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To determine the role of STAT3 in adipose tissue, we used
Cre-loxP DNA recombination to create mice with an adipo-
cyte-specific disruption of the STAT3 gene (ASKO mice). aP2-
Cre-driven disappearance of STAT3 expression occurred on d
6 of adipogenesis, a time point when preadipocytes have al-
ready undergone conversion to adipocytes. Thus, this knock-
out model examined the role of STAT3 in mature but not dif-
ferentiating adipocytes. Beginning at 9 wk of age, ASKO mice
weighed more than their littermate controls and had in-
creased adipose tissue mass, associated with adipocyte hy-

pertrophy, but not adipocyte hyperplasia, hyperphagia, or
reduced energy expenditure. Leptin-induced, but not isopro-
terenol-induced, lipolysis was impaired in ASKO adipocytes,
which may partially explain the increased cell size. Despite
reduced adiponectin and increased liver triacylglycerol,
ASKO mice displayed normal glucose tolerance. Overall, these
findings demonstrate that adipocyte STAT3 regulates body
weight homeostasis in part through direct effects of leptin on
adipocytes. (Endocrinology 149: 1581–1590, 2008)

OBESITY IS A significant medical and public health con-
cern due to its prevalence, associated comorbidities,

and economic impact (1). At the cellular level, obesity is
characterized by an increase in adipose tissue mass, which
occurs when adipocytes increase in size through the storage
of excess energy as triacylglycerol (TAG) and/or when adi-
pocytes increase in number through the conversion of prea-
dipocytes to adipocytes (2).

The process of fat cell formation or adipogenesis is trig-
gered by extracellular factors that mediate a series of coor-
dinated intracellular events culminating in the expression
and activation of several transcription factors. Members of
the CCAAT/enhancer-binding protein (C/EBP) and perox-
isome proliferator-activated receptor (PPAR) families are
well known to regulate these processes (3). Recent studies
have implicated members of the signal transducer and ac-
tivator of transcription (STAT) family of transcription factors
in adipogenesis as well (4, 5). STAT3, for example, is abun-
dantly expressed in preadipocytes and adipocytes (4) and
highly activated and bound to DNA in proliferating prea-
dipocytes and adipocytes (5). In addition, inhibition of
endogenous STAT3 expression with antisense morpholino
oligonucleotides significantly decreases preadipocyte pro-
liferation (5). Although changes in expression and activa-
tion of STAT3 occur throughout adipogenesis, the precise

role of this transcription factor in preadipocyte prolifer-
ation and conversion to adipocytes is not yet known.

The weight-reducing effects of the STAT3-activating li-
gands leptin, IL-6, and ciliary neurotrophic factor (CNTF)
also implicate STAT3 in the regulation of adipocyte size.
These cytokines have been shown to regulate fat cell size via
direct peripheral effects on adipocytes. Leptin regulates fat
cell size peripherally by stimulating white adipose tissue
(WAT) lipolysis, inhibiting lipogenesis, and promoting fatty
acid oxidation (6–13). IL-6 also stimulates WAT lipolysis and
has been shown to cause a notable decline in the uptake of
circulating TAG by decreasing lipoprotein lipase activity
(14–18). Similarly, CNTF inhibits WAT fatty acid biosynthe-
sis via repression of fatty acid synthase (FAS) and sterol
regulatory element-binding protein-1 (SREBP-1) gene ex-
pression (19, 20). It is thought that the antilipogenic and
prolipolytic actions of leptin, IL-6, and CNTF may account
for a portion of the weight-reducing effects of these cyto-
kines. Because STAT3 is a downstream target of leptin, IL-6,
and CNTF signaling, STAT3 likely mediates many of the
effects of these cytokines in adipocytes. The contribution of
STAT3 to these aspects of body weight homeostasis, how-
ever, has yet to be determined.

To determine the role of STAT3 in adipogenesis and body
weight homeostasis, we generated mice with an adipocyte-
specific disruption of the STAT3 gene using aP2-Cre-loxP
DNA recombination. The late deletion of STAT3 induced by
the aP2 promoter and the resulting preservation of STAT3
expression in preadipocytes prevented us from examining
the role of STAT3 in adipogenesis. Therefore, this report
examines the role of STAT3 in mature adipocytes. Here we
reveal that adipocyte STAT3 is essential for body weight
homeostasis, and its deficiency causes higher body weight
and increased adiposity. Furthermore, ASKO mice have re-
duced serum adiponectin levels and increased liver lipid
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deposits but do not develop impaired glucose tolerance or
other obesity-related metabolic perturbations. Thus, ASKO
mice represent a model of obesity dissociated from impaired
glucose tolerance, and their characterization provides insight
into the physiological roles of STAT3 in adipocyte
metabolism.

Materials and Methods
Construction of the STAT3 targeting vector

A STAT3 targeting vector was constructed that introduced loxP sites
upstream and downstream of exon 22. The OSfrt-loxP plasmid (kindly
provided by the Animal Models Core at the University of North Carolina
at Chapel Hill) served as the backbone for the STAT3 targeting vector.
STAT3 homologous sequences were amplified and cloned into the OSfrt-
loxP plasmid containing the neomycin resistance (neo) gene, the herpes
simplex virus thymidine kinase gene, FRT sites flanking neo to facilitate
removal of neo by FlpE recombinase, a loxP site to facilitate removal of
the targeted exon by Cre recombinase, and five unique restriction sites.
The long arm of homology, spanning exon 21 of the STAT3 gene, was
amplified from 129/SvEv genomic DNA. PCR amplification introduced
a SpeI restriction site and an AgeI restriction site at the 5� end and 3� end,
respectively. The resulting 3.3-kb PCR product was SpeI/AgeI digested
and cloned into a SpeI/AgeI-digested OSfrt-loxP plasmid. The short arm
of homology, spanning exons 23 and 24 of the STAT3 gene, was am-
plified from 129/SvEv genomic DNA. PCR amplification introduced a
BamHI restriction site and a SalI restriction site at the 5� end and 3� end,
respectively. The resulting 2.4-kb PCR product was BamHI/SalI digested
and cloned into a BamHI/SalI-digested OSfrt-loxP plasmid containing
the long arm. The target arm, spanning exon 22 of the STAT3 gene and
including a tyrosine residue necessary for STAT3 activation, was am-
plified from 129/SvEv genomic DNA. PCR amplification introduced a
loxP site upstream of exon 22 and an AgeI restriction site and a XhoI
restriction at the 5� end and 3� end, respectively. The resulting 339-bp
PCR product was AgeI/XhoI digested and cloned into an AgeI/XhoI-
digested OSfrt-loxP plasmid containing the long arm and short arm.

Generation of STAT3flox/� mice

A total of 2 � 107 129/SvEv embryonic stem (ES) cells was transfected
with 20.0 �g of the linearized STAT3 targeting vector by electroporation
(250 �F/300 V). Cells were subjected to selection with G418 and gan-
cyclovir. Surviving colonies were picked after 12–14 d of selection and
screened for homologous recombination by PCR and Southern blot
analysis. ES cell clones carrying the desired homologous recombination
event were expanded. To remove neo, expanded clones were electro-
porated with a vector that transiently expresses FlpE recombinase
(kindly provided by the Animal Models Core at the University of North
Carolina at Chapel Hill). Deletion of the selection cassette was confirmed
by PCR and Southern blot analysis. Targeted clones not containing neo
were microinjected into blastocysts derived from C57BL/6 females. To
generate mice chimeric from the targeted ES cells and host blastocysts
(STAT3flox/�), microinjected blastocysts were transferred to the uterus
of pseudopregnant C57BL/6 recipients. Chimeric mice (as determined
by coat color) were then bred with C57BL/6 mice to transmit the targeted
allele through the mouse germline. The presence of the targeted allele
in the agouti-colored offspring was confirmed by PCR.

Generation of adipose tissue-specific STAT3 knockout mice

Agouti mice heterozygous (HZ) for the targeted STAT3 gene
(STAT3flox/�) were crossed with transgenic mice expressing Cre recom-
binase under the control of the adipocyte-specific aP2 promoter/en-
hancer [B6.Cg-Tg (Fabp4-cre) 1Rev/J; Jackson Laboratories, Bar Harbor
ME]. Offspring inheriting both the targeted allele and the Cre-expressing
transgene (aP2-Cre STAT3flox/�) were intercrossed to yield six deriva-
tive strains: 1) STAT3�/� [wild-type (WT)], 2) STAT3flox/� (WT), 3)
STAT3flox/flox (WT), 4) STAT3�/�/Cre (WT), 5) STAT3flox/�/Cre (HZ),
and 6) STAT3flox/flox/Cre (ASKO). ASKO mice and WT and HZ litter-
mate controls maintained on a mixed background were studied for
further analysis.

Animals and PCR genotyping

ASKO mice and littermate controls were housed two to five per cage
in a temperature- and humidity-controlled pathogen-free facility, ex-
posed to a 12-h light, 12-h dark cycle, and fed a standard Purina rodent
chow (LabDiet ProLab Isopro RMH 3000; PMI Nutrition International,
St. Louis, MO) and water ad libitum. All protocols for animal use and
euthanasia were reviewed and approved by the University of North
Carolina at Chapel Hill Institutional Animal Care and Use Committee.

Genotyping was performed by PCR amplification of genomic DNA
isolated from tail tips of 3- to 4-wk-old mice. The primers for identifying
a floxed allele (5�-GCAAGACTGG ATGGCAAACCGCTATAACTT-3�
and 5�-TCG GCAGGTCAATGGTATTGCTGCAGGTCG-3�) amplify a
682-bp fragment. The primers for identifying a WT allele (5�-AGGAAT-
AGG GAGGACATGGGGTGAGAGTTACCGTG-3� and 5�-TCGGCAG-
GTCAATGGTATTGCTGC AGGTCG-3�) amplify a 262-bp fragment.
The primers for identifying the Cre transgene (5�-GCGGTCTGGCAG-
TAAAAACTATC-3� and 5�-GTGAAACAGCATTGCTGTCACTT-3�)
amplify a 100-bp fragment. To detect Cre-mediated recombination,
primers were designed that are located on the loxP site (5�-GCAAGACT-
GGATGGCAAACCGCTATAACTT-3�) and exon 23 (5�-TCGGCAGGT-
CAATG GTATTGCTGCAGGTCG-3�). This primer pair gives rise to a
682-bp fragment or a 336-bp PCR fragment before and after Cre-medi-
ated recombination, respectively. In all cases, PCR was performed using
the GeneAmpPCR Fast PCR Master Mix (Applied Biosystems, Foster
City, CA). PCR conditions were 94 C for 2 min followed by 35 cycles of
94 C for 1 sec and 64 C for 20 sec. A final extension step of 1 min at 72
C was performed to ensure complete synthesis of all annealed products.

Primary preadipocyte isolation and culture

WAT was aseptically removed from male mice, and stromal vascular
cell cultures were established as previously described (21). Briefly, WAT
was excised from freshly killed ASKO mice and littermate controls. After
excision, adipose tissue was minced into small pieces, washed in DMEM
supplemented with 1% BSA, and centrifuged at 1000 � g for 10 min to
remove blood cells. Tissue was then decanted into DMEM containing 1.0
mg/ml type I collagenase and digested for 45 min at 37 C with constant
end-over-end inversion. After the digestion, adipose cells and stromal
vascular cells were separated by centrifugation at 500 � g for 10 min. The
stromal vascular cell pellet was resuspended and cultured in DMEM
containing 10% vol/vol fetal bovine serum, 10 mg/ml streptomycin, 100
U/ml penicillin, and 1 mm pyruvate at 37 C in 5% CO2 air. To induce
differentiation, 2-d postconfluent preadipocytes were treated with Zen-
Bio (Raleigh, NC) differentiation medium. On d 3, the differentiation
medium was replaced with Zen-Bio adipocyte maintenance medium,
which was changed every 2 d thereafter until analysis on d 8.

For analysis of lipolysis, on d 8, primary cells were incubated in the
presence of vehicle, 1.0 �m isoproterenol, or recombinant leptin (R&D
Systems, Minneapolis, MN), in doses ranging from 5.0–100.0 ng/ml.
After 24 h of incubation, glycerol released into the medium was mea-
sured using the Zen-Bio adipocyte lipolysis assay kit.

Immunoblot analysis

Primary cells were washed twice in PBS with 1 mm orthovanadate
and then placed immediately in sample buffer [1% Nonidet P-40, 20 mm
Tris-HCl (pH 8.0), 150 mm NaCl, 1 mm EDTA, 0.1% NaN3, 10 �g/ml
aprotinin, 1 �m pepstatin, 16.4 �g/ml leupeptin, 1 mm phenylmethyl-
sulfonyl fluoride, 0.1 mm Na3VO4, 2% SDS, 10% glycerol]. Tissues were
homogenized in sample buffer with a PRO Scientific PRO 200 homog-
enizer (Oxford, CT). Primary cell lysates, and heart, liver, kidney, hy-
pothalamus, WAT, and brown adipose tissue (BAT) homogenates were
heated, and protein concentrations were determined using Bio-Rad Lab-
oratories, Inc. (Richmond, CA) DC protein determination kit. BSA was
used as a standard. Samples were heated for 2 min at 85 C, separated
by 10% SDS-PAGE, and analyzed by immunoblotting. Immunoblots
were developed with the Pierce (Rockford, IL) enhanced chemilumi-
nescence kit.
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Dual-energy x-ray absorptiometry measurement of body
composition

Body composition was determined on anesthetized male mice using
the Lunar PIXImus densitometer (GE Lunar Corp., Madison, WI).

Indirect calorimetry

Oxygen consumption (VO2), activity (horizontal, vertical, and am-
bulating), and food intake were measured using an Oxymax open-circuit
indirect calorimetry system (Columbus Instruments International, Co-
lumbus, OH). Male mice were placed in calorimeter chambers for 5 d in
a light- (12-h light. 12-h dark cycle) and temperature-controlled envi-
ronment. Mice were maintained with free access to standard Purina
rodent chow and water throughout the duration of the 5-d measurement
period. On d 5, lean mass was measured using the Lunar PIXImus
densitometer. Oxygen consumption and activity data are reported as the
mean VO2 and mean counts, respectively, of d 2–4. Food intake data are
reported as the mean daily intake of d 1–5.

Biochemical assays

Blood was collected from cut tail tips of conscious male mice in either
the fed or the fasting state. Glucose was measured by the glucose oxidase
method with a commercial glucometer (FreeStyle Flash blood glucose
monitoring system). Blood was also obtained via retroorbital sinus of
anesthetized male mice in either the fed or the fasting state. Plasma was
collected in EDTA-coated capillary tubes and separated via centrifuga-
tion at 3000 � g for 10 min. Plasma was used for measurement of insulin.
Serum was collected in plain capillary tubes, allowed to clot at room
temperature for 20 min, and then separated via centrifugation at 3000 �
g for 10 min. Serum was used for measurement of leptin, adiponectin,
TAG, and free fatty acids (FFAs). Plasma insulin and serum leptin levels
were measured by ELISA (Crystal Chem, Downers Grove, IL). Serum
adiponectin levels were measured by ELISA (R&D Systems). Serum
TAG was measured by colorimetric enzyme assay (Stanbio, Boerne, TX),
and FFA levels were in serum were measured using the NEFA-kit-C
(Wako Chemicals GmbH, Neuss, Germany). Metabolic parameters mea-
sured in the fed state were in animals with free access to food and
assayed at 2300 h; for fasted-state measurements, mice were assayed at
0800 h after a 24-h fast in a clean cage free of bedding.

Glucose tolerance test

Oral glucose tolerance tests were performed on male mice that did not
have access to food for 4 h before administration of 2.5 mg/g body
weight glucose load by oral gavage. Glucose measurements were taken
before oral gavage and 15, 30, 45, 60, 90, 120, and 150 min after oral
gavage. To measure corresponding insulin levels, plasma was collected
from cut tail tips before oral gavage and 15 and 30 min after oral gavage.

Tissue TAG

The tissue lipid extraction procedure was adapted from methods
previously described (22).

Histology

Tissues from male mice were fixed in 10% phosphate-buffered para-
formaldehyde, embedded in paraffin, and sectioned (5.0 �m) for he-
matoxylin/eosin staining.

Statistical analysis

All values are expressed as means � se. An unpaired Student’s t test
was used to assess statistical differences between ASKO mice and WT
or HZ littermate controls. A t test with a P value � 0.05 was considered
statistically significant.

Results
Generation of STAT3flox/� mice

To determine the role of STAT3 in adipogenesis and body
weight homeostasis, we generated mice with an adipocyte-

specific disruption of the STAT3 gene using aP2-Cre-loxP
DNA recombination. We constructed a STAT3 targeting vec-
tor with loxP sites flanking exon 22 of the murine STAT3 gene
(Fig. 1A). Deletion of the loxP-flanked exon 22 by Cre re-
combinase was predicted to produce a truncated nonfunc-
tional translational product missing a tyrosine residue (Tyr
705) essential for STAT3 activation (23).

The STAT3 targeting vector was linearized and electro-
porated into 129/SvEv ES cells (Fig. 1B). Gancyclovir- and
G418-resistant clones were screened for homologous recom-
bination by PCR and Southern blot analysis. Correctly tar-
geted clones were transiently transfected with FlpE recom-
binase to delete neo (Fig. 1C). Deletion of the selection cassette
was confirmed by PCR and Southern blot analysis. Targeted
ES cell clones devoid of neo were microinjected into C57BL/6
blastocysts, and mice carrying the floxed STAT3 allele
(STAT3flox/�) were created as described in Materials and
Methods.

Creation of ASKO mice

ASKO mice were generated by breeding mice heterozy-
gous for the targeted STAT3 gene (STAT3flox/�) and trans-
genic mice expressing Cre recombinase under the control of
the adipocyte-specific aP2 promoter/enhancer as described
in Materials and Methods (Fig. 1D). ASKO mice were obtained
at the expected Mendelian frequency and exhibited normal
growth until the age of 9 wk.

STAT3 expression was examined in tissue lysates from
control and ASKO mice by Western blot analysis using an
anti-STAT3 antibody that recognizes the C-terminal portion
of the STAT3 protein. STAT3 expression was preserved in the
heart, liver, kidney, and hypothalamus of ASKO mice (Fig.
1E). By contrast, STAT3 expression was significantly reduced
in WAT and BAT from ASKO mice (Fig. 1E). The remaining
STAT3 expression was likely derived from stromal vascular
cells that did not express aP2. STAT3 expression was not
altered, however, in either WAT or BAT obtained from WT
or aP2-Cre STAT3flox/� (HZ) mice, suggesting that neither
the loxP modification nor expression of the aP2 transgene
altered the expression of STAT3. These mice were considered
controls.

The marked increase in aP2 expression during adipogen-
esis and the abundance of aP2 mRNA and protein in mature
adipocytes established aP2 as a late marker of adipocyte
differentiation (24). aP2 is also expressed in preadipocytes
(25) and was recently identified as a marker for committed
human preadipocytes (26). To define the timing of Cre-me-
diated STAT3 deletion in ASKO mice, preadipocytes isolated
from WT, HZ, and ASKO were differentiated in culture, and
lysates were recovered 0, 2, 4, 6, and 8 d after stimulation with
differentiation medium. Western blot analysis revealed dis-
appearance of STAT3 expression beginning on d 6 of adi-
pogenesis (Fig. 1F). STAT3 expression in preadipocytes,
however, was preserved, suggesting that the Cre transgene
was sufficient to direct recombination only in mature adi-
pocytes. Therefore, ASKO mice and WT and HZ littermate
controls were studied to establish the role of STAT3 in ma-
ture adipocytes.
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Higher body weight and increased adiposity in ASKO mice

To determine the role of adipocyte STAT3 on body weight,
ASKO mice and WT and HZ littermate control mice were
weighed weekly. Growth curves were normal in male and
female ASKO mice from birth to 4 wk of age. Beginning at
9 wk of age, however, male ASKO mice weighed signifi-
cantly more than their littermate controls (Fig. 2A). By 20 wk
of age, male ASKO mice had gained 14 and 16% more weight
than their WT and HZ littermates, respectively. Female
growth curves, however, remained normal. To determine the
basis for the higher body weight in male ASKO mice, lean
mass (Fig. 2B), fat mass (Fig. 2C), and percent fat (Fig. 2D)
were measured at 4, 6, 8, 12, and 16 wk by dual-energy x-ray
absorptiometry. Lean mass was similar between male ASKO
mice and littermate controls at all ages. Fat mass and percent
fat, however, were increased in male ASKO mice beginning
at 6 wk of age. These differences were statistically significant
by 16 wk of age. In addition, inguinal, gonadal, retroperi-
toneal, and interscapular brown fat pads from male ASKO
mice weighed significantly more than fat pads from litter-
mate controls. Significant differences were observed for both
absolute fat pad weight (Fig. 3B) and fat pad weight per gram
body weight (Fig. 3D). Absolute liver weight was also sig-
nificantly higher in male ASKO mice (Fig. 3A). Liver weight
per gram body weight, however, was indistinguishable, as
were absolute heart weight, heart weight per gram body
weight, and absolute kidney weight. Kidney weight per
gram body weight, however, was significantly lower in male
ASKO mice. These results indicate that the higher body
weight in male ASKO mice was due to increased adiposity.

Increased adiposity can result from an increase in adipo-
cyte cell size (hypertrophy), an increase in adipocyte cell
number (hyperplasia), or both. To determine whether adi-
pocyte hypertrophy contributed to the increased adiposity in
male ASKO mice, histological studies were carried out. His-
tological analysis of WAT sections from WT and ASKO mice
revealed that male ASKO mice had larger adipocytes than
WT mice (Fig. 3E).

To determine whether male ASKO mice displayed
changes in expression levels of adipogenic transcription fac-
tors and adipocyte-specific genes, gene expression analysis
of WAT from WT and ASKO mice was conducted by real-
time PCR. RT-PCR revealed no differences in the expression
of C/EBP�, PPAR�, and aP2 (data not shown). WAT DNA
content (data not shown) was also similar between WT and
ASKO mice, indicating that the increase in adipose tissue
mass observed in male ASKO mice was not due to adipocyte
hyperplasia.

Normal food intake and energy expenditure in ASKO mice

To determine whether the increase in adiposity in male
ASKO mice was due to positive energy balance, energy in-
take and energy expenditure were monitored in 12-wk-old
male ASKO mice and 12-wk-old WT littermate controls by an
indirect calorimetry system as described in Materials and
Methods. Analysis of food intake showed no significant dif-
ferences in absolute daily food intake (Fig. 4A) or daily food
intake per gram body weight (Fig. 4B). As shown in Fig. 4,
C and D, horizontal activity (Xtot), ambulation (Xamb), and
vertical activity (Ztot) were also similar between male ASKO

FIG. 1. Generation of ASKO mice. A–D, Schematic representation of the STAT3 targeting vector (A), the endogenous STAT3 allele before (WT
allele) and after (targeted allele) homologous recombination (B), the targeted allele after FlpE recombination (functional allele) (C), and the
functional allele after Cre-mediated deletion of exon 22 (knockout allele) (D); E, Western blot analysis of STAT3 protein expression in heart,
liver, kidney, hypothalamus, WAT, and BAT from WT, HZ, and ASKO mice; F, Western blot analysis of STAT3 protein expression in
subcutaneous primary preadipocytes isolated from WT, HZ, and ASKO mice 0, 2, 4, 6, and 8 d after induction of differentiation.
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mice and littermate controls. Oxygen consumption normal-
ized to body weight (Fig. 4E) and lean body mass (Fig. 4F)
were also similar between male ASKO mice and littermate
controls. These results indicate that the increased adiposity
in male ASKO mice was not due to hyperphagia or reduced
energy expenditure. The methodology employed, however,
may not be sensitive enough to detect subtle long-term dis-
turbances in energy balance. Additionally, more studies are
needed to determine whether increased dietary fat absorp-
tion contributes to the higher body weight and increased
adiposity.

Normal glucose tolerance in ASKO mice

To determine the metabolic consequences of loss of adi-
pocyte STAT3, we monitored circulating glucose, insulin,
leptin, TAG, and FFAs in male ASKO mice and WT littermate
controls at 12–16 wk of age. Under both fed and fasting
conditions, no differences were observed in blood glucose
levels or serum TAG or FFA levels between male ASKO mice
and WT mice (Table 1). Fasting plasma insulin and serum
leptin levels were also similar between male ASKO and WT
mice. Because ASKO mice and WT mice had similar blood

glucose and plasma insulin concentrations, we concluded
that the increased adiposity in male ASKO mice did not alter
glucose homeostasis. As expected, male ASKO mice and WT
mice exhibited comparable blood glucose concentrations at
all time points after administration of an oral glucose load
(Fig. 5A). Corresponding insulin levels (Fig. 5B) were also
similar. In addition, the pancreas from male ASKO mice
exhibited no gross or histological abnormalities.

Increased liver TAG in ASKO mice

Fatty liver is strongly associated with both hepatic and
adipose tissue insulin resistance as well as reduced whole-
body insulin sensitivity (27–29). Because male ASKO mice
exhibited normal glucose tolerance, as determined by oral
glucose tolerance testing, we hypothesized that the increased
adiposity was limited to the adipose tissue and did not affect
the liver. However, liver TAG was increased in male ASKO
mice (Fig. 5C). Consistent with these data, histological anal-
ysis of liver sections from male ASKO mice also showed a
marked increase in lipid deposition (Fig. 5D). Furthermore,
serum adiponectin levels, which correlate negatively with

FIG. 2. Higher body weight and increased mass in ASKO mice. A, Growth curves of male ASKO mice and WT and HZ littermate controls. Data
are means � SE (n � 8–16). *, Significantly different from WT and HZ littermate controls. B–D, Lean mass (B), fat mass (C), and percent fat
(D) of 4-, 6-, 8-, 12-, and 16-wk-old male ASKO mice and WT and HZ littermate controls. Data are means � SE (n � 8–16). *, Significantly different
from littermate controls. E, Representative PIXImus image of a 16-wk-old male ASKO mouse (left) and a 16-wk-old WT control mouse (right).
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adiposity and hepatic fat (30, 31), were significantly reduced
in male ASKO mice (Table 1).

Impaired leptin signaling in ASKO mice

The STAT3-activating ligand leptin induces weight loss, in
part, via pro-lipolytic actions on adipose tissue (6–10, 12, 13,
32). Additionally, a leptinergic blockade, as demonstrated by
a decrease in STAT3 tyrosine phosphorylation, protects diet-
induced obese rodents from leptin’s fat-depleting autocrine/
paracrine actions (33). To determine whether loss of leptin
action via disruption of STAT3 signaling was responsible for
the increased adiposity in male ASKO mice, leptin-induced
lipolysis studies were carried out in adipocytes differentiated
in culture from preadipocytes isolated from WT and ASKO
mice. Eight days after differentiation, WT and ASKO cells
were stimulated with varying doses (5.0–100.0 ng/ml) of
recombinant leptin (rLeptin). Glycerol released into the me-
dium was measured after 24 h of leptin exposure. No effect
was seen in either WT cells or ASKO cells stimulated with
rLeptin in concentrations ranging from 5.0–50.0 ng/ml. At a
concentration of 100.0 ng/ml, however, the addition of rLep-
tin to WT cells promoted glycerol release relative to cells
treated with vehicle alone (Fig. 6A). The addition of 100.0
ng/ml rLeptin to ASKO cells, however, had no effect (Fig.
6A), suggesting that adipocyte STAT3 mediates leptin-in-

duced lipolysis. Isoproterenol-induced lipolysis, however,
was unimpaired in ASKO cells (Fig. 6A). In addition, an
increase in STAT1 tyrosine phosphorylation was observed
only in ASKO cells exposed to rLeptin (Fig. 6B).

Leptin also induces weight loss via anti-lipogenic actions
on adipose tissue (6–10, 12, 13, 32). To determine whether
loss of leptin’s anti-lipogenic actions was responsible for the
increased adiposity in male ASKO mice, we examined the
expression of lipogenic genes. Gene expression analysis of
WAT from WT and ASKO mice revealed no differences in the
expression of FAS or diacylglycerol acyltransferase (DGAT)
(data not shown).

Discussion

In the present studies, we show that male ASKO mice fed
a standard chow diet weigh more than their littermate con-
trols and demonstrate that the higher body weight is due to
increased adiposity associated with adipocyte hypertrophy
but not adipocyte hyperplasia, hyperphagia, or reduced en-
ergy expenditure. The higher body weight and increased fat
mass exhibited by male ASKO mice in this study are in
agreement with other tissue-specific STAT3 knockout mod-
els linking STAT3 and adiposity (34–37). Mice with a neural-
specific disruption of the STAT3 gene are obese, hyperlep-
tinemic, leptin-resistant, diabetic, and infertile. Mice with a
�-cell/hypothalamic-specific disruption of the STAT3 gene
are also obese, hyperphagic, hyperglycemic, and hyperin-
sulinemic. Additionally, inactivation of STAT3 in proopio-
melanocortin neurons causes obesity as well. Unlike these
models, however, a dramatic sexual dimorphism was ob-
served in ASKO mice; only male ASKO mice became obese.
Although the mechanisms causing this sex difference are
unknown, they may reflect alternative pathways compen-
sating for the lack of STAT3 in female mice. A recent study
shows that aromatase-deficient mice of both sexes have a
phenotype of increased adiposity (38). This obese phenotype,
however, is more pronounced in female mice, suggesting
that estrogen signaling pathways may have a compensatory
effect on STAT3 deficiency in our female ASKO mice.

Because increased fat mass in male ASKO mice was ac-
companied by adipocyte hypertrophy without changes in
cell number or differentiation, we concluded that increased
fat mass was the result of increased TAG accumulation in
preexisting adipocytes. We hypothesized that the cause of
the enhanced TAG accumulation was increased fatty acid
and TAG synthesis, decreased breakdown and/or export of
stored TAG, or increased uptake of circulating TAG. Because
the STAT3-activating ligand leptin has been shown to have
both anti-lipogenic and pro-lipolytic actions in adipose tissue
(6–10, 32), we speculated that loss of leptin action was re-
sponsible for the increased TAG accumulation in adipocytes
from male ASKO mice. We found that leptin-induced lipol-
ysis was impaired in adipocytes differentiated in culture
from preadipocytes isolated from male ASKO mice. Isopro-
terenol-induced lipolysis, however, was unimpaired in
ASKO cells, suggesting that leptin-induced lipolysis is de-
pendent on STAT3, but not lipolysis induced by adrenergic
stimulation. Because STAT1 was tyrosine phosphorylated in
ASKO cells but not in WT cells cultured in the presence of

FIG. 3. Increased adiposity in ASKO mice. A–D, Absolute organ
weight (A), absolute fat pad weight (B), organ weight per gram body
weight (C), and fat pad weight per gram body weight (D) in 20-wk-old
male ASKO mice and 20-wk-old WT and HZ littermate controls. Data
are means � SE (n � 8–12). *, Significantly different from littermate
controls. E, Hematoxylin and eosin staining of inguinal WAT, gonadal
WAT, and retroperitoneal WAT, from 20-wk-old male ASKO mice and
20-wk-old WT littermate controls (shown at the same magnification).
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rLeptin, STAT1 is likely not used as an alternative pathway
in leptin-induced lipolysis. As for fatty acid and TAG syn-
thesis, the expression of lipogenic genes was increased in
WAT from male ASKO mice, but not to a significant degree.
Because mRNA levels do not always correlate with enzyme
activity, more studies examining the activity of lipogenic
enzymes are needed to better understand the mechanism of
TAG accumulation in adipocytes from ASKO mice.

Recent studies have shown a relationship between adipo-
cyte size and adipokine expression and secretion. Serum
adiponectin levels, for example, correlate inversely with adi-
pocyte size (39, 40), whereas serum leptin levels correlate

positively (41). In agreement with the significant hypertro-
phy of adipocytes in male ASKO mice, serum adiponectin
levels were significantly reduced. Serum leptin levels, how-
ever, were not increased. There are several possible expla-
nations for this finding. The increase in WAT TAG content
may not be sufficient to trigger an increase in leptin synthesis.
Furthermore, altered adipocyte differentiation is frequently
associated with changes in circulating leptin levels (42–44).
Response elements for adipogenic transcription factors and
adipocyte-specific genes have also been identified in the
leptin promoter (45). The absence of adipocyte hyperplasia
in male ASKO mice, therefore, is consistent with the lack of

TABLE 1. Normal biochemical parameters in ASKO mice

Fasted Fed

WT ASKO WT ASKO

Blood glucose (mg/dl) 70.44 � 4.06 70.0 � 4.00 123.7 � 10.52 123.0 � 9.08
Serum FFA (mEq/liter) 1.06 � 0.05 1.05 � 0.04 0.28 � 0.04 0.26 � 0.03
Serum TAG (mg/dl) 141.48 � 7.14 133.96 � 16.77 108.48 � 3.75 108.83 � 8.68
Plasma insulin (ng/ml) 0.82 � 0.14 1.09 � 0.27 ND ND

Serum leptin (ng/ml) 1.16 � 0.26 1.30 � 0.46
Serum adiponectin (�g/ml) 7.32 � 0.28 5.48 � 0.22a

Biochemical parameters in 12–16 wk old male ASKO mice and WT littermate controls. Data are means � SE (n � 6–10). ND, No data.
a Significantly different from littermate controls.

FIG. 4. Normal food intake and energy expenditure
in ASKO mice. A and B, Absolute daily food intake
(A) and daily food intake per gram body weight (B)
in 12-wk-old male ASKO mice and 12-wk-old WT
littermate controls. Data are means � SE (n � 8–11).
C and D, Horizontal activity (Xtot) and ambulation
(Xamb) (C) and vertical activity (Ztot) (D) in 12-wk-
old male ASKO mice and 12-wk-old WT littermate
controls. Data are means � SE (n � 8–11). E and F,
VO2 (milliliters per kilogram body weight per hour)
(E) and VO2 (milliliters per kilogram lean mass per
hour) (F) in 12-wk-old male ASKO mice and 12-wk-
old WT littermate controls. Data are means � SE (n �
8–11).
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increased serum leptin levels. Additionally, it has been
shown that circulating FFAs stimulate leptin secretion (32,
46). Thus, the absence of increased serum FFAs in male
ASKO mice is also consistent with the observed normal cir-
culating leptin levels.

Because male ASKO mice developed a fatty liver, how-
ever, it is notable that they did not exhibit elevated FFAs. The
fact that serum fatty acids were not increased in these ani-

mals suggests that an increased supply of fatty acids to the
liver is not the cause of the steatosis. Rather, an imbalance in
liver TAG synthesis, export, or oxidation is likely the cause.
It has been shown that high adiponectin levels protect
against fatty liver by reducing fatty acid synthesis through
inhibition of acetyl-coenzyme A (CoA) carboxylase (ACC)
and FAS expression and activity (47). The reduction of acetyl-
CoA carboxylase activity also reduces the malonyl CoA level,
which is known to inhibit carnitine palmitoyltransferase I
(CPT-1) activity and fatty acid oxidation. Therefore, we spec-
ulate that the reduced serum adiponectin levels in male
ASKO mice likely increase fatty acid synthesis and reduce
fatty acid oxidation, thus causing the fatty liver. Additional
studies examining changes in gene expression and enzyme
activity are needed to understand the exact cause of the TAG
accumulation in the livers of male ASKO mice.

It is also notable that whereas male ASKO mice are obese
and develop adipocyte hypertrophy and a fatty liver, they
exhibit normal glucose tolerance on a standard chow diet.
The ASKO mouse model is not the only mouse model in
which obesity is dissociated from impaired glucose toler-
ance. Mice lacking AMP-activated protein kinase-�2
(AMPK�2) exhibit increased adiposity and adipocyte hyper-
trophy but show no differences in glucose tolerance or in-
sulin sensitivity compared with WT mice (48). Mice that
overexpress phosphoenolpyruvate carboxykinase (PEPCK)
in WAT also have increased adipose tissue mass but do not
develop insulin resistance (49). Similarly, mice that overex-
press DGAT-1 in WAT have larger adipocytes and greater
total fat pad weight. The increased adiposity, however, is not
associated with impaired glucose disposal (50). Finally, obe-
sity is dissociated from insulin resistance in aP2-deficient
mice fed a high-fat diet (51). We cannot rule out the possi-
bility, however, that the obesity, adipocyte hypertrophy, and
fatty liver are not sufficient to trigger insulin resistance. It is
possible that with age or after a long-term challenge with a
high-fat diet, male ASKO mice may develop insulin resis-
tance. Furthermore, because fat accumulation in the liver is

FIG. 6. Impaired leptin signaling in ASKO mice. A, Glycerol released
from WT and ASKO cells stimulated with varying doses of rLeptin or
isoproterenol. Data are means � SE from triplicate dishes repeated
three times. B, Western blot analysis of STAT1 tyrosine phosphory-
lation in sc primary preadipocytes isolated from WT and ASKO mice
cultured in the presence of 10.0 ng/ml rLeptin for 24 h.

FIG. 5. Normal glucose tolerance and fatty liver in
ASKO mice. A, Blood glucose concentrations during
oral glucose tolerance tests in 20-wk-old male ASKO
mice and WT littermate controls. Data are means �
SE (n � 8–11). B, Plasma insulin concentrations
during oral glucose tolerance tests in 20-wk-old
male ASKO mice and WT and HZ littermate con-
trols. Data are means � SE (n � 6). C, Liver TAG
content in 20-wk-old male ASKO mice and WT and
HZ littermate controls. Data are means � SE (n �
4–6). *, Significantly different from littermate con-
trols. D, Hematoxylin and eosin staining of liver
sections from 20-wk-old male ASKO mice and 20-
wk-old WT littermate controls (shown at the same
magnification).
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a primary event leading to insulin resistance (52–54), it is also
possible that as the severity of the fatty liver worsens, ASKO
mice may develop insulin resistance as well.

In summary, here we show that loss of STAT3 in mature
adipocytes in male mice causes higher body weight, in-
creased adiposity associated with adipocyte hypertrophy,
reduced serum adiponectin levels, and fatty liver but not
impaired glucose tolerance. We also show that loss of leptin
action in WAT, namely loss of leptin-induced lipolysis, may
play a role in the observed obese phenotype. The results of
our study clearly demonstrate that STAT3 is essential for
body weight homeostasis, although more studies are needed
to better clarify its role in this regard, especially as it relates
to the development of obesity in ASKO mice.
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