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Metabolic disorders, including endocrine disorders,
obesity, diabetes, cerebrocardiovascular disease, and even
cancer, are the most common and lethal diseases with the
leading all-cause mortality around the globe.!'! For
example, according to the World Health Organization,
type 2 diabetes mellitus (T2DM) as a chronic disease
owing to insulin resistance became the ninth leading cause
of death with 1.5 million deaths in 2019.! Currently,
there are approximately 422 million people worldwide
suffering from diabetes, with the majority living in low-
and middle-income countries.!®! High T2DM prevalence
has been associated with obesity and lifestyle factors such
as lack of physical exercise, although genetic factors are
linked to a subpopulation of T2DM patients.*!

Unlike most other tissues in the body, adipose tissues, in
particular white adipose tissues (WATs), experience
expansion and shrinkage throughout the entire adult
life.°8! While WATSs store excessive energy as lipid
droplets within adipocytes, adipocytes in brown adipose
tissue (BAT) are engaged in energy dissipation by
generating heat.!®”! Accumulating evidence shows that
WATSs can be converted into a BAT-like phenotype and
participate in energy expenditure.'%'?! In addition to
deposition and expenditure of energy, adipose tissues are
probably the largest endocrine organ in the body, which
produce a myriad of endocrine hormones and adipo-
kines.['*'*!" These adipocyte-derived factors regulate
global metabolisms and other systemic functions through
endocrine, paracrine, and even autocrine mecha-

4,15]

nisms.*

Both WAT and BAT are highly vascularized and each
adipocyte is engulfed by several capillaries."*'®! Among
all known tissues, adipose tissues, especially BAT
probably contain the highest density of microvessels.[16-18]
In metabolically active adipose tissues such as thermogeni-
cally active BAT, angiogenesis concomitantly occurs to
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cope with metabolic alterations. Consequently, stimula-
tion or inhibition of angiogenesis alters metabolic
functions of adipose tissues and provides a promising
opportunity for treatment of obesity and metabolic
disease.l'® Moreover, obesity- and diabetes-associated
clinical complications such as diabetic retinopathy (DR)
and chronic leg ulcers also entail excessive or insufficient
angiogenesis.["® In fact, drugs targeting angiogenesis have
been successfully used for treatment of DR in human
patients.['?2!

This editorial provides updated knowledge and under-
standing of vascular roles in regulating adipose tissue
functions. In particular, therapeutic opportunities and
challenges that are involved in treating metabolic diseases
by targeting the adipose vasculature are discussed.

Angiogenesis and vasculatures in adipose tissues: During
embryonic development, the formation of blood vessel
networks occurs prior to any other specialized tissue
formation and organogenesis, owing to their prerequisite
roles in supplying nutrients and factors for cell growth and
differentiation.”””! Without exception, the formation and
maturation of adipose tissues are also dependent on
angiogenesis.''*3! " Emerging experimental evidence
shows that vasculatures display multifarious functions
in controlling adipose tissue functions [Figure 1],11¢'8!
including: (1) Providing nutrients, oxygen, and factors for
adipocyte survival and homeostasis; (2) Formation for the
initial adipose niche and adipose development during
embryogenesis; (3) Removal of metabolites from adipose
tissues; (4) Controlling metabolic status of adipocytes.
Energy deposition and expenditure in WAT and BAT are
tightly regulated by the number and function of micro-
vessels; (5) Transporting hormones, growth factors, and
cytokines to distal tissues to exert their endocrine
functions; (6) Regulation of adipose inflammation by
recruiting inflammatory cells and producing inflammatory
cytokines; (7) Production of paracrine factors by vascular
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cells; (8) Regulation of thermogenesis by browning
adipose tissues; (9) Homeostasis of adipose tissue mass
and physiological functions; (10) Modulation of inter-
actions between adipocytes and stromal cells; and (11)
Serving as a stem cell/preadipocyte reservoir. Based on
their diverse functions, targeting the vascular vasculature,
especially the angiogenic vessels, provides an attractive
approach for treating metabolic disease.!'®!

Blood vessels in WATSs and BATs: For decades, it was
believed that WATs simply served as an inert energy
storage depot, and their role as an active participant in
energy consu Fthl’l and global metabolism was never
considered.>>!! Recent studies, however, demonstrate
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that WAT is a multifunctional organ that exerts broad
biological functions, 1nclud1ng (1) Storage of excessive
energy as lipid droplets!®''; (2) Production of endocrine
hormones such as leptin and adlponectm[ 31: (3) Secretion
of cytokines and adlpokmes[24] (4) Release of exosomes
and nucleotides'®!; (5) Expenditure of energy!'%!?!

(6) Regulation of glyc01y51s and insulin sensitivity.
These diverse functions are accomplished by vasculature-
dependent mechanisms.!'8! For example, the expansion of
the WAT mass is dependent on microvessels to transport
energy and hormonal molecules for lipid deposition.!®
Adipose vasculatures contain fenestrated capillaries that
warrant delivery of a 7pocyte -secreted hormones to distal
tissues and organs.! The fenestrated endothelium

[26]
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Figure 1: Vascular functions in adipose tissues and metabolism. Cells in the vessel wall serve as a stem cell reservoir to provide progenitor cells and preadipocytes that can differentiate
into mature adipocytes. Blood vessels supply nutrients, oxygen, growth signals necessary for adipose homeostasis, metabolism, and endocrine functions. During embryogenesis, the
formation of vascular networks is a prerequisite for adipose tissue formation and development. Blood vessels remove metabolites and wastes in adipose tissues. The vasculature controls
global metabolism by transporting adipose-derived hormones, growth factors, and other signaling molecules. Vasculatures in adipose tissues regulate inflammation by recruiting or
disseminating inflammatory cells. Vascular cells including endothelial cells and perivascular cells produce paracrine factors to modulate preadipocyte differentiation and metabolic
functions in mature adipocytes. Blood vessels control thermogenesis in metabolically active browning white adipocytes and brown adipocytes. Vasculatures modulate complex
interactions between adipocytes and other stromal cells such as mesenchymal stromal cells and inflammatory cells.
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commonly exists in nearly all endocrine organs such as
adrenal glands, insulin—Jproducing pancreatic islets, thy-
roid, and ovary.[?7-2%-31

It has been reported that angiogenesis occurs in expanding
WAT masses to justify the energy and oxygen demands
of growing adipocytes. Expansmn of the WAT mass
is primarily achieved by increasing the adipocyte size
owing to upsurge of intracellular lipid droplets, although
increases of adipocyte numbers by differentiation of
preadipocytes into mature adipocytes may also participate
in this process. Consequently, antiangiogenic treat-
ments with %enerlc inhibitors suppress WAT expansion
and obesity.!®”] Despite the existence of exceptionally
high density of capillaries in ad1pose tissues, it is likely that
only a fraction of microvessels is perfused to sustain
physmloglcal functlons, especially under metabolically
inert WATs."”! BAT is probably the most vascularized
tissue in the adult body and hypervascularization copes
with specialized BAT functions, including thermogenesis,
lipid mobilization, endocrine hormone secretion, and
coordination of global metabolism.!”!

Angiogenic switch during browning of adipose tissues:
Activation of thermogenesis in BAT and browning WAT
(bWAT) concurrently occurs with a robust angiogenic
phenotype, which participates in modulating adipocyte
metabolism.**”] Angiogenic vessels are originally be-
lieved to play adaptive roles in supplying sufficient oxygen
for energy consumption. According to this assumption,
metabolic reprograming in browning adipocytes occurs
prior to angiogenesis and new blood vessels may simpl 3’
accelerate the fueling process of energy dissipation.!**>

Indeed, metabolically active adipocytes, together with
other stromal cells such as inflammatory cells and
mesenchymal stromal cells, produce numerous angiogenic
factors and cytokines to augment angiogenesis.!'”!
However, recent time-course studies of bWAT show that
angiogenesis may occur prior to adipose browning,
indicating that switching to an angiogenic phenotype is
a prerequisite for activation of thermogenesis.[****! For
example, in a cold-induced mouse WAT browning model,
time-course analysis demonstrates that increases of
microvascular density take place already within 3 days
before adipocyte browning.[>**¢! Independent studies
show that vascular endothelial growth factor receptor
(VEGFR) 2 expressed in vascular endothelial cells, but not
in adlpocytes is essentially required for WAT brown-
ing.3®38 Pharmacological blocking of VEGFR2 by a
specific neutralizing antibody nearly completely ablates
cold- or the B-adrenergic agonist CL316,243-induced
WAT browning through inhibition of angiogenesis.'*¢*
Similarly, genetic deletion of VEGFR2 in endothelial cells
also abrogates WAT browning and non-shivering ther-
mogenesis (NST), providing compelling evidence of
vascular endothelial cell-driven activation of WAT
browning and metabolism.!*®! In another experimental
setting, inhibition of VEGFR1 alone induces a browning
phenotype in WAT.!! Although VEGFR1 expression is
not exclusively restricted in vascular endothelial cells
adipocytes lack detectable levels of this 1receptor.[351
Additionally, VEGFRT1 is generally considered to act as
a decoy receptor that negatively regulates angiogenesis,
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and its tyrosine kinase activity remalns in an inert state
even in the presence of ligands.*”! Consistent with this
notion, vascular endothelial growth factor (VEGF)-B and
placental growth factor (PIGF) as two VEGFR1 exclusive
binding ligands are unable to induce angiogenesis in
various in vivo animal models.[****! Blocking VEGFR1
allows more VEGF molecules to bind VEGFR2 and
subsequently triggers the VEGF-dependent angiogenic
response.*>*?! Thus, VEGF expression levels and
balance between VEGFR1 and VEGFR2 in adipose
tissues are tightly regulated under physiological con-
ditions. Excessive VEGF molecules or mitigated VEGFR 1
expression in adipose tissues may tip the balance toward
an angiogenic phenotype,'****! which augments WAT
browning and NST even under thermoneutrality. In
addition to the VEGF-VEGFR2 signaling, other proan-
giogenic factors may also significantly contribute to
modulation of adipose angiogenesis and metabolism.
However, in various experimental settings of adipose
angiogenesis and thermogenesis, VEGF appears to be the
crucial regulator in controlling adipocyte metabolic
activity 1501

Vasculature-derived paracrine signals in controlling
adipocyte metabolism: Given pivotal roles of the adipose
vasculature in regulation of metabolic functions, tremen-
dous efforts have been focused on studying signaling
pathways that mediate the crosstalk between vessel wall
cells and adipocytes.'”>'8"1 What are the key paracrine
signaling molecules released by angiogenic endothelial
cells to modulate adipocyte metabolism? Through what
mechanisms do these factors regulate adipocyte activity?
Would these potential signaling components be therapeu-
tic targets for treatment of metabolic diseases? At the time
of this writing, these important questions remain unre-
solved.

In response to VEGF stimulation, vascular endothelial
cells in bWAT express high levels of platelet-derived
growth factors (PDGFs) and PDGF-C is identified as one
of the paracrine factors responsible for thermogenesis. 36l
PDGF-C and PDGF-B become upregulated in angio enlc
endothelial cells in response to VEGF stimulation.”®! In
response to PDGF stimulation, activation of PDGFRs in
adipocyte progenitors and preadlpocytes undergo dlffer-
entiation toward mature WAT adipocytes [Figure 2].1°

Under browning conditions such as cold exposure, PDGF-
C induces differentiation of preadl[gocytes into metaboli-
cally active browning adipocytes.*®! Fibroblast growth
factor (FGF)-10 is another stromal-vascular fraction-
derived differentiation factor that induces Frogenitor cell
differentiation into browning adipocytes.”® FGF-10
may stimulate differentiation through an autocrine
mechanism.*?! Additionally, FGF-21 has been described
as a potent browning factor that Eosmbly mediates
endothelial cell-adipocyte crosstalk.l**) Members in the
epidermal  growth factor family also participate in
paracrine regulation of adipose browning throug
modulation of endothelial cell-adipocyte interactions.>®!
In addition to differentiation, conversion of mature
adipocytes into brown-like adipocytes may also simulta-
neously occur during adipose browning. Factors that
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control conversion of white adipocytes into browning
adipocytes remain to be identified.

Therapeutic implications: Targeting angiogenic vessels in
the adipose tissue provides a promising and attractive
approach for treating metabolic diseases such as
T2DM.!"® The original idea for this therapeutic approach
is that expansion of the adipose tissue mass and deposition
of energy, similar to tumor growth are dependent on
angiogenesis.'®”) Inhibition of angiogenesis offers an anti-
obesity strategy by restricting adipose tissue expansion
and energy deposmon In support of this concept,
inhibition of angiogenesis by TNP-470, a generic
angiogenesis inhibitor, prevents obesity in hlgh fat-diet-
fed and genetic mouse obese models.[®”] TNP-470-
provoked anti-obesity is dependent on angiogenesis, but
not due to decrease of food intake and direct impacts on
adipocytes.l” Importantly, reduction of body weight by
TNP-470 results in improvement of insulin sensitivity in
obese animals.!”! Some of these findings are reproduced by
treatment of obese animals Wlth endogenous angiogenesis
inhibitors such as angiostatin.!®! If these preclinical data
can be successfully translated in humans, antiangiogenic
therapy would be potentially used for treatment of obesity
and metabolic diseases.

Paradoxically, angiogenesis is also essentially required for
energy consumption in metabohcally active adipose
tissues such as BAT and bWAT.!"®! Instigation rather
than inhibition of angiogenesis may provide a therapeutic
option for treatment of obesity and metabolic diseases.
Indeed, delivery of VEGF that specifically targets vascular
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endothelial cells, but not adipocytes, mitigates the adipose
tissue mass b 1nduc1ng a browning phenotype of WATSs
and NST.333¢381 1y several experimental settings, VEGF
is identified as the ke §1ogemc factor for augmenting
adipose browning.?%*¢ 58 I The paradox of angiogenesis
in regulating energy deposmon and consumption can be
explained through context-dependent mechanisms. Met-
abolically inert WAT adipocytes rely on angiogenic vessels
for energy deposition, whereas metabolically active
adipocytes are dependent on angiogenesis for energy
consumption.''® Thus, stimulation or inhibition of
angiogenesis for treatment of metabolic diseases may be
dependent on the metabolic status of adipose tissues.

A similar paradoxical therapy may also apply to clinical
complications of metabolic diseases. For example, neo-
vascularization and vascular leakiness are key pathologi-
cal processes for causing DR, and inhibition of VEGF, the
crucial factor responsible for these retinal pathologles, is
beneficial for treatment of patients with DR.1?%*" In fact,
several agents targeting the VEGF-VEGFR2 axis have
been approved for treatment of patients with DR and
diabetic macular edema.*>*" By contrast, stimulation of
angiogenesis by delivery of proangiogenic factors offers
an opportunity for treatment of diabetic foot ulcers that
lack sufficient neovascularization. Local delivery of
proangiojgenic factors to the ulcer bed improves wound
healing.!

To summarize, we are beginning to learn complex
mechanisms that underlie angiogenesis in regulation of
adipose and global metabolism. In-depth mechanistic
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Figure 2: Endothelial cell-derived paracrine signals in controlling progenitor cell differentiation and browning of mature WAT adipocytes. In response to angiogenic stimuli such as VEGF,
angiogenic endothelial cells produce high levels of growth factors, including PDGFs, FGFs, and EGFs, which act on adipose progenitor cells and preadipocytes to induce differentiation into
mature adipocytes. Differentiation of these progenitor cells into metabolically inert WAT adipocytes or active browning adipocytes is dependent on the microenvironment in an adipose
tissue. For example, under thermoneutrality, adipose progenitors differentiate into white adipocytes, whereas under browning conditions such as cold exposure, these progenitors can
differentiate into browning adipocytes. In addition to preadipocyte differentiation, the endothelial cell-derived signaling molecules may also participate in conversation of mature WAT
adipocytes into metabolically active browning adipocytes. Browning AC: Browning adipocyte; EC: Endothelial cell; EGF: Epidermal growth factor; FGF: Fibroblast growth factor; MAC:
Mature adipocytes; PDGF: Platelet-derived growth factor; Pre-AC: Preadipocyte; VEGF: Vascular endothelial growth factor; WAT: White adipose tissue.
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insights into the vasculature-adipocyte crosstalk would
inevitably define precision targets for effective treatment
of metabolic diseases and their complications. Such
angiogenesis-targeted drugs for treatment of metabolic
diseases are already available in the clinic and emerging
new and more effective drugs are in the pipeline of
development.
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