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Summary
Obesity, and especially excessive visceral adipose tissue accumu-
lation, is considered as a low-grade inflammatory state that is respon-
sible for adipocyte dysfunction and associated metabolic disorders. 
Adipose tissue displays endocrine functions by releasing pro- or anti-
inflammatory bioactive molecules named adipokines. An altered ex-
pression of these molecules, provoked by obesity or adipocyte dys-
regulation, contributes to major metabolic diseases such as insulin re-
sistance and type 2 diabetes mellitus that are important risk factors 
for cardiovascular disease. However, obesity is also characterised by 
the expansion of perivascular adipose tissue that acts locally via diffu-
sion of adipokines into the vascular wall. Local inflammation within 

blood vessels induced by adipokines contributes to the onset of en-
dothelial dysfunction, atherosclerosis and thrombosis, but also to vas-
cular remodelling and hypertension. A fast expansion of obesity is ex-
pected in the near future, which will rapidly increase the incidence of 
these cardiovascular diseases. The focus of this review is to summarise 
the link between metabolic and cardiovascular disease and discuss 
current treatment approaches, limitations and future perspectives for 
more targeted therapies.

Keywords
Obesity, adipokines, cardiovascular disease

Correspondence to:
Filippo Molica, PhD
Dept. of Pathology and Immunology
University of Geneva
CMU – Rue Michel Servet 1
1211 Geneva 4, Switzerland
Tel.: +41 22 379 57 63
E-mail: filippo.molica@unige.ch

Received: June 13, 2014
Accepted after major revision: September 18, 2014
Epub ahead of print: October 23, 2014

http://dx.doi.org/10.1160/TH14-06-0513
Thromb Haemost 2015; 113: 553–566

Review Article

Introduction

Obesity is a major worldwide health problem due to its strong cor-
relation with insulin resistance (IR), type 2 diabetes mellitus 
(T2DM) and its implication in coronary artery disease (CAD). 
The probability to develop CAD is increased in people with high 
plasma glucose levels, high blood pressure, increased low-density 
lipoprotein (LDL) and decreased high-density lipoprotein (HDL) 
levels as well as elevated triglyceride levels (1). The metabolic syn-
drome (MS) is defined as a condition in which obesity associates 
with at least two of the above cited risk factors, and this increases 
the risk for cardiovascular events by two- to three-fold (2). The key 
role for obesity in the development of CAD and MS might be ex-
plained, at least in part, by overproduction of pro-inflammatory 
molecules (adipokines) within the perivascular adipose tissue 
(PVAT) giving rise to atherosclerosis. As a result, obesity is the 
fifth leading risk for developing major health problems and has be-
come epidemic worldwide, with predictions of increased numbers 
of overweight or obese individuals by 2020 (3). In addition, devel-
opment of obesity in young people is becoming a big concern. 
Nearly one out of three children from upper middle-income coun-
tries is already suffering from overweight, which will lead to econ-

omic and societal problems (3). In this review, we discuss the as-
sociation between obesity and cardiovascular disease (CVD) risk 
factors, more particularly by focusing on the crucial role played by 
adipokines. Finally, we review the current lack of tailored treat-
ment focusing specifically on the links between these two pathol-
ogies.

Obesity and the importance of visceral 
 adipose tissue

Obesity is characterised by accumulation of fat resulting from an 
impaired energy balance whereby energy intake exceeds its expen-
diture, leading to increased triglyceride production and storage in 
adipocytes. A body mass index (BMI) ≥ 25 kg/m2 is considered as 
overweight while a BMI ≥ 30 kg/m2 indicates obesity and is associ-
ated with increased mortality (4). However, the metabolic defects 
caused by obesity are more linked to the location rather than the 
total amount of adipose tissue (AT). Abdominal AT can be more 
accurately measured by the waist circumference and the waist-to-
hip ratio. Abdominal fat is subdivided into visceral adipose tissue 
(VAT) and subcutaneous adipose tissue (SAT). VAT represents 
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around 10 % of body fat (5) and is correlated with higher risk of 
developing IR, hypertension and CVD. In contrast, SAT (> 85 % of 
the total body fat) is only mildly associated with risk of developing 
CVD or related pathologies. In fact, a BMI ≥ 30 kg/m2 does not in-
evitably induce IR and comorbid metabolic disorders as demon-
strated by a prevalence of approximately 6-40 % of obese individu-
als that are metabolically healthy (6). This hypothesis is 
strengthened by the fact that metabolically healthy obese (MHO) 
subjects have lower fat content in their VAT than regular obese 
people and that they display less cardiovascular events and normal 
insulin sensitivity (6). The mechanisms responsible for the devel-
opment of “healthy obesity” are subject of intense research and it 
seems that factors involved in lipogenesis and lipid metabolism 
may (at least partly) explain this phenotype. Apart from VAT and 
SAT, fat can accumulate in other storage areas localised in various 
tissues (ectopic fat) or at the level of the cardiovascular system 
(myocardial, perivascular and epicardial fat depots) (7).

Inflammation in obesity: cellular responses

The historical viewpoint of obesity as a simple lipid storage disease 
has progressively been replaced by the concept that obesity is a 
chronic inflammatory disease implicating adipocyte dysfunction 
and endocrine activity of AT (8). Once entering adipocytes, free 
fatty acids (FFA) can be oxidised or transformed into triglycerides 
(9). When present in excess, FFA or triglycerides are metabolised 
into fatty acid intermediates that can activate pro-inflammatory 
kinases such as protein kinase C (PKC), IκB kinase (10) and c-Jun 
N-terminal kinase (JNK), which inhibit insulin receptor signalling 
by phosphorylating insulin receptor substrates (8). Moreover, FFA 
induce activation of the innate immune receptor toll-like recep-
tor-4 (TLR4) and the downstream transcription factor nuclear fac-
tor κB (NF-κB), thereby leading to IR (11).

Other cellular key players involved in AT inflammation are 
macrophages and T-cells. Obese individuals express cytokines (in-
terleukin [IL]-6, tumour necrosis factor α [TNF-α]), chemokines 
such as monocyte chemoattractant protein 1 (MCP-1, also named 
chemokine [C-C motif] ligand CCL-2), CCL-7, CCL-8, CXCL-14 
as well as C-C and CXC chemokine receptors CCR-2 and CXCR-2 

in VAT and SAT. Among all the chemokines implicated in macro-
phages chemotaxis, CCR-2 and its ligand CCL-2 seem to play a 
predominant role in the recruitment of monocytes into AT (12). 
The levels of pro-inflammatory molecules such as TNF-α, IL-6, 
IL-1 and CCL-2 are increased in the perivascular adipose tissue 
(PVAT) of subjects without CAD relative to those found in other 
AT depots (13).

However, these cytokines are expressed at low levels by adipo-
cytes. Whole body AT (comprising VAT, SAT and PVAT) ex-
pression of IL-6, TNF-α and CCL-2 reaches only 15–30 %, 5 % and 
10–15 %, respectively, while the major expression is produced by 
non-adipose cells of the stromal vascular fractions, mainly macro-
phages (14–16).

AT of obese mice and humans contains distinct macrophage 
populations characterised by the expression of different surface 
markers and cytokines released (17) (▶ Table 1). Several macro-
phage phenotypes have been described depending on environ-
mental signals. The classical M1 macrophage population displays 
pro-inflammatory properties and is induced by pro-inflammatory 
molecules such as interferon-γ (IFN-γ), lipopolysaccharide (LPS) 
or TNF-α. M2a macrophages exert anti-inflammatory properties 
and are induced by IL-4 and –13. The M2b type II phenotype is 
engendered by TLRs or IL-1 receptor (IL-1R) agonists and drives 
essentially T helper 2 cell (Th2) responses. Despite their anti-in-
flammatory function M2b macrophages concomitantly generate 
the pro-inflammatory cytokines TNF-α, IL-1 and IL-6. Finally, 
IL-10 is an inducer of the regulatory M2c macrophage phenotype 
(17). Obesity induces the switch of anti-inflammatory M2 macro-
phages to a pro-inflammatory M1 phenotype (17). M1 macro-
phages accumulate in AT of diet-induced obese mice where they 
adopt a crown-like shape around necrotic adipocytes (17) and par-
ticipate to IR by the expression of pro-inflammatory cytokines 
TNF-α, IL-6, chemokine receptor CCR-7 and reactive oxygen 
species (ROS) (18).

In human AT, the number of macrophages correlates with the 
BMI. Human adipose tissue macrophages (ATM) express M2 
markers such as mannose receptor (MR) and CD163, but are also 
able to secrete pro-inflammatory mediators such as TNF-α, IL-6, 
IL-1 and CCL-2, thereby contributing to the development of IR 
(17). It has been shown that peroxisome proliferator-activated re-

Table 1: Macrophage heterogeneity in 
obese and lean adipose tissue.

Phenotype

M1

M2a

M2b

M2c

M1: classical pro-inflammatory macrophage; M2: alternative anti-inflammatory macrophage; IFN: inter -
feron; LPS:  lipopolysaccharide; TNF: tumour necrosis factor; IL: interleukin; IL-1R: interleukin-1 receptor; 
TLR: toll-like receptor; CCR: chemokine receptor; ROS: reactive oxygen species.

Inducers

IFN-γ, LPS, 
TNF-α (17).

IL-4, IL-13 (17).

TLR ligands, 
IL-1R agonists (17).

IL-10 (17).

Adipose tissue
state

Obese (17).

Lean (17, 18).

Role in adipose tissue

Pro-inflammatory, production of
TNF-α, IL-6, CCR-7 and ROS (17, 18).

Anti-inflammatory, predominantly 
 production of IL-10 (18).
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ceptor (PPAR)-γ activation modulates macrophage polarisation to 
an anti-inflammatory M2 state in mice and human (19).

Apart from macrophages, there is mounting evidence for the 
importance of T-cells in obesity-associated inflammation. T-cells 
are present at higher numbers in the VAT of diet-induced obese 
mice compared to chow fed mice. The recruitment of T-cells to AT 
is triggered by CCL-5 and its receptor CCR-5, which are upregu-
lated in VAT of obese mice following TNF-α stimulation (20). 
Obesity is associated with increased T helper 1 (Th1) cell counts 
within AT, which secrete pro-inflammatory cytokines and en-
hance M1 macrophage recruitment/polarisation. A concomitant 
decrease in anti-inflammatory Th2 and regulatory T-cells (Tregs) 
within obese AT occurs favouring a pro-inflammatory environ-
ment (21). There is experimental evidence that Tregs control AT 
inflammation in ob/ob mice (22). Oral administration of anti-
CD3 antibody in conjunction with the natural killer T-cell inducer, 
beta-glucosylceramide, into obese mice increased Treg numbers, 
while reducing the expression of TNF-α and macrophage content 
within AT. These findings suggest that adaptative immunity, via 
the involvement of T-cells, plays a crucial role in AT inflammation 
during the development of obesity.

Adipose tissue derived bioactive molecules

AT produces a plethora of bioactive molecules (adipokines) impli-
cated in glucose and lipid metabolism as well as in the regulation 
of inflammation. An altered expression of these factors, as a conse-
quence of obesity or adipocyte dysregulation, contributes to sev-
eral diseases via dysfunctional immune reactions.

Pro-inflammatory adipokines

TNF-α is a cytokine secreted by adipocytes and pro-inflammatory 
macrophages and is over-expressed in obese animals and humans 
as compared to lean subjects (23), however, its levels in MHO indi-
viduals are still under debate (24, 25). TNF-α is correlated with 
waist-to-hip ratio rather than with BMI, suggesting a role of ab-
dominal AT in the expression of this adipocytokine (26). An in-
creased serum level of TNF-α is associated with enhanced lipolysis 
leading to IR and hyperinsulinaemia (27). In addition, TNF-α in-
duces the production of other pro-inflammatory adipokines such 
as IL-6, leptin, resistin and CCL-2 (27).

IL-6 is a pro-inflammatory cytokine implicated in the regu-
lation of inflammation in the acute phase by triggering the release 
of C-reactive protein (CRP), a major cardiovascular risk factor 
(28). Unhealthy obese display higher levels of IL-6 as compared to 
lean and MHO individuals (29).

Leptin is a pro-inflammatory adipokine, produced from the ob 
(or Lep) gene in adipocytes, which plays a role in appetite regu-
lation, body weight monitoring and inflammation by activating its 
receptor in the hypothalamus (30). In sera of obese subjects, a two- 
to 30-fold increase of leptin levels is found as compared to those 
found in lean subjects (31). Interestingly, leptin levels are also 
higher in MHO subjects as compared to normal-weight individuals 

(24). Apart from regulation of appetite, another function of leptin is 
to stimulate the immune response. Leptin induces monocyte prolif-
eration and their release of enhanced levels of TNF-α and IL-6 that 
in turn, can induce leptin expression (32). In macrophages, leptin 
also induces the release of CCL-3, CCL-4 and CCL-5 (32). Another 
effect of leptin is to enhance the production of ROS by monocytes 
and natural killer T-cells, leading to enhanced oxidative stress (33). 
Leptin also plays a role during the adaptive immune response by fa-
vouring Th1 cytokine production (33).

Resistin, also known as FIZZ3 (found in inflammatory zone) 
and ADSF (adipocyte-specific secretory factor), is a cystein-rich 
protein whose implication in obesity and IR are still not com-
pletely understood. Pro-inflammatory properties of resistin have 
been described, such as the activation of TNF-α and IL-6 produc-
tion by monocytes and macrophages (34). In endothelial cells re-
sistin has been found to favour leukocyte adhesion by increasing 
vascular cell adhesion molecule 1 (VCAM-1) and intercellular ad-
hesion molecule 1 (ICAM-1) expression as well as fractalkine and 
P-selectin (35).

The murine homolog of resistin is expressed as an adipokine in 
white adipocytes. In obese mice, circulating levels of resistin are 
increased compared to non-obese controls (36). In contrast, resis-
tin deficiency was reported to worsen obesity in ob/ob mice. This 
effect was accompanied by a decrease in triglycerides, cholesterol 
as well as blood glucose and insulin levels (37).

In humans, there is no difference between resistin levels in 
obese and MHO subjects, even when both groups are compared to 
lean subjects (24). Human resistin was initially described as being 
produced by inflammatory cells located outside the AT and its ex-
pression seemed to be related to PPAR-γ activity (38). Further 
studies have shown that human resistin expression is induced by 
monocytes and macrophages via other pro-inflammatory adipo-
kines, including IL-6 and TNF-α (39), and is inhibited by PPAR-γ 
expressed in macrophages (40). In keeping with a PPAR-γ-me-
diated inhibitory effect on resistin, the activation of PPAR-γ with 
thiazolidinediones (TZD) was shown to repress the expression of 
resistin from human macrophages (38). Resistin levels also in-
crease in abdominal AT of obese humans (41). To date, there is still 
debate about the exact role played by resistin in obesity, IR and 
T2DM.

Among the chemokines expressed in AT, CCL-2 seems to be 
the only one to be secreted in the extracellular space where it in-
duces monocyte recruitment into AT. This chemotactic molecule 
is therefore one of the central mediators of inflammation during 
obesity. Obese diabetic and high-fat diet fed mice showed secre-
tion of CCL-2 by adipocytes (42), and in mice lacking the CCL-2 
receptor CCR-2, the development of obesity and inflammation 
was attenuated (43). However, CCL-2 deficiency did not induce a 
difference in macrophage infiltration in AT (44) suggesting that 
CCR-2-mediated effects on obesity is driven by other chemokines.

Anti-inflammatory adipokines

Adiponectin is an anti-inflammatory adipokine present at high 
levels in plasma (45) where it forms oligomers, resulting in the 

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-03-04 | IP: 130.203.136.75



Thrombosis and Haemostasis 113.3/2015 © Schattauer 2015

556 Molica et al. Adipokines and CVD

presence of trimer, hexamer and other high-molecular-weight 
forms. Adiponectin acts on a large panel of tissues due to the ex-
pression of its three known receptors in various organs. While the 
adiponectin receptors 1 and 2 (AdipoR1 and AdipoR2) are ex-
pressed in muscle and liver, respectively, the third receptor T-cad-
herin is expressed in the cardiovascular and central nervous sys-
tem and binds high-molecular-weight forms of adiponectin (46). 
Obese human subjects have significantly lower plasma adiponec-
tin levels in comparison to lean individuals (47) but there are still 
some controversies concerning adiponectin levels in MHO indi-
viduals. In fact, some studies describe an increased concentration 
of adiponectin in MHO subjects as compared to unhealthy obese 
patients (48, 49) while other reports do not find any differences 
(24, 29). As opposed to the other adipokines, adiponectin im-
proves insulin sensitivity and decreases the risk of developing 
T2DM. Reciprocally, it has been shown that adiponectin deficien-
cy increases IR and the risk of developing T2DM (45). Mutations 
that block the multimerisation of adiponectin into high-molecu-
lar-weight forms have been found to correlate with T2DM suggest-
ing a protective role for high-molecular-weight adiponectin in this 
disease (50). A potential mechanism for the beneficial effects of 
adiponectin is the activation of adenosine monophosphate-acti-
vated kinase (AMPK) and the inhibition of TNF-α and IL-6 (51). 
Adiponectin release from AT increases in response to PPAR-γ ac-
tivation and is directly associated with the decrease in VAT (52). 
Adiponectin displays anti-inflammatory actions by inhibiting 
macrophage maturation into foam cells. Ohashi et al. showed en-
hanced pro-inflammatory M1 and decreased anti-inflammatory 
M2 macrophage accumulation in the AT of adiponectin-deficient 
mice (53). The mechanisms driving these anti-inflammatory prop-
erties of adiponectin still need to be established. In view of a thera-
peutic strategy for preventing obesity-induced diabetes, some 
drugs have been used to enhance adiponectin levels. For example 
PPAR-γ agonists have been shown to enhance adiponectin levels 
in mice and humans (54). The therapeutic potential of these mol-
ecules will be discussed below.

Other adipokines

FFA are released after AT lipolysis. Their blood levels are higher in 
subjects with abdominal fat accumulation and IR than in healthy 
subjects (55). Several hypotheses on the mechanisms underlying 
FFA trafficking have been proposed (56). One of these describes 
leptin resistance and an inappropriate expansion of AT as the 
source of comorbid metabolic alterations induced by obesity, re-
sulting in an excess of lipids in peripheral tissues and IR (30, 56). A 
second hypothesis suggests a mechanism in which the hyper-
trophy of adipocytes impairs adipocyte behaviour, favouring apop-
tosis. FFA release is consequently exacerbated, leading to inflam-
mation and IR (56). Altogether, these observations suggest that 
FFA release is a strong inducer of IR in tissues targeted by insulin. 
Nevertheless, a systematic review of the literature performed by 
Karpe et al. in 2011 suggests that the association between plasma 
FFA concentrations and obesity is not always present (57). In fact, 
as tissue mass develops, FFA release by AT is not increased but is 

rather decreased. In addition, the authors conclude that IR in the 
obese state does not necessarily imply an increase in FFA and vice 
versa. This observation is supported by a clinical study reporting 
elevated FFA levels in women as compared to men while having 
higher insulin sensitivity (58).

Plasminogen-activator inhibitor 1 (PAI-1) is an inhibitor of fi-
brinolysis. It is overexpressed in AT of obese individuals, thus en-
hancing the risk for thrombosis in these subjects (59). By contrast, 
lean and MHO subjects show lower PAI-1 concentrations (60). 
PAI-1 is produced and released into the circulation by endothelial 
cells and adipocytes and its blood concentration is dependent on 
the amount of VAT (61). The expression of PAI-1 is mediated by 
cytokines including TNF-α and the ligands of the glycoprotein 
130 (gp130) receptor cytokine family such as oncostatin M, leu-
kaemia inhibitory factor (LIF) and cardiotrophin-1 (CT-1). Inter-
estingly, IL-6 is also member of this family. Rega et al. showed that 
oncostatin M and IL-6, which are produced by macrophages, in-
duce a > 10-fold increase in PAI-1 production in humans pre-adi-
pocytes and adipocytes extracted from subcutaneous and visceral 
AT (62).

Elevated PAI-1 levels correlate with almost all factors contribu-
ting to MS, such as hyperinsulinaemia and occurrence of T2DM 
(61). As a consequence, weight loss and consequent decrease in IR 
is associated with a significant reduction in PAI-1 levels (63).

Perivascular adipose tissue-derived 
 adipokines and cardiovascular disease

Apart from the correlation between VAT inflammation and 
atherosclerosis, the link between obesity and CVD is further sup-
ported by the existence of PVAT, allowing for the diffusion of adi-
pokines into the vessel wall. In non-obese mice and human PVAT 
consists of a mixture of adipocytes, collagen fibers and resident 
macrophages (64). PVAT from obese animals was shown to con-
tain increased numbers of CD8+ T-cells and M1 activated macro-
phages with concomitant decrease of adiponectin levels (65, 66). It 
has been shown that adipocytes from coronary artery PVAT have a 
morphology comparable to VAT adipocytes and produce the same 
adipokines (67). CCL-2 is secreted by human aortic PVAT, where 
it exerts its chemotactic functions on monocytes (68). PVAT 
further releases a large variety of bioactive molecules including 
leptin, adiponectin, resistin, IL-6, PAI-1 and TNF-α (68). More-
over, FFA are released by PVAT (68). Importantly, obesity induces 
a decrease of adiponectin levels in PVAT, while expression of other 
adipokines is increased (66). In a paracrine manner, PVAT adipo-
kines directly act on the vessel wall, thus contributing to CVD 
(69). The mechanisms allowing the diffusion of adipokines from 
PVAT into the vessel wall are still not understood. One hypothesis 
is that adipokines pass from PVAT into the vascular wall via vasa 
vasorum (70). PVAT adipokines are thought to affect vasoreactiv-
ity and vascular smooth muscle cell (VSMC) proliferation and mi-
gration, which is likely to affect vascular diseases such as hyperten-
sion, atherosclerosis and thrombosis (71) (▶ Figure 1). The vascu-
lar effects of these adipokines secreted by PVAT in both obesity 

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-03-04 | IP: 130.203.136.75



© Schattauer 2015 Thrombosis and Haemostasis 113.3/2015

557Molica et al. Adipokines and CVD

and CVD are summarised in ▶ Table 2 and will be discussed 
below.

Adipokines in endothelial dysfunction and 
 hypertension

A frequent complication of obesity is increased blood pressure and 
subsequent arterial hypertension, which is also a cardiovascular 
risk factor by itself (72). Endothelial dysfunction contributes to the 
onset of hypertension. The vascular endothelium releases factors 

regulating the vascular tone such as nitric oxide (NO), endothe-
lin-1 (ET-1), prostacyclin and cyclooxygenase (73). However, this 
normal endothelial function is impaired in obese and insulin resis-
tant individuals (74).

The contribution of TNF-α to endothelial dysfunction has been 
highlighted in obese and T2DM mice (75). Increased TNF-α ex-
pression was found to induce NF-κB signalling, activation of ni-
cotinamide adenine dinucleotide phosphate (NADPH) oxidase 
and production of ROS, thereby promoting endothelial dysfunc-
tion. Increased release of TNF-α and FFA also contributes to en-

Figure 1: Implication of adipokines in the process of atherosclerosis 
and thrombosis. In the obese state, perivascular adipose tissue (PVAT) and 
visceral adipose tissue (VAT) express and release adipokines implicated in 
atheroma formation and thrombosis. The mechanism leading from athero-
sclerosis to thrombosis is initiated by endothelial dysfunction (step 1), trig-
gered by pro-inflammatory adipokines, that will increase endothelial cell per-
meability to facilitate LDL entry. Once entering the vascular intima LDL under-
goes oxidation. Resistin stimulates adhesion molecule expression on endothe-
lial cells, which facilitates monocyte adherence (step 2). Monocyte recruit-
ment into the intima is enhanced by CCL-2 that is released by PVAT in re-
sponse to IL-6. Monocytes differentiate into macrophages that will accumu-
late modified LDL and transform into foam cells (step 3). This phenotypic 

change is favoured by resistin and leptin. The pro-inflammatory activity of 
macrophages as well as adipokines (FFA, TNF-α, resistin and leptin) induces 
the proliferation and migration of vascular smooth muscle cells (VSMC) from 
the media to the intima where they produce extracellular matrix components 
(ECM) thus contributing to the formation of a fibrous cap (step 4). TNF-α, FFA 
and leptin contribute to the release of PAI-1 from adipose tissue. PAI-1 in con-
comitance with resistin induces plaque destabilisation, thus increasing the 
risk of plaque rupture. When a plaque ruptures, it releases its thrombogenic 
content into the blood-stream, thereby inducing platelet aggregation that is 
enhanced by the action of TNF-α and IL-6. At this step thrombosis occurs. The 
levels of the anti-inflammatory adiponectin which counteracts all these ef-
fects is decreased in obese PVAT and VAT (step 1–4).
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dothelial dysfunction by reducing the expression of endothelial ni-
tric oxide synthase (eNOS), and thus NO synthesis, leading to re-
duced vasorelaxation (76, 77). Compared with individuals with 
normal blood pressure, circulating levels of TNF-α and IL-6 are 
augmented in hypertensive subjects (78). Endothelial cells can 
produce IL-6 (79), but do not express IL-6 receptor (IL-6R). It is 
thought that the effects of IL-6 in endothelial cells are mediated 
through trans-signalling, which induces an increased expression of 
adhesion molecules which promotes inflammation (80). Schrader 
et al. investigated the role of IL-6 in the regulation of oxidative 
stress and vascular dysfunction in response to angiotensin II (Ang-
II) in IL-6 deficient mice (81). They found that chronic infusion of 
Ang-II (1.4 mg/kg/d for 14 days) induced less endothelial dysfunc-
tion in carotid arteries of IL-6-deficient mice compared to controls 
as measured by vascular responses to acetylcholine. Moreover, 
they found that Ang-II treatment decreased eNOS expression in 
the controls but not in IL-6-deficient mice (81). Leptin receptors 
are expressed in vascular endothelial cells and their activation by 

leptin was reported to induce eNOS expression and vasodilation 
(82). But there is also controversial evidence that hyperleptinaemia 
induces a decrease in NO release and up-regulation of ROS in aor-
tas of obese mice (83). Overexpression of leptin has been described 
to increase blood pressure in mice, even in non-obese state (84), 
whereas leptin-deficient ob/ob mice do not develop hypertension 
(85). Apart from its effects on the release of endothelial factors, hy-
perleptinaemia is linked to hypertension through a mechanism 
mediated by the central effects of leptin on the sympathetic nerv-
ous system (SNS) activity, as SNS activation is increased in obesity 
and may provoke an enhancement in blood pressure (86). In hu-
mans, correlations between plasma leptin levels and hypertension 
have been found in both hyperleptinaemic men and women (87). 
Strikingly, human leptin deficiency caused by missense mutation 
is associated with decreased blood pressure, but severe obesity 
(88).

Resistin also plays a role in hypertension. High plasma resistin 
levels were associated with an increased risk of developing hyper-

Table 2: Role of adipokines in obesity and in cardiovascular disease.

Adipokine

TNF-α

IL-6

Leptin

Resistin

Adiponectin

CCL-2

FFA

PAI-1

IR: insulin resistance; VSMC: vascular smooth muscle cell; CRP: C-reactive protein; T2DM: type-2  diabetes; ROS: reactive oxygen species.

Function in obesity

↑ IR , hyperinsulinaemia, inflammation (27).

↑ CRP release, inflammation (28).

Regulates appetite (30), 
↑ inflammation (32, 33), 
↑ ROS production (32).

↓ glucose homeostasis and insulin sensitivity (34, 37, 38), 
↑ T2DM (37), 
↑ inflammation (41).

↓ IR and T2DM (45, 50), 
↓ inflammation (51, 53).

↑ monocyte recruitment (42, 43, 68).

↑ inflammation and IR (17, 30, 56).

Correlates with IR and T2DM (59, 61).

Function in cardiovascular disease

↑ endothelial dysfunction (75, 76), 
↑ hypertension (77),
↑ VSMC proliferation and migration (142, 143), 
↑ atheroma formation (104),
↑ thrombosis (127, 128).

↑ endothelial dysfunction (80, 81, 102), 
↑ hypertension (81), 
↑ adhesion molecules and inflammation (102), 
↑ thrombosis (125, 126).

↑ endothelial dysfunction (83), 
↑ VSMC proliferation and migration (147, 148), 
↑ hypertension (84–87), 
↑ foam cell and atheroma formation (109, 110, 113, 114), 
↑ thrombosis (135–137).

↑ endothelial dysfunction (90, 93), hypertension (89, 93), 
↑ VSMCs proliferation (106, 142), 
↑ foam cell formation (107), 
↑ thrombosis (138).

↓ endothelial dysfunction (94, 96), 
↓ VSMCs proliferation (121, 144) and migration (121, 146), 
↓ hypertension (97–100), 
↓ inflammation (117, 118),
↑ plaque stability (123), 
↓ thrombosis (139–141).

↑ monocyte recruitment (102).

↑ endothelial dysfunction (77), 
↑ hypertension (77), ↑  VSMC migration (146), 
↑ thrombosis (129).

↓ VSMC migration (133), 
↑ thrombosis (128), 
↑ thrombosis by blocking fibrinolysis (58, 59).
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tension in non-diabetic women (89). Like for the other adipokines, 
the effects of resistin on blood pressure are also linked to its action 
on endothelial cells. Incubation of human umbilical vein endothe-
lial cells (HUVECs) with resistin-rich supernatants harvested from 
epicardial AT of patients with acute coronary syndrome was 
shown to stimulate endothelial cell permeability (90). Resistin 
further activates the production of ET-1, an effective vasoconstric-
tor in endothelial cells, via an Extracellular signal-Related Kinase 
(91) 1/2 dependent pathway (92). Chen et al. reported that resistin 
reduces eNOS expression and increases ROS in human coronary 
artery endothelial cells through the activation of p38 and JNK 
(93). Conversely, adiponectin plays a protective role in endothelial 
function. Adiponectin-deficient mice displayed reduced eNOS ex-
pression and decreased NO production compared to the levels 
found in wild-type (WT) mice. Moreover, these effects were re-
versed upon administration of recombinant adiponectin (94). In 
humans, adiponectin induces NO production and endothelial-de-
pendent vasodilation in lean subjects but not in obese patients suf-
fering of MS (95). Adiponectin exerts its beneficial effects on NO 
production via AMPK-induced phosphorylation of eNOS (96). As 
a consequence, adiponectin improves blood pressure. Hyperten-
sive rats exhibit impaired vascular AMPK activation in response to 
adiponectin. This effect is reversed by caloric restriction, which 
improves adiponectin levels and consequently decreases blood 
pressure by favouring eNOS expression and NO release (97). In 
other experimental settings performed in hypertensive adiponec-
tin-deficient mice, adiponectin supplementation was shown to de-
crease blood pressure (98). Moreover, infusion of different adipo-
nectin concentrations in rats induced a decrease of renal sympath-
etic nerve-induced blood pressure in a dose-dependent manner 
(99). Finally, there is a positive correlation between plasma adipo-
nectin levels and endothelium-dependent vasorelaxation in hu-
mans, suggesting relevance for human pathology (100).

Adipokines in atherosclerosis and thrombosis

Impairment in PVAT function resulting from adipocyte expansion 
induces the release of adipokines and the infiltration of inflamma-
tory cells which altogether contributes to atherogenesis (101). IL-6 
triggers the expression of adhesion molecule VCAM-1 and che-
mokine CCL-2 in vascular endothelial cells, thus allowing the re-
cruitment of inflammatory cells into the vascular intima (102). 
Adhesion molecule expression on endothelial cells is also induced 
by TNF-α whose concentration is increased together with IL-6 and 
leptin in CAD patients (103). There is a positive correlation be-
tween plasmatic TNF-α elevation and early atheroma formation in 
middle-aged healthy men (104).

In vitro and animal studies further support an implication of re-
sistin in atherosclerosis. Human recombinant resistin was shown 
to play a pro-atherogenic role by increasing the production of 
ET-1, adhesion molecules and CCL-2 in endothelial cells, thus 
allowing the recruitment of monocytes to the endothelium (105). 
Despite its stimulatory actions on VSMC proliferation and mi-
gration (106), another important feature of resistin is that it in-
creases lipid absorption by macrophages and consequently foam-

cell development (107). In addition, there is evidence for a positive 
correlation between increased plasma resistin levels, athero-
sclerosis and CAD (108).

As to the role for leptin in atherosclerosis, some controversies 
exist. The fact that leptin was shown to promote oxidised lipid ab-
sorption by foam cells and ROS production suggests a pro-athero-
genic role (109). In the same direction, leptin- and leptin-receptor 
deficient mice were protected against neointima formation after 
arterial injury (109). Leptin deficiency in low-density receptor 
deficient (LDLR-/-) mice reduced the lesions by 2.2– to six-fold 
when compared with mice with matched cholesterol levels and de-
creased Th1 responses together with improved Treg activity (110). 
By contrast, daily injection of leptin for two months in apolipopro-
tein E deficient (ApoE-/-) mice did not affect the lesion size, as 
compared to non-treated mice, but increased vascular calcifi-
cation, thereby increasing plaque instability (111). Other animal 
studies reported protective effects of leptin in atherosclerosis. 
Hasty et al. showed that LDLR-/- mice lacking (ob/ob) display se-
vere hypercholesterolaemia, hypertriglyceridaemia and athero-
sclerosis (112). Similar discrepancies concerning the role of leptin 
in atherosclerosis are found in humans. Correlations between high 
leptin levels and CAD have been reported by several studies (113, 
114), while other failed to confirm this association (115, 116).

As opposed to leptin, high levels of adiponectin are protective 
against atherosclerosis due to anti-inflammatory effects on cellular 
key players of atherosclerosis. In particular, adiponectin blocks ad-
hesion molecule expression in endothelial cells by inhibiting 
NF-κB (117) and activates reverse cholesterol transport in macro-
phages (118). Moreover adiponectin has been shown to inhibit 
VSMC proliferation and migration by blocking the ERK 1/2 path-
way (119). Overexpression of adiponectin in ApoE-/- mice reduces 
atherosclerotic lesions (119). Moreover, adiponectin-deficient 
mice respond to external vascular cuff injury with a two-fold 
higher neointima formation compared to WT mice (120). In hu-
mans, lower plasma levels of adiponectin are a prognostic marker 
of CVD, independently of obesity (121). The carotid intima-media 
thickness is inversely correlated to adiponectin concentrations 
(122). Pioglitazone, a PPAR-γ agonist, leads to increased adiponec-
tin levels and the formation of more stable plaques by reducing ne-
crotic core composition (123).

Plaque stability is an important factor bridging between athero-
sclerosis and thrombosis. Unstable plaques are more susceptible to 
rupture. When such an event occurs, the lipidic and vascular ma-
trix content of the plaque is released in the blood flow. This in-
duces platelet adhesion, activation and aggregation leading event-
ually to thrombosis, the major cause of myocardial infarction. 
Some evidence indicates that obesity and IR may participate in the 
mechanisms leading to pro-thrombotic events. In the obese state, 
AT produces numerous adipokines involved in thrombus 
formation. Among these, TNF-α and IL-6 enhance the synthesis of 
tissue factor (TF), a coagulation factor allowing thrombin 
formation (124). In humans, in vivo administration of IL-6 leads to 
increased platelet numbers (125). Moreover, IL-6 favours the re-
lease and the activation of thrombin by decreasing the synthesis of 
the potent anti-coagulatory factor anti-thrombin (126). So far, the 

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-03-04 | IP: 130.203.136.75



Thrombosis and Haemostasis 113.3/2015 © Schattauer 2015

560 Molica et al. Adipokines and CVD

contribution of TNF-α to thrombosis in humans is not clear. 
TNF-α enhances platelet aggregation (127) and induces the syn-
thesis of PAI-1 and leptin in AT (128). PAI-1 is a pro-thrombotic 
agent associated with increased cardiovascular risk (128). PAI-1 
expression is also induced by FFA (129). On the other hand, insu-
lin favours fibrinolysis by suppressing PAI-1 (130). The levels of 
PAI-1 are enhanced in obese compared to lean individuals and 
correlate with visceral obesity (61, 74). This in part explains the 
pro-thrombotic state of obese individuals displaying IR. In addi-
tion to its pro-thrombotic properties, PAI-1 inhibits VSMC mi-
gration and neointima formation (131). Conversely, Samarakoon 
et al. described PAI-1 as an inducer of VSMC migration (132). A 
different study again reported inhibitory effects of PAI-1 on inti-
mal hyperplasia following balloon injury in rat carotids (133). In 
particular, PAI-1 reduced VSMC migration by promoting apopto-
sis. However, the effects of PAI-1 on neointima formation were not 
accompanied by thrombosis. More recently, a role for leptin in en-
dothelial PAI-1 expression was described (134). It was shown that 
ApoE-/- mice treated with recombinant leptin had increased 
atherosclerosis and thrombosis (135). Nakata et al. demonstrated 
that leptin at concentrations comparable to plasma levels in obese 
subjects was able to enhance adenosine 5-diphosphate (ADP)-in-
duced aggregation of human platelets in vitro (136). Moreover, a 
role for leptin in TF activation was described. In obese subjects, 
the increased leptin levels were associated with elevated levels and 
activation of TF in monocytes (137). In human coronary artery 
endothelial cells, resistin was found to induce TF expression via 
production of ROS and activation of NF-κB (138).

Finally, adiponectin displays antithrombotic effects. AdipoR1 
and AdipoR2 receptors are expressed in mouse and human pla-
telets (139). Platelets from adiponectin-deficient mice are more 
reactive to ADP activation (139). In human adiponectin inhibits 
platelet aggregation and thrombus formation (140). However, adi-
ponectin was also shown to inhibit TF expression in human en-
dothelial cells (141). Given the above described anti-inflammatory 
properties of adiponectin, it is likely that its anti-thrombotic effects 
are due to its inhibitory action on pro-inflammatory cytokines.

Adipokines in vascular remodelling and 
 restenosis

Published data suggest that adipokines secreted by PVAT partici-
pate in vascular remodelling (142). For example, there is substan-
tial evidence for stimulatory effects of TNF-α and resistin in the 
activation of VSMC growth. While TNF-α-mediated effects on 
VSMC seem to be mediated through NF-κB pathway (143), resis-
tin induces cell proliferation through activation of the ERK 1/2 
and the protein kinase B (Akt) pathways (106).

In contrast to the pro-inflammatory role of TNF-α and resistin, 
adiponectin was described to inhibit VSMC proliferation in mice 
via the AMPK pathway (144). In human, adiponectin release by 
epicardial AT is decreased in both MS and CAD patients, suggest-
ing that reduced concentrations of adiponectin in PVAT could 

contribute to atherosclerosis development (145). As reported by 
Lamers et al., VSMC migration was activated when cells were cul-
tured in adipocyte-conditioned media produced from human adi-
pocytes supplemented with oleic acid. Conversely, treatment with 
recombinant adiponectin had the opposite effect (146). Finally, 
there is evidence for a pro-inflammatory role of leptin in VSMC 
proliferative and migratory activities in a model of neointima 
formation after vascular injury (147). Another in vivo study of inti-
mal hyperplasia revealed that VSMC proliferation and migration 
was increased in response to leptin via MAPK and PI3K pathways 
(148). However, in human VSMC leptin exhibited an inhibitory ef-
fect on cellular growth (149).

Altogether the above-mentioned effects of adipokines on 
VSMC proliferation and migration also suggest a role for these 
proteins in restenosis. In a recent study, Manka et al. provide some 
evidence for a participation of PVAT in this pathology (150). The 
authors transplanted thoracic aortic PVAT from donor mice fed a 
high-fat diet to the carotid artery of LDL-/- mice fed a high-fat diet 
and performed wire injury two weeks after. After two additional 
weeks vessel observation revealed an increased neointima 
formation that was dependent of CCL-2. In fact, depletion of 
CCL-2 in PVAT reduced neointimal hyperplasia in recipient mice 
(150).

In a different study, wire-induced endovascular injury of WT 
mouse femoral arteries induced increased mRNA levels of TNF-α, 
IL-6, CCL-2 and PAI-1 and decreased levels of adiponectin in the 
PVAT (151). Similar results were obtained after ballooning of rat 
iliac artery (151). Similar experiments in CCL-2-/- mice induced an 
increase in PVAT adiponectin levels, while TNF-α-/- mice had de-
creased IL-6, CCL-2 and PAI-1 levels (151). Moreover, TNF-α de-
pletion reduced neointima formation while local delivery of 
TNF-α in the PVAT enhanced hyperplasia (151). Elevated TNF-α 
levels are also associated with increased incidence of restenosis in 
humans (152). Likewise, serum resistin levels have been associated 
with restenosis in patients who underwent percutaneous coronary 
intervention (153) and have been proposed as potential biom-
arkers for this pathology (154).

A potential role of leptin in the regulation of restenosis after ar-
terial injury has been evidenced in diabetic mice in which the de-
pletion of leptin receptor induces a decrease in neointima 
formation of about 90 % (155). In humans, the levels of leptin are 
increased in non-diabetic patients with restenosis after stenting 
while no differences are observed in patients without restenosis or 
in control individuals (156).

As to the role of adiponectin, many studies describe this anti-
inflammatory adipokine as protective against restenosis. In mice, 
adiponectin deficiency induces acute formation of neointima after 
arterial injury (157). The inverse effect has been observed when 
adiponectin was supplemented with an adenovirus to the animals 
(157). Low levels of adiponectin in patients undergoing coronary 
stenting have been described as potential predictor of in-stent res-
tenosis (158, 159). However, published data suggest that changes 
in adiponectin levels may predict the severity of restenosis within 
six months but not at a late stage after stenting (160).
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Therapeutic implications

Restoring the balance between pro- and anti-inflammatory adipo-
kines could represent a therapeutic strategy to treat or prevent 
CVD linked to obesity. Both life style changes and pharmacologi-
cal approaches could be useful for this purpose, including weight 
loss or treatment with anti-inflammatory drugs.

Weight loss

Physical exercise, caloric restriction and lifestyle changes lead to 
the reduction of visceral obesity and IR, delay the onset of T2DM 
and prevent CVD. Exercise and diet efficiently reduce TNF-α and 
IL-6 levels with concomitant increase in IL-10 levels in obese pa-
tients (161). Moreover, it has been shown that 12 weeks of restrict-
ive diet accompanied by a program of exercise decreased TNF-α, 
IL-6, resistin and leptin levels, while increasing IL-10 and adipo-
nectin in obese patients (162). However, the effects may not be 
solely due to caloric restriction and exercise, as patients enrolled in 
this study received sibutramine, an inhibitor of noradrenaline/se-
rotonin reuptake and anti-obesity drug. Despite its long-term ef-
fects on body weight loss and its capacity to improve glucose, insu-
lin and lipid levels, major safety concerns have been raised since si-
butramine was associated with increased incidence of myocardial 
infarction and stroke in obese or overweight patients (163). To 
date, orlistat is the only approved drug for the long-term treatment 
of obesity in the clinical practice despite safety concerns about the 
risk to mediate severe liver injury (164). Besides their role in 
weight loss, sibutramine and orlistat were reported to reduce 
TNF-α, IL-6 and resistin and to increase adiponectin levels (165, 
166). This suggests that weight loss via caloric restraint, exercise or 
using drugs increasing adipokine expression could limit the occur-
rence of CVD. However, in morbid obese people these strategies 
are often inefficient, and these patients need to undergo bariatric 
surgery to ensure effective weight loss and significantly improve or 
resolve diabetes, hyperlipidaemia, hypertension and other risk fac-
tors for CVD (167). In addition to loss of AT, bariatric surgery also 
induces beneficial changes in the levels of hormones and cyto-
kines, including adipokines. For example, leptin levels have been 
shown to decrease about two weeks after bariatric surgery in a 
long-term manner (168). Similar observations were made for 
other pro-inflammatory adipokines such as IL-6 and CRP (168). 
According to animal studies, TNF-α levels also followed this pat-
tern but there was no statistically significant decrease in patients 
who underwent bariatric surgery (168). The effects of bariatric 
surgery on plasma resistin levels are less clear as some studies re-
port a decrease of resistin levels in obese subjects 12 months after 
the intervention while others do not find any significant change 
(reviewed in [169]).

Importantly, weight loss after bariatric surgery has been shown 
to reduce the levels of monocyte-platelet aggregates, which are 
markers of platelet overactivity and a source of pro-thrombotic 
factors such as TF (170). In accordance with a role for bariatric 
surgery in decreased risk of thrombosis, a study performed on 
thirty-seven obese adults showed that 18 months after the inter-

vention there was a concomitant decrease of the visceral fat diam-
eter and PAI-1 adipokine levels (171).

Confirming the benefits of weight loss on the production of 
adiponectin, animal studies show that the levels of this adipokine 
increase after bariatric surgery and correlate with delayed onset of 
T2DM and IR (168). The same effects were confirmed in patients 
in which post-surgical increase of adiponectin levels were signifi-
cantly associated with improvement of dyslipidaemia and insulin 
sensitivity (168).

In conclusion, the decrease of visceral AT mass and chronic in-
flammation by modulating pro-inflammatory/pro-thrombotic 
and anti-inflammatory cytokines after surgical intervention par-
ticipates in the reduction of IR, T2DM and CVD.

Anti-inflammatory therapies

The link between obesity-induced inflammation and CVD sug-
gests that targeting inflammatory pathways limits the incidence of 
cardiovascular risk associated with excess of VAT or PVAT. Several 
anti-inflammatory drugs have been proposed in the context of 
obesity-associated inflammation, such as statins and TZD.

The effect of statin treatment on adipokine levels observed in 
clinical studies is controversial. Two months of simvastatin treat-
ment decreased plasma concentrations of adiponectin in hyper-
cholesterolaemic patients (172). By contrast, Qu et al. demon-
strated that 12 weeks of therapy with atorvastatin or rosuvastatin 
in sixty-nine hypercholesterolaemic patients reduced LDL, matrix 
metalloproteinase (MMP)-9 and PAI-1 levels, and significantly in-
creased adiponectin levels (173). Rosuvastatin more potently in-
creased adiponectin levels than atorvastatin (67 % vs 15 %, respect-
ively) (173). However, a long-term study enrolling 36 patients with 
MS and 20 healthy subjects did not reveal any effect of atorvastatin 
(10 mg/day for 6 months) on adiponectin, leptin or resistin levels 
(174). Some limitations of this study exist, such as variations in the 
body weight of the patients, lack of placebo group and low dosage 
of atorvastatin.

Of note, a new LDL-lowering strategy implicating resistin 
blocking is emerging. In fact, resistin stimulates the proprotein 
convertase subtilisin/kexin type 9 (PCSK9), a major player in cho-
lesterol homeostasis (175). In ApoE-/- mice sirtuin 1 (Sirt1) acti-
vation provides atheroprotection by decreasing PCSK9 secretion 
and enhancing LDLR expression (176). In addition, phase I and II 
trials showed that monoclonal antibodies targeting PCSK9 signifi-
cantly decrease LDL levels (177). Moreover, these antibodies di-
rectly interact with resistin that bears a similar cysteine-rich C-ter-
minal domain than PCSK9. According to these findings, resistin 
inhibitors could offer new strategies to lower LDL levels in specific 
conditions like hereditary hypercholesterolaemia or in case of sta-
tin intolerance (175).

Another anti-inflammatory strategy is the use of PPAR-γ agon-
ists (TZD) such as pioglitazone and rosiglitazone. These drugs im-
prove metabolic parameters via their beneficial effects on adipo-
cytes and have been implicated in the reduction of FFA and in the 
repression of pro-inflammatory gene expression (178). However, 
although TZD display positive effects on metabolic factors, some 
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indications render their use challenging in patients with heart fail-
ure or increased cardiovascular risk. In particular, rosiglitazone, 
but not pioglitazone, was reported to enhance myocardial ischae-
mia (179). Apart from their inhibitory action on FFA and pro-in-
flammatory molecules, TZD activate adiponectin expression in 
obese and healthy individuals (54). It has been proposed by Iwaki 
et al. that TZD could regulate adiponectin expression by inducing 
the binding of PPAR-γ to a potential PPAR-γ-responsive element 
in its promoter (180). Remarkably, TZD improve metabolic pro-
file, without necessitating weight loss (181).

Apart from TZD, other molecules also activate adiponectin ex-
pression via PPAR-γ, including resveratrol and metformin (182, 
183). Resveratrol, a product of grapes, is an anti-diabetic agent that 
improves insulin sensitivity by inhibiting inflammation and en-
hancing adiponectin levels (182). A recent study suggested that 
resveratrol up-regulates adiponectin expression and multimeriz-
ation via DsbA-L, a newly identified protein that interacts with 
adiponectin (184). Resveratrol was shown to induce adiponectin 
polymerisation in 3T3L1 adipocytes. Interestingly, when Akt sig-
nalling was blocked, DsbA-L and adiponectin expression was en-
hanced. Conversely, inhibition of AMPK decreased DsbA-L and 
adiponectin levels. These observations suggest that these three 
pathways are implicated in the regulation of adiponectin ex-
pression. The second agent, metformin, is a biguanide commonly 
used to treat T2DM. Metformin decreases neoglucogenesis and re-
duces PPAR-γ-coactivator 1α in an AMPK-dependent manner 
(183). This suggests that metformin, like resveratrol, could induce 
adiponectin expression via AMPK. Zulian et al. indeed provided 
evidence that metformin can enhance adiponectin expression in 
vivo and in vitro (185). Incubation of SAT and VAT obtained from 
non-diabetic obese patients with metformin induced adiponectin 
expression solely in SAT explants. Moreover, treatment of 22 obese 
patients with metformin associated with lifestyle changes in-
creased adiponectin levels and decreased inflammation (185).

Omega-3 polyunsaturated fatty acid (n-3 PUFAs) intake re-
duces triglyceride levels (9). n-3 PUFAs, comprising docosahexae-
noic (DHA, 22: 6n-3) and eicosapentaenoic (EPA, 20: 5n-3) acids, 
act as anti-obesity agents by improving low-grade inflammation in 
AT related to NF-κB and PPAR-γ inhibition (186). Some indi-
cations also suggest that n-3 PUFAs are able to control adipokine 
synthesis in rodents and humans. In vivo and in vitro studies have 
shown a modulatory function of n-3 PUFAs on leptin levels. EPA 
at a concentration of 1 mM blocks leptin release from white adipo-
cytes (187). Wistar rats fed with a high-fat diet containing 10 % n-3 
PUFAs for three weeks increased the oxidation of fatty acids and 
reduced plasmatic leptin levels (188). In humans, an eight week 
consumption of fatty seafood (150 g salmon, three times per week) 
associated with weight loss was shown to lower leptin concen-
tration in men with a BMI of about 30 kg/m2, thereby supporting 
the inhibitory effect of n-3 PUFAs on leptin secretion (189). In ad-
dition to the inhibitory effects of PUFAs on leptin expression, 
Flachs et al. demonstrated that mice fed a high-fat diet comple-
mented with EPA/DHA for five weeks had increased adiponectin 
levels (190). This was recently confirmed by experiments perform-
ed on Sprague-Dawley rats fed a high saturated fatty acid diet as-

sociated with n-3 PUFAs for four weeks, which showed an increase 
in adiponectin expression in the soleus muscle (191). In human, a 
double-blind trial including 50 overweight subjects receiving daily 
oral administration of fish oil (1.1 g marine n-3 PUFAs) or olive 
oil, reported an increase of adiponectin serum levels after six 
weeks (192). However, these effects were small and did not imply 
any effect on other pro-inflammatory molecules, suggesting that 
the dose should be increased. Further studies are required in order 
to allow drawing firm conclusions on a potential effect of n-3 
PUFAs on inflammatory markers.

Conclusion

Obesity induces adipocyte dysfunction, which is the key step in 
the development of pro-inflammatory state and FFA release. Mac-
rophages and T-cells are major players of the systemic inflam-
mation. Their number increases dramatically in human AT in cor-
relation with the BMI, and their polarisation towards a pro-in-
flammatory phenotype in the AT favours atherogenesis and obes-
ity. The subsequent adipocyte dysregulation induces an altered ex-
pression pattern of pro- and anti-inflammatory adipokines that 
are linked to several cardiovascular risk factors such as endothelial 
dysfunction and vascular remodelling, as well as clinical manifes-
tations of atherosclerosis such as heart failure, myocardial infarc-
tion or stroke. Counterbalancing adipocyte dysfunction is an im-
portant therapeutic goal for which targeted strategies are urgently 
needed. Pharmacological interventions allowing either the block-
ing of signalling pathways involved in pro-inflammatory adipo-
kine production, or the inhibition of FFA release show some limi-
tations. Even if dietary supplements derived from fish oil seem to 
be promising tools to enhance anti-inflammatory response in AT, 
their use should imperatively be accompanied by the imposition of 
life-style changes, that are, at the moment, the safest way to reduce 
cardiovascular risk factors linked to obesity.

Acknowledgements
This work was supported by grants from the Swiss National 
Science Foundation 310030_130732 to Sabine Steffens and 
310030_143343 and CRS113_141811 to Brenda Kwak.

Conflicts of interest
None declared.

References
1. Wilson PW, et al. Overweight and obesity as determinants of cardiovascular 

risk: the Framingham experience. Arch Intern Med 2002; 162: 1867–1872.
2. Isomaa B, et al. Cardiovascular morbidity and mortality associated with the 

metabolic syndrome. Diabetes Care 2001; 24: 683–689.
3. Perez Rodrigo C. Current mapping of obesity. Nutricion hospitalaria 2013; 28 

(Suppl 5): 21–31.
4. Park SY, et al. Body mass index and mortality in an ethnically diverse popu-

lation: the Multiethnic Cohort Study. Eur J Epidemiol 2012; 27: 489–497.
5. Thomas EL, et al. Magnetic resonance imaging of total body fat. J Appl Physiol 

1998; 85: 1778–1785.

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-03-04 | IP: 130.203.136.75



© Schattauer 2015 Thrombosis and Haemostasis 113.3/2015

563

6. Phillips CM. Metabolically healthy obesity: definitions, determinants and clini-
cal implications. Rev Endocrine Metabol Dis 2013; 14: 219–227.

7. Iozzo P. Myocardial, perivascular, and epicardial fat. Diabetes Care 2011; 34 
(Suppl 2): S371–379.

8. Capurso C, Capurso A. From excess adiposity to insulin resistance: the role of 
free fatty acids. Vascul Pharmacol 2012; 57: 91–97.

9. Mozaffarian D, Wu JH. Omega-3 fatty acids and cardiovascular disease: effects 
on risk factors, molecular pathways, and clinical events. J Am Coll Cardiol 2011; 
58: 2047–2067.

10. Brouillard P, et al. Genetics of lymphatic anomalies. J Clin Invest 2014; 124: 
898–904.

11. Kim F, et al. Toll-like receptor-4 mediates vascular inflammation and insulin re-
sistance in diet-induced obesity. Circ Res 2007; 100: 1589–1596.

12. Chawla A, et al. Macrophage-mediated inflammation in metabolic disease. Nat 
Rev Immunol 2011; 11: 738–749.

13. Owen MK, et al. Perivascular adipose tissue and coronary vascular disease. Ar-
terioscler Thromb Vasc Biol 2014; 34: 1643–1649.

14. Maury E, Brichard SM. Adipokine dysregulation, adipose tissue inflammation 
and metabolic syndrome. Mol Cell Endocrinol 2010; 314: 1–16.

15. Fain JN, et al. TNFalpha release by the nonfat cells of human adipose tissue. Int J 
Obes Relat Metab Disord 2004; 28: 616–622.

16. Bruun JM, et al. Monocyte chemoattractant protein-1 release is higher in vis-
ceral than subcutaneous human adipose tissue (AT): implication of macro-
phages resident in the AT. J Clin Endocrinol Metab 2005; 90: 2282–2289.

17. Chinetti-Gbaguidi G, Staels B. Macrophage polarization in metabolic disorders: 
functions and regulation. Curr Opin Lipidol 2011; 22: 365–372.

18. Zeyda M, et al. Newly identified adipose tissue macrophage populations in 
obesity with distinct chemokine and chemokine receptor expression. Int J Obes 
2010; 34: 1684–1694.

19. Harford KA, et al. Fats, inflammation and insulin resistance: insights to the role 
of macrophage and T-cell accumulation in adipose tissue. Proc Nutr Soc 2011; 
70: 408–417.

20. Wu H, et al. T-cell accumulation and regulated on activation, normal T cell ex-
pressed and secreted upregulation in adipose tissue in obesity. Circulation 2007; 
115: 1029–1038.

21. Feuerer M, et al. Lean, but not obese, fat is enriched for a unique population of 
regulatory T cells that affect metabolic parameters. Nat Med 2009; 15: 930–939.

22. Ilan Y, et al. Induction of regulatory T cells decreases adipose inflammation and 
alleviates insulin resistance in ob/ob mice. Proc Natl Acad Sci USA 2010; 107: 
9765–9770.

23. Hotamisligil GS, et al. Increased adipose tissue expression of tumor necrosis fac-
tor-alpha in human obesity and insulin resistance. J Clin Invest 1995; 95: 
2409–2415.

24. Telle-Hansen VH, et al. Altered expression of genes involved in lipid metab-
olism in obese subjects with unfavourable phenotype. Genes Nutr 2013; 8: 
425–434.

25. Poelkens F, et al. Physical fitness can partly explain the metabolically healthy 
obese phenotype in women. Exp Clin Endocrinol Diabetes 2014; 122: 87–91.

26. Tsigos C, et al. Circulating tumor necrosis factor alpha concentrations are 
higher in abdominal versus peripheral obesity. Metabolism 1999; 48: 
1332–1335.

27. Cawthorn WP, Sethi JK. TNF-alpha and adipocyte biology. FEBS Lett 2008; 582: 
117–131.

28. Popko K, et al. Proinflammatory cytokines Il-6 and TNF-alpha and the develop-
ment of inflammation in obese subjects. Eur J Med Res 2010; 15 (Suppl 2): 
120–122.

29. Perreault M, et al. A distinct fatty acid profile underlies the reduced inflamma-
tory state of metabolically healthy obese individuals. PLoS One 2014; 9: e88539.

30. Mantzoros CS, et al. Leptin in human physiology and pathophysiology. Am J 
Physiol Endocrinol Metab 2011; 301: E567–584.

31. Caro JF, et al. Leptin: the tale of an obesity gene. Diabetes 1996; 45: 1455–1462.
32. Kiguchi N, et al. Leptin enhances CC-chemokine ligand expression in cultured 

murine macrophage. Biochem Biophys Res Commun 2009; 384: 311–315.
33. Otero M, et al. Towards a pro-inflammatory and immunomodulatory emerging 

role of leptin. Rheumatology 2006; 45: 944–950.
34. Bokarewa M, et al. Resistin, an adipokine with potent proinflammatory proper-

ties. J Immunol 2005; 174: 5789–5795.
35. Park HK, Ahima RS. Resistin in rodents and humans. Diabetes Metabol J 2013; 

37: 404–414.

36. Rajala MW, et al. Regulation of resistin expression and circulating levels in obes-
ity, diabetes, and fasting. Diabetes 2004; 53: 1671–1679.

37. Singhal NS, et al. Loss of resistin ameliorates hyperlipidemia and hepatic steato-
sis in leptin-deficient mice. Am J Physiol Endocrinol Metab 2008; 295: 
E331–338.

38. Patel L, et al. Resistin is expressed in human macrophages and directly regulated 
by PPAR gamma activators. Biochem Biophys Res Commun 2003; 300: 
472–476.

39. Kaser S, et al. Resistin messenger-RNA expression is increased by proinflamma-
tory cytokines in vitro. Biochem Biophys Res Commun 2003; 309: 286–290.

40. Moore KJ, et al. The role of PPAR-gamma in macrophage differentiation and 
cholesterol uptake. Nat Med 2001; 7: 41–47.

41. McTernan PG, et al. Resistin. Curr Opin Lipidol 2006; 17: 170–175.
42. Kanda H, et al. MCP-1 contributes to macrophage infiltration into adipose tis-

sue, insulin resistance, and hepatic steatosis in obesity. J Clin Invest 2006; 116: 
1494–1505.

43. Weisberg SP, et al. CCR2 modulates inflammatory and metabolic effects of 
high-fat feeding. J Clin Invest 2006; 116: 115–124.

44. Kirk EA, et al. Monocyte chemoattractant protein deficiency fails to restrain 
macrophage infiltration into adipose tissue [corrected]. Diabetes 2008; 57: 
1254–1261.

45. Lim S, et al. Modulation of adiponectin as a potential therapeutic strategy. 
Atherosclerosis 2014; 233: 721–728.

46. Denzel MS, et al. T-cadherin is critical for adiponectin-mediated cardioprotec-
tion in mice. J Clin Invest 2010; 120: 4342–4352.

47. Arita Y, et al. Paradoxical decrease of an adipose-specific protein, adiponectin, 
in obesity. Biochem Biophys Res Commun 1999; 257: 79–83.

48. Kloting N, et al. Insulin-sensitive obesity. Am J Physiol Endocrinol Metab 2010; 
299: E506–515.

49. Bik W, et al. Adipokines and genetic factors in overweight or obese but meta-
bolically healthy Polish women. Neuro endocrinology letters 2010; 31: 497–506.

50. Waki H, et al. Impaired multimerization of human adiponectin mutants associ-
ated with diabetes. Molecular structure and multimer formation of adiponectin. 
J Biol Chem 2003; 278: 40352–40363.

51. Turer AT, Scherer PE. Adiponectin: mechanistic insights and clinical impli-
cations. Diabetologia 2012; 55: 2319–2326.

52. Kadowaki T, et al. Adiponectin and adiponectin receptors in insulin resistance, 
diabetes, and the metabolic syndrome. J Clin Invest 2006; 116: 1784–1792.

53. Ohashi K, et al. Adiponectin promotes macrophage polarization toward an anti-
inflammatory phenotype. J Biol Chem 2010; 285: 6153–6160.

54. Yu JG, et al. The effect of thiazolidinediones on plasma adiponectin levels in 
normal, obese, and type 2 diabetic subjects. Diabetes 2002; 51: 2968–2974.

55. Jensen MD, et al. Influence of body fat distribution on free fatty acid metab-
olism in obesity. J Clin Invest 1989; 83: 1168–1173.

56. Mittendorfer B. Origins of metabolic complications in obesity: adipose tissue 
and free fatty acid trafficking. Curr Opin Clin Nutr Metab Care 2011; 14: 
535–541.

57. Karpe F, et al. Fatty acids, obesity, and insulin resistance: time for a reevaluation. 
Diabetes 2011; 60: 2441–2449.

58. Reeds DN, et al. Adipose tissue, hepatic, and skeletal muscle insulin sensitivity 
in extremely obese subjects with acanthosis nigricans. Metabolism 2006; 55: 
1658–1663.

59. Morange PE, Alessi MC. Thrombosis in central obesity and metabolic syn-
drome: mechanisms and epidemiology. Thromb Haemost 2013; 110: 669–680.

60. Phillips CM, Perry IJ. Does inflammation determine metabolic health status in 
obese and nonobese adults? J Clin Endocrinol Metab 2013; 98: E1610–1619.

61. De Taeye B, et al. Plasminogen activator inhibitor-1: a common denominator in 
obesity, diabetes and cardiovascular disease. Curr Opin Pharmacol 2005; 5: 
149–154.

62. Rega G, et al. Inflammatory cytokines interleukin-6 and oncostatin m induce 
plasminogen activator inhibitor-1 in human adipose tissue. Circulation 2005; 
111: 1938–1945.

63. Mertens I, Van Gaal LF. Obesity, haemostasis and the fibrinolytic system. Obes 
Rev 2002; 3: 85–101.

64. Meijer RI, et al. Perivascular adipose tissue and its role in type 2 diabetes and 
cardiovascular disease. Curr Diab Rep 2011; 11: 211–217.

65. Nishimura S, et al. CD8+ effector T cells contribute to macrophage recruitment 
and adipose tissue inflammation in obesity. Nat Med 2009; 15: 914–920.

Molica et al. Adipokines and CVD

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-03-04 | IP: 130.203.136.75



Thrombosis and Haemostasis 113.3/2015 © Schattauer 2015

564

66. Greif M, et al. Pericardial adipose tissue determined by dual source CT is a risk 
factor for coronary atherosclerosis. Arterioscler Thromb Vasc Biol 2009; 29: 
781–786.

67. Ouwens DM, et al. The role of epicardial and perivascular adipose tissue in the 
pathophysiology of cardiovascular disease. J Cell Mol Med 2010; 14: 2223–2234.

68. Szasz T, Webb RC. Perivascular adipose tissue: more than just structural sup-
port. Clin Sci 2012; 122: 1–12.

69. Eringa EC, et al. Regulation of vascular function and insulin sensitivity by adi-
pose tissue: focus on perivascular adipose tissue. Microcirculation 2007; 14: 
389–402.

70. Yudkin JS, et al. „Vasocrine“ signalling from perivascular fat: a mechanism link-
ing insulin resistance to vascular disease. Lancet 2005; 365: 1817–1820.

71. Rajsheker S, et al. Crosstalk between perivascular adipose tissue and blood 
vessels. Curr Opin Pharmacol 2010; 10: 191–196.

72. Dorresteijn JA, et al. Mechanisms linking obesity to hypertension. Obes Rev 
2012; 13: 17–26.

73. Barton M, et al. Obesity and risk of vascular disease: importance of endothe-
lium-dependent vasoconstriction. Br J Pharmacol 2012; 165: 591–602.

74. Darvall KA, et al. Obesity and thrombosis. Eur J Vasc Endovasc Surg 2007; 33: 
223–233.

75. Gao X, et al. Tumor necrosis factor-alpha induces endothelial dysfunction in 
Lepr(db) mice. Circulation 2007; 115: 245–254.

76. Munzel T, et al. Pathophysiology, diagnosis and prognostic implications of en-
dothelial dysfunction. Ann Med 2008; 40: 180–196.

77. Steinberg HO, et al. Free fatty acid elevation impairs insulin-mediated vasodi-
lation and nitric oxide production. Diabetes 2000; 49: 1231–1238.

78. Vlasova M, Purhonen AK, Jarvelin MR, et al. Role of adipokines in obesity-as-
sociated hypertension. Acta Physiol 2010; 200: 107–127.

79. Waage A, et al. Glucocorticoids inhibit the production of IL6 from monocytes, 
endothelial cells and fibroblasts. Eur J Immunol 1990; 20: 2439–2443.

80. Romano M, et al. Role of IL-6 and its soluble receptor in induction of chemo-
kines and leukocyte recruitment. Immunity 1997; 6: 315–325.

81. Schrader LI, et al. IL-6 deficiency protects against angiotensin II induced en-
dothelial dysfunction and hypertrophy. Arterioscler Thromb Vasc Biol 2007; 27: 
2576–2581.

82. Lembo G, et al. Leptin induces direct vasodilation through distinct endothelial 
mechanisms. Diabetes 2000; 49: 293–297.

83. Korda M, et al. Leptin-induced endothelial dysfunction in obesity. Am J Physiol 
Heart Circ Physiol 2008; 295: H1514–1521.

84. Aizawa-Abe M, et al. Pathophysiological role of leptin in obesity-related hyper-
tension. J Clin Invest 2000; 105: 1243–1252.

85. Mark AL, et al. Contrasting blood pressure effects of obesity in leptin-deficient 
ob/ob mice and agouti yellow obese mice. J Hypertens 1999; 17: 1949–1953.

86. Hall JE, et al. Obesity-induced hypertension: role of sympathetic nervous sys-
tem, leptin, and melanocortins. J Biol Chem 2010; 285: 17271–17276.

87. Shankar A, Xiao J. Positive relationship between plasma leptin level and hyper-
tension. Hypertension 2010; 56: 623–628.

88. Ozata M, et al. Human leptin deficiency caused by a missense mutation: 
multiple endocrine defects, decreased sympathetic tone, and immune system 
dysfunction indicate new targets for leptin action, greater central than periph-
eral resistance to the effects of leptin, and spontaneous correction of leptin-me-
diated defects. J Clin Endocrinol Metab 1999; 84: 3686–3695.

89. Zhang L, et al. Plasma resistin levels associate with risk for hypertension among 
nondiabetic women. J Am Soc Nephrol 2010; 21: 1185–1191.

90. Langheim S, et al. Increased expression and secretion of resistin in epicardial 
adipose tissue of patients with acute coronary syndrome. Am J Physiol Heart 
Circ Physiol 2010; 298: H746–753.

91. Pfenniger A, et al. Lack of association between connexin40 polymorphisms and 
coronary artery disease. Atherosclerosis 2012; 222: 148–153.

92. Chuang TY, et al. Potential effect of resistin on the ET-1-increased reactions of 
blood pressure in rats and Ca2+ signaling in vascular smooth muscle cells. J Cell 
Physiol 2012; 227: 1610–1618.

93. Chen C, et al. Resistin decreases expression of endothelial nitric oxide synthase 
through oxidative stress in human coronary artery endothelial cells. Am J Phy-
siol Heart Circ Physiol 2010; 299: H193–201.

94. Cao Y, et al. Endothelial dysfunction in adiponectin deficiency and its mechan-
isms involved. J Mol Cell Cardiol 2009; 46: 413–419.

95. Greenstein AS, et al. Local inflammation and hypoxia abolish the protective 
anticontractile properties of perivascular fat in obese patients. Circulation 2009; 
119: 1661–1670.

96. Hui X, et al. Adiponectin and cardiovascular health: an update. Br J Pharmacol 
2012; 165: 574–590.

97. Dolinsky VW, et al. Calorie restriction prevents hypertension and cardiac hyper-
trophy in the spontaneously hypertensive rat. Hypertension 2010; 56: 412–421.

98. Ohashi K, et al. Adiponectin replenishment ameliorates obesity-related hyper-
tension. Hypertension 2006; 47: 1108–1116.

99. Tanida M, et al. Effects of adiponectin on the renal sympathetic nerve activity 
and blood pressure in rats. Exp Biol Med 2007; 232: 390–397.

100. Tan KC, et al. Hypoadiponectinemia is associated with impaired endothelium-
dependent vasodilation. J Clin Endocrinol Metab 2004; 89: 765–769.

101. Verhagen SN, Visseren FL. Perivascular adipose tissue as a cause of athero-
sclerosis. Atherosclerosis 2011; 214: 3–10.

102. Libby P. Inflammation in atherosclerosis. Nature 2002; 420: 868–874.
103. Cheng KH, et al. Adipocytokines and proinflammatory mediators from ab-

dominal and epicardial adipose tissue in patients with coronary artery disease. 
Int J Obes 2008; 32: 268–274.

104. Skoog T, et al. Plasma tumour necrosis factor-alpha and early carotid athero-
sclerosis in healthy middle-aged men. Eur Heart J 2002; 23: 376–383.

105. Verma S, et al. Resistin promotes endothelial cell activation: further evidence of 
adipokine-endothelial interaction. Circulation 2003; 108: 736–740.

106. Calabro P, et al. Resistin promotes smooth muscle cell proliferation through ac-
tivation of extracellular signal-regulated kinase 1/2 and phosphatidylinositol 
3-kinase pathways. Circulation 2004; 110: 3335–3340.

107. Lee TS, et al. Resistin increases lipid accumulation by affecting class A scav-
enger receptor, CD36 and ATP-binding cassette transporter-A1 in macro-
phages. Life Sci 2009; 84: 97–104.

108. Jamaluddin MS, et al. Resistin: functional roles and therapeutic considerations 
for cardiovascular disease. Br J Pharmacol 2012; 165: 622–632.

109. Beltowski J. Leptin and atherosclerosis. Atherosclerosis 2006; 189: 47–60.
110. Taleb S, et al. Defective leptin/leptin receptor signaling improves regulatory T 

cell immune response and protects mice from atherosclerosis. Arterioscler 
Thromb Vasc Biol 2007; 27: 2691–2698.

111. Zeadin M, et al. Effect of leptin on vascular calcification in apolipoprotein 
E-deficient mice. Arterioscler Thromb Vasc Biol 2009; 29: 2069–2075.

112. Hasty AH, et al. Severe hypercholesterolemia, hypertriglyceridemia, and 
atherosclerosis in mice lacking both leptin and the low density lipoprotein re-
ceptor. J Biol Chem 2001; 276: 37402–37408.

113. Wallace AM, et al. Plasma leptin and the risk of cardiovascular disease in the 
west of Scotland coronary prevention study (WOSCOPS). Circulation 2001; 
104: 3052–3056.

114. Shanker J, et al. Relationship of adiponectin and leptin to coronary artery dis-
ease, classical cardiovascular risk factors and atherothrombotic biomarkers in 
the IARS cohort. Thromb Haemost 2012; 108: 769–780.

115. Karakas M, et al. Leptin, adiponectin, their ratio and risk of Coronary Heart 
Disease: results from the MONICA/KORA Augsburg Study 1984–2002. 
Atherosclerosis 2010; 209: 220–225.

116. Couillard C, et al. Leptinemia is not a risk factor for ischemic heart disease in 
men. Prospective results from the Quebec Cardiovascular Study. Diabetes Care 
1998; 21: 782–786.

117. Ouchi N, et al. Adiponectin, an adipocyte-derived plasma protein, inhibits en-
dothelial NF-kappaB signaling through a cAMP-dependent pathway. Circu-
lation 2000; 102: 1296–1301.

118. Wang M, et al. Adiponectin increases macrophages cholesterol efflux and sup-
presses foam cell formation in patients with type 2 diabetes mellitus. Athero-
sclerosis 2013; 229: 62–70.

119. Arita Y, et al. Adipocyte-derived plasma protein adiponectin acts as a platelet-
derived growth factor-BB-binding protein and regulates growth factor-induced 
common postreceptor signal in vascular smooth muscle cell. Circulation 2002; 
105: 2893–2898.

120. Kubota N, et al. Disruption of adiponectin causes insulin resistance and 
neointimal formation. J Biol Chem 2002; 277: 25863–25866.

121. Wolk R, et al. Association between plasma adiponectin levels and unstable cor-
onary syndromes. Eur Heart J 2007; 28: 292–298.

122. Ouedraogo R, et al. Adiponectin suppression of high-glucose-induced reactive 
oxygen species in vascular endothelial cells: evidence for involvement of a 
cAMP signaling pathway. Diabetes 2006; 55: 1840–1846.

Molica et al. Adipokines and CVD

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-03-04 | IP: 130.203.136.75



© Schattauer 2015 Thrombosis and Haemostasis 113.3/2015

565

123. Ogasawara D, et al. Pioglitazone reduces the necrotic-core component in cor-
onary plaque in association with enhanced plasma adiponectin in patients with 
type 2 diabetes mellitus. Circ J 2009; 73: 343–351.

124. Rocha VZ, Libby P. Obesity, inflammation, and atherosclerosis. Nat Rev Car-
diol 2009; 6: 399–409.

125. Chobanian AV, et al. The Seventh Report of the Joint National Committee on 
Prevention, Detection, Evaluation, and Treatment of High Blood Pressure: the 
JNC 7 report. J Am Med Assoc 2003; 289: 2560–2572.

126. Niessen RW, et al. Antithrombin acts as a negative acute phase protein as estab-
lished with studies on HepG2 cells and in baboons. Thromb Haemost 1997; 78: 
1088–1092.

127. Bar J, et al. The regulation of platelet aggregation in vitro by interleukin-1beta 
and tumor necrosis factor-alpha: changes in pregnancy and in pre-eclampsia. 
Thromb Haemost 1997; 78: 1255–1261.

128. Kruithof EK. Regulation of plasminogen activator inhibitor type 1 gene ex-
pression by inflammatory mediators and statins. Thromb Haemost 2008; 100: 
969–975.

129. Skurk T, Hauner H. Obesity and impaired fibrinolysis: role of adipose produc-
tion of plasminogen activator inhibitor-1. Int J Obes Relat Metab Disord 2004; 
28: 1357–1364.

130. Aljada A, et al. Insulin inhibits the pro-inflammatory transcription factor early 
growth response gene-1 (Egr)-1 expression in mononuclear cells (MNC) and 
reduces plasma tissue factor (TF) and plasminogen activator inhibitor-1 
(PAI-1) concentrations. J Clin Endocrinol Metab 2002; 87: 1419–1422.

131. Carmeliet P, et al. Inhibitory role of plasminogen activator inhibitor-1 in arter-
ial wound healing and neointima formation: a gene targeting and gene transfer 
study in mice. Circulation 1997; 96: 3180–3191.

132. Samarakoon R, et al. Plasminogen activator inhibitor type-1 gene expression 
and induced migration in TGF-beta1-stimulated smooth muscle cells is 
pp60(c-src)/MEK-dependent. J Cell Physiol 2005; 204: 236–246.

133. Wu J, et al. Recombinant plasminogen activator inhibitor-1 inhibits intimal hy-
perplasia. Arterioscler Thromb Vasc Biol 2009; 29: 1565–1570.

134. Singh P, et al. Leptin upregulates the expression of plasminogen activator in-
hibitor-1 in human vascular endothelial cells. Biochem Biophys Res Commun 
2010; 392: 47–52.

135. Bodary PF, et al. Recombinant leptin promotes atherosclerosis and thrombosis 
in apolipoprotein E-deficient mice. Arterioscler Thromb Vasc Biol 2005; 25: 
e119–122.

136. Nakata M, et al. Leptin promotes aggregation of human platelets via the long 
form of its receptor. Diabetes 1999; 48: 426–429.

137. Napoleone E, et al. Leptin induces tissue factor expression in human peripheral 
blood mononuclear cells: a possible link between obesity and cardiovascular 
risk? J Thromb Haemost 2007; 5: 1462–1468.

138. Calabro P, et al. Tissue factor is induced by resistin in human coronary artery 
endothelial cells by the NF-kB-dependent pathway. J Vasc Res 2011; 48: 59–66.

139. Kato H, et al. Adiponectin acts as an endogenous antithrombotic factor. Arte-
rioscler Thromb Vasc Biol 2006; 26: 224–230.

140. Restituto P, et al. Adiponectin diminishes platelet aggregation and sCD40L re-
lease. Potential role in the metabolic syndrome. Am J Physiol Endocrinol 
Metab 2010; 298: E1072–1077.

141. Chen YJ, et al. Adiponectin inhibits tissue factor expression and enhances tis-
sue factor pathway inhibitor expression in human endothelial cells. Thromb 
Haemost 2008; 100: 291–300.

142. Miao CY, Li ZY. The role of perivascular adipose tissue in vascular smooth 
muscle cell growth. Br J Pharmacol 2012; 165: 643–658.

143. Wang Z, et al. NF-kappaB is required for TNF-alpha-directed smooth muscle 
cell migration. FEBS Lett 2001; 508: 360–364.

144. Takaoka M, et al. Periadventitial adipose tissue plays a critical role in vascular 
remodeling. Circ Res 2009; 105: 906–911.

145. Shimabukuro M, et al. Epicardial adipose tissue volume and adipocytokine im-
balance are strongly linked to human coronary atherosclerosis. Arterioscler 
Thromb Vasc Biol 2013; 33: 1077–1084.

146. Lamers D, et al. Oleic acid and adipokines synergize in inducing proliferation 
and inflammatory signalling in human vascular smooth muscle cells. J Cell 
Mol Med 2011; 15: 1177–1188.

147. Schafer K, et al. Leptin promotes vascular remodeling and neointimal growth 
in mice. Arterioscler Thromb Vasc Biol 2004; 24: 112–117.

148. Shan J, et al. Leptin-enhanced neointimal hyperplasia is reduced by mTOR and 
PI3K inhibitors. Proc Natl Acad Sci USA 2008; 105: 19006–19011.

149. Bohlen F, et al. Leptin inhibits cell growth of human vascular smooth muscle 
cells. Vascul Pharmacol 2007; 46: 67–71.

150. Manka D, et al. Transplanted perivascular adipose tissue accelerates injury-in-
duced neointimal hyperplasia: role of monocyte chemoattractant protein-1. 
Arterioscler Thromb Vasc Biol 2014; 34: 1723–1730.

151. Takaoka M, et al. Endovascular injury induces rapid phenotypic changes in 
perivascular adipose tissue. Arterioscler Thromb Vasc Biol 2010; 30: 
1576–1582.

152. Kubica J, et al. Combined periprocedural evaluation of CRP and TNF-alpha en-
hances the prediction of clinical restenosis and major adverse cardiac events in 
patients undergoing percutaneous coronary interventions. Int J Mol Med 2005; 
16: 173–180.

153. Momiyama Y, et al. Serum resistin levels and cardiovascular events in patients 
undergoing percutaneous coronary intervention. J Atheroscler Thromb 2011; 
18: 108–114.

154. On YK, et al. Serum resistin as a biological marker for coronary artery disease 
and restenosis in type 2 diabetic patients. Circ J 2007; 71: 868–873.

155. Stephenson K, et al. Neointimal formation after endovascular arterial injury is 
markedly attenuated in db/db mice. Arterioscler Thromb Vasc Biol 2003; 23: 
2027–2033.

156. Piatti P, et al. Association of insulin resistance, hyperleptinemia, and impaired 
nitric oxide release with in-stent restenosis in patients undergoing coronary 
stenting. Circulation 2003; 108: 2074–2081.

157. Matsuda M, et al. Role of adiponectin in preventing vascular stenosis. The 
missing link of adipo-vascular axis. J Biol Chem 2002; 277: 37487–37491.

158. Kitta Y, et al. Low adiponectin levels predict late in-stent restenosis after bare 
metal stenting in native coronary arteries. Int J Cardiol 2008; 131: 78–82.

159. Moldoveanu E, et al. Low basal levels of circulating adiponectin in patients 
undergoing coronary stenting predict in-stent restenosis, independently of 
basal levels of inflammatory markers: lipoprotein associated phospholipase A2, 
and myeloperoxidase. Clin Biochem 2008; 41: 1429–1433.

160. Sako H, et al. Significance of changes in plasma adiponectin concentration 
after the implantation of stents in patients with stable angina. J Cardiol 2008; 
52: 17–23.

161. Tziomalos K, et al. Effects of lifestyle measures, antiobesity agents, and bariat-
ric surgery on serological markers of inflammation in obese patients. Medi-
ators Inflamm 2010; 2010: 364957.

162. Jung SH, et al. Effect of weight loss on some serum cytokines in human obesity: 
increase in IL-10 after weight loss. J Nutr Biochem 2008; 19: 371–375.

163. James WP, et al. Effect of sibutramine on cardiovascular outcomes in over-
weight and obese subjects. N Engl J Med 2010; 363: 905–917.

164. Filippatos TD, et al. Orlistat-associated adverse effects and drug interactions: a 
critical review. Drug Saf 2008; 31: 53–65.

165. Samuelsson L, et al. Decreasing levels of tumour necrosis factor alpha and in-
terleukin 6 during lowering of body mass index with orlistat or placebo in 
obese subjects with cardiovascular risk factors. Diabetes Obes Metab 2003; 5: 
195–201.

166. Valsamakis G, et al. Modest weight loss and reduction in waist circumference 
after medical treatment are associated with favorable changes in serum adi-
pocytokines. Metabolism 2004; 53: 430–434.

167. Buchwald H, et al. Bariatric surgery: a systematic review and meta-analysis. J 
Am Med Assoc 2004; 292: 1724–1737.

168. Appachi S, Kashyap SR. ’Adiposopathy’ and cardiovascular disease: the benefits 
of bariatric surgery. Curr Opin Cardiol 2013; 28: 540–546.

169. Goktas Z, et al. Effects of bariatric surgery on adipokine-induced inflammation 
and insulin resistance. Frontiers Endocrinol 2013; 4: 69.

170. Periasamy M, et al. Bariatric surgery decreases monocyte-platelet aggregates in 
blood: a pilot study. Obesity Surg 2014; 24: 1410–1414.

171. Tschoner A, et al. Plasminogen activator inhibitor 1 and visceral obesity during 
pronounced weight loss after bariatric surgery. Nutr Metab Cardiovasc Dis 
2012; 22: 340–346.

172. Koh KK, et al. Simvastatin improves flow-mediated dilation but reduces adipo-
nectin levels and insulin sensitivity in hypercholesterolemic patients. Diabetes 
Care 2008; 31: 776–782.

173. Qu HY, et al. Effect of atorvastatin versus rosuvastatin on levels of serum lipids, 
inflammatory markers and adiponectin in patients with hypercholesterolemia. 
Pharm Res 2009; 26: 958–964.

Molica et al. Adipokines and CVD

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-03-04 | IP: 130.203.136.75



Thrombosis and Haemostasis 113.3/2015 © Schattauer 2015

566 Molica et al. Adipokines and CVD

174. Szotowska M, et al. Effect of Low-Dose Atorvastatin on Plasma Concentrations 
of Adipokines in Patients with Metabolic Syndrome. Kidney Blood Press Res 
2012; 35: 226–232.

175. Sahebkar A. Beyond anti-PCSK9 therapies: the potential role of resistin in-
hibitors. Nat Rev Cardiol 2014; 11: 12.

176. Miranda MX, et al. The Sirt1 activator SRT3025 provides atheroprotection in 
Apoe-/- mice by reducing hepatic Pcsk9 secretion and enhancing Ldlr ex-
pression. Eur Heart J 2014; Epub ahead of print.

177. Blom DJ, et al. A 52-week placebo-controlled trial of evolocumab in hyperli-
pidemia. N Engl J Med 2014; 370: 1809–1819.

178. Pascual G, et al. A SUMOylation-dependent pathway mediates transrepression 
of inflammatory response genes by PPAR-gamma. Nature 2005; 437: 759–763.

179. Rosen CJ. Revisiting the rosiglitazone story--lessons learned. N Engl J Med 
2010; 363: 803–806.

180. Iwaki M, et al. Induction of adiponectin, a fat-derived antidiabetic and anti-
atherogenic factor, by nuclear receptors. Diabetes 2003; 52: 1655–1663.

181. Shadid S, Jensen MD. Effects of pioglitazone versus diet and exercise on meta-
bolic health and fat distribution in upper body obesity. Diabetes Care 2003; 26: 
3148–3152.

182. Kang L, et al. Resveratrol modulates adipokine expression and improves insu-
lin sensitivity in adipocytes: Relative to inhibition of inflammatory responses. 
Biochimie 2010; 92: 789–796.

183. Pernicova I, Korbonits M. Metformin--mode of action and clinical impli-
cations for diabetes and cancer. Nature reviews Endocrinology 2014; 10: 
143–156.

184. Wang A, et al. Up-regulation of adiponectin by resveratrol: the essential roles of 
the Akt/FOXO1 and AMP-activated protein kinase signaling pathways and 
DsbA-L. J Biol Chem 2011; 286: 60–66.

185. Zulian A, et al. In vitro and in vivo effects of metformin on human adipose tis-
sue adiponectin. Obes Facts 2011; 4: 27–33.

186. Teng KT, et al. Modulation of obesity-induced inflammation by dietary fats: 
mechanisms and clinical evidence. Nutrition J 2014; 13: 12.

187. Cammisotto PG, et al. Regulation of leptin secretion from white adipocytes by 
free fatty acids. Am J Physiol Endocrinol Metab 2003; 285: E521–526.

188. Ukropec J, et al. The hypotriglyceridemic effect of dietary n-3 FA is associated 
with increased beta-oxidation and reduced leptin expression. Lipids 2003; 38: 
1023–1029.

189. Ramel A, et al. Effects of seafood consumption and weight loss on fasting leptin 
and ghrelin concentrations in overweight and obese European young adults. 
Eur J Nutr 2009; 48: 107–114.

190. Flachs P, et al. Polyunsaturated fatty acids of marine origin induce adiponectin 
in mice fed a high-fat diet. Diabetologia 2006; 49: 394–397.

191. Tishinsky JM, et al. Fish oil prevents high-saturated fat diet-induced impair-
ments in adiponectin and insulin response in rodent soleus muscle. Am J Phy-
siol Regul Integr Comp Physiol 2012; 302: R598–605.

192. Gammelmark A, et al. Low-dose fish oil supplementation increases serum adi-
ponectin without affecting inflammatory markers in overweight subjects. Nutr 
Res 2012; 32: 15–23.

For personal or educational use only. No other uses without permission. All rights reserved.
Downloaded from www.thrombosis-online.com on 2015-03-04 | IP: 130.203.136.75


