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Abstract
Aims/hypothesis The aim of this study was to determine the
dependency on peroxisome proliferator-activated receptor-γ
(PPAR-γ) of insulin sensitisation and glucose homeostasis
by thiazolidinediones using a global Ppar-γ (also known as
Pparg)-knockout mouse model.
Methods Global Mox2-Cre-Ppar-γ-knockout (MORE-
PGKO) mice were treated with rosiglitazone and analysed
for insulin sensitivity and glucose metabolism. Metabolic
and hormonal variables were determined. Adipose and other
tissues were measured and analysed for gene expression.
Results Rosiglitazone induced regrowth of fat in female but
not male MORE-PGKO mice, and only in specific depots.
Insulin sensitivity increased but, surprisingly, was not
associated with the typical changes in adipokines, plasma

NEFA or tissue triacylglycerol. However, increases in
alternatively activated macrophage markers, which have
been previously associated with metabolic improvement,
were observed in the regrown fat. Rosiglitazone improved
glucose homeostasis but not insulin sensitivity in male
MORE-PGKO mice, with further increase of insulin
associated with an apparent expansion of pancreatic islets.
Conclusions/interpretation Stimulating fat growth by rosi-
glitazone is sufficient to improve insulin sensitivity in
female mice with 95% PPAR-γ deficiency. This increase in
insulin sensitivity is not likely to be due to changes
typically seen in adipokines or lipids but may involve
changes in macrophage polarisation that occur independent
of PPAR-γ. In contrast, rosiglitazone improves glucose
homeostasis in male mice with similar PPAR-γ deficiency
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by increasing insulin production independent of changes in
adiposity. Further, the insulin-sensitising effect of rosiglita-
zone is dependent on PPAR-γ in this male lipodystrophic
model.
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Abbreviations
BAT Brown adipose tissue
DEXA Dual-energy X-ray absorptiometry
GTT Glucose tolerance test
H&E Haematoxylin and eosin
ITT Insulin tolerance test
KO Knockout
LC Littermate control
M1 Classically activated macrophages
M2 Alternatively activated macrophages
MORE-PGKO Mox2-Cre-Ppar-γ-knockout
PPAR-γ Peroxisome proliferator-activated

receptor-γ
RT-QPCR Reverse transcription quantitative PCR
TZDs Thiazolidinediones

Introduction

Insulin resistance is closely associated with type 2 diabetes,
dyslipidaemia and hypertension. Thiazolidinediones (TZDs),
including rosiglitazone, pioglitazone and troglitazone, can
increase insulin sensitivity, lower blood glucose, decrease
circulating NEFA and triacylglycerol, lower blood pressure
and reduce atherosclerosis and other cardiovascular risks in
insulin-resistant patients and animal models [1]. In 1995, these
TZD drugs were identified as agonists of a nuclear tran-
scription factor, peroxisome proliferator-activated receptor-γ
(PPAR-γ), that has since become a focus of studies on
metabolism and diabetes [2].

Among the major insulin target tissues, PPAR-γ is much
more abundant in adipose tissue than liver and muscle, but
conflicting conclusions have been reached as to the impor-
tance of adipose tissue in the insulin-sensitising effects of
TZDs [3, 4]. Troglitazone specifically improved insulin
sensitivity in lipodystrophic mice that expressed diphtheria
toxin A chain in fat [3]. However, insulin sensitivity in A-
ZIP fatless mice was not improved by rosiglitazone or
troglitazone [4].

PPAR-γ is also produced in abundance in macrophages
[5]. Adipose tissue macrophages have been recognised as
an important link between obesity, inflammation and
insulin resistance [6]. Macrophage polarisation is a critical
process in different pathological conditions such as athero-
sclerosis [7], obesity [8] and insulin resistance [9, 10].

Studies have defined some of these populations, including
classically activated macrophages (M1) that are pro-
inflammatory and a group of alternatively activated macro-
phages (M2) that are more anti-inflammatory [11, 12].
However, there is a spectrum of phenotypes within the
alternatively activated macrophages [11, 13]. PPAR-γ has
emerged as a crucial regulator of macrophage polarisation.
Macrophage-specific PPAR-γ deficiency impairs M2 acti-
vation [14] and causes insulin resistance and glucose
intolerance in mice [14, 15].

One fundamental question is whether TZDs exert all of
their insulin-sensitising effects through PPAR-γ. Cell-type-
specific Ppar-γ (also known as Pparg)-knockout (KO)
studies demonstrated that PPAR-γ in fat, muscle, liver and
macrophage all play important individual roles in the insulin-
sensitising effects of TZDs [15–19]. However, because the
germline Ppar-γ-knockout mice are embryonically lethal and
the whole-body knockout of Ppar-γ2 is mostly restricted to
adipocytes [20], there had been no mouse models to examine
PPAR-γ-independent TZD effects.

The Mox2-Cre-Ppar-γ-knockout (MORE-PGKO) mouse
model we created has generalised PPAR-γ (both -γ1 and
-γ2) deficiency, severe lipodystrophy and insulin resistance
[21]. In this study, we have used this unique model to study
the effects of TZDs on insulin sensitivity and glucose
homeostasis.

Methods

Materials Rosiglitazone chow (0.0015% [wt/wt] rosiglita-
zone) was produced bymixing rosiglitazone with 5001 rodent
chow (Harlan Teklad, Madison, WI, USA). Other reagents
were purchased from Sigma-Aldrich (St Louis, MI, USA),
except where otherwise indicated.

Animals MORE-PGKO and littermate control (LC) mice
were produced as before [21]. Six-month-old MORE-
PGKO mice and LC mice were treated with either regular
chow (5001 rodent chow) or rosiglitazone chow for a
total of 8 weeks. The principles of laboratory animal care
(NIH publication no. 85-23, revised 1985; http://grants1.
nih.gov/grants/olaw/references/phspol.htm) were followed.
All animal protocols were approved by the University
Committee on Use and Care of Animals of the University
of Michigan.

Insulin tolerance test and glucose tolerance test Insulin
tolerance test (ITT) and glucose tolerance test (GTT) were
performed as previously described [21]. Tail blood, 100 μl,
was collected at time point 0 of the ITT for blood profile
analyses. For insulin measurements, 50 μl tail blood was
collected at time point 0 of the GTT.
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Insulin level measurement Plasma insulin levels were
measured with ELISA kits from Crystal Chem (Downers
Grove, IL, USA).

Histological analysis Tissues were fixed in 10% (vol./vol.)
neutral buffered formalin and embedded in paraffin.
Haematoxylin and eosin (H&E) was used to stain 5 μm
sections. The islet size was quantified using NIH ImageJ
1.31V (National Institutes of Health, Bethesda, MD, USA)
and expressed as the ratio of islet area to the total pancreatic
area. The adipocyte size and subcutaneous fat thickness
were also quantified using NIH ImageJ 1.31V. At least 100
adipocytes from each sample were measured.

Western blot analysis Total protein was subjected to
electrophoresis and transferred to polyvinylidene fluoride
(PVDF) membranes as described before [22, 23]. Mem-
branes were incubated with primary antibodies followed by
incubation in secondary antisera conjugated with horserad-
ish peroxidase. Detection and quantification were done as
before [22]. The primary antibodies against phospho-AKT
(p-AKT, serine 473) and total AKT were purchased from
Cell Signaling Technology (Danvers, MA, USA).

Fat mass estimation The ratio of fat mass to total mass was
evaluated with dual energy x-ray absorptiometry (DEXA;
Norland Medical Systems, Lake Forest, CA, USA) scanning.
Dissection photographs were taken using digital camera and
histological (see above) analyses of adipose tissue were
performed to visualise the fat mass. Epididymal fat pads,
periuterine fat pads, and interscapular brown adipose tissue
(BAT) were weighed. The ratios of these fat pad weights to
body weights were calculated.

Isolation of peritoneal macrophages Both LC and MORE-
PGKO mice were injected with 1 ml of 3% (wt/vol.)
thioglycollate peritoneally [15]. Three days after the injec-
tions, peritoneal macrophages were harvested by washing
the peritoneum with 3 ml of sterile PBS three times. Cells
were spun down and frozen in −80°C for RNA analysis.

Gene expression analysis RNAwas isolated from tissues or
cells using RNeasy kit (Qiagen, Valencia, CA, USA) and gene
expression was assayed using reverse transcription quantita-
tive PCR (RT-QPCR). SYBR green was used to detect PCR
product and β-actin was used as an endogenous control.

Southern blot Genomic DNA was digested with BamHI,
separated by electrophoresis, transferred to nylon mem-
brane and hybridised with a 32P-labelled DNA probe
derived from the PPAR-γ gene (3′-probe) as described
before [21, 23, 24]. Band density was analysed using
Quantity One software (Bio-Rad Laboratories, Hercules,

CA, USA). The percentage of null allele (null%) was
calculated by dividing band density of null allele by total
band density of null and floxed allele.

Statistics The results were presented as mean ± SE and
analysed using Prism (GraphPad Software, San Diego, CA,
USA). Statistical comparisons between groups were per-
formed by Student’s t test unless all the values in one group
were zero, in which case Fisher’s exact test was used. The
curves were compared by two-way ANOVA and Bonferroni
post-tests. Groups were considered significantly different
if p values were ≤0.05.

Results

Rosiglitazone improves insulin sensitivity in female
MORE-PGKO mice Consistent with our previous data [21],
female MORE-PGKO mice have severe insulin resistance at
baseline, demonstrated by impaired ITT and elevated fed
plasma insulin (Fig. 1a,b). After 8 weeks of rosiglitazone
treatment, the ITT of female MORE-PGKO mice was
significantly improved (Fig. 1a) and the fed plasma insulin
was significantly decreased (Fig. 1b), showing significant
improvement of insulin sensitivity. This decrease of plasma
insulin was observed as early as after 4 weeks of treat-
ment in female MORE-PGKO mice 2:46� 105 � 0:63�ð
105pmol=lÞ.

As previously reported, the female MORE-PGKO mice
were not diabetic and the GTT showed enhanced glucose
tolerance compared with LC mice (Fig. 1c,d), and they had
higher insulin levels than LC mice during GTT (Fig. 1e).
Rosiglitazone further improved GTT in female MORE-
PGKO mice (Fig. 1c), probably because of high insulin
levels (Fig. 1e) and improved insulin sensitivity (Fig. 1a).
The fed blood glucose was not affected significantly by
rosiglitazone in female mice (Fig. 1d).

Data presented in the Electronic supplementary material
(ESM 1) show that rosiglitazone slightly increased plasma
leptin and adiponectin in female MORE-PGKO mice (ESM
Fig. 1a,b). Expression of retinol binding protein 4 (Rbp4) in
periuterine fat was not affected by rosiglitazone (ESM
Fig. 1c). The level of plasma triacylglycerol decreased but
NEFA did not change (ESM Fig. 2). Rosiglitazone caused
liver steatosis in both male and female MORE-PGKO mice
(ESM Fig. 3). Triacylglycerol levels were not changed in
muscle and were increased in the livers of both sexes by
rosiglitazone (ESM Fig. 4). Plasma 17β-oestradiol was
decreased by rosiglitazone in LC mice and was lower in
MORE-PGKO mice at baseline (ESM Fig. 5).

Rosiglitazone improves glucose homeostasis in male
MORE-PGKO mice Male MORE-PGKO mice also have
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severe insulin resistance at baseline, with an impaired ITT
and elevated fed plasma insulin [21]. After 8 weeks of
rosiglitazone treatment, the ITT of male MORE-PGKO
mice was not significantly changed (Fig. 2a) and the fed
plasma insulin was further increased (Fig. 2b). The male
MORE-PGKO mice were diabetic, with significantly
impaired GTT and elevated fed blood glucose at baseline
(Fig. 2c,d). Although both male and female MORE-PGKO
mice had significantly higher insulin levels than their LC
counterparts, male MORE-PGKO mice had lower levels
than females (Figs 1b, 2b), suggesting the beginning of beta
cell failure in the males. After 8 weeks of rosiglitazone
treatment, the GTT of male MORE-PGKO mice was
normalised and the fed blood glucose was significantly
decreased (Fig. 2c,d), demonstrating significant improve-
ment in glucose homeostasis. Further, rosiglitazone signif-
icantly increased insulin levels of male MORE-PGKO mice
during GTT (Fig. 2e).

Rosiglitazone increases islet mass in male but not female
MORE-PGKO mice Reflecting insulin sensitivity, the pan-
creatic islets were enlarged in both male and female MORE-
PGKOmice at baseline (Fig. 3). After rosiglitazone treatment,
the islet mass was further increased significantly in the male
but not the female MORE-PGKO mice (Fig. 3), indicating
the preservation of beta cell function in the males.

Rosiglitazone increases AKT phosphorylation in female but
not male MORE-PGKO mice AKT activation by phosphor-
ylation is a key step in the insulin signalling pathway [25].
In parallel with the whole-body physiological study of
insulin sensitivity and glucose homeostasis, we studied
AKT serine phosphorylation in skeletal muscle, liver and
fat. In skeletal muscle, rosiglitazone did not significantly
change the AKT phosphorylation in male MORE-PGKO
mice (ESM Fig. 6a,b), but it increased the phosphorylation
more than threefold in female MORE-PGKO mice (Fig. 4a,
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Fig. 1 Rosiglitazone improves insulin sensitivity in female MORE-
PGKO mice. Results for female LC and MORE-PGKO mice (n=8 for
each group) before and after 8 weeks of rosiglitazone treatment: a ITT
(two-way ANOVA: LC vs LC+Rosi, NS; KO vs LC, p<0.0001; KO
vs KO+Rosi, p<0.0001); b fed plasma insulin levels (LC vs KO, p<
0.0001; KO vs KO+Rosi, p=0.0002; LC vs LC+Rosi, NS); c GTT
(two-way ANOVA: LC vs LC+Rosi, NS; KO vs LC, p=0.0002; KO
vs KO+Rosi, p=0.0002); d fed blood glucose levels (LC vs LC+

Rosi, NS; LC vs KO, NS; KO vs KO+Rosi, NS); and e fasting insulin
levels (two-way ANOVA: LC vs LC+Rosi, NS; KO vs LC, p<
0.0001; KO vs KO+Rosi, NS). Bonferroni post-tests: *p<0.05 KO vs
LC; **p<0.01 KO vs LC; ***p<0.001 KO vs LC; †p<0.05 KO vs
KO+Rosi; ††p<0.01 KO vs KO+Rosi; †††p<0.001 KO vs KO+Rosi.
Rosi, rosiglitazone chow. LC, black squares; LC+Rosi, black
triangles; KO, white squares; KO+Rosi, white triangles
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b). Similarly, rosiglitazone treatment only increased AKT
phosphorylation significantly in female but not male MORE-
PGKO mouse livers (Fig. 4c,d; ESM Fig. 6c,d). AKT
phosphorylation was significantly reduced in the periuterine
fat of female MORE-PGKO mice, probably contributing to
the impaired insulin sensitivity, while rosiglitazone signifi-
cantly increased AKT phosphorylation in this fat depot
(Fig. 4e,f).

Rosiglitazone stimulates fat growth in female but not male
MORE-PGKO mice Fat transplantation can rescue the
lipodystrophy and insulin resistance in A-ZIP mice [26, 27].
We found that female MORE-PGKO mice grew a significant
amount of fat with the stimulation of rosiglitazone but males
did not, suggesting that this was the critical difference in
determining the insulin-sensitising response. After rosiglita-
zone treatment, the ratio of fat mass to total mass was
significantly increased in female MORE-PGKO mice but not

in male mice (Fig. 5a). This increase in fat mass was also
observed after 4 weeks of treatment in female MORE-PGKO
mice (11.29%±1.78%). The representative dissection photo-
graphs and ratios of fat pad weight to body weight
demonstrated the lipodystrophy in both male and female
MORE-PGKO mice (Fig. 5b–e). Rosiglitazone greatly
increased the size of the periuterine and interscapular fat
pads in female MORE-PGKO mice, but in male MORE-
PGKO mice no epididymal or interscapular fat pads were
found either with or without rosiglitazone (Fig. 5b–e, and
data not shown).

The histological results showed that the periuterine
adipocyte size of female MORE-PGKO mice was signifi-
cantly greater than that of LC mice at baseline (Fig. 6a,b),
consistent with the fat-specific Ppar-γ-knockout mouse
model [16]. Rosiglitazone further increased the adipocyte
size significantly in female MORE-PGKO mice while it
decreased the size in LC mice (Fig. 6a,b). A similar
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Fig. 2 Rosiglitazone improves glucose homeostasis in male MORE-
PGKO mice. Results for male LC and MORE-PGKO mice before and
after 8 weeks of rosiglitazone treatment: a ITT (two-way ANOVA: LC
vs LC+Rosi, NS; KO vs LC, p<0.0001; KO vs KO+Rosi, NS), b fed
plasma insulin levels (LC vs KO, p<0.0001; KO vs KO+Rosi, p=
0.046; LC vs LC+Rosi, NS), c GTT (two-way ANOVA: LC vs LC+
Rosi, NS; KO vs LC, p=0.0002; KO vs KO+Rosi, p=0.0002), d fed
blood glucose levels (LC vs LC+Rosi, NS; LC vs KO, p<0.0001; KO

vs KO+Rosi, p=0.0075), and e fasting insulin levels (two-way
ANOVA: LC vs LC+Rosi, NS; KO vs LC, p=0.0075; KO vs KO+
Rosi, p<0.0001). n=8 for each group. Bonferroni post-tests: *p<0.05
KO vs LC, **p<0.01 KO vs LC, ***p<0.001 KO vs LC, †p<0.05
KO vs KO+Rosi, ††p<0.01 KO vs KO+Rosi, †††p<0.001 KO vs KO+
Rosi. Rosi, rosiglitazone chow. LC, black squares; LC+Rosi, black
triangles; KO, white squares; KO+Rosi, white triangles
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decrease of adipocyte size in wild-type mice was reported
by others [28, 29]. Histologically, no interscapular fat was
found in female MORE-PGKO mice at baseline (Fig. 6c).
The regrown fat in this depot after the stimulation by
rosiglitazone did not have the typical characteristics of BAT
(Fig. 6c). Instead, it was characteristic of white adipose
tissue. The expression of uncoupling protein 1 (Ucp1), the
gene that is characteristically expressed in BAT [30], in the
regrown interscapular fat was only 2% of that in BAT from
LC mice, further indicating its non-BAT nature (Fig. 6d).
No subcutaneous fat was detected by histology in MORE-
PGKO mice at baseline; rosiglitazone stimulated the
growth of this fat depot in female MORE-PGKO mice
(Fig. 6e–g), but not males (data not shown). In the LC
mice, rosiglitazone increased the thickness of the sub-
cutaneous layer (Fig. 6f) but decreased the adipocyte size
(Fig. 6g), which is consistent with previous reports [28,
31]. Rosiglitazone did not significantly change the body
weights of either MORE-PGKO mice or LC mice (ESM
Table 1). In addition, male MORE-PGKO mice were
hyperphagic compared with their LC counterparts (0.22±

0.04 vs 0.15±0.005 g day−1 body weight−1; p=0.032).
However, female MORE-PGKO mice were not (0.15±0.01
vs 0.14±0.005 day−1 body weight−1; p=0.32).

Taken together, rosiglitazone stimulated white fat growth
in female but not maleMORE-PGKOmice in specific depots:
periuterine, interscapular and subcutaneous. The other depots,
including perirenal, periovarian and mesenteric fat, were not
changed by rosiglitazone. Data in the ESM showed that
expression of oestrogen receptorα (Erα, also known as Esr1)
was increased by rosiglitazone in both LC and MORE-
PGKO periuterine fat, but that of Erβ (also known as Esr2)
was not significantly affected (ESM Fig. 5).

Rosiglitazone does not change the percentage of inactivated
Ppar-γ allele in adipose tissue of female MORE-PGKO
mice Previous reports have shown that PPAR-γ is required
for adipogenesis [24, 32, 33]. TZDs decrease PPAR-γ
production in 3T3-L1 adipocytes [34]. The effect of TZDs
on adipocyte PPAR-γ production in vivo is unknown. As
we discussed before [21], the residual ∼5% unrecombined
allele in female MORE-PGKO mouse periuterine fat was
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Fig. 3 Rosiglitazone increases
islet mass in male but not female
MORE-PGKO mice. a Repre-
sentative H&E staining of
pancreases from female LC and
MORE-PGKO mice without or
with 8 weeks of rosiglitazone
treatment. The asterisks indicate
islets. The bars indicate 100 µm.
b Quantification of islet mass of
female LC and MORE-PGKO
mice without (−) or with (+)
8 weeks of rosiglitazone treat-
ment (LC vs LC+Rosi, NS; KO
vs LC, p=0.0078; KO vs KO+
Rosi, NS; n=8 for each group).
c Representative H&E staining
of pancreases from male LC and
MORE-PGKO mice without or
with 8 weeks of rosiglitazone
treatment. The bars indicate
100 µm. d Quantification of
islet mass of male LC and
MORE-PGKO mice without
(−) or with (+) 8 weeks of
rosiglitazone treatment (LC vs
LC+Rosi, NS; KO vs LC,
p=0.0015; KO vs KO+Rosi,
p=0.002; n=8 for each group).
Chow, 5001 rodent chow; Rosi,
rosiglitazone chow
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most probably from the adipocytes that escaped the
recombination event (Fig. 7a). After rosiglitazone treat-
ment, the percentage of the unrecombined allele remained
∼5% (Fig. 7a), suggesting the number of PPAR-γ-positive
cells was not changed. RT-QPCR results showed that
rosiglitazone did not significantly change Ppar-γ expres-
sion in periuterine fat of LC or MORE-PGKO mice
(Fig. 7b).

Rosiglitazone increases M2 marker production in adipose
tissue of female MORE-PGKO mice PPAR-γ activation not
only inhibits M1 activation but also promotes M2 activation
in inflammatory models [35]. Conversely, macrophage-
specific PPAR-γ deficiency leads to insulin resistance [15]
and the likely underlying mechanism is impaired M2
activation [14]. Moreover, macrophage polarisation towards
M2 protects mice from obesity-induced insulin resistance
[9, 10].

To address whether macrophages play a role in the insulin-
sensitising effects of rosiglitazone in female MORE-PGKO
mice, we used RT-QPCR to measure markers of M1 and
M2 in periuterine fat. Gene expression of Cd68, a macro-
phage marker [14], was elevated in MORE-PGKO fat at
baseline and was more dramatically increased by rosiglita-
zone (Fig. 8a). Rosiglitazone did not significantly change the
expression of M1 markers [11, 12] including tumour necrosis
factor-α (Tnfα [also known as Tnf]), interleukin 1-β (Il1β

[also known as Il1b]) and Il12b, except for regulated upon
activation normal T cell expressed and secreted (Rantes [also
known as Ccl5]), which was decreased in MORE-PGKO fat
with treatment (Fig. 8b–e). In contrast, rosiglitazone dramat-
ically increased the expression of a set of M2 markers [11,
12] including arginase 1 (Arg1), found in inflammatory zone
1 (Fizz1 [also known as Retnla]), IL1 receptor antagonist
(Il1ra [also known as Il1rn]) and macrophage scavenger
receptor A (Sra [also known as Sra1]); the expression of other
M2 markers [12, 35], including Cd36, Il10 and mannose
receptor, was not significantly affected by rosiglitazone
(Fig. 8f–m).

Although we have shown ∼95% knockout of Ppar-γ in
MORE-PGKO periuterine fat (Fig. 7), it is not clear what
the expression level of Ppar-γ is in macrophages. RT-
QPCR results demonstrated ∼98% reduction of Ppar-γ
expression in MORE-PGKO peritoneal macrophages com-
pared with LC (Fig. 8n).

Discussion

TZDs decrease blood glucose by increasing insulin sensitivity
in type 2 diabetic patients and animal models [1]. However,
the exact mechanisms remain unclear at two levels at least.
First, is adipose tissue required for the insulin-sensitising
effects of TZDs? Second, is PPARγ required for all of the

db

a c

Rosi

Skeletal muscle

LC
– +

KO
– +

LC
– +

KO
– +

LC
– +

KO
– +

Liver

f

e

Actin (43 kDa)

p-Akt (60 kDa)

Akt (60 kDa)

Periuterine fat

0

1

2

3

4

Rosi – +

LC

– +

KO
Rosi – +

LC

– +

KO
Rosi – +

LC

– +

KO

p-
A

kt
/a

ct
in

 
(f

ol
d 

ch
an

ge
)

0

1

2

3

4

p-
A

kt
/a

ct
in

 
(f

ol
d 

ch
an

ge
)

0

1

2

3

4

p-
A

kt
/a

ct
in

 
(f

ol
d 

ch
an

ge
)

Fig. 4 Rosiglitazone increases AKT phosphorylation in female
MORE-PGKO mice. a Representative western blots of phosphorylat-
ed AKT (p-AKT) and total AKT of skeletal muscle from female LC
and MORE-PGKO mice without (−) or with (+) 8 weeks of
rosiglitazone treatment. Actin was used as a loading control. b
Quantification of p-AKT over actin in skeletal muscle of female LC
and MORE-PGKO mice (LC vs LC+Rosi, NS; KO vs LC, NS; KO vs
KO+Rosi, p=0.003; n=8 for each group). c Representative western

blots of p-AKT and total AKT in liver. d Quantification of p-AKT
over actin in liver (LC vs LC+Rosi, NS; KO vs LC, NS; KO vs KO+
Rosi, p=0.011; n=8 for each group). e Representative western blots of
p-AKT and total AKT in periuterine fat. f Quantification of p-AKT
over actin in periuterine fat (LC vs LC+Rosi, NS; KO vs LC, p=
0.027; KO vs KO+Rosi, p=0.032; n=8 for each group). Rosi,
rosiglitazone chow

Diabetologia (2010) 53:1493–1505 1499



TZD effects observed? We used the generalised Ppar-γ-
knockout mice, which lack at least 95% PPAR-γ in all tissues
and are lipodystrophic, to investigate these two questions.

PPAR-γ, TZDs, insulin sensitivity and glucose homeostasis
Rosiglitazone improved insulin sensitivity in female but
not male MORE-PGKO mice. However, rosiglitazone
improved the glucose tolerance and decreased blood
glucose levels in male MORE-PGKO mice. Because the
insulin sensitivity in males was not improved, the improve-
ment of glucose homeostasis is most likely due to the higher
plasma insulin levels in these mice. Similar to the results at
baseline, the female MORE-PGKO mice were more glucose

tolerant than the LC mice after rosiglitazone treatment.
Again, the higher insulin levels during GTT would account
for this. And the insulin sensitivity increase would account
for the further increase in glucose tolerance in female
MORE-PGKOmice after rosiglitazone treatment. It is worth
mentioning that before treatment the male MORE-PGKO
mice were diabetic but the females were not, even though
both sexes had severe insulin resistance. This difference in
glucose homeostasis between sexes might at least partially
account for the difference in insulin sensitisation response to
rosiglitazone.

Consistent with the insulin-sensitising effect in female
but not male MORE-PGKO mice, AKT phosphorylation
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Fig. 6 Rosiglitazone increases adiposity in specific depots in female
MORE-PGKO mice. a Representative H&E staining of periuterine fat
from female LC and MORE-PGKO mice without or with weeks of
rosiglitazone treatment. The bars indicate 100 µm. b Quantification of
adipocyte size of periuterine fat from female LC and MORE-PGKO
mice. LC vs LC+Rosi, p<0.0001; KO vs LC, p<0.0001; KO vs KO+
Rosi, p<0.0001; n=8 for each group. At least 100 adipocytes from
each sample were measured. c Representative H&E staining of
interscapular fat from female LC and MORE-PGKO mice without or
with rosiglitazone treatment. d RT-QPCR results of Ucp1 expression
levels of interscapular fat from female LC and MORE-PGKO mice.
The mRNA levels were normalised to β-actin. LC vs LC+Rosi, NS;

LC vs KO+Rosi, p=0.0044; n=8 for each group. Data for KO not
available due to lack of interscapular fat in MORE-PGKO mice at
baseline. e Representative H&E staining of subcutaneous fat from
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was elevated in all major insulin target tissues (muscle,
liver and fat) of female but not male MORE-PGKO mice
by rosiglitazone. These data suggest these insulin target
tissues all have increased insulin sensitivity despite the
marked deficiency of PPAR-γ. The regrowth of fat is most
probably responsible for the increased insulin sensitivity.
The lack of insulin-sensitising effects in male MORE-
PGKO mice suggests that such effects of rosiglitazone are
dependent on PPAR-γ in this lipodystrophic model. We
further explored the phosphorylation of a possible mediator,
AMPK, and found no significant changes in MORE-PGKO
tissues by rosiglitazone (ESM Fig. 7). As discussed in the
ESM 1, the changes in leptin, adiponectin, retinol-binding
protein 4, NEFA or triacylglycerol do not explain the
changes in insulin sensitivity.

PPAR-γ, TZDs and islet mass MORE-PGKO mice have
greater islet mass than LC mice at baseline, and this effect is
even greater than that in islet-specific Ppar-γ-knockout mice,
most likely because the latter lack insulin resistance and
lipodystrophy [36]. TZDs have been reported to preserve
islet structure and function in obese mice and rats [37, 38].

The effects of TZDs on islet mass and function in lipo-
dystrophicmodels have not beenwell studied. In rosiglitazone-
treated MORE-PGKO mice, the islet mass in the females was
unchanged while the plasma insulin levels dropped, probably
resulting from the increased insulin sensitivity. However, the

islet mass in the male mice further increased and this was
accompanied by the further increased plasma insulin levels.
Rosiglitazone may have preserved islet function resulting in
higher insulin levels in male MORE-PGKO mice.

Depot-specific fat growth by TZD stimulation Rosiglita-
zone also stimulated fat growth only in the female MORE-
PGKO mice. Oestrogens but not androgens have the
capability to induce proliferation and differentiation of pre-
adipocytes [39]. Further, these effects are depot specific:
generally pre-adipocytes from a subcutaneous fat depot are
more responsive than those from abdominal fat [39], mostly
consistent with our observations. Pre-adipocytes from the
subcutaneous fat depot can be induced to differentiate by
TZDs, but those from the omental fat depot are refractory
[40]. More recently, it has been shown that fat depots,
particularly intra-abdominal fat, from female mice are more
insulin sensitive than those frommales and that sex hormones
play a central role [41]. These data imply that fat growth and
insulin sensitisation by TZD in MORE-PGKO mice are
likely to be related to sex hormones. Although TZD was
effective in stimulating not only subcutaneous fat growth
but also the growth of interscapular and periuterine fat, in
female MORE-PGKO mice the other visceral depots—
including mesenteric fat, perirenal and periovarian fat—did
not grow, suggesting different TZD responsiveness of
visceral fat depots. The mechanisms responsible for the
different responses in periuterine compared with other
visceral fat depots need further investigation. The increases
of ERα in periuterine fat by rosiglitazone may contribute to
adipogenesis and ultimately insulin sensitisation.

TZDs cause weight gain in humans. However, the effects
of TZDs on body weight and adiposity in animals are not
consistent. Pioglitazone increased body weight and adiposity
in obese rats [42], but troglitazone did not [43]. In wild-type
animals, body weight and adiposity were either increased or
not affected by TZDs [37, 43, 44]. TZDs can either increase
[19] or decrease white adipose tissue (WAT) weight [45] in
wild-type mice. In lipodystrophic mice, TZDs did not affect
body weight or adiposity [46]. These apparent inconsis-
tencies probably reflect, at least in part, differences in
genetic background and age. Our data showed that
rosiglitazone did not affect the total adiposity and WAT
weight of LC mice. BAT weights were increased by
rosiglitazone in LC mice, consistent with a previous report
[45]. Our data on body weight are consistent with those
from the A-ZIP lipodystrophic mice [46].

PPAR-γ, TZDs, adipocyte size and insulin sensitivity TZDs
decrease adipocyte size in obese and wild-type rats and mice
and this decrease is thought to be part of the mechanisms of
the insulin-sensitising effects of TZDs [28, 29, 42, 43]. Fat-
specific deletion of Ppar-γ in mice causes hypertrophy of
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Fig. 7 Rosiglitazone does not change Ppar-γ-null allele population in
periuterine fat of female MORE-PGKO mice. a Representative
Southern blot results of periuterine fat from female LC and MORE-
PGKO mice without or with 8 weeks of rosiglitazone treatment. The
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The Cre-recombined null allele is 8 kb. b RT-QPCR results of Ppar-γ
expression levels in periuterine fat from female LC and MORE-PGKO
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adipocytes [16]. Similarly, the MORE-PGKO female mice
have hypertrophic adipocytes. The size of adipocytes was
further increased by rosiglitazone treatment while the
insulin sensitivity was improved, which is contrary to the
dogma that TZDs increase insulin sensitivity by, at least in
part, decreasing adipocyte size. However, most of the
studies that link the insulin-sensitising effects of TZDs to
decreased adipocyte size were performed in obese animal
models [29, 42, 43] and similar experiments in lipody-
strophic models have not been reported. It is clear that
when lipodystrophic mice are given fat transplantation their
insulin sensitivity improves [26, 27]. Under lipodystrophic
conditions, the fat mass might be a more important factor
than adipocyte size for affecting insulin sensitivity.

TZDs and PPAR-γ expression in adipose tissue PPAR-γ is
required for adipogenesis in vivo [24, 32, 33]. TZDs decrease
Ppar-γ expression in mature adipocytes in vitro [34]. Our
data demonstrate that rosiglitazone does not change

Ppar-γ expression in adipose tissue in vivo. Neither does
rosiglitazone change the proportion of unrecombined
allele in MORE-PGKO adipose tissue. It remains unclear
whether the regrowth of fat is independent of PPAR-γ
because of the difficulty of staining for nuclear PPAR-γ
and unambiguously determining whether the adipocytes
are PPAR-γ positive. Therefore, it remains uncertain
whether fat could have arisen from a few stem cells that
escaped recombination.

PPAR-γ, TZDs, macrophage polarisation and insulin
resistance Macrophage polarisation is increasingly appreci-
ated as an important mechanism in regulating insulin sensi-
tivity [6]. PPAR-γ is an important regulator of macrophage
polarisation. PPAR-γ agonists promote M2 differentiation of
human monocytes and PPAR-γ antagonists inhibit this effect
[7]. Further, rosiglitazone stimulates M2 macrophage infil-
tration into adipose tissue, which improves insulin sensitivity
in an obese mouse model [47].
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Fig. 8 Rosiglitazone increases alternatively activated macrophages in
periuterine fat of female MORE-PGKO mice. a RT-QPCR results of
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Our data suggest that rosiglitazone increases M2 macro-
phages and this may be associated with its effects on insulin
sensitisation and fat expansion in the lipodystrophic
MORE-PGKO mice. Future studies will determine whether
the increase of M2 in adipose tissue is due to more
recruitment or more shift from M1. In addition, M2
activation by rosiglitazone may occur in macrophages that
lack PPAR-γ, suggesting that PPAR-γ is not required.
Although PPAR-δ can be activated by TZDs in macro-
phages, in vitro data suggest that it does not mediate the
effects of rosiglitazone in M2 activation (ESM Fig. 8).

Possible mechanisms for non-PPAR-γ effects of TZDs
Rosiglitazone induced fat growth, macrophage polarisation
and insulin sensitisation in female MORE-PGKO mice,
suggesting that these effects might be independent of
PPAR-γ. TZDs have been shown to promote growth of
bronchial epithelial cells independent of PPAR-γ, instead,
through GPR40, a G-protein-coupled receptor [48]. GPR40
can also act as a mediator for the rosiglitazone effects in
female MORE-PGKO mice. In addition, TZDs can work
through affecting the ERα pathway in cancer cells [49].
Such a mechanism may work in our MORE-PGKO model
as well. In fact, our data demonstrated that rosiglitazone
increased the expression of Erα in periuterine fat. Another
possibility is that rosiglitazone binds to mitochondrial
protein ‘mitoNEET’ to have its effects. Pioglitazone has
been shown to bind to mitoNEET [50]. Future studies will
explore these possibilities.

In summary, the stimulation of fat growth by rosiglita-
zone in female mice is sufficient to improve insulin
sensitivity when 95% of PPAR-γ is deleted. This improve-
ment of insulin sensitivity is not likely to be due to changes
in adipokines or lipids. Instead, it may be related to the
increase in M2 macrophages in adipose tissue by rosigli-
tazone that occurs independent of PPAR-γ. In contrast,
rosiglitazone improves glucose homeostasis in male mice
by increasing insulin production independent of changes in
insulin sensitivity or adiposity.
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