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Mechanisms underlying age-related obesity and insulin resistance
are generally unknown. Here, we report age-related adipose vascular
changes markedly modulated fat mass, adipocyte functions, blood
lipid composition, and insulin sensitivity. Notably, VEGF expression
levels in various white adipose tissues (WATSs) underwent changes
uninterruptedly in different age populations. Anti-VEGF and anti-
VEGF receptor 2 treatment in different age populations showed
marked variations of vascular regression, with midaged mice ex-
hibiting modest sensitivity. Interestingly, anti-VEGF treatment pro-
duced opposing effects on WAT adipocyte sizes in different age
populations and affected vascular density and adipocyte sizes in
brown adipose tissue. Consistent with changes of vasculatures and
adipocyte sizes, anti-VEGF treatment increased insulin sensitivity in
young and old mice but had no effects in the midaged group.
Surprisingly, anti-VEGF treatment significantly improved insulin
sensitivity in midaged obese mice fed a high-fat diet. Our findings
demonstrate that adipose vasculatures show differential responses
to anti-VEGF treatment in various age populations and have thera-
peutic implications for treatment of obesity and diabetes with anti-
VEGF-based antiangiogenic drugs.

angiogenesis | aging | endothelial cells | metabolic disorders |
vascularization

verweight and obesity are global pandemic predisease syn-

dromes that affect a majority of people during their lifetime.
Even those who are lean for the time being might have to change
their lifestyles to prevent future development of obesity and re-
lated disorders, including type 2 diabetes, cardiovascular disease,
hypertension, and certain types of malignant disease. It is known
that humans and animals at a certain age are more vulnerable to
develop obesity. Midaged and elderly populations tend to be more
susceptible than younger populations to developing insulin re-
sistance and type 2 diabetes (1). Despite this notion, mechanisms
underlying age-related development of obesity and type 2 diabetes
are unknown.

Current approaches of understanding obesity and diabetes de-
velopment focus on studying adipocytes per se or adipose-
associated inflammatory cells (2-4). However, the role of vascular
networks, as one of the most dominant nonadipocyte components
in all adipose tissues, in modulation of adipocyte functions is
poorly understood. White adipose tissue (WAT) and brown adi-
pose tissue (BAT) are hypervascularized and capillary networks
form a “honeycomb-like” structure in which each adipocyte is
embedded in a vascular chamber (5-7). The anatomical prox-
imity and intimate interaction between adipocytes and capillaries
suggest that microvasculatures are crucial for modulation of adi-
pocyte functions under physiological and pathological conditions.
Because adipose tissues undergo expansion and shrinkage during
the entire adulthood, adipose vasculatures have to exhibit the
same magnitude of plasticity to cope with adipose tissue mass and
functional changes. Blood vessels not only provide nutrients and
oxygen for adipocytes, cells in the vessel wall are also an important
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source of stem cells that can differentiate into preadipocytes and
adipocytes, and adjust the adipose tissue mass depending on
metabolic demands (6, 8-10).

To sustain vessel numbers, vascular integrity, and architectures,
adipocytes, together with other cell types including inflammatory
cells and mesenchymal cells, produce a variety of soluble and
nonsoluble factors, cytokines, and adipokines to modulate vas-
cular functions through a paracrine mechanism (7). Among all
known vascular factors, VEGF is the most prominently expressed
angiogenic factor in adipose tissues and significantly modulates
adipose angiogenesis and functions under physiological and
pathological conditions (11, 12). VEGF binds to VEGF receptor 1
(VEGFR1) and VEGF receptor 2 (VEGFR?2), two tyrosine kinase
receptors, primarily expressed in endothelial cells (13, 14). Although
VEGFR2-mediated signaling has been associated with VEGF-
induced angiogenesis, vascular permeability, and other vasculature-
related functions, the functional consequences of the VEGFRI1-
triggered signaling remain enigmatic. VEGF is also an important
vascular survival factor that prevents endothelial cell apoptosis
(15). Based on its prominent functions under pathological con-
ditions, antiangiogenic drugs targeting the VEGF-VEGFR?2 sig-
naling pathway have been developed for treatment of cancer and
ophthalmological disease (16-18).

In this paper, we present our findings of age-related vascular
changes in adipose tissues and define VEGF as a key factor for
maintenance of adipose vascular integrity. Importantly, age-related
differential responses of adipose vasculature to anti-VEGF drugs
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incidence of metabolic diseases such as type 2 diabetes are not
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in the adipose tissues experience continuous changes during
aging and VEGF is a key angiogenic factor controlling micro-
vessel numbers and functions. Surprisingly, targeting VEGF and
VEGF receptor 2 by specific blocking drugs produces different
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groups. These findings demonstrate that vascular changes in
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adipocyte metabolism and insulin sensitivity and provide valu-
able information for treatment of obesity and diabetes by tar-
geting the vasculature.
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resulted in a significant difference of insulin sensitivity in various
age populations. These findings demonstrate that adipose VEGF
levels and vascularization are key determinants for modulation
of metabolism and insulin sensitivity. Our data also provide in-
formation in understanding the role of adipose vasculature in
development of obesity and diabetes. Based on our compelling
evidence, it is reasonable to speculate that there may be differ-
ential responses of metabolic changes in human populations of
different ages to clinically available antiangiogenic drugs.

Results

Changes of WAT Vasculatures and Adipocyte Sizes During Aging. To
study the impact of age on vascularization in adipose tissues, we
chose C57BL/6 syngeneic mice at different ages for our studies.
If the mouse lifespan of approximate 2 y is converted to human
lifetime of 100 y, one mouse day is approximately equal to 50
human days. To cover the lifetime, we chose 1-, 4-, 10-, 12-, and
16-mo-old mice, which are equivalent to 4-, 17-, 42-, 50-, and 70-y-
old humans. In C57BL/6 mice, body weight and body mass index
(BMI) increased from 1 to 10 mo of age and stabilized after 10 mo
(Fig. 14). Similarly, average adipocyte size in subcutaneous (s.c.)
and epididymal WAT (sc- and epiWAT) significantly increased
during the age of 1-10 mo (Fig. 1 B and C and Fig. S1 4 and B).
However, scWAT and epiWAT adipocytes reached their maxi-
mal average sizes at the age of 10 mo and became successively
decreased thereafter (Fig. 1 B and C and Fig. S1 4 and B). In
contrast to alterations of adipocyte size, microvessel density and
numbers in SCWAT and epiWAT markedly decreased during aging,
with the highest density at 1 mo and lowest at 10 mo of age
(Fig. 1 B-E and Fig. S1 A4 and C). After 10 mo, epiWAT micro-
vessel density gradually increased, and a considerable increase was
detected at the age of 16 mo (Fig. S1 4 and C). Despite changes of
vessel density, pericyte coverage in adipose vasculatures of all
studied age groups was similar (Fig. S1 D-H).

Vascular and Adipocyte Changes in BAT. We next analyzed adipocytes
and microvessels in BAT of different age populations. Surpris-
ingly, total mass of interscapular BAT (intBAT) increased during
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Fig. 1. Age-related changes of adipose vasculature and scWAT adipocyte
size. (A) Body weight and BMI of 1-, 4-, 10-, 12-, and 16-mo-old mice (n = 10-12).
(B) Histology of adipocytes and vascular density of scWAT. scWATs were
stained with H&E, CD31 (red), or perilipin (PLPN, green) plus isolectin B4 (I-B4,
red) counterstained with DAPI (blue) nucleus staining. Arrowheads point to
microvessels. Dashed lines show diameters of typical adipocytes. (Scale bars,
50 um.) (C) Average diameters of adipocytes of scWAT. Adipocyte sizes were
quantified from 120 adipocytes from 12 fields. (D) Quantification of total
microvessel density in scWAT (12 fields per group). (E) Quantification of
microvessel numbers per adipocyte in scWAT (total numbers of microvessels
were divided by total numbers of adipocytes per field; 12 fields per group).
*P < 0.05, ***P < 0.001.
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Fig. 2. Age-related changes of adipose vasculature and intBAT adipocyte
size. (A) Histology of intBAT adipocytes and vascular density. intBAT was
stained with H&E, CD31 (red), or PLPN (green) plus I-B4 (red) with DAPI
nucleus staining (blue). UCP1 (red), PLPN (green) and DAPI (blue) triple
staining is shown in lowest panels. Arrowheads point to microvessels and
arrows point to lipid droplets. (Scale bars, 50 pm.) (B) Total weight of intBAT
of 1-, 4-, 10-, 12-, and 16-mo-old mice (n = 10-12). (C) Average diameters of
intBAT adipocytes. Adipocyte sizes were quantified from 120 adipocytes
from 12 fields. (D) Quantification of total vascular density and microvessel
numbers per adipocyte in intBAT (12 fields per group). (E) Quantification of
UcpT mRNA expression by qPCR (six samples in duplicates per group). (F)
Quantification of VEGF protein levels in scWAT and epiWAT of different age
groups (four samples in duplicates per group). (G) Colocalization of VEGFR1
protein expression with a specific anti-VEGFR1 antibody with I-B4 in scWAT,
epiWAT, and intBAT. Arrows indicate VEGFR1 and I-B4 double-positive sig-
nals. Arrowheads point to nonoverlapping signals. (Scale bar, 50 pm.) (H)
Colocalization of VEGFR2 protein expression with a specific anti-VEGFR2
antibody with endomucin (ENDO) in scWAT, epiWAT, and intBAT of 1-mo-
old mice. Arrows indicate VEGFR2 and ENDO double-positive signals.
Arrowheads point to nonoverlapping signals. (Scale bar, 50pm.) *P < 0.05,
**P < 0.01, ***P < 0.001.

aging (Fig. 2B). Average adipocyte size significantly increased
during aging and reached a maximum at 12 mo (Fig. 24 and C). It
seemed that lipid droplet content increased during aging and large
lipid droplets were detectable in the 10- and 12-mo groups (Fig.
2A4). Microvessel numbers per adipocyte significantly decreased
during aging despite the increase of intBAT mass (Fig. 2 B and D).
When total vascular density was assessed, a significant decrease of
intBAT vascularization was found at the age of 10 mo, followed by
a marked increase thereafter (Fig. 24 and D). To correlate these
findings with intBAT activation, we measured the expression of
uncoupling protein 1 (UCP1), a key component of the mito-
chondrial machinery, which generates heat by nonshivering ther-
mogenesis. Surprisingly, the highest UCP1 level in intBAT was
detected at the age of 4 mo (Fig. 2.4 and E). This is an unexpected
finding because it has been speculated that BAT activation oc-
curred in newborns and younger ages. After 4 mo, intBAT Ucpl
expression decreased (Fig. 2E). These findings show that adi-
pocytes, vascular density, and intBAT activation undergo marked
changes during aging.

Age-Related Differential VEGF Expression and Anti-VEGF Responses
in WAT and BAT. To gain molecular information underlying age-
related adipose vascular changes, VEGF expression was analyzed.
Interestingly, VEGF protein levels in sScWAT and epiWAT
exhibited a pattern similar to that of vascular density in different
age groups. Highest VEGF levels were detected in 1-mo-old mice
and 10- and 12-mo groups showed the lowest levels (Fig. 2F).
Importantly, VEGF levels in scWAT and epiWAT were increased
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in the 16-mo group. VEGF expression correlated with age-related
changes of vascular density in these depots, suggesting that VEGF
could be the primary angiogenic factor responsible for mainte-
nance of adipose vasculature. We measured Vegfr! and Vegfi2 ex-
pression by quantitative PCR (qPCR). Vegfr] expression levels in
scWAT and epiWAT exhibited a similar pattern with significant
increases of Vegfrl expression in the 10-mo group, followed by
sharp decreases in 12- and 16-mo groups (Fig. S24). These find-
ings reconcile with the general functions of VEGFR1, which is
likely to act as a negative receptor in the modulation of angio-
genesis. Indeed, microvessel densities of SSWAT and epiWAT
were significantly lower in the 10-mo group compared with other
age groups (Fig. 1 B, D, and E and Fig. S1 4 and C). In contrast,
Vegfr2 expression was decreased along aging in scsWAT (Fig. S2B).
However, the decrease of Vegfr2 expression in epiWAT was not as
overwhelming as in scWAT (Fig. S2B). Notably, Vegfil and Vegfi2
expression in intBAT exhibited a similar pattern with a significant
decrease of receptor expression in the 12-mo group, followed by
a marked increase in the 16-mo group (Fig. S2 A and B). The
underlying mechanism by which Vegfi1 and Vegfi2 expression was
increased in 16-mo intBAT remains to be elucidated.

We next localized VEGFR1 and VEGFR?2 expression in various
adipose depots. Although VEGFR1 was also expressed in micro-
vessels of sScWAT, epiWAT, and intBAT, its expression pattern was
rather diffused (Fig. 2G), indicating nonendothelial expression of this
receptor. VEGFR2 expression was relatively restricted to micro-
vessels in ssWAT and epiWAT (Fig. 2H). Less-abundant VEGFR2
expression was detected in intBAT.

To provide further evidence of VEGF-associated vascular
functions in adipose tissues we took a pharmacological approach
to block VEGF functions using an anti-mouse VEGF neutralizing
antibody (anti-VEGF treatment). This treatment has previously
been shown to block angiogenesis in mouse tumor models and
in healthy tissues (19, 20). Anti-VEGF treatment induced vas-
cular regression in scWAT and epiWAT in all groups (Fig. 34
and Fig. S2C). These findings provide evidence that VEGF is
a key survival factor for adipose vasculatures. Despite effects of
anti-VEGF treatment on adipose vasculatures, the VEGF-de-
pendent vascular integrity in scWAT and epiWAT varied con-
siderably among different age groups. In the 1-mo group, more
than 60% of scWAT microvessels were regressed after only 4 wk
of anti-VEGF-treatment (Fig. 3 4 and E). A similar regressive
effect was also found in 1-mo epiWAT in response to anti-VEGF
treatment (Fig. S2 C and F). Unlike younger mice, the midaged
(7-mo-old) group showed intrinsic resistance to anti-VEGF
treatment and only modest vascular regression was detected (Fig.
3 A and E and Fig. S2 C and F). Notably, epiWAT of 7-mo-old
mice showed minimal response (8%) in vascular reduction
compared with that of 1-mo-old mice (greater than sixfold dif-
ference in sensitivity). These data demonstrate that differential
vascular responses exist in various WAT depots of different
age groups.

Unexpectedly, anti-VEGF treatment caused opposing effects
on WAT adipocyte sizes in younger and elder mice. At 1 mo of
age, anti-VEGF treatment significantly increased adipocyte diam-
eters in sc(WAT and epiWAT (Fig. 34 and D and Fig. S2 C and E).
Treatment with the same anti-VEGF neutralizing antibody
showed significant effects on reduction of adipocyte sizes in 15-
mo-old mice (Fig. 3 4 and D and Fig. S2 C and E). A similar
inhibitory effect on adipocyte size by anti-VEGF treatment was
seen in 7-mo epiWAT, but not in scWAT (Fig. 3 A and D and
Fig. S2 C and E). These findings show opposing effects of anti-
VEGF treatment on WAT adipocyte sizes in younger and elder
mice. Despite the overt changes of WAT adipocyte sizes in dif-
ferent age groups, only modest alterations of body weight, BMI,
scWAT, and epiWAT weight were observed in anti-VEGF-treated
compared with nontreated mice (Fig. 3 B and C and Fig. S2D).
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Fig. 3. Anti-VEGF therapy-induced vascular and adipocyte changes in scCWAT.
(A) Histology of adipocytes and vascular density of anti-VEGF- and vehicle-
treated scWAT. sc(WATSs were stained with H&E, CD31, or PLPN (blue) plus I-B4
(red) counterstained with DAPI (blue). Arrowheads point to microvessels.
Dashed lines show diameters of typical adipocytes. (Scale bars, 50 pm.) (B)
Body weight and BMI of anti-VEGF- and vehicle-treated 1-, 7-, and 15-mo-old
mice (10-18 mice per group). (C) Total weight of scWAT of anti-VEGF- and
vehicle-treated 1-, 7-, and 15-mo-old mice (n = 10-18). (D) Average diameters
of anti-VEGF- and vehicle-treated scWAT adipocytes. Adipocyte sizes were
quantified from 120 adipocytes from 12 fields. (E) Quantification of total
microvessel density and numbers per adipocyte in anti-VEGF- and vehicle-
treated scWAT (12 fields per group). *P < 0.05, **P < 0.01, ***P < 0.001.

We then studied the effect of anti-VEGF treatment on adi-
pose microvessels and adipocytes in intBAT. Similar to WAT,
anti-VEGF treatment also resulted in significant regression of
microvessels in intBAT in all age groups (Fig. S3 4 and C), albeit
the vascular regressive activity was less robust than in WAT (Fig.
3 A and E and Fig. S2 C and F). In response to anti-VEGF
treatment, intBAT adipocyte sizes remained virtually unchanged,
except for a significant decrease of adipocyte size in the 7-mo
group (Fig. S3 4 and B). UCP1 levels in intBAT remained un-
changed in all treated groups versus their corresponding control
groups (Fig. S3 4 and D).

VEGFR2 Mediates VEGF-Triggered Survival Signaling for Adipose
Vasculature. To define receptor-mediated signaling pathways in
adipose depots, we treated mice of different ages with anti-
VEGFR?2 neutralizing antibody (anti-VEGFR2 treatment) (20,
21). Similar to anti-VEGF treatment, anti-VEGFR?2 treatment
markedly decreased vascular density in sScsWAT and epiWAT of
all age groups (Fig. 4 A and E and Fig. S4 A, D, and E). No
overwhelming effect of anti-VEGFR2 treatment on body weight,
BMI, or scWAT and epiWAT weight was observed, merely
a subtle decrease in elder mice (Fig. 4 B and C and Fig. S4B).
Adipose vasculatures in 7-mo-old scWAT and epiWAT showed
intrinsic resistance to anti-VEGFR2 treatment, as seen in anti-
VEGF-treated animals (Fig. 3 and Fig. S2C). Moreover, virtually
identical patterns of anti-VEGF-altered adipocyte sizes in sSc(WAT
and epiWAT were reproduced with anti-VEGFR?2 treatment. In
1-mo-old mice, anti-VEGFR2 treatment significantly increased
adipocyte sizes of WAT while reducing adipocyte sizes in midaged
and elder mice (Fig. 4 A and D and Fig. S4 4 and C).
Anti-VEGFR2 treatment also resulted in significant decreases
of vascular density (measured by vessel numbers per adipocyte)
in intBAT of 1- and 7-mo-old but not elder mice (Fig. S4 A and
E). Consistent with reduction of vascular density, anti-VEGFR2
treatment significantly inhibited UCP1 expression levels in 1- and
7-mo-old but not in elder mice (Fig. S4 A and F). These data
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Fig. 4. Anti-VEGFR2 therapy-induced vascular and adipocyte changes in
sCWAT. (A) Histology of adipocytes and vascular density of anti-VEGFR2
(anti-R2)- and vehicle-treated scWAT of different age groups. scWATs were
stained with H&E, CD31, or PLPN plus I-B4 (red) counterstained with DAPI
(blue). Arrowheads point to microvessels. Dashed lines show diameters of
typical adipocytes. (Scale bars, 50 um.) (B) Body weight and BMI of anti-R2—
and vehicle-treated 1-, 7-, and 15-mo-old C57BL/6 mice (n = 10). (C) Total
weight of scWAT of anti-R2- and vehicle-treated 1-, 7-, and 15-mo-old mice
(n = 10). (D) Average diameters of anti-R2- and vehicle-treated scWAT adi-
pocytes. Adipocyte sizes were quantified from 120 adipocytes from 12 fields.
(E) Quantification of total microvessel density and numbers per adipocyte in
anti-R2- and vehicle-treated scWAT (12 fields per group). *P < 0.05, **P <
0.01, ***P < 0.001.

demonstrate differential responses of intBAT to anti-VEGFR2
treatment between younger and older animals.

Anti-VEGF Improves Insulin Sensitivity in Elder and Obese Mice. We
next measured blood lipids in anti-VEGF-treated and non-
treated mice. Anti-VEGF treatment significantly increased se-
rum triglyceride and nonesterified fatty acids levels in all groups,
whereas glycerol increase was only observed in the 1-mo group
(Fig. 54). However, anti-VEGF treatment increased serum
cholesterol in 7-mo-old mice (Fig. 54). Under fasting conditions,
nontreated mice at 15 mo of age exhibited insulin resistance
relative to younger mice (Fig. 5 B and C). Anti-VEGF treatment
significantly reduced fasting insulin and glucose levels and im-
proved insulin sensitivity (Fig. 5 B and C). In younger mice (1 mo
and 7 mo), anti-VEGF treatment also significantly decreased
serum glucose levels, although serum insulin levels remained un-
affected, leading to improved insulin sensitivity (Fig. 5 B and C).

To validate the impact of anti-VEGF treatment on insulin
sensitivity, we performed an insulin tolerance test. One-month-
old and 15-mo-old mice showed significantly increased levels of
glucose clearance after anti-VEGF treatment (Fig. 5 D and F),
supporting the finding that inhibition of VEGF increased insulin
sensitivity. In contrast, anti-VEGF treatment did not alter glucose
clearance in 7-mo-old mice (Fig. 5E), indicating that midaged
mice were resistant to anti-VEGF-induced insulin sensitivity.
These data demonstrate that different age groups responded
differentially to anti-VEGF treatment.

Because VEGF has been reported to recruit inflammatory
macrophages, it is possible that anti-VEGF treatment would
affect inflammatory cells in the adipose tissues. We analyzed
inflammatory cells and found that the total population of in-
flammatory macrophages was not altered in anti-VEGF-treated
epiWAT apart from a slight increase in the 15-mo group (Fig.
S5 A and B). Expression of the inflammatory cytokine TNF-a in
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the epiWAT of anti-VEGF-treated mice was significantly increased
in the 15-mo group whose insulin sensitivity was improved by anti-
VEGEF treatment (Fig. 5 B, C, and F and Fig. S5C). Because
inflammatory macrophages and cytokines contribute to insulin
resistance (2), it is unlikely that increase of macrophages would
contribute to anti-VEGF-induced insulin sensitivity. Further-
more, anti-VEGF treatment did not alter microvessel density in
the skeletal muscle tissue (Fig. S5D), suggesting that it is un-
likely that this glucose-uptake organ would be responsible for
anti-VEGF-improved insulin sensitivity.

To investigate whether anti-VEGF treatment would improve
insulin sensitivity in obese mice, we treated 7-mo-old obese mice
fed a high-fat diet (HFD). Anti-VEGF treatment significantly
reduced body weight and BMI in HFD-obese mice (Fig. 5G). It
seemed that body weight loss was due to loss of adipose tissues,
because sScWAT and epiWAT mass in anti-VEGF-treated obese
mice were significantly less than in vehicle-treated control mice
(Fig. 5H). These findings indicate that inhibition of VEGF pre-
vents HFD-induced obesity development. Anti-VEGF treatment
reduced serum insulin and glucose levels, resulting in marked im-
provement of insulin sensitivity (Fig. 5 I and J). Similarly, insulin
tolerance test showed that anti-VEGF-treated obese mice exhibited
markedly increased glucose clearance (Fig. 5K), indicating im-
proved insulin sensitivity in HFD-induced obesity. It is unlikely that
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Fig. 5. Anti-VEGF-induced changes of blood lipids, glucose and insulin. (A)
Serum levels of triglyceride, nonesterified fatty acids (NEFAs), glycerol, and
cholesterol in anti-VEGF- and vehicle-treated 1-, 7-, and 15-mo-old mice (10-
18 samples in duplicates per group). (B) Fasting serum levels of insulin and
glucose of anti-VEGF- and vehicle-treated 1-, 7-, and 15-mo-old mice (10-18
samples in duplicates per group). (C) Homeostatic model assessment of in-
sulin resistance (HOMA-IR) was calculated using the following formula: se-
rum glucose x serum insulin/22.5. HOMA-IR was calculated based on values
presented in B (10-18 samples in duplicates per group). (D) Insulin tolerance
test in vehicle- and anti-VEGF-treated 1-mo-old mice (n = 10). Left panel
shows basal serum levels of fasting glucose before insulin injection. These
basal values were used to normalize the values measured at various time
points presented in the right panel. (E) Insulin tolerance test in vehicle- and
anti-VEGF-treated 7-mo-old mice (n = 12). (Left) Basal serum levels of fasting
glucose before insulin injection. (Right) These basal values were used to
normalize the values measured at various time points. (F) Insulin tolerance
test in vehicle- and anti-VEGF-treated 15-mo-old mice (n = 15). (Left) Basal
serum levels of fasting glucose before insulin injection. (Right) These basal
values were used to normalize the values measured at various time points.
(G) Body weight and BMI of anti-VEGF- and vehicle-treated HFD-fed mice
(n =10). (H) Weight of scWAT and epiWAT of vehicle- and anti-VEGF-treated
HFD-fed mice (n = 10). (/) Fasting serum levels of insulin and glucose of anti-
VEGF- and vehicle-treated HFD-fed mice (10 samples in duplicates per group).
(J) HOMA-IR was calculated based on values presented in B (10 samples in
duplicates per group). (K) Insulin tolerance test of vehicle- and anti-VEGF-
treated HFD-fed mice. *P < 0.05, **P < 0.01, ***P < 0.001.
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alterations of inflammatory macrophages in anti-VEGF-treated
WAT are responsible for improvement of insulin sensitivity be-
cause macrophage numbers in epiWAT of treated obese mice
were not significantly altered (Fig. S5 4 and B). Inflammatory
cytokines including IL-6 and TNF-a were significantly increased
in anti-VEGF-treated epiWAT of HFD-fed obese mice (Fig.
S5C). Consistent with improvement of insulin sensitivity, adi-
pocyte sizes of SsWAT and epiWAT were significantly smaller in
anti-VEGF-treated mice (Fig. 6 B and C). Interestingly, VEGF
levels were nearly identical in sSc(WAT and epiWAT of HFD-fed
mice (Fig. 64). Adipose microvessel density was significantly
reduced in anti-VEGF treated HFD-fed mice (Fig. 6 B, D, and
E). Of note, anti-VEGF treatment induced vascular regression in
epiWAT of HFD-fed animals (Fig. 6E). These findings imply
that obese individuals may potentially benefit more from anti-
VEGF therapy because visceral WAT is primarily linked to
development of type 2 diabetes and cardiovascular disease.

In HFD-fed mice, intBAT revealed high contents of lipid
droplets, leading to increased adipocyte sizes (Fig. S6A4). Anti-
VEGTF treatment significantly reduced intBAT weight, adipocyte
size, and lipid droplets while increasing the mitochondrial con-
tent (Fig. S6 A, B, and D). Similar to WATS, blocking VEGF
inhibited intBAT vascularization in HFD-fed mice (Fig. S6 4
and C). Expression of Ucpl mRNA in anti-VEGF-treated and
nontreated intBAT remained at similar levels (Fig. S6 4 and E).

Discussion

Here we have reported VEGF-dependent vascular plasticity in
WATs and BAT during aging. VEGF expression in adipose depots
varies in different age groups, which show significant differences in
anti-VEGF sensitivity. Anti-VEGF treatment produces opposing
effects on WAT adipocyte sizes in younger and elder mice, leading
to marked differences in insulin sensitivity. Surprisingly, HFD-fed
obese mice are more likely to develop VEGF-dependent insulin
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Fig. 6. VEGF levels and anti-VEGF therapy-induced vascular and adipocyte
changes in healthy and obese WATs. (A) Quantification of VEGF protein
levels in sc(WAT and epiWAT of HFD-fed mice (four samples in duplicates per
group). (B) Histology adipocytes and vascular density of anti-VEGF- and
vehicle-treated scWAT and epiWAT of HFD-fed mice. WATs were stained with
H&E, CD31, or PLPN (green) plus I- B4 (red) counterstained with DAPI (blue)
nucleus staining. Arrowheads point to microvessels. Dashed lines show
diameters of typical adipocytes. (Scale bars, 50 pm.) (C) Average diam-
eters of anti-VEGF- and vehicle-treated scWAT and epiWAT adipocytes of
HFD-fed mice. Adipocyte sizes were quantified from 120 adipocytes from 12
fields. (D) Quantification of total microvessel density in anti-VEGF- and vehicle-
treated scWAT and epiWAT (12 fields per group). (E) Quantification of
microvessel numbers per adipocyte in anti-VEGF- and vehicle-treated scWAT
and epiWAT. ***P < 0.001.
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resistance, and anti-VEGF therapy significantly improves insulin
sensitivity. Our results may provide valuable information for the
treatment of type 2 diabetes with antiangiogenic drugs and imply
that different age populations and their BMI status may affect
therapeutic outcomes. Adipose tissue, especially WAT, is prob-
ably the most unique tissue in our body, continuously undergoing
expansion and shrinkage. This plasticity would inevitably alter
cellular and molecular components in the adipose microenviron-
ment. Other cell components including endothelial, perivascular,
inflammatory, and mesenchymal cells also constantly change their
numbers and functions to cope with the metabolic demand of
adipocytes. This is particularly true in adult and aged populations.
Among all nonadipocyte components, blood vessels are the most
dominant structures (22-24), displaying tremendous plasticity.
Pharmacological inhibition of adipose angiogenesis in obese ani-
mals demonstrated beneficial effects in preventing obesity devel-
opment (25-27).

Recent studies using genetic mouse models have investigated
the role of VEGEF in obesity and insulin sensitivity. In gain-of-
function experiments, overexpression, rather than inhibition, of
VEGTF in adipose tissues protects diet-induced obesity and in-
sulin resistance (12, 28, 29). However, temporary systemic loss of
VEGTF function in mice also results in a lean phenotype and
improvement of insulin sensitivity (30). Despite these discrep-
ancies, the age-related issue has not been carefully studied. In
our study, we demonstrate that inhibition of VEGF significantly
increases adipocyte sizes in younger mice, but opposite effects
can be seen in midaged and elder mice. Anti-VEGF-induced po-
larized effects seem to be mediated by VEGFR2 signaling because
anti-VEGFR2 treatment reproduces the opposing effects on adi-
pocyte sizes. Because VEGFR2 expression is relatively restricted to
vascular endothelial cells (31), recapitulation of anti-VEGF effects
by the anti-VEGFR?2 treatment demonstrates that the vasculature
is primarily responsible for adipocyte alterations. Enlargement of
adipocytes by anti-VEGF treatment has not been translated into
increased body weight and BMI in these younger mice. Perhaps
continuous development of nonadipose tissues and organs affect
the total body weight in these mice. However, decreases of adi-
pocyte sizes in anti-VEGF-treated midaged mice do not result in
significantly reduced body weight and BMI, whereas reduced body
weight and BMI was observed in anti-VEGF-treated elder animals.

We cannot exclude possibilities that nonadipose tissues are
also involved in modulation of anti-VEGF-improved insulin
sensitivity. Our recent study showed that systemic treatment of
healthy mice (8-12 wk old) resulted in vascular reduction in
several endocrine organs including pancreas, adrenal gland, and
thyroid (20). Despite anti-VEGF-induced vascular reduction in
pancreas, circulating insulin levels remained unaltered, suggest-
ing that insulin production is less likely the mechanism for anti-
VEGF-improved sensitivity. The insulin tolerance test further
supports this view because anti-VEGF treatment significantly
improved glucose clearance, suggesting modulation of insulin
utilization rather than production as the mechanism. Skeletal
muscle tissue is the largest organ for glucose uptake; however, we
have found that anti-VEGF treatment did not affect microvessel
density in this tissue. Thus, it is unlikely that the effect of anti-
VEGF treatment on skeletal muscle tissues would have a signif-
icant impact on insulin sensitivity in our model system.

One of the most interesting findings is that anti-VEGF treat-
ment markedly reduces blood glucose levels. These findings are
significant and imply that systemic delivery of anti-VEGF drugs
would be likely to alter glucose levels in humans. In fact, anti-
VEGF drugs including bevacizumab, aflibercept, and many ty-
rosine kinase inhibitors are now routinely used for treatment of
human cancers (16). It would be interesting to investigate in
cancer patients whether anti-VEGF drugs significantly alter blood
glucose levels. Because malignant cells primarily use the glycolytic
pathway (Warburg effect) for their growth, decreases of blood
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glucose levels by anti-VEGF drugs would offer an attractive
mechanism of action. However, antiangiogenic drugs are often
given to cancer patients in combination with chemotherapeutics,
which significantly affect metabolic parameters in human pa-
tients. Thus, it would be difficult to study the putative effect of
anti-VEGF drugs in humans. In elder mice that are resistant to
insulin, anti-VEGF treatment significantly improves insulin sensi-
tivity. However, this significant effect is absent in midaged mice. It
would be reasonable to speculate that elder populations would
potentially have greater benefits from anti-VEGF treatment
regarding insulin sensitivity. We should emphasize that some
value changes in our experimental settings—although statistically
significant—show a relatively small magnitude of alteration.
However, subtle changes of VEGF signaling molecules and vessel
density could potentially lead to robust physiological or patho-
logical changes owing to threshold regulatory mechanisms. This
interesting phenomenon warrants further investigation.

We chose a diet-induced obesity model to study the effect of
anti-VEGF drugs on adipose vasculatures, adipocytes, and in-
sulin sensitivity because diet-induced obesity is the most common
cause of obesity in humans (32, 33). Our findings show that VEGF
is the primary factor for maintenance of vascular networks in
obese WAT and inhibition of VEGF leads to regression of most
microvessels in both s.c. and epididymal WATSs. Unexpectedly,
anti-VEGF treatment produces a more robust effect in improve-
ment of insulin sensitivity in obese mice compared with healthy
mice. In HFD-fed animals, total weight of intBAT is also signifi-
cantly increased and enlargement of BAT in obese mice reflects
the fact of excessive energy storage in this otherwise energy-
expending organ. Interestingly, anti-VEGF treatment markedly
reduces the total volume of intBAT in HFD-induced obese animals
owing to inhibition of lipid deposition in this tissue. In healthy mice,
anti-VEGF and anti-VEGFR?2 treatment produce differential
effects on intBAT activation in younger and midaged mice.
Whereas anti-VEGF treatment does not affect intBAT-Ucpl
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expression at any age, anti-VEGFR2 treatment significantly
inhibits intBAT-Ucp! expression in younger and midaged mice.
We have recently shown in cold-exposed animals that anti-
VEGFRI1 and anti-VEGFR?2 treatment result in opposing effects
on cold-induced UCP1-dependent nonshivering thermogenesis
(11). Anti-VEGF therapy would indistinguishably block signaling
pathways triggered by VEGFR1 and VEGFR2 and would impair
both receptor-mediated opposing effects on UCP1-dependent
nonshivering thermogenesis. Thus, it is perhaps not surprising to
observe differential effects on UCP1 expression in response to
anti-VEGF and anti-VEGFR?2 treatments. However, it is unknown
why elder mice did not show differential responses to anti-VEGF
or anti-VEGFR2 treatment.

If our findings can be successfully translated into clinical set-
tings, anti-VEGF agents could be potentially useful for treat-
ment of type 2 diabetes, which frequently occurs in obese human
individuals. Taken together, our findings, for the first time to our
knowledge, demonstrate that adipose vasculatures in adulthood
exhibit plasticity and VEGF is a crucial vascular maintenance
factor at all ages. These data provide valuable information for
therapeutic intervention of obesity and diabetes by targeting the
adipose vasculature.

Materials and Methods

Animals. All animal studies were approved by the North Stockholm Animal
Ethics Committee. C57BL/6 female mice at ages of 1,4, 7, 10, 12, 15, and 16 mo
were maintained under standard animal housing conditions at 22 °C and
received either normal chow or HFD (Research Diets). See details in S/ Materials
and Methods.
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