
 

 

 

Regulation of the subcellular trafficking of CD36, a
major determinant of cardiac fatty acid utilization
Citation for published version (APA):

Glatz, J. F. C., Nabben, M., Heather, L. C., Bonen, A., & Luiken, J. J. F. P. (2016). Regulation of the
subcellular trafficking of CD36, a major determinant of cardiac fatty acid utilization. Biochimica et
Biophysica Acta-Molecular and Cell Biology of Lipids, 1861(10), 1461-1471.
https://doi.org/10.1016/j.bbalip.2016.04.008

Document status and date:
Published: 01/10/2016

DOI:
10.1016/j.bbalip.2016.04.008

Document Version:
Publisher's PDF, also known as Version of record

Document license:
Taverne

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can
be important differences between the submitted version and the official published version of record.
People interested in the research are advised to contact the author for the final version of the publication,
or visit the DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these
rights.

• Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
• You may not further distribute the material or use it for any profit-making activity or commercial gain
• You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above,
please follow below link for the End User Agreement:
www.umlib.nl/taverne-license

Take down policy
If you believe that this document breaches copyright please contact us at:

repository@maastrichtuniversity.nl

providing details and we will investigate your claim.

Download date: 19 Apr. 2024

https://doi.org/10.1016/j.bbalip.2016.04.008
https://doi.org/10.1016/j.bbalip.2016.04.008
https://cris.maastrichtuniversity.nl/en/publications/81f469b7-606a-4929-8ad7-6ff3acdf9bfe


Biochimica et Biophysica Acta 1861 (2016) 1461–1471

Contents lists available at ScienceDirect

Biochimica et Biophysica Acta

j ourna l homepage: www.e lsev ie r .com/ locate /bba l ip
Regulation of the subcellular trafficking of CD36, a major determinant of
cardiac fatty acid utilization☆
Jan F.C. Glatz a,⁎, Miranda Nabben a, Lisa C. Heather b, Arend Bonen c, Joost J.F.P. Luiken a

a Department of Genetics & Cell Biology, Cardiovascular Research Institute Maastricht (CARIM), Maastricht University, P.O. Box 616, 6200 MD Maastricht, the Netherlands
b Department of Physiology, Anatomy and Genetics, University of Oxford, Oxford, United Kingdom
c Department of Human Health and Nutritional Sciences, University of Guelph, Guelph, Ontario, Canada
Abbreviations:ACS, acyl-CoA synthetase; CPT-1, carnitin
heart-type fatty acid-binding protein; FABPpm, plasma
protein; FAT, fatty acid translocase; FATP, fatty acid tran
transporter-4; SNARE, soluble N-ethylmaleimide-sensitive
tor; VAMP, vesicle-associated membrane protein.
☆ This article is part of a Special Issue entitled: Heart L

Lopaschuk.
⁎ Corresponding author.

E-mail address: glatz@maastrichtuniversity.nl (J.F.C. G

http://dx.doi.org/10.1016/j.bbalip.2016.04.008
1388-1981/© 2016 Elsevier B.V. All rights reserved.
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 11 March 2016
Received in revised form 11 April 2016
Accepted 12 April 2016
Available online 16 April 2016
Myocardial uptake of long-chain fatty acids largely occurs by facilitated diffusion, involving primarily the
membrane-associated protein CD36. Other putative fatty acid transporters, such as FABPpm, FATP1 and FATP4,
also play a role, but their quantitative contribution ismuch smaller or their involvement is rather permissive. Be-
sides its sarcolemmal localization, CD36 is also present in intracellular compartments (endosomes). CD36 cycles
between both pools via vesicle-mediated trafficking, and the relative distribution between endosomes versus
sarcolemma determines the rate of cardiac fatty acid uptake. A net translocation of CD36 to the sarcolemma is
induced by various stimuli, in particular hormones like insulin andmyocyte contractions, so as to allow a proper
coordination of the rate of fatty acid uptake with rapid fluctuations in myocardial energy needs. Furthermore,
changes in cardiac fatty acid utilization that occur in both acute and chronic cardiac disease appear to be accom-
panied by concomitant changes in the sarcolemmal presence of CD36. Studies in various animal and cell models
suggest that interventions aimed at modulating the sarcolemmal presence or functioning of CD36 hold promise
as therapy to rectify aberrant rates of fatty acid uptake in order to fight cardiacmetabolic remodeling and restore
proper contractile function. In this review we discuss our current knowledge about the role of CD36 in cardiac
fatty acid uptake andmetabolism in health and disease with focus on the regulation of the subcellular trafficking
of CD36 and its selective modulation as therapeutic approach for cardiac disease. This article is part of a Special
Issue entitled: Heart Lipid Metabolism edited by G.D. Lopaschuk.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Long-chain fatty acids (for convenience referred to as ‘fatty acids’)
constitute one of the main substrates for the heart. Under healthy
conditions, 50–70% of myocardial energy production is obtained from
the mitochondrial oxidation of fatty acids, the remainder being met by
oxidation of carbohydrates (glucose and lactate) [1,2]. Fatty acids also
are incorporated into phospholipids forming the core of biological
membranes, and serve in selected signal transduction pathways to
modify gene expression. On the other hand, because of their hydropho-
bic properties, fatty acids may exert detrimental effects and cause cellu-
lar injury [3,4]. As a result, the uptake and utilization of fatty acids by the
heart needs to be under tight control in order to allow their unrestricted
e palmitoyltransferase-1; FABP3,
membrane fatty acid-binding
sport protein; GLUT4, glucose

factor attachment protein recep-

ipid Metabolism edited by G.D.

latz).
availability for mitochondrial energy production without the possible
harmful effects associated with their detergent-like properties.

During the past two decades much progress has been made in un-
derstanding the specific mechanisms involved in controlling cardiac
fatty acid utilization. In particular, the membrane associated protein
CD36 was found to play a pivotal role in both facilitating and regulating
myocardial fatty acid uptake. In this review we discuss our current
knowledge about the role of CD36 in cardiac fatty acid utilization, focusing
on both the healthy heart and the derangements that occur in cardiac
disease.

2. Mechanism of myocardial fatty acid uptake

In blood plasma and interstitium, fatty acids are avidly bound by
albumin (68 kDa) or are present as triacylglycerols in lipoproteins
(chylomicrons, very low density lipoproteins) from which they are
released after hydrolysis by lipoprotein lipases located at the surface
of the capillaries. Intracellularly, fatty acids are bound by cytoplasmic
heart-type fatty acid-binding protein (H-FABP, also designated as
FABP3; 15 kDa) which acts as the intracellular counterpart of albumin
[5]. Albumin and H-FABP each bind fatty acids with such high affinities
that virtually all of the fatty acids present in the aqueous compartment
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are protein-bound. Thus, in plasma and interstitium the total fatty acid
concentration is 100–400 μM while the concentration of non-protein
bound (‘free’) fatty acids is several orders of magnitude lower and
amounts to only 1–10 nM [6,7]. Similarly, for cardiomyocytes it has
been estimated that in the (soluble) cytoplasm the total fatty acid
concentration is up to 50 μM (depending on the metabolic state of the
cell) while the non-protein bound fatty acid concentration is only
1–5 nM [8,9]. As a result, albumin and H-FABP each provide a buffer
for fatty acids, whereby each fatty acid molecule that is metabolized
or undergoes transmembrane transport to another compartment is
immediately replenished by the release of another fatty acid molecule
from the protein binding site. It should be emphasized that the
abundance of albumin in both plasma (approximately 600 μM) and
interstitium (300 μM) and that of H-FABP in the soluble cytoplasm
(150–300 μM in cardiomyocytes) presents with a total buffering
capacity that markedly exceeds the total fatty acid concentration in
each compartment. This ensures that the non-protein bound fatty
acid concentration remains low, even undermild pathological conditions
(e.g., mild ischemia), so as to keep fatty acids from exerting potential
detrimental effects [9].

The uptake of fatty acids into cardiomyocytes involves their physical
transport across the plasma membrane (sarcolemma). Following two
decades of considerable debate on the molecular mechanism by which
fatty acids traverse the sarcolemma, in particular with respect to the
rate-limiting step(s) and the membrane-associated proteins involved
(for review see [10–12]), there is now consensus by and large on the
myocardial fatty acid uptake process. For this, distinction should
be made among three separate steps that together comprise the
transsarcolemmal uptake (Fig. 1).

(A) Adsorption: entry of the fatty acid into the outer leaflet of the
lipid bilayer, whereby the hydrocarbon chain intercalates
between the chains of the phospholipid and the carboxyl group
localizes at the aqueous interface. The prevalent view is that
membrane-associated proteins facilitate the sequestering of
fatty acids in the membrane and thus act as fatty acid acceptor.

(B) ‘Flip-flop’: transfer of the fatty acid from the outer to the inner
leaflet, whereby the polar carboxyl group moves through
the bilayer interior and re-positions at the opposite interface.
Fig. 1. Putative molecular mechanism(s) for the cellular uptake of long-chain fatty acids
(FA) and of very-long-chain fatty acids (VLC-FA). In view of their hydrophobic nature,
fatty acids could dissociate from their albumin binding sites and cross the plasma
membrane by simple diffusion (route 1, uptake by passive diffusion). Alternatively, the
membrane-associated proteins FABPpm, CD36, and FATP, either separately or together,
may facilitate the transport of fatty acids across the phospholipid bilayer (routes 2–5,
uptake by facilitated diffusion). See text for detailed description of the various routes.
Reproduced from [11], with permission.
Biophysical studies have shown that ‘flip-flop’ of fatty acids in a
phospholipid bilayer is very fast for virtually all fatty acid types
[13]. Therefore, the possible role for membrane-associated
proteins in this step most likely is restricted to determining the
membrane domain where ‘flip-flop’ takes place, rather than the
rate of fatty acid translocation from the outer to the inner leaflet.

(C) Desorption: movement of the fatty acid into the intracellular
aqueous phase and hydration of the fatty acid. This step
appears rate-limiting for the entire transmembrane transport
and is strongly dependent on chain length and degree of
unsaturation of the fatty acid [14,15]. There is some evidence
that transmembrane proteins, in particular CD36 [16], provide a
docking site for cytoplasmic H-FABP or for enzymes that act on
fatty acids such as acyl-CoA synthetase, and in this way facilitate
the desorption step.

The main membrane-associated proteins involved in myocardial
fatty acid uptake include (i) the transmembrane protein CD36 (also
referred to as putative fatty acid translocase, FAT) of 88 kDa that
was first identified in rat adipocytes by Abumrad and colleagues
[17], (ii) the peripheral membrane protein FABPpm of 40–43 kDa
identified by Stremmel [18], and (iii) two members of the family of
fatty acid-transport proteins (FATP), i.e., FATP1 and FATP4, first
described by Schaffer and Lodish [19,20]. As illustrated in Fig. 1,
CD36 and FABPpm, either alone or in concert [21], are envisaged to
act as an acceptor for fatty acids to increase their concentration at
the cell surface and thus enhance the number of fatty acid diffusion
events (route 2). Being a transmembrane protein, CD36 itself may
also facilitate the transport of fatty acids across the phospholipid
bilayer (route 3, uptake by facilitated diffusion). Once at the inner
side of the cell membrane, fatty acids are bound by cytoplasmic
H-FABP before entering metabolic or signaling pathways. The direction
and overall rate of fatty acid uptake is determined by the trans-
sarcolemmal gradient of fatty acids [2,15]. Additionally, a minority of
fatty acids are thought to be transported by FATP1 and rapidly activated
by plasma membrane acyl-CoA synthetase (ACS1) to form acyl-CoA
esters (route 4). Specific fatty acid types, i.e., very long-chain fatty
acids (VLC-FA, chain length N 22 carbon atoms), are preferentially
transported across the sarcolemma by FATP1 or FATP4 and by action
of the synthetase activity of these FATPs immediately converted into
VLC-acyl-CoA esters (route 5, uptake by vectorial acylation or metabolic
trapping).

Quantitative studies have revealed that the majority of fatty acids
are taken up into cardiomyocytes by facilitated diffusion with CD36
being the main membrane-associated protein involved. In studies on
mice with a targeted deletion of CD36 it has been estimated that the
contribution of CD36-mediated fatty acid uptake to total fatty acid
uptake is about 70% [22]. Passive diffusional uptake of fatty acids is
not excluded but under normal conditions will contribute only margin-
ally to the overall rate of fatty acid uptake [23,24].

Following their uptake into cardiomyocytes, fatty acids are first acti-
vated into their acyl-CoA esters and then either undergo mitochondrial
β-oxidation to produce ATP, are used for phospholipid synthesis, or are
incorporated into triacylglycerols for storage. The intracellular fate of
fatty acids is dependent on the need for metabolic energy (in particular
the rate of contraction), and on the hormonal milieu (e.g., insulin).

3. Protein structure of CD36

CD36 is an integral membrane glycoprotein of a single chain of 472
amino acids (53 kDa) that has a hairpin membrane topology with two
transmembrane spanning regions, with both theNH2 and COOH termini
as short segments in the cellular cytoplasm (Fig. 2) (reviewed in
[25–27]). The NH2-terminal hydrophobic domain appears to serve as a
transmembrane anchor. The protein is heavily glycosylated and has
10 N-linked glycosylation sites situated in the large extracellular loop



Fig. 2. Schematic presentation of the proposed structure andmembrane topology of CD36.
The large extracellular loop has 10 putative N-linked glycosylation sites and two phos-
phorylation sites. Disulfide bonds between extracellular cysteines are envisioned between
amino acid residues 243–311, 272–333, and 313–323. The small cytoplasmic tails contain
the NH2 and COOH termini and each are palmitoylated, most likely to anchor the protein
in the membrane. In addition, the COOH terminus contains two ubiquitination sites. The
shaded area designates a hydrophobic pocket comprised by amino acid residues 93–183
that likely is involved in ligand binding. The region formed by residues 93–120 was iden-
tified as the thrombospondin binding site, that by residues 120–155 was mapped for ox-
idized LDL, while residues 139–183 form a multiligand binding site. Arrowheads and
numbers indicate the approximate positions of amino acid residues. Reproduced from
[11], with permission.
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[28]. This extensive glycosylation increases the apparent mass of CD36
from 53 to 88 kDa. The protein also has two phosphorylation sites and
three external disulfide bridges, and contains four palmitoylation sites,
two each at the extreme NH2 and COOH termini [29]. Finally, the COOH
terminal domain of CD36 contains two ubiquitination sites (Fig. 2).

CD36wasfirst known as leukocyte cluster-of-differentiation antigen
or glycoprotein IV, and now is recognized as a ubiquitously expressed
class B scavenger receptor protein with multiple functions, particularly
the binding of thrombospondin, oxidized low-density lipoprotein
(LDL), and anionic phospholipids, and its action as gustatory lipid sensor
[30,31]. The fatty acid binding property of CD36 was disclosed in 1993
by Abumrad and co-workers when they found that a protein they had
initially designated putative fatty acid translocase (FAT) appeared to
be identical to CD36 [17]. Therefore, in its function as a facilitator of
cellular fatty acid uptake, CD36 often is referred to as FAT/CD36 and,
for convenience, also as ‘fatty acid transporter’ although the latter strict-
ly is incorrect.

The complexity of the CD36 proteinwith its many post-translational
modifications has hampered the elucidation of its three-dimensional
structure. However, recently the crystal structure of LIMP-2, a member
of the CD36 superfamily of scavenger receptors, was determined and
used to infer, by homology modelling, the structure of CD36 [32].
These studies gave further evidence for the existence of a large cavity
that traverses the entire length of the molecule. This cavity serves as a
tunnel throughwhich lipids are delivered to the outer leaflet of the plas-
ma membrane [32]. This latter finding would account for the selective
involvement of CD36 in cellular uptake of lipid species.

4. Control of myocardial fatty acid uptake

Rapidfluctuations in energy needs of the heart require a coordinated
adaptation of the rate of substrate uptake. At a given point in time the
myocardial energy content (ATP and creatine phosphate) is sufficient
to allow contractile activity to continue for up to a minute only, and en-
dogenous substrate stores (glycogen and triacylglycerols) are limited.
Thus, regulating substrate uptake allows the heart to fine tune energy
demand with fuel supply. In addition, it would be undesirable to have
fatty acids enter cardiomyocytes without control driven solely by the
plasma lipid concentration, as this may cause lipid overload and its
resulting lipotoxic effects [3,4]. Insight into the regulation of myocardial
fatty acid uptake was markedly enhanced when we discovered that
fatty acid uptake occurs by a mechanism that closely resembles that of
cellular glucose uptake [33]. Specifically, in response to an increase in
contraction or to an external trigger such as insulin, CD36 translocates
from an intracellular store (endosomes) to the sarcolemma to facilitate
fatty acid uptake, just as these same stimuli recruit glucose transporter
GLUT4 to the sarcolemma to increase cellular glucose uptake (Fig. 3).
Furthermore, for both CD36 and GLUT4 recruitment the effects of in-
creased contraction and of insulin are additive. Importantly, the intra-
cellular fate of the incoming fatty acids, i.e., mitochondrial oxidation or
storage into triacylglycerols, is not influenced by CD36 but determined
by the metabolic demands and the hormonal milieu [34,35]. Although
in heart and skeletal muscle, the main fatty acid transporter that func-
tions by this mechanism is CD36, translocation of FATP1 and FATP4
has also been described to occur in skeletal muscle [36] but not cardiac
muscle [37], suggesting that subcellular recycling of substrate trans-
porters is a common mechanism to regulate substrate uptake.

Changes in the sarcolemmal presence of CD36 appear to directly cor-
relate with changes in myocardial fatty acid uptake rate. Importantly,
acute changes in fatty acid uptake can be realized by redistribution of
CD36 between the endosomal storage pool and the sarcolemma and
do not need long term adaptations in de novo protein synthesis or
breakdown of CD36. In contrast, chronic changes in fatty acid uptake
are often accompanied by changes in the total CD36 pool. For instance,
while insulin acutely induces the subcellular translocation of CD36 to
the sarcolemma, upon longer exposure to insulin it also increases the
expression of total CD36 protein [38]. Chronic lipid oversupply of the
heart induces a net translocation of CD36 to the sarcolemma concomi-
tant with a net translocation of GLUT4 to intracellular storage pools
without changes in cellular protein contents of either substrate trans-
porter. These observations suggest that despite a high degree of similar-
ity between the subcellular recycling of CD36 and GLUT4, differences
exist in the molecular mechanisms underlying these translocations (to
be discussed below).

The disclosure of a role for membrane-associated proteins, particu-
larly CD36, in the regulation of myocardial fatty acid uptake, has
added a new site of control to the overall rate of myocardial fatty acid
utilization. In the heart (aswell as in liver and skeletalmuscle) carnitine
palmitoyl-transferase-1 (CPT-1) is well-established to acutely regulate
fatty acid β-oxidation via its allosteric inhibitor malonyl-CoA. The enzy-
matic activity of CPT-1 is generally proposed to be the overall rate-
limiting step in cellular fatty acid utilization [2,39]. Distinction should
be made between three isoforms of CPT-1, i.e., CPT-1 A which occurs
in liver, CPT-1B in heart and skeletal muscle, and CPT-1C in brain [40].
Recent work has questioned the overall rate-limiting role for CPT-1B
in heart. First, the concentration of malonyl-CoA in the heart has been
estimated to be 1–10 μmol/L [41,42], which greatly exceeds the
half maximal inhibitory concentration for CPT-1B to malonyl-CoA
(0.02 μmol/L). Hence, β-oxidation would, theoretically, be permanently
blocked if CPT-1B is rate-limiting for β-oxidation [43]. Second, in per-
fused hearts from db/dbmice, a genetic model of obesity and type 2 di-
abetes inwhich cardiac fatty acid oxidation ismarkedly increased [44], a
4-fold increase in fatty acid oxidation occurred independent of changes
in CPT-1B activity [45]. These observations suggest that CPT-1B activity
may not be rate-limiting for cardiac β-oxidation. Third, in CD36-null
mice, in which CPT-1B protein expression is not altered, fatty acid oxi-
dation is impaired, particularly during a metabolic challenge [35]. This
indicates that sarcolemmal fatty acid transporters, notably CD36, are
major determinants of the rate of fatty acid oxidation. Finally, partial
inhibition of CPT-1B activity in vivo in rats using etomoxir, a specific
inhibitor of CPT-1, resulted in a 44% reduced cardiac CPT-1B activity,



Fig. 3. Scheme illustrating the similarity between the regulation of cellular uptake of (long-chain) fatty acids and glucose in heart (and skeletal)muscle. In response to stimulationwith insulin or
during increased contractile activity both the facilitator of fatty acid transport CD36 and the glucose transporter GLUT4 translocate to the sarcolemma to increase fatty acid and glucose uptake,
respectively. Note that CD36 and GLUT4 may be mobilized from distinct stores within the endosomal compartment. For clarity, the involvement of GLUT1 in glucose uptake and the putative
recycling of other membrane-associated fatty acid-binding proteins (notably FABPpm, FATP1 and FATP4) are not shown. FA, long-chain fatty acid. Reproduced from [11], with permission.
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but failed to alter the rates of cardiac fatty acid uptake and/or oxidation
[46]. Together, these data suggest that CPT-1B does not act as a major
rate-controlling site in total cardiac fatty acid flux, and we propose
that cellular fatty acid uptake (trans-sarcolemmal transport) is a prima-
ry site for fatty acid flux regulation.
5. Mechanism and regulation of subcellular CD36 recycling

Vesicle-mediated transport is needed to bring newly synthesized or
recycling proteins to themembrane inwhich they function or to internal-
ize proteins for either intracellular degradation or storage (i.e., recycling).
Steps of such transport need to be unidirectional and extremely specific to
ensure that vesicles containing membrane proteins destined for the
plasma membrane do not fuse randomly with membranes from other
organelles. Eachmammalian cell type contains a specific set of trafficking
proteins, referred to as the trafficking machinery, to provide both
this unidirectionality of intracellular transport and the proper
sorting mechanisms.

The trafficking machinery dedicated to the recycling of CD36 in
cardiac myocytes is currently being unraveled. Focus in these studies
is on its relation to the trafficking of GLUT4, because knowledge of
both the similarities and differences between the recycling of CD36
and that of GLUT4 may enable modulation of cardiac substrate prefer-
ence as therapy for cardiac metabolic disease (to be discussed below).
It should be noted that the trafficking machinery involved in GLUT4
recycling [e.g. 47,48] has gained much more attention than that of
CD36 [11]. The isolation of GLUT4 vesicles from adipocytes revealed
that at least 48 distinct proteins are involved in the regulation and
specificity of vesicular GLUT4 transport [49]. CD36 vesicles have
been isolated from rat heart [50], but have not been extensively studied
with a proteomic approach.

In general, subcellular vesicular protein transport can be differenti-
ated into three components; vesicle fission at the donor compartment,
subcellular vesicle transport, and vesicle fusion at the acceptor
membrane (Fig. 4).

(1) Vesicle fission: At the donor compartment, the membranes will
be curved into a bud that subsequently will excise. This process
is dependent on bilayer destabilizing proteins, coat proteins
(also named scaffolding proteins), Ras-related Rab GTP-binding
proteins (Rab-GTPases) and a number of adaptor proteins
forming a so-called fission complex. To initiate vesicle fission,
coat proteins are recruited to membrane spots where cargo is
concentrated by adaptor proteins. This process is regulated by
Rab-GTPases which cycle between GTP-bound (active) and
GDP-bound (inactive) conformations thereby acting as molecu-
lar switches. Coat proteins then form a ‘bulb’ in the membrane
and, with the aid of scission proteins, start budding of a vesicle.
Once the vesicle is formed and detached from the organelle, the
coat proteins are released.

(2) Vesicle transport: Upon binding of a motor protein the newly
formed transport vesicles move along one of the cytoskeletal
networks to their designated target membrane. This process is
also regulated by Rab-GTPases.

(3) Vesicle fusion: Tethering proteins trap the transport vesicle
below the cell surface. The interaction of a specific subset of
vesicle-associated soluble N-ethylmaleimide-sensitive factor
attachment protein receptors (v-SNAREs) and their cognate
target-membrane associated SNAREs (t-SNAREs), forming a
so-called SNARE complex, brings the vesicle to such a close
proximity to the sarcolemma that the water barrier can be
overridden and fusion of the two membranes can occur.
After fusion, the SNARE complex disintegrates.

Below we will discuss our current knowledge of these three steps,
focussing on CD36 translocation.



Fig. 4. Trafficking pathway of vesicular CD36 translocation from endosomes to the sarcolemma in the heart. Just like any given cellular trafficking event, the process of CD36 translocation
can be subdivided into three subprocesses: (i) the fission process, mediated by coat proteins, Rab proteins, v-ATPase (maintaining the intra-endosomal pH at ~5), lipid kinases (locally
producing bilayer-destabilizing lipid species) and several adaptor proteins; (ii) the translocation process, mediated by motor proteins that transport the vesicles alongside trafficking
roads provided by filamentous networks; (iii) the fusion process mediated by VAMPs, Rabs, bilayer-destabilizing proteins and adaptor proteins. Hence, each of the three subprocesses
is dependent on a specific set of proteins, which assemble into a multimeric protein complex. This figure attempts to schematisize the formation of a ‘fission’ complex and a ‘fusion’
complex whereby the shapes of the individual protein components may not display their correct appearance (orange, coat protein; green, tethering protein; gray and dashed, adaptor
proteins; red, lipid kinase).
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Ad (1) Well-known classes of coat proteins are clathrins, coat
protein complex (COP) and caveolins. These proteins share the
samemechanismof initiation of budding, but appear involved in different
trafficking processes [51]. Studies performed in cardiomyocytes show
that COP proteins and/or clathrin function in both stimulus-induced
glucose and fatty acid uptake [52]. Although there is evidence that
caveolin-1 is involved in CD36 and GLUT4 translocation in non-muscle
cells, caveolin-3 (the muscle-specific isoform of caveolin) most likely
does not play a role in translocation of both transporters in (cardiac)
muscle because regulation of cardiac fatty acid uptake was not altered
in caveolin-3 null mice [53].

Preliminary studies have elucidated that formation of CD36 vesicles
is also dependent on the endosomal pH,which is regulated by vacuolar-
type H+-ATPase (v-ATPase). Treatment of cardiomyocytes with the
specific v-ATPase inhibitor bafilomycin-A or the proton ionophore
monensin rapidly induced the translocation of CD36, not GLUT4, to
the sarcolemma, indicating that a low endosomal pH is essential for
intracellular retention of CD36 [52]. Interestingly, while basal GLUT4
translocation is not dependent on v-ATPase function (i.e., low endosomal
pH), insulin-induced GLUT4 translocation is impaired when v-ATPase is
inhibited [52]. Hence, CD36 and GLUT4 are differentially regulated by
endosomal pH.

Rab proteins form a family of small GTPases (N70 members). Each
member provides specificity and unidirectionality to the trafficking
process of its involvement. While specific Rab members have been
identified on their involvement in GLUT4 trafficking [54], little is
known about their involvement in CD36 translocation. Rab8a appears
to be involved in stimulus-induced CD36 translocation [55] whereas
Rab11 mediates CD36 internalization [56]. Furthermore, the Rab
GTPase-activating protein AS160 inhibits stimulus-induced CD36 trans-
location, likely by keeping Rab8a in its inactive form [55]. Notably, both
Rabs and AS160 have similar functions in GLUT4 translocation. The only
protein involved in Rab-dependent trafficking that so far has been
found to discriminate between CD36 and GLUT4 trafficking is the
Rab11 effector protein Rip11, by assisting in Rab11-mediated CD36
internalization [56].

Ad (2) Similar to other trafficking processes, CD36 translocation is
likely to be dependent on filamentous networks, providing the intracel-
lular ‘roads’ for the transport vesicles. CD36 trafficking is not affected by
inhibitors of actin polymerization/de-polymerization cycles or by
microtubule destabilizers [52]. Hence, the filamentous networks
involved in CD36 translocation await identification.

Ad (3) Specificity of protein transport is believed to be achieved to a
large extent by interaction between v-SNAREs and t-SNAREs during
vesicle fusionwith the targetmembrane. This process is highly selective
as a v-SNARE interacts with only a specific subset of t-SNAREs to form a
SNARE complex that initiates fusion. For instance, at the sarcolemma,
upon insulin stimulation the v-SNARE vesicle-associated membrane
protein-2 (VAMP2) interacts with the t-SNAREs syntaxin4 and SNAP23
to initiate fusion of GLUT4-containing vesicles [57]. Members of the
VAMP protein family have been found to be differentially involved in
GLUT4 and CD36 trafficking in cardiac myocytes [58,59]. Three VAMPs
were demonstrated to be required for both CD36 and GLUT4 translo-
cation, either specifically in insulin-induced translocation (VAMP2,
VAMP5) or in contraction-induced translocation (VAMP3). In addition,
VAMP7was found to be specifically involved in GLUT4 traffic (mediating
basal GLUT4 retention) and VAMP4 specifically in CD36 traffic (both
insulin- and contraction-induced translocation) [58]. These differences
indicate the possibility to use VAMPs to discriminate between CD36
and GLUT4 translocation (to be discussed below).

Various other proteins known to be involved in vesicular trafficking
may also participate in CD36 and/or GLUT4 recycling and bring specificity
to either process. For example, the accessory proteinMunc18c, amember
of the Sec1p-like/Munc18 family which functions in the transition of
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syntaxins (t-SNAREs) into their open and closed states [60], forms a
complex with syntaxin4 and was observed to be essential – but not
rate-limiting – for both cardiac CD36 and GLUT4 translocation [61].

Taken together, insight into themolecularmechanisms that regulate
the trafficking of CD36 to and from the sarcolemma, both in the basal
state and upon stimulation by hormones or muscular contraction, are
only beginning to be disclosed. However, the knowledge obtained so
far clearly indicates that specificity of CD36 trafficking, especially in
relation to that of GLUT4, is provided by the involvement of selected
proteins from the cellular trafficking machinery.
6. CD36 and changes in cardiac substratemetabolismduring ischemia
and reperfusion

Given the role of CD36 in fatty acid utilization by the healthy heart, it
is to be expected that acute or chronic changes in cardiac fatty acid
metabolism that occur in disease states will also be accompanied by
concomitant adaptations in the subcellular localization and/or expres-
sion of CD36. Conversely, changes in CD36 content, localization or func-
tioning, potentially caused by external effectors, will likely have an
impact onmyocardial fatty acid utilization. Examples of both alterations
have been described, and suggest that CD36 may be exploited as thera-
peutic target.

During ischemia, cardiac metabolism must rapidly adapt to the lim-
ited oxygen supply in order to optimize anaerobic ATP generation and
ensure cell survival. Therefore, ischemia upregulates glucose uptake
and glycogenolysis, while mitochondrial fatty acid oxidation is down-
regulated [62,63]. These acute metabolic changes are known to be facil-
itated by concomitant rapid changes in metabolic enzyme activities,
i.e., an increase in activity of glycolytic enzymes and a decrease in that
of mitochondrial enzymes. However, adaptation to ischemia should
also encompass a decrease in myocardial fatty acid uptake so as to
match the lower fatty acid utilization rate in the face of an elevation of
the plasma fatty acid concentration, to prevent intracellular lipid accu-
mulation. In a recent study with isolated perfused rat hearts we
observed that during 30 min of low-flow ischemia, the sarcolemmal
CD36 protein content decreased significantly due to movement of
CD36 from the sarcolemma to the endosomes, with a concomitant
decrease in the rate of palmitate oxidation (Fig. 5) [64]. Thiswas accom-
panied by an opposite movement of the glucose transporter GLUT4,
i.e., away from the endosomal stores to the sarcolemma, which coin-
cides with an increase in glucose uptake (Fig. 5). Interestingly, during
subsequent 30 min of reperfusion the fatty acid oxidation and glucose
utilization rates each were restored to their preischemic level, however
the subcellular localization of CD36 and that of GLUT4 did not change.
Rather, the decreased sarcolemmal CD36was associated with depletion
of cellular triacylglycerols, while the increased sarcolemmal GLUT4
facilitated the repletion of glycogen (Fig. 5) [64]. These data clearly
show that changes in the subcellular recycling of CD36 contribute to
the acute cardiac metabolic remodeling that occurs during ischemia
and reperfusion, thereby preventing possible lipid accumulation and
its associated detrimental effects.

In addition to acute decreases in CD36 sarcolemmal content during
ischemia and reperfusion, studies have also investigated the longer
term changes in fatty acid uptake capacity in chronic ischemic heart
disease. In rodent models of heart failure, total CD36 protein content
was decreased in line with myocardial fatty acid utilization, and this
decrease correlated positively with in vivo cardiac function [65]. In left
ventricular biopsies obtained from patients with aortic stenosis, total
CD36 protein content decreased proportional to the degree of cardiac
hypertrophy in these patients, and was accompanied by an increase in
GLUT4 protein levels [66]. Thus, in both acute and chronic ischemia
sarcolemmal CD36 protein levels aremodulated, but via differentmech-
anisms, and are an integral part of the metabolic remodeling in cardiac
disease.
7. CD36 and lipid-oversupply induced cardiac insulin resistance and
contractile dysfunction

In obesity the plasma fatty acid concentration is commonly elevated
and has previously been suggested to represent the link between
obesity, insulin resistance, and the development of contractile
dysfunction [67]. An increase in fatty acid delivery to the heart can
trigger insulin resistance, as was shown in transgenic mice with a
tissue-specific overexpression of lipoprotein lipase, the rate controlling
enzyme involved in hydrolysis of triacylglycerols [68]. The insulin resis-
tant state is usually associated with an accumulation of intramuscular
triacylglycerols. However, this intracellular rise in triacylglycerols by
itself is not harmful, but is an indicator of elevated levels of lipid inter-
mediates such as diacylglycerols, ceramides and long-chain acyl-CoAs
[69]. These lipid intermediates interfere in the insulin signaling cascade
by activating a ser/thr phosphorylation cascade involving protein
kinase C-θ (thereby inhibiting insulin receptor substrate-1/2) and by
directly inhibiting Akt/protein kinase B activation [69]. This leads
to an insulin resistant state, whereby the heart is unable to properly
respond to plasma insulin to increase (GLUT4-mediated) glucose
uptake.

Evidence is accumulating that CD36 plays a key role in the devel-
opment of insulin resistance due to lipid overload. A decade ago we
showed that in hearts from high fat fed rats and from type 2 diabetic
rodent models (db/db mice and obese Zucker rats), the increased
rates of fatty acid esterification and lipid accumulation positively
correlated with an increased sarcolemmal presence of CD36 [45,
70–72]. Moreover, blocking CD36-mediated fatty acid uptake in
isolated cardiac myocytes from these models, using the specific
inhibitor sulfo-N-succinimidyl-oleate (SSO), lowered the augmented
rate of fatty acid esterification [70,71]. A similar effect was reported for
ablation of CD36 in a model of lipotoxic cardiomyopathy [73]. These
data indicate that the upregulation of CD36 at the sarcolemma in the
insulin resistant heart is a key factor contributing to the intramyocellular
accumulation of lipids.

More recently we performed a detailed time-course study in rats
subjected to a high fat diet to examine the chronological changes in
circulating substrates and insulin, and in sarcolemmal substrate
transporters and transport, intramyocellular lipids, and mitochon-
drial fatty acid oxidation in skeletal muscle [74]. In general, (patho)-
physiological changes in substrate metabolism in skeletal muscle
appear to be similar to those in cardiac muscle [11]. It was found
that within 2–3 days, diet-induced increases occurred in insulin,
sarcolemmal CD36 (not FABPpm nor FATP1), fatty acid uptake and
intramyocellular triacylglycerols, diacylglycerols and ceramide,
independent of enzymatic changes or a change in muscle fatty acid
oxidation. Diet-induced increases in mitochondria and mitochondri-
al fatty acid oxidation and impairments in insulin-stimulated GLUT4
translocation and glucose transport occurred much later, i.e., after
21 days (Fig. 6) [74]. These data have revealed that upon high fat
feeding, changes in lipid metabolism precede the onset of muscle
insulin resistance by 16–19 days. This appreciable delay in the onset
of insulin resistance suggests that additional mechanisms besides the
intramyocellular accumulation of lipids contribute to this pathology.

Taken together, on the basis of the findings described above, high fat
diet-induced cardiac insulin resistance is suggested to be the result of
the following steps: in response to the increased delivery of fatty acids
to the heart there is a very rapid (2–3 days) increase in sarcolemmal
CD36 and fatty acid uptake, which accounts for fatty acid becoming
the main metabolic substrate for energy production and for very rapid
intramyocellular accumulations of triacylglycerols, diacylglycerols, and
ceramides. These latter fatty acid metabolites inhibit insulin signaling
and impair the translocation of GLUT4 fromendosomes to the sarcolem-
ma, resulting in lowered glucose uptake and a decreased incorporation
of glucose into glycogen. At that stage, the heart has become insulin
resistant.



Fig. 5.Divergent translocation of CD36 and GLUT4 in isolated perfused rat hearts after pre-ischemia (Pre-I), 30min of low-flow ischemia (I), and reperfusion (R). A: Changes in glycolytic
rate, palmitate oxidation rate, and themyocardial contents of glycogen and triacylglycerols. B: Changes in the sarcolemmal and endosomal (low-densitymicrosomal fraction) contents of
GLUT4 and CD36. Values are given as mean ± SEM for n = 5 per group, and were considered significant at P b 0.05, * versus pre-ischemia; † versus ischemia. Data obtained from [64].
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8. CD36 as target for metabolic modulation

The key role of sarcolemmal CD36 in the (early)metabolic remodeling
in cardiac diseasemakes thismembrane protein an attractive therapeutic
target, for instance to prevent and/or treat cardiac insulin resistance and
diabetes-related contractile dysfunction. Theoretically, targeting CD36-
mediated fatty acid uptake could be achieved either by inhibiting
the functioning of CD36 at the sarcolemma, or by interfering with
the subcellular recycling of CD36 aimed at limiting its presence at
the sarcolemma. Both approaches have been applied successfully.

Antibody inhibition of sarcolemmal CD36 was applied in a study
with isolated rat cardiomyocytes cultured in a medium with excess
palmitate, a condition that is known to elicit insulin resistance and reduce
contractile function [75]. Chronic overexposure to excess lipids resulted in
a markedly elevated sarcolemmal CD36 content, concomitantly with
increased cellular fatty acid uptake and triacylglycerol accumulation.



Fig. 6. Time course of changes induced by a high fat diet (60% energy from fat,
when compared to 10%) in selected variables of fatty acid transport and metabolism,
mitochondrial biogenesis and insulin sensitivity in rat oxidative skeletal muscle. White
bars, no difference between chow- and fat-fed animals; black bars, onset and continuation
of increases (upwards arrow) or decreases (downwards arrow) in high fat-fed animals. FA,
fatty acid; CER, ceramide; DAG, diacylglycerol; Ox, oxidation; SL, sarcolemmal; TAG,
triacylglycerol. Reproduced from [74], with permission.
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Lipid oversupply also impaired contractile function (Fig. 7). While insulin
was able to stimulate fatty acid uptake in control cells, cardiomyocytes
cultured in high-palmitate medium did not respond to insulin, reflecting
the induction of insulin resistance. Glucose uptake was affected in a
similar manner (data not shown). Using anti-CD36 antibodies to inhibit
fatty acid uptake, both lipid accumulation, loss of insulin sensitivity, and
impairment of contractile function were prevented (Fig. 7), thus
identifying CD36 as a target to combat lipid-induced cardiomyopathy
[76].

Modulation of the subcellular cycling of substrate transporters also
has been shown to be effective in the prevention of a substrate switch.
Thus, overexpression of the trafficking protein VAMP3 in HL-1 atrial
cardiomyocytes cultured in a lipotoxic medium prevented the lipid-
induced increase in sarcolemmal CD36 and accompanying myocellular
Fig. 7. Immunochemical inhibition of sarcolemmal CD36 prevents insulin resistance, lipid acc
contractile function were induced in adult rat cardiomyocytes by 48 h incubation in a mediu
CD36 content (not displayed), increased basal palmitate uptake (left panel), increased lipi
addition of anti-CD36 antibodies to the medium (αCD36) prevented elevated basal palmita
mean ± SEM for n = 5. Statistical analysis was done by Student's t test (with P b 0.05 conside
lipid accumulation (Fig. 8) [77]. Concomitantly, GLUT4 translocation in
these VAMP3-overexpressing cardiomyocytes remained responsive to
insulin [77], indicating that targeting a single protein from the trafficking
machinery alreadymay have amarked effect on cardiomyocyte substrate
selection.

The impact of targeting CD36 on substrate handling, metabolic
remodeling and changes in contractile function is also evident from
the many studies on CD36 knock-out animals. As mentioned above,
CD36 ablation was observed to rescue cardiac lipid accumulation and
contractile dysfunction in mice with a cardiac-specific overexpression
of PPARα [73]. Both whole-body and cardiomyocyte-specific ablation
of CD36 were found to reduce cardiac fatty acid uptake and oxidation,
which was compensated by enhanced glucose oxidation, and markedly
improved functional recovery following ischemia/reperfusion [78,79].
While the increased cardiac CD36 content in middle-aged mice, when
compared to young mice, is associated with a higher sensitivity to
developing high fat diet-induced cardiac hypertrophy, this difference
between middle-aged and young mice is disappeared in CD36 null
animals [80]. The absence of CD36 in mice also was reported to protect
against cardiac dysfunction elicited by a combination of mechanical
stress (pressure overload) and dietary stress (Western-type diet) [81].
Finally, cardiospecific CD36 suppression by lentivirus-mediated RNA
interference was found to prevent cardiac hypertrophy and systolic
dysfunction in high fat diet-induced obese mice [82].

9. Concluding remarks

Myocardial fatty acid uptake is largely regulated by the membrane
protein CD36, especially through its continuous cycling from intracellu-
lar stores (endosomes) to the sarcolemma which is triggered by insulin
and by myocyte contractions. CD36 thus serves a pivotal role in
governing myocardial fatty acid utilization and, together with GLUT4,
in determining substrate preference (fatty acids versus glucose, respec-
tively). Proper functioning of CD36 appears of central importance to
maintain metabolic homeostasis, and derangements therein (either
towards inhibition or towards upregulation) will likely result in
pathology.

Lowering the sarcolemmal presence of CD36 or inhibiting its func-
tioning at the sarcolemma was shown in various model systems to
decrease the rate of myocardial fatty acid uptake and prevent excessive
fatty acid uptake seen in lipotoxic conditions such as obesity and high
umulation and contractile dysfunction in isolated cardiomyocytes. Insulin resistance and
m containing 200 μM albumin-bound palmitate. This resulted in elevated sarcolemmal
d accumulation (middle panel) and decreased sarcomere shortening (right panel). The
te uptake, triacylglycerol accumulation and contractile dysfunction. Values are given as
red significant): * vs. basal. Data obtained from [76].



Fig. 8.Overexpression of the trafficking protein VAMP3 inHL-1 atrial cardiomyocytes prevents lipid-induced increase in sarcolemmal CD36 and accumulation of triacylglycerols. HL-1 cells
were transfectedwith GFP (mock transfection) or with GFP-VAMP3. Insulin resistancewas evoked by 16 h culturing of the cells in a lipotoxicmedium (high palmitate and insulin). Values
are given as mean ± SEM for n= 3, and were considered significant at P b 0.05, * versus basal; # versus corresponding value of the control group; $ versus corresponding value of GFP-
group. Data obtained from [77].
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fat feeding. As a result, selective targeting of CD36, i.e., independent of
changes in subcellular GLUT4 recycling, may become a suitable
therapeutic intervention to restore abnormalities in the matching
of myocellular fatty acid uptake to fatty acid oxidation, as seen for
instance during lipid overload. Compounds need to be developed
that would specifically inhibit sarcolemmal CD36 or would specifi-
cally target selected members of the trafficking proteins involved
in CD36 recycling. Sulfo-N-succinimidyl-esters of long-chain fatty
acids effectively inhibit sarcolemmal CD36 but, unfortunately, are
not useful in vivo because of their chemical instability when in
aqueous media [83]. Other acclaimed CD36-blocking compounds,
e.g., hexarelin and EP80317, have been found unsuccessful to inhibit
cardiac fatty acid uptake [76]. Agents affecting specific constituents
of the cellular trafficking machinery have to our knowledge not
yet been described. Alternatively, selected activation of signaling
proteins upstream of the trafficking proteins would be a theoretical
option.

Apart from these already feasible intervention approaches it is to be
expected that additional therapeutic options will emerge once we
obtain more mechanistic insight into the structure and functioning of
CD36. For instance, the role of the ten glycosylation sites of CD36
remains underexplored, although recently evidence was reported for
the importance of O-linked-β-N-acetylglucosamine for the membrane
recruitment of CD36 and its role in fatty acid uptake [84]. In addition,
CD36 has two extracellular phosphorylation sites for which the signifi-
cance still is unclear. Moreover, as shown in liver, CD36 can be mono-
ubiquitinated by Parkin (an E3 ubiquitin ligase) which stabilizes the
protein by altering its turnover rate and concomitantly augments
hepatic fatty acid uptake and hepatocellular lipid content [85]. Finally,
CD36 is hypothesized to function in specific regions of the sarcolemma,
e.g., microdomains like so-called lipid rafts, and caveolae, thereby per-
haps interacting with specific membrane lipid species or with selected
partner proteins like FABPpm or other membrane-associated or soluble
proteins. As a result, the functioning of CD36 as a regulator of sarcolem-
mal fatty acid transport most likely may also be modulated by other
approaches than described in this review.
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