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Abstract

In recent years, the general concept has emerged that chronic low-grade inflammation is the condition
linking excessive development of adipose tissue and obesity-associated pathologies such as type 2 diabetes
and cardiovascular diseases. Obesity and type 2 diabetes are characterized by a diminished production of
protective factors such as adiponectin and increased detrimental adipocytokines such as leptin, resistin,
interleukin-6 (IL-6), tumor necrosis factor-alpha (TNFa), and monocyte chemoattractant protein-1 (MCP-1)
by adipose tissue. Moreover, the evidence that the growth of the fat mass is associated with an accumulation
of adipose tissue macrophages and T-lymphocytes has raised the hypothesis that the development of an
inflammatory process within the growing fat mass is a primary event involved in the genesis of systemic
metabolic and vascular alterations. This crosstalk of adipocyte, macrophage, lymphocyte, endothelial cells,
and vascular smooth muscle cells contribute to the production of various cytokines, chemokines, and
hormone-like factors, which actively participate in the regulation of vascular function by an endocrine and/or
paracrine pattern. Thus, the signaling from perivascular adipose to the blood vessels is emerging as a
potential therapeutic target for obesity and diabetes-associated vascular dysfunction.
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1. Introduction

The increased prevalence of obesity and
obesity-related cardiovascular risk factors are
closely associated with the rising incidence of
cardiovascular diseases and type 2 diabetes [1].
The classical perception of adipose tissue as a
passive repository of fatty acids has been replaced
by the notion that adipose tissue serves as a highly
active metabolic and endocrine organ by
regulating lipid and glucose metabolism and by
producing a large number of cytokines (eg. tumor
necrosis factor-alpha [TNFo] and interleukin-6
[IL-6]), chemokines (eg. IL-8 and monocyte
chemoattractant protein-1 [MCP-1]) and hormones
(eg. leptin and adiponectin) [2]. These products
are called adipokines (originally called
adipocytokines  or  adipose  tissue-derived
cytokines) [3]. Obesity and diabetes-related
vascular dysfunction may well be caused by
altered signaling from adipose tissue to blood
vessels, as adipokines produced by adipose tissue
may affect vascular function [3, 4]. Central
adiposity, particularly a greater amount of intra-
abdominal or visceral fat, contributes to the
chronic subclinical inflammation, which is linked
to vascular dysfunction and atherosclerosis [5]. An
important mechanism in the regulation of
inflammation by perivascular adipose s
macrophage infiltration [3]. Clinical studies
suggested that abdominal adipose macrophage
infiltration is associated with systemic arterial
dysfunction and insulin resistance in obese
subjects [6]. Hormones (leptin, adiponectin)
mainly produced by adipocytes also actively
participate in the regulation of vascular function
and insulin sensitivity [7] Thus, adipose-derived
adipokines may play an endocrine and/or
paracrine role in the regulation of vascular
function in obesity and diabetes. (Figure 1)

This review will discuss the regulation of
vascular function by adipose tissue and its
relevance to obesity and diabetes-related vascular
dysfunction, with a special focus on microvascular
function.
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Figure 1. Dysregulation of Adipokines during
Obesity and Diabetes. Adipose tissue serves as a
highly active metabolic and endocrine organ by
producing a large number of cytokines (eg. TNFa
and IL-6), chemokines (eg. IL-8 and MCP-1) and
hormones (eg. leptin, adiponectin and resistin,
etc.). An adverse adipokine expression profile has
been suggested in obese and type 2 diabetic
patients, which is characterized by a diminished
production of protective factors such as
adiponectin and increased detrimental adipokines
such as leptin, resistin, IL-6, TNFa, and MCP-1.

2. Adipokines Produced by Adipose Tissue

The fact that adipose tissue releases a wide
range of adipokines, growth factors, enzymes, and
enzyme substrates linked to vascular injury
provides a plausible explanation for the role of fat
in vascular disease. TNFa, leptin, resistin, IL-1,
IL-6, IL-8, and IL-18, visfatin, chemerin, serum
amyloid A, MCP-1, macrophage inhibitory factor
(MIF), aortic carboxypeptidase, heparin-binding
epidermal growth factor-like growth factor (HB-
EGF), vascular endothelial growth factor (VEGF),
transforming  growth  factor-beta  (TGFp),
angiotensinogen, cathepsin S, estradiol, cortisol,
mineralocorticoid releasing factor, and calcitonin
peptides are probable fat-derived prothrombotic,
proinflammatory, and proatherosclerotic agents
acting in an endocrine and/or paracrine manner.
Other adipocyte products such as adiponectin, and
interleukin-10 exert antiatherogenic effects [8].
Several studies indicate that different fat depots
have differential gene expression pattern and there
may be greater production of adipocytokines from
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visceral fat than from subcutaneous fat [9-14]. An
adverse adipokine expression profile has also been
suggested in adipose of obese human subjects by
microarray and real-time polymerase chain
reaction (gPCR) analysis [15, 16] The
composition of perivascular adipose includes
adipocyte, fibroblast, fibroblast-like stem cells,
macrophages, and T-lymphocyte [3] Over 90% of
the adipokine release by adipose tissue, except for
adiponectin and leptin, could be attributed to non-
fat cells [17]. (Figure 1.)

The list of known adipokines continues to
increase. Maury et al. use medium-scale protein
arrays and Enzyme-Linked ImmunoSorbent Assay
(ELISA) to identify 6 novel adipokines as
secretory products of human omental adipose
tissue, which were enhanced in obesity: three
chemokines (growth-related oncogen factor,
RANTES [regulated upon activation, normal T
cell expressed and secreted], macrophage
inflammatory protein [MIP]-1B), one interleukin
(IL-7), one tissue inhibitor of metalloproteinases
(TIMP-1), and one growth factor (thrombopoietin)
[18]. Identifying novel adipokines that contribute
to the pathogenesis of microvascular diseases in
obesity and diabetes will increase our knowledge
of the active role of adipose tissue in the
regulation of microvascular function.
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Figure 2. Crosstalk Between Perivascular Adipose
and Vascular Cells. There is a crosstalk among
adipocytes, T-lymphocytes, macrophages,

endothelial cells (EC) and wvascular smooth
muscle cells (VSMC) in adipose tissue to regulate
endothelial function and adipose tissue growth or
remodeling.

3. The active role of adipose tissue in
microvascular dysfunction in obesity and type 2
diabetes

The role of adipose tissue in the development
of obesity and associated complications was
considered to be a passive one until recently. We
now understand that, in addition to storing energy
in the form of triglycerides, adipose tissue also
secretes a large variety of cytokines, chemokines
and hormone-like factors [2]. The production of
proatherogenic chemokines by adipose tissue is of
particular interest, since their local secretion, for
example by perivascular adipose depots, may
provide a novel mechanistic link between obesity
and obesity-associated vascular complications.
(Figure 2)

3.1 Adipose-derived Cytokines and Chemokines
and Microvascular Dysfunction

Adipose-derived cytokines and chemokines
contribute to impaired vascular function in various
microvasculature systems. In coronary circulation,
TNFa leads to endothelial dysfuntion in coronary
arterioles of diabetic mice (db/db) by inducing
profound oxidative/nitrative stress evidenced by
enhanced superoxide production and nitrotyrosine
expression in the vessel wall [19]. Incubation of
coronary arterioles with 1L-6 (5 ng/ml) induced
endothelial dysfunction in the presence of NG-
nitro-L-arginine  methyl  ester  (L-NAME,
endothelial nitric oxide synthase inhibitor) and
indomethacin (cyclooxygenase inhibitor) in wild
type mice, but anti-1L-6 restored acetycholine
(ACh)-induced vasodilation in the presence of L-
NAME and indomechacin in db/db, suggesting
that IL-6 decreased endothelial derived
hyperpolarizing factor (EDHF)-mediated
vasodilation in type 2 diabetes [20]. Anti-MCP-1
restored impaired endothelial function in diabetic
mice coronary arterioles by ameliorating oxidative
stress and inhibiting TNFo  expression.
(Unpublished data) In cremaster arterioles,
proinflammatory cytokines, such as IL-1 and
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TNFa leads to vascular dysfunction by altering
leukocyte-endothelium interaction. IL-18 and
TNFo separately induce and synergistically
increase P-selectin-dependent leukocyte rolling
and firm adhesion in mouse cremaster arterioles
[21]. In the rabbit mesenteric vascular bed, I1L-1(
increases leukocyte rolling by the induction of E-
selectin on venular endothelium [22].

Muscle perfusion is an important regulator of
insulin-mediated muscle glucose uptake, the main
determinant of whole-body insulin sensitivity [23].
Insulin has been shown to increase muscle
perfusion by acting directly on microvascular
endothelium, and in muscle, this effect contributes
to insulin-mediated glucose uptake [24]. Increased
plasma level of TNFa is associated with impaired
capillary recruitment in healthy subjects [25].
Moreover, TNFoa directly inhibits insulin-
mediated capillary recruitment and insulin-
mediated glucose uptake in rat muscle [26]. TNFa
directly impairs insulin’s vasodilator effects in
muscle resistance arteries of rats via activation of
c-jun N-terminal kinase (JNK) and inhibition of
insulin signaling in microvascular endothelium
[27]. Similar to TNFa, non-esterified fatty acids
(NEFA) impair insulin-mediated capillary
recruitment and glucose uptake in rat and human
subjects [28, 29]. In addition to skeletal muscle,
adipose has recently been demonstrated to
profoundly contribute to the whole body glucose
uptake [30]. Adipose selective targeting of the
glucose transporter (GLUT4) gene impairs insulin
action in muscle and liver, therefore increasing the
risk of diabetes [30]. Hypothetically, insulin-
mediated adipose blood flow may affect adipose
glucose uptake and insulin-induced vasodilation of
adipose arterioles may be associated with adipose
insulin  sensitivity by  regulating  both
hemodynamic and metabolic pathways. However,
the role of insulin-induced vasodilation of adipose
microcirculation in the regulation of adipose blood
flow has received limited attention..

Due to the technical difficulties in studying
the microvascular function in human subjects, our
understanding of the association between
adipokines and microvascular function relies
primarily on animal studies.  Since human
coronary arterioles can be obtained from tissues
removed from patients undergoing: cardiac

surgery [31], human submucosal arterioles can be
dissected from full-thickness intestinal specimens
obtained from patients undergoing bowel
operations [32], and human skeletal muscle and
adipose arterioles can be obtained during elective
abdominal or cardiac surgery [33, 34], studying
the effects of various adipokines on arteriolar
function in human subjects is feasible and may
improve our understanding of the role of adipose-
derived factors in microvascular dysfunction in
obese and type 2 diabetic patients.

3.2 Inflammatory  Cells Infiltration and
Microvascular Dysfunction

Obesity is associated with macrophage
accumulation in white adipose tissue, where these
infiltrating cells interact with adipocytes and
endothelial cells, comprising a local inflammatory
network [35]. This crosstalk results in the
production of multiple cytokines and chemokines,
such as TNFoa and MCP-1, which activate,
propagate and sustain the local inflammatory
response in adipose tissue. Coenen et al. suggested
that diet-induced increases in adiposity, but not
plasma lipids, promote macrophage infiltration
into white adipose tissue [35]. The extent of
macrophage accumulation in white adipose tissue
correlates with the degree of adiposity [35]. After
gastric bypass surgery-induced weight loss,
macrophage infiltration and chemoattractant gene
expression are reduced in white adipose tissue of
morbidly  obese  subjects [36]. Adipose
macrophage infiltration is associated with insulin
resistance and vascular endothelial dysfunction in
obese subjects [6]. Furthermore, macrophage
infiltration  into  adipose tissue  promotes
angiogenesis for adipose tissue remodeling in
obesity [37]. This suggests there may be crosstalk
between macrophages and endothelial cells in
adipose tissue to regulate endothelial function and
adipose tissue growth or remodeling.

In addition to macrophage, T-lymphocyte has
recently been identified as a key player in adipose
inflammation by orchestrating the inflammatory
cascade evolution. In a mouse model of obesity-
mediated insulin resistance, high fat diet induced
insulin resistance after 5 weeks, which was
associated with a marked T-lymphocyte
infiltration in visceral adipose tissue [38]. In
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contrast, recruitment of macrophages was delayed
with an increase of MAC3 positive staining and
F4/80 mRNA expression after 10 weeks of high
fat diet, suggesting a dissociation of macrophage
invasion into adipose tissue and insulin resistance
initiation [38]. In patients with type 2 diabetes,
lymphocyte content in adipose tissue biopsies
significantly correlates with waist circumference,
a marker of insulin  resistance  [38].
Immunohistochemical staining of human adipose
tissue revealed the presence of mainly CD4
positive lymphocytes as well as macrophage
infiltration. Most macrophages were HLA-DR-
positive, reflecting activation via interferon-
gamma (IFNy), a cytokine released from CD4-
positive lymphocyte [38]. Therefore,
proinflammatory T-lymphocyte are present in
visceral adipose tissue and may contribute to local
inflammatory cell activation before the appearance
of macrophages, suggesting that T-lymphocytes
play an important role in the initiation and
perpetuation of adipose tissue inflammation [38].
However, there is no literature reporting an
association between T-lymphocyte filtration and
endothelial dysfunction in either animal models or
clinical studies. We have gradually accepted that
lymphocytes may play a central role in inflamed
adipose inflammation by crosstalk among
adipocyte, macrophage and endothelial cells,
which  produces multiple cytokines and
chemokines, to further activate, propagate, and
sustain the local inflammatory response in adipose
tissue. However, direct evidence is necessary to
clarify how the local inflammation network and
systemic low grade inflammation participate in the
regulation of vascular function and whether the
direct infiltration of lymphocyte or macrophage
into the vascular wall may be associated with
microvascular dysfunction.

3.3 Adipose-derived Hormone-like Factors and
Microvascular Dysfunction

Adipose-derived hormone like factors may
include but are not limited to adiponectin, leptin
and resistin. The release of resistin was 2.5-fold
greater by explants of human omental adipose
than Dby explants of human subcutaneous
abdominal adipose tissue [39]. Resistin release by
adipocytes was negligible as compared to that by

the non-fat cells of adipose tissue [39]. Resistin
impairs insulin-evoked vasodilation of mice small
mesenteric arteries possibly by altering insulin
receptor  substrate  (IRS)-1  tyrosine/serine
phosphorylation and its consequent interaction
with phosphatidylinositol 3-kinase (P1-3K) [40].

Leptin formation by adipocytes was 8-fold
greater than its formation by non-fat cells [39].
Several studies suggest a “leptin paradox™ as this
adipokine is associated with both the activation
and inhibition of nitric oxide (NO)-dependent
vasodilation. This paradox is well explained by
data showing that leptin-induced vasodilation
occurred only in vitro at concentrations exceeding
160 ng/ml while leptin-induced endothelial
dysfunction was found in vitro and in vivo at
concentrations ranging from 10-90 ng/ml [41].

Plasma level of adiponectin was significantly
lower in adult human subjects with obesity [42]
and type 2 diabetes [43]. Adiponectin increases
NO production in vascular endothelium by
increasing Ser1177 phosphorylation of endothelial
nitric oxide synthase (eNOS) via AMP activated
protein  kinase = (AMPK) pathway [44].
Adiponectin  also causes vasodilation  of
mesenteric rings by opening voltage-gated K
channels (Kv), suggesting that adiponectin induces
both endothelial-dependent and endothelial-
independent vasodilation.*> Our data suggest that
adiponectin administration (subcutaneous
injection)  partially  improved  endothelial-
dependent vasodilation in coronary arterioles from
ApoE knockout mice (ApoE -/-) or diabetic mice
(db/db) and, indicating possible therapeutic effects
of adiponectin in the pathogenesis of diabetes and
atherosclerosis-related ~ vascular  dysfunction
(unpublished data).

4. The Endocrine Role of Adipose Tissue in
Regulating Vascular Function

The presence of fenestrated capillaries, one of
the hallmarks of endocrine and exocrine organs
that facilitate the release of products of adipose
tissue into the bloodstream, has been reported in
mouse adipose tissue [46]. This observation,
though not yet subsequently confirmed, provides
direct evidence that adipose tissue may play an
endocrine role in the regulation of whole-body
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vascular physiology by secreting adipokines into
circulation. Obesity and type 2 diabetes are
characterized by a diminished production of
protective factors such as adiponectin and an
increase in detrimental adipokines such as leptin,
resistin, IL-6, TNFa, IL-17, MCP-1 and
plasminogen activator inhibitor-1 (PAI-1) etc [47].
This dysregulation of adipose-derived factors in
circulation not only contribute to the imbalance of
vascular NO and superoxide production, but also
regulate the immunosystem because chemokines,
such as MIP-1 or RANTES, induce inflammation
by stimulating the infiltration of T-lymphocytes
and macrophages to the vessel wall [47]. (Figure

Chemokines
MCP-1 etc

Inflammatory Cell
Infiltration

Inflammatory '\
Cytokines
INFa, IL-6, etc

Lumen

Figure 3. The Endocrine/Paracrine Role of
Perivascular Adipose.  The dysregulation of
adipose-derived factors in circulation not only
contributes to the systemic  subclinical
inflammation, but  also regulates the
immunosystem as chemokines, such as MCP-1 or
RANTES, induce inflammation by stimulating the
infiltration of T-lymphocytes and macrophages to
the vessel wall. Thus, obesity and diabetes-related
vascular dysfunction may well be caused by
altered signaling from adipose tissue to blood
vessels.

5. The Paracrine Role of Adipose Tissue in
Regulating Microvascular Function

Adipose tissue microcirculation has been
neglected because adipose tissue was considered
to be poorly vascularized. In fact, the large size of
mature adipocytes hinders the dense capillary
network surrounding adipocyte [48], which

suggests that there may be crosstalk between
adipose tissue and adipose microvasculature.

There is controversy whether the role of
perivascular adipose in regulating adipose
microcirculation is beneficial or detrimental.
Inflammatory cells infiltrating perivascular fat and
adventitia may contribute to the release of the
cytokine milieu, which in turn promotes vascular
dysfunction. In contrast, recent studies confirm
that inhibitory action of perivascular fat on
mesenteric contractile responses to a variety of
vasoconstrictors and the anticontractile effect is
directly dependent on the amount of adipose tissue
[49]. Thus the term “adipocyte-derived relaxing
factor” (ADRF) was coined to characterize these
substances [49]. Although adiponectin relaxes
mesenteric rings by opening Kv channels, this is
not ADRF derived, since adiponectin knockout
mice showed no difference in anticontractile
effects of perivascular adipose compared with the
wild type control [45].

There may be a balance between the
beneficial and detrimental role of perivascular
adipose in regulating microcirculation. The
transient effects of ADRF may contribute to the
protective effects of adipose in the regulation of
vascular tone and blood pressure. This effect can
be attenuated during pathological conditions, as
occurs in hypertension [50]. However, the chronic
effects of inflamed adipose characterized by an
adverse adipokines expression pattern typically
with increased expression of inflammatory
cytokines and chemokines may contribute to
impaired microvascular function. (Figure 3)

6. The Future Perspective

In the context of the worldwide increase of
obesity and its cardiovascular and metabolic
complications, investigations focusing on the role
of perivascular adipose tissue in obesity and type 2
diabetes-related microvascular disease provide a
new field of study. Future research is needed to 1)
identify the novel adipokines that potentially
contribute to the pathogenesis of vascular
dysfunction in obesity and diabetes, 2) compare
protein profiling of adipokines secreted by
perivascular adipose tissue from healthy and
diabetic subjects, 3) evaluate the respective
contribution of adipocytes and non-fat cells in
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adipose tissue to the adipokine secretion, 4)
examine the relative importance of various fat
deposit in contributing to the local and systemic
low-grade inflammation, 5) elucidate the paracrine
role of adipokines in affecting microvascular
function in human subjects, 6) assess the effects of
life style management (such as calorie restriction
and exercise), diet  supplement  and
pharmacological intervention on body weight,
adiposity and adipokine expression profile, and, 7)
provide direct evidence that the modulation of
adverse adipokine expression patterns leads to the
improvement of microvascular function in diabetic
patients. Results from these studies will improve
our understanding of the physiological functions
and therapeutic potential of perivascular adipose
in the microvascular dysfunction of obesity and
type 2 diabetic patients.

7. Concluding Remarks

Perivascular adipose tissue regulates vascular
function in obese and type 2 diabetics by
endocrine and paracrine effects of adipokines
produced via the crosstalk among inflammatory
cells, adipocytes and vascular cells. This insight
allows us to clearly define the role adipose plays
in microvascular dysfunction in obesity and
diabetes and how inflammatory mediators act as
signaling molecules in this process. Moreover, on
a molecular level, we are beginning to
comprehend how such variables as hormonal
control, exercise, diet supplement and weight-loss
surgery interact and result in the change in the
adipokine expression pattern by adipose tissue,
and how pharmacological intervention may
modulate adipose tissue biology, and thereby
regulate  obesity and  diabetes-associated
microvascular disorders.
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Abbreviation:

ADRF, adipocyte-derived relaxing factor;
AMPK, AMP activated protein kinase; EDHF,
endothelial derived hyperpolarizing factor; eNOS,
endothelial nitric oxide synthase; GLUT, glucose
transporter; HB-EGF, heparin-binding epidermal
growth factor-like growth factor; IFNy, interferon-
gamma; IL, interleukin; IRS, insulin receptor
substrate; JNK, c-jun N-terminal kinase; Kv,
voltage-gated K channels; MCP-1, monocyte
chemoattractant protein-1; MIF, macrophage
inhibitory factor; MIP13, macrophage
inflammatory protein; NEFA, non-esterified fatty
acids;  NO, nitric oxide; PAI-1, plasminogen
activator inhibitor-1; PI-3K, phosphoinositide 3-
kinase; RANTES, regulated upon activation,
normal T cell expressed and secreted; TGFp,
transforming growth factor-beta, TIMP-1, tissue
inhibitor of metalloproteinases; TNFa, tumor
necrosis factor-alpha; VEGF, vascular endothelial
growth factor.
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