
Abstract

Aim/hypothesis. The aim of this study was to examine
the effects of thiazolidinediones on the MKR mouse
model of type 2 diabetes.
Methods. Six-week-old wild-type (WT) and MKR mice
were fed with or without rosiglitazone or pioglitazone
for 3 weeks. Blood was collected from the tail vein for
serum biochemistry analysis. Hyperinsulinaemic–eug-
lycaemic clamp analysis was performed to study effects
of thiazolidinediones on insulin sensitivity of tissues in
MKR mice. Northern blot analysis was performed to
measure levels of target genes of PPAR γ agonists in
white adipose tissue and hepatic gluconeogenic genes.
Results. Thiazolidinedione treatment of MKR mice sig-
nificantly lowered serum lipid levels and increased serum
adiponectin levels but did not affect levels of blood glu-
cose and serum insulin. Hyperinsulinaemic–euglycaemic
clamp showed that whole-body insulin sensitivity and

glucose homeostasis failed to improve in MKR mice af-
ter rosiglitazone treatment. Insulin suppression of hepatic
endogenous glucose production failed to improve in
MKR mice following rosiglitazone treatment. This lack
of change in hepatic insulin insensitivity was associated
with no change in the ratio of HMW : total adiponectin,
hepatic triglyceride content, and sustained hepatic expres-
sion of PPAR γ and stearoyl-CoA desaturase 1 mRNA.
Interestingly, rosiglitazone markedly enhanced glucose
uptake by white adipose tissue with a parallel increase in
CD36, aP2 and GLUT4 gene expression.
Conclusions/interpretation. These data suggest that
potentiation of insulin action on tissues other than adi-
pose tissue is required to mediate the antidiabetic ef-
fects of thiazolidinediones in our MKR diabetic mice.
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Introduction

Impaired insulin action on skeletal muscle glucose up-
take, adipocyte lipolysis and suppression of endoge-
nous glucose production are typical characteristics of
type 2 diabetic subjects. Both insulin resistance and
impaired beta cell function lead to the development of
this disorder.

Thiazolidinediones (TZDs), agonists for peroxi-
some proliferator-activated receptor (PPAR) γ, are
commonly used as antidiabetic agents and improve
hyperglycaemia by enhancing insulin sensitivity at the
target tissues [1, 2, 3]. TZDs lower circulating and tis-
sue lipid (triglyceride and NEFA) levels, improve glu-
cose uptake and utilization by muscle, and reduce 
hepatic glucose production [4, 5, 6, 7, 8]. TZDs stimu-



late adipocyte differentiation [9] and induce the for-
mation of small adipose cells that are more sensitive
to insulin than large adipose cells [10]. Both the redis-
tribution of NEFAs and triglyceride to adipocytes
from peripheral tissues and regulation of adipocyte-re-
leasing factors have been suggested to be involved in
the indirect effects of TZDs on improvement of insu-
lin action on liver and skeletal muscle [11]. TZD treat-
ment in A-ZIP/F-1 mice improved insulin sensitivity
in muscle by reducing lipid levels but insulin sensitiv-
ity deteriorated in the liver in association with in-
creased lipid content [12]. However, TZDs may have
direct effects on muscle cells in vitro as demonstrated
by increased glucose uptake of cultured L6 muscle
cells [13]. TZDs improved glucose and lipid profiles
in lipoatrophic patients and mice [14, 15], suggesting
direct effects of TZDs on liver and skeletal muscle in
vivo.

We have developed a type 2 diabetic mouse model
by overexpressing a dominant-negative IGF-1 recep-
tor (IGF-1R) in skeletal muscle (MKR mice) [16].
These mice showed impaired insulin and IGF-1 recep-
tor signalling pathways in skeletal muscle due to hy-
brid formation of the mutated IGF-1R with the endog-
enous IGF-1 and insulin receptors. This defect in skel-
etal muscle resulted in insulin resistance in adipose
tissue and liver, beta cell dysfunction and hypergly-
caemia, leading eventually to type 2 diabetes. Signifi-
cantly elevated serum lipids (NEFA and triglycerides)
and increased lipid content in liver and muscle were
associated with the development of the severe insulin
resistance and appearance of diabetes in MKR mice
[17].

Skeletal muscle is responsible for ~80% of insulin-
stimulated whole-body glucose uptake during the hy-
perinsulinaemic–euglycaemic clamp in humans [18].
Thus, improved insulin sensitivity in skeletal muscle
is considered to account for enhanced whole-body
glucose disposal with TZD treatment [2]. TZDs en-
hanced insulin sensitivity in skeletal muscle by poten-
tiation of insulin receptor signalling in Zucker obese
rat and type 2 diabetic subjects as well as in cultured
skeletal muscle cells [19, 20, 21]. However, in vivo
physiological relevance of potentiation of insulin ac-
tion on skeletal muscle in the effects of TZDs has not
been fully evaluated. Muscle-specific PPAR γ knock-
out mice retained intact insulin action on skeletal mus-
cle and improved diet-induced hyperinsulinaemia in
response to TZD treatment, indicating that skeletal
muscle PPAR γ is not necessary for the antidiabetic
effect of TZDs [22]. In contrast, another recent study
reported an important role of the muscle PPAR γ in
the insulin resistance and the antidiabetic action of
TZDs [23].

In this study, we treated MKR mice with PPAR γ
agonists, rosiglitazone and pioglitazone, to clarify the
significance of insulin action on skeletal muscle in the
antidiabetic effects of TZDs. Our data suggest that im-

proved lipid profiles and insulin action on adipose 
tissue with PPAR γ activation were not sufficient to
reduce the hyperglycaemia in MKR mice that main-
tain defective insulin signalling pathways in skeletal
muscle.

Methods

Animals. The generation and characterization of MKR mice
have been previously described [16]. Homozygous MKR male
mice (FVB/N background) used for the current study were
subjected to Southern blot analysis for genotyping as described
before [16]. Six-week-old male wild-type (WT) and MKR
mice were fed powder-type diets (AIN-93G [Dyets, Bethlehem,
Pa., USA]) with or without rosiglitazone (12 mg/kg diet) or 
pioglitazone (80 mg/kg diet) for 3 weeks. Both rosiglitazone
and pioglitazone treatments were mixed with the powder-type
diet using a coffee grinder. C57BL/6J-lepob/ob male mice were
obtained from the Jackson Laboratory (Bar Harbor, Me.,
USA). Mice were maintained on a 12-h light/dark cycle and all
experiments were performed in agreement with National Insti-
tutes of Health guidelines and with the approval of the Animal
Care and Use Committee of the National Institute of Diabetes
and Digestive and Kidney Diseases. All mice were killed after
anaesthesia using 2.5% Avertin at 15–17 µl/g body weight in
the non-fasting state between 10.00 hours and noon. Blood was
collected from the tail vein and a Glucometer (One Touch II;
LifeScan, Milpitas, Calif., USA) was used to measure glucose
levels in the non-fasting state. Tissues were collected and im-
mediately frozen in liquid nitrogen for RNA and protein ex-
traction and measurement of tissue triglyceride levels.

Serum analysis. Serum was obtained from the tail vein be-
tween 10.00 hours and 12.00 hours in the non-fasting state. 
Serum NEFA and triglyceride levels were measured using a
Fatty acid assay kit (Roche, Indianapolis, Ind., USA) and
GPO-Trinder kit (Sigma, St. Louis, Mo., USA), respectively.
Serum insulin levels were determined using a radioimmunoas-
say kit (Linco Research, St. Charles, Mo., USA). Distribution
of the size of serum adiponectin was measured as described
previously [24].

Hyperinsulinaemic–euglycaemic clamp. The hyperinsuli-
naemic–euglycaemic clamp was performed based on the proto-
col developed by Kim et al. [25]. Wild-type and MKR mice
were treated or not treated with rosiglitazone for 3 weeks.
Then, mice were anaesthetised with ketamine (100 mg/kg) and
xylazine (10 mg/kg). A Silastic catheter (inside diameter
0.30 mm, outside diameter 0.64 mm; Dow Corning, Midland,
Mich., USA) filled with heparin solution (100 USPU/ml in
0.9% NaCl) was inserted via a right lateral neck incision and
advanced into the superior vena cava via the right internal jug-
ular vein. The catheter was sutured into place according to the
procedure of MacLeod and Shapiro [26]. The distal end of the
catheter was knotted, tunnelled subcutaneously, exteriorised
first at the dorsal cervical midline, and then further tunnelled
subcutaneously and exteriorised in the dorsal midline, 2 cm
above the tail. A silk suture was fastened around the catheter at
the neck site. The clamps were then performed 4 to 5 days later
after complete recovery of the animals from the operation.
Clamps began at 07.00 hours and were performed in mice fast-
ed for 12 h. Mice were placed into a restrainer (552-BSRR;
Plas-Labs, Lansing, Mich., USA) and the catheter was exter-
nalised. The tip of the tail was cut before the start of the first
infusion and all subsequent blood collections were carried out
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using this site. Blood was collected into heparinised micro-
haematocrit capillary tubes (Fisher Scientific, Pittsburgh, Pa.,
USA) and centrifuged for 10 s to obtain plasma. The basal
rates of glucose turnover were measured by continuous infu-
sion of [3-3H] glucose (0.74 µBq/min) for 120 min starting at
07.00 hours. Blood samples (20 µl) were collected at 90 min
and 115 min of the basal period to determine plasma [3H] glu-
cose concentration. A 120-min hyperinsulinaemic–eugly-
caemic clamp was started at 09.00 hours. Insulin was continu-
ously infused at the rate of 2.5 mU·kg–1·min–1 (Humulin R; Eli
Lilly, Indianapolis, Ind., USA). During the clamp study, blood
samples (20 µl) were taken from the tail vein at 15-min inter-
vals for the immediate measurement of plasma glucose con-
centration, and 20% glucose was infused at variable rates to
maintain plasma glucose at basal glucose concentrations. Insu-
lin-stimulated whole-body glucose flux was estimated using a
continuous infusion of HPLC-purified [3-3H] glucose
(370 µBq bolus, 3.7 µBq/min; NEN Life Science Products,
Boston, Mass., USA) during the clamps. To estimate insulin-
stimulated glucose transport activity of skeletal muscle, white
and brown adipose tissue, 2-deoxy-D-[1-14C] glucose (2-[14C]
DG1; NEN Life Science, Boston, Mass., USA) was injected as
a bolus (370 Bq) 45 min before the end of the clamps. Blood
samples (20 µl) were taken 80, 85, 90, 100, 110 and 120 min
after the beginning of the clamps for the determination of plas-
ma [3H]glucose, 2-[14C]DG and 3H2O concentrations. Addi-
tional blood samples (10 µl) were taken before the start and at
the end of the clamp studies for measurement of plasma insulin
concentration. All infusions were performed using microdialy-
sis pumps (CMA/Microdialysis, Acton, Mass., USA). At the
end of the clamp period, animals were anaesthetised by ket-
amine and xylazine injection. Gastrocnemius muscles from
hindlimbs, epididymal and brown adipose tissue and liver were
collected and frozen immediately using liquid N2-cooled alu-
minium blocks, and stored at −70 °C for later analysis.

Calculations. Basal endogenous glucose production was calcu-
lated as the ratio of the pre-clamp [3-3H]glucose infusion rate
(disintegrations per minute [dpm]) to the specific activity of
the plasma glucose (mean of the values in the 90 and 115 min
of the basal pre-clamp period, in dpm/µmol). Clamp whole-
body glucose uptake was calculated as the ratio of the [3-3H]
glucose infusion rate (dpm/min) to the specific activity of plas-
ma glucose (dpm/µmol) during the last 30 min of the clamp
(mean of the 90–120 min samples). Whole-body glycolysis
was determined from the rate of increase in plasma 3H2O de-
termined by linear regression using the 80–120 min points.
Plasma 3H2O concentrations were measured from the differ-
ence between non-dried vs dried plasma 3H counts. Clamp en-
dogenous glucose production was determined by subtracting
the average glucose infusion rate in the last 30 min of clamp
from the whole-body glucose uptake. Whole-body glycogen
and lipid synthesis was estimated by subtracting the whole-
body glycolysis from the whole-body glucose uptake, which
assumes that glycolysis and glycogen/lipid synthesis account
for the majority of insulin-stimulated glucose uptake [27].
Muscle and white and brown adipose tissue glucose uptake
was calculated from the plasma 2-deoxy-D-[1-14C] glucose
concentration profile (using plasma 14C counts at 80–120 min,
the area under the curve was calculated by trapezoidal approxi-
mation) and tissue 2-deoxy-D-[1-14C] glucose-6-phosphate
content as described previously [28].

Tissue triglyceride content determination. Liver and quadri-
ceps muscle were powdered and tissue triglycerides were 
extracted in chloroform/methanol solution. The solution was
centrifuged after adding 2% KH2PO4 and the lower phase was

collected for evaporation. Isopropyl alcohol was then added to
dissolve the remaining pellet. The amount of released glycerol
was measured by radiometric assay as described previously
[15, 29].

Northern blot analysis. TRIzol reagent (Life Technologies,
Rockville, Md., USA) was used to isolate total RNA, and
northern blot analysis was performed as described previously
[30]. Signals were quantified using densitometry (Epson 
Perfection Scanner 1640SU) and the MACBas version 2.52
program (Fuji Photo Film, Tokyo, Japan).

Western blot analysis. 150 µg of protein extracted from livers
was used for western blot analysis as described before [31], us-
ing insulin receptor β antibody (Santa Cruz Biotechnology, Inc.
Santa Cruz, Calif., USA) and β-actin antibody (Sigma, 
St. Louis, Mo., USA). Bands were quantified by densitometry
(Epson Perfection Scanner 1640SU) using the MACBas version
2.52 program. The amount of insulin receptor protein was de-
termined by normalisation with β-actin levels in each sample.

Statistical analysis. All data are expressed as means ± SE. 
Student’s t test (unpaired and paired) was used to determine
statistically significant differences between genotypes.

Results

TZD treatment improves serum lipid profile but not
hyperglycaemia in MKR mice. Treating MKR mice
with rosiglitazone for 3 weeks significantly lowered
the elevated serum lipid levels to normal (Fig. 1a, b).
Serum NEFA levels fell from 0.7±0.03 to
0.5±0.02 mmol/l in MKR mice after treatment
(p<0.001) (Fig. 1a) while serum triglycerides fell from
2.8±0.4 to 1.4±0.1 mmol/l (p<0.003) (Fig. 1b). In con-
trast, serum lipid levels remained unchanged in WT
mice following treatment (Fig. 1a, b). Following
rosiglitazone treatment there was a significant eleva-
tion (p<0.001) in serum adiponectin levels in both WT
and MKR mice by 70% and 73%, respectively
(Fig. 1c).

Rosiglitazone treatment in MKR mice for 3 weeks
did not reduce glucose or insulin levels, which were
increased 3.6- and seven-fold, respectively (Fig. 1d,
e). Continued treatment up to 4 weeks did not affect
these parameters (data not shown). In contrast, 
2 weeks of rosiglitazone treatment caused a signifi-
cant reduction of blood glucose levels in ob/ob mice
(from 8.6±0.8 to 5.8±0.3 mmol/l; p<0.02), showing
the effectiveness of the rosiglitazone treatment regi-
men.

Taken together, these results show that in MKR
mice defective in insulin-signalling pathways in skele-
tal muscle, rosiglitazone treatment improved serum
lipid profile and adiponectin levels but had no effect
on the hyperglycaemia and hyperinsulinaemia.

It has been shown that, compared with rosiglita-
zone treatment, treatment with pioglitazone may have
more beneficial effects in terms of serum triglyceride,
low-density lipoprotein, and total cholesterol levels in
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type 2 diabetic subjects [32], possibly related to its ad-
ditional activation of the PPAR α receptor. To exam-
ine the effect of pioglitazone, MKR mice were treated
with pioglitazone for 3 weeks. Pioglitazone treatment
in MKR mice caused 1.4-fold elevated adipose tissue
weight compared with untreated MKR mice (Table 1).
Pioglitazone treatment was unable to reduce glucose
and insulin levels but significantly lowered serum 
NEFAs (from 0.8±0.14 to 0.4±0.02 mmol/l; p<0.02)
and triglyceride (from 1.6±0.2 to 0.7±0.1 mmol/l;
p<0.02) levels (Table 1), similar to the effects seen in
MKR mice after rosiglitazone treatment (Fig. 1).

Rosiglitazone treatment improves insulin sensitivity in
white adipose tissue in MKR mice. To explain the lack
of hypoglycaemic effect of TZDs on MKR mice, we
performed hyperinsulinaemic–euglycaemic clamp
studies after 3 weeks of rosiglitazone treatment. After
fasting for 12 h, basal blood glucose and insulin levels
were not affected by treatment in both WT and MKR
mice (Table 2). Glucose infusion rate did not differ in
treated and untreated groups of both genotypes 
(Table 2). The values for whole-body glucose uptake,
whole-body glycolysis and whole-body glycogen syn-
thesis, reflecting whole-body glucose fluxes, remained
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Fig. 1. Effect of rosiglitazone treatment on serum NEFA (a),
triglyceride (b), adiponectin (c), blood glucose (d) and serum
insulin (e) levels in WT and MKR mice. Six-week-old MKR
and WT mice were treated with (white bars) or without (black
bars) rosiglitazone for 3 weeks. In the non-fasting state, blood

or serum was collected for analysis. Data are expressed as
means ± SE (n=6–8 in each group). * Indicates significant dif-
ferences between treated and untreated group at p<0.05.
†p<0.05 vs WT; TG, triglycerides

Table 1. Effect of pioglitazone treatment on metabolic parameters

WT WT+Pio MKR MKR+Pio

Body weight (g) 27.7±1.3 26.3±1.2 20.3±0.6† 22.9±0.9*

Combined epididymal and inguinal adipose tissue weight (g) 1.1±0.18 0.7±0.18 0.5±0.06† 0.7±0.02*

Glucose (mmol/l) 7.2±0.5 7.6±0.2 17.1±1.4† 17.5±1.9
Insulin (mmol/l) 0.1±0.01 0.1±0.01 2.0±0.8† 1.8±0.5
NEFAs (mmol/l) 0.4±0.05 0.3±0.05 0.8±0.14† 0.4±0.02*

Triglyceride (mmol/l) 1.0±0.1 0.9±1.0 1.6±0.2† 0.7±0.1*

Six-week-old male WT and MKR mice were fed a diet with or
without pioglitazone for 3 weeks. Blood samples and adipose
tissues were collected in the non-fasting state for analysis.
Data are expressed as means ± SE (n=6–7). Triglycerides (TG)

and NEFAs were measured in a separate assay from those in
the rosiglitazone treatment. *Significant difference within gen-
otype between treated and untreated groups (p<0.05); †p<0.05
vs WT



unchanged in both genotypes following rosiglitazone
treatment (Table 2). These results show that rosiglita-
zone treatment did not change whole-body insulin
sensitivity and glucose homeostasis in MKR and WT
mice, confirming the lack of effect of rosiglitazone on
hyperinsulinaemia and hyperglycaemia in the MKR
mice.

During the hyperinsulinaemic–euglycaemic clamp,
insulin-suppressed endogenous glucose production
(EGP) did not change in MKR mice following
rosiglitazone treatment, indicating that liver insulin
sensitivity did not differ in response to rosiglitazone
treatment (Fig. 2a). In contrast, rosiglitazone treat-
ment significantly increased suppression of EGP lev-
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Table 2. Effects of rosiglitazone treatment on metabolic parameters during basal and hyperinsulinaemic–euglycaemic clamp

WT WT+R MKR MKR+R

Mouse no. 5 5 6 6
Body weight (g) 26.5±1.1 28.1±1.2 18.4±0.5† 19.6±0.5
Basal blood glucose (mmol/l) 11.1±1 9.4±0.7 13.7±0.6† 13±1.3
Basal insulin (mmol/l) 0.1±0.03 0.1±0.02 0.2±0.03 0.1±0.12
Basal EGP (µmol·kg−1·min−1) 124±9.5 112±5.8 178±12† 142±13
Clamp blood glucose (mmol/l) 7.3±0.2 6.9±0.1 9.6±0.6† 9.6±0.5
Clamp insulin (mmol/l) 0.3±0.1 0.3±0.1 0.4±0.0 0.4±0.0
Clamp EGP (µmol·kg−1·min−1) 63±6.7 34±9.5* 117±4.6† 85±8.7*

Glucose infusion rate (µmol·kg−1·min−1) 159±40 199±16 0±0† 16.7±9.8
Whole-body glucose uptake (µmol·kg−1·min−1) 222±34.9 233±11.3 117±4.6† 101±7.3
Whole body glycolysis (µmol·kg−1·min−1) 155±17.4 170±11.8 92.3±11.1† 81±8.7
Whole-body glycogen synthesis (µmol·kg−1·min−1) 79±30 63±8.7 19±5.8† 20±4.7

Six-week-old MKR and WT mice received a diet with or with-
out rosiglitazone for 3 weeks. After 12 h fasting mice were
subjected to the hyperinsulinaemic–euglycaemic clamp. Data

are expressed as means ± SE. *p<0.05 vs untreated group
within genotype; †p<0.05 vs WT

Fig. 2. Effect of rosiglitazone treatment on suppression of en-
dogenous glucose production (EGP) (a), muscle glucose up-
take (MGU) (b) and white adipose tissue glucose uptake
(WATGU) (c) during hyperinsulinaemic–euglycaemic clamp
analysis. Six-week-old male WT and MKR mice were treated
with (white bars) or without (black bars) rosiglitazone for 3
weeks and after 12 h fasting mice were subjected to hyperin-
sulinaemic–euglycaemic clamp analysis. Data are expressed as
means ± SE (n=5–6). *Significant at p<0.05, within genotype
between untreated and treated group. †p<0.05 vs WT
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Fig. 3. Effect of rosiglitazone treatment on the HMW : total
adiponectin in serum assessed by velocity sedimentation.
a. Percentage HMW : total adiponectin (HMW + LMW) in 
3-week-old (black bars) and 8-week-old (grey bars) WT and
MKR mice. b. Percentage HMW : total adiponectin in WT and
MKR mice after rosiglitazone treatment for 3 weeks. In the
non-fasting state, serum was collected before (white bars) and
after (black bars) rosiglitazone treatment. c. Induction of total
adiponectin and oligomeric component (HMW adiponectin and
LMW adiponectin) in WT and MKR mice after rosiglitazone
treatment for 3 weeks. The increase in LMW (grey bars),
HMW (white bars), and total adiponectin (black bars) was ex-
pressed as a percentage of the results after rosiglitazone treat-
ment/initial level multiplied by 100. Serum was collected for
analysis in the non-fasting state. Data expressed as mean ± SE
(n=6). *Significant at p<0.05 within genotype. †p<0.05 before
vs after rosiglitazone treatment. §p<0.05, significantly different
from untreated groups

els (from 46.5±8.7 to 70.6±8.1%; p<0.05) in WT
mice (Fig. 2a). Insulin-stimulated glucose uptake in
gastrocnemius muscle was reduced two-fold in MKR
mice compared to WT mice, consistent with results of
our previous study (Fig. 2b) [16]. Rosiglitazone treat-
ment did not improve insulin-stimulated muscle glu-
cose uptake in MKR mice (Fig. 2b). Insulin-stimulat-
ed glucose uptake in white adipose tissue was
markedly enhanced in MKR mice following rosiglita-
zone treatment (from 11.6±1.43 to 25.2±3.53
µmol·kg−1·min−1; p<0.01) (Fig. 2c). Collectively,
these data suggest that insulin action was significant-
ly improved in white adipose tissue after rosiglita-
zone treatment but it is insufficient to cause a hypo-
glycaemic effect in MKR mice.

Treatment with TZD fails to increase HMW : total
adiponectin ratio in MKR mice. Previously, we have
found that circulating adiponectin was present in two
forms [24], a low molecular weight (LMW) and a
high molecular weight (HMW) complex. Furthermore,
the ratio HMW : total adiponectin showed an associa-
tion with improved insulin sensitivity in subjects after
TZD treatment [33]. To address the failure to improve
insulin sensitivity despite the significantly increased
circulating adiponectin levels in MKR mice after
rosiglitazone treatment, the distribution of the LMW
and HMW forms of circulating adiponectin was analy-
sed by velocity sedimentation. The ratio of HMW : to-
tal adiponectin was significantly higher (two-fold;
p<0.01) in MKR mice than in WT mice both at 3 and
8 weeks of age (Fig. 3a). After 3 weeks of rosiglita-
zone treatment, the percentage of adiponectin found in
the HMW form was further increased by 70% in WT
mice (from 36.8±0.4 to 62.5±1.1%; p<0.05) (Fig. 3b).
Compared to the increase in HMW, the percentage 
increase in LMW (hexameric) adiponectin was signif-
icantly less in WT mice following rosiglitazone treat-
ment (Fig. 3c). Consistent with the lack of TZD-medi-
ated improvement in hepatic insulin sensitivity in
MKR mice, rosiglitazone treatment did not induce any
significant change in adiponectin oligomeric distribu-
tion in MKR mice (Fig. 3b, c).

Changes in gene expression following rosiglitazone
treatment. A direct effect of a PPAR γ agonist on tar-
get gene expression is one of the possible mechanisms
responsible for significant improvement of insulin
sensitivity in white adipose tissue of MKR mice after



rosiglitazone treatment [34, 35]. The weight of adi-
pose tissue (combined epididymal and inguinal adi-
pose tissue) was significantly increased in MKR mice,
but not in WT mice, in response to rosiglitazone (data
not shown) and pioglitazone treatment (Table 1). We
determined the levels of expression of target genes of
PPAR γ agonists such as CD36, aP2 and GLUT4 in
adipose tissue after treatment. A recent study [36]
suggested an important role of CD36, a fatty acid
transporter, in the hypolipidaemic effects of rosiglita-
zone. The levels of CD36, aP2 (a cytosolic fatty acid
binding protein) and GLUT4 were significantly
(p<0.05) increased in adipose tissue in MKR mice fol-
lowing rosiglitazone treatment (Fig. 4).

A previous study showed that PPAR γ agonists in-
hibited the expression of genes involved in hepatic

gluconeogenic enzymes, including phosphoenolpyru-
vate carboxykinase (PEPCK) and glucose-6-phospha-
tase (G-6-P) [37]. However, in the present study the
expression of PEPCK and G-6-P mRNA remained un-
changed in both genotypes after treatment (Fig. 5).
Furthermore, the protein levels of the insulin receptor
were not significantly affected by treatment in both
genotypes (Fig. 5).

Rosiglitazone treatment reduced muscle but not liver
triglyceride content in MKR mice. Several studies
have hypothesised that lipid influx into adipose tissue
from liver and skeletal muscle following PPAR γ acti-
vation contributes to the insulin-sensitising effects of
PPAR γ agonists [2, 11]. To examine whether tissue
lipid levels are related to the lack of effect of rosiglita-
zone treatment on whole-body insulin sensitivity in
MKR mice, we measured triglyceride content in mus-
cle and liver. Rosiglitazone treatment significantly 
decreased muscle triglyceride content towards normal
in MKR mice (from 23.1±1.9 to 14.9±2.0 µmol/g;
p<0.01) (Fig. 6a). In contrast, liver triglyceride levels
were not affected by rosiglitazone treatment in both
genotypes (Fig. 6b). Furthermore, pioglitazone treat-
ment did not affect liver triglyceride content in MKR
mice (data not shown).

Thiazolidinediones improve insulin sensitivity in adipose tissue and reduce the hyperlipidaemia 2221

Fig. 4. Effect of rosiglitazone treatment on the expression of
mRNA in adipose tissue. Epididymal adipose tissues were col-
lected from mice treated with (white bars) or without (black
bars) rosiglitazone for 3 weeks. mRNA levels were analysed

by northern blotting and normalised to 18S mRNA. GLUT4,
glucose uptake protein; aP2, fatty acid binding protein; CD36,
FA uptake protein. *Significant at p<0.05, within genotype.
Data are expressed as mean ± SE (n=6)

Fig. 5. Effect of rosiglitazone treatment on liver mRNA and
protein expression. Livers were collected from mice treated
with (white bars) or without (black bars) rosiglitazone for 
3 weeks. mRNA levels were analysed by northern blotting and
protein levels were analysed by western blotting. mRNA and
protein expression levels were normalised to 18S mRNA and
β-actin, respectively. PEPCK, phosphoenolpyruvate carboxy-
kinase; G-6-P, glucose-6-phosphatase. Data are expressed as
means ± SE (n=6)



To elucidate the lack of effect of rosiglitazone on
hepatic triglyceride content in MKR mice, the levels
of gene expression involved in lipid metabolism, such
as PPAR γ and stearoyl-CoA desaturase (SCD)-1
mRNA, were determined in liver. The levels of PPAR
γ and SCD-1 mRNA in MKR mice were elevated 1.3-
fold and 1.9-fold, respectively, compared to WT
(Fig. 7). Rosiglitazone treatment in MKR mice did not
change these levels of genes (Fig. 7). The levels of
PPAR γ and SCD1 mRNA were not affected in WT
mice after rosiglitazone treatment (Fig. 7). Therefore,
sustained levels of these genes in MKR mice after
rosiglitazone treatment may explain the lack of
change in hepatic lipid content.

Discussion

The present study demonstrates that rosiglitazone and
pioglitazone, PPAR γ agonists, markedly improved
lipid profiles, yet failed to reverse the hyperglycaemia
and the hyperinsulinaemia of MKR mice that have im-
paired insulin and IGF-1 receptor signalling pathways
in skeletal muscle. This may support the hypothesis
that potentiation of insulin signalling in skeletal mus-
cle plays a crucial role in the antidiabetic effects of
TZDs. Interestingly, PPAR γ activation in MKR mice
showed significantly elevated insulin sensitivity (up to
40% of untreated group) in adipose tissue. This im-
provement in adipose tissue was not paralleled by a
change in whole-body insulin insensitivity and 
glucose homeostasis, indicating that improved insulin
action in tissues other than adipose tissue is required
for the antidiabetic effect of TZDs.

Several studies have suggested that repartitioning
of lipids away from skeletal muscle and liver con-
tributes to improved insulin sensitivity in these tissues
[2, 11]. Ablation of the CD36 gene in mice inhibited
fatty acid uptake into adipose tissue as well as skeletal
muscle [38]. Moreover, in CD36-deficient rats the 
effect of pioglitazone is blunted [36]. In the present
study, increased gene expression of CD36, a fatty acid
transporter protein, and aP2, a fatty acid binding pro-
tein, in adipose tissue was associated with significant-
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Fig. 6. Triglyceride (TG) content after rosiglitazone treatment
in quadriceps muscle (a) and liver (b). In the non-fasting state,
liver and quadriceps muscle were collected to measure trigly-
ceride content from WT and MKR mice fed diet with (white

bars) or without (black bars) rosiglitazone for 3 weeks. Data
are expressed as means ± SE (n=6 in each group). *Significant
at p<0.05, within genotype; †p<0.05 vs WT

Fig. 7. Effect of rosiglitazone treatment on hepatic peroxisome
proliferator-activated receptor (PPAR) γ and stearoyl-CoA de-
saturase 1 (SCD-1) mRNA. Livers were removed from the
mice receiving diets with (white bars) or without (black bars)
rosiglitazone treatment for 3 weeks. mRNA levels were deter-
mined by northern blot analysis and the level of 18S mRNA
was used to normalise. Data expressed as means ± SE. †Signif-
icant at p<0.05 vs WT



ly increased fat weight (data not shown) in MKR mice
after rosiglitazone treatment, implying more lipid in-
flux into adipose tissue. In concert with the reduction
in circulating lipid (NEFA and triglyceride) levels,
muscle triglyceride content was reduced by 35% in
MKR mice following rosiglitazone treatment. A re-
cent study [39] showed increased fatty acid uptake
and oxidation in cultured muscle cells following treat-
ment with TZDs, indicating a direct role of TZDs in
muscle to reduce circulating or tissue lipid levels.
Moreover, a study using muscle PPAR γ-deficient
mice showed a direct role of PPAR γ in the regulation
of lipid metabolism in muscle [22]. Therefore, both
direct and indirect effects of TZDs could be related to
the reduction of muscle triglyceride content with
rosiglitazone treatment in MKR mice. This reduction
in muscle triglyceride content in MKR mice following
rosiglitazone treatment had no effect on muscle insu-
lin insensitivity. Our previous study reported a signifi-
cant reduction (of ~90%) of insulin-stimulated glu-
cose uptake in MKR skeletal muscle studied ex vivo
due to hybrid receptor formation between the mutant
and endogenous IGF-1 receptors, and insulin recep-
tors [16]. Thus, these defects may account for muscle
insulin insensitivity in MKR mice after PPAR γ acti-
vation despite a reduction of muscle triglyceride con-
tent.

While the exact target sites and mechanisms of 
action of TZDs are not entirely clear, adipose tissue,
which expresses a high level of PPAR γ [40], is a di-
rect and probably the primary target site for TZD ac-
tion. TZDs were effective in ob/ob mice without liver
PPAR γ and in muscle PPAR γ-deficient mice [22, 41].
In the present study, we show a marked improvement
in insulin sensitivity in adipose tissue of MKR mice
after rosiglitazone treatment. However, whole-body
insulin sensitivity and glucose homeostasis were not
affected. Moreover, hepatic insulin resistance was not
affected in MKR mice after rosiglitazone treatment.
Therefore, these results suggest that enhanced insulin
action in adipose tissue alone is not sufficient for im-
provement of whole-body insulin sensitivity.

A recent study [34] demonstrated that TZD treat-
ment of obese Zucker rats resulted in an insulin re-
sponse in the liver that was much later than that seen
in adipose tissue and muscle. Furthermore, no im-
provement of insulin signalling was seen in primary
hepatic cells in culture following TZD treatment, sup-
porting an indirect effect of TZDs on liver function. In
support of these results, TZD treatment did not affect
hepatic triglyceride content and hepatic insulin sensi-
tivity in MKR mice, regardless of improved insulin
action on adipose tissue. Previously, we observed im-
proved whole-body insulin sensitivity and glucose ho-
meostasis with significantly reduced circulating and
tissue (liver and muscle) lipid levels of in MKR mice
following treatment with WY14,643, a PPAR α ago-
nist [17]. This improvement was associated with sig-

nificantly increased insulin sensitivity in adipose tis-
sue and liver. In the present study, rosiglitazone treat-
ment in MKR mice induced significant improvement
of insulin sensitivity in adipose tissue but failed to al-
ter hepatic insulin resistance. The lack of EGP sup-
pression during hyperinsulinaemic–euglycaemic
clamp analysis and unchanged gene expression of he-
patic gluconeogenic enzymes, PEPCK and G-6-P
were associated with hepatic insulin insensitivity in
MKR mice after treatment. Therefore, a comparison
of the results of WY14,643 and rosiglitazone treat-
ment with those of the MKR mice model implicates
an important role for hepatic insulin action (endoge-
nous glucose production) in whole-body insulin sensi-
tivity in MKR mice.

Decreased circulating lipid levels were not associ-
ated with changes in hepatic triglyceride levels in
MKR mice after rosiglitazone treatment. The expres-
sion of PPAR γ is elevated in steatotic livers of ob/ob
and lipodystrophic mice and contributes to triglyce-
ride synthesis and clearance by the liver [42, 43]. 
Furthermore, insulin increased the expression of the
SCD-1 gene, which is involved in synthesis of mo-
nounsaturated fatty acid from saturated fatty acyl-CoA
[44]. Here, we demonstrated that levels of hepatic
PPAR γ and SCD-1 mRNA were elevated significant-
ly in MKR mice compared with WT mice. Rosiglita-
zone treatment in MKR mice did not affect expression
of these genes. This may lead to the maintenance of 
a steatotic liver.

The levels of adiponectin are positively associated
with insulin sensitivity in human and animal models
[45, 46] and are robustly induced after TZD treatment
[47, 48]. However, other clinical studies showed less
of a correlation between circulating adiponectin levels
and insulin sensitivity in patients after TZD treatment
[2, 48]. A recent study has demonstrated that the
oligomeric distribution of circulating adiponectin
plays an important role in modulation of its bioactivity
to regulate insulin sensitivity in response to TZDs
[24]. Furthermore, diabetic patients heterozygous for
the G90R mutation at the human adiponectin locus
demonstrated a specific decrease in HMW adiponectin
[49]. Treatment with TZDs, rosiglitazone and pioglita-
zone, significantly increased serum adiponectin levels
in both WT and MKR mice. A significant increase in
the ratio of HMW : total adiponectin paralleled the 
enhanced increased suppression of endogenous glu-
cose production in WT after TZD treatment. In con-
trast, MKR mice following TZD treatment failed to
show a change in the ratio of HMW : total adiponectin
and insulin suppression of endogenous glucose pro-
duction. TZD treatment has been known to improve
hepatic insulin action and the ratio of HMW : total
adiponectin was positively associated with improved
hepatic insulin sensitivity by TZD treatment [33].
Therefore, the unchanged HMW : total adiponectin 
ratio may, in part, explain the lack of improvement in
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hepatic insulin sensitivity in MKR mice after TZD
treatment. Interestingly, there was a two-fold increase
in the HMW : total adiponectin ratio even in 3-week-
old MKR mice compared to WT mice, and this im-
proved ratio remained unchanged even at 8 weeks
(Fig. 3a). At 3 weeks of age, MKR mice have normal
glucose levels and elevated insulin levels, yet the ratio
of the adiponectin complexes released by adipocytes
is already dramatically altered. MKR mice may there-
fore represent a unique model in which adipose tissue,
despite a significant reduction in insulin sensitivity, is
apparently able to mount a compensatory response
through altered regulation of adiponectin complex for-
mation and secretion. The fact that adipose tissue 
responds to insulin resistance in the muscle through
altered output of an adipokine at a stage when glucose
levels remain relatively normal suggests that altered
expression of a muscle-derived factor in MKR mice
may be responsible for this response in adipose tissue.

In summary, rosiglitazone and pioglitazone treat-
ments, which led to redistribution of lipids from circu-
lating or local tissue (skeletal muscle) to adipose tis-
sue and possibly liver, and markedly enhanced adi-
pose tissue insulin sensitivity, were not sufficient to
improve the hyperglycaemic and hyperinsulinaemic
levels in MKR mice. Furthermore, the positive re-
sponse in adipose tissue failed to affect hepatic insulin
resistance in concert with an unchanged HMW : total
adiponectin ratio. Thus, these data demonstrate that
enhanced insulin action on adipose tissue with PPAR γ
activation is not able to counterbalance the diabetic
nature of MKR mice induced by defective IGF-1/insu-
lin receptor signalling pathways in skeletal muscle.
These results suggest that crosstalk between insulin-
sensitive organs, including adipose, muscle and liver,
is critical for normal insulin action and glucose ho-
meostasis.
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