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Abstract

CD36, also known as scavenger receptor B2, is a multifunctional receptor widely expressed in various organs. CD36 plays

a crucial role in the uptake of long-chain fatty acids, the main metabolic substrate in myocardial tissue. The maturation

and transportation of CD36 was regulated by the post-translational modifications including phosphorylation, ubiquitination,

glycosylation, and palmitoylation. CD36 is decreased in pathological cardiac hypertrophy caused by ischemia-reperfusion and

pressure overload, while increased in diabetic cardiomyopathy. Deficiency of CD36 alleviate diabetic cardiomyopathy, while

overexpression of CD36 eliminates the damage of ischemia-reperfusion, suggesting that CD36 is closely associated with the

progression of cardiovascular diseases. and it is expected to be a new therapeutic target. This review summarizes the regulation

and post-translational modifications of CD36, and evaluates its role in main cardiovascular diseases and its potential as a

therapeutic target.

Abbreviations

AMPK AMP kinase

DAGL diacylglycerol lipase diacylglycerol lipase
DHHC Asp–His–His–Cys Asp–His–His–Cys
FGF21 fibroblast growth factor 21 fibroblast growth factor 21
FOXO1 forkhead box O1 forkhead box O1
GPAT glycerol-3-phosphate acyltransferase glycerol-3-phosphate acyltransferase
HCM hereditary hypertrophic cardiomyopathy hereditary hypertrophic cardiomyopathy
HDL high density lipoprotein high density lipoprotein
HSL hormone-sensitive lipase hormone-sensitive lipase
IAP Intestinal alkaline phosphatase Intestinal alkaline phosphatase
LCFA long-chain fatty acid long-chain fatty acid
LDL low density lipoprotein low density lipoprotein
MHC myosin heavy chain myosin heavy chain
PGC1α peroxisome proliferator-activated receptor γ coactivator-1α peroxisome proliferator-activated receptor γ coactivator-1α
PKA protein kinase A protein kinase A
PPARα peroxisome proliferator-activated receptor α peroxisome proliferator-activated receptor α
PPARγ peroxisome proliferator-activated receptor-γ peroxisome proliferator-activated receptor-γ
ROS reactive oxygen species reactive oxygen species
SCD1 stearoyl-CoA desaturase 1 stearoyl-CoA desaturase 1
SCD2 stearoyl-CoA desaturase 2 stearoyl-CoA desaturase 2
SREBP-1c sterol-responsive element-binding protein-1c sterol-responsive element-binding protein-1c
TAC transverse aortic constriction transverse aortic constriction
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1 Introduction

CD36 is a member of the class B2 scavenger receptor family, including low density lipoprotein (LDL), high
density lipoprotein (HDL)-bound scavenger receptor B1, and HDL-bound scavenger receptor scavenger re-
ceptor B3(Luiken et al., 2016). The ligands of CD36 are mainly divided into lipid ligands and protein
ligands. The former includes oxidized LDL particles(Jay et al., 2015), long-chain fatty acids (LCFA)(Liu et
al., 2018a), phospholipids(Lee et al., 2015), etc., and the latter includes collagen(Lee et al., 2019), throm-
bospondin(Simantov et al., 2005). In addition, apoptotic cells also serve as ligands for CD36(Albert et al.,
1998).

CD36 is expressed in various tissues, including endothelial cells(Son et al., 2018), cardiac muscle cells(Yu et
al., 2020), renal tubular epithelial cells(Hou et al., 2015), liver cells(Couturier et al., 2019), adipocytes(Ladanyi
et al., 2018), platelets(Yang et al., 2018), macrophage(Frank et al., 2019), et al., and involved in many patho-
physiological processes, including immune regulation(Wang and Li, 2019), metabolic regulation(Glatz and
Luiken, 2017) et al. In myocardial tissue, CD36 mainly mediates the uptake of long-chain fatty acids(Kim
and Dyck, 2016). Fatty acids provide over 70% of the ATP for myocardial tissue and most of the fatty acids
enter the cells through protein-mediated diffusion. Importantly, 70% of total fatty acid intake is mediated
by CD36(Kim and Dyck, 2016). Therefore, CD36 is indispensable in cardiovascular system.

The synthesis and translocation of CD36 are affected by many stimuli. Short-term stimulation of insulin
promotes the translocation of CD36 from the endosome to the cell membrane(Luiken et al., 2002), while
long-term stimulation induces its protein synthesis(Cheng et al., 2011). Hyperglycemia and hyperlipidemia
also facilitate the translocation of CD36 to the cell membrane(Angin et al., 2012). It has been proved
that impaired synthesis and abnormal distribution of CD36 shorten myocardial energy supply(Sung et al.,
2017), resulting in the impairment of myocardial contractile function(Abumrad and Goldberg, 2016). Pres-
sure overload decreases a controller of CD36 synthesis, nuclear receptor peroxisome proliferator-activated
receptor α (PPARα)(Dobrzyn et al., 2013), resulting in insufficient myocardial fatty acid uptake and the
accumulation of toxic lipids, and ultimately leading to heart failure. However, down-regulating CD36 in
diabetic cardiomyopathy reduces the toxic lipids(Xu et al., 2019), and improves the contractile function of
the heart. Therefore, the influence of CD36 on myocardium may not be consistent and largely depend on
the pathological background.

In this review, we summarize regulation and post translational modification of CD36, and focus on its role in
the cardiovascular diseases, especially in ischemia/reperfusion, diabetic cardiomyopathy, pathological cardiac
hypertrophy, and physiological cardiac hypertrophy. we also provide some suggestions for basic and clinical
research of CD36, aiming to emphasize the significance of CD36 in the cardiovascular system and shed light
on its therapeutic target.

2 CD36 Protein

Human CD36 has a total length of 472 amino acids and a predicted molecular weight of 53 kd(Abumrad et
al., 1993). Due to glycosylation, the actual molecular weight is 88 kd(Greenwalt et al., 1992). CD36 contains
two phosphorylation sites and four palmitoylation sites, which are distributed at the terminals of NH2 and
COOH, respectively. And two ubiquitination sites are also at the COOH terminal.

CD36 is a membrane protein that is synthesized in the polyribosome, then transfers to the endoplasmic
reticulum and Golgi apparatus for further processing, finally transported by endosome to the cytomem-
brane(Glatz et al., 2016). Under the stimulation of insulin(Samovski et al., 2018) or contraction(Luiken et
al., 2002), it moves to the lipid rafts of the cell membrane to facilitate LCFA uptake, which may be associated
with activation of PI3K-Akt and AMP kinase (AMPK). CD36 not only locates in plasma membranes and
endosomes, but also distributes on mitochondrial(Monaco et al., 2015), but its specific function on mitochon-
drial remains unclear. CD36 is a double transmembrane protein which can’t form a channel that allows for
fatty acids transferring from outside to the inside(Pepino et al., 2014). Interestingly, the outer ring of CD36
contains a large hydrophobic cavity, which provides a docking site for fatty acids and other hydrophobic
ligands(Gomez-Diaz et al., 2016), facilitating the proximity of hydrophobic ligands to the cell surface, thus
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promoting the transportation of fatty acids into the cell.

3 CD36 post translational modifications

The synthesis, distribution and activation of CD36 are largely affected by its post-translational, including
ubiquitination, glycosylation, phosphorylation and palmitoylation. However, it is worth noticing that though
there are many acetylation sites on CD36, no research reveals the effect of its acetylation.

3.1 CD36 ubiquitination

Protein ubiquitination is the coupling of protein and ubiquitin, mediated by ubiquitin ligase (E3)(Popovic
et al., 2014). CD36 is the target of E3 ligase Parkin(Abumrad and Moore, 2011) (Figure 1). Differing from
the degradation effect of ubiquitination, monoubiquitylation of CD36 by Parkin enhances its stability and
increase its plasma membrane level. In the presence of parkin(Kim et al., 2011), LCFA-induces polyubiquiti-
nation and degradation of CD36 is significantly down-regulated, probably because one of the ubiquitination
sites (Lys469 and Lys472) of LCFA is also the target of Parkin. A recent study confirmed that USP14 is
a deubiquitinating enzyme that mediates CD36 deubiquitylation on macrophages, USP14 cleaves ubiquitin
chains from ubiquitinated CD36 proteins, thus avoiding the fate of CD36 being transported into the protea-
some for degradation(Zhang et al., 2020)(Figure 1). However, whether Parkin and USP14 respectively act
as E3 ligase and deubiquitinating enzyme in cardiomyocytes remains unclear.

LCFA, a ligand of CD36, significantly enhances the ubiquitination of CD36(Tran et al., 2011) and promotes
its degradation after a long-term interaction(Smith et al., 2008) (Figure 1). This is a negative feedback
for the cellular uptake of fatty acids. Recent studies have shown that ubiquitinated CD36 in myocytes
stabilizes the structure of insulin receptor substrates 1(Sun et al., 2018), and thus maintains insulin signaling.
Giving that insulin reduces the ubiquitination of it(Smith et al., 2008) (Figure 1), CD36 may be involved
in self-regulation of insulin signaling pathway. Moreover, CD36 ubiquitination in macrophages inhibits
the formation of atherosclerosis by decreasing fatty acids uptake(Srikanthan et al., 2014). But the role of
ubiquitinated CD36 in heart have not yet been elucidated.

3.2 CD36 glycosylation

The glycosylation of CD36 is N-linked at asparagine residues (Asn) mediated by glycosyltransferase(Hoosdally
et al., 2009; McDonald et al., 2018). There are 10 glycosylation modification sites of CD36 in human, located
in the extracellular segment of CD36(Vinals et al., 2003).

Apart from increasing the molecular weight of CD36, glycosylation could also stabilize the tertiary folding
of polypeptides and is therefore essential for forming the spatial structure of CD36(Mitra et al., 2006).
And it affects the folding of CD36 theoretically thus influences the correct translocation of it to the cell
membrane. It has been proved that carboxyl-terminal sites Asn247, Asn321, and Asn417 are indispensable
for CD36 trafficking(Hoosdally et al., 2009). And mutations in Asn108 and Asn173 sites result in the
abnormal distribution of CD36 on the COS m6 cells membrane(Vinals et al., 2003). Mutations in Asn 102
of CD36 has been found in spontaneously hypertensive rats (SHR)(Lauzier et al., 2011). Since Asn102 is
located in the fatty acid binding pocket, mutations at this glycosylation site may have a greater possibility
to affect fatty acid docking in the CD36 pocket then affect fatty acid transport. CD36 protein levels in SHR
are significantly downregulated and fatty acid intake is reduced, which may be related to the glycosylation
mutation of Asn102. However, the role of Asn102 in SHR has not yet been confirmed by experiments.
Further researches are required to clarify the role of Asn102 and other glycosylation sites in cardiovascular
diseases.

3.3 CD36 phosphorylation

CD36 has two phosphorylation sites, Thr92 and Ser237, phosphorylated by PKC(Chu and Silverstein, 2012)
and PKA(Hatmi et al., 1996), respectively(Figure 1). CD36 in small intestinal epithelial cells is also dephos-
phorylated by intestinal alkaline phosphatase (IAP)(Lynes et al., 2011) (Figure 1). In platelets, phosphory-
lation of Thr92 mediated the binding of CD36 and thrombospondin(Asch et al., 1993). Phosphorylation of
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CD36 at Thr92 is also necessary for the adhesion of plasmodium falciparum-infected erythrocytes to human
dermal microvascular endothelial cells under flow condition(Ho et al., 2005). CD36 phosphorylated at Ser237
downregulates the fatty acid uptake rate of platelets and enterocytes(Guthmann et al., 2002; Lynes et al.,
2011).

3.4 CD36 palmitoylation

Most members of the DHHC(Asp–His–His–Cys)family of proteins have palmitoyl transferase activity, and are
confirmed to be the main PATs(De and Sadhukhan, 2018). DHHC4/5 has been proved to be the palmitoylase
of CD36 in adipocytes (Figure 1). The absence of either DHHC4 or DHHC5 prevents the palmitoylation
and the insertion of CD36 on the adipose membrane, thereby destroying the CD36-dependent fatty acid
uptake(Wang et al., 2019). Besides, SelK(Meiler et al., 2013), which belongs to neither PATs nor PPT, is
also required for palmitoylation of CD36 in macrophages, suggesting that other proteins may also be involved
in the palmitoylation of CD36.

CD36 has four palmitoylation sites Cys 3, Cys7, Cys464, and Cys466 (Figure 1). And the palmitoylation is
strengthened by insulin stimulation. Combined mutations of these four palmitoylation sites hinders CD36
translocate to the cell membrane for fatty acid uptake even in the presence of insulin and AMPK(van Oort
et al., 2014). With the inhibition of CD36 palmitoylation by ceruloplasmin(Thorne et al., 2010), a kind of
palmitoylation specific inhibitor, the processing of CD36 at the endoplasmic reticulum and transport through
the secretory pathway extends from 90 minutes to 4 hours in melanoma cells, indicating that palmitoylation
is essential for the transport and translocation of CD36.

Increased palmitoylation of CD36 is found in liver steatosis and fibrosis(Zhao et al., 2018) .The decrease of
CD36 palmitoylation down-regulates the uptake of fatty acids and helps to balance the fatty acid metabolism
in the liver cells, thus eliminates the liver steatosis and fibrosis(Zhao et al., 2018). However, no research has
revealed the effects of the palmitoylation of CD36 in cardiovascular system.

4 CD36 and cardiovascular diseases

4.1 CD36 and ischemia/reperfusion

Ischemia/reperfusion is characterized by the abruptly interruption of blood flow and subsequent restora-
tion of blood flow(Lejay et al., 2016). The cutoff of oxygen and nutrition results in various metabolic
changes(Lesnefsky et al., 2017), including lipid metabolism alterations. The change of CD36 in ischemia/reperfusion
has been shown by using (3) H-labeled metabolic substrates to measure the metabolic changes of Wistar
rat heart at different stages during ischemia/reperfusion(Heather et al., 2013). During ischemia, the CD36
of the sarcolemma is downregulated by 32%, and the fatty acid oxidation rate decreases by 95%. In the
reperfusion stage, CD36 level remains low, but the fatty acid oxidation rate returned to the pre-ischemic
state(Heather et al., 2013). The increased pH of the endosome may contribute to the low level of CD36
throughout the whole ischemia/reperfusion period(Steinbusch et al., 2010). Translocation of CD36 to the
sarcolemma is significantly enhanced when the pH of the endosome is high, while a decrease in pH inhibits
this translocation. During ischemia, myocardial glycolysis increases by 86% and lactic acid level increases
by 7 folds(Heather et al., 2013) (Figure 2), which lead to a low pH state and subsequently suppresses the
CD36 translocation. When shifting to the reperfusion phase, the lactic acid in cardiomyocytes could not
be effectively eliminated in a short period of time, the cells may still be at a low pH status and CD36
translocation is still suppressed (Figure 2).

With same oxygen consumption, glucose provides more energy than lipid, so it is preferred to maintenance
myocardial function(Fukushima et al., 2015; Umbarawan et al., 2018b). The reduction of CD36 is beneficial
to the conversion of metabolic substrates from fatty acids to glucose during hypoxia. Thus the constantly
low level of CD36 may help cardiomyocytes to maintain energy balance (Figure 2). What’s more, the rate
of fatty acid oxidation in cardiomyocytes in ischemia is reduced to 5% of basal states(Heather et al., 2013).
A relatively low CD36 avoids the accumulation of triglycerides in cytosol by reducing the absorption of
fatty acids (Figure 2). High concentrations of fatty acids in the cardiomyocytes could reduce the recovery
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of ischemic heart function during the reperfusion stage by triggering insulin resistance and cardiomyocytes
apoptosis(Adrian et al., 2017; Jelenik et al., 2018; Liu et al., 2018b). Therefore, the reduction of CD36 during
ischemia benefits to the heart by avoiding excessive accumulation of triglycerides, and CD36 decreasing during
ischemia is a favorable adaptation for cardiomyocytes to survive.

Focusing on inhibiting CD36 function, therapeutic strategies for ischemia-reperfusion have been developed.
Mansor LS et al corrected post-hypoxia/reoxygenation cardiac metabolic disorders by injecting a CD36
inhibitor sulfo-N-succinimide oleate into the heart of type 2 diabetic male Wistar rats 4 minutes before
hypoxia(Mansor et al., 2017). Pre-injection of selective CD36 ligand EP 80317 and azeptide CP-3(iv) in
mice significantly reduced myocardial infarct size(Bessi et al., 2012; Huynh et al., 2018). Exenatide, a small
molecule drug that generally regulates glucose metabolism, has also been shown to improve cardiac function
after cardiac ischemia-reperfusion injury by inhibiting the translocation of CD36(Zheng et al., 2017).

Drug studies provided strong evidence that inhibiting the function of CD36 contributes to the recovery of
heart function, but the most direct evidence comes from heart CD36-knockout (cCD36KO) mice. Inducible
cardiomyocyte-specific CD36 ablation does not alter cardiac morphology, while improves functional recovery
after ischemia/reperfusion(Nagendran et al., 2013). The decrease in fatty acid oxidation rate caused by the
decrease of CD36 lays the foundation for increasing the rate of glucose oxidation. And it was proved that
this recovery is due to the lower hydrogen ion concentration resulting from the uncoupling of glycolysis from
glucose oxidation produced before and after ischemia(Nagendran et al., 2013). However, CD36 systemic
knockout mice still suffered from severe ischemia-reperfusion injury(Cera et al., 2010). Presumably, it is the
general reduction of CD36 that matters. Not restricted in the heart, systemic metabolic changes occur in a
vast of tissues in the systemic knockout mice, and due to various potential adaptive adjustments from the
embryonic stage, these mice may be significantly different from heart-specific knockout mice.

However, some studies about spontaneously hypertensive rats on ischemia/reperfusion have challenged the
protective effect of CD36 decline. Instead of the inhibition of CD36, the overexpression of CD36 in SHR
rats reduced the infarct size, and the underlying mechanism has not been clarified. Giving that the model
already has the pathological factor of hypertension, it is possible that the overexpression of CD36 reduce the
myocardial injury risk brought by hypertension and indirectly protect the infarcted myocardium caused by
ischemia/reperfusion(Neckar et al., 2012).

4.2 CD36 and diabetic cardiomyopathy

The typical characteristic of diabetic cardiomyopathy is the altered lipid metabolism and impaired insulin
signaling pathways(Jia et al., 2016; Carpentier, 2018; Joubert et al., 2019). In the basic conditions, CD36 on
the cardiac sarcolemma is significantly increased in obese Zuker rats(Coort et al., 2004), db/db mice(Carley
and Severson, 2008) and high-fat-fed rats(Ouwens et al., 2007). The upregulation of CD36 has also been
confirmed in cardiomyocytes of patients with diabetic cardiomyopathy(Garcia-Rua et al., 2012).

The increase of CD36 on the sarcolemma in diabetic cardiomyopathy may be attributed to hyperinsulinemia,
hyperglycemia, and hyperlipidemia. In the early stages of diabetes, insulin is at high levels(Paolillo et al.,
2019), Luiken JJ et al. found that insulin stimulation in isolated rat myocardial cells resulted in a 1.5-
fold increase in CD36 on the sarcolemma and a 62% decrease in intracellular CD36, which suggested that
insulin could effectively promote the translocation of CD36(Luiken et al., 2002) (Figure 3). Besides, chronic
insulin stimulation also induces CD36 mRNA translation by activating the transcription factor forkhead box
O1 (FOXO1), which further facilitates CD36 protein synthesis(Chistiakov et al., 2017) (Figure 3). In the
late stage of diabetes, although the insulin level has decreased significantly, and the cardiomyocytes are not
sensitive to insulin at this time due to insulin resistance, but CD36 has been already permanently transferred
to the myometrium during the early stage(Ouwens et al., 2007). As a result, the decline of insulin doesn’t
change the facts that fatty acids have been taken into the cardiomyocytes in quantity. Similar to chronic
insulin stimulation, high glucose stimulation could increase CD36 mRNA translation(Griffin et al., 2001),
followed by increased CD36 expression, and palmitic acid stimulation could induce membrane translocation
of CD36(Angin et al., 2012). In the advanced stage of diabetes, hyperglycemia and hypertriglyceridemia may
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occur, thus further promote CD36 expression and increase its membrane distribution(Alonso et al., 2018).
In addition to external factors such as insulin, glucose and lipids, the latest researches suggest that the
increase in CD36 in diabetic cardiomyopathy is also associated with the regulation of microRNA. MiR-320
which acts as a small activating RNA in the nucleus is highly expressed in diabetic cardiomyopathy mice,
and promotes CD36’s expression by directly acting on its nuclear transcription(Li et al., 2019) (Figure 3).
In contrast, miR-200b-3p is remarkably reduced in diabetes cardiomyopathy, which is an effective inhibitor
of CD36 (Figure 3).

CD36 increases in diabetic cardiomyopathy, which in turn worsens heart function(Luiken, 2009). The in-
creased distribution of CD36 on the myometrium result in the intake of a large amount of fatty acids. Fatty
acids in the cytoplasm could activate peroxisome proliferator-activated receptors (PPAR)(Glatz and Luiken,
2017), thereby inducing the up-regulation of enzymes necessary for mitochondrial β-oxidation, leading to a
significant increase in fatty acid oxidation rates. However, the rate of fatty acid uptake and storage is higher
than the rate of oxidation, thus resulting in the accumulation of lipids in the cell (Figure 3). Excessive lipid
intermediates, including diacylglycerol and ceramide, have been shown to induce insulin resistance(Petersen
and Shulman, 2017), triggers myocardial contractile dysfunction(Chistiakov et al., 2017). At the same time,
high levels of β-oxidation of fatty acids produce a large amount of reactive oxygen species (ROS)(Cortassa
et al., 2017), which can also induce inflammation(Agita and Alsagaff, 2017) and insulin resistance(Di Meo et
al., 2017; Sung et al., 2019) to aggravate myocardial contractile dysfunction (Figure 3). Besides. lipids could
directly lead to contractile dysfunction by promoting myocardial cell apoptosis(Zhou et al., 2018). Therefore,
inhibiting the uptake of long-chain fatty acids by targeting CD36 is the preferred strategy to reduce cardiac
insulin resistance and ultimately prevent diabetic heart failure.

Several studies have proved that reducing the distribution of CD36 on the sarcolemma and thereby in-
hibiting the uptake of LCFA do help to improve the heart function of diabetic cardiomyopathy(Angin et
al., 2012). For example, myosin heavy chain (MHC) -PPARα overexpressed mice shows severe cardiomy-
ocyte lipid accumulation and cardiac dysfunction(Yang et al., 2007). However, due to the lack of CD36,
the offspring produced by crossing MHC-PPARα mice with CD36-deficient mice (MHC-PPARα/CD36-/-
mice) improves triglycerides accumulation and cardiac dysfunction under basic conditions and in a high-fat
diet. Glucagon-like peptide-1 could eliminate the lipo-toxicity of diabetic cardiomyopathy by stimulating
protein kinase A (PKA) inhibition of PPARα -CD36 pathway(Wu et al., 2018). Exogenous H2S protects
diabetic hearts by inhibiting the translocation of CD36(Yu et al., 2020). N-Acetylcysteine also restored
Sevo-postC cardioprotection in diabetes by reducing Foxo1 and CD36(Lin et al., 2016). Fibroblast growth
factor 21(FGF21) deletion aggravates cardiac lipid accumulation by up-regulating cardiac Nrf2-driven CD36
expression(Yan et al., 2015). Thus FGF21 is a potential agent to reduce lipid accumulation and ameliorates
diabetic cardiomyopathy by down-regulating the expression of CD36.

4.3 CD36 and cardiac hypertrophy

4.3.1 CD36 in hereditary hypertrophic cardiomyopathy

Hereditary hypertrophic cardiomyopathy (HCM) is a disease with cardiac hypertrophy as the main patho-
logical manifestation, and it is caused by a dominant mutation in the gene encoding cardiac sarcomeric pro-
tein(Sequeira et al., 2019). A survey about the CD36 and hereditary hypertrophic cardiomyopathy patients
shows that 37.9% of HCM patients with asymmetric ventricular septal hypertrophy had a loss of CD36
protein(Tanaka et al., 1997), which is accompanied by defective myocardial long-chain fatty acid intake,
suggesting that the reduced CD36 may play a role in the pathogenesis of hereditary hypertrophy. The rela-
tionship of CD36 translocation and left ventricular contractile dysfunction is verified in HCM mice(Tanaka
et al., 1997; Magida and Leinwand, 2014). Owing to the decrease of CD36 translocation to the plasm mem-
brane, ATP and triglyceride in the myocardium dramatically decrease. Although the mechanism of how
CD36 decreases in hereditary hypertrophic cardiomyopathy remains to be investigated, increasing CD36
and improving fatty acid intake may provide a new solution for the treatment of hereditary hypertrophic
cardiomyopathy.
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4.3.2 CD36 in pathological/ physiological cardiac hypertrophy

Differing from hereditary hypertrophic cardiomyopathy generated by genetic mutations, secondary cardiac
hypertrophy is mostly caused by external stress including pressure overload or physical exercise. And it is
naturally divided into physiological cardiac hypertrophy and pathological cardiac hypertrophy according to
different stimulus factors and outcomes. Changes in CD36 in two different types of hypertrophy hearts were
first demonstrated in 2013(Dobrzyn et al., 2013). Exercise training significantly increases the expression of
CD36 in the heart, but pressure overload reduces the expression of CD36(Iemitsu et al., 2003). The decrease
in CD36 in pathological cardiac hypertrophy and the upregulation in physiological cardiac hypertrophy may
be related to PPARα and peroxisome proliferator-activated receptor γ coactivator-1α (PGC1α). Physical
exercise increases the expression of PPARα(Santos et al., 2016; Broderick et al., 2018) and PGC1α (Tao
et al., 2015; Deloux et al., 2017)in the heart, while cardiac pressure overload reduces both of them(Oka
et al., 2015; Karam et al., 2017) (Figure 4). The promoter region of CD36 contains PPARα response
elements(van der Meer et al., 2010). And it has been shown that nuclear receptor PPARα and nuclear
receptor peroxisome proliferator-activated receptor-γ (PPARγ) regulate CD36 expression in macrophages
and cardiac microvascular endothelial cells(Madonna et al., 2011; He et al., 2019).

As mentioned before, when myocardial cells are facing a crisis of ischemia and hypoxia, metabolism is re-
modeled. As for hypoxic pathological cardiac hypertrophy(Tham et al., 2015), early and timely reduction
of the distribution of CD36 on the cell membrane helps to eliminate the injury brought by subsequent large
intake of fatty acids. The reduction of CD36 not only promotes the substrate transition of fatty acids to glu-
cose(Umbarawan et al., 2018b), but also eliminates the accumulation of toxic lipid intermediates. However,
the reduction of CD36 may ultimately shorten the energy supply in the chronic stage of pathological cardiac
hypertrophy. Glucose uptake and glucose oxidation increase in the early stage to sustain the energy genera-
tion, but it eventually decreased in the late stage(Iemitsu et al., 2003). And, glycolysis and energy generated
from other substrates (lactic acid, branched-chain amino acids and ketone bodies) couldn’t compensate for
the reduction of fatty acid oxidation and glucose oxidation, putting the heart in an insufficient cardiac energy
state (Figure 4). Besides, Although the reduction of CD36 leads to a remarkable decline in the overall intake
of fatty acids, studies have proved that fat synthesis-related enzymes , including sterol-responsive element-
binding protein-1c (SREBP -1c), stearoyl-CoA desaturase 1 (SCD1), stearoyl-CoA desaturase 2 (SCD2) and
Glycerol-3-phosphate acyltransferase (GPAT) et al., are not down-regulated in pathological cardiac hyper-
trophic cardiomyocytes (Figure 4). But, the activity and content of hormone-sensitive lipase (HSL) and
diacylglycerol lipase (DAGL) that break down fat decrease, resulting in a 31% increase in triglycerides and
a 200% increase in diacylglycerol in myocardial cells(Tanaka et al., 1997) (Figure 4). insulin resistance
caused by accumulated toxic lipids further exacerbates the lack of energy supply in the heart. Therefore,
CD36 down-regulation is beneficial for the adaptive pathological cardiac hypertrophy, while is detrimental
for maladaptive pathological cardiac hypertrophy.

Recent studies on CD36 cardiac-specific knockout mice and systemic knockout mice have demonstrated the
role of CD36 in pathological cardiac hypertrophy. CD36 cardiac-specific knockout mice rapidly transferred
from compensatory cardiac hypertrophy to heart failure due to the imbalance of energy. Comparatively,
CD36 systemic knockout mice show pronounced myocardial interstitial fibrosis, cardiac enlargement and
contractile dysfunction than wild-type mice after transverse aortic constriction (TAC) surgery(Nakatani
et al., 2019). The myocardium of CD36KO-TAC leads to insufficient energy supply, not only due to the
decrease of CD36, but also because of the increase of de novo amino acid synthesis from glucose, which further
reduces the size of the high-energy phosphate pool(Umbarawan et al., 2018a). But, whether overexpression
of CD36 relieves the energy deficiency in the pathological cardiac hypertrophy and in turn saves the failing
heart caused by cardiac pressure overload needs further investigation. And it is certain that increasing the
supply of fatty acids in myocardial cells to expand high-energy phosphate pool is beneficial for hypertrophic
myocardium. Because even in the case of a decrease in medium-chain acetyl-CoA dehydrogenase, providing
medium-chain fatty acids for cardiomyocytes lacking CD36 and bypassing long-chain fatty acids can still
relieve cardiac pressure overload-induced heart failure(Sung et al., 2017).
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5 Conclusion

Cardiovascular diseases have been seriously endangering the physical and mental health of the elderly peo-
ple(Zhou et al., 2019), and now they are particularly prominent with the aging epidemic. Cardiac lipid
metabolism remodeling plays a key role in cardiovascular system diseases including ischemia-reperfusion,
diabetic cardiomyopathy, and cardiac hypertrophy(D’Souza et al., 2016). CD36 is an indispensable molecule
in lipid metabolism(Kim and Dyck, 2016). Changes in its synthesis, localization, and function directly affect
the energy supply and metabolism of the heart. And studies on CD36 in different diseases suggest that CD36
may be a potential target for treatment. Therefore, the transcriptional activation, post-translational mod-
ification and localization changes of CD36 may provide new directions for the treatment of cardiovascular
diseases.

Post-translational modifications of CD36 have been studied for nearly 30 years(Asch et al., 1993). The
post-translational modifications including phosphorylation, ubiquitination, palmitoylation and glycosylation,
accurately regulate the maturation, transport and positioning of CD36(Luiken et al., 2016). Researches in
vitro have revealed the impacts of post-translational modification of CD36 in cellular fatty acid uptake in
adipocytes(Wang et al., 2019) and muscle cells(Sun et al., 2018), etc. But few demonstrates its importance
in cardiovascular system. Whether these modifications of CD36 alter the cellular uptake of fatty acids in
myocardium and further influence the cardiac function still remains to be elucidated, and which enzymes
mediate these modifications in cardiomyocytes and whether these enzymes are supposed to be the new
therapeutic target also need further investigations.

Because fatty acids may also cause excessive lipid accumulation while providing energy(Park et al., 2007;
Evans and Hauton, 2016), whether the increase in fatty acids uptake caused by CD36 is good or bad are
not consistent under different pathological conditions. In addition to being modulated by CD36, fatty
acids in cells are also affected by the rate of mitochondrial aerobic oxidation and the rate of triglyceride
synthesis and decomposition(Bjorkegren et al., 2001; Heier and Haemmerle, 2016). Therefore, to evaluate
the role of CD36 on the myocardial lipid metabolism, the corresponding mitochondrial aerobic oxidation and
triglyceride synthesis also need to be taken into consideration. Since it is not uncommon that more than two
pathological factors are combined at the same time, such as diabetics suffering hypertension(Neckar et al.,
2012) or myocardial infarction(Cheng et al., 2015), the impact of CD36 on myocardial lipid metabolism and
cardiac function is definitely more complicated in that case. So, further researches also need to investigate
these situations.

Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org,
the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Harding et al., 2018),
and are permanently archived in the Concise Guide to PHARMACOLOGY 2017/18 (Alexander et al., 2017).
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Figure 1. Post-translational modifications of CD36.

There are two ubiquitination sites on the N-terminus of CD36, Lys472, Lys469. CD36 ubiquitination level
decreases upon insulin stimulation while increases with the presence of LCFA; Parkin is CD36’s E3 ubiquitin
ligase, which monoubiquitinates CD36 and enhances its stability, while USP14 mediates CD36 deubiquitina-
tion; There are four palmitoylation sites at the C-terminus and the N-terminus of CD36, Cys3, Cys7,Cys464,
Cys466, DHHC4/5 are palmitoyltransferases that promote palmitoylation of CD36; CD36 also has two phos-
phorylation sites, Thr93 and Ser237, which are phosphorylated by PKC and PKA, respectively. LCFA, long
chain fatty acid; USP14, ubiquitin specific peptidase 14; DHHC, Asp-His-His-Cys; PKA, protein kinase A;
PKC, protein kinase C; IAP, Intestinal alkaline phosphatase

Figure 2: Effects of CD36 in ischemic/reperfusion.

During the ischemic phase, the distribution of CD36 on the cell membrane decreases, leading to a decline of
LCFA uptake and LCFA entering the mitochondria for aerobic oxidation, while GLUT4 increases on the cell
membrane. Due to ischemia and hypoxia, the anaerobic glycolysis process is enhanced, and produces a large
quantity of protons, thus resulting in a low cytoplasmic pH. Hydrion subsequently prevents the transport
of CD36 from the endosome to the cell membrane, and further inhibits the distribution of CD36 on the cell
membrane. The relatively increased pyruvate acid enters the mitochondria for aerobic oxidation to produce
ATP. During this process, the decrease of CD36 prevents the accumulation of toxic lipid, and indirectly
promotes the aerobic oxidation of glucose, which is beneficial to the survival of myocardial cells during the
ischemic phase. During the reperfusion phase, the anaerobic glycolysis process of glucose decreased and
the rate of proton production decreased. However, due to the low pH caused by a large number of protons
accumulated in the ischemic phase, the membrane distribution of CD36 remains at a low level. At the
same time, the rate of LCFA entering the mitochondria for aerobic oxidation is enhanced because of the
triglyceride accumulate in ischemic phase, which is an essential supplementary for energy production. During
this process, the low level of CD36 helps reduce the accumulation of toxic lipid, and the aerobic oxidation
of LCFA provides most of the energy for the myocardium.

Figure 3: Effects of CD36 in diabetes cardiomyopathy.

In diabetes, increased insulin activates the PI3K-Akt pathway, thereby promoting the transportation of CD36
from the endosome to the cell membrane. FOXO transcription factor promotes the expression of CD36.
Down-regulated mir-200b-3p and up-regulated mir-320 also accelerate the transcription and translation of
CD36, thus further increasing the distribution of CD36 on the cell membrane, which facilitates the uptake of
LCFA of the cardiomyocytes. LCFA promotes the transfer of CD36 in the endosome to the cell membrane,
further increasing the distribution of CD36 on the cell membrane. Intracellular LCFA either enters the
mitochondria for aerobic oxidation producing energy and the byproducts-ROS or forms triglyceride for
energy storage, and the accumulation of triglyceride would trigger insulin resistance. Insulin resistance and
ROS assembling deteriorate cardiac function and result in diabetic cardiomyopathy.

Figure 4: Effects of CD36 in pathological and physiological cardiac hypertrophy.

Under pressure overload, intranuclear PPARa and PGC1a are downregulated and lead to decreased CD36
expression and LCFA uptake by myocardial cells, resulting in an insufficient energy state. At the same
time, the activity of HSL and DAGL that break down fat decreases, while fat synthesis-related enzymes,
including SREBP-1c, SCD1, SCD2 and GPAT et al., are not down-regulated, leading to the accumulation
of toxic lipids. Accumulated lipids and insufficient energy support both contribute to the development
of pathological cardiac hypertrophy. During regular exercise, intranuclear PPARa and PGC1a increase
and upregulate CD36 and fatty acid transfer rate-limiting enzyme CPT1, thus facilitating the uptake and
utilization of LCFA. With the increase of CPT1 on mitochondrial outer membrane, more LCFA undergo
aerobic oxidation in mitochondria. The increase of PPARa and PGC1a would also promote the transcription
of mitochondrial oxidative phosphorylation-related proteins, which jointly improves the efficiency of fatty
acid oxidation. Moreover, fat synthesis-related enzymes, including SREBP -1c, SCD1, SCD2 and GPAT et
al and the activity of HSL and DAGL that break down fat are both up-regulated, thereby avoiding excessive
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accumulation of toxic lipids. Sufficient energy and less toxic lipids maintain the proper cardiac function of
physiological cardiac hypertrophy. SREBP-1c, sterol-responsive element-binding protein-1c; SCD1, stearoyl-
CoA desaturase 1; SCD2, stearoyl-CoA desaturase 2; GPAT, Glycerol-3-phosphate acyltransferase; HSL,
hormone-sensitive lipase; DAGL, diacylglycerol lipase
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