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Abstract
Obesity is a common disorder and related diseases, such as diabetes, atherosclerosis, 
hypertension, cardiovascular disease and cancer, are a major cause of mortality and 
morbidity in Western-type societies. Development of obesity is associated with 
substantial modulation of adipose tissue structure. The plasticity of the adipose tissue is 
reflected by its remarkable ability to expand or to reduce in size throughout adult 
lifespan. The expansion of adipose tissue is linked to the development of its vasculature. 
Indeed, adipogenesis is tightly associated with angiogenesis, as shown by the findings 
that adipose tissue explants trigger blood vessel formation, whereas in turn adipose tissue 
endothelial cells promote pre-adipocyte differentiation. Different components have been 
identified that play a role in adipose tissue associated angiogenesis. Modulation of 
angiogenesis may have the potential to impair adipose tissue development and thus may 
provide a novel therapeutic approach for prevention and treatment of obesity. 
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1. Introduction
Over the last decades obesity and its consequences worldwide have become a major 
health problem. Between 1976 and 2002, the prevalence of overweight (body mass index 
(BMI) ≥ 25 kg/m2) in the United States has increased from 46% to 66% of the 
population, and that of obesity (BMI ≥ 30 kg/m2) from 15% to 31% (Hedley et al., 2004). 
Excess weight increases the risk of multiple conditions, including hypertension, 
cardiovascular and cerebrovascular disease, type 2 diabetes, certain types of cancer, 
respiratory diseases, gallstones and osteoarthritis. Obesity is frequently associated with 
metabolic abnormalities such as impaired glucose tolerance, hyperinsulinemia, 
dyslipidemia with elevated triglyceride level, decreased high-density lipoprotein 
cholesterol concentration and increased proportion of small dense lipoparticles. This 
cluster of metabolic disturbances is called the metabolic syndrome, and represents known 
risk factors for cardiovascular disease. In addition, obesity negatively affects physical 
functioning, vitality, and general quality of life (Kopelman, 2000; Roth et al., 2004). 
Unlike most other tissues, adipose tissue continuously undergoes expansion and 
regression throughout adult life. Adipose tissue expansion requires the parallel growth of 
its capillary network. Therefore, adipogenesis (the formation of adipocytes) is tightly 
associated with angiogenesis (the formation of new blood vessels). We will review the 
pro- and anti-angiogenic components that have been demonstrated in adipose tissues, and 
discuss how modulation of angiogenesis may affect obesity.

2. Adipose tissue vasculature
A well-defined vascular system is present in adipose tissue, with every adipocyte 
surrounded by one or more capillaries. Fat cell development is characterized by the 
appearance of a number of fat cell clusters, or “primitive organs”, which are vascular 
structures in the adipose tissue with few or no fat cells. During fetal development, 
arteriolar differentiation precedes adipocyte development and differentiation of blood 
vessel extracellular matrix (ECM) precedes differentiation of adipocyte ECM (Hausman 
and Richardson, 2004). 
Adipose tissue consists of mature adipocytes surrounded by a stromal-vascular cell 
fraction containing preadipocytes, endothelial cells, pericytes, fibroblasts, macrophages, 
and mesenchymal stem cells. Autocrine/paracrine or developmental relationships exist 
between capillaries/endothelial cells and preadipocytes. In vitro studies revealed that 
adipose tissue explants in fibrin or collagen gels trigger blood vessel formation 
(Montesano et al., 1985), and that in turn adipose tissue endothelial cells promote 
preadipocyte differentiation (Varzaneh et al., 1994). Mature adipocytes in culture can de-
differentiate followed by differentiation into adipocytes or endothelial cells, suggesting 
that these are derived from a common lineage (Planat-Benard et al., 2004).
The growth of white adipose tissue (WAT) requires continuous remodeling of the 
vascular network, primarily of primitive capillary networks. Expansion of adipose tissue 
can be supported by both neovascularization (for adipocyte hyperplasia) and dilation and 
remodeling of existing capillaries (for adipocyte hypertrophy) (Hausman and Kauffman, 
1986).  Brown adipose tissue (BAT) is mainly responsible for energy metabolism, and its 
function requires efficient blood perfusion to supply nutrients and oxygen and to export 
heat. BAT hyperplasia is critically dependent on angiogenesis, as it requires rapid 
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activation of mitosis in fat precursor cells and endothelial cells to develop capillaries 
(Bukowiecki et al., 1980). 
Blood vessel density may not truly reflect angiogenic activity. Microvessel density is 
often considered a prognostic indicator for cancer. However, microvessel density does 
not reflect the angiogenic activity or angiogenic dependence of a tumor. The metabolic 
needs of cancer cells vary with the tissue of origin and change with tumor progression. 
Thus, the number of tumor cells that can be supported by a vessel varies, influencing in 
turn the vascular density (Hlatky et al., 2002). In addition, capillary endothelium has 
important structural features such as microvascular endothelial cells surrounded by 
capillary fenestrations and transendothelial channels. Several soluble growth factors are 
found to regulate vascular fenestrations and permeability in adipose tissue. For example 
leptin increases the vascular permeability in adipose tissue and consequently, influences 
the microvessel density (Cao et al., 2001). To take this into account, blood vessel density 
in adipose tissues can be normalized to the adipocyte density. 

3. Regulation of adipose tissue related angiogenesis
Both WAT and BAT produce and secrete many different types of proangiogenic factors 
such as vascular endothelial growth factor (VEGF)-A and hepatocyte growth factor 
(HGF), the two key angiogenic factors produced by adipocytes. Other adipose-tissue 
derived factors with proangiogenic effects include VEGF-B, VEGF-C, placental growth 
factor (PlGF), fibroblast growth factor (FGF)-2, SPARC/osteonectin, angiopoietin (Ang)-
1, Ang-2, leptin, platelet derived growth factor (PDGF)-, transforming growth factor 
(TGF)-, tumor necrosis factor (TNF)-, tissue factor (TF), matrix metalloproteinases 
(MMPs), plasminogen activators and cathepsins. Adipose tissue also produces 
endogenous antiangiogenic factors, such as adiponectin, thrombospondin (TSP)-1, TSP-
2, ADAM and ADAMTS family members. Thus, the regulation of angiogenesis in 
adipose tissue may depend on the local balance between proangiogenic and 
antiangiogenic factors. The angiogenic potential of the main pro- or anti-angiogenic 
components is sometimes context dependent and different in different fat pads.

3.1. Vascular endothelial growth factors and placental growth factor
VEGF-A (17-23 kDa) is a major angiogenic factor that stimulates proliferation and 
migration of endothelial cells. Three forms of VEGF-A are produced in the mouse as a 
result of alternative splicing (VEGF-A121, VEGF-A165 and VEGF-A189). Several 
studies indicate that VEGF-A stimulates both physiological and pathological 
angiogenesis by signaling through vascular endothelial growth factor receptor (VEGFR)-
2 in a strict dose-dependent manner. Loss of a single VEGF-A allele causes embryonic 
vascular defects, while reduction of VEGF-A levels by only 25% impairs spinal cord 
perfusion, resulting in motor neuron degeneration reminiscent of amyotrophic lateral 
sclerosis (Carmeliet et al., 1996; Ferrara et al., 1996; Oosthuyse et al., 2001). VEGF-A is 
believed to be responsible for most of adipose tissue’s angiogenic capacity (Zhang et al., 
1997). VEGF-B (21 kDa) is 43% identical to VEGF-A165; it also promotes angiogenesis 
and is implicated in ECM degradation via regulation of plasminogen activation (Olofsson 
et al., 1998). VEGF-C (23 kDa) displays 30% homology with VEGF-A165 and plays an 
important role both in angiogenesis and lymphangiogenesis (Joukov et al., 1996; 
Karkkainen et al., 2004). VEGF-D (22 kDa) is 48% identical to VEGF-C and also 
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promotes the growth of lymphatic vessels (Stacker et al., 2001). VEGF is expressed by 
both stromavascular fraction cells and mature adipocytes, as described in both animals 
and humans (Ledoux et al., 2008). 
PlGF, a 25 kDa homologue of VEGF-A (53% sequence identity with VEGF-A165), 
enhances angiogenesis, but only in pathological conditions. Loss of PlGF impairs 
angiogenesis in the ischemic retina, limb, and heart, in wounded skin and in tumors, 
without affecting physiological angiogenesis (Carmeliet et al., 2001). PlGF is expressed 
in murine adipose tissue, both in adipocytes and in the stromal-vascular cell fraction 
(Voros et al., 2005). 

3.2. VEGF and PlGF receptors
The members of the VEGF family bind to transmembrane tyrosine kinase receptors 
(VEGFR-1 (206 kDa), VEGFR-2 (218 kDa) and VEGFR-3 (150 kDa)). VEGF-A 
interacts with both VEGFR-1 and VEGFR-2, whereas VEGF-B and PlGF bind to 
VEGFR-1. VEGF-C and VEGF-D activate VEGFR-3, but VEGF-C can also bind to 
VEGFR-2. VEGFR-1 and VEGFR-2 mediate angiogenesis, whereas VEGFR-3 is 
involved mainly in lymphangiogenesis (Veikkola et al., 2001). VEGF-A165, PlGF and 
VEGF-B also bind to another transmembrane receptor, neuropilin-1 (Np-1). Inactivation 
of the Np-1 gene in mice causes disturbances in development of the vascular and nervous 
system (Kawasaki et al., 1999). 

3.3. Hepatocyte growth factor, fibroblast growth factor 2 and osteonectin
HGF is a mesenchyme-derived multifunctional molecule that elicits mitogenic and 
morphogenic activities in developmental as well as in many pathophysiological processes 
(Weidmer et al., 1993; Jeffers et al., 1996). Its receptor has been identified as the c-Met 
tyrosine kinase, a product of the proto-oncogene c-met. Both HGF and c-Met play a 
critical role in the invasive growth of tumor cells, a hallmark of metastatic cancers. HGF 
secreted by cultured 3T3-L1 adipocytes promotes tube formation of human umbilical 
vascular endothelial cells (HUVECs) in vitro (Saiki et al., 2006). 
FGF-2 (25 kDa) is a potent stimulator of differentiation, migration and proliferation of 
endothelial cells, and enhances adipocyte differentiation in vivo (Kawaguchi et al., 1998). 
During angiogenesis, FGF-2 stimulates the synthesis of proteinases such as collagenase 
and urokinase-type plasminogen activator (uPA), and of integrins to form new capillary 
cord structures (Okamura et al., 1991; Tienari et al., 1991).
SPARC/osteonectin is a matricellular protein that is thought to modulate cell-matrix 
interaction. It binds to VEGF-A, impairs VEGFR-1 activation, and inhibits FGF-2, 
resulting in inhibition of endothelial cell proliferation (Bornstein, 1995). Osteonectin is 
produced by adipose tissue and its expression is upregulated in obesity (Tartare-Deckert 
et al., 2001). Osteonectin deficient mice on high fat diet (HFD) develop larger fat pads as 
compared to wild-type mice (Bradshaw et al., 2003).

3.4. The angiopoietins, TIE-1 and TIE-2
Another signaling system contributing to maintenance, growth and stabilization of blood 
vessels involves the tyrosine kinase (T) with Ig (I) and epidermal (E) growth factor 
(EGF) homology domains (TIE)-1 and -2 receptors (140-145 kDa). TIE-2 binds the 
angiopoietins (Ang-1 and Ang-2), whereas the ligands of TIE-1 are less well defined.
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Unlike Ang-2, which activates TIE-2 on some cells but blocks it on others (Davis et al., 
2003), Ang-1 consistently activates TIE-2 (Davis et al., 1996). The role of Ang-1 in 
vascularization is pleiotropic and context-dependent. Ang-1 tightens vessels by affecting 
junctional molecules (Thurston et al., 2000), by promoting the interaction between 
endothelial cells and mural cells and by recruiting pericytes (Carlson et al., 2001). Ang-2 
may stimulate vessel growth by loosening endothelial-peri-endothelial cell interactions 
and degrading the ECM (Morange et al., 2002). TIE-1 and TIE-2 are expressed by 
endothelial cells in murine adipose tissues and their expression increases with fat pad 
development. However, their role in adipose tissue associated angiogenesis has not been 
clearly established (Neels et al., 2004). 

3.5. Leptin
Leptin (16 kDa), a satiety hormone produced by mature adipocytes, promotes migration 
of endothelial cells. Interaction of leptin with its receptor on endothelial cells leads to 
activation of the Stat3 pathway and enhancement of its DNA binding activity (Sierra-
Honigmann et al., 1998). Besides a direct proangiogenic activity, leptin upregulates 
VEGF expression via activation of the Jak/Stat3 signaling pathway (Suganami et al., 
2004). Similar to VEGF-A, leptin induces the formation of fenestrated capillaries, as 
confirmed by the absence of fenestrations in leptin deficient ob/ob mice. Leptin has a 
synergistic effect on stimulation by VEGF and FGF-2 (Cao et al., 2001).

3.6. Adiponectin
Adiponectin is an abundant circulating plasma protein secreted by mature adipocytes that 
mediates beneficial effects in the vasculature. Circulating levels of adiponectin are 
decreased in individuals with obesity and type 2 diabetes, suggesting a potential role for 
adiponectin in  vascular diseases that frequently accompany these disorders (Matsuzawa, 
2006). Pro- as well as anti-angiogenic effects of adiponectin have been reported. 
Adiponectin inhibited endothelial cell migration and proliferation in vitro and 
neoangiogenesis in vivo in the chick chorioallantoic membrane (CAM) and cornea 
assays, and it reduced angiogenesis and induced apoptosis in tumors, obtained by 
implanting T241 fibrosarcoma cells in mice (Bråkenhielm et al., 2004). Adiponectin 
suppressed VEGF-induced migration of human coronary artery endothelial cells 
(HCAECs) via cAMP/PKA-dependent signaling (Mahadev et al., 2008). However, 
adiponectin has also been reported to activate adenosine monophosphate kinase in 
endothelial cells, leading to enhanced in vivo angiogenesis in murine Matrigel plug and 
rabbit cornea assays and to inhibition of caspase 3-mediated apoptosis in HUVECs 
cultured in vitro (Kobayashi et al., 2004; Ouchi et al., 2004).

3.7. Growth factors and cytokines
PDGF was originally purified from platelets; however, it has since been found in many 
other cell types including fibroblasts, keratinocytes, myoblasts, astrocytes, epithelial 
cells, and macrophages (Heldin and Westermark, 1999). A recent study shows that 
macrophage-derived PDGF is involved in the stimulation of angiogenesis during 
expansion of adipose tissue (Pang et al., 2008).
TGF- is a multifunctional cytokine that is produced by a variety of cells and is capable 
of regulating the growth and differentiation of many cell types. It is implicated in a 
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number of biological processes including cell adhesion and migration, extracellular 
matrix production, tissue remodeling and wound repair (McCartney-Francis and Wahl, 
1994). TGF- mRNA levels are increased in both the mature adipocyte and the 
stromal/vascular cell fractions of the adipose tissues from obese mice. The augmented 
expression of TGF- in the obese adipose tissue may increase adipocyte precursor cell 
proliferation, thereby contributing to the excessive cellularity of the fat depots associated 
with the obese phenotype (Samad et al., 1997).
TNF- is a multipotential cytokine with several immunological functions. It was the first 
product secreted from adipose tissue to be proposed as a molecular link between obesity 
and insulin resistance. In humans, adipose tissue TNF- mRNA correlates with body 
mass index, percentage of body fat and hyperinsulinaemia (Katsuki et al., 1998). TNF-
promotes endothelial cell tube formation in vitro and inhibits endothelial cell 
proliferation (Papetti et al., 2002). A functional role of TNF- in adipogenesis and 
insulin resistance has been studied in the genetically obese and diabetic ob/ob mice 
(Uysal et al., 1997). TNF- deficient ob/ob mice showed lower levels of circulating free 
fatty acids, and were protected from the obesity-related reduction in the insulin receptor 
signaling in muscle and fat tissues. Interfering with TNF- signaling through null 
mutations in TNF receptors p55 and p75 also resulted in a significant protection from the 
insulin resistance associated with the ob/ob phenotype (Uysal et al., 1997). 

3.8. Tissue factor
TF is the major cellular initiator of the coagulation cascade and serves as a cell-surface 
receptor for the activation of factor VII (Camerer et al., 1996). TF is expressed by both 
mature adipocytes and stromal/vascular cell fractrions in murine adipose tissue and 
increased levels of TF in obesity promote the development of a hypercoagulable state and 
thus may contribute to the cardiovascular complications associated with obesity (Samad 
et al., 1998). TF is involved in metastasis and indirectly in tumor growth via 
angiogenesis, as tumor cells transfected to overexpress TF expressed high levels of 
VEGF and reduced amounts of thrombospondin (Zhang et al., 1994).

3.9. Proteolytic systems
Initiation of angiogenesis requires vessel destabilization, which involves weakening of 
the intercellular contacts between endothelial cells, destruction of the basement 
membrane, and local proteolysis of matrix proteins to allow the endothelial cells to 
migrate and produce new capillaries (Lamalice et al., 2007). Proteases of at least three 
classes (serine, cysteine, and metallo-), including MMPs, members of the urokinase/ 
plasmin(ogen) system and cysteine cathepsins, play crucial roles in the remodeling of the 
ECM and therefore in angiogenesis. Proteases participate in the angiogenic process by 
generating both pro- and anti-angiogenic factors from ECM proteins, and by processing 
growth factors and receptors (Van Hinsbergh et al., 2006).
The MMPs belong to a family of over 25 neutral endopeptidases that play a role in ECM 
proteolysis. The vascular localization of MMPs may allow their spatial role in the 
degradation of subendothelial basement membrane, which is a crucial step in 
angiogenesis and atherosclerosis. MMPs promote angiogenesis by regulating endothelial 
cell attachment, proliferation and migration, either directly or by release of growth factors 
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sequestered in the ECM (Stetler-Stevenson, 1999). Many MMPs are expressed by mature 
adipocytes and stromal-vascular cells in a depot-dependent manner (Maquoi et al., 2002). 
The ADAM (A Disintegrin And Metalloproteinase) family comprises proteins containing 
disintegrin-like and metalloproteinase-like domains (Wolfsberg et al., 1995). The 
ADAMTS family includes a subset of ADAM proteins that contain a thrombospondin 
motif (Kaushal and Shah, 2000). Several ADAM and ADAMTS family members are 
expressed in adipose tissue and during differentiation of preadipocytes (Voros et al., 
2003). ADAMTS-1 and ADAMTS-8 can inhibit VEGF-induced angiogenesis and 
suppress FGF-2-induced vascularization (Vázquez et al., 1999). They both mediate a 
greater antiangiogenic response than either TSP-1 or endostatin, with ADAMTS-1 
showing a greater inhibitory capacity than ADAMTS-8. The antiangiogenic activity of 
ADAMTS-1 and -8 is mediated through their TS motifs. Interestingly, ADAMTS-1 
deficient mice are exceptionally lean, their volume of epididymal fat is significantly 
smaller than in wild-type mice and the formation of capillaries in the adrenal gland is 
drastically impaired (Luque et al., 2003).
The fibrinolytic system comprises an inactive proenzyme, plasminogen, that can be 
converted to the active enzyme, plasmin, that degrades fibrin into soluble fibrin-
degradation products. Two immunologically distinct plasminogen activators have been 
identified: tissue-type plasminogen activator (t-PA) and urokinase-type plasminogen 
activator (u-PA). u-PA binds to a specific cellular receptor (u-PAR or CD87) resulting in 
enhanced activation of cell-bound plasminogen. Inhibition of the fibrinolytic system may 
occur either at the level of plasmin by 2-antiplasmin, or at the level of the plasminogen 
activators, mainly by plasminogen activator-inhibitor-1 (PAI-1) (Lijnen and Collen, 
2005). The fibrinolytic system participates in diverse physiologic processes, including 
blood coagulation, tissue growth and remodeling, wound healing, angiogenesis and 
embryogenesis. Especially the involvement of uPA and uPAR in angiogenesis is well 
established. uPA stimulates endothelial cell tube formation on a fibrin matrix, whereas an 
antibody blocking urokinase binding  to uPAR and to soluble uPAR inhibits the effects of 
uPA. Urokinase and uPA-generated plasmin can activate and release latent MMPs and 
elastase, as well as growth factors involved in angiogenesis, especially VEGF, bFGF, 
HGF, TGF, and PDGF (Tkachuk et al., 2009). 
Several nutritionally induced obesity models in transgenic mice have been used to study 
the role of the fibrinolytic system in the development of obesity. t-PA-deficient mice, 
kept on high-fat diet, had higher body weight and adipose tissue mass than wild-type 
controls (Morange et al., 2002). There was an increase in the number of endothelial cells 
and stromal cells in the fat tissues, suggesting that targeted inactivation of t-PA increases 
angiogenesis in adipose tissue. Deficiency in u-PA, in contrast, had no effect on 
nutritionally induced obesity (Morange et al., 2002). Mice deficient in plasminogen 
showed reduced fat accumulation associated with reduced differentiation of stromal cells 
(Hoover-Plow et al., 2002). Deficiency of 2-antiplasmin had no significant effect on 
adipose tissue development in mice (Lijnen, 2007). Some studies with transgenic mice 
reported that PAI-1 deficiency has little or no effect on adipose tissue development 
(Morange et al., 2000; Lijnen, 2005), whereas others found impaired development (Ma et 
al., 2004). Disruption of the PAI-1 gene in ob/ob mice resulted in reduced adiposity and 
improvement of the metabolic profile (Schäfer et al., 2001). 
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Cathepsin B, a lysosomal cysteine protease, regulates both pro- and anti-angiogenic 
factors suggesting that it may be a contributor to the “angiogenic switch” of endothelial 
cells (Im et al., 2005). Lack of cathepsin B reduces angiogenesis in a mouse model of 
pancreatic islet cell carcinogenesis (RIP1-Tag2) crossed with cathepsin B-null mice 
(Gocheva et al., 2006).  Cathepsin B has also been shown to exert antiangiogenic effects 
through its ability to cleave collagen XVIII to generate endostatin, an antiangiogenic 
factor present in caveolae of endothelial cells. Active cathepsin B is also associated with 
caveolae and degradation and remodeling of the ECM during endothelial cell migration 
and tube formation (Cavallo-Medved et al., 2009). Cathepsin B is found to be secreted by 
human adipose tissue (Alvarez-Llamas et al., 2007).
Overall, the balance of protease activity and the interaction of proteases with the ECM 
contribute to regulation of the angiogenic process.

3.10. Thrombospondins
TSP-1 and TSP-2 are components of the ECM in remodeling tissues and, like other 
matricellular proteins, bind to matrix proteins and cell-surface receptors, including 
proteoglycans, non-integrin and integrin receptors. TSPs can inhibit angiogenesis in 
several different ways (migration, proliferation, tube formation, apoptosis of endothelial 
cells) in vitro (Armstrong and Bornstein, 2003). Despite its pleiotropic biological role, 
mice deficient in TSP-1 are viable and exhibit only subtle abnormalities in development, 
although they develop pneumonia and show delayed organization and neovascularization 
of skin wounds (Agah et al., 2002). In contrast, TSP-2 deficient mice display a 
pleiotropic phenotype that includes fragile skin, which is associated with abnormal 
collagen fibrillogenesis, increased vascularity primarily in reponse to injury, increased 
cortical bone density, and a bleeding diathesis (Kyriakides et al., 1998). Both TSP-1 and 
TSP-2 are found to be secreted by human adipose tissue (Alvarez-Llamas et al., 2007).

4. Modulation of angiogenesis in adipose tissue
Modulation of development of the vascular network in adipose tissue may constitute a 
strategy to affect obesity. Therefore, it is important to obtain information on expression 
and functional role of pro- and anti-angiogenic components in in vitro models of 
adipogenesis and in in vivo models of obesity. 

4.1. Expression of angiogenic factors during adipose tissue development
During differentiation of 3T3-F442A preadipocytes into mature adipocytes mRNAs for 
Ang-1, the VEGF-A isoforms and PlGF are upregulated; FGF-2 and Np-1 expression is 
transiently upregulated, whereas the expression of Ang-2 is high in confluent cultures but 
decreases during maturation. TSP-1 and TSP-2 expression are downregulated in the early 
phase of differentiation but increase again in later phases. VEGF-B, VEGF-C and 
VEGFR-1 mRNA levels are less modulated during differentiation. TIE-1, TIE-2, 
VEGFR-2 and VEGFR-3 are not expressed at detectable levels (Voros et al., 2005).
Development of vasculature and mRNA expression of pro- or anti-angiogenic factors 
were also studied during adipose tissue development in nutritionally induced (HFD) or 
genetically determined (ob/ob) murine obesity models (Voros et al., 2005). Ob/ob mice 
and C57Bl/6 mice on HFD had significantly larger subcutaneous (SC) and gonadal 
(GON) fat pads, accompanied by significantly higher blood content, increased total blood 
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vessel volume and higher number of proliferating endothelial cells, as compared to lean 
controls. Ang-1 expression was downregulated, whereas TSP-1 was upregulated in 
developing adipose tissue in both obesity models. Despite this upregulation, TSP-1 
deficiency in mice did not significantly affect adipose tissue development (Voros and 
Lijnen, 2006); its role in adipose tissue associated angiogenesis thus remains unclear. 
Ang-1 mRNA levels correlated negatively, and TSP-1 mRNA levels correlated positively 
with adipose tissue weight. PlGF and Ang-2 expression were increased in SC adipose 
tissue of ob/ob mice and TSP-2 was increased in both their SC and GON fat pads. mRNA 
levels of VEGF-A isoforms, VEGF-B, VEGF-C, VEGFR-1, -2 and -3 and Np-1 were not 
markedly modulated by obesity (Voros et al., 2005).
Several angiogenic factors, like VEGF-C, VEGF-D, sVEGFr2 angiopoietin-2, angiogenin 
and the angiogenesis inhibitor endostatin are significantly elevated in either overweight 
or obese subjects compared to lean controls. Although it remains to be proven, it is likely 
that adipose tissue itself contributes to the elevated circulating levels of these factors.
Therefore, adipose tissue may contribute to increased risk of metastatic disease in obese 
subjects with cancer (Silha et al., 2005). 

4.2. Animal models of genetic modification of angiogenic factors
Nutritionally induced obesity models in transgenic mice were used to study the role of 
some angiogenic factors in adipose tissue development.
To establish a functional role in obesity, PlGF deficient (PlGF-/-) and wild type mice with 
the same genetic background were kept on HFD for 15 weeks. PlGF-/- mice had a 
significantly lower body weight and less total SC plus GON adipose tissue. Blood vessel 
size was lower in GON adipose tissue of PlGF-/- mice, and blood vessel density, 
normalized to adipocyte number, was significantly lower in SC adipose tissue of PlGF-/-

mice. These differences were not observed for PlGF-/- and wild type mice kept on normal 
chow. These observations are in line with the emerging concept that PlGF deficiency has 
little or no effect on angiogenesis under normal (feeding) conditions, but is associated 
with impaired angiogenesis under stress conditions (HFD) during the early stages of 
adipose tissue formation (Lijnen et al., 2006).
The contribution of HGF to adipose tissue angiogenesis was examined using the 3T3-
F442A in vivo fat pad formation model (Green and Kehinde, 1979). Silencing of HGF in 
3T3-F442A preadipocytes, before injection under the skin of nude mice, impaired the 
ability of the developing fat pads to recruit endothelial cells for neovascularization. On 
the other hand, excess HGF accelerated endothelial cell migration in the fat pad (Bell et 
al., 2008). 
Several findings suggest that lymphangiogenesis may also play an important role in 
development of adipose tissue. The observation that mice lacking Prox1, a gene required 
for the formation of lymphatic endothelial cells, display adult-onset obesity indicates a 
link between lymph fluid and fat deposition (Harvey et al., 2005). Adipogenesis and fat 
deposition are known to occur efficiently around lymph nodes, where the adipocytes 
provide energy for local lymphoid metabolic needs (Schneider et al., 2005). VEGF-D is 
mitogenic for endothelial cells and has angiogenic as well as lymphangiogenic potential 
in vivo (Saharinen et al., 2004). However, a nutritionally induced obesity model in 
VEGF-D deficient mice did not reveal an important role of VEGF-D in (lymph) 
angiogenesis or in adipose tissue development (Lijnen et al., 2009). These results do, 
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however, not allow to conclude that lymphangiogenesis would not play a role in adipose 
tissue development.

5. Pharmacologic inhibition of angiogenesis impairs adipose tissue development
3T3-F442A preadipocytes injected into severe combined immunodeficient (SCID) mice 
induce angiogenesis and differentiate into adipocytes (Mandrup et al., 1997). It was 
reported that neovasculature in the new adipose tissue originates by sprouting from larger 
hostderived blood vessels that run parallel to peripheral nerves and that endothelial 
progenitor cells do not play an important role in this process (Neels et al., 2004). 
Adipogenesis and de novo fat pad formation in this model can be impaired by inhibition 
of PPAR- or VEGFR-2 (Fukumura et al., 2003) and by administration of a PlGF 
neutralizing monoclonal antibody (Lijnen et al., 2006). Furthermore, adipose tissue 
growth in mice can be impaired with angiogenesis inhibitors such as TNP-470 (a 
synthetic analog of fumagillin, that selectively inhibits endothelial cell growth by 
suppression of methionine aminopeptidase), angiostatin (a plasminogen fragment 
containing kringles 1-4) and endostatin (a COOH-terminal fragment of collagen XVIII) 
(Rupnick et al., 2002). These agents are also able to cause weight reduction in aged, 
relatively weight-stable ob/ob mice, suggesting that adipose tissue blood vessels are 
relatively immature and susceptible to inhibitors even when no longer growing. Another 
study, using life adipose tissue imaging techniques, demonstrated that angiogenesis in 
obesity requires a close interplay between differentiating adipocytes, stromal cells and 
blood cells (Nishimura et al., 2007). The use of an anti-VEGF antibody indeed inhibited 
not only angiogenesis, but also the formation of adipo/angiogenic cell clusters, indicating 
that coupling of adipogenesis and angiogenesis is essential for differentiation of 
adipocytes in obesity, and confirming that VEGF is a key mediator (Nishimura et al., 
2007).  The implication of VEGF in adipose tissue angiogenesis was also evidenced for 
human tissue, using anti-VEGF antibodies (Ledoux et al., 2008). A recent study showed 
that blockade of VEGFR-2 but not VEGFR-1, using monoclonal antibodies, can limit 
diet-induced fat tissue expansion in mice. The results also indicated that angiogenesis 
from local preexisting vasculature, and not the contribution of bone marrow-derived 
cells, primarily sustains new vessel formation in fat tissue during diet-induced obesity 
(Tam et al., 2009).
Another strategy to reduce fat mass via its vasculature may be to target prohibitin, a 
multifunctional membrane protein selectively expressed in adipose tissue endothelial 
cells (Kolonin et al., 2004). Ablation of fat tissue can be achieved with a synthetic 
peptide, that binds to prohibitin and induces apoptosis in adipose tissue blood vessels. 
Dietary curcumin, the major polyphenol in turmeric spice, may also have a potential 
benefit in preventing obesity. Supplementing the high-fat diet of mice with curcumin 
reduced body weight gain, adiposity, and microvessel density in adipose tissue, which 
coincided with reduced expression of VEGF and VEGFR-2. Curcumin also had a 
beneficial effect on lipid metabolism (Ejaz et al., 2009).

6. Adipose tissue as a source for therapeutic angiogenesis
Therapeutic angiogenesis using autologous stem/progenitor cells represents a novel 
strategy for severe ischemic diseases. A number of recent studies, both in animals and 
humans, demonstrated that implantation of autologous bone marrow mononuclear cells 
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into ischemic skeletal muscles successfully augmented angiogenesis and collateral vessel 
formation (Murohara, 2009). Since bone marrow aspiration is relatively invasive for 
patients with severe ischemic diseases, less invasive techniques for isolating cells for 
angiogenic therapy are warranted. Autologous subcutaneous adipose tissue has been 
proposed as an interesting cell source for therapeutic angiogenesis, since it can be 
harvested by minimal invasive technology. The stromal vascular fraction of adipose 
tissue contains multipotent mesenchymal stem/progenitor cells, called adipose-derived 
stem/progenitor cells (ASCs). These cells can differentiate into various lineages including 
fibroblasts, adipocytes, pericytes, osteoblasts, chondrocytes, and myocytes, and have the 
ability to regenerate damaged tissues (Zuk et al., 2001). ASCs can also release multiple 
angiogenesis-related growth factors including VEGF, HGF, and chemokine stromal cell-
derived factor-1 (SDF-1). The combination of these biological properties (i.e. progenitor 
cell supply and growth factor release) suggests that autologous subcutaneous adipose 
tissue may be a next generation candidate as cell source for therapeutic angiogenesis. 
Murine, as well as human adipose tissue-derived stromal cells, augmented new vessel 
formation when transplanted into the ischemic hind limb in mice, confirming the 
potential therapeutic value (Rehman et al., 2004; Sumi et al., 2007).

7. Future lines of investigation
Modulation of angiogenesis appears to have the potential to impair development of 
obesity. In particular, the VEGF/VEGFR signaling system may be an attractive target. 
Recent studies have suggested that the expression pattern of pro- and anti-angiogenic 
components in adipose tissue is fat depot dependent. A better understanding of the 
regulation of their expression will thus be instrumental in the development of specific 
targeting approaches. Little is known either on the interactions between these angiogenic 
components in adipose tissues and on the interplay with adipokines, such as leptin, 
resistin and adiponectin. The interactions between adipocytes and endothelial cells also 
remain to be elucidated in more detail. The contribution of inflammatory cell derived 
cytokines, such as TNF- and several interleukins (e.g. IL-6 and IL-8), to adipogenesis 
and angiogenesis in adipose tissues also needs further study. Since more and more 
antiangiogenic agents are characterized in the cancer field, there is a real option to 
evaluate such components in obesity models in vivo. However, since development of 
adipose tissue is a complex and multifactorial process, it is unlikely that a single 
angiogenesis inhibitor will allow reduction of obesity without associated side effects. It 
should indeed be kept in mind that the angiogenic components involved in adipogenesis 
and adipose tissue development also are critical to many other biological processes.
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