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Introduction
Approximately 65% of adults in the United States and more than 
half of the population in the rest of developed countries are over-
weight or obese (1). The prevalence in children in all developed 
countries is about 15% and this number is expected to increase 
significantly in the near future. Obesity is a complex metabolic dis-
order that is commonly associated with type 2 diabetes mellitus, 
hypertension, coronary heart disease, stroke, dyslipidemia, gall-
bladder disease, hepatic steatosis, sleep apnea, stroke, endometrial 
disorder, and cancer (2–4). Interestingly, most of these obesity-relat-
ed disorders are closely associated with vascular dysfunctions. For 
example, hyper- or hypovascularization could result in onset and 
progression of diabetic ocular and kidney complications, cardiovas-
cular disease, stroke, and cancer (5–12). Adipose tissue is highly vas-
cularized, and each adipocyte is nourished by an extensive capillary 
network (13–15). Adipose tissue is considered as the largest endo-
crine gland because it produces free fatty acids, hormones, growth 
factors, and cytokines such as leptin, adiponectin, resistin, VEGF, 
HGF, IGF-1, angiogenin, IL-6, TNF-α, and angiopoietins (Angs). 
Recently angiogenesis inhibitors have been shown to inhibit fat 
mass expansion in mice (16–18). These findings have paved avenues 
for possible therapeutic intervention of obesity and obesity-associ-
ated disorders by targeting the vascular compartment.

Functional link between angiogenesis and adipogenesis
During embryogenesis, adipose tissue development is spatially and 
temporally associated with microvessel growth (14). Endothelial 
cells isolated from different adipose tissues differ in their prolif-
erative capacity, which suggests that adipocytes play both guid-
ance and maintenance roles in vascular development (19, 20). A 
recent study suggests that adipocytes and their accompanying 
endothelial cells might share a common progenitor that could 
differentiate into adipocytes or endothelial lineages depending 
upon exposure to different environments (21). Human adipose tis-
sue–derived stem cells can differentiate into endothelial cells and 

improve postnatal neovascularization (22). These findings raise an 
interesting and exciting possibility that targeting a common adi-
pose progenitor is probably an effective approach for therapeutic 
intervention of obesity.

Brown adipose tissue (BAT) has a high rate of energy expen-
diture, but it remains functionally quiescent in obesity (23, 24). 
The high thermogenic activity of BAT requires a particularly high 
rate of blood perfusion to supply O2 and substrates and to export 
heat. Angiogenesis is essential for BAT hyperplasia, which relies 
on a rapid activation of mitosis in brown fat precursor cells and 
endothelial cells to form capillaries (25). White adipose tissue 
(WAT) can be converted into BAT under certain circumstances such 
as a chronic exposure to cold (26). This transition might be accom-
panied by switching on an angiogenic phenotype. Conversely,  
transformation of BAT into WAT might lead to regression of cer-
tain capillary networks.

Adipose tissue has been long known to promote wound heal-
ing and to revascularize ischemic tissues including myocardium 
(27, 28). These findings suggest that adipose tissue produces 
angiogenic molecules. Experimental angiogenesis assays show 
that conditioned media obtained from preadipocytes and tissue 
homogenates from omentum or subcutaneous fat induce angio-
genesis in the chick chorioallantoic membrane (CAM) and in the 
mouse cornea (15, 29, 30). BM-derived circulating endothelial pre-
cursor cells (CEPCs) do not seem to significantly contribute to adi-
pose neovascularization although these cells are known to partici-
pate in neovascularization in other tissues (11, 17). For example, 
VEGF is a potent chemoattractant factor for inflammatory cells 
and for mobilization of BM-derived CEPCs, which participate in 
tumor neovascularization (11). Interestingly, expression levels of 
VEGF are only moderately upregulated in growing adipose tissue 
although it is a major angiogenic factor in omentum (31, 32).

Crosstalk between endothelial cells and adipocytes
Accumulating evidence shows that capillary endothelial cells 
communicate with adipocytes via paracrine signaling pathways, 
extracellular components, and direct cell-cell interactions (13, 33, 
34). In developing embryos, the formation of primitive fat organs 
occurs at the perivascular site (35). Human preadipocytes and 
capillary endothelial cells express αvβ3 integrin and plasminogen 
activator inhibitor 1, which guide preadipocyte migration toward 
developing capillary networks to ensure the coordination of the 
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development of both tissues at the same locus (36). Further, the 
anatomical location of adipose depots or fat pads could also affect 
the pattern and function of the vasculature. PPAR-γ, as an essential 
mediator for preadipocyte differentiation, is involved in regulation 
of adipose angiogenesis (37–41). Interestingly, inhibition of adi-
pocyte differentiation by overexpression of a dominant-negative 
PPAR-γ construct leads to impaired development of both adipose 
tissue and angiogenesis (37). Blockade of the VEGFR-2 signal-
ing system by a neutralizing antibody inhibits both angiogenesis 
and preadipocyte differentiation, suggesting that VEGF acts on 
endothelial cells to regulate preadipocyte differentiation (37).

Maturation of capillary networks and the size of fetal adipose 
clusters are inversely correlated with the degree of ECM deposi-
tion, and the presence of Matrigel reduces preadipocyte and 
microvessel maturation (14, 42). Adipose tissue produces several 
MMPs including MMP-2 and -9, which could potentially affect 
preadipocyte differentiation and microvessel maturation by mod-
ulating ECM (43). Moreover, MMP-9 is able to release the matrix-
bound VEGF and indirectly induces angiogenesis (44). Indeed, 
several lines of evidence suggest that endogenous and exogenous 
MMPs regulate adipogenesis (42, 43, 45). In addition to MMP-2 
and MMP-9, upregulation of MMP-3, -11, -12, -13, and -14 and 
downregulation of MMP-7, -9, -16, and -24 have been found in 
expanding adipose tissues although most of these modulations 
are specific to gonadal fat depots (45). It is worthwhile to mention 
that accelerated development of high-calorie diet–induced obesity 
is observed in MMP-3–deficient (stromelysin-1–deficient) mice 
(46). Adipose blood vessel density is also increased in these knock-

out mice, suggesting that MMP-3 modulates adipose angiogenesis 
(46). Deletion of tissue inhibitor-1 of MMP (TIMP-1), a known 
angiogenesis inhibitor, leads to reduced obesity in mice fed a high-
fat diet (47). In contrast, significantly higher vessel density and 
sizes are present in the adipose tissue of TIMP-1 knockout mice 
compared with control mice. These paradoxical findings might be 
explained by normalizing blood vessel density with the number 
of adipocytes (45, 47). Treatment of high fat diet–fed mice with 
galardin, a broad-spectrum inhibitor of MMP and angiogenesis, 
leads to significant reduction of fat deposits, although blood ves-
sel density is relatively increased due to decreased size and number 
of adipocytes (48). Collectively, these findings demonstrate that 
MMPs and TIMPs play a pivotal role in controlling adipogenesis 
via regulation of angiogenesis.

In rapidly expanding adipose tissue, hypoxia is another impor-
tant factor for vascular growth and remodeling (13). In response 
to hypoxia, adipose tissues produce hypoxia inducible factor 1a–
induced angiogenic factors such as VEGF, leptin, TNF-α, and PAI-1,  
which regulate angiogenesis and vasculogenesis (49, 50). Thus it is 
reasonable to speculate that expansion of adipose tissue is associated 
with local hypoxia, which contributes to angiogenesis by induction 
of a number of growth factors. In agreement with this hypothesis, 
a recent study showed that the tip region of adult epididymal adi-
pose is extremely hypoxic and expresses high levels of VEGF, VEGF 
receptors, MMPs, and stromal cell–derived factor 1, which collec-
tively attract accumulation of BM-derived lymphatic endothelium 
hyaluronan receptor–positive macrophages (51). In this context the 
macrophage-induced angiogenesis may play an important role in 

Figure 1
Regulation of adipose tissue angiogenesis by multiple factors. Diversity of cell populations in the adipose tissue, including preadipocytes and 
adipocytes, ASCs, and inflammatory cells contributes to production of multiple angiogenic factors and inhibitors that regulate adipose angiogen-
esis. Interplay between different factors could result in angiogenic synergism. For example, leptin and VEGF-A or FGF-2 could synergistically 
stimulate angiogenesis. Tissue hypoxia could further upregulate expression levels of VEGF and leptin. MMPs could increase bioavailability of 
angiogenic factors by release of the matrix-bound VEGF.
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guiding adipogenesis. Under hypoxic conditions, endothelial cells 
release soluble factors that maintain preadipocyte viability (48).

Adipose tissue–derived angiogenic factors
Growing adipose tissue contains a diversity of cell types includ-
ing adipocytes, adipose stromal cells (ASCs), endothelial cells, 
and inflammatory cells (52). The diversity of heterogeneous cell 
populations determines expression of multiple growth factors 
and cytokines that either individually or jointly regulate vessel 
growth, although little is known about the functional interplay 
between these factors (53). Growing adipocytes produce a dozen 
angiogenic factors including leptin, VEGF, FGF-2, HGF, IGF, 
TNF-α, TGF-β, placental growth factor (PlGF), VEGF-C, resistin, 
tissue factor (TF), neuropeptide Y (NPY), heparin-binding epi-
dermal growth factor, and Angs (31, 54–62). Preadipocytes and 
adipocytes also produce non-protein small lipid molecules such 
as monobutyrin that stimulate angiogenesis in the adipose tis-
sue (63, 64). ASCs secrete high levels of a number of angiogenic 
factors including VEGF, HGF, GM-CSF, FGF-2, and TGF-β (43). 
Recruitment of inflammatory cells also significantly contributes 
to adipose neovascularization. For example, activated macro-
phages produce potent angiogenic factors such as TNF-α, VEGF, 
FGF-2, IL-1b, IL-6, and IL-8 (65, 66) (Figure 1).

Leptin is an adipocyte-derived hormone that regulates food 
intake and energy homeostasis. Functional impairment of leptin 
leads to severe obesity, diabetes, and infertility (55). Interestingly, 
leptin is also defined as a potent angiogenic factor. The initial find-
ing that endothelial cells express the functional long form of leptin 
receptor (OB-Rb) has led to the discovery of its angiogenic activity 
(67). Interaction of leptin with its OB-Rb receptor in endothelial 
cells results in activation of the Stat3 pathway and enhancement of 
its DNA binding activity (67). It promotes endothelial cell tube for-
mation in vitro and corneal neovascularization in vivo (16, 67, 68). 
Consistent with these findings, topical administration of leptin 
to wound beds accelerates wound repair in ob/ob mice but not in 
db/db mice (69). In addition to its direct angiogenic activity, leptin 

upregulates VEGF mRNA expression via activation of the Jak/Stat3 
signaling pathway (70). In CAM assay, inhibition of FGF-2 function 
partially impairs leptin-induced neovascularization in the develop-
ing embryo, suggesting that FGF-2–triggered signaling pathways 
in endothelial cells are essential for leptin-induced angiogenesis 
(71). Consistent with this notion, leptin has been shown to induce 
MMP-2 and MMP-9 activity, which indirectly facilitates angiogene-
sis (72). Interestingly, leptin modulates FGF-2– and VEGF-induced 
vascular activity by synergistically promoting neovascularization in 
vivo (73). These studies show that leptin also acts as an indirect 
angiogenic factor or a modulator for other known angiogenic fac-
tors (Figure 2). Under hypoxia, the expression ratios of angiogenic 
factors in adipose tissue might be altered because expression lev-
els of VEGF and leptin are elevated by low oxygen (74–76). Thus 
hypoxia probably plays a critical role in controlling the balance 
between vessel growth and remodeling by differentially regulating 
expression levels of various angiogenic factors.

Other vascular functions of leptin include regulation of vasodi-
lation and vascular permeability. Leptin induces endothelial NOS 
activity, which increases vasodilation and blood perfusion in the 
adipose tissue (77, 78). The vasodilation function of leptin may be 
essential to comply with the demand of growing adipose tissues 
for an elevated blood flow rate. Indeed, leptin is able to increase 
blood perfusion in adipose tissue. Growing adipose tissue contains 
fenestrated capillaries that are essential for vascular permeability 
(79, 80). Similar to adipose tissue, high levels of leptin are found 
in other angiogenic tissues including developing placenta, mam-
mary glands, and skeletal muscles, validating the peripheral role of 
leptin in vascular development (81, 82). NPY is probably another 
example of small protein peptides acting as both endocrine and 
paracrine factors to control adipogenesis and obesity. NPY stimu-
lates angiogenesis in vitro and in vivo via activation of its Y2 recep-
tor distributed in vascular endothelial cells, and deletion of the Y2 
receptor in mice leads to delayed wound healing (83–85).

VEGF plays a central role in most growing or developing healthy 
and pathological tissues. Among all adipose tissues examined 
in the body, omentum expresses the highest level of VEGF (32). 
Localization studies have shown that adipocytes are the primary 
source of VEGF, which may act as an angiogenic and vascular 
survival factor for the omental vasculature. Additionally, adi-
pose-infiltrated inflammatory cells and ASCs also significantly 
contribute to VEGF production (51, 52, 86). Inactivation of PlGF 
(another member of the VEGF family) function in mice leads to 
impaired adipose tissue development due to defective angiogen-
esis, suggesting that other VEGF members also modulate adipo-
genesis via the vascular system (58).

Gene expression profile analysis of rat WAT shows a differential 
expression pattern of adipokines including leptin, adiponectin, 
and resistin in growing versus quiescent adipose tissues (31). Inter-
estingly, resistin, a specific adipokine, is also defined as a novel 
angiogenic factor that directly promotes endothelial cell prolifera-
tion, migration, and tube formation (59). IGF-1 and TNF-α are two 
other upregulated angiogenic factors in expanding adipose tissues 
(31). IGF-1 is a survival factor for many cell types and may play 
an important role in maintenance of vascular integrity in adipose 
tissue (87). In addition to its direct angiogenic activity, TNF-α is a 
potent inflammatory cytokine that links between inflammation, 
angiogenesis, and adipogenesis (88). In fact, adipose-infiltrated 
inflammatory cells produce high levels of proangiogenic cytokines 
such as TNF-α, IL-1b, IL-6, and IL-8 (65, 86) (Figure 1). Intrigu-

Figure 2
Role of leptin in regulation of adipose angiogenesis. Leptin directly induc-
es angiogenesis by activation of its functional receptor, Ob-Rb, expressed 
on endothelial cells. In addition to its angiogenic activity, leptin is also able 
to induce vascular fenestrations and permeability. Leptin could indirectly 
induce angiogenesis via upregulation of VEGF expression.
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ingly, IL-8 could be a survival factor for adipocytes in vivo, prob-
ably via stimulation of angiogenesis (89). Thus inflammatory cells 
in growing adipose tissues are coordinators for coupling the con-
comitant events of adipogenesis and angiogenesis.

TGF-β and TF are increased in adipose tissue of obese mice, and 
both adipocytes and stromal cells express these factors (61). TGF-β  
could positively and negatively regulate angiogenesis depending 
on the concentration and receptor types expressed in endothelial 
cells (90, 91). Preadipocytes and adipocytes produce high levels of 
HGF, which is an important angiogenic factor for vessel growth 
and remodeling (60, 92). Remarkably, Ang-2 as a vascular remodel-
ing factor is consistently upregulated during adipose tissue growth 
(62, 92). These findings support the notion that adipose tissue 
development requires continuous remodeling, maturation, and 
patterning of the vasculature. Other angiogenic factors including 
VEGF-B, VEGF-C, and angiogenin have also been positively cor-
related with BMI (92, 93).

Depending on dosages, PAI-1 can both positively and nega-
tively regulate angiogenesis (94). When exposed to a high-fat diet, 
PAI-1–deficient mice have increased adipose tissue development 
accompanied by high vessel density, although conflicting results 
have also been reported (95–97). These paradoxical findings could 
be due to the composition and timing of diet, genetic background, 
and age of mice used (98). Taken together, these findings support 
the notion that adipose tissue development requires constant 
vascular remodeling and that multiple angiogenic molecules pro-
duced in adipose tissue may contribute to the complex regulation 
of adipogenesis (99).

Adipose tissue–derived angiogenesis inhibitors
Like most other adult tissues, the plasticity of adipose vasculature 
may represent the outcome of a net balance between angiogenic 
factors and inhibitors, which collectively determine growth or 
regression of the vasculature. Adipose tissue also produces several 
angiogenesis inhibitors. In contrast to proangiogenic factors, reg-
ulation of adipose vessel growth and remodeling by endogenous 
angiogenesis inhibitors is relatively poorly understood. As a spe-
cific adipocyte-derived hormone, adiponectin accumulates to high 
levels in the circulation of lean individuals and may protect against 
diabetes and atherosclerosis (100). Blood levels of adiponectin 
have inversely been correlated with BMI and are significantly  
decreased in obese animals and humans, suggesting its negative 
role in regulation of adipogenesis (101). Adiponectin inhibits 
endothelial cell proliferation, migration, and survival via activa-
tion of caspase-triggered endothelial cell apoptosis (102). In vivo it 
inhibits mouse corneal, CAM, and tumor angiogenesis. However, 
deletion or overexpression of adiponectin in mice does not seem to 
affect body weight, suggesting that the adiponectin system might 
be redundant (103).

Several reports describe the inexplicable finding that a num-
ber of endogenous angiogenesis inhibitors including endostatin, 
thrombospondin 1 (TSP-1), and soluble VEGFR-2 are produced 
at high levels in overweight and obese subjects (62, 92). In addi-
tion, an elevated level of PlGF has been found in expanding sub-
cutaneous adipose tissues and PlGF might negatively regulate 
VEGF-induced angiogenesis by the formation of biologically inac-
tive heterodimers (62, 104–107). Thus PlGF may indirectly inhibit 
adipose angiogenesis by negatively modulating angiogenic activ-
ity of VEGF. Why do growing adipose tissues produce high levels 
of angiogenesis inhibitors? Although there are no direct answers 

to this question, it is speculated that when the growth rate of an 
adipose tissue becomes stabilized, high expression levels of angio-
genesis inhibitors are required to restrict further vessel growth. In 
agreement with this hypothesis, TSP-1 expression is downregu-
lated in preadipocytes, followed by upregulation in differentiated 
adipocytes (108, 109). High expression of endostatin could be due 
to the fact that expanding adipose tissue produces an excessive 
amount of proteases such as MMPs that cleave collagen XVIII 
into endostatin (110). A common consistent finding from several 
reports is that Ang-1 is remarkably downregulated in growing adi-
pose tissues and plays a crucial role in vascular remodeling (62, 99, 
111). Decreased levels of Ang-1 would allow mural cells including 
pericytes and vascular smooth muscle cells to repel from blood 
vessels and to increase exposure and sensitivity of endothelial cells 
to other angiogenic factors such as VEGF. High levels of TGF-β 
may also inhibit adipose tissue angiogenesis. Although TSP-1 is 
a relatively well characterized angiogenesis inhibitor, deletion of 
the TSP-1 gene in mice did not result in severe vasculature-related 
abnormalities (112). Similarly, exposure of TSP-1 knockout mice 
to a high-calorie diet does not significantly alter body weight or 
adipose tissue development as compared with control animals 
(113). Thus the role of TSP-1 in regulation of adipose angiogene-
sis warrants further investigation. Taken together from a balanced 
view of angiogenesis regulation, it is not surprising that a number 
of endogenous angiogenesis inhibitors are upregulated in order to 
maintain a homeostatic state of the adipose tissue by counteract-
ing the excessive proangiogenic activity.

Therapeutic intervention of obesity  
by antiangiogenic agents
Concomitant occurrence of adipogenesis and angiogenesis has 
led us to believe that therapeutic intervention of obesity might 
be achieved by targeting the vasculature. Known angiogenesis 
inhibitors, including the small chemical compound TNP-470, and 
broad-spectrum endogenous protein inhibitors, including angio-
statin and endostatin, have been tested in both genetically obese 
and high-calorie diet–fed obese animals (16, 18). Interestingly, 
administration of angiostatin, endostatin, and TNP-470 in both 
genetically obese and high-calorie diet–fed mice results in a dose-
dependent and reversible weight reduction as well as adipose tissue 
loss without significantly affecting food intakes (16, 18). Because 
angiogenesis inhibitors such as angiostatin and endostatin specifi-
cally target endothelial cells but not other cell types, the anti-obe-
sity activity of these inhibitors is achieved via their antiangiogenic 
activity. Indeed, immunohistochemical analysis has revealed that 
vascularity of the adipose tissue is significantly reduced in animals 
treated with angiogenesis inhibitors (16). Furthermore, the angio-
genesis inhibitor–treated adipose tissue undergoes remarkable 
vascular remodeling and contains an increased number of apop-
totic cells and a decreased number of proliferating endothelial cells 
(18). Another interesting finding is that the angiogenesis inhibitor 
TNP-470 increases insulin sensitivity in obese animals, suggesting 
that these antiangiogenic agents might normalize insulin sensitiv-
ity and prevent the development of type II diabetes in addition to 
body weight gain (16).

Future perspectives
Both genetic and high-calorie diet–induced obesity requires the 
switch of an angiogenic phenotype in adipose tissues to support 
adipogenesis. Adipose tissue is unique in the body for its plastic-
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ity of growth and regression throughout life. This feature requires 
the coordinative growth and regression of the adipose vasculature. 
The crosstalk between adipocytes and endothelial cells is mediated 
by a number of angiogenic regulators, which cooperatively control 
vessel growth. It seems that adipose tissues located in different 
parts of the body express a different spectrum of angiogenic fac-
tors. For example, VEGF is a major angiogenic factor in omental 
fat, whereas it is not predominantly expressed in other adipose tis-
sue. Consistently, obese animals are resistant to anti-VEGF therapy 
(18). Future studies on differential expression and function of vari-
ous angiogenic factors in different adipose tissues would provide 
important information for designing therapeutic interventions.

Despite identification of multiple angiogenic factors in adipose 
tissue, little is known about the interplay between these factors in 
the adipose tissue environment. Coordinative communications 
between adipokines and other angiogenic factors are particularly 
important to understand the relationship of global control of 
adipose tissue expansion and local angiogenic responses. For 
example, high levels of serum leptin restrict fat mass expansion 
via endocrine stimulation of the central negative feedback loop, 
and paradoxically, leptin might promote adipogenesis through 
paracrine stimulation of angiogenesis. Inversely, high levels of 
serum adiponectin might restrain adipose tissue growth via 
inhibition of angiogenesis locally. Mechanistically, very little is 
known about how these adipokines are differentially regulated 
during adipose tissue growth. In addition to adiponectin, there 
are probably more endogenous angiogenesis inhibitors in the 
adipose to be discovered.

Can antiangiogenic agents be used for the treatment of existing 
obesity in humans? Although there is no definite answer to this 
question, there is a high probability that many of the angiogenic 

factors expressed in the adipose tissue might function as survival 
factors for the vasculature. For example, both VEGF and IGFs are 
important survival angiogenic factors for endothelial cells, and 
withdrawal of these factors may lead to endothelial cell apoptosis 
(114, 115). Thus it is possible that antiangiogenic agents might 
block the functions of these survival factors, leading to regression 
of preexisting adipose vasculature and shrinkage of the fat mass. 
This speculation warrants further investigation. At least in tumor 
studies, anti-VEGF agents have been reported to regress the estab-
lished tumor vasculature and reduce tumor mass (115). Taken 
together, the data for antiangiogenic agents offer an exciting new 
therapeutic option for the prevention and treatment of obesity. As 
more antiangiogenic agents become available for experimental and 
clinical applications, they provide an outstanding opportunity to 
test this possibility in the near future.
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