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K CBEAEHHUIO ABTOPOB!
[Ipu HampaBIEeHUY CTAaTbH B PEAAKITUIO HEOOXOIUMO COOIONATh CISAYIONINE TIPABHIIIA;

1. CraTps nomkHa OBITH IPEJCTaBICHA B IBYX SK3EMIUIIPAX, HA PYCCKOM HMJIM aHTITUHACKOM SI3bI-
Kax, HaTrleyaTaHHas yepe3 MoJITopa HHTepBaJjia Ha OIHOI CTOPOHE CTAHIAPTHOIO JIUCTA € INMPHHOI
JIEBOTO NOJIsI B TPHM caHTHMeTpa. Mcnonb3yemblil KOMIIBIOTEPHBII WPUQT U1 TEKCTa Ha PYCCKOM U
aHnuickoM s3bikax - Times New Roman (Kupuiuna), 115 TeKcTa Ha TPy3UHCKOM S3BIKE CIIEAYeT
ucnoip3oBath AcadNusx. Pasmep mpudra - 12. K pykonrcu, HaneyaTaHHOW Ha KOMITBIOTEPE, JTODKEH
o5ITh IprtoskeH CD co crarbeit.

2. Pa3Mep craTbu TOTKEH OBITH HE MEHEe NeCsTH 1 He OoJiee 1BaALATH CTPAHUI] MAITHOIINCH,
BKJIIOYAsl yKa3areJlb JINTepaTypsl U Pe3loMe Ha aHIJIMIICKOM, PYCCKOM U IPYy3HHCKOM SI3bIKaX.

3. B crarbe 10KHBI OBITH OCBEIICHBI AKTyaIbHOCTh JAHHOTO MaTepHalla, METOIBI U PE3YIIbTaThI
UCCIIeIOBaHUs U X 00CYyKACHHE.

[Ipu npencTaBiIeHNHN B IIeYaTh HAYYHBIX SKCIIEPUMEHTAIBHBIX PA0OT aBTOPHI JOJIKHBI YKa3bIBATH
BHUJl U KOJMYECTBO SKCIIEPUMEHTANBHBIX KUBOTHBIX, IPUMEHSBIINECS METOABl 00e300MMBaHUS U
YCBHIJICHHUS (B XOJI€ OCTPBIX OIIBITOB).

4. K crarbe JOIKHBI OBITH MIPUIIOMKEHBI KpaTKoe (Ha MOJICTPAaHUIIBI) Pe3OMe Ha aHIIIUICKOM,
PYCCKOM M IT'PY3HHCKOM $I3bIKax (BK/IIOYAIOLIEE CIELYOLINE pa3aesbl: Liedb UCCIeI0BaHNs, MaTepHual U
METOJIBI, PE3YJILTATHI M 3aKIIFOUSHHE) U CIIUCOK KITtoueBBIX cioB (key words).

5. Tabnunp! HEOOXOIUMO NPENCTABIATE B Ie4aTHOH hopme. DoTokonuu He npuHUMaroTcs. Bee
nu¢poBbie, HTOTOBbIE H NPOLIEHTHbIE JaHHbIE B Ta0JIMIaX J0JIKHbI COOTBETCTBOBATH TAKOBBIM B
TeKcTe cTaThbU. Tabiuibl U rpaduKu TOJKHBI OBITH 03aryIaBIICHBI.

6. dotorpadun AOIKHBI OBITH KOHTPACTHBIMHU, (POTOKOIHHU C PEHTTEHOTPAMM - B IO3UTUBHOM
n300paxeHuH. PUCYyHKH, yepTeXu U IuarpaMmbl clIeoyeT 03ariaBUTh, IPOHYMEPOBATh U BCTABUTH B
COOTBeTCTBYIOIIEe MecTo TekcTa B tiff opmare.

B noanucsix k MukpogotorpadgusaM cieayeT yKa3plBaTh CTEICHb yBEIMUCHUS Yepe3 OKYISP HITH
00BEKTUB U METOJ] OKPACKU WJIM UMIIPETHALIMH CPE30B.

7. ®aMUIUU OTEYECTBEHHBIX aBTOPOB MIPUBOJAATCS B OPUTHHAIBHON TPAHCKPUIILIUH.

8. I[Ipu opopmnennu u HampaBneHun crared B xypHanm MHI mpocum aBTOpOB cobmronars
NpaBUIIa, U3JI0KEHHBIE B « EMUHBIX TpeOOBaHUSIX K PYKOMHUCSM, IPEACTABISIEMBIM B OMOMEIUIIMHCKHUE
JKypHAJIbD», TPUHATHIX MeXIyHapOAHBIM KOMHUTETOM PEIAaKTOPOB MEAMLMHCKUX KYpHAJIOB -
http://www.spinesurgery.ru/files/publish.pdf u http://www.nlm.nih.gov/bsd/uniform_requirements.html
B koHIIe Kax 101 OPUTHHATIBHOM CTaThU MPUBOAUTCA OnOIHOrpadguyeckuii cnucok. B cnmncok nurepa-
TYPBI BKJIFOYAIOTCSl BCE MaTepHalibl, HA KOTOPBbIE UMEIOTCS CCBUIKU B TeKcTe. CIHUCOK COCTaBIAETCs B
andaBUTHOM MOpsAKe U HymMepyeTcs. JIutepaTypHblii HCTOYHMK NPUBOAUTCS Ha sI3bIKE OpUrMHaia. B
CIMCKE JINTEPATyPhl CHavYajia IPUBOIATCS PabOThI, HAMCAHHBIE 3HAKaMU TPY3MHCKOTO andaBuTa, 3aTeM
Kupwuien u naruHuneidl. CChUIKM Ha IUTHUPYEMble pabOThl B TEKCTE CTAaTbH JAIOTCS B KBaIpPaTHBIX
CKOOKax B BUJI€ HOMEPA, COOTBETCTBYIOLIETO HOMEPY JaHHOH pabOoThI B CIIMCKE TUTEPaTypbl. bonbmmH-
CTBO IIUTHPOBAHHBIX UCTOYHUKOB JOJKHBI OBITH 3a IMOCTIEAHNUE S5-7 JIET.

9. ns momydeHus MpaBa Ha MyONMKAIMIO CTaThs OJDKHA MMETh OT PYKOBOIUTENSI pabOTHI
WIN YUPEXKJCHUS BU3Y U CONPOBOIUTEIHHOE OTHOLLICHNUE, HAIMCAHHBIC WJIM HAlledaTaHHbIE Ha OJIaHKe
Y 3aBEPEHHBIE MOJIHCHIO U NIEYATHIO.

10. B koHIe cTaThU NOJKHBI OBITH MOAMHCH BCEX aBTOPOB, MOJHOCTBHIO MPUBEAEHBI UX
(amMuInM, UIMEHa U OTYECTBA, YKa3aHbl CIIy>KeOHBIN M AOMAIIHUI HOMEpa TeJIe(OHOB U agpeca MM
uHble koopAuHaThl. KomuuecTBo aBTOPOB (COABTOPOB) HE NOHKHO MPEBBIMIATH IISATH YEJIOBEK.

11. Penakuus ocraBisiet 3a cO00i MpaBo COKpaIaTh ¥ HCIPaBIATh cTarhi. Koppekrypa aBropam
HE BBICBUIAETCS, BCS paboTa U CBEpKa IPOBOAUTCS 110 aBTOPCKOMY OPHTHHAILY.

12. HemomycTuMoO HampaBiieHHE B pelaklMIo padoT, MpeICTaBICHHBIX K MeYaTH B MHBIX
M3/1aTeNbCTBAX WIIM OMYOJIMKOBAHHBIX B APYTHX U3JAHUSX.

Hpﬂ HApYHNIEHUH YKa3aHHBIX IPABUJI CTATbU HE PAaCCMAaTPUBAIOTCH.
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Please note, materials submitted to the Editorial Office Staff are supposed to meet the following requirements:

1. Articles must be provided with a double copy, in English or Russian languages and typed or
compu-ter-printed on a single side of standard typing paper, with the left margin of 3 centimeters width,
and 1.5 spacing between the lines, typeface - Times New Roman (Cyrillic), print size - 12 (referring to
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3. Submitted material must include a coverage of a topical subject, research methods, results,
and review.
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articles. Tables and graphs must be headed.
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7. Please indicate last names, first and middle initials of the native authors, present names and initials
of the foreign authors in the transcription of the original language, enclose in parenthesis corresponding
number under which the author is listed in the reference materials.

8. Please follow guidance offered to authors by The International Committee of Medical Journal
Editors guidance in its Uniform Requirements for Manuscripts Submitted to Biomedical Journals publica-
tion available online at: http://www.nlm.nih.gov/bsd/uniform_requirements.html
http://www.icmje.org/urm_full.pdf
In GMN style for each work cited in the text, a bibliographic reference is given, and this is located at the end
of the article under the title “References”. All references cited in the text must be listed. The list of refer-
ences should be arranged alphabetically and then numbered. References are numbered in the text [numbers
in square brackets] and in the reference list and numbers are repeated throughout the text as needed. The
bibliographic description is given in the language of publication (citations in Georgian script are followed
by Cyrillic and Latin).

9. To obtain the rights of publication articles must be accompanied by a visa from the project in-
structor or the establishment, where the work has been performed, and a reference letter, both written or
typed on a special signed form, certified by a stamp or a seal.

10. Articles must be signed by all of the authors at the end, and they must be provided with a list of full
names, office and home phone numbers and addresses or other non-office locations where the authors could be
reached. The number of the authors (co-authors) must not exceed the limit of 5 people.

11. Editorial Staff reserves the rights to cut down in size and correct the articles. Proof-sheets are
not sent out to the authors. The entire editorial and collation work is performed according to the author’s
original text.

12. Sending in the works that have already been assigned to the press by other Editorial Staffs or
have been printed by other publishers is not permissible.

Articles that Fail to Meet the Aforementioned
Requirements are not Assigned to be Reviewed.
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Abstract.

Atherosclerosis is a complex and dynamic vascular disease
driven by chronic inflammation, lipid accumulation, and
profound cellular remodeling within the arterial wall. Among
the cellular components of the atherosclerotic plaque, vascular
smooth muscle cells (VSMCs) play a pivotal and increasingly
recognized role. VSMCs display a high degree of phenotypic
adaptability, enabling dynamic responses to vascular injury and
metabolic stress.

Under conditions of vascular injury, oxidative stress, and
inflammatory signaling, VSMCs undergo extensive phenotypic
modulation characterized by loss of the contractile program and
acquisition of synthetic, proliferative, and migratory properties.
Recent lineage-tracing studies have further demonstrated that
VSMCs can adopt diverse alternative phenotypes, including
macrophage-like, foam cell-like, osteogenic, and mesenchymal-
like states, thereby actively contributing to plaque growth,
calcification, and structural remodeling.

This review summarizes current knowledge on the molecular
mechanisms governing VSMC phenotypic modulation in
atherosclerosis, highlighting key transcriptional regulators
and signaling pathways such as PDGF signaling, TGF-$
pathways, KLF4, TCF21, and regulatory non-coding RNAs.
We also discuss the dual and context-dependent roles of
VSMC s in plaque development, emphasizing their contribution
to both disease progression and plaque stabilization through
extracellular matrix production and fibrous cap formation.

Elucidating the mechanisms that control VSMC phenotypic
plasticity may provide new opportunities for therapeutic
intervention aimed at limiting plaque progression and improving
plaque stability in atherosclerotic cardiovascular disease.

Key words. Vascular smooth muscle cells, phenotypic
plasticity, phenotypic switching, atherosclerosis, plaque
stability, transcription factors, PDGF signaling, TGF-p
signaling, microRNAs, vascular remodeling.

Introduction.

Atherosclerosis remains the principal pathological basis of
cardiovascular disease (CVD) and continues to represent a
leading cause of morbidity and mortality worldwide [1]. For
many years, atherosclerosis was primarily regarded as a lipid-
driven inflammatory disorder of the arterial intima. However,
advances in vascular biology have substantially expanded this
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view, revealing a complex and highly dynamic disease process
involving coordinated interactions among endothelial cells,
immune cells, and vascular smooth muscle cells (VSMCs)
within the arterial wall [2,3]. Among these cellular components,
VSMCs have emerged as critical regulators of plaque
development, progression, and stability.

VSMCs originate from mesenchymal precursors and are
predominantly located within the medial layer of the arterial
wall, where they maintain vascular tone and structural integrity.
In healthy vessels, VSMCs exhibit a highly differentiated
contractile phenotype characterized by the expression of
specific cytoskeletal and contractile proteins, including
a-smooth muscle actin (0-SMA), smooth muscle myosin
heavy chain (SM-MHC), calponin, and transgelin (SM22a) [4].
Under physiological conditions, these cells display minimal
proliferative and migratory activity, thereby contributing to the
maintenance of vascular homeostasis.

In response to vascular injury or pathological stimuli such
as oxidative stress, inflammatory mediators, and modified
lipoproteins VSMCs undergo profound phenotypic modulation.
This process, commonly referred to as phenotypic switching,
involves shift from a differentiated contractile state to a
proliferative and matrix-producing phenotype [5,6]. During
this transition, VSMCs downregulate contractile markers while
upregulating genes associated with matrix remodeling and
cellular plasticity.

The synthetic phenotype is associated with increased
expression of molecules such as matrix metalloproteinases
(MMPs), osteopontin (SPP1), and vimentin, as well as enhanced
production of extracellular matrix components that contribute to
neointimal formation and structural remodeling of the arterial
wall [7]. These changes enable VSMCs to migrate from the
media into the intima, where they play a crucial role in plaque
formation and fibrous cap development. Depending on the local
microenvironment, these processes may contribute either to
plaque stabilization or to structural weakening of the lesion [8].

Recent advances in lineage-tracing techniques and single-cell
transcriptomic analyses have revealed an even greater degree
of VSMC plasticity than previously appreciated. Rather than
existing solely in contractile or synthetic states, VSMCs can
adopt multiple alternative phenotypes, including macrophage-
like, osteogenic, chondrogenic, and mesenchymal stem-like
phenotypes [9-11]. These findings have fundamentally changed
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the conceptual framework of atherosclerosis by demonstrating
that VSMC-derived cells constitute a substantial proportion of
cells within atherosclerotic plaques.

Phenotypic plasticity of VSMCs is now recognized as a central
adaptive mechanism that allows the vascular wall to respond
to injury and maintain structural integrity. Nevertheless, under
conditions of chronic inflammation and persistent metabolic
stress, this adaptive response may become maladaptive,
promoting pathological remodeling and accelerating disease
progression [12]. The regulation of VSMC phenotypic
transitions is controlled by complex signaling networks
involving growth factors, transcription factors, and epigenetic
regulators. Key pathways implicated in this process include
PDGF-BB/PDGFRf signaling, TGF-B/Smad pathways, Notch
signaling, and transcriptional regulators such as KLF4 and
myocardin, along with multiple classes of non-coding RNAs
[13-15].

Despite rapid progress in understanding VSMC biology,
several important questions remain unresolved. It is still unclear
which molecular mechanisms determine whether VSMC
phenotypic transitions promote plaque stabilization or contribute
to plaque vulnerability. Furthermore, the functional significance
of VSMC-derived macrophage-like cells and their relationship
to classical immune cells remain incompletely understood.
Addressing these questions is essential for identifying new
therapeutic strategies aimed at modulating VSMC behavior in
atherosclerotic disease.

In this review, we provide an updated overview of the
molecular mechanisms that govern VSMC phenotypic switching
and discuss the functional consequences of this process in
atherosclerosis. We also highlight emerging therapeutic
approaches targeting VSMC phenotypic modulation and
consider their potential role in preventing plaque progression
and improving plaque stability in atherosclerotic cardiovascular
disease.

Contractile and Synthetic Phenotypes of Vascular
Smooth Muscle Cells.

Vascular smooth muscle cells (VSMCs) possess a
remarkable capacity for phenotypic modulation in response to
environmental cues. This plasticity represents a central feature
of vascular biology, allowing the arterial wall to adapt to injury,
hemodynamic stress, and inflammatory stimuli. Traditionally,
VSMC behavior has been described within a binary framework
consisting of two major phenotypes: the contractile phenotype
and the synthetic phenotype. However, increasing experimental
evidence indicates that this simplified dichotomy represents only
part of a broader spectrum of phenotypic states that VSMCs may
adopt under physiological and pathological conditions [4,5,9].

In healthy adult vessels, VSMCs predominantly exhibit a
highly differentiated contractile phenotype that is essential for
maintaining vascular tone, structural integrity, and mechanical
stability of the arterial wall. This phenotype is characterized by
the expression of specific cytoskeletal and contractile proteins,
including a-smooth muscle actin (a-SMA), smooth muscle
myosin heavy chain (SM-MHC / MYHI11), calponin, transgelin
(SM22a), and desmin. The expression of these markers reflects a
transcriptional program that maintains the specialized contractile
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function of VSMCs within the medial layer of the vessel wall.
Regulation of this program is largely controlled by the serum
response factor (SRF)-myocardin signaling axis. Myocardin
and myocardin-related transcription factors (MRTFs) act as key
coactivators of SRF, binding to CArG box elements within the
promoters of smooth muscle—specific genes and promoting the
expression of contractile proteins [4,16,17]. Under physiological
conditions, VSMCs in this differentiated state display minimal
proliferative activity, limited migratory capacity, and relatively
low levels of extracellular matrix secretion, thereby supporting
vascular homeostasis.

Following vascular injury or exposure to pro-atherogenic
stimuli, VSMCs undergo a profound phenotypic transition
commonly referred to as phenotypic switching. Factors such
as oxidized low-density lipoprotein (oxLDL), mechanical
stress, platelet-derived growth factor-BB (PDGF-BB), and
inflammatory cytokines can disrupt the contractile transcriptional
program and promote the emergence of a synthetic phenotype
[5,6,12]. This state is characterized by downregulation of
classical contractile markers and increased expression of
genes associated with cellular proliferation, migration, and
extracellular matrix remodeling. Synthetic VSMCs demonstrate
elevated levels of molecules such as osteopontin (SPP1),
matrix metalloproteinases (particularly MMP-2 and MMP-9),
vimentin, fibronectin, and fibrillar collagens including types I
and III. These changes enable VSMCs to actively participate in
neointimal formation and structural remodeling of the vascular
wall [6,12].

Functionally, synthetic VSMCs exhibit enhanced proliferative
and migratory properties, allowing them to move from the medial
layer into the intima where they contribute to plaque formation
and fibrous cap development. In the early phases of vascular
injury, this response may serve an adaptive role by promoting
repair and stabilizing the vessel wall. However, persistent
activation of the synthetic phenotype in chronic inflammatory
conditions such as atherosclerosis can drive maladaptive
remodeling. Excessive extracellular matrix remodeling,
increased proteolytic activity, and pro-inflammatory signaling
may contribute to plaque progression, vascular stiffening, and
ultimately plaque destabilization [9,18].

Recent technological advances, particularly lineage-tracing
approaches and single-cell RNA sequencing, have revealed that
VSMC phenotypic modulation extends far beyond the classical
contractile—synthetic paradigm. Instead, VSMCs appear capable
of adopting a diverse array of alternative phenotypic states
during atherosclerosis. Among the most extensively described
are macrophage-like VSMCs expressing markers such as CD68
and LGALS3, which can participate in lipid uptake and foam
cell formation within the atherosclerotic plaque [6,10]. Other
VSMC-derived phenotypes include osteogenic or chondrocyte-
like cells characterized by the expression of osteogenic
transcription factors such as Runx2 and alkaline phosphatase
(ALPL), contributing to wvascular calcification [I11,18].
Additionally, subsets of VSMCs have been shown to acquire
mesenchymal stem-like characteristics, displaying progenitor-
like properties and multilineage differentiation potential [9,13].

The discovery of this extensive phenotypic heterogeneity has
significantly reshaped the understanding of VSMC biology



in atherosclerosis. Rather than acting solely as structural
components of the vessel wall, VSMCs are now recognized as
highly dynamic participants in plaque evolution. Their ability
to transition between multiple phenotypic states suggests that
local environmental cues within the plaque microenvironment
play a decisive role in determining the functional outcomes of
VSMC modulation. Consequently, deciphering the mechanisms
that regulate these transitions remains a critical objective for
understanding plaque biology and identifying novel therapeutic
targets.

Molecular Pathways of Phenotypic Switching.

The remarkable phenotypic plasticity of vascular smooth
muscle cells (VSMCs) is governed by a complex network of
signaling pathways, transcription factors, cytoskeletal regulators,
and epigenetic mechanisms. These molecular systems integrate
environmental stimuli such as inflammatory mediators, growth
factors, biomechanical stress, and lipid accumulation, thereby
controlling the transition from a contractile phenotype toward
synthetic or alternative cellular states. Dysregulation of these
regulatory networks plays a central role in vascular remodeling
and the progression of atherosclerosis.

Among the most prominent drivers of phenotypic modulation
is the platelet-derived growth factor-BB (PDGF-BB)/PDGFRJ
signaling axis. Activation of PDGFRp by PDGF-BB triggers
multiple downstream pathways, including PI3K/AKT, MAPK/
ERK, and STAT signaling cascades, which collectively
stimulate VSMC proliferation, migration, and dedifferentiation.
A critical consequence of PDGF signaling is the suppression
of the myocardin—serum response factor (SRF) transcriptional
complex, which normally maintains the contractile gene
expression program. Disruption of this regulatory axis leads to
decreased expression of contractile markers such as a-smooth
muscle actin (0-SMA), smooth muscle myosin heavy chain (SM-
MHC), and calponin, while promoting the upregulation of genes
associated with extracellular matrix remodeling and cellular
plasticity, including osteopontin and matrix metalloproteinases
[4-6,19].

In contrast to PDGF signaling, transforming growth factor-§
(TGF-B) exerts complex and context-dependent effects on
VSMC phenotype. Under physiological conditions, TGF-$
signaling through Smad2/3 promotes contractile differentiation
by enhancing the transcription of smooth muscle—specific
genes. However, within the inflammatory and metabolically
altered microenvironment of the atherosclerotic plaque, TGF-
may contribute to phenotypic modulation and even osteogenic
reprogramming of VSMCs. These divergent effects are largely
determined by interactions with other signaling pathways,
including bone morphogenetic protein (BMP), PDGF, and
Notch signaling, highlighting the highly context-dependent
nature of TGF-P activity in vascular pathology [20].

At the transcriptional level, several key regulatory factors
orchestrate the shift between contractile and synthetic
phenotypes. Myocardin acts as a master regulator of smooth
muscle differentiation by functioning as a potent coactivator of
SRF and driving the expression of contractile genes required
for the maintenance of the differentiated VSMC phenotype
[17]. In contrast, the transcription factor Kruppel-like factor
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4 (KLF4) plays a central role in promoting phenotypic
switching. KLF4 antagonizes myocardin—SRF signaling and
facilitates the transition toward synthetic or macrophage-like
states. Its expression is strongly induced by oxidative stress,
inflammatory cytokines, and vascular injury, and experimental
studies have demonstrated that KLF4 activation is essential for
the loss of contractile identity observed during atherosclerosis
development [8].

Another important transcriptional regulator of VSMC
phenotypic modulation is transcription factor 21 (TCF21).
Identified through genome-wide association studies as a
genetic susceptibility locus for coronary artery disease, TCF21
promotes VSMC migration and phenotypic remodeling by
repressing contractile gene expression and facilitating cellular
dedifferentiation. Evidence suggests that TCF2I-driven
transitions may contribute to the emergence of fibroblast-like
VSMC-derived cells within atherosclerotic plaques, which
participate in extracellular matrix deposition and fibrous cap
formation [10,13].

Cytoskeletal dynamics also play an essential role in regulating
VSMC phenotype. Actin polymerization status directly
influences the activity of myocardin-related transcription
factors (MRTF-A and MRTF-B), which function as cofactors
of SRF. In contractile VSMCs, polymerized actin allows
MRTFs to translocate into the nucleus and activate SRF-
dependent transcription of contractile genes. Conversely, actin
depolymerization leads to cytoplasmic sequestration of MRTFs,
resulting in reduced transcription of contractile proteins and
promoting the transition toward a synthetic phenotype [17,23].
This mechanotransduction mechanism provides a critical link
between cytoskeletal organization, biomechanical forces, and
gene regulation.

Beyond non-coding RNAs, classical epigenetic mechanisms
also play a critical role in regulating VSMC phenotypic
plasticity. DNA methylation, histone modifications, and
chromatin remodeling contribute to the transcriptional control of
genes associated with contractile differentiation and phenotypic
switching. Increased activity of DNA methyltransferases
(DNMTs) has been associated with suppression of contractile
genes such as MYH11 and ACTA2, thereby promoting transition
toward synthetic phenotypes. In parallel, histone deacetylases
(HDAC:s) regulate chromatin accessibility and influence the
expression of genes involved in proliferation, migration, and
extracellular matrix remodeling. Experimental studies have
shown that dysregulated histone acetylation and chromatin
remodeling facilitate VSMC dedifferentiation and contribute to
pathological vascular remodeling during atherosclerosis [7,23].
The microRNAs miR-143 and miR-145 are highly expressed
in differentiated contractile VSMCs and promote maintenance
of the contractile phenotype by reinforcing myocardin—SRF
signaling and suppressing proliferative pathways [14,24]. In
contrast, miR-221 and miR-222 are upregulated in response
to PDGF signaling and promote phenotypic switching by
inhibiting contractile gene expression and facilitating cell
cycle progression [24]. The major molecular and epigenetic
mechanisms involved in VSMC phenotypic switching in
atherosclerosis are summarized in Figure 1.



2. Molecular and eplgenethc regulation

3. VSMC phenotypic outcomes

stimuli
A Gaowith Fector ilgrul.hg B. Transasipiion lacters Contraciile VSMT {qwmﬂ
: * Subliymd L ] Promten wethats
S jlEn) KLF4 T e ——
whr m « e AMA o« ST TAGLM)
= s fad-pel UTHILL]  + Calponin
. Cvrvie dul Pt irh
- TCFI1
G (ron ) ,..,;ﬂ {211 e I
L8 T, ! L"' B Phemotypic seitching
LE 1] P g | T CotaThe thatlc VSN
o ettt i Myocandin { SAF | Ry
ikl ) o i _-— _@__ % el g
- S
Choiciative - M i (e, 1P 004 |
e [ L. Classical epigemetic mechaniums DL Mon-ooding Bkl -
— T e roghage- ke VI
CHA mapthyianon [0 1 I T i . 3
2 Vet e || [ b | ) | & « gy ey
U’E’%{ o voempaceie geses Wil L s : -kl pnion |
ACTAR, TASLN SR ) = LB = o rbarmratory gt |}
POCFEE  ——— Irmriptinal sy | ....mpuﬂ S 5 =
- | | rigration o CorSnnganir W
[ Mictrrss doacrmylmion [<Culy | ey 5%
Binbuios Firtoes bueipiaten

rimird e - ARt
anpriision of cu i g

Sl-.l Tﬂl -\..p..m pthars

i h,
C S -ty ey
U [T ——
= Edir

iy

mechariedl T * 1
Tl il b et — Fltwraa bl ekt
T e M e e Immﬂ S Sn— Lo | S Moot i
= ¥ aral gty b gl 2 =
= i reaneling
M = Fibronatie, v
QI —

I
= e
[ e ]
\ |

4 Conaquences m the athenssclerotic plague

) I
! }
{ ¢ Paan red e
1 ‘ © and nRamenE
- |

R p——

Fusipe prapitass.
el g

Figure 1. Molecular and epigenetic mechanisms regulating vascular smooth muscle cell (VSMC) phenotypic switching in atherosclerosis.
Pro-atherogenic stimuli, including oxidized LDL, inflammatory cytokines, oxidative stress, and disturbed flow, activate signaling pathways,
transcription factors, and epigenetic regulators that suppress the contractile phenotype and promote transition toward synthetic, macrophage-
like, osteogenic, and mesenchymal-like VSMC states, contributing to plaque progression, calcification, and instability.

Table 1. Major Phenotypes of Vascular Smooth Muscle Cells in Atherosclerosis.

fibronectin, MMPs

ECM production

Phenotype Key Markers Functional Characteristics Role in Atherosclerosis

Contractile VSMC o-SMA, SM-MHC (MYHI1), | Maintains vascular tone, low Stabilizes vessel wall and fibrous cap
calponin, SM22a. proliferation and migration

Synthetic VSMC Osteopontin (SPP1), vimentin,  High proliferation, migration, Contributes to neointima formation

and plaque growth

Macrophage-like VSMC

CD68, LGALS3

Lipid uptake, foam cell formation

Associated with lipid accumulation, i
mpaired phagocytic function, and
increased plaque complexity

Osteogenic VSMC

Runx2, ALPL, osteocalcin

Mineral deposition and calcification

altered

Promotes mineral deposition and
contributes to vascular stiffening and

biomechanical properties of the plaque

Mesenchymal stem-like
VSMC

Sca-1, stem cell-associated
markers

Progenitor-like properties,
multilineage potential

May contribute to plaque heterogeneity

Table 2. Key Molecular Regulators of VSMC Phenotypic Switching.

Pathway / Regulator ~Mechanism Effect on VSMC Phenotype Key References
PDGF-BB /PDGFRB | Activates PI3K/AKT and MAPK signaling Promotes dedifferentiation and proliferation [5,19,30]
TGF-B / Smad Smad-dependent transcription Maintains contractile phenotype but context-dependent [20]

KLF4 Represses myocardin—SRF complex Induces synthetic and macrophage-like states [8]

TCF21 Transcriptional regulator Promotes fibroblast-like phenotypes [10]

MRTF / SRF Regulates contractile gene transcription Maintains contractile differentiation [17]

Table 3. Epigenetic Regulators of VSMC Phenotypic Switching.

Epigenetic Factor

Type

Functional Role

DNMT1

DNA methyltransferase

Suppresses contractile gene expression and promotes synthetic phenotype

HDACs

Histone deacetylases

Regulate chromatin accessibility and promote VSMC dedifferentiation

Histone acetylation

Histone modification

Modulates transcriptional plasticity and VSMC phenotype

miR-143/145 microRNA Maintains contractile phenotype

miR-221/222 microRNA Promotes proliferation and synthetic phenotype
SMILR IncRNA Regulates VSMC proliferation

SENCR IncRNA Maintains vascular cell differentiation
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Table 4. Therapeutic Targets for Modulating VSMC Phenotype.

Target Mechanism
PDGFRB inhibitors Block VSMC proliferation
KLF4 inhibition Preserve contractile phenotype

miR-143/145 restoration
Drug-eluting stents Local drug delivery

Long non-coding RNAs (IncRNAs) have also emerged as
important modulators of VSMC behavior. Molecules such as
smooth muscle-induced IncRNA enhances replication (SMILR)
and smooth muscle and endothelial cell-enriched migration/
differentiation-associated IncRNA (SENCR) regulate VSMC
proliferation, migration, and phenotypic transitions through
interactions with transcription factors and chromatin-modifying
complexes [25]. These findings illustrate the growing importance
of epigenetic mechanisms in shaping VSMC responses to
vascular injury.

Collectively, phenotypic switching of VSMCs is orchestrated
by a tightly integrated molecular framework involving growth
factor signaling, transcriptional control, cytoskeletal dynamics,
and epigenetic regulation. While these mechanisms enable
adaptive responses to vascular injury, their dysregulation
contributes to pathological vascular remodeling and the
progression of atherosclerotic disease. Understanding the key
regulatory nodes within these networks may provide new
opportunities for therapeutic strategies aimed at modulating
VSMC phenotype and improving plaque stability.

Phenotypic Plasticity and Disease Progression.

The phenotypic plasticity of vascular smooth muscle cells
(VSMCs) has emerged as a central determinant of atherosclerotic
plaque development and progression. Once considered passive
structural elements of the arterial wall, VSMCs are now
recognized as highly dynamic participants in multiple stages of
atherogenesis. Their ability to undergo phenotypic transitions,
migrate from the media to the intima, proliferate, and remodel the
extracellular matrix allows them to shape both the architecture
and biological behavior of atherosclerotic lesions [4,5,9].

Duringtheearly stages ofatherogenesis, endothelial dysfunction
promotes the accumulation of lipids and inflammatory mediators
within the arterial intima. In response to these stimuli, VSMCs
migrate from the medial layer into the intima, where they
undergo phenotypic modulation characterized by loss of the
contractile phenotype and acquisition of a synthetic state. These
synthetic VSMCs display enhanced proliferative and migratory
capacities and contribute to neointimal expansion and fibrous
cap formation [5,6]. In addition, they produce substantial
amounts of extracellular matrix components, including collagen
and fibronectin, which help maintain structural stability of
developing plaques.

As atherosclerosis progresses, however, the inflammatory
and oxidative environment within the plaque drives further
phenotypic diversification of VSMCs. Evidence from lineage-
tracing studies and single-cell transcriptomic analyses has
demonstrated that VSMCs represent a major source of
several non-classical cell populations within atherosclerotic
lesions. These include cells with macrophage-like, osteogenic,
and mesenchymal-like characteristics that arise through
transdifferentiation of medial VSMCs [9,10,11,26].
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Promote differentiation

Potential Therapeutic Effect
Reduce neointima formation
Reduce foam cell formation
Improve plaque stability
Control VSMC proliferation

Increasing evidence suggests that phenotypically modulated
VSMCs actively participate in bidirectional communication
with immune cells within the atherosclerotic plaque
microenvironment. Pro-inflammatory cytokines released by
monocyte-derived macrophages and T lymphocytes, including
TNF-a, IL-1p, and IFN-y, promote VSMC dedifferentiation and
suppress the expression of contractile genes. In turn, synthetic
and macrophage-like VSMCs can produce inflammatory
mediators, chemokines, and matrix-degrading enzymes that
further amplify local inflammatory responses.

In addition to soluble mediators, direct cell-cell interactions
and extracellular vesicle-mediated signaling have emerged
as important regulators of plaque biology. These intercellular
communication networks may contribute to chronic
inflammation, extracellular matrix remodeling, and plaque
destabilization. Thus, VSMCs should not be regarded
solely as structural vascular cells, but rather as dynamic
immunomodulatory participants in atherosclerotic disease
progression.

Among the most extensively studied are macrophage-like
VSMCs, which express markers such as CD68 and LGALS3 and
are capable of lipid uptake and foam cell formation. Despite their
phenotypic resemblance to monocyte-derived macrophages,
these cells display distinct transcriptional signatures and reduced
phagocytic capacity, suggesting that they may contribute to
inflammatory amplification within plaques without performing
classical immune functions [26,27]. Consequently, VSMC-
derived macrophage-like cells may represent an important
source of dysfunctional foam cells during atherogenesis.

Another important phenotypic trajectory involves osteogenic
or chondrocyte-like transdifferentiation of VSMCs. This
process has been implicated in vascular calcification, a common
feature of advanced atherosclerotic lesions and an independent
predictor of cardiovascular events. Osteogenic VSMCs
express bone-associated markers such as Runx2 and alkaline
phosphatase and contribute to mineral deposition within the
arterial wall, promoting vascular stiffness and altering plaque
mechanical properties [18,28].

The remarkable phenotypic flexibility of VSMCs likely
represents an adaptive mechanism that allows the vascular wall
to respond to injury and maintain structural integrity. However,
under conditions of persistent inflammation, oxidative stress,
and lipid accumulation, this adaptive response may become
maladaptive, driving pathological vascular remodeling and
plaque destabilization [29-32].

Accumulating evidence suggests that sex-related biological
differences may also influence VSMC phenotypic modulation
during atherosclerosis. Estrogen signaling has been shown
to exert protective vascular effects by suppressing VSMC
proliferation, reducing inflammatory activation, and promoting
maintenance of the contractile phenotype through estrogen



receptor—dependent pathways. In contrast, loss of estrogen
activity, particularly after menopause, has been associated with
enhanced vascular remodeling and increased susceptibility
to atherosclerotic progression. Experimental studies further
indicate that sex-dependent differences in gene expression
and hormonal signaling may contribute to variations in plaque
composition, calcification, and vascular stiffness between males
and females. Nevertheless, the precise mechanisms linking sex
hormones and VSMC plasticity remain incompletely understood
and require further investigation [33,34].

Importantly, the direction of VSMC phenotypic transitions
is strongly influenced by the local plaque microenvironment.
Factors such as oxidized lipoproteins, inflammatory cytokines,
disturbed hemodynamic flow, and extracellular matrix
composition collectively shape VSMC behavior. Studies
have shown that VSMCs located within the fibrous cap often
retain features of the contractile phenotype and contribute to
plaque stabilization by producing structural matrix proteins. In
contrast, VSMCs that undergo extensive dedifferentiation or
transdifferentiation are more frequently associated with plaque
vulnerability and progression [12,26,29].

These observations highlight the context-dependent roles of
VSMCs in atherosclerosis. While certain phenotypic states
contribute to vascular repair and plaque stabilization, others
promote inflammation, calcification, and structural weakening
of the lesion. Understanding the signals that determine these
divergent outcomes remains a major challenge in vascular
biology and represents a key step toward developing new
therapeutic approaches aimed at modulating VSMC behavior in
atherosclerotic disease.

Much of the current understanding of VSMC phenotypic
plasticity has been derived from lineage-tracing studies
performed in murine models of atherosclerosis, particularly
ApoE—/— and LDLR—/— mice. These experimental systems
have provided direct evidence that medial VSMCs can
undergo extensive phenotypic transitions toward macrophage-
like, osteogenic, and mesenchymal-like states during plaque
development.

In human atherosclerotic plaques, however, direct lineage-
tracing approaches are not feasible. Consequently, evidence
for VSMC transdifferentiation in humans relies primarily on
single-cell transcriptomics, immunophenotypic analyses, and
co-expression of smooth muscle and macrophage-associated
markers within plaque-derived cells. Several studies have
demonstrated the presence of ACTA2+/CD68+ and MYHI11+/
LGALS3+ cell populations in advanced human lesions,
supporting the translational relevance of VSMC phenotypic
modulation observed in experimental models. Nevertheless, the
precise contribution of these populations to plaque progression
and instability in humans remains incompletely understood.

Therapeutic Implications.

Recognition of the active role of vascular smooth muscle cells
in atherosclerosis has led to a growing interest in therapeutic
strategies aimed at modulating VSMC phenotype. While current
treatments for atherosclerotic cardiovascular disease primarily
target lipid metabolism and systemic inflammation, emerging
evidence suggests that stabilizing protective VSMC phenotypes

267

may represent an additional therapeutic avenue for preventing
plaque rupture and adverse cardiovascular events.

Experimental studies have demonstrated that preservation of
the contractile phenotype or controlled promotion of a matrix-
producing synthetic phenotype can enhance fibrous cap integrity
and reduce lesion progression [12,26]. These findings have
stimulated efforts to identify molecular targets that regulate
VSMC phenotypic transitions.

One potential strategy involves modulation of growth factor
signaling pathways implicated in VSMC dedifferentiation.
Inhibition of the PDGF-BB/PDGFR{ signaling axis has been
shown in experimental models to reduce VSMC proliferation
and neointimal formation [19,30]. However, systemic inhibition
of PDGF signaling may interfere with physiological repair
processes and produce off-target effects, highlighting the
importance of developing cell-specific or locally targeted
delivery systems.

In contrast, activation of TGF-B signaling has been explored
as a means to reinforce the contractile phenotype through
Smad2/3-dependent transcriptional pathways. Nevertheless, the
pleiotropic and context-dependent nature of TGF-B signaling
complicates its therapeutic application. Depending on the
cellular environment, TGF-B may also promote fibrosis or
osteogenic differentiation, particularly under conditions of
oxidative stress or disturbed flow [18,28].

Transcription factors that regulate VSMC plasticity have also
attracted significant attention as potential therapeutic targets.
The transcription factor KLF4 plays a central role in driving
phenotypic switching toward synthetic and macrophage-
like states. Experimental deletion of KlIf4 in lineage-tracing
models has been shown to preserve contractile gene expression
and reduce the formation of foam cell-like VSMCs within
atherosclerotic plaques [8]. Similarly, modulation of TCF21
activity has been proposed as a strategy to influence the balance
between stabilizing fibroblast-like VSMC derivatives and
pathogenic phenotypic states within plaques [22,29].

Epigenetic regulation represents another promising therapeutic
direction. Non-coding RNAs, particularly microRNAs, have
emerged as key regulators of VSMC phenotype. Restoration of
miR-143 and miR-145 expression has been shown to promote
the contractile phenotype and reduce lesion size in experimental
models, whereas inhibition of miR-221 and miR-222 suppresses
VSMC proliferation and matrix degradation [24,31]. Long non-
coding RNAs such as SMILR have also been implicated in the
regulation of VSMC proliferation and may represent additional
therapeutic targets [25].

Beyond molecular targeting, biomaterial-based strategies
provide opportunities for localized modulation of VSMC
behavior. Drug-eluting stents designed to regulate VSMC
proliferation and phenotype are being explored as a means
to reduce restenosis and improve long-term vascular healing
following percutaneous interventions [32].

Despite these promising developments, several challenges
remain before VSMC-targeted therapies can be translated
into clinical practice. The phenotypic states of VSMCs are
highly dynamic and context-dependent, and reliable markers
distinguishing protective from pathogenic phenotypes remain
limited. In addition, most mechanistic insights have been



derived from experimental models, and the extent to which
these findings apply to human atherosclerosis remains an area
of active investigation.

Nevertheless, therapeutic modulation of VSMC phenotype
represents an emerging frontier in cardiovascular medicine. A
deeper understanding of the molecular and environmental cues
that govern VSMC plasticity may enable the development of
targeted interventions that complement lipid-lowering and
anti-inflammatory therapies, ultimately improving outcomes in
patients with atherosclerotic cardiovascular disease.

Emerging therapeutic strategies increasingly focus on
localized and cell-specific modulation of pathogenic VSMC
phenotypes in order to minimize systemic adverse effects.
Nanoparticle-based drug delivery systems have attracted
considerable attention as potential tools for targeted delivery of
small molecules, siRNAs, and microRNA mimics directly into
atherosclerotic plaques. Such approaches may allow selective
suppression of pathogenic signaling pathways, including KLF4-
mediated phenotypic switching, while preserving physiological
vascular repair mechanisms.

In parallel, advances in biomaterial engineering have led to
the development of next-generation drug-eluting stents capable
not only of inhibiting excessive VSMC proliferation, but also of
modulating VSMC phenotype toward more stable and reparative
states. These technologies may ultimately provide more precise
therapeutic control over vascular remodeling following arterial
injury and during plaque progression.

Recent advances in spatial transcriptomics and multimodal
single-cell technologies are further expanding current
understanding of VSMC heterogeneity within atherosclerotic
plaques. Unlike conventional single-cell sequencing,
these approaches preserve spatial information and allow
characterization of localized cellular interactions within
the plaque microenvironment. Such technologies may help
identify spatially distinct pathogenic and protective VSMC
subpopulations, thereby improving the precision of future
therapeutic targeting.

Conclusion.

Over the past decade, vascular smooth muscle cells (VSMCs)
have emerged as central regulators of atherosclerotic plaque
biology rather than passive structural components of the arterial
wall. Their capacity for phenotypic plasticity enables them
to respond dynamically to vascular injury and environmental
stress, contributing to diverse processes such as lesion formation,
extracellular matrix remodeling, fibrous cap formation,
inflammation, and vascular calcification. Consequently, VSMCs
play a pivotal role in determining the structural integrity and
clinical fate of atherosclerotic plaques.

As discussed in this review, phenotypic modulation of
VSMCs is governed by an intricate regulatory network
involving growth factor signalling pathways, transcriptional
regulators, cytoskeletal dynamics, and epigenetic mechanisms.
Signalling axes such as PDGF-BB/PDGFRf and TGF-f/Smad,
transcription factors including KLF4 and TCF21, and regulatory
non-coding RNAs collectively shape VSMC behavior within the
atherosclerotic microenvironment. These molecular pathways
influence whether VSMCs adopt phenotypes that promote
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plaque stability through extracellular matrix production or
contribute to inflammation, lipid accumulation, and structural
destabilization.

Importantly, recent advances in lineage-tracing techniques and
single-cell transcriptomics have revealed that VSMC phenotypic
modulation extends far beyond the traditional contractile—
synthetic paradigm. Instead, VSMCs exhibit a diverse spectrum
of intermediate and alternative states, including macrophage-
like, osteogenic, and stem-like phenotypes. Recognition of
this phenotypic diversity has significantly reshaped current
concepts of plaque biology and highlights the need for more
refined classification of VSMC-derived cell populations in
atherosclerosis.

Despite these advances, several critical challenges remain.
A deeper understanding of the signals that determine whether
VSMC phenotypic transitions promote plaque stabilization or
disease progression is still required. Furthermore, translating
experimental findings into clinically effective therapies remains
difficult due to the complex, context-dependent nature of VSMC
plasticity and the limitations of current experimental models.

Nevertheless, targeting the molecular mechanisms that govern
VSMC phenotypic switching represents a promising therapeutic
direction. Interventions aimed at preserving protective VSMC
phenotypes or preventing maladaptive transdifferentiation may
complement existing lipid-lowering and anti-inflammatory
strategies. Ultimately, improved insight into VSMC biology
may open new avenues for stabilizing atherosclerotic plaques
and reducing the burden of cardiovascular disease.

Future progress in this field will likely depend on integration
of lineage-tracing studies, spatial transcriptomics, and human
plaque analyses to better define functionally distinct VSMC
subpopulations. Improved understanding of the molecular
determinants that drive protective versus pathogenic phenotypic
transitions may ultimately enable development of precision
therapies aimed at stabilizing atherosclerotic plaques without
impairing physiological vascular repair.
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