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Ablation of endothelial VEGFR 1 improves metabolic
dysfunction by inducing adipose tissue browning
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Angiogenesis plays an instrumental role in the modulation of adipose tissue mass and metabolism. Targeting adipose vas-
culature provides an outstanding opportunity for treatment of obesity and metabolic disorders. Here, we report the physi-
ological functions of VEGFR1 in the modulation of adipose angiogenesis, obesity, and global metabolism. Pharmacological
inhibition and genetic deletion of endothelial VEGFR1 augmented adipose angiogenesis and browning of subcutaneous
white adipose tissue, leading to elevated thermogenesis. In a diet-induced obesity model, endothelial-VEGFR1 deficiency
demonstrated a potent anti-obesity effect by improving global metabolism. Along with metabolic changes, fatty liver and
insulin sensitivity were also markedly improved in VEGFR1-deficient high fat diet (HFD)-fed mice. Together, our data indi-
cate that targeting of VEGFR1 provides an exciting new opportunity for treatment of obesity and metabolic diseases, such

as liver steatosis and type 2 diabetes.

INTRODUCTION

Obesity and its related metabolic disorders are major
health issues affecting all age groups (Spiegelman and Flier,
2001; Zimmet et al., 2001; Després and Lemieux, 2006).
Unlike most other tissues in the body, adipose tissue, es-
pecially white adipose tissue (WAT), relentlessly under-
goes expansion and shrinkage in response to metabolic
demands. Under physiological conditions, brown adipose
tissue (BAT) possesses an exceptionally high number of
microvessels, rendering this tissue one of the most highly
vascularized tissues in the body (Cao, 2007, 2010; Yang
et al., 2013). The adipose vascular density can be further
increased upon metabolic activation, such as cold- or
drug-induced browning and nonshivering thermogenesis
(Xue et al., 2009; Dong et al., 2013; Seki et al., 2016).
Blood vessels are thought to play an adoptive role in cop-
ing with metabolic changes of adipocytes (Asano et al.,
1997;Tonello et al., 1999). However, this view has recently
been changed by the fact that adipose vasculature also play
a prominent role in controlling adipocyte functions (Yang
et al., 2013; Seki et al., 2016). For example, under cold
exposure, endothelial cells (ECs) in angiogenic vessels pro-
duce paracrine factors to control browning of subcutane-
ous WAT (subWAT) and visceral WAT (visWAT; Yang et
al., 2013; Seki et al., 2016). In addition to paracrine reg-
ulation, cells of the vessel wall, including endothelial and
perivascular cells, also serve as a reservoir of stem cells for
differentiation into preadipocytes and, subsequently, adipo-
cytes (Tang et al., 2008; Tran et al., 2012).
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To switch on an angiogenic phenotype, adipocytes,
and likely other cell types in the adipose microenvironment,
produce high levels of angiogenic factors.Vascular endothe-
lial growth factor (VEGF) is expressed in adipose tissues and
its expression is elevated under a browning condition (Sung
et al., 2013; During et al., 2015). It has been reported that
VEGEF induces a browning phenotype in the adipose tissue
(Xue et al., 2009; Sun et al., 2012; Sung et al., 2013; Seki
et al., 2016). VEGF binds to its tyrosine kinase receptors,
VEGFR 1 and VEGFR2, to display various biological func-
tions (Ferrara et al., 2003; Cao, 2009; Shibuya, 2014). Al-
though expression of VEGFR2 is relatively restricted to
vascular ECs, VEGFR1 is widely expressed in non-ECs
(Shibuya, 2006). It is generally believed that VEGFR?2 is the
functional receptor that transduces signals for angiogene-
sis, vascular permeability, vascular survival, and remodeling
(Cao, 2009). In contrast to VEGFR?2, biological functions
of VEGFR 1 remain largely undefined although numerous
studies claim controversial findings (Lyden et al., 2001; Au-
tiero et al., 2003; Boulton et al., 2008; Li et al., 2015; Otowa
et al., 2016). Within the VEGF family, VEGF (also called
VEGF-A), placental growth factor (PIGF), and VEGF-B
are all able to bind to VEGFR1 (Cao, 2009). Very recently,
VEGEF-B was reported to induce angiogenesis through the
VEGFR1 signaling pathway in adipose tissue (Robciuc et
al., 2016). However, the molecular mechanisms that under-
lie the VEGFR 1-mediated signaling are still unclear. It is
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also unclear whether VEGE-B acts directly on adipocytes
through VEGFR1 to induce metabolic changes.

In this study, we took powerful genetic approaches to
specifically delete VEGFR1 from vascular ECs without im-
pairing this receptor signaling in other cell types. Furthermore,
we employed physiologically relevant animal models without
introducing any additional factors or other invasive proce-
dures. Blocking VEGFR 1 alone, but not VEGFR 2, produced
a remarkable browning phenotype of subWAT and visWAT.
It was surprising that deletion of EC VEGFR1 resulted in
a marked increase of vascular density in WATs, indicating
the negative role of this receptor on angiogenesis. Targeting
VEGFR1 alone produced overt anti-obesity and anti-diabetic
effects in obese mice. Thus, our findings provide novel mech-
anistic insights into the vascular role of the modulation of
adipocyte metabolism and pave a new avenue for the devel-
opment of drugs targeting obesity and metabolic diseases.

RESULTS
Blocking VEGFR1 augments adipose angiogenesis
To study the physiological functions of VEGFRs in adipose tis-
sues, we chose adult C57B1/6 mice that had not been exposed
to cold or treated with any therapeutic agents. Anti-VEGFR 1
and anti-VEGFR2 highly specific neutralizing antibodies were
used for 10-d systemic treatment (Witte et al., 1998; Shaked
et al., 2008; Kodack et al., 2012; He et al., 2015; Iwamoto et
al., 2015). After the 10-d treatment, anti-VEGFR1, but not
anti-VEGFR?2, induced a significant angiogenic response in
subWAT (Fig. 1 A). Quantitative immunoblotting further val-
idated the increased CD317 signals (Fig. 1 B). Similarly, the
VEGFR blockade also stimulated angiogenesis in visWAT (Fig.
S1,A and B). Quantification analysis showed that total vascular
density and microvascular numbers per adipocyte were signifi-
cantly increased (Fig. 1 A). Consistently, double immunostain-
ing with Ki67 and endomucin showed a significant increase in
the proliferating population of ECs in the angiogenic vessels
(Fig. 1 A). Additionally, the VEGFR 1 blockade augmented a
robust angiogenic response in BAT (Fig. S1, C and D). Despite
WAT browning and BAT activation, the total adipose mass of
‘WAT's and BAT's remained unchanged (Fig. S1 E).
Anti-VEGFR 1-induced increases in vascularity had a
functional impact on vascular perfusion in subWAT (Fig. 1 C),
and the VEGFR1 blockade did increase vascular perme-
ability (Fig. 1 C). Because VEGFR1 binds to VEGF-A,
VEGEF-B, and PIGF (Cao, 2009), we investigated expression
levels of those angiogenic factors in anti-VEGFR 1-treated
subWAT. VEGF-A, but not VEGF-B or PIGE messenger
RNA (mRNA) levels were significantly increased in sub-
WAT upon blocking VEGFR1 (Fig. 1 D), suggesting that
VEGF-A might be the angiogenic driving force. To decipher
the VEGF-induced angiogenic function in our experimen-
tal settings, anti-VEGFR1 and anti-VEGF were simultane-
ously used for a combination treatment. It was interesting
that anti-VEGFR 1—stimulated angiogenesis was completely
ablated by the anti-VEGF treatment (Fig. 1 E), indicating
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VEGF was the primary driving force for enhanced angiogen-
esis. Together, these findings suggest that VEGF mediates the
anti-VEGFR 1-induced angiogenesis in WAT.

To gain further mechanistic insights of the signaling
pathway of anti-VEGFR 1—-triggered angiogenesis, a pharma-
cological approach of simultaneous inhibition of VEGFR 1
and VEGFR2 was used in our study. Noticeably, the com-
bination of anti-VEGFR1 and anti-VEGFR2 completely
abolished the anti-VEGFR 1-induced angiogenesis and WAT
browning (Fig. 1 E). These data indicate that VEGFR2 is the
crucial receptor for transducing the angiogenic signal. In sup-
port of this view, anti-VEGFR1 treatment was able to induce
VEGFR?2 phosphorylation (Fig. 1 F). Together with the data
on the combination of anti-VEGFR 1 with anti-VEGF treat-
ment, it s clear that the VEGF-VEGFR2 signaling is respon-
sible for the angiogenic phenotype.

Anti-VEGFR1 induces WAT browning

We next studied the impact of VEGFR 1 blockade on adipo-
cytes in various adipose depots. Histological analysis showed
that VEGFR1 inhibition markedly decreased the mean size of
adipocytes, exhibiting dense and irregular adipocyte cell shapes
(Fig. 1 G and Fig. S1,A and B). High-density, irregular cellular
networks existed in the VEGFR 1 blockade-treated subWAT,
visWAT, and BAT (Fig. 1 G and Fig. S1, A-D). Consistently,
mRNA and protein expression levels of uncoupling protein
1 (UCP1) were significantly increased in the anti-VEGFR 1—
treated subWAT (Fig. 1, G and H). Additionally, Cox8b, as
a browning marker, was elevated upon anti-VEGFR1 treat-
ment (Fig. 1 H). By contrast, UCP1 expression levels were
not altered by blocking VEGFR2 (Fig. 1 G and Fig. S1, A
and B). UCP1 expression was also markedly increased in
anti-VEGFR 1—treated visWAT (Fig. S1, A and B). Systemic
anti-VEGFR1 treatment also increased UCP1 expression
in BAT (Fig. S1, C and D). Smaller adipocytes and higher
UCP1 expression in VEGFR 1-treated WATs and BAT might
suggest the activation of nonshivering thermogenesis by the
VEGEFR 1 blockade. In contrast, anti-VEGFR 1 treatment did
not alter the vascularity of liver and skeletal muscle tissue, as
previously described (Yang et al., 2013).

Knowing that a VEGFR1 blockade induced a brown-
ing phenotype, we measured metabolism of nonshivering
thermogenesis. Notably, anti-VEGFR1 markedly enhanced
the norepinephrine (NE)-induced, nonshivering thermo-
genesis (Fig. 1 I). By contrast, systemic treatment with an
anti-VEGFR2 neutralizing antibody did not significantly af-
fect thermogenesis-related metabolism. These data show that
blocking VEGFR1 alone is able to augment a browning phe-
notype in WAT. Thus,VEGFR1 plays a crucial role in regulat-
ing the physiological functions of adipose tissues.

Time-course analysis of sequential events of

angiogenesis and WAT browning

To address the sequence of adipose angiogenesis and adipocyte
browning, we performed a time-course experiment to tightly
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Figure 1. Blocking VEGFR1 augments adipose angiogenesis and nonshivering thermogenesis. (A) Immunohistological mono-, double-, or multi-

color-staining of CD31* (top and middle: red) microvessels, endomucin® (bottom: green) microvessels, perilipin (PERI) and adipocytes (middle: green), and
Ki67*-proliferating cells of subWAT with NllgG, anti-R1, or anti-R2 in WT C57BI/6 mice (n = 5 mice/group). Top: Arrows point to CD31* microvessels. Middle:
Arrowheads indicate cell nuclei. Bottom: Arrows indicate endomucin*-Ki67*-DAPI*~proliferating ECs. Data were quantified from 10 randomized fields/
group. Mice were euthanized 10 d after treatment of VEGFRs blockades. (B) Western immunoblotting analysis of CD31 of NllgG- and anti-R1-treated sub-
WAT in WT C57BI/6 mice (n = 4 samples/group). B-Actin indicates loading levels. (C) Vascular perfusion of 2,000 kD dextran (green) and permeability of 70
kD dextran (green) were contained with CD31* vessels (red) and PERI* adipocytes (blue; n = 5 mice/group; n = 10 random fields/group for quantifications).
(D) Quantitative analysis of Vegfa, Vegfb, and Plgf mRNA expression levels by gPCR (n = 6-8 samples/group). (E) Immunohistological staining of CD31* (red)
microvessels and PERI" adipocytes of NllgG, VEGF blockade, and anti-VEGFR2 in the presence and absence of anti-VEGFR1 treatment (n = 8 mice/group).
Data were quantified (n = 10 random fields). (F) Western immunoblotting analysis of VEGFR2 phosphorylation of NllgG- and anti-R1-treated subWAT
in WT C57BI/6 mice (n = 4 samples/group). B-Actin indicates loading levels. (G) H&E staining of adipose tissues. Double-arrowed bars indicate adipocyte
diameters. PERI* (green) and UCP1* adipocytes (red) of NllgG, anti-VEGFR1, and anti-VEGFR2 in the presence and absence of anti-VEGFR1-treated subWAT
of C57BI/6 mice (n = 5 mice/group). Arrows point to UCP1-positive signals. Data were quantified (n = 10 random fields/group). (H) gPCR quantification of
Ucp1, Cox8b, Ppargal, and Prdm16 mRNA expression levels in various agent-treated subWAT samples (n = 10 samples/group). (I) NE-stimulated, nonshiv-
ering thermogenesis in NllgG-, anti-VEGFR1-, and anti-VEGFR2-treated C57BI/6 mice (n = 5 mice/group). *, P < 0.05; **, P < 0.01; ns. = not significant by
the standard Student's t test for pair comparisons and ANOVA analysis for multiple factors. Data are presented as means + SEM. Bars, 50 um. Experiments
were independently repeated three times.

monitor vessel growth and the WAT browning phenotype. As
shown in Fig. S1, a significant increase of vascularity already
occurred at day 2 after anti-VEGFR1 treatment. The vessel
density continued to increase during the 10-d experimental
setting (Fig. S1, F and G). Intriguingly, adipocyte sizes were
not altered until day 4 (Fig. S1, F and G). Similarly, UCP1 ex-
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pression levels in anti-VEGFR 1-treated subWAT were barely
detectable during the first 4-d period relative to those of con-
trols (Fig. S1, F and G). At day 4, there was nearly a threefold
increase of vessel density without changing adipocyte size or
UCP1 expression. These data indicate that angiogenesis oc-
curred before WAT browning in our experimental setting.
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Reduction of adipocyte size and increase of UCP1
expression only occurred at day 7 (Fig. S1, F and G). Fur-
ther increase of UCP1 signals was found at day 10 after an-
ti-VEGFR1 treatment. Again, this time-course experiment
demonstrates that angiogenesis occurred before WAT brown-
ing and was not dependent on the browning phenotype.
Thus, angiogenesis may play predominant role in controlling
the metabolic activity of adipocytes.

Genetic deletion of VEGFR1 produces WAT

browning and metabolic changes

To validate the pharmacological findings, we employed ge-
netic approaches to further investigate the VEGFR 1 functions
in adipose tissues. First, we used an FIt17"; R 0sa26-Cre-ER "2
genetic mouse strain in which the Vegfrl gene is deleted in
adult mice by a tamoxifen-inducible system. Histological
analysis of subWAT depots in Flt1”";R 0sa26-Cre-ER ' mice
showed the existence of smaller adipocytes and alterations in
tissue architectures with high-density, irregular cellular net-
works 10 d after tamoxifen treatment compared with those of
WT mice (Fig. 2 A). Similar to anti-VEGFR1 treatment, the
subWAT of Flt17; R 0sa26-Cre-ER ™ mice also contained an
increased number of microvessels, which showed a significant
increase of Ki67" proliferating ECs (Fig. 2,A and B). Quanti-
fication of CD31 protein levels further supported the increase
of vascularity in subWAT in Flt17: R 0sa26-Cre-ER ™2 mice
versus that of control mice (Fig. 2 C). Consequently, UCP1
expression levels were also markedly elevated in the subWAT
of Fit1"%R 0sa26-Cre-ER ™ mice relative to those of WT
mice (Fig. 2, A and B). Deletion of VEGFR1 augmented a
robust angiogenic response in visWAT and BAT, exhibiting
a greater density of CD31" microvessels (Fig. S2, A-D). Fur-
thermore, UCP1 expression levels in the visWAT of Flt1”";
R0sa26-Cre-ER ' mice were significantly higher than those
of WT control mice (Fig. S2, A and B). Thus, systemic VEG
FR1 deletion produced a functional impact on both WATsS
and BATs. Again, during this short experimentation period,
the total mass of browning WAT and BAT was not signifi-
cantly altered in Flt1”;R0sa26-Cre-ER" mice relative to
control mice (Fig. S2 E). The nonshivering thermogenesis
was significantly increased in Flt1”%;R 05a26-Cre-ER"? mice
(Fig. 2 D). Taken together, genetic ablation of VEGFR1 val-
idates the physiological function of this receptor in modula-
tion of adipose metabolism.

Endothelial deletion of VEGFR1 induces WAT browning

Because blood vessel ECs are not the only VEGFR1-
expressing cell type (Shibuya, 2006, 2014), we investigated
the impact of ECVEGFR 1 deletion on adipose angiogenesis
and WAT browning. We generated two endothelial cell-specific
VEGFR 1-deletion mouse strains, Flt17%:Tie2-Cre-ER™?
and Flt1”;Cdh5-Cre-ER ™. A Tie2 promoter-inducible Cre
mouse strain was crossed with Fle1”" mice to generate the
Flt1”; Tie2-Cre-ER"? stain. The KO efficiency of Vegfrl
mRNA was sufficiently high 8 d after tamoxifen treatment
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(Fig. S3 A). Flt1”"; Tie2-Cre-ER™? mice showed induction
of angiogenesis and activation of a browning phenotype in
subWAT 8 d after tamoxifen treatment (Fig. 3, A—C). Again,
UCP1 expression levels of subWAT were markedly elevated
in Flt1”%; Tie2-Cre-ER™ mice relative to controls (Fig. 3,
A-D). Moreover, the visWAT of Flt1”;Tie2-Cre-ER"?
mice also contained an increased number of microvessels
and exhibited a browning phenotype without affecting the
total adipose mass (Fig. S3, B-D).

Because Tie2 expression is not restricted to vascu-
lar ECs (Welford et al., 2011), we created another genetic
strain of mice carrying a specific deletion of VEGFR1 in
ECs using the cadherin promoter-inducible Cre system.
Fle1”::Cdh5-Cre-ER™ mice showed effective deletion of
VEGFR1 on ECs in adipose tissue 8 d after tamoxifen treat-
ment (Fig. S4 A). Flt1”;Cdh5-Cre-ER™ mice did not have
altered body weight or body mass index (BMI; Fig. S4 B)
within the experimental duration. The total adipose mass
of WAT and BAT was not significantly changed in Fle1”";
Cdh5-Cre-ER " mice versus that of control mice (Fig. S4 C).
In Flt1”":Cdh5-Cre-ER"? mice, subWAT showed a marked
increase in angiogenesis and a browning phenotype (Fig. 4,
A-D). Smaller WAT adipocytes with high-density cellular
contents showing high levels of UCP1 expression only ex-
isted in FIt1”":Cdh5-Cre-ER " mice, not in WT control mice
(Fig. 4,A-D). Likewise, visWAT exhibited similar increases of
microvessel density and the browning phenotype (Fig. S4, D
and E). Both microvessel density and UCP1 expression lev-
els were also increased in the BAT of Fit1”:Cdh5-Cre-ER ™
mice (Fig. S4, F and G). No vascular changes were seen in
liver and skeletal muscle tissues. Consequently, Flt1”;Cdh5-
Cre-ER™ mice resulted in elevated global metabolisms
(Fig. 4 E). There were no differences in locomotor activity
between WT and Flt1”":Cdh5-Cre-ER ™ mice. These results
indicate the physiological functions of VEGFR1 in modu-
lating physiological metabolisms. We further investigated the
possibility of a combination treatment with the deletion of
VEGFR1 and WAT browning agents, such as catecholamine
and cold, to produce a combination treatment with greater ef-
fects on browning. We employed a P3 adrenoceptor agonist,
CL316,243 (CL), treatment to Flt 17 Cdh5-Cre-ER ™ mice.
Deletion of VEGFR1 further augmented CL-induced angio-
genesis and browning in subWAT compared with CL-treated
WT control mice (Fig. 4, F and G). It was plausible that macro-
phages, especially the alternatively activated macrophages (M2)
macrophage population might contribute to WAT browning,
as shown in other experimental settings (Nguyen et al., 2011;
Shan et al., 2017). To investigate this possibility, we measured
the total number of macrophages and M2 macrophage polar-
ization. As shown Fig. S4, the total number of macrophages by
immunobhistological staining with macrophage-specific marker
and the M2 macrophage subpopulation by qPCR analysis re-
mained unchanged. These findings demonstrate that VEGFR 1
in vascular ECs, but not in other cells, plays crucial roles in the
modulation of adipose tissue metabolism.

Anti-VEGFR1 induces browning white fats | Seki et al.
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Figure 2. Genetic deletion of VEGFR1 promotes WAT browning and metabolism. (A) Immunohistological mono- or multicolor-staining of CD31*
(top and middle: red) microvessels, PERI" adipocytes (green), UCP1* adipocytes, and Ki67*-proliferating cells of subWAT in WT littermate control and
FIt17:Rosa26-Cre-ER™ mice (n = 5 mice/group). Top and middle: Arrows show CD31* signals. Arrowheads in middle panels show CD31-positive signals.
Doubled-headed arrows show adipocyte size. Bottom: Arrows show UCP1* signals. (B) Data were quantified (n = 10 random fields/group; n = 5 mice/group).
(C) Western immunoblotting analysis of subWAT CD31 of WT littermate control and Fit17;Rosa26-Cre-ER™ mice (n = 4 samples/group). B-Actin indicates
loading levels. (D) NE-stimulated, nonshivering thermogenesis of WT littermate control and FIt17;Rosa26-Cre-ER™ mice (n = 5 mice/group). Mice were
sacrificed 10 d after tamoxifen treatment. *, P < 0.05; ™, P < 0.01;***, P < 0.001 by the standard Student's t test for pair comparisons. Bars, 50 pm. Data are
presented as means + SEM. Experiments were independently repeated three times.
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as means + SEM. Experiments were independently repeated twice.

Deletion of endothelial VEGFR1 ameliorates obesity
and metabolic dysfunctions
Next, we employed high fat diet (HFD) to induce obesity

in Fle1”:Cdh5-Cre-ER ™ mice. It was interesting that Fle1™":

Cdh5-Cre-ER " mice showed an overt lean phenotype com-
pared with WT control mice (Fig. 5 A). HFD-induced body
weight and BMI gains were markedly reduced relative to
controls (Fig. 5, B and C). However, food intake remained
the same in Fle1”;Cdh5-Cre-ER ™ and WT mice (Fig. 5 C),
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indicating no impact on food intake after removal of endo-
thelial VEGFR 1. Analysis of body composition demonstrated
a significant reduction of subWAT, visWAT, and even BAT
masses (Fig. 5 D). Flt1”";Cdh5-Cre-ER " mice demonstrated
marked improvement in lipid profile by decreasing blood lev-
els of free fatty acid (FFA), glycerol, cholesterol, triglyceride
(TG), glucose, and insulin (Fig. 5 E). These results show that
elimination of endothelial VEGFR1 significantly ameliorated
dysfunctions of lipid and glucose metabolism.

Anti-VEGFR1 induces browning white fats | Seki et al.
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parisons. Bars, 50 um. Data are presented as means + SEM. Experiments were independently repeated twice.

In support of this notion, Flt17*:Cdh5-Cre-ER ™ mice
showed considerable improvement in glucose clearance
and insulin tolerance relative to HFD-fed control animals
(Fig. 5, F and G), indicating that targeting of this receptor
provides an opportunity for treatment of type 2 diabetes.
Notably, EC deletion of VEGFR 1 showed obvious decreases
of lipid deposition in hepatocytes (Fig. 5 H), suggesting the
therapeutic possibility of fatty liver by targeting VEGFR1.
Along with improving lipid profile, nonshivering thermo-
genesis in Flt1”;Cdh5-Cre-ER"? mice was significantly
higher than it was in control mice (Fig. 5 I). These findings
show that ablation of VEGFR 1 in ECs markedly improved
metabolic dysfunctions.

JEM Vol. 215, No. 2

In further support, Flt1”'; Tie2-Cre-ER"? mice also ex-
hibited suppression of HFD-induced gains in body weight and
BMI, without affecting food intake in the diet-induced obe-
sity model (Fig. S5, A and B). Fat mass was also significantly
decreased in Flt1”":Tie2-Cre-ER™ mice relative to that of
control mice (Fig. S5 C). Glucose and insulin tolerance tests
showed obvious improvements in glucose clearance and insulin
sensitivity in the HFD-fed, obese mice (Fig.S5,D and E).Again,
HFD-induced hepatic steatosis was significantly suppressed
relative to that of control mice (Fig. S5 F). Taken together, in
two genetic models, we show that deletion of VEGFR1 in ECs
produced significant improvements in body weight reduction
without affecting food intake, blood lipid profile, insulin sensi-
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Figure 5.

Genetic deletion of endothelial VEGFR1 shows antiobesity and metabolic improvement. (A) Representative mouse pictures of HFD-fed

WT littermate control and FIt17;Cdh5-Cre-ER™ mice (n = 6 mice/group). WT littermate control and FIt17;Cdh5-Cre-ER™ female mice at 8 wk old were fed
with HFD for 12 wk. (B) Body weights (BWs) of HFD-fed WT littermate control and Fit17;Cdh5-Cre-ER™ mice (n = 6 mice/group). (C) BMI and food intake of
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tivity, or hepatic steatosis. The antiobesity and antidiabetic ef-
fects in these genetic mice are likely due to the reduction of
adipose masses solely without affecting other tissue masses.

Deletion of VEGFR1 in adipocytes and myeloid cells
produces no functional effects

Because VEGFR1 is expressed in many cell types, includ-
ing adipocytes and myeloid cells (Kerber et al., 2008; Cao,
2009; Beck et al., 2010; Liu et al., 2012), blocking VEGFR 1
might have autonomous effects on these cells, which eventu-
ally affects the global metabolism. Although UCP1 expres-
sion in differentiated mature adipocytes was unchanged by
anti-VEGFR1 (Fig. 6 A), we generated two genetic mouse
strains, Flt1” t;'Adjpoq—Cre and Fle1?” f,'LysM—Cre, in order to
rule out these possibilities. VEGFR 1 deletion from either adi-
pocytes or myeloid cells was acheived by crossing Fle1”*
with Adipog-Cre and LysM-Cre mice, respectively. However,
adipose angiogenesis, adipocyte morphology, and UCP1 ex-
pression levels remained unchanged in Flt1”;Adipog-Cre
mice relative to WT control mice (Fig. 6,B and C).

To exclude the involvement of inflammatory cells that
often expressVEGFR1 in our experimental settings, we gen-
erated a Flt1”";LysM-Cre genetic mouse strain carrying a spe-
cific deletion of VEGFR1 in monocytes/macrophages and
CD11b" splenic dendritic cells, neutrophils, and some B cells
(Sander et al., 2008; Gordts et al., 2014; Howangyin et al.,
2016). Despite sufficient deletion of VEGFR1 in CD11b"
cells in Flt1”;LysM-Cre mice, no alteration in adipose an-
glogenesis, adipocyte morphological phenotypes, and UCP1
expression were observed compared with those of WT lit-
termate control mice (Fig. 6, D—F). In addition, adipocyte
and myeloid deletion of VEGFR1 did not significantly alter
macrophage populations relative to their respective controls
(Fig. S5, G and H). Furthermore, cytokines inducing brown-
ing—IL-4, -6, and -10—were unchanged in pharmacologi-
cal inhibition and genetic deletion of endothelial VEGFR 1
experimental models (Fig. S5, [-K). These data exclude the
potential autonomous effect of VEGFR 1 on non-ECs.

mice

DISCUSSION

Increasing evidence shows that blood vessels in adipose tissues
play an important role in controlling adipose tissue functions
(Yang et al.,2013).WAT browning and activation of BAT con-
comitantly switch to an angiogenic phenotype as adipocytes
undergo thermogenic reprogramming (Xue et al., 2009; Seki

et al., 2016). Several key questions around these two concom-
itant processes need mechanistic efforts to gain insights. These
include the following: (a) which of these two processes occurs
first during browning; (b) which process plays a predominant
role in controlling thermogenesis; and (c¢) would interven-
tion of one process affect the other? It was originally thought
that hypervascularization in the metabolically active beige
WAT and BAT provided fuel for energy consumption and
metabolic changes in adipocytes would be the initial trigger
for angiogenesis (Asano et al., 1997). However, our previous
findings have changed this view because genetic deletion of
UCP1 does not affect cold-induced angiogenesis in brown-
ing WAT and BAT (Xue et al., 2009; Dong et al., 2013).Thus,
adipocyte-derived metabolites cannot be the primary driving
force for switching to the angiogenic phenotype.

The angiogenic program in browning WAT and BAT
is tightly controlled by a metabolic-independent mecha-
nism. Our recent studies show that VEGF is the key factor
responsible for the angiogenic switch in browning WAT
under cold exposure (Xue et al., 2009; Dong et al., 2013).
Blocking of VEGF or VEGFR 2 signaling completely inhibits
adipose angiogenesis (Xue et al., 2009; Honek et al., 2014),
demonstrating the crucial role of VEGF-VEGFR2 signaling
in cold-induced angiogenesis. Moreover, genetic deletion of
VEGFR2 in ECs also partly prevents angiogenesis in brown-
ing adipose tissues (Seki et al., 2016). Interestingly, blocking
the VEGF-VEGFR2 signaling pathway significantly affects
CL-induced WAT adipocyte browning. Because VEGFR?2
is exclusively expressed in blood vessel ECs, but not in ad-
ipocytes, these genetic and pharmacological loss-of-function
data demonstrate the existence of a paracrine loop in which
ECs control adipocyte functions.

Our time-course experimental data showed that an-
glogenesis was initiated several days before the browning of
WAT. This intriguing finding supports the fact that angio-
genesis occurs independent of adipocyte metabolic status.
These data also provide compelling evidence to support our
view of the primary function of adipose vasculature in reg-
ulating adipocyte functions. Thus, vascular changes occur
before adipocyte changes.

Physiological functions of VEGF and its receptor
VEGFR1 remain largely uncharacterized (Cao, 2009).
Although VEGFR1 may transduce positive signals for
angiogenesis and other vascular functions, other studies
suggest the decoyed role of this receptor in the modula-

HFD-fed WT littermate control and Fit17":Cdh5-Cre-ER™ mice (n = 6 mice/group). (D) Weights of various adipose depots of HFD-fed WT littermate control
and FIt17;Cdh5-Cre-ER™ mice (n = 6 samples/group). (E) Blood levels of FFA, glycerol, cholesterol, TG, fasting serum levels of glucose, and serum levels of
insulin in HFD-fed WT littermate control and FIt1%;Cdh5-Cre-ER™ mice (n = 6 samples/group). (F) Glucose tolerance test (GTT) of HFD-fed WT littermate
control and FIt17:Cdh5-Cre-ER™ mice (n = 10 mice/group). (G) Insulin tolerance test (ITT) of HFD-fed WT and Fit17":Cdh5-Cre-ER™ mice (n = 10 mice/group).
(H) Liver histology: liver weight and quantification of Qil Red O staining (n = 6 samples/group) of HFD-fed WT littermate control and Fit17":Cdh5-Cre-ER™
mice. (I) NE-stimulated, nonshivering thermogenesis in HFD-fed WT littermate control and Fit17":Cdh5-Cre-ER™ mice (n = 5 mice/group) and O, con-
sumption data presented as AUC (n = 5 mice/group). *, P < 0.05; **, P < 0.01; **, P < 0.001; n.s. = not significant by the standard Student's t test for pair
comparisons and ANOVA analysis for multiple factors. Bars, 50 um. Data are presented as means + SEM. Experiments were independently repeated twice.
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Figure 6. Nonautonomous effects of anti-VEGFR1-triggered WAT browning. (A) gPCR analysis of Ucp? mRNA expression in the anti-VEGFR1-

treated 3T3442A mature adipocytes (n = 6 samples/group). (B) Histological images of CD31* microvessels, H&E adipocyte morphology, PERI* adipocytes,
and UCP1* adipocytes from subWAT in WT littermate control and FIt 17" ;Adipog-Cre mice (n = 5 mice/group). (C) Quantification of vessel density, adipocyte
sizes, and UCP1 expression (n = 10 samples/group). (D) Vegfr1 mRNA expression levels of the CD11b* cell fraction of subWAT from WT littermate control
and FIt17:LysM-Cre mice (n = 6 samples/group). (E) Histological images of CD31* microvessels, H&E adipocyte morphology, PERI* staining, and UCP1*
adipocytes of SubWAT from WT littermate control and Fit17;LysM-Cre mice (n = 5 mice/group). (F) Data were quantified from 10 random fields. ** P <
0.001; n.s. = not significant by the standard Student's t test for pair comparisons. Bars, 50 um. Data are presented as means + SEM. Experiments were

independently repeated twice.

tion of VEGF functions (Cao, 2009). We show the sup-
pressive role of VEGFR1 in WAT wvascular homeostasis
under physiological functions. Surprisingly, inhibition of
VEGFR1 alone, without any exogenous stimulation with
growth factors, augmented a robust angiogenic response.
Interestingly, anti-VEGFR1 also significantly increased
VEGF expression, which could be the driving force for
inducing browning. Why would anti-VEGFR1 treatment
increase VEGF expression? At the time of writing, the
exact mechanism underlying the anti-VEGFR 1—triggered
VEGEF expression is unknown. However, we speculate that
browning adipocytes might produce higher levels of VEGF
than the quiescent white adipocytes, as seen in other ex-
perimental settings (Seki et al., 2016). Once the browning
phenotype is initiated in the adipose tissue, VEGF pro-
duction might be elevated.

620

Our findings are in sharp contrast to a recent study
showing the positive role of VEGF-B-VEGFR1 signaling
in the modulation of adipose metabolism (Robciuc et al.,
2016). Our data differ from their findings: (a) our experi-
mental settings were under physiological conditions with-
out introducing any exogenous factors, whereas the study
by Robciuc et al. (2016) used a VEGF-B—expressing, ade-
no-associated vector; (b) because VEGFR1 binds to both
VEGEF-B and PIGE it is highly plausible that PIGF also
plays an important physiological role in adipose metabolism.
Pharmacological and genetic ablation of VEGFR1 would
block the physiological functions of both factors. Thus, our
approaches address broader physiological functions that
were not limited to VEGF-B; (¢) the previous study can-
not exclude the autonomous role of VEGF-B-VEGFR1 on
adipocytes and other nonvascular cells, whereas our genetic

Anti-VEGFR1 induces browning white fats | Seki et al.
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models, with specific ablation of EC VEGFR1, produced
an overt browning phenotype; and (d) VEGFR1 is also
known to be expressed in non-ECs, including adipocytes
and myeloid cells (Cao, 2009; Liu et al., 2012). Thus, it is
plausible the VEGFR1* non-ECs might play a crucial role
in regulating adipose function. The authors of the previous
study investigated only the role of endothelial VEGFR1 in
regulating adipocyte function. We used two additional ge-
netic mouse models to address this important issue. Spe-
cific genetic deletion of VEGFR 1 in adipocyte and myeloid
did not produce overt phenotypes, hence, excluding the
non-ECVEGFR1 function in adipose metabolism.
Browning of WAT by genetic deletion of endothelial
VEGFR1 establishes a paracrine regulatory loop in which
ECs control adipocyte metabolism (Fig. 7). Pharmacologi-
cal and genetic ablation of VEGFR1 may switch VEGF to
VEGFR2 signaling and thereby enhance the VEGFR2-
mediated angiogenesis. Indeed, dual blocking VEGFR 1 and
VEGF by a combination of VEGF and VEGFR1 block-
ades completely prevents an angiogenic phenotype in WAT.
Similarly, dual inhibition of VEGFR1 and VEGFR2 com-
pletely blocked anti-VEGFR1-induced angiogenesis and
WAT browning. These data suggest that VEGE but not other
VEGFR1 ligands, is the primary driving force in VEGFR 1
inhibition-triggered angiogenesis. VEGF-dependent angio-
genesis in the absence of VEGFR1 indicates that VEGFR2
transduces active signals. The functional switch from negative
VEGFR1 to positive VEGFR2 without excessive VEGF sug-
gests the existence of an extremely sensitive balance between
these two receptors. At the molecular level, we also show that
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Decoy Angiogenesis

Browning

erentially bind to VEGFR1, which acts as a
decoy receptor. However, blocking VEGFR1
would reinforce VEGF binding to VEGFR2,
v which transduces angiogenic signals. It is
known that angiogenic ECs produce paracrine
factors to convey a browning phenotype of
WAT. Browning adipocytes consume excessive
energy through activation of a nonshivering
thermogenesis mechanism.

Energy expenditure

anti-VEGFR1 treatment alone is able to induce VEGFR2
phosphorylation in WAT. Under physiological nonbrown-
ing conditions, VEGFR1 predominates its functions by pre-
venting vessel growth. In fact, VEGF binds to VEGFR 1 with
10-fold higher affinity than it does to VEGFR2 (Hiratsuka
et al., 2001). When VEGF is expressed at a modest level, it
preferentially binds to VEGFR 1, not VEGFR2. All these data
support the general view that VEGFR1 serves as a negative
regulator of adipose angiogenesis. Thus, adipose vasculatures
remain quiescent under physiological conditions. Blocking
VEGFR1 redirects VEGF to interact with VEGFR2, which
induces angiogenesis. This is a tightly regulated system, and
the expression level of each ligand and receptor should be
optimal, otherwise creating situations of too few or too many
microvessels in the fat tissues. Optimal expression of VEGF
is crucial during embryonic development, as demonstrated
by haploinsufficiency being lethal in mice carrying only one
functional VEGF allele i.e., lowering the amount of VEGF
to half (Carmeliet et al., 1996; Ferrara et al., 1996). Along
with this observation, our recent studies demonstrated the
existence of a paracrine regulatory mechanism in which an-
giogenic ECs produce platelet-derived growth factor (PDGF)-
CC to control preadipocyte differentiation into beige adi-
pocytes (Seki et al., 2016). It appears that the VEGF-EC-
PDGF—preadipocyte axis operates WAT browning. Thus,
blocking either VEGF-VEGFR2 signaling or PDGF-CC—
PDGFRa signaling could effectively inhibit browning.
Ablation of VEGFR1 in ECs also markedly inhibits
obesity in HFD-fed mice by reducing WAT masses. Strik-
ingly, mice lacking VEGFR1 do not seem to develop liver
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steatosis and show improvement in insulin sensitivity and in
their blood lipid profiles. Based on these findings, we pro-
pose that pharmacological blocking of VEGFR1 provides
a novel therapeutic approach for treatment of obesity, liver
steatosis, and diabetes. Given clinically available anti-VEGF
and anti-VEGFR2 drugs for treatment of cancer and eye
disease, development of an anti-VEGFR1-neutralizing
antibody for treatment of metabolic disease would be a
straightforward and feasible therapeutic approach. Another
interesting notion is that ablation of VEGFR1 could fur-
ther augment other agent-induced browning phenotypes of
WAT. In this study, we showed that deletion of VEGFR1
further augmented B3 adrenoceptor CL-316,243-induced
angiogenesis and browning. These findings would suggest
that a combination of anti-VEGFR 1 agents with the known
WAT browning agents would produce greater effects on
nonshivering thermogenesis and ultimately provide meta-
bolic improvement in the treatment of type 2 diabetes and
other metabolic diseases.

MATERIALS AND METHODS

Animals

C57B1/6 mice were obtained from the breeding unit at the
Department of Microbiology, Tumor and Cell Biology, Kar-
olinska Institute (Stockholm, Sweden). For all experiments,
mice were randomly divided into groups. All mouse studies
were approved by the Northern Stockholm Experimental
Animal Ethical Committee.

Antibodies and reagents

Dexamethasone (DEX), insulin, 3-isobutyl-1-methylxan-
thine (IBMX), isoproterenol, and tamoxifen were purchased
from the Sigma-Aldrich. Primer sequences for all PCR and
quantitative PCR (qPCR) experiments are listed in Table S1.
Hepes, DMEM, and lysine-fixable fluorescein dextran at a
molecular mass of 70 kDa (D1822) or 2,000 kDa (D7137)
were purchased from the Thermo Fisher Scientific Inc. Anti-
bodies included a rat anti-mouse endomucin antibody (14-
5858-85; eBioscience), a rabbit anti-mouse UCP1 antibody
(10983; Abcam), a rat anti-mouse CD31 antibody (553370;
BD Pharmingen), a rat anti-mouse VEGFR 1 antibody (MF1;
ImClone Systems), and an anti-mouse f-actin antibody
(3700S; Cell Signaling Technology).

Cell culture and treatment

3T3F442A preadipocytes were cultured and maintained in
DMEM supplemented with 10% FBS, 100 units/ml peni-
cillin, and 100 pg/ml streptomycin. Cell differentiation was
induced for 48 h with a DMEM medium containing 850
nM insulin, 0.5 mM IBMX and 0.1 uM DEX, followed by
treatment with 850 nM insulin for subsequent 7-10 d. After
10-d induction of differentiation, cells were treated with a
rat anti-mouse VEGFR 1 (anti-R 1) neutralizing antibody or a
nonimmune IgG (NIIgG) for 24 and 72 h. UCP1 expression
was determined by qPCR.
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Pharmacological blocking of VEGFRs

For pharmacological treatment, female, WT C57Bl/6 mice at
7- to 8-wk-old received treatment of a specific anti-mouse
VEGFR1 (20 mg/kg, 1.p., twice per week, 3—4 times during
the entire experiment), an anti-VEGFR2 (20 mg/kg, i.p.,
twice per week, 3—4 times during the entire experiment),
or NIIgG for 10 d (n = 8 mice per group per experiment).
These treatment regimens have been known to effectively
block their targeted signaling pathways. Treated mice were
subjected for metabolic analysis, followed by sacrifice and tis-
sue collection. NIIgG-treated mice using the same regimens
served as control groups.

Vascular permeability and perfusion

Vascular perfusion and permeability assays were performed
according to our previously published methods (Rouhi et
al., 2010; Lim et al., 2012, 2014; Hosaka et al., 2013;Yang et
al., 2015, 2016; Seki et al., 2016; Zhang et al., 2016). Briefly,
lysine-fixable fluorescein dextrans with molecular masses of
70 kDa or 2,000 kDa were injected into the tail vein of each
mouse receiving anti-VEGFR1 or NIIgG treatment as de-
scribed in the main text. At 5 and 15 min after injections with
2,000 kDa and 70 kDa, respectively, mice were sacrificed, and
various adipose depots were immediately fixed with 4% para-
formaldehyde overnight for whole-mount staining. The leak-
age and perfusion were quantified by microscopic-captured
images using an Adobe Photoshop CS software program.

Genetic deletion of VEGFR1 in various mouse trains
The global VEGFR1 KO mice were generated by cross-
ing Flt1”" mice with Rosa26-Cre-ER™ in a C57Bl/6- and
S129-mixture background. Mice were maintained by back-
crossing in the C57Bl/6 background (provided by G.-H.
Fong, University of Connecticut Health Center, Farming-
ton, CT; Fong et al., 1995). The myeloid cell linage—specific,
VEGFR 1-deficient mice were generated by crossing the
Flt1” mice with LysM-Cre in a C57Bl/6 background (pro-
vided by M. Rottenberg, Karolinska Institute, Stockholm,
Sweden). The adipocyte-specific, VEGFR 1-deficient mice
were generated by crossing the Flt1”" mice with Adipog-Cre
mice in a C57Bl/6 background (provided by C. Ibanez, Kar-
olinska Institute). The EC-specific, VEGFR 1-deficient mice
were generated by crossing Flt1”" mice with Tie2-Cre-ER ™
or Cdh5-Cre-ER™ mice in C57Bl/6 backgrounds (gen-
erated by A. Bernd and provided by the European Mouse
Mutant Archive and R. Adams, Max Planck Institute for
Molecular Biomedicine, Muenster, Germany, respectively.).
These transgenic strains were identified by genotyping using
either ear or tail DNA and a PCR-based method. The spe-
cific primer sequences for genotyping are showed in Table S1.
The global and EC deletion of the Vegfrl gene was achieved
by treating mice with tamoxifen.

For generation of the global Vegfi1 KO strain, the Fle1”";
Rosa26-Cre-ER " mice were treated with tamoxifen (2 mg/
mouse, 1.p., once daily for a consecutive 3 d). Deletion of the
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Vegfr1 gene in the Flt1”;Cdh5-Cre-ER™ and Flt1"*; Tie2-
Cre-ER™ mice was achieved by tamoxifen induction (2 mg/
mouse, 1.p., once daily for a consecutive 5 d). About 8-10 d
after the last tamoxifen injection, mice were analyzed for me-
tabolism, followed by euthanasia and tissue collection. For the
diet-induced obese model, the mice were maintained under
standard animal housing conditions and were fed with either
standard diet or HFD (D12492; Research Diets Inc.).

Isolation of mature adipocyte fraction (MAF) and stromal
vascular fraction (SVF)

The primary MAF and the SVF from subWAT of WT and
tamoxifen-treated conditional KO mice were fractioned with
a collagenase-digestion—based method (Seki et al., 2016). Tis-
sues were collected, minced, and digested at 37°C for 0.5 h
in a collagenase-digestion solution (0.15% collagenase II,
10 mM Hepes, and 5% BSA in DMEM). During digestion,
the suspension was triturated with a vortex every 5 min and
eventually quenched on ice for 5 min, followed by centrifu-
gation at 300 g for 5 min. The floating adipocytes were col-
lected, washed with PBS, and centrifuged at 300 g for 10 min.
The floating adipocytes were harvested as MAE The remain-
ing suspension was passed through a 70-pm mesh to remove
undigested debris, and effluents were centrifuged at 300 g for
10 min. The SVF pellet was washed once with PBS. Cells
in SVF were subjected to magnetic-activated cell sorting
(MACS) for isolation of either CD31* or CD11b" cell pop-
ulations for assessing KO efficiency. SVF cells were incubated
using an anti-mouse CD31 microbeads antibody (130-097-
418; Miltenyi Biotec) or a PE-labeled rat anti-mouse CD11b
antibody (101208; BioLegend), followed by staining with a
magnet-conjugated anti-PE antibody (120-000-294; MACS).
Stained cells were separated with MACS columns and an
OctoMACS separator (130-042-201 and 130-042-109;
MACS) according to the manufacturer’s instruction (MACS).
Gene expression levels were quantitatively measured by qPCR.

Metabolic measurements

NE-induced thermogenesis and whole-body energy metab-
olism were quantified by measuring the oxygen consumption
of each mouse over defined time points using the Oxymax
CLAMS-HC System (Columbus Instruments). The Oxy-
max machine was kept at 30°C, and the oxygen sensor was
heated up for at least 6 h before calibration with the reference
gases: 100% nitrogen gas and a mixture of 20.5% O, and 0.5%
CO:.. For the whole-body energy metabolism, CO; and O,
were measured, and the data were collected every 25 min for
each mouse. Metabolic rates were measured as baselines for
24 h before s.c. NE injection (1 mg/kg). The area under the
curve (AUC) of the volume of oxygen (VO,) consumed was
calculated for a period of 60 min before NE injection until
160 min after injection. NE-induced thermogenesis for the
VEGFRs blockade (Fig. 1 I) was determined by an assess-
ment of oxygen consumption using an open-circuit indi-
rect calorimeter INCA system (Somedic INCA). During
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the measurement, the mice were anaesthetized, and the basal
metabolic rate was measured before NE injection.

Glucose and insulin tolerance tests

Mice were fasted for 6 h during the light phase, with free
access to water on the day of the tests. Blood samples col-
lected from the tail vein were used to measure glucose levels
with a glucometer (Accu-Chek Aviva; Roche Diagnostics)
immediately before and at 15, 30, 60, and 120 min after oral
feeding with 1.5 mg glucose and 10 pl/g body weight and
1.p. injection of insulin (0.5 U/kg-body weight), respectively.

Blood lipid profiling

FFA, glycerol, cholesterol, and TG were measured with a sen-
sitive assay kit (ab65341,ab65337,ab65359, ab65336; Abcam).
Blood insulin was measured with a sensitive ELISA kit ac-
cording to the manufacturer’s instruction (10-1247-01; Mer-
codia). Blood was collected by cardiac puncture. Mice were
fasted for 6 h before sacrifice and blood collection.

Histology and immunohistochemistry

Paraffin-embedded tissue sections in 5-um thickness were
stained with hematoxylin and eosin (H&E) using our standard
protocol (Lim et al., 2014; Iwamoto et al., 2015; Seki et al.,
2016). For UCP1 and CD31 staining, the paraffin-embedded
tissue sections were incubated with a rabbit anti-mouse UCP1
antibody (1:200;Abcam) and a rat anti-mouse CD31 antibody
(1:200), followed by staining with a mixture of secondary an-
tibodies comprising an Alexa Fluor 555—labeled goat anti—rat
antibody (1:200; Invitrogen) and an Alexa Fluor 649—-labeled
goat anti—rabbit antibody (1:400; Jackson ImmunoR esearch
Laboratories Inc.). Positive signals were captured with a flu-
orescence microscope equipped with a Nikon DS-QilMC
camera. A rat anti-mouse VEGFR 1 antibody (1:100 dilution
in blocking buffer) was used for incubation at 4°C overnight.
A secondary goat anti—rat Alexa 555 antibody (A21434; 1:200
dilution; Invitrogen) in blocking buffer was incubated at room
temperature for 1 h. For lipid staining, Oil Red O staining was
performed according to the BioVision manual. In brief, frozen
liver sample was fixed with 4% paraformaldehyde for 30 min,
washed with 60% isopropanol, and stained at 37°C with Oil
Red O (0O1391; Sigma-Aldrich) solution for 15 min. Nuclei
were counterstained with hematoxylin for 10 min, mounted
with glycerol, and examined under a light microscope.

Whole-mount staining

‘Whole-mount staining was performed according to our previ-
ously published, standard method (Hosaka et al., 2013; Lim et
al., 2014; Iwamoto et al., 2015; Seki et al., 2016). Paraformal-
dehyde-fixed subWAT, visWAT, and interscapular BAT (iBAT)
tissue samples were digested with proteinase K (20 pg/ml) for
5 min and blocked with skim milk, followed by staining over-
night at 4°C with a rat anti-mouse CD31 antibody (1:200).
After rigorous rinsing in PBS, blood vessels were detected
with an Alexa Fluor 555-1abeled secondary antibody, mounted
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in Vectashield mounting medium (Vector Laboratories, Inc.),
and stored at —20°C in darkness before examination under a
Nikon C1 confocal microscope. Captured images were further
analyzed using an Adobe Photoshop CS software program.

RNA isolation, RT-PCR, and qPCR analyses

Total RNA was extracted from cells and tissues using TRIzol
(Invitrogen) and GeneJET RNA purification kits accord-
ing to the manufacturer’s instructions. The total RNA was
reversely transcribed, and ¢cDNAs were used for PCR and
qPCR analyses using the primers listed in Table S1. Samples
were stored at —20°C and subjected to qPCR using an ABI
Prism 7500 System (Applied Biosystems). Each qPCR sample
was performed in triplicate, and the 20-pl reaction contained
Fast SYBR Green (4385612; Applied Biosystems), 150 nM
forward and reverse primers, and 1 pl cDNA.The qPCR pro-
tocol was executed for 40 cycles, and each cycle consisted of
denaturation at 95°C for 15 s, annealing at 60°C for 1 min,
and extension at 72°C for 1 min.

Western immunoblotting

subWAT tissues were lysed with protein extraction regent
(C3228; Sigma-Aldrich) in the presence of a proteinase in-
hibitor (8340; Sigma-Aldrich) and a phosphatase inhibitor
cocktail (5870; Cell Signaling). For VEGFR2 phosphoryla-
tion analysis, an equal amount of total protein extract from
each tissue lysate was incubated overnight with Protein
G-Agarose immunoprecipitation using an anti—phospho-ty-
rosine antibody (APY03; Cytoskeleton). For CD31 detection,
equal amounts of total protein were applied. Tissue samples
along with a size marker were loaded on an SDS-PAGE gel
(NP0321/NP0323; Life Technologies), followed by transfer-
ring onto a nitrocellulose membrane (88018; Thermo Fischer
Scientific). After blocking with 3% skim milk, membranes
were incubated with a rabbit anti-VEGFR2 (2479; Cell Sig-
naling) antibody, a goat anti-CD31 (AF3628; R&D system)
or a mouse anti—f-actin (3700; Cell Signaling) antibody, fol-
lowed by incubating with an anti-rabbit IRDye-680RD—
labeled secondary antibody (926-68073; LI-COR), an
anti-goat IRDye 800CW-labeled secondary antibody (926-
32214; LI-COR), an anti-mouse IRDye 680RD labeled sec-
ondary antibody (926-68072; LI-COR), or an anti—-mouse
IR Dye-800CW-labeled antibody (926-32212; LI-COR).
Positive signals were visualized and quantified using Odys-
sey CLx system (LI-COR).

Statistical analysis

Statistical analysis was performed using the standard Student’s
t test for pair comparisons and ANOVA for multiple factors.
Data are presented as means = SEM of determinants, and val-
ues of P < 0.05 were deemed statistically significant.

Online supplemental material

Fig. S1 shows that blocking VEGFR 1 augments adipose an-
giogenesis, visWAT browning, and iBAT activation. Fig. S2
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shows that genetic elimination of VEGFR1 induces angio-
genesis, visWAT browning, and iBAT activation. Fig. S3 shows
that endothelial deletion of VEGFR 1 augments angiogenesis
and visWAT browning in Flt1”’; Tie2-Cre-ER "* mice. Fig. S4
shows that deletion of endothelial VEGFR 1 in Flt17:Cdh5-
Cre-ER ™ mice induces visWAT angiogenesis and browning.
Fig. S5 shows that conditional KO of VEGFR1 in ECs of Flt1 e,
Tie2-Cre-ER™ mice increases antiobesity activity. Table S1
shows the sequences of the primers used in the experiments.
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