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Hypoxia in adipose tissue has been postulated as a possible
contributor to obesity-related chronic inflammation, insulin
resistance, and metabolic dysfunction. HIF1« (hypoxia-induc-
ible factor 1), a master signal mediator of hypoxia response, is
elevated in obese adipose tissue. However, the role of HIFl in
obesity-related pathologies remains to be determined. Here we
show that transgenic mice with adipose tissue-selective expres-
sion of a dominant negative version of HIF1« developed more
severe obesity and were more susceptible to high fat diet-in-
duced glucose intolerance and insulin resistance compared with
their wild type littermates. Obesity in the transgenic mice was
attributed to impaired energy expenditure and reduced ther-
mogenesis. Histological examination of interscapular brown
adipose tissue (BAT) in the transgenic mice demonstrated a
markedly increased size of lipid droplets and decreased mito-
chondrial density in adipocytes, a phenotype similar to that in
white adipose tissue. These changes in BAT of the transgenic
mice were accompanied by decreased mitochondrial biogenesis
and reduced expression of key thermogenic genes. In the trans-
genic mice, angiogenesis in BAT was decreased but was little
affected in white adipose tissue. These findings support an
indispensable role of HIF1a in maintaining the thermogenic
functions of BAT, possibly through promoting angiogenesis and
mitochondrial biogenesis in this tissue.

Adipose tissue is a central regulator of energy metabolism
and vascular homeostasis, by secreting a diverse range of adi-
pokines, such as proinflammatory mediators, leptin, and adi-
ponectin (1). Excessive expansion of white adipose tissue
(WAT),? the hallmark of obesity, is a potent risk factor for type
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II diabetes and cardiovascular diseases (2). Inflammation in
WAT, characterized by macrophage infiltration and elevated
production of proinflammatory adipokines, plays a key role in
linking obesity with insulin resistance and metabolic dysfunc-
tion (3, 4).

Hypoxia has recently been proposed as a possible initiator
instigating macrophage infiltration and inflammation in obese
WAT (5-7). The expansion of WAT is critically dependent on
the microvasculature and angiogenesis in this tissue (8, 9). It has
been suggested that the enlargement of adipocyte size in obe-
sity exceeds the normal oxygen diffusion distance and compro-
mises the effective oxygen supply from the vasculature, leading
to localized hypoxia (10). Indeed, hypoxia in WAT has been
observed in both genetic and dietary obese animals as well as in
obese individuals (7, 11, 12). In vitro studies have demonstrated
the profound effects of hypoxia on adipocyte functions, such as
inhibiting adipogenesis, stimulating the secretion of leptin and
VEGEF, inducing proinflammatory responses and insulin resis-
tance, and suppressing the production of adiponectin etc. (13,
14). However, the physiological role of hypoxia in the develop-
ment of obesity-related metabolic disorders remains to be
determined.

Whereas WAT is causally associated with obesity-related
pathologies, brown adipose tissue (BAT) counteracts obesity
through dissipation of excessive energy (15). The protective
effect of BAT against obesity in animals is supported by the
finding that mice lacking BAT are obese and exhibit reduced
energy expenditure and insulin resistance (16, 17). By contrast,
transgenic overexpression of BMP7 (bone morphogenic factor
7) or PRDM 16 increases energy expenditure and prevents obe-
sity by promoting BAT formation (18, 19). In line with these
animal studies, recent clinical data suggest that individuals
with low levels of BAT are more susceptible to obesity, insu-
lin resistance, and cardio-metabolic diseases, whereas those
with higher BAT contents maintain lower body weights and
exhibit superior health as they age (20-22). BAT exerts its ther-
mogenic activity by uncoupling mitochondrial oxidative phos-
phorylation from ATP production as a result of transmem-
brane proton leak mediated by L/CP-1 (uncoupling protein 1)
(15). The high thermogenic activity of BAT depends critically
on a high rate of blood flow to supply oxygen and free fatty acids
as well as to export heat (23). Due to this functional require-
ment, BAT contains an extremely developed vascular network.
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HIF1 (hypoxia-inducible factor 1), a heterodimeric tran-
scriptional factor consisting of « and 8 subunits, is the prin-
cipal regulator mediating the cellular responses to hypoxia
(24). The B subunit is constitutively present in the nuclei,
whereas the a subunit is oxygen-labile and is rapidly de-
graded by the proteasome pathway following prolyl-hydroxy-
lation and ubiquitination under normoxic conditions (25).
Hypoxia induces stabilization, nuclear translocation, and ac-
tivation of this transcription factor by reducing prolyl
hydroxylation. HIF1« is expressed in both WAT and BAT,
and its protein abundance in adipose tissues is elevated in
several types of obese animal models as well as obese indi-
viduals (7, 11, 26). Weight loss, on the other hand, down-regu-
lates the expression of HIFI« in obese adipose tissue (27). A
recent gain-of-function study demonstrates that constitutive
activation of HIFIl« induces fibrosis and insulin resistance in
WAT (26). However, the precise role of HIFla in regulating
adipose tissue functions remains poorly characterized.

To investigate whether elevated HIFI« in obese adipose tis-
sue mediates the adverse metabolic consequences of obesity,
we generated a transgenic mouse model expressing a dominant
negative version of HIF1« under the transcriptional control of
the aP2 gene promoter. To our surprise, the transgenic mice
with selective inactivation of HIF1« exhibited an obese pheno-
type with reduced energy expenditure and impaired BAT func-
tions, suggesting that HIFI«a might be indispensable for main-
taining the thermogenic properties of BAT.

EXPERIMENTAL PROCEDURES

Additional methodological details are provided in the
supplemental material.

Generation of Transgenic Mice—The 1.3-kb FLAG-tagged
c¢DNA fragment encoding a deletion mutant of human HIFl«a
lacking the DNA-binding domain (from amino acid 30 to 389)
was subcloned under control of the 5.4-kb aP2 promoter and
microinjected into the pronucleus of fertilized eggs of C57BL/
6XCBA mice. Transgenic founders were identified by PCR
using an upstream primer specific to the aP2 promoter and a
downstream primer specific to the human dominant negative
(dn) Hifla gene. The detailed method for construction of the
transgenic vector is described in the supplemental material.

Animal Maintenance and Metabolic Studies—The trans-
genic mice and wild type littermates were maintained on 12-h
light and dark cycles under controlled environmental settings
(23 = 1 °C), with free access to water. At the age of 4 weeks old,
mice were fed either a standard chow (catalog no. 5053, Lab-
Diet, 13% of calories from fat) or high fat diet (HFD) (catalog
no. D12451, Research Diets, Inc., 45% of calories from fat) for
another 28 weeks. Glucose tolerance and insulin tolerance tests
were conducted as we described previously (28). Blood glucose
levels were determined using the Ascensia Elite XL blood
glucose meter (Bayer Health Care). Serum levels of insulin
were quantified using an ELISA kit from Mercodia AB (Upp-
sala, Sweden).

Indirect Calorimetry—Prior to the metabolic chamber study,
mice were implanted with a Respironics Mini Mitter (Mini Mit-
ter Co., Inc.) under ketamine/xylazine anesthesia for measure-
ment of core body temperature and allowed 4 days for recovery.
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FIGURE 1. Generation of transgenic mice with adipose tissue-selective
expression of dominant negative HIF1a. A, schematic representation of
the transgenic construct. Shown is cDNA encoding a dn version of human
HIF1a driven by a 5.4-kb aP2 promoter/enhancer. PAS, Per-ARNT-Sim. Aand B,
PAS-A and PAS-B domains. B, confirmation of the presence of the dn Hifla
transgene by PCR analysis in transgenic mice. A 486-bp DNA fragment span-
ning from the aP2 promoter to dn HIF 1« gene was amplified by PCR. WT, wild
type littermate; Tg, transgene-positive; P, plasmid DNA-positive control. C, RT-
PCR analysis to confirm adipose tissue-selective expression of dn HIFT1« in
transgenic mice. Total RNA was extracted from various tissues of the trans-
genic mice (10 weeks old). Mouse actin was used as an internal control. SC,
subcutaneous fat; EPI, epididymal fat. D, Western blot analysis to measure the
protein abundance of dn HIF 1« using anti-FLAG antibody and mouse endog-
enous HIF1a (mHIF1«) using anti-HIF1a monoclonal antibody. 40 g of pro-
tein was loaded in each lane.

e —

Mice were individually housed in metabolic chambers main-
tained at 2022 °C on a 12-h light/12-h dark cycle with lights on
at 7 am., and the metabolic parameters (whole-body oxygen
consumption rates (VO,), respiration exchange rates (VCO,/
VO,), locomotor activity, and core temperature) were mea-
sured continuously using a computer-controlled open circuit
indirect calorimetry system (Oxymax, Columbus Instruments)
with an air flow of 0.6 liters/min and sample flow of 0.51/min.
Data were collected over at least 4 days following at least 2 days
of adaptation to the metabolic cages. Mice had free access to
water and standard chow or HFD during the study.

Isolation of Mitochondria from BAT and Measurement of
Mitochondrial Respiratory Chain Activities—Mice were sacri-
ficed under deep anesthesia, and interscapular BAT was col-
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FIGURE 2. Transgenic expression of dn HIF1« inhibits the DNA binding
activity levels of the transcription factor in both BAT and WAT. The
aP2/dn HIF 1« transgenic mice and wild type littermates fed a standard chow
(SC) and HFD for 8 weeks. Nuclear extract proteins isolated from interscapular
BAT and epididymal WAT were subjected to an HIF filter plate assay to deter-
mine the DNA binding activity levels to the hypoxia response element as
described under “Experimental Procedures.” RLU, relative light units. *, p <
0.05 versus wild type littermates; #, p < 0.05 versus the corresponding SC
group; @, p < 0.05 versus the BAT group, n = 5 in each group. Error bars, S.E.

lected for mitochondrial isolation and measurement of the
activities of the mitochondrial respiratory chain complexes, as
detailed in supplemental material.

HIF DNA Binding Assay—The DNA binding levels of this
transcription factor in BAT and WAT were measured with an
HIF filter plate assay according to the protocol recommended
by the manufacturer (Signosis Inc., Sunnyvale, CA). In brief,
the nuclei were isolated from snap-frozen interscapular BAT
and epididymal WAT using the nuclear extraction kit (Signosis
Inc.). 10 ug of nuclear extract protein from each sample was
incubated with the biotin-labeled DNA binding sequence to
form HIF-DNA complexes, which were subsequently retained
by a filter plate. The bound biotin-labeled DNA probe was
eluted from the filter and was then captured by hybridizing to
the corresponding well of the hybridization plate. The quantity
of the bound DNA probe was determined by incubation with
streptavidin-HRP and luminescence substrate and was re-
ported as relative light units on a microplate luminometer.

Statistical Analysis—Experiments were performed routinely
with 5-9 animals in each group. Results are expressed as the
means * S.E. Statistical significance was determined by one-
way ANOVA or Student’s ¢ test. In all statistical comparisons,
error bars are *S.E., and a p value of <0.05 was used to indicate
a significant difference.

RESULTS

Generation of Transgenic Mice with Adipose Tissue-specific
Expression of a dn Version of HIF1 o—
A deletion mutant of human HIF1«
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FIGURE 3. Transgenic mice with adipose tissue-selective expression of dn HIF 1« display increased body
weight and expanded fat mass. Age-dependent changes in body weight gain in aP2/dn HIF1« transgenic
mice and wild type littermates fed a standard chow (A) and HFD (B) were monitored on a weekly basis. Total fat
mass of the mice fed a standard chow (C) and high fat diet (D) was analyzed at the time of dissection (32 weeks
after birth). E, percentage of BAT and WAT at various anatomical locations over total body weight in the
transgenic mice and wild type littermates fed an HFD. SC, subcutaneous fat; EPI, epididymal fat; PRF, peri-renal
fat; Int, interscapular white fat; Glu, gluteal fat. F, representative transgenic mouse and a wild type littermate fed
an HFD for 28 weeks. ¥, p < 0.05; **, p < 0.01 versus WT littermates (n = 5-9). A and B were analyzed by analysis

of variance. C-E were analyzed by Student’s t test. Error bars, S.E.
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gene expression in adipose tissue
(Fig. 1A). The transgenic founders
were identified by genotyping (Fig.
1B). RT-PCR analysis using a pair
of primers highly specific to
human HIF1a cDNA detected the
mRNA expression of the trans-
gene in several types of adipose tis-
sues at different anatomical loca-
tions, but not in other non-adipose
tissues examined (Fig. 1C). Notice-
ably, both mRNA and protein
expression levels of dn human Hifla
transgene in BAT were much higher
than in WAT (Fig. 1D), a phenome-
non that has been reported in sev-
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FIGURE 4. Transgenic expression of dn HIF 1« in adipose tissue aggravates HFD-induced hyperglycemia
and hyperinsulinemia and impairs glucose tolerance and insulin sensitivity in mice. Fasting levels of
blood glucose (A) and serum insulin (B) were measured every 4 weeks in aP2/dn HIF1« transgenic mice and
wild type littermates on either a standard chow or HFD. An intraperitoneal glucose tolerance test (C-E) and
insulin tolerance test (F-H) were conducted at 28 weeks after feeding standard chow or HFD, respectively.
WT-SC, wild type mice fed standard chow; Tg-SC, transgenic mice fed standard chow; WT-HF, wild type mice fed
HFD; Tg-HF, transgenic mice fed a high fat diet. ¥, p < 0.05; **, p < 0.01 versus wild type littermates (n = 5-9).
Error bars, S.E.

Increased Fat Mass and Body
Weight Gains in aP2/dn Hifl o Trans-
genic Mice—We next monitored
food intake and body weight changes
in aP2/dn HIFla transgenic mice
and wild type littermates on a weekly
basis for a period of 28 weeks. There
was no significant difference in food
intake between the two groups of
the mice fed either standard chow
or HFD throughout the observation
period (supplemental Fig. S1). When
mice were fed a standard chow, a
modest but significant higher body
weight gain in the transgenic group
was observed at 20 weeks after birth
(Fig. 3A). At the age of 28 weeks, the
body weight of the transgenic mice
was ~2.3 g heavier than the wild
type littermates. On the other hand,
a significantly elevated body weight
gain in the transgenic mice was
detected as early as 4 weeks after
feeding an HFD (Fig. 3B). The dif-
ference in body weight became
more obvious when the mice grew
older. When the mice were sacri-
ficed at 32 weeks after birth, the
average body weight in the HFD-fed
transgenic group was ~6 g heavier
than the wild type littermates. In the
transgenic mice fed either standard
chow or HFD, the increased body
weight was largely due to the signif-
icant elevation in total fat mass (Fig.
3, Cand D). Further detailed analy-
sis showed that the mass of BAT and
WAT at different anatomical loca-
tions in transgenic mice was signifi-
cantly higher than that in wild type

eral previous transgenic studies using the aP2 promoter (30-32).  littermates (Fig. 3E). By contrast, there was no obvious differ-
In both transgenic mice and wild type littermates, the protein level ~ ence in the weight of other major organs (heart, brain, kidney,
of endogenous HIFI« in BAT was also higher than that in WAT. lung, and spleen) between the two groups of the mice, except
The transgenic expression of dn HIF1« did not affect the expres-  that the liver in the transgenic mice was marginally heavier than
sion of endogenous HIF1« in either BAT or WAT. that in wild type littermates (data not shown). A representative
We next determined whether transgenic expression of dn  example of two male siblings, one with and the other one with-
HIFIa suppressed the endogenous activity of this transcrip-  out the transgene, is shown in Fig. 3F.
tion factor using an HIF filter plate assay. Consistent with Impaired Glucose Homeostasis and Decreased Insulin Sensi-
the protein expression levels of endogenous HIF1« (Fig. 1D), its  tivity in aP2/dn Hifla Transgenic Mice—To investigate the
DNA binding activity levels in BAT were significantly higher metabolic effects of the transgenic expression of dn HIFl« in
than that in WAT (Fig. 2). In both BAT and WAT, the DNA adipose tissue, we measured fasting levels of blood glucose
binding activity levels in HFD-induced obese mice were signif- and serum insulin in transgenic mice and wild type litter-
icantly elevated compared with lean littermates. In HFD-in- mates over a period of 28 weeks (Fig. 4, A and B). When fed a
duced obese mice, the DNA binding activity levels of this tran-  standard chow, there was no significant difference in fasting
scription factor in BAT and WAT of the transgenic mice were glucose levels between the two groups of mice. The fasting
reduced by 51.5 and 42.2%, respectively, compared with those level of serum insulin was significantly elevated in transgenic
in wild type controls (Fig. 2). A similar trend of change was also mice at the early phase (at 8 weeks after birth), and this
observed in mice fed a standard chow. elevation remained afterward. On the other hand, a significant
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FIGURE 5. Transgenic expression of dn HIF1« in adipose tissue reduces energy expenditure, lipid utili-
zation, and thermogenesis in mice. Indirect calorimetry was performed by housing 28-week-old aP2/dn
HIF 1o transgenic mice and wild type littermates under a high fat diet in a six-chamber Oxymax Lab Animal
Monitoring System. A, VO, during a 24-h light and dark cycle. B, oxygen consumption expressed as area under
curve. G, RER (VCO,/VO,) during the 24-h light and dark cycle. D, RER expressed as area under curve. E, average
core body temperature measured during 24-h light and dark cycle. F, changes in core body temperature when
exposed to cold temperature. *, p < 0.05 versus WT littermates by Student’s t test (n = 5-6). Error bars, S.E.

increase in both fasting blood glucose and serum insulin in
aP2/dn Hifl o transgenic mice was detected as early as 4 weeks
after HFD feeding, and this elevation became more obvious
when the mice grew older.

An intraperitoneal glucose tolerance test showed that glu-
cose clearance in the aP2/dn HIF1« transgenic mice was signif-
icantly impaired in response to glucose challenge (Fig. 4, C-E),
and this impairment became more obvious when the mice were
fed an HFD. Insulin sensitivity, as measured by an insulin tol-
erance test, was also reduced in aP2/dn Hifl « transgenic mice,
in particular on HFD feeding (Fig. 4, F-H). Insulin-stimulated
glucose uptake in primary epididymal adipocytes isolated from
the aP2/dn Hifla transgenic mice fed HED for 16 weeks was
significantly lower than that in the wild type littermates
(supplemental Fig. S2A4). In addition, the expression of PEPCK
and G6Pase, the two key enzymes involved in hepatic glucose
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Time (h) activity. The decreased energy ex-

penditure, core body temperature,
and increased respiration exchange
rate were also observed in the trans-
genic mice on the HFD (data not
shown).

Morphologic Changes in Adipose
Tissue of aP2/dn Hifla Transgenic
Mice—Histological analysis of epididymal WAT showed no
obvious difference in adipocyte size or expression of proinflam-
matory cytokines between the transgenic mice and wild type
littermates at 4 weeks old (Fig. 6, A and B). However, at the age
of 32 weeks, the size of adipocytes in epididymal WAT of the
transgenic mice was obviously enlarged compared with that in
wild type controls on both standard chow and HFD (Fig. 7A).
The expression levels of the macrophage marker F4/80 and
several proinflammatory cytokines (TNFa, IL-6, and MCP-1) in
epididymal WAT of the transgenic mice under high fat diet
were significantly elevated (Fig. 7B), suggesting an increased
macrophage infiltration in this tissue.

Upon dissection of the mice, it was quite apparent that the
interscapular BAT of the transgenic mice was much more whit-
ish than those of their littermates. Histological analysis showed
that BAT from wild type littermates was mainly composed of
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FIGURE 6. Changes in adipocyte size and expression of proinflammation
markers in adipose tissue of 4-week-old aP2/dn Hif1« transgenic mice.
A, representative microscopic images for histological sections of epididymal
fat pads from 4-week-old transgenic mice and wild type controls. Scale bar, 10
um. B, relative mRNA abundance of several inflammation markers in epidi-
dylmal fat as determined by real time PCR (n = 5). C, representative macro-
scopic photos for histological sections of BAT from 4-week-old transgenic
mice and wild type controls. Scale bar, 10 wm. Error bars, S.E.

small polygonal mitochondria-enriched adipocytes with eo-
sinophilic staining (Fig. 7C). By contrast, adipocytes from BAT
of the transgenic mice lost the typical morphology and resem-
bled more those in WAT. The cytoplasm of the cells was occu-
pied by a large lipid droplet, pushing the nucleus to the cell
periphery. Notably, these morphological changes in BAT were
observed as early as 4 weeks after birth (Fig. 6C), prior to the
development of obesity and any histological alterations in
WAT.

Impaired Mitochondrial Biogenesis in BAT of aP2/dn Hifla
Transgenic Mice—Consistent with the changes in thermogen-
esis and histology, mitochondrial density in BAT, as deter-
mined by staining with Mito Tracker (a mitochondria-specific
fluorescent dye), was decreased in BAT of 32-week-old aP2/dn
Hifla mice (Fig. 84). The mitochondrial protein content rela-
tive to total protein in BAT of the transgenic mice was de-
creased significantly by 34% under standard chow diet (Fig. 8B)
and by 47% under HFD (supplemental Fig. S34) compared with
those of age-matched wild type littermates.

To investigate whether the decreased mitochondria density
in the transgenic mice was accompanied by an impaired mito-
chondrial biogenesis, the mitochondrial DNA (mtDNA) copy
number and the expression of several key genes involved in
energy dissipation in BAT were quantified by real time PCR
(Fig. 8, Cand D, and supplemental Fig. S3, B and C). This anal-
ysis demonstrated that the transgenic mice had a much lower
mtDNA copy number than wild type littermates under both
standard chow and HFD. The mRNA expression levels for a
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FIGURE 7. Increased adipocyte sizes and elevated inflammation in adi-
pose tissue of 32-week-old aP2/dn Hif1« transgenic mice on standard
chow. A, representative microscopicimages from histological sections of epi-
didymal fat pads stained with hematoxylin and eosin. SC, standard chow; HF,
high fat diet. Scale bar, 10 um. B, real time PCR analysis to quantify the mRNA
expression levels for several proinflammatory markers in epididymal fat pads
under high fat diet. The relative abundance of each gene was normalized
against 18 S RNA and expressed as -fold over wild type littermates (n = 5-9).
*,p < 0.05;**,p < 0.01 versus WT controls. C, typical microscopic photos from
histological sections of BAT. Scale bar, 10 wm. Error bars, S.E.

number of mitochondria-related genes, including NADH dehy-
drogenase subunit 1, SDH (succinate dehydrogenase), cyto-
chrome b, and cytochrome ¢ oxidase subunit 1, were reduced
significantly in the transgenic mice. Furthermore, both mRNA
and protein expression of PGC1a and UCP- 1, the two key genes
controlling the thermogenic functions of BAT, were also de-
creased following the transgenic expression of dn HIFI« in adi-
pose tissue (Fig. 8, E and F, and supplemental Fig. S3, D and E).
On the other hand, there was no obvious difference in mito-
chondrial density or in expression of the mitochondria-related
genes in white adipose tissue between the transgenic mice and
wild type controls (data not shown).

Consistent with the changes in mitochondrial biogenesis, the
oxygen consumption in adipocytes isolated from BAT of the
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FIGURE 8. Decreased mitochondrial contents and reduced mitochondrial biogenesis in BAT of 32-week-
old aP2/dn Hif1a transgenic mice. A, frozen sections of BAT stained with Mito-Tracker (green) and DAPI (blue).
Tg, aP2/dn HIF1« transgenic mice; WT, wild type littermates. Scale bar, 10 um. B, mitochondrial protein con-
tents expressed as mg of the isolated mitochondria/g of BAT. C, mtDNA copy number expressed as -fold over
wild type littermates after normalization against the nuclear gene T-cell receptor. D, real-time PCR analysis to
quantify the relative mRNA abundance of several genes involved in mitochondrial biogenesis in BAT. ND1,
NADH dehydrogenase subunit 1; SDH, succinate dehydrogenase; Cyto, cytochrome b; COX Il, cytochrome ¢
oxidase subunit 1. £, relative mRNA abundance of PgcTa and Ucp-1 as determined by real time PCR. F, Western
blot analysis to determine the protein levels of UCP-1. 30 ug of protein from total BAT lysates were loaded in
each lane. *, p < 0.05; **, p < 0.01 versus wild type littermates (n = 5-9). Error bars, S.E.

transgenic mice was significantly lower than that in wild type
littermates (supplemental Fig. S4). On the other hand, the oxy-
gen consumption in adipocytes derived from epididymal WAT
was comparable between the two groups.

Decreased Energy Expenditure and Impaired BAT Function
in aP2/dn Hifl o Transgenic Mice Occur at the Early Stage—To
evaluate whether BAT dysfunction contributes to the obese
phenotype in aP2/dn HIFla transgenic mice, we further ana-
lyzed the mitochondrial biogenesis of BAT and thermogenic
activity of the mice at 4 weeks old, before the onset of obesity.
As shown in supplemental Fig. S5, the mitochondrial protein
content, mitochondrial density (as determined by staining with
Mito Tracker), mtDNA copy number, and expression of Pgcla,
Ucp-1, and several other mitochondrial genes were all reduced
in 4-week-old transgenic mice compared with age-matched
wild type littermates. These changes in the transgenic mice
were accompanied by significantly decreased activities of mito-
chondrial respiratory complex I, complex II-III, and complex
IV (supplemental Fig. S6).

In line with the changes in the mitochondrial biogenesis of
BAT, the core body temperature of 4-week-old dn HIF1a trans-
genic mice was lower than wild type controls, especially during
the dark cycle or in response to cold exposure (supplemental
Fig. S7, A and B). Energy expenditure in the transgenic mice, as
measured by the rate of oxygen consumption (VO,), was also
reduced (supplemental Fig. S7, C and D). The RER (VCO,/
VO,) in aP2/dn Hifl « transgenic mice was significantly higher
than in their wild type littermates, suggesting that an impaired
lipid utilization occurs before the development of obesity
(supplemental Fig. S7, E and F).
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Differential Changes in Angiogen-
esis between BAT and WAT in
aP2/dn Hifla Transgenic Mice—
HIFla is a principal regulator of
vascularization, by inducing the ex-
pression of a panel of genes involved
in angiogenesis (33). Angiogenesis
and adipogenesis are spatially and
temporally linked during the devel-
opment (8). Therefore, we next
investigated the impact of the trans-
genic expression of dn HIFla on
vascularization in both BAT and
WAT of the mice. At the age of 4
weeks, the expression of VEGF, a
well known angiogenic factor under
the control of HIFla, was reduced
by ~60% in BAT of the transgenic
mice (Fig. 9A4). This change in the
transgenic mice was accompanied
by decreased mRNA and protein
levels of CD31, a well established
marker for neovascularization (Fig.
9, A and B). Accordingly, immuno-
staining with anti-CD31 showed
that the density of blood vessels
in BAT of the transgenic mice was
much lower than wild type controls (Fig. 9C). By contrast, no
obvious difference in expression of VEGF and CD31 or in the
density of blood vessels was observed in epididymal fat pads or
WAT at several other locations between the two groups of mice
at the age of 4 weeks (data not shown).

Real-time PCR analysis showed that the expressions of Pdk
(pyruvate dehydrogenase kinase) and Glut-1 (glucose trans-
porter-1), both of which are the target genes of HIF1a, were
decreased to a comparable level in interscapular BAT and epi-
didymal WAT (supplemental Fig. S8). These findings exclude
the possibility that the lack of changes in angiogenesis in WAT
of the transgenic mice is due to the relatively lower level of the
dn HIF1« transgene expression in this tissue.
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DISCUSSION

The presence of local hypoxia in adipose tissue has been
observed by several independent groups in both genetic and
dietary obese mice as well as in obese individuals (7, 11, 12).
As a major hypoxia-responsive gene, the protein abundance
of HIF I« and its transcriptional activity in adipose tissue are
elevated in obese adipose tissue (7, 11, 26). It has been pos-
tulated that local hypoxia instigates macrophage infiltration
and inflammation in obese adipose tissue through activation of
HIFIa (34). Indeed, a recent report from Scherer and col-
leagues (26) demonstrates that transgenic expression of a con-
stitutively active form of HIFI« induces fibrosis and inflamma-
tion in WAT, leading to impaired glucose tolerance in mice. In
light of these findings, our initial hypothesis was that selective
blockage of HIF1e in adipose tissue should be able to alleviate
obesity-related pathologies. Unexpectedly, the results from the
present study show that suppression of endogenous HIFla
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FIGURE 9. Decreased angiogenesis in BAT of 4-week-old aP2/dn Hifl«a
transgenic mice. A, relative mRNA levels of VEGF and CD37 in BAT of the
transgenic mice and their wild type littermates as determined by quantitative
RT-PCR (n = 5-6). B, Western blot analysis to determine the protein levels of
CD317in BAT. 50 g of protein from total cell lysates was loaded in each lane.
C, representative images from histological sections of BAT stained with the
endothelial marker CD31. The nuclei in the lower panel were stained with
DAPI (blue). Scale bar, 10 um. IHC, immunohistochemistry; IF,immunofluores-
cence. Error bars, S.E.

activity in adipose tissue by transgenic expression of its domi-
nant negative form leads to obesity and aggravates insulin
resistance and hyperglycemia induced by both HFD and aging.
These phenotypic changes are attributed to reduced energy
expenditure and impaired thermogenic activity of BAT. This
conclusion is supported by the finding that BAT dysfunction
and impaired mitochondrial biogenesis in this tissue occur at
the very early stage in the transgenic mice, prior to the devel-
opment of obesity and its metabolic disorders. Therefore, the
present study uncovers an indispensable role of HIFl« in reg-
ulating the biogenesis and thermogenic functions of BAT.
Recent studies suggest that BAT is more abundant than pre-
viously recognized (20-22). Nuclear imaging has identified
several BAT depots in adults. The unique feature of BAT is its
extremely high density of vasculature, which enables a high rate
of blood perfusion to supply oxygen and free fatty acids and to
facilitate heat dissipation (23). The vascularization of BAT is
increased in response to cold exposure through a mechanism
involving stimulation of angiogenesis by activation of a sympa-
thetic nerve system (35). VEGF is believed to mediate angiogen-
esis in BAT (36). Blockage of the VEGF receptor-2 abolishes
cold-induced angiogenesis in BAT and impairs nonshivering
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thermogenesis in mice (37). However, the precise mechanism
by which the neovascularization of BAT is regulated remains
poorly understood.

The present study demonstrates that HIF1« is a key regu-
lator of angiogenesis in BAT, as evidenced by the fact that
the transgenic mice with endogenous HIFIa activity being
suppressed by its dominant negative form exhibit reduced
VEGF expression and decreased vascularization in this tis-
sue. Noticeably, the impaired angiogenesis in BAT of the trans-
genic mice is accompanied by the conversion of brown adipo-
cytes to a WAT-like phenotype, in which the mitochondrial
density is reduced, whereas the size of lipid droplets is obviously
enlarged. At the molecular level, the transgenic mice display
significantly decreased expression of a panel of genes involved
in mitochondrial biogenesis and thermogenesis in BAT. Taken
in conjunction, these data suggest that vascularization is also
required for BAT formation during the postnatal growth. In
line with this conclusion, mice deficient in placental growth
factor, an angiogenic factor that binds with high affinity to the
VEGF receptors, also display reduced adipose vascularization,
less BAT, impaired thermogenesis, and white adipocyte hyper-
trophy (38).

A growing body of evidence suggests that BAT and WAT
are derived from distinct precursor populations during
embryonic development (18, 19). Brown adipocytes share a
common precursor with skeletal muscle cells, whereas white
adipocytes arise from a distinct cell lineage (18, 19). The
current study provides evidence that vascularization of BAT
and WAT might also be differentially regulated. This conclu-
sion is supported by our finding that transgenic expression of
dominant negative HIF1« impairs angiogenesis in BAT but not
in WAT, suggesting that angiogenesis in the latter tissue is not
dependent on HIFla. Consistent with our findings, VEGF
expression in WAT was found to be paradoxically reduced or
unchanged despite increased accumulation of HIF1« protein in
this tissue under dietary or genetic obesity (7, 11, 12). Further-
more, it has been found that adipose-specific transgenic expres-
sion of constitutively active HIF1« fails to initiate the angio-
genic response in WAT (26). The expression of neither VEGF
nor a panel of vascular markers (CD3I, KDR, and Tie2) is
altered among several WAT depots being examined in the
transgenic mice. Instead, HIF1« activation induces the expres-
sion of a cluster of extracellular matrix components and trig-
gers fibrosis in WAT, leading to local inflammation and sys-
temic insulin resistance (26). Based on the findings from this
study, in conjunction with those from previous reports, it is
conceivable that HIFIa might play a dual role in the develop-
ment of obesity-related metabolic changes, through its distinct
actions in BAT and WAT. In WAT, elevated accumulation of
HIFIa contributes to obesity-associated metabolic dysfunction
by inducing fibrosis and inflammation. By contrast, hypoxia-
induced activation of HIFIl« in obese BAT might represent an
adaptive response, by promoting the thermogenic functions
of this tissue to facilitate energy expenditure in the times of
overnutrition.

In summary, the present study identifies HIFI« as an im-
portant player in maintaining the thermogenic functions
of BAT, possibly by promoting angiogenesis to ensure the
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high rate of blood perfusion. The findings further highlight
the crucial role of vascularization in regulating adipogenesis
and energy expenditure and also suggest that HIF1a might
be involved in controlling the balance and interconversion
between BAT and WAT. Interestingly, recent studies have
demonstrated an unexpected role of HIFI« in regulating lon-
gevity in Caenorhabditis elegans (39). Therefore, whether mod-
ulation of HIFIa activity can represent a viable therapeutic
strategy for treating both obesity- and age-related diseases war-
rants further investigation.
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