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Abstract
Atherosclerotic cardiovascular disease is a major health 
problem around the world. Obesity is a primary risk fac-
tor for atherosclerosis and is associated with increased 
morbidity and mortality of cardiovascular diseases. 
However, the precise molecular pathways underly-
ing this close association remain poorly understood. 
Adipokines are cytokines, chemokines and hormones 
secreted by adipose tissue that couple the regulation 
of lipid accumulation, inflammation, and atherogenesis, 
and therefore serve to link obesity with cardiovascular 
disorders. Obesity-related disorders including metabolic 
syndrome, diabetes, atherosclerosis, hypertension, and 
coronary artery disease are associated with dysregulat-
ed adipokine(s) expression. Recent studies demonstrate 
the proinflammatory effects as well as atherogenic 
properties of adipokines. Adipokines also participate in 
the regulation of endothelial function, which is an early 
event in atherosclerosis. By contrast, adiponectin, an 
adipocyte-derived hormone, exerts anti-inflammatory, 
anti-atherogenic and vascular protective effects. Fur-

thermore, there is an interactive association among adi-
pokines, by which adipokines reciprocally regulate each 
other’s expression. Understanding this interplay may 
reveal plausible mechanisms for treating atherosclerosis 
and coronary heart disease by modulating adipokine(s) 
expression. In this review, we discuss insights into the 
role and the therapeutic potential of adipokines as me-
diators of atherosclerosis.
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INTRODUCTION
Obesity is becoming pandemic[1]. Obesity and overweight 
conditions pose a major risk for a number of  comorbidi-
ties including atherosclerotic diseases. The increasing 
prevalence of  obesity, and recognition of  the role of  ab-
dominal adiposity, has again focused attention on the rela-
tionship of  obesity to atherosclerosis and coronary heart 
diseases[2].

Although the association of  obesity with atheroscle-
rotic diseases has been widely reported[3], mechanisms 
that describe how excess fat causes impairment of  vas-
cular function and atherosclerosis formation have not yet 
been fully elucidated. Recent advances in obesity research 
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strongly indicate that adipose tissue is an active endocrine 
organ that secretes multiple bioactive factors categorized 
as adipokines[4,5]. The adipokines include a large number 
of  cytokines [e.g. tumor necrosis factor (TNF)-α and 
interleukin (IL)-6], chemokines [e.g. IL-8 and monocyte 
chemoattractant protein (MCP)-1] and hormones (e.g. 
leptin, resistin and adiponectin)[6-8]. This review focuses on 
the contribution of  excess adipose tissue to the major un-
derlying cause of  cardiovascular death, atherosclerosis and 
the evidence regarding potential mechanisms by which ex-
cess adipose tissue and the dysregulated adipokine expres-
sion profile could adversely affect the vessel wall.

OBESITY AND ATHEROSCLEROSIS
Atherosclerosis is characterized by the progressive deposi-
tion of  fatty substances, cholesterol, etc. (called plaques) in 
the intima and contributes to many cardiovascular diseas-
es. Plaques can rupture and lead to formation of  a blood 
clot, which can cause fatal complications, such as heart at-
tack or stroke. The classical perception of  atherosclerosis 
merely as a cholesterol storage disease has been replaced 
by the notion that inflammatory processes regulate all 
stages of  athrosclerosis[9]. Obesity is an independent risk 
factor for the development of  coronary artery atheroscle-
rosis[3]. The fact that the prevalence of  obesity is increas-
ing among youth as well as adults, highlights the necessity 
for closely examining the association of  obesity with ath-
erosclerosis and the prevention of  obesity[2]. Abdominal 
adiposity in particular is a major factor associated with 
accelerated progression of  atherosclerosis, which empha-
sizes the need to develop strategies to avoid abdominal 
obesity and prevent atherosclerotic diseases[10].

There are a number of  mechanisms by which obesity 
can adversely affect the vasculature and thereby increase 
cardiovascular mortality. Obesity has various consequenc-
es known to accelerate atherosclerosis, including hyperten-
sion, diabetes, and dyslipidemia[11]. Adipokines released by 
adipose tissue can target distant organs, such as liver, skel-
etal muscle and hypothalamus. These adipokines impact 
the atherogenic environment of  the vessel wall through 
metabolic changes, such as hyperlipidemia, hyperglycemia 
and insulin resistance. Moreover, systemic inflammation 
attributed to proinflammatory adipokines produced by 
inflamed adipose tissue serve as an important factor con-
tributing to the adverse effects of  adiposity on the vascu-
lature[12]. Visceral adipose tissue, with its favored access to 
the portal circulation, could be particularly important in 
this pathway. In addition to the systemic effects, perivas-
cular adipose tissue exhibiting a proinflammatory pheno-
type may exert paracrine effects and promote inflamma-
tory cell infiltration into the vascular wall, thereby exerting 
local effects[13]. In addition to proinflammatory effects and 
atherogenic properties, the most abundant adipocyte pro-
tein, adiponectin, has potent anti-inflammatory as well as 
anti-atherogenic effects[14]. Those adipose-derived factors 
influence gene expression and cell function in endothelial 
cells, arterial smooth muscle cells, and monocytes/macro-

phages, which represent the major cell types of  the artery 
wall and are major components for defending vessel wall 
homeostasis. 

Therefore, adipokines may provide a link between adi-
pose tissue lipid accumulation and atherosclerotic plaque 
formation, as well as the crosstalk between perivascular 
adipose and blood vessels in the regulation of  atheroscle-
rotic disease[13] (Figure 1).

THE PROINFLAMMATORY CAPACITY OF 
ADIPOSE TISSUE
Obesity is associated with a chronic low-grade inflamma-
tory condition in adipose tissue[15]. During obesity, adipose 
tissue is infiltrated by macrophages and displays secretion 
of  proinflammatory cytokines[16,17]. Very recently, T cells 
have also been detected in adipose tissue with increased 
infiltration in obesity[18-20], suggesting the potential role of  
adaptive immunity in obesity-related inflammation. Mean-
while, chemokines expressed in obese adipose tissue likely 
mediate the recruitment of  these cells[21], supporting the 
view of  the existence of  feedback regulation in perpetu-
ating inflammatory status. Although it remains unclear 
which inflammatory cell types play predominant roles in 
the regulation of  adipose inflammation, it is widely ac-
cepted that adipose inflammation, especially visceral adi-
pose inflammation, increases vascular risk of  disease due 
to secretion of  adipokines by cellular constituents of  the 
adipose tissue[22]. Atherosclerotic mice exhibit increased 
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Figure 1  Increased adiposity (obesity) is associated with dysregulated adi-
pokine production, which is characterized by decrease in anti-inflammatory/
atheroprotective adipokines (adiponectin) and increase in proinflammatory/
atherogenic adipokines [resistin, tumor necrosis factor (TNF)-α, interleukin 
(IL)-6, macrophage chemoattractant protein (MCP)-1, etc.]. Those adipokines 
participate in the regulation of endothelial function, vascular inflammation and 
plaque formation, which contribute to the inception and progression of atheroscle-
rosis.



inflammation in periadventitial and visceral adipose tis-
sue[23]. The transplanted fat depots revealed chronically in-
creased macrophage infiltration with characteristics identi-
cal to those observed in fat harvested from obese animals. 
Interestingly, by transplanting epididymal fat depots into 
atherosclerosis-prone apolipoprotein E knockout (ApoE 
KO) mice, plasma levels of  leptin, resistin, and MCP-1 
were increased. Mice transplanted with visceral fat devel-
oped significantly more atherosclerosis compared with 
sham-operated animals. The above results further support 
the idea that adipose inflammation contributes to athero-
sclerosis formation[24]. 

The cellular source of  adipokines released by adipose 
are examined in several studies. Leptin and adiponectin 
are predominantly produced by adipocytes in adipose and 
are released to the blood as hormones[25]. Over 90% of  
the adipokines released by adipose tissue, except for adi-
ponectin and leptin, could be attributed to nonfat cells[25]. 
The location of  adipose depots also affects the produc-
tion and release of  adipokines. Visceral adipose tissue 
released greater amounts of  vascular endothelial growth 
factor, IL-6, and plasminogen activator inhibitor 1 com-
pared with abdominal subcutaneous adipose tissue[25].

Therefore, the proinflammatory properties may serve 
as the molecular basis for linking obesity with cardio-
vascular disorders. Knowledge of  how alterations in the 
endocrine function of  adipose tissue occur may help to 
identify mechanisms underlying the high cardiovascular 
risk associated with obesity[26]. 

ROLE OF ADIPOKINES IN 
ENDOTHELIAL DYSFUNCTION DURING 
ATHEROSCLEROSIS
Endothelial dysfunction is a key early event in the develop-
ment of  atherosclerosis[27,28], which can be detected before 

structural changes to the vessel wall are apparent using an-
giography or ultrasound. Atherosclerotic endothelial dys-
function, particularly in the early disease stages, is primarily 
due to dysregulation of  endothelial nitric oxide synthase 
(eNOS) enzymatic activity and inactivation of  nitric oxide 
(NO) through oxidative stress[29]. Reduced bioavailability 
of  NO is involved in the initiation, progression and com-
plications of  atherosclerosis[30,31]. NO opposes the effects 
of  endothelium-derived vasoconstrictors and inhibits oxi-
dation of  low-density lipoprotein (LDL)[30]. Thus, reduced 
NO bioavailability leads to endothelial dysfunction[30].

Recent studies by our and other groups suggest adi-
pokines play a role in regulating atherosclerotic endothe-
lial function by mediating NO production and oxidative 
stress. Adiponectin induces eNOS activation and NO 
production in endothelial cells[32]. Adiponectin reduces re-
active oxygen species (ROS) production as well as improv-
ing endothelial function in aortas of  ApoE KO mice[33]. 
Adiponectin deficiency increases leukocyte-endothelium 
interactions via upregulation of  endothelial cell adhesion 
molecules in vivo. The protective role of  globular adipo-

nectin in inhibiting leukocyte-endothelium adhesion was 
abolished by the blockade of  eNOS with N(omega)-nitro-
L-arginine methyl ester[34]. TNF-α (TNF-α plays an im-
portant role in both atherogenesis and vascular dysfunc-
tion. Inhibition of  TNF-α reduces atherosclerosis[35] and 
improves endothelial function in ApoE KO mice (unpub-
lished data). Aortic ROS formation and nuclear factor-
κB (NF-κB) expression were higher in aortas of  ApoE 
KO mice compared with control mice[33]. Genetic deletion 
of  TNF-α reduced aortic superoxide production and 
improved NO availability[36]. Thus, vascular inflammation 
and oxidative stress may contribute to TNF-α-induced 
endothelial dysfunction.

Thus, maintaining endothelial health is important in 
preventing atherosclerotic diseases. The role of  adipokines 
in atherosclerotic endothelial dysfunction warrants further 
attention.

ROLE OF ADIPOKINES IN ATHEROGENESIS
Some adipokines are atherogenic while others have ath-
eroprotective effects. 

Adiponectin exerts atheroprotective effects. In in vitro 
studies, adiponectin inhibited TNF-α-induced increase in 
endothelial expression of  intercellular adhesion molecule-1 
(ICAM-1), vascular cell adhesion molecule-1 (VCAM-1), 
and E-selection[37]. Adiponectin also suppresses vascular 
smooth muscle cell proliferation[38], as well as macrophage 
to foam cell transformation[39]. Adiponectin reduces lipid 
accumulation in macrophage foam cells[40] and prevents 
atherosclerosis by increasing cholesterol efflux from 
macrophages[41]. In vivo studies further demonstrated that 
apolipoprotein E/adiponectin double-deficient mice had 
increased plasma IP-10 levels, accelerated T-lymphocyte 

accumulation in atheromata, and augmented atherogenesis 
compared with ApoE single-deficient mice. Indeed, adi-
ponectin inhibits the production of  CXC Receptor 3 che-
mokine ligands in macrophages and reduces T-lymphocyte 
recruitment in atherogenesis[42]. Adiponectin prevents 
adventitial fibroblasts from proliferating, transforming to 
myofibroblasts, and migrating to the intima, thus worsen-
ing atherosclerosis[43]. Macrophage adiponectin transgenic 
mice exhibited reduced macrophage foam cell formation in 
the arterial wall when these transgenic mice were crossed 
with a LDL receptor knockout (ldlr-/-) mouse model and 
were fed a high-fat diet[44]. A previous study suggested that 
an adenovirus-mediated increase in plasma adiponectin 
significantly suppressed the progression of  atheroscle-
rotic lesions in aortic sinus by 30% in ApoE KO mice[45]. 
Globular adiponectin also showed effects on amelioration 
of  atherosclerosis, which was associated with decreased ex-
pression of  class A scavenger receptor and TNF[46]. Thus, 
adiponectin modulates multiple pathways to impact the 
development of  atherosclerosis.

There is some discrepancy regarding the role of  leptin 
in atherogenesis. One study suggested that leptin treat-
ment of  ApoE KO mice did not affect lesion size and 
surface area occupied by atherosclerotic lesions, but did 
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increase lesion calcification and the expression of  the 
osteoblast-specific markers, osteocalcin and osteopontin. 
Thus, leptin may increase cardiovascular risk by promot-
ing osteogenic differentiation and vascular calcification[47]. 
Another study showed that recombinant leptin treatment 
resulted in an increase in atherosclerosis (lesion surface 
coverage) and a shortened time to occlusive thrombosis 
after vascular injury, which promotes atherosclerosis and 
thrombosis in ApoE KO mice[48]. Leptin deficient hyper-
lipidemic mice (ob/ob; ApoE KO mice) developed sig-
nificantly less atherosclerosis than ApoE KO mice, when 
fed an atherogenic diet for 16 wk from 8 wk of  age. His-
tological analysis revealed that most of  the atherosclerotic 
lesions in leptin deficient ApoE KO mice remained as 
fatty streaks, while those in ApoE KO mice were mainly 
fibrous plaques[49]. Leptin-deficiency (ob/ob) in LDL re-
ceptor deficient mice induces an unexpected 2.2- to 6-fold 
reduction in atherosclerotic lesion development[50]. The 
above findings support the notion that leptin accelerates 
atherosclerosis. However, one previous study reported 
that leptin deficiency in atherosclerosis-susceptible LDL 
receptor knockout or ApoE knockout background result-
ed in the development of  larger atherosclerotic lesions[51], 
suggesting a protective role for leptin in atherosclerosis. 
These results identify a critical role for the leptin/leptin 
receptor pathway in the modulation of  atherogenesis, and 
further studies are needed before drawing conclusions. 
Resistin is a cardiovascular and atherosclerotic risk fac-
tor[52]. Resistin is a 12.5 kDa protein originally found to be 
secreted by mouse adipocytes[53]. Whereas in rodents the 
adipocyte is the major source of  resistin, in humans resis-
tin is mainly expressed in macrophages[54]. Resistin protein 
is present in both murine and human atherosclerotic le-
sions. ApoE KO mice had significantly higher resistin 
mRNA and protein levels in their aortas, and elevated 
serum resistin levels. Incubation of  murine aortic endo-
thelial cells with recombinant resistin increased MCP-1 
and soluble VCAM-1 protein levels in the conditioned 
medium, suggesting a possible mechanism where resistin 
contributes to atherosclerotic diseas[55].

TNF-α also plays an important role in atherosclero-
sis[56]. TNF-α has been detected in atherosclerotic lesions 
throughout all stages of  human atherosclerosis[57,58], and 
was found to be associated with atherosclerosis in mouse 
models[35,59]. Mice deficient in both ApoE and TNF-α 
showed less advanced atherosclerosis than ApoE KO 
mice[60]. mRNA levels of  pro-atherosclerotic factors, i.e. 
IL-1β, interferon-γ, ICAM-1, VCAM-1, MCP-1, GM-
CSF and NF-κB (p65) were significantly downregulated 
in ApoE and TNF-α double-knockout mice[60]. Lectin-
like oxidized LDL receptor-1 (LOX-1) is an important 
mediator of  atherogenesis. TNF-α-induced increase in 
LOX-1 expression was demonstrated in various cell types, 
including endothelial cells, macrophages, vascular smooth 
muscle cells, etc[61-63]. 

IL-6 contributes to both atherosclerotic plaque de-
velopment and plaque destabilization via a variety of  
mechanisms[64], which involve the release of  other pro-
inflammatory cytokines and prothrombotic mediators, 

oxidation of  lipoproteins by phospholipases, stimulation 
of  acute phase protein secretion, and the activation of  
matrix metalloproteinases[64].

MCP-1 plays a key role in monocyte/macrophage in-
filtration to the sub-endothelial space of  the blood vessel 
wall, which is a crucial initial step in atherosclerosis[65]. 
Anti-MCP-1 gene therapy inhibits vascular smooth muscle 
cell proliferation[66], suggesting it has atheroprotective po-
tential. 

In summary, adiponectin is anti-atherogenic, but re-
sistin, TNF-α, IL-6 and MCP-1, etc. exert atherogenic 
effects through profound mechanisms. The role of  leptin 
in atherogenesis remains to be controversial. The role of  
various adipokines in the pathogenesis of  atherosclerosis 
and the therapeutic potential of  modulating adipokine ex-
pression warrants further investigation (Figure 1).

ADIPOKINES INTERPLAY
Reciprocal regulation may occur among adipokines. 
Transgenic mice that specifically express the gene coding 
for human adiponectin in mouse macrophages exhibit 
enhanced whole-body glucose tolerance and insulin sen-
sitivity with reduced MCP-1 and TNF-α levels both in 
macrophages and serum[44]. Visfatin (pre-B cell colony-
enhancing factor) has recently been identified as a new 
adipocytokine affecting insulin resistance[67]. Visfatin treat-
ment increased the level of  circulating IL-6 without affect-
ing that of  TNF[68]. In addition to systemic effects, adipo-
kines showed interactive regulation in various cell types. 
Both full length and globular adiponectin attenuated IL-6 
and MCP-1 production from inflamed adipocytes[69]. IL-
1β promotes the expression of  MCP-1 in human aortic 
smooth muscle cells via the NF-κB signaling pathway[70]. 
Thus, the interplay among adipokines may be an impor-
tant contributor in the pathogenesis of  atherogenesis 
(Figure 2).

FUTURE PERSPECTIVES
A strong correlation is observed between obesity and 
atherosclerosis. However, the existence and nature of  a 
communication/linkage between adipose tissue-derived 
factors and pathogenesis of  atherosclerosis warrants fur-
ther investigation. Future studies may better elucidate the 
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Figure 2  An heuristic diagram positing the interplay of adipokines. Visfatin 
treatment increased the level of interleukin (IL)-6 in circulation. Adiponectin re-
duced the production of IL-6 and macrophage chemoattractant protein (MCP)-1 
by inflamed adipocytes. IL-1β increased the expression of MCP-1 in aortic 
smooth muscle cells. Thus, the interplay among adipokines may significantly 
affect the pathogenesis of atherogenesis.
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mechanisms of  this communication by delving into these 
aspects: (1) Direct and specific evidence is needed to de-
termine if/how adipose communicates with vasculature 
through adipose proinflammatory cells and/or various 
adipose-derived cytokines, hormones and lipid signals; 
(2) The role of  adipose, as an endocrine organ, results in 
altered levels of  systemic regulators of  chronic inflam-
mation and energy metabolism. Therefore, the metabolic 
parameters associated with adipose dysfunction may indi-
rectly affect the vascular tissues. Thus, studies are needed 
to examine the local pathogenic effects of  perivascular 
fat vs. the systemic effects of  obesity-induced metabolic 
changes in the pathophysiology of  atherosclerosis; (3) In-
vestigate using animal models relevant to atherosclerosis 
in human beings; and (4) If  obesity is rescued, can that 
rescue atherosclerosis?

Of  particular importance is the need to identify novel 
adipokines that play crucial roles in atherogenesis or exert 
atheroprotective effects and to improve the translation of  
the exciting scientific results to patients.

CONCLUSION
Obesity, especially visceral obesity, is associated with dys-
lipidemia, impaired glucose metabolism, and hypertension, 
all of  which exacerbate atherosclerosis. One plausible 
mechanism involves adipokines, produced by adipose 
tissue in obesity that can directly impact the atherogenic 
environment of  the vessel wall by regulating gene expres-
sion and function in endothelial, arterial smooth muscle, 
and macrophage cells, etc. Thus, this review explores the 
connection between adipose and atherosclerosis with par-
ticular emphasis on the role of  adipokines as mediators in 
the development of  atherosclerosis. We suggest that the 
proinflammatory capacity of  adipose tissue provides new 
insights in the pathophysiology of  atherosclerosis.
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