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Macrophage PPARYy is required for normal
skeletal muscle and hepatic insulin sensitivity
and full antidiabetic effects
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PPARYy is required for fat cell development and is the molecular target of antidiabetic thiazolidinediones
(TZDs), which exert insulin-sensitizing effects in adipose tissue, skeletal muscle, and liver. Unexpectedly, we
found that inactivation of PPARY in macrophages results in the development of significant glucose intoler-
ance plus skeletal muscle and hepatic insulin resistance in lean mice fed a normal diet. This phenotype was
associated with increased expression of inflammatory markers and impaired insulin signaling in adipose
tissue, muscle, and liver. PPARy-deficient macrophages secreted elevated levels of factors that impair insulin
responsiveness in muscle cells in a manner that was enhanced by exposure to FFAs. Consistent with this,
the relative degree of insulin resistance became more severe in mice lacking macrophage PPARy following
high-fat feeding, and these mice were only partially responsive to TZD treatment. These findings reveal an
essential role of PPARY in macrophages for the maintenance of whole-body insulin action and in mediating

the antidiabetic actions of TZDs.

Introduction

Insulin resistance is a primary defect underlying the development
of type 2 diabetes and is a central component defining the meta-
bolic syndrome, a constellation of abnormalities including obesity,
hypertension, glucose intolerance, and dyslipidemia (1-3). Recent
findings indicate a close link between chronic inflammation and
insulin resistance (4-7). Pharmacologic or genetic inhibition of
pathways that underlie inflammatory responses protect experi-
mental animals from diet-induced insulin resistance, suggesting a
direct role of inflammation in promoting insulin-resistant states
(4-8). Interestingly, macrophages have been found to accumulate
in obese adipose tissue, where they produce inflammatory media-
tors that may contribute to the development of insulin resistance
(9, 10). Furthermore, disabling the inflammatory pathway within
macrophages by creating a myeloid cell-specific knockout of IxB
kinase B (IKK-P) protected mice from diet-induced insulin resis-
tance, with hyperinsulinemic-euglycemic clamp studies clearly
showing protection of skeletal muscle and liver insulin action (4).
Recent studies also suggest that physiological levels of FFAs may
induce inflammatory responses in macrophages and adipocytes
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through TLR4, providing a potential link among diet, lipid metab-
olism, and function of the innate immune system (11, 12).

PPARyY, a member of the nuclear receptor superfamily of ligand-
dependent transcription factors, plays an essential role in fat cell
development and glucose homeostasis (13-15). PPARY is also the
molecular target of thiazolidinediones (TZDs), which are insulin-
sensitizing drugs used clinically in the treatment of type 2 diabetes
(16-18). TZDs are likely to exert insulin-sensitizing effects by both
positively and negatively regulating gene expression in several cell
types and tissues, with adipose tissue, skeletal muscle, and liver
being primary targets (19-25). Positive regulation of gene expres-
sion in adipocytes drives the adipogenic programs of gene expres-
sion, but the relative contributions of PPARY target genes such as
adiponectin to the insulin-sensitizing activities of TZDs remain
incompletely understood.

TZDs also act through PPARy to negatively regulate the stimu-
lus-dependent production of numerous inflammatory mediators
that promote an insulin-resistant state (26-28). Within adipo-
cytes, TZDs inhibit the expression and/or biological effects of IL-6,
TNF-o, plasminogen activator inhibitor-1 (PAI-1), monocyte
chemoattractant protein-1 (MCP-1), and angiotensinogen (29).
PPARYy is also expressed in macrophages, where it has been shown to
inhibit TLR- and IFN-y-initiated inflammatory responses in a gene-
specific manner (28, 30). TZDs also inhibit the expression of inflam-
matory mediators in atherosclerotic lesions that are characterized
by the accumulation of macrophage-derived foam cells (31, 32).

The observations that macrophages are recruited to adipose tis-
sue and are a source of mediators that promote insulin resistance
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Figure 1

Efficiency of LysCre- and MXCre-mediated loxP recombination in peritoneal macrophages, BM-derived macrophages, and hepatic Kupffer
cells. (A) PCR analysis of genomic DNA isolated from the indicated tissues, BM, BM-M¢, and TG-M¢ of conditionally targeted LysMCre+*PPARy!
(MAC-KO) mice. (B) Western blot analysis of protein isolated from peritoneal macrophages harvested from MAC-WT and MAC-KO mice. (C and
D) PCR analysis of genomic DNA from purified Kupffer cells harvested from MAC-WT and MAC-KO mice. (E) PCR analysis of genomic DNA iso-
lated from hematopoietic tissues (liver, spleen, BM, BM-M¢, and TG-M¢) from MXCre-PPARy" control and conditionally targeted MXCre+*PPARy
donor mice after poly-1:C induction. (F) PCR analysis of genomic DNA isolated from circulating blood leukocytes from BMT MAC-WT and BMT

MAC-KO mice 4-6 weeks after BMT.

coupled with the known antiinflammatory activities of PPARY in
macrophages raised the question of whether macrophage PPARy
is a therapeutic target of the insulin-sensitizing activities of TZDs.
Here we present evidence supporting this hypothesis and further
demonstrate that macrophage PPARY plays a role in normal glu-
cose homeostasis in mice.

Results

PPARy deletion in myeloid cells. To investigate the role of macrophage
PPARY expression in the regulation of whole-body glucose metab-
olism and in mediating the insulin-sensitizing effects of TZDs,
we used 2 independent strategies to inactivate PPARy in macro-
phages in 2 different strains of mice, mixed white background and
CS7BL/6. In the first approach, mixed-background mice carrying
2 floxed alleles of PPARy (PPARYf) were mated to mice expressing
Cre recombinase under the control of the myeloid-specific lyso-
zyme M (LysM) promoter (33). LysMCre*PPARY/f mice exhibited
more than 90% recombination of the floxed PPARy locus in peri-
toneal macrophages and a corresponding decrease in PPARY pro-
tein levels as compared with control (LysMCre PPARY/f) WT mice
(Figure 1, A and B). Significant recombination was also observed
in partially purified Kupffer cells from liver (Figure 1, C and D).
In contrast, recombination of the PPARY locus was not observed
in other tissues, such as heart, kidney, adipose tissue, and spleen
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(Figure 1A). Throughout, we refer to LysMCre-negative littermates
(LysMCrePPARY?f) as MAC-WT and LysMCre-positive littermates
(LysMCre"PPARYf) as MAC-KO.

As a second strategy, mice carrying the floxed PPARy alleles were
also bred to a C57BL/6 mouse line expressing Cre recombinase
under the control of the inducible MX promoter (34, 35). Induc-
tion of MXCre by injection of double-stranded RNA (poly-I:C)
results in nearly quantitative deletion of the floxed region of the
PPARYy floxed allele in hepatocytes and hematopoietic cells (ref. 33
and Figure 1E). Following poly-I:C-induced recombination of the
floxed PPARY locus, BM progenitor cells were isolated and used for
BM transplantation (BMT) in lethally irradiated 6-month-old male
C57BL/6 mice. We refer to mice reconstituted with BM progenitor
cells obtained from poly-I:C-treated MXCre " PPARY"" mice as BMT
MAC-KO. Control BMT mice were reconstituted with BM progeni-
tor cells obtained from poly-I:C-treated MXCre PPARY7f mice and
are referred to as BMT MAC-WT. By 6 weeks following transplanta-
tion, peripheral blood mononuclear cells from BMT Mac-KO mice
exhibited more than 90% recombination of the PPARY locus, while
MAC-WT mice exhibited no recombination (Figure 1F).

Myeloid-specific PPARY deletion causes glucose intolerance and insu-
lin resistance. Despite some subtle baseline differences observed
between the MAC-WT and BMT MAC-WT models, most likely
due to background strain, age, and body weight differences in the
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Table 1
Metabolic parameters

MAC-WT NC MAC-KO NC
n 6 7
Age (mo) 12 12
Body weight (g) 34+08 32+0.2
Fasting blood glucose (mg/dl) 107 £ 3 107+ 4
Clamp blood glucose (mg/dl) 1173 118+4
Basal insulin (ng/ml) 0.70 £ 0.09 1.2+0.13
GTT 15 min insulin (ng/ml) 1.4+0.16 2.5+0.37
Basal glucose turnover (mg/kg/min) 23+1.8 24+1.8
GIR (mg/kg/min) 54 £3.7 34+45
Clamp insulin (ng/ml) 10.3+0.9 10.7£3.2
Basal FFA levels (mM) 0.7+0.08 0.97+ 0.06
Clamp FFA levels (mM) 0.3+01 0.45+0.12
ACRP30 (ug/ml) 52+05 6.8+2.1
Adipocyte cell size (AU) ND ND
Liver weight (g) 1.23+0.08 1.2+0.1

P BMT MAC-WTNC  BMT MAC-KO NC P
7 10
10 10
NS 28 +1 301 NS
NS 109+ 4 114 +3 NS
NS 1132 1122 NS
0.03 0.52 +0.08 0.75+0.05 0.03
0.04 1.1+0.05 15+0.1 0.03
NS 212 18+1.2 NS
0.007 704 5247 0.01
NS 8.2+04 8.5+1 NS
NS 1.1+0.03 0.98 + 0.06 NS
NS 0.32+0.03 0.45+0.03 NS
NS 8.8£0.68 7.1+£1.67 NS
1.6+0.19 2.7+0.2 0.006
NS 1.04 £ 0.02 1.05+0.02 NS

Body weight, liver weight, adipocyte size, basal glucose turnover rate, hyperinsulinemic-euglycemic clamp GIR, fasting adipocyte complement-related
protein of 30 kDa (ACRP30) concentration, as well as fasting and clamp glucose, insulin, and FFA levels for MAC-WT, MAC-KO, BMT MAC-WT, and BMT
MAC-KO mice. Values are expressed as mean + SEM. Statistical differences were determined using ANOVA, and exact P values are provided where

mean differences reached statistical significance. ND, not determined.

animals used for these studies, within-model differences between
WT and KO mice were quite consistent and not strain depen-
dent. Thus, basal fasting insulin levels were elevated significantly
in MAC-KO and BMT MAC-KO compared with respective WT
control mice (Table 1). Macrophage-specific disruption of PPARy
caused glucose intolerance in both the 12-month-old mixed white
background MAC-KOs as well as the 10-month-old C57BL/6 back-
ground BMT MAC-KO mice, as shown by the exaggerated glucose
excursion curves during glucose tolerance tests (GTTs) (Figure 2, A
and B). The standard glucose challenge also elicited a significantly
elevated insulin response at 15 minutes (Table 1) in MAC-KO and
BMT MAC-KO mice, suggestive of peripheral insulin resistance.
Hyperinsulinemic-euglycemic clamp studies were performed in
normal chow-fed (NC-fed) animals to more accurately quantify
whole-body alterations in insulin sensitivity and delineate the tis-
sue-specific site(s) responsible for diminished glucose tolerance.
While there were no differences in basal glucose turnover between
WT and KO mice for either genetic strategy (Table 1), during insu-
lin stimulation, the amount of exogenous glucose required to
maintain euglycemia during the clamp was significantly dimin-
ished in both strains of macrophage-specific PPARy-KO versus
WT mice (Table 1). The insulin-stimulated glucose disposal rate
(IS-GDR), primarily reflecting skeletal muscle glucose disposal, was
significantly diminished in MAC-KO and BMT MAC-KO versus
WT mice (Figure 2, C and D). This finding is quite striking for the
BMT MAC-KO mice, given that the mice were exposed to PPARy-
devoid myeloid cells for only 16 weeks. Insulin’s ability to suppress
hepatic glucose production (HGP) was also impaired in both KO
models (Figure 2, E and F), as evidenced by the increased rate of
glucose production during insulin stimulation (clamp). In a sepa-
rate set of studies, we performed transplantation of marrow from
WT mice into MAC-WT and MAC-KO mice (Supplemental Figure
1, A-D; supplemental material available online with this article;
doi:10.1172/JCI31561DS1). The replacement of PPARy-competent
myeloid cells in the MAC-KO mice led to complete normalization
of glucose tolerance (Supplemental Figure 1, A and B) as well as
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skeletal muscle (Supplemental Figure 1C) and hepatic (Supplemen-
tal Figure 1D) insulin sensitivity. Taken together, these data show
that loss of macrophage PPARY expression causes systemic glucose
intolerance as well as skeletal muscle and liver insulin resistance.

Impaired insulin signaling in skeletal muscle from BMT MAC-KO mice.
We assessed the effect of macrophage-specific PPARy KO on insu-
lin signaling in skeletal muscle and liver and found a significant
reduction in insulin-stimulated tyrosine phosphorylation of insu-
lin receptor substrate-1 (IRS-1) (Figure 3A) along with a corre-
sponding decrease in serine phosphorylation of Akt in both tissues
(Figure 3B). The changes in phosphorylation were independent
of changes in total protein (data not shown). Reductions in IRS-1
and Akt phosphorylation in muscle and liver were paralleled by
significant increases in the activation of IKK-o,/f (phospho-IKK)
(Figure 3C) and JNK (phospho-JNK) (Figure 3D), serine kinases
previously shown to cause inhibition of IRS-1 function and insulin
signaling (36-38). In addition, loss of macrophage-specific PPARy
led to a significant increase in skeletal muscle and liver diacylglyc-
erol (DAG), long-chain fatty acyl-CoA (LCFACoA; Figure 3E), and
triacylglycerol (Figure 3F), which are lipid metabolites implicated
in insulin resistance (39-41). Together, these findings indicate that
loss of PPARY expression in macrophages results in impaired insu-
lin signaling and accumulation of lipid metabolites in liver and
muscle, which is fully consistent with the results of the glucose
clamp studies and increased F4/80 staining in quadriceps muscle
(Supplemental Figure 2A).

Gene expression profiles in BMT MAC-KO mice. In adipose tissue,
MCP-1, VCAM1, and IL-1p levels were significantly elevated in
BMT MAC-KO mice (Table 2). Histological analyses of adipose tis-
sue indicated scattered, focal increases in F4/80-positive cells and
a significant increase in adipocyte size in NC-fed BMT MAC-KO
animals as compared with WT (Table 1 and Supplemental Figure
2, B and C). Skeletal muscle harvested from BMT MAC-KO mice
exhibited a significant increase in VCAM1 expression, while IL-1f3
expression was significantly elevated in liver of BMT MAC-KO
mice (Table 2). These changes in gene expression are consistent
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with the observed increase in the active forms of IKK-0,/f and JNK
in these tissues (Figure 3, C and D).

To assess the effects of loss of PPARy on patterns of macrophage
gene expression in vivo, we analyzed approximately 10,000 tran-
script levels in elicited peritoneal macrophages from BMT MAC-
WT and BMT MAC-KO mice. Expression profiling experiments
were performed 12 weeks after BM reconstitution, at which time
insulin resistance had developed in BMT MAC-KO mice. More
than 220 genes were upregulated greater than 2-fold (P < 0.01),
and more than 170 genes were downregulated greater than 2-fold
(P <0.01) (Supplemental Table 1). Computational motif discovery
analysis identified a sequence motif corresponding to the upstream
half-site and 5’ conserved region of the consensus PPARY response
element as being significantly enriched in the promoters of the
genes that were downregulated in PPARY-deficient macrophages,
suggesting that many of these genes are direct targets of PPARY
(Figure 4A). Conversely, binding sites for Myf/bHLH factors,
PPARY, and NF-kB/REL were overrepresented in upregulated genes
(Figure 4B). Gene ontology analysis suggested complex effects of
PPARYy deletion on lipid metabolism and immune function (Table
4). Enrichments for biological process annotations linked to sig-
nal transduction, transcription, and metabolism were observed
in upregulated genes, while annotations linked to carbohydrate
metabolism and antigen processing were enriched in downregu-
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lated genes. Approximately 15% of the differentially regulated
genes lacked functional annotations. 3-Hydroxy-3-methylgluta-
ryl-coenzyme A lyase (Hmgcl), Abcgl, aldehyde dehydrogenase 3B1
(Aldh3al), glutaryl-coenzyme A dehydrogenase (Gedh), peroxisomal
enoyl coenzyme A hydratase 1 (EchI), and uncoupling protein 2
(Ucp2) were among the significantly downregulated genes in BMT
MAC-KO cells, while Cxcl1, Cxcl14, Ccl24, Cerl, and resistin-like
molecule-a (retnla/RELMa/FIZZ1) were among the significantly
upregulated genes. Expression changes were confirmed by RT-PCR
for a representative subset of these genes (Figure 5, A-D, and data
not shown). Intriguingly, MCP-1 and Cxcl14 (42), chemokines
involved in macrophage/dendritic cell recruitment into tissues,
and retnla (43), a resistin-related molecule that is expressed in
the stromal fraction of adipose tissue, were elevated 2- to 10-fold
in thioglycollate-elicited peritoneal macrophages (TG-M¢) from
BMT MAC-KO mice. At a morphological level, PPARy-deficient
macrophages (BMT MAC-KO) exhibited an activated phenotype,
as evidenced by the extensive stress fiber development compared
with BMT MAC-WT (Figure SE).

PPARy-deficient macrophages cause impaired insulin action in myocytes.
These observations raised the question of whether PPARY functions
in macrophages to stimulate the production of insulin-sensitizing
factors and/or inhibit the secretion of factors that cause insulin resis-
tance. To distinguish between these possibilities, we directly tested
Volume 117 Number 6
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Figure 3

Macrophage-specific PPARy gene deletion causes
impaired insulin signaling and lipid accumulation in
skeletal muscle and liver. Skeletal muscle (quadri-
ceps) and liver samples were harvested from BMT
MAC-WT (n = 6; white bars) and BMT MAC-KO
(n = 6; black bars) mice following the glucose
clamp, and homogenates were immunoprecipitated
and immunoblotted for the quantification of IRS-1
tyrosine phosphorylation (A) as well as for Akt1/2
(Sera73), (C) IKK-a/f3 (Ser180/181), and (D) JNK
(Thr183/Tyr185) phosphorylation relative to pro-
tein content (B). Muscle and liver samples were
also dehydrated and analyzed for the accumula-
tion of lipid intermediates including diacylglycerol
(DAG), long-chain fatty acyl-CoA (LCFACO0A) (E),
and triacylglycerol (F). All values are expressed as
a mean + SEM. Mean differences were detected
using 1-way ANOVA; *P < 0.05.

BM-derived cells track to skeletal muscle. While the
relationship between macrophage tissue infil-
tration and insulin resistance is well studied in
mouse and human adipose tissue, relatively lit-
tle attention has been paid to the role of macro-

250 Liver phage infiltration in skeletal muscle. To test the
* potential of macrophages to influence skeletal
200 muscle insulin signaling in a paracrine manner,
150 we transplanted BM from transgenic mice with
constitutive expression of GFP into irradiated
100 C57BL/6 recipients (age-matched to BMT MAC-
WT and BMT MAC-KO mice) fed NC or a high-
50 fatdiet (HFD). GFP expression was easily detect-
ed in skeletal muscle from mice fed NC and was

WT KO

Triacylglycerol

significantly elevated (~2-fold; P = 0.025; Figure
SH) in skeletal muscle harvested from mice fed
an HFD. Western blot analyses of GFP was fur-

the effect of macrophage-specific PPARy deletion on muscle insu-
lin action in vitro. Elicited peritoneal macrophages were obtained
from BMT MAC-WT and BMT MAC-KO mice and cultured in
the presence or absence of FFAs that are known to activate mac-
rophage inflammatory pathways (11). Conditioned medium (CM)
from these macrophages was then tested for its effect on insulin-
stimulated glucose uptake in L6 myocytes. When L6 myocytes were
incubated with CM harvested from the WT and KO macrophages,
we found that CM from BMT MAC-KOs caused a decrease in insu-
lin-stimulated glucose transport into myocytes compared with CM
from BMT MAC-WT macrophages (Figure 5, F and G). Specifically,
CM from BMT MAC-WT macrophages was without effect on insu-
lin-stimulated glucose transport, whereas, CM harvested from the
BMT MAC-KOs inhibited insulin-mediated glucose transport by
52% (P=10.0002; Figure 5G), indicating marked cellular insulin resis-
tance. After macrophage FFA treatment, CM from WT cells was now
able to inhibit glucose transport, but the effects of BMT MAC-KO
CM were much greater (P=0.0004; Figure 5G). These in vitro obser-
vations recapitulated the in vivo findings from the glucose clamp
studies, suggesting that PPARy deletion from macrophages results
in increased production of factors that can cause insulin resistance
through a paracrine or endocrine mechanism.
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ther supported by immunohistochemistry stud-

ies showing increased abundance of CD11c-and
F4/80-expressing cells in muscle from mice fed an HFD (Figure
ST and data not shown), suggesting that an increased number of
BM-derived macrophages and dendritic cells are recruited to skel-
etal muscle during high-fat feeding.

Macrophage PPARY is required for the full antidiabetic effects of TZDs. To
assess the role of macrophage PPARy in TZD-induced insulin sen-
sitization, we treated WT and KO animals with a TZD in current
clinical use, rosiglitazone or pioglitazone. Since TZDs are ineffective
in animals with normal insulin sensitivity, for these studies we placed
all animal groups (MAC-WT, MAC-KO, BMT MAC-WT, BMT MAC-
KO) on an HFD so that both WT and KO mice would be rendered
insulin resistant. As shown in Figure 6, both MAC-KO (Figure 6A)
and BMT MAC-KO (Figure 6B) mice became more glucose intolerant
and hyperinsulinemic (basal insulin levels 1.9-fold higher than those
in WT, P = 0.04; 15-minute insulin response to GTT 2.3-fold higher
than in WT, P = 0.04) on an HFD than WT controls. As expected,
the HFD produced skeletal muscle (decreased IS-GDR) and hepatic
(blunted HGP suppression) insulin resistance in both groups of
WT animals (Figure 6, C-F), with more severe insulin resistance in
the KO animals, particularly the MAC-KOs (Figure 6, C and E).

More importantly, while TZD treatment returned to normal val-
ues glucose tolerance in both groups of control WT mice, it did not
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Table 2
Effect of macrophage-specific PPARy deletion on adipose tissue, liver, and skeletal
muscle gene expression

Gene BMT MAC-WT BMT MAC-KO

n Mean + SEM n  Mean + SEM P
Adipose tissue
Adiponectin/36B4 9 1.21+0.06 9 145+ 017 0.2
MCP-1/36B4 9 0.69 £0.33 9 0.83+£0.20 0.035
VCAM1/36B4 9 0.95+0.23 9 1.71+£0.32 0.035
CD68/36B4 9 0.85+0.19 9 0.76 £ 0.08 0.27
TNFo./36B4 9 0.71 £0.07 9 0.80 £0.09 0.43
IL1p/36B4 9 1.28 £0.25 9 0.62 +0.11 0.045
Liver
MCP-1/36B4 9 ND 9 ND
VCAM1/36B4 9 0.95+0.23 8 1.70 £ 0.96 0.17
CD68/36B4 8 0.19+£0.06 8 0.36 £ 0.34 0.25
TNFo./36B4 6 1.60 + 0.55 4 2.68 £2.83 0.45
IL1p/36B4 9 0.58+0.14 9 0.80+0.27 0.04
MAGC1/36B4 6 0.51£0.08 4 0.61£0.12 0.35
Skeletal muscle
MCP-1/36B4 8 0.76 £ 0.5 8 3.03x24 0.2
VCAM1/36B4 8 6.44+£20 8 1050=x17 0.025
CD68/36B4 8 54011 8 1340zx53 0.14
TNFa/36B4 8 97.00 + 61 8 149.00 =126 0.43
IL1p/36B4 8 410+1.0 8 3.10£0.92 0.27

Total RNA was isolated from adipose tissue, soleus muscle, and liver harvested from NC-fed BMT
MAC-WT and BMT MAC-KO mice 14—16 weeks following BMT. BMT MAC-KO mice were deter-
mined to be insulin resistant at the time of analysis based on elevated fasting insulin levels. Total
RNA was subjected to quantitative RT-PCR analysis using validated primer pairs for the indicated

genes. Since the RT-PCR values did not appear to be distributed according to a Gaussian distribu-

tion, a nonparametric rank-sum test was used to assess the significance of the difference between
WT and KO mice. P values were determined using the Wilcoxon rank-sum test, and calculations
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cell type in insulin-resistant states. Further-
more, the observation that the insulin-sen-
sitizing effects of TZDs were attenuated in
the KO animals is of particular interest with
respect to the use of TZDs in the treatment
of insulin resistance associated with type 2
diabetes. While TZDs clearly exert insulin-
sensitizing effects in adipocytes (19), liver
(24), and skeletal muscle (21, 22), the pres-
ent studies establish a significant role for
PPARy in macrophages as a critical thera-
peutic target of these compounds.
Although the 2 models exhibited quali-
tatively similar metabolic defects in most
respects, there were some subtle differences
between the MAC-KO and BMT MAC-KO
mice with respect to baseline metabolic
parameters and TZD responsiveness in
liver. The MAC-WT and MAC-KO mice were
older and slightly heavier than the those in
the BMT groups, and differences in baseline
values for both groups of WT mice were
most likely due to effects of age, weight, and
strain background. In addition, the differ-
ent genetic methods used for PPARy gene
deletion in the 2 models resulted in differ-
ent efficiencies of recombination/replace-
ment in specific populations of tissue mac-
rophages. For example, the greater hepatic
TZD responsiveness in BMT MAC-KO mice
as compared with MAC-KOs was most likely

were performed with MATLAB (MathWorks). Values are presented as mean + SEM.

restore normal glucose tolerance in KO mice (Figure 6, A and B).
These results were confirmed and extended by the glucose clamp
studies. The IS-GDR, reflecting skeletal muscle insulin sensitivity,
was completely returned to normal values in both groups of control
WT mice by either rosiglitazone (Figure 6C) or pioglitazone (Figure
6D) treatment. In sharp contrast, rosiglitazone had only a partial
effect (Figure 6C), while pioglitazone had no effect in improving
IS-GDR in BMT MAC-KO mice (Figure 6D). Similar to these obser-
vations in muscle, hepatic insulin sensitivity was restored to normal
in the HFD-fed control WT animals following either rosiglitazone
(Figure 6E, right panel) or pioglitazone (Figure 6F, right panel)
treatment. While pioglitazone was effective at improving hepatic
insulin sensitivity in the BMT MAC-KOs (Figure 6F, right panel),
rosiglitazone was only partially effective in MAC-KO mice (Figure
6E, right panel). This reduced Kupffer cell depletion of PPARY is
the most likely explanation for the greater hepatic insulin
sensitivity in BMT MAC-KOs (Figure 6F) compared with
MAC-KOs (Figure 6E) fed a TZD-enriched HFD.

Discussion

The present studies, using 2 different strategies for delet-
ing PPARY from macrophages, reveal an unexpected role for
macrophage PPARY in regulating insulin action in muscle
and liver. The finding that deletion of PPARy in macro-
phages leads to systemic insulin resistance, even in lean
animals, suggests that the macrophage may be an initiator
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due to incomplete turnover of Kupffer cells
(BM-derived liver macrophages) following
BMT. Full replacement of these cells by
BM-derived cells takes several months following transplantation,
whereas Kupffer cells from MAC-KO mice are devoid of PPARy
essentially from birth. This reduced Kupffer cell depletion of
PPARY is the most likely explanation for the greater hepatic insu-
lin sensitivity in BMT MAC-KOs compared with MAC-KO mice
fed a TZD-enriched HFD.

The findings of increased activity of IKKs and JNK, impaired
insulin receptor signaling, and altered levels of lipid metabolites
in both muscle and liver of BMT MAC-KO mice suggests that by
repressing the inflammatory response, macrophage PPARY can
inhibit the macrophage from promoting an insulin-resistant state
in these tissues. Although cause-effect relationships remain to be
established, altered levels of DAG, LCFACo0A, and triacylglycerol
are most likely secondary to activation of inflammatory pathways
in our mouse models.

Identified motif C A \] A én AIC ACQ
PPARy consensus _AE_IT _A___Ig Agzi.[? AQCIAS

Figure 4

Enriched PPARy motif in promoters of downregulated genes. Computational
motif discovery identified a motif with a significant match to the known PPARYy
consensus recognition element in promoters of genes downregulated in mac-
rophages from BMT MAC-KO compared with BMT MAC-WT.
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Table 3
Enriched transcription factor motifs in promoters
of upregulated genes

Transcription factor Motif P

Myf/bHLH CAGCAGCTGCTG 8.2 x 107
PPARY/NR GTAGGTCACGGTGACCTACT 42 x10°
NFKB1/REL GGGGATTCCCC 7.6 x10%

Known binding sites for Myf/bHLH, PPARy, and NF-kB transcription
factors were significantly enriched in promoters of genes that were
upregulated in BMT MAC-KO macrophages.

Gene expression and CM experiments are consistent with the
notion that PPARy negatively regulates macrophage genes that
encode proteins such as released cytokines/chemokines that con-
tribute to insulin resistance. These results are congruent with pre-
vious findings showing that PPARy-deficient macrophages are not
only resistant to antiinflammatory effects of TZDs, but are hyper-
responsive to inflammatory signals (26, 28). Thus, physiologic lev-
els of metabolites that can promote inflammation, such as FFAs,
are predicted to lead to exaggerated secretion of additional inflam-
matory mediators in PPARy-deficient macrophages. The findings
from the gene expression analyses and studies of insulin action in
liver and muscle are consistent with this notion. In addition, the
results from our CM studies directly support our model, as media
harvested from FFA-treated BMT MAC-KO macrophages caused a
much higher degree of cellular insulin resistance (decreased insu-
lin-stimulated glucose transport) in L6 myocytes compared with
CM from FFA-treated BMT MAC-WT macrophages.

The identities of the key secreted factors that promote insulin
resistance remain to be established. We performed a number of
assays of CM for candidate proteins, and while some factors are
measurable and change as expected (e.g., MCP-1, KC, and G-CSF),
many of the proteins of greatest interest were expressed below
the levels required for reliable detection (e.g., TNF-a.) but still
sufficient for biologic activity. Blocking antibody against TNF-o
reduces, but does not abolish, the inhibitory effects of CM on insu-
lin-dependent glucose uptake in L6 cells. Thus, it is likely that mul-
tiple factors are involved, possibly including lipid metabolites (e.g.,
prostaglandins; ref. 42). Of interest, expression profiling experi-
ments revealed increased expression of retnla, a resistin-like mol-
ecule, in BMT MAC-KO macrophages, and increased expression
of retnla was observed in adipose tissue of BMT MAC-KO mice
following high- fat feeding. In humans, resistin itself is primar-
ily expressed in macrophages and is negatively regulated by TZDs
(43), raising the possibility that retnla and resistin have conserved
functions in macrophages in mice and humans (44), respectively,
and are among the significant targets of the insulin-sensitizing
effects of TZDs in macrophages. Recent studies have also demon-
strated that macrophages can themselves become insulin resistant
(45), and it will be of interest to directly study insulin signaling in
PPARy-deficient macrophages.

It remains unclear whether the factors secreted by macrophages
that promote insulin resistance function in a paracrine or endo-
crine manner. Since macrophages are resident in all tissues, it is
possible that loss of PPARY in macrophages results in altered para-
crine communication between macrophages and other cells types
in adipose tissue, skeletal muscle, and liver. The increased adipose
tissue macrophage content (Supplemental Figure 2, B and D) and
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elevated levels of Cxcl14 (46), retnla (44), IL-1, and JNK in adipose
tissue (Supplemental Figure 2, E-H) following high-fat feeding are
consistent with this possibility. Furthermore, transplantation of
BM from mice with constitutive expression of GFP into irradiated
CS57BL/6 recipients (age-matched to BMT MAC-WT and BMT
MAC-KO mice) resulted in significant GFP expression in muscle.
Following an inflammatory stimulus known to cause insulin
resistance, i.e., high-fat feeding, GFP expression representing the
tracking of BM-derived cells to skeletal muscle was significantly
increased. This increase in infiltration of BM-derived cells into
skeletal muscle following 8 weeks of high-fat feeding also coin-
cided with increased markers of antigen-presenting cells known
to be activated by elevated FFAs. Our findings in mouse muscle
are consistent with findings in human diabetic muscle showing a
strong relationship among macrophage abundance, tissue inflam-
mation, and insulin resistance (47).

The current studies have potential therapeutic implications.
Although currently available TZDs are effective insulin sensitiz-
ers, they are also associated with side effects including weight gain,
increased adiposity, and edema. It would therefore be desirable to
develop selective PPARy modulators that retain antidiabetic and
antiatherogenic activities but do not have undesirable side effects. In
this regard, it has recently been demonstrated that a selective PPARy
modulator that is relatively ineffective in promoting transcriptional
activation is fully active as an inducer of PPARy-mediated repression
of inflammartory response genes by promoting ligand-dependent
sumoylation of PPARY (48, 49), suggesting the possibility of new
avenues for development of safer, more effective drugs.

In summary, the current studies demonstrate that macrophage-
specific PPARy deletion leads to glucose intolerance, hyperinsu-
linemia, and systemic insulin resistance, with decreased insulin sen-
sitivity manifested in both skeletal muscle and liver. In addition, the
insulin-sensitizing effects of TZDs are attenuated in macrophage
PPARyY-KO animals, indicating that macrophage PPARY is an impor-
tant therapeutic target of these drugs. In future studies, it will be
important to more clearly define the key macrophage-specific PPARy
target genes responsible for these effects in liver and muscle.

Methods

Animals. Mice carrying floxed alleles of PPARy were created as described pre-
viously (35). PPARYf mice were crossed with either MXCre (34) or LysMCre
(33) mice to generate mice with a macrophage-specific PPARy gene dele-
tion. The heterozygous offspring of both the loxP-targeted PPARy gene
(PPARY7*) and the Cre transgene (PPARY?* MXCre* or LysMCre*) were then

Table 4
Selected biological process annotations that were significantly
enriched in upregulated and downregulated genes

Group P
Upregulated genes

Cell-surface receptor-linked signal transduction 4.0x10-°
G-protein—coupled receptor signaling 45x10°
Regulation of transcription 1.2 x 108
Regulation of metabolism 6.8x103
Downregulated genes

Carbohydrate metabolism 59x10°
Antigen presentation 9.7 x 104
RNA processing 1.3x10°3
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crossed with PPARY"f mice to generate mice homozygous for the Cre trans-
gene and for the PPARY floxed allele (MxCre'PPARY/f or LysMCrePPARY?f).
Mice, MXCre'PPARY"f or LysMCre "PPARYYf (MAC-KO) and PPARY/f
(MAC-WT), were interbred to generate experimental and control animals.
All mice were bred on a mixed background of 129/SV and C57BL/6. Mice
were genotyped by PCR using the primers 2F, 1R, and HS5 as described
previously (50). To induce MXCre expression, MXCre PPARY?f mice and
PPARY!flittermate controls were injected with poly-I:C as described previ-
ously (28). Male mice were fed either standard rodent chow or HFD (45%
calories from fat; no. TD96132; Harlan Teklad) with or without rosigli-
tazone (3 mg/kg/d; 8 weeks) or with or without pioglitazone (15 mg/kg/d;
8 weeks). All experimental procedures were approved by the Animal Sub-
jects Committee at UCSF according to NIH guidelines.

BMT. BM progenitor cells were isolated by flushing the femurs and tibiae
of donor animals of MXCre PPARY/f or MXCre PPARY/f mice (8-10 weeks
of age) with PBS-T. T cells were depleted from BM cells by magnetic separa-
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Figure 5

Loss of PPARy causes macrophage
activation and secretion of insulin
resistance producing molecules.
Altered expression of ABCG1 (A),
MCP-1 (B), Cxcl14 (C), and retnla
(D) in TG-M¢ from NC-fed BMT MAC-
KO (n = 9; black bars) versus BMT
MAC-WT (n = 9; white bars) mice.
(E) TG-M¢ showing advanced stress
fiber formation in the BMT MAC-KOs
(NC-fed). Impaired insulin-stimu-
lated 2-deoxyglucose uptake into L6
myocytes incubated with CM from
vehicle- (Veh-) or FFA-treated TG-M¢
harvested from BMT MAC-KO (n = 6)
versus BMT MAC-WT (n = 6) mice (F
and G) and increased GFP-labeled
BM-derived cells in skeletal muscle
from mice fed a HFD (black bar) ver-
sus NC (white bar) (H). Values for RT-
PCR are expressed as mean = SEM.
*P < 0.05 between genotypes. Insulin-
stimulated 2-DOG assays represent 6
wells per condition and are expressed
as mean + SEM in cpm/ug of protein
for absolute tracer uptake values (F)
and uptake expressed above basal
(G). *P < 0.05, BMT MAC-WT versus
BMT MAC-KO, within incubation con-
dition; tP < 0.05, vehicle versus FFA,
within genotype. (H) GFP immunoblots
were quantified using densitometric
analysis, and mean expression values
+ SEM are presented. n = 4 per group.
**P < 0.05 between dietary groups. (1)
Immunohistochemical detection shows
increased CD11c- and F4/80-express-
ing cells in skeletal muscle following
8 weeks of high-fat feeding.
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tion using anti-CD90 according to the manufacturer’s instructions (Milt-
enyi Biotec). Approximately 3 x 10® donor cells were transferred into y-irra-
diated (10 Gy) male C57BL/6 mice (6 months old) via tail vein injection, as
previously described (51). Four to 6 weeks after the BMT, mice were bled to
monitor repopulation. Genomic DNA was extracted from the circulating
blood leukocytes and genotyped by PCR. After 6-8 weeks recovery on the
standard chow diet, animals were then randomly assigned to 1 of 3 feeding
protocols for an additional 8 weeks: (a) NC; (b) HFD (no. TD96132; Harlan
Teklad); (c) HFD plus pioglitazone (15 mg/kg/d).

Kupffer cell isolation. Kupffer cells were isolated from MAC-WT and MAC-
KO mice by collagenase digestion and differential centrifugation using
Percoll (GE HealthCare) as described elsewhere (52) with slight modifica-
tions. Briefly, the liver was perfused in situ through the portal vein with
HEPES-buffered saline at 37°C for 5 minutes followed by perfusion with
HEPES containing 0.3% collagenase IV (Sigma-Aldrich) for 3 minutes.
After digestion, the liver was excised, and the suspension was filtered. The
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filcrate was centrifuged twice at 50 gat 4°C for 2 minutes. The supernatant
was collected and centrifuged at 350 g for 5 minutes, and the pellet was
resuspended with buffer. The cell suspension was then layered on top of a
density cushion of 20%/50% discontinuous Percoll (GE HealthCare). The
Kupffer cell fraction was obtained and washed with buffer after centrifuga-
tion at 800 g for 20 minutes. The cells were sorted by FACS analysis using
anti-Cd11b antibody (Dako).

Peritoneal macrophage harvesting and preparation. Macrophages were har-
vested from C57BL/6 BMT mice, MAC-WT and MAC-KO, and RNA iso-
lated for analysis of alterations in gene expression as previously described
(28). Briefly, thioglycollate solution was injected into the peritoneum to
elicit the accumulation of macrophages. On day 3 following injection, ani-
mals were asphyxiated with isoflurane while the peritoneum was washed 3
times with 3 ml of sterile PBS. Once the TG-M¢ were obtained, they were
immediately spun down (300 g for 10 minutes at 4°C), collected into a pel-
let, and retained at -80°C for subsequent RNA analysis. In a separate set
of experiments, TG-M¢ were harvested from both genotypes of BMT mice
and used for CM studies.
1666
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BT genotype and condition.

MAC-KO

BMT BMT
MAC-WT MAC-KO

HFD+PIO

CM preparation from TG-M¢. TG-M¢ were harvested from BMT MAC-
KO (n = 6) and BMT MAC-WT (n = 6) mice as previously described (28).
Cells were plated in DMEM low-glucose medium supplemented with 10%
low-endotoxin FBS, penicillin/streptomycin, and glutamine (Invitrogen).
TG-M¢ were treated 24 hours later with a 500 uM FFA cocktail (100 uM
arachidonic acid, 100 uM lauric acid, 100 uM linoleic acid, 100 uM
myristic acid, 100 uM oleic acid; Sigma-Aldrich) or vehicle control in
medium containing 0.68% BSA and 0.5 % FBS for 3 hours. After treat-
ment, cells were rinsed twice in low-glucose DMEM to remove the FFA
cocktail and then were allowed to recover for 12 hours in low-glucose
DMEM medium containing 2% FBS. Following the 12-hour recovery
period, CM was harvested and stored in single-use aliquots at -80°C,
and TG-M¢ from both genotypes of mice were lysed and RNA isolated
for subsequent RT-PCR gene expression analyses.

2-Deoxyglucose uptake assay in conditioned L6 myotubes. L6 myoblast clones
overexpressing Glut4 were obtained as a gift from Amira Clip (The Hospi-
tal for Sick Children, University of Toronto, Toronto, Ontario, Canada).
Cells were cultured in an MEM medium supplemented with 10% FBS
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under 5% CO; at 37°C. To induce differentiation, at 80%-90% confluence
L6 cells were switched to an MEM medium containing 2% FBS (medium
changed every 2-3 days). Eight to 10 days after differentiation, mature
L6 myotubes were incubated for 48 hours with CM (diluted 1:4 in an
MEM medium plus 2% FBS) obtained from TG-M¢ harvested from BMT
MAC-WT and BMT MAC-KO mice. Cellular insulin-stimulated glucose
uptake was subsequently assayed. Briefly, myotubes were serum starved
for 3 hours. Medium was then replaced with HEPES salt buffer, and cells
were stimulated with or without insulin (1 and 5 nM) for 20 minutes.
2-Deoxy-[*H|D-glucose (0.4 uCi/ml final) was added for 10 minutes at
37°C. Reactions were terminated by washing the myotubes twice in ice-
cold PBS, which was followed by cell lysis for radioactivity determination.

Assessment of glucose tolerance and insulin sensitivity in vivo. Two weeks prior
to the GTT, blood was drawn from the tail and plasma was immediately
analyzed for insulin (Linco), FFA (Wako), and ACRP30 (Linco) levels. To
assess glucose tolerance, dextrose (1,000 mg/kg) was injected into the peri-
toneum, and the glucose excursion following injection was monitored over
time and compared between the genotypes. Blood samples were drawn at
time 0 and at 15, 30, 45, 60, 90, and 120 minutes following dextrose injec-
tion. Blood samples were analyzed for glucose and insulin.

Glucose clamp studies were performed in chronically cannulated mice
3 days after surgery as previously described (22). A basal blood sample
was taken at -90 minutes and measured for glucose, insulin, and FFA
levels. Following this, a primed constant infusion of 5.0 uCi/h, 0.12 ml/h
of [3-*H]p-glucose (NEN Life Science Products) was initiated. At time 0,
a basal blood sample was drawn for determination of glucose-specific
activity. Following basal sampling, glucose (50% dextrose; Abbott) and
insulin (12 mU/kg/min; Novo Nordisk) plus tracer (5.0 uCi/h) infusions
were initiated simultaneously, and glucose levels clamped at euglycemia
using a variable glucose infusion rate (GIR). Steady state was achieved
when blood glucose was successfully clamped and the GIR fixed for a
minimum of 30 minutes. At the end of the clamp, a blood sample was
taken at 100 and 120 minutes for the determination of tracer-specific
activity. No difference in specific activity between these 2 time points
was detected (P = 0.4). At steady state, the rate of glucose disappearance
or the total GDR is equal to the sum of the rate of endogenous or HGP
plus the exogenous (cold) GIR (53, 54). The IS-GDR is equal to the total
GDR minus the basal glucose turnover rate.

RNA isolation and quantitative real-time-PCR. Total RNA was isolated from
skeletal muscle (soleus), liver, adipose tissue, and macrophages using
TRIzoL (Invitrogen) and DNase I digested and then were column purified
(RNeasy MinElute Cleanup; QIAGEN). First-strand cDNA was synthesized
using SuperScript III and random hexamers (Invitrogen). Samples were
run in 20-ul reactions using an ABI 7300 (Applied Biosystems). Samples
were incubated at 95°C for 15 minutes, followed by 40 cycles at 95°C for
10 seconds, 56°C for 20 seconds, and 72°C for 30 seconds. SYBR green oli-
gonucleotides were used for detection and quantification of a given gene,
expressed as mRNA level normalized to a standard housekeeping gene
(GAPDH or 36B4) using the AACt method as described by the manufac-
turer (Invitrogen). We performed separate control experiments to ensure
that the efficiencies of target and reference amplification were equal. The
specificity of the PCR amplification was verified by melting curve analysis
of the final products using Opticon 3 software (Bio-Rad).

Primer sequences. Primer sequences were: PPARY (forward, 5'-GCCCTTT-
GGTGACTTTATGG-3'; reverse, 5'-CAGCAGGTTGTCTTGGATGT-3');
ACRP30 (forward, S'-GCTCCTGCTTTGGTCCCTCCAC-3'; reverse,
5'-GCCCTTCAGCTCCTGTCATTCC-3'); ABCG1 (forward, S'-AAGGC-
CTACTACCTGGCAAAGA-3'; reverse, 5'-GCAGTAGGCCACAGGGAA-
CA-3"); TNF-a (forward, 5'-CCAGACCCTCACACTCAGATC-3");
reverse, 5'-CACTTGGTGGTTTGCTACGAC-3'); CD-68 (forward,
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5'-CTTCCCACAGGCAGCACAG-3'; reverse, S'-AATGATGAGAGGCAG-
CAAGAGG-3"); F4/80 (forward, S'-CTTGGCTATGGGCTTCCAGTC-3';
reverse, S'-GCAAGGAGGACAGAGTTTATCGTG-3'); VCAM1 (forward,
5'-CCATTGAAGATACCGGGAAAT-3'; reverse, 5'-TAGCTGTCTGCTC-
CACAGGAT-3"); MCP-1 (forward, 5'-AGGTCCCTGTCATGCTTCTG-3';
reverse, 5'-GCTGCTGGTGATCCTCTTGT-3'); Cxcl14 (forward, S'-ACAAT-
GCCTGGAACGAGAAG-3'; reverse, 5'-TCTCTCAACTGGCCTGGAGT-3");
IL-1f (forward, 5'-TGGGCCTCAAAGGAAAGAAT-3'; reverse, 5'-CAG-
GCTTGTGCTCTGCTTGT-3'); retnla (forward, S'-TCGTGGAGAATA-
AGGTCAAGG-3'; reverse, S'-GGAGGCCCATCTGTTCATAG-3'); MAC-1
(forward, 5'-TGTGAGCAGCACTGAGATCC-3'; reverse, 5'-ATGAGAGC-
CAAGAGCACCAG-3'"); JNK1 (forward, 5'-AGCAGAAGCAAACGT-
GACAAC-3'; reverse, S'-GCTGCACACACTATTCCTTGAG-3').

Western blot analysis. Nuclear extracts from TG-M¢ were isolated accord-
ing to the protocols provided in the NE-PER Nuclear and Cytoplasmic
Extraction Reagents Kit (Pierce). To detect PPAR-y by immunoblot
analysis, a rabbit polyclonal antibody antibody against PPARy (E-8;
Santa Cruz Biotechnology Inc.) was used. The secondary antibody was
obtained from Dako. Immunoreactive proteins were detected using
chemiluminescence (Pierce).

Skeletal muscle and liver samples were pulverized in liquid nitrogen and
homogenized in RIPA lysis buffer containing protease and phosphatase
inhibitors. Lysates were clarified, centrifuged, and resolved by SDS-PAGE.
Samples were transferred overnight to nitrocellulose membranes that
were subsequently probed with the following antibodies for protein and
phosphorprotein detection: actin (Sigma-Aldrich), IRS-1 (Santa Cruz Bio-
technology Inc.), AKT/p-Ser473 (Santa Cruz Biotechnology Inc.), IKK-B/
p-Ser180/181 (Cell Signaling Technology), and JNK/p-Thr183/Tyr185
(Cell Signaling Technology). To analyze tyrosine phosphorylation of IRS-1,
lysates were immunoprecipitated overnight with IRS-1 antibody (Santa
Cruz Biotechnology Inc.) and immobilized on protein A agarose beads
(Upstate). The beads were collected, washed, and separated from the pro-
tein. Tyrosine phosphorylation of IRS-1 was detected by immunoblotting
using an anti-PY20 antibody (BD Biosciences). Muscle lysates obtained
from GFP BMT mice were probed with a GFP antibody obtained from
Santa Cruz Biotechnology Inc. and compared with positive (GFP-labeled
adipocytes) and negative (muscle lysates from BMT MAC-WT mice) con-
trol lysates. Densitometric analysis was performed using NIH ImageReady
software, version 1.6 (http://www.scioncorp.com).

Immunohistochemistry and adipocyte cell sizing. Following the glucose
clamp, a portion of the epididymal fat pad not used for RNA analysis was
placed in 8% formalin for 24 hours. Tissue samples were then placed in
individual cassettes and kept in 10% ethanol for subsequent analyses. Next
samples were paraffin embedded and serial sections taken from each sam-
ple. Samples were deparaffinized, washed 4 times, then stained with either
H&E or an antibody against the macrophage-specific glycoprotein F4/80
(Serotec) or against dendritic cell CD11c (Biosource). Samples stained
with an anti-F4/80 antibody were viewed under a microscope at x40,
and pictures were taken using a Motic B1 series camera to determine the
presence of macrophages in the epididymal adipose tissue. Surprisingly,
only small, isolated clusters of macrophages were identified in MAC-KO
insulin-resistant animals or mice rendered insulin resistant following an
8-week HFD. Using a micrometer, adipocyte (n = 100 adipocytes) diameter
was measured, and an average diameter was recorded for each animal. Val-
ues were recorded in arbitrary units.

Muscle and liver lipid analyses. Triacylglycerol content was analyzed as previ-
ously described (55). Tissues were dissected free of visible connective tissue
and blood. Lipid was extracted by a Folch extraction, the triacylglycerol was
saponified in an ethanol/KOH solution at 60°C, and glycerol content was
determined fluorometrically. Diacylglycerol was extracted and quantified
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Number 6  June 2007



research article

according to the methods of Preiss et al. (56). Lipids were extracted from
freeze-dried, powdered muscle using chloroform/methanol/PBS plus 0.2%
SDS (1:2:0.8). Diacylglycerol kinase and [3?P]ATP (15 mCi/mmol cold ATP)
were added to lysates preincubated with cardiolipin/octylglucoside, and
the reaction was terminated after 2 hours by the addition of chloroform/
methanol (2:1). Samples were spotted onto thin-layer chromatography
plates and developed. 32P-labeled phosphatidic acid was identified, dried,
scraped from the TLC plate, and counted in a liquid scintillation counter
(Tri-Carb 2500TR; Packard). Total long-chain acyl-CoAs were analyzed by
a sensitive enzymatic recycling assay as described previously (57).

Statistics. Proximal promoter regions were extracted for each gene rep-
resented on the microarray using the May 2006 Mouse Genome Assem-
bly (NCB136) with the method as described previously (58). Analysis was
restricted to the region 2 kb upstream and 500 bp downstream of the tran-
scription start site. In cases where several possible alternative promoters
may be present, analysis was focused on the most 5’ transcription start site.
Motif discovery was performed using a comparative algorithm similar to
those previously described (59-61). Promoters were initially divided into 2
sets: those that were upregulated by PPARy deletion and those that were
present on the array but did not change in response to PPARy deletion. An
exhaustive search for all n-mers (6 < » < 12) was performed, and each n-mer
with up to 2 mismatches was scored for its enrichment in the promoters up
regulated by PPARy deletion using the hypergeometric distribution. The
top 50 n-mers with the lowest P values where then converted into prob-
ability matrices and optimized in a manner similar to that used by Liu
and Liu (61), except that we used the hypergeometric distribution as the
scoring function instead of the MAP score. Statistical differences in mRNA
levels between the genotypes were detected using ANOVA and Wilcoxon
rank-sum analyses as indicated in the figure legends. Differences in blood
glucose values between the genotypes during the GTT were detected using
ANOVA repeated measures. Differences in circulating parameters, tissue
size, GIR, HGP, IS-GDR, insulin signaling molecules, lipid intermediate
levels, muscle 2-DOG uptake, and muscle GFP expression between groups
were detected using ANOVA with Tukey’s post-hoc analysis where appro-
priate. Significance was set at P < 0.05.
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