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Atherosclerosis of the blood vessels is one of the main causes of severe chronic vascular pathologies, which quite often 
lead to the fatal end. It is well known that the development of atherosclerosis is an inflammatory process going through 
several stages until the formation of an atherosclerotic plaque. The latter, due to increased instability, would come off 
and cause thromboembolism. Low density lipoproteins, endothelium, platelets, neutrophils, monocytes / macrophages and 
smooth muscle cells of the vessel wall are all active participants in the development of atherosclerosis. Thus, they trigger and 
carry out the process by forming a platelet thrombus on the surface of the ulcerated calcified atherosclerotic plaque. In the 
recent time interest in the role of platelets in inflammatory processes has grown immensely, first of all due to their ability 
to interact with cells participating in different stages of atherosclerosis development through adhesion, formation of aggrega-
tions, the exchange of exovesicles and microparticles, as well as through the mutually increasing secretion of cytokines, che-
mokines, growth factors and other chemical mediators. This review is devoted to the role of platelets in the formation and 
regulation of the multicellular ensemble and also local cell modules specific for each stage of atherosclerosis development.
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Атеросклероз кровеносных сосудов  — одна из основных причин тяжелых хронических сосудистых пато-
логий, нередко протекающих с летальным исходом. Известно, что атеросклероз как воспалительный процесс 
развивается в несколько этапов и завершается образованием атеросклеротической бляшки, которая при повы-
шенной нестабильности может отрываться и быть причиной тромбоэмболии. Активными участниками процес-
са атеросклероза являются липопротеины низкой плотности, эндотелий, тромбоциты, нейтрофилы, моноциты/
макро фаги и гладкомышечные клетки стенки сосуда. При этом тромбоциты начинают процесс и завершают его, 
образуя на поверхности изъязвленной кальцинированной атеросклеротической бляшки тромбоцитарный тромб. 
Интерес к роли тромбоцитов в воспалительных процессах в настоящее время чрезвычайно вырос, особенно это 
относится к их способности взаимодействовать с клетками-участниками на разных этапах развития атероскле-
роза через адгезию, образование агрегаций, обмен экзовезикулами и микрочастицами и посредством взаимно 
усиливающейся секреции цитокинов, хемокинов, факторов роста и других химических медиаторов. Настоящий 
обзор посвящен роли тромбоцитов в формировании в стенке сосуда и регуляции мультиклеточного ансамбля 
в целом и локальных клеточных модулей, специфичных для каждой стадии развития атеросклероза.

Ключевые слова: атеросклероз; тромбоциты; эндотелий; нейтрофилы; моноциты/макрофаги; гладкомышечные 
клетки сосудов.

Background

Atherosclerosis is currently considered a vas-
cular wall pathology, which represents chronic 
inflammation associated with impaired lipid 

metabolism and lipid deposition in the vessel 
wall with the formation of an atherosclerotic 
plaque. The development of atherosclerosis has 

List of abbreviations
LDL, low-density lipoproteins; VLDL, very-low-density lipoproteins; ROM, reactive oxygen metabolites; VSMC, vascular smooth muscle 
cells; NET, neutrophil extracellular trap.
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4–8 stages. In stage 1, damage to one endothelial 
cell or group of cells can be caused by several non-
specific factors, namely, hypertension, increased 
blood viscosity and osmotic pressure, lipid per-
oxidation of cell membranes, heavy metals, etc. 
These factors can contribute to the destruction of 
the extracellular matrix and increase endothelium 
permeability and entry into the intima of blood 
vessels of platelets, neutrophils, monocytes, den-
drocytes, and lymphocytes  [1], and low-density 
lipoproteins (LDL) and very-low-density lipo-
proteins (VLDL)  [2–4]. Moreover, the involve-
ment of the circulating blood cells, primarily 
monocytes, neutrophils, and preendotheliocytes, 
increases [5, 6], and the process of atherogen-
esis starts; however, it remains possible to restore 
the endothelial monolayer. A necessary condition 
for a shift in the functions of activated platelets 
along the path of atherogenesis is the presence of 
cofactor such as oxidized LDL. LDL is made up of 
cholesterol and its esters, triglycerides, apolipopro-
tein-B100 (apo-B100), and other proteins, as well 
as their glycated metabolites [1, 7, 8]. LDL  and 
VLDL enter the intima through the endothelium 
by transcytosis through the caveolar mechanism 
under the control of platelets [1–4].

In stage 2, inflammation processes are trig-
gered under the influence of substances secreted 
by the damaged epithelium, activated platelets, 
and myeloid cells continuing to enter the intima. 
Thus, platelets secrete large volumes of solu-
ble CD40L and its receptors (CD40), platelets 
themselves, endothelial cells, neutrophils, macro-
phages, dendrocytes, and vascular smooth muscle 
cells (VSMCs) [9, 10]. Since the CD40/CD40L 
ligand–receptor interaction activates nicotinamide 
adenine dinucleotide phosphate (NADPH) oxi-
dase in the membrane of target cells, superoxide 
anion and reactive oxygen metabolites (ROM) are 
formed in the mitochondria of these cells, which 
oxidize LDL that have entered the intima, and 
they begin to be modified, undergoing acetylation 
and glycosylation [9, 10]. This impairs the perme-
ability of LDL, and they accumulate not only in 
the lumen of the vessel but also in the intima. Such 
oxidized LDLs are phagocytosed by macrophages 
using scavenger receptors without the participa-
tion of apoB-100 receptors [2]. Oxidized LDLs 
and additional ROMs worsened acidosis and en-
hanced activation of the redox-sensitive nuclear 
receptor Nrf2, which ensures the release of pro-
inflammatory cytokines by macrophages, growth 

factors that stimulate the division of VSMCs, their 
differentiation [11], and synthesis of intercellular 
substance, and are involved in the development 
of atherosclerotic plaque. Moreover, lipoproteins 
are not metabolized in macrophages, and when 
they accumulate, they become foam cells, and 
the accumulated cells create lipid strips or spots 
in the final stages of the atherosclerosis process. 
Preendotheliocytes and VSMCs can also become 
foam cells [12, 13]. An increase in the concen-
tration of oxidized LDLs and intensification of 
atherosclerosis can be facilitated by the insuf-
ficient activity of antioxidant systems involving 
vitamins E and C, catalase enzymes, glutathione 
peroxidase, and superoxide dismutases 1 and 2 [2]. 
Under the influence of growth factors secreted by 
platelets, neutrophils, and macrophages, VSMCs 
migrate from the media into the intima and begin 
to proliferate, turning into macrophage-like cells. 
They also accumulate modified LDLs [12, 13].

In stage III of atherosclerosis development, 
the stage of late changes, processes of the previous 
stage continue and intensify with the beginning of 
the formation of an atherosclerotic plaque, an in-
crease in its volume, and fibrosis. This is facili-
tated by the proliferation of foam cells; secretion 
of fibroblast-like VSMCs and activated fibroblasts 
of collagen, elastin, and glycosaminoglycans; 
and the accumulation of intercellular substance. 
Platelets play a role in increasing the count of 
neutrophils, macrophages, and T-lymphocytes at-
tracted by their chemokines to the plaque [14–18]. 
Subsequent apoptosis of foam cells and necrotic 
phenomena lead to the formation of a necrotic 
zone in the center of the plaque, accumulation 
of free or encapsulated cholesterol and its esters 
[1, 6], and a decrease in plaque stability. In the fi-
nal stage, plaque surface calcification occurs, as 
well as its ulceration, in sites in which platelets 
adhere from the vessel lumen and a platelet–fibrin 
thrombus is formed with the addition of throm-
boembolism, which destroys the vessel.

In this general description of the stages of ath-
erosclerosis development, the role of intercellular 
communications, particularly platelets, is not suf-
ficiently represented yet. Many researchers have 
reported that the biochemical and morphofunc-
tional plasticity of platelets determined their key 
role not only in hemostasis and thrombosis but 
also in the reactions of innate and acquired im-
munity and chronic inflammation [1, 6, 15–16, 
19, 20]. Some authors pay special attention to 
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the analysis of conditions for switching the effects 
of platelets from thrombopoiesis to atherosclerosis. 
As a summary of their efforts, we can state the fol-
lowing. The triggering of hemostasis or immune 
responses and atherosclerosis by platelets depends 
on several factors, including the most significant 
ones: (1) size of damage to the vessel wall, larger 
in the first case and microdamages in the second 
case (e.g., as a result of the destruction of proteins 
of intercellular contacts or individual endothelio-
cytes); (2) complexes of adhesion proteins that at-
tach platelets to subendothelial collagen or integ-
rins of endothelial cells; (3) formation of platelet 
aggregates in the lumen of the vessel at the locus 
of damage to its wall during hemostasis and accu-
mulation of platelet aggregates with neutrophils or 
with monocytes/macrophages in the intima during 
atherosclerosis development; and (4)  presence of 
oxidized LDLs in the intima, which is necessary 
to trigger the atherosclerosis process and increase 
the permeability of endothelial cells to which and 
their transcytosis itself are regulated by platelets in 
the caveolar pathway [1–4].

At present, the interest of researchers in in-
tercellular interactions has shifted to the issue of 
the functional specificity of intercellular modules. 
An example is the growing number of studies on 
neurovasal and neuroimmune units. The study 
of intercellular interactions during atherosclero-
sis development leads gradually to the formation 
of local multicellular complexes in the intima 
of the vessel wall, like hubs, with a dynamically 
changing composition, but the constant participa-
tion of platelets.

Thrombocytopoiesis: Platelet characterization

Platelets are formed from megakaryocytes in 
the red bone marrow, and up to 50% of the total 
are formed in the capillary perialveolar plexus of 
the lungs. Subsequently, platelets can divide into 
smaller ones [20–22]. In the niches of the bone 
marrow, megakaryocytes can absorb neutrophils 
(mechanism of emperipolesis), which makes it 
possible for the intracellular exchange of mem-
brane fragments and molecular complexes between 
the neutrophils and intensively formed platelets 
[21, 22]. A similar mechanism is possible in 
the lungs, where the perialveolar capillary network 
contains many megakaryocytes, platelets formed 
from them, and neutrophils. A study revealed [23] 
that severe acute respiratory syndrome coronavi-

rus 2 (SARS-CoV-2), penetrating megakaryocytes 
of pulmonary capillaries, disrupts the formation 
of small platelets. Macroplatelets then form ag-
gregations and interfere with capillary blood flow, 
causing local microbleeding. In the context of 
the SARS-CoV-2 pandemic, clarifying the mech-
anisms for the implementation of proinflamma-
tory and pro-atherogenic functions of platelets is 
important. An increase in the count and size of 
megakaryocytes and platelets can also cause mi-
crovascular thromboembolism in the heart, lungs, 
and kidneys in patients who died from coronavi-
rus disease 2019 (COVID-19) [23–25]. However, 
many researchers have noted thrombocytopenia 
in the blood plasma in patients with COVID-19, 
leading to local hemorrhage [25]. The inconsis-
tency of data on changes in the platelet count may 
reflect their hematopoiesis at different periods of 
COVID-19 development, namely, initial thrombo-
cytopenia, causing microbleeding, and a compen-
satory increase in thrombocytopoiesis due to this 
pathology. Moreover, no atherosclerotic changes 
were found in the vessels of the heart, which 
should be investigated [25].

Normally, a resting platelet represents a small, 
biconvex, nuclear-free cell 2–6 μm in size, contain-
ing some molecules and organelles of the original 
megakaryocyte, mitochondria, and densely packed 
tubules of the smooth endoplasmic reticulum. 
When platelets are activated, deep invaginations of 
the membrane are connected to the endoplasmic 
reticulum and form an open tubular system con-
nected to the cell surface, through which platelet 
biologically active substances can be diffusely re-
leased as microparticles or exovesicles [26]. This 
can also be facilitated by the ongoing process of 
microfragmentation of the marginal platelet sur-
face during its activation [20–21]. Molecules that 
are part of various granules, exovesicles, and mi-
croparticles can be synthesized based on mRNA 
obtained from a megakaryocyte, mitochondria, 
and endoplasmic reticulum.

The main pool consists of platelet granules 
α, δ, γ, and λ. The first of them, α-granules, in 
addition to the adhesion proteins P-selectin and 
von Willebrand factor, contain hemostasis factors, 
namely, platelet factor 4, B-thromboglobulin, fi-
bronectin, fibrinogen, factors V and XIII, and 
other platelet factors of the coagulation cascade, 
and proteins with wide functional abilities, such 
as sphingosine-1-phosphate, transforming growth 
factor β1 (TGFβ1), and platelet-derived growth 
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factor (PDGF) (in humans, the PDGF-BB ho-
modimer predominates). The sphingosine-1-phos-
phate receptor, SP1R1-3, is expressed by endo-
thelial cells and VSMCs [27], transendothelially 
migrating neutrophils, monocytes, and dendritic 
cells [28], and by alveolar epithelium, where 
sphingosine-1-phosphate maintains the integrity 
of the histo-hematic barrier in the lung parenchy-
ma  [20]. TGFβ is involved in the transformation 
of monocytes into macrophages and transdiffer-
entiation of VSMCs during plaque formation and 
vessel wall regeneration [11–13]. PDGF-BB syn-
thesized in megakaryocytes is contained in platelet 
α-granules and is secreted upon its activation. It is 
a potent mitogen of VSMCs and vascular wall fi-
broblasts, activating their migration, proliferation, 
synthesis, and secretion of collagen and glycos-
aminoglycans through its receptors [26]. Together 
with PDGF-BB and other fibrogenic factors se-
creted by platelets and under the influence of fi-
broblasts and VSMCs, the volume of connective 
tissue in the plaque increases in the last stages of 
atherosclerosis.

Dense granules, or δ-granules, contain adenos-
ine triphosphate or adenosine diphosphate (re-
quired for the formation of platelet aggregation), 
calcium (an indispensable participant in many 
stages of hemostasis), or serotonin, which accu-
mulates in large amounts; therefore, platelets are 
considered, along with the spleen, the main de-
pository of serotonin in the periphery [29]. When 
platelets are activated or the spleen contracts in 
the presence of thrombocytopenia, serotonin se-
cretion helps attract neutrophils to the locus of 
acute inflammation and provides vasoconstriction, 
enhancing the hemostatic function of platelets. 
A similar vasomotor effect is exerted by throm-
boxane A2, which is formed in the endoplasmic 
reticulum [6, 20]. In the early stage of athero-
sclerosis, platelet serotonin is important for in-
creasing endothelial permeability and recruiting 
leukocytes. The composition of γ-granules in-
cludes hydrolyzing enzymes similar to lysosomal 
ones. They can participate in the disassembly of 
intercellular contacts in the endothelium, which 
is required for the diapedesis of leukocytes into 
the intima. Molecules of λ-granules are involved 
in the resorption at the last stages of the forma-
tion of the necrotic plaque center [30]. Exovesicles 
and microparticles released by platelets can con-
tain various inflammatory factors, such as proin-
flammatory interleukins IL-1β and IL-6, tumor 

necrosis factor (TNFα), granulocyte-macrophage-
colony-stimulating factor, etc. Many proinflam-
matory cytokines and chemokines are secreted not 
only by platelets but also by endotheliocytes, neu-
trophils, and monocytes/macrophages, often when 
interacting in duets of platelet/endothelium, plate-
let/macrophage, or platelet/neutrophil or trios of 
endothelium/platelet/neutrophil [31, 32], platelet/
macrophage/neutrophil, or platelet/macrophage/
VSMCs. However, the initial launch, impetus to 
increase (through joint efforts of the multicellular 
ensemble) in the intima of the concentration of 
a certain proinflammatory factor up to the su-
prathreshold level, is implemented by activated 
platelets.

Mechanisms of platelet activation

Platelet activation can be induced by chemical 
and mechanical factors. Chemical factors include 
hypoxia, fibrin, fibrinogen, collagen, cytokines, 
and chemokines secreted by other cells in the ves-
sel wall [6, 17]. Many platelet membrane recep-
tors, after binding to a ligand, activate guanosine 
diphosphate/GTP-binding proteins of the Gs, Gq, 
Gi, or G12 types, followed by the activation of 
the corresponding intracellular signaling systems. 
The action of their final and/or intermediate 
components, owing to the absence of a platelet 
nucleus, is limited to targets in the cytoplasm, mi-
tochondria, and cell membrane [2]. For example, 
upon the activation of the adenylyl cyclase and 
guanylate cyclase systems, cyclic adenosine mo-
nophosphate and cyclic guanosine monophosphate 
regulate the activity of membrane ion channels 
in different directions. In infections via Toll-like 
receptors (TLR4 or TLR7) of the platelets, bacte-
rial lipopolysaccharides activate the inflammasome 
mechanism, followed by the activation and release 
of proinflammatory ILs. Moreover, the nuclear 
factor kB (NF-kB), known as an activator of 
transcription of proinflammatory cytokine genes 
in other nuclear cells in platelets, limits its action 
by suppressing the anti-apoptotic effects of Akt 
kinase and activation of intracellular proinflam-
matory pathways, particularly through p38 and 
thromboxane A2 [7, 33]. NF-kB in platelets also 
causes the secretion of cytokines with a procal-
cifying effect, namely, IL-1β, IL-6, and TNFα, 
contributing to increased inflammation and plaque 
calcification in the last stages of atherosclerosis 
development. The activation of NF-kB-dependent 
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inflammation in platelets has also been described 
upon the activation of the receptor for advanced 
glycation end products (RAGE), a receptor for 
protein glycation end products. These receptors 
are expressed in endotheliocytes and platelets, 
and their count increases in type 2 diabetes mel-
litus, thereby enhancing diabetic atherosclerosis 
[7, 8, 33]. The activation of RAGE has been de-
scribed in its binding to many ligands,  including 
AGE, high-mobility group box 1 (HMGB1), 
β-amyloid, and protein S100 secreted by activated 
macrophages [8].

In hemostasis, for mechanodependent plate-
let activation, first of all, adhesion through gly-
coproteins GP1b-IX-V is significant, which bind 
the platelet to subendothelial von Willebrand fac-
tor (vWF) in case of damage to the vessel wall 
and receptors for collagens of the vessel basement 
membrane, namely, glycoprotein VI (GPVI) and 
integrin α2β1. These receptors are associated with 
intracellular elements of the platelet cytoskeleton, 
microtubules, and actin microfilaments, and its 
branching is provided by actin-related protein 2/3 
(Arp 2/3). It also forms protrusions and lamellipo-
dia on the platelet surface, ensuring its migration, 
directed by a sequence of adhesion points (hap-
totaxis process), along the endothelial surface and 
scanning it to detect microdamages or pathogens 
[36, 37].

Aspects of hemodynamics and wall thickness of 
different parts of the vascular bed affect the shear 
force [2, 36–38] and platelet activation, increasing 
the risk of atherosclerosis in the vessels (in de-
scending order) of the abdominal aorta; coronary, 
popliteal, femoral, and tibial arteries; thoracic 
aorta, thoracic aortic arch, and carotid arteries. 
In contrast to coagulation thrombosis, the in-
volvement and activation of platelets at an early 
stage of atherosclerosis does not occur through 
the formation of platelet aggregates, but mainly 
due to the transient and strong adhesion of indi-
vidual platelets to endothelial cells and ruptures in 
the endothelial lining and/or adherent leukocytes 
[36–38]. Moreover, the concentration of com-
plexes of platelets with leukocytes increases not 
only at the point of damage to the endothelium 
but also in the vascular bed.

The abundance of receptors for various me-
diators, hormones, chemokines, and cytokines in-
dicates the high functional plasticity of platelets 
and close interaction with microenvironment cells; 
these properties are required for participation in 

hemostasis, inflammation, and immune defense 
[20, 21, 37, 38]. As protectors of the vascular 
bed, platelets can perform a threefold function; 
i.e., they provide the formation and retraction of 
a platelet–fibrin thrombus, which closes damage 
to the vessel wall and prevents bleeding; block 
the penetration of pathogens into the blood 
through the damaged locus; and attract neutro-
phils and macrophages from the vascular bed to 
the intima of the vessel wall, promoting their 
migration and subsequent extravasation [37, 40]. 
This determines the need for the participation of 
platelets in the development of the inflammatory 
process in the vessel wall at the initial stages of 
atherogenesis. Recent studies have emphasized 
the characteristics of the implementation of these 
platelet functions, that is, participation in hemo-
stasis is typical for platelet aggregation in mod-
erate and relatively large damage to the vessel 
wall. Proinflammatory functions are characteris-
tic of single platelets that scan the endothelium 
surface with lamellipodia in search of its micro-
damages (several μm2), which are commensurate 
with the cell size, and spread over them, block-
ing the paths for microhemorrhages [19, 35, 36, 
39, 40]. This explains the presence of the latter in 
thrombocytopenia. Such microdamages may result 
from transendothelial diapedesis of lymphocytes or 
destruction of individual endothelial cells as a re-
sult of ROM-induced apoptosis. These functions 
of platelets are important for suppressing micro-
bleeding and penetration of infections into the in-
tima and tissue surrounding the vessel. A platelet 
migrates along the monolayer of the endothelium 
through haptotaxis [37], which is a movement di-
rected by a sequence of platelet adhesion points to 
the endothelium through the GPVI/α2β1/Arp2/3 
receptor complex. Subsequently, the interaction 
with α2β1 integrin, which is a mechanosensitive 
receptor, and the “shear stress” of laminar blood 
flow [1, 38] change the biophysical properties of 
the membrane, such as local tension forces, which 
is one of the activation factors for an adhered 
platelet and determines its mechanosensory prop-
erties as a scavenger (mechano-scavenger) [33]. 
In addition, due to adhesion, the intracellular in-
tegrin signaling system is activated, which leads to 
an increase in the concentration of calcium ions in 
the platelet and Ca2+-dependent rearrangements of 
the platelet cytoskeleton, which ensures its migra-
tion and Ca-dependent exocytosis of biologically 
active substances.
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Stages of atherosclerosis development 
and platelets

An important consequence of platelet ad-
hesion to the endothelium is the activation of 
the NADPH oxidase in its membrane, followed 
by self-enhancing production of ROM and their 
secretion into the surrounding microenvironment. 
This supports and enhances further production of 
ROM by the platelet mitochondria, its activation, 
adhesion, LDL oxidation [41, 42], and increased 
recruitment of preendotheliocytes, neutrophils, 
and monocytes/macrophages into the vessel wall. 
Among the substances secreted by activated plate-
lets, angiopoietin-1 and sphingosine-1-phosphate, 
which regulate endothelial permeability, can in-
fluence the recruitment process at this stage, in-
cluding vascular endothelial growth factor and 
platelet-activating factor (PAF), which can disrupt 
endothelial intercellular junctions. Platelet gran-
ules accumulate platelet factor  4  (PF-4), stromal 
cell-derived factor-1, macrophage inflammation 
protein 1α (MIP-1α), and chemokines RANTES 
(regulated upon activation, normal T  cell ex-
pressed and secreted) and thymus and activation-
regulated chemokine. They are involved in the re-
cruitment of leukocytes to platelets, and some of 
them (serotonin, PAF, and S1P) further activate 
platelets by feedback and enhance their action to 
increase vascular permeability and attraction of 
leukocytes.

In the early stages of atherosclerosis, platelets 
contribute to the transformation of preendothe-
liocytes into endothelial cells, contributing to 
the restoration of the monolayer, and form ag-
gregates with neutrophils or monocytes, inducing 
differentiation of the latter into macrophages [41]. 
The bilateral nature of this interaction is indicated 
by the results of in vitro experiments, which pre-
sented modulation of the reactivity and adhesive 
properties of platelets by neutrophils and/or mac-
rophages [42, 43].

Platelets and macrophages

The ability of macrophages to secrete ROMs, 
oxidize LDLs, and exhibit phagocytic activity 
makes these cells a necessary component of in-
flammation, including atherosclerosis. In women 
with cardiovascular pathologies and increased 
cholesterol levels, the number of aggregates con-
sisting of platelets and macrophages increas-

es  [44], which is associated with the attraction of 
monocytes from the vascular bed to the intima 
by platelets in the early stages of atherosclerosis 
and at the stage of increased plaque size. In ag-
gregates, platelets activate macrophages, changing 
their phenotype to proinflammatory, characterized 
by increased secretion of proinflammatory cyto-
kines IL-1β, IL-6, and TNFα by macrophages 
and under conditions of increased expression of 
STAT-induced suppressor of cytokine signaling-3 
(SOCS3) [17, 44, 45] by impaired phagocytosis. 
This leads to persistent plaque growth and unre-
solved inflammation. In  mice fed with a Western 
diet, reduced thrombocytopoiesis resulted in re-
duced plaque volume, macrophage accumulation, 
and reduced necrosis area. Similar results were 
obtained in a cohort of patients with myocardial 
infarction, indicating an increase in the number 
of platelet/macrophage aggregates, proinflam-
matory cytokines, and SOCS3 in plaques and 
a decrease in the SOCS1/SOCS3 ratio [17]. 
Thus, acting through macrophages, platelets have 
a proinflammatory effect on the vessel wall out-
side the mechanism of thrombosis and hemostasis 
[6, 44].

The study of macrophage subpopulations in-
volved in atherogenesis [47–50] suggests that 
macrophages of functionally different subpopu-
lations can be included in platelet–macrophage 
aggregates at different stages of the pathology 
development. For example, in the first stage 
of atherogenesis, a high LDL level as a cofac-
tor is required to trigger the process of attract-
ing monocytes by platelets [6], which imposes 
certain requirements on the macrophage pheno-
type. Moreover, in the stage of plaque calcifica-
tion and increased necrosis area, macrophages 
of subpopulations with the CD45+ inflammatory 
marker expressing osteocalcin and bone alkaline 
phosphatase may participate in the atherogen-
esis, as was revealed for patients with coronary 
athero sclerosis  [46]. Through RNA sequencing of 
a single cell  [47], the authors confirmed the het-
erogeneity of macrophage subpopulations at dif-
ferent stages of athero genesis in the human aorta 
and lower limb arteries. The number of platelet 
aggregates with CD4+/CD6+ monocytes increases 
in myocardial infarction [50]. However, whether 
platelets are involved in the selection of macro-
phages of different subpopulations, as inflamma-
tion develops during atherosclerosis, remains to 
be explored.
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Platelets and neutrophils

Platelets can form complexes not only with 
monocytes but also with neutrophils, stimulating 
oxidative burst and phagocytosis in them, and 
degranulation and netosis in neutrophils. In vitro 
experiments have revealed [51] that thrombin- 
activated platelets cause ROM release even in un-
stimulated monocytes and neutrophils. Moreover, 
the secretion of adenine nucleotide metabolites 
by platelets inhibits ROM production by neutro-
phils; thus, researchers draw a logical conclusion 
about the modulating nature of platelet control of 
the oxidative burst in the intima of the vessel wall 
with the participation of neutrophils and mono-
cytes [35]. The activation or inhibition of ROM 
release by neutrophils is possible only under con-
ditions of intercellular adhesion in the neutro-
phil/platelet complex. Moreover, the bilateral ex-
change of exovesicles and microparticles between 
nonadherent neutrophils and platelets promotes 
neutrophil activation and netosis [41]. Such mic-
roparticles may contain LDLs, thromboxane A2, 
and other derivatives of arachidonic acid with va-
somotor and proinflammatory functions, as well 
as HMGB1 [41]. The latter, being a non-histone 
protein of chromatin, is secreted by phagocytes as 
a cytokine, binds to the innate immunity receptor 
TLR4 which intracellular signaling system acti-
vates inflammasomes, followed by the activation 
and secretion of proinflammatory ILs.

Depending on the context, the effect of plate-
lets on neutrophil degranulation can be specific, 
as in in vitro experiments, in neutrophils activated 
by an opsonized zymogen, platelets increased ly-
sosomal secretion and caused unstimulated neu-
trophils to release of myeloperoxidase and neutro-
phil elastase. The latter can occur during netosis, 
i.e., the release of neutrophil extracellular traps 
(NETs), which are untwisted DNA strands con-
taining certain enzymes (myeloperoxidase and 
neutrophil elastase) [17, 50, 51]. Netosis is con-
sidered an apoptosis-like mechanism of neutro-
phil cell death [50] on the first line of the body’s 
defense against infecting factors that are captured 
by the NETs and destroyed. TLR4- and integ-
rin-dependent interaction of platelets with neu-
trophils can activate NET production to capture 
bacteria; however, endothelial damage is possi-
ble  [55]. In  turn, neutrophil NETs can also cap-
ture macrophages and platelets and activate them 
[33, 43], thus linking inflammation and throm-

bosis [17, 41]. This form of thrombosis triggered 
by the neutrophil/platelet interaction has been 
called immunothrombosis, which contributes to 
infection control. Neutrophils loaded with LDLs, 
and therefore having a larger volume, are prone to 
NET formation and, to a lesser extent, to phago-
cytosis [41], choosing the appropriate mechanism 
for regulating the cell volume. Thus, in the early 
stages of atherosclerosis, an activated platelet, in-
creasing the paracellular permeability of the endo-
thelium, “opens the door” to the subendothelial 
intima for neutrophils and macrophages, “closes 
the door” to avoid microbleeding, and activates 
the proinflammatory activity of these cells, en-
hancing the oxidative burst, netosis, and phago-
cytosis, and the secretion of proinflammatory me-
diators. The formation of the neutrophil/platelet 
module is facilitated by the creation of several ad-
hesive contacts through proteins expressed by both 
cells, namely, the basic P-selectin/PSGL-1 and 
GPIbα/Mac-1. The neutrophil influences platelet 
function by secreting cathepsin D and elastase, 
whereas the platelet affects the CCL5/PF4/che-
mokine [41]. In addition, both cells are involved 
in the metabolism of arachidonic acid with TxA2 
formation and the strong oxidizing agent 12-hy-
droeicosotetranoic acid [41].

Platelets and SMCs 

Substances secreted by activated platelets, 
macrophages, and neutrophils in the early stages 
of atherosclerosis accumulate in the intima, and 
activate and differentiate VSMCs in a concen-
tration-dependent manner, which migrate from 
the media to the intima and then to the plaque. 
Fibrogenic substances of platelets (PDGF-BB, 
PF4, B-thromboglobulin, serotonin, and TGFβ), 
along with oxidized LDL, contribute to VSMC 
transformation into myofibroblast-like VSMCs, 
which are characterized by lamellipodia and in-
creased synthesis of collagens I and II and reduced 
synthesis of proteoglycans, which promotes greater 
cell mobility and their movement to the upper 
layers of the plaque. Here, under the influence of 
Kruppel-like factor 4 and oxidized LDLs (or with 
the addition of hydroperoxide in in vitro experi-
ments), these SMCs turn into osteoblast-like ones 
and calcify intensively on the plaque surface due 
to the secretion of osteocalcin [31, 44]. This cor-
relates with the role of calcium as an acidosis buf-
fer. By continuing to absorb LDL, they turn into 
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foamy SMCs, which when accumulated increase 
the size of the plaque and undergo necrosis. This 
induces the secretion of IL-1α, which activates 
the phagocytic activity of VSMCs, which turn into 
a population of macrophage-like, cytokine-secret-
ing cells. Aging VSMCs are seen in the final stage 
of transformation. They are distinguished by in-
creased secretion of membrane metalloproteinases, 
cytokines, and chemokines [55, 56]. The latter, 
as well as biologically active substances secreted 
by platelets, additionally recruit macrophages and 
neutrophils from the vascular bed, which phago-
cytize old VSMCs, products of apoptosis and 
necrosis with the formation of a necrotic plaque 
center [13, 16], which gradually becomes unstable. 
Platelets at all stages of the development of ath-
erosclerosis have a potentiating effect on the im-
plementation of the functions of all participating 
cells and on the process as a whole.

Conclusions

An analysis of the aspects of the contact (with 
adhesion) and distant interaction of platelets with 
endotheliocytes, neutrophils, and monocytes/mac-
rophages, as well as with VSMCs in the process 
of atherosclerosis development, suggests their 
key role in the direction of the process, possi-
bility of switching the functions of participating 
cells from one protective response (hemostasis) 
to another, i.e., inflammation. By functioning as 
the “conductor” of the orchestra of all partici-
pants in the athero sclerosis process, platelets sup-
port the “soloists” of each “act” stage of the pro-
cess through the formation of structural and/or 
functional modules. Thus, a platelet can change 
the phenotype of a neutrophil or macrophage and 
VSMCs in the appropriate stage of the process, 
limiting or changing the pattern of biologically 
active substances secreted by the cell and/or ex-
pressed receptors and implemented functions. This 
view of platelet function enables us to consider 
the level of thrombocytopoiesis as a target of ther-
apy not only for atherosclerosis but also for other 
inflammation- or fibrosis-associated pathologies.

References

1. Tabas I, Lichtman AH. Monocyte-macrophages and 
T cells in atherosclerosis. Immunity. 2017;47(4):621–634. 
DOI: 10.1016/j.immuni.2017.09.008

2. Parfenova NS. The role of endothelium in atherogenesis: 
dependence of atherosclerosis development on the pro-

perties of vessel endothelium. Medical Academic Journal. 
2020;20(1):23–36. (In Russ.). DOI: 10.17816/MAJ25755

3. Fung KYY, Fairn GD, Lee WL. Transcellular vesicular trans-
port in epithelial and endothelial cells: Challenges and oppor-
tunities. Traffic. 2018;19(1):5–18. DOI: 10.1111/tra.12533

4. Parton RG, Tillu VA, Collins BM. Caveolae. Curr Biol. 
2018;28(8):R402–R405. DOI: 10.1016/j.cub.2017. 11.075

5. Badrnya S, Schrottmaier WC, Kral JB, et al. Plate-
lets mediate oxidized low-density lipoprotein-induced 
monocyte extravasation and foam cell formation. Ar-
terioscler Thromb Vasc Biol. 2014;34(3):571–580. 
DOI: 10.1161/ATVBAHA.113.302919

6. Chatterjee M, Gawaz M. Platelets in atherosclerosis. In: Plate-
lets in Thrombotic and Non-Thrombotic Disorders. Springer; 
2017. P. 993–1013. DOI: 10.1007/978-3-319-47462-5_66

7. Farmer DGS, Kennedy S. RAGE, vascular tone and vas-
cular disease. Pharmacol Ther. 2009;124(2):185–194. 
DOI: 10.1016/j.pharmthera.2009.06.013 

8. Fuentes E, Rojas A, Palomo I. Role of multiligand/RAGE axis 
in platelet activation. Thromb Res. 2014;133(3):308–314. 
DOI: 10.1016/j.thromres.2013.11.007

9. Wang JH, Zhang YW, Zhang P, et al. CD40 ligand as 
a potential biomarker for atherosclerotic instability. Neurol Res. 
2013;35(7):693–700. DOI: 10.1179/1743132813Y.0000000190 

10. Pereira-da-Silva T, Napoleão P, Pinheiro T, et al. The Pro-
inflammatory Soluble CD40 Ligand is associated with the 
systemic extent of stable atherosclerosis. Medicina (Kaunas). 
2021;57(1):39. DOI: 10.3390/medicina57010039

11. Ashino T, Yamamoto M, Yoshida T, Numazawa S. Re-
dox-sensitive transcription factor Nrf2 regulates vascular 
smooth muscle cell migration and neointimal hyperpla-
sia. Arterioscler Thromb Vasc Biel. 2013;33(4):760–768. 
DOI: 10.1161/ATVBAHA.112.300614

12. Sorokin V, Vickneson K, Kofidis T, et al. Role of vascular 
smooth muscle cell plasticity and interactions in ves-
sel wall inflammation. Front Immunol. 2020;11:599415. 
DOI: 10.3389/fimmu.2020.599415

13. Grootaert MOJ, Moulis M, Roth L, et al. Vascular smooth 
muscle cell death, autophagy and senescence in athero-
sclerosis. Cardiovasc Res. 2018;114(4):622–634. 
DOI: 10.1093/cvr/cvy007

14. Gistera A, Hansson GK. The immunology of atherosclerosis. Nat 
Rev Nephrol. 2017;13(6):368–380. DOI: 10.1038/nrneph.2017.51

15. Rossaint J, Margraf A, Zarbock A. Role of platelets in leuko-
cyte recruitment and resolution of inflammation. Rev Front 
Immunol. 2018;9:2712. DOI: 10.3389/fimmu.2018.02712 

16. Lim GB. Pro-inflammatory atherogenic role of platelets. Nat Rev 
Cardiol. 2020;17(1):6–7. DOI: 10.1038/s41569-019-0312-0

17. Frostegеrd J, Ulfgren A-K, Nyberg P, et al. Cytokine ex-
pression in advanced human atherosclerotic plaques: 
dominance of pro-inflammatory (Th1) and macrophage-
stimulating cytokines. Atherosclerosis. 1999;145(1):33–43. 
DOI: 10.1016/s0021-9150(99)00011-8

18. Duchen J, von Hundelshausen P. Platelet-derived chemokines 
in atherosclerosis. Hamostaseologie. 2015;35(2):137–141. 
DOI: 10.5482/HAMO-14-11-0058

19. Koupenova M, Clancy L, Corkrey HA, Freedman JE. Cir-
culating platelets as mediators of immunity, inflamma-



ISSN 1608-4101 (Print) Медицинский академический журнал 
ISSN 2687-1378 (Online) Medical Academic Journal

АНАЛИТИЧЕСКИЙ ОБЗОР / ANALYTICAL REVIEW

Том Выпуск 
Volume 21 Issue 4 2021

81

tion, and thrombosis. Circ Res. 2018;122(2):337–351. 
DOI: 10.1161/ CIRCRESAHA.117.310795 

20. Serebryanaya NB, Shanin SN, Fomicheva EE, Yakut-
seni PP. Blood platelets as activators and regulators of 
inflammatory and immune reactions. Part 1. Dasic char-
acteristics of platelets as inflammatory cells. Medical Im-
munology (Russia). 2018;20(6):785–796. (In Russ.). 
DOI: 10.15789/1563-0625-2018-6-785-796

21. Machlus KR, Italiano JE Jr. The incredible journey: from 
megakaryocyte development to platelet formation. J Cell 
Biol. 2013;201(6):785–796. DOI: 10.1083/jcb.201304054

22. Cunin P, Bouslama R, Machlus KR, et al. Megakaryocyte 
emperipolesis mediates membrane transfer from intracy-
toplasmic neutrophils to platelets. Elife. 2019;8:e44031. 
DOI: 10.7554/eLife.44031

23. Rapkiewicz AV, Mai X, Carsons SE, et al. Megakaryocytes 
and platelet-fibrin thrombi characterize multi-organ throm-
bosis at autopsy in COVID-19: A case series. EClinicalMed-
cine. 2020;24:100434. DOI: 10.1016/j.eclinm.2020.100434

24. Liu Y, Sun W, Guo Y, et al. Association between platelete’s 
parametrs and mortalitiy in coronavirus disease 2019: Ret-
rospective cohort study. Platelets. 2020;31(4):490–496. 
DOI: 10.1080/09537104.2020.1754383

25. Xu P, Zhou Q, Xu J. Mechanism of thrombocytopenia in 
COVID-19 patients. Ann Hematol. 2020;99(6):1205–1208. 
DOI: 10.1007/s00277-020-04019-0 

26. Takahashi A, Tsujino T, Yamaguchi S, et al. Distribution of 
platelets, transforming growth factor-beta1, platelet-derived 
growth factor-BB, vascular endothelial growth factor and 
matrix metalloprotease-9 in advanced platelet-rich fibrin and 
concentrated growth factor matrices. J Investig Clin Dent. 
2019;10(4):e12458. DOI: 101111/jicd.12458

27. Corbett BF, Luz S, Arner J, et al. Sphingosine-1-phosphate 
receptor 3 in the medial prefrontal cortex promotes stress re-
silience by reducing inflammatory processes. Nat Commun. 
2019;10(1):3146. DOI: 10.1038/s41467-019-10904-8

28. Awojoodu AO, Ogle ME, Sefcik LS, et al. Sphingosine 
1-phosphate receptor 3 regulates recruitment of anti-inflam-
matory monocytes to microvessels during implant arterio-
genesis. Proc Natl Acad Sci USA. 2013;110(34):13785–
13790. DOI: 10.1073/pnas.1221309110

29. Duerschmied D, Suidan GL, Demers M, et al. Platelet se-
rotonin promotes the recruitment of neutrophils to sites of 
acute inflammation in mice. Blood. 2013;121(6):1008–1015. 
DOI: 10.1182/blood-2012-06-437392

30. Hansen CE, Qiu Y, McCarty OJT, Lam WA. Platelet mecha-
notransduction. Annu Rev Biomed Eng. 2018;20:253–275. 
DOI: 10.1146/annurev-bioeng-062117-121215

31. Dehghani T, Panitch A. Endothelial cells, neutrophils and 
platelets: getting to the bottom of an inflammatory triangle. 
Open Biol. 2020;10(10):200161. DOI: 10.1098/rsob.200161 

32. Kuravi SJ, Harrison P, Rainger GE, Nash GB. Ability of plate-
let-derived extracellular vesicles to promote neutrophil-endo-
thelial cell interactions. Inflammation. 2019;42(1):290–305. 
DOI: 10.1007/s10753-018-0893-5

33. Kojok K, El-Kadiry AE, Merhi Y. Role of NF-κB in 
platelet function. Int J Mol Sci. 2019;20(17):4185. 
DOI: 10.3390/ijms20174185

34. Gaertner F, Ahmad Z, Rosenberger G, et al. Migra-
ting platelets are mechano-scavengers that collect and 
bundle bacteria. Cell. 2017;171(6):1368–1382.e23. 
DOI: 10.1016/j.cell.2017.11.001

35. Gros A, Ollivier V, Ho-Tin-Noe B. Platelets in inflammation: 
regulation of leukocyte activities and vascular repair. Front 
Immunol. 2015;5:678. DOI: 10.3389/fimmu.2014.00678

36. Müller JP, Mielke S, Löf A, et al. Force sensing by 
the vascular protein von Willebrand factor is tuned by 
a strong intermonomer interaction. Proc Natl Acad Sci USA. 
2016;113(5):1208–1213. DOI: 10.1073/pnas.1516214113

37. Nikolai L, Schiefelbein K, Lipsky M, et al. Vascular sur-
veillance by haptotactic blood platelets in inflamma-
tion and infection. Nat Commun. 2020;11(1):5778. 
DOI: 10.1038/s41467-020-19515-0

38. Zuchtriegel G, Uhl B, Puhr-Westerheide D. Platelets guide 
leukocytes to their sites of extravasation. PLoS Biol. 
2016;14(5):e1002459. DOI: 10.1371/journal.pbio.1002459 

39. Hillgruber C, Pöppelmann B, Weishaupt C, et al.  Blocking 
neutrophil diapedesis prevents hemorrhage during throm-
bocytopenia. J Exp Med. 2015;212(8):1255–1266. 
DOI: 10.1084/jem.20142076 

40. Ho-Tin-Noé B, Boulaftali Y, Camerer E. Platelets and vascular 
integrity: how platelets prevent bleeding in inflammation. Blood. 
2018;131(3):277–288. DOI: 10.1182/blood-2017-06-742676

41. Masselli E, Pozzi G, Vaccarezza M, et al. ROS in platelet bi-
ology: functional aspects and methodological insights. Int 
J Mol Sci. 2020;21(14):4866. DOI: 10.3390/ijms21144866

42. Lisman T. Platelet-neutrophil interactions as drivers of 
inflammatory and thrombotic disease. Cell Tissue Res. 
2018;371(3):567–576. DOI: 10.1007/s00441-017-2727-4 

43. Warnatsch A, Ioannou M, Wang Q, Papayannopoulos V. 
Inflammation. Neutrophil extracellular traps license macro-
phages for cytokine production in atherosclerosis. Science. 
2015;349(6245):316–320. DOI: 10.1126/science.aaa8064

44. Barrett TJ, Schlegel M, Zhou F, et al. Platelet regulation 
of myeloid suppressor of cytokine signaling 3 accelerates 
atherosclerosis. Sci Transl Med. 2019;11(517):eaax0481. 
DOI: 10.1126/scitranslmed.aax0481 

45. Polasky C, Wendt F, Pries R, Wollenberg B. Platelet induced 
functional alteration of CD4+ and CD8+ T cells in HNSCC. Int 
J Mol Sci. 2020;21(20):7507. DOI: 10.3390/ijms21207507

46. Collin J, Gцssl M, Matsuo Y, et al. Osteogenic monocytes with-
in the coronary circulation and their association with plaque 
vulnerability in patients with early atherosclerosis. Int J Car-
diol. 2015;181:57–64. DOI: 10.1016/j.ijcard.2014.11.156

47. Cochain C, Vafadarnejad E, Arampatzi P, et al. Single-
cell RNA-seq reveals the transcriptional landscape and 
heterogeneity of aortic macrophages in murine ath-
erosclerosis. Circ Res. 2018;122(12):1661–1674. 
DOI: 10.1161/CIRCRESAHA.117.312509

48. Kapellos TS, Bonaguro L, Gemünd I, et al. Human 
monocyte subsets and phenotypes in major chronic in-
flammatory diseases. Front Immunol. 2019;10:2035. 
DOI: 10.3389/fimmu.2019.02035

49. Guilliams M, Mildner A, Yona S. Developmental and func-
tional heterogeneity of monocytes. Immunity. 2018;49(4): 
595–613. DOI: 10.1016/j.immuni.2018.10.005 



АНАЛИТИЧЕСКИЙ ОБЗОР / ANALYTICAL REVIEW

Медицинский академический журнал ISSN 1608-4101 (Print) 
Medical Academic Journal ISSN 2687-1378 (Online)

Том Выпуск 
Volume 21 Issue 4  2021

82

50. Loguinova M, Pinegina N, Kogan K, et al. Monocytes of differ-
ent subsets in complexes with platelets in patients with myo-
cardial infarction. Thromb Haemost. 2018;118(11):1969–
1981. DOI: 10.1055/s-0038-1673342

51. Tsuji T, Nagata K, Koike J, et al. Induction of super-
oxide anion production from monocytes an neutrophils 
by activated platelets through the P-selectin-sialyl Lew-
is X interaction. J Leukoc Biol. 1994;56(5):583–587. 
DOI: 10.1002/jlb.56.5.583

52. Clark SR, Ma AC, Tavener SA, et al. Platelet TLR4 activates 
neutrophil extracellular traps to ensnare bacteria in septic 
blood. Nat Med. 2007;13(4):463–469. DOI: 10.1038/nm1565 

53. Carestia A, Kaufman T, Rivadeneyra L, et al. Media-
tors and molecular pathways involved in the regulation of 
neutrophil extracellular trap formation mediated by ac-
tivated platelets. J Leukoc Biol. 2016;99(1):153–162. 
DOI: 10.1189/jlb.3A0415-161R

54. Fuchs TA, Brill A, Duerschmied D, et al. Extracel-
lular DNA traps promote thrombosis. Proc Natl Acad 
Sci USA. 2010;107(36):15880–15885. DOI: 10.1073/
pnas.1005743107

55. Bennett MR, Sinha S, Owens GK. Vascular smooth muscle 
cells in atherosclerosis. Circ Res. 2016;118(4):692–702. 
DOI: 10.1161/CIRCRESAHA.115.306361

56. Durham AL, Speer MY, Scatena M, et al. Role of smooth 
muscle cells in vascular calcification: implications in 
atherosclerosis and arterial stiffness. Cardiovasc Res. 
2018;114(4):590–600. DOI: 10.1093/cvr/cvy010

Список литературы

1. Tabas I., Lichtman A.H. Monocyte-macrophages and 
T cells in atherosclerosis // Immunity. 2017. Vol. 47, No. 4. 
P. 621–634. DOI: 10.1016/j.immuni.2017.09.008

2. Парфенова Н.С. Роль эндотелия в атерогенезе: зави-
симость развития атеросклероза от свойств эндотелия 
сосудов // Медицинский академический журнал. 2020. 
Т. 20, № 1. С. 23–36. DOI: 10.17816/MAJ25755 

3. Fung K.Y.Y., Fairn G.D., Lee W.L. Transcellular vesicu-
lar transport in epithelial and endothelial cells: Challenges 
and opportunities // Traffic. 2018. Vol. 19, No. 1. P. 5–18. 
DOI: 10.1111/tra.12533

4. Parton R.G., Tillu V.A., Collins B.M. Caveolae // Curr. Biol. 2018. 
Vol. 28, No. 8. P. R402–R405. DOI: 10.1016/j.cub.2017.11.075

5. Badrnya S., Schrottmaier W.C., Kral J.B. et al. Platelets 
mediate oxidized low-density lipoprotein-induced mono-
cyte extravasation and foam cell formation // Arterioscler. 
Thromb. Vasc. Biol. 2014. Vol. 34, No. 3. P. 571–580. 
DOI: 10.1161/ATVBAHA.113.302919

6. Chatterjee M., Gawaz M. Platelets in atherosclerosis // Plate-
lets in Thrombotic and Non-Thrombotic Disorders. Springer, 
2017. P. 993–1013. DOI: 10.1007/978-3-319-47462-5_66

7. Farmer D.G.S., Kennedy S. RAGE, vascular tone and vas-
cular disease // Pharmacol. Ther. 2009. Vol. 124, No. 2. 
P. 185–194. DOI: 10.1016/j.pharmthera.2009.06.013 

8. Fuentes E., Rojas A., Palomo I. Role of multiligand/RAGE 
axis in platelet activation // Thromb. Res. 2014. Vol. 133, 
No. 3. P. 308–314. DOI: 10.1016/j.thromres.2013.11.007

9. Wang J.H., Zhang Y.W., Zhang P. et al. CD40 ligand 
as a potential biomarker for atherosclerotic instabil-
ity // Neurol. Res. 2013. Vol. 35, No. 7. P. 693–700. 
DOI: 10.1179/1743132813Y.0000000190 

10. Pereira-da-Silva T., Napoleгo P., Pinheiro T. et al. 
The Pro-inflammatory soluble CD40 ligand is associ-
ated with the systemic extent of stable atherosclero-
sis // Medicina (Kaunas). 2021. Vol. 57, No. 1. P. 39. 
DOI: 10.3390/medicina57010039

11. Ashino T., Yamamoto M., Yoshida T., Numazawa S. Redox-
sensitive transcription factor Nrf2 regulates vascular smooth 
muscle cell migration and neointimal hyperplasia // Arterio-
scler. Thromb. Vasc. Biol. 2013. Vol. 33, No. 4. P. 760–768. 
DOI: 10.1161/ATVBAHA.112.300614

12. Sorokin V., Vickneson K., Kofidis T. et al. Role of vascular 
smooth muscle cell plasticity and interactions in vessel wall 
inflammation // Front. Immunol. 2020. Vol. 11. P. 599415. 
DOI: 10.3389/fimmu.2020.599415

13. Grootaert M.O.J., Moulis M., Roth L. et al. Vascular smooth 
muscle cell death, autophagy and senescence in atheroscle-
rosis // Cardiovasc. Res. 2018. Vol. 114, No. 4. P. 622–634. 
DOI: 10.1093/cvr/cvy007

14. Gistera A., Hansson G.K. The immunology of atherosclero-
sis // Nat. Rev. Nephrol. 2017. Vol. 13, No. 6. P. 368–380. 
DOI: 10.1038/nrneph.2017.51

15. Rossaint J., Margraf A., Zarbock A. Role of platelets 
in leukocyte recruitment and resolution of inflamma-
tion // Rev. Front. Immunol. 2018. Vol. 9. P. 2712. 
DOI: 10.3389/fimmu.2018.02712 

16. Lim G.B. Pro-inflammatory atherogenic role of plate-
lets // Nat. Rev. Cardiol. 2020. Vol. 17, No. 1. P. 6–7. 
DOI: 10.1038/s41569-019-0312-0

17. Frostegеrd J., Ulfgren A.-K., Nyberg P. et al. Cytokine ex-
pression in advanced human atherosclerotic plaques: domi-
nance of pro-inflammatory (Th1) and macrophage-stimu-
lating cytokines // Atherosclerosis. 1999. Vol. 145, No. 1. 
P. 33–43. DOI: 10.1016/s0021-9150(99)00011-8 

18. Duchen J., von Hundelshausen P. Platelet-derived chemo-
kines in atherosclerosis // Hamostaseologie. 2015. Vol. 35, 
No. 2. P. 137–141. DOI: 10.5482/HAMO-14-11-0058

19. Koupenova M., Clancy L., Corkrey H.A., Freedman J.E. 
Circulating platelets as mediators of immunity, inflamma-
tion, and thrombosis // Circ. Res. 2018. Vol. 122, No. 2. 
P. 337–351. DOI: 10.1161/ CIRCRESAHA.117.310795 

20. Серебряная Н.Б., Шанин С.Н., Фомичева Е.Е., Якуце-
ни П.П. Тромбоциты как активаторы и регуляторы вос-
палительных и иммунных реакций. Часть 1. Основные 
характеристики тромбоцитов как воспалительных кле-
ток // Медицинская иммунология. 2018. Т. 20, № 6. 
С. 785–796. DOI: 10.15789/1563-0625-2018-6-785-796 

21. Machlus K.R., Italiano J.E. Jr. The incredible journey: 
from megakaryocyte development to platelet forma-
tion // J. Cell. Biol. 2013. Vol. 201, No. 6. P. 785–796. 
DOI: 10.1083/jcb.201304054

22. Cunin P., Bouslama R., Machlus K.R. et al. Megakaryocyte 
emperipolesis mediates membrane transfer from intracy-
toplasmic neutrophils to platelets // Elife. 2019. Vol. 8. 
P. e44031. DOI: 10.7554/eLife.44031



ISSN 1608-4101 (Print) Медицинский академический журнал 
ISSN 2687-1378 (Online) Medical Academic Journal

АНАЛИТИЧЕСКИЙ ОБЗОР / ANALYTICAL REVIEW

Том Выпуск 
Volume 21 Issue 4 2021

83

23. Rapkiewicz A.V., Mai X., Carsons S.E. et al. Megakaryo-
cytes and platelet-fibrin thrombi characterize multi-
organ thrombosis at autopsy in COVID-19: A case se-
ries // EClinicalMedcine. 2020. Vol. 24. P. 100434. 
DOI: 10.1016/j.eclinm.2020.100434

24. Liu Y., Sun W., Guo Y. et al. Association between plate-
lete’s parametrs and mortalitiy in coronavirus disease 2019: 
Retro spective cohort study // Platelets. 2020. Vol. 31, No. 4. 
P. 490–496. DOI: 10.1080/09537104.2020.1754383

25. Xu P., Zhou Q., Xu J. Mechanism of thrombocytopenia in 
COVID-19 patients // Ann. Hematol. 2020. Vol. 99, No. 6. 
P. 1205–1208. DOI: 10.1007/s00277-020-04019-0 

26. Takahashi A., Tsujino T., Yamaguchi S. et al. Distribution of 
platelets, transforming growth factor-beta1, platelet-derived 
growth factor-BB, vascular endothelial growth factor and 
matrix metalloprotease-9 in advanced platelet-rich fibrin and 
concentrated growth factor matrices // J. Investig. Clin. Dent. 
2019. Vol. 10, No. 4. P. e12458. DOI: 101111/jicd.12458

27. Corbett B.F., Luz S., Arner J. et al. Sphingosine-1-phos-
phate receptor 3 in the medial prefrontal cortex pro-
motes stress resilience by reducing inflammatory pro-
cesses // Nat. Commun. 2019. Vol. 10, No. 1. P. 3146. 
DOI: 10.1038/s41467-019-10904-8

28. Awojoodu A.O., Ogle M.E., Sefcik L.S. et al. Sphingosine 
1-phosphate receptor 3 regulates recruitment of anti-in-
flammatory monocytes to microvessels during implant ar-
teriogenesis // Proc. Natl. Acad. Sci. USA. 2013. Vol. 110, 
No. 34. P. 13785–13790. DOI: 10.1073/pnas.1221309110

29. Duerschmied D., Suidan G.L., Demers M. et al. Platelet se-
rotonin promotes the recruitment of neutrophils to sites of 
acute inflammation in mice // Blood. 2013. Vol. 121, No. 6. 
P. 1008–1015. DOI: 10.1182/blood-2012-06-437392

30. Hansen C.E., Qiu Y., McCarty O.J.T., Lam W.A. Plate-
let mechanotransduction // Annu. Rev. Biomed. Eng. 
2018. Vol. 20. P. 253–275. DOI: 10.1146/annurev-bio-
eng-062117-121215

31. Dehghani T., Panitch A. Endothelial cells, neutrophils and 
platelets: getting to the bottom of an inflammatory tri-
angle // Open Biol. 2020. Vol. 10, No. 10. P. 200161. 
DOI: 10.1098/rsob.200161 

32. Kuravi S.J., Harrison P., Rainger G.E., Nash G.B. Ability 
of platelet-derived extracellular vesicles to promote neu-
trophil-endothelial cell interactions // Inflammation. 2019. 
Vol. 42, No. 1. P. 290–305. DOI: 10.1007/s10753-018-
0893-5

33. Kojok K., El-Kadiry A.E., Merhi Y. Role of NF-κB in platelet 
function // Int. J. Mol. Sci. 2019. Vol. 20, No. 17. P. 4185. 
DOI: 10.3390/ijms20174185

34. Gaertner F., Ahmad Z., Rosenberger G. et al. Migrating 
platelets are mechano-scavengers that collect and bundle 
bacteria // Cell. 2017. Vol. 171, No. 6. P. 1368–1382.e23. 
DOI: 10.1016/j.cell.2017.11.001

35. Gros A., Ollivier V., Ho-Tin-Noe B. Platelets in inflam-
mation: regulation of leukocyte activities and vascu-
lar repair // Front. Immunol. 2015. Vol. 5. P. 678. 
DOI: 10.3389/fimmu.2014.00678

36. Müller J.P., Mielke S., Löf A. et al. Force sensing by 
the vascular protein von Willebrand factor is tuned 

by a strong intermonomer interaction // Proc. Natl. 
Acad. Sci. USA. 2016. Vol. 113, No. 5. P. 1208–1213. 
DOI: 10.1073/pnas.1516214113

37. Nikolai L., Schiefelbein K., Lipsky M. et al. Vascular sur-
veillance by haptotactic blood platelets in inflammation and 
infection // Nat. Commun. 2020. Vol. 11, No. 1. P. 5778. 
DOI: 10.1038/s41467-020-19515-0

38. Zuchtriegel G., Uhl B., Puhr-Westerheide D. Platelets guide leu-
kocytes to their sites of extravasation // PLoS Biol. 2016. Vol. 14, 
No. 5. P. e1002459. DOI: 10.1371/journal.pbio.1002459

39. Hillgruber C., Pöppelmann B., Weishaupt C. et al. Blocking 
neutrophil diapedesis prevents hemorrhage during thrombo-
cytopenia // J. Exp. Med. 2015. Vol. 212, No. 8. P. 1255–
1266. DOI: 10.1084/jem.20142076 

40. Ho-Tin-Noé B., Boulaftali Y., Camerer E. Platelets and 
vascular integrity: how platelets prevent bleeding in in-
flammation // Blood. 2018. Vol. 131, No. 3. P. 277–288. 
DOI: 10.1182/blood-2017-06-742676

41. Masselli E., Pozzi G., Vaccarezza M. et al. ROS in plate-
let biology: functional aspects and methodological in-
sights // Int. J. Mol. Sci. 2020. Vol. 21, No. 14. P. 4866. 
DOI: 10.3390/ijms21144866

42. Lisman T. Platelet-neutrophil interactions as driv-
ers of inflammatory and thrombotic disease // Cell. 
Tissue Res. 2018. Vol. 371, No. 3. P. 567–576. 
DOI: 10.1007/s00441-017-2727-4 

43. Warnatsch A., Ioannou M., Wang Q., Papayannopou-
los V. Inflammation. Neutrophil extracellular traps license 
macrophages for cytokine production in atherosclero-
sis // Science. 2015. Vol. 349, No. 6245. P. 316–320. 
DOI: 10.1126/science.aaa8064

44. Barrett T.J., Schlegel M., Zhou F. et al. Platelet regulation 
of myeloid suppressor of cytokine signaling 3 accelerates 
atherosclerosis // Sci. Transl. Med. 2019. Vol. 11, No. 517. 
P. eaax0481. DOI: 10.1126/scitranslmed.aax0481 

45. Polasky C., Wendt F., Pries R., Wollenberg B. Platelet in-
duced functional alteration of CD4+ and CD8+ T cells in 
HNSCC // Int. J. Mol. Sci. 2020. Vol. 21, No. 20. P. 7507. 
DOI: 10.3390/ijms21207507

46. Collin J., Gцssl M., Matsuo Y. et al. Osteogenic mono-
cytes within the coronary circulation and their association 
with plaque vulnerability in patients with early athero-
sclerosis // Int. J. Cardiol. 2015. Vol. 181. P. 57–64. 
DOI: 10.1016/j.ijcard.2014.11.156

47. Cochain C., Vafadarnejad E., Arampatzi P. et al. Single-
cell RNA-seq reveals the transcriptional landscape and 
heterogeneity of aortic macrophages in murine atheroscle-
rosis // Circ. Res. 2018. Vol. 122, No. 12. P. 1661–1674. 
DOI: 10.1161/CIRCRESAHA.117.312509

48. Kapellos T.S., Bonaguro L., Gemünd I. et al. Human mono-
cyte subsets and phenotypes in major chronic inflamma-
tory diseases // Front. Immunol. 2019. Vol. 10. P. 2035. 
DOI: 10.3389/fimmu.2019.02035

49. Guilliams M., Mildner A., Yona S. Developmental and func-
tional heterogeneity of monocytes // Immunity. 2018. Vol. 49, 
No. 4. P. 595–613. DOI: 10.1016/j.immuni.2018.10.005

50. Loguinova M., Pinegina N., Kogan K. et al. Monocytes of 
different subsets in complexes with platelets in patients 



АНАЛИТИЧЕСКИЙ ОБЗОР / ANALYTICAL REVIEW

Медицинский академический журнал ISSN 1608-4101 (Print) 
Medical Academic Journal ISSN 2687-1378 (Online)

Том Выпуск 
Volume 21 Issue 4  2021

84

with myocardial infarction // Thromb. Haemost. 2018. 
Vol. 118, No. 11. P. 1969–1981. DOI: 10.1055/s-0038-
1673342

51. Tsuji T., Nagata K., Koike J. et al. Induction of superoxide 
anion production from monocytes an neutrophils by acti-
vated platelets through the P-selectin-sialyl Lewis X interac-
tion // J. Leukoc. Biol. 1994. Vol. 56, No. 5. P. 583–587. 
DOI: 10.1002/jlb.56.5.583

52. Clark S.R., Ma A.C., Tavener S.A. et al. Platelet TLR4 ac-
tivates neutrophil extracellular traps to ensnare bacteria in 
septic blood // Nat. Med. 2007. Vol. 13, No. 4. P. 463–469. 
DOI: 10.1038/nm1565 

53. Carestia A., Kaufman T., Rivadeneyra L. et al. Mediators and 
molecular pathways involved in the regulation of neutrophil 

extracellular trap formation mediated by activated plate-
lets // J. Leukoc. Biol. 2016. Vol. 99, No. 1. P. 153–162. 
DOI: 10.1189/jlb.3A0415-161R

54. Fuchs T.A., Brill A., Duerschmied D. et al. Extracellu-
lar DNA traps promote thrombosis // Proc. Natl. Acad. 
Sci. USA. 2010. Vol. 107, No. 36. P. 15880–15885. 
DOI: 10.1073/pnas.1005743107

55. Bennett M.R., Sinha S., Owens G.K. Vascular smooth muscle 
cells in atherosclerosis // Circ. Res. 2016. Vol. 118, No. 4. 
P. 692–702. DOI: 10.1161/CIRCRESAHA.115.306361

56. Durham A.L., Speer M.Y., Scatena M. et al. Role of smooth 
muscle cells in vascular calcification: implications in athero-
sclerosis and arterial stiffness // Cardiovasc. Res. 2018. 
Vol. 114, No. 4. P. 590–600. DOI: 10.1093/cvr/cvy010

Information about the author / Информация об авторе

Nina S. Parfenova — MD, Cand. Sci. (Med.), Senior 
Research Associate. Institute of Experimental Medicine.  
Address: 12 Academician Pavlov Str., Saint Petersburg, 
197376, Russia. Scopus Author ID: 7003709364; 
eLibrary SPIN: 9415-0241; ResearcherId: E-66722014; 
e-mail: nina.parf@mail.ru

Нина Соломоновна Парфенова — канд. мед. 
наук, старший научный сотрудник лаборатории 
липопротеинов отдела биохимии.  
ФГБНУ  «Институт экспериментальной медицины».  
Адрес: Россия, 197376, Санкт-Петербург, ул.  Академика 
Павлова, д. 12. Scopus  Author ID: 7003709364; 
eLibrary SPIN: 9415-0241; ResearcherId: E-66722014; 
e-mail: nina.parf@mail.ru


	_Hlk92881581
	_Hlk92976382
	_Hlk89951313
	_Hlk90370561
	Альтерация ЭЭГ-паттерна сна как специфический маркер нейропластичности у интеллектуально одаренных школьников
	ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ / original research
	Оценка показателей красной крови и некоторых показателей агрегатного состояния крови у студентов в различные периоды обучения с учетом гендерных различий
	Комплексное исследование физиологических реакций организма человека на сложные постуральные воздействия
	Особенности состава микробиот кишечника у пациентов с рассеянным склерозом, получающих пероральные препараты, модифицирующие течение заболевания
	Полиморфизм генов TLR и течение двусторонней пневмонии при COVID-19
	Влияние композиции экстрактов левзеи и шрота клюквы 
на уровень тестостерона у мышей
	Взаимодействие тромбоцитов с другими клетками и его роль в развитии атеросклероза
	Аналитические обзоры / ANALYTICAL REVIEWS
	Молекулярные механизмы лекарственной устойчивости глиобластомы
Часть 1. Белки ABC-семейства и ингибиторы
	Патофизиологические и генетические механизмы мигрени
	ОРИГИНАЛЬНЫЕ ИССЛЕДОВАНИЯ / original research
	Sleep EEG-pattern alteration as a specific marker of neuroplasticity in intellectually gifted schoolchildren
	Evaluation of indicators of red blood and some indicators 
of the aggregate state of blood in students in different periods of study, taking into account gender differences
	Multiparameter study of the physiological reactions 
of the human organism to complex postural loads
	Features of the intestinal microbiota composition in multiple sclerosis patients receiving oral disease-modifying therapy
	Polymorphism of TLR genes and the course of COVID-19 bilateral pneumonia
	The effect of the composition of leuzea and cranberry meal extracts on testosterone level in mice

	Аналитические обзоры / ANALYTICAL REVIEWS
	Platelets and other cells interactions in the atherosclerosis development
	Molecular mechanisms of drug resistance of glioblastoma
Part 1: ABC family proteins and inhibitors
	Pathogenetic and genetic mechanisms of migraine


