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Purpose of review

Transmembrane glycoprotein cluster of differentiation 36 (CD36) is a scavenger receptor class B protein
(SR-B2) that serves various functions in lipid metabolism and signaling, in particular facilitating the cellular
uptake of long-chain fatty acids. Recent studies have disclosed CD36 to play a prominent regulatory role in
cellular fatty acid metabolism in both health and disease.

Recent findings

The rate of cellular fatty acid uptake is short-term (i.e., minutes) regulated by the subcellular recycling of
CD36 between endosomes and the plasma membrane. This recycling is governed by the activity of
vacuolar-type Hþ-ATPase (v-ATPase) in the endosomal membrane via assembly and disassembly of two
subcomplexes. The latter process is being influenced by metabolic substrates including fatty acids, glucose
and specific amino acids, together resulting in a dynamic interplay to modify cellular substrate preference
and uptake rates. Moreover, in cases of metabolic disease v-ATPase activity was found to be affected while
interventions aimed at normalizing v-ATPase functioning had therapeutic potential.

Summary

The emerging central role of CD36 in cellular lipid homeostasis and recently obtained molecular insight in
the interplay among metabolic substrates indicate the applicability of CD36 as target for metabolic
modulation therapy in disease. Experimental studies already have shown the feasibility of this approach.
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Cluster of differentiation 36 (CD36) is an 88 kDa
transmembrane glycoprotein that functions as a
receptor mediating the binding and cellular uptake
of, among others, thrombospondin, oxidized lipids
and long-chain fatty acids [1,2]. CD36 is a member
of a superfamily of scavenger receptor proteins class
B, and officially designated as SR-B2 [3]. The expres-
sion pattern of CD36 reflects its functioning in lipid
metabolism and innate immunity, specifically in
intestinal fat absorption, lipid storage in adipose
tissue and lipid utilization by cardiac and skeletal
muscle including derangements seen in metabolic
disorders such as obesity and diabetes, atherothrom-
botic disease and chronic kidney disease [2,4]. CD36
also is involved in neurodegenerative disorders such
as Alzheimer’s disease and multiple sclerosis [5

&

,6].
Recent advances in our understanding of the

molecular mechanism underlying CD36 function-
ing and regulation has pointed towards a promi-
nent and pivotal role for CD36 in cellular fatty
acid homeostasis. In this review, we will highlight
these recent developments, focusing on fatty acid
uthor(s). Published by Wolters Kluwe
cardiac disease.
CD36 REGULATES CELLULAR FATTY ACID
UPTAKE

After intensely and for many years debating the
molecular mechanism by which cells take up
long-chain fatty acids, recently consensus has been
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KEY POINTS

� The transmembrane glycoprotein CD36 (scavenger
receptor class B protein-2) is a master regulator of
cellular lipid metabolism.

� In the heart, the uptake of long-chain fatty acids is
facilitated by CD36 and regulated by the reversible
recycling of CD36 between endosomes and
the sarcolemma.

� In experimental models of cardiac disease,
manipulation of the presence of CD36 in the
sarcolemma will normalize myocardial fatty acid
utilization and improve or restore cardiac contractile
function. Specifically, lowering sarcolemmal CD36 in
high fat diet-induced diabetic cardiomyopathy, and
increasing sarcolemmal CD36 in cardiac hypertrophy
each improves cardiac performance.

� CD36 emerges as suitable target for metabolic
modulation therapy to fight chronic cardiac diseases.

� CD36 has also been implicated in cancer growth
suggesting its additional application as promising
therapeutic target for cancer treatment.

Genetics and molecular biology
reached [7
&

]. Membrane-associated proteins such as
CD36 act as an acceptor for fatty acids to promote
the partitioning and their delivery to the outer
leaflet of the plasma membrane. The subsequent
transmembrane movement of fatty acids occurs
by passive diffusion (‘flip–flop’) without the need
for membrane proteins to facilitate this diffusional
process. However, at the inner side of the membrane
CD36 is needed to facilitate the desorption of fatty
acids and their subsequent binding to cytoplasmic
fatty acid-binding protein (FABPc). As a result, the
molecular mechanism of cellular fatty acid uptake
comprises an integration of simple diffusion (within
the lipid bilayer of the membrane) and facilitated
diffusion (capture of fatty acids into the membrane
and their release from the membrane), whereby the
presence of CD36 in the plasma membrane dramat-
ically accelerates the overall rate of fatty acid uptake
(or their release from adipocytes) (Fig. 1) [7

&

]. In the
plasma membrane, CD36 is localized in lipid rafts
and interacts with caveolins, which may further
optimize cellular fatty acid uptake [8], for instance
through caveolae-dependent endocytosis of CD36
[9

&&

]. Nevertheless, it should be emphasized that the
direction and actual rate of fatty acid transport
across the plasma membrane is determined by the
transmembrane gradient of fatty acids [10].

Although other membrane proteins have been
identified to be involved in cellular fatty acid
uptake, such as plasma membrane FABP (FABPpm)
104 www.co-lipidology.com
and fatty acid-transport protein (FATP) [11], in the
heart CD36 appears to be the predominant fatty acid
uptake facilitator, both for transendothelial fatty
acid transport and fatty acid uptake into cardiomyo-
cytes [12,13

&

]. For instance, in patients with a vari-
ous single nucleotide polymorphisms in the CD36
gene, in-vivo myocardial fatty acid uptake was vir-
tually absent [14] or markedly reduced [15], and
mice with a targeted deletion of CD36 showed
markedly reduced (–50% to –80%) cardiac fatty acid
uptake both in vitro [16] and in vivo [17,18]. Further-
more, CD36-mediated sarcolemmal fatty acid trans-
port is the rate-limiting kinetic step in overall
myocardial fatty acid utilization with long-chain
acyl-CoA synthetase (ACSL) and carnitine palmi-
toyl-transferase-I (CPT-I) serving merely permissive
roles [12,19].

Short-term regulation of the rate of cellular fatty
acid uptake occurs mainly by adaptation of the
presence of CD36 at the cell surface via its continu-
ous recycling between subcellularly located endo-
somes and the sarcolemma. Notably, the presence of
insulin or an increase in muscle contraction each
stimulate, within minutes, the net translocation of
CD36 from the endosomes to the sarcolemma to
increase the rate of fatty acid uptake [20]. Upon
removal of the trigger, CD36 is internalized imme-
diately, and the rate of fatty acid uptake is lowered
(Fig. 2). This mechanism is very similar to the regu-
lation of myocardial glucose uptake by the recycling
of glucose transporter-4 (GLUT4) between an intra-
cellular storage depot and the sarcolemma [21].
Taken together, the uptake of the two major sub-
strates of the heart, that is, long-chain fatty acids
and glucose, is regulated in a similar manner and
involves the reversible recruitment of membrane
proteins CD36 and GLUT4, respectively, from intra-
cellular stores to the sarcolemma. A proper interplay
between the uptake of these two substrates is impor-
tant as it has been delineated that proper cardiac
contractile performance is dependent on an optimal
balance between the utilization of fatty acids and
that of glucose [22

&

].
MOLECULAR MECHANISM OF
SUBCELLULAR RECYCLING OF CD36

The molecular mechanism underlying the rapid
adjustment of cell surface CD36 has been elucidated
and involves the activity of vacuolar-type Hþ-
ATPase (v-ATPase), a large (830 kDa) multimeric
protein complex in the endosomal membrane that
acts as an ATP-dependent proton pump and is
responsible for endosomal acidification in every
mammalian cell type, including cardiomyocytes.
V-ATPase consists of 14 subunits organized in two
Volume 33 � Number 2 � April 2022
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FIGURE 1. Cartoon illustrating the sequential steps involved in the uptake of long-chain fatty acids by cells. 1. Release of fatty
acids from (interstitial) albumin. 2. Binding in the hydrophobic cavity of CD36 which can accommodate up to two fatty acids
at a time. 3. Guidance of the fatty acid through the CD36 ectodomain interior to pass the unstirred water layer and be
exposed to the plasma membrane surface. 4. Exit of the fatty acid from CD36 to the outer leaflet of the phospholipid bilayer.
5. Transmembrane translocation (‘flip-flop’) of single fatty acids. 6. Desorption of fatty acids from the inner leaflet of the
phospholipid bilayer and binding to the interior of FABPc that is anchored by binding to the intracellular part of CD36. 7.
Diffusion into the soluble cytoplasm of the fatty acid–FABPc complex towards sites of intracellular fatty acid metabolism. Note
that proteins and membranes, and their putative mutual interactions are not drawn to scale. Reproduced with permission from
[7&]. CD36, cluster of differentiation 36. FABPc, cytoplasmic fatty acid-binding protein.
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subcomplexes, that is, an integral membrane-asso-
ciated subcomplex (V0) of six subunits forming the
proton translocation channel, and a peripheral or
cytoplasmic subcomplex (V1) of eight subunits,
which contains the ATP-binding pocket and forms
the ATP-driven rotor [reviewed in 23

&&

]. The activity
of v-ATPase is controlled by various mechanisms,
0957-9672 Copyright � 2022 The Author(s). Published by Wolters Kluwe
reflecting the diversity of its function. Instanta-
neous modulation of v-ATPase activity is achieved
by regulation of the assembly of the V0 and V1

domains in response to nutrient availability, growth
factor stimulation or cellular differentiation,
whereby the V1 domain undergoes cycles of rapid
and reversible movement away from the endosomal
r Health, Inc. www.co-lipidology.com 105
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FIGURE 2. Schematic presentation of both the facilitatory and regulatory roles of CD36 in (long-chain) fatty acid uptake into
cardiomyocytes. Left part of figure: Short-term regulation (i.e., minutes) of the rate of cellular fatty acid uptake occurs by
reversible intracellular recycling (through vesicular transport) of CD36 from an endosomal storage compartment to the
sarcolemma, which is triggered by changes in the frequency of muscle contraction or by plasma insulin. These latter triggers
are mediated by the AMPK-activated and insulin signaling cascades, respectively, which converge at AS160. Right part of
figure: Excess extracellular fatty acid supply triggers a series of events: increased CD36-mediated fatty acid uptake results in
elevated fatty acid availability which causes the V1 subcomplex of v-ATPase to dissociate from the membrane-bound V0

subcomplex into the soluble cytoplasm. The disassembly of v-ATPase inhibits its proton pumping activity to cause an
alkalinization of the endosome. Increased endosomal pH triggers the translocation of CD36 vesicles to the plasma membrane.
Upon chronic fatty acid oversupply, where fatty acid uptake surpasses the metabolic needs, the increase in plasma membrane
CD36 feeds forward to further increased fatty acid uptake and progressive lipid storage (TAG, triacylglyceroles). The latter is
accompanied by increased levels of diacylglyceroles (DAG) and ceramides (Cer) ultimately eliciting loss of insulin sensitivity
and of contractile function. CD36, cluster of differentiation 36.

Genetics and molecular biology
membrane into the soluble cytoplasm (Fig. 2) [23
&&

].
Considerable insight has recently emerged concern-
ing the cellular signaling pathways controlling this
regulated (re-)assembly.

Both long-chain fatty acids and glucose affect
the assembly state of v-ATPase and, therefore, its
proton pumping activity. For instance, palmitate
exposure of isolated cardiomyocytes induces the
disassembly of v-ATPase into its two subcomplexes,
106 www.co-lipidology.com
resulting in inhibition of v-ATPase activity and,
therefore, decreased endosomal acidification [24].
This was accompanied by an increased net translo-
cation of CD36 to the sarcolemma and conse-
quently an increased fatty acid uptake rate,
leading to a feed-forward cycle of further increased
CD36 translocation and fatty acid uptake (Fig. 2)
[24]. The corollary is that v-ATPase activity is
required for CD36 retention in the endosomes
Volume 33 � Number 2 � April 2022
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and that stimulation of this activity will limit the
rate of cellular lipid uptake, while v-ATPase inhibi-
tion will elicit an increased rate of fatty acid uptake
that, when uncontrolled, may lead to excess lipid
accumulation and lipid-induced abnormalities.

Interestingly, glucose acts as a stimulus for v-
ATPase assembly [25] resulting in net endosomal
CD36 retention and a decreased rate of fatty acid
uptake [26]. The opposite regulation of v-ATPase
activity by lipids and by glucose suggests that the
assembly state of v-ATPase reflects the ratio between
the uptake of fatty acids and glucose at any given
nutritional condition [27]. Because fatty acids and
glucose are the principal substrates for myocardial
energy provision, together covering up to 90% of
ATP production [28], the ability of v-ATPase to sense
(alterations in) both intracellular fatty acid and
glucose concentrations makes v-ATPase a central
regulator of myocardial substrate preference and
energy substrate metabolism.

Recently, it was observed that specific amino
acids also stimulate v-ATPase (re-)assembly to retain
CD36 in the endosomes and reduce myocardial fatty
acid uptake [29

&

]. These novel findings combined
indicate the application of specific amino acid sup-
plementation for tuning of the contributions of
fatty acids and of glucose to their current cellular
demand so as to avoid both fatty acid overload
(lipotoxicity) and glucose overload (glucotoxicity).
CD36 IN LIPID SIGNALING

Long-chain fatty acids are not only energy substrates
but also have potent effects on cellular signal trans-
duction and gene programming. This provides CD36
as main cardiac fatty acid transporter also with an
important role in lipid signaling. Long-chain fatty
acids are ligands for nuclear receptors such as peroxi-
some proliferator-activated receptor (PPAR), which
are known to stimulate the expression of proteins
involved in cellular lipid metabolism [30,31]. Inter-
estingly, in this way CD36 facilitates the regulation of
its own expression. CD36 signaling has been
observed also to regulate the activity of AMP-acti-
vated kinase (AMPK) to coordinate skeletal muscle
fatty acid uptake with its subsequent mitochondrial
oxidation [32]. Reciprocally, AMPK was reported to
increase intestinal fatty acid uptake by upregulating
CD36 protein expression and stimulating its translo-
cation to the membrane simultaneously [33

&

]. These
findings indicate a dynamic interplay between CD36
and AMPK. Finally, CD36 has been reported to inter-
act with the insulin receptor to promote tyrosine
phosphorylation of this receptor and enhance down-
stream insulin signaling, a process that is suppressed
by fatty acids [32]. These insights suggest a role for
0957-9672 Copyright � 2022 The Author(s). Published by Wolters Kluwe
CD36inoptimal insulin responsiveness, andby infer-
ence in the regulation of cardiac and muscular
glucose utilization.
CD36 IN THE PATHOGENESIS OF
(CARDIO)METABOLIC DISEASE

Disturbances in myocardial metabolism are increas-
ingly being recognized as crucial drivers of the
development and progression of heart disease
[34,35]. Furthermore, interventions directed at nor-
malizing metabolism are emerging as promising and
effective therapeutic options in the treatment of
heart failure [36]. Given the key regulatory role of
CD36 in lipid metabolism, it logically follows that
CD36 is involved in the development of disease and
may be a suitable target for so-called metabolic
modulation therapy. Indeed, in recent years various
studies have documented such role for CD36 in
metabolic disease development.

Detailed investigations by several independent
research groups have revealed that CD36 plays a key
early role in the development of obesity-induced
insulin resistance and type 2 diabetes. In the heart,
this pathological condition eventually elicits con-
tractile dysfunction and, therefore, is designated as
diabetic cardiomyopathy [37]. During consumption
of a Western (high fat-containing) diet and in obesity
the heart is subject to a chronic oversupply of fatty
acids, which triggers the enhanced recruitment of
CD36 to the sarcolemma. By the feed-forward princi-
ple explained above, this leads to a net relocation of
CD36 from endosomes to the sarcolemma, and an
almost complete shift in myocardial substrate prefer-
ence towards long-chain fatty acids at the expense of
glucose [38–40,41

&&

]. After starting a high-fat diet,
the subcellular redistribution of CD36 and the con-
comitant increase in fatty acid uptake rate occur very
rapidly, that is, within 3 days, before any other
change in metabolism [42]. The excess incoming
fatty acids exceeds the capacity for mitochondrial
oxidation and then will be stored into triacylglycerols
and converted into lipid metabolites (ceramides,
diacylglycerol) known to inhibit insulin signaling,
thus causing insulin resistance [24,41

&&

]. Thereafter,
recruitment of CD36 and glucose transporter GLUT4
to the sarcolemma become impaired (insulin resis-
tance) (Fig. 2). Yet, given that CD36 is already at the
sarcolemma, this will selectively result in a markedly
lower rate of glucose uptake [42]. Taken together, in
the heart towards development of insulin resistance,
increases in CD36-mediated fattyacid uptake precede
and are causal to decreased rates of GLUT4-mediated
glucose uptake, and culminalte into a juxtaposed
subcellular localization of CD36 and GLUT4 in car-
diomyocytes (with CD36 being mostly at the cell
r Health, Inc. www.co-lipidology.com 107
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surface and GLUT4 mainly imprisoned intracellu-
larly) as a further step towards overt diabetic cardio-
myopathy. The heart then relies almost completely
on fatty acids for metabolic energy provision, cannot
take up sufficient amounts of glucose, and develops
contractile dysfunction [43

&

]. The pivotal early role of
CD36 in this cascade of events is evidenced by the
observations that genetic ablation of CD36 [44,45] or
blocking its activity by specific inhibitors (e.g., sulfo-
N-succinimidyl-oleate) [46–48] or antibodies [49]
fully prevent the loss of contractile function of car-
diomyocytes.

Conversely, stimulation of CD36 transport
activity may play a role in the development of
diseases that are elicited by a decreased and subnor-
mal lipid metabolism, such as seen during the devel-
opment of cardiac hypertrophy and failure when the
heart switches to excess utilization of glucose at the
expense of fatty acids [50]. In this condition, a high
fat diet-induced increase in CD36-mediated fatty
acid uptake will re-balance myocardial fatty acid
and glucose utilization, and restore cardiac contrac-
tile function [51].
CD36 AS TARGET FOR METABOLIC
INTERVENTION

Given the early pivotal role of CD36 in metabolic
disease development, in particular when related to
altered lipid metabolism, several investigators have
started to apply CD36 as a target for metabolic
intervention therapy in order to normalize cardiac
metabolism and restore contractile function [52]. As
described above, specifically inhibiting sarcolemmal
CD36 is effective to lower cellular fatty acid uptake,
but is not regarded a suitable systemic approach as
such inhibition would also impair fatty acid uptake
in other organs, especially adipose tissue, and may
affect other known functions of CD36, such as
scavenging of oxidized low-density lipoprotein by
macrophages [1]. Instead, a preferable approach is to
manipulate the subcellular recycling of CD36
thereby modulating its presence at the sarcolemma
and to do so in a tissue-specific manner [52].

The recent disclosure of v-ATPase as regulator of
CD36 recycling makes this endosomal enzyme an
interesting candidate for modulation of sarcolem-
mal CD36 content. Indeed, as outlined above, spe-
cific amino acids increase myocardial v-ATPase
activity thereby reducing sarcolemmal CD36, and
ultimately preventing or restoring lipid overexpo-
sure-induced contractile dysfunction [29

&

]. How-
ever, whether these amino acids act specifically
on the heart or would also affect v-ATPase in other
tissues has not yet been addressed. On the other
hand, the 14 subunits of v-ATPase show marked
108 www.co-lipidology.com
tissue-specific differences, suggesting that designing
cell- or tissue-specific drugs to alter its activity is
feasible [53

&

].
It has been estimated that some 50�60 distinct

proteins are involved in subcellular vesicular traf-
ficking pathways, such as coat proteins, adaptor
proteins, and motor proteins that enable transport
of vesicles along the filamentous network from one
specific address to the other [27,54]. The CD36-
dedicated vesicular trafficking machinery has only
partly been elucidated, but already revealed that
isoforms of vesicle-associated membrane proteins
(VAMPs) bring specificity to myocardial CD36 recy-
cling [27,55]. Thus, VAMP isoform 4 (VAMP4) was
found to specifically participate in myocardial CD36
traffic, and not in GLUT4 traffic, suggesting the
possibility of using VAMP4 as target to manipulate
CD36-mediated fatty acid uptake without affecting
GLUT4 translocation or glucose uptake [55]. Genetic
ablation of VAMP4 in cardiomyocytes in suspension
markedly decreased the rate of fatty acid uptake
without affecting glucose uptake, which provides
proof-of-concept for this approach [55]. As a result,
pharmacologically inhibiting VAMP4 is expected to
be an effective approach to lower CD36 transloca-
tion to the sarcolemma with the aim to counteract
myocellular lipid accumulation and associated car-
diac contractile dysfunction.
CONCLUDING REMARKS AN FUTURE
PERSPECTIVES

At present there is conclusive evidence that the
transmembrane glycoprotein CD36 fulfills a pivotal
facilatory and regulatory role in cellular lipid metab-
olism, both in health and in the development of
metabolic disease. Although there is ongoing prog-
ress in understanding the underlying molecular
mechanisms of CD36 functioning, still much needs
to be learned especially because its regulation occurs
at multiple levels, that is, gene expression, post-
translational modification, storage in endosomes,
intracellular vesicular transport, entry into the
plasma membrane and putative activation (Fig. 3).
As a result, modulation of its content at the plasma
membrane to alter lipid metabolism effectively so as
to prevent or restore lipid-induced cellular malfunc-
tion (e.g., lipid-induced myocardial contractile dys-
function), awaits the further exploration of several
aspects of CD36 action before its routine application
as effective target for metabolic modulation ther-
apy. These aspects include the trafficking machinery
involved in the translocation of CD36 from endo-
somes to the plasma membrane and vice versa, the
putative activation of CD36 after its arrival at the
plasma membrane and required for optimal
Volume 33 � Number 2 � April 2022
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function [56], the presumable interaction with
membrane lipids and with other membrane pro-
teins (such as caveolin and FABPpm) [57,58], and
the significance of posttranslational modification of
CD36 for its functioning [59,60

&

]. With respect to
the latter, CD36 requires palmitoylation for its
proper insertion into the membrane but its hyper-
palmitoylation may occur during lipid oversupply
and then will contribute to lipid accumulation and
the development of insulin resistance [9

&&

,61]. Such
additional insights, together with the availability of
the structure and membrane topology of CD36 [62]
will accelerate the design of small-molecule com-
pounds to be used as pharmacological agents to
specifically influence CD36 functioning [63

&

].
0957-9672 Copyright � 2022 The Author(s). Published by Wolters Kluwe
In this review, we focused on the role of CD36 in
the heart. Importantly, however, CD36 has also
been reported to be involved in cancer growth
[64–67] while targeting lipid metabolism of cancer
cells appears a promising therapeutic strategy for
cancer treatment [68,69,70

&

]. Most notably, it was
found that CD36 marks a subpopulation of cancer
cells with unique metastasis-initiating potential,
highlighting a key role of lipid metabolism in meta-
static colonization [71]. This has led to the develop-
ment of antitumor drugs targeting the ligand
receptor function of CD36, which failed in clinical
trials mostly because of adverse events [reviewed in
69], further indicating the need for detailed insight
in CD36 regulation and function in specific tissues
r Health, Inc. www.co-lipidology.com 109
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before its routine application as therapeutic target in
the clinic.
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