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Abstract: Atherosclerosis is the hardening of the arteries due to plaque formation. Oxidative stress and
inflammation are involved in the initiation and propagation of atherosclerosis, mainly through oxidative
modification of low density lipoprotein. Reactive oxygen or nitrogen species are released by NAD(P)H oxidase,
nitric oxide synthase, xanthine oxidase, lypoxygenase or myeloperoxidase. Body has antioxidants defense
system (enzymatic and non enzymatic) for the prevention of accumulation of free radicals. Imbalance between
oxidants and antioxidants results in oxidative modification in the arterial wall leading to atherosclerosis. This
review focuses on the participation of reactive oxygen species (ROS), reactive nitrogen species (RNS) and

inflammation in atherosclerosis.
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Introduction

Marchand introduced the term ‘“‘atherosclerosis”, describing vessel stiffening and fatty acid degeneration [3,
10]. An increased oxidative stress may result Inflammation, various animal studies suggest the role of oxidative
stress in atherosclerosis, particularly through oxidative modification of low density lipoprotein (LDL) and the
uptake of oxidized LDL by macrophages is easier relative to non-oxidized lipoproteins [60]. Atherosclerosis is
characterized by the flooding of cholesterol deposits in macrophages in arteries. As a result proliferation of the
few cell types occurs in the arterial wall, thereby affecting the vessel lumen and hindering the blood flow.
These resulting lesions are called “fatty streaks”, (can usually be found in the aorta in the first decade of life, in
the coronary arteries in the second decade, and in the cerebral arteries in the third or fourth decades). Clinically,
these streaks become significant, under they form more advanced lesions which characterized by the addition of
lipid rich necrotic debris and smooth muscle cells [40].Within the arterial wall, oxidative stress and
inflammation are inter connected and mutually support to accelerate atheroma formation [60]. In atheroma,
oxidized LDL and its components activate the innate immune system by ligating Toll-like receptors. These
interactions spark an intracellular signaling cascade leading to increased expression of a range of
proinflammatory molecules, including ROS, reactive nitrogen species, chemokines, cytokines, eicosanoids,
proteases and costimulatory molecules [22]. Oxidized phospholipids are important biomarkers that exert mixed
effects on atherosclerosis, including promotion of monocyte adhesion to endothelial cells; increased production
of proinflammatory cytokines, chemokines, and growth factors; suppression of inflammation in leukocytes; and
stimulation of smooth muscle cell proliferation (Figure 1) [36].

Oxidative Stress and inflammation

Imbalance between generation of ROS and body antioxidant defense leads to oxidative stress. In stress
conditions, increase the levels of ROS produce to a variety of reactions because of their high reactivity and also
play an important role in necrosis, apoptosis and cell damage, via oxidation of lipids, proteins and DNA, [14]
and also causes endothelial cell damage, intrusion, and proliferation of inflammatory cells [29]. Mostly ROS
are generated from mitochondria and membrane oxidases [62]. Oxidative stress induced the endothelial
dysfunction is involved at various stages of the formation of atherosclerotic plaque. Bioavailability of NO is
reduces by oxidative modification. Moreover peroxynitrite produced modification results in the formation of
various harmful factors. Atherothrombosis is particularly caused by oxidative stress; therefore efforts have been
made for the identification of biomarkers for the detection of oxidative stress which will allow the management
of risk factors [56, 23, 17]. These free radicals play a crucial role in various conditions such as atherosclerosis,
congestive heart failure, ischemic heart disease, cardiomyopathy, arrhythmias, ischemia reperfusion, diabetes

and cancer [9, 24, 33, 69]. In cardiovascular disease the source oxidative molecules are uncoupled nitric oxide
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synthases [24, 65, 67] xanthine oxidase [51] cyclooxygenase [26] lipoxigenase [27] cytochrome P450 [15],
NAD(P)H oxidase [18] and mitochondrial respiration [4, 55]. These are considered as the potent source of ROS
in all type of vasculature. ROS include peroxynitrite (ONOO"), nitric oxide (NO) superoxide anion radical (O
), hydrogen peroxide (H20,) and hydroxyl radical (OH) [figure 2]. Low concentrations of ROS are produced
under physiological conditions. These reactive species act as signaling molecules which are induced in the
regulation of vascular smooth muscle cell and its contraction and relaxation [63, 54, 68]. Reduction of laminar
where stress may result in decreased formation of endothelium-derived nitric oxide. Anti-inflammatory
properties of NO are important for limit the expression of VCAM-1 [12]. In addition disturbed blood flow
results in the inhibition of protective mechanism of the body and also promotes the formation of certain
adhesion molecules such as ICAM-1 [48]. Formation of proteoglycans by smooth muscle cells (SMCs) is in
increased by increased wall stresses. These proteoglycans can bind and maintain lipoprotein molecules truly
promoting their oxidative modification and hence inflammation is increased at sites of lesion formation [35]. T
cells also result in the increased formation of inflammatory cytokines such as y-interferon (tumor necrosis
factor [TNF]-B) and lymphotoxin that can stimulate macrophages SMCs and vascular endothelial cells [21].
Initiation and evolution of atheroma are the result of Inflammation, which also promote acute thrombotic
complications of atheroma. Disruption of the atherosclerotic plaque may cause fatal acute myocardial
infarction. Macrophages which areabundant in atheroma can produce certain proteolytic enzymes which are
capable of mortifying the collagen that gives strength to the plaque’s protective fibrous cap, become thin, and
can be easily ruptured. In the plaque, y-Interferon produced, lymphocytes T cell can arrest the synthesis of
collagen by SMCs, thus limiting its ability to renew the collagens which support the formation of plaque
(Figure 1) [37, 38].

Reactive oxygen and nitrogen species (ROS & RNS) generation and their effects on signaling systems in

atherosclerosis (Fig 2)

Role of enzyme systems in the Atherosclerosis

NAD(P)H oxidase, nitric oxide synthase, xanthine oxidase, lipoxygenase and myeloperoxdase enzymes are the
major producer of oxidant in endothelial cells. Due to imbalance in these enzymes vascular function gets is

impaired and can lead to atherosclerosis.

NAD(P)H Oxidase
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One of the major source of free radicals (O,’, H,0, & NO) is NAD(P)H oxidase which is in myocytes, cardiac
tissue and vascular cells. One of the various membrane-bound enzymes are NAD(P)H oxidases (cardiovascular

system) with oxidation-reduction reaction and uses NADH/ NADPH as reducing agent (Equation 1).

NAD(P)H 20, -+ NAD(P)* + H* + 20,- (1)

In vascular tissue and cardiac cells NADPH oxidase is found to be the major oxidase [37] in the production of
ROS [46,49,53], as compared to the xanthine oxidase, arachidonic acid, and mitochondrial oxidases. ROS
produced due to NADPH oxidase activity, deactivate nitric oxide and stimulate ROS signaling pathways and
leads to various disease progressions. Nox2 and Nox4 activity found to be increased in atherosclerosis of

coronary arteries in humans [19, 57].

Nitric oxide synthase (NOs)

NO synthases (NOs) catalyze the oxidation of L-arginine to L-citrulline to produce Nitric oxide (NO) [44, 64].
One of the critical steps of atherogenesis is endothelial dysfunction, as a result of disturbance in endothelium
dependant relaxation (EDR) leading to decreased eNOS activity. Among various phenomena responsible for
damaged EDR, the most important is the increment of NO breakdown through increased superoxide in
atherosclerotic walls. eNOS enzymatic activity is repressed by various phenomena linked with atherosclerosis
and hyperlipidemia. Transduction of signal from receptor activation to eNOS activation is inhibited by oxidized
low-density lipoprotein (oxLDL) and lysophosphatidylcholine [25, 30, 45]. The important steps of
atherogenesis that is leukocyte endothelial adhesion, vascular smooth muscle migration and proliferation, and
platelet aggregation is inhibited by NO from eNOS. Their exist controversy and exact mechanisms is still not
known. Atherosclerotic lesion which is found in animal models is damaged by long lasting treatment of L-
arginine, which is a substrate for NOS (Fig 3) [2, 8].

Xanthine oxidase (XO)

The surface of endothelial cells is bound by glycosaminoglycans [28] and releases Xanthine oxidase into
plasma through heparin bolus injection [1, 34, 58]. Conversion of hypoxanthine to xanthine and xanthine to
urate is catalyzed by Xanthine oxidase. As the dehydrogenase (XDH) enzyme is activated under physiological

conditions which is converted to superoxide producing XO to promote various stimuli such as inflammation
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and hypoxia. Xanthine oxidase (XO) activity increased in hyperlipidemia which was performed by several
human and animal studies [5, 31] but the progression of atherosclerosis is not clear now (Fig 4) [61].
Lipoxygenase

Lipoxygenases are defined as non-heme iron-containing enzymes that catalyze the molecular oxygen into
polyunsaturated fatty acids with a 1, 4-cis-pentadiene motif [6]. Low-density lipoproteins (LDL) play a major
role in atherosclerosis and coronary artery disease (CAD). 12-lipoxygenase was found human atherosclerotic
plagues which is important for the development of atherosclerotic disease [59]. Arachidonic acid can be broken
down into leukotrienes and lipoxin in the presence of 5-lipoxygenase (5LO) which is produced by macrophages
(Equation 2, 3). These molecules causes increased vascular permeability, chronic inflammation and
vasoconstriction and thereby the progression of atherosclerotic plagues and also hypothesized that the 5LO
have early studies in genetic and knockout mouse which play a major role in the formation of plaque growth
[42].

Lipoxygenasa
Fatty acid + 0, ——— Fatty acid hydroperoxide (2)

Lipoxygenasa

Eg. (ﬂrachidﬂnic acid —— Leukotrienes + HU')

Izsomerase

Fatty acid hydroperoxide ——— 1,5 epoxide + OH" (3)
Myeloperoxidase (MPO)

Myeloperoxidase, released from activated neutrophils and monocytes catalyzes the formation of hypochloric
acid from hydrogen peroxide mediated halogenation reaction. Lysine residue of the ApoB-100 moiety of low-
density lipoprotein (LDL) is oxidized by hypochloric acid. As a result oxidized LDL is generated which
appears to be foreign by the cells thereby activating immune system. Blood MPO level can be used for

predicting the development of atherosclerosis, as revealed by some studies (fig 5) [7].
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Antioxidant Defense

Free radicals, produced by oxidation reactions can start chain reactions leading to cell damage. An Antioxidant
is @ molecule which can slow down and prevent the oxidation of other molecules [13]. Antioxidant defense
systems operates at various steps such as blocking the free radical production, scavenging or converting the
oxidants to less toxic compounds, blocking the chain propagation of the secondary oxidants, blocking the
secondary production of inflammatory mediators or toxic metabolites, repairing the free radical induced
molecular injury or by increasing the antioxidant defense mechanism of the target. Body is protected from
oxidative stress by simultaneous operation of antioxidant defense mechanism. Antioxidant defense system

consists of enzymatic and non-enzymatic antioxidants [20].

Enzymatic Antioxidants

Superoxide dismutase (SOD)
SOD catalyzes the conversion of superoxide radical to hydrogen peroxide as follows

LoD
0y 405 4+ 2H* — H,0, + 0, (4)

It prevents the oxidative damage by intercepting free radicals before their harmful damaging action on
intracellular targets [11, 41]. In humans, there are three forms of SOD: cytosolic (Cu, Zn-SOD), mitochondrial
(Mn-SOD) and extracellular (EC-SOD) [65].

Catalase

Catalase and glutathione peroxidase produces protection against H,O, by converting it to H,O and O, thereby

protecting cells from oxidative stress.

Catalase

2H,0, —2H,0 + 0, (5)

Oxidation of LDL may be related to the activities of these antioxidants. Decreased activity of catalase in

erythrocytes of patients with Coronary Artery Disease (CAD) has been reported [32].

Glutathione system

Glutathione is a natural defense system responsible for the regulation of the intracellular redox state and
scavenging of reactive oxygen species. It comprises of glutathione (GSH), glutathione peroxidase (GPx) and
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glutathione reductase (GR). GPx is an enzyme that catalyzes the reduction of H,O, to H,O by utilizing

glutathione as a co-substrate:
GPy
H,0, + 2G5H — G55G + 2H,0 (6)

Glutathione disulfide (GSSG) is then reduced back to GSH by GSH reductase:

glutations reductase

GS55G+ NADP + H* 2GSH + NADP* (7)

The efficiency of cells in managing oxidative stress depends on its activity to regenerate GSH [50].

Non-enzymatic antioxidants

Ascorbic acid (Vitamin C)

Ascorbic acid is a natural antioxidant, found in both plants and animals. It cannot be synthesized in humans and
must be obtained from diet. It can reduce and neutralize reactive oxygen species such as H,O,. However in
cells, it is maintained in its reduced states by reaction with glutathione [39]. The antioxidant mechanism in the

human body is

2Fe®* + 2H,0, — 2Fe®" + 20H + 20H™ (8)
2Fe®* + Ascorbate — 2Fe?™ + Dehydroscorbate (9)

Tocopherols (Vitamin E)

Vitamin E is the fat soluble compounds with unique antioxidant properties. Vitamin E has been hypothesized to
prevent oxidative modification of LDL. Studies have shown beneficial effect of vitamin E in the reduction of
relative risk of CVD [16]. It has been found to inhibit the production of chemokines (such as IL-8 & MCP-1)
by endothelial cells. It has also been found to inhibit the attraction of monocytes to inflammatory sites in the

arterial wall [66].
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Mechanism of tocopherol in human body

Unsaturated fatty acid (ROOH) + HO — Fatty acyl radical (RO') + H,0 (10)
RO + 0, — Peroxy radical (ROO") (11)
ROO' + ROOH — ROOR + H,0 (12)

In normal condition the peroxy radicals are trapped by o tocopherol molecules oxidized and give tocopheroxy

radical.

RCOO + a tocopherol — ROOH + a tocopheroxy radical (13)

B- carotene

[B-carotene is antioxidant in nature and it can enhance the proliferation of lymphocytes. It has been found to
reduce the susceptibility of oxidative modification LDL by enriching it. - carotene has been reported to quench
oxygen free radicals [66]. It may also react with peroxyl radical at low oxygen tensions. Vitamin E also reacts

with peroxyl radicals but at higher oxygen tensions.

fearotene (CAR) + Peroxy radical (ROO") = ROO — f carotene (ROO — CAR) (14)

RO0O — CAR + ROO- — ROO — CAR — OOR (15)

Conclusion

In this paper, we have discussed the role of oxidative stress in atherosclerosis. In the arterial wall, synergize
between oxidative stress and inflammation increase the risk for atherosclerotic plaque formation which may
lead to cerebral stroke or myocardial infarction. Over production of free radicals may have damaging effects on
the human body. Enzymatic and Non-enzymatic antioxidants protect the body from these effects. Further
studies are needed to be conducted in detail by which antioxidant prevents the harmful effects of oxidative

stress and inflammation.
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Fig 1. Mechanism of plague formation in atherosclerosis:

(1) Increased LDL deposit in tunica intima and become oxidised, activate endothelial cells. (2) Adhesion of
blood leukocytes to activate endothelium, move to tunica intima. (3) Macrophages take in oxidized LDL and
become foam cells. (4) Foam cells promote migration of smooth muscle cells (SMC) from tunica media to
tunica intima and SMC proliferation. (5) Increased SMC proliferation, heightened synthesis of collagen. (6)
Foam cells dies, lipid content released. (7) Thrombosis plaque ruptures blood coagulation
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Fig 2. Generation of ROS & RNS in atherosclerosis
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Fig 3. Mechanism of eNOS uncoupling in atherosclerotic endothelial dysfunction: (A) In the presence of
co-factor (Tetrahydrobiopterin, BH4) NO from L-arginine produce by endothelial cells under physiological
conditions. (B) Arginase activity with the metabolism of L-arginine to urea and ornithine, production of
endothelial BH4 decreases and formation of endogenous eNOS inhibitor, asymmetric dimethylarginine
(ADMA) increases causes eNOS uncoupling react with NO to produce peroxynitrite (ONOQO") which inactivate

BH, and increased the accumulation of ADMA in endothelial cells, leading to endothelial dysfunction which
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may promote atherogenesis under pathological condition
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Fig 4. Mechanism of ROS production through xanthine oxidase: Xanthine oxidase produce reactive oxygen
species and causes tissue injury linked with atherosclerotic lesions.
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Fig 5. Mechanism of H,O, production through myeloperoxidase: Myeloperoxidase produces HOCI from
Hydrogen peroxide and chloride ions during LDLcarbamylation, represents a potential molecular pathway that
links to diet, smooth muscle cell proliferation and finally lead to atherosclerosis.
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