Oxidative stress has been well implicated in the
pathogenesis of various human diseases. Presently
mechanistic considerations of the oxidative stress
pathogenesis in most vital organ systems, e.g.,
nervous system, cardiovascular system, male/
female reproductive system, and autoimmune
disease-related systems, will be discussed.

Neurodegenerative Diseases:
Parkinson’s and Alzheimer’s
Diseases

The brain with major neurons and astrocytes is
especially sensitive to the oxidative stress because
of the lipid peroxidation in membranes contain-
ing high level of polyunsaturated fatty acids
(PUFA). Oxidation of lipids, proteins, and DNA
in neurons generates many by-products such as
peroxides, alcohols, aldehydes, ketones, and
cholesterol oxides which are toxic to the blood
lymphocytes and macrophages, influencing the
in vivo defense system (Ferrari 2000). ROS
attacks proteins, oxidizing both the backbone and
side chains, which in turn reacts with the amino
acid side chain to form carbonyl functions.
ROS attacks nucleic acids, causing DNA-protein
cross-links and strand breaks, and modifies
purine and pyrimidine bases resulting in the DNA
mutations (Mattson 2003). ROS are particularly
active in the brain and neuronal tissues as the

excitatory amino acids and neurotransmitters,
whose metabolism produces ROS, which serve as
the sources of oxidative stress and result in neural
damage. Most significant ill effect on the neurons
takes place by dysregulation of the intracellular
calcium signaling pathways initiated by the ROS
in neuronal cell death (Ermak and Davies 2002).
Excitotoxic effects initiated by the ROS induce
intracellular calcium influx, leading to the activa-
tion of glutamate receptors and apoptosis in the
neurodegeneration. All these insults ultimately
reflect into the specific disorders.

Oxidative stress has been linked to a range of
chronic neurodegenerative disorders, including
Alzheimer’s disease (AD), Parkinson’s disease
(PD), Huntington’s disease (HD), multiple sclero-
sis (MS), and amyotrophic lateral sclerosis (ALS).
In these conditions, nerve cells in the brain and
spinal cord are damaged or lost, leading to either
functional loss (ataxia) or sensory dysfunction
(dementia). Mitochondrial dysfunctions and
excitotoxicity and finally apoptosis result into the
pathological conditions in each disease (Gandhi
and Abramov 2012). Neurodegeneration mediates
a number of factors including the environmental
and genetic predisposition. Oxidative stress and
additional free radical generation catalyzed by
the redox metals play important role in the neuro-
degeneration. AD and PD being the main
neurodegenerative disorders will be the special
focus in the present write-up.
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Role of Pathogenesis in AD and PD

Alzheimer’s Disease (AD): AD is characterized
by the loss of neurons or their synapses in the
cerebral cortex and certain subcortical regions
and in turn the progressive cognitive decline.
Both amyloid plaques and neurofibrillary tangles,
as clearly visible microscopically in the
AD-affected brain (Tiraboschi et al. 2004), are
due to the insoluble deposits of the extracellular
amyloid (Ap) peptide around the neurons. This
small amyloid-p protein (39-43 amino acids)
originates from a larger protein called amyloid
precursor protein (APP), a transmembrane
protein that penetrates through the neuron’s
membrane. APP is critical to the growth, survival,
and post-injury repair of the neurons (Priller et al.
2006). Another protein named tau normally
stabilizes the microtubules (supporting structures
of the neurons guiding nutrients and molecules
from the body of the cell to the end of the axon
and back) on phosphorylation. In AD, tau pro-
teins get hyperphosphorylated and then pair with
other threads, creating neurofibrillary tangles
and disintegrating the neuron’s transport system
(Hemandez and Avila 2007). Amyloid fibrils disrupt
the cell’s calcium ion homeostasis and induce
apoptosis (Yankner et al. 1990).

Further, AD is characterized by the amyloid
plaques deposition by chelating Ap with the
transition metal ions (Cu**, Zn?*, Fe**). In A the
histidine residues at position 6, 13, and 14 coor-
dinate with the transition metals. Binding of Cu?
and Fe’* results in a chemical reaction altering
oxidation state of both the metals, producing
H,0, catalytically in the presence of transition
metals, and finally giving toxic OH' free radicals
(Opazo et al. 2002). AD brains show evidence of
ROS-mediated injury. There is an increase in the
levels of malondialdehyde and 4-hydroxynonenal
in the brain and cerebrospinal fluid of AD patients
compared to the controls.

Parkinson’s Disease (PD): PD is clinically
characterized by the progressive rigidity, brady-
kinesia, and tremor, whereas pathologically by a
progressive degeneration of the dopaminergic neu-
rons with age and deposition of inclusion bodies
(Lewy bodies) of the protein a-synuclein in the
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substantia nigra. In PD brain, the concentration
of PUFA in the substantia nigra is reduced,
while the levels of lipid peroxidation markers
(malondialdehyde and 4-hydroxynonenal) are
increased (Dalfo et al. 2005). Protein oxidative
products as protein carbonyls are seen at high
level in the PD brain compared to the controls,
and also nitration and nitrosylation of certain
proteins due to RNS in the PD brain are also
observed (Brown and Borutaite 2004). Oxidative
stress in the PD brain results in the increased levels
of 8-hydroxydeoxyguanosine and also increase
in the common deletions in mitochondrial
DNA of the dopaminergic neurons in PD sub-
stantia nigra (Bender et al. 2006). Further, dopa-
mine (neurotransmitter) is also a very good metal
chelator and electron donor to generate toxic-free
radicals. It has high tendency to coordinate with
Cu?* and Fe** and reduce metals to generate H,0,
(Gerard et al. 1994). Mutations in the a-synuclein
protein modulate negatively the substantia dopa-
mine activity that initiates neuronal cytoplasmic
accumulation and interaction of dopamine with iron,
producing ROS (Lotharius and Brundin 2002).
Oxidative Stress in the Pathogenesis of PD
and AD: Neurons with long axons and multiple
synapses require more energy for the axonal
transport or long-term plasticity, resulting in
mitochondrial dysfunction and further neurode-
generation. These features in different neuronal
groups exhibit different degrees of oxidative
stress. For example, in the hippocampus, CA1l
neurons generate higher levels of superoxide
anion than the CA3 neurons and exhibit higher
levels of expression of both the antioxidant and
ROS-producing genes (Wang and Michaelis
2010). Various sources of ROS production and
their influence are shown in Fig. 2.1.
Mitochondria dysfunction and activation of
ROS-producing enzymes (as discussed in Chap. 1),
e.g., NADPH oxidase, xanthine oxidase, and
monoamine oxidase, have been implicated in
generating ROS and in turn neurodegeneration.
Oxidative damage and the associated mitochondrial
dysfunction may result in the energy depletion,
accumulation of the cytotoxic mediators, and the cell
death. Autophagic activity helps in the mitochondrial
turnover, in which membrane autophagosomes
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Fig.2.1 ROS production and effects in nerve cells

sequester damaged/oxidized or dysfunctional
intracellular components and organelles and
direct them to the lysosomes for degradation. The
absence of the autophagy (or mitophagy) may
result in an abnormal mitochondrial function and
oxidative or nitrative stress. The mitochondrial
dysfunction includes the respiratory chain dys-
function and oxidative stress, reduced ATP pro-
duction, calcium dysregulation, mitochondrial
permeability transition pore (PTP) opening, and
many more.

Mitochondrial pathology is evident in many
neurodegenerative diseases including AD and
PD. Mitochondrial dysfunction in the human
brain is involved in the pathogenesis of PD and
degeneration of dopaminergic neurons. The
substantia nigra of PD patients shows reduced
activity of the complex I. Complex I inhibitors
such as rotenone, 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP), and pesticides cause
neurological changes similar to PD (Shapira

2008). Rotenone or MPP* (active metabolite of
MPTP) produces superoxide anions in the submi-
tochondrial particles, and the neurotoxic effects
(Lothiarius and O’Malley 2000) of these is due to
the production of oxidative stress as antioxidants
prevents these changes. a-Synuclein, inner mito-
chondrial membrane-associated protein, interacts
with the mitochondrial complex I function
(Chinta et al. 2010). In the transgenic mice, over-
expression of a-synuclein impairs mitochondrial
function, increases oxidative stress, and enhances
nigral pathology induced by MTPP (Song et al.
2004). Another protein, parkin, associated with
the outer mitochondrial membrane, prevents cell
death by inhibiting the mitochondrial swelling,
cytochrome c release, and caspase activation
(Darios et al. 2003). Parkin deficiency causes
oxidative stress and mitochondrial impairment
(Muftuoglu et al. 2004). Further, a protein PINK1
(phosphatase and tensin homologue, PTEN-
induced kinase 1) is a mitochondrial kinase, and
its deficiency results in impaired respiration with
inhibition of complex I activity, reduced substrate
availability, and rotenone-like increased production
of ROS in mitochondria (Gandhi et al. 2009).
PINKI1 deficiency also results in an inability to
handle cytosolic calcium challenges due to an
impairment of the mitochondrial calcium overload.
A combination of ROS production and mitochon-
drial Ca** initiates opening of the mitochondrial
permeability transition pore (PTP), which allows
translocation of the proapoptotic molecules from
the mitochondria to the cytosol and that triggers
apoptotic cell death.

A reduction in the complex IV activity has
been demonstrated in mitochondria from the
hippocampus and platelets of AD patients, as
well as in the AD animal models. Accumulation
of the AP leads to oxidative stress, mitochondrial
dysfunction, and energy failure prior to the devel-
opment of the plaque pathology. Deregulation of
the calcium homeostasis has been demonstrated
in AD, with AP causing increased cytoplasmic
calcium levels and mitochondrial calcium over-
load, resulting in an increase in ROS production
and opening of the PTP (Abramov et al. 2003). In
addition to the alterations in mitochondrial bioen-
ergetics, dysregulation of calcium homeostasis,
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excitotoxicity, oxidative stress (inflammation),
and other mechanisms involve also the protein
misfolding leading to the aggregates, proteasome
dysfunction, and neuroinflammation in PD
(Hirsch et al. 2013).

In AD, the NADPH oxidase has been shown
to contribute toward oxidative stress. Activation
of NOX2 has been demonstrated in brains of AD
patients, and also its deficiency has been shown
to improve the AD in a mouse model (Park et al.
2008). At cellular level, amyloid-p induced
activation of NADPH oxidase in rat primary
culture of microglial cells and human phago-
cytes, through B-class scavenger receptor, CD36
(Wilkinson et al. 2006). Ap also activates
NOX by including calcium entry into astrocytes
(Abramov et al. 2003) and induces opening of the
mitochondrial permeability transition pore,
mPTP (Abramov et al. 2004). This oxidative
stress signal is passed on to the neighboring
neurons, which is more damaging than to the
astrocytes. In PD, in both the rotenone- and MPTP-
induced toxin models, activation of NOX2 in
microglia occurs (Gao et al. 2003). Genetic mod-
els of PD also exhibit increased oxidative stress.
In one such model, loss of PINK1 function is
associated with the increased ROS production by
NADPH oxidase in the midbrain neurons. The
NADPH oxidase is activated by the high cytosolic
calcium concentration, leading to the overpro-
duction of superoxide which inhibits the plasma-
lemmal glucose transporter resulting in the
deregulation of the mitochondria metabolism
(Gandhi et al. 2009). The oxidative stress response
by the microglial cells due to the NADPH oxidase
plays a central role in the pathology of PD. This
response in microglia occurs through the activation
of the ERK signaling pathway by proinflamma-
tory stimuli, leading to the phosphorylation and
translocation of the p47 (phox) and p67 (phox)
cytosolic subunits, the activation of membrane-
bound PHOX, and the production of ROS
(Peterson and Flood 2012).

Ap is able to activate production of H,0, in
the cytosol of neocortical neurons (Kaminsky
and Kosenko 2008). Inhibitor of XO, allopurinol,
significantly suppressed OH" generation in
rat striatum of toxic models of PD induced by
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paranonylphenol and MPP* (Obata et al. 2001),
suggesting a potential role for xanthine oxidase
in the oxidative stress associated with PD.
Monoamine oxidase A (MAOA) and monoamine
oxidase B (MAOB), flavoenzymes, are located in
the outer membrane of the mitochondria. They
have a role in the oxidative catabolism of important
amine neurotransmitters, including serotonin,
dopamine, and epinephrine (Edmondson et al. 2009).

Electrical and Biological Effects

Direct electrical excitatory effect using low-
frequency stimulation of the spinal cord or of the
thalamus has been used for the diagnostic or even
therapeutic applications. However, high-frequency
stimulations (HFS) are considered for damaging
and inactivating the neuronal structures, such as
nuclei of the basal ganglia and also thalamus/sub-
thalamic nucleus. Intracerebral recordings in the
human patients tend to show the arrest of electrical
firing in the recorded places. More recent data from
the in vitro biological studies show that HES pro-
foundly affects the cellular functioning and par-
ticularly the protein synthesis, suggesting that it
could alter the synaptic transmission by reducing
the production of neurotransmitters (Benabid et al.
2005). Similarly, repetitive transcranial magnetic
stimulation (rTMS) and transcranial direct current
stimulation (tDCS), noninvasive cortical stimulation
methods, have been successfully employed for the
treatment of movement disorders (Wu et al. 2008).
Studies show beneficial effects on the clinical symp-
toms in PD and support the effects on motor and
nonmotor symptoms. Rebalancing of the distrib-
uted neural network activity and induction of dopa-
mine release occur.

While exploring the oxidative signaling and
inflammatory pathways in AD (Anderson et al.
2001), it was shown that activation of microglia
with the beta-amyloid peptide activates the pro-
duction of cyclooxygenase-2, iNOS, and TNF-a.
These are considered as key mediators of the
pathological cascade of AD. ox-LDL caused a
sustained activation of the JNK that resulted in the
phosphorylation of the transcription factor c-jun,
which was abolished in neurons pretreated with
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flavonoids. Furthermore, ox-LDL induced the
cleavage of procaspase-3 and increased caspase-
3-like protease activity in neurons and leading to
apoptosis. Dietary flavonoids protect against neu-
ronal apoptosis through selective actions within
stress-activated cellular responses, including pro-
tein kinase signaling cascades (Schroeter et al.
2001). Guanosine protects human neuroblastoma
cells against mitochondrial oxidative stress by
inducing heme oxygenase-1 via PI3K/Akt/GSK-3f
pathway (Dal-Cim et al. 2012).

CdkS5 (cyclin-dependent kinase 5), a proline-
directed serine/threonine kinase, plays multiple
roles in neurons development, survival, phos-
phorylation of cytoskeletal proteins, and synaptic
plasticity (Smith and Tsai 2002). Uncontrolled
phosphorylation activity of Cdk5 has been
closely associated well with AD and PD. Under
oxidative stress condition, mitochondrial dys-
functions, excitotoxicity, AB exposure, calcium
dyshomeostasis, and inflammation lead to rise in
the intracellular Ca*, activating calpain which
cleaves p35 (activator of Cdk5) to p25 (Fig. 2.2)
forming a more stable yet hyperactive Cdk5/p25
complex which aberrantly hyperphosphorylates
various cytoskeletal proteins leading to neurode-
generation (Lee et al. 2000). Activation of Cdk
by oxidative stress in AD causes hyperphosphor-
ylation of t, neurofilament, and other cytoskele-
tal proteins (Lee et al. 2000). Accumulation of
AP in cortical neurons induces cleavage of p35
to p25 resulting in activation of kinases and
inhibition of phosphatases proceeding NFT
(neurofilament tangles) formation, primary
markers of AD (Lee et al. 2000). Cdk5-mediated
phosphorylation of peroxidases substrates reduces
their enzymatic activities resulting in the ROS
accumulation within cells (Sun et al. 2008).

HtrA2, a serine protease, was identified to be
involved in the neuroprotection, and mutations
adjacent to the two phosphorylation sites (S142
and S400) have been found in the PD patients.
Cdk5 phosphorylates the HtrA2 at S400 in a
p38-dependent manner in humans and mouse
cell lines and brain (Fitzgerald et al. 2012).
This phosphorylation is involved in maintaining
mitochondrial membrane potential under stress
conditions.

The activation of JNK pathways is critical
for the naturally occurring cell death during
development as well as for the pathological death
associated with neurodegenerative diseases.
Several in vitro and in vivo studies have reported
alterations of JNK pathways potentially
associated with the neuronal death in PD and
AD. Also, Nrf2-ARE signaling pathway is an
attractive therapeutic target for neurodegenera-
tive diseases.

Cascades Leading to Dopamine
Cell Degeneration

Metabolism of dopamine by the monoamine
oxidase generates H,O, and the auto-oxidation of
dopamine generates superoxides. Thus, endoge-
nous dopamine as well as exogenous treatment
with levodopa (used in PD) may contribute addi-
tional oxidative stress insult, like mitochondrial
dysfunction (Muller 2011). Also the monoamine
oxidase (MAO)-induced metabolism of dopa-
mine and production of H,0, have an important
role in the physiological calcium signaling in
astrocytes (Vaarmann et al. 2010). In PD, adult
substantia nigra pars compacta dopaminergic
neurons create intracellular calcium oscillations
through L-type calcium channels. This metabolic
stress is counterbalanced by the ATP demanding
pumps to restore the calcium concentration.
It has been demonstrated that the opening of
these L-type ion channels results in higher levels
of oxidative stress in the mitochondria of such
neurons (Surmeier et al. 2011).

Antioxidants Link
in Neurodegenerative Disorders

The aim of using antioxidants in any pathology is
to neutralize ROS and other kinds of free radicals
produced as a consequence of the oxidative stress
(Uttara et al. 2009). Brain cells and especially
neurons require effective antioxidant protection
because of the higher consumption of oxygen
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(about tenfold), having long life duration and a
prominent role of the nitric oxide to form RNS
such as peroxynitrite. Glutathione peroxidase is
known to localize primarily in glial cells, in
which its activity is tenfold higher than in the
neurons (Margis et al. 2008). Reduced glutathione
(GSH, nonprotein thiol) is the main antioxidant
in CNS (Dringen and Hirrlinger 2003) and non-
enzymatically acts directly with free radicals.
Glutathione peroxidase and glutathione reduc-
tase can act enzymatically to remove H,0, and
maintain glutathione in a reduced state (Dringen
and Hirrlinger 2003).

Widely studied antioxidant therapies have
been vitamin E (a-tocopherol, the major scaven-
ger of lipid peroxidation in the brain), vitamin C
(intracellular reducing molecule), and coenzyme
Q10 (transfers electrons from the complexes
I and II to complex III in the respiratory chain).
Vitamin E supplementation in an AD mouse model
resulted in the improved cognition and reduced
Ap deposition (Conte et al. 2004). The reduction
of the amyloid deposition was particularly noted
in young AD mice (Sung et al. 2004). Coenzyme
Q10 has been shown to have multiple protective
effects within the mitochondria. Administration
of CoQ10 protects MPTP-treated mice from
dopaminergic neuronal loss and also attenuated
a-synuclein aggregation. Neuroprotection by
CoQ10 in an MPTP-primate model has also been
reported (Du and Yan 2010).

However, no antioxidant benefits of vitamin E
and/or vitamin C in either AD or PD from large
randomized controlled trials have been obser-
ved (Dumont et al. 2010). Furthermore, a large

meta-analysis of vitamin E clinical trials, CoQ10
trials, and a glutathione trial in PD concluded
that there were only minor treatment benefits in
the CoQ10 trials that may have been due to the
improvement in the respiratory chain deficit
rather than a direct antioxidant action (Weber
and Ernst 2006). Animal experiments show that
antioxidants are effective in the early stages
of the disease. Other considerations are to regu-
late the bioavailability and the effective targeting
of the antioxidants. This aspect is discussed in
detail in Chap. 6.

Another recent and efficient consideration is
of exploiting signaling pathways to mimic the
antioxidant activity. Very recently, guanosine
have been found protective against mitochon-
drial oxidative stress in human neuroblastoma
cells by a signaling pathway that implicates
P13K/Akt/GSK-3f proteins and induction of
antioxidant gene enzyme, heme oxygenase-1
(HO-1) ( Dal-Cim et al. 2012). The importance of
Nrf2-ARE signaling pathway has been well
reviewed to be an attractive therapeutic target
for neurodegenerative diseases with chemo-
preventive agents (vanMuiswinkel and Kuiperij
2005). Nrf2, a key redox regulatory factor,
induces endogenous cytoprotective genes of
antioxidant- and anti-inflammatory proteins.
Dopamine-induced mPTP opening and dopa-
mine-induced cell death could be prevented by
inhibition of ROS production by provision of
respiratory chain substrates and by alteration in
calcium signaling, which suggest potential ther-
apeutic strategies for neuroprotection in PD
(Gandhi et al. 2012).
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Hypercholesterolemia
and Atherosclerosis

Events like intake of high-fat diet (HFD), hyper-
cholesterolemia in the blood, and cholesterol
deposition in the arterial wall are accepted as
high risk factors for the development of athero-
sclerosis. This risk has been positively correlated
with low-density lipoproteins (LDL), total choles-
terol, and total cholesterol/high-density lipoprotein
(HDL) ratio (Castelli 1986). In its initial stages,
atherosclerosis lesions in the intima of the large,
elastic, and muscular arteries consist of the fatty
streak that is characterized by the lipid (principally
cholesterol and its esters) accumulation in
macrophages, T lymphocytes, and smooth muscle
cells in addition to the ingested lipoprotein—
proteoglycan complexes in more complex foam
cells (Ross 1991). This further leads to the fibrous
plaques resulting from the synthesis of collagen,
elastin, and proteoglycans by smooth muscle
cells and macrophages migrated to the intima
(Sowers 1992). Qualitative changes in these
fibrous plaques, at some later stage, may result
in hemorrhage, ulceration, and/or thrombosis,
leading subsequently to the arterial occlusions.
This results in the ischemic necrosis of vital organs
with far-reaching consequences. Peroxidation
of polyunsaturated fatty acids (PUFA) gives rise
to free radicals and endogenous peroxides, which
are highly reactive and have both chemotactic
and cytotoxic properties. Hypercholesterolemic
atherosclerosis is associated with an increase
in the blood and aortic tissue of the MDA content
(a LPO product) and OFR producing activity of
the polymorphonuclear leukocytes (Prasad and
Kalra 1992).

Increased concentration of LDL cholesterol in
the plasma constitutes a major risk factor for the
atherosclerosis as is demonstrated by various
clinical, epidemiological, and genetic studies
(Jialal and Devaraj 1996). Both diet-induced
hypercholesterolemia and LDL-receptor defective
models are characterized by the alteration in the
level and composition of the plasma lipoproteins.
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Lipid-rich LDL and VLDL both have been
shown to induce a dose-dependent increase in the
monocyte adhesion to the endothelial cells
(Endemann et al. 1987). Modified forms of LDL
such as acetyl LDL or oxidized LDL are taken up
by the scavenger receptor mechanism, resulting
in cholesterol accumulation and subsequent
foam cell formation (Brown and Goldstein 1983).
Clinical and epidemiological studies show that
increased levels of LDL cholesterol promote the
atherosclerosis. LDL can be oxidatively modified
by all major cells of the arterial wall and play
a significant role in atherosclerosis in vivo.
Macrophages play the role of scavengers as these
cells have a large capacity to store altered LDL
and diet-induced f-VLDL (Goldstein et al. 1980).
Studies indicate that macrophages have only a
limited number of receptors for the specific
uptake of native LDL, but these can avidly take
up certain chemically modified forms of LDL via
an alternative specific, saturable receptor — the
acetyl-LDL receptor (Parathasarathy et al. 1986).

Minimally oxidized LDL (MM-LDL), initially
formed in the subendothelial space, can be taken
up by the classical LDL receptor through the
apoB and does not associate with the macrophages
as normal LDL. However, a significant proportion
of the unsaturated acyl chains of the cholesteryl
esters and phospholipids in mid-oxidized LDL
have been oxidized to hydroperoxides, isoprostanes,
and short-chain aldehydes that have potent bio-
logical effects. This LDL stimulates production
of the monocyte chemotactic protein-1 (MCP-1),
resulting in monocyte binding to the endothelium
and its subsequent migration into the subendo-
thelial space where monocyte colony-stimulating
factor (M-CSF) is also formed (Berliner et al.
1995). M-CSF promotes the differentiation and
proliferation of monocytes into macrophages.
These macrophages can in turn modify MM-LDL
into a more oxidized form and are not recognized
by the LDL receptor but become foreign and thus
are taken up by the scavenger receptors pathway
in macrophages leading to appreciable choles-
terol ester accumulation and foam cell formation
(Witzum and Steinberg 1991) and resulting in
cholesterol accumulation (Fig. 2.3). Extensive
oxidation up to 50 % of the cholesterol is
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converted into 7-ketocholesterol and other oxys-
terol and binds to the scavenger receptors such as
SR-A and/or CD36. Further, most of the unsatu-
rated fatty groups are oxidized to a complex
mixture of products, and apoB is extensively
fragmented, derivatized, and cross-linked and
there is a substantial aldehyde modification to
result in the products such as malondialdehyde
and hydroxynonenal. Oxidatively modified LDL
(ox-LDL) present novel properties, e.g., it is a potent
chemoattractant for the monocytes, a potent
inhibitor of macrophages mobility in the arterial
wall (Jialal and Devaraj 1996), thus can promote
its retention in the wall, is cytotoxic, which
could promote endothelial dysfunction and athero-
genesis by altering the expression of genes in the
arterial wall (Jialal and Devaraj 1996).

Another lipoprotein, high-density lipoprotein
(HDL), is known for its negative risk factor
for the development of atherosclerosis. HDL
apolipoprotein, ApoAl, promotes cholesterol
efflux from the peripheral deposits within the
vasculature and with subsequent transport to the
liver for excretion (reverse cholesterol transport).
HDL possesses the antioxidant activity that is
primarily mediated via inhibition of the oxidation
of LDL with a subsequent reduction of the
cellular uptake by the monocyte—macrophage
system and hence antiatherogenic effect (Nicholls
et al. 2005). Antioxidant mechanism of HDL
involves its chelation properties due to the pres-
ence of proteins such as ceruloplasmin on the
surface of the lipoprotein (Kunitake et al. 1992),
and also HDL has been demonstrated to accept

hydroperoxides from oxidized membranes in
in vitro studies, which would potentially provide
a pathway for the excretion or detoxification
(Klimov et al. 2001). Additionally, Apo A-I has
been demonstrated to reduce lipid hydroperox-
ides into redox-inactive compounds, which thus
terminates the chain reactions of lipid peroxida-
tion (Garner et al. 1998). The function of HDL is
also due to its associated enzyme proteins exhib-
iting antioxidant activity. Paraoxonase 1 (PON 1)
is an HDL-associated esterase/lactonase that
exhibits the anti-inflammatory and antioxidant
activity (Kaur and Bansal 2009; Precourt et al.
2011). It degrades oxidized fatty acids within the
LDL particle which in turn exhibits an inhibitory
effect on a variety of pro-atherosclerotic functions,
including a decrease in binding of the circulating
monocytes to the endothelium.

It is clear that ROS are responsible for the
endothelial dysfunction and development of athero-
genesis. Several enzymatic pathways contribute
within the vessel wall for the production of
different oxidants, such as NADPH oxidase,
nitric oxide synthase, myeloperoxidase, xanthine

oxidase, lipoxygenase/cyclooxygenase, and
mitochondrial  respiratory  chain/oxidative
phosphorylation.

Endothelial NAD(P)H oxidase is a major
source of ROS in the vasculature and can be acti-
vated by the stimuli such as angiotensin II,
thrombin, platelet-derived growth factor, TNF-a,
IL-1, and VEGF. C-reactive protein (CRP), a
cardiovascular risk marker, has been reported
to induce the superoxide production in human
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aortic endothelial and smooth muscle cells
(Venugopal et al. 2003) and may regulate NAD(P)
H oxidase through the various activation path-
ways involving protein kinases and nitric oxide
synthases (NOS). In active eNOS, reductase
domain (containing the binding sites for NADPH,
FAD, and FMN) and an oxygenase domain (con-
taining Zn, tetrahydrobiopterin, BH,, heme, and
L-arginine) are linked by a hinge region to which
calmodulin binds (Stocker and Keaney 2001).
Under normal conditions, these enzymes transfer
electrons from a heme group in the oxygenase
domain to the substrate L-arginine to form
L-citrulline and NO; BH, serves as a cofactor in
this process (Bevers et al. 2006). If the availabil-
ity of either BH, or L-arginine decreases, eNOS
switches from a coupled state (generate NO) to
an uncoupled state (generate O,") because the
electrons from the heme reduce oxygen to form
0,*. NO* reacts rapidly with O,*" to generate
ONOO~ which causes vascular dysfunction.
iNOS is found in the vascular smooth muscle
cells and also in activated macrophages in the
atherosclerotic lesions. It is induced by the micro-
bial endotoxins or cytokine stimulation (Murthy
et al. 2004).

Myeloperoxidase (MPO), a heme-containing
enzyme, catalyzes the conversion of CI~ to
the hydrochlorous acid (HOCI). Chlorinated
biomolecules are considered specific markers of
the oxidation reactions catalyzed by the enzyme.
The MPO/H,0,/Cl~ system can give rise to
3-chlorotyrosine, chlorohydrins such as those of
cholesterol and fatty acids, a-chloro fatty acid
aldehydes, and free amino acid or protein-bound
tyrosyl radicals. Tyrosyl radicals themselves may
participate in the secondary oxidation reactions,
including the oxidation of LDL. MPO/H,0,/Cl~
system and HOCI also oxidize nitrite to the
nonradical oxidant, nitryl chloride (NO,Cl) and
the radical “NO,, both of which promote nitration
and can covert tyrosine into 3-nitrotyrosine.
MPO plays a major role in the generation of
nitrating species in vivo, and that formation of
3-nitrotyrosine is strictly dependent on the avail-
ability of *"NO, (Carr and Frei 2001). MPO has
been shown to co-localize with macrophages in
the human artery wall, and its characteristic
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oxidation products have been detected in athero-
sclerotic lesions (Malle et al. 2000). In hypercho-
lesterolemic rabbits, atherosclerosis resulting
from the diet was ascribed to the xanthine
oxidase-induced oxidative stress (Ohara et al.
1993). Lipoxygenase (LPO) is another important
source of ROS production in the vascular wall
and these nonheme-containing dioxygenases oxi-
dize PUFA to hydroperoxy fatty acids derivatives
(Kuhn et al. 2005). The mitochondrial ROS have
also been shown to be associated with the
enhanced susceptibility to the atherosclerosis.

Hypoxia and Stroke

Hypoxia basically refers to a reduced supply of
oxygen to the part of a tissue or organ, and when
brain is involved, it is called the cerebral hypoxia.
It is caused by any event that severely interferes
with the brain’s ability to receive or process oxy-
gen. Prolonged hypoxia induces the neuronal cell
death via apoptosis resulting in a hypoxic brain
injury (Malhotra et al. 2001). When the brain is
traumatized by the low oxygen levels by choking
off the blood supply, this condition is called brain
stroke. The widespread self-destruction takes place
for days or even a week after the initial stroke.
Oxidative stress plays an important role in the
acute ischemic stroke pathogenesis. Free radical
formation and subsequent oxidative damage may
be a factor in the stroke severity. In one of the
studies, serum NO, MDA, and GSH levels were
significantly elevated in the acute stroke patients
compared to the control within 48 h of stroke
(Ozkul et al. 2007). The ‘“neurological deficit
score” was negatively correlated with both MDA
and NO levels; however, GSH levels were taken
as an adaptive mechanism during this period. In
ischemic stroke, the cerebral vasculature is a
major target of the oxidative stress playing a
critical role in the pathogenesis of ischemic
brain injury following a cardiovascular attack.
Superoxide and its derivatives have been shown
to cause the vasodilation via opening of K* chan-
nels and altered vascular reactivity, breakdown
of the blood-brain barrier (BBB), and focal
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destructive lesions in the animal models of the
ischemic stroke (Allen and Bayraktutan 2009).

Among the several stress factors known to
induce BBB breakdown, hypoxia is probably the
most represented. Evidence of the oxidative stress
occurring during hypoxia/ischemic situation raises
its possible contribution to the barrier breakdown
(Lochhead et al. 2010). Oxygen deprivation
injury constitutes one of the most important
pathophysiological mechanisms leading to the
BBB breakdown. Oxidative stress occurring
under O, deprivation insult (Chandel et al. 1998)
raises the possible contribution of ROS signaling
to the BBB breakdown. Involvement of ROS in
the RBE4 ECs barrier function disruption during
hypoxia was evidenced (Al Ahmad et al. 2009).
Further, it was demonstrated that the oxidative
stress significantly contributes to the barrier
breakdown because artificial generation of the
ROS decreased EC integrity (Al Ahmad et al.
2012) and also treatment of RBE4 monolayers
with antioxidants during O, deprivation stress
resulted in overall improvement of both barrier
function and cell survival. This provides insight
into the effect of oxidative stress on the BBB
function during hypoxic insult.

Further, hypoxia-inducible factor 1 (HIF-1), a
master regulator of hypoxia-responsive genes,
regulates the expression of a broad range of genes
that facilitate adaptation to the low O, conditions.
Its targets include genes that code for the molecules
that participate in the vasomotor control, angio-
genesis, erythropoiesis, cell proliferation, and
energy metabolism. All of these genes may
potentially contribute to the recovery of neuronal
cells following cerebral ischemia and reperfusion,
and hence regulating HIF-1 induction and
accumulation is a highly promising therapeutic
approach for the cerebral ischemia. A number of
mechanisms have been proposed to account for
the neuroprotective effect of the HIF-1 (Guo
et al. 2009): expression of its downstream gene
product erythropoietin has been found to protect
cells from hypoxic/ischemic injuries; VEGF
expression (another downstream gene of HIF-1)
counteracts detrimental ischemic injuries; pre-
vents apoptotic cell death through inhibition of
cytochrome c release, caspase activation, and
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PARP cleavage; suppresses p53 activation; and
thereby maintains cell survival.

HIF-1 may contribute to the cellular and tissue
damage. It has been reported that the HIF-1 may
mediate apoptosis during hypoxia/ischemia.
HIf-1-induced apoptosis has been observed in the
embryonic stem (ES) cells under hypoxic condi-
tions (Carmeliet et al. 1998). The study indicates
that in response to hypoxia, HIF-1a (an inducible
subunit) accumulates, associates, and stabilizes
the active wild-type p53. It is possible that this
increase in the p53 protein is responsible for the
apoptosis reported in the hypoxia ES cells. The
experimental observations support that HIF-1a
may induce cell death in a severe and prolonged
ischemia and promote cell survival following
mild ischemic insults (Baranova et al. 2007).
Thus, HIF-1 plays an important role in the fate of
ischemic insults with a double-edged sword
effect. Its effects possibly depend on the degree
of severity of the insult. Further explanations of
the mechanism of the HIF-1 induction in ischemic
neurons and its effect on the ischemic brain tissue
are well reviewed by Shi (2009).

Further, considering the effective therapeutic
targeting of the acute stroke, NOX4 is the most
abundant vascular isoform, induced in stroke.
Upon ischemia, NOX4 was induced in the human
and mouse brain (Kleinschnitz et al. 2010). Mice
deficient in the NOX4 (Nox47) of either sex
were largely protected from the oxidative stress,
blood—brain barrier leakage, and neuronal apop-
tosis, after both transient and permanent cerebral
ischemia. Restoration of the oxidative stress
reversed the stroke-protective phenotype in Nox4~/
mice. NOX4 therefore represents a major molecular
source of oxidative stress in cerebral ischemia
including some cases of human stroke and novel
class of drug target for stroke therapy.

ROS and Myocardial Infarction

Myocardial infarction (MI), commonly known as
heart attack, results from the interruption of the
blood supply to a part of the heart, causing heart
cells to die. This is most common due to the occlu-
sion of the coronary artery following rupture of
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atherosclerotic plaque in the wall of an artery. The
resulting ischemia and ensuing oxygen shortage, if
left untreated for a sufficient period of time, can
cause damage or death (infarction) of heart mus-
cle tissue (myocardium). Further, hypoxia and
hypoxia-reoxygenation (H/R) are components of
the tissue ischemia and reperfusion implicated in
the myocardial infarction. Reperfusion (or reoxy-
genation) injury is the tissue damage caused
when blood supply returns to the tissue after a
period of ischemia or lack of oxygen.

The inflammatory response is partially respon-
sible for the damage of the reperfusion injury.
White blood cells, carried to the area by newly
returning blood, release a host of inflammatory
factors such as the cytokines (reviewed in Neri
et al. 2013) as well as free radicals in response to
the tissue damage. Such reactive species may
also act indirectly in the redox signaling to turn
on apoptosis. White blood cells may also bind to
the endothelium of small capillaries, obstructing
them and leading to more ischemia.

In prolonged ischemia (60 min or more), the
hypoxanthine is formed as breakdown of ATP
metabolism. The enzyme xanthine oxidase results
in molecular oxygen being converted into the
highly reactive superoxide and hydroxyl radicals.
Xanthine oxidase also produces uric acid, which
may act both as a prooxidant and as a scavenger
of the reactive species such as peroxynitrite.
Excessive nitric oxide produced during the
reperfusion reacts with superoxide to produce
the potent reactive species peroxynitrite. Such
radicals attack the cell membrane lipids, proteins,
and glycosaminoglycans, causing further damage.
They may also initiate specific biological processes
by the redox signaling. In the first few minutes
after the reperfusion, a cascade of biochemical
changes results in the opening of the mitochon-
drial permeability pore (MPT pore) in the mito-
chondrial membrane of cardiac cells, water enters
into the mitochondria to make it dysfunctional
and collapse, and calcium released to overwhelm
the next mitochondria causes mitochondria energy
to reduce or stop completely, resulting in cell
death. So protecting the mitochondria is a viable
cardioprotective strategy (Hausenloy and Yellon
2008). Cyclophilin D is a protein induced by the
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excessive calcium flow to interact with other pore
components and help in opening the MPT pore.
Inhibiting cyclophilin D with the cyclosporine
has been shown to prevent the opening of the MPT
pore and protect the mitochondria and cellular
energy production from the excessive calcium
inflows (Javadov and Karmazyn 2007).

A number of studies have described the trans-
plantation of the mesenchymal stem cells (MSCs)
from the bone marrow as a strategy for the cardiac
repair following myocardial infarction (Huang
et al. 2010). However, the therapeutic efficacy of
this procedure is greatly limited by the poor sur-
vival of the donor MSCs in the infarcted heart,
especially because of the oxidative stress environ-
ment. It is widely reported that the HDL lowers the
risks associated with the ischemic diseases (Duffy
et al. 2012), especially because of the reverse
cholesterol transport characteristic. In another
study (Xu et al. 2012), preconditioning with the
HDL resulted in the higher MSC survival rates,
improved cardiac remodeling, and better myocar-
dial function than in the MSC control group.

Studies have shown that the heat shock factor-
1 (HSF1), a transcription factor for the heat shock
proteins (HSPs), confers protection against the
cardiovascular diseases, such as ischemia/reper-
fusion injury and myocardial infarction. HSF1
can prevent cardiomyocytes from apoptosis
induced by the various stimulations and cytotoxic
oxidative stress leads to apoptosis as a final event
(Matsuzawa and Ichijo 2008). JNKs regulate the
apoptosis of the H,O,-stimulated human pulmo-
nary vascular endothelial cells and play an important
role in regulating the left ventricular remodeling
by promoting apoptosis (Yamaguchi et al. 2003).
HSF1 and HSPs are protective against the
oxidative damage (Yan et al. 2005), but also alle-
viates ischemia/reperfusion injury by prohibiting
JNK activity (Zou et al. 2003). Thus, HSF1 may
prevent the cardiomyocytes from apoptosis under
the various stimulations via inhibition of the
intracellular ROS production and then JNK
activity. In a recent study, cultured cardiomyo-
cytes of the neonatal rats were transfected with
HSF1, ASK1, or both of them before exposure to
the H,O, and ROS generation, and JNK activity
and apoptosis were examined ( Zhang et al. 2011).
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H,0, increased intracellular ROS generation and
apoptotic cells as expected, and all these cellular
events were greatly inhibited by overexpression
of HSF1.

Further, protein tyrosine phosphatase (PTP),
important regulator in the cell signaling (as
detailed in Chap. 5), serves as a molecular target
for the ROS. Intermittent oxygenation of the car-
diac tissue where reperfusion following ischemia
is known to be an etiological factor for the tissue
damage associated with the ischemic disease
(Brandes et al. 2010). To explore the mechanism,
both the respiratory system of mitochondria
and NADPH oxidases have been implicated as
sources of elevated ROS levels in situations of
reperfusion or reoxygenation. To explain the
impact of ROS in hypoxia-reoxygenation and
ischemia/reperfusion on PTP activity/oxidation
and its consequences for tyrosine signaling, a
recent study was performed to investigate the
potential effects of reoxygenation or reperfusion
on PTP-oxidation and tyrosine kinase signaling
using cell culture models and an ex vivo model of
isolated perfused rat hearts (Sandin et al. 2011).
This study demonstrated that the cultured cells
exposed to hypoxia followed by reoxygenation
and heart tissue subjected to ischemia/reperfu-
sion are characterized by the increased oxidation
of PTPs. Further analysis revealed that both
cytosolic and receptor-like PTPs are susceptible
to H/R-induced PTP-oxidation. Enhanced Erk1/2
phosphorylation was identified as PTP-oxidation
sensitive signaling component, which was
inactivated in a ROS-sensitive manner after
treatment with antioxidant NAC. These findings
have the general implication of hypoxia or
ischemia affecting signaling processes under
pathophysiological conditions.

Antioxidants and CVD

Seeing the association of oxidative stress with
various CVDs, antioxidants were used to prevent
these diseases in clinical trials with different for-
mulations but produced mixed results. These are
well reviewed (Singh and Jialal 2006; Vogiatzi
et al. 2009). In contrast to the positive outcomes
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from various trials with different formulations
with vitamins, e.g., vitamins E and C, other anti-
oxidant supplementation studies did not show
any positive effect on the primary endpoints
related to the cardiovascular events. One apparent
reason considered the unexplored threshold
doses of the type of the antioxidant with its formu-
lation. Another important parameter considered
was the knowledge of the redox reactions in
in vivo conditions. For instance, vitamin C sup-
plementation exerts prooxidant and antioxidant
effects and at high doses exhibit DNA damage.

Complex informations on the experimental
studies regarding antioxidant influence exist. In
these studies, the statins increase catalase and
BH, levels and in turn increase NO production
and inhibit LDL oxidation while at the same time
restoring vitamin C and E levels and endogenous
antioxidants such as ubiquinone and glutathione.
Vitamins C and E can inhibit the oxidative pro-
cess for the prevention of atherosclerotic lesions.
Vitamin C stimulates the increase of BH, levels
and the activity of NO synthase and improves
endothelial dysfunction (Lonn et al. 2001).
Also vitamin C administration in patients with
coronary syndromes, arterial hypertension, and
hypercholesterolemia increases NO bioavailability.
Vitamin E administration also reduces LDL
oxidation and improves NO bioactivity and endo-
thelial dysfunction owing to the malnutrition.
Co-administration of vitamins C and E seems to
improve endothelial function in hyperlipidemic
patients (Engler et al. 2003). Various investigators
have related the ability of dietary antioxidant to
prevent the formation of highly oxidized LDL.
Natural antioxidants such as polyphenols, which
are found in fruits and vegetables, seem to be
extremely useful, can improve lipid metabolism,
and reduce ox-LDL (Wassmann et al. 2001).

Reproductive Systems Disorders
(Male and Female)

The reproductive system in an organism, whether
in male or female, works for the purpose of
reproduction, which is a fundamental character-
istic of life. Apart from the external organs of the
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reproductive system, major internal organs
include the gamete producing gonads (testicles or
ovaries). Human reproduction takes place as
internal fertilization of the female ovum with
male sperms. Upon successful fertilization and
implantation, gestation of the fetus then occurs
within the female’s uterus and finally birth of the
child. The male reproductive system has one
function, production of sperms, whereas the
female reproductive system has two: the first
is to produce egg cells and the second is to pro-
tect and nourish the offspring until birth.

Male Reproduction

The reproductive ability of sexually mature
males is dependent upon the capacity of testes
to produce large number of structurally and
functionally active spermatozoa and mainte-
nance of adequate levels of androgens (male sex
hormones). Spermatogenesis is a precisely con-
trolled process, occurring in the seminiferous
tubules of testis, which gives rise to mature
spermatozoa through a complex sequence of
events that result in marked changes in the
nuclei of the developing germ cells and finally
formation of mature spermatozoa. The cycle
of seminiferous epithelium of the testis is a
dynamic and time-scaled phenomenon that
forms well-defined cellular associations (or
stages) within each tubule showing the various
cell types in specific ratios to one another. Any
alteration in these ratios indicates disturbance in
the normal progression of spermatogenesis
which can lead to male infertility.

Endocrinology and Gonadotoxicity

The principal androgen, testosterone, a steroid, is
manufactured by the interstitial (Leydig) cells of
the testes. Secretion of the testosterone increases
sharply at puberty, and apart from the develop-
ment of secondary sexual characteristics of men,
testosterone is also essential for the production of
sperms. Production of testosterone is controlled
by the release of luteinizing hormone (LH) also
called interstitial cell-stimulating hormone
(ICSH) from the anterior pituitary gland, which
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in turn is controlled by the release of the
gonadotropin-releasing hormone (GnRH) from
the hypothalamus. The level of testosterone is
under the negative-feedback control from
hypothalamus:

Hypothalamus — GnRH — Pituitary — LH
— Testes — Testosterone

Of the many causes of gonadotoxicity in males,
oxidative stress has been identified as one factor
that affects fertility status and has been exten-
sively studied. The generation of ROS can be
exacerbated by a multitude of environmental,
infectious, and lifestyle-related etiologies. A wide
range of the industrial by-products and waste
chemicals (polychlorinated biphenyls, nonylphe-
nol, or dioxins) causes male infertility, both
directly and indirectly. Increasing the presence of
the by-products of manufacturing, such as lead,
mercury, or cadmium in the environment, has
been suggested to pose a serious threat to repro-
ductive health. Lead has been reported to be
gonadotoxic with a tendency of suppressing the
LH and testosterone levels in animals (Taiwo
et al. 2010). Sovol (a commercial mixture of
polychlorinated biphenyls) was found to be
gonadotoxic in male rat testis (decreased testis
weight, sperm cell numbers in ejaculation, tes-
ticular weight, testosterone/estradiol in blood
and increase in peroxidation) (Agletdinov et al.
2008). These results suggest that the disorders
may play an important role in pathogenesis of the
male infertility caused by the persistent organic
pollutants. Also, with the advent of the modern
cancer treatment, survival rates have improved
substantially raising new concerns toward quality
of life issues such as future fertility and offspring
welfare. Chemopreventing agents act by hindering
rapidly proliferating cells, hence exerting their
gonadotoxic effect also (Ragheb and Sabanegh
2010). The extent of the damage to the germ cells
and eventual fecundity depend on the class of
chemotherapeutic agents, dosage, spermatogenetic
stage targeted, as well as the original pretreatment
fertility potential of the patients. In a study
(Bahadur et al. 2005), semen quality from patients
with leukemia, lymphoma, testicular cancer,
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and other malignant neoplasms before and after
gonadotoxic treatment were monitored. All cate-
gories of the patients displayed varying degrees
of azoospermia and oligospermia, and recovery
of the gonadal function was not significant. This
highlighted the importance of ensuring sperm
banking before treatment.

Infertility

Infertility has been a major medical and social pre-
occupation; however, the past few decades have
witnessed a remarkable decline in the fertility rates
in the industrialized world. Out of the many well-
known causes of male infertility, about 40-90 %
of the cases are due to deficient and defective
sperm production of unidentifiable origin. Oxidative
stress is a common pathology seen in approxi-
mately half of all the infertile men. Oxidative
injury to spermatozoa is considered as a major
cause of the sperm dysfunction and the incidence
of male infertility. Increased levels of ROS have
been correlated with decreased sperm motility,
increased sperm DNA damage, sperm cellular
membrane lipid peroxidation, and decreased
efficacy of oocyte—sperm fusion. All the cellular
components, including lipids, proteins, nucleic
acids, and sugars, are the potential targets of
oxidative stress. The extent of oxidative stress-
induced damage depends on the nature, amount,
and the duration of the exposure of ROS and also
on the extracellular factors such as temperature,
oxygen tension, and the composition of the sur-
rounding environment (Aitken and Fisher 1994).
The following influences of ROS are observed:

Lipid Peroxidation (LPO): ROS attacks PUFA
in sperm plasma membrane, leading to a cascade
of chemical reactions called lipid peroxidation
(Halliwal 1984). The free radicals react with fatty
acid chains and release reactive lipid species,
which further react with molecular oxygen to
form the lipid peroxyl radical. Peroxyl radicals
can react with fatty acids to produce lipid free
radicals. Thus, lipid peroxidation in the sperma-
tozoa is a self-propagating reaction.

Sperm Motility: The increased formation of
ROS has been correlated with reduction of sperm
motility (Armstrong et al. 1999). Decrease in
motility is explained that H,O, diffusion across the
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membranes into cells inhibits the activity of vital
enzymes such as glucose-6-phosphatase dehydro-
genase (G6PD) that control the rate of glucose flux
via hexose monophosphate shunt and in turn con-
trol the intracellular availability of NADPH. Another
hypothesis involves a series of interrelated events
resulting in a decrease in axonemal protein phos-
phorylation and sperm immobilization, both of
which are associated with the reduction in membrane
fluidity that is necessary for sperm—oocyte fusion
(deLamirande and Gagnon 1995).

DNA Damage: Exposing the sperm to artifi-
cially produced ROS causes DNA damage in the
form of modification of all the bases, production
of base-free sites, deletions, frame shifts, DNA
cross-links, and chromosomal rearrangements.
Oxidative stress also is associated with the high
frequencies of single- and double-strand DNA
breaks (Aitken and Krausz 2001). DNA bases
and phosphodiester backbones are other sites that
are susceptible to the peroxidative damage by
ROS. High levels of ROS mediate the DNA
fragmentation that is commonly observed in the
spermatozoa of infertile individuals. Also, muta-
tions in the mitochondrial DNA, which is also
susceptible to oxidative damage, may cause defect
of mitochondrial energy metabolism, and therefore
lower levels of mutant DNA may compromise
sperm motility in vivo (Spiropoulos et al. 2002).

Oxidative Damage to Protein: Oxidative attack
on proteins results in the site-specific amino acid
modifications, fragmentation of the peptide chain,
aggregation of cross-linked reaction products,
altered electric charge, and increased susceptibility
or extreme tolerance to proteolysis. Primary,
secondary, and tertiary protein structures alter
the relative susceptibility of certain amino
acids. Sulfur-containing amino acids and,
specifically, thiol groups are very susceptible
(Farr and Kogama 1991).

Apoptosis: ROS may also initiate a chain of
reactions that ultimately lead to apoptosis.
Apoptosis may help to remove abnormal germ
cells and prevent their overproduction during
spermatogenesis (Sakkas et al. 1999), thus main-
taining the nursing capacity of the Sertoli
cells. High levels of ROS cause DNA damage
and disrupt the inner and outer mitochondrial
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membranes, releasing cytochrome c and activating
the caspases and at least apoptosis.

Free Radicals and Sperm Functions
ROS are generated mainly by the sperm and
seminal leukocytes within semen (Garrido et al.
2004) and produce infertility by two key mecha-
nisms. First, they damage the sperm membrane,
decreasing sperm motility and its ability to fuse
with the oocyte. Second, ROS can alter the sperm
DNA, resulting in the passage of defective pater-
nal DNA on the conceptus. Several studies show
positive/negative correlation between seminal leu-
kocytes numbers and ROS production. Activation
state of the leukocytes was considered to play an
important role in determining final ROS output.
This is supported by the observations of a posi-
tive correlation between seminal ROS production
and proinflammatory seminal plasma cytokines
such as interleukins (IL-6, IL-8), and TNFa.
Small amounts of ROS produced by the sper-
matozoa are essential to many of the physiologi-
cal processes such as fertilization, capacitation,
hyperactivation, motility, and sperm—oocyte
fusion (Agarwal et al. 2004). ROS such as nitric
oxide or superoxide anion have also shown to
promote capacitation and the acrosome reaction
(Griveau et al. 1995). They also act as second
messenger molecules and transmit signals by
increasing the influx of calcium ions, which leads
to increased production of ATP through a series
of chain reactions. Capacitation has been shown
to occur in the female genital tract, a process carried
out to prepare the spermatozoa for interaction
with oocyte. During this process, the levels of
intracellular calcium, ROS, and tyrosine kinase
increase, leading to an increase in cAMP (Aitken
1995). This facilitates hyperactivation of the
spermatozoa, a condition in which they are highly
motile. However, only capacitated spermatozoa
exhibit hyperactivated motility and undergo a
physiological acrosome reaction, thereby acquiring
the ability to fertilize (deLamirande et al. 1997).
Most semen specimens contain variable number
of the leukocytes, with neutrophils as the predomi-
nant type, and are considered potential sources of
ROS (Aitken 1995). Activated neutrophils gener-
ate and release ROS in high concentrations to
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form cytotoxic reactions against nearby cells and
pathogens. Leukocytospermia has long been associ-
ated with decreased sperm concentration, motility,
and morphology as well as decreased hyperactiva-
tion and defective fertilization (Moskovstev et al.
2007). Spermatozoa’s own production of ROS is
independent of the leukocytes and depends on the
maturation level of the sperm.

During spermatogenesis, a defect of the cyto-
plasmic extrusion mechanism results in release of
spermatozoa from germinal epithelium carrying
surplus residual cytoplasm, and these cytoplasmic
droplets are a major source of ROS (Gomez et al.
1996). The resulting spermatozoa are immature
and functionally defective, and residual cytoplasm
by spermatozoa is positively correlated with ROS
generation via mechanisms that may be mediated
by the cytosolic enzyme glucose-6-phosphate
dehydrogenase (G6PD) (Aitken 1999). G6PD
(NADPH oxidase, NOXs) at the sperm plasma
membrane controls the glucose flux and intracel-
lular production of pB-nicotinamide adenine dinu-
cleotide phosphate (NADPH) through the hexose
monophosphate shunt. NADPH is used to fuel the
generation of ROS via NADPH oxidase located
within the sperm membrane. NADPH-dependent
oxidoreductase (diaphorase) at the mitochon-
drial level also contributes ROS (Gavella and
Lipovac 1992). As a result, teratozoospermic
sperm produces increased amounts of ROS com-
pared with morphologically normal sperm.

Further, one group investigated that NOX 5
enzyme of sperm is a calcium-dependent NADPH
oxidase and is quite distinct from leukocyte
NADPH oxidase, with NOX 5 activity not being
controlled by protein kinase C as occurs in the
leukocyte. While intrinsic (by sperm) and extrinsic
(by leukocyte, 1000x) ROS production is
negatively correlated with sperm DNA integrity,
the relationship is significantly stronger for the
intrinsic ROS production. The close proximity
between intrinsic ROS production and sperm
DNA makes it a more important variable in terms
of fertility potential. Also spermatozoa are rich in
mitochondria for the constant supply of energy
for their motility. Unfortunately, when spermatozoa
contain dysfunctional mitochondria, increased
production of ROS occurs, affecting further
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mitochondrial function. Such a relationship could
be due to two mutually interconnected phenom-
ena: ROS causing damage to the mitochondrial
membrane and the damaged mitochondrial
membrane further causing an increase in ROS
production. Increased ROS levels have been
correlated with decreased sperm motility. One
hypothesis suggests that H,O, diffuses across the
membrane into the cells and inhibits the activity
of some vital enzymes. Another theory involves a
series of interrelated events resulting in a decrease
in axonemal protein phosphorylation and sperm
immobilization, both of which are associated
with a reduction in membrane fluidity that is nec-
essary for sperm—oocyte fusion. Loss of motility
observed when spermatozoa are incubated overnight
is highly correlated with the lipid peroxidation
status of the spermatozoa.

Varicocele patients (dilatation of testis veins)
have increased ROS in serum, testis, and semen
samples. Increased nitric oxide also has been
demonstrated in the spermatic veins of patients
with varicocele, which could be responsible for
the spermatozoa dysfunction (Ozbek et al. 2000).
ROS in patients with varicocele is due to
the excessive presence of xanthine oxidase, a
source of superoxide anion from the substrate
xanthine and nitric oxide in dilated spermatic
veins. On the other hand, it has been recorded
that varicocelectomy increases the concentration
of antioxidants such as SOD, catalase, GPx, and
vitamin C, in seminal plasma as well as improves
sperm quality (Mostafa et al. 2001). Patients with
varicocele had increased 8-hydroxy-2-deoxy-
guanosine (8-OHdG), indicating oxidative DNA
damage (Smith et al. 2006). Analysis conclude
that oxidative stress significantly increased in
infertile patients with varicocele as compared with
normal sperm donors and antioxidant concentra-
tions were significantly lower in infertile patients
compared with controls.

Antioxidants’ Role

Increased ROS generation in males with subopti-
mal sperm quality has been elucidated, offering
multiple targets for a potential therapy. The high
rate of mitosis and metabolic activity during
spermatogenesis in the seminiferous tubules
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makes the germ cells highly sensitive to the free
radicals, thus creating a need for an effective anti-
oxidant system. The germinal cells in the testis as
well as the epididymal spermatozoa are equipped
with enzymatic and nonenzymatic scavenger
systems to prevent lipoperoxidative damage.
Seminal plasma and sperm themselves also have
an array of the protective antioxidants.

Three basic endogenous antioxidant enzymes
(superoxide dismutase, SOD; catalase and gluta-
thione peroxidase, GPx) play a significant role
(Tremellen 2008). The cytosolic Cu/Zn-SOD is a
remarkably dominant SOD isoenzyme in the
seminal plasma as well as in spermatozoa (Peeker
et al. 1997). Addition of SOD to sperm in culture
has been confirmed to protect them from oxida-
tive attack. The majority of evidence does sup-
port a link between deficient catalase activity
and male infertility. Catalase with Cu/Zn-SOD
removes O, and may play an important role in
decreasing lipid peroxidation and protecting
spermatozoa during genitourinary inflammation
(Sikka et al. 1995). Glutathione peroxidases
(GPx 1-5) are a family of enzymes. This enzyme
is located and is active in almost all the reproduc-
tive organs. Male factor infertility has been linked
with a reduction in seminal plasma and sperma-
tozoa GPx activity. The classic intracellular
GPx1 is expressed in sperm/genital tract and a
direct relationship has been demonstrated with
sperm motility (Dandekar et al. 2002). More sig-
nificantly, a direct relationship has been reported
between male fertility and phospholipid hydro-
peroxide glutathione peroxidase (PHGPx or
GPx4), a selenoprotein that is highly expressed in
testicular tissue. In addition coordinated activity
of GPx, glutathione reductase (GR, regenerate
glutathione), and glutathione clearly plays a pivotal
role in protecting sperm from oxidative attack.
Other enzymes, such as glutathione-S-transferases,
ceruloplasmin, or heme oxygenase-1, may also
participate in the enzymatic control of oxygen
radicals and their products (Tremellen 2008).

The nonenzymatic antioxidants related to the
male reproductive system include ascorbic acid
(vitamin C), a-tocopherol (vitamin E), glutathi-
one, amino acids (taurine, hypotaurine), albumin,
carnitine, carotenoids, flavonoids, urate, coenzyme
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Q-10, resveratrol, and prostasomes. These agents
principally act by directly neutralizing free radi-
cal activity. Coenzyme Q-10 is an antioxidant
that is related to low-density lipoproteins and
protects against peroxidative damage. Since it is
an energy-promoting agent, it also enhances
sperm motility (Lewin and Lavon 1997). It is
present in the sperm midpiece and recycles vita-
min E and prevents its prooxidant activity (Aitken
et al. 1993). Albumin also helps neutralize lipid
peroxide-mediated damage to the sperm plasma
membrane and DNA (Twigg et al. 1998).
Extracellular organelles (prostasomes) secreted
by the prostate have been shown to fuse with
leukocytes within semen and reduce their
production of free radicals (Saez et al. 1998).
A significant reduction in nonenzymatic antioxi-
dant activity in seminal plasma of infertile com-
pared with fertile men has been reported.

Vitamin E (tocopherol) is a major antioxidant
in the sperm membranes and appears to have a
dose-dependent effect and plays a vital role in
protecting cell membranes from oxidative
damage by scavenging all the three major types
of free radicals (Suleiman et al. 1996). Vitamin C
is an important water-soluble antioxidant, neu-
tralizes hydroxyl superoxide and hydrogen per-
oxide radicals, and prevents sperm agglutination
(Agarwal et al. 2004). It prevents lipid peroxida-
tion, recycles oxidized vitamin E, and protects
against DNA damage induced by H,O, radicals
(Kodama et al. 1997). Resveratrol is a potential
lipid-soluble antioxidant that is commonly found
in many plants. It inhibited lipid peroxidation of
ram semen most effectively even when applied in
low concentrations (Sarlos et al. 2002).

Female Reproduction

In mammals, oogenesis starts in the germinal
epithelium in the development of the ovarian
follicles, the functional unit of the ovary. Oogenesis
consists of several subprocesses with final matu-
ration to form an ovum. Folliculogenesis is a
separate subprocess that accompanies and supports
all oogenetic subprocesses.
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Endocrinology and Gonadotoxicity
Ovaries of the sexually mature females secrete a
mixture of estrogens (17f-estradiol is the most
abundant and potent) and progesterone. Apart
from the development of secondary sexual char-
acteristics of the female, estrogens (steroids) are
responsible for the monthly preparation of body
for a possible pregnancy and its maintenance if it
occurs. Progesterone is also a steroid and has a
role in the menstrual cycle and pregnancy.
Estrogens and progesterones are small hydropho-
bic molecules that are transported in the blood
bound to a serum globulin. The hormone-receptor
complex enters the nucleus (if it is formed in the
cytoplasm) and binds to the specific sequences of
DNA, called the estrogen (or progesterone) response
elements. Response elements are located in the
promoters of genes. The hormone-receptor
complex acts as a transcription factor (often
recruit other transcription factors for help) which
turns on (or sometimes off) the transcription
of the target genes.

The synthesis and secretion of estrogens are
stimulated by FSH, which in turn is controlled by
the hypothalamic gonadotropin-releasing hormone
(GnRH). Progesterone production is stimulated
by the LH, which is also stimulated by GnRH:

Hypothalamus — GnRH — Pituitary — FSH
—Follicle — Estrogen (negative feedback )

Hypothalamus — GnRH — Pituitary — LH — Corpus
luteum — progesterone ( negative feedback)

About every 28 days, some blood and other
products of the disintegration of the inner lining
of the uterus, endometrium, are discharged from
the uterus, a process called menstruation. During
this time, a new follicle begins to develop in one
of the ovaries. After menstruation ceases, the
follicle continues to develop, secreting an
increasing amount of estrogen which causes the
endometrium to become thicker and more richly
supplied with blood vessels and glands. A rising
level of LH causes the developing egg within the
follicle to complete the first meiotic division
(meiosis 1), forming a secondary oocyte. After
about 2 weeks, there is a sudden surge in the
production of LH which triggers ovulation: the
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release of the secondary oocyte into a corpus
luteum. Stimulated by LH, the corpus luteum
secretes progesterone which continues the prepa-
ration of the endometrium for a possible preg-
nancy and inhibits the contraction of the uterus
and development of a new follicle. If fertilization
does not occur, the rising level of progesterone
inhibits the release of GnRH which, in turn,
inhibits further production of progesterone. As
the progesterone level drops, the corpus luteum
begins to degenerate and the endometrium begins
to break down via apoptosis. The inhibition of the
uterine contraction is lifted and the bleeding and
cramps of menstruation begin.

Aggressive chemotherapy and radiotherapy
used for the treatment of some cancers and auto-
immune disorders are the most common causes
of gonadotoxicity and subsequent infertility.
Patients receiving chemotherapy are at risk of
developing “premature ovarian failure” (POF, a
well-known consequence of the exposure of the
female gonad to chemotherapeutic drugs). The
well-known gonadotoxic cyclophosphamide-
based multiagent cytotoxic chemotherapy is one
of the combinations of choice in treating female
breast cancer (Kaufmann et al. 2003). Cancer of
the cervix is another malignancy that affects the
reproductive age of women, and some of those
patients receive radiosensitizing chemotherapy
which again mightaffect their gonads. Co-treatment
with GnRH agonist may reduce ovarian damage
significantly in the female patients treated for
Hodgkin lymphoma and is considered in addition
to assisted reproduction for women in the repro-
ductive age receiving gonadotoxic chemotherapy
(Blumenfeld et al. 2008). Also, in astudy (Brougham
et al. 2012) anti-Mullerian hormone (AMH),
detectable in girls of all ages, falls rapidly during
cancer treatment in both the prepubertal and
pubertal age. Both fall during the treatment and
recovery thereafter varied with the risk of
gonadotoxicity. AMH is used as a marker of
damage to the ovarian reserve in girls receiving
treatment of cancer.

Oxidative Stress and Infertility
Oxidative Stress, Oogenesis, and Folliculogenesis:
ROS may have a regulatory role in the oocyte

2 Oxidative Stress in Pathogenesis

maturation, folliculogenesis, ovarian steroido-
genesis, and luteolysis. Mammalian ovulation
or follicular rupture results from the vascular
changes and the proteolytic cascade. This is
mediated by the cytokines, VEGF and ROS (both
nitrogen and oxygen radicals). Interleukin-1p
causes nitrite to accumulate in the rat ovaries,
demonstrating close interaction between the
cytokines and NOS (Ben-Shlomo et al. 1994).

There is a delicate balance between the ROS
and antioxidant enzymes in ovarian tissues.
Expression of various markers of the oxidative
stress have been demonstrated in normal cycling
ovaries (Suzuki et al. 1999), and their concentra-
tions have been demonstrated to be lower in the
follicular fluid than in the blood, suggesting that
follicular fluid contains highly active antioxidant
system (Jozwik et al. 1999). Enhanced expres-
sion of the luteal Cu/Zn-SOD may be due to the
hCG which may have an important role in the
maintenance of the corpus luteal function in
pregnancy. Also nitric oxide radical is one of the
local factors involved in the ovarian folliculo-
genesis and steroidogenesis. NO binds to the
heme-containing enzyme guanylate cyclase,
which activates the cyclic-GMP (LaPolt et al.
2003). Plasma concentration of nitrate monitored
during follicular cycle has revealed peak levels at
ovulation (Ekerhovd et al. 2001). NO inhibits the
ovarian and corpus luteum steroidogenesis (Seino
et al. 2002) and has luteolytic action mediated
through the increased prostaglandins and apopto-
sis (Vega et al. 2000). The preovulatory follicle
has a potent antioxidant defense, which can be
exhausted by the intense peroxidation (Aten et al.
1992). Transferrin, a blood plasma glycoprotein
that binds the iron, is known to suppress ROS
generation and has been proven an important
factor for the successful development of the
follicles.

Oxidative  Stress,  Endometrium, and
Endometriosis: Oxidative stress is involved in
the modulation of cyclic changes in the endome-
trium. There is a cyclical variation in the expres-
sion of SOD in the endometrium. Elevated lipid
peroxidation and decreased SOD activity in
the late secretory phase with increased ROS
levels (Sugino et al. 2004) have been linked to be
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important in the genesis of menstruation and
endometrial shedding. The expression of eNOS
and iNOS has been demonstrated in the human
endometrium and endometrial vessels (Ota et al.
1998). NO is thought to regulate the microvascu-
lature of endometrium. eNOS is also thought to
bring about the changes that prepare endometrium
for implantation. Stimulation of the cyclooxy-
genase enzyme is brought about by the ROS via
activation of the NF-kB, suggesting a mechanism
for menstruation (Sugino et al. 2004). VEGF and
Ang-2, key regulators of endometrial angiogene-
sis, are induced by hypoxia and ROS (Park et al.
2006), and their expression changes are thought
to play an integral role in producing the abnormally
distended and fragile vessels. Oxidative stress is
thus implicated in the genesis of endometrial
pathophysiology (Hickeyetal.2006). Endometriosis,
blockage of sperm—egg union, is a complex
phenomenon. Women with endometriosis have
increased peritoneal fluid, macrophages, cytokines,
and prostaglandins. ROS from macrophages may
increase growth and adhesion of the endometrial
cells in the peritoneal cavity, promoting endome-
triosis adhesions and infertility (Alpay et al. 2006).
However, this etiology is controversial as others.

Further, the concentration of ROS plays a
major role both in the implantation and fertiliza-
tion of eggs (Sharma and Agarwal 2004). More
severe attack by the ROS may lead to more
extensive and irreparable cell damage, resulting
ultimately in death through necrosis or apoptosis.
These pathological effects are mediated by the
opening of ion channels, lipid peroxidation,
protein modifications, and DNA oxidation. ROS
activate the calcium release channels in the ER
membrane, which include the inositol-1,4,5-
trisphosphate receptor, IP;R, and the ryanodine
receptor (Hool and Corry 2007). Ca** release
activates diverse Ca**-sensitive processes within
the cell (Hool and Corry 2007), and loss of
chaperone activity results in the accumulation of
misfolded proteins within the lumen, leading to
further generation of ROS as attempts are
made to refold them (Tu and Weissman 2004).
Accumulation also stimulates the unfolded pro-
tein response (UPR), a highly conserved set of
signaling pathways (Fig. 2.4) that aim to restore
homeostasis, but if this fails, it will stimulate
apoptosis (Ron and Walter 2007). Rise in the cyto-
solic Ca?* ion concentration will also adversely
affect mitochondrial function, including an
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increase in their own production of the ROS and
opening of the permeability transition pore
(PTP). As a result, the mitochondrial membrane
potential, ATP synthesis, and ionic homeostasis
fail and the cell undergoes necrosis or apoptosis
(Leist et al. 1997).

A complex cytokine influence at the maternal—
fetal interface creates conditions that are neces-
sary to support the embryo implantation in the
endometrium (Krussel et al. 2003). Critical
changes occur in the vascular system which
accompany follicular growth. As endometrium
grows in the menstrual cycle, vessel regeneration
occurs, i.e., spiral arteries and capillaries (Bausero
et al. 1998). Estrogen promotes angiogenesis in
the endometrium by controlling the expression of
factors such as VEGF. ROS generated from the
NADPH oxidase is critical for VEGF signaling
in vitro and angiogenesis in vivo (Ushio-Fukai
and Alexander 2004). Small amounts of ROS are
produced from the endothelial NADPH oxidase
activated by growth factors and cytokines.

Oxidative Stress, Pregnancy, and Placental
Changes: Oxidative stress plays a role in both
the normal development of placenta and in the
pathophysiology of the complications such as
miscarriage, preeclampsia, intrauterine growth
restriction (IUGR), and premature rupture of the
membranes. Development of placental hypoxia,
reperfusion, and in turn oxidative stress triggers
the release of cytokines and prostaglandins,
which results in the endothelial cell dysfunction
and plays an important role in the development of
preeclampsia (Bilodeau and Hubel 2003).
Activation of the mononuclear phagocytes can be
triggered in the endometriosis by a number of
factors including damaged RBCs and the apop-
totic endometrial cells. A positive correlation
between the concentrations of TNF-«a in the
peritoneal fluid and endometriosis has been
reported (Bedaiwy and Falcone 2003).

The placenta at the start is supported by the
secretions from the endometrial glands with low
oxygen concentration which is more protective
for the developing embryo rather than the mater-
nal circulation (Burton et al. 2003). Maternal
arterial blood is prevented from entering the
intervillous space of the placenta by the plugs of
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the extravillous cytotrophoblast cells that invade
down the mouths of the uterine spiral arteries.
The maternal intraplacental circulation recovers
fully toward the end of the first trimester, when
these plugs dislocate the circulation in the periphery
of the placenta, where trophoblast invasion is
least and progressively extends into the central
region (Jauniaux et al. 2003). Onset of the circula-
tion is associated with a threefold rise in the oxygen
concentration within the placenta, stimulation
of ROS generation, particularly in the critical
syncytiotrophoblastic layer, which contains low
concentrations of the principal antioxidant
enzymatic defenses.

NO also regulates the microvasculature of the
endometrium and is important in menstruation.
Expression of iNOS was highest in patients with
preterm pregnancy and not in patients in term
labor. The expression of these enzymes decreased
by 75 % at the term and was barely detectable in
preterm in labor patients or term labor patients
(Bansal et al. 1997), reiterating that NO has a role
in the maintenance of uterine quiescence. Low
levels of NO are important in ovarian function
and implantation and cause relaxation of oviduct
musculature. High levels of NO are reported as
having deleterious effects on sperm motility, are
toxic to embryos, and inhibit implantation (Lee
et al. 2004). High levels of NO, such as those
produced by macrophages, can negatively influ-
ence fertility. High levels of NO adversely affect
sperm, embryos, implantation, and oviductal func-
tion, indicating that reduction in the peritoneal
fluid NO production or blocking NO effects may
improve fertility in women with endometriosis
(Osborn et al. 2002).

Oxidative Stress and Spontaneous Miscarriage:
Any imbalance between the cytokines and angio-
genesis factors could result in the implantation
failure and pregnancy loss (Choi et al. 2003). In
cases of miscarriage, onset of the maternal intra-
placental circulation is disorganized (Jauniaux
et al. 2000), and it starts at an earlier stage and
occurs randomly throughout the placenta. In 70 %
of these cases, extravillous trophoblast invasion
is superficial and consequently plugging of the
spiral arteries is less complete. The apoptotic
index is increased compared with control placentas



Reproductive Systems Disorders (Male and Female)

of a similar gestation age, and there is morphologi-
cal evidence of degenerate syncytiotrophoblast
sloughing off in some areas. In these cases, it
seems that increased oxidative stress causes
widespread destruction of the trophoblast. In
confirmation of these findings, increased lipid
peroxides in villous, decidual tissues and the
serum of women undergoing pregnancy loss have
been observed (Toy et al. 2010). High increase in
the oxidative stress in the placenta takes place
at 10-12 weeks of gestation on adapting to the
maternal environment which causes increase in
the expression and activity of the antioxidant
enzymes (Jauniaux et al. 2000). Polymorphisms
in the enzymes detoxifying ROS have been linked
to an increased risk of miscarriage (Sata et al.
2003). Also the selenium deficiency with reduced
activity of glutathione peroxidase is associated
with miscarriage (Zachara et al. 2001).

Placental Oxidative Stress in Preeclampsia:
Normal pregnancy is said to be a condition of the
oxidative stress, as circulating levels of the ox-
LDL increase and the total antioxidant capacity
in pregnant women decreases compared with
nonpregnant women (Belo et al. 2004). Pregnancy
is also associated with a systemic inflammatory
response, as evidenced by the activation of periph-
eral granulocytes, monocytes, and lymphocytes
during the third trimester, all of which produce
ROS. These states are observed to a much greater
degree in preeclampsia. There is clear evidence
of the placental oxidative stress in cases of the
early onset preeclampsia, including increased
concentrations of the protein carbonyls, lipid
peroxides, nitrotyrosine residues, and DNA oxi-
dation (Burton et al. 2009). The cause of the
oxidative stress is thought to be vascular, because
early onset of preeclampsia is associated with
deficient conversion of the spiral arteries. In
particular, the myometrial segments of the arteries
are adversely affected. As the myometrial segment
contains a highly contractile portion of the artery,
it is proposed that failure to convert this section
results in intermittent perfusion of the placenta
and a low-grade ischemia-reperfusion-type injury
(Hung et al. 2001). In support of this hypothesis,
it is shown that hypoxia-reoxygenation in vitro is
a potent inducer of the oxidative stress in term
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placental explants, much more than hypoxia alone.
Exposure of explants to changes in oxygenation
causes generation of the ROS within the nitroty-
rosine residues in a pattern matching closely to
that seen in preeclamptic placentas. Furthermore,
labor, in which the placenta is exposed to repeated
episodes of ischemia—reperfusion, induces high
levels of oxidative stress (Cindrova-Davies et al.
2007a).

Early onset of preeclampsia is associated with
intrauterine growth restriction (IUGR) and high
levels of ER stress in these placentas (Yung et al.
2008; Burton and Yung 2011). Induction of similar
stress in trophoblast-like cell lines causes a
reduction in their proliferation rate. In addition,
the high levels of ER stress may contribute to the
inflammatory response by stimulating the p38
and NF-kB pathways. Hence, both ER stress and
oxidative stress may contribute to the placental
pathophysiology in preeclampsia (Burton et al.
2009). Increased phosphorylation of IkB, an
inhibitory subunit of NF-kB, is observed in
term placental explants subjected to hypoxia—
reoxygenation in vitro, which provides a model
for malperfusion of the placenta in vivo (Hung
et al. 2001). Activation of the pathway is associ-
ated with increased tissue levels of the proinflam-
matory enzyme COX-2 and interleukin-1§,
increased secretion of TNF-«, and activation of the
apoptotic cascade by the cleavage of caspase 3
(Cindrova-Davies et al. 2007b). Further, increased
phosphorylation of p38 is observed in the term
placenta after labor compared with control par-
ticipants delivered by caesarean section
(Cindrova-Davies 2009). ASK1 (upstream kinase
of p38 and SAPK-JNK) is also activated in
explants exposed to either hypoxia—reoxygenation
or H,O, (Cindrova-Davies 2009). Activation is
associated with increased levels of the soluble
receptor for VEGF, which has been implicated in
the pathogenesis of preeclampsia.

Role of Antioxidants
Earlier well-known basic enzymatic and nonen-

zymatic antioxidants were suggested to protect
the oocyte and the embryo from oxidative stress
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by detoxifying and neutralizing the ROS
production (Attaran et al. 2000). Considering
antioxidants as a potential therapy for preeclamp-
sia, vitamins C and E trials have not been suc-
cessful (Roberts et al. 2010; Xu et al. 2010).
However, in vitro experiments show positive
results (Cindrova-Davies 2009). The difference
may result from the ability of the vitamins to
access the relevant trophoblast cell compartment
in the necessary concentration in vivo. It is nota-
ble that the multivitamin usage during the pre-
conceptional period is associated with a reduced
risk of preeclampsia among lean or normal
weight women (Catov et al. 2009). Conversely,
women with a low dietary intake of vitamin C
have been reported to have a trend toward
increased risk (Klemmensen et al. 2009).

Autoimmune Diseases

Autoimmune disorder is a condition that occurs
when the immune system mistakenly attacks and
destroys the healthy body tissue. In patients with
an autoimmune response, result in an hypersensi-
tivity reaction, similar to the response in allergic
conditions. In allergies, the immune system reacts
to an outside substance, whereas with autoimmune
disorders, the immune system reacts to normal
body tissues. Organs and tissues commonly
affected by the autoimmune disorders include
blood vessels, connective tissues, endocrine
glands such as the thyroid or pancreas, joints,
muscles, red blood cells, and skin. Autoimmune
diseases are multifactor diseases to which heredi-
tary dispositions and environmental factors are
related. Oxidative stress affects immune systems
directly or indirectly. In the present write-up,
three such disorders having link with oxidative
stress have been discussed: HIV, colitis, and
rheumatoid arthritis.

HIV

Long back it was proposed that the oxidative
mechanisms are of critical significance in the
genesis of AIDS (acquired immune deficiency
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syndrome) and then further predicted that the
mechanisms responsible for AIDS could be
reversed by the administration of the reducing
agents, especially those containing the sulthydryl
groups. The discovery of the HIV (human immu-
nodeficiency virus) supported these as it consid-
ered the oxidative stress as a principal mechanism
in both the development of AIDS and expression
of HIV (Papadopulos-Eleopulos et al. 1989). In
further experimentation, researchers found that
the asymptomatic HIV-infected individuals and
AIDS patients have decreased sulthydryl and
total glutathione and also the reducing agents
suppress the expression of HIV. Since the viral
production require thiols, which they obtain from
the host, it may be assumed that the decreased SH
level in the HIV-positive individuals may be the
result of the HIV infection. However, for the
HIV expression, oxidative stress is a prerequisite
(Papadopulos-Eleopulos et al. 1991). The sys-
temic decrease of the glutathione concentration
in the HIV seropositive individuals may result
from both decrease in synthesis and increased
degradation. The oxidative stress to which the
AIDS patients are subjected would lead to the
cellular anomalies in many cells, including lym-
phocytes, resulting in the opportunistic infection,
immunological abnormalities, and neoplasia. All
these show in favor of the oxidation as being a
critical factor in the pathogenesis of the AIDS
and HIV expression.

HIV/AIDS patients suffer from several infections
because of the poor immune system, especially
as CD4-T cell immunodeficiency. Different
factors released may trigger apoptosis in CD4* T
cell, including viral protein (i.e., gp 120, Tat),
inflammatory cytokines from the activated
macrophages (i.e., TNF-a), and toxins from
microorganisms. In the HIV-infected patients,
increased oxidative stress has been implicated in
the increased HIV transcription through the acti-
vation of the NF-kB (Greenspan and Aruoma
1994). Glutathione (GSH) is a major intracellular
thiol, which acts as a free radical scavenger and is
thought to inhibit the activation of NF-kB (Sharon
et al. 1997). NF-kB is involved in the transcription
of HIV-1. Thus, ROS may potentially be involved
in the pathogenesis of the HIV infection through
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direct effects of the cells and through the
interactions with the NF-kB and activation of the
HIV replication. The viral Tat protein liberated
by the HIV-1-infected cells interferes with the
calcium homeostasis, activates caspases, and
induces mitochondrial generation and accumula-
tion of the ROS, all being important events in the
apoptotic cascades of several cell types. CD4* T
cell subset depletion in the HIV/AIDS patients is
the most dramatic effect of the apoptosis medi-
ated by redox abnormalities and induction of Fas/
APO-1/CD95 receptor expression (Jaworowski
and Crowe 1999). The proportion of the lympho-
cytes expressing Fas was shown to be elevated
in the HIV-infected individuals. Some micronu-
trients play an essential role in maintaining the
normal immune function and may protect
immune effector cells from the oxidative stress
(Meydani and Beharka 1998). Thus, infection by
the HIV causes the persistent chronic inflamma-
tion through the intracellular increase of ROS,
thus increasing the apoptotic index, mostly the
one mediated by FAS/CD95, and depleting CD4+
T lymphocytes.

In the HIV/AIDS patients (Gil et al. 2003), the
redox-related parameters and various types of the
T lymphocytes load were studied and compared
to the healthy subjects. Reduction of GSH levels
and an increase in the MDA and total hydroper-
oxides levels were detected in the plasma of HIV*
patients. These patients also showed an increase
of the DNA fragmentation in the lymphocytes as
well as a significant reduction of the glutathione
peroxidase and an increase in the SOD activity in
erythrocytes. These results also show that the
substantial oxidative stress occurs during HIV
infection.

Since the discovery of HIV infection, numerous
antiretroviral drugs that control the disease when
administered in a potent combination are referred
to as the highly active antiretroviral therapy
(HAART). This therapy reduces the viral load
and improves immune system reconstitution,
leading to a significant reduction of the HIV-
related morbidity and mortality (McArthur and
Brew 2010). However, the HAART does not
completely eliminate HIV and the treatment must
continue for long, which has been related to the
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long-term adverse events that can compromise
the patient health. The prevalence of the HIV-
associated neurocognitive disorder (HAND) is
increasing as the HIV-infected individuals are
living longer. HAND is manifested by the enhanced
neuroinflammation, reactive astrocytes, forma-
tion of multinucleated giant cells, blood—brain
barrier (BBB) damage, formation of microglial
nodules, and neural apoptosis associated with
increased viral replication and deterioration of
the immune responses (Kanmogne et al. 2007).
HAND has been characterized by the development
of cognitive, behavioral, and motor abnormalities
and occurs in about 50 % of the HIV-infected
individuals (McArthur and Brew 2010).

As presented above, the oxidative stress is
associated with HIV infection and therefore is
true for the neurological disorders too. Studies
have reported that HIV-1 viral proteins including
gpl20 and tat, released from the infected cells,
induce oxidative stress in the CNS either directly
or indirectly (Mollace et al. 2001). In vitro studies
also demonstrated an increased ROS generation
by gp120 exposure to the astrocytes (Reddy et al.
2012). Nrf2, ARE, and antioxidant genes, a well-
known oxidative stress protective system, may
have link with the inflammation and their role in
the HAND. Further, the NOX2 subunit of NADPH
oxidase was found involved in the HIV-1-
mediated ROS generation (Williams et al. 2010).
Inhibition of the NADPH oxidase with NOX2
knockdown and with pharmacological inhibitors,
e.g., diphenyleneiodonium (DPI) and apocynin,
significantly attenuated the HIV-1. Tat protein
induces production of the inflammatory mediators
such as TNF-q, IL-6, and MCP-1 in the microglia
and macrophages (Mollace et al. 2001). Activation
of NADPH oxidase in neurons can contribute to
the cell death under stress stimuli.

Activation of the NF-kB signaling has been
shown to play an important role in inducing the
oxidative stress and increased inflammation
response mediated by the HAND (Shah and
Kumar 2010), and also upregulation of the NF-kB
results in stimulating several inflammatory genes
that play a vital role in the HAND (Williams
et al. 2009). Upregulation of MMP-9 in the astro-
cytes treated with HIV-1 and its proteins such as
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gp120 and Tat has been observed (Ju et al. 2009).
MMP-9 has been reported to be increased in the
CSF of HIV-infected neurologically impaired
patients as well (Sporer et al. 1998). In addition,
increased expression of the NF-kB has been
demonstrated to be mediated by the Nrf2
pathway, thereby resulting in increased MMP-9
expression (Mao et al. 2011). These findings sug-
gest that the Nrf2 may be beneficial in preventing
the oxidative stress and inflammatory cascades
induced in the HAND and may provide insight in
the development of novel therapeutic strategies
against HAND.

Colitis

Colitis (pl. colitides) refers to an inflammation of
the colon and is often used to describe an acute or
chronic inflammation of the large intestine (colon,
cecum, and rectum). The signs and symptoms of
the colitides are quite variable and dependent on
the etiology of the given colitis and factors that
modify its course and severity. There are many
types of colitis and classified by etiology: autoim-
mune inflammatory bowel disease (IBD, a group
of chronic colitides), ulcerative colitis (UC, a
chronic colitis that affects the large intestine),
Crohn’s disease (a type of IBD often leads to a
colitis), idiopathic (microscopic colitis (a colitis
diagnosed by microscopically), lymphocytic coli-
tis, collagenous colitis), iatrogenic (diversion coli-
tis, chemical colitis), vascular disease (ischemic
colitis), and infectious colitis. Ulcerative colitis
(UC) is idiopathic, chronic, and relapsing inflam-
matory bowel disease, which elicits the risk of
colorectal cancer, the third most common malig-
nancy in humans. Studies in the animal models of
UC have helped to shed light on the mechanisms
of the inflammation-driven colorectal carcinogen-
esis. The available evidence suggests that the DNA
damage caused by the oxidative stress in the char-
acteristic damage-regeneration cycle is a major
contributor to colorectal cancer development in
UC patients. Based on this concept, the dietary
antioxidants are considered as the protective factors
for the UC and associated carcinogenesis.
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The colons of individuals with IBD are infiltrated
with the neutrophils and activated macrophages that
are capable of producing the high levels of ROS
and RNS. In addition, inflammatory cytokines such
as TNF-a and IFN-y, which are overproduced in the
IBD, are potent inducers of ROS and NO. Excessive
production ROS and RNS leads to tissue damage of
the host via oxidation of lipids, proteins, and
DNA. Moreover, chronic inflammatory bowl dis-
eases, both UC and Crohn’s disease, are significant
risk factors for the development of colon cancer. The
cytokine, IL10 with potent anti-inflammatory and
immune regulatory activity, inhibits the production
of the inflammatory cytokines, such as IL1 and
TNF-a, which stimulate the production of ROS.IL10
also inhibits the production of ROS in neutrophils
and human monocytes (Kuga et al. 1996). It was
reported that IL10-deficient mice (IL10 7-) develop
a spontaneous inflammatory bowel disease
3—-6 months after birth (Berg et al. 1996). Further,
study (Narushima et al. 2003) showed the presence
of oxidative stress in the inflammatory bowel dis-
ease in nonsteroidal anti-inflammatory drug-
(NSAID)-treated IL10~ mice and suggested a role
for the oxidative stress in the pathophysiology of
this model of the inflammatory bowel disease.
The potential pathogenicity of the free radicals may
have a pivotal role in the ulcerative colitis (UC). Fish
oil omega-3 fatty acids exert anti-inflammatory
effects on the patients with UC (Barbosa et al. 2003),
by acting as free radical scavenger.

In further understanding the pathophysiology
of the inflammatory diseases, endoplasmic retic-
ulum (ER) stress has been linked. The synthesis,
folding, and processing of the secreted and
membrane proteins by the ER involve ER chap-
erones, maintenance of ER calcium pools, and
an oxidative environment. A variety of stimuli,
including the virus infections, endogenous imbal-
ances in the cell, accumulation of the unfolded
or misfolded proteins, loss of the calcium homeo-
stasis, and glucose deprivation, can increase
stress to the ER through a battery of UPR molec-
ular pathways (shown in Fig. 2.4 in section
“Female Reproduction”). In a recent study
(Bogaert et al. 2011), involvement of the ER
stress in IBD was studied at molecular level, and
different implications of these were observed
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in colonic and ileal disease which were related
to the differences in the development of ileal or
colonic disease.

The development of new diagnostic modalities
at an early or precancerous stage is crucial to
improve the prognosis of the UC-associated neo-
plasia (Fujii et al. 2008). Advanced oxidation pro-
tein products (AOPPs) are new protein markers of
oxidative stress with proinflammatory properties,
which accumulate in many pathological condi-
tions (Wykretowicz et al. 2007). Being the prod-
ucts of oxidative imbalance themselves, AOPPs
further participate in the potentiation and perpetu-
ation of both oxidative stress and inflammation
(Peng et al. 2006). Metallothioneins (MTs) have
highly conserved number and position of cysteine
residues, enabling them to incorporate monovalent
and divalent metal atoms and to reduce ROS and
RNS. MTs are known to participate in fundamen-
tal cellular processes such as cell proliferation and
apoptosis (Cioffi et al. 2004). P53, tumor suppres-
sor gene, mutations are the most frequently
reported somatic gene alterations in human cancer,
leading to accumulation of p53 gene products in
tumor cells that can initiate an immune response
with generation of circulating anti-p53 antibodies
(p53Abs) (El-Sayed et al. 2003). Based on these
informations, a recent study (Hamouda et al. 2011)
was to exploit the use of p5S3Abs, MTs, and some
oxidative stress markers in the early detection of
dysplasia in chronic UC patients. Elisa of p53 anti-
bodies (Abs) and MTs and spectroscopic analysis
of AOPPs and GSH were carried. There was a posi-
tive correlation between AOPPs and both MTs and
p53 Abs, and also between p53Abs and MTs.
There was a negative correlation between AOPPs
and GSH, and also between GSH and both MTs
and p53Abs. In conclusion, oxidative stress and
oxidative cellular damage play an important role in
the pathogenesis of chronic UC and the associated
carcinogenic process. PS3Abs levels could help in
early detection of dysplasia in these conditions.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic, systemic
inflammatory disorder that may affect many
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tissues and organs, but principally attacks flexible
(synovial) joints. The process involves an inflam-
matory response of the capsule around the joints
(synovium), secondary to the swelling (hyperpla-
sia) of synovial cells, excess synovial fluid, and
the development of fibrous tissue (pannus) in the
synovium. The pathology of the disease process
often leads to the destruction of the articular
cartilage and ankylosis (fusion) of the joints. RA
can also produce diffuse inflammation in the lungs,
membrane around the heart (pericardium), the
membrane of the lung (pleura), and white of the
eye (sclera), and also nodular lesions, most com-
mon in subcutaneous tissue. Although the cause
of RA is unknown, autoimmunity plays a pivotal
role in both its chronicity and progression, and it
is considered a systemic autoimmune disease.

RA is a chronic multisystem disease with an
unknown etiology. Increased oxidative stress and
decreased antioxidant status are the hallmarks in
patients of RA as compared to healthy individuals.
A study (Karatas et al. 2003) indicates that
increased oxidative stress and/or defective
antioxidant status contributes to the pathology of
RA. MDA levels in patients with RA were found
to be significantly higher than controls, whereas
levels of vitamins A, E, and C and activities of
glutathione peroxidase and SOD were lower in
the patients compared to controls. Plasma cata-
lase had also been reported to be significantly
lower in patients with RA (Kamanli et al. 2004).
An epidemiological study (Knekt et al. 2002)
suggested that low selenium status may be a risk
factor for rheumatoid factor-negative RA. This
shows that there is increased state of oxidative
stress in RA, which proposes the use of antioxi-
dants supplementation in such patients. In view
of the animal studies strongly suggesting anti-
inflammatory role of antioxidants like superoxide
dismutase (Salvemini et al. 2001) and vitamin E
(Behaska et al. 2002) in experimentally induced
arthritis, antioxidant therapy strategies have been
proposed for the prevention and treatment of RA
(Cerhan et al. 2003). Antioxidant implications
and complications are reviewed by Mahajan and
Tandon (2004).

RA being dependent on environmental factors
and highly influenced by genetic composition,
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Vasanthi et al. (2009) designed a study to generate
data of the disease condition and the biochemical
aspects in peripheral blood of population.
Statistically significant changes were observed in
the levels of MDA, vitamin E, total NO, and ESR
in the patient group. Significant differences were
also observed in ESR and vitamin E levels in
patients with active disease. Increased oxidative
stress status existed, which may lead to the con-
nective tissue degradation leading to the joint and
periarticular deformities in RA. In another study
(Desai et al. 2010), oxidative stress was evaluated
by measuring MDA and enzymatic antioxidant
status by estimating the SOD and GR in the
patients of RA. This study revealed that there was
an increased oxidative stress and a decreased
antioxidant defense in patients with RA as com-
pared with healthy individuals. In extension to
these, another study (Biniecka et al. 2011) was to
assess the levels and spectrum of mitochondrial
DNA mutations in synovial tissue from patients
with inflammatory arthritis and to link these with
oxidative stress status as assessed by analyzing
in vivo tissue hypoxic status, lipid peroxidation,
and cytochrome c¢ oxidase expression levels. The
effect of antioxidant treatment on the above
processes was also examined. The findings
demonstrate that hypoxia-induced mitochondrial
dysfunction drives mitochondrial genome muta-
genesis and antioxidants significantly rescue
these events in synovial tissue from patients with
inflammatory arthritis.

Further, seeing the increasing evidence that
oxidative stress may play a key role in joint destruc-
tion in RA, the role of Nrf2, a transcription factor
that maintains the cellular defense against oxidative
stress, was studied (Wruck et al. 2011) in the syno-
vial tissue from patients with RA using immunohis-
tochemistry (IHC). Antibody-induced arthritis
(AIA) was induced in Nrf2-KO (knock out) and
Nrf2-WT (wild type) control mice. Nif2 was acti-
vated in the joints of arthritic mice and of patients
with RA. Nrf2-KO mice had more severe cartilage
injuries and more oxidative damage, and the expres-
sion of Nrf2 target genes was enhanced in Nrf2-WT
but not in KO mice during AIA. Both VEGF-A
mRNA and protein expression was upregulated in
Nrf2-KO mice during AIA. An unexpected finding
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was the number of spontaneously fractured bones in
Nrf2-KO mice with AIA. These results provide
strong evidence that oxidative stress is significantly
involved in cartilage degradation in experimental
arthritis and indicate that the presence of a func-
tional Nrf2 gene is a major requirement for limit-
ing cartilage destruction.

To establish the correlation of the redox status
in peripheral blood and the oxidative status at the
site of inflammation in RA patients, spectropho-
tometry and/or flow cytometry analysis was
carried (Kundu et al. 2012). The basal levels of
total ROS, superoxide, and hydroxyl radicals
were significantly raised in neutrophils sourced
from peripheral blood and synovial infiltrate.
However, there was no major increase in the RNS
generated in monocytes from both sources.
Furthermore, raised levels of superoxide in neu-
trophils of synovial infiltrate showed a positive
correlation with NADPH oxidase activity in
synovial fluid. Therefore, peripheral blood analy-
sis directly correlates the inflammation status and
in turn joint damage in RA patients and hence
easy diagnosis. Staron et al. (2012) also gener-
ated biochemical analysis data in erythrocytes
from RA patients. The level of the lipid peroxida-
tion, antioxidant enzyme activities (CAT, SOD,
GPx), level of the —SH groups, and GSH and
Na*K* ATPase activity in erythrocytes from
patients with RA were estimated. There were no
significant differences in CAT and GSH-Px
activities. SOD activity is lower in RA patients
than in the control group. Increase in the lipid
peroxidation is observed in RA patients. Levels
of the GSH and —SH groups are significantly
lower in RA patients than in the control groups.
Total ATPase and Na*'K* ATPase activities
decreases in RA patients.

Inflamed synovium is infiltrated by neutro-
phils, macrophages, T cells, and B cells, which
release a variety of proinflammatory mediators.
Persistent inflammation results in destruction of
the cartilage and bone. This occurs through a
number of mechanisms, including oxidative and
proteolytic breakdown of the collagen and proteo-
glycans (Wright et al. 2010). Once sequestered
within the joint space, neutrophils degranulate
and release a variety of potentially harmful



References

enzymes and peptides (Edwards and Hallett
1997). They may also undergo a respiratory burst
and generate several ROS, including superoxide,
H,0,, hypohalous acids, and possible hydroxyl
radical (Wright et al. 2010).

RA is a heterogeneous disease, in which MPO
may play arole in the pathogenesis, severity, and/
or outcomes. Indeed, MPO is present at high con-
centrations in SF of patients with RA. Also MPO
is a marker of cardiovascular risk as discussed in
CVD section in this chapter, and CVD is recog-
nized as an important cause of death in patients
with RA. Given the potential of MPO to contrib-
ute to both the pathology, a study was designed to
determine whether MPO is active and promotes
oxidative stress in SF through the production of
hypochlorous acid and its relation with inflam-
matory activity in RA (Stamp et al. 2012). Plasma
or SF was collected from RA patients and
control individuals for analysis. Detection of
3-chlorotyrosine confirms that hypochlorous acid
is produced in SF and reacts with proteins. There
is no other known biological reaction that pro-
duces 3-chlorotyrosine and MPO is the only
human enzyme capable of generating hypochlo-
rous acid (Winterboum and Kettle 2000). Hence,
the strong correlation between 3-chlorotyrosine
and the levels of MPO indicates that this enzyme
catalyzes the production of hypochlorous acid in
SF. Furthermore, the association of protein
carbonyls with both MPO and 3-chlorotyrosine
suggests that hypochlorous acid (strongest two-
electron oxidant) is a major driver of the oxida-
tive damage that occurs to proteins in the inflamed
joint. It readily oxidizes cysteine and methionine
residues as well as cross-linking and fragment-
ing proteins, inactivating o;-antiprotease inhibi-
tor and adversely affecting the functions of
LDL and HDL (Nicholls and Hazen 2009).
Given its extreme and diverse reactivity, it is
likely that hypochlorous acid contributes to the
tissue damage that occurs in patients with
RA. Thus, targeting specific inhibitors, such as
2-thioxanthines, against MPO would be expected
to lower oxidative stress within the inflamed
joint (Tiden et al. 2011).
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