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cold tolerance and energy expenditure

Kai Sun’, Christine M. Kusminski ', Kate Luby-Phelps %, Stephen B. Spurgin ', Yu A. An', Qiong A. Wang ',
William L. Holland ', Philipp E. Scherer %"

ABSTRACT

We recently reported that local overexpression of VEGF-A in white adipose tissue (WAT) protects against diet-induced obesity and metabolic
dysfunction. The observation that VEGF-A induces a “brown adipose tissue (BAT)-like” phenotype in WAT prompted us to further explore the
direct function of VEGF-A in BAT. We utilized a doxycycline (Dox)-inducible, brown adipocyte-specific VEGF-A transgenic overexpression model
to assess direct effects of VEGF-A in BAT in vivo. We observed that BAT-specific VEGF-A expression increases vascularization and up-regulates
expression of both UCP1 and PGC-1a in BAT. As a result, the transgenic mice show increased thermogenesis during chronic cold exposure. In
diet-induced obese mice, introducing VEGF-A locally in BAT rescues capillary rarefaction, ameliorates brown adipocyte dysfunction, and im-
proves deleterious effects on glucose and lipid metabolism caused by a high-fat diet challenge. These results demonstrate a direct positive role

of VEGF-A in the activation and expansion of BAT.

© 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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1. INTRODUCTION

In the lean state, adipose tissue is a well-vascularized tissue [1]. In
addition to providing access to nutritional components in accordance
with the metabolic demands of the tissue, the adipose tissue
vasculature plays multiple roles to ensure that the tissue has
appropriate access to oxygen [2—4]. Recent studies on vascular
function of adipose tissue have focused on VEGF-A, a bona fide
endothelial growth factor [2,5]. As a potent angiogenic factor, VEGF-A
functions by specifically stimulating vascular endothelial cell activa-
tion, proliferation, migration, and vessel permeability [6]. Subsequent
studies indicated that local overexpression of VEGF-A in a physio-
logical range in white adipose tissue (WAT) protects against diet-
induced obesity and metabolic dysfunction [2,5,7]. These findings
further suggest that the ultimate consequence of VEGF-A modulated
angiogenesis in controlling adipose tissue expansion and overall
metabolic health are context dependent: in the early stages of diet-
induced obesity development, VEGF-A overexpression facilitates
healthy adipose tissue expansion and confers protection from
metabolic insults, whereas in the context of preexisting adipose tissue
dysfunction, anti-angiogenic action by blocking VEGF-A signaling
leads to improved insulin sensitivity and ameliorated metabolic
functions [2,5,8]. More importantly, we found that at the early stages
of diet-induced obesity, specific overexpression of VEGF-A in WAT
leads to a “beigeing” phenotype as indicated by marked induction of

UCP1 and PGCla [2,9]. Additionally, the mice showed a lean
phenotype when challenged with HFD [2,5,7]. This beigeing pheno-
type in WAT is of particular importance for VEGF-A functions leading
to the effects of increased energy expenditure and resistance to diet-
induced metabolic insults [2,5,7]. However, recent studies suggest
that the beige cells themselves might not be sufficient to affect
whole-body physiology under ambient conditions [10]. This raises the
question whether VEGF-A has a more profound functional impact on
classical brown adipose tissue (BAT).

Even though the vasculature in WAT and BAT has common features
and functions [11], BAT is metabolically more active and therefore
displays a higher vascular density [1,12]. BAT is composed by brown
adipocytes, characterized by multilocular lipid droplets with a central
nucleus, and a high density of mitochondria. Upon stimulation, brown
adipose tissue exerts enhanced energy expenditure and increased
glucose and fatty acid metabolism [13,14]. BAT is the major site for
adaptive non-shivering thermogenesis in rodents. As a thermogenic
organ, BAT activation can counteract phenotypes associated with
obesity [15]. Thus, we reasoned that an enhanced local development
of angiogenesis by VEGF-A in metabolically active BAT might lead to
metabolically beneficial phenotypes.

The mitochondria in brown fat cells express high levels of UCP1, a
proton transporter localized in the inner mitochondrial membrane
[13,16]. When activated, UCP1 increases the permeability of the inner
mitochondrial membrane by allowing free fatty acids (co-factors for
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UCP1) to flip-flop across inner and outer leaflets of the membrane,
bypassing the ATP-synthase and effectively uncoupling the electron
transport chain, thereby allowing the electrochemical energy to
dissipate as heat, resulting in thermogenesis [13,17,18]. Interestingly,
UCP1 is highly enriched in BAT and is not expressed in regular white
adipocytes, though beige fat cells in WAT also display UCP1 induction.
The unique features of BAT that enable the tissue to remove a large
amount of lipids from circulation to activate thermogenesis and pro-
duce heat affect systemic energy expenditure and mark it as a po-
tential therapeutic target in obese subjects.

Interestingly, cold acclimation dramatically up-regulates VEGF-A
levels in BAT [12]. Stimulated VEGF-A-induced VEGFR2 signaling
further initiates cold-induced adipose tissue angiogenesis [12]. This
suggests that angiogenesis in BAT plays an important role in
regulating energy expenditure [12]. In the current study, we locally
supplied VEGF-A using a novel doxycycline-inducible BAT-specific
transgenic mouse model to better define the role of VEGF-A in BAT.
Our findings suggest that VEGF-A can activate brown fat tissue. It
can up-regulate both PGC-1oc and UCP1 expression, thus
increasing thermogenesis and energy expenditure. Moreover, in a
diet-induced obese model, VEGF-A mediated angiogenesis further
facilitates healthy expansion of BAT. The mice retained metabolic
flexibility on a HFD, with improved glucose tolerance, lipid clear-
ance and energy expenditure. These results highlight the impor-
tance of VEGF-A action for energy homeostasis and metabolism of
BAT.

2. MATERIALS AND METHODS

2.1. Animals

To construct the UCP1-rtTA plasmid, a 3.1-kb UCP1 promoter from its
original pGL vector [19] was cloned into a pBluescript vector con-
taining an riTA cassette and a rabbit 3-globin 3’ UTR [2]. The UCP1-
rtTA transgenic mice were generated by the transgenic core facility at
UTSW. BAT-specific VEGF-A transgenic mice were obtained by
crossing UCP1-rtTA and TRE-VEGF-A [2] lines. Age-matched UCP1-
rtTA but lacking the TRE-VEGF-A transgenic mice were used as
littermate controls. All the mice were on a pure C57BL/6 background.
Mice were maintained on a 12 h dark/light cycle and fed a normal
chow diet, unless otherwise indicated. All animals were 6 weeks old
at the time of experiments. Animals were bred in house in the UTSW
Medical Center. The Institutional Animal Care and Use Committee of
the University of Texas Southwestern Medical Center has approved all
animal experimental protocols.

2.2. Blood vessel stains

This method has been described in detail previously [20]. In brief, to
stain functional blood vessels, mice were injected with 100 pg of
Rhodamine Griffonia (Bandeiraea) simplicifolia lectin (Vector Labora-
tories, Burlingame, CA, USA) through the tail vein. Three minutes after
the injection, the animal was perfused with 1% paraformaldehyde
through the left ventricle to fix the tissues. The brown and subcu-
taneous adipose tissues were then excised for further fixation over-
night in 10% PBS-buffered formalin. Tissues were rinsed with 50%
ethanol for 3 times and kept in 50% ethanol at 4 °C. Lectin-stained
capillaries were visualized by confocal microscopy (Leica TCS SP5
confocal microscope).

2.3. Dox containing high-fat diet
For all the experiments with HFD, mice were fed with a diet con-
taining 60% calories from fat (Cat No. D12492; Research Diets). For
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low dose Dox treatment, the Dox powder (Sigma) was mixed with
HFD paste (Research Diets) to a final concentration of 60 mg/kg.

2.4. Measurement of body composition

The fat mass and the bone-free lean body composition were measured
in non-anesthetized mice using an Echo 3-in-1 nuclear magnetic
resonance (MRI) mini Spec instrument (Bruker, Germany) [2].

2.5. Indirect calorimetric measurements

Before the metabolic cage studies, the mice were housed individually
in metabolic chambers for 1 week for acclimation. For the indirect
calorimetric cage studies, the mice were maintained on a 12 h dark/
light cycle with lights on from 7:00 am to 7:00 pm at room temperature
(20 °C~22 °C). Metabolic parameters were obtained continuously
using TSA metabolic chambers in an open circuit indirect calorimetric
system (TSA System, Germany) [2,21]. During the whole measuring
process, all VEGF-A transgenic mice and their littermate controls were
provided with HFD paste containing 60 mg/kg Dox and water ad
libitum.

2.6. Oral glucose tolerance tests and blood chemistry

For the OGTTs, mice were fasted for 5 h prior to administration of
glucose (2.5 g/kg body weight) by gastric gavage. At each indicated
time point, blood samples from the tail veins were collected in heparin-
coated capillary tubes. Glucose levels were measured using an oxi-
dase—peroxidase assay (Sigma—Aldrich). Mice did not have access to
food throughout the experiment. The tests were performed 5 weeks
after VEGF-A induction under HFD. Serum TG levels were measured
following a 3-h fast with the kit from Infinity (Infinity; Thermo Fisher
Scientific, Waltham, MA, USA).

2.7. Cold tolerance test

To perform the cold tolerance test, biocompatible and sterile microchip
transponders (IPTT-300 Extended Accuracy Calibration; Bio Medic Data
Systems, Seaford, DE, USA) were implanted subcutaneously over the
shoulder blades as suggested by the manufacturer. The VEGF-A
transgenic mice and their littermate controls were pre-induced with
normal chow plus 60 mg/kg Dox for 5 days. The mice were then
transferred to cold room at 6 °C. For the acute assay, food was
removed from cages at the time of transfer to the cold room. The body
temperature was measured at each of the indicated time points; for the
chronic assay, the mice were kept in the cold room at 6 °C for 3 more
weeks with regular chow plus Dox. Then food was removed and the
temperature was measured at each of the indicated time points.

2.8. lsolation of mitochondria from BAT

Brown adipose tissues were homogenized using a motorized Dounce
homogenizer in ice-cold MSHE buffer (70 mM sucrose, 210 mM
mannitol, 5 mM HEPES, and 1 mM EDTA) containing 0.5% fatty acid-
free BSA. Homogenates then underwent low centrifugation (800 g for
10 min) to remove nuclei and cell debris, followed by high centrifu-
gation (8,000 g for 10 min) to obtain the mitochondrial pellets, which
were washed once in ice-cold MSHE buffer and were resuspended in a
minimal amount of MSHE buffer prior to determination of protein
concentrations using a BCA assay (Pierce).

2.9. Mitochondrial functional assays

Oxygen consumption rates (OCRs) were determined using the XF24
Extracellular Flux Analyzer (Seahorse Bioscience, MA, USA) following
the manufacturers’ protocols. For the electron-flow (EF) measure-
ments, isolated mitochondria were seeded at 5 pg of protein per well
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in XF24 V7 cell-culture microplates (Seahorse Bioscience), then pel-
leted by centrifugation (2,000 g for 20 min at 6 °C) in 1X MAS buffer
(70 mM sucrose, 220 mM mannitol, 10 mM KH,P04, 5 mM MgCl,,
2 mM HEPES, and 1 mM EGTA in 0.2% FA-free BSA; pH 7.2) sup-
plemented with 10 mM pyruvate, 10 mM malate, and 4 pM carbonyl
cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP) (for EF experi-
ments), with a final volume of 500 L1l per well. The XF24 plate was then
transferred to a temperature-controlled (37 °C) Seahorse analyzer and
subjected to a 10-min equilibration period and 2 assay cycles to
measure the basal rate, comprising of a 30-s mix, and a 3-min
measure period each; and compounds were added by automatic
pneumatic injection followed by a single assay cycle after each;
comprising of a 30-s mix and a 3-min measure period. For EF ex-
periments, OCR measurements were obtained following sequential
additions of rotenone (2 LM final concentration), succinate (10 mM),
antimycin A (4 uM), and ascorbate (10 mM) (the latter containing 1 mM
N,N,N’,N’-tetra methyl-p-phenylenediamine (TMPD)). OCR measure-
ments were recorded at set interval time points. All compounds and
materials above were obtained from Sigma—Aldrich.

2.10. Histology (H&E staining)
A portion of adipose and liver tissues were fixed in 10% formalin and
embedded in paraffin. General morphology was visualized by hema-
toxylin and eosin (H&E) staining.

2.11. Quantitative real-time PCR

Adipose and liver tissues were excised and quickly frozen in liquid
nitrogen for future assays. For the Q-PCR analyses, total RNAs were
extracted from tissues in Trizol (Invitrogen, Carlsbad, CA, USA) using a
TissueLyser (Qiagen, Valenica, CA, USA) and then isolated using the
RNeasy RNA extraction kit (Qiagen) following the protocol from the
company. The quality and quantity of the RNA were determined by
absorbance at 260/280 nm. cDNAs were prepared by reverse tran-
scribing 1 pg of total RNA with Superscript Ill reverse transcriptase and
oligo (dT),q (Invitrogen). The mRNA levels were calculated by using the
comparative threshold cycle (Gr) method. All the primer sequences
have been published previously [2,20]. GAPDH was used as the
invariant control. Q-PCR reactions were carried out on an ABI Prism
7900 HT sequence detection system (Applied Biosystems).

2.12. Statistical analysis

Experimental results are presented as means + SD. Differences be-
tween two groups were determined for statistical significance by a
standard two-tailed Student’s t-test. Significance was accepted at a p
value of <0.05.

3. RESULTS

3.1. Generation of transgenic mice with BAT-specific expression of
VEGF-A

To achieve inducible expression of VEGF-A specifically in BAT, we
established a double transgenic mouse strain employing a tetracycline-
inducible system. The TRE driven VEGF-A transgenic model has been
described previously [22]. In our model, the TRE is regulated by the
reverse tetracycline-dependent transcriptional activator (rtTA), whose
expression is under the control of the BAT-specific UCP1 promoter [19].
As this UCP1 promoter driven rtTA is a newly generated mouse model, we
wanted to verify the brown adipose tissue specificity of rTA expression.
The levels of riTA in a number of tissues were measured by both Q-PCR
and regular PCR 5 days after normal chow diet plus 60 mg/kg Dox in-
duction. The results indicate that rtTA mRNAs were expressed with high
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levels in BAT, while the expression was not detectable in other tissues,
including other fat pads (Figure 1A left). The results were further verified
by regular PCR by which r{TA band was only detected in BAT (Figure 1A
right). We further confirmed that VEGF-A in the double transgenic mouse
is induced in the presence of Dox. To effectively express rtTA in BAT, we
used double transgenic mice, i.e., homozygous versions for UCP1-riTA.
We used a lower dose of Dox (60 mg/kg) to achieve a VEGF-A level within
a physiological range, without causing edema formation [2]. Expression of
VEGF-A in a number of fat pads was assayed in the presence or at the
absence of 60 mg/kg Dox treatment. The results indicate that VEGF-A
was predominantly induced in BAT (Figure 1B), while only moderate in-
duction was seen in SWAT (probably due to low level UCP1 induction in
local beige cells). No induction was observed in other tissues, such as the
liver (data not shown). Taken together, our system allows inducible
expression of VEGF-A, with expression restricted to BAT.

3.2. Locally derived VEGF-A in BAT stimulates angiogenesis and
triggers up-regulation of mitochondrial genes

To functionally assess the consequences of VEGF-A induction in BAT,
we examined the local angiogenic response in BAT. Confocal fluo-
rescent imaging reveals that compared with the control group, a higher
vascular density is seen in the BAT of VEGF-A transgenic mice
(Figure 1C). As expected, genes affected by VEGF-A expression
included VEGFR2, which was significantly up-regulated in BAT of the
VEGF-A transgenic mice (Figure 1D). Interestingly, mRNA levels of
mitochondrial proteins, such as UCP1 and PGC1a., were also markedly
up-regulated in VEGF-A transgenic BAT (Figure 1D). Short-term in-
duction of VEGF-A in BAT, therefore, effectively stimulates angiogen-
esis and triggers an up-regulation of mitochondrial genes.

3.3. VEGF-A overexpression in BAT is sufficient to trigger enhanced
thermogenesis

Five days of induction with regular chow plus Dox not only stimulated the
up-regulation of VEGFR2 in BAT, but also the key thermogenic proteins,
such as UCP1 and PGC1a. (Figure 1D). Consistent with these changes in
thermogenic gene expression, VEGF-A transgenic mice defended their
body temperature modestly better during an acute cold stress in the
absence of food during the experiment (Figure 2A). More importantly,
these mice were significantly better at defending their body temperature
after 3 weeks of cold exposure. Baseline core body temperatures were
different to start out with. Upon removal of food, body temperatures of
both wildtype and transgenic mice decreased as expected. However,
temperatures diverged further towards the end of the experiment, as the
wildtype mice started to drop their body temperature more rapidly.
(Figure 2B). These results suggest that VEGF-A in and by itself in BAT is
sufficient to enhance thermogenesis during cold exposure.

3.4. Overexpression of VEGF-A in BAT enhances cold-stimulated
mitochondrial respiration

To determine whether BAT-specific overexpression of VEGF-A alters
BAT mitochondrial activity, we performed a more detailed analysis of
mitochondrial activity and examined oxygen consumption rates (OCRs),
using well-established methods to assess mitochondrial respiratory
capacity [23,24]. More specifically, we performed sequential electron-
flow analyses on mitochondria isolated from BAT tissues. This is an
experiment that assesses OCRs simultaneously while examining
whether any defects or dysfunction exist within the mitochondrial
electron transport chain (ETC) through sequential use of specific in-
hibitors and substrates of the various complexes of the ETC. Inter-
estingly, while no marked differences were observed in BAT
mitochondria isolated from WT mice and UCP1-VEGF mice that were
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Figure 1: Overexpression of VEGF-A in BAT stimulates vascularization and up-regulates mitochondrial genes. (A) Left: Q-PCR analysis for tissue distribution of rtTA mRNAs in a UCP1 promoter driven
rtTA overexpression model; Right. regular PCR analysis of rtTA overexpression in different fat pads and other organs in the UCP1-rtTA transgenic model. (B) Q-PCR analysis of VEGF-A overexpression
in BAT and SWAT in UCP1-rtTA and TRE-VEGF-A double transgenic mouse stain (n = 4 per group, Student's test, *p < 0.001). (C) Representative sections of functional blood vessels in BAT
labeled by tail-injected Rhodamine fluorine dye tagged lectin-1 in VEGF-A Tg and their littermate control mice. Blood vessels are shown in red, while the nuclei are in blue (DAPI staining). The images
were visualized with a confocal microscope. (D) Q-PCR analysis of vascular endothelial cell marker VEGFR2 and mitochondrial functional proteins UCP1 and PGCTat in BAT of VEGF-A Tg and control
mice (1 = 4 in controls; n = 5 in VEGF-A Tg). The difference was analyzed by Student's Hest. *p < 0.05, **p < 0.001 vs. controls.

housed under baseline room temperature conditions (20 °C—22 °C)
(Figure 2C), we observed a significant increase in mitochondrial OCRs
in transgenic BAT mitochondria derived from mice housed in cold-
stimulated environment (6 °C), when compared with WT BAT mito-
chondria (Figure 2D). Such marked differences in OCRs were evident in
response to several different substrates; in particular BAT mitochondria
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isolated from transgenic mice exhibited higher mitochondrial respira-
tion rates under basal conditions (media contained the substrates
pyruvate and malate, in addition to the chemical uncoupler FCCP), in
response to the complex Il substrate succinate, in addition to the
complex IV substrate, ascorbate. Of note, OCR values were normalized
to total amount of mitochondrial protein utilized per well (5 png BAT
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Figure 2: Overexpression of VEGF-A in BAT stimulates themogenesis and enhances mitochondrial function upon cold exposure. (A) Measurements of body temperature in VEGF-A transgenic mice
and thelr littermate controls (n = 6 per group) in an acute cold exposure setting (N = 6 per group, Student's #-test, no significance). (B) Measurements of body temperature in VEGF-A transgenic mice
and their littermate controls (7 = 5 per group, Student's ttest, *p < 0.05 vs. controls) in after chronic phase cold exposure for 3 weeks. Mice did not have access to food during the experiments in
(A) and (B). (C) Mitochondrial electron-flow analysis and oxygen consumption rates in response to the substrates pyruvate, malate, succinate, and ascorbate in unstimulated BAT from VEGF-A
fransgenic and their littermate control groups (n = 2 per group, Student's tHest indicates no difference vs. controls). (D) Mitochondrial electron-flow analysis and oxygen consumption rates in
cold-stimulated BAT (3 weeks) from VEGF-A transgenic and their littermate control groups. The readings represent relative folds to wildtype (7 = 2 per group, Student's ttest, *p < 0.01;

ok

mitochondrial protein loaded per well). In light of these observations,
given that the VEGF-A transgenic mice harbor more BAT in general,
this suggests that the enhanced BAT mitochondrial respiration rates in
transgenic mice under cold-conditions may exert a major impact on
BAT function and whole-body energy homeostasis, particularly under
metabolically challenging conditions. Given the increased mitochon-
drial respiration rates of BAT mitochondria from transgenic mice, we
further note that no defects in ETC activity or mitochondrial dysfunction
can be measured in BAT of transgenic mice. Taken together, these
data clearly demonstrate that an increase in VEGF-A action and
signaling, specifically in BAT, profoundly enhances cold-induced
mitochondrial oxidative capacity, which ultimately may exert a posi-
tive impact on cold-induced BAT function and whole-body energy
homeostasis; a key element under times of nutrient excess.
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0 < 0.0007 vs. controls). Wildtype levels were in each case set to 1 to allow for a relative comparison.

3.5. BAT-specific VEGF-A expression triggers reduced body weight
gain upon exposure to an HFD-challenge

We investigated the impact of local VEGF-A in BAT on the gradual
manifestation of metabolic dysfunction over the course of a HFD
exposure. To address this question, we challenged 6-week-old mice
with HFD in the presence of 60 mg/kg DOX for 8 weeks. During the 8-
week treatment regimen, VEGF-A transgenic mice gained significantly
less body weight than the control littermates (Figure 3A). The differ-
ence in the body weight on the HFD in the VEGF-A transgenic mice is
due to a difference in fat mass (Figure 3B). Particularly, the size of the
subcutaneous fat pads in VEGF-A transgenic mice was significantly
smaller (Figure 3C, middle panel). In contrast, the epididymal fat pads
had no obvious weight difference between the groups (Figure 3C,
bottom panel).
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Figure 3: BAT-specific overexpression of VEGF-A triggers brown adipose tissue angiogenesis, healthy expansion and functional improvement upon HFD exposure. (A) Body weight gain in VEGF-A
transgenic mice and their littermate controls during an HFD plus Dox feeding for 7 weeks (n = 6 per group, Student's ttest, no difference vs. controls). (B) Percentage of fat mass in VEGF-A mice and
their littermate controls measured by NMR (n = 6 per group, Student's #test, “p < 0.05 vs. controls). (C) Representative fat tissues excised from VEGF-A transgenic mice and their littermate controls
after a HFD-challenge (n = 6 per group). (D) Representative of H&E staining of BAT from VEGF-A transgenic and their littermate control mice after a HFD-challenge. (E) Q-PCR analysis of angiogenic
genes, including VEGF-A, VEGFR2, and CD31 in BAT of VEGF-A transgenic and their littermate control mice under HFD challenging (7 = 5 per group, Student’s ttest, “p < 0.05 vs. controls). (F) Q-
PCR analysis of BAT function-related genes, including HIFTet, UCPT, and PGC1a in BAT of VEGF-A transgenic and their littermate control mice (n = 5 per group, Student's test, *p < 0.05 vs.

controls).

3.6. Local VEGF-A overexpression improves brown adipose tissue

function under an HFD-challenge

Diet-induced obesity leads to reduced vascular network and enhanced
hypoxia in the BAT [7]. To determine whether local overexpression of
VEGF-A rescues the prevailing conditions under HFD, we performed

IHC analysis on BAT. The H&E stains indicate that compared with the

control group, VEGF-A transgenic BAT has smaller adipocytes with

more multi-lobular lipid droplets, even though the whole brown fat size
is larger in the transgenic mice (Figure 3C, top panel and D). This
includes a reduced lipid accumulation in brown adipose tissue. Q-PCR
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Figure 4: BAT-specific overexpression of VEGF-A increases energy expenditure and improves glucose and lipid metabolism upon HFD exposure. (A) Oxygen consumption; (B) Food intake; and (C)
Heat generation in VEGF-A transgenic and their littermate controls under HFD challenging for 6 weeks measured by a TSA system (7 = 6 per group, Student’s test, *p < 0.05 vs. controls). (D) An
OGTT in VEGF-A transgenic and their littermate control mice after HFD feeding for 5 weeks (7 = 5 per group, Student's ttest, *p < 0.05 vs. controls). (E) Circulating triglyceride levels in VEGF-A
fransgenic and their littermate control mice (7 = 5 per group, Student's test, *p < 0.05). (F) Representative of H&E staining of liver tissue in VEGF-A transgenic and their littermate control mice

(n = 2 per group).

analysis indicates the angiogenic markers, including VEGFR2 and
CD31, were significantly increased in the BAT of transgenic mice
(Figure 3E), suggesting enhanced vascularization in the BAT of these
mice. As a result, upon induced VEGF-A overexpression, there was a
significant reduction in the levels of HIF1a, associated with BAT. Of
note, mitochondrial genes, including UCP1 and PGC1a. were markedly
up-regulated as well (Figure 3F). Collectively, these data suggest that
local VEGF-A overexpression in BAT while the mice are subjected to
HFD increased vascularization of BAT, leading to reduced hypoxia,
thereby ameliorating the consequences of obesity. Even though we did
not examine inflammatory markers in adipose tissue directly, we

480

suspect that these values would also be reduced in accordance with
the improved metabolic profile.

3.7. Local overexpression of VEGF-A in BAT leads to an increase in
energy expenditure under high-fat diet

To further evaluate the metabolic benefits brought about by local
overexpression of VEGF-A, we monitored the energy expenditure of the
VEGF-A transgenic mice in metabolic chambers 6 weeks post initiation
of HFD feeding. The oxygen consumption (VO2) was increased in the
dark cycle (Figure 4A, 4174 vs. 4323 ml/hr/kg; *p < 0.05), reflecting
an increase in energy expenditure in the VEGF-A transgenic mice.
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VEGF-A transgenic mice had no significant differences in food intake
and in the respiratory exchange rates (RER) (Figure 4B and data not
shown). Notably, VEGF-A transgenic mice generated slightly more heat
during the dark cycle (Figure 4C, 19.86 vs. 20.53 kcal/hr/kg;
*p < 0.05), further highlighting the potential for enhanced energy
expenditure in these mice. Local overexpression of VEGF-A in BAT,
therefore, increases energy expenditure on a high-fat diet.

3.8. BAT-specific VEGF-A transgenic mice exhibit improved

glucose and lipid metabolism and a decrease in HFD-induced
hepatic steatosis

To investigate whether the changes above trigger any metabolic
consequences due to VEGF-A stimulated BAT activation, we performed
oral glucose tolerance tests (OGTTs) at the fifth week after HFD plus
Dox induction. Of note, at that stage, there were not yet any significant
body weight differences between the groups. The OGTTs demonstrate
that the response to an oral glucose challenge is significantly improved
in the VEGF-A transgenic mice (Figure 4D). The circulating levels of
triglyceride in the VEGF-A transgenic mice were significantly lower
(Figure 4E). H&E staining of histological slides indicates fewer and
smaller lipid droplets in hepatocytes from VEGF-A transgenic mice
(Figure 4F). Activation of BAT by local VEGF overexpression, therefore,
results in significant systemic improvements in both glucose and lipid
metabolism.

4. DISCUSSION

It is well established that BAT is the predominant organ for non-
shivering thermogenesis in rodents [13]. The thermogenic capacity
of BAT is heavily dependent on a high rate of perfusion via its high
density of blood vessels. Angiogenesis is rapidly induced in BAT when
the animals are exposed to cold [12,25—27]. Many elegant previous
reports have demonstrated that VEGF-A expression in BAT is up-
regulated upon cold exposure, and it plays a critical role for the cold-
induced angiogenesis in the tissue [12,26,28,29]. Recent findings
further suggest potential roles for VEGF-A in BAT in brown pre-
adipocyte proliferation, mitochondrial development, and energy
expenditure and also suggest an anti-inflammatory role [7,9,30],
highlighting its relevance as an important metabolic factor. All of these
observations warranted further experimentation regarding the physi-
ological significance of this growth factor in BAT. Here, we are using a
genetic model to achieve a BAT-specific inducible expression selective
to the brown adipocyte. Using this model, we demonstrate that VEGF-A
can trigger local angiogenesis in BAT. This is associated with an
activation of brown adipogenesis, along with an up-regulation of PGC-
10, and UCP1, stimulating mitochondrial function in BAT and promoting
enhanced thermogenesis in the transgenic mice. In a high-fat diet-
exposed mouse model, we find that VEGF-A mediated angiogenesis
also facilitates the functional expansion of BAT. As a result, the mice
retain a higher level of metabolic fitness, with improved glucose
tolerance, lipid clearance, and energy expenditure. These findings
highlight a central role of VEGF-A for BAT physiology.

Angiogenesis is an integral component of adipose tissue remodeling
[4], even under conditions when weight is stable. While many angio-
genic factors were identified in the past decades, VEGF-A is a key
factor governing angiogenesis in adipose tissue in both WAT and BAT
[3,4,31,32]. Recent studies of VEGF-A were mainly focused on its
functions in WAT. The conclusions of all these studies were that VEGF
triggers angiogenesis, as reflected by enhanced vascular density in
adipose tissue. Phenotypically, enhancing vascular density triggers
improvements in systemic metabolism [2,5,7]. In contrast to WAT, BAT

MOLECULAR METABOLISM 3 (2014) 474483 © 2014 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (nftp:

www.molecularmetabolism.com

I

MOLECULAR
METABOLISM

does not store triglycerides to the same extend, instead fuels the
process of energy consumption to produce heat when necessary [13].
Thus, BAT is the major site for adaptive non-shivering thermogenesis
in mammals during environmental challenges, such as reduced tem-
peratures, to maintain body temperature, and protect the organism
from hypothermia [33]. The process of thermogenesis takes place in
the mitochondria. PGC1a is a transcriptional master regulator for
mitochondrial biogenesis and oxidative metabolism in this process in
brown adipocytes [34—36]. As a transcriptional co-activator, PGC1a.
tightly regulates multiple genes that control many aspects of oxidative
metabolism, including mitochondrial biogenesis and respiration [34]. A
main target of PGC1a. is UCP1, one of the key thermogenic proteins in
BAT [13,34]. Indeed, the phenomenon of adaptive adrenergic non-
shivering thermogenesis in the intact animal is fully dependent on
the presence of UCP1. This notion is supported by previous studies
indicating that in obese rats and mice that lack UCP1, diet-induced
thermogenesis by BAT is impaired [37]. In this study, we show that
upon a very short-term VEGF-A induction (5 days), both PGC1o. and
UCP1 were markedly up-regulated in BAT of transgenic mice.
Furthermore, in BAT of diet-induced obese mice, these genes were
also induced to a higher level in the transgenic group, further sug-
gesting their role in energy expenditure to combat diet-induced
obesity. The underlying mechanisms leading to the significant up-
regulation of these mitochondrial genes in the VEGF-A transgenic
models are currently under investigation. What is clear is that the
VEGF-A-induced expansion of BAT and the VEGF-A-induced beigeing
of WAT are acting on a unique population of precursor cells. We have
previously demonstrated that cold-induced as well as 33-adrenergic
agonist-induced beigeing of subcutaneous WAT involves de novo
adipogenesis [38]. We will still have to formally demonstrate that the
same de novo differentiation processes takes place with VEGF-A-
induced beigeing. If this is so, it suggests a unique role for VEGFR2,
the key receptor for VEGF-A, on the precursor cell pool that gives rise to
beige and classical brown adipocytes. Indeed, VEGFR2 increases
during differentiation of brown adipocytes, and anti-VEGFR2 antibodies
increase brown adipocyte apoptosis [30].

Intrigued by the up-regulation of the mitochondrial genes, we further
investigated the functional consequences of these effects. We only
found a trend towards improved cold tolerance in the transgenic group
in short-term cold exposure assays. However, after a longer-term cold
acclimation, the VEGF-A transgenic mice showed significantly elevated
baseline body temperatures and improved cold tolerance upon further
challenge in the absence of food. In further support of this observation,
mitochondria isolated from the chronically cold-exposed VEGF-A
transgenic mice exhibited dramatically higher oxygen consumption
rates (OCRs) in vitro. During the acute cold exposure, the mice can
defend the body temperature by shivering or exercise [13]. After a
longer-term cold acclimation, non-shivering thermogenesis becomes
the predominant way to generate heat and only UCP1 can mediate this
adaptive thermogenic response under these conditions [13,39].
Furthermore, during the chronic phase in the cold environment, our
UCP1 promoter driven inducible overexpression of VEGF-A may also
work in the brite/beige cells of subcutaneous WAT. These locally
overexpressed VEGF-A molecules lead to enhanced “brown fat-like”
phenotypes in the subcutaneous fat pads by local up-regulation of
PGC1a and UCP1 proteins [2]. This in turn further contributes to the
thermogenic effects in the transgenic state [2,7,9].

Aside from its potent influence on thermogenesis and energy expen-
diture with its profound effects on metabolism, BAT also secretes
adipokines and hormones, such as leptin, adiponectin, resistin, and
triiodothyronine that play potent endocrine effects in metabolism [13].
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All these properties make BAT a very important contributor to im-
provements during metabolic challenges. Supporting this further are
manipulations that trigger activation of BAT that also reduce adiposity
and protect mice from diet-induced obesity [40,41]. On the other hand,
the inhibition of BAT activity leads to pathological expansion. For
example, obese BAT suffers from hypoxic conditions that trigger HIF1.
induction. HIF1¢ further initiates multiple transcriptional programs that
lead to metabolic dysfunction [4,20,21,42]. In our high-fat diet-induced
obese model, BAT in the VEGF-A transgenic group is more functional
than in the control group, as indicated by reduced HIF1a. levels.
Improved functionality is also apparent by higher levels of UCP1 and
PGC1a. gene expression compared with the controls. Histologically,
brown adipocytes in the control mice display a “whitening” phenotype
characterized by larger and more often unilocular lipid droplets after
HFD exposure. In contrast, brown fat cells in the VEGF-A transgenic
group contained smaller and more multilocular lipid droplets. All these
phenomena demonstrate that BAT in VEGF-A transgenic mice is an
indicative that BAT undergoes a “healthier” expansion under HFD.
As a “leaner” phenotype of BAT prevails, VEGF-A transgenic mice
gained slightly less overall body weight, likely due to the smaller size of
WAT. Intriguingly, in contrast to WAT, BAT in these mice was larger
than the control group. This finding is in agreement with a recent report
that VEGF-A increases brown fat cell survival and proliferation in vitro
[30]. The effect is mainly through activation of VEGF receptor 2 that is
uniquely overexpressed in brown adipocytes upon VEGF-A stimulation
[30].

Diet-induced obesity leads to systemic insulin resistance [4,42]. The
consequence of the increased free fatty acid release is an elevated
lipotoxicity in other tissues, particularly in liver and muscle [43,44].
Indeed, we found impaired glucose tolerance, increased circulating
triglyceride, and large lipid droplets in the liver tissue after HFD
challenging. However, the VEGF-A transgenic mice showed normal
glucose tolerance, lower lipotoxicity, and normal liver histology. Since
our BAT-specific VEGF-A overexpression has no angiogenic effects in
the liver, we believe that these metabolically beneficial effects are
direct effects of activation of BAT by local VEGF-A.

In conclusion, our results demonstrate a direct role for VEGF signaling
in brown adipose tissue physiology. A greater understanding of the
molecular mechanism by which VEGF-A manipulates BAT activity will
further help to identify new strategies to activate BAT for the goal of
reducing obesity and its associated metabolic dysfunction. While the
important role of BAT in rodents is well established and there is
growing appreciation for the dynamic nature of browning/beigeing in
human WAT as well, the potential contributions of the phenomenon
toward overall energy homeostasis in humans still remain to be better
understood in quantitative terms.
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