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Abstract: Obesity is a metabolic disorder of increasing prevalence worldwide and a risk factor for the development of in-
sulin resistance (IR), metabolic syndrome and type 2 diabetes. Obesity is related to endothelial dysfunction through indi-
rect mechanisms such as IR and the associated risk factors, and through direct mechanisms including the production of 
proinflammatory adipokines and elevated levels of free fatty acids (FFAs) by adipose tissue. Both clinical and experimen-
tal studies using genetic and diet-induced animal models of obesity have consistently shown impaired metabolic, agonist- 
or flow-induced vasodilatations correlated with the amount of visceral adipose tissue and improved by dietary interven-
tions and exercise. Compromised bioavailability of NO due to oxidative stress emerges as a main cause of endothelial 
dysfunction in obesity. Inflamed adipose tissue due to hypoxia, and in particular perivascular adipose tissue (PVAT), se-
crete larger amounts of reactive oxygen species (ROS) and adipokines that deteriorate NO signaling pathways. Abnormal 
production and activity of the vasoconstrictor/proatherogenic peptide endothelin-1 (ET-1) is also a hallmark of the obe-
sity-associated endothelial dysfunction. Obesity, and in particular visceral obesity, is one of the main causes of IR, and the 
pathogenic factors that induce endothelial dysfunction in the earlier stages of obesity will further deteriorate the insulin 
signaling pathways in endothelial cells thus leading to blunted vasodilatation and abnormal capillary recruitment and sub-
strate delivery by insulin to the target tissues. The present review is an attempt to summarize the current knowledge and 
the latest novel findings on the pathogenic mechanisms underlying endothelial dysfunction in obesity, in particular the lo-
cal contribution of oxidative stress and inflammatory response from PVAT, and its role in the obesity-associated cardio-
vascular and metabolic complications. 
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1. INTRODUCTION 

 Obesity is a metabolic disorder of increasing prevalence 
worldwide and a key factor for the development of insulin 
resistance (IR), metabolic syndrome and type 2 diabetes mel-
litus, all of which are risk factors for cardiovascular disease. 
The mechanisms underlying the pathophysiology of obesity 
include changes in insulin sensitivity, dyslipidemia, vascular 
dysfunction, and most importantly, inflammation. Enlarged 
adipose tissue secretes higher levels of proinflammatory cy-
tokines and non-esterified free fatty acids (FFAs) that lead to 
low-grade inflammation and vascular dysfunction, and pro-
mote IR not only in skeletal muscle and liver, but also in 
other tissues including endothelial cells [1,2]. 
 Healthy endothelium is a paracrine, autocrine and endo-
crine organ that plays a key role in homeostasis by actively 
secreting various vasoactive and trophic molecules that af-
fect vasomotion, endothelial and vascular smooth muscle 
(VSM) cell growth and proliferation, endothelial-leukocyte 
interactions, platelet adhesion, coagulation, inflammation 
and permeability [3,4]. By sensing blood flow-induced shear 
stress or in response to chemical signals, endothelial cells 
can acutely regulate vascular tone through the release of 
vasoactive and trophic factors including vasodilators such as 
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nitric oxide (NO), cyclooxygenase-derived prostacyclin (PGI2) 
and various endothelium-derived hyperpolarizing factors 
(EDHFs). Some of these vasodilators like NO and prostacy-
clin have also inhibitory actions on cell growth, coagulation 
and inflammation [3,4,5]. On the other hand, endothelial cells 
are also able to synthesize vasoconstrictors including prosta-
noids like thromboxane A2 (TXA2), reactive oxygen species 
(ROS) and potent vasoconstrictor peptides such as endothelin 
1 (ET-1) that can also have proliferative actions besides induc-
ing contraction [4]. Endothelial cells play a key role in the 
immune reaction by acutely regulating leucocytes recruitment 
or by induction of leucocyte adhesion molecules, inflamma-
tory activation of the endothelium occurring in response to 
inflammatory cytokines and also to ROS generated in the in-
flammatory process or by disturbed metabolic conditions [3]. 
 Despite the endothelium can adapt to various stimuli in-
cluding mechanical, oxidative and metabolic stresses, in-
flammation and hypoxia, endothelial dysfunction is an early 
pathogenic event in vascular dysfunction and represents a 
maladapted endothelial phenotype consisting of impaired 
vasodilatation, angiogenesis and barrier function along with 
elevated expression of pro-inflammatory and pro-thrombotic 
factors [4,6]. 

2. ENDOTHELIAL DYSFUNCTION IN OBESITY 

 Overweight and obesity are associated with impaired 
endothelium-dependent vasodilation, a hallmark of endothe-
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lial dysfunction first reported in clinical studies showing 
blunted increases in leg blood flow in response to admini-
stration of endothelium-dependent agonists in obese patients 
with augmented body mass index (BMI) [7]. Impairment of 
vasodilator responses induced by either agonists or flow was 
further demonstrated in obese individuals [8-13], correlated 
with the volume of visceral adipose tissue [8,14-18] and im-
proved by weight lost, dietary interventions and exercise 
[10,19-22]. 
 Obesity is associated with endothelial dysfunction through 
indirect mechanisms, such as IR and the association with risk 
factors (including diabetes mellitus, hypertension and dyslipi-
demia) [6], and through direct mechanisms including among 
others the production of adipokines and pro-inflammatory 
cytokines and the elevated levels of FFAs which in turn in-
duce oxidative stress leading to reduced nitric oxide (NO) 
availability [23-26]. Thus, obesity may be a primary cause of 
coronary and systemic endothelial dysfunction before the es-
tablishment of IR, as demonstrated in animal models of diet-
induced obesity [25,27-28] and also in clinical studies show-
ing blunted limb flow-induced vasodilatation [8,9,29-31] and 
reduced increases in coronary blood flow in response to ace-
tylcholine [32,33] independently of IR. Endothelial dysfunc-
tion is therefore an early manifestation of obesity that might 
independently increase cardiovascular risk. Compromised 
endothelial responses to physiological challenges in obesity 
reflect, as under other vascular risk conditions, a loss of bal-
ance between endothelial vasodilator/antiatherogenic and 
vasoconstrictor/proatherogenic factors. 

2.1. Endothelial-dependent Vasodilatation in Obesity 

 Endothelium is a key mediator of tissue perfusion in res- 
ponse to increased blood flow and metabolic demand and 
also to chemical stimuli like acetylcholine and autacoids. 
Reduced endothelium-dependent vasodilator responses to 
infused agonists and flow [7,9,11,16,17] and blunted muscle 
perfusion in response to exercise [30] have been observed in 
obese individuals. Likewise, impaired vasodilator responses 
evoked by agonists [25,28,34-39], flow [40], functional reac-
tive hyperemia [35,41-44] and hypoxia [35,44-46] have been 
confirmed in arteries from several experimental models of 
genetic and diet-induced obesity. 

2.1.1. Nitric Oxide 

 Compromised bioavailability and abnormal NO signaling 
are key pathogenic factors in the obesity-associated endothe-
lial dysfunction and have been involved in the reduced vaso-
dilator responses to agonists [28,34,36-39,47], blunted func-
tional hyperemia [48] and reduced relaxations to hypoxia 
[46] of systemic arteries from obese animals. Endothelial 
dysfunction based on NO deficiency can be ascribed to seve- 
ral potential mechanisms including reduced expres-
sion/activity of the eNOS enzyme, eNOS uncoupling due to 
substrate or cofactors deficiency, and enhanced scavenging 
of NO by increased superoxide production. Although eNOS 
protein levels and activity have eventually been reported to 
be reduced in arterioles from obese animals [37,49,50], most 
studies have shown unchanged [39,51] or upregulated levels 
of eNOS in cerebral [52], coronary [53,54] and systemic 
arteries [38,39,55] from experimental models of obesity, 
which was ascribed to compensatory mechanisms that go 

along with an enhanced production of superoxide anions and 
oxidative stress. 
 Endothelial NO formation can be stimulated by vasodila-
tors such as acetylcholine or bradykinin acting on Gq protein-
coupled receptors through Ca2+-calmodulin-dependent acti-
vation of eNOS, but also by posttraslational modification of 
eNOS through phosphorylation at Ser1177 by serine kinases 
including PKB/Akt kinase, AMP-activated kinase (AMPK), 
protein kinase A (PKA), protein kinase G (PKG) and 
calmodulin-dependent kinase II (CaMKII) [56]. eNOS pho-
phorylation by Akt kinase is stimulated by insulin and other 
agents including vascular endothelial growth factor (VEGF), 

-adrenoceptors, statins, and also by mechanical factors such 
as laminar shear stress and flow increase [56]. Interestingly, 
adipokines can modulate this pathway and NO production 
and while leptin stimulates eNOS Ser1177 phosphorylation 
by Akt kinase activation [57,58], adiponectin modulates 
Ser1177 phosphorylation through AMPK to enhance NO  
production [56,59,60]. Conversely, resistin, interleukin-6 
(IL-6) and tumor necrosis factor  (TNF ) decrease eNOS 
Ser1177 phosphorylation, resulting in diminished eNOS ac-
tivity and less NO generation [56]. 
 Impairment of the endothelial PI3K/Akt pathway and 
eNOS phosphorylation activated by insulin and its role in the 
pathogenesis of vascular IR in obesity will be discussed later 
in this chapter. However, obesity is also associated with resis-
tance to eNOS phosphorylation and reduced NO-dependent 
relaxations induced by flow, and by other factors such as insu-
lin like growth factor (IGF-I) [61] and by acetylcholine 
through activation of Janus kinase 2 (JAK2), tyrosine phos-
phorylation of insulin receptor substrate 1 (IRS)-1 and down-
stream activation of phosphatidyl inositol (PI) 3-kinase (PI3K) 
and phosphorylation of Akt and eNOS [62], as shown in aorta 
from animals fed a high-fat (HF) diet. Recent studies have 
reported blunted acetylcholine and flow-induced vasodilata-
tion associated to reduced heart phosphorylated eNOS in pres-
surized coronary arterioles from mice fed a HFD [63]. Moreo-
ver, perivascular fat (PVAT) has been demonstrated to down-
regulate AMPK phosphorylation of eNOS thus impairing NO-
mediated vasodilatation in obese animals [64]. Abnormal 
eNOS phosphorylation and NO production in obesity may 
also affect the vasodilator effects of -adrenoceptor agonists, 
as reported in obese pre-menopausal women [65] and over-
weight/obese individuals [12], where increased abdominal 
adiposity was an independent predictor of this endothelial dys-
function [65]. Reduced cardiac output and depressor responses 
to isoproterenol resulting in impaired ability to regulate blood 
pressure after stress have been demonstrated to be due to ab-
normal -adrenoceptor signaling in both cardiac and vascular 
myocytes from obese Zucker rats (OZR) [66], and blunted 
NO-mediated relaxations elicited by the -adrenoceptor ago-
nist isoproterenol have been reported in mesenteric [66] and 
penile small arteries [67] from the same strain. Defective 
eNOS phosphorylation and NO production in obesity can be 
triggered by lipid mediators and adipokines, as it will be dis-
cussed below. 

2.1.2. Prostanoids 

 Cyclooxygenase (COX) enzymes metabolize arachidonic 
acid (AA) into both vasodilator (PGI2, PGE2) and vasocon-
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strictor (TXA2, PGH2) prostanoids. In healthy blood vessels, 
most prostanoids are formed by the constitutive endothelial 
COX-1, while COX-2 is an inducible isoform usually up-
regulated by inflammatory, mitogenic and physical stimuli 
[68]. An imbalance between the production of vasodilator 
and vasoconstrictor prostanoids may also contribute to endo-
thelial dysfunction and abnormal VSM reactivity in obese 
humans [9] and in arteries from experimental models of obe-
sity and metabolic syndrome [69-73]. Thus, impaired func-
tional hyperemia and blunted blood flow increase during 
exercise were due to impaired PGI2-mediated vasodilation in 
skeletal muscle arterioles from OZR [41,43]. Reduced re-
lease of vasodilator prostaglandins from both COX-1 and 
COX-2 pathways is involved in the endothelial dysfunction 
and blunted acetylcholine-induced relaxations of penile ar-
teries from OZR [73]. Furthermore, up-regulation of COX-2 
and imbalanced production of COX-2 products with reduced 
PGI2/TXA2 ratio and impaired acetylcholine relaxations have 
been found in mesenteric arterioles from a diet-induced 
model of obesity where COX-2 blockade restored endothe-
lial function [55]. Interestingly, up-regulation of endothelial 
COX-2 was coupled to enhanced production of vasodilator 
prostaglandins thus protecting coronary arteries in OZR [74]. 
 Obesity augments COX-dependent vasoconstriction, as 
first reported in clinical studies showing the enhancing effect 
of cyclooxygenase blockade with indomethacin on the 
blunted acetylcholine-induced forearm vasodilatation in 
obese subjects [9]. Further experimental studies confirmed 
that augmented AA-mediated contractions were due to in-
creased COX-1 expression and activity in aorta from rats fed 
a HF-diet [70], and that increased COX-1-dependent TP re-
ceptor-mediated vasoconstriction induced by acetylcholine 
along with a marked increase in TP receptor gene expression 
were involved in the endothelial dysfunction of carotid artery 
from diet-induced obese mice [69]. Augmented TXA2 pro-
duction and TP receptor activity have likewise been involved 
in the blunted hypoxic vasodilatation [71] and impaired 
functional hyperaemia [43], respectively, of skeletal muscle 
arterioles from OZR. 

2.1.3. EDHF 

 EDHF plays a key role along with NO and prostacyclin 
in the endothelium-dependent relaxations mainly in small 
arteries by increasing potassium conductance and promoting 
propagation of hyperpolarizing in the underlying smooth 
muscle. Both blunted and preserved EDHF-mediated vasodi-
lator responses have been reported in obesity. In viscerally 
obese patients, bradykinin-induced increases in forearm 
blood flow irrespective of NOS and COX inhibition were 
impaired and inhibited by ouabain and potassium channel 
blockers [75] and blunted flow-evoked vasodilation due to 
defective EDHF-component has recently been reported in 
penile small arteries from genetically obese rats [40]. Consis-
tent with the latter reports, acetylcholine-induced EDHF-
mediated responses were also found to be impaired in small 
mesenteric arteries of OZR [76] and HF diet-fed rats [77], at 
least partly related to altered connexin 40-associated gap 
junctions and inward rectifying potassium (KIR) channel 
conductance, respectively.  

 On the other hand, EDHF has also been suggested to 
compensate for the reduced NO bioavailability in obesity 

based on studies demonstrating preserved or augmented en-
dothelial agonist-and flow-induced relaxations [78-82]. 
Thus, the contribution of EDHF to endothelium-dependent 
vasodilatation was enhanced or unaltered in small and large 
arteries from LDLR-/- mice fed a HF diet [78] suggesting  
no link between serum cholesterol levels and changes in 
EDHF-mediated responses, and in contrast to high glucose 
exposure that resulted in endothelial dysfunction with im-
pairment of both NO and EDHF components [78]. Aug-
mented EDHF-relaxant responses and maintained vasodilator 
function were also found in branches of saphenous artery 
[81] and in coronary microvessels from rats fed a HF diet 
[83]. Obesity-induced impairment of agonist- and flow-
mediated vasodilation of coronary arterioles was dramati-
cally improved with a low-carbohydrate diet most likely 
through the production of an EDHF independent of NO [79]. 
This EDHF was further shown to be H2O2 and suggested to 
compensate for the reduced bioavailability of NO, since both 
acetylcholine- and flow-induced vasodilatation were blocked 
by the nonspecific potassium channel antagonist tetraethy-
lammonium and by catalase in coronary arterioles from 
obese but not lean animals [80]. 

2.2. Endothelial-dependent Vasoconstriction in Obesity 

 Endothelial dysfunction in obesity has also been charac-
terized by augmented levels and activity of vasoconstrictor 
and proatherogenic endothelial factors, in particular of the 
potent peptide ET-1. Plasma circulating levels of ET-1 were 
elevated in obese patients with metabolic syndrome [84] and 
administration of selective ETA receptor antagonists pro-
duced significant vasodilatation in obese subjects [85], ETA-
mediated augmented endogenous vasoconstrictor activity 
being correlated with BMI [86] and of special relevance in 
peripheral blood vessels. Furthermore, under conditions of 
ETA receptor blockade, inhibition of NO synthesis induced 
greater vasoconstriction in obese but not type 2 diabetic in-
dividuals, thus unmasking an augmented NO synthesis ca-
pacity and suggesting that impaired NO bioavailability by 
endogenous ET-1 may contribute to endothelial dysfunction 
in obesity [87]. Experimental studies have confirmed the 
involvement of ET-1 through ETA receptors in the blunted 
endothelial dependent relaxations of arteries from diet-
induced obese mice [69,88]. Augmented ET-1-evoked vaso-
constriction mainly associated to enhanced expression of 
ETA [89,90] and eventually to ETB [90] VSM receptors has 
been reported in some vascular beds from genetic and diet-
induced models of obesity, while up-regulation of endothe-
lial ETB receptors coupled to enhanced production of NO and 
vasodilatation has been found to counterbalance ET-1 vaso-
constriction in coronary arteries from OZR [91]. Up-
regulation of ET-1 precursor has been found associated to 
enhanced NADPH activity, oxidative stress and expression 
of the nuclear transcription factor NF-kB in endothelial cells 
from obese individuals suggesting that ET-1 may induce 
endothelial dysfunction through ROS production [92]. Re-
cent studies have implicated ET-1 in the hypoadiponectine-
mia in obesity and demonstrated that augmented levels of 
ET-1 were inversely correlated with adiponectin plasma levels 
in obese children and exposure of adipocytes to ET-1 or  
serum from obese individuals decreased adiponectin expres-
sion, an effect mediated by ETA and ETB receptors through 
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activation of the mitogen activated protein kinase (MAPK) 
pathway [93]. 

 The renin-AII-aldosterone system (RAAS) is activated in 
obesity and has been associated to the development of hyper-
tension. Augmented AII-stimulated forearm vasoconstriction 
is found in viscerally obese normotensive men [94] and both 
renal angiotensin converting enzyme (ACE) activity [95] and 
AII-induced vasoconstriction in the renal [96] and coronary 
circulation [97] were enhanced in diet-induced and genetic 
models of obesity. Adipocytes synthesize and secrete almost 
all the RAAS components, including angiotensinogen, ACE, 
AT-1 and AT-2 receptors and aldosterone [98,99], AII secre-
tion being higher in white PVAT from resistance arteries 
[98]. HF diet up-regulates expression of AT-1 receptors [89] 
and PVAT-secreted Ang II has been shown to induce vaso-
constriction by promoting NADPH-derived ROS production 
and to trigger adipose tissue inflammation through the re-
lease of chemokines and through enhanced expression of 
adhesion molecules via AT-1 receptor activation of c-Jun N-
terminal kinase (JNK) and MAPK pathways [99,100]. 

3. MECHANISMS UNDERLYING ENDOTHELIAL 
DYSFUNCTION IN OBESITY: INFLAMMATION 
AND OXIDATIVE STRESS 

 Several excellent reviews have recently dealt with the 
pathophysiological mechanisms underlying endothelial dys-
function in obesity and agreed in the essential role of inflam-
mation and oxidative stress [6,82,101-110]. Adipocytes un-
dergo considerable hyperthrophy in obesity and expanded -
‘inflamed’- adipose tissue changes to a proinflammatory phe-
notype marked by the increased ROS production [111] and by 
the excess release of FFAs and abnormal profile of adipokine 
secretion, with elevated circulating and tissue levels of leptin, 
resitin and proinflammatory cytokines such as IL-6 and TNF , 
monocyte chemoattractant protein-1 (MCP-1) and plasmino-
gen activator inhibitor type 1 (PAI-1), and reduced expression 
and levels of anti-inflammatory and cardiometabolic protec-
tive adipokines such as adiponectin and fatty acid binding 
protein 4 (FABP-4) [103,106,108,112]. Of relevance is the 
key role of PVAT in the local inflammatory response of the 
vascular wall and in the pathogenesis of obesity-associated 

Table 1. Studies on the mechanisms of endothelial dysfunction in obesity involving prostanoids and EDHF  

Study  Dysfunction  Mechanism  Vascular bed/model  Reference  

PROSTANOIDS  

Clinical  ACh  COX-vasoconstriction ROS  ForearmBF/Obese individuals Perticone et al., 2001 [9]  

Animal  HypoxD   PGI2 ROS  Skeletal muscle/OZR  Frisbee, 2001 [45] 

Animal  ACh  COX-1 TP expression/activity  Carotide/HFD mice  Traupe et al., 2002 [69] 

Animal  Hyperemia   PGI2 TP activity  Skeletal muscle/OZR  Xiang et al., 2006 [43] 

Animal  AA-contraction  COX-1 AA-contraction  Aorta/HFD rat  Smith & Dorrance, 2006 [70] 

Animal  HypoxD   PGI2 TXA2 ROS  Skeletal muscle/OZR  Goodwill et al., 2008 [71] 

Animal  Hyperemia   PGI2  TXA2 ROS, nitrotyrosine PGIS  Femoral/OZR  Hodnett et al., 2009 [129] 

Animal  ACh   PGI2 derived from COX-1 and COX-2  Penile arteries /OZR  Sánchez et al., 2010 [73] 

Animal   ACh  PGI2 COX-2  Coronary/OZR  Sánchez et al., 2010 [74] 

Animal  ACh   PGI2/TXA2 COX-2 ROS  Mesenteric/MSG rat  Lobato et al., 2011 [55] 

EDHF  

Clinical  BK  EDHF  ForearmBF/Obese individuals Kreutzenberg et al., 2003 [75] 

Animal  ACh  EDHF connexin 40  Mesenteric/OZR  Young et al., 2008 [76] 

Animal  ACh  EDHF KIR  Mesenteric/HFD  Haddock et al., 2011 [77] 

Animal  FMD  EDHF  Penile/OZR  Schorring et al., 2012 [40] 

Animal  ACh FMD  EDHF K+ activity  Coronary/OZR  Focardi et al., 2007 [79] 

Animal   ACh  EDHF  Aorta/mesenteric /HFD mice  Ellis et al., 2008 [78] 

Animal   ACh  EDHF  Coronary/HFD rat  Feher et al., 2010 [83] 

Animal   ACh  EDHF  Saphenous artery/HFD rat  Chadha et al., 2010 [81] 

Animal  ACh FMD  EDHF H2O2 catalase SOD  Coronary/OZR  Focardi et al., 2013 [80] 

ACh: acetylcholine vasodilatation; BF: blood flow; BK: bradykinin vasodilatation; COX: cyclooxygenase; EDHF:endothelium-derived hyperpolarizing factor; FMD: flow-mediated 
dilatation; HFD: high fat diet-induced obesity; HypoxD: hypoxic dilatation; KIR: Inward rectifying K+ channel; PGI2 prostacyclin; PGIS:prostacyclin synthase; ROS: Reactive oxy-
gen species; SOD: superoxide dismutase; TXA2: Thromboxane A2; TP: TXA2:/prostagandin H2 receptor. 
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endothelial and vascular dysfunction [103,106,112,113] (re-
viewed in this monograph by Van der Voorde et al). 
 Hypoxia due to the lack of parallel increased blood sup-
ply to match augmented size of hypertrophied adipocytes is 
an essential factor underlying the proinflammatory changes 
in adipose tissue in obesity [106,114-116], as depicted by the 
lower partial O2 pressures measured in visceral adipose tis-
sue from obese humans and experimental animal models 
[114,115]. Hypoxia, which triggers infiltration of macro-
phages and other immune cells such as CD4+ and CD8+T 
cells [117], blunts the protective anticontractile properties of 
PVAT in obese individuals through increased release of in-
flammatory cytokines, enhanced oxidative stress and reduced 
adiponectin release and NO-mediated adiponectin vasodila-
tor effects [113,118]. 

3.1. Oxidative Stress 

 Despite several factors can compromise NO synthesis, 
which usually protects the vessel wall from molecular events 
that lead to atherosclerosis, a reduction in the amount of 
bioavailable NO due to oxidative stress is considered a main 
cause of endothelial dysfunction in obesity. NO produced by 
eNOS may be rapidly inactivated by reaction with superox-
ide anions (O2

-) to form peroxynitrite anion (OONO-) [119], 
a powerful oxidative and highly toxic radical that causes 
oxidative damage to DNA, proteins and lipids, eNOS uncou-
pling, augmented apoptosis and tissue injury and inflamma-
tion [120,121]. Enhanced peroxynitrite formation, as de-
picted from the high nitrotyrosine content in the arterial wall, 
has been demonstrated in arteries from obese animals 
[25,88,122,123] and augmented ROS production has consis-
tently been shown to induce endothelial dysfunction and to 
impair NO-mediated agonist- [25,28,34,47,50,52,55,122, 
124-126] and hypoxia- [46] induced vasodilatation in arteries 
from both genetic and diet-induced models of obesity. Ca-
loric restriction reversed ROS-induced endothelial dysfunc-
tion [125] and ROS scavengers restored NO-mediated re-
laxations [28,34,36,46,47,127,128]. 

 Oxidative stress also contributes to the impaired prosta-
noid-mediated arterial relaxations in obesity, as shown by the 
beneficial effects of ROS scavengers in the blunted hypoxic 
vasodilator responses involving prostacyclin [71] and con-
firmed by the attenuated production of PGI2 associated to the 
increased nitration of tyrosine residues of the prostacyclin 
synthase in skeletal muscle arterioles from OZR [71,129]. 
Peroxynitrite is able to inactivate PGI2 synthase through ty-
rosine nitration and increased mitochondria fatty acid oxida-
tion with the subsequent augmented superoxide have been 
shown to enhance tyrosine nitration and inactivation of PGI2 
synthase in the aortic endothelium of OZR [130]. 
 Nicotinamide adenine dinucleotide phosphate (NADPH) 
oxidase is a major source of vascular ROS generation in obe-
sity. Expression of NADPH oxidase- regulatory subunit p47-
phox and of the redox sensitive transcriptional factor NF -B 
was enhanced in endothelial cells and correlated with BMI, 
waist circumference and total body fat in obese individuals 
[92]. Augmented NADPH activity measured by serine phos-
phorylation of the p47-phox subunit in aorta [131] or by en-
hanced expression of NADPH oxidase subunits p22- and 
p40-phox in coronary arteries [37], Nox-4 in cerebral arteries 
[52] and Nox-1 subunit in aorta from OZR [106], Nox-1 in 
coronary arterioles from HFD fed mice [63], and p47- and 
p67-phox in coronary endothelium of pig fed a HF diet [25] 
was associated to enhanced vascular ROS production and 
endothelial dysfunction. Accordingly, treatment with the 
NADPH oxidase inhibitor apocynin diminished superoxide 
production and restored endothelium-dependent relaxations 
in arteries from obese animals [47,52,53,63,122,123,125, 
126,131,132]. Xanthine oxidase- derived endothelial ROS 
production, which is associated to endothelial dysfunction in 
hypercholesterolemia [133], has also been involved in vascu-
lar oxidative stress in obesity, and enzyme inhibitors mark-
edly reduced superoxide generation [126] and restored endo-
thelium-dependent relaxations [28] in arteries from obese 
animals fed a HF diet. 
 Augmented ROS production in response to high levels of 
lipids and cytokines activates the oxidative stress sensitive 

Table 2. Studies on the mechanisms of endothelial dysfunction in obesity involving ET-1  

Study  Dysfunction  Mechanism  Vascular bed/model  Reference  

ENDOTHELIN-1  

Clinical  vasoconstriction  ETA receptor activity  LegBF/Obese individuals  Mather et al., 2002 [85] 

Animal  ACh vasodilatation  ETA receptor activity  Carotid/HFD mice  Traupe et al., 2002 [69] 

Clinical  vasoconstricción  ETA receptor activity NO  LegBF/Obese individuals  Mather et al., 2004 [87] 

Clinical  vasoconstricción  ETA receptor activity  ForearmBF/Obese patiens  Cardillo et al., 2004 [86] 

Animal  vasoconstriction  ETB receptors activity NO  Coronary/OZR  Katakam et al., 2006 [91] 

Animal  ACh vasoconstricción  ETA expression  Aorta/ HFD mice  Mundy et al., 2007 [89] 

Clinical  vasoconstricción  ETA receptor activity  LegBF/Obese individuals  Yoon et al., 2008  

Animal  ACh vasodilatation  NO ONOO- NADPH oxidase ET-1  Aorta/HFHSD rat  Bourgoin et al., 2008 [88] 

Animal  ET-1 vasoconstriction  ETA ETB VSM receptor expression  Penile/OZR  Contreras et al., 2013 [90] 

ACh: acetylcholine; BF: blood flow; ET-1: endothelin 1; HFD: high fat diet-induced obesity; HFHSD high fat high sucrose diet-induced obesity; NO: nitric oxide; ONOO-: per-
oxynitrite; OZR: obese Zucker rat; VSM: vascular smooth muscle. 
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nuclear transcription factor NF-kB that directy up-regulates 
NADPH oxidase in endothelial cells of obese individuals 
[134] and regulates the expression of genes encoding adhe-
sion molecules, COX-2 and pro-inflammatory cytokines 
TNF , IL-6 and C reactive protein (CRP), which in turn may 
activate NADPH oxidase and ROS generation thus further 
impairing endothelial function [50,134,135]. Vascular activ-
ity of NF-kB associated to increased oxidative stress and 
endothelial dysfunction and to reduced expression of the NF-
kB inhibitor IkB , has been found in obese individuals [134] 
and HF diet-fed animals [50], and pharmacological inhibi-
tion of NF-kB activation with salicylate reduced oxidative 
stress in endothelial cells and restored flow-mediated dilata-
tion in obese subjects [134].  
 Augmented NADPH and xanthine oxidase-derived ROS 
can lead to eNOS uncoupling which further contributes to 
vascular oxidative stress and endothelial dysfunction. Per-
oxynitrite causes eNOS uncoupling by reducing cellular trans-
port of the eNOS substrate L-arginine, by oxidizing eNOS 
precursor BH4 and by triggering proteasome-dependent degra-
dation of the rate-limiting enzyme in BH4 synthesis GTP-
cyclohydrolase, by regulating the zinc-thiolate center of eNOS 
and by increasing AMPK-dependent Ser1179 eNOS phos-
phorylation that augments electron flow through the enzyme 
and its activity [136-138]. Uncoupled eNOS generates super-
oxide instead of NO that continues to alter cell signalling proc-
esses in endothelial and VSM cells. eNOS uncoupling has 
been demonstrated to underlie endothelial dysfunction in arter-
ies from mice fed a HF diet where relaxations to acetylcholine 
were improved by inhibition of NADPH oxidase, xanthine 
oxidase or by BH4 precursors [55,122,125], and enhanced 
ROS production was associated to increased eNOS phos-
phorylation but decreased dimer: monomer ratio of eNOS, 
indicative of enzyme uncoupling [122]. 
 Despite systemic oxidative stress was found to be mark-
edly increased, correlated with BMI and waist circumference 
and suggested to accumulate in fat in obese humans 
[139,140] and animal models of obesity [131], experimental 
studies have revealed no changes in systemic oxidative stress 
associated to abnormal endothelial function, suggesting that 
local vascular oxidative stress is a major determinant of en-
dothelial dysfunction in the earlier stages of obesity [25]. 
Accordingly, the relevant contribution of oxidative stress 
from PVAT to obesity-associated endothelial dysfunction 
has recently been unveiled. Enhanced NADPH activity and 
elevated ROS were associated with PVAT hypertrophy and 
inflammatory cell infiltration, increased vascular expression 
of adhesion molecules, chemoatractant protein MCP-1, in-
flammatory cytokines and decreased levels of adiponectin 
and superoxide dismutase (SOD) in PVAT from both large 
and small arteries of genetically obese mice [122]. Enhanced 
ROS production from this inflamed PVAT was furthermore 
associated with eNOS uncoupling [122] and with reduction 
of the anticontractile properties of PVAT [141]. Impaired 
adiponectin NO-mediated vasodilator properties of PVAT 
due to hypoxia, inflammatory damage and oxidative stress 
have also been found in arteries from obese patients where 
the loss of PVAT anticontractile function was rescued by 
free radical scavengers, SOD and catalase [113]. Recent 
studies have confirmed that mRNA expression of Ncf2, a 
gene that encodes the p67-phox subunit of NADPH oxidase 

is augmented along with increased expression of proinflam-
matory adipokines, MCP-1 and leptin in PVAT of diet-
induced obese mice and associated to enhanced formation of 
NADPH-derived superoxide and augmented vasoconstriction 
due to the reduction of anticontractile properties of PVAT 
[126]. The vasorelaxant effect of PVAT-derived hydrogen 
peroxide (H2O2) was changed into vasoconstriction in arter-
ies from obese patients [113] and mice [126] through oxida-
tive stress, and increased amounts of H2O2 produced by 
PVAT from obese animals were suggested to contribute to 
augmented ROS production through the ability of peroxide 
to activate NADPH oxidase and further generate superoxide 
[120,142].  

3.2. Lipotoxicity 

 Atherogenic dyslipidemia and overproduction of FFAs-
induced ROS is another mechanism underlying the associa-
tion between adipose tissue and endothelial dysfunction in 
obesity. Pathophysiological concentrations of FFAs impair 
endothelial function and blunt agonist- and flow-induced 
vasodilatation [143]. FFAs not only damage insulin signaling 
pathways causing IR [2,6,144-146], but also produce endo-
thelial dysfunction by inducing oxidative stress in part 
through activation of NADPH oxidase [131,143,147], by 
interfering with eNOS expression and activity through ROS-
induced abnormal Ca2+ signaling and blunted Ca2+-
calmodulin-dependent eNOS activation [148,149] and by 
promoting vascular cell proliferation and inflammation 
[149,150]. The mechanisms underlying FFAs-induced endo-
thelial dysfunction and eNOS inhibition involve activation of 
PKC and kinase IK  (IKK ) that regulates activation of the 
transcriptional patnhway I B- /NF- B [145,147,151].  
 Endothelial dysfunction and abnormal blood pressure 
following HF feeding has been ascribed to FFAs–induced 
impairment of eNOS phosphorylation [152]. Intermediate 
lipid metabolites resulting from FFAs accumulation have 
been involved in defective eNOS phosphorylation, blunted 
NO vascular production and endothelial dysfunction in obe-
sity. Thus, activation of protein kinase C (PKC)  in endothe-
lial cells and vascular tissue by increased levels of diacyl-
glycerol (DAG) inhibits Akt stimulation by insulin and 
VEGF thus causing endothelial dysfunction in obese rats fed 
a HF diet [153]. The sphingolipide ceramide derived from 
FFAs metabolism precipitates endothelial dysfunction by 
preventing phosphorylation of a pool of Akt that colocalizes 
with eNOS via Hsp90, thereby compromising full eNOS 
phosphorylation and NO production in HF diet-fed obese 
animals [154]. Lysophosphatidylcholine (LPC), a highly 
atherogenic product of lipid metabolism which increases 
endothelial permeability and impair endothelium-dependent 
and independent vasodilatation [155] has been found to be 
elevated and associated to endothelial dysfunction in ex-
perimental obesity [25]. 

3.3. Adipokines 

 Obesity and HF feeding up-regulate expression and in-
duce a substantial release of cytokines such as TNF , MCP-
1, IL-6 and IL-8 from adipose tissue and PAVT [112]. TNF  
levels are increased in the adipose tissue and plasma of obese 
individuals [156] and in addition to interfere with insulin 
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signaling in endothelial cells [146,157] and to up-regulate 
endothelial cell adhesion molecules [101], TNF  downregu-
lates expression of eNOS [158], inhibits PI3K-mediated flow 
induced phosphorylation of eNOS [157], directly activates 
NADPH oxidase increasing oxidative stress and stimulates 
lipolysis resulting in FFAs release [56], thus causing endo-
thelial dysfunction in humans [159] and blunted acetylcho-
line vasodilation in obese animals [37]. Recent studies dem-
onstrate that increased release of TNF  in visceral fat from 
obese humans is associated to blunted NO-mediated endo-
thelial relaxation due to enhanced NADPH-derived ROS 
production in the small arteries from fat, which suggests that 
impaired blood flow in adipose tissue might further contrib-
ute to hypoxia and inflammation [26]. IL-6 levels augment 
proportionally to adiposity and alter endothelial function 
through CRP-mediated NOS inhibition, AII-stimulated ROS 
production, enhanced expression of adhesion molecules and 
thrombus formation [101,105]. Furthermore, IL-6 enhances 
stability of the negative eNOS regulator caveolin-1 thus re-
ducing NOS activity and endothelial NO production [160]. 
 Leptin deficiency is associated with severe obesity and 
IR and obesity is considered a leptin-resistant state with high 
circulating levels of leptin [25,63,161]. Acute exposure to 
leptin stimulates NO production in endothelial cells through 
Akt-dependent eNOS phosphorylation [58,162], potentiates 
insulin-induced NO production [57] and evokes endothe-
lium-dependent vasodilatation [24]. Leptin also stimulates 
ET-1 release from endothelial cells [163]. Hyperleptinemia 
is associated with reduced plasma NO metabolites and coro-
nary endothelial dysfunction, i.e. “leptin resistance”, in ex-
perimental models of genetic [24] and diet-induced 
[25,63,164] obesity. Recent studies have demonstrated that 
leptin expression in PVAT is up-regulated by HF feeding 
and associated with blunted endothelium-dependent relaxa-
tions and exacerbated coronary endothelial dysfunction in 
obese animals [112,126,165]. Hyperleptinemia reduces in-
tracellular L-arginine and augments superoxide and per-
oxynitrite formation in endothelial cells resulting in eNOS 
uncoupling and endothelial dysfunction in obesity [166]. 
Furthermore, leptin has pro-inflammatory effects and stimu-
lates MCP-1 production through induction of mitochondrial 
ROS, plasma leptin levels being correlated with those of 
inflammatory markers [110,167]. 
 Resistin levels are increased in obesity [168] and this 
adypokine may also contribute to endothelial dysfunction by 
stimulating production of pro-inflammatory TNF , MCP-1 
and Il-6 through NF-kB, by inducing ET-1 release, by en-
hancing expression of adhesion molecules [101,105,110], by 
promoting proliferation and migration of endothelial cells 
[169] and by augmenting oxidative stress through increased 
NADPH oxidase activity [170] and through p38 MAPK and 
JNK-dependent impairment of the mitochondrial respiratory 
chain [171]. Resistin directly induces eNOS down-regulation 
and reduces NO production through overproduction of ROS 
[171] and blunts both endothelium-dependent and endothe-
lium-independent relaxations and also insulin signaling and 
eNOS phosphorylation in endothelial cells [155,172]. 
 Adiponectin derived from adipose tissue is a regulator of 
endothelial function that has protective cardiovascular ef-
fects in part through stimulation of NO production in endo-

thelial cells by AMPK-dependent phosphorylation of eNOS 
[59,173] and inhibition of FFAs-induced accumulation of 
ROS [174]. Furthermore, adiponectin inhibits inflammatory 
activation of the endothelium and monocyte adhesion [175]. 
Plasma adiponectin levels are reduced in obesity and associ-
ated cardiometabolic disorders [176,177], and a reduced ex-
pression of adiponectin along with blunted NO-mediated 
protective vascular effects of adiponectin due to hypoxia and 
inflammation has been found in PVAT from obese individu-
als and animals associated with endothelial dysfunction 
[112,113,122,126].  
 In addition to leptin, adiponeptin, TNF-  and IL-6, more 
recently identified adipokines that promote inflammation 
include IL-18, angiopoietin-like protein 2 (ANGPTL2), CC-
chemokine ligand 2 (CCL2), CXC-chemokine resistin [105], 
and some like adipocyte fatty acid binding protein (A-FABP) 
and lipocalin 2 that promote lipotoxicity in endothelial cells 
and cause endothelial dysfunction in obesity, and that have 
been discussed in more detail in recent extensive reviews 
[103,109,110]. 

4. OBESITY, IR AND ENDOTHELIAL DYSFUNC-
TION 

 Metabolic impairments in obesity often deteriorate in 
overt diabetes. Obesity, and in particular visceral obesity, is 
one of the main causes of IR, and endothelial dysfunction in 
obese individuals and animal models of obesity is influenced 
by the IR state per se independently of dysglycemia [9], and 
mediated by the reduced insulin-stimulated NO release 
[7,146,178]. During obesity induced by HF feeding, inflam-
mation and IR develop in the vasculature well before these 
responses are detected in muscle, liver or adipose tissue, 
suggesting that the vasculature is more susceptible than other 
tissues to the deleterious effects of nutrient overload [1]. 

4.1. Normal Insulin Signaling 

 Insulin regulates glucose homeostasis by promoting glu-
cose uptake by skeletal muscle and adipose tissue facilitating 
translocation of the glucose transporter 4 (GLUT-4) to the 
cell membrane and further activating downstream pathways of 
glucose metabolism, and also by regulating nutrient delivery 
to target tissues through actions on the microvasculature 
[146,179]. Upon binding to its receptor, insulin concomi-
tantly activates two intracellular signaling pathways, the 
PI3K/Akt pathway after phosphorylation of the insulin re-
ceptors substrate (IRS), responsible for the hormone anabolic 
actions and for eNOS phosphorylation and NO production in 
the vascular endothelium, and the proatherogenic Ras-Raf-
MAPK pathway involved in gene transcription, cell growth 
and differentiation, promoting the production of vasocon-
strictor ET-1 [146]. By stimulating endothelial NO-mediated 
vasodilatation and increased blood flow and also by inducing 
capillary recruitment and flow redistribution, insulin further 
enhances glucose up-take in skeletal muscle [180,181]. Un-
der physiological conditions, ET-1 actions produced by 
stimulation of the endothelium by insulin including expres-
sion of PAI-1 and cell adhesion molecules ICAM-1, VCAM-
1 and E-selectin in endothelial cells [182], are probably off-
set by NO production induced by the hormone [146,183]. 
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4.2. Vascular IR 

 IR is classically defined as a diminished sensitivity to 
metabolic actions of insulin and reduced glucose uptake by 
different tissues, although blunted sensitivity to the vascular 
actions of the hormone also contributes to the phenotype of 
the insulin resistant states [146,178,179]. IR is a typical fea-
ture of metabolic disorders like type 2 diabetes, obesity, glu-
cose intolerance and dyslipidemias, but it is also present in 
cardiovascular diseases such as hypertension, coronary artery 
disease and atherosclerosis, all of which are characterized by 
endothelial dysfunction [146,184]. Decreased sensitivity of 
resistance vessels to insulin-induced vasodilatation was first 
reported in obese individuals by Laasko et al. [185] and sug-
gested to contribute to IR by impairing insulin hemodynamic 
effects on blood blow and substrate delivery. Impaired endo-
thelium-dependent vasodilatation and capillary recruitment 
by insulin was later shown in obese individuals and type 2 
diabetes patients [7,11,21,186], and also in animal models of 
obesity associated IR, where the vascular NO-mediated res- 
ponses evoked by insulin were blunted [49,53,67,88, 
152,178]. Furthermore, recent in vivo evidence demonstrates 
that insulin signaling mediating transendothelial transport of 
insulin, which facilitates insulin delivery to and glucose up-
take by skeletal muscle [187], is impaired in experimental 
models of both genetic and diet-induced obesity [188], con-
sistent with the reduced delivery of insulin to insulin-
sensitive targets in obese individuals [189] and HF diet-
induced IR animals [190]. This extends the contribution of 
vascular IR to metabolic IR in obesity. 
 An essential feature of metabolic and vascular IR in obe-
sity is the selective alteration of the PI3K/Akt pathway, 
while the MAPK/ET-1 pathway remains intact or is height-
ened [49,146,179,188,191-193]. Since metabolic IR is ac-
companied by compensatory hyperinsulinemia to maintain 
glycaemia, to vascular level hyperinsulinemia should induce 
an imbalance between decreased PI3K insulin-dependent and 
non-affected MAPK insulin-dependent actions, favoring 
prohypertensive vascular MAPK-mediated actions of insulin 
increasing vasoconstriction, expression of adhesion mole-
cules and mytogenic actions [49,67,85,87,179,182]. Thus, in 
obese hypertensive patients, increased BMI is associated 
with enhanced ET-dependent vasoconstrictor activity, sug-
gesting that this abnormality plays a role in the pathophysio- 
logy of obesity-related hypertension [85]. 
 To molecular level, alterations at any level of the 
PI3K/Akt signaling pathway have been reported to impair 
endothelial effects of insulin. Insulin receptor knockout mice 
(IRKO) exhibit metabolic IR along with impaired insulin-
stimulated phosphorylation of eNOS resulting in blunted 
basal and insulin-induced production of endothelial NO 
[194]. In arteries from IR humans and rodent models of ge-
netic and diet-induced obesity, defective insulin pathway and 
impaired vascular actions of insulin have been found associ-
ated to blunted insulin-induced tyrosine phosphorylation of 
the IRS-1 and IRS-2 [191] or reduced expression/activity of 
IRS-2 [188], downstream reduced insulin-stimulated phos-
phorylation of Akt [1,153,191,195] and/or eNOS [1,152, 
153,195,196] and decreased expression of eNOS [1,152,153, 
195,196]. We have found preserved insulin-mediated vasore-
laxation along with up-regulation of the Akt/eNOS pathway 

and impairment of the MAPK cascade in coronary arteries 
from OZR, which suggests that coronary arteries are initially 
protected from vascular IR in this genetic model of obesity-
associated IR [54], and in contrast to that observed for skele-
tal muscle arterioles from the same animals [49]. 

Lipotoxicity as a Common Cause of IR and Endothelial 

Dysfunction: Inflammation and Oxidative Stress 

 Several factors have been involved in the injury of the 
insulin pathways that contribute to the development of IR. 
As discussed above, inflamed adipose tissue in obesity is a 
highly active endocrine organ secreting larger amounts of 
ROS, FFAs and inflammatory cytokines that have been 
shown to impair insulin signaling in endothelial cells 
[179,184,197]. Thus, constant exposure of the vasculature to 
abnormal higher levels of circulating FFAs in obesity may 
simultaneously cause IR in metabolic tissues and endothelial 
dysfunction in vascular tissues [144,146,198]. FFAs eleva-
tion impaired both glucose up-take and basal and insulin-
mediated NO production, vasodilatation and capillary re-
cruitment in human skeletal muscle [143,144]. Elevated lev-
els of intracellular lipid intermediates such as DAG and ce-
ramides resulting from FFAs metabolism, have been demon-
strated to interfere insulin signaling in endothelial cells caus-
ing IR through the same mechanisms that directly cause en-
dothelial dysfunction such as oxidative stress and inflamma-
tion [143,197]. Inflammatory cytokines like TNF  blunt in-
sulin induced IRS-1 tyrosine, PKB Ser473 and eNOS 
Ser1179 phosphorylation and NO production in endothelial 
cells [157] and insulin-evoked vasodilation and glucose up-
take in humans [159]. Exposure of endothelial cells to high 
concentrations of palmitate and high plasmatic levels of 
FFAs in HF-diet obese animals inhibit insulin-mediated ty-
rosine phosphorylation of IRS-1 and serine phosphorylation 
of Akt/eNOS and NO production [145,196], this inhibition 
being mediated by inflammatory mediators such as IK  
kinase (IKK ), a regulator of the transcriptional factor NF-
kB [145], and Toll-like-receptor (TLR)-4, a mediator of in-
nate immunity [196]. Recent studies demonstrate the in-
volvement of inflammatory mediators from PVAT in obe-
sity-associated vascular IR [199]. Thus, PVAT regulates 
insulin-induced vasoreactivity in skeletal muscle arterioles 
through secretion of vasorelaxant adiponectin and the subse-
quent activation of the AMPK 2 pathway, this effect being 
blunted by JNK from PVAT in obese mice [199]. 
 Augmented levels of lipid metabolites such as DAG en-
hance PKC activity thus impairing insulin-induced Akt 
phosphroylation and NO production in aorta from OZR, in-
sulin responses being normalized by selective inhibitors of 
PKC  [153]. Increased PKC  activity has also been shown 
to underlie endothelial IR induced by FFAs and to mediate 
insulin-induced vasoconstriction due to blunted Akt phos-
phorylation and enhanced ERK-MAPK phosphorylation 
upon exposure to high concentrations of palmitate [151]. 
Conversely, we have recently demonstrated that supraphysi-
ological concentrations of FFAs did not alter either endothe-
lium-dependent relaxations or Akt/eNOS serine phosphory-
lation by insulin, but reduced both basal and insulin-
stimulated ERK-MAPK activity in coronary arteries from 
healthy animals, which suggests that coronary arteries are 
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initially protected from FFAs-induced endothelial IR in 
obese animals [54]. 
 As discussed above, one potential mechanism linking 
high levels of FFAs/lipid intermediates and inflammation is 
oxidative stress that can be generated by both mitochondrial 
electron transport and by cytosolic NADPH oxidases. Lipid 
infusion increases FFAs levels along with the production of 
ROS and inflammatory markers, impairing flow-induced 
vasodilatation in humans [143]. FFAs can stimulate NADPH 
oxidase activity to produce ROS through the concomitant 
production of DAG and PKC activation in both VSM and 
endothelial cells [147]. Nox4-derived superoxide production 
has been involved in the palmitate-stimulated TLR4 activa-
tion to NF-  activity, IL-6 and ICAM expression in endo-
thelial cells, and HF feeding increased Nox4 vascular ex-
pression in wild but not in TLRA(-/-) mice [200]. Impor-
tantly, ROS and insulin are recognized as two key players in 
the pathogenesis of vascular dysfunction in IR states and 
insulin activation of NADPH oxidase and ROS production 
were shown to be augmented along with decreased NO 
bioavailability and blunted insulin-induced vasodilatation in 
coronary arteries from insulin resistant obese Zucker rats 
[53]. Furthermore, recent studies demonstrate that enhanced 
ROS production in response to insulin in cerebral arteries 
from hyperinsulinemic OZR impairs the synthesis of the 

NOS cofactor BH4 and of GTP-CH enzyme inducing NOS 
uncoupling and leading to a vicious cycle with further gen-
eration of ROS, blunted insulin-induced Akt and eNOS 
phosphorylation and enhanced PKC and ERK-MAPK activa-
tion which causes insulin impaired vasodilatation and endo-
thelial dysfunction [201]. Restoration of insulin sensitivity 
by genetic deletion of the insulin-desensitizing enzyme of 
the insulin signaling pathway, protein tyrosine phosphatase 
(PTP) 1B, restored endothelial function and lowered levels 
of oxidative stress through decreased expression of Nox 1 
and its molecular regulators Noxo1 and Noxa1 in obese 
leptin resistant db/db mice [202]. 

5. CONCLUDING REMARKS 

 Endothelial dysfunction is an early manifestation of vas-
cular dysfunction in obesity which precedes development of 
IR and cardiometabolic complications. The present review 
was an attempt to summarize the large body of experimental 
evidence providing insight into the key role of lipotoxicity, 
inflammation and oxidative stress to the compromised 
bioavailability of NO which emerges as a main cause of en-
dothelial dysfunction in obesity. Of relevance is the local 
contribution of inflamed PVAT along with visceral adipose 
tissue to the high levels of vascular oxidative stress and 
larger secretion of inflammatory adipokines that deteriorate 

 

Fig. (1). Vascular insulin resistance (IR) in obesity. In vascular endothelial cells, insulin activates two signaling pathway, the PI3K/Akt  
dependent pathway releasing vasodilator NO and the MAPK dependent proathrogenic pathway inducing ET 1 formation. Inflamed adipose 
tissue in obesity releases larger amounts of free faty acids (FFAs), intermediate lipid metabolites (diacylglycerol, DAG and ceramide) and 
inflammatory cytokines, and inhibits production of anti inflammatory adipokines like adiponectin. FFAs and lipid intermediates activate 
kinases like PKC , PKC  and IKK  that phosphorylate and blunt the insulin IRS/PI3K/Akt/eNOS pathway and stimulate ROS production. 
Inflammation increases reactive oxygen species (ROS) by NADPH oxidase induction, and oxidative stress in turn induces inflammatoy cyto-
kines production. FFAs induce mitochondrial dysfunction releasing large amount of ROS, resulting in greater amount of inflammatory mark-
ers, which not only inhibits insulin vasodilator pathway inducing IR but also stimulates the vasoconstrictor proatherogenic MAPK pathway. 
IR triggers compensatory hyperinsulinemia which further accentuates the imbalance between vasodilator and vasoconstrictor actions of insu-
lin. CRP: Reactive protein C; Kinases Ik : IKK ; Nuclear factor kappa B (NF kB); plasminogen activator inhibitor 1 (PAI 1); phosphoi-
nositide dependent kinase 1 (PDK); Toll like receptor (TLR).  
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NO pathways leading to endothelial dysfunction. Obesity is a 
main cause of IR, and the pathogenic factors that induce en-
dothelial dysfunction in the earlier stages of obesity further 
deteriorate insulin signaling in endothelial cells causing 
blunted nutritive blood flow and substrate delivery to the 
target tissues and thus contributing to metabolic IR.  

 Various clinical and experimental studies have proved 
the beneficial effects of exercise, weight loss and dietary 
interventions in restoring endothelial function in obesity, 
which suggests that effective educational programs should be 
combined with therapies aimed to reduce oxidative stress 
[134] and inflammation in order to prevent obesity-
associated cardiovascular and metabolic complications. In 
this regard, drugs like insulin sensitizers, statins and inhibi-
tors of RAAS, currently prescribed in other cardiovascular 
disorders, have been reported to improve endothelial func-
tion in obesity in part by restoring NO synthesis and reduc-
ing levels ROS and of inflammatory markers [82,124,203-
205] (reviewed in this monograph by Comerma-Steffensen 
et al). Since altered crosstalk between adipose tissue and 
arteries plays a key role in the pathogenesis of obesity and 
IR, pharmacological manipulation of adipose tissue neovas-
cularization by angiogenic modulators in order to regulate 
adipose tissue expansion represents a novel therapeutical 
option [206]. 
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LIST OF ABREVIATIONS 

AII  = Angiotensin II 

ACE  = Angiotensin converting enzyme 

AMPK  = AMP-activated kinase 

BMI  = Body mass index 

CaMKII  = Calmodulin-dependent kinase II 

COX  = Cyclooxygenase 

DAG  = Diacylglycerol 

ET-1  = Endothelin 1 

FFAs  = Free fatty acids 

HF  = High-fat 

IKK   = IK  kinase 

IGF-I  = Insulin like growth factor 

IRS  = Insulin receptor substrate 

IL-6  = Interleukine 6 

JNK  = c-Jun N-terminal kinase 

MAPK  = Mitogen activated protein kinase 

MPC-1  = Monocyte chemotactic protein-1 

NADPH  = Nicotinamide adenine dinucleotide phos-
phate 

Nox  = NADPH oxidase 

NF-kB  = Nuclear factor kappa B 

OZR  = Obese Zucker rats 

PVAT  = Perivascular fat 

PI = Phosphatidyl inositol 

PI3K  = Phosphatidyl inositol 3-kinase 

PGI2  = Prostacyclin 

PKA  = Protein kinase A 

PKC  = Protein kinase C 

PKG  = Protein kinase G 

ROS  = Reactive oxygen species 

TLR  = Toll-like-receptor 

TNF   = Tumor necrosis factor-  

VEGF  = Vascular endothelial growth factor 

VSM  = Vascular smooth muscle 
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