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Background: G0S2 has been shown in vitro to be a selective inhibitor of ATGL.
Results: Adipose overexpression of G0S2 leads to decreased adipose lipolysis, impeded fatty acid utilization upon fasting, and
impaired cold-induced thermogenesis.
Conclusion: G0S2 plays a major role in regulating global lipid and energy metabolism.
Significance: Adipose lipolysis and fatty acid liberation is crucial for energy homeostasis.

Biochemical and cell-based studies have identified the G0S2
(G0/G1 switch gene 2) as a selective inhibitor of the key intracel-
lular triacylglycerol hydrolase, adipose triglyceride lipase. To
better understand the physiological role of G0S2, we con-
structed an adipose tissue-specific G0S2 transgenic mouse
model. In comparison with wild type animals, the transgenic
mice exhibited a significant increase in overall fat mass and a
decrease in peripheral triglyceride accumulation. Basal and
adrenergically stimulated lipolysis was attenuated in adipose
explants isolated from the transgenic mice. Following fasting or
injection of a �3-adrenergic agonist, in vivo lipolysis and keto-
genesis were decreased in G0S2 transgenic mice when com-
pared with wild type animals. Consequently, adipose overex-
pression of G0S2 prevented the “switch” of energy substrate
from carbohydrates to fatty acids during fasting. Moreover,
G0S2 overexpression promoted accumulation of more and
larger lipid droplets in brown adipocytes without impacting
either mitochondrial morphology or expression of oxidative
genes. This phenotypic change was accompanied by defective cold
adaptation. Furthermore, feeding with a high fat diet caused a
greater gain of both body weight and adiposity in the transgenic
mice. The transgenic mice also displayed a decrease in fasting
plasma levels of free fatty acid, triglyceride, and insulin as well as
improved glucose and insulin tolerance. Cumulatively, these
results indicate that fat-specific G0S2 overexpression uncouples
adiposity from insulin sensitivity and overall metabolic health
through inhibiting adipose lipolysis and decreasing circulating
fatty acids.

Regulation of adipose tissue mass is a dynamic relationship
between the processes of lipid synthesis and lipid catabolism. It
has been well demonstrated through previous studies that dis-
ruptions in these mechanisms contribute to a variety of health
disparities, including diabetes and obesity, in addition to other
metabolically linked conditions (1– 4). Alterations in lipid
metabolism not only impact adiposity but have been shown to
have a profound effect on peripheral lipid accumulation and
global energy homeostasis. The recent identification of the
rate-limiting enzyme involved in triglyceride (TG)3 hydrolysis,
adipose triglyceride lipase (ATGL), has added an important
mechanistic step with regards to adipose lipolysis and substrate
release from lipid droplets in adipose tissue for energy metab-
olism (4 –9). Loss of ATGL through knock-out mouse models
has demonstrated the essential functions of ATGL in adipose
tissue lipolysis and whole body lipid and energy metabolism (4,
10 –16). These efforts have established a vital role for ATGL
and, more importantly, adipose tissue in general for modulating
energy metabolism and homeostasis on a global scale.

The mechanisms governing ATGL-mediated lipolysis remain
to be fully elucidated. Existing evidence suggests that protein-
protein interactions with comparative gene identification 58,
also known as ABHD5 (�/� hydrolase domain-containing pro-
tein 5), can stimulate ATGL at the post-translational level (17).
Previous reports have attributed the activation of ATGL in adi-
pocytes to the dissociation of comparative gene identification
58 from the lipid droplet coat protein perilipin (18 –21).
Recently, our laboratory identified a protein encoded by G0S2
(G0/G1 switch gene 2) as a selective inhibitor of ATGL. The
G0S2 was originally identified in blood mononuclear cells dur-
ing pharmaceutical stimulation of the G0 to G1 transition of the
cell cycle (22, 23). Its cellular function remained unclear until
Bachner and colleagues (24) identified G0S2 as an adipocyte-
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specific factor. These early discoveries led to the characteriza-
tion of G0S2 as a lipolytic inhibitor in adipocytes by Yang et al.
(25–27) and confirmed by later studies. Further investigation
has revealed that G0S2 blocks lipolysis through direct interac-
tion and inhibition of the TG hydrolase activity of ATGL. Bind-
ing between the hydrophobic domain of G0S2 and the patatin-
like domain of ATGL results in lipolytic inhibition in 3T3-L1
adipocytes (25).

To better understand and characterize the impact of G0S2 in
vivo, we have designed transgenic mice that overexpress G0S2
specifically in adipose tissue. Utilizing this model, we were able
to evaluate the significance of adipose G0S2 on global energy
and lipid metabolism in both chow and high fat diet (HFD) fed
states. Moreover, this model provides a novel system to com-
pare similarities and differences between loss of ATGL and gain
of G0S2 in adipose tissue.

EXPERIMENTAL PROCEDURES

Generation of aP2-G0S2 Transgenic Mice—To generate
transgenic mice with tissue-specific overexpression of G0S2 in
adipose tissue, the murine G0S2 cDNA sequence (GenBankTM

accession no. NM_008059) was subcloned into a pBluescript II
SK(�) vector containing a 5.4-kB adipocyte fatty acid (FA)
binding protein (aP2) promoter and a poly(A) tail (Addgene).
G0S2 was PCR-amplified to add a 5�-Kozak sequence along
with SmaI and NotI restriction enzyme sites on the 5� and 3�
ends, respectively. The Kozak-G0S2 sequence was inserted
downstream of the aP2 promoter and upstream of the poly(A)
tail using the NotI and SmaI restriction sites. The completed
aP2-G0S2-poly(A) construct was confirmed by sequencing.
Through the University of Michigan Transgenic Animal Model
Core, the transgene fragment was released by SalI digestion,
purified, and microinjected into fertilized eggs of C57BL/6J
mice. Tail DNA genotyping revealed that seven independent
transgenic founder lines were obtained, of which five lines
underwent successful germ-line transmission.

Animal Experiments—aP2-G0S2 transgenic mice and wild
type C57BL/6J littermates were maintained in the animal facil-
ity at Mayo Clinic Arizona. All mice were given free access to
water and were fed a standard chow diet (test diet no. 5001, 10%
calories as fat). For experiments, female and male mice at 12
weeks of age were used unless otherwise indicated. For HFD
treatment, male wild type and aP2-G0S2 mice were started on a
60% HFD (Research Diets, D12492, 60% calories as fat) at 4
weeks of age. Experiments were conducted following 8 weeks of
HFD feeding, mice were 12 weeks of age unless otherwise noted
at the time of experiments.

Body Composition Analysis—Body composition data for
12-week-old female and male wild type and aP2-G0S2 mice was
acquired by whole body metabolic profiling using a Bruker
minispec Body Composition Analyzer (Brunker Corp.) through
the Mayo Clinic Mouse Metabolic Phenotyping Laboratory.

Whole Body Metabolic Phenotyping—Wild type and aP2-
G0S2 female mice, 14 weeks old, were individually placed in a
PhenoMaster metabolic cage unit (TSE Systems) for a multi-
day (5 days) study starting at 7 AM on day 1. Standard 12-h light
(7 AM to 7 PM) and dark cycles (7 PM to 7 AM) were main-
tained throughout the experiment. Mice were allowed an envi-

ronmental acclamation period of 24 h prior to starting the
experiment at 7 AM on day 2. Mice were fasted for a period of
16 h starting at 5 PM on day 2 before food was reintroduced.
With the exception of the fasting period, mice were allowed to
eat and drink ad libitum. Fat and carbohydrate oxidation were
calculated as reported previously (28).

Cold Exposure—Wild type and aP2-G0S2 male mice, 12
weeks old, were individually housed for �3 days prior to cold
exposure. On the morning of the cold exposure, mice were
fasted for 2 h. Following this brief fasting, mice were placed at
4° C, and body temperature was recorded rectally at the indi-
cated time points. After completion of the experiment, mice
were sacrificed, and tissue was collected for further evaluation.
During the experiment, mice were fasted but had ad libitum
access to water. All aspects of this experiment were thoroughly
reviewed and approved by the Mayo Clinic Institutional Care
and Use Committee.

Glucose and Insulin Tolerance Tests—For the glucose and insu-
lin tolerance tests, mice were fasted overnight and 6 h, respec-
tively. Glucose (2 g/kg body weight) or insulin (1 unit/kg body
weight) was injected intraperitoneally into the mice. Blood glu-
cose levels were monitored at indicated times from the tail vein
using a glucometer (Freestyle; Abbott Diabetes Care).

In Vivo and ex Vivo Lipolysis Measurement—For in vivo
lipolysis, 12-week-old female wild type and aP2-G0S2 mice
were injected with 0.1 mg/kg CL316243 (Tocris Bioscience), a
�3-adrenergic receptor agonist or saline as a vehicle control.
Plasma was collected at 1 h post-injection. As a measure of
lipolysis, free FAs (FFAs) (Wako) and glycerol (ZenBio) levels
were quantified using enzyme colorimetric assays according to
the manufacturer’s instructions. For ex vivo lipolysis, gonadal
fat pads isolated from 6-h-fasted mice were cut into 50-mg
pieces and incubated at 37 °C in 1.0 ml of phenol red-free
DMEM containing 2% FA-free BSA with or without 1 �M iso-
proterenol for 2 h. FA and glycerol release was measured in
aliquots from incubation media, and tissue weight was used to
normalize the lipolytic signals.

Plasma Parameter Analysis—Plasma glucose (Wako), total
TG (Thermo Fisher Scientific), total cholesterol (Wako), FFAs
(Wako), adiponectin (Invitrogen), leptin (Invitrogen), insulin
(Invitrogen), and 3-hydroxybutyrate (Stanbio Laboratory) were
measured using enzyme colorimetric assays according to the
manufacturers’ instructions. Organ TG content was assayed
using total TG assay kit (Thermo) following extraction and
purification by thin-layer chromatography.

Immunoblotting—White and brown adipose tissue samples
were homogenized in a buffer containing 50 mM Tris-HCl (pH
8.0), 135 mM NaCl, 10 mM NaF, 1% Nonidet P-40, 0.1% SDS,
0.5% sodium deoxycholate, 1.0 mM EDTA, 5% glycerol, and 1�
Complete protease inhibitor mixture (Roche Applied Science).
The lysates were clarified by centrifugation at 20,000 � g for 10
min and then mixed with equal volume of 2� SDS sample
buffer. Equivalent amounts of protein were resolved using one-
dimensional SDS-PAGE, followed by transfer to nitrocellulose
membranes. Individual proteins were blotted with primary
antibodies against G0S2 (generated against the residues 43–103
of murine G0S2) (25) and �-actin (Sigma-Aldrich) at appropri-
ate dilutions. Peroxide-conjugated secondary antibodies (Jack-
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son ImmunoResearch Laboratories) were incubated with the
membrane at a dilution of (1:5000). The signals were then visu-
alized by chemiluminescence (Supersignal ECL, Pierce) using
an ImageQuant LAS4000 imaging system (GE Healthcare Life
Sciences).

Histology and Electron Microscopy—White (WAT) and
brown adipose tissue (BAT) was isolated as indicated and sub-
sequently fixed in 4% microscopy grade paraformaldehyde
(Bio-Rad) for 20 min. Fixed tissues were then given to the Mayo
Clinic Arizona Histology Core for paraffin embedding, section-
ing, and hemotoxylin & eosin staining. Stained tissues were
then evaluated and imaged on an Olympus light microscope.
Image analysis and quantification was performed using ImageJ
software (NIH Open Source) measuring a minimum of 400 cells
per sample. For electron microscopy, isolated BAT and WAT
were fixed in 2% glutaraldehyde in 0.1 M PB (phosphate buffer)
(pH 7.2) at 4 °C overnight and then postfixed in 1% OsO4, dehy-
drated through a graded series of ethanols, and embedded in
Spurr resin. Ultrathin sections (100 nm or 0.1 �m) mounted on
200-mesh copper grids were stained with lead citrate and
observed under a JEOL JEM-1400 transmission electron
microscope.

RNA Extraction and Real-time PCR—Total RNA was iso-
lated from mouse adipose tissue samples using the RNeasy Plus
Mini Kit (Qiagen) according to the manufacturer’s instruc-
tions. cDNA was synthesized from total RNA by LongRange
reverse transcriptase (Qiagen) with oligo d(T). The resulting
cDNA was subjected to real-time PCR analysis with SYBGreen
PCR Master Mix (Invitrogen) on an Applied Biosystems 7900
HT Real-time PCR System. Specific primers for the genes for

interest were acquired through GeneBank. Data were analyzed
using the comparative cycle threshold (��Ct) method. The
mRNA levels of genes normalized to �-actin were presented as
relative to the wild type control. PCR product specificity was
verified by postamplification melting curve analysis and by run-
ning products on an agarose gel.

Insulin Signaling—Mice at 12 weeks of age were intraperito-
neally injected with 1 uni/kg insulin after 8 weeks of HFD feed-
ing. Mice were then sacrificed 5 min post injection and liver,
and gonadal WAT were collected and immediately frozen. Tissue
samples were homogenized as described above and resolved on
one-dimensional SDS-PAGE. Membranes were probed as men-
tioned using antibodies against �-actin (Sigma-Aldrich), Akt,
phospho-Akt serine 473 and phospho-Gsk3 �/� (all from Cell Sig-
naling). Band intensity/densitometric measurement was accom-
plished using ImageJ software (NIH Open Source). A total of five
mice per group were used for quantification.

Statistical Analysis—Values are expressed as mean � S.E.
Statistical significance was evaluated by two-tailed unpaired
Student’s t test. Differences were considered significant at p �
0.05.

RESULTS

Characterization of G0S2 Overexpression in Adipose Tissue—
To elucidate the in vivo function of G0S2 in adipose tissue and
its impact on global energy metabolism, we generated adipose
tissue-specific G0S2 transgenic mice utilizing the aP2 promoter
(Fig. 1A). Following germ-line transmission and subsequent
breeding, adipose expression of the aP2-G0S2 transgene was

FIGURE 1. Transgenic overexpression of G0S2 in adipose tissue. A, targeting scheme for tissue-specific G0S2 overexpression. B, cDNA synthesized from
various tissues in aP2-G0S2 mice was subjected to PCR using aP2-G0S2 primers. PCR products were resolved on a 1.5% agarose gel by electrophoresis. C,
immunoblotting analysis of G0S2 expression in gonadal WAT and BAT. �-Actin was used as a loading control. D, body weight measurement on 12-week-old
male and female mice (n 	 8 per group). E, food intake as measured by g/day (n 	 12 per group) from 12-week-old female mice.
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verified by reverse transcriptase PCR and direct amplification
from various tissues using specific primers (Fig. 1B). Addition-
ally, immunoblotting analysis of isolated gonadal WAT showed
a 
5-fold increase in G0S2 protein expression in aP2-G0S2
transgenic mice over endogenous levels in wild type animals
(Fig. 1C). There was also a marked increase in G0S2 expression
in interscapular BAT from transgenic mice (Fig. 1C). These
results demonstrate successful adipose-specific overexpression
of G0S2.

Adipose Overexpression of G0S2 Alters the Whole Body Met-
abolic Profile—Phenotypically, transgenic expression of G0S2
elicited no changes in body weight or food intake (Fig. 1, D and
E). aP2-G0S2 mice showed significant increases in both WAT
and BAT size as demonstrated by gross dissection (Fig. 2A).
Histological evaluation of gonadal WAT isolated from aP2-
G0S2 mice showed an over 2-fold increase in adipocyte size
(Fig. 2B). Furthermore, adipose overexpression of G0S2 signif-
icantly augmented whole body fat mass (Fig. 2C) and increased

FIGURE 2. Metabolic characterization of aP2-G0S2 transgenic mice. A, gross dissection and imaging of gonadal WAT and BAT isolated from wild type and
aP2-G0S2 mice (12 weeks of age). B, H&E staining of gonadal WAT from wild type and aP2-G0S2 mice and adipocyte size quantification (n 	 400 cells). A.U.,
arbitrary units. Scale bar, 100 �m. C, non-fasting fat and lean mass as measured by NMR (n 	 8 per group). 12-Week-old male mice were fasted for 6 h following
NMR analysis and subjected to gross fat pad (D), organ weight (E), and organ TG content (F) measurements (n 	 8 per group). *, p � 0.05; ***, p � 0.001.
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weight of gonadal, perirenal, peri-intestinal, and interscapular
by 53, 36, 18, and 46%, respectively (Fig. 2D). In addition, gene
expression analysis of oxidative and proinflammatory genes in
WAT from transgenic mice showed no significant alterations
when compared with wild type animals (Table 1). Because adi-
pose tissue functions as a buffer for whole-body lipid flux, we
also evaluated the weight and TG content of other organs/tis-
sues. As shown in Fig. 2E, adipose overexpression of G0S2
decreased liver and lung weight by �30%. Likewise, there was a
significant 45% reduction in liver TG content following a 6-h
fasting period (Fig. 2F). These findings suggest that overexpres-
sion of G0S2 in adipose tissue caused an increase in cumulative
fat mass and a concomitant reduction in liver TG levels.

aP2-G0S2 Transgenic Mice Have Altered Adipose Lipolysis
and FA Flux to Liver—Because the gross phenotype associated
with the aP2-G0S2 transgenic mice was consistent with aber-
rant lipolysis, we decided to directly assay lipolytic activity in
WAT. Isolated fat pads were cultured in the presence or
absence of the �-adrenergic agonist isoproterenol to induce
lipolysis. Fat pads from aP2-G0S2 mice showed a 51 and 61%
decrease in basal and stimulated FA release, respectively (Fig.
3A). Similar decreases in glycerol release were also observed. In
accordance, the plasma FFA levels were reduced by 44 and 40%,
respectively, in the transgenic mice when compared with those
in wild type animals (Fig. 3B). In response to the injection of
CL316243 compound, an agonist for �3-adrenergic receptor
that is predominantly expressed in adipose tissue, there was a
near 5-fold increase in plasma FFA level in wild type mice (Fig.
3C). However, the plasma FFA concentration was reduced by

45% in the transgenic mice injected with CL316243. These find-
ings demonstrate that adipose overexpression of G0S2 results
in reduced lipolytic capacity and subsequent FA release.

During fasting, increased adipose lipolysis and hepatic FA
uptake results in increased FA oxidation and ketone body pro-
duction in liver. To this end, we found that the plasma levels of
a major ketone body 3-hydroxybutyrate were lower in aP2-
G0S2 mice by 11% under fasting and by 60% upon CL-316246
injection in the fed state (Fig. 3D). Therefore, by quenching
adipose lipolysis during fasting, adipose-specific overexpres-
sion of G0S2 was able to diminish the FA flux from adipose
tissue to liver, thereby inhibiting subsequent hepatic FA oxida-
tion and ketogenesis.

Transgenic Expression of G0S2 Prevents a Metabolic Switch
during Fasting—Because aP2-G0S2 mice displayed a significant
reduction in the lipolytic rate in adipose tissue, we subjected
wild type and aP2-G0S2 mice to a multi-day metabolic cage
study to further examine the role of adipose G0S2 on a global
scale with respect to energy homeostasis. When compared with
wild type mice, aP2-G0S2 mice consumed less oxygen (Fig. 4A)
and exhibited a marked change in their respiratory exchange
ratio (RER) (Fig. 4B). During the cage study, mice were sub-
jected to a 16-h period of fasting in which alterations in RER and
oxidative substrate preference were monitored. Whereas wild
type mice experienced a dramatic decrease in RER and carbo-
hydrate oxidation in response to fasting, aP2-G0S2 mice only
showed a slight reduction in RER and the rate to oxidize carbo-
hydrates (Fig. 4, B and C). As a result of decreased lipolysis
during fasting, aP2-G0S2 mice were unable to considerably up-
regulate fat oxidation like the wild type animals (Fig. 4D). These
results suggest that adipose G0S2 overexpression prevents a
metabolic substrate “switch” from carbohydrates to FAs during
the instances of heightened metabolic demand such as fasting.

G0S2 Overexpression Leads to Defective Thermogenesis—In-
duced lipolysis in adipocytes of BAT provides FA substrates to
mitochondria for heat production. BAT from aP2-G0S2 mice
also overexpressed G0S2 when compared with BAT from wild
type animals (Fig. 1C). Histological evaluation of BAT showed a
significant increase in TG content in BAT isolated from aP2-
G0S2 mice (Fig. 5A). Transmission electron microscopy of BAT
confirmed an increase in lipid droplet size and lipid content in
the aP2-G0S2 mice (Fig. 5B). Despite the alterations in lipid
droplets, there appeared to be no visible changes in mitochon-
drial structure and morphology in BAT from aP2-G0S2 mice
(Fig. 5B). Moreover, gene expression analysis of oxidative genes
including PPAR�, PGC-1�, and UCP-1 in BAT from aP2-G0S2
mice showed no significant changes when compared with that
in BAT from wild type animals (Table 1). These findings are
suggestive of intact and functional mitochondria. In an attempt
to evaluate BAT function, we subjected aP2-G0S2 mice to a
cold exposure at 4 °C. Following a brief 2-h fast, aP2-G0S2 mice
were unable to maintain core body temperature when placed in
a cold environment (Fig. 5C). Cumulatively, these data indicate
that overexpression of G0S2 promotes TG accumulation in
BAT and renders the mice incapable of maintaining tempera-
ture homeostasis in response to a cold challenge.

TABLE 1
Gene expression in BAT and WAT from aP2-G0S2 mice
qPCR results are from aP2-G0S2 mice and represented as relative expression com-
pared with wild type. All tissues were normalized to �-actin expression as described
under “Experimental Procedures” (n 	 7 per gene/per group).

Gene ID Gene function Fed 6-h fast

White adipose tissue
IL-6 Proinflammatory 1.016 � 0.36 1.024 � 0.50
TNF-� Proinflammatory 1.003 � 0.76 1.029 � 0.26
CCL2 Proinflammatory 1.028 � 0.42 1.034 � 0.81
CCL3 Proinflammatory 0.980 � 0.71 0.961 � 0.30
CCL7 Proinflammatory 1.043 � 0.15 1.016 � 0.37
CXCL1 Proinflammatory 1.033 � 0.38 1.072 � 0.39
Socs3 Proinflammatory 1.008 � 0.28 1.005 � 0.31
Socs5 Proinflammatory 0.994 � 0.08 0.996 � 0.20
CD68 Macrophage marker 1.017 � 0.09 1.051 � 0.31
CD116 Macrophage marker 1.017 � 0.32 0.991 � 0.36
CoxIV Metabolic/oxidative 1.046 � 0.28 1.009 � 0.28
PGC-1� Metabolic/oxidative 0.940 � 0.24 0.982 � 0.31
CPT1� Metabolic/oxidative 0.982 � 0.34 0.933 � 0.12
PPAR-� Metabolic/oxidative 1.040 � 0.47 0.999 � 0.23
UCP-1 Metabolic/oxidative 1.173 � 0.10 0.886 � 0.27

Brown adipose tissue
IL-6 Proinflammatory 1.059 � 0.27 1.054 � 0.32
TNF-� Proinflammatory 1.073 � 0.71 1.028 � 0.37
CCL2 Proinflammatory 1.049 � 0.15 1.075 � 0.33
CCL3 Proinflammatory 1.014 � 0.29 0.988 � 0.17
CCL7 Proinflammatory 1.021 � 0.27 1.053 � 0.13
CXCL1 Proinflammatory 1.045 � 0.06 1.023 � 0.29
Socs3 Proinflammatory 1.045 � 0.17 1.052 � 0.32
Socs5 Proinflammatory 1.042 � 0.34 1.021 � 0.10
CD68 Macrophage marker 1.056 � 0.53 0.994 � 0.15
CD116 Macrophage marker 1.039 � 0.23 0.971 � 0.22
CoxIV Metabolic/oxidative 1.019 � 0.20 1.000 � 0.03
PGC-1� Metabolic/oxidative 0.973 � 0.18 0.967 � 0.15
CPT1� Metabolic/oxidative 0.985 � 0.29 0.988 � 0.07
PPAR-� Metabolic/oxidative 0.986 � 0.11 1.006 � 0.04
UCP-1 Metabolic/oxidative 0.985 � 0.08 0.954 � 0.24
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HFD Feeding Promotes Increased Adiposity in aP2-G0S2
Mice—Although aP2-G0S2 mice on chow diet showed increased
adiposity, no measurable changes in body weight were
observed. To further investigate the impact of transgenic
expression of G0S2 in adipose tissue, we decided to challenge
aP2-G0S2 mice with a 60% HFD to ascertain the effect of HFD
on body weight and overall adiposity. Following 8 weeks of HFD
treatment, a significant 16% increase in body weight along with
a 46% increase in fat mass were seen in aP2-G0S2 mice when
compared with wild type animals (Fig. 6, A and B). There was no
difference with respect to food intake (Fig. 6C). Following a
similar trend to those in animals on chow diet, the plasma FFA
levels were profoundly decreased in the transgenic animals on
HFD (Fig. 6D).

Under both diet conditions, there was a significant decrease
in plasma TG levels in aP2-G0S2 mice especially in the fasted

state (Fig. 7A). Total cholesterol levels in the plasma were
increased upon HFD feeding and remained unchanged
between aP2-G0S2 and wild type animals (Fig. 7B). Moreover,
aP2-G0S2 expression led to a decrease in plasma adiponectin
concentrations (Fig. 7C) and an increase in plasma levels of
leptin (Fig. 7D) under both diet conditions. These findings
demonstrate an increase in HFD-induced adiposity and are
consistent with decreased lipolysis in response to transgenic
expression of G0S2.

Reduced Adipose Lipolysis Leads to Increased Insulin Sensi-
tivity in aP2-G0S2 Mice—To assess the effect of adipose over-
expression of G0S2 on whole-body glucose homeostasis and
insulin sensitivity, we subjected wild type and aP2-G0S2 mice
to glucose and insulin tolerance tests. When fed with chow diet,
glucose tolerance was slightly increased in aP2-G0S2 mice in
comparison with wild type animals; especially at the 90- and

FIGURE 3. Lipolytic characterization of aP2-G0S2 transgenic mice. A, FFA and glycerol release from gonadal WAT isolated from 14-week-old female
mice and cultured ex vivo in the presence or absence of isoproterenol (ISO). The data are representative of three independent experiments. B, plasma
FFA levels from 12-week-old male mice at the basal state and following a 6-h fast. C, plasma FFA levels 1-h post CL316243 injection (n 	 8 per group).
D, plasma 3-hydroxybutyrate levels in 12-week-old male mice after 6-h fasting (left) and 1-h post CL316243 injection (right) (n 	 8 per group). *, p � 0.05;
***, p � 0.001. Cntrl, control.
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120-min time points post glucose injection (Fig. 8A). Insulin
tolerance, however, was significantly improved in the trans-
genic mice at all time points of measurement (Fig. 8B). In
response to HFD feeding, both glucose and insulin tolerance
was significantly improved in aP2-G0S2 mice at the 60-, 90- and
120-min time points (Fig. 8, C and D). Moreover, plasma insulin
concentrations at both basal and 6-h fasted states were consid-
erably reduced in aP2-G0S2 mice (Fig. 8E). Furthermore, insu-
lin signaling was up-regulated in aP2-G0S2 animals as revealed
by increased phosphorylation of Akt and GSK3 �/� detected in
liver (Fig. 8F) and WAT (Fig. 8G). Together, these results sug-
gest that inhibition of adipose lipolysis through transgenic
expression of G0S2 leads to enhanced whole-body glucose uti-
lization and insulin sensitivity.

DISCUSSION

In the current study, we demonstrate that G0S2 has an
important and dynamic role in regulating adipose-specific lipid
metabolism, as well as peripheral lipid accumulation and whole
body energy homeostasis. Through adipose specific overex-
pression of G0S2, we have shown an increase in adiposity, a
reduction in lipolytic activity and a global alteration in energy

substrate utilization. The mechanism by which G0S2 increases
lipid content in adipocytes and promotes adipocyte hypertro-
phy is presumably through the restriction of TG turnover.
Although G0S2 expression has been shown previously to
increase during both TG accumulation and adipogenesis (29,
30), changes in fat mass seen in aP2-G0S2 mice are more char-
acteristic of increased adipocyte size.

In agreement with the previous studies demonstrating G0S2
as a specific inhibitor of ATGL (25–27), transgenic expression
of G0S2 was able to inhibit adipose lipolysis under both basal
and stimulated conditions. The supporting evidence include
the following: (i) circulating FFA levels in aP-G0S2 mice on
both chow and HFD were lower than those in the wild type mice
during the fed state; (ii) an overnight fast or acute treatment
with a �3-adrenergic agonist decreased plasma FFA concentra-
tion to a greater extent in aP2-G0S2 mice than in wild type
mice; and (iii) basal and stimulated release of FFA and glycerol
was significantly decreased from ex vivo cultured fat pads iso-
lated from aP2-G0S2 mice. Another interesting finding is that
despite a considerable increase in overall fat mass, the chow fed
aP2-G0S2 mice displayed a very limited change in overall body
weight when compared with the wild type animals. Although

FIGURE 4. Global energy metabolism and substrate utilization in aP2-G0S mice. 14-Week-old female wild type and aP2-G0S mice were subjected to a
multi-day metabolic cage study with a 16-h fasting period. A, oxygen consumption. B, respiratory exchange ratio. C, calculated carbohydrate oxidation. D,
calculated fat oxidation. (n 	 8 per group). ***, p � 0.001.
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one fat specific ATGL knock-out mouse (ATGL-ASKO) shows
significant decrease in weight gain (10), a separate model has
later displayed no difference in body weight caused by ablation
of adipose ATGL (11). HFD feeding, however, increased body
weight as well as overall adiposity in aP2-G0S2 mice. This was
also observed in ATGL-ASKO mice when challenged with HFD
feeding (10). Between aP2-G0S2 and adipose-specific ATGL
knock-out models there are also consistencies with regard to
increased fat pad weight, WAT morphology, unchanged food
intake, and reduction in liver weight.

In the fasted state, a set of metabolic changes occurs in WAT
and liver to spare carbohydrate and increase dependence on
fat as a substrate for energy production. Given G0S2 expres-
sion decreases in adipose tissue in response to fasting, we
speculated that the reduction of G0S2 expression in WAT
might serve to facilitate the fasting-induced lipolysis and FA
flux to other tissues/organs. In support of this hypothesis,
the present study has provided data to show that constitutive

expression of G0S2 in adipose tissue attenuates FFA flow to
other peripheral tissues during fasting. A critical reduction
in the FA outflux from adipose tissue provides a unifying
framework for the changes observed in the aP2-G0S2 mice,
explaining the preservation of fat mass, low fasting plasma
levels of FFA and TG, reduced TG accumulation in liver, and
decreased hepatic FA oxidation and ketogenesis.

On a global level, the energy balance was significantly altered
in response to adipose overexpression of G0S2. We have
observed a significant decrease in oxygen consumption and an
increase of RER in aP2-G0S2 mice, suggesting an increase in
carbohydrate oxidation (28, 31). In response to fasting, the aP2-
G0S2 mice continued to oxidize carbohydrate and experienced
difficulty in switching to fat/lipid as an energy substrate. The
deficiency in this metabolic substrate switch is most likely due
to decreased FA availability and FA shuttling from adipose
stores during fasting. Moreover, reduced plasma and peripheral
FFAs and increased glucose utilization are most likely respon-
sible for the increased insulin sensitivity observed in aP2-G0S2
mice under both chow and HFD feeding conditions. Fasting
plasma insulin was also decreased in aP2-G0S2 mice, which is
further suggestive of a more insulin responsive animal. Further-
more, changes in plasma adipokines including an increase in
leptin and an accompanying decrease in adiponectin are con-
sistent with elevated adiposity (32, 33). Even with the reduction
in plasma adiponectin levels, however, we have found no signif-
icant up-regulation of proinflammatory genes (Table 1) or mor-
phological indications of increased inflammation in WAT (data

FIGURE 5. Brown adipose tissue metabolism and cold exposure toler-
ance. A, H&E staining on BAT isolated from 12-week-old male wild type and
aP2-G0S2 mice (10�). B, transmission electron microscopy on BAT isolated
from 12-week-old male wild type and aP2-G0S2 mice (Scale bar, top 	 10 �m;
bottom 	 500 nm). C, 12-week-old mice were fasted and placed in a 4 °C
environment. Body temperature was measured as indicated over 6 h (n 	 8
per group). ***, p � 0.0001.

FIGURE 6. Effects of HFD feeding on aP2-G0S2 mice. 4-Week-old male wild
type and aP2-G0S2 mice were fed a 60% HFD for 8 weeks. A, body weight (n 	
10 per group). B, non-fasting fat mass as measured by NMR (n 	 10 per group).
C, food intake as measured as g/day (n 	 10 per group). D, fed and fasting
plasma FFA levels (n 	 10 per group). ***, p � 0.001.
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not shown) in the chow fed animals. These results lead to the
conclusion that despite the gain in WAT mass, aP2-G0S2 mice
are metabolically healthy.

aP2-G0S2 mice exhibited an inability to maintain body tem-
perature during a cold exposure. These findings are similar with
those observed in global ATGL knock-out and ATGL-ASKO
mice subjected to a cold challenge (4, 10). At the morphological
level, massive lipid accumulation was observed in the BAT of
aP2-G0S2 BAT, similar to ATGL-ASKO mice. One contrasting
aspect between BAT from our aP2-G0S2 mice and ATGL-
ASKO mice is the differences in oxidative and thermogenic
gene expression and mitochondrial function. With regards to
gene expression and unlike ATGL-ASKO mice, our aP2-G0S2
mice showed no significant changes in expression patterns of
PPAR�, PGC-1�, and UCP-1 when compared with wild type
animals. More importantly, BAT mitochondria from ATGL-
ASKO mice have randomly oriented cristae, whereas BAT from
aP2-G0S2 mice exhibited unchanged laminar cristae consistent
with mitochondria in the BAT from wild type animals (34, 35).
Thus, thermogenic impairment in the ATGL knock-out mice is
most likely due to a combination of reduced lipolytic capacity
and mitochondrial function in BAT. In this regard, ATGL-me-
diated lipolysis has been postulated to provide ligands for bind-
ing/activation of PPAR� and thus contribute to the “browning”
of adipocytes. However, our evidence suggests that G0S2 is
capable of blunting lipolysis and thermogenic response in BAT
without inducing its transdifferentiation to WAT. In mice with
adipose overexpression of perilipin-1, decreased basal and cat-

echolamine-stimulated lipolysis was observed along with a
brown fat-like phenotype in WAT (36, 37). Therefore, addi-
tional factors/mechanisms may be involved in the regulation of
adipocyte plasticity in response to lipolytic alterations.

In summary, our studies suggest that G0S2 overexpression in
adipose tissue leads to aberrant lipolysis, altered energy homeo-
stasis, and improvements in fasting-induced ectopic lipid accu-
mulation. The association of G0S2 overexpression and subsequent
lipolytic reduction with increases in glucose utilization and insulin
sensitivity in chow fed mice and reduced insulin resistance follow-
ing HFD feeding suggest that decreased FFA availability promotes
the reliance on carbohydrates as energy substrate even in the pres-
ence of increased adiposity. The inability to utilize lipid stores
upon adipose overexpression of G0S2 leads to a change in
energy homeostasis and an ultimate energy deficit that is clearly
visible during cold exposure and fasting. Although aP2-G0S2
mice are more energy instable, limited mobilization of fat stores
promotes an overall increase in metabolic health, as demon-
strated by increase insulin response, decreased ectopic lipid
accumulation, and no observable increase in global cholesterol.
The majority of alterations exhibited by adipose overexpression
of G0S2 are presumably due to reduction of lipolytic capacity
through inhibition of ATGL. It is plausible that ATGL inde-
pendent effects of G0S2 are also present and warrant further
investigation. When taken together, our findings demonstrate
the significance of adipose tissue and adipose lipolysis on global
energy homeostasis. More importantly they illustrate the role
of G0S2 in adipose tissue and the phenotypic impact of G0S2-

FIGURE 7. Plasma parameters from chow and HFD fed mice. Blood was collected from 12-week-old male wild type and aP2-G0S2 mice on chow or HFD in
both the fed and fasted states and subsequently used for plasma isolation. A, plasma TG. B, plasma cholesterol. C, plasma adiponectin. D, plasma leptin (n 	 10
per group). *, p � 0.05; **, p � 0.008; ***, p � 0.001.
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FIGURE 8. Insulin sensitivity in aP2-G0S2 mice. A, intraperitoneal glucose tolerance test from 12-week-old male chow fed wild type and aP2-G0S2 mice (n 	
12 per group). B, intraperitoneal insulin tolerance test from 12-week-old male chow fed wild type and aP2-G0S2 mice (n 	 12 per group). C, intraperitoneal
glucose tolerance test from 12-week-old male HFD fed wild type and aP2-G0S2 mice (n 	 10 per group). D, intraperitoneal insulin tolerance test from
12-week-old male HFD fed wild type and aP2-G0S2 mice (n 	 10 per group). E, fed and 6-h fasting plasma insulin levels detected in blood collected from
12-week-old male chow and HFD fed wild type and aP2-G0S2 mice (n 	 10 per group). Insulin signaling immunoblot analysis from liver (F) and gonadal (G) WAT
collected 5-min following acute insulin challenge on 12-week-old male HFD fed wild type and aP2-G0S2 mice (n 	 5 per group). *, p � 0.05; ***, p � 0.001.
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mediated lipolytic inhibition on overall metabolic health under
different dietary scenarios.
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