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Abstract The widely expressed transmembrane glycopro-
tein, cluster of differentiation 36 (CD36), a scavenger recep-
tor class B protein (SR-B2), serves many functions in lipid
metabolism and signaling. Here, we review CD36’s role in
facilitating cellular long-chain fatty acid uptake across the
plasma membrane, particularly in heart and skeletal mus-
cles. CD36 acts in concert with other membrane proteins,
such as peripheral plasma membrane fatty acid-binding pro-
tein, and is an intracellular docking site for cytoplasmic fatty
acid-binding protein. The cellular fatty-acid uptake rate is
governed primarily by the presence of CD36 at the cell sur-
face, which is regulated by the subcellular vesicular recycling
of CD36 from endosomes to the plasma membrane. CD36
has been implicated in dysregulated fatty acid and lipid me-
tabolism in pathophysiological conditions, particularly in
high-fat diet-induced insulin resistance and diabetic cardio-
myopathy. Current research is exploring signaling pathways
and vesicular trafficking routes involving CD36 to identify
metabolic targets to manipulate the cellular utilization of fatty
acids. Because of its rate-controlling function in the use of fatty
acids in the heart and muscle, CD36 would be a preferable
target to protect myocytes against lipotoxicity.ll Despite a
poor understanding of its mechanism of action, CD36 has
emerged as a pivotal membrane protein involved in whole-
body lipid homeostasis.—Glatz, J. F. C., and J. J. F. P. Luiken.
Dynamic role of the transmembrane glycoprotein CD36
(SR-B2) in cellular fatty acid uptake and utilization. J. Lipid
Res. 2018. 59: 1084-1093.
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Cluster of differentiation 36 (CD36) was first described
in 1977 as glycoprotein IV (GP IIIb or GP 1V), the fourth
major band observed upon SDS-polyacrylamide gel elec-
trophoresis of human platelet membranes (1). Ten years
later, the protein was shown to be identical to the antigen
recognized by monoclonal antibody OKMb5, a marker for
monocytes and macrophages and designated as the leuko-
cyte differentiation antigen CD36 (2). In that same year,
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CD36 was reported to be the cellular receptor for thrombo-
spondin (3), implicating a role of CD36 in irreversible plate-
let aggregation, as well as in the adherence of erythrocytes
infected with the malaria parasite, Plasmodium falciparum,
to the endothelium (4). Subsequently, it was discovered that
CD36 is a macrophage receptor for oxidized LDL (oxLDL),
thereby establishing its role as a scavenger receptor (5),
and that CD36 acts as facilitator of membrane fatty acid
transport (6). CD36 is currently known to be a member of
a superfamily of scavenger receptor proteins (class B),
which also includes scavenger receptor (SR)-B1 and lyso-
somal integral membrane protein-2 (LIMP-2). These three
proteins share their structure, which comprises two trans-
membrane domains, a relatively large extracellular domain,
and both the amino and carboxyl termini located within
the cytoplasm (7). As a result, CD36 is now officially desig-
nated as SR-B2 (8). Human CD36 has recently been crystal-
lized (9). The structure and proposed membrane topology
of CD36 are schematically depicted in Fig. 1.

CD36 is not expressed ubiquitously, yet is present in a
variety of mammalian cell types, including hematopoietic
cells (platelets, monocytes, macrophages), endothelial
cells, specialized epithelial cells in the breast and eye, en-
terocytes, and insulin-responsive cells, such as adipocytes,
and cardiac and skeletal myocytes. This expression pattern
is paralleled by a similar broad number of functions, which
are, however, mostly related to the regulation of lipid me-
tabolism and innate immunity. Specifically, CD36 is in-
volved in inflammatory responses and atherothrombotic
diseases, intestinal fat absorption, lipid storage in adipose
tissue and lipid utilization by cardiac and skeletal muscle,
metabolic disorders, such as obesity and diabetes, and
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Fig. 1. Structure and membrane topology of glycoprotein CD36. A: Two-dimensional structure. Schematic
presentation of CD36 (SR-B2) showing the two transmembrane domains. The large extracellular loop has
nine observed Mlinked glycosylation sites (positions 79, 102, 134, 205, 220, 231, 235, 247, and 417) and two
phosphorylation sites (positions 92 and 237), bringing the total molecular mass to about 88 kDa. Disulfide
bonds between extracellular cysteines are present between amino acid residues 243-311, 272-333, and 313-
323. The small cytoplasmic tails contain the NHy, and COOH termini and each is palmitoylated, most likely to
anchor the protein in the membrane. In addition, the COOH terminus contains two ubiquitination sites. The
region formed by residues 93-120 was identified as the thrombospondin binding site that by residues 120-155
was mapped for oxLLDL, while residues 139-183 form a multiligand binding site. The carboxyl head group of
long-chain fatty acids interacts with residue Lys'®". Arrowheads and numbers indicate the approximate posi-
tions of amino acid residues. Reproduced and updated from (18) with permission. B: Three-dimensional
structure. The ribbon diagram shows the structure of CD36 in blue with the nine Mlinked glycosylation sites
and associated sugars in green. Two palmitic acid molecules, bound in the central cavity of the protein, are
shown as pink sticks. The putative entrances for fatty acids to enter this central cavity and the putative exit are
indicated by black arrows, with entrance 1 being more likely than entrance 2. Importantly, the positioning of
CD36 with respect to the membrane and its putative interactions with phospholipids and other membrane
constituents have not yet been delineated in detail and, therefore, are only vaguely indicated. Reproduced
and adapted from (9) with permission.

Alzheimer’s disease [reviewed in (10)]. Interestingly, CD36 In this review, we will summarize our current under-
is also expressed in human taste bud cells where it functions  standing of the role of CD36 in cellular (long-chain) fatty
as a fatty acid sensor acting in oral fat perception and diges-  acid utilization, focusing on the regulation of fatty acid
tive anticipation (11, 12). uptake in heart and muscle, the role of CD36 in the
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pathogenesis of muscular insulin resistance and type 2 dia-
betes, and the application of CD36 as a target to manipu-
late cellular fatty acid utilization.

CD36 FACILITATES CELLULAR LONG-CHAIN
FATTY ACID UTILIZATION

Discovery of CD36 as putative fatty acid translocase

From the 1980s onwards, there has been a dispute on the
mechanism and regulation of the uptake of (long-chain)
fatty acids by parenchymal cells, in particular with respect
to the involvement, or not, of membrane-associated pro-
teins in this process (13). While the lipophilic nature of the
plasma membrane would allow the rapid passage of fatty
acids, from a physiological perspective such free movement
of fatty acids in or out of cells without control at the mem-
brane would be undesirable and could seriously hamper
coordination of intracellular fatty acid availability with
changing metabolic needs (14).

In a search for membrane-associated fatty acid transport-
ers, Abumrad and colleagues studied fatty acid uptake into
isolated rat adipocytes. Prior incubation of the cells with
diisothiocyanodisulfonic acid or with sulfo-N-succinimidyl
derivates of long-chain fatty acids (in particular oleate) led
to a marked (about 70%) and irreversible inhibition of the
rate of fatty acid uptake (15, 16). Both inhibitors reacted
covalently with a membrane protein of about 85-88 kDa,
suggesting this protein to be involved in membrane perme-
ation of (long-chain) fatty acids. Subsequent cloning of this
protein, then referred to as “putative fatty acid translocase”
(FAT), revealed it to be the rat homolog of the glycopro-
tein, CD36 (6). The role of FAT/CD36 in facilitating fatty
acid uptake by adipocytes was further supported by a super-
imposed time course of its expression and of oleate uptake
rate during adipose differentiation, and by a parallel induc-
tion of its expression and oleate transport in preadipocytes
following treatment with the glucocorticoid, dexametha-
sone (6). Soon thereafter, a similar role was revealed for
CD36 in fatty acid metabolism in cardiac and skeletal mus-
cle (17).

CD36 is the predominant protein facilitating fatty acid
uptake

Several other groups also reported on the identification
of peripheral and integral membrane proteins putatively
involved in the cellular uptake of fatty acids. These include
plasma membrane fatty acid-binding protein (FABP,;
40-43 kDa), fatty acid transport proteins 1-6 (FATP1-6;
63 kDa), and caveolin-1 (21-24 kDa) [for review see (18, 19)].
Of these, the FATPs were found to be enzymes, i.e., acyl-
CoA synthetases, functioning in cellular fatty acid uptake
by converting incoming fatty acids directly into their acyl-
CoA ester, resulting in so-called metabolic trapping of fatty
acids (19). However, CD36 appears to be the predominant
membrane protein facilitating fatty acid transport, at least
in adipocytes, enterocytes, cardiac myocytes, and skeletal
myocytes (20-22). For instance, in contracting isolated
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cardiomyocytes, CD36 was found to contribute approxi-
mately 70% to the rate of fatty acid uptake (23).

Convincing evidence for a role of CD36 in cellular fatty
acid uptake was obtained when studying mice with a tar-
geted deletion of CD36. Compared with wild-type mice,
CD36 knockout mice showed reduced fatty acid uptake
rates in isolated cardiomyocytes (24), and in vivo in heart
(—=50% to —80%), skeletal muscle (—40% to —75%), and
adipose tissue (—60% to —70%), but not in liver (20).
Accordingly, in liver, CD36 expression is relatively low
(21), but can be highly upregulated under hyperlipidemic
conditions to contribute to the onset of hepatic steatosis
(25). For CD36 regulation in liver, the reader is referred to
other reviews, e.g., (26, 27). These reductions in fatty acid
uptake in CD36 knockout mice also contributed to altered
rates of fatty acid metabolism, especially with regard to fatty
acid oxidation in working hearts and skeletal muscles (22).
Similarly, in a group of 47 patients carrying various single
nucleotide polymorphisms in the CD36 gene, Tanaka et al.
(28) observed virtually absent fatty acid uptake in vivo in
the heart, but no changes in liver. These polymorphisms
included insertions of a premature stop codon to result in
a truncated protein that is degraded.

With respect to nomenclature, it should be mentioned
that, for convenience, these proteins commonly are re-
ferred to as “fatty acid transporters,” despite the remaining
uncertainty as to the exact mechanism by which any of
these proteins participate in the fatty acid transport pro-
cess within the plasma membrane. After all, these proteins
merely share the feature of facilitating, not necessarily
transporting, the transmembrane translocation of (long-
chain) fatty acids.

Molecular mechanism of cellular fatty acid uptake

Insight into the molecular mechanism by which fatty acids
traverse the plasma membrane to enter the soluble cyto-
plasm has increased markedly in the last decade, especially
with respect to the involvement of CD36 [reviewed in
(14)]. At the extracellular site, CD36 presumably functions
as an acceptor for fatty acids to promote the partitioning of
the fatty acids and their delivery to the outer leaflet of the
lipid bilayer, most likely in plasma membrane lipid rafts
(29) (adsorption step) (Fig. 1, Fig. 2). Subsequently, the
fatty acids make their way from the outer to the inner leaf-
let of the membrane, a process referred to as “flip-flop”
(the polar carboxyl group of the fatty acid moves through
the bilayer interior and repositions at the opposite inter-
face) (translocation step). This latter process occurs very
fast and would not need assistance from membrane pro-
teins (30). At the inner side of the membrane, the fatty
acids move into the aqueous phase to bind to cytoplasmic
FABP (FABP,) (desorption step). Desorption from the
membrane has been suggested to be the rate-limiting step
of overall transmembrane transport (30). At the intracel-
lular side, CD36 may facilitate the transport by providing a
docking site for FABP, (31) or for enzymes that act on fatty
acids, such as acyl-CoA synthetase (32). In line with this,
intracellularly, the presence of FABP, is required for proper
functioning of CD36, as it was reported that transfection of
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Fig. 2. Schematic presentation of both the facilitatory and regulatory roles of CD36/SR-B2 in (long-chain) fatty acid uptake into cardiac
and skeletal myocytes. At sarcolemmal lipid rafts, CD36, most likely in interaction with the peripheral membrane protein, FABP,,,, and, at
the intracellular site, with FABP,, facilitates the entry of fatty acids into the cell (middle part of figure). Short-term regulation (i.e., minutes)
of the rate of cellular fatty acid uptake occurs by reversible intracellular recycling (vesicular transport) of CD36 from an endosomal storage
compartment to the sarcolemma, which is triggered by either changes in the frequency of muscle contraction or by plasma insulin. These
latter triggers are mediated by the AMP-activated kinase (AMPK) and insulin signaling cascades, respectively, whose signals converge at
AS160 (left part of figure). Long-term regulation of cellular fatty acid uptake occurs via changes in CD36 gene transcription, mediated,
among others, by fatty acid-induced PPAR activation, HIF-1, and C/EBPa (right part of figure). See text for further explanation. RXR,

retinoid X receptor.

CD36 in a rat heart muscle cell line (H9¢2) devoid of
FABP, did not result in increased rates of fatty acid uptake
(33). Taken together, CD36 is viewed to function in seques-
tering fatty acids in the membrane, and helping to orga-
nize them within specific membrane domains (presumably
lipid rafts) in order to make the fatty acids readily available
for subsequent aqueous transport and/or enzymic conver-
sion (Fig. 2). Interestingly, there is evidence to suggest that
at the extracellular side, CD36 displays protein-protein in-
teraction with FABP,,, (34), possibly indicating that clus-
ters of membrane proteins function in facilitating and
modulating cellular fatty acid uptake. A concerted action
among these various proteins may allow a fine-tuning of
fatty acid transport so as to have this substrate readily avail-
able for efficient intracellular utilization (18).

Recent crystallization studies have shed more light on
the mechanism of fatty acid transport by CD36. First,
LIMP-2 was crystallized, and based on the close similarity
with CD36, it was deduced that CD36 possesses a cavity run-
ning through the entire length of the protein through
which the fatty acids can be transferred to the lipid bilayer
(7). This would then provide the molecular basis for the

adsorption step. Further support for such a cavity comes
from crystallization of CD36 when bound to fatty acids
(Fig. 1B) (9). The cavity was shown to contain up to two
fatty acids at a time, thereby indicating that CD36 truly acts
as a fatty acid transporter whereby fatty acids pass through
the CD6 ectodomain to be exposed to the plasma membrane
surface (Fig. 1B). These crystallization studies add power-
ful support to the fatty acid transport function of CD36.

Whether CD36 would preferentially bind specific (long-
chain) fatty acid types has remained elusive. This is due,
at least in part, to the complexity of appropriate experi-
mental approaches, which would need to consider, among
others, differences among fatty acid types in aqueous sol-
ubility and differences in interaction with soluble pro-
teins (such as albumin) and with biological membranes.
Of note, there is circumstantial evidence that the cellular
uptake of fatty acid species from marine oils, in particular
EPA (20:5 n-3) and DHA (22:6 n-3), is also facilitated by
CD36 (35, 36), suggesting that the beneficial health effects
of n-3 long-chain polyunsaturated fatty acids are depen-
dent on the sarcolemmal presence and proper function-
ing of CD36.
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Recycling of CD36 between endosomes and the plasma
membrane

The observation that CD36 is not only present on the
cell membrane but also in intracellular compartments, no-
tably endosomes, has triggered a series of studies, which
revealed that CD36 is not merely a facilitator of transmem-
brane fatty acid transport, but in fact serves a pivotal role as
regulator of the rate of cellular fatty acid uptake. Thus, it
was disclosed that regulation of fatty acid transport occurs
by the reversible translocation of CD36 from endosomes
to the plasma membrane to increase fatty acid uptake. For
instance, in both cardiac and skeletal muscle, the portion
of CD36 that is stored in endosomes is estimated to be
approximately 50% (37, 38). Either an increase in muscle
contraction or the presence of insulin each stimulate, within
a few minutes, the translocation of CD36 from the endo-
somal compartment to the sarcolemma upon which the
fatty acid uptake rate increases up to 2-fold (37-39). The
process of contraction-induced CD36 translocation is me-
diated by AMP-activated kinase (39). Insulin-induced trans-
location is mediated by phosphoinositide-3-kinase (38).
Insulin and contraction signaling operate independently
to induce CD36 translocation, but converge at the level of
the Rab GTPase-activating protein, AS160, via an inactivat-
ing phosphorylation. This leads to disinhibition of Rab 8a,
which is then allowed to use the accelerated GDP/GTP
cycling for the benefit of CD36 translocation (40). Remark-
ably, this mechanism of regulation of cellular fatty acid up-
take by recycling of CD36 is very similar to the well-known
regulation of cellular glucose uptake, which, in cardiac and
skeletal muscle, involves the translocation of glucose trans-
porter-4 (GLUT4) from an intracellular storage depot to
the sarcolemma (41). Upon increased muscle contraction
or insulin stimulation, both CD36 and GLUT4 are recruited
to the sarcolemma within the same time frame resulting in
increased uptake rates for both fatty acids and glucose (18)
(Fig. 3). CD36 recycling has also been confirmed to occur in
human skeletal muscle (42, 43) and in adipose tissue (44).

Interestingly, it has been observed that CD36 may trans-
locate to the plasma membrane without a concomitant
change in fatty acid uptake, suggesting that translocation
by itself is not sufficient for increasing fatty acid uptake and
that other factors are required for full “activity” of CD36 at
the cell surface (45, 46). This “insufficient” translocation is
induced by acute increases in [Ca2+]i, and might serve to
prepare the heart for increased fatty acid uptake during
physiological contraction by inducing transporter translo-
cation (46).

Current research is aimed at further deciphering the sig-
naling pathways, vesicular trafficking routes, and cytoskel-
etal network proteins that control the short-term subcellular
recycling of CD36, especially in relation to that of GLUT4.
The outcome of such research would be to identify target
proteins that could specifically increase, or decrease, fatty
acid uptake without impairing glucose uptake, which could
be beneficial for treatment of cardiac metabolic diseases
[explained in more detail in other reviews, e.g., (47, 48)].
For instance, it has been reported that, in cardiac muscle,
specific vesicle-associated membrane proteins (VAMPs)
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are necessary for both CD36 and GLUT4 translocation,
while one isoform (VAMP4) is specifically involved in CD36
traffic and another isoform (VAMP7) specifically in GLUT4
traffic (49).

CD36 is also subject to various posttranslational modi-
fications, which may be involved in its translocation. Al-
though the four intracellular cysteines of CD36 offer bona
fide palmitoylation sites, it was reported that palmitoylation
at these sites is not involved in regulation of CD36 translo-
cation (50). CD36 has also been proposed as a target of
O-linked Nacetylglucosamine (O-GlcNac), the modification
of which was observed to induce translocation of CD36 to
cardiac sarcolemma and subsequently increase both the rate
of myocellular fatty acid uptake and fatty acid oxidation (51).

Rate-governing step in cellular fatty acid utilization

With respect to the rate-limiting kinetic step in the
overall fatty acid uptake process in the heart, earlier work
had suggested that the mitochondrial enzyme, carnitine
palmitoyltransferase-1 (CPT-1), serves an overall rate-limiting
role in cardiac fatty acid utilization (52). However, more
recent studies have questioned such a role for CPT-1 [re-
viewed in (22)]. For instance, partial inhibition of CPT-1
activity in vivo in rats through administration of etomoxir
resulted in a 44% reduced cardiac CPT-1 activity, but failed
to alter the rates of fatty acid uptake and oxidation (53).
Thus, CPT-1 does not act as a major rate-controlling site in
total cardiac fatty acid flux. Instead, cellular fatty acid up-
take (i.e., trans-sarcolemmal transport) might be the pri-
mary site for regulation of fatty acid flux (22), while CPT-1
acts as a regulatory site for mitochondrial 3-oxidation.

Transcriptional control of CD36 expression

The occurrence of CD36 in various tissues follows its role
as facilitator of fatty acid transport in tissues with a high
capacity for fatty acid metabolism, and fluctuates depending
on developmental, hormonal, and environmental condi-
tions. CD36 expression is high in segments of the intestine
where most lipid absorption occurs, in adipose tissue in
which fatty acids are stored in neutral lipids, and in cardiac
and (oxidative) skeletal muscle in which fatty acids consti-
tute the main substrate for energy production. CD36 is also
found in endothelial cells, lung pneumocytes, platelets,
and macrophages, whereby its expression likewise has been
associated with fatty acid uptake and to binding of oxLLDLs.

The expression of CD36 is regulated by agonists of the
nuclear PPARs in a tissue-specific manner. PPARs are a
family of transcription factors activated by a diversity of
molecules, including fatty acids and fatty acid metabolites,
and regulate the transcription of a large variety of genes
implicated in metabolism, inflammation, proliferation, and
differentiation in different cell types (54). While PPAR« is
expressed mostly in tissues exhibiting high rates of fatty
acid oxidation (liver, cardiac and skeletal muscle, kidney,
and brown adipose tissue) and regulates the expression of
proteins involved in fatty acid catabolism, PPARYy is expressed
predominantly in white adipose tissue and is a key regula-
tor of adipogenesis. The third family member, PPARB/3,
shows a more widespread tissue distribution. In skeletal
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recycling of other fatty acid transporters (FABP,,,,

muscle, its expression is upregulated during fasting and en-
durance exercise (54). PPARs can directly regulate the tran-
scription of target genes by forming a heterodimer with the
retinoid X receptor and binding to so-called PPAR response
element (PPRE) sequences in the promotor- or transcribed-
regions of target genes through DNA binding domains
(54). The CD36 gene in mice (55) and humans (56) has
been shown to possess one or more functional PPREs close
to the transcription start site. Furthermore, in the distal pro-
motor regions, there are additional species-specific PPREs
(57). Yet, CD36 expression patterns appear very similar be-
tween species, suggesting redundancy in these PPREs (57).

Fatty acids, especially long-chain fatty acids, are consid-
ered to be the natural ligands for PPARs (58). In addition,
various fatty acid metabolites, such as acyl-CoA esters, oxi-
dized fatty acids, and eicosanoids, also activate PPARs (59).
Activation of PPARa in heart and PPARB/S in skeletal
muscle results in the coordinated increased expression of
various proteins and enzymes involved in mitochondrial
B-oxidation of fatty acids, including an upregulation of
proteins involved in cellular fatty acid uptake, i.e., CD36
and FABP_. In this way, by facilitating the entry and thus
promoting the intracellular availability of fatty acids, CD36
positively influences its own de novo synthesis (feed-
forward cycle) (Fig. 2). In cardiac muscle, the pivotal roles

and selected FATPs) in fatty acid uptake is not shown. Adapted from (18).

of both CD36 and the nuclear receptor, PPARq, in govern-
ing cardiac fatty acid utilization are evident from the ob-
servations that: i) PPARa-null mice display a decreased
capacity of cardiac fatty acid utilization (60, 61); ) cardiac-
specific overexpression of PPARa in mice results in en-
hanced fatty acid uptake and utilization (62); while i)
deletion of CD36 in PPARa-overexpressing mice pre-
vented an increase in cardiac fatty acid utilization (63).

Besides PPARSs, other transcriptional activators have also
been implicated in the regulation of CD36 expression, in-
cluding CCAAT/enhancer-binding protein-o and hypoxia-
inducible factor-1 [for review see (64)]. Yet further research
is needed to elucidate how these (and other) factors coor-
dinate CD36 expression in a condition- and tissue-specific
manner.

ROLE OF CD36 IN THE PATHOGENESIS OF
MUSCULAR INSULIN RESISTANCE

Permanent relocation of CD36 initiates lipid oversupply

Several chronic diseases are characterized by a perturbed
fatty acid or lipid metabolism. For instance, obesity is as-
sociated with disturbances in the control of glucose and
lipid metabolism resulting in an atherogenic plasma
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lipid profile and deleterious triacylglycerol accumulation
in non-adipose tissues like liver, heart, and muscle (ectopic
lipid accumulation). Consequently, obese individuals are
at high risk of developing insulin resistance, which may fur-
ther lead to type 2 diabetes and cardiovascular complica-
tions, such as acute myocardial infarction and diabetic
cardiomyopathy (65, 66). Because of its key role in the al-
terations in lipid metabolism upon fatty acid oversupply,
CD36 has been implicated in the etiology of obesity-induced
or high-fat diet-induced ectopic lipid accumulation and
insulin resistance, and has been suggested as a target for
therapeutic intervention (18, 67).

The molecular mechanism whereby high-fat diet in-
duces lipid accumulation in cardiac and skeletal muscle,
and subsequently insulin resistance and contractile dys-
function, has been unraveled in much detail and shows a
key role for CD36. Chronic oversupply of fatty acids to the
heart or muscle triggers changes in the subcellular recy-
cling of CD36, resulting in a permanent relocation of this
transporter from endosomes to the sarcolemma. At least in

pH~5.5

pHT@

Endosome

rats, this change is very rapid, i.e., within 2-3 days after the
start of high-fat feeding, and is accompanied by a concomi-
tant increase in the rate of myocellular fatty acid uptake
(Fig. 4) (68). Fatty acids then not only become the main
metabolic substrate for energy production, but also lead to
excess intramyocellular formation of triacylglycerols, diac-
ylglycerols, and ceramides. These latter two fatty acid metab-
olites inhibit insulin signaling with the main consequence
being an impairment of the translocation of the glucose
transporter, GLUT4, from endosomes to the sarcolemma.
The latter causes a lowered glucose uptake rate and a de-
creased incorporation of glucose into glycogen. At that
stage, the heart or muscle has become insulin resistant
and shows impaired contractile function (22, 68). In con-
clusion, CD36 plays an essential role already in an early
stage of the development of insulin resistance due to lipid
overload. Indeed, specific inhibition of CD36 by sulfo-
N-succinimidyl-oleate (69) or deletion of CD36 (70) pro-
tects against high-fat dietinduced insulin resistance and
cardiac contractile dysfunction.
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Fig. 4. Mechanism of lipid-induced v-ATPase inhibition and loss of insulin sensitivity in cardiac myocytes upon lipid over-supply (1). When
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excess formation of diacylglycerol (DAG) and ceramides (Cer) culminates in impairment of the insulin signaling cascade and, therefore, loss

of insulin sensitivity (circled 3b). Modified from (71).
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Molecular mechanism underlying permanent CD36
relocation

It has not yet been elucidated why increased fatty acid
delivery to heart or muscle results in an imbalance in the
subcellular recycling of CD36, with most of the protein per-
manently residing on the sarcolemma so that the rate of
incoming fatty acids is not tuned anymore to the metabolic
needs of the myocyte. Recent studies, however, suggest that
increased CD36 translocation to the sarcolemma is caused
by changes in the properties of the endosomes, which form
the subcellular storage compartment of CD36 (see the sec-
tion on CD36 recycling). The endosomes are acidic organ-
elles, but lose their acidification upon lipid oversupply due
to inhibition of the proton pumping activity of vacuolar-
type H'-ATPase (v-ATPase) (71). Hence, endosomal alka-
linization was observed in rats fed a high-fat diet and
appeared as an early lipid-induced event preceding the on-
set of insulin resistance (Fig. 4).

v-ATPase is a multimeric protein complex consisting of
an integral membrane sub-complex (V,), encompassing
the proton channel, and a peripheral sub-complex (V),
containing the ATP-binding pocket (72). The mechanism
of lipid-induced v-ATPase inhibition involves disassembly
of V; from V,, and subsequent migration of V; into the
soluble cytoplasm (Fig. 4) (71). These new insights suggest
that reassembly of v-ATPase, leading to its reactivation,
could be an effective approach to retain CD36 intracellu-
larly and treat lipid-induced diabetic cardiomyopathy.

CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

CD36 has emerged as a multi-functional protein involved
in multiple homeostatic and pathological processes. In this
review, we focused on its role in cellular fatty acid uptake
and utilization, especially in cardiac and skeletal muscle, to
conclude that CD36 serves to facilitate fatty acid uptake
across the plasma membrane by offering an extracellular
lipophilic tunnel through which fatty acids are guided to
enter the membrane bilayer, and that CD36 is subject to
dynamic subcellular recycling that permits adjustment of
the presence of CD36 in the membrane to tune the uptake
of fatty acids to the metabolic needs of the cell. Taken to-
gether, CD36 is pivotal for governing the rate of cellular
fatty acid uptake.

At the protein level, the precise mechanism of action of
CD36 has not yet been fully elucidated. For instance, besides
the already mentioned palmitoylation and O-GlcNAcylation,
CD36 also undergoes other posttranslational modifications,
such as phosphorylation, glycosylation, and ubiquitination
[reviewed in (73)]. Phosphorylation [ecto-phosphorylation
at positions Thr92 and Ser237 (74)] and ubiquitination
likely do not play a role in heart and muscle (73), but may
be important in other tissues (75). Glycosylation is a per-
manent modification and is involved in proper folding of
CD36 (76). In addition, as mentioned, the role of puta-
tively interacting proteins and/or factors that may influ-
ence the functioning of CD36 is still elusive. Finally, to what

extent the various ligands compete for binding to CD36
needs to be investigated.

Based on its rate-controlling function in the utilization
of fatty acids by heart and muscle, CD36 would be the pref-
erable target to protect myocytes, and perhaps other CD36-
expressing cells, against lipotoxicity during periods of
lipid overexposure. Such an approach would require spe-
cifically targeting the fatty acid-binding function of CD36
without disturbing its other physiological functions. In-
deed, selective targeting seems feasible, as it was found
with isolated rat cardiomyocytes that sulfo-N-succinimidyl
oleate does block CD36-mediated palmitate uptake, while
both hexarelin, a synthetic growth hormone releasing
peptide that binds to CD36, and EP 80317, a CD36-
selective ligand that inhibits cholesterol transport, each
had no effect on palmitate uptake (46). Still, intervening
in the CD36 subcellular recycling machinery is expected
to allow a more specific approach because, in general, the
proteins involved in vesicular trafficking occur in tissue-
specific types.

A final interesting direction of CD36 research is the field
of cancer and metastasis, as there is emerging evidence
that, in certain types of cancer, CD36 expression drives tu-
mor progression by increasing the availability of fatty acids
and lipids [e.g., see (77, 78)]. In addition, in a recent study,
Pascual et al. (79) observed that a subpopulation of cancer
cells with unique metastasis-initiating potential could be
marked by CD36, highlighting a key role of lipid metabo-
lism in metastatic colonization Bl
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