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Abstract Limited information exists about the putative
role and expression in human skeletal muscle cells of the
88-kDa integral membrane protein fatty acid translocase
(FAT), highly homologous to the human leucocyte
differentiation factor CD36. Therefore, we investigated
in healthy male individuals the muscle (m. vastus
lateralis) fibre type specific expression and subcellular
localisation of FAT/CD36. For this purpose four different
monoclonal antibodies raised against human and mouse
FAT/CD36 were used. Acetone or methanol/acetone
fixation were tested. Serial cryosections were cut at
�20�C, thaw-mounted on uncoated glass slides and air-
dried before processing indirect immunofluorescence
assays. Images were examined in a Nikon ER800
microscope, digitally captured, processed and analysed
by LUCIA laboratory software. Three antibodies showed
that FAT/CD36 was: (1) most abundantly expressed in
capillary endothelium, (2) colocalised with caveolin-3,
which indicates that FAT/CD36 is in the sarcolemma, or
its close vicinity, and (3) abundantly expressed in (or in
the close vicinity) of the sarcolemma and intracellular
structures of type-1 muscle fibres, and much less abun-
dantly in the sarcolemma of type-2 muscle fibres. One of
the antibodies raised against mouse CD36 also detected
myosin heavy chain 1, which makes it unsuitable in
skeletal muscle research. The fixation (acetone or meth-

anol/acetone) was found to be highly important for the
result.
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Introduction

From studies in rodents, there is firm evidence that
membrane-associated proteins are involved in the cellular
uptake of long chain fatty acids (LCFAs). Five different
membrane-associated proteins have been identified as
potential FA receptors and/or transporters (Abumrad
et al. 1993; Fujii et al. 1987; Schaffer and Lodish
1994; Schwieterman et al. 1988; Sorrentino et al. 1988;
Stremmel 1988; Trigatti et al. 1991). Of these, a 88-kDa
integral membrane protein gave evidence for FA transport
across the plasma membrane (Abumrad et al. 1993). This
putative membrane fatty acid translocase (FAT) appears
to be highly homologous (85%) to the human leukocyte
differentiation antigen CD36 (glycoprotein IV; Abumrad
et al. 1993; Endemann et al. 1993).

The putative role of FAT/CD36 on LCFA uptake in
rodent skeletal muscle has been studied extensively.
Overexpression of FAT/CD36 in murine skeletal muscle
correlates with increased LCFA uptake (Ibrahimi et al.
1999), whereas the uptake of LCFAs in giant vesicles of
rat muscle sarcolemma correlates highly with FAT/CD36
expression (Bonen et al. 1998). Furthermore, kinetic
studies showed that maximal palmitate transport was 1.8-
fold greater in giant vesicles obtained from oxidative
(soleus) than in vesicles obtained from glycolytic (EDL)
muscles (Bonen et al. 1998). In addition, work by Bonen
and co-workers also suggests that FAT/CD36 resides both
in the sarcolemma and intracellular membrane stores
(Bonen et al. 2000). Results of an elegant study of Zhang
and co-workers confirmed the sarcolemmal localisation of
FAT/CD36 but were unable to detect FAT/CD36 in the
cytoplasmic structures of the white gastrocnemius muscle
of the rat (Zhang et al. 2003). Upon contraction and/or
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insulin stimulation FAT/CD36 partly translocates from
these intracellular stores to the sarcolemma (Bonen et al.
2000; Luiken et al. 2002). Moreover, the increase in
LCFA uptake after electrically stimulating muscle was
positively correlated with an increase of cell surface
concentrations of FAT/CD36 (Bonen et al. 1999).

Recently, the possible role of FAT/CD36 in LCFA
transport in humans has been uncovered. It was found that
patients with one or more mutations of the FAT/CD36
gene demonstrated a decreased or no myocardial LCFA
accumulation (Okamoto et al. 1998; Tanaka et al. 1997,
2001). Information about the putative role of FAT/CD36
in human skeletal muscle, however, is very scanty. Only
two authors report on this subject matter. Tunstall and co-
workers found that 9 days of endurance training increased
LCFA uptake and FAT/CD36 expression in homogenates
of vastus lateralis muscle of healthy volunteers (Tunstall
et al. 2002), whereas Cameron-Smith and co-workers
revealed that in highly endurance trained subjects 5 days
of high fat diet further increased FAT/CD36 expression
(Cameron-Smith et al. 2003). Since in obesity and type-2
diabetes oxidation of LCFAs is impaired, while triacyl-
glycerol accumulation in type-1 skeletal muscle fibres is
increased (Goodpaster et al. 2000; Kelley and Goodpaster
2001), which suggests a mismatch between transsar-
colemmal uptake and oxidation, precise information
about which cells express the FAT/CD36 molecule is
needed. In particular, no morphological studies have
addressed the localisation of FAT/CD36 in human
skeletal muscle.

The mechanism by which FAT/CD36 facilitates LCFA
uptake is virtually unknown. Recently, Stremmel and co-
workers suggested a possible role for caveolae in this
process. Caveolae are microdomains of the plasma
membrane that have been implicated in signal transduc-
tion (Stremmel et al. 2001). A family of three caveolae
membrane proteins (caveolin-1 to -3) has been identified.
Of these, caveolin-3 is exclusively expressed in skeletal
muscle (Song et al. 1996). In addition, from experiments
with C2C12 myotubes and extracts from mouse skeletal
muscle it emerged that caveolin-3 is also involved in
glucose metabolism (Scherer and Lisanti 1997).

In view of these considerations and new developments,
the purpose of the present study was threefold: (1) to
investigate the subcellular localisation of FAT/CD36 in
individual muscle fibres of healthy and fit subjects, (2) to
investigate the muscle fibre type specific expression of
FAT/CD36 and (3) to investigate whether FAT/CD36
colocalises with caveolin-3. In order to examine these
issues we used four different antibodies raised against
FAT/CD36.

Materials and methods

Ten healthy subjects volunteered for this study. Their mean (€SD)
age (in years), body mass index (kg.m�2) and peak oxygen uptake
(ml�1.kg�1.min) were 32.7€6.7, 24.2€2.0 and 51.1€11.4, respec-
tively. All subjects gave their written informed consent before

entering the study, which was approved by the Medical Ethics
Committee of our institution. After an overnight fast, percutaneous
muscle biopsies (m. vastus lateralis) were performed under local
anaesthesia (Xylocaine 2%) with a modified Bergstr�m needle
(Maastricht Instruments, Maastricht, The Netherlands). After
careful removal of fat tissue and blood, muscle for histology was
mounted on a glass slide with a drop of embedding compound
(Tissue-Tek; Sakura Finetek Europe, Zoeterwoude, The Nether-
lands; Miles Laboratories, USA) and rapidly frozen in isopentane
cooled to its melting point with liquid nitrogen. Subsequently, these
samples were put in an aluminium cryo-vial and stored at �70�C
until use.

Serial cryosections (5 mm thick) were cut at �20�C using a
Leica cryomicrotome (Leica, Nussloch, Germany). Cryosections
were thaw-mounted on uncoated glass slides and air-dried for at
least 30 min before processing for double immunofluorescence.

Primary antibodies

Four different antibodies directed to FAT/CD36 were used in this
study: (1) 131.4, a mouse IgG1 monoclonal antibody and (2) a
mouse IgG1 monoclonal antibody MO25, both raised against
human CD36 in one of our laboratories (Matsuno et al. 1996), (3)
SC-7309 (Santa Cruz Biotechnology, Santa Cruz, CA, USA), a
mouse IgM monoclonal antibody reactive to CD36 of human
origin, and (4) anti-murine CD36 (ABM-5524, clone 63; Cascade
BioScience, Winchester, MA, USA), a mouse IgA monoclonal
antibody raised against mouse CD36. Other antibodies used in this
study were: (5) a mouse IgG1 monoclonal antibody reactive with
caveolin-3 (clone 26; BD Biosciences Pharmingen, Alphen a/d
Rijn, The Netherlands), (6) a purified anti-cytochrome c monoclo-
nal antibody (clone 6H2.B4; BD Biosciences Pharmingen), (7) a
mouse IgM monoclonal antibody raised against adult human slow
myosin heavy chain [A4.840, developed by Dr. Blau (Cho et al.
1993)] and (8) a mouse IgG1 monoclonal antibody directed against
adult human slow myosin heavy chain [A4.951 developed by Dr.
Blau (Hughes et al. 1993)]. The last two antibodies referred to as
A4.840 and A4.951 were obtained from the Developmental Studies
Hybridoma Bank, developed under the auspices of the NICHD and
maintained by the University of Iowa, Department of Biological
Sciences, Iowa City, IA, USA.

Validation of FAT/CD36 antibodies in western blotting

Approximately 25 frozen human muscle sections of 20 mm
thickness were cut at �20�C and sampled in an ice-cold tube.
Two hundred microlitres of ice-cold PBS, containing 1 mM PMSF
and 1 mM EDTA, pH 7.4, was added. After vortexing for 10 s, the
sample was then sonicated for 3�5 s. Subsequently, 2 vol muscle
homogenate and 1 vol SDS sample buffer (2.3% SDS, 62.5 mM
TRIS-HCl pH 6.8, 10% glycerol, 5% b-mercaptoethanol and 0.05%
bromophenol blue) were boiled for 4 min followed by centrifuga-
tion for 5 min at 12,000 g. Twelve percent polyacrylamide SDS
gels were loaded with equal amounts (25 mg) of protein. After
electrophoresis using a Mini-Protean 3 electrophoresis cell (BioRad
Laboratories, Veenendaal, The Netherlands), blotting was per-
formed using a Mini Trans-Blot electrophoretic transfer cell
(BioRad Laboratories). Proteins were transferred to a nitrocellulose
membrane (0.45 mm; BioRad Laboratories) for 1 h at 100 V in a
cold (4�C) buffer containing 25 mM TRIS, pH 8.8, 192 mM glycine
and 20% methanol. After protein transfer, nitrocellulose mem-
branes were blocked for 20 min with 5% non-fat dry milk in 0.05%
Tween 20/PBS (131.4; CD36-CascBiosc.), with 3% BSA/TBS
(MO25) or with 3% BSA in 0.5% Triton X-100/PBS (sc-7309).
Thereafter, antibody incubation was performed with gentle shaking
overnight at room temperature at the appropriate dilution (Table 1).
After the primary antibody incubation, the membranes were
incubated for 60 min with a horseradish peroxidase-conjugated
rabbit anti-mouse Ig (Dako, Glostrup, Denmark) at a dilution of
1:10,000. The membranes were then washed for 1.5 h in 0.05%
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Tween 20/PBS (131.4; CD36-CascBiosc.), 0.05%Tween 20/TBS
(MO25) or 0.5% Triton X-100/PBS (sc-7309) and again for 10 min
in PBS. Subsequently, they were treated for 1 min with enhanced
chemiluminescence substrate (Super Signal West Dura Extended
Duration Substrate; Pierce/Perbio Science, Etten-Leur, The Nether-
lands). Finally, nitrocellulose membranes were exposed to X-ray
film (CL-Xposure Film; Pierce/Perbio Science) for 1 min.

Immunofluorescence assay

Routine indirect (double-) immunofluorescence assays were per-
formed. Two fixation methods were tested, i.e. 5 min acetone, and
5 min methanol directly followed by 1 min acetone. Sections were
incubated for 2 h at room temperature or overnight at 4�C with the
primary antibodies in the required dilution (Table 1). After washing
the slides three times for 5 min with PBS, sections were incubated
for 30 min at room temperature with the appropriate secondary
antibodies: goat anti-mouse (GAM) IgM, IgG1 conjugated with
Alexa Fluor 488 or Alexa Fluor 555 (Molecular Probes Europe,
Leiden, The Netherlands), or goat anti-mouse IgA conjugated with
fluorescein isothiocyanate (GAMIgAFITC; Southern Biotechnolo-
gy, Birmingham, AL, USA). Sections were washed again three
times for 5 min in PBS and mounted in Mowiol-TRIS pH 8.5
(Calbiochem, Omnilabo International, Etten-Leur, The Nether-
lands) containing 0.5 mg/ml 40-60-diamino-2-phenylindole (DAPI;
Molecular Probes Europe).

Images were examined in a Nikon ER800 microscope (Uvikon,
Bunnik, The Netherlands) using a Nikon Plan-Apo DM-20�
objective (N.A. 0.75) and a Nikon Plan-Apo DM-40� objective
(N.A. 0.95). Images were digitally captured using a 1.3 Megapixel
(1,300�1,030, HXV) Basler A101C progressive scan colour CCD
colour camera, driven by LUCIA laboratory image processing and
analysis software (Laboratory Imaging, Prague, Czech Republic).
To ensure valid computer-assisted quantitative analysis of the
sections, special care was taken to capture most images with
identical camera settings (i.e. the same exposure time, gain and
offset settings). In some cases, however, we diminished exposure
time by 50% in order to obtain the sarcolemmal localisation of
FAT/CD36 and caveolin-3 more precisely.

Results

Validation of the FAT/CD36 antibodies

FAT/CD36 is a highly glycosylated membrane protein of
approximately 88 kDa, involved in the transmembrane
transport of long-chain fatty acids. In this study we have
used four different monoclonal antibodies, all directed to
FAT/CD36. Western blotting analyses of human m.

vastus lateralis revealed an approximately 88-kDa pro-
tein complex for all FAT/CD36 monoclonal antibod-
ies studied (Fig. 1). For comparison, cultured human
adipocytes were used (Fig. 1 lane e). However, the FAT/
CD36 antibody obtained from Cascade Bioscience also
showed crossreactivity with a 200-kDa protein, corre-
sponding to myosin heavy chain.

FAT/CD36 expression in human m. vastus lateralis

Immunofluorescence assays were performed to study the
distribution of FAT/CD36 in human vastus lateralis
muscle. The fixation method of the cryosections appeared
to be important. Two FAT/CD36 antibodies, i.e. MO25
and sc-7309, required only an acetone fixation to obtain a
positive staining pattern. In contrast, the other FAT/CD36
antibodies, i.e. from Cascade Bioscience and 131.4,
showed a more intense staining pattern after methanol/
acetone fixation (Table 1).

The four FAT/CD36 antibodies tested essentially
showed the same, i.e. a strong expression of FAT/CD36
in the small capillaries, representing the presence of FAT/
CD36 in vascular endothelium (Fig. 2A–D) and a lesser
expression in the sarcolemma or its close vicinity of all
muscle fibres. It can be observed that sarcolemmal
staining of FAT/CD36 was more intense in type-1 than
in type-2 muscle fibres, irrespective of the antibody used
(Fig. 3A, C). In Fig. 2D a picture at higher magnification
is shown of the sarcolemma of some skeletal muscle cells.

Fig. 1 Western blotting with anti-FAT/CD36 antibodies of human
m. vastus lateralis (lanes a–d) and cultured human adipocytes
(lane e). The four FAT/CD36 antibodies studied, i.e. lane a sc-
7309, lane b MO25, lane c 131.4 and lanes d, e ABM-5524, each
showed a protein band or complex at approximately 88 kDa. Note
the 200-kDa myosin heavy chain (MyHC) protein band in lane d
using the ABM-5524 antibody from Cascade BioScience

Table 1 Dilution for immunofluorescence assay (IF) and immunoblotting (IB) and fixation of the primary antibodies. (A Acetone, M/A
methanol and acetone, MyHC myosin heavy chain)

Antibody
code

Company Directed
against

Immunoglobulin
class

Fixation Dilution for IF Dilution for IB

131.4 – Human CD36 IgG1 M/A 1:25 1:10,000
MO25 – Human CD36 IgG1 A 1:500 1:50,000
sc7309 Santa Cruz Human CD36 IgM A 1:25 1:250
ABM-5524 Cascade Bioscience Murine CD36 IgA M/A 1:1,000 1:25,000
Clone 26 BD Bioscience Pharmingen Caveolin-3 IgG1 A 1:250 –
6H2.B4 BD Bioscience Pharmingen Cytochrome c IgG1 A 1:20 –
A4.840 Developmental Studies

Hybridoma Bank
Slow MyHC IgM M/A or A 1:25 –

A4.951 Developmental Studies
Hybridoma Bank

Slow MyHC IgG1 M/A or A 1:50 –
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The strong staining of the sarcolemma and the thickening
at its inner site is readily visible. In the cytoplasm a more
or less punctate staining pattern is visible with the FAT/
CD36 antibody sc-7309 (Fig. 2D). Double immunostain-
ing with a FAT/CD36 (sc-7309) and a cytochrome c
antibody showed no colocalisation of FAT/CD36 with
cytochrome c (data not shown).

However, the Cascade Bioscience FAT/CD36 anti-
body revealed a strong intracellular signal only in fibres
identified by myosin heavy chain 1 (MHC1) staining
(data not shown). Western blotting of skeletal muscle
homogenates showed a second band at a molecular mass
(200 kDa) corresponding with MHC1. Therefore, this
antibody is unsuitable for use in this tissue.

Colocalisation of FAT/CD36 with caveolin-3

To investigate more precisely the expression of FAT/
CD36 in transverse muscle cells, double staining was
performed using a caveolin-3 monoclonal antibody. The
transmembrane protein caveolin-3, which is exclusively
expressed in skeletal and cardiac muscle cells, is localised
at the inner surface of the plasma membrane. As shown
(Fig. 3E, F), only the membranes of muscle cells are
stained with the caveolin-3 antibody. In contrast to the
FAT/CD36 distribution no endothelial cells of small
capillaries are detected with the caveolin-3 antibody.
Double immunofluorescence staining of FAT/CD36 with
caveolin-3 shows colocalisation of both proteins in the
sarcolemma (Fig. 4A–C).

Fibre type specific expression of FAT/CD36 and
caveolin-3

To show whether the expression of FAT/CD36 differs
between slow (type-1) and fast (type-2) muscle cells,
immunofluorescence staining was performed with FAT/
CD36 antibodies and a monoclonal antibody directed to
MHC1 (slow muscle fibres). Compared with type-2
muscle fibres, sarcolemmal staining with FAT/CD36
antibodies of type-1 muscle fibres was more intense
(Fig. 3A–D). In contrast, caveolin-3 seems to be more
abundantly expressed in type-2 muscle fibres (Fig. 3E, F).

Discussion

Using immunofluorescence microscopy, we showed for
the first time in human skeletal muscle that FAT/CD36 is
expressed both at the sarcolemma and in the cytoplasm.
This confirms and extends the results of other researchers,
using homogenates of human skeletal muscles (Cameron-
Smith et al. 2003; Tunstall et al. 2002). The novel
findings of the present study are: (1) FAT/CD36 is
ubiquitously expressed in human endothelial cells and
human muscle cells, but is relatively more abundant in
endothelial cells, (2) FAT/CD36 colocalises with cave-
olin-3, (3) the expression of FAT/CD36 is more abundant
in type-1 fibres, whereas the expression of caveolin-3 is
more abundant in type-2 muscle fibres and (4) FAT/CD36
resides both in the sarcolemma and/or in its close vicinity,
where the signal is very strong, and has a punctate pattern
in the cytoplasm. We were able to exclude the possible
colocalisation with mitochondria.

Fig. 2A–D Immunofluores-
cence staining of human vastus
lateralis muscle incubated with
monoclonal FAT/CD36 anti-
bodies 131.4 (A; the strong
green positive structures in be-
tween the myofibrils are the
capillaries), MO25 (B) and sc-
7309 (C, D). The nuclei (blue)
are stained with DAPI. Note in
D the thickening of the sarco-
lemma and the punctate staining
pattern in the cytosol
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The four antibodies employed in the present study
basically revealed comparable results, namely the stron-
gest signal in endothelium of blood vessels and a weaker
signal in the sarcolemma or its close vicinity. The weakest
signal was observed within the cytoplasm, albeit only
with three out of four antibodies tested (one of the

antibodies revealed false-positive results, i.e. it colo-
calised with MHC1).

The finding of a more abundant expression of FAT/
CD36 in endothelial cells of capillaries was recently also
reported by Zhang and co-workers (Zhang et al. 2003).
The results of the present study and those of Zhang et al.
strongly support a role of FAT/CD36 in the transport of
long-chain fatty acids across the endothelial membrane
into the interstitial space as suggested by Van der Vusse
and co-workers (Van der Vusse et al. 1998, 2002).

The present findings on FAT/CD36 expression in
human skeletal muscle confirm and extend the results of
earlier studies performed in rodents, showing a more
abundant expression of FAT/CD36 in oxidative, com-
pared with glycolytic fibres (Bonen et al. 1998; Van
Nieuwenhoven et al. 1995). Our results are also partly in
line with data provided by Zhang and co-workers who

Fig. 4A–C Immunofluorescence staining of FAT/CD36 (A), cave-
olin-3 (B) and both FAT/CD36 and caveolin-3 (C)

Fig. 3A–F Immunofluorescence staining of serial sections of
MyHC-1 (A, B), FAT/CD36 (sc-7309; C, D) and caveolin-3 (E,
F). To show the sarcolemmal location of FAT/CD36 and caveolin-
3 more precisely, the exposure time was 50% lower as compared
with Fig. 2. This causes an almost complete disappearance of
cytoplasmic signal. Nuclei (B, D, F) are stained with DAPI (blue).
Note that FAT/CD36 is more abundantly expressed in type-1
muscle fibres, whereas caveolin-3 seems to be more abundantly
expressed in type-2 muscle fibres. I Type-1 muscle fibres, II type-2
muscle fibres
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showed in their extensive study using a new rat-specific
antibody (UA009) that FAT/CD36 is expressed in oxida-
tive muscle fibres (soleus, diaphragm; Zhang et al. 2003).
However, in contrast to the present results, Zhang and co-
workers were unable to detect the antigen in white fibres
of the gastrocnemius muscle, either at the sarcolemma or
in the cytoplasm (Zhang et al. 2003).

From our experiments using immunofluorescence
microscopy it is clear that FAT/CD36 in human muscle
is associated with the sarcolemma of both type-1 and
type-2 muscle fibres, and also is present in punctate
clusters in the cytoplasm in the vicinity of the sarcolemma
of type-1 fibres. Since no colocalisation with cyto-
chrome c was observed, these clusters are not associated
with mitochondria.

The finding of the existence of an intracellular pool of
FAT/CD36 contrasts with the results of Zhang and co-
workers who were unable to identify an intracellular FAT/
CD36 pool in rat skeletal muscle (Zhang et al. 2003). The
reason for this discrepancy might be the different
fixations of the muscle specimens employed in both
studies. Whereas Zhang and co-workers used ethanol, we
showed in the present study that signal is lost by the use
of alcoholic fixation. However, data from other re-
searchers employing the giant vesicles technique obtained
from rodent muscles also indicate the existence of an
intracellular pool of FAT/CD36 (Bonen et al. 2000;
Koonen et al. 2002; Luiken et al. 2002, 2003). These
studies demonstrated that upon contraction and insulin
stimulation part of the intracellular pool translocates, akin
to the glucose transporter GLUT-4, from intracellular
domains to the sarcolemma. Recently, it has been
established, both in rat and human muscle cells, that
GLUT-4 resides in intracellular vesicles (Borghouts et al.
2000; Ploug et al. 1998). Whether FAT/CD36 colocalises
with GLUT-4 remains to be established.

The involvement of caveolae or their marker protein
caveolin-3 in cellular fatty acid uptake has been suggested
by the results of a number of recent studies (Pohl et al.
2002; Ring et al. 2002; Stremmel et al. 2001). Clearly, the
resolution of a light microscope does not allow us to
detect single caveolae, but the strikingly similar distribu-
tion of FAT/CD36 and caveolin-3 at the sarcolemma is
suggestive for a role of caveolae in sarcolemmal fatty acid
transport. This notion is supported by the results of recent
studies in adipocytes, showing that caveolae indeed
contain FAT/CD36 (Souto et al. 2003).

In conclusion, the results of this study reveal that FAT/
CD36 and caveolin-3 are differently expressed among
human muscle fibres of healthy, fit, male subjects. The
density of FAT/CD36 signal decreases in the following
order: endothelium of capillaries > sarcolemma of type-1
fibres > sarcolemma of type-2 fibres and cytoplasm of
type-1 fibres. Furthermore, FAT/CD36 seems to colo-
calise with caveolin-3, which suggests a role for caveolae
in transsarcolemmal fatty acid transport.
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