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Adipose tissue has recently emerged as an active
endocrine organ that secretes a variety of metaboli-
cally important substances, collectively called adipo-
cytokines or adipokines. In this review we summarize
the effects of the adipokines leptin, adiponectin, and
resistin on the vasculature and their potential role for
pathogenesis of vascular disease. Leptin is associated
with arterial wall thickness, decreased vessel disten-
sibility, and elevated C reactive protein (CRP) levels.
Leptin possesses procoagulant and antifibrinolytic
properties, and it promotes thrombus and atheroma
formation, probably through the leptin receptors by
promoting vascular inflammation, proliferation, and
calcification, and by increasing oxidative stress. Re-
search for development of pharmacologic antagonism
for the leptin receptor is currently under way. Adi-
ponectin inhibits the expression of the adhesion mol-
ecules ICAM-1, VCAM-1, and P selectin. Therefore, it
interferes with monocyte adherence to endothelial
cells and their subsequent migration to the subendo-
thelial space, one of the initial events in the develop-
ment of atherosclerosis. Adiponectin also inhibits the
transformation of macrophages to foam cells in vitro
and decreases their phagocytic activity. Resistin, dis-
covered in 2001, represents the newest of the adipo-
kines and was named for its ability to promote insulin
resistance. Resistin increases the expression of the
adhesion molecules VCAM-1 and ICAM-1, up-regulates
the monocyte chemoattractant chemokine-1, and pro-
motes endothelial cell activation via ET-1 release. Al-
though many aspects of its function need further clar-
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ification, it appears that resistin will add significantly
to our knowledge of the pathophysiology of vascular
disease and the metabolic syndrome. © 2005 Elsevier Inc. All
rights reserved.
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INTRODUCTION

Atherosclerosis is a disease process that starts in
fetal life [1] and is associated with a significant mor-
bidity and mortality. Leading predisposing factors in-
clude hyperlipidemia, cigarette smoking, hyperten-
sion, obesity, and diabetes. Type 2 diabetes is closely
associated with obesity and is caused by a relative
resistance to insulin, which has recently emerged as a
significant vascular hormone with important links to
the pathophysiology of atherosclerotic vascular disease
[2].

Recent studies have transformed our thinking about
the adipocyte. It is no longer viewed as a passive en-
ergy storage tissue; instead, it has been recognized to
produce a number of metabolically and hormonally
active substances, collectively called adipokines or adi-
pocytokines [3]. These adipokines consist of polypep-
tides but also nonprotein factors that are known to
affect different functional categories including immu-
nity function (complement factors and haptoglobin),
endocrine function (leptin, sex steroids, and various
growth factors), metabolic function (fatty acids, adi-
ponectin, and resistin), and cardiovascular function
(angiotensinogen and plasminogen activator inhibitor-
1). Adiponectin, leptin, and resistin may have syner-
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gistic or competitive activity to insulin. Insulin resis-
tance is an important factor for the development of
coronary heart disease, supported by studies in animal
models [4] and humans [5]. Therefore, these investiga-
tions have the potential to provide useful insight into
the pathogenesis of vascular disease.

In this review, we present the current understanding
of the complex role of the adipocyte-derived hormones
leptin, adiponectin, and resistin on the endothelial cell
function and the pathogenesis of atherosclerotic vascu-
lar disease. Mechanisms of action and data from ani-
mal and human studies, as well as controversies sur-
rounding their function, are discussed.

LEPTIN

Leptin (from the Greek word leptos meaning thin)
was identified by positional cloning in 1993 [6] as a key
molecule in the regulation of body weight and energy
balance. Subsequent research has revealed that the
effect of leptin is not restricted to appetite and food
intake. Leptin is a pleiotropic molecule with a broad
variety of different biological actions, including repro-
ductive function, regulation of the hypothalamic—
pituitary—adrenal (HPA) axis, glucose and insulin
metabolism, lipolysis, sympathetic nerve activity, im-
mune response, hematopoiesis, and angiogenesis. Lep-
tin is a 167 amino acid secreted protein encoded by the
ob gene. It is predominantly expressed by adipocytes,
and its plasma levels correlate well with the body fat
mass [7]. The protein is comprised of four a-helices and
two short B-strands, containing an intrachain disulfide
bond necessary for its biological activity [8].

Adipocyte leptin expression is transcriptionally reg-
ulated, with the status of the energy stores in white
adipose tissue and the adipocyte size as major deter-
minants. In addition, leptin expression and serum lev-
els increase after food intake. In contrast, leptin ex-
pression is rapidly suppressed with food restriction,
exceeding the rate at which fat mass and adipocyte size
is reduced [7].

Leptin receptor (LR) is encoded by the db gene. From
the five isoforms of the receptor, the long form is ex-
pressed throughout the body and has been located in
the hypothalamus, monocytes, natural killer cells, CD4
and CD8 lymphocytes, pancreatic B-cells, enterocytes,
and endothelial cells [9].

Leptin and the Vasculature

The effects of leptin on the vasculature vary, and the
exact mechanism remains unclear. Direct vasodilatory
actions of leptin have been inconsistently reported.
Fruhbeck [10] demonstrated that acute administration
of leptin increases endothelial nitric oxide release in
anesthetized Wistar rats but not in the leptin-receptor-
deficient Zucker rat. These results suggest that the
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vasodilatory effect of leptin was mediated through
leptin-receptor-dependent release of endothelial nitric
oxide. Interestingly, despite nitric oxide release, de-
creased blood pressure was only observed in sympa-
thectomized rats, suggesting that leptin-de-
pendent activation of the sympathetic nervous system
might offset the vasodilatory and nitric oxide-de-
pendent effect of leptin [10, 11]. Moderate reductions in
renal plasma flow and glomerular filtration rate were
also observed in these experiments, suggesting that
renal vasoconstriction occurs when the effect of leptin
on endothelial cells is inhibited. Leptin in high doses
has been demonstrated to increase human forearm
blood flow [12] and dilate human coronary arteries in
vivo [13]. However, the vasodilation mechanism ap-
pears to be independent of endothelial release of nitric
oxide because NG-onomethyl-L-arginine, a nitric oxide
synthase inhibitor, did not alter the vasodilatory action
of leptin.

In contrast with results showing a vasodilator effect,
leptin does not alter mesenteric blood flow in conscious
Sprague Dawley rats treated with nitric oxide syn-
thase inhibitors. Also, leptin does not change mesen-
teric blood flow in the presence of the a-adrenergic
blockers prazosin and yoimbine, despite increased
sympathetic activity to lumbar nerves [14]. Similarly,
leptin does not alter renal, mesenteric, and hindquar-
ters blood flow in conscious Long-Evans rats treated
with a nitric oxide synthase inhibitor [15]. Addition-
ally, B2-adrenergic blockade does not change regional
blood flow in the presence of leptin. These results to-
gether contradict those of Fruhbeck [10] and suggest
that leptin does not alter nitric oxide-dependent vas-
cular reactivity of resistance vessels, even when o and
B adrenergic peripheral vascular actions are inhibited.
Intriguingly, systemic leptin administration does not
attenuate renal or hindlimb vasoconstriction caused by
sympathetic nerve stimulation. This result suggests
that any direct vascular effects of leptin might be in-
sufficient to oppose sympathetically mediated vasocon-
striction [16]. So, while high concentrations of leptin
may possess vasodilator properties through stimula-
tion of nitric oxide generation, the exact effects of lep-
tin on vascular function in vivo are still unclear.

The physiological role of leptin on the vasculature is
supported by experimental results showing that leptin
replacement in leptin-deficient obese 0b /0b™ mice re-
verses endothelial dysfunction. However, whether
weight loss could have confounded the interpretation of
results is unclear because a pair-fed group of mice was
not studied to control for reduced food intake of 06" /ob
mice treated with leptin [17].

Insulin may interact with leptin to modulate vascu-
lar function. The mechanism by which leptin induces
nitric oxide production in some vascular beds is in part
related to the activation of the Akt-endothelial nitric
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oxide synthase phosphorylation pathway [18]. Insulin
enhances leptin-dependent vasodilation by increasing
endothelial nitric oxide release and by potentiating Akt
and endothelial nitric oxide synthase phosphorylation
[19]. Concomitantly, leptin increases insulin sensitiv-
ity in rats and may improve vascular responses to
insulin in states of insulin resistance [20]. Thus, the
cross-talk between leptin and insulin could have im-
portant implications in the pathophysiology of vascular
dysfunction of metabolic syndrome, particularly in
obesity-related hypertension.

Leptin and Atherosclerotic Disease

A number of observations correlate serum leptin
with the pathogenesis of atherosclerotic vascular dis-
ease. Human plasma leptin concentrations are inde-
pendently associated with the intima-media thickness
of the common carotid artery, an early atherosclerosis
marker [9]. Elevations in leptin concentrations in ad-
olescents are associated with decreased arterial disten-
sibility [21]. Ob /ob" mice are markedly resistant
against diet-induced atherosclerosis [7]. Wild-type
mice on an atherogenic diet show increased leptin lev-
els and develop enhanced neointimal wall thickening
after carotid artery injury. These lesions show a high
LR expression. Ob /ob~ mice do not show this diet-
induced wall thickening despite the clear presence of
atherosclerosis risk factors like diabetes, obesity, and
hyperlipidemia. However, wall thickening can be in-
duced in 0b /ob™ mice after leptin administration [22].
Leptin receptors are found on the endothelium [23],
macrophages, and foam cells [24] and on vascular
smooth muscle cells [25]. Interaction with these recep-
tors appears to be the first step in the leptin-induced
atheroma formation. Leptin also contributes to arterial
thrombosis after vascular injury, and its prothrombotic
effects are probably mediated through the platelet LR
[26].

Two small case-control studies in Sweden first reported
the association of leptin with myocardial infarction [27]
and stroke [28]. The prospective West of Scotland Coro-
nary Prevention Study (WOSCOPS) also showed that
leptin moderately but independently increases the rela-
tive risk of coronary artery disease [29, 30]. Even though
dyslipidemia does not appear to be independently re-
lated with leptin after correction for adiposity, leptin
possesses complex proliferative, oxidative, proinflam-
matory, and prothrombotic actions that may help ex-
plain these epidemiological associations. Leptin ad-
ministration to culture media to reach physiological
and pathophysiologic concentrations dose-dependently
increases both migration and proliferation of rat vas-
cular smooth muscle cells [25] through activation of
phosphatidylinositol-3-kinase and mitogen-activated
protein kinases. In addition to its direct proliferative
effect, leptin stimulates osteogenic transformation of
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cultured vascular cells that are prone to develop calci-
fied lesions [31]. Leptin also appears to be an impor-
tant factor for the regeneration of the endothelial inti-
mal layer after vascular injury. It has been observed
that neointimal formation after experimental endovas-
cular injury in leptin receptor-deficient db/db mice is
substantially reduced by 90% as compared with leptin-
sensitive wild-type mice [32]. Together, these observa-
tions suggest that leptin may contribute to vascular
remodeling and senescence, and perhaps arterial reste-
nosis after angioplasty. Leptin also increases oxidative
stress through multiple mechanisms. In bovine aortic
endothelial cells, leptin dose-dependently increases the
formation of reactive oxygen species in a process cou-
pled with increased fatty acid oxidation and activation
of protein kinase A [33]. In rats, chronic induction of
hyperleptinemia decreases paraoxonase-1 activity, an
antioxidant enzyme contained in plasma lipoproteins.
Leptin-dependent reduction in paraoxonase-1 activity
is followed by increased plasma and urinary concentra-
tion of isoprostanes reflecting increased oxidative
stress [34]. Oxidative stress can cause direct endothe-
lial or vascular smooth muscle damage but may also
operate as an indirect factor to increase serum athero-
genic factors. By increasing oxidative stress and acti-
vating protein kinase C, leptin increases the secretion
of atherogenic lipoprotein lipase from macrophages
in vitro [35].

Stimulation of low-grade vascular inflammation is an-
other mechanism by which leptin could promote endothe-
lial dysfunction and atherogenesis [36]. Leptin deficient
ob /ob” mice and leptin receptor-deficient db /db" mice
are susceptible to infections due to immune system
suppression. Leptin replacement ameliorates im-
mune system function in 0b /ob™ mice, but not in the
db /db” mouse [37], as would be expected in a re-
ceptor-deficient model. Furthermore, in vitro admin-
istration of leptin to lipopolysaccharide (LPS)-
activated macrophages collected from o0b /ob and
db /db” mice substantially potentiates secretion of
tumor necrosis factor and interleukins-2 and -6.
These results indicate that leptin is involved in the
regulation of immune function and cytokine secre-
tion in 0b/0b mice. Currently, information regarding
the interaction between leptin and inflammatory re-
actions in humans is limited.

In a cross-sectional study [38] involving young
healthy men, leptin was independently associated with
C reactive protein, a well-recognized marker of athero-
sclerotic vascular risk. It is unknown whether this is a
causal association. As previously stated, leptin is inde-
pendently associated with decreased arterial distensi-
bility in healthy adolescents within a wide range of
body-mass indices (BMIs) [21]. In line with the evi-
dence from in vitro studies, this result could reflect
accelerated vascular aging and remodeling in adoles-
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cents that might be associated with higher plasma
leptin concentrations. In summary, these experimental
results strongly suggest that leptin may contribute to
the pathophysiology of atherogenesis by promoting
vascular inflammation, proliferation, and calcification,
and by increasing oxidative stress.

Leptin may be indirectly involved in the pathogene-
sis of atherosclerosis via effects on blood pressure. A
positive correlation is found between mean blood pres-
sure and leptin serum levels in lean subjects with
essential hypertension [39]. The effects of leptin on
blood pressure can vary between chronic and acute
administration. Chronic intravenous injection of leptin
in Sprague-Dawley rats increases their arterial pres-
sure [40], while acute intravenous injection of leptin in
sympathectomized rats decreases their arterial pres-
sure [11]. Intracerebroventricular leptin administra-
tion in rats or in rabbits increases blood pressure
through an increased lumbar and renal sympathetic
nerve activity [41, 42]. An observation that may help
explain this apparent effect of leptin on blood pressure
is that in vitro treatment of human umbilical vein
endothelial cells (HUVECs) with leptin induces en-
dothelin-1, a known potent vasoconstrictor [43].

Strategies to antagonize the leptin activity are being
developed. These include the use of the secreted leptin
receptor (sLR) [44, 45] or the use of leptin antagonists,
such as R128Q or LPA-2 [7]. The main effects of leptin
on food intake and energy expenditure occur at the
level of the hypothalamus, whereas the effect on the
vascular system is mediated by receptors on peripheral
target cells. Therefore, developing a selective leptin
inhibitor that acts only in the peripheral receptors
appears to be a prerequisite of effective leptin antago-
nism.

Thrombosis and Leptin

Experimental evidence mostly from animals sug-
gests that leptin could be an important procoagulant
factor. Thrombi originating from arterial lesions in
ob /ob” mice are unstable as compared with littermate
controls. Leptin replacement normalizes thrombus for-
mation in ob/ob mice. Furthermore, aggregation of
platelets is attenuated in 0b /ob™ and db /db” mice but
leptin normalizes platelet aggregation only in 0b /ob
mice [46]. The time for thrombus formation is pro-
longed in 0b" /ob™ and db /db mice after carotid lesion
formation [26]. Moreover, bone marrow transplanted
from db /db mice to normal mice delays thrombus
formation in the transplant recipients, suggesting that
platelet leptin receptors are important for normal
thrombogenesis. Leptin also increases human platelet
aggregation in vitro by a receptor-dependent mecha-
nism [47]. In addition, leptin modestly decreases the
expression of thrombomodulin, an anticoagulant pro-
tein, in cultured HUVECs [47].
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Fibrinolysis may also be modulated in part by leptin.
One human study, adjusted for differences in adiposity
and age, found a significant association between leptin
and decreased tissue plasminogen activator activity,
and high PAI-1 activity, in men and postmenopausal
women [48]. These prothrombotic actions of leptin
could potentially contribute to the increased risk of
obese subjects in developing acute coronary events,
venous thrombosis, and pulmonary thromboembolism.

ADIPONECTIN

Human adiponectin was isolated from the plasma as
gelatin binding protein of 28 kDa [49]. It contains 244
amino acid residues and consists of a 20-residue signal
sequence, an N-terminal region without homology to
any known proteins, a collage-like region, and a
C-terminal globular domain. Under normal conditions,
adiponectin gene is expressed almost exclusively in the
adipose tissue. However, adiponectin mRNA appears
in hepatocytes after treatment with carbon tetrachlo-
ride or IL-6 [50, 51].

Several mechanisms regulate the expression of adi-
ponectin. Insulin and insulin-like growth factor-1
(IGF-1) both up-regulate adiponectin expression [52],
whereas TNF-«a as well as activation of the peroxisome
proliferators-activated receptor o (PPAR®) have the
opposite effect [53]. The role of B3 adrenergic receptor
activation remains controversial [50, 53]. Finally,
there is evidence of adiponectin receptor on human
aortic endothelial cells that acts through cAMP protein
kinase A activation [54, 55]. However, more studies are
needed in this area.

Adiponectin and Vascular Disease

Several studies have indicated that adiponectin pos-
sesses anti-inflammatory properties and thus may neg-
atively modulate the process of atherogenesis. One of
the initial steps in atherogenesis is adherence of mono-
cytes to endothelial cells and their migration into sub-
endothelial space, where they take up oxidized lipopro-
teins and transform them into foam cells. Adiponectin
dose dependently suppresses TNF-a-stimulated ad-
herence of monocytes to cultured human endothelial
cells. This effect results from inhibition of the ex-
pression of adhesion molecules, such as vascular cell
adhesion molecule-1 (VCAM-1), E-selectin, and in-
tercellular adhesion molecule-1 (ICAM-1). TNF-« in-
creases, whereas adiponectin reduces, the amount of
these proteins and their respective mRNAs in endothe-
lial cells [56]. The mechanism of adiponectin action in
endothelial cells has been further investigated. TNF-«
activates nuclear transcription factor NF-«B in these
cells by stimulating protein kinase NIK (NF-«B induc-
ing kinase), which phosphorylates the NF-«B inhibitor,
IkB, initiating its degradation and thus leading to
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NF-«B activation. NF-«B stimulates the expression of
cytokines and adhesion molecules involved in the in-
flammatory process. Adiponectin inhibits TNF-« de-
pendent phosphorylation and degradation of IxB. The
effect of adiponectin is specific for the IkB-NF-«B path-
way because no changes in the phosphorylation of
other proteins induced by TNF-a have been observed.
The inhibition of IkB phosphorylation is most likely
mediated by the cAMP-protein kinase A pathway be-
cause it is mimicked by the membrane-permeable
cAMP analogue, dibutyryl-cAMP, and blocked by in-
hibitors of either adenylate cyclase or protein kinase A
(50, 54].

In addition, adiponectin decreases the cholesterol
esters content in macrophages by about 50% and in-
hibits transformation of macrophages to foam cells
in vitro. The effect is mediated by decreased expression
of scavenger receptors class A Type 1, which are re-
sponsible for uptake of modified low-density lipopro-
teins (LDLs) by macrophages. It has no effect on class
B (CD36) scavenger receptor expression. Also, adi-
ponectin inhibits specific binding of oxidized LDLs and
their uptake by macrophages [57] and specifically in-
hibits proliferation of myelomonocytic bone marrow
progenitor cells and induces their apoptosis by reduc-
ing the expression of antiapoptotic gene Bel-2 [55].

Adiponectin also inhibits proliferation of human pe-
ripheral blood monocytes, reduces their phagocytic ac-
tivity, and inhibits TNF-a expression stimulated by
LPS, but not by IL-1 or IL-6 [55]. Thus, adiponectin can
suppress atherogenesis by inhibiting the adherence of
monocytes, reducing their phagocytic activity and de-
creasing the accumulation of modified lipoproteins in
the vascular wall. These data suggest that adiponectin
deficiency associated with obesity and/or type 2 diabe-
tes may contribute to accelerated atherogenesis in
these states. In support of this hypothesis, the circu-
lating adiponectin concentration has been found to be
lower in patients with ischemic heart disease than in
age- and BMI-matched controls [56]. Similar results
have been observed among patients with type 2 diabe-
tes mellitus [58]. However, adiponectin is found in the
subendothelial space of carotid arteries which have
been injured by a catheter [59] and in atherosclerotic
lesions with injured endothelium in human abdominal
aorta [57, 60]. Thus, it is also possible that the lower
plasma adiponectin in these patients is secondary to
accelerated degradation of the protein due to its accu-
mulation in the vessel wall. In a recently published
prospective study, Zoccali et al. [60] have shown that
low levels of adiponectin are related to subsequent
cardiovascular events in hemodialyzed patients. This
study confirms that hypoadiponectinemia plays a caus-
ative role in atherogenesis, at least in patients with
end-stage renal disease.
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RESISTIN

Resistin is a member of a newly discovered family of
cysteine-rich secretory proteins called “resistin-like
molecules” (RELM) or “found in the inflammatory
zone” (FIZZ). It was initially discovered in a screen to
identify potential targets of the thiazolidinedione
(TZD) class of insulin sensitizers in 3T3-L1 adipocytes
[61]. Resistin is encoded by the Retn gene, and is se-
creted as a disulfide-linked dimer [62]. In mice, the retn
gene is expressed almost exclusively in white adipose
tissue and the protein is detectable in adipocytes and
in the blood. This observation suggests that resistin is
produced primarily by adipose tissue and may act at
sites distant from where it is produced [61]. Unlike
murine resistin, human resistin is expressed at low
levels in adipocytes but is readily detectable in mono-
nuclear blood cells [63, 64].

Resistin appears to be an important regulator of
glucose homeostasis, adipogenesis, and, potentially, in-
flammation [65, 66]. Obesity induced by a high fat diet,
mutation of the leptin gene (06 /ob™ mice), or the leptin
receptor gene (db /db~ mice) is associated with in-
creased circulating resistin concentrations [50]. Resis-
tin induces insulin resistance in mice and regulates the
deposition of adipose tissue through a negative feed-
back mechanism. However, its exact mechanism of ac-
tion and regulation of expression remain controversial.
Animal studies aiming at clarifying the role of PPAR
receptor on resistin secretion have been inconclusive,
and resistin expression has been found to be both up-
and down-regulated after stimulation of this receptor
[50, 61, 67]. The effect of insulin is also controversial.
Insulin down-regulated resistin expression in 3T3-L1
adipocytes [68], whereas in vivo studies in mice and
rats have shown a stimulatory effect [67].

Recently, in addressing the function of resistin in
insulin resistance, mice lacking resistin were gener-
ated by Banerjee et al. by replacing the coding exons of
the gene (rstn) with the lacZ reporter [30]. These rstn
(K/K) mice on a chow diet had normal glucose toler-
ance. Their fasting glucose levels were 20—-30% lower
as compared with wild-type mice. However, when fed a
high-fat diet, these mice showed significantly better
glucose tolerance as compared with wild-type mice.
Nevertheless, fasting insulin levels and insulin toler-
ance were not altered in rstn (K/K) mice on either chow
or high fat diets. However, hyperinsulinemic euglyce-
mic glucose clamp studies of rstn (K/K) mice indicated
a higher glucose infusion rate with a dramatic reduc-
tion in glucose production, but without significant dif-
ferences in whole body glucose disposal as compared
with wild-type mice.

Transgenic mice overexpressing a human IgG con-
stant region (hFc)-resistin fusion protein that blocks
inhibition of adipocyte differentiation mediated by re-
sistin has also been generated [69]. The resistin fusion
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protein forms homo- or heterooligomers with the en-
dogenous resistin and with other members of the
resistin/FIZZ family. It is likely that the hFc domain
blocks the resistin interaction with its receptor. Trans-
genic mice in these studies seemed to demonstrate a
more severely affected phenotype with respect to glu-
cose homeostasis and obesity. These mice showed in-
creased adiposity in a transgene dose-dependent man-
ner, secondary to adipocyte differentiation and hy-
pertrophy, with subsequent increased circulating lep-
tin and adiponectin levels. Interestingly, they also
demonstrated an enhanced glucose tolerance to chow
and high-fat diets compared to wild-type strains. This
overall complex phenotype of insulin sensitivity and
adipogenesis could stem from a chronic impairment of
the inhibitory function of resistin on adipocyte differ-
entiation, and it is likely to arise from the heterooli-
gomerization of the hFe-resistin with other RELM
members [70].

Resistin and Vascular Disease

The effect of insulin on endothelial cell function and the
overall physiology of the vasculature have been well doc-
umented [2]. It was, therefore, legitimate to presume that
resistin would affect the vascular endothelium. A few
such studies have recently appeared in the literature.
Verma et al. [71] investigated the effect of resistin on
human saphenous vein endothelial cell activation. They
have found that resistin promotes endothelial cell activa-
tion by promoting ET-1 release. They have also proved
that it up-regulates VCAM-1 and the monocyte chemoat-
tractant chemokine-1 (MCP-1), while it down-regulates
the expression of TNF- receptor-associated factor-3
(TRAF-3), an inhibitor of CD40 ligand signaling [71].
In a similar manner, Kawanami et al. [72] investigated
the effects of resistin on human aortic endothelial cells.
They have found that resistin induces the expression of
the adhesion molecules VCAM-1, ICAM-1, and pen-
traxin 3, a marker of inflammation, which shares high
homology with the C-reactive protein and that this is
done via an NF-kB dependent pathway. In their stud-
ies, pitavastatin, an HMG CoA inhibitor, inhibited
resistin-induced VCAM-1 activation in a dose depen-
dent manner, but it failed to inhibit the expression of
ICAM-1. Adiponectin inhibited the resistin induced up-
regulation in VCAM-1 and to a lesser extent ICAM-1
expression. Taken together, these data indicate that
resistin activates endothelial cells and may promote
the initiation or perpetuation of the atherosclerotic
state. Further questions, however, remain. For in-
stance, because energy metabolism is different be-
tween mice and humans, do the observations made in
rodents apply to human physiology? How does resistin
interfere with insulin signaling? Are there any recep-
tors in the endothelium or the smooth muscle cells of
the vessel wall? If yes, what studies are needed to
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FIG. 1. Adipokines interact in a complex way to regulate endo-
thelial function and ultimately atherosclerosis. Leptin possesses pro-
thrombotic, proinflammatory, oxidative, and proliferative properties.
It also elevates systemic blood pressure, despite a NO-dependent
induced vasodilation. Adiponectin regulates monocyte functions, in-
hibits the TNF-a dependent NF-«kB up-regulation, and down-
regulates the expression of adhesion molecules VCAM-1 and
ICAM-1. Resistin has been shown to promote the release of ET-1 and
favors the expression of VCAM-1, ICAM-1, MCP-1, TRAF-3, and
pentraxin-3 adhesion molecules. NF-«B, nuclear factor kappa B;
VCAM-1, vascular cell adhesion molecule-1; ICAM-1, intercellular
adhesion molecule-1; MCP-1, monocyte chemoattractant chemo-
kine-1; ET-1, endothelin-1; TRAF-3, TNF- receptor-associated
factor-3.

identify resistin receptors and their distribution
among different organs, as well as the signaling path-
ways that regulate resistin activity on endothelial
cells?

Resistin is an exciting new molecule, and answers to
these questions are expected to improve our under-
standing of the pathophysiology of vascular disease
and the metabolic syndrome in general.

SUMMARY

The identification of adipokines is intriguing from
both a theoretical and clinical point of view. There are
several lines of evidence to support the notion that at
least the three adipokines discussed above are involved
in the pathogenesis of atherosclerotic disease (Fig. 1).
As further data from human studies are accumulated,
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the role of adipokines will continue to evolve. The de-
velopment of pharmacologic antagonists is a very at-
tractive idea and may have implications for both the
treatment of atherosclerotic disease as well as that of
diabetes.

ACKNOWLEDGMENTS

This work was supported by National Institutes of Health grants
RO1 HL61943, R01 HL65916, R01 HL60135, and R01 HL72716 (C.
Chen); R21 AI49116 (Q. Yao); R01 HL75824 (Lumsden); and K08
HL076345 (Lin).

10.

11.

12.

13.

REFERENCES

Napoli, C., D’Armiento, F. P., Mancini, F. P., Postiglione, A.,
Witztum, J. L., Palumbo, G., and Palinski, W. Fatty streak
formation occurs in human fetal aortas and is greatly enhanced
by maternal hypercholesterolemia. Initimal accumulation of
low density lipoprotein and its oxidation precede monocyte re-
cruitment into early atherosclerotic lesions. J. Clin. Invest. 100:
2680, 1997.

Mather, K., Anderson, T. J., and Verma, S. Insulin action in the
vasculature: physiology and pathophysiology. J. Vasc. Res. 38:
415, 2001.

Shuldiner, A. R., Yang, R., and Gong, D. W. Resistin, obesity
and insulin resistance—the emerging role of the adipocyte as an
endocrine organ. N. Engl. J. Med. 345: 1345, 2001.
Shinohara, E., Kihara, S., Ouchi, N., Funahashi, T., Nakamura,
T., Yamashita, S., Kameda-Takemura, K., and Matsuzawa, Y.
Troglitazone suppresses intimal formation following balloon
injury in insulin-resistant Zucker fatty rats. Atherosclerosis
136: 275, 1998.

Murakami, T., Mizuno, S., Ohsato, K., Moriuchi, I., Arai, Y.,
Nio, Y., Kaku, B., Takahashi, Y., and Ohnaka, M. Effects of
troglitazone on frequency of coronary vasospastic-induced an-
gina pectoris in patients with diabetes mellitus. Am. J. Cardiol.
84: 92, 1999.

Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., and
Friedman, J. M. Positional cloning of the mouse obese gene and
its human homologue. Nature 372: 425, 1994.

Peelman, F., Waelput, W., Iserentant, H., Lavens, D., Eycker-
man, S., Zabeau, L., and Tavernier, J. Leptin: linking adipocyte
metabolism with cardiovascular and autoimmune diseases.
Prog. Lipid Res. 43: 283, 2004.

Zhang, F., Basinski, M. B., Beals, J. M., Briggs, S. L., Churgay,
L. M., Clawson, D. K., DiMarchi, R. D., Furman, T. C., Hale,
J. E., Hsiung, H. M., Schoner, B. E., Smith, D. P., Zhang, X. Y.,
Wery, J. P., and Schevitz, R. W. Crystal structure of the obese
protein leptin-E100. Nature 387: 206, 1997.

Fruhbeck, G. A heliocentric view of leptin. Proc. Nutr. Soc. 60:
301, 2001.

Fruhbeck, G. Pivotal role of nitric oxide in the control of blood
pressure after leptin administration. Diabetes 48: 903, 1999.
Lembo, G., Vecchione, C., Fratta, L., Marino, G., Trimarco, V.,
d’Amati, G., and Trimarco, B. Leptin induces direct vasodila-
tion through distinct endothelial mechanisms. Diabetes 49: 293,
2000.

Nakagawa, K., Higashi, Y., Sasaki, S., Oshima, T., Matsuura,
H., and Chayama, K. Leptin causes vasodilation in humans.
Hypertens. Res. 25: 161, 2002.

Matsuda, K., Teragawa, H., Fukuda, Y., Nakagawa, K., Hi-
gashi, Y., and Chayama, K. Leptin causes nitric-oxide indepen-

dent coronary artery vasodilation in humans. Hypertens. Res.
26: 147, 2003.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

127

Mitchell, J. L., Morgan, D. A., Correia, M. L., Mark, A. L.,
Sivitz, W. 1., and Haynes, W. G. Does leptin stimulate nitric
oxide to oppose the effects of sympathetic activation? Hyper-
tension 38: 1081, 2001.

Gardiner, S. M., Kemp, P. A., March, J. E., and Bennett, T.
Regional haemodynamic effects of recombinant murine or hu-
man leptin in conscious rats. Br. J. Pharmacol. 130: 805, 2000.

Jalali, A., Morgan, D. A., Sivitz, W. 1., Correia, M. L., Mark,
A. L., and Haynes, W. G. Does leptin cause functional periph-
eral sympatholysis? Am. J. Hypertens. 14: 615, 2001.

Winters, B., Mo, Z., Brooks-Asplund, E., Kim, S., Shoukas,
A., Li, D., Nyhan, D., and Berkowitz, D. E. Reduction of
obesity, as induced by leptin, reverses endothelial dysfunc-
tion in obese (Lep®) mice. J. Appl. Physiol. 89: 2382, 2000.

Vecchione, C., Maffei, A., Colella, S., Aretini, A., Poulet, R.,
Frati, G., Gentile, M. T., Fratta, L., Trimarco, V., Trimarco, B.,
and Lembo, G. Leptin effect on endothelial nitric oxide is me-
diated through Akt-endothelial nitric oxide synthase phosphor-
ylation pathway. Diabetes 51: 168, 2002.

Vecchione, C., Aretini, A., Maffei, A., Marino, G., Selvetella, G.,
Poulet, R., Trimarco, V., Frati, G., and Lembo, G. Cooperation
between insulin and leptin in the modulation of vascular tone.
Hypertension 42: 166, 2003.

Sivitz, W. 1., Walsh, S. A., Morgan, D. A., Thomas, M. J., and
Haynes, W. G. Effects of leptin on insulin sensitivity in normal
rats. Endocrinology 138: 3395, 1997.

Singhal, A., Farooqi, I. S., Cole, T. J., O’'Rahilly, S., Fewtrell, M.,
Kattenhorn, M., Lucas, A., and Deanfield, J. Influence of leptin
on arterial distensibility: a novel link between obesity and
cardiovascular disease? Circulation 106: 1919, 2002.

Schafer, K., Halle, M., Goeschen, C., Dellas, C., Pynn, M.,
Loskutoff, D. J., and Konstantinides, S. Leptin promotes vas-
cular remodeling and neointimal growth in mice. Arterioscler.
Thromb. Vasc. Biol. 24: 112, 2004.

Sierra-Honigmann, M. R., Nath, A. K., Murakami, C., Garcia-
Cardena, G., Papapetropoulos, A., Sessa, W. C., Madge, L. A.,
Schechner, J. S., Schwabb, M. B., Polverini, P. J., and Flores-
Riveros, J. R. Biological action of leptin as an angiogenic factor.
Science 281: 1683, 1998.

Park, H. Y., Kwon, H. M., Lim, H. J., Hong, B. K., Lee, J. Y.,
Park, B. E., Jang, Y., Cho, S. Y., and Kim, H. S. Potential role
of leptin in angiogenesis: leptin induces endothelial cell prolif-
eration and expression of matrix metalloproteinases in vivo and
in vitro. Exp. Mol. Med. 33: 95, 2001.

Oda, A., Taniguchi, T., and Yokoyama, M. Leptin stimulates rat
aortic smooth muscle cell proliferation and migration. Kobe.
J. Med. Sci. 47: 141, 2001.

Bodary, P. F., Westrick, R. J., Wickenheiser, K. J., Shen, Y., and
Eitzman, D. T. Effect of leptin on arterial thrombosis following
vascular injury in mice. JAMA 287: 1706, 2002.

Soderberg, S., Ahren, B., Jansson, J. H., Johnson, O., Hallmans,
G., Asplund, K., and Olsson, T. Leptin is associated with in-
creased risk of myocardial infarction. J. Intern. Med. 246: 409,
1999.

Soderberg, S., Stegmayr, B., Ahlbeck-Glader, C., Slunga-
Birgander, L., Ahren, B., and Olsson, T. High leptin levels are
associated with stroke. Cerebrovasc. Dis. 15: 63, 2003.

Wallace, A. M., McMahon, A. D., Packard, C. J., Kelly, A,,
Shepherd, J., Gaw, A., and Sattar, N. Plasma leptin and the

risk of cardiovascular disease in the west of Scotland coronary
prevention study (WOSCOPS). Circulation 104: 3052, 2001.

Banerjee, R. R., Rangwala, S. M., Shapiro, J. S., Rich, A. S,
Rhoades, B., Wang, Y., Qi, J., Rajala, M. W., Pocai, A., Scherer,



128

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

JOURNAL OF SURGICAL RESEARCH: VOL. 126, NO. 1, JUNE 1, 2005

P. E,, Steppan, C. M., Ahima, R. S., Obici, S., Rossetti, L., and
Lazar, M. A. Regulation of fasted blood glucose by resistin.
Science 303: 1195, 2004.

Parhami, F., Tintut, Y., Ballard, A., Fogelman, A. M., and
Demer, L. L. Leptin enhances the calcification of vascular cells:
artery wall as a target of leptin. Circ. Res. 88: 954, 2001.
Stephenson, K., Tunstead, J., Tsai, A., Gordon, R., Henderson,
S., and Dansky, H. M. Neointimal formation after endovascular
arterial injury is markedly attenuated in db/db mice. Arterio-
scler. Thromb. Vasc. Biol. 23: 2027, 2003.

Yamagishi, S. 1., Edelstein, D., Du, X. L., Kaneda, Y., Guzman,
M., and Brownlee, M. Leptin induces mitochondrial superoxide
production and monocyte chemoattractant protein-1 expression
in aortic endothelial cells by increasing fatty acid oxidation via
protein kinase A. J. Biol. Chem. 276: 25096, 2001.

Beltowski, J., Wojcicka, G., and Jamroz, A. Leptin decreases
plasma paraoxonase 1 (PON1) activity and induces oxidative
stress: the possible novel mechanism for proatherogenic effect
of chronic hyperleptinemia. Atherosclerosis 170: 21, 2003.
Maingrette, F., and Renier, G. Leptin increases lipoprotein
lipase secretion by macrophages: involvement of oxidative
stress and protein kinase C. Diabetes 52: 2121, 2003.

Cleland, S. J., Sattar, N., Petrie, J. R., Forouhi, N. G., Elliott,
H. L., and Connell, J. M. Endothelial dysfunction as a possible
link between C-reactive protein levels and cardiovascular dis-
ease. Clin. Sci. (Lond.) 98: 531, 2000.

Loffreda, S., Yang, S. Q., Lin, H. Z., Karp, C. L., Brengman,
M. L., Wang, D. J., Klein, A. S., Bulkley, G. B., Bao, C., Noble,
P. W., Lane, M. D., and Diehl, A. M. Leptin regulates proin-
flammatory immune responses. FASEB J. 12: 57, 1998.
Kazumi, T., Kawaguchi, A., Hirano, T., and Yoshino, G.
C-reactive protein in young, apparently healthy men: associa-
tions with serum leptin, QTc interval, and high-density
lipoprotein-cholesterol. Metabolism 52: 1113, 2003.

Agata, J., Masuda, A., Takada, M., Higashiura, K., Murakami,
H., Miyazaki, Y., and Shimamoto, K. High plasma immunore-
active leptin level in essential hypertension. Am. J. Hypertens.
10: 1171, 1997.

Shek, E. W., Brands, M. W., and Hall, J. E. Chronic leptin
infusion increases arterial pressure. Hypertension 31: 409,
1998.

Dunbar, J. C., Hu, Y., and Lu, H. Intracerebroventricular leptin
increases lumbar and renal sympathetic nerve activity and
blood pressure in normal rats. Diabetes 46: 2040, 1997.
Matsumura, K., Abe, 1., Tsuchihashi, T., and Fujishima, M.
Central effects of leptin on cardiovascular and neurohormonal
responses in conscious rabbits. Am. J. Physiol. Regul. Integr.
Comp. Physiol. 278: R1314, 2000.

Quehenberger, P., Exner, M., Sunder-Plassmann, R., Ruzicka,
K., Bieglmayer, C., Endler, G., Muellner, C., Speiser, W., and
Wagner, O. Leptin induces endothelin-1 in endothelial cells in
vitro. Circ. Res. 90: 711, 2002.

Huang, L., Wang, Z., and Li, C. Modulation of circulating leptin
levels by its soluble receptor. J. Biol. Chem. 276: 6343, 2001.

van Dielen, F. M., van’t Veer, C., Buurman, W. A., and Greve,
J. W. Leptin and soluble leptin receptor levels in obese and
weight-losing individuals. J. Clin. Endocrinol. Metab. 87: 1708,
2002.

Konstantinides, S., Schafer, K., Koschnick, S., and Loskutoff,
D. J. Leptin-dependent platelet aggregation and arterial throm-
bosis suggests a mechanism for atherothrombotic disease in
obesity. J. Clin. Invest. 108: 1533, 2001.

Maruyama, I., Nakata, M., and Yamaji, K. Effect of leptin in

platelet and endothelial cells. Obesity and arterial thrombosis.
Ann. N. Y. Acad. Sci. 902: 315, 2000.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Soderberg, S., Olsson, T., Eliasson, M., Johnson, O., and Ahren,
B. Plasma leptin levels are associated with abnormal fibrinoly-
sis in men and postmenopausal women. J. Intern. Med. 245:
533, 1999.

Nakano, Y., Tobe, T., Choi-Miura, N. H., Mazda, T., and To-
mita, M. Isolation and characterization of GBP28, a novel
gelatin-binding protein purified from human plasma. <J. Bio-
chem. (Tokyo) 120: 803, 1996.

Beltowski, J. Adiponectin and resistin—new hormones of white
adipose tissue. Med. Sci. Monit. 9: RA55, 2003.

Yoda-Murakami, M., Taniguchi, M., Takahashi, K., Kawamata,
S., Saito, K., Choi-Miura, N. H., and Tomita, M. Change in
expression of GBP28/adiponectin in carbon tetrachloride-
administrated mouse liver. Biochem. Biophys. Res. Commun.
285: 372, 2001.

Halleux, C. M., Takahashi, M., Delporte, M. L., Detry, R.,
Funahashi, T., Matsuzawa, Y., and Brichard, S. M. Secretion of
adiponectin and regulation of apM1 gene expression in human
visceral adipose tissue. Biochem. Biophys. Res. Commun. 288:
1102, 2001.

Moore, G. B., Chapman, H., Holder, J. C., Lister, C. A., Piercy,
V., Smith, S. A., and Clapham, J. C. Differential regulation of
adipocytokine mRNAs by rosiglitazone in db/db mice. Biochem.
Biophys. Res. Commun. 286: 735, 2001.

Ouchi, N., Kihara, S., Arita, Y., Okamoto, Y., Maeda, K,
Kuriyama, H., Hotta, K., Nishida, M., Takahashi, M., Muragu-
chi, M., Ohmoto, Y., Nakamura, T., Yamashita, S., Funahashi,
T., and Matsuzawa, Y. Adiponectin, an adipocyte-derived
plasma protein, inhibits endothelial NF-kappaB signaling
through a cAMP-dependent pathway. Circulation 102: 1296,
2000.

Yokota, T., Oritani, K., Takahashi, I., Ishikawa, J., Mat-
suyama, A., Ouchi, N., Kihara, S., Funahashi, T., Tenner, A. J.,
Tomiyama, Y., and Matsuzawa, Y. Adiponectin, a new member
of the family of soluble defense collagens, negatively regulates
the growth of myelomonocytic progenitors and the functions of
macrophages. Blood 96: 1723, 2000.

Ouchi, N., Kihara, S., Arita, Y., Maeda, K., Kuriyama, H.,
Okamoto, Y., Hotta, K., Nishida, M., Takahashi, M., Naka-
mura, T., Yamashita, S., Funahashi, T., and Matsuzawa, Y.
Novel modulator for endothelial adhesion molecules: adipocyte-
derived plasma protein adiponectin. Circulation 100: 2473,
1999.

Ouchi, N., Kihara, S., Arita, Y., Nishida, M., Matsuyama, A.,
Okamoto, Y., Ishigami, M., Kuriyama, H., Kishida, K., Nish-
izawa, H., Hotta, K., Muraguchi, M., Ohmoto, Y., Yamashita,
S., Funahashi, T., and Matsuzawa, Y. Adipocyte-derived
plasma protein, adiponectin, suppresses lipid accumulation and
class A scavenger receptor expression in human monocyte-
derived macrophages. Circulation 103: 1057, 2001.

Hotta, K., Funahashi, T., Bodkin, N. L., Ortmeyer, H. K., Arita,
Y., Hansen, B. C., and Matsuzawa, Y. Circulating concentra-
tions of the adipocyte protein adiponectin are decreased in
parallel with reduced insulin sensitivity during the progression
to type 2 diabetes in rhesus monkeys. Diabetes 50: 1126, 2001.

Okamoto, Y., Arita, Y., Nishida, M., Muraguchi, M., Ouchi, N.,
Takahashi, M., Igura, T., Inui, Y., Kihara, S., Nakamura, T.,
Yamashita, S., Miyagawa, J., Funahashi, T., and Matsuzawa,
Y. An adipocyte-derived plasma protein, adiponectin, adheres
to injured vascular walls. Horm. Metab. Res. 32: 47, 2000.

Zoccali, C., Mallamaci, F., Tripepi, G., Benedetto, F. A., Cu-
trupi, S., Parlongo, S., Malatino, L. S., Bonanno, G., Seminara,
G., Rapisarda, F., Fatuzzo, P., Buemi, M., Nicocia, G., Tanaka,
S., Ouchi, N., Kihara, S., Funahashi, T., and Matsuzawa, Y.



61.

62.

63.

64.

65.

66.

KOUGIAS ET AL.: ADIPOCYTE-DERIVED CYTOKINES AND ENDOTHELIAL FUNCTIONS

Adiponectin, metabolic risk factors, and cardiovascular events
among patients with end-stage renal disease. J. Am. Soc.
Nephrol. 13: 134, 2002.

Steppan, C. M., Bailey, S. T., Bhat, S., Brown, E. J., Banerjee,
R.R., Wright, C. M., Patel, H. R., Ahima, R. S., and Lazar, M. A.
The hormone resistin links obesity to diabetes. Nature 409: 307,
2001.

Steppan, C. M., and Lazar, M. A. The current biology of resistin.
J. Intern. Med. 255: 439, 2004.

Banerjee, R. R., and Lazar, M. A. Resistin: molecular history
and prognosis. J. Mol. Med. 81: 218, 2003.

Savage, D. B., Sewter, C. P., Klenk, E. S., Segal, D. G., Vidal-
Puig, A., Considine, R. V., and O’Rahilly, S. Resistin/Fizz3
expression in relation to obesity and peroxisome proliferator-
activated receptor-gamma action in humans. Diabetes 50: 2199,
2001.

Steppan, C. M., and Lazar, M. A. Resistin and obesity-
associated insulin resistance. Trends Endocrinol. Metab. 13: 18,
2002.

Clarke, K. J., Zhong, Q., Schwartz, D. D., Coleman, E. S.,
Kemppainen, R. J., and Judd, R. L. Regulation of adiponectin
secretion by endothelin-1. Biochem. Biophys. Res. Commun.
312: 945, 2003.

67.

68.

69.

70.

71.

72.

129

Way, J. M., Gorgun, C. Z., Tong, Q., Uysal, K. T., Brown, K. K,,
Harrington, W. W., Oliver, W. R., Jr., Willson, T. M., Kliewer,
S. A., and Hotamisligil, G. S. Adipose tissue resistin expression
is severely suppressed in obesity and stimulated by peroxisome
proliferator-activated receptor gamma agonists. J. Biol. Chem.
276: 25651, 2001.

Haugen, F., Jorgensen, A., Drevon, C. A., and Trayhurn, P.
Inhibition by insulin of resistin gene expression in 3T3-L1
adipocytes. FEBS Lett. 507: 105, 2001.

Kim, K. H., Zhao, L., Moon, Y., Kang, C., and Sul, H. S. Dom-
inant inhibitory adipocyte-specific secretory factor (ADSF)/
resistin enhances adipogenesis and improves insulin sensitiv-
ity. Proc. Natl. Acad. Sci. USA 101: 6780, 2004.

Sul, H. S. Resistin/ADSF/FIZZ3 in obesity and diabetes. Trends
Endocrinol. Metab. 15: 247, 2004.

Verma, S., Li, S. H.,, Wang, C. H,, Fedak, P. W., Li, R. K,
Weisel, R. D., and Mickle, D. A. Resistin promotes endothelial
cell activation: further evidence of adipokine-endothelial inter-
action. Circulation 108: 736, 2003.

Kawanami, D., Maemura, K., Takeda, N., Harada, T., Nojiri, T.,
Imai, Y., Manabe, 1., Utsunomiya, K., and Nagai, R. Direct
reciprocal effects of resistin and adiponectin on vascular endo-
thelial cells: a new insight into adipocytokine-endothelial cell
interactions. Biochem. Biophys. Res. Commun. 314: 415, 2004.



	Effects of Adipocyte-Derived Cytokines on Endothelial Functions: Implication of Vascular Disease
	INTRODUCTION
	LEPTIN
	Leptin and the Vasculature
	Leptin and Atherosclerotic Disease
	Thrombosis and Leptin

	ADIPONECTIN
	Adiponectin and Vascular Disease

	RESISTIN
	Resistin and Vascular Disease

	SUMMARY
	ACKNOWLEDGMENTS
	REFERENCES


