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ABSTRACT

Free radicals and oxidants play a dual role as both toxic and beneficial compounds, since they can be either harmful or
helpful to the body. They are produced either from normal cell metabolisms in situ or from external sources (pollution, cigarette
smoke, radiation, medication). When an overload of free radicals cannot gradually be destroyed, their accumulation in the body
generates a phenomenon called oxidative stress. This process plays a major part in the development of chronic and
degenerative illness such as cancer, autoimmune disorders, aging, cataract, rheumatoid arthritis, cardiovascular and
neurodegenerative diseases.

Cardiovascular diseases (CVDs) have been the prime cause of mortality worldwide for decades. However, the underlying
mechanism of their pathogenesis is not fully clear yet. It has been already established that reactive oxygen species (ROS) play
a vital role in the progression of CVDs. ROS are chemically unstable reactive free radicals containing oxygen, normally
produced by xanthine oxidase, nicotinamide adenine dinucleotide phosphate oxidase, lipoxygenases or mitochondria or due
to the uncoupling of nitric oxide synthase in vascular cells. When the equilibrium between production of free radicals and
antioxidant capacity of human physiology gets altered due to several pathophysiological conditions, oxidative stress is induced,
which in turn leads to tissue injury. The information generated by this review aims to provide updated insights into the

understanding of the mechanisms behind cardiovascular complications mediated by ROS.
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Introduction
Our atmosphere: ‘air vital’ and ‘gas azote’

Chemist?3, was the first to recognize that Earth’s
atmosphere was composed of substances (‘air vital’) that
supported life. Oxygen, as the key life-supporting element,
was independently discovered3”3°, Within a few years of
these seminal findings, it was discovered that oxygen
had toxic side effects that did not support life (‘gas azote’).
This revelation was also made by a simple (perhaps
ingenious at the time) experiment in which guinea pigs
exposed to oxygen in a container showed congestion of
the right heart as well as lungs and died before the oxygen
was fully utilized?4. Thus, the discoverers of oxygen,
more than two centuries ago, already knew about the
good and bad facets of oxygen. About two centuries later,
the discovery of an important antioxidant enzyme,
superoxide dismutase, renewed interest in oxygen-radical
biology=°.

Oxygen is an element indispensable for life. When
cells use oxygen to generate energy, free radicals are
created as a consequence of ATP (adenosine
triphosphate) production by the mitochondria. These by-
products are generally reactive oxygen species (ROS)
as well as reactive nitrogen species (RNS) that result

from the cellular redox process. These species play a
dual role as both toxic and beneficial compounds. The
delicate balance between their two antagonistic effects
is clearly an important aspect of life. At low or moderate
levels, ROS and RNS exert beneficial effects on cellular
responses and immune function. At high concentrations,
they generate oxidative stress, a deleterious process that
can damage all cell structures?#8.10.13,14,32,35,48,52
Oxidative stress plays a major part in the development of
chronic and degenerative ailments such as cancer,
arthritis, aging, autoimmune disorders, cardiovascular and
neurodegenerative diseases. The human body has
several mechanisms to counteract oxidative stress by
producing antioxidants, which are either naturally produced
in situ or externally supplied through foods and/or
supplements. Endogenous and exogenous antioxidants
act as “free radical scavengers” by preventing and repairing
damages caused by ROS and RNS and therefore can
enhance the immune defense and lower the risk of cancer
and degenerative diseasest9.3446-48,

The theory of oxygen-free radicals has been known
about fifty years ago“8. However, only within the last two
decades, has there been an explosive discovery of their
roles in the development of diseases and also of the health
protective effects of antioxidants.
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Fig. 1: Production of ROS. The figure shows the pathway of ROS production in the human body with various
enzymes involved. SOD : superoxide dismutase; MPO: myeloperoxidase.

Chemical Characteristics of Reactive Oxygen
Species (ROS)

Researchers have been continuously studying the
potential role of oxidative damage in cardiovascular
diseases (CVDs) for a few decades. In a simple term,
the common risk factors for CVDs like diabetes mellitus,
smoking, aging, hypercholesterolemia and nitrate
intolerance can further increase the possibility of the
generation of ROS. Furthermore, these risk factors can
trigger several pathways such as apoptosis of endothelial
cells (EC), expression of adhesion molecules, activation
of metalloproteinases, induction of proliferation and
migration of smooth muscle cells, lipid peroxidation and
change in vasomotor functions, collectively leading to
CVDs334°, ROS are chemically reactive molecules
containing oxygen. Several ROS with unpaired electrons,
for instance, superoxide anion, hydroxyl radical, and lipid
radicals, are considered as free radicals. ROS, such as
hydrogen peroxide (H,0,), peroxynitrite (ONOO), and
hypochlorous acid (HOCI), are not free radicals but
possess an oxidizing effect resulting in oxidant stress. A
chain reaction leads to the production of many reactive
oxygen species from one ROS (Figure 1). For example,
the reactions of radicals and fatty acids (polyunsaturated
fatty acids, PUFAs) within the cytoplasmic membrane
result in a fatty acid peroxyl radical which can attack the
adjacent side chain of the fatty acid and commence
production of other lipid radicals. Lipid radicals generated
in this chain reaction get collected in the plasma
membrane and may have innumerable effect on cell
function, including alteration in cell membrane permeability

and dysfunction of membrane-bound receptors34°.
Potential Sources of ROS for CVDs

In a physiological system, the imbalance between
antioxidant defense mechanism and ROS production
leads to oxidative stress and subsequent pathological
conditions!®. Most prominent ROS causing toxic insult
to the human body are H,0, and ONOO?®*. In the blood
vessel wall, each layer can produce ROS in pathological
conditions®®. Workers®® reported that, within
mitochondria, oxygen is usually utilized for energy
production (in the form of ATP) and oxidative
phosphorylation. During the mitochondrial electron
transport (MET), harmful ROS are formed but they are
balanced by antioxidant defense. However, in case of
ischemia or hypoxia, MET is imbalanced, leading to ATP
depletion, acidosis, mitochondrial depolarization,
collection of noxious metabolites, intracellular Ca%*
overload, and cell death®. For example, approximately
1-3% of molecular oxygen is converted to unstable/
reactive in mitochondrial complexes | and Il through a
pathway involving oxidative phosphorylationsZ. In general,
cardiac myocytes consume a high level of oxygen due to
considerable higher number of mitochondria than other
cells®s,

For this reason, cardiac myocytes also release
ROS and cause oxidative stress to other cells'®. But ROS
do not have only a negative side, since production of ROS
at physiological levels promote cellular activities, control
the hormone level, maintain chemical balance, strengthen
synaptic plasticity and induce enzymes. Moreover, ROS
also helps to fight against invading pathogens and induce
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an immune response against the pathogenic influence®*.
To a certain extent, ROS are neutralized by intracellular
antioxidant enzymes such as glutathione peroxidase
(GPx), superoxide dismutase (SOD) and catalase and
consumption of other nonenzyme antioxidants like &-
carotene, ascorbic acid, and tocopherols as a
supplement®C. In spite of being necessary to carry out
cell signaling pathways, overproduction of ROS lead to
injury of the cell membrane integrity causing altered
permeability, change in proteins expression and DNA
damage*. For the majority of CVDs, the enzymatic
sources of ROS include NAD(P)H oxidase,
lipooxygenase, cyclooxygenase (COX), xanthine oxidase
(X0O), uncoupled nitric oxide synthases (NOS),
cytochrome P450 and mitochondrial respiration?-3%40
(Figure 2). The process of increased O, generation,
facilitated by XO enzyme, can be antagonized by a
therapeutic approach with XO inhibitor, like allopurinol, to
ameliorate cardiac conditions*. NADPH oxidase (Nox),
commonly found on the cellular membrane, is stimulated
during phagocytosis leading to increased ROS release?®.
In particular, the over expression of Nox, and Nox, is
linked to the remarkable oxidative stress observed during
CVDs. A study?? showed that Nox, knockout mice
showed a low level of cardiac revealing that Nox, is a
potential source of superoxide in cardiac myocytes. Nox,
over expression worsened the cardiac function and
induced apoptosis and fibrosis in a mouse with response
to pressure overload. Thus, Nox,, is a key contributor of
oxidative stress in the mitochondrial redox systems
leading to cardiac impairment during pressure overload.
Therefore, the physiological role of Nox, translocating
electrons throughout the membrane, can be deregulated
in CVDs leading to cardiac dysfunction®?. However, some
pathways associated with ROS mediated CVDs are yet
to be clarified. However, researchers are trying to reveal
good, bad and ugly roles of ROS in the physiological
system. In contrast to the good face of ROS on signaling
and immune response at high concentrations, ROS can
exhibit the deleterious effect on redox homeostasis leading
to intracellular components damage as seen in
neurodegenerative diseases, CVDs, and pulmonary
disorders®,

Reactive Oxygen Species and Atherosclerosis

Excess production of ROS plays an important role
in inflammation, disturbed blood flow/abnormal shear
stress and arterial wall remodeling. ROS cause
remodeling through proliferation of smooth muscle cell
and increased inflammation8. Repeated continuous
exposure to nonstreamline shear stress of arterial regions
generates O, induced by endothelial Nox resulting in
adhesion of monocytes?°. The upregulation of adhesion
molecules including P-selectin, VCAM-1, and E-selectin

causes further inflammation by adhesion of white blood
cells. Development of inflammatory response increases
ROS production by phagocytosis, which is important in
the early stage of atherosclerosis?® 36, The Nox family of
superoxide producing proteins is an important source of
ROS in signal transduction. Nox are found to be
expressed in phagocytic cells, EC, smooth muscle cells,
and fibroblasts. Experiments conducted on arteries from
human volunteers with coronary artery disease and animal
experimental model with hypertension, diabetes, or
atherosclerosis demonstrated that Nox,, Nox,, and Nox,
stimulate endothelial dysfunction, inflammation and
programmed cell death; however, isoform Nox, protects
the vascular system by increasing bioavailability of nitric
oxide and stoppage of cell death pathways**. Some
research presents the controversial role of Nox,, displaying
either protective or a deleterious role of Nox,,.

Nox, are found abundantly in kidney, vascular cells,
and osteoclasts?2. Angiotensin Il type 1 receptor activation
and hypertension are linked to increased expression of
Nox, and Nox, that could lead to vascular damage during
chronic hypertension!. MCP-1 is essential for the
formation of endothelial cell tumors
(hemangioendotheliomas) which is redox sensitive. It was
found that only the Nox, isoform was present in endothelial
cell tumors cells whereas knockdown of Nox, gene
remarkably decreased the expression of MCP-1 as well
as hemangioendothelioma formation. This was due to the
fact that, in hemangioendothelioma cells, Nox, delivers
H,O, to the nuclear compartment causing oxidative
alteration of DNA™L. Inflammation mediates all stages of
atherosclerosis and ROS sources might include infiltrated
monocytes/macrophages, dysfunctional EC, and smooth
muscle cells that migrated from tunica media to tunica
intima layers of the wall of an artery. ROS oxidized-LDL
is available in the arterial wall and macrophages scavenge
it resulting in the formation of foam cells. This is one of
the important steps in the progression and development
of atherosclerosis’®. Also, the calcium-dependent zinc
containing endopeptidase, matrix metalloproteinase,
secreted from EC, foam cells, and vascular smooth cells,
is activated during oxidative stress in part due to
inflammation and nonlaminar shear stress, resulting in
the ruptures of thrombosis?’.

Role of Antioxidants and oxidative stress in CVDs

The role of antioxidants and oxidative stress in
cardiovascular diseases has been described*!. It has been
reported that increased intake of antioxidants such as
vitamins C and E, protects cardiovascular diseases.
However, irrational or excessive use of antioxidants may
produce risk of potential toxicity. The highly reactive
oxygen derived free radicals (ROS) of endogenous or
environmental origin play a cognitive role in the genesis



180

180

— -.:;‘_:__:_N_J%DPH oxidase : P —
> {;'_'_'__-___YE{:hrnme P450 i

0. - e'_. —

R
|
|

— < Cyclooxygenase
— < Lipoxygenase > —
> 4} Mitochondria =

1‘..-'

ha
|
|

<~ Uncoupled NOS >

Manorma Singh

-

ey > 0,

. > €___ Xanthine oxidase o
0. | f_' —— et /l i HaD:

< Glucose oxidase

Fig. 2 : Sources of O, and H,0, in cells. The figure shows the enzymatic pathway of superoxide anion

(0,7) and hydrogenperoxide (H,0,) generation in cells.

and progression of various cardiovascular diseases?®2°,
The free radicals are controlled by antioxidants levels and
excessive free radical formation and insufficient removal
by antioxidants leads to oxidative stress (OS) on heart?’.
The risk factors due to excess free radicals are use of
tobacco, smoking, alcohol drinking, diet, pollution, heavy
exercises and metabolic abnormalities lead to increased
oxidative stress to heart'?. The ROS can stimulate
oxidation of LDL, low density lipoprotein, cholesterol,
cholesterol derived species and modification of proteins
which leads to foam cell formation and atherosclerotic
plaques in arteries®. There is good evidence that vitamins
C, E and ascorbic acid, tocopherols, exert a protective
effect on the heart against CVD by reducing oxidative
stress (0OS).

The present status of antioxidants in human CVD
protection is that the use of vitamins is necessary which
regulates endothelial nitric oxide levels as well as by
inhibiting cardiovascular inflammation, lipid peroxidation,
platelet aggregation and LDL oxidation and to prevent
endothelial dysfunction. The antioxidants also influence
plaque stability. The antioxidants vitamins can reverse
endothelial dysfunction induced by methionine and can
restore endothelial function in hyperlipidemia children and
young smokers. In patients of chronic heart failure,

allopurinol, xanthine oxidase inhibitor, a potential
antioxidant which reverses endothelial dysfunction in
heavy smokers, type 2 diabetes and mild hypertension.
The antioxidants slow down the thickening of arteries,
atherosclerosis, and progression in CHD. It is reported
that increased glutathione-1 peroxidase activity lowers
the risk of CVD. The catalase enzyme inactivates ROS,
superoxide dismutase enzyme by regulating the
availability of nitric oxide and selenium by increasing
glutathione peroxidase activity and protects CVD*?. The
natural antioxidants present in fruits and vegetables are
flavonoids and phenolic compounds which protect heart
from cardiovascular diseases?:26. The dietary factors
based on cereals, pulses, spices, green vegetables, citrus
fruits, palm and soybean oil, cod liver oil, sprouts, green
peppers, whole grains, honey, walnuts and tea can
significantly increase the liver antioxidants enzymes and
their supplementation which reduces the risk of coronary
heart disease (CHD).

Conclusions
Although there are many gaps in our understanding
of the role of free radicals in the pathogenesis of
cardiomyopathies and heart failure, based on the available
data, some suggestions can be made (Fig. 1). Any acute
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or chronic cardiac stress conditions, resulting
in a relative deficit in the myocardial
‘antioxidant reserve’, are associated with an
increase in myocardial ‘oxidative stress’. The
latter is capable of causing subcellular
abnormalities, through mechanisms that are
as yet poorly understood, that may lead to
cardiomyopathic changes, depressed
contractile function and heart failure. In this
regard, the occurrence and importance of free
radicals in cardiac pathophysiological
conditions is now well established.
Furthermore, the available evidence from
animal and human studies illustrates that
different antioxidants constituting an
antioxidant reserve offer protection against
oxidative stress-mediated myocardial
changes. An understanding of the molecular
basis of antioxidant changes  will help to
develop newer therapies for modulating the
pathogenesis of heart failure.
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