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Abstract

:

Platelets play a variety of roles in vascular biology and are best recognized as primary hemostasis and thrombosis mediators. Platelets have a large number of receptors and secretory molecules that are required for platelet functionality. Upon activation, platelets release multiple substances that have the ability to influence both physiological and pathophysiological processes including inflammation, tissue regeneration and repair, cancer progression, and spreading. The involvement of platelets in the progression and seriousness of a variety of disorders other than thrombosis is still being discovered, especially in the areas of inflammation and the immunological response. This review represents an integrated summary of recent advances on the function of platelets in pathophysiology that connects hemostasis, inflammation, and immunological response in health and disease and suggests that antiplatelet treatment might be used for more than only thrombosis.
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1. Introduction


Platelets are anucleated, discoid cells with a diameter of 2 to 4 µm that develop from megakaryocytes in the bone marrow and are released into the circulation through pseudopodial projections called pro-platelets [1]. The physiological count of platelets in the circulation ranges from 150,000 to 450,000 platelets/µL of human blood, with a mean lifespan of 8 to 10 days. Platelets are metabolically active cells despite their absence of a nucleus because they include the endoplasmic reticulum, Golgi apparatus, and mitochondria, and they manufacture various proteins from mRNA. In particular, mitochondria have more functions in platelets compared to other cell organelles. Between 5 to 8 mitochondria are found in healthy platelets, the majority of which must stay intact for the platelet to operate properly [2]. Platelet mitochondria not only perform the fundamental mitochondrial function of ATP synthesis but also have been shown to contribute to platelet activation and apoptosis, making them far more significant than nucleated cell mitochondria [3]. The organelle zone of a resting platelet is made up of alpha granules, dense granules, lysosomal granules, and glycogen granules, and it includes about 1500 proteins involved in platelet activities, including 190 membrane proteins and 262 phosphoproteins crucial for platelet functional responses [4,5].



In vascular biology and homeostasis, platelets play a variety of roles. They are the earliest players in primary hemostasis and are critical in the development of thrombosis. In recent years, scientific research and technology have provided a new perspective on platelets and their functions due to their high granular content of growth factors (GFs), cytokines, and other biological modulators that can react to a wide range of signals and regulate a wide variety of biological processes including inflammation, angiogenesis, stem cell migration, and cell proliferation. These factors also exert a paracrine effect in different cell populations, including mesenchymal cells, osteoblasts, fibroblasts, and endothelial cells, and can lead to cellular proliferation, migration, and angiogenesis, all involved in various pathophysiology [6,7]. Acid proteases and glycohydrolases, among the digestive enzymes found in platelet lysosomal granules, have been demonstrated to play a role in the bactericidal activity, platelet desensitization via platelet aggregation clearance, and local destruction of the arterial wall’s connective tissue [8]. In addition, the existence of T-granule in platelet, a novel intracellular electronic dense granule in which TLR9 is expressed, has recently been revealed that is thought to respond to bacterial pathogen-associated molecular patterns (PAMPs), although its presence is uncertain due to lack of sufficient studies [9,10]. Thus, platelets, in addition to their essential involvement in hemostasis, play a pivotal role in other homeostatic processes. Platelet activation, adhesion, spreading, migration, aggregation, and stabilization forms a thrombus that becomes entangled in a developing fibrin network and entraps other blood cells. Recruitment of fibroblasts and immune cells through platelet-initiated angiogenic mechanisms eventually stimulates wound healing and tissue repair [11]. Using similar mechanisms, activated platelets also aggregate at the site of atherosclerotic plaque rupture, triggering thrombus formation and thereby inducing atherothrombotic disease [12]. Platelets are also part of innate immunity, which originates and accelerates a variety of inflammatory diseases. Their immunological activities are beneficial in certain situations, but they promote negative inflammatory effects in others. Platelets have a role in cancer development and spreading as a result of this property.



Despite breakthroughs in our knowledge of platelet function in diverse pathologies, many people continue to suffer from heart attacks, strokes, and other platelet-related disorders. Active participation in platelet biology research, from how they are generated to how they operate routinely and how they fail in disease, is critical, and new and present platelet-related sickness research should be encouraged.



In this review, we look in detail at platelets’ multifaceted involvement in both physiological and pathological situations, bridging hemostasis, inflammation, and immunological response in health and disease. We also discussed the various anti-platelet therapies currently used clinically in different disease conditions that would increase our understanding towards designing novel platelet-targeting therapeutic strategies in the future.




2. Principal Role of Platelet: Thrombosis and Hemostasis


Platelets, which have a substantial effect on hemostasis, act as the first line of defense in the body against bleeding after vascular injury. Under normal physiology, anti-platelets molecules, for example, nitric oxide (NO) and prostacyclin (PGI2), released by endothelium and glycocalyx surrounding endothelial cells prevent endothelial-platelet interaction [13,14]. After the damage to a blood vessel, a vascular spasm occurs and triggers vasoconstriction, which could eventually stop the blood flow. At this point, exposed collagen fibers and ECM release various cytokines, which recruit platelets and induce them to roll and adhere [15]. Von Willebrand factor (vWF), which binds to glycoprotein Ib-IX (GPIb-IX) in the platelet membrane, is responsible for platelet adhesion. This interaction allows platelet receptor GPVI to bind to collagen in the exposed extracellular matrix and delivers activation signals to platelets [16]. Following activation of platelets, they change their shape and release secretory granules including adenosine diphosphate (ADP), thrombin, serotonin, and epinephrine, and generating thromboxane A2 (TxA2), which recruit and activate additional platelets via their respective receptors [17]. Briefly, activated platelet membrane receptors including P2Y12, P2Y1, TP, and PARs stimulate their downstream signaling and trigger the integrin αIIbβ3 activation. Ligand binding to integrin αIIbβ3 induces platelet adhesion and aggregation, which activates inside-out signaling, which in turn activates outside-in signaling, triggering platelet spreading, further granule secretion, and the formation of the primary platelet plug. Then, fibrin, which is converted from fibrinogen via the intrinsic and extrinsic pathways, recruits additional platelets, builds fibrin mesh, and finally forms a secondary platelet clot [18]. Activated platelets constrict their cytoskeleton’s internal actin and myosin fibrils after the fibrin clot has formed, which leads the clot to compact and shrink. By converting plasminogen to plasmin, plasmin promotes fibrinolysis by cutting and destroying the fibrin network. Blood flows in injured or obstructed blood vessels are restored by the clot resolution process [18].




3. Contribution of Platelets beyond Thrombosis and Hemostasis


Platelets were once thought to have exclusively hemostatic activity, but recently, scientific studies and technology have discovered a link between platelet function in hemostasis/thrombosis and diseases including cancer, inflammation, and neurological problems (Figure 1).



Platelets are currently emerging as critical regulators of these numerous physiological and pathological processes, in addition to their well-known role in regulating bleeding and thrombosis. Platelets’ amazing capacity to control such a wide variety of physiological and pathological processes is largely due to their granules and microparticles’ (MP) ability to store and release a wide range of biologically active chemicals (Table 1). Platelets also exhibit biochemical and functional variability, with various platelet subpopulations, including the procoagulant platelet type [19]. The various functions of platelets are possibly due to this apparent customization of function. Platelets are no longer considered “band-aids” for the circulatory system, which is understandable. This review highlights some of the most recent advances and discoveries in the pathophysiological roles of platelets beyond thrombosis and hemostasis as explained below:



3.1. Contribution of Platelet to Cardiovascular Diseases (CVDs)


CVD is the major cause of death and is rising at an alarming rate of 17.3 million individuals a year globally. The primary pathophysiological mechanism for the development of CVD is atherosclerosis. Platelets are now widely acknowledged to have a key role in the early stages of endothelial dysfunction in the atherosclerotic process that leads to plaque rupture at the final stages, subsequently causing CVD. Research studies have suggested platelet activity varies among different individuals, which may justify the heterogeneity of CVD [69]. In conjunction, thrombosis, inflammation, and atherogenesis are associated with promoting and altering inflammation and the immune response in the body. A wide variety of molecules such as chemokines, pro-inflammatory molecules, and other biological response modulators released from platelet granules, after binding to the injured vascular endothelium and activation, enhance the association between platelets, endothelial cells, and leukocytes [70]. The localized inflammatory response that facilitates the atherosclerotic process is formed by these interactions. Table 2 lists the functions and pathways of platelet molecules involved in CVD.



Briefly explaining, in atherosclerosis, platelets have an immunomodulatory function and communicate with different receptor-ligand inflammatory cells. Monocytes interact with activated platelets and transform myeloid-related protein (MRP-14) into these cells and macrophages [123]. Platelets play a critical role in CVD lipid metabolism, and lipids can activate inflammatory factors in platelets. Platelets contain peptide hormone receptors that can be triggered resulting in thrombosis [69,81]. CXCL7, a chemokine that is expressed highly in platelet expression, is shown to have a function in CVD [124]. Similarly, the CXCL12/CXCR4-CXCR7 axis modulates the platelet lipidome (such as triacylglycerols and ceramides), which might be involved in pathophysiological function in CVD [125,126]. Oxidized-LDL and platelet surface binding are said to elicit activation, morphological alterations, and platelet aggregation that leads to thrombosis formation [127]. Elevated levels of sphingomyelin regulate the catabolism of sphingolipids in CVD and induce platelet hyper-reactivity. Increased ceramide is linked with platelet activation and sphingosine-1-phosphate changes blood sphingolipid levels [76]. Inflammation, endothelial dysfunction, monocyte, and macrophage differentiation, plaque formation, and ischemic conditions are characterized by oxidized phospholipids that stimulate pro-inflammatory genes and thrombosis via CD36 scavenger receptor and platelet-activating factor receptor (PAFR), tissue factor (TF), and TFPI [76,128]. LDL adhesion stimulates platelet receptors such as CD36, resulting in ROS formation and platelet activation in CVD patients [75,128]. LDL can stimulate platelets through the CXCR4-CXCR7 axis, which activates apoptosis and inflammatory responses in monocytes with CXCL12, resulting in atherogenesis [129]. Platelet-secreted chemokines (such as CXCL12) can contribute to inflammation and initiate autocrine and paracrine responses and thrombosis. LDL on platelets is associated with platelet numbers, showing that platelet activation, prothrombinase complex aggregation, thrombin formation, and thrombosis can be influenced by plasma lipids [74]. Thus, aiming these receptors on platelets can introduce a better plan for managing CVD.



Similarly, peptide hormone proteins such as leptin are located on platelets and are capable of activating platelets and increasing thrombosis. Experiments have reported leptin activates long-form leptin receptor (LEPRL), Janus kinase 2 (JAK2), phosphatidylinositol 3-kinase (PI3K), protein kinase B (PKB), insulin receptor substrate-1 (IRS-1), and PDE3A signaling cascade. When this pathway is activated, platelet PDE3A rises, and the inhibitory function of cAMP in platelets declines [81,85]. Insulin resistance relates to platelet activation, and hypoadiponectinemia and platelet-leukocyte aggregations (PLAs) are seen in CVD patients to indicate atherosclerosis. An increase in platelet phospholipids and ROS production has been linked to CVD pathological process.



In inflammatory disease, the immune system has a remarkable part in the development of atherosclerosis. The platelets further express the receptors of P-selectin, integrins such as GP IIb/IIIa, and the expression of Toll-like receptors (TLRs) for immunological functions. Leukocytes, endothelial cells, and SMCs with various receptors and mediator secretions such as ADP, TxA2, and cytokines such as IL-1β can also be activated by platelets. In addition, MPs are formed by activated platelets in the circulation. In patients with the ACS, reports have revealed that certain secretory proteins increase MPs during platelet activation [130]. In inflammation and CVD, miRNAs play a major role. The miRNAs are found in regulatory platelets and MPs have many miRNAs that allow platelets to interact with vascular cells, contributing to inflammation and vascular homeostasis. Through lipid metabolism regulation, inflammation, cell proliferation, angiogenesis, and platelet activation, miRNAs regulate the pathogenesis of ACS and CVD.



Likewise, WDR1 binding to the collagen matrix increases platelet adhesion and activation, which exerts more prothrombotic activity, and it has been hypothesized that the risk of CVD is enhanced [80,131]. Preeclampsia is a significant source of maternal and perinatal morbidity and mortality that affects 3–5% of pregnant women worldwide and is correlated with platelet activation and CVD development in adults [132]. As per the data, the equilibrium between PGI2 (a vasodilator and platelet inhibitor) and TxA2 (a platelet activator and vasoconstrictor) in preeclampsia is changed [133]. Thus, there is a greater danger of developing hypertension, atherosclerosis, and CVD in patients with prior preeclampsia in later life and an increased possibility of cardiovascular death [134].



In conclusion, platelet activation and thrombosis are complex processes, and there are various molecular pathways associated. The chemicals that activate platelets have been proposed as indicators for anticipating the treatment outcomes of CVD and could be used to prevent thrombosis and atherosclerosis. The variability in platelet activation would also have an effect on the development of atherosclerosis, thereby influencing CVD. Inhibiting these molecules, on the other hand, can govern platelet interactions, thrombosis, and CVD by reducing platelet activation and aggregation. For example, the P2Y12 receptor blocker (clopidogrel) has been shown to improve the inhibition of coronary thrombosis and decrease CVD. Low dose clopidogrel or acetylsalicylic acid (ASA), and FXa inhibitors have been effective for CVD patients. In addition, thrombin and FXa inhibitor dual antiplatelet treatment tend to show favorable impacts. In ACS and coronary stenting patients, dual antiplatelet treatment with ASA and clopidogrel revealed better outcomes for one year [135]. In contrast, ASA-treated dual ticagrelor and vorapaxar-treated PAR-1 block the activity of platelet thrombin, do not coagulate, increase bleeding relative to ASA alone, and do not impact CVD [136,137]. Therefore, in CVD patients, adequate anticoagulant doses have to be calibrated against the benefits and risks. Besides that, simultaneous antiplatelet and anticoagulant therapy in these patients relies on the safety of the anti-coagulant medication to control extreme bleeding. It is feasible to consider desensitizing the platelet to regulate CVD. Since platelets are engaged in all stages of the atheromatic process, their significance as a therapeutic target is important from initiation to clinical complications. Furthermore, the recognition of platelet-derived mediators as clinical diagnostic biomarkers will lead to a greater perception of atherosclerosis and CVD pathophysiology and will allow us to better treat this condition with fewer unnecessary side effects.




3.2. Platelet in Diabetes Mellitus (DM)


Diabetes is a complex illness that is linked to micro- and macrovascular problems including systemic inflammation, endothelial dysfunction, cardiovascular risk as well as a significant risk of atherothrombotic events. Platelets play a key role in the development of inflammation and cardiovascular risk, and thus, play a critical part in the pathogenesis of DM. DM patients’ platelets do have dysregulation of numerous signaling cascades that lead to platelet activation, which is a prior occurrence in the disease’s natural history (neatly reviewed by Francesca Santilli et al., 2019 [138]). The abnormalities in platelet function found in DM are assumed to be caused by the harmful metabolic state such as acute hyperglycemia, glycemic fluctuation, and insulin resistance that leads to and escorts diabetes. These metabolic deviations may influence platelet transcriptome and/or posttranscriptional modulation through intermediate mediators such as oxidative stress with isoprostane formation, inflammatory molecule production, endothelial dysfunction with circulating endothelial cells and MPs release, and cross-talk between cells with miRNA exchange through circulating MPs [139]. Platelet hyperreactivity is a consequence of these impacts, as seen by increased platelet TF expression and TF-positive PLAs; increased expression of adhesion molecules such as P-selectin; increased expression and hyperactivity of P2Y12 receptor; increased expression of platelet GPIb and GPIIb/IIIA; dysregulation of thrombin and fibrinogen level; and increased arachidonic acid metabolism and accelerated TXA2 production. Platelets from diabetes individuals had lower amounts of cAMP, resulting in increased P2Y12 signaling and greater baseline intracellular calcium levels, and additional accelerated calcium mobilization from intracellular reserves in response to thrombin agonism [140]. Platelets from diabetic patients, unlike those from healthy people, showed short-term activation of the calcium-sensitive protein kinase C (PKC) β isoenzyme by acute hyperglycemia in vitro. In diabetics, the number of platelet MPs has also been reported to be higher [141]. Insulin can directly modulate platelet function via a functional insulin receptor present on human platelets [142]. Dysregulated and circulating inflammatory molecules such as tumor necrosis factor α (TNF-α), IL-1, and IL-6 have been shown to activate the release and expression of procoagulant molecules, such as vWF, PAI-1, and TF, and inhibit the expression of anticoagulant molecules, such as thrombomodulin, by endothelial cells, creating an environment suitable for hyper-activation of the platelet [143]. These hyperactivated platelets, in turn, play a critical part in the progression and spreading of long-term inflammation in diabetes, are progressively being identified as the cells responsible for the increased risk of atherothrombosis in the diabetic setting, and add to diabetes vascular complexity. All of these complications are significantly accelerated at the late stage of diabetes. In the late or advanced stages of DM, the metabolism is affected, thereby causing various complications affecting almost every part of the body and is associated with macrovascular complications such as atherosclerosis and stroke. Additionally, chronic hyperglycemia has been shown to affect platelet function by impairing calcium homeostasis, thereby altering platelet activation and aggregation, including platelet conformation [144] and release of mediators and eventually leading to atherosclerosis, heart attack, stroke, and other complications related to poor circulation. Thus, platelets seem to be both targets and effectors in the pathogenesis of DM, transporting and transducing metabolic abnormalities into vascular damage.



Antiplatelet drugs such as aspirin and clopidogrel have been used in DM patients but were shown to have a poorer response to these drugs due to a hyper-activated platelet signaling system [145]. Interestingly, metformin has been shown to reduce ADP-induced platelet aggregation in insulin-dependent diabetes by reducing activated platelet-induced mitochondrial hyperpolarization, ROS overload, and mitochondrial DNA release [146].



Furthermore, despite a wealth of data on platelet sensitivity to a range of aggregating agents in vitro in type 2 DM (T2DM), it is questionable if these abnormalities are caused by circulating substances that alter platelet function, as insulin immunocomplexes have shown [147]. In reality, abnormal platelet function in DM appears to be linked to a number of variables, including metabolic changes, oxidative stress, hyperlipidemia, inflammatory state, and endothelial dysfunction and is thought to be influenced by a number of pathways induced by metabolic and cellular abnormalities. An in vitro investigation of washed platelet activity in diabetes patients would be fantastic for elucidating the role of platelets in disease development. Additionally, population-based studies of platelet aggregation in diabetes are limited as samples are frequently selected on the basis of comorbidities such as CAD or disease severity and should be designed. Further, attempts to reduce the thrombotic load in diabetes should focus on particular disease-based processes in the future. In this context, high-throughput approaches are critical because they provide a distinctive chance to comprehend the molecular networks affected by T2DM, such as platelet transcriptome and proteome composition and/or post-transcriptional modulation. Likewise, diabetes staging plays an important role in the prevention, diagnosis, and treatment of diabetes, according to experts in the field of diabetes research. Therefore, understanding the effect of platelets on various stages of diabetes can improve its long-term management. Platelet function tests can also be utilized to assess the effectiveness of treatment regimens in DM patients as clinicians have a variety of therapeutic choices when platelet dysfunction is discovered. In conclusion, platelet investigation in DM is an essential area to investigate in order to find new treatment targets, and platelets might be exploited as cellular activity monitors themselves.




3.3. Platelet in Wound Healing


Wound healing might be one of the world’s most serious issues. Healing or replacing damaged tissues is a complex process involving biological, physical, and chemical obstacles. In wound healing, a variety of cell types, GFs, cytokines, and active metabolites are all coordinated in real-time. Wound healing necessitates hemostatic system components such as coagulation factors and platelets. As a matter of fact, platelets are a natural supply of GFs, and they also produce a variety of other chemicals, such as fibronectin, vitronectin, and sphingosine 1-phosphate, that aid in tissue maintenance, regeneration, and repair. Hemostasis, inflammation, proliferation, and remodeling/maturation are some of the sequential processes that have been established to delineate such a complicated process of wound healing. Platelets are involved in all of these stages, from the beginning, when they are the most numerous cell type, until the end [148]. Platelets construct a fibrin clot that halts bleeding, act as a temporary scaffold for inflammatory cells, and comprise a reserve of cytokines, chemokines, and GFs which influence the beginning stages of repair, such as the enrollment of neutrophils as the first line of defense against pathogens. Indeed, after 12–24 h of the following damage, neutrophils make up half of the cells in the wound, but macrophages take over after 3–5 days [149]. Neutrophils and platelets collaborate to resolve inflammation by producing pro-resolving mediators and polarizing macrophages toward a repair phenotype [150]. Platelets also produce several growth and angiogenic compounds, which contribute to the proliferative phase. Neovascularization is a critical procedure for healing tissue to fulfill its high metabolic needs, and it is carefully modulated by the secretion of pro- and anti-angiogenic molecules in a balanced manner. Platelets activate the assignment of CD34+ bone marrow-derived endothelial progenitors through the release of SDF-1, in addition to sprouting angiogenesis induced by the release of VEGF, HGF, and FGF [151]. Many cellular protagonists in healing, including keratinocytes in wounds and bone cells in fractures, might benefit from the arsenal of GFs housed in platelet granules. Furthermore, PDGF and platelet-released TGFs operate on fibroblasts to replace the first temporary fibrin scaffold with granulation tissue rich in immature collagens, fibronectin, and proteoglycans [152]. Platelets also help to reconstruct the extracellular matrix by secreting MMPs and releasing hydrolases from their lysosomes. GPIbα binds the integrin macrophage antigen 1 (Mac-1), which is expressed on leukocytes, in addition to vWF. Notably, heterotypic cell-cell contacts between leukocytes and platelets promote pro-inflammatory and pro-thrombotic processes [153]. For fibroblasts, platelet-derived PDGF is mitogenic and motogenic, and it promotes neutrophil recruitment. TGF-β is produced in large numbers from platelets shortly after injury, and this first burst of active TGF-β acts as a chemoattractant for neutrophils, macrophages, and fibroblasts [154]. EGF from platelets promotes keratinocyte migration, fibroblast function, and granulation tissue development [155]. The proof that microgravity impedes receptor binding and signal transduction exacerbates the reduced GF release. Healing outcomes are determined by fibrin structure.



A number of studies demonstrate the advancement of tissue repair and wound healing upon platelet-rich plasma (PRP) administration. These findings, together with the ease with which PRP may be obtained, suggest that PRP might provide a new opportunity in the area of tissue repair. The reason for employing PRP is based on findings that platelets produce GFs when they degranulate, speeding up the assignment of cells involved in the healing process. For its efficacy in soft tissue healing, PRP treatment has shown great outcomes in oral and maxillofacial surgical operations [156]. Our growing understanding of platelet function in wound healing and tissue regeneration has led to the success of autologous PRP-derived products, which are now widely used in a variety of clinical settings, ranging from skin wounds and diabetic ulcers to tendons and ligament regeneration, from eye lesions to bone loss [157]. For example, PRP has been suggested as a local source of cytokines and GFs in patients with symptomatic osteoarthritis in various hyaluronan-controlled and placebo-controlled clinical trials [158]. PRP has anti-inflammatory properties, enhances cartilage height, and lowers cartilage matrix loss by inhibiting chondrocyte death [159]. The release of GFs, cytokines and extracellular matrix modulators promotes (i) revascularization of injured tissues through the appointment of endothelial cell migration, proliferation, differentiation, and stabilization in new blood vessels; (ii) recovery of ruptured connective tissue through fibroblast migration, proliferation, and activation; and (iii) proliferation and differentiation of mesenchymal stem cells. For these reasons, PRP derivatives are utilized in regenerative medicine to treat a variety of ailments. However, because of their main autologous origin, there is little risk of disease transmission or immunogenic responses. In the recent decade, platelet-enriched materials have grown more important in regard to wound healing and tissue regeneration, and they have been a rising focus of experimental and clinical research.



Despite the wide range of uses, the efficacy of PRP-based regeneration therapies is being questioned due to a lack of large-scale controlled clinical trials and a lack of consensus on PRP preparation methodologies. The cellular and molecular mechanisms of PRP as well as the potentially harmful effects and effectiveness of these therapies remain poorly understood. Although platelets secrete antiangiogenic factors, their levels are insignificant in comparison to the high levels of antiangiogenic molecules present in plasma, which contains both matrix-derived and nonmatrix-derived inhibitors (e.g., angiostatin, soluble version of VEGF receptor (VEGFR) -1, pigment epithelium-derived factor (PEDF), and prolactin), all of which can compete with and conversely interfere with a variety of GFs receptors. In regard to regenerative therapies using PRP, more study is required to determine its probable contribution.




3.4. Platelet in Inflammation and Immunity


3.4.1. General Role of Platelet in Inflammation and Immunity


Inflammation is a response of the innate immune system to pathogenic stimuli like pathogens, or damage-related molecular patterns (DAMPs) and is thought to be aided by platelets.



When activated, platelets release a variety of cytokines like IL-1α, IL-1β, CD40L, TNF-α, CXCL1, CXCL5, and CXCL12 to induce inflammation including leukocyte migration, phagocytosis, and ROS generation. Activated platelets also cause the release of several chemokines like PF4 (CXCL4), CXCL7, IL-8 (CXCL8), CCL3, CCL5, CCL7, CCL17, which induce inflammation by recruitment of leukocytes through their chemotactic activity [160,161]. The main platelet-derived mediators of inflammation are listed in Table 3.



The formation of ROS and oxidized LDL by activated platelets cause the expression of VWF on the endothelial cell, as well as endothelial dysfunction [181]. Endothelial cells produce PGI2, NO, and ecto-ADPase (CD-39) under normal physiological conditions, which prevents platelet adhesion to intact endothelium [182,183]. Excessive ROS and LDL cause endothelial dysfunction, which converts the internal vascular surface from a non-adhesive barrier to one that recruits leukocytes, amplifies platelet aggregation and accelerates the inflammatory process of leukocyte adhesion [184].



Platelets and leukocytes do not interact with each other under normal physiological conditions. Their interlinkage becomes practical in a prothrombotic or proinflammatory state with an increasing number of blood PLAs found in disorders such as DM, stroke, and others [185,186]. This interaction begins with the binding of P-selectin on activated platelets to P-selectin glycoprotein ligand 1 (PSGL-1) on leukocytes, which initiates a signaling pathway inside leukocytes that results in the activation of integrins on the leukocyte membrane, particularly Mac-1 and LFA-1 on the leukocyte membrane [163,187,188]. Mac1 can directly bind platelet receptors GPIbα or αIIbβ3 through fibrinogen bound to the integrin on platelets [189,190]. Outside-in signaling regulates multiple leukocyte functions such as transmigration and the production of ROS when the integrins are fully activated [191]. The activation of Mac-1 by platelets might result in the sequestration and activation of coagulation Factor X leading to the production of thrombin generation [192]. Platelet-monocyte aggregation also increases the production of monocyte cytokines including CCL2, IL-6, and TNF-α, as well as the release of platelet agonists such as platelet-activating factor (PAF), collagen, thrombin, TxA2, leading to the augmentation of inflammation and platelet activation [162]. All of these phenomena result in platelet-leukocyte interaction, which can contribute to diseases associated with various inflammation-related diseases such as rheumatoid arthritis [193], multiple sclerosis (MS), Alzheimer’s disease (AD) [194], and allergic response [195] as well as thromboinflammatory diseases such as atherosclerosis [193], ischemia [196], sepsis [197,198], and stroke [199], and lastly, thrombocytopenia is identified.



Platelets affect not only innate immunity but also adaptive immunity. Platelet-derived molecules (PF4, serotonin, TGF-β) have been shown to enhance differentiation and antigen presentation in DCs. In addition, platelets can induce the recruitment of lymphocytes to the site of inflammation [200,201]. Moreover, platelets express CD40L, C-type lectin-like receptor II-type (CLEC-2), and P-selectin, which can increase interaction and activation of antigen-presenting cells (B cells, DC) as well as T cell activation. Major histocompatibility complex (MHC) class I is present in platelet α-granules which present antigen to CD8+ T cells. Proteasomes in platelets, such as immunoproteasome subunit β5 [202], play a role in adaptive immunity by hydrolyzing proteins into smaller peptides and loading them into the MHC class I [203,204].



So far, several treatments for inflammation that target platelets have been attempted. Rapamycin, an inhibitor of mammalian target of rapamycin (mTOR) pathways, reduces platelet inflammatory reactions in the prophylaxis of organ rejection transplant patients [205]. Furthermore, rapamycin has recently been discovered to have anticoagulant properties by protecting mitochondrial integrity independently of mTOR, suggesting that it may be more effective for the treatment of platelet-induced inflammation [206]. Inhibition of P38 mitogen-activated protein kinase (MAPK) by RNA interference may lower IL-1β synthesis and lead to reduced inflammation [194]. The canakinumab anti-inflammatory thrombosis outcome study (CANTOS) trial revealed that the therapeutic monoclonal IL-1β antibody canakinumab had a favorable impact on myocardial infarction [207]. Tofacitinib, the first rheumatologic JAK inhibitor, has suppressive effects on PDGFs in vascular smooth muscle as well as an anti-platelet effect [208,209]. Statins and aspirin have been demonstrated to decrease the quantities of MPs generated by platelets and megakaryocytes, which are responsible for transmitting inflammatory signals [210,211]. In addition, abciximab, an αIIbβ3 inhibitor that inhibits the synthesis of Bcl-3 and IL-1β, thereby reducing excessive platelet accumulation, is predicted to be used [212,213].



Multiple studies have also reported that platelet derivatives have inflammatory side effects. Since platelets have a significant impact on adaptive immunity as well as innate immunity, a pathological understanding of platelets in immunopathological conditions is essential, which could lead to the target of new immunological treatments. Additionally, although targeting platelets for the treatment of inflammation may be effective, it may also inhibit platelet activation, resulting in coagulation failure, and too much inhibition may inversely lead to immune suppression, causing another complication. To be an effective treatment, research on the safe zone for candidates for platelet-targeted inflammatory treatment and cocktail therapy must be done in advance.




3.4.2. Platelet in Sepsis


Sepsis is an uncontrolled multi-pathogenic infection-related systemic response that includes immune and coagulation system dysregulation, thrombosis, disruption of endothelial barrier function, increased vascular permeability, microvascular sequestration, tissue destruction, and more [53]. It can result in severe sepsis causing multiple-organ failures and cognitive impairment. In the pathophysiology of sepsis, platelets are both cellular effectors and cellular targets. Platelets have a critical part in the development of multiple-organ failure, regardless of the initial events in sepsis, due to their hemostatic and thrombotic potential, culminating in thrombotic microangiopathy and disseminated intravascular coagulation (DIC) [197,214,214]. Even though it is yet uncertain if the decline in platelet count is the cause or a result of sepsis severity, persistent thrombocytopenia is considered an independent risk factor for death in sepsis. The involvement of platelets in the onset and progression of sepsis has been studied in a variety of experimental in vivo models, most notably mice, which mimic various elements of human sepsis.



The host’s pro-coagulant and pro-thrombotic condition is exacerbated by sepsis. Endotoxins, both local and circulating, cause endothelial cells and monocytes to produce tissue factor (TF), which promotes intravascular fibrin deposition and vascular blockage. Furthermore, microbial infections cause neutrophils to produce neutrophil extracellular traps (NETs), that offer a negatively charged surface for coagulation factor activation and assemblage [215]. The coagulation cascade’s activation creates a positive feedback loop that causes platelet activation via thrombin production, boosting micro thrombosis in response to inflammation and infection. Immunothrombosis is a portion of the antimicrobial host response that seeks to entrap invading pathogens and stop them from spreading, albeit it is likely pathogen- and organ-dependent [216,217]. Furthermore, the active endothelium boosted platelet recruitment and adhesion, resulting in the production of microthrombi throughout the body [218]. Platelets can be trapped in the capillary-rich microvasculature of the spleen and liver during sepsis. The bulk of platelets, on the other hand, concentrate in the microvasculature of the lungs [219,220]. Excessive immune responses in sepsis are frequently accompanied by increased and dysregulated coagulation and thrombosis, which manifests as DIC. Microthrombi easily grow inside tiny and medium arteries during DIC, causing tissue oxygenation to be disrupted, multi-organ failure, and finally circulatory collapse. Through their part in inflammation and thrombosis, activated platelets aid in the development and progression of sepsis. Although many different processes contribute to the severity and persistence of thrombocytopenia, sepsis is typically followed by a reduction in platelet count, indicating their sequestration and consumption in microthrombi [218]. A dysregulated host response is linked to severe thrombocytopenia, which results in an increase in cytokine levels and endothelial dysfunction [221,222]. As a result of the utilization of coagulation factors and platelets, sepsis is linked to increased systemic thrombosis and coagulation, as well as an increased risk of bleeding.



Platelets express a variety of receptors including pathogen identification receptors, immune cell activation receptors, and platelet activation receptors that are critical in the onset and course of sepsis. While many receptors are located on all platelets, some are exclusively found on certain subpopulations of platelets (e.g., TLRs [223]). Additionally, circulating platelets vary in terms of age, maturity, and density. It is largely unclear if receptor content tends to vary during platelet formation as a result of platelet maturation, differences in thrombopoiesis, and receptor distribution, or whether a portion of megakaryocytes produces immune-regulatory receptor-expressing platelets while others generate platelets that only serve thrombotic functions [224]. Clinical research and animal model studies showing the therapeutic effect of antiplatelet medications in sepsis give evidence for platelets’ importance. Septic individuals have changes in their circulating platelets [225,226]. In some investigations, expression of CD62P was higher in septic platelets, but not in others [227,228]. Membrane expression of thrombospondin and CD63, raised soluble CD40L level, and a rise in β-thromboglobulin (β-TG) and the β-TG-to-PF4 ratio are further platelet activation indicators seen in sepsis [226,228,229]. The production of VEGF from septic patient’s platelets stimulated by agonist was shown to be increased [227]. Furthermore, an activating receptor expressed on myeloid cells TLT-1 is present in the plasma of patients with sepsis at levels that correlate with DIC [230,231]. TLT-1 is released upon platelet activation and is found in the plasma of septic patients at concentrations that correlate with DIC. Again, soluble TLT-1 promotes adhesion of platelet to the endothelium [232] and has a role in the control of inflammation in sepsis by reducing activation of leukocytes and influencing platelet-neutrophil crosstalk [233]. Septic patients’ platelets are shown to be hyper-adhesive to cultivated endothelium [234]. Sepsis has been linked to changes in the aggregation of platelets and an increase in PLA levels, both of which may contribute to inflammation and vascular damage [225,235]. During sepsis, several platelet-activating mechanisms are likely to work together. Some, but not all, bacteria or bacterial products, as well as NETs, activate platelets [236]. This might help in the battle against infection (pathogen capture within the thrombus, pathogen killing). Unlimited thrombus development in reaction to bacteria or NETs, on the other hand, might be harmful in sepsis.



In virally infected animals, TLR7 activation causes platelet degranulation and PLA formation, as well as altering survival [237]. In platelets, TLR9 controls foreign DNA sequestration and CD62P surface expression [238]. TLR4 is implicated in the fast production of TNF [223], the creation of NETs [239], and thrombocytopenia [240]. TLR4 activation stimulates the production of neuraminidase during gram-negative (but not gram-positive) infection, boosting alkaline phosphatase clearance and increasing lipopolysaccharide phosphorylation and toxicity [241]. In septic mice, injection of neuraminidase after Streptococcus pneumoniae infection enhances survival and reduces the incidence of fibrin clots, as well as liver and spleen damage. In addition, neuraminidase causes mild thrombocytopenia suggesting that moderate thrombocytopenia may be advantageous in sepsis [242]. Many bacteria, including Streptococcus sanguis, have a serine-rich protein A (SrpA) that is acknowledged by GPIb and permits platelet-bacteria interaction in a sialic acid-dependent way [243]. Spa binds to vWF, which facilitates indirect platelet contact via GPIb in Staphylococcus aureus [244]. Several bacterial proteins, notably SdrG from Staphylococcus epidermis, can bind to the arginine-glycine aspartic acid (RGD) sequence on GPIIb/IIIa, triggering platelet aggregation [245]. Borrelia burgdorferi attaches to human platelets through the GPIIb/IIIa system [246]. On Staphylococcus aureus, clumping factors (Clf) bind fibrinogen, causing platelet aggregation [247]. FcRIIA promotes immune complex-induced platelet activation or opsonized bacteria death in infectious situations [248,249].



In septic patients, platelet activation is increased, which is amplified in septic shock and is linked to enhanced CD62P, CD63, and CD31 surface expression, increased fibrinogen binding, and soluble GPVI [250], especially in patients with DIC [251]. Furthermore, individuals with multiple-organ failures have higher thrombospondin expression on circulating platelets [234]. Platelets from sick patients aggregate spontaneously, but their ex vivo responsiveness to platelet agonists is significantly diminished [252]. In septic patients, activation of platelets is also linked to increment in platelet-neutrophil and platelet-monocyte aggregates, further amplifying the inflammatory response. These findings show that platelets in septic patients circulate activated, boosting their thrombotic propensity. Due to the intricacy of platelet activation in sepsis, several receptors are likely to be involved, making it more probable that combination treatment will be necessary to prevent the activation of platelets in sepsis. However, the increased risk of bleeding in the patients complicates platelet targeting in septic patients.



Antiplatelet medications such as aspirin (cyclooxygenase (COX) -1 inhibitor), platelet P2Y12 receptor antagonists such as clopidogrel, or GPIIb/IIIa antagonists have been proven in several observational and retrospective clinical trials to lower mortality and morbidity in critically sick patients [253,254,255]. P2Y12 inhibitors suppress pro-inflammatory and pro-thrombotic pathways in human experimental endotoxemia [256]. Furthermore, in septic patients, low-dose aspirin is linked to a lower risk of death during hospitalization as they spend less time in the hospital and require less intensive care [257]. In a large cohort study of septic patients, taking aspirin for 24 h at the time of systemic inflammatory response syndrome (SIRS) detection was linked to a higher rate of survival [258].



In conclusion, because platelets play a crucial part in thrombosis and inflammation, inhibiting platelet activity in sepsis is an appealing target. However, caution must be used when attempting to target platelets in infection. To demonstrate a definite positive benefit of anti-platelet medications in sepsis, large randomized controlled clinical studies using anti-platelet treatment are required.




3.4.3. Role of Platelets in Neurovascular Inflammation


The central nervous system (CNS) is immune-favored, with the blood-brain barrier (BBB) separating it from the rest of the body. BBB can be disturbed in pathological situations. This allows blood cells to enter brain tissue, facilitating both innate and adaptive immune responses in the CNS [259,260]. Platelets, endothelium, and leukocyte interactions begin and maintain inflammation of larger arteries as well as the microcirculation of neural tissues. Cell-cell interactions and paracrine mediators are involved in this reaction. Platelets are seen in the inflamed CNS microvasculature of mice and can activate brain endothelial cells. Platelets have a role in brain disorders linked with pathogen-induced and sterile inflammation as inflammatory cells [261,262]. Platelet activation in neuroinflammation might be due to the direct detection of damaged tissue structures. For example, systemic treatment of sialated glycosphingolipids (gangliosides), components of astroglial and neuronal lipid rafts of the BBB, caused significant platelet activation and degranulation in rats. Platelets have been shown to detect the cerebral gangliosides GT1b and GQ1b specifically, with P-selectin playing a key role [263].



Migraine, the third most common condition in the world, is caused by sterile inflammation and pain pathway hypersensitization [264]. Platelet activation and aggregation are known to occur spontaneously in migraine patients [265], and fibrinogen and serotonin receptors in platelets are changed in migraine patients [266]. The accumulation of PLA in the blood of migraine sufferers may be a relationship between severe migraines and stroke [267]. Antiplatelet treatments may be useful in reducing the intensity of migraine [268]. MS and stroke are two neurological disorders that are linked to vascular inflammation. According to growing research, platelets appear to have a significant role in these scenarios. When MS patients were compared to healthy people, platelet activation indicators were shown to be increased in MS patients. Platelets may be important for illness development and severity via influencing leukocyte recruitment as one possible underlying mechanism since platelets were observed to have a direct role in leukocyte rolling and adherence to the endothelial cells of inflamed postcapillary venules via the GPIb-Mac-1 interaction [269]. The severity of the condition was significantly reduced by blocking platelet function. Clinical symptoms in animal models of experimentally induced autoimmune encephalomyelitis (EAE) were shown to be linked to PAF levels [270]. This conclusion was in line with the findings of rising PAF levels in the cerebrospinal fluid (CSF) of patients with relapse MS [271]. Platelets have also been found in CNS lesions in both MS patients and EAE animals [269]. Following EAE development, mice produced more mRNA for platelet surface antigens GPIb and GPIIb [269]. Therapeutic inhibition of platelet GPIbα may reduce the harmful consequences of excessive inflammation while also reducing the risk of thrombocytopenia-related bleeding problems in the brain [272]. Whenever the BBB is breached after a brain injury, platelet-neuron synapse-like structures form, producing serotonin and leading to increased neuronal plasticity and postsynaptic density protein (PSD)-95 development in dendritic spines [273].



Strokes result from localized cerebral ischemia induced by arterial embolism in around 80% of cases. Cerebral embolism starts in the heart in around one-third of ischemic stroke patients, especially in those with atrial fibrillation. As a result, the molecular pathways for coronary artery and pathogenic thrombus generation in myocardial infarction and stroke are thought to be partly intersecting. Inflammatory cytokines such as C-reactive protein, IL-6, and coagulation factors have exhibited considerable interaction in cerebral venous thrombosis (CVT), suggesting that inflammation has an essential role in thromboembolic illness. Inflammatory cells in unsteady plaques might express procoagulant chemicals (particularly tissue factor), which may stimulate coagulation by binding factor VIIa, which creates thrombin (factor IIa), which activates platelets and leads to platelet-fibrin thrombosis. In diseases of the CNS, inflammation, and thrombosis have a complex reciprocal connection.



Platelet function is disrupted in AD, and platelet activation status is thought to be a biomarker for disease progression [274,275]. In contrast, a recent study of platelet migration into the brain parenchyma in an AD mouse model found just a few platelets moving into the brain parenchyma [276]. In addition, just a few platelets were directly found in the brain parenchyma of AD patients’ histological specimens [276]. Platelets, on the other hand, were shown to be related to Alzheimer’s plaques or arteries near Alzheimer’s plaques in people [276].



Several pathways for the production of thrombus have previously been well discovered in the ischemic brain [199]. Blocking the GPIbα and GPVI receptors on platelets has been shown to reduce infarct sizes dramatically without changing platelet count, and improve neurological function [277]. When VWF knockout mice were given transient middle cerebral artery occlusion (tMCAO), the volume of their strokes was decreased by 60% with respect to wild-type mice, and this was also translated into a better functional outcome [278].



Platelet-derived IL1 appears to be particularly important in neurovascular inflammation of the brain. Primary mouse brain endothelia exposed to platelets separated from wild-type mice show dramatically enhanced expression of the surface antigens VCAM-1 and ICAM-1, as well as release meaningful levels of CXCL-1, but platelets isolated from IL1-/- animals had no such impact. Furthermore, IL1 raised the expression of VCAM-1 and ICAM-1 on brain endothelia, which was followed by enhanced neutrophil transendothelial migration [279].



To summarize, thromboinflammation is firmly linked to neurovascular disorders and has a substantial part in the progression of the illness. Other inflammatory cells, such as microglia and platelets, and their sequelae thrombosis and inflammation, play a major role in neurovascular illness in addition to conventional immune cells implicated in disease pathology and tissue destruction. Although the importance of platelet activation and the coagulation pathway in the development of CNS illness is known, a possible crosslink in a platelet-specific setting or functional relevance has yet to be addressed. Understanding how platelets contribute to tissue death, as well as regeneration of injured neural tissue, might lead to new and critically needed therapeutic techniques that go beyond the present and tragically restricted therapy options. More in-depth experimental and clinical investigations will be required if a function for platelets in vascular inflammation can be generalized to other neurological illnesses. Following these creative and original approaches and bringing together experts from many disciplines of study may be beneficial. Furthermore, focused antithrombotic treatment techniques to minimize the severity and brain damage in MS, stroke, or other neurovascular illnesses without raising the risk of bleeding might be a useful supplementary therapy.




3.4.4. Platelet in Allergic Inflammation


Allergic illnesses are a group of ailments induced by immunological reactions to antigens in the environment. For many years, researchers have looked at the relationship between platelet activation, platelet abnormalities, and allergies such as asthma, allergic rhinitis, and eczema [280,281]. In atopic dermatitis and psoriasis patients, higher platelet activation blood markers such as β-TG, PF4, P-selectin, and platelet-derived MPs in plasma have been shown [282]. The activation of platelets and eosinophils in the airways of asthma patients has been found to have a substantial relationship [283]. Platelets are shown to be required for leukocyte recruitment in allergic inflammation of human and murine lungs after exposure to allergens [284,285]. Furthermore, the presence of extravascular platelets in the lungs of asthma patients and animal models of allergic lung inflammation shows that platelets may directly impact allergic inflammation by altering lung function or influencing airway wall remodeling processes. Platelets produce a number of physiologically active mediators when IgE receptors are activated, including RANTES, a powerful eosinophil chemoattractant [286]. IgE present in platelet granules might increase allergic reactions [240]. In 1972, Benveniste et al. discovered that leucocyte-dependent histamine release from platelets included activation of IgE, which led to the discovery of PAF, a lipid mediator [287]. Moreover, the major source of serotonin produced during an allergic inflammatory response in mice is platelets, not mast cells. PF-4 levels are shown to be considerably greater in individuals with severe asthma than in non-severe asthma, suggesting that the degree of platelet activation may rise as disease severity increases [288]. The localized migration of platelets to the lungs is a potential consequence of platelet activation that leads to peripheral thrombocytopaenia.



Gallagher and colleagues found that when platelets extracted from allergic patients during allergy season were tested for their reactivity ex vivo, they commonly displayed impaired secondary wave platelet aggregation [289]. Others have corroborated platelets’ apparent lack of reactivity to aggregatory stimuli, as well as the fact that mediators stored within platelets were reduced in asthma patients [290]. Platelets were thought to be acting in an ‘exhausted’ state, in which they had been engaged by inflammatory stimuli in vivo and released mediators, but were then resistant to further activation ex vivo [289,290]. Since then, several studies of altered platelet behavior in allergic illness patients have surfaced, varying from altered arachidonic acid metabolism to increased turnover of intracellular signaling cascades. Patients with allergic asthma exhibit a modest hemostatic deficiency and delayed thrombin production [291]. Despite considerable platelet activation in allergic illness patients, it is worth noting that these individuals are defined as having a minor hemostatic defect rather than a higher risk of thrombosis [292]. Furthermore, platelet lifetime has been found to reduce from 8.9 days to 4.7 days in stable atopic asthmatic patients, indicating that platelet consumption is ongoing as a result of chronic activation [293]. Treatment with corticosteroids was also shown to enhance platelet turnover, correcting the observed platelet lifetime decrease in atopic asthmatic patients [294]. Other studies have found no changes in platelet lifespan between healthy people and asthma patients, or pulmonary platelet sequestration after induction of allergen, implying that the processes governing platelet production, transit, and lifespan in the context of inflammatory disease are complicated [295,296]. Changes in mean platelet volume (MPV) and mass, for example, have been suggested as possible indications of changes in platelet production or consumption, which might correspond with differences in platelet function or activation [291].



Despite their widespread use, anti-platelet medicines particularly targeting platelet activation during hemostasis and thrombosis have no documented effect on asthma patients. Conversely, medications such as disodium cromoglycate (DSCG), which have long been recognized to be therapeutically useful in allergic illnesses, have been demonstrated to suppress certain platelet’s inflammatory effects both in vitro and ex vivo without affecting platelet aggregation [297]. This discrepancy in platelet function shows that platelet aggregation is controlled by different platelet activation pathways, as opposed to platelet activation produced by inflammatory mediators, which results in enhanced motility, platelet-leucocyte conjugates, and inflammatory mediator release. While research into these inflammatory-dependent activation cascades is still in its early stages, increasing understanding of these pathways might lead to the development of innovative anti-inflammatory and anti-asthmatic medications. Furthermore, platelet activities involving aggregation and those involving immunological processes, including communication and interactions with leukocytes, platelet chemotaxis, and direct antimicrobial effects, have unique physiological signals and mechanisms [298]. This has led to the concept of a platelet activation dichotomy—coagulation vs. platelet participation in a variety of physiologic immune responses, and also inflammatory illnesses such as allergy diseases and asthma [299].





3.5. Platelet in Malignancy


Platelets are energetic participants in every stage of carcinogeneses such as tumor development, tumor cell extravasation, and metastasis, according to experimental findings [300,301].



Platelets have the ability to transport a variety of proangiogenic factors to the tumor, such as VEGF, PDGF, FGF, and MMPs, and increase tumor cell production of proangiogenic factors. VEGF, which is stored in α-granules and activates VEGFR, promotes NO production and PGI2 via activating PI3K/AKT signaling and MAPKs, respectively. Vascular permeability, vasorelaxation, and endothelial survival are all improved by PGI2 and NO [302]. VEGF also enhances endothelial cell sprouting and tube formation by inducing mitogenesis and migration in these cells [303]. The recruitment of SMCs and pericytes, as well as the stability of new capillaries, need the presence of PDGF [304]. FGF stimulates endothelial cell proliferation and physical organization into tube-like structures, as well as blood vessel-associated cell growth, differentiation, and survival [305]. MMPs regulate angiogenesis by degrading matrix and activating or secreting GFs (FGF, VEGF) to provide favorable conditions for endothelial and tumor cell migration [306,307]. Several MMPs are also responsible for atypical vascular remodeling and invasion at secondary metastatic locations [308]. Platelets help to promote neovascularization, which ensures a sufficient supply of blood for providing nutrients, eliminating waste, and oxygenating the tumor [301].



Furthermore, pro-inflammatory chemokines including CXCL, MCP1, CCL3, CCL5, CCL7, CCL17, and PAF, recruit a range of immune cells to create tumor cell-platelet emboli. These chemokines successfully construct tumor microenvironments, resulting in enhanced vasculature, subversion of immunity, and tumor facilitation [309].



By surrounding the circulating tumor, platelets assist the tumor to evade the immune system and TNF-α-mediated cytotoxicity. Platelet layers protect circulating cancer cells from high shear forces at the vascular wall and aid thrombus formation, which helps to maintain tumor blood vessel integrity [310]. Platelet-tumor cell aggregation transfers normal MHC-1 molecules onto the surface of tumor cells, which prevents natural killer cells from recognizing cancer cells [300,301]. Platelets’ capacity to shelter circulating tumor cells from immune surveillance is believed to have a part in the metastatic process.



In metastatic cancer patients, increased platelet numbers and high rates of platelet activation are frequent [311]. During cancer progression, tumor-related humoral factors and cytokines affected platelet formation through direct paracrine influence on megakaryocytes and their capacities to educate and activate platelets. Granulocyte colony-stimulating factor (G-CSF) and granulocyte-macrophage colony-stimulating factors (GM-CSF) are the most well-known agents that stimulate megakaryopoiesis and thrombopoiesis [312]. Moreover, platelets boost the capacity of platelets to release pro-angiogenic proteins, such as VEGF, following activation of platelets by primary tumor education in the case of breast cancer [313]. Many solid tumors, such as pancreas, renal, and colorectal cancer [314,315,316], can display thrombocytosis, or raised platelet count, which is associated with a worsened prognosis because platelets promote tumor development [317].



In both hematological and solid tumor cancers, platelets have an anti-apoptotic function [300,301]. Platelets suppress apoptosis via enhancing Ras homolog family member A (RhoA)-myosin phosphatase target subunit 1 (MYPT1)- protein phosphatase 1 (PP1)-mediated yes-associated protein (YAP1) dephosphorylation and MAPK signaling in cancer cells [318,319]. Platelets also triggered EMT in cancer cells by activating the TGF/suppressor of mothers against decapentaplegic (Smad) dependent pathway via platelet-produced TGF and the nuclear factor-kB (NF-kB) pathway via direct platelet-tumor cell interaction [320]. These EMTs help tumor cells spread and metastasize by participating in angiogenesis sprouting, reinforcing the stromal fibroblastic milieu, and remodeling the vasculature [321]. Even platelets contribute to chemotherapy resistance through tumor proliferation, anti-apoptosis, and EMT induction [315]. TGF-derived from activated platelets enhances MAPK and PI3K/AKT signaling in pancreatic cancer cells, reducing cisplatin sensitivity [322]. In the membrane of dense granules, platelets produce significantly high levels of multidrug resistance-associated protein 4, which has been linked to a poor chemotherapy response [323]. Platelets scavenge anti-angiogenic drugs such as sunitinib and bevacizumab, which keep angiogenesis going [324].



There is less information about the effectiveness of platelets on benign tumors than on malignant tumors. A study reported that in ovarian tumors, the levels of IL-6 and platelets are greater in malignant tumors compared to benign tumors [325]. In contrast, alpha granule secretion, such as beta-thromboglobulin and PF-4, and platelet aggregation revealed no difference between ovarian cancer and benign ovarian tumors [326,327]. Furthermore, in the case of PRP supplementation in benign breast cancer, malignancy progression through metastasis of sarcoma phenotype emerges through a change in the microenvironment [328]. These data suggest that platelets may have a role in transforming benign tumors into malignant ones. However, a detailed future study with various cancer types in the presence and absence of platelet or platelet derivative may add knowledge to the present literature and elucidate the exact mechanism involved.



Platelet-targeted tumor therapy can be successful since platelets contribute to tumor growth. Aspirin, a typical COX-1 inhibitor, inhibits the conversion of arachidonic acid into prostaglandins, reducing platelet activation [329], and abrogating tumorigenic and metastatic effects [330,331]. Clopidogrel [332,333,334] and ticagrelor [335], among other antiplatelet medicines, greatly reduced cancer metastasis and improved survival rate. Antiplatelet therapy combined with chemotherapeutic therapy may improve therapeutic efficacy by lowering resistance, but it must be addressed in patients with thromboembolic illnesses. Studies should be performed that clearly differentiate the inhibitory or proliferative effect of platelet-derived molecules on tumors. For example, PF4, thrombospondin-1, HGF, Ang-1, endostatin, and PAI-1 suppress tumor growth by inhibiting angiogenesis [336]. Likewise, platelet-induced immunity also negatively affects tumor growth. Therefore, applying antiplatelet therapy for tumor treatment should be performed with caution.




3.6. Platelet in Coronavirus Disease 2019 (COVID-19)


COVID-19, which is caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that wiped the globe in 2019–2020 shows serious thrombotic events, such as deep vein thrombosis, pulmonary embolism, and microthrombi, appeared as additional symptoms of the virus. Coronavirus infection causes severe thrombotic events through a variety of pathways, especially due to the result of the profound COVID-19 inflammatory response and endothelial activation rather than its procoagulant effects [337]. Initially, the spike protein of the SARS-CoV-2 virus interacts with integrin αIIbβ3 to attract platelets to the walls of endothelium and create thrombi. As a result, patients with COVID-19 have increased pathophysiological signs of inflamed endothelium in the pulmonary microcirculation (endothelitis), which causes a large increase in platelet p-selectin surface expression resulting in platelet hyperactivation and hypofibrinolysis [338,339]. Following endothelial responses, the microcirculatory arrest is worsened, resulting in organ failure and tissue damage [340]. Subsequently, the tissue damage factors such as vWF, fibrinogen, PAI1, soluble thrombomodulin, or angiopoietin caused by tissue damage are elevated in plasma and further activate platelets [341,342,343]. An increased PF4 plasma level in COVID-19 patients further expressed an elevated α- and dense granule release from platelets. Enhanced phosphorylation of the PKCδ, which is an intracellular key regulator of α- and dense granule release results in sensitization of platelet activations and secretion pathways [344].



A total of 5–41.7% of patients with COVID-19 infection also exhibit thrombocytopenia. A low plateletcrit and an elevated MPV, platelet distribution width, and platelet large cell ratio are also seen in patients with a severe COVID-19 infection [341,345,346,347]. Since the extensive manifestation of thrombotic events including microthrombi and thromboembolism in COVID-19 patients, platelets are being consumed and the megakaryocyte count and proplatelet formation in bone marrow can be increased [348]. Another reason is the SARS-CoV-2-induced-antibody mediated apoptosis of platelets in COVID-19 patients, which is mediated by immunoglobulin G (IgG) antibodies on the platelet surface via the FCr-receptor IIA (immunoreceptor tyrosine-based activation motif (ITAM)) [349]. These apoptotic processes are also influenced by elevated cytosolic calcium and increased phosphatidylserine in platelets [349,350].



The most rapid and worldwide vaccination program has been developed to combat SARS-CoV-2; however, it comes with the risk of adverse effects including immune thrombocytopenia (ITP). ITP developed by vaccination is very close to the established association between infections and autoimmunity. Thus, the International Society on Thrombosis and Hemostasis recommends antithrombotic prophylaxis using low-molecular-weight heparin, such as enoxaparin, nadroparin, dalteparin, bemiparin, and tinzaparin, for the anticoagulant, anti-inflammatory, and protecting endothelium effect [351]. Patients who have had incident thromboembolic events or have a strong suspicion of thromboembolic illness have been suggested to be benefited from therapy with a full dosage of anticoagulant [352]. Co-administration of the drug such as gamma globulin intravenous infusion (IVIg) that boosts platelet count is recommended in COVID-19 patients [353,354]. Few clinical reports have demonstrated that fibrinolytic therapy can help patients live longer by breaking down blood clots [355]. Recombinant human thrombopoietin (rhTPO), which regulates the production of platelets, can improve COVID-19-related ITP [356].



Despite these continuous discoveries and attempts, additional efforts are needed due to several variants of the SARS-CoV-2 virus. Several questions still need further investigation. For example, is thrombocytopenia induced by platelet hyperactivities and consumption during microthrombi formation in severe COVID-19 cases? Is it possible that hypercoagulable conditions interact with platelet activation, which produces phosphatidylserine and propels cell-based thrombin production, resulting in thrombosis? Do platelets in COVID-19 patients release/synthesize cytokines and contribute to the cytokine storm? Do platelets play a role in the SARS-CoV-2 immune response? Finally, during SARS-CoV-2 infection, are platelets friends or adversaries, or can they flip roles? All of these questions are vital and should be investigated further. Overall, we believe that a better understanding of platelet-pathogen interactions will elucidate the pathophysiology of infectious illnesses and that modulating platelet-pathogen interactions will open up new treatment possibilities.





4. Conclusions


Platelet subpopulations are a hot topic in science. Based on the diverse platelet physical, biochemical, and functional variability, the dynamic nature of platelet properties in health and disease varies. Platelet function has been studied for decades, and the same can be said for inflammation and cancer. Platelet biology overlaps with other non-thrombotic disease conditions. Nevertheless, there are significant gaps in our understanding of platelet function in these other disorders that prohibit us from reaching a thorough mechanistic understanding. Despite the fact that much of the overlap reveals antidotal links, future research is anticipated to find novel pathophysiological pathways that are extremely relevant to human disorders. We hope that this review will inspire more research into the various roles platelets play in physiological and pathological circumstances related to hemostasis and thrombosis and beyond.
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Abbreviations




	GF
	Growth factor



	PAMPs
	Pathogen-associated molecular patterns



	NO
	Nitric oxide



	PGI2
	Prostacyclin



	vWF
	Von Willebrand factor



	GP
	Glycoprotein



	ADP
	Adenosine diphosphate



	TxA2
	Thromboxane A2



	VEGF
	Vascular endothelial growth factor



	FGF
	Fibroblast growth factor



	PDGF
	Platelet derived growth factor



	MMP
	Matrix metalloproteinase



	EMT
	Epithelial-mesenchymal transition



	PF
	Platelet factor



	RANTES
	Regulated upon activation, normal T cell expressed and presumably secreted



	IL
	Interleukin



	EGF
	Epidermal growth factor



	HGF
	Hepatocyte growth factor



	TGF-β
	Transforming growth factor β



	CXCL
	C-X-C motif chemokine ligand



	SDF-1α
	Stromal derived factor 1α



	CCL
	C-C motif chemokine ligand



	MCP
	Monocyte chemoattractant protein



	CD
	Cluster of differentiation



	TLT-1
	TREM-like transcript 1



	Ig
	Immunoglobulin



	PAI-1
	Plasminogen activator inhibitor 1



	TFPI
	Tissue factor pathway inhibitor



	ATP
	Adenosine triphosphate



	GTP
	Guanosine triphosphate



	GDP
	Guanosine diphosphate



	CVD
	Cardiovascular disease



	LDL
	Low-density lipoprotein



	ROS
	Reactive oxygen species



	WDR1
	WD repeat protein 1



	PDE3A
	Phosphodiesterase 3A



	cAMP
	Cyclic adenosine monophosphate



	SMC
	Smooth muscle cell



	SFKs
	Src family kinases



	MPs
	Microparticles



	MiRNA
	MicroRNA



	ACS
	Acute coronary syndrome



	VCAM-1
	Vascular cell adhesion molecule 1



	ICAM-1
	Intercellular adhesion molecule 1



	CXCR
	C-X-C Motif Chemokine Receptor



	MRP
	Myeloid-related protein



	PAFR
	Platelet-activating factor receptor



	LEPRL
	Leptin activates long-form leptin receptor



	JAK2
	Janus kinase 2



	PI3K
	Phosphatidylinositol 3-kinase



	PKB
	Protein kinase B



	IRS-1
	Insulin receptor substrate-1



	PLA
	Platelet-leukocyte aggregation



	ASA
	Acetylsalicylic acid



	DM
	Diabetes mellitus



	PKC
	Protein kinase C



	TNF-α
	Tumor necrosis factor α



	T2DM
	Type 2 diabetes mellitus



	Mac-1
	Macrophage antigen 1



	PRP
	Platelet Rich Plasma



	VEGFR
	Vascular endothelial growth factor receptor



	PEDF
	Pigment epithelium-derived factor



	DIC
	Disseminated intravascular coagulation



	NETs
	Neutrophil extracellular traps



	TLRs
	Toll-like receptors



	β-TG
	β-thromboglobulin



	SrpA
	Serine-rich protein A



	RGD
	Arginine–glycine–aspartic acid



	Clf
	Clumping factors



	TFPI
	Cyclooxygenase-1



	SIRS
	Systemic inflammatory response syndrome



	DAMPs
	Damage-related molecular patterns



	PSGL-1
	P-selectin glycoprotein ligand-1



	PAF
	Platelet activating factor



	MS
	Multiple sclerosis



	AD
	Alzheimer’s disease



	mTOR
	Mammalian target of rapamycin



	MAPK
	Mitogen-activated protein kinase



	CANTOS
	Canakinumab anti-inflammatory thrombosis outcome study



	DC
	Dendritic cell



	CLEC-2
	C-type lectin-like receptor II-type



	MHC
	Major histocompatibility complex



	CNS
	Central nervous system



	BBB
	Blood-brain barrier



	EAE
	Experimentally induced autoimmune encephalomyelitis



	CSF
	Cerebrospinal fluid



	PSD95
	Postsynaptic density protein95



	CVT
	Cerebral venous thrombosis



	tMCAO
	Transient middle cerebral artery occlusion



	MPV
	Mean platelet volume



	DSCG
	Disodium cromoglycate



	G-CSF
	Granulocyte colony-stimulating factor



	GM-CSF
	Granulocyte-macrophage colony-stimulating factors



	RhoA
	Ras homolog family member A



	MYPT1
	Myosin phosphatase target subunit 1



	PP1
	Protein phosphatase 1



	YAP 1
	Yes-associated protein 1



	SMAD
	Suppressor of Mothers Against Decapentaplegic



	NF-kB
	Nuclear factor kappa B



	COVID-19
	Coronavirus disease 2019



	SARS-CoV-2
	severe acute respiratory syndrome coronavirus 2



	ITAM
	Immunoreceptor tyrosine-based activation motif



	ITP
	Immune thrombocytopenia



	IVIg
	Gamma globulin intravenous infusion



	rhTPO
	Recombinant human thrombopoietin
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Figure 1. Role of platelet in health and disease. Platelets are versatile cells engaged in numerous pathophysiological processes including inflammation and immunity, angiogenesis, regeneration, and carcinogenesis, in addition to their crucial role in thrombosis and hemostasis via various molecular and cellular events. This figure introduces the emerging role of platelets in the immune system, vascular biology, tumorigenesis, and beyond. VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; PDGF, platelet-derived growth factor; MMP, matrix metalloproteinase; EMT, epithelial-mesenchymal transition; PF4, platelet factor 4; RANTES, regulated upon activation, normal T cell expressed and presumably secreted; IL-1, interleukin 1; vWF, von Willebrand factor; ADP, Adenosine diphosphate. Created with BioRender.com. Available online: https://app.biorender.com/illustrations/626bc5c233d53778dbd97902 (accessed on 19 May 2022). 
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Table 1. Granule contents of the platelet.
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Granule

	
Type

	
Contents

	
Role

	
References






	
α-granules

	
Adhesive proteins

	
P-selectin

	
Promoting adherence of leukocytes to activated platelets and endothelium

	
[20]




	
Fibrinogen

	
Binding to GpIIb/IIIa receptors on the surface of platelets

	
[21]




	
Von Willebrand factor

	
Binding to FVIII on the surface of platelets

	
[22]




	
Fibronectin

	
Binding to integrin α5β1 and αvβ3 on the surface of platelets

	
[23]




	
Thrombospondin-1

Thrombospondin-2

	
Binding to β1, αIIβ3, and αvβ3 on the surface of platelets

	
[24]




	
Laminin-8

	
Binding to α3β1, and α6β1 on the surface of platelets

	
[25]




	
Vitronectin

	
Binding to αvβ3 on the surface of platelets, and uPAR

	
[26]




	
Growth factors

	
Epidermal growth factor (EGF)

	
Stimulating the proliferation of fibroblasts and epithelial cells

	
[27]




	
Insulin-like growth factor 1 (IGF-1)

	
The major mediator of growth hormone-stimulated somatic growth and growth hormone-independent anabolic responses

	
[28]




	
Hepatocyte growth factor (HGF)

	
Metabolic flux of glucose in different insulin-sensitive cell types; plays a key role in β-cell homeostasis

	
[29]




	
Transforming growth factor β (TGF-β)

	
Inhibiting the proliferation of epithelial cells

	
[30]




	
Platelet-derived growth factor (PDGF)

	
Growth control of mesenchymal cells such as fibroblasts and smooth muscle cells

	
[31]




	
Angiogenic factors

	
Vascular endothelium growth factor (VEGF)

	
Enhanced endothelial cell proliferation and survival, increased migration and invasion of endothelial cells, increased permeability of existing vessels, forming a lattice network for endothelial cell migration, enhanced chemotaxis, and homing of bone marrow-derived vascular precursor cells

	
[32]




	
Platelet-derived growth factor (PDGF)

	
Up-regulating VEGF production, modulating the proliferation and recruitment of perivascular cells

	
[33]




	
Fibroblast growth factor (FGF)

	
Activating a serine-rich proteins/serine-rich phosphorylating kinases network that regulates VEGFR1 alternative spicing in endothelial cells.

	
[34]




	
Chemokines

	
CXCL8 (IL 8)

CXCL7 (platelet basic protein/NAP-2)

CXCL1 (GRO- α)

CXCL5 (ENA-78)

CXCL2 (MIP-2)

CXCL6 (LIX)

CXCL-12 (SDF-1α)

	
Activating and recruiting neutrophils

	
[35]

[36]

[37]

[38]

[39]

[40]

[41]




	
CCL5 (RANTES)

	
Recruiting T cells, macrophages, eosinophils, and basophils

	
[42]




	
CCL3 (MIP-1α)

	
Recruiting polymorphonuclear leukocyte

	
[43]




	
CCL2 (MCP-1)

	
Recruiting polymorphonuclear leukocyte

	
[43]




	
CCL7 (MCP-3)

	
Recruiting monocytes, neutrophils, eosinophils, and basophils

	
[44]




	
IL1β

	
Recruiting and activating leukocytes

	
[45]




	
CD40L Proteases

	
-

	




	
Coagulation factors

	
Factor V

	
Cleaving prothrombin to thrombin

	
[46]




	
Protein S

	
Anticoagulant by inhibiting FIXa

	
[47]




	
Factor XI

	
Hemostasis through activation of factor IX

	
[48]




	
Factor XIII

	
Stabilizing fibrin networks

	
[49]




	
Kininogens

	
Activating FXI

	
[50]




	
Plasminogen

	
Fibrinolysis by binding to the fibrin clot

	
[51]




	
Integral membrane proteins

	
Integrin αIIbβ3

	
By binding fibrinogen, facilitates irreversible binding of platelets to the exposed extracellular matrix and enables the cross-linking of adjacent platelets

	
[52]




	
GPIba-IX-V

	
By binding the von Willebrand factor, initiating platelet aggregation and thrombus formation

	
[53]




	
GPVI

	
By binding collagen, initiating platelet aggregation

	
[54]




	
TLT-1

	
Binds fibrinogen and plays a role in bleeding initiated by inflammatory insults

	
[55]




	
P-selectin

	
Promoting adherence of leukocytes to activated platelets and endothelium

	
[20]




	
Immune mediators

	
Complement C3 precursor

	
Cleaved into C3a and C3b by foreign invaders, and triggering inflammation, phagocytosis, cell lysis, and cell activation

	
[56]




	
Complement C4 precursor

	
Activating classical and lectin pathways and the formation of C3 convertase

	
[56]




	
Factor D

	
Initiating the alternative pathway of complement activation and amplification loop of C3 activation

	
[57]




	
Factor H

	
Controlling the alternative pathway

	
[58]




	
C1 inhibitor

	
Inhibiting the activation of the proteins of early blood coagulation and the classical complement pathways

	
[59]




	
Immunoglobulins

	
Binding and neutralizing antigens

	
[60]




	
Protease inhibitors

	
α2-antiplasmin

	
Inhibiting plasminogen binding to fibrin, and cross-linking fibrin

	
[61]




	
PAI-1

	
Binding and inhibiting the tissue-type and urokinase-type plasminogen activator

	
[62]




	
α2-antitrypsin

	
Anti-inflammatory properties by the destructive effect of major proteases

	
[63]




	
α2-macroglobulin

	
Binding foreign peptides, thereby serving as humoral defense barriers against pathogens

	
[64]




	
TFPI

	
Inhibiting FXa and FVIIa, thereby blocking the initial steps of the extrinsic coagulation pathway

	
[65]




	
C1-inhibitor

	
Inhibiting the activation of the proteins of early blood coagulation and the classical complement pathways

	
[59]




	
Proteoglycans

	
MMP2, MMP9

	
Degrading collagen, elastin, fibronectin, gelatin, and laminin and remodeling the extracellular matrix

	
[66]




	
Dense granules

	
Amines

	
Serotonin

	
Inducing constriction of injured blood vessels and enhancing platelet aggregation to minimize blood loss

	
[67]




	
Histamine

	
Aggregatory and immunological stimuli

	
[68]




	
Bivalent cations

	
Ca2+

Mg2+




	
Nucleotides

	
ATP

ADP

GTP

GDP




	
Polyphosphates

	




	
Lysosome granules

	
Acid proteases

	
Cathepsin D, E

Carboxypeptidases (A, B)

Prolinecarboxypeptidase

Collagenase

Acid phosphatase

Arylsulphatase




	
Glycohydrolases

	
Heparinase

β-N-acetyl-glucosaminidase








vWF, von Willebrand factor; EGF, epidermal growth factor; IGF-1, insulin-like growth factor 1; HGF, hepatocyte growth factor; TGF-β, transforming growth factor β; PDGF, platelet-derived growth factor; VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; PF4, platelet factor 4; CXCL, C-X-C motif chemokine ligand; IL, interleukin; NAP-2, neutrophil-activating peptide 2; GRO-α, growth-related oncogene α; ENA, epithelial-neutrophil activating peptide; MIP, macrophage inflammatory protein; LIX, lipopolysaccharide-induced CXC chemokine; SDF-1α, Stromal derived factor 1α; CCL, C-C motif chemokine ligand; RANTES, regulated upon activation, normal T cell expressed and presumably secreted; MCP, Monocyte chemoattractant protein; TLT-1, TREM-like transcript 1; PAI-1, plasminogen activator inhibitor 1; TFPI, tissue factor pathway inhibitor.
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Table 2. Platelet molecules, their functions, and pathways involved in CVD. Adapted and modified from [71].
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Function

	
Platelet Molecule

	
Mechanism

	
References






	

	
Thrombin

	
Strengthn platelet-fibrin clot

	
[72]




	
Platelet activation molecule

	
Nitric oxide

	
Enhance thromboxane generation and platelet aggregation

	
[73]




	
LDL

	
Increase ROS formation

Platelet activation

Prothrombinase complex thrombin and thrombosis formation

	
[74,75,76]




	
WDR1

	
Increase ADF-cofilin

Actin disassembling

Decrease actin cytoskeleton and thrombin activation

	
[77,78,79]




	
Leptin

	
Increase PDE3A

Decrease cAMP

	
[80,81]




	
Adiponectin

	
Insulin resistance

Hypoadiponectinemia

	
[82,83,84,85]




	
ROS

	
8-isoPGF2α increase

Platelets aggregation

Drugs’ non-responsiveness

	
[86,87,88,89,90]




	
ADP

	
Increase platelet activation

Active leukocytes, endothelial cells, and SMCs

	
[91,92,93]




	
Fractalkine

	
Increase platelet activation

Inducing P-selectin

Platelet adhesion to fibrinogen and collagen

	
[94,95]




	
GPVI

	
Platelet aggregation

Initiated signaling cascades with SFKs

	
[96,97]




	
Integrin αIIbβ3

	
Platelet aggregation

Initiated signaling cascades with SFKs

	
[96,97]




	
Talin

	
Bind and regulate αIIbβ3

	
[96,97]




	
ILK

	
Integrin activation

α-granule secretion and platelet activation

	
[98,99,100]




	
MPs

	
Induce angiogenesis and revascularization improvement

	
[101,102,103]




	
SPARC

	
Angiogenesis formation

Cardiac integrity

Platelet reorganization

	
[101,102,103]




	
miRNA-223

	
Regulate EPB41L3 gene

ACS formation and vascular dysfunction

	
[104]




	
miRNA-126

	
Regulate VCAM-1 gene

ACS formation and vascular dysfunction

	
[104]




	
Molecule activation by platelet

	
Thromboxane

	
ROS generation

	
[73]




	
Annexin V

	
Inducing cardiac myocytes apoptosis

	
[105]




	
P-selectin

	
By linking with PSGL-1, induce several inflammation, such as myocardial infarction, stroke, and peripheral artery diseases.

	
[106]




	
CD40L

	
Induce plaque initiation, thrombus stabilization, platelet activation, and vascular inflammation

	
[107]




	
PDGF-D

	
Stimulates proliferation of cardiac interstitial fibroblasts and arterial smooth muscle cells.

	
[108]




	
PDGF-A

PDGF-B

	
Induce cardiac hypertrophy and fibrosis mediate by mesenchymal Fibroblasts

	
[109]




	
Tissue factor

	
Initiating the coagulation cascade

Induce migration and proliferation of vascular smooth muscle cells

	
[110]




	
PECAM-1

	
Regulating NF-kB-mediated gene expression

	
[111]




	
Peroxisome proliferator-activated receptor gamma

(PPAR-r)

	
Induce insulin resistance, Increase vasodilation

	
[112]




	
ACC

	
Fatty acid metabolism in platelets

	
[113,114]




	
AMPK

	
Changes in platelet shape and secrete the granules

	
[113,114]




	
MLCs

	
Changes in platelet shape and secrete the granules

	
[113,114]




	
Cofilin

	
Changes in platelet shape and secrete the granules

	
[113,114]




	
Thrombin

	
AMPK activation in platelets and phosphorylation of MLCs and cofilin

	
[113,114]




	
CXCL7

	
Most expressions in platelet

Role in CVD

	
[70]




	
CXCL4

	
Increased atherosclerosis

Heterodimer with CCL5

Bind to monocytes

Modulate signaling pathways in the cells

	
[115,116,117]




	
CCL5

	
Increase the monocytes and T-lymphocytes adhesion by ICAM-1 and VCAM-1

Increase angiogenesis

	
[118]




	
CXCL1

	
Bind to CXCR2

Induce monocyte activation to atherosclerotic lesions

	
[119]




	
CXCL12

	
Atherosclerotic lesions formation

Activate platelets via CXCR4

Secrete by macrophages and increase the atherosclerosis

	
[120,121]




	
CCL2

	
Trigger atherosclerotic lesions formation

	
[70,122]




	
CCL3

	
Express in atherosclerosis

Bind to CCR1 and CCR5

	
[70,122]








LDL, low-density lipoprotein; ROS, reactive oxygen species; WDR1, WD repeat protein 1; ADF, actin-depolymerizing factor; PDE3A, phosphodiesterase 3A; cAMP, cyclic AMP; 8-isoPGF2α, 8-iso-prostaglandin F2α; ADP, adenosine diphosphate; SMC, smooth muscle cell; ILK, integrin-linked kinases; MP, microparticle; SPARC, secreted protein acidic and rich in cysteine; miRNA, microRNA; EPB41L3, erythrocyte membrane protein band 4.1 like 3; ACS, acute coronary syndrome; VCAM-1, vascular cell adhesion molecule 1; ACC, acetyl CoA carboxylase; AMPK, AMP-activated protein kinase; MLC, myosin light chain; CXCL, C-X-C motif chemokine ligand; CVD, cardiovascular disease; CCL, C-C motif chemokine ligand; ICAM-1, intercellular adhesion molecule 1; CXCR, C-X-C motif chemokine receptor; CCR, C-C motif chemokine receptor.
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Table 3. Platelet-derived mediators of inflammation. The table has been modified from [162].
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	Mediator
	Main Interactions
	Main Role in Inflammation





	P-selectin (CD62P)
	Monocytes

Neutrophils

Endothelium
	Formation of PLA [163]

Formation of bridges between leukocytes and endothelium [164]



	CD40L (CD154)
	T cells

B cells

Monocytes

DCs

Endothelial cells
	Important mediator of T cell immune response [165]

Link between innate and adaptive immune responses [165]

Promotes leukocyte recruitment to the endothelium [166]



	PF4 (CXCL4)
	Monocytes

Neutrophils
	Induces leukocyte pro-inflammatory cytokine release, phagocytosis, chemotaxis, generation of ROS [122,167,168]

Inhibits leukocyte apoptosis [167]

Promote neutrophil firm adhesion on the endothelium [169]



	MIP-1α (CCL3)
	Monocytes

Macrophages

Neutrophil
	Promotes monocyte, macrophage, and neutrophil chemotaxis [170]

Upregulates monocyte and macrophage release of pro-inflammatory mediators [170]



	RANTES (CCL5)
	Monocytes

Macrophages

T cells

Endothelial cells
	Promotes monocyte, macrophage, and T cell chemotaxis and recruitment to the endothelium [171,172]

Induce expression of MMP [173]



	IL-1
	SMC

Monocyte

Macrophage

Endothelium

T cells
	Central to pro-inflammatory cytokine cascade and vascular inflammation [174]

Increase the expression of adhesion factors on endothelial cells to enable migration [175]

Vasodilation and hypotension

Increase the expansion of naïve and memory CD4 T cells [176]



	Microbicidal proteins
	Bacteria
	Disrupt cell membrane [177]



	NAP-2 (CXCL7)
	Neutrophil
	Promote neutrophil firm adhesion on the endothelium and transmigration [169]



	SDF-1α
	Monocyte
	Regulating leukocyte polarization and motility [178]



	Serotonin
	Neutrophil

T-cell
	Neutrophil and T-cell recruitment, vasodilation, and increasing vascular permeability [179]



	Histamine
	Endothelium
	Vasodilation, increasing vascular permeability, and endothelial activation [180]







PLA, platelet-leukocyte aggregation; DC, dendritic cell; PF, platelet factor; CXCL, C-X-C motif chemokine ligand; ROS, reactive oxygen species; MIP, macrophage inflammatory protein; CCL, C-C motif chemokine ligand; RANTES, regulated upon activation, normal T cell expressed and presumably secreted; MMP, matrix metalloproteinase; IL, interleukin; SMC, smooth muscle cell; NAP-2, neutrophil-activating peptide 2; SDF, Stromal derived factor.
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