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Atherosclerosis (AS) is widely recognized as the principal pathological substrate underlying
chronic cardiovascular diseases (CVDs). It is a chronic, progressive, and inflammatory dis-
ease characterized by excessive lipid deposition, oxidative stress, inflammatory response,
plaque formation and rupture, thrombosis and vascular calcification (VC). Vascular smooth
muscle cells (VSMCs) are essential for maintaining the normal structure of blood vessels and
play a pivotal role in the pathological process of AS. Their proliferation, migration, differenti-
ation, senescence and death processes critically influence the progression of AS. The specific
mechanism of VSMCs participating in AS remains a central focus of research in the cardiovas-
cular field. In recent years, natural products have garnered considerable attention in the field
of AS prevention and treatment, primarily due to their multi-target effects, low toxicity and
side effects. However, there is still a lack of systematic review of natural compounds that alle-
viate AS by regulating the function of VSMCs. This article focuses on the core role of VSMCs in
the progression of AS, and systematically reviews the natural compounds targeting VSMCs
metabolism and their molecular regulatory mechanisms. By combing the relevant pharmaco-
logical activities and potential targets, the pathological function of VSMCs in AS is further elu-
cidated, thereby providing an important theoretical basis for the development of novel and ef-

ficient AS treatment strategies.

1. Introduction

Atherosclerosis (AS) is a chronic inflammatory disease char-
acterized by progressive accumulation of plaques in the arterial
wall, which can cause coronary heart disease, cerebral infarction,
and other serious cardiovascular and cerebrovascular diseases .
The disease usually begins in the arterial intima layer and is
closely related to abnormal deposition of lipids and metabolites,
and is often accompanied by local bleeding and thrombosis. Dys-
lipidemia is the pathological basis of the occurrence and develop-
ment of AS. With the continuous progression of the disease, AS
eventually causes significant damage to the overall cardiovascu-
lar system function. Subsequently, increased fibrous tissue and
calcium deposition lead to arterial medial structure deterioration
and plaque formation, accompanied by chronic inflammation and
secondary related cardiovascular diseases (CVDs) °.

The key processes of AS include endothelial cell dysfunction,
macrophage metabolic abnormalities, and changes in vascular
smooth muscle cells (VSMCs). Recent studies have shown that AS
is similar to a tumor-like lesion affected by smooth muscle cells *,
suggesting that VSMCs play an important role in the develop-
ment of AS. VSMCs are mainly distributed in the vascular medial
layer and participate in the formation of atherosclerotic plaques.
Under physiological homeostasis, these cells are usually main-
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tained in a stationary “contractile” phenotype, which is character-
ized by high expression of contractile-related proteins. When AS
is initiated, these cells undergo phenotypic switching to a “syn-
thetic” phenotype, manifested as decreased contractility, in-
creased proliferation and migration activity, and migration to the
intima *°. In the middle stage of AS progression, VSMCs are in-
volved in the formation of fibrous caps dominated by collagen
and proteoglycans, and become a key component of plaque struc-
ture. With the development of the lesion, lipid and foam cells con-
tinue to accumulate, and a soft and unstable lipid core is gradu-
ally formed in the plaque. It is noteworthy that the decrease in
the number of VSMCs will directly lead to the thinning of the
fibrous cap, which may promote the formation of a necrotic core,
which is characterized by local tissue necrosis. In addition, the
absence of VSMCs also induces calcification in the lesion area, fur-
ther aggravating plaque instability, and increasing the risk of
plaque rupture and secondary vascular obstruction and throm-
bosis . In the process of AS, the metabolism of VSMCs is not fully
studied, which is mainly due to the fact that the cells will be
transformed into a less differentiated type. This situation may
lead to a wrong judgment of cell origin, and thus ignore the key
role of VSMCs in AS. Therefore, it is necessary to further clarify
the specific functions of VSMCs in different stages of CVDs, espe-
cially in AS.

Although there are many treatments for AS, such as lipid-
lowering and anti-inflammatory drugs, their prevention and
treatment effects are often unsatisfactory. Long-term use of stat-
ins, non-steroidal anti-inflammatory drugs and glucocorticoids

Copyright © 2026, China Pharmaceutical University. Published by Elsevier B.V. All rights are reserved.
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may even pose a risk of cardiovascular toxicity *°. In recent

years, the research on natural drugs, especially traditional
Chinese medicine (TCM), has increased significantly. These drugs
have attracted attention for their ability to act on multiple tar-
gets at the same time and synergistically improve the disease,
which is called the multi-target effect. Therefore, the discovery of
new drugs that can improve AS or new compounds derived from
natural products has become an important research direction. At
present, several natural compounds have been approved for the
management and treatment of CVDs, such as tanshinone "’ and
salvianolic acid derived from Salvia miltiorrhiza ''. The molecular
mechanisms by which natural compounds have anti-atheroscler-
otic effects are diverse and have been fully studied.

However, the existing reviews are mostly limited to an over-
view of the potential value of TCM in the treatment of AS, and the
specific role of VSMCs in this process has not been explored in
depth. There are still literature gaps in the study of drugs target-
ing VSMCs to exert anti-atherosclerotic effects. Therefore, this pa-
per aims to sort out the physiological process of VSMCs in AS, and
systematically summarize the natural compounds that can target
the cells to improve the condition, so as to provide a new per-
spective for the study of the mechanism of VSMCs in this field.

2. The physiological processes of VSMC in atherosclerosis

2.1. The phenotypic switching of VSMC

Under normal physiological conditions, VSMCs located in the
vascular media are in a static and highly differentiated state.
These cells maintain vascular tension through contractile func-
tion and participate in the regulation of blood pressure and blood
flow. Its specific markers include a-smooth muscle actin (a-SMA),
smooth muscle myosin heavy chain (SMMHC), and smooth
muscle protein 22a (SM22a, also known as transgelin) **. Stud-
ies have shown that these markers have a positive effect on the
process of AS '°. When blood vessels are damaged or pathologic-
ally stimulated, VSMCs will change from a “contractile” pheno-
type to a highly “synthetic” phenotype. This transformation is ac-
companied by enhanced proliferation and migration, and leads to
the dedifferentiation of cells. At the same time, these cells gradu-
ally synthesize extracellular matrix (ECM) components, including
elastic fibers and collagen microfibers . In the process of dedif-
ferentiation, the above original markers will decrease or even
disappear, and VSMCs will turn to express new protein markers.
In addition, some proteins (such as CD200 ') are specifically ex-
pressed in VSMCs and can persist after phenotypic switching.

In recent years, a number of studies based on VSMCs lineage
tracing and single-cell sequencing have shown that these cells can
transform from a “contractile” phenotype to a variety of other
phenotypes in an atherosclerotic environment. In addition, when
exposed to different environments, these cells also have the abil-
ity to switch between multiple phenotypes and have a unique im-
pact on AS-related markers and plaque stability “'® . In the le-
sion area, the regulated VSMCs exhibit a variety of phenotypes,
including synthetic, macrophage-like, foam cell-like, mesen-
chymal stem cell-like (MSC-like), osteochondral-like, fibroblast-
like, and adipogenic cell-like VSMCs “**. These phenotypic trans-
formations can be stimulated by a variety of cytokines, proteins
and pathological factors. Among them, platelet-derived growth
factor BB (PDGF-BB), insulin-like growth factor (IGF), an-
giotensin II (Ang II), epidermal growth factor (EGF), transform-
ing growth factor-f1 (TGF-B1), and ECM proteins such as
fibronectin, vimentin, and laminin are worthy of attention 24,25
Lipopolysaccharide (LPS) and modified lipoprotein oxidized low-
density lipoprotein (ox-LDL) also play an important role. The reg-
ulation of these processes is also affected by a variety of tran-
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scription factors such as long non-coding ribonucleic acids
(IncRNAs) and microRNAs (miRNAs) *°.

Macrophage-like VSMCs up-regulate “macrophage markers”
including lectin galactoside-binding soluble 3 (LGALS3) and
CD68, as well as various pro-inflammatory cytokines such as in-
terleukin (IL)-1p, IL-6, tumor necrosis factor (TNF)-a, and mono-
cyte chemoattractant protein (MCP)-1. TNF-a and IL-1f can fur-
ther stimulate VSMCs to express inflammatory factors such as in-
tercellular adhesion molecule (ICAM)-1 and vascular cell adhe-
sion molecule (VCAM)-1, thereby promoting their adhesion to
monocytes/macrophages and T cells and changing the intravas-
cular microenvironment *’. Studies have shown that in human ad-
vanced coronary atherosclerotic lesions, 40% of the cells express-
ing CD68 are actually derived from VSMCs rather than macro-
phages *’. Available evidence suggests that the activation of
LGALS3 does not serve as a definitive marker for the transforma-
tion of VSMCs into macrophage-like states, only suggesting that
the cells may be in a transitional phase **. In addition, the expres-
sion of macrophage markers in VSMCs does not necessarily mean
that they have complete macrophage function or cell specificity.
The specific impact of this phenomenon on the stability of athero-
sclerotic plaques remains to be clarified.

Studies have shown that VSMCs can express scavenger re-
ceptors. When excess lipids accumulate in the intima, these re-
ceptors absorb lipids to convert VSMCs into foam cells. Measure-
ment of the number of cells in human coronary artery disease
showed that foam cells derived from VSMCs accounted for more
than 50% of the total number of foam cells **. However, it is not
clear whether VSMCs are directly transformed into foam cells
after absorbing sufficient lipoproteins in the original state, or
must first be transformed into a phenotype closer to macro-
phages to obtain lipid transport and foam cell formation by up-
regulating the expression of scavenger receptors.

Mesenchymal stem cell-like VSMCs (also known as interme-
diate dedifferentiated VSMCs) have the potential to further trans-
form into adipocytes, chondrocytes, osteoblasts and macrophage-
like VSMCs *’. Stem cell antigen-1 (Sca-1) is a surface marker of
mesenchymal cells. Studies have shown that Sca-1 positive cell
populations derived from VSMCs can be detected in mouse ather-
osclerotic plaques, indicating that there are mesenchymal cell-
like subtypes in the VSMCs >,

Pedigree tracking studies have shown that 98% of osteochon-
dral cells present in atherosclerotic plaques are derived from VS-
MCs *’. These cells express runt-related transcription factor 2
(RUNX2), msh-homeobox gene 2 (Msx2) and its related proteins
bone morphogenetic protein 2 (BMP-2), SRY-related HMG box
(SOX9) and osteopontin (OPN), and their alkaline phosphatase
(ALP) activity is also enhanced *'. Osteochondral-like VSMCs re-
lease calcification-related vesicles, thereby accelerating the calci-
fication process. Calcium and phosphorus balance, the effective-
ness of calcification inhibitors, mitochondrial dysfunction, endo-
plasmic reticulum stress, and glucose metabolism and other
factors affect the transformation process ***°.

Studies have shown that fibroblast-like VSMCs are found in
atherosclerotic lesions in both humans and mice. These cells are
concentrated in the fibrous cap area and exhibit a significant in-
crease in the expression of fibrosis-related genes, including
fibronectin 1 (FN1) and tumor necrosis factor receptor superfam-
ily member 11b (usually called osteoprotegerin), as well as small
leucine-rich proteoglycans such as decorin *’.

Long et al. showed that some VSMCs could differentiate into
beige adipocytes in cold-exposed mouse models. In vitro experi-
ments further confirmed that VSMCs can transform into adipo-
cyte-like cells and express the thermogenic adipocyte marker-mi-
tochondrial brown fat uncoupling protein 1 (UCP-1). This expres-
sion may aggravate the inflammatory response after injury *°.
With the development of atherosclerotic lesions, VSMCs will ab-
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sorb lipoproteins and present an adipocyte-like phenotype,
which is characterized by increased levels of pro-inflammatory
and proliferation markers. This phenomenon of lipid uptake may
mean that cells are transforming into a foam cell phenotype *’. So
adipocyte-like VSMCs may be regarded as the intermediate stage
in the differentiation process ***.

In conclusion, the phenotypic differentiation of VSMCs is con-
sidered to have a dual role in AS (Fig. 1). When it is transformed
into macrophage-like cells with inflammatory characteristics, it
may reduce the stability of atherosclerotic plaques. Conversely, if
transformed into synthetic fibrotic smooth muscle cells, they can
enhance stability by thickening the protective fibrous cap around
the plaque. These different physiological processes involved in
VSMCs affect the development of AS.

2.2. The proliferation and migration of VSMC

In fact, the above key phenotypic changes are often accom-
panied by significant changes in VSMCs proliferation and migra-
tion. In advanced lesions, maintaining a protective fibrous cap on
the surface of the thrombotic lipid core is also crucial for plaque
stability. Many factors such as PDGF-BB, TGF-3, ox-LDL, Angll
and TNF-a can promote VSMCs proliferation and migration with
different phenotypes. In addition, studies have shown that cad-
herin (FAT1) may promote the migration of VSMCs *°, but wheth-
er its migration and proliferation processes occur in sequence re-
mains to be elucidated.

The formation of fibrous caps depends on the extensive pro-
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liferation and migration of middle VSMCs. Rupture-prone un-
stable atherosclerotic plaques usually have thinner fibrous caps,
dense macrophage aggregation, and large necrotic cores °. Con-
versely, stable plaques are characterized by the formation of ECM
and strong fibrous cap. The thickness of the fibrous cap is posit-
ively correlated with plaque stability *'. VSMCs and the collagen
and fiber produced by them are the main components of the
fibrous cap. VSMCs located in the fibrous cap re-express smooth
muscle cell differentiation-related genes (such as a-SMA and
SM22) that help maintain plaque stability. In addition, specific
proteins such as CD98 expressed by VSMCs can promote their
proliferation and enhance plaque stability **. However, in the late
stage of AS, this proliferation ability will gradually weaken or
even be lost. Dedifferentiated VSMCs and macrophages with de-
creased phagocytic function will continue to secrete pro-inflam-
matory mediators such as TNFa, IL-1B, and IL-6, which will fur-
ther aggravate the dedifferentiation of VSMCs, lead to the decom-
position of ECM, and promote the thinning of the fibrous cap *. At
the same time, extracellular proteases, especially matrix metallo-
proteinases (a class of zinc-dependent endopeptidases), are pro-
duced in large quantities. Among them, MMP-2 and MMP-9 can
degrade ECM and induce the migration of VSMCs, which will ag-
gravate plaque instability ***°.

The early stage of VSMCs proliferation depends on the nor-
mal initiation of the cell cycle. This key process is coordinated by
a variety of regulatory proteins. In this process, cyclins and cyclin-
dependent kinases (CDKs) jointly promote cycle operation, and
cyclin-dependent kinase inhibitors are involved in regulating cell

Thick, ECM-dense fibrous cup
Small necrotic core

VSMC senescence

VSMC death

—

pl6, p21, f-Gal
Thin fibrous cup
Large necrotic core

F’\jw./ Fibrous cup\ i
ol

| !

PO

Apoptosis  Autophagy  Pyroptosis Ferroptosis
Atg6/7 ]-
Stable plaque %i’l‘ AI\%PK GSPI\%D GPX4 Ruptured plaque
Caspase Akt ORES
mTOR
Plaque
Vasculer lumen
Artery wall
M h ik LGALS3
Proliferation <«— | PDGF-BB, IGF, bFGF, TGF-B1 — acrophage-like CD68
Ang II, LPS, ox-LDL io
G, phase v
G, Scavenger
| CDKEN > Foam cell receptor
Cell cycle Phenotypic . Msx2
M — —— swiching | Osteoc\l}gl;\jggemc o
G, S Synthetic Runx2
phenotype
— > Mesenchymal Sl
stem cell-like
edifferentiation Fibroblast-like AL
— OPN
Migration Contractive a-SMA — Adipocyte-like Ucp-1
phenotype —¥ SM22a
SMMHC
Media VSMCs ~—— Stimulation ~~—— Inhibition

Fig. 1 Key physiological processes of VSMCs in AS progression. VSMCs located in the media of blood vessels migrate to the intima of blood vessels under pathological stimu-
lation. This process initiates the transition of the cell cycle from S phase to G phase, thereby enhancing cell proliferation. At the same time, the cells that migrate to the in-
tima undergo phenotypic changes, which in turn express characteristic markers of multiple cell types. These migrating VSMCs form fibrous caps on the outer layer of the
plaque to promote plaque stability, while experiencing a series of cellular processes such as senescence, apoptosis, autophagy, pyroptosis and ferroptosis.
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cycle progression to maintain cell homeostasis *°. It was found

that proliferating cell nuclear antigen (PCNA), c-jun, c-myc, and c-
fos were significantly increased in the cell cycle transition stage,
which promoted the cell cycle to advance to the S phase. The
transition from G; phase to S phase is essential for the initiation
of standard mitosis in VSMCs. A variety of transcription factors
and proteins such as p53, p21, and p27 play a blocking role in
this process, while the transcription factor E2F plays an enhan-
cingrole V.

In conclusion, the continuous proliferation and migration of
VSMCs are crucial in the development of AS. Although fibrous
caps help stabilize plaques, inhibiting the proliferation and mi-
gration of early VSMCs is considered to be a key strategy for the
prevention and treatment of AS.

2.3. The senescence and death of VSMC

With the progress of AS, VSMCs no longer proliferate and mi-
grate, showing significant functional decline and cell death. VS-
MCs derived from human late plaques showed decreased prolif-
eration and early senescence characteristics in both culture en-
vironment *® and in vivo studies *’. In addition, VSMCs located in
the fibrous cap region showed significant DNA damage, telomere
shortening and expression of senescence markers such as p16,
p21, and S-galactosidase (f-Gal), and increased sensitivity to ap-
optosis. The accumulation of these characteristics leads to abnor-
mal lipid metabolism in VSMCs during AS, which in turn leads to
the thinning of the fibrous cap, increases the risk of plaque rup-
ture and weakens the ability of plaque repair, and ultimately has
a negative impact on disease progression. Therefore, reducing
the senescence of VSMCs has become a feasible strategy for the
treatment of AS. For example, studies have confirmed that statins
can delay the replicative senescence of VSMCs and reduce related
DNA damage .

Recent studies have confirmed a variety of cell death types
including apoptosis, autophagy, pyroptosis and ferroptosis. Ap-
optosis is a form of programmed cell death, which is affected by a
variety of genes, including the apoptosis regulator B-cell lymph-
oma-2 (Bcl-2), Bcl-2-associated X (Bax) protein and the caspase
protein family, and involves the participation of oncogenes and
tumor suppressor genes °'. Bcl-2 plays a role in inhibiting apop-
tosis, while Bax promotes the process of apoptosis. The ratio of
Bcl-2 to Bax is crucial to determine the direction of apoptosis. An
increase in the ratio inhibits apoptosis, and vice versa promotes
apoptosis. VSMCs in normal arterial tissues have the ability to
resist apoptosis, but in the pathological microenvironment of AS,
the expression levels of various pro-apoptotic factors (such as
Bax and calpain I) are abnormally increased, resulting in a signi-
ficant increase in the susceptibility of VSMCs to apoptosis **. Ap-
optosis of VSMCs in the necrotic core area can cause the fiber cap
to become thinner and the mechanical strength to decrease,
thereby significantly increasing the risk of plaque rupture. There-
fore, by regulating the apoptosis process of VSMCs, it may be-
come a potential strategy for the treatment of atherosclerotic
plaques.

Autophagy is a degradation process in cells, which generates
autophagosomes (AP) by forming phagocytic vacuoles to encap-
sulate some cytoplasm and damaged organelles. Subsequently,
AP fuses with lysosomes to form autophagic lysosomes **, which
decompose the encapsulated cell components into small mo-
lecules such as amino acids and nucleotides, thereby maintaining
cell homeostasis **. Autophagy is also essential for the phenotyp-
ic differentiation, proliferation, and migration of VSMCs. Studies
have shown that autophagy is an important mechanism to sup-
port the survival of VSMCs and has a dual regulatory effect on
atherosclerotic lesions. In the early stages of the disease, auto-
phagy in VSMCs helps to eliminate myogenic foam cells (a pro-
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cess known as lipophagy), thereby reducing the likelihood of nec-
rotic core formation. At the same time, this process can also re-
duce the production of reactive oxygen species (ROS) in blood
vessels, thereby alleviating oxidative stress and stress-stimu-
lated apoptosis. However, with the progression of AS, increased
oxidative stress, inflammatory response, and lipid accumulation,
such as cholesterol crystals may lead to lysosomal membrane
damage and impaired autophagy function *>*°. The activatespro-
tein kinase B (Akt)/mammalian target of rapamycin (mTOR) sig-
naling pathway is the main negative regulatory mechanism of
autophagy */, while AMP-activated protein kinase (AMPK) is a
positive regulator of this process *°. In addition, autophagy-re-
lated genes (Atg), including Atg6 (commonly referred to as beclin-
1) and Atg7, positively influence autophagy. The loss of Atg7 gene
accelerates oxidative stress-stimulated cell senescence, inhibits
cell proliferation, promotes apoptosis, and aggravates the pro-
gression of AS °” . In contrast, a number of studies have shown
that oxidative stress and TNF-a, PDGF-BB may activate auto-
phagy of VSMCs, promote VSMCs transformation from contract-
ile phenotype to synthetic phenotype, and promote the develop-
ment of AS ***. In addition, excessive autophagy may lead to VS-
MCs death due to excessive cell digestion. At present, studies
have confirmed that a variety of proteins, including heat shock
proteins , can play an anti-atherosclerotic role by enhancing
autophagy and inhibiting VSMCs apoptosis.

Pyroptosis is a kind of programmed cell death accompanied
by pro-inflammatory response, which can be caused by various
pathological factors such as oxidative stress, hyperglycemia, lipid
abnormality, and inflammation . This mechanism leads to the
rupture of the plasma membrane, which in turn releases pro-in-
flammatory substances and cell contents, thereby exacerbating
the inflammatory response. The classical pyroptosis pathway be-
gins with the formation of inflammasomes, which in turn cleave
gasdermin D (GSDMD) and release inflammatory mediators such
as IL-1p and IL-18. These processes may aggravate AS *. A vari-
ety of inflammasomes, including NOD-like receptor family pyrin
domains containing 3 (NLRP3) *° and absent in melanoma 2
(AIM2) *, have been shown to promote pyroptosis and acceler-
ate plaque formation. Studies have shown that reducing pyrop-
tosis of VSMCs can effectively alleviate the formation of AS in
apolipoprotein E knockout (ApoE™") mouse models *°.

Ferroptosis is a newly identified form of iron-dependent reg-
ulatory cell death. This process starts from the accumulation of
iron ions and lipid peroxidation in VSMCs in the plaque, and then
participates in the unstable development of advanced athero-
sclerosis-related plaques "’. This process is closely related to the
biosynthesis of glutathione, NADPH, and phospholipids "', in
which glutathione peroxidase 4 (GPX4) has been identified as a
key negative regulator of ferroptosis ’>. In the rat aortic injury
model, the triggering of ferroptosis will aggravate the neointimal
hyperplasia caused by common carotid artery ligation. In addi-
tion, studies of VSMCs in vitro have shown that the activation of
ferroptosis promotes the differentiation of cells from a “contract-
ile” phenotype to a “synthetic” phenotype "*. Therefore, regulat-
ing ferroptosis may be a potential strategy for treating AS.

In summary, various senescence and death of VSMCs occur
simultaneously during AS (Fig. 1). Regulating the occurrence of
these processes provides new strategies for the treatment of AS.

3. The mechanism of natural compounds targeting VSMC to
improve AS
3.1. Inhibition of VSMC proliferation and migration

Triggered by different exogenous and endogenous patholo-
gical factors, the proliferation and migration of VSMCs involve
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many signaling pathways in the process of AS. The mitogen-activ-
ated protein kinase (MAPK) pathway is a serine/threonine kinase
that regulates the proliferation, migration and survival of mam-
malian cells " 7. The family consists of 14 members, which can
be divided into seven subgroups: extracellular regulated kinase
(ERK1/2), C-Jun N-terminal kinase (JNK), p38 MAPK, ERKS,
ERK3/4, ERK7/8, and nemo-like kinase (NLK) ’°. In addition,
nuclear transcription factor kB (NF-kB) exists in the cytoplasm in
the form of dimers and forms complexes with p50, p65, and nuc-
lear factor kB inhibitory protein-a (IxBa) ””. When stimulated by
pro-inflammatory factors, IkBa is phosphorylated and degraded
by 26S proteasome, so that the NF-«kB dimer is transported to the
nucleus to bind to specific DNA sites (kB sites), and then initiates
the regulation of downstream transcription factors related to VS-
MCs proliferation, inflammation, and oxidative stress 78, Addition-
ally, phosphatidylinositol 3-kinase (PI3K) is a kind of lipid kinase
related to the plasma membrane. AKT is a key serine/threonine
protein kinase, which is activated by upstream PI3K signal. The
PI3K/AKT signaling pathway plays a core regulatory role in cell
growth, proliferation, movement, and metabolism ”’. A variety of
natural compounds inhibit VSMCs proliferation and migration by
interacting with these three signaling pathways.

Ginsenoside is the main active ingredient in Panax ginseng.
Ginsenoside Rb1l (1) reduces the phosphorylation level of
ERK1/2 in fetal bovine serum (FBS)-stimulated VSMCs, thus ar-
resting the cell cycle in G; phase and ultimately inhibiting cell
proliferation *’. P90 ribosomal S6 kinase (p90RSK), which serves
as a downstream effector of ERK1/2, can be inhibited by ginsen-
oside Rh1 (2), consequently reducing the proliferation and mi-
gration of Ang Il-stimulated rat aortic vascular smooth cells
(RASMCs) . Protocatechuic aldehyde (PCA, 3), a natural com-
pound obtained from the roots of Salvia miltiorrhiza, inhibits the
S-phase cell cycle arrest of RASMCs isolated from PDGF-stimu-
lated rats by downregulating the PI3K/Akt and MAPK signaling
pathways, while also arresting the cell cycle *. Vinpocetine (4),
an alkaloid derived from vincamine (extracted from the peri-
winkle plant Vinca minor), inhibits cell proliferation by reducing
the phosphorylation levels of Akt and IkBa in RASMCs stimulated
by high glucose *. (-)-Epicatechin gallate (ECG, 5) is one of the
main active compounds derived from green tea. In ox-LDL-stimu-
lated mouse aortic smooth muscle cells (MOVAS), ECG can re-
duce the phosphorylation of IkBa and NF-kB p65 by inhibiting
the activation of MAPK pathway, thereby regulating cell cycle and
exerting anti-proliferation effects. In addition, ECG can also inhib-
it cell migration by inhibiting the activity of MMP-2 and ICAM-
1% In Ang II-stimulated RASMCs, ECG can also inhibit PI3K phos-
phorylation, thereby preventing excessive cell proliferation *
Pterostilbene (6) is a natural flavonoid widely distributed in
blueberries, grapes and other plants. Studies have shown that in
ox-LDL-stimulated rat thoracic aortic smooth muscle cell line
A7r5, pterostilbene inhibits cell migration and reduce MMP-2
activity by promoting ERK1/2 phosphorylation *. Myristicin (7),
a natural compound isolated from the edible plant Myristica fra-
grans, reduces the phosphorylation of Akt and p65 in ox-LDL-
stimulated human aortic smooth muscle cells (HASMCs), thereby
inhibiting cell proliferation and migration *’. Evodiamine (8) is a
key bioactive alkaloid derived from Evodia rutaecarpa ** and mul-
berry leaf extract (MLE). Evodiamine and its principal ingredi-
ent—neochlorogenic acid (nCGA, 9) ¥ can inhibit the PI3K/Akt
signaling pathway, thereby effectively blocking VSMCs prolifera-
tion and migration. In addition to the PI3K/Akt pathway, a vari-
ety of TCM extracts can also regulate other related signal cas-
cades, showing similar anti-proliferation and anti-migration
activities. For example, the extract of leech enzymes (LEE) re-
duces the expression of inflammatory factors and adhesion mo-
lecules in LPS-stimulated RASMCs by targeting the p38 MAPK and
NF-xB signaling pathways *. Glossogyne tenuifolia (GT), also
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known as Xiang-Ru, is a traditional herba native to Penghu Island
in Taiwan, China. Its ethanol extract (GTE) effectively suppresses
the phosphorylation of the NF-kB and MAPK signaling pathways
stimulated by PDGE-BB, and down-regulates the expression of
MMP-2 and MMP-9, thereby blocking PDGF-BB-stimulated cell
migration. Chlorogenic acid (10), luteolin-7-glucoside (11), and
luteolin (12) °' were identified as the main components of anti-
proliferation activity in GTE. An extract enriched with furostanol
saponins (FSEE) is obtained from the aerial portions of Tribulus
terrestris. This extract considerably diminishes the area of ather-
osclerotic plaques of ApoE”™ mice subjected to a high-fat diet
(HFD). In A7r5 cells stimulated by ox-LDL and FBS, FSEE inhibits
the phosphorylation within the Akt/ERK signaling pathway *.

The receptor tyrosine kinase commonly associated with
PDGF is PDGFR@, which has PDGF-BB as its natural ligand. Myr-
icanol (13), a chemical component isolated from Myrica rubra >,
and theaflavin-3,3'-digallate (TF3, 14), a beneficial component
found in black tea **, both have the capacity to reduce the phos-
phorylation of PDGFRf in RASMCs. This decrease inhibits the ac-
tivation of phospholipase C-y1 (PLC-y1) by ligand binding and in-
hibits the phosphorylation of Src family proteins, thereby regulat-
ing the downstream MAPK signaling pathway. These natural
compounds show notable anti-proliferation and anti-migration
effects on VSMCs. The extracts from evening primrose stem
(EVP), derived from a plant native to Korea, have similar biolo-
gical activity by down-regulating the expression of cell cycle-re-
lated proteins such as retinoblastoma protein (Rb) and inhibiting
phosphorylation of Akt and mTOR *°. In addition, myricanol in-
hibits the phosphorylation of IkBa and p65, and blocks the trans-
location of p65 to the nucleus, thereby weakening NF-«B signal-
ing **. Importantly, both TF3 and myricanol significantly inhibit
intimal hyperplasia in the carotid artery ligation model **.

Toll-like receptors (TLRs) are key signaling molecules in the
innate immune system. Studies have shown that TLR4 can pro-
mote the migration of VSMCs by activating MAPK and ERK1/2
signaling pathways “°. In addition, TLR4 ligands induce the activa-
tion of a variety of transcription factors, including NF-kB and in-
terferon regulatory factors (IRFs) and further participate in the
regulation of inflammation and immune-related genes *’. Cori-
lagin (15), an extract of Phyllanthus urinaria, significantly inhib-
its the activation of the TLR4 signaling pathway in ox-LDL-stimu-
lated MOVAS. This inhibition can reduce the level of myeloid dif-
ferentiation factor 88 (MyD88), a downstream signal molecule of
TLR4, thereby inhibiting the proliferation of MOVAS. In addition,
corilagin can also reduce the expression of TLR4 and MyD88 in
the lesion area of the rat femoral artery plaque **

Nitric oxide (NO) can inhibit the migration and proliferation
of VSMCs stimulated by PDGF. Ferulic acid (FA, 16) is widely
found in a variety of vegetables and fruits, Ligusticum
chuanxiong, Angelica sinensis and other Chinese herbal medicines.
In MOVAS, FA activates the endothelial nitric oxide synthase
(eNOS) pathway to promote NO production and enhance p21 ex-
pression to inhibit cell proliferation and migration. This finding
was also verified in ApoE”” mice . Hydroxysafflor yellow A
(HSYA, 17), a main active ingredient extracted from Carthamus
tinctorius, increases the level of NO in PDGF-BB-stimulated
RASMCs, and then promotes the formation of cyclic guanosine
monophosphate (cGMP) to inhibit the proliferation of VSMCs '*.
In addition, ginsenoside Re (18) is also confirmed to inhibit the
RASMCs proliferation through the eNOS/NO/cGMP signaling
pathway """,

Janus kinase 2 (JAK2) belongs to the family of tyrosine
kinases and is essential for hematopoietic processes and cy-
tokine signaling. Elevated kinase activity may lead to enhanced
cell proliferation and improved hematopoietic function, and play
arole in a variety of diseases. The signal transducers and activat-
ors of transcription (STATSs) are involved in this process as down-
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stream regulators of JAKs '". Schisandrin (Sch, 19), a chemical
component extracted from Schisandra chinensis, interferes with
the cell cycle by blocking the JAK2/STAT3 pathway, thereby re-
ducing the proliferation and migration of ox-LDL-stimulated
RASMCs '*. Additionally, american ginseng extract can (AGE)
also inhibit the activation of JAK2/STAT3 pathway, thereby redu-
cing the proliferation and migration of RASMCs stimulated by
FBS, PDGF or Ang I1 """,

MicroRNAs (miRs) are a class of endogenous regulatory
RNAs derived from DNA transcription, which are ubiquitous in
animals and plants and play an important role in the regulation of
post-translational modification. A variety of microRNAs signific-
antly affect VSMCs proliferation and migration '*> %, Icariin (ICA,
20) is an active ingredient extracted from Epimedium brevicornu.
By constructing a microRNA chip for analysis, it was revealed
that miR-205-5p can be up-regulated in both ApoE™" mice and
HASMCs treated with ICA. This upregulation leads to a reduction
in the phosphorylation of its target protein ERBB4, which sub-
sequently inhibits Akt phosphorylation, thereby decreasing VS-
MCs migration and proliferation stimulated by ox-LDL '”.
Moreover, target prediction by comparing the toxicological gen-
omics database showed that puerarin (21) derived from Puerar-
ia lobata inhibits miR-29b-3p in ox-LDL-stimulated HASMCs,
thereby inhibiting proliferation by enhancing the level of its
downstream target gene IGF1 '*. Additionally, MiR-145 has been
shown to have regulatory functions in AS. In homocysteine (Hcy)-
stimulated HASMCs, the expression of miR-145 was decreased,
while the expression of its target gene CD40 was increased. Tan-
shinone IIA (22), the main component of Salvia miltiorrhiza, in-
hibits VSMCs proliferation and migration by up-regulating the ex-
pression of miR-145 and reducing the expression of CD40 . Ly-
cium barbarum polysaccharide (LBP), an active substance in Lyci-
um barbarum, also increases miR-145 expression in Hcy-stimu-
lated HASMCs and suppressing the activation of PI3K/Akt signal-
ing pathway ''’. Additionally, Nelumbo nucifera polyphenol ex-
tract (NLPE) and its main active ingredient gallic acid (GA, 23),
can increase the expression levels of phosphatase and tensin
homolog (PTEN), Ras kinase inhibitor 2 and inducible nitric ox-
ide synthase (iNOS) by inhibiting the Ras signaling pathway,
thereby inhibiting the proliferation of TNF-a-stimulated A7r5
cells. The inhibitory effect was related to the up-regulation of miR-
143 and miR-145 expression, and the down-regulation of miR-21
expression further enhanced the activity of PTEN '

Peroxisome proliferator-activated receptor y (PPARY) is an
important member of the nuclear receptor superfamily. As a lig-
and-activated transcription factor, PPARy plays a key regulatory
role in the occurrence and development of various CVDs ''* '
and can regulate VSMCs proliferation and migration in the pro-
cess of AS. Ginsenoside Rg3 activates this receptor in MOVAS,
thereby inhibiting cell proliferation and migration, in which the
activity of the S-type isomer is significantly stronger than that of
the R-type. In a mouse model of diabetic atherosclerosis, 20(S)-
Rg3 (24) has been shown to effectively inhibit VSMCs prolifera-
tion and migration and reduce plaque area '"*. In addition, the
main phase I metabolite of curcumin, hexahydrocurcumin (HHC,
25), restores the expression of Ang-ll-inhibited receptor and
its coactivator peroxisome proliferator-activated receptor-y co-
activator-1a (PGC-1a) in RASMCs, thereby inhibiting NF-kB activ-
ity 15

Ras homologous gene family member A (RhoA) is a small GT-
Pase that regulates cell function. Rho-related kinase (ROCK), a
key downstream effector molecule, is involved in the migration of
VSMCs and vascular remodeling by regulating the assembly and
localization of microfilament cytoskeleton. RhoA activates the
downstream ROCK1/2 protein, which phosphorylates myosin
light chain phosphatase and activates JNK kinase, thereby trigger-
ing cell contraction. Bunao Fuyuan Decoction (BNFY) is a TCM
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prescription. Zhang et al. prepared this prescription by decocting
method and concentrated it to 1 g-mL™, and then gave rats by
gavage. After continuous administration, the serum of these rats
was used to treat ox-LDL-stimulated VSMCs. The results showed
that this treatment could reduce the expression of RhoA/ROCK
signaling pathway-related proteins, thereby inhibiting cell prolif-
eration, migration, and invasion ", Earlier research has shown
that the expression of c-Myc can trigger the production of
MMPs '". Ligustilide (26) is the main active ingredient found in
the volatile oil of Angelica sinensis. In Ang II-stimulated RASMCs,
ligustilide inhibits the c-Myc/MMP2 and the ROCK-JNK signaling
pathways, thereby exerting an anti-migration effect ''°. In A7r5
cells, overexpression of KRas can up-regulate the levels of RhoA,
Racl, CDC42, and phosphorylated focal adhesion kinase (FAK),
while mulberry polyphenol extract (MPE) can inhibit the expres-
sion of these proteins, thus effectively blocking VSMCs migration.
In addition, MPE also promotes the binding of IkBa to NF-«kB and
further regulates related signaling pathways '"°. TGF-B is a multi-
functional cytokine secreted by a variety of cells and plays a key
role in cell proliferation and differentiation '*’. TGF-B, as a ligand
of TGF-B receptor type II (TGFBR2), canrecruit and phos-
phorylate TGF-f receptor type I (TGFBR1) after binding to it. This
activation process is dependent on the ROCK signaling pathway
and ultimately triggers Smad2/3 phosphorylation and regulates
downstream gene transcription *'. Curcumin (27), the main act-
ive ingredient of turmeric, inhibits the transactivation of TGFBR1
and the expression of MCP-1 stimulated by lysophosphatidic acid
by blocking the ROCK signaling pathway in HASMCs '**. Myricetin
(28) is a representative chemical component of bayberry, which
can directly bind to TGFBR1 and inhibit its kinase activity, re-
duce the phosphorylation level of TGFBR1 and Smad2/3, thereby
inhibiting the migration and proliferation of HASMCs ',

In addition to the above pathways, a variety of signaling
pathways also mediate the role of natural compounds in anti-ath-
erosclerotic. Silent information regulator 1 (SIRT1), asa ri-
bozyme, is significantly down-regulated in AS plaque tissues and
ox-LDL-stimulated HASMCs '**. Liquiritin (29), a flavonoid
primarily found in Glycyrrhiza uralensis, regulates cell prolifera-
tion and migration by up-regulating the expression of SIRT1 in ox-
LDL-stimulated HASMCs, and plays an anti-coronary atheroscler-
osis role '”°. Another phenolic compound eugenol (30), derived
from the Piperaceae family, attenuates ox-LDL-stimulated HAS-
MCs proliferation and migration by inhibiting the Ang II/MFG-E8
(a widely expressed glycoprotein)/MCP-1 signaling pathway '*°.
Chemokine is a recently discovered adipocytokine. Studies have
shown that the expression of chemokine-like receptor 1
(CMKLR1) is up-regulated in atherosclerotic tissues stimulated
by HFD, and its expression level is positively correlated with the
degree of aortic tissue proliferation. Lipocalin-2 (LCN2) plays a
key role in the proliferation and migration of VSMCs mediated by
chemokine/CMKLR1, involving signal cascades such as p38/
MAPK and Wnt/f-catenin (which is closely related to growth and
development). Curcumin (27) inhibits VSMCs proliferation and
migration by targeting the chemerin/CMKLR1/LCN2 axis,
thereby delaying the progression of AS '*’. Fat mass and obesity-
related protein (FTO) plays a key regulatory role in Ang II-stimu-
lated VSMCs proliferation and inflammatory response. As a semi-
synthetic derivative of artemisinin, dihydroartemisinin (DHA,
31) down-regulates the expression of FTO and increases the
methylation level of downstream factor NR4A3 messenger RNA
(mRNA), thereby inhibiting Ang II-stimulated proliferation of
MOVAS and related inflammatory responses '**.

In addition to the above signaling pathways, some natural
compounds can also block VSMCs in the G;/Gy phase by regulat-
ing the expression of cell cycle-related proteins, thereby inhi-
biting their proliferation. (2S)-Naringenin (32), isolated from
Typha latifolia, reduces the protein expression levels of cyclin D1,
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cyclin E, CDK2 and CDK4 in rat aortic smooth muscle cells (RAVS-
MCs) '*’. Astragaloside IV (33), a key active ingredient of As-
tragalus membranaceus, decreases Cdc25 (a phosphatase activ-
ated by CDK2 “*°) expression, thereby inhibiting CDK2 activity
and ultimately blocking Ang Il-stimulated rat aortic smooth
muscle cell line A10 proliferation *. Gossypetin (GTIN, 34), also
known as 3.5,7,8,30,40-hexahydroxyflavone, isa natural hy-
droxylated flavone. This substance enhances the expression of
phosphorylated p53 and its downstream targets, while inhibiting
the activation of CDK-2, thereby interfering with the phos-
phorylation of Rb protein and preventing the dissociation of
Rb/E2F1 transcription factor complex, and ultimately reducing
the proliferation of FBS-stimulated A7r5 cells "**. Zhao et al. con-
firmed that ginsenoside Rb1 (1) can directly bind to cyclin D1
(CCND1) protein, prevent the interaction between CCND1 and
CDK4, and then inhibit the proliferation of VSMCs by pharmacolo-
gical analysis of protein interaction network and co-immuno-
precipitation of HASMCs in vitro '*°.

In addition, calcium ions (Ca®") play an important role in the
regulation of VSMCs proliferation **. Extracellular Ca** influx ac-
tivates calcium-sensitive signaling proteins, such as calmodulin-
dependent protein kinase and MAPK, thereby promoting cell pro-
liferation "> *°, The calmodulin family (including Calm1-4 sub-
types) acts as a calcium-sensitive receptor, and the expression
level of Calm4 is significantly increased in proliferating VSMCs.
Studies have shown that the aporphine alkaloid nuciferine (35)
extracted from the lotus leaf can inhibit the proliferation and mi-
gration of ApoE”" mice and MOVAS by regulating the Calm4/
MMP12/AKT signaling pathway, showing anti-atherosclerotic
activity. The above results suggest that Calm4 may be a potential
new target for the treatment of AS **’. Intracellular Ca** concen-
tration is precisely regulated by a variety of membrane channels
and transporters. Isoflavone compound genistein (36) inhibits L-
type calcium channel current and down-regulates the expression
of oxidized low-density lipoprotein receptor 1 (LOX-1). This ef-
fect reduces the proliferation, migration and foaming of ox-LDL-
stimulated VSMCs, and decreases the expression level of the
SRC/CACNA1C/LOX-1 pathway protein, and ultimately reduces
the plaque area and lipid deposition of AS rats '*, Transient re-
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ceptor potential channel 5 (TRPC5) is an important member of
the calcium ion store-operated channels, which can be activated
by 1,4,5-trisphosphate (IP3) in VSMCs and mediate sustained and
slow calcium influx. Isoliquiritigenin (ISL, 37), a flavonoid com-
pound isolated from Glycyrrhiza uralensis, reduces the degree of
atherosclerotic lesions and blood lipid levels in ApoE™~ mice, and
inhibits the expression of TRPC5. Moreover, studies in vitro have
confirmed that ISL effectively inhibits the expression of TRPC5
and PCNA stimulated by Ang II in a dose-dependent manner,
thereby blocking VSMCs proliferation '*’.

In summary, a variety of natural compounds can improve AS
by regulating VSMCs proliferation and migration (Fig. 2). These
findings highlight the potential value of natural compounds to
treat VSMCs dysfunction-related CVDs. Further elucidation of the
mechanism of these compounds will provide important clues for
understanding the role of VSMCs in CVDs and promote the devel-
opment of new therapeutic strategies.

3.2. Regulation of VSMC phenotypic switching

The differentiation of VSMCs into osteochondrogenicl-like
cells significantly contributes to vascular calcification (VC), which
frequently coexists with atherosclerotic plaques. A hallmark of VC
is the deposition of calcium phosphate in arterial walls, predom-
inantly affecting the intima and endothelial lining, and is widely
recognized as a key component of AS. During AS, multiple fac-
tors—including inflammatory microenvironment, oxidative str-
ess, ROS and hydrogen peroxide (H,0,)—activate transcription
factors such as RUNX2, promoting VSMCs osteogenic differenti-
ation *’. Under pathological conditions like hypercholesterole-
mia or excessive vitamin D exposure, VC can also be triggered '*.
Thus, VSMCs differentiation into osteochondral-like cells is typic-
ally driven by the interplay between oxidative stress and inflam-
mation. In vitro, studies commonly use H,0, and inorganic phos-
phate to induce VSMCs calcification, whereas animal models of-
ten employ vitamin D3 plus nicotine (VDN) to establish VC. Gen-
istein (Gen, 36) markedly reduces the expression of the osteo-
genic marker RUNX2 in human aortic VSMCs (HAVSMs) stimu-
lated by inorganic phosphate '**. Ganoderma lucidum is a TCM
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Fig. 2 Mechanisms and targets of natural compounds inhibiting VSMCs proliferation and migration. Under pathological stimulation, VSMCs can activate intracellular signal-
ing pathways such as NF-kB and MAPK, thereby driving the transcription of cell cycle-related genes and promoting cell proliferation. Additionally, VSMCs enhance their mi-
gratory ability from the medial to the intimal layer by up-regulating the expression of MMPs and other migration-related proteins. The compounds involved include: 1, gin-
senoside Rb1; 2, ginsenoside Rh1; 3, protocatechuic aldehyde; 4, vinpocetine; 5, (-)-epicatechin gallate; 6, pterostilbene; 7, myristicin; 8, evodiamine; MLE, mulberry leaf
extract; 9, neochlorogenic acid; LEE, extract of leech enzymes; GTE, ethanol extract of Glossogyne tenuifolia; 10, chlorogenic acid; 11, luteolin-7-glucoside; 12, luteolin;
FSEE, extract enriched with furostanol saponins; 13, myricanol; 14, theaflavin-3,3'-digallate; EVP, evening primrose stem; 15, corilagin; 16, ferulic acid; 17, hydroxysafflor
yellow A; 18, ginsenoside Re; 19, schisandrin; AGE, American ginseng extract; 20, icariin; 21, puerarin; 22, tanshinone IIA; LBP, polysaccharide derived from Lycium bar-
barum; 23, gallic acid; 24, 20(S)-ginsenoside Rg3; BNFY, Bunao-Fuyuan Decoction; 25, hexahydrocurcumin; 26, ligustilide; 27, curcumin; 28, myricetin; 29, liquiritin; 30,
eugenol; 31, dihydroartemisinin; 32, (25)-naringenin; 33, astragaloside 1V; 34, gossypetin; 35, nuciferine; 36, genistein; 37, isoliquiritigenin.
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with dual medicinal and nutritional value. Its spore powder
(GLSP) reduces RUNX2 expression in aortic plaques of low-dens-
ity lipoprotein receptors knock out (LDLR™") mice and in calcific-
ation medium-stimulated HASMCs .

The expression of vascular calcification markers is regulated
by multiple signaling pathways. In a VDN-stimulated VC rat mod-
el, triptolide (TP, 38), extracted from Tripterygium wilfordii, in-
hibits BMP2 and RUNX2 expression in VSMCs by upregulating
miR-204 '**. Additionally, curcumin (27) can not only reduce the
calcium salt deposition in the aorta of VC model rats, but also in-
hibit the expression of EGFR, STAT3 and RUNX2 in RAVSMCs cul-
tured under high calcium conditions, thereby reducing the calci-
fication process '**. In vitro studies have shown that tanshinone
IIA (22) significantly reduces the mRNA expression of Runx2,
Bmp2, Msx2 and ALP in high-phosphorus-stimulated HASMCs by
inhibiting NF-kB and f-catenin signaling pathways, thereby redu-
cing osteogenic differentiation and the risk of vascular calcifica-
tion '*°. Xanthohumol (XN, 39), a polyphenolic chalcone com-
pound only present in hops, reduces aortic calcium content, ALP
activity, superoxide and ROS production, thereby alleviating vas-
cular calcification in rat models '. The active ingredient
baicalein (40) of Scutellaria baicalensis also showed a similar anti-
calcification effect in the same model '*. In addition, the new
pterostilbene-dihydropyrazole compound-(Ptd-1) (41) synthes-
ized by Chen et al. can inhibit the activation of the ERK1/2 path-
way in vascular calcification and phosphate-stimulated HASMCs,
thereby down-regulating the level of S-catenin and exerting anti-
calcification effect. This effect subsequently suppresses the IL-
6/STATS3 signaling pathway, reduces inflammatory markers, and
prevents VSMC osteogenic transformation '*’. Notoginseng
saponin R1 (42) and protocatechuic aldehyde (PCA, 3), major
bioactive components of Panax notoginseng and Salvia miltior-
rhiza respectively, were tested in a co-culture system of VSMCs
and endothelial cells (ECs). The R1-PCA combination reduces in-
flammation and f-glycerophosphate disodium salt hydrate (3-GP)-
stimulated calcification in VSMCs. In terms of mechanism, R1-PCA
promotes the release of NO from ECs, thereby inhibiting the ac-
tivation of TGF-BR1 in VSMCs. This inhibitory effect can reduce
the phosphorylation of Smad2/3, thereby inhibiting the translo-
cation of YAP/TAZ protein interacting with Smad2/3 into the
nucleus. At the same time, the inhibition of YAP also blocks the
nuclear translocation of NF-kB and reduces the expression level
of NF-xB in VSMCs. The above results indicate that targeting in-
tercellular signal transduction may provide a new strategy for the
intervention of VC '*'.

Besides preventing osteochondrogenic transition, certain
natural compounds can also inhibit the shift of VSMCs from a
“contractile” to a “synthetic” phenotype. The results of RNA se-
quencing of aortic tissue of ApoE™~ mice treated with artemisinin
(ART, 43) revealed that contractile function-related genes ex-
pression in VSMCs was significantly increased. In vitro, ART ef-
fectively reverses the migration and proliferation of PDGF-BB-
stimulated MOVAS and increase the level of contractile pheno-
type-related proteins "' Nicotinate-curcumin (NC, 44), a new de-
rivative combined by nicotinic acid and curcumin, enhances mul-
tifunctional death domain-related proteins and phosphatase and
tensin homolog (PTEN) protein expression, thereby blocking the
activation of the downstream PI3K/Akt signaling pathway and in-
hibiting Ang II-stimulated phenotypic differentiation of VSMCs "**.
The Notch signaling pathway can also regulate the phenotypic
transformation of VSMCs. Its ligands Jagged1, Jagged2, D11 (Delta-
like 1), DII3 and DII4 activate this pathway by binding to Notch
receptors, thereby promoting the conversion of VSMCs between
contractile and synthetic phenotype. Matrine (45) is an active in-
gredient extracted from the medicinal plant Sophora alpecuroides.
In AGEs-stimulated human coronary artery smooth muscle cells
(HCSMCs), matrine inhibits the activation of protein kinase RNA-
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like endoplasmic reticulum kinase (PERK), which is involved in
the DIl4-Notch pathway, thereby preventing cell phenotypic
switching "*’. Liuwei Dihuang Soft Capsule (LWDH) is a widely
used Chinese patent medicine. In RASMCs and ApoE”" mice,
LWDH enhances the activity of myogenic protein by up-regulat-
ing the expression of estrogen receptor ERa and promoting its in-
teraction with steroid receptor coactivator 3 (SRC3), thereby in-
hibiting the phenotypic differentiation of VSMCs '**.

Beyond the aforementioned phenotypic transitions, quercet-
in (46), a flavonoid compound widely found in plants, prevents
VSMCs from transforming into macrophage-like cells. In ApoE™~
mice, phosphorylated JAK2, phosphorylated STAT3 and high ex-
pression of KLF4 were co-localized with macrophage-like VSMCs
in the aggregation area of aortic plaque foam cells, and quercetin
could reduce this co-localization. In ox-LDL-stimulated MOVAS,
quercetin inhibits the expression of KLF4, LGALS3, CD68 and
F4/80 by inhibiting the JAK2/STAT3 signaling pathway, thereby
blocking KLF4-stimulated VSMCs to macrophage-like phenotype
differentiation '*°

In summary, the phenotypic differentiation of VSMCs consti-
tutes a critical part in the progression of AS. Natural compounds
regulate this differentiation process by modulating relevant sig-
naling pathways, altering the expression levels of key proteins,
and influencing intercellular interactions (Fig. 3). These findings
highlight the unique value of natural compounds in improving AS
through targeting VSMCs phenotypic differentiation. Further
studies are required to elucidate the underlying molecular mech-
anisms and to evaluate the clinical application potential of these
compounds in improving vascular health.

3.3. Regulation of VSMC senescence and death

In a variety of intervention strategies for VSMCs, in addition
to regulating their phenotypic differentiation, delaying or revers-
ing their senescence process is also an important treatment dir-
ection. Rutin (47) is a flavonoid compound widely found in
leguminous plants. In a mouse model of diabetic AS, rutin re-
duces the expression of $-Gal, reduces the number of senescent
cells, and increases the proportion of VSMCs in aortic root
plaques. In addition, in the oxidative stress model of MOVAS stim-
ulated by H,0,, rutin can alleviate oxidative stress-stimulated
premature cell senescence by inhibiting the production of react-
ive oxygen species and reducing the expression of malondialde-
hyde (MDA) "*°. Paeonol (Pae, 48), an active compound extracted
from the root bark of Paeonia suffruticosa, reduces the plaque
area and the expression of cell senescence markers in ApoE™””
mice. In vitro, Pae directly binds to SIRT1 and reduces the levels
of its downstream target protein p53 and telomere repeat bind-
ing factor 2, thereby reducing the expression of p16 and p21, al-
leviating telomere damage, and ultimately inhibiting the senes-
cence of VSMCs .

During AS, the removal of lipid-loaded foam cells through
autophagy, known as lipophagy, can avoid excessive lipid accu-
mulation. The autophagy process is usually initiated by microtu-
bule-associated protein 1 light chain 3II (LC3II), which forms APs
by recognizing and isolating lipid droplet membrane proteins,
and then APs fuse with lysosomes to form autolysosomes . At
the same time, lipid droplets abundant in cholesterol esters are
hydrolyzed into free cholesterol by lipophagy, and then excreted
by cholesterol efflux proteins such as ATP-binding cassette trans-
porter A1 (ABCA1), thereby reducing foam cell formation and
maintaining lipid homeostasis "*’. Bisdemethoxycurcumin (BD-
MC, 49), one of the active components of Curcuma kwangsiensis,
reduces the formation of lipid droplets in ox-LDL-stimulated
MOVAS. Pyruvate dehydrogenase kinase 1 (PDK1) is identified as
the binding target of BDMC by network pharmacology. This tar-
get can inhibit the downstream Akt/mTOR signaling pathway,
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Fig. 3 Mechanisms and targets of natural compounds regulating VSMCs phenotypic transformation. Natural compounds can suppress the calcification process by down-reg-
ulating the expression of calcification-related genes and proteins in VSMCs through regulating multiple signaling pathways. Moreover, some of these compounds further
promote the expression of relevant marker proteins and then inhibit the differentiation of VSMCs toward a synthetic phenotype or macrophage-like phenotype. The com-
pounds involved include: 36, genistein; GLSP, spore powder of Ganoderma lucidum; 38, triptolide; 27, curcumin; 22, tanshinone IIA; 39, xanthohumol; 40, baicalein; 41, (E)-
1-(5-(2-(4-fluorobenzyloxy)styryl)-4,6-dimethox-yphenyl)-3-methyl-4,5-dihydro-1H-pyrazole-1-yl) ethyl ketone; 42, notoginseng saponin R1; 3, protocatechuic aldehyde;
43, artemisinin; 44, nicotinate-curcumin; 45, matrine; LWDH, Liuwei Dihuang Soft Capsules; 46, quercetin.

thereby promoting the autophagy process and increasing the ex-
pression of ABCA1 to promote cholesterol efflux and inhibit the
formation of foam cells in VSMCs. In addition, it can also reduce
the inflammatory response and lipid accumulation in ApoE™~
mice '*’. Scutellarin (Scu, 50) is a flavonoid extracted from
marigold flowers. In the oleic acid-stimulated RAVSMC foam cell
model, Scucan reduce lipid accumulation by promoting auto-
phagy and inhibiting NLRP3 inflammasome activation. In addi-
tion, Scu can also activate liver X receptor o (LXRa), thereby in-
creasing the expression of ATP-binding cassette transporter Al to
promote cholesterol efflux '*'. Celastrol (51) is a quinone methyl
triterpene compound extracted from the root bark of Tripterygi-
um wilfordi. It also exhibits similar effects to Scu in MOVAS and
A7r5 cells '”. The combination of curcumin (27) and photody-
namic therapy (PDT) by Bai et al. significantly improves the auto-
phagy level of MOVAS and A7r5 cells, reduces the phenotypic
transformation and migration activity stimulated by ox-LDL and
the number of lipid droplets and foam cell formation '**

P2RY12 belongs to the P2 receptor family and is highly ex-
pressed in atherosclerotic plaques and foam cells. In the process
of AS, the activation of P2RY12 increases the formation of foam
cells in VSMCs by inhibiting autophagy '**. Therefore, targeted in-
hibition of P2ZRY12 activation may be a potential new strategy to
regulate VSMCs behavior and improve AS. Gualou Xiebai (GLXB)
is a commonly used drug pair in TCM, usually in a 2:1 ratio. The
drug pair significantly reduces lipid accumulation in ApoE™~ mice
and ox-LDL-stimulated MOVAS, and reduces the levels of
P2RY12, p62 and lipid droplet-specific protein Plin2 to promote
lipophagy, while increasing LC3II protein expression and increas-
ing the number of autophagosomes. The main active components
targeting P2RY12 include albiflorin (52), apigenin (53), luteolin
(54), kaempferol (55), 7,8-dihydroxyflavone (56), and hesper-
etin (57) '*°. Huanglian Jiedu Decoction is another TCM prescrip-
tion. In ApoE”” mice and ox-LDL-stimulated MOVAS, the pre-
scription inhibits foam cell formation by inhibiting the P2RY12/
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PI3K/AKT signaling pathway to enhance autophagy '

Some natural compounds can also regulate autophagy of VS-
MCs through the mTOR signaling pathway. Calycosin (58) is a
flavonoid component in Astragalus membranaceus. In -GP-stim-
ulated A7r5 cells, calycosin initiates the autophagy process by ac-
tivating the AMPK/mTOR signaling pathway and promotes the
formation of soluble N-ethylmaleimide-sensitive factor attach-
ment protein receptor complex, thereby promoting the fusion of
autophagosomes and lysosomes under the mTORC1-dependent
mechanism. This process can restore the autophagy function of
calcified VSMCs and effectively inhibit VC ', Bavachin (59), a
phytoestrogen extracted from Psoralea corylifolia, induces auto-
phagy by activating the Atg7/mTOR signaling pathway and down-
regulating the Wnt/g-catenin pathway '*. Luteolin (LUT, 60) is a
common natural flavonoid compound in various vegetables such
as green pepper and celery. In the VC model and H,0,-stimulated
A7r5 cells, LUT inhibits oxidative stress and increases autophagy
level by activating SIRT1/CXCR4 signaling pathway '*. However,
there are also natural compounds that treat AS by inhibiting auto-
phagy of VSMCs, such as astragaloside IV (AS-1V, 33). The use of
AS-1V in the treatment of ApoE™”™ mice can delay the progression
of AS, which is related to the decrease of calcium deposition and
autophagy level in VSMCs. In vitro, AS-IV activates the mTOR sig-
naling pathway by up-regulating the expression of long-chain non-
coding RNA H19, and inhibits the related DUSP5-ERK path-
way, thereby reducing the calcification and autophagy levels of
VSMCs 7.

Some natural compounds improve AS by inhibiting the apop-
tosis of VSMCs. For example, Pae (48) promotes VSMC auto-
phagy by activating the class IlII phosphatidylinositol 3-kinase
(PI3K)/beclin-1 pathway, thereby inhibiting apoptosis ! In ad-
dition, paeoniflorin can also slow down the AS process of ApoE™”
mice, enhance plaque stability, and is related to reducing T/B
lymphocyte infiltration. Activated T/B lymphocytes express
LTa1f2, which binds to the LTBR (belonging to the tumor necros-
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is factor receptor family) and induces VSMC apoptosis. On the
mechanism, paeoniflorin inhibits the apoptosis of MOVAS stimu-
lated by LTa1f2 by blocking the LTBR/NF-kB-stimulated kinase
(NIK)/calpain I signaling pathway. These results indicate that
paeoniflorin can exert anti-atherosclerotic effects by simultan-
eously reducing immune cell infiltration and inhibiting VSMC ap-
optosis, providing a new mechanism for related treatment '’*, An-
trodia camphorata (AC), a rare medicinal mushroom from
Taiwan, China, improves cell morphological abnormalities and
death stimulated by cigarette smoke extract (CSE). AC reduces
the accumulation of ROS in A7r5 cells by reducing the ratio of
Bax/Bcl-2, increasing the levels of superoxide dismutase (SOD)
and catalase (CAT), and inhibiting the degradation of IkBa to
block the activation of NF-kB, thereby reducing CSE-stimulated
apoptosis. Animal experiments further confirmed that oral ad-
ministration of AC could inhibit the progression of AS stimulated
by CSE in ApoE™" mice ',

Recent studies have shown that some natural compounds
regulate VSMC pyroptosis and ferroptosis. Ligustrazine (61), also
known as 2,3,5,6-tetramethylpyrazine (TMP), derived from
Ligusticum chuanxiong, inhibits the pyroptosis mediated by
calpain I/GSDME in B-GP-stimulated MOVAS, and reduces ROS, IL-
1B, and IL-18 levels '*. Zhou et al. established a screening system
based on mechanical properties to screen compounds that can
improve arterial wall stiffness by regulating VSMC-ECM interac-
tions. It was found that the chalcone compound echinatin (62)
derived from the roots and rhizomes of Glycyrrhiza inflata could
reduce the hardness of the ECM around cultured VSMCs. In the
mouse model of adenine feed and hyperlipidemia combined with
5/6 nephrectomy, echinatin intervention can reduce the progres-
sion of AS. RNA sequencing analysis reveals that echinatin upreg-
ulates the expression of glutamate-cysteine ligase (GCL) subunits
(GCLC and GCLM), supporting GSH metabolism homeostasis. By
regulating the GSH synthesis pathway, liquiritigenin further in-
hibits ferroptosis and affected ECM remodeling ‘.

In summary, the senescence and death of VSMCs are com-
plex biological events in the development of AS. A variety of nat-
ural compounds can prevent and improve AS by regulating senes-
cence-related pathways and cell death pathways (Fig. 4). Elucid-
ating these mechanisms in depth is expected to provide an im-
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portant theoretical basis for the development of new treatment
strategies.

3.4. Anti-inflammatory and oxidative stress

The inflammatory response and oxidative stress of VSMCs
also play an important regulatory role in AS. Inflammatory re-
sponse is usually accompanied by lipid peroxidation, which pro-
duces markers such as MDA. Oxidative stress is derived from the
imbalance between the production of ROS and the body’s antiox-
idant system, which often aggravates the inflammatory response.
For example, the formation of reactive oxygen species can activ-
ate NF-kB, thereby promoting the transcriptional expression of a
variety of inflammatory factors, and the release of inflammatory
mediators will further aggravate oxidative stress '’°. In addition,
oxidative stress can trigger the inflammatory response of VSMCs
and aggravate their differentiation, proliferation, and migration,
thereby promoting the formation of atherosclerotic plaques. Ox-
idative stress process involves a variety of oxidases and antioxid-
ant enzymes : oxidase enzymes include NADPH oxidase (Nox), in-
ducible nitric oxide synthase (iNOS), cyclooxygenase (COX) and
lipoxygenase; antioxidant enzymes include superoxide dismut-
ase (SOD), catalase (CAT), endothelial nitric oxide synthase
(eNOS) and glutathione peroxidase (GSH-Px) '”’. At the same
time, the inflammatory response is related to a variety of signal-
ing pathways, such as MAPK and NF-kB, which can regulate the
proliferation and migration of VSMCs.

Carvacrol (63), a compound extracted from Lamiaceae fam-
ily, reduces NOX-1 and p38 MAPK expression in RASMCs, and its
antioxidant effect may be involved in the process of inhibiting VS-
MCs migration and proliferation "’°. Tormentic acid (TA, 64), a
triterpenoid extracted from the bark of Vochysia divergens, inhib-
its INOS and NOX expression in H,0,_stimulated RASMCs. In addi-
tion, the pretreatment of this component can prevent the phos-
phorylation of NF-kB subunit p65 and the degradation of IkBa,
thereby inhibiting the production of inflammatory factors '”’. Pu-
erarin (65), a flavonoid compound extracted from Pueraria lob-
ata, significantly reduces the mRNA expression levels of IL-6 and
TNF-a in ox-LDL-stimulated HASMCs. It also decreases MDA pro-
duction and increases SOD activity by inhibiting p38 MAPK and
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Fig. 4 Mechanisms and targets of natural compounds regulating VSMC senescence and death. Natural compounds can delay the early senescence and death process of VS-
MCs in AS by down-regulating senescence-related specific markers and related signaling pathways. In addition, these compounds can also block pyroptosis by inhibiting the
expression of inflammasomes, regulate glutathione metabolism to resist ferroptosis, and promote lipid autophagy and autophagy levels, thereby reducing lipid accumula-
tion. The compounds involved include: 47, rutin; 48, paeonol; 49, bisdemethoxycurcumin; 50, scutellarin; 51, celastrol; 27, curcumin; GLXB, Gualou and Xiebai; 52, albiflor-
in; 53, apigenin; 54, luteolin; 55, kaempferol; 56, 7,8-dihydroxyflavone; 57, hesperetin; 58, calycosin; 59, bavachin; 60, luteolin; 61, ligustrazine; 62, echinatin.
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JNK signaling pathways '*’. Baicalin (66), as a glucuronide con-

jugate of baicalein (40), reduces thrombin-stimulated VSMC in-
flammatory response by inhibiting the activation of the ERK1/2
pathway in RAVSMCs '*'. Baicalin (40) shows anti-inflammatory
effects in MOVAS, and its mechanism may be related to the activa-
tion of the AMPK/mitochondrial fusion protein-2 (Mfn-2) axis,
which in turn regulates downstream MAPK and NF-«kB pathw-
ays '*. Emodin (67), the main active ingredient of Rheum pal-
matum, significantly inhibits the activation of NF-xB in a dose-de-
pendent manner and selectively down-regulates the expression
of inflammatory genes stimulated by TNF-a, thus exerting thera-
peutic effects on VSMCs inflammation '®. Guo et al. established a
co-culture system consisting of ECs, VSMCs and mononuclear
cells (MCs) to simulate AS-related inflammatory environment
through IL-1f3 combined with ox-LDL. In this model, tanshinone
1A (22) significantly reduces the expression of multiple inflam-
matory markers, suggesting its potential therapeutic value in al-
leviating AS-related inflammation '**

Besides individual compounds, various TCM extracts, clinic-
ally used prescriptions, and Chinese patent medicines modulate
oxidative stress and inflammation in VSMCs within AS. Aqueous
extracts from Prosopis strombulifera (AEPs) and Tessaria absin-
thioides (AETa), native Argentine medicinal plants, reduce ROS
generation and NOX subunit levels in Ang II-exposed RASMCs. In
ApoE™ mice, these extracts significantly lower triglycerides and
lipid peroxides (measured AS plasma thiobarbituric acid reactive
substances), enhance total antioxidant status, and increase hep-
atic GSH peroxidase activity. They also suppress superoxide an-
ion (0*") production in aortic tissues, demonstrating anti-athero-
sclerotic effects '*. Extract of C. coronarium (CC) reduces Hcy
stimulated ROS accumulation in HASMCs and lowers expression
of inflammatory markers such as NOX-4 and soluble epoxide hy-
drolase, thereby mitigating Hcy-triggered inflammation "*°. San-
huang Xiexin Decoction (SHXXD), a TCM formula known for pur-
ging fire, detoxifying, drying dampness, and clearing heat, signi-
ficantly inhibits HASMCs migration and proliferation, reduces
ROS generation, lowers COX-2 mRNA and protein levels, and
blocks ERK1/2 phosphorylation. SHXXD has been shown to signi-
ficantly suppress the synthesis of pro-inflammatory cytokines, in-
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cluding IL-1, IL-6, IL-8, and MCP-1 "”’. Gualou Erchen Decoction
(GED), a hypolipidemic and anti-inflammatory TCM formula with
lipid-lowering and anti-inflammatory properties, has demon-
strated efficacy in alleviating hyperlipidemia, reducing aortic
plaque accumulation, and improving plaque stability in ApoE™”
mice. Mechanistically, GED decreases the levels of sulfated glyc-
osaminoglycans (sGAGs), chondroitin sulfate proteoglycans (CSP-
Gs), and versican. It also downregulates chondroitin sulfate syn-
thase and multiple inflammatory mediators. In vitro studies fur-
ther reveal that GED inhibits VSMC proliferation and suppresses
the production of inflammatory cytokines in ox-LDL- and TNF-a
stimulated cells '*. Xintongtai Granules (XTTG) '*’ and Salvia
miltiorrhiza Injection (SMI) **° are clinically used Chinese patent
medicines for AS. XTTG improves lipid profiles and aortic patho-
logy in ApoE™ mice, inhibits ox-LDL-stimulated HASMC prolifer-
ation and lipid droplet accumulation, reduces MDA levels, in-
creases SOD activity, suppresses NOX4 expression and ROS pro-
duction, and inhibits NF-kB signaling, thereby alleviating oxidat-
ive stress '*’. Kriippel-like factor 10 was initially identified as an
early activated gene of TGF-f. Studies have shown that this factor
affects the transcription of the heme oxygenase 1 gene (HO-1) by
directly acting on its promoter region. When the expression of
this factor is reduced, SMI can alleviate its inhibitory effect on the
expression of this gene, thereby increasing the expression of HO-
1 and reducing the production of ROS. Consequently, SMI exerts
an antioxidant effect on MOVAS in a high glucose environment '’.

In summary, oxidative stress and inflammatory response run
through the whole process of AS. A variety of natural compounds
effectively regulate the inflammatory response and oxidative
stress of VSMCs, resulting in positive effects (Fig. 5). These com-
pounds may also inhibit the proliferation of VSMCs through a cas-
cade effect. An in-depth understanding of its interaction mechan-
ism with VSMCs is beneficial to the development of new drugs for
the treatment of AS.

4. Discussion

AS is the pathological basis of many cardiovascular diseases.
The risk of the disease is significantly increased in patients with
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Fig. 5 Mechanisms and targets of natural compounds inhibiting inflammatory response and oxidative stress in VSMCs. Natural compounds combat oxidative stress by pro-
moting the expression of antioxidant enzymes and inhibiting the expression of pro-oxidases, thereby reducing the production of reactive oxygen species. The decrease of re-
active oxygen species inhibits the activation of signaling pathways such as NF-kB to further curb the inflammatory response. The compounds involved include: 63, carvacrol;
64, tormentic acid; 65, puerarin; 66, baicalin; 40, baicalein; 67, emodin; 22, tanshinone II1A; AEPs, aqueous extract from Prosopis strombulifera; AETa, aqueous extract from
Tessaria absinthioides; CC, extract of C. coronarium; SHXXD, Sanhuang Xiexin Decoction; GED, Gualou Erchen Decoction; XTTG, Xintongtai Granules; SMI, the injection of

Salvia miltiorrhiza.
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hypertension, hyperglycemia, and hyperlipidemia, and long-term
development may lead to a variety of complications. The indu-
cing factors and mechanisms of AS are complex, involving a series
of damsenescence events at the cellular level, including inflam-
matory response, oxidative stress, endothelial dysfunction, phen-
otypic transformation of VSMCs, and macrophage polarization, as
well as a variety of pathophysiological disorders. The key mech-
anisms include cell recruitment, macrophage-mediated cholester-
ol efflux, and abnormal proliferation and migration of VSMCs.

As a key cell type involved in the process of AS, VSMCs exhib-
it complex behavior and interaction patterns in the vascular en-
vironment (Fig. 1). Traditionally, this cell is considered to be
mainly responsible for maintaining vascular tension and structur-
al stability, but recent studies have revealed that it has signific-
ant plasticity and can respond to pathological stimuli into mul-
tiple phenotypes. Recent studies have highlighted the key role of
multiple phenotypic differentiations of this cell in the progres-
sion of AS. For example, single-cell RNA sequencing technology
has found different functional subtypes of VSMCs in atheroscler-
otic plaques. The subgroup known as macrophage-like VSMCs is
closely related to plaque instability due to its pro-inflammatory
properties '*". In addition, the inflammatory microenvironment in
atherosclerotic lesions significantly affects the behavior of VS-
MCs '*’. A variety of inflammatory factors and chemokines can
lead to decreased contractile properties of VSMCs and the emer-
gence of a variety of alternative phenotypes. These phenotypes
may be characterized by macrophages, foam cells, osteochondro-
cytes and myofibroblasts "*. In summary, VSMCs can change
their phenotypic state in the context of AS, interact with immune
system cells, and participate in the inflammatory microenviron-
ment of atherosclerotic lesions. A comprehensive understanding
of these interactions is essential for the development of targeted
therapies to stabilize plaques and prevent AS-related cardiovas-
cular events.

Compared with traditional drugs, natural compounds have
the therapeutic advantages of multi-target, multi-component, and
fewer side effects. Studies have shown that a large number of nat-
ural compounds and TCM monomers and preparations exert anti-
atherosclerotic effects through a variety of related cellular and
molecular mechanisms. Although numerous studies have con-
firmed that natural compounds can effectively target VSMCs and
produce beneficial effects, there is no systematic review on this
topic. In this paper, the physiological changes of VSMCs in the de-
velopment of AS are described in detail. These processes cover
cell proliferation and migration, phenotypic differentiation, and
senescence and death. In addition, this paper systematically sum-
marizes the specific mechanisms and targets of 67 TCM-derived
monomers, 10 TCM extracts, 4 TCM prescriptions ' '¢% 17 185,
and 3 clinically used Chinese patent medicines ***'*'®°
lating VSMCs. The chemical structures and categories of all
monomer components are listed in Table S1. We numbered them
to clarify their targets and mechanisms. The models and specific
targets used in the study of each compound are shown in Table
S2.

Existing studies have shown that a large number of natural
compounds can improve AS by targeting VSMCs, but there are
still obvious gaps in related research. For example, previous stud-
ies on the regulation of foam cells by natural compounds mainly
focused on macrophage-derived foam cells, and studies on the
origin of VSMCs are limited. Foam cell formation is usually re-
lated to the three key processes of cholesterol uptake, esterifica-
tion and efflux '**. Scavenger receptors uptake and internalize
cholesterol esters in modified lipoproteins. These esters are hy-
drolyzed by acidic lipase in lysosomes to form free cholesterol
and free fatty acids, and then free cholesterol is re-esterified in
the endoplasmic reticulum by acetyl-CoA acetyltransferase and
stored in the cytoplasm in the form of lipid droplets. Cholesterol

in regu-
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esters accumulated in cells are hydrolyzed into free cholesterol
by neutral cholesterol ester hydrolase or hormone-sensitive
lipase, and finally cholesterol efflux is achieved by passive diffu-
sion and ABC transporters such as ABCA1 and ABCG1 "> *°.
However, the specific mechanism of these three cellular metabol-
ic processes in VSMCs remains to be fully elucidated, so there is a
broad space for exploration in this field. An in-depth understand-
ing of the process by which VSMCs form foam cells may provide
innovative ideas for the treatment of AS. In addition, existing
studies mainly focus on cells and animal models. Although a large
number of studies have explored the origin and phenotypic
changes of VSMCs in human AS '*'****  clinical studies on the ef-
fects of natural compounds on these cells are still significantly in-
sufficient. More clinical studies will be helpful to understand the
specific mechanism of VSMCs affecting AS and the mechanism of
natural compounds in this process.

Through the above review, it can be found that natural com-
pounds provide rich strategic choices for targeting VSMCs and in-
terfering with the multi-factor pathological process of AS. Inhibit-
ing VSMCs proliferation and migration, delaying their senescence
and death, enhancing autophagy activity, and regulating inflam-
matory response may become a new strategy for AS treatment,
thereby reducing the risk of related cardiovascular events. Fur-
ther research is needed to clarify the specific molecular mechan-
ism of VSMCs in the progression of AS, to fully reveal the mechan-
ism and therapeutic potential of natural compounds in this
pathological background.
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