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A B S T R A C T   

Adipose tissue (AT) is a highly active and plastic endocrine organ. It secretes numerous soluble molecules known 
as adipokines, which act locally to AT control the remodel and homeostasis or exert pleiotropic functions in 
different peripheral organs. Aberrant production or loss of certain adipokines contributes to AT dysfunction 
associated with metabolic disorders, including obesity. The AT plasticity is strictly related to tissue vasculari
zation. Angiogenesis supports the AT expansion, while regression of blood vessels is associated with AT hypoxia, 
which in turn mediates tissue inflammation, fibrosis and metabolic dysfunction. Several adipokines can regulate 
endothelial cell functions and are endowed with either pro- or anti-angiogenic properties. Here we address the 
role of adipokines in the regulation of angiogenesis. A better understanding of the link between adipokines and 
angiogenesis will open the way for novel therapeutic approaches to treat obesity and metabolic diseases.   

1. Introduction 

Obesity, defined as a body mass index (BMI) ≥ 30 kg/m2 is a chronic, 
multifactorial disease associated with various life-threatening chronic 
diseases (https://www.who.int). Thus, prevention and treatment of 
obesity are key challenges, which are directly linked with the biology 
and physiology of adipose tissue (AT) [1]. The AT is highly dynamic and 
comprises multiple cells, including adipocytes, mesenchymal and 
endothelial cells (ECs), fibroblasts, and immune cells surrounded by 
extracellular matrix (ECM) [2]. Obesity induces AT expansion and 
remodeling, characterized by adipocyte hypertrophy and hyperplasia, 
accumulation of immune cells, hypoxia, and EC activation. This 
dysfunction is accompanied by lesser vascular density and the conse
quent development of obesity related metabolic diseases [3,4]. 

Recently, an endocrine role has been attributed to AT in addition to 
its ability to regulate energy expenditure. AT secretes several nervous 
and endocrine factors identified as adipokines [5] which sustain a 
cross-communication between numerous organs within the body. The 

production of adipokines is altered by AT hypertrophy and hyperplasia 
in obese patients, supporting detrimental metabolic alterations leading 
to insulin resistance, dyslipidemia, and an increased risk of cardiovas
cular diseases [6]. 

The expansion and remodeling of AT is regulated by the vascular 
system, which maintains cellular homeostasis throughout the body via a 
complex network of capillaries, arteries, and veins [7]. In this narrative 
review, we describe the available evidence regarding the effects of 
adipokines on the angiogenic process leading to AT remodeling. We also 
discuss the cross-communication between AT and angiogenesis and how 
anti- and pro-angiogenic approaches could be employed to impair the 
progression of obesity, as well as whether AT engineering can improve 
AT dysfunction in patients with metabolic disorders. 

2. The adipose organ 

The AT is an organ specialized in energy storage, endocrine regula
tion of energy, homeostasis, and thermoregulation. It consists of mature 
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adipocytes surrounded by a stromal vascular cell fraction (SVF) con
taining pre-adipocytes, macrophages, smooth muscle cells, immune 
cells, vessels, and a rich innervation of both sensory and sympathetic 
fibers. The SVF controls the dynamics of AT development, homeostasis, 
and inflammation [8]. Extracellular matrix (ECM) provides mechanical 
support and adsorbs cytokines and growth factors, thus regulating 
physiological/pathological processes within AT [9]. In mammals, two 
major types of AT have been observed: white AT (WAT) and brown AT 
(BAT) [10]. WAT composes around 20–25 % of the total body weight in 
humans [11]. WAT stores energy in the form of triacylglycerols that are 
hydrolyzed, releasing fatty acids when the organism needs fuel [12]. 
White adipocytes have a round shape, a large diameter and are char
acterized by the presence of a big lipid droplet which pushes all other 
components close to the membrane. Few mitochondria can be observed 
next to the nucleus and the ribosomes [11]. 

In humans, the WAT exists in different depots, characterized by 
typical patterns of gene expression and, thus, by distinct functions [13]. 
Indeed, each fat depot differs in the size of adipocytes, ECM composition 
and mechanical properties [14]. The BAT is mainly composed of brown 
adipocytes that derive from Myf5+ precursors and are characterized by 
many small lipid droplets and a high number of mitochondria, respon
sible for their brown color [15]. Their nucleus occupies a central posi
tion, and the endoplasmic reticulum is not highly developed. BAT 
regulates thermogenesis, a function that explains the multilocular 
arrangement of lipids that amplify exponentially the number of fatty 
acids that can enter the beta-oxidation [16]. Upon sympathetic activa
tion, brown adipocytes release chemical energy as heat. Consistent with 
this, in brown adipocytes there is a high expression of thermogenin 
(uncoupling protein 1; UCP1). UCP1 is a fatty acid anion/H+ symporter 
in the inner membrane of mitochondria. It dissipates the respiration 
proton gradient by uncoupling cellular respiration and mitochondrial 
ATP synthesis, thus inducing thermogenesis [17]. 

Several depots of active BAT have been identified in adult humans 
[18,19], including shoulder blades, around the kidneys, neck, supra
clavicular area, and along the spinal cord [20–22]. Importantly, the 
localization of BAT and WAT is not exclusive; for example, subcutaneous 
and visceral depots contain both tissues. Due to its high metabolic ac
tivity, the BAT should be considered an organ of pharmaceutical and 
physiological importance in the adult [23,24]. 

Recently, “beige” or “brite” adipocytes have been identified [25] at 
anatomical sites that correspond to WAT after thermal stimulation [26, 
27]. These cells have characteristics of both brown and white adipo
cytes. In the basal state, they display the morphology of white adipo
cytes while after stimulation, they acquire intermediate morphology 
with multilocular lipid droplets, higher number of mitochondria, and 
express BAT markers, including UCP1 [10,27,28]. In addition, they ex
press typical beige markers, such as CD137, Tbx1, and Cited-1 [29]. 
Different developmental lineages have been suggested for beige adipo
cytes: the transdifferentiation of mature white adipocytes [30,31] and 
the maturation of brown or white preadipocytes that are both present in 
WAT [32,33]. All these processes could contribute to beige adipocyte 
development, depending on tissue depot and stimuli [34,35]. 

3. Angiogenesis in AT 

Contrarily to other organs, the AT can also expand in adulthood, up 
to comprising more than 40 % of the total body composition in obese 
patients [36]. This high plasticity is paralleled by a coordinated vascular 
network growth, which provides AT with oxygen and nutrients and 
drains waste products [4]. The continuous growth, regression, and 
remodeling of blood vessels is regulated by metabolites and growth 
factors known as adipokines, which are secreted by adipocytes [37]. 

Angiogenesis is a multistep process, regulated by pro- and anti- 
angiogenic factors. This process can be triggered in response to prolif
erating and enlarging adipocytes and/or precedes adipocyte prolifera
tion and enlargement [38], but, of course, it is essential in modulating 

AT physiopathology [39,40]. Adipocytes and other stromal cell types 
release pro- or anti- angiogenic factors in the microenvironment to 
maintain vascular homeostasis and induce vascular increase or regres
sion [37]. In expanding WAT, the switch toward an angiogenic pheno
type facilitates energy deposition and vascular density [41]. Instead, in 
metabolically active BAT, the same angiogenic phenotype may facilitate 
energy consumption [42]. Also, WAT transition to brite phenotype is 
associated with an angiogenic switch with a consequent increase in 
vascular density. Moreover, blood vessels provide a protective niche for 
adipocyte progenitors that can differentiate into pre-adipocytes and 
adipocytes [42,43]. 

Importantly, angiogenesis can be altered in pathological conditions 
like obesity, metabolic syndrome, cancers and cardiovascular pathol
ogies [44], characterized by abnormal expression of angiogenic factors 
and/or by other angiogenic-related conditions including hypoxia, 
oxidative stress, hormone imbalance, and hyperglycemia [45]. 

4. Angiogenic modulators released by adipose tissue 

Adipokines, which include hormones, free fatty acids, growth fac
tors, and cytokines, act either locally or systemically to regulate a wide 
range of physiological and pathological processes such as immune- 
system modulation, inflammation, cell differentiation, and angiogen
esis [1]. Novel pro/anti-angiogenic adipokines are continuously iden
tified and characterized. AT dysfunction leads to changes in cellular 
composition, inability to store the surplus lipids, alteration of insulin 
sensitivity, and in the secretion of pro-inflammatory and diabetogenic 
adipokines and cytokines [46,47]. 

Surprisingly, dysfunctional AT in patients with obesity and meta
bolic syndrome often displays increased expression of anti-angiogenic 
factors. This suggests that the high expression of factors that restrict 
blood vessel growth is meant to avoid abnormal vessel outgrowth when 
an AT becomes stabilized. In the next sections we discuss the role of 
main adipokines known to regulate EC functions, and potentially 
involved in the remodeling of AT vasculature. Also, we address the ef
fects of metalloprotease enzymes that indirectly modulate AT angio
genesis (Fig. 1). 

4.1. ECM remodeling factors 

The ECM of AT is continuously remodeled to accommodate changes 
in adipocyte size and AT composition during tissue turnover [48]. Pro
teases and inhibitors of such proteases are locally produced to guide AT 
remodeling. Among these, metalloproteinases (MMPs) are pivotal en
zymes produced by mature adipocytes (especially MMP-12) and by the 
SVF in a depot-dependent manner [48]. Metalloproteases are a protease 
family involved in the turnover of connective tissue during morpho
genesis, development, wound healing, reproduction, and neo
vascularization. Also, the activity of MMPs contributes to allow the 
release of basement membrane components or the activation of latent 
growth factors [49,50]. MMPs promote angiogenesis by regulating EC 
proliferation, migration, and attachment to the ECM, either directly or 
by releasing growth factors sequestered in the ECM [51,52]. The pro
teolytic activity of MMPs is controlled by a family of proteins called 
tissue inhibitors of metalloproteinases (TIMPs). The imbalance of MMPs 
vs TIMPs is implicated in many pathological processes and may 
contribute to altered angiogenesis and AT dysfunction in metabolic 
disorders and obesity [53]. 

MMPs are modulated during adipogenic differentiation of 3T3-L1 
cells in vitro. In addition, pro-inflammatory adipokines upregulate 
MMP levels during obesity, with a shift toward increased matrix 
degradation [54]. Accordingly, MMP pharmacological inhibition leads 
to a collagen-rich matrix cap around the treated tissue thus restraining 
AT development in mice [55]. Several studies confirm the role of MMP 
inhibitors on AT homeostasis in vivo. The administration of specific or 
broad-spectrum MMP inhibitors reduces the subcutaneous or gonadal 
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AT deposits. In this case, MMP inhibitors do not affect the number of 
adipocytes, but increase significantly the amount of collagen in treated 
animals. Importantly, MMP inhibition results in a higher blood vessel 
density in AT [56,57]. 

4.2. Leptin 

Leptin is a 16 kDa protein encoded by obese (Ob) gene [58,59]. It is 
mainly secreted by WAT and, at lower levels, by other tissues such as 
muscle, stomach, and mammary gland. Leptin is an endocrine hormone 
with multiple properties including the regulation of appetite. For this 
reason, leptin is also known as the “satiety hormone” [60]. It controls 
energy expenditure, body weight, thermogenesis, fertility, and immune 
functions [59] and its serum levels positively correspond with the en
ergy stored in the fat mass [61,62]. A reduction of circulating leptin 
follows food restriction. Leptin expression is associated with hyperten
sion, atherosclerosis, myocardial infarction, and stroke [63]. The func
tions of leptin are mediated by the leptin or obesity receptor (Ob-R), a 
single membrane-spanning receptor belonging to the class I cytokine 
receptor family, which is mainly expressed in the hypothalamus and 
immune cells The JAK/STAT signaling pathway modulates the intra
cellular cascades activated by leptin in target cells. Loss-of-function 
mutations in the leptin or Ob-R genes result in severe, early-onset 
obesity and are associated with altered hematopoiesis, immunity, 
blood pressure, and angiogenesis [64]. Leptin is a pro-atherogenic, 
pro-thrombotic molecule and controls vasodilation. In ECs, leptin pro
motes a pro-inflammatory response, the expression of endothelial nitric 
oxide synthase (eNOS), and the production of reactive oxygen species 
(ROS), leading to EC dysfunction [65], proliferation, and survival [65, 
66]. In ECs, by binding Ob-R, leptin activates the p38 (MAPK)/Akt/
COX-2 and Wnt axes [67,68]. Moreover, leptin supports angiogenesis in 
several in vivo models [66,69], upregulating MMP-2/9 and 
pro-angiogenic factors like fibroblast growth factor-2 (FGF-2), vascular 
endothelial growth factor A (VEGF-A) and its receptor VEGFR-1 [70]. 
Also, leptin induces the mobilization of vascular progenitor cells from 
the bone marrow, through a Ob-R/NOX2/MMP-9 mechanism [71] and 
boosts up the angiogenic potential of circulating angiogenic cells 
through a Ob-R/Src/alphavbeta5 cross talk [72]. Under other experi
mental conditions, leptin inhibits EC inflammation, and the 
endothelial-to-mesenchymal transition (EndMT), thus exerting protec
tive effects on vessel endothelium. 

The observation that leptin regulates angiogenesis opens the way to 
using anti-leptin approaches to treat angiogenic-dependent pathologies. 
Preclinical studies confirm the effects of therapeutic strategies targeting 
leptin, such as leptin mutants/antagonists, or neutralizing antibodies in 
several pathological conditions, including cancers. However, a deeper 
characterization of leptin antagonists is needed to ameliorate the major 
drawback of most anti-leptin strategies, including their transport to the 
hypothalamic nuclei [73]. The fine elucidation of endothelial-specific 
molecular mechanisms involved in leptin response could contribute to 
the design of pharmacological approaches to target leptin-driven 
pro-angiogenic effects without the unwanted associated weight-gain. 

4.3. Angiogenin 

Angiogenin was originally identified in the culture medium of 
human colon adenocarcinoma cells [74]. As the name suggests, angio
genin is a potent inducer of angiogenesis. Upon receptor binding on the 
EC surface, angiogenin is internalized and translocated to the nucleus, 
where it regulates the expression of several pro-angiogenic genes, 
including MMPs [75]. Its ribonucleolytic activity makes angiogenin 
unique among the angiogenic factors. The inhibition of its enzymatic 
activity or the prevention of its internalization pathway ameliorate the 
angiogenin pro-angiogenic activity [76]. Several inhibitors of angioge
nin including the anti-human monoclonal antibody, small chemical 
compounds, neomycin and neamine, siRNA, antisense, soluble binding 
proteins, and enzymatic inhibitors have been developed and exert 
anti-angiogenic/anti-tumor effects in various animal models [77,78]. 

Within AT, angiogenin is expressed by both adipocytes and non- 
adipocyte stromal cells. It is upregulated in cultured AT explants by 
PPAR agonists [79] and can be used in regenerative fat grafts to improve 
tissue vascularization [80]. Remarkably, angiogenin levels have been 
positively correlated with BMI [81]. The reduction of angiogenin 
expression in the elderly [82] is associated with an impaired angiogenic 
potential of adipose-derived mesenchymal stromal cells and with coro
nary artery disease [83] This data suggests a role of angiogenin in the 
regulation of AT expansion, further confirming the pivotal role of 
angiogenesis during AT remodeling in obese patients. On these bases, 
inhibitors of angiogenin (i.e. monoclonal antibodies, small chemical 
compounds, neamine and neomycin, enzymatic inhibitors, receptor 
antagonists [77,84–86] may have the potential to block angiogenesis in 
AT, thus restraining its expansion during obesity. 

Fig. 1. Differential roles of adipokines on endothelial cells in the remodeling of adipose tissue vascular network.  
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4.4. Bone morphogenetic proteins (BMPs) 

The bone morphogenetic proteins (BMPs) are small secreted proteins 
belonging to the transforming growth factor-beta (TGF-β) superfamily 
[87]. Originally studied as inducers of bone formation, they are now 
widely known for their involvement in various morphogenetic and dif
ferentiative processes during development, including the development 
of AT [88–91]. BMPs are produced by human and mouse adipocytes. In 
particular, BMP4 and BMP6 control white and brown adipogenesis, 
respectively. BMPs activate canonical SMAD protein signaling through 
activation of their cognate serine-threonine kinase receptors. In addi
tion, BMP can also signal through the mitogen-activated protein kinase 
(MAPK) pathway [92]. The acknowledged role of BMPs in vascular 
homeostasis derives from the strong connection existing between 
obesity and cardiovascular diseases. During the angiogenic process, 
BMPs intervene in both EC sprouting and vessel maturation steps 
(reviewed in [92]). BMP2, BMP4, and BMP6 have been clearly shown to 
trigger the pro-angiogenic effect on ECs through the differential acti
vation of their BMP type I receptors ALK3 and ALK2 [93,94]. BMP2 and 
BMP6 coordinate tip vs stalk identity of ECs during sprouting angio
genesis. BMP4 stimulates the formation of micro-blood vessels, which 
serve as stem cell niches during expanding WAT [95]. Meanwhile, 
BMP4, recruits and commits stem cells to differentiate into pre
adipocytes. These processes are part of the remodeling of white adipo
cytes into beige as demonstrated by the expression of Tbx1, Tbx15, 
Hoxc9, PGC1α, and PRDM16 [88]. 

Mechanistically, BMP4 elicits a pro-angiogenic responses in ECs 
through a src-dependent transactivation of VEGFR-2 [96]. BMP7 in
duces the expansion of BAT, increases the expression of UCP1, the ac
tivity of the hormone-sensitive lipase, and energy expenditure [97]. In 
other words BMP7 modulates the “browning” of WAT. On the contrary, 
BMP9 and BMP10 mostly have homeostatic effects on ECs, being 
involved in the regulation of vessel maintenance and remodeling [92, 
98]. BMP7 downregulates and BMP9 upregulates the EndMT process 
respectively [99,100]. Considering the multiple roles of BMPs in AT, 
genetic variations, small molecule inhibitors of BMPs, including dorso
morphin and its derivatives, should be considered to influence the 
plasticity, the systemic metabolic phenotypes, and the vascularization of 
AT [101]. 

4.5. Gremlin-1 

The activity of BMPs is regulated by extracellular antagonists that 
sequester BMPs in inactive complexes [102,103]. Among these, 
gremlin-1 by binding BMP2/4/7 regulates organogenesis and cancer 
[104–106]. More recently, gremlin-1 was recognized as an adipokine 
produced by the human AT [107–109]. It is downregulated during 
adipogenesis [110] and limits the BMP2/4-dependent brown adipo
genesis [109]. Gremlin-1 is more expressed in omental fat than in its 
subcutaneous counterpart [111]. Local and circulating gremlin-1 is 
increased in obesity (in human AT from bariatric surgery) and in 
metabolic diseases, such as type 2 diabetes and non-alcoholic fatty liver 
disease [107]. Remarkably, gremlin-1 antagonizes insulin action in ad
ipose, skeletal muscle, and liver cells, suggesting a pivotal and detri
mental endocrine function of gremlin-1 in vivo during obesity [107]. 
Finally, gremlin-1 levels are normalized by physical exercise, which 
correlates with reduced cardio-metabolic risk in obese patients [112]. 
Together, these data indicate a possible role of gremlin-1 as a biomarker 
and therapeutic target in metabolic disorders. 

Gremlin-1 exerts pro-inflammatory and angiogenic responses in ECs 
both in vitro and in vivo [113,114]. The pro-angiogenic activity of 
gremlin-1 is mediated by the interaction with both low- and 
high-affinity to heparan sulfate proteoglycans and VEGFR2 receptors, 
respectively [103,115,116]. Remarkably, gremlin-1 induces EndMT in 
human pulmonary artery endothelial cells, confirming its involvement 
in endothelial dysfunction [117]. Also, inhibitors of VEGFR2 block 

gremlin-1-driven angiogenesis and fibrosis in kidney disease [115,118]. 
These findings should stimulate future research on the role of gremlin-1 
in AT angiogenesis, which remains largely unexplored. 

4.6. Progranulin 

Progranulin (PGRN), also known as granulin (GRN)-epithelin pre
cursor, is a secreted glycoprotein which can be fragmented by some 
matrix metalloproteinases (MMPs) into small homologous subunits, 
granulins/epithelins [119]. PGRN is a pluripotent growth factor that 
promotes cell proliferation and tumorigenesis [120]. PGRN is an adi
pokine and its overexpression is linked to high fat diet (HFD)-induced 
adipocyte hypertrophy, obesity, insulin resistance, and liver disease 
[121,122]. The level of PGRN is higher in obese and diabetic patients 
and correlates with lipodystrophy syndrome [122–124]. In vivo evi
dence suggests a sexual dimorphism for PGRN, as female mice exhibit 
higher PGRN expression than males both in subcutaneous and epidid
ymal AT [123]. Taken together, the evidence indicates that PGRN is a 
promising target for treating HFD-induced obesity [125,126]. However, 
it is important to note that AT is not the main source of PGRN in obesity 
[127]. 

PGRN is associated with systemic inflammatory markers like C- 
reactive protein and with AT macrophage infiltration [123]. A recent 
study showed that PGRN is an inducible protein in response to hypoxia 
[128]. Accordingly, PGRN is a pro-angiogenic factor for blood and 
lymphatic vessels under physiological and pathological conditions 
[128–130]. It has been found to bind to Ephrin type A receptor 2 re
ceptor with high affinity, prolonging receptor activation and the 
downstream stimulation of MAPK and Akt, and promotion of capillary 
morphogenesis [131]. In contrast, its interaction with perlecan may 
inhibit its function [132]. Based on these findings, the regulation of 
PGRN expression is of high interest in obesity and metabolic research. 

4.7. Oncostatin M 

Oncostatin M (OSM) is a pleiotropic cytokine produced by several 
tissues, including AT [133]. Within AT, OSM is not expressed in adi
pocytes but, instead, is produced by the SVF compartment. Adipocytes 
are responsive to OSM as they express the OSM receptor (OSMr), a 
heterodimeric complex formed by the OSM receptor beta and gp130 
monomers. OSM regulates AT metabolic homeostasis, as OSM and OSMr 
are highly induced in the AT of diabetic and obese patients [134] while 
loss of OSM leads to insulin resistance and AT inflammation in a mouse 
model [135]. OSM induces EC activation in vitro, paralleled by an in
crease in the expression of the pro-angiogenic molecule FGF-2 [136]. 
OSM is active also in in vivo models [137] suggesting its role in patho
logical angiogenesis in different contexts, like after myocardial infarc
tion and cancers [133,137]. Moreover, OSM induces the expression of 
EndMT markers [138], of VEGF, cyclooxygenase-2 (COX2), 
urokinase-type plasminogen activator (uPA), and angiopoietin 2 
(ANG-2) [139], indicating that OSM contributes to the vascularization of 
growing AT [140]. Inhibition of OSM signaling via anti-receptor anti
bodies or genetic deletion improves the outcome of heart failure [141], 
while the potential role of these approaches in AT angiogenesis remains 
unclear. 

4.8. Resistin 

Resistin is an adipokine secreted by adipocytes and monocytes, 
implicated in inflammatory processes including atherosclerosis, non- 
alcoholic fatty liver disease, and malignancies [142]. In human serum, 
the physiological concentration of resistin is in a range of 7–22 ng/mL, 
and higher circulatory levels correlate with autoimmune disorders, as 
well as metabolic disorders [143–145]. The high levels of resistin in 
obese patients suggest a non-redundant role in energy homeostasis and 
AT dysfunction [146,147]. Indeed, high concentration of resistin is often 
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associated with chronic low-grade sub-clinical inflammation accompa
nied with obesity, which involves macrophage infiltration in the AT. In 
mice, resistin is a late marker of adipocyte differentiation and its accu
mulation is necessary for adipogenesis [148]. By binding the adenylyl 
cyclase-associated protein 1 (CAP1), resistin impairs insulin signaling 
and oxidative stress response via MAPK pathway [149]. 

Most of the available literature on the pro-angiogenic role of resistin 
has focused on cancerous contexts where it often promotes the expres
sion of VEGF [142,150]. Despite the presence of CAP1 and TLR4 re
ceptors on ECs, resistin’s mechanism of action remains to be elucidated 
[151–153]. If this mechanism is elucidated, resistin may become a 
prognostic biomarker linking obesity, inflammation, and angiogenesis 
in dysfunctional AT. 

4.9. Vascular endothelial growth factors (VEGFs) 

Vascular endothelial growth factor (VEGF) is a family of master 
regulators of blood vessel growth in various physiological and patho
logical contexts. VEGF family comprises seven members: VEGF-A to -F 
and PlGF [154]. VEGF expression is influenced by a number of factors 
including hypoxia, insulin, growth factors, and several cytokines. 

VEGF-A promotes sprouting angiogenesis by inducing vascular 
permeability, EC migration and proliferation, as well as vessel matura
tion, in both in vitro and in vivo angiogenesis models. Accordingly, loss of 
VEGF-A is embryonically lethal due to severe defects in vascular 
development. The activity of VEGFs is mediated by three trans
membrane tyrosine kinase receptors (VEGFR-1, − 2, − 3). VEGFR-3 is 
mainly expressed in lymphatic vessels, VEGFR2 is the main pro- 
angiogenic receptor, while VEGFR-1 sequesters VEGFs, thus, limiting 
the activation of VEGFR-2 [155]. In AT, VEGF is produced by mature 
adipocytes and the SVF [156] where it regulates adipogenesis and 
angiogenesis [38]. VEGF overexpression in mouse AT increases tissue 
vascularization and improves insulin sensitivity and glucose tolerance, 
protecting mice from diet-induced obesity [157]. Accordingly, 
AT-specific loss of VEGF impairs AT angiogenesis and promotes AT 
hypoxia, inflammation, and apoptosis in a mouse model [158]. More
over, inhibition of VEGFR-2 restrains diet-induced AT expansion by 
decreasing angiogenesis [159]. Finally, genetic ablation or pharmaco
logical inhibition of VEGFR-1 increases angiogenesis and browning in 
AT, protecting mice from diet-induced obesity. These results confirm the 
role of VEGFR-1 as a decoy receptor sequestering VEGF from binding 
pro-angiogenic VEGFR-2 [160]. Together these findings suggest that the 
role of VEGF in AT may be beneficial, limiting AT dysfunction and 
obesity. This opens a path for future anti-angiogenic approaches to 
prevent AT expansion. Numerous inhibitors of the VEGF/VEGFR-2 axis 
are used in clinics to treat tumors or ocular diseases (i.e., bevacizumab 
or tyrosine kinase inhibitors). Preclinical studies have suggested that 
targeting this axis may improve obesity and metabolic diseases [161]. 
However, future clinical trials should assess the potential of these drugs 
in the treatment of AT angiogenesis and remodeling [161]. 

4.10. Fibroblast growth factors (FGFs) 

Fibroblast growth factors are multifunctional secreted growth factors 
expressed by many cell types. They regulate a plethora of physiological 
and pathological processes. Among 22 members of the FGF family, FGF- 
1, FGF-10, and FGF-21 have been recognized as AT-derived adipokines. 
In light of this role, FGF-1 (regulated by PPARγ) and FGF-10 are essential 
modulators of white adipogenesis, while FGF-21 activates BAT and 
promotes the accumulation of brown adipocytes within BAT during 
cold-exposure. FGF-1 loss leads to aberrant AT expansion in mice fed 
with HFD [162]. Also, FGF-21 protects AT from acquiring a dysfunc
tional state during HFD as demonstrated by resistance to diet-induced 
obesity of FGF-21 transgenic mice [163]. FGF-10, instead, is a para
crine stimulus which activates PPARγ expression and adipogenesis in 
pre-adipocytes [164]. FGFs are key regulators of angiogenesis [165]. 

Among FGF adipokines, FGF-21 has been recently classified as a 
pro-angiogenic stimulus able to induce the pro-angiogenic activation of 
ECs [166–168], while the angiogenic potential of FGF-1 and FGF-10 
needs to be elucidated to reveal whether they could contribute to 
angiogenesis during AT remodeling. Inhibitors of the FGF/FGFR system 
are available and widely used in preclinical and clinical studies 
[168–170]. Once the role of FGFs is clear, these drugs could be validated 
for their effects on FGF-driven AT vascular remodeling. 

4.11. Visfatin 

Visfatin/extracellular-nicotinamide-phosphoribosyltranferase- 
(eNampt) is a multifaceted adipokine produced preferentially by 
visceral depots and exerts paracrine pro-adipogenic functions increasing 
AT mass [170]. Visfatin expression increases in parallel with obesity 
[171], thus it is not surprising that its plasmatic levels correlate with 
intra-abdominal fat mass. Also, visfatin may promote insulin resistance 
in peripheral organs [172]. Visfatin promotes EC proliferation, migra
tion, and sprouting by activating classical ERK1/2 signaling pathway 
and induces the expression of VEGF and MMPs [173–176]. In vivo, vis
fatin promotes vascular dysfunction and inflammation via TLR4 recep
tor, the activation of the nod-like-receptor-protein-3 (NLRP3) 
inflammasome complex, and the release of IL-1β, the final mediator of 
EC damage. Accordingly, treatment with MCC 950 (NLRP3-in
flammasome inhibitor), or anakinra (interleukin(IL)− 1-receptor 
antagonist) reduces the release of IL-1β and the vessel dysfunction 
[175]. Thus, those targets may become therapeutic strategies for 
attenuating the adipokine-mediated vascular dysfunction associated 
with obesity and/or type-2-diabetes. In the future, the molecular basis of 
visfatin activity on EC should be explored in more detail to better assess 
its potential role as a therapeutic target for the treatment of AT-related 
disorders. 

4.12. Chemerin 

Chemerin is a multifunctional adipokine, expressed both by WAT 
and BAT, that modulates adipogenesis, inflammation, and energy 
metabolism [177,178]. Its plasmatic levels correlate with the BMI [179]. 
In vitro, chemerin is overexpressed in differentiated adipocytes 
compared to pre-adipocytes and promotes the expression of VEGF 
[180]. Chemerin may contribute to browning of adipocytes, as high 
levels of chemerin in the BAT of ob/ob mice is associated with BAT 
“whitening” [178]. 

Chemerin induces a pro-inflammatory phenotype in ECs [181] in 
vitro and promotes neo-vessel formation in murine models [182,183]. 
However, a recent study showed opposite results demonstrating that 
chemerin inhibits both physiological and pathological angiogenesis 
through its main functional receptor CMKLR1 [184]. Also, chemerin 
binds to two other receptors, namely GPR1 and CCRL2, suggesting novel 
possible functions [185]. The LRH7-G5 peptide antagonist hampers 
chemerin/GPR1 signaling and has anti-cancer activity in triple-negative 
breast cancer [186]. Also, the chemokine-like receptor 1 (CMKLR1) 
antagonist α-NETA counteracts chemerin direct action on ECs [187]. 
Further studies need to clarify whether chemerin may become a target 
for the modulation of AT vasculature in metabolic disorders. 

4.13. Adiponectin 

Adiponectin is the most abundant circulating plasma adipokine 
secreted by mature adipocytes. Adiponectin is widely recognized for its 
insulin-sensitizing, anti-diabetic, anti-inflammatory, anti-atherogenic, 
and cardio-protective effects [188]. Consistent with its beneficial effects, 
adiponectin is abundant in the plasma of lean individuals, while it is 
downregulated in obese patients [189]. Adiponectin acts through two 
major functionally distinct ubiquitously expressed G-protein coupled 
receptors, AdipoR1 and AdipoR2. In the liver, adiponectin activates 
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glucose transport and inhibits gluconeogenesis via activation of AMPK. 
On the other hand, it activates fatty acid oxidation and decreases 
inflammation through the PPARα pathway. Together, these metabolic 
changes contribute to adiponectin-driven increased insulin sensitivity. 
In addition, in vitro studies demonstrated that adiponectin regulates fat 
lipid metabolism inhibiting lipolysis [188]. 

Adiponectin plays a crucial role in the regulation of EC homeostasis, 
by increasing nitric oxide (NO) production through the PI3K/Akt 
pathway and suppressing ROS generation. Also, it induces VEGF-A 
expression and enhances EC proliferation, migration and morphogen
esis [190–192]. 

In addition, adiponectin counteracts the vascular inflammatory 
response by interfering with NF-κB signaling and by down-modulating 
the expression of EC adhesion molecules ICAM-1, VCAM-1, and E- 
selectin [193]. Low plasmatic concentration of adiponectin is an inde
pendent risk factor for endothelial dysfunction [194]. Consistent with 
this observation, adiponectin loss is associated with impaired angio
genesis after ischemic stress and its replacement restores post-ischemic 
angiogenesis [195]. However, a considerable body of literature de
scribes the anti-angiogenic properties of adiponectin [196,197]. These 
studies have shown that adiponectin inhibits EC proliferation, migra
tion, and survival and promotes cell apoptosis via MAPK and cAMP-PKA 
pathways [196,65,198]. The different biological activities of adipo
nectin across different studies may depend on the type of adiponectin 
employed in each study [199]. Indeed, globular adiponectin, a result of 
proteolytic cleavage of the full-length protein, strongly induces 
pro-angiogenic activation of EC, with increased VEGF and MMP2/9 
expression. On the other hand, full-length adiponectin promoted a 
negligible angiogenic response [200]. Various adiponectin mimetics, 
adiponectin receptor agonists, such as AdipoRon, have been developed 
and tested in a wide spectrum of animal models [201,202]. On the other 
hand, very few antagonists of AdipoR including the ceramidase inhibi
tor, 1 S,2R-D-erythro-2-N-myristoylamino-1-phenyl-1-propanol (MAPP) 
and TNF-α are available at present but their pharmacological trans
lational potential remains to be assessed [203]. 

4.14. Angiopoietin 2 

Angiopoietin 1 and 2 (ANG-1 and ANG-2), the agoniztic and antag
onistic TIE-2 ligands, respectively, are involved in the maintenance of 
vessel stability [204]. During vessel remodeling, ECs release a high level 
of ANG-2, which competes with ANG-1 and reduces TIE-2 phosphory
lation in the cell-cell junctions. In quiescent vessels, the specific acti
vation of TIE-2 by ANG-1 reduces endothelial permeability and 
promotes vessel stabilization [205]. ANG modulates the EC responses to 
other stimuli. In the presence of VEGF, ANG-2 enables EC migration and 
proliferation and, therefore, angiogenesis; alternatively ANG-2 induces 
EC death and vessel regression [206]. 

In AT, the functions of the ANGs are poorly defined. In ob/ob mice, 
the expression of ANG-1 in AT is reduced, while ANG-2 is overexpressed 
[40]. The expression of ANG-2 is differentially regulated under different 
metabolic stimuli, including HFD, fasting, cold exposure, and exercise 
[207]. ANG-2 regulates the alpha5-beta1-dependent transport of fatty 
acids through the endothelium in subcutaneous AT [208]. ANG2 dele
tion leads to ectopic fat accumulation in mouse liver and muscle, leading 
to increased insulin resistance. Within AT, ANG-2 results in increased 
vascularization and reduced inflammation of AT conferring to these 
animals resistance to diet-induced obesity and improving their meta
bolic health [209]. Inhibition of endogenous ANG-2 via administration 
of neutralizing antibodies has opposite effects with decreased vascu
larization, increased inflammation and fibrosis, and exacerbation of 
HFD-induced metabolic. Together, these changes link ANG-2 to angio
genesis during AT expansion and indicate that it plays a role in AT 
dysfunction in vivo [207]. 

4.15. Thrombospondin-1 

Thrombospondin-1 (TSP1) is a matricellular protein well character
ized for its anti-angiogenic function [210]. TSP-1, by binding the CD36 
receptor or the VLDL receptor, inhibits intracellular signaling and cell 
cycle progression, inducing EC apoptosis [211]. TSP-1 is normally pro
duced by differentiated adipocytes while it is downregulated in pre
adipocytes, indicating that in vivo it may negatively regulate 
angiogenesis during AT stabilization. Remarkably, TSP-1 high levels 
correlate with obesity, chronic inflammation, and insulin resistance 
[212,213]. Consistent with its anti-angiogenic properties, TSP-1 sustains 
HFD-induced muscle fibrosis, suggesting that TSP-1 may promote the 
acquisition of a fibrotic/mesenchymal phenotype in AT cells. However, 
loss of TSP-1 expression in mice does not cause AT defects [214]. Thus, 
further studies are warranted to clarify its function in the regulation of 
AT vascularization. 

4.16. Transforming growth factor β 

The TGF-β superfamily members are locally produced within AT, 
where they act as regulators of the differentiation of white and brown 
adipocytes and AT homeostasis (reviewed in [215]). By activating their 
cognate cell surface serine/threonine kinase receptors, they also activate 
SMAD proteins that in turn regulate the expression of adipogenic genes. 
Generally, TGF-β promotes pro-fibrotic events leading to AT metabolic 
dysfunctions [215]. Thus, a fine tuning of TGF-β levels is necessary for 
AT homeostasis. 

TGF-β elicits dose-dependent and context dependent effects of blood 
vessel outgrowth. Low levels promote angiogenesis, while high levels of 
TGF-β have anti-angiogenic effects on ECs. Also, the capacity to promote 
pericytes and smooth muscle cell differentiation of TGF-β suggests that 
this factor may be involved in vessel stabilization [216,217]. TGF-β 
promotes EC transdifferentiation in mesenchymal cells through the 
EndoMT and in adipocytes through the endothelial-to-adipocyte trans
differentiation. Thus TGF-β is a potential regulator of AT fibrosis and 
angiogenesis. Antagonists of TGF-β have proven anti-tumor and 
anti-angiogenic effects in various cancer models [218,219]. Also, the 
blockade of TGF-β/smad3 signaling enhances WAT browning and pre
vents HFD-induced obesity and diabetes in mouse models [220]. 

5. Adipokines orchestrate angiogenesis during AT remodeling 
driving metabolic syndrome 

Adipocytes release a wide number of molecules which collaborate 
with inflammatory cytokines [221] in the regulation of angiogenesis 
during AT remodeling (Fig. 2). Also, adipose-derived stromal cells pro
duce VEGF, FGF, and other angiogenic factors, further contributing to 
angiogenesis [42]. Although the different subsets of angiogenic mole
cules produced by different AT depots have been characterized, how 
these differently regulate vessel biology in different AT depots remains 
to be elucidated. Among others, high amounts of pro-angiogenic leptin 
and VEGF are secreted during AT expansion while adiponectin, TSP-1, 
angiopoietin 2, or other negative regulators of angiogenesis are 
released in the hypo-plastic AT. Therefore, to activate angiogenesis 
during AT expansion, both overexpression of pro-angiogenic molecules 
and downregulation of anti-angiogenic ones are required. Consistently, 
cold exposure in mice leads to the activation of angiogenesis charac
terized by the simultaneous upregulation of VEGF and downregulation 
of TSP-1 [37]. Moreover, adiponectin and gremlin-1 can trigger both 
pro- and anti-angiogenic responses in ECs, suggesting their 
context-dependent effects. Thus, the final outcome in terms of AT 
angiogenesis results from a well-balanced integrated action of all 
different pro- and anti-angiogenic adipokines. 

The effects of pro-angiogenic adipokines often converge to the 
expression of classical angiogenesis inducers such as VEGF and/or FGF-2 
[136,139,142,150,180], suggesting that they can synergize with these 
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factors to induce AT angiogenesis [222]. In addition, the fact that many 
different adipokines activate classical angiogenic programs in ECs (i.e. 
VEGF expression, MMP expression etc.) suggests that redundancy might 
occur. For example, the overexpression/deletion of adiponectin does not 
affect body weight, suggesting that the adiponectin system may be 
redundant [223]. In total, the carefully orchestrated regulation of this 
diverse adipokine expression in space and time is crucial for a balanced 
angiogenic process in AT. Perturbations of adipokine expression are 
indeed hallmarks and biomarkers of AT dysfunction, and are associated 
with profound alterations in AT angiogenesis. 

In obesity, WAT expansion is paralleled by angiogenesis which, 
through a positive loop, promotes adipocyte differentiation [108] and 
AT expansion [4]. However, hypertrophic WAT is not always accom
panied by increased angiogenesis. Paradoxically, lack of angiogenesis is 
observed even if overexpression of pro-angiogenic molecules occurs. In 
this condition, the activation of the hypoxia-inducible factor 1-alpha 
(HIF1α) recruits inflammatory cells and induces ECM production 
[224]. This, in turn, leads to metabolic alterations (lipid release) and 
insulin resistance causing AT dysfunction [42]. In this scenario, EC 
dysfunction play a major pathogenetic role. Increased vascular perme
ability as well as reduction of basal lamina [225] enhances inflammation 
and fibrosis [1,15]. Add to this, leptin, angiogenin, visfatin, and adi
ponectin regulate the expression of MMPs controlling ECM remodeling. 
The above demonstrates a crosstalk between adipocytes and EC in AT, 
with a negative impact on AT functionality in obese patients [4]. A 
challenge for future research remains to understand how all adipokines 
together cooperate to control angiogenesis during AT homeostasis and 
dysfunction. 

6. Adipose tissue engineering 

As obesity has become an epidemic problem, much of the recent 
efforts have been spent in the engineering of AT not only for the 
reconstruction of soft tissue but also for its repair and remodeling after 
injury/chronic inflammation. 

Numerous biocompatible/implantable scaffolds for AT engineering 
have been developed (Fig. 3). 

The synthetic or natural, solid or soft scaffolds should be able to 
mimic the pre-existing microenvironment of the native ECM, to support 
cell adhesion, viability and proliferation and to maintain the structural 
integrity of the implant until it is replaced with newly formed tissue 
[226,227]. Pre-adipocytes or adipose-derived stem cells have been 
extensively used as a cell source in combination with different ECM 
proteins and scaffolds to support the recruitment of vessels [228,229]. 
Several synthetic polymeric scaffolds, [230] including the poly(lactic-co 
glycolic) acids (PLGA) [231], the polyethylene tetraphthalate (PET) 
[232], and the non-degradable polytetrafluoroethylene (PTFE) [233] 
coated with collagen, albumin or fibronectin have been examined [234]. 
Natural scaffolds such as collagen, fibrin, and hyaluronic acid-based 
materials have been extensively used in tissue engineering due to their 
low cost, biodegradability, and biocompatibility. Given the importance 
of vascularization in regulating adipogenesis, growth factors have been 
integrated in scaffolds. Murine models demonstrated that collagen and 
fibrin matrices induce the regeneration of vascularized AT when 
implanted in combination with adipose-derived stem cells, and that 
adipogenesis was further stimulated in presence of pro-agiogenic growth 
factors (e.i FGF-2). Of note, the exogenous ECMs are fully degraded two 
weeks post injection. 

More recently, decellularized ECM scaffolds from different tissues, 
including AT, have been tested [235–237]. Characterized by high 
biocompatibility, AT scaffolds are also composed of all the acellular 
components of the AT naturally resembling the best environment for cell 
recruitment, attachment, proliferation and differentiation [237–239]. 
Different in vivo studies mixed AT scaffolds with methylcellulose, 
methacrylated glycol, chitosan, or chondroitin sulfate, forming inject
able hydrogels. In a few weeks adipose lobule-like structures and vessels 
were observed and the addition of angiogenic growth factors further 
increased angiogenesis proving their usefulness for the regeneration and 
functionality of AT [240,241]. 

Fig. 2. Molecular mechanisms involved in adipokines mediated angiogenesis during AT dysfunction.  
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7. Conclusion 

This review outlines the available evidence regarding the effects of 
adipokines on the angiogenic process leading to AT remodeling. It also 
discusses the cross-communication between AT and angiogenesis and 
how anti- and pro-angiogenic approaches could be employed to impair 
the progression of obesity. Taken together, the available evidence 
clearly demonstrates that ECs and blood vessels are directly involved in 
maintaining the physiological metabolic functions of AT and are pivotal 
players in AT dysfunction. For this reason, therapeutic intervention on 
angiogenesis has great potential as a strategy to treat disorders associ
ated with dysfunctional AT such as obesity. Both pharmacological in
hibition of angiogenic adipokines and AT engineering represent 
valuable strategies to improve AT dysfunction in patients with metabolic 
disorders and may create the potential for novel treatments. 
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