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Muscle-specific Pparg deletion causes insulin resistance
Andrea L Hevener 1,6, Weimin He1,6, Yaacov Barak3,4,6, Jamie Le1, Gautam Bandyopadhyay1, Peter Olson2,4,
Jason Wilkes1, Ronald M Evans4,5 & Jerrold Olefsky1

Thiazolidinediones (TZDs) are insulin-sensitizing drugs and are potent agonists of the nuclear peroxisome proliferator-activated
receptor-γ (PPAR-γ). Although muscle is the major organ responsible for insulin-stimulated glucose disposal, PPAR-γ is more highly
expressed in adipose tissue than in muscle. To address this issue, we used the Cre-loxP system to knock out Pparg, the gene encoding
PPAR-γ, in mouse skeletal muscle. As early as 4 months of age, mice with targeted disruption of PPAR-γ in muscle showed glucose
intolerance and progressive insulin resistance. Using the hyperinsulinemic-euglycemic clamp technique, the in vivo insulin-stimulated
glucose disposal rate (IS-GDR) was reduced by ~80% and was unchanged by 3 weeks of TZD treatment. These effects reveal a crucial
role for muscle PPAR-γ in the maintenance of skeletal muscle insulin action, the etiology of insulin resistance and the action of TZDs.
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Insulin resistance is a fundamental characteristic of most patients
with type 2 diabetes, and is the defining feature of Metabolic
Syndrome, or Syndrome X1–3. The discovery of TZDs as antidiabetic
insulin sensitizers has had a major therapeutic and scientific
impact4–6. TZDs are agonists for nuclear PPAR-γ and increase insulin
sensitivity in cells, animals and humans6–12. PPAR-γ is expressed at
high levels in adipose tissue, and its activation promotes differentia-
tion of adipocytes and other cell types9–32. However, its expression in
muscle is only 5–10% of its expression in fat13,33. PPAR-γ forms a het-
erodimer with the retinoid-X receptor and binds to PPAR response
elements in the promoter domains of target genes20,23. PPAR-γ is
thought to help maintain the proper levels of key glucoregulatory and
lipogenic molecules21.

Knocking out PPAR-γ by homologous recombination leads to
embryonic lethality by E11, as a result of severe trophoblast dysmor-
phogenesis34. Tetraploid rescue of this defect reveals a second stage of
lethality marked by total lipodystrophy34. The dominant function of
PPAR-γ in adipocyte differentiation and the role of PPAR-γ as the
molecular target for antidiabetic TZDs suggest a specific role for adi-
pose tissue in the etiology of the disease. In this view, the antidiabetic
effects observed in muscle are a consequence of the actions of these
drugs in fat. This notion is supported by fact that PPAR-γ expression
is high in fat and low in muscle.

Although the role of PPAR-γ in glucose and lipid metabolism is
well documented, the tissue-specific effects of PPAR-γexpression and
the crucial site(s) for TZD action remain unclear. We established a
strain of mice with muscle-specific deletion of Pparg, the gene encod-
ing PPAR-γ, using the Cre-loxP gene targeting system.

Here we report that deletion of Pparg in skeletal muscle caused
severe insulin resistance in muscle, with milder defects observed in
adipose tissue and liver. Furthermore, TZD treatment did not

increase  skeletal muscle insulin sensitivity in these animals. These
findings show that muscle PPAR-γ expression has a crucial role in
skeletal muscle insulin sensitivity and TZD action, and can exert indi-
rect effects on insulin action in adipose tissue and liver.

RESULTS
Deletion of Pparg in skeletal muscle
We used Cre-loxP-mediated gene targeting to delete Pparg in skele-
tal and cardiac myocytes. Mice harboring loxP sites flanking exons 1
and 2 of Pparg were generated by homologous recombination 
(Fig. 1a,b) and used to produce two strains for this study: the
homozygous Ppargfl/fl and the null heterozygous Ppargfl/−. These
were mated to a Cre-transgenic line (MCK-Cre; ref. 35) expressing
Cre recombinase under the control of the muscle creatine kinase
(MCK) promoter. Strains showing efficient Cre mRNA expression
in muscle, but not in other organs or tissues, were expanded to pro-
duce muscle-specific Pparg deletions (muscle knockout, MKO) in
the context of either normal (MKOfl/fl) or haploinsufficient
(MKOfl/−) PPAR-γ expression in all other tissues. Control mice were
fl/fl or fl/– littermates not expressing Cre. The metabolic pheno-
types of these animals (controlfl/fl, MKOfl/fl, controlfl/− and MKOfl/−)
were assessed up to 14 months of age.

Examination of skeletal muscle from MKO mice revealed no gross
abnormalities or obvious changes in cell size compared with muscle
from controlfl/fl or controlfl/− littermates, although there was an
∼ 50% increase in muscle triglyceride content in both groups of
MKO mice (Table 1).

Pparg recombination in muscle results in major mRNA reduction
To quantitate the wild-type and recombined mRNA in muscle and
non-muscle tissue, we designed primers that flank deleted exons 1
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and 2, such that wild-type mRNA yields a product of 700 base
pairs (bp) and recombined mRNA produces a 300- to 400-bp
product. Only wild-type mRNA is detected in the non-muscle
insulin target tissues (liver and adipose tissue; Fig. 1b). In skeletal
and heart muscle from controlfl/fl animals (which do not express
Cre in muscle), only wild-type mRNA is present, with no
detectable recombined bands. In contrast, very little, if any, wild-
type mRNA can be detected in MKOfl/fl animals, whereas recom-
bined bands are easily detected. The recombinant mRNA yields
PCR products of both 300 and 400 bp. The 300-bp band has the
exact sequence predicted from the deletion of the loxP-flanked
region. The 400-bp product is identical to the 300-bp product,
except that an additional 100 bp of intronic sequence from intron 3
of Pparg was spliced into this transcript.

Although wild-type PPAR-γ has been found in total muscle tis-
sue, this is the first unambiguous demonstration of PPAR-γ
mRNA expression in myocytes. We made this conclusion because

MCK-Cre transgene directed the recombination event to skeletal
muscle cells, so the recombined transcript was only expressed in
those cells.

Progressive insulin resistance in MKO mice
Body weights were similar in control and MKO mice at 6 and 14
months of age (Table 1). Basal glucose levels were measured every
two months (data not shown); values were the same among all
groups at 6 and 14 months of age (Table 1). Basal insulin levels,
measured throughout the lifetime of these animals, were signifi-
cantly elevated in MKOfl/fl compared with controlfl/fl mice as early as
6 months of age (P = 0.0004). There was a nonsignificant increase
in basal levels of free fatty acids (FFA; 20–25%) in both MKO
groups, (and these differences were amplified during the glucose
clamp study) (see below). Triglyceride levels were significantly ele-
vated in both MKO groups compared with controls (∼ 1.5-fold;
P = 0.001) by 14 months of age (Table 1).
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Figure 1  Floxed Pparg targeting construct and muscle gene deletion. (a) Construct design and recombination schematic. (1) Targeting construct to
introduce loxP sites into Pparg. (2) Restriction map of Pparg exons 1 and 2. (3) Pparg after homologous recombination. Probe 1 indicates position of DNA
fragment outside region of recombination used to identify homologous recombinant embryonic stem cell clones. (b) Detection of wild-type and mutant
PPAR-γ mRNA by RT-PCR. Tissue RNA was isolated from white adipose tissue, heart, skeletal muscle and liver from the indicated mouse genotypes and
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Table 1 Characteristics at baseline and during glucose clamp studies, at 6 and 14 months of age, with or without TZD treatment

6 months 6 months 14 months 14 months 14 months 14 months 14 months
untreated untreated untreated untreated untreated untreated TZD-treated

Genotype Controlfl/fl MKOfl/fl Controlfl/fl MKOfl/fl Controlfl/– MKOfl/– MKO

Body weight (g) 28 ± 1.1 33 ± 1.1 41 ± 2.8 44 ± 2.0 38 ± 4.0 43.7 ± 1.2 46.9 ± 1.5

Blood glucose (mg/dl)

Basal 108 ± 6.47 123 ± 4.6 131 ± 5.6 139 ± 8.0 137 ± 7.0 134 ± 9.0 115 ± 4.6**

Clamp 140 ± 3.5 140 ± 2.1 148 ± 1.9 147 ± 2.06 148 ± 2.7 145 ± 6.3 146 ± 1.5

Insulin (ng/ml)

Basal 0.6 ± 0.07 1.21 ± 0.12# 0.87 ± 0.2 1.5 ± 0.15# 0.81 ± 0.09 1.67 ± 0.3# 0.73 ± 0.1**

Clamp 9.9 ± 1.37 10.7 ± 0.58 9.4 ± 0.6 9.45 ± 1.2 8.2 ± 0.78 9.7 ± 1.4 8.6 ± 1.1

Plasma triglycerides (mg/dl) 85 ± 5.4 78 ± 2.5 135 ± 11 209 ± 16# 118 ± 12 200 ± 13# 117 ± 19**

Liver triglycerides (nmol/g) — — 6.3 ± 2 12.9 ± 3.5# 5.9 ± 2.4 11.1 ± 3.3# 34.8 ± 3.02**

Muscle triglycerides (nmol/g) — — 5.7 ± 2 8.4 ± 3.5 5.1 ± 2.4 7.8 ± 3 9.07 ± 1.77

Leptin (ng/ml) 4.8 ± 1.48 12.4 ± 2.1# 3.76 ± 1.0 4.0 ± 1.3 4.3 ± 0.32 11.6 ± 3.7#

Acrp-30 (µg/ml) 25.4 ± 1.4 19.2 ± 1.28 21 ± 2.2 9.5 ± 1.6# 14 ± 1.4 8.8 ± 0.6# 25.5 ± 4.5**

Liver weight (g) 1.16 ± 0.06 1.12 ± 0.05 1.27 ± 0.12 1.5 ± 0.16 1.22 ± 0.09 1.84 ± 0.12# 1.9 ± 0.09*

Epididymal fat pad weight (g) 0.51± 0.07 1.17 ± 0.2# 1.4 ± 0.12 1.69 ± 0.08 1.11 ± 0.16 2.41 ± 0.3# 2.35 ± 0.18

Heart weight (g) 0.16 ± 0.015 0.14 ± 0.01 0.165 ± 0.02 0.196 ± 0.015 0.15 ± 0.008 0.174 ± 0.02 0.18 ± 0.01

Data for TZD-treated MKO animals was combined for simplicity. Biochemical parameters and tissue weights are represented as mean ± s.e.m. #, P < 0.05 for control versus MKO
(within groups of like background); *, P < 0.05 for untreated MKOfl/fl versus TZD-treated MKO mice; **, P < 0.05 for both untreated versus TZD-treated MKO groups.
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At 14 months, the absence of one Pparg
allele in the controlfl/− mice caused a signif-
icant reduction (33%; P = 0.035) in plasma
Acrp-30 (adipocyte complement-related
protein, 30 kDa). In addition, Acrp-30 lev-
els in MKOfl/fl and MKOfl/– mice at 14
months of age was significantly lower than
in control animals (P = 0.0007 and P =
0.0197, respectively).

At 6 months of age, circulating leptin
levels and epididymal fat pad weight were
both significantly elevated by more than
twofold in MKOfl/fl compared with con-
trolfl/fl mice (P = 0.026 and P = 0.02,
respectively); these differences were not
seen at 14 months of age.

Insulin tolerance tests were done at 4, 8
and 12 months of age; data from the 4- and
12-month studies are shown (Fig. 2a,b). We
have previously reported that animals het-
erozygous for Pparg deletion showed
increased sensitivity to insulin36 and, as
expected, the controlfl/fl and controlfl/− ani-
mals showed normal and enhanced sensi-
tivity, respectively. Unexpectedly, the ability
of insulin to lower glucose levels was
blunted in the MKOfl/− animals by 4
months of age (Fig. 2a; P = 0.04). An
impaired response was also observed in
MKOfl/fl compared with controlfl/fl mice,
and the effect was progressive and fully manifested at 12 months of
age (Fig. 2b; P = 0.001). Intraperitoneal glucose tolerance tests
done on the 12-month-old cohort confirmed that MKOfl/fl and
MKOfl/− mice were glucose-intolerant and hyperinsulinemic com-
pared with controls (Fig. 2c,d).

Pparg knockout in muscle affects insulin sensitivity
To quantitate in vivo insulin sensitivity in the four groups of mice
at 6 and 14 months of age, animals were infused with 3-[3H]glucose
for 60 min and subjected to a two-step clamp using 6 and 

12 mU/kg/min of human insulin. Deletion of Pparg in skeletal
muscle led to a marked state of insulin resistance (Fig. 3a,b). The in
vivo IS-GDR in MKOfl/fl and MKOfl/– mice showed substantial
decreases of 25–45% (P = 0.04) at 6 months of age and 70–90% (P
< 0.01) at 14 months of age, relative to control mice. Because most
in vivo insulin-stimulated glucose disposal occurs in skeletal mus-
cle, these data indicate insulin resistance and impaired glucose
uptake in the muscle tissue of MKO mice.

To further localize this defect in insulin action directly to skeletal
muscle, insulin-stimulated glucose transport was measured in
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Figure 2  Insulin and glucose tolerance in MKO mice. (a,b) Insulin tolerance tests were conducted at 4 (a)
and 12 (b) months of age. Glucose curves were significantly different between controlfl/− and MKOfl/− mice
(P = 0.04) at 4 months of age, and between controlfl/fl and MKOfl/fl mice and between controlfl/− and
MKOfl/– mice (P < 0.001) at 12 months of age. (c,d) Glucose tolerance tests (c) and insulin curves (d)
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controlfl/fl versus MKOfl/fl mice; *, P < 0.05 for controlfl/− versus MKOfl/− mice; **, P < 0.05 for controlfl/fl

versus controlfl/− mice.
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soleus muscle strips obtained from controlfl/fl and MKOfl/fl mice.
Glucose transport stimulation was severely blunted in soleus muscle
from MKOfl/fl compared with controlfl/fl mice (Fig. 3c; P = 0.035),
providing further evidence of skeletal muscle insulin resistance,
even when muscles are removed from the in vivo environment.

Measurement of GLUT-4 and insulin signaling molecules
Muscle samples were obtained at the end of the hyperinsulinemic-
euglycemic clamp to determine the ability of the in vivo insulin
infusion to activate the insulin signaling cascade in skeletal muscle.
Using quantitative PCR, we found that mRNA expression levels for
the insulin receptor, insulin receptor subtrate-1 (IRS-1), Akt and
GLUT-4 were the same in muscle samples from control and MKO
animals (data not shown). Similarly, western blots showed that
expression of IRS-1, Akt, and GLUT-4 protein were the same
between groups (Fig. 3d). It has been proposed that phosphoryla-
tion of IRS-1 at serine 307 decreases insulin-stimulated IRS-1 tyro-

sine phosphorylation, as well as IRS-1-
mediated phosphatidylinositol-3-kinase
signaling37. Using an antibody specific for
phosphorylated serine 307, we found that
IRS-1 serine phosphorylation was substan-
tially increased (60%; P = 0.027; Fig. 3e) in
MKO animals. Consistent with this, the
ability of infused insulin to cause IRS-1
tyrosine phosphorylation was reduced by
∼ 50% in MKO animals (P = 0.005), and Akt
activation (as measured by phosphoryla-
tion of Akt serine 473) was similarly
reduced (P = 0.0006).

Secondary insulin resistance in liver and adipose tissue
Steady-state circulating free fatty acid (FFA) levels represent a balance
between FFA production and removal. The acute effects of insulin in
lowering FFA levels are due, in large part, to insulin’s antilipolytic
effects in adipose tissue. In control animals, insulin infusion sup-
pressed FFA levels by ∼ 60% in both 6- and 14-month-old mice (Fig.
4a). This effect was significantly blunted in 6- and 14-month-old
MKOfl/fl (P = 0.0089 and P = 0.01, respectively) mice, as well as 14-
month-old MKOfl/− mice (P = 0.009), as fatty acid levels in those mice
were depressed by only ∼ 30%. These results indicate that a targeted
change in PPAR-γ status in muscle can result in associated changes in
adipose tissue.

Hepatic glucose production (HGP) was measured by infusion of
[3H]glucose. There were no differences in basal HGP rates between
the groups (Fig. 4b). HGP was suppressed in all groups during the
clamp, but insulin suppressed HGP by only 48% in MKOfl/fl mice
compared to 72% (P = 0.019) in controlfl/fl mice, indicating the exis-
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tence of hepatic insulin resistance. This suggests that the glucose
intolerance in these animals (Fig. 2c), may be partly caused by inade-
quate suppression of HGP. The MKOfl/− mice seemed to be protected
from the link between muscle PPAR-γ deletion and hepatic insulin
resistance, as insulin-induced suppression of HGP was identical in
both the controlfl/− and MKOfl/− mice (Fig. 4b). Liver weights were
somewhat increased in the Cre-expressing animals, and histologic
sections (Fig. 4c) showed lipid droplet accumulation in hepatocytes
from these mice.

Effects of TZD treatment in MKO mice
In vivo treatment of insulin resistance with TZDs causes insulin sen-
sitization in skeletal muscle. These effects could be mediated by
direct action of TZDs in muscle, or indirectly through action on
another tissue, such as fat or liver, with secondary effects in muscle.
To assess this issue, we treated MKO mice for 3 weeks with either
troglitazone (0.2% food admixture) or rosiglitazone (3 mg per kg 
per d). TZD treatment did not enhance insulin-stimulated glucose
disposal in vivo in the insulin-resistant MKOfl/fl or MKOfl/– animals
(Fig. 5a). In addition, there was a 68% decrease (5.7 ± 2 versus 1.8 ±
0.7 µmol/g; P = 0.035) in intramuscular triglyceride content in con-
trolfl/fl animals, but no TZD-induced reduction in intramyocellular
triglyceride content in MKO mice (Fig. 5d). Thus, animals lacking
functional PPAR-γ in skeletal muscle do not show TZD-induced
skeletal muscle insulin sensitization.

During the glucose clamp studies, we also measured circulating
FFA levels (Fig. 5b) and HGP (Fig. 5c); because the effects of both
TZDs were the same in the MKO animals (Fig. 5b), the data were
combined. Basal FFA levels were elevated and poorly suppressed by
insulin in the untreated MKO animals, whereas TZD administration
decreased basal FFA levels below control values and enhanced the
suppressive effects of insulin. In the untreated MKO animals, HGP
was slightly elevated in the basal state, and the suppressive effects of
insulin were significantly (P = 0.019) attenuated (Fig. 5c). After TZD
treatment, basal HGP was decreased and the suppressive effects of
insulin were restored (P = 0.006). TZDs also led to an increase of 2.9-
fold (P = 0.0001) in intrahepatic triglyceride content, consistent with
findings in other TZD-treated mouse models of insulin resistance38.
Thus, TZDs exert their expected effects in adipose tissue and liver, but
not muscle, in MKO animals.

Plasma glucose, insulin, triglyceride and FFA levels were all
decreased in vivo in the TZD-treated animals (Table 1). Thus, despite
the fact that TZD treatment did not improve insulin sensitization in
skeletal muscle, most of the other symptoms of Syndrome X were
ameliorated, highlighting the importance of adipose tissue and liver
as target organs for TZDs.

Protein and gene expression measurements
Using quantitative PCR to measure mRNA expression of selected
genes in skeletal muscle, we found that PPAR-α mRNA and AMPK
protein levels were unchanged in MKO animals compared with con-
trols, and were unaffected by TZD treatment (data not shown).
Pyruvate dehydrogenase kinase-4 (PDK-4) and uncoupling protein-3
(UCP-3) mRNA levels were also comparable in MKO mice compared
with controls (data not shown), but TZD administration caused a sig-
nificant 85% decrease in UCP-3 and a 60% decrease in PDK-4 mRNA
in all groups (P = 0.0003 and 0.02, respectively). This finding is con-
sistent with a previous report39 in which TZD treatment increased
PDK-4 and UCP-3 mRNA in adipose tissue, but led to a decrease in
mRNA in skeletal muscle; whether this effect was primary or second-
ary could not be determined. In the current study, we found that

mRNA levels were equally decreased by TZDs in control and MKO
mice. Because the MKO mice lack PPAR-γ in muscle, this suggests that
the TZDs act indirectly in whole animals to decrease skeletal muscle
PDK-4 and UCP-3 mRNA.

DISCUSSION
The well-known role of PPAR-γ in adipocyte function and differen-
tiation and as the molecular target of antidiabetic TZDs suggests a
specific role for adipose tissue in the etiology of the disease6–12,39,40.
This view is strengthened by the observations that PPAR-γ is
expressed at much higher levels in fat than in muscle, and that obe-
sity is a primary risk factor for diabetes13,23,33,40,41. Despite these
observations, muscle is the primary organ for insulin-stimulated
glucose disposal5,42, leading to the theory that in vivo insulin resis-
tance cannot occur without a defect in muscle42–44. Using tissue-
specific disruption of PPAR-γ expression, we showed that targeted
loss of PPAR-γ in muscle results in a state of severe insulin resist-
ance. The postprandial hyperglycemia, hyperinsulinemia and
insulin resistance in targeted Pparg knockout mice from all ages
provides the first direct evidence that PPAR-γ directly coordinates
glucoregulatory responses in skeletal muscle.

The identification of muscle as a crucial tissue for PPAR-γ signaling
raises the question of how this effect is achieved. Presumably this
occurs, at least in part, through the regulation of specific target genes,
although this muscle genetic network has not yet been identified. In
addition, it seems that defects in muscle can lead to secondary adverse
effects in liver and adipose tissue insulin action. Insulin resistance in
hepatic and adipose tissue may be secondary to the hyperinsulinemia
those animals exhibit, or it could reflect the paracrine influence of an
unknown PPAR-γ-regulated secreted factor from muscle. Indeed, as a
result of primary insulin resistance in muscle, PPAR-γ-deficient ani-
mals also developed hyperinsulinemia, glucose intolerance and
hypertriglyceridemia. Taken together, all of these events recapitulate
most of the manifestations of human Syndrome X, showing that a
molecular defect causing insulin resistance in muscle can, over time,
mimic most of the features of the human disease43.

To evaluate potential cellular mechanisms of insulin resistance in
MKO muscle, we measured the mRNA and/or protein expression lev-
els of GLUT-4 and certain insulin signaling molecules. We found no
differences in insulin receptor, IRS-1, Akt or GLUT-4 mRNA expres-
sion levels, or in IRS-1, Akt or GLUT-4 protein levels, in muscle sam-
ples from MKO and control animals. In contrast, significant defects in
insulin signaling were observed when protein phosphorylation was
measured. Serine phosphorylation of IRS-1 at position 307 inhibits
insulin-stimulated IRS-1 tyrosine phosphorylation, blunting down-
stream insulin-mediated signaling37. Using a phospho-specific anti-
body, we found increased IRS-1 serine phosphorylation in the MKO
samples, with a corresponding decrease in insulin-stimulated IRS-1
tyrosine phosphorylation and Akt activation. The decreases in these
aspects of insulin signaling are consistent with the observed in vivo
insulin resistance in the MKO animals, but we cannot yet determine
whether these signaling defects are primary or secondary to the
hyperinsulinemia, the elevated FFA levels or some other aspect of the
insulin-resistant state.

We also treated the PPAR-γ-deficient animals with insulin-
sensitizing TZDs. The results clearly show that TZD treatment did
not augment insulin-stimulated GDR. Because the majority of GDR
is accounted for by skeletal muscle uptake5,42,44, it follows that TZD
treatment did not enhance skeletal muscle insulin sensitivity in MKO
animals. These results strongly argue that muscle PPAR-γ can be a
direct target of TZDs in vivo. In the same animals, TZD treatment had
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the expected effect of ameliorating hepatic and adipose tissue insulin
insensitivity, indicating that the drugs remained fully effective
through PPAR-γ in these tissues. Elevated FFA levels can lead to
insulin resistance4,5,10,41,42, so it is of interest that in MKO mice, TZD
treatment lowered circulating FFA levels as a result of its effects on
adipose tissue, even though no there was no insulin sensitization of
skeletal muscle. This suggests that when intact animals and humans
are treated with TZDs, the FFA-lowering action of these drugs on adi-
pose tissue does not account for the insulin-sensitizing effects in mus-
cle, and that direct actions of these drugs in muscle are needed.

Treatment of MKO animals with TZDs also resulted in lowered
plasma glucose levels, normalization of hyperinsulinemia and
reduced plasma triglyceride levels. This indicates that TZD treatment
targeted to only adipose tissue and liver may be sufficient to normal-
ize most of the major in vivo manifestations of Syndrome X. This
approach allows us to begin a molecular dissection of the tissue-
specific effects of TZDs in relation to their in vivo ability to normalize
insulin resistance Metabolic Syndrome.

Changes in circulating Acrp-30 levels occurred in the MKO mice
and could potentially affect metabolic physiology. Acrp-30 levels were
lower in MKO than in control mice, and TZD treatment returned
Acrp-30 to normal levels. In the face of this complete normalization
of Acrp-30, we found that skeletal muscle insulin resistance in the
MKO animals was still fully present and not at all ameliorated, indi-
cating that the decrease in Acrp-30 was unlikely to be a cause of skele-
tal muscle insulin resistance. However, because hepatic and adipose
tissue insulin resistance is secondary in these animals, it is possible
that the decrease in circulating Acrp-30 may be a mechanistic factor,
and TZD-induced normalization of Acrp-30 could contribute to the
insulin sensitization effects observed, particularly in the liver.

In summary, the current study shows that selective deletion of
PPAR-γ in muscle leads to a profound state of insulin resistance. This
indicates that PPAR-γ operates directly as an important control point
in skeletal muscle, regulating its capacity to respond to an insulin
stimulus. Furthermore, the TZD treatment experiments indicate a
role for muscle PPAR-γ as a direct target for the skeletal muscle
insulin-sensitizing effects of these agents. Although the primary
lesion in these mice is localized to skeletal muscle, a number of sec-
ondary and adaptive changes occur in the context of integrated,
whole-animal in vivo physiology. These animals became hyperinsu-
linemic, glucose intolerant and hypertriglyceridemic. In addition, a
moderate degree of insulin resistance developed in the non-skeletal
muscle insulin target tissues, such as fat and liver. Thus, in the context
of the whole animal, introducing insulin resistance into skeletal mus-
cle leads to a variety of secondary and adaptive changes in other tis-
sues which, when taken together, reproduce many of the
manifestations characteristic of human Syndrome X.

METHODS
Creation of floxed, null and transgenic mice. Mice carrying null or floxed
alleles of Pparg were created as described previously36,45. These mice were
backcrossed to the C57BL/6J strain for eight generations. Mice were bred to
create the following genotypes: Ppargfl/fl (controlfl/fl), Ppargfl/flMCK-Cre
(MKOfl/fl), Ppargfl/− (controlfl/−) and Ppargfl/−MCK-Cre (MKOfl/−). All
experimental procedures were conducted in accordance with the Guide for
Care and Use of Laboratory Animals of the National Institutes of Health,
and were approved by the Animal Subjects Committee of the University of
California, San Diego.

Phenotypic evaluation of mice. In the current investigation, we studied
male controlfl/fl (n = 10), MKOfl/fl (n = 8), controlfl/− (n = 10) and MKOfl/−

(n = 6) mice, with or without 3 weeks of TZD treatment (troglitazone in

0.2% food admixture or rosiglitazone, 3 mg per kg per d). Body weight
measurements and fasting (6 h) plasma samples were obtained at 2, 4, 6, 8,
10, 12 and 14 months of age. Blood samples (∼ 200 µl) were obtained by the
tail-cut method. Whole blood was collected and the plasma withdrawn for
subsequent analysis of glucose, FFAs, triglycerides, insulin, leptin and
Acrp-30.

Insulin tolerance tests. At 4, 8, 10 and 12 months of age, animals were sub-
jected to an insulin tolerance test. After a 6-h fast, a basal blood sample was
taken, followed by intraperitoneal insulin injection (0.85 U/kg of Novolin
R; Novo Nordisk Pharmaceutical Industries). Blood samples were drawn
and measured for glucose at 15, 30, 45, 60, 90 and 120 min.

Glucose tolerance tests. At 12 months of age, glucose tolerance tests were
conducted (1,000 mg/kg dextrose injected intraperitoneally; Abbott
Laboratories) as previously described36.

Euglycemic clamp studies. In two separate groups of mice, 6 and 14 months
of age, animals were implanted with two catheters that were tunneled sub-
cutaneously, exteriorized at the back of the neck and encased in silastic tub-
ing, as previously described36. Four days after surgery, animals were fasted
for 6 h and hyperinsulinemic-euglycemic clamps were done (see
Supplementary Methods online). After the clamp, animals were killed and
tissues (liver, epididymal fat, heart and skeletal muscle) were collected for
subsequent analysis. Soleus muscle strips were excised from a separate set of
controlfl/fl and MKOfl/fl mice for in vitro assessment of insulin sensitivity, as
previously described46 (see Supplementary Methods online).

Chemical assays of blood, plasma or tissue. Plasma glucose concentration
was measured with a HemoCue glucose analyzer. Insulin, leptin and Acrp-
30 were measured using radioimmunoassay kits (Linco). Plasma triglyc-
erides were measured using a Sigma Infinity triglyceride kit. Plasma
glucose-specific activity was measured after deproteinization with barium
hydroxide and zinc sulfate, as previously described by us47. Tissue triglyc-
erides were extracted as previously described48, and triglyceride content was
determined by a GPO kit from ThermoDMA.

Liver histology. Liver samples were collected from 14-month-old mice from
all four groups after the glucose clamp procedure. Samples were fixed in
10% neutral buffered formalin and embedded in paraffin. Sections were cut
and subsequently stained with Oil Red O.

Western blot analysis. Red quadriceps muscle was homogenized in liquid
nitrogen. Western blot analysis was used to assess protein and phosphoryla-
tion levels of GLUT-4 and various insulin signaling molecules.
Immunoblots were expressed as arbitrary densitometry units, based on
internal comparison with lysates prepared from control mice. Arbitrary
densitometry units were quantified and are expressed as mean ± s.e.m.

RNA isolation. Frozen tissues were homogenized in TRIzol (Invitrogen)
using a Polytron. RNA was precipitated with isopropanol, washed with 70%
ethanol and resuspended in DEPC-treated water. Samples were subse-
quently frozen at –70 °C.

RT-PCR. Total RNA was extracted with TRIzol reagent (Gibco) from white
adipose tissue, heart, skeletal muscle and liver of control and MKO mice,
and subjected to RT-PCR to assess Cre activity (see Supplementary
Methods online).

Quantitative PCR. 1 µl of 1:10 dilutions of the above RNA samples were
used for quantitative PCR. Samples were run in triplicate in 10-µl reactions
using an ABI 7700 (Applied Biosystems). RT-PCR samples were run once,
and no amplification was observed. Amplification was done using SYBR
Green technology (Applied Biosystems). Samples were incubated at 50 °C
for 2 min and 95 °C for 10 min, followed by 40 cycles at 95 °C for 15 s and 60
° C for 1 min. SYBR Green oligonucleotides were used to detect insulin
receptor, IRS-1, Akt, GLUT-4, UCP-3, PPAR-α , PDK-4 and 36B4 (see
Supplementary Methods online).
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Calculations and statistical analyses. HGP and GDR were calculated as previ-
ously described49. Basal GDR was subtracted from total GDR to determine IS-
GDR. ANOVA with Tukey post-hoc comparison were used to detect mean
differences. Comparisons over time were determined using repeated-measures
ANOVA. Values are presented as mean ± s.e.m. Significance was established at
P < 0.05.

Note: Supplementary information is available on the Nature Medicine website.
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