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Abstract 

Atherosclerosis is a chronic inflammatory pathology that raises the probability of cardiovascular events. 

Immune cells play a substantial role in the progression and regression of the disease, with macrophages 

being one of the most active types causing atherosclerotic lesions. Recent research on the role of 

macrophages in atherosclerosis has revealed that macrophages can act both to promote and impede plaque 

growth and calcification. Moreover, macrophages show flexibility in their phenotype. In response to 

various microenvironmental stimuli, macrophages alter their phenotype to a pro- or anti- inflammatory 

state. This, in turn, determines plaque stability which furthers either disease progression or regression. This 

article incorporates information about macrophage polarization, diverse subtypes as well as their markers, 

and their impact on lesions. Knowing macrophage precursors and characteristic features is essential for 

understanding their diverse impacts on atherosclerotic plaques and for the development of new therapeutic 

approaches. 
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Introduction 

Atherosclerosis is a significant cause of mortality 

and morbidity worldwide (1). Around 17.9 million 

deaths are due to cardiovascular diseases (CVD) in 

the world each year (2). An estimated 200 million 

people worldwide are affected with atherosclerosis, 

which is associated with premature CVD (3). The 

pathology starts when the endothelium of an artery 

gets damaged by physical exposure to low-density 

lipoproteins (LDL), toxins, or high-pressure blood. 

Specifically, abnormalities in the way artery walls 

develop are called lesions. They are often located 

at arterial branching points and bends because they 

are more likely to be exposed to local endothelial 

cell damage and dysfunction. Then, LDL 

accumulate in the intimal layer of a blood vessel. 

Stored lipoproteins can be modified via several 

mechanisms, such as oxidation, enzymatic 

processing, desialylation, and aggregation (4). 

Altered lipoproteins are pro-inflammatory and 

activate surrounding endothelial cells, which secrete 

signaling molecules called chemokines and 

cytokines. Chemokines recruit monocytes and T- 

helper cells into the intimal and subintimal space of 

the artery, where cytokines promote differentiation 

of white blood cells into macrophages (5). 

Macrophages actively phagocytose modified LDL 

and become “foam cells” (6). Hence, foam cell 

formation positively correlates with levels of LDL. 

Statins are often used to lower LDL concentrations 

and consequently impede foam cell formation. 

Although the engulfment of lipoproteins by 

macrophages might seem beneficial, “foam cells” 

exacerbate inflammation through the secretion of 

proinflammatory mediators, such as cytokines and 

reactive oxygen species (ROS), and through their 

eventual death by necrosis or apoptosis (4). 

Therefore, “foam cells” are one of the main

components of atherosclerotic plaques. The 

progression of atherosclerosis can finally result in 

plaque rupture and thrombosis. This is when an artery 

becomes blocked by the contents of a plaque. 

Thrombosis may lead to ischemia and myocardial 

infarction, a significant cause of death. 

Certain microenvironmental conditions determine 

macrophage polarization towards distinct 

phenotypes. Initially, the classification of 

macrophage phenotypes included classically 

activated (M1) and alternatively activated (M2) 

macrophages. Inflammatory cytokines and 

bacterial components can induce macrophage 

polarization towards M1 phenotype. This phenotype 

is responsible for destroying microbes, eliminating 

tumor cells, and evoking an adaptive immune 

response. M2 activation occurs in response to 

stimulation with anti-inflammatory cytokines. 

Those macrophages are involved in long-term tissue 

repair and tumor growth and exert antiparasitic 

effects. Classification only between 

proinflammatory M1 and anti-inflammatory M2 

phenotype is now considered an oversimplification, 

and other phenotypes have been described, 

including M(Hb), Mhem, Mox, and M4. 

Moreover, it has been shown that plaque 

macrophages show remarkable plasticity and can 

undergo modification depending on the 

microenvironment along a continuous spectrum, 

with M1 and M2 macrophage phenotypes being the 

extremes. Thus, plaque stability and the probability 

of a cardiovascular event are affected by 

macrophage phenotypes, distribution, and 

proportion in a plaque. In consideration of all this, it 

is reasonable to claim that macrophages play a 

significant role in atherosclerosis progression and 

regression. 
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Where do macrophages come from? 

Monocyte-derived macrophages 

Monocytes make up from 2 to 10 percent of immune 

cells in the human body and have diverse roles in 

immune system functioning. They are mainly 

derived from the bone marrow and spleen and are 

released into the blood circulation for surveillance 

(7). In the event of inflammation, monocytes are 

recruited into the damaged tissue, where they 

phagocytose other cells or toxic molecules, 

including oxidized LDL, secrete proinflammatory 

cytokines, differentiate into macrophages or 

inflammatory dendritic cells, and form foam cells 

(8). At least three distinct monocyte subsets in 

human blood have been identified based on makers 

on their cell surface. Classical CD14++CD16− 

monocytes express high cluster of differentiation 14 

(CD14) but no CD16 and account for 90% of all 

circulating monocytes. This subtype is involved in 

immune cell recruitment into tissue, maintenance 

of the vasculature, macrophage cell survival, and 

localization within plaques. Non-classical 

CD14+CD16++ monocytes with low CD14 and 

high CD16 expressions are less recruited in a tissue. 

Intermediate CD14++CD16+ monocytes with high 

CD14 and low CD16 expressions are primarily 

derived from the bone marrow. Recent research has 

concluded that monocytes with CD16 expression, 

including both non-classical and intermediate types, 

increase CVD risk (9). Moreover, the number of 

CD14++CD16+ correlates positively with the 

atherogenic lipids concentration and negatively 

with levels of anti- atherogenic high density 

lipoproteins (HDL) (8). In mice, two monocyte 

subsets are present: inflammatory Ly6Chigh 

monocytes and resident Ly6Clow monocytes, 

which are comparable to human classical and non-

classical monocytes, respectively (8). 

In atherosclerosis, the level of monocytes in the 

blood strongly correlates with disease progression. 

As the endothelial layer gets damaged and inflamed, 

different microenvironmental stimuli, for instance, 

lipoproteins, accelerate the production of 

monocytes in the bone marrow and their influx to 

subendothelial space. Once monocytes arrive at the 

tissues, they require colony-stimulating factors 

(CSF-1 and M-CSF) and other factors, such as 

interleukin (IL)-34, for differentiation into 

monocyte-derived macrophages and increase the 

survival and maintenance of this macrophage 

population (10). Recently, it has been discovered 

that CSF-1 from local smooth muscle and 

endothelial cells supports plaque macrophage 

survival (11). Additionally, rapid adaptation and 

differentiation of monocytes in plaques require 

CSF-1 receptor-mediated signaling in aortic 

stromal cells and macrophages. 

Based on monocyte subsets from which 

macrophages originate, M1 and M2 macrophage 

phenotype functions vary. For instance, 

macrophages derived from classical monocytes 

show higher phagocytic ability than those that 

originate from monocytes with CD16 expression 

(9). 

SMC-derived macrophages 

Recent studies have demonstrated that not all foam 

cells are produced from monocyte-derived 

macrophages. Foam cells can also be derived from 

intima smooth muscle cells (SMCs). Furthermore, 

co-staining with SMC and foam cell-specific 

markers has demonstrated that about half of foam 

cells in human atherosclerotic lesions are SMC-

derived (12). It has been concluded that SMCs can 

convert and transdifferentiate into macrophage-like 

cells and consequently into foam cells under  
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certain microenvironmental stimuli in plaques 

such as oxidized lipids, transforming growth 

factor-β (TGF-β), and other cytokines (13). SMC-

derived foam cells share relatively non-

inflammatory gene expression profiles with more 

classical macrophage foam cells. Under the effect 

of platelet-derived growth factor beta (PDGFβ) 

signaling, SMCs can lose their contractile 

phenotype and transdifferentiate into cells that 

produce extracellular matrices and carry a 

reparative function: healing and stabilizing the 

artery wall (14). These SMCs participate in the 

thickening and stabilization of a fibrous cap in 

atherosclerotic lesions. Moreover, SMCs are one 

of the first cell types to maintain lipoproteins in 

atherosclerosis progression (15). 

Recently, it has been suggested that although some 

SMC-derived macrophage cells continue to be 

macrophage-like cells in the advanced plaques, 

most do not continue to express macrophage 

markers at the late stages. Instead, some SMC- 

derived macrophage-like cells contribute to cells 

expressing fibroblast or pericyte markers in 

atherosclerotic plaques (16). That same study 

demonstrated that macrophage-like cells derived 

from SMCs have the potential to express markers 

of various cell lineages, as opposed to monocyte-

derived macrophages that are terminally 

differentiated. Thus, SMC-derived macrophages 

can show plasticity during the progression of 

atherosclerosis. Li et al. have found that SMC- 

derived macrophage-like cells can revert to smooth 

muscle cells in fibrous caps of advanced plaques 

(16). In other words, the study demonstrated that 

macrophages and smooth muscle cells exist in an 

“equilibrium” in atherosclerotic lesions. Where a 

cell is on a differentiation spectrum from SMC to 

macrophage determines its role in atherosclerosis 

progression or regression. Furthermore, it has been 

found that SMCs phenotype switching to 

macrophage-like cells is dependent on KLF4 and is 

inhibited by miR-145/143 (17). Targeting the 

smooth muscle-macrophage communication was 

suggested to be a novel therapeutic approach (18). 

Interestingly, SMCs differentiation to macrophages 

may play a dual role in the disease course since not 

only macrophages but also SMCs can exert both 

anti- or pro- inflammatory effects depending on 

their microenvironment. 

On the one hand, SMCs can contribute to 

atherosclerosis progression. For example, in a 

recent study, Dubland et. al. reported that SMCs 

show impeded expression of ABCA1 as well as 

reduced accumulation of free cholesterol following 

aggregated LDL. Considering that upregulation of 

ATP-binding cassette transporter A1 (ABCA1) 

impedes foam cell formation through HDL 

synthesis, SMCs lacking this important feature may 

foster atherosclerosis progression (19). The same 

study suggests that although SMCs endocytose 

excess of atherogenic lipoproteins, they lack 

mechanisms to process the lipids in a manner 

similar to macrophages consequently comprising a 

large proportion of potentially regression-resistant 

cholesterol that accumulates in atherosclerotic 

plaque (20). 

On the other hand, smooth muscle cells are essential 

in exerting antiatherogenic effects as they produce 

extracellular matrix that stabilizes the plaque. 

Recent experiments have demonstrated that 

differentiation from SMCs to macrophages may 

alter the extracellular matrix by decreasing the 

expression of proteins, including collagen and 

elastin, and increasing the expression of 

metalloprotease MMP-9 and collagenase MMP-1 

in cells. Therefore, differentiation of SMCs to 

macrophages may contribute to an increase in 
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plaque vulnerability. Statins are often used to impede 

the level of matrix metalloproteinases (MMPs), 

which are released by macrophages to degrade 

extracellular matrix produced by SMCs. For 

instance, statins are known to lower the expression of 

MMP-9 which contributes to inflammation and 

fibrosis in CVD. 

However, due to current challenges in distinguishing 

between macrophage and SMC cell markers, the 

hypothesis that SMCs and SMC- derived foam cells 

contribute to plaque stabilization, while 

macrophages contribute to plaque vulnerability, may 

be incorrect. For instance, a recent study conducted 

by Allahverdian et al. demonstrated that most of the 

foam cells that express SMC-specific marker, SM α-

actin, in advanced human coronary artery lesions also 

express macrophage marker CD68. Thus, in some 

cases, it may be challenging to identify whether such 

foam cells are SMC-derived or macrophage-derived 

(21). 

It remains unclear to what extent foam cells are 

derived from SMCs in their expression phenotype 

and trajectory, and it is also still unclear whether 

SMC-derived macrophage-like cells adopt a stable or 

temporary fate during the progression of 

atherosclerosis. Single-cell experimental techniques 

and lineage tracking methods are expected to reveal 

more insights about SMC- derived macrophages. 

Tissue-resident macrophages 

Tissue-resident macrophages are present in all major 

organs, including arteries. They proliferate at low 

levels when the conditions are stable. However, 

tissue-resident macrophages show high proliferation 

when inflammation occurs (22). Tissue-resident 

macrophages can either develop from hematopoietic 

stem cells through blood 

monocyte intermediates and bone marrow-

progenitor cells or self-renew by local proliferation 

of mature differentiated cells (23). The relative 

balance in atherosclerosis between macrophage 

self-proliferation and recruitment from blood is still 

partially unclear. While more tissue-resident 

macrophages are replenished by circulating 

LyC6high monocytes and less by Ly6Clow 

monocytes during homeostasis, some can exist 

independently of circulating monocytes (24). In 

atherosclerosis, newly formed lesions primarily 

recruit monocytes from the circulation, while 

advanced lesions rely more on local macrophage 

proliferation than on the new monocyte 

replenishment. Therefore, the balance between 

tissue-resident macrophage proliferation and 

recruitment from blood is crucial for disease 

progression. 

Resident macrophages can alter their phenotype 

and carry various functions in response to different 

tissue microenvironments, including IL-4, IL-13, 

and M-CSF cytokine secretion, damage-associated 

molecular patterns, and pathogen-associated 

molecular patterns. Consequently, tissue-resident 

macrophages serve a dual role. They can inhibit 

tissue inflammation without adverse effects but 

rapidly alert the immune system if they encounter 

pathogens, signs of ischemia, or any other stress 

(25). Moreover, tissue-resident macrophages are 

involved in the organization of matrix metabolism, 

as they interact with fibroblasts that produce 

collagen and provide proteases that degrade the 

extracellular matrix (26). 

Collectively, recent research confirms that knowing 

the difference between monocyte-derived, SMC-

derived, and tissue-resident macrophages is 

essential to understand pathways of foam cells 
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formation, plaque accumulation, and the 

progression of atherosclerosis. 

The most common macrophage phenotypes 

Macrophage polarization is a process during which 

macrophages attain a phenotype with specific 

functions in response to microenvironmental 

stimuli. Theoretically, macrophage subtypes can be 

identified by their surface markers and chemokine 

receptor expression. However, some markers are 

identical among different macrophage subtypes, 

and only a few markers are specific for a given 

phenotype, which increases the complexity of the 

macrophage classification proposal (27). For that 

reason, macrophage phenotypes are generally 

defined based on both their surface markers and 

possible functions. 

Initially, macrophage classification included 

classically activated (M1) and alternatively 

activated (M2) macrophages. M1 macrophages can 

be induced by the tumor necrosis factor-α (TNF-α), 

pathogen-associated molecular patterns (PAMPs), 

such as lipopolysaccharides (LPS), interferon-γ 

(IFN-γ), and toll-like receptor ligands (28). 

Classically activated macrophages eliminate tumor 

cells and microbes and present antigens to T cells 

to provoke an adaptive immune response. 

Moreover, M1 macrophages damage the tissue and 

produce proatherogenic substances. For instance, 

M1 macrophages release pro-inflammatory 

reactive nitrogen intermediates (RNI) and ROS 

which are involved in bacterial killing (29). In 

addition, classically activated macrophages express 

nitric oxide synthase (iNOS) to produce nitric oxide 

(NO) with the substrate L-arginine in response to 

inflammatory mediators. Generation of both ROS 

and NO results in tissue destruction and impaired 

wound healing (30). Furthermore, M1 macrophages 

secrete pro-inflammatory cytokines, 

including TNF-α, interleukin-6 (IL-6), and IL-1β, to 

resist infections and promote Th1 responses (4). 

Inflammatory cytokines recruit more immune cells, 

including macrophages, to the lesion site. Thus, 

more foam cells form by phagocytosis and 

eventually die to make up the plaque (31). 

M2 macrophages are polarized in response to 

stimulation with IL-4, IL-10, IL-13, and IL-33 anti-

inflammatory cytokines, immunocomplexes, 

collagen, and certain lipid products (32). These 

macrophages display scavenger, mannose, and 

galactose-type surface receptors responsible for 

debris clearance. M2 phenotype is 

immunosuppressive due to decreased antigen 

presentation to T cells and release of cytokines that 

stimulate a Th2 response. Moreover, alternatively 

activated macrophages express the enzyme 

Arginase 1 (ARG1), which hydrolyzes L-arginine to 

L-ornithine. L-ornithine is the precursor for 

polyamines which are crucial for cell survival and 

essential amino acids for collagen production, such 

as proline and hydroxyproline. 

Thus, M2 macrophages play a significant role in 

atherosclerosis regression as they participate in 

long-term tissue repair, exert antiparasitic effects 

and favor tumor growth (4). In addition, it has been 

reported that M2 macrophages are less susceptible 

to transform into foam cells than M1 macrophages 

(33). Nevertheless, it is important to emphasize that 

alternatively activated macrophages are not solely 

antiatherogenic (34). For instance, engulfment of 

apoptotic cells results in macrophage polarization 

towards an M2-like phenotype, characterized by the 

secretion of anti-inflammatory mediators TGFβ and 

IL10 as well as prostaglandin E2 which can exert 

both pro- and anti- inflammatory effects, depending 

on relative EP receptor subtype expression (35). 
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Since ARG1 is a biomarker of alternatively 

activated macrophages and iNOS is a biomarker of 

classically activated macrophages, the iNOS to 

ARG1 ratio is often used to determine the M1 to M2 

ratio. However, classification only between M1 and 

M2 macrophage phenotypes is now considered 

oversimplified, and other phenotypes have been 

described (Figure 1). For instance, Mox 

macrophages comprise about 30 % of plaque 

macrophages in hypercholesterolemic mice. 

Oxidized phospholipids, such as oxidized 

phospholipid 1-palmitoyl-2-arachidonoyl-sn- 

glycero-3-phosphorylcholine (oxPAPC), activate 

macrophage gene expression pattern and induce 

polarization towards Mox subset (36). Mox gene 

expression resembles that of M1 more than M2, 

since there are more M1/Mox overlapping genes, 

which are mainly proinflammatory, such as IL-1β 

and cyclooxygenase-2 (COX-2) (37). Moreover, 

Mox macrophages show reduced phagocytic and 

chemotactic abilities compared with M1 and M2 

macrophages, which contributes to the tissue 

damage and inflammation exacerbation (38). 

 

 

 

 
 

 
Figure 1: Macrophage subsets (30). 

 

Therefore, Mox phenotype can be proatherogenic. 

On the other hand, Mox macrophages exclusively 

express genes for antioxidant enzymes, including 

heme oxygenase 1 (HO-1), sulfiredoxin-1 (Srxn 

1), and 

thioredoxin reductase 1 (TrxR1), which are 

upregulated by nuclear factor erythroid 2-related 

factor 2 (Nrf2) (31). These enzymes prevent tissue 

damage from oxidative stress. Thus, Mox 
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macrophages are vital in redox regulation and 

antioxidant activity and may exert anti- 

inflammatory effects. Collectively, this data shows 

that the proinflammatory Mox phenotype can also 

have antiatherogenic effects. 

In the event of intraplaque hemorrhage, which is a 

common complication linked to atherosclerosis 

progression, red blood cells lyse rapidly and release 

hemoglobin and free heme. When hemoglobin 

binds to plasma protein haptoglobin, a hemoglobin-

haptoglobin complex forms. Free heme and 

hemoglobin directly polarize macrophages toward 

the Mhem phenotype. Mhem phenotype can 

phagocytose damaged erythrocytes and iron. 

Moreover, Mhem subtype has a low iron 

accumulation and is resistant to lipid uptake, thus, 

precluding foam cell formation (39). In addition, 

Mhem phenotype expresses high levels of CD163 

scavenger receptor, which uptakes hemoglobin- 

haptoglobin complexes and consequently induces 

the release of anti-inflammatory IL10 and HO-1 

(40). Due to the expression of HO-1 regulated by 

Nrf2 Mhem macrophages suppress oxidative stress 

(41). 

Hemoglobin-haptoglobin complex induces 

macrophage polarization to the M(Hb). Similar to 

Mhem phenotype, M(Hb) subset shows  increased 

levels of the scavenger receptors CD163 (the 

hemoglobin-haptoglobin complex receptor) and 

suppresses oxidative stress. M(Hb) macrophages 

show reduced levels of ROS and express low levels 

of intracellular iron due to upregulation of 

ferroportin (FPN). The M(Hb) subtype is also 

characterized by elevated levels of liver X receptor 

which induces cholesterol efflux. Importantly, 

M(Hb) phenotype can release both proinflammatory 

molecules, including IL-1β cytokine and vascular 

endothelial growth factor (VEGF), and anti-

inflammatory factors, such as 

IL-10 and IL-1 receptor antagonist (42). 

Collectively, M(Hb) and Mhem macrophages can 

coexist in areas of neovascularization or 

hemorrhage and generally display atheroprotective 

properties, such as oxidative stress suppression and 

resistance to foam cell formation (43). 

Gleissner et al. have subsequently identified a new 

macrophage phenotype. The M4 subset is induced 

by CXCL4 (platelet factor 4) and combines both the 

M1 and M2 characteristics. M4 macrophages are 

often found in advanced human atherosclerotic 

lesions and express exclusive markers 

metalloproteinase 7 (MMP 7) and calcium binding 

protein S100A8. CXCL4-induced phenotype is 

characterized by the absence of the hemoglobin- 

haptoglobin scavenger receptor CD163, required  

for hemoglobin clearance after plaque hemorrhage 

(44). Consequently, M4 subset expresses low levels 

of anti-inflammatory HO-1 when exposed to a 

hemoglobin-haptoglobin complex. 

Moreover, CXCL4-induced macrophages show 

low levels of CD36 and scavenger receptor-A, 

which are both responsible for the majority of 

modified LDL uptake (45). The M4 phenotype 

produces the pro-inflammatory cytokines TNF-α 

and IL-6 and expresses reduced phagocytic 

properties (44). Furthermore, M4 macrophages can 

be involved in complications of late atherosclerosis, 

including acute coronary syndrome and arterial 

thrombosis (38). In addition, CXCL4- induced 

phenotype produces the matrix metalloproteinase-

12 (MMP12) enzyme, which is involved in the 

degradation of the fibrous cap, thus  leading to 

plaque destabilization. Therefore, M4 subtype can 

be considered to be pro-atherogenic. 

Macrophage plasticity and distribution in an 

atherosclerotic plaque 
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Recent investigations have demonstrated that 

macrophages are plastic cells and can modify their 

phenotype in response to microenvironmental 

stimuli along a continuous spectrum with M1 and 

M2 subsets as the extremes. Factors affecting 

macrophage polarization include cholesterol and 

lipid loading, inflammatory stimuli, and systemic 

factors, such as infection, dyslipidemia, and low- 

grade inflammation associated with diabetes or 

autoimmune diseases (46). However, whether 

macrophages can alter their phenotype dramatically 

after they have already attained one, for instance, 

from a pro-inflammatory to an atheroprotective 

subtype, remains controversial and unclear. 

Interestingly, it was reported that the polarization of 

CXCL-4-induced macrophages is irreversible (44). 

A large number of studies has proved that different 

macrophage phenotypes are associated with a 

specific location within a plaque. For instance, 

classically activated macrophages are 

predominantly located in rupture-prone shoulder 

regions of a plaque. In contrast, the alternatively 

activated phenotype is more common in adventitia 

and stable regions of a plaque which contain many 

cells (47). Equal numbers of M1 and M2 

macrophages are distributed in a fibrous cap of 

relatively stable plaques close to necrotic core (47). 

Furthermore, both M1 and M2 numbers rise through 

atherosclerosis progression. In advanced plaques, 

M1 macrophages are mainly located near the lipid 

core, while M2 macrophages are localized in neo-

angiogenic regions (regions where new blood 

vessels form from pre-existing vessels) (25). In 

mice, M2 macrophages are commonly found in 

early plaques, while M1 macrophages are abundant 

in advanced lesions (48). In atherosclerosis 

progression, M1 macrophages dominate in 

vulnerable plaques, whereas the polarization of 

macrophages to the M2 phenotype results in plaque 

stabilization and disease regression (25). Cho et al. 

studied the impact of M1 and M2 macrophages on 

plaque vulnerability in patients with carotid artery 

disease. They found that M1 macrophages are 

present in symptomatic plaques exclusively, while 

M2 macrophages are present in plaques of both 

symptomatic and asymptomatic patients. 

Collectively, the M1/M2 macrophage ratio and 

specific location in the lesion determine 

atherosclerotic plaque stability (49). When and 

where during the course of the disease, the M2 to 

M1 ratio should be increased remains to be 

investigated to improve current atherosclerosis 

treatment protocols. 

In human lesions, Mhem and M(Hb) macrophages 

are present in iron-rich regions and regions of 

previous hemorrhage or angiogenesis (43). M4 

phenotype is common in the intima and adventitia 

of a blood vessel and contributes to plaque 

instability (50). Mox macrophages were found to 

colocalize with oxidized phospholipids in plaques 

(51). In addition, Mox macrophages contribute to 

lesion development since they display low 

phagocytic and chemotactic abilities and upregulate 

VEGF. 

Macrophage-targeting therapy and treatment 

Atherosclerosis therapy is currently under a strong 

research focus. Nanoparticle-based therapy aimed 

to increase HDL levels may impede atherosclerotic 

plaque development by inhibiting lipid deposition 

(52). Nevertheless, the nanoparticle-based 

approach remains to be further investigated to 

access its effectiveness. In addition, cell therapy 

has shown promising results. However, due to 

limitations of the method, such as complexity 

requiring control of many variables and high cost, 
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there has been no breakthrough in cell therapy 

research in the past few years (53). Other successful 

and emerging therapeutic strategies include 

nanomedicine aimed at macrophages and stem cell 

transplantation (53). 

There is a significant focus on atherosclerosis 

treatment research as well. Lipid-lowering drugs, 

such as statins, have been the primary option to 

reduce LDL levels in blood and treat atherosclerosis 

thus far (54). Statins work to inhibit the activity of 3-

hydroxy-3-methylglutaryl coenzyme A (HMG-

CoA) reductase – an enzyme responsible for 

cholesterol synthesis in the body. Furthermore, it 

has been evidenced that statins can exert anti-

atherosclerotic effects associated with 

macrophages. For instance, atorvastatin together 

with IL-4 treatment during macrophage 

differentiation may lead to elevated levels of M2 

macrophages polarized via the peroxisome 

proliferator-activated receptor γ (PPARγ) pathway 

(55). Similarly, a recent study by Zhang et al. 

demonstrated that pravastatin enhances 

polarization toward an M2 phenotype (56). In 

addition, statins can suppress the CIITA gene 

transcription and consequently inhibit major 

histocompatibility complex class II receptor  (MHC-

II) expression by IFN-γ characteristic to M1-like 

macrophages (57). Kauerova et. al. investigated the 

influence of statin treatment on macrophage 

polarization in human adipose tissue and reported 

that statin therapy increases the proportion of M2 to 

M1 phenotypes in macrophages (58). 

Nevertheless, statins may also contribute to 

atherosclerosis progression. As such, statin 

treatment during macrophage differentiation stage 

may enhance LPS-induced IL-1β and IL-6 

proinflammatory cytokine secretion (57). 

Furthermore, statins have also been reported to 

exert proinflammatory effects by altering 

macrophage polarization. For instance, lovastatin 

treatment was found to inhibit M2-like polarization 

and favor that towards an M1 phenotype (59). 

Collectively, recent studies demonstrated that all 

statins examined to date exert both pro- and anti- 

inflammatory immunomodulatory effects in vitro, 

with the exception of pravastatin. These 

contradictory findings are partially due to 

differences between animal and human models, 

differences in experimental design, and in various 

treatment regimens (57). Importantly, mechanisms 

following which statins affect macrophages have 

not been studied. Thus, the effect of statins on 

human macrophages remains to be elucidated. 

Although statins have a significant effect on 

atherosclerotic lesions, a recent investigation has 

proved that the effect of statins is not sufficient for 

decreasing mortality associated with the disease. In 

a randomized, double-blind, placebo-controlled 

trial, patients between 40 and 85 years old with 

fasting LDL-C or non-HDL-C levels were treated 

with lipid-lowering drugs, preferably high-intensity 

statins (60). 10% of all patients in the investigation 

experienced a cardiac event during a median follow-

up of 26 months. The results of the study 

demonstrate that many patients receiving lipid-

lowering treatment still experience cardiovascular 

events. Hence, this data as well as other trials 

suggest that the effect of lipid-lowering therapy on 

atherosclerosis regression is limited. In fact, specific 

targets such as macrophage-mediated inflammation 

that can be reduced through targeting macrophage 

cytokines or promoting macrophage efferocytosis, 

emigration, and polarization to an anti-

inflammatory phenotype may benefit 

atherosclerosis regression and have a more 

significant effect when combined with statins (61). 
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For instance, a recent randomized, double-blind trial 

was conducted on the effectiveness of the anti- 

inflammatory treatment with Canakinumab for 

atherosclerosis (62). Canakinumab is a therapeutic 

monoclonal antibody that targets an inflammatory 

cytokine IL-1β released by macrophage subsets 

promoting atherogenesis. The investigation 

included 10,061 patients with a C-reactive protein 

(CRP) level of 2 mg per liter or more who 

previously had myocardial infarction. The trial 

demonstrated that Canakinumab therapy targeting 

the interleukin-1β innate immunity pathway at a 

dose of 150 mg every 3 months significantly 

reduced the C-reactive protein level as well as the 

rate of recurrent cardiovascular events, independent 

of lipid-level lowering. 

Metformin is a hypoglycemic drug which plays a 

protective role in diabetes-related CVD and 

potential CVD in patients without diabetes. 

Metformin was suggested to improve macrophage 

atheroprotective functions in combination with 

other drugs, such as hypoglycemic agent-sodium 

glucose cotransporter 2 inhibitors (SGLT2i), statins, 

and anti-inflammatory drug IL-β inhibitors (63). 

Empagliflozin is one of the SGLT2i which induces 

polarization towards M2 phenotype in the liver and 

reduces levels of M1 macrophages and 

proinflammatory TNF-α in the blood. Moreover, 

empagliflozin inhibits resistance to insulin, 

promotes utilization of lipids and reduces obesity- 

related inflammation. Importantly, treatment of 

people with diabetes and an elevated risk of CVD 

with a combination of Metformin with 

empagliflozin and glucagon-like peptide-1 (GLP- 1) 

receptor agonists resulted in lower all-cause 

mortality and cardiovascular death. Collectively, 

combining Canakinumab and Metformin therapies 

may be more effective in treating CVD, in 

particular atherosclerosis. Further research is 

expected to demonstrate whether combining lipid-

lowering drugs with therapy against macrophage 

proatherogenic effects is necessary. 

Conclusion 

Macrophage polarization to various phenotypes as 

well as subsets’ plasticity provide prospects for new 

methods of treating atherosclerosis, the primary 

precursor of cardiovascular events. Macrophage 

subsets have diverse impacts on plaque stability 

and, thus, may participate in pathology progression 

or regression. Stable plaques are associated with 

disease regression, as they are not exposed to 

rupture. Rupture of unstable plaques results in cells 

that make up the lesion, blocking an artery and, 

subsequently, restricting blood flow. M1 and M4 

macrophages promote atherogenesis mainly due to 

inflammatory cytokine expression. M2, M(Hb), and 

Mhem subtypes contribute to pathology regression 

by exerting anti-inflammatory effects. The Mox 

phenotype can exert both proatherogenic and 

antiatherogenic impacts on lesions depending on 

microenvironmental conditions. Therefore, 

understanding the inducers and markers of 

macrophage phenotypes as well as their distribution 

in atherosclerotic lesions will be beneficial in the 

development of new therapies and treatments. 

Targeting proinflammatory mediators or altering 

macrophage polarization towards antiatherogenic 

subtypes by modulating microenvironmental 

stimuli may be a productive future approach in 

atherosclerosis therapy. 

 

Acknowledgments 

I sincerely thank my mentors Rachel Carley and 

Jorge Corral Acero for their guidance throughout 

the creation of this paper. 



Review paper 

Journal of High School Science, 7(3), 2023 

 

 

References 

1. Yazdanyar A, Newman AB. The Burden of Cardiovascular Disease in the Elderly: Morbidity, 

Mortality, and Costs. Clinics in Geriatric Medicine. 2009. 25 (4): 563–77. 

https://doi.org/10.1016/j.cger.2009.07.007 

2. Tsao CW, Aday AW, Almarzooq ZI, Alonso A, Beaton AZ, Bittencourt MS, et. al. Heart Disease and 

Stroke Statistics-2022 Update: A Report from the American Heart Association. Circulation. 2022. 145 

(8): E153–639. https://doi.org/10.1161/CIR.0000000000001052 

3. Agnelli G, Belch JJF, Baumgartner I, Giovas P, Hoffmann U. Morbidity and mortality associated with 

atherosclerotic peripheral artery disease: A systematic review. Atherosclerosis. 2020. 293: 94–100. 

https://doi.org/10.1016/j.atherosclerosis.2019.09.012 

4. Ruytinx P, Proost P, Van Damme J, Struyf S. Chemokine-induced macrophage polarization in 

inflammatory conditions. Frontiers in Immunology. 2018. 9: Article 1930. 

https://doi.org/10.3389/fimmu.2018.01930 

5. Imhof BA, Aurrand-Lions M. Adhesion mechanisms regulating the migration of monocytes. Nature 

Reviews Immunology. 2004. 4: 432–44. https://doi.org/10.1038/nri1375 

6. Gui Y, Zheng H, Cao RY. Foam Cells in Atherosclerosis: Novel Insights Into Its Origins, 

Consequences, and Molecular Mechanisms. Front Cardiovasc Med. 2022. 9. 

https://doi.org/10.3389/fcvm.2022.845942 

7. Italiani P, Boraschi D. From monocytes to M1/M2 macrophages: Phenotypical vs. functional 

differentiation. Frontiers in Immunology. 2014. 5. https://doi.org/10.3389/fimmu.2014.00514 

8. Woollard KJ, Geissmann F. Monocytes in atherosclerosis: Subsets and functions. Nature Reviews 

Cardiology. 2010, 7 (2): 77–86. https://doi.org/10.1038/nrcardio.2009.228 

9. Flynn MC, Pernes G, Lee MKS, Nagareddy PR, Murphy AJ. Monocytes, macrophages, and metabolic 

disease in atherosclerosis. Frontiers in Pharmacology. 2019. 10 

https://doi.org/10.3389/fphar.2019.00666 

10. Plotkin LI, Bivi N. Macrophage Colony-Stimulating Factor Local Regulation of Bone Cell Function. 

Basic and Applied Bone Biology, Eds. Burr BB, Allen MR, 2014, Elsevier Inc, NY, NY 

https://doi.org/10.1016/C2011-0-05817-9 

11. Kim KW, Ivanov S, Williams JW. Monocyte Recruitment, Specification, and Function in 

Atherosclerosis. Cells, 2020, 10 (1): 15. https://doi.org/10.3390/cells10010015 

12. Wang Y, Dubland JA, Allahverdian S, Asonye E, Sahin B, Jaw JE, et al. Smooth Muscle Cells 

Contribute the Majority of Foam Cells in ApoE (Apolipoprotein E)-Deficient Mouse Atherosclerosis. 

Arterioscler Thromb Vasc Biol. 2019, 39 (5): 876–87. https://doi.org/10.1161/atvbaha.119.312434 

https://doi.org/10.1016/j.cger.2009.07.007
https://doi.org/10.1161/CIR.0000000000001052
https://doi.org/10.1016/j.atherosclerosis.2019.09.012
https://doi.org/10.3389/fimmu.2018.01930
https://doi.org/10.1038/nri1375
https://doi.org/10.3389/fcvm.2022.845942
https://doi.org/10.3389/fimmu.2014.00514
https://doi.org/10.1038/nrcardio.2009.228
https://doi.org/10.3389/fphar.2019.00666
https://doi.org/10.1016/C2011-0-05817-9
https://doi.org/10.3390/cells10010015
https://doi.org/10.1161/atvbaha.119.312434


Review paper 

Journal of High School Science, 7(3), 2023 

 

 

13. Rong JX, Shapiro M, Trogan E, Fisher EA. Transdifferentiation of mouse aortic smooth muscle cells 

to a macrophage-like state after cholesterol loading. PNAS, 2003, 100 (23): 13531-13536 

www.pnas.orgcgidoi10.1073pnas.1735526100 

14. Owens GK, Kumar MS, Wamhoff BR. Molecular Regulation of Vascular Smooth Muscle Cell 

Differentiation in Development and Disease. Physiol. Rev., 2004, 84 (3): 767-801. 

https://doi.org/10.1152/physrev.00041.2003 

15. Park SH. Regulation of macrophage activation and differentiation in atherosclerosis. Journal of Lipid 

and Atherosclerosis. 2021. 10 (3): 251–67. https://doi.org/10.12997/jla.2021.10.3.251 

16. Li Y, Zhu H, Zhang Q, Han X, Zhang Z, Shen L, et al. Smooth muscle-derived macrophage-like 

cells contribute to multiple cell lineages in the atherosclerotic plaque. Cell Discovery. 2021. 7: Article 

111. https://doi.org/10.1038/s41421-021-00328-4 

17. Wolf MP, Hunziker P. Atherosclerosis: Insights into Vascular Pathobiology and Outlook to Novel 

Treatments. Journal of Cardiovascular Translational Research. 2020. 13 (5): 744–57. 

https://doi.org/10.1007/s12265-020-09961-y 

18. Deng Y, Lin C, Zhou HJ, Min W. Smooth muscle cell differentiation: Mechanisms and models for 

vascular diseases. Frontiers in Biology. 2017. 12. 392–405. https://doi.org/10.1007/s11515-017-1473-z 

19. Xiang P, Blanchard V, Francis GA. Smooth Muscle Cell—Macrophage Interactions Leading to 

Foam Cell Formation in Atherosclerosis: Location, Location, Location. Frontiers in Physiology. 2022. 

13. Article 921597. https://doi.org/10.3389%2Ffphys.2022.921597 

20. Dubland JA, Allahverdian S, Besler KJ, Ortega C, Wang Y, Pryma CS, et al. Low LAL (Lysosomal 

Acid Lipase) Expression by Smooth Muscle Cells Relative to Macrophages as a Mechanism for Arterial 

Foam Cell Formation. Arterioscler Thromb Vasc Biol. 2021. 41(6): E354–68. 

https://doi.org/10.1161/ATVBAHA.120.316063 

21. Allahverdian S, Chehroudi AC, McManus BM, Abraham T, Francis GA. Contribution of intimal 

smooth muscle cells to cholesterol accumulation and macrophage-like cells in human atherosclerosis. 

Circulation. 2014. 129 (15): 1551–9. https://doi.org/10.1161/circulationaha.113.005015 

22. Hashimoto D, Chow A, Noizat C, Teo P, Beasley MB, Leboeuf M, et al. Tissue-resident 

macrophages self-maintain locally throughout adult life with minimal contribution from circulating 

monocytes. Immunity. 2013. 38 (4): 792–804. https://doi.org/10.1016/j.immuni.2013.04.004 

23. Wu Y, Hirschi KK. Tissue-Resident Macrophage Development and Function. Frontiers in Cell and 

Developmental Biology. 2021. 8. https://doi.org/10.3389/fcell.2020.617879 

24. Epelman S, Lavine KJ, Randolph GJ. Origin and Functions of Tissue Macrophages. Immunity. 

2014. 41 (1): 21–35. https://doi.org/10.1016%2Fj.immuni.2014.06.013 

http://www.pnas.orgcgidoi10.1073pnas.1735526100/
https://doi.org/10.1152/physrev.00041.2003
https://doi.org/10.12997/jla.2021.10.3.251
https://doi.org/10.1038/s41421-021-00328-4
https://doi.org/10.1007/s12265-020-09961-y
https://doi.org/10.1007/s11515-017-1473-z
https://doi.org/10.3389%2Ffphys.2022.921597
https://doi.org/10.1161/ATVBAHA.120.316063
https://doi.org/10.1161/circulationaha.113.005015
https://doi.org/10.1016/j.immuni.2013.04.004
https://doi.org/10.3389/fcell.2020.617879
https://doi.org/10.1016%2Fj.immuni.2014.06.013


Review paper 

Journal of High School Science, 7(3), 2023 

 

 

25. Lin P, Ji HH, Li YJ, Guo SD. Macrophage Plasticity and Atherosclerosis Therapy. Frontiers in 

Molecular Biosciences. 2021. 8 : Article 679797. https://doi.org/10.3389/fmolb.2021.679797 

26. Nahrendorf M. Myeloid cells in cardiovascular organs. J Intern Med. 2019. 285 (5): 491–502. 

https://doi.org/10.1111%2Fjoim.12844 

27. Chinetti-Gbaguidi G, Colin S, Staels B. Macrophage subsets in atherosclerosis. Vol. 12, Nature 

Reviews Cardiology. 2015.12: 10–17. https://doi.org/10.1038/nrcardio.2014.173 

28. Saqib U, Sarkar S, Suk K, Mohammad O, Baig MS, Savai R. Phytochemicals as modulators of M1- 

M2 macrophages in inflammation. Oncotarget. 2018. 9 (25): 17937–50. 

https://doi.org/10.18632%2Foncotarget.24788 

29. West AP, Brodsky IE, Rahner C, Woo DK, Erdjument-Bromage H, Tempst P, et al. TLR signalling 

augments macrophage bactericidal activity through mitochondrial ROS. Nature. 2011. 472 (7344): 476– 

80. https://doi.org/10.1038/nature09973 

30. Xu H, Jiang J, Chen W, Li W, Chen Z, Medbury H. Vascular Macrophages in Atherosclerosis. 

Journal of Immunology Research. Hindawi Limited; 2019. 2019: Article 4354786. 

https://doi.org/10.1155%2F2019%2F4354786 

31. Li H, Cao Z, Wang L, Liu C, Lin H, Tang Y, et al. Macrophage Subsets and Death Are Responsible 

for Atherosclerotic Plaque Formation. Frontiers in Immunology. 2022. 13. 

https://doi.org/10.3389/fimmu.2022.843712 

32. Adamson S, Leitinger N. Phenotypic modulation of macrophages in response to plaque lipids. 

Current Opinion in Lipidology. 2011. 22 (5): 335–42. https://doi.org/10.1097/mol.0b013e32834a97e4 

33. 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): 985–95. 

https://doi.org/10.1161/circresaha.110.233775 

34. Pourcet B, Staels B. Alternative macrophages in atherosclerosis: Not always protective! Journal of 

Clinical Investigation. 2018. 128 (3): 910–912. https://doi.org/10.1172%2FJCI120123 

35. Leitinger N, Schulman IG. Phenotypic polarization of macrophages in atherosclerosis. Arterioscler 

Thromb Vasc Biol. 2013. 33 (6): 1120–1126. https://doi.org/10.1161/ATVBAHA.112.300173 

36. Kadl A, Meher AK, Sharma PR, Lee MY, Doran AC, Johnstone SR, et al. Identification of a novel 

macrophage phenotype that develops in response to atherogenic phospholipids via Nrf2. Circ Res. 2010 

107 (6): 737–46. https://doi.org/10.1161/circresaha.109.215715 

https://doi.org/10.3389/fmolb.2021.679797
https://doi.org/10.1111%2Fjoim.12844
https://doi.org/10.1038/nrcardio.2014.173
https://doi.org/10.18632%2Foncotarget.24788
https://doi.org/10.1038/nature09973
https://doi.org/10.1155%2F2019%2F4354786
https://doi.org/10.3389/fimmu.2022.843712
https://doi.org/10.1097/mol.0b013e32834a97e4
https://doi.org/10.1161/circresaha.110.233775
https://doi.org/10.1172%2FJCI120123
https://doi.org/10.1161/ATVBAHA.112.300173
https://doi.org/10.1161/circresaha.109.215715


Review paper 

Journal of High School Science, 7(3), 2023 

 

 

37. Parisi L, Gini E, Baci D, Tremolati M, Fanuli M, Bassani B, et al. Macrophage Polarization in 

Chronic Inflammatory Diseases: Killers or Builders? Journal of Immunology Research. 2018. 2018: 

Article 8917804. https://doi.org/10.1155%2F2018%2F8917804 

38. Skuratovskaia D, Vulf M, Khaziakhmatova O, Malashchenko V, Komar A, Shunkin E, et al. Tissue- 

specific role of macrophages in noninfectious inflammatory disorders. Biomedicines. 2020. 8 (10): 

Article 400. https://doi.org/10.3390/biomedicines8100400 

39. Habib A, Finn A V. The role of iron metabolism as a mediator of macrophage inflammation and 

lipid handling in atherosclerosis. Frontiers in Pharmacology. 2014. 5: Article 195. 

https://doi.org/10.3389/fphar.2014.00195 

40. Boyle JJ, Harrington HA, Piper E, Elderfield K, Stark J, Landis RC, et al. Coronary intraplaque 

hemorrhage evokes a novel atheroprotective macrophage phenotype. American Journal of Pathology. 

2009;174 (3): 1097–108. https://doi.org/10.2353/ajpath.2009.080431 

41. 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. Arteriosclerosis, 

Thrombosis, and Vascular Biology. 2011. 31 (11): 2685–91. https://doi.org/10.1161/atvbaha.111.225813 

42. Mushenkova N V., Nikiforov NG, Melnichenko AA, Kalmykov V, Shakhpazyan NK, Orekhova 

VA, et al. Functional Phenotypes of Intraplaque Macrophages and Their Distinct Roles in 

Atherosclerosis Development and Atheroinflammation. Biomedicines. 2022. 10 (2): Article 452. 

https://doi.org/10.3390/biomedicines10020452 

43. Finn A V., Nakano M, Polavarapu R, Karmali V, Saeed O, Zhao XQ, et al. Hemoglobin directs 

macrophage differentiation and prevents foam cell formation in human atherosclerotic plaques. J Am 

Coll Cardiol. 2012. 59 (2): 166–77. https://doi.org/10.1016/j.jacc.2011.10.852 

44. Gleissner CA, Shaked I, Little KM, Ley K. CXC Chemokine Ligand 4 Induces a Unique 

Transcriptome in Monocyte-Derived Macrophages. The Journal of Immunology. 2010. 184 (9): 4810–8. 

https://doi.org/10.4049/jimmunol.0901368 

45. Gleissner CA. Macrophage phenotype modulation by CXCL4 in atherosclerosis. Front Physiol. 

2012. 3: Article 1. https://doi.org/10.3389%2Ffphys.2012.00001 

46. Tabas I, Bornfeldt KE. Macrophage Phenotype and Function in Different Stages of Atherosclerosis. 

Circ Res. 2016.118 (4): 653–667. https://doi.org/10.1161/circresaha.115.306256 

47. Stöger JL, Gijbels MJJ, van der Velden S, Manca M, van der Loos CM, Biessen EAL, et al. 

Distribution of macrophage polarization markers in human atherosclerosis. Atherosclerosis. 2012. 225 

(2): 461–468. https://doi.org/10.1016/j.atherosclerosis.2012.09.013 

https://doi.org/10.1155%2F2018%2F8917804
https://doi.org/10.3390/biomedicines8100400
https://doi.org/10.3389/fphar.2014.00195
https://doi.org/10.2353/ajpath.2009.080431
https://doi.org/10.1161/atvbaha.111.225813
https://doi.org/10.3390/biomedicines10020452
https://doi.org/10.1016/j.jacc.2011.10.852
https://doi.org/10.4049/jimmunol.0901368
https://doi.org/10.3389%2Ffphys.2012.00001
https://doi.org/10.1161/circresaha.115.306256
https://doi.org/10.1016/j.atherosclerosis.2012.09.013


Review paper 

Journal of High School Science, 7(3), 2023 

 

 

48. Peled M, Fisher EA. Dynamic aspects of macrophage polarization during atherosclerosis progression 

and regression. Frontiers in Immunology. 2014. 5: Article 579. 

https://doi.org/10.3389%2Ffimmu.2014.00579 

49. De Paoli F, Staels B, Chinetti-Gbaguidi G. Macrophage phenotypes and their modulation in 

atherosclerosis. Circulation Journal. 2014. 78 (8): 1775–1781. https://doi.org/10.1253/circj.cj-14-0621 

50. Domschke G, Gleissner CA. CXCL4-induced macrophages in human atherosclerosis. Cytokine. 

2019. 122. Article 154141. https://doi.org/10.1016/j.cyto.2017.08.021 

51. Nakagawa K, Tanaka M, Hahm TH, Nguyen HN, Matsui T, Chen YX, et al. Accumulation of 

plasma-derived lipids in the lipid core and necrotic core of human atheroma: Imaging mass spectrometry 

and histopathological analyses. Arterioscler Thromb Vasc Biol. 2021. 41 (11): E498–511. 

https://doi.org/10.1161/ATVBAHA.121.316154 

52. Kornmueller K, Vidakovic I, Prassl R. Artificial high density lipoprotein nanoparticles in 

cardiovascular research. Molecules. 2019. 24 (15): Article 2829. 

https://doi.org/10.3390%2Fmolecules24152829 

53. Markina Y V., Kirichenko T V., Tolstik T V., Bogatyreva AI, Zotova US, Cherednichenko VR, et al. 

Target and Cell Therapy for Atherosclerosis and CVD. Int J Mol Sci. 2023. 24 (12): 10308. 

https://www.mdpi.com/1422-0067/24/12/10308 

54. Pichardo-Almarza C, Diaz-Zuccarini V. Understanding the effect of statins and patient adherence in 

atherosclerosis via a quantitative systems pharmacology model using a novel, hybrid, and multi-scale 

approach. Front Pharmacol. 2017. 8. https://doi.org/10.3389/fphar.2017.00635 

55. Sheridan A, Wheeler-Jones CPD, Gage MC. The Immunomodulatory Effects of Statins on 

Macrophages. Immuno. 2022. 2 (2): 317–43. https://doi.org/10.3390/immuno2020021 

56. Zhang X, Xiao S, Li Q. Pravastatin polarizes the phenotype of macrophages toward M2 and elevates 

serum cholesterol levels in apolipoprotein E knockout mice. Journal of International Medical Research. 

2018. 46 (8): 3365–73. https://doi.org/10.1177%2F0300060518787671 

57. Sheridan A, Wheeler-Jones CPD, Gage MC. The Immunomodulatory Effects of Statins on 

Macrophages. Immuno. 2022. 2 (2): 317–43. https://doi.org/10.3390/immuno2020021 

58. Kauerova S, Bartuskova H, Muffova B, Janousek L, Fronek J, Petras M, et al. Statins directly 

influence the polarization of adipose tissue macrophages: A role in chronic inflammation. Biomedicines. 

2021. 9 (2): Article 211. https://doi.org/10.3390/biomedicines9020211 

59. Mira E, Carmona-Rodríguez L, Tardáguila M, Azcoitia I, González-Martín A, Almonacid L, et al. A 

lovastatin-elicited genetic program inhibits M2 macrophage polarization and enhances T cell infiltration 

into spontaneous mouse mammary tumors. Oncotarget. 2013. 4 (12): 2288–301. 

https://doi.org/10.18632%2Foncotarget.1376 

https://doi.org/10.3389%2Ffimmu.2014.00579
https://doi.org/10.1253/circj.cj-14-0621
https://doi.org/10.1016/j.cyto.2017.08.021
https://doi.org/10.1161/ATVBAHA.121.316154
https://doi.org/10.3390%2Fmolecules24152829
https://www.mdpi.com/1422-0067/24/12/10308
https://doi.org/10.3389/fphar.2017.00635
https://doi.org/10.3390/immuno2020021
https://doi.org/10.1177%2F0300060518787671
https://doi.org/10.3390/immuno2020021
https://doi.org/10.3390/biomedicines9020211
https://doi.org/10.18632%2Foncotarget.1376


Review paper 

Journal of High School Science, 7(3), 2023 

 

 

60. Sabatine MS, Giugliano RP, Keech AC, Honarpour N, Wiviott SD, Murphy SA, et al. Evolocumab 

and Clinical Outcomes in Patients with Cardiovascular Disease. New England Journal of Medicine. 

2017. 376 (18): 1713–1722. https://www.nejm.org/doi/10.1056/NEJMoa1615664 

61. Barrett TJ. Macrophages in Atherosclerosis Regression. Arteriosclerosis, thrombosis, and vascular 

biology. 2020. 40 (1): 20–33. https://doi.org/10.1161/ATVBAHA.119.312802 

62. Ridker PM, Everett BM, Thuren T, MacFadyen JG, Chang WH, Ballantyne C, et al. 

Antiinflammatory Therapy with Canakinumab for Atherosclerotic Disease. New England Journal of 

Medicine. 2017. 377 (12): 1119–31. https://www.nejm.org/doi/10.1056/NEJMoa1707914 

63. Feng X, Chen W, Ni X, Little PJ, Xu S, Tang L, et al. Metformin, Macrophage Dysfunction and 

Atherosclerosis. Frontiers in Immunology. 2021. 12: Article 682853. 

https://doi.org/10.3389%2Ffimmu.2021.682853 

https://www.nejm.org/doi/10.1056/NEJMoa1615664
https://doi.org/10.1161/ATVBAHA.119.312802
https://www.nejm.org/doi/10.1056/NEJMoa1707914
https://doi.org/10.3389%2Ffimmu.2021.682853

	Abstract
	Keywords
	Introduction
	Where do macrophages come from?
	Macrophage plasticity and distribution in an atherosclerotic plaque
	Conclusion
	Acknowledgments
	References

