the 2- or 4- position. CYP1A isoforms preferentially hydroxylate
the estrogens at the 2-position, whereas CYP1B1 catalyzes almost exclusively
the formation of 4-OHE1(E2) (17–19). The catechol estrogens are inactivated,
especially in the liver, by conjugating reactions such as glucuronidation and
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sulfation (not shown in Figure 3). The most common conjugating pathway in
extrahepatic tissues, however, is O-methylation of the hydroxyl group, catalyzed
by catechol-O-methytransferase (COMT) (20). If the activity of COMT is low,
methoxylation can be insufficient, and competitive oxidation of 2-OHE1(E2) and
4-OHE1(E2) can lead to formation of semiquinones and quinones by CYP or
peroxidases (Figure 3).

Figure 3. Formation, metabolism and DNA adducts of estrogens. Activating
enzymes and depurinating DNA adducts are in red and protective enzymes are
in green. N-Acetylcysteine (NAcCys, shown in blue) and resveratrol (Resv,
burgundy) indicate the various points where NAcCys and Resv could improve
the balance of estrogen metabolism and minimize formation of depurinating

estrogen-DNA adducts.

Estrogen semiquinones can be oxidized to quinones by molecular oxygen
(Figure 3). In turn, the estrogen quinones can be reduced to semiquinones by
CYP reductase. This reaction completes redox cycling. In this process, the
molecular oxygen is reduced to superoxide anion radical, which is converted to
H2O2. In the presence of Fe2+, H2O2 yields reactive hydroxyl radicals. Formation
of lipid hydroperoxides can occur as the first damage by hydroxyl radicals. The
lipid hydroperoxides can then act as unregulated cofactors of CYP; this lack
of regulation can generate an abnormal increase in the oxidation of catechol
estrogens to quinones. Thus, efficient redox cycling can generate abundant
catechol estrogen quinones, which are the ultimate carcinogenic metabolites of
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estrogens. The catechol estrogen quinones can be inactivated by conjugation with
glutathione (GSH, Figure 3). A second inactivating pathway for the quinones is
their reduction to catechol by quinone reductase (NQO1 and NQO2) (21, 22).
This protective enzyme can be induced by a variety of compounds (23). If all of
the protective processes become insufficient, the catechol estrogen quinones can
react with DNA to yield predominantly depurinating DNA adducts.

Depurinating Estrogen-DNA Adducts

There are two types of carcinogen-DNA adducts: stable adducts that remain
in DNA unless removed by repair and depurinating adducts that separate from
DNA by destabilization of the glycosyl bond. Stable adducts are formed when
a carcinogenic compound reacts with the exocyclic amino group of Ade or Gua,
whereas formation of adducts at the N-3 and N-7 of Ade or the N-7 of Gua
destabilizes the glycosyl bond, with subsequent depurination of the adduct from
DNA (6–9).

Evidence that depurinating DNA adducts play a major role in cancer
initiation derives from the correlation between the levels of depurinating aromatic
hydrocarbon-DNA adducts and oncogenic Harvey (H)-ras mutations in mouse
skin papillomas (24). A similar correlation between the sites of formation of
depurinating DNA adducts and H-ras mutations was observed in mouse skin and
rat mammary gland treated with E2-3,4-Q (13, 14).

Reaction of E1(E2)-3,4-Q with DNA by 1,4-Michael addition forms the
depurinating adducts 4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1-N7Gua in 99%
yield, with stable adducts comprising the remaining 1% (6–9). Instead, reaction
of E1(E2)-2,3-Q forms much lower levels of 2-OHE1(E2)-6-N3Ade adducts (9)
by 1,6-Michael addition after tautomerization of the quinone to the E1(E2)-2,3-Q
methide (25). The levels of the depurinating DNA adducts formed by the catechol
estrogen quinones agree with the greater carcinogenic activity of 4-OHE1(E2)
compared to the lack of carcinogenic activity of 2-OHE1(E2) in several animal
models (26–29). The critical role of depurinating DNA adducts and the apurinic
sites they generate has also been observed in the mutagenicity of E2-3,4-Q in vivo
(13, 14).

Mutagenicity of Estrogens

Until ten years ago, estrogens were thought to be non-mutagenic because
mutations were not observed in the assays employed. This has been the
cornerstone of denying the genotoxicity of estrogens (30). More recently, the
major pathways of metabolic activation of estrogens have been elucidated,
and more appropriate and sensitive assay conditions have been used. Thus,
both 4-OHE2 and E2-3,4-Q have been shown to be mutagenic (13, 14, 31).
The mutagenicity of 4-OHE2 when it can be metabolized to E2-3,4-Q and the
mutagenicity of the quinone itself provide the necessary evidence to demonstrate
that estrogens are, indeed, genotoxic compounds.

87

D
ow

nl
oa

de
d 

by
 C

O
R

N
E

L
L

 U
N

IV
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

00
4

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



The first demonstration of the mutagenicity of E2-3,4-Q was obtained
by treating the dorsal skin of female SENCAR mice and determining both
the estrogen-DNA adducts formed and the H-ras mutations induced in the
skin (13). Similarly, treatment of the mammary glands of female ACI rats by
intramammillary injection of E2-3,4-Q generated both estrogen-DNA adducts and
H-rasmutations (14). The mutagenic activity of 4-OHE2was demonstrated in Big
Blue rats, which are Fischer 344 rats with about 80 copies of the λ-LIZ vector in
each cell. This transgene is not expressed and has no effect on the biochemistry or
physiology of the cells. After 20 weeks of treatment with 4-OHE2, a statistically
significant number of mutations was detected in the cII gene (15). Finally,
treatment of cultured Big Blue rat2 embryonic cells, which contain approximately
60 copies of the λ-LIZ vector, with 4-OHE2 or E2-3,4-Q generated mutations (31).

In all of these models, approximately equal amounts of the 4-OHE1(E2)-1-
N3Ade and 4-OHE1(E2)-1-N7Gua adducts were detected, but mutations were
predominantly observed at A.T base pairs. This finding may result from the
instantaneous depurination of the 4-OHE1(E2)-1-N3Ade adducts and much slower
depurination of the 4-OHE1(E2)-1-N7Gua adducts (9, 10). The rapid depurination
of the N3Ade adducts may favor error-prone repair of the apurinic sites and
generation of mutations, while the slower depurination of N7Gua adducts may
allow error-free repair of the DNA.

Transformation of Cells by Estrogens

Studies with cultured breast epithelial cells from women or mice have
provided evidence that initiation of cancer occurs by formation of estrogen-DNA
adducts. The MCF-10F cell line is an immortalized non-transformed estrogen
receptor-α-negative human cell line. When these cells are treated with E2 or
4-OHE2, the depurinating estrogen-DNA adducts are formed (32–34). Treatment
with E2 or 4-OHE2 at doses of 0.007-3.5 nM produces transformation of these
cells, as detected by their ability to form colonies in soft agar (35, 36). The
presence of the antiestrogen tamoxifen or ICI-182,780 does not prevent this
transformation (37). These changes are induced to a much smaller extent by
2-OHE2. These results indicate that transformation is determined by genotoxic
effects of the estrogen metabolite. When estrogen-transformed MCF-10F
cells, which were selected by their invasiveness, were implanted into severely
compromised immune-deficient mice, the cells induced tumors (38). These results
demonstrate that human breast epithelial cells lacking estrogen receptor-α are
transformed by the genotoxic effects of estrogen metabolites. Thus, these results
support the hypothesis that formation of depurinating estrogen-DNA adducts is
the critical event in the initiation of cancer by estrogens.

Similarly, the immortalized, normal mouse mammary cell line E6 also forms
depurinating estrogen-DNA adducts and is transformed to grow in soft agar by a
single treatment with 4-OHE2 or E2-3,4-Q (39). These results demonstrate that
transformation of breast cells by estrogen genotoxicity occurs in both humans and
animals.
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Carcinogenicity of Estrogens

The two catechol estrogens 4-OHE1(E2) and 2-OHE1(E2) were first tested
for carcinogenic activity by subcutaneous implantation into male Syrian golden
hamsters. The 4-OHE1(E2) were carcinogenic, while the 2-OHE1(E2) were not
(26, 27). The two catechol estrogens were also tested in CD-1 mice by injection
of the compound into newborns. Once again, the 4-catechol estrogen induced
uterine adenocarcinomas, whereas the 2-catechol estrogen was borderline active
(28). These results are consistent with the structure of the two catechols. The
4-catechol estrogens, when oxidized to their quinones, produce an electrophilic
species that reacts very strongly with DNA by protonated 1,4-Michael addition
(40), whereas the catechol estrogen-2,3-quinones react with DNA by 1,6-Michael
addition via an intermediate quinone methide (25). For this reason, E1(E2)-3,4-Q
react with DNA to a much greater extent than the E1(E2)-2,3-Q (9), forming 97%
of the depurinating adducts found in humans (41).

Studies of transgenic mice with estrogen receptor-α knocked out, ERKO/wnt-
1 mice, provide further important evidence demonstrating the role of estrogen
genotoxicity in the initiation of cancer. Despite the absence of estrogen receptor-α,
mammary tumors develop in 100% of female ERKO/wnt-1 mice, driven by the
wnt-1 transgene (42, 43). The protective methoxy estrogen conjugates were not
found in the mammary tissue of female ERKO/wnt-1 mice, but 4-OHE1(E2) and
estrogen-GSH conjugates were detected (44). These results indicate that estrogen
metabolism in these mice is unbalanced toward excess activating pathways and
limited protective pathways. When the mice were implanted with E2 following
ovariectomy at 15 days of age to remove their major source of estrogens, the
E2-treated mice developed mammary tumors in a dose-dependent manner (45,
46). The mammary tumors developed even in the presence of the implanted anti-
estrogen ICI-182,780 (47). These results provide strong evidence for the critical
role of estrogen genotoxicity in tumor initiation.

Imbalances in Estrogen Metabolism

Initiation of cancer by estrogens occurs when a relatively large amount of
E1(E2)-3,4-Q reacts with DNA, contributing about 97% of the adducts. The
E1(E2)-2,3-Q contributes minimally to the formation of estrogen-DNA adducts
because this electrophile reacts weakly with the N-3 of Ade to form an adduct
(9). A large amount of the reaction of the quinones with DNA is due to oxidative
stress, namely, the oxidative events that give rise to the catechol quinones in great
abundance. These oxidative events start with the formation of estrogens from
androgens, catalyzed by CYP19 (aromatase) (Figure 3). When this enzyme is
over-expressed, a large amount of estrogen is produced and stored as E1-sulfate
(Figure 3). This E1-sulfate is transformed to E1 and E2 by sulfatase when needed;
however, if the sulfatase is not regulated it can produce excess estrogens.

In general, formation of 4-OHE1(E2) is specifically catalyzed by CYP1B1
(17–19). Overexpression of this enzyme can generate a large amount of these
catechol estrogens. If the formation of catechols is very abundant and the activity
of COMT is insufficient, the oxidation of catechols to semiquinones and quinones
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becomes competitive (Figure 3). The quinones, E1(E2)-2,3-Q and E1(E2)-3,4-Q,
can be conjugated with GSH or reduced back to catechols by the enzyme quinone
reductase (21, 22). Once again, if these two protective events are insufficient,
the quinones can react with DNA (Figure 3). In fact, breast tissue from women
with breast cancer has high levels of expression of the activating enzymes CYP19
(aromatase) and CYP1B1 and low expression of the protective enzymes COMT
and NQO1, whereas women who do not have breast cancer have the opposite
pattern of enzyme expression (48).

A relatively high amount of the depurinating 4-OHE1(E2)-1-N3Ade and
4-OHE1(E2)-1 N7Gua adducts represents an index of unbalanced estrogen
metabolism. This occurs only when the oxidative events overcome the protective
events.

Levels of Estrogen-DNA Adducts in People with and without
Cancer

While most of us metabolize estrogens to products that are easily excreted
from the body, people at risk for cancer metabolize estrogens to increased levels
of E1(E2)-3,4-Q, which can react with DNA to form the depurinating adducts
4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1 N7Gua. These adducts are shed from
DNA, and the resulting apurinic sites can be unfaithfully repaired to generate
mutations leading to cancer (13–15, 49). After the depurinating adducts are
released from DNA, they travel out of cells and tissues into the bloodstream and
are excreted in urine. Thus, they can be identified and quantified as biomarkers
of risk of developing cancer (41, 50–53).

High levels of depurinating estrogen-DNA adducts have been detected in
analyses of urine and serum from women that are at high risk for breast cancer
or have been diagnosed with the disease (Figure 4) (41, 50, 54). A spot urine
sample and/or a serum sample was obtained from women at normal risk for
breast cancer, high risk for breast cancer [Gail Model score >1.66% (55)] and
women diagnosed with breast cancer. After partial purification of an aliquot by
solid phase extraction, each sample was analyzed for 40 estrogen metabolites,
conjugates and depurinating DNA adducts by using ultraperformance liquid
chromatography/tandem mass spectrometry (UPLC-MS/MS).

The risk of developing breast cancer was measured as the ratio of depurinating
estrogen-DNA adducts to their respective estrogen metabolites and conjugates
(Figure 4) because this ratio indicates the degree of imbalance in a person’s
estrogen metabolism. Typically, the high ratio for women at high risk or
diagnosed with breast cancer results from a high level of adducts and low levels of
metabolites and conjugates. In some of these women, however, the adduct level
is not high, but the levels of metabolites and conjugates are very low, presumably
because a high proportion of the metabolites was converted to adducts. The DNA
adducts formed by E1(E2)-3,4-Q are predominant (97%) in this ratio, whereas the
adducts formed by E1(E2)-2,3-Q are minimal (3%) (41, 50, 54). The typically
low ratio in women at normal risk for breast cancer indicates that their estrogen
metabolism is balanced and they form relatively few estrogen-DNA adducts.
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Figure 4. Depurinating estrogen-DNA adducts in (A) urine of healthy women,
high-risk women and women with breast cancer – first study (41); (B) urine of
healthy women, high-risk women and women with breast cancer – second study
(50); and (C) serum of healthy women, high-risk women and women with breast

cancer (54).

In two studies of women at normal risk, high risk or diagnosed with breast
cancer, highly significant differences were observed in the relative levels of
estrogen-DNA adducts when urine samples from normal-risk women were
compared to women at high risk or with the disease (Figure 4) (41, 50). Similar
differences were observed when serum samples from the same women were
analyzed (54). Subject characteristics did not affect the highly significant
differences. Thus, these studies demonstrate that unbalanced estrogen metabolism
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leading to increased levels of estrogen-DNA adducts is associated with high risk
of developing breast cancer.

Similarly, analysis of urine samples from men with and without prostate
cancer showed that men with the disease have high levels of estrogen-DNA
adducts compared to healthy control men (Figure 5) (51, 52). In addition,
urine from men diagnosed with non-Hodgkin lymphoma has high levels of
estrogen-DNA adducts compared to healthy controls (53). These results indicate
that formation of estrogen-DNA adducts is associated with several types of cancer
in both men and women, and the adducts could play a critical role in the etiology
of these types of cancer.

Figure 5. Levels of estrogen-DNA adducts in urine samples from men with and
without prostate cancer (52).

Cancer Prevention by Antioxidant Compounds
The estrogens E1 and E2 are obtained biosynthetically from 4-androstene-

3,17-dione and testosterone in a reaction catalyzed by CYP19 (aromatase) (Figure
3). In the catechol estrogen pathway of metabolism, E1 and E2 are oxidized
to 2-OHE1(E2) and 4-OHE1(E2). CYP1A and CYP3A yield preferentially the
2-OHE1(E2), whereas CYP1B1 forms almost exclusively 4-OHE1(E2). The
antioxidants that we have selected exert their influence at various levels of
oxidation of the catechol estrogens, namely, formation of semiquinones and then
quinones, followed by reaction of the quinones with DNA to form depurinating
adducts. The reaction of E1(E2)-2,3-Q is rather ineffective and contributes
minimally to the reaction with DNA to form 2-OHE1(E2)-6-N3Ade, which are
only 2-3% of the adducts (9). Ninety-seven percent of the adducts arise from the
reaction of E1(E2)-3,4-Q with DNA.

We have selected antioxidants for keeping the metabolism of estrogens in
balance, resulting in minimal amounts of formation of catechol estrogen quinones
and their reaction with DNA. Reaction of E2-3,4-Q with DNA in the presence of
one of five antioxidants, namely, GSH, N-acetylcysteine (NAcCys), dihydrolipoic
acid, melatonin or resveratrol, showed that only GSH, NAcCys and dihydrolipoic
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acid react with the quinone to inhibit its reaction with DNA (56). NAcCys has
slightly better antioxidant properties than GSH and dihydrolipoic acid, which
are very similar (Figure 6A). Resveratrol and melatonin, which do not have in
their structure a functional group that reacts with quinones, exhibit no antioxidant
properties in the reaction of the quinone with DNA.

When the same reaction is carried out using 4-OHE2 activated by
lactoperoxidase, the best antioxidant is resveratrol, followed by NAcCys,
dihydrolipoic acid, GSH and melatonin (Figure 6B) (56). The inhibition by
resveratrol and melatonin presumably arises from their ability to reduce the
E2-3,4-semiquinone back to 4-OHE2 (56). GSH, NAcCys and dihydrolipoic acid
inhibit the formation of adducts from activated 4-OHE2 about 5 to 15% more than
the formation of adducts from E2-3,4-Q (Figure 6). In addition to reacting with
E2-3,4-Q, NAcCys is known to reduce the E2-3,4-semiquinone back to 4-OHE2
(57), and we speculate that dihydrolipoic acid and GSH can also carry out this
reduction.

Ample evidence indicates that the initiation of breast, prostate and other
human cancers occurs when the metabolism in the catechol estrogen pathway
is unbalanced (1, 15). In this case, an excessive amount of catechol estrogen
quinones, in particular E1(E2)-3,4-Q, are formed (Figure 3). Under these
circumstances, the quinones react with DNA to form more depurinating adducts,
4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1-N7Gua. This event represents the
initiation of cancer by estrogens.

The unbalance in estrogen metabolism is mainly created by the two activating
enzymes, CYP19 (aromatase) and CYP1B1. This unbalance also can occur when
the protective enzymes COMT and/or quinone reductase are weakly expressed
or deficient in catalytic activity (48). COMT converts catechol estrogens to their
methoxy derivatives, thereby impeding further oxidation of catechol estrogens
to their semiquinones and quinones (Figure 3). Quinone reductases, NQO1 and
NQO2, manifest their protective action by reducing the electrophilic, reactive
quinones to catechols (21, 22). Reaction of catechol estrogen quinones with GSH,
with or without catalytic input by glutathione-S-transferase, represents another
factor in balanced estrogen metabolism.

Two antioxidants have demonstrated great efficiency in keeping the catechol
estrogen oxidative pathway balanced in the MCF-10F human breast epithelial cell
line and in the E6 mouse mammary cell line (39, 58–61). The antioxidant effect
of NAcCys in reducing formation of estrogen-DNA adducts in MCF-10F cells
treated with 4-OHE2 (60) is due to the reaction of NAcCys with E2-3,4-Q and
the reduction of E2-3,4-semiquinone to 4-OHE2 (57). Resveratrol also reduces
E2-3,4-semiquinone to 4-OHE2 (58, 59). In addition, resveratrol induces NQO1,
which catalyes the reduction of E2-3,4-Q to 4-OHE2 (21), thereby limiting reaction
of the quinone with DNA (Figure 3). Resveratrol displays another important effect
by modulating the action of CYP1B1 if it is overexpressed (58). When MCF-10F
cells are treated with 4-OHE2 plus NAcCys and resveratrol mixed together, the two
antioxidants display an additive effect in reducing the formation of estrogen-DNA
adducts by the cells (Figure 7) (61). At low concentrations, the two antioxidants
inhibit formation of estrogen-DNA adducts similarly, but at higher concentrations,
the effect of resveratrol is 50% greater than that of NAcCys (61).
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Figure 6. Effect of the antioxidants GSH, NAcCys, dihydrolipoic acid, melatonin
and resveratrol on the reaction of (A) E2-3,4-Q and (B) enzyme-activated 4-OHE2

with DNA in vitro (56).
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Figure 7. Effects of NAcCys, resveratrol, or NAcCys plus resveratrol on the
formation of depurinating estrogen–DNA adducts in MCF-10F cells treated with

4-OHE2. NAC, NAcCys; Res, resveratrol (61).

Resveratrol was also found to inhibit the malignant transformation of MCF-
10F cells treated with E2 (58). NAcCys was found to inhibit not only formation
of estrogen-DNA adducts, but also transformation of E6 mouse mammary cells
treated with 4-OHE2 or E2-3,4-Q (39).

Thus, the use of these two antioxidants serves to re-establish and/or maintain
balanced estrogen metabolism. This effect reduces DNA damage and the
resulting mutations that can lead to the initiation of cancer. Therefore, NAcCys
and resveratrol are promising candidates for the prevention of estrogen-initiated
cancers in human beings.
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Chapter 5

Polyphenol Compounds as Antioxidants
for Disease Prevention: Reactive Oxygen

Species Scavenging, Enzyme Regulation, and
Metal Chelation Mechanisms in E. coli and

Human Cells

Hsiao C. Wang and Julia L. Brumaghim*

Chemistry Department, Clemson University,
Clemson, South Carolina 29634-0973

*E-mail: brumagh@clemson.edu

Polyphenol antioxidants are abundant in the diet and have
the potential to prevent diseases caused by oxidative stress,
including neurodegenerative and cardiovascular diseases,
cancer, and stroke. Cellular studies are critical to understanding
how polyphenol antioxidants can reduce oxidative stress and
contribute to disease prevention. Many studies of polyphenol
antioxidant mechanisms in E. coli and human cells have focused
primarily on reactive oxygen species (ROS) scavenging and
enzyme regulation, although iron-mediated hydroxyl radical
generation and DNA damage is the primary cause of cell death
for both prokaryotic and eukaryotic cells under oxidative stress.
Recently, metal chelation has also been reported as a major
contributor to cellular polyphenol antioxidant activity. Because
ROS scavenging, enzyme regulation, and metal chelation
mechanisms for polyphenol antioxidant activity are interrelated
in vitro and in cellular systems, understanding the contribution
of each mechanism to polyphenol antioxidant behavior is
extremely challenging. Additionally, the wide variety of
assays used to examine polyphenol antioxidant behavior makes
comparing results between methods and between studies
difficult. The complex relationships between ROS scavenging,
enzyme regulation, and metal chelation mechanisms make

© 2011 American Chemical Society
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selecting the appropriate cellular experiments vital to accurate
mechanistic results, and incorrectly selected methods can lead
to conflicting conclusions. Poor understanding of polyphenol
cellular uptake also results in inconsistencies between in
vitro, cellular, and in vivo studies. This chapter discusses
and compares the evidence to support each of the three major
mechanisms for polyphenol antioxidant activity in E. coli and
human cells and describes the relationships between these three
cellular mechanisms.

1. Introduction

1.1. Polyphenol Antioxidants

Polyphenol compounds are themost abundant andwidely studied antioxidants
in the human diet. Research concerning the effects of dietary polyphenols on
human health has increased considerably in the past twenty years due to worldwide
epidemiological studies indicating that consuming foods rich in polyphenols can
lower incidence of cancer and chronic heart diseases (1, 2). Polyphenols possess
anti-inflammatory, antioxidant, antiallergic, antithrombotic, antiviral, and anti-
carcinogenic activities, and polyphenol contributions to antioxidant capacity and
beneficial health effects in humans are much larger than that of vitamins (3–6).
An increasing interest in herbal medicines during the past two decades, coupled
with an expanded effort to understand the pharmaceutical effects of polyphenols,
has made determining cellular mechanisms for polyphenol antioxidant behavior
essential to this field.

Oxidative stress and the resulting cellular damage are underlying causes of
cancer, neurodegenerative diseases, stroke, and cardiovascular diseases (7–9).
To counteract this oxidative stress, endogenous antioxidants scavenge damaging
reactive oxygen species (ROS) and reactive nitrogen species (RNS) (10, 11).
Polyphenols are versatile dietary antioxidants that also scavenge ROS and RNS,
regulate antioxidant enzyme expression, and chelate metal ions to prevent ROS
and RNS formation based on in vitro and in vivo studies. Growing evidence
suggests that these polyphenol antioxidant properties are a major factor in their
prevention of cancer, cardiovascular disease, diabetes and aging (6, 12, 13) in
addition to their hypolipidaemic effects, antiviral activity, and anti-mutagenic
properties (14, 15).

Polyphenol compounds have attracted recent, intense scientific interest;
more than 2000 review papers discussing polyphenol or related compounds
have been published since 2001 (16). Approximately 1300 of these reviews
focus on research progress toward understanding polyphenol antioxidant activity:
eighty percent of them discuss possible cellular mechanisms, and the majority
of the rest are clinical trial overviews (17). Most of the mechanistic review
papers focus on polyphenol ROS scavenging or enzyme regulation. A third
major mechanism for cellular polyphenol activity, metal chelation, has been
examined only in the past several years. Although neglected for many years, a
rising interest in polyphenol coordination to biological transition metal ions has
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brought this mechanism into consideration. In contrast to the ROS scavenging
and enzyme regulation mechanisms, cellular metal chelation by polyphenols has
not been reviewed in detail, although iron-mediated DNA damage is the primary
cause of cell death under oxidative stress for both prokaryotes and eukaryotes
(18–21). Thus, understanding how polyphenol compounds chelate labile
(non-protein-bound) metal ions to reduce cellular oxidative stress is important
for a thorough understanding of polyphenol antioxidant function. This review
will discuss in detail the metal chelation mechanism for polyphenol antioxidant
activity in addition to ROS scavenging and enzyme regulation. Since all three
major cellular mechanisms reduce oxidative stress and cell death by reducing
ROS and RNS levels, this review will also identify and discuss the relationships
between these three polyphenol antioxidant mechanisms and how they might
overlap to produce cellular effects.

ROS and RNS scavenging, enzyme regulation, and metal chelation are the
three primary cellular mechanisms for polyphenol antioxidant activity in both E.
coli and human cells. E. coli can serve as a simple model for oxidative stress and
antioxidant studies; although human cells are more complex than E. coli, in some
cases, E. coli responds to oxidative stress and antioxidant treatment similarly. In
addition, the availability of mutant E. coli strains with well-understood responses
to oxidative stress can help researchers identify cellular mechanisms by which
polyphenol compounds prevent oxidative stress. These results can then be
extended to and correlated with studies of polyphenol antioxidant behavior in
human cells. Understanding cellular polyphenol antioxidant mechanisms may
result in predictive models for their antioxidant activity that can be used to identify
the most effective antioxidants for animal studies and human clinical trials. This
review will also discuss important structural aspects of polyphenol antioxidants
to provide general guidelines for the design of multifunctional polyphenols that
can exert their cellular effects through multiple antioxidant mechanisms.

1.2. Structures and Sources of Polyphenol Compounds

Polyphenol compounds are commonly found in plants, often as the pigments
of leaves, flowers, or fruit. More than 8,000 structurally unique polyphenol
compounds have been identified from plant sources, such as fruits, vegetables,
nuts, teas, wines, and medicines, but only a limited number are found in milligram
quantities per day in most human diets (Table 1) (22–25). Polyphenols are a
broad class of compounds with different backbone structures and functional
groups (Figure 1). The largest and most researched class of dietary polyphenol
compounds is the flavonoids, typically the most bioactive and abundant
antioxidants found in the diet.

Flavonoids are secondary metabolites in plants and participate in electron
transport catalysis during the light-dependent phase of photosynthesis (26).
Biosynthesis of these compounds starts from glycolysis, which provides the
essential substrate phosphoenolpyruvate (PEP; Figure 2). Condensation of PEP
with erytheose-4-phosphate (E-4-P) forms 2-keto-3-deoxyarabina-heptulosonate-
7-phosphate (DAHP), a product rich in -OH substituents that can be eliminated
to introduce double bonds (27). Subsequent ring closure and ketone reduction
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reactions form shikimate, beginning the shikimate acid pathway that converts
simple carbohydrate precursors to aromatic amino acids such as tyrosine and
phenylalanine (Figure 2) (27). Flavonoids are then synthesized from these
aromatic amino acids via the phenylpropanoid pathway. Phenylalanine ammonia
lyase (PAL) catalyzes the conversion of phenylalanine into the cinnamoyl
structure of the flavonoids, followed by conversion to cinnamoyl-CoA by the
action of 4-coumaroyl–CoA ligase (4CL). Subsequently, three molecules of
malonyl-CoA are condensed with one molecule of cinnamoyl-CoA by chalcone
synthase (CHS) to form chalcones (32). An isomerization reaction catalyzed
by chalcone isomerase (CHI) then stereospecifically converts chalcone to
(2S)-flavanone, the precursor flavonoid molecule that undergoes alkali-catalyzed
condensation to form the different subclasses of plant flavonoids (Figure 1)
(27, 31). Flavonoids synthesized by these pathways account for approximately
two-thirds of total dietary polyphenol intake (33).

The basic flavonoid structure is based on a common three-ring nucleus:
two heterocyclic rings fused to an aromatic ring, linked through a heterocyclic
pyran or pyrone C ring, normally attached at the C2 or C3 position (Figure
1). Flavonoids are subdivided according to their substituents and are grouped
into six subclasses: flavonols, flavones, flavanols, flavanones, isoflavones, and
anthocyanidins (Figure 1). Quercetin and myricetin, the main flavonols in U.S.
diets, are found in various fruits and vegetables and are especially abundant
in onion and cherries (Table 1) (34, 35). Flavones are not as common and
can be found in parsley (luteolin) and celery (apigenin) (35). Flavanols are
found in teas and fruits; the most common class of flavanols are the catechins.
Catechins such as epicatechin and epigallocatechin-3-gallate (EGCG) are the
main polyphenol compounds in green tea (28–30). Polyphenol levels in teas vary
considerably depending upon preparation; one study showed that fermenting
tea oxidizes catechin compounds and reduces their content by half (36). Citrus
fruits and juices are the main source of flavanones, especially hesperidin from
oranges (37, 38). Isoflavones are found in soy and related products such as tofu;
the isoflavones genistein and daidzein have been intensively studied for their
estrogenic properties and prevention of breast cancer (37, 39, 40). Flavonoid
substituents affect bioavailability, antioxidant ability, interactions with cell
receptors, enzyme regulation, and other biological properties of these molecules.

In addition to substituent differences, dietary flavonoids also exist as polymers
or in glycosylated forms, such as flavonoid glycosides that have a sugar molecule
bound to the C3 carbon (Figure 1). After consumption, this sugar residue is cleaved
to form the biologically active aglycone flavonoids (41). The substituents and
type of sugar on these flavonoid glycosides greatly determines dietary polyphenol
bioavailability, since polyphenol antioxidants must cross cell membranes to exert
their biological effects (41–43). Hollman and coworkers demonstrated that some
glucosides of quercetin were more absorbed in human than pure quercetin, but that
quercetin-3-rhamnoglucoside (rutin) was less absorbed (44, 45).
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Table 1. Subclasses of flavonoids with individual compounds, food sources, and total measured concentrations

Subclasses Compounds Total flavonoid concentrations (mg/100 g) Refs.

Flavonols morin, myricetin, quercetin,
kaempferol

Red cabbage (25), onion (20-60), broccoli (27), cherries (35-450), cherry tomatoes
(1.5-20), apricots (2.5-5), apples (2-24), black grapes (1.5-4)

(22, 23)

Flavones luteolin, apigenin Parsley (24-180), celery (2-14), hot peppers (0.5-1) (23)

Flavanols epicatechin, EGCG, theaflavins Green tea (4-7), black tea (6-9), chocolate (46-60), grapes (1.5-4), berries (6-27),
apples (2-24)

(24, 25)

Flavanones taxifolin and hesperidin Citrus fruits and juices (10-140) (28, 29)

Isoflavones daidzein Soybeans (20-90), soy food (60-135), tofu (8-70) (29, 30)

Anthocyanidins cyanidine Red, blue, and purple berries (6-27), red wine (8-30), cherries (35-450) (23)
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Figure 1. Basic structures of polyphenols and subclasses of flavonoids.

Average daily flavonoid intake in the United States is ~1000 mg (25), and
concentrations of polyphenol metabolites in human plasma range from 0.33
to 7.6 μM with only 50 to 100 mg flavonoid intake (44, 46, 47). In murine
models supplemented with polyphenols, total plasma polyphenol concentrations
may be as high as 1 mM (48, 49), and, in humans, maximum measured plasma
concentrations are ~10 μM (12, 50, 51). In cellular studies of polyphenol
supplementation, polyphenol concentrations in E. coli and human cells range
from 0.1 to 150 μM (18, 52–54). Determining bioavailability and uptake of
dietary polyphenols is crucial to determining their biological concentrations
and antioxidant effects. Once absorbed, polyphenols are metabolized, and the
major metabolic pathways as well as the effects of these processes on polyphenol
bioavailability and antioxidant activity are discussed at the end of this chapter. In
addition, the concentration of polyphenol compounds in foods varies depending
on plant age and processing prior to consumption, complicating animal and
clinical studies of dietary polyphenol effects (55–57).
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Figure 2. Flavonoid biosynthetic pathways in plants (27, 31, 32).
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2. Polyphenol Antioxidants and Disease Prevention

2.1. Polyphenol Disease Prevention Studies

The American Heart Association and the American Cancer Society both
recommend consuming 5 to 9 serving of fruits and vegetables daily because they
provide polyphenol antioxidants and other nutrients (58, 59). Since polyphenol
compounds are widely available in the diet and are effective antioxidants,
many short-term animal and clinical trials focusing primarily on prevention of
cardiovascular, Alzheimer’s, and Parkinson’s diseases as well as cancer have been
conducted to establish the effects of various dietary polyphenol subclasses (2, 24,
39, 60–70). Table 2 summarizes the animal and clinical studies of polyphenol
supplementation for disease prevention in the past decade. The majority of these
studies have shown that polyphenol supplementation reduced the oxidative stress
that leads to chronic diseases (Table 2), but several studies also determined that
high intake of a flavonoid-rich diet did not correlate with cardiovascular disease
and cancer prevention (76, 78, 99, 100, 104, 105).

In addition, studies have shown that mice fed a high fruit and vegetable diet
for 5 weeks to 3 months (16-47 mg/d polyphenols) typically have lower risk of
cancer, neurodegenerative diseases, and coronary heart disease compared to lower
polyphenol intake groups (5-9 mg/d) (1, 106, 107). A recent review of the short-
term (2-6 month) effects of polyphenol rich-food consumption in humans revealed
no consistent effect on DNA damage markers or other significant health benefits
(108). However, many long-duration epidemiological studies (five weeks to two
years) indicate that consuming a polyphenol-rich diet decreases the incidence of
chronic health problems such as coronary disease, high blood pressure, and cancer
(109–111). The efficacy and dosage of various polyphenol compounds are still a
matter of much debate, although typical dietary polyphenol uptake is around the
effective doses (1-50 µM) observed in most cellular and human trials (50, 51, 112).

Polyphenol antioxidants are thought to prevent cancer cell development by
suppressing carcinogenic radical formation, scavenging carcinogenic radicals,
and upregulating enzyme levels to increase the detoxification of carcinogenic
compounds (113–115). Most polyphenol compounds appear to be nontoxic
to humans and animals (4-400 mg/kg), but several studies have demonstrated
proliferation inhibition in carcinoma cell lines (0.1-100 μg/mL) (116–118). Green
tea polyphenol compounds have demonstrated cancer preventative effects in
mouse studies and epidemiological studies have shown lower cancer rates in
areas with high tea consumption (64, 119). In a recent clinical trial, Erba et. al.
(101) investigated the effects of green tea consumption (2 cups/day for 42 days)
on oxidative damage, cholesterol levels, and antioxidant status. Tea drinkers
showed a ~50% reduction in plasma peroxide levels and a 10% decrease in
LDL cholesterol levels compared to the control group, indicating that green tea
consumption decreases oxidative stress and leads to fewer incidences of cancer
and cardiovascular disease (120). Several human trials in various countries have
also shown significant cancer prevention ability from oral supplementation with
polyphenol compounds such as curcumin, resveratrol, kaempferol, quercetin,
catechin, and EGCG (Figures 1 and 3, Table 2) (63, 114).
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Table 2. Effects of polyphenol antioxidant supplementation in animal studies and clinical trials

Polyphenol Research target Dosage and duration Cellular effects Ref.

Heart, liver, prostate in rats 50-150 mg/kg/d for 10 d ↓ Phospho-mitogen extracellular kinase ½ (MEK½),
phospho-MAP kinase (MAPK), lipid oxidation, and
myocyte apoptosis

(71)Quercetin

Acute glaucoma in rats 400 mg/kg/wk for 6 wk ↑ Heat shock protein 72 (72)

EGCG,
Catechins

Myocardial ischemia-reperfusion
injury in rats

10 mg/kg/h during reperfusion ↓ Nuclear factor-κB (NF-κB) and activator protein-1
(AP-1)

(73)

Parkinson’s disease in rats 100-400 mg/kg for 2 h ↓ Oxidative DNA damage and NF-κB (74)

Breast carcinoma in mice 30 mg/kg ↓ c-Jun amino terminal kinases (JNK), NF-κB, AP-1, and
tumor growth

(75)

Transgenic adenocarcinoma
mouse prostate (TRAMP) model

0.06 % in water for 23 wk ↓ Androgen receptor (AR), insulin-like growth factor-1
(IGF-1), phospho-extracellular signal-regulated kinases
1/2 (phospho-ERKs1/2), cyclooxygenase-2 (COX-2), and
nitric oxide synthase (iNOS),
↑ Apoptosis at early stage prostate cancer
No effect at late stage prostate cancer

(76)

Lung in albino ICR mice 10 mg/kg before LPS injection ↓ Tumor necrosis factor-alpha (TNF-α) and MIP-2, JNK,
extracellular signal-regulated kinases (ERK) 1/2, and
NF-κB

(77)

Ovaries in Swiss-Webster mice 12.5-50 mg/kg/d for 7d ↓ Ovarian aromatase CYP19 and cytochrome P450 1A
No effects on cytochrome P450 3A and catechol
O-methyltransferase (COMT)

(78)

Continued on next page.
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Table 2. (Continued). Effects of polyphenol antioxidant supplementation in animal studies and clinical trials

Polyphenol Research target Dosage and duration Cellular effects Ref.

Liver in Sprague-Dawley rats 200 mg/kg/wk for 6 wk ↓ Malondialdehyde (MDA), glutathione peroxidase, and
catalase

(79)

Resveratrol Brain in Wistar rats 100 mg/kg after trauma ↓ MDA, xanthine oxidase (XO), and nitric oxide (NO)
levels
↑Glutathione (GSH)

(80)

Cerebral ischemia in Mongolian
gerbils

30 mg/kg after ischemia ↓ Delayed cell death and activation of glial cells (81)

Cerebral ischemia in
Sprague-Dawley rats

10-100 mg/kg for 48 h Protected hippocampus mitochondria via sirt1-UCO2
pathway

(82)

Parkinson’s disease in
Sprague-Dawley rats

10-40 mg/kg for 10 wk Protected dopaminergic neurons in substantia nigra
↓ Cyclooxygenase-2 (COX-2) and TNF-α

(83)

Alzheimer’s disease in Wistar rats 10-20 mg/kg for 25 d ↓ MDA and nitrite levels, restored GSH and
acetylcholinesterase activity

(84)

Huntington’s disease in Wistar
rats

5-10 mg/kg for 8 d ↓ MDA
↑ Motor and cognitive impairment and GSH levels

(85)

Genistein Transgenic adenocarcinoma
mouse prostate (TRAMP) model

250 mg/kg for 28 wk ↓ MAPK/ERK1/2, tumor growth, estrogen receptor alpha
(ER-α), and AR

(86)

Silymarin Prostate cancer patients 570 mg/d for 6 mo ↓ Low density lipoproteins (LDL) and cholesterol
↑ Quality of life score

(87)

TRAMP mice 0.1%-1% diet for 20 wk ↓Cyclin-dependent kinases (CdK), insulin-like growth
factor (IGF), and prostate cancer incidence
↑ IGF-binding protein

(88)
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Polyphenol Research target Dosage and duration Cellular effects Ref.

Brain in rats 200-400 mg/d for 7 d ↓ Age-related degeneration, lipid peroxidation, and ROS
levels

(89)

Curcumin Brain in rats 5-50 mg/kg/d for 10 d ↓ ROS, MDA, and lipid peroxidation (90,
91)

Brain in Wistar rats 10-50 mg/kg for 8d ↓ GSH, lipid peroxidation, and nitrite activity (92)

Olive oil Healthy volunteers 9-20 mg/d for 3 wk ↓ Oxidized LDL (93)

Healthy males 4-9 mg/d for 3 wk ↓ Plasma oxidative stress markers (94)

Healthy males 6-15 mg/d for 1 d ↓ Oxidized LDL (dose-dependent) (95)

Hypercholesterolemic volunteers 3-16 mg/d for 1 d ↓ Oxidative stress
↑ Endothelial-dependent vasodilatory response

(96)

Stable coronary heart disease 1-8 mg/d for 3 wk ↓ Oxidized LDL and lipid peroxide plasma levels (97,
98)

Diabetes volunteers 12.5 mg/d for 4 d No effect (99)

Healthy volunteers 4-9 mg/d for 3 wk No effect (100)

Green tea Healthy volunteers 2 cups/d (~250 mg catechin)
for 42 d

↓ Plasma peroxides and oxidative DNA damage (101)

Pump workers 6 cups/d for 6 mos ↓ Benzene-induced toxicity, GSH, superoxide dismutase
(SOD), and catalase
↑ Malondialdehyde

(102)

Continued on next page.
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Table 2. (Continued). Effects of polyphenol antioxidant supplementation in animal studies and clinical trials

Polyphenol Research target Dosage and duration Cellular effects Ref.

Healthy volunteers 6 g/d for 7 d ↑ Ferric reducing antioxidant power (FRAP) and lipid
peroxidase

(103)

Soybean
flour

HRS/J hairless mice 200 μg/d for 3 d ↓ Hydrogen peroxide production (42)
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Figure 3. Structures of polyphenol compounds discussed in this review.

In addition to cancer prevention, supplementation studies have also
investigated the antioxidant and anti-inflammatory effects of polyphenols on
the prevention and treatment of cardiovascular disease (CVD) (6, 121–124).
Several studies have reported inverse associations between polyphenol intake and
cardiovascular disease incidence (106, 120, 125, 126), and Hooper et al. (28)
published a thorough review of the effectiveness of polyphenol subclasses and
polyphenol-rich food on CVD and related risk factors (from 133 trials), concluding
that a polyphenol-rich diet reduced overall CVD risk factors by lowering LDL
levels, decreasing blood pressure, and increasing flow-mediated blood vessel
dialatation. In addition, the reduction in CVD incidence due to consumption of
olive oil and wine polyphenols has been intensively examined and reviewed in
the past decade (104, 127–131). Randomized crossover studies of chronic heart
disease patients in several countries showed that consumption of a polyphenol-rich
diet decreased oxidative stress, improved the endothelial-dependent vasodilator
response, and decreased systolic blood pressure (97, 110, 132–134).

A four-year follow-up study of green tea drinkers (5910 people who drank 5
or more cups of green tea daily) showed 50 % lower stroke incidence compared
a control group consuming less green tea (135). Another 15-year study by Keli
and coworkers (136) also reported a significant reduction in stroke among black
tea drinkers and groups with high fruit and vegetable intake. People with high
flavonoid intake (28.6 mg/d, mainly quercetin) reduced their risk of stroke by
five-fold compared to people with lower flavonoid intake (18.3 mg/d). In addition,
higher tea consumption (more than 4.6 cups/day) was found to reduce stroke
risk by three-fold compared to lower tea consumption (fewer than2.8 cups/day)
(136). Polyphenol antioxidants are believed to protect neurons from oxidative
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damage and death after stroke by ROS scavenging and enzyme regulation (65,
83, 90, 91, 137–139), but recent studies by Weinreb and coworkers have also
determined that polyphenol compounds such as EGCG and ECG decrease
iron-induced lipid peroxidation and ROS generation by metal chelation (140). In
contrast, an earlier study by the same group concluded that enzyme regulation
was the primary mechanism for polyphenol antioxidant activity based on
changes in metal-regulated enzymatic activities (141). These results highlight the
possibility of overlap between metal chelation and enzyme regulation antioxidant
mechanisms that can lead to biased conclusions if multiple mechanisms are not
simultaneously examined.

In addition to polyphenol-rich food studies, EGCG and quercetin are the
most studied polyphenol compounds in polyphenol supplementation studies
for CVD prevention. Male Wistar rats intravenously treated with EGCG (10
mg/kg/h for 2 h) during reperfusion showed reductions in myocardial damage and
myeloperoxidase activity (73). Plasma IL-6 and creatine phosphokinase levels
also decreased after EGCG administration, indicating that EGCG may inhibit
nuclear factor-κB (NF-κB) enzyme activity and prevent myocardial damage due
to reperfusion. A similar study in Sprague-Dawley rats by Ikizler et al. (142)
showed both short-term and long-term quercetin administration (either 15 mM
infusion for 30 min or 50 mg/kg via intragastric tube for seven days) prior to
reperfusion-induced oxidative challenge reduced oxidative stress (measured
by malondialdehyde, glutathione, glutathione reductase, and nitrite levels) and
increased myocardial ischemia recovery by 45% compared to non-treated rats.
A review of quercetin and wine polyphenols in animal models and clinical
trials by Perez-Vizcaino et al. (143) also concluded that polyphenols lowered
blood pressure and restored impaired endothelial vasodilator function by ROS
scavenging in addition to down-regulating NADPH oxidase expression and
decreasing ROS production.

Oxidative stress from ROS and RNS can damage nucleic acids, lipids, and
proteins in the brain, contributing to neurodegeneneration in Alzheimer’s (AD)
and Parkinson’s diseases (PD) (140, 144). Polyphenol compounds such as EGCG,
resveratrol, and curcumin (Figures 1 and 3) have been extensively studied as
neuroprotectants to prevent these diseases. Several neuroprotective studies of
polyphenol compounds in various models of neurodegenerative diseases in vitro
and in vivo have been published (126, 145–148). A 13-year study with more than
29,000 Finnish subjects by Hu et al. showed that coffee (more than 1 cup/day)
and tea drinkers (more than 3 cups/day) had 45% and ~60% lower incidences
of PD, respectively, compared to those who drink less coffee or tea (149). This
lowered PD risk was believed to be associated with increased polyphenol intake
from these beverages. Karuppagounder and coworkers (150) studied the effects
of dietary resveratrol in a mouse model of AD by monitoring plaque formation as
an indication of AD incidence. Dietary resveratrol supplementation (2% for 45 d)
reduced plaque formation by 48-90% compared to mice fed a non-supplemented
diet. This diminished plaque formation was linked to decreased glutathione and
increased cysteine levels, suggesting that resveratrol reduced oxidative stress by
reducing ROS levels (150). Although promising results indicate polyphenols
may have great potential to treat or prevent neurodegenerative diseases, more
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mechanistic, cellular, and animal research is required to support clinical trials of
polyphenol supplementation.

In addition to naturally occurring polyphenol antioxidants, semi-synthetic
polyphenol compounds have also been examined for disease treatment (Figure 4)
(69, 151–154). Because flavonoid polyphenols can have low water solubilities
that may affect bioavailability and antioxidant efficiency (154–156), the twin
goals of polyphenol modification are to increase water solubility and antioxidant
ability. Detralex, a supplement that contains the synthetic polyphenol compound
diosmin and the naturally occurring polyphenols hesperidin and rutin (Figure
4), was given orally to 245 patients with varicose vein disease before and after
varicose vein removal (1000 mg/day for 14 days before and 30 days after surgery).
Diosmin was found to be the active compound, and this treatment reduced pain
and postoperative hematomas, possibly due to polyphenol enzyme regulation
that accelerated microcirculation (157). Rovensky et al. (151) treated arthritic
rats with Detralex (20 mg/kg/d) and methotrexate (0.6 mg/kg/d) for 50 days and
measured hind paw swelling, serum albumin and nitrite/nitrate concentrations,
and whole-body mineral density to evaluate effects of this treatment on arthritic
inflammation. Intercellular adhesion molecule 1 (ICAM1), vascular cell adhesion
protein 1 (VCAM1) and other arthritic marker levels were significantly reduced
after Detralex treatment, resulting in reduced inflammation and lessening arthritis
symptoms. Rovensky and coworkers suggested that increased microcirculation
due to Detralex treatment may have been the reason for the observed anti-arthritic
effects (151).

Duong and coworkers (153, 158) treated cultured human neuronal
cells (SH-SY5Y) with the synthetic polyphenol, biphenol (Figure 4), before
hypoxiareoxygenation injury. Biphenol treatment (50-100 μM for 1 h) decreased
neuronal oxidative stress through ROS/RNS scavenging and inhibited gene
expression of hypoxia-inducible factor 1-α (HIF1-α), inducible hemoxygenase
1 (HO-1), glucose transporter 1 (Glut1), the oxygen-sensor neuroglobin (Nb),
Cu,Zn-superoxide dismutase (SOD1), catalase (CAT), and glutathione peroxidase
1 (GPx1), increasing cell viability (153, 158). Biphenol was not as potent as
other naturally occurring polyphenol compounds such as EGCG and quercetin,
and the observed effects of biphenol are at somewhat higher concentrations than
the physiologically relevant range of polyphenol concentrations in human plasma
(~10 μM) (51, 112, 159).

Methylamine irisolidone (Figure 4), a synthetic isoflavone derivative with
greater water solubility than naturally occurring flavones, reduced myocardial
infarction damage in beagles after intravenous injection (40 or 80 mg/kg) 4 h
prior to hypoxia-reoxygenation injury (160). Mu et al. (154) also demonstrated
that methylamine irisolidone (80 mg/kg) significantly protected against acute
myocardial ischemia in beagles by decreasing blood serum lactate dehydrogenase
(LDH) and creatine kinase MB (CK-MB) activity, likely by increasing myocardial
blood flow and reducing myocardial oxygen consumption.
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Figure 4. Chemical structures of synthetic polyphenols.

The newly synthesized flavonoid LYG-202 (Figure 4) is reported to be a potent
antioxidant with anti-cancer and anti-angiogenic effects both in vitro and in vivo
(69). Human umbilical vein endothelial cells (HUVEC) pretreated with LYG-
202 (0.1-10 μM for 60 min) showed that LYG-202 inhibited angiogenesis and
vascular endothelial growth factor (VEGF) signal transduction with an IC50 value
of ~1 μM (69). Although the results of this LYG-202 study were promising, its
water solubility, bioavailability, and effects on cellular oxidative stress have not
be examined.

Current evidence indicates that polyphenol antioxidants generally protect
against diseases caused by oxidative stress; however, evaluating whether
individual polyphenol compounds or their combinations have beneficial health
effects for groups with specific disease risks remains a challenge in this field.
This difficulty is compounded by the fact that results of studies examining
polyphenol antioxidant abilities are not always consistent. For example, similar
studies by two different research groups to determine the effects of quercetin
supplementation on maximal aerobic capacity in humans reported disparate
results: one found a positive correlation between quercetin consumption and
maximal aerobic capacity, whereas the other observed no correlation (161, 162).
Uncertain bioavailabilities and cellular concentrations of polyphenol antioxidants
are major issues in these studies, a problem that is compounded by different
methods of administration in animal and human trials. Polyphenol hydrophobicity
may hinder calculations of effective dosages for in vivo studies, and plasma
or cellular polyphenol levels are often not measured (44, 45, 163, 164). Thus,
additional research is needed to establish the effects of polyphenol properties on
bioavailability and cellular uptake.

Human and animal trials with polyphenol antioxidants have increased
significantly over the past decade, but the variety of polyphenols used for these
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trials, mixed outcomes, and unclear cellular mechanisms make it difficult to
establish accurate biological effects for different polyphenol subclasses (3,
37, 55, 73, 80, 94, 95, 161, 165, 166). Most clinical trials with polyphenol
compounds focus on oxidative stress inhibition through ROS scavenging and
enzyme regulation (55, 95, 167); few consider the possibility of metal chelation
effects. Lack of understanding the cellular mechanisms responsible for the
results of these studies, or focusing only on a single mechanism for polyphenol
activity, may result in under- or overestimating the importance of a particular
mechanism, leading to incorrect or conflicting conclusions and slowing progress
in this field (107, 146, 168–170). Since all three mechanisms lead to oxidative
stress reduction, possible overlap between ROS scavenging, enzyme regulation,
and metal chelation mechanisms should be carefully considered in future studies.
Understanding and examining the interrelationships between the three major
mechanisms for polyphenol antioxidant activity in cells will provide a better
foundation for understanding the results of polyphenol animal and clinical trials
and enable the development of polyphenols that act through multiple mechanisms
to prevent disease.

2.2. Oxidative Stress and Cellular Effects

Oxidative stress is a primary cause of DNA damage and an underlying
cause of many chronic diseases, including cardiovascular disease, cancer, and
neurodegenerative diseases (59, 113, 145, 147, 171, 172). Both ROS and RNS
are sources of oxidative stress; therefore, preventing formation or scavenging
cellular ROS and RNS is believed to be a major mechanism for polyphenol
antioxidant activity (9, 10). Many sources of ROS and RNS are present in
cellular environments (Figure 5): 1) metal-mediated reactions such as the Fenton
reaction (19); 2) pollutants and toxins (173); 3) irradiation by UV light, X-rays,
or gamma-rays (8); 4) microphage-produced ROS and RNS during inflammation
(174, 175); and 5) side products of mitochondria-catalyzed electron transport
reactions (176–178). ROS and RNS play both beneficial and deleterious roles
in cells. At low concentrations, ROS and RNS play a major role in intracellular
signaling and enzyme regulation (179). Superoxide radical (O2•-) and nitric oxide
(NO•) also induce mitogenic responses to defend against infectious agents (173).
In contrast, high ROS and RNS concentrations resulting from imbalances in
reactive species formation and antioxidant defenses lead to uncontrolled increases
in the steady-state concentrations of these oxidants and radical-mediated chain
reactions that cause DNA lesions, lipid peroxidation, and protein damage (10, 11,
180). Under oxidative stress conditions, high concentrations of ROS and RNS
can cause cell death either via apoptosis or necrosis (66).

Mitochondrial and nuclear DNA are both major targets for ROS and RNS
damage, including base modification, double-strand breakage, and DNA-protein
cross-links (10, 181). Although histone proteins are thought to protect nuclear
DNA from this damage, several studies showed that metal-mediated DNA damage
increases in the presence of histone proteins (182–184).
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Figure 5. Scheme showing the major cellular sources of oxidative stress.

Oxidative DNA damage contributes to the development of a wide range
of diseases including Alzheimer’s disease (185), Parkinson’s disease (66, 138),
diabetic pathologies (13), cardiovascular diseases (12, 186), rheumatoid arthritis
(10, 11), cancer (5–7), and neurodegeneration (138). ROS and RNS react with
DNA at diffusion-controlled rates (~2-10 × 109 M-1s-1) by addition to double
bonds in DNA bases or by abstracting a hydrogen atom from the deoxyribose
sugar or the methyl group of thymine (187). Although cellular mechanisms can
repair this damage, significant amounts of damaged DNA can effect replication
and transcription, leading to mutagenesis (18, 188, 189). Thus, damaged
DNA nucleotides such as 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxo-dG) are
established biomarkers for oxidative stress as well as the potential mutagens, and
8-oxo-dG levels are used as intermediate markers for diseases such as cancer
(190, 191).

Cellular enzymatic and non-enzymatic antioxidant defenses are crucial
to preventing ROS and RNS toxicity, cellular damage, and oxidative stress.
Antioxidant enzymes include superoxide dismutase (SOD), catalase, glutathione
peroxidase, and glutathione-regenerating enzyme systems (192, 193). SOD and
catalase decompose ROS and RNS directly, whereas other enzyme systems reduce
oxidized thiols (62, 174). Non-enzymatic antioxidant defenses are less specific,
but ROS/RNS scavenging and metal chelation by small-molecule antioxidants can
reduce or inhibit ROS/RNS generation (194). Several well-known biomarkers are
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used to measure the extent of cellular oxidative damage by ROS and RNS, as well
as polyphenol prevention of this damage, including peroxidation of membrane
lipids, oxidative damage to nucleic acids and carbohydrates, and protein oxidation
(7, 148, 195).

2.3. Reactive Oxygen and Nitrogen Species Formation

Superoxide anion (O2•-), hydrogen peroxide (H2O2) and hydroxyl radical
(•OH) are generated primarily in themitochondria by cytochrome P450 (Cyt-P450)
metabolism, in peroxisomes, and by inflammatory responses (179, 196). Under
physiological conditions, mitochondria are responsible for ~2 % of total oxygen
uptake in an organism and are the primary generators of H2O2 (196). In addition,
during energy transport through the electron transport chain, ~3% of electrons
are transferred to O2 in the mitochondria, making mitochondria a significant
source of cellular O2•- (181). Superoxide anion can further react to generate
secondary ROS, either directly or through enzyme or metal-mediated reactions
(Figure 6) (175). Since the majority of ROS are produced in mitochondria (113),
to minimize the possibility of ROS imbalance, mitochondria also contain high
concentrations of small-molecule antioxidants and antioxidant enzymes on both
sides of the membrane, primarily superoxide dismutase superoxide dismutase
(SOD), glutathione (GSH), and glutathione peroxidase (GPx) (175). Outside
mitochondria, xanthine oxidase (XO) and Cyt-P450 can also reduce oxygen to
generate superoxide and H2O2 from the reaction of xanthine to uric acid or the
Cyt-P450 catalytic cycle, respectively (189). Other possible endogenous sources
of ROS are the oxidation of fatty acids in the peroxisome, NADPH oxidase, and
the tricarboxylic acid (TCA) cycle enzyme, but these processes generate only
~3% of cellular ROS compared to mitochondria (197).

Figure 6. Reactions that generate reactive oxygen species (ROS) and reactive
nitrogen species (RNS).
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In addition to O2•- and H2O2, hydroxyl radical (•OH) is also a highly
reactive and damaging species with a half-life in vivo of approximately 10-9 s
(198). The reaction between Fe2+ and H2O2 is often referred to as the Fenton
reaction (Reaction 1), and has a rate constant of 2 × 104 M-1s-1 (199). The
Fenton reaction generates •OH that reacts with either DNA bases or sugars to
cause base oxidation or DNA strand breakage as well as other types of cellular
damage (Figure 6) (18, 19, 29, 66, 179, 198, 200, 201). Production of hydroxyl
radical is primarily a metal-mediated process catalyzed by Fe2+ and Cu+ (18,
66, 202), although other redox-active metal ions, such as Cr3+ and CO2+, are
also strong candidates for cellular generation of •OH from H2O2 (202, 203).
Metal-mediated •OH generation under physiological conditions is controlled
by the concentrations of non-protein-bound metal ions available to react with
H2O2 and generate •OH. Under oxidative stress conditions, excess H2O2 and O2•-

can directly oxidize non-protein-bound Fe2+ as well Fe2+ in iron-sulfur clusters
[4Fe-4S] (179). Iron and copper overload conditions such as hemochromatosis,
β-thalassemia, and Wilsons disease result in increased non-protein-bound Fe2+
or Cu+ levels, resulting in increased oxidative stress (66, 70, 204–207). Besides
endogenous pathways, ROS can also be produced from environmental agents
such as carcinogens, chlorinated compounds, toxic metal exposure, radiation, and
barbiturates (8, 11, 208).

Reactive nitrogen species also cause oxidative stress; nitric oxide (NO•) is
a radical produced by nitric oxide synthase (NOS) enzymes (174) with a short
half-life (~2 s) under ambient O2 conditions (173, 203) and a longer half-life (~15
s) under limited oxygen concentrations (174). NO• exerts its main physiological
and pathological effects by inhibiting cytochrome oxidases and may also regulate
mitochondrial antioxidant mechanisms (174). During inflammatory processes,
cells produce both O2•- and NO• that can be converted into other reactive species
such as nitrosothiols, peroxynitrous acid (HOONO), and hydrogen peroxide
(H2O2), leading to oxidative stress. Peroxynitrous acid formation from O2•- and
NO• has an extremely high rate constant (6.2 × 109 M-1s-1) (174) and its anion,
peroxynitrite (ONOO-), is believed to be a major source of oxidative stress.
Peroxynitrite has a half-life of ~1 s at pH 7.4 and 37 °C; thus, it will either
oxidize proximal target molecules via production of secondary reactive species or
decompose into non-damaging byproducts (174). Peroxynitrite can also directly
react with molecules such as carbon dioxide; thiols in iron-sulfur clusters; zinc
fingers and other proteins; amines; and both free and bound transition metals
(209). ROS and RNS generation pathways are complex and varied, often making
it difficult to ascertain specific cellular polyphenol scavenging mechanisms.

3. General Polyphenol Antioxidant Mechanisms in Cells

Polyphenols are reported to have several mechanisms for their observed
antioxidant activity and great debates have arisen as to which mechanisms
are most important in cells. ROS scavenging and cell signaling regulation
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mechanisms have been the major focus in the past two decades, but there has been
rising interest in metal chelation and other mechanisms, such as calcium channel
activation, in recent years (29, 210–212). Polyphenol compounds have been
identified as potent antioxidants due to their ROS and RNS scavenging abilities,
strong iron and copper binding properties, and strong induction of endogenous
antioxidant enzymes, in particular xanthine oxidase, NADPH oxidase, and
lipoxygenase (4, 107, 213–217). Besides oxidative stress inhibition, polyphenols
also prevent expression of inflammatory signaling molecules, platelet aggregation,
and vascular constriction (62, 66, 147, 218). Understanding the contributions
from each of these cellular mechanisms for polyphenol antioxidant behavior will
help researchers identify and design the most effective and least toxic polyphenol
antioxidants. In this chapter, the ROS and RNS scavenging, enzyme regulation,
and metal binding mechanisms for polyphenol antioxidant activity will be closely
examined; these are the three most commonly studied mechanisms, and each
has significant scientific support. Since metal chelation has not been widely
studied as an antioxidant mechanism until recently, this chapter will focus on
describing studies related to polyphenol-metal chelation in cells and highlighting
the correlations between all three mechanisms that must be addressed when
determining primary modes of cellular polyphenol antioxidant activity.

3.1. ROS and RNS Scavenging Mechanisms

Polyphenols can neutralize cellular ROS and RNS to prevent further radical
reactions and damage. Under cellular oxidative stress conditions induced by
hypoxia, excessive prooxidant concentrations, or treatment with chemotherapeutic
drugs such as adriamycin, polyphenol compounds can reduce DNA and other
cellular damage by scavenging radicals (127, 219, 220). Polyphenol radical
scavenging assays are generally performed in aqueous solution using various
methods, including the Trolox-equivalent antioxidant capacity assay (TEAC), the
ferric reducing ability assay (FRAP), the 2,2-diphenyl-1-picrylhydrazyl (DPPH)
radical scavenging assay, inhibition of red blood cell hemolysis induced by
peroxyl radical, and the inhibition of Cu2+-induced plasma oxidation (221–223).
Because these methods are often quite sensitive to small changes in experimental
conditions, results can vary even when testing the same polyphenol using the
same methods.

Since naturally occurring polyphenol antioxidants can be hydrophobic at
physiological pH, their radical scavenging abilities in lipophilic environments are
also of interest. For example, polyphenols have been reported to interfere with
lipid oxidation by donating a hydrogen atom to lipid-oxidizing hydroxyl radical
(•OH) to form a stable phenoxy radical intermediate (PhenO•), incapable of further
radical reaction (Reaction 2) (224). Unfortunately, more complicated procedures
must be used to perform radical scavenging studies in lipophilic environments,
causing additional sources of variation in experimental results (152). In addition,
antioxidant assays often have different standards by which they rate antioxidant
capacity; thus, it is often difficult to directly compare results from different ROS
or RNS scavenging assays (225). Another key difficulty is the inconsistency
between in vitro and cellular studies; since polyphenol compounds must cross
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cell membranes to exert their antioxidant effects inside cells, cellular polyphenol
antioxidant studies often lower efficacy compared to similar in vitro experiments
(226, 227).

In general, polyphenol compounds have shown greater ROS scavenging
abilities with increasing numbers of hydroxyl substituents, but the positions
of these hydroxyl groups are also critical (11). Catechol and gallol groups,
with at least two adjacent hydroxyl groups on the B ring (Figure 1), have been
determined to be the most important substituents for increasing ROS scavenging
ability. Theoretical calculations and in vitro experiments to determine polyphenol
antioxidant efficacy indicated that removal of one hydroxyl group from a catechol
moiety results in a marked decrease in radical scavenging ability (43). Similar in
vitro studies have shown that adding an additional hydroxyl group on the B ring,
to form a gallol moiety, increased radical scavenging ability compared to catechol
analogs, but addition of a third hydroxyl group did not result in as significant a
change in ROS scavenging ability as addition of a second hydroxyl group (43,
228). In addition, the presence of a C2-C3 double bond on the C ring increased
scavenging activity, likely because it stabilizes the phenoxy radical intermediate
after reaction with a radical species. Presence of a 4-oxo substituent (a C=O
double bond at the C4 position) also increased scavenging activity by delocalizing
electrons from the B ring (170, 212, 228). Additional hydroxyl groups on the C5
and C7 positions also increased radical scavenging potential, but these hydroxyl
substituents must be accompanied by a C2-C3 double bond on the C ring (108,
228).

Quercetin and resveratrol (25-100 mg/kg) decreased lipid peroxidation in
human plasma and blood platelets (164, 229); similar effects were also observed
in murine studies (230). The most abundant polyphenol from green tea, EGCG,
was found to have strong radical scavenging abilities and also inhibited lipid
peroxidation (107, 231). Polyphenols extracted from olive oil also were reported
to have strong ROS scavenging abilities (94, 232). Faine and coworkers compared
the antioxidant capacities of olive oil (7.5 mL/kg/d) and its isolated components,
oleic acid (3.45 ml/kg/d) and the polyphenol dihydroxyphenolethanol (7.5
mg/kg/d), in male Wistar rats that received gavage treatments twice a week for 30
days (232). The olive-oil-treated rats showed a 40% decrease in atherogenesis risk
compared to the control group. In addition, olive oil was more effective than its
isolated components, decreasing both total superoxide dismutase (SOD) activity
and oxidized protein carbonyl concentration by ~30% (232). A separate study
by Visavadiya et al. determined the O2•-, •OH, and NO• scavenging abilities of
polyphenol-rich sesame plant extracts using DPPH, TEAC, and lipid peroxidation
assays (169). These in vitro assays demonstrated that sesame-derived polyphenols
scavenged radicals with 50% inhibition concentrations (EC50 values) of 1-35 μM,
similar to the standard radical-scavenging agents mannitol, α-tocopherol, and
Trolox (169), and consistent with the beneficial effects of these extracts observed
in mammalian cell studies (3.4-100 μM) (62, 114, 232–234).
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3.2. Enzyme Regulation Mechanisms

Regulation of enzymatic activity is another widely-studied cellular
mechanism for polyphenol antioxidant activity, and several reviews have detailed
the effects of polyphenol compounds, mainly flavonoids, on enzyme regulation in
both E. coli and human cell studies (11, 127, 138, 235). Many in vitro studies of
polyphenol enzyme regulation have also been performed (210, 236–240). Celik
et al. (233) used gel electrophoresis to determine in vitro DNA damage inhibition
by quercetin, rutin, naringenin, and resveratrol (Figure 3) on idarubicin- and
mitomycin-induced oxidative stress. Quercetin was the most potent antioxidant,
inhibiting 50% DNA damage (IC50) at ~50 μM; the other tested polyphenol
compounds had IC50 values in the millimolar range. Trolox, a water soluble
ROS scavenger, did not show protective effects in this study, indicating that
ROS scavenging ability was not primarily responsible for the observed effects.
Thus, the authors concluded that these polyphenol antioxidants inhibited ROS
generation and DNA damage by interacting with cytochrome P450 (233).

Animal studies have also provided suggestive results that polyphenol
compounds regulate enzyme function. Visavadiya et al. (241) demonstrated that
supplementation with a polyphenol-rich sesame diet for four weeks improved LDL
level, HDL level, and atherogenic index in hypercholesteraemic rats by ~30%.
Both catalase and SOD levels increased by 15-25%, indicating that polyphenols
might increase activities of these enzymes to reduce lipid peroxidation by 23%
(241). A separate study by Qian et al. measured the antioxidant activity of
luteolin used in male Sprague-Dawley rats with high-glucose-induced diabetes
(242). Overall, diabetic rats showed higher levels of •OH and ROS formation and
lower SOD and NOS activities compared to the control group. Luteolin-treated
rats (oral administration of 100 mg/kg for 8 weeks) had significantly lower NO•

and •OH levels and increased SOD and NOS expression, whereas treatment
with the established ROS scavenger mannitol showed no significant effects. In
addition, luteolin treatment for eight weeks (10, 50, and 100 mg/kg/d) promoted
endothelium-dependent relaxation in diabetic rats, an effect that was inhibited by
pretreatment with the NOS inhibitor L-NAME (L-NG-nitroarginine methyl ester),
but not by indomethacin, a cyclooxygenase inhibitor. These results indicated that
luteolin lessened oxidative stress by reducing ROS generation and enhancing
NOS activity (242).

Polyphenol antioxidants have strong protein-binding abilities, and alterations
of protein conformation upon binding can lead to changes in enzyme activity
and expression (115, 243). However, concentrations of polyphenol compounds
required to affect enzyme regulation are often higher than those required for
ROS scavenging and metal chelation, so the general cellular relevance of this
mechanism remains uncertain. In some cases, it may not be possible to identify
enzymatic regulation effects, due to the lack of suitable biomarkers, or to
distinguish direct enzymatic effects from upstream regulatory effects, since many
cellular pathways may be involved in single-enzyme regulation. In addition,
polyphenol ROS scavenging or metal chelation antioxidant mechanisms can
overlap with enzyme regulation (e.g., polyphenol reduction in ROS levels due
to scavenging may alter levels of antioxidant defense enzymes), leading to
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incorrect conclusions if multiple mechanisms for antioxidant activity are not
simultaneously examined.

3.3. Metal Chelation Mechanisms

Redox-active metal ions, primarily Fe2+ and Cu+ because they are most
abundant, can generate ROS and RNS in cells (244). In fact, iron-mediated DNA
damage is the primary cause of cell death under oxidative stress conditions in both
E. coli and human cells (18, 19, 176, 203, 206). Polyphenol compounds have pKa
values in the range of 6-9 (29), near physiological pH, and are therefore partially
deprotonated in vivo. Iron can bind polyphenols in a bidentate fashion through
two oxygen atoms of deprotonated catechol and gallol groups (Figure 7), and
this binding can prevent ROS generation (29). Polyphenol compounds strongly
bind iron: the stability constant (Kf ) of the Fe2+ monocatecholate complex is
107.9 (29), compared to the Fe3+ monocatecholate complex with a Kf ∼= 1020 (29),
indicating that formation of Fe3+-polyphenol complexes are thermodynamically
favored over Fe2+ complexes. Thus, once bound, Fe2+-polyphenol complexes
undergo spontaneous autoxidation in the presence of O2 to form Fe3+-polyphenol
complexes (214, 245).

Perron et al. used gel electrophoresis methods to establish that polyphenol
antioxidants inhibit in vitro iron-mediated DNA damage with IC50 values
ranging from 1-59 µM (156). Additional DNA damage assays and UV-vis
experiments further confirmed that iron binding was essential for the observed
polyphenol antioxidant activity. Inhibition of iron-mediated DNA damage
was found to strongly correlate with both polyphenol pKa values (156) as
well as the rate of polyphenol-Fe2+ autoxidation (245). Both correlations are
expected if polyphenol-iron chelation is a primary antioxidant mechanism, since
polyphenol-iron binding and stabilization of Fe3+ will inhibit •OH generation
(Reaction 1) (156).

Visavadiya et al. (169, 241) used the Fenton reaction to generate •OH radical
and compared 2-deoxyribose damage prevention with and without addition
of polyphenol-rich sesame extracts. Addition of the polyphenol-rich extracts
reduced iron-mediated 2-deoxyribose damage with IC50 values of 50-100 μM, and
addition of the iron chelator ethylenediaminetetraacetic acid (EDTA) prevented
the observed antioxidant activity. Although the polyphenol extracts prevented
in vitro 2-deoxyribose damage by iron binding at lower concentrations than by
ROS scavenging, similar mammalian cell studies showed a closer correlation
to in vitro ROS scavenging (measured by DPPH, FRAP, and H2O2/Fe2+ assays)
relative to polyphenol iron-binding ability (measured by UV-vis spectroscopy),
leading the authors to conclude that sesame polyphenols inhibited DNA damage
and increased cell survival primarily by ROS scavenging (169, 241). However,
H2O2/Fe2+ ROS scavenging assay results correlated more strongly with sesame
extract prevention of cell death than the DPPH and FRAP assay results, so it is
not clear whether iron binding and ROS scavenging mechanisms were sufficiently
distinguished in this study.
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Figure 7. Potential binding sites for polyphenol compounds.

Kim and coworkers (200) compared the ROS scavenging and iron chelation
capacity of Pycnogenol, an extract from French maritime pine bark, and
found that Pycnogenol and curcumin reduced DNA damage by inhibiting the
Fenton reaction instead of ROS scavenging. Pycnogenol (50 μg/mL) inhibited
iron-mediated DNA damage by 88% if added before the Fenton reaction was
initiated by H2O2 addition, but Pycnogenol showed little or no effect on DNA
damage after the Fenton reaction was initiated. These results suggested that
Pycnogenol antioxidant activity resulted from iron chelation inhibiting •OH
generation, not from direct •OH scavenging (200). Mandel et al. (141) showed
that the gallol-containing polyphenol EGCG exerts its neuroprotective effects in
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-treated mice through iron
binding to the gallol groups. This iron binding was sufficient to reduce labile iron
levels by ~38%, an effect comparable to that of the established VK-28 series of
iron chelators (141). Mira et al. and Fernandez et al. used spectrophotometry
methods to compare themetal chelating abilities of twelve polyphenol compounds,
and determined that polyphenol compounds with catechol or gallol groups were
the most effective Fe2+, Fe3+, Cu+, and Cu2+ chelators (156, 244, 246, 247).

In addition to catechol and gallol groups, polyphenols such as quercetin and
myricetin also have two additional sites that can bind transition metals: between
the 5-hydroxyl and 4-carbonyl groups (5-hydroxyl-4-keto site) or between the
3-hydroxyl and 4-carbonyl groups (3-hydroxyl-4-keto site) of the C ring (Figure
6). Compared to catechin, myricetin has additional metal binding sites at the
5-hydroxyl-4-keto and 3-hydroxyl-4-keto sites and more effectively chelated both
Fe2+ and Cu+ (247). Studies of metal binding to rutin and quercetin showed that
at physiological pH, metal binding at the 3-hydroxyl-4-keto site was favorable
compared to metal binding at the 5-hydroxyl-4-keto site, most likely due to
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pKa differences (244)(247). Unsurprisingly, polyphenol methylation at the
3-hydroxyl site significantly decreased antioxidant activity by blocking a metal
binding site, whereas methylation of the 7-hydroxyl site lowered the pKa of
the 3-hydroxyl-4-keto site, increasing antioxidant activity (248). Removing the
C3-hydroxyl substituent in luteolin to form kaempferol resulted in a remarkable
decrease in both general metal chelating ability and antioxidant ability (247, 249).
Polyphenols can also inhibit copper-mediated oxidative stress by binding copper
(203). In fact, flavanones without catechol or gallol groups, such as naringenin
and naringin, were found to bind Cu+ but not Fe2+ (247, 250). Since polyphenol
compounds have pKa values ranging from 6 to 9 (29, 156), their partial ionization
at physiological pH will affect both cellular bioavailability and metal binding.
Thus, polyphenol bioavailability and metal binding ability should be considered
together when estimating the potency of polyphenol antioxidants in cells.

In some cases, polyphenol compounds may also act as prooxidants.
Polyphenol compounds with catechol groups are reported to promote oxidative
DNA damage by Fe(EDTA)-, due to high polyphenol reduction potentials that can
reduce Fe3+ to Fe2+ and promote the Fenton reaction (169, 251). Previous studies
have shown that polyphenols reduced iron in the Fe3+-bleomycin complex to form
Fe2+ and promote iron-mediated DNA damage (252). In addition to iron, copper
also produces hydroxyl radical in a Fenton-like reaction, resulting in DNA and
cell death, and polyphenol compounds have demonstrated both antioxidant and
prooxidant effects in the presence of copper (29, 202, 207, 253, 254). Since both
antioxidant and prooxidant effects of polyphenol compounds have been observed,
depending on both the metal and the polyphenol, it is vital to understand how
these individual compounds behave in cellular environments.

Polyphenol antioxidant research and reviews have primarily focused on direct
ROS and RNS scavenging and other possible mechanisms, including enzyme
regulation and metal chelation, have not received as much attention. Because
single studies examining all three polyphenol antioxidant mechanisms are rare,
these antioxidant mechanisms can seem very separate. Although ROS/RNS
scavenging is the most widely examined polyphenol antioxidant mechanism, to
overlook enzyme regulation or metal chelation mechanisms may underestimate
polyphenol antioxidant abilities (244).

Inhibition of oxidative stress by polyphenol-metal chelation has been studied
only recently, but this mechanism has the potential to significantly reduce
oxidative damage because metal chelation can inhibit ROS formation rather than
scavenge ROS after they form. Studies have shown that polyphenol antioxidants
inhibited DNA damage with IC50 values lower than ROS scavenging and enzyme
regulation mechanisms, indicating that metal chelation is a major factor in
polyphenol antioxidant behavior (122, 255–258). In addition, several studies
also used iron-generated •OH radical to determine polyphenol •OH scavenging
ability (68, 169, 200, 259), potentially confounding ROS scavenging and metal
chelation mechanisms. In the following sections, all three polyphenol antioxidant
mechanisms will be examined and compared for both E. coli and human cells
to provide a more complete understanding of cellular polyphenol antioxidant
behavior.
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4. Oxidative Stress and Antioxidant Defenses in Escherichia coli

E. coli is a thoroughly researched organism often used in studies to test simpler
cellular systems. A primary advantage of E. coli is its ability to grow very quickly
compared to mammalian cells (30 min/generation under optimal conditions), and
the ease with which it can be manipulated, both genetically and biochemically
(260). In addition to its simplicity, safety, and well-established genetic properties,
another major asset of E. coli is its ability to take up exogenous genetic material
by DNA-mediated cell transformation, making it a popular model for recombinant
DNA studies (261). Testing polyphenol effects on mutant E. coli strains, such
as those defective in DNA repair or iron uptake regulation, can provide a better
understanding of cellular polyphenol antioxidant mechanisms (179, 262–265).

4.1. Oxidative stress in E. coli

Understanding the oxidative stress response and cellular antioxidant defenses
in E. coli is necessary before polyphenol antioxidant effects can be understood.
Previous studies by Schellhorn et al. (266) and Imlay et al. (19) have shown that
upon H2O2 challenge, oxidative DNA damage resulted in E. coli cell death. Imlay
and coworkers found that this DNA damage was primarily from cellular Fe2+
generation of •OH, and labile Fe2+ concentrations were measured to be ~10 μM
(18). Because iron-mediated DNA damage is also the primary cause of human
cell death (18, 21, 176, 206), E. coli studies of polyphenol antioxidant activity
under oxidative stress conditions can serve as pioneer studies prior to human cell
experiments. E. coli also has excellent anaerobic growth properties that allow
scientists to create oxygen-sensitive mutants without oxidative stress defense
enzymes to observe the impact of ROS on cellular functions (262, 267).

As in human cells, ROS produced in E. coli cause oxidative stress, and E.
coli responds to oxidative stress by invoking two distinct responses, the peroxide
(H2O2) stimulon and the superoxide (O2•-) stimulon (179). Oxygen molecules can
move freely across E. coli cell membranes, so increased oxygen concentrations
in air immediately raise intracellular O2 concentrations (262, 268). Intracellular
O2 can abstract an electron from electron-transfer enzymes such as flavoenzymes,
thus generating O2•- and H2O2 (Figure 8) (262). Approximately 15 µM/s of
H2O2 and 5µM/s of O2•- are produced in wild-type E. coli under ambient O2
concentrations (179). Since ROS formation occurs naturally in E. coli, it is
unsurprising that bacteria have strong defenses against ROS damage. E. coli
oxidative stress defenses include antioxidant defense enzymes such as catalase
and peroxidase (gene products of katG and katE) that decompose H2O2 (269).
In addition to hydrogenperoxidase, E. coli cells grown under aerobic conditions
generally have two superoxide dismutase (SOD) enzymes, Mn-containing SOD
(MnSOD) and Fe-containing SOD (FeSOD), that dismutate O2•- to H2O2 and
O2 (200, 270–272). Cellular H2O2 can react with non-protein-bound Fe2+ or
oxidize iron-sulfur clusters in proteins ([4Fe-4S]) to generate hydroxyl radical
(•OH) through the Fenton reaction (Figure 8) (179). NADH peroxidase and
catalase are responsible for most of the H2O2 scavenging in E. coli, scavenging
H2O2 when concentrations are over 20 nM, to optimize H2O2 at a low steady
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state concentration (200, 270, 271). Upon H2O2 challenge, NADH peroxidase
is saturated, and catalase becomes the primary scavenging enzyme (179, 262).
At normal H2O2 concentrations, the Fenton reaction is not the primary cause of
endogenous oxidative stress in E. coli, but if H2O2 concentrations exceed 20 nM,
•OH generated from the Fe2+-mediated Fenton reaction leads to oxidative DNA
damage and cell death (194, 269).

Figure 8. Possible mechanisms of ROS generation in E. coli.

Superoxide is another major ROS that is generated as a byproduct of the
respiratory chain in E. coli. Superoxide cannot directly oxidize amino acids and
nucleic acids but electrostatically binds to the catalytic iron atom of [4Fe-4S]
clusters (262), especially the dehydrated [4Fe-4S]2+ cluster of dihydroxyacid
dehydratase (19, 194, 262). Upon O2•- binding, oxidation of the cluster occurs,
generating an unstable [4Fe-4S]3+ cluster that loses Fe2+ (Figure 8) (194, 273).
Free Fe2+ generates •OH in the Fenton reaction and leads to oxidative DNA
damage. Therefore, O2•- regulation is as important as H2O2 regulation, and
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without oxidative stress defensive enzymes, ROS levels are unbalanced and lead
to cell damage and death. For example, the sodA sodB (coding for MnSOD and
FeSOD, respectively) double-mutant is an E. coli strain without SOD activity and
has cellular O2•- concentrations of more than 2000 times those of wild-type cells
(272). In addition, this E. coli strain was reported to be 30 times more sensitive to
H2O2 challenge and was capable of fewer cell divisions compared to the parental
strain (274, 275).

4.2. Hydrogen Peroxide Regulation by the OxyR Regulon

The E. coli response to increased concentrations of H2O2 or organic peroxides
such as tert-butyl hydrogen peroxide is defined as an aperoxide-mediated
response, and stimulates nine proteins in the peroxide stimulon (200). These
nine hydrogen-peroxide-inducible proteins are regulated by the OxyR regulon
(Table 3). Unsurprisingly, without the OxyR regulon, E. coli strains are extremely
sensitive to H2O2 (270). OxyR responds to oxidative stress and transduces the
self-defense message to RNA polymerase (179, 270) .

Table 3. Proteins regulated by the OxyR regulon (270)

Gene(s) Role OxyR Response

AhpC, AhpF
Catalase A
Thioperoxidase

H2O2 scavenging AhpC, AhpF
Catalase G

HemAXCDBL Heme synthesis Ferrochetalase

FeS cluster assembly SufABCDE

MrgA, Ferritin Iron scavenging Dps

Fur Iron-import control Fur

Although the mechanism of OxyR activation is still debated, most studies
have shown that under oxidative stress, the OxyR regulon is oxidized and binds
to recognition sequences of the OxyR protein at either Cys199 or Cys208 sites
and oxidizes these thiol-containing residues to form a disulfide bond (Figure 9).
The oxidized OxyR regulon then undergoes a conformational change, making it
transcriptionally active. Activated OxyR transduces this oxidative stress signal
to RNA polymerase to activate correlated genes such as grxA and gorA and also
stimulates glutathione reductase that can reduce and inactivate OxyR (Figure
9) (179, 270). Studies to identify new genes and pathways involved in cellular
oxidative stress defense via the OxyR regulon are still underway. Since the
OxyR regulon controls a major oxidative stress response, fully understanding its
response mechanisms will also advance understanding of polyphenol antioxidant
activity in E. coli.
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4.3. Superoxide Regulation by the SoxRS Stimulon

The first enzyme identified to control O2•-- mediated stress was MnSOD,
and MnSOD was then found to be induced by the superoxide (SoxRS) stimulon
that activates more than 20 genes (Table 4) (179, 273). The superoxide stimulon
is regulated by two major proteins, SoxR, a sensor protein which responds to
oxidative stress, and SoxS, a transcriptional activator that triggers defensive
mechanisms by activating response genes (273). When O2•--mediated stress
occurs, SoxR is activated by oxidation of its [2Fe-2S] cluster, resulting in disorder
in the SoxR protein structure. Activated SoxR then activates the SoxS promoter
and increases SoxS expression (Figure 10) (262, 273). This process increases
SoxS synthesis, and SoxS activates target genes such as sodA, the gene that
activates MnSOD expression to regulate oxidative stress, and nfo, the gene
activates endonuclease IV (Endo IV) that triggers DNA repair process (Figure
10) (193).

E. coli oxidative stress defense mechanisms are not fully understood, but there
has been rapid progress in this area due to the availability of E. coli mutants (194,
272). Understanding oxidative stress defense mechanisms in E. coli will help
dramatically in understanding oxidative stress defense pathways in human cells.
Although oxidative responses and enzyme regulatory pathways in human cells are
more complex than in E. coli, the basic cellular mechanisms can be similar and
E. coli studies may be useful in some cases to identify biomarkers and cellular
mechanisms for polyphenol antioxidant activity prior to human cell studies.
Because cellular enzyme regulation mechanisms of polyphenol antioxidants can
often overlap with ROS scavenging and metal chelation mechanisms, E. coli
mutants can also be used to help distinguish between these three mechanisms.

Figure 9. A proposed scheme for induction of the OxyR regulon in E. coli.
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Table 4. Selected genes induced by the SoxRS stimulon (179, 273)

Gene Enzyme activity

Oxidant –resistant dehydratase isozymes

fumC Fumarase C

acnA Aconitase A

Suspected [2Fe-2S] cluster repair

yggX Fe/S cluster repair protein

zwf Glucose-6-phosphate dehydrogenase (G6PD)

fpr NADPH:flavodoxin/ferredoxin oxidoreductase

fldA/B Flavodoxin A/B

Drug efflux and/or resistance

acrAB Drug efflux pump

tolC Omp component of drug efflux pump

micF OmpF antisense sRNA

marAB Multiple antibiotic resistance operon

nfnB Nitroreductase

rimK Modification of ribosomal protein S6

5. Mechanisms of Polyphenol Antioxidant Activity in
Escherichia coli

Polyphenol antioxidant studies with E. coli can be traced back to 1951,
when Mapson et al. attempted to determine how vegetable extracts affect the
reduction of dehydroascorbic acid in this organism (276). The antioxidant
behavior of polyphenols was not fully discussed in this study, but E. coli growth
rates were altered upon adding plant extracts. Since then, more than 1300
papers describing polyphenol antioxidant research in E. coli have been published
(277), demonstrating that polyphenols inhibit DNA and other cellular oxidative
damage (278–280). In 2010, more than 800 papers were published on polyphenol
research in E. coli, the majority of which are food-poisoning-related studies that
examine polyphenol inhibition of E. coliO157:H7 growth (281–283). Polyphenol
antioxidant research in E. coli has primarily focused on O2•- and H2O2 scavenging,
overlooking other possible antioxidant mechanisms. Recent studies have shown
that NO• is toxic to E. coli due to its acceleration of O2•- formation and ability
to oxidize polyphenol compounds to DNA-damaging quinone radicals (267).
Additionally, peroxynitrite (OONO-) is formed from the reaction of NO• and
O2•- and can cause oxidative stress in E. coli by direct oxidative damage as well
as nitration of protein tyrosine residues that can alter enzyme function (267).
The majority of polyphenol antioxidant studies in E. coli focus on ROS or RNS
scavenging, with some attention to enzyme regulation. Recent studies have also
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shown that polyphenol antioxidant activity is related to iron chelation. In this
section, the evidence for and relationships between ROS and RNS scavenging,
enzyme regulation, and metal chelation mechanisms for cellular polyphenol
activity will be examined; polyphenol antibacterial effects will not be discussed.

Figure 10. ROS and RNS regulation by the SoxRS stimulon.

5.1. Polyphenol Antioxidants Inhibit Oxidative Stress by ROS and RNS
Scavenging

Several studies have shown that polyphenol compounds with catechol groups
reduce ROS levels in E. coli with IC50 values of ~50 µM (216, 284). Polyphenol
compounds typically do not cause cell death in E. coli up to 200 μM, and,
although cell growth rates slowed upon initial addition of polyphenols at high
concentrations, normal growth rates resumed after 1 h (216). Galina et al. (216)
tested the ability of quercetin, catechin, tannic acid, hesperetin, and naringenin
(Figure 3) to prevent cell death from H2O2 challenge (2 mM) in 12 E. coli mutant
strains unable to induce genes responding to peroxide stress. Quercetin, catechin,
and tannic acid were the most effective ROS scavengers, with IC50 values for
cell death prevention from 5 – 19 μM, values significantly lower than found for
Trolox (IC50 = 40 μM). Naringenin and hesperetin were much less effective ROS
scavengers, with IC50 values from 200-1000 μM, values almost 100 times less
than those for the polyphenol compounds containing catechol groups (216). This
study is one of the few that considered ROS scavenging, enzyme regulation, and
iron-chelation mechanisms simultaneously. Although the authors stated that a
full understanding of the cellular mechanisms for polyphenol antioxidant activity
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remained uncertain and required further investigation, this study marks a turning
point in polyphenol antioxidant research.

Park et al. tested twenty-seven polyphenol compounds for ROS scavenging
activity in E. coli, including quercetin, rutin, and kaempferol (285). Polyphenol
antioxidants (10 μM) were added to cell cultures over 35 days, and cell survival
rates were determined by colony counting. Although no oxidative stress was
applied, rutin, quercetin, and kaempferol increased cell survival 100% to 200%
compared to non-treated cells (286). To identify the mechanisms responsible for
this increased cell survival, Park and coworkers used mutant strains to examine
cellular enzyme regulation and in vitro iron-mediated oxidative DNA damage
inhibition studies to measure ROS scavenging. Although the authors concluded
that the polyphenols promoted E. coli survival primarily by ROS scavenging
(285), since this conclusion was based on comparing cellular results with in
vitro iron-mediated DNA damage assays, it is not clear whether polyphenol
antioxidants inhibited DNA damage through ROS scavenging or iron chelation.
In addition, correlations of the in vitro DNA damage results with cell survival
results were not high, perhaps due to differing bioavailabilities of the tested
polyphenols. Such uncertainties in cellular mechanistic studies are representative
of the issues encountered when interpreting the polyphenol antioxidant literature.

Oktyabrsky et al. (268) tested several polyphenol-containing plant extracts
(including extracts from Rosa majalis, Sanguisorba officinalis, and Fragana
vesca) for their ability to prevent DNA damage and cell death in E. coli upon
H2O2 challenge. Cell viability was assessed by colony counting, a DNA strand
breakage assay was used to determine total antioxidant capacity, and the DPPH
scavenging assay was used to determine ROS scavenging ability (268). In this
study, polyphenol promotion of cell viability correlated very well with results
from the DPPH scavenging assay (R2 = 0.95) but not as well with results of an
iron binding assay (R2 = 0.69), indicating that these plant extracts inhibited cell
death primarily by ROS scavenging rather than iron binding (268).

Antioxidant activities of Moricandia arvensis extracts in wild-type and
DNA repair mutant (uvrA) E. coli strains were determined by Skandrani et al.
(287) Cell cultures were challenged with nitrofurantoin (NF, 400 μM) or H2O2
(5 mM) and genotoxicity assays were performed to evaluate antioxidant ability.
Extract treatment (1 μg/μL) inhibited genotoxicity by 61% in wild-type and 78%
in uvrA mutant cells upon NF challenge and 88% and 64%, respectively, upon
H2O2 challenge. Genotoxicity prevention was very strongly correlated to the
polyphenol content of the extracts (R2 = 0.99), and polyphenol antioxidant activity
was ascribed to ROS scavenging by comparisons with results from in vitro DPPH
and Trolox scavenging assays. The authors stated that the polyphenol-containing
extracts inhibited H2O2-induced oxidative stress because polyphenol compounds
are effective hydrogen donors that inhibit ROS production by H2O2 oxidation
(287). However, since the polyphenol extracts showed 27% greater prevention
of genotoxicity upon H2O2 challenge compared to NF challenge in the wild-type
strain, and H2O2 generates DNA-damaging •OH via the iron-mediated Fenton
reaction, iron chelation may also have significantly contributed to the observed
antioxidant activity. In this study, as is common in polyphenol antioxidant
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research, ROS scavenging is reported to be the major antioxidant mechanism
without examining alternate possibilities.

Several reports state that no direct experimental evidence has proven the
existence of polyphenol antioxidant mechanisms besides ROS scavenging,
possibly leading researchers to neglect testing for additional mechanisms (200,
261, 268, 271, 288). Additionally, ROS scavenging assays are generally designed
for in vitro studies and are often not suitable for cellular experiments (287),
preventing direct in vitro and cellular comparisons. The source of radical
generation should also be carefully considered when comparing results from
cellular and in vitro experiments: E. coli contains ~10 μM of endogenous
non-protein-bound Fe2+ (179, 194), so H2O2 challenge generates ROS mainly
through an iron-mediated pathway (194). Thus, when performing cellular H2O2
challenge experiments, iron chelation must also be examined as a possible
polyphenol antioxidant mechanism. If researchers do not test and compare
polyphenol antioxidant mechanisms other than ROS scavenging, the antioxidant
potency of polyphenols can be under- or overestimated. Instead, several possible
mechanisms should be tested and compared to draw accurate conclusions about
polyphenol antioxidant activity in E. coli.

5.2. Polyphenol Antioxidants Inhibit Oxidative Stress by Enzyme Regulation

In addition to ROS scavenging, enzyme regulation has also been examined
as a potential mechanism for polyphenol antioxidant activity using E. coli mutant
strains. In E. coli, most studies have focused on polyphenol regulation of OxyR
and MnSOD because these represent the two major enzymatic pathways for
enzymatic defense, the OxyR regulon and the SoxR stimulon, and because
appropriate E. coli mutants are available for comparison studies.

Smirnova et al. (216) tested the antioxidant activity of quercetin,
tannin, catechin, naringenin, and hesperetin (Figure 3) in E. coli antioxidant
defense mutant strains to evaluate polyphenol enzyme regulation. Mutant
catalase-hydroperoxydase I expression (katG), alkylhydroperoxide reductase
(ahp) and iron uptake regulator (fur) E. coli strains were tested to determine
polyphenol effects on OxyR regulation. Mutant SoxRS stimulon (soxS) and
MnSOD (sodA) strains were also tested for cell growth and survival effects upon
polyphenol treatment (216). Upon H2O2 challenge (10 mM for 30 min), wild-type
E. coli pre-treated with quercetin and tannin (100 μM) showed significant cell
death inhibition compared to untreated cells. When these cellular effects were
compared to results from in vitro studies of ROS scavenging by Trolox and
iron chelation by bipyridine and deferoxamine, only deferoxamine treatment
showed similar ROS scavenging and iron chelating effects (216). Compared
to the wild-type strain, the oxyR mutant strain pre-treated with quercetin or
deferoxamine and then challenged with H2O2 showed 100-fold less cell death
prevention, indicating that OxyR-regulated enzyme activities are essential for the
antioxidant effects of quercetin (and deferoxamine). Under similar conditions,
quercetin prevented five-fold less cell death in the katG mutant strain compared
to the wild-type strain, suggesting that katG expression was also involved in the
protective effects of quercetin (216). Overall, the authors concluded that quercetin
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and tannin were the only polyphenol compounds to promote cell survival upon
H2O2 challenge, and increased cell survival was due to polyphenol up-regulation
of catalase activity. Polyphenol antioxidants prevented cell death less effectively
in the oxyR mutant, suggesting that polyphenol compounds activated OxyR
transcriptional regulation to increase antioxidant defense gene expression and
inhibit oxidative stress (216).

In the same study (216), the superoxide generators menadione and paraquat
were used to induce the E. coli SoxRS response, and the sodA mutant pretreated
with quercetin, tannin, bipyridine, or deferoxamine increased β-galactosidase
expression by two-fold compared to non-treated cells. Since β-galactosidase is
produced by SoxRS activation, increased β-galactosidase levels indicated that
these polyphenol compounds increased gene expression upon ROS challenge.
Polyphenol antioxidants also induced sodA expression upon superoxide
challenge, and this increase in expression likely resulted from a decrease in
iron concentration due to polyphenol-iron binding, since treatment with the iron
chelators bipyridine and deferoxamine showed similar results (216). Another
strong metal chelating polyphenol, catechin, showed no protective effects upon
superoxide challenge. Because catechin crosses cell membranes at a lower rate
than quercetin, these differences in antioxidant activity may result from its lack
of cellular bioavailability (55, 56). Cellular Trolox assays showed no protective
effects on cell survival, either due to its low bioavailability (55, 289), or the
fact that ROS scavenging was not a major antioxidant mechanism compared to
enzyme regulation and metal chelation. This study is one of the few to test and
compare all three major polyphenol mechanisms, and the results highlight the
close relationship between enzyme regulation and metal chelation antioxidant
mechanisms.

In a pioneer study, Park et al. (286) examined twenty-seven polyphenol
compounds, including catechin, morin, rutin, kaempferol, and quercetin, for
the ability to prevent cell death in E. coli soxS(p)-lacZ, oxyS(p)-lacZ, and sodA
mutant strains under oxidative stress. Upon paraquat (100 μM) and H2O2
(50 μM) challenge, the soxS(p)-lacZ mutant only survived after superoxide
challenge, whereas the oxyS(p)-lacZ mutant only survived after H2O2 challenge.
Supplementation of oxyS(p)-lacZ mutant cell cultures with quercetin, rutin, and
kaempferol (50-1000 μM) increased cell survival upon H2O2 challenge in a
dose-dependent manner. Under similar conditions, catechin supplementation
promoted cell survival by only 15%, and other polyphenol compounds showed
no effect (286). Polyphenol supplementation (500 μM) also showed little ability
to increase soxS(p)-lacZ mutant cell survival upon superoxide challenge (286,
290). Because oxidative challenge was initiated immediately after polyphenol
addition, and previous studies reported that polyphenol compounds require up to
2 h to cross the cell membrane and achieve maximal cellular concentrations (193,
290, 291), it is likely that intracellular polyphenol concentrations in this study
were low.

An additional cell survival experiment with the sodA mutant showed that
quercetin, rutin, and kaempferol supplementation (10 μM) without oxidative
challenge effectively increased cell survival over 35 days by more than 50%
compared to non-treated cells, indicating that polyphenols may have increased
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cell survival via sodA enzyme expression regulation through the SoxRS stimulon
(285). In this study, ROS scavenging and enzyme regulation were considered as
major polyphenol antioxidant mechanisms. Metal chelation was also mentioned,
but the authors stated there was no direct evidence to prove this mechanism.
The authors reported a method to quickly screen polyphenol compounds
for antioxidant ability, but additional studies were needed to fully elucidate
polyphenol cellular mechanisms.

From E. coli studies, researchers have identified several important enzymes
involved in antioxidant defenses, including SOD, catalase, and DNA repair
enzymes (179, 194, 262). Polyphenol antioxidant studies of enzyme regulation
in E. coli have shown that polyphenol antioxidants up-regulate the OxyR
regulon and reduce ROS generation (266, 268, 285, 292). However, polyphenol
antioxidants also have strong metal binding abilities that can reduce endogenous
non-protein-bound iron concentrations and therefore ROS generation. Since
oxidative-stress-defense enzymes are triggered by high ROS concentrations (179),
polyphenol enzyme regulation and iron chelation mechanisms are interrelated,
making independent studies of these cellular mechanisms difficult.

5.3. Polyphenol Antioxidants Inhibit Oxidative Stress by Metal Binding

The iron chelating ability of polyphenol antioxidants has attracted much
recent interest as a possible antioxidant mechanism. Imlay et al. (18, 19)
demonstrated that E. coli exposed to H2O2 (2.5 mM) caused DNA damage and cell
death due to iron-mediated •OH generation (Reaction 1), and this iron-mediated
damage was the main cause of E. coli cell death under these conditions. Recently,
several studies have strongly supported the concept that polyphenol-iron binding
inhibits •OH generation, resulting in increased cell survival upon polyphenol
supplementation (156, 245, 268, 293).

Polyphenols bind transition metals (including Fe2+) and inhibit •OH
generation, reducing oxidative stress (29, 156, 216, 245). When Fe2+ binds
polyphenols, oxidation to the Fe3+-polyphenol complex occurs, resulting in the
appearance of a charge-transfer band (~450 nm) in the visible spectrum (156,
245). Smirnova et al. (216) used spectroscopic methods to measure the iron
chelating properties of a variety of polyphenols, and compared these results with
that of ferrozine, a known iron chelator. Polyphenol compounds with iron-binding
catechol groups such as quercetin, tannic acid, and catechin demonstrated better
in vitro iron chelating abilities compared to polyphenol compounds without
catechol groups. Quercetin, tannin, and catechin also chelated iron similarly to or
better than the well-studied iron chelators bipyridine and deferoxamine (216).

In addition to in vitro assays to measure polyphenol-iron binding
abilities, Smirnova and coworkers (216) measured the effects of polyphenol
supplementation (200 µM for 30 min) on fur regulated iuc::lacZ expression
in E. coli upon H2O2 challenge (10 mM for 30 min) to determine intracellular
polyphenol-iron chelation. The fur mutant strain cannot regulate iron uptake,
resulting in an eight-fold increase in labile iron compared to wild-type cells
(294). Quercetin and tannic acid were the only two tested polyphenols capable
of strong iron binding, and they promoted cell survival upon H2O2 challenge
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by ~50% compared to untreated cells. Because these polyphenols showed
similar increases in cell survival compared to cells treated with the iron chelators
bipyridine (60%) and deferoxamine (49%), the authors concluded that quercetin
and tannic acid exerted their protective effects by binding intracellular iron
(216). Interestingly, both deferoxamine and tannic acid bound iron five times
more strongly than quercetin in vitro, but showed weaker intracellular iron
chelating ability as measured by iron uptake chelate (iuc) gene expression levels
that are altered by reduced labile iron levels arising from iron chelation. These
differences between in vitro and cellular results may have reflected differences in
membrane permeability of the tested polyphenols (i.e., differences in ionization
as measured by polyphenol pKa values) that affect cellular bioavailability.
Overall, a strong correlation between intracellular iron chelation ability and
antioxidant potency of polyphenol compounds led the authors to conclude that
intracellular polyphenol-iron binding was a primary mechanism against H2O2
induced oxidative stress in E. coli (216).

In similar experiments (216), the effects of polyphenol supplementation (200
µM for 30 min) on the sodA mutant E. coli strain upon superoxide challenge (200
µM menadione for 30 min) showed that quercetin, tannic acid, bipyridine, and
deferoxamine increased β-galactosidase expression by intracellular iron binding.
These results agreed with previous reports that iron chelators increased sodA
expression by binding labile iron within the cell, causing iron deficiency and
inactivating the ferric uptake regulator (Fur) protein (295). The authors concluded
that ROS scavenging, enzyme regulation, and iron chelation were three possible
mechanisms for polyphenol antioxidant activity in E. coli, but that iron binding
and enzyme regulation had significant overlap and were therefore difficult to
assess individually (216).

Park et al. (285) tested the cellular iron binding properties of 27 polyphenols
in E. coli by adding the reductant dithiothreitol (DTT, 10 mM) and then FeCl3
(400 μM) into polyphenol-supplemented cell cultures. In the presence of DTT,
Fe2+ was generated in the culture medium and increased iron-mediated cell
death. After addition of the polyphenol compounds (10 μM) to cultures of a
superoxide dismutase (soxS-lacZ) mutant, the cultures were allowed to stand at
room temperature for 35 days as cell survival was monitored. Among the tested
polyphenols, rutin, quercetin, and kaempferol promoted E. coli cell survival up to
50% compared to non-treated cells, indicating that these polyphenol compounds
may chelate iron to restore cell viability (286). In vitro gel electrophoresis
experiments showed that only quercetin inhibited iron-mediated DNA damage.
Although the authors mentioned that metal bindingmay be an essential polyphenol
antioxidant mechanism, no direct experimental evidence for metal binding was
presented in this study (285). Since the polyphenol antioxidants were added
simultaneously with DDT and the FeCl3 was added only after 30 min, it is not
possible to determine whether quercetin inhibited DNA damage through ROS
scavenging, iron chelation, or both.

Oktyabrsky and coworkers (268) used spectrophotometry to determine
the iron chelating abilities of different plant extracts (including Rosa majalis,
Sanguisorba officinalis, and Fragana vesca), but found that ROS scavenging
ability (as measured by the DPPH assay) of the extracts showed a stronger
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correlation with prevention of H2O2-induced cytotoxicity in E. coli than iron
binding ability. The authors therefore concluded that iron chelation may be a
major polyphenol antioxidant mechanism, but cell death prevention in E. coli
occurred primarily through ROS scavenging (268). Given these conflicting
reports of ROS scavenging, enzyme regulation, and iron binding as primary
mechanisms of polyphenol antioxidant activity in E. coli, and the lack of
cellular bioavailability data to properly correlate in vitro and cellular polyphenol
antioxidant activity, it is clear that additional investigations are required to
determine the relative contributions these three cellular antioxidant mechanisms.

Generally, polyphenol compounds with a catechol group on the B ring showed
greater ROS scavenging andmetal chelation antioxidant abilities than polyphenols
without catechol groups (244, 247, 258, 296), but comparisons between gallol
and catechol-containing polyphenols are difficult due to their differing solubilities
(154, 155). Recently, researchers have begun to test and compare multiple
mechanisms for polyphenol antioxidant activity, instead of focusing on only
one, although some authors claim that iron binding should not be considered
a major antioxidant mechanism due to the limited solubility of polyphenol
compounds with the strongest iron binding abilities (154). Understanding how
polyphenol ionization affects bioavailability in cellular experiments is essential,
since correlations between in vitro and cellular experiments require accurate
determinations of intracellular polyphenol concentrations. In addition, the ease
of working with E. coli, the ready availability of E. coli mutant strains, and the
similarity of E. coli and human cellular responses to oxidative stress will help
to identify possible pathways affected by polyphenols, significantly advancing
mechanistic studies of polyphenol antioxidant behavior in human cells.

5.4. Polyphenol Compounds as Prooxidants

Many in vitro studies have shown that polyphenol compounds also inhibit
copper-mediated DNA damage, but that they interact with copper differently
compared to iron (244, 247, 297, 298). Because of these differences, it is
unclear whether polyphenol antioxidants inhibit cellular DNA damage by copper
chelation. In addition to antioxidant activity, polyphenols can act as prooxidants in
E. coli, especially in the presence of NO• and copper (292, 299, 300). Polyphenols
can scavenge NO•, but this NO• scavenging generates quinone radicals that can
cause cellular damage (29, 301). Urios et al. (292) demonstrated that polyphenol
compounds (1-15 mM) increase E. coli cytotoxicity by 50% in the presence
of NO• compared to NO•-treated cells without polyphenol supplementation.
OxyR- and OxyR+ E. coli mutants were used to determine the mechanisms for
this polyphenol cytotoxicity by treating these mutant strains with catechol and
hydroquinone compounds (50-2000 μg/plate) and the same concentrations of
diethylamine/NO (DEA/NO), an NO• donor. Previous studies had shown that
under these conditions, phenolic compounds such as catechols and catecholamines
acted as oxidative mutagens in OxyR-deficient strains, undergoing autoxidation
to quinone radical species and producing ROS that caused cellular toxicity via
multiple pathways (302). The tested catechol and hydroquinone compounds also
showed DNA damaging and cytotoxic effects in the OxyR+ strain that could not
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be eliminated by antioxidant enzymes such as catalase and alkyl hydroperoxide
reductase, indicating that the toxic effects were possibly mediated by quinone
radical (292). In addition, quercetin, EGCG, kaempferol, and luteolin (50-2000
μM) were found to be prooxidants in the presence of Cu2+, causing site-specific
DNA damage in vitro (303). To cause this DNA damage, the polyphenol
was believed to bind Cu2+ and oxidize, releasing quinone radical and forming
Cu+-DNA adducts capable of •OH generation (Figure 11). Polyphenols also
have the ability to regenerate intracellular Fe2+ by inducing riboflavin reductase
gene (fre) expression, resulting in increased intracellular Fe2+ concentrations and
promoting the formation of iron-generated •OH (304).

Figure 12 summarizes known polyphenol antioxidant and prooxidant
mechanisms in E. coli. The cytotoxic properties of polyphenols are still under
debate, since the majority of studies have demonstrated no cytotoxic properties
up to 200 μM (193, 200, 268, 280), and studies reporting polyphenol prooxidant
activity are often at very high concentrations (~1-15 mM) or are accompanied
by RNS treatment (292, 302, 305). Examining and correlating the relative
contributions of polyphenol antioxidant (and prooxidant) mechanisms in cells is a
complex undertaking, especially given potential correlations and interrelationships
between ROS scavenging, enzyme regulation, and metal chelation mechanisms.
To date, polyphenol antioxidant research has mainly focused on ROS scavenging
and enzyme regulation, but studies have also shown that iron chelation can
have a major impact on polyphenol cellular effects. Comparing results from in
vitro assays and E. coli cell studies will aid in identifying possible polyphenol
antioxidant mechanisms and provide critical data for comparing polyphenol
effects in the more complex environment of human cells.

Figure 11. A proposed mechanism for quercetin-induced cytotoxicity in the
presence of Cu2+ (303).
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Figure 12. Summary of polyphenol antioxidant and prooxidant mechanisms
in E. coli.

6. Oxidative Stress and Antioxidant Defenses in Human Cells

In human cells, excess levels of ROS or RNS induce oxidative stress, and the
resulting oxidative damage can cause permanent DNA modifications, resulting in
mutagenesis, carcinogenesis, and cell death (8, 185, 306). It has been reported
that a single human cell is exposed to about 1.5 × 105 hydroxyl radicals or other
reactive species a day (188). Hydroxyl radical can damage both purine and
pyrimidine bases as well as the deoxyribose backbone of DNA, and more than
100 oxidative DNA damage products have been identified, including 8-oxo-dG
and 8-nitroguanine (190, 300). DNA damage can alter cellular transcription,
signal transduction, and DNA replication, causing genomic instability and leading
to disease development (148, 188). In addition to the intensively studied nuclear
DNA damage, mitochondrial DNA damage can also occur in human cells (138,
176). In fact, mitochondrial DNA is more susceptible to oxidative damage
than nuclear DNA because mitochondria produce the majority of ROS, and
mitochondrial DNA is not protected by histone proteins (307, 308). DNA repair
mechanisms can correct nuclear DNA damage (10, 176, 206); mitochondrial DNA
repair also occurs, but these repair mechanisms remain unclear (138, 309). Since
the capacity for mitochondrial DNA repair is lower than for nuclear DNA repair,
mitochondrial oxidative stress reduction is reliant primarily upon preventative
mechanisms such as ROS scavenging and enzymatic detoxification (11).
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In addition to DNA damage, oxidative stress also results in lipid peroxidation
and protein oxidation (9, 10). Iron-generated hydroxyl radical (Reaction 1)
is proposed to be the primary cause of this oxidative damage (66). Radical
generation is tightly linked to the participation of redox-active metals, and
cellular redox balance requires maintaining metal ions and ROS/RNS within strict
physiological limits (11, 18). It has been reported that this iron regulation ensures
that there is no labile intracellular iron in human cells (271, 273). In contrast,
Gao et al. and other groups have measured intracellular non-protein-bound iron
concentrations of ~1-10 μM in various human cells lines, similar to labile iron
levels in E. coli (18, 176, 310, 311). Under oxidative stress conditions in human
cells, as in E. coli, excess superoxide can oxidize [4Fe-4S] cluster-containing
enzymes, releasing additional labile iron that can generate highly reactive •OH
(11, 254). Several in vivo studies have shown that after oral intake of iron
carbonyl, oxidation of polyunsaturated fatty acids, lipids, and proteins occurred in
rats (204, 256, 312, 313). These observations have suggested a direct relationship
between iron-mediated oxidative damage and development of inflammation,
arteriosclerosis, cancer, and Parkinson’s disease (312, 314, 315).

To control ROS and RNS levels and to protect against oxidative damage,
human cells contain several ROS/RNS scavenging and detoxifying enzymes.
Although ROS/RNS are generated by different cell types via different enzymatic
and non-enzymatic pathways, the basic mechanisms are similar. ROS and
RNS form intermolecular disulfide bonds between proteins by oxidizing
cysteine residues (316), and the structural changes resulting from these disulfide
cross-links lead to increased levels of several cell signaling proteins, including
growth factor kinase, mitogen-activated protein kinase (MAPK), proto-oncogenic
tyrosine kinase (src), and phosphoinositide 3-kinase (PI3K). This cell signaling
up-regulation activates several redox-regulated transcription factors such as
activator protein 1 (AP-1), NF-κB, tumor protein 53 (p53), hypoxia-inducible
factors (HIFs) and nuclear factor of activated T-cells (NFAT) (Figure 13, Table
5). Cellular enzymatic defenses directly remove ROS and RNS to protect against
oxidative stress, but in addition to endogenous defenses, exogenous polyphenol
antioxidants can also reduce ROS/RNS levels by ROS scavenging, enzyme
regulation, and metal chelation mechanisms to prevent cellular damage.

7. Mechanisms for Polyphenol Antioxidant Activity in
Human Cells

High ROS and RNS levels in human cells result in DNA damage, lipid
peroxidation, and cell signaling up-regulation (Figure 5). Antioxidant defenses
to this oxidative stress occur through both enzymatic and non-enzymatic
pathways. Enzymatic pathways mainly involve superoxide dismutase, catalase,
and glutathione peroxidase, enzymes that can directly decompose ROS (5, 354).
Non-enzymatic antioxidants are typically small molecules that inhibit hydroxyl
radical generation or act as sacrificial oxidants to neutralize damaging reactive
species (107, 126, 169, 259, 268). Interest in polyphenol antioxidants has
recently increased as a result of increasing evidence of their beneficial impacts on
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human health and because they participate in both enzymatic and non-enzymatic
defense pathways (3, 94, 122, 237). Polyphenol antioxidants can chelate cellular
redox-active metal ions such as Fe2+/3+, Cu+/2+, Cr3+/4+, CO2+/3+ and V3+/4+ (156,
214, 239, 355). In addition, polyphenol compounds interfere with oxidation of
lipids and other biomolecules by reacting with damaging radical species to form
a relatively stable phenoxy radical to inhibit further damage (Reaction 2) (356).
Polyphenol compounds also modulate cell signaling, and studies have shown
that polyphenols inhibit NF-κB, Akt, p53, and endothelial nitric oxide synthase
(eNOS) regulation in rats (168, 357). As previously discussed, the key structural
properties that affect polyphenol antioxidant abilities include the number of
hydroxyl groups, position of substituents, and glycosylation (25, 164). All of
these factors affect whether polyphenol compounds will act as ROS scavengers,
metal chelators, or modulators of cell signaling (146, 244, 259). Under normal
conditions, polyphenol compounds cause little cytotoxicity up to 400 μM (52,
358), and several studies in a variety of human cell lines have shown significant
polyphenol antioxidant effects via ROS scavenging, enzyme regulation and metal
chelation mechanisms (43, 52, 115, 349, 359).

Figure 13. ROS/RNS- and metal-ion-induced signaling pathways in human cells.
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Table 5. Effects of polyphenol antioxidants on inflammatory markers and signal transaction pathways

Target Polyphenol Compounds References

Inflammatory markers

Endothelial nitric oxide synthase (eNOS) quercetin, catechin, cyanidin-3-glucoside (240, 317)

Inducible NOS (iNOS) quercetin, apigenin, rutin, wogonin, quercetin gallate, kaempferol,
luteolin

(318–323)

Cyclooxygenase -2 (COX-2) apigenin, rutin, wogonin, quercetin, kaempferol, luteolin, genistein,
green tea polyphenols, curcumin,

(168, 318–326)

5-Lypooxygenase (5-LOX) apigenin, luteolin, curcumin (327–329)

Interleukin (IL-family) luteolin, apigenin, green tea polyphenols, quercetin, kaempferol,
butein

(247, 323, 330–332)

Tumor necrosis factor (TNF-α) quercetin, kaempferol, EGCG, luteolin, curcumin (323, 333–337)

Monocyte chemoattractant protein (MCP-1) apigenin, EGCG (338, 339)

Continued on next page.
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Table 5. (Continued). Effects of polyphenol antioxidants on inflammatory markers and signal transaction pathways

Target Polyphenol Compounds References

Inflammatory markers

Intercellular adhesion molecule (ICAM-1) flavonols, hesperidin, phellopterin, quercetin, kaempferol (338, 340)

Vascular cell adhesion molecule (VCAM-1) flavonols, hesperidin, phellopterin, quercetin, kaempferol (338, 340)

Cell signaling pathways

Vascular cell adhesion molecule (NF-κB) quercetin, liquiritigenin, kaempferol, procyanidins, curcumin,
apigenin

(13, 319, 341)

Activator protein (AP-1) luteolin, kaempferol, quercetin, catechins, curcumin (73, 115, 323, 330,
342–344)

Signal transducer and activator of transcription
(STAT-1)

genistein, kaempferol, quercetin, daidzein, theaflavin, apigenin,
luteolin

(52, 246, 317, 333,
345)

Peroxisome proliferator-activated receptor (PPAR-α) EGCG, flavone (162, 346, 347)

Hypoxia-inducible factor (HIF-1) hesperidin, baicalein, quercetin, catechin, curcumin (215, 219, 260, 318,
319, 323)

Mitogen-activated protein kinase (MAPKs) quercetin, luteolin, wogonin, apigenin, luteolin, kaempferol, chrysin,
EGCG, hesperidin, curcumin

(54, 76, 113, 239,
348–353)

142

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

D
E

L
A

W
A

R
E

 M
O

R
R

IS
 L

IB
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

00
5

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Polyphenol antioxidants are reported to prevent or ameliorate oxidative stress
and disease, including liver diseases, obesity, cancer, cardiovascular diseases,
Parkinson’s and Alzheimer’s diseases, diabetes, and osteoporosis (130, 166, 189,
360). Polyphenols also have been reported to regulate over 20 enzymes through
complex cellular mechanisms that control disease development. This section
will focus on human cell studies of polyphenol antioxidants related to cancer,
cardiovascular diseases, and neurodegenerative diseases (6, 24, 130, 203, 361).
Cellular ROS scavenging, enzyme regulation, and metal chelation mechanisms
for polyphenol antioxidant activity, as well as the interrelationships among these
mechanisms, will also be discussed in detail. The prooxidant properties of
polyphenols will be briefly discussed at the end of this section.

7.1. Polyphenol ROS and RNS Scavenging Mechanisms in Human Cells

Polyphenol antioxidants are effective ROS and RNS scavengers due to
their hydrogen donating abilities (363, 364). Polyphenol antioxidants have
favorable reduction potentials (0.75-0.33 V) compared to polyunsaturated fatty
acids (1.0 V) and alkyl peroxy radicals (2.3-1.0 V) that allow them to effectively
inhibit lipid peroxidation (Table 6) (365). Galleano et al. (365) have thoroughly
reviewed polyphenol reduction potentials compared to other antioxidants and
reducing agents and discussed the implications of polyphenol redox properties on
inhibition of lipid peroxidation. Polyphenol prevention of lipid peroxidation and
the general structural trends for this activity are also discussed in several papers
(211, 212, 362).

Polyphenols with gallol groups have lower reduction potentials than
their catechol analogs (212, 362, 366), and polyphenol reduction potentials
correlated with results from several cellular studies that showed myricetin and
quercetin inhibited lipid peroxidation more effectively than other polyphenols
(366). Among tea polyphenols, EGCG and EGC inhibited lipid peroxidation
significantly more than other catechin polyphenols (107, 168). Sorata et al.
(367) showed that quercetin and rutin (100-1000 µM) significantly reduced
photosensitized hemolysis and lipid peroxidation of human erythrocytes caused
by hematoporphyrin and lauroyl peroxide and were themselves oxidized during
this process. Quercetin and rutin also showed dose-dependent in vitro O2•-

scavenging ability. Correlation between cellular and in vitro results indicated that
these polyphenols functioned as sacrificial ROS scavengers to terminate radical
chain reactions and inhibit lipid peroxidation. In addition, quercetin and rutin
antioxidant ability strongly correlated with their cellular bioavailability (367).
Other studies using EPR measurements confirmed that polyphenols scavenge
O2•-, but rate constants for this scavenging reaction were difficult to determine
(215, 368). Taken together, these results indicate that polyphenol antioxidants
inhibit cellular lipid peroxidation primarily by scavenging lipid radical species.
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Table 6. Reduction potentials (E1/2 vs. NHE) for lipid hydroperoxide, radical
scavengers, and polyphenol compounds (362)

Compounds (Redox Couple) E1/2 (mV)

Lipid hydroperoxide (LOO•/LOOH) 1000

Glutathione-cysteine (RS•/RS-) 920

Trolox (RO•/ROH) 480

Ascorbate (Asc•/Asc) 282

Quercetin (Q•/Q) 330

(-)Epigallocatechin (EGC•/EGC) 430

(-)Epigallocatechin gallate (EGCG•/EGCG) 430

Catechol (Cat-O•/Cat-OH) 530

(-)-Epicatechin gallate (ECG•/ECG) 550

(-)-Epicatechin (EC•/EC) 570

Rutin (R•/RH) 600

Kaempferol (K•/KH) 750

Oxidative damage inhibition in human cells through direct radical scavenging
by plant polyphenol antioxidants has been reviewed by Es-Safi and Fraga (211,
212). Similar to lipid peroxidation prevention, the polyphenol structural properties
that result in the most effective radical scavenging activity are: 1) a catechol or a
gallol group, 2) a C2-C3 double bond in the C ring and, 3) 3-hydroxyl and 4-oxo
substituents in the C ring (170, 211, 212). Among all the polyphenol antioxidants
tested in human cells, myricetin has all three structural components and appears
to be the most effective radical scavenger (369). Quercetin and kaempferol have
both a 4-oxo group and a C2-C3 double bond in the C ring, and are both very
good ROS scavengers (246). Tea polyphenols such as EGCG and ECG do not
have the C2-C3 double bond in ring C and are weaker radical scavengers, but the
catechol and gallol groups on the B ringmake themmore potent radical scavengers
compared to polyphenols without catechol groups (366).

A study by Wang et al. (170) in mouse cells provided detailed trends
and structural comparisons of polyphenol antioxidant abilities lacking in
human cellular studies. The ability of quercetin, myricetin, morin, gisetin, and
kaempferol (0.1-10 μM) to prevent cell death by H2O2 challenge (1 mM for 24
h) in mouse macrophage-like cells (RAW 264.7) was compared to results of in
vitro DPPH, O2•-, and iron-generated •OH scavenging assays to determine the
effects of polyphenol structural differences on observed antioxidant activity.
Catechol-containing quercetin, myricetin, and gisetin scavenged in vitro ROS
more effectively in the DPPH assay (IC50 values of 8 - 12 μM) compared to
kaempferol and morin (IC50 > 20.0 μM), polyphenol compounds without catechol
groups. In contrast, kaempferol and morin showed significantly more effective
cell death prevention (71% at 10 μM) and in vitro O2•- and •OH scavenging
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abilities (IC50 ~0.5 μM) than myricetin and gisetin (no cellular activity, ~30% O2•-

scavenging at 10 μM, and •OH scavenging IC50 = 2.5-5 μM), whereas quercetin
showed mixed results (IC50 ~10 μM for cell death prevention and IC50 values
of ~8 and 0.5 μM for O2•- and •OH scavenging, respectively) (170). Although
the antioxidant effects of these polyphenols were attributed to ROS scavenging,
overlapping mechanisms may have been examined in the cellular studies: the O2•-

and •OH scavenging results likely involved antioxidant enzyme regulation effects
and iron chelation ability, respectively, as well as ROS scavenging. In addition,
polyphenol bioavailability differences were not taken into account in this study.

Several studies also reported that supplementation with EGCG and
polyphenol-containing Geranium sanguineum extracts (0.1-100 μM) increased
resistance of human erythrocytes to H2O2-mediated cytotoxicity in a
dose-responsive manner by an ROS scavenging mechanism (370), although cell
death upon H2O2 challenge in mammalian cells, as in E. coli, is primarily due
to an iron-mediated pathway (176, 371). The presence of possible overlapping
antioxidant mechanisms, especially in cellular studies, may lead to overestimation
of polyphenol ROS scavenging abilities if other mechanisms are not also
considered.

Owen et al. (372) used thiobarbituric acid (TBA) and DPPH scavenging
assays to demonstrate that Melanesian polyphenol-rich plant extracts inhibit
oxidized-LDL-induced cell death in human endothelial cells. The most abundant
polyphenol in these extracts, quercetin, was believed responsible for the majority
of radical scavenging ability. Owen and coworkers also reported that these
extracts significantly inhibited Cu+-induced lipid peroxidation in a dose-dependent
manner. Because the results from the Cu+-induced lipid peroxidation studies
did not correlate well with the TBA and DPPH scavenging results, the authors
concluded that lipid peroxidation inhibition by plant extracts was not related
to ROS scavenging (372), but did not mention copper chelation as a possible
alternate mechanism.

In addition to catechol-containing polyphenol antioxidants, silymarin (Figure
3), a flavanone with a 3-hydroxyl group on the C ring was also found to have
an extremely high ROS scavenging ability. Silymarin studies in human cells
primarily focused on enzyme regulation, but Chlopcikova et al. (373) used
the DPPH scavenging assay to compare antioxidant activities of quercetin and
silymarin (20-100 μM) in rat heart microsomes. They concluded that silymarin
inhibits doxorubicin-mediated damage primary by radical scavenging, but several
studies also reported that silymarin also chelates iron and copper (234, 257, 258,
373). Additional studies used the total oxyradical scavenging capacity (ACAP)
assay to determine the ROS scavenging ability of silymarin, and results showed
that physiologically relevant doses of silymarin (100 mg/kg/d) protected rat liver
mitochondria and aged rat brain from lipid peroxidation (89, 218, 374).

The ROS scavenging ability of polyphenol antioxidants is well established
using many different methods and is a major mechanism for their antioxidant
activity in human and other mammalian cells. However, polyphenol ROS
scavenging abilities may be overestimated due to inadvertent testing of several
mechanisms in a single assay. Many studies use iron or copper to generate ROS
or lipid peroxidation, and because polyphenol compounds can chelate metal
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ions as well as scavenge ROS, antioxidant activity results may vary due to this
overlap between metal chelation and ROS scavenging mechanisms. Thus, using
ROS scavenging assays without added metal ion and performing experiments in
metal-reduced or metal-free systems, as well as comparing results from several
complementary ROS scavenging assays, are required to establish accurate ROS
scavenging capacities for polyphenol compounds.

7.2. Polyphenol Enzyme Regulation in Human Cells

Polyphenol antioxidants can affect the activity of many mammalian enzyme
systems in vitro and in vivo (11, 52, 230, 237, 304). It is estimated that 75,000
enzymes are present in humans and that more than 100 of these enzymes are
involved in ROS regulation or defense (375). Enzyme systems in human cells are
significantly more complex than in E. coli; however, the basic enzymatic pathways
can be similar. In this section, polyphenol regulation of ROS-related enzymes will
be discussed, as well as the similarities and differences of polyphenol enzyme
regulation in E. coli and human cell studies.

Protein kinase C (PKC) is a multifunctional serine- and threonine-
phosphorylating enzyme involved in tumor promotion, secretory processes, and
inflammation (172, 376). Several studies have shown that quercetin, gisetin,
and EGCG (50-250 μM) activate PKC and increase cell survival (172, 377).
Levites et al. (172) showed that EGCG reactivated PKC and extracellular
signal-regulated kinases (ERK ½) damaged by 6-hydroxydopamine (6-OHDA) in
human neuronal cell cultures. The Parkinsonism-inducing neurotoxin, 6-OHDA,
induced neuronal death after 24 h exposure, and pretreatment with EGCG (50
μM) increased the cell survival rate by 80% (172). Western blot studies also
showed that EGCG pretreatment (0.1-10 μM) increased PKC and ERK ½ levels
in a dose-dependent manner and that EGCG neuroprotection was inhibited by
adding a PKC inhibitor GF (109203X), indicating that EGCG protected against
6-OHDA-induced oxidative damage by reactivating PKC expression (172).

Lin et al. (330) also showed that quercetin supplementation (10-80
μM) decreased matrix metalloproteinase 9 (MMP-9) expression induced by
12-O-tetradecanoylphorbol-13-acetate (TPA) in a human breast carcinoma cell
line (MCF-7). Western blot results demonstrated that TPA-induced MMP-9
expression was also inhibited by a PKC inhibitor (GF 109203X), an AP-1 inhibitor
(curcumin), and an ERK inhibitor (PD98059), similar to effects observed upon
quercetin treatment. In contrast, MMP-9 levels were not reduced by addition of
an NF-κB inhibitor (PDTC), indicating that quercetin lowers MM9-1 expression
by reducing PKC, AP-1, and ERK expression, but not NF-κB expression. Other
polyphenol compounds were also tested, including rutin, quercitrin, luteolin, and
fisetin (Figure 3), to elucidate substituent effects on MMP-9 expression (330).
From this comparison, the catechol group on the B ring was found to be the most
important substituent for decreasing MMP-9 levels, along with methylation of the
3′- and 4′-hydroxyl substituents. Hydroxyl substituents at the 3, 5, and 7 positions
also decreased enzyme expression, with the presence of a 3-hydroxyl group
having the greatest effect (330). This study is consistent with animal studies
that indicated quercetin might reduce oxidative stress by inhibiting PKC/ERK
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expression (236). Rutin and quercitrin treatment did not affect MMP-9 expression
(330), demonstrating the importance of polyphenol cellular bioavailability. The
sugar moiety at the 3 position in rutin and quercitrin likely prevented large
concentrations of these polyphenols from entering cells, consistent with reports
that carbohydrate substituents must be cleaved from polyphenol compounds to
allow diffusion through the cell membrane (378).

Asano et al. (379) showed that quercetin (20-100 μM) stimulates Cl-
secretion by activating an energy step across the basolateral membrane through
the Na+/K+/2Cl- cotransporter protein (NKCC1) in the human airway epithelium.
NKCC1 expression at the membrane surface was measured by bicinchoninic
acid (BCA) protein assays and NKCC1 activity was measured using 86Rb+
uptake as a tracer for K+ (379). To clarify the mechanism of activation, a
PKA inhibitor (PKI 14-22 amide), a PKC inhibitor (Go 6983), and a Ca2+
chelating agent (BAPTA-AM) were also tested in this study. Only the PTK
inhibitor significantly inhibited quercetin-stimulated Cl- uptake, indicating that
quercetin effected Cl- secretion via a PTK-mediated pathway (379). In addition,
an epidermal growth factor receptor (EGFR) kinase inhibitor (AG-1478) also
inhibited quercetin-stimulated Cl- secretion, suggesting that quercetin activated
EGFR tyrosine kinase to stimulate translocation of an NKCC1-activating factor
to the membrane. This study demonstrated the effects of quercetin on human
epithelial cells, and suggested that this polyphenol may protect against bacterial
and viral infection by helping to maintain appropriate Cl- ion concentrations in
airway surface fluid (379).

EGCG-mediated protection of human endothelial cells by enzyme regulation
was examined by Zheng and coworkers (380). In this study, cells were pretreated
with EGCG (30 μM for 4 h) and then exposed to tumor necrosis factor-α (TNF-α),
a proinflammatory cytokine contributing to endothelial inflammation. EGCG
prevented endothelial cell death by interacting with heme oxygenase-1 (HO-1),
an enzyme with potent antioxidant and anti-apoptotic abilities, and increasing
its expression by 2-fold as well as reducing AP-1 binding to DNA (380). Since
AP-1 is a transcription factor activated by TNF-α during endothelial inflammation
and is dependent on functional HO-1, Zheng and others concluded that HO-1
expression induced by polyphenols inhibited TNF-α-stimulated AP-1 activation
associated with endothelial inflammation (380, 381). In a related study, Wu and
coworkers proposed that EGCG (25-100 μM) induced HO-1 expression via a
phosphatidylinositol 3-kinase (PI3K)/Akt and ERK pathway (382).

Polyphenol-rich plant extracts from pine bark (0.05 mg/mL) were also found
to prevent cell apoptosis in human myoblasts under H2O2-induced oxidative stress
(1 mM for 1 h) (383). Western blot and immunofluorescence assays showed that
these extracts increased levels of ATP synthase and calpain, a Ca2+-dependent
protease that induces cell apoptosis, to reduce oxidative DNA damage and increase
cell survival by ~20%. Similar increases in ATP synthase and calpain levels were
also reported upon EGCG treatment (383, 384). Nicholson and coworkers (385)
also showed pretreated polyphenol antioxidants such as resveratrol, EGC, and
quercetin (0.1-1 μM, 24 h) in human umbilical vein endothelial cells (HUVECs)
increased eNOs and VEGF mRNA expression and inhibited H2O2-induced ET-1
mRNA expression by ~45% (385, 386). This study was unusual for enzyme
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activation studies because the polyphenol concentrations tested are in the range of
dietary polyphenol concentrations found in human plasma, although the authors
mentioned that polyphenol compounds may have been metabolized after 24 h,
so it was not clear whether the observed effects were due to the supplemented
polyphenols or their metabolites. In addition, a review by Mladenak (235)
discussed the ability of polyphenol antioxidants (1-10 μM) to suppress the activity
of ROS-generating enzymes, such as xanthine oxidase, NADPH oxidase, and
lipoxygenases, by 2-3 fold and indirectly reduce cellular oxidative stress.

Polyphenol antioxidants can modulate enzyme regulation by directly
interacting with proteins and causing structural alterations that increase or
decrease enzyme activity. These changes in enzyme activity can either alter
cell signaling to inhibit cell death or reduce oxidative stress by indirect ROS
scavenging (235, 379). Many studies of enzyme regulation by polyphenols
examine only one specific enzymatic pathway to demonstrate cellular efficacy,
resulting in fragmented information about this cellular antioxidant mechanism. In
addition, levels of several antioxidant enzymes are regulated by ROS and metal
concentrations, including glutathione peroxidase (GSHPx), catalase, and SOD
(174, 387). Thus, strong correlations between ROS and/or metal concentrations
and enzyme levels may confound enzyme regulation studies and lead to
inconsistent results, since it is difficult to separate direct and indirect polyphenol
effects (46, 122). In addition, enzymatic assays are typically performed at only
one or two polyphenol concentrations and often use polyphenol concentrations
higher than physiologically relevant polyphenol concentrations (2-1000 μM vs.
~10 μM) (52, 385), although Nicholson and coworkers found that polyphenols
effectively regulated enzyme mRNA levels at lower polyphenol concentrations
(0.1-1 μM) (384, 386). Polyphenol antioxidants can modulate enzyme activities,
but, as seen for ROS scavenging, the primary mechanisms for polyphenol
antioxidant activity are interrelated. Because of this, comparing polyphenol
effects on enzyme function with those of specific enzyme inhibitors is the most
accurate method to establish direct enzymatic effects (113, 331, 379, 388–390).

7.3. Polyphenol-Metal Chelation in Human Cells

As mentioned previously, the majority of cellular •OH is generated by the
iron-mediated Fenton reaction (66), and copper, chromium, cobalt, and other redox
active metals can also undergo Fenton-like reactions (66, 244). In fact, iron-
mediated DNA damage by •OH is the primary mechanism for human cell death
under oxidative stress conditions (11, 66, 202). Polyphenol antioxidants strongly
chelate metal ions, and this binding can prevent iron-mediated •OH formation and
the resulting oxidative stress (29).

In cellular oxidative challenge studies, addition of different ROS precusors
generate ROS through different cellular pathways that enable researchers
to distinguish cellular polyphenol antioxidant mechanisms. For example,
Hanneken and coworkers (391) found that both H2O2 and tert-butylhydroperoxide
(t-BuOOH) challenge of human epithelial cells resulted in iron-generated hydroxyl
radical damage (Reaction 1), but H2O2-promoted cell death was prevented by
both ROS scavengers and metal chelators, whereas t-BuOOH-promoted cell death
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was prevented by only metal chelators (391, 392). Unlike H2O2, t-BuOOH cannot
directly oxidize polyphenols (391, 392), so comparing the differences between
polyphenol prevention of cell death upon H2O2 and t-BuOOH challenge provides
a potential method for distinguishing between polyphenol ROS scavenging and
iron chelation mechanisms. Hanneken et al. (246) used both H2O2 (250 μM)
and t-BuOOH (120 μM for 24 h) challenge to examine the antioxidant effects
of fisetin, luteolin, quercetin, eriodictyol, baicalein, galangin, and EGCG (5-50
μM) in human retinal pigment epithelial cells (ARPE-19) and found that these
polyphenol compounds prevented 100% of cell death from both types of oxidative
challenge. In this study, however, the authors did not discuss the differences
in polyphenol antioxidant mechanisms tested by each oxidant challenge and
reported that the primary antioxidant mechanism was ROS scavenging.

Sestili et al. (246, 392) showed that polyphenol treatment (0.1-100 μM)
prevented DNA damage and cell death in human histiocytic lymphoma cells
(U937) upon t-BuOOH challenge (3 mM, 30 min) with very low IC50 values
(0.006-2.73 and 0.02-12 μM, respectively). Since t-BuOOH-mediated cell death
is prevented by iron chelators and not ROS scavengers (246), these studies
were designed to specifically test the iron-binding mechanism for polyphenol
antioxidant activity. In these studies, polyphenol prevention of cell death was
comparable to that of o-phenanthroline, a well-known iron chelator (392, 393).
Polyphenols with iron binding catechol groups inhibited DNA damage and cell
death more effectively than polyphenol compounds without iron-binding groups,
and cellular efficacy correlated with polyphenol hydrophobicity (394). Based on
these results, the authors concluded that polyphenol compounds inhibited DNA
damage and cell death at biologically relevant concentrations primarily through
iron binding rather than ROS scavenging (246, 392).

Boadi et al. (395) compared the ability of quercetin and genistein (50 μM,
Figure 3) to prevent of Cu2+- and Fe2+-induced (50 μM) lipid peroxidation upon
H2O2 challenge (0.01 mM for 24 h) in human cells (U937). Cells supplemented
with the polyphenol antioxidants (10 or 20 µM for 24 h) showed an ~80% decrease
in lipid peroxidation, as measured by the TBARS assay, with no significant
differences in results for the two compounds or between the two metal ions. In
previous work from the same group, quercetin was found to have stronger metal
chelation ability than genistein due to the additional hydroxyl substituent that
forms a catechol group on the B ring (345). Although the similar antioxidant
abilities of quercetin and genistein led the authors to exclude a metal chelation
mechanism (395), the greater hydrophobicity of genistein compared to quercetin
may result in higher cellular bioavailability and larger antioxidant effects for
genistein.

Polyphenol-rich plant extracts from Vicia sativa enabled 2-fold greater cell
proliferation in human THP-1 leukemic cells and 2-3 fold greater Cu2+ and Fe2+
chelation ability in vitro compared to soybean extracts. Magias and coworkers
(396) compared the ability of these extracts to increase cell proliferation relative to
the well-studied antioxidant butylated hydroxytoluene (BHT) and correlated these
results with in vitro metal binding (using spectrophotometry and metal reducing
assays) and ROS scavenging (using DPPH assays). From these correlations,
the authors concluded that metal-binding ability, not ROS scavenging, was the
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primary polyphenol antioxidant mechanism and that Vicia sativa and soybean
extracts exhibited different antioxidant abilities due to differences in polyphenol
content (396). This study carefully compared metal binding and ROS scavenging
mechanisms for polyphenol antioxidant activity, and is one of the few to clearly
demonstrate polyphenol-metal chelation as a primary cellular mechanism.

In studies by Thephinlap and coworkers (397, 398), erythrocytes from
β-thalassemia patients were challenged with H2O2 (1 mM) with and without
treatment with green tea extracts (0-5 g/mL) and EGCG or EGC (1-1000 μM) for
up to 8 h. Upon polyphenol or extract treatment, cellular oxidative stress measured
by the TEAC assay was reduced by 35%. In vitro polyphenol radical scavenging
(using malonyldialdehyde, TBA, and TEAC assays) and non-transferrin-bound
iron (NTBI) chelation abilities were also measured for mechanistic comparisons.
NTBI chelation results indicated a strong correlation between polyphenol
iron-binding abilities and reduction in cellular labile iron concentrations in a time-
and dose-dependent manner, and polyphenols with strongly-iron-binding gallol
groups contributed most to reducing cellular iron concentrations (366, 397, 399).
Since cellular iron concentrations were lowered by ~40% after pre-treatment with
EGCG and EGC, the authors concluded that polyphenol-iron binding was the
major mechanism for oxidative stress reduction in β-thalassemic erythrocytes and
suggested that EGCG and ECG may be natural iron chelators to help treat iron
overload in β-thalassemia patients (398). Later studies with polyphenol-treated
β-thalassemic mice further supported this hypothesis (399).

In addition to Fe2+ and Cu2+, Quesada et al. (400) demonstrated that
catechin, epicatechin, ECG, EGCG, and other polyphenol compounds (10-100
μM) chelate cellular Zn2+ to modulate zinc homeostasis in HepG2 cells. Using
spectrophotometric methods, polyphenol compounds were found to bind Zn2+with
2:1 stoichiometry (29). In cells, EGCG and related polyphenol antioxidants bound
to zinc and lowered the expression ofmetallothionein (MT), a Zn2+-binding protein
that modulates zinc homeostasis, by up to 60% and with greater efficacy than
the known zinc chelator N,N,N’,N’-tetrakis(2-pyridyl-methyl)ethylenediamine
(TPEN, 15% at 100 μM) (400). Quesada and coworkers also measured
total intracellular zinc concentrations and found that zinc concentrations in
polyphenol-treated cells remained constant, similar to zinc levels of cells grown
in zinc-depleted medium, whereas zinc concentrations steadily increased in
untreated cells. Thus, the authors concluded that polyphenol compounds bound
to Zn2+ in medium (~5 μM), and that these Zn2+-polyphenol complexes were not
able to enter cells through metal ion transporters, preventing zinc overload and
lowering MT expression (400).

Lowering of in vivo iron levels has also been observed upon polyphenol
supplementation. Oral consumption of polyphenol-rich grape seed extract for
90 days in rats lowered serum iron levels by 14-17% compared to non-treated
controls (401). In humans, dietary intake of polyphenols such as tannic acid,
gallic acid, and oregano polyphenols (5-100 mg) inhibited iron absorption by
20 to 88% in a dose-responsive manner, and this inhibition strongly correlated
with the content of iron-binding gallol groups in the polyphenol supplements
(402). Similar to the cellular studies with zinc, these effects were believed due
to metal uptake inhibition resulting from polyphenol-metal binding, although no
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direct evidence of polyphenol-iron binding and its effects on iron absorption was
presented in these studies.

Accumulating evidence suggests that metal chelation is a major mechanism
for polyphenol reduction of oxidative stress in human cells. Given the strong
metal chelating abilities of polyphenol compounds and the extremely short
lifetimes of many radical species, especially hydroxyl radical (half life ~10-9
s) (198), preventing reactive radical generation by polyphenol-iron binding
may more effectively prevent oxidative stress compared to radical scavenging.
Metal chelation, however, is the least-studied of the three major antioxidant
mechanisms, and more work is required to carefully elucidate the effects of
cellular metal chelation by polyphenol antioxidants. Several studies have
excluded the possibility of metal-binding mechanisms due to the poor correlation
between in vitro and cell study results (126, 365, 385, 395), but differences in
polyphenol bioavailability also must be considered when comparing in vitro and
cellular results in studies of any mechanism.

In the polyphenol antioxidant literature, the complex interrelationships
between ROS scavenging, enzyme regulation, and metal binding mechanisms of
activity can lead to complex and conflicting results. Further complications can
arise because polyphenol compounds are partially ionized in the physiological pH
range and have different hydrophobicities and bioavailabilities due to structural
differences (29, 394). These differences can lead to significant changes in cellular
uptake and can also significantly alter antioxidant mechanisms. For example,
polyphenols with higher pKa values will be more hydrophobic and potentially
cross cell membrane in greater concentrations, but their lower ionization at
physiological pH may also inhibit polyphenol-metal binding. Thus, to advance
mechanistic studies of polyphenol effects, cellular uptake must be established and
compared for a wide variety of polyphenols. To realize the significant promise
of polyphenol antioxidants to prevent or treat a wide range of diseases caused by
oxidative stress, understanding polyphenol antioxidant mechanisms is required to
identify the most effective antioxidants for animal and clinical studies.

8. Conclusions and Future Directions

The large number of experimental methods to test antioxidant activity
and the difficulty in selecting methods that test only a single mechanism
are testaments to the wide range and complexity of potential mechanisms
for polyphenol antioxidant behavior. Many of the reported ROS scavenging
measurements in vitro and in cells are conducted in the presence of metal
ions to induce oxidative stress, making it unclear whether the results of these
measurements reflect the ability of polyphenol antioxidants to directly scavenge
ROS or to bind metals and inhibit ROS formation. In addition, the commonly
accepted belief that ROS scavenging is the primary antioxidant mechanism for
polyphenols has limited research into other possible mechanisms of activity.
In general, when the effective polyphenol concentrations for ROS scavenging,
enzyme regulation, and metal-chelating mechanisms are compared in E. coli
and human cells, polyphenol-metal chelation mechanisms generally result in
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antioxidant activity at low micromolar concentrations (IC50 values of ~1-30
μM), whereas ROS scavenging and enzyme regulation mechanisms typically
have effective concentrations in high micromolar to low millimolar ranges
(IC50 values of ~10-1000 and ~10-10,000 μM, respectively). These effective
concentrations indicate that metal chelation should be examined closely as a
polyphenol antioxidant mechanism in addition to ROS scavenging and enzyme
regulation, although it is likely that most polyphenols are active through different
combinations of all three mechanisms.

Polyphenol research is a popular field due to their potential for improving
human health, and researchers have expended much effort to elucidate polyphenol
antioxidant mechanisms. As is clear from the results of in vitro, E. coli, and
human cell studies, polyphenol antioxidant mechanisms are complex, interrelated,
and often difficult to determine with certainty with many experimental methods.
This complexity results in inconsistencies between in vitro and cellular results
as well as difficulties in comparing results among separate studies. In addition
to cellular effects, determining polyphenol antioxidant activity in humans also
depends on understanding polyphenol intake, absorption, and metabolism;
however, these properties have been examined for only a few of the thousands of
polyphenol compounds (12, 403). Methods to increase polyphenol solubility and
bioavailability, such as addition of water-soluble and pKa-altering substituents,
may enhance tissue uptake and antioxidant efficacy and are currently being
investigated (25, 154, 160).

8.1. Polyphenol Bioavailability and Metabolism

Polyphenols can be present as polymers or in glycosylated forms in food
before ingestion. These hydrophilic glycosylated polyphenols are normally
too large or polar to pass through the small-intestinal membrane and must be
hydrolyzed by intestinal enzymes or colonic microflora before absorption (49,
159). Two possible mechanisms involving two intestinal enzymes can hydrolyze
polyphenols into their more absorbable aglycone forms (Figure 14). The first
enzyme, lactase phloridizin hydrolase (LPH), is present in the brush-border
of small intestine epithelial cells (159). LPH will either hydrolyze lactose
substituents or deglycosylate more hydrophobic substituents on the polyphenol to
increase lipophilicity, and the resulting aglycone polyphenols then pass through
the intestinal membrane by passive diffusion (Figure 15) (378). The second
enzyme, cytosolic β-glucosidase (CBG) is found in a wide variety of tissues,
especially in liver and intestinal epithelial cells, and catalyzes the hydrolysis of
polyphenol glycosides to improve bioavailability (404). Polyphenols that are not
absorbed in the stomach or the small intestine will be carried to the colon (Figure
15). Polyphenols metabolized in the liver and excreted into the bile will also be
excreted into the small intestine and enter the colon. The colon contains ~1012
microflora per cubic centimeter (25, 47, 159), and these microflora catalyze the
breakdown of the polyphenol itself, not only hydrolyzing polyphenol glycosides,
but also degrading polyphenols into phenolic acids. For example, human colonic
microflora degrade procyanidin polymers into phenolic acids that can be absorbed
through the colon (405).
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Figure 14. Polyphenol metabolism using quercetin as an example (159, 404).
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Simple aglycone polyphenols pass through the intestinal membrane but can
still have poor bioavailability due to their low solubility (20 µg/mL in water)
and slow dissolution rates (47, 369). Therefore, polyphenols are modified
by methylation, sulfonation, glucuronidation or a combination of these by
catechol-O-methyltransferase (COMT), UDP-glucuronosyltransferases (UGT),
sulfotransferases (SULT), and other enzymes in the intestine or liver to increase
uptake (Figure 14) (41, 74). Only a small portion of these conjugated polyphenol
metabolites enter the bloodstream; most are excreted into the intestinal lumen
(406).

Figure 15. Possible metabolic pathways for polyphenol compounds in humans.

COMT generally catalyzes methylation of 3′- and 4′-hydroxyl substituents on
the B ring of catechol- or gallol-containing polyphenols, but different polyphenol
structures will determine which hydroxyl groups on the polyphenol ring are
methylated (56, 404). In contrast, cytochrome P450 demethylates flavonols at
the 4′ position and not at the 3′ position, so the specificity of catechol or gallol
methylation is controlled by both COMT methylation and cytochrome P450
demethylation (45, 164). UGT catalyzes polyphenol glucuronidation on 5- and
7-hydroxyl substituents to form glucuronic-acid-conjugated polyphenols in the
intestine, liver, and kidney (407). SULTs comprise a third group of cytosolic
enzymes found in the liver, colon, and other organs that catalyze the sulfate
conjugation of polyphenol compounds, leading to changes in thermal stability
and bioavailability (Figure 14) (403). Although it was suggested that sulfonation
typically occurred at the same conjugation sites as glucuronidation, studies of
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quercetin metabolism have shown that sulfonation occurs on the 3′-hydroxyl
substituent to form quercetin-3′-sulfate (Figure 14) (231). In addition to increasing
antioxidant activity, these conjugation processes reduce potential polyphenol
toxicity by increasing solubility and molecular weight to facilitate excretion in the
urine or bile (159). Further details of polyphenol metabolic processes are being
actively investigated.

Polyphenol metabolites also contribute to polyphenol antioxidant activity
due to their greater bioavailability; in fact, some metabolites have better
antioxidant activity compared to unmetabolized polyphenols (39, 41, 42, 52, 121).
Understanding how dietary polyphenols can prevent or treat human diseases and
determining appropriate polyphenol doses will require accurate measurements of
polyphenol uptake in specific organs and tissues, measurements that may be more
important than determining polyphenol plasma concentrations (241, 408).

8.2. Future Research Directions

Polyphenol compounds have multiple biological effects and hold great
promise for prevention of chronic diseases such as cancer, stroke, and
neurodegenerative and cardiovascular diseases (7–9, 409, 410); however, most
cellular and animal studies have been conducted on short timescales (hours to
days). Additional long-term studies (weeks to months) are needed to determine
polyphenol biological effects relevant to chronic disease development. In addition
to elucidating antioxidant mechansims of polpyhenol antioxidants individually,
antioxidant effects of multiple polpyhenol compounds in combination, such as
in plant extracts or whole foods, must also be investigated. Since polpyhenol
antioxidant mechanisms are highly dependent upon structural differences,
mixtures of polpyhenol compounds may act through multiple mechanisms even
more than single compounds. In fact, several studies examining combined
polyphenol treatment in vitro and in animal studies showed greater antioxidant
effects than single-polyphenol treatment, indicating possible complimentary
effects on polpyhenol activity (151, 345).

Most important to developing a clear understanding of cellular polyphenol
antioxidant activity is the careful selection of experimental methods capable of
distinguishing between distinct antioxidant mechanisms. Many literature reports
present inconsistent interpretations of experimental data, mainly due to a persistent
focus on polyphenols as direct ROS scavengers.ï¿½ Even though ROS scavenging
is certainly one of the major polyphenol antioxidant mechanisms, focusing on
this mechanism to the exclusion of other possible mechanisms, such as enzyme
regulation and metal chelation, slows research progress in this field.ï¿½ Ideally,
studies should independently test several polyphenol antioxidant mechanisms and
take into account differences in polyphenol bioavailability when analyzing and
comparing results.ï¿½ The results of such studies will enable researchers to better
understand polyphenol biological effects, leading to the development of predictive
models for polyphenol antioxidant activity.ï¿½ Such models will help identify the
most effective polyphenol compounds, out of the thousands known, for animal and
human studies of disease prevention and treatment.
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9. Abbreviation List

4CL 4-coumaroyl–CoA ligase
5-LOX 5-lypooxygenase
ABTS 2,2′-azino-bis(3-ethylbenzthiazoline-6-sulphonic acid)
ACAP total oxyradical scavenging capacity
AD Alzheimer’s disease
AP-1 activator protein
BCA bicinchoninic acid
BP bisphenol
BHT butylated hydroxytoluene
CAT catalase
CBG cytosolic β-lucosidase
CHI chalcone isomerase
CHS chalcone synthase
CK creatine kinase
COMT catechol-O-methyltransferase
COX-2 cyclooxygenase-2
CVD cardiovascular disease
Cyt-P450 cytochrome P450
DAHP 2-keto-3-deoxyarabina-heptulosonate-7-phosphate
DEA diethylamine
DPPH 2,2-diphenyl-1-picrylhydrazyl
DTT dithiothreitol
E-4-P erytheose-4-phosphate
EC50 effective concentration at 50% activity
ECG (-)-epicatechin gallate
EDTA ethylenediaminetetraacetic acid
EGCG (-)-epigallolcatechin-3-gallate
EGFR epidermal growth factor receptor
ELISA enzyme-linked immunosorbent assay
Endo IV endonuclease IV
eNOS endothelial nitric oxide synthase
EPR electron paramagnetic resonance
ERK 1/2 extracellular signal-regulated kinases
FRAP ferric reducing ability assay
GC gas chromatography
Glut-1 glucose transporter-1
GPx glutathione peroxidase
GSH glutathione
GSSG oxidized glutathione
GorA glutathione reductase
GrxA glutaredoxin A
ETC electron transport chain
H2O2 hydrogen peroxide
HDL high-density lipoprotein
HIF1-α hypoxia-inducible factor 1-h
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HO-1 haemoxygenase-1
HOONO peroxynitrous acid
HPLC high-performance liquid chromatography
H/R hypoxia-reoxygenation
HUVECs human umbilical vein endothelial cells
IC50 concentration at 50% inhibition
ICAM intercellular adhesion molecule
IL interleukin
iNOS inducible nitric oxide synthase
LDH lactate dehydrogenase
LDL low-density lipoprotein
L-NAME L-NG-nitroarginine methyl ester
LPH lactase phloridizin hydrolase
MA malonaldehyde
MAPK mitogen-activated protein kinase
MCP-1 monocyte chemoattractant protein
MMP matrix metalloproteinase
MPTP 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine
MT metallothionein
NADPH nicotinamide adenine dinucleotide phosphate
Nb neuroglobin
NFAT nuclear factor of activated T-cells
NF-κB nuclear factor-κB
NKCC1 Na+/K+/2Cl- cotransporter
NO• nitric oxide
NOS nitric oxide synthase
NTBI non-transferrin-bound iron
O2•- superoxide radical
•OH hydroxyl radical
6-OHDA 6-hydroxydopamine
8-oxo-dG 8-oxo-7,8-dihydro-2′-deoxyguanosine
ONOO- peroxynitrite anion
P53 tumor protein 53
PI3K phosphatidylinositol 3-kinase
PAL phenylalanine ammonia lyase
PD Parkinson’s disease
PEP phosphoenolpyruvate
PhenO• phenoxy radical
PKC protein kinase C
PPAR peroxisome proliferator-activated receptor
PTK protein tyrosine kinase
PYC Pycnogenol
ROS reactive oxygen species
RNS reactive nitrogen species
SOD superoxide dismutase
STAT-1 signal transducer and activator of transcription
SULT sulfotransferases
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TBA thiobarbituric acid assay
t-BuOOH tert-butylhydroperoxide
TCA tricarboxylic acid
TEAC Trolox-equivalent antioxidant capacity assay
TNF- α tumor necrosis factor- α
TPA 12-O-tetradecanoylphorbol-13-acetate
TPEN N,N,N′,N′-tetrakis(2-pyridyl-methyl)ethylenediamine
TRAMP transgenic adenocarcinoma of the mouse prostate
Trolox 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylic acid
UGT UDP-glucuronosyltransferases
VCAM vascular cell adhesion protein
VEGF vascular endothelial growth factor
XO xanthine oxidase
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Chapter 6

DNA-Protective Mechanisms of Glutathione
Intervention in Catechol-Mediated

Oxidative DNA Damage in the Presence of
Copper(II) Ions

Maria Hepel,* Magdalena Stobiecka, Janet Peachey,
and Jeremiah Miller

Department of Chemistry, State University of New York at Potsdam,
Potsdam, New York 13676

*E-mail: hepelmr@potsdam.edu

Small molecules with well defined antioxidant properties have
been investigated in view of their different behavior in the
presence of copper(II): catechol acting as a pro-oxidant and
causing serious DNA damage and glutathione (GSH) showing
propensity to inhibit the catechol-mediated DNA damage. To
elucidate the mechanisms leading to these different behaviors
of the two antioxidants, we have investigated the melting
characteristics for a calf thymus DNA and base oxidation under
the conditions of catechol/Cu(II) attack. A novel fluorescence
method for DNA melting-onset temperature determination,
with DAPI fluorescent probe, has been applied. The base
oxidation was monitored using pulse voltammetric techniques.
The molecular dynamics and quantum mechanical calculations
were applied to evaluate pathways of ROS generated by
semiquinone and GSH thiyl radicals, interacting with a major
groove in a model DNA, to the C8 site in guanine base
where the main oxidation takes place. The mechanisms of
antioxidant and DNA-protecting behavior of GSH have been
evaluated with emphasis placed on the unique properties of
GSH-Cu(I) complex and low redox potential of the GSH/GSSG
couple that maintains catechol in the reduced state and thus
shuts down the initial step of the Fenton cascade. We have
found that other antioxidants, including N-acetylcysteine and

© 2011 American Chemical Society
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N-(2-mercapto-propionyl)glycine, exhibit DNA-protecting
properties as well, though the protecting efficiency of
GSH appears to be superior to other biomolecules. The
catechol-induced DNA damage in the presence of Cu(II) ions
has been confirmed by gel electrophoresis. The DNA melting
characteristics using DAPI probe are proposed as a convenient
technique for testing DNA damage and the effectiveness of
antioxidants as the damage preventing species. The melting
characteristics can also be utilized for the development of new
drugs controlling the DNA damage caused by oxidative stress
in diseases.

Keywords: glutathione antioxidant; catechol pro-oxidant;
reactive oxygen species; DNA melting determination; DAPI
fluorescent probe; DNA pulse voltammetry; N-acetylcysteine
antioxidant; N-(2-mercapto-propionyl)glycine antioxidant;
catechol pulse voltammetry

Introduction

Oxidative stress is brought upon a biological organism through the
endogenous formation of radical species, e.g. reactive oxygen species (ROS), or
by an external attack of strongly oxidizing agents. The oxidative stress results in
serious damage of DNA, proteins, and lipids (1) and has been implicated in many
common diseases (2), such as diabetes (3, 4), Alzheimer’s (5–7), Parkinson’s
(8–10), cardiovascular (11–14), acute renal failure (15, 16), cancer (17, 18),
Down syndrome (19, 20), and autism (21, 22). The critical role of ROS in many
biological processes including aging, mutation, and carcinogenesis cannot be
overestimated (23, 24). Recently, one particular source of ROS generation has
attracted considerable attention: the pathway in which metal ions, such as Fe3+
or Cu2+, are reduced by an organic reductant, followed by the catalytic formation
of H2O2, O2•-, and HO• in a reaction catalyzed by transition metal ions. We refer
to this pathway as the Fenton cascade. In this chapter, we present results of
investigations of catechol-mediated DNA damage in the presence of Cu(II) ions,
with the main focus on the elucidation of the mechanism of different behaviors
of two antioxidant species, catechol and glutathione. Catechol appears to be
very efficient in acting as a pro-oxidant while GSH maintains its antioxidant role
(25–27) and prevents DNA damage. The high concentration of Cu(II) reported
recently in children with the end-stage renal disease results in prevalent lipid
peroxidation and fatal kidney failure (28). Therefore, developing a therapy with
antioxidants diminishing the ROS generation is of primary importance.

Catechol is a well known cytotoxic, immunotoxic, and genotoxic metabolite
of benzene (29–31), smoked products, and some drugs, for instance aspirin (32).
It occurs naturally in foods (including crude beet sugar, onions, smoked fish).
Despite of the toxicity, catechol has been widely used in industrial synthesis
(33) and in pharmaceutical formulations as a preservative (34). Upon binding
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covalently to proteins and DNA, catechol may induce inhibition of cell replication
or carcinogenesis (33). The oxidation of catechol leads to the formation of
semiquinone radicals, which are able to bind to –SH groups in proteins and to
–NH2 groups in nucleic acids (35), with the macromolecules being inactivated
in the process (36). A correlation of polyphenol antioxidizing efficiency for
preventing DNA damage by binding to iron has been proposed by Brumaghim
et al. (37). The studies of DNA oxidation and strand scission by reduction of
organic compounds in the presence of Fe(III) or Cu(II) (38, 39) have revealed
that the oxidation of nitrogen bases is caused by HO• radicals generated in
Fenton cascade while the strand breakage is due to either ferryl oxocomplex or
Cu(I)-hydroperoxyl complex generated in ROS formation reaction sequences. It
has been found that antioxidant-mediated DNA damage in the presence of Cu(II)
is more extensive than that in the presence of Fe(II) in a classical Fenton process
(38).

The electrochemical reactions of catechol electrooxidation to semiquinone
and quinone, and back reduction to catechol are fast reactions (40). Therefore,
catechol can act either as an antioxidant or as a pro-oxidant. Due to the redox
cycling, it may inactivate or damage macromolecules such as DNA or proteins
(30). Bukowska and Kowalska have found that phenol and catechol may induce
hemolytic changes in human erythrocytes (41).

The catechol moiety is common in many biocompounds (e.g. dopamine,
estrogen, etc.). Some compounds with catechol moiety have been considered for
therapeutic applications (29), for instance, 6-hydroxydopamine has been found to
influence the rat’s nigrostriatal pathway, which is of key importance in Parkinson’s
disease (42). Green tea catechin polyphenols are considered some of the most
potent chemopreventors (43) able to reduce the risk of common cancers, including
colon, gastric, mammary, liver, lung, and skin. Other antioxidant catechol
derivatives, such as 4-methylcatechol and caffeic acid, are carcinogenic (43) and
induce squamous cell carcinoma or adenocarcinoma. The 4-hydroxyestradiols
(4-OHE1(E2)), metabolites of estrogen, can form adducts with DNA, upon
oxidation of their catechol moiety to quinone (44), binding strongly to adenine and
guanine. Dissociation of the adduct leaves apurinic sites in DNA and leads to the
initiation of cancer (44, 45). The catechol estrogen 4-OHE1(E2) is carcinogenic
forming depurinating adducts in human DNA (46). The synthetic estrogen,
hexestrol, also forms depurinating DNA sites due to its catechol moiety (47).
The common neurotransmitter dopamine (4-(2-aminoethyl)benzene-1,2-diol) has
been found to change DNA conformation and generate ROS in the presence of
Cu(II) ions (48) and it may be involved in metal-induced genotoxicity.

GSH is a ubiquitous antioxidant present in all eukaryotic organisms.
However, in the presence of Fe(III), GSH has been found to cause DNA damage
at all nucleotides, with strongest damage inflicted on guanine (49). Therefore,
both antioxidants, GSH and catechol, can induce DNA damage under certain
conditions. Catechol has been found to decrease the level of GSH in erythrocytes
by 73 %, most likely due to the ROS generation (41).

In this study, we present results of investigations of pro-oxidant properties
of catechol in the presence of Cu2+ ions and its participation in the oxidative
DNA damage. An elevated concentration of Cu(II) (> 20 µM) has recently been
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found in acute kidney failure in children (28) and associated with the increased
ROS generation. We show the utility of a novel fluorescent probe method with a
DAPI probe and pulse voltammetry to evaluate catechol-induced DNA damage.
The mechanistic considerations of the different behaviors of the antioxidants,
catechol and GSH, in the presence of Cu(II) ions, have been presented. The gel
electrophoresis has also been applied to corroborate the DNA damage observed
in fluorescence measurements. We propose to utilize the characterization of
DNA melting with DAPI fluorescent probe as a convenient tool to investigate
DNA damage and to develop new drugs that can intervene in the ROS generation
process in case of critical diseases, such as the children’s acute renal failure and
others.

2. Experimental
2.1. Chemicals

Catechol was purchased from Fisher Scientific Company (Pittsburgh,
PA, U.S.A.). Reduced L-glutathione (GSH), deoxyribonucleic acid from
calf thymus, sodium salt (ctDNA) as lyophilized powder and fluorescent dye
4′,6-diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from
Sigma-Aldrich Chemical Company (St. Louis, MO, U.S.A.). The dsDNA stock
solution (1 mg/mL) was prepared at least 24 h before measurements. TRIS-HCl
buffer (0.02 M, pH 7.5) or acetate buffer (0.1 M pH 5.0) were used in fluorimetric
or pulse voltammetric measurements, respectively. Solutions were prepared using
Millipore (Billerica, MA, U.S.A.) Milli-Q deionized water (conductivity σ = 55
nS/cm).

2.2. Fluorimetric Measurements

The fluorimetric measurements were recorded using LS55 Spectrometer
(Perkin Elmer, Waltham, MA, U.S.A.) equipped with 20 kW Xenon light source
operating in 8 μs pulsing mode. Pulse width at half height was less than 10 μs.
Separate monochromators for the incident beam and the detector beam enabled
to use monochromatic radiation with wavelengths from 200 nm to 800 nm with
1 nm resolution. The dual detector system consisted of a photomultiplier tube
(PMT) and an avalanche photodiode. Both the excitation and emission slit widths
were set to 5.0 nm. Measurements were performed in TRIS-HCl buffer (0.02 M,
pH 7.5).

2.3. Electrochemical Measurements

The differential-pulse voltammetric (DPV) measurements were performed
with a Bipotentiostat CHI1232B with a three-electrode configuration from CH
Instruments (Austin, TX, U.S.A.). Potentials were measured versus the Ag/AgCl
reference electrode, obtained from Bioanalytical Systems (BAS) (West Lafayette,
U.S.A.) Ag/AgCl wire was placed in the glass tube filed with 3 M NaCl and the
tube was closed with vycor plug which protect the Ag/AgCl wire from the direct
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contact with the sample solution. A Pt wire was used as the counter electrode. The
glassy carbon electrode (GCE) with an area of 7.1 mm2, obtained from Elchema
(Potsdam, NY, U.S.A.) was used as working electrode. All DPV measurements
were performed in 0.1 M acetate buffer blank solution, pH 5.0. The surface
of GCE electrode was polished with 0.05 µm alumina slurry (Coating Service
Department, Indianapolis, U.S.A.) on a flat pad and rinsed repeatedly with water
to remove any alumina residue. The potential was scanned from 0 V to 1.3 V,
with pulse amplitude of 50 mV, pulse width of 70 ms and pulse period of 0.5 s.
Subsequent measurements were carried out by polishing the surface of GCE and
repeating the assay.

2.4. Preparation of Damaged DNA Samples

The solutions of double stranded ctDNA with added catechol, copper(II)
ions and different concentrations of glutathione were incubated for 16 h to
obtain damaged DNA. In DPV measurements, a layer of double-stranded
ctDNA–modified electrodes were prepared by covering the freshly polished
GCE surface with a 6 µL drop of a ctDNA solution and allowing it to dry.
Next, the measurements were performed in 0.1 M acetate buffer. In fluorimetric
measurements, the solution of fluorescence dye probe DAPI at the given
concentration was added to the solution of damaged DNA and measurements
were carried out. In experiments where DNA damage was performed at 37 °C
temperature, the solutions were incubated for 1 hour at the proper temperature
and then the DAPI dye was added.

2.5. Chemicals for Bacteria Transformation and Growth and for Gel
Electrophoresis

The pGLO Bacterial Transformation Kit containing E. coli HB101 K–12,
lyophilized; Ampicillin, lyophilized, 30 mg; L (+) Arabinose, lyophilized,
600 mg; Transformation solution (50 mM CaCl2, pH 6.1) and Quantum Prep
Plasmid Miniprep Kit containing: Cell resuspension solution , cell lysis solution,
neutralization solution, Quantum Prep Matrix and Wash buffer were obtained
from Bio-Rad (Hercules, CA, U.S.A.). Difco™ LB Agar, Lennox, was obtained
from Becton, Dickinson and Company (Sparks, MD, USA). Seakem® Le agarose
for gel electrophoresis was obtained from BioWhittaker Molecular Applications
(BMA) (Rockland, ME, U.S.A.). TRIS ultra-pure buffer was purchased from MP
Biomedicals, LLC (Solon, Ohio, U.S.A.). Boric Acid was obtained from Shelton
Scientific, (Shelton, CT, U.S.A.). 1 L of TBE buffer solution (10x) consisted of
121 g TRIS, 55 g boric acid, 7.4 g EDTA and pH was adjuced by HCl to pH = 8.3.

2.6. Agarose Gel Electrophoresis

The agarose gel electrophoresis was performed on 1% agarose using Mini-
Gel Horizontal Electrophoresis System (VWR, U.S.A). The electrophoresis buffer
tray was filled with a 1x TBE buffer solution and the gels were stained with 1%
ethidium bromide (1.5 µL). Samples were loaded in 10 µL increments with 2 µL of
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6x loading buffer consisting of 5.0 mL glycerol, 25 mg bromophenol blue (BPB)
and 4.5 mL distilled H2O. The gels were then run at 140 V using a power supply,
model 500 AccuPower (VWR, U.S.A).

2.7. Molecular Dynamics Simulation and QuantumMechanical Calculations

Quantum mechanical calculations of electronic structures for model DNA
molecules, catechol, GSH, and their derivatives, as well as the products of
interactions between them were performed using modified Hartree-Fock methods
with 6-31G* basis set and pseudopotentials, semi-empirical PM3 method, and
density functional theory (DFT) with B3LYP functional (50, 51). The molecular
dynamics simulations and quantum mechanical calculations were carried out
using procedures embedded in Wavefunction (Irvine, CA, U.S.A.) Spartan 6. The
electron density and local density of states are expressed in atomic units, where 1
au = 0.52916 Å and 1 au-3 = 6.7491 Å-3.

3. Results and Discussion

3.1. Detection of DNA Damage by Monitoring DNA Melting Characteristics

Several types of DNA damage, induced by ROS and other agents, are
presented in Scheme 1, including: (1) modifications of DNA bases (adduct
formation, base oxidation, base alkylation, base hydrolysis), (2) single and
double-strand breaks in the phosphate-deoxyribose DNA backbone, (3) base
loss (apurinic sites), (4) damage to the deoxyribose sugar, (5) DNA-protein
cross-linkage.

In the case of catechol-mediated DNA damage in the presence of copper ions,
the ROS generation results in the oxidation of nitrogen bases and strand scission.
The most reactive ROS, causing the oxidation of nucleobases, is the hydroxyl
radical HO•, generated in the reaction sequence of the Fenton cascade (1)-(4),
defined as follows:
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Scheme 1. Different kinds of DNA damage caused by oxidative stress, toxicants
and alkylating agents.

The oxidation of guanine by HO• occurs at the C8 position, yielding an
oxidation product 8-oxoguanine. The interaction of HO• with adenine results in
the formation of 8 or 4-,5- hydroxyadenine. The less reactive ROS, including
O2•- and H2O2, at their physiological levels and in the absence of Cu(II) or
Fe(II), do not inflict any damage to DNA but can serve as a source of other
reactive compounds and radicals (24). The breakage of DNA strands may occur
by a deoxyribose scission in a DNA reaction with copper(I) peroxyl complex
Cu(I)OOH (52) which forms together with other ROS in the presence of Cu(I).
In this study, the assessment of DNA damage was performed using fluorescence
spectroscopy with a dye-probe DAPI and electrochemical relaxation technique,
differential pulse-voltammetric method.

In fluorescence experiments, the measurements of emission of a DAPIdye
following the interactions of catechol with ctDNA at different temperatures were
carried out to determine the melting-onset temperature (Tmo) as the DNA damage
indicator (Figures 1-7). The DAPI probe is a fluorescent dye used in cytochemistry
as a stain for binding to dsDNA (53–55). The probe binds to DNA specifically at
the AT base-pairs in the minor groove without significant perturbation of DNA
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structure and the complex is stabilized by hydrogen bonding and Van der Waals
interactions. DAPI interacts also with DNA by intercalation, mainly into the space
between two GC base-pairs or between AT and GC base-pairs (56–61). In Figure
1, the fluorescence spectra of a DAPI dye recorded after interactions with DNA
and the melting profile for an undamaged ctDNA are presented.

Figure 1. (A) Fluorescence emission spectra of a DAPI-probe interacting with a
ctDNA at different temperatures, and (B) dependence of IFL (λem,max = 450 nm) on

temperature; CctDNA = 1.7 µM bp; CDAPI = 167 nM; λex = 340 nm.
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We have found that the dsDNA/DAPI fluorescence versus temperature
profiles are very characteristic and provide clear interception of two linear
temperature dependences below and above the DNA melting-onset. The heating
of DNA solutions with DAPI results in a fluorescence to decrease due to the local
DNA dehybridization. The melting-onset temperature Tmo determined for ctDNA
with DAPI-probe was 76.9 °C (Figure 1B). This value is very close to Tm = 75.5
°C, probed by Duguid and coworkers (62) by differential scanning calorimetry
(DSC) for 160 bp ctDNA. We have then performed similar melting-profile
measurements for ctDNA in the presence of different agents. We have found that
catechol or copper ions alone, do not cause any oxidative DNA damage since the
values of Tmo obtained for ctDNA in 100 µM catechol solution and for ctDNA in
33.3 µM copper(II) solution were very close to the values of Tmo of an undamaged
DNA, and they were equal to 78.2 and 77.7 °C, for solutions of catechol and
copper(II), respectively. In the presence of 33.3 µM Cu(II), a 100 µM catechol
caused a considerable lowering of Tmo, with ΔTmo = 28.1 to 50.1 °C (Figure 2)
which clearly indicates on a DNA damage.

In the presence of molecular oxygen and heavy metal ions, it is known that
catechol can cause DNA strand breaks by scission of the deoxyribose-phosphate
backbone (29). Our pulse voltammetric experiments confirm that guanine
oxidation to 8-oxo-guanine is also taking place while the gel electrophoresis
indicates strand cuts in plasmid DNA due to strand scission through the breakage
of deoxyribose (vide infra). These results are consistent with other studies (39,
63, 64).

Figure 2. Dependence of DAPI-probe fluorescence on temperature after
interactions of ctDNA with: (1) catechol and (2) catechol and Cu2+ ions;

TRIS-HCl buffer (20 mM, pH = 7.5); CctDNA = 1.7 µM bp; CDAPI = 167 nM; CCat
= 100 µM; CCuSO4= 33.3 µM; tinc = 16 h.
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In Figure 3, the effect of catechol-mediated DNA damage in the presence of
33 µM Cu(II) ions on DNA melting characteristics is illustrated. It is seen that
with the increasing concentration of catechol, CCat, a more extensive DNA damage
is generated which is reflected on the lowering of DNA melting temperature.
The relationship between Tmo and CCat was modeled using Boltzmann function
(Figure 3B).

Figure 3. (A) Dependence of DAPI-probe fluorescence on temperature after
interactions of ctDNA with Cu2+ ions and different concentrations of catechol, in
TRIS-HCl buffer (20 mM, pH = 7.5); CctDNA = 1.7 µM bp; CDAPI = 167 nM; CCat
[µM]: (1) 0, (2) 8.33, (3) 16.67, (4) 33.3; CCuSO4= 33.3 µM; tinc = 1 h, 37 °C; (B)

dependence of Tmo vs. CCat using data of Figures 2 and 3A.
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3.2. Protective Role of GSH and Related Compounds in
Catechol/Cu2+-Mediated DNA Damage

The experiments with DNA protection by antioxidants have been carried out
to gain new insights into themechanism ofDNAdamage and prevention. In Figure
4, the melting characteristics for a ctDNA in 20 mM TRIS-HCl buffer solution,
pH = 7.5, in the presence of catechol and Cu(II), and different concentrations of
GSH are presented. In each of the melting profiles recorded in the presence of
DAPI, we have observed a transition which reflects denaturation of the duplex
into its component single stranded DNA. After addition of 100 µM GSH, we have
observed an increase of Tmo from Tmo = 50.2 °C in the absence of GSH to Tmo =
67.2 °C in its presence. Clearly, the addition of GSH has sharply reduced the DNA
damage by radicals.

Figure 4. Effect of GSH on temperature dependence of DAPI-probe fluorescence
recorded after interaction of ctDNA with catechol and Cu2+ ions, in TRIS-HCl
buffer (20 mM, pH = 7.5), CGSH [µM]: (1) 20, (2) 33.3, (3) 50, (4) 100. CctDNA
= 1.7 µM bp; CDAPI = 167 nM; CCuSO4= 33.3 µM; CCat = 100 µM; tinc = 1 h,

37 °C; λex = 340 nm; λem = 450 nm.
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Similar experiments have been performed using N-acetylcysteine which is
a GSH precursor and is an excellent dietary supplement (65) to replenish GSH
that has been used in fighting oxidative stress, for instance in the case of dialysis
patients. The ctDNA melting characteristics in the presence of damage-inducing
catechol and Cu(II), and N-acetylcysteine are presented in Figure 5. It is seen
that with increasing concentration of N-acetylcysteine, less DNA damage is
observed. Therefore, N-acetylcysteine itself, similar to GSH, shows inhibiting
properties for Fenton cascade reactions generating DNA-damaging ROS as well.
N-acetylcysteine is produced endogenously and is found in foods. It converts to
cysteine by hydrolysis and also delivers GSH by deacetylation. N-acetylcysteine
has a sulfhydryl group and is capable of scavenging free radicals (66). Recently,
the Rogan group has found that N-acetylcysteine and another antioxidant,
resveratrol, block the formation of cancer-initiating estrogen-DNA adducts in
cells (45, 67).

Figure 5. Effect of GSH precursor, N-acetylcysteine (NAC) on temperature
dependence of DAPI-probe fluorescence recorded after interaction of ctDNA with
catechol and Cu2+ ions, in TRIS-HCl buffer (20 mM, pH = 7.5), CNAC [mM]: (1)
0.2, (2) 1, (3) 2, (4) 3, (5) 4. CctDNA = 1.7 µM bp; CDAPI = 167 nM; CCat = 100

µM; CCuSO4= 33.3 µM; tinc = 1 h, 37 °C; λex = 340 nm; λem = 450 nm.

To compare the antioxidant concentrations required for an effective
prevention of catechol-mediated DNA damage in the presence of Cu(II), we have
plotted the dependencies of Tmo vs C for GSH and N-acetylcysteine in Figure
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6. It is apparent that GSH is far more effective in protecting ctDNA against
catechol-induced oxidative damage since the GSH concentration required for 50%
DNA protection is ca. 100 µM while that for N-acetylcysteine is ca. 2.2 mM.

These critical concentrations have been determined graphically from the plot
of Tmo vs. C obtained for antioxidants, GSH and N-acetylcysteine, presented
in Figure 6. The 50% protection level has been calculated using the equation:
Tmo,50 = Tmo - ½(Tmo - Tmo,100), where Tmo is the melting-onset temperature for
an undamaged DNA and Tmo,100 is the DNA melting-onset temperature for a
maximum DNA damage (100%) under the given experimental conditions.

Figure 6. Antioxidant concentration dependence of ctDNA melting-onset
temperature for ctDNA subjected to damaging concentration of catechol and
Cu(II), for: (1) GSH, (2) N-acetylcysteine. TRIS-HCl buffer (20 mM, pH = 7.5).
CctDNA = 1.7 µM bp; CDAPI = 167 nM; CCat = 100 µM; CCuSO4= 33.3 µM; tinc = 1
h, 37 °C; the Tmo level: Tmo = 78.2 °C, has been determined from Figure 2, curve
1, and it is higher than that observed for ctDNA in absence of catechol (Tmo =
76.9 °C, Figure 1) because of the stabilizing interactions of ctDNA with catechol

(in absence of Cu(II)) in the former case.

Among other antioxidants expected to act similar to GSH, we have also
tested N-(2-mercapto-propionyl)glycine (MPGly), a thiol related to GSH. The
temperature dependence of DAPI-probe fluorescence, recorded after interaction
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of ctDNA with catechol and Cu2+ ions, is presented in Figure 7. MPGly is a
condensation product of the reaction of thiolactic acid with glycine and is capable
of scavenging free radicals generated in the intracellular space (68). MPGly has
cardioprotective properties, likely due to prevention of free radicals.

Figure 7. Effect of N-(2-mercapto-propionyl)glycine (MPGly) on temperature
dependence of DAPI-probe fluorescence recorded after interaction of ctDNA with
catechol and Cu2+ ions, in TRIS-HCl buffer (20 mM, pH = 7.5), CMPGly [mM]:
(1) 2, (2) 4. CctDNA = 1.7 µM bp; CDAPI = 167 nM; CCat = 100 µM CCuSO4= 33.3

µM; tinc = 1 h, 37°C.

3.3. Detection of DNA Damage Using Voltammetric Monitoring

In order to verify if the base oxidation is occurring in the catechol-mediated
DNA damage processes in presence of Cu(II), the electrochemical voltammetric
measurements have been performed. In Figure 8A, the differential pulse
voltammogram for a double-stranded ctDNA in acetate buffer is presented. The
curve shows two anodic peaks corresponding to the oxidation of guanosine
(E = 0.88 V, vs. Ag/AgCl) and adenosine (E = 1.11 V) residues in the DNA
backbone. The oxidation peak of catechol deposited on GCE surface appears on
the voltammetric curve at E = 0.166 V (Figure 8B). The interactions of catechol
with DNA and copper(II) ions cause the oxidation peak of catechol to decrease
and the peak potential to shift toward more positive potential, E = 0.227 V,
with the separation of peaks ΔE = 61 mV. In cyclic voltammetric measurements
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(data not shown), the anodic peak of catechol also shifts toward more positive
potentials, from E = 0.23 V to 0.273 V, following the interactions with DNA. It
indicates on the increased stability of the reduced form of catechol, most likely
due to the adduct formation with ctDNA. Similar results were obtained by Wang
and coworkers (69) who have detected a DNA damage done by hydroquinone and
catechol using an electrochemical DNA biosensor. We have observed additional
changes in DPV after incubation of ctDNA with catechol and copper(II). A new
peak appeared at E = 0.41 V (Figure 8C). Among the four nucleobases in DNA
chain, the guanine is the most easily oxidized base. The oxidation of guanine, both
in electrochemical processing and in reaction with HO• radicals in vivo, leads to
the formation of 8-oxoguanine (oxoGua) (70–72). The electrochemical oxidation
of guanine proceeds with the exchange of two electrons and a voltammetric peak
is observed at Epa,5 = 0.88 V (reaction 5):

The oxoGua is oxidizable at a potential Epa,6 = 0.41 V (reaction (6)), lower by
0.47 V than that for the guanine base itself, consistent with earlier studies (70, 71):

and the final oxidation products include guanidinohydantoin and
spiroiminodihydantoin (72) and deoxyribosylurea (73):
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Figure 8. Differential pulse voltammograms (DPV) for: (A) calf thymus DNA
(ctDNA), (B) catechol, (C) ctDNA damaged by catechol-mediated oxidation in
the presence of Cu2+ ions: (1) without GSH and (2) incubated with GSH; CctDNA
= 9.9 µM bp; CCat = 100 µM; CCuSO4= 33.3 µM; CGSH = 33.3 µM; incubation
time tinc = 16 h; amplitude: 50 mV, pulse width: 70 ms, pulse period 0.5 s;

medium: acetate buffer (0.1 M, pH 5). Cat - catechol, oxoGua - oxoguanine, G -
guanine, A - adenine.
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Because in an undamagedDNA there is no oxoGua, therefore the new oxoGua
peak observed in DPV in Figure 8C must be due to the oxoGua formed during the
oxidative DNA damage. It indicates that catechol and copper(II) induce oxidative
damage to DNA. The amplitude of the oxoGua peak decreased after the addition
of increased concentrations of GSH to the solution containing copper(II), catechol
and ctDNA (Figures 9 and 8C). These results demonstrate that it is possible to
detect and quantify the effect of GSH antioxidant action and protection of DNA in
simple experiments.

Figure 9. Dependence of DPV peak current for oxoGua oxidation on GSH
concentration CGSH, recorded in acetate buffer (0.1 M, pH = 5); CctDNA = 9.9
µM bp; CCat = 100 µM; CCuSO4= 33.3 µM; tinc = 16 h; amplitude 50 mV, pulse

width 70 ms, pulse period 0.5 s.
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3.4. Molecular Dynamics Simulation of the Interaction of Catecholic Species
with Major Groove Nucleobases

The results of our fluorescence measurements indicate that the DNA melting
temperature increases upon the addition of catechol to a DNA solution in absence
of Cu(II) ions. This clearly demonstrates the ability of catechol to interact with
DNA. While the nature of this interaction is not known, its impact on the DNA
damage in the presence of Cu(II) may be of primary importance since it may
determine the distance the ROS generated at a catechol site needs to travel to
the DNA sites prone to oxidative damage. In view of the short lifetime of HO•

radicals, which are the main DNA-damaging ROS, this distance is critical to
the DNA damage efficiency. To explore further the nature of the interactions
of catechol and semiquinone radical with DNA and to calculate the distance
between a ROS-generating site and a DNA site to be oxidized, we have performed
molecular dynamics and quantum mechanical calculations of the electronic
structures of DNA adducts with catechol and GSH, and also with catechol
semiquinone radical and GSH thiyl radical.

Catechol, and the more reactive semiquinone radical, can interact with DNA
from both the minor groove and from the major groove side. In Figure 10, the
molecular dynamics (MD) simulations of the formation of a hydrogen bond
between semiquinone radical and guanine of the major groove GC base-pair, is
illustrated. The electronic structures were obtained by quantum mechanical (QM)
calculations using Spartan 6 software. The hydrogen bond shown here with the
dashed line originates from a OH group of semiquinone and binds to nitrogen N7
of guanine. The distance from the ROS-generating C-O• group in semiquinone
radical center (SQRC) to C8 atom of guanine in the GC nucleobases in the
major groove in DNA is dC8(G)-SQRC = 0.27 nm. This distance can be compared
with that from the S• group in a GS• thiyl radical center (GSRC) to the major
groove, presented in Figure 11, which is dC8(G)-GSRC = 1.31 nm. Because of
the round path for the HO• diffusion, we can assume dC8(G)-GSRC = 1.31*(π/2) =
2.1 nm. Much smaller distance between nucleobases and the ROS-generating
center for semiquinone radical than the respective distance for GS• radical has
a consequence in a much greater DNA damage by catechol-generated ROS
since there is a greater chance of survival for ROS formed in direct vicinity of
nucleobases. The short-lived HO• radicals are implicated here in the oxidation of
nucleobases where guanine is oxidized to oxoGua.
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Figure 10. Electronic structure of semiquinone radical interacting with the
major-groove GC nucleobase-pair, showing the stabilizing hydrogen bond and
indicating the short distance between the ROS-generating radical center and
C8 atom of guanine undergoing oxidation to 8-oxoguanine; (A) structure, (B)
electron density surface for ρ = 0.08 au-3, mapped with electrostatic potential

(color-coded, from low - red, to high - blue).
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Figure 11. Electronic structure of glutathione thiyl radical interacting with
the major-groove GC nucleobase-pair, showing the stabilizing hydrogen bond
and indicating the distance between the ROS-generating radical center and
C8 atom of guanine undergoing oxidation to 8-oxoguanine; (A) structure,
(B) electron density surface for ρ = 0.08 au-3, mapped with electrostatic

potential(color-coded, from low - red, to high - blue).
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3.5. Control Experiments with Gel Electrophoresis

The catechol-induced ROS generation in the presence of Cu(II) and the
resulting DNA damage can be demonstrated readily in control experiments with
agarose gel electrophoresis. For this purpose, we have used a model plasmid
DNA.

Figure 12. (A) pGLO plasmid DNA visualized under UV light. (B) Agarose gel
electrophoretic patterns of plasmid pGLO DNA after interactions with Cu(II)
ions and catechol; lane 1: control DNA (plasmid only); (lanes 2-5) plasmid with
0.83 mM Cu(II) and varying concentration of catechol, CCat [mM]: (2) 0.83, (3)
2.083, (4) 4.17, (5) 8.33; SC - undamaged DNA (supercoiled), OC - nicked DNA

(open circular); electrophoresis voltage: 140 V; TBE buffer.

A pGLO plasmid was first inserted into the Escherichia Coli bacteria, HB101
K-12 strain, and bacteria were grown on a plate containing sugar arabinose and
an antibiotic ampicillin, both included in the agar nutrient. Figure 12A shows a
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growing colony of the transformed E. Coli cells. After extraction and purification,
the pGLO plasmid was treated with catechol and Cu(II) and products of the DNA
damage by ROS were analyzed using gel electrophoresis (Figure 12B). In the
agarose-gel image, the original pGLO plasmid is represented by the fast moving
band of a supercoiled DNA form (Figure 12B, band SC). The DNA damage was
assessed by measuring the conversion of supercoiled pGLO-plasmid DNA to open
circular (OC) form. After incubation of the plasmid with Cu(II) (830 µM) and
different concentrations of catechol, the intensity of the supercoiled plasmid band
decreased and a new slow moving band of open circular (nicked) DNA form
has appeared in the gel image (Figure 12, band OC). The intensity of this band
increases with increasing concentration of catechol (not shown), consistent with
our measurements of DNA-melting temperature changes. Further increase of the
catechol concentration resulted in OC DNA cuts into smaller fast-migrating DNA
pieces that disappear quickly from the field of view during the electrophoresis
experiment. This is evidenced in Figure 12, lanes 3-4, where the intensity of
the OC band decreases with increasing CCat. At high CCat/CCu(II) ratio (lane 5),
the intensity of the OC band increases due to the anti-oxidant effect of catechol
molecules that are not associated with Cu(II) ions. No damage of DNA was
observed in the presence of copper ions and catechol alone (data not shown).

In summary, the gel electrophoresis experiments confirm the DNA damaging
power of catechol-induced ROS, generated in the presence of Cu(II) ions, which
we have also observed in fluorescence measurements by monitoring DNAmelting
characteristics.

3.6. Mechanism of GSH Protection against DNA Damage

The oxidation of catechol under physiological pH condition leads to
formation of semiquinone radicals and quinone (29). In the oxidation of catechol
by molecular oxygen in the presence of heavy metal ions, one electron is
transferred from catechol to oxygen leading to the formation of a superoxide
(O2•-). In the presence of heavy metal ions and catechol, the superoxide is reduced
to hydrogen peroxide (H2O2) and hydroxyl radicals (HO•). In the absence of
catalysis by heavy metal ions, catechol itself can generate H2O2 but not O2- and
HO•. According to Baretto et al. (29), the DNA strand breaks are caused by the
reaction of catechol with Cu2+ ions yielding Cu+ ions and semiquinone radicals.
In the following reaction, catalyzed by copper, molecular oxygen is reduced to
form O2•- and H2O2. The DNA strand breaks are induced by a DNA-copper
peroxyl complex [DNA-Cu(I)OOH] (63, 74), releasing hydroxyl radicals in the
vicinity of the DNA (Figure 13).
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Figure 13. Mechanism of catechol-mediated oxidative DNA damage in the
presence of Cu2+ ions: (1) strand breaks caused by Cu(I)-hydroperoxyl complex,

(2) guanine oxidation by HO• radical, (3) no damage by H2O2 and O2•-.

The DNA damage caused by catechol in the presence of Cu(II) can be
largely prevented by adding GSH to a DNA solution, as shown in Figure 4.
Evidently, GSH breaks the reaction sequence leading to the DNA damage. The
plausible explanation is that GSH forms complexes with Cu+ (log β‘122 = 38.8 for
[Cu+(HL2-)2]3- (75) where H3L stands for the neutral glutathione) and prevents the
catalytic formation of ROS (76), thereby protecting the DNA against the oxidative
damage. However, one can argue that complexing of GSH with Cu2+ is equally
important since it decreases the redox potential of the couple Cu(II)/Cu(I) (26),
though the complexation of Cu(II) is short-lasting when the ratio of GSH/Cu(II)
is 3:1 or higher (77) and leads to the formation of a Cu(I)-GSH complex through
the reactions:
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where GSH- symbol indicates the charge in neutral solutions, pH = 7, and shows
explicitly the hydrogen bound to the SH group (pKa values for GSH are: pK1 = 2.04
(glutamate –COOH), pK2 = 3.4 (glycine –COOH), pK3 = 8.72 (–SH group), pK4 =
9.49 (–NH2 group) ). Only by adding more strongly complexing Hg2+ cations, the
reduction of Cu(II) by GSH can be prevented (78). Similar mechanism has been
recently proposed by Brumaghim for metal-mediated DNA damage studied by gel
electrophoresis (76, 79), although the role of Cu2+ complexation by GSH was not
considered.

By comparing the two antioxidants, catechol and GSH, we have found that
there is a large difference in the distance between dC8(G)-SQRC and dC8(G)-GSRC
for semiquinone radical and glutathione thiyl radical interacting with DNA (0.27
and 2.1 nm, respectively). Because of the short lifetime of HO• radicals (τ1/2 =
4.5×10-9 s (80)), this translates to much lower chance of survival for HO• radicals
generated at GS• radical center to reach the guanine C8 atom where the primary
oxidative damage (to oxoguanine) is taking place. Therefore, the transport of ROS
from semiquinone ismore efficient than that fromGS• thiyl radical. However, even
at the distance of 2.1 nm, part of ROS formed at GS• is still active and therefore
the complexation effects of GSH to Cu(I) and Cu(II) must play an important part
in the elucidation of antioxidant properties of catechol and GSH. This is supported
by the following considerations. The mean free path dOH for HO• diffusion can be
estimated from the diffusion coefficient of HO• radicals: DOH = 2.3×10-5 cm2 s-1
(81) and τ1/2 as follows:

Since the HO• flux Φ is inversely proportional to distance:

whereCOH is the concentration of HO• at the source and Δx is the characteristic
diffusion distance. Hence, the ratio of HO• fluxes from SQRC and from GCRC to
the C8 guanine atom is:

Therefore, approximately an order of magnitude higher HO• flux is expected
from the semiquinone than from GS• thiyl radicals attached to DNA via hydrogen
bonds, provided that the rates of HO• generation are equal. A mild GSH-mediated
DNA damagewas observed in the presence of Cu(II) ions but not in the presence of
Fe(III) ions (38). The HO• flux from the GS• radical site is further diminished due
to the inhibition of catalytic action of Cu(I) ions through the complex formation
with GSH.

Further insights into the different behavior of catechol and GSH can be gained
by comparing the oxidizing power of GSH and catechol. The redox potential of
GSSG/GSH couple is given by:
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where the relative standard potential at pH = 7 is (82) (83):

n = 2, R is the gas constant, T is the absolute temperature, and the Nernstian
slope 2.302RT/F = 0.05916 V at 25 °C. The redox potential for GSSG/GSH couple
is lower than the redox potential of oBQ/Cat given by:

with n = 2 and the relative standard potential equal to (40):

Therefore, the antioxidant power of GSH is much stronger than that of
catechol. Despite this, GSH is unable to reduce enough Cu(II) ions and drive
the Fenton cascade efficiently. According to Brumaghim (79, 84), sulfur and
selenium compounds could inhibit copper(II)-mediated oxidative damage through
Cu+ coordination. However, if only Cu(I) coordination took place, then the redox
potential of the couple Cu(II)/Cu(I) would increase considerably threatening
oxidation of guanine even without ROS. This is not likely to happen because
Cu2+ is also complexed by GSH. The complex CuII(SG)2 is short-lived and is
reduced to a complex in which copper ions are effectively present as Cu(I) ions.
This complex is coordinatively saturated and appears to have very low activity
toward ROS generation, especially at high concentration ratio of GSH:Cu(II).
Hence, the first intervention of GSH is to down regulate kinetics of the ROS
generation process. The implications of this mechanism are inordinate: the
complexing power of GSH and the unique properties of the reduced copper
complex Cu(I)-GSH dominate over its reducing power making it incapable of
generating ROS by the Fenton-cascade, in contrast to the pro-oxidant activity
of catechol which also forms complexes with copper ions but their stability
constants (log β‘112 = 13.6 for [Cu+(H2L)], log β‘122 = 24.9 for [Cu+(H2L)2], where
log β‘2 = 22.25 for H2L representing catechol (85)) are lower than those for GSH
complexes. Thus, GSH can inhibit catechol-mediated ROS generation. On the
other hand, the lower redox potential of GSH keeps catechol in the reduced state
which breaks the Fenton cascade at the very first step.

201

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



We have to emphasize that the strong antioxidant properties of GSH
expressed by its low redox potential are one of the most important features of
GSH action in preventing catechol-mediated DNA damage in the presence of
Cu(II) ions. The intervention of GSH results in breaking the Fenton cascade in
the first reaction of the cascade where Cu(II) is reduced to Cu(I) by catechol. Here
GSH prevents catechol from undergoing oxidation to semiquinone radical to drive
Cu(II) reduction to Cu(I) which stops the following reactions of ROS generation.

4. Conclusions

We have demonstrated that the antioxidant catechol causes considerable
oxidative DNA damage in the presence of Cu(II) ions. We have presented a
new evidence that GSH and the GSH-precursor, N-acetylcysteine, can largely
prevent the catechol-mediated DNA damage by employing a novel experimental
approach, in which the DNA damage was assessed by measuring changes in
the DNA melting-onset temperature, determined by fluorescence measurements
with a dye-probe DAPI. The independent confirmation of DNA oxidation was
obtained by a voltammetric relaxation method (DPV) and a gel electrophoresis.
These techniques enable detecting and quantifying DNA damage. They can
be used in assessing the antioxidant properties of compounds for therapeutic
treatments of oxidative stress. We have demonstrated that other antioxidants,
including N-acetylcysteine and N-(2-mercapto-propionyl)glycine, also exhibit
DNA-protecting properties. However, the protecting efficiency of GSH appears to
be far superior since the critical antioxidant concentrations required to prevent 50%
of the DNAdamage by a solution of 100 µM catechol + 33.3MCu(II) were 0.1, 2.2
and 2.0 mM, for GSH, N-acetylcysteine and N-(2-mercapto-propionyl)glycine,
respectively. The interactions of catechol semiquinone radical and glutathione
thiyl radical with DNA have been investigated using molecular dynamics and
quantum mechanical calculations, revealing more favorable transport conditions
for the damaging HO• diffusion to nucleobases from semiquinone radical centers
than from GS• thiyl radical centers. In addition to the differences in HO• transport,
favoring more extensive damage to DNA by catechol in the presence of Cu(II),
there are two other major factors in different behavior of catechol and GSH: (i)
the formation and unique properties of the reduced copper complex with GSH
and (ii) the redox potential of GSH, lower than that of catechol, which keeps
catechol in its reduced state and breaks the Fenton cascade (1)-(4) that produces
the DNA-damaging ROS.
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List of Abbreviations

A - adenine,
AT - adenine-thymine Watson-Crick base-pairs,
Cat - catechol,
ctDNA - deoxyribonucleic acid from calf thymus,
DAPI - fluorescent dye 4′,6-diamidino-2-phenylindole dihydrochloride,
[DNA-Cu(I)-OOH] - DNA-copper-hydroperoxyl complex;
DPV - differential-pulse voltammetry,
DSC - differential scanning calorimetry,
G - guanine,
GC - guanine–cytosine Watson-Crick base-pairs,
GCE - glassy carbon electrode,
GSH - reduced L-glutathione,
GS• - glutathione thiyl radical,
GSRC - GS• thiyl radical center,
GSSG - glutathione disulfide (oxidized GSH),
MPGly - N-(2-mercapto-propionyl)glycine,
NAC - N-acetylcysteine,
oBQ - 1,2-benzoquinone,
oxoGua - 8-oxo-7-hydroguanine (8-oxoguanine),
ROS - reactive oxygen species,
SQR - semiquinone radical,
SQRC - semiquinone radical center,
Tm0 - melting-onset temperature.

Highlights

• The antioxidant catechol causes radical-induced DNA damage in the
presence of Cu(II).

• Other antioxidants, glutathione, N-acetylcysteine, and N-(2-mercapto-
propionyl)glycine, prevent catechol-mediated DNA damage.

• Highest efficiency in DNA-damage prevention is shown by glutathione.
• A novel technique of DNA melting characterization using fluorescent probe

DAPI has been developed for assessment of DNA damage.
• The new DNA melting characterization technique can be utilized for the

development of new anti-Fenton DNA-protecting drugs.
• The mechanisms leading to different behavior of catechol and GSH

derivatives in the interactions with DNA in the presence of Cu(II) have been
elucidated.
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Chapter 7

Antioxidant Effectiveness in Preventing
Paraquat-Mediated Oxidative DNA Damage in

the Presence of H2O2

Magdalena Stobiecka, Amanda Prance, Kaitlin Coopersmith,
and Maria Hepel*

Department of Chemistry, State University of New York at Potsdam,
Potsdam, NY 136756

*E-mail: hepelmr@potsdam.edu

Many biological processes, including aging, mutagenesis,
and carcinogenesis, are induced by DNA damage inflicted
under oxidative stress conditions. Surprisingly, many organic
antioxidants that can neutralize free radicals and reactive
oxygen species (ROS), can also act under certain conditions
as pro-oxidants and be a source of DNA-damaging ROS. One
such compound, paraquat (PQ), which is a commonly used
herbicide, has been found to generate ROS and cause serious
DNA damage, including base oxidation and strand breaks.
In this work, we have investigated the extent of PQ-induced
DNA damage occurring in the presence of H2O2 which by itself
in absence of any catalysts does not damage the DNA. The
DNA damage was assessed using the electrochemical biosensor
method with immobilized-DNA sensing film electrodes.
The DNA damage was also evaluated using DNA-melting
charateristics recorded using a novel DAPI fluorescent probe
able to interact with the DNA double helix. Theses techniques
have also been applied in measurements of DNA-protective
abilities of antioxidants: melatonin and L-carnitine. These
compounds are able to penetrate the brain barrier and thus are
important for treatment of oxidative stress in brain which is
inaccessible to other antioxidants. The oxidative stress causes
devastation in brain in diseases, such as the Down syndrome
and autism, and is also affecting dialysis patients and others.

© 2011 American Chemical Society
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We have found that both melatonin and L-carnitine are able
to attenuate the PQ-mediated DNA damage. The results of
this investigation indicate that the DNA-protecting efficiency
of melatonin is higher than that of L-carnitine with critical
concentrations of these antioxidants equal to 30 µM and 250
µM, respectively, for a solution of 100 µM PQ + 167 µM H2O2.

Keywords: Paraquat; Oxidative DNA damage; Melatonin
antioxidant; Reactive oxygen species (ROS); DNA melting
determination; DAPI fluorescent probe; L-carnitine antioxidant;
Nile Blue redox probe

Introduction

Oxidative damage to DNA double-helix plays a critical part in many
biological processes, such as aging, mutagenesis, and carcinogenesis (1, 2). A
range of pesticides and herbicides can cause a DNA damage (3, 4). In this work,
we have investigated the extent of DNA damage done by herbicide paraquat
(PQ) in the presence of H2O2 using electrochemical biosensor method and
fluorescence techniques. The assessment of DNA-protection against PQ-mediated
DNA damage has been performed utilizing antioxidants melatonin (5), (6) and
L-carnitine (7–10). These antioxidants represent a group of few compounds able
to penetrate the brain barrier and thus offering unique property which can be
exploited for fighting the oxidative stress in brain tissue. This is important in
diseases such as the Down syndrome, autism, and others. The level of oxidative
DNA damage in brain is at least 10-fold higher than in nuclear DNA (11, 12).

Paraquat (methyl viologen) is a widely utilized, ubiquitous herbicide
which is nonselective and can cause fatal intoxication in humans and animals
(13). It is a toxin known to target the dopaminergic neurons and could induce
neurodegenerative diseases (14–16). Paraquat causes extensive damage to lungs,
kidneys, brain, and liver and ulceration of the digestive tract (6, 17). Paraquat is a
well-known environmental risk factor for Parkinson’s disease (18, 19). Its action
is associated with the low redox potentials of paraquat couples: PQ2+/PQ•+ and
PQ•+/PQ0 (or using methyl viologen nomenclature: MV2+/MV•+ and MV•+/MV0).
Therefore, PQ can react readily with molecular oxygen as an electron donor
and form a paraquat radical. This radical is also formed by the interaction of
PQ with the mixed-function system of microsomes in the presence of NADPH.
The superoxide anions (O2-) are formed in this process under aerobic conditions
(20, 21). The investigations clearly indicate that paraquat inflicts damage to
calf thymus DNA when incubated with mice brain, lung homogenate and liver
microsomes. The DNA damage can be diminished by adding scavengers of •OH
radicals which are formed during PQ-mediated DNA-damage and are the main
cause of damage.

The reactive oxygen species at high concentrations are toxic for living
cells, damaging all major cellular constituents but under the conditions of low,
physiologically-relevant concentrations, they can also regulate basic biochemical
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mechanisms linked to vital cellular functionalities (22). Paraquat has been found
to initiate the formation of reactive oxygen species (ROS), such as HO•, H2O2,
O2•-, and to induce the DNA damage. Yamamoto and Mohanan have shown
that the incubation of brain or lung homogenates with PQ and calf thymus
DNA for 90 min, leads to a PQ-mediated DNA damage that progressed in a
concentration-dependent manner (21). Paraquat can induce dopaminergic cell
death and inflict damage to dopaminergic neurons in the nigrostriatum. The latter
is related to oxidative stress caused by excessive ROS production (23–25). Ross
et al. have reported that mouse lymphoblasts in a culture showed an increased
loss of colony-forming ability after an exposure to PQ. This has been attributed
to the DNA damage occurring via single strand breaks. It was explored using
the alkaline elution technique (26). Ali and coworkers in their investigations
have indicated that the PQ-generated ROS, under aerobic conditions in vitro,
caused oxidation of guanine to 8-oxoguanine and led to a modification of the
Bam H1 restriction site on pBR322 DNA (17). Tokunaga et al. have reported that
paraquat increased markedly the 8-hydroxy-deoxyguanosine contents in various
organs, particularly in brain, lung and heart, showing a clear involvement of PQ
in oxidative DNA damage (27). In general, guanine of GC base-pairs in DNA
is the most prone to oxidation among all nitrogen bases (3, 28, 29). In reported
cases of PQ-induced acute renal failure, the administration of antioxidants
α-tocoferol, dimethylthiourea or deferoxamine, has been advised (20). Chagas et
al. have studied the penetration of paraquat through the leaf cuticule. It has been
found that PQ quickly decreases the leaf photosynthetic activity by destroying
membranes within hours. Necrotic lesions are formed on the leaf surface in the
advanced stages of phototoxicity (30).

The protective action of melatonin against oxidative DNA damage has
been studied by Sliwinski et al. (31). Melatonin possesses oncostatic and
anti-cancer properties and is one the few compounds that can cross the brain
barrier and extend its protective ability in the brain. The mechanism underlying
the anti-cancer properties involves several processes, including inhibition of the
uptake of fatty-acid growth–factor by the tumor tissue, inhibition of telomerase
activity in tumors and a reduction of endothelin-1 synthesis in cancer cells.
According to Melchiori et al. (5), melatonin reduces PQ-induced genotoxicity in
mice. Since the DNA damage and repair play the key parts in cancer cell growth
and proliferation, the anticancer properties of melatonin are so important. Several
types of mutations are involved in cell transformation that arise fromDNA damage
by ROS and cause base modifications. Melatonin interacts with H2O2 producing
its direct metabolite N1-acetyl-N2-formyl-5-methoxykynuramine (AFMK) which
is also active and shows antioxidant properties. Up to a concentration of at
least 1000 µM, melatonin does not induce DNA damage in human lymphocytes.
Melatonin and AFMK have been found to decrease significantly the tail in
comet essay of DNA damaged by ROS in cells exposed to H2O2 at all tested
concentrations. Melatonin and AFMK exhibit strong antioxidant properties
(31). The results of melatonin investigations indicate that melatonin increases
considerably the kinetics of DNA repair, diminishing H2O2-induced DNA damage
to the level of control cell after 10 min, while cells incubated in the absence of
melatonin required 120 min to complete the repair of their DNA. It has been
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shown that melatonin inactivates hydrogen peroxide and that this effect could be,
at least in a significant part, responsible for its protective action. Therefore, the
beneficial effect of melatonin on DNA damage may have at least two aspects: (i)
preventing its induction and (ii) repairing it. It has been shown that the former
is achieved by a chemical inactivation of hydrogen peroxide whereas the latter
aspect needs further studies.

Ross and Krieger have found that spermine is the most potent inhibitor of
PQ uptake in rat lung slides. This finding is in agreement with the reported
high potency of α,ω-diaminoalkanes with nitrogen atoms separated by four or
seven carbons. The structural requirements for a compound to effectively occupy
or block this receptor are: (1) two or more positively charged nitrogens; (2)
maximum of the positive charge surrounding the nitrogens; (3) an apolar group
increasing the compound solubility; and (4) minimal steric hindrance near the
nitrogen atoms (32). While melatonin conforms to some of the conditions listed
above, it lacks flexibility and for this reason may not function in the same way as
the α,ω-diaminoalkanes do.

L-carnitine, a mitochondrial carrier of fatty acids, has been found to inhibit
lipid peroxidation (7, 8, 33), propionic acid induced DNA-damage in propionic
acidemia (8), acrylamide-induced DNA damage (34). inhibit accumulation of
age-related oxidative DNA damage (12), and protect mammalian cells against
chromosome aberration (10). According to Berni et al. (9), L-carnitine enhances
the rate and extent of the DNA repair. Cells treated with L-carnitine have shown a
reduction of all types of chromosomal aberrations caused by oxidative stress. It has
been reported that L-carnitine protects myocardium against ischemia (35), heart
failure (36), and myocardial infarction (37). L-carnitine has also a neuroprotective
role in the brain (38). Several groups have suggested that L-carnitine protects
cells by scavenging radicals (39) and increasing the rate of single-strand break
repair (40, 41). At very high concentration (50 mM), L-carnitine reverses its
action, synergistically increasing the PQ-toxicity and increasing the depletion of
intracellular glutathione.

In this work, we have investigated the extent of DNA damage induced by
paraquat in the presence of H2O2 using the electrochemical biosensor intercalation
method (42–44) with a redox probe Nile Blue (NB) and a fluorescence quenching
method. The DNA damage was assessed from the DNA melting characteristics
and the NB-probe intercalation capacity which we have developed recently for
the evaluation of atrazine effect on DNA conformation (43). These methods
were also used for the assessment of the DNA-protection propensity of melatonin
and L-carnitine. The differences in effectiveness of DNA protection by these
two antioxidants have been determined and the mechanism of action has been
elucidated.

2. Materials and Methods

2.1. Chemicals

Methyl viologen (paraquat, PQ), melatonin, deoxyribonucleic acid
from calf thymus, sodium salt (ctDNA), mercaptopropionic acid (MPA),
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N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC), redox active dye
Nile Blue A (NB), Trizma hydrochloride (TRIS-HCl) and fluorescent dye
4′,6-Diamidino-2-phenylindole dihydrochloride (DAPI) were purchased from
Sigma-Aldrich Chemical Company (St. Louis, MO, U.S.A.). L(-)-Carnitine
was obtained from Acros Organics (New Jersey, U.S.A.). Sodium phosphate
monobasic dehydrate, sodium chloride, potassium chloride and sodium phosphate
dibasic were obtained from Fisher Scientific Company (Pittsburgh, PA, U.S.A.).
The dsDNA stock solution (1 mg/mL) was prepared at least 24 h before
measurements. The short synthetic oligonucleotides were purchased from
Eurofins MWG/Operon (Huntsville, AL, U.S.A.). The cyclic voltammetry
measurements were performed in the phosphate buffer saline solution (PBS),
which consists of 0.15 M NaCl, 2 mM KCl, and 0.02 M phosphate buffer pH
= 7.4. In fluorimetric measurements TRIS-HCl buffer (0.02 M, pH 7.5) was
used. Solutions were prepared using Millipore (Billerica, MA, U.S.A.) Milli-Q
deionized water (conductivity σ = 55 nS/cm).

2.2. Preparation of DNA Biosensors on the Gold Electrodes

10 mM mercaptopropionic acid (MPA) was immobilized onto clean gold
electrode for 1 h. After washing in water and PBS buffer, the oligonucleotide
probe ((5′⇒3′) NH2C6H12-ATTCGACAGGGATAGTTCGA) was attached
via amide bonds to self assembly monolayer of MPA. Fresh prepared
N-(3-Dimethylaminopropyl)-N′-ethylcarbodiimide (EDC) solution was added
to 0.02 M PBS buffer for activation of carboxyl group and then NH2-modified
oligonucleotide solution (100 µM) was injected for 1h. The final concentration
of NH2-oligonucleotides and EDC were 1 µM and 0.1 M, respectively. The
hybridization process was performed by injecting complementary oligonucleotide
(100 µM solution, (5′⇒3′) TCGAACTATCCCTGTCGAAT) to PBS for 1h. Final
concentration of the complementary oligonucleotides was 1µM. Such prepared
biosensor was rinsed with 0.02 M PBS buffer and used for testing DNA damage
by paraquat (PQ).

2.3. Electrochemical Measurements

For cyclic voltammetric measurements the standard electrochemical setup
- Potentiostat/Galvanostat Model PS-205B with a three-electrode configuration
from Elchema (Potsdam, NY, U.S.A.) with a Data Logger and Control System,
Model DAQ-716v, operating under Voltscan 5.0 data acquisition and processing
software was employed. The double-junction saturated Ag/AgCl electrode
was used as the reference electrode and Pt wire as the counter electrode. The
gold electrodes (Au) with an area of 1 mm2, obtained from Elchema (Potsdam,
NY, U.S.A.) were used as working electrode. All cyclic voltammetry (CV)
measurements were performed in 0.02 M PBS buffer, pH 7.4 with the potential
window from 0 V to -0.6V, and a scan rate 100 mV/s. The surfaces of AuE
electrodes were first polished with wet 0.3 and 0.05 µm alumina slurry (Coating
Service Department, Indianapolis, U.S.A.) on a flat pad and rinsed repeatedly
with water to remove any alumina residue. The polished electrodes were then
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cleaned electrochemically in the 1M KOH and 0.1 M H2SO4 solution. The
solutions were deoxygenated by purging with argon for 15 min, and the potential
was cycled between -400 and -1800 mV or between 0 and 1500 mV (versus a
Ag/AgCl reference electrode) with a scan rate of 100 mV s-1 until the cyclic
voltammograms showed no further change, respectively for NaOH and H2SO4
solution.

2.4. Fluorimetric Measurements

The fluorimetric measurements were recorded using LS55 Spectrometer
(Perkin Elmer, Waltham, MA, U.S.A.) equipped with 20 kW Xenon light source
operating in 8 µs pulsing mode. Pulse width at half height was less than 10 µs.
Separate monochromators for the incident beam and the detector beam enabled
to use monochromatic radiation with wavelengths from 200 nm to 800 nm with
1 nm resolution. The dual detector system consisted of a photomultiplier tube
(PMT) and an avalanche photodiode. Both the excitation and emission slit widths
were set to 5.0 nm and scan speed 500 nm/min. Measurements were performed
in TRIS-HCl buffer (0.02 M, pH 7.5).

2.5. Molecular Dynamic Simulations and QuantumMechanical Calculations

Quantum mechanical calculations of electronic structures for an interaction
between a model DNA molecule, paraquat (PQ), melatonin (Mel) antioxidant
and hydrogen peroxide were performed using modified Hartree-Fock methods
with 6-31G* basis set and pseudopotentials, semi-empirical PM3 method,
and density functional theory (DFT) with B3LYP functional. The molecular
dynamics simulations and quantum mechanical calculations were carried out
using procedures embedded in Wavefunction (Irvine, CA, U.S.A.) Spartan 6. The
electron density and local density of states are expressed in atomic units, au-3,
where 1 au = 0.52916 Å and 1 au-3 = 6.7491 Å-3.

3. Results and Discussion
3.1. Detection of DNA Damage Using Electrochemical Biosensors

The investigation of the DNA damage caused by paraquat was performed
using DNA hybridization sensing with electrochemical transduction (42–44) and
fluorimetric measurements.

Figure 1 shows the formulas of analytes and probes used in the experiments,
including: fluorescent probe 4′,6-diamidino-2-phenylindole (DAPI), melatonin
(Mel), paraquat (PQ, methyl viologen), L-carnitine, and redox probe Nile Blue
(NB). The redox active dye Nile Blue (NB) was used in cyclic voltammetric and
fluorimetric measurements. The fluorescence dye 4′,6 diamidino-2-phenylindole
(DAPI) was used for checking the melting-onset temperature (Tmo) of ctDNA
before and after the damage induced by herbicide paraquat (PQ) in the presence
of H2O2. The melatonin (Mel) and L-carnitine antioxidants were used to prevent
the DNA damaged.
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Figure 1. The analytes and probes used in experiments: a)
4′,6-diamidino-2-phenylindole (DAPI), (b) Melatonin (Mel), (c) Paraquat (PQ,

methyl viologen), (d) L-carnitine, (e) Nile Blue (NB).

In Figure 2, the scheme of a DNA biosensor film immobilized on a Au
electrode is presented. First, the carboxylic groups of mercaptopropionic acid
(MPA), that formed a self-assembled monolayer (SAM) on a gold electrode
were activated by 1-ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride
(EDC) solution to enable the immobilization of NH2-modified oligonucleotides.
Next, the hybridization with complementary oligonucleotides was performed.
The DNA biosensor was then used for testing of interactions of DNA with
paraquat (PQ) using a redox dye NB as the probe intercalator and marker of DNA
damage.
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Figure 2. Scheme of the modification of the gold electrode.

The cyclic voltammograms were recorded in the 0.02 M PBS buffer, pH = 7.4
after soaking the biosensors in a 100 µM NB solution for 10 min. The cathodic
peak currents (Ipc) of the reduction process of NB intercalated into DNA were
utilized as a measure of the NB uptake by a film. The DNA damage by PQ was
evaluated by immersing the biosensor in a 100 µM of herbicide solution for 10,
35, 55 or 80 min. and then once again incubating in NB solution and checking in
PBS buffer. The changes in the redox peak current of the intercalator probe NB
before and after interactions of DNA with herbicide were quantified and indicated
the damage of DNA. In Figure 3 and Figure 4, curve 1 depicts the current value of
biosensor before interactions with redox electroactive NB marker (Ib).

After soaking the biosensor for 10 min in 100 µM NB solution, well defined
cathodic peak appeared in PBS buffer (Ipc0). It indicates on the intercalation of
NB into DNA duplex (Figures 3 and 4, curve 2). After interaction of DNA with
PQ the IpcPQ of a NB intercalated to DNA was diminished (Figures 3 and 4, curve
3). After once again soaking of the biosensor for 10 min in 100 µM NB solution,
the change of the redox current of NB dye (curve 4) in comparison to that before
the interaction with herbicide (curve 2) was observed. The DNA damage φ was
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measured as the relative current increase in the NB uptake after interaction of DNA
with herbicide:

where Ipc,0 and Ipc,PQ are the cathodic peak currents for the reduction of NB
intercalated in dsDNA helix on electrode before and after interactions of DNA
with PQ, respectively; Ib0 and Ib1 are the background currents. During the first
60 min, the cathodic current of NB intercalated to dsDNA after interactions with
PQ increased about 9.8 - 19.6 % in comparison with current of NB intercalated
into undamaged DNA. It indicates on the expanding structure of DNA due to
interactions of herbicide with a dsDNA helix leading to the increase of uptake of
Nile Blue molecules between base pairs and the increase of redox signal of NB in
comparison to a undamaged dsDNA was observed. Similar results were obtained
after interaction of herbicide atrazine with DNA (4). The uptake of NB in DNA
after interactions with Atz for 40 min was φ = 44 %. The damage of DNA by
atrazine caused unwinding of double strands of the helix and an increase of the
NB uptake.

Figure 3. Linear potential scan voltammetry for a QC/Au/MPA-dsDNA20bp
electrode in 0.02 M PBS (1), pH=7.4, after subsequent treatments: (2) 10 min
soaking in NB solution (100 µM); (3) after 35 min soaking in PQ solution (100
µM); (4) after soaking in PQ and 10 min soaking in NB solution (100 µM);

scan rate v = 100 mV/s.
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Figure 4. Linear potential scan voltammetry for a QC/Au/MPA-dsDNA20bp
electrode in 0.02 M PBS (1), pH=7.4, after subsequent treatments: (2) 10 min
soaking in NB solution (100 µM); (3) after 80 min soaking in PQ solution (100
µM); (4) after soaking in PQ and 10 min soaking in NB solution (100 µM);

scan rate v = 100 mV/s.

It is known, that PQ reversibly binds to DNA by ionic interactions with
negatively charged phosphate residues of DNA and can also intercalate into
DNA duplex. Minchin (45) has shown that paraquat binds to calf thymus
DNA stabilizing the double helix and competitively inhibited ethidium bromide
binding to DNA. Plausible explanation of the paraquat action is based on
DNA conformational changes that involve lengthening and unwinding of
DNA molecules. Such conformational transitions are also observed for other
intercalators and are consistent with DNA behavior in interactions with herbicide
atrazine (4, 42).

After 60 min of interactions of the oligonucleotides with PQ, the decrease of
current of the NB intercalated to DNA was observed. It indicates on damage of
DNA evoked by strand breaks andDNA fragmentation. PQ caused first unwinding
of the dsDNA helix and then cleaving, therefore less of NB could intercalate into a
DNAduplex and the cathodic current signal was decreased about 32.1% (Figure 5).
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Figure 5. Dependence of NB current after DNA damage on time of interactions
of oligonucleotides with PQ.

3.2. Detection of DNA Damage Using Fluorimetric Measurements

To confirm results obtained for the oligonucleotides immobilized on gold
electrodes, separate experiments with ctDNA in 20 mM phosphate buffer, pH
7.4 were performed. The fluorimetric method was used for evaluation of DNA
damage by PQ. In Figure 6, the emission spectra of a fluorescence dye NB
centered at λ = 672 nm are presented before and after intercalation of the dye into
the undamaged and damaged DNA duplex. NB dye become fluorescence inactive
after the intercalation into the dsDNA and fluorescence signal for NB decreased
from I = 737 to I = 647 a.u., respectively (Figure 6, curve 1 and curve 2).

Also, a stronger quenching of fluorescence signal of NBwas observed after the
interaction of dsDNAwith PQ for 1 and 60 min than with a more rigid undamaged
DNA double helix structure (Figure 6, curves 3 and 4). It indicates that more
NB was intercalated into DNA helix. The increase in the intercalation capacity
for DNA to fluorescence dye is clearly associated with damaging interaction of
herbicide with the nucleic acid. The PQ intercalation caused underwinding of
dsDNA and lengthening of DNA molecule through the increase of the inter-base
spacing in the base stacks leading to the increased uptake of NB probe. Hence, the
fluorescently active NB molecules were deactivated due to the higher capacity of
damaged DNA for NB molecules. Minchin (45) also reported that intercalation of
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PQ caused lengthening of the DNAmolecule and competitive inhibition of binding
to DNA for another intercalator dye ethidium bromide.

The fluorescence spectrum recorded after 195min of interactions ofDNAwith
PQ shows opposite dependence, an increase of emission signal of NB (Figure 6,
curve 5). This result was caused by DNA damage. Due to the unwinding of double
stranded DNA, single strand breaking and DNA cleaving, the NB dye is released
from DNA helix and becomes fluorescence active. The intensity signal of the dye
in the solution after long time of interaction of the DNA with PQ increased from I
= 566 to I = 687 a.u. The data obtained in fluorimetric measurements are consistent
with findings obtained in cyclic voltammetric measurements.

Figure 6. Fluorescence emission spectra for: (1) NB alone, (2) NB intercalated
to ctDNA before interactions of DNA with PQ and (3-5) same as (2) but after
interactions of DNA with PQ, interaction time: (3) tinc = 1 min; (4) tinc = 60
min; (5) tinc = 195 min; phosphate buffer (0.02 M, pH 7.4), CNB =1 µM, CctDNA

=1.45 µM bp, CPQ =100 µM.

3.3. Detection of DNA Damage by Measuring Changes in DNA
Melting-Onset Temperature Using DAPI Fluorescent Dye

The melting-onset temperature (Tmo) of the ctDNA duplex was assessed
during the fluorescence measurements and was used as a DNA damage indicator
(Figures 7-9). The investigations were carried out using fluorescence dye 4′,6
diamidino-2-phenylindole (DAPI) which binds with DNA in the minor groove
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mainly with AT base-pairs and intercalates at GC or mixed AT and GC DNA
sequences. DAPI shows enhancement of the emission signal centered at λ = 450
nm after interactions with double stranded DNA (46–51). Figure 7 shows the
melting curves obtained after heating of a 166.7 nM DAPI dye with 2.023 µM bp
ctDNA solution before and after damage done by PQ alone or PQ in the presence
of H2O2 (curve 1, 2 and 3, respectively). The melting-onset temperature for
undamaged DNA was determined from the melting curve as 77.6 °C. Exposure
of DNA to 100 µM paraquat resulted in a slightly decreased Tmo indicating that
under these conditions rather insignificant DNA damage occurred. The DNA
damage was enhanced after the addition of 166.7 µM H2O2 to 100 µM PQ
solution and 2.023 µM bp ctDNA and therefore, a bigger shift (Tmo = 71.1 °C)
towards the lower temperature was detected. The hydrogen peroxide can cause
base alterations, modification, and strands break (22).

Figure 7. Dependence of DAPI-probe fluorescence on temperature after
interactions of ctDNA alone (1), with paraquat (2) and paraquat + H2O2 (3), in
TRIS-HCl buffer (20 mM, pH = 7.5); CctDNA = 2.023 µM bp; CDAPI = 166.7 nM;

CPQ = 100 µM; CH2O2= 166.7 µM; tinc = 1 h in 37 °C.

Figure 8 depicts the dependence of DAPI fluorescence signal on temperature
after interactions of DNA with 166.7 µM H2O2 and different concentration of
paraquat. Surprisingly, it appears that the highest concentration of PQ used in this
experiment did not cause the largest Tmo decrease. It is most likely due to the ability
of the herbicide to reversibly cross-link DNA molecules and stabilize the helix,
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similar to the effect observed for polyamines. It is known, that the endogenous
amines, such as putrescine and spermidine, after binding with phosphate groups of
the nucleic acid, enhance the Tmo of DNA. The similarity between these molecules
is related to the spatial separation of the nitrogen group on each molecule (32),
(45). In putrescine, spermidine and spermine, two of the nitrogen moieties are
separated by a four-methylene group bridge, a distance of approx. 6.6 Å. The
pyridyl nitrogens in the paraquat molecule are approx. 7 Å apart (45).

Figure 8. Dependence of DAPI-probe fluorescence on temperature after
interactions of 2.023 µM bp ctDNA with different concentrations of the paraquat
and 166.7 µM H2O2 . CPQ [µM]: (1) 50 (2) 100, (3) 500 in TRIS-HCl buffer (20
mM, pH = 7.5); CctDNA = 2.023 µM bp; CDAPI = 166.7 nM; tinc = 1 h in 37 °C.

Most likely, what we observe here are two kinds of actions of the PQ.
Firstly, PQ causes a DNA damage by underwinding, followed by DNA cleaving.
Secondly, PQ is cross-linking DNA molecules. The highest concentration of PQ
caused the most DNA damage associated with underwinding and strand breaking,
leading to the lowest intensity of DAPI fluorescence emission. The DAPI
molecules do not match precisely the damaged DNA, therefore, the fluorescence
signal of the dye is lower in comparison to that for the undamaged double helix.
On the other hand, high concentration of PQ molecules caused the stabilization of
DNA helix and increase of Tmo.
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3.4. Effect of Melatonin and L-Carnitine Antioxidants on PQ-Induced DNA
Damage

Antioxidative effects of melatonin and L-carnitine were examined by
measuring the inhibition of DNA damage correlated with the decrease of
the melting-onset temperature Tmo of ctDNA. The comparison of Tmo vs. C
characteristics for melatonin (curve 1) and L-carnitine (curve 2) on PQ-mediated
DNA damage is shown in Figure 9. DNA was subjected to the damage induced
by 100 µM PQ in the presence of 166.7 µM H2O2. The inset in Figure 9
presents the temperature dependence of DAPI fluorescence emission for several
concentrations of melatonin.

Figure 9. Dependence of Tmo vs. concentrations of antioxidants: (1) melatonin
and (2) L-carnitine, INSET: Effect of melatonin on temperature dependence of
DAPI-probe fluorescence recorded after interaction of ctDNA with paraquat and
H2O2 in TRIS-HCl buffer (20 mM, pH = 7.5), CMel [µM]: (1) 0, (2) 3.3, (3) 6.67,
(4) 33.3, (5) 166.7, (6) 333.3; CctDNA = 2.023 µM bp; CDAPI = 166.7 nM; CPQ

= 100 µM, CH2O2 = 166.7 µM; ; tinc = 1 h in 37 °C.

With increasing concentration of melatonin, CMel, a shift of Tmo towards
Tmo,*, characteristic for an undamaged ctDNA, was observed. The value of the
melting-onset temperature of ctDNA in the presence of L-carnitine antioxidant
also shifted upwards from 71.1 °C to 76.6 °C. The relationship of melting-onset
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temperature (Tm) vs. concentration of melatonin and L-carnitine was modeled
using Boltzman function. It is seen that the addition of melatonin enhanced
the protection of DNA against damage in the lower range of concentration than
L-carnitine. 30 µM concentration of melatonin caused an increase of Tmo and
prevented damage that would otherwise be induced by PQ. The protection by
L-carnitine was also observed but at a higher concentration of 250 µM at which
the value of Tmo measured was 76.6 °C. The results obtained above indicate that
the addition of melatonin and L-carnitine has reduced and even prevented DNA
damage by radicals.

3.5. Molecular Dynamics Simulation of the Interaction of PQ with dsDNA

To evaluate the intercalation process of PQ into DNA duplex, molecular
dynamics simulations and quantum mechanical calculation of electronic structure
have been carried out. The interaction of herbicide with model double-stranded
DNA consisting of 11 nucleic base pairs is presented in Figure 10.

The molecular dynamics of the intercalation of PQ was initiated by placing 3
PQ molecules between bases in the model of DNA molecule used for simulation.
It is seen, that the interbase distance between bases and the DNA torsion dynamic
change after interaction of DNA with PQ. This modeling provided clear evidence
of conformational alterations in the DNA structure caused by the intercalation
process. Clearly, paraquat causes unwinding of the DNA until the denaturation of
double stranded helix to single stranded DNA occurs. These results of molecular
dynamics simulation corroborate earlier conclusions of the substantially increased
interbase distance and longitudinal duplex expansion due to the intercalation
of PQ and are consistent with our results obtained from cyclic voltammetric
and fluorimetric measurements. Similar data were obtained by our group after
interactions of DNA with another herbicide, atrazine (Atz) (4). After longer time
of DNA interaction with PQ, the DNA cleaving is observed.

In Figure 11, the results of quantum mechanical calculations for PQ, Mel and
H2O2 are presented. We have found that melatonin forms hydrogen bonds with
H2O2 but not with PQ. In absorbance measurements, we have not observed any
strong interactions of Mel with PQ that would cause significant changes in the
absorbance spectra obtained for experimental and theoretical data. It confirms
that the prevention of DNA damage induced by PQ in the presence of H2O2 was
caused by interactions of melatonin with hydrogen peroxide. We have found that
melatonin forms with H2O2 strong hydrogen bonds and one melatonin molecule
is able to bind directly up to 6 H2O2 molecules. Thus the experimental value of
the critical H2O2/melatonin concentration ratio for the effective DNA-protection:
rexp = 167/30 ≈ 5.5 is close to the number of H2O2 molecules directly bound
to melatonin. Other H2O2 molecules can form a tight network of H-bonded
molecules making melatonin a highly effective antioxidant that inactivates H2O2.
The critical ratio of H2O2/melatonin is in perfect agreement with the results of
quantum mechanical calculations (rtheor = 6).
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Figure 10. Molecular dynamics simulation of the interaction of paraquat (PQ)
with double-stranded ctDNA (dsDNA).

3.6. Mechanism of PQ-Mediated ROS Generation in the Presence of H1O2

Yamamoto and Mohanan have reported (21) that the incubation of brain or
lung tissue with PQ and ctDNA results in a PQ-mediated DNA damage. We have
obtained similar results for a PQ-mediated ctDNAdamage in the presence of H2O2,
with DNAdamage increasingwith the PQ concentration (Figure 8). The difference
between a biological system (in vivo and in vitro) and our model system is the
presence of enzymes and redox-active biomolecules (like NADH, GSH, cysteine,
redox proteins, etc.) that can reduce PQ to a radical form which then induces
promptly the ROS formation and leads to significant DNA damage. Much less
DNA damage is observed in model experiments where only PQ and DNA are
present. Hence, usually, metal ions (like Fe(II), Cu(II)) are employed in a catalytic
PQ-mediated ROS generation. In this work, we have utilized H2O2 instead.

Since PQ is introduced to the solution in the oxidized state (as a methyl
viologen, MV2+), it does not generate a HO• radical in a direct reaction with H2O2.
As shown below, the formation of a superoxide O2•- radical and the paraquat
radical MV•+ in a reaction of paraquat with hydrogen peroxide is the critical step
in the ROS generation. Once the paraquat radical MV•+ is formed, it can interact
with H2O2 in a Fenton-like process to produce a HO• radical:
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The formation of a hydroxyl radical HO•, the most powerful ROS, is the key
element in the ROS generation. Once HO• radicals have formed and reachedDNA,
they can quickly react with nitrogen bases and deoxyribose leaving oxidized bases
and strand breaks (Dahm-Daphi et al. (52)).

Figure 11. Electronic structures of: (a) melatonin + 3H2O2 system and (b)
melatonin + 2H2O2 + paraquat system, calculated using quantum mechanical
DFT method; electron density surfaces for ρ = 0.08, with electrostatic potential
mapping (color coded, from negative potential - blue, to positive potential - red).
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4. Conclusions
The DNA damage caused by paraquat in the presence of H2O2 has been

investigated. It follows from our experiments and literature data that PQ alone can
cause some DNA damage (e.g. Figures 7 and 8). Hydrogen peroxide is ubiquitous
in biological systems and under physiological conditions, at low concentration,
does not cause any considerable damage to DNA. However, in the presence of PQ,
the H2O2 generates ROS and induces a significant DNA damage. This is clearly
seen in Figure 7 where the DNA melting data are compared in the absence of
PQ, in the presence of PQ alone, and in the presence of PQ + H2O2. The reaction
mechanism involved in the ROS generation, including the formation of a highly
reactive HO• radical, has been elucidated. We have demonstrated using two
methods, electrochemical biosensor method and fluorescence-probe DNA-melting
method, that the DNA damage caused by paraquat in the presence of H2O2 is
extensive but can be controlled with antioxidants melatonin and L-carnitine.
These antioxidants are able to cross the brain barrier, so they can also function in
the brain which is important for treatment of such diseases as the Down syndrome,
autism, end-stage renal failure, and others where considerable oxidative stress is
involved. We have found that the the DNA-protecting efficiency of melatonin is
higher than that of L-carnitine. The critical concentrations of these antioxidants
are equal to 30 µM and 250 µM, respectively, for a DNA-damaging medium
consisting of a 100 µM PQ + 167 µM H2O2 used in this study. The mechanism
of ROS generation by PQ is not completely understood. PQ is normally in its
oxidized state, as a dication, and cannot directly interact with molecular oxygen.
It requires a reducing species to form a PQ•+ cation radical which can trigger the
ROS generating cascade. Apparently, H2O2 can reduce PQ2+ to PQ•+ and thus
H2O2 is essential for the ROS production. Antioxidants that strongly interact
with H2O2 can inhibit ROS generation by inactivating H2O2. We have found that
melatonin forms with H2O2 strong hydrogen bonds and one melatonin molecule
is able to bind directly up to 6 H2O2 molecules. Thus the experimental value of
the critical H2O2/melatonin concentration ratio for the effective DNA-protection,
rexp = 167/30 ≈ 5.5, is close to the number of H2O2 molecules directly bound to
melatonin. Hence, the critical ratio of H2O2/melatonin is in perfect agreement
with the results of quantum mechanical calculations (rtheor = 6). In comparison to
melatonin, L-carnitine which is a smaller molecule can bind less H2O2 molecules
(up to 4) but can inactivate only one of them. This makes melatonin a more
effective preventor of PQ-mediated DNA damage in the presence of H2O2.
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Chapter 8

Artificial Nanoparticle Antioxidants

Erica Sharpe, Daniel Andreescu, and Silvana Andreescu*

Department of Chemistry and Biomolecular Science,
Clarkson University, Potsdam, New York 13699-5810

*E-mail: eandrees@clarkson.edu

Nanoparticle antioxidants constitute a new wave of antioxidant
therapies for disease prevention and treatment in the field
of oxidative stress. These ‘artificial’ antioxidants have
demonstrated free radical scavenging activity, reducing
the concentration of reactive oxygen and nitrogen species,
thus acting as antioxidants by themselves. This review
chapter discusses recent advances in the preparation,
characterization and functionalization of these artificial
nanoparticle antioxidants, the mechanism of their antioxidant
activity and their use in the field of oxidative stress.
These artificial antioxidants include inorganic nanoparticles
possessing intrinsic antioxidant properties and nanoparticles
functionalized with natural antioxidants or antioxidant enzymes
to perform as an antioxidant delivery system. The antioxidant
properties of these nanoparticles are discussed in relation to the
structure, physicochemical properties and composition of these
particles, parameters that are responsible for their redox activity
and antioxidant action. Toxicity and potential applications of
nanoparticles with antioxidant properties are also discussed.
Antioxidant nanoparticles must be used with careful awareness
of all their properties in order to achieve therapeutic results and
balance antioxidant versus deleterious pro-oxidant effects.

© 2011 American Chemical Society
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1. Introduction

Antioxidants have drawn much attention in recent years, due to their ability to
fight oxidative stress, which has been linked to cancer, aging, and a wide variety
of neurodegenerative diseases. Oxidative stress is created by highly reactive
oxygen (ROS) and nitrogen (RNS) species, which are induced by environmental
stress (e.g. ionizing radiation, redox and heavy metals, excess UV-radiation)
or metabolism (e.g. secretion by macrophages, as well as by-product formation
by the electron transport chain). ROS and RNS cause damage to lipids, cell
membranes, proteins and DNA, leading to mutations, apoptosis, and failure
within these systems. The main function of an antioxidant is to prevent and repair
the effects of ROS and RNS, which are thought to be one of the causes of diseases
such as atherosclerosis, Alzheimer’s and Parkinson’s, along with many cancers
and other resulting effects of aging. Antioxidants function through two primary
pathways: prevention of ROS/RNS formation, and scavenging or neutralization
of ROS/RNS (1). Antioxidants like quercetin, and citric acid have been found
to have significant reducing properties, preventing molecular mechanisms that
are responsible for ROS formation (2, 3). A wide variety of antioxidants have
been seen to primarily function as scavengers of existing free radicals (4). Other
antioxidants, primarily enzymatic compounds, are responsible for decomposition
of reactive oxygen/nitrogen species into less harmful or neutral products (4).

An emerging area of research in the field of oxidative stress is the use
of nanoparticles, possessing redox properties, which act as effective free
radical scavengers. Several recent studies demonstrated that several types of
nanoparticles have antioxidant properties (5, 6). These ‘artificial’ antioxidants
can be engineered at the nanoscale level (1-100 nm), have very high reactivity
and can act as antioxidants by themselves. The antioxidant capacity depends on
the nature, chemical composition, surface charge, surface to volume ratio and
surface coating of the inorganic nanoparticles. A number of studies indicated
that several redox active nanoparticles such as ceria and yttria act by mimicking
the activity of oxidative enzymes, superoxide dismutase (SOD) and catalase
(CAT) (7, 8). Available literature data show that many of these nanoparticulate
antioxidant systems protect cells against oxidative stress and are relatively
nontoxic to cultured cells. On the other hand, inert nanoparticles such as gold can
be used as carriers for antioxidant molecules. In this case, natural antioxidants
can be attached onto the nanoparticle surface, providing a new class of supported
antioxidants with increased antioxidant capacity. Using this strategy, it is possible
to enhance efficiency and provide targeted delivery of certain natural antioxidants
that are difficult to cross cell membranes and be internalized into cells. Such small
particles of several nanometers are able to enter cells and cross cell membrane
through pinocytosis. Supported antioxidants can be delivered into the cytoplasm
and mitochondria where they can neutralize ROS and RNS. As an example,
nanoparticles loaded with glutathione (GSH) have been shown to penetrate cell
membranes and to successfully deliver and release drug molecules in living cells
(9). Recent developments in this field demonstrate the potential of this technology
for designing new powerful antioxidants based on inorganic nanoparticles for
disease prevention and therapy.
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This review chapter provides an overview of the different classes of
antioxidant nanoparticles derived from inorganic materials including those with
intrinsic antioxidant capacity and those that can be functionalized to become
potent antioxidants. The chapter discusses recent advances in the preparation,
characterization and functionalization of these particles, the mechanism of their
antioxidant activity and their use in the field of oxidative stress. The antioxidant
properties of these nanoparticles are discussed in relation to their structure,
physicochemical properties and composition; parameters that are responsible for
their redox activity and antioxidant action. Toxicity and physiological effects of
nanoparticles with antioxidant properties are also discussed.

2. Classes of Nanoparticle Antioxidants

2.1. Inorganic Nanoparticles with Intrinsic Antioxidant Properties as Free
Radical Scavengers

Several types of inorganic nanoparticles have demonstrated intrinsic free
radical scavenging activity, decreasing concentrations of ROS and RNS, and thus
acting as antioxidants (10). Their effectiveness in mitigating oxidative stress has
been demonstrated in complex biological systems including cell cultures and in
in vivo conditions. This interesting characteristic has been related to their redox
and catalytic properties, electronic configuration, high surface-to-volume ratio
and biocompatibility. Therefore, potential use of these nanoparticles to reduce
oxidative stress in biological systems and treat oxidative stress related diseases
is increasingly being explored. Classes of inorganic nanoparticles possessing
intrinsic antioxidant activity range from metal (gold and platinum) to several
types of metal oxides (e.g. ceria, yttria, and iron oxide).

Gold, platinum and nickel oxide (11, 12) have been found to have ROS
neutralizing abilities. Platinum has been found to be particularly effective in
reducing smoke-induced respiratory inflammation in the respiratory system,
which has been associated with high levels of ROS and depletion of the normal
antioxidant function (13, 14). Experimental results showed that mice, which
received platinum nanoparticles stabilized with poly(acrylate) prior to exposure
to smoke, experienced less inflammation and decreased cell death than those in
a control group which received a saline solution. Platinum nanoparticles (2.4
nm) have also been shown to scavenge superoxide and hydrogen peroxide in a
dose-dependent manner, and to prolong the lifespan of Caenorhabditis elegans
(12). In another study, 50 nm gold nanoparticles were found to inhibit oxidative
stress mediated diabetic progression during hyperglycemia in mice, demonstrating
therapeutic potential in diabetic treatment (15). No toxic effects were observed
when the mice were injected with the particles at a dosage of 2.5 mg/kg.b.wt/day
for 15 days. The mechanism of action has been attributed to either the inhibition
of the stress signaling pathways or to the interaction of gold with the cysteine
residues of a thioreductase, thioredoxin, which is involved in the antioxidative
mechanism in hyperglycemic conditions. Chitosan-stabilized gold nanoparticles
with diameters ranging between 6 and 16 nm have shown antioxidant action
against hydroxyl radicals formed in a hydrogen peroxide/FeSO4 system (16).
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In addition to gold and platinum, nickel oxide nanoparticles have been shown
to have radical scavenging properties through in vitro testing using the DPPH
(2,2-diphenyl-1-picrylhydrazyl) scavenging activity assay. However, at high
doses, nickel is toxic and can have adverse cytotoxic effects when used in a
biological environment. In other studies, iron oxide nanoparticles have been
shown to possess antioxidant properties (17). Diamond nanoparticles (4 nm
diameter) decorated with gold and platinum nanoparticles (<2 nm diameter)
exhibited high antioxidant activity against ROS in a hepatoma cell line (18).
Figure 1A shows the decomposition profile of hydrogen peroxide by the gold and
platinum decorated diamond. The gold decorated diamond was two-fold more
active against induced oxidative stress in cells than GSH, a reference antioxidant
(Figure 1 B).

Figure 1. A: Decomposition of 5.88 mM H2O2 by diamond nanoparticles
(a) and by gold (b) and platinum (c) decorated diamond nanoparticles. B:
Antioxidant effect of diamond nanoparticles (HO-DNP), glutathione and
gold (Au/HO-DNP), (b) and platinum (Pt/HO-DNP), (c) decorated diamond
nanoparticles on rotenone-induced ROS production at different concentrations

showing fluorescence decrease in Hep3B cells. From reference (18).

Several other inorganic materials including cerium oxide (ceria or CeO2) (7,
19) , yttrium oxide (or yttria) (10), iron oxide (20) and manganous phosphate
(21, 22) have been shown to have the ability to mimic SOD and CAT, two
essential antioxidant enzymes that are protecting cells against ROS. SOD and
CAT function by catalyzing disproportionation reactions of their substrates,
the superoxide radical and hydrogen peroxide. However, the mechanism of
the enzyme-like activity of these particles is currently poorly understood.
These properties have been used in the treatment of several oxidative diseases.
For example, ceria and yttria nanoparticles have neuroprotective effects and
demonstrated therapeutic efficacy in the treatment of neurodegenerative diseases.
Both types of nanoparticles have been found to protect nerve cells from oxidative
stress irrespective of particle size (23). We found evidence that the direct or
indirect scavenging of peroxynitrite by ceria nanoaprticles contributes to its
neuroprotective effects in an in vitro model of ischemia in organotypic brain
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slices prepared from CD1 mice (24). In other studies, ceria protected cells which
were exposed to H2O2, as a source of reactive oxygen molecules which would
induce oxidative damage (25, 26) . Similar effects were reported with yttria (10).
As a result, ceria nanoparticles can be used as therapeutic agents in the treatment
of medical diseases related to ROS. These include: (i) spinal cord repair as
neuroprotective agents (25, 26), (ii) modulation of oxidative stress in biological
systems and promotion of cell survival in oxidative conditions (10, 27), (iii)
scavenging of reactive molecules in the eye, thus preventing degenerative retinal
disorders (27), (iv) protection of gastrointestinal cells from radiation induced
damage (28) and ischemia (24). In a recent study, the antioxidant effect of ceria
nanoparticles (5-16 nm diameter) were studied on U937 and Jurkat cells (29). It
was found that ceria decreased free radical formation as well as damage induced
by apoptosis (Figure 2); the antioxidant effects correlated with the amount of Ce3+
but not with oxygen vacancies.

Figure 2. Ceria nanoparticles reduce intracellular ROS in U937 and Jurkat
cells. A: concentration dependency in U937. B and C: time dependency in U937
and Jurkat cells. D: Comparison of the radical scavenging activity of ceria
(expressed as decrease of the fluorescence signal of dichlorofluorescein (DCF))
versus trolox, ascorbate, cystathione and pyruvate, showing progressive decrease
of ROS levels in the presence of ceria, a time dependent manner, similar to that

observed with the other antioxidants tested. From reference (29).
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Ceria is a material that is intensively used in heterogeneous catalysis, solid
oxide fuel cells and in gas sensing. In biology and medicine it has received
significant attention due to its catalytic and free radical scavenging properties,
deactivating reactive oxygen species and making them non-reactive (28, 30, 31).
The many useful catalytic properties of ceria have been attributed to the presence
of highly mobile lattice oxygen present at its surface and a large diffusion
coefficient of the oxygen vacancy which facilitates the conversion Ce4+ ↔ Ce3+
and thus, allows oxygen to be released or stored in its cubic structure (25, 32, 33).
An interesting observation is the regenerative behavior of these particles involving
a reversible oxidation /reduction cycle (6). Changes in the oxidation state can
occur as a result of various parameters such as presence of reactive species,
temperature and pH (7, 34). Such processes are determined by the reversible
adsorption-desorption of chemisorbed oxygen, and reduction-oxidation of surface
metal oxides. Their performance is determined by the composition of the oxide
layers, the size, available surface area and the ratio Ce3+/Ce4+ (25). Typically,
nanocrystalline oxides present higher vacancy mobility compared to bulk oxides
(35, 36). Most studies to date have almost exclusively utilized simple ceria.
Oxygen vacancies and surface processes can be modified if ceria is in contact with
noble metals which can facilitate the transfer of oxygen from the bulk material to
the surface and vice-versa (36, 37). The local oxygen environment can also be
modified by mixing or doping ceria with other rare-earth or transition metal oxides
(36, 38). Zirconia (ZrO2), yttria (Y2O3) and titania (TiO2) are such examples.
One study reported that mixed CeO2-ZrO2 nanoparticles exhibit a greater redox
and catalytic activity (38). These more complex oxides including binary and
tertiary systems have been used almost exclusively for fuel cell applications,
but such systems can prove to be effective antioxidants. These studies open
up attractive opportunities for designing a new generation of antioxidants with
enhanced efficacy.

2.2. Effect of Surface Chemistry and Physicochemical Characteristics:
Surface Charge, Surface Coating, Particle Size, and Redox State

Surface chemistry and physicochemical properties including surface charge,
surface coatings (e.g. presence of stabilizers and functional groups) and particle
size determine cellular uptake, bioavailability and distribution, influencing the
effectiveness of these nanoparticles in the body (39, 40). For example, cerium
oxide has been found to be effective over a wide range of sizes (41); however,
particles with various zeta potentials have different cellular uptake, as well as
protein adsorption properties. Patil et al. (39) studied the effect of electrostatic
interactions and found that ceria particles with positive zeta potentials are more
conducive to BSA adsorption, while negatively charged particles showed little
or no adsorption and were more easily taken into lung cells. The antioxidant
properties of iron oxide, assessed using the DPPH assay were found to increase
with decreasing particles size (20). Nanoparticle agglomeration is another
important parameter, especially for in vivo applications as this can greatly affect
cellular uptake and mobility of the nanoparticles into the intracellular space and
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tissues. Ultrasonication of the nanoparticles before use enhanced the antioxidant
activity by 18.96% (assessed using the DPPH scavenging assay) (42).

Figure 3. XPS (X-ray photoelectron spectroscopy) spectrum showing the
presence of mixed Ce3+ and Ce4+ valence states on ceria nanoparticles of a

diameter of 3-5 nm. From reference (25).

The redox state of the metal on the nanoparticle surface is another critical
parameter that significantly impacts the ability of inorganic nanoparticles to react
with ROS and RNS and act as antioxidants. This is because the redox processes
take place at the surface of the nanoparticle (7). For example, the mechanism of
the antioxidant activity of ceria is a consequence of the dual Ce3+/Ce4+ oxidation
state of cerium ions onto the nanoparticle surface (Figure 3) (25) and is directly
related to Ce3+ concentrations at the nanoparticle surface (25, 29). In dry colloidal
state, at room temperature, cerium oxide is present in its more stable state, as
CeO2, in which ceria Ce4+ is the predominant species on the surface. Changes
in the oxidation state, and subsequent changes in particle reactivity, can be made
by various surface treatments. Thus the reactivity of the particles can be tuned
by performing surface chemical reactions. In a study by Heckert et al. (8) X-ray
photoelectron spectroscopy (XPS) and UV-Vis spectroscopy were used to show
that when nanoceria was treated with hydrogen peroxide, a decreased ratio of
reduced to oxidized cerium (Ce3+/Ce4+ ) was associated with loss of SOD mimetic
activity and inactivation of superoxide radicals. Therefore, the surface oxidation
state of ceria nanoparticles is not only responsible for its antioxidant activity, but
is a very important parameter in defining other aspects of cerium oxide’s activity
(29). The coexistence of the Ce3+/Ce4+ enable ceria to react catalytically with
both superoxide and hydrogen peroxide (oxidation of Ce3+ and reduction of Ce4+)
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and act as SOD and CAT mimetics (7, 43). Thus, the ability of ceria to scavenge
superoxide radicals depends on the existence of high concentrations of Ce3+ at
the nanoparticle surface. In another study, ceria nanoparticles functionalized with
polyethylene glycol (PEG) demonstrated efficient radical scavenging properties
against hydrogen peroxide and superoxide radicals (31). Surface functionalization
with PEG did not change the antioxidant ability as compared with bare ceria. The
antioxidant activity and stability was related to the formation of a charge transfer
complex with hydrogen peroxide on the nanoparticle surface.

2.3. Functionalized and Composite Inorganic Nanoparticle Antioxidants

2.3.1. Antioxidant Functionalized Nanoparticles: Attachment of Antioxidants to
Nanoparticles for Enhanced Antioxidant Activity and Targeted Delivery

Another class of ‘artificial’ antioxidants is that of inorganic nanoparticles that
are surface functionalized with antioxidants. Several studies have demonstrated
that attachment of naturally occurring or synthetic antioxidants onto the
surface of inert inorganic nanoparticle such as gold results in an enhanced
radical-scavenging activity and bioavailability (44, 45). Certain antioxidants,
like Vitamin E (alpha-tocopherol), though effective in disease treatment and
prevention, have low solubility and poor bioavailability. Attachment of such
antioxidants to inorganic nanoparticles can improve solubility and allow targeted
delivery, would lead to more optimal usage. Attachment of Trolox (a water
soluble form of Vitamin E) to gold nanoparticles through self-assembly of thiol
ligands onto gold (45) was shown to provide enhanced antioxidant activity of
the antioxidant nanoparticle formulation; that was eight times higher than that of
Trolox alone (the scavenging rate was assessed using the DPPH assay). Work
is currently in progress to create GSH functionalized gold nanoparticles, with
the effort to make this antioxidant more bioavailable and permeable through
cell membranes (9). This direction of work is particularly relevant because it is
highly difficult to uptake GSH through dietary sources. It is hypothesized that
cells would be able to more easily uptake GSH-functionalized particles through
pinocytosis. After cellular uptake, the particles can act as radical scavengers
in the cytoplasm or travel into the mitochondria to inactivate ROS. Further
developments of this promising strategy might lead to novel powerful antioxidant
formulations. However, the bioavailability, metabolism and cytotoxicity of these
new antioxidants functionalized nanoparticles need to be further studied (45).

2.3.2. Nanoencapsulated Antioxidants

In addition to the use of inorganic nanoparticles, antioxidants can be
nanoencapsulated in polymeric materials for achieving enhanced delivery and
bioavailability. For example, a poorly soluble and unstable natural antioxidant
with known iron-binding properties, quercetin (46) was successfully encapsulated
in a polylactide (PLA) polymeric network, for controlled delivery and release
(47). This method was 97% efficient in encapsulating free quercetin. The capsules
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gradually released quercetin in a controlled fashion, over 72 hours. In another
study, quercetin-loaded-nanoparticles with a particle size of less than 85 nm were
created by a nanoprecipitation technique using poly(vinyl alcohol) and Eudragit.
These ‘nanocarrier’ antioxidants demonstrated increased superoxide radical
scavenging activity and higher efficiency in preventing superoxide formation
through lipid peroxidation than the free quercetin (48). Ascorbic acid derived
antioxidant particles of 170 nm diameter were produced from ascorbic acid and
chitosan by ionic gelation of chitosan with tripolyphosphate (TPP) anions (49).
The particles were used for fast and sustained release of ascorbic acid. Other
antioxidants have been converted and can be used in nanoparticulate form. A
nanoparticle system of curcumin, an antioxidant with low bioavailability, showed
improved cellular uptake and enhanced antioxidant properties as compared to
free curcumin (50). Using similar procedures, antioxidant enzymes such as CAT
and SOD could be encapsulated for controlled delivery.

2.3.3. Magnetically Responsive Antioxidant Nanocarriers

Antioxidant enzymes have been loaded onto magnetic nanoparticles for
controlled delivery through magnetic guiding (51). Magnetic nanoparticles that
have attracted attention for use in biomedical applications are generally iron
oxides (Fe2O3 and Fe3O4). Various forms and sizes of magnetic nanoparticles
are available and can be purchased from several companies, or they can be
prepared using established synthetic procedures (52–54). Magnetically responsive
antioxidant nanocarriers can provide therapeutic guiding of high concentrations
of antioxidants to specific locations with elevated levels of ROS. Using magnetic
field guidance and enzyme-loaded magnetic nanoparticles, antioxidant enzymes
(such as SOD or CAT) can be guided to the suitable spot, while being protected, by
the nanoparticle carrier, from proteolytic inactivation. Catalase-loaded magnetic
nanoparticles showed rapid cellular uptake and provided increased resistance
to oxidative stress damage, induced by hydrogen peroxide (51). The results of
this study indicate that magnetic nanoparticles are reliable carriers for targeted
antioxidant enzyme therapy. One suggested application was for the treatment of
cardiovascular diseases (51), which is correlated with oxidative damage.

3. Evaluation of Antioxidant Capacity in Relation to
Physicochemical Characteristics

The existing antioxidant activity assays can be used to assess the antioxidant
capacity of ‘artificial’ antioxidant nanoparticles. However, because there
is no universal validated method that can reliably measure free radicals,
limitations of existing methods need to be considered. Assays for measuring
antioxidant capacity, the chemistry behind these assays and their advantages
and limitations have been reviewed (55). The most widely used are the
ABTS (2,2′-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) assay, the Trolox
equivalent antioxidant activity (TEAC), the DPPH radical scavenging assay
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and the oxygen radical absorbance capacity (ORAC) assay, among others (55).
Most available assays only assess the ability of an antioxidant to scavenge a
limited number of radicals (e.g. ABTS, peroxyl, superoxide). Quantifying the
antioxidant activity of some radicals such as the hydroxyl radical is difficult
due to their extremely short lifetime. It is also important to consider that
antioxidants, including the newly designed class of redox active inorganic
nanoparticles, react differently with each radical. Depending on the oxidation
state and surface properties, nanoparticles can have different specificities to
scavenging of certain radicals over others. Therefore, assessing antioxidant
capacity using multiple, complementary assays is needed as each method is based
on a different methodology, uses different substrates and reaction conditions and
has its own specificity. It is expected that results from multiple assays might
show disagreement with respect to the capacity of these particles to scavenge
antioxidants. Inorganic nanoparticles having different sizes and surface coatings
can show high variability between methods due to the large number of variables,
some originating from the synthesis and stabilization process of these particles,
others from nanoparticle agglomeration and surface coating.

Few studies, which assess the antioxidant capacity of nanoparticle systems,
in relation to their physicochemical properties, have been published. In one
such study, the ‘oxidase-like activity’ of ceria coated with a polymeric layer
was found to be dependent on the pH, the size of the nanoparticles and the
thickness of the polymeric coating (10, 34, 38). The radical scavenging capacity
of several oxide nanoparticles (Fe3O4 and CoFe2O4 and MnO2) stabilized by a
biocompatible polymer, alginate, has been determined using the TEAC assay and
an amperometric method. With the exception of MnO2, all other oxide-alginate
composites have efficiently scavenged hydrogen peroxide (56).

Systematic studies are needed to identify parameters that affect the reactivity
and specificity of these particles against different radicals, and also to establish
experimental variables and physicochemical properties that determine their
antioxidant capacity. In addition, more fundamental studies to elucidate the
mechanism of their antioxidant action and the efficiency of these particles in
biologically relevant conditions, their interaction with proteins, cells and tissues
are also needed in order to fully explore their potential in the biomedical field and
to reasonably assess possibility for specific uses as therapeutic agents.

4. Toxicity and Biodistribution

The toxicity and biodistribution of antioxidant nanoparticle systems are
strongly related with the nature of these particles, the purity, crystallinity,
polydispersity, surface coating, oxidation state at the surface and their
physicochemical properties. The surface chemistry and particle size determines
antioxidant capacity but also the toxicity, fate and transport of these particles,
in biological systems. While many metal and metal oxides have been reported
to possess antioxidant properties at certain concentration levels, several other
studies have shown that these particles can induce ROS production (57) and have
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adverse cytotoxic effects in vitro and in vivo. Thus some particles such as ceria
are reported to both scavenge (5, 7) and generate ROS (57).

The interactions of these particles with proteins, cells and tissues, their
cellular uptake, toxicity and distribution across tissues (58–64) and ultimately
their bioavailability are also dependent on the physicochemical parameters and
surface coating. It is also important to consider that the cytotoxic response (and
also the antioxidant properties) of metal and metal oxide nanoparticles are dictated
and can be controlled by changing the surface chemistry. Modification of the
nanoparticle surface provides advantages including: addition of chemically useful
functionalities, prevention of nanoparticle agglomeration, minimization of toxic
effects in physiological conditions and enhanced bioaccumulation. The use of
these particles in biomedicine as therapeutic agents in the prevention and treatment
of oxidative stress diseases require production of biocompatible nanoparticles
and nanoparticles with biocompatible coatings to enhance biodistribution and
reduce toxicity across cells and tissues. Procedures for “green” synthesis of
nanoparticles have been developed and these can be applied to the preparation
of antioxidant nanoparticles for biological and biomedical applications. Green
synthesis and modification of nanoparticles with biocompatible layers such as
polymeric hydrogels (65) can improve biocompatibility and accessibility to target
cells and tissue locations while conserving their biologically useful properties.

Toxicological studies are important to assess health risks and deleterious
side effects and identify the therapeutic usefully window of these particles. Ceria
nanoparticles do not appear particularly toxic. For example concentrations of
ceria between 5 and 10 µg/ml did not cause DNA damage to human epithelial
cells (66). However, the complex biomolecular processes taking place at the
interface between the inorganic material/coating and the surrounding biological
environment (67, 68) should be carefully studied before clinical applications are
envisioned.

While many metal and metal oxides have been shown to display antioxidant
properties, several reports have also indicated the possibility that these particles
can induce formation of free radicals and thus amplify oxidative stress damage
(41, 42). Most of these processes are taking place through Fenton chemistry in
reaction with H2O2. Induction of ROS production is associated with the reactivity
of active species at the nanoparticle surface and it is strongly dependent on the
redox state of the metal ions as well as the concentration of these particles. It was
found that while low doses of antioxidant nanoparticles can scavenge free radicals,
when they are used in high amounts they can also produce ROS. Both hydroxyl
and superoxide radicals were produced in the presence of hydrogen peroxide by
Ce3+ ions (cerium chloride) by a series of Fenton-like reactions, as demonstrated
by electron paramagnetic resonance (EPR) and the ABTS assay (69). As opposed
to free cerium ions, colloidal ceria nanoparticles can form surface complexes in
reaction with hydrogen peroxide. XPS and FT-IR images have shown the presence
of peroxyl groups (-OOH) on the ceria nanoparticle surface following interaction
with hydrogen peroxide (70). In other studies, high-dose titania nanoparticles
delivered to the abdominal cavity caused oxidative stress and injury in the brains of
mice, a process associated with lipid peroxidation, decrease of the anti-oxidation
capacity, release of nitric oxide and reduction of glutamic acid. (71). Other studies
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suggest that silver nanoparticles may induce oxidative stress in the brain of a rat,
causing impairment of memory function (72).

While several studies have found that gold nanoparticles have the ability to
inactivate ROS (15, 16), in other studies, gold nanoparticles (1.2 nm diameter)
have been shown to trigger necrosis by oxidative stress and mitochondrial damage
(73). Modification of the nanoparticles with antioxidants such as GSH and
acetylcysteine reduced toxicity. In the same study, GSH capped nanoparticles of
similar sizes did not induce oxidative stress. This demonstrates the importance
of surface coatings, in addition to size dependency, in determining the toxicity of
these nanoparticles. Li et al have studied the effect of Au nanoparticles on MRC-5
lung fibroblasts and found increased levels of hydroperoxide radicals which
could react with proteins and induce DNA damage (74). In another study, AuNP
with small diameters (~5 nm) caused lipid peroxidation. Oxidative stress and
cytotoxicity induced by small Au nanoparticles were higher than those induced
by particles with larger diameters (75). The discrepancy between results reported
in the literature with different types of particles (e.g. gold, ceria), showing
both antioxidant and pro-oxidant capacity is due to the use of different types
of nanoparticles, biological models, experimental conditions and antioxidant
assays. More systematic studies are needed to identify and predict what types of
particles, physicochemical characteristics and experimental conditions in which
these particles behave as potent antioxidants.

5. Applications of Antioxidant Nanoparticles for Therapy and
Disease Prevention

The role of antioxidants in prevention and treatment of a variety of diseases
including cancer, heart diseases, diabetes, neurodegenerative diseases, immune
deficiency, and aging in general has been demonstrated in multiple cases (76).
Conventional therapies that have been explored include the use of naturally
occurring antioxidants such as epigallocatechingallate, alpha-tocopherol (Vitamin
E), ascorbic acid, (Vitamin C), lycopene, ellagic acid, genestein, quercetin and
antioxidant enzymes like SOD, CAT and glutathione peroxidase. Most of these
compounds are extracted from natural products, however, many are poorly
bioavailable and have low efficiency due to instability, inefficient permeability
and poor solubility. Inorganic antioxidant nanoparticles either functionalized to
perform as an antioxidant delivery system, or possessing intrinsic antioxidant
properties, constitute a new wave of antioxidant therapies for disease prevention
and treatment. In either case, the need for carefully chosen and optimized
delivery techniques for maximum efficiency is needed. Moreover, antioxidant
nanoparticles must be used with careful awareness of all their properties in
order to achieve therapeutic results and balance antioxidant versus deleterious
pro-oxidant effects. This section provides selected examples of applications of
antioxidant nanoparticles in biomedicine.

The most widely studied antioxidant nanoparticles are ceria, or nanoceria.
Numerous studies have demonstrated the antioxidant properties of ceria and their
potential applications for the treatment of a variety of diseases, e.g. neurological

246

D
ow

nl
oa

de
d 

by
 P

E
N

N
SY

L
V

A
N

IA
 S

T
A

T
E

 U
N

IV
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

00
8

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



disorders, aging, ischemia, spinal cord repair (25, 26) degenerative retinal
disorders (27), cardiac stress, and inflammation (30, 77, 78). The mechanism
of the antioxidant function of ceria is attributed to the redox activity of the
nanoparticle surface, which is governed by mixed valence states of Ce3+ and Ce4+.
The autocatalytic reversible oxidation-reduction ability indicates that ceria can
neutralize a wide range of reactive oxygen and nitrogen species and has potential
as a therapeutic antioxidant (6). Nanoceria has been synthesized in biocompatible
media, which increase biocompatibility and its ability to work well in vivo. Most
studies, which evaluate the antioxidant activity of ceria, have been performed in
vitro, mostly on cell cultures. Cells exposed to ceria nanoparticles maintained
viability and promote cell survival in oxidative conditions (10, 27). In another
study ceria protected gastrointestinal epithelium cells from radiation induced
damage (28) and against progression of cardiac dysfunction by attenuating
myocardial oxidative stress and inflammatory processes in transgenic mice
(79). It was found that nanomolar concentrations of ceria nanoparticles act as
antioxidants, are biocompatible, regenerative, and provide neuroprotection to
adult rat spinal cord neurons (18). We found that treatment with ceria nanoparticles
ameliorates ischemic injury in the hippocampus, a region of the brain particularly
vulnerable to the effects of oxygen and glucose deprivation associated with stroke
(24). The use of ceria nanoparticles in biomedicine, the antioxidant function in
biological systems and biological mechanisms are discussed in detail in another
chapter of this book. Applications of antioxidant nanoparticles for the treatment
of diabetes have also been explained. In a recent study, gold nanoparticles
(50 nm diameter) have inhibited ROS formation in hyperglycemic conditions.
ICP-MS (inductively coupled plasma mass spectroscopy) analysis showed that
the particles bioaccumulate in the vital organs with the greatest accumulation in
the spleen (15).

6. Conclusions and Future Trends

Though the field of nanoparticle antioxidants is still in its infancy, future
research could lead to a new wave of powerful antioxidants for disease prevention
and therapy. The potential impact of these materials in the field of oxidative
stress is large. However, the mechanism that determines these unique properties
is poorly understood. In order to take advantage of the unique capabilities of
these nanomaterials as antioxidants for a variety of biological and biomedical
applications, a fundamental understanding of the nature and mechanism
that drives their catalytic properties and biological activity in relation to the
physicochemical parameters is needed. Systematic studies are necessary to
elucidate the mechanism of the antioxidant activity of inorganic nanoparticles. A
study of the surface chemistry and redox processes at the nanoparticle surface is
critical in order to rationally design nanoparticle antioxidants as therapeutic agents
for disease prevention and therapy. In addition, the toxicity of the nanoparticles
needs to be studied in greater detail before future biomedical applications with
these particles can be pursued.
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Future advances are expected through the integration of the therapeutic
properties of antioxidants and the technically and physically appealing features
of nanoparticle engineering in order to increase bioavailability, solubility and
achieve positive effects on the human organism. Development of novel drug
delivery systems for more efficient delivery of therapeutic antioxidants in
nanoparticulate form, as well as design of novel antioxidant activity assays
which can more accurately and reliably determine their antioxidant activity are
needed. As more knowledge of structure-activity relationships is gained, rational
engineering of more powerful antioxidant nanoparticles might be possible.
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Chapter 9

Cerium Oxide Nanoparticles for the Treatment
of Neurological Oxidative Stress Diseases

A. Y. Estevez*,1,2 and J. S. Erlichman1

1Biology Department, St. Lawrence University,
Canton, New York 13617

2Psychology Department, St. Lawrence University,
Canton, New York 13617

*E-mail: aestevez@stlawu.edu

Due to their potent free radical scavenging properties, cerium
oxide (CeO2) nanoparticles (nanoceria) are widely used as
catalysts in industrial applications. However, given the
prominent role of free radicals in the pathology of many
human diseases, these nanoparticles are now being explored
for therapeutic purposes in the treatment of oxidative stress
disorders. This review highlights the various sources of free
radicals in neurological oxidative stress diseases and the use
of antioxidants to mitigate free radical damage. In particular,
recent studies exploring the use of CeO2 nanoparticles as
therapeutic antioxidants are discussed.

Oxidative Stress Biology

Reactive oxygen and nitrogen species (ROS and RNS, respectively) are
potent oxidizing and nitrating agents that include superoxide (O2•-), hydroxyl
(HO•-), hydrogen peroxide (H2O2), nitric oxide (NO) and peroxynitrite (ONOO-).
Although most ROS/RNS are also considered to be free radicals (molecules
with unpaired electrons in the outer orbital shell), some are not (e.g., H2O2
and ONOO-). ROS and RNS are produced under both physiological and
pathophysiological conditions and can be derived from a multitude of cellular
sources (reviewed in (1–3)). For example, mitochondria produce several ROS

© 2011 American Chemical Society
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as a byproduct of cellular respiration and immune cells generate O2•- and NO as
defense mechanisms against infectious organisms (4, 5). Physiological levels of
O2•- and NO have been shown to play a role in signal transduction in the nervous
and cardiovascular systems (3, 6–10). Peroxisomes, organelles important in the
oxidation of fatty acids as well as toxic substances (e.g., ethanol) contain several
enzymes that can produce reactive oxygen species including H2O2 (reviewed
in (11)). In addition to biological sources, we are exposed to free radicals from
environmental sources including cigarette smoke, car exhaust and ultraviolet
radiation from the sun.

Because of their high reactivity and potential for inducing damage, cells
and organisms possess endogenous systems to neutralize free radicals and
reactive oxygen species. These include enzyme antioxidants such as superoxide
dismutase (SOD), catalase and glutathione peroxidase and non-enzymes like
glutathione. SODs catalyze the dismutation of O2•- into O2 and H2O2 using metal
prosthetic groups (Cu/Zn or Mn, in mammals) (12, 13) and are expressed in
the mitochondria, cytosol and extracellular space. Thus, even though a certain
amount of O2•-might ‘leak’ from the electron transport chain, mitochondrial SOD
limits the amount of oxidative damage that might otherwise result. Catalases are
ubiquitously expressed and catalyze the conversion of H2O2 into O2 and H2O
(14, 15). Finally, glutathione peroxidases catalyze the conversion of hydrogen
and lipid peroxides into less harmful metabolites (16, 17). In addition to these,
exogenous antioxidants such as those obtained from dietery sources like ascorbic
acid (Vitamin A), tocopherol (Vitamin E), carotenoids and flavanoids also help
limit the effects of ROS and free radicals (18, 19).

When the level of free radicals exceeds the ability of antioxidant systems to
inactivate or neutralize them, the result is a state of oxidative stress. Oxidative
stress plays a role in aging as well as a variety of human disease states. The
involvement of free radicals in the normal aging process was an idea initially
put forth by Harman in 1956 (20) as the ‘free radical theory of aging’. Although
the idea that free radicals are the cause of aging has fallen out of disfavor (e.g.,
(21, 22)), there is still a vast amount of data supporting the notion that oxidants
nonetheless still contribute to the aging process (23). For example, long term
exposure to free radical scavengers/antioxidants is neuroprotective and increases
life-span in a wide variety of model systems (24–27). The increase in oxidative
stress with aging can be attributed to an increase in oxidant load, decrease in
antioxidant capacity and decreased ability to repair oxidative damage over time
(28–30).

The brain is particularly susceptible to oxidative stress due to high oxygen
utilization, low levels of endogenous antioxidant systems and high levels of
polyunsaturated fatty acids (PUFAs) which are subject to lipid peroxidation (31).
Not surprisingly then, oxidative stress plays a prominent role in the pathology
of a plethora of neurological disorders including cerebral ischemia, Alzheimer’s
disease, Parkinson’s disease and Amyotrophic lateral sclerosis (ALS), to just
name a few. As this has been thoroughly reviewed elsewhere (32–37), in the
following sections we will briefly highlight the etiology of each disorder with a
focus on the role of ROS/RNS in disease pathogenesis.
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Cerebral Ischemia or Stroke

Cerebral ischemia or stroke, caused by a reduction of blood flow to the brain
due to either a clot or hemorrhage, is the third leading cause of death and the
leading cause of long term disability in the United States (38). The lack of energy
production that occurs as a result of the reduction in glucose and oxygen delivery
to brain cells rapidly initiates a of sequence of biochemical reactions, termed the
ischemic cascade, that can lead to cellular demise (Figure 1). Briefly, bioenergetic
failure leads to a disruption in ionic homeostasis which consequently induces
excitotoxicity, oxidative stress, inflammation, blood-brain barrier dysfunction
and ultimately, cell death (reviewed in (39)). It is estimated that every minute
of a stroke results in the loss of 1. 9 million neurons and 14 billion synapses,
equivalent to 3.1 weeks of aging (40).

Figure 1. Schematic diagram of the ischemic cascade.

Oxidative Stress and Stroke

The production of free radicals and ROS is associated with many of the
pathways involved in ischemic cell death (Figure 2). Disruption of the electron
transport chain leads to the production of O2•- and H2O2 by the mitochondria
(41–43). Glutamate excitotoxicity leads to the over-activation of NMDA
receptors and causes a rise in intracellular calcium that activates enzymes such
as nitric oxide synthase (NOS) and phospholipase A2 which generate NO and
arachidonic acid, respectively. As a free radical, NO can have damaging effects
in and of itself, but can also react with O2•- (from mitochondrial leak) to generate
the highly toxic ONOO-, which acts as both an oxidant and a nitrating agent
to cause cellular damage (44–47). Although ONOO- is labile, it has a long
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enough half-life to diffuse in tissues and react with CO2 to form other reactive
intermediates that lead to sustained protein modifications such as the formation
of 3-nitrotyrosine (3-NT) (48–50). The metabolism of arachidnoic acid via
cyclooxygenase and lipoxygenase pathways also contributes to the generation of
ROS and lipid peroxides (51, 52). Xanthine oxidase and NADPH oxidase have
also been shown to be prominent sources of ROS during the reperfusion period
(33, 42, 53). Finally, the activation of microglia, the brain’s resident immune
cells, generates an inflammatory response which includes the production of ROS
(54–56). In summary, the ROS/RNS derived from various sources accumulate
during both the ischemia and the reperfusion period (e.g., (57, 58)) and this
oxidative stress can ultimately contribute to cell death via necrotic or apoptotic
pathways (33, 36, 59–61).

Figure 2. Sources of ROS during ischemia. Reproduced with permission from
reference (62). Copyright 1999 American Society for Neurochemistry. (see

color insert)

The only currently approved treatment for stroke involves the use of
thrombolytic agents (a.k.a. clot-busting drugs) such as recombinant tissue
plasminogen activator (rt-PA or Alteplase) to restore blood flow. However, rt-PA
has limited use because it is only effective when administered within a short
time-frame after stroke onset and it is not indicated for use in hemorrhagic strokes
(63). The are currently no approved neuroprotective therapies – those that are
aimed at minimizing neuronal death – for the treatment of stroke.

Parkinson’s Disease (PD)

Parkinson’s Disease, the second most common neurodegenerative disorder, is
caused by the death of dopaminergic neurons in the substantia nigra pars compacta
of the midbrain. As these cells are important in the basal ganglia circuit regulating
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movement, symptoms of the disease (which do not become apparent up until
about 50-80% of the cells have died) include tremor at rest, difficulty initiating
movements and slow movements (bradykinesia). A key histopathological
finding is the presence of proteinaceous cytoplasmic inclusions termed Lewy
bodies which accumulate gradually throughout the disease and are comprised
of several proteins including α-synuclein, ubiquitin and parkin (64). Although
the cause of dopaminergic neurodegeneration is unknown, age, environmental
factors and genetics have all been shown increase the risk of developing PD.
In addition, cell-specific factors such the normal metabolism of dopamine by
monoamine oxidase B (MAOB) (65, 66) and increased calcium channel activity
(67) have been proposed to underly the susceptibility of substantia nigra neurons
to oxidative stress and neurodegeneration.

Oxidative Stress and PD

Although 5% of the cases of PD are familial (genetic) due to mutations in
genes encoding proteins such as α-synuclein and parkin, the vast majority of PD
cases are classified as sporadic (unknown cause). Many hypotheses regarding
the etiology of sporadic PD revolve around mitochondrial dysfunction and
oxidative stress (30, 34, 35, 68). In support of this notion, post-mortem analysis
of the brains of PD patients identified reduced levels of NADH-ubiquinone
reductase (mitochondrial Complex I) in the substantia nigra (69, 70). Other
anatomical and functional data further support the role of protein oxidation and
nitration in PD (34, 71). In addition, the key animal models of PD involve the
use of toxins that selectively destroy catecholamine systems (dopaminergic and
noreadrinergic) via oxidative stress. The two most commonly used toxins are
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) and 6-hydroxydopamine
(6-OHDA) (72). The mechanism of toxicity of 6-OHDA involves oxidative
stress via multiple mechanisms including disruption of mitochondrial Complex I,
increased formation of superoxide, inhibition of endogenous antioxidant systems
such as SOD and glutathione (73, 74) as well as the normal metabolism of
6-OHDA by MAOB. MPTP, discovered accidentally as a dopminergic neurotoxin
in the early 1980’s when a group of young addicts developed early parkinsonism
after intravenous administration of synthetic heroin (75–77), gets taken up into
neurons by monoamine (dopamine and norepinephrine) transporters (similar
to 6-OHDA) and gets metabolized into 1-methyl-4-phenylpyridinium (MPP+).
MPP+ has been shown to disrupt Complex I.

Currently approved pharmacological treatments for PD are aimed are
reducing the symptoms of the disease. For example, the dopamine precursor
levodopa (L-dopa) or dopamine receptor agonists are given with the aim of
enhancing dopaminergic transmission in the remaining substantia nigra neurons.
Although L-dopa is considered the ‘gold standard’ for the treatment of PD,
effectiveness typically wanes after 5 years and the side effects, such as dyskinesia
(jerky, involuntary movements) and psychosis (78) can be debilitating. As with
stroke, there are currently no available therapies aimed at halting dopamine
neuron degeneration.

259

D
ow

nl
oa

de
d 

by
 S

T
A

N
FO

R
D

 U
N

IV
 G

R
E

E
N

 L
IB

R
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

00
9

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Alzheimer’s Disease (AD)

Alzheimer’s disease is the most common neurodegenerative disorder and
the primary cause of dementia in the elderly. Dementia is defined as a decline of
memory and at least one other cognitive function such as attention, judgement,
or decision making. AD involves the progressive degeneration of neurons
beginning at the entorhinal cortex and hippocampal cornu ammonis cell layer
1 (CA1) and encompassing the entirety of the hippocampus then the rest of the
neocortex at later stages (79). Because of the progressive nature of the disease,
early symptoms involve subtle loss of memory whereas later symptoms involve
profound memory loss, confusion, spatial disorientation and alterations in mood
and behavior. During the very late stages of the disease, patients lose their ability
to speak, move and care for themselves.

Age is considered the primary risk factor for AD with the rate of diagnosis
increasing as the individual ages beyond 65 years old (80, 81). In fact, nearly
half of all individuals over the age of 85 are diagnosed with probable AD (AD
diagnosis must be confirmed post-mortem) (81). Genetics plays a role in ~5% of
AD cases with mutations in amyloid precursor protein (APP) and the presenelins 1
and 2 (PSEN1 and PSEN2) contributing to early onset or familial AD (diagnosed
prior to age 65). However, the vast majority of AD cases are of late onset and the
primary risk factors are age (as mentioned above) and the presence of the ε4 allele
of apolipoprotein (APOε4), a protein normally involved in the maintenance and
repair of neurons (82).

The two hallmark abnormalities found in an AD brain are extracellular
plaques and intracellular neurofibrillary tangles. The plaques are comprised
of β-amyloid derived from the processing of amyloid precursor protein (APP)
into smaller peptitdes containing 39 to 42 amino acid residues. Aβ1-42 plays a
critical role in disease pathogenesis due to it’s propensity to aggregate and form
neuritic plaques (83, 84). The key components of neurofibrillary tangles are
paired helical fragments comprised of tau protein. Tau proteins normally play an
important role in the stabilization of microtubules (85), organelles important in
the maintenance of neuronal structure. Hyperphosphorylation of tau (86) due to
aberrant signal transduction in the AD brain, particularly an imbalance of kinase
and phosphatase activity (87), leads to the destabilization of microtubules and
subsequent formation of neurofibrillary tangles.

Oxidative Stress and AD

Redox status plays a critical role in AD pathology. Increased lipid
peroxidation, nucleic acid oxidation and reduced antioxidant activity (e.g., SOD)
have all been reported in AD brains (88–92). Aβ1-42 has been shown to cause
an increase in H2O2 via Fenton chemistry (93) as well as generate other reactive
oxygen species and peptides (84, 94, 95). Activated microglia, which surround
the neuritic plaques, release NO and O2•- in an effort to clear them (56, 96). As
is the case with many other neurodegenerative diseases, impaired mitochondrial
function has been proposed to play a key role in AD etiology (97–102). In
particular, accumulation of Aβ1-42 in the mitochondria of transgenic mouse
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model of AD had been implicated in ROS generation (103). There is, however,
still debate as to whether oxidative imbalance is an early event (104, 105) as
opposed to a final common pathway to cell death (101). The recent finding that
mitochondrial dysfunction tends to precede the formation of plaques suggests that
oxidative stress is an early event (106).

Two categories of drugs are currently approved for the treatment of AD (107).
Cholinesterase inhibitors such as donepezil and tacrine are used to treat early
symptoms of cognitive decline by enhancing cholinergic transmission. For later
stages memantine, a glutamate NMDA receptor antagonist, is prescribed to slow
or limit neuronal death due to excitotoxicity. However, there are currently no drugs
approved that halt the disease. Progress in developing such a neuroprotective agent
has been stymied by some of the same issues that have hampered development of
stroke therapeutics. In particular, the effectiveness of compounds in animalmodels
of AD has not translated into effectiveness at the clinical trials (108).

Multiple Sclerosis (MS)

Multiple sclerosis (MS) is an autoimmune disease of the central nervous
system (CNS) in which the destruction of myelin and oligodendrocytes by
autoreactive T and B cells causes focal demyelinated plaques and nerve loss
throughout the brain and the spinal cord. Typical early symptoms include
numbness, tingling, limb weakness and blurred vision. As the disease progresses
fatigue, dizziness, gait disturbances, vision problems and difficulty with speech
and swallowing are observed (109). Four different disease courses have been
identified. Most cases (~85%) ofMS are relapsing-remitting in which neurological
attacks or flare-ups are followed by complete recovery. Secondary progressive
MS is diagnosed when an initial relapsing-remitting course (~38%) turns into one
without remissions. A small percentage of individuals are diagnosed with primary
progressive MS in which the symptoms never wane from the onset of the disease.
Finally, the most rare form of MS is progressive-relapsing in which the symptoms
continually get worse from the onset, with defined instances of flare-ups along
the way. The cause of MS is unknown. However, genetics, environment and
host factors have all been proposed to play a role in the etiology of the disease
(110–112).

Oxidative Stress and MS

Experimental autoimmune encephalomyelitis (EAE) is an experimentally
induced inflammatory central nervous system demyelinating disease that mimics
many aspects of relapsing multiple sclerosis (MS) in humans (113). EAE involves
ROS-mediated neuronal damage and destruction (114–116). Oxidative damage
is preceded by infiltration of immune cells typically kept apart from the central
nervous system (CNS) by the blood-brain barrier (BBB) (117). Infiltrating
TH1 cells secrete interferon-gamma (IFN-γ), which activates macrophages
that generate an inflammatory milieu via the production and secretion of the
inflammatory cytokines IL-1 (118, 119) and TNF-α (120) as well as ROS (116).
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Interest has recently focused on TH17 cells in EAE, and IL-17 induces the
production of ROS in endothelial cells of the BBB (121) which disrupts tight
junctions between these cells and increases permeability of the BBB (122).
Thus, whether the polarity of the TH response in EAE is TH1 or TH17, ROS are
involved in generating disease pathology of demyelination, probably by virtue
of the production of NO and its derivative, ONOO- (123). iNOS, one of the key
enzymes involved in synthesis of NO, is upregulated in acute inflammatory MS
lesions (124–126). Elevated levels of NO can have a detrimental effect on axonal
survival (126) bymodifying the action of ion channels, transporters, and glycolytic
enzymes (127–129). NO and peroxynitrite also inhibit mitochondrial respiration
(130) and limit the axon’s ability to generate ATP. Although peroxynitrite is
both a potent oxidant and nitrosylates protein, NO may serve multiple regulatory
roles. For example, animals with absent or disrupted NOS2 (131) or iNOS (132)
espression display more severe EAE symptoms than wild-type animals. NO may
dampen TH cell proliferation and disrupt targeted migration of inflammatory
cells into the CNS (133). Thus, NO may oppose the function of the autoreactive
TH cells that initiate damage, while at the same time eliciting its own neurotoxic
effects. This paradox makes it a challenge to identify therapeutic agents that
reduce NO levels sufficiently to mitigate direct CNS damage, but still leave intact
the beneficial aspects of NO-mediated immunomodulation.

Although EAE in mice may not reproduce all of the pathogenic mechanisms
of the human disease, the validity of this model has been repeatedly confirmed.
Most importantly, the study of EAE has led to the development of three currently
available MS therapies. These, not surprisingly because of disease etiology,
all function as immune modulators: Avonex and Betaferon, both of which are
forms of beta interferon; and glatiramer acetate (Copaxone), which is an immune
modulator that may shift T helper (TH) cells from an inflammatory TH1 to a TH2
phenotype or act as a decoy for the immune (134, 135). However because of
the established role of oxidative stress in MS, drugs that target ROS production
might be useful as a co-therapy. To that end, there are three promising drugs on
the horizon: GEMSP, nanoliposomes containing tempamine, and edavarone (also
used in stroke), all of which are antioxidants (136–138).

Amyotrophic Lateral Sclerosis (ALS)

Amyotrophic lateral sclerosis (ALS), often referred to as "Lou Gehrig’s
Disease," is a progressive, fatal, neurodegenerative disease that affects motor
neurons in the brain and the spinal cord (139, 140). As motor neurons degenerate,
they can no longer send impulses to the muscle fibers that normally result in
muscle movement. As such, early symptoms of ALS often include increasing
muscle weakness, especially involving the arms and legs, speech, swallowing or
breathing. When the motor neurons die, the ability of the brain to initiate and
control muscle movement is lost. With voluntary muscle action progressively
affected, patients in the later stages of the disease may become totally paralyzed
with death occurring due to respiratory failure, usually between 2 and 5 years
post-diagnosis (141).
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Approximatley 90-95% of the cases of ALS are sporadic (SALS; unknown
cause) with the remaining 5-10% classified as familial (FALS; genetic). The
majority of the familial cases, ~20%, are due to mutations in the Cu/Zn superoxide
dismutase 1 (SOD1) gene (142, 143). The mechanism of mutant SOD1 toxicity
seems to be due to a gain of toxic function that leads to catalysis of aberrant
oxidative reactions (143–145).

Oxidative Stress and ALS

There is an overwhelming amount of data supporting the involvement of
oxidative stress in ALS pathology. For example, post-mortem analysis of brain
tissue samples show increased levels of protein and DNA oxidation in the motor
cortex of patients with sporadic ALS (146). In addition, spinal cords of both FALS
and SALS patients show increased levels of lipid, protein and DNA oxidation
(146–148) as well as increased 3-nitrotyrosine immunoreactivity, a marker of
ONOO- induced damage. Finally, all of these markers of oxidative stress are
elevated in serum and cerebrospinal fluid samples of living ALS patients (149,
150). The question that has not been resolved, however, is whether oxidative
stress is a cause or a result of the underlying ALS etiology.

Laboratory models of ALS help researchers understand the basic process
of the disease, with the goal of developing new therapies. The mainstay has
been a mouse that bears the mutated human gene associated with familial ALS.
A mutation of the SOD1 gene can produce many aspects of ALS. The mouse
bearing the human gene for mutant SOD1 was the first lab model clearly linked
to ALS based on a known cause of the disease. The ALS mouse has helped with
the testing of drugs that might be useful for treating the disease. However, there
is still no cure or treatment today that halts or reverses ALS (151). There is one
FDA approved drug, riluzole, that modestly slows the progression of ALS (152).
Riluzole interferes with glutamatergic neurotransmission and might therefore
mitigate downstream ROS production by reducing excitotoxicity.

Cerium Oxide Nanoparticles as a Next Generation Antioxidant
Therapy for Neurodegenerative Diseases

As is evident from the above survey, ROS and mitochondrial dysfunction
play a key role in the pathology of many neurodegenerative diseases. Despite
this overwhelming evidence of oxidative injury and the efficacy of antixodiants
in pre-clinical animal models, human studies of antioxidant therapies have
had mixed results (Table I). The case of antioxidants for stroke provides an
illustrative example. Although several antioxidant compounds have made it
to clinical trials, the recent high-profile failure of the nitrone spin trap agent
NXY-059 has called into question whether pursuing neuroprotection strategies
is worth it (153). There was a lot of initial hope with NXY-059 because in
preclinical studies it demonstrated consistent protective effects in stroke models,
the antixodant mechanism of action (spin trap) was slightly different than most
other antixodiants (i.e., no generation of other free radicals in the process of
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scavenging ROS) and it’s clinical evaluation followed the recommendations
made by the Stroke Therapy Academic Industry Roundtable (STAIR) (154). In
the initial trial, SAINT I (Stroke-Acute Ischemic NXY-059 Treatment) (155),
NXY-059 improved the primary output measure – disability at 90 days. However,
Astra-Zeneca abrubtly halted development of NXY-059 when the results of the
SAINTS II trial, a repeat study with greater sample size, showed lack of efficacy
(156). Some of the reasons cited in retrospect for the failure of NXY-059 include
lack of rigor in the design and interpretation of results from pre-clinical studies
(i.e., it should probably not have made it to clinical trials) to the rationale for the
enrollment time window used in the actual clinical studies (157, 158).

The lack of success with antioxidant therapies in general may be due
to multiple factors (159, 160): an inability to achieve satisfactory levels of
antioxidants at the site of injury (this is especially true of the CNS); the agents
are consumed at a rate greater than their entry rate so that sufficient antioxidant
levels cannot be sustained; the antioxidants tried so far have not actually been
that potent; or the antioxidant may not neutralize the principal ROS involved in
the pathology. Additionally, in many cases the production of free radicals occurs
rapidly and early in the disease process, and administration of antioxidant agents
after the initial injury is ineffective.

Despite this seemingly grim outlook, there are currently some promising
antioxidant prospects both at the clinical and pre-clinical stages. For example,
Edaravone is a compound that was approved in 2001 for the treatment of acute
ischemic stroke in Japan (161). It crosses the blood brain barrier and aside from
its antioxidant properties has other targets in the ischemic cascade, such as eNOS,
which might play a role in it’s therapeutic effectiveness (162–164). In terms of
agents in pre-clinical phases, the therapeutic potential of small molecule catalytic
antioxidants is becoming apparent (151, 165–167). Catalytic antioxidants can
neutralize ROS at a rate approaching or exceeding that of SOD, providing an
advantage over typical free radical scavengers (like Vitamin E and others) that
neutralize at a 1:1 stoichiometric ratio. Of these compounds, the manganese
porphyrin AEOL 11207 has been shown to penetrate the BBB and display
neuroprotective effectiveness in the mouse MPTP model of PD after either oral
or subcutatneous administration (168). Cerium oxide (CeO2) nanoparticles, or
nanoceria, have the added advantage of being regenerative in nature. Thus,
nanoceria have great potential for the treatment oxidative neurological disorders
that overcome many of the deficiencies of previous therapies and this will be
discussed in more detail below.

Cerium is a rare earth metal belonging to the lanthanide series of the periodic
table. When combined with oxygen in a nanoparticle formulation, cerium oxide
adopts a fluorite crystalline structure that has unique antioxidant properties (166,
198) derived from the kinetics and thermodynamics of the redox processes on the
nanoparticle surface. Cerium can reversibly bind oxygen and shift between Ce4+
and Ce3+ states under oxidizing and reducing conditions. The loss of oxygen and
the reduction of Ce4+ to Ce3+ are accompanied by the creation of oxygen vacancies
in the nanoparticle lattice (199, 200). Nanoceria have been demonstrated to display
both superoxide dismutase- and catalase-mimetic activity (167, 198) and it is this
dual capability that, according to a model proposed by recently by Celardo et al.,
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endows nanoceria the ability to regenerate its antioxidant activity (201) . The
model involves Ce3+ nanoceria reducing O2•- to form H2O2 and Ce4+. The H2O2
formed can then react with Ce4+ to regenerate Ce3+ and form O2 (Figures 3 and 4).

Table I. Efficacy of some selected antioxidants in human studies

Neurode-
generative
Disease

Antioxidant Mechanism of
Action Outcome Reference

Improved primary
output measure
(disability at
90 days) but

did not improve
neurological
outcome

SAINT I
(155)

NXY-059
free radical
spin trapping

agent

Lack of efficacy SAINT II
(156, 169)

Edaravone free radical
scavenger

Improved functional
outcome (170, 171)

Tirilizad
Lipid

peroxidation
inhibitor

Lack of efficacy
and toxic (172, 173)

Stroke

Ebselen Free radical
scavenger

No improvement of
functional outcome

at 3 months
(174)

Vitamin E Free radical
scavenger Lack of efficacy (175–178)

Coenzyme Q
(ubiquinone)

Mitochondrial
associated
electron

carrier/free
radical

scavenger

Slows disease
progression,

improved symptoms
(179, 180)

glutathione Non-enzyme
scavenger

Mild symptomatic
relief (181, 182)

Parkinson’s
Disease

MitoQ

Mitochondrial
associated
electron

carrier/free
radical

scavenger

Lack of efficacy (183)

Continued on next page.
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Table I. (Continued). Efficacy of some selected antioxidants in human studies

Neurode-
generative
Disease

Antioxidant Mechanism of
Action Outcome Reference

Slows disease
progression or risk (184, 185)

Vitamin E Free radical
scavenger Does not reduce risk

of developing AD (186–188)

Improved cognitive
function; slowed
disease progression

(189)(190)

Alzheimer’s
Disease

Coenzyme Q
(ubiquinone)

Mitochondrial
associated
electron

carrier/free
radical

scavenger
Lack of efficacy (191)

No effect on rate
of functional
deterioration

(192, 193)
Vitamin E Free radical

scavenger
Lowers risk of
developing ALS (194)

Edaravone Free radical
scavenger

Delays progression
of functional motor

disturbances
(195)

KNS-760704 Free radical
scavenger

Safe and well-
tolerated (196)

Amyotrophic
Lateral
Sclerosis

Coenzyme Q
(ubiquinone)

Mitochondrial
associated
electron

carrier/free
radical

scavenger

Lack of efficacy (197)
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Figure 3. Model of the reaction mechanism for the oxidation of hydrogen
peroxide by nanoceria and the regeneration via reduction by superoxide. An
oxygen vacancy site on the nanoceria surface (1) presents a 2Ce4+ binding site
for H2O2 (2), after the release of protons and two-electron transfer to the two
cerium ions (3) oxygen is released from the now fully reduced oxygen vacancy
site (4). Subsequently superoxide can bind to this site (5), and after the transfer
of a single electron from one Ce3+, and uptake of two protons from the solution,
H2O2 is formed (6) and can be released. After repeating this reaction with a
second superoxide molecule (7) the oxygen vacancy site returns to the initial
2Ce4+ state (1). It is also possible that the third Ce3+ indicated, which gives rise
to the oxygen vacancy, could participate directly in the reaction mechanism.
The square Ce–O matrix is shown here only to illustrate the model and does
not correspond to the actual spatial arrangement of the atoms in the crystal
structure. Figure and legend reproduced with permission from reference (201).

Copyright 2011 Royal Society of Chemistry. (see color insert)

This ability of nanoceria to switch oxidation states and recycle their
antioxidant activity is a unique advantage and has clear therapeutic implications.
When combined with a catalytic activity which exceeds that of SOD (166) and
an ability to cross the BBB (202–205), it becomes clear these particles have
advantages for therapeutic use in oxidative stress disorders which overcome many
of the shortcomings of previous therapies.

Although nanoceria have been widely used in industrial applications such
as oxygen sensors (206) and automotive catalytic converters (207), they have
recently begun to be used in biological systems (25, 202–204). Importantly, focus
has shifted from using these nanoparticles as drug delivery devices (e.g., (208))
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to harnessing the inherent antioxidant capacity for therapeutic purposes. For
example, nanoceria protected a hippocampal neuronal cell line from oxidative
stress (203); decreased both NO and peroxynitrite formation in a murine model of
ischemic cardiomyopathy (209); slowed the progression of retinal degeneration
in a genetically susceptible mouse model (210); and inhibited the development
and promoted the regression of retinal vascular lesions in a mouse model of
age-related macular degeneration (211).

Figure 4. A model of the reaction mechanism for the complete dismutation of
hydrogen peroxide. The oxidative half-reaction is identical to the sequence shown
in Figure () (1–4). The reductive half involves binding of H2O2 to the 2Ce3+
site (5), uptake of two protons and homolysis of the O–O bond with transfer of
electrons to the two Ce3+ (6), and release of the water molecules to regenerate
the initial Ce4+ site (1). This reaction sequence would be analogous to the one
found in catalases. Figure and legend reproduced with permission from reference

(201). Copyright 2011 Royal Society of Chemisty. (see color insert)

Recently, our group looked into the mechanisms of nanoceria neuroprotection
in a biological system (212). Using a hippocampal brain slice model of stroke,
we showed that nanoceria were protective by moderately reducing O2•- and NO
accumulation but significantly reducing tissue nitrosylation – a modification to
protein residues induced by ONOO- . These data suggest that reducing the effects
of peroxynitrite is an important step in mitigating ischemia-induced cell death.
ONOO- is both an oxidizing and nitrating agent that can induce inflammation and
cell death via necrotic or apoptotic mechanisms (reviewed in (50)). In addition,
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nitration of tyrosine residues can have profound impact on protein activity and
can trigger an immune response (49). For example, Niu et al. demonstrated that
treatment with nanoceria was protective in a mouse model of cardiomyopathy by
several mechanisms including the inhibition of protein nitration and a decrease
in inflammatory mediators (209). Nanoceria also decrease ROS production and
inflammation in a mouse macrophage cell line (213). It is likely that the time
course of generation and accumulation of ROS species may vary depending on the
type of pathology. However, fact that nanoceria have the capacity to scavenge all
biologically relevant ROS suggests that its therapeutic relevance may also extend
beyond ischemic injury. Indeed, preliminary work from our group has shown that
nanoceria are effective in decreasing motor deficits in the EAE model of relapsing
multiple sclerosis (205).

Although nanoceria have profound free radical scavenging capabilities and
have been shown to be non-toxic and protective (25, 203, 212–214) there are
reports of toxicity in some studies (215–219). One proposed mechanism for this
observed toxicity is increased oxidative stress (217, 220, 221) perhaps owing to
the participation of nanoceria in Fenton reaction-like reactions in the presence of
H2O2 (222).

These divergent results obtained with nanoceria, beneficial antioxidant in
one case and toxic pro-oxidant in another, warrant further analysis. Arguably,
cell-specific responses, methodological differences in the viability measurements
made or the physical properties and synthetic route of the nanoparticles
(some methods use organic solvents whereas other do not) used in the various
studies can play a role. For example, exposure of human bronchial epithelial
cells (BEAS-2B) to nanoceria reduced viability when measured using the
3-(4,5-dimehtylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay
(219). MTT undergoes reductive cleavage by an incompletely understood cellular
enzymatic system to yield a color precipitate in live cells. Because of its reliance
on enzymatic processes, any intervention that alters one of the enzymes involved
in dye cleavage may lead to misleading viability results (e.g., (223)). In light
of this, it is interesting that a study using propidium iodide to measure viability
demonstrated no toxic effects of nanoceria on a variety of cell lines, including
BEAS-2B cells (214).

Moreover, surface properties such as size, charge, chemical coating,
crystallinity and reactivity can also differ across particles (224, 225) and these
properties can influence among other things, the distribution of the particle to the
target, adsorption of native proteins to the particle surface, or the propensity of the
particle to agglormerate in a biological milieu. What is clear is that it is difficult
to predict a priori whether a particular type of particle will be toxic based soley
on its physical parameters. For example, a 6 nm particle exhibited ‘moderate’
toxicity to cultured cells (218) whereas as a different 5 nm particle showed no
overt toxicity when givien to mice intravenously (226). In a toxicological analysis
of several metal oxide nanoparticles, including CeO2, Lanone et al. (2009) found
no correlation between cytotoxicicty and spherical diameter or surface area. To
confound matters, biological effects may differ from those observed in vitro. For
example, Xia et al. (2008) observed that CeO2 contributed to H2O2 generation in
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vitro whereas it was protective against exogenous oxidative stress in transformed
human bronchial epithelial cells as well as a phagocytic cell line.

In analyzing the whole animal effects of nanoceria and potentially translating
these to human therapeutic use, the question of biodistribution of these particles is
key since localization of the particles in an organism is an important determinant
of toxicity and effectiveness. Yokel et al. (2009) examined the biodistribution
of uncoated, 30 nm nanoceria in rats following i.v. infusion. Infusions were
delivered to the rats via tail vein between 0.5–7.5 h, and the doses ranged from
50–750 mg/kg. The doses used in this study were far greater than those used in
any previous studies given their interest in determining the biodistribution and
toxicology of the cerium oxide nanoparticles. Importantly, few behavioral changes
were noted aside from a slight tachypnea and an increase in chewing and licking
demonstrated by some animals during infusion. No adverse effects were noted
following the administration of the nanoceria, and none of the animals died prior to
the end of the experiment. Up to 20 h following the infusions, the majority of ceria
was distributed either in the liver or the spleen; less than 0.1% was located in the
brain. The localization of ceria principally in the liver and spleen may have been
due to the relative ease with which these particular particles agglomerated in vivo
and the role of these two organ systems in detoxification of the blood. In contrast,
a follow-up study by the same group (216) evaluated 5 nm, citrate-coated CeO2
nanoparticles using a similar dosing regimen in rats and saw no distribution of the
particles into the brain and increased toxicity – several rats died prior to the end of
the experiment, presumably due to pulmonary toxicity. This was counterintuitive
to what they expected since a smaller, coated nanoparticle was expected to be
able to cross the blood brain barrier. The authors speculate that agglomeration
of the small particles was responsible for the observed lung toxicity. A different
study in mice looked at 5 nm uncoated CeO2 particles and observed a similar
biodistribution: spleen>liver>lung>kidneys (226). Interestingly, this nanoparticle
displayed no blood brain barrier penetration and no overt toxicity. Finally, in
preliminary studies in our lab, we have shown using ICP-MS that our custom-
synthesized 2.5 nm citrate-stabilized particles penetrate the blood brain barrier
both in healthy animals and animals with breakdown of the BBB due to disease.
We performed this work using the SJL strain of mice which are frequently used to
study the pathogensis ofmultiple sclerosis (EAEmodel). Using an identical dosing
regimen, we were surprised to see that the deposition of ceria in the brain was very
similar between healthy, controls compared to animals at the peak of their disease.
Previous studies have repeatedly shown that there is significant breakdown of the
BBB in the EAEmodel (227) consistent with the CNS effects of this diseasemodel.
Taken together, these data suggest that the movement of our nanoparticles into the
brain is independent of BBB integrity suggesting that the flux of ceria particles into
the brain vascular bed is likely due to both passive diffusion through tight junctions
(~4 nm pore size) and active transport by endogenous carrier systems. This is
significant given that few compounds currently under development are capable
of crossing the BBB. Previous synthesis methods have not been able to produce
uniform, monodispersed particles less than 5 nm and the nature of the citric acid
stabilizer system we use appears to make the particles more biocompatible and
better tolerated than particles developed by others. Importantly, administration of
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our particles weekly following the onset of disease greatly reduced the clinical
severity and the motor deficits associated with the murine EAE model (205).

Table II. Comparison of CeO2 nanoparitcles used in four recent studies

Parameter Yokel et al.,
2009

Hardas et al.,
2010

Hirst et al.,
2011

DeCoteau et al.,
2011

Species Rat Rat Mouse Mouse

Size of
CeO2

nanopar-
ticle

31 nm 5 nm 5 nm 2.5 nm

Coating
of CeO2
nanopar-
ticle

none Citrate alone none Citrate-based
stabilizer

Cross BBB Yes No No Yes

Toxicity None Death of some
rats due to
pulmonary
toxicity

None
reported
(although
study not
designed
to check
toxicity)

None

In an attempt to reconcile the varied biodistribution (Table II) and toxicity
reports of nanoceria in whole animals, we speculate that factors associated
with particle’s ability to reach the intended site of therapeutic action rather
than inherent in the catalytic activity of the particle itself are at work. That
is, the toxic effects seen in some studies are most likely due to the off-target
accumulation of the nanoceria (e.g., lung toxicity observed by Hardas et al. (216))
or particle-induced activation of the animal’s immune system. In cases where
these factors can be avoided, therapeutic effects and no toxicity are observed.
For example, we observed neuroprotection and no toxicity in hippocampal brain
slice model which used a commercially available, ~ 10 nm uncoated particle that
was delivered directly to the target (a brain slice in culture) (212). Similarly,
using custom-synthesized citrate-stabilized 2.5 nm particles we observed
neuroprotection without toxicity with the particles able to make it to the target
site (CNS) (205). Finally, Zhou et al. recently used 3-5 nm uncoated nanoceria
administered directly at the target site (retina) and observed therapeutic effects
with no reports of toxicity (211). In summary, these results suggest that toxicity
or neuroprotection by nanoceria depends on factors that influence the particle’s
ability to get to the site of therapeutic action. The physical properties of the
nanoparticle , including size, charge, coating and other surface characteristics,
influence effectiveness or toxicity to the extent that they affect the biodistribution
of the particles or interactions with off target sites (such as the lungs or immune
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system). Thus, this will be an important consideration when attempting to
translate the use of these particles from bench to bedside.

Conclusions

The most common neurodegenerative diseases all have similar
pathophysiology involving oxidative stress and mitochondrial dysfunction. There
is a lack of effective therapeutics to limit ROS damage in these pathologies. CeO2
nanoparticles and other catalytic antioxidants present significant advantages over
previously used therapies and represent the next generation of antioxidants for
the treatment oxidative stress diseases. Specifically, CeO2 nanoparticles exhibit
high catalytic activity and a regenerative capacity to neutralize ROS. They can
scavenge a broad range of ROS. The particles are small and can cross the blood
brain barrier. Finally, a neuroprotective effect of nanoceria has been shown in
many types of oxidative injury models. As nanoceria are modified to better ‘tune’
them for translation from bench to bedside, it is important that investigators be
mindful of how changes in the physical parameters of the nanoparticle influence
that particle’s ability to reach it’s intended therapeutic target in a whole animal.
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Chapter 10

Detection of Superoxide and Hydrogen
Peroxide from Living Cells Using

Electrochemical Sensors

Szilveszter Gáspár*

International Centre of Biodynamics, 1B Intrarea Portocalelor,
060101 Bucharest, Romania
*E-mail: sgaspar@biodyn.ro

Superoxide and hydrogen peroxide are present in very low
concentrations and are characterized by short half-life in the
extra- and intracellular space of living cells because of a
complex antioxidant system, which spans over both spaces
and very efficiently consumes these species. Monitoring
superoxide and hydrogen peroxide produced by living cells in
real-time is thus rather challenging. Appropriately constructed
electrochemical sensors and biosensors can continuously
monitor superoxide or hydrogen peroxide produced by cells.
As such, they can advantageously complete analytical methods
which are offering endpoints and/or indirect evidence of the
overproduction of these species by cells. The present chapter
reviews electrochemical sensors and biosensors used to detect
superoxide and hydrogen peroxide from cells. Although
plenty of electrochemical sensors for superoxide and hydrogen
peroxide were reported in the scientific literature, relatively
few publications describe their use in cell biology. Moreover,
most of these publications do not describe in depth studies but
initiatives which stop at the proof of principle level instead.

© 2011 American Chemical Society
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1. Introduction

Reactive oxygen species (such as superoxide and hydrogen peroxide, the two
species the present chapter is focused on) play an important role in the physiology
of living cells. Phagocytes (both macrophages and neutrophils) release reactive
oxygen species in their fight with intruders (1). Hydrogen peroxide was found to
activate a variety of vascular signaling pathways, leading to vascular contraction
and growth (2). Hydrogen peroxide plays an important role also in “wound-to-
leukocyte signaling” (3). Its concentration in the tissue increases in minutes after
wounding and this leads to the recruitment of leukocytes to the site of injury.

Reactive oxygen species are also part of the biochemistry of several diseases
and of the complex reaction of living cells to chemical and physical stress.
Zinc, for example, was found to activate the NADPH oxidase of neutrophils via
protein kinase C, leading to the formation of superoxide (4). The overproduction
of reactive oxygen species (a phenomenon called oxidative stress) plays an
important role in the pathogenesis of several neurodegenerative diseases (5) and
cardiovascular diseases (6) (to mention just two among many other important
classes of diseases).

The half-life of superoxide and how far superoxide diffuses from its source in
different biological systems seem to be still disputed. The half-life was reported
to be below 50 milliseconds, in the presence of various blood constituents (7).
Such a half-life will allow superoxide to diffuse about 40 µm from the source
of its production. Other studies build on a lifetime of 1 µs and the fact that
superoxide cannot diffuse deeper than 45 nm in a collagen film (8). The half-life
of superoxide is clearly short and dependent on the chemical composition of the
microenvironment superoxide is generated into.

Data seem to converge more pronouncedly regarding the half-life of hydrogen
peroxide in biological systems. When incubated with lung perfusates, the half-life
of hydrogen peroxide was found to be 0.31 minutes (9). A slightly longer half-life
(4 minutes) was reported in less complex environments such as the incubation
buffer of some astroglial cells (10). The half-life of hydrogen peroxide is clearly
longer than that of superoxide. However, is still short compared to the long
incubation times (i.e. hours) which are commonly used when the effect of a
compound on cells is investigated in biology.

In addition to their relatively short half-life, superoxide and hydrogen
peroxide are produced in really small amounts by living cells. For example,
the concentration of superoxide and hydrogen peroxide in phorbol myristate
acetate-stimulated macrophage cell extracts was found to be 0.78 and 1.14 µM,
respectively (11). Phorbol myristate acetate is a protein kinase C agonist that
activates membrane-bound NADPH oxidase resulting in superoxide release (12).
Macrophages are cells specialized to deliberately produce important quantities
of reactive oxygen species, and thus the generation of even lower amounts of
superoxide and hydrogen peroxide can be expected from other cell types.

Detection of superoxide and/or hydrogen peroxide from living cells is
further complicated by the fact that, in aqueous solutions, superoxide undergoes
disproportionation that gives hydrogen peroxide. The disproportionation reaction
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is second order with respect to superoxide and is very fast (k = 2 x 105 M-1 s-1 at
25 °C and pH of 7.4 (13)). Separation of the biological effect of superoxide and
hydrogen peroxide, although of great scientific interest, is thus not an easy task.

Analytical tools to detect superoxide and hydrogen peroxide from living
cells must clearly have great selectivity, short response times and must ideally be
small enough to be placed in the close proximity of the investigated cells. The
reason for the last requirement is a very simple one. Small amounts of superoxide
or hydrogen peroxide released by cells can still lead to high concentrations (and
satisfactory signal-to-noise ratios) as long as the volume these molecules are
released into is kept small. Only few such analytical tools emerged and many
cell biologists are still investigating oxidative stress based on indirect evidence of
the overproduction of reactive oxygen species (e.g. by detecting stable oxidation
products).

The present chapter reviews electrochemical sensors already used to detect
superoxide or hydrogen peroxide generated by living cells. It is intended to update
some other excellent reviews on the subject (13, 14) with the progresses registered
during the last few years. Although they pave the way to the application of such
sensors at cellular level, papers detailing sensor development and characterization
(but not their use at cellular level) are not mentioned for the sake of conciseness.
There are other reviews on that matter (15, 16).

2. Electrochemical Sensors and Biosensors for
Detection of Superoxide

There are two types of electrochemical sensors used to detect superoxide
produced by living cells (see Table I for few examples). The standard redox
potential of the oxygen/superoxide redox couple (- 330 mV vs NHE according to
some sources (13), and - 137 mV vs. NHE according to other sources (17)) allows
detection of superoxide by direct oxidation on unmodified electrodes. Therefore,
the first type of electrochemical sensor for the detection of superoxide is actually
a simple, unmodified, metal electrode. The second type of electrochemical sensor
for the detection of superoxide uses redox proteins which are able to selectively
convert superoxide and which are immobilized on the electrode surface. In
such sensors, after the reaction with superoxide, the immobilized redox protein
is oxidized or reduced back to its initial redox state by direct electron transfer
to/from the electrode, that is, the immobilized redox protein acts as an electron
transfer mediator. The selectivity of the redox protein – substrate reaction is thus
advantageously added to the sensitivity of the electrochemical detection.
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Table I. Design details of some electrochemical sensors and biosensors
already used for the detection of superoxide from cells

Electrode Biorecognition
element

Immobilization
method

Working
potential
/ mV

Ref.

6 mm diameter
pyrolytic

graphite disk
- - + 50 (18)

10 µm diameter
gold disk - - + 50 (19)

1 - 2 mm
diameter gold

disk
Cytochrome c

Covalent immobi-
lization to a SAM1

of 3,3′-dithiobis(sul-
fosuccinimidylpro-

pionate)

+ 100 (24, 29)

7 µm diameter
carbon fiber - - + 100 (20)

0.9 mm
diameter gold

disk

Pseudomonas
aeruginosa azurin

Covalent immobi-
lization to a SAM
of 3,3′-dithiobis(sul-
fosuccinimidylpro-

pionate)

+ 250 (34)

3 mm diameter
gold disk

Superoxide
dismutase

Covalent
immobilization to
a SAM of cysteine

+ 300 (32)

0.8 mm
diameter, 5
mm high gold

cylinder

Cytochrome c

Covalent
immobilization
to a SAM of

3,3′-dithiodipropionic
acid

+ 150 (30)

0.5 mm
diameter

platinum disk

Superoxide
dismutase

Cross-linking with
glutaraldehyde onto
a carbon nanotube
poly(pyrrole)
nanocomposite

- 35 (33)

1 Self Assembled Monolayer.

2.1. Direct Electrochemical Detection of Superoxide

The direct electrochemical detection of superoxide generated by cells was
initiated by the group of Allen O. Hill. In their first paper on the issue, they report
on a current signal that i.) is observed only in presence of human neutrophils,
ii.) is observed only when human immunoglobulin is previously adsorbed onto
the electrode, and iii.) is significantly decreased when superoxide dismutase
(a superoxide scavenging enzyme) or N-ethylmaleimide (an NADPH oxidase
inhibitor) is present (18). These properties of the current signal indicated that
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superoxide released by neutrophils (following their activation by the surface
immobilized human immunoglobulin) was for the first time electrochemically
measured. The processes (i.e. mass transport and electron transfer) leading to
the superoxide-proportional current signal are schematically shown in Figure 1.
The approach was also used to the measurement of the respiratory burst of single
human neutrophils (19). This second study brings forward an advantage of using
electrochemical sensors to study living cells: such sensors are relatively easily
miniaturized to a size matching that of a single cell (and this allows investigating
cell heterogeneity, for example).

Figure 1. Electrochemical detection of the superoxide produced by cells by its
direct oxidation on metal electrodes; Observations: Minimizing the distance
between the source of superoxide and the interface where it is detected is very
important (due to the short half-life of superoxide). Superoxide released from
cells was actually for the first time electrochemically observed “collecting”

human neutrophils onto opsonised electrodes (19).
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Differential pulse amperometry was also used to detect superoxide by its
direct oxidation on the surface of carbon fiber microelectrodes (20). Superoxide
concentrations of 76 ± 11 nM were observed at the cell membrane level of human
cord vein endothelial cells, 40 - 60 minutes after stimulation. Slightly higher
concentrations of superoxide (131 ± 18 nM) were observed when using mammary
artery smooth muscle cells, 1 - 2 hours after stimulation. This study highlights
another advantage of using electrochemical sensors to study living cells. The
same sensor can be used in conjunction with several different electrochemical
methods characterized by different temporal resolution, selectivity, and sensitivity.
Constant potential amperometry is most often used to get an analytical useful
signal from sensors for detection of superoxide and hydrogen peroxide. In this
electrochemical method the sensor is polarized at a constant potential and the
current is recorded in time. The temporal resolution of the measurement can
be in the millisecond domain (i.e. excellent). When using differential pulse
amperometry, the sensor is again polarized at a constant potential but some
potential pulses are also applied at regular intervals. The current signal will
be the difference between the current prior the pulse and the current measured
during the pulse. This difference will be recorded as a function of time. The
temporal resolution of the method is not as good as in the case of constant
potential amperometry but, by the careful selection of the pulse parameters,
some additional sensitivity is gained (because contributions from baseline drift,
interferences and capacitive currents are to some extent eliminated).

The group of Christian Amatore is one of the leading groups in using
electrochemical microsensors (e.g. in the form of 10 µm diameter platinized
carbon microelectrodes) to observe reactive oxygen and nitrogen species
produced by single cells. Due to the extreme reactivity of superoxide, the group
is most often not directly targeting superoxide but detecting species resulting
from the disproportionation of superoxide or from the reaction of superoxide
with nitric oxide instead. Quantification is carried out by direct electrooxidation
of superoxide-derived species on unmodified electrodes polarized at 250 – 800
mV. When investigating the release of reactive species by interferon-gamma- or
lipopolysaccharide-activated RAW 264.7 macrophages with platinized carbon
microelectrodes, they have discovered that the majority of the released reactive
species are likely to be derived from nitric oxide and superoxide co-produced
by inducible nitric oxide synthase (21). Detection of reactive oxygen and
nitrogen species from living cells using platinized microelectrodes integrated into
microfluidic devices was also demonstrated (22). They have also observed that a
15 µm diameter membrane patch is activated and release reactive species when
single human fibroblasts are punctured with a 1 µm diameter glass micropipette
(23). This experimental observation is consistent with calculations which indicate
that after puncturing a cell the concentration of ions, able to activate NADPH
oxidase and nitric oxide synthases, significantly changes over a membrane
region of about the same size. Moreover, this study demonstrates once again the
excellent spatial resolution that can be achieved using electrochemical sensors to
observe reactive oxygen species.
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2.2. Mediated Electrochemical Detection of Superoxide

Cytochrome c and superoxide dismutase are the two redox proteins which are
most often used to build electrochemical superoxide biosensors (Table I).

Cytochrome c-based electrochemical sensors were for the first time used to
detect superoxide generated by cells by the group of Calum J. McNeil (24). The
approach is originating from the classical spectrophotometric method to detect
superoxide, which uses the very fast reaction between oxidized cytochrome c
and superoxide. However, in the electrochemical sensor the cytochrome c is not
freely diffusing but advantageously immobilized on the electrode. Moreover,
the electrode is poised to such a potential that the cytochrome c, that is reduced
by superoxide, is immediately re-oxidized (by direct electron transfer) on the
electrode (and thus made available for the reaction with superoxide). More
superoxide will reduce more cytochrome c and will thus generate more current
(Figure 2). Superoxide from human glioblastoma cells stimulated with phorbol
myristate acetate or lipopolysaccharide was monitored in their first study.
The cytochrome c-based sensor was positioned 1 mm away from the cells.
This distance seems large taking into account the half-life of superoxide (see
Introduction). However, the distance superoxide can diffuse from its source
is still disputed and is clearly depending on the chemical microenvironment
of the extracellular space. Detection of the superoxide from the extracellular
space using cytochrome c-based sensors was later combined with the detection
of superoxide in the intracellular space using fluorescence microscopy (25).
Taking into account the problems surrounding both analytical methods, this
combination, allowing the simultaneous observation of the intra- and extracellular
space, is probably the most appropriate to get interesting and in the same time
reliable data. The detection of superoxide using cytochrome c-based sensors was
also combined with the detection of nitric oxide using a nickel tetrasulfonated
phthalocyanine-based sensor (26). Leaving phorbol myristate acetate-activated
glioblastoma cells behind, the same research group has used cytochrome-c based
sensors to investigate superoxide release from UV-treated HaCaT keratinocytes
(27). Immediate superoxide generation was observed already at relatively low
doses of ultraviolet radiation. This study is interesting considering also the fact
that ultraviolet A radiation was observed to compromise the effectiveness of
some fluorescent probes to detect reactive oxygen species (28). Electrochemical
sensors emerge as a good alternative to fluorescent dyes in such studies.

Cytochrome c-based electrochemical sensors were recently used to observe
the time course of superoxide release by osteoclasts (bone-resorbing cells) (29). As
a particularity, this study used simulation (of the transport and disproportionation)
to estimate the magnitude of the flux of superoxide produced by the cells and to
accurately determine the time-dependence of the flux in response to three different
stimuli. The superoxide flux from the osteoclasts decays following a simple first-
order kinetic model and much faster after stimulation with parathyroid hormone
than after stimulation with vitamin D3 or pertussis toxin. Such differences suggest
different mechanism of action of parathyroid hormone as compared to vitamin D3
and pertussis toxin. As already stated, such differences cannot be observed when
assessing the extent of oxidative stress through endpoints.
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Figure 2. Electrochemical detection of the superoxide generated by cells with
cytochrome c-modified electrodes; Observations: The cytochrome c heme is

buried into its protein shell in a way which does not hinder direct electron transfer
to the electrode. This fact allows the very fast electrochemical regeneration of

the reduced cytochrome c without using any electron transfer mediator.

Our group has also used cytochrome c-modified gold electrodes to investigate
the effect of calcium oxalate (one of the main components of the renal calculi)
on renal cells (30). It was observed that A6 cells (an epithelial cell line, derived
from the kidney of Xenopus laevis) release superoxide into their extracellular
space in 5 - 6 minutes after encountering calcium oxalate crystals. The amount
of released superoxide peaks at about 20 min. The superoxide release ceases only
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after approximately 3 hours. This study proves that electrochemical sensors for
the detection of superoxide can be useful tools also for biologists investigating
the mechanism of nephrolithiasis at cellular level. Oxidative stress is accepted
as being part of the pathogenesis of kidney stones (31) but details of the exact
mechanism of stone formation and of the effect of stones on renal cells are just
emerging.

Superoxide dismutase-modified electrodes will generate superoxide-
proportional current signals in a very similar manner with cytochrome c-modified
electrodes. Reduced and oxidized superoxide dismutase replaces ferrocytochrome
c and ferricytochrome c, respectively, in the reaction pathway depicted in Figure
2. Superoxide dismutase-modified electrodes were recently used to observe
the superoxide produced by activated neutrophils found in raw milk (32). The
concept can be used to identify dairy cows suffering from subclinical mastitis
based on the fact that mastitis increases the number of neutrophils in milk. This
is one of the few studies indicating that detection of reactive oxygen species
from cells with electrochemical sensors can be more than fundamental research.
Superoxide dismutase-based superoxide sensors were also successfully used to
detect superoxide from MCF-7 cancer cells (33). Superoxide in concentration of
0.1 ± 0.02 µMwas observed 48 hours following stimulation of the cells with 50 ng
mL-1 lipopolysaccharide. It is noteworthy that superoxide dismutase catalyzes the
oxidation of superoxide to oxygen as well as its reduction to hydrogen peroxide.
Therefore, this enzyme allows constructing superoxide biosensors which can be
operated both at oxidation potentials and at reduction potentials. Such a flexibility
can be important if interferences with the electrochemical detection are observed
at a certain working potential.

Very seldom other redox proteins than cytochrome c and superoxide
dismutase were also used. Pseudomonas aeruginosa azurin successfully replaced
cytochrome c in biosensors for the detection of the superoxide released by
human neutrophils (34). In addition to exploring a new biorecognition element
for the electrochemical detection of superoxide, this study also promotes the
simultaneous use of electrochemical and chemiluminescence-based methods to
observe reactive oxygen species from living cells.

A thorough comparison of the sensors based on direct electrooxidation of
superoxide with the biosensors based on redox protein-mediated electrooxidation
of superoxide, although scientifically interesting and important, was not yet
carried out to the best of our knowledge. However, it was already observed that
part of the signal generated by the biosensors (theoretically working exclusively
through mediated electrooxidation of superoxide) is actually coming from the
direct oxidation of the superoxide on the electrode (35). This is not very surprising
taking into account that the use of biorecognition elements such as cytochrome
c or superoxide dismutase does not shift the working potential of the sensors
to potentials lower than necessary for direct oxidation of superoxide (see Table
I). However, somewhat better selectivity and better resistance to fouling of the
biorecognition element-based sensors was still observed (35).
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3. Electrochemical Sensors and Biosensors for Detection of
Hydrogen Peroxide

Just like in the case of superoxide, there are two types of electrochemical
sensors used to detect hydrogen peroxide produced by living cells (see Table II for
few examples). The first type of sensor is based on the direct oxidation/reduction of
hydrogen peroxide on unmodified electrode. This approach ismade possible by the
relatively low standard potential of the hydrogen peroxide/oxygen couple (-0.146
V vs. NHE (13)). The second type of sensor is based on the redox protein-mediated
reduction of hydrogen peroxide on the electrode. The selectivity of the redox
protein – substrate reaction is again added to the sensitivity of the electrochemical
detection in such devices.

3.1. Direct Electrochemical Detection of Hydrogen Peroxide

Sensors for the detection of hydrogen peroxide based on its direct
electrooxidation (Figure 3) have the advantage of simplicity and the disadvantage
of being prone to interferences. However, experiments on living cell are carried
out in environments which are very well controlled from chemical composition
point of view (i.e. cells are bathed in solutions without compounds interfering
with the electrochemical detection). Moreover, carrying out some control
experiments (e.g. in the presence of catalase) is always at hand to confirm
results. Therefore, detecting hydrogen peroxide by direct electrooxidation on the
electrode is rather popular in the few laboratories investigating living cells with
electrochemical tools.

Hydrogen peroxide, resulting from the disproportionation of the superoxide
produced by the membrane-bond NADPH oxidase of neutrophils, was measured
with bare carbon electrodes (36). Both human neutrophils and PLB 985 cells
(differentiated into neutrophil-like cells) were used. Human neutrophils produced
superoxide/hydrogen peroxide faster and in higher amounts. 5.5 µM of hydrogen
peroxide was detected from 500000 cells suspended in 200 µL of solution.
Diphenyleneiodonium chloride (an inhibitor of NADPH oxidase), superoxide
dismutase (a superoxide scavenger) and catalase (a hydrogen peroxide scavenger)
were all used to prove that hydrogen peroxide is selectively detected.

The hydrogen peroxide produced by human monocytic leukemia cell line
THP-1, during and after differentiation into macrophages, was also monitored
based on electrooxidation on bare platinum microelectrodes (37). 100 minutes
after treating THP-1 cells with 20 nM phorbol myristate acetate the current signal
corresponding to the extracellular hydrogen peroxide started to increase and
remained elevated for 3 hours. Such an evolution corresponds to the time scale of
the gene expression triggered by phorbol myristate acetate.

298

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 J
un

e 
4,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

01
0

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Table II. Design details of some electrochemical sensors and biosensors
already used for the detection of hydrogen peroxide from cells

Electrode Biorecognition
element

Immobilization
method

Working
potential
/ mV

Ref.

100 µm
diameter poly(o-
phenylenediamine)

covered Pt
microelectrode

- - + 650 (42)

7 µm diameter
platinum disk - - + 700 (37)

3 mm diameter
graphite disk

Horseradish
peroxidase Simple adsorption - 50 (34)

TiO2 nanoneedle-
covered ITO glass Cytochrome c Simple adsorption 0 (44)

Screen printed
carbon - - + 650 (36)

0.5 mm x 2 mm film
of ZnO nanosheets Cytochrome c Simple adsorption 0 (45)

5 mm diameter ITO
glass disk

Horseradish
peroxidase

Os-based redox
hydrogel 0 (51)

25 µm diameter
gold disk - - + 800 (41)

3 mm diameter
glassy carbon

disk covered with
hydroxyapatite
nanostructures

Horseradish
peroxidase Simple adsorption - 400 (46)

Scanning Electrochemical Microscopy (SECM) is a scanning probe technique
that adds excellent spatial resolution to the sensitivity of electrochemical
detection with microelectrodes, and which was consequently used to investigate
hydrogen peroxide generation at single cell level. For example, the release of
hydrogen peroxide from macrophage cells (RAW264.7) was recently investigated
with SECM by Z. Ding and coworkers (38). A microelectrode, polarized
at superimposed AC and DC potentials, was scanned above the cells at a
well-controlled and constant distance (8.5 µm). The system allowed visualization
of both topography and physiological activity of single cells. It was discovered
that the nucleus region of the cell releases more ROS than other organelle
regions. The hydrogen peroxide concentration gradient from the extracellular
space of T24 human bladder cells (exposed or not to heat-killed uropathogenic
Escherichia coli GR-12) was also visualized by the same group (39, 40). As
another particularity of their investigations, large negative DC potentials are
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applied onto the microelectrodes (e.g. -800 mV) instead of the more commonly
used oxidation potentials. Both dissolved oxygen and hydrogen peroxide is
reduced on the electrode surface at such potentials. Moreover, oxygen cannot be
removed from the solution (e.g. by passing nitrogen through the systems) due to
the aerobic nature of the cells (which die in the absence of dissolved oxygen).
However, oxygen reduction can be discriminated from that of hydrogen peroxide
by means of the SECM (39).

Figure 3. Electrochemical detection of the hydrogen peroxide produced by cells
by its direct oxidation on metal electrodes; Observations: Sensors covered with
permselective membranes (such as poly(phenylenediamine) will function based
on the very same electrochemical reaction. If hydrogen peroxide is directly
generated by cells or appears by the disproportionation of superoxide must be

revealed using scavengers and inhibitors.
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SECM was also used to map the hydrogen peroxide concentration profile
across a polymicrobial bacterial biofilm made of Streptococcus gordonii and
Aggregatibacter actinomycetemcomitans (two microbes which can coexist in the
oral cavity) (41). Hydrogen peroxide in concentrations as high as 1.4 mM was
observed 100 µm away from the Streptococcus gordonii films. The 1mm diameter
spots of Aggregatibacter actinomycetemcomitans made in such films were found
to consume about 66 % of the hydrogen peroxide from their close proximity by
using KatA catalase.

Modifying the surface of the electrode with a permselective membrane is
another approach to assure better selectivity in the electrochemical detection
of hydrogen peroxide produced by cells. The porous structure of the
permselective membrane will let small molecules (such as hydrogen peroxide)
pass through but will repel larger molecules (e.g. ascorbate, another easily
electrooxidizable compound). An example of such permselective membrane
is poly(phenylenediamine). This polymer can be easily and reproducibly
deposited onto the electrode by electropolymerization, and was several times
proved to assure excellent selectivity to electrochemical sensors for hydrogen
peroxide. Platinum microelectrodes covered with poly(o-phenylenediamine)
were used to detect hydrogen peroxide generated by the NADPH oxidase of
human polymorphonuclear leukocytes (42). After activation of the leukocytes
with phorbol myristate acetate, the hydrogen peroxide concentration increased
up to 5 – 15 µM, within 3 to 8 min, and then decreased slowly. Together with
other similar studies, this study brings forward another advantage of using
electrochemical sensors to detect reactive oxygen species in the extracellular
space of living cells: the analytical signal of such devices is generated by
perfectly reversible processes. Therefore, such devices will allow monitoring
not only release but also consumption of reactive oxygen species by cells. In
another example, the degradation of hydrogen peroxide by wild-type cells and
by catalase-overexpressing mouse embryonic fibroblasts was monitored using
reduction of hydrogen peroxide on a mercury film working electrode (43)

Detection of hydrogen peroxide on bare electrodes requires rather high applied
potentials. Unfortunately, several small molecules, very often found in biological
systems, are also oxidized/reduced at such high potentials. Therefore, in order to
avoid selectivity problems, electrodes are often modified with a biocatalyst. This
biocatalyst first of all selectively converts hydrogen peroxide and then it can be
electrochemically regenerated at lower applied potential than necessary for the
direct oxidation/reduction of hydrogen peroxide.

3.2. Mediated Electrochemical Detection of Hydrogen Peroxide

Unlike in the case of superoxide, where the direct electrooxidation occurs at
about the same potentials as the mediated electrooxidation, the use of biocatalyst
significantly lowers the potential necessary for the detection of hydrogen peroxide
(as shown also in Table II). For example, when using horseradish peroxidase as
biorecognition element, the detection of hydrogen peroxide actually switches from
the commonly used oxidation to reduction. As such, the mediated electrochemical
detection really provides a way to decrease problems related to interferences
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from easily oxidizable compounds. Cytochrome c and horseradish peroxidase are
two biocatalysts which are often used to construct sensors for hydrogen peroxide
detection. The working potential is lowered with hundreds of millivolts.

The use of cytochrome c-modified electrodes to detect hydrogen peroxide
released from cells might be surprising taking into account that this redox
protein was just described as a good recognition element for superoxide (and
also the co-existence of the two reactive species in biological systems). As a
matter of fact, oxidized cytochrome c (ferricytochrome c) catalyzes the oxidation
of superoxide while reduced cytochrome c (ferrocytochrome c) catalyzes the
reduction of hydrogen peroxide. Therefore, a cytochrome c-modified electrode
will allow detection of both superoxide (at positive applied potentials such as
+ 100 mV) and hydrogen peroxide (at negative applied potentials such as -50
mV). If the rate of the heterogeneous electron transfer (e.g. that involved in
the reduction of oxidized cytochrome c) is kept sufficiently high by the applied
overpotential, interferences from unwanted chemical reactions (e.g. reduction of
oxidized cytochrome c by superoxide from solution) are avoided. The possibility
to control the selectivity of the sensor by the applied potential is one of the
great advantages of the electrochemical sensors. Cytochrome c-modified TiO2
nanoneedles were used to detect hydrogen peroxide generated by liver cancer cells
(Hep G2) following stimulation with phorbol myristate acetate (44). In a more
recent study by the same authors, ZnO nanosheets replace the TiO2 nanoneedles
and human hepatoma cells the liver cancer cells (45). These two studies highlight
the fact that metal oxide nanostructures can serve as advantageous supports for
immobilization of redox proteins. The formal potential of cytochrome c is shifted
to values (108 mV and 338 mV versus Ag/AgCl when using TiO2 and ZnO
nanostructures, respectively) which allow detection of hydrogen peroxide without
anodic or cathodic interferences (such as ascorbic acid and oxygen, respectively).

Horseradish peroxidase is a more traditional catalyst for reduction of
hydrogen peroxide as it is widely used as label in different bioanalytical
assays (e.g. ELISA). Horseradish peroxidase-modified graphite electrodes
were used to detect hydrogen peroxide generated by neutrophils activated with
formyl-methionine-leucine-phenylalanine peptide (34). The bioelectrochemical
process producing the hydrogen peroxide-proportional signal is schematically
depicted in Figure 4. Diphenyleneiodonium chloride and catalase were again
used to prove that hydrogen peroxide generated via NADPH oxidase is indeed
detected.

More recently, horseradish peroxidase was absorbed onto hydroxyapatite
nanostructures (based on the electrostatic attraction between hydroxyapatite and
horseradish peroxidase) and the resulting nanohybrids were further adsorbed onto
the surface of a glassy carbon electrode (46). The resulting sensor was detecting
hydrogen peroxide at -400 mV with no interferences from uric acid, ascorbic
acid, glucose and 3,4-dihydroxyphenylacetic acid, and was also used to detect
hydrogen peroxide from within (or released by) RAW 264.7 macrophage cells.
The hydrogen peroxide concentration inside unstimulated cells was found to be
8.0 ± 0.4 nM. Whether variations in the concentration of the dissolved oxygen
affect the current signal of the sensor or not remained unclear. One can expect
interferences from the reduction of dissolved oxygen at working potentials as
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negative as -400 mV. The authors used catalase to prove that recorded signals are
due to hydrogen peroxide in their proof of principle experiments. Attapulgite,
instead of hydroxyapatite, was also used to build sensors which proved suitable
to observe hydrogen peroxide production by RAW 264.7 macrophage cells (47).

Figure 4. Electrochemical detection of the hydrogen peroxide generated by cells
with horseradish peroxidase-modified electrodes. Observations: The horseradish
peroxidase redox center is buried into its protein shell in a way which does not
hinder direct electron transfer from the electrode. This fact allows the very fast
electrochemical regeneration of the oxidized horseradish peroxidase without

using any electron transfer mediator.
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Hydrogen peroxide sensors, based on direct electron transfer between
horseradish peroxidase and an electrode, are often characterized by small current
signals. The small number of electroactive enzyme molecules and the small
rate of the heterogeneous electron transfer are among the main reasons of this
situation. Heterogeneous electron transfer rates are small due to the insulating
protein shell (surrounding the redox center of the enzyme and thus increasing
the distance between the redox center of the enzyme and the electrode) (48).
The number of electroactive enzyme molecules is small because only molecules
which are in direct contact with the electrode (i.e. in the first monolayer) and
which are also correctly oriented are able of direct electron transfer to/from the
electrode (49). As shown above, using nanostructures (to tremendously increase
the surface area of the electrode and thus the number of electroactive enzyme
molecules) is one way of increasing current signals in such sensors. Another
interesting way is mediating the electron transfer (and thus increasing electron
transfer rates) between horseradish peroxidase and electrode as well. Using
redox hydrogels is one of the most efficient ways of mediating electron transfer
from/to enzyme molecules (50). Redox hydrogels will immobilize the enzyme
onto the electrode surface and in the same time will provide a network of small
redox moieties (e.g. Os2+/3+ complexes) which will shuttle electrons between
the enzyme and electrode at increased rates. The use of a sensor with such
an advanced design to detect hydrogen peroxide from leukocytes was recently
described (51). Granulocyte-like differentiated HL-60 cells were stimulated with
phorbol myristate acetate to release hydrogen peroxide. The hydrogen peroxide
production rates (from 10 to 30 minutes after stimulation with phorbol myristate
acetate) were 6, 18 and 4 pmol min-1 per 1×105 cells without any scavenger,
with superoxide dismutase, and with catalase, respectively. Apocynin (another
inhibitor of superoxide release from NADPH oxidase) and catalase reduced the
current signal while SOD enhanced it, indicating thus NADPH oxidase as the
source of the observed hydrogen peroxide. When comparing results obtained with
the electrochemical hydrogen peroxide sensor and results obtained with luminol-
and horseradish peroxidase-based chemiluminescence, the authors observed that
the optical method detects first of all superoxide.

4. Comparison with Common Optical Methods To Detect
Superoxide and Hydrogen Peroxide at Cellular Level

Using fluorescent probes is a very popular choice when it comes to the
detection of reactive oxygen species in/from living cells. The fluorescent
probes used to quantify reactive oxygen species in cells have recently been
reviewed elsewhere (52, 53). However, several papers revealing lack of
selectivity of some of the probes have also been published. It was reported
that even Dulbecco’s Modified Eagle’s Medium confer fluorescence intensity
changes in dihydrorhodamine 123 and 2′,7′-dichlorodihydrofluorescein diacetate
(two commercially available and popular probes) and that pre-treatment with
ultraviolet A radiation compromises the effectiveness of these probes to detect
ROS generated in a cell-free system (28). When examining the ability of
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2′,7′-dichlorofluorescein, dihydroethidine, dihydrorhodamine, 3′-(p aminophenyl)
fluorescein, and 4′,5′-diaminofluorescein to detect reactive oxygen and nitrogen
species in cell-free systems, it was observed that only 3′-(p aminophenyl)
fluorescein demonstrates a high degree of specificity for a single reactive species
(54).

In order to improve the fluorescence-based detection of reactive oxygen
species two strategies are usually followed. The first strategy is to synthesize
new dyes, while the second is to build on advantages of nanotechnology. Several
new dyes, such as bis(p-methylbenzenesulfonate)dichlorofluorescein (55), and
naphtho-peroxyfluor-1 (56) were recently used to selectively detect hydrogen
peroxide in cells. Following the second strategy, nanoencapsulation was used to
improve the selectivity for hydrogen peroxide of a traditional fluorescent probe
(2′,7′-dichlorofluorescin) (57), and fluorescent single-walled carbon nanotubes
were used to monitor hydrogen peroxide released from individual A431 human
epidermal carcinoma cells (8). These nanotechnology-based approaches offer
also excellent spatial and temporal resolution.

Chemiluminescent probes are also used to detect reactive oxygen species.
A recent study comparing twenty chemiluminescent probes identified nine
probes having selectivity for superoxide, and one probe with selectivity for
hydroxyl radicals. No chemiluminescent reagent was found to be selective for
hydrogen peroxide, hypochlorite anion, singlet oxygen and nitric oxide (58).
Another study has discovered that annexin AI-derived peptides reduce the light
output with isoluminol excited by superoxide and horseradish peroxidase in
formyl-methionyl-leucyl-phenylalanine- and phorbol myristate acetate-stimulated
cells (as well as by hydrogen peroxide and HRP). Therefore, a reduced cellular
response detected with isoluminol-amplified chemiluminescence should be
confirmed with an alternative technique to determine release of superoxide anions
and hydrogen peroxide (59).

In a comparative investigation, fluorometric, colorimetric, and
chemiluminometric methods were applied to determine ROS production by
NADPH oxidases expressed by human lung epithelial cell line A549. The
fluorometric methods were based on 2′,7′-dichlorofluorescein-diacetate,
dihydroethidium, or amplex red, the colorimetric methods were based on
nitrobluetetrazolium or cytochrome c, while the chemiluminometric methods
were luminol- and L-012-amplified. The fluorometric methods were found to be
the most suitable for the purpose (60).

Taken all these together one can conclude that, although used much more
widely than electrochemical sensors to detect reactive oxygen species in cell
biology, methods based on optical probes are far from perfect, first of all,
regarding their selectivity and their ability to offer temporal resolution. Moreover,
the majority of the probes are used to investigate the intracellular space. Although
reactive oxygen species are generated inside the cell (and thus monitoring the
intracellular space makes perfect sense), in order to act as intercellular signaling
molecules, reactive oxygen species must leave the intracellular space and be
able to travel to neighboring cells. Monitoring reactive oxygen species in the
extracellular space with electrochemical sensors makes therefore also sense.
Unlike the optical methods, electrochemical sensors for the detection of reactive
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oxygen species do not require addition of a dye to the cells. Therefore, cells will
be minimally disturbed during electrochemical investigations. Electrochemical
sensors can also be calibrated just before their use on cellular models using
enzymatically (e.g. with xanthine oxidase and xanthine) or chemically (e.g. with
potassium superoxide) produced superoxide, and conditions similar to those of
the experiment on cellular models. Obtaining quantitative information on the
absolute concentration of the reactive oxygen species is thus somewhat easier
using electrochemical sensors than optical probes. Last but not least, unlike most
of the optical probes which will suffer irreversible chemical changes in their
interaction with reactive oxygen species, electrochemical sensors are reversible,
that is, they can monitor both generation and consumption of reactive oxygen
species by cells.

5. Conclusions

When carefully designed, constructed and then positioned above cells,
electrochemical sensors and biosensors can continuously monitor the appearance,
and the subsequent disappearance, of superoxide and hydrogen peroxide in the
extracellular space. The continuous monitoring allows observing the dynamics
of the process. Differences in the dynamics of the process can be indicators
of different mechanism of action which are difficult to observe with analytical
methods providing only endpoints (e.g. hydrogen peroxide concentration at
the end of few hours long incubation). However, electrochemical sensors able
to detect superoxide and hydrogen peroxide were relatively seldom used to
investigate living cells. Their popularity among cell biologists is very far from
the popularity of fluorescent and chemiluminescent probes. As a consequence,
their reliability in such applications is still to be proved. The use of specific
scavengers (such as catalase and superoxide dismutase) and of specific inhibitors
(such as inhibitors of NADPH oxidase or of the mitochondrial respiration) is
recommended in order to overcome any selectivity problems.

There are several interesting questions surrounding the oxidative stress in
living cells. Where the superoxide/hydrogen peroxide observed in the extracellular
space come from? Some published papers sustain that mitochondrial reactive
oxygen species are released into the cytoplasm, but they do not escape from the
cell (61). Therefore, the reactive oxygen species electrochemically observed in
the extracellular space could be generated by membrane bound enzymes (such
as NADPH oxidase) rather than by mitochondria. Alternatively, they could be
still of mitochondrial origin and could escape from the cell due to membrane
poration in the given experimental conditions. Is superoxide, hydrogen peroxide
or both causing oxidative stress and/or signaling to neighboring cells? There
are several facts making this question difficult to answer. The fast dismutation
of superoxide giving hydrogen peroxide is one of these facts. Some NADPH
oxidases (Nox1 and Nox 2) generate superoxide while other NADPH oxidases
(Nox 4) generate hydrogen peroxide due to the structure of their E-loop (62), is
another fact. Moreover, several widely used inhibitors of NADPH oxidase (e.g.
diphenylene iodonium and apocynin) were found to be not specific and artifact free
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complicating the situation (63, 64). The simultaneous optical and electrochemical
monitoring of the cells (to simultaneously observe reactive oxygen species in the
intracellular space and in the extracellular space, respectively), seems to be a very
promising approach to answer these interesting question. However one should
take into account that optical probes (just as the electrochemical sensors) function
while consuming reactive oxygen species. As such, they will decrease the chances
of these species reaching the extracellular space.

References

1. Tlili, A.; Dupre-Crochet, S.; Erard, M.; Nusse, O. Free Radical Biol. Med.
2011, 50, 438–447.

2. Ardanaz, N.; Pagano, P. J. Exp. Biol. Med. 2006, 231, 237–251.
3. Niethammer, P.; Grabher, C.; Look, A. T.; Mitchison, T. J. Nature 2009, 459,

996–U123.
4. Freitas, M.; Porto, G.; Lima, J.; Fernandes, E. Biometals 2010, 23, 31–41.
5. Grammas, P.; Martinez, J.; Miller, B. Expert Rev. Mol. Med. 2011, 13, 22.
6. Manea, A. Cell Tissue Res. 2011, 342, 325–339.
7. Saran, M.; Bors, W. Chem.-Biol. Interact. 1994, 90, 35–45.
8. Jin, H.; Heller, D. A.; Kalbacova, M.; Kim, J. H.; Zhang, J. Q.;

Boghossian, A. A.; Maheshri, N.; Strano, M. S. Nat. Nanotechnol. 2010, 5,
302–U81.

9. Barnard, M. L.; Matalon, S. J. Appl. Physiol. 1992, 72, 1724–9.
10. Dringen, R.; Hamprecht, B. Brain Res. 1997, 759, 67–75.
11. Li, H. M.; Li, O. L.; Wang, X.; Xu, K. H. H.; Chen, Z. Z.; Gong, X. C.;

Liu, X.; Tong, L. L.; Tang, B. Anal. Chem. 2009, 81, 2193–2198.
12. Karlsson, A.; Nixon, J. B.; McPhail, L. C. J. Leukocyte Biol. 2000, 67,

396–404.
13. Amatore, C.; Arbault, S. Oxidative Stress at the Single Cell Level. In

Electrochemical Methods for Neuroscience; Michael, A. C., Borland, L. M.,
Eds.; CRC Press: Boca Raton, FL, 2007.

14. Amatore, C.; Arbault, S.; Guille, M.; Lemaitre, F. Chem. Rev. 2008, 108,
2585–2621.

15. Yuasa, M.; Oyaizu, K. Curr. Org. Chem. 2005, 9, 1685–1697.
16. Bedioui, F.; Quinton, D.; Griveau, S.; Nyokong, T. Phys. Chem. Chem.

Phys. 2010, 12, 9976–9988.
17. Petlicki, J.; van de Ven, T. G. M. J. Chem. Soc., Faraday Trans. 1998, 94,

2763–2767.
18. Green, M. J.; Hill, H. A. O.; Tew, D. G.; Walton, N. J. FEBS Lett. 1984, 170,

69–72.
19. Hill, H. A. O.; Tew, D. G.; Walton, N. J. FEBS Lett. 1985, 191, 257–263.
20. Privat, C.; Stepien, O.; David-Dufilho, M.; Brunet, A.; Bedioui, F.;

Marche, P.; Devynck, J.; Devynck, M. A. Free Radical Biol. Med. 1999,
27, 554–559.

21. Amatore, C.; Arbault, S.; Bouton, C.; Drapier, J. C.; Ghandour, H.; Koh, A.
C. W. ChemBioChem 2008, 9, 1472–1480.

307

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 J
un

e 
4,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

01
0

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



22. Amatore, C.; Arbault, S.; Chen, Y.; Crozatier, C.; Tapsoba, I. Lab-on-a-Chip
2007, 7, 233–238.

23. Amatore, C.; Arbault, S.; Erard, M. Anal. Chem. 2008, 80, 9635–9641.
24. Manning, P.; McNeil, C. J.; Cooper, J. M.; Hillhouse, E. W. Free Radical

Biol. Med. 1998, 24, 1304–1309.
25. Chang, S. C.; Rodrigues, N. P.; Zurgil, N.; Henderson, J. R.; Bedioui, F.;

McNell, C. J.; Deutsch, M. Biochem. Biophys. Res. Commun. 2005, 327,
979–984.

26. Chang, S. C.; Pereira-Rodrigues, N.; Henderson, J. R.; Cole, A.; Bedioui, F.;
McNeil, C. J. Biosens. Bioelectron. 2005, 21, 917–922.

27. Aitken, G. R.; Henderson, J. R.; Chang, S. C.; McNeil, C. J.; Birch-
Machin, M. A. Clin. Exp. Dermatol. 2007, 32, 722–727.

28. Boulton, S.; Anderson, A.; Swalwell, H.; Henderson, J. R.; Manning, P.;
Birch-Machin, M. A. Free Radical Res. 2011, 45, 115–122.

29. Berger, C. E. M.; Dattaa, H. K.; Horrocks, B. R. Phys. Chem. Chem. Phys.
2011, 13, 5288–5297.

30. Gáspár, S.; Niculite, C.; Cucu, D.; Marcu, I. Biosens. Bioelectron. 2010, 25,
1729–1734.

31. Escobar, C.; Byer, K. J.; Khaskheli, H.; Khan, S. R. J. Urol. 2008, 180,
379–387.

32. Okada, K.; Fukuda, J.; Suzuki, H.; Ayano, S.; Nikaido, Y.; Nishi, T.; Oka, K.
IEEE Sensors J. 2009, 1-3, 1694–1697.

33. Rajesh, S.; Kanugula, A. K.; Bhargava, K.; Ilavazhagan, G.; Kotamraju, S.;
Karunakaran, C. Biosens. Bioelectron. 2010, 26, 689–695.

34. Shleev, S.; Wettero, J.; Magnusson, K. E.; Ruzgas, T. Cell Biol. Int. 2008,
32, 1486–1496.

35. Chen, X. J.; West, A. C.; Cropek, D. M.; Banta, S. Anal. Chem. 2008, 80,
9622–9629.

36. Ashkenazi, A.; Abu-Rabeah, K.; Marks, R. S. Talanta 2009, 77, 1460–1465.
37. Kasai, S.; Shiku, H.; Torisawa, Y.-s.; Noda, H.; Yoshitake, J.; Shiraishi, T.;

Yasukawa, T.; Watanabe, T.; Matsue, T.; Yoshimura, T. Anal. Chim. Acta
2005, 549, 14–19.

38. Zhao, X. C.; Diakowski, P. M.; Ding, Z. F. Anal. Chem. 2010, 82,
8371–8373.

39. Zhao, X.; Zhang, M.; Long, Y.; Ding, Z. Can. J. Chem. 2010, 88, 569–576.
40. Zhao, X.; Lam, S.; Jass, J.; Ding, Z. Electrochem. Commun. 2010, 12,

773–776.
41. Liu, X. H.; Ramsey, M. M.; Chen, X. L.; Koley, D.; Whiteley, M.; Bard, A.

J. Proc. Natl. Acad. Sci. U. S. A. 2011, 108, 2668–2673.
42. Liu, X. P.; Zweier, J. L. Free Radical Biol. Med. 2001, 31, 894–901.
43. Lahdesmaki, I.; Park, Y. K.; Carroll, A. D.; Decuir, M.; Ruzicka, J. Analyst

2007, 132, 811–817.
44. Luo, Y. P.; Liu, H. Q.; Rui, Q.; Tian, Y. Anal. Chem. 2009, 81, 3035–3041.
45. Rui, Q.; Komori, K.; Tian, Y.; Liu, H. Q.; Luo, Y. P.; Sakai, Y. Anal. Chim.

Acta 2010, 670, 57–62.
46. Li, C. Y.; Zhang, H.; Wu, P.; Gong, Z. N.; Xu, G. L.; Cai, C. X. Analyst 2011,

136, 1116–1123.

308

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 J
un

e 
4,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

01
0

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



47. Wu, P.; Cai, Z. W.; Chen, J.; Zhang, H.; Cai, C. X. Biosens. Bioelectron.
2011, 26, 4012–4017.

48. Presnova, G.; Grigorenko, V.; Egorov, A.; Ruzgas, T.; Lindgren, A.;
Gorton, L.; Borchers, T. Faraday Discuss. 2000, 116, 281–289.

49. Zimmermann, H.; Lindgren, A.; Schuhmann, W.; Gorton, L. Chem.−Eur. J.
2000, 6, 592–599.

50. Heller, A. Curr. Opin. Chem. Biol. 2006, 10, 664–672.
51. Inoue, K. Y.; Ino, K.; Shiku, H.; Kasai, S.; Yasukawa, T.; Mizutani, F.;

Matsue, T. Biosens. Bioelectron. 2010, 25, 1723–1728.
52. Gomes, A.; Fernandes, E.; Lima, J. L. F. C. J. Biochem. Biophys. Methods

2005, 65, 45–80.
53. Dickinson, B. C.; Srikun, D.; Chang, C. J. Curr. Opin. Chem. Biol. 2010,

14, 50–56.
54. Price, M.; Kessel, D. J. Biomed. Opt. 2010, 15, 3.
55. Zhang, X. Y.; Li, Q. L.; Chen, Z. Z.; Li, H. M.; Xu, K. H.; Zhang, L. S.;

Tang, B. Lab-on-a-Chip 2011, 11, 1144–1150.
56. Albers, A. E.; Dickinson, B. C.; Miller, E. W.; Chang, C. J. Bioorg. Med.

Chem. Lett. 2008, 18, 5948–5950.
57. Kim, G.; Lee, Y. E. K.; Xu, H.; Philbert, M. A.; Kopelman, R. Anal. Chem.

2010, 82, 2165–2169.
58. Yamaguchi, S.; Kishikawa, N.; Ohyama, K.; Ohba, Y.; Kohno, M.;

Masuda, T.; Takadate, A.; Nakashima, K.; Kuroda, N. Anal. Chim. Acta
2010, 665, 74–78.

59. Dahlberg, M.; Dahgren, C.; Helistrand, K.; Movitz, C. Luminescence 2008,
23, 139–143.

60. Kolarova, H.; Bino, L.; Pejchalova, K.; Kubala, L. Folia Biol. (Prague,
Czech Repub.) 2010, 56, 211–217.

61. Kuznetsov, A. V.; Kehrer, I.; Kozlov, A. V.; Haller, M.; Redl, H.;
Hermann, M.; Grimm, M.; Troppmair, J. Anal. Bioanal. Chem. 2011, 400,
2383–2390.

62. Takac, I.; Schroder, K.; Zhang, L. L.; Lardy, B.; Anilkumar, N.; Lambeth, J.
D.; Shah, A. M.; Morel, F.; Brandes, R. P. J. Biol. Chem. 2011, 286,
13304–13313.

63. Heumuller, S.; Wind, S.; Barbosa-Sicard, E.; Schmidt, H.; Busse, R.;
Schroder, K.; Brandes, R. P. Hypertension 2008, 51, 211–217.

64. Wind, S.; Beuerlein, K.; Eucker, T.; Muller, H.; Scheurer, P.; Armitage, M.
E.; Ho, H.; Schmidt, H.; Wingler, K. Br. J. Pharmacol. 2010, 161, 885–898.

309

D
ow

nl
oa

de
d 

by
 O

H
IO

 S
T

A
T

E
 U

N
IV

 L
IB

R
A

R
IE

S 
on

 J
un

e 
4,

 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

01
0

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Chapter 11

Peroxynitrite and Nitroxidative Stress:
Detection Probes and Micro-Sensors.

A Case of a Nanostructured Catalytic Film

Serban F. Peteu,1,3,4 Saleem Banihani,1 Mutha M. Gunesekera,1
Pubudu Peiris,1 Oana A. Sicuia,5 and Mekki Bayachou*,1,2

1Chemistry Department, Cleveland State University, 2399 Euclid Ave.,
Cleveland, Ohio 44115, United States

2Lerner Research Institute, Cleveland Clinic, 9500 Euclid Ave. NB21,
Cleveland, Ohio 44195, United States

3National Institute for Chemistry Research and Development,
Bucharest 300224, Romania
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East Lansing, Michigan 48824, United States

5Institute for Crop Protection Research and Development,
8 Ion Ionescu dela Brad Blvd., Bucharest 013813, Romania

*E-mail: m.bayachou@csuohio.edu

Peroxynitrite, the primary product of the reaction of superoxide
ion and nitric oxide, emerged as an important species with
profound biological roles. Relatively speaking, it is a new
member of the nitroxidative array of reactive metabolites, and
details of its actions, impact on biological systems in health
and disease states are still accumulating. It has already been
linked to a host of pathological conditions. At the same time,
its cytoprotective roles including redox regulation of critical
signaling pathways are also reported.

Assessment of peroxynitrite’s deleterious versus potential
protective/signaling roles strongly depends on the possibility
to accurately measure and monitor its concentration. This
will help build a clearer understanding of its physiological
roles. However, peroxynitrite’s extremely short half-life under
physiological conditions and its very complex reactivity with
many cellular targets create a major analytical chemistry
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challenge, particularly at the single cell level. The dynamic
concentration of peroxynitrite versus other reactive species
generated in situ under various conditions modulates its role in
many vital cell functions.

In this chapter, we give a brief overview of peroxynitrite
biochemistry, physiology, and related therapeutic efforts to
control its impact under pathological conditions. We then
discuss the challenges and accomplishments in terms of major
analytical methods developed for peroxynitrite’s sensing
up-to-date, as well as opportunities for the future.

1. Introduction

Peroxynitrite emerged as a potent cytotoxic compound since early 1990s
(1, 2) after the identification of nitric oxide as the main player involved in
many physiological processes including vasodilation (3). It turned out to be the
direct culprit for much what was wrongly assigned as nitric oxide’s pathology.
A plethora of physiologically relevant reactions, ranging from deleterious to
protective ones, is subject of extensive research. In fact, the list of reports
implicating this molecule in pathologic conditions and, more recently, as
potentially involved in basic signaling or ensuring protective roles, is growing
(4–10).

Peroxynitrite (Formula: ONOO–, Abbreviation: PON; PON will be mostly
used in this text; however, the full name will also be used interchangeably at times
when emphasis on the name is needed) is the product of the reaction of superoxide
ion (O2•–) and nitric oxide free radical (NO•) (2, 11–14). Nitric oxide is generated
in a two-step catalytic oxidation of L-arginine by nitric oxide synthases (NOSs),
while superoxide ion can be leaked by many oxidases, by enzyme complexes
of the respiratory chain associated with mitochondria, or by simple intrinsic
uncoupling of endothelial NOS (eNOS), Figure 1. Proinflammatory conditions
may exacerbate the levels of superoxide ion released, and thus the levels of PON
formed. Nitric oxide and superoxide ion react very fast in a diffusion-controlled
reaction (reported rates ~3-20 x109 M-1s-1). A reaction rate of this magnitude
outperforms even the natural enzymatic sink for superoxide ion, i.e. the catalytic
detoxification by superoxide dismutases. The only case where the rate of the
reaction with CO2 is challenged is under conditions of high density of target
cells, which essentially reduces the diffusion distance from a given PON source
(15). Given the relatively large diffusion range of NO (16, 17), the order of
magnitude reported for the rate of reaction between nitric oxide and superoxide
ion guarantees the formation of ONOO– any time NO comes across a source of
superoxide ion.

Peroxynitrite chemistry is strongly dependent on pH, and is further
complicated by the complexity of the biological milieu and the myriad of possible
cellular targets. PON anion can act as a direct oxidant of many cellular targets. At
pH 7.4, 80% of ONOO– is present as the anionic form while the complementary
fraction is protonated in the form of peroxynitrous acid (ONOOH, pKa = 6.8).
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The anionic form can react with many targets. For instance it reacts with CO2
to form nitrosoperoxycarbonate adduct (ONOOCO2–), Figure 1. The O-O
bond homolysis in both ONOOH (the conjugate acid of PON) and ONOOCO2–

generates deleterious radicals (•OH, •NO2, CO3•–), which highlights another
indirect deleterious torrent that drives peroxynitrite’s pathological impacts (2,
12, 13, 17, 18) (Figure 1). Hydroxyl radicals (•OH), nitrogen dioxide (•NO2)
and carbonate radicals are behind irreversible insults on cell components such
as disruption of membrane lipids, nucleobase oxidation/nitration and DNA
strand breaks, and protein nitrations (19–21). Given its direct and indirect
decay pathways, PON is relatively short-lived (<1 s) (13, 16, 18). Despite
its short physiological half-life, PON may still affect cells within an area of
~2.5-10 μm radius (18). Although, under certain conditions, steady-state levels
of peroxynitrite were reported at low nanomolar concentrations, the flux can be
sustained over hours (22, 23).

Figure 1. Major pathways of peroxynitrite generation, its direct cellular targets,
and indirect radical pathways that ultimately result in oxidation, nitration, and

disruption of vital cellular functions. (see color insert)

Reports on the physiological actions of PON linked this potent oxidant
species to pathological conditions but also to cytoprotective roles, including
redox regulation of critical signaling pathways, triggering protective signals
against ischemia-reperfusion injury and neural apoptosis (13). The dynamic
concentration of PON generated in tissues under various conditions, and the
balance to local concentrations of other species such as NO, seem to modulate
its role in many vital cell functions. Assessment of PON’s deleterious versus
potential protective/signaling roles strongly depends on the possibility to
accurately measure and monitor its concentration. This will help build a clearer
understanding of its physiological roles.
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In this chapter, we give an overall review that outlines the challenges and
accomplishments in terms of the major methods developed for PON’s sensing
up-to-date. First we give a brief overview of PON biochemistry, physiology, and
related therapeutics. These areas will highlight the pressing need for methods
able to directly detect PON and accurately monitor its concentration under various
settings.

2. Peroxynitrite’s Biochemistry, Physiology, and Therapeutics:
Analytical Challenges

As we briefly outlined in the introductory section, PON emerged as an
important species affecting many aspects of biological systems. Below is a
brief summary of how this reactive species impacts many cellular events and its
induced toxicity.

2.1. Peroxynitrite Biochemical Mechanisms Inducing Toxicity in Animals

PON formation under oxidative stress is linked to a number of assaults
on cellular constituents. This reactive molecule targets many biomolecules
through direct oxidation or through homolysis-derived radicals as outlined in the
introduction. Substantial oxidations and other transformations of proteins, DNA,
and lipids contribute to the disruption of key cellular functions. The situation
can ultimately result in the induction of cell death through both apoptosis and
necrosis pathways.

Cellular membranes are important targets of the molecular damage that PON
triggers. PON is known to permeate lipid bilayers as peroxynitrous acid (17). The
breakdown of this oxidant into reactive radicals triggers the peroxidation and the
nitration of lipids (24).

On another front, PON may attack antioxidant enzymes such as superoxide
dismutase and glutathione reductase, as well as, other antioxidant defense
mechanisms like glutathione and cysteine (25–30). Manganese superoxide
dismutase is one target of PON in the enzymatic antioxidant pool. Nitration of
this enzyme results in loss of its optimum activity and accumulation of more
superoxide ions (26), and thus formation of more PON. This process acts as a
positive-feedback loop that exacerbate the nitroxidative stress. Similar feedback
loops can result in other secondary processes. For instance, oxidation of cofactors
essential to enzymatic functions is another ramp that amplifies the oxidative
assault. An example is the oxidation of tetrahydropterin cofacor of nitric oxide
synthase. This process limits the availability of the reduced form of the pterin,
which is needed for proper enzyme function (31). This situation, in turn, results
in NOS kinetic uncoupling and generation of more superoxide ions, which feed
on NO to make more PON.

Tyrosine nitration in enzymes leads in many cases to disruption of structure
and decreased function or total inactivation. In addition to the case of superoxide
dismutase discussed above, prostacyclin synthase is another example of enzymes
targeted by nitration (32) under nitroxidative stress. Other nitration targets by

314

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

01
1

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



peroxynitrite include: channels, calcium pumps (SERCA) (12, 33), tyrosine
hydroxylase (34), epidermal growth factor receptor (EGFR) (29, 35), and
alpha-synuclein which leads to intracellular aggregates (29, 36), to cite a few.
Covalent tyrosine modifications carried by PON affect not only structure or
function at the level of an individual protein, but also major cellular events such
as signal transduction involving tyrosine phosphorylation.

Oxidation of cysteine residues in proteins and enzymes (37–41) is another
outcome of cell exposure to PON, which can affect vital cellular functions.

Lastly, PON and its derived radicals can attack DNA. The assault can result in
DNA base oxidation and/or nitration (21), or attack on deoxyribose sugar to lead
to double and single strand breaks (29, 42).

All of the disruptions caused by PON or its derived radicals transcend the
molecular level to the subscellular level, where the cytotoxic effects become
apparent. For instance, inactivation of mitochondrial superoxide dismutase
upon nitration may lead to further damage such as nitration of cytochrome c,
and the overall disruption of the electron transfer chain, which will ultimately
yield to failure of the mitochondrion. In parallel, the nitroxidative stress affects
the mitochondrion’s permeability, which leads to cytochrome c release, and
activation of the apoptosis route. Likewise, excessive attack on DNA activates
the poly(ADP-ribose) polymerase (PARP) pathway in the nucleus (43–45), which
ultimately commits the cell to necrosis.

2.2. Therapeutic Approaches To Mitigate the Toxic Effects of Peroxynitrite

Endogenous Scavengers?

Evidence for the cytotoxicity of peroxynitrite and its roles in oxidative stress
is continuously growing. In the previous section we outlined some aspects of
peroxynitrite’s impacts on cellular biochemistry (vide supra) (12, 13, 46). In
the face of this extremely reactive oxidant, one would think that natural defense
mechanisms using endogenous species must have evolved to “neutralize” its
oxidative/nitrative stress. This may be the case at the level of prevention (efficient
control of superoxide leaks) and/or at the level of repair (clearing of nitrated
proteins/enzymes or repair of DNA, etc.), but apparently not the case at the
level of direct scavenging. In fact, even though endogenous molecules such
as ascorbate and glutathione can react with PON, their reaction rates are too
slow to directly block peroxynitrite-induced cytotoxicity (47). Urate is another
endogenous candidate for peroxynitrite scavenging. However, the direct reaction
of urate with peroxynitrite (in the peroxynitrous acid form) is too slow (k~450
M-1s-1) (48) to compete for instance with its reaction with CO2. Yet, reports have
shown that urate exhibits some efficiency –although limited- of inhibiting some
PON-mediated processes. This inhibition, however, operates mainly via reaction
of urate with secondary radicals that derive from PON (49).

Peroxiredoxins are widespread members of the peroxidase family that
exhibit efficient, thiol-based, peroxynitrite reductase activity (observed rates
~106M-1s-1 - 7x107M-1s-1). With rates of this order of magnitude, peroxiredoxins
emerged as potential candidates for the long-illusive biological pathway of PON
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detoxification, and also provided a rationale for the mechanism of defense of
resistant pathogens against peroxynitrite of the host immune system (50, 51).
However, peroxiredoxins’ efficiency in neutralizing the PON threat in cells
requires sufficiently high intracellular concentrations of this enzyme and a flux
of peroxynitrite formation that does not overwhelm the reducing machinery of a
cell to regenerate it.

Exogenous Scavengers: Mitigation Efforts against Peroxynitrite’s Toxicity

On the exogenous side of compounds that can be used in the detoxification
of peroxynitrite, metalloporphyrins were among the early candidates considered
(47, 52, 53). Their potential use as therapeutic decomposition catalysts
for peroxynitrite was studied in a broad array of nitroxidative stress-driven
pathologies.

There has been constant efforts to identify compounds capable of reacting
with peroxynitrite fast enough, to transform it before its reaction with cellular
components (54, 55). Several such agents have been reported to remove PON
and reduce its injurious effects in a variety of diseases or disease models (56–60).

More recently, Tao et al. reported that a new, second generation
peroxynitrite decomposition catalyst, [5,10,15,20-tetra[N-(benzyl-4-carboxylate)-
2-pyridinium]-21H,23H-porphine iron(III) chloride] (INO-4885), protects the
heart against reperfusion injury in a mouse model (61). INO-4885 appears
to work 10 times faster than FP-15 analogue, an early first generation PON
decomposition catalyst (62). The catalytic efficiency of INO-4885 allows
it to be used at very low therapeutic doses. Along with iron, compounds
of manganese porphyrins have also had their share in assessing their use as
therapeutics against peroxynitrite molecular assaults. The list of published reports
is long (18), but very recently, Nin et al. tested the performance of the catalyst
manganese tetrakis(4-N-methylpyridyl)porphyrin (MnTMPyP) in scavenging
PON, and found that this catalyst protects from macrovascular and microvascular
dysfunction in sepsis (63).

The quest for efficient synthetic catalysts for the decomposition/isomerization
of peroxynitrite in vivo will likely to continue. This may expand beyond
porphyrins to other biomimetic compounds. Accurate and specific high throughput
reporting probes and microsensors able to follow the fate of peroxynitrite in
biological test systems will be an important part of this development, and will
allow quick scanning of catalyst libraries in the search for optimal decomposition
kinetics.

2.3. Peroxynitrite in Plant Response to Pathogens

Peroxynitrite Formation in Plant Organisms

The idea that PON is also generated in plant cells, was hypothesized after
revealing that NO cooperates with reactive oxygen species (ROS) during plant
response to biotic stress (64, 65). Despite the studies carried out by Alamillo
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and García-Olmedo (66, 67) and others (68–71), ONOO− generation in plants
remained a speculation. However, recent studies seem to provide evidence for
PON formation in plant cells as well as its implications in plant physiology, such
as the plant fight against pathogens (72). More specifically, intracellular ONOO−

production was detected using bioimaging with aminophenyl fluorescein by Saito
et al. (73) in stimulated tobacco BY-2 cells.

Because ONOO− formation depends onNO and superoxide ion co-generation,
tracking their formation in plants cell can suggest the places where ONOO− may
be formed. In plants, the production of superoxide anion is regulated by the rboh
gene (74, 75), while nitric oxide is produced by nitric oxide synthase (NOS)
(76, 77), nitrate reductase (NR) (78, 79) and nitrite/nitric oxide-oxidoreductase
(NI-NOR), as well as non-enzymatic mechanisms such as the decomposition
of nitrous acid to NO (79, 80) or the carotenoid-mediated NO production (81).
Besides, NO was reported to accumulate in chloroplasts and then in nucleus,
cytoplasm, peroxisomes (82) or mitochondoria (83, 84), while superoxide ion
formation has been reported in chloroplasts during photosynthesis (85) , in
mitochondrial complexes (85), and in peroxisomes (86, 87).

An example of where can ONOO− be generated in plant cells are chloroplasts.
The chloroplasts are among the more active organelles involved in free energy
transduction in plants (photo-phosphorylation). It has been reported that
photosynthesis can be affected not only by generation of ROS (88), but also
by reaction with NO and other NO-related species (89). Thus, the chloroplasts
represent a place where ONOO− can form because of the simultaneous
production of nitric oxide and photo-produced superoxide anion. Another cellular
compartment with the capacity to generate and release both O2•− and NO into the
cytosol are peroxisomes (86).

Peroxynitrite Implications in Plant Physiology and Hypersensitive Defense
Response

There are interesting accounts of PON being present in living plants (89).
However, thus far, the impact of this presence in plant physiology is insufficiently
documented. Akin to the case of animal cells, peroxynitrite’s involvement in plant
cells and potential phytopathologic functions is not determined with certainty,
partly due to its short half-life and high reactivity, which, to date, make it difficult
to be studied directly with the available analytical tools (vide infra) (72).

For green plants, the nitric oxide-mediated signaling pathway in the defense
against pathogens is widely accepted. In plants, NO might activate an iron
regulatory protein (IRP) to increase in free iron concentration thereby promoting
the Fenton reaction, which leads to formation of the hydroxyl radical HO• ,
thus creating a killing environment for both host and pathogen. Alternatively,
NO• reacts with O2•− to yield PON (ONOO−), which was suggested to play an
important role in the activation of the cell death program (90). An important
distinction from the case of animal cells, is that ONOO– is not as destructive
for plant cell metabolism as it is to animal systems. In fact, experimental data
shows that exposure of soybean cells to exogenous PON did not cause cell death
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at concentrations up to 1 mM, despite a strong increase in the pool of nitrated
proteins. In contrast, for animal cells, concentrations as low as the micromolar
range trigger a dose-dependent cell death.

In plant cells, nitrated proteins also serve as a marker of peroxinitrite
accumulation. In this regard, several nitrated proteins have been reported in the
context of the interaction of nitric oxide and reactive oxygen species in plant
hypersensitive disease resistance response (91).

The significance of the post-translational protein nitration in the context of
potential regulatory roles of PON in plant disease is still to be clearly established.
Progress in this regard is limited by appropriate methods capable of monitoring
dynamic concentrations of peroxynitrite.

2.4. Is All Peroxynitrite Formed Accounted For? Analytical Challenges in
the Face of Biological Complexity

The preceding sections show but few highlights of the complexity of
the biological chemistry of PON. The goal was not to provide an exhaustive
review of peroxynitrite’s biological mechanisms of action or implications in
pathologies. Excellent reviews exist, which give very detailed accounts and
in-depth description of peroxynitrite’s biochemistry and pathophysiology (12, 13,
18, 72, 92). Our very brief overview, however, shows that the complex chemistry
of this reactive nitrogen species and, as we will discuss later, the lack of versatile
specific methods to follow it in biological systems, mask much of its mechanisms
of actions.

Is all PON formed in biological systems accounted for? The question is valid
even in cases of controlled experimental conditions in vitro such as the case of
cultured cells. The answer is No. One obvious reason is that most analytical
methods adopted use indirect assays targeting a particular biomarker, which
cannot account for all peroxynitrite accumulation (12, 18, 21, 23, 25, 72). In
fact, attempts to quantify peroxynitrite-induced oxidative stress relied mainly
on indirect detection of reaction products such as nitrated lipids and nitrated
proteins using techniques such as chromatography, immunological techniques,
and mass spectrometry. In this regard, detection of protein tyrosine nitration
(3-nitrotyrosine) gained considerable importance in most investigations of
PON-mediated cytotoxicity (12, 18, 46). However, the level of protein tyrosine
nitration (and nitration of other aromatic aminoacids, e.g. tryptophanes) is very
low and often does not provide consistent results with the extent of exposure to
stress. The situation is even more complicated for in vivo systems; studies report
very low yields of nitrotyrosine recovered under conditions of high peroxynitrite
production, compared to experiments in vitro with direct exposure to exogenous
peroxinitrite. In fact, under inflammatory conditions, nitrated tyrosines in plasma
proteins represent at most 10 per 100,000 residues (93). Thus, tyrosine nitration
seems to be a selective process that targets select proteins, and within each
protein, specific tyrosine residues.

Moreover, tyrosine nitration is not strictly specific to PON (94), since the
same modification can be caused by other mechanisms, such as the Fenton type
iron/heme pathway (95), or through a reaction catalyzed by myeloperoxidase
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(96), or other processes. Interestingly, and to this point, a mass spectrometric
method that was developed to measure nitrotyrosine levels in smokers also found
significant levels of the metabolite in the urine of nonsmokers. The problem
of specificity is understandably complicated by the known multiple parallel
reaction pathways (97), and a variety of target biomolecules encountered in
vivo (12, 18, 46). Together, these observations establish that nitrotyrosine is not
a specific indicator of PON formation, but rather a marker for a collection of
pathways involving reactive nitrogen species. Given the multifaceted reactivity
of peroxynitrite, one would need more than one method in order to account of this
reactive analyte in a given biological system.

Other commonly used assays to determine peroxynitrite, particularly in
cell-based studies, are based on fluorescence. Several fluorescence probes to
detect peroxynitrite and other oxygen reactive species have been developed
(98–101). For instance, the oxidation of non- or weakly-fluorescent compounds
such as 2,7-dichlorodihydrofluorescein and dihydrorhodamine-123 by oxidants
(including peroxynitrite) generate a dose-dependent fluorescence. However, these
probes do not discriminate between oxidizing species such as hydrogen peroxide,
nitric oxide, superoxide ion, or peroxynitrite (98, 100).

Scheme 1. Reaction of aminophenylfluorescein (APF) or
hydroxyphenylfluorescein (HPF) with strong oxidants such as

peroxynitrite to generate fluorescein whose fluorescence is used to monitor the
concentration of the oxidant.

In contrast, aminophenylfluorescein (APF) and hydroxyphenylfluorescein
(HPF) that were developed later are particularly selective for the highly oxidant
species (hydroxyl radicals, hypochlorite ion, and PON) but not for hydrogen
peroxide or superoxide ion. In this case, strong oxidants such as peroxynitrite are
able to drive the O-dearylation reaction that generates fluorescein, Scheme 1.

Given their differential fluorescence output for the various oxidants, APF
and HPF can be used side by side to pinpoint a particular oxidant species (100).
Although it is suggested that the kit can in principle distinguish between various
species (e.g. NO• and HO• or ONOO− and NO•), the case cannot be made for
hydroxyl radicals versus PON since their relative responses are not very distinct.
Local environment and pH can generate significant amounts of hydroxyl radicals
even if peroxynitrite is the primary product of oxidative stress. Also, the balance
of NO to superoxide ion generated under stress, along with the right pH, may
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provide conditions where another nitrogen oxide (dinitrogen trioxide) intermediate
is formed, which would accelerate the process of formation of nitrogen dioxide
radicals at the expense of peroxynitrite decay (102). In all of these cases specificity
is critical in order to be able to link a biological observation to the molecule or
molecules involved and the underlying mechanism of nitrative stress.

To sum up this section, our understanding of the mechanisms of action PON
in biological systems is likely still at its infancy. Many roles of PON that we now
know may well change, and others that we don’t know are likely to see the light
of day with better scrutiny of transient concentrations of this important biological
molecule. Better and versatile analytical tools will enable that scrutiny.

In the next section, we provide a brief overview of the methods developed in
this regard, recent accomplishments, the challenges faced, and opportunities of the
near future.

3. Analytical Methods and Techniques for Detecting
Peroxynitrite

Two recent reviews offered an analytical electrochemistry perspective
(103) or a clinical-pharmacological perspective (104) on detecting PON. More
specifically, the first review (103) discussed the main accomplishments and
challenges faced in biological media (vide supra). The effect of potential
interferents is particularly important when developing such electrochemical
sensors. A brief outlook into the future refers to the use of multi-electrochemical
array sensors for simultaneous detection of nitric oxide, superoxide and
peroxynitrite.

The second review focused on measuring the reactive oxygen species (ROS;
superoxide, hydrogen peroxide) and reactive nitrogen species (RNS; nitric oxide,
peroxynitrite) within the vasculature (104). This is inherently difficult, due to their
transient nature, low submicromolar concentrations within the vascular system,
and their multifaceted reactivities. These key issues may influence the usefulness
of a particular assay, when reemployed in vascular tissues matrices.

Herein, the current methods to detect PON are briefly discussed. We
outline the most important contributions from the last ten years, classified as
non-electrochemical or electrochemical, including recent ones coming from the
authors of this chapter.

3.1. Non-Electrochemical Techniques for Peroxynitrite Detection

Non-electrochemical methods reported for PON detection comprise mainly
optical techniques, typically luminescence and fluorescence. The fluorometric
methods already discussed in the previous section are not repeated here.

Reports on fluorogenic sensors based on nanoparticles are increasingly on the
rise. An example is a sensor that consists of nanoparticles coated with quenched
oxazine fluorophores for monitoring peroxynitrite (ONOO-) and myeloperoxidase
(MPO)-mediated hypochlorous acid/hypochlorite (HOCl/OCl-) production. The
oxazine fluorophores were released specifically upon reaction with HOCl or
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ONOO-. The platform is reported to be stable toward other oxidants such as
hydroxyl radical, hydrogen peroxide, and superoxide (105). Recently, Yang et
al. reported on their second-generation boron-dipyrromethene-based fluorescent
probe (BODIPY) attached to another aromatic unit bearing a ketone group
(4-hydroxyphenyl trifluorobutanone); upon reaction with PON, the ketone unit
is transformed to a furan, resulting in fluorescence of the BODIPY component.
The probe is reported to be highly sensitive and selective for peroxynitrite both
as an added exogenous analyte and when generated in situ (e.g. in stimulated
macrophage cells) (106).

Other reports used species endogenous to the biological medium. For
instance, one method was reported on the ratiometric determination of PON
using the aminoacid L-tyrosine and synchronous fluorescence spectroscopy
(107). As an intrinsic fluorescent aminoacid, L-tyrosine reacts with ONO2- and
CO2, yielding a fluorescent tyrosine dimer in pH 8.5 buffer. The ratio of the
synchronous emission bands, between the dimer (F-406) and of monomer (F-364),
was quantitatively related to PON concentration. It was not clear if this method is
affected by changes in experimental parameters. The limit of detection was 1.84
x 10-8mol L-1 ONO2- and the linear range from 1.60 x 10-7mol L-1 to 6 x 10-6mol
L-1 (107). A related method using hemoglobin as the catalyst and L-tyrosine as
the substrate was also described (108). Folic acid is another biologically relevant
molecule that was employed as a fluorescent probe: PON oxidizes the reduced,
less fluorescent folic acid, to yield a higher fluorescent product. The increase in
fluorescence was correlated to the concentration of PON (101). However, the
applicability of this method to biological settings that intrinsically involve or can
be affected by folic acid will not be straightforward.

Approaches based on separation methods such us capillary electrophoresis
coupled to spectroscopic detection (109), and methods using perm-selective
dialysis membranes with flow injection analysis based on chemiluminescence
(110) were also reported. However, because of their nature, their potential for
real-time monitoring and application to biological settings such as live cells is
very limited.

3.2. Electrochemical Methods for Peroxynitrite Detection

Direct electrochemical sensing is by far the method of choice that will
fulfill the requirements of label-free and real-time monitoring, often desired for
biological systems.

Although the interest in PON grew significantly since its biological relevance
was first reported in early 1990s (1, 2), data on its direct electrochemistry
was lacking until a seminal report appeared in 2001 (111). In a thorough
electrochemical investigation, Amatore et al. were able to characterize the
direct electrochemical oxidation of PON at both platinized carbon fiber
microelectrodes and platinum disc microelectrodes (111). A formal potential
for the ONOO−/ONOO• redox couple was determined to be Eo = 0.27 V versus
the SSCE reference electrode (111). Results from fast scan and steady-state
voltammetry of PON, were used in the deconvolution of the current trace
generated by oxidative bursts emitted by mechanically stimulated human
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fibroblasts. Using this method, amperometric responses of ONOO−, and that of
NO2−, H2O2, and NO• could be directly and simultaneously measured (111).

The separation of PON from other electroactive species and its amperometric
detection was reported recently using microchip electrophoresis (MCE). The
MCE allowed shorter (i.e. 25 s) separation times (112). The relatively higher
temporal resolution compared to conventional capillary electrophoresis would
permit a better tracking of dynamic chemical changes (112). The method showed
evidence of short separation times, which can be beneficial particularly for fast
decaying analytes such as PON. Although the method is off-line as described, it
is conceivable to adapt it to cases where real-time monitoring is desired, such as
near live cells.

Along the same lines, a concurrent amperometric detection of nitric
oxide (NO) and peroxynitrite (ONOO-) was reported using an electrochemical
sensor array chip (ESA), which has individually addressable sets of gold (Au)
microelectrodes. The NO-sensitive microelectrodes are electrochemically
modified by electrodepositing thin layers of poly(eugenol) and poly(phenol)
to ensure selectivity. The amperometric detection was performed at +0.8 V
vs. Ag/AgCl, as is the case for most NO sensors. In the same chamber, the
microelectrodes for ONOO- determination are used without any chemical
modification and operated at -0.1 V vs. Ag/AgCl. The potential and the selectivity
against other intereferents were established in prior work by the same group
(113). This less positive potential not only allows the reduction of peroxynitrous
acid ONOOH in neutral pH (113), but also avoids interference of anions relevant
to biological media.

This work successfully showed the proof of concept for simultaneous
NO/ONOO- detection of the sensor array without crosstalk. It remains to be seen
if this method can be adapted to measure NO and PON from cultured cells. In
this regard, because of its intrinsic stability and diffusibility, NO monitoring from
cultured cells in this device is not expected to face serious hurdles. This may not
be the case for peroxynitrite, whose concentration profiles as released from cells
may prove to be difficult to account for. Cell density, which sets average diffusion
distances, may affect the “collection efficiencies” by the sensing electrode network
and/or introduce variability from one individual electrode to the next in the same
array. Variability of other environmental factors in the device, such as extracellular
CO2, may enhance the decay of the released PON and show apparent lower levels.
Finally, an important problem that the choice of reduction (rather than oxidation
at more positive potentials) may bring is the possibility to step on the onset of
reduction of oxygen, which will be necessarily present in the cells medium. Even
minor stepping on the electrochemical reduction wave of oxygen will potentially
generate exogenous reduced oxygen species (superoxide and hydrogen peroxide).
This “added external stress” may not only affect the balance of NO and PON
after their release to the extracellular space, but also may bias the very intrinsic
response of the cells. However, the platform as developed is valuable; it can
for instance adopt oxidative potentials for the peroxynitrite-sensing electrode
network but with adequate protective layers against interferents. A case in
point for electrochemical detection based on oxidation of PON was reported
(114). The authors used a conducting polymer-manganese ion complex, more

322

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

01
1

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



specifically the (poly-di-thienyl-pyrrole-benzoicacid), termed as “Mn-pDPB”
complex. The conducting polymer matrix is the result of electropolymerization
of the DPB monomer. The polymer backbone provides binding sites for Mn2+
ions. A protective layer of polyethyleneimine (PEI) film ensures stability of the
sensing surface and selectivity against major biological interferents. The PON
amperometric calibration showed a dynamic range from 2 x 10-8 to 3 x 10-5 M,
with a detection limit of 1.9 x 10-9 M.

Others showed that poly(cyanocobalamin) modified glassy carbon electrode
prepared by electropolymerization could be used for voltammetric detection of
ONOO-. The modified electrode seemed to exhibit an electrocatalytic activity for
the ONOO- oxidation. Differential pulse voltammetry showed that the interface
can be used to determine PON. The linear range was between 2 x 10-6 to 3.0 x 10-4
M with a detection limit of 10-7 M (115).

Although very limited in term of potential analytical applications in
biological systems, Compton et al. described a method based on voltammetric
detection of PON at a mercury film electrode (MFE) (116). The study showed
the involvement of an ECE where the two electrochemical steps are in opposite
direction which explains the unusual inverted peak observed in the presence of
PON. The proposed mechanism suggests the initial formation of a thin Hg(I)
oxide film on the electrode, which is then oxidized by ONOO- to form HgO in a
chemical step. Then the HgO is reduced back to Hg(0) at the electrode potential
of interest, resulting in a net cathodic current (116). However, as we stated earlier,
this method is very limited in terms of real biological applications, since it suffers
from a number of interferents including dioxygen (116).

Efforts to develop sensitive interfaces on electrodes for PON determination
already showed that peroxynitrite interacts with a variety of transition metals,
which could serve as electrocatalytic reporting sites. In this regard, a recent
method from the authors’ labs, which will be detailed later in a separate section
(vide Infra), uses the sensing performance of a polyethylenedioxythiophene
(PEDOT)/hemin nano-structured film on carbon electrodes and carbon fiber
microelectrodes. We showed that the modified interface could be used for
electrocatalytic oxidation of PON. The sensitivity of the hemin-PEDOT modified
CFEs was 13 x 10-9 A/10-6 M (117).

Details on the peroxynitrite detection work of the authors of this chapter
follow in the next section (3.3)

3.3. Nanostructured Microsensors for Peroxynitrite Electrochemical
Detection: Case of PEDOT/Hemin Nanostructured Catalytic Film

Methods for PON detection reported in the last decade or so include
fluorescent probes, chemiluminescence, and electrochemical techniques.
Although the consensus is that electrochemical detection tends to be faster,
simpler, and amenable to application in biological systems, most recently
published detection methods for peroxynitrite are based on fluorescence (105–107,
118–120).

Electrochemical microsensors are capable to monitor the transient
concentration gradients of redox-active species such as PON. Significantly, the
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possibility to work with (sub)micron-sized tips provides fast response times
and high spatial resolution, along with excellent analyte sensitivity. An elegant
example in this regard is the simultaneous monitoring of peroxynitrite and other
reactive species at an ultramicroelectrode placed 5 microns away from single
human fibroblasts subjected to mechanical stimulation (111). Amperometric
microsensors can easily be used in unstirred microenvironents, and thus seem
ideal to measure local concentrations in semisolid samples with micron range
spatial resolution (121, 122).

In a series of investigation aiming at finding a suitable electrocatalyst
for PON, we established that hemin can catalyze PON’s oxidation (117). On
the other hand, advances using electroactive polymers, also referred to as
inherently conductive (e.g. polypyrrole or polythiophene), showed the potential
of these materials for sensing and signal transduction. These “synthetic metals”
exhibit unique properties, including mediating rapid electron transfer and direct
communication, added to their ability to be synthesized under mild conditions,
and deposited onto conductive surfaces from monomer solutions, with precise
electrochemical control of their formation rate and thickness (117, 123, 124). In
our effort to improve the sensitivity of our bare hemin electrodes, we investigated
the quantification of PON using carbon-fiber microelectrodes modified with
poly(3,4-ethylenedioxythiophene) or PEDOT and functionalized with hemin.
The choice of the conducting polymer PEDOT was in part due to previous
work that showed its biocompatibility. For instance, it was polymerized directly
within living neural tissue to provide an electrically conductive network that
is integrated within the tissue (125, 126). Also, based on our experience,
PEDOT with its tortuous surface with nanoscale features (vide infra) readily
provides nanopaterned surface for catalyst loading, which results in an efficient
nanostructured catalytic film.

In the following section we review the method of hemin-PEDOT film electro-
polymerization used for microsensor fabrication; wewill describe the details of the
preparation process, surface characterization of the PEDOT/hemin interface, and
its performance in terms of PON detection.

The Peroxynitrite Synthesis

Many methods exist for preparing peroxynitrite. We used the two-phase
displacement reaction with the hydroperoxide anion in the aqueous phase and
the isoamyl nitrite in the organic phase (127). PON remained in the aqueous
phase, whereas the isoamyl alcohol formed a new organic phase along with the
unreacted isoamyl nitrite. The aqueous phase contained some isoamyl alcohol
and the unreacted hydrogen peroxide, but no isoamyl nitrite. Removal of isoamyl
alcohol, or of any traces of isoamyl nitrite, was accomplished by washing the
aqueous phase with dichloromethane and chloroform. The hydrogen peroxide
is then removed by passing the solutions through a manganese dioxide column.
PON, with a final concentration of up to 850 mM, was stored in 5 mL aliquots at
minus-80°C, until ready to use.
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Using the widely used molecular absorbtivity ε302 = 1705 mol-1 cm-1, the
concentration of PON as it forms in the reaction vessel can be followed by
monitoring absorption at 302 nm (Figure 2).

For all subsequent tests and investigations, aliquots of frozen PON are thawed
and kept on ice to minimize the spontaneous decay.

Figure 2. The increase in relative absorbance indicates the formation of
peroxynitrite (a), with its 302 nm peak intensity growing as a function of time

(b). (see color insert)

Electrochemistry

Electrochemical measurements were performed in standard two- or
three-electrode cell configurations at room temperature 24 ± 2 °C. Other standard
electrochemical details are as described in reference (117).

Preparation of the Carbon Fiber Electrodes (CFEs)

Weprepared the carbon fibermicroelectrodes according to publishedmethods,
described in detail elsewhere (128). The films (whether just hemin or the hemin-
PEDOT configuration) were deposited on freshly cleaned 30-μm diameter, glass-
encased CFEs. Prior to coating, the CFEs were sonicated in ethanol-acetone for 3
min. and then gently dried in a stream of nitrogen gas. After the electrochemical
modification process, CFEs were gently rinsed with organic and aqueous solvents,
to remove excess material, and then allowed to dry before use.
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Preparation of the PEDOT-Functionalized Hemin

We used hemin (iron protoporphyrin IX), protoporphyrin and 3,4-ethylene-
dioxythiophene (EDOT) purchased from Sigma-Aldrich (St Louis, MO.).
EDOT monomers are electroactive and upon electrooxidation they yield the
corresponding PEDOT polymer, whose backbone is shown in Scheme 2.

Scheme 2. Backbone of poly(3,4-ethylenedioxythiophene) or PEDOT .

For hemin-only electrodes, the films were electropolymerized on
freshly cleaned carbon fiber electrodes from a solution of 1.5 mM hemin
monomer in dichloromethane in the presence of 0.1 M tetrabutylammonium
tetrafluoroborate. The hemin-PEDOT film was electrodeposited from a solution
of 1.5 mM hemin and 4.5 mM EDOT monomers in dichloromethane with
0.1 M tetrabutylammonium tetrafluoroborate as a supporting electrolyte. For
hemin-PEDOT deposition, redox peak currents increased during repeated
scanning for 10 cycles between –1.6 V and +1.6 V (Figure not shown) (117). The
current increase is consistent with the formation of an electroactive multi-layered
matrix deposited on the electrode’s surface, and that is capable of mediating the
electrolysis of incoming porphyrin/EDOTsmonomer at the film-solution interface.

In the case of the electrodepositon of the hemin-only film, the surface
coverage increased gradually through the first 10-15 scans and then hemin growth
almost stops. In contrast, the PEDOT-Hemin multi-layered matrix exhibited an
uninterrupted and continuous growth as judged by the uniform increase of peak
currents for at least the first 40 scans. The inherent, relative high conductivity
of the polythiophene polymeric film is responsible for this continuous film
growth of the PEDOT-hemin layer. This difference between the two films is also
apparent from their surface morphology, surface characterization profiles, and
electrochemical response as will be shown later.

Surface Characterization

The surface morphology of the electrodeposited hemin films with and without
PEDOT, compared with the bare carbon fiber, are shown in Figure 3.
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Figure 3. FESEM images of surface morphologies for (a) bare carbon fiber, (b)
hemin-modified carbon fiber, and Hemin-PEDOT modified carbon fiber.

The bare CFE appeared flat, in contrast with the hemin electropolymerized
film, which showed the growth of a film with a smooth surface and an apparent
thickness of about 2 μm. By comparison, the hemin-PEDOT polymerized layer
wasmuch thicker, typicallymeasuring about 8 μm and featuring a fractal and rough
surface with peaks and valleys—at microscale

X-ray energy dispersive spectroscopy (XEDS) was used as a sensitive tool
to analyze the composition of the catalytic layers. The XEDS characterization of
hemin-PEDOT and protoporphyrin-PEDOT both show a typical sulfur peak (S =
16-19.7% wt), which is expected from the thiophene units in the PEDOT (Figure
4a).

The iron peak is present in hemin-PEDOT (Fe = 2.3% wt), but absent for
our control (Fe = 0.0% wt) with PEDOT-protoporphyrin (i.e. hemin macrocycle
devoid of the central iron atom).

The high Magnification imaging (10,000x) reveals the nano-structured aspect
of the surface, with features arranged in a ‘cauliflower’ type arrangement (Figure
4b). Dimensions of the nanostructured features are in the 100-300 nm range.

Cyclic Voltammetry

Cyclic voltammetry is a tool of choice to assess the catalytic activity
and performance of the modified surface. It is also needed to select the right
potential for time-based amperometric measurements. Figure 4c shows cyclic
voltammograms of Hemin-PEDOT in 10.5 pH CAPS buffer solution in absence
and presence of increasing concentration of PON. The cyclic voltammograms
of the Hemin-PEDOT electrodes indicate two main electrode processes; first, a
main oxidation peak, assigned to PEDOT, is close to 0 mV vs. Ag/AgCl, Notice
that this feature is absent from the hemin-only electrode (Figure 4d). The peak
around 0 mV vs. Ag/AgCl gives the possibility to detect PON with the electrode
at 0 (zero) polarization in time-based amperometry. The possibility to work at
low potentials automatically eliminates the possible interference from competing
redox active substrates (particularly in biological systems) that typically oxidize
at more positive potentials (100-700 mV range). The second oxidation peak at
~ +1250 mV is characteristic of hemin.
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Figure 4. (a) XEDS analysis shows the typical sulfur and iron peaks expected
in the thiophene/iron porphyrin units in the film. (b) FESEM images showing
the nano-structured Hemin-PEDOT film (c) Typical voltammetric responses of
the PEDOT/Hemin modified electrodes to peroxynitrite additions. (d) Response

of hemin-only film. (see color insert)
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Hemin/PEDOT as an Amperometric Microsensor

Cyclic voltammetry showed that the oxidation currents recorded on the
modified electrode increased with the ONOO- concentration. We used this
characteristic in time-based amperometry to evaluate the performance of
Hemin-PEDOT-modified microelectrode as a PON-sensitive microsensor. For
these tests, the working electrode was polarized at +750 mV versus Ag/AgCl.
Amperometric currents were measured in response to varying amounts of
peroxynitrite added to CAPS buffer solution. A typical dose-response current
trace is shown in Figure 5a. Arrows indicate the times of addition of ONOO-

aliquots to the buffer solution. The figure shows that the amperometric response of
Hemin-PEDOTmicrosensor is stable and reproducible for repeatedmeasurements.
The response of this microsensor is compared with the PEDOT–only, Hemin-only,
and bare CFE.

We studied the basic characteristics defining the performance of the sensor
including the detection limit, the response time, concentration range, the
sensitivity and selectivity, the pH dependence and the reproducibility, repeatability
and storage stability. The reader is referred to the detailed study published
recently (117). Briefly, these hemin-PEDOT modified CFEs showed a sensitivity
of 13 nA/μM, i.e. 52 times higher than the hemin-modified CFE and 130 times
higher than the bare CFE.

Figure 5. The chronoamperometric responses of Hemin-PEDOT film on carbon
microelectrode to added peroxynitrite additions (Left Panel). Compared

responses of bare fiber (black trace), hemin only (green trace), PEDOT only (red
trace), and hemin-PEDOT (Right Panel). (see color insert)

The typical calibration curves for low and large concentration ranges from
amperometric tests are shown in Figure 6a with a focus on for 0-to-5x10-6M
analyte concentration range. Figure 6b shows amperometric response of the
Hemin-PEDOT sensor at low concentrations of PON. The detection limit that we
obtained with these modified microelectrodes is ~200 nM peroxynitrite based on
the 3-to-1 response-to-noise ratio rule. Typical response times for the modified
carbon fiber electrodes were between 5 s and 30 s, depending on the fiber length,
and the thickness of the catalyst film, which in turn depends on the duration of
the electrodeposition.
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We assessed the selectivity of the Hemin-PEDOT microsensor for PON
against nitrite and nitrate. This is because the main decomposition products of
peroxinitrite are nitrite and nitrate with a product distribution that depends on
factors such as pH and temperature. We have therefore compared the response of
our modified electrodes to peroxynitrite to the response observed for nitrite and
nitrate. We show that the Hemin-PEDOT modified electrodes are inherently very
selective and more responsive to additions of PON compared to nitrite or nitrate
(117).

Figure 6. (a) Calibration curve for Hemin-PEDOT amperometric response to
peroxynitrite additions in the micromolar range. (b) Response of the same sensor
to peroxynitrite concentrations in the high nanomolar range. (see color insert)

330

D
ow

nl
oa

de
d 

by
 U

N
IV

 O
F 

G
U

E
L

PH
 L

IB
R

A
R

Y
 o

n 
Ju

ne
 4

, 2
01

2 
| h

ttp
://

pu
bs

.a
cs

.o
rg

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 N

ov
em

be
r 

17
, 2

01
1 

| d
oi

: 1
0.

10
21

/b
k-

20
11

-1
08

3.
ch

01
1

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



Figure 7. Response of a Hemin-PEDOT microsensor to peroxynitrite over two
weeks with intermittent storage at in a sealed container at 4 °C.

In terms of response stability, the Hemin-PEDOT sensors generally showed
very stable responses from observation of the microsensor’s performance over two
weeks under the same conditions. Between measurements, the microsensor was
stored dry in a sealed tube at 4°C. Except for a small decrease in response for the
first couple of days (~5%), the response was essentially stable over the remainder
of the following two weeks (Figure 7).

In summary, the data presented in this section shows that the Hemin-PEDOT
surface provides an efficient sensing platform for PON. While the catalytic
oxidation of the analyte is mediated by the iron-protoporphyrin IX units, the
PEDOT electroactive polymeric matrix brings synergy to the process: Not only
it ensures efficient charge transport to support the catalytic oxidation, but it also
allows high exposure of hemin catalytic sites through its inherent tortuous surface
and nanostructured features as evidenced by FESEM imaging. This configuration
maximizes the catalyst loading on the surface and enhances the access of PON to
catalytic sites. As a result, the Hemin–PEDOT modified carbon microelectrodes
exhibit low detection limit and high sensitivity.

Hemin as a catalyst in the PEDOT matrix provided a proof of concept of
this “two-component” microsensor configuatrion. We have now explored other
electrocalalysts, including some manganese porphyrins, on the PEDOT matrix in
order to improve the sensor’s sensitivity, detection limit, and selectivity.

4. Conclusions and Future Outlook

The true role and actions of PON in cellular biology are still blurred, if not
masked, by its multifaceted chemical reactivity withmany cell components. While
the pathological impact of this reactive species just started to reveal the face of this
“ugly biofactor” (13), other potentially beneficial roles (5–10) that may be intrinsic
to regulatory “backdoors” gated by this species are relatively rarely mentioned or
explored.
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However, with just two short decades, the interest in the biological
implications of this molecule still grew tremendously. In fact, if the number of
citations of the word “peroxynitrite” in the Title of published research articles
can serve as a metric, there was hardly any paper (~3) published before 1990
based on Thomson Reuters’ Web of Science citation database. From 1990 to
present (2011), however, the database shows around 11,260! (Figure 8A). This
is an incredible jump indeed following the seminal report by Beckman and
collaborators. If we use the same metric as above, the decade following the
year 1990 brought ~3,970 articles bearing peroxynitrite in the title, whereas the
period from 2000 to 2011, added ~7,290 articles on peroxynitrite; the number of
the last decade amounts to ~180% jump over the 1990s, and represents ~65%
of all articles since peroxynitrite was brought to the “biological spotlight” in
early 1990s (Figure 8A). These numbers show that the interest and the growth
in research output in the area of peroxynitrite’s role in health and disease is
decisively accelerating, Figure 8A.

Figure 8. (A) Number of research articles bearing “peroxynitrite, PON” in
the Title as a function of years. Data from Thomson Reuters’ Web of Science
database. (B) Number of nitric oxide articles and peroxynitrite articles as a
function of years. Data from Thomson Reuters’ Web of Science database. (see

color insert)
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However, the level of progress on the peroxynitrite research front is still
relatively “mute” compared to that of the parent molecule and senior relative:
nitric oxide. Figure 8B mputs things in perspective. It is still a comparison using
the same metric: the number of research article having in the title “Nitric Oxide”
compared to those bearing “Peroxynitrite”. One does not have to take much time
to convey the simple fact: Research output with focus on peroxynitrite is still
trailing at basal levels compared to nitric oxide.

Interestingly, this picture correlates with -or mirrors- our levels of
understanding of the chemical and cellular biology of the two analytes. Of
course, analytical chemistry with the tools and assays as applied to peroxynitrite’s
chemistry in biological systems is an important determinant in unlocking this
situation in the near future. The progress made so far on this front, mainly with
optical methods and related probes, is commendable and did open interesting
research directions pertaining to peroxynitrite’s role in living systems, or in
exploring potential therapeutics.

There is still much to do for the development of more sensitive and more
specific probes for optical methods. There is even more to do to develop
better electrochemical sensors that are very sensitive and selective for PON
in the biological medium or even in vivo. Better, electrochemical probes with
these desirable characteristics and that can be miniaturized to fit closer to live
cells, and report on their level of nitrative stress, have the potential to shed
light on peroxynitrite’s biochemical dark side. Microchips and miniaturized
electrochemical array sensors capable of monitoring simultaneously multiple
analytes of nitroxidative stress are definitely needed. In fact, as we reviewed
earlier in the section about the cellular chemistry of PON, not only the absolute
amounts of the various oxygen and nitrogen reactive analytes is of value under a
certain stress condition, but the balance or ratio of their concentrations is of more
value, and can define various risk levels for nitroxidative stress.

Lastly, Figure 8B points to another interesting fact. The years following 1992
marked an enormous jump in research published on nitric oxide. Interestingly,
1992 was the year that Science Magazine named nitric oxide “Molecule Of The
Year” (129). Figure 8B shows that the exponential growth continued even past
1998, the year where the Nobel Prize in Physiology or Medicine was awarded for
discoveries of nitric oxide’s biological roles. An important arsenal that supported
this growth was the collection of analytical tools used to monitor nitric oxide as
well as its biological targets.

What the near future holds for peroxynitrite? “Molecule of the Year?” May
be. While it is not officially named as such it certainly is already, given the critical
mass of research on this molecule, and recent revelations about its important
physiological and pathobiological roles. Our understanding in this regard is -and
will be- as good as our analytical tools. It will depend on our ability to follow both
pulsed and steady-state concentrations of this species generated under various
stress –and may be normal?- conditions.
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Chapter 12

Blue Native PAGE and Mass Spectrometry as
an Approach for the Investigation of Stable and

Transient Protein-Protein Interactions
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Blue Native polyacrylamide gel electrophoresis (BN-PAGE)
is a relatively new method that separates protein complexes
under native conditions, due to the external charge induced by
Coomassie dye and according to their molecular weight (Mw).
Colorless Native PAGE is a method similar to BN-PAGE,
except that Coomassie dye is not used and therefore, separation
of protein complexes takes place according to the internal
charge of the protein complexes. Combination of BN-PAGE
with other electrophoresis techniques or other biochemical
approaches makes BN-PAGE a very powerful and versatile
tool for the investigation of protein complexes. Furthermore,
the combination of BN-PAGE with mass spectrometry (MS) is
ideal for the structural and functional characterization of stable
and transient protein-protein interactions.

Oxidative stress is a cellular response that is produced as
a reaction to the generation of reactive oxygen species (ROS).
These ROS have the potential to cause cellular and tissue
damage, including changes in a cell’s proteome. Oxidative
stress can be investigated using MS at many levels: peptide,
protein, protein complex or proteome using MS. However,
proteomic analysis of oxidative stress may be difficult at

© 2011 American Chemical Society
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both the protein identification and protein quantitation levels
and particularly difficult at the protein-protein interaction
level. Here we discuss various applications of BN-PAGE
including the characterization of stable protein complexes,
transient protein-protein interactions, the assembly of proteins
into polymers and the disassembly of protein complexes into
sub-complexes. Future directions for BN-PAGE in combination
with MS, with a focus on oxidative stress, are also discussed.

Introduction

Proteomics is the study of the proteome. The proteome is defined as the
proteins in a particular cell, subcellular compartment or organelle, tissue, organ,
extracellular fluid (blood, urine, saliva, tears or spinal fluid), or whole organism.
A proteomics experiment usually involves 1) sample fractionation (during which
proteins are biochemically separated using their physio-chemical properties); 2)
enzymatic digestion of proteins into peptides; 3) analysis of a peptide mixture
by liquid chromatography-mass spectrometry (liquid chromatography combined
with tandem mass spectrometry or LC-MS/MS); 4) a database search, analysis
and interpretation; 5) data validation.

Oxidative stress is a cellular response that is produced as a reaction to the
generation of reactive oxygen species (ROS). These ROS have the potential
to cause cellular and tissue damage, including changes in a cell’s proteome.
Oxidative stress can be investigated using MS at many levels: peptide, protein,
protein complex or proteome using MS. However, proteomic analysis of oxidative
stress may be difficult at both the protein identification and protein quantitation
levels and particularly difficult at the protein-protein interaction level.

One extensively used proteomics experiment involves sodium dodecyl-sulfate
polyacrylamide gel electrophoresis (SDS-PAGE) as the method of choice
for protein fractionation. SDS-PAGE separates proteins under reducing and
denaturing conditions and according to their Mw. A variation of SDS-PAGE is
two dimensional (2D) SDS-PAGE or 2D-PAGE. This method separates proteins
according to their isoelectric point (isoelectric focusing, IEF) in the first dimension
(1D) and according to their Mw in the second dimension (2D). Other denaturing
methods that are used in a proteomics experiment include SDS-PAGE in
non-reducing conditions, (which maintains the intact disulfide-linked proteins), or
Tricine PAGE, which separates proteins under denaturing conditions and provides
a better resolution for the separation of low Mw proteins. Gel electrophoresis
under native conditions is yet another method to produce protein fractionation
prior to LC-MS/MS analysis. Among all of these methods, two types really stand
out: Blue Native PAGE (BN-PAGE) and Colorless Native PAGE (CN-PAGE).
These methods are easy to use, effective, accurate and produce a wealth of
information. Our current review will focus on application of these two methods
in proteomics.
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BN-PAGE and CN-PAGE as Choices for the Investigation of
Protein Complexes and Protein-Protein Interactions

BN-PAGE was developed in Germany by Schaegger and von Jagow (1–3)
and has long been used to analyze protein complexes first from plant organelles
(4–8) and then later in animals (7–25). This method separates protein complexes
based on an external charge induced by Coomassie dye and according to their
Mw. BN-PAGE can be used to separate protein complexes in the range of 100-
1500 kDa, using the advantage of Coomassie dye, which gives proteins negative
charges through non-covalent, hydrophobic interactions, causing them to migrate
to the anode at neutral running pH. Specifically, the Coomassie dye will bind to
the protein complexes, so even basic proteins, because of the dye bound to them,
will migrate to the anode.

BN-PAGE was discovered by investigating mitochondrial protein complexes
involved in the electron transport chain, where most ROS are produced and where
a high number of proteins are damaged by oxidative stress. Therefore, the use
of BN-PAGE to investigate the oxidative stress at the protein complex level is of
high interest and adds a new dimension to the investigation of oxidative stress at
the protein-protein interaction level.

BN-PAGE experiments may provide information about the size, number,
subunit composition, stoichiometry and relative abundance of these protein
complexes. Separation of protein complexes from the BN-PAGE lane in a second
dimension SDS-PAGE may reveal the subunit composition of a particular protein
complex, as well as the interacting partners of a particular protein. Compared
with the previous methods used to study protein-protein interactions, there are
several advantages of BN-PAGE for studying protein-protein interactions: 1)
separation of the protein complexes takes place under native conditions, so even
the transient interactions between proteins may be identified, 2) separation of
protein complexes in the second dimension may reveal their subunit composition,
3) the method may analyze the association of proteins into protein complexes
as a result of a stimulus; 4) BN-PAGE may confirm the results obtained by
immunoprecipitation experiments (26). For example, if proteins A, B and
C co-immunopurify, BN-PAGE will often distinguish between A-B-C, A-B,
A-C, and B-C complexes. Furthermore, by combining BN-PAGE with mass
spectrometry, both structural and functional information may be obtained (19, 21,
26, 27). CN-PAGE was developed by the same group that developed BN-PAGE
(1–3) and further modified by others (4). CN-PAGE uses exactly the same
procedure as CN-PAGE, except that the cathode buffer does not contain the
Coomassie dye. In addition, the sample buffer does not contain the Coomassie
dye either. Therefore, separation of protein complexes is not based on the external
charge induced by Coomassie dye; it is rather based on the internal charge of
the protein complex, given by the charge of its subunits. A schematic of the
principle of BN-PAGE and CN-PAGE, as well as the differences between the
two methods is presented in Figure 1. However, the principle of separation of
BN-PAGE and CN-PAGE is very different, even though the separation in both
methods takes place under the same native conditions. If in BN-PAGE, separation
of the protein complexes takes place according to their Mw, CN-PAGE does not
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separate protein complexes according to their Mw. As such, the applications of
these two methods with two different separation principles do not exclude each
other, but rather complement each other.

Figure 1. BN-PAGE and CN-PAGE: Principles, similarities and differences.
Both BN-PAGE and CN-PAGE separate protein complexes under native

conditions. BN-PAGE separates protein complexes due to the external charge
induced by Coomassie dye (and according to the complexes’ molecular
mass). CN-PAGE separates protein complexes due to their internal charge
(no Coomassie dye is used) and independent of complexes’ molecular mass.
Therefore, protein complexes separated by BN-PAGE may not separate the
same in CN-PAGE (A). BN-PAGE and CN-PAGE may separate homo-protein
complexes (the subunits are red) and hetero-protein complexes (the subunits
are both yellow and green). The subunit composition of the protein complexes
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may be revealed by separation of the protein complexes in a second dimension
by SDS-PAGE, under denaturing and reducing conditions (B). As such, the
homo-protein complex will separate in one subunit (red subunit), while the

hetero-protein complex will separate in two or more subunits (in this case two:
yellow and green subunits). (C) The protein complexes that were separated by
BN-PAGE or by CN-PAGE may be further separated by SDS-PAGE (as shown in
(B)) or by BN-PAGE, followed by staining (by Coomassie, Silver, Zinc, Sypro, etc)
and further analyzed by mass spectrometry (both MALDI-MS and LC-MS/MS).
The gels from the second dimension may also be analyzed by Western blotting and
further analyzed by mass spectrometry. These methods complement each other
(e.g. COomassie and Silver staining or Silver staining and Western blotting).

Here we will show some examples of use of BN-PAGE either alone or in
combination with other electrophoresis (e.g. CN-PAGE, Tricine PAGE, SDS-
PAGE; see below) and mass spectrometry (e.g. MALDI-MS and LC-MS/MS,
both mass spectrometry, MS; see below) techniques to either identify the Mw or
subunit composition of a stable or transient protein complex of mammalian origin,
or to isolate and characterize a protein complex of vegetal origin, with emphasis
on oxidative stress and repair. Overall, we demonstrate that the combination of
BN-PAGE and MS has the potential to be generally applied to the analysis of any
stable and transient protein-protein interactions.

BN-PAGE as a Tool for Determination of the Mw of Protein
Complexes and for Determination of Transient Protein-Protein

Interactions
Receptor tyrosine kinases (RTK) are receptors for a series of growth factors

that are important for cell survival and differentiation during development as well
as in response to disease or injury (28, 29). A common feature for these RTKs
is that their growth factor ligands are typically secreted proteins. Eph receptors
(EphRs) represent a different class of RTKs and are the largest sub-family of
RTKs (30). These EphRs are found in a variety of cell types from developing
and from mature tissues and play important roles in the development of the central
and peripheral nervous systems (31–34), including synapse formation (35) and
neural crest formation (36). They also play roles in the vascular system, including
angiogenesis and vascular system remodeling (37–39).

EphRs differ from other RTKs in three regards: 1) EphRs do not promote
cell growth, survival and differentiation, but instead play important roles in the
attractive and repellent reactions between cells (40). 2) Activation of EphRs is
performed by ephrins that, unlike the other soluble RTKs ligands, are anchored
to the cell membrane. 3) During stimulation, EphRs may be either receptors
that are activated by ephrin ligands and trigger downstream signaling or they
may be ligands that activate upstream signaling in ephrin-bearing cells. To
date, at least 14 different EphRs have been identified and based on the type of
the ligand with which they interact, they have been divided into two classes:
EphAs and EphBs (41). EphA receptors comprise nine members: EphA1-A8
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and EphA10. They interact with ephrins A which consist of five members:
ephrinA1-A5. EphB receptors comprise five members: EphB1-B4 and EphB6.
They interact with ephrins B which consist of three members: ephrinB1-B3
(41). Although all EphRs and ephrinBs are transmembrane proteins that contain
extracellular and cytosolic domains, ephrinAs are connected to the cell surface
by glycosylphosphatidylinositol anchors, and therefore do not contain a cytosolic
domain.

Interaction of ephrins with Eph receptors leads to a gradual formation of
ephrin-EphRs multimers that trigger cytoskeletal remodeling. This underlies
cell adhesion and motility in ligand and receptor bearing cells (41–44). The first
consequence of EphR activation is autophosphorylation of its three conserved
tyrosine residues from the cytoplasmic side of the receptor. The phosphorylated
sites provide docking for a number of SH2-domain containing signaling and
adaptor proteins that modulate cytoskeletal plasticity (42–44).

A number of proteins that interact with phosphorylated EphRs or mediate
downstream signaling have been identified. For example, Ephexin, a member of
the Rho family of GTPases from retinal ganglion cells, is constitutively associated
with EphA receptors. Ephexin activates RhoA and inhibits Rac1 and Cdc42
by switching the actin cytoskeleton from an extended to a contracted state (44,
45). Other proteins that interact directly or indirectly with EphRs or that have
been identified as a component of EphR downstream signaling include: Nck,
Ras GTPase-activating protein, p85-associated phosphoinositide 3-kinase, SLAP,
Grb2, p62dok (31, 46–53). Recently, a clearer dissection of the EphB2 signaling
from the unstimulated and ephrinB1-stimulated cells has been performed using
Stable Isotope Labeling with Amino Acids in Cell Culture (SILAC) technology
(54, 55).

The first step in investigating ephrin signaling is to identify stable,
constitutively expressed protein complexes, both with identical subunit
composition (homo-complexes) and different subunit composition (hetero-protein
complexes). To do so, NG108 (mouse neuroblastoma x rat glioma) cells were
grown in vitro as previously reported (25) and stimulated with ephrinB1-Fc,
then lysed. Unstimulated cells were used as controls. A schematic of the
experimental procedure is shown in Figure 2A. The cell lysates were then
separated by BN-PAGE 1D and then Coomassie or silver stained (Figure 2B),
or further reduced and denatured and separated in SDS-PAGE 2D, followed by
silver staining (Figure 2C) or Western blotting (WB, Figure 2D). As observed, in
the silver-stained BN-PAGE 1D gel lanes, we could observe intense bands that
corresponded to protein complexes with a mass of about 750, 670, 600, 440 and
400 kDa, suggesting that BN-PAGE is a good tool for identification of the Mw
of protein complexes. The use of WB in combination with BN-PAGE may also
allow us to identify transient protein-protein interactions. As observed, in the WB
experiments with anti-phosphotyrosine antibodies, we could demonstrate that 1)
stimulation of NG108 cells in vitro by the ephrinB1-Fc ligand is effective and
activates the EphB2-dependent signal transduction pathway and 2) BN-PAGE
2D, when combined with WB (Figure 2D), is an excellent tool for detection of
transient protein-protein interactions.
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Figure 2. (A): A workflow for the biochemical and MS characterization of
ephrin signaling. The unstimulated or stimulated cells were lysed and the lysates
(and/or the pY99-IPs from the lysate) were separated by BN-PAGE. The protein
complexes/protein interactions were characterized biochemically and/or by MS,
followed by comparison with the current literature. (B): Silver stain of BN-PAGE
1D of the cell lysate from unstimulated (-) and ephrinB1-Fc stimulated cells
(+). The direction of migration in gel and Mw markers are indicated. (C):
BN-PAGE 2D: the cell lysates of the unstimulated (-) and stimulated (+) cells
were separated by BN-PAGE 1D as in (B) and then reduced and denatured and
further separated by denaturing SDS-PAGE followed by silver staining. The
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direction of migration in the gel and Mw markers are indicated. Note the high
Mw markers in BN-PAGE 1D (for protein complexes) and normal Mw markers in
SDS-PAGE 2D (for proteins). (D): BN-PAGE 2D: the experiment is as in (C),
except that the gels from SDS-PAGE 2D, instead of being silver stained, were
electroblotted and analyzed for the presence of tyrosine phosphorylated proteins

and protein complexes by using anti-phosphotyrosine antibodies.

BN-PAGE and MS as a Tool for Determination of the Subunit
Composition of Stable Homo- and Hetero-Protein Complexes

We further investigated whether intact, constitutively expressed protein
complexes from the lysates of unstimulated and stimulated cells may be identified
by BN-PAGE and LC-MS/MS experiments at a molecular weight similar to the
one predicted by their subunit composition and in accordance with published
work. In the silver-stained (Figure 2B) and Coomassie-stained (data not shown)
BN-PAGE 1D gel lanes we could observe putative protein complexes with masses
ranging from about 750 to about 400 kDa. To reveal the protein composition of
some of these complexes, we cut out the most intense gel bands that corresponded
to protein complexes with molecular masses between 400 and 750 kDa, digested
them with trypsin and analyzed them by LC-MS/MS. When we identified a
protein that was known to be a subunit of a particular protein complex, we
looked for additional subunits in the data that resulted from the same LC-MS/MS
experiment and further compared these data with the current literature in regard to
subunit composition, molecular mass, protein interactions, etc. In our BN-PAGE
and LC-MS/MS experiments, we identified protein complexes that are known to
be constitutively expressed in many mammalian cells. Their subunit composition
was either a multimer of one subunit only (homo-protein complexes) or multimer
of two or more subunits (hetero-protein complexes).

The homo-protein complexes identified by BN-PAGE and LC-MS/MS
included Valosin-containing protein and ATP citrate lyase. Valosin-containing
protein, also named Transitional endoplasmic reticulum ATPase is a 89 kDa
protein which, under native conditions, is a homohexamer. ATP citrate lyase
is a 120 kDa protein that under physiological conditions is a homotetramer.
Valosin-containing protein is involved in the formation of the transitional
endoplasmic reticulum, specifically in the transfer of membranes from the
endoplasmic reticulum to the Golgi apparatus. It is also required for the
fragmentation of Golgi stacks during mitosis and for their reassembly at the end
of mitosis (56). ATP citrate lyase is responsible for the synthesis of cytosolic
Acetyl-COA (57, 58). The theoretical Mw of the Valosin-containing protein
complex is 540 kDa, while the theoretical Mw of ATP citrate lyase is 480
kDa. We found these protein complexes in gel bands that corresponded to
masses of 550-650 kDa. This is in agreement with a report that the 89 kDa
Valosin-containing protein is usually a homohexamer and the 120 kDa ATP citrate
lyase protein complex is a homotetramer. An example of MS and MSMS spectra
of an identified peptide that is part of the 120 kDa ATP citrate lyase protein (that
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was a subunit of the 480 kDa homocomplex composed of four identical subunits)
is shown in Figure 3.

Figure 3. Analysis of a homo-protein complex by BN-PAGE and LC-MS/MS.
The gel band was excised and digested by trypsin and the resulting peptide
mixture was analyzed by LC-MS/MS. The extracted ion chromatogram (EIC)
of the peak with m/z of 746.47 identified in the chromatogram a peak at 50.95
minutes (A) that contained MS spectra of a double charged (2+) peak with m/z of
746.45 (B). The isotopic resolution of this peak is shown in inbox (B). This peak
was selected for fragmentation by MSMS (C) and produced a series of b and y
fragment ions. Data processing and database search led to the identification of a
peptide with the sequence SGGMSNELNNIISR that is part of ATP citrate lyase.

In our experiments using BN-PAGE and LC-MS/MS, we also identified many
hetero-protein complexes. One of them was proteasome (prosome), a protein
complex involved in protein degradation (59–67). Proteasome is hetero-protein
complex that contains 28 protein subunits. It is involved in protein degradation
and is composed of seven alpha (mass 27 kDa) and seven beta (mass 29 kDa)
subunits contained in a hetero-28-mer. LC-MS/MS experiments of the BN-PAGE
bands allowed us to identify five different subunits alpha (alpha 1, alpha 3, alpha
4, alpha 6 and alpha 7) and four different subunits beta (beta 1, beta 4, beta 5 and
beta 6) in a single experiment (data not shown). The predictedMw of this complex
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is about 700 kDa. In our experiments, we identified this complex in the same 700
kDa range, suggesting that BN-PAGE may provide information about the Mw of
a protein complex.

Figure 4. Analysis of sub-complex 1 of the eukaryotic initiation factor 3
hetero-protein complex by BN-PAGE and LC-MS/MS. The gel band was

excised and digested by trypsin and the resulting peptide mixture was analyzed by
LC-MS/MS. The extracted ion chromatogram (EIC) of the peak with m/z of 704.51
identified in the chromatogram a peak at 64.91 minutes (A) that contained MS
spectra of a (2+) peak with m/z of 704.49 (B). The isotopic resolution of this peak
is shown in inbox (B). This peak was selected for fragmentation by MSMS (C)
and produced a series of b and y fragment ions. Data processing and database
search led to the identification of a peptide with the sequence FSVLQYVVPEVK
that is part of the subunit 10 of the eukaryotic initiation factor 3 (eif3S10), which

is part of sub-complex 1 of eukaryotic initiation factor 3 complex.

Another heteroprotein complex that we identified was eukaryotic translation
initiation factor 3 complex (eIF3) that plays important roles in protein synthesis.
The eIF3 complex is composed of 13 subunits: EIF3A through M. Through a
different nomenclature, they are named Eif3-S1 (S from subunit) through Eif3-
S10, Eif3-S12, Eif3-S6-interacting protein and Ga17 (also named Pcid1). The eIF-
3 complex contains three subcomplexes. Sub-complex one is composed of EIF3A,
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B, G and I; the second one contains EIF3F, H, and M, and the third one contains
EIF3C, D, E, K and L. EIF3C of sub-complex 3 binds EIF3B of sub-complex 1
and EIF3H of sub-complex 2, thereby linking the subcomplexes together. The
calculated Mw of this complex is about 800 kDa (68–72). In our BN-PAGE and
LC-MS/MS experiments, we identified the eIF3 at the predicted Mw of about 800
kDa. Of the 13 total subunits, we identified at least 10 different subunits that were
part of subcomplexes 1, 2 or 3 of the eIF3, suggesting that the eIF3 complex is
intact and contains all three eIF3 protein subcomplexes. An example of MS and
MSMS spectra of a peptide that was identified and that was part of eIF3 complex
is shown in Figure 4. Taken together, these data suggest that the combination
of BN-PAGE and LC-MS/MS is a powerful tool for determining the mass of a
particular protein complex and the identity of its subunit composition.

BN-PAGE and WB as a Tool for Identification of Transient
Protein-Protein Interactions

In addition to the determination of the Mw and subunit composition of
stable homo- and hetero-protein complexes, BN-PAGE and LC-MS/MS is also
able to identify transient protein-protein interactions. To identify these transient
protein-protein interactions, the protein complexes from the unstimulated
and ephrinB1-Fc-stimulated NG108 cells were immunoaffinity purified using
anti-phosphotyrosine (pY99-IP) antibodies and then separated by BN-PAGE.
The BN-PAGE gel lanes that contained protein complexes were cut in gel pieces
according to their molecular weight and then subjected to trypsin digestion. The
resulting peptide mixtures were then analyzed by LC-MS/MS, and the resulting
data were submitted to the Mascot database for protein identification. These
experiments provided a list of proteins for each gel band that may be part of the
same protein complex. The list of proteins for each gel piece was compared with
the lists of proteins from the other gel pieces from the same condition (either
unstimulated cells or stimulated cells) and then between the unstimulated and
stimulated cells. Comparison of these lists of proteins, as well as construction
of the interaction networks between the signaling proteins, was performed
by reconstituting the original gel and by comparing the data with the current
literature. The data were interpreted based on the simplest theoretical scenarios
that may happen with a particular protein, presented in Figure 5, complemented
by the current literature. A full list of the protein complexes and the transient
protein-protein interactions that were identified by BN-PAGE and LC-MS/MS is
currently under review (data not shown).

A way to further demonstrate that BN-PAGE is suitable for the analysis and
identification of transient protein-protein interactions following ligand stimulation
is to combine BN-PAGE and WB. This allows the monitoring of transient
interactions of a single protein using antibodies against that protein. Therefore, we
analyzed cell lysates of mouse cortical neurons that were stimulated by a different
ligand, brain-derived neurotrophic factor (BDNF) that binds to Trk receptors, and
focused on one particular protein, Hepatocyte growth factor-regulated tyrosine
kinase substrate (Hrs, mass 115 kDa). The Hrs protein is involved in endocytic
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processes (25, 73–75). To do so, we separated the cell lysates of neurons that
were treated or not treated with BDNF by BN-PAGE 1D, SDS-PAGE 2D and
then electroblotted the proteins onto a membrane and incubated them with
anti-HRS antibodies, followed by enhanced chemiluminescence detection. As
may be seen in Figure 6, the Hrs antibodies recognized a band at about 200 kDa
in unstimulated cells and two bands at 200 kDa and 500 kDa in stimulated cells.
The bands at about 200 kDa is the Hrs monomer (115 kDa), either alone or in
interaction with a small Mw protein. However the band at 500 kDa represents
Hrs in complex with many proteins as a result of BDNF stimulation. Therefore,
the 500 kDa band detected the transient interactions of Hrs with other proteins.
Taken together, these experiments suggest that, regardless of the cell system, as
long as there are two different experimental conditions, they may be compared
by BN-PAGE and the differences between the two states may be determined by
BN-PAGE and WB and identified by BN-PAGE and LC-MS/MS.

Figure 5. Possible theoretical scenarios for the analysis of protein-protein
interactions using a pY99-IP. A: One protein interacts with other proteins

upon stimulation and forms a protein complex with a higher molecular mass; at
least one subunit of this newly formed complex is phosphorylated at a tyrosine
residue. B: One protein complex is disassembled upon stimulation. C: One
protein complex does not have any changes in its subunit composition, but
one or more of its subunits become over-phosphorylated at a tyrosine residue
upon stimulation. D: One or more subunits from one super-phosphorylated
protein complex are de-phosphorylated at a tyrosine residue upon ephrinB1-Fc
stimulation. E: A protein complex is completely de-phosphorylated (300 kDa) or

becomes phosphorylated (600 kDa) upon ephrinB1-Fc stimulation.
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Figure 6. Identification of transient protein-protein interactions in primary
neurons by BN-PAGE and WB. Analysis of the lysates of unstimulated (–) and
BDNF-stimulated (+) was performed using primary neuronal cell cultures by
BN-PAGE. The lysates were separated in BN-PAGE 1D and SDS-PAGE 2D,
and electroblotted, and then analyzed for the presence of Hrs protein using
anti-Hrs antibodies. The immune reaction was visualized using enhanced

chemiluminescent reaction. As observed, Hrs forms a 500 kDa protein complex
upon BDNF stimulation.

BN-PAGE as a Tool in Analysis of Protein Self-Assembly into
Higher Mw Polymers

Another application of BN-PAGE is the analysis of the polymerization state of
one ormore proteins. As an example, polymerization of vitelline envelope proteins
was investigated by BN-PAGE and further confirmed by electron microscopy. The
plasma membrane of vertebrate eggs is surrounded by an extracellular envelope,
named vitelline envelope (VE) in fish and zona pellucida (ZP) in mammals. VE
is composed of three proteins: VE alpha (58 kDa), VE beta (52 kDa) and VE
gamma (47 kDa). These proteins have a common domain (about 260 amino acids
long) named the zona pellucida (ZP) domain. The ZP domain is responsible for
the polymerization of proteins into higher order structures, such as fibrils and
filaments (23, 24, 76–82). However, prior to our experiments the mechanism of
polymerization was not known. To reveal the mechanism of polymerization of the
ZP domain-containing proteins, we purified VE beta and VE gamma and analyzed
how the individual VE proteins and the combination of both assemble into high
Mw polymers and filaments. To do so, we analyzed individual VE proteins by
BN-PAGE and observed that, in the presence of denaturant, they form higher Mw
polymers (starting with homo-dimers). When different VE proteins were mixed
and then analyzed by BN-PAGE,we could observe that these proteins polymerized
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into higher order structures (23). These finding were further confirmed by electron
microscopy, where the fully assembled/polymerized VE proteins were observed as
high Mw filaments. Therefore, BN-PAGE is a useful tool for the analysis of the
polymerization state of a protein or mixture of proteins.

BN-PAGE as a Tool for the Determination of the Mw and
Multimerization State of a Stable Protein Complex Protective

against Oxidative Stress

So far, BN-PAGE is one of the fastest and cheapest ways to determine the
Mw of a protein complex, especially when dealing with complex samples like
cell lysates or bodily fluids (e.g. blood). This is particularly important when
one tries to identify the Mw and subunit composition of a protein complex,
as well as the sub-complexes and super-complexes of that protein complex.
This property lies within its principle: it separates protein complexes due to
the external charge induced by Coomassie dye and according to their Mw. An
example of how separation by BN-PAGE can be used for the determination of
the Mw of the complex, the subunit composition of its sub-complexes and the
polymerization state of the protein complex is shown in Figure 7. Here, thylakoid
membranes from mesophyll chloroplasts of maize were separated by BN-PAGE
for identification of the Mw and subunit composition of NAD(P)H-dehydrogenase
(Ndh) complex. Maize is a C4-type plant and contains two types of plastids:
mesophyll and bundle sheath chloroplasts. Ndh complex is a plastidal complex
involved in chlororespiration, which is homologue to mitochondria complex I
(4, 83–91). Separation of the thylakoid membranes on BN-PAGE in 1D led to
apparition of gel bands that correspond to protein complexes of a particular Mw
(Figure 7A). Separation of the BN-PAGE gel lanes in a second Tricine-PAGE
2D (under denaturing and reducing conditions) followed by Coomassie (data not
shown) or silver staining (Figure 7A) led to disintegration of the protein complexes
from 1D into their subunits in 2D. Tricine PAGE is a gel electrophoresis method
similar to SDS-PAGE, but which has a better resolution in separation of the lower
Mw proteins.

Once the thylakoid membranes were separated by BN-PAGE 1D and Tricine
PAGE 2D, the gel was further electroblotted (WB) and analyzed using antibodies
against proteins that were known to be subunits of one protein complex. Figures
7B and C show the WB of the BN-PAGE 2D that was analyzed with antibodies
against subunits of Ndh complex, to monitor the integrity of the Ndh complex and
its multimerization state (e.g. monomer or dimer). The Ndh complex contains
a membrane sub-complex (300 kDa) and a soluble sub-complex (250 kDa) and
the antibodies that were used were against protein subunits of the Ndh complex
which were part of the membrane sub-complex (Ndh E, 12 kDa) or against the
soluble subcomplex (NdhH, 45 kDa; NdhJ, 21 kDa; NdhK, 29 kDa). As observed,
the Mw of the intact Ndh complex is 550 kDa, as determined by the antibodies
against all four protein subunits, which reacted with their antigens (both part of
membrane and soluble sub-complexes (Figure 7B), in agreement with the Mw
reported by others. In addition, the Ndh complex splits into the membrane (300
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kDa, detected by NdhE) and soluble (250 kDa, detected by NdhJ & NdhK) sub-
complexes (Figure 7B), and exists as monomeric and dimeric forms (Figure 7C,
(4)).

Figure 7. Structural characterization of the Ndh complex. The thylakoid
membranes were separated by BN-PAGE 1D and Tricine PAGE 2D and then

silver stained (A) or electroblotted and analyzed with Ndh antibodies (B, C). The
thylakoid membranes were also separated by CN-PAGE 1D and Tricine PAGE
2D and the silver stained (D) or electroblotted and analyzed with Ndh antibodies
(E). After separation by CN-PAGE 1D, the protein complexes were further
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separated by BN-PAGE 2D and stained by Coomassie (F). Location of PS I,
ATP-ase, Cyt b6f complex and PS II is indicated. The Mw markers for BN-PAGE
and Tricine PAGE are shown. There are no Mw markers for CN-PAGE, because
this method does not separate protein complexes according to their Mw. The
direction of migration in BN-PAGE, Tricine PAGE and CN-PAGE is indicated.

CN-PAGE as a Pre-Purification Tool for the Localization of
a Stable Protein Complex Protective against Oxidative Stress

in BN-PAGE

The main goal of this project was to isolate and characterize the Ndh complex.
However, as observed in Figure 7A, the Ndh complex is not visible in the BN-
PAGE 1D nor in Tricine-PAGE 2D. Therefore, although BN-PAGE can be very
useful in the fast isolation and characterization of a protein complex, if in BN-
PAGE the Mw of the protein complex of interest (Ndh complex) has the same
Mw as a different complex, then an additional purification procedure prior to BN-
PAGE is required. CN-PAGE is such a procedure. It separates protein complexes
according to their internal charge. Figure 7 shows the CN-PAGE 1D and Tricine-
PAGE 2D of the thylakoid membranes from mesophyll chloroplasts, followed
by silver staining (Figure 7D) or WB (Figure 7E) using antibodies against NdhE
(monitors the 300 kDa membrane protein sub-complex) and NdhK (monitors the
250 kDa soluble protein sub-complex). As observed, the intact Ndh complex is
localized in the second most intense band of the CN-PAGE 1D (Figure 7E).

Since the WB of CN-PAGE 1D and Tricine PAGE 2D (Figure 7E) allowed
us to immuno-localize the Ndh complex in CN-PAGE 1D (the second most
intense band), we continued our purification and further separated the gel lane
from CN-PAGE 1D in BN-PAGE 2D (Figure 7F). This separation allowed us
to better localize the Ndh complex in the BN-PAGE, information that will be
used for further characterization. In Figure 7F, the protein complexes are seen
as dark spots and, based on mass spectrometry data (not shown), they include
Photosystem I (PSI, 580 & 400 kDa spots), ATP-synthase complex (360 kDa
spot), Cytochrome b6f complex (230 kDa) and part of Photosystem II (PSII, 210
kDa). As observed, the Ndh complex is not visible. However, since we knew that
the Ndh complex has a Mw of 550 kDa and it is part of (or close to) the second
band in the CN-PAGE, then we could localize it within a square formed by the 580
kDa PSI and the two 400 kDa PSI core. It should be noted that the two 400 kDa
PSI complexes have an identical Mw, but only their internal charge is different,
most likely due to post-translational modifications such as phosphorylations.
Therefore, the combination of CN-PAGE and BN-PAGE is able to separate two
protein complexes with identical Mw, but different internal charge.

To identify the exact location of the Ndh and for its further characterization,
we cut horizontal and vertical gel bands from the above mentioned square, known
to contain the Ndh complex and separated them in a SDS-PAGE 3D, followed by
WB using antibodies against Ndh subunits (Figure 8A). As observed, the position
of the Ndh complex in WB of the SDS-PAGE was localized in the second band in
both horizontal and vertical gel bands (Figure 8A). To confirm the localization of
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the Ndh complex, we 1) superimposed the horizontal and vertical BN-PAGE 2D
gel bands that were analyzed by WB (and shown in Figure 8A); 2) silver stained
the BN-PAGE 2D gel that contained the square formed by the 580 kDa PSI and the
two 400 kDa PSI core (Figure 8B); 3) electroblotted the BN-PAGE 2D gel under
native conditions and analyzed it with Ndh antibodies (Figure 8B). As observed,
the position in the gel of the Ndh complex localized by WB of the SDS-PAGE 3D
gels was confirmed by both silver staining and WB of the BN-PAGE 2D (Figure
8B).

Figure 8. Localization of the Ndh complex in BN-PAGE PAGE 2D and its
characterization by MALDI MS. The Ndh complex was separated by CN-PAGE
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and BN-PAGE and localized in BN-PAGE 2D in the square containing intact PS I
and PS I core complexes (previous experiments from Figure 9). Horizontal and
vertical gel bands from BN-PAGE 2D were separated by Tricine PAGE 3D and
analyzed by WB using anti-Ndh antibodies. The vertical gel bands were analyzed
by WB1 and the horizontal gel bands were analyzed by WB2 (A). The position
of the Ndh complex in the BN-PAGE 2D gel, as determined by WB1 and WB2
(from A) is shown in (B). The expected location of the Ndh complex, based on the
superimposition of WB1 and WB2 is shown in the gel stained with Coomassie; no
band/spot was observed in that location in the Coomassie stained gel. Different
BN-PAGE 2D gels were analyzed for the exact location of the Ndh complex (here
shown only the square containing the PS I and PS I core complexes) by silver
staining (B) or electroblotted and analyzed with anti-Ndh antibodies (native WB,
B). The gel spot containing the Ndh complex (localized by the experiments from
(A) and (B)) was excised and separated by Tricine-PAGE (not shown), digested
and analyzed by MALDI-MS (C). Data processing and database search led to
identification of some subunits of the Ndh complex. The MALDI-MS spectrum

that identified NdhH, a subunit of the Ndh complex is shown in (C).

CN-PAGE 1D, BN-PAGE 2D and SDS-PAGE 3D may be combined with
Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI-MS)
for the determination of the subunit composition of a protein complex. To further
characterize the Ndh complex, we performed a preparative CN-PAGE 1D and
BN-PAGE 2D, excised the gel band that contained the Ndh complex, and separated
it by SDS-PAGE 3D, followed by silver staining. The most intensely stained gel
bands were excised, digested with trypsin and analyzed by MALDI-MS. Figure
8C shows an example of a MALDI-MS spectrum of the SDS-PAGE 3D. Data
processing and database search led to the identification of NdhH, a 45 kDa protein
that is a subunit of the Ndh complex. Therefore, in addition to being compatible
with LC-MS/MS, BN-PAGE is also compatible with MALDI-MS.

BN-PAGE and Mass Spectrometry as Methods for Examining
Oxidative Stress

Initially, BN-PAGE was discovered using mitochondrial protein complexes,
the location at which the greatest amounts of oxidative species appear. However,
within the first ten years since its discovery (1991-2001), the use of BN-PAGE
has been limited to plant scientists. Furthermore, this method has not been used
in combination with any other mass spectrometry-based approaches. A simple
literature search using BN-PAGE as a keyword revealed 476 hits, of which 61
studies were performed since its discovery (1991) until 2000. The remaining
415 studies were performed within the past 11 years, demonstrating the growing
significance of this method. A literature search using BN-PAGE and mass
spectrometry as keywords revealed 127 studies, and in only four studies the
authors combined BN-PAGE with mass spectrometry. However, this number
grew considerably within the past ten years (123 studies), and BN-PAGE has been
used in combination with both MALDI-MS or LC-MS/MS or both. Examples
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of representative work include, but are not limited to, work performed in cell
organelle, tissues, organs or organisms from plants, animals or bacteria (21,
92–98).

The main application of BN-PAGE, either alone or in combination with
other methods was determination of the molecular mass of a protein complex
and of its subunit composition. However, recently, its applications became very
diverse and range from the determination of the polymerization state of a protein
or protein complex, to the identification of transient protein-protein interactions
and post-translational modifications of the subunits of a protein complex. In fact,
identification of transient protein-protein interactions is perhaps one of the most
important applications for BN-PAGE and, when combined with Differential Gel
Electrophoresis (DIGE) and mass spectrometry (16, 99, 100), it becomes a very
powerful analytical tool. Despite that, BN-PAGE is not the most frequently used
tool for the examination of oxidative stress. A literature search revealed that there
are very few studies utilizing BN-PAGE in the examination of oxidative stress. In
one study, Andriga et al. (10) described the use of one thiol-labeling approach in
combination with blue native gel electrophoresis (BN-PAGE) to detect reactive
thiol groups within mitochondrial proteins, with a focus on the protein complexes
involved in oxidative phosphorylation. Kim et al. (101) focused on the analysis
of proteins and their post-translational modifications to identify the age-related
differences in protein abundance and isoform complexity. This group also
tried BN-PAGE and concluded that the oxidative stress and altered protein
interactions may be at the heart of age-related diseases and therefore oxidative
protein modifications and protein-protein interactions have special relevance to
age-related research. Additional studies focused on monitoring protein complexes
from plant mitochondrial respiratory oxidative phosphorylation (102, 103), as
well as mitochondrial NADH dehydrogenase or Complex I (homologue of the
chloroplastic Ndh complex) from rodent brain/dopaminergic neuronal cell line
(104), and human neuroblastoma cells (105). Although these studies had a diverse
range of starting material, the end goal was the same: to identify the reasons for
oxidative stress at the protein complex level.

Limitations of BN-PAGE.

As demonstrated here through quite a few examples, BN-PAGE has a wide
variety of applications. However, one should be aware that this method also has
limitations. One of these limitations is due to the isoelectric point of protein
complexes; if their isoelectric point is below 5.4 or above 8.6, the accuracy of
this method in the determination of the molecular masses of protein complexes
does not apply anymore. In addition, depending on the subunit composition
of protein complexes, determination of the molecular mass of these complexes
is not very accurate, sometimes with a deviation of up to 10-15% (data not
shown). Furthermore, simultaneous analysis of multiple transient protein-protein
interactions by BN-PAGE and mass spectrometry, although possible, is still very
difficult to achieve. This is mostly because more than one protein complex may
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have identical or similar molecular mass and the subunits of one complex may be
erroneously assigned to a different protein complex.

Concluding Remarks

Overall, BN-PAGE opens new possibilities for simultaneously analyzing the
whole proteome at the protein complex level and for proteins at the quaternary
structure level, a level reached only by very small steps using yeast two
hybrid system, far Western blotting, FRET and co-immunoprecipitation. This
opens new directions of research including: 1) the identification of transient
protein-protein interactions from signal transduction pathways (transductome) and
its modifications (e.g. phospho-transductome) 2) protein complexes containing
one protein during development (developmental protein-protein interactomics),
3) identification and characterization of protein complexes at the subunit
level and post-translational modification level from both normal and diseased
organelles. Finally, application of BN-PAGE in analyzing protein-protein
interactions to investigate both normal and diseased extracellular fluids (e.g.
serum/plasma, spinal fluid, tears or saliva) opens immense research opportunities
for understanding a disease at the protein complex level.

Abbreviations

BN-PAGE, Blue Native PAGE; CN-PAGE, Colorless Native PAGE;
SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis; Mw,
molecular weight; WB, Western blotting; MS, mass spectrometry, LC-MS/MS,
liquid chromatography mass spectrometry, MALDI-MS, Matrix Assisted
Laser Desorption Ionization Mass Spectrometry; m/z, mass/charge; CID,
collision-induced dissociation.
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Mass Spectrometry for Proteomics-Based
Investigation of Oxidative Stress and

Heat Shock Proteins
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Proteomic analysis using mass spectrometry (MS) is the study
of proteins, ranging from the supracellular and subcellular levels
to the intracellular and extracellular levels. Proteomic analysis
can also occur at the peptide, protein or protein complex level.
Oxidative stress refers to the generation of reactive oxygen
species (ROS), which have the potential to cause cellular and
tissue damage. Oxidative stress triggered by ROS causes
various changes in a cell’s proteome. One of many responses to
oxidative stress is increased expression of Heat Shock Proteins
(HSPs). Oxidative stress can be investigated at the level of
the peptide, protein, protein complex or proteome using MS.
Proteomic analysis of oxidative stress may be difficult at both
the protein identification and protein quantitation levels. One
of the biggest challenges is the number of amino acids that are
modified by simple oxidation and the proteomic consequences
of these oxidations. Here, we describe the principle of mass
spectrometry and proteomics, oxidative stress and its effects on
the modification of amino acids. We also describe HSPs and
their roles in oxidative stress, with particular investigation of
two members of the HSP70 family (GRP78 and HSP70). In
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addition, we describe a new function of members of the HSP70
family as potential receptors for a recently discovered pituitary
factor. Finally, in our concluding remarks we assess the role
of mass spectrometry and proteomics in the investigation of
oxidative stress.

Introduction

Mass spectrometry (MS) is a crucial proteomic method that every academic
center should use (1–8). MS can be used to analyze a variety of chemical and
biological compounds. These compounds include products of chemical synthesis
or degradation, biological building blocks and their products, (including proteins,
nucleic acids, lipids, and glycans). Within the MS field different specialized
subfields have emerged, depending on the chemical or biological entities that
are being analyzed. Among these subfields, there is MS of small molecules,
MS of large molecules, or biological MS, where the molecules analyzed are
biomolecules. Depending on the type of biological entities that are investigated by
mass spectrometry, there are different fields, including: proteomics, lipidomics,
glycomics and others. Proteomics analyzes proteins, peptides, aglycans,
protein-protein interactions, or post-translational modifications (PTMs).

The workflow in a proteomics experiment involves sample fractionation
by 1, 2, or more biochemical approaches, followed by enzymatic digestion
(usually trypsin), peptide extraction, and MS analysis (1). Data analysis leads
to identification of one or more proteins. Other potential aspects for analysis
include post-translational modifications and interaction partners (protein-protein
interactions) (9–17). A schematic of a proteomics experiment is shown in Figure
1A.

Proteomic analysis can be accomplished at several levels including:
supracellular, subcellular, intracellular, extracellular, as well as the peptide, protein
or protein complex level. Proteomics also may be classical, functional or focus
on a particular sub-proteome such as phosphoproteomics or glycoproteomics.
Based on the type of protein samples (proteomes or sub-proteomes) that are
analyzed, proteomics may be classified as schematically shown in Figure 1B.
Proteomic analysis can be qualitative for protein identification and quantitative
for the determination of protein amounts. These analyses are usually performed
using a mass spectrometer, composed of an ionization source, a mass analyzer
and a detector. A schematic of a mass spectrometer is shown in Figure 1C.
The mass spectrometers that are used in proteomics have primarily two types
of ionization sources: Matrix Assisted Laser Desorption Ionization (MALDI)
and Electrospray Ionization. Depending on the ionization sources, the mass
spectrometers (and the techniques) used are MALDI-MS and ESI-MS. In this
chapter, we will describe how proteins and peptides are analyzed by MS, and the
type of information regarding oxidative stress that can be extracted. Here, we will
refer to the compounds that are being analyzed as peptides, but the methods per
se can be applied to almost any compound.
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Figure 1. The schematic workflow in a proteomics experiment (A). Schematic
classification of proteomics and its applications (B). Schematic of a mass

spectrometer (C).
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Biochemical Fractionation

Biochemical fractionation is an approach by which various proteins are
separated from each other using their physico-chemical properties, according
to the final goal of the experiment that needs to be achieved. Biochemical
fractionation is the first of three steps in a proteomics experiment. Biochemical
fractionation is perhaps the cornerstone of a proteomics experiment. Without
fractionation, one may still perform a proteomics experiment (and therefore it is
not always required); however, the outcome and the usefulness of that experiment
may be diminished without fractionation. Fractionation takes advantages of
the physico-chemical properties of proteins (or compounds of interest) such as
molecular mass, isoelectric point, ionic species at neutral pH, etc). Examples of
biochemical fractionations include chromatography (affinity chromatography,
ion exchange chromatography, size-exclusion chromatography), centrifugation
and ultracentrifugation, electrophoresis, precipitation, etc. In the simplest case
scenario, the protein sample is separated by electrophoresis, usually sodium
dodecyl-sulfate polyacrylamide electrophoresis (SDS-PAGE). The advantage
of this method is that proteins are reduced and denatured and then separated
according to their molecular mass. Reduction of proteins takes place through
disruption of intramolecular and intermolecular cysteine-based disulfide bridges,
which allows the protein to become more linear and in a monomeric form,
while denaturation of these proteins with a strong detergent (e.g. SDS) will
completely linearize the protein and allow researchers to determine the molecular
mass of that protein using SDS-PAGE. Variants of electrophoresis are also used,
depending on the final goal of the research project. An example of a variant of
electrophoresis is Tricine-PAGE (18, 19). Tricine-PAGE uses the same principle
of separation as SDS-PAGE, but its separating resolution is increased for low
molecular weight proteins and peptides (2-20 kDa). Another example of a
variant of electrophoresis is native electrophoresis and its variants such as Blue
Native PAGE (BN-PAGE), colorless native PAGE (CN-PAGE) and detergent-less
SDS-PAGE (native PAGE) (1, 4, 6, 9–13, 20–22). BN-PAGE separates protein
complexes according to their molecular weight, due to the external charge induced
by Coomassie dye. When the dye is omitted, the separation of protein complexes
still takes place, but only according to their internal charge and independent of
their mass. There are many other separation and fractionation methods such as
chromatography, chromatofocusing, centrifugation and ultracentrifugation, as
well as hyphenated techniques, during which one may combine two or more
separation or fractionation methods. For example, in proteomics, a long-used
hyphenated fractionation technique is two dimensional electrophoresis, which
includes separation of proteins by isoelectric focusing followed by SDS-PAGE
(3, 7, 23–33). This method, due to its high resolution, is still in use and its variant;
differential gel electrophoresis (DIGE) can be combined with MS to constitute
a powerful gel-based proteomics approach. Another hyphenated technique
increasingly being used is the combination of BN-PAGE and SDS-PAGE,
followed by MS, which allows researchers to analyze stable and transient
protein-protein interactions, protein complexes and their subunit composition and
post-translational modifications. Apart from fractionation via PAGE technologies,
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alternative methods such as pre-coated chips, centrifugal filters and magnetic
beads, have been developed and successfully used (34, 35).

The success of a proteomics experiment using biochemical fractionation,
may be different, depending on the final goal of the experiment. For example,
assuming that one uses human sera for a proteomics experiment (e.g. 10,000
proteins), any proteomics experiment using unfractionated human sera will
be successful. One will always identify proteins; the most abundant proteins
(e.g. top 100-1000 proteins). However, to identify the low-abundant proteins,
one must remove the highly-abundant ones in a process named depletion (e.g.
affinity chromatography), which is a particular case of biochemical fractionation.
Therefore, the proteomics experiment is successful only if the final goal of
identifying the proteins of interest, with biological significance is achieved.
Similarly, biochemical fractionation is performed only if it helps with the
successful identification of proteins of physiological or pathological significance.
Once biochemical fractionation is performed, the proteins of interest are further
analyzed by mass spectrometry.

Mass Spectrometry

All mass spectrometers have three essential components: an ion source, a
mass analyzer, and a detector. Ions are produced from the sample in the ion source
using a specific ionization method, are separated in the mass analyzer based
on their mass-to-charge (m/z) ratios and then detected, usually by an electron
multiplier. The data system (which could be considered a fourth component)
produces a mass spectrum, which is a plot of ion abundance versusm/z. Ionization
takes place in the ion source. In order to be analyzed in the mass analyzer, a
compound has to be ionized and then transferred from the liquid phase into
the gaseous phase. Therefore, ionization of the compounds to be analyzed
in the ion source is the first event that happens in a mass spectrometry-based
experiment. Ionization of the compounds does not always work well and
sometimes optimization procedures must be performed. Ionization of different
compounds to be analyzed depends on the pH at which ionization is performed,
on the electrical potential at the ion source and on the ion optics. At low pH, the
compounds that can be protonated (e.g. amines or amino-containing compounds)
are more abundant, while at high pH, the de-protonated compounds are more
abundant. When the electrical potential at the ion source is positive, ionization
is in positive ion mode and when the electrical potential at the ion source is
negative, ionization is in negative ion mode. Therefore, there are two types of
ionization: 1) positive ionization, in which compounds are analyzed mostly under
acidic conditions, are protonated and the electrical potential at the ion source
is positive and 2) negative ionization, in which compounds are analyzed under
basic conditions, are de-protonated and the electrical potential at the ion source is
negative. Here, we will focus only on positive ionization, because it is the most
widely used ionization method for analyzing peptides and proteins. We will also
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refer only to MALDI and ESI as ionization methods. These ionization techniques
(MALDI or ESI) produce primarily intact protonated molecular ions of peptides
and proteins. MALDI and ESI are the two most widely used ionization methods
for peptides and proteins and the mass spectrometers that have this ion source
are named, as mentioned above, MALDI-MS and ESI-MS. Mass spectrometers
may have various types of mass analyzers that separate ions using different
principles. Among the most used analyzers are time of flight (TOF), ion trap
(IT), and quadrupole (Q) mass analyzers. A simple mass spectrometer has one
analyzer (Q or TOF), but more sophisticated mass spectrometers usually have a
combination of two or three identical or different mass analyzers (e.g. Q-TOF,
Q-Trap, QQQ). The MS Detectors are usually electron multipliers, photodiode
arrays, microchannelplates or image current detectors.

MALDI-TOF MS

MALDI-TOF MS or MALDI-MS is the method of choice for determination
of the mass of a peptide or protein and for identification of a protein from a peptide
mixture using peptide mass fingerprinting. In MALDI-MS, the peptide mixture is
co-crystallized under acidic conditions with a matrix (UV-absorbing compounds,
e.g. dihydrobenzoic acid, sinapinic acid, alpha-hydroxycinnamic acid) on a plate
and a laser beam ionizes the matrix and peptide molecules, that start to fly under an
electrical field. The laser is used to thermally desorb the matrix and the molecules.
Peptides are ionized by proton transfer from the matrix molecules, fly through the
time of flight (TOF) tube and are detected in the detector as a mass spectrum.
In order to fly through the TOF tube and be detected, the peptides have to be
accelerated and focused in the TOF analyzer. Once the peptides enter the mass
spectrometer, they fly through the mass analyzer according to the formula: [M
+ zH]/z, where M is the mass of the peptide and z is the charge that the peptide
carries; H is the mass of Hydrogen and is 1.007825035 atomic mass units. In
proteomics, [M + zH]/z or [M + z]/z is abbreviated as m/z. In MALDI-MS, the
charge z is mostly (+1) and the peptides are mostly observed as [M+1 x 1]/1
or [M+1]/1. Therefore, the peptides are mostly ionized by one proton and are
recorded in the mass spectrum as protonated [MH]+ peaks. In the mass spectrum
(assuming that the protein of interest was digested) one peak corresponds to one
peptide (either from the protein of interest or from a contaminant protein such
as keratin) and many peaks corresponding to peptides from the same protein will
identify that protein in a database using peptide mass fingerprinting. Figure 2
shows the principle of MALDI-MS (Figure 2A) and an example of a MALDI-MS
spectrum of a bovine serum albumin peptide mixture (Figure 2B). Peptide mass
fingerprinting in the database spectrum search, leading to identification of this
protein, is shown in Figure 2C.
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Figure 2. MALDI-TOF MS. (A) MALDI TOF mass spectrometer has an ion
source, a mass analyzer (TOF linear or reflectron) and a detector, where the
mass spectrum is detected and recorded. In linear mode (TOF linear, the ions
travel a short time through the TOF tube and the resolution is lower. It is mainly
used for proteins. In reflectron mode, ions travel a longer time through the TOF
tube and the resolution is higher than in the linear mode. It is mainly used for
peptides. (B) A MALDI MS spectrum consist of singly charged peaks; one
such peak is enlarged to illustrate the charge state of the peak (single charged
or +1). (C) Principle of protein identification using MALDI MS and peptide
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mass fingerprinting. In most MS-based proteomics experiments, the protein is
cleaved into small pieces (peptides) by trypsin, the peptide mixture is analyzed by
MALDI-MS and a spectrum is collected. During the database search, a similar
experiment is performed in silico (a theoretical experiment in computer), but
the cleavage is performed in all proteins from a database. Statistical analysis
then tries to fit the experimental mass spectrum with one of the thousands of

theoretical spectra. The best match between the theoretical and the experimental
spectra then lead to identification of a protein.

ESI-Q-TOF MS

In ESI-MS, unlike in MALDI-MS, in which peptides are ionized from the
solid phase, peptides are ionized in the liquid phase, under high electric current
according to the same [M + z]/z formula. Also, unlike in MALDI-MS, where
peptides are mostly singly charged, in ESI-MS peptides are mostly double or
multiply charged. The principle of ESI-MS is shown in Figure 3A. An example
of an ESI-MS spectrum of double- and triple-charged peaks corresponding
to the same peptide is shown in Figure 3B. When the peaks are double or
triple charged, the peptide contains two or three protons. Since in the mass
spectrometer the peptides fly according to mass-to-charge [M+z]/z, calculation of
the molecular mass of the peptide is performed according to the same formula.
Usually, for double- or triple-charged peaks, the first peak in the isotopic cluster
is monoisotopic, meaning that the peaks contain only major isotopes (C12, H1,
N14 and so on). Therefore, calculation of the molecular mass is performed for
the monoisotopic peak. In addition to measuring the masses of the peptides, a
mass spectrometer can also obtain sequence information for a particular peptide,
due to the susceptibility of peptides to fragmentation (mostly at the peptidic
bonds) into smaller pieces in a process called Collision-Induced Dissociation
(CID; CID is not available in all mass spectrometers). In this process, the mass
spectrometer records the spectra of the peptides (MS mode) and the peak of
interest is selected and fragmented by CID (MS/MS mode) through collision with
an inert gas (e.g. Argon gas). Collision usually takes place in a collision cell,
although fragmentation of peptides may take place elsewhere, as well (e.g. in
source fragmentation). Increase of the energy of the ion upon collision with the
inert gas will make this ion unstable, a condition that will lead to fragmentation
of the ions (and produce fragment ions). Mass spectral analysis of these fragment
ions (product ions) into a second or third analyzer (not needed if an ion trap is
used) will produce a spectrum named MS/MS spectrum.
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Figure 3. ESI-MS. (A) Schematic of a ESI-MS. The ESI-MS has an ion source, a
mass analyzer, and an ion detector, where the mass spectrum is recorded. Unlike
in MALDI MS, where the sample is co-crystalized with a matrix, in ESI-MS, the
sample is in liquid form that, under high electric current and high temperature
(there are also cold spray ESI and nanospray ESI), is dehydrated and becomes
protonated. (B) Example of a TOF MS spectrum, where two different peaks,
one triple charged peak with m/z of 601.88 and one double charged peak with
m/z of 902.32 are produced through ionization of the same peptide with the
sequence KIVSDGNGMNAWVAWR, which is part of chicken Lysozyme protein
(gi:126608). The fragmentation of these MS peaks in MS/MS produced a series
of b and y ions that confirmed the identity of the peptide. Both b and y ions result
from fragmentation of the precursor ion (that corresponds to the peptide) at the
peptidic bond. The ions that correspond to peptidic fragments that contain the
N-terminal amino group are named b ions, while the ions that correspond to
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peptidic fragments that contain the C-terminalcarboxyl group are named y ions.
Other ions that result from the fragmentation of the precursor ion exist, such as
a, c, x, z, w ions, but are not discussed here. Sometimes the MS/MS spectra of
two differently charged ions that correspond to the same peptide may either be
similar (and the MS/MS spectra confirm each other) or different (and the spectra
are complementary with each other). Either way, in both cases, the MS/MS
spectra provide sequence information that leads to identification of a protein.

Analysis of the fragment ions (product ions) from the MS/MS spectrum,
corroborated with analysis of their parent/precursor ion from MS spectrum (and
sometimes from MS/MS spectrum) are then used to identify the sequence of a
particular peptide. Fragmentation of the peptides takes place at the peptidic bonds
of the peptide, producing mostly fragments of the original peptide; when the
fragments contain the N-terminal amino acid, they are named b ions and when
the fragments contain the C-terminal amino acid, they are named y ions. Other
ions (a, c, x, z, etc.) or internal fragments are also produced in CID. Examples of
MS/MS spectra of double and triple charged peaks that correspond to the same
peptide are shown in Figure 3B.

Direct Infusion ESI-MS and ESI-MS/MS

Direct infusion is an experiment in which the investigator can quickly check
the mass of a compound and/or identify the sequence of that compound (in
our case peptide). Because there is no fractionation (by LC), direct infusion
experiments are mostly used for analysis of one peptide at a time and is not
suitable for automated sequencing. However, this method is very powerful in
obtaining sequence information for a particular peptide, especially when the
peptide has more than one ion species (double and multiple charged peptides) or
when a peptide can be derivatized to obtain additional information about it.

Sometimes, when a peptide has more than one proton accepting amino acid
such as Arg or Lys, the peptide may be protonated by more than two or three
protons. Therefore, the same peptide may be identified with a higher order of
charge state. The advantage for these peptides is that if the precursor peak that
corresponds to one charge state (e.g. 2+) does not fragment well in MS/MS, then
the peak that corresponds to a different charge state (e.g. 3+ or 4+) may fragment
very well. For example, a good fragmentation in CID is when a precursor ion
produces a continuous y ion series with additional b ions (with high intensity
in the spectrum), and no internal fragments. One drawback for the multiply-
charged peptides is that they are usually longer (2500-3000 Da) than the regular
peptides analyzed by MS (800-2500 Da) and data analysis for these peptides may
be more difficult than for regular peptides. In addition, having a peptide with
multiple charges in the MS can also be detrimental due to reduced signal available
for MS/MS analysis. However, overall, fragmentation of more than one peak
corresponding to the same peptide but with different charge states may help in
obtaining additional information about that peptide. Due to the intrinsic property
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of peptides and proteins to be protonated, researchers can identify the mass and the
number of charges in a protein, even if its molecular mass is very high. Very large
proteins ionize to yield a series of differently protonated (charged) molecules. This
information (delta mass and delta charge) can be used to determine the molecular
mass.

LC-MS/MS

When analyzed by ESI-MS, the peptide mixture may also be fractionated
before being analyzed by MS. Usually the peptide mixture is fractionated on-line
with MS or MS/MS by HPLC on different columns (usually reverse phase HPLC
or LC) and different dimensions (1D: reverse phase or 2D in line ion exchange
and reverse phase), followed by ESI-MS analysis. Usually the combination of
LC and ESI-MS is named LC-ESI-MS or LC-MS. Similarly, LC can be used for
MS/MS experiments and the combination is known as LC-MS/MS. LC-MS/MS
is also known as tandem MS experiments. Analysis of a peptide mixture of a
protein using this approach provides not only the protein identity, but also sequence
information for that particular protein. When HPLC is coupled with tandem MS/
MS, the LC-MS/MS is more powerful, because the peptide mixture is first loaded
on a reverse phase column and then gradually eluted using a mixture of organic
eluents. Therefore, the peptides are not analyzed simultaneously, but are analyzed
individually (assuming a perfect separation), according to their elution profile from
the reverse phase column. The MS and MS/MS analysis then provides masses
for proteolytic peptides from a protein digest or from the digest of a complex
mixture of proteins and sequence information for the peptides from the MS/MS
analyses. A schematic of the LC-MS/MS showing the switch from MS mode to
MS/MSmode and back toMSmode is shown in Figure 4A. Overall, a LC-MS/MS
experiment will contain a chromatogram (total ion current or TIC) with variable
length (10 min-200 minutes). In every specified amount of time (depending on the
type of the instrument; e.g. one second) of the experiment, the mass spectrometer
will perform a survey scan and record a MS mass spectrum. The most intense
peaks in that particular elution time are then selected for MS/MS, fragmented by
CID and recorded. The mass spectrometer usually needs a specific amount of
time for a MS/MS (e.g. for simplicity, one second per MS/MS). Therefore, if
the method is set to have one MS survey scan and then to do MS/MS of the two
most intense peaks, then the instrument will work as follows: one second MS
survey, one second MS/MS (Peak 1), one second MS/MS (Peak 2) and then again
one second MS survey (Figure 4A). However, some mass spectrometers are much
faster in analyzing peptide mixtures. For example, some instruments are capable
to perform one MS scan and up to 8 MS/MS scans within one second. Assuming
the most conservative case (one second per MS, two MS/MS each in one second
and then again one secondMS scan), we can conclude that in one minute, the mass
spectrometer will perform 20 MS surveys and MS/MS of 40 peaks. Data analysis
of theseMS andMS/MS leads to identification of peptides that are part of proteins.
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Figure 4. LC-MS/MS experiment. (A) In every LC-MS/MS experiment, with the
gradual elution of the peptides from the HPLC, the mass spectrometer analyzes
the ions that correspond to these peptides by a MS survey (recorded in a MS
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spectrum) and the ions with the highest intensity (usually 1-8 ions; in this
example, two ions) are selected for fragmentation by MS/MS, are fragmented and
recorded as MS/MS #1 and MS/MS #2. The mass spectrometer then returns to
the MS function and records a MS spectrum (MS survey). Again, the ions with
the highest intensity are selected for fragmentation, are fragmented and then are
recorded as MS/MS spectra. (B) Example of a LC-MS/MS experiment where the
total ion current is recorded and at a specific time, a MS survey is recorded and
one peak that corresponds to a peptide is selected and fragmented in MS/MS.
The fragmentation pattern (mostly b and y ions) from MS/MS provides sequence
information about the peptide and leads to its identification in a database search.
Here, the peptide identified had the sequence LVGGDNLCSGR that was part of

human CD5 antigen-like protein (gi:5174411).

Assuming that one protein is identified by two peptides and that the MS
performs a cycle of one MS and two MS/MS, this means that in one minute,
the MS instrument can perform 40- MS/MS that can lead to identification of 20
proteins. Assuming that the length of the chromatographic step is 120 minutes
the average number of the proteins that can be identified by data analysis ranges
between 200 and 400 proteins. In the other extreme, assuming one MS and 9
MS/MS in one second and identification of a protein by two peptides, then data
analysis can lead to identification of four proteins per second and 240 proteins per
minute. In a 120 minute gradient, the maximum amount of proteins that can be
identified ranges between 14,000-28,000 proteins. However, in these two extreme
examples, we assume that every parameter that may interfere or contribute to the
experiment (e.g. HPLC time, gradient and flow rate) is constant, but they can
dramatically change the outcome of an LC-MS/MS run. For example, when the
MS conditions are constant, a 180 minutes linear gradient on the HPLC will lead
to analysis of more peptides in the mass spectrometer than a 60 minutes gradient.
Assuming constant MS conditions, and constant time of the HPLC method, but
with a gradient that is either shallow or sharp, a shallow gradient will lead to
analysis of more peptides by MS (and subsequent identification of more proteins).
Also, the flow rate may have a high impact in the outcome of the experiment.
For example, a flow rate of 100 nanoliters/minute will allow the MS to analyze
more peptides per minute, compared with an experiment where the flow rate of
the HPLC is 300 nanoliters/minute. The type of the column and optimization
of the nanospray also are crucial factors that may heavily influence the outcome
of an LC-MS/MS run. In practice, in one good LC-MS/MS run usually leads to
identification of 500-1000 proteins. An example of a TIC, MS and MS/MS is
shown in Figure 4B.
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Data Analysis

The data acquired by a mass spectrometer are usually processed with
software (e.g.: Protein Lynx Global Server, PLGS from Waters Corporation) into
a peak list or by chromatograph software from other companies into a different
output data that is used for database search. There are many database search
engines such as Sequest, X!Tandem, Mascot, or Phenyx; here we mostly refer
to PLGS for raw data processing and to Mascot search engine (Matrix Science)
for database search. The peak list obtained from the MALDI-MS raw data is
submitted to the Mascot database for peptide mass fingerprinting, while the
peak list obtained from the raw data produced by ESI-MS/MS or LC-MS/MS is
submitted to the Mascot search engine for fragment ion search. In both cases,
the result is a protein or a list of proteins that are potential hits. In addition to
qualitative information provided by MALDI-MS or LC-MS/MS analysis, MS
may also provide quantitative information about a particular protein. Methods
such as differential gel electrophoresis (DIGE) (36), isotope-coded affinity tag
(ICAT) (5), stable isotope labeling by amino acids in cell culture (SILAC) (37),
absolute quantitation (AQUA) (38), multiple reaction monitoring (MRM) (39),
or spectral counting (40) allow detection, identification and quantification of
proteins or peptides. Some of these methods can be specifically applied to the
identification and quantitation of tissue and serum biomarkers.

Oxidative Stress

Oxidative stress refers to the generation of reactive oxygen species (ROS),
which have the potential to cause cellular and tissue damage. Oxidative stress
has been identified as a major pathomechanism possibly involved in a plethora of
somatic and neuropsychiatric disorders including cardiopulmonary and metabolic
disorders, cancer, alcoholism as well as cerebrovascular and neurodegenerative
disorders such as Parkinson and Alzheimer disease (41–48). Oxidative stress may
be generated by many endogenous sources, including mitochrondia, membrane
oxidases, catechols and quinones, products of inflammation and nitric oxide
synthase (49). Mitochondria function as the “power house” of the cell, generating
ATP for energetic processes. In doing so, they may unfortunately generate free
radicals (peroxides and hydrogen peroxide are also produced). Mitochondrial
dysfunction and free radical generation has been implicated in many disease
processes. This includes neurodegenerative disease (50, 51), cardiovascular
disease (52, 53) and cancer (54) as well as other diseases. Exogenous sources
can also generate oxidative stress, including oxidants (such as those found in
pesticides or hydrogen peroxide) inducers or xenobiotic quinones (49).
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Use of Proteomics To Investigate Oxidative Stress

Oxidative stress triggered by reactive oxygen species (ROS) causes various
changes in a cell’s proteome. Damage can include peptide backbone cleavage by
hydroxyl radicals. The side chains of proteins can undergo modifications such
as tyrosine hydroxylation, methionine or cysteine oxidation, with methionine
oxidation as the most common modification. Another common modification is
carbonyl formation on side chain amino acids (23). Identification of modified
proteins may be used to recognize the levels of damage produced by the oxidative
stress. Therefore, those modified proteins can serve as a biomarkers of oxidative
stress (55). Modified proteins may be identified using so-called redox proteomics
approaches (56). Because most of changes caused by oxidative stress are
post-translational modifications (PTMs), proteomics-based techniques are more
suited to the study of these events rather than other global approaches such as
genomics or transcriptomics. Cells undergo oxidative stress constituitively, at
different levels during their lifetime; therefore most differences in the proteome
that are expected are quantitative. Among others, two-dimensional electrophoresis
and quantification tools (Western Blotting, DIGE) coupled withmass spectrometry
are still common protein characterization tools (57–59). Modification of the
thiol group of cysteine (which is very sensitive to oxidation) can be monitored
using off-diagonal electrophoresis, thiol modifying reagents or more recently in
situ labeling techniques (60, 61). Knowledge of post-translational modifications
induced by oxidative stress is still far from being complete; therefore quantitative
changes in subsequently the expression of frequently affected proteins are being
addressed (62–65). One example of proteins that change during oxidative stress
are, among many others, the members of the Heat Shock Protein (HSP) family
(66–68). Expression levels of the constituents of the Heat Shock Protein (HSP)
family are modified by oxidative stress and are therefore of high interest for the
proteomic investigation of this process. Expression of HSPs increases when
oxidative damage takes place (66–68). Pro-oxidative chemicals can induce a
protein unfolding response (UPR) which is followed by the induction of HSPs
(69). Proteomic identification of changes in the expression level of HSPs may be
used as a tool to monitor oxidative damage (see below).

Proteomics allows for the examination of proteins that have been altered by
oxidative stress (49, 70–72). For example, proteomic profiling was used to analyze
the proteins in a triple transgene mouse model of Alzheimer’s disease (73) and
the mitochondrial oxidatively-modified proteins were identified via proteomics
in aged mouse brain, specifically in cerebral cortex and hippocampus, areas
affected most by aging (74). Finally, proteomics have been used to understand
how mitochondrial function may alter protein aggregation in neurodegenerative
diseases (75). Quantitative proteomics is also used to investigate oxidative stress.
For example, one proteomic study identified that mitochondrial superoxide
dismutase (SOD2; which destroys the normally-produced superoxide anion
radicals toxic to cells) and aldehyde dehydrogenase X (ALDH1B; plays an
important role in detoxification of alcohol-derived acetaldehyde) were low in
patients with ethylmalonic encephalopathy (76). In addition, proteomics has the
potential to evaluate drug therapies targeted at the prevention of oxidative damage
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by evaluating protein modifications (49). These are just a few examples where
proteomics can be applied to investigate oxidative stress, and many are yet to be
revealed.

Oxidative Damages of Amino Acids

Proteomic analysis of oxidative stress may be difficult at both the protein
identification and protein quantitation levels. Some of the biggest challenges
include the large number of amino acids that are potentially modified by simple
oxidation and the proteomic consequences of these oxidations. Many amino acids
are susceptible to oxidation (77–86). Common modifications of amino acids
include oxidation of Arginine to Glutamic acid (-27), of Lysine to aminoadipic
semialdehyde (-1), of Tryptophan to kynurenine (+4), or of Lysine to aminoadipic
acid (+15). Hydroxylation of carbon delta of Lysine, carbon beta of Tryptophan,
of carbons C3 or C4 of Proline or of carbon beta of Aspartate (+16) are also
common (77–86). Other common oxidative modifications include oxidation of
Methionine to Sulphoxide (+16), formation of oxohistidine from Histidine (+16)
and of sulfenic acid from Cysteine (+16), as well as oxidation of Proline to
gamma-glutamyl semialdehyde (+16) and to Glutamic acid (+32), or oxidation
of Methionine to Sulphone (+32). Double oxidation of Tryptophan (+32) and
oxidation of Cysteine to cysteic acid (+48) are also common (77–86). In fact,
the double oxidation of Tryptophan to N-formylkynurenine (+32) is almost
always accompanied by additional oxidation products of Tryptophan such as
kynurenine (+4), an unknown by-product found in all oxidized tryptophan
patterns (+13), hydroxytryptophan (+16), 3-hydroxykynurenine (+20) and
hydroxy-N-formylkynurenine (+48) (87, 88). Example of MS and MS/MS of
a peptide that contains an unmodified Methionine and an oxidized Methionine
residue is shown in Figure 5. A summary of the most common oxidative amino
acid modifications identified by MS experiments is presented in Table 1.
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Figure 5. Identification of oxidation of Methionine by LC-MS/MS. A peptide
mixture was analyzed by LC-MS/MS. After processing of the raw data and

database search, we identified among others, a protein Anti-colorectal carcinoma
light chain (from mouse). One of the peptides that is part of this protein, with
the sequence MTQSPSSMYASLGER, was identified in the MS spectrum as
a double charged peak that corresponds to an ion with m/z of 823.16 (A).

Fragmentation of this ion in MS/MS led to identification of this peptide (B). In
the MS mode, a second double charged ion with m/z of 831.16 was identified,
that corresponded to the same peptide identified previously, with the sequence
MTQSPSSMYASLGER, but with one of the underlined Methionines oxidized
to Methionine sulphoxide. The difference between the m/z of the two double

charged peaks (823.16 versus 831.16), a 16 Da difference, indeed corresponds to
the oxidation of one Methionine from the peptide, also identified in the database
search. Fragmentation of the double charged peak with m/z of 831.16 by MS/MS
confirmed that the MTQSPSSMYASLGER peptide has one Methionine oxidized
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and also identified the Methionine from the sequence SSMYA (the Methionine
from the middle of the peptide) as the modified methionine (C). The difference in
the m/z of y10-12 in the two MS/MS spectra (48 Da; B and C) not only confirms
the oxidation of the mentioned Methionine, but also demonstrates that the

Methionine underwent oxidation at the Methionine residue (+16 Da) and then
suffered a neutral loss of methane-sulfenic acid (loss of 64 Da), which gives us

a total difference of 48 Da (observed in B and C).

Table 1. Common Modifications of Amino Acids and Their Products

Amino Acid Product of modification Type of modification Change in
m/z

arginine glutamic acid oxidation ‐27
lysine aminoadipic semialdehyde oxidation ‐1
lysine aminoadipic acid oxidation +15

methionine sulphoxide oxidation +16

histidine oxohistidine oxidation +16

methionine sulphone oxidation +32

cysteine sulfenic acid oxidation +16

cysteine cysteic acid oxidation +48

proline gamma‐glutyl semialdehyde oxidation +16

proline glutamic acid oxidation +32

tryptophan kynurenine oxidation +4

tryptophan N‐formylkynurenine double oxidation +32

tryptophan hydroxytryptophan 3‐hy-
droxykynurenine hy-

droxyl‐N‐formylkynurenine
unknown by‐product

oxidations
(accompanying
double oxidation)

+16 +20
+48 +13

lysine 5‐hydroxylysine hydroxylation (C5) +16

tryptophan 3‐hydroxytryptophan hydroxylation (C3) +16

proline 3‐hydroxyproline
4‐hydroxyproline

hydroxylation (C3
or C4)

+16

aspartate 3‐hydroxyaspartate hydroxylation (C3) +16
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Oxidation of Amino Acids Identified in a Proteomics
Experiment

As mentioned, the amino acids that are prone to oxidation represent almost
half of all amino acids in a protein. Since there are so many amino acids that
may be modified, one of the biggest challenges in a proteomics experiment is
to identify proteins that contain many modified amino acids. This is not an
easy task. If one amino acid is modified in one peptide, then one hopefully can
identify an unmodified peptide that will help to identify the protein. However,
if more than one amino acid is modified due to oxidative processes, then the
chances of identifying that protein become smaller and smaller. In addition, this
particular problem increases in small molecular weight proteins, where with
decrease of their molecular mass, the chances to be identified becomes even
smaller. Furthermore, oxidation of multiple amino acids in small molecular
weight proteins makes identification even more difficult. Critical amino acids
in proteomics experiments, such as Arginine and Lysine may be changed by
oxidative modifications. One of the first problems that one can encounter is that
trypsin, the most widely used enzyme in proteomics experiments (it cleaves on
the C-terminal side of Arginine and Lysine), will not recognize the cleavage
site anymore and will not identify the peptide (and its protein that it belongs
to) containing the modified amino acid, but also the peptide downstream of the
modified amino acid. Another consequence of amino acid modification is the
lack of available bioinformatics tools to identify most of the modified amino
acids produced by oxidative stress. Although we mentioned many amino acids
that may be modified by partial oxidation, only a few are widely used in database
searches and the only true accepted modification is Methionine oxidation. If
we compare the oxidation products of Methionine (+16 and +32) with the
modification of other amino acids, we run into other problems. For example,
hydroxylation of carbon delta of Lysine, carbon beta of Tryptophan, of carbons
C3 or C4 of Proline, or of carbon beta of Aspartate mimic Methionine oxidation
(+16). Other common oxidative modifications, such as formation of oxohistidine
from Histidine (+16) and formation of sulfenic acid from Cysteine (+16), as
well as oxidation of Proline to gamma-glutamyl semialdehyde (+16), mimic the
oxidation of Methionine to Sulphoxide (+16). In addition, oxidation of Proline
to Glutamic acid (+32) and double oxidation of Tryptophan (+32) mimic the
oxidation of Methionine to Sulphone (+32). Therefore, if we calculate a (+16)
modification and assume that the modification is due to Methionine oxidation
(similar for +32 change), we can successfully identify a peptide in MS mode,
but encounter problems when one wants to identify the sequence of that peptide,
simply because calculating a (+16) or (+32) modification does not guarantee
identification of the sequence of that peptide. In fact, it may create more trouble
to the researcher through identification of false positive results. Only sequencing
the modified peptides by MS/MS can truly identify the correct sequence of that
particular peptide and sometimes even identify the amino acid that was oxidized
and modified. Therefore, the challenge of identifying a protein or a peptide shifts
from the experimental part of the proteomics experiment to the computer-based,
bioinformatics portion of the proteomics experiment.
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Oxidative Stress and the Analysis of Redox Systems

Perhaps one of the greatest indicators of oxidative stress in a proteomics
experiment can be observed via analysis of the reduced and oxidized states of
proteins. There are two main approaches: to analyze the redox state of the proteins
such as analysis of cytochromes (e.g. cytochrome c or cytochrome b6f), which
is usually a proteomics-independent experiment or to analyze the redox state of
Cysteine and/or proteins that contain Cysteines in either reduced or oxidized form.
The significance of the redox state of Cysteine is crucial at many levels of the
protein structure. For example, secreted proteins contain disulfide bridges and if
more than two Cysteines from the same protein are involved in disulfide bridges,
the correct disulfide linkage may be critical for the physiological function of that
protein. As a consequence, if the protein with the correct disulfides can perform
its physiological function, the protein that does not have the correct disulfides may
not be able to perform its normal function, or even worse: it may be detrimental
to its surroundings. Similar rules also apply for disulfide-linked proteins that
are connected either as homo- or hetero-dimers or multimers. Measuring the
redox state in these proteins means making sure these proteins are in the correct
disulfide linkage (which must be known ahead of time) and/or in the correct ratio
between the reduced and oxidized protein(s). One way of analyzing disulfide
linkages in these proteins is by using mass spectrometry (both MALDI MS and
LC-MS/MS). An example of a disulfide assignment is shown in Figure 6.

Heat Shock Proteins

Environmental stress greatly affects all living cells through changes in the
synthesis of particular proteins. Different sets of proteins will be preferentially
over-expressed or under-expressed under various stress conditions. One
widely-studied group of proteins are the HSP family of proteins that respond
to stress induced by temperature elevation (89, 90). HSPs are ubiquitous and
highly-conserved proteins found in almost all organisms and play an essential role
as molecular chaperones by assisting in the correct folding of nascent proteins or
proteins that accumulate following a stress response (91). Under stress conditions
such as heat shock, metals, viral infections, inflammation, ischemia, oxidant
injury, malignancy, a higher level of HSP expression is observed that stabilizes
misfolded or unfolded proteins, giving a cell more time to re-synthesize damaged
proteins (92).
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Figure 6. Assignment of disulfide bridges within Vitelline envelope protein beta by
LC-MS/MS. The peptide mixture was digested by chymotrypsin and analyzed by
LC-MS/MS. The sequences of the identified disulfide-linked peptides are shown.
(A) A double charged ion with m/z of 992.55 was selected for fragmentation
and its MSMS is shown in (B). Data analysis led to identification of the peptide
shown in (B), with two Cysteine residues oxidized in an intramolecular disulfide
bridge. A triple charged ion shown in (A) with m/z of 855.20 was selected for
fragmentation and its MSMS is shown in (C). Data analysis led to identification
of two peptides shown in (C), with their Cysteine residues oxidized in an
intermolecular disulfide bridge. In the intermolecular disulfide bridge, two

different peptides are connected with each other through their Cysteine residues.
In this experiment, because we used chymotrypsin digestion, the peptides do not
end with the regular Arginine or Lysine residues. In addition, while the regular
peptides fragment well in the MS/MS and contain only one b and one y series of
ions, in this experiment we simultaneously analyzed two different peptides that
were disulfide-linked and that contained two different series of b and y ions.
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Function of HSPs
HSPs are involved in the folding of nascent proteins, protein assembly and

transport across membranes, protein turnover/degradation, cell signaling and
regulation of transcription factors. Synthesis of HSP under normal physiological
conditions depends on the levels of Heat Shock Factor (HSF). Under physiological
conditions HSF is an inactive monomer in complex with HSP90 and HSP70
chaperones. Cell stress induces an increase in protein denaturations which
triggers release of HSF from the complex and its translocation into the nucleus,
where it acts as a transcription factor for HSP genes (93, 94). Members within
HSP families include isoforms which are constitutively expressed, such as
HSC70 and the previously mentioned HSP90β and inducible isoforms that are
up-regulated during stress. Levels of inducible HSP, such as most HSP70 or
HSP27, elevates after exposure to stress (95). Constitutive expression of HSPs
is regulated by affinity to substrates and concentration of denatured proteins.
Aberrant expression is linked with various physiological conditions including
cancer, cardiovascular diseases, neurological disorders, inflammatory conditions
and infectious diseases. Therefore increased expression of many HSPs is often
associated with tumorigenesis. For example, HSP70 and HSP27 are involved in
tumor resistance due to their anti-apoptotic properties (96–99). HSP27 protects
against apoptotic death by interactions with various components of apoptotic
pathways. It inhibits release of cytochrome c from mitochondria which prevents
activation of caspases, (main apoptosis executors) (100, 101) and acts as a
negative regulator of pro-apoptotic Smac release (102).

Characterization of HSPs
HSPs account for approximately 5-10% of all cellular proteins and are

classified by their molecular weight into several families: HSP100, HSP90,
HSP70/40, HSP60 (chaperonins) and sHSP (small HSP) with molecular weight
8.5-40kDa (95, 103).

HSP90 Proteins
Proteins from the HSP90 family are the most abundant of the all HSPs and

are localized localized in the cytosol and nucleus. In proteins from the HSP90
family structure, conserved domains can be distinguished in the C and N-terminus
regions, with the ATP-binding and nucleotide-binding domain localized near the
N-terminus and the dimerization domain in the C-terminus (104, 105). Monomers
of HSP90 proteins bind to form functional dimers through conformational
changes induced by binding of ATP and accessory proteins (106, 107). Active
HSP90 proteins are involved in cell survival and apoptosis through interaction
with a variety of proteins responsible for growth and development, allowing
for adaptation to stress conditions and the selection of the strongest cell lineage
(108). The most-studied members of this family are HSP90α, HSP90β and 94
kDa glucose-regulated protein (GRP94). Expression of HSP90β is believed
to be constituitive through a cell’s lifetime. This protein is involved in early

390

D
ow

nl
oa

de
d 

by
 D

U
K

E
 U

N
IV

 o
n 

Ju
ne

 4
, 2

01
2 

| h
ttp

://
pu

bs
.a

cs
.o

rg
 

 P
ub

lic
at

io
n 

D
at

e 
(W

eb
):

 N
ov

em
be

r 
17

, 2
01

1 
| d

oi
: 1

0.
10

21
/b

k-
20

11
-1

08
3.

ch
01

3

In Oxidative Stress: Diagnostics, Prevention, and Therapy; Andreescu, S., et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2011. 



development, signal transduction and stabilization of the cytoskeleton through
interaction with tubulin and actin (109). HSP90α expression is inducible by
malignant tumor progression and growth factors via tyrosine kinase or nicotine
receptors (104). Commonly, HSP90β is believed to be responsible for long-term
cellular adaptation, whereas HSP90α acts as a fast-responding cellular protector.
GRP94 is a major regulator in the endoplasmatic reticulum. It targets proteins for
degradation associated with the ER, assists in protein folding in the ER and binds
calcium for storage buffering in the ER (110).

HSP70 Proteins

HSP70 family members are the best known among HSPs with 8 members
already widely characterized. The family of HSP70 is by far the most conserved
family of proteins with a domain structure consisting of a C-terminal region
binding co-chaperones, a peptide binding domain, a middle region with a
protease sensitive site and an N-terminal ATPase domain (95, 111). They are
mostly found in the cytosol and nucleus with the exception of HSP70-5/GRP78
(glucose regulated protein 78 kDa), which is responsible for the transport of
synthesized proteins into the lumen of the ER and their subsequent folding
(112) and of HSP70-9/GRP75/mortalin that is mainly found in mitochondria.
Proteins not localized in the cytosol have additional specific signal sequences
that target them into the ER or mitochondria. The main function of HSP70
proteins is de novo folding of nascent polypeptides, but they play important role
in many other processes. HSP70-1 (a and b) proteins are expressed in a cell
cycle-dependent manner with an increased level between the G1 and S phases
of the cell cycle (113). Stress-induced members of HSP70-1 proteins play a
cytoprotective role, helping degrade the accumulated aggregation of denatured
proteins. HSP70-2 is expressed in all tissues but especially high levels are
observed in brain tissues, where it prevents accumulation of incorrectly folded
proteins responsible for development of neurodegenerative disorders such as
Alzheimer’s or Parkinson’s (114). HSP70-6 is an exclusively stress-induced
protein that plays a cytoprotective role. HSP70-8 (HSC70) is responsible for
protein transport across membranes and chaperone-mediated autophagy. During
stress conditions they prevent accumulation of denatured proteins together with
HSP70-1 (115). HSP70 proteins are aided by HSP40 which increase the ATP
rate consumption and activity of HSP70. HSP40 proteins stabilize interactions of
HSP70 with their substrates (116).

HSP60 Proteins

Chaperone HSP60/10 family members (also called Chaperonins) are localized
mainly in the mitochondria but also in the cytosol and cell membrane. HSP60,
in cooperation with HSP10, can assist nascent proteins to achieve their native
conformation. HSP10 increases the ATPase activity of HSP60. The expression
of HSP60 proteins is high under normal conditions and levels do not increase
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significantly after heat shock (117). It was also found that HSP60 proteins play
a role in the immune response (118, 119)

Small HSP Proteins

The small HSP protein family has 10 knownmembers which are distinguished
from other HSP proteins due to the lack of ATPase domain in their structure.
Under normal conditions they occur as large inactive oligomers . Upon heat shock
activation they disintegrate into smaller oligomers and become activated to bind
substrates and create complexes. They work mainly in the cytosol and nuclear
membrane where they maintain proteins homeostasis by transmission of damaged
(non-native) proteins to reconstructive HSP70/40 chaperones (121, 122).

Function of HSPs

HSPs are involved in the folding of nascent proteins, protein assembly and
transport across membranes, protein turnover/degradation, cell signaling and
regulation of transcription factors. Synthesis of HSP under normal physiological
conditions depends on the levels of Heat Shock Factor (HSF). Under physiological
conditions HSF is an inactive monomer in complex with HSP90 and HSP70
chaperones. Cell stress induces an increase in protein denaturations which
triggers release of HSF from the complex and its translocations into nucleus
where it acts as a transcription factor for HSP genes (93, 94). Members within
HSP families include isoforms which are constitutively expressed, such as HSC70
and previously mentioned HSP90β and inducible isoforms that are up-regulated
during stress conditions, whereas level of inducible HSP like most of HSP70 or
HSP27 elevates after exposure to stress (95). Constitutive expression of HSPs
is regulated by affinity to substrates and concentration of denatured proteins.
Aberrant expression is linked with various physiological conditions including
cancer, cardiovascular diseases, neurological disorders, inflammatory conditions
and infectious diseases. Therefore increased expression of many HSPs is often
associated with tumorigenesis. For example, HSP70 and HSP27 are involved in
tumor resistance due to their anti-apoptotic properties (96–99). HSP27 protects
against apoptotic death by interactions with various components of apoptotic
pathways. It inhibits release of cytochrome c from mitochondria which prevents
activation of caspases, (main apoptosis executors) (100, 101) and acts as a
negative regulator of pro-apoptotic Smac release (102).

Roles of HSP70 Proteins

HSP70 family members play an important role in tumor resistance to
apoptotic processes. For example, induced HSP70-1 blocks upstream caspase
activities, inhibits downstream release of cytochrome c and decreases levels of
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mitochondrial damage and binding to AIF (apoptosis-inducing factor). It can
also block apoptosis at the death receptor level, by binding to them and inhibiting
death-inducing signals (123–125). Regulation of apoptosis by HSP70 involves
many levels of this complicated process, indicating that it is one of the most
decisive negative regulators of cell death. A variety of roles for HSP70 proteins
in general and of GRP78/BiP in particular is also described elsewhere (126–137).

A novel role for members of HSP70 family is as receptors for a recently
discovered pituitary factor. Tumor Differentiation Factor (TDF) is a pituitary
factor (138, 139), yet to be recognized as hormone, with no known function,
mechanism of action, or organ target. Although it has been a while since its
discovery, no advancement in deciphering its function has been made since. It is
also not known where this protein goes and to what receptor it binds. Current work
in our laboratory identified, using affinity chromatography and mass spectrometry,
the members of HSP family as potential TDF receptors (140). Specifically, we
identified GRP78, HSP70-Protein 1 and HSP70-Protein 8, all members of HSP70
family. Therefore, in addition to the variety of functions of HSPs, we added a new
one: as potential hormone receptors, specifically for TDF.

Roles of HSP90 Proteins

HSP90 can be up-regulated 10 fold in tumor cells suggesting its role in
tumor growth and survival by inhibition of apoptosis and stabilization of various
growth factors (141, 142). In tumor cells HSP90 exists entirely in their active
multi-complex (143). Up-regulation of its levels was detected in hepatocellular
carcinoma, leukemia, neuroblastoma and many other carcinomas (144–147). In
addition to a HSP90 role in tumorigenesis, it was also found that during fungal
infections, this chaperone helps in the development of resistance to antifungal
agents (148, 149).

Roles of HSP60 Proteins

HSP60 has the potential to be used in the diagnosis of cancer. HSP 60 presence
in blood is associated with inflammatory conditions (150). A dual function of
HSP60 as a biomarker and immune modulator has been proposed (151).

Expression of HSPs

Under normal conditions HSPs accumulate in sites of proteins synthesis
(endoplasmatic reticulum - ER), mitochondria and in the cytosol. It has been
observed that levels of ROS leads to activation of HSPs (152). Under pathological
conditions (such as tumorigenesis) they can exist on the surface of the cell or
in the extracellular space where they have an immunogenic function and play a
role in oncogenic cell signaling (111, 153–157). One of the main functions that
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HSP proteins play when localized outside the cell is co-presentation of antigenic
peptides derived to MHC class I molecules, providing a signal of existing danger
to the host immune system (158). Oxidative stress is one of the important stress
factors that increase the expression of HSPs. An increase in the expression of
HSPs can protect against oxidative damage (66, 67). With cellular aging, levels of
oxidatively-damaged proteins increase, which competitively bind to HSP instead
of HSF. Chaperones are also damaged during the process of aging and are not
able to effectively fulfill their functions of preventing cellular aging (93, 159).
Members of the HSP family are known to be involved in antioxidant protection
of the cell. They induce decreases in ROS through increases in cell glutathione
levels. HSP27 is often referred to as a marker of oxidative stress (153, 160, 161).
HSP27 also works as a neutralizer of the toxic effect caused by oxidized proteins
(162, 163). Proteins from the HSP60 family have also been observed to act as
protectors after exposure to oxidative stress through an anti-apoptotic function
(164). Plants also respond to oxidative stress by regulation of HSP expression
(165, 166).

Expression of GRP78 and HSP70s

Expression of HSPs might be identified using a proteomics approach
involving two dimensional electrophoresis followed by tandemmass spectrometry,
MALDI or Western Blotting analysis (167–169). An example of an MS and
MS/MS spectrum of peptides leading to the identification of HSP70 family
member (GRP78) is presented in Figure 7. Once a protein is identified and
characterized using mass spectrometry, validation of the results obtained by
these methods is imperious. For example, when a protein or a peptide from
this protein is determined to be phosphorylated, validation can be easily
performed by Western blotting or other similar immunoblotting techniques (e.g.
ELISA). Similarly, expression of HSPs can be monitored using immunoblotting
techniques (170, 171), differential gel electrophoresis (2D-DIGE) (25, 172,
173) or immunofluorescence (IF; staining of cells employs antibodies against
proteins of interest). Of all these methods, IF is particularly important, since it
not only confirms the existence of a protein in a sample and validates an MS
experiment, but also immunolocalizes the proteins at the cellular level, allowing
the researcher to expand the interpretation of MS experiments beyond a simple
validation. An example of an IF experiment using antibodies against HSP70 and
GRP78 (both members of the HSP70 family) is presented in Figure 8. Cancerous
HeLa cells demonstrate much stronger expression of both HSP70 proteins than
normal human dermal fibroblasts (HDF-a). Membrane localization of HSP in
HeLa cells can also be observed. Standard proteomics approaches combined with
immunoblotting and IF experiments are also great tools for investigating changes
of HSP expression profiles following oxidative stress.
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Figure 7. LC-MS/MS analysis of a peptide mixture that lead to identification of
HSP70 family member (GRP78). (A) TIC of the chromatogram (B) MS mass

spectrum with one double charged peak at m/z of 919.55 (expanded in the inbox)
that corresponds to peptide with sequence SQIFSTASDNQPTVTIK wich is part
of glucose regulated protein GRP78/BiP protein. MSMS fragmentation spectrum
produced a series of y and b ions (C, marked) that led confirmed the identity and

the sequence of the SQIFSTASDNQPTVTIK peptide.
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Figure 8. IF detection of HSP70 and GRP78 proteins in cancerous HeLa cells
and normal human dermal fibroblasts (HDF-a). HeLa and HDF-a cells were
grown on coverslides and incubated with GRP78 or HSP70 primary antibodies,
followed by incubation with Alexa Fluor 488-conjugated secondary antibody.
Expression of HSP70 and GRP78 proteins is shown in green. Cells were also
stained for plasma membrane with CM-Dil (red), and the nuclei were stained

with DAPI (blue).

Concluding Remarks

There is much that remains to be investigated about oxidative stress at the
protein level. A simple PubMed search using “oxidative stress” as a key phrase
revealed 89,532 publications, 76,000 of which were published since 2000 and
17,000 since 2010, suggesting that oxidative stress is a research area of increasing
importance (Figure 9). An interesting trend can also be observed regarding
mass spectrometry. A search using “mass spectrometry” as a search parameter
revealed 172,270 publications, 120,000 of which were published since 2000
and 28,000 since 2010, suggesting that mass spectrometry use is also on the
rise. Furthermore, a search using “proteomics” as a term revealed only 30,312
publications, 30,221 of which were published since 2000 and 10,000 since 2010,
suggesting that proteomics is perhaps one of the newer disciplines. A search
using “oxidative stress and mass spectrometry” as parameters revealed only 2495
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publications, of which one fourth (581) were published since 2010. A final search
of “oxidative stress and proteomics” revealed only 1145 publications, of which
one third (321) were published since 2010.

Figure 9. Pubmed database search using as search keyword oxidative stress,
mass spectrometry or proteomics (A). Pubmed database search using as search
keywords a combination of oxidative stress and mass spectrometry or oxidative
stress and proteomics (B). The number of publications are either from all times,

since 2000 or since 2010. Database search is as of 07/27/2011.
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Overall these searches indicate that mass spectrometry and proteomics have
become very useful tools for investigating oxidative stress. There was a relatively
high number of publications within the past year about oxidative stress (17,000
publications since 2010), mass spectrometry (28,000 publications since 2010)
and proteomics (10,000 publications since 2010), but a relatively small number
of papers that resulted when the search parameters used were “oxidative stress
and mass spectrometry” (581 published papers since 2010) or “oxidative stress
and proteomics” (321 published papers since 2010). This suggests that mass
spectrometry in general and proteomics specifically are being increasingly used
to investigate oxidative stress.

Further to this PubMed search indicating that oxidative stress is an intriguing
topic of research, it is becoming increasingly clear that oxidative stress is an
important consideration to applied clinical work. As mentioned previously,
oxidative stress is implicated in many medical conditions (41–48). Applied
proteomic investigation of oxidative stress in disease has the potential to reveal
the pathophysiologies of various disorders, and may allow for the identification of
clinically relevant biomarkers (174). This in turn could aid in disease prevention
via identifying oxidative stress targets and may also enable the development of
new medications for disease treatment. Applied proteomics—particularly for the
investigation of oxidative stress—is therefore set to take a pivotal role in both
basic and clinical research, enabling the advancement of medicine.

Abbreviations

SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel electrophoresis;
Mw, molecular weight; DIGE, differential gel electrophoresis; MS, mass
spectrometry; FAB, fast atom bombardment; PD, plasma desorption; EI, electric
ionization; CI, chemical ionization; ESI, electrospray ionization; MALDI, Matrix
Assisted Laser Desorption Ionization; ESI-MS, electrospray ionization mass
spectrometry; MALDI-MS, MALDI mass spectrometry; LC-MS/MS, liquid
chromatography mass spectrometry; m/z, mass/charge; CID, collision-induced
dissociation; TIC, total ion current/chromatogram; TOF, time of flight; IT, ion
trap, FT, Fourier transform; Q, quadrupole; BN-PAGE, Blue Native PAGE;
CN-PAGE, Colorless Native PAGE; HSP, Heat shock protein; HSP, Heat Shock
Factor; GRP78, Glucose Receptor Protein 78; TDF, Tumor Differentiation Factor,
HDF-a, normal human dermal fibroblasts; IF, Immunofluorescence microscopy.
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Central nervous system (CNS), 41, 46, 261
Cerebral ischemia, 257
sources of ROS during, 258f

Ceria nanoparticles
heterogeneous catalysis, 240
reduce intracellular ROS, 239f

Cerium oxide nanoparticles
comparison of four recent studies, 271t
efficacy of some selected antioxidants,
265t

next generation antioxidant therapy for
neurodegenerative diseases, 263

oxidative stress biology, 255
CFE. See Carbon Fiber Electrodes (CFE)
Chalcone isomerase (CHI), 101
Chalcone synthase (CHS), 101
Chemiluminescent probes, 305
CHI. See Chalcone isomerase (CHI)
Christian amatore, 294
Chronic obstructive pulmonary disease
(COPD), 24

Chronic renal failure, 24
CHS. See Chalcone synthase (CHS)
CK-MB. SeeCreatine kinaseMB (CK-MB)
4CL. See 4-Coumaroyl–CoA ligase (4CL)
CM. See Cardiomyopathy (CM)
CN-PAGE. See Colorless Native PAGE
(CN-PAGE)

CNS. See Central nervous system (CNS)
Colorless Native PAGE (CN-PAGE), 342
pre-purification tool, 356
principles, similarities and differences,
344f

stable protein complex protective against
oxidative stress in BN-PAGE, 356

COMT. See Catechol-O-methytransferase
(COMT)

Coomassie dye, 343, 348
COPD. See Chronic obstructive pulmonary
disease (COPD)

4-Coumaroyl–CoA ligase (4CL), 101
Creatine kinase MB (CK-MB), 113
CVD. See Cardiovascular disease (CVD)
Cyclic voltammetry, 327
Cyclic voltammograms, 218
Cysteine residues, oxidation, 315
Cytochrome c, 295
electrochemical detection of the
superoxide, 296f

Cytochrome P450, 4
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D

DAHP. See 2-keto-3-deoxyarabina-
heptulosonate- 7-phosphate (DAHP)

DAPI. See 4′,6-Diamidino-2-phenylindole
dihydrochloride (DAPI)

Deletion mutants, 51
Density functional theory (DFT), 182, 216
DES. See Diethylstilbestrol (DES)
DFT. See Density functional theory (DFT)
Diabetes mellitus, 20
4′,6-Diamidino-2-phenylindole
dihydrochloride (DAPI), 214, 217f
analytes and probes, 217f
dependence on temperature, 186f, 223f
effect of GSH on temperature
dependence, 187f

fluorescence emission spectra, 184f
fluorescence on temperature after
interactions of ctDNA, 223f, 224f

Diamond nanoparticles, 238f
Di-cysteine proteins, 77
Dietary antioxidant, 10
Dietary factors, 3
Diethylstilbestrol (DES), 84
Differential Gel Electrophoresis (DIGE),
359

Differential pulse amperometry, 294
Differential pulse voltammograms (DPV),
180, 192f
dependence, 193f

DIGE. See Differential Gel Electrophoresis
(DIGE)

Dihydrolipoic acid, 93
5,5-Dimethyl-1-pyrroline N-oxide
(DMPO), 79

2,2-Diphenyl-1-picrylhydrazyl (DPPH),
119

Direct infusion, ESI-MS and ESI-MS/MS,
378

DMPO. See 5,5-Dimethyl-1-pyrroline
N-oxide (DMPO)

DNA, 9
DNA biosensors, gold electrodes, 215
DNA damage, 181
catechol/Cu2+-mediated, 187
dependence of NB current, 221f
detection, 182
fluorimetric measurements, 221
measuring changes in DNA
melting-onset temperature, 222

mechanism of GSH protection, 198
monitoring melting characteristics, 182
oxidative stress, toxicants and alkylating
agents, 183s

PQ induced, 225

using electrochemical biosensors, 216
voltammetric monitoring, 190

DNA oxidation, 178
DPPH. See 2,2-Diphenyl-1-picrylhydrazyl
(DPPH)

DPV. See Differential pulse
voltammograms (DPV)

Dulbecco’s Modified Eagle’s Medium, 304

E

EAE. See Experimental autoimmune
encephalomyelitis (EAE)

EDC. See N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide (EDC)

EDOT. See 3,4-Ethylenedioxythiophene
(EDOT)

EGCG. See Epigallocatechin-3-gallate
(EGCG)

EGFR. See Epidermal growth factor
receptor (EGFR)

eIF3. See Eukaryotic translation initiation
factor 3 complex (eIF3)

Electrochemical sensor array chip (ESA),
322

Electrochemical sensors
hydrogen peroxide, 298
superoxide, 291, 292t, 293f

Electromotive force, 74
Electron paramagnetic resonance (EPR),
2, 79, 245

Electron Spin Resonance (ESR)
spectroscopy, 79

Electrospray ionization, 370
Endogenous scavengers, 315
Endothelial dysfunction, 18
Enzyme regulation mechanisms, 121
E-4-P. See Erytheose-4-phosphate (E-4-P)
Eph receptors, 346
Ephrin signaling, workflow for the
biochemical and MS characterization,
347f

Epidermal growth factor receptor (EGFR),
147

Epigallocatechin-3-gallate (EGCG), 102
EPR. See Electron paramagnetic resonance
(EPR)

ERKO/wnt-1 mice, 89
Erytheose-4-phosphate (E-4-P), 101
ESA. See Electrochemical sensor array
chip (ESA)

Escherichia coli
oxidative stress and antioxidant defenses,
125
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possible mechanisms of ROS generation,
126f

ESI-Q-TOF MS, 376, 377f
ESR. See Electron Spin Resonance (ESR)
spectroscopy

Estrogens
carcinogenicity, 89
DNA adducts, 87
people with and without cancer, 90,
91f

formation, metabolism and DNA
adducts, 86f

metabolic activation to form depurinating
DNA adducts, 85f

metabolic pathway in cancer initiation,
84f

metabolism, 85
imbalances, 89

mutagenicity, 87
oxidative metabolism of, 83
semiquinones, 86
transformation of cells, 88

3,4-Ethylenedioxythiophene (EDOT), 326
Eukaryotic translation initiation factor 3
complex (eIF3), 350

Experimental autoimmune
encephalomyelitis (EAE), 261

Eye disorders, 25

F

Faraday constant, 74
Fas/APO-1/CD95 receptors, 42
Fatal hepatomegaly, 52
Fenton cascade, 177
defined, 182

Ferric reducing ability assay (FRAP), 119
Flavonoids, 11, 48, 101
basic structures, 104f
biosynthetic pathways in plants, 105f
subclasses, 103t

Flavoprotein enzyme, 5
FRAP. See Ferric reducing ability assay
(FRAP)

Free radical reactions, thermodynamics, 72
Free radicals, 2
biological role, 4
biology, concept, 2
scavenging, 4
sources, 3
steady state, 4

G

Gastrointestinal diseases, 23
Gastrointestinal tract (GIT), 23
GCE. See Glassy carbon electrode (GCE)
Gel electrophoresis, 181
control experiments, 197, 197f

Gershman’s free radical theory, 2
Gibbs energy, 73
Ginkgo biloba, 22
GIT. See Gastrointestinal tract (GIT)
Glassy carbon electrode (GCE), 180
Glucose transporter 1 (Glut1), 113
Glut1. See Glucose transporter 1 (Glut1)
Glutamate excitotoxicity, 257
Glutathione
cell compartments, 78
effect of ROS, 78
master antioxidant, 78

Glutathione (GSH), 72
Glutathione disulphide (GSSG), 5
Glutathione intervention, overview, 177
Glutathione peroxidase (GPx), 5
Glutathione peroxidase (GSHPx), 148
Glutathione reductase (GR), 5
Glutathione S-transferase (GST), 62
Glutathione thiyl radical, electronic
structure, 196f

Glycolisis, 50
Gold electrodes
DNA biosensors, 215
scheme of the modification, 218f

Gold nanoparticles, 246
Golgi apparatus, 348
GPx. See Glutathione peroxidase (GPx)
GR. See Glutathione reductase (GR)
Green synthesis, 245
GRP78 proteins
expression, 393
IF detection, 396f

GSH. See Glutathione (GSH)
GSHPx. See Glutathione peroxidase
(GSHPx)

GSSG. See Glutathione disulphide (GSSG)
GST. See Glutathione S-transferase (GST)

H

HAART. See Highly active antiretroviral
therapy (HAART)

Half-cell reduction potentials, 72
selected couples, 73t

Hartree-Fock methods, 182
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HDF-a. See Human dermal fibroblasts
(HDF-a)

Heat Shock Factor (HSF), 390
Heat Shock Protein (HSP), 383, 388
characterization, 390
expression, 393
functions, 390

Hemin-only electrodes, 326
FESEM images, 327f
surface morphology, 326

Hemin-PEDOT film
amperometric microsensor, 329, 330f
chronoamperometric responses, 329f
microsensor, 330, 331f

HIF1-α. See Hypoxia-inducible factor 1-α
(HIF1-α)

Highly active antiretroviral therapy
(HAART), 41, 49
biomolecule oxidative damage and
antioxidant deficiency in HIV/aids
patients, 54t

HIV. See Human Immunodeficiency Virus
(HIV)

Horseradish peroxidase, 302
electrochemical detection of the
hydrogen peroxide, 300f

HPF. See Hydroxyphenylfluorescein (HPF)
HSF. See Heat Shock Factor (HSF)
HSP. See Heat Shock Protein (HSP)
HSP60 proteins, 391
roles, 393

HSP70 proteins, 391
expression, 393
IF detection, 396f
roles, 392

HSP90 proteins, 390
roles, 393

Human cells
oxidative stress and antioxidant defenses,
138

polyphenol antioxidant activity, 139
polyphenol enzyme regulation, 146
polyphenol ROS and RNS scavenging
mechanisms, 143

polyphenol-metal chelation, 148
ROS/RNS- and metal-ion-induced
signaling pathways, 140f

Human dermal fibroblasts (HDF-a), 394
Human Immunodeficiency Virus (HIV), 40
altered redox indexes, 42
antioxidant supplementation, 56
control studies evidences of nutritional
intervention, 57t

apoptosis, 46
biology and tropism, 40
disease evolution and management, 41

evidences of biomolecule oxidative
damage and antioxidant deficiency,
44t

HAART, 49
hallmark of HIV infection, 40
infected populations, 43
infection, 47
infects cells, 40
micronutrients deficiency, 47
nutritional requirements, 47
nutritional requirements index, 40
physical exercise, 61
redox regulation, 49
replication and oxidative stress, 45
Se-deficient nutritional conditions, 46

Human umbilical vein endothelial cells
(HUVEC), 114, 147

HUVEC. See Human umbilical vein
endothelial cells (HUVEC)

Hydrogen peroxide
analytical tools, 291
biosensors, 298, 299t
cellular level, 304
direct electrochemical detection, 298
electrochemical sensors, 291, 298
half-life, 290
living cell detection, 290
mediated electrochemical detection, 301

Hydrogen peroxide regulation, 127
8-Hydroxydeoxyguanosine (8-OHdG), 9
6-Hydroxydopamine (6-OHDA), 146, 259
Hydroxyl radical, 86, 138
formation, 228
oxidation, 51

Hydroxyphenylfluorescein (HPF), 319
Hyperglycemia, 20
Hypoxia-inducible factor 1-a (HIF1-a), 113
Hypoxia-reoxygenation injury, 113

I

ICAM1. See Intercellular adhesion
molecule 1 (ICAM1)

Immune system, 3
Individual Nutrient Intake Level (INL98)
levels, 48

Infertility, 26
Inflammation, 3
Inorganic nanoparticles
functionalized and composite, 242
with intrinsic antioxidant properties as
free radical scavengers, 237

Intercellular adhesion molecule 1
(ICAM1), 113
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Internal ribosome entry site (IRES), 46
IRES. See Internal ribosome entry site
(IRES)

IRES trans-acting factor (ITAF), 46
Iron regulatory protein (IRP), 317
IRP. See Iron regulatory protein (IRP)
Ischemic cascade, schematic diagram, 257f
ITAF. See IRES trans-acting factor (ITAF)

K

2-Keto-3-deoxyarabina-heptulosonate-7-
phosphate (DAHP), 101

L

Lactate dehydrogenase (LDH), 113
L-Carnitine antioxidants, 214
PQ-induced DNA damage, 225

LC-MS/MS, 379
disulfide bridges within Vitelline
envelope protein beta, 389f

experiment, 380f
oxidation of methionine, 385f
peptide mixture, identification of HSP70
family member (GRP78), 395f

LDH. See Lactate dehydrogenase (LDH)
L-Dopa. See Levodopa (L-dopa)
Levodopa (L-dopa), 259
Lipatrophy, 55
Lipid hydroperoxide, reduction potential,
144t

Lipid peroxidation, 3, 8
Lipid peroxyl radical, 8
Lipids, 8
Lipodystrophic syndrome, 52
Lipoic acid, 5
Long terminal repeat (LTR), 40
LTR. See Long terminal repeat (LTR)
Lycopene, 11
Lymphocytes, 41

M

MACS. See Multicenter AIDS Cohort
Study (MACS)

Major groove nucleobases, 194
MALDI. See Matrix Assisted Laser
Desorption Ionization (MALDI)

Manganese superoxide dismutase, 314

Mangifera indica, 59
Mass spectrometry (MS), 373
data analysis, 382
ionization techniques, 373
oxidative stress, 382
proteomic analysis, 370

Matrix Assisted Laser Desorption
Ionization (MALDI), 370
TOF MS, 374, 375f

MCE. See Microchip electrophoresis
(MCE)

MCF-7 cancer cells, 297
MD. SeeMolecular dynamics (MD)
Melatonin, 93
Melatonin antioxidants
electronic structures, 228f
PQ-induced DNA damage, 225

Mercaptopropionic acid (MPA), 214, 217
Metabolic process, 3
Metal chelation mechanisms, 122
Metal electrodes, electrochemical detection
of the hydrogen peroxide, 300f

Methylamine irisolidone, 113
1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), 123,
259

Methyl viologen, 214
Microchip electrophoresis (MCE), 322
Micronutrients deficiency, 40
HIV, 47

Mini-Gel Horizontal Electrophoresis
System, 181

Mitochondria
dysfunction hypothesis during antiviral
treatment, 50

dysfunctions, 21
essential elements, 50
toxicity, 49

Molecular damage, 8
Molecular dynamics (MD), 194
simulation, 194
interaction of PQ with dsDNA, 226,
227f

Moricandia arvensis, 131
MPA. SeeMercaptopropionic acid (MPA)
MPGly. See N-(2-Mercapto-
propionyl)glycine (MPGly)

MPTP. See 1-Methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)

MS. SeeMass spectrometry (MS); Multiple
sclerosis (MS)

Multicenter AIDS Cohort Study (MACS),
58

Multiple sclerosis (MS), 261
oxidative stress, 261
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N

NAC. See N-Acetyl cysteine (NAC)
NAcCys. See N-Acetylcysteine (NAcCys)
N-Acetyl cysteine (NAC), 20, 92
effects, 95f

N-Acetylcysteine (NAcCys), 56, 188
effect of GSH precursor, 188f

N1-Acetyl-N2-formyl-5-methoxykynu-
ramine (AFMK), 213

Nanocarrier, 243
magnetically responsive antioxidant, 243

Nanoceria, 264
ability, 267
free radical scavenging capabilities, 269
industrial applications, 267
model of the reaction mechanism for the
oxidation of hydrogen peroxide, 267f

reaction mechanism for the complete
dismutation of hydrogen peroxide,
268f

Nanoencapsulated antioxidants, 242
NB. See Nile Blue (NB)
Ndh complex
BN-PAGE PAGE 2D and its
characterization by MALDI MS,
357f

structural characterization, 355f
N-(3-Dimethylaminopropyl)-N′-
ethylcarbodiimide (EDC), 215

Necrotic lesions, 212
Nernst equation, 74
half cell reduction potential, 76

N-Ethylmaleimide, 292
Neurodegenerative diseases, 21
Neuroglobin (Nb), 113
Neuronal biochemical composition, 21
NFkB. See Nuclear factor kB (NFkB)
Nicotinamide adenine dinucleotide system,
75

Nile Blue (NB), 214
fluorescence emission spectra, 222f

NI-NOR. See Nitrite/nitric
oxide-oxidoreductase (NI-NOR)

Nitrate reductase (NR), 317
Nitric oxide synthase (NOS), 20, 257, 312
Nitrite/nitric oxide-oxidoreductase
(NI-NOR), 317

Nitrosoperoxycarbonate adduct, 312
3-Nitrotyrosine (3-NT), 257
N-(2-Mercapto-propionyl)glycine
(MPGly), 189
effect, 190f

Nonprotein thiol compound (NPSH), 5

Non-transferrin-bound iron (NTBI), 150
NOS. See Nitric oxide synthase (NOS)
NPSH. See Nonprotein thiol compound
(NPSH)

NR. See Nitrate reductase (NR)
Nrf2. See Nuclear factor-E2-related factor
(Nrf2)

3-NT. See 3-Nitrotyrosine (3-NT)
NTBI. See Non-transferrin-bound iron
(NTBI)

Nuclear factor kB (NFkB), 23
Nuclear factor-E2-related factor (Nrf2), 22
Nutrient antioxidant, 10
NXY-059, 263

O

6-OHDA. See 6-Hydroxydopamine
(6-OHDA)

8-OHdG. See 8-Hydroxydeoxyguanosine
(8-OHdG)

ORAC. See Oxygen radical absorbance
capacity (ORAC)

Ortho-quinones, 84
OS. See Oxidative stress (OS)
12-O-Tetradecanoylphorbol-13-acetate
(TPA), 146

Oxidation, 72
Oxidative damages, amino acids, 384
Oxidative stress biology, 255
Oxidative stress (OS), 8, 40
analysis of redox systems, 388
antioxidant defenses in escherichia coli,
125

antioxidant defenses in human cells, 138
clinical evidences of NRTImitochondrial
toxicity, 52

DNA damage, 115
HIV infection and NRTI treatment, 51
major cellular sources, 116f
mitochondria and mutations of mtDNA
in NRTI toxicity, 51

use of proteomics to investigate, 383
OxoGua, 191
Oxygen
properties, 1
toxic properties, 2

Oxygen radical absorbance capacity
(ORAC), 243

OxyR regulon, 127
E. coli, 128f
proteins regulated, 127t
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P

PAL. See Phenylalanine ammonia lyase
(PAL)

Paraquat-mediated DNA damage, 212
electrochemical measurements, 215
fluorimetric measurements, 216
materials and methods, 214
molecular dynamic simulations, 216
preparation of DNA biosensors, 215
quantum mechanical calculations, 216

Parkinson’s disease (PD), 106, 112, 212,
258
oxidative stress, 259

Particle size, 240
PBMC. See Peripheral blood mononuclear
cells (PBMC)

PD. See Parkinson’s diseases (PD)
PEG. See Polyethylene glycol (PEG)
Peripheral blood mononuclear cells
(PBMC), 53

Peroxides, 43
Peroxisomes, 255
Peroxynitrite (PON)
analytical challenges in face of biological
complexity, 318

analytical methods and techniques for
detecting, 320

biochemical mechanisms inducing
toxicity in animals, 314

chemistry, 312
electrochemical methods, 321
endogenous scavengers, 315
exogenous scavengers, 316
formation, 325f
formation in plant organisms, 316
formula, 312
long-illusive biological pathway, 315
major pathways, 313f
non-electrochemical techniques, 320
PEDOT/hemin nanostructured catalytic
film, 324

plant physiology and hypersensitive
defense response, 317

plant response to pathogens, 316
research articles bearing, 332f
synthesis, 324
therapeutic approaches to mitigate the
toxic effects, 315

Phagocytes, 290
PhenO•. See Phenoxy radical intermediate
(PhenO•)

Phenoxy radical intermediate (PhenO•),
119

Phenylalanine ammonia lyase (PAL), 101
Phorbol myristate acetate, 290

Phytochemicals, 16
PK. See Protein kinase (PK)
PKC. See Protein kinase C (PKC)
PLA. See Polylactide (PLA)
Pollution, 3
Polyethylene glycol (PEG), 241
Polylactide (PLA), 242
Polyphenol antioxidants
activity in Escherichia coli, 129
disease prevention studies, 106
human cells, 139
inflammatory markers and signal
transaction pathways, 141t

inhibit oxidative stress
enzyme regulation, 130
metal binding, 134
ROS and RNS scavenging, 130

mechanisms in cells, 118
oxidative stress, 100
potential binding sites, 123f
prooxidants, 136
reduction potential, 144t
RNS scavenging, 101
ROS scavenging, 100
structure, 111f
structures and sources, 101
supplementation in animal studies and
clinical trials, 107t

Polyphenol compounds as prooxidants, 136
mechanisms in E. coli, 138f

Polyphenol enzyme regulation, human
cells, 146

Polyphenol-metal chelation, human cells,
148

Polyunsaturated fatty acids (PUFA), 26,
256

PON. See Peroxynitrite (PON)
Post-translational modifications (PTM),
370, 383

PQ-mediated ROS generation, 227
Pregnancy, 26
micronutrient supplementation, 59

Protein complexes, 343
Protein kinase (PK), 42
Protein kinase C (PKC), 146
Protein-protein interactions, 343
BN-PAGE and WB as a tool for
identification of transient, 351

determination of transient, 345
possible theoretical scenarios for the
analysis, 352f

Proteins, 9
Protein sulfhydryl groups, protection, 79f
Proteomic analysis
mass spectrometry, 370
schematic workflow, 371f
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Pseudomonas aeruginosa azurin, 297
PTM. See Post-translational modifications
(PTM)

PUFA. See Polyunsaturated fatty acids
(PUFA)

Pulmonary disorders, 9
Pycnogenol, 123
pY99-IP. See Anti-phosphotyrosine
(pY99-IP)

Q

QM. See Quantum mechanical (QM)
Quantum mechanical (QM), 194
Quantum mechanical calculations, 182
Quantum Prep Plasmid Miniprep Kit, 181
Quercetin, 120
Quercetin-induced cytotoxicity, 137f
Quercetin-3-rhamnoglucoside (rutin), 102
Quinone compounds, 84
Quinone reductases, 93

R

Radiation, 3
Radiation-induced fibrosarcoma (RIF-1),
80

Radical scavengers, reduction potential,
144t

Reactive nitrogen species (RNS), 1, 79
scavenging mechanisms, 119

Reactive oxygen species (ROS), 1, 40, 99,
117
reactions, 117f
scavenging mechanisms, 119

Receptor tyrosine kinases (RTK), 345
Redox balance, 4
Redox buffering, 79
Redox reactions, equations, 73
Redox state, 240
Renal disorders, 24
Resveratrol, 93, 95, 120
Reye’s syndrome, 52
Rheumatoid arthritis, 21
RIF-1. SeeRadiation-induced fibrosarcoma
(RIF-1)

RNS. See Reactive nitrogen species (RNS)
ROS. See Reactive oxygen species (ROS)
ROS/RNS release system, 4
RTK. See Receptor tyrosine kinases (RTK)
rutin. See Quercetin-3-rhamnoglucoside
(rutin)

S

SAM. See Self-assembled monolayer
(SAM)

San Francisco Men’s Health Study
(SFMHS), 56

Scanning Electrochemical Microscopy
(SECM), 299

SDS-PAGE. See Sodium dodecyl-sulfate
polyacrylamide electrophoresis
(SDS-PAGE)

SECM. See Scanning Electrochemical
Microscopy (SECM)

Selenium, 11
Self-assembled monolayer (SAM), 217
Semiquinone radical, electronic structure,
195f

SENCAR mice, 88
SFMHS. See San Francisco Men’s Health
Study (SFMHS)

S-Glutathiolated protein, 79
Sigma-Aldrich Chemical Company, 214
Small HSP proteins, 392
SOD. See Superoxide dismutase (SOD)
Sodium dodecyl-sulfate polyacrylamide
electrophoresis (SDS-PAGE), 342, 372

Sodium salt (ctDNA), 214
SoxRS stimulon, 128
ROS and RNS regulation, 130f
selected genes induced, 129t

Sprague-Dawley rats, 121
STAIR. See Stroke Therapy Academic
Industry Roundtable (STAIR)

Streptococcus gordonii, 301
Stress, 3
Stroke. See Cerebral ischemia
Stroke Therapy Academic Industry
Roundtable (STAIR), 263

Superoxide, 126
analytical tools, 291
biosensors, 291, 292t
cellular level, 304
direct electrochemical detection, 292
dismutase-modified electrodes, 297
electrochemical sensors, 291, 292t, 293f
half-life, 290
living cell detection, 290
mediated electrochemical detection, 295

Superoxide dismutase (SOD), 5, 116, 120,
256

Superoxide regulation, 128
Surface charge/chemistry/coating, 240
Synthetic antioxidants, 17
Synthetic polyphenols, chemical structure,
114f
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T

TBA. See Thiobarbituric acid (TBA)
TBARS. See Thiobarbituric acid reactive
substances (TBARS)

TBHQ. See Tertiary butyl hydroquinone
(TBHQ)

TDF. See Tumor Differentiation Factor
(TDF)

TDR. See Thioredoxin reductase (TDR)
TEAC. See Trolox equivalent antioxidant
activity (TEAC)

Tertiary butyl hydroquinone (TBHQ), 17
Testosterone, 85
TGSH. See Total glutathione (TGSH)
Thermodynamics
free radical reactions, 72

Thiobarbituric acid reactive substances
(TBARS), 62

Thiobarbituric acid (TBA), 145
Thioredoxin, 77
Thioredoxin reductase (TDR), 45
Thioredoxin system, 75, 78
T24 human bladder cells, 299
T lymphocyte, 20
TNF. See Tumor necrosis factor (TNF)
Torrent, 312
Total glutathione (TGSH), 62
Toxins, 4
TPA. See 12-O-Tetradecanoylphorbol-13-
acetate (TPA)

TPP. See Tripolyphosphate (TPP)
Traditional medicinal plants, antioxidant
activity, 13t

Tripolyphosphate (TPP), 242
TRIS-HC1. See Trizma hydrochloride
(TRIS-HCl)

Trizma hydrochloride (TRIS-HCl), 214
Trolox equivalent antioxidant activity
(TEAC), 243

Trolox equivalent antioxidant capacity
assay (TEAC), 119

Tumor Differentiation Factor (TDF), 393
Tumor necrosis factor (TNF), 20
Two-electron reduction potentials, 76t
Tyrosine nitration, 314

U

Ultraperformance liquid chromatography/
tandem mass spectrometry
(UPLC-MS/MS), 90

UPLC-MS/MS. See Ultraperformance
liquid chromatography/tandem mass
spectrometry (UPLC-MS/MS)

Urine samples, men, levels of
estrogen-DNA adducts, 92f

UV-Vis spectroscopy, 241

V

Valosin-containing protein, 348
Vascular cell adhesion protein 1 (VCAM1),
113

Vascular endothelial growth factor (VEGF),
114

VCAM1. See Vascular cell adhesion
protein 1 (VCAM1)

VE. See Vitelline envelope (VE)
VEGF. See Vascular endothelial growth
factor (VEGF)

Vimang, supplementation, 60
Vitamin E, 5
Vitamins C, 11
Vitamins E, 11
Vitelline envelope (VE), 353
Voltammetry, linear potential scan, 219f,
220f

W

Wistar rats, 112
Wound-toleukocyte signaling, 290

X

Xanthine oxidase, 257
Xanthine oxidase inhibitors, 17
XEDS. See X-ray energy dispersive
spectroscopy (XEDS)

XPS. SeeX-ray photoelectron spectroscopy
(XPS)

X-ray energy dispersive spectroscopy
(XEDS), 327

X-ray photoelectron spectroscopy (XPS),
241

Z

Zona pellucida (ZP), 353
ZP. See Zona pellucida (ZP)
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