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Selective disruption of PPARYy2 impairs the
development of adipose tissue and insulin sensitivity
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Peroxisome proliferator-activated receptor y (PPARYy) is a nuclear
receptor that plays a pivotal role in obesity and diabetes. PPARYy
has two isoforms, PPARy1 and PPARy2. We investigated the
functional differences between PPARy1 and PPARYy2 by selectively
disrupting PPARy2 in mice. In contrast to the embryonic lethality of
PPARy-deficient mice, PPARy2~/~ mice survived. Although normal
development was identified in other tissues we examined,
PPARy2~/~ mice exhibited an overall reduction in white adipose
tissue, less lipid accumulation, and decreased expression of adi-
pogenic genes in adipose tissue. In addition, insulin sensitivity was
impaired in male PPARy2~/~ mice, with dramatically decreased
expression of insulin receptor substrate 1 and glucose transporter
4 in the skeletal muscle, but thiazolidinediones were able to
normalize this insulin resistance. Consistent with in vivo data,
PPARy2—/~ mouse embryonic fibroblasts showed a dramatically
reduced capacity for adipogenesis in vitro compared with wild-
type mouse embryonic fibroblasts. Taken together, our data dem-
onstrate that PPARy2 deficiency impairs the development of adi-
pose tissue and insulin sensitivity. PPARy2~/~ mice may provide a
tool to study the role of PPARy2 in obesity and diabetes.
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besity poses a major public health problem by predisposing

individuals to coronary heart disease, congestive heart
failure, and stroke. Recent results have indicated that an esti-
mated 61% of U.S. adults are either overweight or obese
(www.cdc.gov/nccdphp/dnpa/obesity/defining.htm). A large
proportion of obese individuals exhibit concomitant insulin
resistance, hypertension, and dyslipidemia as part of a complex
dysmetabolic syndrome (also called syndrome X) (1). Among the
genes that have been associated with syndrome X, the Pro12Ala
variant of the peroxisome proliferator-activated receptor y2
(PPARY2) gene has emerged as a leading candidate on the basis
of its significant association with diabetes (2).

Mounting data have documented that PPARyis the molecular
target of the thiazolidinedione (TZD) class of antidiabetic drugs,
such as troglitazone (Rezulin), rosiglitazone (Avandia), and
pioglitazone (Actos) (1). PPARY is highly expressed in adipose
tissues but is expressed at much lower levels in other tissues,
including major insulin target tissues, skeletal muscle, and liver
(3, 4). This expression pattern suggests that adipose tissue may
be the primary target for the insulin-sensitizing effect of TZDs.
Indeed, recent reports have documented that the selective
reduction of PPAR in adipose tissue demonstrates its essential
role in adipogenesis (5, 6). In addition, liver- and muscle-specific
PPAR Yy deficiency did not affect the antidiabetic action of TZDs
(7, 8), which suggests that TZDs target adipose tissue and
markedly change the gene expression of adipocytokines that may
improve insulin resistance in other tissues. Therefore, studying
the molecular basis of the effect of PPARy on adipocyte
differentiation and insulin sensitivity is an important goal for
understanding the causes, prevention, and treatment of obesity.

PPARY is a key regulator of adipose cell differentiation, fatty
acid uptake, and lipogenesis through its influence on the pro-
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duction of the enzymes required for lipid storage and metabo-
lism (1, 9). The PPARy gene is composed of nine exons that span
>100 kb on chromosome 3p25-24 (10). It generates two iso-
forms, PPAR+yl and PPAR~2, by using alternative promoters
and differential splicing (11). PPAR+y2 has an additional 30
amino acids at the N terminus that render its ligand-independent
activation domain, which is somewhat more effective in activat-
ing the transcription of the PPARy reporter gene than PPARyl
(3). Other properties of PPARyl and PPARY2, including DNA
binding, ligand binding, and interaction with coactivators, are
mediated by identical domains and are quite similar.

Although PPARy1 and PPARY2 are expressed at comparable
levels in adipocytes, the relative importance of the two PPARYy
isoforms for adipogenesis has remained an open question. In
vitro studies of the ability of each isoform to stimulate the
differentiation of adipose tissue have yielded controversial re-
sults (12, 13). In the present study, we have generated PPAR~y2-
specific knockout (KO) mice by selectively targeting the
PPARy2-specific exon B of the PPARy gene. Here we show that
the development of adipose tissue and insulin sensitivity in
PPARv2~/~ mice are impaired.

Materials and Methods

Generation of PPARy2~/~ Mice. A genomic clone that included the
5" end of the murine PPARY2 gene was isolated from a SV129
mouse library. The targeting vector was generated in the pKO
plasmid, which contains the PGK-neo-poly(A) and pol2-DTA-
poly(A) cassettes for positive and negative selection, respectively
(see Supporting Text, which is published as supporting informa-
tion on the PNAS web site).

Metabolic Parameters. Serum glucose levels were measured by
using Glucometer Elite (Bayer, Mishawaka, IN). Plasma insulin,
leptin, and adiponectin levels were measured by radio immuno-
assay kits from Linco Research (St. Charles, MO). Plasma
triglyceride and total cholesterol levels were determined by
enzymatic assays (Boehringer-Mannheim). i.p. glucose toler-
ance tests (2 g/kg) were performed as described (14). Insulin
sensitivity was measured by injecting insulin into the abdominal
cavity at a dose of 1.5 units/kg (15).

Histology. Tissues were fixed in 10% formalin, dehydrated,
embedded in paraffin, and sectioned for hematoxylin/eosin
staining. Images were captured by using an Olympus BX60
camera (Tokyo) at different magnifications and processed in
ADOBE PHOTOSHOP (Adobe Systems, San Jose, CA).

This paper was submitted directly (Track Il) to the PNAS office.

Abbreviations: PPAR, peroxisome proliferator-activated receptor; TZD, thiazolidinedione;
MEF, mouse embryonic fibroblast; KO, knockout; WAT, white adipose tissue; BAT, brown
adipose tissue; IR, insulin receptor.
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Specific disruption of the PPARy2 gene. (A) The structures of the endogenous PPARy gene, targeting vector, and mutated chromosomes. The position

of the B exon of the gene isindicated as an open box. H, restriction sites of Hindlll; RFP, red fluorescence protein gene; PGK-Neo, neomycin resistance gene cassette
driven by the phosphoglycerate kinase (PGK) promoter; DTA, diphtheria toxin-A chain gene. (B) Western blot analysis of PPARy1 and PPARy2 in BAT and WAT
from wild-type or homozygous mice. (C) Quantitative real-time PCR was performed by using specific primers for PPARy1, as described in Materials and Methods.
The RNA tested was from WAT and BAT, and colon samples were from wild-type and homozygous mice. The relative PPARy1 mRNA levels normalized by GAPDH

are expressed as mean = SD (n = 6).

RNA and Protein Preparation and Analysis. RNA and protein ex-
pression levels were analyzed by Northern and Western blot
analysis, as described (16).

Preparation of Mouse Embryonic Fibroblast (MEF) Cells and the
Induction of Adipocyte Differentiation. Mouse embryos were care-
fully collected between embryonic day (E)12.5 and E13.5, and
MEFs were prepared as described (17). Fat accumulation was
scored by determination of mRNA and protein levels of adipo-
cyte-specific genes and by staining of lipids with Oil red O (18)
(see Supporting Text for detailed methods).

Statistical Analysis. All data were evaluated with a two-tailed
unpaired Student’s ¢ test or compared by one-way ANOVA
followed by Fisher’s ¢ test and are expressed as the mean = SD.
A value of P < 0.05 was considered statistically significant.

Results

Generation of PPARy2~/~ Mice. To study the functional role of
PPARYy in vivo, we produced a selective disruption of the
PPARy?2 isofrom by using a targeting vector that was designed to
replace the initiation codon and the partial exon B with the red
fluorescence protein (RFP) coding sequence and the neomycin-
resistance gene cassette (Fig. 14). RFP was driven by the
PPARY2 promoter. Embryonic stem cell clones containing the
correct replacement (Fig. 64, which is published as supporting
information on the PNAS web site) were injected into C57BL/6
blastocysts. Germ-line transmission was achieved, and heterozy-
gous (PPARy2"/~) mice were crossed to produce homozygous
(PPARy2~'") offspring (Fig. 6B). The absence of PPAR~Y2
expression in adipose tissue of PPARy2™/~ mice was confirmed
by RT-PCR for the mRNA (Fig. 6C) and by Western blotting for
the protein (Fig. 1B). As expected, the expression of PPARy1 in
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adipose tissues and in other organs, such as colon, was not
significantly affected by PPARy2 KO, as determined by quan-
titative real-time PCR analyses (Fig. 1C). Taken together, our
data show that we have successfully generated PPAR~y2-specific
KO mice.

Reduced White Adipose Tissue (WAT) Mass and Lipid Accumulation in
PPARy2~/~ Mice. In contrast to the embryonic lethality of PPARy
null mice (19-21), PPARy2~/~ mice survived. There were 61
PPARY2™'~ mice of 247 live-born progeny of the PPARy2*/~
mice. This number of PPARy2~/~ offspring was consistent with
Mendelian inheritance. There was no evidence of gross abnor-
mality or tumor development in PPARy2~/~ mice up to age 24
weeks. After weaning, PPARy2*/* and PPARy2~/~ mice gained
weight similarly when they were fed regular chow. The body
weights of 12- to 15-week-old wild-type and PPARy2~/~ litter-
mates were indistinguishable (Fig. 74, which is published as
supporting information on the PNAS web site, n = 7-11).
However, PPARYy2~/~ animals were protected against obesity
induced by a high-fat diet (Fig. 7B, n = 5-7). In addition, food
intake was similar in wild-type (3.1 * 0.3 g per mouse per day)
and PPARy2™/~ mice (3.2 = 0.3 g per mouse per day). Of
interest, the PPARy2~/~ mice exhibited an overall reduction in
the weight of WAT. Compared with tissues from PPARy2*/*
mice, the weights of reproductive, inguinal, and retroperitoneal
fat pads had significantly decreased by 74%, 25%, and 37%
respectively (Fig. 7C). In the animals fed the high-fat diet, fat
pads in PPARy2~/~ mice showed no significant changes, but
these pads showed dramatic increases in the wild-type litter-
mates, leading to an even more dramatic difference (data not
shown). This overall reduction in adipose tissue in PPARy2™/~
mice was observed in males and females. In contrast to WAT,
other tissues, including brown adipose tissue (BAT), liver, heart,
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Fig. 2. Reduced lipid accumulation in WAT and BAT in PPARy2~/~ mice. (A
Top) A comparison of WAT samples. A ventral view of a PPARy2~/~ mouse and
its control littermate. (Middle) A comparison of retroperitoneal and repro-
ductive fat pads. (Bottom) Hematoxylin/eosin (H&E)-stained sections of re-
productive fat from a male PPARy2~/~ mouse and its control littermate. (B
Upper) A comparison of BAT samples. (Lower) H&E-stained sections of brown
fat from a male PPARy2~/~ mouse and its control littermate. (C Upper) A
comparison of liver samples. (Lower) H&E-stained sections of liver from a
PPARy2~/~ male mouse and its control littermate.

and spleen, had similar weights (Fig. 7C) and exhibited no gross
abnormalities when PPARy2~/~ mice were compared with their
wild-type littermates.

To further characterize the phenotype of adipose tissue, we
examined histological sections of WAT and BAT, as well as other
organs. Only the adipose tissues showed striking morphological
changes (Fig. 2). In control littermates, white-fat adipocytes
were uniform in size, whereas adipocytes in PPARYy2~/~ mice,
especially for reproductive fat deposits, were smaller and het-
erogeneous in size, which indicates that the reduction in total fat
mass may be caused by less triglyceride accumulation (Fig. 24).
The detailed analysis of adipocyte size and the DNA content of
WAT from wild-type and PPARy2~/~ mice documented that the
cell size of adipocytes in reproductive fat pad decreased ~2.6-
fold and the DNA content per milligram of WAT increased
~1.5-fold (data not shown). On the basis of the ~4-fold weight
loss of reproductive fat pad in PPARy2 KO mice (Fig. 7C), we
conclude that the decrease in both the size and number of
adipocytes contributed to the lipodystropy seen in PPARy2™/~
mice.

To address whether PPAR+y2 deficiency in WAT represents
the development of BAT, we examined the expression of a
BAT-specific gene, UCP-1. Our results document that UCP-1
was not expressed in the WAT of PPARy2~/~ mice (data not
shown). A reduction in lipid accumulation was also seen in BAT,
both the number and size of lipid droplets were reduced in
PPARY2™'~ mice, compared with their wild-type littermates, in
which brown fat adipocytes normally contained multiple lipid
droplets (Fig. 2B). Therefore, this may account, at least in part,
for the darker appearance of PPARy2~/~ BAT. Unlike PPARY-
deficient mice (20) and the adipocyte-selective reduction in
PPARYy (5, 6) that increased the deposition of fat in the liver,
PPARYy2~'~ mice had a normal liver appearance and no appre-
ciable fatty acid accumulation in the liver (Fig. 2C).

Consistent with reduced adipose tissue mass, circulating leptin
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Fig. 3. Impaired insulin sensitivity in PPARy2~/~ male mice. (A) Plasma
glucose levels after an acute injection of insulin (1.5 units/kg) in chow-fed
male mice. Treatment of PPARy2~/~ mice with rosiglitazone normalized the
action of insulin action **, P < 0.05. (B) Reduced IR substrate 1 (IRS1) in the
skeletal muscle, liver, and WAT of PPARy2~/~ mice. The level of GLUT4 ex-
pression was dramatically decreased in skeletal muscle of PPARy2~/~ mice.

and adiponectin levels were decreased by 28~43% and 45~46%
in male and female PPARy2~/~ mice, respectively (Fig. 8 4 and
B, which is published as supporting information on the PNAS
web site; n = 7-11, P < 0.05). No statistically significant
differences between wild-type and KO mice were observed for
circulating triglyceride and cholesterol levels (Fig. 8 C and D,
n = 6-7).

Increased Insulin Resistance in PPARy2~/~ Mice. To further charac-
terize the phenotype of PPARY2™/~ mice, we examined their
metabolic parameters. Both fasting plasma glucose and insulin
levels of PPARy2~/~ mice were normal, compared with those of
wild-type mice (Fig. 8 E and F). Similarly, there was no differ-
ence in the nonfasting state (data not shown). In addition, we
found that glucose tolerance between PPARy2~/~ and wild-type
littermates was similar according to the results of i.p. glucose
tolerance tests (data not shown). Intriguingly, insulin tolerance
tests showed that PPARy2~/~ male mice were severely resistant
to the glucose-lowering effect of exogenous insulin (Fig. 34) but
not their female counterparts (data not shown). Of interest, the
impaired insulin sensitivity in male PPARy2~/~ mice was nor-
malized by treatment for 2 weeks with the PPARvy agonist
rosiglitazone at 4 mg/kg per day (Fig. 34). To further define the
molecular mechanism, we examined the expression levels of the
proteins responsible for glucose transportation and insulin sig-
naling in the liver, skeletal muscle, and WAT. As shown in Fig.
3B, the expression of insulin receptor (IR) substrate 1 in
PPARv2~'~ mice was significantly reduced in the skeletal mus-
cle, liver, and WAT, and the expression level of GLUT4 was also
dramatically decreased in the skeletal muscle of PPARy2™/~
mice. Taken together, these results suggest that PPARy2~/~ may
impair insulin-stimulated glucose disposal in skeletal muscle and
insulin signaling in skeletal muscle, liver, and WAT. Although
the mechanisms causing the sex difference in insulin resistance
are unknown, it will be interesting to study whether the estrogen-
signaling pathway has any compensatory effect to PPAR~y2
deficiency in female mice.
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Decreased adipogenic gene expression in PPARy2~/~ mice. Northern blot analyses of gene expression in WAT (A) and BAT (B) of PPARy2~/~ male mice

and their control littermates. Total RNA (20 ug/lane) was hybridized with the indicated probes. The intensity of the signals was quantitated by Phosphorimager
analysis. The number beside each image represents the average value of fold reduction in the PPARy2~/~ mice, which was calculated after normalization by
B-actin signal. PEPCK, phosphoenolpyruvate carboxykinase; LPL, lipoprotein lipase; aP2, adipocyte fatty acid-binding protein; Add1, adipocyte determination

and differentiation factor 1; C/EBPa, CCAAT/enhancer-binding protein «.

Decreased Expression of Adipogenic Genes in PPARy2~/~ Mice. The
development of adipose tissue involves a differentiation switch
that activates a new program of gene expression, followed by the
accumulation of lipids in a hormone-sensitive manner (9). To
further explore the molecular basis through which PPARYy2
deficiency impairs the development of fat tissue and insulin
sensitivity, we examined the expression levels of a set of genes
involved in adipogenesis by Northern blot analyses. We exam-
ined the expression levels of a set of adipocyte marker genes,
including phosphoenolpyruvate carboxykinase, adipsin, lipopro-
tein lipase (LPL), leptin, adipocyte fatty acid-binding protein
(aP2), resistin, adipocyte determination and differentiation fac-
tor 1 (Addl), and CCAAT/enhancer-binding protein a (C/
EBPa). Consistent with the morphological changes of
PPARv27/~ WAT, the expression levels of these genes were
significantly decreased by 2- to 6-fold in PPARy2™/~ WAT
compared with PPARy2%/* WAT (Fig. 44), which suggests that
adipogenesis and lipogenesis are impaired in PPARy2™~/~ mice.
In contrast, the changes in expression levels of these genes were
less significant in BAT than in WAT (Fig. 4B).

Impaired in Vitro Adipogenesis of PPARy2-Deficient MEFs. The adi-
pogenesis of MEFs by hormonal induction is a well established
model system for the study of adipocyte differentiation in vitro. To
further examine the contribution of the two PPARy isoforms to
adipogenesis, we isolated MEFs from days 12.5 to 13.5 of
PPARv2%"* and PPARy2~/~ embryos. The adipogenesis of MEFs
was induced by hormonal stimulation (10 ug/ml insulin/1 uM
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dexamethasone/0.25 mM isobuthylmethylxanthine) for 2 days, plus
incubation with the PPARy ligand troglitazone (10 wmol/liter). At
day 9 after hormonal induction, there was extensive lipid accumu-
lation in PPARy2*/* MEFs (15-20%), reduced lipid accumulation
in PPARy2*/~ MEFs (2-5%), and barely any lipid accumulation in

Fig. 5. Reduced lipid accumulation in PPARy2~/~ MEFs. (A) At day 9 after
induction of adipocyte differentiation, cells were fixed and stained for neutral
lipids with Oil red O. (B) Either PPARy1 or PPARy2 promotes the in vitro
adipogenesis of PPARy2~/~ MEFs. We generated the PPARy2-KO MEF-based
cell lines by stable transfection with the puromycin resistance vector (pQCXIP),
pQCXIP containing mouse wild-type PPARy1, or PPARy2 cDNA. At day 9 after
induction, cells were fixed and stained for neutral lipids with Oil red O (x200).

Zhang et al.
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PPAR~y2~'~ MEFs (0.1-0.5%) (Fig. 54). In agreement with these
morphological changes, the markers of adipogenesis, including aP2
and CCAAT/EBPq, were also significantly reduced in the hor-
mone-induced PPARy2™/~ MEFs, compared with those in
PPARv2*/* MEFs (Fig. 9, which is published as supporting infor-
mation on the PNAS web site). These results indicate that PPARy2
plays the dominant role in adipogenesis in vitro.

To define whether the overexpression of PPARyl and
PPARY2 in PPARYy2™/~ MEFs can rescue adipogenesis, we
generated PPARy2~/~ MEF-based stable cell lines by stable
transfection with puromycin resistance vectors that contained
mouse wild-type PPARy1 or PPAR~y2 cDNAs. Of interest, both
PPARY1 and PPAR®2 can promote the in vitro adipogenesis of
PPARv2~/~ MEFs (Fig. 5B). Consistent with a previous report
(13), PPAR2 was more powerful than PPARy1 in adipogenesis
in vitro.

Discussion

PPARY has emerged in recent years as a key regulator of
adipogenesis. The existence of PPAR+y1 and PPAR~2 isoforms
that differ in their N terminus has raised the question whether
functional differences existed between them. To date, only in
vitro studies have been conducted to address this question, but
the data reported were controversial (10, 11). The results
presented here indicate that PPARy1 and PPARY2 in vivo can
drive adipose tissue development, but that PPARYy2 plays the
dominant role in adipogenesis.

We report here that PPARy2-deficient mice survived accord-
ing to Mendelian inheritance. There was no evidence of gross
abnormality in PPARy2™/~ mice up to age 24 weeks. This
observation is different from that of a recent study (>40% of
PPARy™P™P mice died by the time of weaning) that used a
different strategy to target PPAR~Y2 (6). Koutnikova et al. (6)
replaced the proline residue at position 12 of PPARy2 gene with
alanine by use of homologous recombination. Theoretically, the
integrity of PPARY2 gene expression should be retained in their
approach. However, the PPARy"P"P mice generated by Kout-
nikova et al. (6) had both PPAR+y1 and PPARYy2 knocked out in
WAT but elevated PPARyl expression in BAT. We realized that
one of three loxP sites was inserted into the —45 position of
PPARY2 gene, which might have impaired the initiation site of
the PPARY2 gene transcription. Indeed, our KO configuration
did not affect PPARY2 gene promoter activity, because we did
not modify the promoter (data not shown).

In vivo, WAT can be found in a variety of locations, including
reproductive, inguinal, retroperitoneal, and s.c. deposits. Al-
though it has been known for many years that the metabolic
behavior of mature fat cells differs from deposit to deposit
(22-24), the molecular mechanisms that underlie those differ-
ences are poorly understood. In addition, it has been docu-
mented that increased visceral adiposity in humans is associated
with a higher risk of insulin resistance, dyslipidemia, and car-
diovascular disease compared with the increase of s.c. adiposity
(25). In the present study, we found that the degree of reduced
fat tissue pads in different locations was significantly different in
PPARv2~/~ WAT, which suggests that PPARYy2 has different
adipogenic potential in different locations of adipose tissue. The
isolation of preadipocytes from different areas of PPARy2™/~
WAT may provide a useful tool to explore the mechanisms of
regional differences in the behavior of fat cells.

It has been well known that the development of adipose tissue
consists of two distinct processes, the formation of new adipo-
cytes from precursor cells and the increase in adipocyte size due
to fat storage. According to the histological examination of
PPARv2~/~ WAT (Fig. 2A4), there are many clusters of small-
sized adipocytes scattered among fully developed adipocytes,
which indicates that the reduction of adipose tissue in
PPARY27/~ WAT resulted from less fat storage and/or new
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adipocyte formation. One explanation for the heterogeneity in
the size of fat cells in PPARy2~/~ mice might be that lipogenesis
is impaired. Indeed, we found reduced expression levels of
lipogenic genes, including phosphoenolpyruvate carboxykinase,
adipsin, lipoprotein lipase, and lipoprotein lipase, in PPARy2~/~
WAT (Fig. 4). Further studies are required to approach the
underlying mechanisms of this heterogeneity. Another explana-
tion for the differences in the size of fat cells in PPARy2~/~ WAT
might be different stages of adipocyte differentiation. During
adipocyte differentiation, there is a positive-feedback loop be-
tween PPARYy and C/EBPa. These two transcriptional factors
cooperate to activate the full program of adipogenesis and
insulin sensitivity (26). This hypothesis is supported by our
results that show the reduced expression of C/EBPa in
PPARv2~/~ WAT. In addition, the expression of Addl, the
mouse homologue of human sterol regulatory element-binding
protein 1 (SREBP1), was also significantly decreased in
PPARv2~/~ WAT. Add1/SREBP1 has been shown not only to
stimulate many genes involved in fatty acid and cholesterol
metabolism (27) but also to potentiate the transcriptional activ-
ity of PPARY, probably through the production of endogenous
ligands for PPARYy (28).

The disruption of PPAR+Y2 in mice leads to reduced adipose
tissue. This phenotype is similar to that of fat-specific IR KO
mice (FIRKO) (29), which also have low fat mass but normal
glucose, insulin, triglyceride, cholesterol, and i.p. glucose toler-
ance test results. In FIRKO mice, leptin and adiponectin in
plasma are significantly increased, which suggests that the IR KO
in WAT has a protective effect over the glucose metabolism and
aging (29, 30). Because the PPARy2~/~ KO mice show insulin
resistance and reduced levels of leptin and adiponectin in
plasma, it is unlikely that PPARy2~/~ and FIRKO mice devel-
oped lipodystrophy through the same mechanism. However,
investigating possible crosstalk between the PPARy and the IR
signaling pathways in WAT may provide insights into the un-
derstanding of adipocyte differentiation. The specific reduction
of PPARY in adipose tissue showed the essential role of PPARYy
in adipogenesis and also highlighted its role in maintaining the
integrity and function of mature adipocytes (5, 6).

A recent study documented that the fat mass reduction in both
BAT and WAT was observed in fat-selective PPARy-KO (FKO)
mice that was accompanied by hyperlipidemia and liver steatosis
(5). In contrast, our PPARYy2~/~ mice, which did not have liver
steatosis or dyslipidemia, showed fat reduction only in WAT. It
is of interest that the impairment of insulin sensitivity was
dramatically improved by TZD in FKO and PPARy2~/~ mice.
This finding raises the question of where the sites of TZD action
are in these mice. The sensitization effects in FKO and
PPARv2~/~ mice may occur as a direct activation of PPARy
within liver and skeletal muscle. Indeed, our data in the present
study document that the expression of IR substrate 1 in
PPARY2™/~ mice was significantly reduced in skeletal muscle,
liver, and WAT, and the expression level of glucose transporter
4 was also dramatically decreased in skeletal muscle of
PPARv2~/~ mice. Intriguingly, TZD also improves insulin sen-
sitivity in liver- or muscle-selective PPARy-KO mice (7, 8, 31,
32), which suggests that the fat is essential for this response.
Taken together, these results indicate that WAT, liver, and
muscle are crosstalking with each other, and all contribute to
insulin sensitivity.

To explore the molecular mechanisms of insulin resistance in
PPARvy27/~ KO mice, we have documented reduced levels of
leptin and adiponectin in plasma. Leptin can decrease the desire
for food intake and stimulate energy metabolism, and leptin
treatment of ob/ob mice improves insulin sensitivity even before
significantly reducing body weight (33). Adiponectin is a potent
insulin enhancer that links adipose tissue and whole-body glu-
cose metabolism (34). Indeed, a recent provocative report
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documented that decreased expression levels of adiponectin and
leptin were associated with insulin resistance in murine models
of lipodystrophy (35). Of interest, insulin resistance was com-
pletely reversed by a combination of physiological doses of
adiponectin and leptin but only partially by either adiponectin or
leptin alone (35), which suggests that reduced levels of adiponec-
tin and leptin play critical roles in the development of insulin
resistance in a lack of adipose tissue.

PPARY2™'~ mice provide a model for studying the role of
PPARY2 in the regulation of resistin secretion from adipose
tissue in vivo. Initial studies have documented that resistin
induces insulin resistance, and that the suppressive effect of
TZDs on resistin secretion may contribute to the insulin-
sensitizing effect of this class of drugs (36). However, our data
demonstrate that expression levels of resistin were reduced in the
WAT of PPARy2~/~ mice. This finding agrees that resistin (like
lipoprotein lipase, leptin, and adipsin) tracks the differentiation
of adipose tissue. Indeed, the activation of PPARYy induces
adipogenesis, which leads to the induction of resistin (37). Of
interest, reduced levels of resistin mRNA in the WAT of obese
and diabetic mice, including ob/ob, db/db, and KKAy mice, have
been reported (38, 39). Taken together, these results indicate
that the role of PPARYy in the regulation of resistin expression
is more complex than was originally believed. The underlying
molecular mechanism remains to be further explored.
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expression, in female mice were similar to those of male
PPARy2~/~ mice, the insulin sensitivity in PPARy2~/~ female
mice was not affected. Similar phenotypes have been previously
documented in other mouse models of type 2 diabetes (40, 41).
In addition, only male mice exhibited a reduction in atheroscle-
rosis in response to PPAR-specific ligands (42). Intriguingly,
metabolic responses to TZDs in female mice that had their
ovaries removed were more similar to those of male mice (42).
Although the basis for these sex differences is not fully under-
stood, they are likely to relate to the influence of estrogens and
progestins. Indeed, it has been reported that estrogens are able
to induce the production of PPARYy endogenous ligands (43).

Conclusion

We have shown that PPARy2-specific KO leads to a reduction
in fat mass, lower lipid accumulation, a decrease in adipogenic
gene expression, and impaired insulin sensitivity. The results of
our study clearly have demonstrated that, without PPARY2,
PPARv]1 alone is able to drive the development of adipose tissue.
The PPARy2-deficient mouse model may provide a tool to study
the functional differences between y2 and vyl in many aspects
and to evaluate the effect of new antiobesity and antidiabetes
drugs.
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