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Oral administration of a PPAR-␦ agonist to rodents worsens, not improves,
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(PPARs) are a
subclass of nuclear receptors found in most tissues and have
been implicated as important regulators of glucose and lipid
metabolism. Natural ligands for the PPARs include fatty acids

PEROXISOME PROLIFERATOR-ACTIVATED RECEPTORS

Address for reprint requests and other correspondence: David J Dyck, Dept.
of Human Health and Nutritional Sciences, Univ. of Guelph, Ontario, Canada,
N1G 2W1 (e-mail: ddyck@uoguelph.ca).
R470

(FAs) (17), eicosanoids (52), prostaglandins (19), and leukotrienes (13). PPAR-␣ was the first of three isoforms to be
identified and plays a critical role in FA uptake and metabolism
by modulating the expression of genes for FA transport protein
(FATP1), acyl-CoA oxidase, and long chain acyl-CoA synthetase (1, 35, 47). PPAR-␣ is expressed predominantly in the
liver and to a lesser extent in skeletal muscle, kidney, and heart
(4). Synthetic agonists for PPAR-␣ include the fibrate family
of drugs, such as clofibrate and fenofibrate (33). PPAR-␥ is
highly expressed in adipose tissue and regulates differentiation,
maturation, and lipid storage (24) and to a much lesser extent
in skeletal muscle, heart, liver, and intestine (1). PPAR-␥ is a
target of the anti-diabetic drugs, thiazolidinediones (39).
PPAR-␦ is ubiquitously expressed and is a key regulator of
lipid metabolism in skeletal muscle (2, 43, 50) and induces the
transcription of genes for FATP1, long-chain acyl-CoA dehydrogenase, carnitine palmitoyl transferase I, and long chain
acyl-CoA synthetase (43). Overexpressing PPAR-␦ in rodent
skeletal muscle leads to a significant increase in oxidative
capacity in muscles characterized predominantly by glycolytic
fibers (29, 50). Interestingly, the effect of PPAR-␦ agonists in
oxidative muscles is much less well established, with little
demonstration of improved oxidative capacity (10). Several
selective agonists have been developed for this isoform, including GW 501516 and GW 0742 (32, 42). Thus, PPARs are
important regulators of lipid metabolism in many peripheral
tissues and are a target of several pharmacological agents
aimed at improving glucose tolerance.
Decreased insulin-stimulated glucose uptake into skeletal
muscle is a hallmark characteristic of type 2 diabetes and is
associated with dysregulated FA metabolism. Several studies
have examined the consequence of chronic PPAR-␦ agonist
administration on insulin sensitivity. Results of both animal
(28, 43, 50) and human (34) studies using PPAR-␦ agonists
have demonstrated improved whole-body glucose tolerance.
However, studies examining the direct effect of PPAR-␦ agonists on skeletal muscle have been generally limited to acute
periods of exposure to isolated muscles/cell lines, with inconsistent results. In terms of glucose metabolism, findings have
ranged from stimulation of glucose uptake (26, 27), no effect
on glucose uptake or glycogen synthesis (12, 14, 44), and
decreases in glucose uptake (6). The acute effects of PPAR-␦
(GW 50156) stimulation on AMPK activation have also been
equivocal (26, 27, 44). The reason for these discrepancies is
not clear but may be related to the use of different models (cells
vs. mature skeletal muscle), muscle fiber type (oxidative vs.
glycolytic), and the duration of exposure to the agonist.
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Ritchie I, Dyck DJ. Oral administration of a PPAR-␦ agonist to
rodents worsens, not improves, maximal insulin-stimulated glucose
transport in skeletal muscle of different fibers. Am J Physiol Regul
Integr Comp Physiol 299: R470 –R479, 2010. First published June 10,
2010; doi:10.1152/ajpregu.00431.2009.—Agonists targeting the nuclear receptor peroxisome proliferator-activated receptors (PPAR)-␦
may be potential therapeutic agents for insulin-resistant related conditions, as they may be able to stimulate fatty acid (FA) oxidation and
attenuate the accumulation of harmful lipid species in skeletal muscle.
Several reports have demonstrated that PPAR-␦ agonists improve
whole body insulin sensitivity. However, whether these agonists exert
their direct effects on glucose and FA metabolism in skeletal muscle,
and specifically with different fiber types, is unknown. This study was
undertaken to determine the effects of oral treatment with the PPAR-␦
agonist, GW 501516, in conjunction with the administration of a
high-saturated-fat diet on insulin-stimulated glucose transport in isolated oxidative (soleus) and glycolytic (epitrochlearis) rodent skeletal
muscle in vitro. High-fat feeding significantly decreased maximal
insulin-stimulated glucose transport in soleus, but not epitrochlearis
muscle, and was associated with increased skeletal muscle diacylglycerol and ceramide content. Unexpectedly, treatment with the PPAR-␦
agonist significantly reduced insulin-stimulated glucose transport in
both soleus and epitrochlearis muscles, regardless of dietary fat
content. The reduction in insulin-stimulated glucose transport induced
by the agonist was associated with large increases in total muscle fatty
acid translocase (FAT)/CD36protein content, but not diacylglycerol or
ceramide contents. Agonist treatment did not alter the protein content
of PPAR-␦, GLUT4, or insulin-signaling proteins (IRS-1, p85 PI3-K,
Akt). Agonist treatment led to a small, but significant increase, in the
oxidative capacity of glycolytic but not oxidative muscle. We propose
that chronic treatment with the PPAR-␦ agonist GW 501516 may
induce or worsen insulin resistance in rodent skeletal muscle by
increasing the capacity for FA transport across the sarcolemma without a sufficient compensatory increase in FA oxidation. However, an
accumulation of diacylglycerol and ceramide, while associated with
diet-induced insulin resistance, does not appear to be responsible for
the agonist-induced reduction in insulin-stimulated glucose transport.
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Table 1. PPAR-␦ agonist increases oxidative capacity markers in glycolytic, but not oxidative muscle in control and high-fat
fed rats
Citrate Synthase
Soleus
Red gastrocnemius
White gastrocnemius
Beta-hydroxy acyl dehydrogenase
Soleus
Red gastrocnemius
White gastrocnemius

Control Diet

Control Diet ⫹ Agonist

High-Fat Diet

High-Fat Diet ⫹ Agonist

43.2 ⫾ 2.4
61.9 ⫾ 3.6
21.0 ⫾ 1.2

39.5 ⫾ 2.4
64.2 ⫾ 4.4
30.0 ⫾ 1.4*

38.2 ⫾ 2.1
61.5 ⫾ 3.3
27.8 ⫾ 2.2*

46.4 ⫾ 1.4
61.4 ⫾ 4.0
29.2 ⫾ 1.4*

15.6 ⫾ 0.9
13.0 ⫾ 0.9
6.0 ⫾ 1.2

15.1 ⫾ 1.0
15.2 ⫾ 0.8
9.0 ⫾ 0.6*

17.4 ⫾ 0.9
13.3 ⫾ 1.0
9.4 ⫾ 1.8*

16.7 ⫾ 0.9
16.4 ⫾ 1.1
10.0 ⫾ 1.4*

Values are expressed as means ⫾ SE. Enzymes activities are in mol/g wet wt/min. *Significantly different from control group (P ⬍ 0.05); n ⫽ 6 – 8 animals
per group.

Skeletal Muscle Measurements
Oxidative enzyme capacity. We determined the effect of 2 wk of
agonist feeding, with or without the high-fat diet, on citrate synthase
(CS) and 3-hydroxyacyl-CoA dehydrogenase (␤-HAD) activity in
muscles of oxidative (soleus), glycolytic (white gastrocnemius), and
mixed (red gastrocnemius) fiber composition. Approximately 10 mg
of muscle was homogenized in a 0.1 M potassium phosphate buffer
solution (pH 7). Maximal CS and ␤-HAD activity were assayed
spectrophotometrically as previously described (40).
Glucose transport. Epitrochlearis (glycolytic) and soleus (oxidative) muscles were used for the determination of basal and insulinstimulated glucose transport. The soleus was carefully blunt-dissected
into longitudinal strips from tendon to tendon using a 27-gauge
needle; epitrochlearis was removed in its entirety. After excision from
the animal, epitrochlearis and soleus muscles were incubated for 30
min at 30°C in 2 ml of pregassed (95% O2-5% C O2) Krebs-Henseleit
buffer (KHB) containing 0.1% BSA, 8 mM glucose and 32 mM
mannitol. Muscles were then washed twice for 10 min in a glucosefree KHB buffer containing 4 mM pyruvate and 36 mM mannitol, and
finally incubated for 20 min (insulin-stimulated) or 40 min (basal) in
KHB containing 4 mM pyruvate, 8 mM 3-O-[3H]methyl-D-glucose
(800 Ci/mmol), and 28 mM [14C]mannitol (60 Ci/mmol). After all
incubations, muscles were trimmed of tendons, blotted, and weighed.
Muscle samples were then digested in 1 ml of 1 M NaOH for 10 min

METHODS

Animals and diets. Female Sprague-Dawley rats, weighing 130 to
150 g, were obtained from Charles River Inc (Quebec, Canada) and
used for all experiments. Upon arrival, rats were assigned to individual cages in a controlled environment with a reversed 12-h light-dark
cycle, where they were allowed to acclimatize and provided ad libitum
access to standard rat chow and water. After acclimating for 3 days,
rats were randomly assigned to one of four experimental groups:
control diet (12% kcal from fat), high-fat diet (60% kcal from lard),
control diet treated with GW 501516, and high-fat diet treated with
GW 501516. Diets were obtained from Research Diets (New Bruns-

Table 2. Body mass and fasting blood measurements
Parameter

C

C⫹GW

HF

HF ⫹ GW

Body mass pretrial, g
Body mass posttrial, g
Plasma insulin, ng/ml
Blood glucose, mmol/l
Plasma FFA, mmol/l

134 ⫾ 4
222 ⫾ 6
4.4 ⫾ 0.1
6.5 ⫾ 0.3
0.38 ⫾ 0.03

142 ⫾ 4
212 ⫾ 7
4.6 ⫾ 0.1
8.1 ⫾ 0.5*
0.44 ⫾ 0.04

140 ⫾ 4
231 ⫾ 6
4.7 ⫾ 0.1
8.2 ⫾ 0.6†
0.40 ⫾ 0.04

138 ⫾ 4
221 ⫾ 8
4.7 ⫾ 0.1
9.0 ⫾ 0.6*,†
0.42 ⫾ 0.04

Values are expressed as means ⫾ SE. C, control; HF, high-fat; C ⫹ GW, control treated with agonist; HF ⫹ GW; high-fat treated with agonist; FFA, free
fatty acids. *Significantly different from nonagonist groups (P ⬍ 0.05). †Significantly different from control groups (P ⬍ 0.05); n ⫽ 8 to 10 animals per group.
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wick, NJ). The University of Guelph Animal Care Committee approved all experimental protocols involving animal use.
Rats in the experimental groups were fed their respective diets for
a total of 4 wk. For agonist-treated groups, GW 501516 was dissolved
in DMSO at a concentration of 5 mg/ml and supplemented in the diet
at a dose of 4 mg/kg body mass for the last 2 wk of the feeding trial.
DMSO (without the agonist) was added to the nonagonist diets.
High-fat fed rats were pair-fed with rats on the control diet to
minimize differences in body mass gain. Prior to all experimental
procedures, rats were fasted overnight and anesthetized with an
intraperitoneal injection of pentobarbital sodium (6 mg/kg body
mass).

Given the importance of muscle lipid metabolism as a
modulator of insulin response, it is surprising that there has
apparently been no examination of the effects of chronic
PPAR-␦ agonist administration on muscle FA transporters and
the content of reactive lipid species such as diacylglycerol
(DAG) and ceramide. Therefore, the purpose of the present
study was to determine the effects of chronic treatment with the
PPAR-␦ agonist, GW 501516, on insulin-stimulated glucose
transport in isolated skeletal muscle under in vitro conditions,
from normal and high-fat fed rats. Specifically, we hypothesized that chronic agonist treatment could reverse the insulin
resistance induced by a high-fat diet (30, 37) and that this
rescue of insulin response would be associated with improvements in muscle oxidative capacity and changes in muscle FA
metabolism that would be expected to improve insulin response, i.e., reduced expression of FA transporter proteins
[fatty acid translocase (FAT)/CD36 and fatty acid binding
protein (FABPpm)] and reduced content of reactive lipid species (DAG, ceramide). We also wanted to determine whether
there were any fiber-type differences in response to treatment
with the high-fat diet and agonist, as there have been reports of
fiber-type differences in response to high-fat-induced insulin
resistance in skeletal muscle (38, 53).
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at 95°C. Two-hundred microliters of the digested muscle was sampled
in duplicate for liquid scintillation counting.
Insulin-signaling proteins. Epitrochlearis and soleus muscles were
incubated in KHB similar to that used for the determination of glucose
transport (without radioisotopes), for 10 min in the presence or
absence of insulin (10 mU/ml) for the determination of the transient
phosphorylation of key insulin signaling proteins (Akt, AS160). After
incubation, the strips were immediately frozen and stored in liquid N2
until subsequent Western blot analyses.
Western blot analyses. Muscles (30 –50 mg) were homogenized on
ice in a buffer suitable for the extraction of cytosolic and membranebound proteins, containing 50 mM Tris (pH 7.5), 1 mM EDTA, 1 mM
EGTA, 50 mM NaF, 5 mM sodium pyrophosphate, 10% (vol/vol)
glycerol, and 1% (vol/vol) Triton X-100 The homogenized samples
were centrifuged at 20,000 g at 4°C for 20 min for collection of the
supernatant. Fifty micrograms of the muscle lysate protein was solubilized in 4⫻ Laemmeli’s buffer and boiled at 95°C. Samples were
then resolved by SDS-PAGE and wet transferred to polyvinylidene
difluoride (PVDF) membranes (1 h at 100 V). Membranes were then
blocked for ⬃1 to 2 h and incubated overnight at 4°C with antibodies
specific for the following proteins: PPAR-␦ (Abcam, Cambridge,
MA), total Akt (Millipore, Temecula, California, USA), total IRS-1
(Millipore, Temecula, CA), PI3-K p85 (Millipore), FAT/CD 36,
FABPpm, (kindly provided by A. Bonen) and GLUT4 (Millipore),
Ser473 and Thr308 phosphorylated Akt, (Santa Cruz Biotechnology,
Santa Cruz, CA), and Thr642 phosphorylated Akt substrate 160
(pAS160; Medicorp, Montreal, QC, Canada). After incubation with
the primary antibody, membranes were washed, incubated with the
appropriate secondary antibody, and washed once more. The immune
complexes were detected using enhanced chemiluminnescence and
each band was quantified using densiometry (ChemiGenius 2 BioimAJP-Regul Integr Comp Physiol • VOL

Fig. 2. A: Basal and insulin-stimulated glucose transport. B: calculated increase
in glucose transport rate from basal in response to insulin stimulation in
epitrochlearis muscle from control, control ⫹ GW, high fat, and high fat ⫹
GW treatment groups. Values are expressed as means ⫾ SE. ASignificantly
different from non-GW-treated groups (P ⬍ 0.05); bSignificantly different
from non-GW-treated groups (P ⬍ 0.01); DSignificantly different basal conditions (P ⬍ 0.0001); n ⫽ 8 to 10 animals per group.
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Fig. 1. A: basal and insulin-stimulated glucose transport. B: calculated increase
in glucose transport rate from basal in response to insulin stimulation in soleus
muscle from control, control ⫹ GW 501516 (GW), high fat, and high fat ⫹
GW treatment groups. Values are expressed as mean ⫾ SE. aSignificantly
different from control group (P ⬍ 0.05). bSignificantly different from control
group (P ⬍ 0.01).dSignificantly different than control group (P ⬍ 0.0001).
D
Significantly different from basal conditions (P ⬍ 0.0001); n ⫽ 8 to 10
animals per group.

aging system; Syngene, Cambridge, UK). Confirmation of equal
loading was done using nonspecific protein staining with Ponceau-S.
Where appropriate, quantification of ␣-tubulin (Abcam, Cambridge,
MA) was also used to verify equal loading.
Muscle lipid content. The red and white sections of the gastrocnemius were used for the purpose of this measurement. One-hundred
milligrams of muscle was freeze-dried, powdered, and cleared of any
visible connective tissue. Lipids were extracted in a chloroformmethanol solution, as described by Folch et al. (18). Diacylglycerol
and ceramides were extracted and quantified by thin-layer chromatography/mass spectroscopy, as has been previously described (5).
Total DAG and ceramide content were expressed in nanomoles per
gram of dry mass muscle tissue.
Blood collection and analyses. At the completion of the 4-wk of
feeding, fasting blood samples were collected following all surgical
procedures by cardiac puncture. Blood samples were immediately
transferred to a sodium-heparinized tube and centrifuged at 20,000 g
for 20 min at 4°C. Plasma was removed and stored at ⫺80°C until
analyzed. Whole blood glucose was assessed with a glucometer
(Bayer Elite XL, Toronto, Canada). Plasma insulin concentrations
were assessed by radioimmunoassay (Millipore), and free fatty acids
were determined using an enzymatic colorimetric method (NEFA C
test kit, Wako, Richmond, Virginia).
Calculation and statistics. Glucose transport in soleus and epitrochlearis muscles was calculated as the intracellular accumulation of
3-O-[3H] methyl-D-glucose after correcting for the interstitial volume
with [14C] mannitol. The data are presented as means ⫾ SE. Differences in basal and insulin-stimulated glucose transport between
groups were analyzed using a repeated-measures ANOVA. Additionally, insulin-stimulated glucose transport was analyzed using a two-

PPAR-␦ AGONIST ADMINISTRATION WORSENS INSULIN RESPONSE

way ANOVA to compare the soleus and epitrochlearis muscles. All
other experimental measurements were analyzed using a two-way
ANOVA, with a Student Newman-Keuls post hoc test being used to
detect significant differences revealed by the two-way ANOVA.
Statistical significance was accepted as P ⬍ 0.05.
RESULTS

diet and agonist treatment led to a significant increase in fasting
whole blood glucose concentrations (P ⬍ 0.05; Table 2). There
were no significant differences in fasting plasma free fatty acid
concentrations in response to diet (Table 2), similar to other
studies in our laboratory (data unpublished). Agonist treatment
also had no effect on plasma free fatty acid concentrations.
Basal and insulin-stimulated glucose transport. Basal rates
of glucose transport in soleus (Fig. 1A) and epitrochlearis (Fig. 2A)
muscles were similar in all conditions. Insulin stimulation
significantly increased glucose transport in both muscles (P ⬍
0.0001). Compared with the control group, there was a significant attenuation of insulin-stimulated glucose transport in
soleus muscle in agonist (⫺33%, P ⬍ 0.0001), high-fat
(⫺21%, P ⬍ 0.05) and high-fat ⫹ agonist (⫺43%, P ⬍
0.0001) groups. In contrast, in the epitrochlearis, there was no
significant difference in insulin-stimulated glucose transport
between the control and high-fat group. However, there was a
significant decrease in insulin-stimulated glucose transport in
the agonist (⫺31%, P ⬍ 0.01) and high-fat ⫹ agonist (⫺39%,
P ⬍ 0.01) groups compared with control. In neither muscle

Fig. 3. Representative blots and quantification of Akt (A and C) and AS160 (B and D) phosphorylation during an acute insulin challenge in soleus (A and B)
and epitrochlearis (C and D) muscles from control, high-fat, control ⫹ GW, and high-fat ⫹ GW groups. Values are expressed as means ⫾ SE, expressed as
relative to control values. aSignificantly different from control group (P ⬍ 0.05); n ⫽ 8 animals per group.
AJP-Regul Integr Comp Physiol • VOL
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Oxidative enzyme capacity. Four weeks of high-fat diet
increased markers of maximal oxidative capacity (citrate synthase, CS) and FA oxidation (␤-HAD) in the white gastrocnemius (glycolytic), but not the more oxidative soleus and red
gastrocnemius muscles (Table 1). Inclusion of the agonist for
the final 2 wk resulted in a small, but significant, increase in CS
and ␤-HAD in white gastrocnemius, but not soleus or red
gastrocnemius muscles.
Body mass and blood measurements. There were no significant differences in pretrial or posttrial body mass among the
groups (Table 2), as anticipated with the pair-feeding design.
There was no significant effect of diet or agonist treatment on
fasting plasma insulin concentrations. However, both high-fat
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was there any evidence of an additive effect of the high-fat diet
and agonist treatment.
The difference (delta) between basal and maximal insulinstimulated glucose transport rates in soleus and epitrochlearis
muscles were calculated for all groups. In the soleus (Fig. 1B),
the delta for the agonist, high-fat, and high-fat ⫹ agonist
groups were significantly lower (P ⬍ 0.01) than that of the
control group (⫺47%, ⫺34%, ⫺46%, respectively). In the
epitrochlearis (Fig. 2B), delta values were significantly reduced
in agonist (⫺31%, P ⬍ 0.05) and high fat ⫹ agonist (⫺42%,
P ⬍ 0.05) groups; there was no significant difference between
the control and high-fat group.
Western Blot Analyses

DISCUSSION

Our major finding was that oral administration of the
PPAR-␦ agonist, GW 501516, significantly reduced maximal insulin-stimulated glucose transport and insulin signaling in skeletal muscle. This reduction was independent of
diet and occurred in both oxidative and glycolytic muscles.
AJP-Regul Integr Comp Physiol • VOL

Fig. 4. Representative blot and quantification of peroxisome proliferatoractivated receptors-␦ (PPAR-␦) protein expression in soleus (A) and white
gastrocnemius (B; WG) muscle homogenates from control, high-fat, control ⫹
GW, and high-fat ⫹ GW groups. Values are expressed as means ⫾ SE.
A
Significantly different from control diet (P ⬍ 0.05); n ⫽ 8 to 10 animals per
group.

The impaired glucose transport was not due to changes in
the muscle protein content of GLUT4 or specific insulin
signaling molecules (p85 PI3-K, IRS-1, Akt). Agonist and
diet treatment independently increased the total protein
content of the FA transporter FAT/CD36 in both oxidative
and glycolytic muscles. This increase in transporter coincided with elevated DAG and ceramide content in high-fat
fed rats; surprisingly, these lipids were generally not increased (or further increased relative to the high-fat diet) in
agonist-treated rodents. Taken together, the results from our
study suggest that chronic treatment with the PPAR-␦ agonist, GW 501516, may induce or worsen insulin response in
rodent skeletal muscle. This appears to be related to a large
increase in total FAT/CD36 content; however, the lack of
increase in muscle DAG or ceramide content suggests that a
potential accumulation of other lipid species could be a
cause of impaired insulin response. Alternatively, we cannot
rule out a possible direct and unexpected impairment of
either the GLUT4 transporters or insulin signaling proteins
caused by the agonist.
299 • AUGUST 2010 •
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Skeletal muscle insulin signaling protein phosphorylation
and total content. The transient phosphorylation of key insulin
signaling proteins, Akt and AS160, was significantly blunted
during acute insulin stimulation in both soleus and epitrochlearis muscles following agonist treatment, regardless of the diet
(Fig. 3). High-fat diet alone caused impaired insulin signaling
in the oxidative soleus muscle only. These findings essentially
mirror those of the insulin-stimulated glucose transport. There
were no significant differences among the groups, due to either
diet or agonist treatment, with respect to the total protein
contents of IRS-1, PI3-K p85, Akt, or AS160 (data not shown)
in either oxidative (soleus) or glycolytic (epitrochlearis, WG).
Skeletal muscle PPAR-␦ protein expression. Treatment with
the high-fat diet, but not agonist, significantly increased
PPAR-␦ protein content in soleus (P ⬍ 0.05; Fig. 4A). There
was no effect of either high-fat diet or agonist treatment on the
PPAR-␦ protein in WG (Fig. 4B).
Skeletal muscle FABPpm and FAT/CD36 protein expression.
There was no effect of high-fat diet or agonist treatment on
total FABPpm protein content in soleus and WG (Fig. 5).
However, both high-fat diet and agonist led to a significant
increase in FAT/CD36 protein content in soleus and WG (P ⬍
0.01). Treatment with the agonist was quite profound, causing
a near doubling of total FAT/CD36 content in both muscles
compared with control, similar to that observed with the
high-fat diet. The effects of diet and agonist treatments were
not additive.
Skeletal muscle GLUT4 protein expression. There was no
effect of diet or agonist on whole muscle GLUT4 protein
content in soleus or WG (Fig. 6).
Skeletal muscle ceramide and DAG content. There was a
significant increase (P ⬍ 0.05) in ceramide content in the red
gastrocnemius (RG) muscle as a result of the high-fat diet (Fig. 7).
Agonist treatment alone had no effect on ceramide content in
RG. Muscle ceramide content in the WG was unaffected by
diet and agonist. Diacylglycerol content was significantly increased in the RG of agonist (P ⬍ 0.01), high-fat (P ⬍ 0.01),
and high-fat ⫹ agonist (P ⬍ 0.05) groups. Muscle DAG
content was unaffected in the WG by diet and agonist.
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Oxidative Capacity and FA Metabolism
Oxidative capacity. Several studies have implicated PPAR-␦
as a regulator of oxidative capacity in skeletal muscle (29, 50).
However, the studies reporting this finding have generally used
muscles composed primarily of glycolytic fibers (50); information pertaining to oxidative muscle is limited. On the basis
of our results, it would appear that glycolytic fibers respond
more robustly than oxidative fibers to treatment with GW
501516 in terms of increasing their capacity for oxidative
metabolism. It is possible that higher doses of agonist may
have elicited significant increases in oxidative capacity in the
soleus muscle. We chose to use a low dose of agonist (4 mg/kg
body mass), as higher doses have been reported to cause
hepatomegaly (43). Interestingly, there was a divorcing of
changes in oxidative markers with changes in PPAR-␦ protein
content. PPAR-␦ protein content in oxidative muscle increased
in response to a high-fat diet (albeit modestly, ⬃20 to 30%),
but this did not translate to a significant increase in CS or
␤-HAD; conversely, oxidative markers increased in glycolytic
muscle in response to the agonist, in spite of no change in
PPAR-␦ content. Thus, it seems likely that changes in PPAR-␦
protein are not necessarily reflective of its activity.
FA metabolism. FA transport, facilitated by FAT/CD36 and
FABPpm, is a key step in the regulation of FA metabolism in
skeletal muscle. In sedentary rodents and humans, there is an
increase in sarcolemmal FA transporter content which is associated with intramuscular lipid accumulation and insulin resisAJP-Regul Integr Comp Physiol • VOL

tance (3, 8). Several studies have examined the effects of
PPAR-␦ agonists on the mRNA expression (but not protein
content) of FAT/CD36 in muscle cell lines (15, 49) and
macrophages (48), generating mixed results. In the present
study, agonist administration significantly increased muscle
FAT/CD36 protein content in both oxidative and glycolytic
muscles, similar to that observed with the high-fat diet. Our
results provide a possible mechanism linking agonist treatment
with the observed impairment of insulin-stimulated glucose
transport in the present study. Unfortunately, we were unable
to measure sarcolemmal transporter protein content in the
present study due to tissue limitations. It is likely, however,
that the increases in total FAT/CD36 observed in the present
study coincided with a parallel increase in the sarcolemmal
content, as several reports have indicated that increases in
whole muscle FAT/CD36 are concurrent with increases in its
sarcolemmal content (7, 22, 37). We have no explanation as to
why FABPpm content was unaffected by agonist treatment.
However, recent findings of Nickerson et al. (31) clearly
demonstrate a greater transport efficiency of FAT/CD36 relative to FABPpm. Arguably, then, we have demonstrated significant increases in the more important FA transporter. While
it is tempting to link the agonist-induced increase in FAT/
CD36 with the presence of insulin resistance, there are two
obvious caveats. First, the increase in FA transporters did not
necessarily lead to an increased intramuscular content of reactive lipid species (discussed below). Second, this potential
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Fig. 5. Representative blots and quantification
of fatty acid translocase (FAT)/CD36 (A and
B) and fatty acid binding protein (FABPpm)
(C and D) protein expression in soleus and
white WG muscle homogenates from control,
high-fat, control ⫹ GW, and high-fat ⫹ GW
groups. Values are expressed as means ⫾ SE,
expressed as relative to control values; n ⫽ 8
to 10 animals per group. BSignificantly different from control diet: DSignificantly different
from basal conditions (P ⬍ 0.0001).
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transporters or intramuscular lipid content. There is also recent
evidence that the administration of a PPAR-␦ agonist to rats
increases pyruvate dehydrogenase kinase activity in skeletal
muscle, resulting in significant impairment of carbohydrate
oxidation both at rest and during contraction (11). While this
may not directly explain our impairment of a nonmetabolizable
glucose analog under an insulin-stimulated condition in isolated muscle, it does support the notion that these agonists may
have unexpected and detrimental effects on glucose metabolism.
Glucose Homeostasis and Skeletal Muscle Insulin-Stimulated
Glucose Transport

association can be divorced in the glycolytic muscle, which
shows a twofold increase in FAT/CD36 in the high fat condition, but no impairment in insulin signaling or glucose transport.
Skeletal muscle lipid content. The accumulation of reactive
lipid species, including DAG and ceramides, may be a key
factor in the high-fat-induced impairment of insulin-stimulated
glucose transport in skeletal muscle (41, 45). In the present
study, we show that the high-fat diet significantly increased
DAG and ceramide content in red, but not white gastrocnemius, muscles. These relative changes in DAG and ceramide
content were similar to the direction of change in maximal
insulin response in soleus (impaired response) and epitrochlearis (no impairment) muscles. However, in contrast to the
effect of the high-fat diet, agonist treatment generally did not
alter muscle lipid content (with the exception of DAG in the
RG), whether administered alone or in conjunction with the
high-fat diet. Clearly, changes in DAG/ceramide cannot be
implicated as the main cause of agonist-induced impairment of
insulin-stimulated glucose transport. This is particularly puzzling given the observed increase in total FAT/CD36 transporter content, which would presumably have led to increases
in these lipids. However, it is possible that other reactive lipid
species were increased, which we did not measure. Alternatively, it is possible that the PPAR agonist had other nonselective effects, including a direct effect on either the GLUT4
protein or the ability of insulin-signaling proteins to respond to
an insulin challenge, independent of any effect on the FA
AJP-Regul Integr Comp Physiol • VOL
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Fig. 6. Representative blots and quantification of GLUT4 protein expression in
soleus (A) and WG (B) muscle homogenates from control, high-fat, control ⫹
GW, and high-fat ⫹ GW groups. Values are expressed as means ⫾ SE,
expressed as relative to control values; n ⫽ 8 –10 animals per group.

Blood glucose. There was a significant increase in fasting
blood glucose concentrations due to both agonist treatment and
high-fat diet. Our finding that agonist treatment significantly
increased fasting blood glucose was unexpected and in contrast
to previous studies (28, 34, 43). It is possible that variations in
experimental design such as dosage and duration of GW
501516 administration, as well as species selection (rats vs.
mice), accounted for these differences. Nevertheless, the agonist-induced increase in blood glucose is certainly reflective of
our observed impairment in insulin-stimulated glucose transport in skeletal muscle.
Glucose transport in skeletal muscle. A number of studies
have shown that chronic treatment with a high-fat diet induces
insulin resistance in rodent skeletal muscle, which may be due,
in part, to increasing the content of reactive lipid species (37,
53). Consistent with our own previous findings (30, 37), we
showed that the administration of a high-fat diet for 4 wk
reduced maximal insulin-stimulated glucose transport in soleus
muscle. Unfortunately, there was insufficient soleus and epitrochlearis tissue to permit lipid analyses in these muscles;
however, we observed a significant increase in total DAG and
ceramide contents in the oxidative red gastrocnemius. In contrast, high-fat treatment did not reduce insulin response in the
epitrochlearis muscle. This finding may not be surprising as
oxidative muscles are potentially more susceptible to developing FA-mediated insulin resistance (51, 53). Furthermore,
plasma membrane FAT/CD36 protein content is increased in
oxidative, but not glycolytic, muscles of insulin-resistant
Zucker Diabetic Fatty rats (7), and excess lipid accumulation
occurs in oxidative but not glycolytic muscles of obese and
type 2 diabetic humans (20). In the present study, the administration of a high-fat diet increased total expression of FAT/
CD36 in both fiber types; however, accumulation of DAG and
ceramide and a decrease in insulin response was only observed
in oxidative muscles. It is possible that the increase in total
transporter content did not reflect similar changes in the plasma
membrane. In our view, it is more likely that there was an
adaptive increase in FA oxidation in glycolytic muscle in
response to the high-fat diet that was sufficient to compensate
for an increase in FA uptake, although this was not directly
assessed.
It has been proposed that treatment with a PPAR-␦ agonist
may be able to attenuate the accumulations of harmful lipid
species in skeletal muscle on the basis of its ability to induce
significant increases in FA oxidation (43, 49). As such, we
predicted that agonist treatment would rescue the decrease in
insulin-stimulated glucose transport in skeletal muscle induced
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by high-fat feeding. Unexpectedly, agonist administration led
to a significant reduction in insulin-stimulated glucose transport in both soleus and epitrochlearis muscles, independent of
diet treatment. The percentage decrease in insulin-stimulated
glucose transport induced by the agonist was similar in both
muscles, and mirrored by a blunted transient phosphorylation
of Akt and AS160. This reduction in insulin-stimulated glucose
transport in both muscle types was associated with significant
increases in whole muscle FAT/CD36 content; however, DAG
and ceramide content were not further elevated above that
induced by the high-fat diet, even when the agonist was
combined with the high-fat diet. It may be possible that other
harmful lipid-derived species, such as long-chain acyl-CoAs or
products of incomplete FA oxidation accumulated and were
responsible for the impaired insulin response (9, 16).
Neither agonist treatment nor high-fat diet led to significant
changes in the total protein content of measured insulin signaling proteins (IRS-1, PI3-K, Akt, or AS160) in either oxidative or glycolytic muscle. Previous studies have also shown
no effect of high-fat feeding on the protein content of insulin
signaling proteins in skeletal muscle (36, 53). To our knowledge, this is the first study to assess the effects of chronic
treatment of a PPAR-␦ agonist on the protein contents of these
insulin-signaling proteins in skeletal muscle. The effect of
PPAR-␦ agonists on GLUT-4 mRNA expression in skeletal
muscle is equivocal (23, 43). Similarly, the effect of a high-fat
diet on muscle GLUT4 protein is controversial (21, 25, 36, 46).
We found no influence of either high-fat diet or agonist on total
GLUT4 protein in the present study.

for incubation under in vitro conditions. However, because of
the small size of these muscles, it was necessary to use larger
representative oxidative and glycolytic muscles to allow for the
analyses of lipid content, fatty acid transporters, and various
other regulatory enzymes and proteins. Nevertheless, it must be
acknowledged that the utilization of these different muscles
does represent a limitation to the current study. As we had
anticipated, improved insulin response as a result of administration of the agonist, we assessed the metabolic outcome in
rats fed a normal and high-fat, i.e., insulin resistance-inducing
diet. Unexpectedly, GW 501516 administration reduced maximal insulin response in both soleus and epitrochlearis muscles.
Although this effect was associated with a large increase in
muscle FAT/CD36 content, the PPAR-␦ agonist generally did
not cause further accumulations of intramuscular DAG and
ceramide beyond that induced by the high-fat diet. It is possible, however, that other harmful lipid-derived species may
have accumulated. Although we believe that it is the activation
of muscle PPAR-␦ by the ingestion of saturated FA acids or the
agonist that leads to the overexpression of FAT/CD36 and the
impaired insulin response, we have not demonstrated this to be
cause and effect or necessarily to be the only mechanism
involved. Given the importance of skeletal muscle as a contributor to the regulation of blood glucose, it is essential to
fully characterize how this tissue responds to treatment with a
PPAR-␦ agonist in vivo before these agents can be established
as antidiabetic therapeutics.
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