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Abstract

Globally, the major cause of long-term disability and death is an
“epidemiologic transition” from infectious diseases and malnutrition
complications to non-communicable chronic diseases like cardiovascular
disease (CVD), cancer and diabetes. CVD accounts for major global mor-
tality. Imbalance due to the generation of reactive oxygen species (ROS)
levels above normal baseline levels and decreased antioxidant defence
reserve makes the cardiovascular system (cardiac and vascular cells) sus-
ceptible to oxidative stress and damage. Growing evidences support the
notion that oxidative stress plays a crucial role in the development and
progression of CVD by altering normal functions such as inactivation of
nitric oxide (NO) leading to endothelial dysfunction, intracellular Ca*
overload and others. Oxidative stress also mediates inflammation through
various signalling cascades such as the activation of inflammatory tran-
scription factors (TFs) namely NF-kB, AP-1 and Nrf-1. A vicious cycle of
oxidative stress-mediated inflammation and inflammation-induced oxidative
stress makes the CVD-related complications worse. Therefore, it is also
very important to clearly understand the role of enzymatic sources of ROS,

M. Dhiman (D<)

Centre for Genetic Diseases and Molecular Medicine,
School of Emerging Life Science Technologies,
Central University of Punjab,

Bathinda 151 001, Punjab, India

e-mail: monisha.dhiman@ gmail.com; monisha.
dhiman@cup.ac.in

S. Thakur « S. Upadhyay * A. Kaur

Centre for Biosciences, School of Basic and Applied
Sciences, Central University of Punjab,

Bathinda 151 001, Punjab, India

A.K. Mantha

Centre for Biosciences, School of Basic and Applied
Sciences, Central University of Punjab,

Bathinda 151 001, Punjab, India

Department of Biochemistry and Molecular Biology,
University of Texas Medical Branch,
Galveston, TX 77555, USA

V. Rani and U.C.S. Yadav (eds.), Free Radicals in Human Health and Disease,

DOI 10.1007/978-81-322-2035-0_17, © Springer India 2015



M. Dhiman et al.

mechanisms underlying pathological conditions and link between
oxidative stress and inflammation during each stage of CVD. The present
chapter will elucidate the role of oxidative stress and inflammation in
CVD development and progression. It is important to find the remedial
measures, to develop the efficient biomarkers and to design the therapeutic

Cardiovascular diseases * Reactive oxygen and nitrogen species (ROS/RNS)

oxygen species (ROS) which in turn is implicated
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strategies for CVD in the near future.
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¢ Inflammation * Oxidative stress

1 Introduction

Cardiovascular diseases (CVDs) are disorders
involving the heart and the blood vessels or both.
CVD includes acute coronary syndrome, angina,
arrhythmia, cardiomyopathy, congenital heart
disease, coronary heart disease, heart failure,
inflammatory heart disease, ischemic heart
disease, rheumatic heart disease and valvular
disease, brain-related cardiovascular diseases
(such as cerebrovascular disease), haemorrhagic
stroke/ischemic stroke and peripheral circulatory
system-related cardiovascular diseases [deep
vein thrombosis, hypertensive heart disease,
peripheral artery disease (PAD) and pulmonary
embolism] [1]. More than 80 % of the deaths
from CVD occur in low- and middle-income
countries, and the economic burden due to CVD
remains high in developing countries [2]. Many
modifiable (environment, diet and exercise) and
non-modifiable (genetic, gender, age, early
menopause and ethnic group) causal risk factors
are involved in CVD [3]. Current preventive and
treatment strategies are inadequate to prevent and
cure CVD. This raises an urgent need for effec-
tive therapeutic strategies which in turn require
extensive fundamental understanding of key
processes involved in the development of CVD.
The human heart is an obligate aerobic organ
with very high metabolic energy demand and
relatively lower levels of antioxidant defence as
compared to other organs. The metabolic energy
generation involves the use of oxygen thereby
resulting in significant production of reactive

in processes affecting cardiac function.
Atherosclerosis and hypertension are the most
common causes of CVD. Atherosclerosis is the
thickening of the arterial wall due to Ca’>* and
cholesterol, which reduces the elasticity of arte-
rial wall, reduces the blood flow and thus
increases blood pressure. It is due to chronic
inflammatory response elicited by the accumula-
tion and rupture of white blood cells (T cells and
macrophages) in response to cholesterol-carrying
oxidised low-density lipoprotein (oxLDL)
molecules, which prompts endothelial cells to
produce adhesive substances that snag monocyte/
macrophage precursor cells from the blood [4].
The conventional view of CVD as altered lipid
storage is now changing, as the role of key mech-
anistic pathways of oxidative stress and inflam-
mation in the initiation, development and
progression of CVD is becoming clearer. Studies
advocate the involvement of oxidative stress and
inflammation in endothelial dysfunction and
atherosclerosis. Blood vessels consist of three main
layers—the outer layer is the connective tissue
and provides structure to the layers beneath, the
middle layer is the smooth muscle and controls
the blood flow, and the inner lining is the thin
layer of endothelial cells. The underlying cause
of all vascular diseases is the dysfunction of
endothelial cells that occur much before the
appearance of clinical symptoms. Endothelial cells
prevent entry of harmful blood-borne substances
into the smooth muscle of the blood vessel.
The oxidative damage to the inner layer can result
into the modulation of endothelial permeability,



Oxidative Stress and Inflammation in Cardiovascular Diseases: Two Sides of the Same Coin 261

Endothelial Cells (blood vessel lining)

ROS
Oxidative stress

!

Endothelial Cell Dysfunction

'

Increased Movement of Lipids and Toxins VCAM and Other Adhesion Molecules

Monocytes/WBCs Layer on Endothelial Cell Layer
Inflammation 4

Foam Cells Formation

L

Atherosclerotic Lesions

Fig.1 Effect of oxidative stress on endothelial cell functions.
Oxidative stress makes the endothelial cells dysfunctional
by altering their permeability, thus allowing the entry
and movement of lipids and toxins across the endothelial
layer and smooth muscle cells into sub-endothelial space.

thus allowing the movement of lipids and toxins
across the endothelial layer and smooth muscle
cells into the sub-endothelial space [5]. The normal
endothelium resists adhesion by white blood cells.
However, exposure to risk factors may result in
the expression of vascular cell adhesion molecule
(VCAM-1) on the surface of endothelial cells.
These adhesion molecules mediate adhesion of
monocytes to endothelial cells [6]. These mono-
cytes then mature into macrophages which then
form the cholesterol-laden foam cells in arterial
wall forming “atheroma” plaques. Exploration of
the role of inflammation and oxidative stress in
CVD will not only increase our understanding of
diseases but also have applications in risk stratifi-
cation and the development of targeted therapeutics
to control these diseases [7] (Fig. 1).

2 Pathophysiological Agents
Associated with CVD

2.1 Role of ROS in CVD

ROS are highly reactive free radicals derived

from molecular oxygen (O,) that can readily oxidise
other molecules. ROS have vital role in normal

It also stimulates the expression of vascular cell adhesion
molecule (VCAM) and other adhesion molecules, which
leads to the recruitment of monocyte/WBC layer on endo-
thelial layer that leads to inflammation-induced foam cells
and atherosclerotic lesion formation

physiological cellular signalling pathways in
various cells of the cardiovascular system (CVS)
and other systems. However, pathological levels
of ROS can alter structure and vital functions of
cellular proteins, lipids and nucleic acids. The
site and extent of ROS production have important
consequences and thus determine the ultimate
cell/tissue fate (Fig. 2). ROS can be formed in the
heart, vascular tissue, splenocytes and blood leu-
kocytes through the action of specific oxidases
and oxygenases (xanthine oxidase, NADPH
oxidase and NOX) and peroxidases (myeloper-
oxidase); through the Fenton reaction; and as
by-products of the electron transport chain (ETC)
of the mitochondria [8]. Further, cyclooxygenase,
lipoxygenase and cytochrome P-450 enzymes
produce ROS during arachidonic acid metabo-
lism [9]. Nitric oxide (NO) is produced by the
enzymatic activity of nitric oxide synthases
(NOSs), which oxidises L-arginine, transferring
electrons from NADPH [10]. The endothelium
has been identified as a major source of ROS in
the human blood vessels, and endothelial func-
tion is closely linked to the homoeostasis of ROS
formation within the vascular wall [11]. The
human system has enzymatic and nonenzymatic
systems to get rid of increased ROS. Imbalance
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Fig. 2 (a) Pathophysiological ROS levels result as a
consequence of imbalance between pro-oxidants and
antioxidants; and (b) where as physiological ROS levels
cause/result in balance between pro-oxidants and
antioxidants

pro-oxidant anti-oxidants

between ROS production and antioxidant defence
of the cell can result in oxidative stress which in
turn may cause tissue injury and diseased condi-
tion [12], which is summarised in Table 1.

Role of Mitochondrial
Electron Transport Chain
inCVD

2.2

The mitochondrial electron transport chain is the
major endogenous source of ROS. In the mito-
chondria, the partial reduction of O, occurs as a
result of leakage of electrons from the ETC, con-
tributing one, two or three electrons to form O,
H,0, or HO., respectively. As much as 2—4 % of
the reducing equivalents escape the respiratory
chain, leading to O, formation. O,~ is dis-
mutated by manganese superoxide dismutase
(MnSOD) to H,0, that may then be converted to
highly reactive and deleterious HO- radicals.
Generally, the leakage of electrons at CI flavo-
protein generates O,~ in mitochondrial matrix
while CIII ubisemiquinones (UQ-) generated
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at Q1 (UQ-1) and Qo (UQ-0) sites release
O, in the matrix and intermembrane space of the
mitochondria, respectively. Superoxide anions
can give rise to other reactive species such as per-
oxynitrite (ONOO~), H,0,, OH™ radicals and
hypochlorous acid (HOCI). Increased O, levels
are the result of electron loss from ETC or dimin-
ished activity of mitochondrial ROS scavengers
such as MnSOD [8]. Monoamine oxidase (MAO)
present in outer mitochondrial membrane
contributes to oxidative stress via generation of
NO or H,0O,, thus contributing to oxidative
stress [34]. Altered mitochondrial DNA as result
of oxidative stress affects vital mitochondrial
functions, leading to the production of more
ROS [35].

The heart is highly dependent on the mito-
chondria for the energy required for its contractile
and other metabolic activities. The mitochondria
represent 30 % of the total volume of cardiomyo-
cytes and provide >90 % of the cellular ATP
energy through oxidative phosphorylation [36]. It
is now documented that myopathic heart sustains
mitochondrial dysfunction at gene, protein and
biochemical levels. Global microarray profiling
of gene expression has identified alterations in
several of the mitochondrial function-related
transcripts in the myocardial biopsies of humans
[37] and experimental animals [38]. Further stud-
ies documented a decline in the activities of
respiratory complexes and NADH-ubiquinone
reductase (CI), ubiquinol-cytochrome c reduc-
tase (CIII) and ATP synthase (CV) complexes in
diseased hearts [39].

A study showed that MnSOD-deficient mice
developed progressive congestive heart failure
with specific molecular defects in mitochondrial
respiration. Studies have revealed the role of per-
oxiredoxin-3, a mitochondrial H,O, scavenger, in
the prevention of heart failure after experimental
myocardial infarction (MI) in mice [40].
Numerous studies have shown that physiological
stimuli such as vasoactive agents angiotensin II
[41], epidermal growth factor (EGF), transform-
ing growth factor-f (TGF-f) and tumour necrosis
factor-o (TNF-) that are involved in pathogene-
sis of vascular diseases can lead to the production
of mitochondrial ROS. Studies have also shown
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Table 1 Major sources of ROS and their respective functions in different cell types of CVS

Major source of ROS
Mitochondrial enzymes
1. P66shc

Cell type
Cardiomyocytes

2. Nicotinamide adenine

dinucleotide phosphate oxidases

2 and 4 (NOX2 and 4) isoforms

3. Monoamine oxidases (MAQOSs)

Endothelial cells 1. Nicotinamide adenine
dinucleotide phosphate

oxidase 4 (Nox4)

2. Endothelial nitric oxide
synthase (eNOS)

3. Heme oxygenase I (HO-1)

Vascular smooth muscle
cells (VSMCs) and
fibroblast cells

1. NADP(H) oxidase

2. Mitochondria

Infiltrating immune cells 1. Myeloperoxidase

2. NADP(H) oxidase

that mitochondrial ROS in hypoxia induces
signalling which in turn is closely associated
with inflammation. Mitochondrial H,O, is linked
with flow-mediated dilatation in human coronary
resistance arteries [42].

In our recent study, in which we utilised
genetically modified mice, we found that cha-
gasic MnSOD transgenic mice equipped with a

Functions References

Catalyses electron transfer from [13-16]

cytochrome c to oxygen

Associates with subunit p22P"* for
its activation upon stimulation by
G protein-coupled receptor (GPCR)
agonists and TGF-f, generates
superoxide and H,0,

[17-21]

MAO metabolises serotonin,
releases H,O,

(22]

Constitutively active at low level,

levels increase in response to pressure
overload, generates H,O,, triggers further
ROS generation

Generates NO, which affects cell
functions by post-translational
modification of effector proteins or by
stimulating guanylate cyclase

[19]

[23-25]

Upregulation of HO-1 in the endothelium [26]
protects it against inflammation

via enzymatic degradation of the
pro-oxidant and pro-inflammatory
molecule heme and via the generation
of its anti-inflammatory products
bilirubin and CO

Produce O,™, leads to the production

of peroxynitrite, involved in the growth
response of VSMCs and fibroblasts,
VSMC migration and cell apoptosis
ANG II-stimulated mitochondrial
reactive oxygen species production in rat
cardiac fibroblasts is accompanied by a
reduction in the expression of the
mitochondrial antioxidant
peroxiredoxin-3 (Prx-3)

[27-30]

31]

Neutrophils and monocytes secrete
myeloperoxidases and NOXs which
initiates lipid peroxidation via tyrosyl
radical and nitrogen dioxide

[32,33]

NOXs which initiate lipid peroxidation
via tyrosyl radical and nitrogen dioxide

variable capacity to scavenge mitochondrial and
cellular ROS had low inflammatory infiltrate and
showed significant myocardial remodelling
when compared to the chronic chagasic wild-
type mice [43]. Collectively, it is indicative that
the mitochondria are an important source of
ROS that has implications for the cardiovascular
system (CVS).
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Role of Oxidases
and Oxygenases in CVD

2.3

Numerous oxidases and oxygenases expressed in
different cell types and locations within the cell
contribute to the formation of ROS. By defini-
tion, oxidases reduce O,, whereas oxygenases
(oxidoreductases) transfer O, to substrates. ROS
produced by activated phagocytes such as macro-
phages and neutrophils from NADPH oxidase
and/or by myeloperoxidase activity is termed as
“oxidative burst” [44, 45]. This ROS production
is critical to antimicrobial function, contributing
either directly or indirectly to the killing of intra-
cellular organisms. NADPH oxidase, produced
by many types of phagocytes, reduces O, to O,~
[46]. Subsequently, O,~ and HOCI further can
react to form HO- [47].

2.3.1 NADPH Oxidase (NOX)

The NADPH oxidase (nicotinamide adenine
dinucleotide phosphate oxidase, NOX) is a
membrane-bound enzymatic complex that
remains present as a transmembrane complex
and transfers electrons to oxygen across the bio-
membrane that converts into superoxide anion,
referred as respiratory burst, that serves as the
first line of host defence against microbes [48].
The prototypic NOX (gp91phox), renamed as
NOX2, was first identified in phagocytes (neutro-
phils, macrophages). Presently, seven mamma-
lian NOX homologues have been identified,
namely, NOX1-NOX35 and dual oxidases 1 and 2
(DUOX1 and DUOX?2). In the cardiovascular
system, NOX1, NOX2, NOX4 and NOXS have
been identified. NOX1 is expressed mainly in
vascular smooth muscle cells (VSMCs). NOX2
and NOX4 are expressed in endothelial cells, car-
diomyocytes, fibroblasts and VSMC [49]. NOX5
has been reported in human endothelial cells and
smooth muscle cells but is absent in rodents [50].
It has been found that some NOX family members
preferred NADPH or NADH, but some can’t dis-
criminate between NADPH and NADH. NOX2
generally remains present in phagocytic cells such
as neutrophils and macrophages [48] and helps
vascular endothelial growth factor (VEGF) to
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induce angiogenesis mediating through NOX3 [51].
NOX4 protects the vasculature against inflammatory
stress [52]. NOX-derived ROS plays a physiolog-
ical role in the regulation of endothelial function
and vascular tone and a pathophysiological
role in endothelial dysfunction, inflammation,
hypertrophy, apoptosis, migration, fibrosis,
angiogenesis, rarefaction, important processes
underlying cardiovascular and renal remodelling
in hypertension and diabetes [53, 54]. It has been
reviewed that monocyte/macrophage extravasa-
tion through NOX into the vessel wall is a critical
step in the development of atherosclerosis. Upon
activation, NOX complex of monocytes produces
a burst of superoxide anion. This superoxide
anion develops oxidative stress at the inflamma-
tory sites. ROS thus generated activate an enzyme
that makes the macrophages adhere to the arterial
wall by polymerising actin fibres [54].

In a study by Liu and co-workers, antioxidant
as a peptide inhibitor of NOX has been shown to
reduce blood pressure and forestall macrophage
accumulation in rats during angiotensin II infu-
sion [55]. Similarly, work on chagasic cardiomy-
opathy showed that NOX-dependent ROS is a
critical regulator of the splenic response (phago-
cytes, T cells and cytokines) which effects the
heart-infiltrating phagocytes and CD8* T cells
resulting in cardiac remodelling [56].

2.3.2 Xanthine Oxidase

Both xanthine oxidase and xanthine dehydroge-
nase, derived from xanthine oxidoreductase
(XOR), produce H,0, and O,~ while metabolis-
ing hypoxanthine and xanthine to uric acid [57].
ROS due to XOR has been implicated in endothe-
lial dysfunction, atherosclerosis, hypertension
and heart failure. Further inhibitors of xanthine
oxidase such as febuxostat, allopurinol and oxy-
purinol showed diminished ROS, improved con-
tractile function and myocardial efficiency [58].
Understanding of the mechanism(s) of action of
XOR in CVD development can lead to the devel-
opment of therapies targeting XOR. Enhanced
xanthine oxidase has been shown to be associated
with vascular dysfunction in animal models of
hypercholesterolemia [59]. Overexpression of
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renin and angiotensinogen has been linked with
increased xanthine oxidase activity in endothelial
malfunction in transgenic rats [60].

2.3.3 Lipoxygenase
Lipoxygenase (LO) is an important enzyme
involved in the conversion of arachidonic acid to
leukotrienes which are pro-inflammatory lipid
mediators [61]. The role of leukotrienes (LTs) as
mediators in asthma is well known [62]; conse-
quently, leukotriene inhibitors are used for treat-
ment of asthma. Now, researchers are trying to
elucidate the role of 5-lipoxygenase and leukotri-
enes in other chronic inflammatory diseases
including atherosclerosis [63]. 5-LO is abundant
in monocytes/macrophages, dendritic cells, mast
cells and neutrophilic granulocytes of 5-LO*
cells markedly increased in advanced lesions.

Lipoxygenase or cyclooxygenase metabolised
products such as eicosanoids and LT’ are associ-
ated with several pathogenesis in human beings
such as cancer, CVD, asthma and others [62, 64].
LTs play important role in immunity as well as
inflammation [63]. Lipoxygenase induces/attracts
various leukocytes including macrophages, cir-
culatory monocytes, mast cells and foam cells.
But lipoxygenase remains non-functional until
S-lipoxygenase-activating protein (FLAP) is not
associated with it. Lipoxygenase products like
leukotriene B4 (LTB4) is the most powerful
inflammatory product, while the products of
12/15-LOs have both pro-inflammatory and anti-
inflammatory responses. This inflammatory
response promotes atherosclerosis, abdominal
aortic aneurysm and myocardial infarction/reper-
fusion injury via increased leukocyte chemotaxis
and vascular inflammation, enhanced permeabil-
ity and subsequent tissue/matrix degeneration.
Some recent studies have shown that LTB4 is a
signal-relay molecule secreted by neutrophils [61]
which promotes atherosclerotic initiation by
inflammation through various mechanism(s)
including the release of pro-inflammatory cyto-
kines IL-6 and TNF-a.

The expression of 5-LO by activated macro-
phages in symptomatic plaques leads to L'TB4
accumulation and enhanced synthesis and release
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of matrix metalloproteinases (MMPs) that can
promote plaque rupture [65]. From studies on
animal models, it has been observed that 12/15-
LOs play a crucial role during late-phase inflam-
mation and atherosclerosis by fixing the
interactions between monocytes and endothelial
tissues in vivo [66]. It has been found that 15-LOs
in monocytes generate superoxide that leads to
the oxidation of LDL [67]. This 15-LO protein
has been observed to be localised in atheroscle-
rotic lesions in rabbit and humans [68, 69].

2.3.4 Heme Oxygenase-1

Heme oxygenase-1 (HO-1) catalyses the oxida-
tion of heme to generate carbon monoxide, bili-
verdin and iron. These reaction products of HO-1
have potent anti-inflammatory and anti-oxidative
functions. Although HO-1 is expressed at low
levels in most tissues under normal basal condi-
tions, it is highly inducible in response to various
pathophysiological stresses. The role of HO-1 in
inflammation and several CVDs such as athero-
sclerosis, myocardial infarction, graft survival
after heart transplantation and abdominal aortic
aneurysm has been reported. HO-1 is emerging
as a great potential therapeutic target for treating
CVD [70]. Experimental evidence from various
cell culture and animal models suggests an asso-
ciation of HO-1 with the complex sequence of
events that cause atherosclerosis [26]. It has been
demonstrated that HO-1-deficient mice develop
cardiac abnormalities, thus suggesting its role in
CVD [71, 72].

2.3.5 Myeloperoxidase

Myeloperoxidase (MPO) is a heme peroxidase
enzyme abundantly expressed in monocytes,
macrophages and activated neutrophils. It utilises
co-substrate to generate other ROS/RNS [73].
MPO oxidises tyrosine to tyrosyl radical and also
produces HOCI during phagocytosis from H,O,
and CI" by neutrophil respiratory bursts to kill
bacteria and infectious pathogen [74]. Therefore,
MPO is an enzyme that plays an important role in
innate immune system. The oxidants produced
by MPO are also associated with CVD in the
coronary circulation or in peripheral arterial
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vasculature. High plasma MPO is reported to be
a risk factor for early adverse cardiac events in
patients with chest pain [73].

In the vascular system, MPO remains present
in endothelial cells attached with cytokeratin 1
[75]. It has been elucidated that MPO-generated
oxidants are one of the major causes of vascular
damage during inflammation [76] and also act as
biomarker of vasculitis [77], cardiac dysfunction
and left vascular ejection fraction (LVEF) and a
risk marker in acute coronary syndrome [78].
MPO functions as a survival signal for neutro-
phils and thereby contributes to prolonged
inflammation [79]. The resultant inflammatory
response induced by MPO leads to endothelial
dysfunction, atheroma initiation and propaga-
tion, subsequent complications of plaque rupture,
thrombosis and ventricular remodelling [80]
which makes MPO a major player contributing
to CVD.

Elevated plasma MPO levels lead to inflam-
matory diseases like dermatitis herpetiformis,
systemic inflammatory response syndrome and
anti-neutrophil ~ cytoplasmic  autoantibody
(ANCA)-mediated  glomerulonephritis  [76].
MPO suppresses the vascular dilation and pro-
motes smooth muscle cell proliferation, which is
a major reason of endothelial dysfunction [76].
Chronic inflammatory process leads to oxidative
damage of the arterial wall and its subsequent
outcome is atherosclerosis [81]. The foam cells
(hallmark of atherosclerosis) formed by the accu-
mulation of cholesterol and lipids during athero-
sclerosis arise from oxidised LDL by MPO [40].
High levels of oxLDL are associated with
increased risk of future myocardial infarction [82].

MPO, a major granule enzyme in neutrophils,
accounts for 5 % of the total neutrophil proteins
and is responsible for the production of oxidant
HOCI [61]. The release of ROS and HOCI by
neutrophils may cause damage to important bio-
logical structures, such as proteins carbohydrates,
lipids and nucleic acids, and may enhance
inflammatory responses. Dityrosine-containing
protein cross-linking products, designated as
advanced oxidation protein products (AOPPs),
are formed by HOCI-induced chlorination of
amines and constitute an excellent marker of
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MPO activation. AOPPs are found in the
extracellular matrix of human atherosclerotic
plaques, and increased levels of AOPP have
been described as an independent risk factor
for coronary artery disease [57] and in several
infectious inflammatory diseases [83].

2.4  Role of Nitric Oxide in CVD
During aerobic respiration, ROS are generally
produced, while in hypoxic condition, NO are
produced and that in turn form RNS. Some more
reactive species have been noticed such as
reactive aldehydes, i.e. malondialdehyde (MDA)
product of lipid peroxidation [84]. NO synthase
is an enzyme that helps in the synthesis of NO
from L-arginine in various types of cells and
tissues. In mammals, there are three distinct
types of isozymes of NOS, neuronal (nNOS or
NOS-1), inducible (iNOS or NOS-2) and endo-
thelial (eNOS or NOS-3) [84]. iNOS and nNOS
are soluble and found predominantly in the
cytosol, while eNOS is membrane associated.
eNOS and nNOS are constitutively expressed
while the expression of iNOS is activated during
infection [85].

NO is a soluble gas that delivers signalling as
paracrine hormones in vasorelaxation, vascular
haemostasis, neurotransmission and cytotoxicity
[86]. It protects blood vessel from injurious
consequence of platelets and cells circulating in
the blood. The NOS catalyses an NADPH- and
O, ~-dependent oxidation of arginine to generate
NO and citrulline, with the formation of
N-hydroxyarginine (NOHA) as an intermediate
[87]. iNOSs in the macrophages are different
from the others, as it is Ca®* independent.
Different NOSs synthesise NO in response to
different stimuli such as eNOS synthesising NO
in a vascular endothelial cell in response to ace-
tylcholine, nNOS synthesising NO in a neuron in
response to glutamate, and iNOS synthesising
NO in macrophages following its induction by
IFN-y [88].

In the endothelium vessels, some major func-
tions such as blood pressure, platelet aggrega-
tion, leukocyte adherence and vascular smooth
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muscle cell mitogenesis are regulated by eNOS.
eNOS is acutely activated by agonists of diverse
G protein-coupled cell surface receptors and by
physical stimuli such as haemodynamic shear
stress and varying oxygenation. Mutational stud-
ies have proved that unlike other NOS isoforms,
eNOS shows N-myristoylation which targets its
localisation to the plasma membrane [89].
Diminished NO availability contributes to sys-
temic and pulmonary hypertension, atherosclero-
sis and airway dysfunction [90]. It has been seen
that C-reactive protein (CRP), a prototypic
marker of inflammation, decreases the eNOS
level in endothelial tissues leading to CVD and
atherogenesis [91].

From pharmacological studies in cultured
cells, it has been observed that increased cAMP
can exert opposite effects on the endotoxin- or
cytokine-induced expression of NOS-2, being
either stimulatory or inhibitory in macrophages;
stimulatory in adipocytes, smooth muscle,
skeletal muscle and brain endothelial cells; and
inhibitory in pancreatic, liver and brain glial
cells. The regulation of NOS-2 gene transcription
appears to be the primary mechanism of action of
cAMP and, whether it is stimulatory or inhibi-
tory, hinges on the cell-specific regulation of
transcription factors (TFs) including CREB,
NF-xB and C/EBP. cAMP must therefore be
considered a modulator rather than a suppressor
of NOS-2 expression [92].

Role of Fenton Reaction
in CVD

2.5

Besides oxidases and oxygenases, the “Fenton
reaction” is another mechanism of ROS forma-
tion which forms the basis for CVD. The reaction
results in the Fe**- or Cut-mediated conversion of
H,0, to HO- [41]. The relationship between iron
and CVD was proposed in 1981 by Jerome
Sullivan. Since then, numerous epidemiologic
studies have been conducted to test this hypothe-
sis. Increased iron levels in the body after meno-
pause in women and adolescence in men are
associated with the development of atherosclerosis
and ischemia [93]. Further, reduction of iron in
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the body via phlebotomy may be used in the
treatment of CVD. The administration of defer-
oxamine, a potent iron chelator, resulted in a
decrease in myocyte necrosis in a random study
of ischemia/reperfusion in dogs, thus indicating
the role of Fenton reaction [94].

Study on the association between oxidative
stress markers and iron nutrition status in humans
revealed significantly higher concentrations of
serum ferritin than control group. Also these
subjects showed significantly lower levels of
the transferrin receptor than control group.
Further, significantly higher levels of oxidative
stress markers including heme oxygenase activity,
oxLDL and thiobarbituric acid reactive substances
were reported in individuals with metabolic syn-
drome than in the control group. DePalma and
group found a positive correlation between ferritin
levels, inflammatory biomarker interleukin-6,
CRP levels and mortality in patients with symp-
tomatic PAD. This study suggested the role of
iron-induced oxidative stress in the initiation and
development of inflammation in PAD patients.
Further, statins were found to suppress ferritin
levels which were in turn associated with
improved clinical outcomes [95]. On the other
hand, the increased intake of vegetables, fruits,
tea and coffee is associated with lower levels of
oxidative stress.

3 Role of Oxidative Stress
and Inflammation:
Development
and Progression of CVD

3.1 Oxidative Stress in CVD

Various studies have demonstrated the role of

oxidative stress in the development and progres-

sion of CVD [96, 97]. It is well known that imbal-
ance between raised ROS levels and antioxidant
systems creates oxidative stress, which makes the
cells prone to the damage. Antioxidant defence
systems such as catalase (CAT), superoxide dis-
mutase (SOD) and glutathione peroxidase
(GPx) scavenge ROS and inhibit degradation of
NO. Prostacyclin and endothelium-derived
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hyperpolarizing factor (EDHF) and NO are
vasodilators which help in maintaining vascular
homoeostasis via regulating vascular tone, reac-
tivity and vascular smooth muscle cell prolifera-
tion [98, 99]. Oxidative stress inactivates NO
inducing decreased NO bioavailability and fur-
ther production of ROS species such as ONOO™.
Decreased NO bioavailability leads to imbalance
of vessel wall, impaired endothelial-dependent
vasodilation and thus endothelial dysfunction.
Studies have suggested the role of ROS-mediated
accelerated inactivation of NO in endothelial
dysfunction in CVD [100]. Apart from reduced
NO bioavailability, endothelial dysfunction also
results from lipid peroxidation and inflammatory
responses. ROS-mediated altered endothelial
permeability prompts the entry of LDL into sub-
endothelial space and its subsequent oxidation to
form oxLDL. oxLDL molecules are seized by
macrophages and transformed macrophages
(i.e. foam cells) and are then added to the athero-
sclerotic lesion development [101]. Elevated
abnormal ROS also activates inflammatory TFs
such as NF-xB, AP-1 and Nrf1 involved in immune
system and inflammatory processes [102].

Clinical studies have also demonstrated the
role of oxidative stress in the development and
progression of CVD. Oxidative stress-mediated
increased lipid peroxidation has been shown to
correlate with the severity of heart failure and has
been found to be reduced by free-radical scaven-
ger [103-105]. Elevated free-radical activity and
low SOD/GPx levels have been reported in
patients with congestive heart failure [106]. It has
been observed that risk factor-stimulated enzymatic
sources generate ROS leading to hypertension
[107, 108]. Altogether, these studies advocate
for the role of oxidative stress in CVD. Further
investigations delineating the role of enzymatic
sources of ROS and oxidative stress can help to
develop specific therapeutic strategies to prevent
the development and progression of CVD.

3.2 Inflammation in CVD

Till now, it is not well understood whether inflam-
mation is responsible for CVD or not. But it has
been found that many heart diseases and stroke

M. Dhiman et al.

are related to inflammation and it also promotes
atherogenesis (formation of atheromatous lesions
in arterial walls) that can directly lead to CVD. In
Atlanta, on March 14 and 15, 2002, a workshop
titled “CDC/AHA Workshop on Inflammatory
Markers and Cardiovascular Disease: Applications
to Clinical and Public Health Practice” was held,
whose main purpose was to illustrate some poten-
tial markers in pro-inflammatory or inflammatory
condition [109].

As discussed earlier, oxidative stress can
enhance inflammation, and this inflammation
promotes many diseases along with coronary
diseases including the initiation and progression
of atherogenesis characterised by atherosclerotic
plaque, plaque rupture and thrombosis [2].
Collagen and some other factors strengthen
the formation of a tough cap over plaques.
Inflammatory mediators can weaken this cap
by inhibiting collagen synthesis and also by
enhancing the production of collagen-breaking
enzymes. Inflammation is therefore responsible
for not only the initiation of atherosclerosis but
also the promotion of other complications.
Macrophages, another potent mediator of inflam-
mation, in the later stage of plaque rupturing,
break down the clotting factors [10]. oxLDL in
endothelial tissue initiates a cascade of events to
cholesterol-laden macrophages and accumulates
them in the arterial wall during atherosclerotic
plaques [10]. CRP is a traditional inflammatory
marker observed during inflammation and also
independently (genetically). Its high levels have
been linked with incidences of CVD and coro-
nary heart diseases through IL-6 [110, 111].
Inflammation raises cytokine IL-6 level that has
been also found to relate with MI and CVD [112].
A well-recognised signalling molecule such as
NF-xB also contributes in inflammation and
atherosclerosis [113].

Some common physiological behaviour such
as hypertension is also associated with an
increased risk of inflammation and, consequently,
development of carotid heart disease [7]. Several
inflammatory cytokines have been shown to
contribute to cardiac dysfunction under various
pathophysiological conditions associated with heart
failure, including I/R injury, MI, atherosclerosis,
hypertrophy and acute viral myocarditis [114].
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Cytokines and chemokines implicated in the
progression of heart failure include TNF-a, IL-1,
IL-6, IL-8, IL-13, IL-18, IFN-y, cardiotrophin-1,
monocyte chemotactic peptide-1 (MCP-1) and
macrophage inflammatory protein-1 alpha
(MIP-1a), anti-inflammatory mediators trans-
forming growth factor beta (TGF-p), IL-10 and
other pro-inflammatory  mediators [114].
Previously, most of the studies related to inflam-
mation and CVD were performed in experimental
animals, and there was no proof that inflamma-
tion contributes to human heart diseases until,
recently, when studies by various groups started
to report the role of inflammation in heart diseases.
A correlation was found between inflammation,
oxidative stress and persistent platelet activation in
android obese women [115]. A review summarising
the results from clinical studies indicated the role
of vascular inflammation in CVD, and a positive
correlation between upregulated inflammatory
markers and cardiovascular risk has been
reported [116].

All of these observations support the idea that
antioxidant depletion and inefficient scavenging
of ROS, resulting in sustained oxidative stress,
are of pathological importance in human
CVD. The reexpression of foetal genes (ANP,
BNP, a-actin and -MHC) is a hallmark of hyper-
trophic remodelling, and a considerable body of
evidence shows the redox regulation of various
signalling cascades and remodelling responses in
cardiac diseases of various aetiologies. Current
evidence supports the involvement of the follow-
ing pathways: (i) ERK-1/ERK-2 [117] and the
small GTPase Ras [118] in response to adrener-
gic agonist and angiotensin II stimulation [119,
120], (i) MAPKSs in pressure-overload hypertro-
phy and (iii) NF-kB and apoptosis signal-
regulating kinase 1 (ASK-1) in response to
angiotensin II infusion. ASK-1 is the upstream of
p38 MAPK and JNK in the MAPK signalling
cascade, and both of these have been shown to be
activated by NOX/ROS [121]. The inhibition or
scavenging of free radicals has been shown to
modulate the ERK signalling and hypertrophic
responses in neonatal and adult cardiomyocytes.
Besides ROS, experimental studies have shown
that the inflammatory cytokines (e.g. TNF-q,
IL-18, and MCP-1) also promote myocardial
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hypertrophy and contribute to the development
and progression of heart failure [122]. Several
recent studies have supported the concept that
cytokines produced by T cells and other inflam-
matory cells contribute to hypertension. More
recently, it has been found that the novel, pro-
inflammatory cytokine IL-17 contributes to
hypertension. This cytokine is produced by TH;,
cells, a subset of CD4* cells, which are distinct
from TH1 and TH2 cells [123].

3.3 Relationship Between
Oxidative Stress

and Inflammation

ROS enhances inflammation directly via the
activation of certain inflammatory TFs such as
AP-1, NF-kB and Nrf2 [102, 124], modifying the
expression of gene coding for chemokines and
adhesion molecules, causing accumulation of
inflammatory cells [125-127]. On the other way,
ROS-mediated oxidative injury augments endo-
thelial permeability, which prompts the lipopro-
teins to enter sub-endothelial space, gets oxidised
and intensifying inflammation [5]. These oxi-
dised lipoproteins also interact with Toll-like
receptors (TLRs) to foster vascular disease [128].
Inflating inflammatory cells further release ROS,
strengthening the oxidative environment and
continuing the series of events of oxidative stress-
inflammation-oxidative stress.

There is substantial evidence to show that
ROS modulate T-cell function and can affect
T-cell polarisation and cytokine secretion [114].
Exogenously generated ROS cause apoptosis and
suppression of T-cell proliferation and produc-
tion of IL-2. Of note, T cells also produce ROS
endogenously via a NOX2-based NADPH oxi-
dase, promoting a TH2 phenotype.

Inflammation and oxidative stress are involved
in atherosclerosis right from initiation through
development to thrombotic stage. Therefore,
clearance of the clogged vessels via surgery and
standard medical treatments cannot be the prime
treatment option. Instead, inflammatory pro-
cesses and oxidative stress pathways involved in
cardiac diseases need to be targeted [109].
Reckoning with the studies advocating the
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relationship between oxidative stress and
inflammation in the matter of CVD and the
general fact that overall level of cellular ROS is
determined by the relative rate of generation and
the rate of reduction by antioxidants, enzymatic
and nonenzymatic antioxidants, scavenging
myocardial ROS can decrease inflammation
and thus can demote CVD.

4 Are There Ways
to Prevent CVD?

Numerous clinical trials have been performed to
examine the potential for preventing CVD using
antioxidant therapies. Some antioxidant studies
have focused on the primary prevention of CVD,
meaning the prevention of CVD in patients that
do not already have the disease. f-Carotene, vita-
min C and vitamin E have been investigated and
randomised trials of this antioxidant failed to
show any effect on the risk of death from
CVD. Thus, it has been difficult to demonstrate
that antioxidant supplementation has significant
impact in CVD.

Secondary prevention refers to inhibiting the
manifestations of CVD in those patients who
already have the disease. Because the risk of a
second cardiovascular event (MI, stroke, angina)
is high in patients that have already had a first
event, established prevention measures (e.g. cho-
lesterol lowering, smoking cessation and others)
are the most effective in secondary prevention.

4.1 Enzymatic Antioxidants

Enzymatic antioxidants are expressed in response
to ROS production and display function as cata-
lyst in reactions that convert specific ROS to
different and, presumably, less harmful species.
The principal enzymatic antioxidants are SOD,
CAT, peroxiredoxin (Prx) and GPx [129]. SOD
converts 02~ to H,0,. MnSOD, the mitochon-
drial isoform, makes up to ~70 % of the SOD
activity in heart and 90 % in cardiomyocytes. The
remaining fraction consists primarily of cytoplasmic
CuZnSOD with <1 % extracellular SOD (ECSOD).
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The importance of MnSOD in regulating O,~ in
the myocardium is demonstrated by the fact that
MnSOD~~ mice die soon after birth with dilated
cardiomyopathy [130]. GPx (isoforms GPx1-
GPx5), using glutathione (GSH), reduces H,0,
or ROOH to H,O or alcohols (ROH), respec-
tively. GPx1 and GPx3 are the most abundant
intracellular isoforms and GPx4 is a mitochon-
drial isoform. Unlike MnSOD mice deficient in
GPx develop normally and show no marked path-
ological changes under normal physiological
conditions and exhibit a pronounced susceptibility
to myocardial ischemia-reperfusion injury [131].
CAT, located in peroxisomes, is highest in the
liver and erythrocytes and converts H,0, to H,O
and O,. Prx reduces peroxides, including H,O,
and alkyl hydroperoxides (ROOH).

The importance of removing mitochondrial
O,~ is emphasised by observations that animals
null for the MnSOD allele exhibit perinatal
lethality due to cardiac dysfunction, and cardiac-
specific MnSOD deletion/depletion produces
progressive congestive heart failure with specific
molecular defects in mitochondrial respiration. It is
also important to realise that MnSOD generates
H,0,, another ROS with pathophysiological
importance, as overexpression of Prx3 (a mito-
chondrial H,O, scavenger) prevents heart failure
after experimental MI in mice [132].

4.2 Nonenzymatic Antioxidants

The role of glutathione (GSH) in maintaining
cellular redox state is complex. GSH cooperates
with GPx in the detoxification of H,0O, to
2H,0. In addition, GSH participates in reactions
with glutathione S-transferase (GST) to bind
ROS such as attachment of NO to form
S-nitrosoglutathione adducts. Glutathione reduc-
tase (GR) functions to regenerate antioxidant
capacity, converting from glutathione disulphide
(GSSG) to GSH. Vitamins and other chemical
antioxidants play an important role in the control
of ROS cascades. Vitamin E (a-tocopherol) is
active in membranes where it functions to reduce
ROS and lipid peroxy radicals. Vitamin C (ascor-
bate) serves predominantly as an antioxidant in
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plasma due to its water solubility. It functions by
reducing a-tocopherol lipid peroxide radicals to
normal form [129]. Uric acid, found in extracel-
lular fluids, detoxifies HO- metal ions (Fe*? or
Cu*) contributing to ROS-mediated peroxidation
of lipids via the Fenton reaction that produces
H,0,. Additionally, a study by Ku and group has
shown that the relationship of vitamin D (calcif-
erol) deficiency with diabetes, hypertension,
inflammation and increased cardiovascular risk
and also analysed the association between
vitamin D supplementation and the reduction in
CVD [133].

4.3 Phytochemicals

Consumption of fruits and vegetables has been
associated with lower risk of CVD [134], and
their cardioprotective role is not attributable to
any of the macro- and micronutrients, thus
indicating role of other plant components
in CVD. Plant sterols, flavonoids and sulphur-
containing compounds are three categories of
compounds in fruits and vegetables that may
have important roles which prevent the cardiac
diseases in some way. Non-nutritional bioactive
compounds including isoflavones, diosgenin, res-
veratrol, quercetin, rosmarinic acid, catechin,
sulphoraphane, tocotrienols and carotenoids
comes under these three classes of compounds
and are proven to reduce the risk of CVD and aid
in cardioprotection [135, 136]. These compounds
further need to be characterised as their mecha-
nisms of action are not yet understood. Apart
from these, vitamins, phytoestrogens and trace
minerals may also have roles in cardioprotection.
Most of the CVD consist of multiple events.
Hence, a single cardioprotectant may not be
enough to combat the CVD. These phytochemi-
cals nowadays are greatly used in various phar-
macological medicines in curing of CVD as well
as cardioprotective due to their properties and
mechanisms involved including antioxidative,
anti-hypercholesterolemic, anti-angiogenic, anti-
ischemic, inhibition of platelet aggregation and
anti-inflammatory activities that reduce the risk
of CVD.

Low to moderate consumption of red wine is
associated with decreased incidence of CVD
[137, 138]. Resveratrol and quercetin, polyphenols
present in red wine, are anti-proliferative, anti-
mitogenic, anti-platelet and anti-inflammatory [139].
The therapeutic action of resveratrol has been
reported in animal models of arterial injury [140].
Resveratrol increases vascular NO production
through an oestrogen receptor modulation and
also inhibits NF-xB activation [141]. Quercetin
and other wine polyphenols have been shown to
prevent cardiac cells from apoptosis, oxidative
stress and endothelial dysfunction both in vitro
and in vivo studies [142].

Organosulfides, present mainly in garlic and
onion, possess antioxidant and anti-inflammatory
properties. The efficacy of experimental and clin-
ical effects of garlic preparations and constituents
in CVD complications have been well studied
[143]. Garlic extract prevents oxidative stress via
NOX and lipid peroxidation in experimental
model of metabolic syndrome [144]. The systolic
blood pressure decrease is associated with intake
of garlic extract and allicin in fructose-induced
hyperinsulinemic, hyperlipidemic and hyperten-
sive rats [144, 145]. The action of garlic extracts
against hypertension may be exerted via
prostaglandin-like effects [146] or by increasing
the bioavailability of NO or scavenging oxidants
[147] or by inhibiting angiotensin-converting
enzyme in vitro [148]. The effect of garlic against
hypertension has been demonstrated in high
blood pressure human cases in randomised con-
trolled trials and meta-analysis trial [149, 150].
Garlic exerts anti-inflammatory action via the
inhibition of the expression of intercellular cell
adhesion molecule 1 (ICAM1) through the down-
regulation of AP-1 and c-Jun N-terminal kinase
(JNK) pathway [151]. The mechanism and role
of garlic and its active constituents in cardiopro-
tection need to be verified in humans through
more experimental and clinical studies, so that
they can be utilised as better therapeutic agents.

Higher intake of fruits and vegetables is linked
with a decrease in risk of MI in prospective
cohort study of women, thus increase in con-
sumption of fruits and vegetables may protect
against CVD. Increased total flavonoid and
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flavone intake is associated with lower risk of
mortality due to CVD in large cohort of 38,180
men and 60,289 women, while long-term supple-
mentation with p-carotene has been proved inef-
fective in preventing CVD in a randomised,
double-blind, placebo-controlled trial [152].
Additionally, the combination of p-carotene and
vitamin A showed no positive effect on the risk of
CVD [153]. Tea and coffee consumption is asso-
ciated with the risk of CVD [154]. Phytochemicals
present in tea and coffee may exert their cardio-
protective action through the regulation of vascular
tone by influencing endothelial function,
enhanced reverse cholesterol transport, amelio-
rated glucose metabolism, restrained foam cell
formation, immunomodulation, inhibition of oxi-
dative stress and effects on platelet function or by
altering gene expression [155]. Further research
is required to identify the role of constituents of
tea and coffee in CVD [155].

Another phytochemical that showed the capa-
bility of having therapeutic potential in the treat-
ment of CVD is cannabidiol (CBD). CBD is an
abundant constituent of Cannabis sativa, which
have been reported to have anti-inflammatory
effect in various disease models including multi-
ple sclerosis in humans. A study investigated the
effects of CBD on cardiac dysfunction, elevated
oxidative stress and amplified inflammatory cell
signalling pathways in a mouse model with type
I diabetic cardiomyopathy. It was observed that
CBD remarkably attenuates myocardial dysfunc-
tion, oxidative stress, cardiac cell death, inflam-
matory and other interrelated cell signalling
pathways. It was also found to inhibit high-
glucose-mediated elevated ROS production as
well as NF-kB activation in primary human
cardiomyocytes [156].

5 Conclusions and Future
Perspectives

Till date CVD remains the principal cause of
long-term disability and death worldwide.
Numerous studies have been performed, but its
efficient prevention and treatment management
are still failing off. For better understanding of

M. Dhiman et al.

the pathophysiology of CVD, for identifying
specific biomarkers and for determining effective
therapeutic targets, it is important to resolve the
complexity of biochemistry of involved impor-
tant pathophysiological factors such as oxidative
stress and inflammation, displaying association
between, which promotes the development and
progression of CVD.

Oxidative stress is the disturbance of physio-
logical balance between oxidants (ROS/RNS
generation) and antioxidant defence systems.
Oxidative stress is the fundamental mechanism
of cell damage, and ROS is the damaging factor
leading to the onset and progression of
CVD. Increased ROS production in the vascular
wall promotes endothelial dysfunction, infiltra-
tion and accumulation of inflammatory cells.
ROS are also involved in redox activation of
certain TFs responsible for expression of genes
for inflammatory responses. Elevated levels of
pro-inflammatory cytokines in circulation such
as CRP, TNF-a and IL-6 have been shown to
be associated with CVD. Accumulating evidence
shows that increased ROS-mediated oxidative
damage coupled with downstream inflammatory
pathways augments pathological complications
associated with CVD.

Therapeutic interventions involving diet,
nutrition and pharmacology may target enzy-
matic sources of ROS, activates antioxidant
defence systems in vasculature and can prevent
oxidative  stress and inflammation in
CVD. Evidences from studies suggest that anti-
oxidants hold the potential to act as therapeutic
intervention against CVD by reducing ROS gen-
eration, thus attenuating oxidative stress and
downstream inflammatory processes. Results
from various studies also indicate that phyto-
chemicals may have therapeutic potential against
CVD, by reducing oxidative stress and oxidative
stress-mediated inflammation. The motive of this
book chapter was to make understand the role of
excessive oxidative stress and chronic inflamma-
tion in CVD and to summarise the recent sce-
nario displaying the perspectives of antioxidant
and anti-inflammatory therapeutic interventions
in CVD (Fig. 3). Future studies aimed at inferring
the biochemical and molecular links concerning
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Fig. 3 Role of oxidative stress and inflammation in the
development and progression of CVD. Specific enzymes
of cells of the cardiovascular system, such as NADPH
oxidases, xanthine oxidases and myeloperoxidases (MPO)
of cardiomyocytes and endothelial cells, generate patho-

oxidative stress and inflammation and mechanisms
underlying phytochemical-induced cardioprotection
in CVD need to be elucidated in CVD to develop
more new effective therapeutic interventions.

Acknowledgements The financial support from DST
(Fast-Track) to M.D., ICMR-JRF to S.T. and CUPB insti-
tutional fellowship to S.U. and Alzheimer’s Association,
USA (NIRG-11-203527), grant to A.K.M is acknowl-
edged. Because of the limited focus of the article, many
appropriate references could not be included, for which
the authors apologise. The CUPB publication number
provided for this article is P-34/14.

References

1. Labarthe D (1998) Epidemiology and prevention of
cardiovascular diseases: a global challenge. Aspen
Publishers. Jones & Bartlett Learning, Gaithersburg

2. Kelly BB, Narula J, Fuster V (2012) Recognizing
global burden of cardiovascular disease and related
chronic diseases. Mt Sinai J Med: J Transl
Personalized Med 79(6):632-640

physiological levels of ROS/RNS which cause oxidative
stress-induced damage, promote endothelial dysfunction and
accumulation of inflammatory cells and further involved
in the activation of inflammatory response signalling
pathways. Altogether leads to the severity of CVD

3. Yusuf S, Reddy S, Ounpuu S et al (2001) Global
burden of cardiovascular diseases part I: general
considerations, the epidemiologic transition, risk
factors, and impact of urbanization. Circulation
104(22):2746-2753

4. Alexander RW (1995) Hypertension and the patho-
genesis of atherosclerosis oxidative stress and the
mediation of arterial inflammatory response: a new
perspective. Hypertension 25(2):155-161

5. Sima AV, Stancu CS, Simionescu M (2009) Vascular
endothelium in atherosclerosis. Cell Tissue Res
335(1):191-203

6. Marui N, Offermann M, Swerlick R et al (1993)
Vascular cell adhesion molecule-1 (VCAM-1) gene
transcription and expression are regulated through
an antioxidant-sensitive mechanism in human vascu-
lar endothelial cells. J Clin Invest 92(4):1866

7. Libby P, Ridker PM, Maseri A (2002) Inflammation
and atherosclerosis. Circulation 105(9):1135-1143

8. Turrens JF (2003) Mitochondrial formation of
reactive oxygen species. J Physiol 552(2):335-344

9. Shafaq N (2012) An overview of oxidative stress and
antioxidant defensive system. Open Access Sci Rep
1(8):413, 10.4172/scientificreports

10. Andrew PJ, Mayer B (1999) Enzymatic function
of nitric oxide synthases. Cardiovasc Res
43(3):521-531



274

11

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

. Winterbourn CC, Buss IH, Chan TP et al (2000)
Protein carbonyl measurements show evidence of
early oxidative stress in critically ill patients. Crit
Care Med 28(1):143-149

Chen K, Keaney JF Jr (2012) Evolving concepts
of oxidative stress and reactive oxygen species in
cardiovascular disease. Curr Atheroscler Rep
14(5):476-483

Carpi A, Menabo R, Kaludercic N et al (2009) The
cardioprotective effects elicited by p66(Shc) abla-
tion demonstrate the crucial role of mitochondrial
ROS formation in ischemia/reperfusion injury.
Biochim Biophys Acta 1787(7):774-780

Giorgio M, Migliaccio E, Orsini F et al (2005)
Electron transfer between cytochrome ¢ and p665™
generates reactive oxygen species that trigger mito-
chondrial apoptosis. Cell 122(2):221-233
Migliaccio E, Giorgio M, Mele S et al (1999) The
p665™ adaptor protein controls oxidative stress
response and life span in mammals. Nature
402(6759):309-313

Orsini F, Migliaccio E, Moroni M et al (2004) The
life span determinant p66Shc localizes to mitochon-
dria where it associates with mitochondrial heat
shock protein 70 and regulates trans-membrane
potential. J Biol Chem 279(24):25689-25695
Brown DI, Griendling KK (2009) Nox proteins in
signal transduction. Free Radic Biol Med
47(9):1239-1253

Martyn K, Frederick L, von Loehneysen K et al
(2006) Functional analysis of Nox4 reveals unique
characteristics compared to other NADPH oxidases.
Cell Signal 18(1):69-82

McNally JS, Davis ME, Giddens DP et al (2003)
Role of xanthine oxidoreductase and NAD(P)H oxi-
dase in endothelial superoxide production in
response to oscillatory shear stress. Am J Physiol
Heart Circ Physiol 285(6):H2290-H2297

Takac I, Schroder K, Zhang L et al (2011) The
E-loop is involved in hydrogen peroxide formation
by the NADPH oxidase Nox4. J Biol Chem
286(15):13304-13313

Touyz RM, Montezano AC (2012) Vascular Nox4: a
multifarious NADPH  oxidase. Circ  Res
110(9):1159-1161

Kaludercic N, Mialet-Perez J, Paolocci N et al
(2014) Monoamine oxidases as sources of oxidants
in the heart. J Mol Cell Cardiol 73:34-42

Hare JM (2004) Nitroso-redox balance in the
cardiovascular system. N Engl J Med 351(20):
2112-2114

Lacza Z, Pankotai E, Busija DW (2009)
Mitochondrial nitric oxide synthase: current con-
cepts and controversies. Front Biosci (Landmark Ed)
14:4436-4443

Nediani C, Raimondi L, Borchi E et al (2011) Nitric
oxide/reactive oxygen species generation and
nitroso/redox imbalance in heart failure: from
molecular mechanisms to therapeutic implications.
Antioxid Redox Signal 14(2):289-331

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

M. Dhiman et al.

Immenschuh S, Schroder H (2006) Heme
oxygenase-1 and cardiovascular disease. Histol
Histopathol 21(6):679-685

Griendling KK, Minieri CA, Ollerenshaw JD et al
(1994) Angiotensin II stimulates NADH and
NADPH oxidase activity in cultured vascular smooth
muscle cells. Circ Res 74(6):1141-1148

Hiraoka W, Vazquez N, Nieves-Neira W et al (1998)
Role of oxygen radicals generated by NADPH oxi-
dase in apoptosis induced in human leukemia cells. J
Clin Invest 102(11):1961-1968

Irani K, XiaY, Zweier JL et al (1997) Mitogenic sig-
naling mediated by oxidants in Ras-transformed
fibroblasts. Science 275(5306):1649-1652
Sundaresan M, Yu ZX, Ferrans VJ et al (1995)
Requirement for generation of H202 for platelet-
derived growth factor signal transduction. Science
270(5234):296-299

Lijnen PJ, Piccart Y, Coenen T et al (2012)
Angiotensin II-induced mitochondrial reactive
oxygen species and peroxiredoxin-3 expression in
cardiac fibroblasts. J Hypertens 30(10):1986—-1991
Brennan M, Wu W, Fu X et al (2002) A tale of two
controversies defining both the role of peroxidases in
nitrotyrosine formation in vivo using eosinophil per-
oxidase and myeloperoxidase-deficient mice, and
the nature of peroxidase-generated reactive nitrogen
species. J Biol Chem 277(20):17415-17427

Zhang R, Brennan M, Shen Z et al (2002)
Myeloperoxidase functions as a major enzymatic
catalyst for initiation of lipid peroxidation at sites of
inflammation. J Biol Chem 277(48):46116-46122
De Marchi U, Mancon M, Battaglia V et al (2004)
Influence of reactive oxygen species production by
monoamine oxidase activity on aluminum-induced
mitochondrial permeability transition. Cell Mol Life
Sci (CMLS) 61(19-20):2664-2671

Fearon IM, Faux SP (2009) Oxidative stress and car-
diovascular disease: novel tools give (free) radical
insight. J Mol Cell Cardiol 47(3):372-381

Carrasco Guerra HA, Palacios-Prii E, Dagert de
Scorza C et al (1987) Clinical, histochemical, and
ultrastructural correlation in septal endomyocardial
biopsies from chronic chagasic patients: detection of
early myocardial damage. Am Heart J 113(3):716-724
Wen X, Gupta S, Zago MP et al (2012) Defects of
mtDNA replication impaired mitochondrial biogen-
esis during trypanosoma cruzi infection in human
cardiomyocytes and chagasic patients: the role of
Nrf1/2 and antioxidant response. J] Am Heart Assoc
1(6):e003855

Wen JJ, Gupta S, Guan Z et al (2010) Phenyl-alpha-
tert-butyl-nitrone and benzonidazole treatment con-
trolled the mitochondrial oxidative stress and
evolution of cardiomyopathy in chronic chagasic
rats. J Am Coll Cardiol 55(22):2499-2508

Wen JJ, Garg NJ (2010) Mitochondrial complex I1I
defects contribute to inefficient respiration and ATP
synthesis in the myocardium of 7. cruzi infected
mice. Antioxid Redox Signal 12(1):27-37



Oxidative Stress and Inflammation in Cardiovascular Diseases: Two Sides of the Same Coin

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

Malle E, Marsche G, Arnhold J et al (2006)
Modification of low-density lipoprotein by
myeloperoxidase-derived oxidants and reagent
hypochlorous acid. Biochim Biophys Acta (BBA)-
Mol Cell Biol Lipids 1761(4):392-415

Goldstein S, Meyerstein D, Czapski G (1993) The
fenton reagents. Free Radic Biol Med 15(4):435-445
Lourenco AP, Fontoura D, Henriques-Coelho T et al
(2012) Current pathophysiological concepts and
management of pulmonary hypertension. Int J
Cardiol 155(3):350-361

Dhiman M, Wan X, Popov V et al (2013) MnSODtg
mice control myocardial inflammatory and oxidative
stress and remodeling responses elicited in chronic
Chagas disease. J Am Heart Assoc 2(5):e000302
Halliwell B (1991) Reactive oxygen species in living
systems: source, biochemistry, and role in human
disease. Am J Med 91(3):S14-S22

Eiserich JP, Baldus S, Brennan M-L et al (2002)
Myeloperoxidase, a leukocyte-derived vascular NO
oxidase. Science 296(5577):2391-2394

Babior BM (1999) NADPH oxidase: an update.
Blood 93(5):1464-1476

Candeias LP, Stratford MR, Wardman P (1994)
Formation of hydroxyl radicals on reaction of hypo-
chlorous acid with ferrocyanide, a model iron (II)
complex. Free Radic Res 20(4):241-249

Bedard K, Krause K-H (2007) The NOX family of
ROS-generating NADPH oxidases: physiology and
pathophysiology. Physiol Rev 87(1):245-313
Weintraub NL (2002) Nox response to injury.
Arterioscler Thromb Vasc Biol 22(1):4-5

BelAiba RS, Djordjevic T, Petry A et al (2007)
NOXS variants are functionally active in endothelial
cells. Free Radic Biol Med 42(4):446-459
Carnesecchi S, Carpentier J-L, Foti M et al (2006)
Insulin-induced vascular endothelial growth factor
expression is mediated by the NADPH oxidase
NOX3. Exp Cell Res 312(17):3413-3424

Schroder K, Zhang M, Benkhoff S et al (2012) Nox4
is a protective reactive oxygen species generating
vascular NADPH oxidase. Circ Res
110(9):1217-1225

Paravicini TM, Touyz RM (2008) NADPH oxidases,
reactive oxygen species, and hypertension clinical
implications and therapeutic possibilities. Diabetes
Care 31(Supplement 2):S170-S180

Cathcart MK (2004) Regulation of superoxide anion
production by NADPH oxidase in monocytes/mac-
rophages  contributions  to  atherosclerosis.
Arterioscler Thromb Vasc Biol 24(1):23-28

Liu J, Yang F, Yang XP et al (2003) NAD(P)H oxi-
dase mediates angiotensin II-induced vascular mac-
rophage infiltration and medial hypertrophy.
Arterioscler Thromb Vasc Biol 23(5):776-782
Dhiman M, Garg N (2011) NADPH oxidase inhibition
ameliorates 7. cruzi induced myocarditis during
Chagas disease. J Pathol 225(4):583-596

Berry CE, Hare JM (2004) Xanthine oxidoreductase
and cardiovascular disease: molecular mechanisms

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

275

and pathophysiological implications. J Physiol
555(3):589-606

Malik U, Hundley N, Romero G et al (2011)
Febuxostat inhibition of endothelial-bound XO:
implications for targeting vascular ROS production.
Free Radic Biol Med 51(1):179-184

White C, Darley-Usmar V, Berrington W et al (1996)
Circulating plasma xanthine oxidase contributes to
vascular dysfunction in hypercholesterolemic rab-
bits. Proc Natl Acad Sci 93(16):8745-8749

Mervala EM, Cheng ZJ, Tikkanen I et al (2001)
Endothelial dysfunction and xanthine oxidoreduc-
tase activity in rats with human renin and angioten-
sinogen genes. Hypertension 37:414-418

Afonso PV, Janka-Junttila M, Lee YJ et al (2012)
LTB , is a signal-relay molecule during neutrophil
chemotaxis. Dev Cell 22(5):1079-1091

Koshino T, Takano S, Houjo T et al (1998)
Expression of 5-lipoxygenase and 5-lipoxygenase-
activating protein mRNAs in the peripheral blood
leukocytes of asthmatics. Biochem Biophys Res
Commun 247(2):510-513

Poeckel D, Funk CD (2010) The 5-lipoxygenase/
leukotriene pathway in preclinical models of cardio-
vascular disease. Cardiovasc Res 86(2):243-253
Yoshimura R, Inoue K, Kawahito Y et al (2004)
Expression of 12-lipoxygenase in human renal cell
carcinoma and growth prevention by its inhibitor. Int
J Mol Med 13(1):41

Zhou YJ, Wang JH, Li L et al (2007) Expanding
expression of the 5-lipoxygenase/leukotriene B,
pathway in atherosclerotic lesions of diabetic
patients promotes plaque instability. Biochem
Biophys Res Commun 363(1):30-36

Reilly KB, Srinivasan S, Hatley ME et al (2004)
12/15-Lipoxygenase activity mediates inflammatory
monocyte/endothelial interactions and atherosclero-
sis in vivo. J Biol Chem 279(10):9440-9450
McNally AK, Chisolm GM 3rd, Morel DW et al
(1990) Activated human monocytes oxidize low-
density lipoprotein by a lipoxygenase-dependent
pathway. J Immunol 145(1):254-259

Yla-Herttuala S, Rosenfeld ME, Parthasarathy S
et al (1990) Colocalization of 15-lipoxygenase
mRNA and protein with epitopes of oxidized low
density lipoprotein in macrophage-rich areas of
atherosclerotic lesions. Proc Natl Acad Sci
87(18):6959-6963

Yla-Herttuala S, Rosenfeld ME, Parthasarathy S
et al (1991) Gene expression in macrophage-rich
human atherosclerotic lesions. 15-lipoxygenase and
acetyl low density lipoprotein receptor messenger
RNA colocalize with oxidation specific lipid-protein
adducts. J Clin Invest 87(4):1146-1152

Wu ML, Ho YC, Lin CY et al (2011) Heme oxygen-
ase-1 in inflammation and cardiovascular disease.
Am J Cardiovasc Dis 1(2):150-158

Wang CY, Chau LY (2010) Heme oxygenase-1 in
cardiovascular diseases: molecular mechanisms and
clinical perspectives. Chang Gung Med J 33(1):13-24



276

72

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

84.

85.

86.

.Idriss NK, Blann AD, Lip GY (2008)
Hemoxygenase-1 in cardiovascular disease. J Am
Coll Cardiol 52(12):971-978

Searle J, Shih J, Muller R et al (2013) The role of
myeloperoxidase (MPO) for prognostic evaluation
in sensitive cardiac troponin I negative chest pain
patients in the emergency department. Eur Heart J:
Acute Cardiovasc Care 2(3):203-210

Hampton MB, Kettle AJ, Winterbourn CC (1998)
Inside the neutrophil phagosome: oxidants, myelo-
peroxidase, and  bacterial  killing. Blood
92(9):3007-3017

Pendergraft WF III, Schmaier AH, Mahdi F (2007)
Myeloperoxidase interacts with endothelial cell-
surface cytokeratin 1 and modulates bradykinin pro-
duction by the plasma kallikrein-kinin system. Am J
Pathol 171(1):349-360

Astern JM (2007) Myeloperoxidase in vascular dis-
ease and autoimmunity. Dissertation, Pathology and
Laboratory Medicine

Su HS, Nahrendorf M, Panizzi P et al (2012)
Vasculitis: molecular imaging by targeting the
inflammatory enzyme myeloperoxidase. Radiology
262(1):181-190

Eggers KM, Dellborg M, Johnston N et al (2010)
Myeloperoxidase is not useful for the early assess-
ment of patients with chest pain. Clin Biochem
43(3):240-245

El Kebir D, Jozsef L, Pan W et al (2008)
Myeloperoxidase delays neutrophil apoptosis
through CD11b/CD18 integrins and prolongs

inflammation. Circ Res 103(4):352-359

Nicholls SJ, Hazen SL (2005) Myeloperoxidase and
cardiovascular disease. Arterioscler Thromb Vasc
Biol 25(6):1102-1111

Undurti A, Huang Y, Lupica JA et al (2009)
Modification of high density lipoprotein by myelo-
peroxidase generates a pro-inflammatory particle. J
Biol Chem 284(45):30825-30835

Holvoet P (2008) Relations between metabolic syn-
drome, oxidative stress and inflammation and car-
diovascular disease. Verhandelingen-Koninklijke
Academie voor Geneeskunde van Belgié 70(3):193
Dhiman M, Estrada-Franco JG, Pando JM et al
(2009) Increased myeloperoxidase activity and
protein nitration are indicators of inflammation in
patients with Chagas’ disease. Clin Vaccine Immunol
16(5):660-666

Reuter S, Gupta SC, Chaturvedi MM et al (2010)
Oxidative stress, inflammation, and cancer: how are
they  linked? Free  Radic Biol Med
49(11):1603-1616

Santolini J (2011) The molecular mechanism of
mammalian NO-synthases: a story of electrons and
protons. J Inorg Biochem 105(2):127-141

Xie Q-W, Cho HJ, Calaycay J et al (1992) Cloning
and characterization of inducible nitric oxide
synthase from mouse macrophages. Science
256(5054):225-228

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

91.

98.

99.

100.

101.

102.

M. Dhiman et al.

Tousoulis D, Kampoli AM, Tentolouris Nikolaos
Papageorgiou C et al (2012) The role of nitric oxide
on endothelial function. Curr Vasc Pharmacol
10(1):4-18

Knowles RG, Moncada S (1994) Nitric oxide
synthases in mammals. Biochem J 298(2):249
Rafikov R, Fonseca FV, Kumar S et al (2011) eNOS
activation and NO function: structural motifs respon-
sible for the posttranslational control of endothelial
nitric oxide synthase activity. J Endocrinol
210(3):271-284

Shaul PW (2002) Regulation of endothelial nitric
oxide synthase: location, location, location. Annu
Rev Physiol 64(1):749-774

Venugopal SK, Devaraj S, Yuhanna I et al (2002)
Demonstration that C-reactive protein decreases
eNOS expression and bioactivity in human aortic
endothelial cells. Circulation 106(12):1439-1441
Galea E, Feinstein DL (1999) Regulation of the
expression of the inflammatory nitric oxide synthase
(NOS2) by cyclic AMP. FASEB J 13(15):2125-2137
Munoz-Bravo C, Gutierrez-Bedmar M, Gomez-
Aracena J et al (2013) Iron: protector or risk factor
for cardiovascular disease? Still controversial.
Nutrients 5(7):2384-2404

Reddy BR, Wynne J, Kloner RA et al (1991)
Pretreatment with the iron chelator desferrioxamine
fails to provide sustained protection against myocar-
dial ischaemia-reperfusion injury. Cardiovasc Res
25(9):711-718

DePalma R, Hayes V, Chow B et al (2010) Ferritin
levels, inflammatory biomarkers, and mortality in
peripheral arterial disease: a substudy of the Iron
(Fe) and Atherosclerosis Study (FeAST) Trial. J
Vasc Surg 51(6):1498-1503

Heitzer T, Schlinzig T, Krohn K et al (2001)
Endothelial dysfunction, oxidative stress, and risk of
cardiovascular events in patients with coronary
artery disease. Circulation 104(22):2673-2678
Neunteufl T, Heher S, Katzenschlager R et al (2000)
Late prognostic value of flow-mediated dilation in
the brachial artery of patients with chest pain. Am J
Cardiol 86(2):207-210

Epstein FH, Vane JR, Anggard EE et al (1990)
Regulatory functions of the vascular endothelium. N
Engl J Med 323(1):27-36

Vanhoutte PM, Boulanger CM, Mombouli JV (1995)
Endothelium-derived relaxing factors and converting
enzyme inhibition. Am J Cardiol 76(15):3E-12E
Cai H, Harrison DG (2000) Endothelial dysfunction
in cardiovascular diseases: the role of oxidant stress.
Circ Res 87(10):840-844

Heinecke J (2006) Lipoprotein oxidation in cardio-
vascular disease: chief culprit or innocent bystander?
J Exp Med 203(4):813-816

Imhoff BR, Hansen JM (2009) Extracellular redox
status regulates Nrf2 activation through mitochon-
drial reactive oxygen species. Biochem J
424(3):491-500



Oxidative Stress and Inflammation in Cardiovascular Diseases: Two Sides of the Same Coin

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

Diaz-Vélez CR, Garcia-Castifieiras S, Mendoza-
Ramos E et al (1996) Increased malondialdehyde in
peripheral blood of patients with congestive heart
failure. Am Heart J 131(1):146-152

Sobotka PA, Brottman MD, Ze W et al (1993)
Elevated breath pentane in heart failure reduced by
free radical scavenger. Free Radic Biol Med
14(6):643-647

Weitz Z, Birnbaum A, Skosey J et al (1991) High
breath pentane concentrations during acute myocar-
dial infarction. Lancet 337(8747):933-935
McMurray J, Chopra M, Abdullah I et al (1993)
Evidence of oxidative stress in chronic heart failure
in humans. Eur Heart J 14(11):1493-1498

Harrison DG, Gongora MC (2009) Oxidative stress
and hypertension. Med Clin N Am 93(3):621-635
Sugamura K, Keaney J Jr (2011) Reactive oxygen
species in cardiovascular disease. Free Radic Biol
Med 51(5):978-992

Pearson TA, Mensah GA, Alexander RW et al (2003)
Markers of inflammation and cardiovascular disease
application to clinical and public health practice: a
statement for healthcare professionals from the
centers for disease control and prevention and
the American Heart Association. Circulation
107(3):499-511

Empana JP, Jouven X, Canoui-Poitrine F et al (2010)
C-reactive protein, interleukin 6, fibrinogen and risk
of sudden death in European middle-aged men: the
PRIME study. Arterioscler Thromb Vasc Biol
30(10):2047-2052

Pepys MB, Hirschfield GM (2003) C-reactive protein:
a critical update. J Clin Invest 111(12):1805-1812
Lincoff AM, Kereiakes DJ, Mascelli MA et al (2001)
Abciximab suppresses the rise in levels of circulating
inflammatory markers after percutaneous coronary
revascularization. Circulation 104(2):163-167
Nichols TC, Fischer TH, Deliargyris EN et al (2001)
Role of nuclear factor-kappa B (NF-xB) in inflam-
mation, periodontitis, and atherogenesis. Ann
Periodontol 6(1):20-29

Gupta S, Dhiman M, Wen JJ et al (2011) ROS
signalling of inflammatory cytokines during try-
panosoma cruzi infection. Adv Parasitol 76:153
Davi G, Guagnano MT, Ciabattoni G et al (2002)
Platelet activation in obese women: role of inflamma-
tion and oxidant stress. JAMA 288(16):2008-2014
Virdis A, Schiffrin EL (2003) Vascular inflamma-
tion: a role in vascular disease in hypertension? Curr
Opin Nephrol Hypertens 12(2):181-187

Singh K, Xiao L, Remondino A et al (2001)
Adrenergic regulation of cardiac myocyte apoptosis.
J Cell Physiol 189(3):257-265

Kuster GM, Pimentel DR, Adachi T et al (2005)
a-Adrenergic receptor—stimulated hypertrophy in
adult rat ventricular myocytes is mediated via thiore-
doxin- 1—sensitive oxidative modification of thiols on
Ras. Circulation 111(9):1192-1198

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

277

Nakagami H, Takemoto M, Liao JK (2003) NADPH
oxidase-derived superoxide anion mediates angio-
tensin Il-induced cardiac hypertrophy. J Mol Cell
Cardiol 35(7):851-859

Satoh M, Shimoda Y, Akatsu T et al (2006) Elevated
circulating levels of heat shock protein 70 are related
to systemic inflammatory reaction through mono-
cyte Toll signal in patients with heart failure after
acute myocardial infarction. Eur J Heart Fail
8(8):810-815

Matsuzawa A, Ichijo H (2005) Stress-responsive
protein kinases in redox-regulated apoptosis signal-
ing. Antioxid Redox Signal 7(3—4):472-481
Aukrust P, Gullestad L, Ueland T et al (2005)
Inflammatory and anti-inflammatory cytokines in
chronic heart failure: potential therapeutic implica-
tions. Ann Med 37(2):74-85

Witowski J, Ksiazek K, Jorres A (2004)
Interleukin-17: a mediator of inflammatory responses.
Cell Mol Life Sci (CMLS) 61(5):567-579

Sen CK, Packer L (1996) Antioxidant and redox
regulation of gene transcription. FASEB J
10(7):709-720

Dhawan S, Singh S, Aggarwal BB (1997) Induction
of endothelial cell surface adhesion molecules by
tumor necrosis factor is blocked by protein tyrosine
phosphatase inhibitors: role of the nuclear transcrip-
tion factor NF-kappa B. Eur J Immunol
27(9):2172-2179

Innamorato NG, Rojo Al, Garcia-Yague AJ et al
(2008) The transcription factor Nrf2 is a therapeutic
target against brain inflammation. J Immunol
181(1):680-689

Moriuchi H, Moriuchi M, Fauci AS (1997) Nuclear
factor-kappa B potently up-regulates the promoter
activity of RANTES, a chemokine that blocks HIV
infection. J Immunol 158(7):3483-3491
Bjorkbacka H (2006) Multiple roles of Toll-like
receptor signaling in atherosclerosis. Curr Opin
Lipidol 17(5):527-533

Nordberg J, Arner ES (2001) Reactive oxygen spe-
cies, antioxidants, and the mammalian thioredoxin
system. Free Radic Biol Med 31(11):1287-1312
LiY, Huang T-T, Carlson EJ et al (1995) Dilated car-
diomyopathy and neonatal lethality in mutant mice
lacking manganese superoxide dismutase. Nat Genet
11(4):376-381

Chen Z, Siu B, Ho YS et al (1998) Overexpression of
MnSOD protects against myocardial ischemia/
reperfusion injury in transgenic mice. J Mol Cell
Cardiol 30(11):2281-2289

Tsutsui H, Kinugawa S, Matsushima S (2009)
Mitochondrial oxidative stress and dysfunction in
myocardial ~ remodelling. Cardiovasc ~ Res
81(3):449-456

KuY, Liu M, Ku C et al (2013) Relationship between
vitamin D deficiency and cardiovascular disease.
World J Cardiol 5(9):337



278

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Ness A, Powles J (1997) Fruit and vegetables, and
cardiovascular disease: a review. Int J Epidemiol
26(1):1-13

Garcia-Andradea M, Gonzalez-Laredoa R, Rocha-
Guzmadna N et al (2013) Mesquite leaves (Prosopis
laevigata), a natural resource with antioxidant
capacity and cardioprotection potential. Ind Crop
Prod 44:336-342

Vijay T, Dhana Rajan M, Sarumathy K et al (2011)
Phytochemical screening by GC-MS and cardio-
protective activity of Pimpinella Tirupatiensis (Pt)
on doxorubicin induced cardiotoxicity in albino rats.
Int J Pharmacol Toxicol Sci 2:8-21

Lippi G, Franchini M, Favaloro E et al (2010)
Moderate red wine consumption and cardiovascular
disease risk: beyond the “French paradox”. In:
Seminars in thrombosis and hemostasis. Thieme
Medical Publishers, New York

Wollin S, Jones P (2001) Alcohol, red wine and car-
diovascular disease. J Nutr 131(5):1401-1404

Lin J, Tsai S (1999) Chemoprevention of cancer and
cardiovascular disease by resveratrol. Proc Natl Sci
Counc Repub China B 23(3):99-106

Baur J, Sinclair D (2006) Therapeutic potential of
resveratrol: the in vivo evidence. Nat Rev Drug
Discov 5(6):493-506

Hao H, He L (2004) Mechanisms of cardiovascular
protection by resveratrol. J Med Food 7(3):290-298
Perez-Vizcaino F, Duarte J, Andriantsitohaina R
(2006) Endothelial function and cardiovascular
disease: effects of quercetin and wine polyphenols.
Free Radic Res 40(10):1054-1065

Banerjee S, Maulik S (2002) Effect of garlic on car-
diovascular disorders: a review. Nutr J 1(1):4
Vazquez-Prieto M, Gonzalez R, Renna N et al (2010)
Aqueous garlic extracts prevent oxidative stress
and vascular remodeling in an experimental model
of metabolic syndrome. J Agric Food Chem
58(11):6630-6635

Elkayam A, Mirelman D, Peleg E et al (2001) The
effects of allicin and enalapril in fructose-induced
hyperinsulinemic hyperlipidemic hypertensive rats.
Am J Hypertens 14(4):377-381

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

M. Dhiman et al.

Rashid A, Khan H (1985) The mechanism of hypo-
tensive effect of garlic extract. JPMA J Pak Med
Assoc 35(12):357

Kim-Park S, Ku D (2000) Garlic elicits a nitric
oxide-dependent relaxation and inhibits hypoxic
pulmonary vasoconstriction in rats. Clin Exp
Pharmacol Physiol 27(10):780-786

Sendl A, Elbl G, Steinke B et al (1992) Comparative
pharmacological investigations of Allium ursinum
and Allium sativum. Planta Med 58(01):1-7

Auer W, Eiber A, Hertkom E, Benheim H et al
(1989) Hypertonie and hyperlipidamie: in leichtere-
nauch Knoblauch. Der Allgemeinarzi 3:205-208
Silagy C, Neil H (1994) A meta-analysis of the
effect of garlic on blood pressure. J Hypertens
12(4):463-468

Son E, Mo S, Rhee D et al (2006) Inhibition of
ICAM-1 expression by garlic component, allicin, in
gamma-irradiated human vascular endothelial cells
via downregulation of the JNK signaling pathway.
Int Immunopharmacol 6(12):1788-1795
McCullough ML, Peterson JJ, Patel R et al (2012)
Flavonoid intake and cardiovascular disease mortal-
ity in a prospective cohort of US adults. Am J Clin
Nutr 95:454-464

Bjelakovic G, Nikolova D, Gluud C (2013) Meta-
regression analyses, meta-analyses, and trial sequen-
tial analyses of the effects of supplementation with
beta-carotene, vitamin A, and vitamin E singly or in
different combinations on all-cause mortality: do we
have evidence for lack of harm? PLoS One
8(9):e74558

Arab L, Khan F, Lam H (2013) Tea consumption and
cardiovascular disease risk. Am J Clin Nutr
98(6):1651S5-1659S

Bohn S, Ward N, Hodgson J et al (2012) Effects of
tea and coffee on cardiovascular disease risk. Food
Funct 3(6):575-591

Rajesh M, Mukhopadhyay P, Batkai S et al (2010)
Cannabidiol attenuates cardiac dysfunction, oxida-
tive stress, fibrosis, and inflammatory and cell death
signaling pathways in diabetic cardiomyopathy. J
Am Coll Cardiol 56(25):2115-2125



