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Abstract
Atherosclerosis is a chronic inflammatory vascular disease in which macrophages play central roles in lipid uptake, foam cell 
formation, plaque progression, plaque instability and, under certain conditions, plaque regression. This narrative review 
summarizes current knowledge on macrophage biology in atherosclerosis, with emphasis on macrophage phenotypic 
diversity, monocyte-endothelial interactions, foam cell formation, extracellular matrix remodeling, immune-cell interactions, 
cytokine signaling, mitochondrial dysfunction and cellular senescence. The review also discusses emerging macrophage-
targeted strategies, including modulation of inflammatory activity, macrophage polarization, cholesterol efflux and lipid 
homeostasis. Although these approaches provide promising mechanistic and therapeutic insights, many remain at the 
preclinical stage. Further studies are needed to validate macrophage subtype-specific biomarkers, clarify the interaction 
between mitochondrial dysfunction and senescence, and evaluate safe and effective combination strategies for clinical 
translation.

Introduction

Atherosclerosis is a cardiovascular disease characterized by 
thickening of the intima of elastic-type arteries and chronic 
inflammatory processes. Atherosclerosis is one of the leading 
causes of death in developed countries and can also provoke the 
development of other cardiovascular diseases. Atherosclerosis 
involves both metabolic disorders and chronic inflammation in 
arterial walls. In the intima of the artery, macrophages absorb 
atherogenic low-density lipoprotein (LDL), inducing the 
formation of foam cells. In later stages, processes occur that lead 
to the formation of atherosclerotic plaque: synthesis of 
chemokines, increased inflammatory processes, synthesis of 
extracellular matrix (ECM) components by smooth muscle cells 
(SMCs), and penetration of other immune cells into the intima of 

the artery. Macrophages are an important link in the induction of 
inflammatory processes in the intima of the arteries. Therefore, 
studying macrophages may help identify new therapeutic 
approaches for atherosclerosis. In this review, much attention is 
paid to the pathological processes associated with macrophages: 
their adhesion, formation of foam cells, localization of 
macrophages in atherosclerotic lesions, interaction with the ECM 
and immune cells, as well as methods of macrophage-mediated 
therapy of atherosclerosis.

This narrative review aims to systematize current knowledge 
about the role of macrophages in the pathogenesis of athero-
sclerosis, with a focus on their phenotypic diversity, activation 
mechanisms, interactions with other cells and the ECM, and the 
potential for modulating their functions. In addition, it seeks to 
identify gaps in understanding the functional overlap of macro-
phage subpopulations and the synergistic effects of mitochondrial 
mutations and cellular aging, and to systematize potential thera-
peutic approaches targeting macrophages in order to provide a 
theoretical framework for clinical translation and future research. 
By integrating basic research findings with clinical implications 
such as biomarker development and targeted therapies, this review 
provides a theoretical framework that bridges cellular and 
molecular mechanisms with translational applications in cardi-
ovascular medicine.
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Pathology and progression of atherosclerosis

Atherosclerosis is a disease of the cardiovascular system 
characterized by chronic inflammation.1 Atherosclerosis can lead 
to stroke, heart attack, coronary heart disease, myocardial 
infarction, circulatory disorders, heart failure, and other 
cardiovascular diseases.2

Atherosclerosis can be caused by various genetic and environ-
mental factors. The risk factors promoting the development of 
atherosclerosis include stress, hypercholesterolemia, hypertension, 
diabetes, smoking, high cholesterol, aging, and hereditary 
predisposition.3 Diabetes may be one of the causes of athero-
sclerosis. Macrophages of patients with diabetes and athero-
sclerosis showed elevated levels of histone deacetylase 3 
(HDAC3). In ApoE−/− mice with HDAC3 knockout receiving a 
high-fat diet (HFD), a decrease in the size of atherosclerotic 
lesions and a decrease in the level of lipids in atherosclerotic 
plaques were observed.4

Atherosclerosis is a disease associated with both metabolic 
disorders and a chronic inflammatory process in the artery wall 
induced by subendothelial deposition of lipoproteins containing 
apolipoprotein B (apoB).5 Atherosclerosis is a focal disease, the 
cause of which mainly lies in a violation of laminar flow, 
primarily manifested at sites of arterial branching and bifurcation.6 
Atherosclerosis affects large and medium-sized arteries; the 
progression of the disease is slow, and symptoms usually appear 
in the fifth decade of life.7

According to histological classification, there are six types of 
atherosclerotic lesions. Type I lesions are characterized by the 
presence of atherogenic LDL in the intima of the arteries, which 
leads to an increase in the number of macrophages and their 
transformation into foam cells. Type II lesions include fatty 
streaks consisting of layers of foam cells and lipid-saturated 
SMCs. Type III atherosclerotic lesions, which include scattered 
clusters of extracellular lipid droplets, represent an intermediate 
stage between types II and IV.8 Type IV atherosclerotic lesions are 
characterized by a necrotic lipid core and destruction of the intima 
of the artery. In type V atherosclerotic lesions, a fibrous 
membrane forms, and calcification may also occur. In type VI 
lesions, thrombosis, destruction of the arterial wall, hematomas, 
and hemorrhages are observed.9

When laminar flow is disrupted, endothelial dysfunction 
develops, allowing LDL to enter the intima of the artery through 
the endothelium. LDL is oxidized in the intima of the artery, and 
receptors mediate the synthesis of chemokines by macrophages, 
which induces the penetration of monocytes into the intima.10 
Macrophages begin to absorb oxidized low-density lipoprotein 
(oxLDL), forming foam cells.11 Further, processes leading to the 
formation of atherosclerotic plaque occur: synthesis of 
chemokines, increased inflammatory processes, synthesis of ECM 
components by SMCs, and penetration of other immune cells into 
the intima of the artery.12 These processes eventually lead to 
blockage of the vessel. Thus, macrophages are an important link in 
the progression of atherosclerotic plaque. The study of 
pathological processes associated with macrophages is relevant to 
the prevention and treatment of cardiovascular diseases.

Diet and lifestyle play an important role in the development of 
atherosclerosis.13 In experiments, ApoE−/− mice were exposed to 
low-, moderate-, and high-protein diets. A high-protein diet 

contributed to an increase in the size of atherosclerotic plaques 
and the necrotic core, as well as activation of mTORC1. 
Activation of mTORC1 in human monocyte-derived macrophages 
by the amino acid leucine led to suppression of autophagy and 
mitophagy, which was confirmed by a decrease in LC3 signaling, 
increased apoptosis, mitochondrial dysfunction, and reactive 
oxygen species (ROS) content. Exercise in ApoE−/− mice treated 
with an HFD reduced the area of atherosclerotic plaques and lipid 
content, increased collagen synthesis, and increased the number of 
M2 macrophages and expression of ARG1 and interleukin (IL)-
10, while reducing the expression of pro-inflammatory genes 
inducible nitric oxide synthase (iNOS) and tumor necrosis factor 
(TNF)-α, making plaques more stable compared to those with no 
exercise.14 The polarization of M2 macrophages and decreased 
expression of M1 markers is facilitated by inhibition of RUNX1 
and demethylation of H3K36me3 and reduction of SETD2, which 
is mediated by lactylation of MeCP2 K271. Thus, physical 
exercise remodels chromatin, improving the accessibility of 
promoters of genes associated with M2 macrophage polarization.

It should be mentioned, of course, that the pathogenesis of 
atherosclerosis is far from being completely understood. Although 
macrophages appear to play a significant role in the development 
of this disease, other factors should also be taken into consider-
ation, such as non-coding RNA,15 autoimmune responses,16 and 
infection by certain agents.17,18

Phenotypic diversity of macrophages

During the development of atherosclerosis, monocytes that 
circulate in the general bloodstream migrate to the vascular 
endothelium, where, depending on their origin and the local 
microenvironment, they differentiate into macrophages with 
different functions and phenotypes (Fig. 1).19-23 The process of 
macrophage phenotype formation under the influence of the 
microenvironment is called polarization.24 Monocytes, monocyte-
derived macrophages, and tissue-resident macrophages are 
different groups of cells that change their functionality depending 
on surrounding microenvironmental stimuli.25,26

Macrophages can be divided into two main subpopulations by 
function—M1 (pro-inflammatory, classically activated) and M2 
(anti-inflammatory/pro-resolving, alternatively activated)—which 
contribute to the regulation of immunity, inflammation, and tissue 
repair. M1 macrophages destroy pathogens and tumors, and M2 
macrophages contribute to tissue healing and tumor progression 
(Fig. 1).19-23 There are other relatively recently identified 
macrophage subpopulations, which will also be discussed in this 
section (Fig. 1).

Previous studies have  suggested that tissue macrophages have 
several different functions: (1) inhibition of the inflammatory 
process in tissues, (2) participation in tissue repair and 
remodeling, and (3) regulation of matrix metabolism through the 
synthesis of proteases that destroy the ECM.27-29

The division of macrophages into phenotypes is based on the 
synthesis of various surface markers and chemokine receptors in 
individual macrophage subtypes. Although there are markers 
common to several subtypes, each subtype also possesses type-
specific markers.30 Several main phenotypic subtypes of 
macrophages can be found in atherosclerotic plaques, which are 
polarized under the influence of specific microenvironmental 
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Fig. 1. Phenotypic diversity of macrophages. The main types of macrophages are M1, M2, and M0. Specialized types of macrophages include M4, Mox, 
Mhem, and M(Hb), among others.CXCL4, C-X-C motif chemokine ligand 4; IL-1β, interleukin-1 beta; NO, nitric oxide; NRF2, nuclear factor erythroid 2-
related factor 2; ROS, reactive oxygen species; TNF, tumor necrosis factor.

factors, and their functions also vary.29 Monocytes, macrophages, 
and foam cells have their own sets of markers. Monocytes express 
Hp⁺Treml4⁺Ly6c2⁺. Pro-inflammatory macrophages express Tnf⁺ 
Nlrp3⁺Mgl2⁺Il1b⁺, while macrophages with high levels of MHC-II 
express MHC-II⁺Cd74⁺H2-DMa⁺. Foam cells are characterized by 
Fabp5⁺Mmp12⁺Gpnmb⁺Itgax⁺Cd9⁺. Trajectory analysis showed an 
intermediate inflammatory population that is further divided 
during differentiation. Thus, monocytes entering the intermediate 
stage can differentiate into either foam cells or inflammatory 
macrophages.

Therefore, monocytes/macrophages may acquire a typical pro-
inflammatory M1-like phenotype when exposed to interferon 
(IFN)-γ, TNF, toll-like receptor (TLR) ligands such as 
lipopolysaccharide (LPS),31,32 the IFN-γ–Jagged1 axis,33 
hemolytic environments and, specifically, hemoglobin-activated 
platelets,34 immune complexes from patients with systemic 
autoimmune diseases,35 certain chemical compounds such as 
calcium oxalates,36 less stable intravenous iron preparations,37 and 
certain types of microRNAs, for example miR-148a-3p.38 Because 
activated M1 macrophages secrete ROS and nitric oxide,39,40 tissue 
damage occurs, while their healing properties are reduced.41-43 It 
should be noted that nitric oxide and nitric oxide synthases play a 
significant role in signaling in different tissues in health and 
disease.44

In turn, M2 macrophages are responsible for tissue repair and 
the removal of inflammation and cellular debris.41-43 An important 
role in the formation of the M2 macrophage phenotype is played 
by Th2-associated cytokines,45 matrix metalloproteinase (MMP)-
8,46 monoamine oxidase A,47 and hepatitis C virus and its core 
protein.48,49 In addition, M2 macrophages can be divided into 
several subtypes depending on microenvironmental inducing 
factors.50,51

Macrophages M0, M1, and M2 also differ from each other 
morphologically: M1 cells have an elongated shape with long 

pseudopods, unlike rounded M0 and M2 macrophages with short 
pseudopods.52 Expression of TNF-α, IL-6, IL-1β, and CD38, 
CD80 is characteristic of M1 macrophages, while IL-10, CCL18, 
CCL22, and CD163 are expressed in M2 macrophages. The non-
coding RNA lnc_000048 promotes the proliferation of M1 
macrophages. Knockout of lnc_000048 reduces the expression of 
pro-inflammatory markers TNF-α, IL-6, IL-1β, CD38, and CD80, 
while overexpression of lnc_000048 increases the expression of 
these markers, enhances the STAT1 signaling pathway, and binds 
to PKR, inducing its phosphorylation to enhance STAT1 activity.

The M4 phenotype of macrophages has been described, and its 
development is induced by the platelet chemokine CXCL4.40 
Intraplaque hemorrhage may induce erythrocyte lysis and the 
release of free hemoglobin, which in turn induces differentiation 
of macrophages into the M(Hb) subtype,53 characterized by a low 
level of lipid accumulation. Moreover, under the action of heme, 
macrophage polarization is induced toward the Mhem 
phenotype.41,54

Currently, there are multiple ways to study the phenotypic 
diversity of macrophage subtypes, both in vitro and in dynamic 
atherosclerotic plaques.55-58 In a single-cell study, 20,943 CD45⁺ 
immune cells were profiled from carotid atherosclerotic plaques of 
six patients, of which mononuclear phagocytes accounted for 18% 
of all leukocytes.59 Twelve mononuclear phagocyte subclusters 
were identified, including dendritic cell (cDC1, cDC2, mregDC, 
AS-DC) and eight macrophage subsets: C1Q⁺ macrophages, 
HMOX1⁺ macrophages, TREM2hi lipid-associated macrophages, 
PLIN2hi/TREM1hi lipid-associated macrophages, IFN-responsive 
macrophages, S100A8/IL1B⁻ macrophages, S100A8/IL1B⁺ 
macrophages, and IL10⁺/TNFAIP3⁺ macrophages.59 Of particular 
interest, the PLIN2hi/TREM1hi subset shows increased expression 
of inflammatory (TREM1, IL1B, CCL2) and lipid-metabolism 
(PLIN2) genes, and TLR2 stimulation can drive a transition from 
TREM2hi to inflammatory PLIN2hi/TREM1hi macrophages, which 
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are more frequent in human atherosclerotic plaques.59

In another study, single-cell RNA sequencing of 88,093 cells 
from atherosclerotic plaques of six patients identified 25 cell 
populations, including multiple immune cells, SMCs, and 
fibroblasts.60 Macrophages were divided into five subtypes and 
seven clusters with distinct inflammatory and lipid metabolism 
profiles. Some clusters represented inflammatory macrophages, 
others foamy (lipid-rich) macrophages, as well as apoptotic, 
proliferating, and ACTA2⁺ macrophages with smooth muscle–like 
features. The main subtypes corresponded to specific clusters, 
linking transcriptional profiles with functional macrophage states 
in plaques.

It should be noted that TREM2⁺ macrophages expressing 
TREM2 can potentially protect against neurodegenerative diseases 
such as Alzheimer’s disease and modulate immune responses.61 In 
addition, it was found using a mouse model that TREM2 is 
potentially involved in maintaining the balance between foam cell 
death and their clearance from atherosclerotic plaques.62

There are some differences in markers between human and 
mouse monocytes/macrophages.63,64 In mice, the definitive 
macrophage marker is F4/80, which is absent in human 
macrophages. On the other hand, CD14 and CD16 markers can be 
used to define subsets of human macrophages, whereas mouse 
macrophage subsets can be distinguished using the Ly6C 
marker.63,64 There are human-specific, mouse-specific, and shared 
markers of macrophage polarization, which should be taken into 
account when analyzing data obtained from mouse and human 
macrophages.63,64

Proteomic and transcriptomic analyses of individual macro-
phage cells help improve our understanding of the phenotypic 
diversity of macrophages, their regulatory mechanisms and 
functions, and can significantly contribute to the development of 
potential therapies for atherosclerosis.

Adhesion of monocytes to the endothelium

Atherosclerosis is a disease of the cardiovascular system charac-
terized by chronic inflammation. Endotheliosis is characterized by 
damage to endothelial cells and can also lead to the development 
of atherosclerosis and other cardiovascular diseases.65 The early 
development of atherosclerosis is closely related to the pro-inflam-
matory activation of endothelial cells, which leads to inflam-
matory processes, decreased vascular tone, and structural 
remodeling.66 Under the influence of a local microenvironment 
enriched with growth factors and pro-inflammatory cytokines, 
endothelial cells adhere to monocytes circulating in the blood, 
which then differentiate into macrophages.22 Endothelial cells 
adhere to monocytes through a cascade of reactions involving the 
interaction of P-selectin, formed on the surface of damaged 
endothelial cells and expressed by monocytes, with the 
glycosylated glycoprotein ligand P-selectin glycoprotein ligand-
1.67 To form tight adhesion between monocytes and endothelial 
cells, the interaction of monocytic integrins (very late antigen-4) 
with vascular cell adhesion molecule 1 (VCAM-1) or intercellular 
adhesion molecule-1 (ICAM-1), expressed on the surface of 
activated endothelial cells, is necessary.68 The endothelium 
continues to bind monocytes and becomes activated, secreting 
chemokines and adhesion molecules, for example monocyte 
chemotactic protein 1 (MCP-1), ICAM-1, and VCAM-1, further 

enhancing monocyte binding.11

Pro-inflammatory cytokines can promote monocyte 
recruitment, endothelial adhesion, and transmigration from the 
bloodstream into affected arterial regions.69 Recent studies have 
shown increased expression of pro-inflammatory cytokines and 
infiltration of pro-inflammatory polarized macrophages in visceral 
adipose tissue compared to subcutaneous adipose tissue.70 It was 
also shown that adipose tissue-conditioned media, expressing 
cytokines IL-1β, TNF-α, MCP-1, IL-10, and RANTES, increased 
the adhesion ability of monocytes to endothelial cells and also 
increased the expression of adhesion molecule genes (ICAM-1, 
VCAM-1).71 Thus, visceral fat can induce inflammation in the 
intima of the aorta and have a pro-atherosclerotic effect.

Tissue-resident macrophages activate pro-inflammatory 
cytokines such as TNF-α and IL-1β, leading to the expression of 
endothelial cell adhesion molecules such as E- and P-selectin, 
ICAM-1, and VCAM-1. The expression of adhesion molecules 
and the binding of chemokines to monocytes (CCL2, CCL5) allow 
them to move along the endothelial monolayer of the vessel 
against blood flow to the site of inflammation.72

During the chemotactic stage, monocytes migrate to sites 
appropriate for transmigration. Intraluminal “crawling” depends 
on monocyte factors: lymphocyte function-associated antigen 1 
and macrophage antigen-1, which interact with endothelial ICAM-
1 and ICAM-2. The final stage of monocyte transmigration can 
occur at both transcellular and paracellular endothelial junctions. 
Endothelial cells contain endothelial cadherin (VE-cadherin), 
which is responsible for permeability.73 Cellular signals 
originating from monocytes attached to the endothelium at the site 
of inflammation localize adhesion complexes by phosphorylating 
VE-cadherin, allowing macrophages to penetrate into the 
subendothelial space, also known as the intima.74

Accumulation of lipids by macrophages and the formation of 
foam cells

After monocytes have adhered to endothelial cells, they 
differentiate into macrophages and enter the intima of the arteries, 
where they absorb apoB-containing lipoproteins and become foam 
cells (Fig. 2).41 To attract even more macrophages into the intima 
of the arteries, foam cells begin to produce ROS and induce 
inflammatory activity, which leads to the formation of fatty 
streaks on the walls of blood vessels.30 Foam cells in the intima of 
the arteries have subtle mechanisms for maintaining cholesterol 
homeostasis and express numerous lipid-processing genes, while 
inflammatory genes have a reduced level of expression compared 
to non-foamy macrophages.75 Cholesteryl  esters inside 
atherosclerotic plaques are hydrolyzed by lysosomal acid lipase, 
while the resulting cholesterol can be re-esterified by acyl-
CoA:cholesterol acyltransferase-1 in the endoplasmic reticulum 
(ER) and stored as lipid droplets.76 With excessive accumulation 
of cholesterol in the lysosomes of foam cells, cholesterol efflux 
may worsen, and cholesterol crystals can form in atherosclerotic 
plaques.76

Atherogenic LDL plays a key role in the initiation and 
progression of atherosclerosis, since modified forms of LDL are 
the main source of cholesterol for foam cells and trigger chronic 
inflammation in the intima of blood vessels. oxLDL has 
pronounced pro-atherogenic properties: it is easily trapped in the 
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Fig. 2. Accumulation of lipids by macrophages and the formation of foam cells. Monocytes in the blood, by interacting with endothelial receptors, adhere 
to and penetrate into the intima of the artery. These monocytes turn into macrophages and start absorbing low-density lipoprotein (LDL), consequently 
becoming foam cells. To attract more blood monocytes into the intima of arteries, foam cells, tissue-resident macrophages (TRMs), and endothelial-to-
mesenchymal transition (EndoMT) lead to the secretion of pro-inflammatory chemokines and cytokines. These processes lead to the progression of 
atherosclerotic plaque.

vascular wall, induces endothelial dysfunction, promotes the 
expression of adhesion molecules, attracts monocytes and their 
differentiation into macrophages, and is then actively taken up 
through scavenger receptors, leading to the formation of foam 
cells.77 In addition to oxidation, LDL can undergo desialylation, 
glycation, and other biochemical modifications, which enhance its 
ability to aggregate, bind to ECM proteoglycans, form immune 
complexes, and stimulate the production of pro-inflammatory 
cytokines, macrophage apoptosis, and plaque necrotic core 
growth.78 Such modified LDL is considered a central mediator of 
lipid-induced inflammation and vascular wall remodeling in 
atherosclerosis. Interestingly, there is a phenomenon of so-called 
atherogenic LDL, meaning that these modified LDL (as opposed 
to native LDL) can induce foam cell formation in certain cell 
lines, including macrophages.77

There is also evidence that deubiquitinating enzymes may take 
part in the development of atherosclerosis. In a recent study, it was 
found that with the development of atherosclerosis in mouse and 
human cells, the expression of ubiquitin-specific peptidase 9 X-
linked (USP9X) decreased.79 In macrophages with USP9X 
deficiency, lipid uptake and deposition, foam cell formation, 
inflammatory reactions, and the content of the necrotic core 
increased compared to control apolipoprotein E knockout (ApoE−/

−) mice. USP9X, when interacting with the class A1 scavenger 
receptor (SR-A1), was shown to remove the polyubiquitin chain 
K63 in the K27 region of the protein.79 It is considered that there 
are two main markers of macrophages that turn into foam cells: 
scavenger receptor class A (SR-A) and a member of the class B 
family, CD36.68 Binding of phospholipids to CD36 on the surface 

of the macrophage leads to heterodimerization of TLR4/TLR6, 
which in turn activates IL-1, nuclear factor kappa B (NF-κB), 
myeloid differentiation factor 88 (MyD88), and toll-like receptor 
domain-containing adapter-inducing interferon-β (TRIF).80 It is 
worth noting that the interaction of oxLDL with CD36 causes 
TLR2-dependent signaling, provoking pro-inflammatory reactions 
and apoptosis in macrophages exposed to ER stress.81 Blocking 
the binding of USP9X to SR-A1 led to the formation of foam cells 
and increased atherogenic activity.79 At the same time, the K27R 
mutation in SR-A1 lowers the uptake of oxLDL caused by USP9X 
knockdown.79

Cholesterol efflux from foam macrophages, which ensures the 
removal of excess sterol from atherosclerotic plaques and its 
subsequent elimination by the liver via bile, is the first and rate-
limiting stage of reverse cholesterol transport (RCT).82,83 This 
process is critically important for preventing the toxic 
accumulation of lipids and foam cell formation, since peripheral 
cells are unable to degrade cholesterol, and efflux is the only way 
to eliminate its excess.84 In macrophage foam cells, the main share 
of active efflux is provided by ATP-dependent transporters 
ABCA1 and ABCG1, which transfer free cholesterol to lipid-poor 
ApoA-I and high-density lipoprotein (HDL) particles, initiating 
and supporting the formation and maturation of HDL and the 
entire RCT cascade.83 An additional contribution is made by 
passive diffusion, as well as by the SR-BI receptor and other 
pathways. However, under conditions of cholesterol overload, 
ABCA1-mediated cholesterol removal dominates over other 
routes. Deficiency or functional impairment of ABCA1/ABCG1 in 
macrophages dramatically reduces efflux, increases the deposition 
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of cholesteryl esters, and is accompanied by a marked increase in 
atherogenesis and inflammatory responses in lesions.85 
Conversely, pharmacological or genetic activation of these 
transporters, as well as an increased capacity of HDL and ApoA-I 
to accept cholesterol, enhances macrophage RCT, reduces the 
number of foam cells, and is considered a promising strategy for 
atheroprotection.86

25-hydroxycholesterol (25-HC) is a product of cholesterol 
oxidation under the action of cholesterol-25-hydroxylase (Ch25h). 
Studies have revealed the role of 25-HC in the development of 
atherosclerosis.87 The level of 25-HC is associated with 
macrophage accumulation in atherosclerotic plaques at later 
stages, as evidenced by increased accumulation of 25-HC along 
with a higher content of CD68⁺ macrophages. Increased expression 
of Ch25h in macrophages of human atherosclerotic plaques was 
also noted, while histological analysis of the aortic root of mice 
with Ch25h knockout showed a decrease in atherosclerotic 
lesions, lipid accumulation, and necrotic cores, as well as 
increased stability of atherosclerotic plaques. In macrophages 
from Ch25h−/−Ldlr−/− mice treated with LPS, decreased expression 
of genes associated with pro-inflammatory metabolic pathways 
(STAT1, IRF3, Tnf, Cxcl10, Il12a, and Ccl5) was observed. The 
TLR4/p38/NF-κB pathway was also inhibited, while the 
expression of anti-inflammatory genes (STAT6, STAT3, NFE2L2, 
SMAD3, Arg1, Mrc1, Mfge8) increased. It is noted that Ch25h 
knockout stabilized atherosclerotic plaques by increasing 
efferocytosis. In contrast, 25-HC contributed to the inhibition of 
SMC migration, making atherosclerotic plaques less stable.

DExH-Box helicase 9 (DHX9) is elevated in peripheral blood 
mononuclear cells of patients with coronary heart disease, and its 
expression increases in macrophages treated with oxLDL and 
IFN-γ.88 Analysis of the DHX9-knockdown THP-1 monocyte cell 
line revealed that adhesion to human umbilical vein endothelial 
cells (HUVECs) using Dil-oxLDL reduced lipid uptake, while 
quantitative polymerase chain reaction showed reduced expression 
of IL-6 and TNF-α. Using ChIP and ChIP-re-ChIP under the 
influence of oxLDL, increased binding of DHX9 and DHX9-p65 
to the IL-6 promoter was detected, while DHX9 knockout reduced 
binding to the promoter. DHX9 may become a potential target in 
the treatment of atherosclerosis. Using an ApoE−/− mouse model, it 
was shown that deletion of epsin1/2 led to reduced foam cell 
formation and preservation of vascular smooth muscle cell 
(VSMC) and endothelial cell functions.89

It is worth noting that M2 macrophages with anti-inflammatory 
activity are more prone to foam cell formation than M1 
macrophages.90 In addition, cholesterol crystals are found in 
atherosclerotic plaques and contribute to the differentiation of M1 
macrophages.91 Various forms of cholesteryl esters, as well as 
lipids from the microenvironment of atherosclerotic plaques, can 
contribute to macrophage polarization. For example, cholesteryl 
linoleate induces M1 polarization via a TLR4/NF-κB-dependent 
mechanism,92 while cholesteryl 9-oxonanoate enhances TGF-β 
signaling in promonocytic cells.93 Conjugated linoleic acid and 
docosahexaenoic acid induce M2 polarization.94,95 Sphingosine-1-
phosphate also promotes the formation of M2 macrophages but 
has a pro-atherogenic effect due to interaction with sphingosine-1-
phosphate type 2/3 receptors.96 In experiments in mice, 
palmitoylethanolamide increases the efferocytic capacity of M2 

macrophages while reducing the number of M1 macrophages.97 In 
general, the formation and polarization of M2 macrophages 
contribute to anti-inflammatory and anti-atherogenic effects.

Macrophage localization in atherosclerotic lesions

According to histological classification, there are six types of 
atherosclerotic lesions (Fig. 3).9,41,68,76,98-100 Type I, the initial 
lesion, contains a sufficient amount of atherogenic LDL, which 
causes an increase in the number of macrophages in the artery 
intima and contributes to the formation of foam cells.8 Adaptive 
intimal thickening is considered a non-atherosclerotic adaptive 
lesion.100 non-atherosclerotic lesions. Such changes are adaptive 
and occur in response to blood flow and do not lead to 
atherogenesis. Early atherosclerotic lesions include pathological 
intimal thickening. This condition includes the presence of SMCs 
with areas where they are absent but enriched with ECM 
containing proteoglycans and hyaluronic acid.100 Atherosclerotic 
lesions of type II are characterized by fatty streaks, layers of foam 
cells, and lipid droplets inside SMCs of the artery intima, as well 
as minimal coarse-grained particles and heterogeneous droplets of 
extracellular lipid. In type II lesions, the lipid composition consists 
mainly of cholesteryl esters (77%), cholesterol,  and 
phospholipids.8 Atherosclerotic lesions of type III, also known as 
preatheroma, are an intermediate type of lesion between type II 
and type IV lesions and are characterized by adaptive thickening 
of the artery intima and accumulation of extracellular lipids.8 Type 
IV lesions are the first progressive atherosclerotic lesions. Type IV 
lesions, or atheromas, are characterized by the presence of a lipid 
core and severe disorganization of the artery intima. 
Fibroatheromas are divided into early and late stages. In early 
fibroatheromas, macrophages infiltrate lipid pools, while in late 
fibroatheromas, a necrotic core covered with a fibrous cap 
forms.100 In the next type, type V atherosclerotic lesions, fibrous 
connective tissue is formed. There are several subtypes of type V: 
Va is characterized by the presence of connective tissue with a 
lipid core (fibroatheroma), Vb is characterized by calcification of 
the lipid core, and Vc is characterized by the absence of a lipid 
core and reduced lipid content.9 The final type, type VI 
atherosclerotic lesions, includes disruption of the integrity of the 
artery wall, hematomas, hemorrhages, and thrombotic deposits. 
Type VI is also divided into several subtypes: VIa is characterized 
by destruction of the artery surface, VIb by the presence of a 
hematoma or hemorrhage, and VIc by thrombosis. The VIabc type 
combines all of these features.9 Atherosclerotic plaques are 
classified as stable, characterized by calcification and fibrosis, or 
unstable,  prone to rupture and thrombosis.100 Thin-cap 
fibroatheroma refers to an unstable plaque with a fibrous cap of 
less than 65 microns, a large necrotic core, and infiltration by T 
lymphocytes and macrophages. Unstable plaques may have 
ruptures, erosions, and calcified nodules. Stable plaques include 
healed plaque ruptures covered with neointima, chronic total 
occlusion, and fibrocalcified plaques. The late stages of 
atherosclerosis can also lead to myocardial infarction.

In atherosclerotic plaques, different types of macrophages are 
localized in different regions. In humans, both major macrophage 
types are present throughout atherogenesis: M1 and M2.76 M1-
type macrophages are predominantly located in the shoulder 
regions of plaques that are prone to rupture and infarction, while 
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Fig. 3. Localization of macrophage subtypes during different stages of atherosclerotic lesion development. The diagram summarizes the distribution of 
major macrophage populations, foam cells, modified LDL, cholesterol crystals, smooth muscle cells, calcification and thrombotic changes across type I–VI 
lesions.9,41,68,76,100 LDL, low-density lipoprotein; mmLDL, multiply modified LDL; SMC, smooth muscle cell.

M2 macrophages are found in stable plaques and in the vascular 
adventitia, having migrated from perivascular adipose 
tissue.51,101,102 However, the fibrous caps of atherosclerotic 
plaques contain approximately equal numbers of M1 and M2 
macrophages.101 In type II atherosclerotic plaques, M1 macro-
phages predominate compared to the initial stages of athero-
genesis, while M2 macrophages are more prevalent in regressing 
plaques or at early stages of atherogenesis.103 M1 macrophages are 
predominantly found in lipid-rich regions of plaques, whereas M2 
macrophages are located in areas distant from lipid-rich zones.100 
In type IV plaques, M1 macrophages are localized near lipid 
cores, while M2 macrophages are found in neoangiogenic 
regions.76 M2a macrophages, which have increased phagocytic 
activity, are localized in stable lesions and in zones of 
neovascularization.41 M2b macrophages are mostly localized in 
the artery intima and secrete both pro-inflammatory cytokines, 
such as IL-1, IL-6, and TNF-α, and the anti-inflammatory cytokine 
IL-10. M2c macrophages are also localized in the intima and play 
a major anti-inflammatory role due to the secretion of IL-10, TGF-
β, and pentraxin 3. Mox macrophages have pro-inflammatory 
activity due to the expression of IL-1β and COX-2 but have low 
phagocytic activity.  M4 macrophages, characterized by athero-
genicity and plaque instability, are mainly localized in the 
adventitia and intima.40 The role of M4 macrophages is not fully 
understood, but they may contribute to the instability of athero-
sclerotic plaques. M4 macrophages are formed in response to 
exposure to CXCL4.100 Macrophages M(Hb) and Mhem, which 

have cardioprotective properties such as reduced production of 
ROS or increased cholesterol efflux capacity, are mainly localized 
in areas of hemorrhage or plaque neovascularization.104 M(Hb) 
macrophages arise under the action of hemoglobin and its 
metabolites. M(Hb) macrophages promote angiogenesis and 
suppress calcification through the CD163/HIF1α/VEGF-A 
pathway, making plaques less stable.100 Mhem macrophages 
inhibit calcification through the synthesis of hyaluronan mediated 
by the NF-κB pathway. M2d macrophages, located in areas of 
neovascularization, have antigenic properties and also play an 
important role in the progression of atherosclerotic plaques.68 It is 
worth noting that the stability of atherosclerotic plaques is charac-
terized by the ratio of M1 to M2 macrophages.99

Some studies suggest that the transition between M1 and M2 
macrophages occurs through the transformation of local cells 
within the plaque.105

It is also worth noting that VSIG4 expressed in M2 
macrophages plays an important role in tissue recovery after 
myocardial infarction.106 VSIG4 activates the expression of 
collagen I, collagen III, α-SMA, MMP2, and MMP9. In turn, 
hypoxia activates HIF1α, which stimulates the expression of 
VSIG4. After myocardial infarction in ApoE−/− mice, the number 
of atherosclerotic plaques and CD11b⁺ myeloid cells in the aorta 
increased.107 It is worth noting that when bone marrow from mice 
that experienced myocardial infarction was transplanted into 
control mice, the area of atherosclerotic lesions increased, along 
with increased expression of SYK in monocytes and macrophages. 
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The protein KMT5A methylates histone H4K20, and interaction 
of KMT5A with CNBP leads to activation of SYK. The latter 
increases the expression of Il1b, Il6, Mcp1, and TNF-α. Elevated 
levels of SYK and KMT5A expression were also detected in 
monocytes of patients with progressive atherosclerosis. Thus, 
myocardial infarction, through epigenetic mechanisms, contributes 
to the development of atherosclerosis.

Interaction of macrophages with the ECM

An important role in atherogenesis is played by the interaction of 
macrophages with the ECM, such as proteoglycans, glycoproteins 
(fibronectin, thrombospondin, vitronectin, and osteopontin), 
elastin, and collagens (I, III, IV, and V).108 One of the functions of 
the ECM in the early stages of atherosclerosis is the retention of 
cholesterol inside the artery wall.109 Proteoglycans responsible for 
vascular elasticity, having a negative charge, interact with 
positively charged apoB on LDL particles in the subendothelial 
space.110 Macrophage-secreted MMPs, which cleave the ECM, 
have a substantial impact on the development of atherosclerosis.109 
The concentration of MMPs increases in the presence of 
macrophages in the lesion, while plaque stability decreases due to 
the synthesis of inflammatory cytokines and the destruction of 
plaque structure. However, as the concentration of MMPs 
decreases, the plaque becomes more stable due to the ECM, which 
by that time forms a strong fibrous cap.111 Remodeling of the 
ECM by MMPs forms plaques with a thin fibrous membrane, 
which can separate from the endothelium and cause 
thromboembolism.112 It is worth noting that the proportion of 
ECM and MMPs in the atherosclerotic plaque is regulated by and 
sensitive to inflammatory factors such as TGF-β, TNF-α, and IFN-
γ, as well as to tissue metalloproteinase inhibitors. TGF-β 
produced by endothelial cells increases collagen synthesis, while 
pro-inflammatory TNF-α and IFN-γ synthesized by macrophages, 
on the contrary, reduce collagen synthesis.111

Atherosclerosis is one of the factors in the development of 
aneurysms. S-nitrosylation (SNO) is involved in the pathogenesis 
of various cardiovascular diseases. iNOS is a key source of nitric 
oxide formation, necessary for the creation of SNO.113 It was 
found that in macrophages, SNO-Septin2 increases inflammation 
and migration of macrophages, degradation of the ECM, and 
activates the RAC1/NF-κB metabolic pathway. These events 
provoke an aneurysm but can also occur in atherosclerosis.

Interaction of macrophages with immune cells

Macrophages can interact with other immune cells, both 
enhancing and reducing the manifestations of atherosclerosis. 
Macrophages are able to activate T lymphocytes and B cells by 
presenting oxLDL as an antigen in the major histocompatibility 
complex.114 At the initial stages of atherosclerotic plaque 
formation, in addition to monocytes and macrophages, 
lymphocytes play an important role.115 Most T cells express CD3, 
CD4, and T cell receptors to interact with antigen-presenting 
macrophages. At the same time, upon interaction with antigen, T 
cells secrete pro-inflammatory cytokines or differentiate into CD8⁺ 
cells. T cells can even trigger cell destruction, which leads to the 
development of inflammation and atherosclerosis.114 T helper cells 
are divided into two subtypes: Th1 and Th2. Although their ratio 

is regulated by cytokines or antigen-presenting cells, Th1 cells are 
more common in atherosclerotic lesions.114 T helper cells (Th1), 
similar to M1 macrophages, synthesize pro-inflammatory 
cytokines such as IFN-γ, IL-2, TNF-α, and chemokines, while 
regulatory T cells (Tregs) and B-1 cells, similar to M2 
macrophages, stabilize atherosclerotic plaques, reduce their size, 
and suppress inflammation.57 Tregs, which are divided into natural 
(nTregs) and induced (iTregs), possess an atheroprotective 
function as they reduce inflammatory reactions or deactivate 
dendritic cells.116 B lymphocytes provide humoral immunity by 
producing antibodies. B lymphocytes are divided into two 
subtypes, B1 and B2, with different roles in atherogenesis. B1 
cells are capable of producing IgM autoantibodies that react with 
oxidized phospholipids in oxLDL on the macrophage membrane, 
having an atheroprotective effect.117 B2 cells, synthesizing IgG 
and IgE, also contribute to the progression of atherosclerosis.115 
Neutrophils also take part in atherogenesis: they are able to attract 
monocytes to lesion sites in atherosclerotic plaques, as well as 
induce the formation of foam cells from macrophages by secreting 
granular proteins such as α-defensins, azurocidin, and cathepsin 
G.118

Beyond their role in plaque progression, macrophages are now 
recognized as critical regulators of plaque regression. During 
regression, macrophages facilitate RCT, a process by which 
excess cholesterol is effluxed from foam cells via transporters 
such as ABCA1 and ABCG1 for hepatic elimination. This 
cholesterol efflux mechanism is essential for reducing plaque lipid 
content and promoting plaque stabilization. However, the precise 
molecular pathways governing this process and their potential as 
therapeutic targets require further investigation.

Role of macrophages in atherosclerotic plaque regression

Macrophages serve as the primary regulators of lesion remodeling 
during atherosclerotic plaque regression. Their role shifts from 
supporting chronic inflammation to actively resolving it through 
three mechanisms: phenotype switching, enhanced clearance of 
debris (via efferocytosis), and active migration from the 
lesion.45,119

The most critical change during regression is the shift in 
macrophage phenotype from a pro-inflammatory state to a pro-
resolving state. During this process, pro-inflammatory M1 
macrophages, which dominate progressing plaques, are replaced 
by or converted into anti-inflammatory M2 macrophages.103,119 
M2 macrophages begin to secrete cytokines such as IL-10 and 
TGF-β, helping to suppress inflammation and promote tissue 
repair.103,119 This type of anti-inflammatory macrophage (M2) also 
stimulates collagen production, leading to thickening of the 
fibrous cap, which makes the plaque less prone to rupture and 
therefore more stable.103,119,120

Efferocytosis is the process by which macrophages remove 
apoptotic cells and cellular debris.121 In growing lesions, 
efferocytosis is often defective, which can lead to the formation of 
an unstable necrotic core. During regression, certain macrophage 
subtypes (such as M2) recover their ability to efficiently digest 
dead cells and their components. This leads to effective shrinkage 
of the necrotic core and prevents the release of toxic cellular 
compounds from dead cells into the vessel wall.119,121

Atherosclerotic plaque regression is accompanied by a 
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noticeable decrease in the total number of macrophages within the 
lesion.119 At this stage, macrophages can actively leave the lesion 
and migrate to regional lymph nodes. This process is associated 
with the expression of the chemokine receptor CCR7 by 
macrophages. At the same time, a decrease in the recruitment of 
new monocytes from the bloodstream to the lesion occurs.45

M2 macrophages also support the removal of lipid 
accumulations associated with atherosclerosis development and 
progression.122 This occurs mainly through the upregulation of the 
expression of the transporters ABCA1 and ABCG1.

Macrophages and cytokines in atherosclerosis

In the context of atherosclerosis, cytokines are involved in the 
initiation and progression of the disease through several 
mechanisms—inflammation, endothelial dysfunction, and lipid 
metabolism. Some cytokines contribute to inflammation in the 
artery wall, which leads to the involvement of immune cells and 
activation of endothelial cells. This inflammatory reaction 
contributes to the development of atherosclerotic plaques. 
Cytokines may also induce endothelial dysfunction by disrupting 
normal endothelial function and promoting leukocyte adhesion to 
the arterial wall. This process is an early event in the development 
of atherosclerosis. Cytokines may affect lipid metabolism in the 
arterial wall, contributing to the absorption of cholesterol by 
macrophages and the formation of foam cells, a key component of 
atherosclerotic plaques.

Under significant influence of pro-inflammatory cytokines, 
monocytes differentiate into macrophages.22,23 Th2 cytokines (for 
example, anti-inflammatory IL-4, IL-10, IL-13) lead to the 
polarization of macrophages attributed to the M2 phenotype, 
exhibiting an anti-atherosclerotic effect.39,45,123-126 While IL-4 and 
IL-13 induce STAT6 activation, IL-10 activates STAT3, which 
activates macrophage polarization to the M2 phenotype.123,125 Due 
to IL-4, both monocyte-derived and tissue-resident macrophages 
undergo induction.127 IL-4 also induces MMP-12, MMP-25, and a 
tissue type 3 MMP inhibitor in macrophages.128 IL-6 is involved 
in destabilization of atherosclerotic plaques.129

Some cytokines, namely IL–1β and TNF-α, contribute to the 
calcification of atherosclerotic plaques.130,131 Pro-inflammatory 
cytokines TNF-α and oncostatin M can contribute to further 
mineralization in plaque lesions due to their ability to induce 
osteogenic transdifferentiation of VSMCs.132,133 Various 
chemokines, including IL-1β, TNF-α, and GM-CSF, can modulate 
MMPs by using various prostaglandin-dependent and independent 
mechanisms.134 GM-CSF and M-CSF induce polarization of M1 
and M2 macrophages, respectively.135

IL-1β has an important role in plaque stabilization, and it also 
inhibits the transition of SMCs into an osteochondrocyte-like 
phenotype. There was a regression of atherosclerotic lesions and a 
decrease in the area of the necrotic core in ApoE−/− mice, which 
were switched from a Western diet (WD) to a standard laboratory 
diet (SLD). After switching to SLD, the number of pro-
inflammatory macrophage markers F4/80⁺, CD11b⁺, CX3CR1⁺, 
CD45⁺, CD86⁺, CD124⁺, CD184⁺, CD206⁺, CD140b⁺, and RUNX2⁺ 
decreased, as did the number of cells with inflammatory markers 
and osteochondrocytes IL-6⁺, CD44⁺, CD140a⁺, CD140b⁺, RUNX2⁺

, IFN-γ⁺, TRPV4⁺, OCT3/4⁺, and LY6A⁺.136 On the contrary, when 
antibodies to IL-1β were added to SLD mice, an atherogenic effect 

occurred in the form of an increase in the area of atherosclerotic 
lesions, necrotic plaque core, intraplaque hemorrhage, and a 
decrease in the amount of collagen, which led to destabilization of 
the atherosclerotic plaque. Also, when IL-1β was added, there was 
an increase in the expression of KLF4⁺, LY6A⁺, CD206⁺, CD34⁺, 
and CD140A⁺, an increase in the expression of markers of cluster 
3, including cells of SMC origin: CD200⁺, IL-6⁺, NG2⁺, S100B⁺, 
IFN-γ⁺, and desmin⁺, and an increase in the expression of markers 
of osteochondrocytes from the 5-SMC cluster of origin: TRPV4⁺, 
S100B⁺, RUNX2⁺, OCT3/4⁺, KLF4⁺, CD200⁺, CX3CR1⁺, IFN-γ⁺, 
NG2⁺, desmin⁺, CD184⁺, CD34⁺, and CD117⁺.

Due to the production of pro-inflammatory cytokines IL-6 and 
TNF-α and a number of other factors by M4 macrophages, this 
subtype of macrophages is associated with atherogenicity and 
instability of atherosclerotic plaques.40,137 Also, pro-inflammatory 
cytokines TNF and IFN-γ contribute to the polarization of M1 
macrophages, and even more to the accumulation of pro-
inflammatory cytokines.138 Through the cytokine CXCL-4, 
macrophages are induced toward the M4 phenotype.40 The supply 
of IL-13, which enhances the anti-inflammatory polarization of 
M2 macrophages, reduces the development of atherosclerosis in 
mice.139

The rs671 aldehyde dehydrogenase 2 (ALDH2) polymorphism 
is associated with cardiovascular diseases in Asian populations.140 
Peripheral blood mononuclear cells carrying the rs671 (AA) 
ALDH2 mutation were isolated from patients. The macrophages 
showed increased expression of pro-inflammatory genes (iNOS, 
CXCL-10, TNF-α, IL-6, IL-1β) and decreased expression of anti-
inflammatory genes (TGF-β, IL-10, Arg1). Also, in the group with 
the AA mutation genotype, compared with the GG control group, 
there was an increase in the number of pro-inflammatory 
macrophages (CD68⁺CD86⁺) and a simultaneous decrease in the 
number of anti-inflammatory ones (CD68⁺CD163⁺). In the ALDH2
−/−ApoE−/− mouse line with the HFD, an increase in the area of 
atherosclerotic plaques, pro-inflammatory polarization of 
macrophages, and levels of cGAS, STING, p-TBK1, and p-IRF3 
were observed. It was found that ALDH2 promotes the regulation 
of the cGAS-STING pathway: ALDH2 prevents the interaction of 
USP14 and cGAS, which leads to accelerated degradation of 
cGAS by polyubiquitination. ALDH2 is involved in metabolic 
pathways associated with macrophage polarization and 
inflammatory reactions. ALDH2 deficiency and the rs671 
mutation contribute to the activation of pro-inflammatory 
polarization of macrophages and increased inflammatory 
processes.

Branched-chain amino acids (BCAAs) promote the synthesis of 
pro-inflammatory cytokines. Increased levels of BCAA and 
branched-chain alpha-keto acids (BCKAs) are seen in monocytes 
in patients with coronary heart disease.141 Increased BCAA levels 
correlate with a decrease in BCKDHA, BCAT2, and PP2Cm, 
which are the key enzymes of BCAA catabolism. The addition of 
BCAA to RAW 264.7 macrophages or BCKDHA knockout leads 
to the accumulation of BCAA and BCKA, an increase in the 
number of CD11C⁺ cells, and activates the expression of pro-
inflammatory cytokines such as IL-1β and TNF-α. BCAA is also 
able to initiate the TLR4/NF-κB pathways, increasing the levels of 
TLR4, p-p65, and nuclear p65 and reducing the level of 
cytoplasmic IκBα, thereby activating CD11C⁺ cells. BCAA 
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activates HMGB1 synthesis by macrophages, but HMGB1 
knockout suppresses the TLR4/NF-κB pathway and reduces the 
expression of IL-1β, TNF-α, and iNOS. BCAA in macrophages 
also increases the amount of nuclear H2O2; this leads to oxidative 
stress, as indicated by the markers malondialdehyde and 8-OHdG.

ANGPTL3 expression enhances the processes of atherogenesis, 
promoting the expression of pro-inflammatory cytokines. 
ANGPTL3 was detected in human atherosclerotic plaques by 
immunohistochemical staining.142 In the Ldlr−/− and ApoE−/− 
mouse l ine with the ANGPTL3 gene transfected for 
overexpression, an increased size of atherosclerotic plaques was 
detected, in which the number of CD68⁺ macrophages and α-SMA⁺ 
SMCs increased, and the content of cholesterol in blood plasma 
increased. ANGPTL3 increased phosphorylation of 45 proteins 
and 48 sites involved in lipid metabolism and IL-17 signaling 
pathways in THP-1 cells. Phosphorylation of Akt led to increased 
TLR4 expression and activation of NF-κB. ANGPTL3 also led to 
an increase in the expression of iNOS, the synthesis of pro-
inflammatory cytokines eotaxin, GRO-α, IL-1β, IL-27, M-CSF, 
MIG, MIP-α, and TNF-α, while the expression of arginase 1 
decreased.

The effect of mitochondria and mitochondrial mutations

At present, atherosclerosis is being widely studied at both cellular 
and molecular levels. Mitochondrial mutations in the cells of 
arterial walls and blood may be significantly associated with the 
development of cardiovascular diseases caused by oxidative stress, 
including atherosclerosis.143 Mutations of mitochondrial DNA can 
negatively affect the processes of oxidative phosphorylation, 
transcription, and metabolism, and lead to increased oxidative 
stress and inflammatory processes, consequently resulting in 
mitochondrial diseases.144

Pathological processes leading to the formation of athero-
sclerotic plaques can be caused by mitochondrial mutations in the 
genes encoding the subunits of the electron transport chain, such 
as cytochrome B and NADH dehydrogenase subunits 1, 2, 5, and 
6, as well as rRNA12S, and the UUR and CUN recognition 
codons of tRNA-Leu.145 Recent studies in C57BL/6J ApoE−/− 
mice have revealed a correlation between mitochondrial DNA 
mutations and the occurrence of atherosclerosis.146 In subsequent 
studies, the most common mutations in mitochondrial DNA genes 
associated with the development of cardiovascular diseases were 
identified: G12315A (gene MT-TL2), G13513A (gene MT-ND5), 
C3256T (gene MT-TL1), and G15059A (gene MT-CYB).147 
Later, in 2020, the list of mitochondrial mutations associated with 
atherosclerosis was expanded to include del562G, m.1555A>G, 
m.14459G>A, and m.14846G>A.143 Previously, a link was shown 
between mtDNA variants,  including haplogroups and hetero-
plasmy, and the development of atherosclerosis.148-150 It was also 
shown that atherosclerotic mutations of mitochondrial DNA 
G12315A, G14459A, and G15059A are associated with patient 
age.151

Some mitochondrial DNA mutations, such as m.A1811G, 
m.G9477A, m.G14459A, m.A1555G, and m.G12315A, may be 
responsible  for  inducing inf lammatory processes in  
macrophages.152 In addition to mitochondrial mutations, an 
important factor in the development of atherosclerosis is the 
number of mtDNA copies (mtDNA-CN). This parameter reflects 

the number of mitochondrial DNA copies per cell. It was found 
that a reduction in mtDNA-CN contributes to the development of 
atherosclerosis through the production of pro-inflammatory 
cytokines TNF-α and IL-1β in monocytes.153 Thus, mitochondrial 
DNA mutations and mtDNA copy number can serve as important 
markers in the diagnosis of atherosclerosis, as well as potential 
targets in the treatment of this disease.

Pathological processes in atherosclerosis also affect 
mitochondria and contribute to atherogenesis. Immunofluores-
cence staining of human carotid artery tissues and mouse aorta 
revealed a correlation between the coexpression of VCAM-1 with 
TOM20 and oxidative DNA damage marker 8-OHdG.154 The 
expression of VCAM-1, TOM20, and 8-OHdG also positively 
correlates with the size of the necrotic core in atherosclerotic 
plaques. Macrophages with VCAM-1 knockout show reduced 
activity of respiratory complexes III and IV, as well as reduced 
expression of complexes II and III. Macrophages expressing 
VCAM-1 and treated with oxLDL (compared to knockout macro-
phages) show increased oxygen consumption rate, mitochondrial 
volume and membrane potential, enhanced mtDNA synthesis, and 
accelerated consumption of Krebs cycle metabolites. Enhanced 
mtDNA synthesis due to increased expression of Cmpk2, Pgc1a, 
and Polg activates the STING pathway, leading to the synthesis of 
IL-6 and TNF-α and promoting atherogenesis. In addition, 
VCAM-1 suppresses the expression of the Fkor and Lyz1 genes, 
which also enhances atherogenesis, resulting in an increased area 
of atherosclerotic plaques and necrotic cores.

It was found that exposure of macrophages to cholesterol 
crystals significantly increases the expression of key glycolytic 
markers such as GLUT1, hexokinase 2, GAPDH, HIF1α, and 
PFKFB3. In addition, the expression levels of CXCL9 and 
CXCL10 mRNAs (characteristic of M1 macrophages) increased, 
while the expression levels of MRC1 and CCL13 mRNAs 
(characteristic of M2 macrophages) decreased.155 Ndufs4 
deficiency leads to a pro-inflammatory process in macrophages.156 
In studies of mitochondrial dysfunction in macrophages, recovery 
after myocardial infarction involved macrophages treated with 
LPS, leading to a transition from oxidative metabolism to 
glycolysis, which is characteristic of the pro-inflammatory 
phenotype in atherosclerotic plaques. Macrophages with knockout 
of the Ndufs4 protein of mitochondrial complex I, or those treated 
with LPS, have increased levels of mitochondrial reactive oxygen 
species (mtROS), leading to oxidative stress and further inducing 
inflammatory processes. In the mKO macrophage line with 
NDUFS4 knockout, mitochondrial respiration is reduced both at 
the basal level and upon FCCP stimulation. The metabolism of 
macrophages with Ndufs4 knockout mimics that of control 
macrophages treated with LPS.

Under the influence of oxLDL on wild-type bone marrow-
derived macrophages (BMDMs), ERK5 S496A is phosphorylated 
and NRF2 K518 undergoes SUMOylation.157 This, in turn, 
increases mtROS levels and leads to decreased oxidative 
phosphorylation in macrophages and increased glycolysis. These 
processes contribute to senescence-associated secretory phenotype 
(SASP) and mitochondrial dysfunction. In macrophages from 
ERK5 S496A KI mice, these processes were attenuated.

The effect of BCAA on the mitochondria of RAW 264.7 
macrophages was also demonstrated. Using two photofluorogenic 
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probes, it was found that BCAA increases mtH2O2 levels, leading 
to the formation of BCAA-activated pro-inflammatory 
macrophages. At the same time, the addition of mitochondria-
targeted catalase removes mtH2O2, ultimately reducing CD11C⁺ 
cells and lowering the expression of IL-1β, TNF-α, and iNOS.141

MСT4 deficiency improves mitochondrial function and 
activates oxidative phosphorylation (OXPHOS) in macrophage 
mitochondria, increasing the expression of genes for Krebs cycle 
enzymes while reducing glycolysis and the expression of 
glycolytic enzymes.158 MСT4 Mct4mKOApoeKO knockout mice 
showed decreased atherosclerotic plaques and inflammation, along 
with increased collagen content, leading to a slowing of 
atherosclerosis.

Macrophage senescence and atherosclerosis

Aging is one of the major factors in the development of 
atherosclerosis. Atherosclerotic plaques contain aging cells, but 
the mechanism of macrophage aging has not yet been fully 
studied. Aging of vascular walls can be accompanied by 
pathophysiological consequences such as stroke, coronary heart 
disease, vascular rupture, and atherogenesis.159 Activated 
macrophages are known to produce pro-inflammatory cytokines, 
chemokines, and proteases, leading to the development of 
atherosclerosis.160 However, the role of aging macrophages in 
atherogenesis is poorly understood. Studies have found that 
BRD4, belonging to the bromodomain and extra-terminal proteins, 
is involved in macrophage aging and also induces the formation of 
SASP, leading to the development of atherosclerosis.161 In 
atherosclerosis, as well as in other diseases associated with aging, 
macrophage dysfunction contributes to abnormal neovascular 
proliferation.162 BRD4 is the main factor regulating the expression 
of inflammatory genes, including the co-activation of NF-κB-
dependent pro-inflammatory genes when interacting with 
acetylated REL.163

It is assumed that macrophage aging is induced by oxidative 
stress caused by oxLDL.164 Studies have shown that oxLDL 
induces macrophage aging, manifested by increased activity of 
SA-β-gal and increased expression of aging-associated proteins 
p53, p21, and p16 (Fig. 4).164,165 Macrophages that absorb 
excessive amounts of LDL undergo aging, increase production of 
ROS, and secrete pro-inflammatory cytokines due to changes in 
lysosomal pH caused by LDL oxidation.166 When macrophages 
were incubated in the presence of oxLDL, NOX4 expression and 
ROS production were increased, promoting macrophage death.167 
These processes cause macrophage death, formation of necrotic 
nuclei, and further development of atherosclerotic plaques.

Phosphorylation of ERK5 S496 promotes the progression of 
atherosclerosis and also promotes SASP in macrophages. SASP is 
characterized by a cellular state in which, despite aging processes 
caused by the expression of p53 and SA-β-gal, aggressive 
proliferative properties driven by Ki67 expression are observed. It 
was found that the effect of oxLDL on wild-type BMDMs 
increases the number of mtROS while reducing the levels of 
antioxidants such as TRX1 and HO1, as well as increasing the 
expression of aging markers p16, p21, and p53 and the number of 
SA-β-gal-positive cells. It also reduces efferocytosis and increases 
TNF-α expression and NF-κB activation. However, these 
manifestations are absent in ERK5 S496A knock-in mouse models 

with a mutation that prevents phosphorylation. It was also found 
that phosphorylation of ERK5 S496 under the influence of oxLDL 
activates AHR and induces SUMOylation of NRF2, which leads 
to SASP in macrophages.157

In addition to increased oxidative stress, apoptosis and 
autophagy processes play an important role in aging, which is also 
induced by increased accumulation of oxLDL.168 Increased 
expression of Bcl-2, Bax, Bak, caspase-9, and caspase-3, as well 
as an increase in the number of TUNEL-positive cells, indicates 
the induction of apoptosis in LDL-absorbing macrophages.164 In 
contrast, reduced expression of Beclin1 and LC3 and a smaller 
number of autophagosomes indicate suppression of autophagy, 
leading to increased ROS production and lipid accumulation, 
which in turn leads to apoptosis, mitochondrial dysfunction, and 
ultimately macrophage aging.169

Interestingly, it was recently found that inhibition of 
nicotinamide N-methyltransferase expression led to a decrease in 
atherosclerotic lesion formation in mouse models, while decreased 
expression of the nicotinamide adenine dinucleotide (NAD)-
degrading enzyme CD38 in macrophages reduced atherosclerosis 
development and macrophage proliferation.170 NAD is considered 
an important agent potentially capable of affecting different age-
related conditions,171-173 including mitochondrial function.174 
Instability of NAD and difficulties with its cellular uptake make it 
hard to apply therapeutically in SASP of cells, including 
macrophage polarization.175 NAD and its precursors are currently 
under intense preclinical and clinical studies for the treatment of 
cardiovascular and other diseases.173,176-178

Possible approaches for atherosclerosis therapy targeting 
macrophages

It was shown that the effects of hyperlipidemia on the vessel walls 
should not be seen as the sole reason for atherosclerosis 
development. According to the data obtained, cholesterol-lowering 
statins and proprotein convertase subtilisin/kexin type 9 (PCSK9) 
inhibitors prevent atherosclerosis progression and promote plaque 
regression. PCSK9 is one of the main factors leading to an 
increase in cholesterol and LDL, as it binds to LDLR, mediating 
its degradation.179 Therefore, PCSK9 is currently one of the main 
targets for the treatment of atherosclerosis. A vaccine, PCSK9-NP, 
was developed based on PCSK9. In the development of the 
vaccine, the catalytic domain of human PCSK9 was modified with 
the D374Y mutation, which enhanced its function. The modified 
domain was bound to 24-domain ferritin nanoparticles (NPs). The 
vaccine caused a high titer of IgG antibodies to the PCSK9 
catalytic domain in BALB/c mice and dogs. The vaccine helped 
reduce blood levels of total cholesterol and LDL-C and also 
reduced the area of atherosclerotic lesions, increased collagen 
synthesis, and contributed to plaque stability. The content of 
macrophages in atherosclerotic plaques was determined using 
immunofluorescence. PCSK9-NP contributed to a decrease in the 
area of pro-inflammatory macrophages (F4/80⁺ cells), reducing the 
inflammatory response in plaques.

However, lipid-lowering therapy failed to completely reduce 
the incidence of cardiovascular diseases and mortality caused by 
atherosclerosis. Many patients had cardiac diseases even when 
lower cholesterol levels were achieved. This suggests that factors 
other than LDL-C also contribute to the progression of 
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Fig. 4. Senescence of macrophages. The processes leading to the senescence of macrophages begin with the infiltration of monocytes from the 
bloodstream through endothelial cells into the intima of the artery and the formation of macrophages. LDL penetrates through the endothelium into the 
intima of the artery, where it is oxidized to form oxidized LDL (oxLDL). Macrophages absorb oxLDL, which leads to the formation of foam cells with 
cytoplasmic lipid droplets containing large amounts of cholesterol. The absorption of oxLDL by macrophages mainly leads to macrophage senescence: the 
formation of reactive oxygen species (ROS) increases, leading to inflammatory processes, cell death, decreased autophagy, and increased apoptosis in 
macrophages. The expression of caveolin-1, NOX2, p16, p21, and p53 also increases.164,165 ↑, increased; ↓, decreased. LDL, low-density lipoprotein; 
NOX2, NADPH oxidase 2; oxLDL, oxidized low-density lipoprotein; ROS, reactive oxygen species; SA-β-gal, senescence-associated β-galactosidase.

atherosclerosis.180 In this case,  inflammation caused by 
macrophages contributes to the residual risk of atherosclerosis. 
That is why macrophages are currently among the most important 
targets for therapy of local atherosclerotic lesions using various 
therapeutic strategies (Fig. 5).99,181,182

One of the approaches in the treatment of atherosclerosis is to 
reduce the inflammatory activity of macrophages by lowering the 
levels of pro-inflammatory cytokines and chemokines.

HDAC3 promotes the activation of pro-inflammatory gene 
expression in M1 macrophages.183 In one published study, a 
PROteolysis TArgeting Chimera (PROTAC) was developed to 
degrade the HDAC3 protein, representing a potential drug for 
targeted repolarization of macrophages. The study used the THP-1 
cell line, which can transform into an M1-like phenotype with the 
addition of LPS/IFN-γ and an M2-like phenotype with the 
addition of IL-4. Degradation of HDAC3 by PROTAC P7 in M1 
macrophages increased the expression of anti-inflammatory IL-10 
by more than 10-fold and reduced the expression of pro-
inflammatory IL-12b and iNOS genes compared to the control 
group. When PROTAC P7 was applied to primary macrophages, 
the levels of pro-inflammatory cytokines TNF-α and IL-6 
decreased. PROTAC P7 also promotes the polarization of 
macrophages from the M1 phenotype to M0/M2-like phenotypes 
by reducing the expression of CD68 and CD80 markers of M1 
macrophages and increasing CD206 markers characteristic of M2 
macrophages.

NPs consisting of gliclazide, an anti-inflammasome agent 

encapsulated in a polylactide glycolide copolymer (PLGA), or 
PLGA coated with a monocyte membrane (nanoghosts, NGs), 
were synthesized in the study. After treatment of monocytes with 
NG and NP formulations containing gliclazide, TNF-α levels 
decreased by 9.6 and 8.2 times, respectively, compared with 
monocytes treated with LPS. Moreover, after treatment with NG 
monocytes, the expression levels of C1, C3, C8, C9, NOS, 
MyD88, NLRP3, IL-1β, and IL-18 were significantly reduced. 
NPs and NGs with gliclazide contributed to the polarization of M1 
macrophages into M2 macrophages, as indicated by an increased 
CD163/CD68 ratio. Histological analysis of the aorta after 
exposure to NG and NP showed a decrease in the area of 
atherosclerotic plaques and a reduction in the number of 
macrophages. These NPs may become an effective drug for 
targeted polarization of macrophages.184

In a study of the effect of Acod1 gene deficiency, which is 
involved in itaconate synthesis, in Acod1fl/fl LysMcre mice, the 
following patterns were observed.185 In the Acod1fl/fl LysMcre 
mouse line, compared with the wild type, after 10 weeks of 
hypercholesterolemia, there was an almost twofold increase in the 
area of atherosclerotic lesions in the aortic root and 
brachiocephalic artery, and an almost threefold increase in the size 
of the necrotic core of the atherosclerotic plaque in the aortic root. 
In Acod1−/− mice, a predominance of M1 macrophages and a 
reduced number of M2 macrophages were found in atherosclerotic 
plaques. It was found that treatment with 4-octyl itaconate (OI) 
helps reduce inflammatory activity and atherogenesis. Treatment 
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Fig. 5. Possible approaches to atherosclerosis therapy targeting macrophages. Currently, several types of therapeutic approaches are used in the 
treatment of atherosclerosis through macrophages: reduction of their inflammatory activity in order to curb inflammatory processes in the intima of the 
artery; targeted polarization of macrophages, which allows macrophages to be converted from a pro-inflammatory to an anti-inflammatory type; and 
therapy by modulating lipid homeostasis in macrophages.99,181,182

with OI in the wild-type atherosclerotic aorta reduces the 
expression of pro-inflammatory cytokines such as IL-1β, IL-6, IL-
12, CCL2, CCL3, CCL5, CXCL1, CXCL2, and CXCL10, while 
increasing the levels of anti-inflammatory cytokines IL-4, IL-10, 
and TGF-β1. OI also helps reduce oxidative stress, inhibits 
glycolysis, restores OXPHOS, activates Nrf2, and increases the 
expression levels of Hmox1 and Nqo1, enhancing the antioxidant 
response. Another study also notes the role of IRG1 in the 
development of atherosclerosis.186 It was observed that IRG1 
deficiency in IRG1−/−LDLR−/− mice leads to the accumulation of 
lipids and macrophages in atherosclerotic plaques. IRG1 encodes 
an enzyme involved in the synthesis of itaconate. Administration 
of 4-OI to mice with atherosclerotic lesions reduces the number of 
macrophages in plaques, as well as the area of the necrotic core, 
lowers IL-1β levels, suppresses the formation of the NLRP3 
inflammasome and neutrophil extracellular traps, and increases the 
levels of anti-inflammatory markers NRF2 and IL-10.

CD147 is expressed in progressive atherosclerotic lesions and 
plaques.187 In the CD147M-KO (myeloid cell-deficient) ApoE−/− 
knockout mouse line, plaques became more stable. The area of 
atherosclerotic plaques decreased by 46%, the necrotic core also 
decreased, lipid accumulation was reduced, and collagen synthesis 
increased compared to the control mouse line. CD147 promotes 
the proliferation of M1 macrophages by increasing the production 
of nitric oxide and ROS, increasing the expression of TNF-α and 
IL-6, and lowering IL-10 levels. The proliferation of M1 

macrophages occurs due to activation of the IκB–IRF5 signaling 
pathway, as well as suppression of GAS6, which additionally 
leads to a decrease in the efferocytosis capacity of macrophages. 
CD147 may become a target in the treatment of atherosclerosis. 
HAb18 has anti-atherogenic properties: in the aorta, there is a 
decrease in the size of atherosclerotic lesions and the necrotic core 
by 42% and 64%, respectively. HAb18 suppresses the expression 
of pro-inflammatory cytokines iNOS, IL-6, MCP-1, and TNF-α, 
reduces IRF5 expression, increases the level of the anti-
inflammatory cytokine IL-10, enhances efferocytosis efficiency, 
reduces the number of pro-inflammatory M1 macrophages (CD68⁺

iNOS⁺), and increases the number of anti-inflammatory M2 
macrophages (CD68⁺CD206⁺). Thus, the antibody to CD147, 
HAb18, contributes to the reduction of atherosclerotic plaques and 
increases their stability.

Micheliolide (MCL) is an active metabolite of parthenolide and 
may be a potential agent in the treatment of atherosclerosis.188 
ApoE−/− mice treated with a WD with MCL demonstrated slowed 
atherosclerosis progression: a decrease in the size of 
atherosclerotic plaques, increased collagen synthesis due to 
decreased IL-1β, IL-18, and TNF-α levels, and increased IL-4 and 
IL-10 levels. MCL inhibits oxLDL-mediated ferroptosis in 
macrophages through increased GPX4 and xCT expression, 
activation of nuclear NRF2 translocation, and KEAP1/NRF2 
dissociation via binding of MCL to Arg483 of KEAP1.

ANGPTL4 may become a potential target in the treatment of 
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atherosclerosis. When ANGPTL4 was exposed to macrophages 
isolated from BMDMs of ApoE−/− mice, there was a decrease in 
the expression of such pro-inflammatory markers as Tnfrsf11b, 
Tlr4, Ccl2, and Nos2 and a simultaneous increase in the 
expression of the anti-inflammatory marker IL-10.189 The Oil Red 
O analysis also showed a decrease in the formation of foam cells 
from macrophages due to their reduced oxLDL uptake compared 
with the control group. The effect of ANGPTL4 on the aorta also 
showed a decrease in the number of pro-inflammatory 
macrophages CD11b⁺F4/80⁺, CD80⁺, as well as a decrease in the 
area of macrophages CD68⁺ and Mac2⁺. ANGPTL4 makes 
atherosclerotic plaques more stable by inhibiting the transition of 
SMCs into macrophage-like cells. Stable plaques are characterized 
by a smaller necrotic nucleus and an enlarged fibrous covering. 
Inhibition is caused by a decrease in ROS due to suppression of 
TNF-α-induced NOX1, which leads to suppression of KLF4.

Targeted activation of macrophage polarization from the pro-
inflammatory to the anti-inflammatory type is one of the 
promising therapeutic strategies. As already mentioned, M1 
macrophages mediate inflammation, while M2 macrophages 
reduce it.5,182 Thus, it is suggested that the polarization of 
macrophages from the M1 phenotype to the M2 phenotype may 
contribute to the stabilization and regression of atherosclerosis. 
Most of all, this can be helped by the reliability of macrophages, 
which consists in the possibility and reverence from M1 to M2.190

The microenvironment of atherosclerotic plaques induces their 
polarization into two main phenotypes. It was shown that anti-
inflammatory humoral factors such as HDL, apoE, adiponectin, 
and angiotensin-converting enzyme (ACE) stimulate the 
polarization of M2, while inflammatory factors such as activin A 
and C-reactive protein inhibit the transformation from M1, 
M2.191,192

Geniposide is one of the potential drugs for targeted 
polarization of macrophages.193 In a study on an ApoE−/− mouse 
line treated with a WD diet, a decrease in the expression of iNOS, 
IL-6, IL-1β, TNF-α genes associated with pro-inflammatory M1 
macrophages and an increase in the expression of genes associated 
with anti-inflammatory M2 macrophages was noted in the aorta: 
Arg1, IL-4, IL-10, TGFβ. After applying geniposide, western 
blotting confirmed a decrease in iNOS levels and an increase in 
Arg1 levels, and using immunofluorescence of the aortic root, an 
increase in the CD68⁺iNOS⁺ area and a decrease in the CD68⁺Arg1⁺ 
area were detected. In addition, cytometric analysis detected a 
decrease in the level of cytokines IFN-γ, IL-6, TNF-α and an 
increase in the level of cytokines IL-4, IL-10 in the blood serum. 
In addition, geniposide increases the expression of CXCL14 in 
perivascular adipose tissue and 3T3-L1 adipocytes, which leads to 
M2 polarization of macrophages. The authors noted that CXCL14 
participates in metabolic changes in adipose tissue, stabilization of 
atherosclerotic plaques, and the polarization of macrophages. To 
evaluate the effect of CXCL14 on macrophage polarization, an in 
vitro experiment was performed: the recombinant CXCL14 
protein and the RAW 264.7 macrophage cell line were used; LPS/
IFN-γ macrophages were treated to induce the M1 phenotype, and 
IL-4 was added to induce the M2 phenotype. Using flow 
cytometry, it was found that CXCL14 reduces the number of F4/
80⁺CD80⁺ cells and increases the number of F4/80⁺CD206⁺ cells, 
inhibiting the polarization of M1 macrophages and enhancing the 

polarization of M2 macrophages, respectively.
M2 macrophage membrane-coated nanoparticles (MELT), 

consisting of PLGA NPs, are loaded with the PROTEC agent 
dTRIM24 and then coated with an M2-type macrophage 
membrane.4 MELT is one of the promising drugs for targeted 
polarization of macrophages. M1 macrophages are the target for 
MELT. After MELT treatment of macrophages, a dose-dependent 
decrease in the expression of the iNOS gene, a characteristic 
marker of M1 macrophages, and a dose-dependent increase in the 
expression of the Arg1 gene, a marker of M2 macrophages, were 
detected with reverse-transcription quantitative polymerase chain 
reaction. Thus, MELT promotes the polarization of macrophages 
from M1 to M2. Fluorescence-activated cell sorting analysis after 
MELT treatment revealed an increase in F4/80⁺CD206⁺ M2 
macrophage cells and a simultaneous decrease in F4/80⁺CD80⁺ M1 
macrophage cells. Oil Red O staining of the aortic root of the 
ApoE−/− mouse line after exposure to MELT confirmed a decrease 
in the area of atherosclerotic lesions.

Monocarboxylate transporter 4 (MCT 4), predominantly 
expressed in macrophages, is associated with the processes of 
histone acetylation outflow and atherosclerosis.158 A significant 
increase in MCT4 was observed in human atherosclerotic plaques 
and in the ApoE KO mouse line on HFD. MCT4 deficiency 
reduced the accumulation of cholesterol, the formation of foam 
cells, inflammatory processes, and endothelial dysfunction, and 
promotes the polarization of M2 macrophages due to the 
accumulation of lactate. MCT4 deficiency inhibits the processes of 
atherogenesis due to epigenetic mechanisms: MCT4 deficiency 
increases H3K18 lactylation and p300 binding to H3K18la, which 
leads to the expression of genes associated with repair. The use of 
pharmacological inhibitors of MCT4—VB124 and PROTAC MD-
43—leads to suppression of the progression of atherosclerosis and 
increased lactylation of H3K18.

HDL can contribute to improving the efficiency of ATF3 and 
STAT6 action. These enzymes promote macrophage migration 
and convert M1-polarized macrophages to the M2 phenotype.194 
Also, HDL and ApoA1 are important factors in protecting against 
atherogenesis.195 It was found that in a line of mice with ApoA1 
KO/KO LDLR KO/KO knockout treated for 10 weeks with HFD, 
an increase in the size of atherosclerotic plaques was observed, 
while in those with overexpression of the hApoA1TG/
TGLDLRKO/KO line, atherosclerotic plaques were significantly 
smaller compared with the control line ApoA1 WT/WT LDLR 
KO/KO. Immunofluorescence staining was used to discover the 
increased level of phosphorylated necroptosis mediators RIPK3 
and MLKL in atherosclerotic plaques of ApoA1 knockout mice. 
The study also noted the atheroprotective role of HDL in 
protecting against necroptosis through activation of SR-B1, 
PDZK1, and the PI3K/Akt signaling pathway.

IL-19 promotes the polarization of macrophages by activating 
KLF4, Arg1, and PPARγ via STAT6.196 The plasma protein 
Callistatin has an anti-inflammatory effect and can inhibit the 
polarization of macrophages into the M1 phenotype, induced by a 
decrease in the expression of markers of this phenotype (iNOS and 
MCP-1), and stimulate the polarization of M2 macrophages 
through the activation of IL-10 and ARG-1.181

Thioredoxin-1 promotes the polarization of macrophages 
toward an anti-inflammatory M2 phenotype and antagonizes 
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atherosclerosis.197

Inhibition of miR-33 has been shown to promote macrophage 
autophagy and shift macrophages toward an anti-inflammatory 
M2 phenotype through an AMP-activated protein kinase CC.198

Rupture of atherosclerotic plaques leads to arterial thrombosis. 
It was found that rats with coronary microembolization had 
increased miR-34a-5p expression.199 Increased expression of miR-
34a-5p leads to increased polarization of macrophages from M0 to 
M1, and also enhances the NF-κB pathway, which leads to the 
progression of inflammatory processes. In addition, miR-34a-5p 
promotes inflammation in HUVECs. PLT-exo exosomes isolated 
from platelets reduce the above-mentioned negative effects of 
miR-34a-5p by inhibiting it.

The study developed the cerium-macrophage exosomes (Ce-
Exo) nanocomplex based on the lysosomes of RAW264.7 
macrophages and CeO2 NPs as a promising method for the 
treatment of atherosclerosis.200 Ce-Exo has cytoprotective 
properties, protecting HUVECs by inhibiting apoptosis and 
reducing DNA damage caused by TNF-α through decreased 
expression of γH2AX. Ce-Exo promoted the polarization of M1 
macrophages to M2 and reduced the number of CD86 ⁺ 
macrophages, as well as ROS levels and iNOS expression in 
RAW264.7 macrophages treated with LPS. Ce-Exo in ApoE−/− 
mice reduced the number of atherosclerotic plaques and blood 
lipid levels, remodeled the immune microenvironment, restored 
endothelial  function, and promoted the inhibition of 
atherosclerosis.

Another method in the treatment of atherosclerosis is to change 
lipid metabolism and homeostasis in macrophages.

Currently, the strategy of liver X-receptor antagonists is being 
discontinued. However, in a relatively recent study, NPs carrying 
the LXR T0901317 (T1317) agonist were used to increase 
cholesterol efflux from macrophages in vitro and in mice with 
ApoE deficiency. As part of the study, they induced regression of 
atherosclerotic plaques in mice.98

Hydroxytyrosol is one of the promising drugs for modulating 
lipid homeostasis. It was found that hydroxytyrosol in foam cells 
obtained from THP-1 exposed to oxLDL is able to reduce the 
number of lipid droplets in the cytoplasm, the total level of 
cholesterol and its esters, as well as decrease the accumulation of 
lipids. A decrease in lipid accumulation occurs due to the effect of 
hydroxytyrosol on the CD36 receptor gene involved in oxLDL 
uptake. Activation of RCT occurs due to an increase in the 
expression of LXRα and ABCA1. Hydroxytyrosol, through 
activation of PPARγ, increases the expression of ABCA1 through 
LXRα, activating the PPARγ/LXRα/ABCA1 pathway, which 
prevents the formation of foam cells. In addition to modulating 
lipid homeostasis, hydroxytyrosol shows an anti-inflammatory 
effect by reducing the expression of TNF-α and IL-1β in 
endothelial cells, as well as ICAM-1 and VCAM-1, which inhibits 
monocyte adhesion. The antioxidant effect of hydroxytyrosol is 
observed due to a decrease in ROS, which provides lower 
oxidative stress and thereby reduces foam cell formation.201

Trem2 is a macrophage receptor that plays a role in 
macrophage differentiation and the functioning of foam cells in 
atherosclerotic plaques. Macrophages isolated from wild-type 
C57Bl/6 or Trem2−/− mice pretreated with cholesterol solution 
showed that macrophages isolated from the knockout line of mice 

had a reduced ability to absorb oxLDL. TREM2−/− macrophages 
formed foam cells less efficiently compared with control 
macrophages in HFD. In addition, a decrease in the number of 
atherosclerotic plaques was observed in the Them2DMF mouse 
line in the aortic arch and sinus. TREM2 knockout in 
macrophages reduces the proliferation of foam cells due to an 
increase in CD68⁺ after TAM-HFD feeding for six and eight 
weeks. Thus, Trem2 deficiency may become a potential 
therapeutic target. When exposed to the AL002a agonist TREM2, 
LDLR−/− mice treated with HFD showed an increase in the area of 
atherosclerotic plaques and total plaque load due to an increase in 
the number and proliferation of macrophages (CD68⁺ Ki67⁺).202 
However, at the same time, there was a decrease in the area of the 
necrotic nucleus and an increase in the area of the fibrous cap and 
collagen expression, which made atherosclerotic plaques more 
stable. It was found that AL002a promotes the reprogramming of 
foam macrophages due to the secretion by foam macrophages of 
products of genes associated with lipid metabolism (Lgals3, 
Fabp5, Trem2), those associated with OXPHOS (Atp5c1, Atp5e, 
and Uqcrh), and with the synthesis of collagen (Col1a1, Col2a1). 
The Trem2 agonist enhanced the activation of Syk, which led to 
increased oxLDL uptake, increased viability, increased 
proliferation, and improved basal and ATP-associated oxygen 
consumption rate in the mitochondria of macrophages. TGF-β 
under the influence of AL002a reduced fibroblast proliferation and 
increased SMC collagen synthesis. AL002a can be used in the 
treatment of atherosclerosis to stabilize atherosclerotic plaques in 
order to reduce the risk of their rupture. Treatment of LDLR−/− 
mice with another Trem2 agonist also reduced the size of the 
necrotic nucleus; however, there was no significant change in the 
overall size of the plaques.62 4D9 agonistic antibody enhances the 
processes of efferocytosis and improves the survival and 
functioning of macrophages, as well as mitochondrial function. 
4D9, as well as AL002a, can potentially be used for therapeutic 
purposes.

EEDL is an ethanol extract of Danlou tablets that includes 
gallic acid, puerarin, daidzin, paeoniflorin, calycosin-7-O-
glucoside, ferulic acid, naringin, salvianolic acid B, 
cryptotanshinone, and tanshinone IIA.203 Using Oil Red O 
staining, it was found that incubation of RAW264.7 macrophages 
in the presence of EEDL and oxLDL dose-dependently increases 
cholesterol efflux to ApoA1. EEDL also promotes LXR 
translocation, increases the expression of ABCA1 and ABCG1, 
CYP7A1, ABCA1, ABCG1, ABCG5, and ABCG8, and decreases 
CD36 expression, which has a positive effect on cholesterol efflux 
and reduction of its accumulation. EEDL contributes to the change 
in lipid homeostasis of macrophages.

The study revealed the role of macrophage ACE in the 
development of atherosclerosis.204 The atherosclerotic lesion of 
the aorta of the ACE 10/10PCSK9 mouse line was 25.0% 
compared with the WT PCSK9 mouse line, in which the 
atherosclerotic lesion covered 44.7%. ACE 10/10PCSK9 mice 
also showed a greater number of M2 CD11b⁺F4/80⁺CD206 
macrophages, as well as increased expression of IL-10, CD36, 
Ym-1, and arginase-1. ACE 10/10PCSK9 macrophages increased 
the expression of PPARα due to increased β-oxidation of lipids, 
which led to increased efferocytosis processes. In addition, ACE 
10/10PCSK9 macrophages showed an increase in cholesterol 
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Table 1. Possible approaches to target atherosclerosis via macrophages

Target Approach/Agent Mechanism of action Key effect

PCSK9 Vaccine (PCSK9- 
nanoparticles (NP))

Induces high-titer IgG antibodies 
against the PCSK9 catalytic domain; 
prevents LDLR degradation179

Reduces total cholesterol and LDL-C; 
decreases atherosclerotic lesion area179,180; 
increases plaque stability (collagen synthesis); 
reduces pro-inflammatory macrophages179

HDAC3 PROTAC (PROTAC P7) Degrades HDAC3 protein in M1 
macrophages183

Repolarizes macrophages from M1 to M0/M2-
like phenotype; increases anti-inflammatory 
IL-10; reduces pro-inflammatory IL-12b, iNOS, 
TNF-α, and IL-6183

Inflammasome 
(NLRP3)

NP and nanoghosts 
(NG) with Gliclazide 
(GL)

Delivers anti-inflammasome agent 
(GL) to monocytes/macrophages184

Reduces TNF-α, C1, C3, C8, C9, NOS, MyD88, 
NLRP3, IL-1β, IL-18; polarizes M1 to M2 
macrophages (increases CD163/CD68 ratio); 
decreases plaque area and macrophage 
numbers184

IRG1/Itaconate 4-octyl itaconate (OI) Synthetic itaconate derivative; 
activates Nrf2; inhibits glycolysis; 
restores OXPHOS185,186

Reduces pro-inflammatory cytokines (IL-1β, IL-
6, IL-12, etc.); increases anti-inflammatory 
cytokines (IL-4, IL-10, TGF-β1); reduces 
macrophage numbers and necrotic core area; 
suppresses NLRP3 inflammasome and 
NETs185,186

CD147 Antibody (HAb18) Blocks CD147, suppressing the IK-IRF5 
signaling pathway187

Reduces atherosclerotic lesion size and 
necrotic core; decreases pro-inflammatory M1 
macrophages (iNOS, IL-6, TNF-α); increases 
anti-inflammatory M2 macrophages (IL-10); 
improves efferocytosis187

KEAP1/NRF2 Micheliolide (MCL) Binds to KEAP1 (Arg483), promoting 
NRF2 nuclear translocation188

Slows atherosclerosis; decreases IL-1β, IL-18, 
TNF-α; increases IL-4, IL-10; inhibits oxLDL-
mediated ferroptosis in macrophages via 
increased GPX4 and xCT188

ANGPTL4 ANGPTL4 (protein 
treatment)

Reduces ROS via suppression of TNF-
α-induced NOX1; inhibits KLF45,182,189

Reduces pro-inflammatory markers 
(Tnfrsf11b, Tlr4, Ccl2, Nos2); increases anti-
inflammatory IL-10; decreases foam cell 
formation; inhibits SMC-to-macrophage-like 
cell transition; stabilizes plaque5,182,189

CXCL14 Geniposide Increases expression of CXCL14 in 
PVAT and adipocytes193

Promotes M2 macrophage polarization 
(increases CD206, Arg1, IL-4, IL-10); inhibits 
M1 polarization (decreases iNOS, IL-6, TNF-α); 
stabilizes atherosclerotic plaques193

Macrophage 
phenotype (M1)

MELT (M2 macrophage 
membrane-coated 
nanoparticles with 
dTRIM24)

Nanoparticles coated with M2 
membrane target M1 macrophages; 
deliver PROTAC agent dTRIM244

Polarizes macrophages from M1 to M2190; 
decreases iNOS (M1 marker); increases Arg1 
(M2 marker); reduces atherosclerotic lesion 
area4

MCT4 Pharmacological 
inhibitors (VB124) and 
PROTAC (MD-43)

Inhibits or degrades MCT4, leading to 
lactate accumulation and increased 
H3K18 lactylation158

Reduces cholesterol accumulation and foam 
cell formation; promotes M2 macrophage 
polarization; suppresses atherogenesis via 
epigenetic mechanisms158

Activates SR-B1, PDZK1, and PI3K/Akt 
signaling pathway; promotes ATF3 

Protects against necroptosis (reduces RIPK3 
and MLKL); reduces atherosclerotic plaque 

HDL/ApoA1 HDL and ApoA1 
(overexpression)
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Table 1. Possible approaches to target atherosclerosis via macrophages (continued)

Target Approach/Agent Mechanism of action Key effect

and STAT6 action190,194,195 size; promotes macrophage migration and M2 
polarization190,194,195

miR-34a-5p PLT-exo exo-somes 
(from platelets)

Inhibits miR-34a-5p, which otherwise 
activates the NF-κB pathway199

Reduces M1 polarization; reduces 
inflammation in HUVECs; inhibits progression 
of inflammatory process-es199

 Ce-Exo (CeO2 
nanoparticles + 
macrophage 

Macrophages 

(general)

lysosomes)

Nanocomplex with cytopro-tective 
properties200

Protects endothelial cells (HUVECs); promotes 
M1-to-M2 polarization; reduces ROS, iNOS, 
and CD86⁺ mac-rophages; decreases plaque 
area and blood lipid levels200

LXRα/Cho-lesterol ef-
flux

Nanoparticles with LXR 
ago-nist (T0901317)

Delivers LXR agonist to increase 
cholesterol efflux from 
macrophages98,201

Increases reverse cholesterol transport; 
induces regression of ath-erosclerotic 
plaques98,201

PPARγ/LXRα/ABCA1 Hydroxytyro-sol (HT) Activates the PPARγ/LXRα/ABCA1 
pathway; reduces CD36 expression201

Reduces lipid accumulation and foam cell 
formation; decreases total choles-terol and its 
esters196,201; anti-inflammatory (reduces TNF-
α, IL-1β, ICAM-1, VCAM-1)181,201; antioxidant 
(reduces ROS)201

Trem2 Agonists (AL002a, 4D9) Activates Trem2, enhancing Syk 
signaling, efferocytosis, and 
mitochondrial function62,202

Increases plaque stability (increases fibrous 
cap, collagen, reduces necrotic core); 
reprograms foam cell metabolism (increases 
OXPHOS, collagen synthesis); however, can 
increase overall plaque area and macrophage 
proliferation62,202

Lipid homeostasis Ethanol extract of 
Danlou tablets (EEDL)

Promotes LXR translocation; increases 
ABCA1, ABCG1, CYP7A1; decreases 
CD36 expression203

Increases cholesterol efflux to ApoA1; reduces 
lipid accumulation; modulates lipid 
homeostasis in macrophages203

Angiotensin 
converting enzyme 
(ACE)

ACE (increased 
expression)

Increases PPARα expres-sion, leading 
to increased β-oxidation; increases 
ABCA1 and ABCG1; decreases CD36204

Reduces atherosclerotic lesion area; increases 
M2 macrophages (CD206, IL-10, Arginase-1); 
improves efferocytosis and cholesterol 
export204

P2Y6R Antagonist (TPP) Inhibits P2Y6R and its signaling 
pathways (calcium, STIM1/ORAI); 
reduces SRA and PLCβ expression205

Reduces plaque size and lipid deposits; 
inhibits foam cell formation; re-duces NLRP3 
inflammasome activation and pro-
inflammatory cytokines (IL-1β, TNF-α, IL-6)205

                  
                 

                   
                  

               
                    

               
                

             
                    
                    

 

 

 

ABCA1, ATP-binding cassette transporter A1; ANGPTL4, angiopoietin-like 4; ApoA1, apolipoprotein A-I; CXCL14, C-X-C motif chemokine ligand 14; GPX4,
glutathione peroxidase 4; HAb18, anti-CD147 monoclonal antibody HAb18; HDAC3, histone deacetylase 3; HDL, high-density lipoprotein; HUVECs, human 

umbilical vein endothelial cells; ICAM-1, intercellular adhesion molecule 1; IgG, immunoglobulin G; IL, interleukin; iNOS, inducible nitric oxide synthase;
IRG1, immune-responsive gene 1; KLF4, Krüppel-like factor 4; LDL-C, low-density lipoprotein cholesterol; LDLR, low-density lipoprotein receptor; LXR, liver 

X receptor; MELT, M2 macrophage membrane-coated dTRIM24-loaded nanoparticles; MLKL, mixed lineage kinase domain-like pseudokinase; NETs,
neutrophil extracellular traps; NLRP3, NLR family pyrin domain-containing 3; NOX1, NADPH oxidase 1; Nrf2, nuclear factor erythroid 2-related factor 2;
ORAI, calcium release-activated calcium channel protein; oxLDL, oxidized low-density lipoprotein; OXPHOS, oxidative phosphorylation; P2Y6R,
P2Y purinergic receptor 6; PCSK9, proprotein convertase subtilisin/kexin type 9;PLCβ, phospholipase C beta; PLT-exo, platelet-derived exosomes;
PPARγ, peroxisome proliferator-activated receptor gamma; PROTAC, proteolysis-targeting chimera; ROS,reactive oxygen species; SMC,
smooth muscle cell; SR-A, scavenger receptor class A; STIM1, stromal interaction molecule 1; TNF-α, tumor necrosis factor alpha;
VCAM-1, vascular cell adhesion molecule 1; xCT,cystine/glutamate antiporter.
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export due to increased expression of ABCA1 and ABCG1 and a 
decrease in CD36 expression. Increased ACE expression may be 
one of the potential concepts in the treatment of atherosclerosis.

Increased expression of P2Y6R is seen in atherosclerotic 
plaques and blood of patients with atherosclerosis.205 The LDLR−/−

P2Y6Rfl/fl LysMcre knockout mouse line is characterized by a 
decrease in the size of atherosclerotic plaques and lipid deposits. 
In macrophages with a P2Y6R deletion, SR-A expression and 
PLCβ expression decrease, suppressing the calcium signaling 
pathway and inhibiting the interaction of STIM1 and ORAI, which 
inhibits lipid uptake and, as a result, the formation of foam cells. 
In addition, P2Y6R deletion plays a role in the inflammatory 
response, and in macrophages it reduces the expression of NLRP3, 
ASC, caspase-1, and IL-1β. Thus, P2Y6 is an important link in 
foam cell formation, calcium signaling pathways, and inflam-
matory processes. TPP—a P2Y6R antagonist—inhibits the 
activity of P2Y6R and its signaling pathways, reducing the 
formation of atherosclerotic plaques and foam cells in them. TPP 
also promotes an atheroprotective effect by reducing the pro-
inflammatory cytokines IL-1β, TNF-α, and IL-6.

The possible approaches to treat atherosclerosis mentioned in 
t h i s  s e c t i o n  a r e  s u m m a r i z e d  i n  Table 1.
4,5,45,62,98,158,179-190,193-196,199-205 

Limitations

Although this review integrates multidimensional studies, the 
functions of some macrophage subtypes, such as M4 and Mox, 
remain controversial, and most mechanistic studies are based on 
animal models; therefore, the effectiveness and safety of clinical 
translation need to be verified. Most mechanisms of athero-
sclerosis development have been studied in mouse models, which 
do not fully replicate human pathology, especially considering the 
differences in monocyte/macrophage markers between species. 
This raises doubts about the direct translation of preclinical data 
into clinical practice. Additionally, the complex relationship 
between mitochondrial dysfunction, cellular senescence, and 
inflammation in macrophages is not completely understood. 
Senescent macrophages that release pro-inflammatory cytokines 
and proteases can contribute to chronic inflammation and plaque 
instability, but the mechanisms that govern this process and their 
synergy with mitochondrial disorders require further study.

Future directions

Future research should focus on identifying specific and validated 
markers of macrophage subpopulations, which will allow for the 
development of more accurate therapeutic strategies. We should 
mention the potential of targeted gene therapy, which has shown 
promising results for the treatment of different diseases.207-209 It is 
necessary to conduct in-depth studies of the synergistic regulatory 
networks that link mitochondrial dysfunction, ER homeostasis 
disruption, and cellular senescence. Of particular interest is the 
clinical evaluation of combined approaches that target multiple 
pathogenic mechanisms simultaneously, such as inhibiting inflam-
mation in combination with enhancing cholesterol efflux and/or 
the application of senolytics, drugs targeting senescent cells. Only 
such multilayered strategies based on a deep understanding of 
macrophage biology can ensure effective and safe clinical trans-

lation and open new horizons in the prevention and treatment of 
atherosclerosis.

Conclusions

This narrative review summarizes the central role of macrophages 
in atherosclerosis, including monocyte recruitment, foam cell 
formation, plaque progression, extracellular matrix remodeling, 
inflammatory signaling, plaque instability, and potential plaque 
regression. Macrophage plasticity is a key feature of 
atherogenesis, but macrophage phenotypes should be interpreted 
as dynamic and context dependent rather than as fixed categories.

Current evidence suggests that macrophage-targeted strategies 
may offer therapeutic potential through three main approaches: 
reducing inflammatory activity, modulating macrophage 
polarization, and improving lipid homeostasis and cholesterol 
efflux. However, most of these approaches remain preclinical, and 
their safety, efficacy, and translational relevance require further 
validation.

Important gaps remain, particularly regarding subtype-specific 
macrophage biomarkers, the functional overlap  among 
macrophage states, and the interaction between mitochondrial 
dysfunction, cellular senescence, and inflammation. Future studies 
should clarify these mechanisms and evaluate whether combined 
macrophage-targeted strategies can be translated into safe and 
effective interventions for atherosclerosis and its cardiovascular 
complications.

Acknowledgments

None.

Funding

This work was supported by the Russian Science Foundation, 
grant number 22-15-00317-P.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

Original idea of the manuscript (EB), writing of the manuscript 
(EB, DG, EG, AG, EP, VK, AO), editing of the manuscript (EB, 
DB, TD, YL, AV, IB), and figure creation (DG, EG). All authors 
have approved the final version and publication of the manuscript.

References
Ross R. Atherosclerosis--an inflammatory disease. N Engl J Med 
1999;340(2):115–126. DOI: 10.1056/NEJM199901143400207, 
PMID: 9887164.

[1]   

Gavrilova D, Bezsonov E, Degtyarevskaya T. Drug-based 
approaches to modulate mitochondrial condition in the case of 
atherosclerosis: focus on correction of mitochondria dysfunction. J 
Transl Genet Genom 2023;7(4):236–258. DOI: 10.20517/jtgg.2023.
38.

[2]   

Fan J, Watanabe T. Atherosclerosis: Known and unknown. Pathol [3]   

this section are summarized in Table 1.4,5,45,62,98,158,179­190,193­196,199­205

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.1056/NEJM199901143400207
http://www.ncbi.nlm.nih.gov/pubmed/9887164
https://dx.doi.org/10.20517/jtgg.2023.38
https://dx.doi.org/10.20517/jtgg.2023.38


Bezsonov E. et al: Macrophages in atherosclerosis Gene Expr

DOI: 10.14218/GE.2025.00080  |  Volume 25 Issue 3, July 2026 19

Int 2022;72(3):151–160. DOI: 10.1111/pin.13202, PMID: 35076127.
Huang JH, Huang CJ, Yu LN, Guan XL, Liang SW, Li JH, et al. 
Bioinspired PROTAC-induced macrophage fate determination 
alleviates atherosclerosis. Acta Pharmacol Sin 2023;44(10):
1962–1976. DOI: 10.1038/s41401-023-01088-5, PMID: 37169852.

[4]   

Moore KJ, Sheedy FJ, Fisher EA. Macrophages in atherosclerosis: a 
dynamic balance. Nat Rev Immunol 2013;13(10):709–721. DOI: 10.
1038/nri3520, PMID: 23995626.

[5]   

Moore KJ, Tabas I. Macrophages in the pathogenesis of 
atherosclerosis. Cell 2011;145(3):341–355. DOI: 10.1016/j.cell.
2011.04.005, PMID: 21529710.

[6]   

Jerome WG. Advanced atherosclerotic foam cell formation has 
features of an acquired lysosomal storage disorder. Rejuvenation 
Res 2006;9(2):245–255. DOI: 10.1089/rej.2006.9.245, PMID: 
16706652.

[7]   

Stary HC, Chandler AB, Glagov S, Guyton JR, Insull W Jr, Rosenfeld 
ME, et al. A definition of initial, fatty streak, and intermediate 
lesions of atherosclerosis. A report from the Committee on 
Vascular Lesions of the Council on Arteriosclerosis, American Heart 
Association. Circulation 1994;89(5):2462–2478. DOI: 10.1161/01.
cir.89.5.2462, PMID: 8181179.

[8]   

Stary HC, Chandler AB, Dinsmore RE, Fuster V, Glagov S, Insull W Jr, 
et al. A definition of advanced types of atherosclerotic lesions and 
a histological classification of atherosclerosis. A report from the 
Committee on Vascular Lesions of the Council on Arteriosclerosis, 
American Heart Association. Circulation 1995;92(5):1355–1374. 
DOI: 10.1161/01.cir.92.5.1355, PMID: 7648691.

[9]   

Gimbrone MA Jr, García-Cardeña G. Endothelial Cell Dysfunction 
and the Pathobiology of Atherosclerosis. Circ Res 2016;118(4):
620–636. DOI: 10.1161/CIRCRESAHA.115.306301, PMID: 26892962.

[10]   

Lusis AJ. Atherosclerosis. Nature 2000;407(6801):233–241. DOI: 
10.1038/35025203, PMID: 11001066.

[11]   

Libby P. Cholesterol and atherosclerosis. Biochimica et Biophysica 
Acta (BBA) - Molecular and Cell Biology of Lipids 2000;1529(1-3):
299–309. DOI: 10.1016/S1388-1981(00)00161-X.

[12]   

Zhang X, Kapoor D, Jeong SJ, Fappi A, Stitham J, Shabrish V, et al. 
Identification of a leucine-mediated threshold effect governing 
macrophage mTOR signalling and cardiovascular risk. Nat Metab 
2024;6(2):359–377. DOI: 10.1038/s42255-024-00984-2, PMID: 
38409323.

[13]   

Chen L, Zhang M, Yang X, Wang Y, Huang T, Li X, et al. Methyl-CpG-
binding 2 K271 lactylation-mediated M2 macrophage polarization 
inhibits atherosclerosis. Theranostics 2024;14(11):4256–4277. DOI: 
10.7150/thno.94738, PMID: 39113793.

[14]   

Adyan A, Bezsonov E, Grebenshchikov E, Grinev A, Bogomolov D. 
Non-coding RNA and Atherosclerosis. Gene Expr 2024;23(1):57–68. 
DOI: 10.14218/GE.2023.00117.

[15]   

Edsfeldt A, Nilsson J.  Understanding autoimmunity in 
atherosclerosis paves the way for novel therapies. Nat Cardiovasc 
Res 2023;2(3):227–229. DOI: 10.1038/s44161-023-00230-0, PMID: 
39196001.

[16]   

Jung SH, Lee KT. Atherosclerosis by Virus Infection-A Short Review. 
B i o m e d i c i n e s  2 0 2 2 ; 1 0 ( 1 0 ) : 2 6 3 4 .  D O I :  1 0 . 3 3 9 0 /
biomedicines10102634, PMID: 36289895.

[17]   

Munusamy G, Shanmugam R. Bacterial  Infections and 
Atherosclerosis - A Mini Review. J Pure Appl Microbiol 2022;16(3):
1595–1607. DOI: 10.22207/JPAM.16.3.08.

[18]   

Italiani P, Boraschi D. Development and Functional Differentiation 
of Tissue-Resident Versus Monocyte-Derived Macrophages in 

[19]   

Inflammatory Reactions. Results Probl Cell Differ 2017;62:23–43. 
DOI: 10.1007/978-3-319-54090-0_2, PMID: 28455704.
Hilgendorf I,  Swirski FK, Robbins CS. Monocyte fate in 
atherosclerosis. Arterioscler Thromb Vasc Biol 2015;35(2):
272–279. DOI: 10.1161/ATVBAHA.114.303565, PMID: 25538208.

[20]   

Trzebanski S, Jung S. Plasticity of monocyte development and 
monocyte fates. Immunol Lett 2020;227:66–78. DOI: 10.1016/j.
imlet.2020.07.007, PMID: 32814154.

[21]   

Narasimhan PB, Marcovecchio P, Hamers AAJ, Hedrick CC. 
Nonclassical Monocytes in Health and Disease. Annu Rev Immunol 
2019;37:439–456. DOI: 10.1146/annurev-immunol-042617-053119, 
PMID: 31026415.

[22]   

Kim KW, Ivanov S, Williams JW. Monocyte Recruitment, 
Specification, and Function in Atherosclerosis. Cells 2020;10(1):15. 
DOI: 10.3390/cells10010015, PMID: 33374145.

[23]   

Sica A, Mantovani A. Macrophage plasticity and polarization: in 
vivo veritas. J Clin Invest 2012;122(3):787–795. DOI: 10.1172/
JCI59643, PMID: 22378047.

[24]   

Geissmann F, Jung S, Littman DR. Blood monocytes consist of two 
principal subsets with distinct migratory properties. Immunity 
2003;19(1):71–82. DOI: 10.1016/s1074-7613(03)00174-2, PMID: 
12871640.

[25]   

Gordon S, Taylor PR. Monocyte and macrophage heterogeneity. 
Nat Rev Immunol 2005;5(12):953–964. DOI: 10.1038/nri1733, 
PMID: 16322748.

[26]   

Hulsmans M, Sager HB, Roh JD, Valero-Muñoz M, Houstis NE, 
Iwamoto Y, et al. Cardiac macrophages promote diastolic 
dysfunction. J Exp Med 2018;215(2):423–440. DOI: 10.1084/jem.
20171274, PMID: 29339450.

[27]   

Meschiari CA, Jung M, Iyer RP, Yabluchanskiy A, Toba H, Garrett 
M R ,  e t  a l .  M a c r o p h a g e  o v e r e x p r e s s i o n  o f  m a t r i x  
metalloproteinase-9 in aged mice improves diastolic physiology 
and cardiac wound healing after myocardial infarction. Am J 
Physiol Heart Circ Physiol 2018;314(2):H224–H235. DOI: 10.1152/
ajpheart.00453.2017, PMID: 29030341.

[28]   

Sutherland TE, Dyer DP, Allen JE. The extracellular matrix and the 
immune system: A mutually dependent relationship. Science 2023;
379(6633):eabp8964. DOI: 10.1126/science.abp8964, PMID: 
36795835.

[29]   

Chinetti-Gbaguidi G, Colin S, Staels B. Macrophage subsets in 
atherosclerosis. Nat Rev Cardiol 2015;12(1):10–17. DOI: 10.1038/
nrcardio.2014.173, PMID: 25367649.

[30]   

Shioi A, Ikari Y. Plaque Calcification During Atherosclerosis 
Progression and Regression. J Atheroscler Thromb 2018;25(4):
294–303. DOI: 10.5551/jat.RV17020, PMID: 29238011.

[31]   

Jinnouchi H, Guo L, Sakamoto A, Torii S, Sato Y, Cornelissen A, et al. 
Diversity of macrophage phenotypes and responses in 
atherosclerosis. Cell Mol Life Sci 2020;77(10):1919–1932. DOI: 10.
1007/s00018-019-03371-3, PMID: 31720740.

[32]   

Kibbie J, Teles RM, Wang Z, Hong P, Montoya D, Krutzik S, et al. 
Jagged1 Instructs Macrophage Differentiation in Leprosy. PLoS 
Pathog 2016;12(8):e1005808. DOI: 10.1371/journal.ppat.1005808, 
PMID: 27532668.

[33]   

Singhal R, Chawla S, Batra H, Gupta S, Ojha A, Rathore DK, et al. 
Engulfment of Hb-activated platelets differentiates monocytes into 
pro-inflammatory macrophages in PNH patients. Eur J Immunol 
2018;48(8):1285–1294. DOI: 10.1002/eji.201747449, PMID: 
29677388.

[34]   

Burbano C, Villar-Vesga J, Vásquez G, Muñoz-Vahos C, Rojas M, [35]   

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.1111/pin.13202
http://www.ncbi.nlm.nih.gov/pubmed/35076127
https://dx.doi.org/10.1038/s41401-023-01088-5
http://www.ncbi.nlm.nih.gov/pubmed/37169852
https://dx.doi.org/10.1038/nri3520
https://dx.doi.org/10.1038/nri3520
http://www.ncbi.nlm.nih.gov/pubmed/23995626
https://dx.doi.org/10.1016/j.cell.2011.04.005
https://dx.doi.org/10.1016/j.cell.2011.04.005
http://www.ncbi.nlm.nih.gov/pubmed/21529710
https://dx.doi.org/10.1089/rej.2006.9.245
http://www.ncbi.nlm.nih.gov/pubmed/16706652
https://dx.doi.org/10.1161/01.cir.89.5.2462
https://dx.doi.org/10.1161/01.cir.89.5.2462
http://www.ncbi.nlm.nih.gov/pubmed/8181179
https://dx.doi.org/10.1161/01.cir.92.5.1355
http://www.ncbi.nlm.nih.gov/pubmed/7648691
https://dx.doi.org/10.1161/CIRCRESAHA.115.306301
http://www.ncbi.nlm.nih.gov/pubmed/26892962
https://dx.doi.org/10.1038/35025203
http://www.ncbi.nlm.nih.gov/pubmed/11001066
https://dx.doi.org/10.1016/S1388-1981(00)00161-X
https://dx.doi.org/10.1038/s42255-024-00984-2
http://www.ncbi.nlm.nih.gov/pubmed/38409323
https://dx.doi.org/10.7150/thno.94738
http://www.ncbi.nlm.nih.gov/pubmed/39113793
https://dx.doi.org/10.14218/GE.2023.00117
https://dx.doi.org/10.1038/s44161-023-00230-0
http://www.ncbi.nlm.nih.gov/pubmed/39196001
https://dx.doi.org/10.3390/biomedicines10102634
https://dx.doi.org/10.3390/biomedicines10102634
http://www.ncbi.nlm.nih.gov/pubmed/36289895
https://dx.doi.org/10.22207/JPAM.16.3.08
https://dx.doi.org/10.1007/978-3-319-54090-0_2
http://www.ncbi.nlm.nih.gov/pubmed/28455704
https://dx.doi.org/10.1161/ATVBAHA.114.303565
http://www.ncbi.nlm.nih.gov/pubmed/25538208
https://dx.doi.org/10.1016/j.imlet.2020.07.007
https://dx.doi.org/10.1016/j.imlet.2020.07.007
http://www.ncbi.nlm.nih.gov/pubmed/32814154
https://dx.doi.org/10.1146/annurev-immunol-042617-053119
http://www.ncbi.nlm.nih.gov/pubmed/31026415
https://dx.doi.org/10.3390/cells10010015
http://www.ncbi.nlm.nih.gov/pubmed/33374145
https://dx.doi.org/10.1172/JCI59643
https://dx.doi.org/10.1172/JCI59643
http://www.ncbi.nlm.nih.gov/pubmed/22378047
https://dx.doi.org/10.1016/s1074-7613(03)00174-2
http://www.ncbi.nlm.nih.gov/pubmed/12871640
https://dx.doi.org/10.1038/nri1733
http://www.ncbi.nlm.nih.gov/pubmed/16322748
https://dx.doi.org/10.1084/jem.20171274
https://dx.doi.org/10.1084/jem.20171274
http://www.ncbi.nlm.nih.gov/pubmed/29339450
https://dx.doi.org/10.1152/ajpheart.00453.2017
https://dx.doi.org/10.1152/ajpheart.00453.2017
http://www.ncbi.nlm.nih.gov/pubmed/29030341
https://dx.doi.org/10.1126/science.abp8964
http://www.ncbi.nlm.nih.gov/pubmed/36795835
https://dx.doi.org/10.1038/nrcardio.2014.173
https://dx.doi.org/10.1038/nrcardio.2014.173
http://www.ncbi.nlm.nih.gov/pubmed/25367649
https://dx.doi.org/10.5551/jat.RV17020
http://www.ncbi.nlm.nih.gov/pubmed/29238011
https://dx.doi.org/10.1007/s00018-019-03371-3
https://dx.doi.org/10.1007/s00018-019-03371-3
http://www.ncbi.nlm.nih.gov/pubmed/31720740
https://dx.doi.org/10.1371/journal.ppat.1005808
http://www.ncbi.nlm.nih.gov/pubmed/27532668
https://dx.doi.org/10.1002/eji.201747449
http://www.ncbi.nlm.nih.gov/pubmed/29677388


Gene Expr Bezsonov E. et al: Macrophages in atherosclerosis

20 DOI: 10.14218/GE.2025.00080  |  Volume 25 Issue 3, July 2026

Castaño D. Proinflammatory Differentiation of Macrophages 
Through Microparticles That Form Immune Complexes Leads to T- 
and B-Cell Activation in Systemic Autoimmune Diseases. Front 
Immunol 2019;10:2058. DOI: 10.3389/fimmu.2019.02058, PMID: 
31555283.
Dominguez-Gutierrez PR, Kusmartsev S, Canales BK, Khan SR. 
Calcium Oxalate Differentiates Human Monocytes Into 
Inflammatory M1 Macrophages. Front Immunol 2018;9:1863. DOI: 
10.3389/fimmu.2018.01863, PMID: 30186283.

[36]   

Fell LH, Seiler-Mußler S, Sellier AB, Rotter B, Winter P, Sester M, et 
al. Impact of individual intravenous iron preparations on the 
differentiation of monocytes towards macrophages and dendritic 
cells. Nephrol Dial Transplant 2016;31(11):1835–1845. DOI: 10.
1093/ndt/gfw045, PMID: 27190361.

[37]   

Huang F, Zhao JL, Wang L, Gao CC, Liang SQ, An DJ, et al. miR-148a-
3p Mediates Notch Signaling to Promote the Differentiation and 
M1 Activation of Macrophages. Front Immunol 2017;8:1327. DOI: 
10.3389/fimmu.2017.01327, PMID: 29085372.

[38]   

Gordon S. Alternative activation of macrophages. Nat Rev Immunol 
2003;3(1):23–35. DOI: 10.1038/nri978, PMID: 12511873.

[39]   

Domschke G, Gleissner CA. CXCL4-induced macrophages in human 
atherosclerosis. Cytokine 2019;122:154141. DOI: 10.1016/j.cyto.
2017.08.021, PMID: 28899579.

[40]   

Chinetti-Gbaguidi G, Baron M, Bouhlel MA, Vanhoutte J, Copin C, 
Sebti Y, et al. Human atherosclerotic plaque alternative 
macrophages display low cholesterol handling but high 
phagocytosis because of distinct activities of the PPARγ and LXRα 
pathways. Circ Res 2011;108(8):985–995. DOI: 10.1161/
CIRCRESAHA.110.233775, PMID: 21350215.

[41]   

Murray PJ, Wynn TA. Protective and pathogenic functions of 
macrophage subsets. Nat Rev Immunol 2011;11(11):723–737. DOI: 
10.1038/nri3073, PMID: 21997792.

[42]   

Zizzo G, Hilliard BA, Monestier M, Cohen PL. Efficient clearance of 
early apoptotic cells by human macrophages requires M2c 
polarization and MerTK induction. J Immunol 2012;189(7):
3508–3520. DOI: 10.4049/jimmunol.1200662, PMID: 22942426.

[43]   

Solanki K, Rajpoot S, Bezsonov EE, Orekhov AN, Saluja R, Wary A, et 
al. The expanding roles of neuronal nitric oxide synthase (NOS1). 
PeerJ 2022;10:e13651. DOI: 10.7717/peerj.13651, PMID: 35821897.

[44]   

Barrett TJ. Macrophages in Atherosclerosis Regression. Arterioscler 
Thromb Vasc Biol 2020;40(1):20–33. DOI: 10.1161/ATVBAHA.119.
312802, PMID: 31722535.

[45]   

Wen G, Zhang C, Chen Q, Luong le A, Mustafa A, Ye S, et al. A Novel 
Role of Matrix Metalloproteinase-8 in Macrophage Differentiation 
and Polarization. J Biol Chem 2015;290(31):19158–19172. DOI: 10.
1074/jbc.M114.634022, PMID: 26092731.

[46]   

Cathcart MK, Bhattacharjee A. Monoamine oxidase A (MAO-A): a 
signature marker of alternatively activated monocytes/
macrophages. Inflamm Cell Signal 2014;1(4):e161. DOI: 10.14800/
ics.161, PMID: 26052543.

[47]   

Saha B, Kodys K, Szabo G. Hepatitis C Virus-Induced Monocyte 
Differentiation Into Polarized M2 Macrophages Promotes Stellate 
Cell Activation via TGF-β. Cell Mol Gastroenterol Hepatol 2016;
2(3):302–316.e8. DOI: 10.1016/j.jcmgh.2015.12.005, PMID: 
28090562.

[48]   

Zhang Q, Wang Y, Zhai N, Song H, Li H, Yang Y, et al. HCV core 
protein inhibits polarization and activity of both M1 and M2 
macrophages through the TLR2 signaling pathway. Sci Rep 2016;6:
36160. DOI: 10.1038/srep36160, PMID: 27786268.

[49]   

Li Y, Cai L, Wang H, Wu P, Gu W, Chen Y, et al. Pleiotropic 
regulation of macrophage polarization and tumorigenesis by 
formyl peptide receptor-2. Oncogene 2011;30(36):3887–3899. 
DOI: 10.1038/onc.2011.112, PMID: 21499310.

[50]   

Colin S, Chinetti-Gbaguidi G, Staels B. Macrophage phenotypes in 
atherosclerosis. Immunol Rev 2014;262(1):153–166. DOI: 10.1111/
imr.12218, PMID: 25319333.

[51]   

Vogel DY, Heijnen PD, Breur M, de Vries HE, Tool AT, Amor S, et al. 
Macrophages migrate in an activation-dependent manner to 
chemokines involved in neuroinflammation. J Neuroinflammation 
2014;11:23. DOI: 10.1186/1742-2094-11-23,, PMID: 24485070.

[52]   

Landis RC, Philippidis P, Domin J, Boyle JJ, Haskard DO. Haptoglobin 
Genotype-Dependent Anti-Inflammatory Signaling in CD163(+) 
Macrophages. Int J Inflam 2013;2013:980327. DOI: 10.1155/2013/
980327, PMID: 23710416.

[53]   

Boyle JJ, Johns M, Kampfer T, Nguyen AT, Game L, Schaer DJ, et al. 
Activating transcription factor 1 directs Mhem atheroprotective 
macrophages through coordinated iron handling and foam cell 
protection. Circ Res 2012;110(1):20–33. DOI: 10.1161/
CIRCRESAHA.111.247577, PMID: 22052915.

[54]   

Tanay A,  Regev A.  Scal ing s ingle-cel l  genomics from 
phenomenology to mechanism. Nature 2017;541(7637):331–338. 
DOI: 10.1038/nature21350, PMID: 28102262.

[55]   

Cochain C, Vafadarnejad E, Arampatzi P, Pelisek J, Winkels H, Ley K, 
et al. Single-Cell RNA-Seq Reveals the Transcriptional Landscape 
and Heterogeneity of  Aort ic  Macrophages in Murine 
Atherosclerosis. Circ Res 2018;122(12):1661–1674. DOI: 10.1161/
CIRCRESAHA.117.312509, PMID: 29545365.

[56]   

Winkels H, Ehinger E, Vassallo M, Buscher K, Dinh HQ, Kobiyama K, 
et al. Atlas of the Immune Cell Repertoire in Mouse Atherosclerosis 
Defined by Single-Cell RNA-Sequencing and Mass Cytometry. Circ 
Res 2018;122(12):1675–1688. DOI: 10.1161/CIRCRESAHA.117.
312513, PMID: 29545366.

[57]   

Wil lemsen L,  de Winther MP. Macrophage subsets in 
atherosclerosis as defined by single-cell technologies. J Pathol 
2020;250(5):705–714. DOI: 10.1002/path.5392, PMID: 32003464.

[58]   

Dib L, Koneva LA, Edsfeldt A, Zurke YX, Sun J, Nitulescu M, et al. 
Lipid-associated macrophages transition to an inflammatory state 
in human atherosclerosis increasing the risk of cerebrovascular 
complications. Nat Cardiovasc Res 2023;2(7):656–672. DOI: 10.
1038/s44161-023-00295-x, PMID: 38362263.

[59]   

Bashore AC, Yan H, Xue C, Zhu LY, Kim E, Mawson T, et al. High-
Dimensional Single-Cell Multimodal Landscape of Human Carotid 
Atherosclerosis. Arterioscler Thromb Vasc Biol 2024;44(4):
930–945. DOI: 10.1161/ATVBAHA.123.320524, PMID: 38385291.

[60]   

Wang X, Wang Y, Yang L, Zhang Y, Yang L. TREM2(+) macrophages: 
a key role in disease development. Front Immunol 2025;16:
1550893. DOI: 10.3389/fimmu.2025.1550893, PMID: 40242752.

[61]   

Piollet M, Porsch F, Rizzo G, Kapser F, Schulz DJJ, Kiss MG, et al. 
TREM2 protects from atherosclerosis by limiting necrotic core 
formation. Nat Cardiovasc Res 2024;3:269–282. DOI: 10.1038/
s44161-024-00429-9, PMID: 38974464.

[62]   

Yang J, Zhang L, Yu C, Yang XF, Wang H. Monocyte and 
macrophage differentiation: circulation inflammatory monocyte as 
biomarker for inflammatory diseases. Biomark Res 2014;2(1):1. 
DOI: 10.1186/2050-7771-2-1, PMID: 24398220.

[63]   

Wei Q, Deng Y, Yang Q, Zhan A, Wang L. The markers to delineate 
different phenotypes of macrophages related to metabolic 
disorders. Front Immunol 2023;14:1084636. DOI: 10.3389/fimmu.

[64]   

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.3389/fimmu.2019.02058
http://www.ncbi.nlm.nih.gov/pubmed/31555283
https://dx.doi.org/10.3389/fimmu.2018.01863
http://www.ncbi.nlm.nih.gov/pubmed/30186283
https://dx.doi.org/10.1093/ndt/gfw045
https://dx.doi.org/10.1093/ndt/gfw045
http://www.ncbi.nlm.nih.gov/pubmed/27190361
https://dx.doi.org/10.3389/fimmu.2017.01327
http://www.ncbi.nlm.nih.gov/pubmed/29085372
https://dx.doi.org/10.1038/nri978
http://www.ncbi.nlm.nih.gov/pubmed/12511873
https://dx.doi.org/10.1016/j.cyto.2017.08.021
https://dx.doi.org/10.1016/j.cyto.2017.08.021
http://www.ncbi.nlm.nih.gov/pubmed/28899579
https://dx.doi.org/10.1161/CIRCRESAHA.110.233775
https://dx.doi.org/10.1161/CIRCRESAHA.110.233775
http://www.ncbi.nlm.nih.gov/pubmed/21350215
https://dx.doi.org/10.1038/nri3073
http://www.ncbi.nlm.nih.gov/pubmed/21997792
https://dx.doi.org/10.4049/jimmunol.1200662
http://www.ncbi.nlm.nih.gov/pubmed/22942426
https://dx.doi.org/10.7717/peerj.13651
http://www.ncbi.nlm.nih.gov/pubmed/35821897
https://dx.doi.org/10.1161/ATVBAHA.119.312802
https://dx.doi.org/10.1161/ATVBAHA.119.312802
http://www.ncbi.nlm.nih.gov/pubmed/31722535
https://dx.doi.org/10.1074/jbc.M114.634022
https://dx.doi.org/10.1074/jbc.M114.634022
http://www.ncbi.nlm.nih.gov/pubmed/26092731
https://dx.doi.org/10.14800/ics.161
https://dx.doi.org/10.14800/ics.161
http://www.ncbi.nlm.nih.gov/pubmed/26052543
https://dx.doi.org/10.1016/j.jcmgh.2015.12.005
http://www.ncbi.nlm.nih.gov/pubmed/28090562
https://dx.doi.org/10.1038/srep36160
http://www.ncbi.nlm.nih.gov/pubmed/27786268
https://dx.doi.org/10.1038/onc.2011.112
http://www.ncbi.nlm.nih.gov/pubmed/21499310
https://dx.doi.org/10.1111/imr.12218
https://dx.doi.org/10.1111/imr.12218
http://www.ncbi.nlm.nih.gov/pubmed/25319333
https://dx.doi.org/10.1186/1742-2094-11-23,
http://www.ncbi.nlm.nih.gov/pubmed/24485070
https://dx.doi.org/10.1155/2013/980327
https://dx.doi.org/10.1155/2013/980327
http://www.ncbi.nlm.nih.gov/pubmed/23710416
https://dx.doi.org/10.1161/CIRCRESAHA.111.247577
https://dx.doi.org/10.1161/CIRCRESAHA.111.247577
http://www.ncbi.nlm.nih.gov/pubmed/22052915
https://dx.doi.org/10.1038/nature21350
http://www.ncbi.nlm.nih.gov/pubmed/28102262
https://dx.doi.org/10.1161/CIRCRESAHA.117.312509
https://dx.doi.org/10.1161/CIRCRESAHA.117.312509
http://www.ncbi.nlm.nih.gov/pubmed/29545365
https://dx.doi.org/10.1161/CIRCRESAHA.117.312513
https://dx.doi.org/10.1161/CIRCRESAHA.117.312513
http://www.ncbi.nlm.nih.gov/pubmed/29545366
https://dx.doi.org/10.1002/path.5392
http://www.ncbi.nlm.nih.gov/pubmed/32003464
https://dx.doi.org/10.1038/s44161-023-00295-x
https://dx.doi.org/10.1038/s44161-023-00295-x
http://www.ncbi.nlm.nih.gov/pubmed/38362263
https://dx.doi.org/10.1161/ATVBAHA.123.320524
http://www.ncbi.nlm.nih.gov/pubmed/38385291
https://dx.doi.org/10.3389/fimmu.2025.1550893
http://www.ncbi.nlm.nih.gov/pubmed/40242752
https://dx.doi.org/10.1038/s44161-024-00429-9
https://dx.doi.org/10.1038/s44161-024-00429-9
http://www.ncbi.nlm.nih.gov/pubmed/38974464
https://dx.doi.org/10.1186/2050-7771-2-1
http://www.ncbi.nlm.nih.gov/pubmed/24398220
https://dx.doi.org/10.3389/fimmu.2023.1084636


Bezsonov E. et al: Macrophages in atherosclerosis Gene Expr

DOI: 10.14218/GE.2025.00080  |  Volume 25 Issue 3, July 2026 21

2023.1084636, PMID: 36814909.
Wang L, Cheng CK, Yi M, Lui KO, Huang Y. Targeting endothelial 
dysfunction and inflammation. J Mol Cell Cardiol 2022;168:58–67. 
DOI: 10.1016/j.yjmcc.2022.04.011, PMID: 35460762.

[65]   

Gusev E, Sarapultsev A. Atherosclerosis and Inflammation: Insights 
from the Theory of General Pathological Processes. Int J Mol Sci 
2023;24(9):7910. DOI: 10.3390/ijms24097910, PMID: 37175617.

[66]   

Elstad MR, La Pine TR, Cowley FS, McEver RP, McIntyre TM, 
Prescott SM, et al. P-selectin regulates platelet-activating factor 
synthesis and phagocytosis by monocytes. J Immunol 1995;155(4):
2109–2122. DOI: 10.4049/jimmunol.155.4.2109, PMID: 7543539.

[67]   

Xu H, Jiang J, Chen W, Li W, Chen Z. Vascular Macrophages in 
Atherosclerosis. J Immunol Res 2019;2019:4354786. DOI: 10.1155/
2019/4354786, PMID: 31886303.

[68]   

Liao JK. Linking endothelial dysfunction with endothelial cell 
activation. J Clin Invest 2013;123(2):540–541. DOI: 10.1172/
JCI66843, PMID: 23485580.

[69]   

Kralova Lesna I, Kralova A, Cejkova S, Fronek J, Petras M, Sekerkova 
A, et al. Characterisation and comparison of adipose tissue 
macrophages from human subcutaneous, visceral and perivascular 
adipose tissue. J Transl Med 2016;14(1):208. DOI: 10.1186/s12967-
016-0962-1, PMID: 27400732.

[70]   

Cejkova S, Kubatova H, Thieme F, Janousek L, Fronek J, Poledne R, 
et al. The effect of cytokines produced by human adipose tissue on 
monocyte adhesion to the endothelium. Cell Adh Migr 2019;13(1):
293–302. DOI: 10.1080/19336918.2019.1644856, PMID: 31331230.

[71]   

Luscinskas FW, Gerszten RE, Garcia-Zepeda EA, Lim YC, Yoshida M, 
Ding HA, et al. C-C and C-X-C chemokines trigger firm adhesion of 
monocytes to vascular endothelium under flow conditions. Ann N 
Y Acad Sci 2000;902:288–293. DOI: 10.1111/j.1749-6632.2000.
tb06324.x, PMID: 10865849.

[72]   

Pawlos A, Broncel M, Woźniak E, Markiewicz Ł, Piastowska-
Ciesielska A, Gorzelak-Pabiś P. SGLT2 Inhibitors May Restore 
Endothelial Barrier Interrupted by 25-Hydroxycholesterol. 
Molecules 2023;28(3):1112. DOI: 10.3390/molecules28031112, 
PMID: 36770777.

[73]   

Schenkel AR, Mamdouh Z, Muller WA. Locomotion of monocytes 
on endothelium is a critical step during extravasation. Nat 
Immunol 2004;5(4):393–400. DOI: 10.1038/ni1051, PMID: 
15021878.

[74]   

Kim K, Shim D, Lee JS, Zaitsev K, Williams JW, Kim KW, et al. 
Transcriptome Analysis Reveals Nonfoamy Rather Than Foamy 
Plaque Macrophages Are Proinflammatory in Atherosclerotic 
Murine Models. Circ Res 2018;123(10):1127–1142. DOI: 10.1161/
CIRCRESAHA.118.312804, PMID: 30359200.

[75]   

Lin P, Ji HH, Li YJ, Guo SD. Macrophage Plasticity and 
Atherosclerosis Therapy. Front Mol Biosci 2021;8:679797. DOI: 10.
3389/fmolb.2021.679797, PMID: 34026849.

[76]   

Glanz V, Bezsonov EE, Soldatov V, Orekhov AN. Thirty-Five-Year 
History of Desialylated Lipoproteins Discovered by Vladimir Tertov. 
B i o m e d i c i n e s  2 0 2 2 ; 1 0 ( 5 ) : 1 1 7 4 .  D O I :  1 0 . 3 3 9 0 /
biomedicines10051174, PMID: 35625910.

[77]   

Malekmohammad K, Bezsonov EE, Rafieian-Kopaei M. Role of Lipid 
Accumulation and Inflammation in Atherosclerosis: Focus on 
Molecular and Cellular Mechanisms. Front Cardiovasc Med 2021;8:
707529. DOI: 10.3389/fcvm.2021.707529, PMID: 34552965.

[78]   

Wang B, Tang X, Yao L, Wang Y, Chen Z, Li M, et al. Disruption of 
USP9X in macrophages promotes foam cell formation and 
atherosclerosis. J Clin Invest 2022;132(10):e154217. DOI: 10.1172/

[79]   

JCI154217, PMID: 35389885.
Stewart CR, Stuart LM, Wilkinson K, van Gils JM, Deng J, Halle A, et 
al. CD36 ligands promote sterile inflammation through assembly of 
a Toll-like receptor 4 and 6 heterodimer. Nat Immunol 2010;11(2):
155–161. DOI: 10.1038/ni.1836, PMID: 20037584.

[80]   

Seimon TA, Nadolski MJ, Liao X, Magallon J, Nguyen M, Feric NT, et 
al. Atherogenic lipids and lipoproteins trigger CD36-TLR2-
dependent apoptosis in macrophages undergoing endoplasmic 
reticulum stress. Cell Metab 2010;12(5):467–482. DOI: 10.1016/j.
cmet.2010.09.010, PMID: 21035758.

[81]   

Ben J, Zhu X, Zhang H, Chen Q. Class A1 scavenger receptors in 
cardiovascular diseases. Br J Pharmacol 2015;172(23):5523–5530. 
DOI: 10.1111/bph.13105, PMID: 25651870.

[82]   

Dergunov AD, Baserova VB. Different Pathways of Cellular 
Cholesterol Efflux. Cell Biochem Biophys 2022;80(3):471–481. DOI: 
10.1007/s12013-022-01081-5, PMID: 35737216.

[83]   

Yu XH, Tang CK. ABCA1, ABCG1, and Cholesterol Homeostasis. Adv 
Exp Med Biol 2022;1377:95–107. DOI: 10.1007/978-981-19-1592-
5_7, PMID: 35575923.

[84]   

Wang N, Westerterp M. ABC Transporters, Cholesterol Efflux, and 
Implications for Cardiovascular Diseases. Adv Exp Med Biol 2020;
1276:67–83. DOI: 10.1007/978-981-15-6082-8_6, PMID: 32705595.

[85]   

Qi H, Ogura M, Matsuda K, Miida T. Enhancement of ABCA1 and 
ABCG1 Expression and Cholesterol Efflux by a Metabolite of 
Tipelukast: A Potential Therapeutic Strategy for Atherosclerosis. J 
Atheroscler Thromb 2026;33(1):55–77. DOI: 10.5551/jat.65669, 
PMID: 40850750.

[86]   

Canfrán-Duque A, Rotllan N, Zhang X, Andrés-Blasco I, Thompson 
BM, Sun J, et al. Macrophage-Derived 25-Hydroxycholesterol 
Promotes Vascular Inflammation, Atherogenesis, and Lesion 
Remodeling. Circulation 2023;147(5):388–408. DOI: 10.1161/
CIRCULATIONAHA.122.059062, PMID: 36416142.

[87]   

Huangfu N, Ma H, Tian M, Zhang J, Wang Y, Li Z, et al. DHX9 
Strengthens Atherosclerosis Progression By Promoting 
Inflammation in Macrophages. Inflammation 2023;46(5):
1725–1738. DOI: 10.1007/s10753-023-01836-z, PMID: 37326773.

[88]   

Arulsamy K, Cui K, Zhu B, Wang B, Eisa-Beygi S, Voronova A, et al. 
Single-Cell Analysis Reveals a Critical Role for Macrophage Epsins in 
Regulating the Origin of Foam Cells in Atherosclerosis. Arterioscler 
Thromb Vasc Biol 2025;45(11):e523–e543. DOI: 10.1161/
ATVBAHA.125.323288, PMID: 40931837.

[89]   

van Tits LJ, Stienstra R, van Lent PL, Netea MG, Joosten LA, 
Stalenhoef AF. Oxidized LDL enhances pro-inflammatory responses 
of alternatively activated M2 macrophages: a crucial role for 
Krüppel-like factor 2. Atherosclerosis 2011;214(2):345–349. DOI: 
10.1016/j.atherosclerosis.2010.11.018, PMID: 21167486.

[90]   

Duewell P, Kono H, Rayner KJ, Sirois CM, Vladimer G, Bauernfeind 
FG, et al. NLRP3 inflammasomes are required for atherogenesis 
and activated by cholesterol crystals. Nature 2010;464(7293):
1357–1361. DOI: 10.1038/nature08938, PMID: 20428172.

[91]   

Adamson S, Leitinger N. Phenotypic modulation of macrophages in 
response to plaque lipids. Curr Opin Lipidol 2011;22(5):335–342. 
DOI: 10.1097/MOL.0b013e32834a97e4, PMID: 21841486.

[92]   

Gargiulo S, Gamba P, Sottero B, Biasi F, Chiarpotto E, Serviddio G, 
et al. The core-aldehyde 9-oxononanoyl cholesterol increases the 
level of transforming growth factor beta1-specific receptors on 
promonocytic U937 cell membranes. Aging Cell 2009;8(2):77–87. 
DOI: 10.1111/j.1474-9726.2009.00454.x, PMID: 19302374.

[93]   

Titos E, Rius B, González-Périz A, López-Vicario C, Morán-Salvador [94]   

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.3389/fimmu.2023.1084636
http://www.ncbi.nlm.nih.gov/pubmed/36814909
https://dx.doi.org/10.1016/j.yjmcc.2022.04.011
http://www.ncbi.nlm.nih.gov/pubmed/35460762
https://dx.doi.org/10.3390/ijms24097910
http://www.ncbi.nlm.nih.gov/pubmed/37175617
https://dx.doi.org/10.4049/jimmunol.155.4.2109
http://www.ncbi.nlm.nih.gov/pubmed/7543539
https://dx.doi.org/10.1155/2019/4354786
https://dx.doi.org/10.1155/2019/4354786
http://www.ncbi.nlm.nih.gov/pubmed/31886303
https://dx.doi.org/10.1172/JCI66843
https://dx.doi.org/10.1172/JCI66843
http://www.ncbi.nlm.nih.gov/pubmed/23485580
https://dx.doi.org/10.1186/s12967-016-0962-1
https://dx.doi.org/10.1186/s12967-016-0962-1
http://www.ncbi.nlm.nih.gov/pubmed/27400732
https://dx.doi.org/10.1080/19336918.2019.1644856
http://www.ncbi.nlm.nih.gov/pubmed/31331230
https://dx.doi.org/10.1111/j.1749-6632.2000.tb06324.x
https://dx.doi.org/10.1111/j.1749-6632.2000.tb06324.x
http://www.ncbi.nlm.nih.gov/pubmed/10865849
https://dx.doi.org/10.3390/molecules28031112
http://www.ncbi.nlm.nih.gov/pubmed/36770777
https://dx.doi.org/10.1038/ni1051
http://www.ncbi.nlm.nih.gov/pubmed/15021878
https://dx.doi.org/10.1161/CIRCRESAHA.118.312804
https://dx.doi.org/10.1161/CIRCRESAHA.118.312804
http://www.ncbi.nlm.nih.gov/pubmed/30359200
https://dx.doi.org/10.3389/fmolb.2021.679797
https://dx.doi.org/10.3389/fmolb.2021.679797
http://www.ncbi.nlm.nih.gov/pubmed/34026849
https://dx.doi.org/10.3390/biomedicines10051174
https://dx.doi.org/10.3390/biomedicines10051174
http://www.ncbi.nlm.nih.gov/pubmed/35625910
https://dx.doi.org/10.3389/fcvm.2021.707529
http://www.ncbi.nlm.nih.gov/pubmed/34552965
https://dx.doi.org/10.1172/JCI154217
https://dx.doi.org/10.1172/JCI154217
http://www.ncbi.nlm.nih.gov/pubmed/35389885
https://dx.doi.org/10.1038/ni.1836
http://www.ncbi.nlm.nih.gov/pubmed/20037584
https://dx.doi.org/10.1016/j.cmet.2010.09.010
https://dx.doi.org/10.1016/j.cmet.2010.09.010
http://www.ncbi.nlm.nih.gov/pubmed/21035758
https://dx.doi.org/10.1111/bph.13105
http://www.ncbi.nlm.nih.gov/pubmed/25651870
https://dx.doi.org/10.1007/s12013-022-01081-5
http://www.ncbi.nlm.nih.gov/pubmed/35737216
https://dx.doi.org/10.1007/978-981-19-1592-5_7
https://dx.doi.org/10.1007/978-981-19-1592-5_7
http://www.ncbi.nlm.nih.gov/pubmed/35575923
https://dx.doi.org/10.1007/978-981-15-6082-8_6
http://www.ncbi.nlm.nih.gov/pubmed/32705595
https://dx.doi.org/10.5551/jat.65669
http://www.ncbi.nlm.nih.gov/pubmed/40850750
https://dx.doi.org/10.1161/CIRCULATIONAHA.122.059062
https://dx.doi.org/10.1161/CIRCULATIONAHA.122.059062
http://www.ncbi.nlm.nih.gov/pubmed/36416142
https://dx.doi.org/10.1007/s10753-023-01836-z
http://www.ncbi.nlm.nih.gov/pubmed/37326773
https://dx.doi.org/10.1161/ATVBAHA.125.323288
https://dx.doi.org/10.1161/ATVBAHA.125.323288
http://www.ncbi.nlm.nih.gov/pubmed/40931837
https://dx.doi.org/10.1016/j.atherosclerosis.2010.11.018
http://www.ncbi.nlm.nih.gov/pubmed/21167486
https://dx.doi.org/10.1038/nature08938
http://www.ncbi.nlm.nih.gov/pubmed/20428172
https://dx.doi.org/10.1097/MOL.0b013e32834a97e4
http://www.ncbi.nlm.nih.gov/pubmed/21841486
https://dx.doi.org/10.1111/j.1474-9726.2009.00454.x
http://www.ncbi.nlm.nih.gov/pubmed/19302374


Gene Expr Bezsonov E. et al: Macrophages in atherosclerosis

22 DOI: 10.14218/GE.2025.00080  |  Volume 25 Issue 3, July 2026

E, Martínez-Clemente M, et al. Resolvin D1 and its precursor 
docosahexaenoic acid promote resolution of adipose tissue 
inflammation by eliciting macrophage polarization toward an M2-
like phenotype. J Immunol 2011;187(10):5408–5418. DOI: 10.
4049/jimmunol.1100225, PMID: 22013115.
McCarthy C, Duffy MM, Mooney D, James WG, Griffin MD, 
Fitzgerald DJ, et al. IL-10 mediates the immunoregulatory response 
in conjugated linoleic acid-induced regression of atherosclerosis. 
FASEB J 2013;27(2):499–510. DOI: 10.1096/fj.12-215442, PMID: 
23070607.

[95]   

Hughes JE, Srinivasan S, Lynch KR, Proia RL, Ferdek P, Hedrick CC. 
Sphingosine-1-phosphate induces an antiinflammatory phenotype 
in macrophages. Circ Res 2008;102(8):950–958. DOI: 10.1161/
CIRCRESAHA.107.170779, PMID: 18323526.

[96]   

Rinne P, Guillamat-Prats R, Rami M, Bindila L, Ring L, Lyytikäinen 
LP, et al. Palmitoylethanolamide Promotes a Proresolving 
Macrophage Phenotype and Attenuates Atherosclerotic Plaque 
Formation. Arterioscler Thromb Vasc Biol 2018;38(11):2562–2575. 
DOI: 10.1161/ATVBAHA.118.311185, PMID: 30354245.

[97]   

Guo Y, Yuan W, Yu B, Kuai R, Hu W, Morin EE, et al. Synthetic High-
Density Lipoprotein-Mediated Targeted Delivery of Liver X 
Receptors Agonist Promotes Atherosclerosis Regression. 
EBioMedicine 2018;28:225–233. DOI: 10.1016/j.ebiom.2017.12.
021, PMID: 29361501.

[98]   

Guo M, Xiao J, Sheng X, Zhang X, Tie Y, Wang L, et al. Ginsenoside 
Rg3 Mitigates Atherosclerosis Progression in Diabetic apoE-/- Mice 
by Skewing Macrophages to the M2 Phenotype. Front Pharmacol 
2018;9:464. DOI: 10.3389/fphar.2018.00464, PMID: 29867472.

[99]   

Kawai K, Kawakami R, Finn AV, Virmani R. Differences in Stable and 
Unstable Atherosclerotic Plaque. Arterioscler Thromb Vasc Biol 
2024;44(7):1474–1484. DOI: 10.1161/ATVBAHA.124.319396, 
PMID: 38924440.

[100]   

Stöger JL, Gijbels MJ, van der Velden S, Manca M, van der Loos CM, 
Biessen EA, et al. Distribution of macrophage polarization markers 
in human atherosclerosis. Atherosclerosis 2012;225(2):461–468. 
DOI: 10.1016/j.atherosclerosis.2012.09.013, PMID: 23078881.

[101]   

de Gaetano M, Crean D, Barry M, Belton O. M1- and M2-Type 
Macrophage Responses Are Predictive of Adverse Outcomes in 
Human Atherosclerosis. Front Immunol 2016;7:275. DOI: 10.3389/
fimmu.2016.00275, PMID: 27486460.

[102]   

Peled M, Fisher EA. Dynamic Aspects of Macrophage Polarization 
during Atherosclerosis Progression and Regression. Front Immunol 
2014;5:579. DOI: 10.3389/fimmu.2014.00579, PMID: 25429291.

[103]   

Boyle JJ, Johns M, Lo J, Chiodini A, Ambrose N, Evans PC, et al. 
Heme induces heme oxygenase 1 via Nrf2: role in the homeostatic 
macrophage response to intraplaque hemorrhage. Arterioscler 
Thromb Vasc Biol 2011;31(11):2685–2691. DOI: 10.1161/
ATVBAHA.111.225813, PMID: 21868703.

[104]   

Khallou-Laschet J, Varthaman A, Fornasa G, Compain C, Gaston AT, 
Clement M, et al. Macrophage plasticity in experimental 
atherosclerosis. PLoS One 2010;5(1):e8852. DOI: 10.1371/journal.
pone.0008852, PMID: 20111605.

[105]   

Wang Y, Zhang Y, Li J, Li C, Zhao R, Shen C, et al. Hypoxia Induces 
M2 Macrophages to Express VSIG4 and Mediate Cardiac Fibrosis 
After Myocardial Infarction. Theranostics 2023;13(7):2192–2209. 
DOI: 10.7150/thno.78736, PMID: 37153746.

[106]   

Dong Z, Hou L, Luo W, Pan LH, Li X, Tan HP, et al. Myocardial 
infarction drives trained immunity of monocytes, accelerating 
atherosclerosis. Eur Heart J 2024;45(9):669–684. DOI: 10.1093/

[107]   

eurheartj/ehad787, PMID: 38085922.
Katsuda S, Kaji T. Atherosclerosis and extracellular matrix. J 
Atheroscler Thromb 2003;10(5):267–274. DOI: 10.5551/jat.10.267, 
PMID: 14718743.

[108]   

Susser LI, Rayner KJ. Through the layers: how macrophages drive 
atherosclerosis across the vessel wall. J Clin Invest 2022;132(9):
e157011. DOI: 10.1172/JCI157011, PMID: 35499077.

[109]   

Williams KJ, Tabas I. The response-to-retention hypothesis of early 
atherogenesis. Arterioscler Thromb Vasc Biol 1995;15(5):551–561. 
DOI: 10.1161/01.atv.15.5.551, PMID: 7749869.

[110]   

Chistiakov DA, Sobenin IA, Orekhov AN. Vascular extracellular 
matrix in atherosclerosis. Cardiol Rev 2013;21(6):270–288. DOI: 10.
1097/CRD.0b013e31828c5ced, PMID: 23422022.

[111]   

Virmani R, Burke AP, Kolodgie FD, Farb A. Vulnerable plaque: the 
pathology of unstable coronary lesions. J Interv Cardiol 2002;15(6):
439–446. DOI: 10.1111/j.1540-8183.2002.tb01087.x, PMID: 
12476646.

[112]   

Zhang Y, Zhang H, Zhao S, Qi Z, He Y, Zhang X, et al. S-Nitrosylation 
of Septin2 Exacerbates Aortic Aneurysm and Dissection by 
Coupling the TIAM1-RAC1 Axis in Macrophages. Circulation 2024;
149(24):1903–1920. DOI: 10.1161/CIRCULATIONAHA.123.066404, 
PMID: 38357802.

[113]   

Moriya J. Critical roles of inflammation in atherosclerosis. J Cardiol 
2019;73(1):22–27. DOI: 10.1016/j.jjcc.2018.05.010, PMID: 
29907363.

[114]   

Taleb S. Inflammation in atherosclerosis. Arch Cardiovasc Dis 2016;
109(12):708–715. DOI: 10.1016/j.acvd.2016.04.002, PMID: 
27595467.

[115]   

Ait-Oufella H, Salomon BL, Potteaux S, Robertson AK, Gourdy P, 
Zoll J, et al. Natural regulatory T cells control the development of 
atherosclerosis in mice. Nat Med 2006;12(2):178–180. DOI: 10.
1038/nm1343, PMID: 16462800.

[116]   

Cherepanova OA, Srikakulapu P, Greene ES, Chaklader M, Haskins 
RM, McCanna ME, et al. Novel Autoimmune IgM Antibody 
Attenuates Atherosclerosis in IgM Deficient Low-Fat Diet-Fed, but 
Not Western Diet-Fed Apoe(-/-) Mice. Arterioscler Thromb Vasc 
Biol 2020;40(1):206–219. DOI: 10.1161/ATVBAHA.119.312771, 
PMID: 31645128.

[117]   

Soehnlein O. Multiple roles for neutrophils in atherosclerosis. Circ 
Res 2012;110(6):875–888. DOI: 10.1161/CIRCRESAHA.111.257535, 
PMID: 22427325.

[118]   

Yang B, Hang S, Xu S, Gao Y, Yu W, Zang G, et al. Macrophage 
polarisation and inflammatory mechanisms in atherosclerosis: 
Implications for prevention and treatment. Heliyon 2024;10(11):
e32073. DOI: 10.1016/j.heliyon.2024.e32073, PMID: 38873669.

[119]   

Wu J, He S, Song Z, Chen S, Lin X, Sun H, et al. Macrophage 
polarization states in atherosclerosis. Front Immunol 2023;14:
1185587. DOI: 10.3389/fimmu.2023.1185587, PMID: 37207214.

[120]   

Su Y, Wang H, Liu H, Tang Y. Macrophage efferocytosis: 
Mechanisms and therapeutic opportunities for future 
cardiovascular diseases. Int Immunopharmacol 2026;168(Pt 2):
115899. DOI: 10.1016/j.intimp.2025.115899, PMID: 41273840.

[121]   

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, PMID: 37298518.

[122]   

Lang R, Patel D, Morris JJ, Rutschman RL, Murray PJ. Shaping gene 
expression in activated and resting primary macrophages by IL-10. 
J Immunol 2002;169(5):2253–2263. DOI: 10.4049/jimmunol.169.5.

[123]   

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.4049/jimmunol.1100225
https://dx.doi.org/10.4049/jimmunol.1100225
http://www.ncbi.nlm.nih.gov/pubmed/22013115
https://dx.doi.org/10.1096/fj.12-215442
http://www.ncbi.nlm.nih.gov/pubmed/23070607
https://dx.doi.org/10.1161/CIRCRESAHA.107.170779
https://dx.doi.org/10.1161/CIRCRESAHA.107.170779
http://www.ncbi.nlm.nih.gov/pubmed/18323526
https://dx.doi.org/10.1161/ATVBAHA.118.311185
http://www.ncbi.nlm.nih.gov/pubmed/30354245
https://dx.doi.org/10.1016/j.ebiom.2017.12.021
https://dx.doi.org/10.1016/j.ebiom.2017.12.021
http://www.ncbi.nlm.nih.gov/pubmed/29361501
https://dx.doi.org/10.3389/fphar.2018.00464
http://www.ncbi.nlm.nih.gov/pubmed/29867472
https://dx.doi.org/10.1161/ATVBAHA.124.319396
http://www.ncbi.nlm.nih.gov/pubmed/38924440
https://dx.doi.org/10.1016/j.atherosclerosis.2012.09.013
http://www.ncbi.nlm.nih.gov/pubmed/23078881
https://dx.doi.org/10.3389/fimmu.2016.00275
https://dx.doi.org/10.3389/fimmu.2016.00275
http://www.ncbi.nlm.nih.gov/pubmed/27486460
https://dx.doi.org/10.3389/fimmu.2014.00579
http://www.ncbi.nlm.nih.gov/pubmed/25429291
https://dx.doi.org/10.1161/ATVBAHA.111.225813
https://dx.doi.org/10.1161/ATVBAHA.111.225813
http://www.ncbi.nlm.nih.gov/pubmed/21868703
https://dx.doi.org/10.1371/journal.pone.0008852
https://dx.doi.org/10.1371/journal.pone.0008852
http://www.ncbi.nlm.nih.gov/pubmed/20111605
https://dx.doi.org/10.7150/thno.78736
http://www.ncbi.nlm.nih.gov/pubmed/37153746
https://dx.doi.org/10.1093/eurheartj/ehad787
https://dx.doi.org/10.1093/eurheartj/ehad787
http://www.ncbi.nlm.nih.gov/pubmed/38085922
https://dx.doi.org/10.5551/jat.10.267
http://www.ncbi.nlm.nih.gov/pubmed/14718743
https://dx.doi.org/10.1172/JCI157011
http://www.ncbi.nlm.nih.gov/pubmed/35499077
https://dx.doi.org/10.1161/01.atv.15.5.551
http://www.ncbi.nlm.nih.gov/pubmed/7749869
https://dx.doi.org/10.1097/CRD.0b013e31828c5ced
https://dx.doi.org/10.1097/CRD.0b013e31828c5ced
http://www.ncbi.nlm.nih.gov/pubmed/23422022
https://dx.doi.org/10.1111/j.1540-8183.2002.tb01087.x
http://www.ncbi.nlm.nih.gov/pubmed/12476646
https://dx.doi.org/10.1161/CIRCULATIONAHA.123.066404
http://www.ncbi.nlm.nih.gov/pubmed/38357802
https://dx.doi.org/10.1016/j.jjcc.2018.05.010
http://www.ncbi.nlm.nih.gov/pubmed/29907363
https://dx.doi.org/10.1016/j.acvd.2016.04.002
http://www.ncbi.nlm.nih.gov/pubmed/27595467
https://dx.doi.org/10.1038/nm1343
https://dx.doi.org/10.1038/nm1343
http://www.ncbi.nlm.nih.gov/pubmed/16462800
https://dx.doi.org/10.1161/ATVBAHA.119.312771
http://www.ncbi.nlm.nih.gov/pubmed/31645128
https://dx.doi.org/10.1161/CIRCRESAHA.111.257535
http://www.ncbi.nlm.nih.gov/pubmed/22427325
https://dx.doi.org/10.1016/j.heliyon.2024.e32073
http://www.ncbi.nlm.nih.gov/pubmed/38873669
https://dx.doi.org/10.3389/fimmu.2023.1185587
http://www.ncbi.nlm.nih.gov/pubmed/37207214
https://dx.doi.org/10.1016/j.intimp.2025.115899
http://www.ncbi.nlm.nih.gov/pubmed/41273840
https://dx.doi.org/10.3390/ijms24119568
http://www.ncbi.nlm.nih.gov/pubmed/37298518
https://dx.doi.org/10.4049/jimmunol.169.5.2253


Bezsonov E. et al: Macrophages in atherosclerosis Gene Expr

DOI: 10.14218/GE.2025.00080  |  Volume 25 Issue 3, July 2026 23

2253, PMID: 12193690.
Mantovani A, Sica A, Sozzani S, Allavena P, Vecchi A, Locati M. The 
chemokine system in diverse forms of macrophage activation and 
polarization. Trends Immunol 2004;25(12):677–686. DOI: 10.1016/
j.it.2004.09.015, PMID: 15530839.

[124]   

Pauleau AL, Rutschman R, Lang R, Pernis A, Watowich SS, Murray 
PJ. Enhancer-mediated control of macrophage-specific arginase I 
expression. J Immunol 2004;172(12):7565–7573. DOI: 10.4049/
jimmunol.172.12.7565, PMID: 15187136.

[125]   

Nagenborg J, Goossens P, Biessen EAL, Donners MMPC. 
Heterogeneity of atherosclerotic plaque macrophage origin, 
phenotype and functions: Implications for treatment. Eur J 
Pharmacol 2017;816:14–24. DOI: 10.1016/j.ejphar.2017.10.005, 
PMID: 28989084.

[126]   

Jenkins SJ, Ruckerl D, Cook PC, Jones LH, Finkelman FD, van Rooijen 
N, et al. Local macrophage proliferation, rather than recruitment 
from the blood, is a signature of TH2 inflammation. Science 2011;
332(6035):1284–1288. DOI: 10.1126/science.1204351, PMID: 
21566158.

[127]   

Huang WC, Sala-Newby GB, Susana A, Johnson JL, Newby AC. 
Classical macrophage activation up-regulates several matrix 
metalloproteinases through mitogen activated protein kinases and 
nuclear factor-κB. PLoS One 2012;7(8):e42507. DOI: 10.1371/
journal.pone.0042507, PMID: 22880008.

[128]   

Kleveland O, Kunszt G, Bratlie M, Ueland T, Broch K, Holte E, et al. 
Effect of a single dose of the interleukin-6 receptor antagonist 
tocilizumab on inflammation and troponin T release in patients 
with non-ST-elevation myocardial infarction: a double-blind, 
randomized, placebo-controlled phase 2 trial. Eur Heart J 2016;
37(30):2406–2413. DOI: 10.1093/eurheartj/ehw171, PMID: 
27161611.

[129]   

Shioi A, Katagi M, Okuno Y, Mori K, Jono S, Koyama H, et al. 
Induction of bone-type alkaline phosphatase in human vascular 
smooth muscle cells: roles of tumor necrosis factor-alpha and 
oncostatin M derived from macrophages. Circ Res 2002;91(1):9–16. 
DOI: 10.1161/01.res.0000026421.61398.f2, PMID: 12114316.

[130]   

Ceneri N, Zhao L, Young BD, Healy A, Coskun S, Vasavada H, et al. 
Rac2 Modulates Atherosclerotic Calcification by Regulating 
Macrophage Interleukin-1β Production. Arterioscler Thromb Vasc 
Biol 2017;37(2):328–340. DOI: 10.1161/ATVBAHA.116.308507, 
PMID: 27834690.

[131]   

Nadra I, Mason JC, Philippidis P, Florey O, Smythe CD, McCarthy 
GM, et al. Proinflammatory activation of macrophages by basic 
calcium phosphate crystals via protein kinase C and MAP kinase 
pathways: a vicious cycle of inflammation and arterial calcification? 
Circ Res 2005;96(12):1248–1256. DOI: 10.1161/01.RES.
0000171451.88616.c2, PMID: 15905460.

[132]   

Otsuka F, Sakakura K, Yahagi K, Joner M, Virmani R. Has our 
understanding of calcification in human coronary atherosclerosis 
progressed? Arterioscler Thromb Vasc Biol 2014;34(4):724–736. 
DOI: 10.1161/ATVBAHA.113.302642, PMID: 24558104.

[133]   

Zhang Y, McCluskey K, Fujii K, Wahl LM. Differential regulation of 
monocyte matrix metalloproteinase and TIMP-1 production by 
TNF-alpha, granulocyte-macrophage CSF, and IL-1 beta through 
prostaglandin-dependent and -independent mechanisms. J 
Immunol 1998;161(6):3071–3076. PMID: 9743373.

[134]   

Wolfs IM, Donners MM, de Winther MP. Differentiation factors 
and cytokines in the atherosclerotic plaque micro-environment as 
a trigger for macrophage polarisation. Thromb Haemost 2011;

[135]   

106(5):763–771. DOI: 10.1160/TH11-05-0320, PMID: 21947328.
Karnewar S, Karnewar V, Deaton RA, Shankman LS, Benavente ED, 
Williams CM, et al. IL-1β Inhibition Partially Negates the Beneficial 
Effects of Diet-Induced Atherosclerosis Regression in Mice. 
Arterioscler Thromb Vasc Biol 2024;44(6):1379–1392. DOI: 10.
1161/ATVBAHA.124.320800, PMID: 38695167.

[136]   

Gleissner CA, Shaked I, Erbel C, Böckler D, Katus HA, Ley K. CXCL4 
downregulates the atheroprotective hemoglobin receptor CD163 
in human macrophages. Circ Res 2010;106(1):203–211. DOI: 10.
1161/CIRCRESAHA.109.199505, PMID: 19910578.

[137]   

Ramji DP, Davies TS. Cytokines in atherosclerosis: Key players in all 
stages of disease and promising therapeutic targets. Cytokine 
Growth Factor Rev 2015;26(6):673–685. DOI: 10.1016/j.cytogfr.
2015.04.003, PMID: 26005197.

[138]   

Cardilo-Reis L, Gruber S, Schreier SM, Drechsler M, Papac-Milicevic 
N, Weber C, et al. Interleukin-13 protects from atherosclerosis and 
modulates plaque composition by skewing the macrophage 
phenotype. EMBO Mol Med 2012;4(10):1072–1086. DOI: 10.1002/
emmm.201201374, PMID: 23027612.

[139]   

Rui H, Yu H, Chi K, Han Z, Zhu W, Zhang J, et al. ALDH2 deficiency 
augments atherosclerosis through the USP14-cGAS-dependent 
polarization of proinflammatory macrophages. Redox Biol 2024;76:
103318. DOI: 10.1016/j.redox.2024.103318, PMID: 39178733.

[140]   

Zhao S, Zhou L, Wang Q, Cao JH, Chen Y, Wang W, et al. Elevated 
branched-chain amino acid promotes atherosclerosis progression 
by enhancing mitochondrial-to-nuclear H(2)O(2)-disulfide HMGB1 
in macrophages. Redox Biol 2023;62:102696. DOI: 10.1016/j.redox.
2023.102696, PMID: 37058999.

[141]   

Zhang Y, Yan C, Dong Y, Zhao J, Yang X, Deng Y, et al. ANGPTL3 
accelerates atherosclerotic progression via direct regulation of M1 
macrophage activation in plaque. J Adv Res 2025;70:125–138. DOI: 
10.1016/j.jare.2024.05.011, PMID: 38740260.

[142]   

Orekhov AN, Poznyak AV, Sobenin IA, Nikifirov NN, Ivanova EA. 
Mitochondrion as a Selective Target for the Treatment of 
Atherosclerosis: Role of Mitochondrial DNA Mutations and 
Defective Mitophagy in the Pathogenesis of Atherosclerosis and 
Chronic Inflammation. Curr Neuropharmacol 2020;18(11):
1064–1075. DOI: 10.2174/1570159X17666191118125018, PMID: 
31744449.

[143]   

Berardo A, Musumeci O, Toscano A. Cardiological manifestations 
of mitochondrial respiratory chain disorders. Acta Myol 2011;
30(1):9–15. PMID: 21842587.

[144]   

Sobenin IA, Sazonova MA, Postnov AY, Salonen JT, Bobryshev YV, 
Orekhov AN. Association of mitochondrial genetic variation with 
carotid atherosclerosis. PLoS One 2013;8(7):e68070. DOI: 10.1371/
journal.pone.0068070, PMID: 23874496.

[145]   

Tian F, Li J, Liu XW, Tong TJ, Zhang ZY. Age-dependent 
accumulation of mitochondrial DNA deletions in the aortic root of 
atherosclerosis-prone apolipoprotein E-knockout mice. Arch 
Gerontol Geriatr 2016;63:72–77. DOI: 10.1016/j.archger.2015.11.
004, PMID: 26586111.

[146]   

Mitrofanov KY, Zhelankin AV, Shiganova GM, Sazonova MA, 
Bobryshev YV, Postnov AY, et al. Analysis of mitochondrial DNA 
heteroplasmic mutations A1555G, C3256T, T3336C, С5178А, 
G12315A, G13513A, G14459A, G14846А and G15059A in CHD 
patients with the history of myocardial infarction. Exp Mol Pathol 
2016;100(1):87–91. DOI: 10.1016/j.yexmp.2015.12.003, PMID: 
26654794.

[147]   

Kirichenko TV, Sobenin IA, Khasanova ZB, Orekhova VA, [148]   

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.4049/jimmunol.169.5.2253
http://www.ncbi.nlm.nih.gov/pubmed/12193690
https://dx.doi.org/10.1016/j.it.2004.09.015
https://dx.doi.org/10.1016/j.it.2004.09.015
http://www.ncbi.nlm.nih.gov/pubmed/15530839
https://dx.doi.org/10.4049/jimmunol.172.12.7565
https://dx.doi.org/10.4049/jimmunol.172.12.7565
http://www.ncbi.nlm.nih.gov/pubmed/15187136
https://dx.doi.org/10.1016/j.ejphar.2017.10.005
http://www.ncbi.nlm.nih.gov/pubmed/28989084
https://dx.doi.org/10.1126/science.1204351
http://www.ncbi.nlm.nih.gov/pubmed/21566158
https://dx.doi.org/10.1371/journal.pone.0042507
https://dx.doi.org/10.1371/journal.pone.0042507
http://www.ncbi.nlm.nih.gov/pubmed/22880008
https://dx.doi.org/10.1093/eurheartj/ehw171
http://www.ncbi.nlm.nih.gov/pubmed/27161611
https://dx.doi.org/10.1161/01.res.0000026421.61398.f2
http://www.ncbi.nlm.nih.gov/pubmed/12114316
https://dx.doi.org/10.1161/ATVBAHA.116.308507
http://www.ncbi.nlm.nih.gov/pubmed/27834690
https://dx.doi.org/10.1161/01.RES.0000171451.88616.c2
https://dx.doi.org/10.1161/01.RES.0000171451.88616.c2
http://www.ncbi.nlm.nih.gov/pubmed/15905460
https://dx.doi.org/10.1161/ATVBAHA.113.302642
http://www.ncbi.nlm.nih.gov/pubmed/24558104
http://www.ncbi.nlm.nih.gov/pubmed/9743373
https://dx.doi.org/10.1160/TH11-05-0320
http://www.ncbi.nlm.nih.gov/pubmed/21947328
https://dx.doi.org/10.1161/ATVBAHA.124.320800
https://dx.doi.org/10.1161/ATVBAHA.124.320800
http://www.ncbi.nlm.nih.gov/pubmed/38695167
https://dx.doi.org/10.1161/CIRCRESAHA.109.199505
https://dx.doi.org/10.1161/CIRCRESAHA.109.199505
http://www.ncbi.nlm.nih.gov/pubmed/19910578
https://dx.doi.org/10.1016/j.cytogfr.2015.04.003
https://dx.doi.org/10.1016/j.cytogfr.2015.04.003
http://www.ncbi.nlm.nih.gov/pubmed/26005197
https://dx.doi.org/10.1002/emmm.201201374
https://dx.doi.org/10.1002/emmm.201201374
http://www.ncbi.nlm.nih.gov/pubmed/23027612
https://dx.doi.org/10.1016/j.redox.2024.103318
http://www.ncbi.nlm.nih.gov/pubmed/39178733
https://dx.doi.org/10.1016/j.redox.2023.102696
https://dx.doi.org/10.1016/j.redox.2023.102696
http://www.ncbi.nlm.nih.gov/pubmed/37058999
https://dx.doi.org/10.1016/j.jare.2024.05.011
http://www.ncbi.nlm.nih.gov/pubmed/38740260
https://dx.doi.org/10.2174/1570159X17666191118125018
http://www.ncbi.nlm.nih.gov/pubmed/31744449
http://www.ncbi.nlm.nih.gov/pubmed/21842587
https://dx.doi.org/10.1371/journal.pone.0068070
https://dx.doi.org/10.1371/journal.pone.0068070
http://www.ncbi.nlm.nih.gov/pubmed/23874496
https://dx.doi.org/10.1016/j.archger.2015.11.004
https://dx.doi.org/10.1016/j.archger.2015.11.004
http://www.ncbi.nlm.nih.gov/pubmed/26586111
https://dx.doi.org/10.1016/j.yexmp.2015.12.003
http://www.ncbi.nlm.nih.gov/pubmed/26654794


Gene Expr Bezsonov E. et al: Macrophages in atherosclerosis

24 DOI: 10.14218/GE.2025.00080  |  Volume 25 Issue 3, July 2026

Melnichenko AA, Demakova NA, et al. Data on association of 
mitochondrial heteroplasmy and cardiovascular risk factors: 
Comparison of samples from Russian and Mexican populations. 
Data Brief 2018;18:16–21. DOI: 10.1016/j.dib.2018.02.068, PMID: 
29896485.
Sazonova MA, Sinyov VV, Barinova VA, Ryzhkova AI, Zhelankin AV, 
Postnov AY, et al. Mosaicism of mitochondrial genetic variation in 
atherosclerotic lesions of the human aorta. Biomed Res Int 2015;
2015:825468. DOI: 10.1155/2015/825468, PMID: 25834827.

[149]   

Sawabe M, Tanaka M, Chida K, Arai T, Nishigaki Y, Fuku N, et al. 
Mitochondrial haplogroups A and M7a confer a genetic risk for 
coronary atherosclerosis in the Japanese elderly: an autopsy study 
of 1,536 patients. J Atheroscler Thromb 2011;18(2):166–175. DOI: 
10.5551/jat.6742, PMID: 21099167.

[150]   

Sazonova MA, Sinyov VV, Barinova VA, Ryzhkova AI, Bobryshev YV, 
Orekhov AN, et al. Association of mitochondrial mutations with the 
age of patients having atherosclerotic lesions. Exp Mol Pathol 
2015;99(3):717–719. DOI: 10.1016/j.yexmp.2015.11.019, PMID: 
26586456.

[151]   

Orekhov AN, Gerasimova EV, Sukhorukov VN, Poznyak AV, 
Nikiforov NG. Do Mitochondrial DNA Mutations Play a Key Role in 
the Chronification of Sterile Inflammation? Special Focus on 
Atherosclerosis. Curr Pharm Des 2021;27(2):276–292. DOI: 10.
2174/1381612826666201012164330, PMID: 33045961.

[152]   

Yu E, Calvert PA, Mercer JR, Harrison J, Baker L, Figg NL, et al. 
Mitochondrial DNA damage can promote atherosclerosis 
independently of reactive oxygen species through effects on 
smooth muscle cells and monocytes and correlates with higher-risk 
plaques in humans. Circulation 2013;128(7):702–712. DOI: 10.
1161/CIRCULATIONAHA.113.002271, PMID: 23841983.

[153]   

Natarajan N, Florentin J, Johny E, Xiao H, O'Neil SP, Lei L, et al. 
Aberrant mitochondrial DNA synthesis in macrophages 
exacerbates inflammation and atherosclerosis. Nat Commun 2024;
15(1):7337. DOI: 10.1038/s41467-024-51780-1, PMID: 39187565.

[154]   

O'Rourke SA, Neto NGB, Devilly E, Shanley LC, Fitzgerald HK, 
Monaghan MG, et al. Cholesterol crystals drive metabolic 
reprogramming and M1 macrophage polarisation in primary 
human macrophages. Atherosclerosis 2022;352:35–45. DOI: 10.
1016/j.atherosclerosis.2022.05.015, PMID: 35667162.

[155]   

Cai S, Zhao M, Zhou B, Yoshii A, Bugg D, Villet O, et al. 
Mitochondrial dysfunction in macrophages promotes inflammation 
and suppresses repair after myocardial infarction. J Clin Invest 
2023;133(4):e159498. DOI: 10.1172/JCI159498, PMID: 36480284.

[156]   

Abe JI, Imanishi M, Li S, Zhang A, Ko KA, Samanthapudi VSK, et al. 
An ERK5-NRF2 Axis Mediates Senescence-Associated Stemness and 
Atherosclerosis. Circ Res 2023;133(1):25–44. DOI: 10.1161/
CIRCRESAHA.122.322017, PMID: 37264926.

[157]   

Zhang Y, Jiang H, Dong M, Min J, He X, Tan Y, et al. Macrophage 
MCT4 inhibition activates reparative genes and protects from 
atherosclerosis by histone H3 lysine 18 lactylation. Cell Rep 2024;
43(5):114180. DOI: 10.1016/j.celrep.2024.114180, PMID: 
38733581.

[158]   

Liu Y, Chen KJ. Atherosclerosis, vascular aging and therapeutic 
strategies. Chin J Integr Med 2012;18(2):83–87. DOI: 10.1007/
s11655-012-0996-z, PMID: 22311404.

[159]   

Belkina AC, Nikolajczyk BS, Denis GV. BET protein function is 
required for inflammation: Brd2 genetic disruption and BET 
inhibitor JQ1 impair mouse macrophage inflammatory responses. J 
Immunol 2013;190(7):3670–3678. DOI: 10.4049/jimmunol.

[160]   

1202838, PMID: 23420887.
Wang H, Fu H, Zhu R, Wu X, Ji X, Li X, et al. BRD4 contributes to 
LPS-induced macrophage senescence and promotes progression of 
atherosclerosis-associated lipid uptake. Aging (Albany NY) 2020;
12(10):9240–9259. DOI: 10.18632/aging.103200, PMID: 32392533.

[161]   

Tabas I, Bornfeldt KE. Macrophage Phenotype and Function in 
Different Stages of Atherosclerosis. Circ Res 2016;118(4):653–667. 
DOI: 10.1161/CIRCRESAHA.115.306256, PMID: 26892964.

[162]   

Huang B, Yang XD, Zhou MM, Ozato K, Chen LF. Brd4 coactivates 
transcriptional activation of NF-kappaB via specific binding to 
acetylated RelA. Mol Cell Biol 2009;29(5):1375–1387. DOI: 10.
1128/MCB.01365-08, PMID: 19103749.

[163]   

Xiang Q, Tian F, Xu J, Du X, Zhang S, Liu L. New insight into 
dyslipidemia-induced cellular senescence in atherosclerosis. Biol 
Rev Camb Philos Soc 2022;97(5):1844–1867. DOI: 10.1111/brv.
12866, PMID: 35569818.

[164]   

Li S, Cao H, Shen D, Jia Q, Chen C, Xing SL. Quercetin protects 
against oxLDLinduced injury via regulation of ABCAl, LXRα and 
PCSK9 in RAW264.7 macrophages. Mol Med Rep 2018;18(1):
799–806. DOI: 10.3892/mmr.2018.9048, PMID: 29845234.

[165]   

Ahmad F, Leake DS. Lysosomal oxidation of LDL alters lysosomal 
pH, induces senescence, and increases secretion of pro-
inflammatory cytokines in human macrophages. J Lipid Res 2019;
60(1):98–110. DOI: 10.1194/jlr.M088245, PMID: 30397186.

[166]   

Lee CF, Qiao M, Schröder K, Zhao Q, Asmis R. Nox4 is a novel 
inducible source of reactive oxygen species in monocytes and 
macrophages and mediates oxidized low density lipoprotein-
induced macrophage death. Circ Res 2010;106(9):1489–1497. DOI: 
10.1161/CIRCRESAHA.109.215392, PMID: 20360249.

[167]   

Zhou Z, Zhu X, Yin R, Liu T, Yang S, Zhou L, et al. K63 ubiquitin 
chains target NLRP3 inflammasome for autophagic degradation in 
ox-LDL-stimulated THP-1 macrophages. Aging (Albany NY) 2020;
12(2):1747–1759. DOI: 10.18632/aging.102710, PMID: 32003754.

[168]   

Zhang BC, Zhang CW, Wang C, Pan DF, Xu TD, Li DY. Luteolin 
Attenuates Foam Cell Formation and Apoptosis in Ox-LDL-
Stimulated Macrophages by Enhancing Autophagy. Cell Physiol 
Biochem 2016;39(5):2065–2076. DOI: 10.1159/000447902, PMID: 
27825167.

[169]   

Sinha SK, Swichkow CR, Farahi L, Péterfy M, Pan C, Zhou Z, et al. 
NAD Metabolism Regulates Proliferation of Macrophages in 
Atherosclerosis. Arterioscler Thromb Vasc Biol 2025;45(11):
1997–2014. DOI: 10.1161/ATVBAHA.125.323185, PMID: 40931836.

[170]   

Dölle C, Tzoulis C. NAD augmentation as a disease-modifying 
strategy for neurodegeneration. Trends Endocrinol Metab 2025;
36(12):1072–1083. DOI: 10.1016/j.tem.2025.03.013, PMID: 
40287324.

[171]   

Zhang J, Wang HL, Lautrup S, Nilsen HL, Treebak JT, Watne LO, et al. 
Emerging strategies, applications and challenges of targeting NAD(+
) in the clinic. Nat Aging 2025;5(9):1704–1731. DOI: 10.1038/
s43587-025-00947-6, PMID: 40926126.

[172]   

Shoji M, Kato H, Koshizaka M, Kaneko H, Baba Y, Ishikawa T, et al. 
Nicotinamide Riboside Supplementation Benefits in Patients With 
Werner Syndrome: A Double-Blind Randomized Crossover Placebo-
Controlled Trial. Aging Cell 2025;24(8):e70093. DOI: 10.1111/acel.
70093, PMID: 40459998.

[173]   

Yusri K, Jose S, Vermeulen KS, Tan TCM, Sorrentino V. The role of 
NAD(+) metabolism and its modulation of mitochondria in aging 
and disease. NPJ Metab Health Dis 2025;3(1):26. DOI: 10.1038/
s44324-025-00067-0, PMID: 40604314.

[174]   

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.1016/j.dib.2018.02.068
http://www.ncbi.nlm.nih.gov/pubmed/29896485
https://dx.doi.org/10.1155/2015/825468
http://www.ncbi.nlm.nih.gov/pubmed/25834827
https://dx.doi.org/10.5551/jat.6742
http://www.ncbi.nlm.nih.gov/pubmed/21099167
https://dx.doi.org/10.1016/j.yexmp.2015.11.019
http://www.ncbi.nlm.nih.gov/pubmed/26586456
https://dx.doi.org/10.2174/1381612826666201012164330
https://dx.doi.org/10.2174/1381612826666201012164330
http://www.ncbi.nlm.nih.gov/pubmed/33045961
https://dx.doi.org/10.1161/CIRCULATIONAHA.113.002271
https://dx.doi.org/10.1161/CIRCULATIONAHA.113.002271
http://www.ncbi.nlm.nih.gov/pubmed/23841983
https://dx.doi.org/10.1038/s41467-024-51780-1
http://www.ncbi.nlm.nih.gov/pubmed/39187565
https://dx.doi.org/10.1016/j.atherosclerosis.2022.05.015
https://dx.doi.org/10.1016/j.atherosclerosis.2022.05.015
http://www.ncbi.nlm.nih.gov/pubmed/35667162
https://dx.doi.org/10.1172/JCI159498
http://www.ncbi.nlm.nih.gov/pubmed/36480284
https://dx.doi.org/10.1161/CIRCRESAHA.122.322017
https://dx.doi.org/10.1161/CIRCRESAHA.122.322017
http://www.ncbi.nlm.nih.gov/pubmed/37264926
https://dx.doi.org/10.1016/j.celrep.2024.114180
http://www.ncbi.nlm.nih.gov/pubmed/38733581
https://dx.doi.org/10.1007/s11655-012-0996-z
https://dx.doi.org/10.1007/s11655-012-0996-z
http://www.ncbi.nlm.nih.gov/pubmed/22311404
https://dx.doi.org/10.4049/jimmunol.1202838
https://dx.doi.org/10.4049/jimmunol.1202838
http://www.ncbi.nlm.nih.gov/pubmed/23420887
https://dx.doi.org/10.18632/aging.103200
http://www.ncbi.nlm.nih.gov/pubmed/32392533
https://dx.doi.org/10.1161/CIRCRESAHA.115.306256
http://www.ncbi.nlm.nih.gov/pubmed/26892964
https://dx.doi.org/10.1128/MCB.01365-08
https://dx.doi.org/10.1128/MCB.01365-08
http://www.ncbi.nlm.nih.gov/pubmed/19103749
https://dx.doi.org/10.1111/brv.12866
https://dx.doi.org/10.1111/brv.12866
http://www.ncbi.nlm.nih.gov/pubmed/35569818
https://dx.doi.org/10.3892/mmr.2018.9048
http://www.ncbi.nlm.nih.gov/pubmed/29845234
https://dx.doi.org/10.1194/jlr.M088245
http://www.ncbi.nlm.nih.gov/pubmed/30397186
https://dx.doi.org/10.1161/CIRCRESAHA.109.215392
http://www.ncbi.nlm.nih.gov/pubmed/20360249
https://dx.doi.org/10.18632/aging.102710
http://www.ncbi.nlm.nih.gov/pubmed/32003754
https://dx.doi.org/10.1159/000447902
http://www.ncbi.nlm.nih.gov/pubmed/27825167
https://dx.doi.org/10.1161/ATVBAHA.125.323185
http://www.ncbi.nlm.nih.gov/pubmed/40931836
https://dx.doi.org/10.1016/j.tem.2025.03.013
http://www.ncbi.nlm.nih.gov/pubmed/40287324
https://dx.doi.org/10.1038/s43587-025-00947-6
https://dx.doi.org/10.1038/s43587-025-00947-6
http://www.ncbi.nlm.nih.gov/pubmed/40926126
https://dx.doi.org/10.1111/acel.70093
https://dx.doi.org/10.1111/acel.70093
http://www.ncbi.nlm.nih.gov/pubmed/40459998
https://dx.doi.org/10.1038/s44324-025-00067-0
https://dx.doi.org/10.1038/s44324-025-00067-0
http://www.ncbi.nlm.nih.gov/pubmed/40604314


Bezsonov E. et al: Macrophages in atherosclerosis Gene Expr

DOI: 10.14218/GE.2025.00080  |  Volume 25 Issue 3, July 2026 25

Liu J, Rong M, Liu C, Lu L. A Targeting Senescence and Recycling 
Intracellular Nicotinamide Adenine Dinucleotide Strategy for 
Attenuation of Senescence-Associated Phenotypes. ACS Nano 
2025;19(36):32131–32144. DOI: 10.1021/acsnano.5c05124, PMID: 
40911860.

[175]   

Wang YJ, Gaul DS, Gorica E, Pahla J, Wang Z, Mohammed SA, et al. 
NAD(+) boosting increases atherosclerotic plaques and 
inflammation in Apoe knockout mice. Atherosclerosis 2025;404:
119188. DOI: 10.1016/j.atherosclerosis.2025.119188, PMID: 
40215896.

[176]   

Wang P, Li JX, Kong YY, Zheng SL, Miao CY. Nicotinamide 
Mononucleotide and Nicotinamide Riboside Improve Dyslipidemia 
and Fatty Liver but Promote Atherosclerosis in Apolipoprotein E 
Knockout Mice. Pharmaceuticals (Basel) 2025;18(3):281. DOI: 10.
3390/ph18030281, PMID: 40143060.

[177]   

Szarvas Z, Reyff ZA, Peterfi A, Pinto CB, Owens CD, Kaposzta Z, et al. 
Effects of NAD(+) supplementation with oral nicotinamide riboside 
on vascular health and cognitive function in older adults with 
peripheral artery disease: Results from a pilot 4-week open-label 
clinical trial. J Pharmacol Exp Ther 2025;392(7):103607. DOI: 10.
1016/j.jpet.2025.103607, PMID: 40479886.

[178]   

Fang Q, Lu X, Zhu Y, Lv X, Yu F, Ma X, et al. Development of a 
PCSK9-targeted nanoparticle vaccine to effectively decrease the 
hypercholesterolemia. Cell Rep Med 2024;5(6):101614. DOI: 10.
1016/j.xcrm.2024.101614, PMID: 38897173.

[179]   

Nicholls SJ, Puri R, Anderson T, Ballantyne CM, Cho L, Kastelein JJ, 
et al. Effect of Evolocumab on Progression of Coronary Disease in 
Statin-Treated Patients: The GLAGOV Randomized Clinical Trial. 
JAMA 2016;316(22):2373–2384. DOI: 10.1001/jama.2016.16951, 
PMID: 27846344.

[180]   

Li B, Sheng Z, Liu C, Qian L, Wu Y, Wu Y, et al. Kallistatin Inhibits 
Atherosclerotic Inflammation by Regulating Macrophage 
Polarization. Hum Gene Ther 2019;30(3):339–351. DOI: 10.1089/
hum.2018.084, PMID: 30205711.

[181]   

Gong M, Zhuo X, Ma A. STAT6 Upregulation Promotes M2 
Macrophage Polarization to Suppress Atherosclerosis. Med Sci 
Monit Basic Res 2017;23:240–249. DOI: 10.12659/msmbr.904014, 
PMID: 28615615.

[182]   

Zhao C, Chen S, Chen D, Río-Bergé C, Zhang J, Van Der Wouden PE, 
et al. Histone Deacetylase 3-Directed PROTACs Have Anti-
inflammatory Potential by Blocking Polarization of M0-like into 
M1-like Macrophages. Angew Chem Int Ed Engl 2023;62(42):
e202310059. DOI: 10.1002/anie.202310059, PMID: 37638390.

[183]   

Karami Z, Mehrzad J, Akrami M, Hosseinkhani S. Anti-
inflammation-based treatment of atherosclerosis using Gliclazide-
loaded biomimetic nanoghosts. Sci Rep 2023;13(1):13880. DOI: 10.
1038/s41598-023-41136-y, PMID: 37620556.

[184]   

Song J, Zhang Y, Frieler RA, Andren A, Wood S, Tyrrell DJ, et al. 
Itaconate suppresses atherosclerosis by activating a Nrf2-
dependent antiinflammatory response in macrophages in mice. J 
Clin Invest 2023;134(3):e173034. DOI: 10.1172/JCI173034, PMID: 
38085578.

[185]   

Cyr Y, Bozal FK, Barcia Durán JG, Newman AAC, Amadori L, Smyrnis 
P, et al. The IRG1-itaconate axis protects from cholesterol-induced 
inflammation and atherosclerosis. Proc Natl Acad Sci U S A 2024;
121(15):e2400675121. DOI: 10.1073/pnas.2400675121, PMID: 
38564634.

[186]   

Lv JJ, Wang H, Zhang C, Zhang TJ, Wei HL, Liu ZK, et al. CD147 
Sparks Atherosclerosis by Driving M1 Phenotype and Impairing 

[187]   

Efferocytosis. Circ Res 2024;134(2):165–185. DOI: 10.1161/
CIRCRESAHA.123.323223, PMID: 38166463.
Luo X, Wang Y, Zhu X, Chen Y, Xu B, Bai X, et al. MCL attenuates 
atherosclerosis by suppressing macrophage ferroptosis via 
targeting KEAP1/NRF2 interaction. Redox Biol 2024;69:102987. 
DOI: 10.1016/j.redox.2023.102987, PMID: 38100883.

[188]   

Cho DI, Ahn MJ, Cho HH, Cho M, Jun JH, Kang BG, et al. ANGPTL4 
stabilizes atherosclerotic plaques and modulates the phenotypic 
transition of vascular smooth muscle cells through KLF4 
downregulation. Exp Mol Med 2023;55(2):426–442. DOI: 10.1038/
s12276-023-00937-x, PMID: 36782020.

[189]   

Sanson M, Distel E, Fisher EA. HDL induces the expression of the 
M2 macrophage markers arginase 1 and Fizz-1 in a STAT6-
dependent process. PLoS One 2013;8(8):e74676. DOI: 10.1371/
journal.pone.0074676, PMID: 23991225.

[190]   

Baitsch D, Bock HH, Engel T, Telgmann R, Müller-Tidow C, Varga G, 
et al. Apolipoprotein E induces antiinflammatory phenotype in 
macrophages. Arterioscler Thromb Vasc Biol 2011;31(5):
1160–1168. DOI: 10.1161/ATVBAHA.111.222745, PMID: 21350196.

[191]   

Sierra-Filardi E, Puig-Kröger A, Blanco FJ, Nieto C, Bragado R, 
Palomero MI, et al. Activin A skews macrophage polarization by 
promoting a proinflammatory phenotype and inhibiting the 
acquisition of anti-inflammatory macrophage markers. Blood 2011;
117(19):5092–5101. DOI: 10.1182/blood-2010-09-306993, PMID: 
21389328.

[192]   

He P, Wang H, Cheng S, Hu F, Zhang L, Chen W, et al. Geniposide 
ameliorates atherosclerosis by regulating macrophage polarization 
via perivascular adipocyte-derived CXCL14. J Ethnopharmacol 
2023;314:116532. DOI: 10.1016/j.jep.2023.116532, PMID: 
37149071.

[193]   

Sha H, Zhang D, Zhang Y, Wen Y, Wang Y. ATF3 promotes migration 
and M1/M2 polarization of macrophages by activating tenascinC 
via Wnt/βcatenin pathway. Mol Med Rep 2017;16(3):3641–3647. 
DOI: 10.3892/mmr.2017.6992, PMID: 28714032.

[194]   

Kluck GEG, Qian AS, Sakarya EH, Quach H, Deng YD, Trigatti BL. 
Apolipoprotein A1 Protects Against Necrotic Core Development in 
Atherosclerotic Plaques: PDZK1-Dependent High-Density 
Lipoprotein Suppression of Necroptosis in Macrophages. 
Arterioscler Thromb Vasc Biol 2023;43(1):45–63. DOI: 10.1161/
ATVBAHA.122.318062, PMID: 36353992.

[195]   

Gabunia K, Ellison S, Kelemen S, Kako F, Cornwell WD, Rogers TJ, et 
al. IL-19 Halts Progression of Atherosclerotic Plaque, Polarizes, and 
Increases Cholesterol Uptake and Efflux in Macrophages. Am J 
Pathol 2016;186(5):1361–1374. DOI: 10.1016/j.ajpath.2015.12.023, 
PMID: 26952642.

[196]   

El Hadri K, Mahmood DF, Couchie D, Jguirim-Souissi I, Genze F, 
Diderot V, et al. Thioredoxin-1 promotes anti-inflammatory 
macrophages of  the M2 phenotype and antagonizes  
atherosclerosis. Arterioscler Thromb Vasc Biol 2012;32(6):
1445–1452. DOI: 10.1161/ATVBAHA.112.249334, PMID: 22516068.

[197]   

Ouimet M, Ediriweera HN, Gundra UM, Sheedy FJ, Ramkhelawon 
B, Hutchison SB, et al. MicroRNA-33-dependent regulation of 
macrophage metabolism directs immune cell polarization in 
atherosclerosis. J Clin Invest 2015;125(12):4334–4348. DOI: 10.
1172/JCI81676, PMID: 26517695.

[198]   

Wei K, Yu L, Li J, Gao J, Chen L, Liu M, et al. Platelet-derived 
exosomes regulate endothelial cell inflammation and M1 
macrophage polarization in coronary artery thrombosis via 
modulating miR-34a-5p expression. Sci Rep 2024;14(1):17429. DOI: 

[199]   

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.1021/acsnano.5c05124
http://www.ncbi.nlm.nih.gov/pubmed/40911860
https://dx.doi.org/10.1016/j.atherosclerosis.2025.119188
http://www.ncbi.nlm.nih.gov/pubmed/40215896
https://dx.doi.org/10.3390/ph18030281
https://dx.doi.org/10.3390/ph18030281
http://www.ncbi.nlm.nih.gov/pubmed/40143060
https://dx.doi.org/10.1016/j.jpet.2025.103607
https://dx.doi.org/10.1016/j.jpet.2025.103607
http://www.ncbi.nlm.nih.gov/pubmed/40479886
https://dx.doi.org/10.1016/j.xcrm.2024.101614
https://dx.doi.org/10.1016/j.xcrm.2024.101614
http://www.ncbi.nlm.nih.gov/pubmed/38897173
https://dx.doi.org/10.1001/jama.2016.16951
http://www.ncbi.nlm.nih.gov/pubmed/27846344
https://dx.doi.org/10.1089/hum.2018.084
https://dx.doi.org/10.1089/hum.2018.084
http://www.ncbi.nlm.nih.gov/pubmed/30205711
https://dx.doi.org/10.12659/msmbr.904014
http://www.ncbi.nlm.nih.gov/pubmed/28615615
https://dx.doi.org/10.1002/anie.202310059
http://www.ncbi.nlm.nih.gov/pubmed/37638390
https://dx.doi.org/10.1038/s41598-023-41136-y
https://dx.doi.org/10.1038/s41598-023-41136-y
http://www.ncbi.nlm.nih.gov/pubmed/37620556
https://dx.doi.org/10.1172/JCI173034
http://www.ncbi.nlm.nih.gov/pubmed/38085578
https://dx.doi.org/10.1073/pnas.2400675121
http://www.ncbi.nlm.nih.gov/pubmed/38564634
https://dx.doi.org/10.1161/CIRCRESAHA.123.323223
https://dx.doi.org/10.1161/CIRCRESAHA.123.323223
http://www.ncbi.nlm.nih.gov/pubmed/38166463
https://dx.doi.org/10.1016/j.redox.2023.102987
http://www.ncbi.nlm.nih.gov/pubmed/38100883
https://dx.doi.org/10.1038/s12276-023-00937-x
https://dx.doi.org/10.1038/s12276-023-00937-x
http://www.ncbi.nlm.nih.gov/pubmed/36782020
https://dx.doi.org/10.1371/journal.pone.0074676
https://dx.doi.org/10.1371/journal.pone.0074676
http://www.ncbi.nlm.nih.gov/pubmed/23991225
https://dx.doi.org/10.1161/ATVBAHA.111.222745
http://www.ncbi.nlm.nih.gov/pubmed/21350196
https://dx.doi.org/10.1182/blood-2010-09-306993
http://www.ncbi.nlm.nih.gov/pubmed/21389328
https://dx.doi.org/10.1016/j.jep.2023.116532
http://www.ncbi.nlm.nih.gov/pubmed/37149071
https://dx.doi.org/10.3892/mmr.2017.6992
http://www.ncbi.nlm.nih.gov/pubmed/28714032
https://dx.doi.org/10.1161/ATVBAHA.122.318062
https://dx.doi.org/10.1161/ATVBAHA.122.318062
http://www.ncbi.nlm.nih.gov/pubmed/36353992
https://dx.doi.org/10.1016/j.ajpath.2015.12.023
http://www.ncbi.nlm.nih.gov/pubmed/26952642
https://dx.doi.org/10.1161/ATVBAHA.112.249334
http://www.ncbi.nlm.nih.gov/pubmed/22516068
https://dx.doi.org/10.1172/JCI81676
https://dx.doi.org/10.1172/JCI81676
http://www.ncbi.nlm.nih.gov/pubmed/26517695


Gene Expr Bezsonov E. et al: Macrophages in atherosclerosis

26 DOI: 10.14218/GE.2025.00080  |  Volume 25 Issue 3, July 2026

10.1038/s41598-024-67654-x, PMID: 39075107.
Wei P, Wang Y, Feng H, Zhang F, Ji Z, Zhang K, et al. Gene-
Engineered Cerium-Exosomes Mediate Atherosclerosis Therapy 
Through Remodeling of the Inflammatory Microenvironment and 
DNA Damage Repair. Small 2024;20(46):e2404463. DOI: 10.1002/
smll.202404463, PMID: 39235409.

[200]   

Franceschelli S, De Cecco F, Pesce M, Ripari P, Guagnano MT, 
Nuevo AB, et al. Hydroxytyrosol Reduces Foam Cell Formation and 
Endothelial Inflammation Regulating the PPARγ/LXRα/ABCA1 
Pathway. Int J Mol Sci 2023;24(3):2057. DOI: 10.3390/
ijms24032057, PMID: 36768382.

[201]   

Patterson MT, Xu Y, Hillman H, Osinski V, Schrank PR, Kennedy AE, 
et al. Trem2 Agonist Reprograms Foamy Macrophages to Promote 
Atherosclerotic Plaque Stability-Brief Report. Arterioscler Thromb 
Vasc Biol 2024;44(7):1646–1657. DOI: 10.1161/ATVBAHA.124.
320797, PMID: 38695172.

[202]   

Han W, Zhang D, Zhang P, Tao Q, Du X, Yu C, et al. Danlou Recipe 
promotes cholesterol efflux in macrophages RAW264.7 and 
reverses cholesterol transport in mice with hyperlipidemia induced 
by P407. BMC Complement Med Ther 2023;23(1):445. DOI: 10.
1186/s12906-023-04253-9, PMID: 38066464.

[203]   

Cao D, Khan Z, Li X, Saito S, Bernstein EA, Victor AR, et al. 
Macrophage angiotens in-convert ing  enzyme reduces  
atherosclerosis by increasing peroxisome proliferator-activated 
receptor α and fundamentally changing lipid metabolism. 
Cardiovasc Res 2023;119(9):1825–1841. DOI: 10.1093/cvr/cvad082, 
PMID: 37225143.

[204]   

Li Y, Zhou M, Li H, Dai C, Yin L, Liu C, et al. Macrophage P2Y6 
receptor deletion attenuates atherosclerosis by limiting foam cell 
formation through phospholipase Cβ/store-operated calcium 
entry/calreticulin/scavenger receptor A pathways. Eur Heart J 
2024;45(4):268–283. DOI: 10.1093/eurheartj/ehad796, PMID: 
38036416.

[205]   

Huang D, Gao W, Zhong X, Wu H, Zhou Y, Ma Y, et al. Epigenetically 
altered macrophages promote development of diabetes-
associated atherosclerosis. Front Immunol 2023;14:1196704. DOI: 
10.3389/fimmu.2023.1196704, PMID: 37215106.

[206]   

Hurnikova J, Venkatesan JK, Liu W, Madry H, Cucchiarini M, 
Petrovova E. Viral vector research in human gene therapy: Basic 
principles, alternative evaluation models, and clinical applications. 
SLAS Technol 2026;38:100404. DOI: 10.1016/j.slast.2026.100404, 
PMID: 41722859.

[207]   

Liu D, Cao D, Han R. Recent advances in therapeutic gene-editing 
technologies. Mol Ther 2025;33(6):2619–2644. DOI: 10.1016/j.
ymthe.2025.03.026, PMID: 40119516.

[208]   

Chernyi N, Gavrilova D, Saruhanyan M, Oloruntimehin ES, 
Karabelsky A, Bezsonov E, et al. Recent Advances in Gene Therapy 
for Hemophilia: Projecting the Perspectives. Biomolecules 2024;
14(7):854. DOI: 10.3390/biom14070854, PMID: 39062568.

[209]   

https://doi.org/10.14218/GE.2025.00080
https://dx.doi.org/10.1038/s41598-024-67654-x
http://www.ncbi.nlm.nih.gov/pubmed/39075107
https://dx.doi.org/10.1002/smll.202404463
https://dx.doi.org/10.1002/smll.202404463
http://www.ncbi.nlm.nih.gov/pubmed/39235409
https://dx.doi.org/10.3390/ijms24032057
https://dx.doi.org/10.3390/ijms24032057
http://www.ncbi.nlm.nih.gov/pubmed/36768382
https://dx.doi.org/10.1161/ATVBAHA.124.320797
https://dx.doi.org/10.1161/ATVBAHA.124.320797
http://www.ncbi.nlm.nih.gov/pubmed/38695172
https://dx.doi.org/10.1186/s12906-023-04253-9
https://dx.doi.org/10.1186/s12906-023-04253-9
http://www.ncbi.nlm.nih.gov/pubmed/38066464
https://dx.doi.org/10.1093/cvr/cvad082
http://www.ncbi.nlm.nih.gov/pubmed/37225143
https://dx.doi.org/10.1093/eurheartj/ehad796
http://www.ncbi.nlm.nih.gov/pubmed/38036416
https://dx.doi.org/10.3389/fimmu.2023.1196704
http://www.ncbi.nlm.nih.gov/pubmed/37215106
https://dx.doi.org/10.1016/j.slast.2026.100404
http://www.ncbi.nlm.nih.gov/pubmed/41722859
https://dx.doi.org/10.1016/j.ymthe.2025.03.026
https://dx.doi.org/10.1016/j.ymthe.2025.03.026
http://www.ncbi.nlm.nih.gov/pubmed/40119516
https://dx.doi.org/10.3390/biom14070854
http://www.ncbi.nlm.nih.gov/pubmed/39062568

	Abstract
	Introduction 
	Pathology and progression of atherosclerosis 
	Phenotypic diversity of macrophages 
	Adhesion of monocytes to the endothelium 
	Accumulation of lipids by macrophages and the formation of foam cells 
	Macrophage localization in atherosclerotic lesions 
	Interaction of macrophages with the ECM 
	Interaction of macrophages with immune cells 
	Role of macrophages in atherosclerotic plaque regression 
	Macrophages and cytokines in atherosclerosis 
	The effect of mitochondria and mitochondrial mutations 
	Macrophage senescence and atherosclerosis 
	Possible approaches for atherosclerosis therapy targeting macrophages 
	Limitations 
	Future directions 
	Conclusions 
	Acknowledgments 
	Funding 
	Conflict of interest 
	Author contributions 
	References

