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SUMMARY

Impaired angiogenesis has been implicated in adipose tissue dysfunction and the development of
obesity and associated metabolic disorders. Here, we report the unexpected finding that vascular
endothelial growth factor B (VEGFB) gene transduction into mice inhibits obesity-associated
inflammation and improves metabolic health without changes in body weight or ectopic lipid
deposition. Mechanistically, the binding of VEGFB to VEGF receptor 1 (VEGFR1, also known as
FItl) activated the VEGF/VEGFR2 pathway and increased capillary density, tissue perfusion, and
insulin supply, signaling, and function in adipose tissue. Furthermore, endothelial ~/tZ gene
deletion enhanced the effect of VEGFB, activating the thermogenic program in subcutaneous
adipose tissue, which increased the basal metabolic rate, thus preventing diet-induced obesity and
related metabolic complications. In obese and insulin-resistant mice, Vegfb gene transfer, together
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with endothelial F/tZ gene deletion, induced weight loss and mitigated the metabolic
complications, demonstrating the therapeutic potential of the VEGFB/VEGFR1 pathway.

Graphical abstract

In Brief: Robciuc et al. show that the VEGFB/VEGFR1 pathway can be employed to engage the
VEGF/VEGFR2 angiogenic pathway in adipose tissue. This mechanism increases adipose tissue
vascularity without pathological side effects and provides a safe therapeutic option for restoring
insulin sensitivity and promoting weight loss in obesity.
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INTRODUCTION

Obesity is of serious concern, because it increases the incidence of type 2 diabetes and many
other chronic diseases. There are no effective treatments available for the general population,
and lifestyle interventions are difficult to sustain and ineffective in patients with established
diabetes (Wing et al., 2013). Therefore, treatments that prevent obesity from progressing to
cardiovascular and metabolic disease are desperately needed.

Vascular endothelial growth factors (VEGFs) and their receptors (VEGFRs) control the
growth and remodeling of the vasculature, and recent evidence has highlighted the role of
these processes in obesity and insulin resistance. The VEGF family consists of five secreted
glycoproteins in mammals: VEGF (or VEGFA), VEGFB, VEGFC, VEGFD, and placenta
growth factor (PIGF) (Holmes and Zachary, 2005; Shibuya, 2013). The VEGF ligands bind
with differing specificities to three endothelial tyrosine kinase receptors: VEGFR1/fms-like
tyrosine kinase 1 (FIt1), VEGFR2/human Kkinase insert domain receptor (KDR)/mouse fetal
liver kinase 1 (FIk1), and VEGFR3/fms-like tyrosine kinase 4 (FIt4) (Koch and Claesson-
Welsh, 2012; Shibuya, 2013). Neuropilin (NRP)-1 and NRP-2 are co-receptors for the
various VEGFRs in endothelial cells (Pellet-Many et al., 2008). VEGF signaling via
VEGFR?2 is the bona fide angiogenic pathway in normal and pathological processes (Chung
and Ferrara, 2011). VEGF has a 10-fold lower affinity to VEGFR2 than to VEGFR1, which
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serves mainly as a decoy receptor without effective signal transduction in the endothelium
(Koch et al., 2011). A soluble form of VEGFRL1 is also produced, which regulates
angiogenesis by blocking VEGF activity (Shibuya, 2013). PIGF and VEGFB bind only to
VEGFR1, but unlike PIGF, VEGFB does not induce VEGFR1 downstream signaling
(Anisimov et al., 2013). Instead, VEGFB is considered to function by displacing VEGF
from VEGFR1 to VEGFR?2, thus activating VEGFR2 (Bry et al., 2014; Kivel4 et al., 2014;
Shibuya and Claesson-Welsh, 2006).

Induction of angiogenesis in adipose tissue via VEGF/VEGFR2 has been shown to activate
of the thermogenic program in brown and white adipose tissue and to protect mice from
obesity and associated metabolic complications (Elias et al., 2012; Sun et al., 2012, 2014;
Sung et al., 2013). Although VEGFB shows great potential for improving tissue
vascularization, this is thought to be limited to cardiac tissue, which has the highest
endogenous expression of VEGFB (Bry et al., 2010; Li et al., 2008a). Studies by Hagberg et
al. (2010, 2012) proposed that VEGFB induces fatty acid transport across the endothelium in
heart, skeletal muscle, and brown adipose tissue and that VEGFB inhibition could provide a
novel treatment for type 2 diabetes. Blockade of VEGFB prevented lipid deposition in extra-
adipose tissues, increased peripheral glucose uptake, maintained fasting and postprandial
glucose levels, and improved glucose tolerance and insulin sensitivity. VEGFR1 and its
tyrosine kinase activity, as well as NRP-1, were needed for the VEGFB-mediated effects on
fatty acid transport across the endothelium. This was surprising, because VEGFR1 is a weak
tyrosine kinase and VEGFB does not induce efficient VEGFR1 dimerization or signaling
(Anisimov et al., 2013). Moreover, we found no difference in fatty acid uptake among the
hearts of VEGFB transgenic, gene-deleted, and wild-type rats (Kiveld et al., 2014).
Replication of high-fat diet (HFD) studies in VEGFB gene-deleted mice did not reproduce
the data published by Hagberg et al. (2010, 2012) (Dijkstra et al., 2014).

Here, we report on a comprehensive interrogation of the role of VEGFB and VEGFRL1 in
obesity and insulin resistance. Unexpectedly, we found improved glucose metabolism,
insulin sensitivity, and reduced inflammation in adipose tissue of Vegfb-transduced mice and
in a Vegfb transgenic mouse model with increased VEGFB expression in adipose tissue.
Mechanistically, we demonstrate that VEGFB binding to VEGFRL1 increases adipose tissue
vascularity and blood perfusion by activating the VEGF/VEGFR2 pathway. The vascular
remodeling induced by VEGFB in obese mice improved the delivery, signaling, and function
of insulin, thereby alleviating the metabolic complications of obesity. When fully engaged,
the VEGFB/VEGFR1 pathway promoted the thermogenic program in subcutaneous adipose
tissue and enhanced the basal metabolic rate, rendering mice resistant to diet-induced
obesity and related metabolic complications. Thus, the VEGFB/VEGFR1 mechanism
overcomes the well-established toxicity of VEGFA, which disrupts the normal patterning of
the microvasculature.

VEGFB Improves Obesity-Related Metabolic Complications

We showed recently that VEGFB is a potent inducer of cardiac vascular remodeling, which
protects the heart from ischemic damage but has no effect on cardiac fatty acid uptake
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(Kiveld et al., 2014). Because discordant results were reported from HFD studies in Vegft/~
mice, we replicated these studies in our laboratory using the same protocol that was used in
the previous two reports (Dijkstra et al., 2014; Hagberg et al., 2012). We observed no
differences in body weight, body composition, fasting glucose, or glucose tolerance test
between Vegft/~ and wild-type mice fed a standard diet or a HFD (Figure S1).

To determine whether increased VEGFB levels affect obesity and insulin sensitivity, we
performed HFD studies in mice transduced with recombinant adeno-associated virus vector
(AAV) producing VEGFB1gg (AAV-B186) or containing a scrambled control sequence
(AAV-Ctrl) (Figures S2A-S2D). Although AAV-B186 did not affect body weight, body
composition, or food consumption, it significantly improved the metabolic health of the
obese mice (Figures 1A and 1B; Table S1). The AAV-B186 mice had no significant changes
in glucose levels but had lower fasting levels of triglycerides and insulin in serum (Figures
1C-1E) and an improved response in intraperitoneal glucose and insulin tolerance tests (IP-
GTT and IP-ITT, respectively) (Figures 1F-1H). There were no changes in triglyceride
levels in the liver or heart or in lipid class profiles in the liver (Figures 11-1K; Figures S3A-
S3C), contrasting with the proposed role of VEGFB in ectopic lipid deposition (Hagberg et
al., 2010, 2012). No significant changes in glucose-induced insulin secretion, basal
metabolic rate, substrate utilization, or circadian activity were observed in the AAV-B186
mice (data not shown).

VEGFB Induces Expansion of Adipose Tissue Vasculature

VEGFB1gg promotes cardiac hypertrophy, inducing an athletelike heart without conversion
to cardiomyopathy (Kiveld et al., 2014). Necropsy analyses showed that the VEGFB1g6-
transduced mice had larger hearts after HFD feeding (Table S2). The epididymal white
adipose tissue (eWAT) mass was also increased, even though other fat pads, whole body
weight, and body composition were not changed (Tables S2 and S1, respectively). Gene
expression analysis of eWAT showed reduced expression of inflammatory markers in the
AAV-B186 mice but no changes in the ratio of M1/M2 macrophage polarization markers
(Figure 1L). The increased eWAT mass in the AAV-B186 mice was likely due to reduced
death of adipocytes that accumulate in crown-like structures (Figures 1M and 1N). CD31
gene expression analysis indicated an increase in vascular density in the e WAT of AAV-
B186 mice, which was confirmed by whole-mount staining (Figure 1L; Figure S4A-S4D).

The increased vascular density in adipose tissue was a surprising finding, because the
vascular effects of VEGFB were thought to be restricted mostly to cardiac tissue. The
VEGFB effects on adipose tissue vasculature have not been investigated previously,
although adipose tissue expresses the highest level of VEGFB mRNA after cardiac and
skeletal muscle (Bry et al., 2014).

To determine whether the increased vascular density in the Vegfb-transduced mice is
secondary to reduced inflammation in adipose tissue or is a primary effect of VEGFB, we
analyzed adipose tissue vasculature at earlier time points after AAV administration and on a
standard diet. Just 2 weeks after AAV administration, VEGFB1gg induced a robust increase
in the capillary network density and vessel size, causing reddening of the e WAT (Figures
2A-2F). Microvasculature in the VEGFB1gg-transduced adipose tissue had a regular pattern
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in contrast to VEGFqg4-transduced tissue, which displayed capillary abnormalities even
though the AAV-VEGFA g4 dose was 5-fold lower (Figures 2A and 2B). The VEGFB 147
isoform had similar effects as VEGFB1gg 0n adipose tissue microvasculature (data not
shown). Capillary blood flow, blood vessel coverage with mural cells, and permeability to
Evans blue or 100 nm nanoparticles was not altered in the Vegfi-transduced mice (Figures
S5A-S5D) (Bry et al., 2010). Furthermore, unlike with VEGF, the vascular remodeling was
not accompanied by an increased infiltration of inflammatory cells (Figure S5E). Increased
vasculature remodeling was also observed in brown adipose tissue (BAT) from rats
transduced with AAV encoding human VEGFB1gg (Figures S6A and S6B) and in inguinal
white adipose tissue (iWAT) of female mice (Figure S6C).

Because the liver is effectively transduced by AAVs (Figure S2B) and VEGF is known to
induce a strong response in the liver, we analyzed the livers from our AAV-transduced mice.
VEGFB had no effect on liver capillary density, sinusoidal endothelial cell fenestrae,
macrophage recruitment, or metabolic zonation in the liver (Figures STA-S7D).
Furthermore, global transcriptomics analysis of the liver did not reveal significant changes in
gene expression or pathway analysis (data not shown).

To further validate these results, we generated transgenic mice with aP2/FABP4 promoter-
driven expression of the mouse V&gfb gene (aP2-genB), which encodes both VEGFB
isoforms. VEGFB levels were increased in adipose tissue and serum from the aP2-genB
mice (Figures SBA-S8E), which also showed increased vessel perfusion in eWAT (Figures
2G and 2H) and increased CD31 mRNA levels in tissues expressing the transgene (Figure
21). Although the VEGFB protein levels were significantly increased in skeletal muscles of
the aP2-genB mice, the skeletal muscle endothelial cells markers were not altered (Figure
S8F). HFD feeding of aP2-genB mice resulted in a similar phenotype to that in the AAV-
VEGFB-transduced mice, although there was no clear reduction of eWAT inflammation
(Figures S9A-S9G). HFD-fed aP2-genB mice gained less weight (Figure S9A) and had a
significantly reduced fat mass when compared to wild-type littermates (Figure S9H). The
reduction in fat mass was associated with upregulation of the thermogenic program in the
subcutaneous adipose tissue (Figure S9I).

VEGFB-Induced Vascular Remodeling in Adipose Tissue Requires VEGF/VEGFR2

VEGFB binding to VEGFR1 does not trigger cellular signals directly; instead, VEGFB is
considered to function by displacing VEGF from VEGFR1 to VEGFR2 (Anisimov et al.,
2013; Bry et al., 2014; Kiveld et al., 2014; Shibuya and Claesson-Welsh, 2006). To test this
proposed mechanism in adipose tissue, we deleted Flt1 in endothelial cells of FIt1-fl/
fl:Pdgfb-CreERT2 (FIt1-ECKO) mice by tamoxifen administration (Figures SI0A-S10D).
This resulted in reduced levels of VEGFR1, with the remaining protein in adipose tissue and
serum likely produced by non-endothelial cells such as macrophages. The Flt1-ECKO mice
had increased adipose tissue capillary density and tissue perfusion, which was boosted by
Vegfb gene transfer (Figure 3A). To determine whether VEGF binding to VEGFR2 is
responsible for the increased adipose tissue vascularity in the VEGFB-transduced mice, we
blocked VEGF/VEGFR2 signaling using the anti-VEGFR2 antibody DC101. DC101
treatment completely prevented the expansion of adipose tissue capillary network induced
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by VEGFB (Figure 3B), while VEGFR2 deletion was incomplete and therefore not
conclusive (Figure S11). Elevated levels of VEGFB or VEGFR1 deletion did not affect PIGF
levels in adipose tissue (Figures S12A-S12D). These data indicate that in vivo, elevated
levels of VEGFB and reduced levels of VEGFR1 can induce adipose tissue angiogenesis by
engaging the VEGF/VEGFR2 angiogenic pathway.

VEGFB-Induced Vascular Remodeling Improves Insulin Supply, Signaling, and Function in

Obese Mice

To determine whether the VEGFB-induced capillary expansion is necessary for the
improvement of glucose metabolism, we tested acute and chronic effects of VEGFB.
Injection of VEGFB protein did not affect the insulin-induced decrease of blood glucose
(Figure S13A); however, improved glucose tolerance was evident 4 weeks after the injection
of AAV-B186 (Figure S13B) suggesting that vascular remodeling is required for the changes
in glucose metabolism induced by VEGFB.

To gain further mechanistic insight on how increased capillary density induced by VEGFB is
related to the improved glucose metabolism, we tested insulin supply, signaling, and
function at the tissue level. We found that the AAV-B186 mice fed a HFD for 5 weeks had
increased insulin levels and signaling in the eWAT, heart, and to some extent, liver (Figures
4A-4C). Accordingly, adipose tissue insulin sensitivity was retained in AAV-B186 mice, as
indicated by a significant insulin-induced inhibition of the adipose tissue lipolytic rate, as
evidenced by reduced serum glycerol (Figure 4D).

To analyze the effect of VEGFB on glucose metabolism and insulin action in more detail,
we performed experiments using a glucose tracer in an established preclinical model of the
metabolic syndrome, the apoE*3Leiden;hCETP-Tg mouse (van den Hoek et al., 2014).
Similar to the results obtained using wildtype mice, the apoE*3Leiden;hCETP-Tg mice
transduced with VEGFB had significantly lower fasting insulin levels and improved glucose
tolerance (Figures S14A-S14C). We then injected [U-13C]-glucose to estimate whole-body
glucose metabolism with minimal perturbation of the steady-state metabolism (van Dijk et
al., 2013). The bioavailability of the isotope was similar among the three groups, but glucose
half-life was significantly reduced in the VEGFB-transduced mice (Figures 4E and 4F).
Moreover, VEGFB increased glucose clearance rate and peripheral insulin sensitivity
(Figures 4G and 4H).

A more comprehensive measurement of the insulin sensitivity can be achieved by employing
the hyperinsulinemic-euglycemic clamp (IC) with isotopic glucose tracers. For these studies,
we used HFD-fed aP2-genB and wild-type littermates according to an established protocol
(Ayala et al., 2011; Ayala et al., 2006). Basal and clamp glucose levels were similar in wild-
type and aP2-genB mice (Figure 41). The aP2-genB mice were more sensitive to insulin than
were their wild-type littermates, as evidenced by the 30% higher glucose infusion rate (GIR)
(Figure 4J). The increased GIR during the clamp was due to an increase in glucose
disappearance (Ry) calculated using arterial [3-3H] glucose dilution (Figure 4K). The rate of
endogenous glucose appearance (endoR,) was not affected by aP2-driven expression of
VEGFB (Figure 4L). The increased Ry was supported by the increased glucose metabolic
index (Rg) in muscle and inguinal fat calculated from intravenous 2-[*4C]deoxyglucose
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(2DG) and the tissue accumulation of phosphorylated 2DG (Figure 4M). Similar to the
observations in AAV-B186-transduced mice, the adipose tissue insulin sensitivity was
greatly improved, because hyperinsulinemia effectively reduced the non-esterified fatty acid
levels in the serum (Figures 4N and 40).

In summary, these results demonstrate that the insulin sensitizing effects of VEGFB are
reproducible in three independent tests of insulin action in three independent laboratories.

Endothelial Deletion of VEGFR1 Enhances the Metabolic Effects of VEGFB

VEGFB binds to VEGFR1 and to the NRP-1 co-receptor (Bry et al., 2014), whereas the
VEGFB exon 1-5 (Bgx1_5) encoded protein lacks NRP-1 binding (Makinen et al., 1999). To
analyze whether NRP-1 binding by VEGFB is required for the observed phenotypes, we
performed a HFD study comparing AAV-B186, AAV-B167, and AAV-Bgy;_5. After 6 weeks
of HFD, the mice in all three groups had a significant reduction in fasting insulin and
improved glucose tolerance (Figures S15A-S15F). Furthermore, AAV-Begy;_5-transduced
mice had increased vessel density and reduced inflammation in adipose tissue (Figures
S15G-S15K), indicating that NRP-1 binding was not required.

Mice with partial deletion of VEGFR1 induced by three different Cre lines showed
improved glucose tolerance, which was potentiated by Vegfb gene transfer (Figure 5A).
These findings prompted us to study the metabolic effects of VEGFR1 deletion with or
without VEGFB transduction. Partial VEGFR1 deletion rendered mice resistant to diet-
induced obesity, and transduction of these mice with AAV-B186 boosted the phenotype (see
Figure 5B and Table S3 for body composition analyses). The phenotype was not explained
by changes in food consumption or lipid excretion (Figure 5C; Figure S14A). Although
fasting serum glucose was only modestly reduced in the FIt1-ECKOC mice (Figure S16B),
there was robust reduction of fasting serum insulin and improved tolerance to glucose and
insulin (Figures 5D-5F; Figures S16B-S16D). Moreover, adipose tissue response to insulin
was preserved in the FIt1-ECXO mice transduced with AAV-B186 (Figure 5G). Necropsy
showed that FIt1-ECKO; AAV-B186 mice had less abdominal adipose tissue and liver fat than
control mice (Figure 5H). This was confirmed using biochemical and histological analysis
(Figures 51 and 5J; Figure S16E). Furthermore, serum lipid analysis showed a significant
reduction of cholesterol and triglycerides in the FIt1-ECKO; AAV-B186 mice (Figures S16F
and S16G).

These analyses revealed that the FIt1-ECKO; AAV-B186 mice fed a HFD are lean and
metabolically healthy, but they did not explain the mechanism behind their resistance to diet-
induced obesity. The most striking reduction in fat pad weight occurred in subcutaneous
WAT (iWAT), which had small adipocytes and increased vascular density (Figure 5K;
Figures S16H and S161). Gene expression analysis revealed that besides the increased
expression of the endothelial marker CD31, there was strong induction of thermogenic
genes, such as PRDM16, UCP-1, and Cidea (Figure 5L). Increased UCP-1 expression was
evident also by immunohistochemistry (Figure 5M). Furthermore, Flt1-ECKO;AAV-B186
mice had a significantly increased 2DG uptake in iWAT and heart (Figure 5N; Figure S16J).
To determine whether these changes increased the whole-body basal metabolic rate, we
performed indirect calorimetry analyses after 3 weeks of HFD feeding, before overt changes
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in body weight occurred. The FIt1-ECKO; AAV-B186 mice showed increased O,
consumption, CO, production, and energy expenditure independent of the ambient
temperature, without changes in the respiratory exchange ratio or locomotor activity
(Figures 50 and 5P; Figures S16K-S16M). Increased metabolic activity was also reflected
by increased body temperature in FIt1-ECKO; AAV-B186 mice at room temperature and after
acute cold exposure (Figure S16N).

These results demonstrate that the VEGFB/VEGFR1 pathway can be employed to induce
adipose tissue angiogenesis via activation of the VEGF/VEGFR2 pathway and that this can
act as a fat-burning switch that increases the basal metabolic rate and protects mice from
diet-induced obesity and related metabolic complications.

Demonstration of the Therapeutic Potential of the VEGFB/VEGFR1 Pathway in Obese Mice

Next, we studied whether the VEGFB gene transfer can be used as a therapy for insulin-
resistant obese mice. For this, we used mice fed a HFD for 7 weeks that were obese and
glucose and insulin intolerant. We transduced the mice with AAV-Ctrl or AAV-B186,
continued HFD feeding for an additional 6 weeks, and reassessed their weight gain and
response to IP-GTT and IP-ITT (Figure 6A). Vegfb transduction had no effect on obesity but
reverted the glucose intolerance and delayed the progression of the insulin intolerance
(Figures 6B—6F).

The availability of the FIt1-flox mice allowed us to determine whether the thermogenic
capacity of white adipose tissue can be induced in obese mice via the VEGFB/VEGFR1
pathway. Two sets of tamoxifen treatment were necessary to achieve a sustainable reduction
of the body weight in the FIt1-flox mice, likely because of their older age and obesity
(Figure 6G). The weight loss was accompanied by a significant increase in iIWAT vascularity
and UCP-1 mRNA expression (Figures 6H and 61). Moreover, VEGFR1 deletion and Vegfb
gene therapy alleviated ectopic lipid accumulation and dyslipidemia (Figures 6J and 6K),
further highlighting the therapeutic potential of VEGFB/VEGFR1 pathway in obesity.

DISCUSSION

Here, we demonstrate that in adipose tissue, VEGFB/VEGFR1 provides a decoy pathway
for VEGF/VEGFR2, which can be engaged to restore metabolic balance in obesity and
holds promise for treating obesity. Vegfb gene transfer increased adipose tissue vascularity
and perfusion, which was sufficient to enhance insulin delivery and function in adipose
tissue, resulting in reduced inflammation and improvement of metabolic health in obesity.
The surprising finding that Wegfb can enhance adipose tissue vascularity provides a safer
therapeutic alternative to VEGF, because even high doses of VEGFB are well tolerated in
preclinical models (Bry et al., 2014). Although these results are in line with evidence from
VEGF transgenic mice, which show that angiogenesis is a promising therapeutic strategy to
treat obesity, VEGF is difficult to dose due to its severe side effects that can adversely affect
whole-body vasculature and metabolism (Elias et al., 2012; Sun et al., 2012; Sung et al.,
2013). It is important to use species-specific VEGF in such experiments to properly evaluate
its therapeutic potential (Mujagic et al., 2013).
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It is well established that adipose tissue inflammation is a major contributor to systemic
insulin resistance in obesity and type 2 diabetes (Glass and Olefsky, 2012). Suboptimal
vascularization and perfusion of adipose tissue can limit adipose tissue expansion capacity
and provoke inflammation, thus promoting the systemic metabolic complications (Virtue and
Vidal-Puig, 2010). The finding that VEGFB increased vascular perfusion and improved
insulin delivery and function in obese adipose tissue could prove important for the treatment
of type 2 diabetes, because increased availability of insulin to target organs improves insulin
sensitivity. Insulin is also a vasoactive hormone, which induces capillary recruitment and
increases blood flow to facilitate glucose uptake in target tissues. Recent data show that
deficient vascularization of skeletal muscle induces insulin resistance in lean mice (Bonner
et al., 2013). In humans, a meta-analysis of genome-wide association studies showed a
relationship between angiogenesis and insulin resistance, further supporting the notion that
chronic tissue ischemia has an important role in insulin resistance (Shungin et al., 2015).
Engaging VEGFB/VEGFRL to improve perfusion in skeletal muscle and liver, in addition to
adipose tissue, could be of further benefit for type 2 diabetic patients (Zheng and Liu, 2015).

VEGFB can be considered a VEGFR1 antagonist, because the primary physiological role of
the soluble and membrane-bound VEGFRL is to serve as a sink for VEGF (Shibuya, 2013).
The finding that partial deletion of VEGFR1 enhanced the angiogenic potential of VEGFB
is consistent with the concept that VEGFR1 downregulation further increased VEGF
availability for VEGFR2 activation (Anisimov et al., 2013; Bry et al., 2014). In addition,
VEGFR1 deletion in endothelial cells may increase VEGFR2 homodimers by decreasing
VEGFR1/VEGFR?2 heterodimers, thereby enhancing the angiogenic signaling activity of
VEGF (Cudmore et al., 2012). However, additional mechanisms cannot be fully excluded,
because angiogenesis is regulated by highly complex interactions among VEGFRs, VEGFs,
extracellular matrix components, and co-receptors, as well as by alternative splicing,
heterodimer formation, and proteolytic processing of the signaling components.

Downregulation of VEGFRL, together with increased VEGFB levels, unleashed the
thermogenic capacity of subcutaneous adipose tissue, providing a promising therapeutic
strategy for counteracting obesity (Bartelt and Heeren, 2014; Harms and Seale, 2013; Rosen
and Spiegelman, 2014). An important further step is to identify the mechanism or
mechanisms of how vascular remodeling and increased tissue perfusion induce the heat-
dissipating beige adipocytes in the subcutaneous adipose tissue.

There are several possible reasons for the discrepancies between our results and those
published by Hagberg et al. (2010, 2012). The authors do not mention whether littermates
were used as a control group. Replication of these studies by Dijkstra et al. (2014) using
wild-type littermates from the same V&grb gene-targeted mouse strain also failed to
reproduce the results. Furthermore, the 2H10 antibody used in mice and rats has been
demonstrated to inhibit human VEGFB binding to VEGFRL1 in vitro but not in vivo, and it is
not known whether this antibody inhibits both isoforms of VEGFB in mice. If 2H10 disrupts
the VEGFB/VEGFRL1 interaction in vivo, this would facilitate VEGF binding to VEGFR1,
inhibiting the vascular VEGFR2 signals that modulate glucose metabolism in the liver, as
shown recently (Wei et al., 2013). Because of the rapid fatty acid turnover, analysis
performed by Hagberg et al. (2010) 2 and 24 hr after administration should have employed
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fatty acid analogs resistant to the metabolic breakdown by B-oxidation (Shearer et al., 2008).
Furthermore, administration of fatty acids by oral gavage results in their incorporation into
lipoproteins, which may complicate the interpretation of the data, because the rate-limiting
step for fatty acid release from triglyceride is lipoprotein lipase activity, while CD36 is the
primary cellular fatty acid translocase (Goldberg et al., 2009).

Thiazolidinediones are the only current anti-diabetic agents that function primarily by
increasing tissue insulin sensitivity (Soccio et al., 2014). Thiazolidinediones also increase
VEGF levels, which could be one reason for the fluid retention and congestive heart failure
associated with these drugs (Baba et al., 2001; Gealekman et al., 2008; Soccio et al., 2014;
Sotiropoulos et al., 2006). In contrast, VEGFB would provide a cardiovascular protective
effect while maintaining the stability of blood vessels (Aase et al., 2001; Bellomo et al.,
2000; Bry et al., 2010; Huusko et al., 2012; Kiveld et al., 2014; Lahteenvuo et al., 2009; Li et
al., 2008a; Pepe et al., 2010; Serpi et al., 2011; Zentilin et al., 2010). In preclinical studies,
VEGFB was identified as a promising candidate for the treatment of myocardial ischemia
(Kiveld et al., 2014; Lahteenvuo et al., 2009; Pepe et al., 2010). However, in humans, low
levels of VEGFB predict left ventricular remodeling after acute myocardial infarction, and
VEGFB expression is reduced in human cardiomyopathy (Devaux et al., 2012; Kiveld et al.,
2014). VEGFB was also shown to induce survival of neurons and to reduce stroke volume in
the middle cerebral artery ligation model (Li et al., 2008b; Sun et al., 2004). Because
individuals with type 2 diabetes have a higher incidence of myocardial infarction and stroke,
with worse outcomes than those for individuals without type 2 diabetes, it is exciting to find
that VEGFB can also act as an insulin-sensitizing factor.

In conclusion, the VEGFB/VEGFR1 pathway can be employed to enhance the adipose
tissue vascularity to improve metabolic health and combat obesity.

EXPERIMENTAL PROCEDURES

Animals

All animal experiments were approved by the Regional State Administrative Agency for
Southern Finland. Mice were housed in individually ventilated cages with enrichment
materials in a facility monitored by the Federation of European Laboratory Animal Science
Associations guidelines and recommendations. Mice were fed a standard diet or a HFD
containing 60% calories from fat (Research Diets, D12492). C57BL/6JOlaHsd male mice
were used for AAV experiments. Flt1-fl/fl;Pdgfb-CreERT2 mice were maintained on a
C57BL/6N background.

aP2-genB Mice

aP2-genB mice were generated by transgene microinjection into C57BL/6JOlaHsd
zygotesand maintained on a C57BL/6JOlaHsd background by mating a transgenic with a
wild-type mouse.
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AVV Transduction

AAVs were administered by intraperitoneal (i.p.) injections at doses between 0.4 x 1011 and
2 x 1011 viral particles per mouse.

VEGF/VEGFR2 Blockade

Male mice were transduced with AAV-Ctrl or AAV-B186 and injected four times every 3—4
days with 0.8 mg per mouse of DC101 or vehicle. Analyzes were performed 2 weeks after
transduction with AAVs.

Body Composition

Body composition measurements were performed using Lunar PIXImus dualenergy x-ray
absorptiometry.

2DG Uptake

2DG uptake was determined in conscious and unrestrained mice by i.p. injection of 50
HCi/kg of2-[1,2-3H(N)]-deoxy-D-glucose, together with 0.75 U/kg insulin. Radioactivity
from perfused tissues was measured by liquid scintillation.

In Vivo Adipose Tissue Lipolysis

Inhibition of adipose tissue lipolysis by insulin was assessed by quantification of serum
glycerol levels before and 30 min after insulin injection (0.75 U/kg).

Whole-Body Glucose Test

[U-13C]-glucose (0.1 g/kg) was injected i.p., and blood glucose and tracer levels were
monitored in blood to determine glucose fluxes, as described previously (van Dijk et al.,
2013).

Analysis of Whole-Body Metabolism

Oxygen consumption, carbon dioxide production, and locomotor activity were recorded by
the Oxymax Lab Animal Monitoring System at +22°C, +30°C, and +4°C.

IP-GTT and IP-ITT

Mice were fasted for 4-7 hr. For IP-GTT, glucose was injected i.p. to male mice fed a HFD
(1 g/kg glucose) or a standard diet (2 g/kg glucose). For IP-1TT, 0.75 U/kg insulin was
injected i.p. to HFD-fed mice. Glucose levels were measured from the tail tip puncture.

Hyperinsulinemic-Euglycemic IC

Catheters were implanted in a carotid artery and a jugular vein of mice for sampling and
intravenous infusions 5 days before hyperinsulinemic-euglycemic IC (Ayalaet al., 2006). IC
(2.5 mU-kg~t-min~1)was performed on mice that fasted for 5 hr, as previously described
(Ayala et al., 2011).
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ELISA
ELISA was used to quantify protein levels of mouse insulin (Crystal Chem), human insulin
(10-1132-01, Mercodia), mouse VEGFR1 (DuoSet, DY471, R&D Systems), mouse PIGF
(DY465, R&D Systems), and mouse VEGFB1gg (inhouse ELISA based on R&D Systems
antibodies; it does not recognize mouse VEGFB1g7).

Histology

Paraformaldehyde (PFA)-fixed tissues were analyzed from cryo-sections, from paraffin-
sections, or as whole mounts. Images acquired with bright-field, slide scanner,
epifluorescence, or confocal microscopes were analyzed using ImageJ software.

Vessel Perfusion and Leakage

Vessel perfusion and leakage were analyzed by intravenous injections of Labeled Tomato
Lectin and FluoSpheres Carboxylate-Modified Microspheres, 0.1 um. Optical sections from
PFA-fixed tissues were taken with a confocal microscope.

Intravital Two-Photon Microscopy and Blood Flow Measurement

Animals were anesthetized with isoflurane, and respiration rate, heart rate, and body
temperature were monitored and kept stable. eWAT was attached to a holder, and
intravenously injected Texas Red 70 kDa dextran conjugate was imaged using a Zeiss Axio
Examiner LSM7 MP microscope. Blood flow was measured with line scans at a 0.003-0.01
Hz repetition rate.

Lipid Analysis
Tissue lipid were extracted using a scaled-down Bligh & Dyer method and quantified with

commercially available Kits. For mass spectrometry, hepatic total lipids were extracted using
the Folch method and analyzed using a triple quadrupole mass spectrometer.

Real-Time PCR

Real-time PCR was carried out following standard procedures using SYBR green or
TagMan primer-probe sets, and quantification was performed using the 272ACT method.

Western Blotting and Immunoprecipitation

Partially defatted protein lysates were analyzed by a standard western blot procedure.
VEGFB was immunoprecipitated from serum using purified hVEGFR1-Fc and protein G
sepharose.

Statistics

The results are shown as mean + SEM. All statistical analyses were performed by two-tailed
unpaired t test for two-group comparisons (or a paired t test where appropriate) and one-way
ANOVA for multiple groups (Prism, Graph-Pad). A p value of less than 0.05 was considered
significant.

A detailed description of the methods is provided in Supplemental Experimental Procedures.
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Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

VEGFB induces adipose tissue angiogenesis and improves glucose
metabolism

VEGFB binding to VEGFR1 activates angiogenesis via the VEGF/VEGFR2
pathway

Increased adipose tissue perfusion improves insulin supply and function

VEGFB/VEGFR1 can promote weight loss and restore metabolic health in
obese mice
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Figure 1. Improved Lipid and Glucose Metabolism but No Changes in Ectopic Lipid Deposition
in HFD-Fed AAV-B186-Expressing Mice

C57BL/6JOlaHsd males transduced with AAVs and fed a HFD were used for the
experiments.

(A-E) Comparison of (A) body weight, (B) food consumption, and fasting levels of (C)
triglycerides, (D) glucose, and (E) insulin.

(F-H) IP-GTT (F), IP-ITT (G), and area under the curce (AUC) (H).

(I and J) Triglyceride concentration in the (1) liver and (J) heart.

(K) Visualization of lipid droplets in Plin5-stained heart sections.

(L) eWAT gene expression analysis by gPCR.

(M and N) Crown-like structure (CLS) quantification (M) from F4/80 (macrophage, red)-
stained eWAT sections (N). Adipocytes were stained green for lipids (Bodipy) or perilipin 1
(PLIND).
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Scale bars, (K) 50 pm and (N) 100 um. The number of mice is indicated in the figure. Data
are represented as mean £ SEM. *p < 0.05, calculated with two-tailed unpaired t test.
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Figure 2. VEGFB Transduction Leads to Adipose Tissue Capillary Bed Expansion
C57BL/6JOlaHsd males on a standard diet, transduced for 2 to 4 weeks with the indicated

AAVs or transgenic for VEGFB were used for the experiments.

(A) Representative confocal projections of adipose tissue whole-mount staining for CD31.
(B) Macroscopic images of eWAT.

(C-E) CD31 area (C), capillary diameter (D), and capillary branch density (E) were
quantified from images represented by the panels in (A).

(F) CD31 mRNA expression in adipose tissue.

(G and H) Representative confocal projections of adipose tissue whole-mount staining from
mice injected intravenously with lectin (G) and lectin area quantification (H).

(1) CD31 mRNA expression in various tissues.

Scale bar, (A and G) 100 um and (B) 3 um. The number of mice is indicated in the figure.
Data are represented as mean = SEM. *p < 0.05, calculated with two-tailed unpaired t test.
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Figure 3. VEGFR1 Deletion Boosts, whereas VEGF/VEGFR2 Blockage Abolishes the Effect of
VEGFB on Adipose Tissue Vasculature

Mice were transduced with the indicated AAVs 2 weeks before analysis.

(A) Quantification of lectin-perfused vessel areas and the representative optical sections of
eWAT from Flt1-flox and FIt1-ECKO mice.

(B) CD31 mRNA levels, quantification of lectinperfused areas, and the representative optical
sections of eWAT from C57BI/6JOlaHsd male mice that received DC101 or vehicle.

Scale bar, (A) 50 um and (B) 100 um. The number of mice is indicated in the figure. Data
are represented as mean £ SEM. *p < 0.05, calculated using the one-way ANOVA, Holm-
Sidak’s multiple comparisons test.
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Figure 4. Elevated VEGFB Levels Increase Insulin Delivery, Signaling, and Function and
Improve Insulin Sensitivity in HFD-Fed Mice

C57Bl/6JOlaHsd (A-F) or apoE*3Leiden;hCETP-Tg (G-K) males transduced with AAVS or
Vegfb transgenic males (1-O) were fed a HFD and used for the experiments. Mice were
injected with 0.75 U/kg insulin and analyzed after 10 min (A-C) or 30 min (D-F).

(A) Human insulin concentration in mouse tissues measured by an ultrasensitive ELISA.

(B and C) Western blot images (B) and quantifications using ImageJ (C). HSC70 or rpS6
were used as loading controls.

(D) Serum levels of glycerol.
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(E-H) Bioavailability of [U-13C]-glucose (E) and analysis of tracer half-life (F), glucose
clearance rate (G), and peripheral insulin sensitivity (H).

(I'and J) Arterial glucose (1) and GIR (J) during the IC.

(K and L) Ry (K) and EndoR; (L) during the IC.

(M) Ry after the IC in the eWAT, iWAT, BAT, soleus, gastrocnemius, vastus lateralis, heart,
and brain.

(N) Non-esterified fatty acid (NEFA) levels in the basal and hyperinsulinemic (clamp) states.
(O) Calculated suppression of adipose tissue lipolysis by hyperinsulinemia.

The number of mice is indicated in the figure. Data are represented as mean = SEM. *p <
0.05, calculated with two-tailed unpaired t test (A, C, K, M, and O), two-tailed paired t test
(D and N), or one-way ANOVA, Holm-Sidak’s multiple comparisons test (E-H).
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Flgure 5. Resistance to Diet-Induced Obesity and Associated Metabolic Complications in Flt1-
ECKO Mice Transduced with AAV-B186

Flt1-flox male mice on a standard diet (A) or HFD (B—P) were used for the experiments.
The mice in control groups were transduced with AAV-Ctrl.

(A) Area under curve from IP-GTT performed in the indicated Flt1-flox;Cre transgenic
mouse lines treated with tamoxifen and transduced with AAV-Ctrl or AAV-B186.

(B and C) Body weight (B) and food consumption (C) measurements.

(D-F) Fasting serum insulin (D), IP-GTT (E), and IP-ITT (F) for 67 weeks of HFD.
(G) Adipose tissue response to insulin.
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(H) Representative necropsy images.

(1) Triglyceride levels in tissues.

(J) H&E staining of paraffin sections from the liver.

(K-M) iWAT weight (K), gene expression (L), and UCP-1 immunohistochemistry (M).
(N) Insulin stimulated 2DG uptake in iWAT and eWAT.

(O and P) Oxygen consumption (O) and energy expenditure (P) assessed using metabolic
cages.

Scale bar, 50 um. The number of mice is indicated in the figure. Data are represented as
mean + SEM. *p < 0.05, calculated with one-way ANOVA, Holm-Sidak’s multiple
comparisons test (A—H and J) or two-tailed paired t test (I) when compared to the untreated
group (insulin, 0 min).
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Figure 6. Therapeutic Potential of the VEGFB/VEGFR1 Pathway in Obesity
HFD-fed C57BL/6JOlaHsd (A-F) and Flt1-flox (G—-1) males were used for the experiments.

(A) Experimental design to assess the therapeutic potential of AAV-B186.
(B) Body weight before and 6 weeks after AAV injections.

(C-F) AUC and IP-GTT and IP-ITT
(G) Body weight monitoring and therapeutic strategy. Tamoxifen treatment (TMX) was
administered during two periods, as indicated.
(H) iIWAT capillary density analysis by podocalyxin staining. The podocalyxin area was

normalized to the number of adipocytes per field to account for the reduction in adipocyte

size.

(1) Relative iWAT UCP-1 mRNA levels measured by RT-PCR.
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(J) Quantification of liver triglyceride levels and images of liver lipid droplets stained with
Bodipy.

(K) Serum levels of cholesterol (CHOL) and triglycerides (TGS).

Scale bar, 50 pum. The number of mice is indicated in the figure. Data are represented as
mean + SEM. *p < 0.05, calculated with two-tailed paired t test in (B, E, and F) and two-
tailed unpaired t test in (C, D, and G-K).
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