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Abstract

Hypoxia-inducible factor-1α (HIF-1α) in adipose tissue is known to promote obesity. We 

hypothesized that HIF-1α interferes with brown fat thermogenesis, thus decreasing energy 

expenditure. To test this hypothesis, we compared transgenic mice constitutively expressing 

HIF-1α in adipose tissues (HIF-1α++) at usual temperature (22°C) where brown fat is somewhat 

active, or at thermoneutrality (30°C), where brown fat is minimally active. HIF-1α++ mice or 

control litter mates were separated into room temperature (22°C) or thermoneutrality (30°C) 

groups. We assessed weight gain, food intake, calorimetry, activity; and oxygen consumption and 

transcriptional changes in isolated white and brown adipocytes. At 22°C, HIF-1α++ mice 

exhibited accelerated weight gain, cold and glucose intolerance, hyperglycemia, and decreased 

energy expenditure without changes in food intake or activity. These changes were absent or 

minimal at thermoneutrality. In brown adipocytes of HIF-1α++ mice, oxygen consumption 

decreased ~50% in association with reduced mitochondrial content, uncoupling protein 2, and 

peroxisome proliferator-activated receptor gamma coactivator 1 (PGC-1α). In conclusion, adipose 

HIF-1α overexpression inhibits thermogenesis and cellular respiration in brown adipose tissue, 

promoting obesity in the setting of reduced ambient temperature.
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INTRODUCTION

Over the last two decades, there has been growing interest in roles of hypoxia inducible 

factor 1 (HIF-1) in mediating metabolism. HIF-1 is a heterodimer comprised of an oxygen 

sensitive HIF-1α subunit and a constitutively produced HIF-1β subunit[1]. In the presence 

of oxygen, HIF-1α undergoes rapid ubiquitination and proteasome degradation. Hypoxia 
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prevents HIF-1α hydroxylation by prolyl hydroxylases, allowing HIF-1α to bind with 

HIF-1β and activate hypoxia response elements on target genes such as vascular endothelial 

growth factor (VEGF), glucose transporters, and glycolytic enzymes [2-4].

Although essential to cope with hypoxia, HIF-1α may also aggravate obesity and associated 

metabolic dysfunction. White adipose tissue (WAT) HIF-1α increases after high fat diet 

(HFD) presumably due to compromised O2 diffusion into hypertrophic adipocytes 

outstripping their blood supply [5, 6]. A HIF-1α knockout in adipocytes [7, 8] and HIF-1α 
antisense oligonucleotides [9] improved insulin sensitivity and reduced adiposity in HFD fed 

mice. Constitutive expression of HIF-1α in adipose tissue induced insulin resistance, 

accelerated weight gain, and caused WAT fibrosis and inflammation [10]. HFD acutely 

increases nitric oxide, inhibiting insulin signaling and promoting chemokines that lead to 

macrophage infiltration in a HIF-1α dependent manner [8]. HIF-1α also up-regulates 

angiopoietin-like 4 which in turn inhibits lipoprotein lipase in WAT, which might link 

hypoxia from sleep apnea to increased triglycerides [11]. Thus HIF-1α is necessary and 

sufficient to induce WAT hypertrophy, inflammation and insulin resistance. However, less is 

known regarding systemic mechanisms of adipose HIF-1α induced weight gain.

We wondered whether the impact of adipose HIF-1α on weight gain might be related to 

effects in BAT, which is much more metabolically active than WAT, particularly at 

unadjusted laboratory temperatures of ~22°C rather than at thermoneutrality (30°C) [12-15]. 

Therefore, we undertook this study to determine whether HIF-1α activation in adipose 

tissues causes weight gain in a temperature dependent manner. Since humans are less 

sensitive than rodents to hyper-metabolic effects of cold and typically reside at 

thermoneutrality [12], a temperature dependent effect of adipose HIF-1α could have 

significant clinical implications.

MATERIALS AND METHODS

Ethical Approval

The study was approved by the Johns Hopkins University Animal Care and Use Committee.

Experimental animals

HIF-1α transgenic mice (HIF-1α++) were generated by sub-cloning the human HIF-1α 
gene containing a deletion of the oxygen degradation domain (amino acids 403-603) under 

control of the aP2 promoter into a plasmid, and injecting the construct into FVB-derived 

blastocysts[10]. This deletion promotes stability of HIF-1α in adipose tissues under 

normoxic conditions. Mice were genotyped for presence of transgene using primers: 

5’CAAGAAGCCCTAACGTGTTAT and 5’GTGATGTAGTAGCTGCATGA. In addition, 

expression of the transgene was confirmed by real-time reverse transcriptase PCR using 

these primers and SYBR Green detection method (Life Technologies). Littermates lacking 

the transgene were used as controls. Transgenic HIF-1α++ mice have HIF-1α transgene in 

inguinal, mesenteric, epididymal, perirenal, and brown fat depots with minimal expression in 

other tissues [10]. Mice were maintained on an ad libitum chow diet or on a high fat diet 

consisting of 20% protein, 36.1% carbohydrate, and 35.2% fat by weight (Harlan Teklad 
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TD.03584). Room lights were programmed to maintain a 12:12-hr. light-dark cycle, with 

lights on from 09:00 to 21:00. To maintain thermoneutrality, cages were placed in a Draeger 

IC 8000 incubator set to 30°C. Mice maintained at 22°C were housed in an adjacent space in 

a thermostat-controlled room. We have previously demonstrated the presence of transgene 

RNA, protein, and HIF binding activity in adipose tissue of HIF-1α++ mice and lack of 

transgene expression in non-adipose tissues[10, 11].

Calorimetry

Calorimetry was performed in an open-circuit indirect calorimeter (Oxymax CLAMS unit, 

Columbus Instruments). Data were collected in a subset of transgenic mice or controls (n = 

5/group) at age 12 weeks. The same animals underwent testing at 22°C for 1 week, followed 

by a second week of testing at 30°C (using a temperature controlled room) and the final 3 

days of each condition were used for analysis. Rates of oxygen consumption (VO2, ml/kg/

hr.) and carbon dioxide production (VCO2) were measured for each chamber every 16 

minutes. Energy expenditure was calculated as EE = O2 × (3.815 + (1.232×RER)).

Telemetry

Mice were anesthetized with isoflurane and implanted with TA-F10 transmitters (Data 

Sciences International, St. Paul, MN) in the peritoneal cavity. After at least 5 days of 

recovery, body temperature and activity data were captured using PowerLabs 16/35 

interfaced with LabChart Pro software from ADInstruments (Colorado Springs, CO). For 

cold challenge testing, a subset of telemetry-monitored mice (n=4 for each genotype) was 

transferred for 6 hours to a 4° C cold room, then transferred back to 30° C for recovery.

Gene expression, Western blotting, and Assays

Total RNA was extracted from tissues using Trizol (Life Technologies, Rockville, MD), and 

cDNA was synthesized using AdvantageRT for PCR kit from Clontech (Palo Alto, CA). 

Real-time reverse transcriptase PCR was performed with primers from Invitrogen (Carlsbad, 

CA) and Taqman probes from Applied Biosystems (Foster City, CA).

Results were quantified according to the 2−ΔΔCt method, using 18s as an internal 

housekeeping gene. To assess mitochondrial content, we measured ratio of mitochondrial to 

genomic DNA. This was achieved by PCR using primers for NADH dehydrogenase subunit 

2 (Nd2) to amplify mitochondrial DNA, and primers for nucleoside diphosphate kinase 1 

(Nme1) to amplify genomic DNA as previously described [16].Adipose tissue pyruvate 

dehydrogenase phosphorylation was assessed by Western blot, probing for extent of E1 

subunit phosphorylation. Primary antibody used was against phosphorylated Pyruvate 

Dehydrogenase E1-alpha subunit [p Ser293, Novus Biologicals NB110-93479] at a dilution 

of 1:1000. Secondary antibody was goat anti-rabbit at 1:5000 dilution. The same blots were 

stripped and re-probed for actin as a normalizing protein using rabbit antibody and goat anti-

mouse-HRP. The results were expressed as ratios of optical density of the bands to actin.

Histology

Adipose tissue was fixed in 10% buffered formalin, embedded in paraffin and sectioned into 

5 μm slices. Histological assessment of tissue morphology was performed using an Olympus 
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microscope (Olympus, Tokyo, Japan). The diameter of adipocytes was measured using 

image-J (National Institutes of Health, Bethesda, MD), and a histogram was created from 

the diameter of 500 cells (10 mice/group).

Intraperitoneal glucose tolerance test (GTT)

Mice were injected with 1g/kg glucose in the peritoneal cavity. Blood was collected from the 

tail in un-anesthetized mice 0, 10, 20, 30, 60, 90, and 120 min after glucose injection. Blood 

glucose was tested with Accu-Chek kits from Roche Diagnostics (Indianapolis, IN).

Oxygen consumption in adipocytes

Krebs-Ringer HEPES bicarbonate buffer was prepared containing 120 mM NaCl, 4.8 mM 

KCl, 25 mM CaCl2, 1.2 mM KH2PO4, 1.2 mM MgSO4, 15mM NaHCO3, 30 mM HEPES, 

and 10 mM glucose. Fatty-acid free bovine serum albumin was added (4%) and titrated to 

pH 7.4. Adipocyte wash buffer was prepared by adding 500 nM adenosine to this solution. 

Fat pads were harvested from HIF-1α++ or control mice housed at 22°C, and minced into 

pieces using scissors, followed by digestion in collagenase, 2mg/mL in BSA-Krebs solution 

(approx. 3 mL/mg tissue). Fat was transferred to a 50 mL conical tube and incubated at 37°C 

at 120 RPM 1 hr. The fat slurry was filtered through 250 micron gauze mesh and centrifuged 

at 500 RPM for 1 minute. The infranatant was removed and adipocytes were washed twice 

in adipocyte wash buffer. Cells were then re-suspended in wash buffer in 5-8 volumes of the 

final amount of fat cake. Typical yield of this procedure was about 5000 cells/μL. Adipocyte 

mixtures were pipetted into micro-respiration chambers with a Clarke electrode (Unisense, 

Denmark), 10 minutes/chamber. An aliquot of adipocytes was diluted 1:2 in tryptan blue and 

8 μL placed on a hemocytometer to determine cell number. Oxygen consumption was 

normalized to cells per chamber.

Statistical analysis

Two-way ANOVA was performed to examine effects of ambient temperature and genotype, 

followed by Bonferroni posttests. Statistics were calculated using GraphPad Prism 

(GraphPad Software, La Jolla, CA). For GTT data, we calculated the area under the curve 

(AUC) using a trapezoidal rule. Values are reported as mean ± SEM. A p-value of <0.05 was 

considered significant.

RESULTS

Weight gain, adiposity, and food intake

We verified that the human HIF-1α gene lacking the oxygen degradation domain was 

expressed in adipose depots of HIF-1α++ mice, unaffected by ambient temperature, and 

absent in control littermates (Fig. 1). At 22°C, when fed either a chow diet or a high fat diet 

(HFD), HIF-1α++ mice gained more weight than controls (Fig. 2). At 30°C, HIF-1α++ 

mice did not differ in weight compared to controls. As expected, mice housed at 30°C 

consumed less food [14], but food intake did not differ between HIF-1α++ and control mice 

(Fig. 2). In terms of adiposity, mice housed at thermoneutrality had decreased brown, 

epididymal, and inguinal fat mass (Fig. 3). At the cooler temperature HIFα++ mice had 

more inguinal fat mass. There was also a trend towards greater epididymal fat weight 
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independent of temperature (p=0.074). Plasma glucose and lipid profiles demonstrated a 

decrease in cholesterol at thermoneutrality, while triglycerides were modestly increased in 

HIF-1α++ mice regardless of temperature. Fasting glucose was only increased in HIF-1α++ 

mice at 22°C.

Consistent changes were evident in adipose tissue histology. As shown in Fig. 4, adipocytes 

were markedly enlarged in the inguinal fat of HIF-1α++ mice, but only at 22°C. There was a 

modest enlargement of epididymal adipocytes regardless of ambient temperature. The most 

pronounced enlargement of inguinal fat was also observed in a previous study of these 

transgenic mice, who exhibit the highest expression of HIF-1α++ in this fat depot relative to 

epididymal and brown fat [10]. BAT was infiltrated with white adipocytes at 30°C, but did 

not differ in adipocyte size between HIF-1α++ and control mice (Fig. 5). In addition, the 

number and diameter of BAT intracellular lipid droplets (median 4.2 μm in all groups) did 

not exhibit differences between genotypes. Oral glucose tolerance was impaired at 22°C in 

HIF-1α++ mice (Supplemental Fig. 1). Hence, adipose HIF-1α over-expression causes 

weight gain, expansion of primarily subcutaneous fat, hyperglycemia, and glucose 

intolerance but only below thermoneutrality.

Calorimetry, thermoregulation, and glucose tolerance in vivo

Based on these results, we hypothesized that HIF-1α++ mice would be cold sensitive and 

fail to increase energy expenditure in response to sub-thermoneutral temperature. Indeed, at 

22°C energy expenditure (EE) was reduced in HIF-1α++ mice throughout the day, but the 

defect was abolished at 30°C, where EE decreased to basal levels in both groups (Fig. 6). 

HIF-1α++ mice also maintained a body temperature of roughly 1°C cooler when housed 

below thermoneutrality. Supplemental Fig. 2 demonstrates the averaged O2 and CO2 

production rates of mice, revealing the temperature-dependent metabolic defect in HIF-1α+

+ mice. Since the body weights of mice differed at the time of calorimetry (controls: 26.2 

± 0.6 g; HIF-1α++: 29.4 ± 0.5 g, p<0.01) we also analyzed O2 and VO2 without normalizing 

to body weight. The effects of temperature and HIF-1α++ remained significant without 

normalization. During calorimetry, food consumption and activity were not statistically 

different between genotypes (Supplemental Fig. 3). Furthermore, HIF-1α++ mice became 

more hypothermic when challenged acutely in 4°C (Supplemental Fig. 4).

Adipocyte respiration in vitro

Next, we determined whether the reduced energy expenditure of HIF-1α++ mice could be 

detected in isolated adipocytes. As shown in Fig. 7, respiration rates of brown adipocytes 

was reduced by over 50% in HIF-1α++ mice versus control mice. As expected, white 

adipocytes exhibited markedly less oxygen consumption than brown adipocytes. However, 

there was no effect of HIF-1α++ on epididymal or inguinal adipocyte respiration.

Gene expression and metabolic pathways

We assessed genes of respiration under established or potential transcriptional control by 

HIF-1α, including pyruvate dehydrogenase kinase (PDK), uncoupling proteins UCP1 and 

UCP2, Carnitine palmitoyltransferase I (CPT1), and peroxisome proliferator-activated 

receptor gamma coactivator 1 (PGC-1α). As seen in Fig. 8, cooler ambient temperature 
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increased expression of BAT UCP1, PDK2, PDK4, CPT1, and PGC-1α. This pattern is 

consistent with more severe cold exposure or hibernation [17, 18]. PDK1 was not detectable 

in BAT under any conditions, consistent with previous studies localizing PDK1 chiefly to 

mammalian cardiac cells [19]. Unexpectedly, VEGF also decreased. Mitochondrial content 

was reduced by HIF-1α overexpression at 22°C, but was unaffected at 30°C.

Decreased BAT PDK4 would be expected to reduce phosphorylation of pyruvate 

dehydrogenase (PDH), thereby facilitating entry of pyruvate into the TCA cycle. Since this 

was contrary to our hypothesis, we probed for the extent of PDH phosphorylation of E1 (the 

primary site of inactivation by PDK’s) by western blot. PDH phosphorylation was not 

altered by HIF-1α overexpression (Supplemental Fig. 5). These results confirm that 

respiratory suppression by HIF-1α does not occur via PDH phosphorylation/inactivation.

In epididymal fat, there was no impact of HIF-1α overexpression on PDK1, PDK2, or 

mitochondrial content, although we observed a fall in UCP2 expression. Cooler temperature 

also independently decreased PGC-1α and VEGF (Fig. 9). A similar pattern of decreased 

UCP2 was evident in inguinal fat (Fig. 10) but no other significant changes were observed 

for HIF-1α overexpression.

DISCUSSION

The main finding of this study is that constitutive expression of adipose HIF-1α caused 

obesity, hypothermia, hyperglycemia, and glucose intolerance at cool ambient temperatures, 

but minimal metabolic changes at thermoneutrality. In parallel, BAT oxygen consumption 

and mitochondrial content were reduced, and UCP2, CPT1, and PGC1α were 

downregulated. In WAT we did not observe HIF-1α mediated changes in oxygen 

consumption, nor transcriptional changes that would be expected to impede respiration. 

Therefore, HIF-1α suppresses thermogenesis in BAT, causing obesity in the setting of 

reduced ambient temperature.

Loss and gain-of-function studies have shown that adipose HIF-1α promotes obesity. In 

WAT, HIF-1α is detectable under normoxic conditions [6] and increases after HFD [7, 

20-22]. Increases in HIF-1α might be caused by poorly vascularized adipocytes [5]. 

Saturated fatty acids also stabilize WAT HIF-1α by reducing intracellular oxygen content 

from mitochondrial uncoupling [8]. Hyperinsulinemia, an expected response to insulin 

resistance from HFD, is also an agonist of HIF-1α in adipocytes [6]. Regardless of the cause 

of WAT HIF-1α activation, its inhibition diminished weight gain in HFD obese mice [5, 7-9, 

23]. There was no effect of HIF-1α inhibition in mice fed chow diets, suggesting basal 

HIF-1α activity does regulate weight gain. In mice on a HFD, adipose HIF-1α knockout 

(using a tamoxifen inducible aP2-Cre excision model) increased VO2, lowered the 

respiratory exchange ratio, raised body temperature, and increased WAT mitochondrial 

biogenesis. HIF-1α was found to repress transcription of Sirtuin 2, a deactylase that 

facilitates fatty acid oxidation [5]. In terms of gain-of-function experiments, Halberg et al 
showed that HIF-1α++ mice were more obese than controls, with markedly hypertrophied 

inguinal fat pads exhibiting macrophage infiltration, fibrosis, and the upregulation of 

extracellular matrix proteins and lysyl oxidase[10]. By using thermoneutrality and 
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measuring respiration in isolated white and brown adipocytes, we localized the energy defect 

to BAT. We confirmed that adipose HIF-1α constitutive expression predominantly enlarged 

subcutaneous fat, where the HIF-1α transgene is most abundantly expressed [10], but this 

phenomenon was abrogated by thermoneutrality. Thus, we hypothesize that hypo-metabolic 

consequences of BAT HIF-1α synergize with local WAT HIF-1α to promote subcutaneous 

obesity and metabolic dysfunction. To confirm this hypothesis, it will be necessary to 

specifically target HIF-1α in BAT or WAT.

A more complex picture of HIF-1α’s role in BAT emerges considering findings of two other 

studies. First, Zhang et al. showed that inhibition of adipose HIF-1α (using transgenic 

dominant negative expression) impaired BAT thermogenesis and fatty acid oxidation, 

downregulated oxidative pathways, and caused loss of mitochondria[24]. Authors ascribed 

these surprising findings to loss of HIF-1α dependent BAT vascularization. Of note, HIF-1α 
inhibition in their model reduced PDK expression, potentially increasing oxidative 

phosphorylation, while the buildup of acetyl-coA and NADH might impair fatty acid 

oxidation. Second, in the aforementioned study showing amelioration of HFD-induced 

obesity by adipose HIF-1α knockout [5] authors went on to specifically knock out BAT 

HIF-1α (using UCP1-Cre excision). Interestingly, loss of BAT HIF-1α by this method did 

not affect weight gain. Apparently, HIF-1α has a modest role in BAT under physiological 

conditions, while high and low extremes of HIF-1α activity, at least under normoxic 

conditions, impair thermogenesis.

Guided by prior studies [25], we examined pathways by which HIF-1α might impair BAT 

respiration. We first examined the impact of HIF-1α on PDK isoforms, since HIF-1α has 

been shown to suppress oxygen consumption in hypoxic cells via increases in PDK [26]. 

PDKs phosphorylate and inactivate PDH, inhibiting pyruvate entry into the TCA cycle. In 

BAT, cooler ambient temperature increased PDK2 and PDK4, and increased PDH 

phosphorylation reducing its activity, consistent with reduced oxygen consumption observed 

in hibernating mammals [17, 18]. Interestingly, HIF-1α++ decreased BAT PDK4 

transcription and did not alter PDH phosphorylation, exonerating this as the main pathway 

for the suppression of respiration. This was surprising, given that HIF-1α is necessary for 

PDK1 upregulation and reduced respiration during hypoxia in renal cell carcinoma cells 

[25]. Perhaps these divergent results are explained by the method of HIF-1α manipulation 

(in vivo hypoxia induction, versus transgenic expression), cell type, or the presence of 

normoxic conditions in this present study. Second, we hypothesized that HIF-1α++ might 

inhibit the expression of uncoupling proteins. HIF-1α++ suppressed transcription of UCP1 

at 30°C, but cold stimulation of UCP1 at 22°C was not affected. This suggests that there is 

not a direct interaction of HIF-1α with UCP1 and that suppression of respiration in BAT 

occurs through alternative pathways. Furthermore, since UCP1 and HIF-1α are both 

upregulated by norepinephrine in BAT [27, 28], these findings suggest opposing roles of 

these molecules under conditions of sympathetic stimulation. Interestingly, HIF-1α++ 

lowered UCP2, an uncoupling protein with roles in reactive oxygen species scavenging and 

an unclear role in thermogenesis [29, 30]. Third, we examined BAT CPT1β, which 

transports fatty acids from the cytosol to the inner mitochondrial membrane, the rate-

limiting step of beta-oxidation [31]. Similar to other reports [32] cooler housing increased 

BAT CPT1; there was a trend towards inhibition by HIF-1α. Finally, we examined 
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mitochondrial DNA content and expression of the central inducer of mitochondrial 

biogenesis, PGC-1α. PGC-1α was first discovered in BAT, where it dramatically increased 

in response to cold leading to increases in PPAR-gamma and mitochondrial DNA [33, 34]. 

Mitochondrial DNA and PGC-1α were significantly decreased by HIF-1α over-expression. 

Interestingly, HIF-1α lowered BAT mitochondria DNA to a level similar to that of 

thermoneutral conditions. HIF-1α has been shown to inhibit mitochondrial biogenesis 

[35-37] and induce autophagy via induction of BNIP3 [16] and BNIP3L [38]. In addition, 

HFD-associated HIF-1α activation inhibited WAT fatty acid oxidation, via PGC-1α [5]. 

Hence, BAT HIF-1α inhibits respiration by several potentially overlapping pathways 

including reductions in mitochondria, PGC-1α, CPT, and UCP2.

The complex pattern of transcriptional changes induced by HIF-1α in this study point to 

cross-talk between redundant cellular oxygen sensing mechanisms. The reduced 

mitochondrial mass in BAT may increase intracellular oxygen levels (as observed in other 

contexts of mitochondrial inhibition [39]). Increased oxygen availability reduces PGC-1α 
[40] [41] potentially via 5’-AMP-activated protein kinase (AMPK) [42] which in turn 

reduces transcription of VEGF [43] and CPT1 [44]. In addition, accumulations of pyruvate 

and reductions in acetyl coA serve as feedback signals to reduce PDK transcription [45]. 

Hence, the direct effects of HIF-1α on PDK and VEGF transcription could be overridden by 

the indirect consequences of increasing intracellular oxygen (schematic proposed in 

Supplemental Fig. 6).

In mammals, cold upregulates thermogenic capacity of BAT, facilitated by increases in 

UCP1, sympathetic innervation, and adrenergic receptors. The increase in UCP1 is 

dependent upon adrenergic-cAMP signaling and enhanced by interactions of PGC-1α with 

PPAR-gamma [28]. Brown adipocytes may also have evolved mechanisms to reduce oxygen 

consumption to facilitate hibernation and torpor, in which HIF-1α may play a role. HIF-1α 
mRNA is upregulated in brown adipocytes by norepinephrine [27] while HIF-1α protein and 

binding activity greatly increased in BAT of hibernating mammals [46] via a post-

translational, hypoxia-independent pathway [47]. Interestingly, early cold adaptation (<7 

days) increased BAT HIF-1α while levels of proteins involved in oxidative phosphorylation, 

glycolysis, and beta oxidation were reduced. Later, as shivering is replaced by non-shivering 

thermogenesis [48], BAT HIF-1α decreased and oxidative pathways were restored [49]. 

Since BAT is a major plasma lipid-clearing organ in rodents [50], its inactivation led to 

several metabolic defects including obesity, increased triglycerides, and impaired glucose 

homeostasis. It is not clear why the inguinal (subcutaneous) depot in particular was more 

prone to hypertrophy in this study without an obvious defect in the oxygen consumption of 

these adipocytes. Subcutaneous fat has a much higher thermogenic potential than visceral 

fat, so it is possible that HIF-1α inhibited “browning” of this region without altering its 

basal respiration.

There are several limitations to this study. First, we utilized animals with levels of adipose 

HIF-1α that might not occur under physiological conditions, particularly in BAT. 

Constitutive expression of HIF-1α under these non-physiologic conditions may alter the 

interplay between HIF-1α and other oxygen sensors such as PGC-1α, as described above. 

Second, we could not clearly distinguish between local and systemic effects of HIF-1α in 
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each adipose depot. However, we have determined that BAT is the relevant site for reduced 

EE and obesity in the HIF-1α++ model. Third, we did not determine the precise pathway by 

which HIF-1α reduced BAT respiration. Modifications to the diet of the mice and culture 

media in which oxygen consumption was measured might have revealed differential effects 

of BAT HIF-1α on glucose and lipid oxidation. As these assays require relatively large 

numbers of adipocytes, we plan these experiments in a subsequent analysis.

In summary, adipose HIF-1α upregulation induces obesity in a temperature dependent 

manner. The obesity results from the suppression of thermogenesis in BAT, in association 

with reduced BAT mitochondria. Future studies of HIF-1α should consider potential 

interactions of this molecule with ambient temperature and its physiologic role in 

mammalian temperature regulation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Key Messages

Constitutive HIF-1α activation in adipose tissue promotes weight gain in mice.

The weight gain is associated with reduced brown adipose tissue function and oxygen 

consumption.

Reduced oxygen consumption may be mediated by reductions in mitochondria.
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Fig. 1. 
Gene expression in adipose tissues of HIF-1α++ and control littermates housed at 22°C or 

30°C. Fold change in RNA expression is graphed as 2^ΔCt value. Transgene was present in 

all adipose depots, unaffected by ambient temperature, and absent in control mice. (Two-

way ANOVA, effect of genotype, p<0.0001, effect of temperature p=0.36)
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Fig. 2. 
Weight gain in HIF-1α++ (n=15) and control mice (n=15) housed at 22°C fed a chow or 

high fat diet; and in HIF-1α++ (n=10) and control mice (n=10) housed at 30°C fed a chow 

diet. HIF-1α++ mice gained more weight (p<0.01) regardless of diet, but only at 22°C. Mice 

housed at 30°C consumed less food (p<0.001 by two-way repeated measures ANOVA), but 

there was no effect of genotype on food intake.
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Fig. 3. 
Tissue weights and plasma metabolic profile of chow-fed HIF-1α++ and control mice 

housed at 22°C or 30°C, at 20 weeks of age. Cooler ambient temperature independently 

increased fat mass and cholesterol. HIF-1α++ increased triglycerides regardless of 

temperature, but increased inguinal fat weight and glucose only at 22°C. Error bars denote 

standard error. By two-way ANOVA: *p<0.05 for effect of temperature; †p<0.05 for effect 

of HIF-1α++; #p<0.01 for HIF-1α++ versus control at 22°C.
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Fig.4. 
Representative H&E sections of epididymal and inguinal fat from HIF-1α++ and control 

mice housed at 22°C or 30°C, and histogram of adipocyte diameters. In epididymal 

adipocytes, there was a modest increase in cell size regardless of ambient temperature. In 

inguinal fat, adipocytes of HIF-1α++ mice were markedly enlarged, but only at 22°C.
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Fig. 5. 
Representative H&E sections of brown fat from HIF-1α++ and control mice housed at 22°C 

or 30°C. No obvious differences were observed in cell morphology other than an expected 

infiltration of white adipocytes at thermoneutrality.
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Fig. 6. 
Energy expenditure (EE) and core body temperature of HIF-1α++ or control mice (n=5/

group, individually housed) over 48 hours. Gray regions denote circadian dark (wake) phase. 

At 22°C, HIF-1α++ mice exhibited lower EE and body temperature (p<.001, two-way 

ANOVA of averaged values in Supplemental Fig. 2). At 30°C, energy expenditure decreased 

to basal levels in both genotypes, and differences in EE or body temperature were no longer 

evident. Similar results were obtained when calorimetry results were expressed per mouse, 

rather than per kg (Supplemental Fig. 2).
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Fig. 7. 
Oxygen consumption in white and brown adipocytes isolated from HIF-1α++ and control 

mice housed at 22°C. Oxygen consumption was reduced in brown, but not white, adipocytes 

of HIF-1α++ mice. Oxygen consumption in brown adipocytes was over fourfold higher than 

in white adipocytes (p<0.001 by one-way ANOVA). *p<0.05 for HIF-1α++ versus control.
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Fig. 8. 
Transcriptional changes in BAT of HIF-1α++ and control mice. By two-way ANOVA, 

*p<0.05 for effect of temperature; †p<0.05 for effect of HIF-1α++; #p<0.05 for HIF-1α++ 

versus control at 22°C.
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Fig. 9. 
Transcriptional changes in epididymal fat of HIF-1α++ and control mice. By two-way 

ANOVA, *p<0.05 for effect of temperature; †p<0.05 for effect of HIF-1α++.
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Fig. 10. 
Transcriptional changes in inguinal fat of HIF-1α++ and control mice. By two-way 

ANOVA, *p<0.05 for effect of temperature; †p<0.05 for effect of HIF-1α++.
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