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Abstract:

During the last decade, white adipose tissue was recognized to be an active endocrine organ and a source of many proinflammatory

cytokines, chemokines, growth factors and complement proteins. Many of these adipokines seem to play an important role in the

pathogenesis of obesity-related diseases including accelerated atherosclerosis, arterial hypertension and some glomerulopathies. As

endothelial dysfunction is one of the early stages of atherosclerosis, it is reasonable to consider that substances secreted by adipose

tissue may influence directly or indirectly (for instance by induction of microinflammation) the function of endothelial cells.

The aim of this review is to summarize the evidences and hypotheses concerning the role of adipokines in the pathogenesis of

endothelial dysfunction.
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Abbreviations: ADRF – adipocyte-derived relaxing factor,

FFA – free fatty acids, ICAM-1 – intercellular adhesion

molecule-1, IL-6 – interleukin-6, MCP-1 – macrophage chemoat-

tractive protein-1, M-CSF – macrophage colony stimulating fac-

tor, NO – nitric oxide, PAI-1 – plasminogen activator inhibitor-1,

TIMP-1 – tissue inhibitor of metalloproteinase-1, TNF-� – tumor

necrosis factor-�, VCAM-1 – vascular cell adhesion molecule-1

Introduction

For centuries obesity was regarded as a sign of health

and well-being. However, the epidemiologic studies

performed in the second half of last century signifi-

cantly changed our views. Obesity was than recog-

nized as a predisposition to a variety of chronic dis-

eases, including: atherosclerosis, arterial hyperten-

sion, glomerulopathies with proteinuria, diabetes

mellitus, osteoarthritis, cancers and in consequence,

to shorter life expectancy.

Obesity, especially the visceral one, is the major

risk factor of premature cardiovascular, cerebrovascu-

lar and peripheral vascular diseases. As endothelial

dysfunction is one of the early stages of atherosclero-

sis, it is reasonable to consider that adiposity and sub-

stances secreted by white adipose tissue may influence

directly or indirectly function of the endothelial cells.

In the last decade, adipose tissue was recognized to

be an active endocrine organ and an important source

of several proinflammatory cytokines, chemokines,

growth factors and complement proteins [8, 25]. Many

of them influence function of the endothelial cells and

the atherosclerosis process directly. An incomplete list

of such adipokines is provided in Table 1.

Adipose tissue is not a homogenous organ. It con-

sists of a variety of different cell types: adipocytes,

preadipocytes, stromal/vascular cells and macro-
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phages [67] (Tab. 2). Each of these cells presents its

own secretion profile and specific regulation. Obesity

is related not only to the increased number and size of

adipocytes [10] but also to infiltration of adipose tis-

sue by macrophages [65].

There are also some important differences in the

production of adipokines between visceral and pe-

ripheral fat tissue. For example visceral fat tissue

shows higher activity in secretion of adiponectin,

angiotensinogen, plasminogen activator inhibitor-1

(PAI-1), interleukin (IL-6) [16].

Periadventitial adipose tissue was suggested to play

a role in the regulation of arterial tone and also in

pathogenesis of atherosclerosis. Soltis and Cassis [60]

have demonstrated that periadventitial tissue, if not

removed, attenuates responsiveness of rat aortic rings

to norepinephrine. This vasorelaxation was induced

by adipocyte-derived relaxing factor (ADRF) [22].

The nature of ADRF is still unknown. It activates

voltage-dependent potassium channels that hyperpo-

larize the membrane of smooth muscle cells [22].

It is important to stress that knowledge concerning

the adiposity-related mechanisms devastating the car-

diovascular system may help to design new drugs for

prevention and treatment of the metabolic syndrome.

A short overview focused on adipokines and endothe-

lial dysfunction is provided below (Tab. 3).

Leptin

Leptin is a protein predominantly produced by adipo-

cytes [72]. First, leptin was believed to be a satiety

hormone involved in the regulation of appetite [72].

A few years later, leptin appeared to be mostly

a marker of nutrition, unable to decrease food intake

even in markedly obese humans with its extremely

high plasma levels. As suggested by Flier [19], low

plasma leptin concentration should be regarded to be

a ‘starvation signal’, decreasing the energy expendi-

ture and stimulating the search for food in food de-
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Acylation stimulating protein

Adiponectin

Agouti signaling protein

Angiotensin II

Apelin

Complement factor D (adipsin)

Heparin binding – epidermal growth factor

Hepatocyte growth factor (HGF)

Insulin growth factor-1

Interleukin-1�

Interleukin-6

Interleukin-8

Interleukin-10

Leptin

Migration inhibitory factor (MIF)

Monocyte chemoattractant protein-1 (MCP-1)

Nerve growth factor

Nitric oxide (NO)

Plasminogen activator inhibitor-1 (PAI-1)

Prostacyclin

Prostaglandin E� (PGE�)

Renin

Resistin

Tissue factor

Tumor necrosis factor-� (TNF-�)

Vascular endothelial growth factor (VEGF)

Visfatin
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Adipocytes Tissue matrix

Prostaglandin E� +/– +++

Prostacyclin +/– +++

Adiponectin +++ +

Leptin +++ –

Resistin +/– +++

Interleukin 8 + +++

Interleukin 6 +/– +++

Interleukin 10 +/– +++

Interleukin 1� +/– +++

Tumor necrosis factor-� (TNF-�) +/– +++

Plasminogen activator inhibitor 1
(PAI-1)

++ +++

Hepatocyte growth factor (HGF) +/– +++

Vascular epithelial growth factor
(VEGF)

+/– +++

Angiotensin II + +++

Visfatin +/– +++



prived rodents [27, 45]. Similarly, only in obese chil-

dren with inactivating mutations of both leptin alleles,

parenteral substitution of this peptide decreases appe-

tite with a subsequent reduction of body mass [22].

Leptin receptors were identified in peripheral tissues

including endothelial cells, platelets and monocytes

/macrophages [38, 71]. These receptors may poten-

tially mediate the direct vascular injury and deteriora-

tive impact of adipose tissue on the cardiovascular sys-

tem in obese humans, beyond the stimulation of the

sympathetic nervous system via leptin receptors lo-

cated in the brainstem [55].

Initially, Lembo et al. have reported that leptin in-

duces vasorelaxation of phenylephrine-preconstricted

aortic rings with intact endothelial layer [34]. Zanetti

et al. similarly demonstrated that leptin improved

acetylcholine-induced nitric oxide (NO)-mediated re-

laxation of the rat aorta [70]. Further contributions

brought some controversies. Knudson et al. have

demonstrated that although leptin per se had no effect

on coronary blood flow in dogs, it impaired vasodila-

tory response to acetylcholine [32]. In addition, in

young healthy humans higher plasma concentration of

leptin was associated with attenuated adenosine-

induced coronary blood flow [62].

There is also an indirect evidence that high plasma

leptin concentration may promote atherosclerosis. It

was shown that leptin-deficient mice were protected

from development of atherosclerosis despite the con-

tribution of all the other metabolic factors accelerat-

ing this vascular disease [24]. The mechanism of this

protection is far from being understood. The pro-

longed stimulation of the immune system seems to be

one of the potential mechanisms since leptin may

stimulate both proliferation and differentiation of he-

mopoietic cells, including T cells [35]. Moreover it was

recently shown that leptin treatment promoted throm-

bus formation in apolipoprotein E-deficient mice [4].

Adiponectin

Adiponectin is a protein hormone secreted almost ex-

clusively by adipocytes that exhibits antiatherogenic

and insulin-sensitizing properties (for review [28]). In

contrast to leptin, its concentration is lower in obese

than in non-obese subjects [3]. Lower adiponectin

concentrations were found in patients with coronary

artery disease, diabetes mellitus type 2 and essential

hypertension [1, 12, 26]. Adiponectin shows struc-

tural homology to collagen VIII, X and complement

factor C1q [69]. Adiponectin can occur as a full-

length molecule (almost all) or a smaller globular C-

terminal domain fragment [28, 54]. In the circulation,

adiponectin forms a wide range of multimers: from

trimers (low molecular weight – LMW), hexamers

(medium molecular weight – MMW) to dodecamres
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Endothelial cell dysfuntion Atherosclerosis

Leptin Increased NO-induced vasorelaxation Stimulation of thrombus formation

Adiponectin Decreased expression of adhesion molecules

Stimulation of NO-induced vasorelaxation

Inhibition of transformation of macrophages to foamy cells

Stabilization of atherosclerotic plaques (TIMP-1)

IL-6 Stimulation of CRP synthesis in the liver

(CRP decreases NO production in endothelial cells)

Stimulation of monocytes/macrophages infiltration of atherosclerotic
plaque

Destabilization of atherosclerotic plaque (matrix metalloproteinases)

Reduction of lipid accumulation in atherosclerotic plaque

TNF-� Increased expression of adhesion molecules

Increased expression of MCP-1 and M-CSF

Stimulation of oxidized LDL uptake by macrophages (scavenger
receptors)

Stimulation of proinflammatory cytokines release by
monocytes/macrophages

Destabilization of atherosclerotic plaque (matrix metalloproteinases)

PAI-1 – Inhibition of fibrin clots breakdown

Angiotensin II Vasoconstriction

Increased expression of adhesion molecules, MCP-1
and M-CSF

Stimulation of intimal infiltration by monocytes

Stimulation of migration and proliferation of smooth muscles cells



or 18-mers (high molecular weight – HMW) [28]. It

was shown that HMW was an active form of adipo-

nectin improving insulin-sensitivity [18, 51].

Adiponectin receptors have been found in skeletal

muscle, liver and endothelial cells [68]. Ouchi et al.

found that endothelium-dependent vasorelaxation was

impaired in subjects with low plasma adiponectin

concentration [50]. According to Chen et al., this

endothelium-dependent mechanism entails the stimu-

lation of nitric oxide production by adiponectin [7].

Adiponectin also decreases expression of adhesion

molecules (VCAM-1; ICAM-1, E-selectin) in endo-

thelial cells in response to inflammatory stimuli, such

as tumor necrosis factor-� (TNF-�) [46] and finally

attenuates neointimal proliferation [39]. Thus, it has

been suggested that low plasma adiponectin concen-

tration might be an important mechanism linking obe-

sity with hypertension and atherosclerosis. The antia-

therogenic effect of adiponectin was confirmed in

ApoE-deficient mice, a well-known model of sponta-

neous atherosclerosis [43].

The antiatherogenic properties of adiponectin in-

clude also endothelium-independent mechanisms.

Adiponectin suppresses production of cytokines, like

TNF-�, by macrophages [48], suppresses accumula-

tion of lipids in monocyte-derived macrophages and

inhibits transformation of macrophages into foam

cells [47]. It also inhibits cell proliferation stimulated

by oxidized low density lipoprotein (LDL) [41].

Moreover, adiponectin participates in the stabilization

of atherosclerotic plaques by increasing expression of

tissue inhibitor of metalloproteinase-1 (TIMP-1) in in-

filtrating macrophages [33]. Low plasma adiponectin

concentration is now recognized to be a new potential

risk factor of cardiovascular morbidity [12, 42].

The experimental studies indicate that inflammatory

processes may modulate adiponectin secretion. TNF-�

and IL-6 inhibit adiponectin gene expression in cultured

adipocytes [17, 29]. In general population, an inverse re-

lationship was found between plasma concentrations of

adiponectin and C-reactive protein (CRP) [14, 49].

Interleukin-6 (IL-6)

IL-6 is one of the main proinflammatory mediator pri-

marily secreted by the immune system cells [15].

However, 20–30% of this cytokine in the circulation

is produced by the adipose tissue [40]. In obese sub-

jects with high waist-to-hip ratio, the participation is

even greater [40]. In was also shown that omental adi-

pose tissue released 2–3 times more IL-6 than subcu-

taneous tissue [20].

The expression of IL-6 gene is related to the adipose

cell size [61] and its plasma concentration increases

postprandially [44]. Moreover, several studies docu-

mented the positive relationship between body mass

index (BMI) and plasma IL-6 concentrations [37, 52].

In the liver, IL-6 stimulates synthesis of acute-

phase response proteins including CRP, fibrinogen,

serum amyloid-A and � -1 antichymotrypsine [73]. It

is already well known that CRP is both a marker and

important risk factor of cardiac events and atheroscle-

rosis in general population [5]. Recently it was sug-

gested that CRP might directly elicit endothelial dys-

function [53].

It is also worth stressing that IL-6 stimulates fi-

brinogen production and platelet activity, which in-

creases the risk of clot formation [6].

Tumor necrosis factor-alpha (TNF-�)

TNF-� is predominantly synthesized by macrophages

infiltrating adipose tissue [15, 64]. Subcutaneous adi-

pose tissue is claimed to produce more TNF-� than

the visceral one [66]. This cytokine reduces adiponectin

secretion by adipocytes [48] and is involved in the patho-

genesis of inflammation and insulin resistance [59].

TNF-� stimulates adhesion of monocytes to the

surface of endothelial cells by enhancing the expres-

sion of adhesion molecules (ICAM-1, VCAM-1),

stimulates infiltration of vascular wall by monocytes

(macrophage chemoattractive protein-1 – MCP-1)

and their transformation to macrophages (macrophage

colony stimulating factor – M-CSF) [36](Fig. 1).

Plasminogen activator inhibitor-1 (PAI-1)

PAI-1 is a procoagulative agent and fibrinolysis in-

hibitor. An increased PAI-1 concentration promotes

release of platelet-derived growth factors which are

known to play a role in vascular injury [2]. Therefore,

high circulating plasma PAI-1 concentration is a strong

risk factor of thrombotic disease. As already shown,
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plasma level of PAI-1 is an independent predictor of

coronary artery disease [58].

Adipose tissue is a site of abundant PAI-1 synthesis

[2, 57]. Cigolini et al. showed that adipose visceral

tissue mass in humans, assessed by computer tomo-

graphy (CT), was correlated with plasma PAI-1 con-

centration [9].

Il-6 induces PAI-1 synthesis within the adipose tis-

sue, which is the possible link between obesity, in-

flammation and cardiovascular morbidity and mortal-

ity in this population [56].

The renin-angiotensin system

All components of the renin-angiotensin system are

found in adipose tissue [23, 30]. Adipose tissue is the

major extrahepatic source of angiotensinogen, enabling

the rise in its plasma concentration in obese individuals

[13]. It is still unclear whether angiotensin II secreted by

adipose tissue plays an important systemic hemody-

namic (vasoconstriction) and/or non-hemodynamic

(stimulation of expression of adhesion molecules,

macrophage chemoattractant protein-1 and macrophage

colony stimulating factor in endothelial cells) role [63].

Free fatty acids

Besides disturbed secretion of adipokines, central

obesity is also associated with an increased plasma

concentration of free fatty acids (FFA). The elevated

plasma FFA level impairs endothelial function meas-

ured by flow-mediated vasodilatation [11]. In vitro

FFA (oleic acid) inhibits activity of constitutive nitric

oxide synthase (eNOS) in cultured endothelial cells

[31]. Impaired vasodilatation may be also a conse-

quence of inhibition of prostacyclin synthesis by high

FFA concentration in obese subjects [11].

Conclusion

Inappropriate secretion of several adipokines by the

excessive amount of visceral adipose tissue is essen-

tial for the pathogenesis of obesity-related diseases in-

cluding endothelial dysfunction and inflammation, in-

cluding initial stages of atherogenic process. It is ex-

pected that pharmacological intervention in the

paracrine/endocrine activity of the adipose tissue may

improve the outcome of cardiovascular complications

in obese patients in the forthcoming future.

�����������	��� 
������ ����� ��� ����	
� ���� 85

Adipose tissue and endothelial dysfunction
����� ���	�
 �� ��

Adhesion molecules ↑ MCP-1

↑ M-CSF

↓ NO

Endothelial cell

↑ IL-6

↑ CRP

↓ Adiponectin ↑ Angiotensin II ↑ TNF-α

?

↑ Leptin ↑ FFA

Adipose tissue

↑ ↑
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