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Abstract

Purpose of review—Metabolic diseases, including dyslipidemia, diabetes mellitus, and chronic 

inflammation are risk factors for clinically significant thrombotic events. Thrombosis in these 

settings is multifaceted with coordinated mechanisms between platelet activation and the 

hemostatic pathways. This review focuses on recent advances in platelet procoagulant and 

apoptotic signaling with emphasis on the pathophysiologic mechanisms induced by platelet CD36 

in dyslipidemia, and the key unaddressed questions relating to the field.

Recent findings—CD36 promotes platelet activation and increases the risk for thrombosis 

through signaling events. These include generation of reactive oxygen species, activation of 

redox-sensitive MAP kinase ERK5, and promotion of a pro-thrombotic phenotype. CD36 

promotes phosphatidylserine externalization leading to a procoagulant function downstream 

from MAP kinase ERK5 that is separate from a pro-aggregatory function. Phosphatidylserine 

externalization requires maladaptive caspase activation, promotes assembly of the factor tenase 

and prothrombinase complex, and promotes fibrin formation. It is distinct from the canonical 

pathways mediating platelet procoagulant function by strong physiologic stimuli or by the platelet 

apoptotic-like Bak/Bax-mediated pathway for cellular clearance.

Summary—Understanding CD36 signaling in the context of dyslipidemia, or other metabolic 

diseases will identify important and novel signaling hubs that could be potential therapeutic targets 

for intervention without impacting hemostasis.
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INTRODUCTION

Clinically relevant thrombotic events remain the leading cause of disability and mortality 

in the United States [1]. These include arterial thrombotic diseases, such as myocardial 

infarction and stroke, and venous thromboembolic diseases, such as deep vein thrombosis 

and pulmonary embolism. The risks for these events are context-dependent but include 

metabolic disorders, such as dyslipidemia [2■■,3■■,4,5], chronic inflammation [6], obesity 

[7], and diabetes mellitus [8]. Although current therapeutic regimens are effective at 

preventing platelet activation, these treatments are limited by increased risk for bleeding 

complications and incomplete efficacy in preventing recurrent thrombosis [9].

In this review, we address physiologic events that promote loss of membrane asymmetry 

(e.g. exposure of phosphatidylserine from the inner leaflet of the membrane to the outer 

leaflet of the membrane) in platelets, a process intricately linked to platelet procoagulant 

function in a growing thrombus. Furthermore, we also highlight advances in platelet 

membrane asymmetry as they relate to platelet survival. We then focus the review on the 

pathophysiologic signaling mechanisms leading to loss of membrane asymmetry in platelets 

during dyslipidemia and the association of this phenotype with scavenger receptor Cluster of 

Differentiation 36 (CD36).

PLATELET ACTIVATION PROMOTES THROMBOSIS

Hemostasis and thrombosis are multifaceted processes that have been excellently reviewed 

elsewhere (see reference [10]). In brief, the steps of thrombosis at the sites of vascular 

injury include: platelet adhesion onto the exposed subendothelial surface following vessel 

injury; platelet aggregation induced by activated integrin αIIbβ3 present on the cell surface; 

and fibrin clot formation, which is dependent on the activity of thrombin to cleave soluble 

fibrinogen to fibrin. In the context of a growing thrombus, physiologic agonists promote the 

pro-aggregatory functions of platelets. Stalker et al. [11] reviewed the detailed mechanisms 

of platelet activation by classic agonists, all of which contribute to this function by calcium 

flux, dense and alpha granule secretion and integrin activation. However, the functions of 

platelets are not limited to a pro-aggregatory state and are also linked to coagulation through 

secondary hemostasis.

PLATELETS ARE MEDIATORS OF SECONDARY HEMOSTASIS THROUGH 

PROCOAGULANT FUNCTIONS

The signaling events by which platelets are linked to hemostasis are an active area of 

research. Activation of platelets by strong physiologic agonists induces generation of 

a distinct subpopulation of platelets with dysregulated membrane asymmetry [12,13]. 

These so-called procoagulant platelets, coated platelets, or ‘ballooned’ platelets are a link 

between primary and secondary hemostasis [12]. The exact nature and definition of a 

procoagulant platelet are not fully understood as indicated by a variety of nomenclature 

to define its characteristic properties (reviewed in Hua and Chen [12]). The undisputed 

characteristic property of the procoagulant platelet subpopulation is externalization of 

anionic phosphatidylserine and subsequent capacity to support thrombin generation. Loss 
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of membrane asymmetry, that is, the exposure of phosphatidylserine, is mediated by 

coordinated activity among scramblases, flippases, and floppases to promote translocation of 

anionic phosphatidylserine lipids residing predominantly in the inner leaflet of the cellular 

membrane to the outer leaflet [14]. In the procoagulant pathway, it was proposed that 

TMEM16F (also called Anoctamin 6 [15]) is the major scramblase to mediate these changes 

in membrane asymmetry [16]. Phosphatidylserine externalization presents a negatively 

charged surface conducive for the assembly of tenase and prothrombinase complexes to 

generate factor Xa and thrombin, respectively, leading to fibrin formation [14].

Strong physiologic stimuli, including thrombin and collagen, PAR and Glycoprotein VI 

(GPVI) receptor agonists, respectively, are the best studied activators of these pathways 

leading to procoagulant phosphatidylserine externalization. Strong stimuli are necessary to 

induce calcium flux, loss of mitochondrial membrane potential, and cyclophilin D-mediated 

sensitization of the mitochondrial permeability transition pore (mPTP) [17,18]. These 

events are also thought to be associated with inability of integrins to activate because 

of calcium-mediated, calpain-dependent cleavage of the domains for integrin inside-out 

signaling [19]. Furthermore, elegant single cell microscopy studies show that strong stimuli 

induce ‘ballooning’ of the membrane with phosphatidylserine detection highly localized to 

the sites of membrane disfiguration [20]. In some cases, strong physiologic stimuli promote 

generation of subpopulation of necrotic-like platelets that share procoagulant properties 

with coated platelets [21,22]. Necrotic-like platelets undergo depletion of ATP and calcium 

flux to levels cytotoxic to the cells. These events are followed by a rise in mitochondrial 

reactive oxygen species generation and a loss of plasma membrane integrity [22]. Although 

sharing the characteristic property of phosphatidylserine externalization, the surface of 

coated platelets is highly enriched with alpha-granular proteins and show high fibrinogen 

binding to activated integrins [23]. Phenotypic and functional differences between these 

subpopulations of procoagulant platelets were previously described (reviewed by Jackson 

and Schoenwaelder in [22]).

Dynamic studies of procoagulant platelets in a growing thrombus show a distinct spatial 

distribution. Nechipurenko et al. [24■] reported that the procoagulant platelet is not static 

during a thrombus growth. Using in silico modeling, intravital and confocal microscopy, 

and electron micro-imaging, they showed convincing evidence that procoagulant platelets 

are spatially distributed towards the exterior of a thrombus. This mechanism is mediated 

by nonmuscle myosin heavy chain IIa, as targeted genetic deletion prevented the movement 

of procoagulant platelets towards the exterior of the thrombus. Kholmukhamedov and Jobe 

[25] suggested this ‘squeezing’ of procoagulant platelet towards the thrombus shell is a 

mechanism to limit thrombus growth. This is based on the assumption that procoagulant 

platelets induced by strong physiologic stimuli lose sensitivity to JON/A or PAC1 binding, 

which are antibodies specific to the activated form of integrin αIIbβ3 [26,27]. The 

mechanisms of clot formation induced by phosphatidylserine exposure in procoagulant 

platelets could be context-dependent.

Although platelet procoagulant function requires calcium flux and sensitization of the mPTP 

by cyclophilin D [17], the signaling events initiating this pathway are incompletely defined 

and require further investigation. Disruption of inner mitochondrial membrane potential 
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required for phosphatidylserine externalization is related to mitochondrial dysfunction 

[19]. With relevance to mPTP activation, it was shown that the calcium uniporter was 

present and functional in platelet mitochondria to regulate procoagulant function [28■]. 

Genetic deletion of this calcium uniporter limited calcium entry into the mitochondria and 

desensitized mPTP formation. This prevented phosphatidylserine externalization and the 

subsequent procoagulant phenotype. Agbani and co-workers showed that the Aquaporin 

1 was also functionally present in the open canalicular system of platelets and regulates 

phosphatidylserine externalization [29,30■]. They showed that mice that do not express 

platelet Aquaporin 1 did not show defects in platelet adhesion, granule secretion, and 

spreading, but had diminished platelet procoagulant function and decreased thrombosis in 

the FeCl3-induced arterial thrombosis model.

Further characterization of the signaling events that contribute to procoagulant 

phosphatidylserine externalization are warranted in order to fully appreciate its multifaceted 

phenotype in relationship to the membrane asymmetry events associated with apoptotic 

signaling.

APOPTOTIC-LIKE CELL DEATH IMPACTS PLATELET SURVIVAL

It can be argued that platelets do not undergo classic apoptosis as they are anucleate and 

they do not have the capacity to go through a classic ‘programmed’ cell death pathway 

involving nuclear membrane disintegration. Nonetheless, the apoptotic machinery is present 

in platelets and functional with mechanisms distinct from procoagulant or pro-aggregatory 

properties.

Similar to its procoagulant counterpart, apoptotic-like platelets promote phosphatidylserine 

externalization (presumably through the scramblase Xkr8 [31]) as shown in the seminal 

studies by Mason et al. [32]. They showed that genetic haploinsufficiency of antiapoptotic 

BcL-XL or the use of a BH3-mimetic compound ABT-737 promoted platelet cell death 

as indicated by an increase in caspase activation, phosphatidylserine externalization, and 

platelet clearance. However, apoptotic platelets do not have the capacity to promote 

thrombin activity. Schoenwaelder et al. showed convincingly that platelets with genetic 

deletion of Bak and Bax neither supported fibrin formation capacity nor impacted agonist-

mediated or BH3-mimetic ABT-737-induced phosphatidylserine externalization [33]. Thus, 

phosphatidylserine externalization mediated through BcL-XL mediators Bak/Bax is an 

indicator of platelet life span and promote cellular clearance. As such, phosphatidylserine 

externalization by ‘aged’ platelets by Bak/Bax decreases the half-life of circulating platelets.

Although Bak and Bax are mediators of phosphatidylserine externalization, additional 

signaling effectors control the fate of platelet cell death and survival. Protein kinase A 

(PKA) was shown by Zhao et al. [34■] to regulate the initiation of the apoptosome. 

They found that PKA activity determined the fate of platelet survival or apoptosis 

through a complex balance between cAMP availability and phosphodiesterase activity. 

Thrombin signaling decreased cAMP levels and the activity of PKA dependency on 

phosphodiesterases. The decrease in cAMP levels promoted interaction of BAD with the 
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antiapoptotic regulator BCL-XL through dephosphorylation of BAD at S155 and the release 

of 14–3–3, which promoted cell death leading to a decrease in platelet lifespan and survival.

This study further suggested that apoptotic-like signaling by BAK/BAX-mediating platelet 

clearance is physiologically distinct from procoagulant signaling by the cyclophilin D/mPTP 

pathway. Detailed understanding of platelet apoptosis and its relevance to the procoagulant 

phenotype in the setting of hemostasis are yet to be determined. Furthermore, determining 

the differences between apoptotic clearance of platelets and that of the clearance 

mechanisms by desialylation and the Ashwell–Morrell receptors [35] are important to 

determine therapeutic targets that promote or inhibit the platelet storage defect, half-life, 

thrombocytosis and cytopenic conditions, all of which are context-dependent.

PLATELET CD36 PROMOTES ARTERIAL THROMBOSIS IN DYSLIPIDEMIA

Our recent work describing the prothrombotic function of platelet scavenger receptor 

CD36 during dyslipidemia surprisingly revealed that pathways generating procoagulant 

and apoptotic platelets were linked. Platelet CD36 is a pattern recognition receptor of 

88 kDa that is variably expressed on the membrane surface with an average copy 

number of 17000–20000 [36]. It recognizes a diverse array of danger-associated molecular 

patterns (DAMP) [37■], which are endogenous or exogenously derived structures that are 

present in conditions of tissue injury, infection, inflammation, oxidant stress and metabolic 

dysfunction. Of its ligands, the most studied in the platelet system are thrombospondin 1, 

oxidized lipids in oxidized low-density lipoprotein particles [4,38], myeloid-related protein 

14, a member of the S100 family of calcium binding proteins, [39], advanced glycated 

end products [8], and cell-derived microparticles [6]. The signaling mechanisms of platelet 

CD36 downstream of these ligands share characteristic effectors.

We and others have characterized the platelet CD36 signaling pathway ever since the 

seminal publication by Podrez et al. [4] showing that CD36-linked hyperlipidemia and 

oxidative stress to a prothrombotic phenotype. The first reported evidence of platelet CD36 

signal transduction was from studies showing Src family kinases Fyn, Lyn, and Yes were 

co-precipitated by an antibody to the receptor [40]. Since these publications, we and others 

found that there are multiple coordinated signaling events that induce platelet activation or 

blunt platelet inhibitory pathways when CD36 recognizes its ligands. In particular, CD36 

promotes activation of Src family kinases, predominantly Fyn and Lyn [41], nonreceptor 

tyrosine kinase Syk [42,43], Vav-guanine nucleotide exchange factors [44], phospholipase 

c gamma 2 leading to activation of protein kinase C and NADPH oxidase [5,43], and 

activation of MAP kinase JNK2 [41] and ERK5 [3■■]. We also showed that ERK5 mediated 

caspase activation [2■■], and increased expression of the GTPase Rac [37■]. Platelet CD36 

was also shown to put the ‘brakes’ on platelet inhibitory signaling including that of the nitric 

oxide/cGMP/PKG pathway, thus promoting platelet activation [43,45].

Recently, we found that the activation of ERK5 by specific reactive oxygen species could be 

a signaling hub for platelet activation by CD36 (modeled in Fig. 1) [3■■]. Specific reactive 

oxygen species, particularly superoxide radical anion and hydrogen peroxide, accumulated 

when platelets were incubated with the CD36 model ligand oxidized lipids. These species 
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were detected using high performance liquid chromatography with fluorescence detection. 

The fluorescent probe hydroethidium was used to detect the superoxide-radical anion-

specific fluorescent oxidation product, 2-hydroxyethidine. An analytical approach was used 

as hydroethidium undergoes various nonspecific oxidation products [46]. We also used a 

boronate-based fluorescent probe, coumarin boronic acid, to detect the peroxide-specific 

oxidation product 7-hydroxycoumarin by oxidized lipid signaling. We and others confirmed 

that the pharamacologic inhibition of NADPH oxidase with the small molecule inhibitor 

VAS2870, or with the inhibitory peptide gp91ds-tat prevented the generation of these species 

and activation of platelets by oxidized lipids [3■■,43]. These studies show selectivity 

towards the redox-sensitive MAP kinase ERK5 to promote platelet activation, adhesion on 

immobilized collagen under arterial shear flow, and platelet aggregation.

The in-vivo relevance of MAP kinase ERK5 activation by the CD36 pathway was studied 

by generating chimeric apoe null mice that either expressed or did not have platelet 

ERK5 in bone marrow platelet precursors [3■■]. In the ferric chloride-induced carotid 

artery thrombosis model, the chimeric mice expressing platelet ERK5 showed reduced 

time to occlusion of the vessel after high-fat dieting, indicating a pro-thrombotic state, 

compared with control animals. However, high-fat diet-fed chimeric mice that did not 

express platelet ERK5 normalized the decreased occlusion time to that observed in control 

diet conditions, suggesting that ERK5 was necessary to accelerate arterial thrombosis in 

high-fat diet conditions (Fig. 2a). Importantly, these studies were replicated using an arterial 

thrombosis model that does not rely on oxidants generated, for example, by transition 

metal-mediated Fenton chemistry in the ferric chloride model [47–49] or singlet oxygen by 

the photo-oxidizable Rose Bengal model [50]. In this model, a segment of the epigastric 

artery is removed and then inserted into the lumen of the carotid artery [51], presenting 

the collagen-rich adventitia to flowing blood. This model was shown to be sensitive to 

diet-induced arterial thrombosis as the chimeric ERK5-expressing mice showed significantly 

enhanced thrombosis with embolism that was not observed with control diet. Like the ferric 

chloride model, specific platelet ERK5 deletion prevented enhanced arterial thrombosis 

in the high-fat diet condition. These findings show the significance of oxidative stress in 

platelet redox-sensitive signaling as related to dyslipidemic conditions.

PLATELET CD36 SIGNALING THROUGH ERK5 MEDIATES MALADAPTIVE 

CASPASE ACTIVATION AND A PROCOAGUALNT PHENOTYPE

In a surprising finding, we found that CD36 and ERK5 promote maladaptive caspase 

activity and procoagulant phosphatidylserine externalization through crosstalk with the 

collagen receptor GPVI pathway [2■■,37■]. This signaling mechanism is dependent on Src 

family kinases, generation of hydrogen peroxide, and intracellular calcium; pharmacologic 

interruption of any of these molecules, which includes inhibiting CD36, ERK5, and 

caspases, prevented oxLDL-sensitization of phosphatidylserine externalization by the GPVI 

receptor agonist convulxin. Additionally, these studies were confirmed using platelets from 

murine models with genetic deficiency in CD36, platelet ERK5, or Bak/Bax. This crosstalk 

substantially magnifies procoagulant phosphatidylserine externalization by activation of 

GPVI or CD36 alone.
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We also showed using a sensitive spectrophotometric method developed by Campbell et 
al. [52] that CD36-ERK5-caspase signaling cooperates with the GPVI pathway to promote 

fibrin formation ex vivo. In these studies, phosphatidylserine externalization mediated by 

oxLDL alone was not enough to support fibrin formation. However, when platelets were 

pretreated with oxLDL before stimulating with GPVI agonist convulxin, the onset time for 

fibrin formation was significantly reduced compared with convulxin alone. These studies 

suggest that there could be a threshold for phosphatidylserine externalization required to 

support fibrin formation. Preventing CD36, ERK5, and caspase activation inhibits oxLDL-

sensitized fibrin formation.

Using the transplantation model of thrombosis described above as well as the laser-injury 

model, we found that high-fat diet significantly augmented fibrin formation in vivo. Animals 

with absence of CD36 or platelet ERK5 did not show enhanced fibrin accumulation in the 

hyperlipidemic environment. In fact, in the laser injury model, fibrin formation by the CD36 

pathway supported sustained thrombi growth whereas in control diet conditions or in the 

absence of CD36 thrombi resolved over time (Fig. 2b). These studies are the first to link the 

apoptotic phosphatidylserine externalization mechanism to platelet procoagulant function.

CONCLUSION

Although the signaling events leading to phosphatidylserine externalization to promote 

classic procoagulant activity and apoptotic platelet clearance are an active area of research, 

the relevance of these two pathways under metabolic disease conditions are not well 

understood. Unlike the apoptotic-like pathway important for platelet survival or the 

procoagulant pathway mediated by cyclophilin D-dependent sensitization of mPTP, our 

studies support the hypothesis that in dyslipidemia, CD36 signaling through ERK5 links 

apoptotic-like phosphatidylserine externalization to a procoagulant phenotype to support 

pathophysiologic arterial thrombosis. These studies suggest that conditions associated with 

chronic inflammation and oxidative stress integrate with known classic agonist pathways to 

induce aberrant signaling to increase the risk for clinically significant thrombosis.

Key knowledge gaps still remain to be addressed. In particular, it is not clear how ERK5 

promotes maladaptive caspase activation as its functions are typically thought to be related 

to pro-survival and pro-proliferative mechanisms. Furthermore, it is plausible that CD36 and 

ERK5 coordinate activation of specific caspases to promote the procoagulant phenotype. 

We also believe that the crosstalk between CD36 and GPVI should be investigated 

especially as GPVI is critical for platelet adhesion to collagen. Cross talk could involve 

selective activation of Src family members in both pathways, which could not be directly 

investigated in our studies because of a lack of specific inhibitors. In the context of 

dyslipidemia, it could be important to determine the inter-relationship between platelet 

phosphatidylserine externalization by CD36 with platelet lifespan, particularly, because of 

the intricate link between dyslipidemia and increased platelet production, which is a risk 

factor for thrombosis [53].

A major technical challenge in the field is imaging phosphatidylserine externalization 

events without inhibiting its procoagulant function. Advances in chemical tools to detect 
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phosphatidylserine externalization without impacting the function of the prothrombinase 

complex could reveal the relevance of membrane asymmetry in a spatial-temporal manner 

in vivo. These tools could involve synthesis of small molecule fluorescent probes that 

could selectively ‘tag’ phosphatidylserine. In fact, some studies attempted to address this 

knowledge gap by studying the function of cyclic peptides related to lactadherin [54] or by 

using synthetic scramblases to promote membrane asymmetry [55]. These studies, however, 

require robust measures to show that factor tenase and prothrombinase could assemble and 

generate thrombin both in vitro and in vivo.

It is expected that understanding CD36 signaling in the context of dyslipidemia, or other 

metabolic diseases will identify important and novel signaling hubs that could be potential 

therapeutic targets for intervention without impacting hemostasis.
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KEY POINTS

• Platelets promote secondary hemostasis through cyclophilin D-sensitized 

mPTP formation, which increases procoagulant activity through 

phosphatidylserine externalization.

• Phosphatidylserine externalization mediated through BcL-XL mediators 

Bak/Bax is an indicator of platelet life span, promote cellular clearance, and 

has not been associated with platelet procoagulant function.

• Platelet CD36 promotes arterial thrombosis in dyslipidemic conditions by 

activating redox-sensitive MAP kinase ERK5.

• ERK5 is a signaling hub for CD36 to initiate caspase-dependent 

phosphatidylserine externalization and subsequent fibrin formation, which is 

the first evidence linking apoptotic signaling to procoagulant function.

• Understanding the mechanisms of CD36 and ERK5-mediated prothrombotic 

events could identify potential targets for therapeutic intervention in 

metabolic disorders associated with risks for arterial thrombosis.
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FIGURE 1. 
Knowledge gaps in CD36 and ERK5-mediated platelet prothrombotic signaling. Circulating 

oxidized lipids are recognized by platelet scavenger receptor CD36. Src family kinases, 

particularly Fyn and Lyn, associate with CD36 upon ligand recognition and promote 

downstream signaling events, including generation of reactive oxygen species superoxide 

anion and hydrogen peroxide from NADPH oxidase. Hydrogen peroxide in turn activates 

the redox-sensitive MAP kinase ERK5 through a yet to be defined mechanism. ERK5 

links CD36 to a prothrombotic platelet phenotype by activating integrin αIIbβ3 for 

platelet aggregation and promoting caspase-dependent procoagulant phosphatidylserine 

externalization. The mechanisms of ERK5-mediated caspase activation are unclear. 

Furthermore, CD36 participates in signaling crosstalk with the collagen receptor GPVI 
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to amplify phosphatidylserine externalization. The signaling crosstalk mechanisms are not 

clear and may involve specific family members of Src kinases. CD36, CD36.

Yang and Silverstein Page 14

Curr Opin Hematol. Author manuscript; available in PMC 2022 July 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 2. 
CD36 and ERK5 promote arterial thrombosis in dyslipidemic conditions. (a) apoE null mice 

were lethally irradiated followed by transplantation of bone marrows from ERK5 expressing 

or platelet ERK5 deleted mice. The chimeric mice were allowed to recover from bone 

marrow transplantation before feeding control or high-fat diet for at least 6 weeks. Kaplan–

Meier analyses of the ferric chloride-induced in-vivo thrombosis on the carotid artery with 

time to occlusion as the censored analysis. (b) Wild type C57Bl/6 or CD36 null mice at 

8 weeks of age were fed control or high-fat diet for at least 6 weeks before performing 

laser-induced in-vivo arterial thrombosis on the cremasteric artery. Representative video 

microscopy images of platelet accumulation (in green) and fibrin accumulation (in red) in 
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real time up to 5 min are shown. The arrows indicate direction of blood flow and the arrow 

on the side indicates the side of vessel injury. CD36, CD36.
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