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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

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



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.0t001

Editors’ Biographies

Maria Hepel

Maria Hepel received her M.S. and Ph.D. in chemistry from Jagellonian
University in Krakow, Poland. Beginning in 1985, she worked as part of the
faculty at the State University of New York at Potsdam where she is now
a professor and Chair of the Department of Chemistry. She has published
more than 160 papers and 44 chapters in books, and she has made more
than 400 presentations at national and international symposia. Her current
research interests are multidisciplinary and include DNA intercalation sensors,
piezoimmunosensors, sensors for biomarkers of oxidative stress and cancer,
fluorescence energy transfer (FRET and NSET), DNA-hybridization biosensors,
microsensor arrays, controlled drug release systems, nanotechnology, dye
pollutant degradation, supercapacitors and electrochromic devices. She won
the SUNY Potsdam President’s Award for Excellence in Research and Creative
Endeavor in 1995 and 2001, the SUNY Chancellor’s Award for Excellence in
Teaching in 1998, and the SUNY Chancellor’s Award for Research in 2003. She
was also awarded the 2012 Northeast Region ACS Award for Achievements in the
Chemical Science. In 2013, she was named a SUNY Distinguished Professor and
became a member of the SUNY Distinguished Academy and SUNY Excellence
Network.

Silvana Andreescu

Silvana Andreescu is the Egon Matijevi¢c Endowed Chair in Chemistry in
the Department of Chemistry and Biomolecular Science at Clarkson University.
Her research interests include biosensors, bioanalytical applications of metal and
metal oxide nanoparticles, and the development of microelectrochemical probes
for studying physiological mechanisms in biological systems. Her recent work
involved study of the nanoceria chemistry, the mechanism of the antioxidant
activity of these particles, and the development of probes for monitoring reactive
oxygen species and oxidative stress in biological model systems.

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



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch001

Chapter 1

Oxidative Stress and Human Health

Maria Hepell:* 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 (/—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, /1) and in endoplasmic
reticulum (/2). The generation of ROS takes also place in neutrophils (/3) and
macrophages (/4) 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.) (/5—17),
UV light or ionizing radiation (/8), as well as the internal ROS generation
in physiological processes may contribute to the damage of DNA, lipids, and
proteins (/9). To avert the propagation of mutations, various DNA repair
mechanisms (20) and pathways to initiate apoptosis (27), 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(Il) 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.
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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
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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 £° 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 H>O» (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 inhaled molecular 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 O; is reduced to a radical superoxide anion O, which has one unpaired
electron and carries one negative charge:

Oy +e =0 (N
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Table 1. Electrode Reactions and Standard Potentials for Powerful Oxidants
Formed in Aqueous Sulfate and Chloride Solutions (30)

Oxidant Reaction E°, Vvs.NHE | Ref.
HESHECK O%3aq + 6H' + 5S¢ = 3H,0 1.575 a
OH'y +H" +e = H,O 2.82 g
OH'ay +H +e = H,0 2.722 b
O.'(aq) +2H"+e = H,O 3.426 ¢
O@)+2H*+e = H.O 2.421 (31
O3 +2H" +2e = 02+ H,0 2.076 a1
O3 + 6H + 6e = 3H0 1.511
HO;* + 3H" + 3e = 2H,0 1.684 h
H;0, +2H"+ 2e = 2H,0 1.776 G1)
HO; +3H" +2e = 2H,0 2.119
XYL 0; +4H" + 4e¢ = 2H,0 1.228 (30
atomic chlorine | CI*+e = CI 2410 | $iy
dichlorine ; _ Y
radical anion CL™+e = 2CI 2.090 (92)
:ﬁ;‘f’igl cadica] | CIOH™ +H'+e = CI' + H,0 2.729 .
. 2 32
- CIOH*+e= CI'+ OH 1.90 (32)
clorie CLO + 2H* + 2e = 2CI' + H,0 2.153 G1)
monoxide
chlorine dioxide | ClO, +4H" + 5¢ = CI + 2H,O 1.511 (31)
hypochlorous HCIO+H" +e = CI'+ H.0 1.494 G
acid ClO +2H* +e = CI'+ H,0 1.715
chlorine Clh+2e = 2CI 1.395 (30
persulfate radical HSO + ¢ = HSOy 260 G4
peroxysulfate S:0g% +2e = 2804? 1.940 BH.f
a - caled on the basis of AG% (03*(aq)) = 11.25 obtained from E’(02/03*) (35);
b - caled using AG(OH®q) = +6.0 (33); Koppenol-Liebman (35) obtained 2.59 V; calcd
from Pourbaix data (37): 2.832 V;
¢ - caled on the basis of pK of OH®: pK = 11.9 [53]; E® = 3.308 calcd from (35);
d - Berdnikov and Bazhin (36) obtained 2.55 V; Gratzel: 2.55 V (34);
e - caled using AG(CIOH* ) = -25.18 kcal/mol obtained from data of Ref. (32);
f-2.01 V given by Pourbaix (31);
g - caled from (37-38);
h - caled from (37).

The formal oxidation state of oxygen atoms in O™ 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
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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:

20," +2GSH + 2H" = 2H,0; + GSSG ©)

H»0, + 2GSH = 2H,0 + GSSG 3)

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

40, +2 H,0 — 30, +4 OH™ “)

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

20, + 2 H" — H,0, + 0, ©)

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):

0 0 0
{NﬁNH H,0, O, [XO] {NﬁNH 0.0 00 /iN Bl (6)
N N/) -H:0z N A - H0 N N/)\OH

H H N~ "OH

hypoxanthine xanthine uric acid

The peroxisomal enzyme, catalase, utilizes H>O» to oxidize alcohols, phenols,
acetaldehyde, formaldehyde, and formic acid in reactions:

RH; + H O, =R + 2 H,O ©)
The excess of hydrogen peroxide is removed by peroxiredoxins or by the
enzyme catalase through the formation of dioxygen:

H,O0, =" 0, + H,O )]

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

H,0, + Me? = OH" + HO® + Me?"! ©)
where Mez" is Fe2™ or Cu' ion. Organic peroxides R-OO-R’ are subject to
homolytic cleavage generating two highly reactive radicals:

R-O-O-R'=R-O*+R'-O° (10)
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The last two reactions are facilitated by the weak 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 £° = +2.722 V vs. NHE (see: Table I). It is capable
of causing damage to nucleic acids (/9), 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
HOr radicals is very short (712 = 4.5%10-9 s (42)) so they cannot diffuse far from the
point of their formation (6 = 3.2 nm (/9), assuming Do = 2.3x10-5 cm?s-! (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.

Blood CNS
Hypertension, Alzheimer's, autism,
atherosclerosis, Parkinson's, stroke, Heart
Hemochromatosis, schizophrenia, cerebral Myocardial infarction,
hyperhomocysteinemia, edema hypertension, angina

Thalassemia, scute pectoris, atherosclerosis,

lymphoblastic leukemia dyslipidemia
Eyes y
Cataract, macular ) _Kldney
: : Diabetic nephtropathy,
degeneration, retinal b
degeneration urolithiasis
Liver

Skin and Hair
Melanin pigment
abnormalities, grey hair

Diabetes, Wilson's disease,
islets of pancreas

Joints Lungs
Rheumatoid arthritis, osteo Allergies, asthma, pulmonary
arthritis, fibromyalgia hypertension

Reproductive organs
Male and female infertility

Figure 2. Major diseases in which ROS involvement has been found.
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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 H»O; 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 ATP which 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 (/9):

CH *
+ Cu* — + Cu* + HY any
OH OH

catechol moiety semiquinone radical
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o o)
@: + 0, —™ @ + O, + Hf (12))
OH 0

semiquinone radical benzoquinone (0BQ)
20," +2H" = Hy0, + O, (13)
H,0; + Cu* = HO® + OH" + Cu?* (14)

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 a-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 a-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 a-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 a-synuclein. At the same
time, the autophagy clearance of a-synuclein was inhibited. Recent reports point
to the mutation as the cause of a-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 o-synuclein (56).
Hwang et al. (57) have found that the enzyme NAD(P)H quinone oxidoreductase
(NQOT1) provides protection for substantia nigra neurons and they have reported
on the development of a novel drug KMS04014 capable of inducing NQOI
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—617). While the etiology of AD is poorly understood,
two main mechanisms are usually considered: (i) genetic predisposition and
(i1) 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 Ag
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 Az 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 (Ap) is observed (6). Moreover, the
injection of H,O» affects the fragmentation of APP. Thus, in combination with
an impaired Ag clearance, the changed APP fragmentation under oxidative stress
plays an important part in the development of AD and S-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 HzOz (@

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

10
In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch001

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 SQSTMI1 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 Fralpha 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 Fjalpha 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.
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Also, the concentration ratio of reduced GSH to oxidized glutathione (GSSG)
(77) and SOD activity in erythrocytes (§/) were substantially reduced.

Downs Syndrome

Down syndrome (DS) is a chromosomal abnormality of the trisomy 21 leading
to developmental brain disorders and mental retardation (§2-84). 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 H>O, 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 (/00).
Very effective against membrane disruption are SOD, a-tocopherol, and plasma
ascorbate ions (/01).

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 (/02).
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 (/02). 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 (/08)
and to aggravate liver injury in diabetic rats through oxidative/nitrative stress
(109). The administration of hesperidin provides shielding against iron-induced
oxidative stress (/08). 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 (//0), through less known astaxanthin (///), hesperidin
(108), morin (/12), jinlida (/13), and berberin (//4), to more common and
widely used ones, including: olive oil (/15), colocynth oil (/15), quercetin (/16),
curcumin (//7), emblica officinalis (//8), and cynnamoyloctopamine antioxidants
from garlic skin (/19), 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(Il) and others; arsenic (//0); nicotine (/20); ethanol
(114, 118); cocaine and morphine (/2/); biomarker of cardiovascular disease
homocysteine (97); chemotherapeutic drugs: doxorubicin, paclitaxel, and
docetaxel (/22); other drugs, e.g. acetaminophen (brand name: Tylenol) (/23),
methionine (/24), etc.; natural carcinogens, e.g. aflatoxin-contaminated food
(116); and industrial pollutants, such as polychlorinated biphenyls (PCB) (/25)
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 (/26) 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. (/27), 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 (1/28). 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. (/28) 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 (/31). It
has been shown that the oxidative stress can induce allergic inflammation but
it can also result from inflammation (/32). The swift generation of ROS in
response to the exposure to allergens causes airway inflammation. Here, ROS act
as messengers inducing NF-kB 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 (/34). 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 (/26).

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 (/36—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 (/43). It has been found that mitochondrial superoxide
regulates endothelial dysfunction in pre-eclampsia (/44). The observed increase
in PGC-1a 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. (/45), 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 8-0x0G, is expected to persevere due to low levels of OGG1 repair enzyme
and lead to complications in pregnancy (/46).

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 (/47). 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 (§). Interestingly,
the collagen-induced arthritis, studies by Yu et al. (/48), 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 (/49).
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 (/50). Overproduction of
ROS was involved in vascular inflammation and oxidative modifications in the
artery wall from the initial stage through lesion progression (/57). 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).
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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 (/52). 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 (/55), 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 (/56). 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 (/57). 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 O»*- to H,O» 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

18
In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch001

decrease of antioxidant defences with age (/58). 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 (/59). 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 (167).

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 H,O, damage (/62). 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 (/63). These oligomers are rich in catechol
moieties capable of mediating ROS generation via Fenton cascade (/9). 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 (/66—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 (/7/). 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 (/77). 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, o and B carotene) were significantly decreased.
Significant oxidative damage was found in peripheral blood early in the process
of neurodegeneration (/72). 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 (/73).

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 (/74, 175). Since ROS is capable
of damaging DNA, proteins and lipids (/9), 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-kB, AP-
1, PPAR-y, Nrf2, B-catenin/Wnt, and HIF-1a, 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
inmice (/76). It is commonly assumed that more than one mutation is necessary to
cause cancer. The ways the oxidative stress can activate inflammatory pathways

20
In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch001

and induce cancer have been reviewed by Reuter et al. (3). Schematic view is
presented in Figure 4.

NF-xB
PPARy 1 " AP-1
sTAT3 <= (RGSEN — Nrf2
p53
HIF-1a
Spl

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) (/77). 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 [-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-1a and HIF-2a 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 (/78). The antioxidant
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pathway acts in parallel with other factors such as the expression of antiapoptotic
and proliferation-inducing proteins (/79) 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 (/87). 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 (/82). 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 (/83). The
PDT can be augmented by a photothermal therapy (PTT) and enhanced tumor
localization with theranostic photoacoustic (PA) and near-infrared fluorescent
(NIRF) imaging (/84). In these studies, cyanine dye photosensitizer-loaded
micelle nanocarriers were employed. Graphene oxide (GO) carriers have
also been used for photosensitizer delivery (/85—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 n-n
stacking interactions with unoxidized portions of GO (/85). 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 (/86), were
delivered to tumors guided by LHRH peptide. Near-IR irradiation caused a
synergistic PDT/PTT damage to cancer cells.

Yan et al. (/87) 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. (/89)
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 TiO»
nanoparticles on GO directly from Ti(OC4Ho)4 (190). The GO@TiO; 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@TiO>
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 (/9/) and diabetic complications (/92, 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.

Oxidative stress Insulin receptor
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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, p-cell
dysfunction, impaired glucose resistance and type 2 diabetes mellitus (795).
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 (/97). The role of

23
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.ch001&iName=master.img-019.png&w=196&h=224

Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch001

mitochondria in the pathogenesis of type 2 diabetes has been discussed by Patti and
Corvera (/1). Mitochondrial dysfunction can also lead to insulin resistance (195).
Some studies have suggested the use of antioxidants to prevent the generation of
free radicals (/96) and provide protective effects to reverse or normalize diabetic
effects. However, there is wide discrepancy among studies (/9/) 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 (/97). 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

24
In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch001

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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Oxidative metabolism of the estrogens estrone (Ei) and
estradiol (E2) is the critical event in the initiation of cancer
by estrogens. E; and E, are oxidized by cytochrome
P450 (CYP) to the catechol estrogens 2-OHE;(E;) and
4-OHE|(E>) and then to the catechol estrogen quinones,
which react with DNA to form estrogen-DNA adducts. The
Ei1(E2)-3,4-quinones [Ei(E2)-3,4-Q] react predominantly with
DNA to form the depurinating adducts 4-OHE;(E2)-1-N3Ade
and 4-OHE(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.
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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 (/-3). In fact, unbalanced oxidative metabolism of the
natural estrogens estrone (E) and estradiol (E>) 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(E»)-3,4-quinones
[E1(E2)-3,4-Q] and reaction of these electrophilic compounds with DNA to
form the depurinating 4-OHE(E;)-1-N3Ade and 4-OHE(E;)-1-N7Gua adducts
(Figure 1) (/-3). Error-prone repair of the resulting apurinic sites leads to
mutations that can initiate cancer (4, 5).
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base excision repair apurinic sites

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 a major role in cancer initiation derives from the correlation between the levels
of depurinating aromatic hydrocarbon-DNA adducts and oncogenic Harvey (H)-
ras mutations in mouse skin papillomas (/-3). A similar correlation between the
sites of formation of depurinating DNA adducts and H-ras mutations was observed
in mouse skin and rat mammary gland treated with E»>-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-o. (ER-a))-negative human cell line. When these cells are treated with E;
or 4-OHE,, the depurinating estrogen-DNA adducts are formed (6-9). Treatment
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with E> or 4-OHE; 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 (/0). These changes are induced to a much smaller extent by
2-OHE,. 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 (/2). These results demonstrate
that human breast epithelial cells lacking ER-a 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-OHE; or E»>-3,4-Q (/3). These results demonstrate that
transformation of breast cells by estrogen genotoxicity occurs in both humans and
animals.

Studies of transgenic mice with ER-a 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-a, mammary tumors develop
in 100% of female ERKO/wnt-1 mice, 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-OHE(E») 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 E> following ovariectomy at 15 days of age to
remove their major source of estrogens, the E»>-treated mice developed mammary
tumors in a dose-dependent manner (/7, /8). The mammary tumors developed
even in the presence of the implanted anti-estrogen ICI-182,780 (/9). 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-
a-mediated events increase the rate of cell proliferation, giving cells less time to
repair random mutations 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-OHE((E;) and 2-OHE(E») were tested for
carcinogenic activity by subcutaneous implantation into male Syrian golden
hamsters. The 4-OHE(E2) were carcinogenic, while the 2-OHE(E>) 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 Ei(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 E; and E; 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: 160-hydroxylation (not shown in Figure
2) and formation of the catechol estrogens, 2-OHE(E2) and 4-OHE(E2). The
formation of 4-OHE|(E»), 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 H>O,. In the presence of Fe2*, H,O, 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, Ei(E»)-2,3-Q and Ei(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-OHE(E2)-1-N3Ade and 4-OHE;(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
NQOI1 and/or NQO2, or decreased activity of the oxidative enzymes CYP19
and CYPIBI.
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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-OHE (E2)-1-N3Ade and 4-OHE (E2)-1 N7Gua. These adducts are shed from
DNA, and the resulting apurinic sites can be unfaithfully repaired to generate
mutations leading to cancer (/—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, 37).
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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).
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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 E(E»)-3,4-Q are predominant
(97%) in this ratio, whereas the adducts formed by E(E2)-2,3-Q are minimal (3%)
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(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 sample were
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. DNA was purified from the saliva samples and analyzed for genetic
polymorphisms in the genes for two estrogen-metabolizing enzymes. Women with
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 CYPI1BI 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, E; and E; are oxidized to
2-OHE(E>) and 4-OHE (E>) (Figure 2). CYPI1BI1 catalyzes the formation of
4-OHE/(E>) almost exclusively. The compounds that we have selected for cancer
prevention exert their influence at various levels of oxidation of 4-OHE(E»),
namely, formation of semiquinones and then quinones, followed by reaction of
Ei1(E2)-3,4-Q with DNA to form depurinating adducts. Ninety-seven percent of
the adducts arise from the reaction of E{(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.)

Mean

adduct ratio T-test Ovarian Cancer
Risk combination n (SD) (p-value) OR (95% CI)
CYPIBI1 GC or GG +
COMT AA
No 52 49.7 (36.8) -2.43 Reference
Yes 13 91.4 (64.9) (0.018) 2.84 (0.77-10.4)
CYPIBI1 GG +
COMT AA
No 59 51.9 (37.6) -2.43 Reference
Yes 6 118.5 (79.5) (0.018) 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-OHE; (37) is due to the
reaction of NAcCys with E>-3,4-Q and the reduction of E»-3,4-semiquinone to
4-OHE (Figure 2) (39). Resveratrol also reduces E»-3,4-semiquinone to 4-OHE»
(Figure 2) (9, 36). In addition, resveratrol induces NQO1, which catalyzes
the reduction of E»-3,4-Q to 4-OHE, (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-OHE: 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-a, treated with E; (9). This was seen in a set
of experiments in which MCF-10F cells were treated with E> plus the CYP1B1-
inducer dioxin (TCDD) (9). When the cells were treated with TCDD plus Eo,
higher levels of estrogen-DNA adducts were formed than when E; alone was used
(Figure 7A). Similarly, with E> plus TCDD, more transformed cells were detected
than with E; 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-OHE; or E»-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).

. J— I 4-OHE
g "™ gz Il 4-OHE 2 + Resv
2 1 [ 4-OHE 2 + NAC
% 0.80 -~ 14 [ 4-OHE 2 + Resv + NAC
E .
a 0.70 : % 20
w
S 060 - J-E 3
o .
s 0.50
g T T
g 0.40 1 -:[[ 59
g) .
s 030 +o
14
@ -
£ 020 -
§ .
§ 010 - 9% gy
a2 4 Pt.l -Iﬁ' 100% inhibition
(=] ! 100
4-OHEz (10pM)
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NACS  NAC0  NACHS  NAC20  NAC30 :

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

2011 Elsevier Inc.)
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Figure 7. (4) Levels of depurinating DNA adducts in MCF-10F cells pretreated
with TCDD with and without Resv and treated with increasing concentrations of
E> 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 E>-induced transformation of
MCF-10F cells. MCF-10F cells were pretreated with TCDD with and without
Resv, then treated with E>. 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 E; and E; results in the
formation of catechol estrogen quinones. With unbalanced metabolism, excessive
amounts of E{(E»)-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-OHEi(E»)-1-N3Ade and
4-OHE(E»)-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 CYP1BI1 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
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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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NF-kB 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-«B 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-xB
activation is thought to contribute to neuronal loss. However,
there is strong evidence demonstrating that in neurons, NF-kB
protects against cell death progression by regulation of
anti-apoptotic genes. Understanding the molecular pathways
involved in NF-kB 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-xB 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
In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch003

kappa-light-chain-enhancer of activated B cells (NF-kB) 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-«B pathway
is mediated by diverse signal transduction cascades. Dysregulation of NF-xB
signaling can contribute to human diseases such as cancer, chronic inflammatory
diseases, heart disease, autoimmune and neurodegenerative disorders (/).

NF-kB 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-«xB signaling primarily protects them from cell
death progression (4, 5). It is still poorly understood the exact role of NF-kB
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-kxB signaling in neurodegeneration. In the
present chapter, we discuss the role of oxidative stress / redox homeostasis on
NF-«B signaling and its implications in neurodegeneration.

The NF-kB Signalosome: A Brief Summary

Mammalian NF-«B 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 pl05
(NF-kB1) and p100 (NF-kB2) precursor proteins, respectively. The RHD is a
structurally conserved 300 amino acid sequence, which contains the dimerization,
nuclear localization, and DNA binding domains. NF-kB 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-kB dimer
availability is regulated transcriptionally and homeostaticaly in a cell type and
stimulus (environment) specific manner (Figure 1) (6-8).

NF-kB dimers are negatively and stochiometrically regulated by IxB
inhibitors via binding through IxkBs’ ankyrin repeat domain (ARD). IkB proteins
identified include IxBo, IkBp, IkBe, and the precursor proteins pl100 (IkBy)
and p105 (IkBJ), this last two with non-classical IkB activity as high molecular
weight complexes (IkBsome). NF-kB dimers bound to IkBs are sequestered in the
cytoplasm. Two major general signaling pathways lead to the activation of NF-xB
that relies on inducible phosphorylation of 1kBs, leading to nuclear translocation
of NF-kB complexes. Canonical NF-kB activation is mediated by IxB kinase
(IKK) trimeric complexes composed of two catalytic subunits, IKKa (IKK1)
and/or IKKp (IKK2), and the NF-«B essential modulator (NEMO, also known as
IKKYy) (6), which act on IxBa, IkBp, IkBe and p105 (IkBy). Noncanonical NF-xB
is mediated by complexes requiring IKKa and the NF-kB inducing kinase (NIK)
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acting on p100 (IxkBd). NIK activates IKKa, whereas IKKf can be activated by
multiple kinases (9). Phosphorylated IkBs 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 IkB proteins Blc-3, IkB{ and IkBNS are primarily localized in the
nucleus and bind specifically homodimers also regulating gene expression. IkB
proteins are thought to associate preferentially with a specific subset of NF-kB
dimmers (6-8). However, the specific role of each IkB protein in regulating
NF-«kB signaling is still not understood completely.

CANONICAL NONCANONICAL

PDK1, TAK1, MEKK3 . NIK

Figure 1. NF-xB dimers are sequestered in the cytosol when bound to IkB
proteins, including the IxB-like function of p100 and p105. Stimulus-induced
phosphorylation of IkB by IKK complexes induces its degradation or processing
via the UPS. Canonical activation of NF-kB is mediated by the trimeric complex:
IKKa and/or IKKp, and NEMO. Noncanonical activation involves IKKa dimers.
While a number of kinases activate canonical complexes, NIK is primarily
involved in noncanonical activation of NF-xB signaling. Released NF-xB dimers
translocate to the nucleus to mediate transcription. MEKK3, MAP/ERK kinase
kinase 3.
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NF-«B signaling is controlled by a number of additional mechanisms. In
the nucleus NF-kB dimers bind to kB 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-kB-mediated gene transactivation.
Acetylation of NF-kB is important for its activation and resistance to the inhibitory
effects of IxB binding. RelA degradation via nuclear proteasomes has also been
proposed as a mechanism to terminate NF-kB signaling. NF-kB signaling is
modified and modulated at every single step in its signaling cascade by distinct
signaling pathways (6-8). In addition, NF-«xB signaling system components such
as IKKa or IKKp, affect the function of many other signaling pathways and
transcription systems in a NF-kB-independent manner (7).

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 (O;*-), 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. Oz can be dismutated by O,*- dismutases (SODs) generating
hydrogen peroxide (H>O,), which in the presence of metals (Fenton-like reactions)
can produce the highly reactive hydroxyl radical (OH®) (Figure 2) (/0-12).
RNS are primarily derived from the formation of nitric oxide (NO®) by nitric
oxide synthases (NOS). In the presence of Oz, NO® generates peroxynitrite
(ONOO-) (Figure 2) (/3). Additional sources of reactive species exist. In
glial cells, myeloperoxidases (MPOs) are peroxidase enzymes that produce
hypochlorous acid (HOCI) from H»O; using heme as a cofactor (/4) (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 (PGG») and produce peroxyl radicals. COXs also possess a heme-containing
active site that provides peroxidase activity that may oxidize various co-substrates
and produce Oz¢- (195).

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 H>O; to H>,O and O and is primarily localized in the
peroxisomes (/0-12). Glutathione (L-y-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) (/6). 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) (/7). NF-kB 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-xB
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 (/8-21).

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-f peptide (AB) 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 AP as the mediator of oxidative stress
(26). AD pathogenesis may be influenced by early life exposures to toxic metals
(27). AP interacts with several metal ions such as Fe™2 and Cu'? to mediate
the production of H,O, and OH* (28) (Figure 2). Mitochondrial dysfunction
in AD has been related to the accumulation of AB within mitochondria (29).
The receptor for advanced glycation end products (RAGE) and perturbations in
neuronal Ca?* homeostasis have also been proposed to mediate mitochondrial
dysfunction and ROS formation (30, 37). 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). AP and ApoE epsilon 4 allele (4poE4),
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-kB signaling remains unclear
(35-39). AP has also been shown to induce COX-2 upregulation via NF-kB 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. O»*
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
(Af-plaques) leads to the production of reactive species that can target
neuronal populations. Ca?* 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-xB by (oxidative) stress or
cytokines contributes to ROS/RNS formation. Both NF-kB 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 a-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 a-synuclein (SNCA), DJ-1
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(PARK?7), PTEN-induced putative kinase 1 (PINKI), leucine rich repeat kinase
2 (LRRK?2) and parkin (PARK?2). 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 (45-57). 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 a-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 a-synuclein to induce ROS
formation and dopamine (DA) oxidation (63, 64). Increased Fet? 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 (MAQO) to generate H,O,, or auto-oxidized in the presence
of Fe*2 generating O;*-, H>O; 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-«kB 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 (8/-90). Mt-Htt selectively affects medium spiny striatal
neurons, and oxidative stress together with mitochondrial dysfunction have been
implicated in the pathology of HD (9/). 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
(SOD1I). 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 (/01-105). It is now widely accepted that loss of SOD1 dismutase activity
is not sufficient to cause ALS (/06). SOD1 mutants induce NOX-dependent ROS
production in microglia, and neuronal death (/07). Dysregulation of proteins
involved in Fe*2 homeostasis has also been shown in mouse overexpressing
mutant SOD1. Similarly, aberrant coordination of Cu?* by mutant SOD1 has also
been demonstrated to mediate oxidative stress (/08). 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 (/09).

Oxidative Stress, Redox Homeostasis and NF-kB Signaling

NF-kB 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. H,O» directly activates NF-«kB signaling in some cells (//0). In
addition, overexpression of superoxide dismutase (SOD) enhances activation of
NF-kB (/11). Inducers of NF-kB signaling, including lipopolysaccharides (LPS),
tumor necorsis-alpha (TNFa), and interleukin-1 (IL-1), produce oxidative stress in
cells. Accordingly, treatment with several antioxidants such as N-acetylcysteine
(NACQ), a-lipoic acid, free-radical scavengers and metal chelators block NF-xB
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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-kB activation (//2). Recent reports have demonstrated
that H2O» activates NIK (//3). Thus, it is clear that ROS mediate/regulate NF-
kB activation (//4). 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-«B signaling
can be directly or indirectly regulated by oxidative stress and redox homeostasis

(Figure 3).

Direct redox regulation
Nitros(vl)ation
Carbonylation
Nitration
Alkylation =0
Sulfhydration Re(lo‘x-act.n ated
T Trx TrxR, Grx signaling
Energy failure Nrf2, Foxo3a
AMPK, mTOR ‘
NF-xB
S
signaling RO"?
Oxidative Stress-activated UPS
DNA-damage signaling Changes in the levels of
Apel Ref-1, ATM, CK2 MAPKs, Akt NF-iB dimers

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

Redox Regulation of NF-kB Signaling

Oxidative protein modifications mediate the integration of redox changes and
the activation of signal transduction pathways (//5—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 (//8, 119). O™ 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 PSe with another thyil radical. PSOH can undergo further oxidation
to irreversibly generate protein sulfinic (PSO,H), and sulfonic (PSOsH) 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 (NOe) 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 (/20). 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 (/21).

NF-kB 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-xB proteins and its oxidation
(including nitros(yl)ation or glutathionylation) or alkylation modification
decreases their ability to bind DNA (/24-729). Oxidation (nitros(yl)ation
and glutathionylation) of IKKP (Cys179) also inhibit its activity (/30-132).
Accordingly, Grx and Trx/TrxR restore NF-kB signaling (131, 133-138).
Hydrogen sulfide (H2S) is a reactive species generated by the activity of
cystathionine y-lyase (cystathionase; CSE) and cystathionine [-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 (/39). For the most part, previous
studies have demonstrated the protective role of Grx, Trx/TrxR and H,S
against neurodegeneration (/40—147), but whether their effects are ascribed to
maintenance of NF-kB signaling has not been explored. Irreversible oxidative
modifications also regulate NF-kB signaling (Figure 3). Carbonylation and
tyrosine (Tyr) nitration (Tyr66 and Tyr152) of RelA inhibits its activation (748,
149). In contrast nitration of IkBa (Tyr181) has been shown to activate NF-xB
(150).

Due to its highly regulated nature and crosstalk with a number of signal
transduction pathways, NF-kB 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-kB 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
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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 (/57). 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 (Apel/Ref-1). Apel promotes
the reduction and activation of NF-xB 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-«B 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 (/56) (Figure
3). Interestingly, NF-«kB activation has also been shown to promote DNA repair
(157). Activation of NF-«kB signaling by DNA damage seems to require functional
IKK canonical complexes (IKKa, IKKB and NEMO). ATM-induced activation of
NF-xB signaling has been proposed to involve direct phosphorylation of IkBa by
ATM, regulation of NEMO sumoylation/phosphorylation, and/or ubiquitination /
phosphorylatipon of the transforming growth factor f-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-kB signaling
(156, 161, 162). Importantly, ATM can be directly activated by oxidative stress
(163). No evidence exists so far regarding the activation of NF-«B signaling via
ATR. However, an antagonistic effect of ATR on ATM-NF-kB signaling was
recently described (/64). DNA-PK mediated activation of NF-kB signaling has
also been reported, which seems to depend on the IKK canonical complex or
phosphorylation of p50 (165, 166). Interestingly, activation of NF-xB 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 (/56),
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 (/70). 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 (/73). CK2-mediated phosphorylation of a-synuclein contributes to its
degradation and aggregation (/74) and AP has been reported to inhibit DNA-PK
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activity (/75). However, none of these effects have been related so far to the
regulation of NF-kB signaling.

Energy Dysfunction and NF-xB 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 (/77) (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 in ATP can be effectively sensed by
AMPK (178). Recently, AMPKal has been shown to interact and regulate TAK1
activation, and thereby NF-kB signaling (Figure 3) (/79). 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. mTORCI is regulated by cellular energy
and nutrient status (/78). mTOR has also been recently suggested to regulate NF-
kB signaling (/80, 181) (Figure 3). Conversely, NF-kB signaling has been shown
to regulate mitochondrial respiration (/82, 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 mTORCI1 signaling and contribute to striatal neuronal
neurodegeneration (/86). However, recent reports have demonstrated that
mTORCI activity is actually impaired in HD patients and when restored, it exerts
protective effects against mt-Htt (/87). mTOR regulates Tau phosphorylation
and aggregation (/88). Rapamycin, an allosteric inhibitor of mTOR protects
neurons from PD-related toxin insults (/89), enhances clearance of TDP-43
aggregates linked to ALS (790), and rescues cognitive deficits by ameliorating
AP and Tau pathology in an AD mouse model (/97). AMPK has been shown
to phosphorylate Tau as well (/92), and its knockdown reduced AP deposits
and rescues memory deficits in an AD mouse models (/93). In contrast, other
studies report that AMPK activation decreases the extracellular accumulation of
AP (194, 195). AMPK mediates motor neuron death in ALS models (196, 197)
and striatal neurodegeneration induced by mt-Htt (/98). Contradictory results
exist regarding the role of AMPK in dopaminergic cell death. A protective role
for AMPK against mitochondrial dysfunction induced by parkin-, a-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 a-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-«kB 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-kB 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 (271, 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 (2/0). 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-kB signaling is tightly regulated by the activity of
the proteasome (Figure 1). Processing of p105 to p50 and p100 to p52, switches
their IkB-like action to NF-kB functional monomers. Furthermore, c-Rel and IkBs
are actively degraded by the proteasome (214), suggesting that proteasome activity
has the potential to regulate the specificity of NF-kB signaling by modulation of
available monomers and IkBs (Figure 3). Previous reports have demonstrated
that while transient oxidative stress activates NF-«kB signaling, sustained oxidative
conditions impair proteasomal activity, IkBa degradation, and TNFa-induced NF-
kB activation (215).
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Figure 4. Integrated overview of the interrelationship between oxidative stress and NF-kB signaling in neurodegenerative diseases.
Environmental toxicants, misfolded protein aggregates, and oxidative stress associated with neurodegeneration induce a NF-kB-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-kB 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-xB 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-kB monomers, which can re-direct/impair NF-«xB signaling “tilting” the balance to neuronal dysfunction (see
pre-synaptic neuron). ROS/RNS can both activate (black arrows) and inhibit (ved dot lines) the NF-kB signaling. ApN, aminopeptidase
N; ATPase, Na*/K*-ATPase; GCL(C or M), glutamate-cysteine ligase (C, catalytic or M, modifier subunit); y-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-xB

Inducible transcription of antioxidant genes is an important cellular defense
against oxidative stress. Nuclear factor (erythroid-derived 2)-like 1 (Nrfl) 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 (2/6). Nrf2 is kept in a
cytosolic complex with the kelch-like ECH-associated protein 1 (Keapl), 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 (2/7). Under certain conditions, Nrf2 regulates the GSH synthesis
pathway in a NF-kB-dependent pathway (2/8). Foxo3a also promotes NF-kB
signaling (219).

Nrf2 deficiency exacerbates dopaminergic degeneration induced by
a-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
AP burden in an AD mouse model (227).

Stress-Activated Signaling and NF-xB

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-kB suggests that under certain circumstances NF-kB 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 PKC{, 6 and A, 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 PKC{, also regulate NF-kB 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-«B signaling. For example, caspases have been reported to cleave IKKs and
NEMO (76, 228, 229).

NF-kB and Neurodegeneration

In the central nervous system (CNS), two heterogencous 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-xB 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-xB 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-kB 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-«B activity is found. NF-xB
signaling is found activated in both neurons and glial cells treated with AP,
transgenic ApoE4 mice, and in post-mortem brains from AD patients (244-246).
Similarly, increased nuclear localization of NF-kB is found in dopaminergic
neurons from PD brains (247). We have observed that overexpression of
a-synuclein in dopaminergic cells in vivo and in vitro stimulates NF-xB
phosphorylation (unpublished data). Mutant SOD1 (ALS model) also activates
NF-xB (248).

Neuronal Survival and NF-kB Signaling

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

Neuroinflammation

NF-«B 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-«kB 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-q, and interleukins (IL-1, IL-6) (3, 261, 262). In contrast to
the protective effects of neuronal NF-xB signaling against AB-induced toxicity,
in microglia, AB-induced activation of NF-kB contributes to neuronal cell death
(263). NF-«B signaling also promotes HD pathogenesis (264). Contradictory
results exist regarding the role of inflammatory NF-kB signaling in experimental
PD models (265, 266). o-synuclein has also been shown to activate NF-xB
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-kB 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-xB signaling can be regulated directly by oxidative modifications, which
primarily exert an inhibitory effect on its transcriptional activity. Furthermore,
NF-kB can be activated indirectly by oxidative stress/damage and the resultant
stress response. In general it is well established that activation of NF-«B in
glia promotes neuronal degeneration, while in neurons there is still controversy
regarding the exact role that NF-xB 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-xB
in neurons may exacerbate the neurodegenerative process. Alterations in NF-xB
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-kB signaling complexes in distinct neuronal and glial cell types (NF-xB
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-kB signaling in
neuronal and glial populations.
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Oxidative Inactivation of Nitric Oxide and
Peroxynitrite Formation in the Vasculature
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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 O>'~ and other redox partners. In
addition, we will provide evidence of the vascular formation
of peroxynitrite under conditions of endothelial dysfunction
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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, O, 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 (/). 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 Ca?t 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
[Ib/I11a 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 O, (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)? (2po)?
(2pm)* (2 pr*)! being the last electron in a m* 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 O, leading to the
formation of nitrogen dioxide ("NO.) (Eq. 1), another free radical species (8). In
addition, ‘NO can also react with *NO, leading to the production of dinitrogen
trioxide (N>03) and nitrite (NO2") (Eqs. 2 and 3). In aqueous solutions, ‘NO»
produces dinitrogen tetroxide (N20O4) and this goes to NO,~ and, to a lesser extent,
nitrate (NO3~) (Egs. 4 and 5).

2°NO +0,— 2 °NO, (Eq. 1)
*NO + °NO, — N,0, (Eq. 2)
N,O;+ H,0 — 2 NO, +2H* (Eq. 3)
2 °NO, - N,0, (Eq. 4)
N,0,4 + H,0 — NO;™ + NO, +2H" (Eq. 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 (d®) compared to the ferric iron (d°), increasing
the interaction between iron d-orbitals and the antibonding 2pn* electron in *NO.
By this mechanism, a nitrogen-metal c-bond is formed by using an unpaired
electron pair in the nitrogen atom and a significant degree of n-bond is formed by
backbonding between metal d-electrons and the pr* 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 (/0). Kinetic studies showed that the reaction
of ‘NO with the ferrous state of heme proteins is typically faster (107 M-! s-1)
than with the ferric state (102-107 M-1 s-1) (/7). Once formed, the heme nitrosyl
complex slowly dissociates but this process is usually faster for the ferric-heme
nitrosyl complex (/2). Moreover, ‘NO can react with a higher oxidation state
of iron of heme-proteins such as the ferryl form (Fe*=0) (/3-17); 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 6t 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 NO»~
or NOs;~. 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*-O,) with a second order rate
constant of 3 x 107 M-1 51 (/8), leading to the formation of metahemoglobin (Hb3*)
and NO3~. HDb3** can also react with ‘NO yielding deoxy-Hb and nitrosylating
species. Finally, "NO reacts with deoxy-Hb (Hb?") with rate constant above 107
M-! s leading to the formation of nitrosyl-Hb (Hb2+-*NO, Figure 1). Due to large
quantity of Hb2+-O, 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 O; binding to cytochrome
P450 and blunts its monooxygenase activity (/8—20). As ‘NO and O, compete for
the same binding site, the efficiency of the inhibition is greater at lower oxygen
tensions (27). In any case, the binding constant for *NO is significantly larger
than that for O3 (20).
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NO,"

Hb2* -NO Hb3*

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
(Fea) 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*7). 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 Cug.
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 (3/). The mitochondrial "NO concentrations
necessary to promote the inhibition in these complexes are below micromolar
level. The interactions of “NO with cytochrome ¢ oxidase lead to the inhibition of
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the electron transport chain, O, consumption and cellular respiration, resulting on
a fine regulation of the mitochondrial function as a consequence of the interplay
between *NO and O; 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 Zn?*, reacts with *‘NO leading to the
S-nitrosylation and later disulfide bond formation and Zn?* release. Nitric oxide
disruption of zinc-clusters represent another mechanism of cytotoxicity and
cytotasis, which may previously require the intermediate formation of “NO; 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)

Cu* +°NO =Cu*-NO* (Eq. 6)
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Type 3 copper containing-proteins (i.e. hemocyanin, tyrosinase and blue
oxidases) have one or more binuclear copper sites. One of them, Cup, 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 ¢ oxidase contains two copper atoms known as Cua and Cug
in its structure. While Cua does not react with *NO, resembling type 2 copper,
Cug 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 ¢ 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).

*NO +R°— RNO (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 x 109 M-! -1
(42)) respect to other termination reactions (5 x 107 M-! s-! alkyl (L*)-LOO* (49);
LOO*-LOO* 107 M-! 571 (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)
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that decomposes very fast (k =0.1-0.3 s-! (42)) yelding free alkoxyl radical (LO")
and nitrogen dioxide ("NO>) via a caged radical pair (LO* "NO») (Eq. 9). Reaction
between RO* and *“NO to form RONO with a rate constant of 3 x 10% 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
*NO; leads the formation of ROONO; (k =3-6 x 109 M-I s, Eq. 11) (50).

"NO + LOO" — LOONO (Eq. 8)
LOONO - "NO, + LO" (Eq. 9)
*NO, + LO"— LONO, (Eq. 10)
"NO + LO"— LONO (Eq. 11)

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 Oz~ 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 (5/). 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 O~ 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 (535),
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 B93cys is modified (61). Nitroso-Hb has been proposed to
participate in the regulation of *NO and O, 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-HSA may 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 (O>*") at near diffusion-controlled rates

(eq. 12) (73).

20, +2H—> 0, + H,0, (Eq. 12)
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In contrast, the addition of catalase to the perfusion buffer did not influence
the half-life of EDREF, indicating that H>O, did not affect its stability. These studies
demonstrated that the action of EDRF could be modulated by O~ present in the
vasculature and it was hypothesized that O>*~ 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 O»*~ was then appreciated before determining the
chemical nature of the EDREF, 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 O»*~ upon autooxidation in a cellular system
mediating the monovalent reduction of O, (Figure 2). The effect of pyrogallol was
partially reversed by the presence of SOD (Figure 2). Overall, the data reported
in (71) indicated that O~ could decrease the bioavailability and half-life of "NO
causing its oxidative inactivation.

OH Ty - OH
0, O, +H OH o, O, . o
HO OH & 2 o) OH & 2 N
X A
HC. =~

Figure 2. Pyrogallol autoxidation and O»- 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 HxO, (typically arising from O~ 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 (/7) demonstrated that *NO can react with compound I, and subsequently
with compound II, in one-electron oxidation reactions to yield NOy-. 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 *NO», 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 H>O> to Compound
1 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
1I (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 O, 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 *NO: 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 O,. Superoxide radical anion decreases “NO bioavailability
by a radical-radical combination reaction that yields peroxynitrite anion (eq. 13).

*NO + 0, — ONOO" (Eq. 13)

In vascular tissues, Oz*~ can be produced by several enzymatic sources, that
are described below.
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NOXs

The NADPH (B-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 p22rhox and NOX2 (also known as gp91rhox) besides four
cytoplasmatic subunits: p47prhox the activator subunit p67rhox, p4Qphox 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 O is produced
through an electron transport chain from the NADPH cofactor; this process is
highly dependent on the phosphorylation and activation of the p47rhox 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
DUOX?2), 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 p47prhox and p67rhox 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 O is
produced towards the extracellular environment while in smooth muscle cells the
Oy~ is produced towards the cytoplasm (83, 84).

Patients with coronary disease have an increase in the expression of the
subunit p22prhox 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, §7).
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Xantine Oxidase

Another vascular source of O>'~ is the enzyme xanthine oxidase, responsible
of the oxidation of hypoxanthine to uric acid with the concomitant production of
O~ and H>0O,. 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 Oz~ 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 O~ production in the vasculature and
several tissues, due to electron leakage from the electron transport chain directly to
02 (93). The standard reduction potential of O, by one electronis-0.160 V (/). 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
O3 via one electron and yield O>'~ (92). The major sites of generation of O»*~ 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 O,
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 CaZ*/calmodulin which activates
the <enzyme. The mechanism of catalysis consists in an electron transfer chain
from the NADPH at the reductase domain to the O, 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) (/).

2 L-arginine + 4 O, + 3 NADPH — 2 °NO + 2 Lcitrulline + 3 NADP" + 2 H,0
(Eq.14)
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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
02"~ in the vasculature, therefore consuming ‘NO (97, 98). This process is known
as eNOS uncoupling (Figure 4).

ONOO- *NO + L-cit L-arg+0,
CATALYSIS

@ FMN
e'(
®
& C
&

NADP*

- REDUCTASE
OXYGENASE DoMA

UNCOUPLING ROMAH

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 BHy4. 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 BHy, 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 Oz, 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 2006 Marletta and collaborators performed EPR studies of the recombinant
bovine eNOS, which is highly homologous with the human isoform. In the
absence of the cofactor BHy, the formation of O~ 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 (/00). Recent studies of
Zweier’s group (/01) 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 (/0/). However, the Oz~
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 Oy —production (/02).
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 Oy~ 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 O~ 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 O>~ 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 O, in the Vasculature

The presence of O»~ in the vasculature largely depends in the velocity of its
formation and dismutation mediated by the superoxide dismutases (SODs), which
catalyze the dismutation of Oy~ to H>O,. 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 O»*~ dismutation.
SOD reacts with O»*~ with a second order rate constant reaction of 1-2x109 M-1 s-1
while the reaction between *NO and O~ 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 (/04). 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 (/06). 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 (/07, 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 (/09), underscoring the interplay of *NO and O>'~ 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 O»*~ with a second order rate constant of
~1010 M-I s-1 (110) to yield peroxynitrite anion (ONOQO-) (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 (1/11), Eq. 15) quickly decomposes with a half life at
pH 7.4 and 25°C or 37°C of 2.7 and 0.7 s, respectively (/1/). The products of
the decomposition are hydroxyl and nitrogen dioxide radicals (“OH and *NO,)
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 CO» with a rate constant of 4.6 x 104 M-! s-! yielding
an unstable adduct that evolves to *NO; and carbonate (CO3*") radicals in about
35 % yields (Eqs. 17 and 18) (112).

ONOO™ + H* 2 ONOOH (Eq. 15)
ONOOH — ‘OH + ‘NO, (Eq. 16)
ONOO™ + CO, = ONOOCO,. (Eq. 17)
ONOOCO, — °NO, + CO;™ (Eq. 18)
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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 (//3). 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 (//4, 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 (/17).

Peroxynitrite reaction with thiols is typically ca. 1,000 times faster than
with H>O; (eg. 1,000-5,000 M-! sl vs. 1-10M-! sl (54)). Moreover, certain
thiol-containing proteins such as the peroxiredoxins can react very fast with
peroxynitrite (1x 106 M-! sl to 7 x 107 M-! 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 (//7).
Alternatively, peroxynitrite-derived radicals (i.e. *OH, "NO,, 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 (//7).
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 (-NO>) 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 ‘NO». 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 (/21, 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-! 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-!
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s)at pH 7.5 (123). Carbonate radical, CO3~ (3 x 107 M-! s-)) can also efficiently
promote tyrosine oxidation (/23). 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 (//6)), 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 *“NO; can
lead to tyrosine nitration (/24). The second order rate constants for the reaction
with tyrosine, are 5x103 and 5x105 M-! 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 NOy- (129). The
process involves the peroxidase-catalyzed oxidation of NO,- yielding "NO; (Figure
3), which in the presence of *Tyr leads to the formation of 3NT. MPO compounds
I and II can oxidize by one-electron NO>- to *NO, 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 (/21). 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 (/30). Recently, its has been reported that
the levels of immunoglobulins against 3NT are higher in patients with coronary
artery disease (CAD) (/37). 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 (/32).
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Table 1. Evidence of nitrated proteins in vasculature2

Nitrated Methodology Observations Ref.
protein
Plasma proteins
Fibrinogen IP of fibrinogen, 30% increase on 3-NO»-Tyr in (136,
3-NO»-Tyr determination CAD, accelerated clot formation, 184,
by HPLC-ESI-MS-MS, fragile clot. 185)
electron microscopy
Plasmin IP with 3-NO»-Tyr antibody Increase of nitration in plasmin (137,
of plasma proteins, WB of and fibrinogen in smokers, in vitro 138)
major plasma proteins. inactivation of plasminogen
by nitration
Apo-Al IP with 3-NO»-Tyr antibody Apo-Al MPO interaction, nitration (141,
from plasma and isolation and chlorination of Tyr!92, two-fold 142,
of Apo-Al from biopsies, increase of Apo-Al in CAD, 186)
HPLC-ESI-MS-MS for preferential nitration of Apo-Al
3-NO,-Tyr determination. in plasma when compared to other
nitrated plasmatic proteins.
Vessel wall
Apo-B LDL purification by 90-fold increase of nitrated LDL (149,
ultracentrifugation of compared to circulating plasma 187)
human plasma and aortic nitrated LDL.
lesion, 3-NO»-Tyr was
determined after hydrolysis
and derivatization by GC-MS.
COX IP of COX-1 from smooth In vitro inactivation by nitration of (158,
muscle cells and from human COX-1, identification of nitrated 187,
atheroma plaques, WB COX-1in smooth muscle cells 188)
and spectrophotometrical and in human atheroma plaques,
determination of nitrated identification of NO2-Tyr385 by
COX-1, COX-1 EPR studies, NO and Tyr-..
trypsin digestion with HPLC
purification and amino acid
sequencing.
PGIS IP with 3-NO,-Tyr against Nitration of PGIS at low peroxynitrite (159,
endothelial proteins, WB, concentrations (1 uM), ICsy for 160)

immunohistochemistry,
thermolysin digestion of
nitrated PGIS and high
resolution MS (FT-ICR) of
nitrated peptides.

inactivation 100 nM, colocalization
of nitrated proteins and PGIS in

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

Continued on next page.
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Table 1. (Continued). Evidence of nitrated proteins in vasculature2

Nitrated Methodology Observations Ref.
protein
Mn-SOD In vitro nitration of human Identification of specific nitration at (106,
Mn-SOD by peroxynitrite, Tyr34, distribution of nitrated SOD 107,
ESI-MS analysis of digested in rat aorta, age-increase in nitrated 185)
SOD, amino acid sequencing, SOD, distribution of nitrated SOD
IP of aged rat aorta, WB, at Tyr34 in the kidney mainly in
immunoelectron microscopy cortical collecting ducts.
anti-3-NO,-Tyr, development
of specific antibody against
nitrated SOD at Tyr34,
angiotensin II induced
hypertension in rats.
Perlecan Human coronary artery Nitration and aggregation of isolated (162,
endothelial cells (HCAECs) protein. Changes in its function 163)
and puri isolated protein in cell culture studies. Nitrated
treated with peroxynitrite. protein in intima.
Immunofluorescence of human
atherosclerotic lesions.
Myocardium
MM-CK IP of CK from heart Nitration and inactivation of MM-CK 172,
failure in rats, WB and in heart, in vitro inactivation of 174,
immunohistochemistry, human MM-CK by peroxynitrite but not 189)
biopsy of atrial fibrillation myosine ATPase, increase nitration
and carbonyl formation of MM-CK
in atrial fibrillation.
a-actinin IP of a-actinin from human Contractile dysfunction of (174,
cardiomyocytes and WB cardiomyocytes after exposure 185)
against 3-NO-Tyr. to peroxynitrite, detection of nitrated
a-actinin as the only nitrated protein
at the concentration used.
SERCA IP of nitrated proteins from Nitration of Tyr294.295 in the M4-M8 177,
SR of age rat skeletal muscle, transmembrane domain of SERCA 179,
WB, protease digestion and 24, nitration of Tyr294.295 in SERCA 180)

HPLC-ESI-MS, amino acid
analysis, IP of SERCA 2, and
WB against 3-NO»-Tyr.

2, in rat heart, nitration of SERCA
2, in patients with idiopathic
dilated cardiomyopathy.

a [P = 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-NO»-Tyr = 3-nitrotyrosine and
3-Cl-Tyr = 3-chlorotyrosine.
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Fibrinogen, a soluble plasma protein involved in clot formation, has been
reported as an independent risk factor in CAD and stroke (/33). 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 (7335,
136). However, plasmin can be nitrated in vivo an has been already detected
nitro-plasmin in plasma of smokers (/37). Moreover, in vitro studies showed that
peroxynitrite is able to nitrate and inhibit plasmin activity (/38).

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 (/40). 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 (/42). 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 (/41, 142). Hazen et al discovered
that nitration on the apoA-I Tyr!66 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 (/43).
When HDL is chlorinated at Tyr!2 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 O>~ (/45, 146). Moreover, the
attraction of macrophages and neutrophils generates an inflammatory site,
promoting the increase in the release of O>~, *"NO and myeloperoxidase (/47).
Each of the individual major risk factors of atheromatosis (hyperglycemia,
hypercholesterolemia, smoking and hypertension) produces endothelial
dysfunction and promotes nitroxidative stress (/48). 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
by myeloperoxidase 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-a) (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-A,
(TxA») a potent agonist of platelet aggregation, thrombus formation and
vasoconstriction (/52).  Arachidonic acid also leads to the formation of
prostacyclin 2 (PGI;) 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, PGI, and *NO act synergistically
to maintain endothelium homoestasis (/54). Atheromatosis disrupts this balance,
enhancing TxA» 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 (/53—155). Low
levels of peroxynitrite or other peroxides and AA can activate COX, but higher
levels nitrate and inactivate COX (/56). COX catalysis requires the formation of
a tyrosyl radical on Tyr385 (/57). In vitro studies showed nitration of this Tyr and
inactivation of the enzyme. Human atheroma plaques also demonstrated enzyme
nitration and inactivation (/58). On the other hand, peroxynitrite nitrates and
inactivates PGIS (/59) 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 PGI; levels due to nitration and inactivation of several enzymes (/20).
On the other hand, aging is also responsible for an increase of vascular O»*~
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 O,*~ 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 (/07).

It is interesting to note, that during ‘NO and O~ 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 (/62). Indeed, perlecan, also known as basement membrane-specific
heparan sulfate proteoglycan protein (HSPG) or heparan sulfate proteoglycan 2
(HSPG?2), 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 (/63).
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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) (/67). Nowadays, probabilities of total and cardiovascular
mortality is determined by the ratio pCr/ATP and its correlation with severity
of heart failure (/68). Moreover experiments with either acute (/69) or chronic
(170) inhibition of CK have revealed a loss in contractile reserve of the heart
(171). Animal models of pharmacological induced (/65) and post ischemic heart
failure (172) are associated with nitrated and inactivated MM-CK (173).

a-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 (/75). 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 sulthydryl oxidation
that could be reverted by disulfide-reducing agents (/76). In vivo nitration of
Tyr294 and Tyr?%5 from SERCA-2a of skeletal muscle has been demonstrated
during aging (/77). Immunoprecipitation of SERCA from human coronary
artery atheroma was found, and corroborated the previous used model of aging
rats (/78). 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 (/79). The
nitration of two consecutive tyrosines (Tyr2%4 and Tyr2%5) in membrane-spanning
helix-M4 was determined in senescent heart (/80), 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-Tyr!22
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 (/20). 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 (/90). On a related point, several
redox-based pharmacological agents with peroxynitrite-detoxification activity
could be useful in the treatment of vascular diseases (/97). 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 O~ 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 O>~ and superoxide dismutase (SODs), these enzymes are
unique in regulating O»'~ 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 (/93). 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 (/92). EC-SOD is mainly synthesized by vascular
smooth muscle cells in healthy vessels (/03), 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 (/94). 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 O —-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 O»*~ dismutation product, H,O», which also works as
a signaling molecule (/96). A number of studies suggest that EC-SOD-derived
H,0; stimulates various redox signaling pathways to promote angiogenesis, cell
proliferation and tissue repair (/97-799). 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 O»*~ (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 NO;-formation (205). Thus, it is conceivable that high EC-SOD
expression in the arterial wall may prevent not only deleterious effects of O»*~ but
also peroxynitrite formation. As discussed previously in the chapter, decrease in
EC-SOD activity produces hypertension in humans (/09).

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 enzymes widely 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-1s-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).

Prx-S"+ ONOOH — Prx-SOH +NO," (Eq. 19)

1x 106 M-1 s-1to 7x 107 M-1 s-1) (1/18). 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 (718, 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 (217). 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 uM,
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 CO; (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 (//4). Considering the large rate
constant of Prx2 and peroxynitrite (1.7 x 107 M-! s-1) (212) and its abundant
concentration in the erythrocyte ((240) uM; (213)), the calculated reaction
constant is superior to 4000 s-! (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 (271, 2/4). 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 (ko =2 x 104 M-l sl 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
NOs™ in several steps. Firstly, peroxynitrite reacts with oxyHb (best described as
an intermediate form between iron(I)-dioxygen and an Fe3*-O,~ complex, (Eq.
20)) to yield Oy~ and metHb-peroxynitrite intermediate (Eq. 21), followed by
a rapid heme catalyzed peroxynitrite decomposition of O-O bond hemolysis to
ferrylHb and ‘NO» (Eq. 22). The recombination of *NO, with ferrylHb within
heme cavity produces metHb and NOs~ (Eq. 23) (217).

Hb(Fe®)0, = Hb(Fe*")0,"" (Eq. 20)

Hb(Fe*)0," + ONOO™ — Hb(Fe**)- ONOO™ (Eq. 21)

Hb(Fe®*)- ONOO™— Hb(Fe**-0-ONO) (Eq. 22)
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Hb(Fe*-0-ONO) — Hb(Fe®*") + NO5~ (Eq. 23)

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-! at 25 °C 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 Tyr#2 in the a-globin chains, and Tyr!30 in B-globin chains.
Moreover, oxidation of methionine residues as well as cysteine residues were
identified (a-Met32, a-Met7%, and B-Met>5; a-Cys!%, B-Cys?, and B-Cys!12) (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"-O, 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 (279).

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 “NO, or NO»~, 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, MnZPs are able
to promote the two-electron reduction of peroxynitrite yielding nitrite and the
oxidized Mn™P. 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 uM (222, 223). The reactivity of different MnPs toward peroxynitrite
is diverse, with rate constants ranging from 105 to 107 M-1 s-1 at 37°C (206) (Table
2). The mechanism of the reaction between the MnPorphyrin and peroxynitrite is
outlined below (Eqgs. 24 and 25) (224).

Mn?*-Porphyrin + ONOO™— ONOO- Mn**-Porphyrin (Eq. 24)

ONOO- Mn**-Porphyrin = O=Mn**-Porphyrin (Eq. 25)

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). The mitochondria represents the
prime locus of formation and actions of peroxynitrite (228). Indeed, mitochondria
are central intracellular sources of O,*~, 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 O>*~
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-l s (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
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(k2 ~ 106 M-Is-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).

Eb-Se” + ONOOH — Eb-SeOH + NO," (Eqg. 26)

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 (247, 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),. 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 disecase. 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 peroxynitrite2

Mn Porphyrin ky M1 51
Mn3* TM 2-PyP 1.9 x 107
Mn3* TnPr-2-PyP 1.4 x 107
Mn3* TnBu-2-PyP 1.3 x 107
Mn?3* 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
Mn?2+ TE 2-PyP >7 x 106

a  MnllITM-2-PyP, manganese(Ill)mesotetrakis((N-methyl)pyridinium-2-yl)porphyrin;
MnllITnPr-2-PyP, manganese(Ill)mesotetrakis((N-n-propyl)pyridinium-2-yl)porphyrin;
MnllITnBu-2-PyP,  manganese(Ill)mesotetrakis((N-n-butyl)pyridinium-2-yl)porphyrin;
MnllITnHex-2-PyP, manganese(Ill)mesotetrakis((N-n-hexyl)pyridinium-2-yl)porphyrin;
MnllITnOct-2-PyP, manganese(IlI)mesotetrakis((N-n-octyl)pyridinium-2-yl)porphyrin;
MnllITM-3-PyP, manganese(IIl)mesotetrakis((N-methyl)pyridinium-3-yl)porphyrin;
MnlIITM-4-PyP, manganese(III)mesotetrakis((N-methyl)pyridinium-4-yl)porphyrin;
MnlIIITSPP, manganese(Ill)mesotetrakis(4-sulfonatophenyl)-porphyrin; ~ MnIIITCPP,
manganese(Ill)mesotetrakis(4-carboxylatophenyl)porphyrin; manganese (20/) 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 Keapl, 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
O~ 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 (26/-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 O~
and H>O,. 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.
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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 (O;*) producing the powerful oxidant peroxynitrite
anion (ONOO-). Sources of O 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 H>O; (generated by SOD-catalyzed dismutation of O*), the one
electron oxidation of *NO to NO;- and of NO»- to *‘NO;, 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 O» formation (The circles provide and
approximation of relative diffusion distances). Peroxynitrite-dependent nitration
of mitochondrial proteins such as Mn SOD, and cytochrome ¢ amplify the cellular
oxidative damage through either increase O, steady-state levels and enhanced
peroxidase activity (NO»-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 (V) and
allow the efflux of several pro-apoptotic molecules, including cytochrome c.

Superoxide dismutases (SOD) constitute an important defensive line,
diverting O>* to H>O> 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 NO»-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 NO>- can react with oxyhemoglobin (Oxy Hb) to produce
methemoglobin (Met Hb) and NOs-.

When the endothelial dysfunction is established via an enhancement of
vascular Oy 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 wunderlying 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 (/,
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 (H20»). Additionally, H>O, is associated with the production of reactive
nitric oxide (NOe) species, which can also react with O2e- to produce highly
reactive peroxynitrite (ONOQ") (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+—, OHe and H>O,. Superoxide
dismutase (SOD) enzyme converts O2¢— to H2O; (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 NOe, which further
reacts with O2¢— and forms peroxynitrite (equation 4). Peroxynitrite can get
decomposed to OHe and NO2e (equation 5).

ROS Generating Chemical Equations within the Cell

(1) 02e— + 02.- +2H*  SOD H,0, + O,
—

(2) Fe* +H,0, —» Fe* + OHs + OH™ (Fenton reaction)
(3) H,O, + O2¢— —»  0O,+ OH + OH- (Haber Weiss reaction)
(4) NO+ + 02— ——» ONOO-

(5) ONOO- + H*  ——» OH+ + NO2-

Generation of ROS under normal physiological conditions seems to facilitate
numerous beneficial effects such as defense from infectious agents, cellular
proliferations and survival (§). Under healthy conditions, O, and H,O, are
normal byproducts of oxygen metabolism by the mitochondria. The generation
of Oy from mitochondrial complexes I and III of the electron transport chain can
result in H,O; 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 H>O» 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 O, 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 H»O,.
The DA redox chemistry engages a series of reactions producing ROS (70).
DA metabolism by the enzyme MAO-B into DOPAC produces reactive H,O»

(equation 6).

(6) DA+ O, +H,O MAO-B DOPAC+ NHj + H,0..
—
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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,
Keapl: kelch-like ECH associated proteinl; Nrf2: nuclear factor erythroid
2 (NF-E2)-related factor 2; UPS: Ubiquitin proteasome pathway, GSH:
glutathione.

Moreover, DA undergoes spontaneous auto-oxidation in O, and iron rich
environment to produce toxic DA quinones, O2+— and H>O» (equation 7). Highly
reactive OHe are produced from O2+— and HO», see equation 3 above.
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(7)DA Fe** +0, dopa semiquinone + 02— + H*
—

Fe?* + O, dopaquinone + Fe?* + H,0,
—»

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, VMAT?2 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
(1I). 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 (/3). 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 OHe and
ROS generation. Neuromelanin contributes to H>O» production by catalyzing
dismutation of O2+— (equation 8).

(8) 02+ + 2H" ——» H,0,

The Fenton chemistry for OHe 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 (/4, 15). Finally,
neuromelanin that leaks from degenerating nigral neurons may contribute to the
neurodegenerative process of the healthy cells by activating the neighboring
microglia (/6). 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 H,O» 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 H,O» by converting GSH
into oxidized glutathione (GS-SG) (equation 9).

(9) H,0, + GSH GPx GS-SG + 2H,0
—

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 (/8). The brain homeostasis is maintained
by microglia by the production of various neurotrophic and anti-inflammatory
factors that influences the neighboring astrocytes and neurons (/9). 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 (27). In PD, reactive microgliosis may be triggered
by oxidized or nitrated molecules released by dying or damaged dopaminergic
neurons that include aggregated a-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 O; is
sequentially reduced to H>O by the electron transport chain complexes, a small
percentage of O2+— is produced by complexes I and III. Once produced inside
the mitochondria, O2e— may be converted to H>O, 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 H>O; to H,O and O,. 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 ¢ 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 (3/). 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 (4/). 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, 57). A detailed study of alterations in a range of DNA
bases and products of oxidation in PD showed only guanine was affected (4/).
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 OHe attack on guanine bases. Since
the subsequent formation of §-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 (67). 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
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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) (7/). 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- a-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.

a-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 a-synuclein
a propensity to develop a B-sheet structure that readily polymerizes into oligomers
and higher order aggregates such as fibrils (77). Although a-synuclein aggregates
are a common feature of PD and alpha-synucleinopathies, little is known of
the mechanism by which a-synuclein promotes neuronal loss or the factors
that regulate a-synuclein toxicity. Several studies suggested direct pathologic
relationships between oxidative stress/damage and a-synucleinopathies.
Specifically, Lewy bodies and Lewy neurites in human a-synucleinopathies are
associated with the accumulation of oxidatively modified form of a-synuclein,
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including nitrated o-synuclein (73). Oxidative damage to a-synuclein, particularly
dityrosine cross-linking of a-synuclein, is associated with increased aggregation
(74, 75). Moreover, a-synuclein can catalyze formation of H>O» in vitro (76).
The transition of a-synuclein from protofibrils to mature fibrils is inhibited by
oxidative modification of a-synuclein by DA that results in accumulation of
cytotoxic protofibrils in dopaminergic neurons suggesting that catechol oxidation
may contribute to the accumulation of a-synuclein (77). It is suggested that
pore forming a-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 a-synuclein
with membrane-associated enzyme phospholipase D2 (PLD2), whereby it limits
the number of vesicles to store DA (80). In addition, a-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 (87). Several lines of studies demonstrate a direct role
of a-synuclein in oxidative stress-induced neurodegeneration by influencing
mitochondrial dysfunction. In this regard, a-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 a-synuclein in the mitochondrial membrane of dopaminergic neurons
in control mice (84) and in the degenerating mitochondria of the human A53T
a-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, a-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 a-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
a-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 o-synuclein is known to localize in the nucleus where it binds to the
promoter of peroxisome proliferator-activated receptor gamma-coactivator-1
alpha (PGC1 a) gene that results in downregulation of PGC1 o target genes that
are involved in modulating mitochondrial biogenesis, and oxidative stress (90).
Other exogenous factors that link oxidative stress and mitochondrial dysfunction
via a-synuclein are also suggested. For instance in vivo studies using rats
demonstrate formation of a-synuclein aggregates following systemic exposure
to mitochondrial toxins such as rotenone (9/) or dichlorvos (92). Similarly,
a-synuclein transgenic mice exhibit increased proteinase-K-resistant a-synuclein
inclusions (93) and demonstrate increased sensitivity to neurodegeneration to
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MPTP (94-96). Conversely, mice lacking a-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,
a-synuclein aggregation and mitochondrial dysfunction that can create a vicious
cycle to set the stage for neurodegeneration.

a-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)-a, and interleukin-6 (104, 105)
when conditioned media from neuronal cells that overexpress mutant or wild-type
a-synuclein is incubated with microglial cells. This is consistent with increased
ROS production and microglial activation accompanied by increased secretion
of TNF-a and interleukin-6 by microglial cells when incubated with a-synuclein
aggregates, or mutant a-synuclein (100, 106, 107). The ability of a-synuclein
to activate microglia is further enhanced when a-synuclein is nitrated, which
renders it to aggregate and become resistant to proteolysis (/07—109). In addition
to its influence on microglia, nitrated a-synuclein is also known to activate
adaptive immune response that leads to increased leukocyte infiltration in the
brain (/10). This is consistent with the accumulation of nitrated o-synuclein
and subsequent loss of dopaminergic neurons in human a-synuclein transgenic
mice administered with systemic lipopolysaccharide (LPS) when compared to
wild-type mice (/7). A proposed mechanism of excessive microglial activation
and subsequent pro-inflammatory state in the brain is suggested by the release of
misfolded a-synuclein from dying dopaminergic neurons. Notably, oligomeric
a-synuclein has been shown to be an agonist for toll-like receptor (TLR)-2
resulting in microglial activation (//2) which is consistent with increased
microglial expression of TLR2 in ILBD indicative of an early microglial activation
in response to PD pathology (//3). Interestingly, activation of microglia by
a-synuclein is attenuated in microglia from mice that lack CD36, the scavenger
receptor further suggesting a direct role of a-synuclein and inflammation in
PD pathogenesis (/00). Taken together, it appears that genetic abnormalities in
a-synuclein leads to increased oxidative stress, whereas oxidative stress itself is
sufficient to impart a toxic phenotype to a-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 (//4). 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 (/15). 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 (//6). Contrary to this expression
of mutant parkin is associated with increased oxidative stress markers such as
protein carbonyls, lipid peroxidation and nitrated proteins (//7). Importantly,
the E3 ligase activity of parkin is known to be impaired by post-translational
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modifications induced by oxidative and nitrosative stress (//8, 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 (//8).
This observation is consistent with the presence of DA quinone modified parkin
in the SN of PD patients compared to controls (//8). 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 (/20). 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 (/21, 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 Ca?* calmodulin family, whose mutations are linked to autosomal
recessive PD (/23). 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 (/24). 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 PINKI1 function has been attributed to mitochondrial
dysfunction and increased susceptibility to cell death (/25). 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 H>O, compared with mitochondria
isolated from wild-type mice (/26). PINKI deficiency results in shortening,
swelling and fragmentation of mitochondria in cultured cells (/27—131) associated
with loss of mitochondrial enzyme activity, particularly that of complex I (126,
132, 133). In addition, knocking down PINKI1 in SH-SY5Y cells results in
decreased mtDNA synthesis followed by loss of mitochondrial membrane
potential and decreased ATP production (/32). Neurophysiologically, it has been
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demonstrated that the nigral dopaminergic neurons use Ca2* for their pacemaking
activity via Cay1.3 channels and that such pacemaking using these L-type CaZ*
channels increases mitochondrial oxidative stress (Figure 1) (134, 135). This link
between Ca?* fluxes and mitochondria is enhanced by previous demonstration
that loss of PINKI sensitizes cells to Ca2*-induced cytotoxicity (/36). 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 (/23) and enhance
oxidative stress-induced cell death (/37). Further, induced pluripotent stem cells
(iPSC) from PINK1 mutant human subjects have increased vulnerability to MPP+
and H>O; (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 (/40-148). DJ-1 can eliminate H>O» 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 (/49). 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 (ASKI1) in the cytoplasm (/50).
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 (/57).
DIJ-1 also stabilizes the antioxidant transcriptional master regulator nuclear factor
erythroid-2 related factor 2 (Nrf2) by preventing association with its inhibitor
protein Keapl (/52, 153). DJ-1 can also increase the expression of VMAT2
(154, 155). Since VMAT?2 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 (/56).
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 (/57). In addition,
DJ-1 plays a role in maintenance of mitochondrial structure by counteracting the
mitochondrial impairment induced by the tumor suppressor protein p53 (/58).
Moreover, overexpression of the gene encoding DJ-1 protects against oxidative
injury whereas knocking down the expression by RNAi enhances susceptibility to
oxidative stress (/41, 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.

LRRK?2 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 (/64—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 (/70, 171). Overexpression of wild-type or
mutant LRRK?2 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 H>O» (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 LRRK?2 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 (/74). 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 (770, 179), and regulation of autophagy (/80-183)
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 (/84). 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 LRRK?2 attenuates TNFa secretion and
inducible NOS induction (/85). Notably, LRRK2 knockdown microglia exhibited
a significant reduction of nuclear factor kappa B (NF-kB) transcriptional activity
following TLR-mediated immune signaling induced by LPS, and an increase of
DNA-binding activity of the NF-kB 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 (/86).

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 (/87). 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 (/88). 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 (/89). 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 (/90). 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 (/97). Creatine is an antioxidant and improves mitochondrial
bioenergetics and has been shown to be neuroprotective in preclinical animal
models (/92). 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 (/94) 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 (/96, 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 (2/0). 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 (21/3). 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 (274, 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 (2/6) 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 (277).

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 (2/7). 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 (2/9). 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 (2/9). 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
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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
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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 (/, 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 (/0) 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 (//) was after
modified in 1972 (/2) 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 (/3, /4) 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 (/5, 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 (O»~) and hydroxyl radical (-OH) and nonradical molecules like hydrogen
peroxide (H20>) 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 (/7—79). 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 H>0,, 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 (73, 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 (3/—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 (/8, 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 (79, 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 (27, 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 DNA mutation. The researchers suggest
that accumulation of age dependent mtDNA mutations 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.

181
In Oxidative Stress: Diagnostics, Prevention, and Therapy Volume 2; Hepel, et al.;
ACS Symposium Series; American Chemical Society: Washington, DC, 2015.



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch006

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-xB, 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 (5/). 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
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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 to modulate 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, 7). 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: 7) 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).

DNA oxidative damage is a common mediator 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 (-SO27), and sulfonate (-SO3;7), 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 (87), 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 ai-antitrypsin inhibitor activity upon
Met oxidation (82). Two types of methionine sulfoxide reductases act on the
structurally distinct S- and R-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 allbB3 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 are maintained 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 (75, 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 F»-isoprostanes (/02—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 (/02).

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 (13, 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 a type surrounding two of B type) that form
a barrel-like structure (/08). 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 (/09).

Proteasome activity and functionality declines with age (//0-113). 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 (//4).

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 (Keapl) signaling pathway appears
to be a central player (//5). By mean a RNA interference (RNAi) screen in
Drosophila cells, a Nrf2 isoform was identified as a possible transcriptional
regulator of proteasome components’ expression (//6). 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/Keapl signaling pathway), resulting in impaired de
novo proteasome biogenesis after a proteasome damage (//3).

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 (/7).

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 (178, 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 (/20).

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 (/19, 121).

Telomeres are a G-rich repetitive DNA maintained by a specialized reverse
transcriptase enzyme called telomerase (/20). 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, pS53 activation preferentially
induces expression of antioxidant genes; however, when ROS production is high,
pS3 instead activates pro-oxidant genes (/24, 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 (/30).

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 (/30, 137). SIRTI 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 (/31).

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 (730, 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 (/30, 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 la (HPla), 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 (735, 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 (/37).

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 (/30).

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
v deficiency during age could also contribute to dysfunction (/38).

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 (/39).

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 (/40).

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 (/47). 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 (/43).

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
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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 (/47). In fact, CR reduces OS at the
same time that it stimulates mitochondrial proliferation through a peroxisome
proliferation-activated receptor coactivator alpha (PPARa) 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 (/48). Moreover, CR increases ATP
concentration, oxygen consumption and mtDNA when compared with add libitum
fed mice. In addition, CR alters mitochondrial membrane fatty acid composition,
allowing for increased mitochondrial functions (/49). 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-la is expressed
and activated during aging in animal models of CR, leading to an increase of
mitochondrial mass (/50). PGC-1a modulates the activity of several transcription
factors and coactivators involved in mitochondrial respiration and biogenesis
such as NRF-1, NRF-2, PPARYy, 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-1a activates the shift of substrate utilization from
carbohydrates to fatty acids through co-regulation of PPARy. The PCG-1a signal
includes the up-regulation of antioxidant and repair system, as well as a boost in
energy metabolism (/52).

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 (/53).

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 (/55, /56) 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-«xB 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 (/59). 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 (/60). 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 (/63). 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-1a (164). Production of Glucocorticoids (GC) one of the most potent
suppressors of NF-kB 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-xB activation through the suppression of OS should be more
effective way to manage the process than GC, as shown by CR action (/60).

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 (/67).

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 (/68).

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-1p), IL-6, and tumor
necrosis factor alpha (TNF-a), 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-B1) and IL-10, contributes to the establishment of an
inflammatory state (/71).

Many studies have shown that OS can contribute to the development of
chronic inflammation and disease during aging (/72). 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 (/73). Multiple studies have
shown the in vivo requirement of TLR signaling in mediating injury from OS in
I/R events (/74—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-kB) 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 (/80, 181). It was reported
that redox imbalance increases the levels of TNF-a, which is able to impair
the synthesis of glutathione (GSH), affecting the antioxidant status in aging
(182). Pro-inflammatory cytokines contain redox-sensitive NF-«xB, 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-kB (/83). 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 (75, 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 (/84, 185). Signalling
pathways involving JNK, p38 MAPK, and the transcription factors as AP-1
and NF-xB 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 TNFa 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 (/90, 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-1p, IL-6, TNFa). NF-xB activation that
include related phosphorylation cascade are involved too, those activation include
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Erk, INK, p38 MAPK pathways. During CR experiments all these events are
blunted (/64). Different laboratories reported regulation of gene expression of
diverse factors as enzymes and cytokines (/97). NF-kB 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 (/94), in 2002 data of USA (795), and Turkey (99, 196), in 2004
data from Brazil (/97), in 2006 from Germany (/98), in 2007 data from USA
(199) and Mexico (200), in 2008 data from Germany (20/), 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 correlations were 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 (/98) but others authors found invariable data in the
age course (/97). The age-dependent course of plasma UA is more determined
by metabolic and nutritional influences than by the balance between prooxidants
and antioxidants (/98). 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 (/99). Evaluations of DNA damage by comet assay and Flare method are
contradictory finding unchanged values and increased respectively (/99). 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 (/97-199).

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 (798).

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 (/94). 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.2

Age range
Study Design Sample size (vears) oSI Outcomes with age
Meccoci Cross sectional and Vit C, E, A, thiols, 1 Vit C, B-carotene, thiols,
Italy- 2000 comparative stud 107 60-99 a-carotene, [B-carotene, 1 Vit E, A a-carotene, P-SOD, E-SOD,
(194) P Y P-SOD, E-SOD, P-GPx « P-GPx
Jones GSH, GSSG, Cys, | GSH, Cys,
USA- 2002 Cross sectional and 122 19-85 CySS, CySSG, Eh 1 GSSG, CySS, CySSG,
(195) comparative study GSH/GSSG, Eh Cys/cySS, | Eh GSH/GSSG, Eh Cys/cySS, Eh
Eh CSH-Cys/CySSG CSH-Cys/CySSG
Erden-Inal .
Turkey- 2002 Cross seqtlonal and 176 0.2-69 GSH, GSSG, E-GSSGR, | GSH, E-GSSGR, Se
(99) comparative study E-GPx, Se 1 GSSG, E-GPx
Ozbay Cross sectional and
Turkey- 2002 . 257 9-71 MDA, E-SOD, E-GPx 1 MDA, E-SOD, E-GPx
comparative study
(1996)
Junqueira .
Brazil — 2004 Cross secponal and 503 20->70 TBARS, E-SOD, E-CAT, 1 TBARS, E-GPx
(197) comparative study E-GPx «— E-SOD, E-CAT
Gil . | GSH,
Germany- 2006 Cross sectional and 194 18 - 84 MDA, PCO, HNE, GSH, | \ip A pCo, HNE, GSSG
comparative study GSH, GSSG, UA
(198) « UA
Frisard Cross sectional and U-IsoPs, PCO, DNA 1 DNA damage FLARE
USA-2007 comparative stud 170 20-90 damage (Comet assay, <> U-IsoPs, PCO, DNA damage
(199) P Y FLARE) Comet assay
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Age range

Study Design Sample size (vears) oSI Outcomes with age
Mendoza .
Mexico-2007 Cross sectional and 249 2570 LPO, TAS, E-GPx, E-soD | + TAS, E-GPX.TLPO,
(200) comparative study < E-SOD
Ditmar . DNA, P-SOD, GPx,
Germany 2008 Cross sectional and 40 24-79 LPO, GSH/GSSG, Vit Taexg ?,Hégls)SGB’ Zn.DNA, LPO
201 parative study C, B-carotene, Zn T &
Singh Cross sectional and LPO,SOD, GSH, GPx | GSH, GPx
India- 2009 . 300 15-65 . ’ ’ ’ ’
(202) comparative study XOD 1 XOD, LPO,SOD,
Alexandrova Cross sectional and | E-SOD < 70 years old
Bulgaria 2010 . 45 40-80 E-SOD M
(203) comparative study < E-SOD > years old
Banerjee .
India-2014 Cross sectional and 80 35-90 TBARS, P-SOD, PCO 1 PCO, TBARS
(204) comparative study | P-SOD

a Legend: 1 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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Interventions that Might
Extend Human Healthspan
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Telomerase reactivation

Primary
§  negative
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Epigeneticiues
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Dietary restriction; l15and mTOR
inhibition AMPK and sirtuin
8 Antagonistic activation

elements

Mitohormetics, mitophagy

Clearance of senescent cells

Integrative

Stem-cell-based therapies
elements

Anti-inflammatory drugs
Blood-borne rejuvenation factors

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 Lopez-Otin et. al (/43) 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 (37).

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 1)
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 (270).

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 (2117). 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 (272)
and extends replicative lifespan in yeast.

Current available evidence strongly supports the idea that anabolic signaling
accelerates aging and decreased nutrient signaling extends longevity (2/3).
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 cancer. Pharmacological interventions are also being explored to
improve stem cell function in particular, mMTORCI] 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 (274, 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 systemic metabolic 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.
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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 (/). 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, the mechanistic focus
has been on inhibition of protease function of RNA polymerase activity. Since the
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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 (&),
nephrotoxins (9), hepatotoxins (/0), cardiovascular toxins (//), nerve toxins (/2),
mitochondrial toxins (/3), abused drugs (/4), immunotoxins (/5), pulmonary
toxins (/6), dermal toxins (/7), ototoxins (/8), eye toxins (/9), 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.

+e —
ET agent ~ ET agent

N

.
0, 2

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

c—c—NR2 - >—‘—C—N2 - >—C—C—NR2

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.
N
\>—NH2
N

N SO,

OH

a) syn

b) anti

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, which may 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 aimed mainly 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).

224
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.ch007&iName=master.img-004.png&w=206&h=80
http://pubs.acs.org/action/showImage?doi=10.1021/bk-2015-1200.ch007&iName=master.img-005.png&w=112&h=69

Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch007

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.

COOH

A

N X
F

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.

i1y
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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, 37) (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.

[0] [0]
OH — » HO OH——> o )

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.

HaCO ,<\( fwf%}\

ﬂ

llll

OCH3

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 (/7), 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).
H3C—+N<:>—<:>N+—CH3
N\ / \ /

Cl Cl

Figure 11. Paraquat

Figure 12. Benzodiazepine
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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, 47) 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
HCYV 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 (57). 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
HCYV 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 (7/). 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
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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
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that deals with a unifying mechanism for anti-infective agents including TCS (7).
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.
Cl HO

Figure 1. Triclosan (TCS)

ET agent 7% ET agent

0, - 0,

Scheme 1. Redox cycling with superoxide formation

H+

. H- e -
0, — HOO. — HOOH — > HO + HO

Scheme 2. Superoxide precursor of other ROS

There has been extensive literature supporting the ET-ROS-OS approach,
including anti-infective agents (/), 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 (/). 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 (/8). Toxicity is limited to high and persistent levels of ROS and
is commonly an undesirable effect that accompanies therapy.
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Cl HO OH

Figure 2. Catechol derivative of TCS

Cl HO
OH

Figure 3. Hydroquinone derivative of TCS

Cl 0] 0]

Figure 4. o-Quinone derivative of TCS

Cl 0O
0]

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 (/9). 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.

OH

HO (CH3)5CH3

Figure 6. Hexylresorcinol

The proposed metabolism for TCS in 2000 (/) 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 (2/). 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 TiO> 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 (/).
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) (/0), and salicylic acid (Fig. 11) (/0) 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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HO

\ /

Figure 7. Tetrahydrocannbinol

HO

NHy

HO

Figure 8. Dopamine

NH
HO 2

N
H

Figure 9. 5-Hydroxytriptamine

CHs

N

A\

HO OH

Figure 10. Morphine
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OH
COOH]

Figure 11. Salicylic acid

OH
OH|

HN NH

T

O]

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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OH
OH

(CH2)14CH3

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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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 B-carboline,
benzodiazepines, naltrexone, and disulfiram are addressed
based on the unifying mechanism of ET-ROS-OS.

Keywords: MTIP; flavin; p-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 (/)
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.
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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 (), reproductive
toxins (6), nephrotoxins (7), hepatotoxins (§), cardiovascular toxins (9), nerve
toxins (/0), mitochondrial toxins (/7), abused drugs (/2), pulmonary toxins (/3),
ototoxins (/4), and various other categories (/5).

\ + +e \ Se Se
C—C—C——N — C——=C-—=—=C=——/—=—=—= _—
s . R
H H

Scheme 1. Redox cycling by conjugated iminium
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Scheme 2. Redox cycling with superoxide formation
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0, — HOO. — HOOH —— HO- + HO

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

= /N\

X
N/

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 (/6). 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 (/6). 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 (/7).
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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 (/6). 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 (/8). NMR studies were made
of this type of bonding (/9). 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, AE;» 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/FADH; 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
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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 (4/). 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 (FIOOH).

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 FIOOH.
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 (57).
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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 MICALSs 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.

B-Carbolines

These agents, recently developed, show promise based on early reports (/).
Data do not unequivocally support the role for the GABA(A) receptor as the sole
mediator of the antagonistic actions of f-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.
O )<
\ o
+

_~NH

N
H

Figure 5. A protonated [f-carboline

We propose a novel ET mechanism which may be involved in the
neurochemical action of B-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 Ei» 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.

—\ +
\ /N—Me

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-CO,H 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 (/).
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 (/). 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 (/7).

Me
| 0
N
cl ‘ _— N\+
H

Figure 7. Protonated diazepam

Naltrexone

This drug (Fig. 8) is used to help addicts stay alcohol-free, but is not a cure
(). Treatment, involving a multi-component regimen, begins after dependency
ends. The alkaloid can be intergrated into the basic mechanistic approach entailing
ET-ROS-OS.

HO\

AN
P
e
. N%
A

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 (/) 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 (/). 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 a-dicarbonyl compounds, e.g., diacetyl and
its monoxime derivatives (59), which possess reduction potentials favorable for
ET in biosystems. A similar likeness pertains to a-iminocarboxylic acids which
also electron affinic (60). A recent review provides a unifying mode of action for
abused drugs centered on ET-ROS-0OS (12).

S S
Nebs—s
/ N

Figure 9. Disulfiram

Figure 10. Sulfoxide metabolite of DSF

DSF displays various toxicities to body constituents, including the liver, CNS
and mitochondria (/, 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 (7).
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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

Acknowledgments

Editorial assistance by Thelma Chavez is acknowledged.

References

1.  Kovacic, P.; Somanathan, R. In New Research in Alcohol Abuse and

Alcoholism; Brozner, E. Y., Ed.; Nova: New York, 2006; pp 49—102.

Kovacic, P.; Somanathan, R. [ N I 2010, 6, 46-59.

Kovacic, P;; Becvar, L. E. . 2000, 6, 143-167.

Kovacic, P.; Osuna, J. A. SR 2000, 6, 277-309.

Kovacic, P.; Jacintho, J. D. S 2001, 8, 773-796.

Kovacic, P.; Jacintho, J. D. S 2001, 8, 863—892.

Kovacic, P.; Sacman, A.; Wu-Weis, M. R 2002, 9, 823-847.

Poli, G.; Cheeseman, K. H.; Dianzani, M. U.; Slater, T. F. Free Radicals in

the Pathogenesis of Liver Injury; Pergamon: New York, 1989; pp 1-330.

9. Kovacic, P;; Thurn, L. A. | NN 2005, 3, 107-117.

10. Kovacic, P.; Somanathan, R. | 2005, 5, 2601-2623.

11. Kovacic, P.; Pozos, R. S.; Somanathan, R.; Shangari, R.; O’Brien, P. LCie
fsshilsigs. 2005, 5, 2601-2623.

12. Kovacic, P.; Cooksy, A. L. Med. Hypotheses 2005, 64, 366-367.

13. Kovacic, P.; Somanathan, R. In Reviews of Environmental Contamination
and Toxicology; Whitacre, D. E., Ed.; Springer: New York, 2009; Vol. 201,
pp 41-69.

14. Kovacic, P.; Somanathan, R. i is 2008, 70, 914-923.

15. Halliwell, B.; Gutteridge, J. M. C. Free Radicals in Biology and Medicine;
Oxford University Press: New York, 1999; pp 1-897.

16. Gehlert, D. R.; Cippitelli, A.; Thorsell, A.; Le, A. D.; Hipskind, P. A.;
Hamdouchi, C.; Lu, J.; Hembre, E. J.; Cramer, J.; Song, M.; McKinzie, E. J.;
Morin, M.; Ciccocioppo, R.; Heilig, M. Jubigiiasss 2007, 27, 2718-2716.

XA R DD

255
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=17977665&crossref=10.1016%2Fj.mehy.2007.06.045&coi=1%3ACAS%3A528%3ADC%252BD1cXjs1Gqs78%253D
http://pubs.acs.org/action/showLinks?pmid=11966447&crossref=10.2174%2F0929867024606803&coi=1%3ACAS%3A528%3ADC%252BD38XjtlGrurg%253D
http://pubs.acs.org/action/showLinks?crossref=10.2174%2F092986705774370646
http://pubs.acs.org/action/showLinks?crossref=10.2174%2F092986705774370646
http://pubs.acs.org/action/showLinks?pmid=10637380&crossref=10.2174%2F1381612003401046&coi=1%3ACAS%3A528%3ADC%252BD3cXhslSnsrk%253D
http://pubs.acs.org/action/showLinks?pmid=17344409&crossref=10.1523%2FJNEUROSCI.4985-06.2007&coi=1%3ACAS%3A528%3ADC%252BD2sXjsVCrur8%253D
http://pubs.acs.org/action/showLinks?pmid=15853630&crossref=10.2174%2F1570161053586912&coi=1%3ACAS%3A528%3ADC%252BD2MXjslalu78%253D
http://pubs.acs.org/action/showLinks?pmid=11375756&crossref=10.2174%2F0929867013372878&coi=1%3ACAS%3A528%3ADC%252BD3MXjsVChurs%253D
http://pubs.acs.org/action/showLinks?crossref=10.2174%2F092986705774370646
http://pubs.acs.org/action/showLinks?pmid=10637374&crossref=10.2174%2F1381612810006020143&coi=1%3ACAS%3A528%3ADC%252BD3cXhslWqsbk%253D
http://pubs.acs.org/action/showLinks?pmid=11375749&crossref=10.2174%2F0929867013373084&coi=1%3ACAS%3A528%3ADC%252BD3MXjsVChtbY%253D
http://pubs.acs.org/action/showLinks?crossref=10.2174%2F157340710790711782

Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch009

17.
18.

19.
20.

21.
22.
23.
24.
25.
26.
27.
28.
29.
30.

31.
32.

33.

34.

35.

36.
37.

38.

39.

40.
41.

42.

43.
44.

45.

Rovner, S. Chem. Eng. News 2007, 85, 12.

Sato, K.; Nishina, Y.; Shiga, K.; Tanka, F. | G 2003,
B70, 67-73.

Niemz, A.; Rotello, V. M. jininiiniay. 1996, 9, 158-162.

Cooke, G.; Dulclairoir, F. M. A.; John, P.; Polwart, N.; Rotello, V. M. Chem.
ek, 2003, 2468-2469.

Carroll, J. B.; Cooke, G.; Garety, J. F.; Jordan, J. F.; Mabruk, S.; Rotello, V.
M. i 2005, 3838-3840.

Boyd, A. S. F.; Carroll, J. B.; Cooke, G.; Garety, J. F.; Jordan, B. J.;
Mabruk, S.; Rosair, G.; Rotello, V. M. Sy 2005, 2468-2470.
Kajiki, T.; Moriya, H.; Hoshino, K.; Kuroi, T.; Kondo, S-1.; Nabeshima, T.;
Yano, Y. inftussiisen. 1999, 64, 9679-9689.

Chang, F.-C.; Bradley, L. H.; Swenson, R. P. | | I 2001,
1504, 319-328.

Tucker, J. H. R.; Collinson, S. R. Sinsissiam 2002, 3/, 147-156.
Lively, C. R.; McFarland, J. T. jasiiiuetiass. 1990, 94, 3980—3994.
Hazekawa, I.; Nishina, Y.; Sato, K.; Shichiri, M.; Miura, R.; Shiga, K. J.
Bigeheus 1997, 121, 1147-1154.

Lohr, F.; Yalloway, G. N.; Mayhew, S. G.; Riiterjans, H. il
2004, 5, 1523-1534.

Piacaud, T.; Desbois, A. saiannism. 2002, 277, 31715-31721.

Niemz, A.; Rotello, V. M. puniiaiiag 1999, 32, 44-52.

Cooke, G. NG 2003, 42, 4360-4870.

Robetrs, G. A.; Celik, A.; Hunter, D. J. B.; Ost, T. W. B.; White, J. H.;
Chapman, S. K.; Turner, N. J.; Flitsch, S. L. J. Biochem. Chem. 2003, 278,
49914-48920.

Birss, V. 1.; Elzanowska, H.; Turner, R. A. (einisissg 1988, 66, 86-96.
Finn, R. D.; Basram, J.; Roitel, O.; Wolf, C. R.; Munro, A. W.; Paine, M. J.
1.; Scrutton, N. S. i 2003, 270, 1164-1175.

Steensma, E.; Heering, H. A.; Hagen, W. R.; Van Mierlo, C. P. M. Kl
Biccheus 1996, 235, 167-172.

Heeting, H. A.; Hagen, W. R. NG 1996, 404, 249-260.
Kubota, L. T.; Gorton, L.; Roddick-Lanzilotta, A.; McQuillan, A. J.

Hiesssussiies 1998, 47, 39-46.
Konig, B.; Pelka, M.; Reichenbach-Klinke, R.; Schelter, J.; Daub, J. Ll

iiganialgig. 2001, 2297-2303.

Barber, M. J.; Trimboli, A. J.; Nomikos, S.; Smith, E. T. s
Bigphas 1997, 345, 88-96.

Crovetto, L.; Braslavsky, S. E. jli i 2006, //0, 7307-7315.
Murataliev, M. B.; Feyereisen, R.; Walker, F. A. | IGcIENNEzINE
2004, 1698, 1-26.

Gutierrez, A.; Munro, A. W.; Grunau, A.; Wolf, C. R.; Scrutton, N. S. J.
Rigekew. 2003, 270, 2612-2621.

Roth, J. P.; Klinman, J. P. || N G 2003, 100, 62-67.
Noll, G.; Kozma, E.; Grandori, R.; Carey, J.; Schodl, T.; Hauska, G.; Daub, J.
g 2006, 22, 2378-2383.

Mattevi, A. |INNNENEGGEEN. 2006, 3/, 276-283.

256
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=15063311&crossref=10.1016%2Fj.bbapap.2003.10.003&coi=1%3ACAS%3A528%3ADC%252BD2cXivVCqsbg%253D
http://pubs.acs.org/action/showLinks?pmid=14579431&crossref=10.1002%2Fanie.200301636&coi=1%3ACAS%3A528%3ADC%252BD3sXos1Oisro%253D
http://pubs.acs.org/action/showLinks?pmid=16041434&crossref=10.1039%2Fb505215g&coi=1%3ACAS%3A528%3ADC%252BD2MXmsVGgsbo%253D
http://pubs.acs.org/action/showLinks?pmid=9281315&crossref=10.1006%2Fabbi.1997.0223&coi=1%3ACAS%3A528%3ADyaK2sXmtlKjs70%253D
http://pubs.acs.org/action/showLinks?pmid=9281315&crossref=10.1006%2Fabbi.1997.0223&coi=1%3ACAS%3A528%3ADyaK2sXmtlKjs70%253D
http://pubs.acs.org/action/showLinks?pmid=12077126&crossref=10.1074%2Fjbc.M202273200
http://pubs.acs.org/action/showLinks?pmid=8877808&crossref=10.1002%2F%28SICI%291099-1352%28199603%299%3A2%3C158%3A%3AAID-JMR257%3E3.0.CO%3B2-N&coi=1%3ACAS%3A528%3ADyaK28Xls1Ggs7w%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2F0022-0728%2895%2904248-2
http://pubs.acs.org/action/showLinks?system=10.1021%2Fj100373a021&coi=1%3ACAS%3A528%3ADyaK3cXitFKmsbo%253D
http://pubs.acs.org/action/showLinks?pmid=12506204&crossref=10.1073%2Fpnas.252644599&coi=1%3ACAS%3A528%3ADC%252BD3sXktlOitg%253D%253D
http://pubs.acs.org/action/showLinks?crossref=10.1139%2Fv88-013&coi=1%3ACAS%3A528%3ADyaL1cXhsVKitrg%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjo9913210&coi=1%3ACAS%3A528%3ADyaK1MXnslSlu7w%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp0570115&pmid=16759118&coi=1%3ACAS%3A528%3ADC%252BD28XkslKhtb8%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Far980046l&coi=1%3ACAS%3A528%3ADyaK1cXnt12jtLc%253D
http://pubs.acs.org/action/showLinks?pmid=14587735&crossref=10.1039%2Fb307980p&coi=1%3ACAS%3A528%3ADC%252BD3sXntlWhsbc%253D
http://pubs.acs.org/action/showLinks?pmid=14587735&crossref=10.1039%2Fb307980p&coi=1%3ACAS%3A528%3ADC%252BD3sXntlWhsbc%253D
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F1099-0690%28200106%292001%3A12%3C2297%3A%3AAID-EJOC2297%3E3.0.CO%3B2-R&coi=1%3ACAS%3A528%3ADC%252BD3MXksFCitro%253D
http://pubs.acs.org/action/showLinks?crossref=10.1002%2F1099-0690%28200106%292001%3A12%3C2297%3A%3AAID-EJOC2297%3E3.0.CO%3B2-R&coi=1%3ACAS%3A528%3ADC%252BD3MXksFCitro%253D
http://pubs.acs.org/action/showLinks?pmid=15515086&crossref=10.1002%2Fcbic.200400171&coi=1%3ACAS%3A280%3ADC%252BD2crpvFyksg%253D%253D
http://pubs.acs.org/action/showLinks?pmid=16600599&crossref=10.1016%2Fj.tibs.2006.03.003&coi=1%3ACAS%3A528%3ADC%252BD28Xks1ektbw%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS1011-1344%2803%2900056-3
http://pubs.acs.org/action/showLinks?pmid=8631324&crossref=10.1111%2Fj.1432-1033.1996.00167.x&coi=1%3ACAS%3A528%3ADyaK28XotlaitA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=8631324&crossref=10.1111%2Fj.1432-1033.1996.00167.x&coi=1%3ACAS%3A528%3ADyaK28XotlaitA%253D%253D
http://pubs.acs.org/action/showLinks?pmid=12122640&crossref=10.1039%2Fa804251i&coi=1%3ACAS%3A528%3ADC%252BD38Xjtlylsrg%253D
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADC%252BD3sXkvFSju7w%253D
http://pubs.acs.org/action/showLinks?coi=1%3ACAS%3A528%3ADC%252BD3sXkvFSju7w%253D
http://pubs.acs.org/action/showLinks?pmid=15886773&crossref=10.1039%2Fb501887k&coi=1%3ACAS%3A528%3ADC%252BD2MXktVSjsbw%253D
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0302-4598%2898%2900182-2
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0302-4598%2898%2900182-2
http://pubs.acs.org/action/showLinks?pmid=9354390&crossref=10.1093%2Foxfordjournals.jbchem.a021708&coi=1%3ACAS%3A528%3ADyaK2sXktlKnsb0%253D
http://pubs.acs.org/action/showLinks?pmid=9354390&crossref=10.1093%2Foxfordjournals.jbchem.a021708&coi=1%3ACAS%3A528%3ADyaK2sXktlKnsb0%253D
http://pubs.acs.org/action/showLinks?system=10.1021%2Fla051423n&pmid=16489832&coi=1%3ACAS%3A280%3ADC%252BD287jtFGmsw%253D%253D
http://pubs.acs.org/action/showLinks?pmid=12631275&crossref=10.1046%2Fj.1432-1033.2003.03474.x&coi=1%3ACAS%3A528%3ADC%252BD3sXivVSkt7g%253D
http://pubs.acs.org/action/showLinks?pmid=11245795&crossref=10.1016%2FS0005-2728%2800%2900260-7&coi=1%3ACAS%3A528%3ADC%252BD3MXhs1Cisrc%253D

Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch009

46.
47.

48.

49.
50.
51.
52.
53.
54.
55.
56.
57.
58.
59.
60.
61.
62.
63.

64.
65.

66.
67.
68.
69.

70.
71.

72.

73.

74.

Massey, V. inionitelen. 1994, 269, 22459-22462.

Roth, J. P.; Wincek, R.; Nodet, G.; Edmondson, D. E.; Mclntire, W. S.;
Klinman, J. P. . 2004, /26, 15120-15134.

Egorov, S. Y.; Krasnovsky, A. A., Jr.; Bashtanov, M. Y.; Mironov, E.

A.; Ludnikova, T. A.; Kritsky, M. S. [ NNRNRNEGGEEEE 1999, 64,
1117-1121.

Laloraya, M. M.; Pradeep, K. G.; Laloraya, M. ]
1994, 33, 543-551.

Hockberger, P. E.; Skimina, T. A.; Centonze, V. E.; Lavin, C.; Chu, S.;
Dadras, S.; Reddy, J. K.; White, J. G. _ 1999,
96, 6255-6260.

Imada, Y.; Naota, T. Chem. Rev. 2007, 7, 354-361.

De Colibus, L.; Mattevi, A. || | S 2000, /6, 722-728.
Kolk, S. M.; Pasterkamp, R. . 2007, 600, 38-51.
Crosson, S.; Moffat, K. . 2001, 98, 2995-3000.
Kovacic, P.; Edwards, W. D.; Ming, G. . 1991,
14, 25-32.

Macgregor, T. R.; Drum, M. A.; Harrigan, S. E.; Wiley, J. N.; Reuning, R.
H. dnlilessseses’. 1983, 35, 38-42.

Wall, M. E.; Brine, D. R.; Perez-Reyes, M. I INJEEGEGEGEE 1981, 9,
369-375.

Paudel, K. S.; Nalluri, B. N.; Hammel, D. C.; Valiveti, S.; Kiptoo, M. O.;
Crooks, P. A.; Stinchcomb, A. L. gaiiissssssmisei. 2005, 94, 1965-1975.
Nierfar, N. N.; Haycock, F. L.; Wesermann, J. L.; Macstay, J. A.; Heasly, V.
L.; Kovacic, P. J. Mex. Chem. Soc. 2002, 46, 307-312.

Kovacic, P.; Popp, W. J.; Timberlake, J. W.; Ryan, M. D. (isssiital

Lateragr 1989, 69, 235.
Balakirev, M. Y.; Zimmer, G. | NNENEG 2001, /38, 299-311.

De la Monte, S. M.; Wands, J. R. . 2002, 59, 882—893.
Forman, H. G., Cadenas, E., Eds. _
Chapman and Hall: New York, 1997.

Hancock, G. T. Cell Signaling; Oxford University Press: New York, 2005.

Demple, B. In Handbook of Cell Signaling; Bradshaw, R. A., Dennis, E. A.,
Eds.; Academic Press: New York, 2004; Vol. 3, pp 191-195.

Kovacic, P.; Pozos, R. S. | IENGTGTGNGEGEGEGE 2006, 78, 333-344.
Hansen, J. M. | GG 2006, 73, 293-307.
Jones, D. P. | GGG 2006, 5, 1865-1879.

Lee, N. K.; Choi, Y. G.; Baik, J. Y.; Han, S. Y.; Jeong, D. W.; Bae, Y. S.;
Kim, N.; Lee, S. Y. Rlaad 2005, 106, 852-859.

Miller, A. A. 2006, 8, 1113-1120.

Bunik, V. I.; Schloss, J. V.; Pinto, J. T.; Gibson, G. E.; Cooper, A. L.
. 2006, 32, 871-891.

Liu, L.-Z.; Hu, X.-W.; Xia, C.; He, J.; Shi, X.; Fang, J.; Jiang, B. H. Freg
I 20006, 41, 1521-1533.

Shields, J. M.; Pruitt, K.; McFall, A.; Shaub, A.; Der, C. R
2000, /0, 147-154.

Kovacic, P. iniinnsiss 2007, 69, 1105-1110.

257
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=15817678&crossref=10.1182%2Fblood-2004-09-3662&coi=1%3ACAS%3A528%3ADC%252BD2MXntVSntbc%253D
http://pubs.acs.org/action/showLinks?pmid=7951072&coi=1%3ACAS%3A528%3ADyaK2cXltVeis7s%253D
http://pubs.acs.org/action/showLinks?pmid=17315245&crossref=10.1002%2Fbdrc.20083&coi=1%3ACAS%3A528%3ADC%252BD2sXjtFeht70%253D
http://pubs.acs.org/action/showLinks?crossref=10.1111%2Fj.2042-7158.1983.tb04260.x&coi=1%3ACAS%3A528%3ADyaL3sXitVChtLk%253D
http://pubs.acs.org/action/showLinks?pmid=10740269&crossref=10.1016%2FS0962-8924%2800%2901740-2&coi=1%3ACAS%3A528%3ADC%252BD3cXit1Sqtr0%253D
http://pubs.acs.org/action/showLinks?pmid=8077188&coi=1%3ACAS%3A528%3ADyaK2cXlvFylsLo%253D
http://pubs.acs.org/action/showLinks?crossref=10.1007%2F978-1-4615-5981-8
http://pubs.acs.org/action/showLinks?pmid=17607945&crossref=10.1007%2F978-0-387-70956-7_4
http://pubs.acs.org/action/showLinks?pmid=16910759&crossref=10.1089%2Fars.2006.8.1113&coi=1%3ACAS%3A528%3ADC%252BD28XotFCisrc%253D
http://pubs.acs.org/action/showLinks?pmid=2702704&crossref=10.1016%2F0009-2797%2889%2990081-1&coi=1%3ACAS%3A528%3ADyaL1MXktlGgu7k%253D
http://pubs.acs.org/action/showLinks?pmid=2702704&crossref=10.1016%2F0009-2797%2889%2990081-1&coi=1%3ACAS%3A528%3ADyaL1MXktlGgu7k%253D
http://pubs.acs.org/action/showLinks?pmid=10339574&crossref=10.1073%2Fpnas.96.11.6255&coi=1%3ACAS%3A528%3ADyaK1MXksFKksb8%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=16052561&crossref=10.1002%2Fjps.20398&coi=1%3ACAS%3A528%3ADC%252BD2MXpslOgtL4%253D
http://pubs.acs.org/action/showLinks?pmid=10561557&coi=1%3ACAS%3A528%3ADyaK1MXnvFKqt7w%253D
http://pubs.acs.org/action/showLinks?pmid=2022343&crossref=10.3109%2F10715769109088938&coi=1%3ACAS%3A528%3ADyaK3MXlvVahtLY%253D
http://pubs.acs.org/action/showLinks?pmid=17045920&crossref=10.1016%2Fj.freeradbiomed.2006.08.003&coi=1%3ACAS%3A528%3ADC%252BD28XhtVyitrfE
http://pubs.acs.org/action/showLinks?pmid=17045920&crossref=10.1016%2Fj.freeradbiomed.2006.08.003&coi=1%3ACAS%3A528%3ADC%252BD28XhtVyitrfE
http://pubs.acs.org/action/showLinks?pmid=12088287&crossref=10.1007%2Fs00018-002-8475-x&coi=1%3ACAS%3A528%3ADC%252BD38XlvFequ7c%253D
http://pubs.acs.org/action/showLinks?pmid=17070680&crossref=10.1016%2Fj.sbi.2006.10.003&coi=1%3ACAS%3A528%3ADC%252BD28Xht1OhtL7J
http://pubs.acs.org/action/showLinks?pmid=17315243&crossref=10.1002%2Fbdrc.20085&coi=1%3ACAS%3A528%3ADC%252BD2sXjtFeht74%253D
http://pubs.acs.org/action/showLinks?pmid=6114837&coi=1%3ACAS%3A528%3ADyaL3MXlt1Grs78%253D
http://pubs.acs.org/action/showLinks?pmid=17445992&crossref=10.1016%2Fj.mehy.2007.01.085&coi=1%3ACAS%3A528%3ADC%252BD2sXhtVOgs7rO
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja047050e&pmid=15548009&coi=1%3ACAS%3A528%3ADC%252BD2cXpt1SksLk%253D
http://pubs.acs.org/action/showLinks?pmid=11248020&crossref=10.1073%2Fpnas.051520298&coi=1%3ACAS%3A528%3ADC%252BD3MXit1amurs%253D
http://pubs.acs.org/action/showLinks?crossref=10.1007%2Fs11064-006-9239-z
http://pubs.acs.org/action/showLinks?crossref=10.1007%2Fs11064-006-9239-z
http://pubs.acs.org/action/showLinks?pmid=11714485&crossref=10.1016%2FS0009-2797%2801%2900283-6&coi=1%3ACAS%3A528%3ADC%252BD3MXosFKluro%253D

Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch010

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



Publication Date (Web): October 13, 2015 | doi: 10.1021/bk-2015-1200.ch010

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.

0]

A

HO N CHs
H

Figure 1. Acetaminophen (APAP)

0]

Q

Figure 2. NAPQI

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).

/_e\» ET agent

0, 0,

ET agent

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 (3), carcinogens (6),
reproductive toxins (7), nephrotoxins (8) hepatotoxins (9), cardiovascular toxins
(10), nerve toxins (//), mitochondrial toxins (/2), abused drugs (/3), pulmonary
toxins (/4), ototoxins (/5), and various other categories (/6). 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” (/). 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 (/). Another proposal invokes blockage of prostaglandin
formation in the central nervous system (CNS) (/7, 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
NAPQI 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 sulthydryl 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 NAPQI1 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 (3/). 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 NAPQI.

In relation to basic chemistry, NAPQI1 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 a-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
a-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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Figure 3. Delocalized radical anion of NAPQI

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 (/3). 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 (/3). 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.

CH,
0
N

cl =N

Figure 4. Valium
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Phenobarbital

Incorporation in the unifying theme has been previously addressed (/3).
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. 0-Quinone are known to
posses favorable reduction potentials making for facile participation in reductions
in vivo.

OH
OH|

HN NH

)

Figure 5. Phenobarbital catechol metabolite

Phenytoin

The hydantoin is used as an epileptic (/3). 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.

H
O N
e
N
H
o
0

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 (/3). 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 (/3).

Abbreviations

APAP= Acetaminophen; NAPQI= 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
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physiological activity. A prior unifying, mechanistic theme is applied as follows

).
A

o) CHs

CO,H

Figure 1. Aspirin

OCH,
cl CO,H

Cl

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).

ET agent ﬁ ET agent

0, 0,

Scheme 1. Redox cycling with superoxide formation

) ot

H- e -
0, — HOO. —> HOOH —> HO + HO

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 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 (2), anticancer drugs (3), carcinogens (4), reproductive
toxins (5), nephrotoxins (6), hepatotoxins (7), cardiovascular toxins (8), nerve
toxins (9), mitochondrial toxins (/0), abused drugs (//), pulmonary toxins (/2),
ototoxins (/3), and various other categories (/4).

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 unifying mechanism, including the central nervous system (CNS).

ET-ROS-0OS-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 5. Catechol metabolite of SA
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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 (/5). 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 (/6). 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 (/8). 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.

AQ effects of ASA and SA were examined in rats (/9). 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.

OH
Cl COOH|

Cl

Figure 8. 2,5-Dichlorosalicylic acid
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H H,0 +
ArOCH; — ArOCH; — ArOH + CH3;OH + H
+

Scheme 4. Acid catalyzed hydrolytic demethylation of ArOCH

_H-
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ArOCH; ——» ArOCH,- — ArOCH,00* —» ArOCH,00H
-OH _l e
_CH,0 q-
AtOH <— ArOCH,0H =—— ArOCH,O.

Scheme 5. Oxidative radical demethylation of ArOCH3

OH
Cl COOH|

Cl

OH

Figure 9. Hydroquinone derivative of Dicamba

@)
Cl COOH

Cl

0]

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

The mode 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).

+ +
3C— N—CHj3
TN \ /"

Figure 11. Paraquat

0

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 ArNO;
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.

Cl OCoHs

FsC 0 NO,

Figure 13. Oxyfluorfen
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NO,

FsC / \ O B NO
3 o \ / 2

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,!.2* Agata Kowalczyk,!:2 Edyta Matysiak,2
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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(Ill). This reduction is
considered to be essential for DNA damage and thus the
potentiation of carcinogenesis. Since Cr(VI) can be reduced
to Cr(Ill) 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-!
for DNA-Cr(VI) and (9.60 £ 0.90)x103 M-! 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
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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(IIl) 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(IIl) does not (1, 2).
The chromium genotoxicity involves a multiplicity of mechanisms associated
with the reduction of Cr(VI) to Cr(Ill). 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(IIT) (3) which reacts with DNA to form Cr(III)-DNA
adducts (4-6). Because Cr(IIl) is a final form of chromium within the cell, the
interaction of Cr(IIT) 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 (/) (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).

0 0
lhyy . Iy
HO—-ﬁr—O +e + H =<— HO—ﬁr—OH
0 0
2¢rY == ¢V + ¢!

Cer + CrV - Crl]l + CrV]

net:
3crY == 2" + '™

Scheme 1. Reduction mechanism of Cr(VI).

Because oxidation reactions of Cr(V) and (VI) with biological molecules, 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 K>CrOs, the Cr(III) source was Cr(NO3)3;-9H>O.
Ascorbic acid (AA) and disodium ethylenediamine tetraacetate (EDTA) were
obtained from Sigma. The pK, of ascorbic acid is 4.2, thus in 0.02 M PBS
buffer (pH 7.4) AA exists as the ascorbate monoanion (/2). Poly(allylamine
hydrochloride) (PAH) was purchased from Fisher. The pK, of PAH is 8.5, thus
in 0.02 M PBS buffer (pH 7.4) PAH exist as the polycation (/3). 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 4 = 260 and 4 = 280 in the range 1.7 + 2.0, and the ratio
of the absorbances at A = 260 and 4 = 250 in the range 1.4 = 1.7 (/4). 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 =2 7.4) were prepared at least 24 hours before experiments. The ctDNA
concentration was determined from the value of the absorbance at 4 = 260 nm;
e=13,200 M-lem'! (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 um Al,O3 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 pS/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 2m are related
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to the shift in series resonance oscillation frequency »f of the EQCN through the
Sauerbrey equation (16, 17):

_ 2Amnfy
VA, v

where f is oscillation frequency in the fundamental mode, n is the overtone
number, 4 is the piezoelectically active surface area, pq is the density of quartz (pq
=2.648 g cm3), and x4 is the shear modulus of quartz (1q =2.947x101! 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 (/7) 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 cm? and the
real surface area 4 = 0.255 cm? (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 (/8). 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 H>SO4 in
the range 0 to +1.5 V until stable voltammogram was recorded, followed by
immersing in piranha etching solution (30 % H>O, : 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 uM) 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 £ =+80 mV for 30
min. After that time the frequency change stabilized.

The ctDNA was also adsorbed on a GCDE surface from 4 pM DNA solution
by applying the potential £ = +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 ctDNA was 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 £ = —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 uM bp (base pairs)) under the
bias potential £ =+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.

~ +—— DNA layer

(immobilized from 0.02 M PBS

buffer; pH 7.4: C = 87 uM base
pairs, E_ = 50 mV. t, = 3600 5)

+—— PAH laver
(lmmobilized from 0.5 M NaCl
solution: pH = 5.0; C =3 mg'-mL,
E = -50 mV, t,p,= 3600 5)

Gold electrode

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 HoSO4 / 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 1x1 pm?2 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 (27). The following formula
describes the interactions between the dsSDNA strand and the ligand:
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where K is the binding constant, # is the number of binding matrix units that are
occupied by one molecule of the ligand, and 7 = Cp/Cratrix unit, Where Cy, = Co—C,
Cy is the concentration of the ligand molecules bound to dsDNA, Cp is the total
concentration of the ligand, Ct is the concentration of the free molecules of the
ligand in the solution, and Cratrix unit 1S 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 (#/Cr = f (7)) should be drawn. The
extraction of K and » 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) (4) and Cr(Ill) (B). ctDNA concentration: 38.87 uM base pairs and 2.2
uM base pairs for Cr(VI) and Cr(Ill) 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 1 = 260 nm. The
reason for using small amounts of DNA in experiments with Cr(III) was the low
solubility of Cr(IIl) 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 Ccrviy < 50 uM) 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.

N ~r

DNA alone//

0.2 0.4 0.6 0.8
E/V vs. Ag/AgCI

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 uM 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 (8-0x0G)
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:

Cr(VI) + AA — Cr(IV) + DHA 3)

Cr(IV) + AA — Cr(Ill) + AA” 4)

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.

¢ f 74
o=<
) )\
Guanine, G 8 oxoG
H,0
2H*+e'j\e'
HO O
00 H
N
NH NH acyl shift N
Py ﬁh — o= L L
07 "N” N NNH N7 N7 ONE,
R H R
Sp 5-OH-8-0x0G

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/cm?). 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 pM 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(IIT) 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(IIl) 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 uM Cr(VI) + 5 uM AA + 50
pM 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.

25 ] i j 40 M Cr{V1) __?/ 30 uM Cr(V1)
] |
¥ 1
1 £
] g0l  soumMenv)
20 1= l100umecrvy S—
- u
G i 150 uM Cr(Vl)—>
|

200 pM Cr(VI) A -
10 uM Cr(V1)

1.0 ] E/V vs. Ag/AgCl
5 uM Cr(VIl)

DNA
0.5 uM Cr(VI)

T T T T Ty

00 02 04 06 08 10
E /V vs. Ag/AgCl

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 uM Cr(VI) + 50 M AA; (b) 5
uM Cr(VID); (c) 5 uM Cr(VI) + 50 uM EDTA + 50 uM AA; (d) 5 M Cr(VI) + 5
uM AA; (e) 5 uM Crdll); (f) 5 uM Cr(lll) + 50 uM 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(IIl) 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(Ill) 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 uM Cr(VI) + 5
uM AA; (b) 5 uM Cr(VI) + 5 uM AA + 50 uM mannitol; (c)5 uM Cr(VI), (d) 5

uM Cr(VI) + 50 uM EDTA + 50 uM AA; (e) 5 uM Cr(VI) + 50 uM AA. (B) Same
as (A) but the Au/PAH/ctDNA electrode treated with Cr(Ill) solutions: (a) 5 uM
CrdlD); (b) 5 uM Cr(Ill) + 50 uM AA. Concentration of adsorbed ctDNA at PAH
layer determined from UV-data of the ctDNA solution before after adsorption
is ca. 21 pmol bp/cm?.
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Figure 8. Frequency shifts observed during exposure of Au-EQCM/PAH/ctDNA
to Cr(Ill) solutions. Concentration of adsorbed ctDNA at PAH layer determined
from UV-data of the ctDNA solution before after adsorption is 28.3 pmol bp/cm?.
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Figure 9. Frequency shifts observed during exposure of Au-EQCM/PAH/ctDNA
to Cr(VI) solutions. Concentration of adsorbed ctDNA at PAH layer determined
Sfrom UV-data of the ctDNA solution before after adsorption is 28.3 pmol bp/cm?.
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Figure 10. Scatchard plot obtained from EQCN results for the interaction Cr(Ill)
and Cr(VI) with ctDNA.

Table 1. Binding parameters of interactions between ctDNA and Cr(III) and
Cr(V]) species determined from EQCN data presented in this work and
FTIR data from the literature (5).

Cr species bmdmg; ?)nstant site size
Cr(VT) 626 + 52 471 + 040
EQCN data Cr(IT) (9.60 + 0.90)x103 404 + 038
Cr(V) 508 —
FTIR data (3) Cr(1I) 3.15 x103 —

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(Ill),
and Cr(Ill) + O, + 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: Ccrp= 1
uM (water solution); Ccram= 5 uM (water solution); 8 W UV lamp (95 % UV-A
and 5 % UV-B).

The resonant frequency shift Af (corresponding to the mass accumulation
according to the Sauerbrey equation) was ca. 77 + 10 Hz for the fundamental
frequency fo = 6 MHz. The apparent mass increase related to the observed
experimental frequency shift for ctDNA accumulation is: mcpna = 4.3X77 =
331.1 £ 43 ng, which corresponds to 771.8 £ 100.2 ng/cm?2. 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 £ =-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(II)
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 (H202) and molecular singlet oxygen (102)
(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(IIT) 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 O,.The binding constant determined
from EQCN measurements and Scatchard plot analysis for ctDNA-Cr associates
were found to be: 626 = 52 M-! for Cr(VI) and (9.60 + 0.90)x103 M-! for Cr(III),
with clear dominance of Cr(IIT) binding by DNA.
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