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Abstract  

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 is much smaller 

or their involvement is rather permissive. Besides 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 and myocyte 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 accompanied 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 cardiac 

metabolic remodeling and restore proper contractile function. In this review we discuss our 

current knowledge about the role of CD36 in cardiac fatty acid uptake and metabolism 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. 

 

(241 words)    
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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 hydrophobic properties, fatty acids 

may exert detrimental effects and cause cellular 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 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 understanding 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 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 
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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 under mild 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 (Figure 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. 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 
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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 Figure 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 transsarcolemmal 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 >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 marginally to the overall rate of fatty acid uptake [23,24].   

Following their uptake into cardiomyocytes, fatty acids are first activated into their acyl-

CoA esters and then either undergo mitochondrial -oxidation to produce ATP, are used for 

phospholipid synthesis, or are incorporated into triacylglycerols for storage. The intracellular 
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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 the NH2 and 

COOH termini as short segments in the cellular cytoplasm (Figure 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 [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 (Figure 2). 

 CD36 was first 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 strictly is incorrect. 

 The complexity of the CD36 protein with 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 through which lipids are delivered to the outer leaflet of the plasma 

membrane [32]. This latter finding would account for the selective involvement of CD36 in 

cellular uptake of lipid species. 
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4.   Control of myocardial fatty acid uptake 

Rapid fluctuations 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 

endogenous 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 (Figure 3). Furthermore, for both 

CD36 and GLUT4 recruitment the effects of increased contraction and of insulin are additive. 

Importantly, the intracellular 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 functions 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 transporters is a common mechanism to regulate substrate 

uptake.  

   Changes in the sarcolemmal presence of CD36 appear to directly correlate 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 concomitant with a net translocation of GLUT4 to intracellular storage pools 

without changes in cellular protein contents of either substrate transporter. These observations 
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suggest that despite a high degree of similarity 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, particularly 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 (as well as in liver and skeletal muscle) carnitine 

palmitoyl-transferase-1 (CPT-1) is well-established to acutely regulate fatty acid -oxidation via 

its allosteric inhibitor malonyl-CoA. The enzymatic 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-1A 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, -oxidation would, theoretically, be permanently blocked 

if CPT-1B is rate-limiting for -oxidation [43]. Second, in perfused hearts from db/db mice, a 

genetic model of obesity and type 2 diabetes in which cardiac fatty acid oxidation is markedly 

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 -oxidation. Third, in CD36-null mice, in which CPT-1B protein expression is not altered, 

fatty acid oxidation 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, 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 primary 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 the 

membrane in which they function or to internalize proteins for either intracellular degradation 

or storage (i.e., recycling). Steps of such transport need to be unidirectional and extremely 
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specific to ensure that vesicles containing membrane proteins destined for the plasma 

membrane do not fuse randomly with membranes from other organelles. Each mammalian 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 preference 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 differentiated into three 

components; vesicle fission at the donor compartment, subcellular vesicle transport, and vesicle 

fusion at the acceptor membrane (Figure 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 molecular 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 
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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. 

 Ad (1) Well-known classes of coat proteins are clathrins, coat protein complex (COP) and 

caveolins. These proteins share the same mechanism of 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 (>70 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 

translocation, 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]. 
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 Ad (2) Similar to other trafficking processes, CD36 translocation is likely to be dependent 

on filamentous networks, providing the intracellular ‘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 fusion with the target membrane. 

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 translocation, either specifically in insulin-induced translocation (VAMP2, 

VAMP5) or in contraction-induced translocation (VAMP3). In addition, VAMP7 was 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 protein Munc18c, a member of the Sec1p-like/Munc18 family which functions in the 

transition of 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 the molecular mechanisms 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. 
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6.   CD36 and changes in cardiac substrate metabolism during 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 expression of 

CD36. Conversely, changes in CD36 content, localization or functioning, potentially caused by 

external effectors, will likely have an impact on myocardial fatty acid utilization. Examples of 

both alterations have been described, and suggest that CD36 may be exploited as therapeutic 

target.  

 During ischemia, cardiac metabolism must rapidly adapt to the limited 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 

downregulated [62,63]. These acute metabolic changes are known to be facilitated 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 accumulation. 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 (Figure 5) [64]. This was accompanied 

by an opposite movement of the glucose transporter GLUT4, i.e., away from the endosomal 

stores to the sarcolemma, which coincides with an increase in glucose uptake (Figure 5). 

Interestingly, during subsequent 30 minutes 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 CD36 

was associated with depletion of cellular triacylglycerols, while the increased sarcolemmal 

GLUT4 facilitated the repletion of glycogen (Figure 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 
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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 are modulated, but 

via different mechanisms, 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 

resistant 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 intermediates 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 development 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]. 
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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 mitochondrial 

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 mitochondrial fatty acid oxidation and impairments in insulin-

stimulated GLUT4 translocation and glucose transport occurred much later, i.e., after 21 days 

(Figure 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 from endosomes to the sarcolemma, resulting in 

lowered glucose uptake and a decreased incorporation of glucose into glycogen. At that stage, 

the heart has become insulin resistant. 

 

8.   CD36 as target for metabolic modulation 

The key role of sarcolemmal CD36 in the (early) metabolic remodeling in cardiac disease makes 

this membrane 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 
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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. Lipid oversupply also impaired 

contractile function (Figure 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 (Figure 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 lipid accumulation (Figure 

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 already may have a marked 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, 
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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 intracellular 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, respectively). 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 functioning 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 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 specifically 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--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 
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significance 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 perhaps 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 sarcolemmal fatty acid transport 

most likely may also be modulated by other approaches than described in this review.   
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Legends to the figures 
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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. 

 

Fig. 2   

Schematic presentation of the proposed structure and membrane topology of CD36. The large 

extracellular loop has 10 putative N-linked glycosylation sites and two phosphorylation 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 identified as the thrombospondin binding site, that by 

residues 120–155 was mapped for oxidized 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. 

 

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 stimulation with 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, 
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FATP1 and FATP4) are not shown. FA, long-chain fatty acid. Reproduced from [11], with 

permission. 

 

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). 

 

Fig. 5   

Divergent translocation of CD36 and GLUT4 in isolated perfused rat hearts after pre-ischemia 

(Pre-I), 30 min of low-flow ischemia (I), and reperfusion (R). A: Changes in glycolytic rate, 

palmitate oxidation rate, and the myocardial contents of glycogen and triacylglycerols. B: 

Changes in the sarcolemmal and endosomal (low-density microsomal fraction) contents of 

GLUT4 and CD36. Values are given as mean ± SEM for n = 5 per group, and were considered 

significant at P < 0.05, * versus pre-ischemia;   versus ischemia. Data obtained from [64].  

 

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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Fig. 7 

Immunochemical inhibition of sarcolemmal CD36 prevents insulin resistance, lipid accumulation 

and contractile dysfunction in isolated cardiomyocytes. Insulin resistance and contractile function 

were induced in adult rat cardiomyocytes by 48 h incubation in a medium containing 200 µM 

albumin-bound palmitate. This resulted in elevated sarcolemmal CD36 content (not displayed), 

increased basal palmitate uptake (left panel), increased lipid accumulation (middle panel) and 

decreased sarcomere shortening (right panel). The addition of anti-CD36 antibodies to the 

medium (CD36) prevented elevated basal palmitate uptake, triacylglycerol accumulation and 

contractile dysfunction. Values are given as mean ± SEM for n = 5. Statistical analysis was done by 

Student’s t test (with P < 0.05 considered significant): * vs. basal. Data obtained from [76]. 

 

Fig. 8  

Overexpression of the trafficking protein VAMP3 in HL-1 atrial cardiomyocytes prevents lipid-

induced increase in sarcolemmal CD36 and accumulation of triacylglycerols. HL-1 cells were 

transfected with GFP (mock transfection) or with GFP-VAMP3. Insulin resistance was evoked by 

16 h culturing of the cells in a lipotoxic medium (high palmitate and insulin). Values are given as 

mean ± SEM for n = 3, and were considered significant at P < 0.05, * versus basal;  # versus 

corresponding value of the control group; $ versus corresponding value of GFP-group. Data 

obtained from [77].  


