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Dietary obesity is a major factor in the development of type 2 diabetes and is associated with intra-adipose tissue
hypoxia and activation of hypoxia-inducible factor 1o (HIF1). Here we report that, in mice, Hifla activation in
visceral white adipocytes is critical to maintain dietary obesity and associated pathologies, including glucose

intolerance, insulin resistance, and cardiomyopathy. This function of Hifl« is linked to its capacity to suppress
B-oxidation, in part, through transcriptional repression of sirtuin 2 (Sirt2) NAD*-dependent deacetylase. Reduced
Sirt2 function directly translates into diminished deacetylation of PPARY coactivator 1« (Pgcla) and expression of

B-oxidation and mitochondrial genes. Importantly, visceral adipose tissue from human obese subjects is
characterized by high levels of HIF1la and low levels of SIRT2. Thus, by negatively regulating the Sirt2-Pgcla
regulatory axis, Hifl«a negates adipocyte-intrinsic pathways of fatty acid catabolism, thereby creating a metabolic

state supporting the development of obesity.
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Human obesity is characterized by enlargement of visceral
white adipose tissue (WAT) mass and is associated with
a greater propensity to develop type 2 diabetes, hyperten-
sion, dyslipidemia, cardiovascular diseases, and cancer
(Vague 1947; Montague and O’Rahilly 2000). Visceral fat
enlargement encompasses an increase in both adipocyte
cell size and cell number. However, it is predominantly the
increase in visceral adipocyte cell size (adipocyte hypertro-
phy) that is strongly influenced by diet and is linked to
a greater susceptibility of developing obesity-related pathol-
ogies (Donohoe et al. 2011). Indeed, nutrient overload, a key
factor in promoting the obese state, induces adipocyte
hypertrophy and can promote development of insulin
resistance and glucose intolerance (Kopecky et al. 2004).

Several lines of evidence suggest that visceral adipose
tissue of obese human subjects and mouse models of
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obesity is poorly oxygenated, implying that adipose tissue
expansion in response to chronic and excessive nutrient
consumption creates a state of relative hypoxia due to an
inability of the pre-existing adipose tissue vasculature to
meet the oxygen demands of the expanding tissue (Wood
et al. 2009). In mammals, decreased oxygen availability is
directly connected to the activation of hypoxia-inducible
factor (HIF), dimers composed of oxygen-regulated HIF1
HIF2a, or HIF3a (collectively HIFa) and HIF13/ARNT
subunits. The ensuing induction of HIF-dependent target
genes mediates the many adaptive responses to low
oxygen (hypoxia), including the promotion of angiogene-
sis and cell survival, as well as changes in cellular metab-
olism (Kaelin and Ratcliffe 2008). There is evidence to
suggest that among the HIFa subunits, in a context-
dependent manner, HIFla preferentially activates genes
important for glycolysis, while HIF2a appears to favor the
activation of genes involved in angiogenesis (Hu et al. 2003).

The reprogramming of cellular metabolism by HIF
involves a switch toward increased glycolysis and free
fatty acid and triacylglyceride synthesis (Krishnan et al.
2009; Wellen and Thompson 2010), implicating a central
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role for HIFla in the change of metabolic strategy follow-
ing a reduction in ambient oxygen concentrations. In this
regard, there is evidence to suggest that HIFla protein
accumulates in adipocytes of obese humans and mouse
models of obesity (Ye 2009). While mouse models wherein
HIFla has been either overexpressed (Halberg et al. 2009),
deleted in WAT (Jiang et al. 2011), or expressed as a dom-
inant-negative form (Zhang et al. 2010) have been gener-
ated, they have not been suitable to interrogate a specific
requirement of HIFla function for maintaining the obese
state (as opposed to the development of the obese state)
and its associated pathologies. Hence, it remains unclear
whether and how HIFla function contributes to the
maintenance of adiposity and its associated pathologies
in the context of a pre-existing obese, diabetic, and
cardiomyopathic state.

Here we demonstrate that Hifla protein accumulation
is restricted to adipose depots of pathologically obese and
diabetic humans and mice and that this accumulation
results in an inhibition of fatty acid oxidation (FAO) and
energetic uncoupling via transcriptional repression of
sirtuin 2 (Sirt2), a member of the silent information
regulator two class I (sirtuins, Sirt1-3) family of NAD*-
dependent deacetylases. Sirt2 is the most abundantly
expressed family member in adipocytes and has been
implicated in promoting FAO by deacetylating various
substrates (Jing et al. 2007; Wang et al. 2007). In this
regard, adipocyte-specific inactivation of Hifla in obese
mice induces the accumulation of nuclear Sirt2 and an
attendant reduction of acetylation of the transcriptional
coactivator PPARy coactivator la (Pgcla). We propose
that the negative effects of Hifla on the sirtuin-Pgcla
metabolic regulatory system contributes to the suppres-
sion of genes involved in promoting energy expenditure
and fatty acid catabolism. Therefore, our data assign a key
role for Hifla in the promotion and maintenance of
dietary obesity and suggest that these effects are brought
about, at least in part, by suppressing adipocyte lipid
catabolism.

Results

Adipocyte-specific Hifla inactivation attenuates
dietary-driven adipose tissue expansion
and its associated pathologies

Nutrient overload facilitates adipose mass expansion and
the development of intra-adipose hypoxia, culminating
in Hifla accumulation in visceral adipocytes (Ye et al.
2007). To define the functional relevance of nutrient
overload-induced adipocyte Hifla accumulation in adult
mice, we crossed Hifla f/f mice with aP2-Cre-ERT2 mice
bearing Cre recombinase under the control of the tamox-
ifen-inducible aP2 promoter (hereafter referred to as
Hifla icKO) (Imai et al. 2001). Littermates lacking the
aP2-Cre-ERT2 transgene are termed Hifla iC. This model
permits the specific interrogation of Hifla function in
adult adipocytes and circumvents the problem of non-
adipocyte Cre activation during embryogenesis and in early
postnatal development that has been shown to occur in the
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constitutive, noninducble aP2-cre recombinase mouse line
(Urs et al. 2006; Martens et al. 2010). Therefore, the aP2-
Cre-ERT?2 model enables uncoupling of adipocyte-intrinsic
consequences of gene inactivation from that due to altered
adipose tissue inflammation that occurs in response to
nutritional overload (Imai et al. 2001).

Hifla iC and Hifla icKO mice were placed on either
a normal chow diet (NCD) (Fig. 1A, top panel) or a high-
fat diet (HFD) (Fig. 1A, bottom panel) protocol at 4 wk of
age for a period of 18 wk, at which time Hifla was excised
by tamoxifen-induced Cre activation (Fig. 1A). Hifla iC
and Hifla icKO mice administered with tamoxifen are
termed Hifla iC(T) and Hifla icKO(T), respectively.
Hifla iC(T) and Hifla icKO(T) mice were maintained
on NCD or HFD thereafter (referred to as the NCD/NCD
or HFD/HFD protocol, respectively). Tamoxifen delivery
led to a robust reduction in Hifla« mRNA specifically in
WAT and brown adipose tissue (BAT) of mice maintained
on the NCD/NCD or HFD/HFD protocols (Fig. 1B). Hifla
mRNA levels were unaltered in nonadipose tissues (Sup-
plemental Material; Supplemental Fig. 1A,B), and geno-
mic excision at the floxed Hifla locus was not observed
(data not shown). Strikingly, Hifla inactivation led to a
decrease in visceral white adipocyte cell size in mice main-
tained on the HFD/HFD protocol 13 wk post-tamoxifen
delivery (Fig. 1C) in the absence of changes in white adi-
pocyte cell number (data not shown). Excision of Hifla in
BAT, however, had negligible effects on either brown
adipocyte cell size (Fig. 1C) or cell number (data not shown).
Additionally, lipid content of Hifla icKO(T) visceral
white adipocytes, as indicated by boron-dipyrromethene
(BODIPY) incorporation, was significantly diminished
compared with Hifla iC(T)-derived white adipocytes
maintained on HFD/HFD (Fig. 3E, below; Supplemental
Material; Supplemental Fig. 3A).

Prior to the inactivation of Hifla by tamoxifen, NCD/
NCD and HFD/HFD mice displayed a similar increase in
body mass, regardless of the Cre recombinase transgene
status (Fig. 1D). Following tamoxifen-induced Hifla
excision at week 18, Hifla icKO(T) mice of the HFD/
HFD group gained significantly less weight compared
with control Hifla iC(T) mice (Fig. 1D). In contrast, Hifla
iC(T) and Hifla icKO(T) mice maintained on the NCD/
NCD protocol showed comparable weight gain through-
out, despite being similarly treated with tamoxifen at
week 18 (Fig. 1D). Organs harvested from Hifla icKO(T)
mice maintained on NCD/NCD at 13 wk post-Hifla
excision revealed an ~10%-15% reduction in visceral
WAT, while other organs analyzed were of a weight
comparable with that of Hifla iC(T) mice (Fig. 1E).
However, at 13 wk post-Hifla excision, Hifla icKO(T)
mice maintained on the HFD/HFD protocol exhibited
a dramatic reduction in overall visceral WAT compared
with Hifla iC(T) littermates maintained on the HFD/
HFD protocol (Fig. 1F). All other organs analyzed were of
a weight comparable with control mice maintained on
NCD/NCD (Fig. 1E,F). It should be noted that control
mice maintained on the HFD/HFD protocol displayed an
increase in liver mass that was less obvious in Hifla
icKO(T) mice post-Hifla excision (Fig. 1F) and is likely
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weighed 16 wk post-tamoxifen induction. eWAT, rpWAT, and SKM indicate epididymal WAT, retroperitoneal WAT, and skeletal
muscle, respectively. (*) P < 0.05 versus Hifla iC(T). Data are mean + SEM of values from each group. (G) GTT measurements of Hifla
iC(T) (n= 8 NCD/NCD; n = 10 HFD/HFD) and Hifla icKO(T) (n = 7 NCD/NCD; n = 12 HFD/HFD) mice prior to tamoxifen-mediated
Hifla excision at week 16. (*,%) P < 0.05 versus Hifla iC(T) NCD/NCD. Data are mean *= SEM of values from each group. (H) ITT
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a consequence of nutrient-overload-induced liver steatosis
(Buettner et al. 2006). To determine whether excess nutri-
ents were being redistributed toward muscle or nonadipose

tissue growth in Hifla icKO(T) mice, we assessed lean
body mass of HFD/HFD Hifla iC(T) and Hifla icKO(T)
mice at 16 wk post-tamoxifen induction by carcass analy-

GENES & DEVELOPMENT 261



Krishnan et al.

sis. As shown in the Supplemental Material (Supplemental
Fig. 1C), total lean mass was comparable between the
respective lines on either dietary protocol, implying that
nutrient rechanneling to nonadipose tissue did not occur
to a measurable extent.

To address the impact of adipocyte-specific Hifla in-
activation on systemic glucose homeostasis, Hifla iC(T)
and Hifla icKO(T) mice of the NCD/NCD and HFD/HFD
groups were subjected to a glucose tolerance test (GTT)
and insulin tolerance test (ITT) prior to and post-tamoxi-
fen-mediated Hifla excision. Hifla iC(T) and Hifla
icKO(T) maintained on the NCD/NCD protocol exhibited
a comparable response to glucose and insulin both prior to
and post-tamoxifen-mediated Hifla excision (Fig. 1G-J). In
contrast, while Hifla iC(T) and Hifla icKO(T) maintained
on HFD/HFD exhibited comparable glucose tolerance and
insulin sensitivity prior to Hif la excision (Fig. 1G,H), GTT
and ITT measurements performed post-Hifla excision
unveiled a significant improvement in glucose tolerance
and peripheral insulin sensitivity in Hifla icKO(T) mice
(Fig. 11]).

Diabetic cardiomyopathy is a complication commonly
associated with obesity. It is characterized by epicardial fat
accumulation, steatosis, cardiac dilatation, and contractile
dysfunction (Boudina and Abel 2010). Although Hifla iC
and Hifla icKO mice maintained on the HFD/HFD pro-
tocol exhibited reduced cardiac contractility at week 18
(prior to Hifla excision), as indicated by the decrease in
cardiac fractional shortening, the inactivation of Hifla led
to a gradual normalization of cardiac function that was not
observed in control mice (Supplemental Material; Supple-
mental Fig. 1D). Additionally, Hifle icKO(T) mice dis-
played reduced left ventricular dilation and decreased
epicardial fat accumulation compared with control mice
(Supplemental Material; Supplemental Fig. 1E,F). Impor-
tantly, Cre recombinase activity was not detected in the
hearts of Hifla iC(T) or Hif la icKO(T) mice (Supplemental
Material; Supplemental Fig. 1A,B).

The results above prompted us to address whether
Hifla inactivation would similarly inhibit weight gain
in HFD-induced obese mice when transferred to a NCD. To
that end, Hifla iC and Hifla icKO mice were maintained
initially on a HFD for 18 wk and, following tamoxifen-
mediated Hifla inactivation, were placed on an NCD
(HFD/NCD protocol) (Supplemental Material; Supple-
mental Fig. 1G, bottom panel). Hifla iC and Hifla icKO
maintained throughout on a NCD serve as controls (Sup-
plemental Material; Supplemental Fig. 1G, top panel).
When obese mice were switched to a NCD post-tamox-
ifen treatment, both Hifla iC(T) and Hifle icKO(T) mice
began losing weight. However, Hifla icKO(T) mice
exhibited expedited weight loss compared with controls
(Supplemental Material; Supplemental Fig. 1H). Strikingly,
by week 23 post-tamoxifen treatment, Hifla icKO(T)
maintained on the HFD/NCD protocol displayed body
weight comparable with mice maintained on a NCD
throughout (i.e., NCD/NCD protocol) (Supplemental
Material; Supplemental Fig. 1H). Although Hifla iC and
Hifla icKO responded similarly to a glucose challenge
while on a HFD prior to tamoxifen induction (Supple-
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mental Material; Supplemental Fig. 1I), Hifla icKO(T)
mice displayed a time-dependent accelerated improve-
ment in glucose tolerance compared with the littermate
Hifla iC(T) post-tamoxifen treatment (Supplemental
Material; Supplemental Fig. 1],K). The presence of the
Cre recombinase transgene alone or in combination with
tamoxifen treatment does not confer a discernible phe-
notype in the background of wild-type Hifla alleles (data
not shown). Additionally, in the absence of tamoxifen
treatment, Hifla icKO mice are indistinguishable from
littermate Hifl o iC mice when maintained on a long-term
NCD, HFD, or HFD/NCD protocol (data not shown).
These results corroborate a critical requirement for Hifla
function in maintaining dietary obesity and its associated
pathologies.

To uncouple the effects of Hifla inactivation in WAT as
opposed to BAT on adiposity, mice lacking Hifla specifi-
cally in BAT were generated by crossing Hifla f/f mice
with mice harboring the Cre recombinase transgene under
the control of the brown adipocyte-specific uncoupling
protein 1 (UCP1) promoter (Guerra et al. 2001). Hifla f/f
mice carrying the UCP1-Cre recombinase transgene are
termed Hifla BATcKO, while their corresponding litter-
mates lacking the UCP1 driven-Cre recombinase trans-
gene are termed Hifla C. The Hifla floxed allele was
efficiently excised specifically in BAT (Fig. 1K). However,
BAT-specific Hifla inactivation did not impact BAT or
WAT weight (Supplemental Material, Supplemental Fig.
1L,M) or alter brown adipocyte morphology or BAT gene
expression (data not shown). To determine whether the
loss of Hifla in BAT would affect weight gain, Hifla C and
Hifla BATcKO mice were placed on a long-term NCD or
HFD protocol. Intriguingly, BAT-specific Hifla inactiva-
tion did not affect WAT expansion (data not shown) or
weight gain in mice when maintained on either chow or
HFD (Fig. 1L).

Adipose-specific Hifla inactivation promotes
B-oxidation and energy expenditure

Caloric intake and energy homeostasis are critical param-
eters in WAT mass regulation (North and Verdin 2004). As
Hifla iC(T) and Hifla icKO(T) mice on the HFD/HFD
protocol had a comparable food intake (Fig. 2A; Supple-
mental Material; Supplemental Fig. 2A), we addressed
whether the inactivation of Hifla in adipocytes affected
energy expenditure by indirect calorimetry. Hifla iC(T)
and Hifla icKO(T) mice maintained on a HFD/HFD pro-
tocol were placed in metabolic cages at 15 wk post-Hifla
excision and assessed for oxygen consumption, resting
energy expenditure (REE) (through application of Weir’s
formula) (van der Kuip et al. 2004), and, in parallel, basal
body temperature. Hifla icKO(T) mice exhibited a greater
degree of oxygen consumption and energy expenditure, as
evidenced by increased REE and body temperature com-
pared with Hifla iC(T) mice (Fig. 2B-D). This was paral-
leled by an increase in carbon dioxide expiration (Fig. 2E).
The respiratory exchange ratio (RER) gives an indication of
preferential carbohydrate or fatty acid catabolism (Nunn
1972). As shown in Figure 2F, Hifla icKO(T) mice dem-
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onstrated a greater degree of FAO compared with Hifla
icKO(T) mice. These observations suggest that Hifla de-
ficiency prevents WAT expansion, at least in part, by
permitting increased FAO in adipose tissue.

To determine whether the increase in FAO upon HIF1a
deletion at the organismal level could be ascribed to a
specific adipose depot, visceral and subcutaneous white
adipocytes and BAT from the respective mice were assessed
for palmitate oxidation (Fig. 2G,H; Supplemental Material;
Supplemental Fig. 2B). Surprisingly, BAT and subcutaneous
white adipocytes derived from Hifla icKO(T) exhibited
levels of palmitate oxidation similar to those of Hifla iC(T)
mice. In contrast, visceral white adipocytes of HFD/HFD
mice lacking Hifla displayed increased palmitate oxida-
tion compared with controls (Fig. 2G). Differences in pal-
mitate oxidation were not observed in visceral adipocytes
of mice maintained on NCD/NCD (Supplemental Material;
Supplemental Fig. 2C). These observations imply that
loss of Hifla function is associated with increased FAO
selectively in visceral white adipocytes.

Consistent with these data, quantitative PCR (qPCR)
analysis of visceral WAT depots of Hifla icKO(T) mice
revealed a general increase in expression of fatty acid

catabolic enzymes compared with Hifla iC(T) mice (Sup-
plemental Material; Supplemental Fig. 2D). In contrast,
subcutaneous fat depots of Hif1a iC(T) and Hifla icKO(T)
did not reveal significant differences in expression of FAO
regulators (Supplemental Material; Supplemental Fig. 2E,F).
To corroborate these data, preadipocytes were harvested
from the subcutaneous and visceral fat depots of Hifla
iC(T) and Hifla icKO(T) mice maintained on a HFD/HFD
protocol and induced to differentiate in vitro. Thereafter,
oleate-induced oxygen consumption, as a measure of fatty
acid B-oxidation, was assessed using the Seahorse Bio-
science 24XF extracellular flux analyzer (Supplemental
Material; Supplemental Fig. 2G,H). While subcutaneous
preadipocyte-derived cells exhibited similar levels of FAO
regardless of Hifla status (Supplemental Material; Sup-
plemental Fig. 2H), visceral preadipocyte-derived cells
of Hifla icKO(T) mice showed increased FAO capacity
compared with Hifla iC(T) visceral adipocytes (Supple-
mental Material; Supplemental Fig. 2G).

The fact that adipocyte Hifla inactivation predomi-
nantly promotes visceral FAO led us to examine the effect
of dietary obesity on the depot-specific FAO capacity of
wild-type C57/Bl6 mice. C57/Bl6 mice were maintained
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on NCD or HFD for 20 wk. HFD-maintained mice dis-
played an increase in body weight compared with NCD
mice and repression of visceral WAT FAO capacity (Sup-
plemental Material; Supplemental Fig. 2IJ). Strikingly,
subcutaneous FAO capacity remained largely unaltered
in mice fed with either a NCD or HFD (Supplemental
Material; Supplemental Fig. 2J), implying a specific role for
Hifla in mediating suppression of FAO capacity in visceral
WAT during dietary-induced obesity. Consistent with
these observations, increased Hifla protein accumulation
and target gene expression were observed primarily in
visceral WAT of mice maintained on HFD (Supplemental
Material; Supplemental Fig. 2K-N).

To ascertain the cell autonomy of Hifla function in
adipocyte FAO regulation, 3T3-L1 preadipocytes that can
be differentiated to form mature adipocytes were used.
Although Hifla has been linked to inhibition of preadipo-
cyte differentiation, its activity is restricted to the earliest
stages of differentiation (at 3-6 h post-differentiation) and
precedes the expression of PPARy (Imagawa et al. 1999).
We validated that our 3T3-L1 differentiation protocol
consistently led to mature adipocytes by day 4 using the
expression of Ppary, C/ebpa, and Fasn, and lipid droplet
accumulation as readout for mature adipocyte formation
(data not shown). In this setting, Hifla was then either
down-regulated or ectopically expressed at day 4 post-
differentiation using lentiviruses carrying shRNAs target-
ing Hifla mRINA (shHifla) or expressing exogenous Hifla.
While lentiviral expression of shHifla led to an increase in

A° S
< 4 OHif1e icKO(T)
z
€3
2
5 2
[}
. N | h ﬂ ﬂ
A \ Iy
QQ QQ ‘> \’<, \ ‘&Q +(, ‘&\\Q (P*‘ CJ°
B C D ;s
WAT BAT 55
HFD/HFD HFD/HFD 5
Hif1e iC(T) Hif1ct icKO(T) Hifla iC(T) HifleicKO(T) @ 1.5
VDAC [ voAc = &= =N S
SDHA T — SDHA | —— =}
Cpll v s Cptl e - — Eos

Bractin e —— B-actin [ ————

m

COX BODIPY Phalloidin DAPI

Hif1c iC(T)

Hif1a icKO(T)

264 GENES & DEVELOPMENT

| DHftaicko(m

OAIJ_
&t

COX/BODIPY/  Phalloidin/BODIPY/

oxygen consumption using the Seahorse Bioscience 24XF
extracellular flux analyzer (Fig. 2I), ectopic expression of
Hifla completely abolished the oleate-oxidizing capacity
of 3T3-L1-derived adipocytes (Fig. 2J). Lentiviral expres-
sion of nonsilencing shRNAs (nsRNA) or of an empty
expression cassette served as controls. Immunoblotting
confirmed ectopic expression of Hifla or its depletion in
these experiments (Fig. 4E, below, bottom panel). In
addition, we assessed the effects of hypoxia (3% O,) on
palmitate oxidation as well as the expression of mito-
chondrial biogenesis and FAO genes in differentiated
3T3-L1 adipocytes. Similar to ectopic Hifla expression
(Fig. 2J; Supplemental Material, Supplemental Fig. 20),
hypoxia led to the suppression of palmitate oxidation and
multiple mitochondrial and FAO genes (Supplemental
Material;, Supplemental Fig. 20,P). Together, these data
suggest a role for Hifla in the negative regulation of white
adipocyte FAO capacity.

Hifla inactivation promotes mitochondrial biogenesis
specifically in white adipocytes

Upon characterizing gene expression changes affected by
Hifla inactivation in WAT, we observed an increase in the
expression of the nuclear-encoded transcriptional inducers
of mitochondrial biogenesis nuclear respiratory factor 1
(Nrfl) and estrogen-related receptor 18 (Err1B) and of the
mitochondrial-encoded transcription factor A (Tfam) and
transcription factor B2 (Tfb2m) (Fig. 3A). Components

Figure 3. Hifla inactivation in visceral WAT pro-
motes Pgcla target gene expression and mitochon-
drial biogenesis. (A) Gene expression profiling of
visceral WAT of Hifla iC(T) and Hifla icKO(T) mice
maintained on the HFD/HFD protocol for regulators
FAO and mitochondrial biogenesis. All values were
normalized internally to 18S RNA expression and to
the Hifla iC(T) control, respectively. (*) P < 0.01
compared with control, set at 1.0. Data are mean *
SEM of values from five mice per group. (B,C)
Visceral WAT (B) and BAT (C) biopsies of Hifla

i iC(T) and Hifla icKO(T) maintained on the HFD/
HFD protocol were probed for protein expression of

VDAC, SDHA, and Cptl. Sample loading was nor-
malized to B-actin. (D) Quantification of mitochon-
drial DNA content relative to nuclear DNA content
in visceral WAT and BAT. All values were normal-
ized to the Hifla iC(T) control, respectively. (*) P <
0.05 compared with control, set at 1.0. Data are
mean = SEM of values from four to five mice per
group. (E) Visceral WAT sections of Hifla iC(T) and
Hifla icKO(T) mice maintained on the HFD/HFD
protocol were stained for the mitochondrial marker
cytochrome oxidase (COX, red), BODIPY (green),
phalloidin (pink), and DAPI (blue) and analyzed by
immunofluorescence confocal microscopy.



of the mitochondrial DNA replication and transcription
machinery, including ssDNA-binding protein 1 (Ssbpl) and
mitochondrial DNA-directed RNA polymerases Polrmt
and Polg, were similarly up-regulated, concomitant with
the increased expression of components of oxidative phos-
phorylation and of the mitochondrial electron transport
chain, such as reduced nicotinamide adenine dinucleotide
(NADH]-ubiquinone oxidoreductase subunit 1 (Mtnd1) and
cytochrome c¢ oxidase subunit IIT (Cox3) (Fig. 3A).

As Hifla inactivation resulted in increased expression of
mitochondrial biogenesis modulators, we asked whether
WAT lacking Hifla exhibited increased mitochondrial
content. Retroperitoneal WAT protein lysates from Hifla
iC(T) and Hifla icKO(T) mice were probed for expression
of the mitochondrial markers’ voltage-dependent anion
channel (VDAC) and succinate dehydrogenase complex
subunit A (SDHA) by immunoblotting. Indeed, as shown
in Figure 3B, increased VDAC and SDHA protein was
observed specifically in WAT of Hifla icKO(T) mice but
not Hifla iC(T) mice. Importantly, VDAC and SDHA
protein levels were comparable between BAT of Hifla
iC(T) and Hifla icKO(T) mice (Fig. 3C). Quantification of
mitochondrial DNA content confirmed the relative in-
crease in mitochondrial content in Hifla icKO(T) white
adipocytes compared with controls (Fig. 3D). BAT mito-
chondrial content was unaffected by Hifla status (Fig. 3D).
Immunofluorescence imaging of visceral WAT biopsies
probed for the mitochondrial marker cytochrome oxidase
(COX) revealed an increase in mitochondrial number in
biopsies lacking Hifla. The increase in mitochondrial
number paralleled a decrease in BODIPY incorporation
(Fig. 3E). Higher-magnification images of the panels dis-
played in Figure 3E suggest that the mitochondrial staining
in visceral WAT biopsies of control Hifla iC(T) is largely
restricted to the nonadipocyte population (Supplemental
Material; Supplemental Fig. 3A). Taken together, these
data suggest a critical role for Hifla in the regulation of
white, but not brown, adipocyte mitochondrial biogenesis.

Hifla regulates Pgcla acetylation state via Sirt2
transcriptional repression

Pgcla is a transcriptional coactivator important for oxida-
tive catabolism, mitochondrial biogenesis, and energy ex-
penditure (Wu et al. 1999). Although Pgcla mRNA and
protein levels were unaffected by Hifla inactivation (Fig.
3A), the gene expression profile and cellular phenotype of
WAT lacking Hifla were characteristic of increased Pgcla-
mediated transcription. In this regard, the activity of
established Pgcla-responsive promoter-luciferase report-
ers—namely, those of Cox3, Cptl, and PEPCK (Rodgers
et al. 2005)—was increased in Hifla-depleted 3T3-L1 adi-
pocytes (Supplemental Material; Supplemental Fig. 4A-
C), implying that Pgcla function may be affected.

The acetylation state of Pgcla is known to be a critical
determinant of its transcriptional coactivation function
(Rodgers et al. 2005). Hence, we addressed whether the
inactivation of Hifla could impact the Pgcla acetylation
state. Indeed, immunoprecipitates of Pgcla from WAT of
Hifla iC(T) mice maintained on a HFD/HFD protocol

Hifla augments the maintenance of obesity

contained abundant acetylated Pgcla, as evidenced by
immunoblotting for acetyl-lysine (Fig. 4B). No such signal
was detected in immunoprecipitates of Pgcla from WAT
of Hifla icKO(T) mice (Fig. 4B). Given the above-noted
results, we asked whether Pgcla acetylation changes as
a function of hypoxia in a Hifla-dependent manner. As
shown in the Supplemental Material (Supplemental Fig.
4D), exposure of 3T3-L1-derived adipocytes depleted for
Hifla to hypoxia led to a substantial reduction of Pgcla
acetylation compared with control. Conversely, chemical
inducers of Hifla stabilization led to increased levels of
acetylated Pgcla (Supplemental Material; Supplemental
Fig. 4E).

Sirtuins are NAD"-dependent deacetylases involved in
the regulation of transcriptional responses (North et al.
2003). Examination of the mRNA expression of all known
sirtuins (Sirt1-Sirt7) in WAT biopsies of Hifla iC(T) and
Hifla icKO(T) mice maintained on the HFD/HFD revealed
that, except for Sirt2, no changes in mRNA levels were
observed as a function of Hifla status (Fig. 4C,D; Supple-
mental Material; Supplemental Fig. 4F). The increase in
Sirt2 expression was selectively evident in WAT biopsies of
Hifla icKO(T) mice maintained on the HFD/HFD protocol,
as evidenced by immunoblotting and immunofluorescence
confocal microscopy (Fig. 4D; Supplemental Material;
Supplemental Fig. 4G), and not in WAT biopsies of mice
maintained on NCD/NCD (Fig. 4C).

Sirt2. was originally identified as a tubulin deacetylase
and was described to shuttle between the cytoplasm and
the nucleus (North et al. 2003; Black et al. 2008). In accord
with these findings, Sirt2 localized in the cytoplasm but
also prominently in the nucleus of Hifla icKO(T) visceral
adipocytes (Supplemental Material; Supplemental Fig.
4G,H), a finding further supported by cell fractionation
experiments (Supplemental Material; Supplemental Fig.
4H). The up-regulation of Sirt2 expression in visceral
adipocytes in Hifla icKO(T) mice correlated with de-
creased acetylation of the cytoplasmic Sirt2 target protein
tubulin (Fig. 4D, bottom panel). Similarly, depletion of
Hifla in 3T3-L1 caused induction of Sirt2 mRNA and
protein and reduced levels of acetylated tubulin (Fig. 4E).
Inverse effects were seen when Hifla was overexpressed
in these cells (Fig. 4E). In contrast, Sirtl mRNA and
protein levels remained unaffected by Hifla status (Fig.
4E). Together, these results suggest that inactivation of
Hifla is associated with increased Sirt2 mRNA and
protein expression in WAT, visceral, and 3T3-L1-derived
adipocytes.

To define potential mechansims underlying this phe-
nomenon, in silico analysis of the Sirt2 promoter led to
the identification of a cross-species conserved hypoxia
response element (HRE) at —537 base pairs (bp) down-
stream from the mouse Sirt2 transcription start site (TSS)
(Fig. 4F). Intriguingly, chromatin immunoprecipitation
(ChIP) assays on nuclear extracts derived from adipose
tissue of Hifla iC(T) or Hifla icKO(T) mice maintained
on a HFD/HFD protocol demonstrated the interaction of
Hifla and its heterodimerization partner, Hif13/ARNT,
with the conserved HRE in the Sirt2 promoter in vivo
(Fig. 4G). Luciferase reporter assays performed with the
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Figure 4. Hifla inactivation promotes Pgcla
deacetylation via Sirt2. (A) Visceral WAT of Hifla
iC(T) and Hifla icKO(T) mice subjected to the
HFD/HFD protocol were assessed for Pgela protein
expression. B-Actin served as a loading control. (B)
Endogenous Pgcla was immunoprecipitated from
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Hifla and Hif1B at the Sirt2 promoter by ChIP. DNA from the respective samples was immunoprecipitated with a Hifla (IP:Hifla)-
specific and a HiflB (IP:Hif1B)-specific antibody or with a control isotype-matched antibody (IP:Ig control). Primer control and PCR
control refer to reactions performed in the absence of primers or in the absence of DNA input, respectively. (H,I) Sirt2 promoter activity in
response to Hifla was determined by transient cotransfection of wild-type (WT) (H) and HRE-mutated (AHRE) (I) Sirt2 promoter,
respectively, fused to luciferase and with either an empty vector control or a Hifla AODD expression construct. All transfections
contained equal amounts of a B-galactosidase expression vector for normalization of luciferase activity. (*) P < 0.01 compared with
control, set at 1.0. Data are mean = SEM of values from each group.

wild-type Sirt2 promoter or a mutant derivative lacking
the conserved HRE (referred to as AHRE), upon expres-
sion of a constitutively active Hifla mutant (Hifla
AODD) that escapes pVHL-mediated degradation through
the deletion of the oxygen-dependent degradation domain
(ODD) of Hifla (Huang et al. 1998), confirmed the im-
portance of the identified HRE in the Sirt2 promoter for
Hifla-mediated repression of Sirt2 promoter activity
(Fig. 4H,I). Lastly, when 3T3-L1-derived adipocytes were
exposed to hypoxia (3% O,) in the presence or absence of
shHifla and assessed for Sirt2 transcription, we ob-
served hypoxia-induced, Hifla-dependent, Sirt2 tran-
scriptional repression (Supplemental Material; Supple-
mental Fig. 4I). In sum, these results identify Sirt2 as
a novel Hifla-repressed target gene.
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Pgcla is a potential deacetylation target of Sirt2

The results above suggest a role for Sirt2 (via Pgcla) in
mediating the increase in FAO upon Hifla inactivation. To
demonstrate a relevance of the Hifla-Sirt2-Pgcla axis in
adipocyte metabolism, we addressed the impact of sShRNA-
mediated knockdown of Hifle, Sirtl, Sirt2, or combina-
tions thereof in differentiated 3T3-L1-derived adipocytes
and assessed FAO using the Seahorse Bioscience 24XF
extracellular flux analyzer. While knockdown of Sirt2
alone significantly inhibited adipocyte FAO, Sirtl knock-
down did not. Similarly, on the background of Hifl«
inactivation, knockdown of Sirt2 dramatically repressed
Hifla inactivation-mediated FAO induction (Fig. 5A).
Knockdown of Sirtl failed to significantly repress Hifla
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Figure 5. Sirt2 promotes oxidative catabolism via
Pgcla deacetylation. (A) 3T3-L1-derived adipocytes
were infected with empty nsRNA, shHifl, shSirtl,
shSirt2, or a combination thereof and assessed for
oleate-induced oxygen consumption as a measure of
fatty acid B-oxidation using the Seahorse Bioscience
24XF extracellular flux analyzer. The normalized
OCR is shown. (*) P < 0.01 compared with control
nsRNA, set at 1.0; (%) P < 0.01 compared with
shHifla; (¢) P < 0.01 compared with shSirtl. Data are
mean * SEM of values from each group. (B) 3T3-L1-
derived adipocytes were infected with empty
nsRNA, shPgcla, shHifla, or shHifla/shPgela and
assessed for oleate-induced oxygen consumption as
a measure of fatty acid B-oxidation using the Sea-
horse Bioscience 24XF extracellular flux analyzer.
The normalized OCR is shown. (*) P < 0.01 com-
pared with control nsRNA, set at 1.0; (¢) P < 0.01
compared with shHifla. Data are mean = SEM of
values from each group. (C) Lentivirus-mediated
ectopic expression of Sirt2 was performed in 3T3-
L1-derived adipocytes in the presence or absence of
shPgcla and assessed for oleate-induced oxygen
consumption as a measure of fatty acid g-oxidation
using the Seahorse Bioscience 24XF extracellular
flux analyzer. The normalized OCR is shown. (*)
P <0.01 compared with control nsRNA, set at 1.0; (¢)
P <0.01 compared with Sirt2. Data are mean + SEM
of values from each group. (D, top panels) Ectopic
lentiviral-mediated Sirt2 or Sirt2 H187A expression
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was performed in 293 cells, and lysates were immu-
noprecipitated with the Pgcla antibody and probed
for lysine acetylation and Pgcla by immunoblotting.
(Bottom panels) In parallel, lysates were probed for

Sirt2 expression and tubulin acetylation by immunoblotting. (E, top panels) Lentiviral shRNA-mediated Sirt1 and Sirt2 knockdown was
performed in 293 cells, and lysates were immunoprecipitated with the Pgcla antibody and probed for lysine acetylation and Pgcla by
immunoblotting. (Bottom panels) In parallel, lysates were probed for Sirtl and Sirt2 expression by immunoblotting. (F) Flag-tagged
Pgcla ectopically expressed in 293 cells was immunoprecipitated and incubated in the presence of varying amounts of purified Sirt2
protein in the presence or absence of NAD' as indicated and probed by immunoblotting for acetylated lysine and Pgcla.

Immunoprecipitation with IgG serves as a negative control.

inactivation-induced FAO (Fig. 5A). These results point to
a key role for Sirt2 (but not of Sirtl) in the regulation of
adipocyte FAO. Similarly, the effect of shRNA-mediated
Pgcla knockdown on the background of Hifla inactivation
or ectopic Sirt2. expression on adipocyte FAO capacity was
determined. 3T3-L1 adipocytes were infected with lentivi-
ruses encoding nsRNA, shHifla, shPgcla, shSirt2, or a com-
bination thereof and assessed for FAO. Interestingly, the
knockdown of Pgcla proved sufficient to negate the FAO-
inducing properties of both Hifla inactivation and ectopic
Sirt2 expression (Fig. 5B,C). These data therefore implicate
the Hifla-Sirt2-Pgcla axis in regulating adipocyte FAO.
However, as the validity of this axis is dependent on
the capacity for Sirt2 to directly deacetylate Pgcla, we
examined whether Pgcla is a Sirt2 target protein. To this
end, wild-type Sirt2 or a deacetylase mutant of Sirt2 (Sirt2
HI187A) (Finnin et al. 2001) was ectopically expressed in
293 embryonic kidney cancer cells and assayed for endog-
enous Pgcla deacetylation. Sirt2 expression prompted the
deacetylation of Pgcla (Fig. 5D, top panel) and tubulin (Fig.
5D, bottom panel), while ectopic expression of Sirt2

H187A did not significantly impact the acetylation state
of Pgcla or tubulin (Fig. 5D). Conversely, shRNA-medi-
ated depletion of Sirt2 resulted in elevated levels of Pgcla
acetylation compared with controls (Fig. 5E). Depletion of
Sirtl similarly led to increased levels of Pgcla acetylation
(Fig. 5E), implying that in these cancer cells, both Sirt2 and
Sirtl contribute to Pgcla acetylation. The efficacy of Sirt2
overexpression or knockdown, Pgela knockdown, and the
specificity of the Pgcla antibody used for immunoprecip-
itation was verified by immunoblotting and/or immuno-
precipitation (Supplemental Material; Supplemental Fig.
5A-E). Finally, incubation of anti-Flag-Pgcla immuno-
precipitates from 293 cells with increasing amounts of
bacterial-purified Sirt2 caused a dose- and NAD*-dependent
deacetylation of Pgcla in this in vitro assay (Fig. 5F). Taken
together, these findings support the view that Pgcla rep-
resents a novel substrate of Sirt2 whose acetylation state is
regulated, at least in part, by Hifla via transcriptional
suppression of Sirt2 and suggests a key role for Sirt2 and
Pgcla as downstream mediators of the negative effects of
Hifla on FAO capacity in adipocytes.
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HIFla and SIRT2 expression inversely correlates
in human and mouse obesity

Given the functional relationship between Hifla and Sirt2
suppression in mouse dietary obesity, we assessed visceral
adipose biopsies of obese human subjects (body mass index
[BMI] > 30.0 kg/m?) with defects in glucose homeostasis for
HIFla, SIRT2, and CPT1 protein expression and mRNA
expression of FAO regulators (Fig. 6A-D; Supplemental
Material; Supplemental Table 1). Specificity of the SIRT2
antibody was verified by immunoblotting (Supplemental
Material; Supplemental Fig. 6A). Lean subjects (BMI < 25.0
kg/m?) were generally characterized by low HIFla and
high SIRT?2 and CPT1 protein levels, while the inverse was
observed in biopsies of obese subjects (Fig. 6D). Moreover,
an overall decrease in the expression of FAO regulators
was noted in adipose tissue of obese versus lean subjects
(Fig. 6C,D). Importantly, the inverse correlation between
HIF1la and SIRT2 is recapitulated in a mouse model of diet-
induced obesity and defective glucose homeostasis (Sup-
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plemental Material; Supplemental Figs. 2K, 6B,C). Consis-
tent with the increased expression of mitochondrial bio-
genesis regulators and of components of the mitochondrial
electron transport chain upon Hifla inactivation in WAT
of mice maintained on a HFD, visceral WAT biopsies of
lean human subjects revealed increased expression of such
factors, indicative of greater mitochondrial biogenesis
and activity compared with obese subjects (Fig. 6E). Thus,
HIFla-mediated repression of SIRT2 expression and activ-
ity, and the consequent inhibition of mitochondrial lipid
catabolism in white adipocytes, may represent a potential
contributing component in human obesity.

Discussion

Here we demonstrate a key role of Hifla in the initiation
and preservation of diet-induced obesity in part through
direct transcriptional repression of Sirt2 NAD*-dependent
deacetylase. Moreover, we identify Pgcla as a potential

Figure 6. Sirt2 is down-regulated in human
obesity. (A) Average BMI of subjects within the
lean (n = 9) and obese (n = 9) groups, respectively.
(*) P <0.01 versus lean subjects. Data are mean =
SEM of values from each group. (B) Fasting
(FBG) and 2-h oral GTT (2hrBG) blood glucose
indices of the lean (n = 9) and obese (n = 9) groups
are shown. (*) P < 0.05 versus lean subjects. Data
are mean = SEM of values from each group. (C)
Gene expression profiling of visceral WAT bi-
opsies of lean and obese subjects for components
of FAO. All values were normalized internally to
18S RNA expression and to the lean samples,
respectively. (*) P < 0.05 versus lean subjects.
Data are mean = SEM of values from the re-
spective groups. (D) Visceral WAT biopsies of
human lean or obese subjects were assessed for
HIFla, SIRT2, and CPT1 protein expression.
B-Actin served as a loading control. (E) Gene
expression profiling of visceral WAT biopsies of
lean and obese subjects for regulators mitochon-
drial biogenesis and of mitochondrial complex
and electron transport chain proteins. All values
were normalized internally to 18S RNA expres-
sion and to the lean samples, respectively. (*) P <
0.05 versus lean subjects. Data are mean = SEM
of values from the respective groups. (F) Sche-
matic representation of the transcriptional and
enzymatic coregulation of SIRT2 by HIFla. Nu-
trient overload-induced adipose expansion aug-
ments intra-adipose hypoxia, leading to adipocyte
HIFla accumulation. HIFla represses SIRT2
transcription via interaction at a cross-species
conserved HRE on the SIRT2 promoter. The
repression of SIRT2 activity by HIFla is predicted
to support the maintenance of general control
of amino acid synthesis, yeast, homolog-like 2
(GCN5/KAT2A)-mediated, and/or steroid receptor
coactivator protein 3 (SRC3/NCOA3)-mediated
Pgcla hyperacetylation and its consequent inac-
tivation, culminating in the maintenance of lipid
anabolism and pathological adipose expansion.
For additional details, see the text.



substrate of Sirt2. Accordingly, repression of Sirt2 by Hifl«
in dietary obesity results in increased acetylation and Pgcla
inactivation. This creates a metabolic state of reduced FAO
in adipocytes. The mechanistic relationship between path-
ologic adipose tissue mass expansion-associated Hifla accu-
mulation, Sirt2 suppression, and Pgcla hyperacetylation is
underscored by the observation that HIF1a protein levels in
human obese subjects inversely correlate with protein levels
of SIRT2 and CPT1, the rate-limiting enzyme in mitochon-
drial FAO. Hence, our findings support a model wherein
adipose tissue hypoxia-induced Hifla activation suppresses
the Sirt2-NAD* metabolic regulatory system, leading to
reduced oxidative lipid catabolism and mitochondrial bio-
genesis mediated in part through the inhibition of Pgcla
activity. This, in turn, facilitates lipid anabolism, white
adipose mass expansion, and the development of obesity-
associated pathologies, including glucose intolerance,
insulin resistance, and diabetic cardiomyopathy (Fig. 6F).

Our observations link Hifla activation to the suppres-
sion of adipocyte lipid catabolism. Strikingly, the effects
of Hifla on lipid catabolism are depot-specific and affect
visceral but not subcutaneous fat. This is remarkable,
considering that subcutaneous adipocytes are associated
with greater lineage plasticity than visceral adipocytes
(Cinti 2009). On the other hand, the observed Hifla depot
specificity may relate to the fact that visceral adipocytes
are subjected to a greater degree of hypoxia and adipose
tissue hypoperfusion than subcutaneous WAT (Gealekman
et al. 2011), thus possibly hypersensitizing visceral WAT to
tissue and adipocyte hypertrophy-induced hypoxia. Based
on our data, it is possible that Hifla inactivation promotes
a brown adipocyte-like phenotype in visceral adipocytes
through its capacity to induce mitochondrial biogenesis
and function.

Mechanistically, our work unveiled that the Hifla-
dependent effects on adipocyte lipid catabolism are
mediated through regulation of the sirtuin-Pgcla system.
Hifla inhibits Sirt2 gene transcription via interaction at
a cross-species conserved HRE on the Sirt2 promoter.
Although predominantly associated with transcriptional
activation, recent reports have demonstrated Hifl a-me-
diated transcriptional repression (Eltzschig et al. 2005;
Wang et al. 2009). The identification of Sirt2 as a down-
stream effector repressed by Hifla therefore links dietary
obesity-associated adipose tissue hypoxia and Hifla acti-
vation to the inhibition of adipocyte-instrinsic pathways
controlling FAO and energy expenditure.

Sirt2 is the most prominently expressed sirtuin family
member in adipocytes (Jing et al. 2007; Wang et al. 2007).
It was originally identified as a tubulin deacetylase. How-
ever, existing data suggest that Sirt2 is localized to both the
nuclear and cytoplasmic compartment, implying that, in
addition to tubulin, Sirt2 can target nuclear proteins for
deacetylation. The fact that we detected significantly less
acetylated Pgela in adipocytes deficient for Hifla and that
Sirt2 can deacetylate Pgcla in vivo and in vitro suggests
that Pgcla may represent a nuclear substrate of Sirt2.
Consistent with this, we found that Sirt2 predominantly
localized to the nucleus in adipocytes. Pgcla has been prom-
inently associated with the regulation of the FAO gene pro-

Hifla augments the maintenance of obesity

gram and energy expenditure (Handschin and Spiegelman
2006). Interestingly, its acetylation state has been reported
to be critical in regulating its activity, such that hyper-
acetylation is associated with reduced Pgcla coactivator
function. Indeed, key Pgcla-responsive promoters are neg-
atively affected by Hifla activation in a Sirt2-dependent
manner. The identification of Pgcla as a Sirt2 substrate
therefore suggests that Hifla regulates adipocyte mito-
chondrial biogenesis and FAO, at least in part, by affect-
ing Sirt2-mediated Pgcla substrate acetylation state.

In conclusion, our work identifies Hifla as a central
regulator of adipocyte lipid catabolism and energy expen-
diture. Hifla mediates these effects, at least in part, by
interfering with the function of the Sirt2, thereby creating
a metabolic state permissive for the development of
obesity in the face of nutrient overload. Since adipose
HIFla accumulation in human obese subjects correlates
with low SIRT2, augmenting the activity of the SIRT2
pathway may represent a therapeutic approach for the
treatment of obesity in humans.

Materials and methods

Human obesity studies

The human obesity study and clinical parameters documented in
Supplemental Table 1 were performed as previously described
(Tkacova et al. 2010). The study was approved by the Ethics
Committee of the Derer’s University Hospital, Slovak Health Care
University in Bratislava, and conforms to the ethical guidelines of
the 2000 Helsinki declaration. All patients and healthy control
volunteers provided witnessed written informed consent before
entry into the study.

Animal breeding and maintenance

Hifla fl/fl mice were obtained from Randall S. Johnson (Univer-
sity of California at San Diego, San Diego, USA). The Fabp4/aP2-
ERT2-cre/+ line was kindly provided by Daniel Metzger (CNRS,
France). Leslie P. Kozak (Pennington Biomedical Research Cen-
ter, Baton Rouge, LA, USA) generously provided the UCP1-cre/+
line. Primers used for mouse genotyping are listed in the
Supplemental Material (Supplemental Table 2). The data repre-
sent studies with male mice, maintained at the RCHCI, ETH-
Zurich, specific pathogen-free facility. Maintenance and animal
experimentation were in accordance with the Swiss Federal
Veterinary Office (BVET) guidelines.
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