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Abstract

Objective—The obesity epidemic in the United States, and the accompanying condition of type 2 

diabetes, puts a majority of the population at an increased risk of developing cardiovascular 

diseases including coronary artery disease, stroke, and myocardial infarction. In contrast to white 

adipose tissue (WAT), brown adipose tissue (BAT), is well vascularized, rich in mitochondria, and 

highly oxidative. While it is known that the angiogenic factor VEGF-A is required for brown 

adipocyte development, the functional consequences and exact mechanism remain to be 

elucidated. Here, we show that VEGF-A plays an essential autocrine role in the function of BAT.

Materials and Methods—Mouse models were generated with an adipose-specific and 

macrophage-specific ablation of VEGF-A. Adipose tissue characteristics and thermogenic 

response was analyzed in vivo, and mitochondrial morphology and oxidative respiration was 

analyzed in vitro to assess effects of endogenous VEGF-A ablation.

Results—VEGF-A expression levels are highest in adipocyte precursors compared to immune or 

endothelial cell populations within both WAT and BAT. Loss of VEGF-A in adipocytes, but not 

macrophages, results in decreased adipose tissue vascularization, with remarkably diminished 

thermogenic capacity in vivo. Complete ablation of endogenous VEGF-A decreases oxidative 

capacity of mitochondria in brown adipocytes. Further, acute ablation of VEGF-A in brown 

adipocytes in vitro impairs mitochondrial respiration, despite similar mitochondrial mass 

compared to controls.

Conclusion—These data demonstrate that VEGF-A serves to orchestrate the acquisition of 

thermogenic capacity of brown adipocytes through mitochondrial function in conjunction with the 

recruitment of blood vessels.

Send correspondence to: Tamar R. Aprahamian, Ph.D., Boston University School of Medicine, Department of Medicine-Renal 
Section, 650 Albany Street, 5th floor, Boston, MA 02118, Phone: +1 617 414 3368, Fax: +1 617 638 7326, aprahami@bu.edu. 

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

Disclosure. The authors declare no conflict of interest.

HHS Public Access
Author manuscript
Metabolism. Author manuscript; available in PMC 2017 January 01.

Published in final edited form as:
Metabolism. 2016 January ; 65(1): 26–35. doi:10.1016/j.metabol.2015.09.012.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Keywords

Adipocyte; adipose tissue; mouse; mitochondria; vascular endothelial growth factor (VEGF)

1. Introduction

The obesity epidemic in the United States, and the accompanying condition of diabetes, puts 

a large portion of the population at increased risk of developing cardiovascular 

complications. A new report predicts that half of the United States population will be obese 

by 2030. An area of recent research interest is the status of adipose tissue vascularity. It has 

been shown that obese mice display capillary rarefaction in white adipose tissue (WAT) and 

reductions in the expression of the angiogenic growth factor VEGF-A, which correlates with 

the appearance of hypoxia and impaired glucose tolerance (1-4).

The study of brown adipose tissue (BAT) has recently become an area of intense 

investigation. The presence of active BAT in human adults has recently been confirmed (5) 

and the amount of BAT is negatively correlated with obesity and age (6). High expression of 

VEGF-B is present in BAT, where it facilitates fatty acid uptake by endothelial cells (7). In 

mice, cold exposure has been shown to induce VEGF expression in BAT, leading to 

increased vessel permeability, which facilitates triglyceride clearance (8,9). While 

angiogenesis has been demonstrated to be an essential component in BAT development, 

how this is orchestrated or synchronized with the development and ability of the tissue to 

consume oxygen and fuel from circulation has not been determined. Taken together, the 

detailed examination of angiogenesis in BAT is warranted as it may provide novel targets to 

modulate obesity and associated cardiovascular complications.

Although adipose tissue dysfunction and capillary rarefaction are known to occur in obesity 

and are presumed to be detrimental to metabolism, studies dissecting the molecular targets 

involved in the ensuing metabolic dysfunction are lacking. It has been demonstrated that 

prolonged exposure to cold leads to increased BAT angiogenesis, independent of hypoxia 

(10). This was associated with the induction of VEGF-A; however, conflicting results were 

obtained with different VEGF inhibitors (neutralizing antibodies targeting the receptors, 

VEGFR1 and VEGFR2). Because the angiogenesis regulatory network is complex, and 

VEGFR1 and VEGFR2 interact with multiple ligands (VEGF-A, VEGF-B, VEGF-C, 

VEGF-D (encoded by different genes), PIGF, and others), the molecular identities of the 

angiogenic factors regulating BAT and thermogenesis remain unknown.

A recent study has shown expression of VEGF isoforms and receptors in developing BAT 

and demonstrated that VEGF is necessary for survival and proliferation of brown adipocytes 

(11), however the functional consequences and mechanism of action of VEGF ablation were 

not studied in detail. It has also been shown that VEGF has autocrine effects on cells in the 

retina, kidney, and mammary gland (12-14); however, the functional consequences of 

VEGF-A in brown adipocytes remain to be elucidated. Here, we address the role of 

endogenous VEGF-A in BAT by utilizing our mouse model with adipose-specific VEGF-A 

ablation. Our results suggest that VEGF-A acts in an autocrine manner to facilitate the 
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thermogenic response and to promote brown adipocyte function through regulation of 

mitochondria.

2. Materials and Methods

2.1 Isolation of stromal vascular cells (SVC) and fluorescence activated cell sorting (FACS)

Inguinal and gonadal fat pads, as well as the interscapular BAT depot, were excised and 

primary adipocytes and SVCs were isolated as previously described (15). SVCs were 

resuspended in ice cold flow cytometry staining buffer (eBioscience Inc., San Diego, CA) 

supplemented with Fc block: purified anti-mouse CD16/32 antibody at 10 μg/ml. The cell 

suspension was incubated with antibodies for 90 min on ice, followed by washing with ice 

cold PBS and then 5 min DAPI (4′,6-diamidino-2-phenylindole) staining. Cells were 

resuspended in flow cytometry staining buffer and sorted on Moflo™ Legacy cell sorter 

(Beckman coulter Inc., Brea, CA). The isolation strategy was based on Rodeheffer et al. 

(16), with some modifications. First, based on FSC (Forward Scatter) and SSC (Side 

Scatter), single cells were selected. Second, dead cells were excluded based on their uptake 

of DAPI. Third, live singlets were further separated based on cell surface markers. 

Antibodies were purchased from eBioscience (CD45-FITC, CD31-FITC, Ter119-FITC, 

Sca-1-PE, CD34-Alexa700 and purified Fc block: CD16/32) and Biolegend (CD29-PE/cy5, 

San Diego, CA).

2.2 Mouse models and tissue collection

Fabp4-cre and LysM-cre were purchased from Jackson Laboratories (#005069 and #004781, 

respectively). Fabp4-cre transgenic and VEGFflox/flox mice (provided by Genentech) were 

used in a series of crosses to create mice ± cre and homozygous for flox, thereby ablating 

VEGF-A in adipose tissue. Similarly, LysM-cre transgenic and VEGFflox/flox mice were 

used in a series of crosses to create mice ± cre and homozygous for flox, thereby ablating 

VEGF in macrophages. The epididymal fat pad (WAT) and intrascapular BAT were 

collected, weighed, and subsequently divided in order to provide uniform tissue samples for 

further analyses. Heart and lung tissue were also collected for protein analysis. All 

experiments were approved by the Institutional Animal Care and Use Committee at Boston 

University.

2.3 Capillary density

To visualize the vasculature in WAT and BAT of Fabp4cre(+).VEGFflox/flox and control 

mice, 100 μl of the fluorescein isolectin Griffonia simplicifolia (Vector Labs) was 

administered to the circulation via cardiac injection 5 min. before sacrifice. Live, non-fixed 

adipose tissue specimens from WAT and BAT were minced and incubated with BODIPY 

for 1 hr to visualize adipocytes (17). Confocal microscopy was used to determine capillary 

density on 50-μm thick tissue stacks. Quantification of capillary density was assessed by 

measurement of lectin (FITC) luminosity on 10 randomly selected photomicrographs from 

each mouse sample.

Mahdaviani et al. Page 3

Metabolism. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.4 Semi-quantitative PCR

A portion of the WAT and BAT tissue was snap frozen in liquid nitrogen immediately after 

harvest. Tissue was disrupted using a Qiagen TissueLyser, followed by total RNA extraction 

using the Qiagen RNeasy Kit (Valencia, CA). cDNA was produced using ThermoScript RT-

PCR Systems (Invitrogen, Carlsbad, CA). VEGF, Ucp1, and Dio2 transcript was analyzed 

using Taqman Gene Expression Assays: #Mm01281449; Mm01244861_m1, and 

Mm00515664_m1, respectively (Applied Biosystems). Transcript levels were determined 

relative to the signal from GAPDH (Taqman Gene Expression Assay, #Mm99999915_m1) 

and normalized to the mean value of samples from control mice.

2.5 VEGF-A Protein Quantification

Tissue and cell samples were collected and subjected to homogenization by TissueLyser 

(Qiagen) and protein extraction. Levels of VEGF-A protein were determined using a mouse 

VEGF-A ELISA kit according to the manufacturer's instructions (R&D systems).

2.6 Acute Cold Exposure

Subcutaneous, biocompatible, and sterile microchip transponders (Bio Medic Data Systems, 

Seaford, DE) were implanted in male Fabp4cre(+).VEGFflox/flox, Fabp4cre(−).VEGFflox/flox, 

LysMcre(+).VEGFflox/flox, and LysMcre(−).VEGFflox/flox mice at least two days prior to 

experimentation. On the day of the experiment, mice were housed singly in pre-chilled cages 

at 4°C with free access to water. Body temperature was assessed hourly for 6 or 24 hours 

using a wireless reader system (Bio Medic Data Systems, Seaford, DE).

2.7 Immunostaining

Slides of formalin-fixed BAT containing 5μm paraffin embedded sections from 

Fabp4cre(+).VEGFflox/flox and Fabp4cre(−).VEGFflox/flox mice were deparaffinized, stained 

with Tomm20 by immunofluorescence and immunohistochemistry, and imaged as 

previously described (18).

2.8 Cell culture and oxygen consumption measurements

Brown adipocytes were differentiated from mice and cultured as previously described in 

detail (19). Briefly, BAT from 4 week old male Fabp4cre(+).VEGFflox/flox and 

Fabp4cre(−).VEGFflox/flox mice was resuspended in 6 ml ofculture medium after 

collagenase digestion and washing steps. For oxygen consumptionexperiments, 100 μl were 

seeded into each well of a V7 cell culture plate (Seahorse Bioscience,Billerica, MA), 

followed by cell attachment for 1 h and addition of 150 μl medium consisting of DMEM 

supplemented with 10% fetal calf serum, 60 nM insulin, 10 mM HEPES, 4 mM glutamine, 

50 IU of penicillin, 50 μg streptomycin, 25 μg sodium ascorbate/mL and 1 μM rosiglitazone. 

Medium was changed the day after seeding and thereafter every second day until pre-

adipocytes had differentiated into brown adipocytes after 7 days of culture. Rosiglitazone 

(Toronto Research Chemicals, Ontario, Canada) was used as differentiation agent (20). For 

oxygen consumption measurements, brown adipocytes were switched to assay media (3 mM 

glucose, 0.8 mM Mg2+, 1.8 mM Ca2+, 143 mM NaCl, 5.4 mM KCl, 0.91 mM NaH2PO4, 

and Phenol red 15 mg/ml (Seahorse Bioscience), followed by incubation for 60 min. at 37 
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°C (no CO2) before loading into the XF24 respirometry machine (Seahorse Bioscience) 

(21). During this time, a cartridge with the injection compounds (50 μl/port) used during the 

experiment was prepared and the machine was programmed. Stimulated energy expenditure 

is reported as the increase in oxygen consumption rate (OCR) in response to 1 μM 

norepinephrine (NE), and maximal respiratory capacity is determined as the maximal OCR 

and tested in the presence of the uncoupler, FCCP (5 μM) and 10mM sodium pyruvate. 

Values presented were normalized to OCR values after antimycin treatment which shows 

non-mitochondrial respiration. In experiments utilizing adenovirus, brown adipocytes 

isolated from Fabp4cre(−).VEGFflox/flox mice were treated on day 4 of differentiation with 

either Adeno-Cre-GFP or Adeno-GFP (Vector Biolabs, Philadelphia, PA) with a multiplicity 

of infection of approximately 1500. Experiments were run in triplicate and data were 

combined in order to perform statistics.

2.9 Western blotting

Protein extracts were subjected to SDS–polyacrylamide gel electrophoresis and 

immunoblotting using the following primary antibodies: VEGF (Santa Cruz (sc-152), 

UCP-1 (Abcam), and porin (Abcam).

2.10 Statistical Analysis

Differences between mean values were assessed by a students t-test; a p-value < 0.05 was 

considered significant.

3. Results

3.1 Expression of VEGF-A in adipocyte precursor cells

Adipose tissue contains cell populations within the stromal vascular fraction that have 

distinct gene expression signatures, including those for hematopoietic stem cells, endothelial 

cells, and adipocyte precursor cells (16). In order to define the cell populations producing 

the highest levels of VEGF-A, subcutaneous and gonadal WAT was dissected and the 

stromal vascular cells were isolated and sorted according to the aforementioned signatures. 

RNA expression analysis of the sorted cell populations revealed that the vast majority of 

VEGF-A in adipose tissue is derived from the adipocyte precursor fraction (CD45− CD31− 

Ter119− CD34+ SCA1+) (Fig. 1). We performed a similar analysis on these cell populations 

sorted from BAT, which revealed that the level of VEGF-A was also significantly higher in 

the population of adipocyte precursors within BAT, and also in comparison to WAT (Fig. 

1). These results are the first to report that the adipocyte precursor population expresses the 

highest amounts of VEGF-A compared to the hematopoietic stem cell or endothelial cell 

populations (CD45+ CD31+ Ter119+ CD34− SCA1−) and that expression is significantly 

higher in this population from BAT versus WAT. These results suggest that VEGF-A plays 

a greater role in BAT function compared to WAT, and that expression in brown adipocytes 

could be essential to both expansion and function of the adipose tissue.

3.2 Generation of tissue-specific VEGF-A deficient mice

Based on our findings that adipocyte-derived VEGF-A is highly expressed compared to 

other cell types within adipose tissue, we generated mice with a VEGF-A-specific ablation 
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in adipocytes. We utilized Fabp4-cre transgenic and VEGFflox/flox mice in a series of crosses 

to create our experimental Fabp4cre(−).VEGFflox/flox and Fabp4cre(+).VEGFflox/flox mice.

We acknowledge that there is controversy regarding the specificity of the Fabp4-cre 

promoter as a model for ablation in adipose tissue; however, Fabp4-cre has been reasonably 

well-characterized in previous studies targeting adipose tissue (22-29). To exclude the 

possibility that any observed effects might be due in part to a macrophage response to 

reduced VEGF-A expression, we also targeted the monocyte/macrophage leukocyte lineage. 

We used the LysM-cre transgenic mouse to generate a macrophage-specific deletion of 

VEGF-A, the LysMcre.VEGFflox/flox mouse model. Two previous independent publications 

ablating VEGF in macrophages via cre-lox techonology did not report results on functional 

consequences to vascularization or thermogenesis (30,31).

We observed at least a 50% reduction in VEGF-A protein levels in whole WAT and BAT 

from Fabp4cre(+).VEGFflox/flox (Fig. 2a), but not in LysMcre(+).VEGFflox/flox mice, in 

which only macrophage expression of VEGF-A was decreased (Fig. 2d). Importantly, 

VEGF-A levels remained unchanged in macrophages of Fabp4cre(+).VEGFflox/flox 

compared to Fabp4cre(−).VEGFflox/flox (Fig. 2a). VEGF-A levels in heart and lung were 

similar to those previously reported and did not change regardless of cre expression (Fig. 

2b). In adipocytes and SVF isolated from BAT, we observe diminished expression of 

VEGF-A to a greater extent in adipocytes from Fabp4cre(+).VEGFflox/flox mice compared to 

controls (Fig. 2c). Decreased adipose tissue expression of VEGF-A did not change body 

weight (Fig. S1) or total WAT weight in young Fabp4cre(+).VEGFflox/flox mice (Fig. 2f). In 

contrast to WAT, BAT weight was significantly decreased in Fabp4cre(+).VEGFflox/flox 

compared to Fabp4cre(−).VEGFflox/flox mice (Fig. 2f). The percentage of white adipose 

tissue to total body weight is 1.6 and 1.7 for Fabp4cre(−).VEGFflox/flox and 

Fabp4cre(+).VEGFflox/flox mice, respectively. The percentage of brown adipose tissue to 

total body weight is 0.26 and 0.15 for Fabp4cre(−).VEGFflox/flox and 

Fabp4cre(+).VEGFflox/flox mice, respectively. Therefore, we can confidently conclude that 

the absence of VEGF-A decreases brown adipose tissue weight significantly, and this is not 

due to changes in total body weight. In comparison, neither WAT nor BAT weight was 

affected by deletion of VEGF-A in macrophages (Fig. 2e).

Although WAT weight was unchanged, similar to a recent report (4), adipose-specific 

VEGF-A deficiency resulted in decreased WAT vascularity in Fabp4cre(+).VEGFflox/flox 

mice (Fig. 2g). Quantitative analysis revealed a statistically significant decrease in adipose 

tissue vascularity of Fabp4cre(+).VEGFflox/flox compared to LysMcre(−).VEGFflox/flox, or 

LysMcre(+).VEGFflox/flox mice (Fig. 2h, and Fig. S2).

3.3 VEGF-A controls vascularity and function in brown adipose tissue

Our observation of decreased BAT weight was striking; therefore, we also assessed the 

extent to which the deficiency of VEGF-A affected the molecular markers of brown 

adipocytes. Examination of UCP1 and Dio2 mRNA expression levels revealed a decrease in 

Fabp4cre(+).VEGFflox/flox (Fig. 3a-b) compared to control mice. In addition, and similar to 

that observed in WAT, there was a significant decrease in BAT vascularity (Fig. 3c). 

Quantitative analysis revealed a statistically significant decrease in adipose tissue 
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vascularity of Fabp4cre(+).VEGFflox/flox mice compared to Fabp4cre(−).VEGFflox/flox mice 

(Fig. 3d). In control mice, we demonstrate that VEGF-A levels are higher in BAT compared 

to WAT (Fig. 1), suggesting that correspondingly more blood vessels would be a reasonable 

observation. Histological analysis of BAT by hematoxylin and eosin staining reveals 

striking morphological abnormalities when VEGF-A is ablated with regard to lipid droplet 

enlargement and coalescence (Fig. 3e). Ablation of VEGFA in macrophages was 

inconsequential to BAT marker expression, vascularity, and lipid architecture when 

compared to control mice (Fig. S2).

To test if the observed histological and vascular abnormalities in the 

Fabp4cre(+).VEGFflox/flox mice had functional consequences, we studied the effect of 

VEGF-A deletion on thermogenesis under cold exposure in young mice. The results 

revealed a dramatically impaired thermogenic response in Fabp4cre(+).VEGFflox/flox 

compared to Fabp4cre(−).VEGFflox/flox mice (Fig. 4a) over the six-hour time course. In 

contrast to the adipose-specific VEGF-A deletion, lack of VEGF-A in macrophages did not 

have any effect on thermogenic response to cold, even when the time course was extended 

to 24h observations (Fig. 4b). This corroborates our results in sorted adipose-derived stromal 

vascular fraction populations (Fig. 1), suggesting that the major role of VEGF-A in the 

adipose tissue occurs from the adipocyte population. Therefore, VEGF-A expression in the 

adipocyte population is instrumental not only to BAT vascularization, but also to BAT 

function. Taken together, these results suggest an autocrine effect of VEGF-A on brown 

adipocytes and an essential role in thermogenesis.

3.4 Impaired thermogenic capacity of VEGF-A-deficient brown adipocytes

To determine if abnormal or dysfunctional mitochondria within the brown adipocytes were 

responsible for the decreased thermogenic response, we examined the BAT of 

Fabp4cre(+).VEGFflox/flox and Fabp4cre(−).VEGFflox/flox mice by confocal microscopy. 

Histological staining with Tomm20, an outer mitochondrial membrane protein, shows that 

BAT from Fabp4cre(+).VEGFflox/flox mice has decreased mitochondrial mass and exhibits 

signs of mitochondrial fragmentation, defined as being small, with abnormal structure (Fig. 

5a). In contrast, BAT from Fabp4cre(−).VEGFflox/flox contains more mitochondria 

exhibiting a ring-shaped structure (arrows, Fig. 5a), which is a sign of normal NE 

stimulation as previously reported (18). These data suggest that mitochondrial abnormalities 

in the Fabp4cre(+).VEGFflox/flox BAT could be due to the lack of NE signaling or inability 

of the mitochondria to properly change their morphology in response to the NE signaling.

In order to provide further evidence that our observed effects were not due to VEGF-A 

secretion by other cells and to confirm autocrine behavior of VEGF-A on BAT independent 

of vascularization or hypoxia, we assessed the bioenergetic capacity of VEGF-A-deficient 

brown adipocytes. The effect of VEGF-A deletion in mature cells was studied in vitro using 

isolated brown adipocytes from Fabp4cre(−).VEGFflox/flox and Fabp4cre(+).VEGFflox/flox 

mice. On day 8, protein expression levels of VEGF-A, UCP-1, and porin (known to decrease 

with reduced mitochondrial mass) were measured in the cells and significantly decreased in 

the adipocytes lacking VEGF-A (Fig. 5b-c). Stimulated energy expenditure was defined and 

calculated as the stimulus-induced fold increase in absolute oxygen consumption rates 
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(OCR, pmols O2/min) over the pre-stimulus value. Both pre- and post- stimuli OCR values 

take into account the post-antimycin OCR value as a reference point (zero). We demonstrate 

here that the OCR of VEGFA-deficient brown adipocytes significantly decreased compared 

to control brown adipocytes (Fig. 5d-f). Thus, complete ablation of VEGF-A from brown 

adipocytes results in structural mitochondrial abnormalities and decreased capacity for 

mitochondrial respiration.

3.5 Distinct effects on differentiation of brown adipocytes after acute ablation of VEGF-A

To determine the acute effect of VEGF-A deletion, and in order to exclude the potential 

effect on differentiation, we treated VEGFflox/flox brown adipocytes in vitro on day 4 with 

an adenovirus encoding either cre-recombinase (Ad-Cre) or control (Ad-CMV). On day 8, 

determination of VEGF-A and UCP-1 protein levels in the brown adipocyte cultures 

revealed significant decreases in VEGFflox/flox brown adipocytes treated with Ad-Cre 

compared to Ad-CMV (Fig. 6a). However, expression of porin, known to decrease with 

reduced mitochondrial mass, did not change. At this time, there were also no differences in 

size or number of lipid droplets between the groups (Fig. S3). A similar trend to the effect 

observed in brown adipocytes isolated from adipose-specific VEGF-A-deficient mice. 

Mitochondrial respiration of VEGFflox/flox brown adipocytes treated with Ad-Cre did not 

affect mitochondrial maximal oxidative capacity which is examined by FCCP. However, 

mitochondrial respiration was significantly impaired in response to NE even with short term 

VEGF deficiency (Fig. 6b-d). This indicates that acute ablation of VEGF-A during 

differentiation is sufficient to impair mitochondrial function, while maintaining organellar 

mass and structural integrity.

Taken together, these in vitro studies use both genetically modified mice and adenoviral 

treatment to demonstrate that VEGF-A ablation in brown adipocytes decreases the oxidative 

capacity of these cells. Therefore, VEGF-A from brown adipocytes provides autocrine 

signaling which facilitates mitochondrial oxidative and thermogenic capacity.

4. Discussion

Our results provide in vivo evidence that endogenous VEGF-A signaling in brown 

adipocytes occurs in an autocrine manner and is essential for BAT function. Our results also 

identify the adipocyte precursor cell population within WAT and BAT as the cell type 

expressing the highest levels of VEGF-A, with higher expression in the population from 

BAT compared to WAT. We show that ablation of endogenous VEGF-A specifically in 

adipose tissue results in mice that display decreased vascularity and disrupted lipid 

architecture in BAT. These observations are functionally relevant in that these mice are 

unable to respond to cold, indicating a dependence on VEGF-A signaling to facilitate the 

thermogenic response. In contrast, we do not observe any changes to these parameters in 

mice lacking VEGF-A specifically in macrophages. Assessment of mitochondria revealed 

reduced mass and size, which had functional consequences as evidenced by decreased 

oxygen consumption rates in mice lacking VEGF-A in adipose tissue. Interestingly, acute 

VEGF-A ablation resulted in reduced mitochondrial respiration in response to NE, without 

significant changes in maximal oxidative capacity or mitochondrial mass.
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Several publications underscore the significance of adipose tissue angiogenesis and 

therapeutic potential for obesity-related inflammation and complications. It has been 

demonstrated that VEGF-A, while critical for angiogenesis, is also crucial to the induction 

of beige adipocytes in white adipose tissue, suggesting that adipose tissue expansion in 

conditions such as obesity could benefit by targeting VEGF-A (32). Two publications using 

gain-of-function mouse models engineered to overexpress VEGF-A demonstrated increased 

adipose tissue vascularization and protection against systemic metabolic dysfunction (as 

induced by high fat diet) (33,34). Another recently published study employs overexpression 

of VEGF-A in BAT to demonstrate increased thermogenesis and improvement of glucose 

metabolism (35). However, these overexpression studies did not address the role of 

endogenous VEGF, as we have shown here.

Many cell types are affected by VEGF in a paracrine manner, although few instances of 

autocrine effects have been described. A decade of evidence demonstrates autocrine 

signaling of VEGF in the renal podocyte within the kidney (36-38). Furthermore, studies in 

mice and humans suggest that diabetic glomerular disease may partially be due to autocrine 

VEGF activity (39,40). In addition, the recent study of cardiac myocyte-derived VEGF 

revealed that autocrine signaling results in increased fatty acid delivery to the heart (41). 

Furthermore, while deletion of VEGF in adipose tissue results in increased WAT 

inflammation, increased lipid accumulation in BAT, and impaired glucose tolerance (3,4), 

the contribution of other cell types expressing VEGF-A within BAT tissue was not explored, 

nor were the functional consequences of VEGF-A ablation on mitochondrial biogenesis. 

Bagchi et al. has shown histological evidence that VEGF neutralization results in decreased 

vascular density and structural changes to BAT mitochondria; however this was 

accomplished by systemic neutralization of VEGF by adenovirus, and data are limited to 

morphological changes in BAT (11). Using specific ablation of VEGF in adipose tissue, and 

in brown adipocytes in vitro, we demonstrate that the morphological changes to BAT 

observed with VEGF ablation have functional consequences on thermogenesis, due to direct 

autocrine effects.

While the capacity of the angiogenic signal by VEGF-A to drive BAT development has 

been shown (35), in the current manuscript, we demonstrate that this driving force is 

generated by BAT itself, suggesting that the angiogenic signal functions as a mechanism to 

induce both the thermogenic machinery utilizing the fuel and the vascular system 

transporting the fuel and oxygen for utilization. This may serve to assure that thermogenic 

capacity cannot be developed unless the angiogenic signal is being produced. Consequences 

of uncoupling capacity in the absence of appropriate blood vessels could result in ischemia 

and further progression of disease.

In conclusion, our data demonstrate that VEGF-A expression by brown adipocytes provides 

a necessary autocrine signal to maintain mitochondrial oxidative capacity within the BAT. 

Disrupted angiogenic signaling in adipose tissue results in a functional impairment of BAT 

thermogenesis due, in part, to reduced mitochondrial respiration. Our understanding of the 

function and signaling pathway of VEGF-A in brown adipocytes will allow for future 

research to provide new therapeutic approaches to the treatment of obesity and obesity-

related cardiovascular disease.
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Figure 1. 
VEGF-A expression in sorted SVF cell populations from WAT and BAT. Expression levels 

of VEGF-A were measured by qRT-PCR in lineage specific cell populations, representing 

hematopoietic and myeloid progenitors (CD45+ CD31+ Ter119+ CD34− SCA1−), as well as 

adipocyte precursors (CD45− CD31− Ter119− CD34+ SCA1+). Stromal vascular cells were 

isolated and sorted from WAT and BAT from male wild type mice. Results are 

representative of 3 separate experiments pooling three mice each for WAT, and two mice 

each for BAT. Data are means ± SEM. *p <0.05 compared to CD45+ CD31+ Ter119+ 

CD34− SCA1− cells.
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Figure 2. 
Tissue-specific ablation of VEGF-A. VEGF-A protein expression in a) WAT, BAT, 

macrophages, b) heart and lung from Fabp4-cre(−).VEGFflox/flox and Fabp4-

cre(+).VEGFflox/flox mice quantified by ELISA. c) mRNA expression levels of VEGF-A in 

adipocyte and stromal vascular fraction (SVF) from BAT of Fabp4-cre(−).VEGFflox/flox and 

Fabp4-cre(+).VEGFflox/flox mice. d) VEGF-A protein expression in WAT, BAT, and 

peritoneal macrophages from LysM-cre(−).VEGFflox/flox and LysM-cre(+).VEGFflox/flox 

mice quantified by ELISA. e) Epididymal fat pad (WAT) and interscapular brown adipose 

(BAT) weights were measured in male LysM-cre(−).VEGFflox/flox and LysM-

cre(+).VEGFflox/flox mice. f) Epididymal fat pad (WAT) and interscapular brown adipose 

(BAT) weights were measured in male Fabp4-cre(−).VEGFflox/flox and Fabp4-

cre(+).VEGFflox/flox mice. g) Representative confocal micrographs and h) quantification of 

vascularization in epididymal fat pads stained with BS1-lectin (FITC) for vasculature and 

BODIPY (Texas Red) for adipocytes. Vascularity is expressed as arbitrary units of 

luminosity (au). (Fabp4Cre(−) mice, n=15; Fabp4Cre(+) mice, n=13; LysMcre (−) mice, 

n=11; LysMcre (+) mice, n=13;). *p <0.01; **p <0.002
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Figure 3. 
Disrupted BAT phenotype in mice with adipose-specific VEGF-A ablation. Expression of 

BAT markers, a) Ucp1 and b) Dio2, was assessed by qRT-PCR. c) VEGF-A ablation results 

in decreased vascularization in BAT as visualized with BS1-lectin (FITC) for vasculature 

and BODIPY (Texas Red) for adipocytes. d) Quantification of vascularity expressed as 

arbitrary units of luminosity (au). e) Disruption of lipid architecture in BAT shown by 

representative hematoxylin and eosin staining. *p <0.01; **p <0.05
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Figure 4. 
Impaired tolerance to cold in Fabp4cre(+).VEGFflox/flox mice. a) 8-12 week old mice were 

placed at 4°. Temperatures were measured hourly for 6 hours, using implanted microchip 

transponders. Cre(−) (n=19) cre(+) (n=19). b) LysMcre(+).VEGFflox/flox (n=13) and 

LysMcre(−).VEGFflox/flox mice (n=11) were subjected to cold tolerance testing for 24 hours. 

*p <0.01; **p <0.001
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Figure 5. 
Complete ablation of VEGF-A in brown adipocytes disrupts mitochondrial structure and 

impairs mitochondrial respiration. a) Representative images of formalin fixed BAT from 

Fabp4cre(−).VEGFflox/flox and Fabp4cre(+).VEGFflox/flox mice stained with Tomm20. Ring-

shaped mitochondria are observed only in Fabp4cre(−).VEGFflox/flox mice (arrows) b) 

Western blotting was performed on isolated brown adipocytes from 

Fabp4cre(−).VEGFflox/flox and Fabp4cre(+).VEGFflox/flox mice for VEGF-A, actin, UCP-1, 

and porin, and c) quantified. After treatment with d) norepinephrine (NE) or e) FCCP + 

sodium pyruvate, the oxygen consumption rate of mitochondria from VEGF-sufficient or -

deficient brown adipocytes was examined by Seahorse extracellular flux analyzer and f) 

quantified. Timepoints of stimulation/inhibition (blue lines) A=NE(1 μM) or FCCP(5 μM) + 

sodium pyruvate (10 mM); B=Oligomycin (5 μM); and C=Antimycin(8 μM). Experiments 

were run in triplicate and data were combined in order to perform statistics. **p<0.005
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Figure 6. 
Acute ablation of VEGF-A in brown adipocytes impairs mitochondrial respiration. Brown 

adipocytes were isolated from VEGFflox/flox mice, and treated with adeno-CMV control 

(Ad-CMV) virus or adeno-Cre recombinase (Ad-Cre). a) Western blotting was performed 

for VEGF-A, actin, UCP-1, and porin on isolated brown adipocytes from VEGFflox/flox mice 

isolated treated with Ad-CMV or Ad-Cre at day 4 of differentiation. After treatment with b) 

NE or c) FCCP + sodium pyruvate, the oxygen consumption rate of mitochondria from 

VEGFflox/flox brown adipocytes treated with Ad-Cre or Ad-CMV was examined by 

Seahorse extracellular flux analyzer and d) quantified. Timepoints of stimulation/inhibition 

(blue lines) A=NE(1 μM) or FCCP (5 μM) + sodium pyruvate (10 mM); B=Oligomycin (5 

μM); and C=Antimycin (8 μM). Experiments were run in separate attempts (n=4) and data 

were combined in order to perform statistics. *p<0.05
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