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ABSTRACT

Atherosclerosis and atherosclerosis-related cardiovascular diseases are a significant public health concern and a 
rapidly evolving area of research in both fundamental and clinical medicine. Despite the extensive history of 
studying, many aspects of atherosclerosis etiology and pathogenesis remain unclear.

Traditionally, the pathogenesis of atherosclerosis has been viewed in terms of the localized accumulation of 
specific lipoprotein fractions in the arterial wall. However, both innate and adaptive immunity play active roles 
in atherogenesis. Cells and mediators of the immune system engage in intricate interactions with cellular and 
extracellular components in all layers of the vascular wall. For this reason, scientific community have reached a 
consensus on the crucial role of inflammation in the onset, progression, and destabilization of an atherosclerotic 
plaque. 

Therefore, atherogenesis can be considered not only as a metabolic disorder, but also as an immunoinflammatory 
process. The aim of this lecture was to summarize contemporary data regarding the role of inflammation at various 
stages of the atherosclerotic continuum. 
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РЕЗЮМЕ

Атеросклероз и ассоциированные с ним болезни системы кровообращения являются актуальной пробле-
мой общественного здравоохранения, а также активно развивающимся направлением исследований как в 
фундаментальной, так и клинической медицине. Несмотря на многолетнюю историю изучения заболева-
ния, до сих пор многие аспекты этиологии и патогенеза атеросклероза остаются неясными. 

Традиционно патогенез атеросклероза рассматривают с позиции очагового накопления отдельных фракций 
липопротеинов в сосудистой стенке артерий. Однако в атерогенезе активное участие принимают факто-
ры как врожденного, так и адаптивного иммунитета. Клетки и медиаторы иммунной системы вступают 
в сложное взаимодействие с клеточным и внеклеточным компонентами всех слоев сосудистой стенки. 
Вследствие этого большинство исследователей пришли к консенсусу о ключевой роли воспаления в ини-
циации, прогрессировании, а также дестабилизации атеросклеротической бляшки.

Таким образом, атерогенез можно рассматривать не только как дисметаболический, но и как иммуновоспа-
лительный процесс. Целью настоящей лекции является обобщение новейших данных о роли воспаления на 
разных этапах атеросклеротического континуума.

Ключевые слова: атеросклероз, атерогенез, липопротеины, воспаление, атеросклеротическая бляшка, ате-
рома
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INTRODUCTION 

Cardiovascular diseases (CVD) are the 
leading cause of premature death and disability in 
economically developed countries,and impose a 
significant burden on healthcare systems, resulting in 
substantial economic consequences [1]. 

Diseases associated with atherosclerosis 
contribute significantly to CVD mortality [2–4]. 
Despite advancements in modern lipidology, 
including the implementation of high-intensity 
statin therapy, its combination with ezetimibe 
and proprotein convertase subtilisin / kexin type 
9 (PSCK9) inhibitors in clinical practice, the 
challenge of achieving target lipid profile values 
and addressing residual cardiovascular risk remains 
pertinent [5]. Notably, approximately half of the 
patients receiving high-intensity statin therapy in 
combination with ezetimibe continue to exhibit an 
elevated risk of adverse cardiovascular outcomes [6]. 
As of 2024, atherosclerosis remains an idiopathic, 
multifactorial disease. Concurrently, a consensus 
has been reached among researchers regarding the 
pivotal role of inflammation in the pathogenesis of 
atherosclerosis [7].

Historically, the initiation of atherogenesis was 
conceptualized through the lens of endothelial 
dysfunction within the framework of the «endothelial 
response to injury» hypothesis. However, subsequent 
investigations revealed no damage, but rather 
activation of the endothelium due to biomechanical 
stress and the initiation of associated molecular 
cascades [8]. These findings do not negate but rather 
complement and expand upon the involvement of 
inflammation in the pathogenesis of all stages of 
atherogenesis [9].

CVD prevention encompasses a complex 
algorithm comprising a set of measures aimed at 
lifestyle modification and management of modifiable 

risk factors [10]. However, optimal pharmacological 
intervention and reduction of low-density lipoprotein 
cholesterol (LDL-C) and blood pressure (BP) do 
not provide comprehensive protection against 
cardiovascular complications [11].

It is imperative to consider comorbid conditions 
represented by relatively novel (non-classical) risk 
factors for CVD, such as cancer and associated 
chemotherapy [12], HIV infection (irrespective of 
viral load levels) [13], Helicobacter pylori [14], and 
oral microbiome dysbiosis [15]. 

Observational studies have demonstrated the 
potential anti-atherogenic properties of disease-
modifying and/or targeted anti-inflammatory drugs 
used to treat autoimmune diseases [16]. It has been 
established that the beneficial effect of statins in 
reducing cardiovascular risk is associated not only 
with their primary lipid-lowering effect, but also with 
anti-inflammatory effects [17]. 

In contemporary clinical lipidology, the critical 
importance of inflammation in atherogenesis is 
directly confirmed by the inclusion of colchicine in 
the clinical guidelines for cardiovascular prevention 
prepared by the Russian National Society of 
Preventive Cardiology in collaboration with the 
Russian Society of Cardiology [5]. Low-dose 
colchicine therapy in patients with coronary artery 
disease has been approved by the U.S. Food and Drug 
Administration as an efficacious method for reducing 
residual cardiovascular risk [18].

A subsequent step in improving therapeutic 
algorithms is the use of nanotechnology to produce 
novel dosage forms of drugs that can be delivered 
to specific tissues or cell populations. Thus, a 
comprehensive study of the pathogenesis of 
atherosclerosis in combination with the application 
of a multi-omics approach is highly relevant, as a 
detailed understanding of the molecular mechanisms 
of atherogenesis forms the basis for developing 
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a «signature,» the impact on which will provide 
more precise control of atherogenic inflammation 
and facilitate the development of a vaccine against 
atherosclerosis [19, 20], which will likely require 
more than one decade.

The aim of this lecture was to synthesize 
potentially clinically significant data on the role of 
inflammation at different stages of atherogenesis, 
including destabilization of atherosclerotic plaques. 
An international multidisciplinary team of experts 
prepared the materials. Within the concept «from 
pathogenesis to therapy,» the presented lecture is 
divided into two parts.

CONTRIBUTION OF IMMUNE CELLS TO 
THE DEVELOPMENT OF ATHEROGENIC 
ENDOTHELIAL DYSFUNCTION

Advances in fundamental scientific research have 
enabled to reevaluate traditional perspectives on 
the endothelium, which was previously regarded in 
the scientific community solely as a conventional 
layer of flat cells of mesenchymal origin lining the 
inner surface of blood and lymphatic vessels as 
well as cardiac cavities [21, 22]. Contemporary 
understanding considers the endothelium as an 
active morphological subunit (or, according to some 
authoritative scientific schools, a distinct organ) 
that produces a diverse array of biologically active 
substances with autocrine, paracrine, and juxtacrine 
activity [23, 24]. 

Under physiological conditions, the endothelium 
predominantly exhibits antithrombotic, anti-
inflammatory, and vasoactive properties, regulating 
vascular wall permeability for circulating biologically 
active molecules and vascular tone through the 
balance between the release of vasodilators (e.g., nitric 
monoxide (NO) and prostaglandin E2 (PgE2)) and 
vasoconstrictors (e.g., endothelin-1 and thromboxane 
(Tx) A2) [25]. The development of proinflammatory 
and vasospastic endothelial dysfunction leads to a 
pathological increase in vascular permeability and 
a decrease in the bioavailability of atheroprotective 
NO, contributing to the subendothelial accumulation 
of atherogenic (ApoB100-containing) lipoprotein 
fractions (primarily low-density lipoproteins [LDL] ) 
and the development of so-called sterile inflammation 
[26–30].

 Recent research has led to a re-evaluation 
of the role of perivascular adipose tissue. It has 

been demonstrated that perivascular adipose 
tissue produces a diverse group of cytokines and 
biologically active substances, including tumor 
necrosis factor α (TNFα), interleukins (IL) IL-1, 
IL-6, and IL-8, adipocyte-derived relaxing factor, 
macrophage chemotactic protein-1, plasminogen 
activator inhibitor-1, complement component C3, 
apelin, leptin, resistin, visfatin, carbon monoxide 
(CO), and hydrogen sulfide (H2S). These biologically 
active substances can modulate the endothelial 
state and vascular tone, and exhibit both pro- and 
antiatherogenic effects [31–34]. Considering the 
contribution of perivascular adipose tissue to 
atherogenesis, it is important to note the role of the 
inflammatory microenvironment in its metabolic 
reorganization as well as in the development of 
structural and functional dysfunction of the vasa 
vasorum and significant dystrophic changes in the 
perivascular nerve plexus [35, 36]. Furthermore, 
functional dysregulation of stem/progenitor cells of 
perivascular adipose tissue (a stem cell niche located 
at the medial-adventitial interface) has been observed, 
including adipocyte progenitor cells, smooth muscle 
cells (SMCs), endothelial cells, mesenchymal stem 
cells (MSCs), and myeloid progenitor cells [37].

Chronic low-grade inflammation of the vascular 
wall also induces accumulation of senescent cells. 
In this context, the inflammatory microenvironment 
acquires a senescence-associated secretory phenotype, 
which plays a crucial role in the development of both 
early vascular aging syndrome and aging heart [38]. 
Senescent cells are characterized by mitochondrial 
damage, telomere shortening, epigenetic alterations, 
metabolic dysregulation (particularly protein 
metabolism), stem cell dysfunction, and impaired 
intercellular communication. The key molecules 
associated with the initiation of aging processes are 
NF-kB, C/EBP beta, GATA4, mTOR, and p38MAPK, 
as well as disturbances in the functioning of signaling 
mechanisms involving cyclic GMP-AMP synthetase 
(cGAS) and cyclic GMP-AMP (cGAMP) [39]. The 
accumulation of senescent cells leads to a decrease 
in the activity of antioxidant systems, particularly 
the inactivation of the Nrf2/ARE/sestrin-2 cascade 
[40]. These alterations underlie the development of 
the early aging syndrome of blood vessels, which 
presents a significant challenge in the field of internal 
medicine [41]. 

As a consequence of the interaction between 
positively charged amino acids, specifically 
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arginine and lysine in LDL, and negatively charged 
proteoglycans in the arterial wall, atherogenic 
lipoproteins are retained within the vessel wall [42]. 
Acute activation of the endothelium induces the 
expression of cell adhesion molecules, resulting in 
the attachment of monocytes to the endothelial cells 
[43–45].

Monocytes adhere to endothelial cells via 
PSGL-1/CD162 receptors (receptors for P-selectin 
and E-selectin on the surface of endothelial cells), 
CD11b and CD18 (subunits of the Mac-1 receptor 
for ICAM1), LFA-1/CD11a (receptor for ICAM1), 
CD29, and CD49d (subunits of the VLA-4 receptor 
for VCAM1) [46]. Following cell adhesion, MCP-
1 stimulates monocyte migration and infiltration. 
Upon migration into the endothelium, monocytes 
differentiate into macrophages under the influence 
of macrophage colony-stimulating factor  
(M-CSF) [47].

Upon entering the subendothelial space, LDL 
undergoes not only oxidation, but also aggregation. 
In the context of an inflammatory microenvironment 
and the accompanying decrease in pH within the 
vascular wall, the composition of lipoproteins shifts 
from the large and medium fractions to the small 
and dense subfractions. These subfractions exhibit 
lower affinity for LDL receptors (which impede their 
removal), greater mobility in the extracellular matrix, 
and consequently, higher atherogenicity [48]. 

The accumulation of atherogenic LDL in the 
subendothelial space of monocytes and resident 
macrophages that have migrated from circulating 
blood results in the release of a wide range of 
proinflammatory cytokines (IL-1β, IL-6, IL-12, IL-
15, IL-18, and TNFα) [49]. It is worth noting that 
under the pathological conditions of an atherogenic 
microenvironment, macrophages can acquire both 
proinflammatory and anti-inflammatory phenotypes, 
characterized by the release of corresponding 
molecules (IL-4, IL-10, IL-13, and transforming 
growth factor 1β (TGF-1β)) [50].

Therefore, irrespective of the causal relationship 
between oxidized LDL and atherosclerosis, 
atherosclerotic changes in arterial walls can develop 
in the presence of a normal lipid profile. The 
increasing prevalence of type 2 diabetes mellitus and 
metabolic syndrome in the population, coupled with 
the control of LDL levels through lipid-lowering 
therapy, has altered the lipid risk profiles. Notably, 
a significant contribution is observed from elevated 

levels of desialylated, electronegative, small dense, 
and multiply modified LDL [51, 52].

 In the subendothelial space, modified lipoproteins 
are captured by macrophages and dendritic cells, 
which are mononuclear phagocytes that are resident 
in the normal arterial wall since fetal development. 
Additionally, circulating monocytes originating from 
the bone marrow or spleen adhere to the endothelial 
layer, migrate into the intima via diapedesis, and 
differentiate into macrophages [50]. In addition, 
endothelial cells can migrate into the intima and 
undergo endothelial – mesenchymal transition, 
thereby promoting thickening (intimal remodeling) 
and exacerbating inflammation [53]. 

The endothelial reaction, a key component of the 
inflammatory response, encompasses the coordinated 
activation of both innate immunity (macrophages) 
and adaptive immunity (T- and B lymphocytes). 
Upon entering the subendothelial space, recruited 
monocytes differentiate into macrophages and 
polarize, adopting diverse functional phenotypes in 
response to alterations in the microenvironment [54]. 

T lymphocytes transform monocytes into 
proinflammatory M1 macrophages, which produce 
proinflammatory cytokines (IL-1α, IL-1β, IL-6, 
IL-12, IL-15, IL-18, and TNFα) involved in the 
progression of atherosclerosis, or into «alternative» 
anti-inflammatory M2 macrophages, which produce 
anti-inflammatory cytokines (IL-4, IL-10, IL-13, 
and TGFβ) capable of modulating the inflammatory 
response. Consequently, T lymphocytes regulate the 
continuum of inflammation resolution [55]. Although 
macrophages are the primary source of cytokines, 
other cells, such as lymphocytes, polymorphonuclear 
leukocytes, and endothelial cells, which play a 
significant role in atherosclerosis, also contribute to 
cytokine production.

Neutrophilic granulocytes are directly implicated 
in the development of oxidative stress in endothelial 
cells and the formation of erosion on plaque surfaces 
[56]. Furthermore, neutrophils directly activate 
neighboring cells, such as macrophages and T 
lymphocytes, thereby intensifying the inflammatory 
reaction in atheroma [57].

T lymphocytes are present in atherosclerotic 
plaques to varying degrees at nearly all stages of 
their formation and associated complications. The 
process of atheroma development and weakening 
is accompanied by an immunoallergic reaction 
of delayed-type hypersensitivity, associated with 
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significant activation of the CD4+ T lymphocyte 
subpopulation and secretion of interferon γ (IFNγ) 
by the latter [13]. Direct receptor-mediated contact 
occurs between T lymphocytes and macrophages, 
promoting activation of the latter and increased 
production of proinflammatory cytokines and 
proteolytic enzymes, potentiating the development 
of destructive processes in the plaque [58].

IFNγ and TNFα mediate atherosclerotic changes, 
affecting macrophages and the endothelium and 
increasing the level of fractalkine (CX3CL1), 
a chemokine that regulates the migration and 
adhesion of leukocytes [59]. IFNγ destabilizes 
atherosclerotic plaques by inhibiting collagen 
synthesis, promoting SMC apoptosis, and increasing 
endothelial permeability [60]. By activating matrix 
metalloproteinases (MMPs), IFNγ and TNFα promote 
the degradation of collagen and extracellular matrix, 
thereby disrupting the stability of atherosclerotic 
plaques [61].

Typical atheromas contain a lipid core, dying 
macrophages that form a necrotic core, and a 
developing thick fibrous cap, which is facilitated by 
the production of collagen, elastin, fibronectin, and 
other components of the extracellular matrix by SMC 
[62]. Macrophage activation results in the release of 
numerous cytokines and their transformation into 
foam cells [63]. Activated macrophages release 
additional inflammatory stimuli and stimulate the 
formation of the necrotic core in the atherosclerotic 
plaque. Unstable atheromas are commonly classified 
into three types [64]:

1. Lipid type – fibroatheroma with a massive lipid 
core and a thin fibrous cap.

2. Inflammatory and erosive – atheromas with an 
increased content of proteoglycans and inflammatory 
or erosive damage to the cap.

3. Dystrophic necrotic type – atheromas with 
a calcified core and pronounced dystrophic and 
necrotic changes in the cap. 

THE ROLE OF MACROPHAGES  
IN ATHEROSCLEROSIS

Macrophages catabolize oxidized LDL in 
the arterial wall to form foam cells. The fate of 
macrophages varies depending on the concentration 
of cytokines and their combination as well as the 
quantity of oxidized LDL [65, 66]. Deceased 
macrophages coalesce, forming a lipid-rich necrotic 
core that stimulates the migration of smooth muscle 

cells from the media to the intima, encapsulated 
by a collagen cap, with subsequent formation of 
fibroatheroma [67]. Under conditions of chronic 
low-grade inflammation, macrophages exhibit 
catabolic effects, degrading and thinning the fibrous 
cap, thereby thinning the fibroatheroma (< 65 μm) 
[68]. These pathological changes, characterized 
by the presence of a large lipid-rich necrotic core 
separated from the arterial lumen by a thin fibrous 
cap, render the plaque unstable and susceptible to 
rupture [69]. 

M1 macrophages are classically activated by 
proinflammatory cytokines, particularly INFγ and 
bacterial lipopolysaccharides, and produce, as 
previously mentioned, proinflammatory cytokines, 
such as IL-1β, IL-6, and TNFα, as well as inducible 
nitric oxide synthase (iNOS) and NADPH oxidase, 
with subsequent development of nitrosative and 
oxidative stress [70]. M2 macrophages, conversely, 
are alternatively activated by anti-inflammatory 
cytokines, such as IL-4 and IL-13, and produce 
elevated levels of IL-10 and TGF-1β [71]. M2 
macrophages also express scavenger receptors, 
such as CD163 and CD206, which play a significant 
role in atherogenesis [72]. Notably, macrophages 
in the fibrous capsule of an atherosclerotic plaque 
express both proinflammatory and anti-inflammatory 
cytokines, indicating a mixed M1/M2 phenotype 
[73].

IL-6 plays a crucial role in atherogenesis; 
specifically, it stimulates the production of acute-
phase response proteins and enhances the proliferation 
and differentiation of lymphocytes [74]. Furthermore, 
IL-6 activates cyclooxygenase-2 (COX-2), which 
increases the concentration of IL-1β, TNFα, and 
high-sensitivity C-reactive protein (hs-CRP) in blood 
plasma by augmenting the activity of NF-κB, JAK/
STAT3, and MAPK transcriptional cascades [75]. 

Recent studies have identified several novel 
subtypes of macrophages that may be present in 
atherosclerotic plaques, including MMe, Mox, 
M(Hb), Mhem, M4, and HA-mac macrophages. 
Metabolically activated (MMe) macrophages 
predominantly reside in the adipose tissue. Their 
primary function is to eliminate the dead adipocytes 
[76].

Mox macrophages are inflammatory macrophages 
that produce high levels of the enzyme Hmox1 (heme 
oxygenase 1). The M1, MMe, and Mox macrophages 
are activated by LDL and INFγ [77].
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M4 macrophages are proinflammatory 
macrophages that mature and are activated by the 
platelet chemokine CXCL-4 (arterial thrombosis 
companion) and can participate in the degradation of 
the fibrous cap and plaque rupture by producing the 
enzyme MMP-12 [78]. 

Macrophages HA-mac, M(Hb) (hemoglobin-stimu- 
lated), and Mhem are anti-inflammatory macro- 
phages with pronounced atheroprotective effects acti- 
vated by the hemoglobin – haptoglobin complex (hb – 
hp), which is involved in the clearance of hemoglobin 
from the hemorrhagic zones [79]. Macrophages with 
the Mhem phenotype, in addition to participating 
in erythrophagocytosis, suppress the development 
of oxidative stress, accumulation of lipid droplets, 
and formation of foam cells [80]. The role of M(Hb) 
macrophages in the pathogenesis of atherosclerosis is 
also associated with the induction of cholesterol efflux, 
leading to a sharp decrease in foam cell formation [81]. 

MMe macrophages are characterized by high 
activity of NADPH oxidase-2 and iNOS, which 
play important roles in inflammation and generation 
of reactive oxygen species [65]. In turn, the Mox 
macrophage phenotype, which is often found in 
already developed atherosclerotic plaques, activates 
the expression of Srnx-1 and Txnrd-1 [82].

PLAQUE DESTABILIZATION FACTORS
The main mechanism through which existing 

atherosclerotic lesions begin to shrink is through a 
decrease in circulating plasma lipid concentrations 
and stabilization of inflammatory cascades [83–
85]. In animal models, this is often followed by an 
increase in cholesterol efflux from foam cells via 
the ATP-binding cassette transporter (ABCA)1 
into apoA1/HDL (high-density lipoprotein) via the 
reverse cholesterol transport pathway. 

When cholesterol efflux is induced in high-HDL 
environments, atherosclerotic plaque macrophages 
adopt a pro-resolving M2-like phenotype, producing 
anti-inflammatory cytokines, such as IL-10 and TGF-
1β, supporting connective tissue cell proliferation and 
angiogenesis [86]. The pro-resolving phenotype also 
enhances phagocytosis of debris and efferocytosis of 
apoptotic cells, which contributes to the reduction of 
the necrotic core. Indeed, efferocytosis and apoptosis 
of atherogenic field cells enhance macrophage 
proliferation, increasing the number of macrophages 
available for efferocytosis and potentiating the plaque 
regression process [87]. 

Polyunsaturated fatty acids (PUFAs) have 
been shown to have pronounced atheroprotective 
properties, which are associated with their anti-
inflammatory action [88]. Linoleic acid suppresses 
the expression of proinflammatory genes in 
macrophages and inactivates NF-κB, CCL2, and 
COX-2 through PPARγ receptors, thereby reducing 
the progression of atherosclerosis [89]. In addition, 
PUFAs can modulate the atherogenic effects of 
saturated fatty acids, such as palmitate-induced 
expression of the lectin-like receptor for oxidized 
LDL-1 (LOX1) [90].

The atheroprotective functions of HDL are 
associated with stimulation of cholesterol catabolism 
and efflux. The antioxidant and anti-inflammatory 
properties of HDL and its anti-apoptotic effects on 
endothelial cells and endothelial progenitor cells are 
worth noting [91]. HDL enhances the proliferation 
and migration of endothelial cells and endothelial 
progenitor cells, thereby contributing to the 
restoration of endothelial integrity [92]. 

At the same time, the atheroprotective effect of 
HDL is partly mediated by its anti-inflammatory 
effect. Studies using a mouse model of atherogenesis 
have shown that HDL promotes the polarization 
of macrophages from the M1 phenotype to the M2 
phenotype and inhibits the reverse polarization of 
cells to the M1 phenotype [79]. 

The migration of monocytes through the 
endothelium into atherosclerotic plaques is 
mediated by chemokines (CCR2–CCL2 (or MCP-
1), CX3CR1–CX3CRL1, and CCR5-CCL510) 
secreted by endothelial cells, intimal macrophages, 
and smooth muscle cells [93]. Vascular endothelial 
adhesion molecules CD31 (also known as von 
Willebrand factor) and VCAM1 are involved in 
monocyte transmigration [93].

 It is worth noting that neural guidance signals 
are involved in the recruitment of monocytes in 
atherosclerosis; in particular, netrins, semaphorins, 
and ephrins are expressed by endothelial cells in 
the arterial wall [94]. Their effects depend on the 
vascular wall microenvironment. For example, ephrin 
B2 expression increases under proatherosclerotic 
conditions and enhances leukocyte recruitment 
to atherosclerosis-prone areas of the arterial wall, 
even in the absence of additional chemokines [95]. 
In contrast, netrin 1 and semaphorin 3A expression 
inhibits chemokine-directed migration of human and 
mouse monocytes in vitro [96].
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The uptake of lipoproteins by monocyte-derived 
macrophages is considered as one of the earliest stages 
of atheroma development, leading to the formation of 
foam cells. Although macrophages can clear ApoB-
containing lipoproteins via the LDL receptor, the 
expression of this receptor is reduced early in foam 
cell formation, owing to increased cholesterol levels 
in the cells [97]. These observations have led to the 
well-established hypothesis that lipoproteins must 
undergo modification of the arterial wall and be taken 
up by alternative mechanisms.

Macrophage-expressed scavenger receptors, a type 
of pathogen pattern recognition receptor (PRR), play 
a significant role in atherosclerosis and were initially 
described for their ability to recognize and process 
modified LDL. Numerous members of the scavenger 
receptor family include scavenger receptor A (SRA; 
encoded by MSR), MARCO, CD36, scavenger 
receptor class B member 1 (SRB1), lectin-type 
oxidized low-density lipoprotein receptor 1 (LOX1), 
scavenger receptor class 1 member 1 (SREC1), 
and scavenger receptors for phosphatidylserine and 
oxidized low-density lipoprotein (SRPSOX; also 
known as CXCL16). These receptors bind oxidized 
LDL and promote foam cell formation [98]. These 
receptors internalize lipoproteins; in lysosomes, 
lipoprotein-cholesterol esters are hydrolyzed to free 
cholesterol and fatty acids [99]. Free cholesterol 
from the endolysosomal apparatus is subsequently 
transported to the endoplasmic reticulum, where it is 
re-esterified by cholesterol ester acyl-CoA transferase 
to fatty acid esters, which constitute the «foam» of 
foam cells [77].

Modification of LDL by various proteases and 
lipases present in the intima can also mediate its 
aggregation. Glycoproteins of the extracellular matrix 
contribute to this process by retaining lipoproteins and 
modulating the activity of various lipolytic enzymes 
(secretory phospholipase A2 group IIA and secretory 
sphingomyelinase), which produce modified forms 
of LDL that are taken up by a scavenger receptor-
independent pathway [100]. 

In understanding the concept of atherogenesis, 
the necrotic core is of great importance, playing a 
major role in the vulnerability of atherosclerotic 
plaques. It is essential to consider the role of primary 
and secondary inflammation, cell death, and debris 
removal as well as other factors that may be involved 
in the formation of the necrotic core, such as MMP 
activation and diapedetic hemorrhage [101]. The 

free cholesterol content in the necrotic cores of 
high-risk plaques is significantly higher than that in 
low-risk plaques [102]. Free cholesterol is deposited 
largely because of the extravasation of erythrocytes, 
which increases with intimal neovascularization, as 
new vessels are highly permeable, and erythrocyte 
membranes are rich in free cholesterol [103].

CONCLUSION
Inflammation plays a crucial role in all stages of 

atherogenesis. Elucidating and investigating intricate 
cellular and subcellular interactions in atherogenesis 
in greater detail will provide a foundation for the 
development of novel strategies for targeted anti-
inflammatory therapy of atherosclerosis aimed at 
mitigating primary cardiovascular and residual 
cardiovascular risk.

REFERENCES

1.	 Pogosova N.V., Boytsov S.A. Preventive Cardiology 2024: 
State of the Problem and Perspectives of Development. Car-
diology. 2024;64(1):4–13. (In Russ.).  DOI: 10.18087/car-
dio.2024.1.n2636.

2.	 World Health Organization. Political declaration of the 
high-level meeting of the General Assembly on the preven-
tion and control of non-communicable diseases. High-level 
Plenary Meeting of the General Assembly. Geneva, Switzer-
land, 2011.

3.	 Bagheri Kholenjani F., Shahidi S., Vaseghi G., Ashoorion V., 
Sarrafzadegan N., Siavash M. et al. First Iranian guidelines for 
the diagnosis, management, and treatment of hyperlipidemia 
in adults. J. Res. Med. Sci. 2024;29:18. DOI: 10.4103/jrms.
jrms_318_23.

4.	 Elsadek R., Bassi R., Ismail Z., Oyetoran A., Perbtani Y., Brar T.  
et al. The association between adverse cardiovascular out-
comes in celiac disease and the role of inflammation: Retro-
spective analysis using the national inpatient sample. Curr. 
Probl. Cardiol. 2024;49(8):102612. DOI: 10.1016/j.cpcardi-
ol.2024.102612.

5.	 Boytsov S.A., Pogosova N.V., Ansheles A.A., Badtieva V.A., 
Balakhonova T.V., Barbarash O.L. et al. Cardiovascular pre-
vention 2022. Russian national guidelines.  Russian Journal of 
Cardiology. 2023;28(5):5452. (In Russ.). DOI: 10.15829/1560-
4071-2023-5452.

6.	 Pogosova N., Bosch J., Bhatt D.L., Fox K.A.A., Connolly S.J., 
Alings M. et al. Rivaroxaban 2.5 mg twice daily plus aspirin 
reduces venous thromboembolism in patients with chronic 
atherosclerosis. Circulation. 2022;145(25):1875–1877. DOI: 
10.1161/CIRCULATIONAHA.122.059405.

7.	 Fan J., Watanabe T. Atherosclerosis: known and unknown. 
Pathol. Int. 2022;72(3):151–160. DOI: 10.1111/pin.13202.

8.	 Cameron J.N., Mehta O.H., Michail M., Chan J., Nicholls S.J., 
Bennett M. et al. Exploring the relationship between biome-
chanical stresses and coronary atherosclerosis. Atherosclerosis. 
2020;302:43–51. DOI: 10.1016/j.atherosclerosis.2020.04.011.

Avagimyan A.A., Kaktursky L.V., Urazova O.I. et al. Atherosclerosis and inflammation – from pathogenesis to treatment: current state



149

Обзоры и лекции

Bulletin of Siberian Medicine. 2025; 24 (1): 141–153

9.	 Demos C., Tamargo I., Jo H. Biomechanical regulation of 
endothelial function in atherosclerosis. In: Biomechanics of 
Coronary Atherosclerotic. Plaque. 2021:3–47. DOI: 10.1016/
B978-0-12-817195-0.00001-9.

10.	Pogosova N.V., Oganov R.G., Boytsov S.A., Ausheva A.K., 
Sokolova O.Yu., Kursakov A.A. et al. Secondary prevention 
in patients with coronary artery disease in Russia and Europe: 
results from the Russian part of the EUROASPIRE V survey. 
Cardiovascular Therapy and Prevention. 2020;19(6):2739. 
(In Russ.). DOI: 10.15829/1728-8800-2020-2739.

11.	Pogosova N.V., Oganov R.G., Boytsov S.A., Ausheva A.K., 
Sokolova O.Yu., Kursakov A.A. et al. Efficacy of primary pre-
vention for atherosclerosis-induced diseases in patients with 
high cardiovascular risk in Russia and other European coun-
tries (Part 1). Cardiology. 2017;57(1S):333–344. (In Russ.). 
DOI: 10.18087/cardio.2411

12.	Avagimyan A., Kakturskiy L., Heshmat-Ghahdarijani K., 
Pogosova N., Sarrafzadegan N. Anthracycline associated 
disturbances of cardiovascular homeostasis. Curr. Probl. 
Cardiol. 2022;47(5):100909. DOI: 10.1016/j.cpcardi-
ol.2021.100909.

13.	Avagimyan A., Pogosova N., Kakturskiy L., Sheibani M., 
Urazova O., Trofimenko A. et al. HIV-Related Athero-
sclerosis: State-of-the-Art-Review. Curr. Probl. Cardiol. 
2023;48(9):101783. DOI: 10.1016/j.cpcardiol.2023.101783.

14.	Avagimyan A.A., Mkrtchyan L. G., Navasardyan G.A., 
Gevorkyan A.A., Ananyan E.A., Pashinyan N.E. et al. The 
role of Helicobacter pylori in cardiovascular toxicity mech-
anisms. Russian Journal of Cardiology. 2019;(12):169–174. 
(In Russ.). DOI: 10.15829/1560-4071-2019-12-169-174.

15.	Avagimyan A., Manukyan I., Navasardyan G., Chelidze K., 
Risovaniy S. The atherogenic impact of oral cavity dysbiosis 
(review). Georgian Med. News. 2020;(304-305):69–74.

16.	Gordeev A. V., Olyunin Y. A., Galushko E. A., Zotkin E. G., 
Lila A. M. Rheumatoid arthritis and cardiovascular diseases: 
close relatives or friends? Modern Rheumatology Journal. 
2023;17(2):16–22. (In Russ.). DOI: 10.14412/1996-7012-
2023-2-16-22.

17.	Ridker P.M., Bhatt D.L., Pradhan A.D., Glynn R.J., Mac-
Fadyen J.G., Nissen S.E. Inflammation and cholesterol as 
predictors of cardiovascular events among patients receiving 
statin therapy: a collaborative analysis of three randomised 
trials. Lancet. 2023;401(10384):1293–1301. DOI: 10.1016/
S0140-6736(23)00215-5.

18.	Nidorf S.M., Ben-Chetrit E., Ridker P.M. Low-dose col-
chicine for atherosclerosis: long-term safety. Eur. Heart J. 
2024;45(18):1596–1601. DOI: 10.1093/eurheartj/ehae208. 

19.	Surma S., Sahebkar A., Banach M. Correction to: whether and 
why do we need a vaccine against atherosclerosis? Can we ex-
pect it anytime soon? Curr. Atheroscler. Rep. 2024;26(3):73. 
DOI: 10.1007/s11883-024-01189-4.

20.	Poznyak A., Bezsonov E., Popkova T., Starodubova A.V., 
Orekhov A.N. Vaccination against atherosclerosis: is it 
real? Int. J. Mol. Sci. 2022;23(5):2417. DOI: 10.3390/
ijms23052417.

21.	Naseem S., Sun L., Qiu J. Stress granules in atherosclerosis: 
Insights and therapeutic opportunities. Curr. Probl. Cardiol. 
2024;49(10):102760. DOI: 10.1016/j.cpcardiol.2024.102760.

22.	Zeng G.G., Zhou J., Jiang W. L., Yu J., Nie G.Y., Li J. et 
al. A potential role of nfil3 in atherosclerosis. Curr. Probl. 
Cardiol. 2024;49(1 Pt B):102096. DOI: 10.1016/j.cpcardi-
ol.2023.102096.

23.	Pyrpyris N., Dimitriadis K., Beneki E., Iliakis P., Soulaido-
poulos S., Tsioufis P. et al. LOX-1 receptor: a diagnostic 
tool and therapeutic target in atherogenesis. Curr. Probl. 
Cardiol. 2024;49(1 Pt C):102117. DOI: 10.1016/j.cpcardi-
ol.2023.102117.

24.	Alkhalil M. Mechanistic insights to target atherosclerosis re-
sidual risk. Curr. Probl. Cardiol. 2021;46(3):100432. DOI: 
10.1016/j.cpcardiol.2019.06.004.

25.	Chen Y., Wang X., Mai J., Zhao X., Liang Y., GU M.  
Et Al. C - reactive protein promotes vascular endothelial dys-
function partly via activating adipose tissue inflammation in 
hyperlipidemic rabbits. Int. J. Cardiol. 2013;168(3):2397–
2403. DOI: 10.1016/j.ijcard.2013.01.158.

26.	Hemling P., Zibrova D., Strutz J., Sohrabi Y., Desoye G., 
Schulten H. et al. Hyperglycemia-induced endothelial dys-
function is alleviated by thioredoxin mimetic peptides through 
the restoration of VEGFR-2-induced responses and improved 
cell survival. Int. J. Cardiol. 2020;308:73–81. DOI: 10.1016/j.
ijcard.2019.12.065.

27.	Joshi M.S., Tong L., Cook A.C., Schanbacher B.L., Huang 
H., Han B. et al. Increased myocardial prevalence of C-reac-
tive protein in human coronary heart disease: direct effects 
on microvessel density and endothelial cell survival. Car-
diovasc. Pathol. 2012;21(5):428–435. DOI: 10.1016/j.car-
path.2011.12.003.

28.	Mungmunpuntipantip R., Wiwanitkit V. Cardiac inflammation 
associated with COVID-19 mRNA vaccination and previous 
myocarditis. Minerva Cardiol. Angiol. 2024;72(2):214–215. 
DOI: 10.23736/S2724-5683.23.06346-9.

29.	Haeri S.M.J., Dashti G.R., Mardani M., Rashidi B., Nikgoftar 
Fathi A., Haeri N. Effect of vitamin e on apoptosis of the en-
dothelial cells of the carotid arteries in hypercholesterolemic 
male rabbits. Arya Atheroscler. 2023;19(3):10–17. DOI: 
10.22122/arya.2022.39175.2824.

30.	Heshmat-Ghahdarijani K., Jangjoo S., Amirpour A., Najafian 
J., Khosravi A., Heidarpour M. et al. Endothelial dysfunction 
in patients with lone atrial fibrillation. ARYA. Atheroscler. 
2020;16(6):278–283. DOI: 10.22122/arya.v16i6.2095.

31.	Uchasova E.G., Gruzdeva O.V., Dyleva Y.A., Akbasheva 
O.E. Epicardial adipose tissue: pathophysiology and role in 
the development of cardiovascular diseases. Bulletin of Si-
berian Medicine. 2018;17(4):254–263. (In Russ.). DOI: 
10.20538/1682-0363-2018-4-254-263.

32.	Avagimyan A., Popov S., Shalnova S. The Pathophysiolog-
ical Basis of Diabetic Cardiomyopathy Development. Curr. 
Probl. Cardiol. 2022;47(9):101156. DOI: 10.1016/j.cpcardi-
ol.2022.101156.

33.	Avagimyan A., Fogacci F., Pogosova N., Kakrurskiy L., 
Kogan E., Urazova O. et al. Diabetic cardiomyopathy: 2023 
update by the international multidisciplinary board of ex-
perts. Curr. Probl. Cardiol. 2024;49(1 Pt A):102052. DOI: 
10.1016/j.cpcardiol.2023.102052.

34.	Aznauryan A.V., Navasardyan G.A., Avagimyan A.A. Peri-
vascular adipose tissue – orchestrator of cardiovascular 



150 Бюллетень сибирской медицины. 2025; 24 (1): 141–153

disturbances sequel. The New Armenian Medical Journal. 
2022;16(4):107–114. DOI: 10.56936/18290825-2022.16.4-
107.

35.	Tinajero M.G., Gotlieb A.I. Recent developments in vascular 
adventitial pathobiology: the dynamic adventitia as a complex 
regulator of vascular disease. Am. J. Pathol. 2020;190(3):520–
534. DOI: 10.1016/j.ajpath.2019.10.021.

36.	Ardiana M., Pikir B., Santoso A., Suryawan I., Hermawan H.,  
Rachmi D. et al. Effect of black cumin ethanolic extract ad-
ministration to superoxide dismutase and malondialdehyde 
in inhibiting endothelial dysfunction in cigarette exposed 
rats. ARYA Atherosclerosis. 2022;18(5):1–9. DOI: 10.48305/
arya.2022.11756.2387.

37.	Ma Y., Li Y., Yang Y., Li P. The Microenvironment that 
regulates vascular wall stem/progenitor cells in vascular in-
jury and repair. Biomed. Res. Int. 2022;2022:9377965. DOI: 
10.1155/2022/9377965.

38.	Karpathiou G., Dumollard J. M., Camy F., Sramek V., Dri-
di M., Picot T. et al. Senescence, immune microenviron-
ment, and vascularization in cardiac myxomas. Cardiovasc. 
Pathol.2021;52:107335. DOI: 10.1016/j.carpath.2021.107335.

39.	Hall S.A., Lesniewski L.A. Targeting vascular senescence 
in cardiovascular disease with aging. J. Cardiovasc. Aging. 
2024;4(2):16. DOI: 10.20517/jca.2023.45.

40.	Kishimoto Y., Kondo K., Momiyama Y. The protective role 
of Sestrin2 in atherosclerotic and cardiac diseases. Int. J. Mol. 
Sci. 2021;22(3):1200. DOI: 10.3390/ijms22031200. 

41.	Ionov A.Y., Kuznetsova E.A., Kindalyova O.G., Kryuchko-
va I.V., Poplavskaya E.E., Avagimyan A. A. Clinical signifi-
cance of endocrine disorders in the development of early vas-
cular aging in males with abdominal obesity and concomitant 
arterial hypertension: An observational cohort study. Kuban 
Scientific Medical Bulletin. 2024;31(1):74–87. (In Russ.). 
DOI: 1 0.25207/1608-6228-2024-31-1-74-87.

42.	Borén J., Chapman M.J., Krauss R.M., Packard C.J., Bent- 
zon J.F., Binder C.J. et al. Low-density lipoproteins cause ath-
erosclerotic cardiovascular disease: pathophysiological, genet-
ic, and therapeutic insights: a consensus statement from the Eu-
ropean Atherosclerosis Society Consensus Panel. Eur. Heart J. 
2020;41(24):2313–2330. DOI: 10.1093/eurheartj/ehz962.

43.	Fatahian A. Nebivolol for improving endothelial dysfunc-
tion in cardiac syndrome-x; Is it ready for clinical use? ARYA 
Atheroscler. 2019;15(6):292–293. DOI: 10.22122/arya.
v15i6.1971.

44.	Tanyanskiy D.A., Pigarevskii P.V., Maltseva S.V., Denisen-
ko A.D. Immunohistochemical analysis of adiponectin in 
atherosclerotic lesions of human aorta. ARYA Atheroscler. 
2019;15(4):179–184. DOI: 10.22122/arya.v15i4.1873.

45.	Esfahani M., Saidijam M., Najafi R., Goodarzi M. T., Mova-
hedian A. The effect of salusin-β on expression of pro- and 
anti-inflammatory cytokines in human umbilical vein endo-
thelial cells (HUVECs). ARYA Atheroscler. 2018;14(1):1–10. 
DOI: 10.22122/arya.v14i1.1602.

46.	He W., Holtkamp S., Hergenhan S. M., Kraus K., de Juan A.,  
Weber J. et al. Circadian expression of migratory factors es-
tablishes lineage-specific signatures that guide the homing 
of leukocyte subsets to tissues. Immunity. 2018;49(6):1175–
1190.e7. DOI: 10.1016/j.immuni.2018.10.007.

47.	Lin J., Kakkar V., Lu X. Impact of MCP-1 in atherosclerosis. 
Curr. Pharm. Des. 2014;20(28):4580–4588. DOI: 10.2174/13
81612820666140522115801.

48.	Attiq A., Afzal S., Ahmad W., Kandeel M. Hegemony of 
inflammation in atherosclerosis and coronary artery disease. 
Eur. J. Pharmacol. 2024;966:176338. DOI: 10.1016/j.ej-
phar.2024.176338.

49.	Dutova V. S., Saranchina J. V., Karpova M. R., Kilina O. Y., 
Polshcha N. G., Kulakova T. S. et al. Cytokines and athero-
sclerosis – new research directions. Bulletin of Siberian Med-
icine. 2018;17(4):199–208. (In Russ.). DOI: 10.20538/1682-
0363-2018-4-199-207.

50.	Lobanova N. Yu., Chicherina E. N. Alternative risk factors 
and their importance in assessment of cardiovascular risk 
in asymptomatic patients. Bulletin of Siberian Medicine. 
2020;19(2):182–188. (In Russ.). DOI: 10.20538/1682-0363-
2020-2-182-188.

51.	Ryzhkova A.I., Karagodin V.P., Sukhorukov V.N., Sazono- 
va M.A., Orekhov A.N.  Desialated low density lipoproteins in 
human blood. Klin. Med. (Mosk.). 2017;95(3):216–221. DOI: 
10.18821/0023-2149-2017-95-3-216-221.

52.	Romeo F.J., Del Buono M.G., Aguilar-Gallardo J.S., Lo-
rente-Ros M., Damonte J.I., Chiabrando J.G. et al. Cardiac re-
modeling with SGLT2 inhibitors in heart failure with reduced 
ejection fraction. Minerva Cardiol. Angiol. 2024;72(1):95–97. 
DOI: 10.23736/S2724-5683.22.06207-X. 

53.	Huang Q., Gan Y., Yu Z., Wu H., Zhong Z. Endotheli-
al to mesenchymal transition: an insight in atherosclerosis. 
Front. Cardiovasc. Med. 2021;8:734550. DOI: 10.3389/
fcvm.2021.734550.

54.	Gonzalez A.L., Dungan M.M., Smart C.D., Madhur M.S., 
Doran A.C. Inflammation resolution in the cardiovascular sys-
tem: arterial hypertension, atherosclerosis, and ischemic heart 
disease. Antioxid. Redox Signal. 2024;40(4-6):292–316. DOI: 
10.1089/ars.2023.0284.

55.	Avagimyan A., Chernova A., Aznauryan A. Role of vi-
ral infection in the mechanisms of initiation of atherogene-
sis and destabilization of atheroma. Cardiology in Belarus. 
2019;11(6):947–953. (In Russ.). 

56.	Zhang X., Kang Z., Yin D., Gao J. Role of neutrophils in dif-
ferent stages of atherosclerosis. Innate Immun. 2023;29(6):97–
109. DOI: 10.1177/17534259231189195.

57.	Döring Y., Drechsler M., Soehnlein O., Weber C. Neutrophils 
in atherosclerosis: from mice to man. Arterioscler. Thromb. 
Vasc. Biol. 2015;35(2):288–295. DOI: 10.1161/ATVBA-
HA.114.303564.

58.	Avagimyan A. Hyperhomocysteinemia as a Link of che-
motherapy-related endothelium impairment. Curr. Probl. 
Cardiol. 2022;47(10):100932. DOI:10.1016/j.cpcardi-
ol.2021.100932.

59.	Apostolakis S., Spandidos D. Chemokines and athero-
sclerosis: focus on the CX3CL1/CX3CR1 pathway. Acta 
Pharmacol. Sin. 2013;34(10):1251–1256. DOI: 10.1038/
aps.2013.92.

60.	Ng C.T., Fong L.Y., Abdullah M.N.H. Interferon-gamma 
(IFN-γ): Reviewing its mechanisms and signaling pathways 
on the regulation of endothelial barrier function. Cytokine. 
2023;166:156208. DOI: 10.1016/j.cyto.2023.156208.

Avagimyan A.A., Kaktursky L.V., Urazova O.I. et al. Atherosclerosis and inflammation – from pathogenesis to treatment: current state



151

Обзоры и лекции

Bulletin of Siberian Medicine. 2025; 24 (1): 141–153

61.	Tran D.T., Batchu S.N., Advani A. Interferons and interfer-
on-related pathways in heart disease. Front. Cardiovasc. Med. 
2024;11:1357343. DOI: 10.3389/fcvm.2024.1357343.

62.	Owens G.K., Kumar M.S., Wamhoff B.R. Molecular regula-
tion of vascular smooth muscle cell differentiation in devel-
opment and disease. Physiol. Rev. 2004;84(3):767–801. DOI: 
10.1152/physrev.00041.2003.

63.	Li F., Peng J., Lu Y., Zhou M., Liang J., Le C. et al. Block-
ade of CXCR4 promotes macrophage autophagy through 
the PI3K/AKT/mTOR pathway to alleviate coronary heart 
disease. Int. J. Cardiol. 2023;392:131303. DOI: 10.1016/j.
ijcard.2023.131303.

64.	Ragino Y.I., Volkov A.M., Chernyavskyi A.M. Stages of ath-
erosclerotic plaque development and unstable plaque types: 
pathophysiologic and histologic characteristics. Russian 
Journal of Cardiology. 2013;103(5):88–95. (In Russ.). DOI: 
10.15829/1560-4071-2013-5-88-95.

65.	Wu J., He S., Song Z., Chen S., Lin X., Sun H. et al. Macro-
phage polarization states in atherosclerosis. Front. Immunol. 
2023;14:1185587. DOI: 10.3389/fimmu.2023.1185587.

66.	Choi H., Dey A.K., Priyamvara A., Aksentijevich M., Ban-
dyopadhyay D., Dey D. et al. Role of periodontal infection, 
inflammation and immunity in atherosclerosis. Curr. Probl. 
Cardiol. 2021;46(3):100638. DOI: 10.1016/j.cpcardi-
ol.2020.100638.

67.	Gusev E., Sarapultsev A. Atherosclerosis and Inflamma-
tion: insights from the theory of general pathological pro-
cesses. Int. J. Mol. Sci. 2023;24(9):7910. DOI: 10.3390/
ijms24097910.

68.	Fleg J.L., Stone G.W., Fayad Z.A., Granada J.F., Hatsuka- 
mi T.S., Kolodgie F.D.  et al. Detection of high-risk athero-
sclerotic plaque: report of the NHLBI Working Group on cur-
rent status and future directions. JACC Cardiovasc. Imaging. 
2012;5(9):941–955. DOI: 10.1016/j.jcmg.2012.07.007.

69.	Blagov A.V., Markin A.M., Bogatyreva A.I., Tolstik T.V., 
Sukhorukov V.N., Orekhov A.N.  The role of macrophages 
in the pathogenesis of atherosclerosis. Cells. 2023;12(4):522. 
DOI: 10.3390/cells12040522.

70.	Susser L.I., Rayner K.J. Through the layers: how macrophages 
drive atherosclerosis across the vessel wall. J. Clin. Invest. 
2022;132(9):e157011. DOI: 10.1172/JCI157011.

71.	Farahi L., Sinha S.K., Lusis A.J. Roles of macrophages in 
atherogenesis. Front. Pharmacol. 2021;12:785220. DOI: 
10.3389/fphar.2021.785220.

72.	Checkouri E., Blanchard V., Meilhac O. Macrophages in 
atherosclerosis, first or second row players? Biomedicines. 
2021;9(9):1214. DOI: 10.3390/biomedicines9091214.

73.	Wieland E.B., Kempen L.J., Donners M.M., Biessen E.A., 
Goossens P.   Macrophage heterogeneity in atherosclerosis: 
A matter of context. Eur. J. Immunol. 2024;54(1):e2350464. 
DOI: 10.1002/eji.202350464.

74.	Weber C., Habenicht A.J.R., von Hundelshausen P. Novel 
mechanisms and therapeutic targets in atherosclerosis: inflam-
mation and beyond. Eur. Heart J. 2023;44(29):2672–2681. 
DOI: 10.1093/eurheartj/ehad304.

75.	Brasier A.R. The nuclear factor-kappaB-interleukin-6 signal-
ling pathway mediating vascular inflammation. Cardiovasc. 
Res. 2010;86(2):211–218. DOI: 10.1093/cvr/cvq076.

76.	Florance I., Ramasubbu S. Current understanding on the role 
of lipids in macrophages and associated diseases. Int. J. Mol. 
Sci. 2022;24(1):589. DOI: 10.3390/ijms24010589.

77.	Moore K.J., Sheedy F.J., Fisher E.A. Macrophages in 
atherosclerosis: a dynamic balance. Nat. Rev. Immunol. 
2013;13(10):709–721. DOI: 10.1038/nri3520.

78.	Hou P., Fang J., Liu Z., Shi Y., Agostini M., Bernassola F. et al.  
Macrophage polarization and metabolism in atherosclerosis. 
Cell Death Dis. 2023;14(10):691. DOI: 10.1038/s41419-023-
06206-z.

79.	Barrett T.J. Macrophages in atherosclerosis regression. Ar-
terioscler. Thromb. Vasc. Biol. 2020;40(1):20–33. DOI: 
10.1161/ATVBAHA.119.312802.

80.	De Meyer G.R.Y., Zurek M., Puylaert P., Martinet W. 
Programmed death of macrophages in atherosclerosis: 
mechanisms and therapeutic targets. Nat. Rev. Cardiol. 
2024;21(5):312–325. DOI: 10.1038/s41569-023-00957-0.

81.	Theofilis P., Oikonomou E., Tsioufis K., Tousoulis D. The 
role of macrophages in atherosclerosis: pathophysiologic 
mechanisms and treatment considerations. Int. J. Mol. Sci. 
2023;24(11):9568. DOI: 10.3390/ijms24119568.

82.	Fang F., Xiao C., Li C., Liu X., Li S. Tuning macrophages for 
atherosclerosis treatment. Regen Biomater. 2022;10:rbac103. 
DOI: 10.1093/rb/rbac103.

83.	Varghese T.P., Chand S., Varghese N.M., Singh R., Ya-
dav S.K.  Interplay of inflammatory biomarkers in heart dis-
ease patients with depressive symptoms: An update. Curr. 
Probl. Cardiol. 2024;49(3):102352. DOI: 10.1016/j.cpcardi-
ol.2023.102352.

84.	Alsereidi F.R., Khashim Z., Marzook H., Gupta A., Al- 
Rawi A.M., Ramadan M.M. et al. Targeting inflammato-
ry signaling pathways with SGLT2 inhibitors: Insights into 
cardiovascular health and cardiac cell improvement. Curr. 
Probl. Cardiol. 2024;49(5):102524. DOI: 10.1016/j.cpcardi-
ol.2024.102524.

85.	Avagimyan A., Gvianishvili T., Gogiashvili L., Kakturskiy L.,  
Sarrafzadegan N., Aznauryan A. Chemotherapy, hypothy-
roidism and oral dysbiosis as a novel risk factor of cardio-
vascular pathology development. Curr. Probl. Cardiol. 
2023;48(3):101051. DOI: 10.1016/j.cpcardiol.2021.101051.

86.	Xu X., Song Z., Mao B., Xu G. Apolipoprotein a1-re-
lated proteins and reverse cholesterol transport in anti-
atherosclerosis therapy: recent progress and future per-
spectives. Cardiovasc. Ther. 2022;2022:4610834. DOI: 
10.1155/2022/4610834.

87.	Xie Y., Chen H., Qu P., Qiao X., Guo L., Liu L.  Novel in-
sight on the role of Macrophages in atherosclerosis: Focus 
on polarization, apoptosis and efferocytosis. Int. Immuno-
pharmacol. 2022;113(Pt A):109260. DOI: 10.1016/j.in-
timp.2022.109260.

88.	Coniglio S., Shumskaya M., Vassiliou E. Unsaturated fatty ac-
ids and their immunomodulatory properties. Biology (Basel). 
2023;12(2):279. DOI: 10.3390/biology12020279.

89.	Videla L.A., Valenzuela R., Del Campo A., Zúñiga-Hernán-
dez J. Omega-3 lipid mediators: modulation of the M1/M2 
macrophage phenotype and its protective role in chronic liver 
diseases. Int. J .Mol. Sci. 2023;24(21):15528. DOI: 10.3390/
ijms242115528.



152 Бюллетень сибирской медицины. 2025; 24 (1): 141–153

90.	Truthe S., Klassert T.E., Schmelz S., Jonigk D., Blanken- 
feldt W., Slevogt H. Role of lectin-like oxidized low-density 
lipoprotein receptor-1 in inflammation and pathogen-associat-
ed interactions. J. Innate Immun. 2024;16(1):105–132. DOI: 
10.1159/000535793.

91.	Noor R., Shuaib U., Wang C.X., Todd K., Ghani U., Schwindt B. 
et al. High-density lipoprotein cholesterol regulates endothe-
lial progenitor cells by increasing eNOS and preventing apop-
tosis. Atherosclerosis. 2007;192(1):92–99. DOI: 10.1016/j.
atherosclerosis.2006.06.023.

92.	Tso C., Martinic G., Fan W.H., Rogers C., Rye K.A., Bar-
ter P.J. High-density lipoproteins enhance progenitor-me-
diated endothelium repair in mice. Arterioscler. Thromb. 
Vasc. Biol. 2006;26(5):1144–1149. DOI: 10.1161/01.
ATV.0000216600.37436.cf.

93.	Wojtasińska A., Frąk W., Lisińska W., Sapeda N., Młynar- 
ska E., Rysz J. et al. Novel insights into the molecular mecha-
nisms of atherosclerosis. Int. J. Mol. Sci. 2023;24(17):13434. 
DOI: 10.3390/ijms241713434.

94.	Van Gils J.M., Ramkhelawon B., Fernandes L., Stewart M.C., 
Guo L., Seibert T. et al. Endothelial expression of guidance 
cues in vessel wall homeostasis dysregulation under proath-
erosclerotic conditions. Arterioscler. Thromb. Vasc. Biol. 
2013;33(5):911–919. DOI: 10.1161/ATVBAHA.112.301155.

95.	Vreeken D., Zhang H., van Zonneveld A.J., van Gils J.M. 
Ephs and ephrins in adult endothelial biology. Int. J. Mol. Sci. 
2020;21(16):5623. DOI: 10.3390/ijms21165623.

96.	Kang H., Li X., Xiong K., Song Z., Tian J., Wen Y. et al. The 
entry and egress of monocytes in atherosclerosis: a biochem-
ical and biomechanical driven process. Cardiovasc. Ther. 
2021;2021:6642927. DOI: 10.1155/2021/6642927.

97.	Avagimyan A., Fogacci F., Pogosova N., Kakturskiy L., Jn-
doyan Z., Faggiano A. et al. Methotrexate & rheumatoid ar-
thritis associated atherosclerosis: A narrative review of multi-
disciplinary approach for risk modification by the international 
board of experts. Curr. Probl. Cardiol. 2024;49(2):102230. 
DOI: 10.1016/j.cpcardiol.2023.102230.

98.	Cuthbert G.A., Shaik F., Harrison M.A., Ponnambalam S., 
Homer-Vanniasinkam S.  Scavenger receptors as biomark-
ers and therapeutic targets in cardiovascular disease. Cells. 
2020;9(11):2453. DOI: 10.3390/cells9112453.

99.	Kzhyshkowska J., Neyen C., Gordon S. Role of macrophage 
scavenger receptors in atherosclerosis. Immunobiology. 
2012;217(5):492–502. DOI: 10.1016/j.imbio.2012.02.015.

100.	Sun C.Q., Zhong C.Y., Sun W.W., Xiao H., Zhu P., Lin Y.Z. 
et al. Elevated type II secretory phospholipase A2 Increases 
the risk of early atherosclerosis in patients with newly di-
agnosed metabolic syndrome. Sci. Rep. 2016;6:34929. DOI: 
10.1038/srep34929.

101.	Kolodgie F.D., Gold H.K., Burke A.P., Fowler D.R., 
Kruth H.S., Weber D.K. et al. Intraplaque hemorrha- 
ge and progression of coronary atheroma. N. Engl. J.  
Med. 2003;349(24):2316–2325. DOI: 10.1056/NEJ-
Moa035655.

102.	Puylaert P., Zurek M., Rayner K.J., De Meyer G.R.Y., Mar-
tinet W.  Regulated necrosis in atherosclerosis. Arterioscler. 
Thromb. Vasc. Biol. 2022;42(11):1283–1306. DOI: 10.1161/
ATVBAHA.122.318177.

103.	Gillard B.K., Rosales C., Gotto A.M. Jr, Pownall H.J. 
The pathophysiology of excess plasma-free cholesterol. 
Curr. Opin. Lipidol. 2023;34(6):278–286. DOI: 10.1097/
MOL.0000000000000899.

__________________________

Authors’ contribution

Avagimyan A.A., Kaktursky L.V., Urazova O.I., Trofimenko A.I., Sukiasyan L.M., Kogan E.A., Demura T.A., Pogosova N.V. – 
collection and analysis of literature data, drafting of the article. Pogosova N.V., Urazova O.I., Demura T.A. – editing of the article, critical 
revision of the manuscript for important intellectual content, final approval of the manuscript for publication.  

__________________________

Authors’ information

Avagimyan Ashot A. – Cand. Sci. (Med.), Lecturer, Department of Propaedeutics of Internal Medicine, Mkhitar Heratsi Yerevan State 
Medical University, Yerevan, Armenia, avagimyan.cardiology@mail.ru, http://orcid.org/0000-0002-5383-835

Kaktursky Lev V. – Dr. Sci. (Med.), Professor, Corresponding Member of the RAS, Scientific Director of the Avtsyn Research 
Institute of Human Morphology of the Federal state budgetary scientific institution «Petrovsky National Research Center of Surgery”, 
Moscow,  levkaktur@mail.ru, https://orcid.org/0000-0001-7896-2080

Urazova Olga I. – Dr. Sci. (Med.), Professor, Corresponding member of the RAS, Head of the Pathophysiology Division, Siberian 
State Medical University, Tomsk, urazova.oi@ssmu.ru, http://orcid.org/0000-0002-9457-8879

Trofimenko Artem I. – Cand. Sci. (Med.), Associate Professor, Department of Pathophysiology, KubSMU, Krasnodar, 
artemtrofimenko@mail.ru, http://orcid.org/0000-0002-9457-8879

Sukiasyan Lilit M. – Cand. Sci. (Med.), Researcher, Central Research Laboratory, Mkhitar Heratsi Yerevan State Medical University, 
Yerevan, Armenia, lilit.sukiasyan@inbox.ru, https://orcid.org/0000-0001-7696-0639

Kogan Evgeniya A. – Dr. Sci. (Med.), Professor, Head of the Department of Pathological Anatomy named after Academician A. 
I. Strukov, Head of the Reference Center for Pathomorphological and Immunohistochemical Research Methods, I. M. Sechenov First 
Moscow State Medical University (Sechenov University), Moscow,  kogan_e_a@staff.sechenov.ru, https://orcid.org/0000-0002-1107-
3753

Avagimyan A.A., Kaktursky L.V., Urazova O.I. et al. Atherosclerosis and inflammation – from pathogenesis to treatment: current state



153

Обзоры и лекции

Bulletin of Siberian Medicine. 2025; 24 (1): 141–153

Demura Tatyana A. – Dr. Sci. (Med.), Professor, Director of the Institute of Clinical Morphology and Digital Pathology, Vice-Rector 
for Research, I. M. Sechenov First Moscow State Medical University (Sechenov University), Moscow, demura_t_a@staff.sechenov.ru, 
https://orcid.org/0000-0002-6946-6146

Pogosova Nana V. – Dr. Sci. (Med.), Professor, Deputy Director General for Science and Preventive Cardiology, E.I.Chazov National 
Medical Research Center for Cardiology, Moscow; Head of the Department of Evidence-Based Medicine, RUDN University, Moscow, 
nanapogosova@gmail.com, https://orcid.org/0000-0002-4165-804X

(*) Avagimyan Ashot A., avagimyan.cardiology@mail.ru

Received 02.10.2024; 
approved after peer review 14.10.2024; 
accepted  28.11.2024




