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Abstract The aim of this study was to investigate the mo-
lecular mechanisms regulating FA translocase CD36 (FAT/
CD36) translocation and FA uptake in skeletal muscle dur-
ing contractions. In one model, wild-type (WT) and AMP-
dependent protein kinase kinase dead (AMPK KD) mice were
exercised or extensor digitorum longus (EDL) and soleus
(SOL) muscles were contracted, ex vivo. In separate stud-
ies, FAT/CD36 translocation and FA uptake in response to
muscle contractions were investigated in the perfused rat
hindlimb. Exercise induced a similar increase in skeletal
muscle cell surface membrane FAT/CD36 content in WT
(+34%) and AMPK KD (+37%) mice. In contrast, 5-amino-
imidazole-4-carboxamide ribonucleoside only induced an
increase in cell surface FAT/CD36 content in WT (+29%)
mice. Furthermore, in the perfused rat hindlimb, muscle
contraction induced a rapid (1 min, +15%) and sustained
(10 min, +24%) FAT/CD36 relocation to cell surface mem-
branes. The increase in cell surface FAT /CD36 protein con-
tent with muscle contractions was associated with increased
FA uptake, both in EDL and SOL muscle from WT and
AMPK KD mice and in the perfused rat hindlimb.Ei This
suggests that AMPK is not essential in regulation of FAT/
CD36 translocation and FA uptake in skeletal muscle during
contractions. However, AMPK could be important in regula-
tion of FAT/CD36 distribution in other physiological
situations.—Jeppesen, J., P. H. Albers, A. J. Rose, J. B. Birk,
P. Schjerling, N. Dzamko, G. R. Steinberg, and B. Kiens.
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During submaximal exercise, plasma FAs are an impor-
tant source of energy, accounting for ~60% of total sub-
strate utilization in human subjects (1-3). Increases in FA
utilization during exercise are facilitated by a rapid and
sustained upregulation of skeletal muscle FA uptake by
5-15-fold (1, 4). This increase in skeletal muscle FA up-
take during exercise results from a coordinated increase
in rates of FA delivery, surface membrane FA transport,
and intracellular substrate flux through mitochondrial
B-oxidation or storage as intracellular lipids [for review,
see (b)]. Skeletal muscle expresses multiple lipid binding
proteins [for review, see (6)], such as the membrane-bound
FA binding protein (7), the FA transport proteins (FATP1
and FATP4) (8, 9), and the FA translocase CD36 (FAT/
CD36) (10), all of which have been implicated in the trans-
sarcolemmal transport of FA uptake (9, 11, 12). The
functional role of FAT/CD36 in long-chain FA plasma
membrane transport is supported by studies reporting
blunted uptake of the palmitic acid analog B-methyl-p-
iodophenylpendadecanoic acid ("I BMIPP) in cardiac
muscle from humans with partial or total deficiency in
FAT/CD36 protein (13-15). Furthermore, FA uptake in
cardiac and skeletal muscle as well as adipocytes is reduced
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in CD36 knockout (KO) mice compared with their wild-
type (WT) littermates (11, 16).

FAT/CD36 and potentially other lipid binding proteins
function as dynamic regulators of FA transport by relocating
from intracellular compartments to the plasma membrane
in skeletal muscle in response to both muscle contractions
(17, 18) and pharmacological activation of the AMP-depen-
dent protein kinase (AMPK) by 5-aminoimidazole-4-carbox-
amide ribonucleoside (AICAR) (17). Furthermore, when
CD36 KO mice were subjected to hindquarter perfusion, it
was shown that the AICAR-induced increase in FA uptake
was blunted in CD36 KO mice compared with their WT
controls (11). In addition, FA uptake into skeletal muscle
was increased 2.4-fold during AICAR infusion of rats (19).
Taken together, these data suggest a functional role of
AMPK in the dynamic regulation of FAT/CD36 trafficking
and, ultimately, FA uptake. However, Turcotte, Raney, and
Todd have shown that contraction-induced FAT/CD36
translocation and increases in FA uptake are prevented
when the rat hindquarter is perfused with an inhibitor of
the extracellular signal-regulated kinase (ERK) 1/2 and
can occur independently of AMPK activation (20). The
equivocal findings suggest the need for further evidence
in order to elucidate the regulatory mechanism behind
FAT/CD36 trafficking and the effect on FA uptake in skel-
etal muscle. Therefore, the aim of this study was to investi-
gate the molecular mechanisms regulating FAT/CD36
translocation in skeletal muscle during contractions.

MATERIALS AND METHODS

All materials were from Sigma-Aldrich unless otherwise stated.

Experimental design and animals

To investigate the role of AMPK in the regulation of FAT/
CD36 translocation, we used C57BL/6 mice overexpressing a ki-
nase-dead Lys"-Arg mutant AMPK a-2-protein, driven by the
heart- and skeletal muscle-specific creatine kinase promoter, as
described previously (21). The mice were a gift from Morris J.
Birnbaum, Pennsylvania School of Medicine. Male hemizygous
transgenic mice (AMPK KD) and WT mice (16-18 weeks of age)
were used, and they were littermates from intercross breeding of
hemizygous transgenic mice and WT mice.

In addition, to further delineate the signaling pathways in-
volved, we investigated the time-dependent manner of FAT/
CD36 translocation in relation to FA uptake and oxidation in
skeletal muscle, using the perfused rat hindlimb model on male
Wistar rats (200-250 g). All animals were maintained on a 10:14
h light-dark cycle and received standard rodent diet (Altromin
no. 1324; Chr. Pedersen, Ringsted, Denmark) and water ad libi-
tum. All experiments were approved by the Danish Animal
Experimental Inspectorate and complied with the European
Convention for the Protection of Vertebrate Animals Used for
Experiments and Other Scientific Purposes.

Subcellular fractionation

Subcellular fractionation of rat and mouse skeletal muscle was
performed as previously described in rats (22, 23). The mouse
hindlimb muscles were removed and dissected free of connective
tissue, nervous tissue, and visible fat. The muscles were minced
and homogenized on ice three times (5 s each) using a Polytron
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homogenizer (PT3100; Kinematic, Switzerland) set at maximum
speed (13,000 rpm) in 10 ml buffer containing 20 mM HEPES,
250 mM sucrose, 2 mM EDTA, 10 mM sodium fluoride, 20 mM
sodium pyrophosphate, 3 mM benzamidine, 10 pg/ml aprotinin
A, 10 pg/ml leupeptin, and 2 mM PMSF, pH 7.4. A small aliquot,
500 pl, of the homogenate was frozen and stored at —80°C for
later production of lysate. The remaining homogenate was cen-
trifuged at 2,000 g for 10 min (Hettich Zentrifugen, Germany).
The supernatant was transferred to new tubes, and the pellet was
resuspended in 5 ml of homogenization buffer, rehomogenized,
and centrifuged again at 2,000 g for 10 min. The pellet, which
contained mainly unhomogenized pieces of tissue, was discarded,
and the two supernatants were pooled, filtered through double-
layered gauze, and centrifuged at 12,000 g, in a Sorvall SS34 rotor
(Thermo Fisher Scientific, Inc.) for 20 min. The 12,000 g pellet
(P1) was resuspended in PBS with the cocktail of protease and
phosphatase inhibitors listed above and saved for later analysis by
Western blotting. The supernatant was centrifuged at 180,000 gfor
90 min. The 180,000 g supernatant (cytosol fraction) was stored,
and the pellet was resuspended in PBS with protease and phos-
phatase inhibitors, mechanically homogenized using a Teflon
pestle, loaded on a 10-30% (wt/wt) continuous sucrose gradient,
and centrifuged at 50,000 rpm for 55 min in an AH-650 Sorvall
swing-out rotor (Thermo Fisher Scientific, Inc.). Gradients were
harvested using a syringe and separated into eight fractions
(F1-F8), starting from the bottom of the tube. The pellet of the
sucrose gradient centrifugation (P2) was resuspended in PBS with
protease and phosphatase inhibitors and analyzed together with
the gradient fractions. All centrifugations were performed at 4°C.

Whole-cell lysate preparation

A 500 pl aliquot of homogenate saved prior to centrifugation
and subcellular fractionation was supplemented with NP40 and
NaCl to final concentrations of 1% NP40 and 150 mM NaCl, re-
spectively. The homogenates were rehomogenized using a poly-
tron at maximum speed (PT1200; Kinematic, Switzerland), mixed
thoroughly by end-over-end rotation at 4°C for 60 min, and finally
centrifuged at 16,000 g for 20 min at 4°C. The clarified superna-
tant (i.e., lysate) was removed and stored at —80°C until required.
A'small aliquot of each lysate was taken and diluted for determina-
tion of protein concentration prior to storage.

Exercise protocol

All mice were acclimatized three times on separate days to tread-
mill running, starting at day —5 prior to the experiment. Initially,
mice were allowed to rest in the treadmill for 10 min and were
then exercised by running 5 min at 10 m/min and 5 min at 17 m/
min at 0% incline. On the experimental day, fed mice were ran-
domized into either a nonexercised basal group or an exercised
group. After 30 min at 17 m/min, mice were euthanized by cervi-
cal dislocation and the hindlimb muscles were quickly removed
and used for subcellular fractionation, as described above.

AICAR stimulation

Fed mice were given an intraperitoneal injection with a bolus
of saline (600 pl/100 g body weight) with or without AICAR (25
mg/100 g body weight). Blood samples were collected from the
tail at time points 0, 30 min, and 60 min. After 60 min, mice were
euthanized by cervical dislocation, and the hindlimb muscles
were quickly removed and used for subcellular fractionation as
described above.

FA uptake in isolated muscle ex vivo

All mice were anesthetized with sodium pentobarbital (5
mg/100 g body weight), and the extensor digitorum longus



(EDL) and soleus (SOL) muscles were carefully dissected tendon
to tendon for muscle incubations, as previously described (24,
25).

FA metabolism experiments were conducted using procedures
described previously (24, 25). Isolated EDL and SOL muscles
were placed in warmed (30°C) Krebs-Henseleit buffer, pH 7.4,
containing 2 mM pyruvate, 4% FA-free BSA (Bovogen; VIC, Aus-
tralia), and 1 mM palmitic acid (Sigma; St. Louis, MO). Palmitic
acid was dissolved in ethanol, and a small volume was added to
the buffer (<1% total buffer volume) to achieve the desired
palmitate concentration. For resting experiments with or without
AICAR, the EDL and SOL muscle incubation volume was 2 ml,
whereas for contraction experiments, the proximal and distal
tendons of isolated EDL and SOL muscles were tied with silk su-
ture and mounted to a force transducer in a 15 ml incubation
reservoir (Radnoti; Monrovia, CA). After an initial incubation of
20 min, the incubation buffer was replaced with the same buffer
described above supplemented with 0.5 wCi/ml of [1-14C]palmi-
tate (Amersham BioSciences; Little Chalfont, UK). For resting
experiments, FA metabolism was determined over 90 min in the
presence or absence of 2 mM AICAR. In contraction experi-
ments, FA metabolism was measured in fused tetani of EDL (50 Hz,
350 ms pulse duration, 6 tetani/min) and SOL (30 Hz, 600 ms
pulse duration, 18 tetani/min) over 25 min. This contraction
protocol was selected because it has previously been demonstrated
to maximally stimulate FA metabolism in isolated muscles (26).
At the completion of the contraction protocol, muscles were re-
moved, snap-frozen in liquid nitrogen, and stored at —80°C.

FA uptake was determined as the sum of [1-14C]palrniate oxi-
dation to 14COZ [reported elsewhere (27)] and incorporation of
[1—14C]palmitic acid into triacylglycerol (TG) and diacylglycerol
(DG) in the muscles, as described previously (24). For FA oxida-
tion experiments, gaseous 14C02 was liberated from the incuba-
tion media with 1 M acetic acid and trapped with vials containing
0.5 ml benzethonium hydroxide (Sigma; St. Louis, MO). Radio-
activity in trapped 14C02 was determined by liquid scintillation
counting using Ultima Gold (Perkin Elmer, MA). Frozen muscle
strips were quickly weighed and homogenized in 2:1 chloroform-
methanol, and 750 wl of the aqueous phase was subjected to lig-
uid scintillation counting. Counts obtained within the aqueous
phase were combined with the counts from trapped 14COQ to cal-
culate rates of FA oxidation. The chloroform fraction of the mus-
cle lysates containing the total lipids was gently evaporated under
liquid Ny and was redissolved in 50 pl of 2:1 chloroform-metha-
nol containing 0.5 mg/ml of lipids (TG and DG; Sigma Chemical,
St. Louis, MO) to identify the lipid bands on the silica gel plates.
Twenty-five microliters of each sample was then spotted on an
oven-dried silica gel plate (Fisher Scientific Canada; ON, Can-
ada). Silica gel plates were placed in a sealed tank containing
solvent (60:40:3 heptane-isopropyl ether-acetic acid) for 40 min.
Plates were then permitted to dry, sprayed with dichlorofluores-
cein dye (0.02% w/v in ethanol), and visualized under long-wave
ultraviolet light. The individual lipid bands were marked on the
plate with a scalpel and scraped into vials for liquid scintillation
counting.

Perfused rat hindlimb

On the day of the experiment, rats were anesthetized by an
intraperitoneal injection of pentobarbital sodium (4-5 mg/100 g
body weight). Surgery for two-legged perfusion was performed
essentially as outlined by Ruderman, Houghton, and Hems (28).
All perfusions were carried out with cell-free medium consisting
of Krebs-Ringer bicarbonate buffer solution, 4% BSA (fraction V;
Sigma-Aldrich, Copenhagen, Denmark) dialyzed twice for 24 h
against 25 vol of Krebs-Ringer bicarbonate buffer solution (pore

size 10-15 kDa), 550 1M palmitate, 542 nM [1-"*C]palmitic acid
(PerkinElmer), and 6 mM glucose. The perfusion apparatus in-
cluded an artificial lung by means of which the arterial perfusate
was continuously gassed with a mixture of 95% Oo/5% CO,. The
O, pressure of the arterial perfusate was on average 545 + 10 mmHg,
pH 7.4+ 0.1 (n=16), and the perfusion pressure was 54 + 1 mmHg
(n = 16). The arterial perfusate was heated to a temperature of
35°C, resulting in a muscle temperature (calf muscle) of ~32°C.
With respect to the viability of the presently used muscle prepara-
tion, it has previously been shown that muscle ATP and CrP val-
ues during 45 min of basal perfusion with a cell-free medium are
not different from the values obtained from rested anesthetized
rats (29). The first 50 ml of perfusate that passed through the
hindlimbs was discarded, whereupon the hindlimbs were equili-
brated for 20 min at a perfusion flow of 20 ml/min. The right leg
of the rat was immobilized at the tibiopatellar ligament, and a
hook electrode was placed around the sciatic nerve and con-
nected to a D345 Powerstimulator (Digitimer Ltd.). The resting
length of the gastrocnemius-soleus-plantaris muscle group was
adjusted to obtain maximum active tension upon stimulation.
Isometric muscle contractions were induced by stimulating the
sciatic nerve electrically, as previously described (30, 31), with
supramaximal trains 5-15 V adjusted to obtain full fiber recruit-
ment, 50 Hz with impulse duration of 1 ms, delivered every 3 s.
Muscles were stimulated to contract for 1 or 10 min. FA uptake
and FA oxidation, M@ and MCOQ radioactivities, respectively,
were determined in duplicate, as previously described in detail
(82, 33). Pcog, Pog, and pH were measured with an ABL-5 analyzer
(Radiometer America; Westlake, OH). Arterial concentration of
FA (544 = 10 pmol/], n = 16) and FA delivery (210 + 5 nmol/
min/g perfused muscle tissue, n = 16) were unchanged through-
out the experiment. At the termination of the exercise, the resting
and the stimulated gastrocnemius-plantaris muscles were removed
and used for subcellular fractionation, as described above.

Muscle metabolites

Muscle glycogen content in rat and mouse skeletal muscle was
determined as glycosyl units after acid hydrolysis (34).

Plasma metabolites

Glucose concentration in mouse plasma (from a pericardial
blood sample) and in rat perfusate samples was measured enzy-
matically by use of the hexokinase and glucose-6-phosphate de-
hydrogenase reaction on a Roche/Hitachi 912 autoanalyzer
(Roche Diagnostics A/S; Hvidovre, Denmark). FA concentration
in mouse plasma and in the rat perfusate samples was measured
using a colorimetric commercial assay kit (Wako Chemicals;
Richmond, VA) using a COBAS FARA 2 autoanalyzer (Roche
Diagnostics; Rotkreuz, Switzerland).

Analytical techniques

Protein concentration of the lysates, the P1, P2, and cytosol
fractions was determined in triplicate using the bicinchoninic
acid (BCA) method using BSA standards (Pierce) and BCA assay
reagents (Pierce). A maximal coefficient of variance of 5% was
accepted between replicates. All samples were heated (96°C) in
laemmli buffer before being subjected to SDS-PAGE and immu-
noblotting. Total protein and phosphorylation levels of relevant
proteins were determined by standard immunoblotting tech-
niques. The primary antibodies used were anti-ay-AMPK (kindly
donated by D. G. Hardie, Dundee, UK), anti-transferrin receptor
(Zymed Laboratories, Invitrogen), anti-GLUT1 (Affinity Biore-
agents), anti-GLUT4 (Affinity Bioreagents), anti-DHPRal (Af-
finity Bioreagents), anti-FABPc (kindly donated by J. F. Glatz,
Maastricht, The Netherlands), anti-triadin (Affinity Bioreagents),

Contraction-induced regulation of FAT/CD36 translocation 701



anti-F;ATPase-3 (Santa-Cruz Biotech.), anti-FAT/CD36 (R and D
Systems), anti-ERK1/2 (Cell Signaling Technology), and anti-
CaMKII (BD Transduction Laboratory). The primary phospho-
specific antibodies were anti-phospho-ERK TxY’ 2027204 (Cell Signaling
Technology), anti-phospho-AMPK Thr'” (Cell Signaling Tech-
nology), anti-phospho-acetyl carboxylase-CoA (ACC)  (Upstate
Biotechnology), anti-phospho-calcium/calmodulin-dependent
protein kinase (CaMK) II Thr®®’ (Cell Signaling Technology).

Secondary antibodies were from DakoCytomation (Denmark).
Band intensity was quantified by Kodak imaging software (Kodak
1D 3.5). Preliminary experiments demonstrated that the amounts
of protein loaded were within the dynamic range for the condi-
tions used and the results obtained (data not shown).

;- and ay-AMPK activity

a-Isoform-specific AMPK activity (pmol/min/mg protein) was
measured in vitro in a;-AMPK and a,-AMPK immunoprecipitates
(a;- and ay-AMPK antibodies were kindly donated by D. G.
Hardie, University of Dundee, UK) from muscle lysate contain-
ing 200 pg protein using the AMARA peptide as substrate and a
protocol identical to the one described previously (35).

Calculations and statistics

For mouse work, statistical evaluations were performed by two-
way ANOVA with the Holm Sidak multiple comparison posthoc
test used when the ANOVA revealed significant interactions be-
tween variables (intervention or genotype). For rat work, statisti-
cal evaluations were performed by either Student’s ttest (effect
of muscle contraction) or two-way ANOVA (effect of time) with
the Holm Sidak multiple comparison posthoc test used when the
ANOVA revealed significant interactions between variables. For
statistical evaluation of fractionation work, the sum of arbitrary
units from immunoblot scans of P1+P2 and F1-F8, respectively,
were divided by the value for the lysate. Data are presented as
means + SEM. Statistical analyses and graph construction were
performed using SigmaPlot v.11. Differences were considered to
be significant when Pwas less than 0.05.

RESULTS

Characterization of subcellular fractionation on mouse
skeletal muscle

The various fractions produced by the density-based
separation of cellular membranes of mouse hindlimb mus-
cle were characterized (Fig. 1). Markers of dense organ-
elles such as mitochondria ($-subunit of the mitochondrial
F;-ATPase) and sarcoplasmic reticulum (triadin) were en-
riched in the heavy membrane fractions P1 and P2. Also,
importantly, markers of surface membranes [GLUT1; di-
hydroxypyridine receptor al (t-tubuli)] were enriched in
P1 and P2. Markers of recycling endosomes were enriched
in the low-density membrane fractions F1-F8 (transferrin
receptor, GLUT4), but these fractions were devoid of the
markers of dense organelles. The soluble protein (cytosol)
fraction was enriched with the cytosolic marker protein
FABPc, and was devoid of markers of both dense- and
light-membrane fractions, and the cytosolic marker was
not detected in the membrane fractions. Altogether, this
shows that this subcellular fractionation technique effec-
tively allows distinction between surface and intracellular
membrane compartments in mice, as we (22) and others
(23) have previously shown in rats.
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Fig. 1. Characterization of mouse skeletal muscle fractions.
Mouse hindlimb muscles were excised and fractionated based
upon a protocol of density-dependent separation. Protein concen-
trations of lysate (L), pellet 1 (P1), P2, and cytosol (C) were deter-
mined, equal protein amounts of these, as well as equal volume
amounts of fractions 1-8 (F1-F8), were resolved by SDS-PAGE, and
membranes were immunoblotted using antibodies specific for subcel-
lular protein markers. These protein markers included transferrin re-
ceptor (TfR), glucose transporters 1 and 4 (GLUT1 and GLUT4,
respectively), dihydroxypyridine receptor a-1 (DHPRal), cytosolic
fatty acid binding protein (FABPc), triadin/trisk95, and B-subunit of
F-ATPase (F;ATPase-8). Images of immunoblots are shown.

Effect of contractions and AICAR on skeletal muscle
FAT /CD36 localization in WT and AMPK KD mice
Treadmill running for 30 min at 17 m/min induced re-
distribution of FAT/CD36 in mouse hindlimb muscle to
fractions enriched in heavy membranes away from low-
density membranes in both WT and AMPK KD mice (Fig.
2). In particular, a 34% (P < 0.05) and 37% (P< 0.05) in-
crease in P1+P2 in WT and AMPK KD mice was obtained,
and this was accompanied by a 32% (P < 0.05) and 39%
(P < 0.05) decrease in low-density membranes F1-F8 in
WT and AMPK KD mice, respectively (Fig. 2A, B). There
was no significant difference in the redistribution pattern
orin total FAT/CD36 protein expression between WT and
AMPK KD mice (data not shown). AICAR, administrated
intraperitoneally, induced a redistribution of FAT/CD36
in mouse hindlimb muscle to fractions enriched in heavy
membranes away from low-density membranes in WT (Fig.
3A) but not in AMPK KD mice (Fig. 3B). In particular,
there was a 25% increase in P1+P2 (P < 0.05) and a 30%
decrease in F1-F8 (P < 0.05) in WT mice (Fig. 3A).

Skeletal muscle signaling in response to contraction and
AICAR in WT and AMPK KD mice

In resting mouse hindlimb muscle, a,-AMPK activity was
reduced by 95% in AMPK KD mice compared with resting
WT mice (P < 0.001), whereas, o;-AMPK activity was simi-
lar between the genotypes. In WT mice, muscle a,-AMPK
activity was increased by exercise (87%, P < 0.05) and
AICAR (38%, P < 0.05), but was unchanged in AMPK KD
mice in response to either stimulus (Fig. 4A, B). There was
no effect of exercise or AICAR on o -AMPK activity in either
genotype (Fig. 4A, B). Basal phosphorylation of ACC-8
Ser”” was reduced by ~50% (P< 0.001) in the AMPK KD
mice compared with WT mice and increased with exercise
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Fig. 2. Skeletal muscle FAT/CD36 translocates from intracellular membranes to surface membranes dur-
ing treadmill running exercise. Fed WT and AMPK KD mice were randomized into either a nonexercised
basal group or an exercised group (n = 7-8). After 30 min at 17 m/min of treadmill running, mice were
euthanized by cervical dislocation, and the hindlimb muscles were quickly removed and used for subcellular
fractionation. Exercise induced a similar FAT/CD36 translocation to cell surface membranes from intracel-
lular compartments in WT (A) and AMPK KD (B) mice. There was no difference in the redistribution pat-
tern between WT and AMPK KD mice. The left panels show the average data of each fraction and the right
panels show the delta difference in abundance between conditions in surface membrane (P1+P2) and intra-
cellular membranes (F1-F8). Data are means + SEM, * significant difference from basal, P< 0.05. Represen-
tative images of immunoblots are shown. For statistical evaluation, see Materials and Methods section.

and AICAR in both WT (P< 0.001) and AMPK KD (P<0.05)
mice (Fig. 4C, D). Phosphorylation of ACC-B in resting
and AICAR- or contraction-stimulated EDL and SOL mus-
cle, ex vivo, is reported elsewhere (27). Muscle glycogen
was lower in AMPK KD mice compared with WT controls,
both at rest (58.9 + 5.9 vs. 43.9 + 5.0 mmol/kg/dry weight,
P < 0.001) and after exercise (28.5 + 6.2 vs. 12.4 + 3.0
mmol/kg/dry weight, P< 0.001). Muscle glycogen was re-
duced with contraction in both WT and AMPK KD mice
(P<0.01).

Plasma metabolites

Plasma glucose (8.6 £ 0.3 vs. 9.3+ 0.7 mM) and FA (1,112
+97vs. 1,216 + 74 pM) concentrations were similar in rest-

Contraction-induced regulation of FAT/CD36 translocation

ing WT and AMPK KD mice. Exercise did not change
plasma concentrations of glucose (8.8 + 0.2 and 7.0 + 1.8
mM) or FA (1,031 + 75 and 1,278 = 78 pM) in either WT
or AMPK KD mice.

Effect of contraction and AICAR on ex vivo FA uptake in
WT and AMPK KD mice

Resting FA uptake was similar in WT and AMPK KD
mice in both SOL (5.2 + 0.4 vs. 5.3 = 0.4 pmol/min/mg
muscle) (Fig. 5A) and EDL (2.3 £ 0.2 vs. 2.4 + 0.4 pmol/
min/mg muscle) (Fig. 5B) muscles. As expected, resting
uptake of FAs was higher in SOL compared with EDL
in both genotypes (P< 0.001) (Fig. 5A, B). In WT, but not
in AMPK KD mice, AICAR increased FA uptake in SOL
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Fig. 3. AICAR induced skeletal muscle FAT/CD36 translocation from intracellular membranes to surface
membranes in WT but not in AMPK KD mice. Fed WT and AMPK KD mice were given an intraperitoneal
injection with a bolus of saline (600 pnl/100 g body weight) with or without AICAR (25 mg/100 g body
weight) (n = 8-9). After 60 min, mice were euthanized by cervical dislocation, and the hindlimb muscles
were quickly removed and used for subcellular fractionation. AICAR induced a redistribution of FAT/CD36
to fractions enriched in heavy membranes away from low-density membranes in WT (A), but not in the
AMPK KD mice (B). The left panels show the average data of each fraction and the right panels show the
delta difference in abundance between conditions in surface membrane (P1+P2) and intracellular mem-
branes (F1-F8). Data are means + SEM, * significant difference from basal, P < 0.05. Representative images
of immunoblots are shown. For statistical evaluation, see Materials and Methods section.

(22%, P<0.05) and EDL (48%, P< 0.05) muscles (Fig. A,
B). There was a tendency toward an AICAR effect in the
EDL muscle from AMPK KD mice (P = 0.07) (Fig. 5B).
Muscle contractions increased FA uptake in SOL and EDL
muscle in both WT (144% and 485%, SOL and EDL, re-
spectively, P < 0.001) and AMPK KD (218% and 473%,
SOL and EDL, respectively, P < 0.001) mice, without any
effect of genotype (Fig. 5A, B). The level of [1-"*C]palmi-
tate incorporated into TG was higher in the resting SOL
compared with EDL muscles in both WT and AMPK KD
mice (P<0.05), whereas incorporation into DG was similar
between SOL and EDL muscle in both WT and AMPK KD
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mice ( Table 1). There was no effect of genotype on resting
TG or DG incorporation levels. Muscle contractions induced
higher [1-14C]palmitate incorporation into TG and DG in
both SOL and EDL muscle in both WT and AMPK KD (P
< 0.001) mice (Table 1), whereas AICAR did not significantly
change the levels of [1-'""C]palmitate incorporated into
TG and DG in WT or AMPK KD mice (data not shown).

Effect of contraction time on skeletal muscle FAT/CD36
localization in the perfused rat hindlimb

There was a redistribution of FAT/CD36 in rat posterior
hindlimb muscle (gastrocnemius-plantaris) to fractions
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Fig. 4. Effect of AICAR and exercise on AMPK activity and ACC-B Ser™ phosphorylation in skeletal mus-
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nemius muscles from WT and AMPK KD mice under resting conditions or following treadmill exercise (n =
7-8, A and C) or after saline or AICAR injection (n = 8-9, B and D). Data are means + SEM, */*¥* sjgnificant
difference from basal, P < 0.05/0.001, # significant difference between genotypes, P < 0.05. For statistical
evaluation, see Materials and Methods section.
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350 ms pulse duration, 6 tetani/min) and SOL (30 Hz, 600 ms pulse duration, 18 tetani/min) over

25 min. Data are means + SEM, */**%* significant difference from basal, P< 0.05/0.001.

enriched in heavy membranes away from low-density mem-
branes after 1 min (Fig. 6A) and 10 min (Fig. 6B) of elec-
trically induced muscle contractions in situ. In particular,
there was a 15% increase in heavy-density membrane FAT/
CD36 protein content (P1+P2) after 1 min (P< 0.05) (Fig.
6A) and 24% after 10 min (P < 0.05) (Fig. 6B) of muscle
contractions, compared with the resting contralateral con-
trol muscles. This was accompanied by a decrease in FAT/
CD36 protein in the low-density membranes (F1-F8) of
19% after 1 min (P< 0.05) (Fig. 6A) and 25% after 10 min
(P < 0.05) (Fig. 6B) of muscle contractions, respectively.
There was no statistical difference between FAT/CD36 re-
distribution after 1 min and 10 min of muscle contraction.

Effect of contraction time on cellular signaling in the
perfused rat hindlimb

One minute of in situ electrically stimulated muscle
contractions (gastrocnemius-plantaris) increased CaMKII

TABLE 1. Incorporation of [1—14C]palmitatc into triacylglycerol
and diacylglycerol in mouse soleus and extensor
digitorum longus muscle, ex vivo

SOL EDL
Rest MC Rest MC
pmol/min/mg muscle

WT

TG 1.42£0.17  5.78£0.30°  0.42 = 0.04" 2.00 +0.10"

DG 0.32+0.03 1.58+0.03" 0.34+0.03 213 +0.12°
AMPK KD

TG 1.22+0.15  6.05+0.50° 0.41+0.07" 2.28 +0.33"

DG 0.34+0.04 1.72+0.13° 0.44+0.06 2.43 + 0.26"

SOL, soleus; EDL, extensor digitorum longus; WT, wild-type; DG,
diacylglycerol; TG, triacylglycerol; AMPK, AMP-dependent protein
kinase. There was no effect of genotype in resting (Rest) TG or D(,
incorporation levels. Muscle contractions (MC) induced higher [1 ‘c]
palmitate incorporation into TG and DG in both SOL and EDL muscle
in both WT and AMPK KD mice. Data are means + SEM. For statistical
evaluation, see Materials and Methods section.

“ Significant difference from basal, P < 0.001.

’ Significant difference between muscle types, P < 0.05.
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Thr?’ phosphorylation (88%, P < 0.001, Fig. 7A) but did
not affect phosphorylation of AMPK (Fig. 7B), ACC (Fig.
7C), or ERK (Fig. 7D), or the activity of AMPKal and -a2
(Fig. 7E, F). After 10 min of in situ muscle contractions,
CaMKII Thr287 phosphorylation was still increased (44%,
P < 0.05, Fig. 7A), along with phosphorylation of AMPK
r'” (119%, P < 0.01, Fig. 7A), ACC-B Ser™® (83%, P <
0.05, Fig. 7B), and ERK1,/2 TxY***/*"" (182%, P < 0.01).
AMPKa, activity was increased by 80% (P< 0.01) after 10 min
of muscle contractions, whereas AMPKa, activity was
unchanged after both 1 and 10 min of muscle contractions.
Skeletal muscle glycogen concentration was unchanged
after 1 min (183 = 10 vs. 166 + 14 mmol/kg dry weight) of
contraction, whereas it was lower (24%) after 10 min (160 +
11 vs. 121 + 14 mmol/kg dry weight, P < 0.01) of contrac-
tions compared with contralateral muscle glycogen levels.

Effect of contraction time on FA uptake and oxidation in
the perfused rat hindlimb

FA acid uptake in the perfused rat hindlimb muscle was
increased 33% and 36% after 1 min (11.3 + 0.6 vs. 15.1 *
1.4 nmol/min/g, P< 0.05) and 10 min (11.1 £ 0.8 vs. 15.1
+ 1.4 nmol/min/g, P < 0.05) of muscle contractions, re-
spectively (Fig. 8A). There was no difference in the con-
traction-induced increase in skeletal muscle FA uptake
between 1 min and 10 min of contractions (Fig. 8A). FA
oxidation was similar between rest and 1 min of muscle
contractions (0.37 + 0.03 vs. 0.46 + 0.04 nmol/min/g), but
increased 73% after 10 min (0.34 = 0.03 vs. 0.59 = 0.05
nmol/min/g, P< 0.001) of muscle contractions (Fig. 8B).

DISCUSSION

The purpose of the present study was to investigate
FAT/CD36 trafficking in skeletal muscle and whether
this process was AMPK dependent. Two animal models
were used to investigate FAT/CD36 translocation and FA
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Fig. 6. Skeletal muscle FAT/CD36 translocates rapidly in the perfused rat hindlimb muscle during con-
tractions. Rats were anesthetized by an intraperitoneal injection of pentobarbital sodium (4-5 mg/100 g
body weight), and surgery for two-legged perfusion was performed. In one leg, isometric muscle contrac-
tions were induced in the gastrocnemius-plantaris muscle by stimulating the sciatic nerve electrically with
supramaximal trains 5-15 V adjusted to obtain full fiber recruitment, 50 Hz with impulse duration of 1 ms,
delivered every 3 s. Muscles were stimulated to contract for 1 or 10 min. There was a redistribution of FAT/
CD36 to fractions enriched in heavy membranes away from low-density membranes after 1 min (A) (n = 6)
and 10 min (B) (n = 6) of electrically induced muscle contraction compared with the resting contralateral
control muscles. The left panels show the average data of each fraction and the right panels show the delta
difference in abundance between conditions in surface membrane (P1+P2) and intracellular membranes
(F1-F8). Data are means + SEM, * significant difference from basal, P < 0.05. Representative images of im-

munoblots are shown. For statistical evaluation see Materials and Methods section.

uptake during muscle contractions/exercise. In one
model, WT and AMPK KD mice performed treadmill exer-
cise or were injected with AICAR; isolated SOL and EDL
muscle were subjected to either contraction or AICAR
stimulation, ex vivo. In the AMPK KD mice, activation of
muscle AMPK during exercise was prevented by a skeletal-
and heart muscle-specific expression of a kinase dead ao-
AMPK construct (21). In another model, we used the
perfused rat hindlimb preparation (28) to investigate the
time course of FAT/CD36 translocation and FA uptake in
response to muscle contractions in situ. The major find-
ings were that muscle contractions induced a rapid, AMPK-
independent, FAT/CD36 relocation from intracellular

compartments to cell surface membranes (Figs. 2, 6). This
change in cell surface FAT/CD36 protein was associated
with an increase in FA uptake (Figs. 5, 8). However, under
nonexercising conditions, the effects of AICAR on FAT/
CD36 translocation was eliminated in AMPK KD mice.
These data suggest that AMPK could be an important reg-
ulator of FAT/CD36 translocation under some physiologi-
cal conditions, but that during muscle contractions, factors
independent of AMPK control this process.

The mechanisms initiating the relocation of FAT/CD36
from intracellular membranes to surface membranes are
unclear. Several studies have suggested that AMPK is an
important regulator of FAT/CD36 translocation in both

Contraction-induced regulation of FAT/CD36 translocation 707
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dent protein kinase II (CaMKIIThr™"), (B) AMP-dependent protein kinase (AMPK) Thr' ", (C) acetyl-CoA carboxylase (ACC) B Ser”™®, (D)
extracellular-regulated protein kinase (ERK) TxY* 2 as well as AMPK o, (E) and ay activities (F) were determined in muscle lysates. Data
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skeletal muscle and heart muscle (17, 18, 36, 37). Dur- cellular FA transport (18, 38). Based on the findings from

ing muscle contractions, FAT/CD36 translocation to the studies using muscle contractions and/or pharmacologi-
plasma membrane has been shown in rat gastrocnemius cal approaches, it has been suggested that AMPK could be
muscle (17, 18), and the increase of FAT/CD36 in the a major regulator of contraction-induced FAT/CD36
plasma membrane has been associated with an increase in translocation in skeletal muscle (11, 17). In the present
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Fig. 8. FA uptake and oxidation during muscle contraction in
the perfused rat hindlimb. Rats were anesthetized by an intraperi-
toneal injection of pentobarbital sodium (4-5 mg/100 g body
weight), and surgery for two-legged perfusion was performed. Rats
were subjected to sciatic nerve-induced contractions for either 1
min (MC 1) or 10 min (MC 10) (n = 8), in situ. FA uptake and oxi-
dation were measured as arterial — venous differences in [14C] and
[M'CO,], respectively. Skeletal muscle FA uptake was increased after
1 min and 10 min of muscle contractions, (A), whereas FA oxida-
tion was similar between rest and 1 min of muscle contractions, but
increased 73% after 10 min of muscle contractions (B). Data are
means + SEM, */##* significant difference from basal, P<0.05/0.001.
For statistical evaluation, see Materials and Methods section.

study, it was, however, demonstrated that a,-AMPK is not
essential in regulation of FAT/CD36 translocation, at least
during muscle contractions, because FAT/CD36 protein
content increased 30-40% in cell surface membranes
(P1+P2) and correspondingly decreased 30-40% in the
intracellular compartments (F1-F8) in both WT and
AMPK KD mice after 30 min of treadmill running exercise
at the same absolute running speed (Fig. 2). Interestingly,
we recently observed similar findings in regard to GLUT4
translocation after treadmill running exercise (39). In the
study by Maarbjerg et al., alternative exercise-sensitive sig-
naling pathways, including CaMKII, Trisk95, p38 MAPK,
and ERK1/2, were not increased in AMPK KD muscles
during treadmill exercise at the same relative workloads
(39). However, Dzamko et al., using in situ electrically
stimulated contractions of mouse tibialis anterior muscle,
found that several protein kinases in the p38 MAPK family,
including ERK1/2, were upregulated in the AMPK KD
mice, compared with their WT littermates (27). This dis-
crepancy between the two studies is probably due to the
much greater relative workload for the AMPK KD mice
muscle during in situ muscle contractions compared with
treadmill exercise. Therefore, because we examined FAT/
CD36 translocation during treadmill exercise, it seems un-
likely that upregulation of alternative signaling pathways
could have contributed to the maintenance of FA uptake
in the AMPK KD mice.

To further understand the dynamics of FAT/CD36
translocation during muscle contractions, we performed
a muscle contraction time course experiment, using
electrically stimulated muscle contractions in situ in the
perfused rat hindlimb. Here we observed that FAT/CD36
translocation was a rapid (i.e., within 1 min) and sustained
process during muscle contractions (Fig. 6). Furthermore,
FAT/CD36 translocation occurred prior to the activation
of AMPK and its downstream target, ACC3 (Figs. 6, 7).
This observation supports the genetic evidence from the
present study. Thus, taken together, these data suggest
that ao-AMPK is not an essential regulator of FAT/CD36
translocation to the surface membranes during muscle
contractions.

The role of AMPK in the regulation of FA uptake in
muscle has primarily been investigated using pharmaco-
logical approaches (11, 19, 40). Accordingly, it was shown
that infusion of AICAR increased FA uptake into skeletal
and heart muscle during a euglycemic clamp (19, 40). To
determine the functional effect of blunted AMPK activity
on FA uptake in skeletal muscle, we isolated SOL and EDL
muscle from WT and AMPK KD mice and measured FA
uptake ex vivo. FA uptake was similar in AMPK KD mice
and their WT littermates in isolated SOL and EDL muscle,
both at rest and during muscle contraction (Fig. 5). When
muscles were incubated with AICAR, FA uptake increased
only in WT muscles. This suggests that AMPK could be a
regulator of FA uptake in resting (nonexercising) skeletal
muscle. Due to the low amount of muscle tissue, we were
unable to determine whether the AICAR- (only WT) or
contraction- (WT and AMPK KD) induced increase in FA
uptake was dependent on FAT/CD36 translocation. Inter-
estingly, it was demonstrated in the perfused mouse
hindlimb that AICAR-induced increase in FA uptake was
blunted in CD36 KO mice compared with their WT lit-
termates (11). Whether this is similar in isolated EDL and
SOL muscle has yet to be determined. Because a direct
comparison of in vivo exercise-induced FAT/CD36 trans-
location with ex vivo contraction-induced FA uptake is dif-
ficult, we applied the perfused rat hindlimb model to
directly compare the two. One minute of muscle contrac-
tions induced a rapid FAT/CD36 translocation (i.e., within
1 min) (Fig. 6). Similarly, we observed that muscle con-
tractions increased FA uptake in the perfused rat hindlimb,
measured as arterialvenuos differences in [1-14C]pa1mitate
across the rat hindlimb (Fig. 8). Altogether, these data sug-
gest that during muscle contraction, FA uptake and FAT/
CD36 translocation in skeletal muscle are rapid processes
occurring simultaneously and independent of AMPK. The
delayed onset of increased FA oxidation, compared with
the rapid increase in FA uptake observed in the present
study (Fig. 8), supports the notion that plasma FA uptake
in skeletal muscle is not limiting for FA oxidation during
the onset of muscle contractions/exercise in healthy human
subjects (41).

Based on the findings in the presentstudy, it is suggested
that cellular mechanisms other than AMPK are involved
in the regulation of exercise/contraction-induced FAT/
CD36 translocation and FA uptake in skeletal muscle. In
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support of these findings, Raney and Turcotte (42) and
Raney et al. (43) have shown that increased FA uptake and
FA oxidation during low-intensity muscle contractions oc-
cur independently of AMPK activation. Furthermore, they
suggested that ERK1/2 may be a primary regulator of FAT/
CD36 translocation and FA uptake (20). However, in the
present study, FAT/CD36 translocation occurred rapidly,
before changes in ERK1/2 and AMPK activation, suggest-
ing that neither ERK1/2 nor AMPK are essential for FAT/
CD36 translocation or FA uptake during contraction in rat
hindlimb muscle (Figs. 6, 7). Although the findings from
the present study cannot exclude AMPK as a potential reg-
ulator of FAT/CD36 translocation under other physiologi-
cal conditions, the rapidity of FAT/CD36 translocation
and change in FA uptake observed, without changes in
AMPK activation, suggests that AMPK is not the primary
initiator of FA uptake in skeletal muscle. In regard to mus-
cle contraction, calcium-sensitive signaling is an obviously
attractive candidate for regulating metabolism and thus
also FAT/CD36 translocation and FA uptake. Accordingly,
it has been demonstrated that both CaMKII and protein
kinase C were activated rapidly at the onset of muscle con-
tractions (30, 44). In line with this, we (J. Jeppesen, P. H.
Albers, and B. Kiens, unpublished observation) and others
(36) recently observed that caffeine, a stimulator of sarco-
plasmatic reticulum calcium release, induced translocation
of FAT/CD36 from intracellular membranes to cell surface
membranes in gastrocnemius muscle, and this was associ-
ated with an increase in FA uptake in the perfused rat
hindlimb. In addition, Raney and Turcotte recently showed
that the CaMKII inhibitor KN93 inhibited caffeine (3 mM)-
induced increase in FA uptake in the perfused rat hindlimb
(45). Thus, one could speculate that the rapid and sus-
tained FAT/CD36 translocation and increase in FA uptake
during muscle contraction could be mediated by calcium-
induced signaling, possibly CaMKII, in rats. However, be-
cause 3 mM caffeine also has been shown to increase
AMPK-dependent glucose uptake (46), a potential AMPK
effect in these models cannot be ruled out. In addition,
we (J. Jeppesen, P. H. Albers, and B. Kiens, unpublished
observation) and others (30) have observed that other
calcium-sensitive kinases, such as protein kinase C, are also
activated rapidly during muscle contractions (30), and that
therefore the role of calcium-sensitive signaling in regard
to FAT/CD36 translocation and FA metabolism warrants
further study.

In summary, treadmill running exercise induced a re-
location of FAT/CD36 from intracellular compartments
to cell surface membranes in skeletal muscle from both
WT and AMPK KD mice. Furthermore, muscle contrac-
tions in situ induced a rapid and sustained FAT/CD36
relocation in the perfused rat hindlimb prior to activa-
tion of AMPK. In both models, the change in cell surface
FAT/CD36 protein was associated with an increase in
FA uptake. This suggests that AMPK is not essential in
regulation of FAT/CD36 translocation and FA uptake
in skeletal muscle during contractions. However, because
AICAR induced a FAT/CD36 translocation in an AMPK-
dependent manner, AMPK could potentially be impor-
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tant in the regulation of FAT/CD36 distribution under
nonexercising conditions. Bl
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