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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
Following the edition of the first volume of Oxidative Stress: Diagnostics,

Prevention, and Therapy, which was met with great interest, Volume 2 of this
series covers the latest achievements in diagnosis, prevention, and therapy
of oxidative stress and related diseases. The book provides a comprehensive
overview of the oxidative stress related mechanisms in biological systems and
the involvement of reactive oxygen and nitrogen species (ROS and RNS), the
damage of DNA, proteins, and lipids caused by oxidative stress, the protection
of cells and tissues against free radicals, the relation of the oxidative stress to
aging and human diseases including cancer and neurological disorders, and the
development of new therapeutic approaches to modulate oxidative stress. The
current state-of-the-art methodologies including the development of sensors and
biosensors for the detection of ROS/RNS and of biomarkers of oxidative stress
are also discussed. The book is organized in three overlapping parts, starting
with general considerations of the oxidative stress, homeostasis pathways, and
ROS mechanisms, followed by chapters discussing the involvement of ROS in
particular diseases and concluding with analytical aspects of oxidative stress
monitoring. The book provides a solid background on oxidative stress and
ROS/RNS generation for novice learners while also offering scientists and
practitioners already involved in this field a wealth of information covering the
most recent developments in the study of oxidative stress, the role of radical
species, novel antioxidant therapies, and methods for assessing free radicals and
oxidative stress. We sincerely hope that this book will find a wide audience
of scientists searching for a useful collection of critical reviews related to the
expanding field of oxidative stress.

Maria Hepel
SUNY Potsdam
Potsdam, New York

Silvana Andreescu
Clarkson University
Potsdam, New York
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Chapter 1

Oxidative Stress and Human Health

Maria Hepel1,* and Silvana Andreescu2,*

1Department of Chemistry, State University of New York at Potsdam,
Potsdam, New York 13676

2Department of Chemistry and Biomolecular Science, Clarkson University,
Potsdam, New York 13699-5810

*E-mail: hepelmr@potsdam.edu (M.H.), eandrees@clarkson.edu (S.A.)

Evidence from experimental and clinical studies indicates
that oxidative stress plays a critical role in the initiation and
progression of many diseases. In this Chapter, we provide
an overview of the processes and consequences of oxidative
stress within cells, tissues, organs and whole organisms. We
consider processes involving the release of Reactive Oxygen
and Nitrogen Species (ROS/RNS), ROS/RNS toxicity and
the imbalance between the ROS/RNS production and the
antioxidant defense system. We discuss changes in DNA,
proteins and lipids as a result of oxidative stress and their
consequences in the development of diseases of the central
nervous system, heart, lungs, kidneys, liver, reproductive
organs, joints, skin, and blood. Diseases that spread over
multiple organs and systemic diseases in which oxidative stress
has been implicated, such as cancer and diabetes are also
discussed.

Introduction

Extensive studies carried out in the field of pathogenesis indicate the
involvement of oxidative stress and reactive oxygen species (ROS) in a wide
range of diseases. Many illnesses caused by inflammation may in fact be induced
by oxidative stress (1–4). Oxidative stress has also been implicated in many other
diseases, for instance, those developing in the brain (5–7) or those without any
pathogenic origin (8, 9). New experimental tools are aiding now in discoveries of
ROS present in cells and blood during disease onset and progression, and even

© 2015 American Chemical Society
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long before the appearance of disease symptoms. In this review, we have analyzed
the mechanism of release of ROS/RNS species, means of their neutralization, and
the contribution of the oxidative stress to the pathogenesis of common diseases
developing in all organs of the human body.

The excess amounts of ROS are either produced in the organism on call for
pathogenic defenses or generated at normal levels but not neutralized due to the
insufficient anti-oxidant capacity of the redox homeostasis system. ROS species
are formed as intermediates and by-products in the energy production cycle in
mitochondria in the electron transfer chain reactions (10, 11) and in endoplasmic
reticulum (12). The generation of ROS takes also place in neutrophils (13) and
macrophages (14) during inflammation and in other processes of normal cellular
metabolic activities. ROS are produced in response to environmental conditions,
such as ultraviolet radiation, cigarette smoking, alcohol, or drugs. The enzymes
involved in protecting cells from the damaging effects of ROS include superoxide
dismutase, glutathione peroxidase, catalase and others.

Prolonged exposure to environmental pollutants (strong oxidizing agents,
heavy metal ions, herbicides and pesticides, photosensitizers, etc.) (15–17),
UV light or ionizing radiation (18), as well as the internal ROS generation
in physiological processes may contribute to the damage of DNA, lipids, and
proteins (19). To avert the propagation of mutations, various DNA repair
mechanisms (20) and pathways to initiate apoptosis (21), if DNA is unrepairable,
have been developed in cells. The short-term oxidative stress (or "oxidative
shock") may also be beneficial in deterrence of aging by inducing natural
anti-oxidative responses in a process called hormesis (22, 23). For instance, to
reduce the chronic oxidative stress in elderly patients with cardiovascular disease,
an ozone therapy has been applied showing some improvement in redox status
(24). However, such cases are not without controversy since even a low dose of
ozone may induce cancer. The increase in ROS stressor levels in elderly, suffering
from chronic oxidative stress, by exercises is generally beneficial for improving
cellular antioxidant responses (25).

Whether antibiotics kill bacteria by an oxidative stress mechanism is also
subject to controversy. While some believe that antibiotics kill bacteria by
inducing ROS (26, 27), others (28, 29) have shown that there is no increased
generation of ROS or Fe(II) during the pathogen attack suggesting that lethality
is likely caused by inhibition of protein synthesis, DNA replication, and other life
processes.

Unraveling the signaling mechanisms involving oxidative stress messengers
at the cellular level is essential to gain better understanding of the pathogenesis of
many diseases and to develop new therapies to help managing the conditions for
which currently there is no cure or the present treatments are obscured with serious
side effects.

Redox Homeostasis

Under sustainable redox conditions, the generation of ROS must be balanced
by the antioxidant power of ROS scavengers, as illustrated in Fig. 1.

2
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Figure 1. Schematic representation of balancing the ROS generation and
antioxidant protection against damage to DNA, protein and lipids. (see color

insert)

Any change in ROS production must be met with the respective adjustment
of the antioxidant counterbalance to prevent slipping into an oxidative stress or
immune deficiency state. This means that an active redox-potential homeostasis
system must be established in any healthy organism. Since such homeostasis
systems are found in all living organisms, one can say that the ROS generation
is generally a balanced process. The actual mechanism of operation of the
redox-potential homeostasis is a complex one and it consists of many pathways
of autonomous replenishment of antioxidants stored and synthesized (expressed)
in different tissues, cells, and organelles. Many proteins that contain sulfhydryl
groups or dislphide bonds can act as the redox sensors and effectors since redox
state of the biological environment can readily modify those proteins and these
modifications are critically important for the control of protein functions. Small
biomolecule antioxidants, such as glutathione, tocopherol, and ascorbic acid,
are redox buffers that interact with various cellular components influencing the
organization of defense, enzymatic activity, as well as the growth and development
by modulating processes from mitosis to senescence and death. These cellular
antioxidants can also influence gene expression associated with stress responses
to optimize cellular defenses. The major components playing important roles in

3
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balancing the ROS production and the antioxidant countermeasures, are listed in
Figure 1. Further discussion of ROS reactivities, their generation, and scavenging
is presented in the next two sections.

Oxidative Power of Exogenous Oxidants and Endogenous ROS

The reactions involved in energy production generate a multitude of oxidative
intermediates including ROS which are capable of inflicting damage to nucleic
acids, proteins and lipids. Therefore, both the external strong oxidants and the
internally generated ROS can cause oxidative stress which must be managed
by the organism in order to survive. The prolonged oxidative stress leads to
serious diseases and accelerated aging process. Table I presents common oxidants
and radicals (30) that can be formed in aqueous solutions and their oxidizing
power as characterized by the standard reduction potential Eº versus the normal
hydrogen electrode (NHE) reference. The redox electrode (half-cell) reactions are
included as well, presented as the reduction reactions, according to the Stockholm
Convention.

There are many powerful exogenous oxidants, produced or used in various
industrial processes, which are subsequently dumped into the environment
creating challenging environmental pollution problems. These include
chromium(VI), chlorine, ozone, nitrogen oxides, paraquat, and others.

For instance, strongly oxidizing chromate and dichromate species (Cr(VI)),
now banned in Europe and USA, are mutagenic and carcinogenic and cause
DNA damage (39, 40). So are the perchlorates and common compounds such as
hypochlorites and chlorine used ordinarily as a bleach and for water disinfection.
Some of the pesticides and herbicides are also strong oxidants, for instance,
paraquat (methyl viologen) causing serious health threat, depending on the type
of exposure. In USA, a license is required to use paraquat products since paraquat
is listed for "restricted commercial use". Its acute syndromes are: respiratory
distress (lung failure), holes in esophagus, kidney failure, and pulmonary fibrosis
(41). Even at low concentrations, paraquat can cause DNA damage in the
presence of H2O2 (16).

Common Reactions of ROS Formation, Conversion, and Neutralization

The reactive oxygen species are formed as a byproduct of various reactions of
exogenous oxidants (mainly inhaledmolecular oxygen from atmosphere) and fuels
(ingested foodstaf and nutrients). Under normal conditions, the generation of ROS
remains well balanced. This means that the ROS level is regulated by homeostasis
systems and well controlled by enzyme-catalyzed reactions. The full reduction of
molecular oxygen requires four electrons to be tranferred and this process is carried
out by enzymes step by step producing a variety of intermediates. In the first step,
dioxygen O2 is reduced to a radical superoxide anion O2•- which has one unpaired
electron and carries one negative charge:

4
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Table I. Electrode Reactions and Standard Potentials for Powerful Oxidants
Formed in Aqueous Sulfate and Chloride Solutions (30)

The formal oxidation state of oxygen atoms in O2•- is -1/2. Superoxide is
generated in phagocytes by enzyme NADPH oxidase and in mitochondria by
NADH dehydrogenase (Complex I) and coenzyme Q (Complex III). Superoxide is

5
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neutralized by antioxidants, GSH and superoxide-scavenger, enzyme superoxide
dismutase (SOD). SOD deficiency leads to mutagenicity and a variety of
pathologies, including neurodegeneration, lactic acidosis, cardiomyopathy,
muscle atrophy, cataracts, reduced lifespan, decline in fertility, liver cancer, and
others. The superoxide scavenging by GSH is represented by the reaction:

where GSSG is the glutathione disulfide (oxidized glutathione). Superoxide has a
short half-life and disproportionates in aqueous media according to the reaction:

On the other hand, SOD promotes the disproportionation of superoxide into
hydrogen peroxide and oxygen:

Hydrogen peroxide is formed also in organelles, peroxisomes, during
the reduction of dioxygen with fatty acids, polyamines, and other compunds,
catalyzed by flavin adenine dinucleotide (FAD). The important source of hydrogen
peroxide is the degradation of adenosine monophosphate (AMP), which is
converted to hypoxanthine and then further oxidzed to xanthine and uric acid by
an enzyme xanthine oxidase (XO):

The peroxisomal enzyme, catalase, utilizes H2O2 to oxidize alcohols, phenols,
acetaldehyde, formaldehyde, and formic acid in reactions:

The excess of hydrogen peroxide is removed by peroxiredoxins or by the
enzyme catalase through the formation of dioxygen:

In the presence of Fe2+ or Cu+, hydrogen peroxide decomposes forming a
highly reactive hydroxyl radical HO• via Fenton reaction:

where Mez+ is Fe2+ or Cu+ ion. Organic peroxides R-OO-R′ are subject to
homolytic cleavage generating two highly reactive radicals:

6
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The last two reactions are facilitated by theweak bonding between oxygen atoms in
the -O-O- group which means that a low energy is required for their breakage. The
formation of HO• and RO• is activated by UV-Vis irradiation, chemical processes,
or heating.

The hydroxyl radical HO• is the strongest oxidant of the ROS group with the
redox standard potential Eº = +2.722 V vs. NHE (see: Table I). It is capable
of causing damage to nucleic acids (19), proteins and lipids. In DNA, it can
cause strand breaks, base oxidation, formation of abasic sites, etc. The DNA
lesions caused by HO• radicals may be irreparable and may result in mutations
and carcinogenesis. The generation of HO• radicals serves the defensive roles
when the purpose of it is to combat pathogens but it may be detrimental to the host
organism if HO• radicals are not neutralized quickly. Fortunately, the lifetime of
HO• radicals is very short (τ1/2 ≈ 4.5×10-9 s (42)) so they cannot diffuse far from the
point of their formation (δ ≈ 3.2 nm (19), assuming DHO = 2.3×10-5 cm2s-1 (43)).

Effects of Oxidative Stress on Human Health

There is an overwhelming body of evidence that oxidative stress affects
virtually all aspects of human health. This includes all organs and the system as a
whole. The scope of the problem is illustrated in Figure 2 showing major groups
of common diseases in which oxidative stress has been implicated. There are also
many other diseases which are either induced by the oxidative stress or in which
the ROS/RNS play a role in the disease progression.

Figure 2. Major diseases in which ROS involvement has been found.

7
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ROS Involvement in Localized Diseases

Central Nervous System

Brain Damage

ROS generated in the brain can cause severe damage to neurons and result
in memory loss and cognitive impairment. The oxidative stress due to ROS in
brain has been implicated in several debilitating diseases, including Parkinson’s,
Alzheimer’s, autism, and Down syndrome, which are discussed below. It has been
found in experiments in vitro that the brain astrocytes exhibit considerably higher
sensitivity to H2O2 than neurons (44). Hence, during the ROS attack, astrocytes
suffer a greater loss. Astrocytes play an important role in the brain, supporting
neurons with glucose, nutrients, and neurotransmitters, including glutamate and
ATP. They also absorb excess potassium released by neurons into the extracellular
space (45). Abnormal accumulation of extracellular potassium causes epileptic
response of neurons. Astrocytes also modulate synaptic transmission between
neurons by releasing ATPwhich is hydrolyzed to adenosine that binds to adenosine
receptors in neurons, thereby inhibiting synaptic transmission (46, 47). Astrocytes
perform also a repair service upon neuronal injury by transforming into neurons
(48) and replacing the injured neurons which cannot regenerate. Therefore, severe
loss of astrocytes due to oxidative stress impairs functions of the brain and its
ability to regenerate injured neurons.

Parkinson’s Disease (PD)

PD is a progressive movement disorder caused by neurodegenerative
processes in the substantia nigra pars compacta in the brain which lead to selective
death of dopaminergic neurons and the degeneration of nerve fibers in the striatum
(7, 49–51). Currently, there is no cure for PD and no therapy capable to delay
the neurodegenerative process. Extensive research studies have been carried out
to uncover mechanisms of PD and understand cellular processes rendering the
substantia nigra neurons particularly susceptible (52). There is a need to develop
a neuroprotective therapy to be able to control the progression of the disease.
Growing evidence indicates that oxidative stress plays a key part. Detailed
investigations of dopamine metabolism have shown that it generates ROS in a
process of the catecholic Fenton-like HO• radicals formation (19):

8
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This reaction sequence is most likely to proceed in substantia nigra
since metal ions, including Fe and Cu cations, are stored in melanin which
accumulates there over the years. Melanin itself is a polymer of dopamine
residues. It is probable that it is formed by the attachment of dopamine oxidation
intermediate which is a semiquinone radical. These reactions make substantia
nigra particularly vulnerable to the development of PD. In addition to this,
mitochondrial dysfunction may lead to the increased ROS production, triggering
pathways leading to cell demise. On the other hand, nitric oxide and superoxide
are generated in microglia, activated in neuroinflammatory responses, and this
is aggravated by α-synuclein, neuromelanin, and matrix metalloproteinase-3,
which are released by damaged dopaminergic neurons. The released nitric oxide
reacts with superoxide to form peroxynitrite, a powerful oxidizing agent which
can be converted to hydroxyl radical. There is no doubt that the oxidative stress
dominates in PD and cause oxidative damage to lipids, proteins, and DNA.
Highly toxic products of oxidative damage, such as 4-hydroxynonenal (HNE),
react with proteins which impair the cell viability (53). The degradation of
proteins by oxidative stress and altered ubiquitination have been implicated as
key to dopaminergic cell death in PD. Oxidative damage to α-synuclein, a protein
of the synaptic area interacting with lipids and controlling dopamine release,
has been observed in PD. It results in the formation of Lewy bodies which are
protein clumps in the brain mainly composed of α-synuclein. Nuber et al. (54)
have studied the effects of exogenous toxins on the induction of PD, including a
strong oxidant, herbicide paraquat. In experiments with paraquat-exposed mice,
they observed an increased calpain activity and an induced pathological cascade
leading to the accumulation of calpain-cleaved insoluble α-synuclein. At the same
time, the autophagy clearance of α-synuclein was inhibited. Recent reports point
to the mutation as the cause of α-synuclein induction of glucose-related protein
(GRP78) which forms clusters in the neuronal plasma membrane, found in PD
patients (55). Therefore, the therapeutic strategy for PD should be based on the
means of reducing the oxidative stress and removal of damaged α-synuclein (56).
Hwang et al. (57) have found that the enzyme NAD(P)H quinone oxidoreductase
(NQO1) provides protection for substantia nigra neurons and they have reported
on the development of a novel drug KMS04014 capable of inducing NQO1
gene expression. NQO1 and also other antioxidant enzymes, regulated by the
transcription factor Nrf2, can serve as target proteins to enable novel therapies
for PD (7).
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Alzheimer’s Disease (AD)

This chronic neurodegenerative disease is characterized with a gradual
deterioration of memory and impairment of brain functions due to the formation of
protein plug in the brain and death of neurons and synapses in the cerebral cortex
and subcortical regions (58–61). While the etiology of AD is poorly understood,
two main mechanisms are usually considered: (i) genetic predisposition and
(ii) environmental effects including oxidative stress (5, 62, 63). Recent studies
have demonstrated compelling evidence of the involvement of oxidative stress
in AD pathogenesis (64). The biochemical mechanisms of plaque formation are
complex and only recently some deeper insights have been gained (62, 65). The
plaques formed in AD are dense insoluble deposits of beta-amyloid peptide Aβ
and cellular material surrounding neurons. There are also tangles (fibrils) which
are protein tau aggregates associated with microtubules that accumulate inside
the neurons. It is generally assumed that AD plaque accumulation is caused by
misfolded amyloid beta protein and tau protein (66) and there is growing evidence
that the immunological mechanisms play a critical role in neuronal damage (63,
67). According to Ehrlich et al. (6), oxidative stress plays a major role in the
impaired clearance of Aβ at the blood-brain barrier. It has been found that platelets
contain high levels of the amyloid precursor protein (APP). In AD, abnormally
high expression of platelet APP fragments (Aβ) is observed (6). Moreover, the
injection of H2O2 affects the fragmentation of APP. Thus, in combination with
an impaired Aβ clearance, the changed APP fragmentation under oxidative stress
plays an important part in the development of AD and β-amyloid angiopathy (6).
Although, there is no cure for AD, many drugs are under development to slow
down the progrssion of AD. In view of the oxidative stress involvement in AD,
treatments with specific antioxidant may prove to be of some value. In fact, the
use of GSH has been shown to counteract APP abnormal fragmentation induced
by H2O2 (6).

Amyotrophic Lateral Sclerosis (ALS) and Frontotemporal Lobar Degeneration
(FTLD)

One common feature of neurodegenerative diseases is the deposition of
protein aggregates in the brain. In the case of ALS and FTLD, the main
agglomerating bodies are RNA-binding proteins (68, 69). ALS is a devastating
neurodegenerative disorder characterized by loss of motor neurons leading to
muscle deterioration, paralysis, and death. There is no cure for ALS and prognosis
is usually limited to 2-3 years. The causes of ALS are not well understood
since diverse processes are involved in the progression of the disease. There is
a growing evidence indicating that oxidative stress is the key mechanism of the
demise of motor neurons, comprising of prominent levels of oxidative damage
markers in spinal cord and cerebrospinal fluid in ALS patients. A mutation of the
antioxidant enzyme Cu/Zn superoxide dismutase 1 (SOD1) has been found in ca.
20% of ALS cases. However, an exact mechanism by which mutant SOD1 would
cause the motor neuron degradation has not been elucidated. The antioxidant
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therapies have been tested in animal models with some success (70–72), for
instance, treatment of ALS in mouse with Withaferin A (72), an inhibitor of
nuclear factor-kappa B activity, was effective in relieving inflammation in
neurons, reducing the concentrations of misfolded SOD1 proteins in the spinal
cord, and diminishing the losses of motor neurons. This resulted in slowing down
the progress of the disease. However, the clinical trials of human ALS have shown
no benefits of antioxidants tested (70). Several mutations in the sequestosome
1 (SQSTM1) gene have recently been reported in ALS patients (73). This gene
encodes p62 protein which is a multifunctional adapter protein mainly involved in
selective autophagy, oxidative stress response, and cell signaling pathways. Thus,
mutation of the SQSTM1 gene can modulate the oxidative stress response on
motoneurons. Similar mutations of SQSTM1 have been found in FTLD patients
(74).

Autism Spectrum Disorder (ASD)

ASD is a pervasive neurological disorder which develops in early childhood
and results in mental retardation, impaired social interaction, strongly diminished
communication skills, and repetitive behavior at young age. The cause of ASD
is poorly understood (75). Recent studies have shown that oxidative stress is
involved in the development of autism in children (76–79). Because of the
increasing occurrence of this disease, it is highly desirable to diagnose the
environmental conditions requiring preventive or medical intervention to control
the development and spreading of the disease. As a solution to this problem,
applying a widespread screening of the biomarkers of oxidative stress has been
considered with the utilization of simple and inexpensive analytical platforms in
field and the points-of-care.

The results of studies performed by different groups suggest that oxidative
stress and impaired antioxidant defenses are the main causes of ASD (76, 77).
While the source of the increased oxidative state may be due to internal problems
including mitochondrial dysfunction and compromised energy metabolism
involving NAD+, NADH, ATP, pyruvate, and lactate, it may also originate from
exogenous oxidants, heavy meatal ions, pesticides and herbicides, and industrial
pollutants. The lipid peroxidation process has been recognized as one of the major
processes leading to highly cytotoxic products. In the reaction of polyunsaturated
fatty acids with ROS, nonenal and malonyldialdehyde are formed. They have
been found in plasma of autistic subjects (78) consistent with the hypothesis
of oxidative stress-induced mechanism of ASD. The increased excretion of
8-isoprostane F2alpha has been observed in the urine of autistic children (80).
Isoprostanes are known to form during the radical attack on arachidonic acid
in cell membrane lipids. Therefore, 8-isoprostane F2alpha can also be utilized
as a marker of oxidative stress. It has been found that the increased oxidative
stress in children with autism is associated with decreased concentrations of
non-enzymatic endogenous antioxidants leading to the deterioration of the
organism ability to counter the oxidative stress. Thus, the levels of glutathione
(GSH), vitamin E, and ascorbic acid have all been found lower in autistic children.

11

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
1

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Also, the concentration ratio of reduced GSH to oxidized glutathione (GSSG)
(77) and SOD activity in erythrocytes (81) were substantially reduced.

Downs Syndrome

Down syndrome (DS) is a chromosomal abnormality of the trisomy 21 leading
to developmental brain disorders and mental retardation (82–84). Oxidative
stress has been implicated in the progression and pathology of DS (82–84). The
imbalance of ROS in DS has been related to overexpression of the copper-zinc
superoxide dismutase (SOD1) enzyme, encoded by trisomic chromosome 21,
as well as to oxidative stress in genes located at other chromosones (85).
The increased H2O2 generated by SOD, in levels higher than catalase and
glutathione peroxidase can convert results in oxidative stress. Increased ROS
levels in the brain may generate subsequent mitochondrial dysfunctions (86),
neurodegeneration and an increased oxidative stress in trisomic cells. Cells
try to compensate this effect by increasing glutathione peroxidase levels. The
increased ROS was also found to contribute to formation of allantoin and uric
acid. Therefore, allantoin and uric acid have been suggested as biomarkers of
oxidative stress in neurological diseases and DS (84). The same study indicated
that antioxidants can modulate production of xanthine and hypoxanthine and
modulate the accumulation of uric acid in DS (84).

Multiple Sclerosis

Multiple sclerosis is a chronic inflammatory disease of the central nervous
system characetrized by focal demyelinating lesions and axonal damage.
Inflammatory processes with infiltrating leucocytes and excessive ROS
production, leading to oxidative stress have been involved in the pathogenesis
of MS (87). ROS species generated in excess by macrophages and activated
mycroglia can induce damage to cellular components including lipids, proteins
and nucleic acids, further weakening the antioxidant defense system, affecting the
blood-brain barrier and causing cell death and tissue injury in processes underlying
MS pathology. The source of free radicals in MS depends on the stage of disease.
Enzymes such as myeloperoxidase, xanthine oxidase and NADPH oxidase
have been involved in oxidative pathways leading to oxidative damage (88).
Inflammation derived ROS and mitochondrial ROS production have both been
suggested to contribute to increased ROS production and initiation of a cascade of
events leading to axonal neurodegeneration in MS. Treatment with antioxidants
such as flavonoids might in principle prevent damage caused by oxidative stress
(89). However, few natural antioxidants showed efficacy in the treatment of
MS and despite progress, evidence of a successful antioxidant treatment in MS
patients is limited. This has been linked with the narrow therapeutic window and
the inability of exogenous antioxidants to cross the blood-brain barrier (88). More
recently artificial antioxidants possessing superoxide dismutase and catalase like
activity have been proposed as therapeutic antioxidants for the treatment of MS.
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For example, cerium oxide nanoparticles, or nanoceria have received a great
deal of attention as neuroprotective agents due to their free radical scavenging
activity and regenerative capability (90). Recent studies in animal models have
shown that nanoceria particles (1-5 nm) can cross the blood-brain and act as
potent antioxidants, inactivating free radicals and alleviate clinical symptoms in
neurodegenerative diseases including MS (91).

Cardiovascular Diseases

Oxidative stress may lead to cardiomyopathy, coronary heart disease (92,
93), and cardiovascular disease by inducing inflammation of heart muscle and
blood vessels (92–95). Vascular complications are often due to the oxidative stress
induced by hyperglycemia in diabetes (96). NAD(P)H oxidase has been associated
with the formation of ROS in the vasculature when the levels of glucose and
advanced glycation end-products (AGE) are high. This results in the depletion of
intracellular NADPH which is a cofactor for NO synthase (NOS). The antioxidant
treatments of diminished levels of NADPH and NOS, and overproduced ROS,
have largely been ineffective.

The oxidative stress may appear as a secondary effect, for instance moderate
hyperhomocysteinemia known to cause dysfunction of cardiovascular autonomic
system has been found to induce liver oxidative stress in rats (97).

Kidney

Urolithiasis

The lipid peroxidation caused by ROS has been associated with urolithiasis
(renal calculus) (98). An increased oxidative stress has been observed during the
renal stone formation (99). The lipid peroxidation is mediated by oxalate anions
under oxidative stress and has been found to induce membrane disruption (100).
Very effective against membrane disruption are SOD, α-tocopherol, and plasma
ascorbate ions (101).

Diabetic End-Stage Kidney Disease

The explosion of diabetes mellitus cases in recent years has led to the
dramatic increase in the end-stage kidney disease, sending hundreds of thousands
of patients for routine dialyses to detoxify their blood. The mechanism of the
development of diabetic end-stage kidney disease (or: diabetic nephropathy)
is not well understood. However, the oxidative stress is a common link for all
pathways involved in diabetes-related complications in microvasculature (102).
Several macromolecules have been involved in the increased ROS production,
including NADPH oxidase, advanced glycation end products (AGE), defects in
polyol pathway, nitric oxide synthase (NOS) and mitochondrial Complex I and III
(102, 103). The unbalanced ROS generation influences the activation of protein
kinase C, different cytokines, and transcription factors which induce enhanced
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expression of genes for extracellular matrix (ECM) resulting in the development of
fibrosis and nephropathy. An early feature of diabetic nephropathy is glomerular
hyperfiltration. The damage to the kidney inflicted by ROS is followed by the
activation of renin-angiotensin system (RAS) which deteriorates the kidney
function beyond repair. Although screening of the ROS generation seems to
be a rational strategy to protect against renal damage, recent reports indicate
that antioxidants do not offer any effective treatments (102). Therefore, the
development of new kinds of nephropathy-specific antioxidants able to diminish
reno-vascular impediments in diabetes would save many lives. Nephropathy in
non-diabetic patients can be caused by ROS attack induced by pathogen invasion,
e.g. during Staphylococcus aureus sepsis (104). The role of oxidative stress in
critically ill patients with acute renal failure has been emphasized by Galle et al.
(105) and Himmelfarb et al. (106).

Liver

The pathophysiology of oxidative stress in liver in small animals with liver
disease has been reviewed and various antioxidant treatment options discussed by
Webb and Twedt (107).

Liver facilitates breakdown of many poisons by inducing the ROS generation.
The unbalanced ROS often cause injury to the liver itself. Thus, the oxidative
stress in liver is often associated with poison digestion. There are some
antioxidants that ameliorate the oxidative stress in liver in various cases. On the
other hand, there are substances that intensify the existing oxidative stress. For
instance, iron ions have been found to induce hepatic oxidative stress in rats (108)
and to aggravate liver injury in diabetic rats through oxidative/nitrative stress
(109). The administration of hesperidin provides shielding against iron-induced
oxidative stress (108). There are many antioxidants that can attenuate hepatic
oxidative stress but because of the complex processes involved in digestion
processes, each type of liver poisoning requires different antioxidants to be
effective. The specific antioxidants reported in various hepatic oxidative stress
range from selenium (110), through less known astaxanthin (111), hesperidin
(108), morin (112), jinlida (113), and berberin (114), to more common and
widely used ones, including: olive oil (115), colocynth oil (115), quercetin (116),
curcumin (117), emblica officinalis (118), and cynnamoyloctopamine antioxidants
from garlic skin (119), as well as vitamins K, B, and others.

Among poisons that induce oxidative stress in liver are: heavy metal ions
(115), such as Cd(II), Pb(II) and others; arsenic (110); nicotine (120); ethanol
(114, 118); cocaine and morphine (121); biomarker of cardiovascular disease
homocysteine (97); chemotherapeutic drugs: doxorubicin, paclitaxel, and
docetaxel (122); other drugs, e.g. acetaminophen (brand name: Tylenol) (123),
methionine (124), etc.; natural carcinogens, e.g. aflatoxin-contaminated food
(116); and industrial pollutants, such as polychlorinated biphenyls (PCB) (125)
and chromates/dichromates (39).

The incresed oxidative stress during pathogen invasion often results in DNA
damage. The most common is the oxidation of guanine into 7,8-oxoguanine
which causes the base pair mismatch GC → GA during DNA replication. The
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8-oxoguanine DNA glycosylase 1 (OGG-1), a base-excision DNA-repair enzyme,
is strongly expressed after pathogen encounter, e.g. during Staphylococcus aureus
sepsis (126) resulting in severe mitochondrial DNA damage caused by ROS
upsurge.

Gastrointestinal (GI) Tract

It is generaly accepted that ROS are produced in the GI tract, though the
pathogenetic mechanisms of these processes have not been elucidated. Under
normal conditions, the GI tract is well protected against ROS by a shielding film
of mucosa. However, the ingested food and microbial pathogens can cause an
oxidative damage to the GI tract followed by an inflammation. According to
Bhattaharyya et al. (127), oxidative stress plays the main role in pathogenesis of
GI diseases, such as: gastrointestinal cancers, peptic ulcers, and inflammatory
bowel disease. An oxidative damage to the GI mucosa can also be done by
drugs (128). For instance, the nonsteroidal anti-inflammatory drugs (NSAIDs),
which are widely used in clinical medicine, such as ibuprofen, ketoprofen, and
naproxen, can cause oxidative damage to the GI epithelial cells and to kidney
membrane, including bleeding and perforation, leading to the dramatic decrease
of the glomerular filtration rate (GFR). Cheng et al. (128) have studied the effect
of several antioxidants on the activity of antioxidant enzymes in human intestinal
cells (Int-407) treated with ketoprofen. It was found that catechin substantially
diminished lipid peroxidation (by 40.5%), decreased ROS level by 30.0% and
increased the activity of glutathione peroxidase, glutathione reductase and total
sulfhydryl groups. Thus, catechin may offer a protection against gastrointestinal
ulcers caused by oxidative stress.

Lungs

Asthma

Asthma is a chronic disease characterized by allergic airway inflammation,
hyper-responsiveness, reversible airflow obstruction, and bronchospasm. The
pathogenesis of recuring symptoms of asthma is complex (129, 130) and involves
multiple pathways, Th2 cytokines, oxidative stress, and other factors. There is
evidence that oxidative stress may be a crucial contributor to the progression
of airway inflammation, induction of mucin secretion, and enhanced airway
hyper-responsiveness. Surprisingly, the increased levels of oxidative stress are
found in asthma patients, not only in their lungs but also in the blood (131). It
has been shown that the oxidative stress can induce allergic inflammation but
it can also result from inflammation (132). The swift generation of ROS in
response to the exposure to allergens causes airway inflammation. Here, ROS act
as messengers inducing NF-κB activator that induces pro-inflammatory cytokines
(133). Also, the generation of ROS in cells enhances the expression of gene of
Th2 cytokine IL-4 which is associated with asthma (134). It has been found that
8-oxoguanine DNA glycosylase 1 (OGG-1), which is a base-excision DNA-repair
enzyme, increases the oxidative stress in lungs and induces inflammation of
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allergic airways by regulating STAT6 and IL-4 in cells and in murine model
(135). Thus, OGG-1 may be involved in modulation of the levels of oxidative
stress and pro-inflammatory cytokines in the course of asthma attacks. The
association of OGG1 with incresed oxidative stress is well known, for instance,
OGG1 is strongly expressed during Staphylococcus aureus sepsis resulting in
mitochondrial DNA damage inflicted by oxidative stress (126).

Reproductive Organs

A clear link between oxidative stress and fertility status has been established.
The increased oxidative stress in tobacco smokers has been found to cause
fragmentation of DNA in sperm and reduced sperm count (136–139). Several
studies report on the association of spontaneous abortion to oxidative stress
(140–142). The premature rupture of fetal membranes has been attributed to
elevated oxidative stress (143). It has been found that mitochondrial superoxide
regulates endothelial dysfunction in pre-eclampsia (144). The observed increase
in PGC-1α expression is thought to induce a protective response to mitochondrial
ROS overproduction by stimulating the release of protein antioxidants.

According to recent studies by Rudov et al. (145), the oxidative stress
is involved in mediation of placental alterations by miRNAs. The increased
oxidative stress-induced DNA damage in fetal cells, evidenced by elevated levels
of 8-oxoG, is expected to persevere due to low levels of OGG1 repair enzyme
and lead to complications in pregnancy (146).

Joints

Rheumatoid Arthritis (RA)

RA is a debilitating disease affecting millions of people, especially at an
older age. An elevated oxidative stress is commonly found in patients with RA
(8). However, since the oxidative stress increases with age, detailed mechanisms
associating RA with oxidative stress need to be investigated. There is a growing
evidence of the involvement of oxidative stress in the development of arthritis,
for instance, the increase in vascular oxidative stress in RA-induced rats has
been implicated in the endothelial dysfunction (147). In model RA rats, the
oxidative stress was triggered by NAD(P)H oxidase and uncoupled endothelial
nitric oxide synthase (eNOS). In the arthritic rat aortas, the levels of nitrotyrosine
and lipid peroxidation product, 4-hydroxy-2-nonenal (HNE), were higher than
in healthy rats, clearly showing the overproduction of reactive oxygen species.
Also, the eNOS was highly expressed in RA rat aortas. The oxidative stress
measurements can be based on the albumin-thiol redox state (8). Interestingly,
the collagen-induced arthritis, studies by Yu et al. (148), can be ameliorated by
fibroblast growth factor 21 (FGF21) through a modulation of the oxidative stress
and suppression of nuclear factor-kappa B pathway.
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Atherosclerosis

Atheroschlerosis is a disease of the arteries involving diffusion and retention
of lipids and proteins into the subendothelial space of the vascular wall (149).
The pathology of atheroschlerosis involves a series of complex cellular events
including endothelial dysfunction, inflammation and neovascularization.

Overproduction of ROS in the vascular wall and the vascular oxidative
stress plays a critical role in artherosclerosis. ROS is produced in the vascular
wall by NADPH oxidase, xanthine oxidase, endothelial nitric oxide synthase
(eNOS) and the mitochondrial electron transport chain (150). Overproduction of
ROS was involved in vascular inflammation and oxidative modifications in the
artery wall from the initial stage through lesion progression (151). Protective
antioxidant enzymes in the vascular wall include SOD, catalase, glutathione
peroxidases and paraoxonases. The imbalance between the ROS producing
enzymes and the ROS-detoxifying systems can result in oxidative damage and
promote atherogenesis through a number of events including mitochondrial
and DNA damage, endoplasmic stress and pro-inflammatory effects leading to
endothelial cell activation, vascular smooth muscle cell proliferation and immune
cell activation (Figure 3). The link between the vascular oxidative stress, nitric
oxide and atherosclerosis has been described in a recent review (82).

Figure 3. The role of oxidative stress in atherosclerosis showing the contribution
of both ROS-generating and ROS-detoxifying systems and their consequences
leading to atherogenesis. Reproduced with permission from Reference (150).

Copyright 2014 Elsevier. (see color insert)
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Skin

Human skin, in general, is very well protecting the organism against
damaging solar UV radiation. A biopolymer, melanin, which is a pigment
of yellow, red, or black color, is present in the skin and absorbs most of the
dangerous UV-B light (wavelength range 280-320 nm) and neutralizes it via
radiationless quenching processes (152). The melanin protection is supported
by another natural sunscreen, trans-urocanic acid (UCA) which is a metabolite
of the amino acid histidine formed from the protein filaggrin in the upper layer
of epidermis. The trans-UCA absorbs UV-B and and is converted to cis-UCA.
It also exhibits immunosuppressive properties and is an excellent antioxidant
and a scavenger of HO• radicals (up to 4 HO• per UCA molecule) (153, 154). In
cases of inadequate melanin and UCA protection, e.g. in light skin complexion
(Caucasians) or during sun exposure after long period of no exposure or illness,
skin cancer may develop. There are three main types of skin cancers: basal cell
cancer, squamous cell cancer, and melanoma. Virtually all skin cancer cases
are caused by UV irradiation, either from the sun or the tanning beds, and they
account for ca. 40% of all cancer cases. The mechanism of carcinogenesis is
not well understood. According to one concept (155), UV radiation is absorbed
by endogenous photosensitizers, such as flavins, porphyrins, and quinones, or
some drugs or bioactive molecules, and it excites these molecules leading to
the generation of ROS and highly reactive radicals able to disrupt biochemical
processes and cause oxidation of DNA, lipids, and proteins. According to another
hypothesis, the inflammation caused by local oxidative stress induces, upon UV
irradiation, the development of skin cancer (156). It has been shown that while
melanin is shielding against UV-B radiation, it can also act as a photo sensitizer
due to the presence of catecholic groups and may contribute to the formation of
ROS and DNA damage (157). The energy of UV absorbed by hydrogen peroxide
and organic peroxides is likely to generate HO• radicals which can damage DNA
(19) inducing carcinogenesis. Therefore, the oxidative stress is involved in skin
cancer development, either as a prerequisite condition or as a secondary cause,
with intermediate ROS generation.

Eyes

Cataract

A powerful antioxidant system protects the eyes from oxidative stress and
damaging effects of constant exposure to factors producing ROS. The major
component of the antioxidant system in eyes is the enzyme superoxide dismutase
(SOD). Three isoforms of SOD: cytosolic copper/zinc–dependent Cu/Zn-SOD
(or SOD1), mitochondrial manganese-dependent Mn-SOD (or SOD2), and an
extracellular Cu/Zn-dependent EC-SOD (or SOD3), catalyze the conversion of
highly reactive superoxide radical anion O2•- to H2O2 which is further reduced
to water by glutathione peroxidase or catalase. Cataract impairs vision due to
lens opacification and is the leading cause of blindness in elderly over the age
of 50. The development of cataract parallels the increase of oxidative stress and
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decrease of antioxidant defences with age (158). The pathophysiology of the
cataract is based on biochemical reactions in which the oxidative stress plays
a central part in both the onset and the progression of a cataract (159). In the
cataractogenous process, proteins contained in the lens become cross-linked by
disulfide bonds forming insoluble aggregates which affect the lens transparency
(160). Increased levels of serum malondialdehyde and decreased levels of SOD
and glutathione peroxidase were also observed. The measurements of the level of
lipid peroxidation products such as the Thiobarbituric Acid Reactive Substances
(TBARS), malondialdehyde and the levels of antioxidant enzymes in the blood
are suggested for the assessment of the oxidative stress and as biomarkers of the
degeneration in the lens (161).

Age-Related Macular Degeneration (AMD)

AMD is a medical condition affecting elderly which results in deterioration
and even loss of vision in the center of the view, called macula. AMD does not lead
to a total blindness since the peripheral vision remains unaffected. AMD is caused
by damage to the retina associated with oxidative stress. Although the exposure to
sun light has been implicated, in vitro experiments do not support any evidence of
direct damage to the retina by normal light levels. It has been found that hydrogen
peroxide causes a considerable damage to retinal pigment epithelial ARPE-19
cells in vitro (162). Treatments with lutein and zeaxanthin, have shown that these
carotenoid pigments completely protect the cells and also they can partially reverse
the H2O2 damage (162). The observed degradative processes in melanosomes
and lysosomes in the retinal pigment epithelium have been attributed to the age-
related incease in oxidative stress associated with the accumulation of phototoxic
short melanin oligomers in lysosomes (163). These oligomers are rich in catechol
moieties capable of mediating ROS generation via Fenton cascade (19). Genetic
predispositions for AMD have also been identified (164, 165).

Other Eye Diseases

Other serious eye conditions attributed to the oxidative stress in inflammatory
processes include: retinitis pigmentosa, diabetic retinopathy, autoimune uveitis,
and keratoconus (166–169).

Blood

Metabolic changes as a result of oxidative stress can be detected in blood.
High levels of ROS can induce biochemical alterations in red blood cells (RBC)
(170). RBC’s oxidative stress affects oxygen delivery which is linked to the
pathology of many diseases (171). The cells are continuously exposed to
endogenous and exogenous sources of ROS including superoxide and hydrogen
peroxide. For the most part, ROS is neutralized by the antioxidant system
(e.g. catalase, glutathione peroxidase); however, excess ROS can react with
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the heme producing heme degradation products that can contribute to RBC’s
oxidative stress, deformability, and cellular stiffness (171). Recent technological
innovations have enabled development of blood tests to assess the body’s oxidative
stress status and evaluate the antioxidant defense system in an individual. Such
tests provide a general ‘oxidative stress index’ regarding the balance between
the oxidative stress (pro-oxidant) and antioxidants; as and indication of early
disease, or disease progression. Several oxidative stress biomarkers can be
monitored in blood including: glutathione, cysteine, glutathione peroxidase, lipid
peroxides, superoxide dismutase and the Total Antioxidant Capacity (TAC). Such
blood tests may be used in disease monitoring and in epidemiological studies.
For example, increased levels of lipid peroxidation were found in blood on
Alzheimer’s disease patients, and dysregulation in copper metabolism were found
in mild cognitive impairment. In the same time, non-enzymatic antioxidants
(e.g. uric acid, vitamins A and E, α and β carotene) were significantly decreased.
Significant oxidative damage was found in peripheral blood early in the process
of neurodegeneration (172). However, several challenges should be considered in
developing a blood based biomarker tests for disease monitoring that can influence
interpretation of oxidative biomarker assays results including: 1) specificity of
measurements as plasma components and oxidative stress markers can be affected
by a series of pathologies, 2) the lack of standardization and sample heterogeneity
with a degree of variability between samples and individuals, 3) the requirement
for validation. An overview of blood based biomarkers for Alzheimer’s disease
has been reviewed by Henriksen et al. which include development challenges
and opportunities (173).

Systemic Diseases

Carcinogenesis

Cancer can form initially in a local tissue but later on spread over to various
distant tissues. The matastasis occurs via circulating cancer cells which separate
themselves from the initial tumor and travel with the blood stream and in lymphatic
system, making cancer a systemic disease.

The pathogenesis of cancer depends on the type of cancer and the host tissue
but it is largely unknown. Different theories point to the genetic roots of cancer,
random mutations, environmental factors, or oxidative stress. The concept of the
involvement of the oxidative stress in development of cancer has been recently
considered by many scientists and clinicians (174, 175). Since ROS is capable
of damaging DNA, proteins and lipids (19), it is rational to expect that under
an oxidative stress, many mutations are created and some of them may switch
oncogenes, such as p53, and the many transcription factors, such as NF-κB, AP-
1, PPAR-γ, Nrf2, β-catenin/Wnt, and HIF-1α, and induce the development of a
cancer. For instance, Nrf2 plays a key role in the regulation of oxidative stress and
inflammation. It has been found that loss of Nrf2 promotes intestinal tumorigenesis
in mice (176). It is commonly assumed that more than one mutation is necessary to
cause cancer. The ways the oxidative stress can activate inflammatory pathways
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and induce cancer have been reviewed by Reuter et al. (3). Schematic view is
presented in Figure 4.

Figure 4. Schematic representation of various activators and inhibitors of
reactive oxygen species production. Reproduced with permission from Reference

(3). Copyright 2010 Elsevier.

While normal cells are sensitive to oxidative stress and may be easily
damaged by ROS, the cancer cells, once formed, have inhibited apoptosis
pathways and upregulated antioxidant defense mechanisms based on glutathione,
SOD, catalase, and others which protect them against ROS, UV radiation, and
lethal drugs (chemotherapy). These defense mechanisms of cancer cells, leading
to multi-drug resistance, pose major challenges in cancer therapy. In order to
sustain the high energy demand of cancer cells to support their high proliferation
rate, alternate metabolic pathways to minimize ROS production have also been
developed by cancer cells. For instance, the glycolytic pathway is guided into
the pentose phosphate pathway (PPP) (177). Also, the aerobic respiration in
mitochondria is in part replaced with the generation of lactate.

In summary, all recent observations and detailed studies indicate that
prolonged oxidative stress, inflammation, and cancinogenesis are interrelated.

ROS in Cancer Treatment

Due to the increased metabolic activity caused by oncogenic stimulation,
cancer cells exhibit a high inherent ROS stress. The main source of ROS
generation in cells is the respiratory electron transfer chain of Complexes I-V
in mitochondria, from where the ROS emanates. In response to the increased
ROS production, the redox signaling induces swift natural cellular defences by
increasing HIF-1α and HIF-2α expression and producing elevated levels of GSH
which protects cancer cells against ROS inflicted damages. The superactive
defence forces create a challenge in cancer therapy because of the developed
immunity of cancer cells and multiple drug resistance (178). The antioxidant
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pathway acts in parallel with other factors such as the expression of antiapoptotic
and proliferation-inducing proteins (179) and the inhibition of mitochondrial
permeability transition pore (mPTP) (180).

The photodynamic therapy (PDT) is a cancer treatment based on the laser light
excitation of a photosensitizer drug to create highly reactive singlet oxygen which
indiscriminately attacks and destroys cells (181). PDT is a potentially curative
therapy for cancers which can be irradiated by power laser beams either directly
from outside or via endoscopes and fiber optic catheters when located deep inside
the body (182). Recently tested targeted drug delivery enables reducing damage
done by singlet oxygen to healthy cells. Significant suppression of tumor growth
in murine model has been attained using passive delivery of a photosensitizer,
3-devinyl-3-(1′-hexyloxyethyl)pyropheophorbide (HPPH), noncovalently
entrapped in a polyethylene glycol (PEG) shell on gold nanocages (183). The
PDT can be augmented by a photothermal therapy (PTT) and enhanced tumor
localization with theranostic photoacoustic (PA) and near-infrared fluorescent
(NIRF) imaging (184). In these studies, cyanine dye photosensitizer-loaded
micelle nanocarriers were employed. Graphene oxide (GO) carriers have
also been used for photosensitizer delivery (185–188). GO modified with
PEG has been loaded with a photosensitizer, 2-(1-hexyloxyethyl)-2-devinyl
pyropheophorbide-alpha (HPPH, branded under the name Photochlor®), by π-π
stacking interactions with unoxidized portions of GO (185). After labeling of
HPPH with 64Cu, the carrier delivery was traced by fluorescence and positron
emission tomography (PET) showing high drug internalization. On the other
hand, low-oxygen graphene carriers, modified with PEG, polypropylenimine
dendrimer polyelectrolyte, and phthalocyanine photosensitizer (186), were
delivered to tumors guided by LHRH peptide. Near-IR irradiation caused a
synergistic PDT/PTT damage to cancer cells.

Yan et al. (187) have designed a PEG-modified GO carriers loaded with a
photosensitizer sinoporphyrin sodium (DVDMS). The fluorescence of DVDMS
was enhanced by intramolecular charge-transfer which prevented the usual
quenching by GO. The carriers were delivered in vivo, intravenously, showing
100% tumor destruction in the theranostic imaging-guided PDT. Lin et al. (189)
have found that PDT with DVDMS causes phototoxic effects including skin
swelling, ulceration, blood coagulation, and other side effects at doses higher than
1 mg/kg which was safe.

High PDT efficiency has been achieved by depositing semiconducting TiO2
nanoparticles on GO directly from Ti(OC4H9)4 (190). The GO@TiO2 nanosheets
upon illumination with blue light have shown considerable ROS generation,
diminution of cell viability, decreased mitochondrial membrane potential, and
significantly lowered activities of superoxide dismutase, catalase and glutathione
peroxidase. The formation of malondialdehyde has also been observed. Cell
death was attributed to the induction of caspase-3. Without irradiation, GO@TiO2
were not cytotoxic.

The PDT has achieved great success in killing tumor cells and appeared to be
very efficient, especially in the initial treatment. However, it often suffers from
challenging immunity of cancer cells and an increased defence against singlet
oxygen in the following treatments rendering them ineffective.
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Despite the challenges caused by increased ROS levels in cancer cells, it is still
promising to exploit the pathways inducing the ROS generation to develop new
approaches to selectively destroy cancer cells via ROS based killing mechanisms.

Diabetes

Diabetes is a complex disorder that affects the body’s abilty to control glucose
levels. Oxidative stress has been identified as a major contributing factor in the
development of both types of diabetes (191) and diabetic complications (192, 193).
Oxidative stress has been linked with the insulin signaling and can potentially lead
to insulin resistance and diabetes. Figure 5 shows the role of oxidative stress and
the complex interrelated mechanisms involved in the insulin signalic pathway.

Figure 5. The role of oxidative stress in the insulin signaling pathway.
Reproduced with permission from Reference (194). Copyright 2011 Elsevier.

Studies have shown an increase in ROS production and oxidative stress
markers in diabetic subjects, associated with a decrease in antioxidant levels
(194). Free radicals can be formed in diabetes by glucose oxidation, nonenzymatic
glycation of proteins and the oxidative degradation products of glycated proteins
(191). Excessive release of ROS have been related to insulin resistance, β-cell
dysfunction, impaired glucose resistance and type 2 diabetes mellitus (195).
Hyperglycemia, shared by both Type 1 and 2 diabetics can induce an increase
in oxidative stress markers. Changes in oxidative stress biomarkers including
superoxide dismutase, catalase, glutathione reductase, glutathione peroxidase,
glutathionelevels, vitamin, lipid peroxidation and their involvement in the
development of diabetic complications have been reviewed (191). The role of
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mitochondria in the pathogenesis of type 2 diabetes has been discussed by Patti and
Corvera (11). Mitochondrial dysfunction can also lead to insulin resistance (195).
Some studies have suggested the use of antioxidants to prevent the generation of
free radicals (196) and provide protective effects to reverse or normalize diabetic
effects. However, there is wide discrepancy among studies (191) and further
evidence is needed to demonstrate the effectiveness of antioxidant therapies.

Aging

Aging is a biological process of living organisms that is driven by irreversible
processes inadvertently leading to the deterioration of functionality beyond the
system’s capacity for self-repair. Detailed analysis of the basic cause of aging
points to the generation of ROS (4, 9) and the damage done by the unbalanced
ROS to the DNA, proteins and lipids. The excess ROS and the subsequent
oxidative stress created induce a range of degenerative diseases that contribute to
the aging process. These diseases can include different organs, such as kidney,
liver of cardiovascular system. But aging is not only a disease. It is mainly a
gradual decrease of the organism’s functionality due the continual depletion of
irreplaceable resources. For instance, skin is being gradually damaged, both by
internal and external oxidative stress. In this case, the external stress is stronger,
as seen in the damaged skin on hands and the face, as compared to the skin on
other parts of the body (197). Clearly, the aging rate of a tissue is determined by
the ratio of the tissue degeneration to its regeneration. The aging of an organism is
more complex than the aging mechanism of any single tissue and there are many
theories of aging spanning from telomere shortening, accumulation of genetic
code errors, to component (organ) failure statistics. It is likely that different aging
mechanisms are superimposd on each other. The involvement of the oxidative
stress in aging and in age-related illnesses is well documented. The oxidative
stress plays an important role in accelerating the aging process (4).

Conclusions

In summary, there is increasing evidence that oxidative stress is central to
the initiation, development and progression of many diseases. The mechanism
of oxidative stress is complex and involves many interrelated processes and cell
signaling patways that vary significantly with the disease model. This chapter
provided a general overview of the oxidative stress related mechanisms in diseases
such as: diseases of the central nervous system, cardiovascular, kidney, liver, skin
and eyes diseases, cancer and aging. Despite significant progress in the study
of oxidative stress, there is still a need to explore the relationship between free
radicals, consequences of free radicals production and the mechanism by which
oxidative stress affects development of disease and its relationship with human
health. Further studies to evaluate the role of antioxidants and other therapeutic
approaches to prevent overproduction of ROS, and regulate the balance between
free radicals and the antioxidant defense system are also needed to develop more
potent therapeutic strategies to prevent oxidative stress, and reduce further damage
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to DNA, proteins, cells and tissues. In vitro, in vivo and clinical studies may
be helpful to further evaluate the role of oxidative stress and antioxidants in the
prevention and development of the wide variety of diseases connected to ROS.
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Chapter 2

Oxidative Metabolism of Estrogens in Cancer
Initiation and Prevention
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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. Loss of these adducts forms
apurinic sites in the DNA that can generate mutations leading
to the initiation of cancer. When estrogen metabolism becomes
unbalanced toward oxidation, 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. With unbalanced estrogen metabolism,
women are six-times more likely to be diagnosed with ovarian
cancer. These results and others in humans and cell culture
indicate that unbalanced oxidative metabolism of estrogens
with formation of estrogen-DNA adducts is a critical event
in the initiation of cancer. Two compounds, N-acetylcysteine
and resveratrol, efficiently block formation of estrogen-DNA
adducts and, thus, are promising agents to prevent cancer.

© 2015 American Chemical Society
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A large body of evidence for oxidative metabolism of estrogens as a
mechanism of carcinogenesis has been derived from experiments on estrogen
metabolism, formation of DNA adducts, mutagenicity, cell transformation
and carcinogenicity (1–3). In fact, unbalanced oxidative metabolism of the
natural estrogens estrone (E1) and estradiol (E2) 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 these electrophilic compounds with DNA to
form the depurinating 4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1-N7Gua adducts
(Figure 1) (1–3). Error-prone repair of the resulting apurinic sites leads to
mutations that can initiate cancer (4, 5).

Figure 1. Major metabolic pathway in cancer initiation by estrogens.
(Reproduced with permission from reference (2). Copyright 2011 Pergamon.)

Evidence for Genotoxicity Pathway in Estrogen Carcinogenesis
The most direct evidence for this pathway of genotoxicity leading to cancer

initiation can be summarized as follows. Evidence that depurinating DNA adducts
play amajor 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 (1–3). A similar correlation between the
sites of formation of depurinating DNA adducts andH-rasmutations was observed
in mouse skin and rat mammary gland treated with E2-3,4-Q (4, 5).

Studies with cultured breast epithelial cells from humans 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 (ER-α)-negative human cell line. When these cells are treated with E2
or 4-OHE2, the depurinating estrogen-DNA adducts are formed (6–9). Treatment
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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 (6, 9–11). The
presence of the antiestrogen tamoxifen or ICI-182,780 does not prevent this
transformation (10). These changes are induced to a much smaller extent by
2-OHE2. These results indicate that transformation is determined by genotoxic
effects of estrogens. When estrogen-transformed MCF-10F cells, which were
selected by their invasiveness, were implanted into severely compromised
immune-deficient mice, the cells induced tumors (12). These results demonstrate
that human breast epithelial cells lacking ER-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 (13). These results demonstrate that
transformation of breast cells by estrogen genotoxicity occurs in both humans and
animals.

Studies of transgenic mice with ER-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 ER-α, mammary tumors develop
in 100% of female ERKO/wnt-1mice, driven by the wnt-1 transgene (14, 15). The
protective methoxyestrogen conjugates were not found in the mammary tissue
of female ERKO/wnt-1 mice, but 4-OHE1(E2) and estrogen-glutathione (GSH)
conjugates, which are formed by the catechol estrogen quinones, were detected
(16). These results indicate that estrogen metabolism in these mice is unbalanced
toward an excess of 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 (17, 18). The mammary tumors developed
even in the presence of the implanted anti-estrogen ICI-182,780 (19). These
results provide strong evidence for the critical role of estrogen genotoxicity in
tumor initiation.

The “mainstream” proposed pathway for estrogen carcinogenesis is that ER-
α-mediated events increase the rate of cell proliferation, giving cells less time to
repair randommutations induced by unknown causes. This unproven hypothesis is
belied by a variety of evidence, most directly by the difference in carcinogenicity
of the 2- and 4- catechol estrogen metabolites.

The catechol estrogens 4-OHE1(E2) and 2-OHE1(E2) were 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
(20, 21). 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
(22). 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
(23), whereas the catechol estrogen-2,3-quinones react with DNA by 1,6-Michael
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addition via an intermediate quinone methide (24). For this reason, E1(E2)-3,4-Q
react with DNA to a much greater extent than the E1(E2)-2,3-Q (25), forming
97% of the depurinating adducts found in humans (26).

In summary, evidence from studies of carcinogenesis in animal models and
malignant transformation of human and mouse mammary cells supports the
hypothesis that estrogens initiate cancer by a genotoxic mechanism.

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. A
large amount of quinone reacting 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 the estrogens E1 and E2 from
androgens, catalyzed by CYP19 (aromatase) (Figure 2). When this enzyme
is over-expressed, a large amount of estrogen is produced. The estrogens are
metabolized via two major pathways: 16α-hydroxylation (not shown in Figure
2) and formation of the catechol estrogens, 2-OHE1(E2) and 4-OHE1(E2). The
formation of 4-OHE1(E2), catalyzed by CYP1B1, is of critical importance.

The catechol estrogens are oxidized through estrogen semiquinones to
the reactive catechol estrogen quinones. Molecular oxygen can oxidize the
semiquinones to quinones (Figure 2). In turn, the estrogen quinones can be
reduced to semiquinones by CYP reductase. This reaction completes the redox
cycle. In this process, the molecular oxygen is reduced to superoxide anion
radical, which is converted to H2O2. In the presence of Fe2+, H2O2 yields the
reactive hydroxyl radicals. Formation of lipid hydroperoxides can occur as
the first damage by hydroxyl radicals. The lipid hydroperoxides can act as
unregulated cofactors of cytochrome P450; 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, the
ultimate carcinogenic metabolites of estrogens.

Conjugation of the catechols to form glucuronides, sulfates or
methoxyestrogens is very abundant in the liver, but in extrahepatic tissues the
major conjugation is formation of methoxyestrogens, catalyzed by the protective
enzyme catechol-O-methyltransferase (COMT). If the activity of COMT is
insufficient, the oxidation of catechols to semiquinones and quinones becomes
competitive (Figure 2). 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 (NQO1 and NQO2) (27, 28). Once again, if these two protective events
are insufficient, the quinones can react with DNA (Figure 2). A relatively large
amount of the depurinating 4-OHE1(E2)-1-N3Ade and 4-OHE1(E2)-1 N7Gua
adducts indicates unbalanced estrogen metabolism. This occurs only when the
oxidative events overcome the protective events. Inhibition of adduct formation
can be achieved by increased activity of the protective enzymes COMT and
NQO1 and/or NQO2, or decreased activity of the oxidative enzymes CYP19
and CYP1B1.
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Figure 2. 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. (Reproduced with permission from reference (2).

Copyright 2011 Pergamon.) (see color insert)

Levels of Estrogen-DNA Adducts in Humans 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 (1–5). 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 (26, 29–34). Higher levels of depurinating estrogen-DNA
adducts have been detected in analyses of urine or serum from women and men
who have been diagnosed with cancer, compared to healthy controls who have
never had cancer: breast, ovarian and thyroid cancer in women (26, 29, 32–34)
and prostate cancer and non-Hodgkin lymphoma in men (30, 31).
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Breast Cancer

In addition to women diagnosed with breast cancer, women that are at high
risk for breast cancer have higher levels of these adducts (Figure 3) (26, 29, 32). In
the largest of three such studies (32) (approximately 80 women per group), a serum
sample was obtained from women at normal or high risk for breast cancer (Gail
Model score >1.66% (35) 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).

Figure 3. Ratio of depurinating estrogen-DNA adducts to estrogen metabolites
and conjugates in serum of healthy women, high-risk women and women with
breast cancer. (Reproduced with permission from reference (32). Copyright

2012 Pergamon.)

The risk of developing breast cancer was measured as the ratio of depurinating
estrogen-DNA adducts to their respective estrogen metabolites and conjugates
(Figure 3) because this ratio indicates the degree of imbalance in a person’s
estrogen metabolism. 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%)

40

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
2

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1200.ch002&iName=master.img-002.jpg&w=308&h=282


(26, 29, 32). 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.

Subject characteristics did not affect the highly significant differences
observed between the normal risk women and the women at high risk for breast
cancer or diagnosed with it. Thus, these studies demonstrate that unbalanced
estrogen metabolism leading to increased levels of estrogen-DNA adducts is
associated with high risk of developing breast cancer. This study (32), as well as
the other two studies of women with and without breast cancer (26, 29), provide
strong evidence that formation of estrogen-DNA adducts is a critical factor in the
etiology of breast cancer.

Thyroid Cancer

Well-differentiated thyroid cancer most frequently occurs in premenopausal
women, and greater exposure to estrogens may be a risk factor for this type
of cancer. To investigate the role of estrogens in thyroid cancer, a spot urine
sample was obtained from 40 women with thyroid cancer and 40 age-matched
controls (33). Thirty-eight estrogen metabolites, conjugates and DNA adducts
were analyzed by using UPLC-MS/MS, and the ratio of adducts to metabolites
and conjugates was calculated for each sample. The ratio of depurinating
estrogen-DNA adducts to estrogen metabolites and conjugates significantly
differed between cases and controls (p<0.0001, Figure 4), demonstrating high
specificity and sensitivity (33). These findings indicate that estrogen metabolism
is unbalanced in thyroid cancer and suggest that formation of estrogen-DNA
adducts might play a role in the initiation of thyroid cancer, as well as breast
cancer.

Ovarian Cancer

Greater exposure to estrogens is a risk factor for ovarian cancer. To investigate
the role of estrogens in ovarian cancer, a spot urine sample and a saliva samplewere
obtained from 33 women with ovarian cancer and 34 age-matched controls (34).
Thirty-eight estrogen metabolites, conjugates and DNA adducts were analyzed in
the urine samples by using UPLC-MS/MS, and the ratio of adducts to metabolites
and conjugates was calculated for each sample. The ratio of depurinating estrogen-
DNA adducts to estrogen metabolites and conjugates was significantly higher in
cases compared to controls (p<0.0001, Figure 5), demonstrating high specificity
and sensitivity. DNAwas purified from the saliva samples and analyzed for genetic
polymorphisms in the genes for two estrogen-metabolizing enzymes. Womenwith
one or two high-activity alleles of CYP1B1 and two low-activity alleles of COMT
had higher levels of estrogen-DNA adducts and were more likely to have ovarian
cancer (Table 1) (34). In fact, women with two low-activity alleles of COMT plus
two high-activity alleles of CYP1B1 were six times more likely to have ovarian
cancer. These findings indicate that unbalanced estrogen metabolism leading to
formation of estrogen-DNA adducts plays a critical role in the initiation of ovarian
cancer.
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Figure 4. Ratio of urinary depurinating estrogen-DNA adducts to estrogen
metabolites and conjugates for women diagnosed with thyroid cancer (cases) or
not diagnosed with cancer (controls). The dotted line representing a ratio of 30
is the cross-over point for sensitivity and specificity of the ratio. Insert: Ratios
presented as median values and ranges (min to max). The diamonds represent
the mean values. (Reproduced with permission from reference (33). Copyright

2013 John/Wiley & Sons, Inc.)

In summary, the observation that women at high risk for breast cancer have
significantly higher levels of estrogen-DNA adducts, coupled with the finding
that women with unbalanced estrogen metabolism due to polymorphisms in
COMT and CYP1B1 are more likely to have ovarian cancer, strongly supports
the hypothesis that formation of estrogen-DNA adducts plays a critical role in the
etiology of certain types of human cancer. These approaches can be used with
other types of cancer to ascertain the role of unbalanced estrogen metabolism and
formation of estrogen-DNA adducts in their etiology.
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Figure 5. Ratio of urinary depurinating estrogen-DNA adducts to estrogen
metabolites and conjugates for women diagnosed with ovarian cancer (cases) or
not diagnosed with cancer (controls). The dotted line representing a ratio of 43
is the cross-over point for sensitivity and specificity of the ratio. Insert: Ratios
presented as median values and ranges (min to max). The diamonds represent
the mean values. (Reproduced with permission from reference (34). Copyright

2014 John/Wiley & Sons, Inc.)

Cancer Prevention by N-Acetylcysteine and Resveratrol

In the catechol estrogen pathway of metabolism, E1 and E2 are oxidized to
2-OHE1(E2) and 4-OHE1(E2) (Figure 2). CYP1B1 catalyzes the formation of
4-OHE1(E2) almost exclusively. The compounds that we have selected for cancer
prevention exert their influence at various levels of oxidation of 4-OHE1(E2),
namely, formation of semiquinones and then quinones, followed by reaction of
E1(E2)-3,4-Q with DNA to form depurinating adducts. Ninety-seven percent of
the adducts arise from the reaction of E1(E2)-3,4-Q with DNA (26).
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Table 1. Descriptions and t-tests for association between the DNA adduct
ratio and having one or two high activity CYP1B1 alleles in the presence of
being homozygous for the mutant allele resulting in low COMT activity.
(Reproduced with permission from reference (34). Copyright 2014

John/Wiley & Sons, Inc.)

Risk combination n

Mean
adduct ratio

(SD)
T-test

(p-value)
Ovarian Cancer
OR (95% CI)

CYP1B1 GC or GG +
COMT AA
No
Yes

52
13

49.7 (36.8)
91.4 (64.9)

-2.43
(0.018)

Reference
2.84 (0.77-10.4)

CYP1B1 GG +
COMT AA
No
Yes

59
6

51.9 (37.6)
118.5 (79.5)

-2.43
(0.018)

Reference
5.93 (0.65-53.9)

We have selected compounds for keeping the metabolism of estrogens in
balance, resulting in minimal amounts of formation of catechol estrogen quinones
and their reaction with DNA. Two compounds 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 (9,
13, 36–38). The effect of N-acetylcysteine (NAcCys) in reducing formation of
estrogen-DNA adducts in MCF-10F cells treated with 4-OHE2 (37) is due to the
reaction of NAcCys with E2-3,4-Q and the reduction of E2-3,4-semiquinone to
4-OHE2 (Figure 2) (39). Resveratrol also reduces E2-3,4-semiquinone to 4-OHE2
(Figure 2) (9, 36). In addition, resveratrol induces NQO1, which catalyzes
the reduction of E2-3,4-Q to 4-OHE2 (27), thereby limiting reaction of the
quinone with DNA (Figure 2). Resveratrol displays another important effect by
modulating the action of CYP1B1 (9). When MCF-10F cells are treated with
4-OHE2 plus NAcCys and resveratrol mixed together, the two compounds display
an additive effect in reducing the formation of estrogen-DNA adducts by the cells
(Figure 6) (38). 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 (38).

Resveratrol was also found to inhibit the malignant transformation of MCF-
10F cells, which do not contain ER-α, treated with E2 (9). This was seen in a set
of experiments in which MCF-10F cells were treated with E2 plus the CYP1B1-
inducer dioxin (TCDD) (9). When the cells were treated with TCDD plus E2,
higher levels of estrogen-DNA adducts were formed than when E2 alone was used
(Figure 7A). Similarly, with E2 plus TCDD, more transformed cells were detected
than with E2 alone (Figure 7B). In either case, inclusion of Resv in the culture
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medium resulted in undetectable levels of estrogen-DNA adducts and significantly
lower numbers of transformed cells (Figure 7) (9). NAcCys was also 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 (13).

Thus, the use of these two compounds 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 people.

In fact, in a pilot study with 21 healthy women treated for 90 days with a
protocol that reduced oxidative stress and provided NAcCys and resveratrol, 16
of the women showed significant reduction in their level of urinary estrogen-DNA
adducts, four women showed no significant change and one woman showed an
increase (Figure 8) (40).

Figure 6. Effects of NAC, Resv, or NAC + Resv on the formation of depurinating
estrogen-DNA adducts in MCF-10F cells treated with 4-OHE2. The number
above each bar indicates the percent inhibition compared to treatment with
4-OHE2 alone. (Reproduced with permission from reference (38). Copyright

2011 Elsevier Inc.)
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Figure 7. (A) Levels of depurinating DNA adducts in MCF-10F cells pretreated
with TCDD with and without Resv and treated with increasing concentrations of
E2 for 24 h. The levels of DNA adducts in Resv pretreated cells are significantly
lower than those in the cells not pretreated with Resv, p < 0.05 as determined
by ANOVA. The DNA adduct levels were corrected for recovery and normalized
to cell numbers. Columns, mean of triplicate cultures from three experiments;
bars, SD. (B) Antitransformation effects of Resv on E2-induced transformation of
MCF-10F cells. MCF-10F cells were pretreated with TCDD with and without
Resv, then treated with E2. The results are expressed as colony efficiency (%):
The number of colonies formed per number of cells plated x 100. Columns, mean
of assays from triplicate experiments; bars, SD: p < 0.05. A negative control was
conducted with MCF-10F cells cultured without any treatment. Two positive

controls were included. One was cultured MCF-7 cells, which are a transformed
cell line. In the other, MCF-10F cells were transformed with benzo[a]pyrene
(BP). (A and B reproduced with permission from reference (9). Copyright 2008

American Association for Cancer Research.)
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Figure 8. Assessment of DNA adduct ratios (n=21) before women began daily
self-administration of NAcCys and Resv and after three months of the dietary

supplements. (Reproduced with permission from reference (40).)

Conclusions

Oxidative metabolism of the natural estrogens E1 and E2 results in the
formation of catechol estrogen quinones. With unbalanced metabolism, excessive
amounts of E1(E2)-3,4-Q are formed and react with DNA to generate depurinating
estrogen-DNA adducts and apurinic sites. Error-prone repair of the apurinic sites
can lead to mutations that initiate cancer. This pathway of cancer initiation has
been studied in cell culture, laboratory animals and humans.

The depurinating estrogen-DNA adducts 4-OHE1(E2)-1-N3Ade and
4-OHE1(E2)-1-N7Gua have been detected in human urine and serum by using
UPLC-MS/MS. The observation of high ratios of estrogen-DNA adducts to
estrogen metabolites and conjugates in women at high risk for breast cancer,
as well as woman diagnosed with the disease, provides strong evidence that
formation of these adducts is a critical factor in the initiation of breast cancer.
Similarly, women with ovarian cancer are more likely to have a genetic
polymorphism in the estrogen-activating CYP1B1 that has higher than normal
and a polymorphism in the estrogen-protective enzyme COMT that has lower
activity than normal. These genetic polymorphisms result in unbalanced estrogen
metabolism leading to cancer initiation. This finding also provides evidence on
the role of estrogen-DNA adducts in the initiation of ovarian cancer.

Dietary supplements that inhibit the formation of catechol estrogen quinones
and/or inhibit their reaction with DNA reduce the levels of estrogen-DNA adducts

47

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
2

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1200.ch002&iName=master.img-007.jpg&w=302&h=220


in women who take these supplements on a daily basis. All of these findings
suggest that these dietary supplements are prime candidates to block formation
of the oxidative metabolism of estrogens leading to adduct formation and, thus,
cancer initiation.
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Chapter 3

Oxidative Stress, Redox Homeostasis and
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NF-κB is a multifunctional redox sensitive transcription
factor. In neurodegenerative disorders such as Alzheimer’s,
Huntington’s, Parkinson’s disease and amyotrophic lateral
sclerosis (ALS), inducible NF-κB activation is observed in glial
cells (astrocytes and microglia) as an inflammatory response
that regulates the expression of cytokines, chemokines and
adhesion molecules as well as the generation of reactive
oxygen (ROS) and nitrogen species (RNS). As such, NF-κB
activation is thought to contribute to neuronal loss. However,
there is strong evidence demonstrating that in neurons, NF-κB
protects against cell death progression by regulation of
anti-apoptotic genes. Understanding the molecular pathways
involved in NF-κB activation during neurodegeneration and
its downstream signaling mediating pro-survival, pro-death
and inflammatory responses will provide novel targets for
therapeutic intervention. In this chapter we revise the role of
NF-κB in neurodegeneration, its role in oxidative stress and
antioxidant defense in the brain, and its regulation by redox
homeostasis and oxidative stress.

Introduction

Inducible regulation of gene expression allows organisms to respond and
adapt to stress conditions. Signal transduction mediated by the nuclear factor

© 2015 American Chemical Society
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kappa-light-chain-enhancer of activated B cells (NF-κB) family of transcription
factors plays a pivotal role in a myriad of cellular responses to stress conditions
including host immune and inflammatory responses, regulation of cell death and
survival signals and antioxidant defenses. Stimulation of the NF-κB pathway
is mediated by diverse signal transduction cascades. Dysregulation of NF-κB
signaling can contribute to human diseases such as cancer, chronic inflammatory
diseases, heart disease, autoimmune and neurodegenerative disorders (1).

NF-κB activation has involved in neurodegenerative disorders where
inflammation has been proposed as a causative mechanisms contributing
to neuronal cell death (2, 3). Interestingly, there is also strong evidence
demonstrating that in neurons, NF-κB signaling primarily protects them from cell
death progression (4, 5). It is still poorly understood the exact role of NF-κB
signaling in neuronal cell loss linked to neurodegeneration. Furthermore, the
molecular mechanisms involved in its regulation/activation and downstream
effects are still unclear. However, evidence so far highlights the potential for
targeted therapeutic intervention of NF-κB signaling in neurodegeneration. In the
present chapter, we discuss the role of oxidative stress / redox homeostasis on
NF-κB signaling and its implications in neurodegeneration.

The NF-κB Signalosome: A Brief Summary

Mammalian NF-κB signaling is mediated by dimeric transcription factors
from the Rel homology domain or region (RHD or RHR)-containing protein
family that includes RelA (p65), RelB, c-Rel, p50 and p52. p50 and p52
are processed via the ubiquitin-proteasome system (UPS) from the p105
(NF-κB1) and p100 (NF-κB2) precursor proteins, respectively. The RHD is a
structurally conserved 300 amino acid sequence, which contains the dimerization,
nuclear localization, and DNA binding domains. NF-κB refers to homo- and
heterodimeric DNA binding complexes as the result of dimerization of the five
monomers. From the 15 possible dimer combinations only 9 have potential
transcriptional activity (p50 and p52 only dimers lack transcriptional activity and
RelB and RelA, c-Rel or RelB only dimmers do not bind DNA). NF-κB dimer
availability is regulated transcriptionally and homeostaticaly in a cell type and
stimulus (environment) specific manner (Figure 1) (6–8).

NF-κB dimers are negatively and stochiometrically regulated by IκB
inhibitors via binding through IκBs’ ankyrin repeat domain (ARD). IκB proteins
identified include IκBα, IκBβ, IκBε, and the precursor proteins p100 (IκBγ)
and p105 (IκBδ), this last two with non-classical IκB activity as high molecular
weight complexes (IκBsome). NF-κB dimers bound to IκBs are sequestered in the
cytoplasm. Two major general signaling pathways lead to the activation of NF-κB
that relies on inducible phosphorylation of IκBs, leading to nuclear translocation
of NF-κB complexes. Canonical NF-κB activation is mediated by IκB kinase
(IKK) trimeric complexes composed of two catalytic subunits, IKKα (IKK1)
and/or IKKβ (IKK2), and the NF-κB essential modulator (NEMO, also known as
IKKγ) (6), which act on IκBα, IκBβ, IκBε and p105 (IκBγ). Noncanonical NF-κB
is mediated by complexes requiring IKKα and the NF-κB inducing kinase (NIK)
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acting on p100 (IκBδ). NIK activates IKKα, whereas IKKβ can be activated by
multiple kinases (9). Phosphorylated IκBs are subsequently degraded by the UPS,
or in the case of p100 and p105 processed to p52 or p50 monomers (Figure 1) (6,
7). Nuclear IκB proteins Blc-3, IκBζ and IκBNS are primarily localized in the
nucleus and bind specifically homodimers also regulating gene expression. IκB
proteins are thought to associate preferentially with a specific subset of NF-κB
dimmers (6–8). However, the specific role of each IκB protein in regulating
NF-κB signaling is still not understood completely.

Figure 1. NF-κB dimers are sequestered in the cytosol when bound to IκB
proteins, including the IκB-like function of p100 and p105. Stimulus-induced
phosphorylation of IκB by IKK complexes induces its degradation or processing
via the UPS. Canonical activation of NF-κB is mediated by the trimeric complex:
IKKα and/or IKKβ, and NEMO. Noncanonical activation involves IKKα dimers.
While a number of kinases activate canonical complexes, NIK is primarily

involved in noncanonical activation of NF-κB signaling. Released NF-κB dimers
translocate to the nucleus to mediate transcription. MEKK3, MAP/ERK kinase

kinase 3.
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NF-κB signaling is controlled by a number of additional mechanisms. In
the nucleus NF-κB dimers bind to κB sites within the promoters/enhancers of
target genes and regulate transcription through the recruitment of co-activators
and co-repressors. The C-terminal regions of RelA, RelB and c-Rel contain a
transactivating domain that is important for NF-κB-mediated gene transactivation.
Acetylation of NF-κB is important for its activation and resistance to the inhibitory
effects of IκB binding. RelA degradation via nuclear proteasomes has also been
proposed as a mechanism to terminate NF-κB signaling. NF-κB signaling is
modified and modulated at every single step in its signaling cascade by distinct
signaling pathways (6–8). In addition, NF-κB signaling system components such
as IKKα or IKKβ, affect the function of many other signaling pathways and
transcription systems in a NF-κB-independent manner (1).

Oxidative Stress and Neurodegeneration

Oxidative stress is defined as the increase in the steady-state levels of reactive
species of oxygen (ROS) or nitrogen (RNS) and their oxidative byproducts, as a
result of increased production or impaired antioxidant mechanisms. Oxidative
damage arises when oxidative modifications in biomolecules (proteins, lipids
and nucleic acids) cannot be repaired or efficiently turned over and thus, cellular
dysfunction persists. ROS, primarily superoxide anion (O2●-), are generated as
either a byproduct of metabolism, mitochondrial dysfunction, or activation of
ROS generating systems such as the nicotinamide adenine dinucleotide phosphate
(NADPH)-oxidases (NOX). In general it is considered that generation of one
ROS has the potential to convey a cascade that generates distinct and more
reactive species. O2●- can be dismutated by O2●- dismutases (SODs) generating
hydrogen peroxide (H2O2), which in the presence of metals (Fenton-like reactions)
can produce the highly reactive hydroxyl radical (OH●) (Figure 2) (10–12).
RNS are primarily derived from the formation of nitric oxide (NO●) by nitric
oxide synthases (NOS). In the presence of O2●-, NO● generates peroxynitrite
(ONOO-) (Figure 2) (13). Additional sources of reactive species exist. In
glial cells, myeloperoxidases (MPOs) are peroxidase enzymes that produce
hypochlorous acid (HOCl) from H2O2 using heme as a cofactor (14) (Figure 2).
Cyclooxygenases (COXs) are also known to generate ROS as a byproduct of the
metabolism of arachidonic acid. COXs metabolize arachidonic to prostaglandin
G2 (PGG2) and produce peroxyl radicals. COXs also possess a heme-containing
active site that provides peroxidase activity that may oxidize various co-substrates
and produce O2•- (15).

Intrinsic cellular antioxidant mechanisms maintain a tight homeostatic
control of ROS/RNS generated under physiological conditions, and help detoxify
their excessive accumulation in pathological conditions (Figure 2). Catalase
enzymatically decomposes H2O2 to H2O and O2 and is primarily localized in the
peroxisomes (10–12). Glutathione (L-γ-glutamyl-L-cysteinyl-glycine, GSH) is
the most abundant non-protein thiol in mammalian cells acting as a major reducing
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agent for antioxidant defense against peroxides via the enzymatic activity of GSH
peroxidases (Gpxs) and peroxiredoxin 6, and the detoxification of electrophiles
via the action of GSH-S-transferases (GSTs) (16). Heme-oxygenase (HO) is a
microsomal enzyme that catalyzes heme degradation playing an important role in
Fe2+ recycling. HO activity results in decreased oxidative stress by removal of
heme, a potent pro-oxidant (Figure 2) (17). NF-κB signaling has been reported to
directly regulate the transcription of both ROS/RNS generating enzymes (NOXs,
NOS, COX-2) and antioxidant defenses (GCLC, GCLM, SOD1 [CuZnSOD],
SOD2 [MnSOD], HO-1). A seemingly complete list of genes regulated by NF-κB
is found in (http://www.bu.edu/nf-kb/).

Neurodegenerative diseases are defined as hereditary or sporadic conditions
characterized by progressive and selective neuronal cell loss, which include:
Alzheimer’s Disease (AD) and other dementias, Parkinson’s Disease (PD),
Huntington’s Disease (HD), Amyotrophic Lateral Sclerosis (ALS or Lou Gehrig’s
Disease), and others. Solid evidence has demonstrated that oxidative stress plays
a central role in the initiation of neuronal damage in neurodegeneration. We next
briefly summarize the main proposed mechanisms involved in oxidative stress
in neurodegenerative disorders (Figure 2), but more detailed information can be
found elsewhere (18–21).

Alzheimer’s Disease (AD)

AD primarily affects neuronal populations in the cerebral cortex and
hippocampus. Among the characteristics found in postmortem brains of AD
patients are senile plaques, which contain amyloid-β peptide (Aβ) derived from
the amyloid precursor protein (APP). Neurofibrillary tangles are also found
in postmortem brains of AD patients containing pathologically aggregates
of hyperphosphorylated tau protein (22). Accumulation of byproducts of
biomolecule oxidative damage has been found in brains from AD and mild
cognitive-impairment (MCI) patients (23, 24), as well as in transgenic AD mouse
models (25). Previous studies implicate Aβ as the mediator of oxidative stress
(26). AD pathogenesis may be influenced by early life exposures to toxic metals
(27). Aβ interacts with several metal ions such as Fe+2 and Cu+2 to mediate
the production of H2O2 and OH• (28) (Figure 2). Mitochondrial dysfunction
in AD has been related to the accumulation of Aβ within mitochondria (29).
The receptor for advanced glycation end products (RAGE) and perturbations in
neuronal Ca2+ homeostasis have also been proposed to mediate mitochondrial
dysfunction and ROS formation (30, 31). MPO levels have been found increased
in AD brains (32), while COX-2 inhibition is reported to improve the memory and
synaptic plasticity in AD models (33, 34). Aβ and ApoE epsilon 4 allele (ApoE4),
a risk factor for AD, induce an increase in NOS expression and NO•/ONOO-

generation in glial cells. However, whether NOS activation depends on cytokine
release and/or canonical or noncanonical NF-κB signaling remains unclear
(35–39). Aβ has also been shown to induce COX-2 upregulation via NF-κB in
catecholaminergic cells (34).
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Figure 2. Oxidative stress in neurodegenerative diseases. (1) Mitochondrial
dysfunction is the primary source for ROS in neurodegenerative disorders. O2●-
can lead to the generation of a number of reactive species including ONOO- and
●OH. (2) Antioxidant defenses maintain a tight control in the redox balance of
the cell. Catalase and Gpxs catalyzes the decomposition of peroxides and also
regulate redox signaling mediated by oxidative post-translational modifications.
(3) In the brain, the extracellular environment is a major contributor to oxidative
stress. Activation of glial cells by cytokines or misfolded protein aggregates
(Aβ-plaques) leads to the production of reactive species that can target

neuronal populations. Ca2+ increase by excitatory amino acids also mediates
mitochondrial dysfunction and activation of ROS/RNS generating systems. (4)
Misfolded protein aggregates also contribute to oxidative damage by aberrant
redox chemistry involving their interaction with metals. (5) Transcriptional

regulation of NOX and NOS upon activation of the NF-κB by (oxidative) stress or
cytokines contributes to ROS/RNS formation. Both NF-κB and Nrf2 activation
regulates the expression of antioxidant defenses.GR, GSH-reductase; EcSOD,

extracellular SOD.

Parkinson’s Disease (PD)

PD is a neurodegenerative disorder characterized by the selective loss of
A9 dopaminergic neurons of the substantia nigra pars compacta (SNpc). The
accumulation of α-synuclein in intraneuronal proteinaceous inclusions known
as Lewy bodies is the pathological hallmark of PD (40, 41). A fraction of PD
occurrence is related to mutations in genes such as α-synuclein (SNCA), DJ-1
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(PARK7), PTEN-induced putative kinase 1 (PINK1), leucine rich repeat kinase
2 (LRRK2) and parkin (PARK2). However, 90% of PD cases occur in a sporadic
(idiopathic) form without a defined genetic basis. The major risk factor identified
for PD is aging as its occurrence increases exponentially from ages 60 to 90
(42, 43). Epidemiological evidence shows an increase in the risk of developing
PD upon the exposure to environmental toxicants and inflammatory processes
(44). Oxidative damage to biomolecules including lipids, proteins and DNA
is found in the cerebrospinal fluid (CSF) of PD patients and post-mortem PD
brains (45–51). SNpc dopaminergic cells have high levels of basal oxidative
stress compared to other dopaminergic neuronal populations (52). In addition, a
decrease in the activity of the mitochondrial ETC is found in the SNpc of patients
with PD (53–55) suggesting that oxidative stress is linked to mitochondrial
dysfunction. PD-associated genes have also been shown to modulate or induce
oxidative stress in dopaminergic cells. Accumulation of α-synuclein has been
suggested to trigger mitochondrial oxidative stress (56). DJ-1, PINK1 and
Parkin deficiency or mutations render cells more susceptible to oxidative stress
and mitochondrial dysfunction (57–60). Gain-of-function of LRRK2 mutations
disturb mitochondrial dynamics leading to increased ROS formation (61).

Metal-induced ROS generation has also been postulated to contribute to
oxidative damage in PD (62). Metal ions bind to α-synuclein to induce ROS
formation and dopamine (DA) oxidation (63, 64). Increased Fe+2 deposition and
increased free Fe+2 concentrations have been found in the SNpc of PD brains,
which may lead to increased generation of OH• (65). Oxidative stress in PD is
also associated with the pro-oxidant properties of DA. which is either metabolized
by monoamine oxidase (MAO) to generate H2O2, or auto-oxidized in the presence
of Fe+2 generating O2•-, H2O2 and DA-quinone species (DAQ) (66). NOX, NOS,
MPO and COX-2 also mediate ROS generation in dopaminergic and microglial
cells upon treatment with PD-related toxicants (67–76), which seems to involve
NF-κB signaling (77).

Huntington’s Disease (HD)

HD is an autosomal dominant neurodegenerative disorder caused by
CAG trinucleotide repeat expansion in the exon-1 of the huntingtin (Htt) gene
(IT15). Mutant (mt)-Htt containing polyglutamine repeats becomes misfolded,
aggregates and resists degradation (78–80). Several biomarkers of oxidative
stress including lipid peroxidation, nucleic acid and protein oxidation byproducts,
are increased in HD brains, and in the serum and leukocytes of patients
diagnosed with HD (81–90). Mt-Htt selectively affects medium spiny striatal
neurons, and oxidative stress together with mitochondrial dysfunction have been
implicated in the pathology of HD (91). Transgenic mice expressing mt-Htt
gene develop a progressive neurologic disorder and present increased levels
of oxidative stress (92). Striatal cells expressing mt-Htt show higher levels of
mitochondrial-generated ROS and mitochondrial DNA damage (93). Impaired
activity of the electron transport chain (ETC) and tricarboxylic acid cycle enzymes
has been found in brains of HD patients (94–96). Succinate dehydrogenase (SDH)
or complex II subunits Fp (FAD) and Ip (iron–sulphur cluster) are found reduced
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in HD brains and in striatal neurons overexpressing the N-terminal fragment of
mt-Htt. Accordingly, administration of complex II inhibitors such as malonate
and 3-nitropropionic acid (3-NP) in vivo induce both biochemical and clinical
alterations that resemble those in HD. The iron–sulphur containing dehydratase
aconitase, is one of the most affected tricarboxylic acid cycle enzymes in HD (94).
3-NP toxicity is enhanced by DA (97, 98). In addition, 3-NP induces a decrease
in ATP levels and the activation of excitatory amino acid receptors, which
mediate ROS formation (99). A recent report demonstrates that aggregation of a
polyglutamine Htt fragment directly causes ROS formation (100).

Amyotrophic Lateral Sclerosis (ALS)

ALS is characterized by the progressive degeneration of motor neurons in
the motor cortex and lower motor neurons connecting the spinal cord and brain
stem to muscle fibers. ALS typically develops between 50 and 60 years of age
as a relentless progressive neuromuscular failure leading to muscle denervation
and atrophy. Only ~10% of ALS cases have a clear inherited genetic component,
while the majority are sporadic. Approximately 10-20% of the familial ALS cases
are caused by dominant mutations in the copper-zinc SOD (CuZnSOD) gene
(SOD1). Increased oxidative stress biomarkers are found in ALS postmortem
tissues, such as brain and spinal cord as well as in cerebrospinal fluid and in vivo
models (101–105). It is now widely accepted that loss of SOD1 dismutase activity
is not sufficient to cause ALS (106). SOD1 mutants induce NOX-dependent ROS
production in microglia, and neuronal death (107). Dysregulation of proteins
involved in Fe+2 homeostasis has also been shown in mouse overexpressing
mutant SOD1. Similarly, aberrant coordination of Cu2+ by mutant SOD1 has also
been demonstrated to mediate oxidative stress (108). Mutations in the fused in
sarcoma (FUS/TLS) and the TAR DNA-binding protein (TDP-43) are responsible
for 5-10% of familial and 1% of sporadic cases. FUS and TDP-43 are DNA- and
RNA- binding proteins involved in transcriptional regulation, pre-RNA slicing
and micro-RNA processing. Cytoplasmic inclusions of TDP-43 and FUS are
pathological hallmarks of most non-SOD1 sporadic ALS cases, in frontotemporal
lobar degeneration (FTLD) and in 25-50% of AD cases. TDP-43 overexpression
induces mitochondrial dysfunction and oxidative stress (109).

Oxidative Stress, Redox Homeostasis and NF-κB Signaling

NF-κB signaling is shown to respond directly to oxidative stress or to a large
number of conditions and agents that induce ROS formation such as inflammatory
cytokines, mitogens, bacterial products, protein synthesis inhibitors and ultraviolet
(UV) radiation. H2O2 directly activates NF-κB signaling in some cells (110). In
addition, overexpression of superoxide dismutase (SOD) enhances activation of
NF-κB (111). Inducers of NF-κB signaling, including lipopolysaccharides (LPS),
tumor necorsis-alpha (TNFα), and interleukin-1 (IL-1), produce oxidative stress in
cells. Accordingly, treatment with several antioxidants such as N-acetylcysteine
(NAC), α-lipoic acid, free-radical scavengers and metal chelators block NF-κB

60

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
3

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



activation. However, it is important to consider that the effects of these compounds
are not always related to their antioxidant properties. Overexpression of catalase
and Gpxs also inhibit NF-κB activation (112). Recent reports have demonstrated
that H2O2 activates NIK (113). Thus, it is clear that ROS mediate/regulate NF-
κB activation (114). While the exact mechanisms are still unclear, evidence so
far suggests a large degree of specificity depending on the pro-oxidant stimuli
involved. We next summarize the possible mechanisms by which NF-κB signaling
can be directly or indirectly regulated by oxidative stress and redox homeostasis
(Figure 3).

Figure 3. Redox regulation of NF-κB. Proposed mechanisms by which oxidative
stress and changes in the redox environment can regulate NF-κB signaling

directly or indirectly.

Redox Regulation of NF-κB Signaling

Oxidative protein modifications mediate the integration of redox changes and
the activation of signal transduction pathways (115–117). Redox-sensitive thiols
in cysteines undergo reversible and irreversible modifications in response to ROS
or RNS, thereby modulating protein function, activity, or localization. Almost all
physiological oxidants react with thiols (118, 119). O2•- and peroxides mediate
one- and two-electron oxidation of protein cysteines respectively, leading to
the formation of reactive intermediates including protein sulfenic acids (PSOH)
and protein thiyl radicals (PS•). PSOH can lead to the formation of additional
oxidative modifications that act as signaling events regulating protein function.
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The reaction of PSOH with either a neighboring cysteine or GSH will generate
a disulfide bond or a glutathionylated residue (PSSG) respectively, which is
reversed primarily by the activity of the oxidoreductases thioredoxin (Trx)
and glutaredoxin (Grx), respectively. A similar outcome will be obtained by
reaction of a PS• with another thyil radical. PSOH can undergo further oxidation
to irreversibly generate protein sulfinic (PSO2H), and sulfonic (PSO3H) acids
(115–117). Cysteine nitros(yl)ation (PSNO) refers to the reversible covalent
adduction of a nitroso group to a protein cysteine thiol. PSNO formation is
mediated by nitros(yl)ating agents such as dinitrogen trioxide (N2O3) or by
transition metal catalyzed addition of a nitroso group. Nitroso-GSH (GSNO) is
formed during the oxidation of nitric oxide (NO•) in the presence of GSH, and
as a minor byproduct from the oxidation of GSH by ONOO-. Transfer of NO
groups between PSNO and GSNO (transnitros(yl)ation) has been reported as one
of the major mechanisms mediating PSNO (120). Trxs also reduce PSNOs. The
Trx redox system depends on thiol-disulfide exchange reactions at the active site.
Trx reductase (TrxR), a homodimeric selenium containing flavoprotein, transfers
reducing equivalents from NADPH to Trxs reducing them (121).

NF-κB signaling is directly modulated by reversible oxidative modifications
(Figure 3) (122, 123). Cysteine (Cys) residue 62, located in the N-terminal
DNA-binding region, is highly conserved in NF-κB proteins and its oxidation
(including nitros(yl)ation or glutathionylation) or alkylation modification
decreases their ability to bind DNA (124–129). Oxidation (nitros(yl)ation
and glutathionylation) of IKKβ (Cys179) also inhibit its activity (130–132).
Accordingly, Grx and Trx/TrxR restore NF-κB signaling (131, 133–138).
Hydrogen sulfide (H2S) is a reactive species generated by the activity of
cystathionine γ-lyase (cystathionase; CSE) and cystathionine β-synthase
(CBS). H2S has the ability to sulfhydrate Cys thereby altering and enzymes
function or activity. Cys38 sulhydration of RelA increases its DNA-binding
activity and anti-apoptotic signaling (139). For the most part, previous
studies have demonstrated the protective role of Grx, Trx/TrxR and H2S
against neurodegeneration (140–147), but whether their effects are ascribed to
maintenance of NF-κB signaling has not been explored. Irreversible oxidative
modifications also regulate NF-κB signaling (Figure 3). Carbonylation and
tyrosine (Tyr) nitration (Tyr66 and Tyr152) of RelA inhibits its activation (148,
149). In contrast nitration of IκBα (Tyr181) has been shown to activate NF-κB
(150).

Due to its highly regulated nature and crosstalk with a number of signal
transduction pathways, NF-κB signaling can be activated / regulated by oxidative
stress and ROS/RNS through a number of mechanisms, again, with a high degree
of crosstalk between them (Figure 3).

Oxidative DNA-Damage and NF-κB Signaling

DNA damage can be induced directly by the interaction of DNA with
various ROS or indirectly as the result of alterations in DNA repair. DNA lesions
that usually arise from persistent endogenous oxidative stress are apurinic /
apyrimidinic (abasic; AP) DNA sites, oxidized purines and pyrimidines, single

62

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
3

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



stranded DNA breaks (SSBs) and double stranded DNA breaks. DNA damage
response in cells can effectively detect DNA lesions, signal their presence and
promote their repair (151). The base excision repair pathway (BER) repairs
oxidized bases by their excision via DNA glycosylases generating AP sites, which
are subsequently processed by AP-endonucleases (Ape1/Ref-1). Ape1 promotes
the reduction and activation of NF-κB via glutathione, Grxs and Trx, exerting a
protective effect against dopamine-induced neuronal cell death (152, 153).

The response to genotoxic stress starts with the detection of the DNA
damage and activation of transcription factors involved in DNA repair, cell
cycle arrest, and if DNA repair fails, activation cell death. Different sensors
for DNA damage repair and for the regulation of cell cycle checkpoints have
been identified including members of the phosphoinositide 3-kinase-like kinase
family: ataxia telangiectesia mutated (ATM), ATM and Rad3 related (ATR),
and DNA-dependent protein kinases (DNA-PK) (154, 155). NF-κB signaling is
activated as part of the DNA-damage response to promote primarily cell survival,
but in some circumstances it can contribute to cell death progression (156) (Figure
3). Interestingly, NF-κB activation has also been shown to promote DNA repair
(157). Activation of NF-κB signaling by DNA damage seems to require functional
IKK canonical complexes (IKKα, IKKβ and NEMO). ATM-induced activation of
NF-κB signaling has been proposed to involve direct phosphorylation of IκBα by
ATM, regulation of NEMO sumoylation/phosphorylation, and/or ubiquitination /
phosphorylatipon of the transforming growth factor β-activated kinase 1 (TAK1)
(156, 158–160). ATM also mediates the activation and stabilization of p53 in
response to DNA damage, which exerts an antagonistic role for NF-κB signaling
(156, 161, 162). Importantly, ATM can be directly activated by oxidative stress
(163). No evidence exists so far regarding the activation of NF-κB signaling via
ATR. However, an antagonistic effect of ATR on ATM-NF-κB signaling was
recently described (164). DNA-PK mediated activation of NF-κB signaling has
also been reported, which seems to depend on the IKK canonical complex or
phosphorylation of p50 (165, 166). Interestingly, activation of NF-κB signaling by
UV radiation, a major promoter of oxidative DNA-damage, is independent from
the canonical IKK complex, and involves casein kinase 2 (CK2) activation (156),
which is required for assemble and activity of DNA repair protein complexes
(167).

Aging, the major risk factor for most neurodegenerative disorders, is
paralleled by the accumulation of byproducts of oxidative DNA-damage
(168, 169). Post-mitotic terminally differentiated brain cells lack robust
replication-associated DNA damage detection and DNA repair machinery as
evidenced by the accumulation of oxidative DNA damage with age. Recent
studies suggest that deficiencies in oxidative DNA-damage repair contribute to
the neurodegenerative process (170). Consistently, AD and HD post-mortem
brain samples show accumulation of DNA-damage. ATM is activated in mouse
models of HD, AD and in neuronal cell death induced by the PD-related toxicants.
Knockdown or inhibition of ATM prevents mt-Htt and toxicant (PD)-induced
toxicity (171, 172). In contrast, CK2 has been shown to be protective against
mt-Htt (173). CK2-mediated phosphorylation of α-synuclein contributes to its
degradation and aggregation (174) and Aβ has been reported to inhibit DNA-PK
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activity (175). However, none of these effects have been related so far to the
regulation of NF-κB signaling.

Energy Dysfunction and NF-κB Signaling

As the major source for ROS formation, mitochondrial oxidative damage is
well recognized to mediate energy dysfunction in neurodegeneration. Neurons
primarily metabolize glucose via the pentose phosphate pathway (PPP) to provide
reducing equivalents required to maintain antioxidant defenses via the production
of NADPH (176). In contrast, to glial cells, neurons cannot upregulate glycolysis
in response to stress, and astrocytes are thought to shuttle lactate to neurons as
supplementary energy fuel (177) (Figure 4). Cellular energy status is monitored by
specific signaling mechanisms. The adenosine monophosphate (AMP)-activated
protein kinase (AMPK) is a cellular energy sensor and signal transducer regulated
by a wide array of metabolic stresses. AMPK activation requires phosphorylation
of their activation loop by upstream kinases such as the liver kinase B1 (LKB1).
The activity of AMPK is allosterically enhanced by AMP binding, and because
cellular concentrations of AMP (or ADP, which also plays a regulatory role) are
much lower than those of ATP, a small decrease inATP can be effectively sensed by
AMPK (178). Recently, AMPKα1 has been shown to interact and regulate TAK1
activation, and thereby NF-κB signaling (Figure 3) (179). The mammalian target
of rapamycin (mTOR) is regulated by metabolic signals such as growth factors,
amino acids, and cellular energy. mTOR forms two distinct complexes, mTOR
complex 1 (mTORC1) and mTORC2. mTORC1 is regulated by cellular energy
and nutrient status (178). mTOR has also been recently suggested to regulate NF-
κB signaling (180, 181) (Figure 3). Conversely, NF-κB signaling has been shown
to regulate mitochondrial respiration (182, 183), but the mechanisms involved
remain unclear.

Mitochondrial dysfunction and energy failure are central events in the
etiology of neurodegenerative disorders (19, 184, 185). Despite the importance of
both AMPK and mTOR signaling cascades in the regulation of energy metabolism
and adaptation, their role in neurodegeneration is largely unclear. Mt-Htt was
shown to stimulate mTORC1 signaling and contribute to striatal neuronal
neurodegeneration (186). However, recent reports have demonstrated that
mTORC1 activity is actually impaired in HD patients and when restored, it exerts
protective effects against mt-Htt (187). mTOR regulates Tau phosphorylation
and aggregation (188). Rapamycin, an allosteric inhibitor of mTOR protects
neurons from PD-related toxin insults (189), enhances clearance of TDP-43
aggregates linked to ALS (190), and rescues cognitive deficits by ameliorating
Aβ and Tau pathology in an AD mouse model (191). AMPK has been shown
to phosphorylate Tau as well (192), and its knockdown reduced Aβ deposits
and rescues memory deficits in an AD mouse models (193). In contrast, other
studies report that AMPK activation decreases the extracellular accumulation of
Aβ (194, 195). AMPK mediates motor neuron death in ALS models (196, 197)
and striatal neurodegeneration induced by mt-Htt (198). Contradictory results
exist regarding the role of AMPK in dopaminergic cell death. A protective role
for AMPK against mitochondrial dysfunction induced by parkin-, α-synuclein,
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leucine-rich repeat kinase 2 (LRRK2)-mutations, and PD-related toxicants has
been reported (199–201). In contrast, AMPK activation has been shown to
facilitate α-synuclein aggregation (202) and the toxicity of DA analogs, as well
as mitochondrial toxins (203, 204). We have observed that AMPK exerts a
protective role against dopaminergic cell death induced mitochondrial toxins and
by the pesticide paraquat, a major risk factor in PD (unpublished data). These
contradictory findings are likely related to the number of homeostatic signals
regulated by mTOR and AMPK including NF-κB signaling, autophagy, energy
balance, mitochondrial biogenesis and survival signals, and unfortunately, to
the use of non-specific pharmacological agents to modulate mTOR and AMPK
signaling.

Alterations in the Ubiquitin-Proteasome System (UPS) and NF-κB Signaling

If not properly degraded, misfolded protein aggregates can cause cellular
toxicity and disease. Protein degradation pathways such as the ubiquitin
(Ub)-proteasome-system (UPS) and autophagy degrade misfolded or aggregated
proteins to avoid proteotoxic stress (205). Dysfunction in protein quality control
mechanisms is a hallmark in neurodegenerative diseases (205–207). A number
of mechanisms have been proposed to impair the degradation of misfolded
protein aggregates by the UPS in neurodegeneration which include: 1) energy
failure linked to mitochondrial dysfunction; 2) inability of the UPS to recognize
misfolded / oxidized / mutant proteins and large aggregates; 3) direct impairment
of the proteasome by the same misfolded / oxidized / mutant / aggregated proteins
involved in neurodegeneration; and 4) oxidative damage to UPS components
(205–208). Several components of the UPS can present different sensitivities
to oxidative damage/modulation (209, 210). Deubiquitinating enzymes are also
inhibited by oxidation of their catalytic Cys residue (211, 212). The proteasome is
more susceptible to oxidative inhibition than the Ub–conjugating enzymes (210,
213). Mild to moderate oxidative stress upregulates Ub and the Ub–conjugating
system promoting the formation of Ub-conjugates, and reduces proteasomal
activity. In contrast, extensive but no lethal oxidative stress reduces the formation
of Ub-conjugates by inactivating Ub–conjugating enzymes promoting the
accumulation / aggregation of damaged / abnormal proteins (210). We have
recently found that mitochondrial dysfunction and oxidative stress impair
ubiquitin protein synthesis at the post-translational level (unpublished data).

As mentioned above, NF-κB signaling is tightly regulated by the activity of
the proteasome (Figure 1). Processing of p105 to p50 and p100 to p52, switches
their IκB-like action to NF-κB functional monomers. Furthermore, c-Rel and IκBs
are actively degraded by the proteasome (214), suggesting that proteasome activity
has the potential to regulate the specificity of NF-κB signaling by modulation of
available monomers and IκBs (Figure 3). Previous reports have demonstrated
that while transient oxidative stress activates NF-κB signaling, sustained oxidative
conditions impair proteasomal activity, IκBα degradation, and TNFα-induced NF-
κB activation (215).
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Figure 4. Integrated overview of the interrelationship between oxidative stress and NF-κB signaling in neurodegenerative diseases.
Environmental toxicants, misfolded protein aggregates, and oxidative stress associated with neurodegeneration induce a NF-κB-dependent
inflammatory response that mediates the increased expression of cytokines and ROS/RNS generating enzymes. Reactive species, released
cytokines and neuronal damage-associated molecules potentiate the inflammatory response in both neurons and glial cells (see Microglia).
While mitochondrial dysfunction in neurodegeneration can induce neuronal injury, glial cells have the ability to increase glycolysis to
counteract energy failure. Activation of NF-κB and Nrf2 induced by oxidative stress also regulate antioxidant defenses. Astrocytes

contribute to neuronal survival by active uptake of excitatory amino acids (Glu), and by supplying neurons with lactate as an alternative
energy source, and precursors for de novo GSH synthesis (see Astrocyte). Activation of NF-κB signaling in neurons exerts neuroprotective
effects by transcription of anti-apoptotic genes (see post-synaptic neuron). In neurons, energy failure leads to neuronal depolarization
via impaired ATPase activity that leads to increase excitability (excitatory amino acid release) that contributes to neuronal cell death.
Energy failure and oxidative stress impair the UPS and as a consequence the degradation of misfolded protein aggregates, as well as the
processing/degradation of NF-κB monomers, which can re-direct/impair NF-κB signaling “tilting” the balance to neuronal dysfunction (see
pre-synaptic neuron). ROS/RNS can both activate (black arrows) and inhibit (red dot lines) the NF-κB signaling. ApN, aminopeptidase
N; ATPase, Na+/K+-ATPase; GCL(C or M), glutamate-cysteine ligase (C, catalytic or M, modifier subunit); γ-GT, gamma-glutamyl
transferase; EAAT, excitatory amino acid transporter; IL-1R, interleukin-1 receptor; TNFR, tumor necrosis factor receptor; TRAF,

TNF receptor associated factor.
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Redox-Activated Signaling and NF-κB

Inducible transcription of antioxidant genes is an important cellular defense
against oxidative stress. Nuclear factor (erythroid-derived 2)-like 1 (Nrf1) and
2 (Nrf2), members of the Cap-N-Collar family of transcription factors, bind cis-
acting sequences known as antioxidant response elements (ARE) or electrophile-
responsive elements (EpRE) to regulate the expression of antioxidant proteins
and proteins that mediate GSH synthesis or recycling (216). Nrf2 is kept in a
cytosolic complex with the kelch-like ECH-associated protein 1 (Keap1), where
it is subjected to proteasomal degradation. Oxidants or electrophiles induce a
conformational change in Keap1 that allow the translocation of Nrf2 to the nucleus
(216). Similarly, the forkhead homeobox type O (Foxo) transcription factors are
critical mediators of the cellular responses to oxidative stress, but whether they are
directly regulated by redox homeostasis or indirectly by stress-activated signaling
remains unclear (217). Under certain conditions, Nrf2 regulates the GSH synthesis
pathway in a NF-κB-dependent pathway (218). Foxo3a also promotes NF-κB
signaling (219).

Nrf2 deficiency exacerbates dopaminergic degeneration induced by
α-synuclein (220) and PD-related toxicants (221–223), as well as 3-NP/malonate-
induced striatal cell loss (HD model) (224). The selective overexpression of Nrf2
in astrocytes protects against dopaminergic cell death induced by mitochondrial
oxidative stress (225), and increases the survival of mutant SOD1 ALS mice
(226). Viral-mediated delivery of Nrf2 also improves cognitive function but not
Aβ burden in an AD mouse model (227).

Stress-Activated Signaling and NF-κB

It is widely recognized that oxidative stress induces the activation of a myriad
of signaling cascades that mediate cell death progression or cell stress response.
Activation of signal transduction pathways by redox changes has been shown to
be mediated by direct regulation of kinases of phosphatases (16, 115, 228–234).
Signaling cascades mediated by mitogen-activated protein kinases (MAPKs: p38,
c-jun kinase [JNK] and the extracellular signal-regulated kinases [ERKs]), the
phosphoinoisitide 3-kinase (PI3K) / 3-phosphoinositide-dependent protein kinase-
1 (PDK1) / Akt (protein kinase B) axis, and protein kinase C (PKC) are well
known to become activated upon oxidative stress (232, 233). Furthermore, these
signaling cascades are involved in either cell death progression or survival during
neurodegeneration (235–242). Crosstalk between these signaling pathways and
NF-κB suggests that under certain circumstances NF-κB activation might be the
actual result from the indirect induction of any of these signaling cascades (Figure
3). A number of kinases including Akt, PDK1 and PKCζ, θ and λ, have been
suggested to phosphorylate and activate IKKs acting as IKK-kinases or IKKKs
(1, 243). Phosphorylation of RelA by MSK-1 or MSK-2, which are activated by
ERKs and p38, as well as CK2, and PKCζ, also regulate NF-κB signaling and
represent potential crosstalk mechanisms induced by oxidative stress. Apoptotic
signaling cascades are also regulated by redox changes and are known to regulate
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NF-κB signaling. For example, caspases have been reported to cleave IKKs and
NEMO (16, 228, 229).

NF-kB and Neurodegeneration

In the central nervous system (CNS), two heterogeneous classes of cells
exist, neurons and glia. Neurons receive, transmit and store information.
Communication between neurons occurs via specialized cellular domains called
synapses, consisting of a pre- and a postsynaptic cell. Glia cells, astrocytes,
microglial and oligodendrocytes, contribute to neuronal homeostasis and function
by participating in a number of metabolic and stress related responses and
regulating synaptic communication (Figure 4). Constitutive NF-κB activity is
found in neuronal cells, which is associated to a high metabolic and synaptic
activity involving activation of glutamate (Glu) and growth factor receptors,
and Ca2+ influx. Constitutive NF-κB signaling is primarily involved in the
regulation of neurophysiological activities, such as spatial memory formation,
synaptic transmission, and neuroplasticity. Neurons also possess an inducible
NF-κB pathway that is activated in response to pro-inflammatory stimuli,
and activity-dependent neuron-specific inducers to regulate neural stem cell
proliferation (4). In glial cells, only inducible NF-κB activity is found. NF-κB
signaling is found activated in both neurons and glial cells treated with Aβ,
transgenic ApoE4 mice, and in post-mortem brains from AD patients (244–246).
Similarly, increased nuclear localization of NF-κB is found in dopaminergic
neurons from PD brains (247). We have observed that overexpression of
α-synuclein in dopaminergic cells in vivo and in vitro stimulates NF-κB
phosphorylation (unpublished data). Mutant SOD1 (ALS model) also activates
NF-κB (248).

Neuronal Survival and NF-κB Signaling

In neurons, NF-κB regulates the expression of anti-apoptotic genes (Bcl-2
[B-cell lymphoma 2], FLICE (FADD-like IL-1β-converting enzyme)-inhibitory
protein (FLIP), and inhibitors of apoptosis proteins (IAPs) (Figure 4) (4, 249).
Constitutive NF-κB signaling protects neurons against neurotoxic stimuli
including oxidative stress (250, 251). NF-κB exerts an inhibitory effect in
neuronal cell death that occurs during normal development (4). NF-κB activation
has also been implicated in neurodegenerative disorders, but contradictory
results exist regarding its role in cell survival or cell death progression. NF-κB
signaling exerts a protective effect against Aβ-induced toxicity (252, 253) and
3-nitropropionic acid (HD model) (254). In contrast, inhibition of NF-κB protects
against the toxicity of DA (255) and mt-Htt (256). Neuroprotection of parkin
has been linked to activation of NF-κB, which is reduced by overexpression of
PD-related parkin mutants (257). Inducible NF-κB in neurons has been primarily
linked to p50 and/or RelA dimers and IκBα complexes. However, our poor
understanding regarding the existence of diverse NF-κB signaling complexes
in distinct neuronal cell types (NF-κB signalosome), their specificity regarding
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the transcriptional regulation of genes, and their selective regulation by specific
stimuli, might explain the contradictory findings on the role of NF-κB in neuronal
death or survival. Accordingly, recent reports suggest that the neuroprotective
effects of NF-κB signaling might be primarily ascribed to c-Rel (258, 259).

Neuroinflammation

NF-κB is a well established regulator of inflammation (260). Astrocytes and
microglia are activated in response to neurodegenerative and neuroinflammatory
conditions. In contrast to neurons, NF-κB signaling in microglia and astrocytes
induces large amounts of ROS, RNS, cytokines, and excitotoxins that indirectly
promote neuronal death (Figure 4). Neurodegenerative diseases are strongly
linked to inflammatory processes as evidenced by the enhanced expression of
iNOS, COX-2, TNF-α, and interleukins (IL-1, IL-6) (3, 261, 262). In contrast to
the protective effects of neuronal NF-κB signaling against Aβ-induced toxicity,
in microglia, Aβ-induced activation of NF-κB contributes to neuronal cell death
(263). NF-κB signaling also promotes HD pathogenesis (264). Contradictory
results exist regarding the role of inflammatory NF-κB signaling in experimental
PD models (265, 266). α-synuclein has also been shown to activate NF-κB
signaling in microglia (267). Accordingly, activation of anti-inflammatory
signaling such as that mediated by the peroxisome proliferator-activated
receptor (PPAR) and anti-inflammatory drugs exerts a protective effect against
neurodegeneration (77, 268–270).

Perspectives

NF-κB signaling plays an important role in the brain response to injury in
neurodegenerative conditions. Oxidative stress is increased in neurodegenerative
disorders as a result of mitochondrial dysfunction and inflammatory processes.
NF-κB signaling can be regulated directly by oxidative modifications, which
primarily exert an inhibitory effect on its transcriptional activity. Furthermore,
NF-κB can be activated indirectly by oxidative stress/damage and the resultant
stress response. In general it is well established that activation of NF-κB in
glia promotes neuronal degeneration, while in neurons there is still controversy
regarding the exact role that NF-κB plays in neuronal survival or death.
Anti-inflammatory therapies have the potential to be used to target neuronal injury
in neurodegeneration and are currently being studied in clinical trials. However,
the use of such agents is complicated by the possibility that inhibition of NF-κB
in neurons may exacerbate the neurodegenerative process. Alterations in NF-κB
activation/signaling have been widely reported to occur during neurodegeneration
(clinics) and in experimental models of neurodegeneration. However, very poor
mechanistic information has been generated to delineate its exact role in neuronal
dysfunction. More research is required to characterize the existence of diverse
NF-κB signaling complexes in distinct neuronal and glial cell types (NF-κB
signalosome), their specificity regarding the transcriptional regulation of genes,
and their regulation by specific stimuli. This knowledge can then be efficiently
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translated to a more targeted approach to selectively regulate NF-κB signaling in
neuronal and glial populations.
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Chapter 4

Oxidative Inactivation of Nitric Oxide and
Peroxynitrite Formation in the Vasculature

N. Subelzu,1 S. Bartesaghi,1 A. de Bem,2 and R. Radi1,*

1Departamento de Bioquímica and Center for Free Radical and Biomedical
Research (CEINBIO), Facultad de Medicina, Universidad de la República,

Montevideo, 11800 Uruguay
2Departamento de Bioquímica, Centro de Ciências Biológicas, Universidade

Federal de Santa Catarina, Florianópolis, SC, 88040900 Brazil
*E-mail: rradi@fmed.edu.uy

The free radical nitric oxide (•NO) is a vasodilatory compound
released by healthy vascular endothelium. Under conditions
leading to endothelial dysfunction, •NO bioavailability is
compromised partly due to its “oxidative inactivation”.
Indeed, the vascular wall challenged by hypercholesterolemia,
hyperglycemia, turbulent blood flow, inflammatory mediators
and cigarette smoke components facilitate the release of
superoxide radical anion (O2•−) which participates in the fast
consumption of •NO. In turn, this radical-radical combination
reaction leads to the generation of peroxynitrite (ONOO−),
a potent oxidizing, cytotoxic and proinflammatory species
that mediates vascular degeneration. Alternatively, under
vascular inflammatory conditions, endothelial-derived •NO
can be also consumed by myeloperoxidase (MPO) released
by activated neutrophils; in this case, •NO is consumed by
oxidation acting as a substrate of MPO Compounds I and II
(oxo-ferryl heme radical and oxo-ferryl heme respectively). The
oxidative inactivation of •NO comes along with the formation
of secondary oxidants that influence vascular responses in a
condition defined as ¨nitroxidative stress¨. In this chapter, we
provide an overview of the biological chemistry of •NO with
a focus on its reactions with O2•− and other redox partners. In
addition, we will provide evidence of the vascular formation
of peroxynitrite under conditions of endothelial dysfunction

© 2015 American Chemical Society
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and vascular degeneration and aging. Among the oxidative
modifications induced by peroxynitrite, we will closely address
the nitration of tyrosine redisues in key proteins of the vascular
system and how this process may participate in pathogenesis
and be a predictor of vascular disease severity and evolution.
Finally, we will analyze endogenous antioxidant mechanisms
and successful pharmacological strategies in pre-clinical and
clinical settings that modulate vascular nitroxidative stress that
open possibilities for future therapeutics in vascular pathology.

Nitric Oxide as a Signal Transducing Free Radical Species in
the Vasculature: Unique Biochemical Properties and Molecular

Targets

Nitric oxide is synthesized in endothelial cells by the endothelial nitric oxide
synthase (eNOS) from NADPH, O2 and L-arginine. In the vasculature, •NO
is responsible for different physiological processes such as vessel relaxation,
inhibition of platelet aggregation, inhibition of cell proliferation and inhibition of
the expression of pro-inflammatory genes (1). Endothelial cells are able to detect
changes in hemodynamic forces on the vascular wall by releasing •NO which
diffuses to the smooth muscle cells and promotes relaxation.

In the smooth muscle cells, •NO promotes the production of cytosolic cGMP
by the soluble cytosolic enzyme guanylate cyclase (sGC). cGMP is a second
messenger which directly or indirectly modulates different targets, such as protein
kinases including protein kinase G (PKG), phosphodiesterases, phospholipase
C (PLC), tyrosine phosphodiesterases and ion channels (2). The vasorelaxation
is produced after the activation of PKG, which activates the myosin light chain
phosphatase (MLCP) and dephosphorylates the smooth muscle myosin, resulting
in vasorelaxation (3, 4). This effect is potentiated by the effect of MLCP inducing
insensitivity of smooth muscle to calcium (2). On the other hand, there are
calcium pumps named sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) that
decrease the cytosolic Ca2+ concentration and pump it back to the reticulum,
allowing vasorelaxation (5). In addition to the action in the smooth muscle cells,
•NO can activate the sGC in platelets, reducing the intra-platelet concentration of
calcium and regulating several functions, such as interaction of the glycoproteins
IIb/IIIa which are essential for platelet aggregation and activation (2).

There are two isoforms of the GC enzyme: the soluble and the transmembrane
bound enzyme. Both contain two subunits, one regulatory (alpha of 73 kDa)
and another catalytic (beta of 70 kDa). The amino terminal of the alpha subunit
contains a heme group while the catalytic functions, reside on the carboxyl
terminal domain. The heme group contains a ferrous-penta coordinated atom,
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which interacts with high affinity with •NO, becoming the sixth ligand of the
heme group, and finally promoting the increase in its activity; there is a shift of
the iron atom out of the porphyrin ring, leading to an allosteric activation of the
dimer of sGC. Although the heme group of sGC is similar to other heme proteins
with axil histidines such as deoxy-mioglobin or deoxy-hemoglobin, sGC is not
able to bind O2 (6). Other ligands that can bind to the heme group of the enzyme,
such as carbon monoxide (CO), are unable to break the histidine-heme group and
cannot activate the enzyme (4).

Nitric Oxide Biochemistry

Nitric oxide is a free radical which contains fifteen electrons, seven of which
are located in the outer shell, and with an electronic configuration (Be)2 (2pσ)2
(2pπ)4 (2 pπ*)1 being the last electron in a π* antibonding molecular orbital.
Moreover, it is an non-polar molecule, which is able to freely diffuse through
membranes and its biological half-life is about 1 to 10 s (7).

Nitric oxide can be oxidized in a third order process with O2, leading to the
formation of nitrogen dioxide (•NO2) (Eq. 1), another free radical species (8). In
addition, •NO can also react with •NO2 leading to the production of dinitrogen
trioxide (N2O3) and nitrite (NO2−) (Eqs. 2 and 3). In aqueous solutions, •NO2
produces dinitrogen tetroxide (N2O4) and this goes to NO2− and, to a lesser extent,
nitrate (NO3−) (Eqs. 4 and 5).

In a biological environment, •NO can also react with metalloproteins leading
to a variety of events including signal transduction, modulation of free radical
chemistry or cytotoxicity (9).

Reaction with Iron-Containing Proteins: Heme Proteins

In the reaction with a heme group, •NO can react with iron in both oxidation
states (ferric or ferrous) but it is a better ligand for a ferrous iron since it has an
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additional electron in the d orbital (d6) compared to the ferric iron (d5), increasing
the interaction between iron d-orbitals and the antibonding 2pπ* electron in •NO.
By this mechanism, a nitrogen-metal σ-bond is formed by using an unpaired
electron pair in the nitrogen atom and a significant degree of π-bond is formed by
backbonding between metal d-electrons and the pπ* orbitals of •NO. Albeit high
constant rates of association of •NO with ferrous iron, it could be a good ligand
for ferric state due to its polarity (10). Kinetic studies showed that the reaction
of •NO with the ferrous state of heme proteins is typically faster (107 M-1 s-1)
than with the ferric state (102-107 M-1 s-1) (11). Once formed, the heme nitrosyl
complex slowly dissociates but this process is usually faster for the ferric-heme
nitrosyl complex (12). Moreover, •NO can react with a higher oxidation state
of iron of heme-proteins such as the ferryl form (Fe4+=O) (13–17); this last
process becomes highly relevant in the vasculature in the context of the oxidative
inactivation of •NO (see below).

Heme proteins with an unoccupied 6th coordination position (i.e. hemoglobin,
myoglobin, catalase and guanylate cyclase) tend to react faster with •NO than
proteins with an occupied 6th position (i.e. cytochrome c), because •NO requires
the displacement of this ligand (usually an amino acid). For the ferric states of
proteins with a free 6th coordination position, the presence of a histidine residue
coordinated to the heme, stabilizes the binding of water at 6th position, making it
more difficult for •NO to bind to the ferric heme compared to ferrous form. The
protein-backbone makes the reaction of iron heme with •NO more difficult than
with free heme but more selective, because the apolar environment of heme makes
the diffusion of •NO much more favorable than that of •NO-derived oxidants such
as NO2- (7).

Heme nitrosyl complexes can be either stable or transient. In some proteins the
heme-nitrosyl complexes in equilibrium with free •NO do not result in a net redox
change at iron heme. In some cases there is a formation of a transient complex as
an intermediate step during heme-•NO interaction and the net formation of NO2−

or NO3−. A classic example of these complexes, which is highly relevant in the
vasculature, is represented by the interaction of •NO with the hemoglobin (Hb)
heme. Firstly, •NO reacts with oxyhemoglobin (Hb2+-O2) with a second order rate
constant of 3 x 107M-1 s-1 (18), leading to the formation of metahemoglobin (Hb3+)
and NO3−. Hb3+ can also react with •NO yielding deoxy-Hb and nitrosylating
species. Finally, •NO reacts with deoxy-Hb (Hb2+) with rate constant above 107
M-1 s-1 leading to the formation of nitrosyl-Hb (Hb2+-•NO, Figure 1). Due to large
quantity of Hb2+-O2 in red blood cells, intravascular reactions between •NO and
Hb mainly lead to the formation of Hb3+, therefore being a sink for •NO produced
in tissues. Only at low oxygen tensions and in the presence of deoxy-Hb, the
formation of Hb2+-NO can occur (7).

Some of the cytotoxic effects of •NO are related to its interaction with
cytochromes P450 that result in the inhibition of enzymatic activities toward
organic substrates. This effect is reversible but prevents O2 binding to cytochrome
P450 and blunts its monooxygenase activity (18–20). As •NO and O2 compete for
the same binding site, the efficiency of the inhibition is greater at lower oxygen
tensions (21). In any case, the binding constant for •NO is significantly larger
than that for O2 (20).
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Figure 1. Main reactions of ·NO reaction with hemoglobin in the vascular system

Reaction with Iron-Containing Proteins: Non Heme Proteins

Nitric oxide binds to iron-sulfur clusters leading to the formation of
iron-nitrosyl complexes (22). This mechanism involves the interaction of the
unpaired electron that binds to Fe2+ giving iron-nitrosyl complexes that may be
stable and reversible. Mitochondrial aconitase is an iron-sulfur complex (4Fe-
4S)-containing protein that participates in the Krebs cycle. One Fe of the cluster
(Feα) has a free uncoordinated position to sulfur, making it prone to be attacked
by different oxidizing electrophiles such as molecular oxygen, peroxynitrite,
ferricyanide and superoxide (O2•−). In spite of initial proposals, •NO does not
readily disrupt the aconitase iron-sulfur cluster, while peroxynitrite readily does
(23). Persistently high concentrations of •NO in an oxidative environment lead to
protein nitrosylation, cluster disruption and enzyme inhibition (24–30).

Mitochondrial electron transport complex I is characterized by several
4Fe-4S and 2Fe-2S cluster groups, while complex II is characterized with
numerous clusters 2Fe-2S, 3Fe-4S and 4Fe-4S. Complex IV has 2 heme groups in
cytochrome a and cytochrome a3 and also 2 copper cluster groups, CuA and CuB.
The 4Fe-4S groups are ligated to proteins via L-cysteine amino acids. Nitric oxide
binds to one solvent accessible iron atom and displaces the hydroxyl previously
bound, leading to the inhibition (31). The mitochondrial •NO concentrations
necessary to promote the inhibition in these complexes are below micromolar
level. The interactions of •NO with cytochrome c oxidase lead to the inhibition of
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the electron transport chain, O2 consumption and cellular respiration, resulting on
a fine regulation of the mitochondrial function as a consequence of the interplay
between •NO and O2 levels. In these cases, the •NO-promoted depletion of ATP
leads to a passive vasorelaxation (32, 33).

Nitric oxide-mediated disruption of iron homeostasis has been postulated for
many years as one important cytotoxic mechanism. Indeed, target cells loose
a major fraction of cell and mitochondrial iron during co-incubation with •NO
produced in vitro. For instance, ferritin is an iron storage protein containing up
to 4500 atoms of iron per molecule, mostly in the ferric form. Most of the non
heme iron is stored as ferritin and participates in the formation of non heme iron-
nitrosyl complexes in cells. Nitric oxide facilitates the release of Fe2+ from ferritin,
reducing the ferric form to ferrous iron and later the complex dissociates with the
iron release (34, 35).

Reaction with Zinc-Containing Proteins

Zinc is the second most abundant transition metal in higher mammals and is
usually complexed with protein ligands known as “zinc fingers” domains, where a
zinc atom is coordinated with a thiol group of a cysteine residue or the imidazole
nitrogen of an histidine residue. In some enzymes, such as alcohol dehydrogenase,
the zinc finger is critical for their activity and some transcription factors proteins
require the zinc finger for specific DNA binding (7).

It has been shown that the zinc complexing protein metallothionein, which
contains 20 thiols per molecule and 7 Zn2+, reacts with •NO leading to the
S-nitrosylation and later disulfide bond formation and Zn2+ release. Nitric oxide
disruption of zinc-clusters represent another mechanism of cytotoxicity and
cytotasis, which may previously require the intermediate formation of •NO2 or
peroxynitrite-promoted thiol oxidation (7).

Reaction with Copper-Containing Proteins

Several copper-containing proteins such as ceruloplasmin, ascorbate oxidase
and laccase have been shown to react with •NO (36–38). As in iron-containing
proteins, the reaction can lead both to the formation of copper-nitrosyl complexes
or redox chemistry. However, in some cases is difficult to discriminate between
both mechanisms. The reactivity is largely dictated by the structural and geometric
characteristics of the copper-protein complex site. There are three different copper
types described in proteins (1, 2 and 3). Moreover, some proteins can contain more
than one type of copper. Nitric oxide reacts with proteins that contains copper type
1 or 3, but not with type 2. Copper containing proteins type 1 (i.e. plastocyanin,
azurin, stellacyanin) have the copper atom ligated to two nitrogen of histidine
residues, one sulfur from a methionine and one sulfur from a cysteine, leading
to the formation of copper-nitrosyl complexes (Eq. 6)

96

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
4

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Type 3 copper containing-proteins (i.e. hemocyanin, tyrosinase and blue
oxidases) have one or more binuclear copper sites. One of them, CuB, is
coordinated by three histidine residues, located in a highly conserved homology
sequence of 56 amino acid. The protein sequence containing the CuA is not
conserved except for the presence of two or three histidines involved in copper
coordination. Type 3 copper-protein complexes can react with •NO in both the
oxidized or reduced state.

Cytochrome c oxidase contains two copper atoms known as CuA and CuB
in its structure. While CuA does not react with •NO, resembling type 2 copper,
CuB binds to •NO leading to the formation of a photo-dissociable copper-nitrosyl
complex described for type 1 copper (39). Although, •NO can bind to two different
metal centers in cytochrome c oxidase, the biological consequences of the reaction
between cytochrome a3 and •NO are better understood (7).

Reactions of NO with Biomolecule-Derived Radicals:
Termination Reactions and Formation of Nitrosated Derivatives

Due to the radical character of •NO, it can usually react at diffusion-controlled
rates with other radical species derived from lipids, amino acids, DNA bases or
sugars resulting in termination reactions and formation of nitrosated species (Eq.
7).

These reactions serve to stop free radical-dependent processs and have been
viewed as antioxidant processes mediated by •NO. Indeed, •NO inhibits oxidative
damage in numerous in vitro and in vivo models.

Nitric Oxide-Dependent Inhibition of Lipid Peroxidation

The inhibition of lipid peroxidation by •NO has been proposed to contribute
in part to these protective actions (40–43).

The reaction of •NO with peroxidizing lipid mixtures leads to inhibition of
oxidation (40, 41, 43–45) by terminating lipid radical-mediated chain propagation
reactions (46). In biological systems, •NO-dependent inhibition of peroxidation
could be due to a number of processes in addition to radical-radical chain
termination. At high concentrations, •NO is able to inhibit enzymatic initiators of
lipid peroxidation, such as lipoxygenase (47) and cyclooxygenase (48). Kinetic
reaction between lipid peroxyl radicals (LOO•) and •NO lead to immediate
termination of oxidation and occurr at a high rate constants (2-11 × 109 M-1 s-1
(42)) respect to other termination reactions (5 × 107 M-1 s-1 alkyl (L•)-LOO• (49);
LOO•-LOO• 107 M-1 s-1 (49)).

The mechanism of the reaction was proposed as a multiple step-mechanism,
in which LOO• reacts with •NO to give an unstable intermediate ROONO (Eq. 8)

97

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
4

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



that decomposes very fast (k = 0.1-0.3 s-1 (42)) yelding free alkoxyl radical (LO•)
and nitrogen dioxide (•NO2) via a caged radical pair (LO• •NO2) (Eq. 9). Reaction
between RO• and •NO to form RONO with a rate constant of 3 × 109 M-1 s-1 (18),
an nitro-alkyl, has been suggested to account for removal of a second molecule of
•NO, leading to the formation of nitro-lipids (Eq. 10). The reaction of ROO• with
•NO2 leads the formation of ROONO2 (k = 3-6 × 109 M-1 s-1, Eq. 11) (50).

Effective antioxidant activity of •NO against lipid peroxidation in vivo is
influenced by different factors, including the rates of •NO synthesis by vascular
cells and the presence of other lipophilic antioxidants. On the other hand,
the simultaneous production of O2•− will reduce the antioxidant capacity of
•NO, leading to the formation of peroxynitrite (see below) and a consequente
reduction in •NO bioavailability to react with lipid radicals. Interestingly, many
of the nitrosated and nitrated fatty acids arising from the reactions with •NO
and •NO-derived species have been revealed as electrophiles which participate
in a series of cytoprotective and anti-inflammatory actions through a variety of
reaction mechanisms (51). These processes are relevant in the vasculature, in
particular in what refers to the modulation of lipoprotein oxidation by •NO, which
typically exerts anti-atherogenic actions (52).

S-Nitrosation of Thiols

Thiols are critical sites of interaction for •NO and O2•− in biological systems,
and thiol S-nitrosation as well as oxidation can modulate cellular functions (53).
In spite of the fact that cellular protein thiols can be nitrosated associated to •NO
production, •NO does not react directly with thiol residues. The reaction of •NO
with thiyl radicals, the latter being the one-electron oxidation product of thiols
(54), leads to S-nitrosothiol formation and can be one of the operating mechanisms
under nitroxidative stress conditions.

Several groups studied proteins in cell culture that have been reported to
be S-nitrosated, such as tissue plasminogen activator (55), cathepsin B (55),
bovine serum albumin (BSA) (55), glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) (56, 57), and hemoglobin (57, 58). Furthermore, S-nitrosation of thiols
has been proposed to be a mechanism for signal transduction in cells (59). From
this point of view, it is important to understand the biological conditions under
which S-nitrosation occur, since this will provide clues as to whether this is a
physiological step or may already be a response to stress (60). Moncada et al
proposed that the mechanism of S-nitrosation requires a previous step in wich
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the sulfur atom of the cysteine residue is oxidized, or the cellular environment
becomes more oxidized, for example reduced gluthatione decreasing from 20 or
40% in 1 hr (60).

Of particular relevance in the vascular system is the presence of
nitroso-hemoglobin (SNO-Hb), a modification found in vivo where a specific and
conserved residue β93cys is modified (61). Nitroso-Hb has been proposed to
participate in the regulation of •NO and O2 dynamics in blood vessels.

S-Nitroso human serum albumin (SNO-HSA) has been found in human
plasma (62, 63). HSA is the most abundant plasma protein and contains 35
cysteine residues, 34 of which are forming disulfide bonds. Only Cys34 is free
corresponding to the major fraction of free thiol in plasma (64) and prone to
oxidation and nitrosation reactions.

It has been reported that SNO-HSAmay serve in vivo as a circulating reservoir
for •NO produced by the endothelial cells (55). For example, this function was
meaningful in animals suffering from ischemia/reperfusion, where administration
of SNO-HSA minimized the extent of tissue damage associated with reperfusion
(65).

Early Evidences of the Nitric Oxide Reaction with Superoxide:
Oxidative Inactivation of EDRF

Furchgott and Zawadzki used isolated aortas that were relaxed in vitro when
exposed to acetylcholine (66), a known vasodilator in vivo when injected to
patients. It was proposed that the treatment of endothelial cells with acetylcholine
released a diffusible factor that was able to relax the smooth muscle and activate
the guanylate cyclase, namely an endothelial-derived relaxing factor (EDRF).
This EDRF was an agonist released by vascular endothelium in response to
several substances including acetylcholine and bradykinin (66, 67). It was found
to be inactivated by hemoglobin, myoglobin or methylene blue, highly unstable
in perfusion cascades used in vasorelaxation studies and with a short half-life
(34, 68, 69). The chemical structure of EDRF was unknown at the moment but
suggested to be a hydroperoxyl or a free radical derivative of arachidonic acid
or an unstable aldehyde, ketone or lactone (70). In 1987, •NO was identified as
EDRF by Moncada et al and Ignarro et al (71, 72).

Other studies showed that the presence of L-arginine increased EDRF
production while methylarginine inhibited it. Importantly, studies performed by
Moncada and collaborators showed that the addition of superoxide dismutase
(SOD, 5-30 U/mL) to the perfusion buffer used to study rabbit aorta´s
vasorelaxation increased the half-life of the EDRF. Superoxide dismutase
catalyzes the dismutation of superoxide (O2•−) at near diffusion-controlled rates
(eq. 12) (73).
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In contrast, the addition of catalase to the perfusion buffer did not influence
the half-life of EDRF, indicating that H2O2 did not affect its stability. These studies
demonstrated that the action of EDRF could be modulated by O2•− present in the
vasculature and it was hypothesized that O2•−might destroy EDRF (74). Moreover,
agents that produce (O2•−) added to the buffer, decreased the activity of the EDRF.
The reactivity of the EDRF with O2•− was then appreciated before determining the
chemical nature of the EDRF, that was difficult due to the low amounts produced
by the endothelium (75–77).

Studies by Ignarro et al showed that vasorelaxation of segments of bovine
intrapulmonary artery was compromised in the presence of pyrogallol, an organic
polyphenol compound that produces O2•− upon autooxidation in a cellular system
mediating the monovalent reduction of O2 (Figure 2). The effect of pyrogallol was
partially reversed by the presence of SOD (Figure 2). Overall, the data reported
in (71) indicated that O2•− could decrease the bioavailability and half-life of •NO
causing its oxidative inactivation.

Figure 2. Pyrogallol autoxidation and O2·- formation

An Alternative Mechanism of Oxidative Inactivation of •NO in
the Vasculature: Myeloperoxidase plus Hydrogen Peroxide

Under vascular inflammatory conditions, myeloperoxidase released by
activated neutrophils may decrease •NO bioavailability. The mechanism requires
the presence of H2O2 (typically arising from O2•− dismutation), which acts as
the first substrate of MPO leading to the formation of compound I, an oxo-ferryl
species associated to porphyrin cation radical. Elegant work by Abu-Soud and
Hazen (17) demonstrated that •NO can react with compound I, and subsequently
with compound II, in one-electron oxidation reactions to yield NO2-. In this way,
endothelial-derived •NO acting as the second MPO substrate can be “inactivated”
by oxidative reactions (Figure 3). Interestingly, nitrite can also serve as a
compound I and II substrate to yield nitrogen dioxide •NO2, a proximal nitrating
species (see below).
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Figure 3. Oxidative inactivation of nitric oxide by MPO. In the vasculature,
myeloperoxidase (MPO) is secreted by activated neutrophils. During its

normal catalysis of MPO, the ferric heme is oxidized by H2O2 to Compound
I. The catalytic cycle is normally completed by reaction of compound I with
chloride to produce hypoclorite. In the presence of •NO, a small proportion of
MPO-Compound I can react with it leading to the production of Compound
II (oxo-ferryl heme) and yielding nitrite. Nitric oxide can be also consumed
in a second reaction to restore the enzyme to the ferric state. In a vascular
environment, the realease of MPO represents a O2•- independent mechanism of
oxidative inactivation of •NO. In addition, once nitrite is formed, it can also be
substrate of Compounds I and II to yield •NO2 and promote tyrosine nitration

reactions. Modified from (17).

Conditions and Sources That Enhance the Vascular Formation
of Superoxide Radicals

Several physiopathological conditions in the vascular system such as
hypercholesterolemia, hyperglycemia, turbulent blood flow, inflammatory
mediators and cigarette smoke increase the formation of reactive oxygen species
(ROS), in particular O2•−. Superoxide radical anion decreases •NO bioavailability
by a radical-radical combination reaction that yields peroxynitrite anion (eq. 13).

In vascular tissues, O2•− can be produced by several enzymatic sources, that
are described below.
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NOXs

The NADPH (β-Nicotinamide adenine dinucleotide 2′-phosphate) oxidases
(NOXs) enzymes are expressed mainly in immune cells (polymorphonuclear cells
and macrophages) but these are not exclusive for phagocytes mature cells (78).
Therefore, these are expressed in many different cells in the vasculature including
endothelial cells, smooth muscle cells and adventitia (79). The NOXs enzymes in
these tissues have a basal activity that could be enhanced by physiopathological
mediators, such as angiotensin II, physical stress and pro-inflammatory cytokines
(80, 81).

The structure and function of the NOXs enzymes were firstly described
in neutrophils. The phagocytic NADPH is a multicomplex-enzyme which
contains the domain p22phox and NOX2 (also known as gp91phox), besides four
cytoplasmatic subunits: p47phox, the activator subunit p67phox, p40phox and a small
G protein called Rac. When monocytes and macrophages are in the resting state,
the multienzymatic complex is disassembled and inactive. However, in conditions
that promote activation of the phagocytic system, NOX is phosphorylated and
the cytoplasmic subunits are translocated to the phagosomal membrane where
the catalytic subunits are located. The monovalent reduction of O2 is produced
through an electron transport chain from the NADPH cofactor; this process is
highly dependent on the phosphorylation and activation of the p47phox subunit.
Different variants of the catalytic subunit of NOX have been identified in humans
and classified under three groups dependent on their structure. The first group
contein the isoforms NOX1, NOX3 and NOX4, which have a similar structure
with NOX2. The second group includes the dual oxidases 1 and 2 (DUOX1 and
DUOX2), which have an extracellular peroxidase domain and an intracellular EF
hand motifs (protein domains that bind Ca2+) necessary for enzyme activation.
Finally, the third group is composed by NOX5-enzymes which contain an amino
terminal with four EF hand motifs groups and a catalytically group similar to
NOX2. All these variants of NOXs differ on the tissue expression specificity,
subcellular localization and physiological activities.

NOX4 is the most relevant in the vasculature and smooth muscle cells. This
isoform does not require the subunits p47phox and p67phox or other homologues for
its activation because it is a constitutive enzyme and its activity is regulated by
cytosolic subunits that are not well studied yet (82). In endothelial cells O2•− is
produced towards the extracellular environment while in smooth muscle cells the
O2•− is produced towards the cytoplasm (83, 84).

Patients with coronary disease have an increase in the expression of the
subunit p22phox of NOX in the vasculature (85). EPR studies showed that the
NOX activity is significantly increased in coronary arteries of patients with
coronary disease compared to non-atherosclerotic arteries, suggesting that NOX
activity is affected during coronary illness (85). Several physiopathological
conditions, such as smoking, diabetes or hypertension, can promote an increase
in O2•− production leading to an increase in peroxynitrite formation (86, 87).
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Xantine Oxidase

Another vascular source of O2•− is the enzyme xanthine oxidase, responsible
of the oxidation of hypoxanthine to uric acid with the concomitant production of
O2•− and H2O2. Xanthine oxidase is activated in the cytosol by limited proteolysis
of xanthine dehydrogenase (88). Also, xanthine oxidase is released to the
circulation and bind to glycosaminoglycans of extracellular matrix of endothelial
cells (89). The activity of this enzyme has been studied and characterized
extensively as a major source of O2•− during cycles of ischemia-reperfusion.
Several clinical studies performed in hypercholesterolemic patients showed high
levels of intravascular xanthine oxidase activity compared with control patients
(85, 90–92).

Mitochondria

Mitochondria are another source of O2•− production in the vasculature and
several tissues, due to electron leakage from the electron transport chain directly to
O2 (93). The standard reduction potential of O2 by one electron is -0.160V (1). The
respiratory electron transport chain contains several redox cofactors with standard
reduction potential between -0.32 V (NAD(P)H) and +0.39 V (cytochrome a3 in
complex IV). The electron transport chain includes several components such as
flavoproteins, iron-sulfur clusters and ubiquinone groups that are capable to reduce
O2 via one electron and yieldO2•− (92). Themajor sites of generation of O2•−within
the mitochondria are complexes I and III of the mitochondrial respiratory chain
(94–96). Several metabolic disorders lead to an increase of the mitochondrial O2•−

like hyperglycemia (87) or exposure to tobacco smoke (86).

eNOS

The endothelial isoform of nitric oxide synthase (eNOS) consists in
a homodimer of 135 kDa each subunit, which remain linked by a cluster
zinc-thiolate (4Cys-Zn). Each monomer contains a reductase and an oxygenase
domain. The reductase domain contains the cofactors NADPH, flavin adenine
dinucleotide (FAD) and riboflavin 5′-monophosphate (FMN) while the oxygenase
domain contains a heme group, a (5,6,7,8-Tetrahydrobiopterin) BH4 cofactor and
the cysteines of the cluster. Also eNOS binds Ca2+/calmodulin which activates
the≪enzyme. The mechanism of catalysis consists in an electron transfer chain
from the NADPH at the reductase domain to the O2 attached at the heme group,
which is then linked to the L-arginine, leading to N-hydroxy-arginine. A second
electron transfer leads to the generation of •NO and L-citrulline (eq. 14) (1).
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Some studies have shown that under depletion of the substrate L-arginine or
oxidative stress (promoted by reactive oxygen species (ROS) and peroxynitrite
that oxidizes the enzyme or the BH4 cofactor) eNOS could become a new source of
O2•− in the vasculature, therefore consuming •NO (97, 98). This process is known
as eNOS uncoupling (Figure 4).

Figure 4. Peroxynitrite inhibits •NO generation by eNOS and promotes its
uncoupling. The endothelial isoform of NOS consists in a homodimer in which
both monomers bind through zinc-thiolate cluster. Each monomer of the enzyme
contains a reductase domain with the cofactors NADPH, FAD and FMN, and
an oxygenase domain with the heme group and BH4. During normal catalysis
(1), electrons are transfered from NADPH, FAD and FMN through the reductase
domain of one monomer of the enzyme, to (2) the oxygenase domain of the
other monomer. The electrons are then transfered to BH4, the heme group and
finally to the guanidinium group of L-arginine to promote the synthesis of •NO.
In the presence of peroxynitrite (and peroxynitrite-derived radicals) (3), BH4 in
the oxygenase domain and (4) thiols of the reductase domain can be oxidized,
facilitating the uncoupling of the enzyme. As a consequence, oxygen becomes
the final acceptor of electrons to yield O2•- , which can react with •NO. As a
consequence, the output of •NO by eNOS is decreased, becaming a source of

peroxynitrite source in the vascular wall.

In 2006Marletta and collaborators performed EPR studies of the recombinant
bovine eNOS, which is highly homologous with the human isoform. In the
absence of the cofactor BH4, the formation of O2•− was stimulated (99). Other
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study in endothelial cells, showed that peroxynitrite promoted the monomerization
of eNOS as a possible mechanism of eNOS uncoupling (100). Recent studies of
Zweier´s group (101) showed that oxidation and S-glutathionylation of Cys910
in the reductase domain of eNOS promoted eNOS uncoupling. This modification
has been demonstrated in hypertensive mice models (101). However, the O2•−

dependent thiol oxidation and consequent mechanism of S-glutathionylation
is not clear. On the other hand, recent publications indicated that oxidation of
Cys910 is not enough to promote eNOS uncoupling, and oxidation of the thiol in
Cys691 was also necessary to promote eNOS-dependent O2•−production (102).
This group continued studying the eNOS uncoupling mechanism in an endothelial
cell model under hypoxia/reoxygenation and observed that, in addition to thiol
S-glutathionylation, BH4 oxidation can also be involved.

The O2•− produced by eNOS would react with •NO, leading to peroxynitrite
formation that would oxidize new molecules of eNOS promoting further
uncoupling. In consequence of this vicious cycle (Figure 4), there would be a
decrease in •NO levels in the vasculature, promoting endothelial dysfunction.
Although the mechanism of the reaction between peroxynitrite and eNOS is still
not well understood, there is strong evidence that peroxynitrite affects eNOS
activity.

Redox Cycling of Xenobiotics

An additional mechanism of enhanced O2•− production in the vasculature
involves the redox cycling of xenobiotics. Usually, the xenobiotic undergoes a
reduction step by endogenous systems (e.g. P450 system, mitochondrial electron
transport chain, flavoproteins) and then the reduced form yields O2•− upon
reaction with molecular oxygen. A notable example of this is represented by
smoke-associated quinonoid compounds present in plasma and vascular tissues
as a result of smoking that lead to decreased •NO levels, endothelial dysfunction
and formation of (3-nitrotyrosine) 3NT in vitro and in vivo (86).

Detoxification O2•- in the Vasculature

The presence of O2•− in the vasculature largely depends in the velocity of its
formation and dismutation mediated by the superoxide dismutases (SODs), which
catalyze the dismutation of O2•− to H2O2. In mammals there are three different
isoforms of SODs which differ in the cellular localization and the metal ion of the
catalytic center. Two isoforms are located inside the cells. While the cytosolic
isoform contains a copper-zinc (Cu,Zn-SOD) in the active site, the mitochondrial
matrix isoform contains manganese (Mn-SOD). There is also an extracellular
isoform of Cu,Zn-SOD (EC-SOD) which is expressed and excreted by smooth
muscle cells in healthy vessels and is the predominant isoform on the vasculature
(103). Nitric oxide increases EC-SOD expression via cGMP, consequently,
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pathologies that compromise •NO bioavailability also jeopardize O2•− dismutation.
SOD reacts with O2•− with a second order rate constant reaction of 1-2x109M-1 s-1
while the reaction between •NO and O2•− has a 10 times faster second order rate
constant. For this reason, the local concentration of SOD is essential to prevent
peroxynitrite formation and increase •NO bioavailability (104). Mn-SOD was
one of the first nitrated proteins identified in renal allograft rejection in humans
(105). Further studies demonstrated that Mn-SOD is inactivated due to nitration
by peroxynitrite at Tyr34 (106). Moreover, nitrated Mn-SOD and reduction of
its activity was identified in a vascular aging rat model, indicating a relationship
between nitration and inactivation of the protein function (107, 108). In another
example, the addition of cyclosporin A (an immunosuppressant used in renal
transplant with known vascular side effects) promoted peroxynitrite formation
and nitration of MnSOD in vascular endothelial cells (108).

To note, african-american hypertensive patients have decreased EC SOD
activity and increased nitrated plasma proteins compared to normotensive
patients (109), underscoring the interplay of •NO and O2•− in the modulation of
vasodilatory responses in vivo.

Peroxynitrite: Kinetic and Biochemical Evidence of Its
Formation in the Vasculature

Nitric oxide reacts very fast with O2•− with a second order rate constant of
~1010 M-1 s-1 (110) to yield peroxynitrite anion (ONOO-) (the term peroxynitrite
refers to the sum of peroxynitrite anion and peroxynitrous acid, ONOO- and
ONOOH, respectively). Peroxynitrite is a relative stable molecule in alkaline
solutions but at biological pH, the acid form of peroxynitrite (peroxynitrous
acid, ONOOH, pKa 6.8 (111), Eq. 15) quickly decomposes with a half life at
pH 7.4 and 25ºC or 37ºC of 2.7 and 0.7 s, respectively (111). The products of
the decomposition are hydroxyl and nitrogen dioxide radicals (•OH and •NO2)
in about 30 % yield (Eq. 16), with the rest isomerizing directly to nitrate.
Peroxynitrite is a strong oxidant. In addition, peroxynitrite anion is a good
nucleophile that reacts with CO2 with a rate constant of 4.6 x 104 M-1 s-1 yielding
an unstable adduct that evolves to •NO2 and carbonate (CO3•−) radicals in about
35 % yields (Eqs. 17 and 18) (112).
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In biological systems, peroxynitrite half-life is ~10-20 ms because of the
fast reaction of this oxidant with different molecular targets (113). Peroxynitrite
formed inside a cell or a cell compartment can diffuse through the membrane.
Although at biological pH ONOO- is the predominant species (ca. 80 % ONOO-

at pH 7.4), part of protonated form, can diffuse outside. In addition, peroxynitrite
anion can permeate through biological membranes by anionic channels (114, 115).

Peroxynitrite formation in the vasculature promotes oxidative modifications
in several proteins, which may affect their activity; the oxidative reactions can
occur in plasma, in the blood cells and in the vascular tissue (i.e. endothelium,
sub-endothelial smooth muscle, cardiac muscle and extracellular matrix
(116). Several amino acid residues can be modified by peroxynitrite or
peroxynitrite-derived oxidants. We will mention two key modifications in the
context of the current chapter, namely thiol oxidation and tyrosine nitration. Other
relevant modifications include methionine oxidation and tryptophan oxidation
and nitration (117).

Peroxynitrite reaction with thiols is typically ca. 1,000 times faster than
with H2O2 (eg. 1,000-5,000 M-1 s-1 vs. 1-10M-1 s-1 (54)). Moreover, certain
thiol-containing proteins such as the peroxiredoxins can react very fast with
peroxynitrite (1x 106 M-1 s-1 to 7 x 107 M-1 s-1) (118). The overall process
of the reaction of a thiol with peroxynitrite is a two-electron oxidation of the
thiol to the sulfenic acid derivative, which is usually a transient species (117).
Alternatively, peroxynitrite-derived radicals (i.e. •OH, •NO2, CO3•-) can mediate
the one-electron oxidation of thiols to thiyl radicals which can then react with
oxygen and yield overoxidized thiols such as sulfinic and sulfonic acids (117).
Thiol oxidation in vascular proteins has been studied, including human serum
albumin, SERCA and creatine kinase (117, 119).

One of the most studied oxidative postranslational modifications in vascular
proteins is the nitration of tyrosine residues. This modification can promote
several biologically-relevant consequences such as gain or loss of protein
function, induction of immunological responses by the formation of antigenic
epitopes or affect signal transduction pathways, mainly phosphorylation cascades
(120). The protein nitration by peroxynitrite promotes the formation of a tyrosyl
radical (•Tyr) and the addition of a nitro group (-NO2) in the adjacent position
of the hydroxyl group of the aromatic ring, yielding 3-nitrotyrosine (3NT).
Consequently, the protein may suffer structural and functional changes (figure 5).

Protein tyrosine nitration by peroxynitrite takes places through a free radical
mechanism which implies the intermediate formation of •Tyr, and a subsequent
reaction with •NO2. A subtle kinetic, and sometimes puzzling, issue, is that there
is no direct bimolecular reaction of tyrosine with peroxynitrite; indeed, tyrosine
nitration reactions are due to peroxynitrite-derived radicals (121, 122). The
mechanism of peroxynitrite-mediated protein tyrosine nitration, involves a free
radical mechanism in which first, a hydrogen atom is abstracted leading to the
formation of a •Tyr radical. This reaction can be achieved by several oxidants such
as hydroxyl radical (•OH), that reacts with tyrosine in a fast reaction (1.3x1010
M-1 s-1) with a high efficiency, leading the initial addition of the hydroxyl to the
phenyl group followed by dehydration to the •Tyr. Nitrogen dioxide can also react
with tyrosine yielding •Tyr radical, but with a smaller constant rate (3.2 x 105 M-1
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s-1) at pH 7.5 (123). Carbonate radical, CO3•− (3 x 107 M-1 s-1) can also efficiently
promote tyrosine oxidation (123). Moreover, in the context of other concomitant
oxidations mediated by peroxynitrite in the vasculature such as lipid peroxidation
(e.g. low density lipoprotein (LDL) oxidation (116)), lipid-derived radicals such
as peroxyl (LOO•) and alkoxyl (LO•) radicals, can promote one-electron oxidation
of tyrosine yielding to the formation of •Tyr, which in the presence of •NO2 can
lead to tyrosine nitration (124). The second order rate constants for the reaction
with tyrosine, are 5x103 and 5x105 M-1 s-1, for LOO• and LO• respectively (125,
126). These reactions have particular relevance in lipid-enriched biostructures
such as lipoproteins and membranes, where lipid-derived radicals can be formed,
fueling protein tyrosine nitration pathways within these compartments in proteins
such as apoA-1 or apo-B-100 (127, 128).

An alternative biologically-relevant mechanism for the formation of 3NT
is through the action of heme-peroxidases (myeloperoxidase (MPO) eosinophil
peroxidase (EPO)) in its reaction with hydrogen peroxide and NO2- (129). The
process involves the peroxidase-catalyzed oxidation of NO2- yielding •NO2 (Figure
3), which in the presence of •Tyr leads to the formation of 3NT. MPO compounds
I and II can oxidize by one-electron NO2- to •NO2 and tyrosine to tyrosyl radical,
providing the two radical precursors necessary for tyrosine nitration. In any
case, both the peroxynitrite-dependent and independent mechanisms of tyrosine
nitration require the evolution of •NO to secondary oxidants and involving free
radicals reactions. In addition to 3NT, other products can be formed once •Tyr is
formed, such as di-tyrosine, by the combination reaction between to •Tyr radicals
and 3-hydroxytyrosine (DOPA) (Figure 5).

Tyrosine nitration usually drops the pKa of the phenolic group from ~ 10 to ~
7.2-7.5, which has important consequences in the structure and the function of the
protein (121). Nitration of several proteins has been identified in vivo in different
pathological conditions.

Protein nitration also generates oxidative posttranslational modifications that
activate the immune response against these epitopes. Patients with conditions
of chronic inflammation, rheumatoid arthritis, osteoarthritis or lupus showed
high levels of anti 3NT antibodies (130). Recently, its has been reported that
the levels of immunoglobulins against 3NT are higher in patients with coronary
artery disease (CAD) (131). These data show that nitration of tyrosine residues
are able to activate immunological responses against own proteins and therefore
generating inflammatory and degenerative processes in the vasculature.

Albeit tyrosine nitrated proteins are widely distributed in the cardiovascular
system (CV) in normal or disease conditions, there is a strong association between
the formation of 3NT in the CAD correlated with CV risk factors. Proteins of
different compartments of the CV can be modified, including intravascular space,
vessel wall and myocardium (Table 1). We will describe the modified proteins
found in these compartments.
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Figure 5. Pathways of tyrosine oxidation and nitration via one electron
processes. Reproduced with permission from ref (121). Copyright 2012 American

Chemical Society.

Nitration of Plasma Proteins

Identification of circulating nitrated proteins is extremely relevant because it
shows a strong relationship between nitroxidative stress and human pathological
conditions. Though the vascular proteins have a great turnover rate, the finding
of nitrated proteins marks its importance in several pathologies. In this way, there
is equilibrium between circulating nitrated proteins and modified proteins in other
compartments which makes difficult to assess in which exact compartment the
protein was modified (132).
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Table 1. Evidence of nitrated proteins in vasculaturea

Nitrated
protein

Methodology Observations Ref.

Plasma proteins

Fibrinogen IP of fibrinogen,
3-NO2-Tyr determination
by HPLC-ESI-MS-MS,
electron microscopy

30% increase on 3-NO2-Tyr in
CAD, accelerated clot formation,

fragile clot.

(136,
184,
185)

Plasmin IP with 3-NO2-Tyr antibody
of plasma proteins, WB of
major plasma proteins.

Increase of nitration in plasmin
and fibrinogen in smokers, in vitro

inactivation of plasminogen
by nitration

(137,
138)

Apo-A1 IP with 3-NO2-Tyr antibody
from plasma and isolation
of Apo-A1 from biopsies,
HPLC-ESI-MS-MS for
3-NO2-Tyr determination.

Apo-A1 MPO interaction, nitration
and chlorination of Tyr192, two-fold

increase of Apo-A1 in CAD,
preferential nitration of Apo-A1
in plasma when compared to other

nitrated plasmatic proteins.

(141,
142,
186)

Vessel wall

Apo-B LDL purification by
ultracentrifugation of

human plasma and aortic
lesion, 3-NO2-Tyr was

determined after hydrolysis
and derivatization by GC-MS.

90-fold increase of nitrated LDL
compared to circulating plasma

nitrated LDL.

(149,
187)

COX IP of COX-1 from smooth
muscle cells and from human

atheroma plaques, WB
and spectrophotometrical
determination of nitrated

COX-1, COX-1 EPR studies,
trypsin digestion with HPLC
purification and amino acid

sequencing.

In vitro inactivation by nitration of
COX-1, identification of nitrated
COX-1in smooth muscle cells
and in human atheroma plaques,
identification of NO2-Tyr385 by

NO and Tyr·..

(158,
187,
188)

PGIS IP with 3-NO2-Tyr against
endothelial proteins, WB,
immunohistochemistry,
thermolysin digestion of
nitrated PGIS and high

resolution MS (FT-ICR) of
nitrated peptides.

Nitration of PGIS at low peroxynitrite
concentrations (1 µM), IC50 for

inactivation 100 nM, colocalization
of nitrated proteins and PGIS in

the endothelium of bovine coronary
artery, specific nitration at Tyr430.

(159,
160)

Continued on next page.
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Table 1. (Continued). Evidence of nitrated proteins in vasculaturea

Nitrated
protein

Methodology Observations Ref.

Mn-SOD In vitro nitration of human
Mn-SOD by peroxynitrite,
ESI-MS analysis of digested
SOD, amino acid sequencing,
IP of aged rat aorta, WB,
immunoelectron microscopy
anti-3-NO2-Tyr, development
of specific antibody against
nitrated SOD at Tyr34,
angiotensin II induced
hypertension in rats.

Identification of specific nitration at
Tyr34, distribution of nitrated SOD
in rat aorta, age-increase in nitrated
SOD, distribution of nitrated SOD
at Tyr34 in the kidney mainly in

cortical collecting ducts.

(106,
107,
185)

Perlecan Human coronary artery
endothelial cells (HCAECs)
and puri isolated protein
treated with peroxynitrite.

Immunofluorescence of human
atherosclerotic lesions.

Nitration and aggregation of isolated
protein. Changes in its function
in cell culture studies. Nitrated

protein in intima.

(162,
163)

Myocardium

MM-CK IP of CK from heart
failure in rats, WB and

immunohistochemistry, human
biopsy of atrial fibrillation

Nitration and inactivation of MM-CK
in heart, in vitro inactivation of
MM-CK by peroxynitrite but not
myosine ATPase, increase nitration
and carbonyl formation of MM-CK

in atrial fibrillation.

(172,
174,
189)

α-actinin IP of α-actinin from human
cardiomyocytes and WB

against 3-NO2-Tyr.

Contractile dysfunction of
cardiomyocytes after exposure

to peroxynitrite, detection of nitrated
α-actinin as the only nitrated protein

at the concentration used.

(174,
185)

SERCA IP of nitrated proteins from
SR of age rat skeletal muscle,
WB, protease digestion and
HPLC-ESI-MS, amino acid
analysis, IP of SERCA 2a and

WB against 3-NO2-Tyr.

Nitration of Tyr294,295 in the M4-M8
transmembrane domain of SERCA
2a, nitration of Tyr294,295 in SERCA
2a in rat heart, nitration of SERCA
2a in patients with idiopathic
dilated cardiomyopathy.

(177,
179,
180)

a IP = immunoprecipitation, WB = western blot, HPLC = high performance liquid
chromatography, ESI = electro spray ionization, MS = mass spectrometry, GC =
gas chromatography, FT-ICR = Fourier transformed-ion cyclotron resonance, Apo =
apolipoprotein, COX = cyclooxygenase, PGIS = prostacyclin synthase, SOD = superoxide
dismutase, MM-CK = myofibrillar creatine kinase, SERCA = sarcoplasmic reticulum
Ca2+-ATPase, MPO = myeloperoxidase, CAD = coronary artery disease, LDL = low
density lipoprotein, Tyr = tyrosine, Tyr. = tyrosil radical, 3-NO2-Tyr = 3-nitrotyrosine and
3-Cl-Tyr = 3-chlorotyrosine.

111

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
4

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Fibrinogen, a soluble plasma protein involved in clot formation, has been
reported as an independent risk factor in CAD and stroke (133). Additionally it
has been demonstrated a correlation between nitroxidative stress and an increase
(~30%) in the fibrinogen nitration in CAD patients (134, 135). Studies in vitro
showed that nitro-fibrinogen polymerized faster than normal fibrinogen. Moreover
the structure of the clot changed showing stable viscoelastic properties of nitro-
fibrinogen compared with less stable clot of normal fibrinogen, increasing the risk
of microemboli. The fibrinolytic system, which hydrolyzed the clot, composed
by plasmin does not differentiate between fibrin clots or nitro-fibrin clots (135,
136). However, plasmin can be nitrated in vivo an has been already detected
nitro-plasmin in plasma of smokers (137). Moreover, in vitro studies showed that
peroxynitrite is able to nitrate and inhibit plasmin activity (138).

On the other hand, lipoproteins can be nitrated by peroxynitrite. In the
90´ Beckman found nitrated proteins in the atheroma plaques of patients with
CAD (139). After that high density lipoprotein (HDL) dysfunction was linked to
nitroxidative stress in CV pathology (140). Apo A-1, the major apo lipoprotein
of HDL, is susceptible to chlorination or nitration mediated by myeloperoxidase
(141). Nitrated circulating HDL in plasma of CAD patients is two fold higher
than control patients (142). Moreover HDL appears to be a preferential target
among circulating proteins for nitration since nitro-A-1 is enriched 7 to 70 fold
compared with total plasma nitro-proteins (141, 142). Hazen et al discovered
that nitration on the apoA-I Tyr166 was present in atherosclerotic human
coronary arteries but this modification was undetectable in non-atherosclerotic
artheries. Nitration of this Tyr was correlated with an 88% of decrease in
lecithin-cholesterol acyltransferase activity, making HDL dysfunctional (143).
When HDL is chlorinated at Tyr192 residue, the reverse cholesterol transport
mediated by ABCA-1 receptor is affected while nitration in the same residues has
minimal effects (127, 141, 144). Apolipoprotein A-1 binds with high efficiency
myeloperoxidase facilitating the modification of the tyrosine.

Nitration in the Vessel Wall

The vessel wall is the major site for protein nitration in several
physiopathological conditions such as hypertension or atheromatosis, where
endothelial cells, smooth muscle cells and fibroblasts are activated by
cytokines and angiotensin II to produce O2•− (145, 146). Moreover, the
attraction of macrophages and neutrophils generates an inflammatory site,
promoting the increase in the release of O2•−, •NO and myeloperoxidase (147).
Each of the individual major risk factors of atheromatosis (hyperglycemia,
hypercholesterolemia, smoking and hypertension) produces endothelial
dysfunction and promotes nitroxidative stress (148). Atheromatosis is an
inflammatory condition in the vascular wall in which pro-atherogenic LDL is
located in the neointima, promoting an inflammatory response with leucocyte
infiltration (120).

LDL can be oxidized in the apo lipoprotein or lipids by either peroxynitrite or
bymyeloperoxidase system in vitro and in vivo (129, 149). Nitrated LDL promotes
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inflammation by recruiting monocytes and thus releasing tumor necrosis factor
alpha (TNF-α) (150). Oxidized LDL is endocyted by macrophages via scavenger
receptor (SR-A and CD 36) (151).

Vascular hemostasis is also maintained by the regulation of clot/formation
degradation. Certainly, eicosanoids are important for this role. In platelets,
cyclooxygenase I (COX-1) transforms arachidonic acid (AA) to thromboxane-A2
(TxA2) a potent agonist of platelet aggregation, thrombus formation and
vasoconstriction (152). Arachidonic acid also leads to the formation of
prostacyclin 2 (PGI2) mediated by cyclooxygenase 2 (COX-2) and prostacyclin
synthase (PGIS), that increases cyclic AMP (cAMP) (153), which acts deactivating
platelets, and inhibiting clot formation. Hence, PGI2 and •NO act synergistically
to maintain endothelium homoestasis (154). Atheromatosis disrupts this balance,
enhancing TxA2 and peroxynitrite formation, generating as a result a pro
thrombotic state. Intermediates derived from •NO pathway can both activate or
inactivate COX depending on their nature and concentration (153–155). Low
levels of peroxynitrite or other peroxides and AA can activate COX, but higher
levels nitrate and inactivate COX (156). COX catalysis requires the formation of
a tyrosyl radical on Tyr385 (157). In vitro studies showed nitration of this Tyr and
inactivation of the enzyme. Human atheroma plaques also demonstrated enzyme
nitration and inactivation (158). On the other hand, peroxynitrite nitrates and
inactivates PGIS (159) via nitration on Tyr430 (160). This enzyme depends on a
heme-thiolate prosthetic group for its activity, thus peroxynitrite reacts with this
group similarly as with other heme-peroxidases, but in a faster kinetic reaction
(161). The nitroxidative stress that takes place in atheromatosis profoundly affects
the artery wall leading not only to a decrease in •NO bioavailability but also to a
decline on PGI2 levels due to nitration and inactivation of several enzymes (120).
On the other hand, aging is also responsible for an increase of vascular O2•−

formation. In parallel with this result, a seven fold increase in eNOS expression
have been shown. All these data suggest that aging promotes vascular increase
of peroxynitrite formation, promoted by the O2•− reaction with •NO, in parallel
with a compensatory eNOS overexpression which, however, is not sufficient
to maintain normal •NO levels. As a consequence, peroxynitrite derived from
aging process promotes the nitration of several cellular proteins, most notably in
mitochondria (107).

It is interesting to note, that during •NO and O2•− interactions in vascular
tissues, peroxynitrite can also exert relevant effects in the extracellular matrix that
may influence vascular structure, including the nitration of the key matrix protein
perlacan (162). Indeed, perlecan, also known as basement membrane-specific
heparan sulfate proteoglycan protein (HSPG) or heparan sulfate proteoglycan 2
(HSPG2), is synthesized by both vascular endothelial and smooth muscle cells
and deposited in the extracellular matrix. Perlecan binds to extracellular matrix
and cell-surface molecules, interacts with growth factors and adhesion molecules
and also regulates the adhesion, differentiation and proliferation of vascular cells.
After peroxynitrite exposure of perlecan, the protein agregated and was found
nitrated. Moreover, changes in its activity were shown. Perlecan decreased its
binding of human coronary artery endothelial cells (163).
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Nitration in Myocardium

Nitroxidative stress participates in conditions such as myocardial infarction,
infectious processes such as myocarditis or contractile dysfunction of failing heart
(164, 165).

Creatine kinase is an enzyme that produces phospho creatine (pCr) a heart
energy reserve source. Myofibrillar CK exists as a homodimer (MM-CK) or
as a heterodimer (MB-CK), both expressed in cardiac and skeletal muscle.
MM-CK is responsible for major proportion of pCr in the myocardium. In heart
failure models, depletion of ~60% of pCr has been reported (165, 166) and this
observation was confirmed in humans by proton nuclear magnetic resonance
studies (H NMR) (167). Nowadays, probabilities of total and cardiovascular
mortality is determined by the ratio pCr/ATP and its correlation with severity
of heart failure (168). Moreover experiments with either acute (169) or chronic
(170) inhibition of CK have revealed a loss in contractile reserve of the heart
(171). Animal models of pharmacological induced (165) and post ischemic heart
failure (172) are associated with nitrated and inactivated MM-CK (173).

α-actinin is also susceptible to peroxynitrite-mediated nitration and inhibition
of myofibrillar protein. In humans, this protein was isolated nitrated from
cardiomyocytes, and this is associated with contractile dysfunction as measured
by maximal Ca2+ activated isometric force generated by peroxynitrite-treated
cardiomyocytes (174).

Myocardium contraction and relaxation are under strict control of calcium
metabolism. During relaxation cytosolic Ca2+ is pumped back to sarcoplasmic
reticulum by sarco/endoplasmic reticulum Ca2+-ATPase (SERCA). If this
metabolism is altered it can lead to a long term heart failure being that cardiac
contractility is modulated by SERCA levels (175). There are several isoforms
of SERCA, being sensitive to nitration and peroxynitrate-mediated inactivation,
the one predominant on slow twitch skeletal muscle, vessel smooth muscle and
cardiac muscle SERCA-2a. Studies of sarcoplasmatic reticulum (63) vesicles
exposed to peroxynitrite showed SERCA inactivation by sulfhydryl oxidation
that could be reverted by disulfide-reducing agents (176). In vivo nitration of
Tyr294 and Tyr295 from SERCA-2a of skeletal muscle has been demonstrated
during aging (177). Immunoprecipitation of SERCA from human coronary
artery atheroma was found, and corroborated the previous used model of aging
rats (178). In humans, nitrated SERCA was also found in idiopathic dilated
cardiomyopathy but not in normal coronaries patients. Cardiomyocytes showed
a correlation between half time relaxation and nitrated SERCA, suggesting that
SERCA nitration can contribute to cardiac dysfunction in heart failure (179). The
nitration of two consecutive tyrosines (Tyr294 and Tyr295) in membrane-spanning
helix-M4 was determined in senescent heart (180), while another nitrated tyrosine
(Tyr122) was detected by in vitro studies. For these discrepancies, some authors
proposed that SERCA can be degraded by the proteasome or 3-nitro-Tyr122
might be reduced by accessory proteins, such as putative denitrase activity (105,
181–183).
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Modulation of Vascular Nitroxidative Stress

A decreased •NO bioavailability and nitroxidative stress are associated with
a myriad of cardiovascular disease conditions, including atherosclerosis, CAD,
hypertension, stroke, heart failure, sepsis, and myocardial infarction, among
others (120). The extent of vascular nitroxidative damage is determined by
several factors, including the concentration and exposure time to peroxynitrite
and its derived radicals, the contribution of other oxidizing and nitrating
processes (including MPO-dependent reactions) and the ability of the vascular
cells to face the oxidative challenge by means of its endogenous antioxidant
mechanisms. It has become clear that basal level of antioxidant enzyme systems
and its modulation by diet, exercise or drugs can influence •NO bioavailability,
peroxynitrite formation and vascular health (190). On a related point, several
redox-based pharmacological agents with peroxynitrite-detoxification activity
could be useful in the treatment of vascular diseases (191). The pharmacological
modulation of nitroxidative stress as a therapeutic tool includes the use of:
i) antioxidant compounds that directly react with peroxynitrite and related
oxidant species, ii) compounds that inhibit peroxynitrite formation either by
preventing the formation or diminishing the steady-state concentrations of •NO or
superoxide, iii) compounds that catalytically decompose peroxynitrite once it has
formed (catalytic antioxidants), iv) compounds that upregulate the endogenous
antioxidant mechanisms. It is becoming apparent that some compounds exert
their effect by more than one mechanism of action.

In the following sections, we will discuss selected peroxynitrite detoxification
systems including endogenous enzyme systems and pharmacologically-active
organic and bioinorganic compounds.

Endogenous Antioxidant Mechanisms against Peroxynitrite in the
Vasculature

Extracellular Superoxide Dismutase (EC-SOD)

Superoxide levels are increased in blood vessels in many vascular disease
including hypercholesterolemia, atherosclerosis, hypertension, diabetes and
cigarette smoking. This abnormal generation of O2•− markedly influences the
bioactivity of •NO by favouring the formation of peroxynitrite. Besides the rate
constant of peroxynitrite formation is approximately five times higher than the
reaction between O2•− and superoxide dismutase (SODs), these enzymes are
unique in regulating O2•− levels, therefore SODs play a critical role in inhibiting
oxidative inactivation of •NO in the vasculature (192, 193).

As mentioned previously, mammals have three different isoforms of SOD:
the cytosolic or copper-zinc SOD (SOD-1), the mitochondrial manganese SOD
(SOD-2), and an extracellular form of copper-zinc-SOD (EC-SOD or SOD-3). A
major isoform of SOD, in the vasculature is the EC-SOD,which plays a critical role
in regulating the vascular redox state in the extracellular space (193). EC-SOD is a
135kDa homotetramer composed of three functional domains: the amino-terminal
residue, which allows secretion from the cell by an increase in the solubility of the
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protein; the active domain which binds copper and zinc and a carboxy-terminal
region with a positively charged cluster which provides affinity for heparan sulfate
proteoglycans on cell surfaces (192). EC-SOD is mainly synthesized by vascular
smooth muscle cells in healthy vessels (103), however it can be internalized by
endothelial cells through binding the heparan sulfates or a small portion can be
displaced with heparin, increasing the circulating levels of the enzyme (194). In
fact, immunohistochemical studies have shown that vascular EC-SOD is localized
in high concentrations between the endothelium and the smooth muscle (195).
The expression of EC-SOD in vascular cells and within the vessel wall confers to
EC-SOD a critical role in the preservation the •NO bioavailability and endothelial
function.

Recent evidence strongly suggests the involvement of endothelium-derived
•NO in EC-SOD expression. Another study from 2000 showed that the
expression of EC-SOD was up regulated by exogenous •NO in human aortic
smooth muscle cells. They also demonstrated an intense decrease in EC-SOD
expression in eNOS-deficient mice, while treadmill exercise training increased
eNOS and EC-SOD expression in aorta of wild-type mice but not in mice
lacking eNOS. Afterwards, the modulation of EC-SOD by •NO represents an
important feed-forward mechanism whereby endothelial •NO stimulates EC-SOD
expression in adjacent smooth muscle cells, thus preventing O2•−-mediated
degradation of endothelium-derived •NO (104).

The role of EC-SOD in redox signaling is another relevant approach of
SOD protective effects in the vasculature, since various biological effects of
SOD can be mediated by O2•− dismutation product, H2O2, which also works as
a signaling molecule (196). A number of studies suggest that EC-SOD-derived
H2O2 stimulates various redox signaling pathways to promote angiogenesis, cell
proliferation and tissue repair (197–199). At the beginning of the 90s, another
study showed the efficacy of vascular bound EC-SOD in protecting arterial
relaxation mediated by EDRF against the inhibitory effects of O2•− (200). The
vascular role of EC-SOD was also demonstrated in different experimental models
of hypertension. EC-SOD plays a critical role in modulating blood pressure and
vascular function in resistance vessels during angiotensin II-induced hypertension
in EC-SOD deficient mice, while the gene transfer of in a genetic model of
hypertension (201).

Findings of clinical and experimental studies suggest a critical role of
EC-SOD in atherosclerosis Low plasma circulating EC-SOD was independently
associated with an increased likelihood of a history of myocardial infarction
(202). Moreover, the activity of EC-SOD, but not SOD-1 or SOD-2, was reduced
in coronary artery segments of patients with coronary artery disease compared
with normal subjects (203). The reduction of EC-SOD in the vascular wall could
be attributed as a result of the decreased affinity of EC-SOD to endothelial surface
verified in atherosclerotic patients (204). Despite the abundant expression of
EC-SOD in the vascular wall, oxidized products of lipoproteins and nitrotyrosine
residues were detected in iNOS-positive, macrophage-rich human and rabbit
atherosclerotic lesions (203). In a rabbit balloon injury model, the sustained low
vascular EC-SOD activity induced nitroxidative stress and impaired iNOS-derived
•NO bioavailability, while EC-SOD administration attenuated tyrosine nitration
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and enhances NO2-formation (205). Thus, it is conceivable that high EC-SOD
expression in the arterial wall may prevent not only deleterious effects of O2•− but
also peroxynitrite formation. As discussed previously in the chapter, decrease in
EC-SOD activity produces hypertension in humans (109).

Peroxiredoxins-Prx

The cytotoxic effect of peroxynitrite is a consequence of cellular •NO
production within a oxidant-producing environment; thus, mammalian cells
contain physiological mechanisms for peroxynitrite detoxification. The
antioxidant enzyme family of peroxiredoxins (Prxs) is considered the most
efficient enzymatic system to neutralize peroxynitrite in tissues (206).

Peroxiredoxins are thiol-containing enzymeswidely distributed in nature from
bacteria to man and found abundantly in various tissues and cells. In general, Prxs
are able to reduce peroxides by an enzymatic substitution (ping-pong) mechanism,
using electrons provided by a physiological thiol such as thioredoxin (206, 207).
The mammalian genome encodes six subclasses of Prxs (Prx 1 to 6), which are
classified into three subgroups (2-Cys, atypical 2-Cys, and 1-Cys) according to
the number of Cys residues required for catalysis (208).

The first evidence of peroxynitrite reductase activity of Prxs was reported by
Bryk and collegues in 2000. The authors showed that three Prxs from phylogenetic
different pathogens react extremely fast with peroxynitrite. The typical 2-Cys
Prx of bacteria evaluated in this study, alkyl hydroperoxide reductase C (AhpC),
completely decomposed peroxynitrite with a second-order rate constant of 1 x 106
M-1 s-1 (at pH 7.0 and room temperature) (209, 210). After that, several other Prxs
were reported to react with peroxynitrite with similar, or even higher second-order
rate constants (206). The reaction of peroxynitrite with the catalytic peroxiredoxin
thiol can be represented as follow (Eq. 19).

1x 106M-1 s-1 to 7 x 107M-1 s-1) (118). The catalysis in this group of enzymes
start with the reaction of the peroxide with the “peroxidatic” cysteine residue (fast
reacting cysteine), to a sulfenic acid derivative, with the concomitant formation of
nitrite. Then, in the typical two-cysteine peroxiredoxins, the sulfenic acid reacts
with the “resolving” cysteine thiol to form a protein disulfide (118, 206), which is
the re-reduced to the native protein reduce state at the expense of substrates such
us thioredoxin.

Two-electron reduction rates of peroxynitrite by peroxiredoxins have been
established. An extremely rapid reaction has been reported for Prx5 with a k =
7 x 107 M-1s-1, which is two times higher than that of peroxynitrite with Mn3+
porphyrin, 20 times that with ebselen, and 5 times that with reduced glutathione
peroxidase 1 (211). Independently of the actual reaction rate constants (k), it
is critical to consider the concentration of the peroxynitrite targets to predict
the biological relevance of a give reaction. Considering these two parameters,
peroxiredoxins are recognized as the most efficient peroxynitrite scavengers
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known to date. For instance, assuming a concentration of Prx5 above 1 µM,
the calculated apparent pseudo-first-order constant (obtained as k times the
concentration of target, k(T)) is > 70 s-1, i.e; higher than that with CO2 (211).

Another relevant example of efficiency of Prx as a peroxynitrite scavenger in
the vascular system, is the antioxidant activity of Prx2 in red blood cells. Even
though intravascularly formed peroxynitrite can react with plasma components,
a considerable portion diffuses into erythrocyte (114). Considering the large rate
constant of Prx2 and peroxynitrite (1.7 x 107 M-1 s-1) (212) and its abundant
concentration in the erythrocyte ((240) µM; (213)), the calculated reaction
constant is superior to 4000 s-1 (211), largely exceeding the detoxification capacity
of oxyHb against peroxynitrite.

The relative abundance of Prxs enzymes in mammals appears to protect
vascular environment by removing different peroxides produced as a result
of normal cellular metabolism. Peroxiredoxins are widespread in biological
compartments and are located mainly in the cytosol, but also within mitochondria
and peroxisomes and associated with nuclei and membranes (211, 214). The
pharmacologic modulation of peroxiredoxin expression could represent an
important protective response against vascular oxidants. In this way, we recently
reported that the organoselenium compound, diphenyl diselenide efficiently
protects endothelial cells from nitroxidative stress and mitochondrial dysfunction
induced by the peroxynitrite donor SIN-1, by upregulating the expression of Prx1
and 3 (215) (see also below).

Oxy-Hemoglobin

Oxy-hemoglobin reacts with peroxynitrite with a high second order constant
of (k2 = 2 x 104 M-1 s-1 at 37 °C and pH 7.4 (114, 115) yielding metHb and
stoichiometric formation of NO3− as the final oxidation products. Taking into
account the relatively high rate constant for this reaction as well as the facilitated
diffusion of peroxynitrite across the membrane by the large abundance of anion
channels, oxyhemoglobin is an important route of peroxynitrite decay in the
vasculature (216).

The mechanism of the reaction implies the isomerization of peroxynitrite to
NO3− in several steps. Firstly, peroxynitrite reacts with oxyHb (best described as
an intermediate form between iron(II)-dioxygen and an Fe3+-O2•− complex, (Eq.
20)) to yield O2•− and metHb-peroxynitrite intermediate (Eq. 21), followed by
a rapid heme catalyzed peroxynitrite decomposition of O-O bond hemolysis to
ferrylHb and •NO2 (Eq. 22). The recombination of •NO2 with ferrylHb within
heme cavity produces metHb and NO3− (Eq. 23) (217).
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Until this moment, oxy-Hb acts as the major peroxynitrite scavenger in the
vasculature, preventing oxidizing reactions against other proteins. However, red
blood cells contain high levels of peroxiredoxin two, that reacts very fast with
peroxynitrite 1.4 x 107 M-1 s-1 at 25 ºC and pH 7.4 (212).

Peroxynitrite-derived oxidative modifications have been demonstrated in
hemoglobin, such as formation of protein radicals (cysteinyl and •Tyr derived
radicals) and covalently-linked hemoglobin chains. Recent studies showed that
several modification were identified from fresh isolated human hemoglobin, such
as nitration of Tyr24 and Tyr42 in the α-globin chains, and Tyr130 in β-globin chains.
Moreover, oxidation of methionine residues as well as cysteine residues were
identified (α-Met32, α-Met76, and β-Met55; α-Cys104, β-Cys93, and β-Cys112) (218).
Although these mechanisms occur in a very low yield in vivo, the identification
of these oxidative modifications in human isolated hemoglobin implies that
oxy-Hb is one important intravascular target of peroxynitrite; these reactions may
contribute to RBC aging, amont other mechanisms, by favoring intermolecular
cross links in hemoglobin and facilitating the formation of protein aggregates
(217).

Notably, in spite of the presence of strong peroxynitrite detoxifying systems
in RBC, namely Hb2+-O2 and Prx 2, basal 3NT levels are detectable, indicating
that nitrating species are continuously formed or reaching RBC even in healthy
individuals and that antioxidant systems are not completely efficient to cope
against peroxynitrite (219).

Pharmacological Compounds That Attenuate Peroxynitrite-Dependent Damage
in the Vascular System

According to several studies, organic and bioinorganic compounds added to
celular systems are able to detoxify peroxynitrite. We will discuss some of them
that have been reported to work successfully in the vascular system.

Metalloporphyrins - MnP

Metalloporphyrins (most notably manganese porphyrins, MnPs) can directly
react with peroxynitrite, catalyzing its decomposition. There is great interest in
these molecules because of the well-known ability of peroxynitrite to promote
fast one- and two-electron oxidation processes with transition metals. Indeed,
metalloporphyrins have shown to attenuate the toxic effects of peroxynitrite and
prevent nitroxidative stress in several in vitro and in vivo models (191, 220, 221).

MnPs, depending on its redox state Mn+3 or Mn+2, can reduce peroxynitrite
uni or divalently, resulting the oxidizing radical •NO2 or NO2−, respectively (220,
221). While MnP are administered in the Mn3+ redox state, the most redox active
form for cytoprotection is the fully reduced state, Mn2+, which is obtained by
reaction with cellular reductants such as ascorbate or glutathione or flavoenzymes,
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including mitochondrial respiratory complexes I and II. Indeed, Mn2+Ps are able
to promote the two-electron reduction of peroxynitrite yielding nitrite and the
oxidized Mn+4P. The oxidized Mn+4Ps species, would then be reduced back to
the Mn3+ state by cellular reductants ascorbate, glutathione and, most notably,
uric acid. The redox transtions complete a catalytic redox cycle of peroxynitrite
detoxification. For example, it has been shown that MnPs efficiently limited
peroxynitrite-mediated oxidative damage in low-density lipoproteins (LDLs) by
using uric acid as a reductant. This protective effect should predominate under in
vivo vascular conditions having plasma uric acid concentrations ranging between
150 and 500 µM (222, 223). The reactivity of different MnPs toward peroxynitrite
is diverse, with rate constants ranging from 105 to 107M-1 s-1 at 37°C (206) (Table
2). The mechanism of the reaction between the MnPorphyrin and peroxynitrite is
outlined below (Eqs. 24 and 25) (224).

Some of the Mn compunds have been used in several studies as SOD
mimmics, but the main activity of these Mn-compounds is actually peroxynitrite
decomposition (226).

An additional pharmacological aspect of MnPs is their ability to act as
catalytic antioxidants in mitochondria (220, 227). Themitochondria represents the
prime locus of formation and actions of peroxynitrite (228). Indeed, mitochondria
are central intracellular sources of O2•−, and peroxynitrite formation is favoured by
the •NO diffusion from the cytosol. Peroxynitrite irreversibly affects the activity
of electron transport chain complexes and enzymes of the Krebs cycle (229),
altering mitochondrial bioenergetics and further increasing mitochondrial O2•−

formation rate (230, 231). In line with this, it has been recently demonstrated that
MnP can undergo a catalytic redox cycle to neutralize peroxynitrite-dependent
mitochondrial oxidative damage at the expense of reducing equivalents from the
electron transport chain (227).

Selenium Compounds

The selenium-containing enzyme, glutathione peroxidase (GPx), can
act as a peroxynitrite reductase (232). The second-order rate constant for
the reaction of GPx with peroxynitrite is 8 X 106 M-1 s-1 (233). In fact,
the reaction of GPx with peroxynitrite is considered a biologically efficient
peroxynitrite detoxification pathway in vivo. Thus, as a way to mimic the
peroxidase activity of the GPx, several synthetic organoselenium compounds
have been designed (234). The first and most studied molecule has been ebselen
(2-phenyl-1,2-benzoisoselenazol-3(2H)-one), whose peroxidase activity has been
measured on various oxidants substrates, including peroxynitrite. In fact, ebselen
reacts with peroxynitrite efficiently, exhibiting a high second-order rate constant

120

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
4

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



(k2 ~ 106 M-1s-1) for a low-molecular-weight compound with peroxynitrite (235,
236). Considering an overall catalytic mechanism of action, ebselen reduces
peroxynitrite to nitrite forming the corresponding selenoxide (Eq. 26), which is
then reduced back to selenol either by glutathione or by the NADPH-selenoprotein
thioredoxin reductase (236–238).

The protective effect of ebselen has been demonstrated in several in vivo
and in vitro models where peroxynitrite is formed. As an example, ebselen
prevented the premature endothelial cell senescence and vasculopathy in
obesity-induced diabetic rats (239) and reduced the atherosclerotic lesions
in diabetic apolipoprotein E–deficient mice through modulating vascular
nitroxidative stress (240). Ebselen was also evaluated in clinical studies for the
treatment of stroke and subarachnoid haemorrhage (241, 242) pointing to the
potential therapeutic significance of the organoselenides in vascular pathology.

Apart from ebselen, various organoselenium compounds have been
synthesized and studied over the years aiming to mimic the peroxidase activity of
the GPx. In particular, we would like to focus as a relevant example in the context
of peroxynitrite pharmacology in properties of the simple diaryldiselenide,
diphenyl diselenide (PhSe)2. In fact, the GPx-mimetic activity of diphenyl
diselenide is higher than that of ebselen; however, the biological properties
of organoselenium compounds are much more complex and go far beyond
their GPx mimetic activity (243). In line with this, diphenyl diselenide, as
ebselen, is a good substrate of hepatic and cerebral thioredoxin reductase (TrxR)
enzyme, which contributes to its potent antioxidant action (244, 245). Some in
vitro and in vivo studies propose diphenyl diselenide as a potent modulator of
nitroxidative stress in the vasculature; however, the second order rate constant
for peroxynitrite-mediated diphenyl diselenide/selenophenol oxidation (2.7 x 105
M-1s-1; (246)) was smaller than that reported by ebselen, indicating that a more
complex mechanism is involved in the pharmacological properties of diphenyl
diselenide against peroxynitrite.

The treatment with diphenyl diselenide efficiently prevented atherosclerosis,
decreased nitroxidative stress in arterial wall and improved the endothelial
function in LDL receptor knockout mice (247). In addition, diphenyl diselenide
accurately inhibited in vitro human LDL oxidation (242). The neuroprotective
effect of diphenyl diselenide was also demonstrated in an experimental model of
stroke by preventing mitochondrial damage caused by ischemia and reperfusion
(248).

Oxidative and inflammatory disturbances induced by LDL in the vasculature
represent a relevant step in the development of cardiovascular disease. The
protective effects of diphenyl diselenide could be attributed to its ability
to modulate intracellular signaling pathways related to antioxidant and
anti-inflammatory responses. In this way, the redox signaling effects of
diphenyl diselenide down-regulated the NF-kB activation induced by LDLox in
macrophages, thus preventing the reactive species generation, disturbance of •NO
homeostasis, foam cell formation, and mitochondrial dysfunction (249).
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Table 2. Kinetic constant reaction of Mn-Porphyrins with peroxynitritea

Mn Porphyrin k2 M-1 s-1

Mn3+ TM 2-PyP 1.9 x 107

Mn3+ TnPr-2-PyP 1.4 x 107

Mn3+ TnBu-2-PyP 1.3 x 107

Mn3+ TnHex-2-PyP 1.3 x 107

Mn3+ TnOct-2-PyP 1.4 x 107

Mn3+ TM-3-PyP 4.2 x 106

Mn3+ TM-4-PyP 4.3 x 106

Mn3+ TSPP 3.4 x 105

Mn3+ TCPP 1 x 105

Mn2+ TE 2-PyP >7 x 106

a MnIIITM-2-PyP, manganese(III)mesotetrakis((N-methyl)pyridinium-2-yl)porphyrin;
MnIIITnPr-2-PyP, manganese(III)mesotetrakis((N-n-propyl)pyridinium-2-yl)porphyrin;
MnIIITnBu-2-PyP, manganese(III)mesotetrakis((N-n-butyl)pyridinium-2-yl)porphyrin;
MnIIITnHex-2-PyP, manganese(III)mesotetrakis((N-n-hexyl)pyridinium-2-yl)porphyrin;
MnIIITnOct-2-PyP, manganese(III)mesotetrakis((N-n-octyl)pyridinium-2-yl)porphyrin;
MnIIITM-3-PyP, manganese(III)mesotetrakis((N-methyl)pyridinium-3-yl)porphyrin;
MnIIITM-4-PyP, manganese(III)mesotetrakis((N-methyl)pyridinium-4-yl)porphyrin;
MnIIITSPP, manganese(III)mesotetrakis(4-sulfonatophenyl)-porphyrin; MnIIITCPP,
manganese(III)mesotetrakis(4-carboxylatophenyl)porphyrin; manganese (201) meso-
tetrakis((N-ethyl)pyridinium-2-yl)porphyrin (MnTE-2-PyP). Note that the last example
indicates the MnP in the reduced (+2) state. Modified from (220, 225).

Another mechanism involved in the pharmacological actions of
organoselenium compounds is its ability to react with redox-sensitive cysteines,
as a “thiol reagent” (243). Recently we reported that diphenyl diselenide, (as
already reported with ebselen), can activate the Keap1/Nrf2 signalling pathway
through oxidation of critical cysteines in Keap1, which in turn, allows Nrf2
transcriptionally activate the expression of antioxidant systems and detoxification
enzymes (246, 250). In this way, diphenyl diselenide protected endothelial cells
against peroxynitrite-induced nitration and apoptosis by improving the redox
status of endothelium through increasing the general activity of glutathione
and peroxiredoxin antioxidant system (246). During an oxidative challenge,
mitochondrial and endothelial function can be protected by selenium compounds
through a mechanism by which Prx expression is upregulated via transcriptional
and translational mechanisms regulated by both Nrf2 and FOXO 3 (215).

As already described, endothelial dysfunction is characterized by a reduced
bioavailability of •NO (251). In endothelial cells, the nitroxidative stress mediated
by peroxynitrite flux compromises the mitochondrial function which in turn leads
to additional intracellular production of peroxynitrite, amplifying the process,
finally reducing the .NO bioavailability. In this situation, diphenyl diselenide
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was able to prevent the endothelium dysfunction induced by a peroxynitrite flux
generated by 1,3 morpholinosydnonimine (SIN-1) (215).

The impairment in mitochondrial function induced by nitroxidative stress
is closely related to endothelial dysfunction, whereas targeting mitochondria
pharmacology is actually a promising therapeutic strategy for vascular disease
(252). Besides the upgrade of the glutathione antioxidant system through Nrf2
activation (215, 246), diphenyl diselenide improved the intracellular redox state by
also increasing the expression of different isoforms of peroxiredoxins (cytosolic
Prx1 and mitochondrial Prx3), efficient enzymes in peroxynitrite detoxification
(215). The profound impact mediated by peroxynitrite in endothelial mitochondria
lead to an impairment in cellular respiration, a compromise in ATP generation,
mitochondrial uncoupling and the reduction in mitochondria reserve capacity.
These alterations in respiratory parameters were prevented by diphenyl diselenide
via the amelioration of cellular redox capacity and the consequent improvements
in the mitochondrial network (215).

Statins

Statins (3-hydroxy-3-methylgulutaryl-coenzyme A reductase inhibitors)
are a group of lipid-lowering drugs used in the prevention and treatment of
cardiovascular disease. However, there is increasing evidence that statins
may also exert effects beyond cholesterol lowering. Indeed, many of
cholesterol-independent or “pleiotropic” vascular effects of statins appear to
involve restorative or improving endothelial function through increasing the
bioavailability of •NO enhancing the stability of atherosclerotic plaques, reducing
oxidative stress and inflammation, and decreasing the thrombogenic responses
(253–255). The ability of statins to increase eNOS expression and activation
may be an important mechanism by which statins improve endothelial function
(256). By inhibiting HMG-CoA reductase, statins can also inhibit the synthesis
of isoprenoids, which are important lipid attachments for intracellular signaling
molecules such as Rho GTPases (257). A decrease in Rho GTPase responses, as
a consequence of statin treatment, increases the expression and stabilization of
eNOS by a post- transcriptional mechanism which finally increases the production
and bioavailability of endothelium-derived •NO (256, 258). Furthermore, Kureishi
et al. reported that statins can activate protein kinase Akt. The serine-threonine
kinase Akt is an important regulator of various cellular processes, including
cell metabolism and apoptosis targets, such as caspase-9 and eNOS (259). For
example, the Akt activation induced by statins, inhibits apoptosis and increases
•NO production in cultured endothelial cells (260).

Another potential mechanism by which statins may improve endothelial
function is through their antioxidant effects. Several statins inhibit endothelial
O2•− formation by reducing the expression and/or activity of NADPH oxidase by
preventing the isoprenylation of p21 Rac, which is critical for the assembly of
NADPH oxidase (261–263). Because •NO is scavenged by ROS, these findings
indicate that the antioxidant properties of statins may also contribute to their
ability to improve endothelial function (264).
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Hazen et al measured the relationship between 3NT systemic levels with
patients with prevalence of CAD. In these cases, patients with CAD showed a
significant increase of plasma 3NT levels respect to control patients. In addition,
patients that were under Statin therapy, reduced nitrotyrosine levels significantly
(265).

Conclusions and Perspectives

In this chapter we have highlighted the oxidative mechanisms by which
the biological half-life and bioavailability of •NO is controlled (Figure 6); these
reactions are particularly relevant under pathophysiological conditions where
the vascular system is exposed or generates high rates of oxidants such as O2•−

and H2O2. The so-called “oxidative inactivation” of •NO leads, in turn, to the
generation of secondary •NO-derived oxidants that cause nitroxidative damage
in the vasculature. As vascular nitroxidative stress is one of the mechanisms
participating in vascular dysfunction and degeneration, early detection of
biomarkers of this process can help for early prevention or treatment of disease
conditions. Moreover, dietary habits, physical activity and pharmacological
strategies can assist to optimize vascular •NO physiology while minimizing toxic
effects of peroxynitrite and related •NO -derived oxidants in the cardiovascular
system.

Figure 6. Impaired •NO bioavailability during vascular oxidant formation:
formation of peroxynitrite and protein 3-nitrotyrosine
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Healthy endothelial cells regulate blood flow by controlling the smooth
muscle cells tone in the medial layer of the vessel wall. Nitric oxide (•NO) is
a major contributor to the normal homeostasis of the cardiovascular system.
Produced by endothelial nitric oxide synthase (eNOS, NOS3), •NO can diffuse
towards the surrounding smooth muscle cells where it activates soluble guanylate
cyclase (sGC) to induce cGMP-dependent vessel relaxation. Endothelial
dysfunction is characterized by a decrease in •NO bioavailability. The main
pathway of •NO inactivation in the vasculature is its diffusion-controlled
reaction with superoxide (O2•-) producing the powerful oxidant peroxynitrite
anion (ONOO-). Sources of O2•- include NADPH oxidases (NOX), xanthine
oxidase (XO) mitochondria and uncoupled eNOS. The vascular infiltration of
inflammatory cells (neutrophils and macrophages) also contributes to reactive
species generation. The neutrophil enzyme myeloperoxidase (MPO) can promote,
in presence of H2O2 (generated by SOD-catalyzed dismutation of O2•-), the one
electron oxidation of •NO to NO2- and of NO2- to •NO2, which can lead to the
oxidative inactivation and protein tyrosine nitration, respectively.

The inset represents peroxynitrite formation and actions in mitochondria.
Superoxide radical is mainly formed towards the matrix via the one-electron
reduction of molecular oxygen by electron-transport chain components. While
•NO has a half-life in the range of seconds and readily diffuses across membranes,
O2•- is much shorter-lived and has restricted diffusion, so peroxynitrite formation
is spatially associated to the sites of O2•- formation (The circles provide and
approximation of relative diffusion distances). Peroxynitrite-dependent nitration
of mitochondrial proteins such as Mn SOD, and cytochrome c amplify the cellular
oxidative damage through either increase O2•- steady-state levels and enhanced
peroxidase activity (NO2-Cyt c).Mitochondrial enzymes, such as electron
transport complexes I and II and ATP synthase (complex V), are particularly
vulnerable to attacks by peroxynitrite, leading to reduced ATP formation and
induction of mitochondrial permeability transition by opening of the permeability
transition pore, which dissipates the mitochondrial membrane potential (Ψ) and
allow the efflux of several pro-apoptotic molecules, including cytochrome c.

Superoxide dismutases (SOD) constitute an important defensive line,
diverting O2•- to H2O2 and thus preventing peroxynitrite formation. Blood vessels
express 3 isoforms of superoxide dismutase: cytosolic or Cu/Zn SOD, Mn SOD
localized in mitochondria, and an extracellular form of Cu/Zn SOD (EC-SOD).

Peroxynitrite anion (ONOO–) and peroxynitrous acid (ONOOH; pKa 6.8) can
evolve to secondary radicals that can readily oxidize and nitrate tyrosine residues
in proteins leading to NO2-Y-proteins. This effect is represented in the Figure
by nitration SERCA, inducing an increase of cytoplasmic Ca2+ concentration that
affects the vascular tone. In aqueous phase •NO can be mainly converted in nitrite
(NO2-) and both •NO and NO2- can react with oxyhemoglobin (Oxy Hb) to produce
methemoglobin (Met Hb) and NO3-.

When the endothelial dysfunction is established via an enhancement of
vascular O2•- levels, the half-life and levels of •NO are compromised, affecting
cGMP-dependent relaxation at the smooth muscle cells. In parallel, ONOO−

formation becomes relevant and tyrosine nitrated proteins increase in plasma and
the vascular wall.
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Parkinson’s disease (PD) is a prevalent neurodegenerative
movement disorder affecting millions of predominantly
elderly people worldwide and remains essentially untreatable.
The underlying mechanisms of selective dopaminergic
neurodegeneration in the substantia nigra pars compacta in PD
are still poorly understood and the sufferings of the victims
of the disease are unimaginable. Intense research endeavors
have been directed in delineating the molecular events in the
etiopathogenesis of PD. Oxidative stress stands at the forefront
amongst several plausible hypotheses of PD pathogenesis in
terms of the volume and substantiality of evidence acquired
through controlled technologically advanced studies of the
human disease and the experimental models of PD. Despite
ample evidence in support of the involvement of oxidative stress
in PD pathogenesis, traditional antioxidant-based therapeutic
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strategies have failed in the clinic. Here we discuss lessons
learnt from these failed clinical trials and new promising
antioxidant-based neuroprotective strategies for therapeutic
approaches that may usher hope to win the battle against this
debilitating disease.

Introduction
Parkinson’s disease (PD) is the second most common neurodegenerative

disorder that affects the aging population worldwide. Characterized by selective
loss of neuromelanin rich dopaminergic neurons in the substantia nigra pars
compacta (SNpc) with resultant loss of dopamine (DA) in the striatum, PD
clinically manifests in motor dysfunction. Resting tremor, muscle rigidity,
bradykinesia and postural instability are the cardinal clinical symptoms of PD (1,
2). The underlying molecular mechanisms that lead to neurodegeneration in PD
remain elusive and hence there is no effective therapy that could halt or retard the
progressive loss of dopaminergic neurons (3). Intensive research in PD spanning
over several decades provides clues to the complexity and interplay of multiple
factors in the etiopathology of the disease. The oxidative stress hypothesis of PD
(4, 5) could serve as one of the most plausible explanations to understand the
key molecular events in PD etiopathogenesis. Further investigations to reveal
the core mechanisms of oxidative stress in PD are warranted in order to nail
down the cause of this relentless disease and relieve the sufferings of millions
of PD victims globally. This chapter provides an overview of the involvement
of oxidative stress in PD pathogenesis by evaluating the failure of conventional
antioxidant-based treatments in clinical trials and also highlights the possibilities
of new and promising antioxidant-based neuroprotective strategies for therapeutic
interventions.

Reactive Oxygen Species: How Are They Generated in
Dopaminergic Neurons?

Oxidative stress is a cytotoxic condition that occurs when there is an increased
intracellular overproduction, or accumulation of reactive oxygen species (ROS) in
conjunction with reduced antioxidant capacity within the cell. The most common
species of ROS include molecules such as superoxide (O2•−) and hydrogen
peroxide (H2O2). Additionally, H2O2 is associated with the production of reactive
nitric oxide (NO•) species, which can also react with O2•- to produce highly
reactive peroxynitrite (ONOOˉ) (6). In general, ROS are continuously formed
by chemical reactions via direct interactions between redox-active metals and
oxygen species, or by indirect routes involving the activation of enzymes such
as nitric oxide synthase (NOS) or NADPH oxidases (7). Univalent reduction
of molecular oxygen leads to production of O2•−, OH• and H2O2. Superoxide
dismutase (SOD) enzyme converts O2•− to H2O2 (equation 1). Hydroxyl radicals
are also generated by Fenton chemistry (equation 2) and Haber-Weiss reaction
(equation 3) involving redox-active metals, namely iron and copper. The NOS
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enzyme activity converts arginine to citrulline producing NO•, which further
reacts with O2•− and forms peroxynitrite (equation 4). Peroxynitrite can get
decomposed to OH• and NO2• (equation 5).

ROS Generating Chemical Equations within the Cell

Generation of ROS under normal physiological conditions seems to facilitate
numerous beneficial effects such as defense from infectious agents, cellular
proliferations and survival (8). Under healthy conditions, O2 and H2O2 are
normal byproducts of oxygen metabolism by the mitochondria. The generation
of O2 from mitochondrial complexes I and III of the electron transport chain can
result in H2O2 that can be decomposed by catalase and glutathione peroxidase.
However, in both acute and chronic conditions where there are reduced levels of
enzymatic antioxidants, the generation of oxidative stress occurs via the release
of H2O2 into the cytosol. Furthermore, extracellular and environmental insults
can stimulate generation of ROS and oxidative stress which leads to inactivation
or damage of numerous proteins known to modulate key signaling pathways,
ultimately leading to cellular dysfunction and death.

The nigrostriatal dopaminergic neurons that degenerate in PD are highly
vulnerable to oxidative stress, due to high O2 consumption of this brain region
along with the low levels of antioxidant enzymes, such as SOD, glutathione,
and catalase (9). In addition these neurons are intrinsically equipped with high
levels of ROS generation machinery by virtue of their enrichment of the essential
neurotransmitter DA, neuromelanin and iron content. The generation of ROS can
also be increased in PD brain due to synthesis and storage of DA. DA is stable
inside synaptic vesicles inside the cell, however, once DA exits the vesicle in
a damaged neuron, it is easily metabolized by the enzyme monoamine oxidase
B (MAO-B) to produce 3,4-dihydroxyphenylacetic acid (DOPAC) and H2O2.
The DA redox chemistry engages a series of reactions producing ROS (10).
DA metabolism by the enzyme MAO-B into DOPAC produces reactive H2O2
(equation 6).
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Figure 1. Oxidative Stress in Parkinson’s disease: Various mechanisms are
known to contribute to oxidative stress in dopaminergic neurons, such as impaired
handling of dopamine, mitochondrial dysfunction, and neuroinflammation
all of which leads to neurodegeneration. Alterations in PD-linked proteins
can contribute and potentiate the impact of oxidative stress in dopaminergic
neurons by various mechanisms leading to neurodegeneration. Nrf2 signaling
is a promising pathway that can prevent oxidative stress buildup by activating
the endogenous antioxidant, anti-inflammatory, and cytoprotective pathways to
block dopaminergic neurodegeneration in PD. Abbreviations: DA: dopamine;
Keap1: kelch-like ECH associated protein1; Nrf2: nuclear factor erythroid
2 (NF-E2)-related factor 2; UPS: Ubiquitin proteasome pathway; GSH:

glutathione.

Moreover, DA undergoes spontaneous auto-oxidation in O2 and iron rich
environment to produce toxic DA quinones, O2•− and H2O2 (equation 7). Highly
reactive OH• are produced from O2•− and H2O2, see equation 3 above.
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Normally, DA is sequestered in storage vesicles through an active transport
process that requires vesicular monoamine transporter 2 (VMAT2) in preparation
for its release after neuronal depolarization. Thus, VMAT2 keeps cytoplasmic
DA levels under control, preventing ROS generation. As a result, over-expression
of VMAT2 confers protection, while dopaminergic neurons with genetic or
pharmacological blockade of VMAT2 are more susceptible against toxic insults
(11). In addition, the reuptake of synaptically released DA into nigrostriatal
terminals requires DA transporters (DAT). Perturbations in this reuptake
mechanism impact the levels of cytoplasmic free DA that is susceptible to be
oxidized (12).

Dopaminergic neurons are unique in containing neuromelanin pigment that
imparts the dark brown color to the nigral neurons (13). DA quinones can cyclize
to form a highly reactive aminochrome that polymerizes with neuromelanin.
This process also involves O2•− generation and depletion of cellular NADPH.
Neuromelanin accumulates iron, copper and other transition metal ions over the
years and hence these neurons become fields for high reactivity with OH• and
ROS generation. Neuromelanin contributes to H2O2 production by catalyzing
dismutation of O2•− (equation 8).

The Fenton chemistry for OH• generation is dependent on iron (Fe2+) either
cytosolic or compartmentalized as in the neuromelanin. Analysis of neuromelanin
in the SN of PD patients has shown an early accumulation and overload of
iron (Figure 1), which can lead to increased oxidative stress (14, 15). Finally,
neuromelanin that leaks from degenerating nigral neurons may contribute to the
neurodegenerative process of the healthy cells by activating the neighboring
microglia (16). Enzymatic antioxidant service against ROS in the brain is mainly
served by SOD, catalase, and glutathione peroxidase (GPx). Reduced antioxidant
potential of the antioxidant battalion in the brain correlate with neurodegenerative
pathology in the brain. Downregulation of the catalase enzyme activity causes
cytosolic H2O2 accumulation. Reduced glutathione (GSH) is a prominent
determinant of the oxidative status in the brain. Localized exclusively in glial
cells, GPx enzyme participates in the detoxification of H2O2 by converting GSH
into oxidized glutathione (GS-SG) (equation 9).

Reduction of GS-SG by glutathione reductase enzyme retrieves GSH and thereby,
restores the antioxidant program.

The midbrain dopaminergic neurons are surrounded by extremely high
numbers of resident microglia. It is estimated that the midbrain has about 4.5
fold more microglia than any other brain regions, suggesting that microglial
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function is pivotal in the overall health of nigrostriatal dopaminergic neurons
(17). Microglia are the major resident immune cells in the brain, providing
innate immunity, however, astrocytes and oligodendrocytes are also involved
in the neuroinflammatory response (18). The brain homeostasis is maintained
by microglia by the production of various neurotrophic and anti-inflammatory
factors that influences the neighboring astrocytes and neurons (19). In the
healthy brain the resident microglia exhibits a resting phenotype. However,
under stress conditions such as invasion of pathogens, injury, or during toxic
protein accumulation microglia become activated to initiate an immune response
to promote tissue repair and clearance of debris (20). This innate immune
response eventually resolves in a controlled fashion once the injury is cured.
However, persistence or a failure to resolve this inflammatory response leads to
the uncontrolled release of neurotoxic factors such as ROS, pro-inflammatory
cytokines, chemokines and prostaglandins and decreased secretion of trophic
factors accumulating oxidative stress in the microenvironment. The heightened
neuroinflammatory microglial response can be amplified by distress signals from
damaged neurons thus leading to a self-perpetuating vicious cycle incurring
further neuronal destruction (21). In PD, reactive microgliosis may be triggered
by oxidized or nitrated molecules released by dying or damaged dopaminergic
neurons that include aggregated α-synuclein, neuromelanin, histones, lipids,
DNA and ATP. Indeed, studies have reported the presence of activated microglia,
upregulation of inducible NOS, and presence of pro-inflammatory mediators
released from these microglia in the brain and cerebrospinal fluid (22). Further
evidence to the role of inflammation in PD comes from the findings of human
leukocyte antigen (HLA) as a risk factor in Genome-Wide Association Studies
(GWAS), which again raises the possibility for general pro-inflammatory
state in this disease as a primary cause of neurodegeneration, or serves as a
disease modifier to increase the risk of PD (23). All these observations suggest
that ROS can initiate pro-inflammatory pathways, further perpetuating the
deleterious environment for vulnerable neuronal populations such as the midbrain
dopaminergic neurons (Figure 1).

It is suggested that the bioenergetic cost of both maintaining the large number
of synapses and propagating action potentials is vast in long, unmyelinated
nigrostriatal dopaminergic neurons (24, 25). Theoretical calculations based on
existing experimental data suggest that a single midbrain dopaminergic neuron
may form over one million synapses and that the energy cost of maintaining
these synapses and the cellular membrane potential increases with a non-linear
relationship. Mitochondria are dynamic organelles serving these energy demands
besides being closely involved in calcium homeostasis, stress response and cell
death pathways. Indeed, mitochondrial dysfunction leads to oxidative stress and
is associated with the pathogenesis of PD (5, 26). The electron transport chain
in mitochondria is a major source of ROS in dopaminergic neurons. As O2 is
sequentially reduced to H2O by the electron transport chain complexes, a small
percentage of O2•– is produced by complexes I and III. Once produced inside
the mitochondria, O2•– may be converted to H2O2 by the enzyme manganese
superoxide dismutase (MnSOD). Numerous other enzymes namely glutathione
peroxidase 4 (GPx4), peroxiredoxins (PRDX) 3 and 5 that are localized in the
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mitochondria catalyze further reduction of H2O2 to H2O and O2. Under normal
conditions, ROS participate in signaling events mediated by select thiol residues
in proteins that have the potential to control large scale changes in transcription
amongst other things (27). However, certain situations can cause ROS production
to surpass the antioxidant capacity of a cell to cause irreversible damage to
cellular macromolecules ultimately leading to cell death. A significant reduction
in the activity of mitochondrial complex I, a defective assembly process of
its protein subunits, and increased oxidative damage to these protein subunits
are reported in SN and other brain regions of PD patients (26). There is also
evidence from multiple independent studies of a systemic reduction in complex
I activity in blood platelets and muscle biopsies. Mitochondrial DNA encoded
defects have been demonstrated where complex I defect from PD platelets are
transferable into mitochondrial deficient cell lines known as “cybrids” (28). A
major question that arises is whether impaired complex I activity represents a
primary defect contributing to PD pathogenesis or whether it is secondary to
disease, or due to related issues, such as medication. The former seems to be
true since complex I activity does not correlate with levodopa (L-DOPA) dosage,
and is normal in other neurodegenerative diseases, such as multiple system
atrophy, suggesting that it is not a nonspecific consequence of neurodegeneration
(29). There is also genetic evidence that abnormality in the mitochondrial
DNA (mtDNA) may contribute to PD pathogenesis. These involve the point
mutation in mitochondrial 12S rRNA found in a pedigree with parkinsonism,
deafness and neuropathy, a marked age-dependent increase in mtDNA deletions
in laser-captured dopaminergic neurons that are clonally expanded and associated
with respiratory chain deficiencies (30). More extensive mtDNA deletions,
which are associated with cytochrome c oxidase deficiency, occur in patients
with PD compared with age-matched controls, and oxidative damage leading to
double-strand breaks in mtDNA might be instrumental in the acquisition of these
somatic mutations (31). A major source of mitochondrial deficits during aging
is mutations in mtDNA, which is accelerated by oxidative stress. Individuals
carrying polymerase gamma (POLG) mutations, the polymerase responsible for
mtDNA maintenance and replication, acquire mtDNA deletions at an accelerated
rate in the nigral dopaminergic neurons (32). In addition, gene expression
profiling in dopaminergic neurons from PD patients showed down-regulation
of genes encoding mitochondrial proteins, among others, providing further
evidence for mitochondrial dysfunction in PD which may result in increased
ROS generation (Figure 1) (33). Additionally, many of the PD-associated genes
identified by both GWAS and Mendelian inheritance patterns encode proteins
that have been shown to either directly or indirectly play a role in mitochondrial
homeostasis (34). More on how these PD genes influence mitochondrial biology
in PD pathogenesis is reviewed below.

Oxidative Stress in Idiopathic Parkinson’s Disease

Oxidative stress has been proposed to play a major role in aging and
neurodegenerative disorders such as PD (4). Although causal relationships
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between oxidative damage and PD remain to be defined fully, evidence to
date has shown that oxidative damage occurs in PD, as judged by markers
of lipid, protein and DNA oxidation in postmortem tissues. Increased lipid
peroxidation was initially demonstrated in SN through measurement of increased
levels of polyunsaturated fatty acids (35). Subsequently, an increase in lipid
hydroperoxides was also demonstrated, confirming that free radical attack on lipid
membranes is enhanced in PD (36). An immunohistochemical study demonstrated
increased immunoreactivity to 4-hydroxynonenal (HNE) in the dopaminergic
neurons in SN (37). This latter change is very important since HNE is a highly
reactive product of lipid peroxidation that in turn may be able to interact with a
variety of protein molecules. Indeed, HNE adducts are present in Lewy bodies in
PD (38). In vitro studies have shown that HNE can cause cell death associated
with increased oxidative or nitrosative stress, impaired mitochondrial function
and decreased proteasomal activity (Figure 1) (39). There is also evidence for
increased levels of isoflurans, another marker of lipid peroxidation, in SN in
PD (40). Increased protein oxidation occurs in SN in PD, as demonstrated by
enhanced levels of reactive protein carbonyls (41). However, higher amounts
were also found in other brain regions examined both within and outside the basal
ganglia. It is likely that oxidative stress is more widespread in the brain in PD
and the pathogenic process is more extensive than currently thought and extends
to many different brain areas. In fact studies reveal the existence of oxidative
stress markers in peripheral blood lymphocytes and plasma of PD patients
highlighting systemic oxidative stress involvement in PD (42–45). Moreover,
reduced mitochondrial complex I activity in the platelets of PD patients has been
reported previously (46, 47). Interestingly, in PD, the dopaminergic neurons of
the SNpc when compared to the nearby dopaminergic neurons of the ventral
tegmental area are more vulnerable to oxidative stress. However, the precise
mechanisms related to this differential vulnerability to oxidative stress between
these neuronal populations remains unclear. The selective vulnerability of the
SNpc dopaminergic neurons probably depends on their unique molecular and
electrophysiological determinants (48). Alterations in DNA oxidation are also
suggested to occur in PD as measured by increased levels of 8-hydroxyguanine
or 8-hydroxy-deoxyguanosine (41, 49), which are accompanied by alterations in
DNA repair enzymes (50, 51). A detailed study of alterations in a range of DNA
bases and products of oxidation in PD showed only guanine was affected (41).
However, whereas the levels of 8-hydroxyguanine were increased, these were
balanced by a decrease in the levels of Fapy‐guanine, another product of oxidative
damage to guanine. 8-hydroxyguanine and Fapy‐guanine are alternative products
arising from the initial oxidation product of OH• attack on guanine bases. Since
the subsequent formation of 8-hydroxyguanine or Fapy‐guanine is determined by
pH, these findings may reflect an alteration in the redox potential of nigral cells
rather than an increase in overall DNA damage. Altered redox potential may
itself enhance free radical production through a variety of mechanisms (39). It
is also worth noting that L-DOPA may contribute to oxidative damage to DNA,
particularly in the presence of divalent metal ions (52).

The potential for iron-mediated free radical formation initiated a range
of assessments of the iron content in PD (Figure 1) (53–57). Overall there is
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agreement that iron levels are increased in SN however, there does not seem to be
agreement about the state of ionization of iron, whether it is present in a free or
reactive form or whether it is inactivated by binding to proteins such as ferritin
(14, 53–56, 58–60). The origin of excess iron remains unresolved and whether
it has a glial or neuronal origin remains a question mark. There is also some
evidence for alterations in proteins associated with the transport of iron, and
their receptors in brain and in the periphery, but again this is an area that lacks
consensus (61). It is clear, however, that changes in iron levels in the SN are not
specific to PD since they occur in other neurodegenerative diseases affecting this
brain region, such as multiple system atrophy, progressive supranuclear palsy,
and also in neurodegenerative diseases affecting other areas of the brain, such as
Huntington’s disease and Alzheimer’s disease (39). Despite these discrepancies
related to a selective role of iron in the loss of nigral dopaminergic neurons in PD,
evidence seem to favor towards iron chelation regimen as a tractable therapeutic
opportunity (62). However, investigation into the cases of incidental Lewy body
disease (ILBD) (these are normal individuals who at postmortem are found to
have some nigral cell degeneration and the presence of Lewy bodies in SN) that
may represent pre-symptomatic PD do not seem to support iron accumulation as
an early pathogenic event, suggesting that iron accumulation occurs secondary
to neurodegeneration (63). Similar to iron, levels of mitochondrial complex
I in ILBD are not statistically different from age-matched controls, but are
intermediate between those found in the normal cases and those found in PD (57).
Consequently, it remains unknown whether mitochondrial dysfunction occurs at
an early point in the illness. In contrast, the levels of the tripeptide antioxidant
GSH in ILBD are significantly lower than those found in age-matched control
and are decreased almost to the levels seen in advanced PD (63). This suggests
that loss of this major antioxidant serves as an initial trigger for neuronal loss and
may relate to the vulnerability of SN to subsequent oxidative mechanisms (Figure
1). The exact cause for the loss of GSH in PD is unclear and it is not associated
with an impairment of the synthesis of GSH or in the enzyme systems associated
with its oxidation-reduction cycle (64). Whatever, the cause of depletion of GSH,
it renders cells more sensitive to toxic actions of ongoing oxidative mechanisms
prevailing in the dopaminergic neurons of SN and also potentiate the toxic effects
of glial activation towards dopaminergic neurons. Overall, these observations
thus far suggest that markers of oxidative stress may serve as a pathologic trigger
in the onset of PD pathophysiology. However, the origins of the oxidative stress,
factors that determine their vulnerability, and its relationship with the progression
of neuronal loss in PD are not immediately apparent.

Oxidative Stress in Toxin and Genetic Models of Parkinson’s
Disease

A better understanding of the pathophysiology of PD is only possible with
the development of reliable experimental models, which can mimic disease
processes with good fidelity. Hints that environmental toxins might play
a role in the molecular pathology of PD first appeared after the accidental

155

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
5

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



administration of 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in a
group of young intravenous drug users, who eventually developed a clinical
phenotype reminiscent of late-stage PD (65). MPTP was subsequently identified
as a potent neurotoxin that can easily cross the blood-brain barrier (BBB),
being metabolized to 1-methyl-4-phenylpyridinium ion (MPP+) in astrocytes,
a potent mitochondrial complex I inhibitor (66). In addition to MPTP, other
environmental toxins, such as the herbicide paraquat and rotenone have been
identified as contributors to dopaminergic neuronal cell death and parkinsonism,
supporting further the link between environmental exposure to pesticides and
a risk of developing PD. Interestingly, a meta-analysis of 19 studies on the
involvement of environmental pesticides in the pathogenesis of PD found an
estimated doubling of the risk to develop PD (67). Four individual pesticides
were found to increase the risk of PD: dieldrin, maneb, paraquat, and rotenone,
the latter two behaving as mitochondrial toxins, in a similar manner to MPTP.
Paraquat is also known to cause dopaminergic neurodegeneration by oxidative
stress via O2•−, redox cycling with cellular diaphorase such as NOS (68).
Oxidative stress is also the basis for dopaminergic neuronal damage inflicted
upon by toxins like manganese, kainate, methamphetamine and isoquinoline. A
neurotoxic analogue of DA, 6-hydroxydopamine (6-OHDA) has also been used to
induce nigrostriatal degeneration in rodents. Unlike MPTP, it does not efficiently
cross the BBB and therefore it must be injected directly into the nigrostriatal
tract. The ability of 6-OHDA to induce DA degeneration has been linked to
oxidative stress mechanisms, mitochondrial dysfunction and neuroinflammation
(69). Interestingly, activation of microglia has been documented to be associated
with dopaminergic neurodegeneration induced by almost all of the toxin models
of PD releasing abundant ROS and pro-inflammatory mediators (70).

The discovery of genes linked to familial forms of PD also bonds the linkage
of oxidative stress to PD pathogenesis (Figure 1) (71). Studies utilizing cell
lines, autopsied patient samples, and genetically manipulated animal models
have revealed a plethora of information on how oxidative stress is linked to PD
pathophysiology by impacting normal functions of the proteins whose genes
are linked to familial PD. Amongst these five genes that are studied extensively
including- α-synuclein, parkin, PTEN-induced putative kinase 1 (PINK1), DJ-1,
and Leucine-rich repeat kinase 2 (LRRK2) (72) will remain the main focus of
this section.

α-Synuclein is a natively unfolded presynaptic protein believed to play
a role in synaptic vesicle recycling, storage and compartmentalization of
neurotransmitters and associates with vesicular and membranous structures. Both
PD-linked pathogenic mutations and elevated concentrations will give α-synuclein
a propensity to develop a β-sheet structure that readily polymerizes into oligomers
and higher order aggregates such as fibrils (71). Although α-synuclein aggregates
are a common feature of PD and alpha-synucleinopathies, little is known of
the mechanism by which α-synuclein promotes neuronal loss or the factors
that regulate α-synuclein toxicity. Several studies suggested direct pathologic
relationships between oxidative stress/damage and α-synucleinopathies.
Specifically, Lewy bodies and Lewy neurites in human α-synucleinopathies are
associated with the accumulation of oxidatively modified form of α-synuclein,
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including nitrated α-synuclein (73). Oxidative damage to α-synuclein, particularly
dityrosine cross-linking of α-synuclein, is associated with increased aggregation
(74, 75). Moreover, α-synuclein can catalyze formation of H2O2 in vitro (76).
The transition of α-synuclein from protofibrils to mature fibrils is inhibited by
oxidative modification of α-synuclein by DA that results in accumulation of
cytotoxic protofibrils in dopaminergic neurons suggesting that catechol oxidation
may contribute to the accumulation of α-synuclein (77). It is suggested that
pore forming α-synuclein protofibrils can disrupt the integrity of vesicular
membranes thereby increasing cytosolic catecholamine concentrations further
exacerbating toxicity of oxidized catechols (78, 79). Dysregulated vesicle
recycling could also result from interaction of misfolded or mutant α-synuclein
with membrane-associated enzyme phospholipase D2 (PLD2), whereby it limits
the number of vesicles to store DA (80). In addition, α-synuclein can cause
clustering of DAT leading to increased reuptake of extracellular DA into the
pre-synaptic neurons to increase cytosolic DA that may further exacerbate
neurodegeneration (81). Several lines of studies demonstrate a direct role
of α-synuclein in oxidative stress-induced neurodegeneration by influencing
mitochondrial dysfunction. In this regard, α-synuclein is known to associate
with the inner mitochondrial membrane where it is known to associate with
the complex I of the mitochondrial electron transport chain thereby decreasing
its activity (82, 83). This notion gains support from the demonstration of the
presence of α-synuclein in the mitochondrial membrane of dopaminergic neurons
in control mice (84) and in the degenerating mitochondria of the human A53T
α-synuclein transgenic mice (85). The phospholipid cardiolipin is an integral
component of the mitochondrial inner membrane, which is externalized on
mitochondria after stress where it acts as a “self destructive” signal that is
recognized and destroyed by the mitochondrial degradation machinery known
as mitophagy (86). Interestingly, α-synuclein has been demonstrated to interact
with cardiolipin on vesicles mimicking mitochondrial inner membranes and
the A30P substitution inhibits this interaction (87, 88). Functional studies have
shown that α-synuclein binding to mitochondria leads to cytochrome c release,
increased calcium, and ROS levels culminating in cell death. Consistent to these
findings genetic ablation of cyclophilin D, the modulator of the mitochondrial
permeability transition delayed disease onset and extended lifespan in a mutant
α-synuclein transgenic mice (89) implicating the role of ROS and mitochondrial
calcium capacity in PD. Additionally, excessive ROS generation is also known
to impact mitochondrial metabolism indirectly. Under conditions of oxidative
stress α-synuclein is known to localize in the nucleus where it binds to the
promoter of peroxisome proliferator-activated receptor gamma-coactivator-1
alpha (PGC1 α) gene that results in downregulation of PGC1 α target genes that
are involved in modulating mitochondrial biogenesis, and oxidative stress (90).
Other exogenous factors that link oxidative stress and mitochondrial dysfunction
via α-synuclein are also suggested. For instance in vivo studies using rats
demonstrate formation of α-synuclein aggregates following systemic exposure
to mitochondrial toxins such as rotenone (91) or dichlorvos (92). Similarly,
α-synuclein transgenic mice exhibit increased proteinase-K-resistant α-synuclein
inclusions (93) and demonstrate increased sensitivity to neurodegeneration to
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MPTP (94–96). Conversely, mice lacking α-synuclein are resistant to MPTP and
other mitochondrial toxins such as malonate and 3-nitropropionic acid (97, 98).
Collectively, these studies suggest a direct reciprocal relationship between ROS,
α-synuclein aggregation and mitochondrial dysfunction that can create a vicious
cycle to set the stage for neurodegeneration.

α-synuclein-induced neurodegeneration can also be mediated through the
activation of microglia that leads to increased ROS generation (99–103). It has
been demonstrated that microglial cells can produce more pro-inflammatory
cytokines such as tumor necrosis factor (TNF)-α, and interleukin-6 (104, 105)
when conditioned media from neuronal cells that overexpress mutant or wild-type
α-synuclein is incubated with microglial cells. This is consistent with increased
ROS production and microglial activation accompanied by increased secretion
of TNF-α and interleukin-6 by microglial cells when incubated with α-synuclein
aggregates, or mutant α-synuclein (100, 106, 107). The ability of α-synuclein
to activate microglia is further enhanced when α-synuclein is nitrated, which
renders it to aggregate and become resistant to proteolysis (107–109). In addition
to its influence on microglia, nitrated α-synuclein is also known to activate
adaptive immune response that leads to increased leukocyte infiltration in the
brain (110). This is consistent with the accumulation of nitrated α-synuclein
and subsequent loss of dopaminergic neurons in human α-synuclein transgenic
mice administered with systemic lipopolysaccharide (LPS) when compared to
wild-type mice (111). A proposed mechanism of excessive microglial activation
and subsequent pro-inflammatory state in the brain is suggested by the release of
misfolded α-synuclein from dying dopaminergic neurons. Notably, oligomeric
α-synuclein has been shown to be an agonist for toll-like receptor (TLR)-2
resulting in microglial activation (112) which is consistent with increased
microglial expression of TLR2 in ILBD indicative of an early microglial activation
in response to PD pathology (113). Interestingly, activation of microglia by
α-synuclein is attenuated in microglia from mice that lack CD36, the scavenger
receptor further suggesting a direct role of α-synuclein and inflammation in
PD pathogenesis (100). Taken together, it appears that genetic abnormalities in
α-synuclein leads to increased oxidative stress, whereas oxidative stress itself is
sufficient to impart a toxic phenotype to α-synuclein causing its aggregation which
could then lead to mitochondrial dysfunction and exaggerated inflammation
culminating in dopaminergic neurodegeneration.

Mutations in the parkin gene are a major cause of autosomal recessive early
onset PD (114). Parkin functions as an E3 ubiquitin protein ligase similar to
other RING finger containing proteins by targeting misfolded proteins to the
ubiquitin proteasome pathway for degradation. Parkin functions as a multipurpose
neuroprotective protein in a variety of toxic insults crucial for DA neuronal
survival (115). Several lines of studies suggest that parkin’s neuroprotective
action could be mediated via modulation of oxidative stress. Neuroblastoma
cells overexpressing wild-type parkin have low levels of ROS and are protected
against apoptosis caused by DA and 6-OHDA (116). Contrary to this expression
of mutant parkin is associated with increased oxidative stress markers such as
protein carbonyls, lipid peroxidation and nitrated proteins (117). Importantly,
the E3 ligase activity of parkin is known to be impaired by post-translational

158

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
5

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



modifications induced by oxidative and nitrosative stress (118, 119). Especially
treatment of cells expressing human parkin with DA has been shown to modify
parkin by decreasing its solubility and inactivating its E3 ligase action (118).
This observation is consistent with the presence of DA quinone modified parkin
in the SN of PD patients compared to controls (118). Similarly, treatment
of neurotoxins both in vitro and in vivo that causes oxidative stress-induced
neurodegeneration could affect the native structure of parkin to compromise
its solubility and protective functions (120). Moreover, parkin’s protective
function is compromised by S-nitrosylation in postmortem PD brains, and
MPTP treated mice in vivo and by administering nitric oxide donors in vitro
(119). More recently, parkin has been implicated in exerting its protective action
against oxidative stress by the clearance of damaged mitochondria that results
in increased ROS generation. It has been demonstrated that under physiological
conditions, the majority of parkin is localized to the cytosol, but upon oxidative
stress parkin translocates to depolarized mitochondria whereby it clears the
depolarized/damaged mitochondria by an autophagic process commonly known
as mitophagy (121, 122). Taken together these studies suggest a direct relationship
between parkin dysfunction and oxidative stress via regulation of misfolded
protein clearance through the ubiquitin proteasome system and mitochondrial
quality control in PD pathogenesis.

PINK1 is a mitochondrial targeted, highly conserved serine-threonine protein
kinase of the Ca2+ calmodulin family, whose mutations are linked to autosomal
recessive PD (123). Mutations in PINK1 are associated with loss of its kinase
function and proper functioning of its kinase activity seems to be crucial for
its neuroprotective actions. PINK1 has been suggested to be a key regulator of
mitochondrial quality control, preserving mitochondrial respiration, and involved
in mitochondrial transport and cell death possibly via phosphorylation of its
substrates (124). Importantly, mitochondrial protein phosphorylation is involved
in cell stress-induced programmed cell death such as apoptosis, which also
contributes to the regulation of mitochondrial dynamics and mitophagy to ensure
cellular homeostasis. The link between oxidative stress and PINK1 is potentially
attributed to the actions of PINK1 on mitochondria, which serves as a major
source of ROS. Loss of PINK1 function has been attributed to mitochondrial
dysfunction and increased susceptibility to cell death (125). Mice lacking the
PINK1 gene exhibit an increase in the number of larger mitochondria in the
striatum with no change in total mitochondria numbers. These morphological
changes are associated with impaired mitochondrial respiration in the striatum but
not in the cerebral cortex, suggesting specificity of this defect for the nigrostriatal
dopaminergic circuitry. PINK1 knockout mice also show increased sensitivity
to oxidative stress, since mitochondria isolated from the brains of these animals
exhibit increased cellular stress induced by H2O2 compared with mitochondria
isolated from wild-type mice (126). PINK1 deficiency results in shortening,
swelling and fragmentation of mitochondria in cultured cells (127–131) associated
with loss of mitochondrial enzyme activity, particularly that of complex I (126,
132, 133). In addition, knocking down PINK1 in SH-SY5Y cells results in
decreased mtDNA synthesis followed by loss of mitochondrial membrane
potential and decreased ATP production (132). Neurophysiologically, it has been
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demonstrated that the nigral dopaminergic neurons use Ca2+ for their pacemaking
activity via Cav1.3 channels and that such pacemaking using these L-type Ca2+
channels increases mitochondrial oxidative stress (Figure 1) (134, 135). This link
between Ca2+ fluxes and mitochondria is enhanced by previous demonstration
that loss of PINK1 sensitizes cells to Ca2+-induced cytotoxicity (136). The
result of these fluxes, if not buffered, is disruption of mitochondrial membrane
potential and increased oxidative stress. On the other hand, overexpressing
wild-type PINK1 in neuronal cell lines protects against staurosporine-induced
mitochondrial cytochrome-c release and subsequent apoptosis through caspase
3 activation, while PINK1 mutants lack this protective effect (123) and enhance
oxidative stress-induced cell death (137). Further, induced pluripotent stem cells
(iPSC) from PINK1 mutant human subjects have increased vulnerability to MPP+
and H2O2 (138). Importantly, treatment of antioxidants can mitigate abnormalities
associated with PINK1 deficiency.

Mutations in DJ-1 gene are linked to autosomal recessive early onset PD
(139). Several studies have demonstrated that DJ-1 protects against oxidative
stress through distinct cellular pathways (140–148). DJ-1 can eliminate H2O2 by
becoming oxidized itself and thus functioning as a scavenger of ROS (108, 140,
141). DJ-1 is known to confer protective actions via transcriptional regulation.
DJ-1 binds to PIAS proteins, a family of SUMO-1 ligases that modulate the
activity of various transcription factors (149). Wild-type DJ-1 sequesters the death
protein Daxx in the nucleus, preventing it from binding and activating its effector
kinase, apoptosis signal-regulating kinase 1 (ASK1) in the cytoplasm (150).
Other studies have shown that DJ-1 is a transcriptional co-activator that interacts
with the nuclear proteins p54nrb and PSF to protect against apoptosis (151).
DJ-1 also stabilizes the antioxidant transcriptional master regulator nuclear factor
erythroid-2 related factor 2 (Nrf2) by preventing association with its inhibitor
protein Keap1 (152, 153). DJ-1 can also increase the expression of VMAT2
(154, 155). Since VMAT2 keeps cytoplasmic DA levels in check by storing the
neurotransmitter in synaptic vesicles, DJ-1 decreases intracellular ROS levels and
enhances the resistance of cells against DA toxicity. Therefore, DJ-1 may act as a
transcriptional co-factor that regulates the response to oxidative stress. DJ-1 has
also been reported to confer protection against endoplasmic reticulum (ER) stress,
proteasomal inhibition, and toxicity induced by overexpression of Pael-R (156).
A pleiotropic role of DJ-1 seems to be related to the single function of binding
multiple mRNA transcripts with a GG/CC-rich sequence (157). In addition,
DJ-1 plays a role in maintenance of mitochondrial structure by counteracting the
mitochondrial impairment induced by the tumor suppressor protein p53 (158).
Moreover, overexpression of the gene encoding DJ-1 protects against oxidative
injury whereas knocking down the expression by RNAi enhances susceptibility to
oxidative stress (141, 156, 159–163). Thus, DJ-1 may play a crucial role both in
sensing and conferring protection against a range of oxidative stressors, through
multiple mechanisms.

LRRK2 is an autosomal dominant gene whose mutations cause familial PD.
The LRRK2 protein contains a functional kinase and a GTPase domain. Disease
associated mutations are common in its kinase domain leading to increased
kinase activity and plays a role in PD pathogenesis (164–169). A proposed
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mechanism for the increased vulnerability of LRRK2 mutant cells to oxidative
stress is via the kinase-dependent interaction between LRRK2 and dynamin-like
protein (DLP1), which facilitates DLP1 translocation to mitochondria and
subsequent mitochondrial fission (170, 171). Overexpression of wild-type or
mutant LRRK2 with enhanced kinase activity in various cell lines or primary
neurons leads to mitochondrial fragmentation and dysfunction associated with
increased ROS generation and increased susceptibility to H2O2 (170, 172, 173).
Another mechanism is through the interaction of LRRK2 with PRDX3, which
is a mitochondrial member of the antioxidant family of thioredoxin peroxidases.
Mutations in the LRRK2 kinase domain increase phosphorylation of PRDX3
leading to decreased peroxidase activity, increased ROS production, and increased
cell death. Notably, postmortem analyses of brains from PD patients carrying the
G2019S mutation in the kinase domain of LRRK2 has shown marked increase
in phosphorylated PRDX3 compared to normal brains (174). How LRRK2
might regulate oxidative stress in PD pathogenesis remains elusive, however,
given its role in vesicular trafficking (175, 176), cytoskeletal dynamics (177,
178), mitochondrial function (170, 179), and regulation of autophagy (180–183)
it appears to play important role in the maintenance of cellular homeostasis.
Dysfunction in any of these mechanisms might lead to increased oxidative stress
and subsequent neurodegeneration due to LRRK2 mutations. More recently,
LRRK2 has been shown to have a major function in the immune cells with
its expression shown in microglia, astrocytes, peripheral blood mononuclear
cells, mainly in B cells, dendritic cells, and macrophages (184). In a murine
model of neuroinflammation, a robust induction of LRRK2 in microglia was
observed. Experiments with TLR-4 stimulated rat primary microglia show that
inflammation increases LRRK2 activity and expression, while inhibition of
LRRK2 kinase activity or knockdown of LRRK2 attenuates TNFα secretion and
inducible NOS induction (185). Notably, LRRK2 knockdown microglia exhibited
a significant reduction of nuclear factor kappa B (NF-κB) transcriptional activity
following TLR-mediated immune signaling induced by LPS, and an increase of
DNA-binding activity of the NF-κB p50 inhibitor subunit. Taken together, these
data suggest that LRRK2 expression and enzymatic activity are required during
an inflammatory response, however, the specific pathways and signaling cascades
that LRRK2 orchestrates have not been characterized. LRRK2 mutations might
sensitize microglial cells and other immune cells toward a pro-inflammatory
state, which in turn results in exacerbated inflammation, oxidative stress and
subsequent neurodegeneration (186).

Targeting Oxidative Stress: A Promising Route to Therapeutic
Intervention?

It is now generally accepted that PD pathogenesis is closely related to
oxidative stress due to ROS generated by DA metabolism, mitochondrial
dysfunction and neuroinflammation. Based on this observation, several
antioxidants have been studied in clinical trials, including selegiline, vitamin E,
and rasagiline. Selegiline is known to reduce autooxidation of DA by inhibiting
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MAO-B and is the antioxidant drug most studied in clinical trials. The Deprenyl
And Tocopherol Antioxidative Therapy Of Parkinsonism (DATATOP) trial was
the largest clinical trial to investigate the neuroprotective potential of selegiline,
along with vitamin E, in patients with early PD (187). The primary outcome was
to time the clinical decision to begin L-DOPA treatment in PD patients. Although
selegiline significantly delayed the time of onset of L-DOPA treatment, patients
treated with vitamin E showed no benefits nor did the vitamin E added any benefit
to selegiline. This study suggests that selegiline may delay disease progression,
through mild symptomatic effects known to improve motor symptoms in PD.
Rasagiline is a MAO-B inhibitor that is more potent than selegiline and has
metabolites with potential antioxidant properties. It has been studied using a
delayed-start clinical trial design intended to reduce the confounding effect of
symptomatic efficacy. The outcomes of the TEMPO study suggest that early
treatment confers a long-lasting improvement, but the overall duration of this
study was relatively short, and the group sizes were modest (188). However,
the ADAGIO trial designed to verify the TEMPO study in a larger sample and
over a longer time course failed to demonstrate disease-modifying effects of
the drug at 2 mg dose which was observed with 1 mg. Moreover, small change
in Unified Parkinson Disease Rating Scale (UPDRS) scores made the results
difficult to interpret (189). Coenzyme Q10 (CoQ10) is a cofactor in the electron
transport chain in mitochondria and an antioxidant that has been shown to reduce
dopaminergic neurodegeneration in mouse PD models (190). A decade ago one of
the first clinical trials of CoQ10 showed that dosages of up to 1200 mg daily were
safe for people with early stage PD, and also suggested that it helped symptoms.
However, the large multicenter QE3 study evaluating the efficacy of two different
doses of CoQ10 (1200 and 2400 mg daily) in early PD patients showed no
significant benefits (191). Creatine is an antioxidant and improves mitochondrial
bioenergetics and has been shown to be neuroprotective in preclinical animal
models (192). The NIH Exploratory trials in Parkinson Long term study -1
(NET-PD LS-1) that tested a highly purified form of creatine 5 g twice a day
failed to show any difference in UPDRS scores between the control and creatine
groups (193). Mitoquinone (MitoQ) is a mitochondrial targeted antioxidant
known to enhance mitochondrial bioenergetics and demonstrated neuroprotective
effects in animal models (194) also failed to show any benefit in human PD (195).
Failure of this study was attributed to small sample size and lack of adequate brain
penetrance of MitoQ. While none of these clinical studies convincingly showed
that these antioxidant therapies slow disease progression, several of these trials
indicate that selegiline, rasagiline, and CoQ10 may be promising. Essentially, all
of these antioxidant approaches possess good safety record, which is desirable
in neuroprotective therapeutic design required for sustained long-term benefit in
patients.

In addition to antioxidants several anti-inflammatory agents, including
non-steroidal anti-inflammatory drugs (NSAIDS) have been pursued as
therapeutic agents. Numerous studies, both in cell culture and in animal models
have shown that certain NSAIDs, such as aspirin, have neuroprotective properties
(196). Epidemiological studies examining the association of regular NSAID
use with the risk of PD have provided conflicting results with only ibuprofen
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showing a neuroprotective effect (196, 197). An alternative approach to target
inflammation may be the use of statins. In addition to cholesterol lowering
properties, these drugs have anti-inflammatory effects and are known to scavenge
free radicals to block dopaminergic neurodegeneration in an animal model of PD
(198). Epidemiological studies showed that statin use, particularly simvastatin, is
associated with lower incidence of PD (199, 200). A limitation of these studies
is that the use of statins was not randomized. Other studies have suggested low
low-density lipoprotein (LDL) cholesterol levels increased PD risk (201, 202),
so that the increased use of statins among controls may just reflect high LDL
levels that would be protective against PD. These issues need to be explored in a
prospective, randomized study.

An emerging target for PD involves drug-induced activation of a coordinated
antioxidant genetic program to maintain redox equilibrium by means of
expression of pro-survival proteins and cytoprotective enzymes (203–205). A
key transcription factor orchestrating this process is Nrf2, a member of the
cap’n’collar family of basic leucine zipper transcription factors. In addition to
its role in protection from oxidative stress, Nrf2 triggers expression of genes
responsible for drug detoxification, iron metabolism, excretion transporters,
immunomodulation, calcium homeostasis, growth factors, intracellular signaling,
and neurotransmitter receptors (Figure 1). The breadth of this endogenous
response suggests that its activation might counterbalance many of the large
number of pathways implicated in PD pathogenesis. Uric acid has been shown
to render neuroprotective effects in cell culture and animal models of PD by
virtue of its ability to activate the Nrf2 pathway (206, 207). Interestingly,
epidemiological studies have shown a decreased incidence of PD among subjects
with high serum urate levels (208, 209) and among subjects with gout (210). In
patients with early PD, higher plasma urate levels correlate with slower disease
progression (211). A recent study showed that subjects on diets that promote
high urate levels have a reduced risk of developing PD (212). Such a urate-rich
diet could serve as a neuroprotective therapy in PD. However, the potential
benefits of a urate-rich diet have to be weighed against the risk of developing
gout and cardiovascular disease. A large-scale clinical trial of the effectiveness of
elevating urate in patients with PD is in the planning stages. The Safety of Urate
Elevation in Parkinson’s Disease (SURE-PD) study was conducted to test the
precursor of urate, inosine and was found to be safe and effective in increasing
serum urate levels of PD patients and may prove to be a disease modifying
therapy for PD (213). Dimethylfumarate (Tecfidera) is a new drug known to
activate the Nrf2 pathway to induce, anti-inflammatory and antioxidant pathways
and display neuroprotective properties in animal and in vitro studies. Clinical
trials provide compelling evidence for the clinical efficacy of dimethylfumarate
in the treatment of relapsing–remitting multiple sclerosis, and have demonstrated
that oral administration is well tolerated and markedly reduced the annualized
relapse rate, the numbers of gadolinium-enhancing lesions (214, 215). Based on
its favorable safety, tolerability and neuroprotective properties, dimethylfumarate
represents an excellent oral disease-modifying drug in the treatment of various
neurodegenerative disorders where oxidative stress and neuroinflammation play
a significant role in disease pathogenesis. Preclinical studies demonstrate that
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dimethylfumarate shows protective effects against 6-OHDA (216) and MPTP
model of PD (our unpublished results). Positive outcomes of these preclinical
works combined with promising safety profile of dimethylfumarate warrants it’s
testing in human PD. In addition to the neuroprotective strategies discussed here
there are several other promising therapeutic agents that are currently being tested
in human PD and many others that are being studied in preclinical models. For a
detailed overview of these neuroprotective agents the readers are advised to refer
to a recent review by Athauda and Foltynie (217).

Despite the obvious need for neuroprotective or disease-modifying agents for
PD, and the great promise that many potential therapies have shown in preclinical
studies, no treatments has so far been licensed as a neuroprotective agent in PD.
Despite strong in vitro and in vivo data, several notable candidate neuroprotective
drugs have failed to show benefits in recent high profile clinical trials (217). In
PD clinical studies, a major confounding methodological issue has surfaced in
determining whether a therapy is neuroprotective in a live patient. Traditionally,
clinical measures based on neurological examination have been used to assess
disease progression of PD. The UPDRS scale involves clinical examination of
motor functions combined with scales rating patients’ subjective view of function
in daily activities. Much of the disability associated with PD is not considered in
the UPDRS scale, such as those related to autonomic dysfunction. A new version
of the UPDRS has been developed and may address some of these limitations
(218). There are also no validated and sensitive biomarker for the diagnosis and
monitoring of treatment response in PD that would replace clinical endpoints
or symptomatic markers to assess disease progression. Another reason for the
failure of potential neuroprotective therapies could also be explained by the
limitations of the current preclinical models. Currently, there is no one animal
model for PD that mimics the full pathology and clinical symptomology of the
illness. Traditionally, preclinical studies have focused on toxin-based models.
These toxin models show degeneration of nigrostriatal dopaminergic neurons,
but the time course and pathological features of these models are different from
human disease (219). In the last decade, discovery of PD-linked genes led to
the development of genetic-based models as alternatives to toxin-based models.
These genetic-models incorporate some additional features of the disease, but
still fall short of the cardinal feature of PD that is nigrostriatal dopaminergic
neurodegeneration (219). The predictive power of animal models of PD will be
confirmed only if there is success in demonstrating neuroprotection in humans.
In the meantime, most in the field rely on examining effectiveness of potential
treatments in several different animal models, with the hope that treatments
exhibiting a broad effect in these diverse models are the ones most likely to
exhibit effectiveness against human disease. Lastly, our knowledge about the
underlying molecular pathways involved in the pathogenesis of PD is still limited
despite the voluminous research efforts invested in this field. We believe that this
comprehensive discussion addressing many of these crucial issues on antioxidant
treatment modalities shall provide new ideas and scope for future development of
novel neuroprotective therapies in PD.
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Conclusions and Future Perspective

To date PD remains incurable due to our limited understanding of the
underlying molecular mechanisms. Ample neuropathological evidence from
human and experimental PD strongly suggests a central role of oxidative stress
in PD pathophysiology. It is unclear at this stage to determine what might be
the primary source of oxidative stress, since these may originate from abnormal
DA metabolism, mitochondrial dysfunction, and exaggerated neuroinflammation.
Despite this uncertainty oxidative stress remains a promising target for therapeutic
intervention in PD. Neuroprotective targets such as the Nrf2 signaling that
can enhance antioxidant status, anti-inflammatory pathways, and induction of
cytoprotective genes currently holds promise amongst other potential mechanisms
to mitigate the oxidative stress buildup in PD. The ability to selectively induce
a battery of cytoprotective and antioxidative enzymes that are directly under the
genetic control of a single transcription factor such as Nrf2 may have significant
advantages over conventional strategies. One can potentially induce multiple
antioxidant pathways and associated neuroprotective responses, which would
not be dependent on the antioxidant effects of a single molecule or combination
of molecules that are frequently consumed while scavenging toxic-free radical
species in a diseased brain. Failures in clinical trials with antioxidant therapy
should not undermine the importance of oxidative stress in PD. Instead failures
should be taken up as lessons to rectify the therapeutic design. Advances in our
understanding of disease pathogenesis, a robust pipeline of rational treatments,
and the advent of valid and reliable biomarkers holds promise in the coming
decade for developing and achieving neuroprotective therapies for PD. Overall,
the activity aimed at understanding and treating PD has grown exponentially and
should ultimately result in better therapies for PD.
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Chapter 6

Oxidative Stress in the Aging Process:
Fundamental Aspects and New Insights

Lizette Gil del Valle,1,* Rosario Gravier Hernández,1
Livan Delgado Roche,2 and Olga Sonia León Fernández2

1Institute of Tropical Medicine “Pedro Kourí” (IPK), La Habana, Cuba
2Institute of Pharmacy and Food, Havana University, Cuba

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

Aging researches have experienced an unprecedented advance
over recent years. The comprehension of process leading to
age-associated alterations is at moment of the highest relevance
for the development of new treatments for age-associated
diseases, such as cancer, diabetes, Alzheimer and cardiovascular
accidents but also to encourage healthy gain of years with
high standard of quality of life. It is widely considered that
the accumulation of molecular and cellular damage influenced
by reactive oxygen species might orchestrate the progressive
loss of control over biological homeostasis and the functional
impairment typical of aged tissues. Here, we review how
resulting oxidative stress-redox disruption signal took part in
the mechanisms of ageing physiology and physiopathology.
The discovery that the rate of aging is controlled, at least to
some extent, by genetic pathways and biochemical processes
conserved in evolution is discussed and integrate to common
denominators of aging in different organisms, with special
emphasis on mammalian aging. The aspects considered in
revision are: genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient sensing,
mitochondrial dysfunction, cellular senescence, stem cell
exhaustion, and altered intercellular communication. Based on
these critical aspects the revisited aging associated mechanisms
causing damage, the compensatory responses leading to
homeostasis reestablishment and the interconnection between
them are analyzed and explore with the final goal of identifying

© 2015 American Chemical Society
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pharmaceutical targets to improve human health during aging,
with minimal side effects.

Introduction

Aging have been defined as the process of physiological integrity -progressive
detrimental with age leading to dysfunction, homeostasis impairment and also to
increased vulnerability to death, and it could be defined as a complex chronological
and multifactor (1, 2). Accumulating findings indicate that longevity depends
on the ability of the organism to cope with extrinsic or intrinsic stressors (3).
Indeed, compromised stress responses are linked to the onset of many age related
diseases. ‘Stress’ is broadly defined as a noxious factor (physical, chemical or
biological), which triggers a series of cellular and systemic events, resulting in
restoration of cellular and organismal homeostasis. To cope with conditions of
stress, organisms have developed a wide range of sophisticated stress response
mechanisms, acting at the cellular or organelle-specific level. Notably, exposure
to mild stress activates cellular homeodynamic mechanisms, without mounting a
comprehensive stress response, which better prepare the organism against stronger
insults and promote long-term survival (4, 5). There are several hypotheses
to explain how aging occurs, considering complex physiological alteration in
the organism described as: genomic instability, telomere attrition, epigenetic
alterations, loss of proteostasis, deregulated nutrient sensing, mitochondrial
dysfunction, cellular senescence, stem cell exhaustion, and altered intercellular
communication. Historically, theories of aging have been divided into two
general categories: stochastic and developmental-genetic. In stochastic theories
investigators grouped in: somatic mutation and DNA repair, error-catastrophe,
protein modification and free radical (oxidative stress/ mitochondrial DNA)
theories. In developmental-genetic theories are defined ones that recognized the
aging process to be part of the genetically programmed and controlled continuum
of development and maturation. Longevity genes, accelerated aging syndromes,
neuroendocrine, immunologic, cellular senescence and cell death theories are
among them (6–8). These categories are not mutually exclusive. Indeed there is
probably that maturation reflects a spectrum of changes from decreasing influence
of active genetic factors and an increasing effect of stochastic events (9).

No theory has been generally accepted. The early observations on the rate-
of-living theory by Max Rubner and the report by Gershman (10) that oxygen free
radicals exist in vivo culminated in the seminal proposal in the 1954 by Denham
Harman that reactive oxygen species (ROS) are a cause of aging (free radical
theory of aging). This hypothesis of Free Radicals Theory of Aging (11) was after
modified in 1972 (12) and the modern version of this tenet is the oxidative stress
(OS) theory. The OS hypothesis offers the best mechanistic elucidation of the
aging process and other age-related phenomena such as age-related diseases.

The OS hypothesis of aging postulates that accrual of macromolecular
damage accumulation is due to the redox imbalance, i.e. the net effect of disparity
between the amount of ROS generation and the counter-acting antioxidative
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forces. Mild OS is the result of normal metabolism; the resulting biomolecular
damage cannot be totally repaired or removed by cellular degradation systems,
like lysosomes, proteasomes, and cytosolic and mitochondrial proteases. The
contemporary definition of OS has been refined (13, 14) to account for two
different mechanistic outcomes, macromolecular damage, and disruption of thiol
redox circuits, which leads to aberrant cell signaling and dysfunctional redox
control (15, 16). The imbalance and disruption is induced by ROS increased
generation of different organelle origin (mainly from endopslamatic reticulum and
mitochondria). ROS are oxygen derived metabolites that have higher reactivity
than molecular oxygen. ROS include unstable oxygen radicals such as superoxide
radical (O2.-) and hydroxyl radical (.OH) and nonradical molecules like hydrogen
peroxide (H2O2) and peroxynitrite (ONOO-). These reactive species and others,
with nitrogen and sulphur atom in the chemical composition, are continually
produced through diverse metabolic pathways as consequences of normal aerobic
metabolism as well as taken up from the external environment (17–19). Thus all
living organisms in an aerobic ambient are exposed to ROS on a continual basis.

ROS serve as specific signalling molecules in both, normal and pathological
conditions, and their transient generation, within boundaries is essential to
maintain homeostasis. ROS can inflict oxidative molecular damage to lipids,
proteins and DNA when their production overwhelms the capacity of antioxidant
systems (16, 20, 21). Biological effects initiated by ROS can elicit a wide range of
phenotypic responses that vary from activation of gene expression, proliferation
to growth arrest, to senescence or cell death (22–24).

Thiol-containing proteins that function in redox signaling and physiological
regulation are susceptible to two-electron oxidation by nonradical oxidants,
including H2O2, lipid hydroperoxides, aldehydes, quinones, and disulfides.
Either abnormal oxidation or irreversible modification can interfere with
reversible oxidation-reduction reactions of thiols that physiologically function
in receptor signaling, transcriptional regulation, cell proliferation, angiogenesis,
and apoptosis. Thus the contemporary refinement in definition of OS (13, 14)
represents a shift to include both nonradical oxidants and reversible oxidative
reactions of redox signalling and control as key components of OS and the most
recent studies support the idea that OS is a significant marker of senescence
in different species. Resistance to OS is a common trait of long-lived genetic
variations in mammals and lower organisms.

The OS theory does not limit the source of detrimental metabolites moreover
its scope extends beyond oxidant damage to include roles for oxidants in
physiological process. The resulting OS including biomolecule oxidation
processes is suggested to be the central cause factor promoting aging process (25).

Age-related diseases are often considered to be distinct pathologies, rather
than inevitable part of aging and a consequence of redox deregulation. Indeed a
chronic inflammatory process is crucial associated with degenerative conditions
during aging (15, 26). The OS connotation to aging has been elucidated through
previous research in animal’s models (27, 28).

Diverse molecular aspects are considering as essential and remark criteria
that OS ideally involve three important connotations. 1. Its manifestation during
aging process, 2. Its augmentation should accelerate aging process and, 3. Its
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amelioration should influence the normal aging and could influence also healthy
span of life. Extensive experiments on caloric or dietary restriction (CR) have
clearly shown that is possible retard the rate of aging and also extend both the
life expectancy and maximum life span. Possible molecular mechanisms involve
reduction on ROS production and the damage it cause (29, 30). At the same time
CR delays the occurrence of a wide range of age dependent disease and disabilities
and slows down the rate of aging.

The functional consequence of an age related modifications in such
biochemical’s markers of OS has been little studied and remains therefore largely
unknown. In recent years several related theories containing ROS have also been
proposed. The Telomere shortening hypothesis, The Reproductive-cell cycle,
The Wear and tear theory, Error accumulation and Accumulative waste theories,
Mitohormesis, and the Disposable soma theory are among extensively studied all
of them contributing to aging (31–33). Evidence implies that an important theme
linking several different kinds of cellular damage is the consequence of exposure
to ROS. The overall aim of this paper is a current review of the main aspects
related to molecular mechanisms underlying aging and connects biological at
molecular, cellular and organism level. Recent clinical evidences in humans of
OS alterations are finally compared and maintaining efficient mechanisms for
counterbalancing stress emerging as a potential strategy towards ameliorating
age-associated pathologies is discussed.

Biological System Related to ROS Generation

For better comprehension of OS process, it is first important to understand
ROS generation -biological systems. It is generally accepted that the respiratory
chain is one of the most important if not the first source of ROS generation in
animal and human body. Interrelationships between ROS generation and effects
in mitochondria have been studied in detail (20, 34).

This organelle produces ATP through a series of oxidative phosphorylation
sequences that ultimately involve a four electron reduction of molecular oxygen to
water. During these events one- or two-electron reductions of molecular oxygen
can occur, generating ROS as anion superoxide radical and non radical metabolites
as hydrogen peroxide (18, 35). The oxygen metabolites can be converted to others
ROS as carbonate radical. This modification occurs in presence of peroxynitrite
mixtures. In mitochondria peroxynitrite are produced from reaction of anion
superoxide radical and nitric oxide. This last are generated enzymatically by
a family of nitric oxide synthases (NOS) (36). Indeed mitochondria generate
and are in contact with different oxidants of diverse strength, reactive properties
and ability to diffuse and to be removed. This last action occurs by interaction
with specific antioxidants such as: catalase (CAT), peroxiredoxins and theirs
associated reductases (glutathione peroxidase (GPx)/ glutathione reductase (GRx)
system and thioredoxin peroxidase (TrxP)/ thioredoxin reductase (TRxR) system),
NADH/NADP transhydrogenase, matrix Mn superoxide dismutase (SOD) and
Cu / Zn SOD in intermembrane spaces. Responses to the ROS presence depend
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on the species, rate, quantity, accumulation, and microenvironment of generation
(18, 37).

Progressive decline in mitochondrial function with age associated to OS have
been demonstrated in a variety of tissues (19, 38, 39). This decline is related
to impairment of electron transport chain, elicited by respiratory inhibitors,
mitochondrial DNA (mtDNA) mutation, or gene knock-out (40). The five enzyme
complexes in the respiratory chain are composed of more than 100 polypeptides,
most of which are encoded by genes in the nuclear genome. However the 13
polypeptides involved in oxidative phosphorylation are encoded by mtDNA
(36, 37). Mitochondrial biogenesis and respiration of the humans cells are
controlled by nuclear factors NRF-1 and NRF-2, mitochondrial factor A, and
the thermogenic coactivator PGC-1 (21, 24). Thus, any molecular defects that
lead to altered expressions of the mt DNA encoded genes or impairment in the
biogenesis of mitochondria would cause a defective in energy metabolism of
the affected tissue cells (29, 39, 41, 42). Three major evidences lead to the
conclusions that bioenergetic function declines with age. First Citochrome C
oxidase-negative fibers are increased with age. Second the respiratory functions
of isolated mitochondria and electron transfer activities of complexes gradually
decline with age in human cells from different tissues associated to reduced steady
state levels of mitochondrial transcripts. And third mitochondrial membrane
potential, the driving force of oxidative phosphorylation is decreased in tissues
aged cells of mammalians (43).

It is expected, in turns, that mitochondrial disorders be primarily manifested
in the organs or tissues that have a high demand for energy.

A number of large-scale deletions, point mutations, and tandem duplications
of mtDNA have been found in various mammalians aged tissues. mtDNA are
present in 2 to 10 copies in mitochondria. Each mammalians cell contains several
hundred to more than one thousand mitochondrias. The mutant mtDNA (s),
possible due to exposure to elevated OS, usually coexist with the wild type
mtDNA termed heteroplasmy, the degree of which often varies in different
tissues of the same individuals. Mt DNA should be more susceptible to oxidative
damage because is attached to the ROS-generating sites in the mitochondrial
inner membrane (44). The frequency of occurrence and the type of mtDNA
mutation are determined by the interaction between mtDNA polymerase that bear
the ROS-induced oxidative damage during DNA replication (19, 43, 45).

Several recent studies also demonstrated that aged human cells harbouring
mutated mtDNA and or defective mitochondria had lower respiratory functions.
They exhibited higher rate of ROS production as superoxide anions, hydroxyl
radicals and hydrogen peroxide. Genotoxic intermediates of lipid peroxidation
may play a role in eliciting age associated DNAmutation. The researchers suggest
that accumulation of age dependent mtDNAmutations would results from damage
by ROS, effects which in turn may provide an extra source of oxidants (2, 18, 19,
41, 46).

These finding and others evidences have been support the notion that OS is
an important contributor to decline of mitochondria functions during aging (47).

ROS are produced from others endogenous sources too and serve as specific
signalling molecules under both physiological and pathophysiological conditions.
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These others sources are: conversion of xanthine dehydrogenase (XDH) to
xanthine oxidase (XOD), dopamine oxidation in the nervous central systems,
reactions involving peroxisomal oxidases, cytochrome P-450 enzymes, NAD(P)H
oxidases (NOX), Haber Weiss and Fenton reactions, NADH dehydrogenases,
glucose oxidase, monoamine oxidase, cyclooxygenases, lipoxygenases,
dehydrogenases, peroxidases, amino acid oxidases and NOS family (16, 22, 25,
35).

The reactive species are involved in: modulation of transcription factors as
AP-1, p53, Forkhead transcription factors and NF-κB, modulation of kinases
(protein kinase C, MAP, ERK), phosphorylation (protein tyrosine, protein ser/thr)
adenylyl and guanylyl cyclases activation, modulation of cell adhesion molecules
expression, endonucleases and proteases activation, DNA synthesis and repair,
modulation of apoptosis, telomere shortening, autophagy and cellular senescence
(15, 35, 48–50).

Several specific types of environmental stress and exogenous stimuli can lead
to production of ROS. This generation can be specific for particular tissues, cells
and organelles.

The importance of mitochondria in both aging and age related disease is
testified by research from Tanaka 1998 (51). They showed that two-tends of
Japanese centenarians have a mitochondrial gene variant known as Mt5178A.
This variant codes for a subunit of NADH dehydrogenase, at complex I of the
respiratory chain and it is associated with a low leakage of ROS generation. These
people not only survive to hundred but they were half as likely to be hospitalized
for any age –related disease as people without the variant: a strong link between
aging and age related disease (52).

However these findings it remains unclear whether the decline in
mitochondrial functions during aging mainly results from OS or consequences of
synergistic effects of many factors associated.

Endoplasmic reticulum (ER) is a cardinal membrane-bound organelle
comprising of interconnected highly branched tubules, vesicles, and cisternae.
It is found in all eukaryote cells and is the organelle where newly synthesized
proteins destined for secretion, integration into the plasma membrane or
distribution to various organelles, are folded and posttranslationally modified.
It is crucially involved also in lipid synthesis, glycogen production and storage,
and calcium metabolism (53). ER structure can be categorized as domains like
nuclear envelope domain (array of proteins that are synthesized on rough ER and
concentrated within the inner membrane), the rough and smooth ER domain (due
to presence and absence of bound ribosomes respectively), and the regions that
contact other organelles. The environment within the ER is highly crowded with
chaperones, processing enzymes and client proteins (54). In this cluttered and
aggregation-prone environment, complex ER quality control mechanisms ensure
the proper translation and folding of nascent proteins as well as the degradation
of improperly folded polypeptides. ER provides an exclusive oxidizing-folding
environment to the proteins to facilitate disulfide bond formation and this process
is believed to contribute to 25% of ROS generated by cell.

Chronic ER stress and activation of the unfolded-protein response (UPR)
through endogenous or exogenous insults may result in impaired calcium and

182

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



redox homeostasis, OS via protein overload thereby also influencing vital
mitochondrial functions (55, 56). Calcium released from the ER augments
the production of mitochondrial ROS. Toxic accumulation of ROS within
ER and mitochondria disturbs fundamental organelle functions. Sustained
ER stress is known to potentially elicit inflammatory responses via UPR
pathways. Additionally, ROS generated through inflammation or mitochondrial
dysfunction could accelerate ER malfunction. Age-dependent decline of protein
folding efficiency and dysfunctional UPR pathways creates an unstable ER
environment, not capable of sustaining homeostasis under steady-state or
elevated stress conditions and have been associated with a wide range of diseases
including several neurodegenerative diseases, stroke, metabolic disorders, cancer,
inflammatory disease, diabetes mellitus, cardiovascular disease, and others (53).

ER stress activates both the ubiquitin–proteasome and the
macroautophagy–lysosome proteolytic system (57, 58). Whether ageing hinders
the activation of these degradation systems, leading to overflow of damaged
proteins remains to be seen (59).

Autophagy is one of the main processes mediating both bulk and specific
degradation of cellular components, including whole organelles and protein
aggregates. Cargoes destined for degradation are delivered to lysosomes, where
they are recycled. Three main types of autophagy have been defined on the
basis of lysosomal delivery mechanisms: macroautophagy, microautophagy and
chaperone-mediate autophagy (CMA) (60, 61).

Macroautophagy entails the sequestration of portions of the cytoplasm
within a double-membrane autophagic vacuole,called autophagosome. The
autophagosome fuses with secondary lysosomes to form an autolysosome, where
hydrolases degrade the sequestered material (62). In microautophagy, which
is less well characterized, the lysosomal membrane itself invaginates to engulf
cytosolic components. CMA is a highly selective form of autophagy that requires
unfolding of the protein before internalization into the lysosome for degradation
(60, 63). In addition to turnover of cellular material, autophagy is involved in
development, differentiation and tissue remodelling. Although a basal level of
macroautophagy and CMA is observed in various cell types, these pathways are
maximally activated under conditions of stress.

Analysis of mice harbouring tissue-specific, conditional knockout alleles of
autophagy genes demonstrates that the capacity tomodulate the rate of intracellular
content degradation in response to stress or a nutrient-depleted environment is vital
both for cell and organismal survival (64–66).

The importance of maintaining an efficient autophagic response is also
demonstrated by the fact that all longlived C. elegans mutants display increased
macroautophagy (67, 68). Nonetheless, excessive activation of autophagy may
lead to depletion of the essential autophagic components and failure of proper
response to stress.

Activation of autophagy above a crucial threshold, may also lead to cell
demise due to interference with pro-survival mechanisms and digestion of
anti-apoptotic molecules (69).

Evaluation of the degradation capacity of cells through lifespan, and genetic
manipulation of autophagic processes in model organisms during ageing will
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provide significant insights into the role of autophagy in senescent decline,
and may contribute to the development of intervention strategies targeting
age-associated neurodegenerative disorders.

Antioxidant Defense

During lifetime, an antioxidant sophisticated network counteracts the
deleterious action of ROS on macromolecules (25, 35). Cells synthesize some of
their antioxidants, as the enzymes SOD, CAT and GPx, as well as the peptides
with thiols groups, as glutathione (GSH) and thioredoxin (TRX) family. Other
antioxidants are obtained from nature through nutrition, as vitamin C, vitamin
E, and carotenoids. Several repair systems contribute to recovery the damaged
molecules. Together these systems play an important role in the ability of the
body to respond to the oxidant challenge of using molecular oxygen to drive
reactions that yield the necessary energy (2, 7).

These all are strategically compartmentalized in subcellular organelles
within the cell to provide maximum protection. Generally almost are specialized
in removing or react with certain ROS. Considerable overlap and cooperation
are demonstrated among antioxidants. As we mentioned it previously some
antioxidants are obtained from diet. Others from endogenous origin are heavily
influenced by nutritional factors. Some are mandatory in the diet, and trace
elements (as selenium) for the biosynthesis, or other functions which require
special aminoacids (22, 35).

In eukaryotic organism, several ubiquitous primary antioxidant enzymes, such
as SOD, CAT, and different forms of peroxidases work in a complex series of
integrated reactions to convert ROS to more stable molecules, such as water and
molecular oxygen. Secondary enzymes act in concert with small molecular-weight
antioxidants to form redox cycles that provides necessary cofactors for primary
antioxidant enzymes functions. The small molecular weight antioxidants (e.g.
GSH, NADPH, TRX, vitamins E and C, trace metals, such as selenium) can also
function as direct scavengers of ROS. This complex system has the ability to both
maintain an intracellular redox balance and prevent or reduce molecular damage
by ROS (35, 70).

Longevity has been associated with higher rate of antioxidants capacity.
Humans show the highest lifespan among mammals. It is generally accepted
that the activities and capacities of antioxidant systems are declined with age,
leading to the gradual loss of prooxidant/ antioxidant balance and accumulation
of oxidative damage in the aging process (2, 71). Evidences from populations’
studies are contradictory. Previous works showed plasma and red blood cell
SOD activity and plasma GPx activity increased or not change or decline with
increasing age. Simultaneously a decline in nutritional antioxidants was observed.
Mn SOD located in the mitochondria is most significantly elevated during aging
in various human tissues (72). The modifications of antioxidants activities could
be associated with dysfunctional shift, oxidative DNA damage of specific genes,
protein altered expression, post transcriptional oxidative damage and consumption
of basic pools (73). Different animals model have been developed to argue the
functional consequence of decreased antioxidant capacities for aged cells (27).
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In others, overexpressions of specific antioxidant enzymes were evaluated. The
constructs modified or not the life span overall, although there were gender and
genotypes specific effects. Pharmacological treatment can also used in appraisal
investigation. Repair antioxidant system is influenced of age too (6, 35). This
system has received less attention than ROS scavenging or respiration efficiency.
Some research explored the ability to repair oxidized proteins in animals’ models.
Results drive observation that an age related decrease expression of the system
involves short life span (27).

Oxidative Stress and Biomolecules Damage

ROS could react with lipids, proteins, peptides, carbohydrates and nucleic
acids. Oxidative damage to macromolecules is detectable under normal
physiological conditions in healthy individuals suggesting that the efficiency
of antioxidant and repair mechanisms cannot avoid completely the oxidation
reaction mediated by ROS (7, 25, 35). The accrual “redox hypothesis”
remarks four postulates: 1) All biological systems contain redox elements
[e.g., redox-sensitive cysteine, Cys, residues] that function in cell signalling,
macromolecular trafficking, and physiological regulation. 2) Organization and
coordination of the redox activity of these elements occurs through redox circuits
dependent on common control nodes (e.g., TRX, GSH). 3) The redox-sensitive
elements are spatially and kinetically insulated so that “gated” redox circuits can
be activated by translocation/aggregation and/or catalytic mechanisms. 4) OS is
a disruption of the function of these redox circuits caused by specific reaction
with the redox-sensitive thiol elements, altered pathways of electron transfer, or
interruption of the gating mechanisms controlling the flux through these pathways
(14).

During aging increased DNA damage accumulation have been reported.
Some of them known as somatic mutations, chromosomal aneuploides, copy
number variations, increased clonal mosaicism for large chromosomal anormalies
and others. The integrity and stability of DNA are continuously challenged by
endogenous threats, including DNA replication errors, spontaneous hydrolytic
reactions, and ROS (74).

The genetic lesions arising include point mutations, translocations,
chromosomal gains and losses, telomere shortening, and gene disruption caused
by the integration of viruses or transposons. To avoid these damages a complex
network of DNA repair mechanisms that are collectively capable of dealing
with most of the damages have been evolved including specific mechanisms for
maintaining the appropriate length and functionality of telomeres. Also defects
in the nuclear architecture, known as laminopathies, can cause genome instability
and result in premature aging syndromes (75).

DNA alterations may affect essential genes and transcriptional pathways,
resulting in dysfunctional cells that, if not eliminated by apoptosis or senescence,
may jeopardize tissue and organismal homeostasis. This is especially relevant
when DNA damage impacts the functional competence of stem cells, thus
compromising their role in tissue renewal (76).
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MtDNA has been considered a major target for aging-associated somatic
mutations due to the oxidative microenvironment of the mitochondria.
Multiplicity of mitochondrial genomes leads to the coexistence of mutant and
wild-type genomes within the same cell, a phenomenon that is referred to as
“heteroplasmy.” However, single-cell analyses have revealed that, despite the low
overall level of mtDNA mutations, the mutational load of individual aging cells
becomes significant and may attain a state of homoplasmy in which one mutant
genome prevails. Interestingly, contrary to previous expectations, most mtDNA
mutations in adult or aged cells appear to be caused by replication errors early in
life, rather than by oxidative damage. These mutations may undergo polyclonal
expansion and cause respiratory chain dysfunction in different tissues (77).

Nuclear lamins participate in genome maintenance by providing a scaffold
for tethering chromatin and protein complexes that regulate genomic. Mutations
in genes encoding protein components of this structure, or factors affecting their
maturation and dynamics, also a production of an aberrant prelamin A isoform
called progerin have also been detected in normal aged cells (76).

DNAoxidative damage is a commonmediator for both replicative senescence,
which is triggered by telomere shortening, and premature cellular senescence
induced by various stressors such as oncogenic stress and OS (77, 78). Extensive
observations suggest that DNA damage accumulates with age and this may be due
to an increase in ROS production and a decline in DNA repair capacity with age.
Mutation or disrupted expression of genes that increase DNA damage often result
in premature aging. Different methods and parameters have been used in animal
models producing variety of ranging concentrations and contradictory data. As a
consequence it was assumed that same patron could occur also in humans (79).

Protein homeostasis or proteostasis impair during life involving mechanisms
for stabilization of correctly folded proteins—most prominently, the heat shock
family of proteins—and mechanisms for the degradation of proteins by the
proteasome or the lysosome. Also regulators of age-related proteotoxicity have
been identified, such as MOAG-4, which acts through an alternative pathway
distinct from molecular chaperones and proteases. All of these systems function
in a coordinated fashion to restore the structure of misfolded polypeptides or
to remove and degrade them completely, thus preventing the accumulation
of damaged components and assuring the continuous renewal of intracellular
proteins (78).

Proteins contain two common functional groups [thiol of Cys and thioether of
methionine, Met] that undergo reversible oxidation-reduction through metabolic
pathways. The relevant oxidation states are the thiol (-SH), disulfide (-SS-),
sulfenate (-SO−), sulfinate (-SO2−), and sulfonate (-SO3−), of which the thiol
and disulfide are most common. Thiyl radicals (-RS·) generated from thiols in
the presence of oxygen-centered radicals (80), as well as other reactive sulfur
species (81), have also been considered as toxic species involved in oxidative
stress. Thiyl radicals rapidly react to form disulfides (80), and this may serve as
a convergence point between one-electron and two-electron events. Sulfenates
are relatively unstable and are converted to disulfides in the presence of thiols.
In certain protein structures, they can be stabilized as sulfenamides (82). The
higher oxidation states (sulfinates and sulfonates) are typically not reversible
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in mammalian systems, although a yeast enzyme (sulfiredoxin) was recently
discovered, which reduces sulfinate in peroxiredoxin (82).

Reversible oxidations of Met residues and the less common amino acid
selenocysteine (Sec) also occur. Oxidation of Met to methionine sulfoxide
occurs in association with oxidative stress and aging (83). Such oxidation affects
biological activity as shown by loss of α1-antitrypsin inhibitor activity upon
Met oxidation (82). Two types of methionine sulfoxide reductases act on the
structurally distinct S- andR-sulfoxides; methionine sulfoxide reductases activities
are dependent on thioredoxins (Trx) and have been associated with longevity (83).
The less common selenol of Sec undergoes reversible oxidation-reduction during
catalytic functions of Trx reductases and Se-dependent GSH peroxidases (84).
These Se-dependent enzymes are present at key positions in both Trx and GSH
pathways. Although the present review is focused on Cys oxidation, both Met and
Sec oxidation are relevant to the redox hypothesis because of their relationships
to the thiol systems and because of their individual functions in control of protein
structure and activity.

Reversible oxidation of thiols to disulfides or sulfenic acid residues controls
biological functions in three general ways, by chemically altering active site
cysteines, by altering macromolecular interactions, and by regulating activity
through modification of allosteric Cys. Cys residues are present in active sites
of detoxification enzymes such as glutathione transferases, cytochromes P-450,
Trxs, and peroxiredoxins. Cys is a component of active sites of iron-sulfur clusters
of electron transfer proteins. Cys is a component of zinc fingers in transcription
factors and zinc-binding domains of metallothioneins. Cys residues are conserved
in structural proteins such as actin and docking proteins. Also Oxidation of Cys
residues in αIIbβ3 integrin controls platelet activation (85). Cys-rich regions are
present in plasma membrane receptors and ion channels, including the NMDA
receptors, EGF receptor, and others. Thus reversible oxidation of active site
thiols can provide a common and central “on-off” mechanism for control of cell
functions. Such changes in protein structure and interaction due to reversible
oxidation can provide a central mechanism for specificity in redox signalling (85).

Oxidation of the active site therefore functions as an “on-off” switch for
apoptosis. In addition to these active-site thiols, the nonactive site Cys residues
are also subject to redox regulation and provide orthogonal mechanisms for
control. Modification of these residues can result in allosteric changes that affect
the active site or structural changes, which affect macromolecular interactions.

These are likely to include enzyme, transporter, receptor, or transcription
factor “active sites” as well as allosteric and macromolecular interaction sites.
Accumulating evidence indicates that dozens, and perhaps hundreds, of proteins
undergo S-nitrosylation and GS-ylation (80). The potential significance of
a large number of redox-sensitive sites is apparent when one considers the
nonequilibrium conditions of thiol-disulfide couples within cells and subcellular
compartments. Together, the available data show that there are a large number
of redox-sensitive thiols within the Cys proteome. These are widely distributed
among signalling, structural, and regulatory proteins. Thus there is a secure basis
for the first postulate of the redox hypothesis.
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The other postulates that redox-sensitive elements are organized into redox
pathways and control networks are related to both GSH and Trx support enzyme
systems for elimination of peroxides, but each system has other distinct functions.

Several lines of evidence support the interpretation that critical thiol-disulfide
redox couples aremaintained under stable, nonequilibrium conditions in biological
systems. One of the most unequivocal pieces of evidence is the disequilibrium of
the cysteine/cystine (Cys/CySS) and GSH/GSSG couples in human plasma (85,
86).

During aging the cellular homeostatic machinery becomes progressively
impaired. Those increase vulnerability to oxidative damage. Oxidative process
cause reversible or irreversible alteration to macromolecules (87). Accumulation
of oxidative and deleterious change overtime is associated to senescence (87, 88).

Validation of this hypothesis depends not only on the strength of supportive
evidence, but in the absence of evidence of alternative, contradictory ideas.
A major obstacle to accept the OS hypothesis has been the poor record of
antioxidants in prolonging the life span of animals and humans during intervention
trials. Nevertheless, in those trials parameters of life quality could be improved
(27, 35).

Many other variables, such as genetic factors, temperature, activity and
nutrition can affect life span, making it a highly complex multi-factorial process
(50, 88–90). All the effective interventions in prolonged life span of different
species and animals are related to oxidative damage reduction (29, 30, 91, 92).

ROS mediated damage to proteins is particularly important in aging, as
seen by the accumulation of oxidized proteins (ox-Prot) in a relation to reduced
proteolysis, elimination or both (15, 22, 93, 94). Generally oxidation of various
aminoacids or side chains often leading to structural change and/or a loss of
functions makes them susceptible to degradation. This process prevents the
formation of large aggregates or potentially toxic fragments. Mammalian
cells pose three major proteolytic systems: the lysosomal cathepsin, calcium
activated calpains and the 20S and 26S proteasomes (94–97). Many investigators
have found an accumulation of protein oxidation products and a concomitant
impairment in proteolytic pathways with increasing age (21, 88, 94, 98).

A conspicuous pro oxidative shift in the plasma thiol/disulfide redox couples
such as GSH, cysteine and albumin have been observed in humans between 3r and
10th decades of life (99–101).

This may have systemic consequences because several of the redox sensitive
cascades respond not only to direct exposure to ROS but also to changes in the
thiol redox state. At last this may produce changes in cellular functions controlled
by these signalling cascades (71).

Diverse parameters of lipid peroxidation products are characterized like
malondialdhyde (MDA), hidroxinonenal (HNE) and F2-isoprostanes (102–106).
Substantially higher levels of them have been observed in aged compared with
young organism in tissues, such as kidney, brain, liver, lung and muscle (102).

It is important to note that the oxidative damage to macromolecule varies
greatly among different tissues, species and detection methods.

It is possible that the concentration of this cumulative damage reported with
age may fall below the threshold that a cell or tissue may tolerate with little or not
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direct impact on functional efficiency. Conversely oxidative damage to key genes
and proteins may results in the efficiency of cell functioning (15, 73, 97).

Proteasome Regulation

It is well established that ox-Prot levels increase during aging. However,
accumulation of ox-Prot is a complex process, which depends on the rates and
kinds of modification, the efficiency of antioxidant systems, and the rates of ox-
Prot degradation by a multiplicity of proteases that decline in aged organisms
(107). Thus, protein degradation and its regulation are critical processes during
aging.

The activities of the two principal proteolytic systems implicated in
protein quality control—namely, the autophagy-lysosomal system and the
ubiquitin-proteasome system—decline with aging.

Proteasome is involved in the degradation of both normal short-lived
ubiquitinated proteins and mutated or damaged proteins, thereby regulating
diverse cellular functions. The 26S proteasome consists of a 20S core particle
bound to 19S regulatory particles. The 20S eukaryotic proteasome comprises of
four stacked heptameric rings (two α type surrounding two of β type) that form
a barrel-like structure (108). The 26S proteasome performs the ATP-dependent
degradation of short-lived ubiquitinated proteins, whereas the 20S proteasome
mediates the degradation of damaged polypeptides, in a manner that is mostly
ATP- and ubiquitin-independent (109).

Proteasome activity and functionality declines with age (110–113). It has
been demonstrated that proteasomal degradation increases due to mild oxidation,
whereas at higher oxidant levels proteasomal degradation decreases. Moreover,
the proteasome itself is affected by OS. Consequently, alterations of proteasome
have dramatic effects on cellular viability and aging (114).

Proteasome control also depends on the activity of networks that regulate
cellular responses to oxidative and electrophilic stress. The NFE2-related factor 2
(Nrf2)/Kelch-like ECH-associated protein 1 (Keap1) signaling pathway appears
to be a central player (115). By mean a RNA interference (RNAi) screen in
Drosophila cells, a Nrf2 isoform was identified as a possible transcriptional
regulator of proteasome components’ expression (116). Thus, it has been
postulated that there may be a cross talk between the network of antioxidant
responses and the proteasome-mediated protein quality control during aging.
Furthermore, the signals between proteasome dysfunction and proteasome genes’
up-regulation are severely compromised in aged somatic tissues (most likely, due
to disruption of ROS signaling from damaged mitochondria or due to a decline in
the functionality of the Nrf2/Keap1 signaling pathway), resulting in impaired de
novo proteasome biogenesis after a proteasome damage (113).

Nevertheless, and despite the fact that proteasome function seems to be tightly
regulated under conditions of increased OS including aging and disease, the
molecular mechanisms of in vivo basal and stress-related proteasome regulation
in tissues of higher organisms remain poorly understood.
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All of these systems function in a coordinated fashion to restore the structure
of misfolded polypeptides or to remove and degrade them completely, thus
preventing the accumulation of damaged components and assuring the continuous
renewal of intracellular proteins. Accordingly, many studies have demonstrated
that proteostasis is altered with aging (78). Additionally, chronic expression of
unfolded, misfolded, or aggregated proteins contributes to the development of
some age-related pathologies. A number of animal models support a causative
impact of chaperone decline on longevity, and on the master regulator of the
heat-shock response, the transcription factor HSF-1. Deacetylation of HSF-1 by
SIRT1 potentiates the transactivation of heat-shock genes such as Hsp70, whereas
downregulation of SIRT1 attenuates the heat-shock response (117).

Genetic and Epigenetic Aspect

As previous mentioned in OXIDATIVE STRESS AND BIOMOLECULES
DAMAGE subchapter DNA damage accumulation inflicting genetic consequence
throughout life is an aspect to be considered.

Telomere maintenance has been shown to be linked to aging (118, 119).
Telomeres are required to protect chromosome ends, to provide chromosome
stability, and to ensure faithful segregation of genetic material into daughter cells
upon cell division (120).

Telomeres are bound by a group of telomere-associated proteins known as
the “shelterin” complex. These proteins function as the protection for the loop
structure of telomere, which prevents the chromosome ends uncapped; resemble a
DNA break and activates DNA repair mechanism (119, 121).

Telomeres are a G-rich repetitive DNA maintained by a specialized reverse
transcriptase enzyme called telomerase (120). When telomere-associated proteins
are no longer protecting telomeres and in the absence of telomerase, continued
cell division results in telomere shortening and loss of ‘capping’ function, making
telomeres recognized as single and lead to the breaking of the double-strand DNA
(119, 122, 123). Damaged telomeres may provide a reservoir of persistent DNA
damage signals and consequent sustained p53 activation with senescent quelae
(124).

Also increased ROS levels would set in motion a detrimental cycle of
genotoxic damage with rapid erosion and damage of G-rich telomeres, sustained
p53 activation and progressive mitochondrial decline (122, 125, 126).

Under conditions of low oxidative stress, p53 activation preferentially
induces expression of antioxidant genes; however, when ROS production is high,
p53 instead activates pro-oxidant genes (124, 127). This contrasting action of
p53 might allow both cell-cycle arrest and repair under conditions of modest
DNA damage or more robust cellular responses of senescence or apoptosis and/or
mitochondrial dysfunction in cells with more substantial DNA damage, thus
leading to tissue atrophy and functional decline (124, 128, 129).

In addition, alteration of epigenetic mechanisms may lead to accumulation
of functional errors and to ageing-associated diseases. Aged organisms present
a peculiarly modified epigenome. Alteration in micro-RNA expression, DNA
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methylation patterns, post translational modifications of histones and chromatin
remodelling may be involved in the age-associated impairment of organ function
often seen in elderly people (130).

Members of the sirtuin family of NAD-dependent protein deacetylases and
ADP ribosyltransferases have been studied extensively as potential anti-aging
factors. Regarding mammals, several of the seven mammalian sirtuin paralogs
can ameliorate various aspects of aging in mice. In particular, transgenic
overexpression of mammalian SIRT1, which is the closest homolog to invertebrate
SIRT2, improves aspects of health during aging but does not increase longevity.
SIRT1 antagonization is involved in senescence of mouse fibroblasts, human
cancer cells and endothelial cells (130, 131). SIRT1 inhibition determines an
increase of p53 acetylation which impact on endothelial cells growth arrest.
During ageing, OS accumulates, paralleled with a decrease in NO production,
which might be responsible for SIRT1 inactivation. This negative loop facilitates
the senescence-like phenotype of endothelial cells (130).

More compelling evidence for a sirtuin-mediated prolongevity role in
mammals has been obtained for SIRT6, which regulates genomic stability,
NF-kB signaling, and glucose homeostasis through histone H3K9 deacetylation.
Interestingly, the mitochondria-located sirtuin SIRT3 has been reported to mediate
some of the CR beneficial effects in longevity, though its effects are not due
to histone modifications but, rather, due to the deacetylation of mitochondrial
proteins (131).

Also the accumulation of ROS directly impairs the function of lung cells,
determining posttranslational modifications of histones and non-histone proteins,
as well as that of chromatin remodelling enzymes (130, 132).

The most frequent oxidative DNA lesion is the oxidation of guanine, which
alters transcription factors binding to DNA because a deranged epigenetic
signalling (130, 133). The presence of oxidized guanosine is often associated
with cytosine methylation when they are arrayed in a linear sequence forms
the so-called “CpG island” in specific DNA regions. This array could lead to
the formation of methylated and oxidized CG stretches. These regions might
represent sites of interplay between epigenetic and OS signals potentially relevant
in Alzheimer’s disease physiopathology (130, 134). Oxidized guanosine cannot
be repaired when it is preceded by a methylcytosine. Thus, in the presence of
cytosines methylated early in life and belonging to CpG islands, the correction
of adjacent guanines in the case of an oxidation event occurring late in life
will be prevented, leading to accumulation of oxidative DNA damage in ageing
brains (130, 134). Then methylation imprinting hits both gene expression and
susceptibility to oxidative DNA damage in the late stages of Alzheimer’s disease
(130).

All of these epigenetic defects or epimutations accumulated throughout life
may specifically affect the behavior and functionality of stem cells. Actually there
is no direct experimental demonstration thus far that organismal lifespan can be
extended by altering patterns of DNA methylation.

DNA- and histone-modifying enzymes act in concert with key chromosomal
proteins, such as the heterochromatin protein 1a (HP1a), and chromatin
remodeling factors, such as Polycomb group proteins or the NuRD complex,
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whose levels are diminished in both normally and pathologically aged cells.
Supporting the functional relevance of epigenetically mediated chromatin
alterations in aging, there is a notable connection between heterochromatin
formation at repeated DNA domains and chromosomal stability. Mammalian
telomeric repeats are also enriched for these chromatin modifications, indicating
that chromosome ends are assembled into heterochromatin domains (135, 136).

Microarray-based comparisons of young and old tissues from several
species have identified age-related transcriptional changes in genes encoding
key components of inflammatory, mitochondrial, and lysosomal degradation
pathways. Also affect noncoding RNAs, including a class of miRNAs (gero-miRs)
that is associated with the aging process and influences lifespan by targeting
components of longevity networks or by regulating stem cell behavior (137).

Hence, the epigenetic machinery may represent an OS sensor that orchestrates
the progressive homeostasis impairment typical of ageing, thus shaping the cellular
senescence often observed during cardiovascular, respiratory and nervous system
degeneration (130).

Mitochondrial Dysfunction

As previous mentioned in OXIDATIVE STRESS AND BIOMOLECULES
DAMAGE subchapter the efficacy of the respiratory chain with age tends
to diminish, thus increasing electron leakage and reducing ATP generation.
The mitochondrial free radical theory of aging proposes that the progressive
mitochondrial dysfunction that occurs with aging results in increased production
of ROS, which in turn causes further mitochondrial deterioration and global
cellular damage.

The reduced efficiency of mitochondrial bioenergetics with aging may
result from multiple converging mechanisms, including reduced biogenesis
of mitochondria—for instance, as a consequence of telomere attrition in
telomerase-deficient mice, with subsequent p53-mediated repression of PGC-1a
and PGC-1b. Also independently of increased ROS generation, DNA polymerase
γ deficiency during age could also contribute to dysfunction (138).

Other mechanisms causing defective bioenergetics include accumulation
of mutations and deletions in mtDNA, oxidation of mitochondrial proteins,
destabilization of the macromolecular organization of respiratory chain
(super)complexes, changes in the lipid composition of mitochondrial membranes,
alterations in mitochondrial dynamics resulting from imbalance of fission and
fusion events, and defective quality control by mitophagy, an organelle-specific
form of macroautophagy that targets deficient mitochondria for proteolytic
degradation (139).

Mitochondrial dysfunctions during aging are also connected with hormesis,
a concept on which a number of aging research lines have recently converged.
Although severe mitochondrial dysfunction is pathogenic, mild respiratory
deficiencies may increase lifespan, perhaps due to a hormetic response.
Importantly, metformin extends lifespan in C. elegans through the induction of
a compensatory stress response mediated by AMPK and the master antioxidant
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regulator NRF2. Recent studies have also shown that metformin retards aging
in worms by impairing folate and methionine metabolism of their intestinal
microbiome (140).

Accrual revision of parallel and separate works on the damaging effects of
ROS, show related to intracellular signaling accumulated solid evidence for the
role of ROS in triggering proliferation and survival in response to physiological
signals and stress conditions). The two lines of evidence can be harmonized if
ROS is regarded as a stress-elicited survival signal conceptually similar to AMP
or NAD+. In this sense, the primary effect of ROS will be the activation of
compensatory homeostatic responses. As chronological age advances, cellular
stress and damage increase and the levels of ROS increase in parallel in an
attempt to maintain survival. Beyond a certain threshold, ROS levels betray their
original homeostatic purpose and eventually aggravate, rather than alleviate, the
age-associated damage (59).

Nutrient Sensing and Caloric Restriction

The somatotrophic axis in mammals comprises the growth hormone (GH),
which is produced by the anterior pituitary, and its secondary mediator, insulin-
like growth factor 1 (IGF-1), produced in response to GH by many cell types,
most notably hepatocytes. The intracellular signaling pathway of IGF-1 is the
same as that elicited by insulin, which informs cells of the presence of glucose.
IGF-1 and insulin signaling are known as the “insulin and IGF-1 signaling” (IIS)
pathway. Remarkably, the IIS pathway is the most conserved aging-controlling
pathway in evolution, and among its multiple targets are the FOXO family of
transcription factors and the mTOR complexes, which are also involved in aging
and conserved through evolution (141). Mutations that reduce the functions of
GH,IGF-1 receptor, insulin receptor, or downstream intracellular effectors such as
AKT, mTOR, and FOXO have been linked to longevity, both in humans and in
model organisms, further illustrating the major impact of trophic and bioenergetic
pathways on longevity. In addition to the IIS pathway that participates in glucose
sensing, three additional related and interconnected nutrient sensing systems are
the focus of intense investigation: mTOR, for the sensing of high amino acid
concentrations; AMPK, which senses low-energy states by detecting high AMP
levels; and sirtuins, which sense low-energy states by detecting high NAD+ levels
(142).

Collectively, current available evidence strongly supports the idea that
anabolic signaling accelerates aging and decreased nutrient signaling extends
longevity. Further, CR and pharmacological manipulation that mimics a state of
limited nutrient availability, such as rapamycin, can extend longevity in animal
models (143).

Numerous experimental interventions designed to regulate the aging
process have been attempted. To date, an established intervention that has
been consistently shown to slow the rate of aging and to increase lifespan in
various species is CR. CR is designed to induce “undernutrition” state without
malnutrition. Usually in CR food intake is reduced to 20%-50% less than ad

193

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



libitum levels (144). Mechanisms responsible for the antiaging effects of CR
remain uncertain, but reduction of mitochondrial OS and the activation of cell
survival mechanisms are major aspects accounting for the antiaging effects of CR
(145, 146).

One of the hallmarks of CR is the increase of functional respiratory
units (mitochondrial biogenesis) and the promotion of changes in dynamics
and composition of this organelle (147). In fact, CR reduces OS at the
same time that it stimulates mitochondrial proliferation through a peroxisome
proliferation-activated receptor coactivator alpha (PPARα) signalling pathway.
Mitochondria under CR conditions show less oxygen consumption, reduce
membrane potential, and generate less ROS, but remarkably, they are able to
maintain their critical ATP production (148). Moreover, CR increases ATP
concentration, oxygen consumption and mtDNAwhen compared with add libitum
fed mice. In addition, CR alters mitochondrial membrane fatty acid composition,
allowing for increased mitochondrial functions (149). Thereby, the improvement
of mitochondrial efficiency by CR maintains cellular metabolism with a lower OS
damage accumulation and, ultimately, a decreased cellular and organism aging.

In mammals, the mitochondrial biogenesis is complex and a highly regulated
process that coordinates the activity of numerous genes involved in mitochondrial
function. In particular, the transcriptional coactivator PGC-1α is expressed
and activated during aging in animal models of CR, leading to an increase of
mitochondrial mass (150). PGC-1α modulates the activity of several transcription
factors and coactivators involved in mitochondrial respiration and biogenesis
such as NRF-1, NRF-2, PPARγ, steroid receptor coactivator-1, and mitochondrial
transcription factor A. NRF-1 and NRF-2 coordinate the expression of nuclear and
mitochondrial genes that encode most of the subunits of mitochondrial complexes
(151). In the same sense, PGC-1α activates the shift of substrate utilization from
carbohydrates to fatty acids through co-regulation of PPARγ. The PCG-1α signal
includes the up-regulation of antioxidant and repair system, as well as a boost in
energy metabolism (152).

It has been demonstrated that CR also impacts some growth signals, such
as insulin-like growth factor 1 (IGF-1) and vascular endothelial growth factor
(VEGF), regulating the occurrence of diabetes, chronic inflammation and some
types of cancers. CR improves insulin sensitivity and normalizes glucose levels,
which results in lowered serum insulin and IGF-1, and increased IGF-binding
proteins (IGFBP) production (153).

On the other hand, the need for nutrients and oxygen triggers tumor cells to
produce VEGF, leading to the formation of new blood vessels (angiogenesis) to
allow the growth of tumors and facilitate the metastatic spread of malignant cells
(154). Data from several experimental tumor models (155, 156) suggest that CR
decreases systemic and tissue VEGF and has anti-angiogenic effects. Moreover,
CR can prevent the inflammation associated with preneoplasia or neoplasia (157).
In fact, CR decreases the number of tumor-infiltrating macrophages, levels of
circulating and tissue cytokines, NF-κB signaling pathway and COX-2 expression
in many tissues and tumor types (158).

In summary, the mechanisms responsible for the antiaging effects of CR and
age-related diseases remain unclear. Nonetheless, up to now, CR is the most
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robust, nongenetic intervention that increases lifespan and reduces the rate of aging
in a variety of species.

The rate of mitochondrial ROS production is significantly influenced by the
availability of energy substrate (20, 35). Considering previous observation dietary
restriction is well investigated and most promising experimental strategy to
increase life span and to improve quality of life in old age (159, 160). Molecular
explanation for CR’ ability to regulate age-related OS is provided by evidences.
CR enhances stress resistance or tolerance over the lifespan by selective
modulation of stress-related genes (159). This is much greater than its ability to
enhance proliferation (44, 161). This is consistent with diverse reports indicating
that restrict caloric intake attenuates the regenerative process preserving the
capacity to proliferate over long term (160). Certain manifestations of OS have
been ameliorated during CR and suppression of pro-inflammatory cytokines in
several animal species studies is well documented (19, 22, 28, 47, 162). Among
its diverse effects CR have anti inflammatory action at molecular level through
the modulation or reduction of ROS mitochondrial generation (163). It can also
promote mitochondrial biogenesis through a pathway signalled by lower insulin
levels, enhanced nitric oxide, and the activation of the transcriptional coactivator
PCG-1α (164). Production of Glucocorticoids (GC) one of the most potent
suppressors of NF-κB are enhanced during CR. Both mechanisms are implicated
in the molecular effect (7, 165).

GC is an antinflammatory agent which modulates biological activities in cell
by activating their cognate GC receptor. Regarding the putative adverse action of
GC with the aging process, GC cascade hypothesis was proposed by Sapolsky et
al 1985 (166). GC elevated CR are relevant because its antinflammatory action at
molecular levels (23, 71). From a stand point of molecular inflammatory process,
controlling NF-κB activation through the suppression of OS should be more
effective way to manage the process than GC, as shown by CR action (160).

Inflammatory Process and Disease

Aging also involves changes in the levels of intercellular communication
manifested meanly as increases of inflammatory reactions, immunosurveillance
against pathogen and premalignant cells decline and the composition of the peri-
and extracellular environment changes.

The inflammatory response is a complex cascade of cellular and molecular
events designed to limit infection or tissue damage. Under physiological
conditions, the resolution phase of inflammation restores tissue homeostasis.
On the contrary, if inflammaging occurs for multiple causes as noxious
stimulus persists (accumulation of proinflammatory tissue damage, the failure
of an ever more dysfunctional immune system to effectively clear pathogens
and dysfunctional host cells, the propensity of senescent cells to secrete
proinflammatory cytokines, the enhanced activation of the NFkB transcription
factor, or the occurrence of a defective autophagy response), conduce to
alterations as an enhanced activation of the NLRP3 inflammasome and other
proinflammatory pathways, finally leading to increased production of cytokines
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(IL-1b), tumor necrosis factor, interferons and ROS by cells of the innate and
adaptive immunity which can result in disease (167).

Pathologic inflammation has diverse origins and causes. In one setting, there
is an acute or subacute inflammatory reaction in response to pathogens or debris
from damaged host cells. In another type of pathologic inflammation, a primary
defect in the regulation of an inflammatory pathway triggers chronic disease. In a
third class, the inflammatory response does not eradicate the primary stimulus, as
would normally occur in most cases of infection or injury, and thus a chronic form
of inflammation ensues that ultimately contributes to tissue damage (168).

Aging is characterized by a chronic low-grade inflammation, which
is associated with increased risk for diseases, such as malignant tumors,
atherosclerosis, diabetes, metabolic syndrome, ischemia-reperfusion (I/R) injury,
neurodegenerative diseases, and rheumatoid arthritis. The elevation of circulating
pro-inflammatory cytokines such as interleukin-1beta (IL-1β), IL-6, and tumor
necrosis factor alpha (TNF-α), and acute phase proteins such as C-reactive
protein (CRP) and serum amyloid A (SAA), are typical in aged persons when
compared to the young, even in the absence of chronic diseases (169, 170).
Moreover, a decreased production of anti-inflammatory cytokines such as tumor
growth factor-beta 1 (TGF-β1) and IL-10, contributes to the establishment of an
inflammatory state (171).

Many studies have shown that OS can contribute to the development of
chronic inflammation and disease during aging (172). There are potential
mechanisms linking OS to inflammation, one of them is the emerging criteria
that ROS-induced activation of toll-like receptors (TLR) of immune cells play an
important role in activating the inflammatory cascade (173). Multiple studies have
shown the in vivo requirement of TLR signaling in mediating injury from OS in
I/R events (174–177). Furthermore, ROS act as endogenous agonists for TLR2,
which stimulates blood vessel growth and inflammation during atherogenesis,
through a mechanism that is independent of vascular endothelial growth factor
(VEGF) (178, 179).

In aged organisms, ROS and pro-inflammatory cytokines trigger common
signal transduction pathways, mainly through activation of mitogen-activated
protein kinases (MAPK), the nuclear factor-kappa B (NF-κB) and the activator
protein-1 (AP-1). These activated transcription factors up-regulate gene
expression of various pro-inflammatory molecules, including adhesion molecules
for circulating monocytes, chemotactic proteins, pro-coagulant tissue factors,
and smooth muscle cells (SMC) mitogenic factors (180, 181). It was reported
that redox imbalance increases the levels of TNF-α, which is able to impair
the synthesis of glutathione (GSH), affecting the antioxidant status in aging
(182). Pro-inflammatory cytokines contain redox-sensitive NF-κB, specific,
DNA binding sites in the promoter regions and their production is influenced
by oxidative status. In addition, cytokines can exacerbate the redox imbalance,
leading to further activation of NF-κB (183). In this scenario, a positive feedback
loop is activated, whereas additional ROS generation potentiates the inflammatory
response-induced cellular and tissue damage.

In evaluating the Free Radical theory of aging and its possible link to
numerous age related maladies, investigators have focused attention on the
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possibility that an increase in ROS generation, along with a concomitant
disruption in redox balance, leads to a state of chronic inflammation (15, 23, 26,
96, 184, 185).

By enhancing the intracellular signalling pathways of lymphocytes, ROS
from activated macrophages and neutrophils may contribute decisively to the
activation of the antigen-specific immune response and may allow immune system
to respond to minute amounts of invading pathogens (184, 185). Signalling
pathways involving JNK, p38 MAPK, and the transcription factors as AP-1
and NF-κB are particularly responsive to redox regulation (7, 22, 186, 187).
During physiological, redox regulation is implicated in gain or loss of functions
or outright destruction, but an excessive stimulation by inflammatory mediator’s
increasingly relevant ROS production. Both acute and chronic inflammations
are physiological protective mechanism that acts in response to cellular injury or
tissue destruction (89, 188, 189). Inflammatory reactions are well-orchestrated
events, known to be extremely complex but essential designed to limit insult and
promote repair. Expressions of certain genes that encode several inflammatory
proteins, including IL-1, IL-6, IL-8, and TNFα are enhanced in these conditions
(44).

In aged organism, inflammatory reactions combined with the disruption
of the organism’s control could lead to a persistent pro-inflammatory state as,
evidenced in a wide range of diseases that involve no-resolving or re-occurring
reactivities (190, 191). Consistent changes in redox responsive cascades and in
the expressions of corresponding target genes may have a similar or even greater
impact on senescence as the direct radical inflicted damage of cellular constituents
(22, 72, 96).

There is a growing awareness that OS plays a role in various clinical
conditions (184). Malignant diseases, diabetes, atherosclerosis, chronic
inflammation, human immunodeficiency virus infection, I/R injury,
neurodegenerative disease, rheumatoid arthritis, dengue and sleep apnea are
important examples. These diseases fall into two major categories. In the
first, diabetes mellitus and cancer show commonly a pro-oxidative shift in the
systemic thiol/disulfide redox state and impaired glucose clearance, suggesting
mitochondria may be the major site of elevated ROS production. Referred
as mitochondrial OS without therapeutic interventions or modification the
conditions lead to massive muscle wasting, reminiscent of aging related wasting
(71). The second category may be referred to as inflammatory oxidative
conditions because it is typically associated with an excessive stimulation of
NOX activity by cytokines or other agents. Pathological changes indicative of a
deregulation of signal cascades and/or gene expression, exemplified by altered
expression of cell adhesion molecules were finding.

During inflammatory and aging process some events are recognized as
common. Redox imbalance characterized by increased ROS generation and
decreased antioxidant counteract system represented by reduced enzymatic
activities and non enzymatic products reductions were found. Pro inflammatory
enzymes as cyclooxygenase and hemeoxygenase are increased as well as pro
inflammatory cytokines productions (IL-1β, IL-6, TNFα). NF-κB activation that
include related phosphorylation cascade are involved too, those activation include
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Erk, JNK, p38 MAPK pathways. During CR experiments all these events are
blunted (164). Different laboratories reported regulation of gene expression of
diverse factors as enzymes and cytokines (191). NF-κB are markedly suppress in
parallel to diminish ROS generation (105, 159).

In all cited studies benefits of this depended on the prevention of malnutrition
and a reduction in total caloric intake rather than in any particular nutrient. CR
protects homeostatic integrity by prioritizing energy allocation to increase the
resistance capacity against both intrinsic and extrinsic insults.

There is compelling evidence that aging is not an exclusively cell biological
phenomenon and that it is coupled to a general alteration in intercellular
communication.

OS’ Clinical Evidences during Aging

A large amount of data about OS implications in tissues damage, diseases,
biological variables and life habits has been shown (1, 16, 25, 27, 87, 93). The
oxidative cumulative values in healthy humans related with aging and sex have
been shown in biological fluids too (192, 193). There exist some reports on human
erythrocytic, blood and plasmatic GSH, GSSG MDA, protein carbonyls, HNE,
glutathione disulfide (GSSH), uric acid (UA), SOD, CAT and GPx values and
others redox indexes in blood and plasma samples of healthy women and men
of ages ranging from 9 to 99 years and centenarians (99, 194–200). In 2000
data from Italy (194), in 2002 data of USA (195), and Turkey (99, 196), in 2004
data from Brazil (197), in 2006 from Germany (198), in 2007 data from USA
(199) and Mexico (200), in 2008 data from Germany (201), in 2009 data from
India (202), in 2010 data from Bulgaria (203) and in 2014 data from India (204)
healthy populations have been published. In those investigations tendencies for
some parameters also significant correlationswere established showing an increase
of prooxidative capacities and a decrease of antioxidant capacities (99, 195, 197,
198, 201, 202, 204). Further studies which were carried out previously present
conflicting and contradictory results, e.g. concerning total antioxidative capacity
of human blood plasma, which increased in one study, but decreased with age in
another study (102, 192, 200, 203). All these studies were arranged in Table 1 in
order to compare in some aspects.

Authors carried out in general cross sectional and comparative studies. In
order to test whether the age dependence of redox parameter are gradually or seems
to be a continuous process, authors divided cohorts of healthy subjects in smaller
groups (decenniums preferentially) according to their ages.

The results indicate that the balance of oxidant and antioxidant systems
in plasma shifts in favour of accelerating oxidation during aging. One of the
characteristic of aging is that the levels of nonenzymatic antioxidant components
decline during senescence.

That is demonstrated by increases of plasma MDA and HNE, erythrocytic
GSSG, CysCys and by the slight decrease of erythrocytic GSH with age (99,
194–198). The plasma protein carbonyls means value, however, reach a lowest
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value in aged individuals (198) but others authors found invariable data in the
age course (197). The age-dependent course of plasma UA is more determined
by metabolic and nutritional influences than by the balance between prooxidants
and antioxidants (198). Carotenoid and tocopherols values are reported increased
in some studies as well as ascorbic acid are found decreased in age course
(194, 197). Plasmatic, blood and intracellular activity of SOD, GPx and CAT
show discrepancy but generally erytrocytic activity of SOD and GPx increase
and plasmatic are invariable (99, 194–200). Others oxidative indexes such as
isoprostanes in urine are recently reported with unchanged values respect age
analyses (199). Evaluations of DNA damage by comet assay and Flare method are
contradictory finding unchanged values and increased respectively (199). Total
antioxidant capacity showed decreased values in correspondence with others
results and increased lipoperoxides with age course were assessed too (200).

Association of oxidative stress indexes measured in males and females respect
age are likely to be small in almost presenting results (197–199).

Linear dependence with age of some variables was considered reflecting a
positive and significant correlation for E-GPx, P-SOD, E-SOD,MDA, HNE, PCO,
and GSSG. A negative and significant correlation was found in GSH, Se (99,
194, 198, 199). In some studies data were transformed for statistical analyses.
Correlation between some parameters is few reported .In that cases association
were found between HNE:MDA, MDA:GSH and HNE:MDA (198).

Analyses show general trends of oxidation as functions of age related to
decreased antioxidant capacity.

Cross sectionals study design lend itself to limitations because it is not
possible to know who from the individuals recruited in each group of age will
live beyond 80 years or more. In the articles refereed authors did not directly
measured free radical production so it is not possible to determine if older persons
produce more free radicals but also have an enhanced capacity to defend against
them.

Centenarians represent a highly selected group of successfully aged people.
They apparently escaped the age-related disease during their lives and show some
distinct immunologic or metabolic features. It would conceivable to expect their
antioxidant status to be better than that of normally aged subjects (194). As results
of different studies a quite peculiar antioxidant profile was finding. It is probably
that this is not linked only to their antioxidants properties but also to their functions
in other homeostatic mechanism such as immunomodulation.

Identified Pharmaceutical Targets

Evidences about molecular aspects contributing to aging permit to grouping
identified elements in three groups (Figure 1). First are negative primary elements
as: DNA damage, including chromosomal aneuploidies; mitochondrial DNA
mutations; and telomere loss, epigenetic drift, and defective proteostasis which in
terms impact on negative form on general process.
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Table 1. Comparison of studies that evaluated the oxidative stress indexes in healthy individuals related to age.a

Study Design Sample size
Age range
(years) OSI Outcomes with age

Meccoci
Italy- 2000
(194)

Cross sectional and
comparative study 107 60-99

Vit C, E, A, thiols,
α-carotene, β-carotene,
P-SOD, E-SOD, P-GPx

↓ Vit C, β-carotene, thiols,
↑ Vit E, A α-carotene, P-SOD, E-SOD,
↔ P-GPx

Jones
USA- 2002
(195)

Cross sectional and
comparative study 122 19-85

GSH, GSSG, Cys,
CySS, CySSG, Eh
GSH/GSSG, Eh Cys/cySS,
Eh CSH-Cys/CySSG

↓ GSH, Cys,
↑ GSSG, CySS, CySSG,
Eh GSH/GSSG, Eh Cys/cySS, Eh
CSH-Cys/CySSG

Erden-Inal
Turkey- 2002
(99)

Cross sectional and
comparative study 176 0.2-69 GSH, GSSG, E-GSSGR,

E-GPx, Se
↓ GSH, E-GSSGR, Se
↑ GSSG, E-GPx

Ozbay
Turkey- 2002
(196)

Cross sectional and
comparative study 257 9-71 MDA, E-SOD, E-GPx ↑ MDA, E-SOD, E-GPx

Junqueira
Brazil – 2004
(197)

Cross sectional and
comparative study 503 20->70 TBARS, E-SOD, E-CAT,

E-GPx
↑ TBARS, E-GPx
↔ E-SOD, E-CAT

Gil
Germany- 2006
(198)

Cross sectional and
comparative study 194 18 - 84 MDA, PCO, HNE, GSH,

GSH, GSSG, UA

↓ GSH,
↑ MDA, PCO, HNE, GSSG
↔ UA

Frisard
USA-2007
(199)

Cross sectional and
comparative study 170 20-90

U-IsoPs, PCO, DNA
damage (Comet assay,
FLARE)

↑ DNA damage FLARE
↔ U-IsoPs, PCO, DNA damage
Comet assay
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Study Design Sample size
Age range
(years) OSI Outcomes with age

Mendoza
Mexico-2007
(200)

Cross sectional and
comparative study 249 25-70 LPO, TAS, E-GPx, E-SOD ↓ TAS, E-GPx,↑ LPO,

↔ E-SOD

Ditmar
Germany 2008
(201)

Cross sectional and
comparative study 40 24-79

DNA, P-SOD, GPx,
LPO, GSH/GSSG, Vit
C, β-carotene, Zn

↑ GPx, GSH/GSSG, Zn,DNA, LPO
↔ Vit C, P-SOD, β-carotene

Singh
India- 2009
(202)

Cross sectional and
comparative study 300 15-65 LPO,SOD, GSH, GPx,

XOD
↓ GSH, GPx
↑ XOD, LPO,SOD,

Alexandrova
Bulgaria 2010
(203)

Cross sectional and
comparative study 45 40-80 E-SOD ↓ E-SOD < 70 years old

↔ E-SOD ≥ years old

Banerjee
India-2014
(204)

Cross sectional and
comparative study 80 35-90 TBARS, P-SOD, PCO ↑ PCO, TBARS

↓ P-SOD

a Legend: ↑ increased, ↓ decreased, ↔ unchanged; OSI: oxidative stress indexes, Vit : vitamin, P-: plasmatic, E-: erytrocytic, U- urine, SOD: superoxide
dismutase, GPx: gluthatione peroxidase, GSH: glutathione, Cys: cisteine, Se: selenium, MDA: malonildialdehyde, TBARS: thiobarbituric acid –reactive
species, CAT: catalase, PCO: protein carbonyls, HNE:hidroxinonenal, IsoPs: isoprotanes, UA: uric acid, LPO: lipoperoxide, TAS: total antioxidant status,
DNA: oxidative DNA damage, XOD: xanthine oxidase, Zn: zinc
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Figure 1. Hierarchical Elements related to ROS generation, OS and aging
connected to interventions that might influence on human healthspan all of them

described in the chapter.

In second place antagonistic elements have opposite effects depending on
their intensity. At low levels, they mediate beneficial effects, but at high levels,
they become deleterious. This is the case for senescence, which protects the
organism from cancer but which, in excess, can promote aging. Similarly, ROS
mediate cell signaling and survival but, at chronic high levels, can produce
cellular damage; likewise, optimal nutrient sensing and anabolism are obviously
important for survival but, in excess and during time, can become pathological.
Al third place integrative elements—stem cell exhaustion and altered intercellular
communication— that directly affect tissue homeostasis and function.

The interconnectedness between different elements confers some degree of
hierarchical relation between them. First could be the initiating triggers whose
damaging consequences progressively accumulate with time. The antagonistic,
being in principle beneficial, become progressively negative in a process that
is partly promoted or accelerated by the first elements. At last, the integrative
elements arise when the accumulated damage caused by the first and antagonistic
cannot be compensated by homeostatic mechanisms on cell or tissues. This
appraisal proposed by López-Otin et. al (143) permit a better analysis and
comprehension of experimental design, results and pharmaceutical interventions.

Developing natural or pharmacological agents capable of increasing the
antioxidative protection and/or modulating the endogenous defense and repair
mechanisms may potentially improve health, increase longevity and contribute to
treatment of degenerative age-related diseases.

Actually some authors stated that the best strategy to enhance endogenous
antioxidant levels may be the OS itself, based on the classical physiological
concept of hormesis. It was observed that a wide variety of stressor (pro-oxidant)
as ozone, aldehydes, CR, and other can have potential impact on redox status and
in diverse pathways. The benefit of this adaptive response is protect molecules
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and tissues from moderate doses of toxic agents. In turn the enhanced defense
and repair and even cross protection against multiple stressors could have clinical
or public health use (31).

Enzymatic and non-enzymatic antioxidants protect against deleterious metal-
mediated free radical attacks to some extent; e.g., vitamin E and melatonin can
prevent the majority of metal-mediated (iron, copper, cadmium) damage both in
in vitro systems and in metal-loaded animals.

A chelator is a molecule that has the ability to bind to metal ions, e.g.
iron molecules, in order to remove heavy metals from the body. According to
Halliwell and Gutteridge (205) chelators act by multiple mechanisms; mainly to i)
alter the reduction potential or accessibility of metal ions to stop them catalysing
OH˙production (e.g. transferrin or lactoferrin) ii) prevent the escape of the free
radical into solution (e.g. albumin). In this case the free radicals are formed at
the biding site of the metal ions to chelating agent. Chelators can be manmade
or be produced naturally, e.g. plant phenols. Because the iron catalyzes ROS
generation, sequestering iron by chelating agents is thought to be an effective
approach toward preventing intracellular oxidative damage. Many chelating
agents have been used to inhibit iron- or copper-mediated ROS formation, such
as ethylenediaminetetraacetic acid (EDTA), diethylenetriaminepenta-acetic acid
(DETAPAC), N,n′-Bis- (2-Hydroxybenzyl)ethylenediamine-N,n′-diacetic acid
(HBED), 2-3-Dihydroxybenzoate, Desferrioxamine B (DFO), deferasirox (ICL
670), N,N′-bis-(3,4,5-trimethoxybenzyl) ethylenediamine N,N,-diacetic acid
dihydrochloride (OR10141), phytic acid, PYSer and others (205, 206).

The generation of excess superoxide due to abundance of energy substrates
after the meal may be a predominate factor resulting in oxidative stress and a
decrease in nitric oxide. A mixture of antioxidant compounds is required to
provide protection from the oxidative effects of postprandial fats and sugars. No
specific antioxidant can be claimed to be the most important, as consumption
of food varies enormously in humans. However, a variety of polyphenolic
compounds derived from plants appear to be effective dietary antioxidants,
especially when consumed with high-fat meals (206).

Recent evidence also indicates that aging can be reverted by telomerase
activation (Figure 1). In humans, recent meta-analyses have supported the
existence of a strong relation between short telomeres and mortality risk,
particularly at younger ages (207).

Restoration of physiological H4 acetylation through administration of
histone deacetylase inhibitors avoids the manifestation of age-associated memory
impairment in mice. Inhibitors of histone acetyltransferases also ameliorate
the premature aging phenotypes of progeroid mice and extend their lifespan
Conceptually similar to histone acetyltransferase inhibitors, histone deacetylase
activators may conceivably promote longevity. Resveratrol has been extensively
studied in relation to aging, and among its multiple mechanisms of action are the
upregulation of SIRT1 activity, as well as other effects associated with energetic
deficits (208).

Several approaches for maintaining or enhancing proteostasis aim at
activating protein folding and stability mediated by chaperones. Pharmacological
induction of the heat-shock protein Hsp72 preserves muscle function and delays
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progression of dystrophic pathology in mouse models of muscular dystrophy
(209). Small molecules may be also employed as pharmacological chaperones to
assure the refolding of damaged proteins and to improve age-related phenotypes
in model organisms. Interventions using chemical inducers of macroautophagy
(another type of autophagy different than chaperone mediated autophagy)
(Figure 1) have spurred extraordinary interest after the discovery that constant
or intermittent administration of the mTOR inhibitor rapamycin can increase the
lifespan of middle aged mice (210).

However, similar evidence does not yet exist for the effects of rapamycin
on mammalian aging, and other mechanisms, such as inhibition of the ribosomal
S6 protein kinase 1 (S6K1) implicated in protein synthesis. Spermidine, another
macroautophagy inducer that, in contrast to rapamycin, has no immunosuppressive
side effects, also promotes longevity in yeast, flies, and worms via the induction of
autophagy (211). Similarly, nutrient supplementation with polyamine preparations
containing spermidine or provision of a polyamine-producing gut flora increases
longevity in mice. Dietary supplementation with u-6 polyunsaturated fatty acids
also extends lifespan in nematodes through autophagy activation. Likewise, the
enhancement of proteasome activity by deubiquitylase inhibitors or proteasome
activators accelerates the clearance of toxic proteins in human cultured cells (212)
and extends replicative lifespan in yeast.

Current available evidence strongly supports the idea that anabolic signaling
accelerates aging and decreased nutrient signaling extends longevity (213).
Further, a pharmacological manipulation that mimics a state of limited nutrient
availability, such as rapamycin, can extend longevity in mice. Also results support
the idea that telomeres and sirtuins may control mitochondrial function and thus
play a protective role against age-associated diseases. endurance training and
alternate-day fasting may improve healthspan through their capacity to avoid
mitochondrial degeneration It is tempting to speculate that these beneficial effects
are mediated, at least in part, through the induction of autophagy, for which both
endurance training and fasting constitute potent triggers.

There is compelling evidence that compounds such as metformin and
resveratrol are mild mitochondrial poisons that induce a low energy state
characterized by increased AMP levels and activation of AMPK. senescence, the
activation of p53 and INK4a/ARF can be regarded as a beneficial compensatory
response aimed at avoiding the propagation of damaged cells and its consequences
on aging and cáncer. Pharmacological interventions are also being explored to
improve stem cell function in particular, mTORC1 inhibition with rapamycin,
which can postpone aging by improving proteostasis. Some evidences attend that
is possible to rejuvenate human senescent cells by pharmacological inhibition of
the GTPase CDC42, whose activity is increased in aged HSCs. Recent promising
studies suggest that stem cell rejuvenation may reverse the aging phenotype at
the organismal level.

Genetic and pharmacological inhibition of NF-kB signaling prevents age-
associated features in different mouse models of accelerated aging. A similar
situation occurs with sirtuins, which may also have an impact on inflammatory
responses associated with aging.
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Several studies have revealed that, by deacetylating histones and components
of inflammatory signaling pathways such as NF-kB, SIRT1 can downregulate
inflammation-related genes. Pharmacologic activation of SIRT1 may prevent
inflammatory responses in mice (214, 215). SIRT2 and SIRT6 may also
downregulate the inflammatory response through deacetylation of NF-kB
subunits and transcriptional repression of their target genes. Conversely,
lifespan-extending manipulations targeting one single tissue can retard the aging
process in other tissues (216, 217).

Additionally, given that the gut microbiome shapes the function of the host
immune system and exerts systemicmetabolic effects, it appears possible to extend
lifespan by manipulating the composition and functionality of the complex and
dynamic intestinal bacterial ecosystem of the human body (218, 219).

All molecular aspects implying in detrimental aging process tempered by
extensive interconnectedness between diverse elements should resound on one
particular with impinge on others. The lifestyle changes, e.g. regular physical
activity, increased intake of fruits and vegetables, and reduced calorie intake may
improve health and increase cellular resistance to stress.

Conclusions

Taking into account that causes of ageing are complex and multifaceted,
the recognition of molecular and cellular concert involved are crucial. A
causal relationship between some elements such as oxidative macromolecules
modifications, mutations of mtDNA, mitochondrial dysfunction and aging has
emerged but the mechanism by which these molecular and biochemical events
occur remain to be established. Contribution of elements and basic mechanistic
aspect should be research for more comprehensive understanding of in vivo
metabolism and repercussion to human health. Despite these concerns, substantial
progress has been made toward an integrative understanding of living senescence
and attempts to delineate mechanism considering OS and ROS as potential key
participants. The process of ageing is influenced by cellular stress responses and
produced an overlop which influences also on this reponse. Studies in different
organisms converge to illustrate the multifaceted nature of this bi-directional
crosstalk. Gaining in knowledge of specific aging pathway, investigators will be
provided with additional opportunities to impact both life span and age related
diseases in humans and others species. Nevertheless a strong possibility is
previously suggested that the wasting process related to aging and diseases, at
least to some extent, may not be irreversible in principle.

Available evidence indicates that redox-sensitive thiol elements function in
signalling and control of virtually all aspects of life, including energy regulation,
cytoskeletal structure, transport, proliferation, differentiation, and apoptosis.
Consequently, disruption of thiol redox signalling and control by nonradical,
two-electron oxidants could underlie much of the pathology linked to OS. To
test this hypothesis, research is needed to identify critical redox elements and
understand their physiology. Such knowledge can be expected to provide the
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basis for novel therapeutic approaches to restore normal signalling and control
and, thereby, prevent pathological and toxicological consequences of OS.

References

1. Muller, F.; Lustgarten, M. S.; Jang, Y.; Richardson, A.; Van Remmen, H.
Trends in oxidative aging theories. Free Radical Biol. Med. 2007, 43,
477–503.

2. Block, G.; Dietrich, M.; Norkus, E. P.; Packer, L. Oxidative stress in human’s
populations. In Critical Reviews of oxidative stress and Aging: Advances in
Basic science, Diagnostic and Interventions; Cutler, R., Rodriguez, H., Eds.;
World Scientific Publishing: Singapore; 2003; pp 870−80.

3. Kirkwood, T.; Austad, S. Why do we age? Nature 2000, 408, 233–8.
4. Calabrese, E. Hormesis: from marginalization to mainstream: a case for

hormesis as the default dose-response model in risk assessment. Toxicol.
Appl. Pharmacol. 2004, 197, 125–36.

5. Rattan, S. Hormesis in aging. Ageing Res. Rev. 2008, 7, 63–78.
6. Sohal, R. Oxidative stress hypothesis of aging. Free Radical Biol. Med.

2002, 33, 573–4.
7. Troen, R. The biology of aging. Mt. Sinai J. Med. 2003, 70 (1), 3–22.
8. Hughes, K.; Reynolds, R. M. Evolutionary and Mechanistic Theories of

Aging. Annu. Rev. Entomol. 2005, 50, 421–5.
9. Petropoulou, C.; Chondrogianni, N.; Simoes, D.; Agiostratidou, G.;

Drosopoulou, N.; Kotsota, V.; Gonos, E. S. Ageing and longevity: a
paradigm of complementation between homeostatic mechanisms and genetic
control? Ann. N. Y. Acad. Sci. 2000, 9008, 133–42.

10. Gerschman, R.; Gilbert, D.; Nye, S. W.; Dwyer, P.; Fenn, W. o Oxygen
poisoning and X-ray toxicity.: a mechanism in common. Science 1954, 119,
623–6.

11. Harman, D. Ageing: a theory based on free radical and radiation chemistry.
J. Gerontol. 1956, 11, 298–300.

12. Harman, D. The biological clock : the mitochondria? J. Am. Geriartr. Soc.
1972, 20, 145–7.

13. Jones, D. Redefining oxidative stress. Antioxid. Redox Signaling 2006, 8,
1865–79.

14. Jones, D. Radical-free biology of oxidative stress. Am. J. Physiol. Cell
Physiol. 2008, 295 (4), C849–C68.

15. Stadtman, E. Role of oxidant species in aging. Curr. Med. Chem. 2004, 11
(9), 1105–12.

16. Barja, G. Free radicals and ageing. Trends Neurosci. 2004, 27 (10), 595–600.
17. Buffenstein, R.; Edrey, Y. H.; Yang, T.; Mele, J. The oxidative stress theory

of aging: embattled or invincible? Insights from non-traditional model
organisms. Age (Dordrecht, Netherlands) 2008, 30 (2−3), 99–109.

18. Xu, J. Radical metabolism is partner to energy metabolism in mitochondria.
Ann. N. Y. Acad. Sci. 2004, 1011, 57–60.

206

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=19424860&crossref=10.1007%2Fs11357-008-9058-z&coi=1%3ACAS%3A528%3ADC%252BD1cXht1amtbvE
http://pubs.acs.org/action/showLinks?pmid=15134509&crossref=10.2174%2F0929867043365341&coi=1%3ACAS%3A528%3ADC%252BD2cXjvVeht7c%253D
http://pubs.acs.org/action/showLinks?pmid=16987039&crossref=10.1089%2Fars.2006.8.1865&coi=1%3ACAS%3A528%3ADC%252BD28Xpslalsbc%253D
http://pubs.acs.org/action/showLinks?pmid=12516005&coi=1%3ACAS%3A280%3ADC%252BD3s%252FgvFOltA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=13332224&crossref=10.1093%2Fgeronj%2F11.3.298&coi=1%3ACAS%3A280%3ADyaG28%252FosVygsw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=17964227&crossref=10.1016%2Fj.arr.2007.03.002&coi=1%3ACAS%3A280%3ADC%252BD1c%252FisFygsQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=15126283&crossref=10.1196%2Fannals.1293.006&coi=1%3ACAS%3A528%3ADC%252BD2cXkvVeisbo%253D
http://pubs.acs.org/action/showLinks?pmid=11089980&crossref=10.1038%2F35041682&coi=1%3ACAS%3A528%3ADC%252BD3cXotFGltL0%253D
http://pubs.acs.org/action/showLinks?pmid=15374670&crossref=10.1016%2Fj.tins.2004.07.005&coi=1%3ACAS%3A528%3ADC%252BD2cXnslOjtrk%253D
http://pubs.acs.org/action/showLinks?pmid=17640558&crossref=10.1016%2Fj.freeradbiomed.2007.03.034&coi=1%3ACAS%3A528%3ADC%252BD2sXotVWkur0%253D
http://pubs.acs.org/action/showLinks?pmid=18684987&crossref=10.1152%2Fajpcell.00283.2008
http://pubs.acs.org/action/showLinks?pmid=18684987&crossref=10.1152%2Fajpcell.00283.2008
http://pubs.acs.org/action/showLinks?pmid=15355246&crossref=10.1146%2Fannurev.ento.50.071803.130409&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFOqtLY%253D
http://pubs.acs.org/action/showLinks?pmid=5016631&crossref=10.1111%2Fj.1532-5415.1972.tb00787.x&coi=1%3ACAS%3A280%3ADyaE387lsVCmug%253D%253D
http://pubs.acs.org/action/showLinks?pmid=12208342&crossref=10.1016%2FS0891-5849%2802%2900885-7&coi=1%3ACAS%3A528%3ADC%252BD38Xms1ymtbg%253D
http://pubs.acs.org/action/showLinks?pmid=13156638&crossref=10.1126%2Fscience.119.3097.623&coi=1%3ACAS%3A528%3ADyaG2cXlsl2huw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=15163548&crossref=10.1016%2Fj.taap.2004.02.007&coi=1%3ACAS%3A528%3ADC%252BD2cXkt1aju7w%253D
http://pubs.acs.org/action/showLinks?pmid=15163548&crossref=10.1016%2Fj.taap.2004.02.007&coi=1%3ACAS%3A528%3ADC%252BD2cXkt1aju7w%253D


19. Genova, M.; Pich, M. M.; Bernacchia, A.; Bianchi, C.; Biondi, A.;
Bovina, C.; Falasca, A. I.; Formiggini, G.; Castelli, G. P.; Lenaz, G. The
mitochondrial production of reactive oxygen species in relation to aging and
pathology. Ann. N. Y. Acad. Sci. 2004, 1011, 86–100.

20. Boveris, A. Biochemistry of free radicals: from electrons to tissues. Shock
1998: Oxygen, nitric oxide and therapeutic perspectives. Medicina 1998, 58,
350–6.

21. Lenaz, G. The mitochondrial production of reactive oxygen species:
mechanism and implications in human pathology. IUBMB Life 2000, 152,
159–64.

22. Droge, W. Free radicals in the physiological control of cell function. Physiol.
Rev. 2002, 82 (1), 47–95.

23. Hensley, K.; Robinson, K. A.; Gabbita, S. P.; Salsman, S.; Floyd, R. A.
Reactive oxygen species, cell signalling, and cell injury. Free Radical Biol.
Med. 2000, 28, 1456–62.

24. Finkel, T. Reactive oxygen species and signal transduction. IUBMB Life
2001, 52, 3–6.

25. Özben, T. Oxidative stress and antioxidants in ageing. In Frontiers in
Neurodegenerative Disorder and Ageing: Fundamental Aspects, Clinical
perspectives and new insights; Özben, T., Chevion, M., Eds.; IOS press:
2004, pp 99−115.

26. Lane, N. A unifying view of ageing and disease: the double-agent theory. J.
Theor. Biol. 2003, 225, 531–40.

27. Nystrom T.; Osiewacz, H. D. Model systems in aging; Springer: Germany,
2004.

28. Kohn, R. Aging of animals: possible mechanism. In Principles of
mammalian aging; Kohn, R., Ed.; Prentice-Hall: Englewood Cliffs, NJ:
1978.

29. Sohal, R.; Ku, H. H.; Agarwal, S.; Forster, M. J.; Lal, H. Oxidative damage,
mitochondrial oxidant generation and antioxidant defenses during aging and
in response to food restriction in the mouse. Mech. Ageing Dev. 1994, 94,
121–33.

30. Young, H.; Jeen, H.; Won, K.; Sue, J.; Pal, B. Molecular inflammation
hypothesis of aging based on the anti-aging mechanism of caloric restriction.
Microsc. Res. Technol. 2002, 159, 264–72.

31. Finkel, T.; Holbrook, N. Oxidants, oxidative stress and the biology of ageing.
Nature 2000, 408, 239–47.

32. Schulz, T.; Zarse, K.; Voigt, A.; Urban, N.; Birringer, M.; Ristow, M.
Glucose Restriction Extends Caenorhabditis elegans Lifespan by Inducing
Mitochondrial Respiration and Increasing Oxidative Stress. Cell Metab.
2007, 6, 280–93.

33. Navratil V. Health, Ageing and Entropy; Masarykova Univerzita, Health
Literacy Through Education: 2011.

34. Kowaltowski, A.; de Souza-Pinto, N. C.; Castilho, R.; Vercesi, A. E.
Mitochondria and reactive oxygen species. Free Radical Biol. Med. 2009,
47, 333–43.

207

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=14615212&crossref=10.1016%2FS0022-5193%2803%2900304-7&coi=1%3ACAS%3A280%3ADC%252BD3srkt1WgtQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=14615212&crossref=10.1016%2FS0022-5193%2803%2900304-7&coi=1%3ACAS%3A280%3ADC%252BD3srkt1WgtQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=11795590&crossref=10.1080%2F15216540252774694&coi=1%3ACAS%3A528%3ADC%252BD38Xmt12luw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=11773609&crossref=10.1152%2Fphysrev.00018.2001&coi=1%3ACAS%3A528%3ADC%252BD38XovFSisw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=11773609&crossref=10.1152%2Fphysrev.00018.2001&coi=1%3ACAS%3A528%3ADC%252BD38XovFSisw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=9816695&coi=1%3ACAS%3A528%3ADyaK1cXmvVSgu7k%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0047-6374%2894%2990104-X
http://pubs.acs.org/action/showLinks?pmid=11089981&crossref=10.1038%2F35041687&coi=1%3ACAS%3A528%3ADC%252BD3cXotFGltb0%253D
http://pubs.acs.org/action/showLinks?pmid=10927169&crossref=10.1016%2FS0891-5849%2800%2900252-5&coi=1%3ACAS%3A528%3ADC%252BD3cXltlWgur4%253D
http://pubs.acs.org/action/showLinks?pmid=10927169&crossref=10.1016%2FS0891-5849%2800%2900252-5&coi=1%3ACAS%3A528%3ADC%252BD3cXltlWgur4%253D
http://pubs.acs.org/action/showLinks?pmid=19427899&crossref=10.1016%2Fj.freeradbiomed.2009.05.004&coi=1%3ACAS%3A528%3ADC%252BD1MXotl2lsbw%253D
http://pubs.acs.org/action/showLinks?pmid=15126287&crossref=10.1196%2Fannals.1293.010&coi=1%3ACAS%3A528%3ADC%252BD2cXkvVeitr0%253D
http://pubs.acs.org/action/showLinks?pmid=17908557&crossref=10.1016%2Fj.cmet.2007.08.011&coi=1%3ACAS%3A528%3ADC%252BD2sXht1Sjsr3J


35. Tilman G. Oxidants and antioxidants defense systems. The handbook of
Enviromental Chemistry 2.0; Springer: Berlin, Heidelberg, New York, 2005.

36. Cadenas, E.; Davies, K. J. Mitochondrial free radical generation, oxidative
and aging. Free Radical Biol. Med. 2000, 29, 222–30.

37. Staniek, K.; Nohl, H. Are mitochondria a permanent source of reactive
oxygen species? Biochim. Biophys. Acta 2000, 1460, 268–75.

38. Wei, Y.; Lee, H. C. Oxidative stress, mitochondrial DNA mutation and
impairment of antioxidant enzymes in aging. Exp. Biol. Med. 2002, 227,
671–82.

39. Schapira, A. Primary and secondary defects of the mitochondrial respiratory
chain. J. Inherited Metab. Dis. 2002, 25 (3), 207–14.

40. Dillin, A.; Hsu, A. L.; Arantes-Oliveira, N.; Lehler-Graiwer, J.; Hsin, H.;
Fraser, A. G.; Kamath, R. S.; Ahringer, J.; Kenyon, C. Rates of behaviour
and aging specified by mitochondrial function during development. Science
2002, 298, 2398–401.

41. Golden, T.; Melov, S. Mitochondrial DNA mutations, oxidative stress and
aging. Mech. Ageing Dev. 2001, 122, 1577–89.

42. Harper, M.; Bevilacqua, L.; Hagopian, K.; Weindruch, R.; Ramsey, J. J.
Ageing, oxidative stress, and mitochondrial uncoupling. Acta Physiol.
Scand. 2004, 182 (4), 321–3.

43. Cadenas, E. Mitochondrial free radical production and cell signalling. Mol.
Aspects Med. 2004, 25, 17–26.

44. Judge, S.; Jang, Y. M.; Smith, A.; Hagen, T.; Leeuwenburgh, C.
Age-associated increases in oxidative stress and antioxidant enzyme
activities in cardiac interfibrillar mitochondria: implications for the
mitochondrial theory of aging. FASEB J. 2005, 19, 419–21.

45. Melov, S. Mitochondrial oxidative stress. Physiologic consequences and
potential for a role in aging. Ann. N. Y. Acad. Sci. 2000, 908, 219–25.

46. de Souza-Pinto, N.; Bohr, V. A. The mitochondrial theory of aging:
involvement of mitochondrial DNA damage and repair. Int. Rev. Neurobiol.
2002, 53, 519–34.

47. Scheckhuber, C. Impact ofmitochondrial dynamics on organismic aging. Sci.
World J. 2009, 9, 250–4.

48. Rodríguez, Y.; Vázquez, R.; Lavernia, L.; Robles, Y. Aging and Oxidative
Stress. Correo Cientifico Médico 2009, 13 (2).

49. Karlseder, J.; Smogorzewska, A.; de Lange, T. Senescente induced by altered
telomerese state, not telomere loss. Science 2002, 295, 2446–9.

50. Saretzki, G.; Von Zglinicki, T. Replicative aging, telomeres, and oxidative
stress. Ann. N. Y. Acad. Sci. 2002, 959, 24–9.

51. Tanaka, M.; Gong, J. S.; Zhang, J.; Yaneda, M.; Yagi, K. Mitochondrial
genotype associated with longevity. Lancet 1998, 351, 185–6.

52. Camougrand, N.; Rigoulet, M. Aging and oxidative stress: studies of some
genes involved both in aging and in response to oxidative stress. Respir.
Physiol. 2001, 128 (3), 393–401.

53. Szegezdi, E.; Logue, S.; Gorman, A.; Samali, A. Mediators of endoplasmic
reticulum stress-induced apoptosis. EMBO Rep. 2006, 7, 880–5.

208

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=12137229&crossref=10.1023%2FA%3A1015629912477&coi=1%3ACAS%3A528%3ADC%252BD38XmtFShs7k%253D
http://pubs.acs.org/action/showLinks?pmid=11511398&crossref=10.1016%2FS0047-6374%2801%2900288-3&coi=1%3ACAS%3A528%3ADC%252BD3MXlvFWlt70%253D
http://pubs.acs.org/action/showLinks?pmid=11718766&crossref=10.1016%2FS0034-5687%2801%2900314-0&coi=1%3ACAS%3A528%3ADC%252BD38XlvFKqsA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=11718766&crossref=10.1016%2FS0034-5687%2801%2900314-0&coi=1%3ACAS%3A528%3ADC%252BD38XlvFKqsA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=11106768&crossref=10.1016%2FS0005-2728%2800%2900152-3&coi=1%3ACAS%3A528%3ADC%252BD3cXosFequrk%253D
http://pubs.acs.org/action/showLinks?pmid=11976182&crossref=10.1111%2Fj.1749-6632.2002.tb02079.x&coi=1%3ACAS%3A528%3ADC%252BD38XktFWqtLc%253D
http://pubs.acs.org/action/showLinks?pmid=12512351&crossref=10.1016%2FS0074-7742%2802%2953018-X&coi=1%3ACAS%3A528%3ADC%252BD3sXht1ertr0%253D
http://pubs.acs.org/action/showLinks?pmid=15642720&coi=1%3ACAS%3A528%3ADC%252BD2MXit1Klu7g%253D
http://pubs.acs.org/action/showLinks?pmid=15569093&crossref=10.1111%2Fj.1365-201X.2004.01370.x&coi=1%3ACAS%3A528%3ADC%252BD2MXmsVCl
http://pubs.acs.org/action/showLinks?pmid=15569093&crossref=10.1111%2Fj.1365-201X.2004.01370.x&coi=1%3ACAS%3A528%3ADC%252BD2MXmsVCl
http://pubs.acs.org/action/showLinks?pmid=16953201&crossref=10.1038%2Fsj.embor.7400779&coi=1%3ACAS%3A528%3ADC%252BD28XptVSlsLo%253D
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADC%252BD38XntlyqsLw%253D
http://pubs.acs.org/action/showLinks?pmid=12471266&crossref=10.1126%2Fscience.1077780&coi=1%3ACAS%3A528%3ADC%252BD38Xps1Sju7g%253D
http://pubs.acs.org/action/showLinks?pmid=11923537&crossref=10.1126%2Fscience.1069523&coi=1%3ACAS%3A528%3ADC%252BD38XisFSlurY%253D
http://pubs.acs.org/action/showLinks?pmid=9449878&crossref=10.1016%2FS0140-6736%2805%2978211-8&coi=1%3ACAS%3A280%3ADyaK1c7htFGgsw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=11035250&crossref=10.1016%2FS0891-5849%2800%2900317-8&coi=1%3ACAS%3A528%3ADC%252BD3cXnslWmtro%253D
http://pubs.acs.org/action/showLinks?crossref=10.1100%2Ftsw.2009.33
http://pubs.acs.org/action/showLinks?crossref=10.1100%2Ftsw.2009.33
http://pubs.acs.org/action/showLinks?pmid=10911961&crossref=10.1111%2Fj.1749-6632.2000.tb06649.x&coi=1%3ACAS%3A528%3ADC%252BD3cXlsVOjsLg%253D
http://pubs.acs.org/action/showLinks?pmid=15051313&crossref=10.1016%2Fj.mam.2004.02.005&coi=1%3ACAS%3A528%3ADC%252BD2cXisFOnu7o%253D
http://pubs.acs.org/action/showLinks?pmid=15051313&crossref=10.1016%2Fj.mam.2004.02.005&coi=1%3ACAS%3A528%3ADC%252BD2cXisFOnu7o%253D


54. Stevens, F.; Argon, Y. Protein folding in the ER. Semin. Cell Dev. Biol.
Chem. 1999, 10, 443–54.

55. Zhang, C.; Cuervo, A. Restoration of chaperone-mediated autophagy in aging
liver improves cellular maintenance and hepatic function. Nat. Med. 2008,
14, 959–65.

56. Zhang, K.; Kaufman, R. Protein folding in the endoplasmic reticulum and
the unfolded protein response. Handb. Exp. Pharmacol. 2006, 172, 69–91.

57. Yorimitsu, T.; Nair, U.; Yang, Z.; Klionsky, D. Endoplasmic reticulum stress
triggers autophagy. J. Biol. Chem. 2006, 281, 30299–304.

58. Ding, W.; Yin, X. Sorting, recognition and activation of the misfolded
protein degradation pathways through macroautophagy and the proteasome.
Autophagy 2008, 4, 141–50.

59. Kourtis, N.; Tavernarakis, N. Cellular stress response pathways and ageing:
intricate molecular relationships. The EMBO Journal. 2011, 30, 2520–31.

60. Cuervo, A. Chaperone-mediated autophagy: selectivity pays off. Trends
Endocrinol Metab 2010, 21, 142–50.

61. Mizushima, N.; Levine, B.; Cuervo, A.; Klionsky, D. Autophagy fights
disease through cellular self-digestion. Nature 2008, 451, 1069–75.

62. Yorimitsu, T.; Klionsky, D. Autophagy: molecular machinery for self-eating.
Cell Death Differ. 2005, 12 (2), 1542–52.

63. Dice, J. Chaperone-mediated autophagy. Autophagy 2007, 3, 295–9.
64. Komatsu, M.; Waguri, S.; Chiba, T.; Murata, S.; Iwata, J.; Tanida, I.; et al.

Loss of autophagy in the central nervous system causes neurodegeneration
in mice. Nature 2006, 441, 880–4.

65. Komatsu, M.; Waguri, S.; Ueno, T.; Iwata, J.; Murata, S.; Tanida, I.; et
al. Impairment of starvation-induced and constitutive autophagy in Atg7-
deficient mice. J. Cell Biol. 2005, 169, 425–34.

66. Nakai, A.; Yamaguchi, O.; Takeda, T.; Higuchi, Y.; Hikoso, S.; Taniike, M.;
et al. The role of autophagy in cardiomyocytes in the basal state and in
response to hemodynamic stress. Nat. Med. 2007, 13, 619–24.

67. Hars, E.; Qi, H.; Ryazanov, A.; Jin, S.; Cai, L.; Hu, C.; et al. Autophagy
regulates ageing in C. elegans. Autophagy 2007, 3, 93–5.

68. Toth, M.; Sigmond, T.; Borsos, E.; Barna, J.; Erdelyi, P.; Takacs-Vellai, K.;
et al. Longevity pathways converge on autophagy genes to regulate life span
in Caenorhabditis elegans. Autophagy 2008, 4, 330–8.

69. Kourtis, N.; Tavernarakis, N. Autophagy and cell death in model organisms.
Cell Death Differ. 2009, 16, 21–30.

70. Bonnefont-Rousselot, D.; Therond, P.; Beaudeux, J. L.; Peynet, J.;
Legrand, A.; Delatrade, J. Aging and oxidative stress. Which potential
markers? Ann. Biol. Clin. 2001, 59 (4), 453–9.

71. Kregel, K.; Zhang, H. J. An integrated view of oxidative stress in aging:
basic mechanisms, functional effects, and pathological considerations. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 2007, 292, R18–R36.

72. Richard, M.; Roussel, A. M. Micronutrients and ageing: intakes and
requirements. Proc. Nutr. Soc. 1999, 58 (3), 573–8.

209

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=10597627&crossref=10.1006%2Fscdb.1999.0315&coi=1%3ACAS%3A528%3ADyaK1MXnvFOmsL0%253D
http://pubs.acs.org/action/showLinks?pmid=10597627&crossref=10.1006%2Fscdb.1999.0315&coi=1%3ACAS%3A528%3ADyaK1MXnvFOmsL0%253D
http://pubs.acs.org/action/showLinks?pmid=15866887&crossref=10.1083%2Fjcb.200412022&coi=1%3ACAS%3A528%3ADC%252BD2MXktFOjsLk%253D
http://pubs.acs.org/action/showLinks?pmid=17404494&crossref=10.4161%2Fauto.4144&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVGrtLbM
http://pubs.acs.org/action/showLinks?pmid=21587205&crossref=10.1038%2Femboj.2011.162&coi=1%3ACAS%3A528%3ADC%252BC3MXmtF2ltbY%253D
http://pubs.acs.org/action/showLinks?pmid=18305538&crossref=10.1038%2Fnature06639&coi=1%3ACAS%3A528%3ADC%252BD1cXisFWjt78%253D
http://pubs.acs.org/action/showLinks?pmid=10604189&crossref=10.1017%2FS0029665199000750&coi=1%3ACAS%3A528%3ADyaK1MXotVCjsLo%253D
http://pubs.acs.org/action/showLinks?pmid=16901900&crossref=10.1074%2Fjbc.M607007200&coi=1%3ACAS%3A528%3ADC%252BD28XhtVahsbjE
http://pubs.acs.org/action/showLinks?pmid=18219227&crossref=10.4161%2Fauto.5618&coi=1%3ACAS%3A528%3ADC%252BD1cXltVKntLw%253D
http://pubs.acs.org/action/showLinks?pmid=11470641&coi=1%3ACAS%3A528%3ADC%252BD3MXlvFOhs7o%253D
http://pubs.acs.org/action/showLinks?pmid=18690243&crossref=10.1038%2Fnm.1851&coi=1%3ACAS%3A528%3ADC%252BD1cXhtVyms7zL
http://pubs.acs.org/action/showLinks?pmid=17450150&crossref=10.1038%2Fnm1574&coi=1%3ACAS%3A528%3ADC%252BD2sXkvVOgsr4%253D
http://pubs.acs.org/action/showLinks?pmid=16625205&crossref=10.1038%2Fnature04723&coi=1%3ACAS%3A528%3ADC%252BD28XlvVGlsbY%253D
http://pubs.acs.org/action/showLinks?pmid=16247502&crossref=10.1038%2Fsj.cdd.4401765&coi=1%3ACAS%3A528%3ADC%252BD2MXhtFCjt7%252FJ
http://pubs.acs.org/action/showLinks?pmid=17986870&crossref=10.4161%2Fauto.5190&coi=1%3ACAS%3A528%3ADC%252BD1cXksFGrtL8%253D
http://pubs.acs.org/action/showLinks?pmid=19857975&crossref=10.1016%2Fj.tem.2009.10.003&coi=1%3ACAS%3A528%3ADC%252BC3cXis1ShtbY%253D
http://pubs.acs.org/action/showLinks?pmid=19857975&crossref=10.1016%2Fj.tem.2009.10.003&coi=1%3ACAS%3A528%3ADC%252BC3cXis1ShtbY%253D
http://pubs.acs.org/action/showLinks?pmid=19079286&crossref=10.1038%2Fcdd.2008.120&coi=1%3ACAS%3A528%3ADC%252BD1cXhsV2it7zJ
http://pubs.acs.org/action/showLinks?pmid=16917020&crossref=10.1152%2Fajpregu.00327.2006&coi=1%3ACAS%3A528%3ADC%252BD2sXisFGit7g%253D
http://pubs.acs.org/action/showLinks?pmid=16917020&crossref=10.1152%2Fajpregu.00327.2006&coi=1%3ACAS%3A528%3ADC%252BD2sXisFGit7g%253D
http://pubs.acs.org/action/showLinks?pmid=16610355&crossref=10.1007%2F3-540-29717-0_3&coi=1%3ACAS%3A528%3ADC%252BD2MXhtlWqsbrI
http://pubs.acs.org/action/showLinks?pmid=17204841&crossref=10.4161%2Fauto.3636&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVCqsrjN


73. Holbrook, N.; Ikeyama, S. Age-related decline in cellular response to
oxidative stress: links to growth factor signaling pathways with common
defects. Biochem. Pharmacol. 2002, 64 (5−6), 999–1005.

74. De Bont, R.; van Larebeke, N. Endogenous DNA damage in humans: a
review of quantitative data. Mutagenesis 2004, 19, 169–85.

75. Hoeijmakers, J. DNA damage, aging, and cancer. N. Engl. J. Med. 2009,
361, 1475–148.

76. Jones, D.; Rando, T. Emerging models and paradigms for stem cell ageing.
Nat. Cell Biol. 2011, 13, 506–12.

77. Park, C.; Larsson, N. Mitochondrial DNA mutations in disease and aging. J.
Cell Biol. 2011, 193, 809–18.

78. Koga, H.; Kaushik, S.; Cuervo, A. Protein homeostasis and aging: The
importance of exquisite quality control. Ageing Res. Rev. 2011, 10, 205–15.

79. Gregg, S.; Gutierrez, V.; Robinson, A.; Woodell, T.; Nakao, A.; Ross, M.;
et al. A mouse model of accelerated liver aging caused by a defect in DNA
repair. Hepatology 2012, 55, 609–21.

80. Gilbert, H. Molecular and cellular aspects of thiol-disulfide exchange. Adv.
Enzymol. Relat. Areas Mol. Biol. 1990, 63, 69–172.

81. Kemp, M.; Go, Y.; Jones, D. Nonequilibrium thermodynamics of
thiol/disulfide redox systems: a perspective on redox systems biology. Free
Radical Biol. Med. 2008, 44, 921–37.

82. Stadtman, E.; Levine, R. Free radical-mediated oxidation of free amino acids
and amino acid residues in proteins. Amino Acids 2003, 25, 207–18.

83. Stadtman, E.; Van Remmen, H.; Richardson, A.; Wehr, N.; Levine, R.
Methionine oxidation and aging. Biochim. Biophys. Acta 2005, 1703,
135–40.

84. Lillig, C.; Holmgren, A. Thioredoxin and related molecules–from biology to
health and disease. Antioxid. Redox Signaling 2007, 9, 25–47.

85. Jones, D.; Go, Y.; Anderson, C.; Ziegler, T.; Kinkade, J. J.; Kirlin, W.
Cysteine/cystine couple is a newly recognized node in the circuitry for
biologic redox signaling and control. FASEB J. 2004, 18, 1246–8.

86. Jones, D. Redox potential of GSH/GSSG couple: assay and biological
significance. Methods Enzymol. 2002, 348, 93–112.

87. Block, G.; Dietrich, M.; Norkus, E. P.; Morrow, J. D.; Hudes, M.; Caan, B.;
Packer, L. Factors associatedwith oxidative stress in human populations. Am.
J. Epidemiol. 2002, 156, 274–85.

88. Hack, V.; Breitkreutz, R.; Kinscherf, R.; Rohrer, H.; Bartsch, P.; Taut, F.;
Benner, A.; Droge, W. The redox state as a correlate of senescence and
wasting as a target for therapeutic intervention. Blood. 1998, 92, 59–67.

89. Florini, J. Composition and function of cells and tissues. Handbook of
biochemistry in aging; CRC Press: Boca Raton, FL, 1981.

90. Browner, W.; Kahn, A. J.; Ziv, E.; Reiner, A. P.; Oshima, J.; Cawthon, R.
M.; Hsueh, W. C.; Cummings, S. R. The genetics of human longevity. Am.
J. Med. 2004, 117 (11), 851–60.

91. Stadtman, E. Importance of individuality in oxidative stress and aging. Free
Radical Biol. Med. 2002, 33 (5), 597–604.

210

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=12208345&crossref=10.1016%2FS0891-5849%2802%2900904-8&coi=1%3ACAS%3A528%3ADC%252BD38Xms1ymtbc%253D
http://pubs.acs.org/action/showLinks?pmid=12208345&crossref=10.1016%2FS0891-5849%2802%2900904-8&coi=1%3ACAS%3A528%3ADC%252BD38Xms1ymtbc%253D
http://pubs.acs.org/action/showLinks?pmid=21540846&crossref=10.1038%2Fncb0511-506&coi=1%3ACAS%3A528%3ADC%252BC3MXlsFGlsrw%253D
http://pubs.acs.org/action/showLinks?pmid=12142263&crossref=10.1093%2Faje%2Fkwf029&coi=1%3ACAS%3A280%3ADC%252BD38zptlGrug%253D%253D
http://pubs.acs.org/action/showLinks?pmid=12142263&crossref=10.1093%2Faje%2Fkwf029&coi=1%3ACAS%3A280%3ADC%252BD38zptlGrug%253D%253D
http://pubs.acs.org/action/showLinks?pmid=15123782&crossref=10.1093%2Fmutage%2Fgeh025&coi=1%3ACAS%3A528%3ADC%252BD2cXjvVSju74%253D
http://pubs.acs.org/action/showLinks?pmid=15180957&coi=1%3ACAS%3A528%3ADC%252BD2cXmsVSlsbg%253D
http://pubs.acs.org/action/showLinks?pmid=15680221&crossref=10.1016%2Fj.bbapap.2004.08.010&coi=1%3ACAS%3A528%3ADC%252BD2MXmvFOrtg%253D%253D
http://pubs.acs.org/action/showLinks?pmid=21953681&crossref=10.1002%2Fhep.24713&coi=1%3ACAS%3A528%3ADC%252BC38Xht1yqtbY%253D
http://pubs.acs.org/action/showLinks?pmid=18155672&crossref=10.1016%2Fj.freeradbiomed.2007.11.008&coi=1%3ACAS%3A528%3ADC%252BD1cXjtVCitrs%253D
http://pubs.acs.org/action/showLinks?pmid=18155672&crossref=10.1016%2Fj.freeradbiomed.2007.11.008&coi=1%3ACAS%3A528%3ADC%252BD1cXjtVCitrs%253D
http://pubs.acs.org/action/showLinks?pmid=21606204&crossref=10.1083%2Fjcb.201010024&coi=1%3ACAS%3A528%3ADC%252BC3MXnt1Knt74%253D
http://pubs.acs.org/action/showLinks?pmid=21606204&crossref=10.1083%2Fjcb.201010024&coi=1%3ACAS%3A528%3ADC%252BC3MXnt1Knt74%253D
http://pubs.acs.org/action/showLinks?pmid=9639500&coi=1%3ACAS%3A528%3ADyaK1cXktlerurw%253D
http://pubs.acs.org/action/showLinks?pmid=15589490&crossref=10.1016%2Fj.amjmed.2004.06.033&coi=1%3ACAS%3A528%3ADC%252BD2cXhtVKktrvF
http://pubs.acs.org/action/showLinks?pmid=15589490&crossref=10.1016%2Fj.amjmed.2004.06.033&coi=1%3ACAS%3A528%3ADC%252BD2cXhtVKktrvF
http://pubs.acs.org/action/showLinks?pmid=19812404&crossref=10.1056%2FNEJMra0804615&coi=1%3ACAS%3A528%3ADC%252BD1MXht1GiurbK
http://pubs.acs.org/action/showLinks?pmid=11885298&crossref=10.1016%2FS0076-6879%2802%2948630-2&coi=1%3ACAS%3A528%3ADC%252BD38XlsVartbo%253D
http://pubs.acs.org/action/showLinks?pmid=12213598&crossref=10.1016%2FS0006-2952%2802%2901169-3&coi=1%3ACAS%3A528%3ADC%252BD38Xms1ymsLk%253D
http://pubs.acs.org/action/showLinks?pmid=17115886&crossref=10.1089%2Fars.2007.9.25&coi=1%3ACAS%3A528%3ADC%252BD28Xht1Wqur3P
http://pubs.acs.org/action/showLinks?pmid=14661084&crossref=10.1007%2Fs00726-003-0011-2&coi=1%3ACAS%3A528%3ADC%252BD3sXpsFOntL8%253D
http://pubs.acs.org/action/showLinks?pmid=20152936&crossref=10.1016%2Fj.arr.2010.02.001&coi=1%3ACAS%3A528%3ADC%252BC3MXjtFWjtLk%253D
http://pubs.acs.org/action/showLinks?pmid=2407068&crossref=10.1002%2F9780470123096.ch2&coi=1%3ACAS%3A528%3ADyaK3cXlvVKltrk%253D
http://pubs.acs.org/action/showLinks?pmid=2407068&crossref=10.1002%2F9780470123096.ch2&coi=1%3ACAS%3A528%3ADyaK3cXlvVKltrk%253D


92. Masaaki, K.; Masatoshi, S.; Nihal, S. A. Antioxidant systems and erythrocyte
life span in mammals. Comp. Biochem. Physiol. 1987, 39, 13–6.

93. Chomyn, A.; Attardi, G.MtDNAmutations in aging and apoptosis. Biochem.
Biophys. Res. Commun. 2003, 304 (3), 519–29.

94. Levine, R.; Stadtman, E. Protein modifications with aging. In Handbook of
the biology of aging; Schneider, E., Rowe, J. W., Eds.; Academic Press: San
Diego, CA, 1996; pp 184−197.

95. Grune, T.; Shringarpure, R.; Sitte, N.; Davies, K. J. A. Age related changes
in protein oxidation and proteolysis in mammalian cells. J. Gerontol., Series
A 2001, 56, B459–67.

96. Dean, R.; Shanlin, F.; Stocker, R.; Davies, M. J. Biochemistry and pathology
of radical-mediated protein oxidation. Biochem. J. 1997, 324, 1–18.

97. Stadtman, E. Protein oxidation in aging and age-related diseases. Ann. N. Y.
Acad. Sci. 2001, 928, 22–38.

98. Yang, C.; Chou, S. T.; Liu, L.; Tsai, P. J.; Kuo, J. S. Effect of ageing on human
plasma glutathione concentrations as determined by high-perfornance liquid
chromatography with fluorimetric detection. J. Chromatogr. B: Biomed. Sci.
Appl. 1995, 674 (1), 23–30.

99. Erden-Inal, M.; Sunal, E.; Kanbak, G. Age-related changes in the glutathione
redox system. Cell Biochem. Funct. 2002, 20 (1), 61–6.

100. Yoshida, T.; Oka, S. I.; Masutani, H.; Nakamura, H.; Yodi, J. The role of
thioredoxin in the aging process: involvement of oxidative stress. Antioxid.
Redox Signaling 2003, 5, 563–70.

101. Inal, M.; Kanbak, G.; Sunal, E. Antioxidant enzyme activities and
malondialdehyde levels related to aging. Clin. Chim. Acta 2001, 305,
75–80.

102. Poubelle, P.; Chaintreuil, J.; Bensadoun, J.; Blotman, F.; Simon, L.; Crastes
de Paulet, A. Plasma lipoperoxides and aging. Biomedicine 1982, 36, 164–7.

103. Esterbauer, H.; Cheeseman, K. H.; Dianzani, M. U.; Poli, G.; Slater, T.
F. Separation and characterization of the aldehydic products of lipd
peroxidation stimulated by ADP-Fe2+ in rat liver microsomes. J. Biochem.
1982, 208, 129–40.

104. Grune, T.; Siems, W. G.; Zollner, H.; Esterbauer, H. Metabolism of
4-hydroxynonenl, a cytotoxic lipid peroxidation product, in Ehrlich mouse
ascites cells at different proliferation stages. Cancer Res. 1994, 54, 5231–5.

105. Esterbauer, H.; Cheeseman, K. H. Lipid peroxidation: pathological
implications. Chem. Phys. Lipids 1987, 45, 103–7.

106. Feillet-Coudray, C.; Tourtauchaux, R.; Niculescu,M.; Rock, E.; Tauveron, I.;
Alexandre-Gouabau, M. C.; Rayssiguier, Y.; Jalenques, I.; Mazur, A. Plasma
levels of 8-epiPGF2 alpha, an in vivo marker of oxidative stress are not
affected by aging or Alzheimer´s disease. Free Radical Biol. Med. 1999,
27 (3−4), 463–9.

107. Stadtman, E. Protein oxidation and aging. Free Radical Res. 2006, 40,
1250–8.

108. Navon, A.; Ciechanover, A. The 26 S proteasome: from basic mechanisms
to drug targeting. J. Biol. Chem. 2009, 284, 33713–8.

211

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=19812037&crossref=10.1074%2Fjbc.R109.018481&coi=1%3ACAS%3A528%3ADC%252BD1MXhsVymu7zE
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0378-4347%2895%2900287-8&coi=1%3ACAS%3A528%3ADyaK2MXpslKgsr0%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0378-4347%2895%2900287-8&coi=1%3ACAS%3A528%3ADyaK2MXpslKgsr0%253D
http://pubs.acs.org/action/showLinks?pmid=10468223&crossref=10.1016%2FS0891-5849%2899%2900096-9&coi=1%3ACAS%3A528%3ADyaK1MXltlKrsbc%253D
http://pubs.acs.org/action/showLinks?pmid=9164834&crossref=10.1042%2Fbj3240001&coi=1%3ACAS%3A528%3ADyaK2sXjsFCjurs%253D
http://pubs.acs.org/action/showLinks?pmid=7923145&coi=1%3ACAS%3A528%3ADyaK2cXmt1Olsrw%253D
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADyaL3sXkvF2htQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=14580311&crossref=10.1089%2F152308603770310211&coi=1%3ACAS%3A528%3ADC%252BD3sXosVert7w%253D
http://pubs.acs.org/action/showLinks?pmid=14580311&crossref=10.1089%2F152308603770310211&coi=1%3ACAS%3A528%3ADC%252BD3sXosVert7w%253D
http://pubs.acs.org/action/showLinks?pmid=11835271&crossref=10.1002%2Fcbf.937&coi=1%3ACAS%3A528%3ADC%252BD38XhvVems7w%253D
http://pubs.acs.org/action/showLinks?pmid=17090414&crossref=10.1080%2F10715760600918142&coi=1%3ACAS%3A528%3ADC%252BD28XhtlGqs7jF
http://pubs.acs.org/action/showLinks?pmid=11795513&crossref=10.1111%2Fj.1749-6632.2001.tb05632.x&coi=1%3ACAS%3A280%3ADC%252BD38%252FntVSjuw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=11795513&crossref=10.1111%2Fj.1749-6632.2001.tb05632.x&coi=1%3ACAS%3A280%3ADC%252BD38%252FntVSjuw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=3690773&crossref=10.1016%2F0009-3084%2887%2990061-2
http://pubs.acs.org/action/showLinks?pmid=11682566&crossref=10.1093%2Fgerona%2F56.11.B459&coi=1%3ACAS%3A528%3ADC%252BD3MXovV2rsbk%253D
http://pubs.acs.org/action/showLinks?pmid=11682566&crossref=10.1093%2Fgerona%2F56.11.B459&coi=1%3ACAS%3A528%3ADC%252BD3MXovV2rsbk%253D
http://pubs.acs.org/action/showLinks?crossref=10.1042%2Fbj2080129&coi=1%3ACAS%3A528%3ADyaL3sXht1egt74%253D
http://pubs.acs.org/action/showLinks?pmid=12729587&crossref=10.1016%2FS0006-291X%2803%2900625-9&coi=1%3ACAS%3A528%3ADC%252BD3sXjt1Kis7w%253D
http://pubs.acs.org/action/showLinks?pmid=12729587&crossref=10.1016%2FS0006-291X%2803%2900625-9&coi=1%3ACAS%3A528%3ADC%252BD3sXjt1Kis7w%253D
http://pubs.acs.org/action/showLinks?pmid=11249925&crossref=10.1016%2FS0009-8981%2800%2900422-8&coi=1%3ACAS%3A528%3ADC%252BD3MXhvVahs74%253D


109. Kastle, M.; Grune, T. Protein oxidative modification in the aging organism
and the role of the ubiquitin proteasomal system. Curr. Pharm. Des. 2011,
17, 4007–22.

110. Chondrogianni, N.; Stratford, F. L.; Trougakos, I. P.; Friguet, B.; Rivett, A.
J.; Gonos, E. S. Central role of the proteasome in senescence and survival
of human fibroblasts: induction of a senescence-like phenotype upon its
inhibition and resistance to stress upon its activation. J. Biol. Chem. 2003,
278, 28026–37.

111. Fredriksson, A.; Johansson-Krogh, E.; Hernebring, M.; Pettersson, E.;
Javadi, A.; Almstedt, A.; et al. Effects of aging and reproduction on protein
quality control in soma and gametes of Drosophila melanogaster. Aging Cell
2012, 11, 634–43.

112. Tsakiri, E.; Sykiotis, G. P.; Papassideri, I. S.; Gorgoulis, V. G.; Bohmann, D.;
Trougakos, I. P. Differential regulation of proteasome functionality in
reproductive vs. somatic tissues of Drosophila during aging or oxidative
stress. FASEB J. 2013, 27, 2407–20.

113. Tsakiri, E.; Sykiotis, G. P.; Papassideri, I. S.; Terpos, E.; Dimopoulos, M. A.;
Gorgoulis, V. G.; et al. Proteasome dysfunction in Drosophila signals to an
Nrf2-dependent regulatory circuit aiming to restore proteostasis and prevent
premature aging. Aging Cell 2013, 12, 802–13.

114. Breusing, N.; Grune, T. Regulation of proteasome-mediated protein
degradation during oxidative stress and aging. Biol. Chem. 2008, 389,
203–9.

115. Sykiotis, G.; Bohmann, D. Stress-activated cap’n’collar transcription factors
in aging and human disease. Sci. Signal 2010, 3, re3.

116. Grimberg, K.; Beskow, A.; Lundin, D.; Davis, M. M.; Young, P. Basic
Leucine zipper protein Cnc-C is a substrate and transcriptional regulator of
the Drosophila 26S proteasome. Mol. Cell Biol. 2011, 31, 897–909.

117. Westerheide, S.; Anckar, J.; Stevens, S.; Sistonen, L.; Morimoto, R. Stress-
inducible regulation of heat shock factor 1 by the deacetylase SIRT1. Science
2009, 323, 1063–6.

118. Sahin, E.; DePinho, R. A. Linking functional decline of telomeres,
mitochondria and stem cells during ageing. Nature 2010, 464 (7288), 520–8.

119. Mohamad, N.; Ponnuraj, T.; Amrah, S.; Shamsuddin, S.; Ahmad, S.;
Stangaciu, S. Age and Disease Related Telomere Manifestations - A Review.
IOSR J. Dental Med. Sci. 2014, 13 (6), 63–8.

120. Aubert, G.; Lansdorp, P. M. Telomeres and Aging. Physiol. Rev. 2008, 88,
557–79.

121. Khan, S.; Chuturgoon, A. A.; Naidoo, D. P. Telomeres and atherosclerosis.
Cardiovasc. J. Africa 2012, 23 (10), 563–71.

122. Sahin, E.; Colla, S.; Liesa, M.; Moslehi, J.; Müller, F. L.; Guo, M.;
Cooper, M.; Kotton, D.; Fabian, A. J.; Walkey, C.; Maser, R. S.; Tonon, G.;
Foerster, F.; Xiong, R.; Wang, Y. A.; Shukla, S. A.; Jaskelioff, M.;
Martin, E. S.; Heffernan, T. P.; Protopopov, A.; Ivanova, E.; Mahoney, J.
E.; Kost-Alimova, M.; Perry, S. R.; Bronson, R.; Liao, R.; Mulligan, R.;
Shirihai, O. S.; Chin, L.; DePinho, R. A. Telomere dysfunction induces
metabolic and mitochondrial compromise. Nature 2011, 470, 359–65.

212

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=12736271&crossref=10.1074%2Fjbc.M301048200&coi=1%3ACAS%3A528%3ADC%252BD3sXlsFKrsr8%253D
http://pubs.acs.org/action/showLinks?crossref=10.9790%2F0853-13626368
http://pubs.acs.org/action/showLinks?pmid=23192261&crossref=10.5830%2FCVJA-2012-056&coi=1%3ACAS%3A280%3ADC%252BC3s7nt1Ojsw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=19229036&crossref=10.1126%2Fscience.1165946&coi=1%3ACAS%3A528%3ADC%252BD1MXitVyntr0%253D
http://pubs.acs.org/action/showLinks?crossref=10.1126%2Fscisignal.3112re3
http://pubs.acs.org/action/showLinks?pmid=23738891&crossref=10.1111%2Facel.12111&coi=1%3ACAS%3A528%3ADC%252BC3sXhsVektrrI
http://pubs.acs.org/action/showLinks?pmid=22188451&crossref=10.2174%2F138161211798764898&coi=1%3ACAS%3A280%3ADC%252BC38%252Fpt1ajug%253D%253D
http://pubs.acs.org/action/showLinks?pmid=22507075&crossref=10.1111%2Fj.1474-9726.2012.00823.x&coi=1%3ACAS%3A528%3ADC%252BC38Xht1OrtrjP
http://pubs.acs.org/action/showLinks?pmid=21307849&crossref=10.1038%2Fnature09787&coi=1%3ACAS%3A528%3ADC%252BC3MXhs12ntr4%253D
http://pubs.acs.org/action/showLinks?pmid=20336134&crossref=10.1038%2Fnature08982&coi=1%3ACAS%3A528%3ADC%252BC3cXjvVGlsbo%253D
http://pubs.acs.org/action/showLinks?pmid=18391173&crossref=10.1152%2Fphysrev.00026.2007&coi=1%3ACAS%3A528%3ADC%252BD1cXls1KhsL4%253D
http://pubs.acs.org/action/showLinks?pmid=21149573&crossref=10.1128%2FMCB.00799-10&coi=1%3ACAS%3A528%3ADC%252BC3MXisVyit70%253D
http://pubs.acs.org/action/showLinks?pmid=18208355&crossref=10.1515%2FBC.2008.029&coi=1%3ACAS%3A528%3ADC%252BD1cXivFeqtb4%253D
http://pubs.acs.org/action/showLinks?pmid=23457214&crossref=10.1096%2Ffj.12-221408&coi=1%3ACAS%3A528%3ADC%252BC3sXpt1yhsLk%253D


123. Shay, J.; Wright Hallmarks of telomeres in ageing research. J. Pathol. 2007,
211 (2), 114–23.

124. Sahin, E.; DePinho, R. A. Linking functional decline of telomeres,
mitochondria and stem cells during ageing. Nature 2010, 464, 520–8.

125. Liu, L.; Trimarchi, J. R.; Smith, P. J.; Keefe, D. L. Mitochondrial dysfunction
leads to telomere attrition and genomic instability. Aging Cell. 2002, 1, 40–6.

126. Passos, J.; von Zglinicki, T. Mitochondria, telomeres and cell senescence.
Exp. Gerontol. 2005, 40, 466–72.

127. Sablina, A. The antioxidant function of the p53 tumor suppressor. Nat. Med.
2005, 11, 1306–13.

128. Vousden, K.; Lane, D. P. p53 in health and disease. Nat. Rev. Mol. Cell Biol.
2007, 8, 275–83.

129. Rufini, A.; Tucci, P.; Celardo, I.; Melino, G. Senescence and aging: the
critical roles of p53. Oncogene 2013, 32, 5129–43.

130. Cencioni, C. S. F.; Martelli, F.; Valente, S.; Mai, A.; Zeiher, A. M.;
Gaetano, C. Oxidative Stress and Epigenetic Regulation in Ageing and
Age-Related Diseases. Int. J. Mol. Sci. 2013, 14, 17643–63.

131. Ota, H.; Tokunaga, E.; Chang, K.; Hikasa, M.; Iijima, K.; Eto, M.;
Kozaki, K.; Akishita, M.; Ouchi, Y.; Kaneki, M. SIRT1 inhibitor, Sirtinol,
induces senescence-like growth arrest with attenuated Ras-MAPK signaling
in human cancer cells. Oncogene 2006, 25, 176–85.

132. Rahman, I.; Marwick, J.; Kirkham, P. Redox modulation of chromatin
remodeling: Impact on histone acetylation and deacetylation, NF-kappaB
and pro-inflammatory gene expression. Biochem. Pharmacol. 2004, 68,
1255–67.

133. Dizdaroglu, M.; Jaruga, P.; Birincioglu, M.; Rodriguez, H. Free
radical-induced damage to DNA: Mechanisms and measurement. Free
Radical Biol. Med. 2002, 32, 1102–15.

134. Zawia, N.; Lahiri, D. K.; Cardozo-Pelaez, F. Epigenetics, oxidative stress,
and Alzheimer disease. Free Radical Biol. Med. 2009, 46, 1241–9.

135. Pollina, E.; Brunet, A. Epigenetic regulation of aging stem cells. Oncogene
2011, 30, 3105–26.

136. Tsurumi, A.; Li, W. Global heterochromatin loss: a unifying theory of aging?
Epigenetics 2012, 7, 680–8.

137. Ugalde, A.; Español, Y.; Lopez-Otın, C. Micromanaging aging with
miRNAs: new messages from the nuclear envelope. Nucleus 2011, 2,
549–55.

138. Hiona, A.; Sanz, A.; Kujoth, G.; Pamplona, R.; Seo, A.; Hofer, T.; et al.
Mitochondrial DNA mutations induce mitochondrial dysfunction, apoptosis
and sarcopenia in skeletal muscle of mitochondrial DNAmutator mice. PLoS
ONE 2010, 5, e11468.

139. Wang, K.; Klionsky, D. Mitochondria removal by autophagy. Autophagy
2011, 7, 297–300.

140. Cabreiro, F.; Au, C.; Leung, K.; Vergara-Irigaray, N.; Cocheme, H.;
Noori, T.; et al. Metformin retards aging in C. elegans by altering microbial
folate and methionine metabolism. Cell 2013, 153, 228–39.

213

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=19245828&crossref=10.1016%2Fj.freeradbiomed.2009.02.006&coi=1%3ACAS%3A280%3ADC%252BD1M3lslKhtg%253D%253D
http://pubs.acs.org/action/showLinks?pmid=15313424&crossref=10.1016%2Fj.bcp.2004.05.042&coi=1%3ACAS%3A528%3ADC%252BD2cXmslOnsLo%253D
http://pubs.acs.org/action/showLinks?pmid=17380161&crossref=10.1038%2Fnrm2147&coi=1%3ACAS%3A528%3ADC%252BD2sXjtlygsr0%253D
http://pubs.acs.org/action/showLinks?pmid=23989608&crossref=10.3390%2Fijms140917643&coi=1%3ACAS%3A528%3ADC%252BC3sXhsFWqs77N
http://pubs.acs.org/action/showLinks?pmid=21252623&crossref=10.4161%2Fauto.7.3.14502&coi=1%3ACAS%3A528%3ADC%252BC3MXjvFOhsro%253D
http://pubs.acs.org/action/showLinks?pmid=15963673&crossref=10.1016%2Fj.exger.2005.04.006&coi=1%3ACAS%3A528%3ADC%252BD2MXlvVWks7c%253D
http://pubs.acs.org/action/showLinks?pmid=22064465&crossref=10.4161%2Fnucl.2.6.17986&coi=1%3ACAS%3A280%3ADC%252BC383hsVKjtw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=20336134&crossref=10.1038%2Fnature08982&coi=1%3ACAS%3A528%3ADC%252BC3cXjvVGlsbo%253D
http://pubs.acs.org/action/showLinks?pmid=21441951&crossref=10.1038%2Fonc.2011.45&coi=1%3ACAS%3A528%3ADC%252BC3MXjvVOjtL4%253D
http://pubs.acs.org/action/showLinks?pmid=12031895&crossref=10.1016%2FS0891-5849%2802%2900826-2&coi=1%3ACAS%3A528%3ADC%252BD38XjvVehurc%253D
http://pubs.acs.org/action/showLinks?pmid=12031895&crossref=10.1016%2FS0891-5849%2802%2900826-2&coi=1%3ACAS%3A528%3ADC%252BD38XjvVehurc%253D
http://pubs.acs.org/action/showLinks?pmid=23416979&crossref=10.1038%2Fonc.2012.640&coi=1%3ACAS%3A528%3ADC%252BC3sXis1Wqs70%253D
http://pubs.acs.org/action/showLinks?pmid=16170353&coi=1%3ACAS%3A528%3ADC%252BD28XjtV2isA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=16286925&crossref=10.1038%2Fnm1320&coi=1%3ACAS%3A528%3ADC%252BD2MXht1yisrzJ
http://pubs.acs.org/action/showLinks?pmid=20628647&crossref=10.1371%2Fjournal.pone.0011468
http://pubs.acs.org/action/showLinks?pmid=20628647&crossref=10.1371%2Fjournal.pone.0011468
http://pubs.acs.org/action/showLinks?pmid=23540700&crossref=10.1016%2Fj.cell.2013.02.035&coi=1%3ACAS%3A528%3ADC%252BC3sXltVeru7o%253D
http://pubs.acs.org/action/showLinks?pmid=12882352&crossref=10.1046%2Fj.1474-9728.2002.00004.x&coi=1%3ACAS%3A528%3ADC%252BD3sXkt1Kqtr4%253D
http://pubs.acs.org/action/showLinks?pmid=22647267&crossref=10.4161%2Fepi.20540&coi=1%3ACAS%3A528%3ADC%252BC38XhtlGqtr7N
http://pubs.acs.org/action/showLinks?pmid=17200948&crossref=10.1002%2Fpath.2090&coi=1%3ACAS%3A528%3ADC%252BD2sXisFyksbs%253D


141. Barzilai, N.; Huffman, D.; Muzumdar, R.; Bartke, A. The critical role of
metabolic pathways in aging. Diabetes 2012, 61, 1315–22.

142. Price, N.; Gomes, A.; Ling, A.; Duarte, F.; Martin-Montalvo, A.; North, B.;
et al. SIRT1 is required for AMPK activation and the beneficial effects of
resveratrol on mitochondrial function. Cell Metab. 2012, 15, 675–90.

143. Lopez-Otın, C.; Blasco, M.; Partridge, L.; Serrano, M.; Kroemer, G. The
Hallmarks of Aging. Cell 2013, 153, 1194–217.

144. Hou, C.; Bolt, K.; Bergman, A. A general life history theory for effects of
caloric restriction on health maintenance. BMC Systems Biol. 2011, 5, 78.

145. Vendelbo, M.; Nair, K. S. Mitochondrial longevity pathways. Biochim.
Biophys. Acta 2011, 1813, 634–44.

146. Shinmura, K. Effects of caloric restriction on cardiac oxidative stress and
mitochondrial bioenergetics: Potential role of cardiac sirtuins. Oxid. Med.
Cell Longevity 2013, 2013, 528935.

147. Civitarese, A.; Carling, S.; Heilbronn, L. K.; Hulver, M. H.; Ukropcova, B.;
Deutsch, W. A.; Smith, S. R.; Ravussin, E. Calorie restriction increases
muscle mitochondrial biogenesis in healthy humans. PLoS Med 2007, 4,
e76.

148. Lopez-Lluch, G.; Hunt, N.; Jones, B.; Zhu, M.; Jamieson, H.; Hilmer, S.;
et al. Calorie restriction induces mitochondrial biogenesis and bioenergetic
efficiency. Proc. Natl. Acad. Sci. U.S.A. 2006, 103, 1768–73.

149. Faulks, S.; Turner, N.; Else, P. L.; Hulbert, A. J. Calorie restriction in mice:
effects on body composition, daily activity, metabolic rate, mitochondrial
reactive oxygen species production, and membrane fatty acid composition.
J. Gerontol. 2006, 61, 781–94.

150. Martin-Montalvo, A.; de Cabo, R. Mitochondrial metabolic reprogramming
induced by calorie restriction. Antioxid. Redox Signaling 2013, 19 (3),
310–20.

151. Wu, Z.; Puigserver, P.; Andersson, U.; Zhang, C.; Adelmant, G.; Mootha, V.;
et al. Mechanisms controlling mitochondrial biogenesis and respiration
through the thermogenic coactivator PGC-1. Cell 1999, 98, 115–24.

152. Rodgers, J.; Lerin, C.; Haas, W.; Gygi, S. P.; Spiegelman, B. M.;
Puigserver, P. Nutrient control of glucose homeostasis through a complex of
PGC-1alpha and SIRT1. Nature 2005, 434, 113–8.

153. Hursting, S.; Dunlap, S. M.; Ford, N. A.; Hursting, M. J.; Lashinger, L. M.
Calorie restriction and cancer prevention: a mechanistic perspective. Cancer
Metab. 2013, 1, 10–20.

154. Saharinen, P.; Eklund, L.; Pulkki, K.; Bono, P.; Alitalo, K. VEGF and
angiopoietin signaling in tumor angiogenesis and metastasis. Trends Mol.
Med. 2011, 17, 347–62.

155. Powolny, A.; Wang, S.; Carlton, P. S.; Hoot, D. R.; Clinton, S. K.
Interrelationships between dietary restriction, the IGF-1 axis, and expression
of vascular endothelial growth factor by prostate adenocarcinoma in rats.
Mol. Carcinog. 2008, 47, 458–76.

156. Lashinger, L.; Malone, L. M.; MacArthur, M. J.; Goldberg, J. A.;
Daniels, E. A.; Pavone, A.; et al. Genetic reduction of insulin-like
growth factor-1 mimics the anticancer effects of calorie restriction on

214

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=21295080&crossref=10.1016%2Fj.bbamcr.2011.01.029&coi=1%3ACAS%3A528%3ADC%252BC3MXjsFCgsb4%253D
http://pubs.acs.org/action/showLinks?pmid=21295080&crossref=10.1016%2Fj.bbamcr.2011.01.029&coi=1%3ACAS%3A528%3ADC%252BC3MXjsFCgsb4%253D
http://pubs.acs.org/action/showLinks?pmid=23746838&crossref=10.1016%2Fj.cell.2013.05.039&coi=1%3ACAS%3A528%3ADC%252BC3sXptFKms78%253D
http://pubs.acs.org/action/showLinks?pmid=21481637&crossref=10.1016%2Fj.molmed.2011.01.015&coi=1%3ACAS%3A528%3ADC%252BC3MXptFaiur4%253D
http://pubs.acs.org/action/showLinks?pmid=21481637&crossref=10.1016%2Fj.molmed.2011.01.015&coi=1%3ACAS%3A528%3ADC%252BC3MXptFaiur4%253D
http://pubs.acs.org/action/showLinks?pmid=22618766&crossref=10.2337%2Fdb11-1300&coi=1%3ACAS%3A528%3ADC%252BC38XotlGqtLo%253D
http://pubs.acs.org/action/showLinks?pmid=15744310&crossref=10.1038%2Fnature03354&coi=1%3ACAS%3A528%3ADC%252BD2MXhslClsb0%253D
http://pubs.acs.org/action/showLinks?pmid=16446459&crossref=10.1073%2Fpnas.0510452103&coi=1%3ACAS%3A528%3ADC%252BD28Xhslehtrs%253D
http://pubs.acs.org/action/showLinks?pmid=22901095&crossref=10.1089%2Fars.2012.4866&coi=1%3ACAS%3A528%3ADC%252BC3sXpvVOku70%253D
http://pubs.acs.org/action/showLinks?pmid=23577224&crossref=10.1155%2F2013%2F528935&coi=1%3ACAS%3A280%3ADC%252BC3srktl2ksQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=23577224&crossref=10.1155%2F2013%2F528935&coi=1%3ACAS%3A280%3ADC%252BC3srktl2ksQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=21595962&crossref=10.1186%2F1752-0509-5-78&coi=1%3ACAS%3A280%3ADC%252BC3MnjtlChtQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=18058807&crossref=10.1002%2Fmc.20403&coi=1%3ACAS%3A528%3ADC%252BD1cXntlWlu7w%253D
http://pubs.acs.org/action/showLinks?pmid=22560220&crossref=10.1016%2Fj.cmet.2012.04.003&coi=1%3ACAS%3A528%3ADC%252BC38XmsVCit7w%253D
http://pubs.acs.org/action/showLinks?pmid=24280167&crossref=10.1186%2F2049-3002-1-10&coi=1%3ACAS%3A280%3ADC%252BC2c3ntFCnug%253D%253D
http://pubs.acs.org/action/showLinks?pmid=24280167&crossref=10.1186%2F2049-3002-1-10&coi=1%3ACAS%3A280%3ADC%252BC2c3ntFCnug%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1093%2Fgerona%2F61.8.781&coi=1%3ACAS%3A528%3ADC%252BD28XpsVens7Y%253D
http://pubs.acs.org/action/showLinks?pmid=10412986&crossref=10.1016%2FS0092-8674%2800%2980611-X&coi=1%3ACAS%3A528%3ADyaK1MXks1Kktrs%253D
http://pubs.acs.org/action/showLinks?pmid=17341128&crossref=10.1371%2Fjournal.pmed.0040076


cyclooxygenase-2-driven pancreatic neoplasia. Cancer Prev. Res. 2011, 4,
1030–40.

157. Harvey, A.; Lashinger, L. M.; Hursting, S. D. The growing challenge of
obesity and cancer: an inflammatory subject. Ann. N. Y. Acad. Sci. 2011,
1229, 45–52.

158. Harvey, A.; Lashinger, L.; Otto, G.; Malone, L.; Hursting, S. D. Decreased
systemic insulin-like growth factor-1 in response to calorie restriction
modulates tumor growth, NF-κB activation, and inflammation-related gene
expression. Mol. Carcinog. 2012, 52, 997–1006.

159. Merry, B. Oxidative stress and mitochondrial function with aging-the effects
of calorie restriction. Ageing Cell. 2004, 3, 7–12.

160. Masoro, E. Dietary restriction: an experimental approach to the study of the
biology of aging. In Handbook of the biology of aging; Masoro, E., Austad,
S. N., Eds.; New York Academy Press: 2001; pp 396−420.

161. Lee, C.; Klopp, R. G.; Weindruch, R.; Prolla, T. A. Gene expression profile
of aging and its retardation by caloric restriction. Science 1999, 285, 1390–3.

162. Nisoli, E.; Tonello, C.; Cardile, A.; Cozzi, V.; Bracale, R.; Tedescvo, L.;
Falcone, S.; Valerio, A.; Cantoni, O.; Clementi, E.; Moncada, S.; Carruba,M.
O. Calorie restriction promotes mitochondrial biogenesis by inducing the
expression of eNOS. Science 2005, 310, 314–7.

163. Chung, H.; Kim, H. J.; Kim, J. W.; Yu, B. P. The inflammation hypothesis
of aging: molecular modulation by caloric restriction. Ann. N. Y. Acad. Sci.
2001, 928, 327–35.

164. Barja, G. Endogenous oxidative stress: relationship to ageing, longevity and
caloric restriction. Ageing Res. Rev. 2002, 1, 397–411.

165. St-Pierre, J.; Drori, S.; Uldry, M.; Silvaggi, J. M.; Rhee, J.; Jager, S.;
Handschin, C. F.; Zheng, K.; Lin, J.; Yang, W. E.; Simon, D. K.;
Bachoo, R.; Spiegelman, B. M. Suppression of reactive oxygen species and
neurodegeneration by the PGC-1 transcriptional coactivators. Cell 2006,
127, 397–408.

166. Sapolsky, R.; Krey, L.; McEwen, B. Prolonged glucocorticoid exposure
reduces hippocampal neuron number: implications for aging. J. Neurosci.
1985, 5, 1221–7.

167. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008,
454, 428–35.

168. Tabas, I.; Glass, C. K. Anti-inflammatory therapy in chronic disease:
Challenges and opportunities. Science 2013, 339, 166–72.

169. Woods, J.; Wilund, K. R.; Martin, S. A.; Kistler, B. M. Exercise,
inflammation and aging. Aging Dis. 2012, 3, 130–40.

170. Libby, P.; Tabas, I.; Fredman, G.; Fisher, E. Inflammation and its resolution
as determinants of acute coronary syndromes. Circ. Res. 2014, 114 (12),
1867–79.

171. Walston, J.; Xue, Q.; Semba, R. D.; Ferrucci, L.; Cappola, A. R.; Ricks, M.;
et al. Serum antioxidants, inflammation and total mortality in older women.
Am. J. Epidemiol. 2006, 163, 18–26.

215

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=22500274&coi=1%3ACAS%3A280%3ADC%252BC38rkslGgtQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=16306311&crossref=10.1093%2Faje%2Fkwj007&coi=1%3ACAS%3A280%3ADC%252BD2MnnvFWlsA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=21593196&crossref=10.1158%2F1940-6207.CAPR-11-0027&coi=1%3ACAS%3A528%3ADC%252BC3MXhtVWlsb7L
http://pubs.acs.org/action/showLinks?pmid=18650913&crossref=10.1038%2Fnature07201&coi=1%3ACAS%3A528%3ADC%252BD1cXovV2mtbw%253D
http://pubs.acs.org/action/showLinks?pmid=17055439&crossref=10.1016%2Fj.cell.2006.09.024&coi=1%3ACAS%3A528%3ADC%252BD28XhtFOkt7rM
http://pubs.acs.org/action/showLinks?pmid=11795524&crossref=10.1111%2Fj.1749-6632.2001.tb05662.x&coi=1%3ACAS%3A280%3ADC%252BD38%252FntVShsg%253D%253D
http://pubs.acs.org/action/showLinks?pmid=14965349&crossref=10.1046%2Fj.1474-9728.2003.00074.x&coi=1%3ACAS%3A528%3ADC%252BD2cXhsFKiurk%253D
http://pubs.acs.org/action/showLinks?pmid=10464095&crossref=10.1126%2Fscience.285.5432.1390&coi=1%3ACAS%3A528%3ADyaK1MXlslaqt7g%253D
http://pubs.acs.org/action/showLinks?pmid=21793838&crossref=10.1111%2Fj.1749-6632.2011.06096.x&coi=1%3ACAS%3A528%3ADC%252BC3MXhtFOqtbfN
http://pubs.acs.org/action/showLinks?pmid=23307734&crossref=10.1126%2Fscience.1230720&coi=1%3ACAS%3A528%3ADC%252BC3sXjvVCnuw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=24902971&crossref=10.1161%2FCIRCRESAHA.114.302699&coi=1%3ACAS%3A528%3ADC%252BC2cXpt1KktL0%253D
http://pubs.acs.org/action/showLinks?pmid=12067594&crossref=10.1016%2FS1568-1637%2802%2900008-9&coi=1%3ACAS%3A528%3ADC%252BD38XpsFKhsr0%253D
http://pubs.acs.org/action/showLinks?pmid=16224023&crossref=10.1126%2Fscience.1117728&coi=1%3ACAS%3A528%3ADC%252BD2MXhtV2hurvO
http://pubs.acs.org/action/showLinks?pmid=22778026&crossref=10.1002%2Fmc.21940


172. Salmon, A.; Richardson, A.; Pérez, V. I. Update on the oxidative stress theory
of aging: Does oxidative stress play a role in aging or healthy aging? Free
Radical Biol. Med. 2010, 48, 642–55.

173. Gill, R.; Tsung, A.; Billiar, T. Linking oxidative stress to inflammation: Toll-
like receptors. Free Radical Biol. Med. 2010, 48, 1121–32.

174. Favre, J.; Musette, P.; Douin-Echinard, V.; Laude, K.; Henry, J. P.;
Arnal, J. F.; et al. Toll-like receptors 2-deficient mice are protected against
postischemic coronary endothelial dysfunction. Arterioscler. Thromb. Vasc.
Biol. 2007, 27, 1064–71.

175. Tsung, A.; Stang, M. T.; Ikeda, A.; Critchlow, N. D.; Izuishi, K.; Nakao, A.;
et al. The transcription factor interferon regulatory factor-1 mediates liver
damage during ischemia–reperfusion injury. Am. J. Physiol. Gastrointest.
Liver Physiol. 2006, 290, G1261–G8.

176. Chao, W. Toll-like receptor signaling: a critical modulator of cell survival
and ischemic injury in the heart. Am. J. Physiol. Heart Circ. Physiol. 2009,
296, H1–H12.

177. Kuwahata, S.; Fujita, S.; Orihara, K.; Hamasaki, S.; Oba, R.; Hirai, H.; et al.
High expression level of Toll-like receptor 2 on monocytes is an important
risk factor for arteriosclerotic disease. Atherosclerosis 2010, 209, 248–54.

178. Iwasaki, A.; Medzhitov, R. Regulation of adaptive immunity by the innate
immune system. Science 2010, 327, 291–5.

179. Karki, K.; Negi, R.; Pande, D.; Khanna, R. S.; Khanna, H. D. Expression of
soluble Toll-like receptors and its correlation with the oxidative damage in
disease conditions. Webmed Central Cancer 2011, 2, 001480.

180. Salvioli, S.; Olivieri, F.; Marchegiani, F.; Cardelli, M.; Santoro, A.;
Bellavista, E.; et al. Genes, ageing and longevity in humans: Problems,
advantages, and perspectives. Free Radical Res. 2006, 40, 1303–23.

181. Garrido-Urbani, S.; Meguenani, M.; Montecucco, F.; Imhof, B. A.
Immunological aspects of atherosclerosis. Semin. Immunopathol. 2014, 36,
73–91.

182. Lee, H.; Yu, M. R.; Yang, Y.; Jiang, Z.; Ha, H. Reactive oxygen species-
regulated signaling pathways in diabetic nephropathy. J. Am. Soc. Nephrol.
2003, 14, S241–S5.

183. Maziére, C.; Trécherel, E.; Ausseil, J.; Louandre, C.; Maziére, J. C. Oxidized
low density lipoprotein induces cyclin a synthesis. Involvement of ERK, JNK
and NFkappaB. Atherosclerosis 2011, 218, 308–11.

184. Kuor-o, M. Disease model: human aging. Trends Mol. Med. 2001, 7,
179–81.

185. Walfromg, R. Inmunologic theory of aging: current status. Fed. Proc. 1974,
33, 2020–7.

186. Phillips, M.; Cataneo, R. N.; Greenberg, J.; Gunawardena, R.; Rahbari-
Oskoui, F. Increased oxidative stress in younger as well as in older humans.
Clin. Chim. Acta 2003, 328 (1-2), 83–6.

187. Van den Berg, R.; Haenen, G. R. M. M.; van den Berg, H.; Bast, A.
Transcription factor NF- B as a potential biomarker for oxidative stress.
Brit. J. Nutr. 2001, 86 (1), 121–7.

216

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=12874439&crossref=10.1097%2F01.ASN.0000077410.66390.0F&coi=1%3ACAS%3A528%3ADC%252BD3sXmslCqsL0%253D
http://pubs.acs.org/action/showLinks?pmid=20075244&crossref=10.1126%2Fscience.1183021&coi=1%3ACAS%3A528%3ADC%252BC3cXktlWkuw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=17090420&crossref=10.1080%2F10715760600917136&coi=1%3ACAS%3A528%3ADC%252BD28XhtlGqs7nJ
http://pubs.acs.org/action/showLinks?pmid=19011041&crossref=10.1152%2Fajpheart.00995.2008
http://pubs.acs.org/action/showLinks?crossref=10.1079%2FBJN2001340&coi=1%3ACAS%3A528%3ADC%252BD3MXnsFKrsbY%253D
http://pubs.acs.org/action/showLinks?pmid=17332486&crossref=10.1161%2FATVBAHA.107.140723&coi=1%3ACAS%3A528%3ADC%252BD2sXktFagtbk%253D
http://pubs.acs.org/action/showLinks?pmid=17332486&crossref=10.1161%2FATVBAHA.107.140723&coi=1%3ACAS%3A528%3ADC%252BD2sXktFagtbk%253D
http://pubs.acs.org/action/showLinks?pmid=4153908
http://pubs.acs.org/action/showLinks?pmid=20036736&crossref=10.1016%2Fj.freeradbiomed.2009.12.015&coi=1%3ACAS%3A528%3ADC%252BC3cXhtlGhtbo%253D
http://pubs.acs.org/action/showLinks?pmid=20036736&crossref=10.1016%2Fj.freeradbiomed.2009.12.015&coi=1%3ACAS%3A528%3ADC%252BC3cXhtlGhtbo%253D
http://pubs.acs.org/action/showLinks?pmid=21764057&crossref=10.1016%2Fj.atherosclerosis.2011.06.034&coi=1%3ACAS%3A528%3ADC%252BC3MXht1GrsbzK
http://pubs.acs.org/action/showLinks?pmid=24212253&crossref=10.1007%2Fs00281-013-0402-8&coi=1%3ACAS%3A528%3ADC%252BC2cXitFequrc%253D
http://pubs.acs.org/action/showLinks?pmid=19766998&crossref=10.1016%2Fj.atherosclerosis.2009.08.046&coi=1%3ACAS%3A528%3ADC%252BC3cXis1ensrg%253D
http://pubs.acs.org/action/showLinks?pmid=16410367&crossref=10.1152%2Fajpgi.00460.2005
http://pubs.acs.org/action/showLinks?pmid=16410367&crossref=10.1152%2Fajpgi.00460.2005
http://pubs.acs.org/action/showLinks?pmid=12559601&crossref=10.1016%2FS0009-8981%2802%2900380-7&coi=1%3ACAS%3A528%3ADC%252BD3sXmsVylug%253D%253D
http://pubs.acs.org/action/showLinks?pmid=20083193&crossref=10.1016%2Fj.freeradbiomed.2010.01.006&coi=1%3ACAS%3A528%3ADC%252BC3cXktVSitLc%253D
http://pubs.acs.org/action/showLinks?pmid=11286943&crossref=10.1016%2FS1471-4914%2801%2901921-9


188. Miller, R. The aging immune system: primer and prospectus. Science 1996,
273, 70–4.

189. Bodamyali, T., Stevens, C. R., Blake, D. R., Winyard, P. G. Reactive oxygen/
nitrogen species and acute inflammation: A physiological process. In Free
Radicals and Inflammation; Winyard, P., Blake, D. R., Evans, C. H., Eds.;
Birkhauser Verlag: Basel, 2000; pp 11−6.

190. Wallace, D. Mitochondrial DNA mutations and bioenergetic defects in aging
and degenerative diseases. In Molecular and Genetics basis of neurologic
disease; Rosenburg, D., Ed.; Butterworth Heinemann: Boston, 1996; pp
237−69.

191. Raha, S.; Robinson, B. H. Mitochondria, oxygen free radicals, disease and
ageing. Trends Biochem. Sci. 2000, 25, 502–8.

192. Kim, J.; No, J. K.; Yu, B. P.; Chung, H. Y. Analysis of redox status in serum
during aging. Ann. N. Y. Acad. Sci. 2001, 928, 298–350.

193. Aejemelaeus, R.; Holm, P.; Kaukinen, U.; Metsa-Ketela, T. J.; Laippala, P.;
Hervonen, A. L.; Alho, H. E. Age related changes in the peroxyl radical
scavenging capacity of human plasma. Free Radical Biol. Med. 1997, 23
(1), 69–75.

194. Meccoci, P.; Polidori, C. M.; Troiano, L.; Cherubini, A.; Cechetti, R.;
Pini, G.; Stratman, M.; Monti, D.; Stahl, W.; Sies, H.; Franceschi, C.;
Seni, U. Plasma antioxidants and longevity: a study on healthy centenarians.
Free Radical Biol. Med. 2000, 28 (8), 1243–8.

195. Jones, D.; Mody, V. C.; Carlson, J. L.; Lynn, M. J.; Sternberg, P. Redox
analysis of human plasma allows separation of pro-oxidant events of aging
from decline in antioxidant defenses. Free Radical Biol. Med. 2002, 33 (1),
1290–300.

196. Ozbay, B.; Dulger, H. Lipid peroxidation and antioxidant enzymes in Turkish
population: relation to age, gender, exercise, and smoking. Tohoku J. Exp.
Med. 2002, 197 (2), 119–24.

197. Junqueira, V.; Barros, S. B.; Chan, S. S.; Rodriguez, L.; Giavarotti, L.;
Abud, R. L.; Deucher, G. P. Aging and oxidative stress. Mol. Aspects Med.
2004, 25 (1−2), 5–16.

198. Gil, L.; Siems, W.; Mazurek, B.; Gross, J.; Schroeder, P.; Voss, P.; Grune, T.
Age-associated analysis of oxidative stress parameters in human plasma and
erythrocytes. Free Radical Res. 2006, 40 (5), 495–505.

199. Frisard, M.; Broussand, A.; Davies, S. S.; Roberts, L. J.; Rood, J.; de
Jonge, L.; Fang, X.; Jazwinski, S. M.; Deutsch, W. A.; Ravussin, E. Aging,
resting metabolic rate, and oxidative stress damage: results from Louisiana
healthy aging study. J. Gerontol., Ser. A 2007, 62 (7), 752–9.

200. Mendoza, V.; Ruiz, M.; Sanchez, M. A.; Retana, R.; Muñoz, J. L. Aging-
related oxidative stress in healthy humans. Tohoku J. Exp. Med. 2007, 213,
261–8.

201. Dittmar, M.; Knuth, M.; Beineke, M.; Epe, B. Role of Oxidative DNA
Damage and Antioxidative Enzymatic Defence Systems in Human Aging.
The Open Anthropology J. 2008, 1, 38–45.

217

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=9165298&crossref=10.1016%2FS0891-5849%2896%2900591-6
http://pubs.acs.org/action/showLinks?crossref=10.1007%2F978-3-0348-8482-2_2
http://pubs.acs.org/action/showLinks?crossref=10.1007%2F978-3-0348-8482-2_2
http://pubs.acs.org/action/showLinks?pmid=11050436&crossref=10.1016%2FS0968-0004%2800%2901674-1&coi=1%3ACAS%3A528%3ADC%252BD3cXos1aqsbg%253D
http://pubs.acs.org/action/showLinks?pmid=16551576&crossref=10.1080%2F10715760600592962&coi=1%3ACAS%3A528%3ADC%252BD28Xis1Cjtbo%253D
http://pubs.acs.org/action/showLinks?pmid=12233785&crossref=10.1620%2Ftjem.197.119&coi=1%3ACAS%3A528%3ADC%252BD38Xns1agt70%253D
http://pubs.acs.org/action/showLinks?pmid=12233785&crossref=10.1620%2Ftjem.197.119&coi=1%3ACAS%3A528%3ADC%252BD38Xns1agt70%253D
http://pubs.acs.org/action/showLinks?pmid=17984623&crossref=10.1620%2Ftjem.213.261&coi=1%3ACAS%3A528%3ADC%252BD2sXhsVWksrnF
http://pubs.acs.org/action/showLinks?pmid=10889454&crossref=10.1016%2FS0891-5849%2800%2900246-X
http://pubs.acs.org/action/showLinks?pmid=8658199&crossref=10.1126%2Fscience.273.5271.70&coi=1%3ACAS%3A528%3ADyaK28XjvFOks7c%253D
http://pubs.acs.org/action/showLinks?pmid=17634323&crossref=10.1093%2Fgerona%2F62.7.752
http://pubs.acs.org/action/showLinks?pmid=15051312&crossref=10.1016%2Fj.mam.2004.02.003&coi=1%3ACAS%3A528%3ADC%252BD2cXisFOnu70%253D
http://pubs.acs.org/action/showLinks?crossref=10.2174%2F1874912700801010038
http://pubs.acs.org/action/showLinks?pmid=12398937&crossref=10.1016%2FS0891-5849%2802%2901040-7&coi=1%3ACAS%3A528%3ADC%252BD38XotVCit7o%253D


202. Singh, K.; Kaur, S.; Kumari, K.; Singh, G.; Kaur, A. Alterations in Lipid
Peroxidation and Certain Antioxidant Enzymes in Different Age Groups
under Physiological Conditions. J. Hum. Ecol. 2009, 27 (2), 143–7.

203. Alexandrova, M.; Bochev, P. Phagocyte mitochondrial superoxide
production and erythrocyte Cu-Zn superoxide dismutase activity decline in
very old age. J. Biomed. Clin. Res. 2010, 3 (1), 27–32.

204. Banerjee, S.; Ghosh, C. Evaluation of oxidative stress between middle aged
and elderly population of Kolkata and Suburbs. IJPCBS 2014, 4 (3), 569–75.

205. Halliwell, B., Gutteridge, J. Free radicals in biology and medicine, 4th ed.;
University Press: Oxford, 2007.

206. Valko, M.; Morris, H.; Cronin, M.Metals, toxicity and oxidative stress. Curr.
Med. Chem. 2005, 12 (10), 1161–208.

207. Boonekamp, J.; Simons, M.; Hemerik, L.; Verhulst, S. Telomere length
behaves as biomarker of somatic redundancy rather than biological age.
Aging Cell 2013, 12, 330–2.

208. Green, D.; Galluzzi, L.; Kroemer, G. Mitochondria and the autophagy-
inflammation-cell death axis in organismal aging. Science 2011, 333,
1109–12.

209. Gehrig, S.; van der Poel, C.; Sayer, T.; Schertzer, J.; Henstridge, D.;
Church, J.; et al. Hsp72 preserves muscle function and slows progression of
severe muscular dystrophy. Nature 2012, 484, 394–8.

210. Wilkinson, J.; Burmeister, L.; Brooks, S.; Chan, C.; Friedline, S.;
Harrison, D.; et al. Rapamycin slows aging in mice. Aging Cell. 2012, 11,
675–82.

211. Eisenberg, T.; Knauer, H.; Schauer, A.; Buttner, S.; Ruckenstuhl, C.;
Carmona-Gutierrez, D.; et al. Induction of autophagy by spermidine
promotes longevity. Nat. Cell Biol. 2009, 11, 1305–14.

212. Lee, I.; Cao, L.; Mostoslavsky, R.; Lombard, D.; Liu, J.; Bruns, N.; et al. A
role for the NAD-dependent deacetylase Sirt1 in the regulation of autophagy.
Proc. Natl. Acad. Sci. U.S.A. 2008, 105, 3374–9.

213. Fontana, L.; Partridge, L.; Longo, V. Extending healthy life span—from yeast
to humans. Science 2010, 328, 321–6.

214. Gillum,M.; Kotas, M.; Erion, D.; Kursawe, R.; Chatterjee, P.; Nead, K.; et al.
SirT1 regulates adipose tissue inflammation. Diabetes 2011, 60, 3235–45.

215. Yao, H.; Chung, S.; Hwang, J.; Rajendrasozhan, S.; Sundar, I.; Dean, D.; et
al. SIRT1 protects against emphysema via FOXO3-mediated reduction of
premature senescence in mice. J. Clin. Invest. 2012, 122, 2032–45.

216. Lavasani, M.; Robinson, A.; Lu, A.; Song, M.; Feduska, J.; Ahani, B.; et
al. Muscle-derived stem/progenitor cell dysfunction limits healthspan and
lifespan in a murine progeria model. Nat. Commun. 2012, 3, 608.

217. Tomás-Loba, A.; Flores, I.; Fernández-Marcos, P.; Cayuela,M.; Maraver, A.;
Tejera, A.; et al. Telomerase reverse transcriptase delays aging in cancer-
resistant mice. Cell 2008, 135, 609–22.

218. Claesson, M.; Jeffery, I.; Conde, S.; Power, S.; O’Connor, E.; Cusack, S.; et
al. Gut microbiota composition correlates with diet and health in the elderly.
Nature 2012, 488, 178–84.

218

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=21868666&crossref=10.1126%2Fscience.1201940&coi=1%3ACAS%3A528%3ADC%252BC3MXhtVGktrrN
http://pubs.acs.org/action/showLinks?pmid=22587563&crossref=10.1111%2Fj.1474-9726.2012.00832.x&coi=1%3ACAS%3A528%3ADC%252BC38Xht1OrtrjE
http://pubs.acs.org/action/showLinks?pmid=15892631&crossref=10.2174%2F0929867053764635&coi=1%3ACAS%3A528%3ADC%252BD2MXktlant7g%253D
http://pubs.acs.org/action/showLinks?pmid=15892631&crossref=10.2174%2F0929867053764635&coi=1%3ACAS%3A528%3ADC%252BD2MXktlant7g%253D
http://pubs.acs.org/action/showLinks?pmid=19013273&crossref=10.1016%2Fj.cell.2008.09.034&coi=1%3ACAS%3A528%3ADC%252BD1cXhsVCls7rK
http://pubs.acs.org/action/showLinks?pmid=22546858&crossref=10.1172%2FJCI60132&coi=1%3ACAS%3A528%3ADC%252BC38XosFarurY%253D
http://pubs.acs.org/action/showLinks?pmid=20395504&crossref=10.1126%2Fscience.1172539&coi=1%3ACAS%3A528%3ADC%252BC3cXks1Snsro%253D
http://pubs.acs.org/action/showLinks?pmid=22495301&crossref=10.1038%2Fnature10980&coi=1%3ACAS%3A528%3ADC%252BC38XlslSiu7s%253D
http://pubs.acs.org/action/showLinks?pmid=19801973&crossref=10.1038%2Fncb1975&coi=1%3ACAS%3A528%3ADC%252BD1MXhtlCnu73E
http://pubs.acs.org/action/showLinks?pmid=23346961&crossref=10.1111%2Facel.12050&coi=1%3ACAS%3A528%3ADC%252BC3sXmtFyku7Y%253D
http://pubs.acs.org/action/showLinks?pmid=22797518&crossref=10.1038%2Fnature11319&coi=1%3ACAS%3A528%3ADC%252BC38XhtFKiur%252FP
http://pubs.acs.org/action/showLinks?pmid=22215083&crossref=10.1038%2Fncomms1611&coi=1%3ACAS%3A280%3ADC%252BC387hs1ejsw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=22110092&crossref=10.2337%2Fdb11-0616&coi=1%3ACAS%3A528%3ADC%252BC38XpvFOhtQ%253D%253D
http://pubs.acs.org/action/showLinks?pmid=18296641&crossref=10.1073%2Fpnas.0712145105&coi=1%3ACAS%3A528%3ADC%252BD1cXjtlKkt78%253D


219. Ottaviani, E.; Ventura, N.; Mandrioli, M.; Candela, M.; Franchini, A.;
Franceschi, C. Gut microbiota as a candidate for lifespan extension:
an ecological/evolutionary perspective targeted on living organisms as
metaorganisms. Biogerontology 2011, 12, 599–609.

219

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showLinks?pmid=21814818&crossref=10.1007%2Fs10522-011-9352-5&coi=1%3ACAS%3A280%3ADC%252BC3Mbmt1Wmsw%253D%253D


Chapter 7

Unifying Mechanism of Antiviral Drug Action
Based on Electron Transfer and Reactive

Oxygen Species
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Viral infections are a major health problem, including
hepatitis C. An adverse factor comprises serious side effects
brought about by conventional therapy. A generally accepted
mechanism for drug action involves interference with viral RNA
replication. Since physiological effects are often multifaceted,
it is reasonable to consider other plausible modes of action. A
1990 article presents a unifying mechanism based on electron
transfer-reactive oxygen species-oxidative stress. The present
study updates this approach with focus mostly on conjugated
imine-iminium ET species. Related ET agents are quinones,
aromatic nitro compounds and metal substances.

Keywords: antiviral; mechanism; imine-iminium; electron
transfer; radicals; simeprevir; faldaprevir; sofosbuvir;
daclatasivir; ribavirin

Introduction

The antiviral drug area, particularly pertaining to hepatitis C virus (HCV),
has attracted much recent attention (1). HCV infects many millions of people
throughout the world, including about 5 million in the USA, of which 12,000 died.
In the search for more effective and less toxic antiviral drugs, themechanistic focus
has been on inhibition of protease function of RNA polymerase activity. Since the

© 2015 American Chemical Society
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virus does not replicate outside the host cells, the drugs face daunting challenges.
Drug screening usually involves inhibition in vitro of viral protein or inhibition of
viral cellular replication, of which the latter is broader.

The mechanistic basis of this article is provided in a recent review (2)
as follows. “The preponderance of bioactive substances or their metabolites
incorporate ET functionality, which we believe, play an important role in
physiological responses. These main groups include quinones (or phenolic
precursors), metal complexes (or complexors), aromatic nitro compounds (or
related hydroxylamine and nitroso derivatives), and conjugated imines (or
iminium species) (3). In vivo cycling with oxygen can occur giving rise to
oxidative stress (OS) through generation of reactive oxygen species (ROS), such
as hydrogen peroxide, hydroperoxides, alkyl peroxides, and diverse radicals
(hydroxyl, alkoxyl, hydroperoxyl, and superoxide). In some cases, electron
transfer (ET) results in interference with normal electrical effects, for example,
in respiration or neurochemistry. Generally, active entities possessing ET groups
display reduction potentials in the physiologically responsive range, that is, more
positive than -0.5V. ET, ROS, and OS have been increasingly implicated in
the mode of action of drugs and toxins (toxicants), for example, anti-infective
agents (4), anticancer drugs (5, 6), carcinogens (7), reproductive toxins (8),
nephrotoxins (9), hepatotoxins (10), cardiovascular toxins (11), nerve toxins (12),
mitochondrial toxins (13), abused drugs (14), immunotoxins (15), pulmonary
toxins (16), dermal toxins (17), ototoxins (18), eye toxins (19), thyroid toxins
(20), and various other categories (21).

There is a plethora of experimental evidence supporting the OS theoretical
framework, including generation of the common ROS, lipid peroxidation,
degradation products of oxidation, depletion of antioxidants (AOs), effects of
exogenous AOs, DNA oxidation and cleavage products, as well as electrochemical
data. This comprehensive, unifying mechanism is in keeping with the frequent
observations that many ET substances display a variety of activities, for example,
multiple drug properties, as well as toxic effects.”

Scheme 1 illustrates ET leading to generation of superoxide. The radical
anion must not be too stable or too unstable. In Scheme 2, superoxide functions
as precursor of other ROS. There are various sources of superoxide, such as
mitochondria and the immune system. Electron uptake by conjugated iminium
is depicted in Scheme 3, including delocalization. Conjugation is required for
stabilization. This category is not as well recognized as the other three.

Scheme 1. Superoxide via ET
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Scheme 2. ROS from superoxide

Scheme 3. Resonance stabilization of conjugated iminium after electron uptake

Although our mechanistic emphasis is on ET-ROS-OS, it should be stressed
that bioactivation is often multifaceted. Emphasis in this review is on the more
recent literature.

Oximes

A 1990 report presented a unifying mechanistic theme for antiviral action
based on ET-ROS-OS (22). The members most relevant to the present study are
the oximes (Fig. 1) containing a conjugated imine-type unit. Other ET agents
were quinones and metal complexes, mostly of iron and copper. Reduction
potentials were in the range amenable to ET in vivo. All of the organic agents are
similar in possessing conjugated systems of different types, needed for radical
anion stabilization. The inorganic metals must be large in order to provide
requisite delocalization. Positive charge in either category acts to enhance
electron attraction.

Figure 1. Zinviroxime (a) and enviroxime (b)

A factor hindering drug action is penetration of the cell by the virus making
for difficulty of drug attack.
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Telaprevir

Telaprevir (Fig. 2) is used for treatment of HCV. The drug inhibits the virus
protease which plays a role in replication.

Figure 2. Telaprevir

Mechanistically, it is significant that the imine structure resembles related ones
described herein, whichmay participate in ET-ROS-OS. The simple parent models
and their ET properties are elucidated for imine and iminium derivatives of diacetyl
(23, 24). The reduction potentials of these imine and diimine derivatives fall within
the physiological active range. Analogous bioactive imines are described (24).

Aromatic fused ring related compounds are found in the phenazine and
quinoxaline classes including therapeutic effects (25). Phenazine methosulfate
(Fig. 3) performs as an ET agent in biological systems (sigma product P9625).
It acts as an electron carrier involving enzymes and oxygen. The iminium form
usually possesses more favorable reduction potential than imine. The imine
function can be converted to iminium by protonation in vivo.

Figure 3. Phenazine methosulfate

Simeprevir

This antiviral drug (Fig. 4) is aimedmainly at treatment of hepatitis C (26–28).
The commonly invoked mechanism involves viral protease inhibition resulting in
interference with protein synthesis. An important aspect is the lower level of toxic
response in infected patients (27, 29).
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Figure 4. Simeprevir

Apparently, there has not been recognition of the structural presence of a
potential ET segment, namely the 2-arylquinoline. A closely related analog is
the anticancer drug Dup 785 (Fig. 5) containing a 2-phenyl substituent (3). A
structurally related drug is camptothecin (Fig. 6). In both cases, the quinolinium
forms (iminium type) display reduction potentials favorable for in vivo ET. The
thiazole unit in simeprevir possesses heteroaromatic character including a highly
conjugated imine-type group also present in quinoline. Mechanistic implications
are elaborated in the Introduction. The ET property can result in generation of
ROS which can give rise to OS leading to toxic effects.

Figure 5. Dup 785

Figure 6. Camptothecin
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Faldaprevir
The drug (Fig. 7), being tested for treatment of hepatitis C, functions as

protease inhibitor of the virus. An important point is structural similarity to
simeprevir, particularly in relation to the 2-thiazylquinoline portion. Therefore,
the mechanistic discussion for the related drug involving ET-ROS-OS would also
be applicable for faldaprevir.

Figure 7. Faldaprevir

Sofosbuvir
The drug (Fig. 8), also designated PSI-78512 and PSI-7977, is used in

mixtures for treatment of hepatitis C virus. It is rather effective and provides
few adverse side effects. In relation to mode of action, the usual approach was
proposed, namely inhibition of a polymerase enzyme that is needed for replication
of viral RNA.

Figure 8. Sofosbuvir

Of particular interest in connection with the unifying mechanistic approach
is a study involving metabolism of the drug (30). The initial step comprises
enzymatic hydrolysis of the carboxylate ester moiety with formation of a carboxyl
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group which, in turn, undergoes intramolecular attack on oxygen attached to
benzene resulting in release of phenol. A significant aspect comprises evidence for
involvement of phenol as an ET-ROS-OS agent. Facile oxidation occurs resulting
in generation of catechol, hydroquinone and 1,2,4-trihydroxybenzene, followed
by oxidation to the respective quinone products (7, 31) (Scheme 4). This pathway
is followed by benzene, a precursor of phenol, which exhibits carcinogenic
properties (7). The 1,2,4-treihydroxybenzene segment is found in certain natural
products, such as cannabinoids, in which there is action as precursor ET quinones
(32). The other fragment from metabolism is a nucleoside analog which can
participate in the usual manner interfering with RNA replication.

Scheme 4. Phenol metabolism to p-benzoquinone

Daclatasvir
This antiviral drug, also known as BMS-790052 (Fig. 9) (33), is electronically

similar to simeprevir, but not as closely related as faldaprvir, with potential for
ET-ROS-OS. Structurally, the highly conjugated biphenyl portion, related to
quinoline, and the heteroaromatic imidazole segment is similar to thiazole. The
two segments are connected in a highly conjugated structure, permitting favorable
delocalization of the radical formed from electron uptake. Note that all of the
drugs possess an imine nitrogen susceptible to protonation forming an iminium
species that is more favorable to ET. Data show that daclatasvir interferes with
viral replication and inhibits nonstructural protein in HCV.

Figure 9. Daclatasvir

Ribavirin
Ribavirin (Fig. 10) is an aromatic triazole incorporating two conjugated imine

groups, one of which is also conjugated with amide carbonyl. Numerous reports
deal with mechanism of the antiviral drug. In vitro and in vivo investigations
demonstrated genotoxicity which is associated with the generation of ROS (34).
Cytotoxicity was also induced. Decreased toxicity was observed in the presence
of silymarin, a phenolic, flavonoid AO (see AO section). No mutations occurred
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during silymarin treatment, evidence for attenuation of ROS by AO. The drug is
reported to be a teratogen in rodents (35).

Figure 10. Ribavirin

Related Imine-Iminium Species

There is scant recognition of the importance of this ET class in the areas of
biochemistry, medicine, and toxicology. A recent review (17), which places focus
on this class, documents an abundance of members, from which representatives
are selected in the following list: paraquat (herbicide) (Fig. 11), benzodiazepine
diazepam (tranquilizer) (Fig.12), myosmine (tobacco alkaloid) (Fig. 13), retinal
iminium (vision) (Fig. 14), and isoalloxazine (part of FAD redox enzymes) (Fig.
15).

Figure 11. Paraquat

Figure 12. Benzodiazepine
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Figure 13. Myosmine

Figure 14. Retinal iminium

Figure 15. Isoalloxazine

Reactive Oxygen Species and Oxidative Stress
There is extensive literature (see Introduction) implicating ROS and OS in

toxicity and therapeutic action. OS is a response to the generation of ROS. The
ability of cells to cope with ROS-OS is hindered in patients infected with viruses
(36). The liver plays an important role in dealing with toxic materials. Response
of the liver includes additional production of ROS and reactive nitrogen species
(RNS) as well as activation of many kinases. Lipid oxidation is an adverse
effect, in addition to less protection as a result of decreased levels of AO GSH
with increase in DNA strand breaks. Other adverse effects comprise cirrhosis
and liver cancer. Various conditions accompany HCV infection, including OS,
inflammation, excess iron and liver insult (37). Enhanced production of ROS
and RNS, accompanied by lower AO levels, leads to damage involving liver and
other organs. HCV gene expression has been associated with increased ROS
and enhanced lipid peroxidation. HCV protein is known to perturb redox status.
These adverse effects are accompanied by more subtle influences entailing cell
signaling. Increased ROS/RNS levels have been associated with enhanced liver
cancer via DNA damage. There are related reports involving HCV, OS and the
liver (38, 39).
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HIV/HCV co-infection involves enhanced OS and lower AO concentration
compared with HIV mono-infection (40, 41) in addition to production of ROS,
HIV infection is characterized by lowering of mitochondrial membrane potential
(42). A thiol AO prevented the change in potential. Results indicate that the
mitochondrial insult was mediated by ROS and NO. Increased levels of lipid
peroxidation occurred, in addition to DNA damage. A study showed decrease in
GSH and total AO levels with significant increase in NO and malondialdehyde
(indication of OS) (43). The patients received ribavirin and pegylated interferon.
A related review addresses HCV illness in relation to mitochondrial dysfunction
and changes in metal homeostasis (44). The dysfunction plays an important
role in the metal imbalance. These aspects are importantly involved in the
occurrence of OS. HCV core protein causes damage to DNA via oxidation, but
apoptosis is hindered although associated with ROS generation (45). Thus, the
mechanisms of the two pathways are different. There are other studies related to
core protein. HCV core protein stimulates Ca activity resulting in enhancement
of ROS generation via mitochondria (46, 47). An article deals with pathology
of HCV in relation to the impact of OS (48). A similar review deals with OS in
HCV in relation to liver cancer (49). An investigation supports the multifaceted
nature of drugs. Artemisinin, an important antimalarial agent (50) was found to
be a powerful inhibitor of HCV (51). The mechanism was also addressed for
the peroxide containing drug. In the antimalarial case, carbon-centered radicals
are known to play an important role, in contrast to the HCV case. For the
HCV situation, ROS appear to be the critical entities, as is often the case with
peroxides. Considerable literature involves the role of AOs, which is the main
topic of the following section. OS stress, associated with lower levels of AOs,
is a well-established phenomenon in HCV patients (52). The adverse effect is
overcome by administration of ribavirin and pegylated interferon. Although these
agents are not recognized as AOs, it may be that they operate indirectly, e.g., by
decreasing inflammation. Another investigation deals with AOs as beneficial in
countering OS (53).

Antioxidants and Reactive Oxygen Species-Oxidative Stress

Extensive literature demonstrates important involvement of ROS-OS in drug
and viral action. It is not surprising that numerous reports deal with beneficial
effects bestowed by AOs. Excess ROS play a role in HCV infection (54). The
study monitored the AO blood level. AO supplementation bestowed protection,
thereby ameliorating harmful oxidative reactions in the illness. Clastrogenic
factors (CFs), present in hepatitis C patients, are generated as a result of enhanced
superoxide production (55). The CFs give rise to harmful effects on DNA,
probably involving ROS. Use of a potent AO which destroys superoxide resulted
in decreased levels of CFs. Exposure to AOs may enhance favorable results in
interferon/ribavirin treatment. HCV infection is characterized by increased OS
and mitochondrial insult, accompanied by harm to the liver (56). Application of
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AO proved beneficial. The AO silymarin is often employed as therapy for HCV
patients (57). OS accompanies HCV infection. Haem oxygenase-1 is an AO
enzyme that demonstrates a beneficial influence in countering the OS. In a related
vein, supplementation with AOs, iron and B vitamins (58), as well as silymarin
(59), N-acetylcysteine (60, 61), ascorbic acid and SOD (62), may be useful in
hepatitis C therapy. A recent article on silymarin, a milk thistle food supplement,
deals with effectiveness in treatment of HCV (63). The AO is a polyphenol,
a class known for destruction of toxic radicals. Addition of ascorbic acid and
alpha-tocopherol decreased oxidative damage by ribavirin on the membrane
(64). Since OS could be involved in HCV infection, a study was performed on
oxidant/AO status of infected patients (52). OS in anemia induced by ribavirin
is accompanied by decrease in AO sulfhydryl levels in the membrane (65). OS
is well established as an adverse factor in HCV infected patients. A study was
performed with supplementation by flavonoid AOs which exhibited favorable
effects (66). Thiol AO produced appreciable benefits in mice having influenza
virus (61).

Redox imbalance was examined with HCV patients (67). MDA, a product
of OS, was at lower concentration in responders vs nonresponders. Hence, MDA
may serve as a medical marker for treatment. A study deals with oxidative and
nitrosative stress mechanisms in HCV (68), OS appears to accelerate fibrosis.
Contradictory results have been obtained in some reports on AOs (53). Toxic
effects from high doses have been noted. Data indicated a beneficial effect from
use of multi AOs, with favorable tolerance drugs (69). Combination therapy
based on antiviral and AOs may be a beneficial approach. This recommendation
was made in a related investigation involving children (70). An article addresses
the influence of viusid, a dietary supplement in HCV patients (71). There were
pronounced favorable effects on OS and the immune system. A 2012 review
presents a comprehensive approach to various aspects of HCV infection (72).
Included were the usual features concerning involvement of ROS, OS and
nitrosative stress from various sources. There is decrease in AO potential and in
levels of various AOs. The adverse effects are enhanced by even low quantities
of alcohol. Redox interactions are addressed. A study in India was in accord
with others in reporting enhanced OS and decreased levels of AOs, such as
vitamins A,C and E (73). It is well known that ROS are generated in HCV, which
are countered by AOs (74). HCV replication was inhibited by peroxidation of
polyunsaturated fatty acids with restoration by vitamin E. Other therapies of HCV
have been reported. An example is food supplementation by herbal medicines
(75). There was moderate improvements in an appreciable number of patients.
Egypt has been the prominent center for use of herbal medicines since ancient
times (75). About 13-23% of American patients use alteranative medicines
with silymarin, a flavonoid AO, being the preferred one. Treatment of patients
with Phyllanthus amarus, a flowering plant constituent, increased AO levels,
reduced lipoperoxidation and protected the liver from free radical attack (76). An
investigation revealed that HCV proteins are involved in various effects on AO
defense (77). Since redox balance is vital for cellular homeostasis, the effects
of HCV on AO systems and cell signaling may play an important part in liver
carcinogenesis (78). Related AO data can be found in the ROS-OS section.
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Summary

There is widespread knowledge that ROS play an important role in both
therapy and toxicity. However, there appears to be less recognition for ET agents
as a source for ROS. The known drugs Zinivoxime, Simeprevir, Telaprevir, Dup
785, Camptothecin, Faldaprevir, Sofosbuvir, Daclatasvir and Ribavirin all have
structures in which an imine functionality is involved. These imine and iminium
functionalities are well established ET agents, which can transport the radical
species to the virus. The present review is another example of the imine-iminium
type as a source of ROS via ET, primarily as antiviral agents. Related structures
are also addressed.

Abbreviations

ET= electron transfer; ROS= reactive oxygen species; OS= oxidative stress;
AO= antioxidant; GSH= glutathione; HCV= hepatitis C virus; RNS= reactive
nitrogen species
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Chapter 8

Triclosan (Mechanism of Bactericidal Action
and Toxicity): Metabolism, Electron Transfer

and Reactive Oxygen Species
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Triclosan, a widely used bactericide, has been the object
recently of increased attention by the media and scientists
in relation to safety and usefulness. This chapter deals with
a unifying mechanism for antibacterial action and toxicity
based on electron transfer (ET), reactive oxygen species (ROS)
and oxidative stress (OS). The phenolic compound can be
oxidatively converted to diols (catachol and hydroquinone
types) which are then oxidized to o-or p-quinones. The quinones
are ET agents capable of generating ROS which can act as
either beneficial or toxic agents. Toxicity is associated with
higher levels of ROS leading to OS. Mechanistic relationship
to many physiologically active phenols is also addressed. This
unifying action mode can be applied to other physiologically
active ET agents.

Keywords: Triclosan; bactericide; toxicity; metabolism;
electron transfer; reactive oxygen species; phenols

Introduction

In recent years, there has been increasing focus on triclosan (TCS) (Fig. 1),
a bactericide, by the media and researchers. The agent has enjoyed widespread
use, with recent enhanced attention to toxicity. Of relevance is a 2000 review

© 2015 American Chemical Society
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that deals with a unifying mechanism for anti-infective agents including TCS (1).
The fundamental aspect involves electron transfer (ET), reactive oxygen species
(ROS) and oxidative stress (OS). Although widespread discussion of ROS exists
in the literature, there is less recognition of the role played by ET agents. The
main categories of ET agents are quinones (or phenolic precursors), aromatic nitro
compounds, metals (or complexors) and imine (or iminium) species. The focus of
the present review is the quinone class as applied to TCS. Generation of superoxide
by ET is depicted in Scheme 1. In Scheme 2, superoxide is shown as precursor of
other ROS.

Figure 1. Triclosan (TCS)

Scheme 1. Redox cycling with superoxide formation

Scheme 2. Superoxide precursor of other ROS

There has been extensive literature supporting the ET-ROS-OS approach,
including anti-infective agents (1), anticancer drugs (2), carcinogens (3) and
many toxins (toxicants) (4–17). It is prudent to adopt a multifaceted approach
to mechanism of physiological action, with operation of pathways in addition to
ET-ROS-OS.

In the present report, mode of antibacterial action for TCS is addressed with
emphasis on ET-ROS-OS. It is noteworthy that the unifying mechanism was
first proposed as an hypothesis with scant supporting evidence (1). Since then,
studies provide evidence for hydroxylation to diols (Fig 2 and 3) followed by
formation of possible quinones (Fig 4 and 5). Numerous examples are provided
of other phenols possessing various physiological activation in accord with
the ET-ROS-OS approach. The mechanism can be applied to both therapy
and toxicity. The beneficial route for anti-infective agent has been termed
phagomimetic (18). Toxicity is limited to high and persistent levels of ROS and
is commonly an undesirable effect that accompanies therapy.
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Figure 2. Catechol derivative of TCS

Figure 3. Hydroquinone derivative of TCS

Figure 4. o-Quinone derivative of TCS

Figure 5. 5 p-Quinone derivative of TCS

Modes of Action
Triclosan, a widely used antibacterial agent, has been the object of attention

in research and the media. There is controversy concerning safety of the product.
Considerable research has been devoted to the mode of action in relation to
therapy and toxicity (19). Mechanisms proposed include muscle contraction, and
inhibition involving enzymes , such as a protein reductase. Disruption of the
endocrine system occurs via signaling, entailing action of androgens, estrogens
and thyroid hormones.

However, there has been little discussion of ET-ROS-OS which was
addressed in 2000. The agent is a member of the phenolic class, many of which are
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therapeutic agents, e.g., hexylresorcinol (Fig. 6) a related bactericide. According
to the therapeutic approach, conversion to the active agents entails oxidation to
diols (catechols and hydroquinones), followed by oxidative conversion to o- and
p- quinones (Fig. 3 and 4) which are well known ET agents capable of generating
ROS.

Figure 6. Hexylresorcinol

The proposed metabolism for TCS in 2000 (1) has been supported by
subsequent reports dealing with hydroxylation and quinone formation. In one
case, hydroxylation occurred by treatment with the Fenton reagent yielding
a p-hydroquinone (20). The system resembles in vivo metabolism since the
hydroxyl radical serves as oxidant. The reaction was found to be highly
efficient. When exposed to a bacterial strain, the drug underwent both mono-
and di-hydroxylation (21). The authors describe the drug as a “persistent
environmental pollutant.” A report deals with oxidation by manganese oxides
found in the soil which operate as facile oxidants (22). One of the main products
is the p-hydroquinone, formed via involvement of phenoxy radicals. The most
significant investigation was performed with TiO2 and hydrogen peroxide
under irradiation by UV light (23). Oxidation took place at the phenol ring
with generation of hydroquinone and quinone products. Possible quinones are
indicated in Fig. 4 and 5, arising from 1,2-or 1,4-diols. A possible 1,3-dihydroxy
(resorcinol) metabolite could also serve as a quinone precursor, as noted in a prior
review (24).

An alternative metabolic pathway entails degradation via cleavage of the
diphenyl ether backbone (2, 20–22). A product is 2,4-dichlorophenol which
might also display physiological activity by conversion to ET quinone with
subsequent ROS generation. Bactericidal properties of the degraded phenol are
reported (2). There is evidence from other phenols that supports the unifying
mechanistic approach. Pentachlorophenol (PCP), 50 times more active than
phenol, generates lipid peroxidation and enzyme deactivation by way of OS (1).
Oxidative metabolites of PCP produce DNA cleavage via formation of ROS
from redox cycling by tetrachlorosemiquinone radicals. Chlorine substituents
facilitate the radical oxidation, as would be the case or triclosan. Closely related
analogs in structure with various activities are hexylresorcinol (Fig. 6) (23),
tetrahydrocannabinol (Fig. 7) (24), dopamine (Fig. 8) (10), 5-hydroxytryptamine
(Fig. 9) (10), morphine (Fig. 10) (10), and salicylic acid (Fig. 11) (10) from
aspirin. In many cases, benzenoid rings undergo oxidation to phenols with
subsequent conversion to quinones, as for benzene (25) and phenolberbital (Fig.
12) (10).
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Figure 7. Tetrahydrocannbinol

Figure 8. Dopamine

Figure 9. 5-Hydroxytriptamine

Figure 10. Morphine
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Figure 11. Salicylic acid

Figure 12. Catechol derivative\of phenobarbital

Toxicity

There is increasing concern about possible toxic effects of TCS. In relation
to mode of action, the unifying mechanism can be applied involving attack by
ROS leading to various adverse effects. Extensive prior literature exists that
demonstrates a correlation between generation of ROS via quinone metabolites
and harmful effects. Evidence involves lipid peroxidation, protein oxidation and
cleavage, and attack of vital body organs.

Other representative examples can be cited. Benzene, a well-known
carcinogen, generates ROS-OS via metabolism to phenol, diols and quinones.
Uroshiol (poison ivy) contains 3-pentadecyl catechol (Fig. 13) as an important
component (26). Toxicity has been related to metabolic oxidation to an o-quinone.
GSH, an antioxidant (AO) inhibits the adverce effects which evidently arise from
harmful oxidation. Redox cycling by ET o-quinone apparently generates ROS
which deplete AOs, resulting in further increase in ROS.
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Figure 13. 3-Pentadecylcatechol

Abbreviations
TCS= triclosan; ET= electron transfer agent; ROS= reactive oxygen species;

OS= Oxidative stress; AO= antioxidant; PCP= pentachlorophenol
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Chapter 9

MTIP and Flavins: Alcoholism Drugs, Electron
Transfer, and Reactive Oxygen Species

Peter Kovacic1,* and Ratnasamy Somanathan1,2

1Department of Chemistry and Biochemistry, San Diego State University,
San Diego, California 92182-1030, United States

2Centro de Graduados e Investigación del Instituto Tecnológico de Tijuana,
Apdo postal 1166, Tijuana, B.C. Mexico

*E-mail: pkovacic@mail.sdsu.edu

There are various drugs which combat alcoholism, a recent
one being MTIP. The drug bears close structural resemblance
to flavins, mainly in relation to the conjugated diimine moiety.
With regard to mechanism involving electron transfer (ET),
reactive oxygen species (ROS), and oxidative stress (OS),
extensive literature from the flavins can be extrapolated to the
MTIP analog. Other alcoholism drugs, namely β-carboline,
benzodiazepines, naltrexone, and disulfiram are addressed
based on the unifying mechanism of ET-ROS-OS.

Keywords: MTIP; flavin; β-carboline; benzodiazepines;
naltrexone; disulfiram; electron transfer; reactive oxygen
species; oxidative stress; diimine

Introduction

In the USA, alcohol is one of the most abused drugs, resulting in enormous
economic and personal losses. Although advances have been made in treatment
by drugs, there is considerable room for improvement. The earlier review (1)
addresses this issue, as well as other relevant aspects. In the present case, the
focus is on MTIP (Fig. 1), a drug of the imidazopyridazine class.

© 2015 American Chemical Society
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Figure 1. MTIP

“The preponderance of bioactive substances or their metabolites incorporate
ET functionalities, which, we believe, play an important role in physiological
responses (2). These main groups include quinones (or phenolic precursors),
metal complexes (or complexors), aromatic nitro compounds (or reduced
hydroxylamine and nitroso derivatives), and conjugated imines (or iminium
species) (Scheme 1). In vivo redox cycling with oxygen can occur ( Scheme 2)
giving rise to oxidative stress (OS) through generation of reactive oxygen species
(ROS), such as hydrogen peroxide, hydroperoxides, alkyl peroxides, and diverse
radicals (hydroxyl, alkoxyl, hydroperoxyl, and superoxide (Scheme 3) . In some
cases, ET results in interference with normal electrical effects, e.g., in respiration
or neurochemistry. Generally, active entities possessing ET groups display
reduction potentials in the physiologically responsive range, i.e., more positive
than -0.5 V. Hence, ET in vivo can occur resulting in production of ROS which
can be beneficial in cell signaling at low concentrations, but produce toxic results
at high levels. Electron donors consist of phenols, N-heterocycles or disulfides
in proteins which produce relatively stable radical cations. ET, ROS, and OS
have been increasingly implicated in the mode of action of drugs and toxins,
e.g., anti-infective agents (3), anticancer drugs (4), carcinogens (5), reproductive
toxins (6), nephrotoxins (7), hepatotoxins (8), cardiovascular toxins (9), nerve
toxins (10), mitochondrial toxins (11), abused drugs (12), pulmonary toxins (13),
ototoxins (14), and various other categories (15).

Scheme 1. Redox cycling by conjugated iminium
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Scheme 2. Redox cycling with superoxide formation

Scheme 3. Other ROS from superoxide

There is a plethora of experimental evidence supporting the OS theoretical
framework, including generation of the common ROS, lipid peroxidation,
degeneration products of oxidation, depletion of AOs, effect of exogenous AOs,
DNA oxidation and cleavage products, as well as electrochemical data. This
comprehensive, unifying mechanism is in keeping with the frequent observations
that many ET substances display a variety of activities, e.g., multiple drug
properties, as well as toxic effects.

It is important to recognize that mode of action in the biodomain is often
multifaceted. In addition to the ET-ROS-OS approach, other aspects may pertain,
such as enzyme inhibition, allosteric effects, receptor binding, metabolism and
physical factors.”

Flavin adenine dinucleotide (FAD), possessing a conjugated diimine structure
and an important redox enzyme, can serve as a model for the vinylogous portion
of MTIP. The redox properties of FAD support involvement of ET-ROS-OS in the
action of MTIP.

FAD Model for MTIP

The conjugated diimine structure (Fig. 2) is the functional core for FAD ET
in the form of the isoalloxazine (Fig. 3) prosthetic group. The MTIP molecule
incorporates a vinylogous diimine (Fig 4) in a relationship with respect to flavin,
which should facilitate electron uptake. In both cases, delocalization of the
resulting radical anion is enhanced by the carbonyl, benzenoid or thiazole groups.
Thus, it is reasonable to expect MTIP to exhibit electrochemical behavior similar
to that of flavin. The extensive literature on flavin mode of action also can be
applied to the MTIP analog. Other alcoholism drugs are also discussed from the
standpoint of ET-ROS-OS.
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Figure 2. Conjugated diimine of FAD

Figure 3. Isoalloxazine

Figure 4. Vinylogous diimine of MTIP

MTIP (The Imidazopyridazine Class)

Corticotropin-releasing factor systems (CRF) are involved in behavioral
stress response, mainly through their receptors (16). Alcohol withdrawal produces
anxiety responses that are related to increased CRF levels. These responses are
countered by CRF antagonists. CRF appears to play a major role in addiction by
alcohol and other drugs. A “kindling/stress” hypothesis of alcohol dependence has
been advanced. Hence, CRF antagonists provide a means for treatment of certain
aspects of alcoholism. The imidazopyridazine class, an orally available, brain
penetrant CRF antagonist, possesses favorable properties based on preclinical in
vivo studies.

In preclinical models, MTIP blocks behavioral pathology in alcoholics,
with alcohol metabolism unaffected (16). Reduction of excessive alcohol
self-administration and prevention of relapse after abstinence are key objectives
for any treatment. Both are effectively achieved by the drug in preclinical models.
The therapeutic effects of MTIP in alcoholics may be possible to achieve with
doses that do not adversely affect normal behavior. One aim of the research was
to discover a compound with low toxicity and minimal liver accumulation. From
initial investigations, MTIP appears to present a promising profile (17).
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An important aspect of drug action involves interaction as a ligand with
the receptor. MTIP inhibits binding of CRF to its receptor (16). CRF has been
associated with alcoholism and other psychiatric conditions. The agent is able to
enter the CNS and accomplish receptor docking.

Our approach addresses chemical aspects associated with binding process,
e.g., the electrochemistry. Also of relevance is the nature of the interactions that
pertain, some of which are electrostatic. As a prevalent occurrence in receptor
interaction, it is reasonable to expect hydrogen-bonding or protonation which can
influence electrochemical behavior (see below).

Hydrogen Bonding in FAD

References on ET functionalities in the Introduction reveal that conjugated
iminium species are usually better electron acceptors in ET than their imine
counterpart. Electrophilicity is also enhanced by hydrogen bonding on the
imine. Various lines of evidence support the thesis in the case of the conjugated
diimine moiety present in the isoalloxazine nucleus. Results reveal that the
dynamic nature of ET flavoproteins cab be ascribed to hydrogen bonding of the
heterocyclic ring with surrounding amino acids (18). NMR studies were made
of this type of bonding (19). Hydrogen bonding has been implicated in the
modulation of the redox properties of the flavin unit (20). The electrochemistry of
H-bonded flavin complexes has been investigated (21, 22). An important report
involves a synthetic flavin receptor that binds 6-azaflavin through 5-7 hydrogen
bonds (23). Redox potentials were considerably affected by such H-bonding
involving a positive shift, ΔE1/2 of 220-317 mV. Similar results were reported in
another investigation (24). A review addresses related systems leading to similar
outcomes (25). Resonance Raman data are available dealing with H-bonding
at nitrogens or carbonyl of the ring (26, 27). The effect of H-bonding on scalar
couplings was investigated (28). Specific H-donors in protein are reported to be
tyr and protonated lysine (29). There are other relevant articles that address this
general topic (30, 31).

FAD Reduction Potential

The electrochemical property appears to have an important association with
biochemical activity. Representative examples of the rather extensive literature
are provided. The data clearly indicate that reduction potentials are well within
the range permitting ET in vivo, namely -0.15 to -0.31 V (32–39).

At pH 7, the two-electron reduction for the FAD/FADH2 couple is ~0.27 V,
and ~0.23 V for free FAD (39). The values for various complexes of FAD with
NAD+ analogs fall in the range of -0.15 to -0.22 V. Potentiometric studies show
a figure of -0.24 V (32). The formal redox potential for FAD is -0.21 V (vs NHE,
pH 7) (33). A value of-0.31 V is reported for the midpoint reduction potentials
of the oxidized/semiquinone of the FMD-binding domain (34). For free FMN at
pH 7, the midpoint potential for the quinone/semiquinone couple is -0.24 V at pH
7 (35). A similar study gave a figure of 0.15 V (36). The formal potential for

249

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

00
9

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



FAD and FMN at pH 7 was ~ -0.25 V vs SCE (37). The pH dependence was
explored (35–37). The coordination of flavins to zinc ion yields complexes which
demonstrate facilitation of electrochemical reduction (38). Flavins are known to
bind various metal ions. Enhanced electrophilicity of the complex favors electron
uptake.

Electron Transfer by FAD

Many investigators in the life sciences are unaware that the diimine portion
of the isoalloxazine nucleus is part of a broad class of conjugated imine ET
functionalities discussed in the Introduction. Various articles report on the ET
properties of the heterocyclic nucleus. A study was made of photoinduced ET
by donor-acceptor pairs, involving triplet state acceptors of FMN and FAD, with
donors, such as tryptophan, tyrosine and histidine (40). ET by diflavin reductases
was examined in which the role of the binding sites of the isoalloxazine rings of
the flavin cofactors is discussed (41). Interfalvin ET in human cytochrome P450
reductase is enhanced by coenzyme binding (42). There is a rate-limiting ET step
during transfer of negative charge from reduced flavoprotein to oxygen (43). A
hopping mechanism was invoked for flavoprotein (44).

Formation of ROS via ET by FAD

ROS can be generated by flavin enzymes either by ET to oxygen with the
formation of superoxide (discussed first) or by reaction of the reduced flavin with
oxygen to form flavin hydroperoxide (FlOOH).

Part of the chemical versatility of flavoenzymes is related to their reactivity
towards oxygen which exhibits large variation among flavoproteins (45). In
relation to factors that control reactivity with oxygen, a number have been
proposed, including dipoles, charge distribution, dynamics and solvation.
Detailed mechanistic aspects of superoxide production are reported (46).
Chemically modified flavins bound to glucose oxidase were used in a study of
oxygen isotope effects on ET to oxygen (47). Data indicate that pterins and flavins
are efficient photosenzitizers of singlet oxygen production that may play a role
in their biochemistry (48). Flavin photochemistry involves formation of flavin
radicals which convert oxygen to superoxide by ET (49). Results support the
contention that photoreduction of flavoproteins underlies light-induced formation
of hydrogen peroxide in cells (50). Superoxide is a common precursor of the
peroxide.

The alternate route for ROS generation entails conversion to FlOOH.
All enzymes of the monooxygenase class form readily detectable flavin
C(4a)-hydroperoxide intermediates (46). The hydroperoxide can undergo oxygen
atom transfer or eliminate hydrogen peroxide. Mechanistic aspects are discussed.
The hydroperoxides act as catalytic, mild oxidants for a variety of organic
substrates in an environmentally friendly manner (51).
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Flavins and Cell Signaling
In recent years, novel flavoenzymes have been reported which are implicated

in a variety of biological processes, including cell signaling (52). MICAL
(molecule interacting with Cas L) is a protein which is involved in signaling events
that guide axonal growth in the developing CNS. The essential N-terminal domain
is a flavin-dependent monooxygenase. These recently discovered materials
comprise a family of evolutionary-conserved signal transduction proteins that
contain multiple domains which interact with the cytoskeleton, cytoskeletal
adapter proteins, and other signaling entities (53). Studies suggest a role for
MICAL flavoenzyme redox functions in axonal pathfinding events. The review
summarizes a role for MICALs in semaphorin signaling. A study was made
of light-mediated signal transduction in the flavin-binding plant photoreceptor
structure (54). Phototropin consists of a C-terminal serine/threonine kinase and
two upstream light, oxygen or voltage domains that each contain FMN.

A latter section deals with basic aspects of cell signaling.

Β-Carbolines
These agents, recently developed, show promise based on early reports (1).

Data do not unequivocally support the role for the GABA(A) receptor as the sole
mediator of the antagonistic actions of β-carboline-3-carboxylate-tert-butyl ester
(Fig. 5). The drug reduces alcohol drinking behavior, attenuates euphoigenic
properties of the drug, while countering motor-impairing effects. The exact
mechanism by which carboline selectively reduces alcohol-seeking behavior is
unknown. The drug exhibits the greatest bibding selectively of the currently
available ligands.

Figure 5. A protonated β-carboline

We propose a novel ET mechanism which may be involved in the
neurochemical action of β-carbolines during alcoholism. A basis for the approach
is structural similarity of the protonated Fig. 5 to N-methyl-4-phenypyridinium
(MPP+, Fig. 6), a Parkinson-inducing substance. Theoretical studies on MPP+
demonstrate that ease of electron uptake is influenced by conformations of the
phenyl ring (55). From quantum mechanical calculations, electron affinity is most
favorable for the nearly coplanar arrangement. Site binding would be expected
to alter conformation in comparison with situation in solution and hence, to
influence reduction potential. Comparison of the E1/2 values for biphenyl and
fluorene (possessing a methylene bridge in the ortho-positions) reveals a dramatic
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enhancement of about 0.3 V in the reduction potential for the essentially coplanar
conformation through restriction of rotation. Then electron uptake in vivo may
be feasible for MPP+, accompanied by ET reactions and redox participation.
Various reports support this contention. Evidence indicates that an important
effect of MPP+ may involve inhibition of mitochondrial energy production via
interference with the electron transport system. It is reasonable to hypothesize
that agents which can participate in ET might interfere with electron transport
chains essential for mitochondrial respiration. Thus, MPP+ may be acting as an
ET shunt or block.

Figure 6. MPP+

Alternatively, redox cycling by MPP+ has been proposed for peroxyl radical
and MPP radical by reaction with superoxide. In turn, MPP radical interacts
with oxygen leading to SO and MPP+. There is considerable literature which
documents involvement of MPP+ in the generation of ROS, and some deals with
redox cycling.

In relation to mode of action at the molecular level, useful insight may be
gained by comparison of protonated carboline with its structural analog MPP+.
As in the case of biphenyl vs fluorene, a dramatic increase in reduction potential
should be realized by the presence of the NH bridge which produces essential
coplanarity in the molecular core. The ester group would further enhance electron
uptake, whereas NH has somewhat negative effect. Salt formation might be
realized intramolecularly by the 3-CO2H group after ester hydrolysis. In the
case of the related drug 3-propoxy-beta carboline hydrochloride, the agent is
administered in the pyridinium (iminium-like) cationic form.

Benzodazepines
A problem that often accompanies alcoholism is anxiety and depression

which are not affected by agents prescribed in therapy, e.g., maltrexone (1).
This condition is frequently treated by anxiolytic drugs, mostly benzodiazepines
(BDZs), such as valium (Fig. 7). Electrochemical studies provide evidence for
participation of BDZ in ET reactions. The agents are highly conjugated imines
which yield iminiums, ET functionalities, by protonation, e.g., Fig. 7. These
drugs influence the activity of all major areas in the CNS, presumably through
stereospecific binding to protein receptors, which result in various electrochemical
phenomena. BDZs facilitate neurotransmission at synapses, and they enhance
the effect of GABA on chloride channels, thus increasing ionic conductance.
Also, charges are induced in the electrically excitable membrane properties of
spinal neurons. Reduction potentials of various protonated BDZs fall within
the physiologically active range. Hence, ET reactions might be a contributing
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factor to the physiological action. Correlations exists involving reduction
potentials, structure, and drug activity. The structure of protonated valium,
also called diazepam, (Fig. 7) incoporates a conjugated iminium functionality.
According to theoretical calculations, electronic effects and ET play important
roles in the chemical behavior (1). Our mechanistic approach is in accord with
literature reports describing production of ROS by BDZs. Observed physiological
effects may be in response to the reactive intermediates, or in many cases, ET
alone could be involved. Findings demonstrate that antipsychotic clozapine
produced oxidative damage in the rat brain. The drug can be activated by radical
intermediates that cause OS. There is inhibition of mitochondrial respiration by
BDZs, presumably by an ET process (11).

Figure 7. Protonated diazepam

Naltrexone
This drug (Fig. 8) is used to help addicts stay alcohol-free, but is not a cure

(1). Treatment, involving a multi-component regimen, begins after dependency
ends. The alkaloid can be intergrated into the basic mechanistic approach entailing
ET-ROS-OS.

Figure 8. Naltrexone

Useful information is gained from metabolic investigations. Often a
metabolite is the active form as appears to be the case with naltrexone. The two
products most frequently cited are beta- naltrexol and 2-hydroxy-3-O-methyl-
beta-naltrexol (56–58). The former, a principal metabolite, is designated the
active form (58). It is instructive to consider a possible, important role for the
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catechol derivative. Although beta-naltrexol is a major product, its activity may
be via the catechol ether which could be a derived metabolite. This substance
could induce ET by means of generated phenoxyl radicals. Also, the catechol
form can undergo redox transformations in conjunction with its o-quinone partner.
This mechanistic perspective enjoys support from related alkaloids morphine and
heroin. As in the case of naltrexone, morphine undergoes aromatic hydroxylation,
yielding catechol-type product (1) which conceivably undergoes redox cycling
with the corresponding o-quinone. Heroin undergoes in vivo hydrolysis of
the diester to yield morphine. Also, the two alkaloids incorporate a tert-amine
structure, as with naltrexone, which can undergo oxidation to ET iminium species.

Disulfiram (DSF) (Antabuse)

DSF (Fig. 9) is drug used in alcohol aversion therapy (1). Our approach
deals mainly with metabolism in connection with mode of action. The drug
inhibits aldehyde dehydrogenase, thereby causing a rise in acetaldehyde levels in
alcoholics, with resultant unpleasant, toxic symptoms. Apparently, the sulfoxide
metabolite (Fig. 10) is a key actor. Evidence suggests that DSF is a promising
treatment for cocaine addiction. Sulfoxide 10, evidently one of the active
inhibitory agents in vivo, is related to α-dicarbonyl compounds, e.g., diacetyl and
its monoxime derivatives (59), which possess reduction potentials favorable for
ET in biosystems. A similar likeness pertains to α-iminocarboxylic acids which
also electron affinic (60). A recent review provides a unifying mode of action for
abused drugs centered on ET-ROS-OS (12).

Figure 9. Disulfiram

Figure 10. Sulfoxide metabolite of DSF

DSF displays various toxicities to body constituents, including the liver, CNS
and mitochondria (1, 61). It is relevant that reviews provide widespread evidence
for a unifying theme of ET-ROS-OS. Supporting evidence is provided by the
favorable effects of AOs (1).
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Alcohol and Cell Signaling (1)
Chemical cell communication has attracted much attention in various areas

of the life sciences. Although much research has been devoted to alcohol liver
metabolism in this connection, there are reports dealing with effects on CNS (62).
For example, ethanol exposure produced impaired insulin signaling associated
with increased apoptosis and reduced mitochondrial function in neuronal cells.
Cell signaling by nature is quite complicated. A simplified approach involving
electrons, ROS and reactive nitrogen species (RNS) has been reported (63–74).

Abbreviations
ET= electron transfer agent; ROS= reactive oxygen species; OS= oxidative

stress; AO= antioxidant; MTIP= 3-(4-chloro-2-morpholin-4-yl-thiazol-5-yl)-8-
(1-ethylpropyl)-2,6-dimethylimidazo[1,2-b]pyridazine; FAD= Flavin adenine
dinucleotide; BDZs= benzodiazepines; DSF= disulfiram
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Chapter 10

How Does Acetaminophen Function?
Metabolite, Electron Transfer, Reactive Oxygen

Species, Oxidative Stress and COX
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A recent article presents mode of action by acetaminophen
as an enigma involving various contributing factors. An
alternative approach entails redox cycling by the N-acetyl
benzoquinone imine metabolite. The resulting reaction oxygen
species can play a role in both therapy and toxicity. The broader
ramifications of the unifying mechanism are also addressed,
including a multifaceted approach. Commonality with the
widely accepted COX theory is treated.

Keywords: acetaminophen; N-acetyl benzoquinone imine;
electron transfer; reactive oxygen species; oxidative stress;
COX; toxicity

Introduction

A recent news item titled “The Enigma Pill” deals with action mode of
acetaminophen (Fig 1) (Tylenol) (APAP), a widely used sedative and antipyretic
(1). A 2013 article states that it is now generally accepted that cyclooxygenase
(COX) enzymes play an important role (2). This chapter summarizes the
numerous modes of action that have been proposed with contribution to the
enigma. Also, focus is centered on an alternative approach involving metabolism,
electron transfer (ET), reactive oxygen species (ROS), oxidative stress (OS) and

© 2015 American Chemical Society
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COX. A leading actor is the N-acetyl benzoquinone imine (NAPQ1) (Fig 2)
metabolite, which appears to function as an ET agent that generates ROS-OS.

Figure 1. Acetaminophen (APAP)

Figure 2. NAPQ1

The unifying mechanism applied here is an extension of prior work (3). “The
preponderance of bioactive substances, usually as the metabolites, incorporate
ET functionalities. We believe these play an important role in physiological
responses. The main groups include quinones (or phenolic precursors), metal
complexes (or complexors), aromatic nitro compounds (or reduced hydroxylamine
and nitroso derivatives), and conjugated imines (or iminium species). The imine
category is the main object of our review and is the least well known. Resultant
redox cycling is illustrated in Scheme 1. Iminiums are usually better electron
acceptors than imines, due partly to positive charge. In vivo redox cycling with
oxygen can occur, giving rise to oxidative stress (OS) through generation of ROS,
such as hydrogen peroxide, hydroperoxides, alkyl peroxides, and diverse radicals
(hydroxyl, alkoxyl, hydroperoxyl, and superoxide) (Scheme 2).

Scheme 1. Redox cycling with superoxide formation
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Scheme 2. Other ROS from superoxide

In some cases ET results in involvement with normal electrical effects (e.g.,
in respiration of neurochemistry). Generally, active entities possessing ET groups
display reduction potentials in the physiologically responsive range, (i.e., more
positive than about -0.5 V). Hence, ET in vivo can occur resulting in production of
ROS which can be beneficial in cell signaling at low concentrations, but produce
toxic results at high levels. Electron donors consist of phenols, N-heterocycles
or disulfides in proteins which produce relatively stable radical cations. ET,
ROS and OS have been increasingly implicated in the mode of action of drugs
and toxins, (e.g., antiinfective agents (4), anticancer drugs (5), carcinogens (6),
reproductive toxins (7), nephrotoxins (8) hepatotoxins (9), cardiovascular toxins
(10), nerve toxins (11), mitochondrial toxins (12), abused drugs (13), pulmonary
toxins (14), ototoxins (15), and various other categories (16). There is a
plethora of experimental evidence supporting the ET-ROS theoretical framework.
This evidence includes generation of the common ROS, lipid peroxidation,
degradation products of oxidation, depletion of AOs, effect of exogenous AOs,
and DNA oxidation and cleavage products, as well as electrochemical data. This
comprehensive, unifying mechanism is consistent with the frequent observations
that many ET substances display a variety of activities (e.g., multiple-drug
properties), as well as toxic effects. It is important to recognize that mode of
action in the biodomain is often multifaceted. In addition to the ET-ROS-OS
approach, other aspects may pertain, such as, enzyme inhibition, allosteric effects,
receptor binding, metabolism and physical factors. A specific example involves
protein binding by quinones in which protein nucleophiles, such as amino or
thiol, effect conjugate addition.”

Enigma Mode of Action

When researchers are asked of knowledge about how APAP works, the
responses ranged from “pretty clear” to “poorly” (1). The “mechanism seems
messy enough to discourage even the most optimistic scientists”. Various action
modes have been proposed with differing degrees of evidence, including chemical
messengers associated with inflammation and pain, as well as neurotransmission in
the brain and spinal cord (1). Another proposal invokes blockage of prostaglandin
formation in the central nervous system (CNS) (17, 18). A focus was on COX
inhibition with evidence that this could represent a primary central mechanism.
The analgesic activity appears to be prevented by blockage of cannabinoid
receptors (19, 20). Serotonin (5-HT) transmission in the CNS may also play a
role (21). There is the suggestion that the drug indirectly employs communication
systems similar to those of opioids (22). However, acetaminophen is neither an
opioid nor an NSAID.
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APAP, following deacetylation, undergoes acylation of the amine by the
fatty acid arachidonic acid (23). The bioactive product, possessing enhanced
lipid solubility, would be expected to undergo reactions similar to those of APAP.
Another proposed mode of action consists of interaction at the brain or spinal
cord in APAP-induced antinociception (22).

N-Acetyl p-Benzoquinone Imine (NAPQI) Metabolite

There is appreciable literature linking the NAPQI metabolite to physiological
activity. Some of the reports relate to the ROS unifying theory. APAP is known
to play a prominent role in inducing liver toxicity (24). The toxic metabolite
NAPQ1 Is believed to be importantly involved, including effector of apoptosis
and depletion of GSH which is commonly an oxidant effect. Increase in GSH
peroxides following APAP administration and the beneficial effect of a SOD
mimic pointed to generation of ROS. Direct evidence for ROS generation was
provided by the flow cytometers. ROS production was also associated with
mitochondrial damage characterized by collapse of transmembrane potential.
The various lines of evidence point to a role for ROS in APAP-induced liver
insult. Another report links APAP hepatotoxicity to lipid peroxidation and
covalent binding to macromolecules leading to mitochondrial damage (25). The
result is attributed to the NAPQI metabolite via sulfhydryl oxidation or addition.
The adverse influences were countered by bicyclol which is believed to elicit
a variety of biological effects through its AO and antiinflammatory properties
(25, 26). Another report associates NAPQ1 with the toxic side effects of the
parent drug (27). Several other articles deal with reaction of NAPQ1 with thiol
groups via conjugate addition which is likely involved in quinone binding to
protein (25, 28–30). A related example entails reaction of NAPQ1 with proline
and the resultant biological ramifications (31). In addition to GSH depletion by
the quinone imine, there is a role for reactive nitrogen species in APAP induced
toxicity (32). p-Benzoquinone, an electrophile, is also reported as a metabolite
(29), capable of functioning in a manner similar to NAPQ1.

In relation to basic chemistry, NAPQ1 is a close analog of p-benzoquinone
which is well known ET agent (Scheme 3). Uptake of an electron to form a radical
anion would be facilitated by the acetyl substituent of NAPQ1 in conjugation
resulting in further, favorable delocalization as illustrated in Fig. 3.

Important light is cast upon the mechanism by comparison with
the α-carbonylimine structure which has been investigated by means of
electrochemistry (33). Reduction potentials fell within the range favorable for
in vivo ET protonation or hydrogen bonding which form iminium type species
enhanced electron affinity. Relationship to physiological activity was discussed.
The acetaminophen metabolite is electronically related as a vinylog of the parent
α-carbonylimine model. The vinylogous character bestows enhanced favorable
stabilization via conjugation in the generated radical anion. The captodative
effect is discussed as a beneficial contributing factor.
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Scheme 3. p-Benzoquinone redox

Figure 3. Delocalized radical anion of NAPQ1

Toxicity

This topic is also treated in other sections. Hepatotoxicity has been
extensively investigated and presented as a serious threat in some cases. In
addition, the Introduction presents numerous examples entailing application of
ET-ROS-OS to toxicity, including that of the liver. There is substantial literature
on the subject in more recent years. Hence, it should not be surprising that APAP
fits the unifying theme via the ET iminoquinone metabolite leading to ROS-OS.

The advese reactions have been associated with OS and NAPQ1 metabolite,
including ROS (34). Various systems may be responsible for ROS generation.
Studies indicate that APAP and NAPQ1 are the primary ototoxic agents (35). Data
indicate involvement of ROS overproduction.
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Commonality Involving COX and ET-ROS-OS Mechanisms

There is wide acceptance that APAP operates by inhibition of COX enzymes
which can function as peroxidases (13). In the process, the drug undergoes
oxidation in which it functions as an AO, a common property of phenols (36),
e.g., vitamin E. The phenols can also act as pro-oxidants (36), which applies to
APAP via metabolism to a iminoquinone resulting in generation of ROS and
OS. Oxidation of the drug leads to reduction or inhibition of the COX enzymes.
Previously, the two mechanisms were regarded as separate and diverse pathways.
This novel perspective reveals that the two are intimately associated with the
COX enzyme acting as a peroxidase oxidant of the drug with conversion to the ET
imnioquinone metabolite. This represents an expansion of the unifying feature.
There has been extensive literature on COX enzymes. A book in 1998 addresses
various aspects, including inhibition, mechanism of action, therapy, and drugs,
e.g., aspirin (37).

Other Analgesics and Related Drugs

Aspirin

This related drug is treated in another Chapter in the book.

Benzodiazepines (BDZs)

The tranquilizers are widely involved in the CNS operating via electrical
effects (13). The BDZs increase ionic conductance in connection with synapses
and chloride ion channels. Electrical phenomena are observed in membrane
neurons. Protonated BDZs display reduction potentials in the physiologically
active range. There are correlations involving reduction potentials, structure and
drug activity. A prominent member is Valium (Diazepam) (Fig. 4) which is a
highly conjugated imine. Theoretical calculations support participation of ET
and electronic effects. A report deals with activation of Clozapine to radical
metabolites that produce OS and inhibit mitochondrial respiration, apparently by
ET.

Figure 4. Valium
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Phenobarbital

Incorporation in the unifying theme has been previously addressed (13).
Various modes of action are documented, including ion channel blockage,
effect on membrane potentials and neurotransmission. An ET mechanism as
anticonvulsant is reported, involving electrical phenomena. A key aspect entails
aromatic hydroxylation leading to phenol and catechol metabolites (see Fig. 5)
which can serve as precursors of ET quinone derivatives. o-Quinone are known to
posses favorable reduction potentials making for facile participation in reductions
in vivo.

Figure 5. Phenobarbital catechol metabolite

Phenytoin

The hydantoin is used as an epileptic (13). OS is suggested as being involved
in the neurotoxicity. Similar to Phenobarbital, the drug is converted metabolically
to phenol and catechol products with subsequent oxidation to an ET o-quinone
(Fig. 6). Subsequent binding to protein can occur. The drug can induce oxidative
damage to DNA and proteins, apparently from ROS generated by ET redox
cycling. Also, an epoxide metabolite has been discussed, which may generate
ROS via alkylation of DNA.

Figure 6. Phenytoin o-quinone metabolite
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Morphine and Heroin

These are among the earliest analgetic abused drugs. Various reports
incorporate them within the unifying mechanism (13). With morphine, apoptosis
was linked to superoxide, with protection by the thiol AO N-acetylcysteine.
Redox cycling with oxygen occurs with production of superoxide and hydrogen
peroxide. Since heroin is metabolized to morphine, the above results would also
pertain. Levels of lipid peroxides were enhanced in heroin abusers. Relation
between toxicity and ROS was reported. Oxidation and peroxidation pointed
to the presence of ROS. There are other drugs related to morphine which may
operate in a similar manner mechanistically.

Broad Ramifications of the Unifying Theme
The unifying theme of ET-ROS-OS emulates related aspects common in

nature. For example, in living systems, one finds common structural threads in
protein (amide), carbohydrate (acetal) and lipids (ester), as well as in reaction
systems, such as enzymes (oxidases, esterases, hydrolases), electron transfer and
electrochemistry. The ET-ROS-OS theme has found widespread application as
exemplified in the Introduction. Many antibacterial agents appear to copy the
immune systems in what is described as phagomimetic action (38). At high levels,
ROS are commonly found as a unifying feature in toxicity, being associated with a
wide variety of adverse reactions. It is notable that ROS at low concentrations can
exert beneficial effects in a unifying aspect based on cell signaling (39). Another
unifying aspect that lauds credence is the beneficial effect of AOs on deleterious
processes supporting the common involvement of toxic ROS. Participation of ET
agents (see Introduction) in ROS formation is a neglected aspect. Another case of
unification applies to action mechanism of abused drugs, including banned ones
and legal sedatives, such as APAP, aspirin and barbiturates (13).

Abbreviations
APAP= Acetaminophen; NAPQ1= N-acetyl benzoquinone imine; ET=

electron transfer; ROS= reactive oxygen species; OS= oxidative stress; AO=
antioxidant; COX= cyclooxygenase; CNS= central nervous system
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Chapter 11

Aspirin (Analgesic) and Dicamba (Herbicide):
Electron Transfer, Reactive Oxygen Species,

Oxidative Stress, and Antioxidant
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Although aspirin is an analgesic and dicamba is an herbicide,
both are derivatives of salicylic acid and both undergo similar
metabolic transformation. The salicylic acid type of metabolite
can be regarded as the key to physiological action. Subsequent
hydroxylation to catechol or hydroquinone derivatives would
lead to o- or p- quinones. The quinones generate ROS which
can be involved in therapy or toxic reactions. AO properties are
attributed to phenolic metabolites. The existence of favorable
and harmful effects of phenol is rationalized. The unifying
mode of action can be applied generally to analgesics and
herbicides. The CNS plays an important role. The phenol group
of various analgesic drugs or their metabolites (acetaminophen,
aleve, morphine and aspirin) represents a common feature of
mechanistic significance.

Keywords: Aspirin; CNS; dicamba; electron transfer;
oxidative stress; radicals

Introduction

This review deals with acetyl salicylic acid (aspirin) (ASA) (Fig 1), an
analgesic, and dicamba (Fig. 2), an herbicide, in relation to similarities and

© 2015 American Chemical Society
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physiological activity. A prior unifying, mechanistic theme is applied as follows
(1).

Figure 1. Aspirin

Figure 2. Dicamba

“The preponderance of bioactive substances, usually as the metabolites,
incorporate ET functionalities. We believe these play an important role in
physiological responses. The main groups include quinones (or phenolic
precursors), metal complexes (or complexors), aromatic nitro compounds (or
reduced hydroxylamine and nitroso derivatives), and conjugated imines (or
iminium species). Resultant redox cycling is illustrated in Scheme 1. In vivo
redox cycling with oxygen can occur, giving rise to oxidative stress (OS) through
generation of reactive oxygen species (ROS), such as hydrogen peroxide,
hydroperoxides, alkyl peroxides, and diverse radicals (hydroxyl, alkoxyl,
hydroperoxyl, and superoxide) (Scheme 2).

Scheme 1. Redox cycling with superoxide formation

Scheme 2. Other ROS from superoxide
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In some cases ET results in involvement with normal electrical effects (e.g.,
in respiration of neurochemistry). Generally, active entities possessing ET groups
display reduction potentials in the physiologically responsive range, (i.e., more
positive than about -0.5 V). Hence, ET in vivo can occur resulting in production
of ROSwhich can be beneficial in cell signaling at low concentrations, but produce
toxic results at high levels. Electron donors consist of phenols, N-heterocycles or
disulfides in proteins which produce relatively stable radical cations. ET, ROS and
OS have been increasingly implicated in the mode of action of drugs and toxins,
(e.g., antiinfective agents (2), anticancer drugs (3), carcinogens (4), reproductive
toxins (5), nephrotoxins (6), hepatotoxins (7), cardiovascular toxins (8), nerve
toxins (9), mitochondrial toxins (10), abused drugs (11), pulmonary toxins (12),
ototoxins (13), and various other categories (14).

There is a plethora of experimental evidence supporting the ET-ROS
theoretical framework. This evidence includes generation of the common ROS,
lipid peroxidation, degradation products of oxidation, depletion of AOs, effect
of exogenous AOs, and DNA oxidation and cleavage products, as well as
electrochemical data. This comprehensive, unifying mechanism is consistent with
the frequent observations that many ET substances display a variety of activities
(e.g., multiple-drug properties), as well as toxic effects.

It is important to recognize that mode of action in the biodomain is often
multifaceted. In addition to the ET-ROS-OS approach, other aspects may pertain,
such as, enzyme inhibition, allosteric effects, receptor binding, metabolism and
physical factors. A specific example involves protein binding by quinones in
which protein nucleophiles, such as amino or thiol, effect conjugate addition.”

It is interesting that ASA and dicamba possess related structures and undergo
similar metabolism. The unifying modes of action are applicable to both agents
in relation to activity and toxicity. The approach is a continuation of prior reports
dealing with the unifyingmechanism, including the central nervous system (CNS).

ET-ROS-OS-AO Mechanism for Aspirin

Various reports exist that support the unifying mode of action, as applied
to ASA (2). “Some of the metabolic pathways have been quite well delineated,
such as the first step entailing deacetylation of acetyl salicylic acid by esterase to
yield salicylic acid (Fig. 3). Under appropriate conditions, oxidative metabolism
gives rise to 2,5-dihydroxy-and 2,3-dihydroxybenzoic acids (Fig. 4 and 5). Quite
plausibly, subsequent facile conversion to the o- and p- quinones (Fig. 6 and 7) can
set the stage for redox cycling by ET with induction of OS. Alternatively, salicylic
acid avidly chelates iron to furnish a complex with potential ET properties. The
scenarios are buttressed by evidence for ROS and lipid peroxidation.” Redox
cycling by quinones is illustrated in Scheme 3.
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Figure 3. Salicylic acid

Figure 4. Hydroquinone metabolite of SA

Figure 5. Catechol metabolite of SA

Figure 6. o-Benzoquinone-3-carboxyl

Figure 7. p-Benzoquinone-2-carboxyl
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Scheme 3. Redox cycling by p-benzoquinone

A 2005 report deals with reaction of hydroxyl radicals with SA at the lead
dioxide electrode (15). The radical is commonly generated in vivo from hydrogen
peroxide, serving as an oxidant and hydroxylating agent. In the electrode reaction,
the amount of 2,5-dihydroxybenzoic acid is much more than that of 2,3-isomer.
Radical substitution reactions are apparently involved. SA induced OS in the
form of hydrogen peroxide in root cultures (16). In more recent studies, ASA
induces OS with associated complications, including mitochondrial dysfunction
(17). We theorize that the dysfunction may involve ET interference with ET in
the mitochondrial chain. Altered GSH redox metabolism plays a crucial role in
ASA induced toxicity. Treatment of the cells with the thiol AO N-acetylcysteine
attenuated the adverse effects which, we suggest might involve ROS.

SA is not only a metabolite of ASA, but it is also an anti-inflammatory
drug (18). The metabolite induces formation of thiobarbituric acid reactive
substances (TBARS) which is indicative of ROS. Antioxidants suppressed
TBARS generation, suggesting involvemnent of ROS. Results indicate that SA
induces lipid peroxidation which is related to oxidative metabolism. Findings
point to triggering of mitochondrial dysfunction by SA leading to lethal liver cell
injury by lipid peroxidation.

AO effects of ASA and SA were examined in rats (19). SA reduced OS, and
large amounts of ASA are needed to produce an AO effect, apparently via liver
generation of AOs. The effects of SA as AO were more intense than for ASA
(20). ASA reduced OS, but only at high concentration. The AO effect may reflect
metabolism to SA which could be the actual AO since phenols are well known
AO agents, e.g., vitamin E. SA plays an important role in the cytoprotective effect
in brain tissue. A review shows action as AOs and pro-oxidants, depending on
condition (21).

Commonality Involving COX and ET-ROS-OS Mechansim
There is evidence that drugs that metabolize to phenols can operate by

inhibition of COX enzymes which can function as peroxidases (21, 22). In the
process, the drug undergoes oxidation in which it functions as an AO, a common
property of phenols (23), e.g., vitamin E. The phenols can also act as pro-oxidants,
which applies to aspirin via metabolism to an ET quinone resulting in generation
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of ROS and OS. Oxidation of the drug or metabolites leads to reduction or
inhibition of the COX enzymes (21, 22). Previously, the two mechanisms were
regarded as separate and diverse pathways. This novel perspective reveals that
the two are intimately associated with the COX enzyme acting as a peroxidase
oxidant of the drug with conversion to the ET quinone metabolite. This represents
an expansion of the unifying feature. There has been extensive literature on COX
enzymes. COX appears to play a role in aspirin action.

ASA, CNS and COX
In addition to treatment of this aspect in other sections, some recent literature

is presented. ASA impairs ganglion neurons by inducing an increase in superoxide
resulting in apoptosis (24). After ASA administration, GABA and serotonin
mediated neurotransmission in the CNS resulted in hyperactivity. A large amount
of the drug produced increased current flow into the auditory cortex. Inhibition
of COS produces many of the adverse reactions of NSAIDs, including aspirin,
which reduce prostaglandin synthesis in the CNS (25).

Aspirin Toxicity
This topic has been reviewed recently (26). Salicylate ingestion in excess is a

common cause of poisoning in children, which has improved in recent years. The
adverse effects are characterized by many symptoms, including hyperventilation,
dehydration, hypokalemia, acidosis, nausea, vomiting, diaphoris, tinnitus, vertigo,
tachycardia, hyperactivity, agitation, delirium, hallucination, convulsions,
lethargy, and stupor. Hyperthermia indicates severe toxicity, especially in
children. When used properly, aspirin is not a dangerous drug, and is consumed
in vast quantities.

Dicamba Metabolism
A key aspect involves demethylation of the ether resulting in the phenolic

groups of the 2,5-dichloro SA derivative (Fig. 8) (27, 28). Mechanistically, there
are two possible routes for the transformation. One comprises hydrolysis which
is depicted in Scheme 4. The other consists of radical oxidation that entails a
hemiacetal metabolite in Scheme 5. Subsequent oxidation would lead to the
hydroquinone (Fig. 9) and p-benzoquinone (Fig. 10) derivatives.

Figure 8. 2,5-Dichlorosalicylic acid
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Scheme 4. Acid catalyzed hydrolytic demethylation of ArOCH3

Scheme 5. Oxidative radical demethylation of ArOCH3

Figure 9. Hydroquinone derivative of Dicamba

Figure 10. p-Benzoquinone-2-carboxyl-3,6-dichloro

Dicamba Toxicity

Data reveal that the herbicide is moderately to slightly toxic (29), In female,
pregnant rabbits there was slightly reduced fetal weight and increased loss of
fetuses. With dogs, some enlargement of liver cells occurred, but not in humans.
Dicamba was found to be slightly toxic to cold water fish.
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Unifying Mechanism of Herbicide Toxicity

Themode of toxicity described for dicamba fits into a broader scenario that has
been proposed for other members of this general class involving the CNS (30). The
bipyridyl herbicides, paraquat (Fig. 11) and diquat (Fig. 12), belong to this class
for which the mode of action has been well established, in line with ET-ROS-OS.
Extensive evidence supports redox cycling with formation of superoxide and other
ROS, as illustrated in Scheme 1 and 2. It is well documented that ROS play a
significant role in toxicity. The agents are conjugated iminiums which belong to
the ET class (see Introduction).

Figure 11. Paraquat

Figure 12. Diquat

The diphenylether herbicide, e.g., oxylluorfen (Fig. 13) and fluorodifen
(Fig. 14), also fit the unifying theme since they are ET agents of the ArNO2
type (see Introduction). In the case of oxyfluorfen, the structure also contains
an ethyl ether group capable of dealkylation to a phenol, with potential for
subsequent ET quinone formation via diol (see Introduction). This class appears
to act by generating various ROS, resulting in lipid peroxidation and other
oxidative damage. Another factor may involve ET during enzyme inhibition in
the mitochondrial ET chain.

Figure 13. Oxyfluorfen
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Figure 14. Fluorodifen

About 50% of the herbicide groups operate by inhibition of ET chains, in
accord with the unifying theory, including diuron and atrazine. The process
involves increased lipid peroxidation which may be caused by singlet oxygen.

Commonality of Aspirin and Dicamba
There are pronounced structural similarities. Both are benzoic acid and

phenolic derivatives. In metabolism, salicylic acid or the dichloro derivative
are the principal metabolites produced. The two agents are alike in displaying
slight to moderate toxicity in humans and other animals. The differences can be
attributed to effect of chlorine, different receptors, and different sites of action.

Other Analgesics and Related Drugs
Drugs that belong in this class include benzodiazepines (tranquilizers),

phenobarbital (sedative painkiller), phenytoin (anti-epilepsy), and morphine
and heroin (analgesics) which are treated in more details in the acetaminophen
chapter.

Abbreviations
ET= electron transfer; ROS= Reactive oxygen species; OS= oxidative stress;

AO= antioxidant; ASA= acetyl salicylic acid (aspirin); SA= salicylic acid; CNS=
central nervous system
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Chapter 12

DNA Damage by Highly Oxidizing
Environmental Pollutants

Anna M. Nowicka,1,2,* Agata Kowalczyk,1,2 Edyta Matysiak,2
and Maria Hepel1,*

1Department of Chemistry, State University of New York at Potsdam,
Potsdam, New York 13676, United States

2Faculty of Chemistry, University of Warsaw, ul. Pasteura 1, PL 02-093
Warsaw, Poland

*E-mail: anowicka@chem.uw.edu.pl, hepelmr@potsdam.edu

Chromium(VI) compounds are strongly oxidizing carcinogenic
pollutants causing severe DNA damage including strand
brakes, oxidation of nitrogen bases, and others. The chromium
genotoxicity involves a multitude of mechanisms associated
with the reduction of Cr(VI) to Cr(III). This reduction is
considered to be essential for DNA damage and thus the
potentiation of carcinogenesis. Since Cr(VI) can be reduced
to Cr(III) by antioxidants: glutathione (GSH), cysteine, or
ascorbic acid (AA), and these antioxidants are known to
otherwise prevent the oxidative stress-related cellular damage,
it is intriguing to assess the role of these anti-oxidants in
Cr(VI) effects on DNA. Therefore, in this work, we have
investigated in detail the interactions of different Cr species
with double-stranded DNA using electrochemical quartz
crystal nanogravimetry (EQCN), linear scan voltammetry
(LSV), AFM, and UV-Vis spectroscopy. The binding constant
determined from EQCN measurements and Scatchard plot
analysis for DNA-Cr associates were found to be: 626 ± 52 M-1

for DNA-Cr(VI) and (9.60 ± 0.90)×103 M-1 for DNA-Cr(III),
with clear dominance of Cr(III) binding by DNA. The binding
parameters determined were compared with the literature FTIR
data. On the other hand, damages to DNA were caused by
Cr(VI) and Cr(V). The observed effects have been evaluated in

© 2015 American Chemical Society
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view of Cr species influence on DNA interactions with model
chemotherapeutic drug mitoxatrone studied earlier.

Introduction
Chromium compounds have long been recognised as the major carcinoges

causing DNA damage, such as the strands breaks and oxidation of nitrogen bases.
Chromium occurs in natural samples in two main valence states as Cr(III) and
Cr(VI). These two environmentally relevant valence states of chromium have a
contrasting impact on environment and health. Cr(VI) exerts mutagenic effects
in most short-term mutagenicity test performed, whereas Cr(III) does not (1, 2).
The chromium genotoxicity involves a multiplicity of mechanisms associated
with the reduction of Cr(VI) to Cr(III). This reduction of Cr(VI) to a lower
valence is considered to be essential for DNA damage and thus the potentiation
of carcinogenesis. Cr(VI) can be reduced by gluthatione (GSH), cysteine, or
ascorbic acid (AA) into Cr(III) (3) which reacts with DNA to form Cr(III)-DNA
adducts (4–6). Because Cr(III) is a final form of chromium within the cell, the
interaction of Cr(III) with DNA my play crucial role in the carcinogenic action of
Cr(VI) salts.

The mechanism of the Cr(VI) reduction has broadly been discussed in the
literature (7–10). The first step of Cr(VI) reduction proceeds via one-electron
and one-proton process to pentavalent chromium. At neutral pH in aqueous
solution, Cr(V) rapidly disproportionates through a bimolecular mechanism
producing Cr(VI) and reactive Cr(IV) intermediates (11) (see: Scheme 1),
ultimately resulting in the final redox proportions of two Cr(VI) and one Cr(III)
per three Cr(V). However, at more acidic pH’s, disproportionation of this species
is minimal and decomposition is slow and attributed to ligand oxidation. It is
known that Cr(V) is considered by many to play a major role in the induction of
cancer by the genotoxic and carcinogenic form of chromium, chromium (VI).

Scheme 1. Reduction mechanism of Cr(VI).

Because oxidation reactions of Cr(V) and (VI) with biologicalmolecules, such
as DNA, are likely to be important in the mechanism of Cr(VI) carcinogenesis,
we have used electrochemical quartz crystal nanobalance (EQCN), UV-Vis
spectroscopy, and linear voltammetry to investigate the interactions of Cr species
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with DNA. The observed effects are evaluated in view of Cr species influence on
DNA interactions with model chemotherapeutic drug mitoxatrone studied earlier
(6).

Experimental
Chemicals

The Cr(VI) source was K2CrO4, the Cr(III) source was Cr(NO3)3·9H2O.
Ascorbic acid (AA) and disodium ethylenediamine tetraacetate (EDTA) were
obtained from Sigma. The pKa of ascorbic acid is 4.2, thus in 0.02 M PBS
buffer (pH 7.4) AA exists as the ascorbate monoanion (12). Poly(allylamine
hydrochloride) (PAH) was purchased from Fisher. The pKa of PAH is 8.5, thus
in 0.02 M PBS buffer (pH 7.4) PAH exist as the polycation (13). Calf thymus
double stranded DNA (dsDNA) was purchased from Sigma. Only those dsDNA
shipments were accepted for the measurements which gave the ratio of the
DNA absorbances at λ = 260 and λ = 280 in the range 1.7 ÷ 2.0, and the ratio
of the absorbances at λ = 260 and λ = 250 in the range 1.4 ÷ 1.7 (14). These
absorbance ranges are a good criterion for the DNA purity, including the absence
of protein. In fact, our ctDNA samples gave the absorbance ratio in the middle of
the indicated ranges. The ctDNA solutions of 1 mg DNA per 1 mL of phosphate
buffer (pH∼= 7.4) were prepared at least 24 hours before experiments. The ctDNA
concentration was determined from the value of the absorbance at λ = 260 nm;
ε = 13,200 M-1cm-1 (15).

Instrumentation

UV-Vis spectra were recorded on Varian model 50 Bio spectrophotometer
equipped with a quartz micro-colorimetric vessel of 1 cm path length. The
spectra were recorded one hour after preparing the solutions. Linear voltammetry
studies were performed by potentiostat Elchema model PS-1705. Voltammetric
experiments were carried out in the three- electrode system: platinum wire -
counter electrode, reference electrode (Ag/AgCl) and glassy carbon disc electrode
(GCDE) of 3 mm in diameter as the working electrode. The working glassy carbon
disc electrode was polished before each measurement with 0.3 and, at the end,
0.05 μm Al2O3 powders on a wet pad. After polishing, the aluminum oxide was
removed by rinsing the electrode surface with a direct stream of ultrapure water
(Mili-Q, Milipore, Billerica, MA, USA; conductivity of 0.056 μS/cm). During the
voltammetric experiments, the electrochemical cell was kept in a Faraday cage to
minimize the electrical noise. Finally, before experiments all analyzed solutions
were deoxygenated with pure argon for 15 minutes. An electrochemical quartz
crystal nanobalance model EQCN-700 (Elchema, Potsdam, NY) with 10 MHz
AT-cut quartz crystal resonators was used in this study. The EQCN technique
allowed us for simultaneous monitoring of voltamperometirc and nanogravimetric
characteristics. The resonant frequency of the quartz crystal lattice vibrations in a
thin quartz crystal wafer was measured as a function of the mass attached to the
crystal interfaces. For thin rigid films, the interfacial mass changes ▵m are related
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to the shift in series resonance oscillation frequency ▵f of the EQCN through the
Sauerbrey equation (16, 17):

where f0 is oscillation frequency in the fundamental mode, n is the overtone
number, A is the piezoelectically active surface area, ρq is the density of quartz (ρq
= 2.648 g cm-3), and µq is the shear modulus of quartz (µq = 2.947×1011 g cm-1s-2).
The oscillator was tuned to the resonance frequency of working piezoelectrodes
to minimize effects due to energy dissipation in protein films. All experimental
variables influencing the resonant frequency (17) of the EQCN electrodes such
as the temperature, pressure, viscosity and density of the solution, were kept
constant in the apparent mass change measurements. The piezoelectrically active
(geometrical) surface area of the working Au electrode was 0.196 cm2 and the
real surface area A = 0.255 cm2 (roughness factor R = 1.3). A 200 nm thick
Au film was deposited on a 14-mm diameter, 0.166-mm thick, AT-cut quartz
resonator wafer with vacuum evaporated Ti adhesion interlayer (20 nm thick).
The real surface area was determined for Au-EQCN electrodes by a standard
monolayer oxide formation procedure (18). The resonator crystals were sealed to
the side opening in a glass vessel of 50 mL capacity using high purity siloxane
glue with intermediate viscosity (Elchema SS-431). The seal was cured for 24 h
at room temperature. The working electrode was polarized using Pt wire counter
electrode and its potential measured versus double-junction Ag/AgCl electrode.

Immobilization of DNA on Electrodes

The Au-piezoelectrode surface was cleaned by cycling in 0.1 M H2SO4 in
the range 0 to +1.5 V until stable voltammogram was recorded, followed by
immersing in piranha etching solution (30 % H2O2 : H2SO4 = 1 : 3) for 10 s,
and rinsing with distilled water. The accumulation Calf Thymus double stranded
DNA (ctDNA) on the gold electrode surface was done by adsorption at a constant
potential. A freshly cleaned Au-EQCN electrode was immersed in DNA solution
(4 µM) for 30 min. Since the DNA molecules are negatively charged in pH 7.0
(19), the immobilization of DNA on Au-EQCN surface was performed by holding
the potential of the electrode at a constant positive value of E = +80 mV for 30
min. After that time the frequency change stabilized.

The ctDNA was also adsorbed on a GCDE surface from 4 µM DNA solution
by applying the potential E = +200 mV for 20 min, then the electrode (GCDE/
ctDNA) was rinsed with distilled water and kept in PBS buffer. In tests for DNA
damage with Cr species, the electrode was treated in a solution containing Cr
species on different oxidation state for 15 min, unless otherwise stated. After that,
the electrode was rinsed with distilled water and immersed in pure 0.02 M PBS
buffer. Fresh film of ctDNA was prepared before each experiment.

The ctDNAwas also immobilized on a poly(allylamine hydrochloride) (PAH)
film on Au. The Au/PAH films were formed by injection of 30 mL of 3 mg/mL
PAH solution in 0.5 M NaCl (pH 5). In 3 mg/mL PAH aqueous solution, PAH
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exists in the form of a polycation. By applying the potential E = –50 mV for 1
hour, the PAH film was formed on the gold electrode surface. Then, the electrode
and cell were slowly rinsed with distilled water and DNA was adsorbed from a 20
mM PBS buffer (pH 7.4) containing ctDNA (100 µM bp (base pairs)) under the
bias potential E = +50 mV for 1 h. Finally, such a modified electrode was ready
for testing the DNA interactions with Cr species. The procedure for preparation
of Au/PAH/ctDNA modified electrode is illustrated in Figure 1.

Figure 1. Scheme of preparing of the gold electrode to the EQCN measurements.
(see color insert)

Atomic Force Microscopy (AFM) Measurements

Atomic force microscopy experiments were performed with a 5500 AFM
instrument (Agilent Technologies, Santa Clara, CA, USA). Magnetic AC mode
was used for imaging, and the data were obtained in the Fenton solution. Type VI
MAC levers (Agilent Technologies, Santa Clara, CA,USA)were used for imaging.
The typical resonance frequency of the cantilevers was 50 ÷ 60 kHz in air and it
was reduced to 18 ÷ 24 kHz in the solution. The images were acquired at 20 °C.
A small gold bead prepared by Clavilier method was utilized as a substrate (20).
The bead was spot welded to gold foil and atomically flat (111) facets were used
for image acquisition. The substrate as well as the teflon parts of the liquid cell
were cleaned in piranha solution (concentrated H2SO4 / 30 % hydrogen peroxide
3:1) and thoroughly rinsed with Milli-Q water. (CAUTION: piranha solution
reacts violently with organics and should be handled with extreme care). Gold
bead was flame-annealed and quenched in Milli-Q water before each experiment.
The root-mean-square (RMS) surface roughness for DNA films was determined
for 1×1 µm2 images using Pico Image Basic software provided with 5500 AFM
instrument.

Data Analysis

The binding parameters for the ctDNA interactions with Cr species were
obtained for 20 mM PBS buffer (pH 7.4) which is close to the physiological pH.
A useful tool to determine these parameters, regardless of the technique used,
is the polymer model of McGhee and von Hippel (21). The following formula
describes the interactions between the dsDNA strand and the ligand:
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where K is the binding constant, n is the number of binding matrix units that are
occupied by one molecule of the ligand, and r = Cb/Cmatrix unit, where Cb = C0−Cf,
Cb is the concentration of the ligand molecules bound to dsDNA, C0 is the total
concentration of the ligand, Cf is the concentration of the free molecules of the
ligand in the solution, and Cmatrix unit is the analytical concentration of the binding
unit in dsDNA. The assumptions of the model fit very well the experimental
reality. The lattice is assumed to be homogeneous, is taken as a linear array
of many repeating units, and the basic lattice residue corresponds to a nucleic
acid base-pair. A ligand molecule is assumed to bind to the lattice and to cover
n consecutive lattice residues. The occupied residue is inaccessible to another
ligand. To determine K and n the concentrations of unbound and bound ligand
should be known and then the Scatchard plot (r/Cf = f (r)) should be drawn. The
extraction of K and n values has been done by the least-square fitting of equation
(2) to the experimental data.

Results and Discussion

In the reactions with ctDNA, Cr(VI) creates a number of putative lesions
including inter- and intra-strand cross-linked adducts, DNA-protein cross-links,
DNA strand breaks, a basic sites, and oxidized nucleic acid bases (22–24).
Oxidative damage and the formation of oxidized lesions in DNA is considered
one of the critical steps in the induction of carcinogenesis by Cr(VI). Oxidation
of DNA can occur at the deoxyribose sugar creating DNA strand breaks or at
the nucleic acid bases creating oxidized base lesions (25, 26). In this ongoing
study we have investigated the effects of Cr species on the interactions of a model
chemotherapeutic drug mitoxantrone with DNA (6) and, in this work, we present
results of our investigations on direct interactions of variable chromium species
with DNA in solution, as well as with DNA immobilized on an electrode surface.

Effects of Chromium Species on ctDNA in Solution

The UV-Vis spectroscopic measurements of ctDNA dissolved in 20 mM
phosphate buffer solutions (pH 7.4), in the presence of Cr(VI) and Cr(III), were
performed to compare the effects of chromium species. The results are presented
in Figure 2.
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Figure 2. Dependence of the normalized DNA absorbance versus concentration
of Cr(VI) (A) and Cr(III) (B). ctDNA concentration: 38.87 µM base pairs and 2.2
µM base pairs for Cr(VI) and Cr(III) experiments respectively. Data obtained
one hour after preparing of the mixture. Insets: Background subtracted DNA

UV-Vis spectra; pure ctDNA solution - dotted line.
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The data were taken using the following procedure. After each addition
of the chromium to the DNA solution, the mixture was stabilized for 1 h and
the spectra were recorded. The absorbance changes observed after interactions
of ctDNA with Cr(VI) and Cr(III) species were measured at λ = 260 nm. The
reason for using small amounts of DNA in experiments with Cr(III) was the low
solubility of Cr(III) in PBS buffer. The UV-Vis spectra obtained for solutions
containing DNA with different concentrations of Cr(VI) have shown that the
DNA absorbance initially increases (for CCr(VI) < 50 µM) and then decreases for
Cr(VI) concentrations significantly higher than the DNA concentration. This
means that the addition of Cr(VI) leads to the changes in DNA structure. In
contrast to this, the addition of Cr(III) does not change the DNA absorbance.

Similar experiments have also been performed using the electrochemical LSV
technique. An inspection of LSV characteristics for the guanine oxidation current
changes during Cr(VI) titration of a ctDNA solution leads to the conclusion that
Cr(VI) is causing considerable damage to the DNA. As seen in Figure 3, the
addition of Cr(VI) results in diminished guanine oxidation current.

Figure 3. Background subtracted ctDNA voltammograms recorded in 0.02 M
PBS solution for a bare glassy carbon disc electrode (GCDE) in the presence of
Cr(VI). ctDNA was in the soluble state at the concentration 7.4 µM bp. Aliquots
of Cr(VI) were added to the same solution. Data were obtained 15 minutes after

each addition of Cr(VI); scan rate v = 100 mV/s.

This means that Cr(VI) causes a pronounced loss in the electrochemical
activity of the participating guanine molecules. A major lesion formed in a DNA
duplex by the attack of Cr(VI) consists of a 7,8-dihydro-8-oxoguanine (8-oxoG)
which is formed by the oxidation of a guanine residue.
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To check the influence of intermediate valence states of chromium on ctDNA,
experiments in situ reduction of Cr(VI) by ascorbic acid were carried out. It is
known (27) that the reduction of Cr(VI) with a 10-fold molar excess of ascorbate
initially leads to a transient Cr(IV) species and the oxidized form of ascorbate,
dehydroascorbate (DHA), followed by the second reduction reaction of Cr(IV)
with AA to give rise to the acsorbyl radical, AA•-, and a kinetically inert Cr(III)
species:

By decreasing of the AA concentration with respect to Cr(VI) concentration,
to a ratio of 1:1, the time needed to reduce Cr(VI) to Cr(III) becomes longer than
that for the excess of AA. During this prolonged reduction time, the intermediate
valence states of chromium dominate. In the presence of ctDNA, the guanine
oxidation process in DNA by Cr(VI) takes also place. The sequential one-electron
oxidation of guanine in DNA by Cr(VI) in the presence of AA leads to the
formation of a product spiroiminodihydantoin (Sp) (27). The possible mechanism
of one-electron oxidation of guanine by Cr(VI) is shown in Scheme 2.

Scheme 2. Possible mechanism of one-electron oxidation of guanine by Cr(VI).

The Cr(VI) reduction by addition of AA was spectroscopically controlled by
measuring the absorbance at 372 nm. The experiments were performed in the
absence and in the presence of ctDNA in the solution. The ctDNA concentration
was very similar to this adsorbed at the PAH layer or at the GCDE electrode (ca.
25.5 pmol bp/cm2). Obtained results are presented in Figure 4.
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Figure 4. Effect of additions of AA and AA + EDTA on the absorbance of Cr(VI)
at 372 nm. Open symbols correspond to the solutions with ctDNA, filled symbols

correspond to the solutions without ctDNA.

The results in Figure 4 show that the efficiency of the Cr(VI) reduction by
ascorbic acid is different in the absence and in the presence of ctDNA in the
solution. In the presence of ctDNA, the reduction process of Cr(VI) by AA
competes with the Cr(VI) binding reaction with ctDNA. The Cr(VI) bound to
ctDNA is more resistant for the influence of AA.

ctDNA Immobilized on a Glassy Carbon Disc Electrode (GCDE)

The accumulation of ctDNA on the electrode surface was carried out by
adsorption at a constant potential. The freshly polished glassy carbon electrode
was immersed in a ctDNA solution (100 µM base pairs). Since the ctDNA
molecules are negatively charged in 0.02 M phosphate buffer solution (pH 7.4)
(19), the immobilization of ctDNA on the glassy carbon surface was performed
by holding the potential of the electrode at a constant positive value of +200 mV
for 20 min. Fresh film of ctDNA was prepared before each measurements. The
influence of the presence of Cr(VI) on ctDNA electrochemistry is presented in
Figure 5.

The increase of guanine oxidation current can be explained by unwinding of
DNA double helix as a results of oxidation of nucleic bases by Cr(VI).

We also checked the influence of variable valence states of chromium for
guanine oxidation process. The results are presented in Figure 6. The strongest
effect (decrease of the guanine oxidation current) was observed after immersing
the modified electrode (GCDE/ctDNA) to the Cr(III) solution. The reason of this
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decrease is the attachment of Cr(III) by hydrogen bonding to N7-G. The behavior
of Cr(III) versus DNA created in the reaction of Cr(VI) with the excess of AA is
different. This effect can be explained by different coordination of Cr(III). The
coordination of the final Cr(III) products varied with the concentration of AA in
the solution.

EQCN Measurements of ctDNA-Chromium Binding

The interactions of chromium species with ctDNA were studied by applying
the EQCN technique (Figure 7). The maximum binding of chromium to DNA
was observed for a 1 : 1 reaction ratio of Cr(VI) to AA. This effect confirmed that
intermediate valence states of chromium (Cr(V) and/or Cr(IV)) are more likely to
react with ctDNA than Cr(III). At 10 : 1 ascorbic acid to Cr(VI) concentration
ratio, the binding levels dropped significantly. Also, incubation of Cr (III) with
AA resulted in low ctDNA-Cr binding, compared to the situation without AA.
Similar behavior was observed for the mixture: 5 µM Cr(VI) + 5 µM AA + 50
µM mannitol compared to 1 : 1 ratio of Cr(VI) to AA. The decrease of the mass
of Cr(V) bound to DNA can be explained by the reaction of Cr(V) with mannitol.

Figure 5. Background subtracted ctDNA voltammograms, recorded in pure 0.02
M PBS, for a ctDNA-modified glassy carbon disc electrode (GCDE/ctDNA), after
15 min treatment in solutions of Cr(VI). Fresh film of ctDNA was prepared before
each experiment. Experimental conditions: scan rate v = 50 mV/s; the solution

was degassed 20 min. before each measurement.
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Figure 6. Background subtracted voltammograms for ctDNA adsorbed on a
GCDE at E = 0.2 V, after 15 min treatment in: (a) 5 µM Cr(VI) + 50 M AA; (b) 5
µM Cr(VI); (c) 5 µM Cr(VI) + 50 µM EDTA + 50 µM AA; (d) 5 M Cr(VI) + 5
µM AA; (e) 5 µM Cr(III); (f) 5 µM Cr(III) + 50 µM AA, followed by washing and
immersing in pure 0.02 M PBS buffer (pH 7.4); v = 50 mV/s; AA: ascorbic acid.

These experiments showed that the ability of Cr(III) to bind ctDNA is
dependent on the Cr(III) coordination. Also, the Cr(III) complexes resulting from
reactions of Cr(III) with AA are not necessarily the same as those formed in the
reduction of Cr(VI) by AA.

The binding parameters of the interactions of the Cr(III) and Cr(VI) with DNA
were also determined. To achieve this goal, the titration of the surface bound
ctDNA (Au/PAH/ctDNA) with increasing concentrations of the chromium species
in the solution was performed. The obtained results are presented in Figures 8 and
9.

The binding parameters: binding constant (K) and binding site size (n),
were extracted by least-square fitting of equation (2) to the data in Scatchard
plots presented in Figure 10. The binding constants for interactions of dsDNA
with Cr(III) and Cr(VI) species determined from EQCN measurements were
compared with the literature FTIR data (5), presented in Table 1. The difference
between those data and ours may be related to the fact that the infrared spectral
measurements do not provide any signals for base pairs not bound to the
chromium.
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Figure 7. (A) Plot of frequency shifts during modification of a Au-EQCN
electrode with PAH and ctDNA marked on the curve, followed by the treatment
with various Cr(VI) solutions (curves magnified in Inset): (a) 5 µM Cr(VI) + 5
µM AA; (b) 5 µM Cr(VI) + 5 µM AA + 50 µM mannitol; (c)5 µM Cr(VI), (d) 5
µM Cr(VI) + 50 µM EDTA + 50 µM AA; (e) 5 µM Cr(VI) + 50 µM AA. (B) Same
as (A) but the Au/PAH/ctDNA electrode treated with Cr(III) solutions: (a) 5 µM
Cr(III); (b) 5 µM Cr(III) + 50 µM AA. Concentration of adsorbed ctDNA at PAH
layer determined from UV-data of the ctDNA solution before after adsorption

is ca. 21 pmol bp/cm2.
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Figure 8. Frequency shifts observed during exposure of Au-EQCM/PAH/ctDNA
to Cr(III) solutions. Concentration of adsorbed ctDNA at PAH layer determined
from UV-data of the ctDNA solution before after adsorption is 28.3 pmol bp/cm2.

Figure 9. Frequency shifts observed during exposure of Au-EQCM/PAH/ctDNA
to Cr(VI) solutions. Concentration of adsorbed ctDNA at PAH layer determined
from UV-data of the ctDNA solution before after adsorption is 28.3 pmol bp/cm2.
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Figure 10. Scatchard plot obtained from EQCN results for the interaction Cr(III)
and Cr(VI) with ctDNA.

Table 1. Binding parameters of interactions between ctDNA and Cr(III) and
Cr(VI) species determined from EQCN data presented in this work and

FTIR data from the literature (5).

Cr species binding constant
(M-1) site size

EQCN data Cr(VI)
Cr(III)

626 ± 52
(9.60 ± 0.90)×103

4.71 ± 0.40
4.04 ± 0.38

FTIR data (5) Cr(VI)
Cr(III)

508
3.15 ×103

—
—

AFM Imaging

AFM imaging was performed to evaluate the ctDNA layer structure in the
absence and the presence of different Cr species in the solution, see in Figure
10. The immobilization of ctDNA by electrostatic interactions resulted in the
formation of large patches with the size ranging from 20 to 100 nm. Such
behavior is consistent with previously reported results for amorphous DNA layers
on hard and flat surfaces where the aggregated DNA formed lumps with the
average diameter of 50 ÷ 60 nm (28, 29). The formation of amorphous DNA
layers is commonly observed for the films with high molecular density as well as
for long DNA molecules (30). As seen in Figure 11, introduction of Cr species to
the solution, has led to diminishing the ctDNA patches. Basically, all aggregates
became smaller and thinner.
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Figure 11. AFM images of ctDNA clusters on a Au(111) surface after contact
with (columns left to right): Cr(VI) at open circuit, Cr(VI) at E = -0.2 V, Cr(III),
and Cr(III) + O2 + UV exposure, after treatment time: 5, 30 and 60 min (in rows

top to bottom, respectively). (see color insert)

The effect of Cr(VI) is pronounced and increases with exposure time. Cr(III)
does not affect the ctDNA film morphology if present alone. However, under UV
illumination and with access of air, Cr(III) solutions also cause significant changes
to the ctDNA film.

Effect of Chromium Species on ctDNA Molecules Contact-Adsorbed on
Au-EQCN Electrode

In these experiments, ctDNA was immobilized on a Au-EQCN electrode
surface by direct contact-adsorption, without any SAM basal film. The modified
electrode (Au-EQCN/ctDNA) was carefully washed with water and exposed to
Cr solutions. A typical frequency change during ctDNA immobilization process
is shown in the inset in Figure 12.
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Figure 12. Frequency shifts observed during exposure of Au-EQCM/ctDNA to
Cr solutions. Inset: Frequency shifts observed during accumulation of ctDNA
at Au-EQCN electrode surface at +0.08 V. Experimental conditions: CCr(VI)= 1
µM (water solution); CCr(III)= 5 µM (water solution); 8 W UV lamp (95 % UV-A

and 5 % UV-B).

The resonant frequency shift Δf (corresponding to the mass accumulation
according to the Sauerbrey equation) was ca. 77 ± 10 Hz for the fundamental
frequency f0 = 6 MHz. The apparent mass increase related to the observed
experimental frequency shift for ctDNA accumulation is: mctDNA = 4.3×77 =
331.1 ± 43 ng, which corresponds to 771.8 ± 100.2 ng/cm2. In order to maintain
a constant coverage of the electrodes with ctDNA, we kept the adsorption
process until a steady state frequency was reached. This amounted to ca. 1800
s. In the next step, the modified electrode (Au-EQCN/ctDNA) was carefully
washed with water and exposed to freshly prepared Cr solutions. To obtain the
intermediate valence states of chromium (Cr (IV) and Cr(V)) in the solution, the
Au-EQCN/ctDNA modified electrode was immersed in a Cr(VI) solution and
hold at the potential E = –200 mV. The resonant frequency shifts recorded during
binding of Cr species by DNA residues on Au-EQCN/ctDNA are presented in
Figure 12. The interaction of Cr(VI) with ctDNA film leads to the oxidation of
DNA components, mainly nitrogen bases. The Cr species at lower valency can
oxidize DNA, as well as form high-affinity complexes. The molecular mass of
oxidized DNA elements are significantly higher compared to those unoxidized.
This fact is supported by the observed decrease in the resonant frequency.
This considerable mass increase cannot be due just to the oxidation process or
complex forming but rather mirrors the hydration of the changed nucleotides. An
interesting result was observed in the case of exposure of ctDNA film to Cr(III)
solution in the presence of dissolved oxygen and UV irradiation, see in Figure 12.
The oscillations appeared after imposition of the UV radiation. The direct effect
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of action of UV radiation on ctDNA is the formation of dimers of pyrimidine
bases: C-C, C-T and T-T in the same DNA strand. It is known that UV radiation
is also capable of generating radical oxygen species (ROS) such as superoxide
anion (O2•–), hydrogen peroxide (H2O2) and molecular singlet oxygen (1O2)
(31–35). ROS are responsible for a number of mutagenic lesions to DNA (26).
8-Oxoguanine which misspairs with adenine and induces GC→AT transition is
the most common DNA alteration. The explanation of the frequency oscillations
is not straightforward. A possible explanation of the oscillation effect involves
the following: first, due to UV irradiation, the DNA strands were excited leading
to the ctDNA conformation change and its packing in the layer. This triggered the
loss of the hydrating water molecules and caused a change in the viscoelasticity
of the ctDNA layer and the corresponding frequency change (36). Next, the DNA
chains released the excess energy, were hydrated again and the corresponding
drop in frequency occurred. The drop in the frequency is related to the fact
that Cr(III) under the condition of UV irradiation and the presence of molecular
oxygen can be oxidized to the higher valency Cr species and this species can
oxidize the DNA. In the case of no oxygen in the solutions the oscillations were
not be observed.

Conclusions
We have investigated the interactions between Cr species on different

oxidation state with ctDNA using electrochemical quartz crystal nanogravimetry
(EQCN), linear scan voltammetry, AFM and UV-Vis spectroscopy. Most damage
to ctDNA has been observed for Cr(VI), as expected, but also Cr(V) and Cr(IV)
intermediates formed either by the reduction of Cr(VI) with ascorbic acid or by
UV irradiation of Cr(III) in the presence of O2.The binding constant determined
from EQCN measurements and Scatchard plot analysis for ctDNA-Cr associates
were found to be: 626 ± 52 M-1 for Cr(VI) and (9.60 ± 0.90)×103 M-1 for Cr(III),
with clear dominance of Cr(III) binding by DNA.
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Chapter 13

Electrochemical Biosensors for Real-Time
Monitoring of Reactive Oxygen and Nitrogen
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Oxidative and nitrosative stress has been associated with the
pathophysiology and development of many diseases. Reactive
oxygen and nitrogen species (ROS/RNS) have important
physiological functions and play a critical role in redox
regulation and oxidative and nitrosative stress. Quantification
of ROS/RNS is essential for studying oxidative and nitrosative
stress. This chapter provides a critical overview of the
various electrochemical biosensors which can be used for in
vivo and in vitro measurements of four primary ROS/RNS
species: superoxide radicals, nitric oxide, hydrogen peroxide
and peroxynitrite. The design, operational principle and
applications of these sensors are described. Challenges and
opportunities for real-time measurements of ROS/RNS species
in biological systems and the translational aspects of this
technology from chemistry and engineering laboratories to
biology and clinical settings are discussed.

Introduction

Oxidative and nitrosative stress is involved in the development of aging (1),
carcinogenesis (2), neurodegenerative disorders, such as Alzheimer’s disease and
Parkinson’s disease (3, 4), and some other health-related conditions (5–8). Under
this physiological state, the generation of reactive oxygen/nitrogen species (ROS/
RNS) overwhelms the limitation of the cells’ antioxidant defense system (9, 10).

© 2015 American Chemical Society
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The deleterious impact of these conditions are a consequence of the high level
of stress. Severe damage, including necrosis and apoptosis, is observed in cells
exposed to oxidative stress conditions. Excessive ROS/RNS has been considered
a sign of oxidative stress, while minor levels of oxidative and nitrosative stress
merely trigger protective effects in the cell (11). Figure 1 shows the primary
ROS and RNS and the interconversions between these species. Among ROS/
RNS, hydroxyl (HO•), superoxide (O2•-) and nitric oxide (NO) have been the most
extensively studied. Hydrogen peroxide (H2O2) and peroxynitrite (ONOO-) are
not free radicals by themselves, but they can generate free radicals through various
chemical reactions (12).

Figure 1. Primary reactive oxygen and nitrogen species (ROS/RNS) derived
from the biological conversion of oxygen into superoxide ion (O2•-) and nitric
oxide (NO). (Reprinted with permissions from Reference (13, 14). Reference
(13) Copyright 2008 American Chemical Society; Reference (14) Copyright

2013 Nature Publishing Group.)

Quantification of ROS/RNS species is critical for the study and understanding
of oxidative and nitrosative stress. Most ROS/RNS species are difficult to detect
due to their high reactivity and short life time. Various analytical methods,
such as UV/Vis spectroscopy, fluorescence spectrometry and gas or liquid
chromatography have been developed to quantify these species (15). However,
most of these methods involve indirect quantification routes, require long assay
time and do not provide a concentration profile of ROS/RNS species at their
production site. These drawbacks limit the usefulness of such measurements.
Customized microelectrodes or microbiosensors have demonstrated potential for
real-time measurements in biological cells and tissues with high sensitivity and
spatial resolution (16). Such devices can facilitate the study of the mechanism of
action and role of ROS/RNS. Specifically designed microbiosensors can be used
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in the biological and biomedical field to study how oxidative and nitrosative stress
and ROS/RNS affect biological species and disease conditions. Compared to
other transduction methods, electrochemical biosensors have attracted significant
interest (17). Their advantages include: (1) high selectivity, (2) high sensitivity
and low detection limit, (3) small size making these probes suitable for in vivo
measurements and (4) inexpensiveness and relative ease of preparing and use
(18). Electrochemical biosensors have been applied to quantify several essential
biomolecules and ROS/RNS in vitro and in vivo (19–22). This chapter reviews
the recent advances in electrochemical biosensors for the detection of ROS/RNS
species and assessment of oxidative stress status, with a focus on the suitability
and/or adaptability of these devices for real-time measurements in biological
systems.

Electrochemical Sensors for the Detection of Nitric Oxide (NO)

From its initial discovery as an endothelial-derived relaxing factor (23–25),
nitric oxide (NO) attracted a great deal of attention in biology and medicine.
Studies carried out in the last 25 years linked this small molecule with many
physiological processes. NO readily diffuses into cells where it can react with
molecular targets. Compared to other ROS/RNS, NO by itself is not highly
reactive. However, NO can interact with O2•- and form highly reactive oxidants
like peroxynitrite (ONOO−), nitrite (NO2−), and nitrate (NO3−) (26, 27) that can
cause damage to DNA, enzymes, proteins, lipids, etc. (28, 29). It has been
shown that the concentration of NO plays an important role in cardiovascular
disease (30, 31), hypertension (32, 33), neuronal disease (34, 35), respiratory
disease (36), cancer (37) and diabetes (38). Due to its relevance in biological
processes, analytical methods which provide fast, sensitive, selective and
real-time quantification of NO in biological samples are of great interest. Several
challenges need to be considered when designing NO detection methodologies.
First, the NO concentration is usually very low. While some studies estimated a
concentration of NO at μM level (39), others showed that the NO concentration
could be as low as 100 pM (40), which requires improved detection sensitivity.
Secondly, it is well-known that the stability of NO in biological media is reduced.
The half-life of NO in tissues is in the order of seconds and can be as low as 0.1
seconds (41). Therefore, NO detection methods should have a short response
time and provide a rapid, real-time measurement.

Several conventional methods have been used to measure NO, including the
Griess assay (42), electron spin resonance (ESR) (43), quantum cascade laser
(44), spectrophotometry (45, 46), chemiluminescence (47) and fluorescence (48,
49). The Griess assay is one of the common methods used to determine NO with a
limit of detection of about 1 µM. The method, however, has limited applicability
in complex biological matrices (50). Other methods such as quantum cascade
laser based detection has been used for gaseous NO assessment (44), while
chemiluminescence and spectrophotometric assays have been traditionally used
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for in vitro NO tests. These assays can also be adapted for measurements in
cell cultures (45) and other biological samples (47). Electron spin resonance
(43) and fluorescence with organic chromophores (51) allow investigation of NO
concentration, but have limited temporal and spatial resolution and are not easy to
use for quantitative analysis, especially in complex samples (52). Electrochemical
methods using microelectrodes represent a powerful alternative to conventional
methodologies for NO detection in biological systems. Electrochemistry is
the only method that can provide real-time kinetic determination of NO at the
production site and be adapted for in vivo measurements (52, 53). Conventional
strategies to fabricate NO selective electrochemical microsensors developed over
the last 20 years have been reviewed (52–60). While significant advances in
electrode materials and design characteristics have facilitated development of
sensitive electrochemical probes, most NO measurements in biological systems
still make use of “classical strategies.”

The first example of a NO selective sensor was reported in 1990 by K.
Shibuki (61), who used the initial O2 sensor design reported by L. Clark (62), with
a platinum wire working electrode and a thin gas-permeable rubber membrane.
Electrode materials that are typically used to fabricate NO electrodes include
platinum and its alloys (63, 64), gold (65) and carbon fibers (22, 66). Enhanced
performances can be achieved on electrodes modified with different materials to
increase surface area, catalytic properties and improve selectivity. For example,
platinization improved the sensitivity of platinum electrodes by increasing the
effective surface area (67). Deposition of platinum black particles on carbon
fibers combined the properties of both materials, improving NO measurement
capabilities (66, 68). The electrochemical oxidation of NO takes place at a high
potential (> 0.8 V), where other electrochemically active species that are present
in the biological system respond. Therefore, electrochemical NO sensors based
on direct oxidation of NO may suffer from selectivity problems. To ensure
selectivity, many NO electrodes are modified with a hydrophobic membrane
permeable to NO, but impermeable to usual interfering compounds in biological
matrix such as ascorbate, nitrite, uric acid, H2O2 and serotonin (59). A common
approach is to use multiple sequential layers, each with a different property
for blocking interferences (22). The commonly used membranes are Nafion
(22, 63, 64, 69), o-phenylenediamine (o-PD) (22, 70) or m-phenylenediamine
(m-PD) (63), poly-phenol and poly-eugenol (65, 70), resorcinol (63), chitosan
(71) and aniline (70). A platinum-iridium alloy disk electrode modified with
Nafion was used for in vivo NO detection in the prefrontal cortex and nucleus
accumbens of freely moving rats (72). Interference studies confirmed the
ability of Nafion to eliminate ascorbic acid signals. A similar microelectrode
configuration was used for investigation of NO in the prefrontal cortex in an
animal model of Schizophrenia in freely moving rats (69). We used single carbon
fiber electrodes modified with Nafion and o-PD to determine zebrafish intestinal
NO (22). The small dimension of carbon fibers (≈ 5 µm diameter) allowed a
convenient implantation of the probe in the zebrafish intestine and enabled direct
NO measurements with a detection limit of 1.43 nM. Figure 2 shows an example
of NO measurements in the intestine of zebrafish using this electrode.
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Figure 2. Typical differential pulse voltammogram (DPV) response of intestinal
NO in a 5 dpf zebrafish embryo using a single carbon fiber NO selective sensor
(A). Images showing a single carbon fiber NO selective sensor (B) and the
implantation of the sensor in the middle section of zebrafish intestine (C).

Other strategies to fabricate NO microelectrodes involve catalytic oxidation
of NO via electron mediators deposited directly on the electrode surface
or incorporated within a membrane. The mediator is used to enhance the
electrochemical signal and to further minimize the interferences from electroactive
species by selectively catalyzing the oxidation or reduction of the NO (55). On
the other hand, their catalytic activity also increases the electrochemical signal of
interfering substances that are oxidized at or below the holding potential. Hence,
these types of NO sensors may also suffer from reduced selectivity (73). To
provide selectivity, catalytic layers can be used in conjunction with permselective
membrane. Conventional mediators used for NO sensors are metalloporphyrins
(74–77) and metallophtalocyanines (78–80). Other materials, such as salen
complexes (81) and Meldola blue (71) are also used for the same purpose. The
interaction of nitric oxide with porphyrins and phtalocyanines was intensively
studied (82–84). While many electrochemical sensors based on porphyrins have
been reported, their sensing mechanism for NO is still largely unknown (53).
Most studies attribute the enhanced measurement capabilities to their affinity for
NO and resistance to degradation (55). It was shown that other mediators might
have comparable efficiency. J. Njagi, et al. used Meldola blue, a recognized
mediator for NADH and H2O2 oxidation (85), to develop a sensitive sensor
for NO monitoring in brain slices (71). The platinum-based electrode modified
with Meldola blue, o-PD and chitosan exhibited a low detection limit of 1 nM,
a broad linear range and good stability when used for measurements in brain
slices. Figure 3 shows a general schematic representation of a metal-based sensor
modified with a mediator and one or more permselective membranes.
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Figure 3. General design for a metal-based sensor modified with a mediator
and blocking layer(s).

Giving the high interest for NO measurements in biological media, it is
expected that new directions will be explored in order to expand the applicability
of these probes into other areas in biology and medicine. Electrode designs are
continuously improving with the use of new materials and probe configurations.
In the last five years, there has been an exponential increase in the use of
nanomaterials to improve the sensitivity of NO probes. These include carbon
based materials (86–88) such as graphene (89–93) and carbon nanotubes (94–97),
as well as metal nanoparticles (98). These materials have good electrical
conductivity, a high surface to volume ratio and electrocatalytic properties which
make them suitable for electrochemistry applications (86, 87). A combination
of multi-walled carbon nanotubes with cobalt porphyrin showed improved
electrocatalytic activity towards NO oxidation (99). Wang, L. et al. developed
a sensor using multi-walled carbon nanotubes functionalized with a polymeric
film of ethylenediamine (EDA) (97). The sensor was used to monitor NO release
from rat liver samples. Other sensors make use of the electrocatalytic properties
of metal and metal oxide nanoparticles (98) such as nickel oxide (94) and ferric
oxide (100). The use of gold nanoparticles incorporated in a sol-gel film (101)
or deposited on a multi-walled carbon nanotubes film (102, 103) has also been
reported.

Electrochemical sensors offer an effective way for measuring NO in different
biological samples. Figure 2 showed an example of measurement in zebrafish
embryo. Figure 4 shows an example of electrochemical profiling of NO in cortical
and hypocampal areas of the brain. This work demonstrated the potential of NO
microelectrodes for studying NO release in diverse biological systems (104).
Although many NO probes have been developed and some are commercially
available, their implementation as routine measurement devices in biological
and biomedical settings and in clinical diagnosis has not been fully realized.
This might be due to problems related to electrode passivation, difficulties in
calibration, cross-reactivity with other reactive species and biocompatibility of
the probes. These issues, among with other translational aspects, will be discussed
in the last section of this chapter.
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Figure 4. Electrochemical profiling of NO in cortical and hypocampal areas in
different areas of the brain, showing penetration and monitoring site. (Reprinted
with permission from Reference (104). Copyright 2011 Elsevier Ireland Ltd.)

Electrochemical Detection of Hydrogen Peroxide (H2O2)

H2O2 is an important molecule in molecular biology, pharmaceutical industry,
biochemistry, food industry and clinical field (105). Quantification of H2O2 and
understanding the mechanism of release are of particular importance in biomedical
research (106). H2O2 is one of the most stable ROS. Moreover, H2O2 is also a
side product of some biochemical reactions catalyzed by oxidase enzymes, such
as glucose oxidase (GOx), alcohol oxidase (AlOx), lactate oxidase (LOx), urate
oxidase (UOx), cholesterol oxidase (ChoOx), glutamate oxidase (GlOx), lysine
oxidase (LyOx), etc. These features make the detection of H2O2 attractive in
academic research and industrial applications. Conventional methods, including
UV-Vis spectrophotometry (107, 108) and fluorescence (109–111) methods have
been the most widely used for the detection of H2O2, but have limitations when
applied to biological systems. In vivo monitoring and real-time measurements
are hard to achieve by these methods. Alternatively, electrochemical sensors
are suitable candidates and can provide direct in situ measurements. Due to
its versatility, electrochemical detection of H2O2 has been widely investigated.
H2O2 can be detected electrochemically at its oxidation potential, between ~
0.6 to 0.8 V vs standard Ag/AgCl reference electrode. The preferred working
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electrode material is platinum. Monitoring H2O2 reduction is also possible, but
this approach suffers from overlapping signals from molecular oxygen (112).

With appropriate modification on the electrode surface, the sensitivity,
selectivity and detection limit of electrochemical H2O2 sensors can be significantly
improved (113). The common electrode materials are electron mediators
such as metal hexacyanoferrates (114), heme proteins (115) and transition
metals and their oxides (116). With the rapid development of nanotechnology,
incorporation of nanomaterials in the surface modification process is an emerging
trend in the design of H2O2 sensors. Such examples include functionalized
graphene/graphene oxide (117–119), silicon nanomaterials (120) and metal and
metal oxide nanoparticles (117, 121–124).

However, due to the large overpotential required for oxidation, where
most other electroactive species (i.e., ascorbic acid, uric acid) are oxidized,
direct measurement of H2O2 suffers from limited specificity (125). Thus, most
sensors are functionalized with permselective membranes that allow passage of
H2O2 while preventing the access of other molecules (126). These membranes
eliminate interferences by controlling the pore dimensions. Different polymers,
multilayers and mixed layers of varying dimensions, charges or polarities have
been used to restrict the access of some electroactive interfering compounds
present in the sample. The use of such membranes, however, may decrease the
response time of the sensor by inducing diffusion limitations, e.g. increasing
the time to establish an equilibrium of the diffusional mass transport (127).
Permselective membranes are, in general, polymeric non-conductive films (127).
Electropolymerized coatings have also been used and have shown reduced
susceptibility to biofouling (128). Films obtained by electropolymerization
include over-oxidized polypyrrole (129–131), polyphenylenediamine (132–135)
and polyion complex layer (i.e., poly-L-lysine and poly-4-styrenesulfonate)
(136). Although electropolymerized films show excellent permselectivity, they
are relatively unstable when used for long periods of time and their performance
tends to fail rapidly when they are operated at 37 °C (137). Several works
have reported that the maintenance of high permselectivity with repeated use
is difficult for electropolymerized films (138–140). Other types of membranes
reject interferences through an electrostatic repulsion mechanism. A widely used
approach is to use negatively charged membranes of sulfonate type (Nafion or
Eastman Kodak AQ pefluorinatedionomer, a negatively charged polymer coating
that can eliminate interferences from negatively charged species (141–143)), or
cellulose acetate (144), which can eliminate interferences from acetaminophen,
ascorbate and urate.

Hamdi and collaborators (131) have shown that the selectivity of
Pt electrodes coated with electrodeposited over-oxidized polypyrrole and
polyphenylenediamine films display H2O2 selectivity relative to ascorbic acid
of ≥130 and ≥240 respectively, and relative to dopamine of ≥100 and 80
respectively. By comparison, Nafion- and polyaniline-coated electrodes give
inferior selectivity performance. Similarly, Hu et al (145) coated the electrode
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with layers of polypyrrole and Nafion, acting both as size and charge exclusion
membranes. Brown and Lowry (146) have systematically investigated different
coating procedures for depositing Nafion onto Pt microelectrodes and have found
that the elimination of interference from ascorbic and uric acid was more effective
by using a thermally annealing procedure involving 5 pre-coats and 2 subsequent
dip-bake layers. This procedure was also successful in completely eliminating the
response from the neurotransmitter dopamine and did not affect the permeability
for oxygen. However, the sensitivity of the sensor for the detection of H2O2 also
reduced after the deposition of membranes.

In addition to chemical sensors based on direct oxidation or reduction of
H2O2, other strategies involving proteins, in their wide majority heme proteins
possessing peroxidase activity, have been developed. These devices have attained
extraordinary levels of sensitivity with detection limits in the nM range, enabling
measurements of the release of H2O2 by mitochrondria. A horseradish peroxidase
(HRP)-based H2O2 sensor with the enzyme crosslinked in a polymer matrix was
used to monitor H2O2 bursts from isolated mitochondria at an operating potential
of 0 V vs standard Ag/AgCl reference electrode (147). Another example of
measurements from isolated mitochondria is a sensor based on carbon–maghemite
nanocompsites (124). A successful application of these sensors has been
demonstrated for measurements of H2O2 released from hepatocytes (148).
The accurate measurement of H2O2 released from alcohol-injured hepatocytes
demonstrates the potential of these probes in biological and clinical fields. This
experimental setup is illustrated in Figure 5.

Electrochemical Detection of Superoxide (O2•-)

O2•- is a short-lived reactive oxygen intermediate resulting from the
one-electron reduction of oxygen and one of the primary components of ROS.
O2•- is one of the most abundant radicals produced in biological systems and the
precursor of most other ROS species. Due to its central role as a major contributor
to oxidative stress, the measurement of O2•- is of significant importance. However,
detection of O2•- is complicated due to its very short lifetime (i.e., in the order of
miliseconds), high diffusion rate from the production site and the very low and
variable concentration level. Moreover, in aqueous solution, O2•- will undergo
a fast disproportionation to H2O2. This disproportionation makes it particularly
difficult to differentiate signals and biological effects between the two species.
Conventional methods used to quantify O2•- in vitro include spectrometry (149),
liquid chromatography-mass spectrometry (LC-MS) combined with electron
paramagnetic resonance (EPR) (150), fluorescence (151) and EPR (152, 153).
These methods can provide qualitative information, but they are not small
enough to be used in situ at cell or tissue locations where suproxide is produced.
Therefore, these methods do not provide a real-time concentration profile.
Most biological studies to investigate O2•- are performed using ROS specific
dyes. However, the specificity of these dyes has been questioned and such
measurements have limited temporal and spatial resolution (154, 155).
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Figure 5. (A) PDMS covered sensing chip containing eight micropatterned
Au electrodes (four in each working channel). (B) An image of a PEG−HRP
polymerized Au electrode. (C) Microfluidic device for on-chip electrochemical
experiments containing flow-through Ag/AgCl as reference (connected to the

outlet), Pt wire as counter (in the inlet), and patterned Au as working electrodes.
(Reprinted with permission from Reference (148). Copyright 2013 American

Chemical Society.)

Electrochemistry is a powerful alternative that can provide rapid real-time
measurements of ROS species in complex biological environments (19–21,
156, 157). Real-time measurements of the release kinetic of O2•- radicals can
be conducted by using a cytochrome c biosensor (158). Two types of O2•-

biosensors have been reported in literature, based on either cytochrome c or
superoxide dismutase (SOD) (159–162). The sensing strategies involve direct
or biocatalytic oxidations at the electrode surface, typically mediated by redox
proteins. Depending on the design, the electrode can be coated with permselective
membranes, redox relays or redox hydrogels to promote the electron transfer.

Sensors based on cytochrome c measure the reduction of the heme center of
cytochrome c at the electrode surface by the O2•- radical. The reduced cytochrome
c is then reoxidized at the electrode surface generating an anodic current which is
correlated with the concentration of O2•-. To fabricate the biosensor, cytochrome
c is electrically “wired” on the electrode surface. Electron transfer between
the electrode and the redox protein, cytochrome c, is typically achieved on a
gold wire via a packed layer of self-assembled monolayers (SAMs) (161, 163,
164). The detection principle is shown in Figure 6. Typically, short-chain
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thiols provide efficient electron transfer between cytochrome c and the electrode
surface and are used in most configurations. However, short chain thiols are
not effective agaist interferences. Electroactive interferences are significantly
blocked by long-chain thiols used in SAM (161). Therefore, most cytochrome
c-based sensors employ a mixed (long and short) SAM layer to achieve an
efficient electron transfer and prevent interfering signals from the coexisting
electroactive species. Other sensors are using multiple layers of cytochrome c
immobilized between electroactive polymers. For example, a sensor fabricated
by deposition of six cytochrome c/poly(aniline(sulfonic acid)) (PASA) layers on a
gold electrode showed highest sensitivity among a series of sensors made of 2 to
15 layers (165). The reaction rate between the redox protein and the O2•- radicals
is a determining factor in the sensitivity of cytochrome c-based biosensors.
To increase the reaction rate, cytochrome c mutants prepared by site directed
mutagenesis focusing on aminoacids near the heme edge were tested. The results
indicated that the reaction rate, and therefore the sensitivity of the sensor, varies
and can be modulated by using mutant forms of cytochrome c (166).

Figure 6. Design and sensing principle of cytochrome c-based O2•- biosensors
based on self-assemble monolayer (SAM).

While many configurations of cytochrome c biosensors have been developed,
few applications of these sensors to measure O2•- production in ‘real’ biological
systems have been reported. Scheller and colleagues used a SAM-cytochrome
c biosensor to determine the level of O2•- in the gastrocnemius muscle of a rat
under artificially induced ischemic condition (167, 168). Our group utilized a
cytochrome c biosensor prepared from mixed thiols to determine O2•- radicals
production from rat brain slice during ischemia (158). Figure 7 shows a typical
current-time response of the biosensor showing continuous monitoring of O2•- in
mouse hippocampal brain slice exposed to simulated ischemic conditions, created
by exposing the slice to hypoglycemic, acidic and hypoxic conditions (glucose
was lowered to 2 mM and the cell was bubbled with 15 % CO2 and 1% oxygen).
These sensors also can be used to study cellular mechanisms involved during
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mitochondrial O2•- generation (169) and they enable such measurements at single
cell level. Rahman and colleagues used a conducting polymer to immobilize
cytochrome c and lipid molecules to stabilize the catalytic activity of the heme
center. This sensor was utilized to measure O2•- in rat brain (170).

Figure 7. Real-time amperometric measurements of O2•- production in a brain
slice model of cerebral ischemia. (Reprinted with permission from Reference

(158). Copyright 2012 Elsevier Inc.)

O2•- sensors based on SOD involve the dismutation of the O2•- radical
to O2 and H2O2 catalyzed by SOD through a two electron transfer process.
Several generations of this type of sensors have been designed (Figure 8). In the
first generation, the enzymatically produced H2O2 is detected at the electrode
surface at an applied potential corresponding to oxidation or reduction of H2O2.
This type of sensors usually incorporates SOD immobilized on the electrode
surface in a H2O2 permeable membrane (171, 172). This design has two main
limitations which restrain the applicability for measurements in biological
systems: (1) O2•- can undergo rapid spontaneous dismutation and (2) the high
applied potential (> 0.5 V vs. Ag/AgCl) required for the oxidation of H2O2 will
also oxidize other electroactive substances that are typically present in biological
samples such as ascorbic acid, uric acid, etc. The use of H2O2-impermeable
membranes (173), self-referencing sensors (174) and permselective membranes
like poly-m-phenylenediamine (PPD) (175) are effective strategies to remove such
interferences. The second generation of SOD-based (O2•-) biosensors is based
on th use of electron transfer mediators (176) to enhance the electron transfer
from SOD to the sensor surface. Immobilization of SOD on the electrode surface
was achieved through SAM (177), sol-gel film (178) or through a genetically
engineered cysteine (179, 180). Endo and colleagues have successfully used a
SOD-based biosensor to measure tissue-O2•- radicals generated from the heart
tissue of endotoxin administered Wistar Kyoto rat in a flow cell system (176). In
another work, O2•- derived from zymosan treated macrophage cells was detected
using a biosensor made of SOD/sodium alginate sol-gel film (178). The third
generation of SOD sensors involve direct electron transfer between the redox
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active center of SOD and the electrode surface (181–183). A SOD modified
gold electrode functioning as a third generation O2•- biosensor with the SOD
immobilized via a SAM of cysteine allowed monitoring of both the oxidation of
(O2•-) to O2 at -0.2 V and its reduction to H2O2 at 0.3 V in the concentration range
from 13 to 130 mM/min with a detection limit of 6 nM/min (182). A miniaturized
probe based on this strategy was fabricated on a carbon fiber functionalized with
gold nanoparticles (181), demonstrating potential for miniaturization.

Figure 8. Sensing principle and evolvement of SOD-based O2•- biosensors.

In addition to sensors based on biological receptors, the use of biomimetic
materials that mimic SOD or cytochrome c activity are gaining increasing
acceptance. For example, a polymeric iron porphyrin complex which mimics
cytochrome c activity used as a biomimetic sensing material enabled sensitive
detection of O2•-. The amperometric response was monitored at a potential of 0.5
V and showed a linear relationship with the O2•- concentration. Coordination of an
imidazole ligand to the iron porphyrin complex enhanced selectivity against H2O2
(184, 185). Fujita and colleagues have applied a sensor coated with a polymeric
porphyrin complex to measure O2•- in the right atria of endotoxemic rats generated
in vivo (186). More advanced applications of O2•- sensors were demonstrated for
single living cell analysis (13). Bare carbon and/or platinized carbon electrode
have been used to determine ROS/RNS induced by physical stress in a single
fibroblast (187–189), mitochondria (147) and in different types of macrophage
(68, 190). Figure 9 shows an example of a single cell measurement conducted by
Amatore and colleagues (191).

Electrochemical Detection of Peroxynitrite (ONOO-)

ONOO- is the product of the reaction between O2•- and NO (192, 193) (Figure
1). ONOO- is highly active and has a short half-life time under physiological
conditions. Peroxynitrite has been involved in several pathological conditions
such as Parkinson’s disease (194), proteins and DNA damage (195), fatty liver
disease (196) and acute ischemia-reperfusion injury (197), due to its nitration
effect. Conventional methologies to study the role of ONOO- in biological
systems involve fluorescence (198–200) and bioluminescence (201) probes.
These methods provide a visual distribution of ONOO- in cells and tissues (202).
However, they generally lack specificity and are unable to provide real-time
quantitative assessment (48).
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Figure 9. Optical microscopic view and schematic side view showing a human
fibroblast in a Petri dish and the positioning of a microelectrode (black shadow
on right) which constitute together a semiartificial synapse. A glass micropipette

(white shadow on left) was used to trigger the oxidative stress response.
(Reprinted with permission from Reference (191). Copyright 2001 WILEY-VCH.)

Few publications reported the development of electrochemical sensors
for the detection of ONOO-. Most sensors are based on the use of
chemically modified electrodes containing catalytic materials. Manganese
phthalocyanine (203, 204) and manganese porphyrin (205) are commonly
used as electrochemical mediators in these sensor designs. A sensor based
on manganese-[poly-2,5-di-(2-thienyl)-1H-pyrrole)-1-(p-benzoicacid)] has
been used to monitor ONOO- produced from phorbolmyristate acetate
(PMA)-stimulated YPEN-1 glioma cells (206). A poly(cyanocobalamin) modified
sensor provided suitable sensitivity and selectivity for the detectin of ONOO-

(207). More recently, cobalt phthalocyanine tetracarboxylic acid modified
reduced graphene oxide was used as en electrocatalyst for the detection of ONOO-

and H2O2 demonstrating very low detection limits of 1.7 nM for ONOO- and 60
μM for H2O2 (208).
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Figure 10. Example of simultaneous detection of NO and ONOO− by two
amperometric measurements at +0.8 and −0.1 V vs Ag/AgCl using a multiplex
array. (Reprinted with permission from Reference (209). Copyright 2011 Royal

Society of Chemistry.)

While highly sensitive, these platforms suffer from reduced selectivity
from the reduction of molecular oxygen or the oxidation of H2O2 and other
electroactive analytes. Amatore and colleagues used a platinized carbon-fiber
microelectrode to perform direct measurement of ONOO- in a single cell (191).
A manganese phthalocyanine modified carbon fiber microelectrode has also been
used to quantify ONOO- at single cell level (203).

Miniaturized and Multiplexed Platforms for ROS/RNS Sensing

Simultaneous detection of multiple ROS/RNS is of great biological interest.
Multidetection combined with real-time kinetic analysis would allow study
of the cross-reactivity of individual species and their interrelated processes,
including production, chemical transformation and degradation pathways.
Such measurements could provide a more comprehensive understanding of
the contribution of individual radicals and their effects in biological systems.
An interesting on-chip multiplexed platform was reported by Quinton and
collab. This platform allows simultaneous amperometric detection of NO
and ONOO- released by cultured cells (209). The device includes a set of
gold ultramicroelectrodes (UMEs) of 50 µm diameter, Ag/AgCl reference
electrode and gold counter electrode. The NO electrodes were electrochemically
modified with poly(eugenol) and poly(phenol) to provide selectivity for NO. The
detection was performed amperometrically at 0.8 V vs Ag/AgCl in PBS. The
ONOO− electrodes were uncoated gold electrodes used without further chemical
modification of the surface. Detection was performed at -0.1 V vs Ag/AgCl to
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measure the reduction of ONOOH. The low applied potential eliminated most
electroactive interferences. Figure 10 shows an example of dual NO and ONOO−

measurement on the multiplexed microfabricated platform. The methodology
was adapted by the same group to disposable UMEs (210) to increase sensitivity
and allow detection of low concentrations of NO and ONOO− released by
PMA (phorbol-12-myristate-13-acetate)-induced HL60 cells. These platforms
were integrated within cell culture wells. Such devices have potential broad
applicability in cell biology for studying real-time oxidative stress in cell cultures.

Translational Aspects: Measurement Challenges and
Opportunities in Biological Systems

The studies summarized in the previous sections demonstrate the potential
of electrochemical sensors as viable tools for measuring the temporal and
spatial accumulation of ROS/RNS. These devices provide important information
regarding the role of oxidative stress and facilitate quantitation of these species
in biological systems. Advantages of this method include real-time detection at
low cost with high spatial resolution, high sensitivity, inexpensive equipment
and minimum disturbance of the sample. However, while a large number of
electrochemical sensors have been reported in literature for the detection of
ROS/RNS, few of these sensors have been actually used for measurements in
“real” biological samples. Most reported studies are performed under “ideal”
laboratory conditions in standard solutions of laboratory generated radicals.
Translation of this technology to biological and biomedial labs is still challenging
and has been hampered by several limitations. Many of the reported sensors
still require miniaturization, full functionality in the biological environment
(e.g. cell cuture medium, tissues), high sensitivity and selectivity as well as
biocompatibility with minimum perturbation of the environment. The most
critical issues are:

■ The non-specific adsorption in biological environments remains
problematic and requires engineering of more effective materials
and electrode coatings to prevent biofouling. The complexity of the
biological environment may compromise the integrity of the sensor
surface, resulting in a decrease of response after in vivo measurements.
This decrease introduces potential measurement errors (71, 170). The
post calibration can decrease by up to 40 % of the pre-measurement
signal (211). Electrode fouling due to the non-specific adsorption of
proteins has been identified as the main cause for this decrease (212).
While several approaches have been reported to address this issue with
varying degree of success (e.g. electrode coating with natural proteins
such as bovine serum albumin (BSA) or with antifouling polymers such
as polyethylene glycol (PEG)), biofouling is still problematic (71). By
carefully designing the sequence of layers and the type of membrane
material, it is possible to achieve pre- and post-calibration with a 5%
deviation in the post-measurement calibration (132).

316

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

01
3

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



■ Elimination of interferences and overlapping signals from the many
electroactive molecules requires better design of the electrode surface to
incorporate separation membranes while still enabling detection of the
target with high sensitivity. When this is not possible, pattern recognition
techniques could be used to discriminate signals (213, 214).

■ Achieve and demonstrate selectivity of measurements for ROS/RNS.
The various types of ROS/RNS species coexisting in the system
are short lived and highly reactive, being involved in dynamically
changing reactions. Validation of sensor response with other methods or
biological manipulation to selectively suppress, enhance or overexpress
the level of these species should be performed to define the nature
of the ROS/RNS and confirm the identity of the observed signals.
For example, specificity of O2•- measurements should be confirmed
with addition of SOD. Biological manipulations can also be made
to enhance NO release. Oxidative and nitrosative stress take place
simultaneously and species like O2•- and NO coexist. O2•- is converted
to peroxynitrate in the presence of NO, which may lead to errors in
the determination of individual species. Simultaneous detection of
multiple ROS/RNS species should be addressed in the future to study
the individual roles, interrelated processes, the kinetics of release and
inactivation of the various reactive species. Needle like and planar
disk shape electrodes enabling detection of multiple species have been
developed as preliminary attempts to build an automated multi-target
analytical platform (205, 215–217). Moreover, variation in the oxygen
level, medium composition (e.g. some cell culture media may contain
antioxidants), environmental conditions, temperature or pH may affect
electrochemical signals. Careful evaluation of these variables and testing
of interferences in real conditions is necessary before implementation of
the device as an analytical tool for biological measurements.

■ Many electrodes are still too bulky to be adapted to cell cultures
or inserted in tissues. These probes, even if they showed excellent
selectivity and sensitivity performance, still need further miniaturization.
Nanostructured materials can be implemented in microsensor designs to
enlarge the surface area and facilitate miniaturization.

Conclusion and Future Trends

In summary, electrochemical biosensors have demonstrated potential for
rapid, sensitive and real-time measurements of a variety of ROS/RNS species.
Given the wide range of physiological effects and their critical roles in redox
regulation and oxidative stress, the development of fast and accurate methods for
the detection of these species is of clinical importance. A variety of such sensors
have been designed and some have been applied to biological relevant situations.
Sensitive, dynamic and real-time measurement capabilities with possibilities for
multiplexing and single cell detection are major advantages of the electrochemical
methods over conventional spectrophotometric and fluorescent assays. Unlike
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optical methods, these sensors do not require addition of reagents for the detection
of radicals, as the electron transfer is achieved by electrical means. They can
also directly quantify ROS/RNS radicals with spatial resolution and can also be
adapted for in vivo measurements. The main challenge for the future is to design
more robust sensors that can be used in the complex biological environment
and to enable translation of this technology from the sensing laboratories into
the biology and clinical fields. An active cooperation between electroanalytical
chemists, biologists and clinicians is needed to ensure successful translation of
this technology into the biomedical field.

Future sensors require development of new materials and innovative
engineering design of specific membranes with enhanced antifouling properties.
There is also a need to improve selectivity and sensitivity of these probes.
Recently developed nanopipettes and nanosensors (218–220) can potentially be
adapted for real time investigations of ROS/RNS in single cells and neurons.
Micro-electrochemical sensing arrays consisting of various functionalized
UMEs and nanoscale sensors can also be developed in the future to obtain
broader mechanistic understanding of the release characteristics of individual
ROS/RNS species in biological systems and to determine their contribution to
the development of disease. Improved electrochemical sensors with enhanced
performance for O2•-, H2O2 and ONOO- could also be obtained by the development
of genetically engineered redox proteins (221) to enhance the molecular specificity
and the electron transfer rate at the electrode surface.

Based on the growing interest in the study of oxidative stress and the growing
evidence linking oxidative stress with many diseases, we envision that in the
next few years we will see increased research activities in the development of
customized microelectrodes designed for measurements in specific biological
conditions and sample types. A broader adoption of these sensors by the
biomedical community will be promoted through close collaborations beween
analytical chemists, biologists, engineers and medical professionals.
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Chapter 14

Redox Activity of Oxidative Stress-Damping
Endogenous Thiol Biomolecules

Agata Chalupa and Maria Hepel*

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

*E-mail: hepelmr@potsdam.edu

The internal oxidative-stress control and prevention system in
living organisms is based on homeostasis of redox potential.
The main effector of this system is the redox couple: glutathione
(GSH) and its disulfide (GSSG), with the support of NADPH
and GSH reductase. GSH in this redox couple is a ubiquitous
reducing agent responsible for neutralization of harmful
radicals and reactive oxygen species. However, the processes
of GSH oxidation and GSSG reduction on electrodes are
strongly hindered. In this Chapter, we present results of our
investigations of redox reactivity of endogenous thiols: GSH,
cysteine (Cys), and homocysteine (Hcys) on electrocatalytic
cobalt phthalocyanine (CoPc) monolayer film on glassy carbon
electrode. We show that a strong competition between GSH,
Cys, and Hcys exists similar to that observed in thiol-capped
Au nanoparticle assembly processes. Detailed investigations
indicate that the electroanalytical determination of thiols
in multicomponent solutions must take into account the
dependence of sensitivity on competitive charge-transfer
complex formation.

Introduction

The cellular oxidative stress originates from various internal and external
sources. Any process that acts to increase the production of reactive oxygen
species (ROS) (1, 2), including H2O2, O2•-, and HO•, and biomolecular radicals,
is causing the oxidative stress. The oxidative stress has a profound impact on

© 2015 American Chemical Society
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life processes (3), including the metabolism, energy production, communication
pathways, cell cycles, anti-pathogenic defences, and disease control. While the
oxidative stress performs an outstanding life-supporting and cellular defense
duties, it may also act toward organ damage and disease progression. In the
latter category, oxidative stress-generating ROS radicals may participate in
carcinogenesis and, for instance, by inducing inflamamtion of heart muscle
leading to cardiomyopathy and coronary heart disease (4, 5). The excess of ROS
in the brain is damaging the central nervous system leading to such illnesses as
the Parkinson’s (6–8), Down syndrome (9, 10), and autism (11, 12). It has been
found that the oxidative stress may cause a serious damage to DNA (13, 14),
proteins, and lipids (3). It contributes to many debilitating or fatal diseases, such
as diabetes (15, 16), Alzheimer’s (17–19), cardiovascular (4, 5, 20, 21), acute
renal failure (22, 23), cancer (24, 25), and others, and plays an important role in
accelerating the aging process (3).

The devastating effects of ROS overproduction can be counterbalanced by
anti-oxidants, the compounds scavenging biomolecule radicals and ROS. There
are many groups of exogeneous anti-oxidants that are consumed with foods,
including flavonoids, polyphenols, phytochemicals, etc. The internal defence
system of most living organisms against radical attacks is based on a small
biothiol molecule, glutathione (GSH) (26) which is a strong reducing agent. GSH
undergoes oxidation to glutathione disulfide (GSSG) giving up an electron to a
radical, and thereby neutralizing it. The concentration ratio of GSH to GSSG
determines the anti-oxidizing power of the couple (27, 28). The depleted GSH can
be replenished by the reaction of GSSGwith NADPH catalyzed by GSH reductase
participating in the redox level homeostasis (29, 30). The sulfhydryl groups of
proteins and other biothiol molecules, such as cysteine (Cys), can also participate
in maintaining the low redox potential and thus prevent oxidative stress.
Analytical determinations of biothiols can be carried out by different techniques.
Excellent reviews on this subject have been published (31, 32). The determination
of GSH and Cys, as well as homocysteine (Hcys), can be performed using HPLC
with fluorescence detection (33, 34), liquid chromatography-mass spectroscopy
(LC-MS) (35, 36), gas chromatography-mass spectroscopy (GC-MS) (35, 37) or
B-doped diamond electrodes (38) but lower cost methods based on resonance
elastic light scattering (39–43), UV-Vis absorption (44), fluorescence (45–48),
electrochemical techniques (49–52) and on sensors (53–61) are also available.
Lee et al. (62) have developed an electrochemical method for detection of GSH
and homocysteine by expoiting differences in the rates of their reactions with an
in situ formed oxidized catechol. The 1,4-Michael addition reaction leads to the
formation of an adduct exhibiting a new voltammetric peak which was utilized
for sensitive thiol determination. Unfortunately, many electroanalytical methods
require extensive pretreatment procedures (63–75) to attain sufficient sensitivity.
Often, different reagents have been used to either derivatize biothiols or modify
their electrochemical activity to achieve better selectivity (76–81). Recently,
a method for the determination of total concentration of antioxidants: GSH,
cysteine, homocysteine, and ascorbic acid, has been developed by Compton et al.
(82). Distinguishing between GSH, Cys, and Hcys has been attempted (39, 40,
43, 83–85) but still remains a challenge, especially due to the structural similarity
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of Cys and Hcys. The Au and Ag colloids have been widely used to study the
interactions of biothiols with plasmonic nanoparticles (39, 40, 86, 87) and to
evaluate the ligand exchange processes in nanoparticle-shell self-assembling
monolayers using colorimetric or RELS techniques.

The redox reactivity of GSH/GSSG couple in homogeneous biological media
is fast due to the enzymatic lowering of activation energy barrier of electron
transfer processes. However, on solid electrodes, both the oxidation of GSH
and the reduction of GSSG are strongly hindered (39). In this Chapter, we
present results of investigations of redox reactivity of glutathione, cysteine, and
homocysteine on an electrocatalytic cobalt phthalocyanine (CoPc) monolayer
film on a glassy carbon electrode (GCE). The studies of GSH oxidation of CoPc
have earlier been carried out by Zagal and coworkers (53) on CoPc-coated
graphite electrodes and polypyrrole-embedded CoPc sensors (55), and recently in
our group on CoPc-modified glassy carbon and graphene electrodes. We show
that a strong competition between GSH, Cys, and Hcys exists similar to that
observed in thiol-capped Au nanoparticle assembly processes (39, 88) which
prevents a straightforward analysis of multicomponent mixtures of the thiols.
Therefore, we have performed detailed investigations to develop a framework
for the multicomponent analysis taking into account active matrix effects. The
remarkable activity of CoPC acting as an artificial enzyme for oxidation of
biothiols and their disulfide reduction may be utilized in future for developing
sensitive, fast, and inexpensive biomimetic sensors for screening biomarkers of
oxidative stress in doctors office and field health centers.

Experimental
Chemicals

All chemicals used for investigations were of analytical grade purity.
Reduced L-glutathione (GSH), DL-homocysteine (Hcys), L-cysteine (Cys),
N,N-Dimethylformamide (DMF), boric acid, acetic acid, and cobalt(II)
phthalocyanine were purchased from Sigma-Aldrich Chemical Company (St.
Louis, MO, U.S.A.). Sodium phosphate dibasic heptahydrate (Na2HPO4•7 H2O),
phosphoric acid and sodium phosphate monobasic dihydrate (NaH2PO4•2 H2O)
were obtained from J.T. Baker Chemical Co. Solutions were prepared using
Millipore (Billerica, MA, U.S.A.) Milli-Q deionized water (conductivity σ = 55
nS/cm). They were deoxygenated by bubbling with purified nitrogen.

Instrumentation

Cyclic voltammetric (CV) measurements were performed with Elchema
potentiostat/galvanostat Model PS-205 (Potsdam, NY, USA) with a three-
electrode configuration. Potentials were measured versus the double-junction
Ag/AgCl reference electrode, obtained from Elchema, with a 3 M KNO3 external
filling solution. A Pt wire was used as the counter electrode. The glassy carbon
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electrode (GCE) with an area of 7.1 mm2, obtained from Elchema (Potsdam,
NY, U.S.A.) was used as the working electrode. The program waveform was
supplied and data acquisition performed by Voltscan 5.0 interactive software
from Elchema with 16-bit precision. The measurements were carried out in 50
mM phosphate buffer solutions, pH 7.4, unless otherwise stated. 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 between -1.1 V and
+0.4 V, unless otherwise noted. Subsequent measurements were carried out by
polishing the surface of GCE and depositing a fresh electrocatalyst coating.

Molecular Dynamics Simulation and Quantum Mechanical Calculations

Quantum mechanical calculations of electronic structures for CoPc molecule
and its interactions with GSH, cysteine and homocysteine 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 and correlated methods (89, 90). The molecular dynamics simulations
and quantummechanical 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.

Results and Discussion
Cobalt-Phthalocyanine-Coated Catalyst Sensor

The structures of main compounds studied are presented in Scheme 1,
including cobalt phthalocyanine (CoPc), glutathione (GSH), homocysteine
(Hcys), and cysteine (Cys). Note that Co cation in CoPc complex is formally
on the +1 or +2 oxidation state. Upon adsorption or immobilization of CoPc on
the electrode surface, it can be oxidized/reduced by appropriately adjusting the
electrode potential.

Testing different catalysts for electrooxidation of GSH, Cys, and Hcys, as
well as the GSSG reduction, has been performed using derivatives of coumarin,
fluorone black, and cobalt phthalocyanine (CoPc) as the electron mediators. Here
we present the results obtained with cobalt CoPc electrocatalyst (Scheme 1a and
2). CoPc has unique electron mediation properties and it works specifically with
thiols and disulphides. In tests with this catalyst, several electrode materials
and different sensor compositions have been prepared and their electroactivity
was evaluated. We have found that, the substrates tested, including Au, Pt, and
various forms of carbon, do not show any electrocatalytic activity toward thiol
oxidation when tested alone. However, when exposed to CoPc, they gain catalytic
activity which is then clearly due to the adsorbed CoPc molecules (53, 91, 92).
For instance, carbon electrodes coated with CoPc offer much better catalytic
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activity than bare electrodes. Among different carbons, we have examined the
following: glassy carbon (GCE), ordinary graphite (OGE), pyrolytic carbon
(PCE), carbon nanotube (CNT) printed electrodes, covalently bound CNT
(cbCNT), highly oriented pyrolytic graphite (HOPG), and graphene nanosheet
substrates (GNS). Here, we present the results for GCE coated with CoPc. From
these measurements, best potentials have been selected for each component to
enable differentiation. Different levels of catalytic activity come from CoPC and
its specific interactions with the carbon substrates.

Characterization of GCE/CoPC

The CoPC electrocatalyst layer was deposited by casting from a 50 mMCoPc
solution in DMF. The adsorption was carried out for 30 min and after that time the
drop of casting solution was dislodged and the sensor was washed several times
with DMF and distilled water followed by drying in a stream of nitrogen. In Figure
1, cyclic voltammetry characteristics for a GCE/CoPc electrode is presented in
the potential range from -1.15 to +0.4 V vs. Ag/AgCl reference. The electrode
capacitance, determined at E = -0.5 V, is C = 209.5 µF/cm2. The high value of
differential capacitance is due to the extended real surface area and the catalyst
film.

Scheme 1. Structure of the compounds used in the investigations: a) Cobalt
phthalocyanine (CoPc); b) glutathione (GSH); c) homocysteine (Hcys), and

(d) cysteine.
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Scheme 2. Electronic density surface with electrostatic potential map of a CoPc
molecule; σ = 0.08, potential color coded from high (blue) to low (red). (see

color insert)

Figure 1. (a) Cyclic voltammogram of the cobalt phthalocyanine-modified glassy
carbon electrode (GCE/CoPc); ν = 100 mV/s, electrolyte: 50 mM phosphate
buffer, pH 7.43; (b) Dependence of iE=0 vs. ν. The higher slope of the anodic
curve (upper line) is due to the contribution of the oxidation current of CoPc.

Electrocatalytic Activity of GCE/CoPc toward GSH Oxidation

The catalytic properties of GCE/CoPc electrode are illustrated in Figure
2a. Voltammetric curve 1 was obtained in 3.85 mM GSH solution on bare
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GCE electrode and curve 2 on GCE/CoPc electrode. It is seen that there
is no electrocatalytic activity of the GCE alone, but a pronounced catalytic
GSH-oxidation current peak is observed on a GCE/CoPc electrode. On the return
scan, a cathodic current peak at E = -0.96 V is observed. It is due to the reduction
of GSSG formed during the forward scan at potentials E > -0.2 V. The background
curve obtained on a bare GCE in buffer solution is presented in curve 3. There is
no extensive background shift on adding GSH to the solution. This is important
since the background stability contributes to the measurement accuracy at low
analyte concentration.

Figure 2. (a) Cyclic voltammograms obtained in 3.85 mM GSH solution for: (1)
a bare glassy carbon electrode (GCE) and (2) a cobalt phthalocyanine-modified
glassy carbon electrode (GCE/CoPc). Curve (3) was obtained for a bare GCE
electrode in buffer solution. (b) Cyclic voltammograms obtained for a GCE/CoPc
electrode in solutions with concentrations of GSH, CGSH [mM]: (1) 0, (2) 0.79,
(3) 1.6, (4) 2.3, (5) 3.1, (6) 3.85. (c) Dependence of anodic current peak for GSH
oxidation (Epa = +0.115 V) on CGSH. (d) Dependence of cathodic peak current
for GSSG reduction (Epc = -0.97 V) on CGSH. Other conditions: ν = 100 mV/s;

50 mM phosphate buffer, pH 7.43. (see color insert)
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To confirm that the observed anodic and cathodic currents are due
to the oxidation of GSH and reduction of GSSG, respectively, detailed
GSH-conecntration studies have been performed. The obtained results are
presented in Figures 2-3. A collection of CV curves obtained for a GCE/CoPc
electrode in solutions with GSH concentration ranging from 0 to 3.85 mM are
presented in Figure 2b. The dependence of anodic current peak at Epa = +0.115
V for GSH oxidation on CGSH is presented in Figure 2c and the dependence of
cathodic peak current at Epc = -0.97 V for GSSG reduction on CGSH is presented
in Figure 2d.

Figure 3. Cyclic voltammograms obtained for GSH solutions for a cobalt
phthalocyanine-modified glassy carbon electrode (GCE/CoPc), CGSH [mM]: (1)
0, (2) 0.4, (3) 0.79, (4) 1.6, (5) 2.3, (6) 3.1, (7) 3.85, (8) 4.5, (9) 6.0, (10) 7.7,
(11) 9.4, (12) 11, (13) 12.6; 50 mM phosphate buffer, pH 7.43; ν = 100 mV/s.

INSET: Dependence of ip vs. CGSH.

The calibration plots in Figure 2 are linear. However, at higher GSH
concentrations (CGSH > 4 mM), a nonlinear behavior is clearly observed. It is
illustrated in Figure 3.

The dependence of peak current for GSH oxidation and GSG reduction on
square root of the scan rate is presented in Figure 4. The plots are linear which
confirms that the processes in question involve solution species: GSH and GSSG.
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Figure 4. (a) Cyclic voltammograms for 3.85 mM GSH in 50 mM phosphate
buffer, pH 7.43 on a cobalt phthalocyanine-modified glassy carbon electrode
(GCE/CoPc), recorded at ν [mV/s]: (1) 25, (2) 50, (3) 100, (4) 200, (5) 300, (6)

400, (7) 500; (b) dependence of ip vs. sqrt(ν). (see color insert)

Note that the redox potential of GSSG/GSH couple is given by:

where the relative standard potential at pH = 7 is (93, 94):

where n = 2, R is the gas constant, T is the absolute temperature, and the
Nernstian slope 2.302RT/F = 0.05916 V at 25 0C. This shows that even with the
electrocatalyst film on GCE, the oxidation process of GSH is still irreversible.

Electrocatalytic Activity of GCE/CoPc toward Hcys Oxidation

The GCE/CoPc electrodes have also been tested for the response to
homocysteine and cysteine. In Figure 5, the electrocatalytic properties of GCE
and GCE/CoPc toward the oxidation of Hcys are compared. Voltammetric curve
1 was obtained in 3.85 mM Hcys solution on bare GCE electrode and curve 2
on GCE/CoPc electrode. It is seen that there is no electrocatalytic activity of the
GCE alone, but pronounced catalytic Hcys-oxidation current peaks are observed
on a GCE/CoPc electrode. In contrast to GSH, two anodic peaks for the oxidation
of Hcys are observed. They likely correspond to the formation of a radical
Hcys• intermediate in the first step, followed by the formation of a disulphide in
the second step. On the return scan, a cathodic current peak at E = -0.96 V is
observed. It is due to the reduction of homocystine (a disulphide) formed during
the forward scan at potentials E > +0.18 V. The background curve obtained on
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a bare GCE in buffer solution is presented in curve 3. There is no extensive
background shift on adding Hcys to the solution.

Figure 5. Cyclic voltammograms for homocysteine obtained on: (1) bare glassy
carbon electrode (GCE) and (2) cobalt phthalocyanine-modified glassy carbon
electrode (GCE/CoPc); CHcys, 3.85 mM. Curve (3) represents the background
curve for a bare GCE in phosphate buffer. ν = 100 mV/s, electrolyte: 50 mM

phosphate buffer, pH 7.43.

To confirm that the observed anodic and cathodic currents are due to
the oxidation of Hcys and reduction of homocystine, respectively, detailed
Hcys-concentration studies have been performed. The obtained results are
presented in Figure 6. A collection of CV curves obtained for a GCE/CoPc
electrode in solutions with Hcys concentration ranging from 0 to 3.85 mM are
presented in Figure 6. The linear dependence of anodic current peak at Epa =
+0.115 V for the first step of Hcys oxidation on CHcys, presented in Figure 6b
(upper line), indicates that the reaction is first order with respect to Hcys. The
dependence of cathodic peak current at Epc = -0.97 V for homocystine reduction
on CHcys, presented in Figure 6b (lower line) is also linear.

The scan dependence of anodic and cathodic peak currents has been analyzed
in the range of scan rates from 25 to 500 mV/s, as illustrated in Figure 7. Both
peak currents depend linearly on square root of scan rate. This confirms that the
reactants originate from the solution phase rather than from a film on the electrode.
This means that homocystine formed during the anodic oxidation at potentials E >
0.3 V remains in the solution phase in the vicinity of the electrode surface and is
available for backward reduction during the cathodic going scan, at potentials E <
-0.8 V. The separation between the anodic and cathodic waves is large, ΔEp > 0.9
V (taking into account the first anodic step), indicating on a high irreversibility of
the oxidation/reduction processes of Hcys.
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Figure 6. (a) Cyclic voltammograms for Hcys in 50 mM phosphate buffer, pH
7.43, recorded on a cobalt phthalocyanine-modified glassy carbon electrode
(GCE/CoPc), for CHcys [mM]: (1) 0, (2) 0.79, (3) 1.6, (4) 2.3, (5) 3.1, (6) 3.85.

(b) Dependence of ip vs. CHcys; ν = 100 mV/s. (see color insert)

Figure 7. (a) Cyclic voltammograms for a 3.85 mM Hcys in 50 mM phosphate
buffer, pH 7.43, obtained on a cobalt phthalocyanine modified-glassy carbon

electrode (GCE/CoPc) with ν [mV/s]: (1) 25, (2) 50, (3) 100, (4) 200, (5) 300, (6)
400, (7) 500; (b) Dependence of ip vs. square root of ν.

The homocysteine voltammetric fingerprint is different than that of GSH,
although the reactivity of both compounds is similar. In Figure 8, two families
of voltammograms for an increasing anodic reversal potential Era are presented.
It is seen that the cathodic peak grows with increasing Era. The growth continues
when Era increases in the potential range of the first Hcys oxidation peak and then
remains largely invariant with Erawhen Era increases in the area of the second Hcys
oxidation peak. This is likely due to the fact that the Hcys oxidation product,
formed in the first stage (i.e. in the potential area of the first oxidation peak),
adsorbs on the electrode surface while further oxidation leads to the product that
is solution-soluble. These characteristics are important for the analysis of GSSG
based on measurements of the rate of its reduction at E < 0.9 V vs Ag/AgCl.
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Figure 8. (a) Cyclic voltammograms of Hcys recorded on a cobalt
phthalocyanine-modified glassy carbon electrode (GCE/CoPc) for increasing
anodic reversal potential Era [mV]: (1) -200, (2) 0, (3) 100, (4) 200, (5) 300,
(6) 400, (7) 500, (8) 550, (9) 600; ν = 100 mV/s, CHcys = 400 µM in 50 mM
phosphate buffer, pH 7.43; (b) same, but with Era changing only in the range of

the second Hcys oxidation peak. (see color insert)

Electrocatalytic Activity of GCE/CoPc toward Cys Oxidation

The GCE/CoPc electrodes have also been tested for the response to cysteine.
In Figure 9, the electrocatalytic properties of GCE and GCE/CoPc toward the
oxidation of Cys are compared.

Figure 9. Cyclic voltammograms for cysteine (Cys)obtained on: (1) bare glassy
carbon electrode (GCE) and (2) cobalt phthalocyanine-modified glassy carbon
electrode (GCE/CoPc); CCys = 790 µM. Curve (3) represents the background
curve for bare GCE electrode in phosphate buffer. ν = 100 mV/s, electrolyte: 50

mM phosphate buffer, pH 7.43.
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Voltammetric curve 1 was obtained in 3.85 mM Cys solution on bare
GCE electrode and curve 2 on GCE/CoPc electrode. It is seen that there
is no electrocatalytic activity of the GCE alone, but a pronounced catalytic
Cys-oxidation current peak at E = +0.04 V vs. Ag/AgCl is observed on a
GCE/CoPc electrode. In contrast to Hcys, only one anodic peak for the oxidation
of Cys is observed, despite of the structural and functional similarity of Hcys and
Cys (the only difference being one more CH2 group in the Hcys carbon chain).
The single Cys oxidation peak means that the disulphide (cystine) is formed in
two consecutive overlapping steps. On the return scan, a cathodic current peak at
E = -0.97 V is observed. It is due to the reduction of cystine formed during the
forward scan at potentials E > -0.2 V. The background curve obtained on a bare
GCE in buffer solution is presented in curve 3. There is no extensive background
shift on adding Cys to the solution.

To confirm that the observed anodic and cathodic currents are due to the
oxidation of Cys and reduction of cystine, respectively, detailed Cys-concentration
studies have been performed. The obtained results are presented in Figure 10. A
collection of CV curves obtained for a GCE/CoPc electrode in solutions with Cys
concentration ranging from 0 to 3.85 mM are presented in Figure 10. The linear
dependence of anodic current peak at Epa = +0.04 V for the Cys oxidation on CCys,
presented in Figure 10b (upper line), indicates that the reaction is first order with
respect to Cys. The dependence of cathodic peak current at Epc = -0.97 V for
cystine reduction on CCys, presented in Figure 10b (lower line) is also linear.

Figure 10. (a) Cyclic voltammograms, recorded on a cobalt
phthalocyanine-modified glassy carbon electrode (GCE/CoPc), for Cys solutions
with CCys [mM]: (1) 0, (2) 0.79, (3) 1.6, (4) 2.3, (5) 3.1, (6) 3.85; ν = 100 mV/s;
50 mM phosphate buffer, pH 7.43; (b) dependence of ip vs. CCys. (see color insert)

The scan dependence of anodic and cathodic peak currents has been analyzed
in the range of scan rates from 25 to 500 mV/s, as illustrated in Figure 11. Both
dependencies are linear with square root of scan rate, confirming that reactants
from the solution are involved.
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Figure 11. (a) Cyclic voltammograms for 3.85 mM Cys in 50 mM phosphate
buffer, pH 7.43, on a cobalt phthalocyanine modified glassy carbon electrode
(GCE/CoPc), recorded for ν [mV/s]: (1) 25, (2) 50, (3) 100, (4) 200, (5) 300,

(6) 400, (7) 500.

Selection of Characteristic Potentials for Differentiation of GSH, Hcys and
Cys

Whereas GSH, Hcys, and Cys exhibit similar oxidation and reduction
processes, their voltammetric characteristics differ in shape and the oxidation
and reduction potentials. These differences can be exploited for differentiation
between these thiols. Also, the analysis of mixed solutions can be readily
performed provided that no appreciable interference between the thiols exists
which, however, may not be the case due to the strong competition between thiols.
The measurements described below have been carried out to address these issues.

In Figure 12, cyclic voltammograms for Hcys, Cys, and GSH have been
compared. They were recorded on a cobalt phthalocyanine-modified glassy
carbon electrode (GCE/CoPc) in 50 mM phosphate buffer, pH 7.43, for 790 µM
thiols, at a scan rate of 100 mV/s.

It is seen that the anodic oxidation current onset is the lowest for Hcys,
followed by Cys and GSH. At the same concentration level, Hcys exhibits two
anodic peaks at Epa,1 = +0.015 V and Epa,2 = +0.340 V, Cys shows a single anodic
peak at Epa = +0.040 V, and GSH a wave with Epa = +0.080 V. The Hcys valley
observed in the potential range between the two anodic peaks shows a current
minimum at Emin = +0.120 mV. By selecting the four peak potentials and Emin, the
current-voltage profile can be analyzed. There are however, subtle problems with
matrix effects which have to be addressed. Because of these effects, the standard
addition method has to be applied in the analysis. In the following Figures, some
of the matrix effects and interdependencies are presented.
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Figure 12. Cyclic voltammograms recorded on a cobalt phthalocyanine-modified
glassy carbon electrode (GCE/CoPc) in 50 mM phosphate buffer, pH 7.43, for:
(1) buffer only, (2-4) after addition of the 0.79 mM analyte: (2) Hcys, (3) Cys,
and (4) GSH; curve (5) shows the background CV for a bare GCE electrode

without catalyst; ν = 100 mV/s.

The competition between GSH and Hcys is illustrated in Figure 13. It is seen
that the anodic peak currents for oxidation of GSH and Hcys depend on the order
in which the reagents (GSH and Hcys) are added. The concentration of Hcys is
selectedmuch lower than that of GSH so that the contribution of Hcys to the anodic
current is negligible, as shown in curve 1. The experiments of Figure 13a have
been performed for a high ratio of GSH to Hcys, CGSH/CHcys = 385. GSH alone
shows a high peak current (curve 2).

When GSH and Hcys are added to the buffer solution in a different sequence,
the GSH peak current is seen to change markedly. Curve 3 shows that if Hcys,
despite of its low concentration, is added before GSH, then the GSH peak is 30%
lower than that for GSH alone. When GSH and Hcys are added together at the
same time (i.e., when both reagents are present in the solution when the electrode
is first immersed), the decrease of the GSH peak is smaller. There is clearly a
strong competition between GSH and Hcys for the electrocatalytic redox centers
in CoPc. These effects have not been described in the literature and this is the
first investigation uncovering this competition. While the competitive adsorption
of electroactive species and ligands is well known, here we deal rather with a
slow-complexation competition since there is virtually no adsorption of reagents
on a GCE surface.

Similar experiments have been performed for a lower ratio of GSH to Hcys,
CGSH/CHcys = 4. The obtained results are presented in Figure 13b, for CGSH = 1.6
mM and CHcys = 400 µM. Curve 3 shows a GSH oxidation current in absence of
Hcys and curve 4 shows the oxidation wave when GSH was added first, followed
by the addition of Hcys. A higher anodic current is observed due to the additive
effect of the oxidation of GSH and Hcys.
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Figure 13. (a) Cyclic voltammograms for a cobalt phthalocyanine-modified
glassy carbon electrode (GCE/CoPc) obtained after addition of: (1) 10 µM
Hcys, (2) 3.85 mM GSH, (3) 3.85 mM GSH to a buffer containing 10 µM
Hcys, (4) 10 µM Hcys + 3.85 mM GSH added at the same time. (b) Cyclic
voltammograms for GCE and GCE/CoPc electrodes: (1) GCE in a buffer

solution, (2) GCE/CoPc in a buffer solution, (3) GCE/CoPc in 1.6 mM GSH, (4)
GCE/CoPc in 1.6 mM GSH after addition of 400 µM Hcys. Other conditions:
50 mM phosphate buffer solution, pH 7.43, ν = 100 mV/s; all concentrations

given are final concentrations.

The GSH-concentration dependence of voltammetric characteristics for a
GCE/CoPc electrode obtained in the presence of 10 µM Hcys is presented in
Figure 14.

The relationships ipa = f(CGSH) and ipc = f(CGSH) are linear in the lower
concentration range (CGSH < 2 mM) and show a decreased slope (sensitivity)
∂ip/∂CGSH at higher GSH concentrations.

Voltammograms for GSH solutions containing 10 µM Hcys, recorded for
different potential scan rates, are presented in Figure 14b. In the presence of Hcys,
the dependence of GSH oxidation peak current still is linear with square root of
the scan rate v, indicating that the transport of GSH from solution is involved in
the electrode process. The same concerns to GSSG-reduction peak current.

The experiments for GSH solutions containing 100 µM Hcys have also been
performed. The GSH-concentration dependence of voltammetric characteristics
for a GCE/CoPc electrode obtained in the presence of 100 µM Hcys is presented
in Figure 15a. The relationships ipa = f(CGSH) and ipc = f(CGSH) are linear in the
lower concentration range (CGSH < 2mM) and show a decreased slope (sensitivity)
∂ip/∂CGSH at higher GSH concentrations.

Voltammograms for GSH solutions containing 100 µM Hcys, recorded for
different potential scan rates, are presented in Figure 15b. In the presence of Hcys,
the dependence of GSH oxidation peak current is still linear with square root of
the scan rate v, indicating that the transport of GSH from solution is involved in
the electrode process. The same concerns to GSSG-reduction peak current.
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Figure 14. (a) Cyclic voltammograms for a GCE/CoPc electrode obtained for
GSH solutions containing 10 µM Hcys, CGSH [mM]: (1) 0, (2) 0.4, (3) 0.79,
(4) 1.6, (5) 2.3, (6) 3.1, (7) 3.85; (8) 4.5; 50 mM phosphate buffer, pH 7.43; ν
= 100 mV/s. INSET: Dependence of i vs. CGSH. (b) Cyclic voltammograms for
a GCE/CoPc in 4.5 mM GSH solution containing 10 µM Hcys, obtained for

different scan rates v [mV/s]: (1) 25, (2) 50, (3) 75, (4) 100, (5) 200, (6) 300, (7)
400, (8) 500; 50 mM phosphate buffer, pH 7.43. (see color insert)

Figure 15. (a) Cyclic voltammograms for a GCE/CoPc electrode obtained for
GSH solutions containing 100 µM Hcys, CGSH [mM]: (1) 0, (2) 0.4, (3) 0.79, (4)
1.6, (5) 2.3, (6) 3.1, (7) 3.85; (8) 4.5; ν = 100 mV/s. (b) Cyclic voltammograms
for a GCE/CoPc in 4.5 mM GSH solution containing 100 µM Hcys, obtained for
v [mV/s]: (1) 25, (2) 50, (3) 75, (4) 100, (5) 200, (6) 300, (7) 400, (8) 500. Other

conditions: 50 mM phosphate buffer, pH 7.43.
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Since many oxidation processes of bioorganic compounds proceed faster in
alkaline than in neutral solutions, we have tested the CoPc catalyst performance
in Britton-Robinson buffer of pH 12. The results are presented in Figure 16 for
a cobalt phthalocyanine-modified glassy carbon electrode (GCE/CoPc) in GSH
solutions containing 10 µM Hcys. The anodic oxidation peak is better defined
than that observed at lower pH and the peak potential Epa = +0.06 V is also lower
(Epa = +0.20 V for pH = 7.43). The oxidation onset is seen at potentials as low as E
= -0.26 V. However, the peak current values relative to the background capacitive
current are lower than those at lower pH. As a consequence, the limit of detection
is lower for neutral pH. For this reason, the neutral pH has been selected as better
suited for the GSH analysis.

Figure 16. Cyclic voltammograms for a cobalt phthalocyanine-modified glassy
carbon electrode (GCE/CoPc) obtained for GSH solutions containing 10 µM
Hcys, CGSH [mM]: (1) 0, (2) 0.79, (3) 1.6, (4) 2.3, (5) 3.1, (6) 3.85; (7) 4.5; 40

mM B-R buffer, pH 12; ν = 100 mV/s.

The comparison of various calibration plots for GSH, Hcys and Cys is
presented in Figure 17. The highest sensitivity is obtained for Hcys, followed by
Cys, and the least sensitivity is observed for GSH. This is probably due to the
larger size of GSH molecule and also its multiple local positive charges which
are repelled by the Co+1/+2 cation in CoPc core being the catalytic center of the
electron exchange process. It is also seen that the competition from Hcys in GSH
determination vanishes at lower GSH concentrations.
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Figure 17. Dependence of ipa vs. Canalyte for different biomarkers of oxidative
stress, obtained for a phosphate buffer pH 7.43, on a CoPC-modiefied GCE
electrode, for: (1) Hcys, (2) Cys, (3) GSH, (4) GSH in the presence of 10 µM

Hcys, v = 100 mV/s.

Conclusions

In the absence of biocatalytic effects, the redox reactivity of GSH/GSSG
couple on solid electrodes is strongly hindered. We have shown that the rates
of redox reactions of glutathione, as well as other biothiols: cysteine and
homocysteine, can be enhanced on electrocatalytic cobalt phthalocyanine (CoPc)
monolayer film electrodes, enabling voltammetric detection of these important
biomarkers of oxidative stress. We have demonstrated that a strong competition
between GSH, Cys, and Hcys exists due to the competitive charge-transfer
complex formation. We have previously observed a strong ligand competion
in thiol-capped Au nanoparticle assembly processes studied using UV-Vis and
resonance elastic light scattering spectroscopies. While the strong competition
of thiols prevents straightforward analysis of multicomponent mixtures, the
detailed investigations indicate that the analysis can be carried out using the
standard addition method taking into account active matrix effects which cannot
be neglected.
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Chapter 15

Oxidative Stress Biomarkers and ROS
Molecular Probes

Joanna Stanicka, William Landry, and Thomas G. Cotter*

School of Biochemistry and Cell Biology, University College Cork,
Cork, Ireland

*E-mail: t.cotter@ucc.ie

Reactive oxygen species (ROS) are short lived highly reactive
molecular entities that are generated in cells and have the
ability to rapidly oxidise target molecules such as proteins
or lipids. The consequences of this oxidation is often a loss
or change of function of the target molecules. The highly
reactive nature of ROS and their sometime transient effects,
can make their measurement challenging to say the least.
Targets of ROS include DNA that can be readily oxidised
with one the most common products being the nucleoside
8-hydroxydeoxyguanosine (8-OHdG) which in turn is a widely
used marker of oxidative DNA damage. Lipid peroxidation is
also a cellular hallmark of oxidative stress with polyunsaturated
fatty acids being particularly susceptible.

Biomolecular Markers of Oxidative Stress

Biomarker can be defined as a characteristic that is objectively measured
and evaluated as an indicator of a biological process, either normal or abnormal
that can be found in blood, other body fluids, tissues or cells and can be used
to diagnose or determine response to a treatment. With oxidative stress being
increasingly associated with many diseases, much focus has been placed on
identifying biomarkers linked to changes in the cellular redox environment in
order to diagnose patients with redox associated diseases. Biomarkers which
closely correlate with the pathophysiological process of a disease provide the
most promise for diagnostic use.

© 2015 American Chemical Society

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

01
5

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



As a result of their transient nature directly examining ROS levels and their
production is challenging, making the examination of the biomolecules which
are altered downstream of ROS production an appealing approach. As ROS are
highly reactive molecules and can interact with many biomolecules, it could be
presumed that there is a large pool of potential biomarkers available to choose
from. However, due to the highly reactive nature of ROS and sometimes transient
nature of their effects, finding suitable biomarkers to identify oxidative damage
can be a challenge. As a result of these limitations Giustarini et al. suggested a list
of specific criteria a good biomarker of oxidative stress should satisfy to function
as a suitable disease marker (1). This list in part suggested that it is critical that the
products of oxidation are chemically stable, able to be quantified accurately and
are linked to specific pathways of oxidation. Additionally, concentrations found
in biological samples should directly correlate with the severity of the disease so
it can be used for diagnosis and to monitor any therapeutic responses (1).

Unfortunately the majority of the biomarkers used to study oxidative stress
do not meet all the criteria listed. As a result, here an overview will be given of
some of the most commonly used biomarkers for ROS-induced oxidative damage,
which best adhere to the list of specific criteria suggested by Giustarini et al. (1).
Focus will be placed on three biomarkers which are produced as a direct result of
ROS production and these are 8-hydroxydeoxyguanosine (8-OHdG), isoprostanes
and gluthatione (GSH), representing biomarkers of the three main biomolecules
affected by oxidative damage.

Oxidative DNA Damage: 8-Hydroxydeoxyguanosine (8-OHdG)

Oxidised bases, apurinic/apyrimidinic (AP) or abasic sites, single strand
(SSB) and double strand breaks (DSBs) are the typical modifications which form
on DNA as a result of ROS-induced oxidative damage. Of the many modifications
possible, the nucleoside 8-hydroxydeoxyguanosine (8-OHdG) is one of the most
commonly produced DNA base lesions, which can result during oxidative stress.
The number of 8-OHdG lesions present in nuclear and mitochondrial cellular
DNA is known to directly correlate with intracellular ROS levels making the
quantification of 8-OHdGwidely used biomarker for oxidative stress (2). 8-OHdG
lesions are formed during oxidative stress when a hydroxyl radical (OH·) reduces
the C8 position of the guanine base ring producing 8-hydroxy-7,8-dihydroguanyl
radical which is then oxidised (3). Although not directly lethal to the affected
cell, 8-OHdG lesions are highly mutagenic, inducing DNA base substitutions and
significantly contributing to the development and progression of cancers (4, 5).
Additionally, elevated levels of 8-OHdG have been associated with neurological
disorders like Alzheimer’s and Parkinson’s disease as well as atherosclerosis and
various conditions associated with diabetes (6–8).

A variety of techniques are utilised to quantify 8-OHdG levels. These
include chromatography, mass spectrometry, electrophoretic, enzyme and
immunological-based methods (9). Quantification of 8-OHdG DNA lesions
following extraction of DNA from cells or tissues has been a common practise
for many years. However, it is now known that unavoidable oxidative damage
can occur during the extraction and handling of DNA, thereby producing
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artefacts (10). 8-OHdG quantification subsequent to DNA extraction can give an
inaccurate representation of the level of oxidative DNA damage, bringing in to
question the validity of results determined by this method. As a result of this,
The European Standards Committee for Oxidative DNA Damage (ESCODD)
was set up to identify and resolve methodological problems like artefacts of
oxidation, which occurs during isolation, purification and handling of DNA
products, by evaluating existing protocols and providing more reliable methods
for sample preparation and analysis. The ESCODD studies confirmed that several
of the methods used for detecting and quantifying 8-OHdG lesions in extracted
cellular DNA gave rise to incorrect conclusions due to the generation of oxidative
artefacts, with large discrepancies noted between the levels of lesions documented
using different quantification methods (10, 11). Two of the most extensively
used 8-OHdG quantification methods for extracted DNA were high performance
liquid chromatography (HPLC) with electrochemical detection (ECD) and the
formamidopyrimidine DNA glycosylase (FPG) enzymatic approach used to digest
DNA converting 8-OHdG to apurinic sites which are subsequently measured as
DNA breaks using the electrophoresis-based comet assay. Although susceptible
to the generation of 8-OHdG artefacts during preparation, HPLC-ECD was still
chosen as the method of choice, affording satisfactory accuracy when quantifying
8-OHdG levels of extracted DNA. However with research groups recording fold
differences in 8-OHdG levels after undertaking similar analyses in human cells it
was clear that this method of quantification was far from ideal (1, 10, 11).

Interestingly, examination of 8-OHdG levels is not limited to extraction
of cellular DNA. During DNA repair, 8-OHdG lesions are generally detected
by cellular systems and excised before subsequently being excreted in urine
without being metabolised further (12). This makes it possible to measure the
level of 8-OHdG lesions from urinary samples, providing a more convenient
and non-invasive way of measuring oxidative DNA damage. Examining
urinary 8-OHdG levels has multiples benefits over methods which require DNA
extraction, these include long-term stability of 8-OHdG in urine, no production
of artefacts and the use of immunological-based methods like ELISA, allowing
quicker high-throughput studies, reducing the need for expensive chromatography
or mass-spectrometry equipment and trained personnel (8, 13). Consequently,
this approach continues to receive widespread attention, with multiple studies
demonstrating that quantification of urinary levels of 8-OHdG can act as a good
biomarker for oxidative DNA damage which has resulted in its extensive use
when examining some degenerative diseases and numerous cancers (14, 15).

Unfortunately, this method is not without its drawbacks either as levels
of urinary 8-OHdG measured may not be entirely DNA-derived, but rather be
from the deoxyGTP precursor pool, which can also give a false representation
of the level of cellular oxidative damage (16). Furthermore, discrepancies are
also noted between the different methods utilised for 8-OHdG quantification
with the commonly used ELISA demonstrating a high degree of variability
when compared to the more accurate chromatography-based methods (17).
As a result of discrepancies between urinary 8-OHdG quantification methods,
The European Standards Committee on Urinary (DNA) Lesion Analysis
(ESCULA) was established to perform a similar function as ECSODD, identifying
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HPLC-tandem mass spectrometry (MS/MS) as the gold standard for urinary
8-OHdG quantification (17). However, the high-throughput and inexpensive
nature of ELISA still makes it a more favourable quantification method. As a
result, there has been much aspiration to optimise this technique leading to a
study by Rossner et al. which demonstrated that purification of urine using solid
phase extraction (SPE) and the use of standardised calibrants like creatinine
substantially improves ELISA quantification of urinary 8-OHdG and provides
better accuracy with results more consistent with HPLC-MS/MS quantification
(18). Although still not as accurate as HPLC-MS/MS this study demonstrated the
potential for ELISA to be an accurate method of urinary 8-OHdG quantification,
providing a more accessible approach to perform oxidative stress studies.

Lipid Peroxidation

Lipid peroxidation is a hallmark of oxidative stress, resulting when lipids
interact with oxygen-derived oxidants such as ROS to produce highly reactive
electrophilic aldehydes. Polyunsaturated fatty acids (PUFAs) in particular are
very unstable lipids due to multiple reactive double bonds being present in
their molecular structures and because of this are highly susceptible to lipid
peroxidation under conditions of oxidative stress (19). Arachidonic acid,
docosahexaenoic acid, linoleic acid and eicosapentaenoic acid are examples of
biologically important PUFAs, all of which can be subject to ROS-initiated lipid
peroxidation. The primary products of ROS-induced peroxidation of PUFAs are
lipid hydroperoxides, with further chemical decomposition of these molecules
potentially producing a diverse array of electorphilic aldehyde products such as
Malondialdehyde (MDA), 4-hydroxy-2- nonenal (HNE) and acrolein (20). In
addition, more complex secondary oxidation products such as isoprostanes (IsoPs)
can also be generated from the non-enzymatic ROS-catalysed peroxidation of
highly unsaturated PUFAs like arachidonic acid (21).

All these aldehydes can have multiple biological functions but are also
highly reactive and can have harmful effects, readily reacting with DNA,
phospholipids and proteins to which they can attach covalently to form stable
adducts with the amino acid residues cysteine, lysine and histidine and can cause
protein carbonylation, a common indicator of protein oxidative damage (22,
23). As a result of their reactive nature lipid peroxidation products have been
implicated in the pathogenesis of a number of diseases and are heavily associated
with cardiovascular and neurodegenerative disorders (24–26). As stated lipid
peroxidation is a hallmark of oxidative damage, making the many electrophilic
aldehydes products produced potential biomarkers of oxidative stress. Although
there are multiple products of lipid peroxidation few have the ideal properties
to be utilised for this purpose. Acrolein, MDA and HNE have all seen use
as biomarkers of lipid peroxidation and oxidative stress with varying degrees
of success. However, IsoPs are considered the “gold standard” biomarker for
examining endogenous lipid peroxidation, seeing significant attention for use as
biomarkers of oxidative stress and will be discussed further.

356

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

01
5

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



Isoprotanes

Isoprostanes (IsoPs) are prostaglandin-like molecules which are
predominantly formed by non-enzymatic peroxidation of arachidonic acid, a
ubiquitous PUFA present in phospholipids of the cell membrane (27, 28). A
diverse array of human disorders present with elevated levels of IsoPs in tissue
and bodily fluids, examples include but are not limited to atherosclerosis (29),
diabetes (30), neurodegenerative disease like Alzheimer’s (31) and certain
types of cancer (32, 33). Interestingly, IsoPs are considered to be a reliable
biomarker for oxidative stress and endogenous lipid peroxidation as they are
stable oxidation products (34, 35). IsoPs are chemically stable in vivo as well as
ex vivo and once generated are released into circulation by phospholipases (1,
36). Consequently, IsoPs are not only detectable in cell and tissues samples but
also biological fluids including urine, plasma, bile, cerebrospinal and amniotic
fluid (27, 28, 37–39). These characteristics make IsoPs an ideal biomarker for
non-invasive diagnostic use.

There are many different IsoPs but following a study of 30 endogenous
biomarkers of oxidative stress, it was determined that quantification of urinary or
plasma F2-IsoP levels from both animal and human samples was demonstrated
to directly correlate with in vivo oxidative stress establishing this molecules
diagnostic potential (34). In theory, 64 individual F2-IsoP molecules can be
produced and like prostaglandins can play roles in a host of cellular functions (23).
One of most abundant of these F2-IsoPs is 15-F2t-IsoP (or 8-iso-PGF2R) which
is also one of the most thoroughly investigated biomarkers for oxidative stress.
There are multiple methods which have been developed to quantify the levels
of this F2-IsoP, these include gas chromatography-mass spectrometry (GC-MS),
GC-tandem MS (GC-MS/MS), liquid chromatography-tandem MS (LC-MS/MS)
and immunoassays. Quantification of F2-isops by MS in particular GS-MS using
electron capture negative ionisation is considered the “gold standard” as it offers
high sensitivity, specificity yielding quantitative results and is the most accurate
method with a marked advantage over immunoassays such as ELISA (35).

Although ELISA measurements allow high-throughput analysis of samples,
are cheaper and relatively easy to perform when compared to MS, multiple studies
have demonstrated variable performance between the commercially available F2-
IsoP ELISAs and poor correlation with MS results (40, 41). These discrepancies
are suggested in part to be a consequence of the polyclonal antibodies used to
bind F2-IsoPs which demonstrate cross-reactivity with other molecules of a similar
structure (42). Additionally, antibody cross-reactivity can inflate quantification of
IsoP concentrations and the presence of biological impurities can interfere further
with antibody binding (42). All these factors demonstrate that immunoassay based
analysis of IsoPs levels is a poor choice and to perform a reproducible and accurate
study MS methods should be utilised. However, due to ease of use ELISA still
remains a popular method for F2-IsoP quantification.

Finally, there is some evidence to suggest that some F2-IsoPs can also be
produced independently of oxidative stress as a result of cyclooxygenase (COX)
activity (43). The fact that COX activity has been linked to F2-IsoP production
highlights that quantified increases in F2-IsoP levels may give false representation
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of the levels of cellular oxidative stress if produced due to COX activity. As a result
of this factor and the discussed problems with quantification, it is clear that using
IsoPs as a biomarker for oxidative stress is not without its drawbacks, however
these molecules still remain one of the most extensively studied and accurate
biomarkers of oxidative stress currently available.

Glutathione (GSH) Antioxidant System

During oxidative stress, levels of GSH decrease due to oxidation and
formation of GSH disulfides resulting in a decrease in the ratio of GSH to GSSG
and PSSG. Consequently, the ratio of reduced to oxidised GSH (GSH:GSSG) is
often used to examine redox status and is a well-established marker of oxidative
stress. Alternatively, as the levels of protein s-glutathiolation are considerably
higher during conditions of oxidative stress, its examination can also be used
as a marker of protein oxidation and has also been utilised as a biomarker for
oxidative stress (24, 44).Changes in GSH concentrations and elevation of protein
s-glutathiolation are known to be associated with Amyotrophic lateral sclerosis,
AIDS, Alzheimer’s Disease, cardiovascular disease, a range of cancers, diabetes,
Friedreich’s Ataxia, rheumatoid arthritis, hyperlipidaemia and renal failure among
others (24, 44–49).

Blood samples are the most frequently examined biological sample used
to determine GSH levels. GSH is known to be present in blood samples at the
milimolar level with its oxidised forms at micromolar levels. The average ratio
of GSH to GSSG in blood is from 10:1 to 100:1 and as a result small changes in
oxidation of GSH to GSSG or disulfide exchange will greatly affect ratio, making
this method a sensitive method for determining oxidative stress. Interestingly,
considerations need to be made when examining blood samples as erythrocytes
can contain up to 500 times more GSH than plasma therefore haemolysis can
result in an over estimation of GSH levels (50). Alternatively, s-glutathiolation
has generally been investigated for diagnostic use by examining glutathiolation
of proteins in circulating cells such as erythrocytes, with haemoglobin s-
glutathiolation suggested to be a good biomarker of oxidative stress (51).

For many years, several different analytical methods have been utilised to
determine GSH and GSSG concentrations from patient samples. For a long time
the most commonly reported method was HPLC used in conjunction with various
detection techniques which include ultraviolet and fluorescence detection as well
as MS and electrochemical detection (ECD) (50). ECD was regarded as the most
attractive method of detection due to its simplicity, high sensitivity and relatively
low cost when compared to the others. However, Liquid Chromatography (LC)-
tandem MS (MS/MS) has been shown to have improved selectivity, precision and
accuracy as well as a higher sensitivity while still demonstrating a good agreement
with studies which previously used HPLC-ECD (52). These added benefits of
LC-MS/MS over HPLC-ECD have resulted in this method being more widely
used for analysis of GSH and its related compounds in recent years. In contrast,
although s-glutathiolation of susceptible proteins is also achieved using the same
high resolution methods as those used to quantified total GSH, low resolution
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techniques like Western Blotting used under non-reducing conditions are more
commonly used (53). Additionally, immunoassay methods like ELISA have also
been used to quantify the level of glutathiolation of specific proteins, with some
success demonstrated for its use for glutathiolated actin (54).

Unfortunately, like the other biomarkers discussed accurately measuring
GSH, GSSG and PSSG levels can be difficult as GSH is easily oxidised
non-enzymatically to GSSG by molecular oxygen and can react with disulfides
resulting in thiol-disulfide exchange (55). Both these factors can greatly
affect GSH:GSSG ratio in samples and therefore give false readings during
quantification. In fact, different research groups have published differences in
GSH, GSSG and PSSG concentrations of over 100 fold in healthy individuals as
well as people with the same diseases, with some studies even showing increases
in oxidation when others have shown decreases (56, 57). These inconsistencies
are now known to be due to artefact generation from poor specimen handling
and preparation, as a result careful considerations are required to reduce risk
(57). Studies have shown that artefact generation as a result of oxidation is pH
and temperature dependent (55). Therefore, keeping samples at lower pH and
temperatures during sample pre-treatment and storage in addition to adding the
chelating agent Ethylenediaminetetraacetic acid (EDTA) produces an accurate
quantification of GSH levels due to suppression of oxidation reactions (55,
56). Furthermore, addition of the alkalying agent N-Ethylmaleimide (NEM)
immediately after sample collection has been demonstrated to greatly decrease
artefact generation (57). NEM freezes GSH redox status, blocking artificial GSH
oxidation as well as preventing disulfide exchange which is achieved in part by
inhibiting GSSG and PSSG reductases (56). Interestingly, if NEM is omitted
artificially high GSSG and PSSG with lower GSH levels have been shown to be
recorded (57).

In recent year’s examination of GSH have become more far more accurate
as a result of technological advancements in quantification, considerably
improving reproducibility. Furthermore, the implementation of appropriate
sample pre-treatment and storage which suppresses side reactions of GSH has
ensured generation of artefacts is negligible allowing more accurate quantification
of GSH, GSSG and PSSG. There is now much debate about the validity of
previous studies which did not implement these pre-treatment methods and as
such whether or not GSH, GSSG or PSSG levels are altered in patients with the
diseases studied needs to be confirmed (57). However, if measured using artefact
free methods, examining GSH and its oxidised forms is considered to be an
extremely sensitive biomarkers of oxidative stress.

ROS Probes

Although the aforementioned oxidative stress markers are useful tools for
the estimation of the levels of oxidative stress in samples, they may not directly
correlate with the changes in the levels of ROS themselves. For example, cellular
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signalling induction of hydrogen peroxide (H2O2) generation can stimulate
cellular effects without leading to biomolecular damage. In this case an increase
in the H2O2 concentration is not followed by an accumulation of oxidative stress
markers. Alternatively, an elevation in oxidative stress marker levels may not
always correspond to an alteration in the oxidative state of the cell. For instance,
it has been demonstrated that a reduction in transcriptional/translational fidelity
leads to the carbonylation of proteins, a protein modification, often used as
a marker of oxidative stress (58). This study has also proposed that protein
carbonylation may operate as a tagging system for misfolded polypeptides (58).
In conclusion, in order to comprehensively assess the oxidative state of samples,
it is evident that the detection of the markers of oxidative stress should be
accompanied by direct measurement of the ROS concentration.

However, ROS is a family of chemically heterogeneous molecules of
different kinetics and oxidation activities, which in turn can cause distinctive
cellular effects induced by specific oxidative reactions. For example, the
unique chemistry of H2O2 allows it to reversibly oxidise sensitive cysteines
of phosphatases, modulating the phosphorylation state of the cell. In contrast,
while H2O2 is almost inert to DNA, OH· can irreversibly oxidise DNA bases
leading to abasic sites, DNA adducts and DNA strand breaks (59). This diversity
demonstrates that in order to study redox processes, along with the measurements
of oxidative stress markers and ROS concentration, it is necessary to determine
the type of ROS generated.

In contrast to the examination of more stable oxidative stress markers in lysed
and processed samples, the direct detection of ROS carries certain difficulties.
Due to the extremely short half-lives of ROS, their detection must occur in live
samples, following minimal processing that could modulate ROS generation and
detection. Furthermore, intracellularly generated ROS are immediately cleared by
antioxidant enzymes that operate at the kinetic rates of up to 2×107 M-1 s-1 (60).
Therefore, ROS detecting sensors should be able to successfully compete for the
ROS with these antioxidant enzymes.

Most of the commercially available fluorescent dyes for ROS are based on
the oxidation-reduction processes between the oxidative reactive species and
reduced probes. Upon reaction between the sensor and the ROS, the oxidised
probe becomes a highly fluorescent molecule. Generally the reduced forms of
ROS probes are colourless (or display a minimal fluorescent signal) and the
oxidised ones emit a coloured light upon excitation with a specific wavelength.

Along with an expanding field of redox biology, a considerable interest has
been invested in the improvement of fluorescent ROS probes. In the next several
paragraphswewill review themost commonROS probes and recent advancements
in ROS measurements in cells both in vitro and in vivo.

DCF

Themost widely used probe to detect ROS is 2′,7′-Dichlorodihydrofluorescein
(DCF) (Figure 1). DCF was synthesised and used as a H2O2 probe for the first
time in 1965 by Brandt et al. (61). While it was a breakthrough discovery
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for redox research at that time, the widespread usage of DCF since then has
revealed several of its shortcomings: 1) it is not selective for H2O2; 2) it is easily
photooxidised and photobleached; 3) it does not react directly with H2O2 but
it requires peroxidise or metal catalysts; 4) it displays a non-linear relationship
between concentration of ROS and fluorescent signal; 5) it is easily membrane
diffusible (62). All of these caveats make DCF unsuitable for redox reaction
studies. These points cannot be underestimated, given the plethora of research
papers attempting to study intracellular signalling through DCF fluorescence,
even in the recent literature (Figure 2).

Figure 1. Reaction of H2DCFDA with ROS yields green flourescent product.

DHE and MitoHE (MitoSOX)

Over the last 20 years of dihydroethidium (DHE) usage, many contradicting
studies on its specificity have been reported. Some data suggested a specificity
towards superoxide anion (63, 64), while other studies show reactions between
DHE and haeme proteins (65) or other ROS/ reactive nitrogen species (66,
67). Finally, in 2010 Zielonka and Kalyanaraman wrote an extensive review
summarising all work regarding DHE as a ROS-detecting probe (68). DHE
fluorescent signals can be falsely enhanced by intercalation of the dye with DNA.
Furthermore, DHE can be oxidised by various radicals to form differentially
oxidised products. However, only product reaction with superoxide (2-OH-E)
alters the signal so the probe can be excited by 396 nm wavelength (Figure 3).
Therefore, in order to reveal the superoxide-induced signal, a 396 nm wavelength
should be used as an excitation source (68, 69).

In order to target the probe specifically to mitochondria, DHE was conjugated
to the triphenylphosphonium (TPP+) moiety, resulting in the MitoSOX dye.
Cationic TPP+ allows the probe to move through the mitochondrial membrane
and accumulate in the mitochondrial matrix. While MitoSOX possesses the
inherent disadvantages associated with DHE, it is a promising tool to investigate
mitochondrial superoxide/ROS production (70).
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Figure 2. Confocal images of DCF (a)) and PO1 (b)) stained MV4-11 cells.
Pseudo-coloured images on the right represent intensity distribution (from
highest intensity indicated by white to the lowest designated by black).

Figure 3. Reaction of DHE with superoxide anion yields red flourescent product
2-OH-E+.
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OxyBurst Family: SE, BSA and FC

The OxyBurst family of ROS dyes is composed of: FC OxyBurst, OxyBurst
Green H2HFF BSA and OxyBURST Green. FC OxyBurst is a DCF moiety linked
to BSA and anti-BSA antibody complex that stimulates the FC receptor causing
the internalization of the probe and the subsequent measurement of the oxidative
burst in the phagovacuole. As FC OxyBurst is based on DCF moiety it possesses
similar inherent problems, however owing to the specific internalization it may be
a useful tool to study NADPH oxidase-induced ROS burst. On the other hand,
BSA linked OxyBURST Green H2HFF in (OxyBurst Green H2HFF BSA) does
not allow the probe to translocate into the cell, which makes the probe useful for
the ROS measurement in the extracellular space. In fact, the probe was used for
the detection of the extracellular release of the ROS in coronary arterial myocytes
generated by Nox1 (71).

Boronate-Deprotection Probes

The specific reaction between H2O2 and boronate was employed in the
development of the first H2O2 specific probes, important for examination of
redox signalling processes (72) (Figure 4). The first developed probes (green
peroxyfluor 1, red peroxyresorufin 1 and blue peroxyxanthone 1) were based
on the fluorescence-emitting opening of the bis-boronate-originated lactone
structure (73, 74). This was successful in detecting H2O2 at the micromolar
level, and as such was useful in measuring H2O2 relevant to oxidative stress.
Further optimization of the probes relying on the removal of one of the boronates
revealed substantial increase in H2O2 sensitivity. This chemical alteration
allowed the monoboronate-based family of probes (Peroxyfluor-3, Peroxy
Orange 1 and Peroxy Yellow 1) to detect physiological/signalling changes in
H2O2 concentration upon phorbol 12-myristate 13-acetate (PMA), epidermal
growth factor (EGF) stimulation (75). The colour palette of these probes
allowed to simultaneously either colocalize the H2O2 generation in the cell with
organelle-tracker or concurrent detection of H2O2 and other ROS probes e.g. APF
(75, 76) (Figure 2). The further modification of monoborate-possessing probes,
namely addition of methyl –ester group increased cellular retention following
cleavage by esterases, resulting in synthesis of Peroxy Yellow 1 Methyl-Ester
(PY1-ME) (77). This probe has been used in the investigation of H2O2 uptake
by aquaporins in HEK 293 cells (78). Interestingly, PY1-ME showed similar
results to genetically encoded fluorescent H2O2 sensor – Hyper (77). The latest
version of PF-1, Peroxy Fluor 6 acetoxymethyl ester (PF6-AM), was synthesized
in order to explore mechanism of NOX regulation in the brain (79). The addition
of the acetoxymethyl group gives the dye increased cellular retention and hence
increased sensitivity to H2O2. The AM-esters aid in the translocation of the
probe through the membrane and traps it there following the AM groups reaction
with cellular esterases. This structural alteration made PF6-AM probe more
sensitive than previous members of the Peroxy family. PF6-AM responded to
concentrations as low as 10 µM exogenous H2O2, and signaling levels of H2O2
upon FGF-2 stimulation, which was not possible with Peroxy Green 1 (79).
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Figure 4. Reaction of PO1 with H2O2 yields an orange flourescent product.

Addition of the boronate moiety to the click-modified coumarin platform
combined H2O2-chemoselectivity with the highly fluorescent characteristics of
the coumarin dye (80). The coumarin moiety also allows possible tethering of
the compound to other functional groups, to target it to different organelles or
to improve some physico-chemical properties such as sensitivity, photostability,
permeability. The probe responded with a 5-fold increase in the fluorescence
intensity following 5 µM H2O2 treatment (80). Furthermore, the probe’s emission
intensity was shown to be dependent specifically on H2O2 concentration, and the
concentration dependence does not occur in the presence of other ROS (80).

The boronate chemistry was also utilised in the synthesis of RS-BE probe that
fluoresces upon presence of both H2O2 and iron/copper ions (81). The reaction
with H2O2 unmasks the specific chelating region of the RS-BE that can react
specifically with metal ions, yielding a fluorescent metal-coordinated product. RS-
BEwas demonstrated to specifically fluoresce in the presence of the Fe/Cu ions and
H2O2 in neuroblastoma cells (81). Fe and H2O2 react with each other in the Fenton
reaction that yields highly damaging OH•. Probes that offers specific detection of
H2O2 in the presence of Fe/Cu, such as RS-BE, could aid in the localization of
sites damaged by H2O2.

Ratiometric H2O2 Probes

While specific detection of H2O2 has been considerably improved by the
development of boronate-based probes, quantification of the fluorescent signal
upon the reaction with H2O2 has still remained a significant issue. Signal from
the single-wavelength emitting probes can be affected by the concentration of the
probe, which questions the quantification analysis of these probes. Ratiometric
probes monitor changes in the fluorescence in ratio to the probe itself, which
corrects the artifacts caused by the variable concentration of the probe or
photobleaching. Ratio Peroxyfluor 1, a ratiometric monoboronate-based probe,
overcomes these issues as the quantification of the change in the fluorescence is
calculated as a ratio of the fluorescence upon reaction with H2O2 (λ517) to the
internal fluorescence of the probe (λ464) (82). Following the reaction with H2O2,
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fluorescence resonance energy transfer (FRET) occurs between the coumarin
moiety (donor) and boronate group (acceptor) in the two-fluorophore cassette that
leads to an 8-fold increase in fluorescence intensity ratio (82).

Similar chemistry has been utilised in the synthesis of a ratiometric– Peroxy
Lucifer 1 (PL1) - another H2O2-measuring ratiometric probe (83). Upon reacting
with H2O2, internal charge transfers within the Lucifer platform result in a
change in the emission colour of the dye. The key advantage of PL-1 is the fact
that it allows the measurement of localized H2O2 generation with simultaneous
monitoring of the H2O2 variation across the rest of the cell. The relative ratios of
the green versus blue fluorescence intensity revealed changes in the local H2O2
changes in the vesicles versus the cytoplasm upon PMA stimulation of RAW
264.7 macrophages (83).

Similarly, dimethylaminocinnamaldehyde (DMACA), a ratiometric H2O2
probe demonstrates intra-molecular charge transfer upon the reaction with H2O2
(84). The transfer involves a change in the ratio of the absorption/emission at two
wavelengths. Interestingly, the change in colour is also visible to the naked eye
which could be useful in the synthesis of a simple H2O2 sensor in solutions. The
probe demonstrated a significant responsiveness to 2µM H2O2 treatment in the
prostate cancer cell line (PC3), resulting in a change in a probe colour from red
to blue (84).

Deep-Tissue Penetrating Probes

All of the aforementioned probes are suitable for the detection and
measurement of H2O2 in the cell samples. However, in the clinical environment
it may be important to measure changes in the redox state of tissue samples, for
example following patient biopsy.

There have been few probes reported utilising the boronate-phenol chemistry
and allowing for H2O2 imaging in thicker tissue. Naphto-Peroxyfluor-1 (NPF1)
is one such probe, in which the addition of a naphtofluorescein moiety results
in emission in the visible far-red region of the spectrum (85). This change in
the fluorescence profile has several benefits. Firstly, it avoids problems with
background fluorescence from the specimen. Secondly, it enables imaging
of thicker samples (>80um) e.g. tissue slices. While this probe presents the
aforementioned advantages, it utilizes one-photon microscopy which carries a
number of drawbacks. The short excitation wavelengths are quite damaging
to live specimens, substantially shortening the time for accurate imaging.
These shortcomings were overcome in Peroxy Naphthalene 1 (PN1), the first
H2O2 specific two-photon fluorescent probe with the excitation profile in the
near-infrared region (86). PN1 probe is applicable to deeper tissue imaging as
it facilitates prolonged imaging without causing much damage to the specimen.
Additionally, PN1 is a ratiometric dye that can be used for quantitative analysis
of the H2O2 generation. The probe’s fluorescence is not affected by changes in
biological range of pH, and does not cause cytotoxicity (86). The combination of
two-photon microscopy with ratiometric analysis makes PN1 a good candidate
for examining H2O2 levels in tissue.
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By combining the boronate chemoselectivity and the cationic
triphenylphosphonium affinity for mitochonidria (TPP+), Masanta et al.
synthesized a two-photon H2O2 probe targeted to mitochondria called
(SHP-Mito) (87). The addition of 6-(benzo[d]thiazol-20-yl)-2-(N,N-
dimethylamino)naphthalene (BTDAN) as a reporter allows for the ratiometric
analysis of the probe oxidation. The probe was demonstrated to be unresponsive
to other ROS/RNS and pH change. Due to two-photon excitation, the probe was
useful for the deep tissue imaging ranging from 100-180 μm (87).

In Vivo H2O2 Detection

One of the most important characteristics of ROS fluorescent probes is their
compatibility for studies in animal models. However, imaging of these probes in
animals introduces some problems with the diffusion and tissue/organ penetration
of these probes, and subsequent probe visualisation in the animals. Combination
of the near-infrared detection of cyanine-7 (Cy-7) with the chemoselectivity of
phenylboronic acid resulted in the synthesis of a quinone derivative QCy7 (88).
The near-infrared (NIR) imaging of cyanine is an attractive tool in animal studies
due to the deep penetration of the NIR photons and low background fluorescence
of the tissue. The boronate group is linked through an ether-linkage to sulfonated
derivative of QCy7, as sulfonation increases the solubility of the compound. The
reaction between the phenylboronic acid and H2O2 results in the hydrolysis of the
compound, yielding the fluorescing sulfo-QCy7. Importantly, Sulfo-QCy7 probe
was used to non-invasively image exogenously administered H2O2 into mice. The
change in the concentration of H2O2 following injection resulted in a change in the
fluorescent signal. Moreover, the dye allowed for themonitoring of H2O2 signaling
upon injection of LPS into mice. Study of the chemical stability of Sulfo-QCy7
found that the intensity of the fluorescence signal showed a minimal change over
the first 5 hours. In conlusion, Sulfo-QCy7 offers a promising research tool for
noninvasive intravital quantitative imaging of animals.

Bioluminescence possesses favourable properties for in vivo imaging.
Connecting a boronate moiety to a firefly luciferin platform resulted in a
synthesis of Peroxy Caged Luciferin-1 (PCL-1) (89). While maintaining the
H2O2 selectivity, the probe has an ability to non-invasively measure H2O2
throughout the whole mouse body without removal of the fur or skin. Moreover,
the signal received from the luciferin depends linearly on the concentration of
the H2O2 within a range from 5-250 μM in both aqueous solutions and in the
cell culture environment. The probe was used to detect increases in H2O2 upon
testosterone stimulation that was attenuated by the combination of testosterone
with N-acetylcysteine (NAC), a radical scavenger, in the FVB-luc+ mice. While
PCL-1 offers an interesting tool to study the redox changes in animals, the
animal needs to ubiquitously express the firefly luciferase in order to visualize
the reaction of the probe.

The specific intracellular localisation of ROS can distinctly modify cellular
responses and/or cell pathology. Therefore, there is considerable research
interest in developing in vivo probes that detect ROS in cellular organelles, for
instance mitochondria or nucleus. MitoBoronic acid (MitoB) is a ratiometric
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mass spectroscopy probe that uses the boronate group conjugated to the
cationic phosphonium moiety for mitochondrial accumulation (90). Upon
reaction with H2O2, MitoB is converted to the phenol product (MitoP). Mass
spectroscopy analysis of the MitoB/MitoP ratio allows it to accurately measure
H2O2 in the whole organism, as well as in cells and tissues. MitoB responds to
changes in mitochondrial ROS in mice, Caenorhabditis elegans and Drosophila
melanogaster. The probe offers the measurement of H2O2 concentration H2O2
in the mitochondria with a nanomolar accuracy. Combination of specific
mitochondrial targeting and H2O2 -chemoselective switch with mass spectroscopy
analysis in MitoB proposes a unique candidate for H2O2 measurement in the
mitochondria of cells and animals.

Nuclear Peroxy Emerald 1 (NucPE1) (91) is a monoboronate-based probe that
localizes to the nucleus. NucPE1 was demonstrated to detect changes in H2O2 in
the nucleus in vivo inC. elegans (91). The probe was also demonstrated to respond
to nuclear H2O2 alterations in various leukaemic cell lines (92, 93). Because of
its excellent nuclear localization in a variety of cell, the probe offers a promising
tool to study nuclear H2O2 (94). However, further studies need to be carried out
to determine the mechanism of its nuclear accumulation, as well as its sensitivity/
dynamic range properties.

OH· Probes

The aforementioned OH· has got extremely short-life (10-9 s) and it is
considered the most aggressive free radical. OH· is produced in the Fenton
reaction, when iron (II) is oxidised by H2O2 to iron (III). It has been demonstrated
that OH· readily reacts with amino acids, proteins, lipids and DNA, which can
lead to cell damage and apoptosis. This makes OH· an important molecule to
detect when examining oxidative stress.

One of the most commonnly used OH·-detecting fluorescent probes is
coumarin-3-carboxylic acid (3-CCA). Following the reaction with OH· 3-CCA
becomes hydroxylated forming a fluorescent 7-OHCCA product (95) (Figure
5). 3-CCA was demonstrated to detect chemical and radiation sources of OH·.
However, due to high pH sensitivity of the fluorescent product, pH must be
carefully monitored (95).

Figure 5. Reaction of CCA with OH· yields OH-CCA, a green flourescent product.

367

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

01
5

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1200.ch015&iName=master.img-004.jpg&w=255&h=98


The reactivity of 3-CCA with OH· was utilised in the synthesis of
Coumarin-NEutral Red (CONER), which is a ratiometric nanoprobe composed of
biocompatible nanoparticles and encapsulated neutral red with 3-CCA derivative
(96). CONER probe quantifies the OH· levels as a fluorescence ratio of the
reference Texas Red dye and the OH·-sensing 3-CCAmoiety. It was demonstrated
that CONER nanoprobe responded specifically to OH· in viable cancer cells
exposed to oxidative stress (96).

Hydroxyphenyl fluorescein (HPF) has been commercially available to
detect OH· for many years (Figure 6). However, similar to other intensity-based
(non-ratiometric) fluorescent probes, HPF fluorescence is dependent on the
pH, concentration of the probe and other environmental factors. Therefore,
sensitivity of HPF for OH· has been used in the development of AuNC@HPF,
a nanoprobe where the gold nanocluster (AuNC) protected by bovine serum
albumin is employed as a reference fluorophore, and the HPF function as both
a OH· sensor and the source of the response signal (97). The probe can be
spectrophotometrically detected by a single emission peak at 637 nm, originating
from AuNC reference fluorescence (97). Upon addition of OH·, a second HPF
emission peak can be observed at 515 nm – which is strictly dependent on the
concentration of OH·. The probe demonstrates a high selectivity for OH· over
other ROS, as well as good water solubility, cell permeability and long-term
stability (97).

Figure 6. Reaction of HPF with OH· yields a green flourescent product.

Concluding Remarks

Some of ROS characteristics, such as a short half-life and extreme reactivity,
make them difficult to detect, measure and analyse quantitatively. Furthermore,
a high concentration of cellular antioxidant enzymes and great kinetic rates of
their reactions with ROS result in a molecular competition between a probe and
an antioxidant enzyme. With the expansion of redox biology, the number of
newly synthesised ROS probes increased and while most of them still require
some validation and optimisation, the progress has been made, especially in the
advancements in the probes selective for a particular ROS (Figure 6).
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Figure 7. A schematic representing the choice of proposed probes and markers to
detect oxidative stress in biological samples.

In order for ROS probes to be used in oxidative stress examination in clinical
environment, the probes should be: 1) chemo-selective for the specific ROS;
2) easily distributed around cells and tissues; 3) sensitive to slight changes in
ROS signaling; 4) photostable and retainable post-fixation to facilitate imaging
or measurements; and 5) non-toxic to be used in humans in the future. While
some of the novel probes fulfil some of these criteria, the utilisation of live ROS
detection in clinical samples is still in its infancy.

With the onset and progression of many diseases being increasingly linked
with changes in the cellular redox state, accurately examining these changes has
become increasingly more important. Examining oxidative stress biomarkers has
the potential to provide greater insight into the characteristics of redox-related
disease as well as help identify new therapeutic and diagnostic methods (98,
99). As discussed, major discrepancies have been noted between the various
measurement methods used. However, the use of these biomarkers to examine
oxidative stress has continued to grow and as a result much attention has been
placed on increasing accuracy through improvement of all aspects of analysis,
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from sample collection, processing and the standardisation of measurement
procedures. Although there are many biomarkers of oxidative stress to choose
from, the previously discussed biomarkers still remain some of the most utilised
for the determination of oxidative stress both in the laboratory and clinic (Figure
7).
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Chapter 16

Impact of Artifactual Ex Vivo Oxidation on
Biochemical Research

Chad R. Borges,* Joshua W. Jeffs, and Erandi P. Kapuruge

Department of Chemistry and Biochemistry, College of Liberal Arts
and Sciences, Arizona State University, Tempe, Arizona 85287, and The
Biodesign Institute, Arizona State University, Tempe, Arizona 85287

*E-mail: chad.borges@asu.edu

Once exposed to the atmosphere all major classes of bio-organic
molecules are susceptible to oxidation that they would not
normally experience in vivo. Direct reactions with oxygen are
spin forbidden, but frequently unavoidable trace quantities of
redox-active transition metals are often thermodynamically
positioned to facilitate formation of biomolecular radicals
and/or formation of superoxide radicals, creating a stream
of reactive oxygen species (ROS) that readily damage
biomolecules. Generally the degree of damage depends on
the availability of O2, concentration of redox active metals,
temperature, and the length of exposure above the freezing
point of the specimen. Using examples from the biomedical
literature, this chapter provides an overview of the ways in
which DNA, proteins, and lipids can experience artifactual
oxidation ex vivo and the potential impact these reactions may
have on the goal(s) of an investigation.

At room temperature aqueous solutions exposed to air develop a
dissolved oxygen concentration [O2(aq)] of approximately 0.25 mM (1, 2).
Thermodynamically, this concentration of O2 constitutes a more highly oxidizing
environment relative to that of most cells and interstitial fluids in which
oxidation-susceptible biomolecules such as protein, lipids and DNA normally
reside. At face value, this suggests that investigators should be wary of potential
oxidative artifacts every time an in vitro biochemical experiment is carried out.

© 2015 American Chemical Society
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Fortunately, the formation of such artifacts is largely irrelevant to
numerous ex vivo biomolecular systems that are transiently exposed to the
atmosphere—especially when precautions such as the use of appropriate metal
chelators and sample chilling/freezing are employed to minimize reaction rates.
Even at elevated in vitro O2 concentrations, the direct (single-electron) oxidation
of most biomolecules by O2 (including some of those with the purported capacity
to “autoxidize” such as cysteine and ascorbate) remains thermodynamically
unfavorable (3). Moreover, with two unpaired electrons, ground state O2 resides
in a triplet electronic spin state while ground state bio-organic molecules exist
as singlet molecules. Thus direct reaction between O2 and most biomolecules
is spin forbidden, causing severe kinetic hindrance of even those multi-electron
reactions that are thermodynamically favorable.

But the story of how atmospheric oxygen influences in vitro biochemical
experiments does not end here. There are two major non-enzymatic routes by
which O2 can be made reactive with ordinary biomolecules:

1. Transition metals such as iron and copper can interact directly with
biomolecules, abstracting electrons and forming biomolecular radicals, thereby
providing an inroad for the reaction of O2 and related reactive oxygen species
(ROS) with common organic biomolecules (Scheme 1). In this pathway, the
oxidized form of a transition metal such as iron or copper strips an electron
from an organic molecule (RH2) that has a single-electron-oxidized radical form
with a reduction potential which in that particular solution (that is to say E,
not necessarily E° or E°′) is lower than that of the oxidized metal (reaction 1).
Examples of such molecules are plentiful (3) and include small molecules such
as ascorbic acid, cysteine, dopamine and other similar compounds that possess
free thiols, catechols, or other electronically conjugated structures capable of
stabilizing an unpaired electron.

In some cases the oxidized biomolecule may remain bound to the reduced
metal as a chelation complex that effectively lowers the reduction potential of
the metal couple below that for the reduction of O2 to O2●-; when this happens
the metal can directly reduce O2 to O2●- (reaction 2) even while remaining
bound to the organic biomolecule (3–5). Alternatively (or additionally), the
initial metal-mediated redox event will produce an organic radical (●RH) which,
depending on its chemical nature, can directly reduce O2 to O2●- while forming
the two-electron oxidized form of the organic molecule R (reaction 3). This
reaction is more common for R molecules with low single-electron reduction
potentials (3). Alternatively, ●RH may react directly with O2 to produce organic
hydroperoxides that can initiate a chain-reaction of peroxidation (reactions 4a,b).
This reaction is common for polyunsaturated conjugated dienyl radicals such
as those that are generated from polyunsaturated fatty acids. (Autoxidation
propagation rate constants (kp) for several common fatty acids and sterols in
benzene solution at 37 °C have been determined by Xu et al (11) and range from
11 M-1 s-1 for cholesterol to 197 M-1 s-1 for arachidonic acid to 2260 M-1 s-1 for
7-dehydrocholesterol (based on a kp for linoleic acid of 62 M-1 s-1 (12)). The
authors also reported mole fraction-based autoxidation propagation rate constants
for various unsaturated phospholipids in mixed liposomes.) When formed, O2●-

can either spontaneously dismutate into H2O2 with a rate constant of 8 x 104
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M-1 s-1 at pH 7.8 (13) (reaction 5) or, depending on relative reduction potentials,
reduce more of the oxidized form of the metal to reform O2 (reaction 6). At this
point reduced transition metal ions and H2O2 have been produced in solution
and can react to produce ●OH via Fenton chemistry (reaction 7). In the close
proximity of myeloperoxidase (MPO), reactions 8-9 can generate ●OH from H2O2
and Cl- (9, 10).

Scheme 1. Common reactions that can lead to the spontaneous production
of ROS in vitro / ex vivo. Reactions involving metals can take place while the
biomolecule or other compound chelates the metal—a phenomenon that can

dramatically alter the reduction potential of the metal redox couple. Whether or
not a particular redox reaction occurs depends on its thermodynamic favorability,
defined by ΔG = -nFEcell, where ΔG is the free energy of the reaction (negative
for a spontaneous reaction), n is moles of electrons transferred, F is the Faraday
constant and Ecell is the potential difference between the half-reactions. For

biochemical systems, E°′ values determined at physiologically relevant pH should
be used with the Nernst equation for purposes of estimating thermodynamic
feasibility. (For additional information and reference data see refs. (6–8)).

Addition of reactions (6) and (7, the Fenton Reaction) constitute the Haber-Weiss
reaction but are shown separately for the sake of clarity. Reactions 8 and 9

require the close proximity of MPO (9, 10). Additional reactions may occur (not
shown), depending on the biochemical system under consideration.
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Some of the common biomolecules represented by ‘RH2’ in Scheme 1 are
often described as those that “autoxidize” (3). As described (3), “autoxidation” is
defined as the “… apparently uncatalyzed oxidation of a substance exposed to the
oxygen of the air…”, but the direct reaction of O2 with nearly all biomolecules is
spin forbidden and therefore not likely to occur at a significant rate, meaning that
a catalyst such as a transition metal is required (14). Table I provides examples of
howmetal catalysts impact the rates of some well known “autoxidation” reactions.

As alluded to above, chelators can have a dramatic effect on the reduction
potential of transition metals and thereby mediate increases or decreases in
apparent rates of autoxidation. For example, chelation of the Fe(III)/Fe(II) redox
couple by 1,10-phenanthroline at pH 7 increases E°′ from 0.110 V to 1.15 V,
whereas chelation by diethylenetriaminepentaacetic acid (DETAPAC or DTPA)
decreases the reduction potential to 0.030 V and chelation by ferritin drops it to
-0.190 V (7). (As pointed out by Buettner (7), E° of Fe(III)/Fe(II) is 0.770 V at pH
0. For biochemical systems it is more meaningful to refer to E°′ of Fe(III)/Fe(II) at
pH 7, which is 0.110 V.) Moreover, metals can be chelated by sample components
that are not normally thought of as chelating reagents—including buffers. For
example, in HEPES buffer at pH 6.5, Fe(II) shows a near-complete lack of
autoxidation; but in phosphate buffer at pH 6.5, Fe(II) autoxidizes rapidly (27).

Table I. Impact of metals on the rates of autoxidation reactions.

Autoxidized
Compound

Metal-Relevant
Parameter(s)
Investigated Summary Results Ref.

Ascorbate a Conc. of Cu(II)
on rate

Uncatalyzed “half-life”: > 1,748 min.
“Half-life” w/ 727 nM
Cu(II): 1,748 min.
“Half-life” w/ 7.27
µM Cu(II): 181 min.

“Half-life” w/ 3.36 mM Cu(II): 6 min.

(15)

Ascorbate b Conc. of Cu(II)
on rate

50 nM Cu(II): 2 mAu/min
500 nM Cu(II): 50 mAu/min
1,000 nM Cu(II): 100 mAu/min

(2)

Ascorbate b Conc. of Fe(III) and
EDTA-Fe(III) on rate

1 µM Fe(III): 1.5 mAu/min
1 µM Fe(III)-EDTA: 4.5 mAu/min

5 µM Fe(III): 6 mAu/min
5 µM Fe(III)-EDTA: 23 mAu/min m

(2)

Cysteine
(Cys) c

Catalytic rates
facilitated by
different metals

(0.01 mol metal/mol
Cys)

No added catalyst: 0.4 µL O2/min
Cu(II): 16.3 µL O2/min
Fe(III): 21.1 µL O2/min
Na2SeO3: 14 µL O2/min
Co(II): 2.1 µL O2/min
Mn(II): 1.0 µL O2/min

(16)

Continued on next page.
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Table I. (Continued). Impact of metals on the rates of autoxidation reactions.

Autoxidized
Compound

Metal-Relevant
Parameter(s)
Investigated Summary Results Ref.

Glutathione
(GSH) c

Catalytic rates
facilitated by
different metals

(0.01 mol metal/mol
GSH)

No added catalyst: 0.3 µL O2/min
Cu(II): 2.4 µL O2/min
Fe(III): 0.9 µL O2/min

Na2SeO3: 18.2 µL O2/min
Co(II): 2.3 µL O2/min
Mn(II): 0.6 µL O2/min

(16)

Dihy-
drolipoic
acid c

Catalytic rates
facilitated by
different metals

(0.01 mol metal/mol
dihydrolipoic acid)

No added catalyst: 0 µL O2/min
Cu(II): 0 µL O2/min
Fe(III): 0 µL O2/min

Na2SeO3: 4.0 µL O2/min
Co(II): 4.6 µL O2/min
Mn(II): 1.5 µL O2/min

(16)

Coenzyme A
(CoA) c

Catalytic rates
facilitated by
different metals

(0.01 mol metal/mol
CoA)

No added catalyst: 0.2 µL O2/min
Cu(II): 0.9 µL O2/min
Fe(III): 0.3 µL O2/min
Na2SeO3: 1.1 µL O2/min
Co(II): 0.5 µL O2/min
Mn(II): 0.3 µL O2/min

(16)

Cys d (and
related

derivatives)

Mechanism
governing Cu(II)-
catalyzed oxidation
of Cys-related thiols

to disulfides

Biphasic kinetics where RatePhase 1
= k1[Cu2+][CysS-]/K2(1+K1/[CysS-])

+ [CysS-] n

Cysk1 = 0.32 s-1
Cys ethyl ester k1 = 0.37 s-1
Cysteamine k1 = 0.13 s-1

N-Acetylcysteine k1 = 0.013 s-1

(17)

GSH d Mechanism
governing

Cu(II)-catalyzed
oxidation of GSH

to GSSG

Biphasic kinetics (0.1 mM GSH):
Phase 1: 5 µM Cu(II)
spent 1 µM O2/min

Phase 1: 40 µM Cu(II)
spent 2.8 µM O2/min
Phase 2: 5 µM Cu(II)
spent 2.1 µM O2/min

Phase 2: 40 µM Cu(II) spent
4.1 µM O2/min

(18)

Dithio-
threitol
(DTT) e

Mechanism
governing

Cu(II)-catalyzed
oxidation of DTT

Biphasic kinetics (0.1 mM DTT):
10 µM Cu(II) spent
48 µM O2 in Phase 1

90 µMCu(II) spent 2 µMO2 in Phase 1
●OH Production in Phase 2
No added Cu(II) gave
2.5 x 10-3 fluoresc. u/hr

10 µM Cu(II) gave 64 x 10-3
fluoresc. u/hr

(19)

Continued on next page.
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Table I. (Continued). Impact of metals on the rates of autoxidation reactions.

Autoxidized
Compound

Metal-Relevant
Parameter(s)
Investigated Summary Results Ref.

Cys f Cu(II)-catalyzed
oxidation of Cys by

[Mo(CN)8]3-

Uncatalyzed t1/2 = 0.21 s
5 µM Cu(II)-catalyzed t1/2 = < 0.002 s

(20)

Glucose g Effect of Fe(III),
Cu(II), and phosphate
(Pi) on oxidation rate

10 mM Pi: 0.54 fluoresc. u/9 days
100 mM Pi: 12.8 fluoresc. u/9 days

10 mM Pi + 20 µM Fe(III):
0.47 fluoresc. u/9 days

100 mM Pi + 10 µM Cu(II): 7.2
fluoresc. u/9 days

(21)

Fructose g Effect of Fe(III),
Cu(II), and phosphate
(Pi) on oxidation rate

10 mM Pi: 11.8 fluoresc. u/9 days
100 mM Pi: 74.3 fluoresc. u/9 days

10 mM Pi + 20 µM Fe(III):
9.9 fluoresc. u/9 days

100 mM Pi + 10 µM Cu(II): 35
fluoresc. u/9 days

(21)

Arachido-
nate Mi-
celles h

Effect of AMP-
Fe(II)/AMP-Fe(III)
on lipid peroxidation
as measured by
formation of

malondialdehyde
(MDA)

1.7:0.1 mM AMP-Fe(II)/0 added
Fe(III): 0.58 nmol MDA/min*mL

1.7:0.1 mM AMP-Fe(II)/0
added Fe(III) & 3.4 mM extra
AMP: 0.33 nmol MDA/min*mL

AMP-Fe(II) & AMP-Fe(III) (1.7:0.1
mM ea): 1.16 nmol MDA/min*mL

(22)

Microsomal
Phospholipid
Liposomes i

Effect of Citrate-
Fe(II) and/or

Citrate-Fe(III) on
lipid peroxidation

0.1:0.1 mM Citrate-Fe(II):
0 nmol MDA/min*mL

0.1:0.1 mM Citrate-Fe(III):
0 nmol MDA/min*mL

0.1:0.1 mM Citrate-Fe(II) &
0.1:0.1 mM Citrate-Fe(III): 0.85

nmol MDA/min*mL

(23)

3,5-Di-
t-butyl

pyrocatechol
(3,5-DTBP) j

Relative reaction
rates catalyzed by
various metals

Times for rxn of 2.5 mmol O2
by 50 mL soln contg 0.10 M
3,5-DTBP and 1 mM MetalCl2
Co(II) & Mn(II): 15-20 min
Zn(II) & Cu(II): 40-60 min

Ni(II) ≈ No metal added: > 60 min
Fe(II): Longer than No metal added

(24)

Continued on next page.
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Table I. (Continued). Impact of metals on the rates of autoxidation reactions.

Autoxidized
Compound

Metal-Relevant
Parameter(s)
Investigated Summary Results Ref.

Chlorogenic
acid (CGA) k

Ability of different
metals at 100 µM
to enhance the rate
of lipid peroxidation
induced by oxidized

CGA

Al(III) & Mg(II): 130%
of Control (No metal)
Ca(II): 125% of Control
Cd(II): 115% of Control
Zn(II): 108% of Control

(25)

Dopamine
(DA) l

Effect of Fe(III)
chelation with

nitrilotriacetic acid
(NTA) on rate of
dopamine oxidation

No Metal Added: 0.4 nM H2O2/min
250 µM Fe(III): 12.5 nM H2O2/min

250 µM Fe(III) & NTA: 0.4
nM H2O2/min

(26)

a In 20 µM, citrate buffer pH 3.17. b In 125 µM in Chelex-100® treated phosphate
buffer pH 7.0. c 5-50 µM thiols in 0.1-0.21 M phosphate buffer, pH 7-7.38. d In 40
mM phosphate buffer pH 7.4. e In 20 mM phosphate buffer pH 7.4. f 5 mM Cys
in 2 mM acetate buffer pH 4.2 with 0.1 M sodium triflate. g In PBS (at phosphate
concentration indicated) with 5 mM sodium benzoate and 10 mM sugar at 40 °C for 9 days.
Detection based on fluorescence of hydroxylated benzoate products generated by hydroxyl
radicals. h In 30 mM NaCl, pH 6. i In 50 mM NaCl, pH 7.0 at 37 °C. j In 80% MeOH
containing 0.10 M KHCO3. k In 0.2 M acetate pH 5.0. l In 50 mM Tris, pH 7.2; [DA],
[Fe(III)], [NTA] = 250 µM. m EDTA slowed total oxidation due to other metals. n K1
and K2 are equilibrium constants for the ligation of 1 and 2 cysteine molecules to Cu2+,
respectively.

2. The second non-enzymatic route by which O2 can be made reactive with
ordinary biomolecules involves electronic excitation of ground state O2 via light
and a photosensitizer (which often contains a metal atom) to create singlet O2
(namely, the 1Δg state). Singlet O2 (or 1O2) is capable of direct reaction with
many organic biomolecules—in particular those containing carbon-carbon double
bonds. This often leads to formation of unstable organic peroxides that decompose
in ways that destroy the original biomolecule. Due to limited half-life in solution
(described below), 1O2 is much less important as a means for oxidatively damaging
biomolecules than the ROS generated by the reactions portrayed in Scheme 1.

Thus despite the fact that O2 cannot react directly with organic biomolecules,
the ubiquitous presence of trace metals makes O2-mediated damage of
biomolecules an ever-looming threat—both biologically and, particularly, when
biological systems are exposed to unnaturally high concentrations of dissolved
O2 supplied by the atmosphere. This chapter provides a synopsis of the role of
ex vivo oxidation in producing experimental artifacts during in vitro research that
involves DNA, proteins, and lipids.
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What Can Go Wrong?

Two undesirable outcomesmay arise from ex vivo biomolecular oxidation that
impacts experimental results whether investigators are aware of the impact or not
(pink ovals, Scheme 2); these includeA)OutrightMisinterpretation of Results, and
B) NoMistakes in Interpretation, but Incomplete Understanding of Results. These
undesirable conclusionsmay be arrived at by five separate paths: Path 1) Oxidation
goes unnoticed but results are interpretable. This will lead to Outcome A; Path 2)
Oxidation goes unnoticed and results are uninterpretable. This results in Outcome
B; Path 3) Oxidation is noticed, but proper interpretation of results does not depend
on parsing ex vivo oxidation from in vivo or non-artifactual in vitro oxidation,
resulting in Outcome B; Path 4) Oxidation is noticed, proper interpretation of
results depends on parsing ex vivo oxidation from in vivo or non-artifactual in vitro
oxidation, and the possibility of ex vivo oxidation is recognized, but investigators
are unable to distinguish ex vivo from in vivo oxidation. This results in Outcome
B; Path 5) Oxidation is noticed and proper interpretation of results depends on
parsing ex vivo oxidation from in vivo or non-artifactual in vitro oxidation—but
the possibility that ex vivo oxidation has occurred is not considered. This leads to
Outcome A. In summary, there are five paths leading to two undesirable outcomes,
but only one path to completely understanding experimental results that involve
biomolecular oxidation—and this path requires investigator awareness of potential
pitfalls.

This chapter focuses on the ex vivo oxidation events that are most likely to
generate misleading results in biochemical research. Though given brief mention
in Table I, catechols (including neurotransmitters, epinephrine and related species)
and related polyphenols are less prevalent in biochemical research than DNA,
proteins, and lipids. Moreover, they are well known for their redox properties and
tend not to be major/integral components of biochemical systems that are focused
on other molecules.

As such, most investigators who work with these compounds routinely
implement methodological precautions and experimental controls to minimize
and eliminate artifactual redox effects. Thus there are few examples where lack
of knowledge concerning their redox properties has led to misinterpretation of
results and this trend is expected to be sustained into the future. Readers interested
in additional information are referred to recent in-depth research articles on the
metal binding characteristics of these compounds and the resulting anti-/pro-
oxidant properties that such binding imparts (28, 29).

Table II provides an overview of how sample handling can lead to artifactual
oxidation of DNA, proteins, and lipids, why it matters, and the likelihood of
serendipitously detecting an oxidative modification when one is not looking for it.
Using examples from the biomedical literature, the sections that follow provide
additional details on the types of ex vivo oxidation reactions that can occur, their
potential impact on the main goal(s) of an investigation, and means by which they
can be minimized.
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Scheme 2. Flow chart outlining the possibilities of how ex vivo oxidation may
impact biochemical research.
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Table II. Induction, impact, and likelihood of detecting artifactual oxidation
of DNA, protein, and lipids.

Biomolecule

Sample Handling-
Based Causes of

Oxidation
Why Artifactual Ex vivo

Oxidation Matters

Likelihood
of Detecting
an Oxidative

Modification when
Not Looking for It

Processing-mediated
oxidation during
preparation for

analysis of oxidized
DNA (30, 31)

Leads to overestimation
of in vivo oxidative

damage

N/A

DNA
Processing-mediated
oxidation during

preparation for DNA
sequencing (32)

Causes mistakes in
DNA sequencing

(33–35). If undetected,
flawed/inaccurate data
may be reported (32)

Low

Handling & Stor-
age-Induced
Modifications

- Handling or stor-
ing protein or pep-
tide solution above
its freezing point

- Plasma/serum han-
dling & storage
above -30 °C (36)

a 1. Results in
non-specific formation
of Cys-SOH at free
Cys residues (37)
2. May result in
artifactual disulfide
bonds (via Cys-SOH
(37) or direct catalysis
by trace metals (5))
including homo-

and hetero- disulfide
dimers (36, 37)
3. May result
in formation of
Met-sulfoxide

4. May result in
artifactually elevated
protein glycation levels
(Ref (38) & unpublished
data described under
Oxidative Glycation

subsection)

Low for non-MS
based techniques /
High for MS-based

techniques

Proteins &
Peptides

Instrument-In-
duced Modifications

- ESI-MS source
voltage too high b

- Electrophoresis
(39, 40)

1. Unanticipated
peptide m/z shifts may
lead to undesirable
signal splitting.

2. Intact protein or
peptide oxidation may
be misinterpreted as
an in vivo or other
non-artifactual event.

High

Continued on next page.
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Table II. (Continued). Induction, impact, and likelihood of detecting
artifactual oxidation of DNA, protein, and lipids.

Biomolecule

Sample Handling-
Based Causes of

Oxidation
Why Artifactual Ex vivo

Oxidation Matters

Likelihood
of Detecting
an Oxidative

Modification when
Not Looking for It

Imperfections in
sample collection,
handling/processing
and storage (41)

Leads to overestimation
of in vivo oxidative

damage

Medium - High

Lipids
Intentional exposure
to air and light
to facilitate

characterization (42)

Employed intentionally
for the purpose
of molecular
characterization

N/A

a Protein & Peptides: If 1-4 are detected, these events may be confused with in vivo
oxidation and/or may be interpreted as relevant to in vivo processes when they are not; or
may be inaccurately reported as a biomarker of disease. If 1-4 remain undetected, this may
result in altered biomolecular interactions (e.g., see Methionine Sulfoxidation subsection),
leading to erroneous interpretation of a wide variety of possible results. b Applicable
to ESI source designs in which a high positive voltage is applied to the spray needle in
positive ion mode (43).

DNA

Artifactual Oxidation During Sample Prep for the Analysis of Oxidized DNA

Oxidized DNA has been implicated as a causal factor in aging and nearly
every chronic disease (44–50) including neurodegenerative diseases (51, 52),
cardiovascular disease (53, 54) and cancer (55, 56). Inflammation and ionizing
radiation from the sun are major sources of the ROS and nitrogen (RNS)
species produced in vivo that damage DNA. Hydroxyl radical (●OH)-mediated
DNA damage is the most well-studied form of DNA damage. As described
by Cadet et al (30), this has led to the characterization of at least 80 unique,
oxidatively modified forms of purine and pyrimidine bases. Hydroxyl radicals
are also the most common source of ex vivo damage to DNA, reacting with it at
diffusion-controlled rates (50). Scheme 1 describes how hydroxyl radicals can be
spontaneously generated in aqueous solution.

Impact on Main Goals of Analysis

Measurement of oxidized DNA is employed in a wide variety of efforts
to find biomarkers of disease as well as to define its etiology and suggest new
courses of therapy (reviewed in (44–56)). Numerous techniques for quantifying
oxidized DNA have been developed over the past few decades and were critically
reviewed by Cadet et al (30) in 2011. Available classes of techniques include
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32P-postlabeling assays, enzymatic methods that convert oxidized bases into
strand breaks, immunoassays, and chromatographic techniques ranging from
GC/MS, HPLC with electrochemical detection, LC/MS, and LC-MS/MS.

Regardless of the analytical technique employed, the prevention of
artifactual ex vivo oxidation during sample storage and preparation is critical
to ensuring the integrity of the final result. Some of the early approaches to
measuring oxidized DNA were so fraught with accuracy problems that the
European Standards Committee on Oxidative DNA Damage (ESCODD) was
established in 1997 to find the sources of error and variability in the analysis
of 8-oxo-7,8-dihydro-2′-deoxyguanosine (8-oxodG)—one of the most abundant
forms of oxidized DNA. Perhaps the most severely flawed methods were found to
be those based on GC/MS, due to the fact that sample heating during derivatization
(silylation) resulted in artifactual generation of 8-oxo-7,8-dihydroguanine
(8-oxoG) with an efficiency of about 0.01% over a heating period of 30 min at
130-140 °C (30, 57, 58) leading to dramatic overestimation of oxidized DNA
quantities. Other purine and pyrimidine bases were found to be oxidized during
derivatization as well (59). Workarounds such as pre-purification of oxidized
bases prior to analysis achieved some degree of success, but have not been highly
employed (30). Overall, the use of GC/MS techniques considered to be inaccurate
by ESCODD has decreased dramatically since the turn of the century. Cadet et
al (30) have recommended that “… all the measurements of oxidized bases in
cellular DNA using the GC–MS assay that were made during almost 20 years
have no pertinence and should be discarded. Therefore the use of these data for
the assessment of the biological role of oxidation products of DNA (50) has no
relevance.”

Immunoassays based on antibodies generated against oxidized DNA bases
have also been found to dramatically overestimate quantities of oxidized DNA
(60). This is largely due to the lack of antibody specificity.

No matter what approach is employed, DNA samples must inevitably be
stored and handled prior to endpoint analysis. Poor sample storage conditions
and/or flawed extraction procedures and techniques will almost always lead to
artificially high reports of oxidized DNA levels. Efforts to minimize artifactual
oxidation during sample processing for measurement of 8-oxodG (which takes
over an hour at various thawed-state temperatures) have found that the use of
the iron chelator deferoxamine (DFO) (31, 61) (cf. Scheme 1) and the chaotrope
sodium iodide (61) are advantageous in preventing artifactual oxidation, but do
not completely solve the problem (62). Increased quantities of extracted DNA
also serve to minimize the fraction of DNA that is artifactually oxidized during
sample preparation (63). DNA quantities of at least a few tens of micrograms
were found necessary to reach the lower plateau region of this non-linear effect.

As with many other bioanalytical challenges, LC-MS/MS is considered to
be the gold standard for the analysis of oxidized DNA (30, 64). In particular,
an approach that limited sample exposure to air by directly injecting crude
DNA hydrolysates without final vacuum concentration or solid phase extraction
steps was found to minimize artifactual DNA oxidation (31). Additionally,
chromatographic separation of 8-oxodG from its precursor 2′-deoxyguanosine
(dG) was found to be necessary to avoid the potential confounding effects of
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in-source oxidation that can take place in microseconds during the electrospray
ionization (ESI) process (65, 66) when a high positive voltage is applied to the
post-column analyte solution or the spray needle in positive ion mode. Such
artifactual oxidation in the ESI source is due to corona discharge which occurs
upon dielectric breakdown of gas molecules in the ion source region at a critical
applied voltage, generating a plasma consisting of free electrons and radical
cations (67, 68). The free electrons are accelerated toward the positively charged
spray needle at high energies, resulting in the splitting of water molecules to
produce hydroxyl radicals (H2O + e- → H● + ●OH + e-) (69) and other ROS
(69–71) that can readily oxidize organic components of the spray droplets in
which they are dissolved (72). As described in additional detail in the Proteins
section below, this problem can be avoided entirely by employing an ESI source
design in which the spray needle is held at ground and the inlet of the mass
spectrometer is held at a high negative voltage in positive ion mode.

Given the challenges described above, few if any methods are highly accurate
with regard to absolute quantification of oxidized DNA, but this does not mean
that conclusions drawn from studies that employ imperfect analytical approaches
are necessarily flawed: If the analytical methodologies are reasonably precise (i.e.,
precise enough to provide adequate statistical power) and the study design is such
that it does not introduce any systematic bias into one group vs. another, such
studies are often able to reveal relative differences between experimental groups
that can be relied upon to draw valid conclusions. The major limitation of such
studies, however, is that results from different laboratories generally cannot be
compared to one another, despite the fact that they may report results in the exact
same units.

Artifactual Oxidation During Sample Preparation for DNA Sequencing

Most analyses of DNA are carried out with the goal of obtaining sequence
information. In such cases investigators are not looking for oxidative damage to
the DNA and in the majority of cases are not actively concerned about it. It has
been known since 1992 that oxidative DNA base damage in the form of 8-oxoG
causes G > T and A > C substitutions (33). Only recently, however, was the impact
of artifactual oxidative DNA damage on the fidelity of low frequency mutation
calling in Next Generation Sequencing (NGS) reported for the first time (32).

During deep coverage exome analyses of melanoma tumors and matched
normal tissues, Costello et al (32) reported initially noticing an unexpectedly
high number of variants at allelic fractions < 20% in both sample sets. They
noticed that the G > T variants always presented in the first Illumina HiSeq
instrument read and that the C > A variants always showed up in the second
read. Additional investigation led them to pinpoint a nonbiological source for
the variants, namely oxidation of G to 8-oxoG during acoustic shearing for 165
s to generate 150-bp fragments for exome sequencing. Despite being kept in
a 10 °C water bath, the investigators observed that during shearing the actual
sample temperature rose to about 30 °C. (Notably, the artifactual variants did not
present themselves when DNA was sheared using a 500-bp protocol for whole
genome sequencing.) Additional investigation revealed that inclusion of 0.1
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mM DFO and 1 mM EDTA in the shearing buffer were independently able to
prevent oxidative damage but that DFO significantly decreased yields from the
library construction process. Ultimately, the experience caused the investigators
to alter their operating procedures such that before processing, all incoming DNA
samples are now buffer exchanged into Tris buffer containing 1 mM EDTA.

In conclusion, Costello and colleagues expressed serious concern that
other sample processing-related sequence misinterpretation errors may well
be confounding efforts to discover and act upon true low frequency tumor
mutations—and called upon the sequencing community to systematically review
data from different protocols to determine if other rare sequencing anomalies
caused by sample handling-induced molecular aberrations may be getting
incorrectly attributed to a pathobiological source. Their seminal work has been
recognized by other investigators and ex vivo-oxidized DNA is starting to become
recognized as an important potential source of errors in DNA sequencing (73, 74).

Proteins

Outside of specialized redox-active co-factors such as Fe-S clusters, the
sulfur-containing amino acids within proteins are the most susceptible to
spontaneous artifactual, ex vivo oxidation. For cysteine (Cys) residues this is
in line with their roles as structural disulfides (which generally have reduction
potentials below -300 mV (75, 76)) and allosteric disulfides (76, 77) / redox
signaling mediators (reviewed in detail elsewhere (75, 78, 79) which have
elevated reduction potentials in the range of -70 to -330 mV (75)—allowing them
to control important biological processes by cycling back and forth between the
oxidized and reduced forms.

It has been known for decades that reduced, unfolded proteins can
spontaneously re-oxidize within about 20 hrs at room temperature, regenerating
their native sets of intramolecular disulfide bonds when their solutions are
exposed to air (80–85). Free thiol-containing peptides are well known for their
propensity to spontaneously oxidize into disulfide-linked dimers within a similar
time frame when dissolved in aqueous, neutral-pH solutions exposed to air and
unavoidable quantities of redox-active transition metals.

Likewise, methionine (Met)-containing peptides are expected to undergo
some degree of sulfoxidation during common sample preparation workflows for
proteomic analyses that often expose samples to room temperature for several
hours in addition to incubation at 37 °C overnight. This is evidenced by the
ubiquitous practice of searching tandem mass spectra datasets for Met-sulfoxide
as a variable modification of Met.

In short, when protein solutions are exposed to air, oxidation of
solvent-exposed Cys and Met will proceed at any temperature above the freezing
point of the solution. For biological samples with high concentrations of solutes,
this temperature can be quite low. For example, blood plasma freezes at -30 °C
(86–89) and despite the appearance of being frozen at -20 °C, proteins containing
free-Cys and Met will oxidize when such specimens are stored at this temperature.
In a recent study (36), the free thiol of albumin was found to reach maximal
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S-cysteinylation after 60 days at -20 °C, while the onset of apolipoprotein A-I
(apoA-I) oxidation occurred after about 150 days at -20 °C.

The growing prominence of mass spectrometry as a tool for protein analysis
has resulted in increasing awareness of artifactual, ex vivo protein oxidation. Few
if any other analytical tools are as capable of serendipitously revealing and, at the
same time, qualitatively identifying oxidative protein modifications. Ironically,
under certain circumstances mass spectrometers (43, 72, 90) and electrophoresis
equipment (39, 40) can themselves induce artifactual protein oxidation. These
phenomena are described in greater depth in the Instrument-Induced Oxidation
subsection below.

Ex vivo Formation of Cysteine Sulfenic Acid (Cys-SOH)

Cys-SOH has been found to serve in many different roles as an intermediate
in redox-based processes. It plays an important role in regulating the activity
of numerous different proteins including peroxidases, oxidoreductases, kinases,
phosphatases, transcription factors, cysteine proteases, and ion channels (reviewed
in (91)). In vitro, artifactual disulfides form readily through processes catalyzed
by trace metals such as copper (cf. Table I) and do not necessarily require a stable
intermediate such as Cys-SOH in which oxygen is bound to the thiol sulfur atom
(5, 17–19). But in a study published in 2010, Rehder and Borges (37) found that
Cys-SOH can serve as an oxidative intermediate in the spontaneous formation
of disulfide-based peptide dimers and in in vitro-based nonenzymatic oxidative
protein folding.

These results, in combination with others that had hinted at the non-specific
nature of Cys-SOH formation in vitro (18, 92), demonstrated that Cys-SOH is
ubiquitously present at low relative concentrations at all solution-accessible free
Cys residues in protein and peptide solutions exposed to air. These findings are
not in conflict with reports that have demonstrated the importance of Cys-SOH as
an oxidative intermediate in specific enzymatic and redox-regulatory processes.
The unique protein microenvironments that stabilize oxidative thiol intermediates
determine the ultimate specificity of otherwise non-specific redox chemistry. That
stated, the discovery of the ubiquitous existence of Cys-SOH in vitro (37) does
suggest cautionary interpretation of shotgun proteomics-based studies that aim to
identify all Cys-SOH functional groups in samples that have been exposed to air.

Mixed Disulfides

Whether formed via thiol/disulfide exchange, Cys-SOH intermediates,
or trace metal catalyzed formation of self-reactive thiyl radicals (5, 17–19),
mixed disulfides are an inevitable long-term consequence of exposing to air
solutions that contain multiple molecular forms of reduced, thiol containing
Cys residues (Scheme 3). Initially, free thiol-containing species such as free
cysteine or β-mercaptoethanol will reduce disulfide bonds via a thiol-exchange
mechanism. But eventually, after hours of exposure to the atmosphere under
thawed conditions, all solvent-accessible thiols will oxidize to disulfides, resulting
in a mixture of homo- and heterodisulfide dimers. This holds true regardless of
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the nature of the thiol-containing species—whether they be small molecule free
thiols mixed with proteins bearing solvent-accessible free Cys residues (92), only
small molecules/peptides (37), or only full sized proteins whose thiol groups can
make contact with one another (93, 94). The key to observing this behavior is to
let reactions proceed for a long enough period of time.

Scheme 3. Protein reduction by small molecule free thiols in vitro (using Cys-SH
as an example reducing agent) and subsequent (re)oxidation of thiol groups in
samples exposed to air. As shown (reactions 10-11), some of the thiol reducing
agent “autoxidizes” in the presence of O2 and redox active metals. Thus if the
ratio of thiol reductant to oxidized protein is too low, reduction of the protein will
be incomplete (cf. Figures 1-2). In the presence of oxygen and catalytically

active trace metals, all solution-accessible thiols will eventually be converted to
either Protein-SS-Cys or Cys-SS-Cys, (cf. Figure 2). For the sake of simplicity
disulfide formation via minor reactions involving thiyl radicals are not shown
(cf. refs. (5, 17–19)). Likewise, it is assumed that this particular protein

cannot form a homodimer; if that were possible it would also be one of the final
oxidation products and would take part in reactions analogous to those shown
for Protein-SS-Cys and Cys-SS-Cys (reactions 11-14). Me indicates a redox

active transition metal.
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Figure 1. Charge deconvoluted ESI mass spectra of high purity, lipid-free
human serum albumin isolated from human serum, shown as purchased from a
commercial source (A), and following near-complete mixed-disulfide reduction

with 2-fold molar excess of cysteine (B).
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Figure 2. Time course for oxidative formation of the mixed disulfide between
human serum albumin (HSA) and free cysteine (Cys) in vitro. The starting

concentration of reduced HSA was 600 µM. Based on calculations of the dilution
factor for purification of reduced HSA, approximately 100 µM of the original 4
mM Cys-SH added for initial reduction (cf. main text; now present as ~50 µM
Cys-SS-Cys (Scheme 3, reaction 11)) had not been removed, accounting for the
increase in HSA-SS-Cys in the sample with 0 added Cys. The initial decrease
in HSA-SS-Cys for the samples with 100 µM and 500 µM added Cys (inset)

corresponds to initial reduction followed by subsequent oxidation.

Human serum albumin (HSA) contains a single free cysteine residue (Cys34).
As derived from fresh, healthy human serum, HSA is about 20% S-Cysteinylated
(36). HSA purchased from vendors tends to display an elevated degree of
S-Cysteinylation (Figure 1a), presumably due to oxidative processes that occur
during protein purification. Upon adding 4 mM cysteine (Cys-SH) to 2 mM
HSA, and incubation at room temperature for 2 hours, the reduction of HSA was
nearly complete (Figure 1b). Notably, the reduction process did not reduce HSA
structural disulfides as evidenced by the lack of a mass shift of the peak at 66,439
Da and by the fact that upon re-oxidation mass spectral peaks corresponding to di-
or tri- S-Cysteinylated-HSA (HSA-SS-Cys) did not appear. Following reduction,
excess Cys-SH and Cys-SS-Cys were removed from solution using a spin filter
with a nominal molecular weight cutoff of 30 kDa. Cys-SH was then added at
0, 100 and 500 µM to three separate aliquots of 600 µM HSA, and the relative
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fractional abundance of HSA-SS-Cys was monitored by mass spectrometric
analysis of the intact protein over time (Figure 2). Initially, residual HSA-SS-Cys
was reduced by the added Cys-SH (Figure 2, inset), but after several hours
formation of HSA-SS-Cys began to occur (Scheme 3), reaching a maximum that
correlated well with the total amount of Cys-SH added at the beginning of the
time course.

The oxidation reactions operative in these experiments work the same way in
complex biological samples. The authors’ research group recently demonstrated
that without the addition of any exogenous chemicals, the fraction of albumin in
human blood plasma that is S-Cysteinylated increases rapidly when the plasma is
stored above -30 °C—reaching a plateau of less than 100% S-Cysteinylation that
is consistent with the total concentration of free cysteine plus molar equivalents of
cysteine-within-cystine in plasma. This plateau was reached with 7 days at room
temperature or 60 days at -20 °C (36).

The spontaneous formation of mixed disulfides ex vivo may impact in vitro
biological systems under investigation. As such, in vitro data must be interpreted
with caution; if extrapolation of results to conclusions about in vivo biochemistry
is planned, experimental conditions should include a redox buffer (e.g., with
a mixture of glutathione/oxidized glutathione (GSH/GSSG)) to mimic in vivo
conditions. The fact that the simple, spontaneous redox chemistry that drives
biologically less-interesting phenomena is responsible for or can recapitulate
complex, biologically important biomolecular interactions does not diminish the
reported importance or specificity of such interactions. As alluded to above, the
unique protein microenvironments that stabilize oxidative thiol intermediates
and guide/dock thiol-containing molecules to these sites determine the ultimate
specificity of otherwise nonspecific redox chemistry.

Methionine Sulfoxidation

Methionine sulfoxidation is well known to the proteomics community as a
largely artifactual modification (95) that may or may not be present on any given
Met-containing peptide. It tends to be treated as a nuisance modification, but one
that can readily be handled by routine proteomics workflows and data processing
and analysis algorithms. Yet interestingly, when cultured cells are oxidized by
direct exposure to a lethal dose of hydrogen peroxide (30% H2O2) for 2 hours at
37 °C, methionine sulfoxide (MetSO) tends to show up near neighboring polar
residues (96), and the sequence specificity of methionine sulfoxide reductase
enzymes appears to be a major factor in determining the balance of Met oxidation
(96). Facilitated by its reversibility in vivo, MetSO has been found to serve as
either a “molecular bodyguard” (97, 98) and/or as an important mediator of redox
regulation and signaling—including cross-talk with protein phosphorylation
(reviewed in detail elsewhere (99–101)). Thus for studies involving detection
or quantification of Met/MetSO, distinguishing between MetSO produced by
biological processes in vivo vs. artifactual processes ex vivo can be critically
important.

In most cases, the in vitro, artifactual formation of MetSO occurs as a result
of ROS that are produced by the difficult-to-avoid combination of O2 and trace
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metals outlined above (Scheme 1). The impact that artifactual formation of
MetSO has on a particular experiment can vary widely; possible outcomes are
diagrammed in Scheme 2. Because it is such a small molecular modification,
the likelihood of serendipitously detecting protein methionine oxidation in most
workflows (especially those that do not involve mass spectrometry) is very
low—though it has happened (102)).

The limited ability to detect MetSO can have major consequences on
experimental results. For example, MetSO has been documented to disrupt
the following interactions: MetSO-antibody binding to protein A/G and
Fc receptors (103–105), MetSO-calmodulin binding to plasma membrane
Ca-ATPase (106, 107) and CaMKII (108) (and a host of other consequences
related to the impaired ability of MetSO-calmodulin to bind Ca2+ (100, 109)), and
MetSO-calcineurin binding to calmodulin (110). MetSO also alters the activity of
parathyroid hormone (111–114), MetSO-antigenic peptide binding to the MHC
and subsequent recognition by the T cell receptor (115), the binding of a MetSO
C-type natriuretic peptide analog to its receptor (116), and the binding of the
MetSO prion protein (PrP) to antibodies against its Helix-3 region (117). When
modified by MetSO, phosphorylation of specific serine residues within nitrate
reductase (118) is inhibited (additional examples of crosstalk between MetSO
and protein phosphorylation are reviewed by Rao et al (99)). Furthermore,
MetSO causes a general increase in protein surface hydrophobicity (119) and
can lead to increased ubiquitination (120) and 20S proteasomal degradation
(121). In a complicating twist, MetSO has also recently been shown to decrease
20S proteasomal degradation of alpha-synuclein (122). Perhaps even more
interestingly, MetSO is emerging as an important activator of redox-signaling
events (reviewed by (100)), including activation of CaMKII (which is reversed
by methionine sulfoxide reductase A) (123), the E. coli transcription factor HypT
(124), and f-actin disassembly (125, 126).

Based on these reports, it is evident that the artifactual formation of MetSO
in sub-optimally handled protein samples should not be dismissed as a relatively
unimportant event that has no significant bearing on the outcome of research results
or even, potentially, clinical assays that rely on protein-protein interactions.

It is common practice to characterize recombinant proteins or native proteins
purified from a biological host using gels—which in general are not capable of
revealing the presence of MetSO. It is common to think of the artifactual MetSO
observed on peptides in bottom-up proteomics experiments as something that
really only occurs during alkylation, proteolysis, and final sample work-up prior
to analysis. As shown by Liu et al (127), this most certainly does occur—and
they describe an isotopic labeling strategy to track oxidation that occurs during
these steps. But artifactual, ex vivo oxidation of intact proteins can occur quite
readily as well. For example, immediate analysis of intact beta-2-microglobulin
(B2M) by MALDI mass spectrometry following extraction from human plasma
or urine by antibody-based affinity capture reveals no oxidation of its single
Met residue (128–130). Yet B2M obtained from a commercial source that had
been purified from human urine contained approximately 50% MetSO (Figure
3a). Buffer exchange by spin filter in 0.1 M acetic acid over a time period of
about 90 min at roughly 30 °C increased MetSO (Figure 3b), but reduction with
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N-methylmercaptoacetamide (131) reduced MetSO back to Met (while also
reducing the protein’s disulfide bond (Figure 3c).

Figure 3. ESI-MS charge deconvoluted spectra of beta-2-microglobulin (B2M)
protein purified from pooled human urine. Shown as obtained from the vendor
(A). The calculated MH+ mass of the 7th and most abundant isotope of B2M
is 11729.80 Da (11745.79 Da for MetSO-B2M). Spin-filter purification in 0.1
M acetic acid resulted in additional formation of MetSO (B). Reduction with

N-methylmercaptoacetamide resulted in reduction of MetSO as well as reduction
of the disulfide bond with concomitant addition of two hydrogen atoms (C).

Spectra were acquired on a Bruker maXis 4G equipped with an Agilent G1385A
microflow ESI ion source that is held at ground while the instrument inlet was set
at a high negative voltage (in positive ion mode). Settings: End plate offset -500
V, capillary -4,500 V, nebulizer nitrogen 2 bar, dry gas nitrogen 3 L/min at 210 ºC.
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As proteins are purified away from their native biological environment, the
risk of artifactual oxidation increases due to a loss of any natural redox buffering
capacity that might accompany the unmodified biospecimen. For the same reason,
the risk of substantial accumulation of MetSO relative to Met also increases at
low protein concentrations. Recognizing the possibility that intact proteins may
become artifactually oxidized ex vivo—even when they remain within their native
biological environment can be critically important. Human apoA-I provides an
illustrative example:

ApoAI is the major protein component of high density lipoprotein (HDL).
Each protein molecule contains 3 Met residues at positions 86, 112, and 148.
The first definitive evidence that these residues could be oxidized to MetSO was
provided in 1988 (132). In this study, Anantharamaiah and colleagues showed
that Met oxidation alters the secondary structure of apoAI and modifies the
hydrophobicity of the nonpolar faces of the amphipathic helices that interact with
HDL lipids—altering its lipid binding characteristics. As further research on
the mechanism and functional impact of apoAI Met oxidation developed, it was
suggested that MetSO-apoAI could potentially serve as a biomarker of conditions
associated with cardiovascular-related oxidative stress, including atherosclerosis
(133–135). But as published in 2009 (136), a large clinical study failed to show
an association between MetSO-apoAI and coronary heart disease.

Several years later Borges et al (36) provided definitive evidence that
MetSO-ApoAI can form spontaneously in human plasma that is stored above its
freezing point of -30 °C (86–89), though this takes about 150 days to occur when
specimens are stored at -20 °C. Moreover, this same report revealed a complete
lack of apoAI MetSO (at least above 2-3% relative abundance) in all freshly
collected plasma samples—including 24 specimens collected from patients during
myocardial infarction. Though it clearly occurs, artifactual, ex vivo oxidation of
apoAI in whole blood plasma may not be the definitive reason why no association
between coronary heart disease and MetSO-apoAI was found (136), but it may
well have contributed to the evidence that was built up over the years supporting
a potential association between MetSO-apoAI and cardiovascular disease. The
section on Lipids below describes the mechanism behind the artifactual oxidation
of apoAI in plasma.

Oxidative Glycation

The excess oxygen and redox-active metals present in the in vitro
environment can facilitate protein modification at residues other than Cys and
Met. For example, enolization of the open-chain form of glucose followed by
single-electron transfer to the oxidized form of a redox-active transition metal
ion such as Fe(III), generates Fe(II) and the enediol radical glucose anion which
can then directly react with O2 to produce superoxide and the dicarbonyl form
of glucose (38). Dismutation of the superoxide to H2O2 (Scheme 1, Reaction 5)
provides the final necessary component for Fenton chemistry and production of
hydroxyl radicals which (besides other forms of damage) ultimately contribute to
additional production of the oxidized dicarbonyl form of glucose. This dicarbonyl
form of glucose formed by the aforementioned “autoxidation” reactions is highly
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reactive with protein amino groups and, in vitro, was found to be responsible for
up to 45% of the attachment of glucose to bovine serum albumin that occurred
within 10 hrs at 37 °C (38).

This reaction pathway constitutes a significant alternative to traditional Schiff
base formation between glucose and protein amino groups followed by Amadori
rearrangement. Theoretically, this “autoxidative glycation” pathway (38) could be
activated in ex vivo blood specimens due to elevatedO2(aq) concentration, creating
the possibility of inaccurate protein glycationmeasurements. The glycated form of
the human hemoglobin β-chain, HbA1c, is an important long-term clinical marker
of blood glucose control. It provides a snapshot of overall blood glucose control
over the past few months, according to the mean half-life of erythrocytes. When
whole blood was stored at a series of temperatures above its freezing point for
time frames of 1 to 57 days then analyzed by several commonly employed clinical
assays, results demonstrated clear instabilities in the assays, primarily due to the
unacceptable appearance of an extra chromatographic peak between the HbA1c
and HbA0 chromatographic peaks (137, 138). The chromatographic peak was not
identified, but it was clearly attributable to artifactual, ex vivo processes.

In a recent study of the oxidative stability of HSA in human blood plasma
(36), it was noticed that besides dramatic increases in the relative abundance of
HSA-SS-Cys (determined by analysis of the intact protein by mass spectrometry),
there appeared to be increases in the glycated form of albumin (Figure 4). Upon
further inspection, these increases were found to be statistically significant
when plasma aliquots from the healthy individual (p < 0.01) and from a poorly
controlled diabetic (p < 0.05) were stored at -20 °C for 6 months. Further studies
are underway to determine if oxidative, ex vivo processes were responsible for
this result or if blood plasma protein glycation is simply not at equilibrium in vivo.

Instrument-Induced Oxidation

The ex vivo biochemical reactions discussed up to this point occur
spontaneously when specimens are exposed to the atmosphere. It is also possible
to artifactually oxidize proteins through the use of instrumentation that requires
high voltages, which can facilitate reactions that are otherwise thermodynamically
unfavorable.

Gel electrophoresis is perhaps the most widely employed method of protein
analysis. It is often employed as a means of protein separation prior to analysis
of proteins by mass spectrometry, constituting a classical method of proteomic
analysis. It has been known since the 1960s that SDS-PAGE can cause artifactual
protein oxidation (139) and loss of band resolution within gels. Some of the
efforts to control it have been based on degassing the polymerization solution
(140), photoinitiation of gel polymerization with flavin mononucleotide (139,
141), and addition of the ROS scavenger thioglycolate into the cathode buffer
reservoir (142). In 2004, Sun et al used MALDI-TOF mass spectrometry to show
that a combination of all three of these steps resulted in no detectable oxidation
of Met and Trp-containing tryptic peptides from equine heart cytochrome c (39).
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Figure 4. Charge deconvoluted electrospray ionization-mass spectra of
albumin from a healthy donor showing an increase in the relative abundance of
S-Cysteinylated albumin and glycated albumin when the plasma specimen was
stored at -20 °C for 60 days. Red and black spectra are from the same individual
sample, aged as indicated. Reproduced with permission from reference (36).
Copyright 2014 The American Society for Biochemistry and Molecular Biology.

But these precautions are not universally applied by all investigators
today. Using conventional proteomics practices, Froelich and Reid (143)
have noted the artifactual oxidation of Met, Trp, and S-carboxyamidomethyl
(iodoacetamide-alkylated Cys, S-CAM) that occurs under conditions of
in-solution or in-gel tryptic digestion of the model protein bovine apotransferrin.
MetSO formation was worse under in-gel conditions, but low-level artifactual
oxidation of Trp and S-CAM were approximately equivalent under the two
digestion conditions. Likewise, in a study focused on oxidation of Trp, Perdivara
et al (40) demonstrated that tryptic and chymotryptic fragments of antibodies
exhibited substantially greater formation of all forms of Trp oxidation when the
proteins were first exposed to SDS-PAGE followed by in-gel proteolytic digestion
vs. simple in-solution digestion.

Asmentioned, proteomics approaches often employmass spectrometry-based
analysis of peptides following in-gel proteolytic digestion of proteins subjected to
SDS-PAGE. Oxidation susceptible amino acid residues that remain reduced prior
to analysis by electrospray ionization-mass spectrometry face one final hurdle:
oxidation caused by the ESI process itself. The possibility of corona discharge
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and subsequent generation of associated reactive species in the gas phase during
ESI has been understood since the inception of ESI (144). Likewise, ESI inventor
and Nobel Laureate John Fenn and his colleagues also understood early-on that
charge-balancing electrochemical reactions (oxidation in positive ion mode and
reduction in negative ion mode) take place in solution near the ESI spray needle
during the ESI process—though Fenn admittedly took this fact for granted and did
not discuss it much during the early days of ESI (145).

In 1993 a study of the impact of ESI-mediated oxidative processes on
peptides revealed that even under normal operating conditions Met is particularly
susceptible to being oxidized into MetSO (72). In 2009 Boys et al (43) reported a
study in which they took it upon themselves to determine whether electrochemical
processes within the spray needle or ROS generated by corona discharge during
the desolvation/ionization process (69–71) (Figure 5) is responsible for protein
oxidation that can occur during ESI. They found that corona discharge is solely
responsible for this phenomenon and that it can occur under standard operating
conditions that employ nitrogen as the nebulizer gas and a low capillary voltage.

Figure 5. Schematic depiction of an ESI source in positive ion mode (black).
Positively charged solvent droplets and analyte ions (A+) are ejected from the
tip of the Taylor cone. Flow directions of charge carriers are indicated by thin
arrows. Shown in red are the additional current contributions under corona

discharge conditions, where neutral gas molecules X break down to form X·+ and
free electrons. MS, mass spectrometer; CE, counter electrode; WE, working
electrode; V0, capillary voltage. Reproduced with permission from reference

(43). Copyright 2009 The American Chemical Society.

Fortunately, rearrangement of the ESI source geometry such that the spray
emitter is grounded and the inlet of the mass spectrometer is raised to a high
negative voltage (in positive ion mode) prevents protein oxidation due to
corona discharge. Corona discharge may still occur under this arrangement, but
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electrons formed from the dielectric breakdown of neutral gas molecules are
not back-attracted to the ESI emitter and accelerated toward it at high, ionizing
energies. At present, Agilent and Bruker both employ this design. Notably,
however, it is not possible to circumvent electrochemical reactions with this ion
source geometry (146). In the author’s experience with this source design (36,
37, 147–152), no ESI source-mediated artifactual protein oxidation has been
observed (cf. Figure 3).

Lipids

Lipids are well-recognized in terms of their susceptibility to spontaneous,
non-enzymatic ex vivo oxidation. The reaction of unsaturated lipids with oxygen
to produce “autoxidizing”, self-propagating lipid radicals, lipid peroxide radicals,
and lipid hydroperoxides requires a mixture of Fe(II) & Fe(III) (3, 22, 23,
153–155) (at an optimal ratio of 1:1 (154)) and can be initiated via the mechanisms
described in the Introduction (Scheme 1), including photochemical / 1O2-initiated
peroxidation. These reactions can be useful in lipid characterization, but they
can be problematic in lipid research when they are not monitored or controlled.
As described below, they can also mediate the artifactual oxidation and covalent
modification of proteins and nucleic acids.

Lipid Characterization

Mere exposure of unsaturated lipids to ambient conditions where air and
light are available is enough to facilitate their oxidation and degradation. In
a recently reported analytical method for characterization of double bond
positions in unsaturated lipids (42), exposure to air and light served as requisite
TLC-plate preparation parameters required to induce cleavage at double bonds
with formation of chain-terminal aldehydes. In relatively pure samples, sufficient
molecular alteration to facilitate characterization occurred within 1 hour exposure
time to air and light at room temperature. The authors’ results (42) demonstrated
that singlet oxygen was more important than ozone (156–159) in mediating
unsaturated lipid oxidation in the dry environment.

Interestingly, they pointed out that the radiative lifetime of 1O2 (as the 1Δg
state) is 45 min in the gas phase (160), but only 10-6 to 10-3 s in solution (161,
162)—explaining why, in their study, oxidation of unsaturated lipids was observed
on air-exposed surfaces, but not in solution. Under this mechanism of oxidation,
1O2would serve as the initial biomolecule oxidant rather than a metal ion (Scheme
1). Notably, reaction rates were found to differ for individual surfaces based on
their roughness—with rougher surfaces leading to faster oxidation.

In concluding, the authors caution investigators to be wary of artifactual
oxidation of lipids within dried biological samples that may occur due to ambient
air exposure. Considering the popularity of lipid profiling by MALDI imaging
and the growing interest in oxidative lipomics (163), the spontaneous in vitro
oxidation of dry, surface-exposed lipids in tissue slices would seem to merit
additional investigation with regard to the possibility of ex vivo artifacts arising
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during sample preparation before introduction of tissue samples into the vacuum
system of the mass spectrometer.

F2-Isoprostanes as Representatives of Lipid-Based Markers of Oxidative
Stress

F2-isoprostanes (F2-IsoPs) are a molecular series of oxidized, largely
phospholipid-derived forms of arachidonic acid (Scheme 4). They are
released from phospholipids by phospholipase A2 and platelet activating
factor acetylhydrolase. In circulation, HDL serves as their major lipoprotein
carrier (164). In 1990 Morrow et al discovered that they can be produced
spontaneously in vitro by enzyme-independent processes (165). Later that
year, Morrow and colleagues also reported that F2-IsoPs are produced in vivo
via a cyclooxygenase-independent mechanism involving free-radical mediated
peroxidation of arachidonic acid (166).

Scheme 4. Isoprostane formation from arachidonic acid. Reproduced with
permission from reference (167). Copyright 2013 Elsevier.

Though there are other commonly employed lipid-based markers of in vivo
oxidative stress such as malondialdehyde (MDA), 4-Hydroxy-2(E)-nonenal
(HNE), 4-Hydroxy-2(E)-hexenal (HNE), and degree of LDL oxidation (reviewed
elsewhere (168–171)), F2-IsoPs are widely considered to be the “gold standard”
indicator of in vivo lipid oxidation as well as a general metric of physiological
oxidative stress (41, 168, 172–177). They are frequently represented by
measurement of 15-F2t-IsoP in particular (also known as 8-iso-PGF2α (172)).
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A few years ago, F2-IsoPs were validated as markers of oxidative damage in
cardiovascular health by the European Food Safety Authority (EFSA) (175).

As established very early in the study of F2-IsoPs as markers of oxidative
stress/damage (165), measurements of F2-IsoPs are highly susceptible to
artifactual elevation due to non-enzymatic, free-radical mediated chemical
reactions in vitro (Scheme 1). In particular, they found that storage of human
blood plasma at -20 °C for several months resulted in an approximately 50-fold
increase in these compounds.

Since that time, “best practices” have been established for the analysis
of F2-IsoPs in plasma; they include collection into chilled tubes containing
EDTA/butylated hydroxytoluene (BHT)/GSH with immediate centrifugation and
storage at -80 °C for 1 month prior to analysis (41). Barden et al (41) recently
carried out a systematic study on the effects of anticoagulants/antioxidants,
storage temperature and storage time on F2-IsoP concentrations in plasma. They
found that a 4-hr processing delay at 4 °C or room temperature followed by
storage at -80 °C for 1 month did not cause results to deviate from those obtained
using “best practices”. However, storage of “best practice” samples for 6 months
at -80 °C or any other deviation from “best practices” resulted in significantly
elevated (often extremely elevated) measurements of F2-IsoPs. As pointed out
by the study authors, the analysis of F2-IsoPs as markers of oxidative stress in
vivo is on the rise—often being carried out as a part of multicenter studies where
it may not always be feasible to carry out “best practices” when it comes to
collection, immediate processing, cold storage (-80 °C), and analysis within one
month. But their study proves that unless it is possible to guarantee execution of
“best practices” for collection, processing, and storage of samples to be analyzed
for F2-IsoPs, the results of such studies are likely to be dubious (at best) or even
erroneous.

Considering that similar non-enzymatic free-radicalmediatedmechanisms are
also behind the formation of other common markers of in vivo oxidative stress
such as MDA, HNE, and HNA, similar precautions are also warranted with regard
to their analysis and data interpretation. It is possible that artifactual, ex vivo
lipid oxidation has contributed to confusion and conflicting reports on the role of
polyunsaturated fatty acids in oxidative stress and chronic inflammatory diseases
(168).

Oxidative Transfer from Lipids to Protein and DNA

Polyunsaturated lipids are highly prone to oxidation as described above and
illustrated generically in Scheme 1 (esp. Rxns 4a,b). Interestingly, they do not
always keep their oxidative damage to themselves; under the right conditions, they
can readily pass their oxidative wounds to other classes of molecules, including
proteins and DNA.

ApoAI is the most abundant protein component of HDL. As mentioned
above, HDL is the major lipoprotein carrier of plasma F2-IsoPs. HDL is also the
major carrier of all lipid hydroperoxides in human plasma (178). In 1998, two
independent groups (179–181) reported that apoAI reduces lipid hydroperoxides
in human HDL. Garner and colleagues (179, 180) demonstrated that Met112 and
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Met148 of apoAI (but not Met86) receive the oxidative insult immediately and
are themselves converted to MetSO in the process. They additionally showed
that the single Met residue of the apoAII polypeptide (Met26) can participate
in the oxidative transfer from lipid hydroperoxides. Interestingly, incubation
of Cu2+ with air-exposed isolated, lipid-free apoAI did not result in apoAI
oxidation (179); moreover, dissociation of HDL by SDS inhibited reduction of
lipid hydroperoxides (180).

These results proved the importance of the intact HDL particle in facilitating
in vitro oxidation of apoAI and apoAII Met residues. Considering that HDL is the
major carrier of plasma lipid hydroperoxides (164, 178), these data suggest that
among plasma proteins, apoAI and apoAII may be uniquely susceptible to Met
oxidation.

Besides direct transfer of an oxidative insult, lipid peroxidation can result
in lipid decomposition into a variety of reactive electrophiles (169, 182, 183).
1,3-propanedial (more commonly known as malondialdehyde (MDA)) and
4-hydroxy-2-nonenal (HNE) are two of the most abundant and well-studied
examples. Following formation of initial lipid hydroperoxides and their
rearrangement to endoperoxides (Scheme 4, rows 3-5), further oxidation and
cleavage result in formation of MDA and HNE (169, 184)—the latter occurring
to completion within a few hours for dry samples at 37 °C (184). These species
readily react and form covalent adducts with amino- and thiol-containing
biomolecules—including both protein (182, 185), and DNA (183, 186, 187).
Within living cells this results in a plethora of mostly negative consequences.
Because of this, numerous studies have sought to identify and quantify MDA,
HNE and other lipid-based electrophile adducts of protein (reviewed in (182,
185, 188)) and DNA (reviewed in (48, 186)), often with the goal of using these as
biomarkers of disease or—in the case of DNA—promutagenic insult.

Since lipid oxidation and downstream protein and DNA adduct formation
within biological samples can readily occur ex vivo, caution should always be taken
with regard to study design, execution, and interpretation of data—including data
already deposited in the literature.

Preventing Artifactual Oxidation
Minimize Oxygen Availability

Since artifactual ex vivo oxidation depends on molecular oxygen, the most
effective way to prevent such oxidation reactions from occurring is to eliminate
O2 as a reactant. This can be done by working in a glovebox (or other oxygen-free
environment) and degassing all solutions; but more often than not this approach is
either impossible or creates excessive logistical difficulties and therefore, in most
cases, does not represent a practical solution to the problem.

Remove or Chelate Catalytic Metals

The rate constant for the direct (catalyst-free) reaction of O2with ground state,
singlet biomolecules has been calculated to be about 10-5M-1 s-1 (3). This suggests
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that elimination of metals should be an effective means of preventing artifactual ex
vivo oxidation. Indeed, removal and/or chelation of metals are the most common
approaches to preventing artifactual oxidation because in most cases they are the
most practical to implement without interfering with experimental constraints.
Yet removal and chelation do not represent a perfect, “catch-all” solution to the
problem (3). Miller et al (3) have provided a well-balanced discussion of common
approaches and challenges involved in removing trace metals or neutralizing them
via chelation. Several important aspects of the discussion include the following:

1) Trace quantities of metal contamination can be extremely difficult, if not
impossible to eliminate because even the best metal-chelating resins rely on a
competitive equilibrium between the resin and the experimental solution. Thus if
the experimental solution contains a strongly-chelating buffer such as phosphate or
Tris, treatment with a metal-exchange resin can actually deposit additional metals
into solution by extracting them from the chelating resin (3, 189).

2) Chelation (e.g., using EDTA, DFO, diethylene triamine pentacetic acid
(DTPA)) can be an effective means to minimize autoxidation by curtailing
biomolecular interactions and altering metal ion reduction potentials, but it is
not guaranteed to render redox-active metals inert. In some cases—particularly
those involving iron—chelation can actually increase the rate of autoxidation (cf.
ascorbate in Table I) (2, 190). Miller et al (3) provide a useful table of reduction
potentials of complexed metals and illustrate a means by which to calculate
(estimate) such potentials based on equilibrium binding constants of chelators
with the reduced and oxidized forms of the same metal. They point out that
chelators that use oxygen atoms to ligate the metal tend to prefer the oxidized form
of the metal and generally decrease its reduction potential; conversely chelators
that employ nitrogen for metal binding tend to prefer the reduced form of the
metal and generally increase its reduction potential. Notably, many if not most
buffers—including “Good’s Buffers”—possess some capacity to ligate metals
and alter their redox properties. The fact that most buffers (and biomolecules
in general) ligate iron and copper is borne out by the fact that the solubilities
of Cu(II)aq and Fe(III)aq at neutral pH are 10-9 M and 10-18 M, respectively (3).
Thus their mere presence in solution at higher concentrations indicates that they
have formed complexes with other ligands in solution—ligands that likely alter
their reduction potentials and thus affect the rates at which they catalyze redox
reactions.

3) If attempts to remove or chelate metals are made, a functional test
to determine if the treated solution is indeed ‘catalytic metal-free’ should be
employed before and after metal removal. A simple test designed by Buettner
(2) based on the spectrophotometrically monitored autoxidation of ascorbate is
recommended.

Scavenge Oxygen

Oxygen scavengers are commonly employed in the food and pharmaceutical
packaging industries to keep products fresh that are intended for human
consumption. These are often based on Fe(0) or Fe(II) and involve scavenging
O2 in the gas phase—e.g., from the headspace of a sealed container. Some

404

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

01
6

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



oxygen and ROS scavengers, however, are based on ascorbate or other organic
molecules (191) and in some limited-lifetime in vivo-like contexts where their
pro-oxidant properties are not active, may be viable for practical application in
biochemical experiments (192, 193). Enzymes such as superoxide and catalase
may be employed to scavenge superoxide and hydrogen peroxide, respectively;
but as enzymes these have relatively short lifetimes in solution.

Avoid Singlet Oxygen

Production of singlet oxygen requires only air (O2) and ambient light. As
described in the Lipids section above, singlet oxygen is muchmore stable in the gas
phase than in solution. Thus while it is impractical to work in the dark, it may often
be prudent to avoid complete dehydration of samples being studied—particularly
those containing unsaturated lipids.

Keep Archived Biological Samples Fully Frozen

While obviously not useful as a means of preventing artifactual oxidation
while liquid-phase biochemical experiments are being conducted, freezing is the
most common means of preserving liquid biospecimens. Logistically, it is a very
simple means of preservation, but it is not fool-proof: Specimens must be stored
below their freezing points to avoid artifactual, ex vivo oxidation (36); as pointed
out above, biological specimens with high protein content can have severely
depressed freezing points (e.g., -30 °C for blood plasma (86–89)). Moreover,
freezers with auto-defrost features are often poorly suited for long term storage
because of their propensity to dehydrate samples that are not perfectly sealed.
Storage in liquid nitrogen (-196 °C) meets these criteria while simultaneously
minimizing exposure to oxygen.

Conclusions
All major classes of biomolecules are susceptible to artifactual, ex vivo

oxidation. Investigator awareness is the most important parameter in preventing
the misinterpretation of results or the spread of erroneous conclusions stemming
from this phenomenon (Scheme 2). Once investigators are aware of the potential
problem, all possible steps during sample preparation and analysis should be
taken to ensure that ex vivo oxidation is minimized. These generally include
minimizing sample temperature and exposure to air, addition of appropriate metal
chelators (3) and selection of a non-exacerbating buffer system (27), and, for
lipids, minimizing exposure of dried samples to both air and light. In addition,
investigators must remain aware that even though their analytical approach may
not directly detect the oxidized form of the biomolecule of interest (and it may go
undetected), artifactual oxidation can still directly impact results: For example,
if detection or quantification simply involves densitometric analysis of a band of
DNA or protein in a gel it is impossible to determine if that DNA or protein is
oxidized—or if some upstream effector that produced that band was damaged
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by oxidation. Likewise, assays such as ELISAs that are based on biomolecular
interaction with a photometric readout provide no direct information on whether
the target analyte is oxidized and whether or not the oxidative modification might
have had an impact on the results. In such cases where oxidative damage cannot
be detected directly, the experimental design must include appropriate controls
that will reveal whether or not artifactual oxidation is taking place and impacting
results.

Additionally, biomarker studies require knowledge of biospecimen history
including collection, processing and handling, final storage state, length of storage
in that state, and details on any deviations from storage in that state. At a minimum
it should be known that case and control samples were collected, processed and
stored in parallel with one another with minimal deviation in sample handling
variables. Ex vivo-variables that relate to the biospecimen can be as important
as in vivo-variables and should be given as much attention during study design
and development as biological variables. In the long run, time and effort invested
in minimizing the misleading impact of artifactual ex vivo oxidation will provide a
more direct route to bona fide biological discovery and its associated technological
advances.
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Scanning Electrochemical and Fluorescence
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Understanding the complex nature of reactive oxygen
species (ROS) requires the development of new analytical
techniques that are rapid, sensitive, and capable of real-time
detection of both intra- and extracellular ROS. In this regards,
electrochemical techniques have shown to be promising when
compared to conventional techniques used for ROS studies.
The broad applicability of electrochemical techniques in
quantifying ROS in living cells has resulted in the development
of a wide range of electrochemical ROS sensors to date.
However, relatively few of them have found applications in real
biological studies; most have remained at the proof-of-concept
stage. Hybrid optoelectrochemical approaches such as scanning
electrochemical microscopy and fluorescence microscopy have
shown to augment the detection capabilities of electrochemical
techniques, rendering them suitable for studying complex
biological systems.

Introduction

Roles and effects of reactive oxygen species (ROS) in biological systems
have gained substantial attention in the past decades. However, despite the
numerous research studies performed in this field, some aspects of ROS function
are still disputed (1–3). ROS are byproduct of oxygen metabolism including
species such as hydroxyl radicals (OH·), superoxide anions (O2·−), singlet oxygen

© 2015 American Chemical Society
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(1O2) and hydrogen peroxide (H2O2) etc., which are continuously produced at
very low concentrations inside or within the membrane of living cells. ROS
has long been known to be produced solely by phagocytic cells as a part of the
defensive response of immune cells. Recent evidence has shown that ROS also
play a key role as a messenger in normal cells and are responsible for regulating
various cell functions, including gene expression, apoptosis, and the activation of
cell signaling cascades. Inside cells, ROS concentrations are kept at certain levels
via various detoxifying mechanisms. However, ROS could also diffuse out of the
cell membrane and serve as both inter- and intracellular messengers (4–8).

Considering the above facts, it is clear that unraveling the complex dynamic
nature of ROS requires analytical techniques that are rapid, sensitive, and
capable of real-time detection of both intra- and extracellular ROS. In this
regard, conventional optical techniques, which are the most commonly employed
techniques for ROS detection, suffer from several drawbacks that limit the type of
information attainable from complex biological studies. Fluorescence detection
of ROS requires staining of the cells, which could result in an irreversible change
in the cell environment; rendering real-time monitoring of ROS less feasible. The
inability of the fluorescent dyes to accurately differentiate between various ROS
is another existing challenge; relatively few fluorescent dyes are deemed suitable
for ROS analysis, and the specificity of their response towards different types of
ROS is still disputed. Last, despite being produced inside the cell, as previously
stated, a portion of ROS can diffuse out of the cell. Most optical techniques can
provide information about intracellular ROS activities, however, less quantitative
information can be reliably obtained about extracellular ROS if analyzed using
these techniques by themselves (9–14).

Taken into account some of the disadvantages associated with optical
techniques, there is a need for analytical techniques that can provide more
comprehensive information on ROS activities in complex biological systems.
More recently, electrochemical techniques have emerged as promising alternatives
to optical techniques for both intracellular and extracellular ROS studies.
Electrochemical techniques for ROS analysis are relatively inexpensive, and
more importantly, they are inherently non-invasive given that they do not entail
various staining steps. The cells are less perturbed, enabling near real-time
monitoring of their innate behavior. It is worth noting that the experimental
conditions for electrochemical detection of ROS have been established for a
long time (15–20). The applicability of electrochemical techniques to study
ROS function in living cells have resulted in the development of a wide range
of electrochemical ROS sensors in the past decade. These detection strategies
have been reviewed elsewhere and will not be discussed in this chapter (21).
However, despite the large number of electrochemical ROS sensors reported in
the literature, relatively few have found applications in cell biology, and most
have remained at proof-of-concept-level. This gap between innovations and
applications in cell biology can be attributed to following factors.

First, the advantages of electrochemical techniques are not as well-known
or well-documented among researchers in the field of cell biology. Thus, to
encourage the use of electrochemical techniques in cell biology, these techniques
should be designed in a way that will allow researchers to consistently evaluate
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the reliability of the measurements. Ideally, this can be achieved by comparing the
electrochemical data with data obtained from conventional analytical tools used in
cell biology at real time. To bridge the gap between innovations in electrochemical
ROS detection and real world applications, it is necessary to develop hybrid
techniques that are based on the strategic combination of electrochemical and
optical detection techniques. As such, the shortcomings of each technique could
be circumvented to enable sensitive and accurate analysis of ROS in living cells
at real time. Secondly, most currently available electrochemical ROS sensors
measure ROS only at a single point above the cells; the amount of information
attainable under this experimental condition is not comprehensive. Spatially
resolved ROS activity cannot be obtained using this detection approach. To
circumvent this potential problem, researchers have resorted to employing
scanning electrochemical microscopy (SECM) for this application. In SECM
imaging, rather than collecting electrochemical data at a single point, an activity
image composed of a large number of data points is produced. The resultant image
provides a more accurate picture of the ROS activity of the substrate surface under
study (22–24). To date, SECM imaging has proven to be effective in analyzing
ROS in complex biological systems, simultaneous use of an optical technique
such as fluorescence microscopy (FM) will further enhance its applicability for
real world analysis. This chapter summarizes the advantages of employing just
such hybrid technique to detect ROS in PC3 human prostate cancer cells (PC3).

Combination of Scanning Electrochemical Microscopy and
Optical Microscopy for Biological Applications

SECM, first introduced by Bard and co-workers in 1989, is a scanning
technique that utilizes a miniaturized electrode such as an ultramicroelectrode
(UME) as the scanning tip to examine topographical and surficial electrochemical
properties of materials. In this technique, a high resolution (sub-micron)
translational stage enables the SECM tip to move in the X, Y and Z planes within
the vicinity of the substrate, while the electrochemical signal is simultaneously
recorded. Depending on the SECM mode, the presence and type of the substrate
affects the electrochemical signal, thereby creating a topographic or/and an
activity image (23). Since its introduction, SECM has rapidly found applications
in a large number of research areas including biological studies. Different modes
of SECM and its applications in biological studies have been reviewed recently,
and will not be discussed here in detail (22, 25–28). In brief, the most common
mode of SECM used in cellular studies is the “substrate generation/tip collection”
(SG/TC) mode. The concept behind this mode of operation and the configuration
of SECM for cellular studies, which includes the use of an optical microscope, are
shown in Figure 1. In SG/TC mode, electroactive species that are generated by a
substrate are electrochemically detected at the surface of an ultramicroelectrode,
which is placed in the vicinity of the substrate surface. The ultramicroelectrode
is set at a potential where the redox reaction of the electroactive species at its
surface becomes thermodynamically favorable. The SECM tip, when properly
positioned in the vicinity of a cell, can detect the electroactive species released
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from the cell. In this configuration, owing to the proximity between the cell and
the SECM tip, the target of interest that is released from the cell can reach the
electrode surface prior to diffusing out to the bulk solution. The tip potential
has to be set at a value where the electrochemical reaction of the target becomes
thermodynamically favorable. Thus, as soon as the target species reaches the
electrode surface, a current that is proportional to the concentration of the target
species is detected and recorded.

Figure 1. Schematic representation of an SECM instrument combined with an
inverted optical microscope for cell analysis.

The aforementioned SECM setup and translucent properties of living cells
allow coupling of SECMwith most optical imaging techniques, including FM. As
mentioned previously, FM is a complementary technique to SECM, and in most
cases, an inverted fluorescence microscope is used. The space above the stage
of most inverted microscopes has adequate room for proper arrangement of the
SECM tip and other elements of an electrochemical cell, including the counter
electrode and reference electrode. This strategic coupling enables the SECM tip to
examine cell properties from above, while the microscope monitors cell behavior
as well as movement of the tip from below. It is worth noting that the coupling of
SECM with a conventional optical microscope, such as a compound microscope
or a stereomicroscope, is relatively common in cell studies; however, there are
very few studies that utilized the hybrid SECM-FM approach, in particular, for
detection of ROS in cells. This hybrid optoelectrochemical technique is likely
to be well-suited for analysis of biologically-relevant targets beyond ROS, these
potentially impactful applications have yet to be fully explored.

In the following section, we briefly review reports in which SECM-FM was
employed to study various processes in living cells. Next, we describe in detail an
application of SECM-FM in the analysis of ROS in PC3 cells.
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Combination of Scanning Electrochemical Microscopy and
Fluorescence Microscopy for Studying Living Cells

Kaya et al. first employed SECM-FM to study the respiratory activities of
cultured adenocarcinoma cervical cancer cells (HeLa) cells at a single cell level
(29). They monitored the respiration activity of the living cell both before and
after exposure to toxic reagents using this hybrid technique. According to their
observations, there is a decrease in cellular activity upon exposing the cells to
toxic reagents. More importantly, SECM is capable of monitoring the decline in
cellular activity more rapidly than FM; these results highlight the superiority of
SECM in analyzing the influence of inhibitors on cellular activities.

Other reports by Kuss et al. showed the ability of SECM to quantitatively and
noninvasively evaluate the effect of multidrug resistance-related protein 1 (MRP1)
on multidrug resistance (MDR) in HeLa cells (30, 31). Given that MDR in cells
involves the overexpression of transmembrane proteins P-glycoprotein (P-gp)
and MRP1, they first coclutured wild-type HeLa cells with MRP1 overexpressing
HeLa cells (HeLa-R). They then used FM to prove the success of such coculture.
Next, they used ferrocenemethanol, a water-soluble redox mediator, to quantify
MRP1 activity of the aforementioned cell lines through its unique interaction
with glutathione, a small molecule involved in MRP1-related transport. Last, by
comparing the electrochemical signal intensities, they concluded that there is a
difference in the response for the HeLa and HeLa-R cells, with the later showing
an increase in MRP1 activity. SECM has proven to be suitable for evaluating
risk of drug resistance in cells, screening different MDR inhibitors, as well as
classifying the resistance signature of several cancer cell types.

In another study, Matsumae et al. quantitatively evaluated the differentiation
status of a single live embryonic stem (ES) cell by monitoring the activity of
alkaline phosphatase (ALP), an undifferentiation marker of ES cells, using
SECM (32). They electrochemically measured the expression level of ALP in
ES cells to evaluate their differentiation status. They observed an extremely
low electrochemical response from the differentiated cells and attributed it to
the decreased ALP activity in ES cells after differentiation. They concluded
that SECM can distinguish the differentiation status of a single, live ES cell
by simply analyzing the electrochemical signal. They also evaluated viability
of the cells under the experimental conditions employed in SECM using a
live/dead fluorescence technique. All ES cells were found to be alive after the
experiment, indicating that the SECM measurements have no detectable side
effects on cell viability. These measurements are minimally invasive, but useful
in assessing cell differentiation, which is often difficult to recognize based purely
on morphological changes.

In a more recent study, stamping of a petri dish with a microwell array for
large-scale production of microtissues was introduced as a suitable platform for
SECM cell studies (33). Sridhar et al. assessed the respiratory activity of different
cell lines cultured into these microwell arrays under different conditions using
SECM; they also used conventional live/dead fluorescent techniques in parallel
to confirm the data obtained by SECM. They have, for the first time, demonstrated
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the use of SECM for non-invasive analysis of 3D cellular models and microtissue
arrays formed in a stamped petri dish.

Combination of Scanning Electrochemical Microscopy and
Fluorescence Microscopy for Detection of Reactive Oxygen

Species in Living Cells

The application of SECM for ROS analysis was first reported by the group
of Zhifeng Ding (20, 34–36). More recently, Salamifar and Lai employed a
hybrid SECM-FM approach to detect ROS in living cells. For the first time, they
combined dual-potential SECM lateral scan and FM to analyze both extra- and
intracellular ROS content in PC3 cells, a prostate cancer cell line known to have a
high ROS content. In the following section, we provide a comprehensive summary
of this specific study, including details of the instrumentation, experimental
conditions, and data analysis (37).

Scanning Electrochemical Microscopy and Fluorescence Microscopy Setup

SECM measurements were performed on a PC-controlled CHI model 920C
SECM (CH Instruments, Austin, TX) that uses a combination of stepper motors
and an XYZ piezo block for tip positioning. A three-electrode cell configuration
was used, with the 10-µm diameter Pt SECM tip as the working electrode, a
1-mm diameter platinum wire as the counter electrode and a Ag/AgCl (3 M
KCl) electrode as the reference electrode. The SECM instrument was coupled
to an inverted fluorescence microscope (Axio Vert.A1, Zeiss Co, Oberkochen,
Germany) according to the arrangement described in the Introduction. A
home-built extension arm was used to enable SECM imaging of the PC3 cells
grown on a plastic petri dish. The petri dish was placed directly on top of the
inverted fluorescence microscope objective.

Experimental Conditions for Fluorescence Imaging and Electrochemical
Detection of ROS

A fluorescence-based viability assay kit (Image-iT ™ LIVE Green Reactive
Oxygen Species Detection Kit (I36007)) was used to detect intracellular ROS.
The assay utilized 5-(and-6)-carboxy-2′,7′-dichlorodihydrofluorescein diacetate
(carboxy-H2DCFDA), a reliable green-fluorescent stain to detect ROS in living
cells (Ex/Em: 495/529 nm). In addition to carboxy-H2DCFDA, a blue-fluorescent
and cell-permeant nucleic acid stain, Hoechst 33342, was used to stain the cells’
nucleus (Ex/Em: 350/461 nm).

After the staining procedure, the cells were washed again with 1X PBS for
three times. Next, the petri dish was placed on the SECM stage, the cap was
removed and the buffer solution was replaced with the appropriate solution for
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electrochemical experiments. The Pt wire counter and Ag/AgCl reference (3M
KCl) electrodes were placed inside of the petri dish close to the inner sidewall.
The SECM tip was mounted on the SECM stage and was slowly brought in
contact with the solution with the help of SECM moving motors. By monitoring
the tip position with the help of the microscope, the tip was placed in close
proximity to the cells. Prior to ROS detection, tip current (iT) vs. one-directional
(1-D) lateral distance scans (lateral scans) were collected using Ru(NH3)63+ as the
redox mediator, where the tip potential (ET) was held at -0.3 V (vs. Ag/AgCl).
Electrochemical detection of the two main ROS species, O2 and H2O2, occurs at
potentials more negative than -0.60 V under the experimental conditions used
in this study; thus, to detect extracellular ROS, the lateral scans were recorded
in 1X PBS with ET set at potentials more negative than -0.6 (e.g., -0.65 V and
-0.85 V). With ET set at -0.65 V, the tip current should be affected mostly by the
release of the two main ROS species from the cells, thereby producing an activity
image of the cell surface. However, with ET set at a more negative potential
(-0.85 V), the resultant image should be dependent on both surface ROS activity
and topography of the cells. The electrochemical responses recorded at the two
potentials are described in detail in following sections.

Topographical Study of PC3 Cells

Prior to detecting ROS release, to maintain the distance between SECM tip
and cell surface, a topographical image of the cell was first recorded with lateral
scanning in the Y direction using Ru(NH3)63+ as the solution mediator. In brief,
2 mM of Ru(NH3)63+ was first added to the cell media and ET was set at -0.3 V
to reduce Ru(NH3)63+. The approach curve was recorded by moving the tip in a
vertical direction towards the bottom of the petri dish. Using the negative approach
curved obtained in this way, the distance between tip and petri dish was set at ~
8 µm. The tip was stopped and was scanned laterally in the Y direction. Figure
2A shows the phase contrast image of the PC3 cells relative to the SECM tip. The
two chosen scan paths used to obtain the 1-D lateral scans are marked by arrows B
and C (Figure 2 B). The chosen paths were located at 10 μm from each other, and
the tip was moved from one path to another by moving 10 µm in the X direction.
Figure 2B and C show the resultant tip currents during two subsequent lateral scans
along paths B and C, respectively, in a cell medium containing 2 mM Ru(NH3)63+
with ET set at -0.3 V. In both cases iT decreased significantly from its initial value
when the tip moved above the cells, resulting in two dips in the lateral scans.

The concept behind this interpretation is described in detail elsewhere (38). In
brief, given Ru(NH3)63+/2+ is hydrophilic and cannot move across the hydrophobic
cell membrane, the cell surface acts just like an inert substrate, which blocks the
diffusion of Ru(NH3)63+/2+ to the tip at very short tip-cell distances. Thus, any
decrease in iT during the lateral scan is attributed to the decrease in the tip-cell
distance, which corresponds to the increase in cell height. Similarly, any decrease
in the tip-cell distance due to the increase of cell height will result in a decrease in
the corresponding iT.
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Figure 2. Phase contrast image of the PC3 cells and 10-µm Pt SECM tip position
(A). The resultant lateral scans along marked paths B (B) and C (C). The red
arrow shows the scan direction. The scans were collected in F-12K medium
containing 2 mM Ru(NH3)63+ (pH=7.4) with ET set at -0.3 V. Reproduced with
permission from reference (37). Copyright 2013 American Chemical Society.

The two successive dips in the lateral scan were comparable in amplitude,
suggesting similarity in both the height and morphology between the two cells
along path B. The lateral scan across path C showed a similar trend, the amplitude
of the dips, however, was noticeably different. A large decrease in iT was
observed above the first cell; the decrease in iT was much smaller when the tip
was positioned above the second cell. These results imply higher height for
the first cell when compared to the second cell along path C. Additional lateral
scans along paths B and C (gray curves in Figure 2B and C) were collected to
demonstrate the technique’s reproducibility. The resultant scans were very similar
to the ones recorded previously, confirming the reproducibility of this method for
topographic mapping at cellular dimensions. The maximum cell height across the
two lateral scan paths was calculated from the maximum change in iT during each
scan. A maximum change of 11% and 16% in iT was determined along paths B
and C, respectively, by simply comparing the initial iT value to its minimum value
recorded on the top of the cells. Employing standard negative feedback SECM
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theory for a 10-µm tip located at 8 µm from an insulating substrate, the maximum
topographical change in cell height was found to be 2.2 µm and 3.1 µm along B
and C paths, respectively.

Detection of ROS Released from PC3 Cells

The main focus of their study was to determine the flux of O2 and H2O2,
the two main ROS species released from the cells, using SECM. Prior to the
experiment, 1X PBS was added to the petri dish after removal of the F-12K
medium; ET was set at a potential capable of reducing both O2 and H2O2. As
mentioned previously, electrochemical detection of the two main ROS species, O2
and H2O2, requires a potential more negative than -0.60 V. Figure 3A shows the
phase contrast image of the PC3 cells superimposed on the fluorescence image
obtained in the presence of Hoechst 33342. The fluorescence image resulted from
carboxy-H2DCFDA staining superimposed on the Hoechst 33342 fluorescence
image is shown in Figure 3B. The lateral scans recorded above the cell, along the
marked path (red arrow in Figure 3A), under different experimental conditions
are shown in Figure 3C, D and E. A decrease in iT above the cell was observed in
the lateral scan collected in F-12K medium containing 1 mM Ru(NH3)63+ with
ET set at -0.3 V; this change in current is likely due to a topographical change as
previously described (Figure 3C). However, when the same scan was recorded
in 1X PBS with ET set at -0.65 V, the profile of the scan changed significantly
(Figure 3D). The recorded iT decreased, reaching a minimum value above the cell,
and increased sharply right above the center of the cell, reaching a maximum,
followed by a decrease back to the initial baseline value. This unique profile can
be explained; when the SECM tip is directly above the cell, the iT is a summation
of the background current from the reduction of dissolved electroactive species
such as O2, and the current from the reduction of ROS species (i.e., O2, H2O2)
released from the cells. The magnitude of the background current is dependent
on the distance between the SECM tip and the cell, in addition to the respiratory
function of the cell which is known to deplete nearby O2. Thus, the decrease in
iT in the earlier portion of the lateral scan is likely ascribed to the decrease in the
tip-cell distance, which suggests an increase in topographical height (i.e., SECM
tip was on top of the cell). The background current decreases at shorter tip-cell
distances because of the limited diffusion of dissolved O2. Respiratory function
of the cell and the reduction of O2 at the SECM tip further deplete O2 within the
tip-cell gap, creating a concentration gradient of O2 between the intracellular
medium and the electrolyte solution close to the cell surface. This concentration
gradient could assist in driving ROS from inside the cell towards the SECM tip
(39).

If no extra ROS is released from the cell, the compounded effect generally
results in a sharp decrease in the iT. But in this case, as the distance between the
tip and cell decreases, higher flux of ROS could reach the tip before diffusing
into the bulk solution. Thus, at short tip-cell distances, the ROS current increases
as the background current decreases. At the maximum height of the cell (i.e.,
shortest distance between the tip and the cell), the background current and ROS
current should reach their corresponding minimum and maximum. Based on this
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theory, the sharp increase in iT seen in the latter portion of the scan suggests that the
decrease in background current originating from the change in the tip-cell distance
is outcompeted by the increase in ROS current. It also alludes to the diffusion
of ROS from inside the cell due to the depletion of O2 within the tip-cell gap,
which could occur very rapidly. Reproducibility of this trend was substantiated
by repeating the same scan after allowing the cell to reach equilibrium for about
~1 min (gray line in Figure 3D). It is worth noting that the SECM results agree
well with the fluorescence data; the cell under investigation showed strong green
fluorescence, indicating high ROS content (Figure 3B). The peak current obtained
from the lateral scan at ET ≤ -0.65 V should be proportional to the amount of ROS
released by the cell and thus can be used for quantification of ROS in living cells.

Figure 3. Phase contrast image superimposed on the fluorescence image resulted
from Hoechst 33342 staining (blue fluorescence) (A). Superimposed fluorescence
images resulted from carboxy- H2DCFDA (green fluorescence) and Hoechst
33342 staining (B). Lateral scans collected along the marked path (red arrow)
shown in Panel A in F-12K medium containing 1 mM Ru(NH3)63+ with ET set at
-0.3 V (C), in 1X PBS with ET at -0.65 V (D) and -0.85 V (E). Reproduced with
permission from reference (37). Copyright 2013 American Chemical Society.
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A separate scan along the same path with ET set at -0.85 V was collected to
further confirm this theory (Figure 3E). Owing to the increase in the background
current, the iTwas two times larger even at the beginning of scan. However, unlike
the scan recorded withET set at -0.65 V (Figure 3D), no increase in iTwas observed
throughout the scan. This behavior could be explained; with ET set at -0.85 V, the
effect of ROS current on the total iT is minimized because of the large background
current. The trend reported here is reasonably reproducible, as verified by the
gray line in Figure 3E, which represents the second scan recorded at the same
location ~1 min after the first scan (black line). This further supports the above
interpretation of the iT change during the lateral scan. The use of two different ET
is critical in this study; it enables clear differentiation between iT originated from
the release of ROS and that attributed to the differences in cell topography and
cellular respiration. Although most experiments were conducted under ambient
physiological conditions, the effect of dissolvedO2 on the experimental results was
also evaluated. Figure 4A shows the phase contrast image superimposed on the
fluorescence image of the cells after Hoechst 33342 staining (blue fluorescence).
The superimposed fluorescence image of the cells after carboxy-H2DCFDA (green
fluorescence) and Hoechst 33342 staining is shown in Figure 4B. SECM images
resulting from scanning the tip in the X-Y plane above the marked area in Panel
A in a nitrogen-purged 1X PBS solution with ET held at -0.65 V and -0.85 V
are shown in Figure 4C and D, respectively. In the absence of dissolved O2, the
effect of ROS release from cells was more pronounced because of the decrease in
the background current. Nevertheless, a noticeable decrease in iT prior to a sharp
increase was evident. When ET was set to -0.85 V, a decrease in iT over the entire
cell surface was observed (Figure 4D).

Overall, the SECM results obtained in an O2-free environment are similar
to that observed under an ambient condition. Furthermore, there is a strong
correlation between the SECM and fluorescence results. It is worth mentioning
that when the SECM tip moved across two neighboring cells, a large increase
in iT was only seen with the cell exhibiting strong green fluorescence (i.e., high
ROS content). The second cell did not show considerable fluorescence, thus only
a slight increase in iT over the cell surface was evident. The consistency between
the 1-D scan data in the Y-axis and the 2-D scan data in the X-Y plane further
emphasizes the advantages of using lateral scan for this study. The 1-D method
is fast, simple, and effective, it also reduces the chance of fouling or crashing the
SECM tip into the cell. Contrastingly, 2-D scanning is more time consuming; for
this type of study, the use of repetitive tip rastering could prevent the cells from
returning to their equilibrium state, which could affect the accuracy of the results
owing to the differences in the diffusion layer.
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Figure 4. Phase contrast image superimposed on the fluorescence image of
the cells after Hoechst 33342 staining (blue fluorescence) (A). A superimposed
fluorescence image resulted from carboxy-H2DCFDA (green fluorescence) and
Hoechst 33342 staining (B).SECM images resulting from scanning the tip in
the X-Y plane above the marked area in Panel A in a nitrogen-purged 1X PBS
solution with ET held at -0.65 V (C) and -0.85 V (D). Reproduced with permission

from reference (37). Copyright 2013 American Chemical Society.
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Positive Control Experiments

The cells were incubated in tert-butyl hydroperoxide (TBHP), a known ROS
inducer, to further demonstrate this method’s applicability in cell ROS analysis
(40). As can be seen in Figure 5, stronger fluorescence was observed from the
cells post-TBHP treatment. The two peaks shown in the lateral scan when ET
was set at -0.65 V suggest substantial release of ROS from both cells. However,
unlike results from experiments where TBHP was not employed, no decrease
in iT was recorded prior to the sharp increase in iT above the cells (Figure 5C).
This behavior could be attributed to the enhanced release of ROS from the cells
after being treated with TBHP; the increase in current from the electrochemical
reduction of ROS outcompetes the decrease in background current. The change
in membrane properties and cell topography could be, in part, responsible for the
drastic change in the lateral scan profile. Two dips were observed in the lateral
scan when ET was set at -0.85 V, reflecting the topographical image of the cells.
The fluorescence results were found to be consistent with the SECM results; for
the cell that showed weaker fluorescence (Y ~ 40 µm), the iTminimum was lower
than the cell that displayed stronger fluorescence (Y ~ 65 µm) (Figure 5D).

Figure 5. Phase contrast image of the cells superimposed on a fluorescence
image resulted from Hoechst 33342 staining after a 90-min incubation in 100 μM
TBHP (A). Superimposed fluorescence images resulted from carboxy-H2DCFDA
and Hoechst 33342 staining (B).Lateral scans collected along the marked path
(red arrow) in Panel A in 1X PBS with ET set at -0.65 V (C) and -0.85 V (D).
Reproduced with permission from reference (37). Copyright 2013 American

Chemical Society.
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Conclusion and Outlook

Like most hybrid techniques, SECM-FM detection approaches are more
advantageous than using the two techniques separately, in particular, for
studying ROS in living cells. Recently, the combination of dual-potential
SECM lateral scan and FM has found application in the analysis of both extra-
and intracellular ROS content in PC3 cells. Although still in its infancy, this
hybrid optoelectrochemical technique has potential for future use in accurate
quantification of ROS in complex biological systems. The main advantage of this
detection approach is that it is non-invasive, yet capable of real time extra- and
intracellular analysis at the single-cell level. But like all new techniques, there
are challenges to be overcome. In this case, instrument complexity arisen from
combining two rather different techniques is an impeding factor that could limit
its popularity among researchers. Other technical issues such as electrode fouling
and precise control of the tip-cell distance have to be addressed to improve its
applicability in cell biology. If the above challenges can be adequately addressed,
its range of applications could be quite broad. And with proper experimental
design and optimization, more challenging problems such as ROS speciation
could be addressed using this analytical approach. Considering recent advances
in the fabrication and use of nanoelectrodes, this hybrid technique, if compatible
with nanoelectrodes, will find new uses in studying cellular behavior inside a
single living cell (41, 42).
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Chapter 18

Toward a Synthetic View of the Therapeutic
Use of Cerium Oxide Nanoparticles for the
Treatment of Neurodegenerative Diseases

A. Y. Estevez,*,1,2 W. E. DeCoteau,2 K. L. Heckman,1
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

Cerium oxide nanoparticles (nanoceria; CeNPs) are potent
catalytic antioxidants that are being studied as a potential
therapeutic intervention for diseases where free radicals
and reactive oxygen and nitrogen species play an important
pathological role. However, there are also reports of toxic
properties of CeNPs in biological settings, demonstrating that
not all CeNPs behave the same way. An understanding of the
chemical and biological factors that underlie these disparate
findings is imperative if the ultimate goal is to translate the
use of these nanoparticles to a clinical setting. This review
will attempt to synthesize some recent data relevant to the
use of CeNPs for therapeutic purposes, starting with a general
discussion of the role of reactive oxygen and nitrogen species
in physiological and pathological states. We will then describe
the mechanism of action of CeNPs, integrate published data
that provide insight into the physiochemical parameters that
influence CeNP pharmacokinetics and efficacy/toxicity in
biological systems. Finally, we will highlight some recent
studies from our group that use CeNPs as neuroprotective
agents in animal models of neurodegenerative disease. We
suggest that further progress in this field will require an iterative
analysis of how the biological identity of CeNPs changes upon
traversing distinct biological environments and that there are
no simple surrogates for intact animal studies.

© 2015 American Chemical Society
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Introduction

Reduction-Oxidation (redox) reactions are involved in a growing number of
important biological and physiological processes. The signaling agents in these
systems are often reactive oxygen and nitrogen species (ROS/RNS), some of
which can be classified as free radicals due to the presence of an odd number of
electrons in their outer orbital shell. In biological systems, the primary, first-order
ROS/RNS signaling molecules associated with normal physiological processes
are hydrogen peroxide (H2O2), superoxide (O2• −) and nitric oxide (NO). Second
order species such as hydroxyl (•OH) and peroxynitrite (ONOO-) may also be
involved in physiologic redox signaling, although this has not been tested directly
given the lack of tools to directly measure these molecules in vivo.

ROS/RNS that are produced by a local, cellular source in small enough
quantities to be confined to cellular microdomains can function as a ‘rheostat’
for discrete, spatial signaling pathways in that location (e.g., electron transport
chain regulation by NADPH). This notion is supported by studies that have
demonstrated discrete localization of different isoforms of both pro- (e.g.,
NADPH oxidase) and anti-oxidant enzyme systems (e.g., superoxide dismutase)
in discrete cellular compartments. On a larger scale and working together, these
systems may be able to coordinate global redox signaling in the cell for more
integrative, complex cellular functions. The cellular and molecular targets of
ROS/RNS are ubiquitous in living systems and include phosphatases, a myriad
of kinases including tyrosine and serine/threonine kinases, transcription factors,
metabolic regulators and ion channels (1, 2). Such broad-ranging effects suggest
that these molecules are critical regulators of fundamental physiological function
(3). Indeed, moderate levels of ROS/RNS function as signals to promote cell
proliferation, regulation, and survival (4), whereas increased levels of ROS/RNS
can induce cell death (5–13). Although this conceptual framework is useful
in delineating the nuances of ROS/RNS on physiologic function, quantitative
estimates for these levels are not currently known. Development of new methods
to measure the accumulation of ROS/RNS in living tissue which retained both
good spatial resolution, selectivity and sensitivity would be invaluable to parsing
the relative contributions of each to biologic function.

Energy metabolism is tightly linked with the production of reactive oxygen
species in most eukaryotic cells (14–16). Mitochondria are not only the
powerhouses for ATP generation in cells, they are also the major site of free
radical generation (17). The electron transport chain (ETC) localized in the
inner membrane of mitochondria is a major source of superoxide, particularly
Complexes I and III. In contrast, the outer mitochondrial membrane, produces
hydrogen peroxide resulting from the activation of monoamine oxidase important
for the oxidative deamination of monoamines (such as the catecholamines). This
pathway represents one of the major sources for hydrogen peroxide generation in
neurons (18, 19). Aside from an unavoidable by-product of cellular respiration
(20), other endogenous sources of ROS in mammals include seven isoforms of
NADPH oxidases (NOXs) (21–23) that are differentially expressed in diverse cells
and species; the flavoenzymes in the endoplasmic reticulum; xanthine oxidase;
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lipoxygenases; cyclooxygenases; cytochrome P450s; and myeloperoxidase (24,
25).

Although ROS/RNS play important roles in normal cellular physiology,
the highly reactive nature of these molecules makes them potentially harmful
to cellular processes beyond the intended signaling targets. To minimize
unwarranted interactions of ROS/RNS, cells posses endogenous systems to
neutralize them (26). Enzymes including catalase, superoxide dismutase and the
thio/peroxiredoxins as well as small molecules such as glutathione, coenzyme
Q and vitamins A, C and E are all important contributors to cellular antioxidant
defenses. However, when the levels of ROS/RNS exceed the ability of these
systems to neutralize them, the result is a condition known as oxidative stress.
For example, mitochondrial dysfunction coupled with a high metabolic rate and
pathologic changes in enzyme activities of oxidases leads to the accumulation of
ROS/RNS and induces oxidative injury in affected tissues.

Owing to its high metabolic rate and abundance of lipids, the brain is
particularly susceptible to oxidative injury. Accumulating evidence has implicated
oxidative stress as a central mechanism in stroke (27) and a growing number of
chronic neurodegenerative diseases including Alzheimer’s disease, Parkinson’s
disease, amyotrophic lateral sclerosis (ALS), and multiple sclerosis (MS) (28–30).
The mechanism of ROS/RNS induction may vary in a particular disease state
and the response and loss of neurons to chronic oxidative stress is also not
uniform in the brain. While many brain neurons can cope with a rise in oxidative
stress, there are select populations of neurons in the brain that are particularly
vulnerable. Because of their selective vulnerability, these neurons are usually
the first to exhibit functional decline and cell death during normal aging, or in
neurodegenerative diseases (31). While the selective vulnerability of particular
neuronal pools in neurodegenerative diseases has only begun to be studied with
respect to oxidative stress, much more is known about the effects of oxidative
injury in the hippocampus, a primary target of stroke, which we will consider
later in this chapter.

Despite the knowledge of involvement of ROS/RNS in neurodegenerative
diseases, there is still a lack of suitable antioxidant pharmacological treatment
that has been successful in slowing down or halting the progression of cell
death in these disorders. Human studies with various antioxidant therapies have
yielded mixed results. For example, Vitamin E has been tested in trials for
Parkinson’s Disease (PD), Alzheimer’s Disease (AD) and amyotrophic lateral
sclerosis (ALS) and the results have ranged from lowering the risk of disease
progression (32–34) to lack of efficacy (35–42). This general lack of success of
antioxidant therapy could be due to many reasons including the animal models
used, unsuitable penetration across the blood brain barrier, timing of antioxidant
administration (production of free radicals sometimes occurs very early in the
disease process) and failure to achieve adequate concentrations at the target
site to neutralize the reactive oxygen and nitrogen species produced (43–46).
Due to their unique chemistry and potent antioxidant capabilities, cerium oxide
nanoparticles (nanoceria, CeNPs) have recently emerged as a promising option
for the treatment of neurodegenerative diseases.
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Mechanism of Action of Cerium Oxide Nanoparticles

During the past decade, nanomaterials of many types have attracted
increasing interest in different fields, such as material science, chemistry, biology,
and therapeutics (47–51). The development of nanotechnology products may play
an important part in adding a new armamentarium of therapeutics to the treatment
of diseases whose etiology derives from oxidative stress. Recent studies have
shown that several nanoscale metal oxides such as Pt, Au, ‘nanojewels’ (Au and
Pt on nanodiamonds) and nanoceria are potent antioxidants that have catalytic
activities that often greatly exceed endogenously produced superoxide dismutase
and catalase enzymatic activity. Thus far, the most intensively studied of the
metal oxides in biological systems has been nanoceria. Both the toxicology and
physiology of this material has been examined in biological systems including C.
elegans (52), zebrafish (53), cell cultures (54, 55), rodent brain slices (56) and
intact rodent models (57, 58).

Unique Chemistry of Cerium Oxide Nanoparticles

Cerium is a lanthanide series rare earth metal. In nanparticle form (1-100
nm scale), cerium is combined with oxygen and adopts a crystalline structure.
CeNPs have potent antioxidant activity – both superoxide dismutase- and
catalase-mimetic activities have been described (59–62). Cerium can reversibly
bind oxygen and shift oxidation states (Ce4+/Ce3+), giving the nanoparticle
the ability to regenerate depending on the redox environment (58, 63). Thus,
the small size, antioxidant capability and regenerative nature of CeNPs are all
advantageous for treating neurodegenerative diseases.

Although the exact mechanisms whereby nanoceria scavenge ROS/RNS
are not completely understood, there are two working hypotheses that could
account for the catalytic activity of the nanoparticles (64). The first is that the
Ce3+/Ce4+ ions interact directly with the ROS/RNS to neutralize both superoxide
and hydrogen peroxide. The second hypothesis postulates that both reactions
proceed by oxygen vacancy creation and annihilation (filling), with the cerium
ionic states cycling between Ce3+ and Ce4+. Interested readers are referred to an
excellent review of this chemistry with all the attendant theoretical underpinnings
(64). From a biologist’s perspective, the oxygen vacancy hypothesis is more
appealing because it provides a mechanism for selective binding and destruction
of oxygen containing free radicals. The ionic hypothesis does not provide for any
such selectivity mechanism that fits with the biological data that clearly suggests
selective neutralization of ROS/RNS (56). For example, the ability of nanoceria
to operate as a SOD/catalase/peroxidase mimetic has been demonstrated in a
variety of cell free systems (59, 61, 65–67). Depending on the species, ROS/RNS
were reduced between ~15-70% in an oxidative brain injury model (56). If
there was no selective destruction of ROS/RNS molecules we should observe
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relatively promiscuous oxidation of many cellular molecules which would not
be surprising given that Ce4+ is a very potent oxidizer with a half-cell potential
of ~1.5 V. By comparison, hydrogen peroxide has a half-cell potential of ~1.7
V and is consequently a very electrophilic species. In contrast, most biological
molecules/tissues have negative half-cell potentials. Thus, in the absence of
selective interactions with ROS/RNS, the addition of nanoceria (Ce4+) would
be expected to oxidize many cellular proteins and lipids in a manner similar
to the addition of peroxide. Unfortunately, the role of oxygen vacancies has
not been well studied. Attempts have been made to increase oxygen vacancy
formation with the addition of dopants, however, convincing evidence that
dopant assimilation and oxygen formation was achieved is still lacking (64).
Nevertheless, this represents a good conceptual framework until additional studies
either refine or refute this hypothesis.

To provide further support for selective neutralization of ROS/RNS we
examined the catalase and oxidase activity of our custom-synthesized particles
(2.5 nm hydrodynamic radius, approximately -24 mV zeta potential) utilizing
a commercially available Amplex red catalase kit (Life Technologies; Grand
Island, NY). We incubated 60 μM of CeNPs with 10 μM H2O2 in individual wells
of 96-well plates for 30 minutes. The Amplex red reagent was then added to
each well and incubated for another 30 minutes. In the presence of horseradish
peroxidase, the Amplex reagent reacts with any unused H2O2 to generate the
fluorescent product resorufin. Thus, the level of fluorescence at the end of the
experiment is inversely related to the catalase activity present in the sample. It
has also been demonstrated that nanoparticles can oxidize the Amplex red reagent
in the absence of H2O2, albeit with different kinetics (68). Thus, to measure
this oxidase activity using the same kit, we incubated a higher concentration of
CeNPs (6.5 mM) for 5 hours with the Amplex reagent and horseradish peroxidase
in the absence of H2O2. To compare the level of oxidase activity in each of our
samples, the fluorescence values obtained were normalized to separate wells
containing only 10 μM H2O2 and the Amplex red reagent incubated for the same
length of time. Two important findings arose from this work. First, catalase
activity is much higher in our smaller particles compared to larger (4-5 times
larger) commercially available CeNPs (Estevez et al., unpublished observations).
Second, the oxidase activity is approximately 1800 times less compared to
the same concentration of H2O2 demonstrating that there is not a high level of
non-selective oxidation occurring with the CeNPs. This approach has helped
us correlate CeNP enzyme-mimetic activities with outcomes in our biological
test beds as well as examine aspects of synthesis and stabilization that helps us
‘tune’ the kinetics of these enzyme activities in an iterative fashion. For example,
even though the core of the particle was synthesized and stabilized the same
way, changes in the final wash steps where some stabilizer components were
‘added back’ led to considerable differences in the oxidase-mimetic activity of
the particles (Figure 1). We are currently in the process of developing a similar
ex-vivo assay for assessing SOD-mimetic activity of our nanoparticles in order to
compare the activities of various nanoparticles, noting that care must be exercised
when using commercial kits that often use redox sensitive indicators that could
interact directly with the CeNPs.
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Figure 1. Catalase (A) and oxidase (B) activities for various formulations of
CeNPs measured using the Amplex red catalase kit (Life Technologies; Grand
Island, NY). In each formulation, the core particle was the same; the difference
was in the particular stabilizer component (citrate, EDTA or citrate & EDTA)
added back during the post-synthesis wash. The water wash had no stabilizers
added back. Data are presented as mean ± SEM of n=3-4 assays performed
in triplicate for each sample. The catalase activity was calculated based on a
standard curve using bovine catalase as a reference. The oxidase data were
normalized to 10 μM H2O2. Statistical significance was determined using a
one-way ANOVA followed by Dunnett’s test comparing each formulation to the

water wash. *p<0.001

The measured catalase activity of our particles is significantly higher
compared to brain catalase activities, which range between 10-70 mU/mg tissue
(69, 70), providing further mechanistic support for their potent antioxidant
activity. Using a superoxide cytochrome c-based microsensor in our oxidative
injury based brain slice assay, we have previously shown that ~6 μM (1 μg/ml)
nanoceria is equivalent to 580 U of SOD (71) a remarkably high level of
enzymatic activity given brain levels have been measured to be less than 1 U/mg
tissue (72, 73). This suggests that normally in the brain, the higher turnover rate
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of SOD would lead to an accumulation of H2O2 in tissue if catalase was the sole
enzyme involved in its destruction. However, it is difficult to translate these
activities to the in vivo context since there are multiple routes of degradation for
H2O2 and many coupled reactions that can ‘siphon’ superoxide (e.g., formation of
peroxynitrite generated by the reaction of superoxide and nitric oxide).

Pharmacokinetics of Cerium Oxide Nanoparticles

Based on our in vitro work, the addition of CeNPs to cells would be expected
to greatly reduce their ROS/RNS load given the very high catalytic activity of
the particles. This is particularly true given the ability of CeNPs to continue
neutralizing ROS/RNS as long as they are resident in the tissue (58, 74, 75). The
key to harnessing the potential of nanoceria is being able to get the chemistry
to the biological target of interest. This is no easy task given the interactions of
particles with plasma proteins and the numerous biological membranes that need
to be crossed to enter the cells of interest (75). The pharmacokinetic properties
of a compound can therefore completely compromise its potential biomedical
application. Material not able to bring its chemistry to the target will either not
be biologically active or potentially generate off-target effects. This section will
address some of the pharmacokinetic factors that influence the ability of the
CeNPs to reach their intended target.

Importance of the Nano-Bio Interface

Nanoparticle surfaces in biological environments are modified by the
adsorption of biomolecules such as proteins and lipids. This leads to generation
of the “hard” (protein-particle interaction) and “soft” (protein-protein/particle
interactions ) coronas. The ‘hard’ corona has a relatively high affinity for the
particle surface and dissociates slowly. In contrast, the ‘soft’ corona is labile,
and formed principally through protein-protein/particle interactions (76, 77).
In a typical biological environment, many biomolecules (e.g., plasma proteins,
RNA/DNA aptamers, enzymes) compete for the limited surface of nanoparticles.
With administration of nanoparticles intravenously, the CeNPs will first encounter
blood plasma that contains several thousand proteins whose abundance varies
by 12 orders of magnitude. The surface area of the particle, radius of curvature,
surface reactivity and surface charge can influence not only the complement
and density of proteins adsorbed to the surface but also the ultimate structure
and biological effects of the particle (78–81). Typically, for a fixed core size,
nanoparticles modified with anionic or cationic ligands adsorbed more protein
than those modified with neutral ligands, reflecting a greater propensity for
proteins to associate with charged nanoparticles via electrostatic interactions
(82–84). Assuming similar surface effects/functionalization, particles with
smaller radii typically adsorbed a higher density of serum protein than those
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with larger diameters. Although this may seem counter-intuitive, it appears that
‘flatter’ particle surfaces (i.e., lower radius of curvature) allow for greater steric
hindrance between adjacent adsorbed proteins than smaller particles with greater
curvature.

Recent work by Walkey et al. (85) has shown that there are specific
protein fingerprints which closely correlate with cell association. In this
study they developed a quantitative model that used the serum protein corona
fingerprint to predict cell association using a suite of compositionally diverse
gold nanoparticles. To evaluate cell association, they used inductively coupled
plasma-atomic emission spectroscopy (ICP-AES) in immortalized, human
lung epithelial carcinoma (A549) cells in culture. This was the first study to
develop a statistical model to identify the most important proteins and physical
characteristics that correlated highly with cell association. They demonstrated
that the protein corona encodes more biologically relevant information about the
association of the nanoparticle with a cell than its physical properties. In addition,
they identified specific proteins that correlated negatively with cell association
(e.g., complement). It is important to note, however, that this study was not
designed to study cellular uptake or trafficking of particles per sé; the association
observed could simply reflect the particle binding to the plasma membrane.

The results fromWalkey et al. (85) showed that the serum protein fingerprint’s
role in cell association depended primarily on the size and composition of the
particle, suggesting that specific fingerprints would need to be established for
particles with varying composition and sizes. If this were not complicated
enough, it is also likely that there will be differences in cellular uptake/trafficking
depending on the cell type studied (see subsequent section). Given the number
of variables involved, it may be a good approach to utilize a similar modeling
method developed by Walkey et al. (85) and apply it to in vivo systems which
have many different cell types and cellular compartments that vary in both ionic
composition and protein content. In adopting such an approach, the investigator
is simply interested in the physiological endpoint (i.e. improved performance,
increased survival, etc.). However, while this will help correlate outcome to
the physical and chemical characteristics of the material (synthetic identity), it
does not elucidate which proteins are ultimately responsible for the downstream
biology (biological identity). To address the latter issue, we must replicate the
dynamic milieu the particles are exposed to as they traverse from one biological
compartment to the next and study how the biological identitity of the particle
changes over time. This could be done by washing the particles in a serial fashion
through solutions that mimic plasma, extracellular fluid and intracellular fluid,
each with its own unique ionic composition and protein content. Nanoparticles
could then be recovered from these solutions and tested in in vitro test beds.
If successful (i.e., we see dramatically different biological outcomes in our in
vitro target cells), this experimental design would be enormously productive in
translating the ‘synthetic identity’ of the particle with its ‘biological identity’ and
subsequent physiological effects (86). While we may be able to get estimates of
alterations in the hard corona using ex vitro and in vitro approaches, understanding
the protein-protein interactions between the particle-adsorbed proteins and free
proteins in solution will be more difficult, especially if they greatly contribute
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to the terminal biological effects. In summary, while the work of Walkey et al.
(85) is an excellent start and provides a conceptual framework for designing in
vivo experiments, the modeling paradigm will need to be adapted to correlate the
material science aspects with the biological outcomes in intact animals.

Plasma Half-Life and Biodistribution of Cerium Oxide Nanoparticles

In rodent models, bare particles are prone to aggregate and accumulate
in reticulendothelial organs (i.e. liver and spleen) (87–90) where they are
phagocytized by tissue-resident macrophages (86, 91). Not surprisingly, the
plasma half-life of these formulations of nanoceria are also quite short, between
~ 7 minutes to 1 hour depending on the formulation. In general, the addition of
stabilizers improves plasma half-life and tissue deposition (87, 90, 92). Stabilizers
are often added to prevent aggregation of CeNPs in the high ionic strength of
biological solutions such as plasma or reduce removal by resident macrophages
in the liver and spleen. PEGylation has been used successfully to increase
plasma circulation times, reducing scavenging by tissue-resident or circulating
monocytes and reducing deposition in the liver and spleen (93). Although the
characteristics imparted by PEG are an advantage in improving biocompatibility
and increasing target tissue accumulation associated with increased circulation
times compared to other more labile stabilizers, these benefits can be offset by
diminished catalytic activity of nanoceria with high density PEG coating in which
the surface chemistry dominates chemical reactivity. For example, we found that
increasing the amount of PEG decorating the surface of CeNPs (increased molar
ratio of PEG) enhanced CeNP deposition in the brain of healthy mice (Figure 2A).
However, this increase in biodistribution imparted by PEG is counterbalanced
by a reduction in the catalytic activity of the particle. When tested in an in vitro
hippocampal brain slice model of ischemia, CeNPs decorated with a higher molar
ratio of PEG displayed lower neuroprotective redox activity (Figure 2B). In
addition, PEG decreases cellular uptake which may be associated, in part, with
an increase in particle size.

We have developed a stabilizer package that includes both citrate and the
metal chelator EDTA on a 2.5 nm ceria nanoparticle (58) with minimal effects
on hydrodynamic radii. The combination of citric acid and EDTA results in
highly monodispersed particles that resist agglomeration in high salt solutions
and cannot be pelleted out using ultracentrifugation (436,000 x g, 4 degrees
Celsius). Removal of the citrate or EDTA from the stabilizer formulation or
altering the molar ratio of citrate to EDTA in the synthesis increases aggregation
and diminishes ROS neutralizing activity of the particles and their deposition in
the brain (Erlichman et al., unpublished observations). Pharmacokinetic studies
of these particles administered intravenously in the rat revealed that the half-life
of citrate/EDTA nanoceria was ~4 hours, considerably longer than ceria stabilized
with citrate alone and far longer than ‘bare’ particles, with much lower deposition
in the reticulondothelial organs (58) than other comparably sized CeNPs.
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Figure 2. Effects of PEG on CeNP biodistribution and antioxidant activity.
(A) PEGylation increases brain deposition of CeNPs. Healthy CD-1 mice
were exposed to a single 20 mg/kg dose of CeNPs via tail vein injection. The
PEGylated CeNPs were synthesized using our citric acid/EDTA stabilizer
package and increasing molar ratios of PEG (0 PEG; 0.5 PEG:1 CeNP; 1.5
PEG; 1 CeNP; 3.5 PEG:1 CeNP). Brains were harvested 3 days after injection
and CeNPs were detected with inductively-coupled mass spectroscopy. The

addition of PEG increased brain deposition of the CeNPs compared to the control
CeNPs (with stabilizer only). When the stabilizer was washed out (- stabilizer),
the CeNPs were not detectable in the brain (BDL = below detectable limit),
demonstrating the importance of stabilization in particle biodistribution. Data
are shown as mean ± SEM of n = 3 brains for each condition. (B) PEGylated
CeNPs have decreased antioxidant activity. Neuroprotective redox activity
of CeNPs was measured using an in vitro hippocampal brain slice model of

cerebral ischemia as reported previously (56). Mouse hippocampal brain slices
were exposed to 30 min of ischemia and 5.8 μM CeNPs (added at the time of
ischemic insult). Cell death was assessed with SYTOX green nucleic acid stain
(Life Technologies; Grand Island, NY) 24 hr later. Cell death in CeNP-treated
brain slices is expressed as % control cell death where controls were matched
slices prepared in parallel and exposed to 30 minutes of ischemia without CeNP
treatment. A higher molar ratio of PEG decreases the neuroprotective properties
of the CeNPs (r2 =0.99; p = 0.05). (Note that 100% control is equivalent to
no neuroprotection). Data are shown as mean ± SEM of n = 10 – 15 matched

pairs of brain slices in each condition.
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Cellular Uptake and Localization of Cerium Oxide Nanoparticles

Nanoparticles with hydrodynamic radii less than 5 nm appear to equilibrate
much more rapidly with the extracellular space than larger particles due
slower transport across the vascular endothelium. Although this has not been
rigorously tested for a variety of nanoparticle sizes, charge and composition, the
limited studies that have been done have shown that 11 nm immunoglobulin
molecules require ~24 hours to equilibrate between the vascular compartment
and the extracllular space (94). In contrast, smaller molecules such as the
dextran-Technetium (radii < 4 nm), rapidly cross the capillary fenestrae and enter
the extracellular space. The physiologic upper limit of pore size for allowing the
transcapillary passage of lipid-insoluble macromolecules via most non-sinusoidal
blood capillaries ranges between 5 and 12 nm (95). Therefore, macromolecules
larger than the physiologic upper limits of pore size in the non-sinusoidal blood
capillary types generally do not accumulate within the respective tissue interstitial
spaces and their lymphatic drainages unless they are actively transcytosed
across endothelial cells (95). The lymphatic vessel endothelial layer is more
permeable than that of the vascular endothelium because of its role in clearance of
macromolecules from the extracellular space; particles less than 6 nm in diameter
can flow easily into and out of the lymphatic vessels (94).

It is clear that the cellular uptake of nanoparticles in reduced, in vitro
preparations is dependent on many factors including size, shape, net charge,
charge density/distribution and ligand density (if functionalized), and this has been
discussed in detail in several excellent reviews (96–99). Thus far, there appear to
be few conserved rules regarding how these factors impact cellular uptake that are
predictive for all nanoparticles. Previous studies have shown that nanoparticles
can be transcytosed into cells by pinocytosis, endocytosis and direct membrane
interactions (99). In general, larger particles (~30 nm) are taken up more avidly
than smaller particles (~1 nm), and very small particles (< 6 nm) are thought to be
quickly cleared by the renal system, resulting in very short half-lives (79). It has
been observed with other, non-ceria nanoparticles, that larger, negatively charged
particles are taken up primarily by cells of the immune system, whereas little
of the material is transcytosed into non-phagocytic cells. In contrast, positively
charged nanoparticles are often translocated rapidly into cells. It is thought that
the net negative charge on cells imparted by proteins enhances the electrostatic
attraction of cationic particles, thus improving membrane interactions, whereas
anionic particles are repelled. Although this may appear intuitive, uptake by
cells depends on the net effect of both physical and chemical properties, and thus
charge alone does not uniquely correlate with cellular uptake for all particles.

Using non-stabilized nanoceria, Patil et al. 2007 showed that in vitro uptake
by immortalized cancer cells was increased in particles with more negative zeta
potentials (-30 mV to -40 mV) (100). Utilizing cultured keratinocytes, Singh
et al. 2010 showed wide cellular distribution of negatively charged CeNPs
(~-18 mV) in lysosomes, endoplasmic reticulum, mitochondria, cytoplasm and
the nucleus (101). Asati et al. 2010 showed that polymer-coated cerium oxide
nanoparticles with a positive or neutral charge were more readily taken up by
non-transformed cell lines (HEK293 and H9C2), whereas nanoceria with a
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negative surface charge internalized mostly in the cancer cell lines (A549 and
MCF-7) (102), which recapitulated the work of Patil et al. 2007, who used the
same lung carcinoma cell line. In the cancer cell lines studied by Asati et al.,
surface charge directed cellular localization. They found that positively charged
nanoceria accumulated in lysosomes and decreased viability by ROS-mediated
mechanisms, whereas neutral polymeric coated particles resided in the cytosol
and demonstrated no apparent cellular toxicity. These effects appeared to be
dependent on the composition of the core; repeating the experiment with iron
core particles eliminated toxicity, but not cellular uptake, suggesting that the ceria
core mediated the toxic effects of these particles. Walkey and Chan (85) have
recently shown that changing the core while controlling for other factors has
profound effects on the composition of the protein corona, raising the possibility
that the biological effects may not be directly related to core composition per sé.
Dowding et al. 2013, demonstrated that the uptake of positively charged particles
(~+30 mV) could be enhanced with the addition of hexamethylenetetramine
(HMT) on the surface (103). The increase in cellular accumulation of these
nanoparticles in human embryonic endothelial cells was associated with decreased
viability, suggesting that either the HMT is toxic by itself or the particles may
have co-localized to the lysosomes (104). Importantly, these particles become
negatively charged once they are passivated in serum.

In intact brain slices, negatively charged nanoceria (~-20 mV) decreased
ROS levels and tissue damage following ischemia (56). Although mechanisms
of cellular entry were not studied, TEM analysis showed the presence of CeNPs
throughout the cell including mitochondria, neurofilaments, lipid membranes and
myelin sheaths. Based on these findings, the initial surface charge, influenced both
by the core composition and stabilizer, may dictate the proteins that comprise the
corona and the downstream, biological effects. Thus, the net charge of the particle
becomes secondary to the proteins that contribute to the charge. Moreover, these
data suggest that uptake may also be dependent on the cell type studied. There is
a large body of literature that shows that activity of pinocytotic and endocytotic
mechanisms vary widely between cell types (105, 106). Consequently, some
organs may take up more ceria than others, and this is supported by studies that
have used mass spectrometry data to measure ceria deposition in tissues in vivo.
These data show that there is enormous variability in nanoceria accumulation
between organs, a finding that may reflect the aggregate activity of uptake
mechanisms of this material by cells comprising the tissue (58, 88, 90, 107, 108).

Given the complexity of the factors that regulate cellular uptake, this is an
enormously important area of research that needs to be intensively studied in the
future. Having a better understanding of the cellular localization of nanoceria may
unify the disparate biological findings (i.e., ROS scavenger versus ROS generator)
that have appeared in the literature over the past 5 years.

Clearance of Nanoceria

The clearance of nanoparticles also reflects how the body views the material
as a biological entity. Renal clearance of negatively charged particles is thought
to occur quickly with particles less than 6 nm in size, but nanomaterial larger than
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6 nm is likely to end up in the liver and the spleen (79). In addition to size, surface
charge is also an important determinant of the renal handling of nanomaterials.
The effect of molecular charge on renal filtration is due to at least two factors.
First, there are changes in size following the surface adsorption of proteins (86,
109, 110), and second, there are electrostatic interactions between the particles
and the fixed, negative charges within the glomerular capillary wall and filtration
slits (111). Studies evaluating the effect of molecular charge on glomerular
filtration of similarly sized molecules have shown that filtration is greatest for
cationic molecules, followed by neutral molecules, while anionic molecules are
least readily filtered through the glomerular capillary wall, which is not surprising
given the anionic filtration slits.

The hepatobiliary system represents the primary route of excretion for
nanoparticles that do not undergo renal clearance (94). The liver provides the
critical function of catabolism and biliary excretion of blood-borne particles and
also serves as an important site for the elimination of foreign substances and
particles through phagocytosis (94, 112). Nanomaterials that are excreted by the
biliary system, are first degraded via the hepatocytes. Phagocytic Kupffer cells
are critical for the removal of pathogenic substances from the blood including
foreign colloidal materials such as nanoparticles (94, 112). Kupffer cells possess
numerous scavenger receptors as well as receptors for selective endocytosis of
opsonized particles (receptors for complement proteins and for the Fc region
of immunoglobins). Kupffer cells are capable of internalizing nanoparticles
of various diameters and composition, regardless of their coating (113–116).
Hepatocytes also play an important role in liver clearance through endocytosis
and enzymatic breakdown of foreign particles. Although the phagocytic capacity
of hepatocytes is much less than that of Kupffer cells, these cells represent an
important physiologic pathway for foreign particle processing and are a potential
site for toxicity (94, 112). There are, however important differences between
these two systems. Hepatocytes contribute to the biliary pathway and, as a result,
particles processed by these cells are excreted into the bile and represent a means
for clearance. In contrast, Kupffer cells are part of the reticuloendothelial system
(RES) and rely exclusively on intracellular degradation for particle removal.
Similar to all phagocytic cells of the RES, particles that are not broken down by
intracellular processes will remain within the cell and will therefore be retained
in the body.

High levels of ‘bare’ or citrate-stabilized nanoparticles are retained in the liver
in rodents up to 90 days post-administration, and importantly little decrement is
observed over time (90). The high concentration and long duration of residence
may likely contribute to the observed toxicity in the liver and the spleen associated
with these formulations of nanoceria (90, 117). In the Tseng et al. 2012 study (117),
nanoceria endocytosed by the hepatocytes were often present as large cytoplasmic
agglomerates ~150 nm in size. In day 30 liver samples, nanoceria-containing
Kupffer cells together with mononucleated cells formed sinusoidal granulomata.
Electron dense nanoceria agglomerates were most abundant in Kupffer cells, and
the size of these agglomerates exceeded 2 μm in diameter.

In contrast to these findings, citrate/EDTA stabilized nanoceria showed much
lower deposition to RES organs and good dose-dependent deposition in the brain
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(58). Moreover, progressive clearance from the brain, liver and spleen over a
twelve month period was apparent with large decreases in organ deposition being
observed after 2 months in the tissues we examined (Figure 3). To-date, the
mechanism(s) of ceria clearance in intact animals have not been well studied and
are not currently known. Although decreases in nanoceria content were noted,
low levels of nanoceria in the liver, spleen and brain persists for months regradelss
of formulation (88, 90, 107, 108, 118).

Figure 3. Clearance of CeNPs from mouse brains after a single 20 mg/kg tail vein
injection. CeNPs brain deposition was determined via inductively-coupled mass
spectroscopy 24 hours after the loading dose (0 month), then bimonthly. Data are
shown as mean ± SEM of N= 12 total animals with 2-3 animals per time point.

Example of Off-Target Effects of Cerium Oxide Nanoparticles: Modulation
of General Immune Cell Function & Inflammation

CeNPs, like any foreign material introduced into an organism, have the
potential to affect tissue homeostasis whether they reach the target organ site
or not. Of particular importance is the ability of immune cells to detect this
“foreignness” and subsequently mount specific immune responses and/or generate
general inflammation (119). Thus, unintended, non-ROS related effects of the
CeNPs on the immune system pose a significant drawback to the use of these
nanomaterials for therapeutic purposes. Respiratory tract exposure is a common
focus of CeNP immunomodulatory/immunotoxicity studies (120–124), since
this is the most likely route of accidental, occupational exposure. Intratracheal
exposure to aggregation-prone CeNPs induce increases in alveolar macrophage
populations in the bronchoalveolar lavage (BAL) fluid (121), while head and
nose exposure to slightly different CeNPs decreased populations of the same
cells (123). Similarly, variable effects in cytokine production were observed
in these two scenarios. Intratracheal exposure resulted in the production of
increased levels of IL-12 (121) and TGF-β (124) from ex vivo stimulated alveolar
macrophages. These observations provide a conflicting picture of how the
macrophages are impacted by CeNP exposure, since IL-12 favors the generation
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of pro-inflammatory T helper (TH) 1 cells (125), while TGF-β is considered to
be immunosuppressant (126). Though not directly attributable to macrophage
cells, the head/nose administration of CeNPs resulted in increased levels of the
pro-inflammatory cytokines IL-1beta, IL-6, and TNF-α in the blood of exposed
rats (123). Different manufacturers synthesized the CeNPs for these studies,
and size and agglomeration status were reportedly different, suggesting that
such characteristics drive distinct immune effects. Further, the in vivo vs in
vitro nature of experimentation can contribute to observed effects, as a murine
macrophage cell line exhibited no change in TNF-α production upon exposure to
CeNPs (127), in contrast to the results of the in vivo exposure (123). At this point,
these observations fail to support a clear consensus as to whether the CeNPs
induce a pro-inflammatory or anti-inflammatory phenotype from macrophages.
More systematic study of separate CeNP variables (size, zeta potential, surface
modification) will be necessary in order for more broad conclusions to be drawn
regarding macrophage effects.

While macrophages are distinct due to their ability to produce high levels
of pro-inflammatory cytokines, dendritic cells play a critical role in bridging
the innate and adaptive immune responses, by responding to foreign antigens
and displaying them along with additional cell-surface signals to activate T
cells (128). Assessment of the effects of CeNPs on dendritic cells has thus far
been limited to in vitro study (129). Human dendritic cells exposed to CeNPs
responded with some upregulation of the co-stimulatory molecule CD86 as
well as elevated production of the immunosuppressive cytokine IL-10 and the
pro-inflammatory cytokine IL-6, compared to control treatment (129). However,
despite increased CD86 expression (which should promote T cell activation and
secondary proliferation), the CeNP-treated dendritic cells did not affect T cell
proliferation in co-cultures. In co-cultures with allogeneic TH cells, however,
CeNP-treated dendritic cells elicited increased production of IL-4, -5, and -10
from the TH cells, indicative of a TH2 polarized immune response (129). When
mitogenic stimuli were added to this co-culture of CeNP-treated dendritic cells
and allogeneic T cells, levels of these TH2 cytokines were decreased, while
levels of the TH1 cytokines IL-2, IFN-γ, and TNF-α were slightly elevated
(129). Thus, these in vitro results suggest that a TH2 T cell polarity would be
generated in response to dendritic cell exposure to CeNPs outside the context of
other immune-activating stimuli, but that a pro-inflammatory TH1 polarization
would be achieved with simultaneous immune activation and CeNP-dendritic
cell exposure. While this study does utilize co-cultures of immune cells to
mimic somewhat more realistically in vivo cellular interactions, the in vivo
administration of CeNPs is far superior in gauging their biological effects due to
the complex interplay that occurs between cells within the immune system as a
whole. As previously noted, it is difficult to predict whether the same degree of
CeNP exposure to either dendritic cells or T cells would occur in vivo, which may
render these in vitro results interesting, but perhaps less informative than more
physiologically relevant in vivo studies that are certainly the gold standard.

Identifying universal trends of how immune cells respond to CeNP exposure
(whether considering antioxidant or more broad immunomodulatory properties
of CeNPs) is not possible at this point, given the paucity of studies as well
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as the variability in CeNP formulations investigated. Examination of basic
immune functions such as T cell responses to CeNP exposure simultaneous
with vaccination, virus/bacteria exposure, or allergic responses will provide
an understanding of whether CeNPs would unfavorably influence these
responses. For example, pre-allergy induction, repeated exposure to iron
nanoparticles reduced the severity of the immune response including production of
allergen-specific IgE antibodies (a TH2 polarized response) (130). (Interestingly,
this result correlates with the observation that immune stimuli plus CeNP
exposure can decrease TH2 responses (129).) In contrast to the repeated exposure
(130), a single exposure to iron nanoparticles one hour prior to antigen (allergen)
sensitization, elicited decreased production of both TH1 and TH2 cytokines seven
days later (131), demonstrating that a more complete picture of responses to CeNP
exposure requires examination of differing doses, timing of doses, and frequencies
of exposure. Certainly, this application of CeNPs to animals undergoing basic
immune responses is beyond what is examined in standard accidental exposure
analysis. However, if CeNPs are to soon be applied therapeutically for some
of the diseases under investigation, their impact on standard immune function
(beyond any antioxidant properties!) must be more completely characterized.

Cerium Oxide Nanoparticles as Neuroprotective Agents in
Animal Models of Neurodegenerative Disease

The differences in the biodistribution and physiological effects between
different formulations of nanoceria need to be further explored so that the
biological behaviors of these nanomaterials can be tuned to enhance desirable
properties while dampening off-target interactions. Currently, nanoceria research
labs test the biological aspects of their material empirically and then try to
generate structure-function relationships based on the biological models they
have used. This approach is time-consuming and often offers predictability
only in the systems in which it was tested. In our view, given the complexities
associated with the nano-bio interface, there may be no simple surrogate for intact
animal studies. Reduced, simpler preparations may be used successfully once you
have established the biological effects in intact animals and then correlated them
back with responses in more reduced systems. Once you have identified simpler
models that reflect behavior in vivo, using in vitro systems for subsequent CeNP
development becomes more fruitful. We have used this approach to develop our
CeNPs for treatment of neurodegenerative diseases. Below we review several of
these models.

Cerebral Ischemia

Cerebral ischemia is defined as the lack of blood flow to the brain. Global
ischemia occurs during cardiac arrest when the entire brain is deprived of blood.
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Focal ischemia, or stroke, occurs when a clot or a bleed disrupts blood flow
to a specific region of the brain. Stroke was the fifth leading cause of death in
2013 (132) and is a leading cause of long-term disability in the United States
(American Stroke Association). Reduced glucose and oxygen delivery to the
brain quickly disrupts transmembrane ionic gradients in neurons and leads to a
series of events, known as the ischemic cascade, that culminate in cell death via
necrosis or apoptosis (133). It has been estimated that every minute of a stroke
leads to the loss of millions of neurons and billions of synaptic connections (134).

Oxidative stress plays a prominent role in ischemic cell death. Reactive
oxygen species are produced during the ischemic period and even more so during
the reperfusion period when blood flow is restored (135). As illustrated in Figure
4, sources of ROS/RNS during ischemia include the disrupted electron transport
chain, glutatmate excitotoxicity, xanthine oxidase, and neuronal nitric oxide
synthase. In addition, the reaction of nitric oxide with superoxide yields the
highly reactive peroxynitrite anion. During reperfusion, restoration of oxygen
delivery generates a big burst of ROS, primarily superoxide, via Complex I of
the electron transport chain. NADPH oxidases in neurons and microglial cells
invading the site of injury also contribute to further ROS production (135–137).

To date, the only FDA approved drug for the treatment of stroke is
recombinant tissue plasminogen activator (rt-PA), a clot-busting drug used to
restore blood flow. Thus, development of therapies aimed at protecting neurons
from dying upon an ischemic insult as well as the development of ways to get
these drugs to the target site are very active areas of investigation in stroke
research (138).

Because of the prominent role of ROS/RNS and ischemic injury, we were
interested in studying the potential of CeNPs for therapeutic use in stroke. We
used a cultured, organotypic hippocampal brain slice model of ischemia for our
studies. Due to its highly conserved neural architecture, the hippocampus is an
ideal brain area to study oxidative injury. The majority of neurons in this important
brain area are densely packed into a single layer, which is divided into several
distinct anatomical regions (CA1 through CA4). The hippocampal regions CA1
and CA3 are adjacent to each other and are composed of morphologically similar
neurons, pyramidal neurons. Despite their physical proximity and morphological
similarity, CA1 and CA3 neurons respond to oxidative stress very differently.
Pyramidal neurons in the CA1 region suffer massive cell death while those in CA3
mostly survive following oxidative injury regardless of the agent used or the type
of ROS/RNS generated (139–142). This pattern of selective sensitivity of CA1
neurons to oxidative stress parallels the selective vulnerability of CA1 neurons to
other pathologic conditions, such as hypoxia, ischemia, and neurodegeneration.
Following ischemia, hippocampal astrocytes display selective loss of glutamate
transport activity, increased mitochondrial ROS/RNS generation, and reduced
mitochondrial membrane potential. This selective dysfunction of hippocampal
astrocytes has been suggested as being important in determining the selective loss
of CA1 neurons under ischemia and other oxidizing insults (143).
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Figure 4. Overview of ROS production in brain ischemia and reperfusion.
Top: ROS production in ischemia. Lack of oxygen promotes the interruption
of oxidative phosphorylation at the mitochondrial respiratory chain (MRC).
Mitochondrial depolarization (↓ΔpM) together with intracellular acidification
(↓pH) caused by an accumulation of lactate as an anaerobic product of

glycolysis, result in increased levels of superoxide (O2• −) conversion to other
ROS. Activation of the NMDA receptor by glutamate increases Ca2+ influx as
well as the activation (via the adaptor protein postsynaptic density (PSD)-95) of
neuronal nitric oxide synthase (nNOS), which generates nitric oxide (NO) from
L-arginine. Xanthine oxidase, which results from the conversion of xanthine

dehydrogenase under these conditions, contributes to the production of ROS. NO
reacts with O2• − to generate the harmful reactive species peroxynitrite (ONOO−).
Bottom: ROS production in reperfusion. In addition to the pathways initiated
during ischemia, oxygen availability after ischemia resets the MRC resulting in a
large increase in O2• −mostly from complex I. Oxidative stress and increased Ca2+
cause opening of the mitochondrial permeability transition pore (MPTP). This
allows entry of water and solutes from the cytoplasm resulting in mitochondrial
swelling and damage. Generation of ROS also occurs in the cytoplasm through
the action of NADPH-oxidase (NOX). Upon reperfusion, the inhibitory enzyme
casein kinase 2 (CK2) is downregulated contributing to activation of NOX.
The resulting oxidative stress outweighs antioxidant defenses and leads to cell
damage, necrosis or apoptosis. Figure and legend reproduced (with minor
modification) with permission from reference (135). Copyright Elsevier 2013.
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In our study we showed that addition of 1 μg/mL commercial CeNPs (Sigma-
Aldrich; St. Louis, MO) at the time of the ischemic insult reduced hippocampal
cell death by about 50% (56). In addition, using fluorescent indicator dyes we
were able to show that CeNPsmodestly reduced superoxide and nitric oxide levels,
but had a very profound effect on ischemia-induced 3-nitrotyrosine formation as
measured using ELISA. Taken together, these data suggest that the protective
effects of CeNPs were likely mediated by a reduction of the downstream effects
of peroxynitrite. This brain slice model continues to be of immense use in our
laboratory as we investigate how alterations of the physiochemical parameters of
novel CeNPs influences the neuroprotective efficacy of the nanoparticles (Figure
2B).

Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune disease (144) characterized in
affected patients by motor (145) and even cognitive deficits (146) resulting from
loss of the myelin sheath surrounding neurons in the CNS (147). A number
of factors have been linked to the incidence of MS, including genetics (148),
environmental factors such as sunlight exposure (149), and even the similarity
of neuronal antigens to pathogenic antigens (molecular mimicry) (150). At
the cellular level, a variety of immune cells have been implicated in disease
pathology, ranging from antibody-mediated neuronal damage to targeting of
neurons by cytotoxic T lymphocytes to pro-inflammatory events orchestrated by T
helper (TH) cells of the TH1 and TH17 polarity (151). The distinct contributions
of these immune effectors likely accounts for the different patterns of disease
progression observed in MS patients (152).

The complex interplay of cellular events involves disruption of the blood brain
barrier and entry into the brain of auto-reactive lymphocytes as well as bone-
marrow derived macrophages (151). Activated macrophages produce not only
pro-inflammatory cytokines (153), but also contribute ROS to the milieu in the
brain (154). As electron scavengers, ROS disrupt biomolecule constituents of
neurons, in particular the lipid components of the myelin sheath. Damaged myelin
impairs the efficiency of nerve impulse transmission between neurons as well
as to the neuromuscular junction (147). Therapeutics to treat MS currently on
the market target aspects of immune cell infiltration into the blood stream and
brain as well as the total lymphocyte populations in general by hindering cell
proliferation and triggeringDNAdamage-induced cell death (155, 156). Still other
drugs focus on skewing the polarity of TH cells away from those involved in MS
pathology or shifting the balance of cytokine production from pro-inflammatory
to anti-inflammatory (155, 156). However, none of the currently approved drugs
target the ROS generated by macrophages during pathogenesis.

Experimental autoimmune encephalomyelitis (EAE) is a rodent model of
multiple sclerosis that has long been used to investigate MS pathogenesis as
well as to test potential therapeutic agents (157). Disease induction can be
accomplished by the administration of a myelin peptide combined with Complete
Freund’s Adjuvant to activate self-reactive T cells along with injections of
pertussis toxin or the adoptive transfer of autoreactive T cells generated in this
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manner to naïve animals (158). The EAE model involving the use of a peptide
from myelin oligodendrocyte protein generates a chronic progressive disease
pattern in affected animals (158) with a pathology that involves ROS (159).
Intravenous administration of CeNPs to EAE animals in prophylactic (before
disease induction) and therapeutic (after disease induction) treatment regimens
alleviated disease severity (assessed by clinical scores) and slowed disease
progression compared to control animals; in fact, this protection was similar to
that afforded by the currently prescribed drug fingolimod (58). Motor function
on rotarod, balance beam, and hanging wire tasks was also preserved more
effectively in CeNP-treated animals. This efficacy appeared to be related to the
ability of CeNPs to neutralize free radicals, as less total ROS was detected in
brain slices harvested from CeNP-treated mice compared to controls (58). The
application of CeNPs to the MS model represents a therapeutic approach not
currently fulfilled by any of the drugs currently on the market. As yet, it has
been difficult to translate the efficacy observed with potential antioxidant-based
drugs in animal models (160–162) to clinical trials, in part due to the difficulty
in delivering adequate therapeutic doses to the brain as well as the consumable
antioxidant nature of these materials (58, 163). Even with these limitations,
interest in antioxidants persists. Currently, six antioxidants are in various stages
of clinical trials. These compounds include: lipoic acid, inosine, vitamin A,
idebdenone, melatonin and n-acetyl cysteine. The advantages CeNPs have over
these other potential therapies are their small size (and secondary ability to
penetrate the blood brain barrier) and their regenerative antioxidant capacity (58),
that appears, at this point, to be the predominant mechanism of action.

Macrophages that contribute to ROS production are a potential cellular target
of the CeNPs in the EAE model, though in vivo studies have not yet definitively
pinpointed these cells as specifically targeted by CeNPs. However, in vitro
studies have demonstrated the ability of various CeNP formulations to reduce
the production of ROS by activated human (164–166) or murine macrophage
(127, 167) cell lines, with the degree of reduction varying by particle size (165).
Direct demonstration of the translatability of this observation is lacking, with
co-staining of macrophages and ROS and analysis via immunohistochemistry in
tissues sections or via flow cytometry being the most convincing evidence needed.
Even upon activation or maturation stimuli, dendritic cells are not significant
producers of ROS, so it is not surprising that CeNP exposure alone induced only
slight ROS production; however, true to their classification as antioxidants, the
CeNPs reduced ROS levels elicited from dendritic cells cultured with H2O2 (129).
The disadvantage of such in vitro studies is that CeNPs are placed directly in
culture with the macrophages, a scenario that is not necessarily replicated in vivo.
Delivery of nanomaterials through intravenous or even subcutaneous routes, for
example, requires that the particles traverse through multiple barriers to reach
a destination that could include the presence of macrophage cells. The size of
the particle certainly impacts the ability of the CeNPs to penetrate tissues and
cells, but the protein corona acquired during this passage could also limit the
transportation of the nanoparticles as well as their potential antioxidant function
upon reaching that site. Thus, in vitro results support the antioxidant effects of
CeNPs on macrophages, though a lack of definitive evidence of the same effect
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in vivo limits the ability to convincingly extrapolate these observations to disease
models mediated by these immune cells.

Amyotrophic Lateral Sclerosis

Amyotrophic lateral sclerosis (ALS), commonly known as "Lou Gehrig’s
Disease," is a progressive, fatal, neurodegenerative disease that affects upper
and lower motor neurons in the brain and the spinal cord (168). Approximately
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 (169, 170). Transgenic mice bearing a SOD1G93A point mutation,
which replicates a common mutation in FALS, have a toxic gain of function
related to the expression of the mutant SOD1 gene (170, 171). The SOD1G93A
mice display many of the biochemical, clinical and pathological features of both
familial and sporadic ALS in humans. Given the similar pathology between
sporadic and familial human and transgenic murine diseases, the transgenic
SOD1G93A animals are often the first model system in which potential ALS
therapies are tested (172–174).

Oxidative stress plays a prominent role in ALS pathology (175–178). There is
also abundant evidence of excess ROS/RNS and their associated damage to DNA,
RNA, lipids and proteins in SOD1G93Amice (179–184). Mitochodrial dysfunction
(185, 186) and glutamatergic excitotoxicity (187, 188) are putative sources of
oxidative stress. Furthermore, dysregulation in the Rac/Nox pathway leading
to redox dysregulation is also linked to SOD1G93A mice (189) as are defects in
redox regulated-tumor protein1, ubiquitin carboxyl-terminal hydrolase isoenzyme
L1, and αB crystallin (190). Antioxidant drugs have shown some efficacy in
animal studies of ALS (191–197). In addition, a meta-analysis of multiple
preclinical drug trials indicates that drugs with combined anti-inflammatory and
anti-oxidant properties are among the most promising candidates for further
investigation in ALS (198). There is still no cure or treatment today that halts or
reverses ALS (198). There is one FDA approved drug, riluzole, that modestly
slows the progression of ALS (197). Riluzole interferes with glutamatergic
neurotransmission and might therefore mitigate downstream ROS production by
reducing excitotoxicity (187).

CeNPs mimic the activity of both catalase and superoxide dismutase (59–62)
and, therefore, may have therapeutic value for those suffering from ALS. A
number of compounds have been shown to be effective in animal models of ALS.
Unfortunately, with the lone exception of rizuole, all have shown poor translation
to human clinical trials (196, 198). These disappointing results may be tied to the
pharmacology of the drugs. For example, the drugs may not adequately penetrate
the human blood-brain-barrier, they may not target the proper human nervous
system tissue, or, even if they succeed in reaching the proper target, they may be
unable to sustain their therapeutic effectiveness for a sufficient length of time.
The poor translation from animal model to human trials may also be related to
poor experimental design. ALS animal model studies have endured a number
of criticisms ranging from their failure to use age- and litter-matched animals,
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to their failure to use the proper statistical models when analyzing mortality
data, to a publication bias toward studies with positive results (198–200). As
a means to improve the translational power of animal studies in ALS, a set of
consensus guidelines for preclinical testing in ALS was developed (199). Abiding
by these guidelines, we have assessed the therapeutic efficacy of CeNPs in a
mouse model of ALS. Specifically we tested the hypothesis that treatment with
CeNPs (20 mg/kg, injected twice a week through the tail vein), begun at the
onset of motor weakness, would protect SOD1G93A transgenic mice from further
muscle weakness and, ultimately, prolong their survival. Motor function was
monitored by measuring the latency to fall from a hanging wire grip strength test.
The overall decline in forelimb grip strength averaged across the first 25 days of
treatment was significantly worse in control animals compared to the mice treated
with CeNPs (Figure 5). Further, Kaplan-Meier analysis indicated that SOD1G93A
mice receiving CeNPs from the onset of motor signs survived significantly longer
than the control animals (DeCoteau et al., in preparation). Together, these results
suggest CeNPs hold promise as an anti-oxidant therapy for the treatment of ALS
and other neurodegenerative disorders.

Figure 5. Cerium oxide nanoparticles ameliorate motor deficits in SOD1G93A
mice. Motor strength was assessed by measuring the latency to fall from a
hanging wire apparatus. Decreases in hanging wire performance marked the
onset of disease for individual mice. CeNPs (20 mg/kg, n= 20) or vehicle control
(n=27) treatment was delivered intravenously at disease onset and twice weekly
thereafter. Mean latency to fall from the hanging wire apparatus was calculated
for the first 25 days of treatment. A T-test for ranks revealed a significant

difference between treatment groups (*p=0.031). Error bars reflect the standard
error of the mean.

Conclusions

Cerium oxide nanoparticles have many properties that make them potentially
useful for treating neurodegenerative diseases. They display both catalase-
and superoxide dismutase-mimetic activities and are able to neutralize many
different types of ROS/RNS without promiscuous oxidation of important cellular
constituents. CeNPs are not consumed in the process of neutralizing ROS/RNS
because the ceria atoms can cycle between Ce3+ and Ce4+ states depending on
the redox conditions. Their small size also facilitates the crossing of biological
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barriers. Despite these advantageous characteristics, there are mixed reports in
the literature regarding the biological effects of CeNPs; they have been reported
to be helpful antioxidants in some cases but also mediators of toxicity in others.
As outlined in this review, a multitude of factors could be at the root of these
disparate reports. In particular, it is important to recognize that the synthetic
identity of the particle is not necessarily the same as the biological identity. That
is, the properties of the particles measured in vitro (e.g., size, zeta potential,
enzymatic activity) could change under physiological conditions due to particle
agglomeration and/or adsorption of proteins onto the particle surface. Addition
of a stabilizer (such as citric acid) can limit agglomeration, but the this stabilizer
can change or even be lost in physiological milieu. Moreover, the proteins that
adsorb onto the particle surface can profoundly influence the pharmacokinetics
of the particle such that CeNP biodistribution and clearance can be completely
different even if the core particle (cerium oxide) remains the same. This could
subsequently influence whether or not the particles reach their intended target
site or have off-target effects (e.g., accumulate in reticuloendothelial organs or
provoke an immune response). An important implication of these findings is that
experiments in reduced biological preparations (cell culture) or in model systems
such as zebrafish and C. elegans may not necessarily recapitulate the effects
of CeNPs in an intact rodent (or ultimately in humans), as multiple biological
barriers with varying protein composition must be crossed to reach the intended
target (i.e., the nervous system). Although some recent studies have shed insight
into factors that influence the protein fingerprint of nanoparticles, there are
currently no unifying principles for predicting the proteins that comprise these
fingerprints nor their ultimate effect on nanoparticle pharmacokinetics. Despite
this seemingly unsurmoutable experimental barriers, we have seen success of our
citric acid-EDTA stabilized 2.5 nm CeNPs in rodent models of MS and ALS.
However, further progress in this field will require an iterative analysis of how
the biological identity of CeNPs changes upon traversing distinct biological
environments and then coupling this information to the biological efficacy or
toxicity of such particles in intact animals.
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Certain biochemical tests are necessary for high throughput
evaluation of nanomaterial toxicity. Recent advances in
structured or engineered surfaces on nanomaterials (NMs) have
shown ultrahigh surface area and enabled rapid biochemical
evaluation by using metal organic frameworks (MOFs) as
biological probes in diagnosis and therapy in cells. MOFs not
only offer the same advantages as colloids but also possess
ultra-high surface area, biocompatibility and ultra-low doses,
which can be practically applied toward treatments of diseases.
To demonstrate the rapid bioassay, nitrogen monoxide (NO)
was used to be a “diagnostic marker” of general cell health.
These trends in NO as a function of either time (kinetic scan)
or concentration in retinal pigmented epithelium (RPE) cells
was compared and contrasted to more traditional bioassays
such as lactate dehydrogenase (LDH), caspase or determination
of reactive oxygen species (ROS). The bioassays suggest that
NO can be used in cells and adopted as a global marker of
toxicity for a wide variety of systems. In the current research,
iron-ABBT MOFs of varying formulations were evaluated and
had varying toxicities. The mechanism of toxicity was inferred
using standard biomarkers, such as SN-38 (anti-topoisomerase
I inhibitor), cyanide (inhibitor of cytochrome c oxidase) or
sodium nitroprusside (vasodilator) and effectiveness appears to

© 2015 American Chemical Society
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be via oxidative stress and lesser inhibition of cell proliferation
or cytochrome c oxidase.

Prelog: Nanomaterial Toxicological Science

The motivations for this book chapter are two-fold. First, the exponential
boost in the applications of nanomaterials in the community and environment
had led to increased awareness of the beneficial/harmful effects of nanomaterials
on cells. Second are strategies or conceptual approaches required for high
throughput assays; current assays are based on a standard cell or animal assays,
which are usually run for 24 to 72 h to examine one biochemical metric, for
example potential genotoxicity of a compound. It is interesting that in the early
1980s, a similar problem for combinatorial drug arose and was addressed in the
Microtox ™ test (1). It had demonstrated that the test was an excellent predictor
of general toxicity for all classes of compounds. The test was rapid, cheap and
high throughput, although the test did not predict which specific genes/proteins
were altered in cytotoxicity. A similar test, known as Mutatox™ test (2) was
developed to assess genotoxicity in the laboratory. Both tests involved changes in
microorganism absorbance/fluorescence upon addition of ‘agent’, whose toxicity
needs to be evaluated. In the current research synopsis, changes in fluorescence
of nitrogen monoxide (NO) were evaluated and compared/contrasted with other
standard tests to investigate whether NO was a reliable and general predictor of
agent (metal-organic framework) toxicity in retinal pigmented epithelium (RPE)
cells. It is our content that this approach would provide rapid high throughput
screening in any cell system capable of generating NO.

We give a very brief review of metal-organic frameworks (MOFs,
section one), followed by detailed experimental protocols (in section two) of
common bioassays undertaken to assess cell health are nitrogen monoxide
(NO), and membrane integrity via lactate dehydrogenase (LDH). Other
specific tests include the mitochondrial membrane potential (MMP) assay,
assessment of the degree of apoptosis (caspase 3/7-assay), and oxidative
stress using dichloro-dihydrofluorescein diacetate (CM H2DCFDA). These
selective fluorescent probes were used in retinal pigmented epithelium
(RPE) cell cultures with other standard chemical agents or controls such as
sodium nitrite, sodium cyanide or sodium nitroprusside. The results for each
bioassay using standard agents and the different MOF formulations of Iron
2-amino-3,6-bis(4-carboxyphenyl)benzoate are summarized in section three. In
section four, the results are compared and contrasted, including the mode of
potential cytotoxicity of the formulated MOFs in cell culture. A brief summary
is given in section five and future trends/research is offered in the last section
(six) followed by appropriate citations in APA format. The data was collected
in our laboratory and the intent was demonstrated that where NO may be used
appropriately as a high throughput marker in screening of MOFs in biological
systems for initial gento-, cytotoxicity.
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Brief Introduction to Metal-Organic Frameworks in Biological
Research

Metal-organic frameworks are coordinative compounds with metal nodes and
organic linkers, giving rise to topologically complex structures as well as repeating
three-dimensional patterns (3). These structures have an internal volume, which
was historically used to adsorb gas molecules, such as hydrogen or carbon dioxide
(4). However, since these materials can be designed to be a desired architecture
with certain pore sizes, acidity, or affinity for water (hydrophobic/hydrophilic),
it has allowed diverse uses as drug carriers or storage materials (5). In recent
years, they have shown great potential in biomedical applications such as release of
nitrogen monoxide (6), generation of reactive species, hyperthermia in treatment
of cancer cells or slow release of anticancer or useful drugs (7).

For example it was shown that MOFs can store ibuprofen (greater than 1g
of drug per gram of MOF) with a release time of almost one month (8). This
approach has been extended to other therapeutic drugs related to antitumor,
antiviral areas, as well as cosmetic agents. Iron trimesate has been shown to
trap busulfan with a greater degree than polymers (9), suggesting Fe-MOFs be
used in drug-delivery vehicles. Since the MOFs are three dimensional in nature
with organic linkers and metal coordinative sites (10), MOFs have been used in
imaging and therapy, a new field known as theranostics. Iron terephthalate can
be modified to incorporate aminoterephthalate groups (11), with both anticancer
and imaging properties within the framework (12). Other approaches include
use of iron carboxylates with non-toxic paramagnetic iron, with internally bound
water, in which the metals behave as Lewis acids and bound water as Lewis
bases, allowing imaging to occur (13). MOFs have also been directly injected
into animals such as rats without any toxicity and aggregation within biological
fluids, although their internal stability is unknown. To increase stability, some
MOFs are coated with polyethylene glycon, silica, rhodamine end groups and
cyclic pent peptide (integrin) for targeting, imaging and therapy (14).

In summary, MOFs are a new type of highly porous materials that has
numerous applications beyond pure gas storage. Due to their internally porous
structure, these systems can be employed as nanocarriers of drug molecules.
Due to the interconnectivity and periodicity, MOFs are crystalline, and easily
characterized using X-ray crystallographic technique, which is helpful to
understand the structure-property relationship. Since these systems incorporate
functionalized linkers within the framework, biologically important drugs, or
short peptides can also be implanted inside. The literature about their bio toxicity
has not been completely studied; however, considerable reviews pointed out that
MOFs can be stable in biological fluids without aggregating in the body. MOFs
can release the target molecules, such as NO either quickly or slowly, with high
drug loading capability, as well as potentially tagging and imaging depending
on the presence of other heavy metals such as Gd or iron centers. The main
structural features in MOFs needed to consider are 1) proper particle size to
prevent agglomeration in biological fluids or in solution; 2) minimization of active
sites on the surface to stop unwanted side reactions. This may be accomplished
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through encapsulation with polyethylene glycol; 3) ability of the MOFs to cross
the blood brain barrier for biomedical treatment applications; 4) their long term
toxicity in living bodies. Studies have shown that iron carboxylates are non-toxic,
but it is unclear whether other metal centers or co-centers would exhibit low
toxicity; and 5) stability of formulations in creams or gels that can be topically
applied (e.g. hormone replacement therapy).

Experimental

Materials and Methods

All chemicals were obtained from either VWR International (Atlanta, GA)
or Sigma-Aldrich (St. Louis, MO). Doubly distilled water was used in the
buffers, sterilized waters in cell cultures. Other reagents not obtained from the
above were:5-(and-6)-chloromethyl-2, 7-dichlorodihydrofluorescein diacetate
(CM-H2DCFDA, (abbreviated as ROS) to measure reactive oxygen species (15),
DAF-FM Diacetate (D23842, to measure NO (16) and Singlet Oxygen Sensor
dye (S36002, for determination of singlet oxygen (17) were purchased from
Invitrogen/Molecular Probes (Eugene, OR).Tetramethyl rhodamine methyl ester
(MMP, to measure mitochondrial membrane potential (18), the CytoTox-ONE™
Homogeneous Membrane Integrity Assay (LDH, to determine cell viability (19),
and the Caspase 3/7 Assay is a fluorescence assay that measures caspase-3 and -7
activities (20) were purchased from Promega (Madison, WI). The bicinchoninic
acid assay for protein determination (21) was obtained from Pierce (Rockford,
IL).

Cell Cultures

Human hTERT-RPE cell cultures (22) were maintained in a buffer consisting
of essential mediumwith Earle’s salts (Invitrogen/GIBCOLife Technologies, Inc.,
Carlsbad, CA) supplemented with 10% heat-inactivated fetal bovine serum, 100
units/ml penicillin, 100 μg/mL streptomycin, 1.4 mM L-glutamine, maintained
at 35°C in an incubator having an atmosphere of 95% air and 5% CO2 and 75%
humidity. The cells used were in log-phase growth. The cells were examined
by microscopy and a random selection of a membrane integrity assay for lactate
dehydrogenase.

Bottom-Up Preparation of MOF Probes

Metal-organic framework compounds were synthesized using hydro-
solvothermal methodology to obtain crystalline materials with varying geometries,
depending on the metal/ ligand species, molar ratios and fabrication temperatures.
The synthesis variables might introduc possibilities in terms of physical, optical,
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magnetic or electrical properties. The transition metal, iron (Fe), and the organic
linker, carboxyphenyl benzoate ligand were selected to crystalize our target
MOFs here. The nucleation of MOF crystals occurred at elevated temperatures.
The ligands are summarized in table 1 and synthesis route is summarized in figure
1. The advantages of the solvothermal synthesis approach are relatively short
reaction time and lower reaction temperature.

Monitoring of nitrogen monoxide (NO), reactive oxygen species (ROS),
singlet oxygen sensing (SOS), lactate dehydrogenase (LDH), mitochondrial
membrane potential (MMP) and Caspase Activity

Figure 1. Schematic of metal-organicframework synthesis using flexible
approach with iron (as coordinative metal) and carboxyphenyl)benzoate (as
ligand) to generate a coordinative framework with defined porosity, dimension,
reflectivity, permittivity and conductivity. (1) shows three selected ligands; (2)
the hydro-solvothermal chemistry of MOFs synthesis; and (3) SEM images of
MOF’s typical morphology. (Adopted with permission from (23). Copyright

(2012) American Chemical Society)
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Table 1. Summary of chemical names and ligand ratios for the L-series of
the MOFs evaluated for cytotoxicity.a

Label Metal
(M)

Ligand (L) Ratio
(M:L)

IUPAC Name

L1 Fe(III) ABBT Ester 1:1

Iron 1,4-dimethyl-3-amino-2,5-
bis(4methoxycarbonyl)phenyl]ben-
zene-1,4-dicarboxylate (**)

L2 Fe(III) ABBT 1:1
Iron 2-amino-3,6-bis(4-
carboxyphenyl)benzoate (***)

L1′ Fe(III) ABBT Ester 1:2 **

L2,* Fe(III) ABBT 1:2 ***

L11 Fe(III) ABBT Ester 1:2 **

L1" Fe(III) ABBT Ester 1:3 **

L12 Fe(III) ABBT Ester 1:3 **

L11,* Fe(III) ABBT Ester 1:4 **

L11′ Fe(III) ABBT Ester 1:4 **

L1,2 Fe(III) ABBT Ester 2:1 **

L2′ Fe(III) ABBT 2:1 ***
a Composition formed at two broad temperatures, < 150 °C and (*) > 150 °C.

The appropriate kits were used with following manufacture protocols. Briefly
to measure the protein content, the cells were harvested from the culture plate
and suspended in lysis buffer, using a procedure described by Zhang (24). The
cells were centrifuged at x1000g for 10 min at 4 °C. The resulting pellet was re
suspended in phosphate buffered saline (phosphate buffered saline, (PBS), pH 7.4)
to a volume ranged from 4 mL to 22 mL. The final volume was chosen to yield
between 100,000 - 150,000 cells per well or measurement (25). For protein content
determination, approximately 1:8 ratios of cells to Bradford reagent (v/v) were
added in the dark, with bovine serum albumin (BSA) calibration (100 mg/mL-
2000 mg/mL (26)) was added to the cuvette or 96-well plate. The samples were
incubated at 37 °C for 30 min in the dark and then the absorption (Aλ=562 nm)
measured. For the bioassay activity, a 1:1 v/v ratio was used between sample and
reagent and fluorescence measured (27). For the NO (Excitationλ 495/ Emissionλ
515 nm), ROS (Ex 492/ Em 517 nm), LDH (Aλ 490 nm - Aλ 680nm), SOS (Ex
504/ Em 525 nm) or MMP (Ex 549/ Em 575 nm), the samples were also added
in the dark and the samples incubated for 45 minutes and fluorescence measured.
For inhibitor comparison, the whole cells (WC) were resuspended in phosphate
buffered saline supplemented with 8 mM pyruvate (28) and between 1 μM to 900
mM of the specific inhibitor or additive.

The actual concentration is stated on the graphs. Where the compounds were
water soluble, they were mixed in phosphate buffered saline or deionized water,
else they were mixed in dimethylsulfoxide (DMSO). The concentration of the
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stock was high enough such that only 0.5-25 µL of sample was added to the whole
cells, such that the volume was always less than 10% to eliminate the possibility of
DMSO toxicity on the cells (29). The cells could be supplemented with additional
80mMpyruvate dropped as a rich top-layer beforemixing (+RL) or without (-RL).

Results
Cytotoxicity Evaluation: Lactate Dehydrogenase Assay

To investigate whether the nanomaterials or metal-organic frameworks were
toxic to cells, two specific end-point experiments were carried out. One was to
determine the cell membrane homogeneity using the lactate dehydrogenase as a
marker of cell viability.

Lactate dehydrogenase (LDH) is an extracellular cytosolic protein which
was found upon plasma membrane damage. The amount of LDH is determined
by a dual enzymatic reaction between lactate (converted to pyruvate by LDH)
and tetrazolium salt (INT) reduction to formazan (determined by measurement of
absorbance at 490 nm, figure 2). The level of LDH in the extracellular matrix is an
indicator of cell damage and indirectly cytotoxicity. In our experimental setup the
reaction was prolonged by addition of pyruvate to the medium to support retinal
pigment epithelium (RPE) growth and under these circumstances, a comparison
between whole RPE cells (WC) without (control group) and with (experimental
group) was carried out. Higher values to that of the WC control were indicative
of cellular damage and cytotoxicity.

Figure 2. Schematic of lactate dehydrogenase (LDH) cytotoxicity assay
mechanism generating a colorimetric product via diaphorase (DP) catalysis
of 2-(4-Iodophenyl)-3-(4-nitrophenyl)-5-phenyl-2H-tetrazolium chloride (INT)
reduced by nicotinamide adenine dinucleotide hydride (NADH) to cherry red
formazan. (© 2015 Thermo Fisher Scientific, Inc. Used under permission.

www.lifetechnologies.com)

The relationship between addition of our nanomaterials/metal-organic
frameworks (NMs/MOFs) and Whole Cell (WC) without pre-conditioning (-RL)
is shown in figure 3. For simplicity the NM MOFS were called there “L-series”,
in which various ligands to metal was varied. The numbers in brackets such as
A1, E3, are the sample well locations. For example, the second column in the bar
graph below represents whole cells without any additional preconditioning with
212 micromolar drug SN-38 in well E6. Also see Table 1 for name of ligands
used.
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Figure 3. Measurement of Lactate dehydrogenase (LDH fluorescence, a.u.)
activity difference between the normalized averages of the first readings (at 0.16
h, W 0.16 h=100%) from retinal pigment epithelium whole cells (WC) treated
with various co-factors and without (-)a rich layer of supplemental pyruvate (RL).

The assay was run from 10 minutes to 14 hours (30 min data shown above)
and it can be seen that most of the metal-organic framework nanomaterials (NMs)
induce an equal or lower absorbance than whole cells treated with phosphate
buffered saline (PBS). MOF “L2, 1:2” exhibited the lower absorbance, whilst
MOF “L1, 2:1” exhibited the highest absorbance (approximately 112% relative
to 100% of the control). The above results strongly suggest the NMs are not
cytotoxic to RPE cells.

To put some context to the above experiments, a second comparison
experiment was carried out with 7-Ethyl-10-hydroxy-camptothecin (SN-38), a
topoisomerase I inhibitor used in anticancer treatment (30), nitrite an electron
donor shown to be important in the production of nitrogen monoxide (31), and
hydrogen peroxide, a strong oxidizer that is known to cause lipid peroxidation in
cells and alteration in NO levels (32). Addition of higher doses of SN-38 gave rise
to higher cytotoxicity, as well as hydrogen peroxide (positive control) whereas
nitrite (negative control) was not cytotoxic to cells, even at high concentration
(figure 4). Comparison between the figures would place the L-series of MOFs to
exhibit similar cytotoxicity to low doses of SN-38.
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Figure 4. Measurement of Lactate dehydrogenase (LDH fluorescence, a.u.)
activity difference between the normalized averages of the first readings (at 0.16
h, W 0.16 h=100%) from retinal pigment epithelium whole cells (WC) treated
with various co-factors and without (-)a rich layer of supplemental pyruvate (RL)
treated with various metal organic-framework-Series “L”. [The numbers in

brackets such as A1, E3, are the sample well locations. For example, the second
column in the bar graph above represents whole cells without any additional
preconditioning with 25 microliters of MOF-L2 with a metal to ligand ratio of

1:1. See Table 1 for name of ligands used.]

Cytotoxicity Evaluation: Caspase 3/7 Assay

Cellular insult or stress can induce p53 which can interact with a number
of intermediates such as p53-induced protein with a death domain (PIDD (33)).
PIDD in turn activate caspase-2, which in turn activates a pro-apoptotic protein
BH3 interacting domain death agonist (BID). BID is a pro-apoptotic protein (BID
(34)) which induces cytochrome c release from themitochondrial to the cytoplasm.
Once in the cytoplasm, cytochrome c activate caspase 3 and caspase 7 resulting in
apoptosis (35). A simplified scheme is illustrated below in figure 5 and the basis
of the bioassay in figure 6.

Figure 5. A simplified scheme where cytochrome c (Cyt c), 2′-deoxyadenosine
5′-triphosphate (dATP) allow Caspase 9 to activate Caspase 3/7 leading to cell

death.
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Figure 6. Cleavage of the Caspase substrate DEVD (R1) based on
3′,6′‐diaminospiro[2-benzofuran-1,9′-xanthene]-3-One structure, which upon
excision of the dipeptide by the caspase 3/7 enzyme yields a fluorescent complex
based on a [6-amino-9-(2-carboxyphenyl)-9H-xanthen-3-yl]-λ5-azanebis(ylium)
structure. The magnitude of the fluorescence from the complex is used to estimate
the degree of caspase activity. (© 2015 Thermo Fisher Scientific, Inc. Used

under permission. www.lifetechnologies.com)

Caspase-3/7 is cysteine and aspartic acid rich proteases that belong to a
family of enzymes that regular cell death. Through addition of a pro-fluorescence
substrate peptide (Asp-Glu-Val-Asp, DEVD, denoted as R1), the caspase activity
can be estimated by measurement of the fluorescence by virtue of cleavage at the
C-terminal side of the aspartate residue.

The LDH assay indicates level of cytotoxicity not necessarily apoptosis,
whereas the caspase 3 assay is more specific to apoptosis. Both assays yield
similar results suggesting that the nanomaterials do not spontaneously induce
apoptosis relative to whole cells (WC) treated with PBS (figure 7).

Comparing the results with nitrite and anti-cancer drug SN-38 suggests that
both induce cytotoxicity and apoptosis (figure 8). SN38 has suggested earlier
by interacting with DNA (36) and high doses of nitrite either interfere with the
bioassay or suggest that high dose of nitrogen monoxide (NO) induce cell death
(37, 38), with hydrogen peroxide causing immediate plasma wall oxidation and
lysis (39).

Changes in Intracellular Nitrogen Monoxide

The high fluorescence after addition of nitrite, facilitate investigation of
intracellular NO concentrations using 4,5-diaminofluorescein diacetate analog to
bind to NO and form a benzotriazole compounds which is measured. The scheme
is illustrated in figure 9.
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Figure 7. Measurement of Caspase 3/7 activity difference between the normalized
first readings (at 0.16 h, W 0.16 h=100%) from retinal pigment epithelium

whole cells (WC) treated with various co-factors and without (-)a rich layer of
supplemental pyruvate (RL) treated with metal organic framework compounds-
Series “L”. [The number in brackets such as A1, E3, are the sample well

locations, thus the second column represents whole cells without any additional
preconditioning with 25 microliters of MOF-L2 with a metal to ligand ratio of

1:4. See Table 1 for name of ligands used.]

Figure 8. Measurement of Caspase 3/7 activity difference between the normalized
averages of the first readings (at 0.16 h, W 0.16 h=100%) from retinal pigment
epithelium whole cells (WC) treated with various co-factors and without (-)a rich

layer of supplemental pyruvate (RL) treated with various co-factors.
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Figure 9. Reaction scheme for the detection of nitric oxide
(NO) by 6′-(acetyloxy)-4-amino-2′,7′-difluoro-5-(methylamino)-
3-oxospiro[2-benzofuran-1,9′-xanthene]-3′-yl acetate based on

4,5-diaminofluorescein diacetate (DAF-FM-DA) to the weakly fluorescent
2-amino-6-(2,7-difluoro-3-oxido-6-oxoxanthen-9-yl)-3-(methylamino)benzoate
or 4,5-diaminofluorescein, (DAF-FM) upon binding with nitrogen monoxide
yields the strongly fluorescent 5-(2,7-difluoro-3-oxido-6-oxoxanthen-9-yl)-1-
methyl-1,2,3-benzotriazole-4-carboxylate (BTC) dye. (© 2015 Thermo Fisher

Scientific, Inc. Used under permission. www.lifetechnologies.com)

To evaluate the bioassay nitrogen monoxide (NO) was measured in whole
RPE cells (WC) with a number of co-factors (figure 10). The cells were treated
with PBS (control), sodium nitrite (positive control) which was expected to yield
a higher NO fluorescence, sodium cyanide (negative control) which is known as
an irreversible binding agent to complex IV, shutting down respiration (40) and
thereby indirectly affecting NO production. Sodium nitroprusside was used as
a “slow-release” of NO, as opposed to nitrite which generates NO within an hour
(incubation time of assay was between 30-60 minutes), whereas with nitroprusside
(same incubation time) but less NO is measured within minutes of the assay (41),
potassium ferrocyanide was used as a redox couple (42) and also as an heme
oxidant (43), with the expectation that NO synthase (one of the enzymes that
generates NO) would be inhibited if the active heme site was oxidized Fe(III) with
NO-Fe(II) being the bioactive form (44).

As anticipated addition of nitrite gave the highest fluorescence for NO and
addition of sodium prusside and ferrocyanide the least, in the case of prusside
as a NO source, this may inhibition further biosynthesis and for ferro cyanide,
inactivation of the binding site of NO synthase, a major source of biosynthesis in
the cell. In comparison to our NMs/MOFs, shown in figure 11, several trends were
observed and summarized below.
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Figure 10. Measurement of nitrogen monoxide (NO) from retinal pigment
epithelium whole cells (WC) treated with various co-factors and without (-)a rich

layer of supplemental pyruvate (RL) treated with various co-factors.

Figure 11. Measurement of nitrogen monoxide (NO) from retinal pigment
epithelium whole cells (WC) treated with various co-factors and without (-) a
rich layer of supplemental pyruvate (RL) treated with various metal organic

framework compounds- Series “L”. [The number in brackets such as A1, E3, are
the sample well locations, thus the second column represents whole cells without
any additional preconditioning with 25 microliters of MOF-L2 with a metal to

ligand ratio of 1:4. See Table 1 for name of ligands used.]

475

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

01
9

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 

http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1200.ch019&iName=master.img-009.jpg&w=317&h=177
http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1200.ch019&iName=master.img-010.jpg&w=323&h=170


Relative to WC with buffer (control), some MOFs exhibit lowers NO
fluorescence. This may be due to a number of possible reasons. This maybe
that the MOF are toxic to the NO biosynthesis enzymes, in a manner similar to
potassium ferrocyanide, but to a greater degree, or that the MOFs captured and
trapped the NO within the MOF framework, with little or no release, giving a
small response. MOF “L2, 1:4”, gives a flat response, almost immediately, with
almost no nitric oxide signal, however since the Caspase and LDH bioassays
indicate the MOF is not bio toxic, it may suggest NO trapping or that the MOF
is not cytotoxic but inactivated the bio enzymes responsible for NO generation.
“L1, 2:1” and “L1, 1:1” [only ligand-to-metal ratio varied] give low linear signal,
suggesting either cytotoxicity to the cell, inactivation of the enzyme or NO
trapping. MOF “L2, 1:1” gave a response similar to WCs and “L1,2:1”, and
“L1,1:2”gave higher NO attributed fluorescence than WC. Since the L-series of
MOF have similar metal centers and some structures give higher NO signal, it
supports the possibility that the low NO signal of “L2, 1:4” is likely due to NO
trapping, although the other MOF could inactivate the enzymes as previously
speculated. The above indicate that metal-to-ligand ratio (1:1 to 1:2 to 1:4
to 2:1) do influence the efficiency and degree of NO trapping and measured
NO fluorescence. See table 1 for name of ligands used].Further examination
suggests a rate change around the hour, with a similar trend to that of potassium
ferrocyanide. To examine this trend further the assay was run to 14 hours and
the average of the last few readings minus the first few readings relative to
controls for each group were plotted. The reference or control plot (figure 12). As
anticipated the NO levels are lesser at 14 hour mark, than at the first hour mark
(WC values were divided by themselvesWC 1 h/WC 1 h andWC 14 h/WC 14 and
the respective co-factors divided by the appropriate WC, and then substrate WC
14-WC 1 and so on). As expected the control would have a value of zero percent
and all values would give a negative percent, suggesting a slowdown in NO
production as a function of time. This is expected for two reasons, one that high
levels of NO are inhibitory to further NO generation and that NO required energy
and metabolites, which are consumed over the 14h time period. As previously
stated potassium ferrocyanide inactivates the binding sites and with greater time,
more of the sites are inactivated leading to less NO generation, although it is not
clear whether the inactivation is direct, indirect, competitive, non-competitive
or uncompetitive, although work by Wink suggests this may be competitive in
nature (45). A similar analysis for the L-series of MOFs (figure 13) suggest the
most MOFs yield a slowdown, similar to that observed for sodium nitroprusside
(~ 60%) with MOFs “L1, 2:1” and “L1, 1:3” exhibiting greater slowdown that to
what potassium ferrocyanide (~ 85% versus ~136% versus ~ 159%). This may
be to the reasons given above (inhibition of NO, inactivation of NO synthase) or
trapping of NO by the MOF, with the trapping becoming more efficient with assay
time. The MOFs which gave the highest NO signal are also the ones which give
the greater retardation, suggest a feedback loop whether high NO levels generated
by, for example “L1, 2:1” over time lead to slower and slower generation of No
by NO synthase due to competitive inhibition of NO by itself or other factors
(46). Analysis of the rate within the first hour relative to WC (control) is shown in
figure 14. Whereas figures 12 and 13 compare the difference at the last time-point
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with the first time-point, figure 14 compares the rates within the first hour. The
advantages of such as comparison are that cells have energy and nutrients and
relative NO generation to WC (set at 100%) can be examined.

As anticipated addition of sodium cyanide yields less NO than the control
(whole cells in PBS), but both sodium nitrite (fast acting) and sodium nitroprusside
(slow acting) give the highest fluorescence attributed to NO generation within
the cell (47). Potassium ferrocyanide gives an intermediate value suggesting
that inactivation of the iron center is not immediate that the ferrocyanide (48) is
assisting generation of NO by an NO independent pathways (49) as opposed to
nitrite which is assisting the generation of NO through a NO-dependent pathways,
for example via cyclic guanine monophosphate (50). The various interactions are
summarized in figure 15, based on a review by Ortuño-Sahagún (51). Evaluation
of the L-series of MOFs (in figure 16) is discussed.

The results suggest the initial NO production of MOFs “L2, 1:4”, “L1, 2:1”,
and “L2, 1:4” is less than whole cells (WC), whereas MOF “L1, 1:1” is similar and
MOFs “L1, 2:1”, “L1, 1:3”, “L2, 1:1” and “L1, 1:2” yield greater fluorescence than
the control.

Figure 12. Measurement of nitrogen monoxide (NO) difference between the
normalized average of the last readings (at 14 h, WC 14 h=100%) and the
normalized first readings (at 0.16 h, W 0.16 h=100%) from retinal pigment

epithelium whole cells (WC) treated with various co-factors and without (-)a rich
layer of supplemental pyruvate (RL) treated with various co-factors. WC set

at 0% difference.
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Figure 13. Measurement of nitrogen monoxide (NO) difference between the
normalized average of the last readings (at 14 h, WC14 h=100%) and the
normalized first readings (at 0.16 h, WC 0.16 h=100%) from retinal pigment
epithelium whole cells (WC) treated with various co-factors and without (-)a
rich layer of supplemental pyruvate (RL) treated with various metal organic
framework compounds- Series “L”. WC set at 0% difference. [The number in
brackets such as A1, E3, are the sample well locations, thus the second column
represents whole cells without any additional preconditioning with 25 microliters
of MOF-L2 with a metal to ligand ratio of 1:4. See Table 1 for name of ligands

used.]

Figure 14. Measurement of nitrogen monoxide (NO) difference between the
normalized average of the first readings (at 0.16 h, WC 0.16 h=100%) and the
average MOF readings (at 0.16 h) from retinal pigment epithelium whole cells
(WC) treated with various co-factors and without (-)a rich layer of supplemental

pyruvate (RL) treated with various co-factors.
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Figure 15. Summary of observed effects of sodium nitroprusside (based on
our observation and literature publications) on NO generation and RPE
cell survival. SNP has a number of non-synthetic functions such as nitric

oxide (NO) production, oxidation and reduction or formation of iron, cyanide
anions, hydroxyl radicals, intermediates. These intermediates in turn carry out
oxidative and nitrosative stress, in addition to proteins, nucleic acids, and lipids
inactivation by means of oxidation and nitrosylation. Iron, via the Fenton-like
reactions, generates hydroxyl and other reactive species (superoxide), damaging
membranes by lipid peroxidation with decreased cellular viability, measured by
the LDH assay. Stress is relieved by addition of NO, although NO may trigger
NO-dependent biochemical pathways , which through phosphorylation may
lead to an reduction of Bcl2 and an increase in BID, through mitochondrial
stress and triggering of apoptotic pathways. Sodium nitroprusside also acts
upon the mitochondria, at low levels stimulates vasodilation, but at high levels
is inhibitory to NO synthase and may cause mitochondrial membrane damage,
release of cytochrome c and subsequent activation of caspases, as well as
decreasing the phosphorylation of Atk. cyanide, potassium ferrocyanide and

sodium nitroprusside also affect the functioning of the mitochondrial respiratory
chain, thereby lowering the mitochondrial membrane potential (MMP), reducing
ATP production and assisting in the generation of singlet oxygen and reactive

oxygen species.

Changes in Mitochondrial Membrane Potential

In the summary figure 14, it was speculated that NO levels if damaging to
the mitochondrial may lower the mitochondrial membrane potential (MMP), if
lowered to zero or higher than control values, this may indicate mitochondrial
stress and a possibility of triggering caspase 3 via cytochrome c release. Figure
17 represents the profile with the regular controls. The mitochondrial potential
values drop, due to tetramethylrhodamine ethyl ester, that accumulates in active
mitochondria due to electrostatic attraction. Depolarization of inactivation
of mitochondrial will lower the membrane potential and result in lower dye
accumulation (52). In the above figure, the values drop until 100 minutes when
they rise again, suggesting final burst of activity. Sodium prusside and nitrite give
similar profiles suggesting they do not directly affect the mitochondrial membrane
potential, while sodium cyanide has values higher than control, suggesting direct
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interaction and mitochondrial stress. Figure 18 is the figure with the L-series of
MOFs.

Only MOF “L2, 1:4” has a lower MMP (at 40 min), all the other MOFs have
higher MMP values, the highest values are attributed to MOFs “L1, 2:1”, “L1,
1:2”, “L2, 1:1” withMOFs “L1, 1:1”; “L1, 1:2” and “L1, 2:1” having values higher
than what were observed for sodium cyanide. This may mean they exhibit greater
stress on the mitochondria than sodium cyanide or that the dye accumulates and
preferentially binds to, or is captured by theMOFs. A comparison of the difference
between the first last value and first value is shown in figure 19. The control has
a value of zero, a positive value suggests that as time increases so does the rate
or accumulation of the dye, with the MMP dye, this suggests mitochondrial stress
and potential onset of apoptosis, except with potassium ferrocyanide, which has
previously suggested indicates potential enzyme inactivation and decreases with
time.

MOFs “L1, 2:1” (low dose and high dose, same volume), “L1, 1:1” have
positive values (figure 20), slightly greater than what was observed for sodium
prusside (~ 27%; 33%; and 53% versus 20% for sodium prusside), MOFs “L1,
1:3” and “L2, 1:1” have a small net change and MOF “L1, 1:2” has a greater
negative change than potassium ferrocyanide (~ 75% versus 6% for potassium
ferrocyanide). Assuming the mechanism of action is similar to the standards, they
may act in a similar manner, or the dye may be captured by the MOFs.

An analysis within one hour is shown in figure 21, indicates that initial
NO generation as measured by the fluorescence of the dye is similar, although
potassium ferrocyanide gave the highest value, indicating that, greater than one
hour may be required fir appreciable enzyme inactivation to be observed, or that
there are other NO biosynthetic enzymes that are not inactivated by potassium
ferrocyanide. Examination of the L-series of MOFs like the controls, show
greater NO generation than the control for all MOFs except MOFs “L2, 1:4”,
“L1, 2:1” and “L2, 1:4”, which are slightly less than the control and MOFs “L1,
2:1",“L1, 1:3”, and “L1, 1:2”, values much higher than the control (~150%).
It is not possible to give a reason for these differences, but it appears that the
L-series of MOFs can be used as probes to understand certain biochemical state
of the chemical, are themselves not cytotoxic and under certain circumstances
can induce generation of NO and facilitate apoptosis (figure 22).

Changes in Reactive Oxygen Species

Finally the reactive oxygen species for a smaller subset of L-series of MOFs
was carried our relative to WC in PBS and is shown in figure 23. This was
done, because in the earlier NO and MMP experiment it appeared that oxidative
stress may be one factor that might contribute to mitochondrial stress. Here a
non-fluorescent dichlorofluorescein derivative dye was used (figure 24), which
upon deacetatylation by intracellular esterases becomes highly fluorescent as an
in vitro measure of cellular oxidation occurs (53), as shown in figure 23.
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Figure 16. Measurement of nitrogen monoxide (NO) difference between the
normalized average of the first readings (at 0.16 h, WC 0.16 h=100%) and the
average MOF readings (at 0.16 h) from retinal pigment epithelium whole cells
(WC) treated with various co-factors and without (-)a rich layer of supplemental
pyruvate (RL) treated with various metal organic framework compounds- Series
“L”. [The number in brackets such as A1, E3, are the sample well locations, thus
the second column represents whole cells without any additional preconditioning
with 25 microliters of MOF-L1 with a metal to ligand ratio of 2:1. See Table

1 for name of ligands used.]

Figure 17. Measurement of mitochondrial membrane potential (MMP) from
retinal pigment epithelium whole cells (WC) treated with various co-factors
and without (-) a rich layer of supplemental pyruvate (RL) treated with various

co-factors.
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Figure 18. Measurement of mitochondrial membrane potential (MMP) from
retinal pigment epithelium whole cells (WC) treated with various co-factors and
without (-) a rich layer of supplemental pyruvate (RL) treated with various metal
organic framework compounds- Series “L”. [The number in brackets such as
A1, E3, are the sample well locations, thus the second column represents whole
cells without any additional preconditioning with 25 microliters of MOF-L2 with

a metal to ligand ratio of 1:4. See Table 1 for name of ligands used.]

Figure 19. Measurement of mitochondrial membrane potential (MMP) difference
between the normalized average of the last readings (at 14 h, WC 14 h=100%)
and the normalized first readings (at 0.16 h, W 0.16 h=100%) from retinal

pigment epithelium whole cells (WC) treated with various co-factors and without
(-)a rich layer of supplemental pyruvate (RL) treated with various co-factors.

WC set at 0% difference.
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Figure 20. Measurement of mitochondrial membrane potential (MMP)
Difference between the normalized average of the last readings (at 14 h, WC 14
h=100%) and the normalized first readings (at 0.16 h, W 0.16 h=100%; WC set
at 0% difference.) from retinal pigment epithelium whole cells (WC) treated with
various co-factors and without (-) a rich layer of supplemental pyruvate (RL)
treated with various metal organic framework compounds- Series “L”. [The

number in brackets such as A1, E3, are the sample well locations, thus the second
column represents whole cells without any additional preconditioning with 25
microliters of MOF-L2 with a metal to ligand ratio of 1:4. See Table 1 for name

of ligands used.]

Examination of the ROS fluorescence, relative to control (set to 100%)
suggest that MOF “L1, 2 1:3” had a higher di-chlorofluorescein derivative dye
fluorescence of approximately 160% to 190% (for control) suggesting that ROS
mediate damage may not be a major source of cellular stress, unlike Co-MOF that
is highly oxidizing in bacterial cells (summarized in figure 25).

Discussion

There is minimal information on the cytotoxicity of MOFs, although in a
few studies iron carboxylate MOFs were injected into rats with no side-effects or
measured toxicity (54). The three general phases can be characterized as activation
of the MOF (figure 26), loading of drug or gas storage and either catalysis or
interaction with or at the guest interface (55).
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Figure 21. Measurement of mitochondrial membrane potential (MMP) difference
between the normalized average of the first readings (at 0.16 h, WC 0.16
h=100%) and the average MOF readings (at 0.16 h) from retinal pigment
epithelium whole cells (WC) treated with various co-factors and without (-) a
rich layer of supplemental pyruvate (RL) treated with various co-factors.

Figure 22. Measurement of mitochondrial membrane potential (MMP) difference
between the normalized average of the first readings (at 0.16 h, WC 0.16
h=100%) and the average MOF readings (at 0.16 h) from retinal pigment
epithelium whole cells (WC) treated with various co-factors and without (-) a
rich layer of supplemental pyruvate (RL) treated with various metal organic

framework compounds- Series “L”. [The number in brackets such as A1, E3, are
the sample well locations, thus the second column represents whole cells without
any additional preconditioning with 25 microliters of MOF-L2 with a metal to

ligand ratio of 1:4. See Table 1 for name of ligands used.]
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Figure 23. Measurement of Reactive Oxygen Species (ROS) difference between
the normalized average of the first readings (at 0.16 h, WC 0.16 h=100%) and the
average MOF readings (at 0.16 h) from retinal pigment epithelium whole cells
(WC) treated with various co-factors and without (-) a rich layer of supplemental
pyruvate (RL) treated with various metal organic framework compounds- Series
“L”. [The number in brackets such as A1, E3, are the sample well locations, thus
the second column represents whole cells without any additional preconditioning
with 25 microliters of MOF-L2 with a metal to ligand ratio of 1:2. See Table

1 for name of ligands used.]

Figure 24. The structure of 6-(acetyloxy)-2,7-dichloro-9-[2(hydroperoxymethyl)
-phenyl]-9H-xanthen-3-yl acetate (H2DCFDA) that is non-fluorescent
upon interaction with reactive oxygen forms a 5-(and-6)-chloromethyl-2,

7-dichloro-dihydrofluorescein diacetate (CM H2DCFDA) structure based on
9-[2,6-bis(hydroperoxymethyl)- phenyl]-2,7-dichloro-6-Hydroxyxanthen-3-one
which is highly fluorescent di-chlorofluorescein derivative. (© 2015 Thermo
Fisher Scientific, Inc. Used under permission. www.lifetechnologies.com)
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Figure 25. Co-based MOFs used as disinfectant, a: The structure determined
by single crystal X-ray diffraction; b: SEM morphological image of Co-MOFs;
and c: Bacteria cell wall of E. coli using Co-MOF disinfectant. (figure modified

from figure 8 of (23))

Figure 26. Simplified scheme of MOF activation and interaction in biological
systems
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Table 2. Summary of the relative results to whole cells in PBS (WC), which
were set to 100%.

Assay Value (min.) Value (max.) System

Caspase 9% HP

Caspase 132% NIT

Caspase 2% “L2, 1:1”

Caspase 54% “L12, 1:3”

LDH 100% WC (PBS)

LDH 186% HP

LDH 12% “L2, 1:2”

LDH 112% “L1, 2:1”

MMP 88% CN

MMP 113% PFC

MMP 56% “L1, 2:1”

MMP 190% “L1, 1:2”

NO 86% CN

NO 130% PFC

NO 10% “L2, 1:4”

NO 140% “L1, 1:3”

ROS 77% NitroP

ROS 140% PFC

ROS 2% “L2, 1:2”

ROS 160% “L12, 1:3”

CN Sodium cyanide

HP Hydrogen peroxide

LDH Lactate dehydrogenase assay

MMP Mitochondrial membrane potential

NIT Sodium nitrite

NitroP Sodium Nitroprusside

NO Nitrogen monoxide

PFC Potassium ferrocyanide

ROS Reactive oxygen species

WC Whole cells (phosphate buffered saline)
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Table 3. Summary of NO donors and study in ischemia using Rat animal
model for cerebral ischemia.a

Animal
Disease
Model

Ischemia/
reperfusion
time (h)

NO
Source

Dose,
administration
method Select Notes Ref

Goat MCAO 0.33/168 DEAN 1 nmol/L, 3h
prior, IV

Relaxation of
MCA

(83)

Rat MCAO 20/24 GSNO 1mg/kg on
reperfusion

Reduced
caspase-3-
activity, iNOS
expression was
reduced.

(84)

Rabbit MCAO 0.5/2 ProliNO 1umol/L, onset
of reperfusion for
1h, IA

Reduced ROS
levels

(85)

Rat PMCAO 24/- SIN-1 1.5 mg/kg/h
trans-ischemia,
IV

In vitro platelet
aggregration
decreased

(86)

Rat MCAO 20/24 SNAP 2 umol/kg/10
min on
reperfusion, IV

Reduced lipid
peroxidation,
plasma NO levels
increased.

(87)

Rat 4-VO 15/6 NitroP 5mg/kg 0.5h
prior to ischemia,
IP

Reduced
cytochrome c
in cytoplasma,
nNOS expression
was reduced.

(88)

Rat MCAO 1.5/1.5 Sodium
nitrite

480 nmol/min,
1.5 post-
ischemia, IV

Reduced
ROS/RNS

(89)

Rat MCAO 2/168 Sperm-
ineN

0.36 mg/kg/120
min trans-
ischemia, IV

Cerebral
perfusion was
increased

(90)

Rat MCAO 1.5/24 NBP 0.1 mmol/kg, 1h
prior to ischemia,
IV

Reduced nNOS
expression,
Increased cGMP
levels

(91)

a DEAN = Diethylamine NONOate; MCA = Middle cerebral artery; GSNO =
S-nitroso-glutathionine; IA = Intraarterial; iNOS = inducible nitric oxide synthase; IP
= Intraperitoneal; IV = Intravenous; (P)MCAO = (Permanent) middle cerebral artery
occlusion; NBP = 3-n-butylphthalide derivative; NitroP = Sodium nitroprusside; nNOS
= neuronal nitric oxide synthase; NO = Nitric oxide; SIN-1 = 3-morpholinosydnonimine;
ProliNO = 1-[2-(carboxylato)pyrrolidin-1-yl]diazen-1-ium-1,2-diolate;SNAP =
S-nitroso-N-acetyl-penicillamine; SperminineN = (Z)-1-[N-[3-aminopropyl]-N-[4-(3-
aminopropylammonio)butyl]-amino]diazen-1-ium-1,2-diolate; 4-VO = Four vessel
occlusion model.
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The L-series of MOFs primarily ligand template is structurally similar to
iron fumarate (56), an iron supplement. MOF have a number of advantages
which can be used to lower potential toxicity. These include, variation on the
pore size to trap, smaller or larger molecules, use of organic linkers that will
allow biodegradability to occur, use of different organic linkers to vary the
hydrophobic-hydrophilic internal space and interactions, and charging of certain
ligands, to stabilize biological molecules. A summary of results is shown in table
2.

Other positive or negative controls were used and are also listed. Where a
number of MOFs gave similar values, the lowest of the representative sample is
shown. All results are values obtained within the first hour (0.16 h) with the same
volume of buffer, co-factor or L-series MOF.

Nitrogen monoxide is a signaling molecule, which can facilitate both
would-healing, vasodilation and cell death, depending on dose and other
pro-/anti-apoptotic factors (57). Since the molecule is a neutral gas, it is unlikely
to travel a great distance and its effects are local (58). A number of materials
have been used in NO storage, and release, such as silica nanoparticles (59),
zeolites, (60), polymers (61), and MOFs (62). A few reports indicate that NO
trapped MOFs induced apoptosis (63). MOF CPO-27 has been used to release
large amounts of NO for vasodilation (64), other MOFs include copper trimesate,
and iron terephthalate based MIL-101 (11). These reports suggest that MOFs can
be designed to store and release either quickly (CPO-27) or slowly (HKUST-1).

The use of inorganic or organic nitrogen monoxide (NO) in the treatment
of Ischemia (65) either cerebral or cardiac is another attractive feature of the
NO storing MOFs, in that they can be used to examine cellular toxicity and
where appropriate as neuroprotective agents (66). Nitrogen monoxide thus can
paradoxically be toxic or protective depending on its concentration, cellular
location and the cellular hemostasis of the cell (67). Nitrogen monoxide is
biological synthesized by NO synthase (NOS, with three isoforms, eNOS,
nNOS and iNOS (68)) which is expressed in most cells and can be upregulated
by changes in intracellular calcium (69). In the brain, it is generated in the
endothelium and plexus and is protective of the endothelium from oxidative
stress and inflammation, promoting cellular communication and adhesion (70),
platelet aggregation (71). During cardiac or cerebral insult, oxygen is deprived
and upon reperfusion, potential damage can occur. The paradoxical effects of
NOS are attributed to its isoforms; eNOS is generally protective in ischemia (72),
whereas nNOS contributes to early injury (73), with iNOS contributing to late
injury (74). High NO levels due to iNOS also contribute to protein nitrosylation
and neural damage (“bad effect” (75)), although NO from eNOS are protective
(“good effect” (76)), requiring NO donors as a potential treatment regime
(77). External NO can be released as the nitrosonium cation (78) or nitroxyl
anion (79) from organic nitrates, such as nitroglycerin (80); sulfur conjugated
nitrosothiols such as S-nitroso-glutathione (81) or sodium nitroprusside (82).
Metal organic-frameworks offer another attractive feature, as NO storage. Table
3 is a summary of select NO agents used in treatment of ischemia.
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Figure 27. Summary of the various biochemical altered that were measured
directly or inferred through analysis of published literature, that are consistent
with our observations. The mode of cell death is related to a number of
biochemical pathways some of which are activated towards cytotoxicity or
deactivated towards cell protection by the various MOF formulations. For
example, the interaction with the cell membrane and MOF can lead to lipid

peroxidation and cell disruption. In addition the MOF can change the redox state
of iron-proteins found in the mitochondria that are responsible for respiration.
Similar reactive oxygen/nitrogen species may be generated contributed towards
oxidative stress or binding of cyanide ion with respiratory proteins. The
consequence of oxidative/ nitrosative stress are numerous and may lead to

covalent modification of lipids, proteins or nucleic acids. Change of redox state
of iron may further promote Fenton catalysis of hydroxyl radicals or anions
that in consort with superoxide or peroxynitrite further contributes to lipid
peroxidation and membrane disassembly. These effects are countered (Ä) by
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supplemental nitrogen monoxide (NO) which can bind with iron, potentiating
(Å) its protective effectiveness. Mitogen-activated protein kinase 2 (MAP) and
triggers the activation of extracellular signal-regulated kinases (ERKs), upon
phosphorylation (p) that initiate cellular signaling contributing to oxidative
stress. These enzymes can be down regulated through the action of superoxide
dismutase (SOD) that acts upon superoxide (O2−), which in turn may be

generated from peroxynitrite (ONOO−). Expression of ERK is known to act upon
the mitochondria and decrease B-cell lymphoma 2 (BcL-2) a protein known to
promote cell survival by blocking apoptosis and an increase in Bcl-2-associated
X protein (Bax) that is known to promote apoptosis. The differential regulation of
BcL-2/Bax would promote cell death ( ) via mitochondrial apoptotic pathways
that would also contribute to release of cytochrome c and activation of caspase
3/7. Addition of sodium nitroprusside (without or with cyanide anion, CN-)
would promote mitochondrial dysfunction such as alternations in adenosine

triphosphate (ATP), mitochondrial membrane potential (MMP), reactive oxygen
species (ROS), reactive nitrogen species (RNS) in addition to activation of

pro-apoptotic factors and regulation of anti-apoptotic factors, collecting slowing
down oxidative phosphorylation (Oxid. Phosp.) Superoxide dismutase (SOD)
is known to slow down mitochondrial dysfunction by scavenging RNS that can
contribute to ROS and lipid peroxidation. The catalysis of SOD and catalase can
be diminished by decreased phosphorylation of protein kinase B (PKB), which
is potentiated by sodium nitroprusside (NitroP). Release of cytochrome c to the
cytoplasm can also increase pro-inflammation factors, such as tumor necrosis
factor-alpha and interleukin 1 beta, which further contribute to cytokine-induced
oxidative stress and cell death. It can be seen that metal-organic frameworks
(MOF) and monitoring of nitric oxide (NO) is an example of how a high
throughput screen may be utilized to estimate general cellular toxicity. Cell
death thus could be from a number of different biochemical pathways based
either in the cytoplasm or mitochondria or cell/plasma membrane that can be
target using nanomaterial based chemical agents; conversely MOFs can be used
as NO release agents through selective storage and release or direct release
using iron metal coordinative with NO releasing ligands. (Figure Modified with
via Creative Commons Attribution License from (51). Copyright (2013) Hindawi

Publishing Corporation).

It can be seen from a brief summary in table 3, that utilization of NO donors
for cerebral protection is expensive, lengthy and cumbersome, since the dose-per-
mass of NO donor is not always known, nor is their kinetic profiles (92). For
evaluation of new chemical agents, NO can be monitored to determine toxicity of
the chemical agent and the MOF can be used for NO storage, release in a manner
similar to the role played by nNOS, thereby promoting protection.

The L-series of MOFs have been shown to exhibit low cytotoxicity as
determined using the lactate dehydrogenase assay, relative to whole cells in
phosphate buffered saline (figure 4), as well as the caspase-3 bioassay to determine
whether the cells undergo apoptosis (figure 5). Biological cells also undergo
a range of changes often through mediators, receptors, or through messenger
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molecules (93), one major indicator was nitrogen monoxide (NO). Our assay
using a NO specific fluorescent dye indicates that, NO increases with time up to
at least one hour, when there is a slow-down (the NO slope is less steep) and NO
production was observed until approximately 800 minutes, after which there was
a drop and eventual cell death. Analysis suggests some MOFs may trap NO, or
inactivate the enzyme after the hour mark, giving rise to very low NO signal,
such as MOF “L2, 1:4”. Since the biochemistry of NO is complex, it is difficult
to make any generalizations, however, assuming the MOFs are not inactivating,
it would suggest the with additional linkers, NO is trapped and not released and
with less linkers, “L1, 1:3” NO is trapped and released to a much greater degree,
similar to what was observed for nitrite addition. The likely mechanism was
summarized in figure 15 and includes, interaction with NO synthase, possibility
of redox changes to FeII to FeIII and limited mitochondrial stress leading to
generation of reactive oxygen species, although the fluorescence was lower than
controls for most MOFs evaluated. The source of the reactive oxygen species
(ROS) is unknown (94), it is likely to originate from the mitochondria (28) but
since whole cells were tested and not mitochondrial fractions, it is not possible
to link ROS to a specific cellular source, although it is known that oxidative
phosphorylation can generate reactive oxygen species (95) as well as oxidation
within the cell (96), plasma membrane (97) and surrounding media, used in the
incubation of the cells (98). This allows the possibility of use of MOF “L1 2, 1:3”
as a potential anti-cancer agent in inducing oxidation in rapidly dividing cells.
The potential mode of action is summarized in figure 27.

Summary

A number of linkers with benzene-1,4-dicarboxylate were generated
(L-series) and evaluated for cytotoxicity. Two assays were carried out. In
both assays (lactate dehydrogenase and Caspase 3/7), the fluorescence ratio
between the whole cell with MOFs and WC with phosphate buffered saline was
less than the MOFs, suggesting that the L-series of MOFs do not damage the
plasma membrane of RPE cells. A similar trend was observed for the caspase
assay, where the positive controls (hydrogen peroxide and SN-38) gave higher
fluorescence. To determine whether the MOF changes the biochemical function
of the cells, nitrogen monoxide levels were measured within an hour and after 14
hours and a comparison made. The results are more complicated; some MOFs
gave very low fluorescence values, whilst some gave much higher values, similar
to measured fluorescence upon addition of nitrite, suggesting increased electron
availability or transport. Through comparison with nitrite, sodium nitroprusside
and potassium ferrocyanides (used as controls), it may suggest that MOFs interact
in a similar manner, or that they trap NO, giving rise to low signals, or that they
modify the active metal iron in NO synthase, like potassium ferrocyanide but in
a much quicker fashion. The fact that other members of the L-series of MOFs
gave high NO signal, indicate that MOFs trapped NO, giving rise to low NO
values. Finally, reactive oxygen species and mitochondrial membrane potential
was also measured, using specific dyes, for ROS, most MOFs gave low ROS
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values, except “1 2, 1:3” (~160% to 100% for control). For the MMP, MOFs
“L1, 1:2” and “L1, 2:1” gave the highest values, suggesting that these MOFs may
stress the mitochondria, or that the charged dye preferentially binds to the MOFs.
In summary the biological evaluation suggests that the L-series of MOFs are not
cytotoxicity, have limited NO storage capacity and under certain environments
become oxidizing, stressing the mitochondria and leading to cell death, which can
be applied towards treatment of certain cancer cell types.

Brief Future Prospects and Guidelines

Any general high throughput screening tools such as Mutatox™ (2) or
Microtox™ (1) suffer from lack of precision of specific genes/proteins or
protein-receptor that are target by chemical agents, in addition to potential
occurrence of false positives and lack of sensitivity of agents in the low
parts-per-billion. The utilization of NO as a general marker of ‘cell health’ would
also exhibit the same drawbacks. In the context of MOFs, another complication
was that it was not possible quantify of degree of NO trapping by the MOF or
release. Additional experiments are required to delineate whether MOFs trap
or trap-and release nitric oxide (NO storage). These can be addressed through
MOF co-incubation with cells and separate Brunauer–Emmett–Teller (BET)
MOF experiments. If the MOFs are toxic, the cells will not grow. Lastly, the
sensitivity limitation is the limitation imposed by the 4,5-diaminofluorescein
fluorescent probe, which would put chemical agents concentrations in the low
part-per-million range (ppm).

Evaluation of MOFs with other cell lines or different cell types is required
to assess both their anti-cancer properties and their long term biological stability,
over months, not days or weeks. The advantages of utilization of MOFs are the
tailorable selectivity to bind or release NO to treat cellular dysfunction. The
advantages are that in intermediate ppm range, MOFs can be directly and quickly
evaluated in any cell system that is capable of generating NO under chemical
stress, as MOF utilization becomes more ubiquitous, their cytotoxicity will
need to be evaluated using a common benchmark and as a first approximation.
Measurement of NO offers a relatively quick general benchmark in toxicity
assessment.
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Abbreviations

- Without
Atk Gene product initially from AK[R] mice were injected with

transforming [t] retrovirus [Akt-8], from which the viral
oncogene, [v-akt] and human homologues [Akt1 and Akt2]
were isolated. Dysfunction of [Atk] can lead to cancer.
Usually called protein kinase B (PHB) signalling pathway.

ATP Adenosine triphosphate
Bax Bcl-2-associated X protein
BcL-2 B-cell lymphoma 2
CN Sodium cyanide
DAF-FM
Diacetate

4-Amino-5-Methylamino-2′,7′-Difluorofluorescein
Diacetate

DMSO Dimethylsulfoxide
ERK Extracellular signal-regulated kinases
H2DCFDA 6-(acetyloxy)-2,7-dichloro-9-[2(hydroperoxymethyl)

-phenyl]-9H-xanthen-3-yl acetate
HP Hydrogen Peroxide (also listed as H2O2)
hTERT Immortilized with human Telomerase reverse transcriptase
IL-1β Interleukin-1 beta
LDH Lactate dehydrogenase assay
MAP Mitogen-activated protein kinase 2
MMP Mitochondrial membrane potential
MOF Metal-organic framework

Cell Death
NIT Sodium nitrite
NitroP Sodium nitroprusside
NO Nitric Oxide
O2− Superoxide
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ONOO− Peroxynitrite
Oxid. Phosp Oxidative phosphorylation
PBS Phosphate buffered saline
PFC Potassium ferrocyanide
PKB Protein kinase B
RL Rich layer of Pyruvate
RNS Reactive nitrogen species
ROS Reactive oxygen species
RPE Retinal pigment epithelium
SEM Scanning electron microscopy
SN-38 7-Ethyl-10-hydroxy-camptothecin
SOD Superoxide dismutase
TEM Transmission electron microscopy
TNFα Tumor necrosis factor alpha
WC Whole Cells
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Chapter 20

Free Radicals in Mycobacterial Disease

John E. Pearl*

The Trudeau Institute, 154 Algonquin Ave, Saranac Lake, New York 12983
*E-mail: jpearl@trudeauinstitute.org

This chapter will discuss the role of the well-defined free
radicals nitric oxide and superoxide in the context of
mycobacterial disease and experimental animal models in
order to summarize their essential roles in inflammation and
immunity. Research articles and reviews will be discussed
based on their citation index and placed within the context of
immunity to mycobacterial disease in humans and experimental
animal models. The final portion of this chapter will be
devoted to descriptions of some of the assays used to define the
roles and sources of these free radicals within the context of
mycobacterial disease.

Introduction and Scope

Free radicals underlie many fundamental physiological mechanisms in
biological organisms; these free radicals have been described in detail with
their electrochemical characteristics and reactive behaviors well-defined to the
immense benefit of the scientific community. The reactivities of free radicals have
been investigated under a wide variety of conditions leading to a revolution in our
understanding of their essential contribution to organism homeostasis, immunity,
neurological and disease. Yet, our understanding of the functional effects and
biological context of these free radicals is much less clear. This lack of clarity
arises from the difficultly in bridging our fine-grained knowledge of free radical
physical chemistry with the biochemical diversity inherent in cells, tissues and
organisms.

This chapter discusses the role of these well-defined free radicals in the
context of the staggering biochemical diversity of vertebrates using mycobacterial
disease and experimental animal models to summarize their essential roles in
inflammation and immunity. Research articles and reviews are discussed based on
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their impact on research (i.e., their citation index) and placed within the context of
immunity to mycobacterial disease in humans and experimental animal models.
The final portion of this chapter is devoted to descriptions of some of the assays
used to define the roles and sources of these free radicals within the context of
mycobacterial disease.

Tuberculosis and Non-Tuberculous Mycobacterial Disease
(NTM)

The taxon Mycobacteriaceae encompasses a number of clinically significant
pathogens, many of which cause severe pulmonary infections and debilitating
chronic diseases. Among these organisms are the causative agents of tuberculosis
(TB) and nontuberculous mycobacteria (NTM) disease. TB is caused by M.
tuberculosis, a single species divided into a range of monophyletic clades
reflecting its geographic and co-evolutionary origins with its principal host,
humans (1). In contrast to TB, pulmonary NTM disease is caused by infection
by one or more slow-growing environmental mycobacterial species including M.
avium and M. intracellulare which together constitute the M. avium Complex
(MAC) (2). Both infections are notoriously difficult to treat, often requiring
long multidrug chemotherapeutic courses. While TB garners much public
health attention and multidrug-resistant tuberculosis is considered a global
health threat (3), MAC (4) and other opportunistic mycobacterial diseases (5)
also constitute a growing public health concern. Taken as an aggregate, these
pulmonary pathogens represent a uniquely pernicious group of bacteria. Clinical
TB, especially cases featuring drug-resistant bacilli are well-reviewed in the
literature (6), as are the efforts to dissect the correlates of disease, protective
immunity and vaccine-mediated protection (7). While MAC infection does
not kill as many people annually as M. tuberculosis, it is capable of producing
a constellation of a diverse diseases, many of which are chronic and often
fatal. These diseases are characterized by progressive infections refractory to
commonly prescribed antibiotics which may clinically present as pulmonary
infection in healthy adults (8), lymphadenitis in children (9, 10) and disseminated
infection in immunocompromised individuals (11). Less commonly, MAC is
found to colonize the skin and may cause soft tissue infections (12). M. avium
is an important opportunistic pathogen (11) and much clinical research into
the pathogenesis of M. avium infection has been focused on co-infection in
Human Immunodeficiency Virus (HIV) and Acquired Immunodeficiency Disease
Syndrome (AIDs) patients (13, 14). In those immunocompromised patients with
a defective CD4+ T cell compartment, especially those infected with HIV (15)
suffering from AIDS, infection by either M. tuberculosis (16) or MAC (17) are
predictors of rapid decline and mortality.

Immunity to mycobacterial infection is founded on the interplay between
bacteria-intrinsic capabilities and those strategies used by the host to rid itself of
the bacilli. Factors important in the development of host immunity include the
route of inoculation, the infectious (18) and antigenic (19) dose received, and
the specific strain or isolate of mycobacteria (20). The age of the host (21), their
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overall health status, and prior immunological experience with mycobacteria
(22–24) are among some of the host-intrinsic features that determine the
quality, type and effectiveness of resulting immunity (25). In addition, genetic
determinants influence susceptibility to mycobacterial disease (26–28). From the
perspective of the bacilli, it must survive aerosol transport (29) and deposition into
the lung of the host, evade host mechanisms of innate immunity (30), establish an
intracellular niche (31, 32) and most importantly for humankind, the bacilli must
sense and manipulate their microenvironment (33). Following initial immune
recognition of infection (34, 35), the host will mobilize its entire armamentarium
in an attempt to limit bacterial growth and contain infection, a battle it wins in
~90% of human TB cases (21, 36). In the remaining 10% of human TB infections
where the containment of the bacteria fails, the host will attempt to limit the
spread of infection resulting in cellular and tissue damage associated with ongoing
immune defense (34, 35). Part of this defense is to sequester the bacilli (37) and
limit its access to oxygen (38) and to deprive the bacteria of nutrients (39) and
energy sources (40).

In context of pulmonary MAC infection, the proportion of environmental
MAC exposures leading to active infections is not known. It is known, however,
that the prevalence pulmonary MAC infections requiring treatment is increasing
with case rates that vary depending on the population group and their geography
(41). In all groups, an increased risk of pulmonary disease correlates with existing
lung disease and/or impaired immunity (2).

In either context, these slow-growing mycobacteria colonize individual
cells and begin growing in the pulmonary tissue. Once the host detects the
presence of invading bacteria, a pitched combat between host and pathogen
arises with the formation of the distinctive mycobacterial granuloma, a unique
pathophysiological structure that is formed to isolate the mycobacteria, restrict
their access to oxygen and stop their growth (42, 43). Among the few effective
host-derived means of killing the mycobacteria is the generation of toxic free
radicals including nitric oxide, superoxide, hydrogen peroxide and peroxynitrate
(2) which are produced by cells of the innate response under the direction of
the cell-mediated acquired immune response. The cellular sources of these free
radicals include neutrophils and activated macrophages (44). In both humans
and experimental systems using murine models of infection, immunity to
mycobacteria is known to rely on innate mechanisms elicited and facilitated by
the acquired response (45). Especially relevant to this discussion is the restriction
of available oxygen within the mycobacterial lesion which suggests the possibility
of biochemical equilibria not normally favored in other normoxic host tissues.

In Mycobacterial Disease, Free Radical Production Is Triggered by
Cytokines

Among the most-cited research articles involving mycobacteria and
free radicals are studies investigating the link between the consequences to
mycobacteria of activation ofmacrophages. This activation induces the production
of antimycobacterial free radicals, including nitric oxide and superoxide. These
studies are important because they provide a basis for understanding the context
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within which the host produces these especially toxic and damaging free radicals
to combat mycobacterial infection. In our collective attempt to better understand
human disease, various murine models of TB and pulmonary mycobacterial
disease have been used extensively (46–48). These models have defined essential
cells (49, 50) and mechanisms of protective immunity (51, 52) which correspond
to those required for protective immunity in humans (53–55). In the most general
terms, immunity to pulmonary mycobacterial infection is quite distinct to that
for other bacterial pathogens in that mycobacteria are obligate intracellular
pathogens (56) infecting professional phagocytes, most often macrophages (57,
58), which effectively shields them from the activity of immunoglobulins (59,
60) and complement (61). Depending on the species of mycobacteria, some
inhibit acidification of their intracellular compartment by blocking the molecular
machinery used by the host to kill and degrade the contents of the endosomes prior
to fusion with the infected phagosome (62–64). In contrast to other infectious
diseases, while prior infection by mycobacteria can generate immunological
memory, this response is not always protective (65) and previous infection can
alter a patients susceptibility to environmental mycobacteria (66). One of the
most important consequences of mycobacterial infection for those who develop
pulmonary tuberculosis is the chronic nature of disease. Latent TB, as defined by
theWorld Health Organization (WHO), is a state of persistent immune response to
stimulation byM. tuberculosis antigens without evidence of clinically manifested
active TB (67). The elapsed time between infection and abatement of the active
immunological response resulting in the formation of a granuloma containing
long-term persisting bacteria (68), which is often months to years in duration,
qualifies TB as a chronic infectious disease. Indeed, TB can survive in a dormant
or metabolically quiescent state (69, 70) within the pulmonary granuloma for the
lifetime of the patient, often recrudescing in later life (71) and infecting household
or other close contacts (72). Although not compared directly in the literature,
pulmonary MAC disease progression is generally more gradually continuous as
it appears that M. avium lack the ability to enter into an analogous dormant or
metabolically quiescent state.

Besides their tenacious ability to infect and survive within the
immunocompetent host, mycobacterial infection poses chemotherapeutic
challenges as well. With their lipid-rich cell wall, both M. tuberculosis and MAC
resist the actions of many common antibacterial drugs (73), and those few drugs
that are effective in vitro must be delivered to the intracellular endosome within
which the bacterial resides at therapeutic concentrations (74). To underscore
this difficulty, human drug therapy for mycobacterial disease is always lengthy,
often requiring multiple drugs administered over 3-12 months which may be
accompanied by severe side effects, including hepatic toxicity (75). Globally,
effective chemotherapy, especially in context of multidrug-resistant (MDR)
tuberculosis is expensive and requires significant supervision which is beyond
the means of many patients and public health services (76, 77).

In experimental murine models of tuberculosis, the generation of
antimycobacterial immunity is known to depend on a number of essential
host cytokines including Interferon-gamma (IFN-γ) (78, 79) and its signaling
components such as Interferon Regulatory Factor 1 (IRF-1) (80), Tumor Necrosis
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Factor-alpha (TNF-α) (81) and Interleukin-12 (IL-12) (82). The essentiality of
these signaling molecules for mycobacterial immunity has been demonstrated
by various methods, but the main experimental proof involves comparing
immunologically intact control mice to those in which a specific gene(s), gene
product(s) or cellular population(s) have been reduced or functionally eliminated,
thereby allowing the comparison of the number of viable bacteria residing in
various organs, such as the lung, liver and spleen.

Considered individually, IFN-γ is a cytokine produced by T and NK cells and
is essential along with TNF-α for limiting mycobacterial growth within infected
macrophages by triggering the production of reactive nitrogen intermediates (RNI)
(83) and reactive oxygen intermediates (ROI) (84).

TNF-α is a cytokine involved in a diverse range of biological
responses; among its more notable functions, it plays a protective role in the
immunopathology of mycobacterial infection where its depletion is linked
to caseous necrosis, altered distribution of bacilli within the granuloma and
increased bacterial load (81). It is produced by a large number of distinct cell
types of both the immune system as well as other non-immune cells while its
primary immunological receptor, TNFR2, is expressed only on cells of the
immune system. When M. tuberculosis- or M. avium-infected macrophages are
exposed to TNF-α and IFN-γ, antimycobacterial concentrations of nitric oxide
are produced (85–87).

Protective antimycobacterial immunity is known to depend on nitric oxide,
which has been shown to result from the stimulation of macrophage Toll-like
receptor 2 by a 19-kDM. tuberculosis lipoprotein leading to the induction of IL-12
which in turn triggers intracellular NK-kB and induction of the inducible nitric
oxide synthase (iNOS) promoter (82).

Many reports of nitric oxide in mycobacterial disease do not directly measure
nitric oxide production or concentration, but instead report indirect evidence of
nitric oxide production. In some, the activity of the iNOS promoter was used to
infer nitric oxide production while in others, the presence of reaction products such
as nitrite/nitrate are assayed. In many studies involving murine models of disease,
authors used genetic knockout mice in which the functional activity of the iNOS
promoter is genetically disrupted. Indeed, very few techniques can directly assay
the amount of nitric oxide produced and none could quantify NO in a complex
mechanistic biological context. This last aspect is an essential point – even today,
few if any methods commonly available to the bench scientist exist to directly
assay free radical produced from living cells in biological models of disease.

Mycobacterial Killing Is Dependent on Reactive Nitrogen and Oxygen
Intermediates

The body of research literature encompassing nitric oxide and superoxide
represents a rich tapestry of systematic investigation, brilliant insight and
multidisciplinary work. This effort has produced research articles relating to nitric
oxide and mycobacteria (as keywords) in excess of 1700 reports beginning in
1991 and peaking in 2013 with 125 articles and for superoxide and mycobacteria,
542 research articles have been published since 1976, peaking in 2012 with 32
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articles. This rich body of literature accompanies the discovery that the killing
of mycobacteria by the infected host is dependent on both reactive nitrogen and
oxygen intermediates and that these separate mechanisms (83) are triggered by a
complex network of host immune factors and cellular interactions (65, 88–90).

RNI and ROI in the Oxygen-Restricted Granuloma

The reactivity of nitric oxide in the absence of oxygen has been examined in
detail from the context of anaerobic nitrification (91) and anaerobic ammonium
oxidation (92) in soils and water, which is the same environmental niche as M.
avium and other environmental pathogenicMycobacteriaceae are known to inhabit
(93). Both of these biological processes generate nitric oxide, to which M. avium
and other environmental mycobacteria are likely exposed (94). The best studied
example of the generation of nitric oxide under conditions of little or no oxygen
involves nitrite decomposition, a process termed denitrification, which produces
nitric oxide (95) among other nitrogen species, most often in anaerobic soil and
water. Such soils and waters include those found in wetlands, which are generally
anoxic and thus support the production of trace gases, including nitric oxide by
anaerobic denitrifies (96). Thus it appears environmental mycobacteria are likely
exposed to nitric oxide within their natural biome and therefore have been selected
to develop strategies to mitigate the potential damage of such toxic radicals.

In contrast to environmental mycobacteria, those bacilli that cause
tuberculosis, i.e. M. tuberculosis ssp. have no environmental reservoir yet have
also been selected to develop strategies to abate the potential damage caused by
immune-mediated generation of RNI and ROI (97) under conditions of oxygen
limitation (98). In the infected human or murine host, this state of limited oxygen
availability is broadly termed hypoxia.

Free Radicals in Situ

Since the supply of bioavailable oxygen to individual RNI- or ROI-producing
cells varies by tissue type, organ structure, the physiological state of the host
and the severity of disease or redox dysfunction, the amount of commensurate
radical production can vary as well (99). While many tissues have broadly similar
resting concentrations of oxygen, the rate of oxygen resupply through hemoglobin-
mediated transfer can limit the respiratory capacity of resident cells (100). Under
conditions of elevated rates of oxygen consumption, restricted vascular supply or
pathological conditions, hypoxia is known to occur. Both normal physiological
variation in the local concentration of oxygen and in pathological states influences
the production and functional results of free radical generation (101, 102).

While the reactivities of nitric oxide and superoxide in air under standard
temperature and pressure are precisely defined, their reactivities in context of
cells, tissue and organs are complex (103). This complexity is compounded by
the dynamic and selectively isolated environment found within the mycobacterial
granuloma (32, 104–106). Both nitric oxide and superoxide possess very short
bioactive half-lives (103, 107) which can be influenced by the formation of
adducts and through buffering properties of biological fluids (108). Thus,
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it follows that the biochemistry of nitric oxide and superoxide within the
mycobacterial granuloma is strongly influenced by local conditions, especially
pH and available molecular oxygen.

Nitric Oxide

Nitric oxide (NO) plays a pivotal role in eukaryotic physiology, immunology
and cell signaling (109). It is a freely diffusible gaseous radical possessing one
free electron that readily forms covalent bonds with a variety of reactants. The
1-10 second biological half-life of nitric oxide reflects this reactivity (107). While
nitric oxide is the preferred International Union of Pure and Applied Chemistry
(IUPAC) name for the molecule, other synonyms are used within the biological
literature, including nitrogen monoxide, nitrogen oxide and nitrosyl radical.

The discovery of nitric oxide, its production and associated synthases
represents a large body of research by many groups all working toward a
comprehensive understanding of the sources, functions and roles of this important
signaling and effector molecule (110, 111). The import of nitric oxide is such that
it was famously named “Molecule of the Year” in 1992 (112). Nitric oxide is an
important physiological regulator in the nervous, immune, and cardiovascular
systems where its production is correlated with nitrite concentrations which is
both a nitric oxide precursor and a degradation product (113). Its cellular source
arises from three distinct nitric oxide synthase isoenzymes in humans: neuronal
nitric oxide synthase (nNOS or NOS1) (114), inducible nitric oxide synthase
(iNOS or NOS2) (115) and endothelial nitric oxide synthase (eNOS or NOS3)
(116). The canonical reaction of these isoenzymes is shown in Equation 1. This
reaction is categorized by the Enzyme Commission as Reaction 1.14.13.39 as
NADPH-dependent nitric-oxide synthase (117).

Constitutively expressed neuronal nitric oxide synthase, NOS1, is found in
central and peripheral neuronal cells and some epithelial cells where it functions
to regulate synaptic transmission within the central nervous system as well as to
regulate blood pressure, smooth muscle relaxation, and vasodilation via peripheral
nitrergic nerves (118). It has also been found to be expressed in skeletal muscle
cells where nitric oxide functions to counter muscle contraction (119). Inducible
nitric oxide synthase, NOS2, is one of the primary antibacterial free radical
generators involved in the killing of mycobacteria (120). It has been identified in
a variety of immune cells as well as those cells that are responsive to elements
of the innate or acquired immune response, including macrophages, hepatocytes,
chondrocytes, epithelial cells and smooth muscle cells (121, 122). NOS2 activity
has been shown to lessen the inflammatory response in a feedback mechanism
(123). Constitutively expressed endothelial nitric oxide synthase, NOS3, is found
in endothelial and epithelial cells (124). In endothelial cells the presence of
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varying levels of nitric oxide aids in vasodilation which plays an important role
in the regulation of blood pressure (125).

In work by Ding, et al, the termRNIwas used to describe a number of nitrogen
oxides having biological origins, including the radical nitric oxide (NO), nitrogen
dioxide (NO2) and the anions nitrite (NO2-) and nitrate (NO3-) (83). Interestingly,
the use of the term ‘RNI’ as a somewhat loose description of these few molecules
appears to have developed independently from the other scientific domains as
a consequence of the study of nutritional intake of nitrate in people and other
mammals (126, 127). Other scientific domains also use the term ‘RNI,’ but its
usage may encompass different species of nitrogen oxides.

Nitric oxide synthases (NOSs) synthesize the metastable free radical nitric
oxide. The inducible isoform (NOS2) is calcium-independent and produces
large amounts of gas that can be cytotoxic. NOS oxidizes the guanidine group
of L-arginine (128) in a process that consumes five electrons and results in
the generation of nitric oxide accompanied by the stoichiometric formation of
L-citrulline. The process involves the oxidation of NADPH and the reduction of
molecular oxygen.

Nitric oxide exists in a pH-dependent equilibrium with nitrite, (NO2) and
dinitrogen oxide (N2O) (129). Under conditions where gaseous dioxygen is
available, nitric oxide forms highly reactive peroxynitrate, ONOO-, which has
been shown to interact with tyrosine residues involved in regulatory protein
phosphorylation (130). In addition to these regulatory activities, nitric oxide can
also function as a terminal electron acceptor for bacterial anaerobic respiration
(131). The ability to metabolize nitric oxide is not limited to obligate anaerobes,
as an environmental Pseudomonas species has been identified that can oxidize
nitric oxide to nitrite under a range of oxygen concentrations (132). Importantly,
nitric oxide has been shown to play a key role in the killing of M. tuberculosis
resident within the activated macrophage (133). In contrast, some strains of M.
avium are highly resistant to the effect of bactericidal effects of nitric oxide (134).

Superoxide

Superoxide is produced in humans and in murine models of mycobacterial
disease in two distinct contexts. The first context involves superoxide production
as a byproduct of mitochondrial respiration (135); the second context occurs when
superoxide produced as an inducible component of the antibacterial response
by cells of the innate (136) and acquired immune responses (137). In addition,
the presence of superoxide is thought to provide redox regulatory signaling
(138) for homeostatic maintenance (139). While the radical superoxide is not
especially damaging on its own, it can serve as a reactant to form the basis for
the generation of number of more toxic radicals including hydrogen peroxide
and hydroxyl radicals via the Haber-Weiss reaction, shown as its net reaction in
Equation 2 (140). This panoply of reactive oxygen radicals can, if left unchecked,
inactivate a number of essential enzymes (141), oxidize DNA (142) or damage
other intracellular molecules (143).
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The enzyme superoxide dismutase largely prevents damage associated with
superoxide through its conversion to hydrogen peroxide (144). This resulting
hydrogen peroxide is degraded by either catalase or glutathione peroxidase.

The inducible production of superoxide by immune cells is involved
in mycobacterial killing (144). Superoxide is produced by the NADPH
oxidase complex (145, 146), which is assembled proximal to the plasma
membrane of neutrophils (147) or in an orientation that delivers superoxide
into the phagolysosome in macrophages (148). This enzyme is classified as an
NAD-dependent dehydrogenase, whose generic reaction is shown in Equation 3.

NADPH oxidase is a multimeric complex composed of subunits whose
specific composition differs in each of the cell types capable of generating
superoxide (149, 150). In human phagocytes capable of producing superoxide,
the NADPH oxidase complex is composed of a membrane-associated
flavocytochrome b559, itself a heterodimer subunits, gp91phox and p22phox,
and four cytosolic subunits, including p47phox, p67phox, p40phox, and the
GTPase Rac. Superoxide is generated by electron transfer from NADPH to
oxygen via gp91phox (151). In human neutrophils the NADPH oxidase complex
consists of structural homologs to those listed above which differ primarily in
the GTPase which acts as a means of activating the enzymatic complex and
linking chemokines with superoxide production (152, 153). Reactive oxygen
species generated by the different isoforms of the complex are proposed to
function in signal transduction (154) related to cell growth and cancer (155, 156),
angiogenesis (157) and both innate (158) and acquired immunity (159).

Key Contributions to the Role of Free Radicals inMycobacterial
Disease

In order to gain an unbiased overview of the approaches used to define
the key role of free radicals in mycobacterial disease, a literature review was
performed using the Web of Science (Thomson Reuters.) The following Table
1 through Table 3 list the most highly cited research articles identified by
combinations of these keywords; Table 1 lists the works containing the keywords
“mycobacterium” and “nitric oxide”, Table 2, “mycobacterium” and “superoxide”
and Table 3, “mycobacterium” and “nitric oxide” and “superoxide”. The methods
column identifies the primary assays by which the authors performed their work.
The language for each entry is paraphrased from the research article and thus
illustrates the common description of these assays. In some cases, for example
those involving the Griess reaction, many authors describe it as a nitric oxide
assay; while this may be technically imprecise as the reaction actually converts
nitrite to its colorimetric azo- form, description of it as a nitric oxide assay is
in fact more descriptive due to the well-known chemical relationship between
nitrate, nitrite and nitric oxide.
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Table 1. Highly cited research articles "mycobacterium" and "nitric oxide."

Topic Keywords: mycobacterium AND nitric oxide. Number of articles matching
search criteria = 1849.

Ref Method(s)

(79) Flynn, 1993 Serological RNI assayed using the Griess reaction for nitrite.

Splenic NOS2 mRNA.

(160) Liu, 2006 None, discussion only.

(161) Dalton, 1993 Nitric oxide production in adherent peritoneal exudate cells
(PECs) using the Griess reaction for nitrite; inhibited by
NG-2′-monomethyl-L-arginine (NNMA.)

(82) Brightbill, 1999 NOS2 promoter activity was measured using a reporter plasmid
containing chloramphenicol acetyltransferase (162).

NOS2 mRNA production in RAW264.7 cell line.

(81) Flynn, 1995 Nitric oxide produced by splenic macrophages assayed in the
supernatant by the Griess reagent.

Immunohistochemical detection of iNOS in frozen lung sections
using a rabbit polyclonal antibody.

(163) Nathan, 2000 Review in which the generation of toxic ROI and RNI in host
defense against pathogens is considered and necessity for both
in response to mycobacterial infection is proposed.

(80) Kamijo, 1994 Nitric oxide produced by adherent peritoneal macrophages
assayed in the supernatant by the Griess reagent.

Peritoneal macrophage iNOS mRNA is assayed.

(86) Chan, 1992 Nitric oxide produced by cultured primary murine macrophages
and cell lines D9 and J774.16 using the Griess reagent.

M. tuberculosis strain Erdman was exposed to various
concentrations of nitric oxide produced as an equilibrium
product by acidified nitrite and assayed for [3H]uracil
incorporation.

(164) Schnappinger,
2003

Bothwildtype andNOS2-deficientmurine bone-marrow-derived
macrophages were infected with M. tuberculosis clinical isolate
1254 activated with exogenous IFN-γ and gene expression
microarray run on bacilli.

(165) Darrah, 2007 Referenced only.
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Table 2. Highly cited research articles "mycobacterium" and "superoxide."

Topic keywords: mycobacterium AND superoxide. Number of articles matching search
criteria = 748.

Ref Method

(166) Zhang, 1992 M. tuberculosis H37Rv gene katG, encoding catalase and
peroxidase activity, was deleted and shown to confer sensitivity
to isoniazid when present in the bacterial genome; subsequently
katG was found to be a source of intrabacterial nitric oxide upon
treatment with isoniazid (167).

(168) McCord, 1971 Various Mycobacterium species were shown to possess
superoxide dismutase and catalase activity using the reduction
of cytochrome c by superoxide assayed spectrophotometrically
at 550 nm (169).

(86) Chan 1992 O2- was produced by IFN-γ- and LPS-treated murine cell
lines D9 and J774.16 and was assayed by the reduction of
cytochrome c reduction assay (170)

H2O2 was assayed using the horseradish peroxidase-catalyzed
oxidation of fluorescent scopoletin (171).

(172) Nathan 1979 Showed that M. bovis Bacille Calmette-Guérin (BCG)-infected
macrophages and phorbol myristate acetate (PMA)-activated
granulocytes trigger hydrogen peroxide production assayed
by horseradish peroxidase-catalyzed oxidation of fluorescent
scopoletin (171, 173)

(174) Bryk, 2000 Showed the mycobacterial peroxiredoxin alkylhydroperoxide
reductase subunit C (aphC) was capable of catalytically
converting peroxynitrite, the product of nitric oxide and
superoxide, to nitrate.

(175) Pabst, 1980 O2- production by adherent murine peritoneal macrophages
infected with M. bovis BCG was assayed using superoxide
dismutase-inhibitable reduction of ferricytochrome c (176).

(177) Orme 1993 Review linking superoxide production as a potent antibacterial
response to acquired T cell immunity.

(178) Denis, 1991 O2- production was assayed via the SOD-inhibitable reduction
of ferricytochrome c spectrophotometrically quantified at OD500
nm (179)

Continued on next page.
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Table 2. (Continued). Highly cited research articles "mycobacterium" and
"superoxide."

Topic keywords: mycobacterium AND superoxide. Number of articles matching search
criteria = 748.

Ref Method

(180) Garbe, 1996 M. tuberculosis expresses heat shock proteins in response
to intracellular superoxide elicited by menadione but not to
exogenous hydrogen peroxide as demonstrated by incorporation
of radiolabeled metabolites 35S-methionine and 35S-cysteine
and visualized by autoradiography of two-dimensional gels.

(179) Bermudez,
1988

O2- production was assayed via the SOD-inhibitable reduction
of ferricytochrome c spectrophotometrically quantified at OD500
nm.

Table 3. Highly cited research articles "mycobacterium," "superoxide"
and "nitric oxide."

Topic keywords: mycobacterium AND nitric oxide AND superoxide. Number of articles
matchng search criteria = 115.

Ref Method

(86) Chan, 1992 Nitric oxide: see Table 1.

Superoxide and hydrogen peroxide: see Table 2

(174) Bryk, 2000 See note in Table 2.

(178) Denis, 1991 Cell-free culture supernatants from human macrophages were
assayed for nitrite by the Greiss reaction (181).

Superoxide: see Table 2.

(180) Garbe, 1996 M. tuberculosis expresses heat shock proteins in response
to nitric oxide elicited using the nitric oxide donor SNAP
(S-nitroso-N-acetyl-D,L-penicillamine) as demonstrated by
incorporation of radiolabeled metabolites 35S-methionine
and 35S-cysteine and visualized by autoradiography of
two-dimensional gels.

Superoxide: see Table 2.

Continued on next page.
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Table 3. (Continued). Highly cited research articles "mycobacterium,"
"superoxide" and "nitric oxide."

Topic keywords: mycobacterium AND nitric oxide AND superoxide. Number of articles
matchng search criteria = 115.

Ref Method

(182) Vazquez-
Torres, 2000

Nitric oxide production was inhibited using NG-monomethyl-
L-arginine and was confirmed by the loss of nitrite production
assayed using the Griess reagent.

The presence of hydrogen peroxide was visualized in electron
micrographs using cerium chloride, which reacts with H2O2 to
form an electrodense cerium perhydroxide precipitate (183).
Macrophage superoxide production was estimated by the
reduction of lucigenin (bis-N-methylacridinium) and quantified
using a chemiluminometer (184). The p22phox or p47phox
subunits of NADPH oxidase from murine macrophages were
visualized using indirect immunofluorescent microscopy
using rabbit anti-p22phox or p47phox polyclonal antibodies
followed by a rhodamine-conjugated goat anti-rabbit polyclonal
antibodies.

(185) Denis, 1991 Showed that RNI rather than ROI was responsible for the
bactericidal activity against M. tuberculosis by murine
macrophages. Nitrite concentration in the culture supernatants
was determined spectrophotometrically at 543 nm using the
Griess reaction (181). In addition, RNI production was inhibited
by NG-monomethyl-L-arginine acetate as well as arginase.

Showed that the number of M. tuberculosis bacilli infecting
IFN-γ activated murine macrophages was unaffected by the
addition of either superoxide dismutase and/or catalase.

(186) Shi, 2003 Showed that NOS2 expression in the lungs of M.
tuberculosis-infected mice correlated with bacterial load using
real-time PCR to determine the copy number of the mRNA.
Sections of M. tuberculosis-infected lungs were stained for
NOS2 using immunocytochemistry. Used molecular beacon
real-time PCR to assay the effect of nitric oxide on the
expression of the mycobacterial acr gene (187).

Used molecular beacon real-time PCR to assay the effect of
superoxide on the expression of the mycobacterial sodA and
sodC genes; these were found to be downregulated in this model
which suggested to the authors that superoxide dismutase does
not play an essential role in the protection of M. tuberculosis
against host immunity.

Continued on next page.
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Table 3. (Continued). Highly cited research articles "mycobacterium,"
"superoxide" and "nitric oxide."

Topic keywords: mycobacterium AND nitric oxide AND superoxide. Number of articles
matchng search criteria = 115.

Ref Method

(188) Ng, 2004 Showed the primary function of M. tuberculosis KatG is to
catabolize the peroxides generated by the murine phagocyte
NADPH oxidase and plays a role in pathogenesis. Nitric oxide
was removed from the experimental system using congenic
NOS2-/- (deficient) mice; superoxide generated by gp91Phox-/-.
Neither nitric oxide nor superoxide were explicitly assayed,
except through the increased susceptibility of genetic knockout
strains to presence of exogenous hydrogen peroxide.

(189) Piddington,
2001

Showed that M. tuberculosis superoxide dismutase, SodC,
enhances the resistance to the murine antimycobacterial
oxidative burst generated by activated macrophages.

The production of superoxide was quantified by detecting
the reduction of nitroblue tetrazolium (NBT) within the
macrophages and quantified at OD550 nm (190).

The production of RNS was detected by quantitating the amount
of nitrite released by macrophages, using the Griess reagent
(191).

(192) Hurdle, 2011 This thoughtful review discusses the electronic and functional
characteristics of the mycobacterial membrane in the context
of energy metabolism and chronic bacterial persistence in
pulmonary disease. It considers the enhanced effects of nitric
oxide and superoxide in the presence of ionophores and on
various key enzymes of bacterial metabolism, including
cytochrome oxidases.

Direct Assays for the Detection of Nitric Oxide

Ozone-Based Chemiluminescent Detection of Nitric Oxide

The ability to directly quantify nitric oxide and its adducts in biological
samples represents a significant advance in redox research. Despite this, the
number of research articles referencing chemiluminescent detection of nitric
oxide in the context of mycobacterial disease is actually quite small, less than 30.

Predicated on the complex biochemical interactions between nitric oxide and
its many potential redox partners, a method of ozone-based chemiluminescent
detection has been developed to directly quantify nitric oxide and it’s adducts. This
methodology requires a supply of gaseous ozone (O3) as well as a non-reactive
carrier gas such as nitrogen or helium and so is not commonly used in research
laboratories; nevertheless, it has been commercialized by at least two laboratory
instruments manufacturers for use in both the clinic and by more specialized
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research groups (the Sievers Nitric Oxide Analyzer NOA 280i, GE Analytical
Instruments and the CLD 88 sp NO Analyzer, Eco Physics.) This assay quantifies
nitric oxide based on its reaction with ozone (O3) where it forms an electronically
excited molecule of nitrogen dioxide (NO2) which then spontaneously emits
a photon as it returns to its ground state. A photomultiplier or other light
detector is used to measure the intensity of this infra-red chemiluminescent signal
which is spectrally isolated using 600 nm long-pass filter. The intensity of the
chemiluminescent signal is proportional to the amount of nitric oxide present
in the sample. Importantly, pretreatment of the analyte with a strong reducing
agent, such as a tri-iodide (I3), has the potential to convert various adducts such
as nitrate, nitrosothiols and nitrosoamines among others to nitric oxide which is
then chemiluminescently quantified. Nitrite is not reduced to nitric oxide by I3
treatment, however, alternate reducing agents have been used to liberate nitric
oxide from nitrite and thus detect nitric oxide.

The Sievers Nitric Oxide Analyzer NOA 280i is marketed for both liquid
and gaseous nitric oxide measurements with the stated liquid sample range
“Nanomolar to millimolar” and a sensitivity of 1 pmol detected as 1 nM in a 1
mL sample injection; the gas sample ranges from 0.5 parts per billion (ppb) to
500 parts per million (ppm) with a sensitivity of 0.5 ppm. The Eco Physics CLD
88 sp NO Analyzer, is reported to measure nitric oxide concentrations from 0.1
–5000 (ppb) with a minimal detectable concentration of 0.06 ppb, depending on
the gaseous sample flow rate into the instrument.

Electron Paramagnetic Resonance Spectroscopy

Electron paramagnetic resonance spectroscopic detection of nitric oxide and
other radicals is a fundamentally important assay because it is one of the few
methods that can quantify the instantaneous amount of nitric oxide or nitrosyl
within a biological sample (193). This characteristic can distinguish chronic nitric
oxide production (i.e., long term, low level) from acute production (i.e., short
term, high concentration) which would produce very similar amounts of nitrate
and nitrite, a circumstance that is further complicated by dietary intake of nitrates
and nitrites that also contribute to variation in serum or plasma concentrations
(194).

To summarize a rich and vibrant body of literature (193), electron
paramagnetic resonance (EPR) detects the presence of unpaired electrons
by subjecting a cryogenically frozen biological sample to an intense varying
magnetic field while irradiated it with microwaves at a fixed frequency. The spin
states of unpaired electrons associated with nitric oxide will cause variation of
the magnetic field strength leading to the generation of an absorption spectrum
with peak absorption measured at a given microwave frequency. Since biological
samples will contain many different paramagnetic molecules and generally low
concentrations of nitric oxide, various spin-trapping or spin-labeling molecules
can be used to amplify the absorption spectra of nitric oxide. Despite the obvious
advantages of EPR detection of nitric oxide in mycobacterial research, only five
research publications have used this approach.
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Fluorescent Assays for Nitric Oxide

In stark contrast to the previously described assays, direct fluorescent
detection of nitric oxide is a comparatively simple laboratory method using a
variety of non- or minimally-fluorescent substrates that react with nitric oxide
to form fluorescent molecules. The advantages to such compounds are their
relatively low cost and their minimal instrumentation requirements.

A second key advantage arises from the biological aspects of RNI production
in context of mycobacterial disease in that it is not generated by most cells of the
assayed tissue, for instance the lung or spleen, and of those cells that do produce
nitric oxide, they are easily identified as strong producers (90). Nitric oxide is
typically detected at a very low concentration within a population of primary cells
isolated from infected hosts, for example cells isolated from whole murine lungs
or spleens; this concentration reflects the vigorous production of nitric oxide by
only a few cells among millions of non-producing cells. Despite this low overall
or organ-level concentration, the local nitric oxide concentration may be quite high
within the mycobacterial lesion due to its small size which contains most of the
nitric oxide-producing cells found within the infected organ. Since nitric oxide
has a very short bioactive half-life and it diffuses from its point source into the
surrounding tissue, most of the cells in a given specimen will have little to no
fluorescence signal while those relatively rare cells generating nitric oxide will
be highly fluorescent. The many dimly or non-fluorescent cells present which
constitute the fluorescent background from which the rare population of highly
fluorescent cells contributes to an assay with a high dynamic range.

The disadvantage to this approach is often a lack of specificity for nitric
oxide and relatively insensitive detection methods based on the stoichiometric
accumulation of fluorescent signal, also termed an ‘endpoint dosimetric’ assay
rather than the instantaneous amount of nitric oxide present. The lack of specificity
is especially important in the context of murine models of mycobacterial disease
because RNI and ROI are often coexpressed within the local lesion and may in
fact be generated by the same cell.

The rationale that drove the development of these fluorescent probes was
a clear understanding of the need to localize the production of nitric oxide to
individual or clusters of viable cells in situ. This need was especially important
in the field of mycobacterial disease research where the antibacterial properties of
inducible nitric oxide had been discovered only a few years earlier.

DAF (4,5-diaminofluorescein)-Based Fluorescent Probes

One of the primary advantages of fluorescent probes based on 4,5-
diaminofluorescein and related molecules are their ability to be formulated to
facilitate diffusion across cellular membranes where the molecule is converted
to its highly fluorescent triazolofluorescein form by non-specific intracellular
esterases that render the probe much less able to diffuse out of the cell. The
relative cell-permanence of nitric oxide-associated fluorescent signal is an
important aspect of the utility of these probes, lending itself to assays suitable
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for fluorescent microscopy, flow cytometry and plate-based fluorimetry (195,
196). While many of the commercially available preparations of DAF-based
fluorescent probes are marketed as detectors of nitric oxide, they in fact react
with peroxynitrate (ONOO−) (197) or dinitrogen trioxide (N2O3); despite
this imprecision, it is generally agreed that this class of fluorescent probes
does quantify cumulative nitric oxide exposure, albeit indirectly. DAF-based
fluorescent probes are slightly sensitive to variation in pH (198), although
most kits supply sufficiently buffered reagents to minimize this effect. In most
commercial kits, their stated limits of nitric oxide [sic] detection are ~3 nM
for DAF-FM (4-amino-5-methylamino-2′,7′-difluorofluorescein) and ~5 nM for
DAF-2.

Indirect Assays for Nitric Oxide

Hemoglobin and Myoglobin-Based Oxidation Assays

Nitric oxide is known to strongly interact with a number of heme-containing
molecules, including ferrous deoxyhemoglobin and myoglobin among others.
This interaction is understood to represent the primary mechanism for nitric oxide
catabolism in vivo (199, 200). Historically, these reactions helped to define some
of the basic biological characteristics of nitric oxide in blood and plasma; at the
time, literature suggested this type of reaction, i.e., the conversion of oxygenated
hemoglobin to methemoglobin, could be used as a direct means for assaying
nitric oxide in biological samples by quantifying spectrophotometric absorbance
changes to solutions of heme-containing molecules (201). Mechanistically, it was
later discovered that these seemingly simple catabolic reactions were complicated
by the presence of oxygen and its reactive intermediates (202, 203). Few if
any commercially produced nitric oxide assay kits based on the oxidation of
hemoglobin or myoglobin are available.

Enzymatic Assays

Among the oldest methods for indirectly quantifying nitric oxide production
is through the use of enzymatic assays that measure the two-step nitric oxide
synthase-mediated conversion of L-arginine to L-citrulline, a process that requires
NADPH and yields a molecule of nitric oxide (204). Separation of reactants is
accomplished by a number of techniques including ion-exchange chromatography.
Historically, this assay was performed with radiolabeled L-arginine which was
followed by liquid scintillation counting to demonstrate the source of nitric
oxide (205). The advantage of this and other similar enzymatic assays is
that the stoichiometric properties of the enzymes and their required cofactors
are often well-known, such as NADPH in the example above. Furthermore,
well-designed enzymatic assays can yield a precise quantitative outcome through
the judicious use of stable isotopically labelled reactants, competitors and
enzymatic antagonists, such as L-NG-monomethyl arginine (L-NMMA) and
other controls. One potential limitation of the radiolabeled enzymatic assay
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is that radioactive L-arginine, when processed by nitric oxide synthase, can
generate radiolabeled gaseous nitric oxide whose quantification may be quite
difficult due to its highly reactive nature, short half-life and tissue diffusibility
(206). The primary advantage of enzymatic assays is their high precision and low
background.

Griess-Reaction Based Assays

One of the oldest and most widely used assays of nitric oxide generation
is the Griess reaction, which is the formation of colored diazonium compounds
from that occurs in the presence of nitrite (207). Implicit in this and many other
‘nitric oxide’ assays is the relationship between nitric oxide production and
the accumulation of nitrite (NO2-) and nitrate (NO3-) anions which defines a
complex biochemical pathway producing, consuming and acting on a wide range
of metabolites (199, 208). In this context, it is well-understood that nitric oxide is
produced enzymatically through the oxidation of L-arginine (87, 114).

The reaction itself typically uses sulphanilamide in a dilute phosphoric acid
solution with an analyte containing nitrite (NO2-) that forms a yellow diazonium
salt. Upon the addition of naphthylethylenediamine dihydrochloride, this salt turns
salmon or pink/purple with an absorbance at 520-550 nm which is proportional to
the amount of nitrite in the analyte. In most assays, nitrite is quantified in the
analyte and then total nitrate is determined using the enzyme nitrate reductase to
convert all nitrate into nitrite.

The success of this assay depends on good experimental design and
appropriate controls. For example, experimental design may require several
distinct biological controls, perhaps lacking the induction of nitric oxide or those
that are treated with an enzymatic inhibitors, such as those targeting essential
cofactors or substrates as well as small molecule inhibitors (209). Examples
of these inhibitors include NG- 2′-monomethyl-L-arginine (NGMMA) and
aminoguanidine (210). Cell-free or nitric oxide-free media may also be useful to
establish a lower level of quantification. Various standard curves are necessary as
well. As one of many excellent examples, Ding and colleagues assayed anionic
nitrite as a proxy for nitric oxide (83) where the analyte was standardized against
a serial dilution of sodium nitrite with a reported background value of 0.2 to 0.3
nmol of nitrite detected.

For many years, commercially available Griess assay kits have provided
the non-redox specialist with a “good enough” means of measuring nitric oxide.
Despite not directly assaying nitric oxide, these kits provide a simple, cheap
and arguably essential approach to quantifying nitric oxide. Several variations
to this general approach have been developed including fluorescent probes such
as (2,3-diaminonaphthalene); these assays offer an increase in assay sensitivity
which lowers their limit of detection to ~500 nM in such volumes as 50 µL.
Griess reaction-based assay kits are available from a number of vendors which
generally claim appropriate use on such biological specimens as serum, plasma,
urine, saliva, lysates, and media. Most demonstrate detection sensitivities of
around 2 µM in a small, often 50 µL samples. While Griess-type assays are
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technically simple and quick to perform, they can generate false positive results
in the presence of microbial contaminants such as E. coli, Kelbsiella ssp. or
Pseudomonas ssp., which are known to be strong nitrate reducers which can
replicate quickly in some analytes (211).

NOS2 mRNA Assays

Polymerase chain reaction, PCR, and reverse transcriptase-PCR form the
basis of the molecular biology revolution that began in 1985 and continues today
(212). Quantitative messenger RNA-based assays for the detection of altered
gene expression of NOS2 have demonstrated that the number of mRNA copies
correlates with amount of nitric oxide generated (213). These assays, while not
directly quantifying nitric oxide, can effectively establish a link between the
environment or signaling milieu which trigger the generation of nitric oxide and
the necessary synthesis of inducible nitric oxide synthase molecular components.
Importantly, this technique is relatively simple and requires instrumentation that
is commonly available in labs or core facilities.

Immunohistochemical Detection of iNOS

Immunohistochemical detection of iNOS in formalin-fixed or frozen tissue
is an excellent approach to localizing the possible cells and tissue regions from
which nitric oxide may originate. Importantly, this technique offers a unique
perspective in that the presence of iNOS within cells distributed through infected
or diseased heterogeneous tissue can be identified (214). Antibody-medicated
immunohistochemical detection of iNOS is often combined with other phenotypic
markers to show that specific cellular populations in complex tissue (90).

Direct Assays for Superoxide

Electron Paramagnetic Resonance Spectroscopy

The detection and quantification of superoxide generated in biological
systems is a daunting endeavor due to its high reactivity and short half-life. In
a current and thorough review, various detection methodologies are summarized
and their relative strengths assessed (215). Within the context of this chapter,
however, direct quantification of superoxide is challenging for many of the
same reasons direct quantification as nitric oxide is difficult. As a free
radical, superoxide exhibits a strong EPR signal and it is possible to detect
superoxide directly using electron paramagnetic resonance spectroscopy when
its abundance is high. For practical purposes, however, this can be achieved
only in vitro under non-physiological conditions (193). EPR used with the
spin trap 5,5-dimethyl-1-pyrrolidine-N-oxide (DMPO) has been reported to
detect intrabacterial superoxide production in M. tuberculosis treated with the
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chemotherapeutic rifampin (216). Despite the obvious advantages to direct
quantification, little application of EPR to the production of superoxide in
mycobacterial disease has been reported.

Chemiluminescent Detection of Superoxide

Other methods have been developed for the direct detection and quantification
of superoxide, including a widely used chemiluminescent assay based on
lucigenin (10,10′-dimethyl-9,9′-biacridinium dinitrate) (217) in which a photon
is emitted when the probe is reduced. This chemiluminescence generates a
quantifiable signal when measured over time. Successful use of this probe is
dependent on careful baseline measurements and equilibration of the luminometer
as well as selection of appropriate, high-purity reagents. Furthermore,
good assay design may include enzymatic controls, such as catalase and/or
superoxide dismutase, or other free radical scavengers in order to aid in the
identification the chemical species reducing the chemiluminescent probe.
luminol (5-amino-1,2,3,4-tetrahydro-1,4-phthalazinedione, 3-aminophthalic
acid hydrazide) represents a complementary chemiluminescent probe for the
direct detection of hydrogen peroxide is (218). Very little research has been
performed using the chemiluminescent probes to assay superoxide production in
mycobacterial disease.

Fluorescent Detection of Superoxide

Direct detection of superoxide by various fluorescent molecules has been
rigorously reviewed with careful attention paid to the chemical specificities of
the various probes (219). While many manufacturers market their probes for
superoxide detection and quantification, the biochemistry of these molecules is
quite complex; therefore, additional analytical methods including LC–MS or
HPLC are required to define the fluorescent product resulting from their reaction
with superoxide or other electron donors (220). Since most of these fluorescent
probes are non-specific for various ROI species, appropriate enzymatic controls
are necessary, including superoxide dismutase and catalase, whose presence will
reduce superoxide- or hydrogen peroxide-associated fluorescent signal. Often,
however, one may observe both species and perhaps others contributing to the
probe’s fluorescence.

Ferricytochrome c Reduction Assay for Detection of Superoxide

One of the most widely used assays for superoxide detection is uses the
reduction of ferricytochrome c (Fe3+) to ferrocytochrome c (Fe2+) by superoxide
which is quantified spectrophotometrically as increased absorbance at 550 nm
(221). This assay is similar to the other direct detection methods for superoxide
in that ferricytochrome c can accept an unpaired electron from any source and
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therefore it is essential that superoxide dismutase- and catalase-treated controls
are included in the experimental design.

Indirect Assays for Superoxide

As noted earlier, indirect assays often quantify side reactants, products or
adducts. This is especially true in the case of superoxide in which most biological
systems have enzymatic pathways for the elimination of these radicals. It is well
known that superoxide dismutase converts superoxide to hydrogen peroxide (222,
223) which can be assayed in order to estimate the amount and rate of production
of superoxide.

Fluorescent Detection of Superoxide Using Scopoletin

While many probes has fluorescently using a number of reported were
measured using the product of horseradish peroxidase oxidation of fluorescent
scopoletin. This assay quantifies the loss of fluorescence at 460 nm caused by the
presence of hydrogen peroxide in the presence of horseradish peroxidase (224,
225).

Fluorescent Detection of Alkyl Hydroperoxidase (AhpC) Activity

The function of the mycobacterial gene alkyl hydroperoxidase (ahpC) has
been associated with enhanced resistance to hydrogen peroxide in tuberculosis
(226) and was shown to be a member of the peroxiredoxin family whose function
is to protect organisms from oxidative stress (97). The assay used to define
this function involved the addition of the purified protein AhpC to solutions of
fluorescent dihydrorhodamine or supercoiled DNA to which peroxynitrite was
added. The amount of protection that AhpC against peroxynitrate-mediated
fluorescent quenching or open-circle DNA was quantified (174).

Conclusion

Free radicals play an important role in mycobacterial disease and represent
an essential component of antimycobacterial defense. In addition to their direct
effects on mycobacteria, the presence of nitric oxide and superoxide provide
signals that help modulate the host immune response. Despite our increasing
understanding of the role these molecules play in mycobacterial disease, at least
three important questions remain. These questions include: what are the in vivo
cellular sources of nitric oxide and superoxide in the diseased lung? What are the
signaling and regulatory requirements necessary for their generation? Can free
radical production be modulated to more effectively treat mycobacterial disease?

Considering the broad direction of research involving nitric oxide and
superoxide over the previous decades, future work will further define the in vivo

523

 
 P

ub
lic

at
io

n 
D

at
e 

(W
eb

):
 O

ct
ob

er
 1

3,
 2

01
5 

| d
oi

: 1
0.

10
21

/b
k-

20
15

-1
20

0.
ch

02
0

In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.; 
ACS Symposium Series; American Chemical Society: Washington, DC, 2015. 



cellular sources of these molecules during pulmonary disease. This in itself
will be an important observation, as there is no clear consensus regarding the
source of free radical production or whether these molecules are generated by
infected macrophages or by non-infected bystander cells. It seems likely that the
source of free radical production shifts from cells of the innate response early
during the infection, perhaps neutrophils and monocytes, to strong production
bt macrophages within and around the highly dynamic granuloma found during
latent TB (68). It follows that the source, rate of production and amount of
nitric oxide and superoxide will vary over the course of disease and that these
characteristics may be predictive for clinical complications such as cavitation or
recrudescence for TB or dissemination for pulmonary MAC disease. The details
regarding the source(s) of free radical production represent a rich but as-yet
undiscovered country.

Of the various cellular sources of nitric oxide and superoxide in pulmonary
mycobacterial disease, much remains unknown about the larger signaling milieu
within which these cells function and how their products influence the local
microenvironment. In addition, we know little about how the cells that generate
nitric oxide and superoxide integrate multiple cytokine, chemokine and ligand
signals. Notably, one aspect of nitric oxide and superoxide signaling has enjoyed
considerable progress, in which we are now beginning to understand the effect of
these radicals on the mycobacteria themselves (227).

The targeted modulation of nitric oxide and/or superoxide represents the
culmination of applied research into their role in pulmonary mycobacterial
disease. Once a clear understanding of the interrelated host and mycobacterial
biology is gained, and the sources and roles of free radicals in TB and pulmonary
MAC disease defined, modulation of these species may be achievable. The
purpose of such modulation may include approaches to more effectively kill
mycobacteria, perhaps to reduce the severity of immunopathology or to enhance
the effectiveness current drug treatment regimens.

The wide range of methods and approaches used to explore the important
relationship between free radical production and mycobacterial disease, of which
only a few are summarized here, attest to the innovation and insight of the
research community. Unfortunately, no method currently exists for the real-time
simultaneous quantification of the wide variety of radicals that are currently
known to play a role in mycobacterial disease caused by TB or pulmonary
MAC infection. A number of approaches, however, are improving our ability to
detect and quantify these free radicals, including novel combinations of existing
techniques such as those that combine fluorescence and confocal microscopy with
electrochemical quantification of nitric oxide and superoxide (228).
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275f
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288f
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shifts, 292f
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frequency shifts, plot, 291f
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288
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mechanism, 287s
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subtracted voltammograms for
ctDNA, recorded on GCDE, 290f
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estrogens, formation, metabolism and
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39
breast cancer, 40
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ratio, 40f

ovarian cancer, 41
thyroid cancer, 41
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with ovarian cancer, 43f

urinary depurinating estrogen-DNA
adducts, ratio in women diagnosed
with thyroid cancer, 42f

genotoxicity pathway, evidence, 36
catechol estrogens, 37

metabolic pathway, 36f
N-Acetylcysteine and resveratrol, cancer
prevention, 43
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DNA adduct ratios, assessment, 47f
formation of depurinating
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Living cells, detection of reactive oxygen
species
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424f
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and optical microscopy, 417
SECM instrument, schematic
representation, 418f
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MTIP and flavins
abbreviations, 255
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protonated diazepam, 253f

β-carbolines, 251
MPP+, 252f
protonated β-carbolines, 251f

cell signaling and flavins, 251
disulfiram (DSF) (antabuse), 254
disulfiram, 254f
DSF, sulfoxide metabolite, 254f

FAD, hydrogen bonding, 249
FAD electron transfer, 250
FAD reduction potential, 249
imidazopyridazine class, MTIP, 248
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MTIP, 246f
redox cycling, superoxide formation,
247s

redox cycling by conjugated iminium,
246s

superoxide, other ROS, 247s
MTIP, FAD model, 247
FAD, conjugated diimine, 248f
isoalloxazine, 248f
MTIP, vinylogous diimine, 248f

naltrexone drug, 253
naltrexone, 253f

ROS formation, ET by FAD, 250
Mycobacterial disease, free radicals
conclusion, 523
nitric oxide and superoxide, cellular
sources, 523

free radicals, role, 511
alkyl hydroperoxidase (AhpC)
activity, fluorescent detection, 523

chemiluminescent detection, 522
DAF (4,5-diaminofluorescein)-based
fluorescent probes, 518

detection of nitric oxide, direct assays,
516

electron paramagnetic resonance
spectroscopy, 517

electron paramagnetic resonance
spectroscopy, superoxide, 521

enzymatic assays, 519
ferricytochrome c reduction assay,
522
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fluorescent detection, superoxide, 523
Griess-reaction based assays, 520
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detection, 521
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superoxide, research articles, 514t
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research articles, 513t
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519

nitric oxide, indirect assays, 519
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ozone-based chemiluminescent
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scopoletin, fluorescent detection, 523
superoxide, direct assays, 521
superoxide, indirect assays, 523

introduction and scope, 503
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mycobacterial disease (NTM), 504
antimycobacterial immunity, 506
cytokines, free radical production, 505
free radicals in situ, 508
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nitric oxide, 509
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superoxide, 510
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biological research, metal-organic
frameworks, 465

discussion, 483
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(H2DCFDA), structure, 485f
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disinfectant, use of Co-based MOFs,
486f
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monoxide (NO), use, 489
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485f
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supplemental pyruvate (RL), 484f

MMP measurement without rich layer
of supplemental pyruvate (RL),
484f

MOF activation, simplified scheme,
486f

NO donors, summary, 488t
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490f
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experimental
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summary, 468t

materials and methods, 466
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schematic, 467f
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466

future prospects, 493
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results
caspase 3/7 activity, measurement,
473f

caspase 3/7 activity, measurement
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caspase 3/7 assay, 471
caspase substrate DEVD, cleavage,
472f

cell death, simplified scheme, 471f
detection of nitric oxide, reaction
scheme, 474f

intracellular nitrogen monoxide,
changes, 472

lactate dehydrogenase (LDH)
cytotoxicity assay, schematic, 469f

lactate dehydrogenase (LDH
fluorescence), 470f

lactate dehydrogenase (LDH)
fluorescence, measurement, 471f

lactate dehydrogenase assay, 469
mitochondrial membrane potential
(MMP) measurement, 481f

mitochondrial membrane potential,
changes, 479

MMP measurement, difference
between normalized first readings
and last readings, 483f

MMP measurement, last readings
average, 482f

MMP measurement with retinal
pigment epithelium whole cells
(WC), 482f

nitrogen monoxide (NO),
measurement, 475f

nitrogen monoxide (NO),
measurement with co-factors,
475f

NO measurement, average MOF
readings, 478f

NO measurement, last readings
average, 477f

NO measurement, retinal pigment
epithelium whole cells (WC), 478f

potassium ferrocyanide, 476
reactive oxygen species, changes, 480
sodium nitroprusside, summary of
observed effects, 479f

supplemental pyruvate (RL) in NO
measurement, 481f

summary, 492
NF-κB signaling in neurodegeneration
introduction, 53
NF-κB and neurodegeneration
neuroinflammation, 70
neuronal survival, 69

NF-κB signaling, 60
energy dysfunction, 64
interrelationship between oxidative
stress and NF-κB signaling,
integrated overview, 66f

NF-κB, redox regulation, 61f
oxidative DNA-damage, 62
redox regulation, 61
redox-activated signaling and NF-κB,
68

stress-activated signaling and NF-κB,
68

ubiquitin-proteasome system (UPS),
alterations, 65

NF-κB signalosome, summary, 54
NF-κB dimers, sequestered in cytosol,
55f

oxidative stress, 56
Alzheimer’s disease (AD), 57
amyotrophic lateral sclerosis (ALS),
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Huntington’s disease (HD), 59
neurodegenerative diseases, oxidative
stress, 58f
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perspectives, 70
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Oxidative stress and human health
aging, 24
conclusions, 24
effects, 7
diseases, ROS involvement, 7f

introduction, 1
balancing the ROS generation and
antioxidant protection, schematic
representation, 3f

exogenous oxidants and endogenous
ROS, oxidative power, 4

oxidants, electrode reactions and
standard potentials, 5t

redox homeostasis, 2
ROS formation, conversion, and
neutralization, common reactions, 4

superoxide dismutase (SOD), 5
localized diseases, ROS involvement
blood, 19
cardiovascular diseases, 13
central nervous system, 8
eyes, 18
gastrointestinal (GI) tract, 15
joints, 16
kidney, 13
liver, 14
lungs, 15
oxidative stress in atherosclerosis,
role, 17f

reproductive organs, 16
skin, 18

systemic diseases
cancer treatment, ROS, 21
carcinogenesis, 20
diabetes, 23
insulin signaling pathway, role of
oxidative stress, 23f

photodynamic therapy (PDT), 22
reactive oxygen species production,
schematic representation, 21f

Oxidative stress-damping endogenous thiol
biomolecules, redox activity
conclusions, 347
experimental, 331
introduction, 329
results, 332
3.85 mM Cys in 50 mM phosphate
buffer, pH 7.43, 342f

3.85 mM GSH, cyclic
voltammograms, 337f

3.85 mM Hcys, 339f
biomarkers of oxidative stress,
dependence, 347f

cobalt phthalocyanine-modified
glassy carbon electrode, cyclic
voltammogram, 334f

cobalt phthalocyanine-modified glassy
carbon electrode for GSH solutions,
cyclic voltammograms, 336f

compounds, structure, 333s
cyclic voltammograms, 341f
cysteine (Cys), voltammograms, 340f
electrostatic potential map, electronic
density surface, 334s

GCE/CoPc, cyclic voltammograms,
343f

GCE/CoPc, obtained after addition,
344f

GCE/CoPc electrode, 345f
GCE/CoPc electrode, GSH solutions,
345f

GCE/CoPc obtained, voltammograms,
346f

GCE/CoPc toward Cys oxidation, 340
GCE/CoPc toward GSH oxidation,
electrocatalytic activity, 334

GCE/CoPc toward Hcys oxidation,
electrocatalytic activity, 337

GSH, Hcys and Cys, differentiation,
342

GSH solution, cyclic voltammograms,
335f

Hcys in 50 mM phosphate buffer, 339f
Hcys recorded on a cobalt
phthalocyanine-modified glassy
carbon electrode, 340f

homocysteine, cyclic voltammograms,
338f

P

Parkinson’s disease, oxidative stress, 147
dopaminergic neurons, 148
Fenton chemistry, 151
Parkinson’s disease, oxidative stress,
150f

ROS generating chemical equations,
149

unmyelinated nigrostriatal
dopaminergic neurons, 152

idiopathic Parkinson’s disease, oxidative
stress, 153

introduction, 148
Parkinson’s disease, toxin and genetic
models, 155
GTPase domain, 160
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1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP),
155

neurodegeneration, 158
peroxisome proliferator-activated
receptor gamma-coactivator-1
alpha (PGC1 α) gene, 156

serine-threonine protein kinase, 159
therapeutic intervention, targeting
oxidative stress, 161
conclusions, 165
dopaminergic neurodegeneration, 162
Mitoquinone (MitoQ), 161
neuroprotective drugs, 164

R

Reactive oxygen and nitrogen species,
real-time monitoring through
electrochemical biosensors
conclusion, 317
detection of nitric oxide (NO),
electrochemical sensors, 303
intestinal NO, differential pulse
voltammogram (DPV) response,
305f

metal-based sensor, general design,
306f

NO in cortical and hypocampal areas,
electrochemical profiling, 307f

hydrogen peroxide (H2O2),
electrochemical detection, 307
cytochrome c-based O2•-, design and
sensing principle, 311f

electrodeposited over-oxidized
polypyrrole, 308

O2•-, real-time amperometric
measurements, 312f

PDMS covered sensing chip, 310f
SOD-based O2•- biosensors, sensing
principle, 313f

superoxide (O2•-), electrochemical
detection, 309

introduction, 301
primary reactive oxygen and nitrogen
species (ROS/RNS), 302f

peroxynitrite (ONOO-) electrochemical
detection, 313
human fibroblast in a petri dish,
optical microscopic view, 314f

NO and ONOO-, simultaneous
detection, 315f

ROS/RNS sensing, miniaturized and
multiplexed platforms, 315

translational aspects, 316
Reactive oxygen species and electron
transfer, mechanism of antiviral drug
action
abbreviations, 232
antioxidants and reactive oxygen
species-oxidative stress, 230
AO silymarin, 230
redox imbalance, 231

Daclatasvir drug, 227, 227f
Faldaprevir drug, 226, 226f
introduction, 221
conjugated iminium, resonance
stabilization, 223s

superoxide, ROS, 223s
superoxide via ET, 222s

oximes, 223
Zinviroxime and Enviroxime, 223f

reactive oxygen species and oxidative
stress, 229

related imine-iminium species, 228
benzodiazepine, 228f
isoalloxazine, 229f
myosmine, 229f
paraquat, 228f
retinal iminium, 229f

ribavirin aromatic triazole, 227
ribavirin, 228f

Simeprevir antiviral drug, 224
camptothecin, 225f
dup 785, 225f
Simeprevir, 225f

Sofosbuvir drug, 226f
p-benzoquinone, phenol metabolism,
227s

summary, 232
treatment of HCV, telaprevir, 224
phenazine methosulfate, 224f
Telaprevir, 224f

ROS molecular probes and biomarkers
concluding remarks, 368
proposed probes and markers,
schematic representation, 369f

oxidative stress, biomolecular markers,
353
glutathione (GSH) antioxidants
system, 358

8-hydroxydeoxyguanosine (8-OHdG),
354

isoprotanes, 357
lipid peroxidation, 356

ROS probes, 359
boronate-deprotection probes, 363
CCA with OH˙, reaction, 367f
DCF, 360
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DCF and PO1 stained MV4-11 cells,
confocal images, 362f

deep-tissue penetrating probes, 365
DHE and MitoHE (MitoSOX), 361
DHE with superoxide anion, reaction,
362f

H2DCFDA, reaction, 361f
HPF with OH˙ yields, reaction, 368f
OH˙ probes, 367
oxyburst family, 363
PO1 with H2O2 yields, reaction, 364f
ratiometric H2O2 probes, 364
in vivo H2O2 detection, 366

T

Triclosan
abbreviations, 243
action, modes, 239
dopamine, 241f
hexylresorcinol, 240f
5-hydroxytriptamine, 241f
morphine, 241f
phenobarbital, catechol derivative,
242f

salicylic acid, 242f
tetrahydrocannbinol, 241f

introduction, 237
other ROS, superoxide precursor, 238s
superoxide formation, redox cycling,
238s

TCS, 5 p-quinone derivative, 239f
TCS, catechol derivative, 239f
TCS, hydroquinone derivative, 239f
TCS, o-quinone derivative, 239f
triclosan (TCS), 238f

TCS, toxic effects, 242
3-pentadecylcatechol, 243f

V

Vasculature, oxidative inactivation, 91
biomolecule-derived radicals, reactions
of NO
lipid peroxidation, nitric
oxide-dependent inhibition,
97

thiols, S-nitrosation, 98
conclusions
impaired ˙NO bioavailability, 124f
peroxynitrite anion, 125

detoxification O2•-, 105
myeloperoxidase, 100
nitric oxide by MPO, oxidative
inactivation, 101f

nitric oxide biochemistry
copper-containing proteins, reaction,
96

Heme nitrosyl complexes, 94
Heme proteins, reaction, 93
˙NO reaction with hemoglobin, 95f
non Heme proteins, reaction, 95
zinc-containing proteins, reaction, 96

nitric oxide reaction with superoxide,
evidences, 99
pyrogallol autoxidation, 100f

peroxynitrite formation in the
vasculature, kinetic and biochemical
evidence, 106
myocardium, nitration, 114
nitrated proteins in vasculature,
evidence, 110t

peroxynitrite reaction, 107
plasma proteins, nitration, 109
tyrosine nitration, 107
tyrosine oxidation and nitration,
pathways through electron
processes, 109f

vessel wall, nitration, 112
signal transducing free radical species,
nitric oxide, 92

superoxide radicals, vascular formation,
101
eNOS, 103
mitochondria, 103
˙NO generation by eNOS,
peroxynitrite role, 104f

NOXs, 102
xantine oxidase, 103
xenobiotics, redox cycling, 105

vascular nitroxidative stress, modulation
EC-SOD expression, 115
endogenous antioxidant mechanisms,
115

metalloporphyrins - MnP, 119
mn-porphyrins with peroxynitrite,
kinetic constant reaction, 122t

oxidative and inflammatory
disturbances, 121

oxy-hemoglobin, 118
peroxiredoxins-Prx, 117
pharmacological compounds, 119
selenium compounds, 120
statins, 123
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