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Abstract

Scavenger receptor CD36 is a multifunctional membrane protein that promotes thrombosis in 

conditions of oxidative stress such as metabolic disorders including dyslipidemia, diabetes 

mellitus, and chronic inflammation. In these conditions, specific reactive oxidant species are 

generated that are context and cell dependent. In the vasculature, CD36 signaling in smooth 

muscle cells and endothelial cells promote generation of reactive oxygen species, genetic 

downregulation of antioxidant genes, and impaired smooth muscle and endothelial function. In 

hematopoietic cells, CD36 signaling enhances platelet dysfunction thus decreasing the threshold 

for platelet activation and accelerating arterial thrombosis, whereas in macrophages, CD36 

promotes lipid-laden foam cell formation and atherosclerosis. These clinically significant 

processes are mediated through complex redox regulated signaling mechanisms that include Src-

family kinases, MAP kinases and other downstream effectors. We provide an overview of CD36 

signaling in vascular redox stress highlighting the role on oxidant generation in vascular and 

hematopoietic cells, but with special emphasis on platelets and dyslipidemia.
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Introduction

Arterial thrombosis is the major cause of death and disabilities in conditions associated with 

vascular redox stress including cardiovascular disease (1), chronic inflammation (2), and 

diabetes mellitis (3,4).Thrombosis in these contexts is mediated by activation of platelets, 

which are cell fragments derived from megakaryocytes in the bone marrow and are essential 

to maintain hemostasis (5). Inappropriate platelet activation induced by vascular redox stress 

promotes risk for vascular occlusion and its clinical complications.

Dyslipidemia refers to a group of metabolic disorders characterized by elevated levels of 

lipoprotein and/or triglycerides and is a risk factor for enhanced platelet activation in 

cardiovascular diseases (6). Cholesterol carrying molecules, such as low-density lipoprotein 

(LDL) particles, are susceptible to oxidation during the inflammatory processes of 

atherosclerotic plaque formation within the vessel wall. Over the course of time, LDL 

particles become oxidized. Signature oxidation sites have been described on the all 

components of the particle, including protein, cholesterol, and phospholipids (all shown in 

(Figure 1A). The oxidants and mechanisms of altering LDL physiology in vivo has been a 

topic of debate and has been excellently reviewed (7). Oxidation of fatty acids with 

unsaturated carbon-carbon bonds (generally in the sn-2 position of the glycerol 

phospholipid) by reactive oxygen species promotes beta scission, release of the aldehyde 

products, and generates a truncated carbon chain whereby incorporation of diatomic oxygen 

renders the lipids hydrophilic. These lipids, which were characterized as predominantly 

oxidized phosphatidylcholine, are termed oxPCcd36 due to exhibiting high affinity binding 

to the scavenger receptor CD36. They are characterized by having a carboxylic acid or 

aldehyde in the terminal position, a double bond in the beta carbon, and a ketone or alcohol 
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in the gamma position (see oxPCCD36 motif in Figure 1A). If the carbon backbone is of 

sufficient length, the hydrophilic nature of the incorporated oxygen in oxPCCD36 results in 

translocation of the lipid in the lipoprotein particles to the exterior face of the lipoprotein, 

forming so-called “lipid whiskers”(8) (oxLDL of Figure 1A). This translocation event is 

likely thermodynamically driven and enzyme-independent. Exposure of oxPCCD36 as lipid 

whiskers promotes its selective recognition by the pattern recognition receptor CD36 (8–10). 

These lipid species are among a large group of endogenous danger-associated molecular 

patterns (DAMPs) formed in the setting of tissue injury, cell damage, inflammation and 

redox stress, and are a major risk factor for myocardial infarction or stroke.

Scavenger Receptor CD36

Cluster of Differentiation 36 (CD36) is a multifunctional pattern recognition membrane 

receptor that is highly expressed on vascular and hematopoietic cells. CD36 belongs to the 

class B scavenger receptor family (11) and was initially named platelet Glycoprotein IV 

because it is the fourth major glycoprotein band seen on sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) of platelet lysates (12). Multiple vascular 

cells and hematopoietic cells express this protein, including vascular smooth muscle cells 

and endothelial cells, innate immune cells such as macrophages, and platelets (9,13,14). The 

human CD36 gene is located on chromosome 7q11.2 and has 15 exons (15) encoding a 471 

amino acid protein of about 50 kilodalton molecular weight (16). Like most membrane 

proteins, glycosylation is required for proper trafficking to the membrane; heavy N-

glycosylation increases the molecular weight of the protein to 88 kilodalton (17). CD36 

localizes in cholesterol-rich membrane microdomains and has been used as an immune-

marker for caveolae in microvascular endothelial cells.

In humans, the blood group polymorphism called Naka-was identified on platelet CD36 

(18). Up to 5–10% of Japanese carry the Naka-negative phenotype; they do not express 

detectable levels of platelet CD36 (18,19). Two types of Naka negative phenotype have been 

described: Type I is the result of being homozygous or compound heterozygous for null 

mutations at both alleles and is associated with absence of CD36 in all cells. Type II is a 

platelet-specific deficiency (20,21) and its genetic basis is not well understood. The 

frequency of CD36 null alleles in Asian and African populations is very high, (7–10%) and 

the selective pressure has not been identified (22). Furthermore, platelet CD36 expression 

levels vary considerably in humans. Quantitative flow cytometry analysis showed an average 

copy number of 17,000 per cell (23) and genetic studies revealed specific polymorphisms in 

the CD36 gene that are associated with platelet surface expression levels and with 

responsiveness to its model ligand, oxLDL (23). Importantly, some of these single 

nucleotide polymorphisms have been associated with risk for myocardial infarction (23,24).

CD36 Structure and Function

CD36 has at least 3 well characterized cellular functions. The first to be described was as a 

membrane receptor for the matricellular protein thrombospondin-1 (TSP1). On 

microvascular endothelial cells interaction of TSP1 with CD36 mediates a potent anti-

angiogenic effect (25). CD36 also facilitates translocation of free fatty acids from the 
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extracellular milieu into the cytoplasm. This function is important in adipocyte and muscle 

cell physiology and in some published papers CD36 is referred to as fatty acid translocate 

(FAT)(26). Our lab has been interested in the function of CD36 as a scavenger receptor, that 

is a receptor that recognizes and internalizes specific exogenous and endogenous danger 

signals. These include microbial surface liposaccharides(27), malaria parasitized 

erythrocytes (28,29), advanced glycated proteins (30), and modified low density lipoproteins 

(LDL), such as oxidized LDL (oxLDL)(9). The latter has been shown by our group and 

others to be critically important in the pathogenesis of atherosclerosis by mediating 

macrophage foam cell formation in the vessel wall and trapping of foam cell in 

atheromatous plaque. CD36 also recognizes HDL and other lipoproteins; however, the 

functional relevance of these recognition is not well understood.

A high resolution molecular structure for CD36 has not been solved, but homology 

modeling based on published extracellular structure of the related protein Lysosomal 

Integral Membrane Protein II (LIMP-II) indicates distinct hydrophobic pockets potentially 

for lipid recognition and fatty acid trafficking; these are shown in Entrance 1 and Entrance 2 

of Figure 1B (31). Topological analysis showed that CD36 has two short N- and C-terminal 

intracellular tails, two transmembrane domains, and a very large extracellular domain that is 

heavily glycosylated. There are three disulfide bonds in the extracellular domain required to 

maintain its structure (11). CD36 is palmitoylated on both N- and C-terminal tails to anchor 

the protein to the membrane bilayer. Additionally, CD36 was shown to be regulated by 

ubiquitination on the C-terminal tail. However, the functional impact of ubiquitination on 

CD36 is not very well understood but was proposed to regulate CD36 expression that is 

context dependent. Smith et al. showed in Chinese Hamster Ovary cells that CD36 was 

ubiquitinated on Lys48 and Lys63. Exogenous fatty acids promote ubiquitination whereas 

insulin-treatment in insulin-expressing cells lead to decreased ubiquitination (32). In 

addition, CD36 has a consensus protein kinase C (PKC) phosphorylation site in its 

extracellular domain at Thr92(33). This site can be phosphorylated in vitro by PKC, and 

when phosphorylated blocks thrombospondin 1 binding (33) and modulates recognition of 

Plasmodium falciparum-infected erythrocytes (34). An additional putative extracellular 

phosphorylation site on Ser237 by PKA was proposed to regulate fatty acid binding and 

uptake (35). The in vivo relevance of these post-translational modifications, however, has not 

been convincingly demonstrated.

The molecular mechanisms by which CD36 recognizes its diverse ligands are an active area 

of research. CD36 recognizes many ligands in addition to oxPCCD36, including free fatty 

acids (26), TSP1 (25) and other proteins containing the so-called thrombospondin type 1 

repeat (TSR) domain (36), cell-derived microparticles (37), advanced glycation end products 

(AGE) (30), a calcium binding S100A protein family member known as myeloid-related 

protein 14 (38), high density lipoprotein (HDL) (39), and microbial products such as 

staphylococcal lipoteichoic acid (40). Ligand recognition sites on the extracellular domain of 

CD36 are not fully characterized; however, the binding site for TSR was mapped to an 

approximate 30 amino acid (aa) residue region on the extracellular surface of the protein 

called the CLESH (CD36, LIMP-2, Emp sequence homology) domain extending from aa90 

(25). This binding site was shown to be important for the anti-angiogenic potential of CD36 

and is modulated by electrostatic and steric properties, including perhaps phosphorylation of 
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Thr92 (33). The CLESH domain is lined with positively charged amino acid residues and 

interacts with negatively charged residues of TSR. The motif on CD36 that recognizes 

oxidized lipids is still unclear; however, mutational analyses showed that two lysine residues 

(K164 and K166) located on the extracellular domain are required for oxPCCD36 binding, 

potentially by electrostatic interaction with the negatively charged oxygen molecules of 

oxidized lipids (41).

In seminal work by Podrez et al, platelet CD36 was shown to couple inflammation and 

dyslipidemia to a prothrombotic phenotype (9). Using the apoE null strain of mice, a widely 

used model to study dyslipidemia with pathophysiology similar to that observed in human 

(42), they showed that dyslipidemia augments thrombosis induced by vascular injury in 

small and large arteries, and that this phenotype was rescued by genetically deleting CD36. 

Furthermore, the absence of CD36 in mice did not impact normal platelet activation by 

“classic” physiologic activators, such as adenosine diphosphate (ADP), collagen or 

thrombin. These studies were replicated using human platelets, which showed that the 

absence of CD36, its inhibition by specific monoclonal antibodies or with the competing 

lipid ligand sulfosuccinimidyl oleate did not impact normal platelet physiology but 

prevented platelet activation by oxidized lipids. Subsequent work by our lab and others 

extended these observations to show that pathological conditions associated with redox 

stress, such as diabetes (30) and chronic inflammation (37) also generated CD36 ligands, 

including advanced glycation end products and cell-derived microparticles that promoted 

platelet activation and arterial thrombosis. These data suggest that CD36 signaling acts as a 

platelet “rheostat” to reduce the threshold for platelet activation and thus promote a 

prothrombotic phenotype. CD36 signaling pathways thus represent potential therapeutic 

targets. Although the initial studies by Podrez et al were published more than 10 years ago, 

the pathophysiology of platelet CD36 is still under intense investigation with significant 

efforts put forth to understand the signaling mechanisms driving platelet activation.

CD36 REDOX SIGNALING

Ligand-mediated CD36 signaling characteristically promotes generation of intracellular 

reactive oxygen species that are context-and cell type-dependent. The mechanisms 

generating reactive oxygen species vary among vascular and hematopoietic cells. This 

section highlights key publications regarding oxidant signaling by CD36 in vascular smooth 

muscle cells, endothelial cells, monocytes/macrophages, and platelets.

CD36 redox signaling in vascular smooth muscle and endothelial cells.

The vasculature is a complex and dynamic environment fundamental to maintain 

homeostasis. Vascular smooth muscle cells, for example, are essential for maintaining 

vascular tone and blood flow. In dyslipidemia, smooth muscle cell dysfunction promotes 

atherosclerotic plaque progression increasing the risk for plaque rupture and thrombosis 

(13). CD36 is expressed in vascular smooth muscle cells and was shown to modulate 

vascular function and arterial thrombosis. In particular, CD36 signaling downregulates key 

antioxidant factors, such as the redox-sensitive nuclear factor Nrf2, when vascular smooth 

muscle cells are stimulated with oxidized lipids. Nrf2 downregulation is via its 
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phosphorylation by Src family kinase member Fyn (see Figure 2A) (13). Although not 

directly shown in vascular smooth muscle cells, Fyn was shown to be recruited to and 

associate with CD36 upon DAMP recognition in endothelial cells and platelets (43–45). 

Nrf2 promotes transcription of the peroxide detoxifying enzyme peroxiredoxin 2 (Prdx2). 

The downregulation of Nrf2 leads to the accumulation of reactive oxygen species, since 

Prdx2 is consequentially downregulated. However, the downregulation of Nrf2 in the CD36 

signaling pathway is not exclusive. Activators of Nrf2, such as oxLDL and 4-hydroxy-2-

nonenal, promote CD36 expression in murine macrophages (46), the macrophage-like cell 

line RAW264.7 (47), and the pre-adipocyte cell line 3T3-L1 (47). This mechanism could be 

related to an increase demand in CD36 expression to uptake its ligands and is exemplified 

further by Nrf2-mediating CD36 expression to support of Plasmodium phagocytosis (48,49). 

Nrf2 is intricately linked to the NLRP3 inflammasome pathway through multiple signaling 

points, including the activation of NF-kB and regulating reactive oxygen species. This link is 

highlighted by Sheedy and colleagues on the role for CD36 to promote priming of 

monocytes/macrophages through the NLRP3 inflammasome and NF-kB activation, 

cholesterol uptake, and cholesterol crystal formation (50). Although specific sources of 

reactive oxygen species generated by CD36 signaling are yet to be defined in smooth muscle 

cells, pharmacologic studies suggest that reactive oxygen species are likely generated from 

both mitochondrial and non-mitochondrial sources, such as NADPH oxidase (51). Specific 

sources of ROS in vascular smooth muscle cell CD36 signaling requires further 

investigation.

CD36 is also expressed on microvascular endothelial cells (MVEC) and plays an essential 

role in endothelial cell function. Specifically, CD36 binds to the TSR domain in several anti-

angiogenic proteins including thrombospondin-1 and thrombospondin-2 (25). Recognition 

of TSR by CD36 promotes MVEC apoptotic signaling, enhances dephosphorylation of pro-

angiogenic Vascular Endothelial Growth Factor Receptor (VEGFR), and decreases 

endothelial cell migration and formation of tube-like structures (Figure 2B) (52). CD36 on 

MVECs also recognizes anionic phosphatidylserine on the surface of extracellular vesicles, 

leading to inhibition of cell migration (53). This is mediated by a pathway requiring Src 

family kinase Fyn, activation of NADPH oxidase, and generation of reactive oxygen species. 

Genetic deletion of CD36, pharmacologic inhibition of Src family kinases or NADPH 

oxidase, or scavenging superoxide radical anion by the superoxide dismutase mimetic 

MnTMPyP restored endothelial cell migration in cells treated with extracellular vesicles. 

These data suggest that reactive oxygen species generated by CD36 modulate MVEC 

migration in specific conditions where circulating extracellular vesicles are abundantly 

present, such as in chronic inflammation and cardiovascular disease.

CD36 redox signaling in macrophages.

In dyslipidemia, cholesterol in low-density lipoprotein particles accumulates in the 

subendothelial space in the vascular wall and triggers sterile inflammation. Blood monocytes 

migrate into the vascular wall, differentiate to macrophages, and promote lipid clearance. 

However, cholesterol overload and lipoprotein particle oxidation augments lipid-laden 

macrophage “foam” cell formation, trapping of the macrophages in the neointima, and 

promotes cell death. These processes, which are in part CD36-dependent as demonstrated 
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with genetic, pharmacologic and immunologic approaches, promote inflammation and 

atherosclerotic plaque progression.

While CD36 functions as a direct ligand-dependent signal transducer, it colocalizes in 

membrane microdomains with other cellular receptors, including tetraspanins (54), Toll-like 

receptors 2/4/6 (55,56) and Na/K ATPase (57); interaction with these receptors modulates 

cellular responses (Figure 2C). For example, in the presence of oxLDL, Na/K ATPase is 

recruited to the CD36 signaling complex and participates in signaling via its constitutively 

bound Src family tyrosine kinase Lyn (57). We found that macrophages from mice 

heterozygous for deficiency of the alpha subunit of Na/K ATPase had diminished CD36-

dependent oxLDL uptake and foam cell formation. These mice also displayed decreased 

atherosclerotic plaque progression when bred into the dyslipidemic apoE null background. 

CD36 expression on the membrane surface in macrophages was shown in elegant imaging 

studies by Jaqaman et al. to be modulated by cytoskeletal dynamics which promoted signal 

transduction (58). It is possible that other co-receptors for CD36 exists within membrane 

microdomains that are yet to be identified.

Of relevance to redox signaling, macrophage CD36 promotes a signaling pathway that 

generates reactive oxygen species (Figure 2C) (59). While much remains to be learned about 

downstream consequences of macrophage ROS generation, we showed that these species 

modify critical cysteine residues of the protein tyrosine phosphatase SHP2 leading to 

disruption of actin cytoskeletal rearrangements and macrophage migration (59). We also 

showed that CD36 signaling leads to loss of macrophage cellular polarity due to 

dysregulation of Rac and non-muscle myosin II (60), key determinants of cellular symmetry 

and lamellipodia formation. The specific redox species modifying cytoskeletal function in 

this setting is not clear and were not investigated, but since inhibition of NADPH oxidase or 

scavenging reactive oxygen species by N-acetyl cysteine restored phosphorylation of focal 

adhesion kinase, we speculate that hydrogen peroxide is the major reactive oxygen species 

generated.

Our lab also showed that macrophage CD36 promotes atherosclerosis through Vav family 

guanine nucleotide exchange factors (61,62). Vavs are highly regulated by Src-mediated 

tyrosine phosphorylation and act as central signaling hubs to several signaling pathways 

(63). Indeed, in the macrophage system CD36-mediated Vav activation requires Src family 

kinases in addition to phospholipase Cγ2 (61,62). Mechanistically, Vav activation promotes 

calcium mobilization and nucleotide exchange of the GTPase Dynamin 2, which is required 

for oxLDL uptake and foam cell formation as shown in Figure 2C. Importantly, tissue 

extracts taken from aortas of hyperlipidemic mice showed that Vavs1 and 3 were activated in 

a CD36-dependent manner.

Kotla et al showed CD36 gene expression was mechanistically regulated by reactive oxygen 

species in the macrophage system (64). These species generate cholesterol crystals, which 

drive CD36 expression through a pathway dependent on the signaling effector Bruton 

tyrosine kinase (BTK) to phosphorylate acyl transferase p300. P300 then acetylate the 

transcription factor STAT1. These signaling events subsequently promote association of 

STAT1 with transcriptional co-activator Peroxisome Proliferator Activating Receptor 

Yang and Silverstein Page 7

Free Radic Biol Med. Author manuscript; available in PMC 2020 May 20.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Gamma (PPARγ) to drive CD36 expression. These studies link reactive oxygen species 

generation in the macrophage system to genetic transcription of the protein. We and others 

report that oxidized lipid stimulation of macrophages also upregulates CD36 expression by a 

PPARγ-mediated transcriptional pathway (65).

Oxysterols, which are oxidized cholesterols generated enzymatically or non-enzymatically, 

are pro-atherogenic in monocytes/macrophages through mechanisms that are partially 

dependent on scavenger receptors. 7-ketocholesterol, in particular, was shown to promote 

CD36 gene expression in macrophages and subsequent oxidized LDL uptake/foam cell 

formation (66). Furthermore, oxysterols was shown to promote CD36 expression on cells of 

the macrophage lineage(67). This pathway was shown to be dependent on PKC and MAP 

kinase ERK1/2 based on RNAi or pharmacologic inhibition (67,68).

Platelet CD36 signaling in dyslipidemia.

In platelets, CD36 interacts with multiple signaling pathways. A role for CD36 in platelet 

signal transduction was initially suggested by studies in which CD36 was found to co-

immuno-precipitate with members of the Src family kinases Fyn, Lyn, and Yes (44). 

Subsequent work from our lab demonstrated that CD36 recruits and activates Fyn and Lyn, 

with Fyn being the predominant Src family kinase in platelets in response to oxLDL and 

other ligands (43). These then further promote activation of non-receptor tyrosine kinase Syk 

(69,70), the Rho/Rho-associated protein kinase ROCK (69), Vav 1/3(71), generation of 

reactive oxygen species(72,73), and activation of MAP kinases (61,71). The multiple 

pathways activated by CD36 suggest that further details are needed to pinpoint specific 

signaling nodes mediating enhanced platelet activation, aggregation, and ultimately 

thrombus formation.

NADPH oxidase is a major source of oxidant generation by platelet CD36

Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase (NOX) is a membrane 

multi-subunit complex that generates superoxide radical anion by transferring electrons from 

the electron carrier NADPH to diatomic oxygen. NOX expression in platelets is not 

surprising given the evolutionary link between platelets and phagocytes and their 

developmental origin from a common hematopoietic progenitor cell. NOX1 and NOX2 are 

reported as the major complexes to generate reactive oxygen species in platelets (74–76). 

Earlier studies by Violi and colleagues suggested that reactive oxygen species generated 

from NOX promote platelet activation (77–80) implicated NOX in platelet function. Studies 

of individuals with chronic granulomatous disease, an x-linked genetic deficiency in the 

cybb1 allele, or with deficiencies in any member of the NOX protein complex, showed 

decreased platelet activation (77,80–82). Delaney and colleagues further showed that murine 

models deficient in NOX1 or NOX2 had impaired platelet response to the classic 

physiologic agonists thrombin and collagen (74), consistent with studies showing that 

thrombin and collagen are potent platelet activators that generate reactive oxygen species 

(83). These studies suggest a functional role for reactive oxygen species and NOX in 

promoting platelet activation and thrombosis.
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In 2014, Magwenzi and colleagues showed that NOX2 was the major source of reactive 

oxygen species generated by platelet CD36 signaling (73), an unprecedented finding given 

reactive oxygen species from this source is generally thought to be linked to signaling by 

strong platelet agonists, such as thrombin and collagen. They showed that pharmacologic or 

genetic interruption of NOX2 rescued the CD36-mediated arterial thrombosis phenotype 

observed in dyslipidemic conditions. This is mediated by direct recognition of oxLDL, 

activation of Src kinases, subsequent phosphorylation and activation of Syk, and activation 

of phospholipase C gamma 2 (PLCγ2). PLCγ2 thus links CD36 signaling to the activation 

of Protein Kinase C, which is a serine/threonine kinase that coordinates with TRAF4 and Src 

family kinase member Lyn to promote phosphorylation of the p47 phox subunit of NOX2 

(76). This phosphorylation event couples assembly of the NOX complex to generate reactive 

oxygen species. Inhibiting CD36 on human platelets by a monoclonal blocking antibody or 

by using CD36 deficient murine platelets prevented the generation of reactive oxygen 

species (72,73,84). Direct evidence of PLCγ2 and NOX2 in diet-induced prothrombotic 

phenotype was shown by using gp91phox null mice or mice lacking the PLCg2 isoform in 

the ferric chloride-induced arterial thrombosis model (84). Although these studies are 

provocative, direct evidence of specific reactive oxygen species generated and their 

functional output was not provided.

In a more analytical approach, we measured levels of superoxide radical anion generated by 

platelet NOX2 in the CD36 signaling cascade using a sensitive and quantitative high-

performance liquid chromatography (HPLC) assay with fluorescence detection (72). This 

assay relies on quantifying fluorescence of the superoxide-specific oxidation product of 

hydroethidium, 2-hydroxyethidine, and fitting quantified data to a synthetic 2-

hydroxyethidine standard curve. Mechanistically, hydroethidium undergoes non-specific one 

electron oxidation to hydroethidine radical cation. It is the hydroethidine radical cation that 

is oxidized by superoxide radical anion to generate 2-hydroxyethidine (85). However, 

hydroethidine radical cation is nonspecifically oxidized to ethidium or to form dimers, 

which may titrate the radical intermediate away from superoxide radical anion. In addition, 

the fluorescence emission maxima of 2-hydroxyethidine (586 nm) significantly overlaps 

with ethidium (603 nm) (86) which warrants separation methods to distinguish the two 

hydroethidium oxidized products. HPLC was chosen because it is a reliable method to 

separate and quantify 2-hydroxyethidine from ethidium and is sensitivity and suitable for 

superoxide anion detection in platelets, which has been challenging due to the available tools 

and lack of robust reactive oxygen species generated.

Using this analytical approach, we showed that oxidized lipids promoted accumulation of 

superoxide radical anion in a time-and concentration-dependent manner (72). This was 

blunted by inhibiting CD36 with a CD36 monoclonal antibody or by inhibiting NOX with 

the small molecule inhibitor VAS2870. We then showed that preventing NOX activation 

with this agent inhibited platelet activation by oxidized lipids. Hydrogen peroxide was 

detected by HPLC using boronate-based probes. Stimulating platelets with oxidized LDL 

promoted hydrogen peroxide generation. Furthermore, we used polyethyleneglycol-

conjugated catalase, which is an enzyme that specifically degrades hydrogen peroxide to 

water, and showed that oxidized lipid-induced platelet aggregation was inhibited. This was 

not observed when the enzyme was denatured by boiling. These data showed that specific 
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reactive oxygen species are functionally important for platelet aggregation in the setting of 

dyslipidemia.

Activation of redox sensitive MAP kinases by CD36 promotes platelet activation, 
maladaptive caspase activity, and pathophysiologic thrombosis.

Platelet signaling pathways activated by reactive oxygen species are incompletely defined; 

however, platelets do express a number of redox-sensitive effectors that could activate upon 

treatment with the reactive oxygen species hydrogen peroxide, including MAP kinase family 

members Jnk and ERK5 (72), Rac (87), and the ribosomal S6 family kinase p70S6k (87).

MAP kinases are a family of serine/threonine kinases that are important for cell survival, 

proliferation, differentiation, and apoptosis (88). There are three major families of classical 

MAP kinases: extracellular-regulated kinases (ERK), p38, and c-Jun n-terminal kinase (Jnk), 

all of which are activated through a three-tier kinase signaling cascade that results in 

phosphorylation and activation of the target MAP kinases on a signature T-X-Y motif. Of the 

canonical map kinase family members, CD36 signal transduction in the platelet system 

promotes activation of Jnk2 (43) and ERK5 (72). Both MAP kinases are sensitive to redox 

stress and are activated by bolus addition of exogenous hydrogen peroxide or by signaling 

pathways generating intracellular reactive oxygen species (87,89).

Although direct activation of Jnk by reactive oxygen species is unclear in platelets, Jnk is 

necessary for platelet activation and accelerated arterial thrombosis by CD36 (43,72,87,90). 

Blocking Jnk with a pharmacologic inhibitor, SP600125, prevented platelet activation by 

oxLDL (43), and platelets from high fat diet-fed hyperlipidemic mice showed basal 

phosphorylation of Jnk compared to chow diet-fed animals. Direct activation of Jnk was 

seen in a growing thrombus by immunohistochemistry in wild type mice but not CD36 null 

animals. Jnk is also known to promote platelet activation by classic physiologic activators, 

such as by the protease-activated receptors or the collagen receptor glycoprotein VI (GPVI) 

(91), which are physiologic activators known to generate reactive oxygen species in 

platelets.

Platelet ERK5 was shown by Cameron and colleagues to be differentially activated by 

physiologic agonists that generate reactive oxygen species. In addition, direct activation of 

platelet ERK5 was observed after exposing the cells to hydrogen peroxide. Using a murine 

myocardial infarction model, they showed that in tissue ischemia where reactive oxygen 

species are abundantly generated, platelet ERK5 activation promotes infarct expansion (87). 

The mechanism of ERK5 activation by reactive oxygen species is not clear but was proposed 

by Abe et al to be by a Src-dependent pathway (92). ERK5 phosphorylation and activation 

in the setting of myocardial infarction regulates protein expression of p70s6k, the small 

GTPase family member Rac, and matrix metalloproteinase 9. Expression of these proteins 

was not static during tissue infarction and was agonist-dependent. This was the first study 

suggesting that ERK5 is present and functional in platelets as a redox sensor in conditions of 

greatly elevated reactive oxygen species generation.

Since we found that specific reactive oxygen species were generated by CD36 signaling 

events and that oxidative stress and dyslipidemia are coupled processes, we hypothesized a 
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potential role for ERK5 in CD36 prothrombotic signaling pathways (72). ERK5 was rapidly 

activated in a sustained manner when platelets were treated with oxLDL; this was not 

observed with the control unoxidized native LDL. ERK5 activation was also elevated in 

basal conditions in platelets isolated from apoE null mice fed a high fat diet (Figure 3A). 

ERK5 activation is not exclusive to oxLDL, since we showed that non-oxidized CD36 

ligands such as MRP14 and TSR peptide also activated the kinase in platelets, suggesting a 

receptor-dependent mechanism that is independent of lipid hydroperoxides in oxLDL 

particles. Studies with pharmacologic inhibitors, monoclonal antibodies and cells from mice 

with specific genetic deletions showed that ERK5 activation by oxLDL in platelets was 

dependent on CD36, Src family kinases, NADPH oxidase, and hydrogen peroxide (Figure 

3B). Platelet stimulation by oxLDL also promotes increased expression of Rac (Figure 3C) 

which is consistent with other studies showing that ERK5 was necessary for H2O2 induced 

Rac upregulation in platelets (87).

A functional role for ERK5 activation by CD36 in vivo was determined using two different 

murine models of arterial thrombosis induced by injury to the vasculature. All the commonly 

used models of arterial thrombosis rely on exposing flowing blood to thrombogenic surfaces 

(e.g. uncovering the extracellular matrix by endothelial damage) allowing for platelets and 

fibrin to accumulate (93). Thrombosis can be observed in real time using a doppler transonic 

flow indicator (94) or by sophisticated imaging systems to detect platelets using 

fluorescently-tagged monoclonal antibodies or fluorophores such as mepacrine, which are 

taken up by platelets and concentrated in intracellular granules. Similarly, fibrin can be 

detected using a fluorescently-tagged anti-fibrin monoclonal antibody that does not 

recognize fibrinogen (95). These labels are injected intravenously and allowed to circulate 

before inducing thrombosis.

Topical application of chemical oxidants, such as ferric chloride (FeCl3), onto the adventitial 

wall of large arteries or small arterioles (94), or localized light-induced activation of the 

photo-activated oxidant Rose Bengal, are widely used models of in vivo thrombosis in mice 

(93). Although the specific mechanisms underlying FeCl3-mediated vascular injury are still 

being elucidated, the potent oxidant causes endothelial cell death, aggregation of cells, and 

protein accumulation (96). In this model of thrombosis, CD36 deficiency in mice does not 

impact the time it takes to vessel occlusion in the carotid and mesenteric arteries compared 

to wild type controls (9,13,94), suggesting that CD36 does not impact normal platelet 

physiology. However, when mice are fed a high fat/high cholesterol diet in the setting of 

apoE deletion, severe hyperlipidemia ensues and time to occlusion of the vessels decreases 

significantly (increased thrombosis) (9). CD36 deficiency in this model rescued the 

decreased time to occlusion of the vessel in dyslipidemia back to levels seen in chow-dieted 

control animals. Importantly, we generated atherogenic apoE null chimeric mice by bone 

marrow transplantation using donor mice deficient in platelet ERK5. We found that in the 

FeCl3-injury model, high fat diet-fed apoE null chimeric mice expressing ERK5 displayed 

accelerated time to vessel occlusion, which was not observed when ERK5 was absent in 

platelets (72).

A second model of arterial thrombosis was employed that we believe is amenable to study 

redox-regulating signaling pathway without artifactual generation of reactive oxygen species 
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that could confound results. This model relies on autologous insertion of a segment of a 

small artery from the gut into the lumen of the large carotid artery. Flowing blood is 

subsequently exposed to the collagen-rich adventitial tissue of the epigastric artery segment 

creating a thrombogenic surface to promote platelet adhesion and aggregation. This model 

was developed by Dr. Brian Cooley and while technically challenging is highly reproducible 

(97). With this model we found that high fat diet-fed apoE null chimeric mice expressing 

platelet ERK5 showed rapid and enhanced accumulation of platelets and formed thrombi 

that subsequently embolizes over time. Control diet-fed, normolipidemic animals showed 

significantly lower levels of platelet accumulation, suggesting that the model is sensitive to 

diet-induced platelet hyper-reactivity. Importantly, when ERK5 was deleted in platelets, 

arterial thrombosis in high fat-diet fed apoE null chimeric mice phenocopied the control-

dieted animals, suggesting a functional role for ERK5 in promoting thrombosis in 

dyslipidemia. To our knowledge, this is the most rigorous approach to studying redox 

regulated signaling pathways in thrombosis in mice. The redox-regulated prothrombotic 

pathway by CD36 and ERK5 is highlighted in Figure 4A showing that using multiple 

approaches to interrupt the signaling pathway prevented platelet activation, aggregation, and 

accumulation in dyslipidemic conditions.

In an unexpected finding, platelet CD36 signaling through ERK5 was also shown to promote 

maladaptive caspase activity and subsequent loss of membrane asymmetry with 

externalization of procoagulant phosphatidylserine (Figure 4B) (98). This signaling pathway 

is dependent on activation of CD36, Src kinases, and generation of hydrogen peroxide to 

activate ERK5. The CD36-Src kinase-ERK5 pathway also sensitizes platelets to 

phosphatidylserine externalization by the collagen receptor GPVI, but not by the physiologic 

agonists thrombin or ADP (98). Phosphatidylserine externalization promotes surface 

assembly of the prothrombinase and tenase coagulation enzyme complexes to localize and 

augment thrombin generation from prothrombin. Thrombin selectively cleaves fibrinogen 

causing rapid polymerization to form a fibrin clot. Interestingly, phosphatidylserine 

externalization by oxLDL alone was not sufficient to promote fibrin formation ex vivo; 

however, fibrin formation was accelerated when the cells were first sensitized with oxLDL 

before activation with the GPVI agonist convulxin. These data are not surprising given the 

crosstalk between CD36 and the GPVI signaling pathway that promote phosphatidylserine 

externalization. Pharmacologic or antibody-mediated inhibition of CD36, ERK5, or caspases 

prevented the accelerated fibrin formation by oxidized LDL (98). Furthermore, in diet-

induced dyslipidemia, genetic deletion of CD36 or platelet ERK5 in mice rescued enhanced 

fibrin and platelet accumulation in vivo.

Two pathways for cell surface phosphatidylserine exposure have been described in the 

literature; one mediated by calcium-dependent cyclophilin D-sensitized mitochondrial 

permeability transition pore formation (Figure 4C; left) and the other by activation of pro-

apoptotic caspases (Figure 4C; right). In platelets, the cyclophilin D pathway was felt to be 

the sole mechanism for agonist-mediated pro-coagulant phosphatidylserine externalization 

and to require activation by so-called strong platelet activators, such as collagen and 

thrombin (99,100); in fact, the combination of both agonists provides the most robust 

response. The caspase pathway exists in platelets, but was felt to play a role only in 
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clearance of aged platelets, not in procoagulant activity (101,102). Our studies showing that 

CD36 signaling activates the caspase pathway to support fibrin formation in vitro and in 

vivo independently of the cyclophilin D pathway is the first reported evidence to our 

knowledge that the caspase pathway has a role beyond platelet clearance and that CD36 

signaling through ERK5 can link the two procoagulant pathways.

Platelet CD36 signaling desensitizes the nitric oxide/cGMP inhibitory pathway.

Magwenzi et al. showed that ROS generated by CD36 inhibited a natural platelet inhibitory 

pathway mediated by nitric oxide/cGMP signaling (73). They showed that ROS generated 

by CD36/NADPH oxidase modulate protein kinase G (PKG) thereby preventing 

downstream activation of the PKG substrate VASP. VASP is a central hub for inhibitory 

signaling in platelets and is phosphorylated by PKG at serine 239. This phosphorylation 

event inhibits cytoskeletal rearrangement and prevents platelet integrin activation (103). 

OxLDL-mediated desensitization was prevented when platelets were incubated with a CD36 

blocking monoclonal antibody or inhibitors to Src family kinases, PLCγ2, PKC, and 

NADPH oxidase. The specific redox active species modulating PKG activity were not 

identified and requires further investigation. Data from this study suggests that redox-

signaling events by CD36 negatively impacts platelet inhibitory pathways in addition to the 

well-described effect on promoting platelet activation pathways.

Key knowledge gaps and conclusions

Although much has been learned about CD36 signaling in the vasculature since its initial 

descriptions as a pro-thrombotic, pro-atherosclerotic and anti-angiogenic receptor, answers 

to several key questions remain elusive. Based on the findings of redox-regulated pathways 

activated by CD36 signaling, we propose that oxidant stress is a chronic and sustained 

process in dyslipidemia and other chronic inflammatory states to promote thrombosis via 

CD36-mediated platelet activation and fibrin formation. Redox signaling by CD36 is 

multifaceted, but likely involves other sensitive pathways activated or inhibited. Could it be 

possible that platelet CD36 signaling requires generation of other oxidant species including 

reactive nitrogen, carbon, sulfur, and chloro- and bromo-species? To date, the tools available 

to study redox signaling are limited and advances in detection methods could elucidate a role 

for these species in a temporal and spatial manner during thrombosis in vivo using 

sophisticated imaging systems. In addition, mechanisms linking reactive oxygen species to 

ERK5 activation are unclear. Furthermore, understanding the mechanistic initiation of 

apoptotic-like signaling by reactive oxygen species and ERK5 is central to elucidating a 

pathway novel to what is thought of as a pro-survival, -proliferation, and -differentiation 

pathway for MAP kinases. This mechanism could involve coordinated activation of specific 

caspase members in order to promote thrombosis. We also believe that identifying other 

sources of reactive oxygen species are crucial to determining additional redox sensitive 

pathways. This supposition is based on evidence from other cellular systems that show 

spatial and temporal modulation of signaling pathways by redox active species from specific 

sources (e.g. mitochondrial versus membrane bound). In some cases, signaling effectors 

proximal to the microenvironment of a source of oxidant could be influence by reactive 
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species more than effectors distal from the source. Furthermore, longer half-life reactive 

species could diffuse further to influence signaling events essential for platelet activation.

Overall, understanding how CD36 acts as a “rheostat” for increased platelet sensitivity by 

studying its signaling pathways could identify potential targets for therapeutic intervention 

not just in dyslipidemia but in a wide variety of pathophysiologic conditions, including 

diabetes mellitus and chronic inflammation.
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HIGHLIGHTS

• Scavenger Receptor CD36 is a multifunctional membrane protein.

• CD36 signaling characteristically generates reactive oxygen species.

• CD36 signaling promotes arterial thrombosis, atherosclerosis, and inhibits 

angiogenesis.

• Platelet CD36 promotes thrombosis by activating redox-sensitive signaling 

pathways.

• Studying CD36 signaling pathways could identify potential targets for 

therapeutic intervention in dyslipidemia, diabetes mellitus, and chronic 

inflammation.
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Figure 1. A) Oxidized lipids/cholesterol are risk factors for clinically significant thrombotic 
events in cardiovascular disease.
Low density lipoprotein particles, which are cholesterol carrying molecules, become 

oxidized during the inflammatory and oxidative processes of atherosclerotic plaque 

formation. The major targets of redox active species are the protein, cholesterol, and lipid 

components of the particle. Phospholipid oxidation at the sn-2 position by these species 

promotes truncation of the lipid and subsequent incorporation of oxygen. The specific 

oxidized lipid motif, known as oxPCCD36, is shown, which is predominantly oxidized 

phosphatidylcholine species with a carboxylic acid or aldehyde in the terminal position, a 

double bond in the beta carbon, and a ketone or alcohol in the gamma position. These 

oxidized lipids translocate to the aqueous plasma milieu forming so-called lipid “whiskers” 

that are recognized selectively by scavenger receptor CD36 present abundantly on platelets. 

Cholesterol oxidation yields keto- and alcohol-derivatives of the cholesterol. Modification of 

the protein component of the lipoprotein is amino acid-dependent (e.g. tyrosine nitration, 
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aldehyde adduction on lysines). B.) Scavenger receptor CD36 topology and structure. 
The depiction of CD36 on the membrane is shown with various post-translational 

modifications. CD36 is palmitoylated on the two short N- and C-terminal tails with 

ubiquitination sites in the C-terminal tail. CD36 has two membrane-spanning domains that 

are involved in protein-protein interaction with itself to form dimers and with other receptors 

clustered in membrane lipid microdomains, such as toll-like receptors (55,104), sodium-

potassium ATPase (57), tetraspanin CD9 (54), and others (11). The extracellular domain of 

CD36 is heavily glycosylated, which functions to traffic the protein to the correct membrane 

compartment. Residues 92–120 are known as the CLESH domain, and are essential for 

binding to the type 1 thrombospondin repeat domain (TSR) found in anti-angiogenic 

proteins of the thrombospondin family. Furthermore, a hydrophobic pocket represents a 

potential domain for fatty acid and oxidized lipid interaction. CD36 has two potential 

phosphorylation sites on the extracellular domain (Thr92 and Ser237). Three disulfide bonds 

within the extracellular domain are essential to maintain the structure of the protein. 

Entrance 1 in the figure represents a hydrophobic pocket for interaction with various ligands. 

Entrance 2 in the figure represents a hypothesized channel for fatty acid transportation as 

suggested by structural modeling with the LIMP-II member of the scavenger receptor 

family. The mouse anti-CD36 monoclonal antibody [clone FA6–152], which is 

predominantly used as an inhibitor, was shown to bind to amino acids 155–183 and inhibits 

the ligand binding capacity. However, the detailed mechanism of inhibiting CD36 signal 

transduction by this antibody is not clear and is potentially due to masking the receptor-

ligand binding site or changing the conformation of the protein.

Image (B) was originally printed in Yang, X. et al. (2017) Nature Review It was modified, 

and reprinted with permission from Springer Nature
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Figure 2. CD36 redox signaling in vascular smooth muscle cells, microvascular endothelial cells, 
and monocytes/macrophages.
(A) In vascular smooth muscle cells, CD36 signaling was shown to downregulate the 

antioxidant transcription factor Nrf2. Nrf2 is normally a cytosolic protein held in an inactive 

state by binding to an inhibitory partner known as KEAP or Inhibitor of Nrf2 (INrf2). Upon 

oxidative stress the two proteins dissociate and Nrf2 translocates to the nucleus where it 

binds to specific DNA sequences known as antioxidant response elements (ARE) to promote 

transcription of multiple antioxidant genes, including peroxiredoxin 2 (Prdx2) and heme 

oxygenase-1 (HO-1). CD36 signaling via the Src family kinase Fyn, leads to 

phosphorylation of nuclear Nrf2, nuclear export, and degradation, thereby preventing 

upregulation of antioxidants and thus promoting reactive oxygen species accumulation and 

pro-atherogenic cellular activity. (B) In microvascular endothelial cells (MVEC), vascular 

endothelial growth factor receptor 2 (VEGFR2) recognizes its ligand VEGF and becomes 

phosphorylated. VEGFR2 than transduces signals to mediate cellular migration, 

proliferation, and tube formation important for angiogenesis. However, CD36 through 

recognition of thrombospondin-1 and related proteins promotes activation of Fyn, p38 MAP 

kinase, and apoptosis initiating caspases, which overall limits endothelial cell migration and 

tube formation. CD36 also forms functional complexes with VEGFR2, promoting a spleen 

tyrosine kinase (Syk)-dependent phosphorylation and activation of the Src-homology Protein 

Tyrosine Phosphatase 1 (SHP-1), which dephosphorylates VEGFR2 to limit MVEC 

function. (C) In macrophages, CD36 was shown to form a complex with multiple proteins in 

membrane microdomains, including CD9, Toll-Like Receptors, Fc Receptor γ, and Na-K 

ATPase. Upon oxLDL binding, CD36 promotes direct recruitment and activation of Src 

family kinases (particularly Lyn via its association with Na-K ATPase) for signal 

transduction. This signal transduction promotes the phosphorylation of focal adhesion 

kinases for cytoskeletal rearrangement, loss of cellular locomotion, and macrophage 
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trapping. In addition, this signal transduction increases the generation of reactive oxygen 

species from NADPH oxidase. These species modify the protein tyrosine phosphatase SHP2 

inactivating the enzyme, which regulates Src kinase-mediated signaling. oxLDL recognition 

by CD36 also promotes Vav family guanine nucleotide exchange factors that promote Rac 

activity to modulate non-muscle myosin II and regulation of cellular locomotion. Vavs also 

connect CD36 to an oxLDL-uptake mechanism that is dependent on dynamin. In relation to 

oxLDL uptake, MAP kinase activation (JNK1/2) was shown to be essential for CD36-

mediated macrophage foam cell formation. The mechanistic connection between CD36, 

Toll-like receptors, and Na-K ATPase were shown to be linked to activation of pro-

inflammatory pathways, including the NF-kB pathway and activation of the NLRP3 

inflammasome, that promotes atherosclerosis. The CD36 and Toll-like receptor signaling 

pathway was linked to cholesterol crystal deposition and foam cell formation.

Image (A) was originally printed in Li W. et al. (2010) Journal of Clinical Investigations by 

the American Society of Clinical Investigations. It was modified and reprinted with 

permission.

Image (B) was originally published in Chu L.Y. et al. (2013) Blood by the American Society 

of Hematology. It was modified and reprinted with permission.

Image (C) image was originally printed in Park Y.M. (2014) Experimental and Molecular 
Medicine by Springer Nature. It was modified and reprinted.
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Figure 3. Redox-sensitive platelet ERK5 activation in mice is CD36-dependent and targets Rac.
In (A), 8–10 weeks old atherogenic apoE null mice were fed a “Western” high fat or control 

diet for 2 weeks. Platelets were isolated, purified, and normalized to 300,000/µL followed by 

immunoblotting for phospho-ERK5 to indicate its activity. Total ERK5 was used as a 

loading control. Samples from 5 control dieted and 5 high fat diet-fed animals are shown and 

quantified as the densitometric ratio of phospho-ERK5 to total ERK5. In (B), 250,000/µL 

wild type C57Bl/6 or cd36 null mice platelets were stimulated with 50 µg/mL oxLDL over 

time. Levels of ERK5 activation were determined by blotting for phospho-ERK5 and 

comparing it to total ERK5. CD36 expression was shown to confirm CD36-deficiency, and 

beta actin was blotted as a loading control. In (C), 300,000/µL platelets were isolated from 

healthy human donors and stimulated with 50 µg/mL oxLDL or 500 µM H2O2 over time. 

Expression of the downstream GTPase Rac was determined by western blot. Beta actin is a 

loading control and levels of Rac1 expression was determined by quantifying the 

densitometric ratio of Rac1 to beta actin. Data represented as standard error of the mean. 

p<0.05 was considered statistically significant.
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Figure 4. Platelet CD36 redox signaling promotes phosphatidylserine externalization.
CD36 signal transduction in platelets is via a redox pathway that promotes pathophysiologic 

thrombosis. In (A), CD36 signaling activates Src family kinases, predominantly Fyn and 

Lyn, that promotes downstream generation of specific reactive oxygen species, superoxide 

radical anion and hydrogen peroxide, from NADPH oxidase. Superoxide radical and 

hydrogen peroxide then activate redox-sensitive signaling pathways, including the MAP 

kinase ERK5. ERK5 links platelet CD36 to a prothrombotic phenotype. Interruption of this 

pathway by either pharmacologically, by blocking antibodies, or through genetic deficiency 

of key components prevented platelet activation and subsequent thrombosis in dyslipidemia. 

In (B), under pathophysiologic conditions, redox-dependent events initiated by CD36 

enhances phosphatidylserine externalization predominantly through apoptotic-like caspase 

signaling. This ERK5 dependent pathway cross-talks with the collagen receptor GPVI 

pathway to enhance phosphatidylserine exposure, subsequent fibrin formation, and promote 

pathological arterial thrombosis. In (C), the physiologic pathways of phosphatidylserine 

externalization and integrin activation are described to the left, where physiologic agonists 

activate their receptors and triggers receptor-dependent signaling pathways. In one 

phenotype, signaling by physiologic agonists promote activation of integrin aIIbb3 that leads 

to platelet aggregation and subsequent thrombosis. In another phenotype, potent physiologic 

agonists activate the peptidylprolyl isomerase cyclophilin D to sensitize the formation of the 

mitochondrial permeability transition pore that enhances procoagulant phosphatidylserine 

externalization. This mechanism promotes assembly of the prothrombinase complex to 

promote thrombin generation and subsequent fibrin deposition to support thrombosis. An 

alternative physiologic pathway to phosphatidylserine externalization was described, in 

which aged platelets promote phosphatidylserine externalization through apoptotic-like 

signaling. Phosphatidylserine exposure in this setting enhances platelet clearance.
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