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We have examined over the course of a 1-week period the independent and combined

effects of chronically increased muscle contraction and the peroxisome proliferator-activated

receptor (PPAR)α and PPARγ activators, Wy 14,643 and rosiglitazone, on the expression and

plasmalemmal content of the fatty acid transporters, FAT/CD36 and FABPpm, as well as on the

rate of fatty acid transport. In resting muscle, the activation of either PPARα or PPARγ failed to

induce the protein expression of FAT/CD36. PPARα activation also failed to induce the protein

expression of FABPpm. In contrast, PPARγ activation induced the expression of FABPpm protein

(40%; P < 0.05). Chronic muscle contraction increased the protein expression of FAT/CD36

(∼50%; P < 0.05), whereas FABPpm was slightly increased (12%; P < 0.05). Neither PPARα
nor PPARγ activation altered the contraction-induced expression of FAT/CD36 or FABPpm.

Changes in protein expression of FAT/CD36 or FABPpm, induced by either contractions

or by administration of rosiglitazone, were largely attributable to increased transcription.

The contraction-induced increments in FAT/CD36 were accompanied by parallel increments

in plasmalemmal FAT/CD36 and in rates of fatty acid transport (P < 0.05). Up-regulation of

FABPpm expression was, however, accompanied by a reduction in plasmalemmal FABPpm,

which did not affect the rates of long chain fatty acid (LCFA) transport. These studies have shown

that in skeletal muscle (i) neither PPARα nor PPARγ activation alters FAT/CD36 expression,

(ii) PPARγ activation selectively up-regulates FABPpm expression and (iii) contraction-induced

up-regulation of LCFA transport does not appear to occur via activation of either PPARα or

PPARγ.
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Long chain fatty acids (LCFAs) regulate gene expression
(Abumrad et al. 1999) and provide the components for
cellular membranes and cellular metabolism (Abumrad
et al. 1998). An important locus of control for these
processes may reside at the level of the plasma membrane,
the barrier to the intracellular environment. For many
years, it had been thought that fatty acids enter the cell via
unregulated diffusion (Hamilton & Kamp, 1999); however,
there is strong support for the concept that fatty acid entry
into cells occurs, in part, via a regulated protein-mediated
mechanism (Abumrad et al. 1981, 1984). Several fatty
acid transport proteins are thought to be involved in this

process, including the 40-kDa plasma membrane fatty
acid-binding protein (FABPpm) and the 88-kDa fatty acid
translocase (FAT/CD36) (Abumrad et al. 1999). Altering
the plasmalemmal content of FAT/CD36 and/or FABPpm
results in concomitant changes in the rates of LCFA
transport (Luiken et al. 2001, 2002b; Steinberg et al. 2002;
Clarke et al. 2004; Koonen et al. 2004).

The peroxisome proliferator-activated receptors
(PPARs) are ligand-inducible transcription factors of
the nuclear hormone receptor superfamily that activate
gene expression, particularly those genes involved in the
regulation of fatty acid metabolism. Currently, three
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isoforms of PPARs (α, γ and δ) are known to exist.
Generally, PPARα and PPARγ appear to govern
the expression of genes regulating β-oxidation and
adipogenic processes, respectively, whereas more recently,
it has been shown that PPARδ is also implicated in
processes regulating β-oxidation (Escher & Wahli, 2000;
Chen et al. 2001; Dressel et al. 2003; Gilde et al. 2003;
Hevener et al. 2003; Tanaka et al. 2003). As changes in
FAT/CD36 and FABPpm result in concomitant changes in
the rates of LCFA transport, which affects rates of LCFA
metabolism (Steinberg et al. 2002; Bonen et al. 2004;
Campbell et al. 2004; Chabowski et al. 2005; Coort et al.
2005), it is possible that these LCFA transporters are also
regulated by PPARs. It is known that the FAT/CD36 gene
contains a peroxisome-proliferator response element
(PPRE) in its 5′ non-coding regions (Schoonjans et al.
2002), but the FABPpm gene has not been assessed yet for
the presence of a PPRE. While it is not known whether
FABPpm is regulated by PPARs, PPARα appears to
regulate FAT/CD36 mRNA expression in liver (Motojima
et al. 1998), whereas in adipose tissue (Motojima et al.
1998) and the aorta (Chen et al. 2001) this same
transporter is regulated by PPARγ . Thus, it appears
that PPARα and PPARγ regulate the LCFA transporter
FAT/CD36 in a tissue-specific manner.

Skeletal muscle is a key tissue involved in fatty acid
metabolism. Based on the positive relationship between
PPARα mRNA and FAT/CD36 mRNA in human muscle,
it has been suggested that PPAR mediates regulation of
LCFA transporters (Zhang et al. 2004). It is interesting
that chronically increased muscle activity is a stimulus
for increasing the expression of FAT/CD36 and FABPpm
(Bonen et al. 1999; Koonen et al. 2004), and that PPARα

(Horowitz et al. 2000) and PPARγ (Kawamura et al. 2004)
is also a stimulus for their increased expression. This
may indicate that the contraction-induced expression of
FAT/CD36 and FABPpm in muscle involves the activation
of PPARα and/or PPARγ . Therefore, in the present
study we examined whether muscle activity-induced
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Figure 1. Schematic representation of the experimental design
There were three experimental groups in which saline (sham), WY 14,643 or Rosiglitazone were infused
continuously for 7 days, using an implanted mini-osmotic pump. In addition, in each animal, EDL muscles in
one leg were induced to contract for up to 7 days while the contralateral EDL was not stimulated (rest). The
animals were killed after 1,3,5 and 7 days of treatment.

up-regulation of FAT/CD36 and FABPpm occurred
via induction of either PPARα or PPARγ . For these
purposes, we examined the independent effects of
muscle contraction, Wy 14,643, a PPARα activator, and
rosiglitazone, a PPARγ activator, on the expression of
FAT/CD36 and FABPpm mRNA abundance and protein
levels in rat skeletal muscle. We also examined the
combined effects of muscle contraction and Wy 14,643
and muscle contraction and rosiglitazone on FAT/CD36
and FABPpm mRNA and protein expression. Finally, in
all these experiments we also examined the plasmalemmal
content of FAT/CD36 and FABPpm, and the rates of LCFA
transport.

Methods

Animals

Sprague-Dawley rats weighing 357 ± 4.8 g were used. The
rats were housed in an air-conditioned room on a reverse
12 h light–12 h dark cycle. Animals were provided with rat
chow and water ad libitum. Ethical approval was obtained
for this work from the Animal Care Committees at the
University of Waterloo and at the University of Guelph.

Three experimental groups were used to examine the
independent and combined effects of PPAR activators
and muscle contraction (Fig. 1): (i) in the first group,
the PPARα activator Wy 14,643 had been infused for up
to 1 week; (ii) in the second group, the PPARγ activator
rosiglitazone had been infused for up to 1 week; and (iii) a
sham control group was not treated with either Wy 14,643
or rosiglitazone. Within each of these three groups, the
extensor digitorum longus (EDL) muscle in one leg was
chronically stimulated to contract. The contralateral EDL
muscle in the same animals served as a resting control for
the respective treatments. These experimental treatments
(contraction and/or drug) were maintained for 0, 1, 3, 5
or 7 days (Fig. 1).
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Chronic electrical stimulation of rat muscles

Muscles were stimulated using chronic low-frequency
stimulation, as we have previously described (Johannsson
et al. 1996; McCullagh et al. 1997; Bonen et al. 1999).
Briefly, rats were anaesthetized with Somnotol
(6 mg (100 g body weight)−1, i.p.). Induction of
anaesthesia was confirmed by the absence of responses
to both foot pinching and touching the eyelids. Once
full anaesthesia had been induced, two stainless steel
electrodes were implanted onto either side of the peroneal
nerve of one of the hindlimbs. These electrodes were
passed subcutaneously and exteriorized at the back of the
neck, where they were attached to a miniature electronic
stimulator. Sham operation was performed on the
contralateral hindlimb and served as control. The animals
were allowed to recover for 7 days prior to the initiation
of the stimulus pulses (10 Hz; duration, 50 μs). The
peroneal nerve, which innervates the EDL muscle, was
stimulated for 24 h for 0, 1, 3, 5 or 7 days. The stimulators
were turned off for 6 h prior to removal of the muscles. To
remove the muscles, the rats were anaesthetized with an
injection of Somnotol (6 mg · 100 g body weight−1, i.p.)
after which the EDL muscles from both legs were excised.
Immediately after removal, muscle samples were frozen
in liquid nitrogen and stored at −80◦C until required for
further analyses, unless otherwise noted. These treatments
yielded muscles that had been chronically stimulated
(contraction) or that had not been electrically activated
(resting).

Wy 14,643 and rosiglitazone

Fifteen minutes before the start of chronic electrical
stimulation, an osmotic minipump (Alzet, Durect
Corporation, Cupertino, CA, USA), which released
Wy 14,643 (Cedarlane, Laboratories, Hornby, ON,
Canada) or rosiglitazone (a gift from GlaxoSmithKline)
at a constant rate, was inserted subcutaneously into
the dorsal thoracic region of the anaesthetized rats.
Implantation took approximately 10 min. The osmotic
pump released 1 mg per day of either Wy 14,643
(vehicle, DMSO) or rosiglitazone (vehicle, 15% ethanol)
at a constant rate of 41.7 μg h−1 for up to 7 days.
Animals were killed with an overdose of somnotol
(100–150 mg (100 g body weight)−1, i.p.) on days 1, 3, 5
and 7 and the EDL muscles from both legs were removed.
The muscles were frozen in liquid nitrogen and stored at
−80◦C until required for further analyses.

Blood sampling

On the days that the animals were killed, blood samples
were obtained via cardiac puncture. Serum was extracted
and stored at −20◦C. These samples were analysed for
glucose (Sigma-Aldrich, St Louis, MO, USA), insulin

(Linco, St Louis, MO, USA) and fatty acid (WAKO)
concentrations using commercially available kits.

Fatty acid transporters

RNA isolation. Total RNA was isolated from the skeletal
muscle samples (days 5 and 7) through the use of
a modified guanidine isothiocyanate/caesium chloride
centrifugation method (Chirgwin et al. 1979). Frozen
muscle tissues were homogenized in 4 m guanidine
isothiocyanate (8 ml) and then layered slowly onto 5.7 m

caesium chloride solution (3.3 ml). The samples were
centrifuged for 23 h at 20◦C in an SW-41 Ti rotor (Beckman
Canada, Mississauga, ON, Canada) at 150 000 g . The RNA
pellets were then recovered and purified by two pre-
cipitations in cold, filtered ethanol at −80◦C.

Northern blot analysis. For electrophoresis, 2 μg
(FABPpm) and 3 μg (FAT) of total RNA were used
on a 1.2% (w/v) formaldehyde agarose gel (Sambrook
& Russel, 2001). The RNA was then transferred to a
positively charged nylon membrane (Roche Diagnostics,
Laval, Quebec, Canada) and cross-linked using ultraviolet
light (GS-Gene Linker, Bio-Rad, Richmond, CA, USA).
To ensure that the RNA was intact and equally loaded,
the cross-linked membrane was stained with Northern
Blot Staining Solution (Sigma-Aldrich) and scanned into
the computer for later densitometry and normalization
of blots using the 28S ribosomal RNA signal. The cDNA
for FAT (Abumrad et al. 1993) had been previously
subcloned into the EcoRI site of pBluescript(KS) and the
orientation checked by digestion with Acc I. To produce
the digoxigenin (DIG)-labelled antisense riboprobe,
the template DNA was linearized with Ase I, and T3
RNA polymerase was used. The size of the resulting
transcript was approximately 1.6 kb. The cDNA for
mitochondrial AspAT (Mattingly et al. 1987), which is
identical to FABPpm (Bradbury & Berk, 2000), had been
previously subcloned into pBluescript(KS) and contained
a 2.3-kb EcoR1 fragment. The orientation was checked
by digestion of template DNA with Hind III restriction
enzyme. To produce the DIG-labelled antisense RNA
riboprobe, the template DNA was linearized with Xho I
and T7 RNA polymerase was used.

The RNA transcription ingredients included 1–2 μg
DNA template and the nucleotide triphosphate mixture
(2.5 mm cytosine triphosphate, 2.5 mm GTP, 2.5 mm

ATP, 1.625 mm uridine triphosphate (UTP) (Promega,
Madison, WI, USA) and 0.875 mm DIG-11 UTP (Roche
Diagnostics)), 20 mm dithiothreitol (Promega) and 1X
RNA polymerase buffer maintained at room temperature.
The final two ingredients, 0.5 μg RNase inhibitor and
the appropriate RNA polymerases were added cold, and
the whole probe mixture was incubated for 2 h at 37◦C.
The DNA template was then digested by adding 1 μl
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RNase-free DNase I (Promega) and incubated for 10 min
at 37◦C. The probe mixture was precipitated by storing in
ethanol at −80◦C for 30 min, centrifuged at 14 000 g for
15 min and resuspended in 20 ml hybridization buffer.

The cross-linked membranes were prehybridized in the
above buffer, preheated to 68◦C, for approximately 8 h on
a shaker set at 68◦C. The prehybridization buffer was then
replaced with buffer containing the prepared DIG-labelled
antisense RNA probes, specific for either FABPpm or
FAT. The membranes were then incubated with the probe
overnight at 68◦C. A chemiluminescense detection system
(Roche Diagnostics) was used to visualize the mRNA blots.
Quantification of blots was performed with Gene Tool
(Syngene, Perkin-Elmer, Woodbridge, ON, Canada).

Western blotting. FAT/CD36 and FABPpm protein
concentrations were determined in homogenized EDL
muscles and separated using SDS/PAGE. FAT/CD36 and
FABPpm were detected as we have described in detail
previously (Bonen et al. 2000; Luiken et al. 2001,
2002a). Proteins were visualized by chemiluminescence
detection, according to the manufacturer’s instructions
(Hyperfilm-ECL; Amersham). Quantification of blots was
performed with Gene Tool.

Preparation of giant sarcolemmal vesicles. Giant
sarcolemmal vesicles were prepared as described
previously (Bonen et al. 2000; Koonen et al. 2002, 2004).
Briefly, by using a scalpel blade, 1- to 3-mm thick slices
of muscle were obtained and these were incubated for
1h in 140 mm KCl-10 mm MOPS (pH 7.4), aprotinin
(30 μg ml−1), collagenase type VII (13 U ml−1), and
PMSF (0.14 mg ml−1) in a shaking 34◦C water bath.
Supernatant fractions were then collected and filtered
through cheesecloth. The remaining tissue was rinsed
with KCl-MOPS and 10 mm EDTA, and the resulting
sceond supernatant fraction was filtered through the
cheesecloth and pooled with the first to a volume of
7.5 ml. To this supernant fraction a Percoll solution
(1.75 ml: 16% Percoll, 26 mm KCL, 10 μg ml−1 aprotinin)
was added and the resulting suspension was placed at
the bottom of a density gradient consisting of a 1-ml
KCl-MOPS (containg 0.14 mg ml−1 PMSF) upper layer
and a 3 ml middle layer of 4% Nycodenz (w/v). Following
a 60 g centrifugation for 45 minutes at room temperature,
the vesicles were harvested from the interface separating
the upper and middle layers, diluted with KCl-MOPS
and recentrifuged for 5 minutes at 12000 g . The resulting
pellets were resuspended with KCl-MOPS to protein
concentrations of 2–3 mg ml−1.

Palmitate uptake by giant vesicles. Palmitate uptake
into giant sarcolemmal vesicles was performed as
previously described (Bonen et al. 1998, 1999, 2000;

Table 1. Glucose, insulin and fatty acid concentrations in control
and experimental animals

Treatment Group Glucose Insulin Fatty acids
(mM) (ng ml−1) (mM)

Control (n = 8) 11.1 ± 0.9 5.1 ± 1.0 0.34 ± 0.05
WY 14,643 (n = 8) 11.9 ± 0.8 5.4 ± 1.1 0.24 ± 0.02∗

Rosiglitazone (n = 8) 10.3 ± 0.4 5.0 ± 0.3 0.27 ± 0.02∗∗

Data are means ± S.E.M. Data were obtained from animals
treated for 7 days; ∗P < 0.05 versus control group; ∗∗P = 0.075
versus control group.

Luiken et al. 1999). Briefly, 40 μl KCl–Mops with
0.1% bovine serum albumin (BSA), containing both
3H-radiolabelled (0.3 μCi) and unlabelled palmitate
(14 μm) and 0.06 μCi [14C]mannitol, were added to
40 μl vesicle suspension. Following a 15-s incubation
at room temperature, the palmitate uptake was
terminated by the addition of a stop solution consisting
of 1.4 ml ice-cold KCl–MOPS, 2.5 mm HgCl2 and
0.1% BSA. Following centrifugation at maximum
speed (8050 kg) for 1 min in a tabletop microfuge
(Beckman Canada), the supernatant fraction was
discarded and the resulting radioactivity in the tip of
the tube was determined, from which rates of palmitate
transport were calculated. To measure non-specific
palmitate uptake, the stop solution was added before the
addition of the radiolabelled palmitate.

Statistical analysis. We pooled the data for the mRNA
analyses from days 5 and 7, because there was no difference
between mRNA abundance on these days. Subsequently,
the mRNA data where analysed using a paired t test for
each experimental treatment. Analyses of variance were
used to examine the changes over time (days 0, 1, 3, 5 and
7) in LCFA transport proteins in control and experimental
muscles. Post hoc analyses were performed using Fisher’s
least-squares difference (LSD) test. t tests were used to
compare the changes in rates of LCFA transport. All data
are reported as means ± s.e.m.

Results

Treatment with Wy 14,643 or rosiglitazone did not
alter the circulating insulin or glucose concentrations
in healthy animals (Table 1). This finding is similar to
previous studies in which rosiglitazone or Wy 14,643 did
not lower glucose and/or insulin concentration in lean
mice, although reductions did occur in Wy 14,643- or
rosiglitazone-treated ob/ob mice (Muurling et al. 2003;
Ide et al. 2004; Wilson-Fritch et al. 2004). Circulating
fatty acid concentrations were reduced by 30% in the
animals treated with Wy 14,643 (P < 0.05, Table 1) and
there was a tendency for rosiglitazone to lower circulating
fatty acid concentrations (−21%; P = 0.075, Table 1).
Previously, rosiglitazone has been found to reduce
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circulating fatty acid concentrations in obese Zucker rats
(Coort et al. 2005), but not in ob/ob or lean mice (Muurling
et al. 2003; Dhindsa et al. 2005). In another study, Wy
14,643 was found to reduce circulating fatty acids in ob/ob
mice, wheras there was a tendency to do so in lean mice
(Ide et al. 2004), as in the healthy animals in the present
study.

Effects of muscle contraction, Wy 14,643 and
rosiglitazone on fatty acid transporter mRNAs:
FAT/CD36 mRNA

Resting muscle. There were no differences among
the groups in FAT/CD36 mRNA (P > 0.05, Fig. 2A).
Therefore, within each group these data were normalized
to 100 (arbitrary units).

Chronic muscle contraction. There was a small, but
consistent, increase in FAT/CD36 mRNA (+15%;
P < 0.05) in the chronically contracting muscles and
in contracting muscles treated with Wy 14,643 (+32%;

Figure 2. FAT/CD36 mRNA (A) and FABPpm mRNA (B) in resting and chronically contracting muscles
treated with the PPARα activator Wy 14,643 and the PPARγ activator rosiglitazone
Data are means ± S.E.M. In each treatment group, data from day 5 and day 7 were pooled and mRNA data
were normalized to 285 ribosomal RNA. n = 6–8 muscles for each group. ∗P < 0.05, resting muscle versus
chronically contracting muscle. ∗∗P < 0.05, resting muscle + rosiglitazone versus resting muscle no drug, and
resting muscle + Wy 14,643.

P < 0.05), although these increments in the two groups did
not differ (P > 0.05, Fig. 2A). In contrast, treatment with
rosiglitazone inhibited the contraction-induced increase
in FAT/CD36 mRNA (Fig. 2A).

FABPpm mRNA

Resting muscle. Compared to the untreated muscles,
there was no change in FABPpm mRNA in the muscles
of animals treated with Wy 14,643 (P > 0.05). In contrast,
in the rosiglitazone-treated animals, FABPpm mRNA
was markedly increased in the resting muscles (+98%;
P < 0.05, Fig. 2B).

Chronic muscle contraction. In the chronically
contracting muscles, compared to control muscles,
FABPpm mRNA was increased by 44% (P < 0.05,
Fig. 2B). A small, consistent increase (+13%; P < 0.05)
was observed in chronically contracting muscles
of the Wy 14,643-treated animals (Fig. 2B). In the
rosiglitazone-treated animals, FABPpm mRNA was
increased (+44%; P < 0.05, Fig. 2B). This increase was
less (P < 0.05) than the rosiglitazone-induced increase in
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FABPpm mRNA (+98%) in the resting muscles of the
same animals (Fig. 2B).

Effects of muscle contraction, Wy 14,643 and
rosiglitazone on fatty acid transporter proteins:
FAT/CD36 protein

Resting muscle. A 7-day infusion of either Wy 14,643
or rosiglitazone failed to alter expression of FAT/CD36
protein in muscle (Fig. 3A). However, in these same
animals, the PPARα agonist, Wy 14,643, increased
FAT/CD36 protein in the liver by 80% (P < 0.05, data not
shown).

Chronic muscle contraction. Chronic muscle stimulation
for 7 days progressively increased FAT/CD36 protein
expression. After 3 days, FAT/CD36 expression was
increased by 30% (P < 0.05), and was further increased in
the next few days, attaining a plateau at day 5 (+57%; and
+53% at day 7) of chronic stimulation (P < 0.05, Fig. 3B).

The combined effects of muscle contraction and
administration of rosiglitazone also lead to increments in

Figure 3. FAT/CD36 protein in resting (A) and chronically contracting muscles (B) treated with the PPARα
activator Wy 14,643 and the PPARγ activator rosiglitazone
Data are means ± S.E.M. n = 4 – 5 muscles for each group at each data point. ∗P < 0.05, chronic contraction versus
day 0. ∗∗P < 0.05, chronic contraction + rosiglitazone versus day 0. ∗∗∗P < 0.05, chronic contraction + Wy 14,643
versus day 0. †P < 0.05, chronic contraction + Wy 14,643 versus chronic contraction, and chronic contraction
+ Wy 14,643 versus chronic contraction + rosiglitazone.

FAT/CD36 protein expression (day 3, +24%; day 5, +44%;
day 7, +50%; P < 0.05). However, these increments did
not differ from those observed in the chronic contraction
group that had not been treated with rosiglitazone
(P > 0.05, Fig. 3B).

Infusion with Wy 14,643 initially inhibited the
chronic contraction-induced increase in FAT/CD36, as the
FAT/CD36 increments observed on day 3 (+13%) and
day 5 (+16%) were lower than those observed in the
chronically contracting muscles that had not been treated
with Wy 14,643 (day 3, +30%; day 5, +57%; P < 0.05).
However, by day 7 these increases in FAT/CD36 (+50
to +57%) were similar among all the groups (P > 0.05,
Fig. 3B).

FABPpm protein

Resting muscle. During 7 days of infusion with
Wy 14,643, FABPpm expression was not altered (P > 0.05,
Fig. 4A). In contrast, infusion of rosiglitazone induced
a marked increase in FABPpm expression in resting
muscle (P < 0.05, Fig. 4A). Specifically, after 1 day of
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infusion, FABPpm was increased by 13% (P < 0.05), and
there was a 41% increase in FABPpm (P < 0.05) by day
3. This up-regulation by FABPpm was maintained at
days 5 (+25%) and 7 (+39%) of rosiglitazone infusion
(Fig. 4A).

Chronic muscle contraction. There was only a small but
significant increase in FABPpm (+9 to +18%; P < 0.05)
after 5–7 days in chronically stimulated muscles and in the
chronically stimulated Wy 14,643-treated animals (+15%
after 5 days, P < 0.05, Fig. 4B). The combined chronic
muscle contraction and rosiglitazone treatment increased
FABPpm expression by 16%, 34%, 26% and 32% on days 1,
3, 5 and 7, respectively (P < 0.05, Fig. 4B). These increases
were almost identical to the changes in FABPpm observed
in the non-contracting muscles in the same animals
(i.e. +13%, +41%, +25% and +32% on days 1, 3, 5 and
7, respectively, P > 0.05, Fig. 4A).

Effects of muscle contraction, Wy 14,643 and
rosiglitazone on plasmalemmal fatty acid transporters

Plasma membrane FAT/CD36. There were no differences
in the plasmalemmal content of FAT/CD36 in the resting

Figure 4. FABPpm protein in resting (A) and chronically contracting muscles (B) treated with the PPARα
activator Wy 14,643 and the PPARγ activator rosiglitazone
Data are means ± S.E.M. n = 4 – 5 muscles for each group at each data point. ∗P < 0.05, resting
muscle + rosiglitazone versus day 0, and chronic contraction + rosiglitazone versus day 0. ∗∗P < 0.05, chronic
contraction versus day 0. ∗∗∗P < 0.05, chronic contraction + Wy 14,643 versus day 0. †P < 0.05, chronic
contraction + rosiglitazone versus resting muscle and chronic contraction, and chronic contraction + rosiglitazone
versus resting muscle + Wy 14,643 and chronic contraction + Wy 14,643.

muscles in the three groups of rats (P > 0.05) and,
therefore, these data in each group were set to 100
(arbitrary units). In the chronically contracting muscles,
plasma membrane FAT/CD36 level was increased by 41%
(P < 0.05, Fig. 5A), whereas in the chronically stimulated
muscles treated with Wy 14,643 and rosiglitazone,
plasmalemmal FAT/CD36 level was increased by 39%
(P < 0.05) and 60% (P < 0.05, Fig. 5A), respectively. These
increments in plasma membrane FAT/CD36 level did not
differ among the groups (P > 0.05).

Plasma membrane FABPpm. There was no change in the
plasmalemmal content of FABPpm among the resting
muscles, either in the presence or absence of Wy 14,643
(P < 0.05, Fig. 5B). In chronically contracting muscle
there was a small, consistent increase in plasmalemmal
FABPpm (+13%; P < 0.05, Fig. 5B), whereas no changes
in plasmalemmal FABPpm were observed in contracting
muscles treated with Wy 14,643 (P > 0.05, Fig. 5B). In
contrast, with the 7-day administration of rosiglitazone,
the plasmalemmal content of FABPpm was decreased by
∼40% in both the control and chronically stimulated
muscles (P < 0.05, Fig. 5B).
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Figure 5. Plasmalemmal FAT/CD36 (A) and FABPpm protein
levels (B) and rates of palmitate transport into giant
sarcolemmal vesicles (C) and in resting and chronically
contracting muscles treated with the PPARα activator Wy
14,643 and the PPARγ activator rosiglitazone
Data are means ± S.E.M. n = 4 – 5 muscles for each group. ∗P < 0.05,
resting muscle versus chronically contracting muscle (with and without
Wy 14,643 and/or rosiglitazone). ∗∗P < 0.05, rosiglitazone-treated
muscles versus all other treatments.

Effects of muscle contraction, Wy 14,643 and
rosiglitazone on rates of fatty acid transport

In the resting muscles, rates of palmitate transport into
giant sarcolemmal vesicles did not differ among the three
treatment groups (P > 0.05, Fig. 5C). In the chronically
contracting muscles, the rates of palmitate transport
were increased in each of the three groups (P < 0.05,
Fig. 5C). These increases ranged from +44% in the
chronically stimulated muscles to +60% and +48% in the
chronically stimulated muscles treated with Wy 14,643 and
rosiglitazone, respectively. These increments did not differ
significantly among the three groups (P > 0.05, Fig. 5C).

Discussion

In this study we examined the independent and combined
effects of chronically increased muscle contraction
and the PPARα and PPARγ activators (Wy 14,643
and rosiglitazone, respectively) on the expression and
plasmalemmal content of the fatty acid transporters,
FAT/CD36 and FABPpm, as well as on the rate of fatty acid
transport. The present study confirms previous reports
(Bonen et al. 1999; Koonen et al. 2004) that chronic
muscle contraction increases the expression of FAT/CD36
and FABPpm. In addition, a number of novel observations
were made. (i) Despite the known Wy 14,643-mediated
induction of FAT/CD36 in liver (Motojima et al. 1998
and data not shown), no such induction was observed in
resting skeletal muscle in either FAT/CD36 or FABPpm
protein expression. (ii) Rosiglitazone administration
increased FABPpm protein expression, but not FAT/CD36
protein expression, in resting skeletal muscle. (iii) These
rosiglitazone-induced increments in FABPpm protein
expression were accompanied by a decrease in
plasmalemmal FABPpm, which failed to alter the
rate of palmitate transport. (iv) In the contracting
muscles, the increase in FAT/CD36 protein expression
was not attenuated by rosiglitazone and only temporarily
by Wy 14,643 (days 1–5, not day 7). (v) Increments
in FABPpm were not altered by Wy 14,643, and the
rosiglitazone-induced increments in FABPpm were
unaltered by muscle contraction. (vi) The rates of LCFA
transport were not influenced by either rosiglitazone
or Wy 14,643 in either resting or contracting muscles.
(vii) Finally, the contraction-induced up-regulation of
LCFA transport is mainly associated with an increase in
plasmalemmal FAT/CD36, not plasmalemmal FABPpm.

FAT/CD36 responses to low-frequency chronic
stimulation, Wy 14,643 and rosiglitazone

The response of FAT/CD36 to PPAR activators is
controversial. Motojima et al. (1998) observed that PPARα

activation via Wy 14,643 induced FAT/CD36 mRNA in
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liver, but not in adipose tissue, of mice. Others have
shown that activation of PPARα by Wy 14,643 does
occur in skeletal muscle (Brun et al. 1999; Wu et al.
1999; Clapham et al. 2001). Thus, in agreement with
Motojima et al. (1998), the results from our study
also indicate that a tissue-specific response to PPARα

activation occurred; with Wy 14,643 infusion there was
a large increase in hepatic FAT/CD36 protein (+80%,
data not shown) whereas no increase in skeletal muscle
FAT/CD36 protein or mRNA was found in the same
animals. Similarly, activation of PPARγ by rosiglitazone
in skeletal muscle also failed to induce FAT/CD36. This
result parallels observations in diabetic mice in which
rosiglitazone administration failed to alter the abundance
of the FAT/CD36 transcript in muscle (Albrektsen et al.
2002). In C2C12 muscle cells, FAT/CD36 mRNA abundance
was not altered by activation of either PPARα or PPARγ

(Dressel et al. 2003), although PPARγ activation by
rosiglitazone induced FAT/CD36 protein expression in
cultured muscle cells obtained from type 2 diabetic
patients (Wilmsen et al. 2003). Collectively, these studies
suggest that induction of FAT/CD36 expression by PPARα

and/or PPARγ activators is tissue specific (liver versus
muscle), while species differences (rodent versus human)
may also be occurring.

In contrast to the results with PPARα or PPARγ

activation, FAT/CD36 protein expression was shown to
increase in response to chronic contraction. This has been
observed previously in our laboratory (Bonen et al. 1999).
The present study shows that this contraction-induced
increase in FAT/CD36 was not influenced by the
concomitant activation of either PPARα or PPARγ . In the
chronically contracting muscles, there was an increase in
both FAT/CD36 mRNA and protein expression. However,
it is unclear why rosiglitazone treatment during chronic
stimulation prevented the contraction-induced increase in
FAT/CD36 mRNA. Collectively, these results suggest that
rosiglitazone exerts its effects on FAT/CD36 expression at
the level of transcription rate and/or mRNA stability.

FABPpm responses to Wy 14,643, rosiglitazone
and chronic stimulation

The lack of FABPpm induction in the resting muscles
treated with Wy 14,643, indicates that, just as in liver
(Motojima et al. 1998), Wy 14,643 does not induce
FABPpm expression in skeletal muscle. This suggests that
this protein is not regulated by the PPARα pathway in
either liver (Motojima et al. 1998) or skeletal muscle
(present study). Similarly, the changes in FABPpm protein
expression in muscle during chronic stimulation were
minor, although there was some up-regulation at the
mRNA level.

The finding that rosiglitazone administration increased
both FABPpm mRNA accumulation and protein
demonstrates that FAT/CD36 and FABPpm can be
independently regulated, although the candidate
pathways involved remain to be determined. This
rosiglitazone-induced up-regulation of FABPpm is only
one of a few reports to demonstrate that selected proteins
can be up-regulated by rosiglitazone in skeletal muscle.
It is widely believed that rosiglitazone affects primarily
adipose tissue gene expression. Because plasmalemmal
FABPpm was reduced, it appears that the increase in
FABPpm expression was confined to other subcellular
sites. While FABPpm may have been retained within a
low-density microsomal compartment that has recently
been identified (Chabowski et al. 2005), we have recently
found that PPARγ activation via rosiglitazone increases
skeletal muscle mitochondrial aspartate aminotransferase
(C. Benton and A. Bonen, unpublished data), which is
known to be the sequence homologue of FABPpm (Stump
et al. 1993; Bradbury & Berk, 2000; Cechetto et al. 2002).

Palmitate transport and plasma membrane
abundance of FAT/CD36 and FABPpm in response
to low-frequency chronic stimulation, Wy 14,643
and rosiglitazone

In line with our previous work (Bonen et al. 1999; Koonen
et al. 2004), chronic stimulation markedly stimulated fatty
acid transport into giant sarcolemmal vesicles prepared
from skeletal muscle. The observed increase in palmitate
transport in the present study was associated with the
increase in the expression and plasmalemmal content of
FAT/CD36, as has also been shown previously (Bonen et al.
1999, 2000). Based on work demonstrating that FABPpm
inhibition reduced the rate of LCFA transport in heart and
skeletal muscle (Luiken et al. 1999; Turcotte et al. 2000), our
findings of the decreased plasmalemmal FABPpm would
have been expected to result in a reduced LCFA transport;
however, this was not observed. Previously, we have
shown that overexpressing FABPpm in muscle can increase
LCFA transport (Clarke et al. 2004). However, we (Clarke
et al. 2004) also noted that because the overexpression of
plasmalemmal FABPpm (+173%) far exceeded the effects
on the rates of palmitate transport (+79%), it seemed that
the overexpression of FABPpm alone was not sufficient to
induce completely parallel increments in palmitate trans-
port. It is possible that sarcolemmal FABPpm is normally
present in excess and that its reduction is therefore of little
functional consequence, whereas its overexpression may
facilitate interaction with FAT/CD36 to enhance fatty acid
transport into the muscle cell. The results of the present
study suggest that FAT/CD36 may be more critical than
FABPpm in regulating LCFA transport.
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Summary

The present studies have shown that in skeletal
muscle (i) neither PPARα nor PPARγ activation
alters FAT/CD36 protein expression, (ii) activation
of PPARγ , but not PPARα, selectively up-regulates
FABPpm/mitochondrial aspartate amino transferase
expression and (iii) contraction-induced up-regulation of
LCFA transport does not appear to occur via PPARα-,
or PPARγ -mediated activation of LCFA transporters.
We presume that PPARβ, a transcriptional regulator of
β-oxidation enzymes in adipose tissue (Wang et al. 2003)
and in skeletal muscle (Wang et al. 2004), also does not
regulate FAT/CD36, because activation of PPARβ also
failed to alter FAT/CD36 expression in C2C12 cells (Dressel
et al. 2003).
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