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Besides their role in hemostasis and thrombosis, it has become increasingly clear that platelets are also involved in

many other pathological processes of the vascular system, such as atherosclerotic plaque formation.

Atherosclerosis is a chronic vascular inflammatory disease, which preferentially develops at sites under disturbed

blood flow with low speeds and chaotic directions. Hyperglycemia, hyperlipidemia, and hypertension are all risk

factors for atherosclerosis. When the vascular microenvironment changes, platelets can respond quickly to interact

with endothelial cells and leukocytes, participating in atherosclerosis.

platelet  atherogenesis  disturbed flow  hyperglycemia  hyperlipidemia  inflammation

plate  platelet migration

1. Introduction

Atherosclerosis (AS) is a chronic inflammatory disease induced by multiple factors, involving a complex series of

circulating blood cells (e.g., platelets and monocytes) and plasma components (e.g., lipoproteins), which interact

with vascular cells and initiate atherosclerosis . AS lesions often occur at the bifurcation or curvature of the

large- and medium-sized arteries (e.g., aorta, carotid arteries), where disturbed flow (d-flow) occurs. In addition, a

change of the microenvironment in circulation like hypertension, hyperglycemia, or hyperlipidemia can accelerate

the formation of atherosclerosis . When plaques are formed, changes in hemodynamics will exacerbate the

tendency to increase plaque in an arterial stenosis environment, making it unstable and causing rupture. Once the

plaque ruptures, platelets-rich blood clots are immediately formed to block blood vessels, and ischemic thrombotic

events occur.

Platelets are the key mediator of plaque rupture and atherothrombosis. In recent years, many studies have shown

that platelets play an inflammatory role as an immune cell and participate in the development of atherosclerosis 

. When the shear stress of the blood flow changes sharply or the vascular microenvironment alters, the platelets

circulating in the blood can quickly perceive these signals and respond. Subsequently, they are activated rapidly

during endothelial dysfunction and then they adhere to damaged blood vessels to maintain blood vessel integrity 

. Further, activated platelets recruit immune cells, promote their transmigration across the intima, and accelerate

the process of atherosclerosis by the engagement of surface receptors or the release of inflammatory factors .

Several reviews about platelets in atherosclerosis are available, each with a different emphasis and perspective 

. Nording et al.  summarized the important role of platelets in atherosclerosis and atherothrombosis, and

concluded that antiplatelet therapy is not suitable for primary prevention treatment due to its bleeding risk in the
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treatment of clinical cardiovascular disease. In this review, we try to focus on those basic studies that are related to

how platelets, as inflammatory mediators, respond to atherosclerosis risk factors and regulate atherosclerotic

plaque formation. Specifically, we illustrate the important roles of molecules derived from platelets in

atherogenesis. Finally, we discuss whether platelet migration is involved in the process. We also raise the unsolved

questions of platelets in atherogenesis as well as the highlights and perspectives in future research.

2. Platelet-Derived Proinflammatory Mediators in
Atherogenesis

After platelet activation, a large amount of adhesive and proinflammatory substances stored in α granules and

dense tubular systems are released. These substances interact with circulating leukocytes and blood vessel wall

cells to induce a strong inflammatory response . Proinflammatory substances released by platelets usually

include various cytokines (IL1β, CD40L), chemokines (CCL5, CXCL4, CXCL7, CXCL12), growth factors (PDGF),

and damage-related molecular model molecules DAMPs (HMGB, cyclophilin A) (Figure 3) . The complex

functional relationships of different platelet-derived mediators provide a mechanistic framework for the insight into

the mechanisms by which platelets promote atherosclerosis.

2.1. Cytokines

IL-1β and CD40 ligand (CD40L, CD154) are important proinflammatory cytokines. IL-1β is synthesized and

released after platelet activation and has become a target for coronary heart disease treatment. Activated platelet-

synthesized interleukin (IL)-1β can induce the inflammatory response of ECs and promote the adhesion of platelets

to leukocytes under the synergistic effect of e-selectin, ICAM-1, and chemokines . In patients prone to

development of atherosclerosis, polymorphism of the IL-1β gene cluster is associated with the extent of coronary

arteries lesions, especially IL1B: −511 and −31 C/T polymorphism . CD40L is stored in the cytoplasm of

resting platelets, and is rapidly released to the membrane surface after platelet activation, and then it is cleaved to

form a soluble functional fragment, sCD40L . Platelets are the main source of circulating sCD40L, and elevated

levels of circulating sCD40L have been reported in patients with hypercholesterolemia and diabetes . This

suggests that platelet-derived sCD40L can be an indicator for predicting postoperative risk of cardiovascular

disease. IL-1β and CD40L on platelets induces ECs to express adhesion molecules (ICAM-1/VCAM-1) and secrete

inflammatory factors (IL-8 and MCP-1), and promote the recruitment and extravasation of leukocytes at the site of

injury, directly triggering an inflammatory response in the vessel wall . Interrupting CD40 signal transduction with

CD40L antibodies or CD40L deficiency in ApoE  mice can improve atherosclerotic lesions, reducing the infiltration

of intermediate macrophages and T lymphocytes . In clinical studies, the upregulation of platelet CD40L

indicates a poor prognosis in stroke patients and is associated with increased platelet-mononuclear aggregate

formation . These results indicate that CD40L plays an important role in AS. However, Bavendiek et al. 

showed that a CD40L deficiency on bone marrow-derived cells does not alter diet-induced atherosclerosis in

hypercholesterolemia mice. This suggests that CD40L mainly regulates the occurrence of atherosclerosis through

its expression on non-hematopoietic cell types, and platelet CD40L may not participate in AS. Moreover, the lack of

CD40L will affect the stability of arterial thrombosis and delay arterial occlusion in vivo . Therefore, simply
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blocking CD40L may not be feasible in the clinical treatment of atherosclerosis and other cardiovascular diseases,

because long-term inhibition will increase the risk of thromboembolic events. Conceivably, more targeted

intervention strategies in CD40 signaling will have less deleterious side effects.

Meanwhile, platelets also express substantial levels of CD40, which is the alleged counter receptor for CD40L .

CD40 is different from CD40L, and the role of the receptor CD40 in the development of atherosclerosis remains

disputable. Zirlik  reported that CD40 deficiency in Ldlr  mice does not ameliorate atherosclerosis, although the

endothelial CD40-TNF receptor-related factor (TRAF) signaling pathways have been proven to promote

atherosclerosis. Lutgens   also reported that deficiency in hematopoietic CD40 in Ldlr   mice or genetic

interruption of CD40-TRAF6 signaling in ApoE  mice reduces atherosclerosis and increases plaque fibrosis.

Gerdes   further reported that platelet CD40 promotes atherogenesis by stimulating endothelial cell activation

and recruiting leukocytes. In summary, the current findings suggest that platelet CD40 and CD40L can serve as a

key interface between inflammation, thrombosis, and atherosclerosis and are attractive potential therapeutic

targets for cardiovascular disease.

2.2. Chemokines

2.2.1. CXCL4

Platelet factor 4 (PF-4 or CXCL4), a member of the C-X-C subfamily of chemokines, is stored in the α-particles of

platelet, and is extremely abundant in platelets. It is quickly mobilized and released into plasma when platelets are

activated, and is the first type of medium for early thrombosis or plaque formation . The presence of PF4 in

atherosclerotic lesions correlates with clinical parameters in patients with atherosclerosis . Additionally, co-

localization of PF4 and ox-LDL can be observed in human atherosclerotic lesions, especially in macrophage-

derived foam cells . In vitro experiments found that PF4 not only induces the differentiation of monocytes into

macrophages, named “M4” , but also promoted the binding of ox-LDL to vascular cells and macrophages and

the accumulation of cholesterol esters . These observations suggest that platelet activation may promote the

accumulation of harmful lipoproteins and thus promote atherosclerosis. The more direct evidence is that PF4 ;

ApoE   mice have a strong decrease in atherosclerotic lesion formation compared to ApoE  mice . The

reason for the reduction in plaque is most likely that PF4 inhibits the expression of the hemoglobin scavenger

receptor (CD163) in proinflammatory macrophages, and CD163 has anti-lipid peroxidation and anti-inflammatory

effects . Normally, PF4 is more likely to form heterodimers, dimers, and oligomers with CCL5, inducing the

binding of monocytes to ECs, thereby promoting the transmigration of monocyte into the subendothelial space.

2.2.2. CCL5

CCL5 (RANTES) is the most expressed chemokine during platelet transcription, and mainly activates CCR5 and

CCR1 receptors. The microparticles released after platelet activation promotes the delivery of RANTES to the

surface of monocytes in atherosclerotic arteries . RANTES deposition enhances the recruitment of monocytes

by inflammatory microvascular or aortic ECs, a process that depends on P-selectin expression . Treatment

with the RANTES antagonist Met-RANTES in Ldlr  mice reduces leukocyte infiltration and diet-induced
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atherosclerosis . Clinical studies in patients with acute myocardial infarction and stable angina pectoris

indicate that RANTES is more likely to be a biomarker for the presence of chronic coronary artery disease and is

critical for the initial stage of atherosclerotic plaque formation . Although RANTEs can be used as an indicator of

AS inflammation, the specific role of platelet-derived RANTEs in AS needs more evidence. In fact, platelet-derived

RANTES, in most cases, together with other mediators, induce monocyte inflammatory factor secretion (McP-1,

McP-4, and IL-8) and accelerate AS . One of the most common combinations is that CXCL4 and CCL5 interact to

form heterodimers, then synergistically recruit monocytes to inflammatory vascular ECs  and induce the release

of neutrophil extracellular traps (NETs) . Disrupting the synergistic effect of CXCL4/CCL5 with peptide inhibitors

MKEY will reduce leukocyte recruitment, NETosis formation, and ultimately reduce infarction size . In

conclusion, compared with CCL5 deficiency , blocking chemokine heterodimers can reduce inflammatory side

effects and maintain normal immune defense.

2.2.3. CXCL7

CXCL7 is abundant in platelets; it is divided into several variants by pre-platelet basic protein (pre-PBP), including

platelet basic protein (PBP), connective tissue-activating peptide III (CTAP-III), β thrombin (β-TG), and neutrophil-

activating peptide 2 (NAP-2) . NAP-2 is considered to be the only variant with chemotactic activity. Platelet-

derived NAP-2 (CXCL7) deficiency or blockade of its receptor CXCR1/2 can significantly reduce thrombosis-

induced neutrophil migration . Patients with acute myocardial infarction were treated with PCI and found that

plasma CXCL7 levels were negatively correlated with myocardial dysfunction . However, there is no more

relevant research reported in cardiovascular, especially atherosclerosis, patients. To the best of our knowledge,

there are few studies on CXCL7 in the progress of AS. Additionally, there are few reports related to

mononuclear/macrophages either. Further research is still needed on the role of platelet-derived CXCL7 in

atherosclerosis.

2.2.4. CXCL12

The chemokine CXCL12, also known as stromal cell-derived factor-1 (SDF-1), is stored in platelet α granules.

Early research found that high expression of CXCL12 was detected in SMCs, ECs, and macrophages of human

atherosclerotic plaques from human carotid arteries . However, recent studies by Merckelbach et al.  on

human carotid atherosclerotic plaques have shown that CXCL12 is expressed only on the macrodissected areas of

macrophages. The CXCR12 receptor CXCR4 is expressed on plaque macrophages, SMCs, and leukocytes. The

reason for this difference may be related to the disease status and complications of patients with different plaque

samples. In addition, the lower sensitivity of IHC staining and the shorter half-life of CXCL12 may also lead to poor

observation of CXCL12 staining. In vitro experimental studies have found that platelet-derived CXCL12 can

participate in the regulation of monocyte function, and induce the differentiation of monocytes into macrophages

and foam cells through the receptors CXCR4-CXCR7 . Therefore, CXCL12 may participate in AS through

mononuclear differentiation. Animal studies further found that systemic treatment of CXCL12 in ApoE  mice

promoted the mobilization and accumulation of smooth muscle progenitor cells at the site of vascular injury,

thereby increasing plaque stability . However, there is no evidence to show whether platelet-derived CXCL12 is
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playing a role here, thus further studies are necessary to elucidate the exact role of the platelet-derived CXCL12 in

atherosclerotic plaques and potential impact on plaque vulnerability.

2.3. Other Platelet-Derived Inflammatory Mediators

The number of inflammatory mediators released from activated platelets is rapidly increasing. Platelet-derived

growth factor (PDGF) is stored and released by α granules from activated platelets but can be widely secreted by

macrophages, VSMCs, and endothelial cells . The presence of PDGF was detected in the atherosclerotic vessel

wall, especially PDGF-A and PDGF-B . Simultaneously, PDGF receptors (PDGFR), PDGFR-α and PDGFR-β,

expressed by macrophages and SMCs, are also significantly upregulated . Multiple studies have shown that

PDGF and PDGFR mainly regulate the development of atherosclerotic lesions by inducing the migration and

proliferation of SMCs . In ApoE  mice, blocking the PDGF-PDGFR-β pathway by neutralizing antibodies

or chemical inhibitors prevented vascular smooth muscle cell accumulation and delayed fibrous cap formation 

. In addition, enhancement of PDGF signaling led to severer inflammation, and promoted the progression of

atherosclerosis in ApoE  mice . However, at present, all studies have not pointed out how PDGF derived from

platelets affects the expression of PDGFR in ECs, VSMCs, and infiltrating macrophages participating in vascular

inflammation and remodeling.

Amphoterin (HMG1) is an endogenous protein in human platelets, which is exposed on the surface during platelet

activation . HMGB1 expression in human atherosclerotic plaques and coronary artery thrombi was identified.

Therapeutic blockade of HMGB1 reduced the development of diet-induced atherosclerosis in ApoE  mice .

Furthermore, platelet-derived HMGB1 induces NETs formation and thrombosis . This suggests that platelet-

derived HMGB1 may be involved in the progression of both atherosclerosis and atherosclerotic thrombosis.

Cyclophilin A (CyPA), a protein released when platelets are activated, is found in atherosclerotic plaques . CyPA

stimulates migration and proliferation of VSMCs, expression of adhesion molecules in endothelial cells, and

inflammatory cell chemotaxis, and promotes atherosclerosis in ApoE  mice . In addition, platelets also

release several other proteins that may be related to atherosclerosis, such as granule protein III, histamine, etc. At

present, we have less research on these “new” platelet-derived mediators, and future research should be an

attempt to determine the role of these inflammatory factors in the formation of plaque.

3. Concluding Remarks and Future Perspectives

Platelets are important blood cells in the body. The initial physiological functions of platelets are mainly to stop the

bleeding and keep the vascular endothelium intact. However, now, accumulating evidence indicates that platelets,

as a novel immune and inflammatory cell, can modulate the inflammatory response of neighboring cells, such as

leukocytes, ECs, and vascular SMCs. Simultaneously, platelets also receive the inflammatory signals produced by

their neighboring cells. This double effect between platelets and neighboring cells plays roles in both the early and

late stage during atherosclerosis. Although a variety of antiplatelet drugs have been widely used in patients with

atherosclerotic diseases, platelet-mediated inflammation (complications due to side effects of the drug) appears to

be operating. Therefore, the latest advances in understanding how platelets participate in the formation of
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atherosclerotic plaques will provide important clues for antiplatelet drugs in the prevention and treatment of

cardiovascular diseases, especially atherosclerosis. Several issues need to be addressed in future studies: (1)

whether and how platelets regulate atherosclerotic plaque formation under disturbance flow; (2) how platelets

foster monocyte recruitment to atherosclerotic lesions and how they reprogram macrophages; (3) the association

of platelet-derived inflammation mediators with atherogenesis should be explored in detail, such as using platelet-

specific knockout mice; (4) further study is required to confirm whether platelet heterogeneity has been involved by

using single-cell sequencing technology; and (5) whether platelets actively migrate to the subintima to participate in

atherogenesis.
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