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Abstract 

Vascular endothelium dysfunction is the hallmark of hypertension. Vascular endothelium 
regulates the vascular tone, maintains free flow of blood in vessels and plays a critical role in 
the mechanics of blood flow, regulation of coagulation, vascular smooth muscle cell growth, 
inflammation and immune functions. Vascular endothelium dysfunction is characterized by the 
shifts of endothelial actions towards reduced vasodilatation, pro-inflammatory and pro-
thrombotic state that contributes to excessive cell proliferation, impaired apoptosis leading to 
structural remodeling and hypertension. The considerable progress in understanding of 
molecular mechanisms of hypertension is not well studied. The contribution of vascular 
endothelium is essential to discern the molecular interventions. Thus in this review article the 
molecular pathogenesis of vascular endothelial dysfunction is delineated to provide potential 
therapeutics to prevent hypertension. 
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1. Introduction 

The Endothelium is a large paracrine 
organ in the body. The endothelium has long 
been viewed as an inert cellophane-like 
membrane that lines the circulatory system with 
its primary essential function being the 
maintenance of vessel wall permeability [1]. The 
endothelium provides a cellular lining to all 
blood vessels in the circulatory system, and 
forms a structural barrier between the vascular 
space and the tissues. This cellular layer is no 
longer viewed as an inert structure, but rather 

has been recognized to be a dynamic organ, 
important in several house-keeping functions in 
health and disease. In adults, the endothelium 
weights approximately 1 kg, comprises 1.6×1013 
cells and has a surface area between 1–7m2[2]. 
The endothelial cell (EC) is between 25–50 μm in 
length, 10–15μm in width and up to 5 μm in 
depth. Each EC comes into contact with 
numerous smooth muscle cells and vice versa 
[3]. Endothelial cells secrete the vasodilator 
(Nitric oxide (NO) and Prostacyclin (PGI2)) and 
vasoconstrictor (Endothelin-1 (ET-1), 
Thromboxane A2 and Platelet activating factor 
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(PAF)) molecules. NO is a potent vasodilator and 
possesses many antiatherogenic properties [4]. 
Endothelial cells are able to produce both 
vasoconstrictive and vasodilating substances. 
The main endothelium-derived relaxing factors 
(EDRF) are nitric oxide, prostacyclin and 
endothelium- derived hyperpolarizing factor 
(EDHF). One of the most important regulatory 
and vasoactive substances produced by the 
endothelial cells is nitric oxide. The discovery in 
1980 of the endothelium’s ability to elicit 
vasodilation led to a revolution in vascular 
biology [5]. NO is produced in the endothelium 
by the endothelial nitric oxide synthase (eNOS), 
which, along with inducible NOS and neuronal 
NOS, belongs to a family of arginine hydroxylases 
[6]. NO is reported to inhibit inflammation, 
VSMC proliferation, platelet adhesion, and tissue 
factor release. NO is the key endothelium-
derived relaxing factor that plays a pivotal role in 
the maintenance of vascular tone and reactivity. 
In addition to being the main determinant of   
basal vascular smooth muscle tone, Nitric Oxide 
(NO) is the primary endogenous vasodilator [7]. 
In healthy human subjects, inhibition of NO 
synthase by N monomethyl- L-arginine acutely 
increased BP, peripheral vascular resistance, and 
fractional excretion of Na+110.  NO  is  tonically  
active in the  medullary circulation, so that 
reducing  NO  production or vascular 
responsiveness, reportedly enhances the 
pressure natriuresis response, followed by 
reductions in papillary blood flow, renal 
interstitial hydrostatic pressure, and Na+ 
excretion by almost 30%, without corresponding  
changes in total or cortical renal blood flow and 
glomerular filtration rate [8] . This mechanism 
may contribute to the blunted pressure 
natriuresis reported in experimental models. 
Endothelium derived hyperpolarizing factor 
(EDHF) opens calcium activated K+ channels in 
vascular smooth muscle cells to produce 
vasorelaxation [9]. Angiotensin II by binding it 
receptor AT2 produces bradykinin (Tsutsumi et 
al., 1999) which stimulates eNOS and 
consequently increase the formation nitric oxide 
to produce vasorelaxation [10]. The vascular 

endothelium releases adenosine to produce 
vasorelaxation through activation purinergic (P2) 
receptors [11]. However, release of adenine 
nucleotides from vascular endothelium produce 
vasoconstriction through activation of P2 
receptors located on vascular smooth muscle 
cells [12]. Endothelins are synthesized as 
preproendothelin which is converted to 
endothelin-1, 2 or 3 by endothelin converting 
enzyme [13]. Endothelin-1 produces 
vasoconstriction through activation of L-type 
Ca2+ channel by binding to ET-A receptors on 
vascular smooth muscle cells. On the other hand, 
Endothelin-1 produces vasorelaxation by binding 
it ET-B receptors on endothelial cells [14]. The 
release  of endothelins from endothelium is 
inversely modulated by release of  NO [15] .The 
activation of prostaglandin endoperoxidase 
synthase initiate the formation of prostanoids 
such as PGD2 and PGF2 in vascular endothelium 
which are documented to modulate intracellular 
Ca2+ concentration and  produce 
vasoconstriction [16] . In conclusion vascular 
endothelium is noted to produce vasodilators 
and vasoconstrictor substances which are 
responsible to regulate the tone of vascular 
smooth muscle [17]. 

 
Vascular endothelium: Regulatory contributors 
Neurogenic control: The vasomotor centre 
includes the nucleus tractussolitarius in the 
dorsal medulla (integration of baroreceptor 
afferents), the rostral part of the ventral medulla 
(pressor region), the ventrolateral medullary 
centers (depressor function) and other centers in 
the pons and mid-brain. Hypothalamus, 
amygdala and cerebral cortex are also important. 
The arterial baroreceptors respond to vessel wall 
distension by increasing the afferent impulse 
activity. This in turn decreases efferent 
sympathetic activity and augments vagal tone, 
resulting in arterial dilation and bradycardia. In 
hypertension, baroreceptor reflexes are reset, 
i.e. the range of pressure over which they 
respond is elevated. In addition, there is a 
reduction in sensitivity to changes in blood 
pressure [18,19]. 
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Renin-angiotensin system: 
Renin is a protease that cleaves angiotensinogen 
to yield an inactive peptide, angiotensin I. The 
latter is activated by the angiotensin-converting 
enzyme (ACE) into the active octapeptide 
angiotensin [20]. The main source of renin is the 
juxtaglomerular apparatus of the kidney, which 
senses changes in renal perfusion pressure and 
changes in sodium concentration in the distal 
tubule fluid. In addition to local environmental 
changes, renin secretion is increased by beta-
adrenoceptor stimulation and decreased by 
alpha-adrenoceptor stimulation. A negative 
feedback mechanism also exists: high levels of 
angiotensin II suppress renin secretion. Many 
tissues other than the kidneys synthesize renin 
and can produce angiotensin I. These include the 
liver, brain, adrenal glands, aorta, heart and 
testicles [21]. Angiotensin I causes local 
vasoconstriction, modulates mineralocorticoid 
secretion and contributes to left ventricular 
hypertrophy. Angiotensin II acts on specific 
receptors (AT1 and AT2), causing vascular 
smooth muscle contraction as well as 
aldosterone, prostacyclin and catecholamine 
release [22]. 
RAAS  is a major contributor for development of 
hypertension [75]. 
Figure 1: Flow Chart of Renin angiotensin system 

It has been well documented that beneficial 
effects of ACE-2/ angiotensin (1-7)/Mass 
receptor axis gets abolished in hypertensives as 
ACE expression gets upregulated and ACE-2 
expression gets downregulated leading to 
imbalance in two major axes of RAAS and 
consequent development of hypertension takes 
place [76]. Angiotensin (1-7) is an active 
fragment ,formed within ACE-2 mediated 
enzymatic breakdown of Ang-II , shows 
vasodilator response by increasing release of 
vasodilator prostaglandins, nitric oxide and 
decreasing Ang-II levels [74]. Further, 
administration of Ang (1-7) prevents 
development of severe hypertension and end-
organ damage in spontaneously hypertensive 
rats. It also shows reduction in cardiac fibrotic 
changes associated with hypertension. 
Angiotensin (1-7) is converted into Angitensin (1-
9) in presence of ACE, neuropeptides and 
polypeptides. Thus ACE-2/Angiotensin (1-7) is an 
emerging target for treatment of hypertension 
and prevention of end stage renal diseases 
[75,76]. 
Atrial natriuretic peptide: 
Atrial natriuretic peptide (ANP) is a 28 amino 
acid peptide released from atrial granules. 
Increased sodium intake increases ANP synthesis 
and release. ANP levels are increased in 
hypertension [23]. It produces natriuresis, 
diuresis and a modest fall of blood pressure, 
while decreasing plasma renin and aldosterone 
levels.Plasma cardiac natriuretic peptides and 
peptide fragments from their molecular 
precursors are markers of heart disease. Clinical 
studies have defined the current diagnostic 
utility of these markers, whereas biochemical 
elucidation of peptide structure and 
posttranslational processing has revealed new 
plasma peptide forms of potential clinical 
use. Natriuretic propeptide structures undergo 
variable degrees of endo- and exoproteolytic 
cleavages as well as amino acid modifications, 
which leave the plasma phase of the peptides 
highly heterogeneous and dependent on cardiac 
pathophysiology and capacity. An ongoing 
characterization of the molecular heterogeneity 
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may not only help us to appreciate the 
biosynthetic capacity of the endocrine heart but 
may also lead to the discovery of new and more 
disease-specific targets for future molecular 
diagnosis. Peptides derived from pro–atrial 
natriuretic peptide and pro–B-type natriuretic 
peptides are useful plasma markers in heart 
failure. New data have defined cardiac myocytes 
as competent endocrine cells in posttranslational 
processing and cellular secretion [24]. 
Eicosanoids: 
Arachidonic acid metabolites influence blood 
pressure because of their effects on the blood 
vessel wall and also because of interactions with 
the autonomic nervous system, renin-
angiotensin system (RAS) and other humoral 
pathways. While prostaglandin A2, PGA2 and 
thromboxane A2 increase blood pressure, PGE2 
and prostacyclin cause vasodilation and decrease 
blood pressure. 
Kallikrein-kinin system: 
Tissue kallikreins are serine proteases that act 
upon kininogen to form vasoactive peptides 
termed kinins, the most important being the 
vasodilator bradykinin. Kinins play a role in the 
regulation of renal blood flow as well as sodium 
and water excretion. Kallikrein excretion is 
decreased in essential and secondary 
hypertension [25]. ACE inhibitors decrease the 
breakdown of kinins, leading to kinin 
accumulation and vasodilatation. Recent studies 
suggest the protective role of B2R in oxidative  
 
 
Figure: 2 Endogenous mechanisms regulating vascular 
tone and blood pressure  

 
stress-mediated disorders of the heart and also  
potentiating the activity of KKS can protect 
against the progression of these diseases, by 
suppressing oxidative stress presumably via 
production of NO and PGs. Thus, the cardio- and 
reno-protective effect of ACE inhibitors could 
largely exerted by the activation of the KKS [26]. 
 
Adrenal steroids:- 
Mineralocorticoid and glucocorticoids increase 
blood pressure. Their effects are mediated by 
sodium and water retention (mineralocorticoids) 
or by increased vascular reactivity 
(glucocorticoids). In addition, central receptors 
may be activated [27,28] 
Renomeduilary vasodepressor system: 
The renomedullary interstitial cells, located 
mainly in the renal papilla, secrete the lipid 
medullipin I, which is converted by the liver into 
an active compound, medullipin II. This 
substance has prolonged blood pressure 
lowering action, which may be due to the 
inhibition of the normal sympathetic response to 
hypotension [29, 30]. 
Sodium and water excretion: 
Sodium and water retention are associated with 
an increase in blood pressure [31,32], possibly 
because of an increase in intracellular sodium in 
vascular smooth muscle associated with a 
secondary increase in intracellular calcium 
through the sodium calcium exchange 
mechanism. Sodium retention may also increase 
neurotransmitter release in the autonomic 
nervous system. As an increase in blood pressure 
enhances sodium and water excretion by the 
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normal kidney, the sodium and water retention 
in hypertension suggests a shift in the blood 
pressure-natriuresis relationship. Such a shift 
may relate to reduce ad renal blood flow, 
reduced nephron mass, increased angiotensin II 
levels and/or increased mineralocorticoid levels 
[33]. 
 
Hypertension and vascular endothelium 
dysfunction: insightful aspect 
Hypertension is defined as a common disease 
that is defined simply as persistently elevated 
arterial blood pressure (BP) above the normal 
level [34] .It is classified as either primary 
(essential) or secondary. About 90–95% of cases 
are termed "primary hypertension", which refers 
to high blood pressure for which no medical 
cause can be found [35]. The remaining 5–10% of 
cases of hypertension are caused by other 
conditions that affect the kidneys, arteries, 
heart, or endocrine system [36]. Blood pressure 
itself is the pressure exerted by the blood on the 
walls of the blood vessels. Each time the heart 
beats (about   60-70 times a minute at rest), it 
pumps blood into the arteries. Blood pressure is 
at its highest when the heart beats, pumping the 
blood. That is called systolic blood pressure. 
When the heart is at rest, between beats, blood 
pressure falls. This is diastolic pressure. Blood 
pressure follows a circadian rhythm in a normal 
individual [37,38]. Hypertension is an important 
risk factor for cardiovascular accidents, coronary 
heart disease, cardiac hypertrophy with heart 
failure (hypertensive heart disease), aortic 
dissection, and renal failure. Hypertension can 
also accelerate atherogenesis and can induce 
changes favorable for aortic dissection and 
cerebrovascular hemorrhage 39 [6]. The reason 
for hypertension in 90% of all cases remains 
unclear termed as essential hypertension. 
Hypertension is generally a product of genetic 
predisposition with environmental and lifestyle 
factors [40] .Genetic predisposition - a family 
history of  hypertension, heart disease, type 2 
diabetes, Environmental factors such as age, 
hormone state and Lifestyle– influential risk 
factors like smoking, heavy drinking, being 

overweight, sodium and calorie-rich diet, lack of 
physical activity, stress. There is no significant 
difference in the development of hypertension 
between men and women although the 
prevalence of hypertension   increases sharply 
with age, especially for women [41].Vascular 
endothelial dysfunction has been implicated in 
secondary complications due to essential 
hypertension [42]. 
 Vascular endothelial dysfunction is a 
functional and reversible alteration of 
endothelial cells, resulting from impairment in 
nitric oxide (NO) availability, endothelial cells 
release NO formed intracellularly by NO 
Synthase (NOS) from L-arginine in response to 
several stimuli including increased shear stress 
during increased blood flow or muscarinic 
receptor stimulation [43]. Tetrahydrobiopterin 
deficiency leads to an ‘‘uncoupling of NOS’’ with 
the resultant production of potent oxidants such 
as superoxide and hydrogen peroxide. NO 
opposes the actions of potent endothelium-
derived contracting factors such as angiotensin II 
and endothelin-1 (ET-1). Nitric oxide inhibits 
platelet and leukocyte activation and maintains 
the vascular smooth muscle in a non 
proliferative state [17].In addition to its 
production of angiotensin II, prostaglandin 
endoperoxides, the endothelium is the source of 
the potent vasoconstrictor peptide ET-1 
described as the most potent vasoconstrictor 
known and acts mainly in a paracrine manner by 
binding to two G-protein coupled receptors, ETA 
and ETB, which are located on endothelial cells 
(ETB), VSMC, and fibroblasts (ETA and ETB). 
Endothelial ETB receptors can elicit endothelium-
dependent relaxation by inducing NO release, 
whereas ETA and ETB receptors located on 
smooth muscle cells (SMCs) and fibroblasts 
trigger vasoconstriction, cell proliferation, 
inflammation, and fibrosis [44]. Importantly, ET 
receptor distribution has been shown to be 
modified in pathological conditions. ET-1 
augments the vascular actions of other 
vasoactive peptides such as angiotensin II, 
norepinephrine, and serotonin; participates 
actively in leukocyte and platelet activation; and 
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facilitates a prothrombotic and proatherogenic 
phenotype [45]. 

 
 

Figure 3: Mechanism involved in hypertension 
associated vascular endothelium dysfunction. 

 

Various target sites underlying vascular 
endothelium dysfunction in hypertension:  
Vascular L- arginine/nitric oxide (NO) 
synthase system is altered in various 
pathological disorders such as hypertension, 
heart failure, hypercholesterolemia and 
diabetes [46].  
Asymmetric dimethyl arginine: 

It has been shown to accumulate in 
the plasma in hypercholesterolemia, renal 
failure and various other peripheral vascular 
diseases [47]. ADMA is a naturally occurring 
chemical found   in blood plasma. It is a 
metabolicby-product of continual protein 
modification processes in the cytoplasm of 
all cells. It is closely related to L-arginine, a 
conditionally-essential amino acid. ADMA 
interferes with L-arginine in the production 
of nitric oxide, a key chemical involved in 
normal endothelialfunction and by 
extension, cardiovascular  health [48]. 
Asymmetric dimethyl arginine is created in 
protein methylation, a common mechanism 
of post-translational protein modification. 
This reaction is catalyzed by an enzyme set 
called S-adenosylmethionine protein N-

methyltransferases (protein methylases I 
and II). The methyl groups transferred to 
create ADMA are derived from the methyl 
group donor S-adenosylmethionine, an 
intermediate in the metabolism of 
homocysteine. Homocysteine is an 
important blood chemical, because it is also 
a marker of cardiovascular disease. After 
synthesis, ADMA migrates into the 
extracellular space and then into blood 
plasma. ADMA may play a role in certain 
forms of kidney disease with raised levels of 
ADMA seemingly to be associated with 
adverse human health consequences for 
cardiovascular disease, metabolic diseases 
and also a wide range of diseases of the 
elderly, the possible lowering of ADMA levels 
may have important therapeutic effects. 
ADMA role has been linked with elevated 
levels of homocysteine [49]. Direct alteration 
of ADMA levels with supplements of L-
arginine has been suggested. The hope is 
that such intervention might not only 
improve endothelial function but also reduce 
clinical symptoms of overt cardiovascular 
disease [50]. 
Oxidative stress: 

Oxidative stress is defined in general 
as excess formation and/or insufficient 
removal of highly reactive molecules such as 
reactive oxygen species (ROS) and reactive 
nitrogen species (RNS) [51].Oxidative stress 
has been implicated causatively in the 
pathophysiology of many cardiovascular 
conditions, including hypertension [46]. 
Superoxide anion is a major determinant of 
nitric oxide (NO) biosynthesis and 
bioavailability, and can thus modify 
endothelial function. It can also act as a 
vasoconstrictor. In addition, NOS, and in 
particular the endothelial isoform of NOS 
(eNOS) is now recognized as an important 
source of superoxide [52]. The finding that 
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eNOS can generate superoxide rather than 
NO in response to atherogenic stimuli   has 
led to the concept of ‘‘NOS uncoupling’’, 
where the activity of the enzyme for NO 
production is decreased, in association with 
an increase in NOS dependent superoxide 
production [53]. As eNOS may become a 
peroxynitrite generator, leading to a 
dramatic increase   in oxidative stress, since 
peroxynitrite formed by the NO superoxide 
reaction, has additional detrimental effects 
on vascular function by oxidation of cellular 
proteins and lipids[54]. Ang-II, acting 
through the AT1 receptor, stimulates non-
phagocytic NADPH oxidase causing the 
accumulation of superoxide, hydrogen 
peroxide and peroxynitrite [55]. 
Coagulation: 
Ang-II can also upset the balance between 
the fibrinolytic and coagulation systems via 
its effect on vascular cells. In particular, Ang 
II may activate the coagulation cascade by 
increasing tissue factor (TF) expression in 
vascular endothelial cells  [56,57] or (TF) 
thrombin activation[58]. In addition, Ang II 
induces the formation of plasminogen 
activator inhibitor (PAI)-1 [59,60] an effect 
that is mediated by specific angiotensin 
receptors on endothelial cells [61]. AT1, but 
not AT2 receptor seems to be responsible 
for the majority of Ang II effects contributing 
to the thrombosis development [56,61] 
.More recently, it has been responded that 
Ang II via AT1 receptor enhances fibrin 
formation and plasma PAI-1 levels, an effect 
partially mediated by one Ang IV [62].  
Stimulation of PAI-1 synthesis via Ang II 
production, tissue angiotensin converting 
enzyme (ACE) also down regulates tissue 
plasminogen activator (tPA) production via 
degradation of bradykinin, which is a potent 
stimulator of tPA production in the 
endothelium [63]. These actions of tissue 

ACE/Ang II on the coagulation/fibrinolytic 
system can enhance the development of a 
prothrombotic state [44]. 
Adenosine: 
Adenosine, a powerful vasodilating 
nucleoside, is released during spontaneous 
or experimental tissue hypoxia circulation 
and ischemia [64,65]. The vascular 
endothelium releases adenosine to produce 
vasorelaxation through activation of 
purinergic (P2) receptors [11]. Adenosine 
release is tightly related to local oxygen 
tension [66]. Also adenosine metabolites 
appear to play a part in local vasoregulation 
and possibly in the physiological control of 
blood pressure. Endothelial cell (EC) 
apoptosis is important in vascular injury, 
repair, and angiogenesis. Homocysteine 
and/or adenosine exposure of endothelial 
cells causes apoptosis. Elevated 
homocysteine or adenosine occurs in disease 
states such as homocysteinuria and tissue 
necrosis, respectively [44]. 
Protein tyrosine phosphatase:- 
Protein tyrosine phosphatase (PTPase) is 
reported to produce apoptotic death of 
vascular endothelial cells [67]. PTPase which 
encompasses a family of cytoplasmic and 
membrane associated   enzyme have been 
implicated in the regulation of cellular 
proliferation, differentiation and apoptosis 
[68]. Adenosine activated downstream 
intracellular mediators PTPase, PTPase 
mediates the endothelial cells apoptosis by 
attenuation of growth factors or 
extracellular matrix .The tyrosine 
dephosphorylation and the inactivation of 
MAPK Kinases, solely responsible for 
endothelial programme cell death is due to 
PTPase activation .Numerous studies suggest 
that endothelial cells apoptosis mediated 
mainly by dephosphorylation and hence 
decrease P38 alpha activity [69]. 
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MAPK (Mitogen Activated Protein Kinases): 
The mitogen activated protein kinases 
comprise a family of signaling   molecules 
important for coordinating a wide variety of 
cellular responses. MAPKs play an 
instrumental role in the transmission of 
signals from cell surface receptors and of 
environmental cues to the transcriptional 
machinery [70]. Members of the MAPK 
family include ERK1, ERK2, JNK1, and p38. 
Each of these MAPKs is reversibly activated 
by the phosphorylation of a conserved 
threonine and tyrosine motif (TXY). MAPKs 
are activated in response to extracellular 
stimuli through dual phosphorylation at 
conserved threonine and tyrosine residues 
(serine/threonine specific kinases). In 
vertebrae, at least three such pathways have 
been identified; these activate different MAP 
kinase classes known as extracellular signal-
related kinase (ERK), c-Jun N-terminal kinase 
(JNK) and p38. MAPKs have key roles in 
cellular proliferation, differentiation, and 
apoptosis. Previous studies indicated that 
ERK1/2 had an opposite role to JNK and p38 
in neuronal survival; ERK1/2 promotes 
neuronal survival, whereas JNK/p38 brings 
the neuronal cell to apoptosis [71]. 
ROCK (Rho Kinase): 
The mandatory  role of  Rho kinases  in 
numerous cellular function such as  vascular  
smooth  muscle contractions  actin  
cytoskelton cell adhesion cannot be ignored 
[72] . The upregulation of the various 
molecule that play pivotal  role in 
inflammation i.e. oxidative stress , thrombus 
formation and fibrosis by Rho kinase well 
defines  its significance [73] .The  
phosphorylation of  the myosin binding 
subunit of  MLC phosphatase , causes  
haltation of  phosphates activity, which 
consequently leads to vascular smooth 
muscle contraction [74,75] .The RhoA/ROCK 

pathway activation increases calcium 
sensitivity in the contraction of the VSMC 
and modulates the phosphorylation of the 
myosin light chain (MLC) by inhibiting 
myosin phosphatase [74,75] . Furthermore, 
ROCK activation also produces a chain of 
intracellular events such as endothelial nitric 
oxidase synthase (eNOS) deregulation (by 
reducing its gene expression), NADPH 
oxidase activation with higher oxidative 
stress that increases gene expression of 
profibrotic, procoagulant, and 
proinflammatory genes, and also nuclear 
factor-kB (NF-kB) activation promoting 
increased PAI-1 expression and PI3K-Akt 
inhibition  [76].Currently, there are specific 
ROCK inhibitors available, such as fasudil and 
its active metabolite hydroxifasudil [77,78]. 
Rho kinase have the properties that activate 
sympathetic nervous system activity, 
increase the concentration of ACE and Ang II 
,increase NADPH oxides, increase oxidative 
stress lead to produce proinflamatory, 
profibrotic, vasoconstriction as well as 
inhibit PI3K/AKT  and eNOS pathways that 
produce HT [76]. All these effects are 
opposite to that produced by Ang (1-7)/ 
Mas-axis activation. Numerous studies have 
shown that inhibition of Rho kinase, by 
specific inhibitor (Y-27632) relaxed the rat 
aortic rings which have been contracted by 
phenylephrine [79]. The role of Rho kinases 
in generating ROS attenuates synthesis of 
NO, promotes permeability of vascular 
endothelium and causes the contraction and 
proliferation of vascular smooth muscle 
cells. The protective role of statins lies in its 
capacity to inhibit cholesterol production 
which plays a culprit role in the progression 
of VED [77]. Thus Rho kinase may play an 
intricate role in pathogenesis of vascular 
endothelium [44].  
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JAK /STAT (Janus-kinase/signal transducers 
and activators of transcription factors): 
The Janus-kinase belongs to the family of 
cytosolic tyrosine kinase and contains four 
subtypes such as JAK1, JAK2, JAK3 and TYK2 
[78]. JAK has been shown to be activated by 
angiotensin II, serotonin, reactive oxygen 
species, endothelin-1 and 
lipopolysaccharide. Activation of JAK 
pathway has been demonstrated to inhibit 
PI3-kinase/Akt pathway. The Signaling 
cascades  involved  in the transmission of  
inflammatory processes  leading directly 
from the activated cytokine receptor to gene 
transcription  include  the Janus-kinases 
(JAKs) and signal transducers and activators 
of transcription (STAT) factors [79, 80]. 
Recent evidence suggests that the JAK/STAT 
cascade also conveys angiotensin II (Ang II) 
signals from the plasma membrane to the 
nucleus via the stimulation of the Ang II type 
1 (AT1) receptor [81]. In addition, the 
JAK/STAT signaling cascade was shown to be 
an important link between the activation of 
the AT1 receptor and nuclear transcriptional 
changes leading to cell growth [82]. In 
addition, promoter studies of STAT-
regulated genes revealed that STAT-binding 
sites are in close proximity to binding sites 
for other transcription factors known to be 
involved in IL-6 gene transcription, such as 
nuclear factor–IL-6 [83] and NF-Kb [67]. O-2 
anions via the NAD (P) H oxidase [84] are 
involved in the activation of the JAK/STAT 
cascade [85]. 
PARP (Poly (adenosine diphosphate [ADP]–
ribose) polymerase): 
Poly (adenosine diphosphate [ADP]–ribose) 
polymerase-1 (PARP-1), a monomeric 
nuclear enzyme present in eukaryotes, is the 
major isoform of an expanding family of poly 
(ADP-ribosyl) acting enzymes [86]. PARP-1, 
main isoform of this family, primarily 

functions as a DNA damage sensor in the 
nucleus. PARP-1 has been implicated in a 
variety of pathophysiological processes. 
PARP is an energy-consuming enzyme, which 
transfers ADP ribose units to nuclear 
proteins. As a result of this process, the 
intracellular NAD+ and adenosine 5′-
triphosphate (ATP) levels remarkably 
decrease, resulting in cell dysfunction and 
cell death via the necrotic route. PARP 
becomes activated in response to DNA 
single-strand breaks, which can develop as a 
response to free radical and oxidant cell 
injury [17]. Oxidative and nitrosative stress 
triggers the activation of the nuclear enzyme 
poly(ADP-ribose) polymerase (PARP), which 
contributes to the pathogenesis of various 
cardiovascular diseases including myocardial  
infarction  and  ischemia reperfusion and 
heart failure, as well as diabetic endothelial 
dysfunction [87]. 

 
Epoxide hydrolase: 
Epoxyeicosatrienoic acids (EETs) are derived 
from arachidonic acid by cytochrome P450 
epoxygenase, which is a lipid signaling 
molecule that elicits vasodilatation and 
modulates various intracellular signaling 
cascades [88, 89]. The expression of 
cytochrome P450, which generates EETs in 
the endothelial cells is not constitutive but is 
expressed in response to physical and 
pharmacological stimuli and hence attribute 
to endothelial derived hyperpolarizing factor 
(EDHF) [90]. The epoxide hydrolase 
metabolizes EETs into 
dihydroxyeicosatrienoic acid (DHETs) and 
thus reduce the availability of EETs. EETs 
involve in various physiological functions 
such as angiogenesis, release of 
neurohormones, cell proliferation and G 
protein signaling. Further, EETs significantly 
inhibit the TNF-α induced caspase-3 activity 
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and down regulate the proapoptotic Bcl-2 
expression and thus prevent apoptotic cell 
death [91]. Moreover, EET open calcium 
activated potassium (K+) channels to relax 
vascular smooth muscle [92]. In addition, 
EETs up regulate eNOS via PI3K/Akt 
pathway[93] and hence increase the 
bioavailability of NO to improve 
endothelium-dependent vasodilatation. 
Furthermore, EETs inhibit vascular smooth 
muscle migration, decrease inflammation, 
inhibit platelet aggregation and decrease 
expression of adhesion molecules [94]. 
Inhibition of epoxide hydrolase is a potential 
approach to enhance the biological activity 
of EETs 95[92]. 1-cyclohexyl-3-dodecylurea 
(CDU) [94], N, N_-dicyclohexylurea (DCU) 
and N-adamantanyl-N_-dodecanoic acid 
urea (AUDA) [95] are reported to inhibit 
epoxide hydrolase. Epoxide hydrolase 
inhibitors increase the activity of PPAR α and 
thus play an important role in lipid 
metabolism. Epoxide hydrolase inhibitors are 
found to be useful in the treatment of 
atherosclerosis [95], hypertension [96], 
cardiac hypertrophy [97], ischemic injury 
[98], and inflammatory disease [95] and 
stroke [98]. 
(PI3K) Phosphatidylinositol 3-kinases: 
Phosphatidylinositol 3-kinases (PI3K) are a 
family of ubiquitously expressed enzymes, 
which possess both lipid and protein kinase 
activities [99]. Class I PI-3Ks are enzymes 
that selectively phosphorylate the 3′-OH 
position of the inositol in 
phosphatidylinositol 4, 5-bisphosphate 
(PIP2). Class I PI3Ks have been subdivided 
further according to their structure and 
mode of activation by cell surface receptors. 
The class I a subgroup consist of p110α, 
p110β and p110δ catalytic subunits 
associated with a p85 adapter subunit to 
form a heterodimeric complex [100]. All 

three isoforms of this class are activated by 
the binding of specific phospho-tyrosyl 
motifs to the two SH2 domains of the 
regulatory subunits. Class IA PI3Ks are 
activated downstream of tyrosine kinase 
receptor stimulation, such as EGFR 
(epidermal growth factor receptor) [101]. 
Class Ib PI3K is composed of the p110γ 
catalytic subunit associated with a p101 
regulatory protein. PI-3Kγ is stimulated by 
Gβγ heterodimers released after G protein-
coupled receptor (GPCR) activation. Class II 
PI3Ks contain a C2 domain, which gives their 
name (PI-3K-C2) to the members of this class 
of PI3K, and a PX domain (Phox homology 
domain). This domain is able to bind the two 
lipid products of PI3K-C2 PtdIns (3) P and 
PtdIns (3, 4) P2 to localize these PI3K to the 
plasma membrane [102]. Class III PI-3Ks 
contain a single member that is the 
homologue of 
SaccharomycescerevisiaeVps34 that 
generates only PtdIns (3) P [103]. The 
convenient classification of class I PI-3K 
isoforms according to their mechanism of 
activation has been challenged by evidence 
that PI3Kβ can also be activated by GPCRs 
[104]. PI-3Ks have been implicated in the 
modulation of vascular smooth muscle 
contractility [105]. PI3Kγ was found to play a 
role in Ang-II evoked smooth muscle 
contraction in two crucial signaling pathways 
that are in response to angiotensin –II; PI3K-
γ was required for the activation of Rac and 
the subsequent triggering of ROS 
production. Conversely, PI3K-γ was 
necessary to activate protein kinase B/Akt, 
which, in turn, enhanced L-type Ca2+channel- 
mediated extracellular Ca2+entry [106]. 
Although, classes IA and B PI3K isoforms are 
present in rat portal vein myocytes, injection 
of antibodies that recognize different PI3K 
isoforms into these cells indicates that the 
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angiotensin II-dependent activation of L-type 
Ca2+ current is inhibited  by blocking PI3K-γ 

but not PI3K-α ; this suggests a crucial role 
for PI3Kγ in angiotensin II signal transduction  
 
 

 

 Figure 4:  Various signaling pathways involved in vascular endothelial dysfunction  

 
[107]. Recent evidence suggests that the 
vasculotoxic effects of angiotensin II can be 

mediated via Phosphatidylinositol 3-kinases 
signaling pathways [108]. 
PPAR- γ (Peroxisome Proliferator Activated 
Receptor-γ): 
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The PPARs belong to a subfamily of the 
nuclear receptor superfamily and are ligand-
activated transcription factors which 
heterodimerize with the retinoic X receptor 
and PPAR response elements localized in the 
promoter region of target genes [109].To 
date, three PPAR isoforms have being 
identified, PPAR-α, PPAR-β/δ, and PPAR-γ, 
with each having similar protein structure 
despite differences in coding genes [110]. 
PPAR- γ is selectively expressed in various 
cells such as adipocytes, vascular smooth 
muscle cells (VSMCs), macrophages as well 
as in medullary collecting ducts, glomeruli, 
pelvic urothelium [111]  and vascular 
endothelial cells, that play a role in cell 
differentiation and lipid and carbohydrate 
metabolism [112].  PPAR- γ modulates Ang II 
or thromboxane A2 (TxA2) response in the 
vasculature via transcriptional regulation of 
their gene or receptor expression. Increased 
Ang II or TxA2 vasoconstriction and 
deteriorating renal function observed in 
glycerol-induced acute renal failure (ARF) 
may be attributed to a down-regulated 
PPAR-γ expression/activity probably via an 
increased free radical generation [113]. 
PPAR- γ is expressed in both vascular ECs 
and VSMCs, making it possible that this 
receptor plays roles in regulating vascular 
tone and blood pressure. Indeed, PPAR- γ 
agonists, including thiazolidinediones (TZDs), 
lower blood pressure in diabetic patients 
and animal models, at least partially 
independent of their insulin-sensitizing 
effects [114], although this blood pressure–
lowering effect is much more moderate in 
human patients than in animal models 
[115].Glitazones are high-affinity agonist of 
peroxisome proliferator-activated receptors 
(PPARs) presently used in the treatment of 
type 2 diabetes as efficient insulin 
sensitizers. These agents lower blood 

pressure (BP) in diabetic and hypertensive 
[116,117], humans and in animal models of 
renovascular or salt-sensitive hypertension 
[118, 119] and insulin resistance [120,121]. 
Although the glitazone-induced 
improvement in insulin sensitivity is often 
associated with a decrease in BP [116,117], 
the mechanisms involved are still unclear. 
Several studies [122], demonstrate ANG II-
antagonizing properties of glitazones are 
responsible their antihypertensive effect. 
However, further studies in this area are 
warranted [123]. 
Leptin: 
The leptin is a polypeptide hormone 
synthesized and secreted into the circulation 
primarily by white adipocytes.Leptin was 
identified by positional cloning of the ob 
gene, which determines obesity in ob/ob 
mice .The first described major action of 
leptin was on the hypothalamus to control 
body weight and fat deposition through its 
effects on hypothalamic receptors which 
leads to appetite inhibition, as well as 
stimulation of the metabolic rate and 
thermogenesis .Clinical studies indicate that 
leptin level is higher in patients with 
essential hypertension independently of 
adiposity scores [124]. Elevated leptin is 
detrimental, especially if it acts for an 
extended time period.  Published data 
suggest that the enhanced function of the 
RAAS may be associated with leptin 
secretion [125]. Indeed, chronic leptin 
administration or transgenic overexpression 
increases blood pressure in experimental 
animals [126] through several mechanisms 
including: (1) stimulation of sympathetic 
nervous system [127], (2) impairment of 
pressure natriuresis [128] and/or induction 
of sodium retention [129] (3) increased 
expression of vasoconstrictor ET-1 [130], (4) 
induction of oxidative stress and NO 
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deficiency, which results in vasoconstriction 
and enhanced renal Na+ reabsorption 
[131,132]. Mas-knockout (Mas-KO) mice 
presented dyslipidemia, increased levels of 
insulin and leptin [133,134] and leptin is very 
major molecular target which is responsible 
for maintenance of vascular tone as well as 
Na+/water retention. Some studies indicate 
that arterial hypertension develops in obese 
animals only if they are hyperleptinemic 
[127,135]. 
TNF-α: 
TNF-α is an inflammatory cytokine that is 
synthesized primarily by monocytes and 
macrophages [136]. The effects of TNF-α are 
mediated by specific cell surface receptors; 
an epithelial cell-type receptor (TNF-R1) and 
a myeloid cell-type receptor (TNF-R2) that is 
mainly expressed in immune and endothelial 
cells [137,136]. Aldosterone activates 
mineralocorticoid receptors (MR) in the 
periphery and in the central nervous 
system[138] . Under normal conditions 
Aldosterone acts primarily to regulate 
sodium homeostasis by increasing 
absorption of sodium by the kidneys [139] 
and stimulating salt appetite [140]. In 
pathophysiological states characterized by 
an excess of Aldosterone (e.g., heart failure) 
[141], stimulation of peripheral MR may 
induce cardiac remodeling [142], vascular 
fibrosis [143], and renal injury. Central MR 
blockade caused an unexpected reduction in 
the circulating level of the proinflammatory 
cytokine TNF-α in heart failure rats. It has 
been shown previously that MR stimulation 
by systemically administered DOCA also 
elicits an increase in TNF-α in hypothalamus 
and pituitary. These increases occurred in a 
low-renin state and were blocked by the MR 
antagonist Spironolactone .The effect of 
DOCA to increase circulating TNF-α in normal 
rat appears to be mediated entirely by its 

effects on MR at the central nervous system 
level [144]. 
 
Conclusion:  

It has been clear that the process of 
pathological hypertension is a highly 
complex event involving various stimuli, 
membrane receptors, intracellular signaling 
cascades, transcription factors, genes and 
effectors. Despite the fact that there have 
been major advances in the identification of 
molecular regulators involved in this disease 
process, but the overall complexity of 
vascular endothelial dysfunction and 
hypertension suggests that additional 
regulatory mechanisms and targets remain 
to be identified. Thus, further studies are 
warranted to translate this scientific 
knowledge into potential pharmacological 
therapies for the treatment of hypertension 
and VED . The translation of this knowledge 
into clinical use will be both exciting and 
challenging. Hence this review article 
explains how these targets can be used to 
cure vascular endothelial dysfunction and 
hypertension. 
References: 
 
[1] Suresh K. Vascular endothelium: role in 

health. Indian Heart J 1999; 5: 334. 
[

2] 
 
Augustin HG, Kozian DH and Johnson RC. 
Differentiation of endothelial cells: analysis of 
the constitutive and activated endothelial cell 
phenotypes. Bioassays 1994; 16(12): 901–6. 

[
3] 

 
Limaye V and Vadas M. The vascular 
endothelium: structure and function. 
Mechanisms of Vascular Disease: A Textbook 
for Vascular Surgeons Cambridge University 
Press 978-0-521-86063-5. 
 

[
4] 

 
Cooke JP and Tsao PS. Cytoprotective effects 
of nitric oxide. Circulation 1993; 88: 2451–4. 

[ 



Priyanka Arora et al., IPP, Vol 1 (3), 199-219, 2013 

212 

 

5] For    Stermann UT and Munzel. Endothelial 
nitric oxide synthase in vascular disease:  
from marvel to menace. Circulation 2006; 
113: 1708–1714. 
[

6] 
 
Govers R and Rabelink TJ. Cellular regulation 
of endothelial nitric oxide synthase. 
Am.J.Physiol. Renal. Physiol 2001; 280:  
F193–F206. 
[

7] 
 
Lowenstein CJ,  Dinerman JL and Snyder SH. 
Nitric oxide a physiologic messenger. Ann 
Intern Med 1994; 120: 227-37. 
[

8] 
 
Cowley AW and  Roman RJ. The role of the 
kidney in  hypertension. JAMA 1996; 275:  
1581-9. 
[

9] 
 
Hayabuchi Y, Nakaya Y, Matsuoka S and 
Kuroda Y. Endothelium derived 
hyperpolarizing factor activities Ca2+-
activated K+ channel in porcine  coronary 
artery smooth muscle cells. 
J.Cardiovasc.Pharmacol 1998; 32: 642- 649. 
[

10]          
 

 
WatWatanabe T,  Barker TA  and  Berk BC. 
Angiotensin II and endothelium: diverse 
signals and effects. Hypertension 2005; 45: 
163-169. 
 
[

11] 
 
cells. Pearson  JD,  Slakey LL and Gardon JL.  
Stimulation of prostaglandin production 
through purinoceptors on cultured porcine 
endothelial cells. Biochem 1983; 214: 273-
276. 
[

12] 
 
Conner SE, Wood BE and Leff P. 
Characterization of P2x –receptors in rabbit 
isolated ear artery. Br.J.Pharmacol 1990; 
101: 640-644. 
[

13] 
 
Luscher TF and Vanhoutte PM. Endothelium 
dependent vascular response in 
normotensive and hypertensive Dahl  rats. 
Hypertension 1987; 9: 157–63. 
[

14] 
 
Simonson MS and Dunn MJ. Cellular signaling 
by peptides of the endotheline gene family. 
Faseb J 1990; 4: 2989-3000. 
[

15] 
 
Rey S and Iturriaga R.  Endothelin and 

nitric oxide: vasoactive modulators of carotid 
body chemoreception. Curr.Neurovasc 2004; 
1: 465-473. 
[

16] 
 
Camacho M, Opez-Belmonte J and Vila L.  
Rate of vasoconstrictor prostanoid released 
by endothelial cells depends on 
cyclooxygenase-2 expression and 
prostaglandin 1 synthase activity. Cir.Res 
1998; 83:103-109. 
[

17] 
 
Wilkins MR. Pulmonary hypertension: the 
science behind the disease spectrum. Eur 
Respir Rev 2012; 21: 123. 
[

18] 
 
Goldstein DS. Arterial baroreflex sensitivity, 
plasma catecholamines and pressor 
responsiveness in essential hypertension. 
Cirulation1983; 68: 234-240. 
[

19] 
 
YJ, Zicha J,  Nedvidkova J, Kunes J.  The role 
of sympathetic nervous system in the  
development of neurogenic  pulmonary 
edema in spinal cord injured rats. J 
ApplPhysiol 2011; (in press). 
[

20] 
 
Uehata M,  Ishizaki T,  Satoh H, Ono T,  
Kawahara T,  Morishita T,  Tamakawa  H, 
Yamagami K, Inui  J, Maekawa M. Calcium 
sensitization of smooth muscle mediated by 
a Rho associated protein in hypertension. 
Nature1997 ; 389: 990–994. 
[

21] 
 
Dzau VJ. Implications of local angiotensin 
production in cardiovascular physiology and   
pharmacology. American Journal of 
Cardiology 1987 ; 59: 59A-65A. 
[

22] 
 
S-b Nishiyama A, Hasegawa  K, Diah S, Hitomi 
H. New approaches to blockade of the renin–
angiotensin–aldosterone system: 
Mineralocorticoid-receptor blockers exert 
antihypertensive and renoprotective effects 
independently of the renin–angiotensin 
system. J PharmacolSci 2010; 113:310–314. 
[

23] 
 
 

Goetz K. Physiology and pathophysiology of 
atrial peptides. American Journal 1988; 
254:El-E15. 
[

24] 
 

GoetzJP,Rigshospitalet.B-Type Natriuretic 

http://www.clinchem.org/search?author1=Jens+P.+Goetze&sortspec=date&submit=Submit


Priyanka Arora et al., IPP, Vol 1 (3), 199-219, 2013 

213 

 

Peptide: From Posttranslational Processing 
to Clinical Measurement. Clinical 
ChemistryJanuary 2012; 58: 83-91. 
[

25] 
 

Margolius H S.  Kallikreins and kinins. Some 
unanswered questions about system 
characteristic and roles in human disease. 
Hypertension 1995; 26: 221-229. 
[

26] 
 

YukakoKayashimaa, Oliver Smithiesa, and 
Masao Kakokia, Kinins - The Kallikrein-Kinin 
System and Oxidative Stress Department of 
Pathology and Laboratory Medicine, North 
Carolina, USA Published in final edited form 
as: CurrOpinNephrolHypertens 
doi:10.1097/MNH.0b013e32834d54b1 . 
January 2012 ; 21(1) , 92–96. 
[

27] 
 

Archer SL, Weir EK, Wilkins MR. Basic science 
of pulmonary arterial hypertension for 
clinicians: new concepts and experimental 
therapies. Circulation 2010; 121: 2045–2066 
[

28] 
 

Panza JA, Quyyumi AA, Brush JE and  Epstein 
SE. Abnormal endothlium dependent 
vascular relaxation in patients with essential 
hypertension. N Engl J Med 1990; 323: 22-27. 
[

29] 
 

Dominiczak AF and  Bohr DF. Nitric oxide and 
its putative role in hypertension.  New 
England Journal of Hypertension 1999; 25: 
1202-1211. 
[

30] 
 

Schiffrin EL. Endothelin: potential role in 
hypertension and vascular hypertrophy. 
Hypertension 1995; 25:1135- 1143. 
[

31] 
 

Muntzel M and Druke TA. A comprehensive 
review of the salt and blood pressure 
relationship. American Journal of 
Hypertension 1992 ; 5: 1S-42S. 
[

32] 
 

Weinberger MH.  Salt sensitivity of blood 
pressure in humans. Hypertension 1996; 27: 
465-475. 
[

33] 
 

Kim NH, Lang IM. Risk factors for chronic 
thromboembolic pulmonary hypertension. 
EurRespir Rev 2012; 21: 27–31. 
[

34] 
 

DiPiro J. T. Pharmacotherapy: A 
Pathophysiologic Approach . 6th ed; 2004. 

[
35] 

 
Carretero OA and OparilS .Essential 
hypertension. Part definition and etiology.  
Secondary hypertension. Mayo Foundation 
for Medical Education and Research. 
Circulation 2008;101: 329–35. 
[

36] 
 

Schoen FJ,Kumar V,  Abbas AK,  Fausto N,  
Saunders PA,  Robbins .Cotran Pathologic 
Basis of Disease. Philadelphia 2004; 7: 511–
529. 
[

37] 
 

Millar Craig MW, Bishop CN and Raftery EB. 
Circadian variation of blood pressure. Lancet 
1978; 1: 795– 797. 
[

38] 
 

Mancia GA , Ferrari L, Gregorini G,  Parati G,  
Pomidossi G,  Bertinieri G,  Grassi M,  Rienzo 
A,  Pedotti and Zanchetti A. Blood pressure 
and heart rate variabilities in normotensive 
and hypertensive human beings. Circulation 
Research 1983; 53: 96-104. 
[

39] 
 

Burt VL, Cutler JA,  Higgins M,  Labarthe HD, 
Whelton P,  Brown C,  Edward J and  
Roccella.  Trends in the prevalence, 
awareness, treatment and control of 
hypertension in the adult US population data 
from the Health Examination Surveys. 
Hypertension 1995 ; 26-60 
[

40] 
 

Beevers G, Lip GY, O’Brien E. The 
pathophysiology of  hypertension. BMJ  
2001; 322: 912–916. 
[

41] 
 

Kearney PM . Global burden of hypertension: 
analysis of worldwide data. Lancet 2005 ; 
365:  217-223. 
 

42] 
 

Sumimoto H, Miyano K and Takeya R. 
Molecular composition and regulation of  
theNox family NAD(P)H oxidases. 
BiochemBiophys Res Commun 2005; 338: 
677-686. 
[

43] 
 

Brunner H, Cockcroft JR, Deanfield J, Donald 
A, Ferrannini E, Halcox J. Endothelial function 
and dysfunction. Part II: Association with 
cardiovascular risk factors and diseases. A 
statement by the working group on 
endothelins and endothelial factors of the 
European Society of Hypertension 



Priyanka Arora et al., IPP, Vol 1 (3), 199-219, 2013 

214 

 

.Hypertens 2005; 23:233-46. 
[

44] 
 

Badyal DK, Lata H, Dadhich AP. Animal 
models of hypertension and effects of drugs. 
Indian Journal of Pharmacology 2003; 35: 
349-362. 
[

45] 
 

Aird WC.  Spatial and temporal dynamics of 
the endothelium. Journal Thromb. Haemost 
2005; 3:1392-1406. 
[

46] 
 

Cai H, Harrison DG.  Endothelial dysfunction 
in cardiovascular diseases: the role of 
oxidant stress. Circ Res 2000; 87: 840-845. 
[

47] 
 

Boger RH , Sydow K , Borlak J , Thum T , 
Lenzen H , Schubert B , Tsikas D, Bode Boger  
SM . LDL cholesterol upregulates synthesis of 
asymmetrical dimethyl arginine in human 
endothelial cells: involvement of S-
adenosylmethionine dependent 
methyltransferases.Circ Res 2000; 87: 99–
105. 
[

48] 
 

Vallance P, Leone A, Calver A, Collier J. and  
Moncada  S.  Endogenous dimethyl arginine 
as an inhibitor of nitric oxide synthesis.  
Journal Cardiovasc.  Pharmacol1992 ;20: S60-
S62. 
[

49] 
 

Krzyzanowska K, Mittermayer F, Krugluger 
W, Schnack C, Hofer M, Wolzt M and 
Schernthaner G. Asymmetric 
dimethylarginine is associated with 
macrovasculardisease and total 
homocysteine in patients with type 2 
diabetes. Atherosclerosis 2006; 189: 236. 
[

50] 
 

Ceremuzynski  L, Chamiec T and  
Herbaczynska-Cedro  K . Effect of 
supplemental oral L arginine on exercise 
capacity in patients with stable angina 
pectoris. Am J Cardiol1997; 80 (3): 331–3. 
[

51] 
 

Jiang  JG, Chen RJ, Xiao B, Yang S, Wang JN, 
Wang Y, Cowart LA,  Xiao X, Wang DW and  
Xia Y. Regulation of endothelial nitric-oxide 
synthase activity through phosphorylation in 
response to epoxyeicosatrienoic acids. 
Prostaglandins Other Lipid Mediat 2007; 82:  
162–174. 
[  

52] Ferroni P,  Basili S,  Falco A and Davı G. 
Oxidant stress and platelet activation in 
hypercholesterolemia. Antioxid Redox Signal 
2004; 6: 747-56. 
[

53] 
 

Landmesser U, Dikalov S, Price SR, McCann L, 
Fukai T and Holland SM. Oxidation of 
tetrahydrobiopterin lead to uncoupling of 
endothelial cell nitric oxide synthase in 
hypertension. J Clin Invest 2003; 111: 1201-9. 
[

54] 
 

White CR, Brock TA, Chang LY, Crapo J, 
Briscoe  P and  Ku  D .  Superoxide and 
peroxynitrite  in atherosclerosis. Proc 
Nat AcadSci USA 1994; 91: 1044-8. 
[

55] 
 

TouyzRM , Chen X , He G, Quinn MT and 
Schiffrin EL. Expression of a gp91phox 
containing leukocyte type NADPH oxidase in 
human vascular smooth muscle cells 
modulation by Ang II. Circ Res 2002; 90: 
1205-13. 
[

56] 
 

Nishimura H, Tsuji H, Masuda H, Kasahara T, 
Yoshizumi M, Sugano T,  Kimura  S, Kawano 
H,  Kunieda  Y, Yano S, Nakagawa K, Kitamura  
H, Nakahara Y , Sawada S and Nakagawa M. 
The effects of angiotensin metabolites on the 
regulation of coagulation and fibrinolysis in 
cultured rat aortic endothelial cells. 
ThrombHaemost 1999; 82: 1516-21. 
[

57] 
 

Ni  Nishimura H, Tsuji H, Masuda H, 
Nakagawa K, Nakahara Y and  Kitamura H. 
Angiotensin II increases plasminogen 
activator inhibitor-1 and tissue factor mRNA 
expression without changing that of tissue 
type plasminogen activator or tissue factor 
pathway inhibitor in cultured rat aortic 
endothelial cells. ThrombHaemost 1997; 77: 
1189-95. 
[

58] 
 

 Larsson PT, Schwieler JH and Wallen NH. 
Platelet activation during angiotensin II 
infusion in healthy volunteers. Blood Coagul 
Fibrinolysis 2000; 11: 61-9. 
[

59] 
 

Vaughan DE, Lazos SA and Tong K. 
Angiotensin II regulates the expression of 
plasminogen activator inhibitor-1 in cultured 
endothelial cells. J Clin Invest 1995;  95: 995-
1001 

http://circres.ahajournals.org/cgi/content/full/87/2/99
http://circres.ahajournals.org/cgi/content/full/87/2/99
http://circres.ahajournals.org/cgi/content/full/87/2/99
http://circres.ahajournals.org/cgi/content/full/87/2/99
http://circres.ahajournals.org/cgi/content/full/87/2/99
http://circres.ahajournals.org/cgi/content/full/87/2/99
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kimura%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kawano%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kawano%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kawano%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kunieda%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Yano%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakagawa%20K%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kitamura%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kitamura%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Kitamura%20H%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakahara%20Y%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Sawada%20S%22%5BAuthor%5D
http://www.ncbi.nlm.nih.gov/pubmed?term=%22Nakagawa%20M%22%5BAuthor%5D


Priyanka Arora et al., IPP, Vol 1 (3), 199-219, 2013 

215 

 

[
60] 

 
Kerins DM , Hao Q and Vaughan DE. 
Angiotensin induction of PAI-1 expression in 
endothelial cells is mediated by the 
hexapeptide angiotensin IV. J Clin Invest 
1995; 96: 2515-20. 
[

61] 
 

Rajagopalan S, Kurz S, Munzel T, Tarpey M, 
Freeman BA and  Griendling KK. Angiotensin 
II mediated hypertension in the rat increases 
vascular superoxide production via 
membrane NADH/NADPH oxidase activation.  
Contribution to alterations of vasomotor 
tone. J Clin Invest 1996 ; 97: 1916-23. 
[

62] 
 

Mogielnicki A, Chabielska E, Pawlak R, 
Szemraj J and Buczko W. Angiotensin II 
enhances thrombosis development in 
renovascular hypertensive rats. 
ThrombHaemost 2005; 93: 1069-76. 
[

63] 
 

Oikawa T , Freeman M.Lo.W, Vaughan DE, 
and Fogo A. Modulation of plasminogen 
activator inhibitor-1 in vivo: a new 
mechanism for the anti fibrotic effect of 
renin-angiotensin inhibition. Kidney Int 1997; 
51: 164-72. 
[

64] 
 

Shryock JC and Belardinelli L. Adenosine and 
adenosine receptors in the cardiovascular 
system: biochemistry, physiology  and 
pharma whereas cology. Am J Cardiol 1997; 
79(12A): 2–10. 
[

65] 
 

Bagby S.P., McDonald W.J., Mass R.D. Serial 
rennin-angiotensin studies in spontaneously 
hypertensive and Wistar –Kyoto 
normotensive rats- transition from normal to 
high-renin status during the established 
phase of spontaneous hypertension. 
Hypertension. 1979; 1: 347-354. 

 
[

66] 
 

Bardenheuer H and Schrader D. Supply to 
demand ratio for oxygen determines 
formation of adenosine by the heart. Am J 
Physiol 1986; 250: H173–H180. 
[

67] 
 

Brown JH, Del Re DP and Sussman MA. The 
Rac and Rho hall of fame: a decade of 
hypertrophic signaling hits. Circ. Res 2006; 
98: 730-742. 

[
68] 

 
Weng LP, Yuan J, and Yu Q. Overexpression 
of the transmembrane tyrosine phosphatase  
LAR activates the caspase pathway and 
induces apoptosis. CurrBiol1998; 8: 247–256. 
[

69] 
 

Elizabeth O,  Harrington, Anthony Smeglin, 
Nancy Parks, Julie Newton and Sharon 
Rounds. Adenosine induces endothelial 
apoptosis by activating protein tyrosine 
phosphatase: a possible role of p38. Am J 
Physiol Lung Cell MolPhysiol2000; 279: L733-
L742. 
[

70] 
 
Ip Y T and  Davis R J. Signal transduction by 
the c-Jun N-terminal kinase (JNK)  from 
inflammation to development. CurrOpin Cell 
Biol1998; 10: 205- 219. 
[

71] 
 
Xia Z, Dickens M , Raingeaud J , Davis RJ and 
Greenberg ME. Opposing effects of ERK and 
JNK-p38 MAP kinases on apoptosis. Science 
1995; 270: 1326–31. 
[

72] 
 

Budzyn K, Marley PD and Sobey CG. 
Targeting Rho and Rho-kinase in the 
treatment of Cardiovascular disease. Trends 
PharmacolSci 2006; 27: 97 104. 
[

73] 
 

Hiroki J, Shimokawa H, Higashi M, Morikawa 
K, Kandabashi T, Kawamura  N, Kubota T, 
Ichiki T, Amano M, Kaibuchi K and Takeshita 
A.  Inflammatory stimuli upregulate Rho-
kinase in human coronary vascular smooth 
muscle cells. J.Mol Cell Cardiol 2004; 37: 537-
546. 
[

74] 
 

Somlyo AP and  Somlyo AV. Signal 
transduction by G-proteins, Rho-kinase and 
protein phosphatase to smooth muscle and 
non-muscle myosin II. J Physiol 2000; 522: 
177–185. 
[

75] 
 

Somlyo AP and Somlyo AV. From 
pharmacomechanical coupling to G-proteins 
and myosin phosphatase. ActaPhysiolScand 
1998; 164:  437–448. 
[

76] 
 

Calo SA, Passina AC. Rho kinase pathway 
much more than just a modulation of  
vasomotortone. Journal of hypertension, 
2007; 25: 259-264. 



Priyanka Arora et al., IPP, Vol 1 (3), 199-219, 2013 

216 

 

[
77] 

 
Goodman KB, Cui H, Dowdell SE, Ivy RL, 
Sehon CA. Development of 
dihydropyridoneindazole amides as selective 
rho-kinase inhibitors. Journal of Medicinal 
Chemistry 2008; 50: 6-9. 
[

78] 
 

Sehon CA, Wang GJ, Viet AQ, Goodman KB, 
Dowdell SE, Elkins PA. Potent selective and 
orally bioavailable dihydropyrimidine 
inhibitors of Rho-kinase as potential 
therapeutic agents for cardiovascular 
diseases. Journal of Medicinal Chemistry 
2008; 51: 6631-6634. 
[

79] 
 

Uehata  M, Ishizaki T, Satoh H, Ono T, 
Kawahara T, Morishita T, Tamakawa  H, 
Yamagami K, Inui J and Maekawa M. 
Calcium sensitization of smooth muscle 
mediated    by a Rho associated protein in 
hypertension. Nature 1997; 389: 990–994 
[

80] 
 

Nohria A, Grunert ME, Rikitake Y, Noma K, 
Prsic A, Ganz P, Liao JK and Creager  MA. Rho 
kinase inhibition improves endothelial 
function in human subjects with coronary 
artery disease. Circulation Research 2006; 
99: 1426-1432.  
[

81] 
 

Marrero MB, Schieffer B, Paxton WG, Heerdt 
L, Berk BC, Delafontaine P and Bernstein KE. 
The angiotensin II type 1 receptor associates 
with and stimulates JAK2 in rat aortic smooth 
muscle cells .Nature 1995; 375: 247- 250. 
[

82] 
 

Kishimoto T, Akira S, Narazaki M and  Taga T. 
Interleukin 6 family of cytokines and gp130. 
Blood 1995; 86: 1243–1254. 
[

83] 
 

Heinrich PC, Behrmann I, Muller-Newen G, 
Schaper F and Graeve L.  Interleukin-6-type 
cytokine signaling through the 
gp130/Jak/STAT pathway. Biochem J. 1998; 
334: 297–314. 
[

84] 
 

Marrero MB, Schieffer B, Paxton WG, Heerdt 
L, Berk BC, Delafontaine P and Bernstein KE. 
The angiotensin II type 1 receptor associates 
with and stimulates JAK2 in rat aortic smooth 
muscle cells. Nature. 1995; 375:  247- 250. 
[

85] 
 

Marrero MB, Schieffer B, Harp JB and Ling B. 

Role of Janus kinases/signal transducer and 
activator of transcription and mitogen-
activated protein kinase cascades in 
angiotensin II and platelet-derived growth 
factor induced vascular smooth muscle cell 
proliferation. J Biol Chem. 1997; 272: 24684 
–24690. 
[

86] 
 

Stephanou A, Isenberg DA, Akira S,  
Kishimoto T and Latchman DS. The nuclear 
factor interleukin 6 (NF IL6) and signal 
transducer and activator of transcription-3 
(STAT-3) signaling pathways cooperate to 
mediate the activation of the hsp90b gene by 
interleukin-6  but have opposite effects on its 
inducibility by heat shock. Biochem J 1998; 
330: 189 –195. 
[

87] 
 

Griendling KK, Minieri CA, Ollerenshaw JD 
and Alexander RW. Angiotensin II  stimulates 
NADH and NADPH oxidase activity in 
cultured vascular smooth muscle cells. Circ 
Res 1994; 74: 1141–1148. 
[

88] 
 

Simon AR, Rai U, Fanburg AL and Cochran 
BH. Activation of the JAK-STAT pathway by 
reactive oxygen species. Am J Physiol 1998; 
275: C1640- C1652. 
[

89] 
 

HassaPO and Hottiger MO. The functional 
role of poly (ADP-ribose) polymerase 1 as 
novelcoactivator of NF-kappa B in 
inflammatory disorders. Cell. Mol. Life Sci 
2002; 59: 1534-53. 
[

90] 
 

Virag L, Szabo C. The therapeutic potential of 
poly (ADP-ribose) polymerase inhibitors. 
Pharmacol. Rev. 2002; 54: 375-429. 
[

91] 
 

Fleming I and Busse R. Endothelium-derived 
epoxyeicosatrienoic acids and vascular 
function. Hypertension 2006; 47: 629–633.  
[

92] 
 

Fleming I. Cytochrome P450 epoxygenases as 
EDHF synthase(s). Pharmacol. Res. 2004; 49: 
525–533. 
[

93] 
 

Fleming I. Discr EET regulators of 
homeostasis: epoxyeicosatrienoic acids,  
cytochrome P450 epoxygenases and vascular 
inflammation. Trends Pharmacol. Sci M. 
2007; 28:  448–452. 



Priyanka Arora et al., IPP, Vol 1 (3), 199-219, 2013 

217 

 

[
94] 

 
Yang S, Lin L and Chen JX. Cytochrome P450 
epoxygenases protect endothelial cells from 
apoptosis induced by tumor necrosis factor-
{alpha} via MAPK and PI3K/Akt Signaling 
pathways. Am. J. Physiol. Heart Circ. Physiol 
2007; 293: H142–H151. 
[

95] 
 

Campbell WB, Falck JR and  Gauthier K. Role 
of epoxyeicosatrienoic acids as endothelium-
derived hyperpolarizing factor in bovine 
coronary arteries. Med.  Sci. Monit. 2001; 7:  
578–584. 
[

96] 
 

Larsen BT, Gutterman DD and Hatoum OA. 
Emerging role of epoxyeicosatrienoic acids in 
coronary vascular function. Eur. J. Clin. 
Invest. 2006; 36:  293–300. 
[

97] 
 

Spector AA, Fang X, Snyder GD and  
Weintraub NL. Epoxyeicosatrienoic acids 
(EETs):  metabolism and biochemical 
function. Prog. Lipid Res. 2004; 43: 55- 90. 
[

98] 
 

Davis BB, Morisseau C, Newman JW, 
Pedersen TL , Hammock BD and Weiss RH. 
Attenuation of vascular smooth muscle cell 
proliferation by 1-cyclohexyl 3-dodecyl urea 
is independent of soluble epoxide hydrolase 
inhibition.  J. Pharmacol. Exp. Ther. 2006; 
316:  815–821. 
[

99] 
 

Imig JD .Cardiovascular therapeutic aspects 
of soluble epoxide hydrolase inhibitors.  
Cardiovasc. Drug Rev. 2006; 24: 169–188. 
[

100] 
 

Xu D, Li N, He Y, Timofeyev V, Lu L, Tsai HJ, 
Kim IH, Tuteja D, Mateo  RK, Singapuri A, 
Davis BB, Low R, Hammock BD and 
Chiamvimonvat N. Prevention and reversal of 
cardiac hypertrophy by soluble epoxide  
hydrolase inhibitors. Proc. Natl. Acad. Sci. 
U.S.A 2006;  103: 18733 -18738. 
[

101] 
 

Zhang W,  Koerner IP, Noppens R, Grafe M, 
Tsai HJ, Morisseau C, Luria  A, Hammock BD,    
Falck JR and Alkayed NJ. Soluble epoxide 
hydrolase: a novel therapeutic target in 
stroke.  J. Cereb. Blood Flow Metab. 2007;  
27: 1931–1940. 
[

102] 
 

Anderson RA, Boronenkov IV, Doughman SD, 

Kunz J and Loijens JC.   
Phosphatidylinositol  phosphate 

kinases a multifaceted family of 
signalingenzymes. J BiolChem 1999; 274: 
9907–9910. 
[

103] 
 

Cantrell  DA.  Phosphoinositide 3-kinase 
signaling pathways. J Cell Sci. 2000; 114: 
1439–1445.  
[

104] 
 

Yart A, Laffargue M, Mayeux P, Chretien S, 
Peres C, Tonks N, Roche S,  Payrastre B, Chap 
H  and  Raynal PA. Critical role for 
phosphoinositide 3 kinase upstream of Gab1 
and SHP2 in the activation of ras and 
mitogen activated protein kinases by 
epidermal growth factor.  J.Biol.Chem. 2001; 
276:  8856–8864. 
[

105] 
 

Maffucci T and Falasca M. Phosphoinositide 
3-kinase-dependent regulation of 
phospholipaseCγ.Biochem. Soc. Trans 2007; 
35:  229–230. 
[

106] 
 

Schu  PV,  Takegawa K, Fry MJ, Stack JH, 
Waterfield MD and Emr SD.  
Phosphatidylinositol 3-kinase encoded by 
yeast VPS34 gene essential for protein 
sorting. Science 1993; 260: 88–91. 
[

107] 
 

Murga C, FukuharaS  andGutkind JS. A novel 
role for phosphatidylinositol 3 kinase in 
signaling from G- protein-coupled receptors 
to Akt. J BiolChem 2000; 275: 12069–12073. 
[

108] 
 

Morello F, Perino A and Hirsch E. 
Phosphoinositide 3-kinase signalling in the 
vascular system. Cardiovasc Res 2009; 82: 
261–271.  
[

109] 
 

Vecchione  C, Patrucco E, Marino G, Barberis  
L, Poulet R, Aretini A,Maffei  A, Gentile  MT, 
Storto  M, Azzolino O, Brancaccio M, Colussi 
GL,  Bettarini U, Altruda F, Silengo L, Tarone 
G, Wymann MP, Hirsch E and LemboG. 
Protection from angiotensin II-mediated 
vasculotoxic and hypertensive response 
in mice lacking PI3Kg.  The Journal of 
Experimental Medicine 2005; 201: 1217-
1228. 
[

110] 
 

Quignard JF,  Mironneau V, Carricaburu B, 



Priyanka Arora et al., IPP, Vol 1 (3), 199-219, 2013 

218 

 

Fournier A, Babich B, Nurnberg  C, 
Mironneau and Macrez N. Phosphoinositide 
3-kinase gamma mediates angiotensin II–
induced stimulation of L-type calcium 
channels in vascular myocytes. J. Biol. Chem. 
2001; 276: 32545–32551. 
[

111] 
 

Steinberg SF. PI3King the L-type calcium 
channel activation mechanism. 
Circ.Res.2001; 89: 641–644.  
[

112] 
 

Chinetti G, Fruckchart AC and Stales B. 
Peroxisome proliferator  activated receptors 
(PPARs): nuclear receptors at the cross roads 
between lipid metabolism and inflammation. 
Inflammation Research 2000; 49(10):  497-
505. 
[

113] 
 

Neve BP, Fruchart JC and Stales B. Role of 
peroxisome proliferator activated receptors 
(PPAR) in atherosclerosis. Biochemistry 
Pharmacology 2000; 60(8): 1245-50. 
[

114] 
 

Guan Y and Brayer MD. Peroxisome 
proliferator activated receptors (PPARs): 
novel therapeutic targets in renal diseases. 
Kidney International 2001; 60: 14-30. 
[

115] 
 

He W. PPAR γ 2 polymorphism and human 
health. PPAR Research 2009; 849538. 
[

116] 
 

Newaz M, Yousefipou Z and Oyekan A. Role 
of PPAR-γ on the pathogenesis and vascular 
changes in glycerol induced acute renal 
failure. Pharmacological Research 2006; 54: 
234-240. 
[

117] 
 

Chetty VT and Sharma AM. Can PPAR gamma 
agonists have a role in the management of 
obesity related hypertension.  Vascular 
pharmacology 2006; 45: 46-53. 
[

118] 
 

Forman BM, Tontonoz P, Chen J, Brun RP, 
Evans RM. 15 deoxy delta 12, 14-
prostaglandin J 2 is a ligand for the adipocyte 
determination factor PPAR gamma. Cellular 
research 1995; 83: 803-812. 
[

119] 
 

Fullert S, Schneider F, Haak E, Rau H and 
Badenhoop K. Effects of pioglitazone in non 
diabetic patients with arterial hypertension: 
a double blind placebo controlled study. 

Journal of Clinical Endocrinology and 
Metabolism. 2002; 87:  5503-5506. 
[

120] 
 

Raji A, Seely EW, Bekins SA, Williams GH and 
Simonson DC. Rosiglitazone improves insulin 
sensitivity and lowers blood pressure in 
hypertensive patients. Diabetes Care 2003; 
26: 172-178. 
[

121] 
 

Zhang Y, Proencea R, Maffei M, Barone M, 
Leopold L and Friedman JM. Positional 
cloning of mouse obese gene and its human 
homologue. Nature 1994; 372: 425-32. 
[

122] 
 

Zhang ZH, Wei SG and Francis J. 
Cardiovascular and renal sympathetic 
activation by blood borne TNF-α in rat: the 
role of central prostaglandins. American 
Journal of Physiology Regulatory Integrated 
comp Physiology 2003; 284: R916-R 927. 
[

123] 
 

Walker AB, Chattington PD, Buckingham RE 
and Williams G. The thiazolidinedione 
rosiglitazone lowers blood pressure and 
protects against impairment of endothelial 
function in Zucker fatty rats. Diabetes 1999; 
48: 1448-1453. 
[

124] 
 

Kaufman LN, Peterson MM, Degrange LM. 
Pioglitazone attenuates diet-induced 
hypertension in rats. Metabolism 1995;  44: 
1105-1109. 
[

125] 
 

Ryan MJ, Didion SP, Mathur S, Faraci FM, 
Sigmund CD. PPAR (gamma) agonist 
rosigitazone improves vascular function and 
lowers blood pressure in hypertensive 
transgenic mice. Hypertension 2004; 43: 661-
666. 
[

126] 
 

Misra A and Garg A. Leptin: Its receptor and 
obesity. Journal of Iinvestigational Medicine 
1996; 44: 540-8. 
[

127] 
 

Agata J, Masuda J, Takada M, Higashiura K, 
Murakami H, Miyazaki Y and Shimmamoto K. 
High Plasma immunoreactive level in 
essential hypertension. American Journal of 
Hypertension 1997; 10: 1171-1174. 
[

128] 
 

Adamczak J, Masuda A, Higashiura K, 
Murakami H, Miyazaki Y and Shimamoto K. 



Priyanka Arora et al., IPP, Vol 1 (3), 199-219, 2013 

219 

 

High plasma immunoreactiveleptin level in 
essential hypertension. American Journal of 
Hypertension 2000; 10: 1171-1174. 
[

129] 
 

Aizawa Abe M, Ogawa Y, Masuzaki H, Ebihara 
K, Satoh N, Iwai H, Matusoka N, Hayashi T,    
Hosoda K and Inoue G. Pathophysiological 
role of leptin in obesity related hypertension. 
Journal of clinical investigation 2000; 105: 
1243-1252. 
[

130] 
 
Hayes KC, Khosla P and Pronczouk A. Diet 
induced type IV like hyperlipidemia and 
increased body weight are associated with 
cholesterol gallstones in hamsters. Lipids 
1999; 26: 729-735. 
[

131] 
 

Kuo JJ, Jones OB and Hall JE. Inhibition of NO 
synthesis enhances chronic cardiovascular 
and renal actions of leptin. Hypertension 
2001; 37(2): 670-676. 

 
[

132] 
 

Beltowski J, Wojcicka G, Marciniak A and 
Jamroz A. Oxidative stress, Nitric oxide 
production and renal sodium handling in 
leptin induced hypertension. Life Sciences 
2004; 74: 2987-3000. 
[

133] 
 

Quehenberger P, Exner M, Sunder Plassmann 
R, Ruzicka K, Bieglmayer C, Endler G, 
Muellner C, Speiser W and Wagner O. Leptin 
induces endothelin1 in endothelial cells in 
vitro. Circulation research 2002; 90: 711-718. 
[

134] 
 

Knudson JD, Dick GM and Tune JD. 
Adipokines and coronary vasomotor 
dysfunction. ExpBiol Med 2007 ; 232(6): 727-
36. 
[

135] 
 

Santos SH, Fernandes LR, Mario EG, Ferreira 
AV, Pôrto LC, Alvarez Leite JI, Botion LM, 
Bader M, Alenina N and Santos RA. Mass 
deficiency in FVB/N mice produces marked 
changes in lipid and glycemic metabolism. 
Diabetes 2008; 57: 340-350. 
[

136] 
 

Navarro JF, Mora Fernandez C, Escalona 
J.The role of TNF-α in diabetic nephropathy, 
pathogenic and therapeutic implications. 
Cytokine Growth FactorRev, 2006; 17: 441-
450. 

[
137] 

 
Locksley R.M, Killeen N, Lenardo MJ. The TNF 
and TNF receptor superfamilies,  integrating 
mammalian biology. Cell, 2001; 104: 487-
501. 
[

138] 
 
Gomez Sanchez EP. Brain Mineralocorticoid 
receptors, Orchestratotors of hypertension 
and end organ disease. Current opinion in 
Nephrology and Hypertension 2004; 13: 191-
196. 
[

139] 
 
Funder JW. Aldosterone and 
mineralocorticoid receptors, orphan 
questions. Kidney Int 2000; 1358-1363.  
[

140] 
 
McEwen BS, Lambdin LT, Rainbow TC, De 
Nicola AF. Aldosterone effects on salt 
appetite in adrenalectomized 
rats.Neuroendocrinology  1986; 43: 38-43. 
[

141] 
 
Brilla CG, Weber KT. Mineralocorticoid 
excess, dietary sodium, and myocardial 
fibrosis.  J Lab Clin Med 1992; 893–901. 
[

142] 
 
Duprez D, De BM, Rietzschel ER, and Clement 
DL. Aldosterone and vascular damage. 
CurrHypertens Rep 2000; 2: 327–334. 
[

143] 
 
Lijnen P, Petrov V. Induction of cardiac 
fibrosis by aldosterone. J Mol Cell 
Cardiol2000 ; 32: 865–879. 
[

144] 
 
Francis J, Weiss RM, Wei SG, Johnson AK, 
Beltz TG, Zimmerman K, Felder RB. Central 
mineralocorticoid receptor blockade 
improves volume regulation and reduces 
sympatheticdrive in heart failure. Am J 
Physiol Heart CircPhysiol 2001;281: H2241–
H2251.  
 
 

 

            

http://www.ncbi.nlm.nih.gov/pubmed?term=Quehenberger%20P%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Sunder-Plassmann%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Sunder-Plassmann%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Sunder-Plassmann%20R%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Ruzicka%20K%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Bieglmayer%20C%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Endler%20G%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Muellner%20C%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Speiser%20W%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Wagner%20O%5BAuthor%5D&cauthor=true&cauthor_uid=11934840
http://www.ncbi.nlm.nih.gov/pubmed?term=Knudson%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=17526764
http://www.ncbi.nlm.nih.gov/pubmed?term=Dick%20GM%5BAuthor%5D&cauthor=true&cauthor_uid=17526764
http://www.ncbi.nlm.nih.gov/pubmed?term=Tune%20JD%5BAuthor%5D&cauthor=true&cauthor_uid=17526764
http://www.ncbi.nlm.nih.gov/pubmed?term=Santos%20SH%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Fernandes%20LR%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Mario%20EG%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Ferreira%20AV%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Ferreira%20AV%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Ferreira%20AV%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=P%C3%B4rto%20LC%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Alvarez-Leite%20JI%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Botion%20LM%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Bader%20M%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Alenina%20N%5BAuthor%5D&cauthor=true&cauthor_uid=18025412
http://www.ncbi.nlm.nih.gov/pubmed?term=Santos%20RA%5BAuthor%5D&cauthor=true&cauthor_uid=18025412

