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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
Georgian and Russian materials). With computer-printed texts please enclose a CD carrying the same file titled
with Latin symbols.

2. Size of the article, including index and resume in English, Russian and Georgian languages must
be at least 10 pages and not exceed the limit of 20 pages of typed or computer-printed text.

3. Submitted material must include a coverage of a topical subject, research methods, results,
and review.

Authors of the scientific-research works must indicate the number of experimental biological spe-
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5. Tables must be presented in an original typed or computer-printed form, instead of a photocopied
version. Numbers, totals, percentile data on the tables must coincide with those in the texts of the
articles. Tables and graphs must be headed.

6. Photographs are required to be contrasted and must be submitted with doubles. Please number
each photograph with a pencil on its back, indicate author’s name, title of the article (short version), and
mark out its top and bottom parts. Drawings must be accurate, drafts and diagrams drawn in Indian ink
(or black ink). Photocopies of the X-ray photographs must be presented in a positive image in tiff format.

Accurately numbered subtitles for each illustration must be listed on a separate sheet of paper. In
the subtitles for the microphotographs please indicate the ocular and objective lens magnification power,
method of coloring or impregnation of the microscopic sections (preparations).

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.

Vascular smooth muscle cells (VSMCs) have emerged as
key contributors to atherosclerosis through their remarkable
phenotypic plasticity. In response to wvascular injury,
inflammation, and metabolic stress, VSMCs transition from a
differentiated contractile phenotype to a synthetic, proliferative,
and migratory state. Recent evidence reveals that VSMCs
also transdifferentiate into macrophage-like, osteogenic,
and mesenchymal-like phenotypes, actively shaping plaque
composition and stability. This review provides a comprehensive
analysis of the molecular mechanisms underlying VSMC
phenotypic modulation, including PDGF-BB, TGF-p, KLF4,
TCF21, and non-coding RNAs. We also explore the dual roles
of VSMCs in promoting vascular repair and contributing to
disease progression. Understanding these processes offers
novel insights into plaque pathobiology and presents promising
therapeutic targets to stabilize atherosclerotic lesions and
prevent adverse cardiovascular events.

Key words. Vascular smooth muscle cells, phenotypic
switching, atherosclerosis, plaque stability, PDGF, TGF-p,
KLF4, TCF21, microRNAs, vascular remodeling.

Introduction.

Atherosclerosis remains a leading contributor to cardiovascular
disease (CVD) morbidity and mortality, accounting for millions
of deaths annually worldwide [1]. Traditionally viewed as a
lipid-driven and immune-mediated disorder of the intima, recent
decades have fundamentally reshaped our understanding of the
disease as a complex, multicellular process involving dynamic
interactions among endothelial cells, immune cells, and vascular
smooth muscle cells (VSMCs) [2,3]. Among these, VSMCs,
long thought to be passive, contractile structural elements,
have emerged as active participants in both the initiation and
progression of atherosclerotic lesions.

VSMCs originate from the mesenchyme and reside
predominantly in the medial layer of the arterial wall, where
they contribute to vascular tone and elasticity through a highly
differentiated, contractile phenotype characterized by the
expression of a-smooth muscle actin (a-SMA), smooth muscle
myosin heavy chain (SM-MHC), calponin, and transgelin
(SM22a) [4]. Under physiological conditions, VSMCs exhibit
low rates of proliferation and migration, maintaining vessel
homeostasis. However, in response to pathological stimuli
such as mechanical injury, oxidative stress, modified lipids
(e.g., oxidized LDL), and inflammatory cytokines, VSMCs
undergo a process of phenotypic switching, a highly regulated,
plastic transformation in which they lose contractile markers
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and acquire synthetic,
characteristics [5,6].

The synthetic phenotype is marked by upregulation of matrix
metalloproteinases (MMPs), osteopontin (SPP1), vimentin,
and increased production of extracellular matrix components,
facilitating tissue remodeling and neointima formation [7].
Importantly, VSMCs also acquire the capacity to proliferate
and migrate into the intima, where they contribute to plaque
development, fibrous cap formation, and potentially, plaque
destabilization [8]. Moreover, evidence from fate-mapping and
single-cell RNA sequencing studies has revealed that VSMCs
can adopt alternative phenotypes beyond the synthetic type,
including macrophage-like, osteogenic, chondrogenic, and even
mesenchymal stem-like states [9-11].

This phenotypic plasticity, once considered aberrant, is
now viewed as an essential feature of VSMCs that enables
context-dependent responses during vascular injury and repair.
However, this same plasticity can drive maladaptive remodeling
in chronic inflammatory settings like atherosclerosis [12].
Notably, the balance between beneficial and detrimental VSMC
phenotypes appears to be regulated by intricate signaling
networks, including PDGF-BB/PDGFR, TGF-f/Smad, Notch,
KLF4, and myocardin pathways, as well as a host of non-coding
RNAs and epigenetic mechanisms [13-15].

Despite the accumulating evidence, critical questions remain.
What dictates whether VSMCs contribute to plaque stability or
rupture? Can pharmacologic targeting of phenotypic modulation
reverse or halt disease progression? Do VSMC-derived cells
contribute to immune surveillance or simply mimic immune
phenotypes without functional equivalency?

Given the central and multifaceted role of VSMCs in vascular
disease, a thorough re-examination of their contribution
to atherogenesis is urgently needed. This review provides
a comprehensive synthesis of the molecular mechanisms
underlying VSMC phenotypic switching, its functional
consequences in atherosclerosis, and emerging therapeutic
avenues aimed at modulating this process. Understanding these
dynamics holds great promise for the development of novel,
cell-targeted strategies to mitigate the burden of atherosclerotic
cardiovascular disease.

migratory, and pro-inflammatory

Contractile vs. Synthetic Phenotype.

Vascular smooth muscle cells (VSMCs) are uniquely capable
of undergoing dynamic phenotypic transitions in response to
environmental stimuli. This plasticity, central to both vascular
repair and disease progression, is classically described as
a switch between two major phenotypes: contractile and
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synthetic. However, accumulating evidence suggests that this
binary framework represents only part of a broader and more
complex phenotypic spectrum [4,5,9].

Contractile Phenotype: Maintaining Vascular
Homeostasis. In healthy adult vessels, VSMCs adopt a highly
differentiated, contractile phenotype, characterized by the
expression of cytoskeletal and contractile proteins that are
essential for regulating vascular tone, elasticity, and mechanical
integrity. Key markers include:

1. a-smooth muscle actin (a-SMA).

2. Smooth muscle myosin heavy chain (SM-MHC / MYHI11).

3. Calponin.

4. Transgelin (SM22a).

5. Desmin.

This phenotype is regulated by a transcriptional network
involving serum response factor (SRF) and myocardin, as well
as its coactivators, myocardin-related transcription factors
(MRTFs), which bind to CArG elements within the promoters
of contractile genes [4,16,17]. Under physiological conditions,
VSMCs in this state exhibit low rates of proliferation, migration,
and matrix secretion.

Synthetic Phenotype: Remodeling and Repair — or Disease.
Following vascular injury or chronic exposure to atherogenic
factors such as oxidized LDL, mechanical stretch, PDGF-BB, or
inflammatory cytokines, VSMCs lose their contractile identity
and adopt a synthetic phenotype [5,6,12]. This state is marked
by downregulation of contractile genes, upregulation of matrix-
remodeling and inflammatory molecules, including:

1. Osteopontin (SPP1).

2. Matrix metalloproteinases (MMP-2, MMP-9).

3. Vimentin.

4. Fibronectin.

5. Type I and III collagen.

Synthetic VSMCs exhibit enhanced proliferation and
migration, and they actively participate in neointimal formation,
ECM remodeling, and plaque development [6,12]. While
initially beneficial for repair, prolonged activation promotes
maladaptive remodeling and contributes to plaque instability,
calcification, and vascular stiffening [9,18].

Beyond the Dichotomy: VSMC Heterogeneity in
Atherosclerosis. Advances in single-cell RNA sequencing and
fate-mapping techniques have revealed that VSMC phenotypic
modulation is not limited to a simple contractile-synthetic shift.
Instead, VSMCs can acquire multiple alternative phenotypes:

1. Macrophage-like VSMCs (CD68+, LGALS3+), involved in
lipid uptake and foam cell formation [6,10].

2. Chondrocyte-like or osteoblast-like VSMCs, contributing to
vascular calcification (Runx2+, ALPL+) [11,18].

3. Mesenchymal stem-like states, associated with progenitor-
like behavior and multilineage potential [9,13].

This plasticity underscores the complexity of VSMC
contributions to plaque biology and highlights the importance
of context-dependent signals in shaping disease outcomes. It
also raises critical questions about the functional significance
of these transdifferentiated states — whether they are adaptive,
pathogenic, or both.
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Molecular Pathways of Phenotypic Switching.

The ability of vascular smooth muscle cells (VSMCs) to
undergo phenotypic switching is tightly regulated by a complex
network of signaling pathways, transcription factors, and
epigenetic regulators. These molecular mechanisms interpret
environmental stimuli and govern the transition froma contractile
to a synthetic or alternative phenotype, thereby playing a pivotal
role in vascular remodeling and atherosclerosis.

One of the key pathways involved in initiating phenotypic
modulation is the platelet-derived growth factor-BB (PDGF-
BB)/PDGFR axis. Binding of PDGF-BB to its receptor leads to
activation of downstream effectors such as PI3K/AKT, MAPK/
ERK, and STAT pathways, which collectively promote VSMC
proliferation, migration, and dedifferentiation. Importantly, this
signaling cascade suppresses the myocardin—serum response
factor (SRF) complex, which is central to maintaining the
contractile gene expression program. As a result, expression of
a-smooth muscle actin (a-SMA), smooth muscle myosin heavy
chain (SM-MHC), and calponin is downregulated, and synthetic
markers such as osteopontin and matrix metalloproteinases are
upregulated [4,5,6,19].

Transforming growth factor-p (TGF-f) signaling, in contrast,
exerts dual and context-dependent effects on VSMCs.
Under physiological conditions, TGF- promotes contractile
differentiation through Smad2/3-dependent transcriptional
activation of smooth muscle-specific genes. However, in the pro-
inflammatory environment of the atherosclerotic plaque, TGF-
may contribute to phenotypic modulation and even osteogenic
reprogramming, depending on crosstalk with other pathways
such as bone morphogenetic protein (BMP), PDGF, and Notch
signaling [20]. This context specificity underscores the need for
a nuanced understanding of TGF-p's role in vascular pathology.

The transcriptional landscape of VSMC phenotypic switching
is further shaped by several key regulatory proteins. Myocardin,
a potent coactivator of SRF, is essential for the expression
of contractile genes and maintenance of the differentiated
phenotype [17]. In contrast, the transcription factor Kruppel-
like factor 4 (KLF4) antagonizes myocardin—SRF signaling
and drives VSMCs toward a synthetic or macrophage-like state.
KLF4 expression is induced by oxidative stress, inflammatory
cytokines, and vascular injury, and has been shown to be
essential for the loss of contractile identity in atherosclerosis
models [8,21]. Another critical regulator is TCF21, a
transcription factor identified through genome-wide association
studies as a susceptibility locus for coronary artery disease.
TCF21 promotes VSMC migration and phenotypic modulation
by repressing contractile gene expression and facilitating the
acquisition of alternative cell fates [13,22].

Actin dynamics also contribute significantly to phenotypic
control via myocardin-related transcription factors (MRTFs).
In contractile VSMCs, polymerized actin permits MRTF-A
and MRTF-B to enter the nucleus and coactivate SRF-
dependent transcription. Conversely, in synthetic VSMCs,
actin depolymerization traps MRTFs in the cytoplasm,
leading to reduced expression of contractile proteins [17,23].



This mechanotransduction mechanism links cytoskeletal
architecture to gene regulation and plays a vital role in response
to biomechanical stress.

Finally, epigenetic mechanisms including non-coding RNAs
have emerged as potent modulators of VSMC phenotype. The
microRNAs miR-143 and miR-145 are highly expressed in
contractile VSMCs and promote differentiation by enhancing
myocardin—SRF signaling [14,24]. Conversely, miR-221 and
miR-222 are upregulated in response to PDGF and suppress
the contractile program while facilitating cell cycle entry and
proliferation [24]. In addition to miRNAs, long non-coding
RNAs (IncRNAs) such as SMILR and SENCR have been
shown to regulate proliferation and phenotype switching, further
adding complexity to the regulatory network [25].

VSMC phenotypic plasticity is orchestrated by a tightly
regulated molecular framework integrating growth factor
signaling, transcriptional modulation, cytoskeletal dynamics,
and epigenetic control. This intricate machinery not only
enables VSMC:s to respond to injury but also contributes to the
pathogenesis of vascular disease when dysregulated. Targeting
specific nodes within these networks represents a promising
avenue for therapeutic intervention in atherosclerosis.

Phenotypic Plasticity and Disease Progression.

The phenotypic plasticity of vascular smooth muscle cells
(VSMCs) plays a fundamental role in the initiation, progression,
and complications of atherosclerotic disease. Once regarded as
passive structural components of the medial layer, VSMCs are now
recognized as dynamic contributors to multiple stages of plaque
development through their ability to switch phenotypes, migrate,
proliferate, and modulate the extracellular matrix [4,5,9].

During early atherogenesis, VSMCs are recruited from the
media into the intima in response to endothelial dysfunction
and local release of cytokines, growth factors, and lipids.
In this environment, contractile VSMCs dedifferentiate into
synthetic cells that exhibit enhanced proliferative and migratory
capacity, contributing to neointimal hyperplasia and the
formation of the fibrous cap [5,6]. These synthetic VSMCs
secrete large amounts of extracellular matrix proteins, such as
collagen and fibronectin, which provide structural stability to
developing lesions. However, as inflammation and oxidative
stress accumulate within the plaque, VSMCs undergo further
phenotypic modulation that may undermine plaque integrity.

A growing body of evidence, derived from lineage-tracing
experiments and single-cell transcriptomic profiling, has
demonstrated that VSMCs contribute not only to fibrous cap
formation but also to the pool of so-called "non-smooth muscle"
cells within the plaque. These include cells with macrophage-
like, osteoblast-like, and mesenchymal-like characteristics,
which arise through transdifferentiation from medial VSMCs
[9,10,11,26]. For example, VSMC-derived cells can express
macrophage markers such as CD68 and Lgals3, take up lipids,
and exhibit foam cell morphology. However, despite their
phenotypic resemblance to monocyte-derived macrophages,
these cells lack full phagocytic competence and display distinct
transcriptomic profiles [26,27]. As such, they may exacerbate
plaque inflammation without performing essential immune
functions.
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Similarly, osteochondrogenic transdifferentiation of VSMCs
has been implicated in medial and intimal calcification, a
hallmark of advanced atherosclerotic lesions and a predictor
of cardiovascular events [18,28]. VSMC-derived osteogenic
cells express bone-associated markers such as Runx2 and
alkaline phosphatase and contribute to vascular stiffness and
plaque instability. The plasticity that allows VSMCs to adopt
these diverse phenotypes may represent an adaptive attempt to
stabilize injured vasculature but becomes maladaptive under
conditions of chronic injury and metabolic stress.

Importantly, the contextual signals within the plaque
microenvironment, including oxidized lipids, inflammatory
cytokines, and disturbed flow, determine the direction and
extent of VSMC phenotypic transitions. The balance between
contractile and non-contractile states appears to be critical in
maintaining plaque stability. Studies have shown that VSMCs
populating the fibrous cap tend to retain a partially contractile
phenotype and contribute to lesion stabilization, whereas those
undergoing full dedifferentiation or transdifferentiation are
more likely to contribute to plaque vulnerability [12,26,29].

These findings have significant clinical implications. The
ability of VSMCs to adopt protective versus pathogenic roles
depending on environmental stimuli suggests that targeted
modulation of their phenotype could represent a novel
therapeutic strategy. Promoting a “stable” synthetic phenotype,
capable of matrix synthesis without excessive inflammation,
or reinforcing the contractile identity of cap-forming VSMCs
may reduce the risk of plaque rupture and thrombosis. However,
such strategies must be carefully designed to avoid impairing
necessary repair functions or promoting excessive fibrosis or
calcification.

Therapeutic Implications.

The recognition that vascular smooth muscle cells (VSMCs)
actively contribute to atherosclerosis through phenotypic
modulation has prompted a paradigm shift in therapeutic
strategies. Rather than targeting lipids or inflammation alone,
future interventions may aim to preserve or restore protective
VSMC phenotypes, thereby stabilizing plaques and preventing
adverse cardiovascular events. However, translating these
insights into clinical therapies remains challenging due to the
dual, and sometimes opposing, roles of VSMC phenotypes in
vascular health and disease.

The concept of targeting VSMC phenotype is supported by
experimental studies showing that promoting contractile gene
expression or limiting pro-inflammatory transdifferentiation can
attenuate lesion progression and increase fibrous cap stability
[12,26]. One approach involves modulating key signaling
pathways implicated in VSMC phenotype switching. For
example, inhibition of PDGF-BB/PDGFRJ signaling has been
shown to suppress VSMC proliferation and reduce neointimal
formation in animal models [19,30]. However, systemic
blockade of PDGF pathways may impair physiological repair
responses and cause off-target effects, underscoring the need for
cell-specific delivery systems.

In contrast, enhancement of TGF-f signaling has been explored
as a means to promote the contractile phenotype, particularly
via activation of Smad2/3-dependent transcription [20]. Yet, the



pleiotropic and context-dependent effects of TGF-p complicate
its therapeutic application, as it may simultaneously induce
pro-calcific or fibrotic responses, especially in the presence of
oxidative stress or disturbed flow [18,28].

Targeting transcriptional regulators represents another
strategy. For instance, KLF4, a key driver of VSMC plasticity
and inflammation, has emerged as a promising target. Genetic
silencing of KIf4 in lineage-tracing studies prevented the loss
of contractile markers and reduced the formation of foam cell-
like VSMCs [8,21]. Similarly, modulation of TCF21, which
promotes a migratory, synthetic phenotype, has shown potential
in promoting fibrous cap integrity while limiting necrotic core
expansion [22,29]. Nonetheless, manipulating transcription
factors in vivo remains technically complex and may carry risks
related to tissue specificity and long-term safety.

Emerging research also highlights the therapeutic potential
of epigenetic interventions, particularly non-coding RNAs that
govern VSMC phenotype. Restoration of miR-143/145 levels
has been shown to reinforce the contractile state and reduce
lesion size in murine models, whereas inhibition of miR-221/222
suppressed proliferation and matrix degradation [24,31]. In
parallel, targeting long non-coding RNAs such as SMILR,
which promotes proliferation, may offer additional regulatory
leverage [25]. The challenge lies in the development of efficient
and selective delivery platforms for RNA therapeutics to
VSMCs within the plaque microenvironment.

Beyond molecular targeting, biomaterial-based and drug-
eluting technologies provide an avenue for localized control
of VSMC behavior. Stents coated with agents that inhibit
phenotypic modulation or promote matrix synthesis are
under investigation, aiming to avoid late stent thrombosis and
restenosis by optimizing VSMC response [32].

Despite these advances, several barriers hinder the clinical
translation of VSMC-targeted therapies. These include the lack
of specific markers distinguishing beneficial versus detrimental
phenotypic states, the contextual dependence of phenotypic
effects, and the dynamic, plastic nature of VSMC identity.
Moreover, most studies have been conducted in murine models,
which may not fully replicate the heterogeneity and complexity
of human atherosclerosis.

Nevertheless, the therapeutic modulation of VSMC phenotype
represents a promising frontier in vascular medicine. A
better understanding of the molecular cues governing VSMC
plasticity, and how to harness them selectively, could yield
novel interventions that complement lipid-lowering and anti-
inflammatory therapies, ultimately improving cardiovascular
outcomes.

Conclusion.

Over the past decade, the vascular smooth muscle cell
(VSMC) has been redefined from a passive contractile unit
to a central, dynamic player in atherosclerosis. The ability of
VSMC:s to switch phenotypes in response to environmental cues
represents both a critical adaptive mechanism and a contributor
to disease pathology. This phenotypic plasticity underlies their
involvement in a range of processes, including lesion formation,
extracellular matrix remodelling, fibrous cap maintenance,
inflammation, and calcification.
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As highlighted in this review, the phenotypic modulation
of VSMCs is orchestrated by a multifaceted network of
signalling pathways, transcriptional regulators, and epigenetic
mechanisms. Key pathways such as PDGF-BB/PDGFRf
and TGF-B/Smad, transcription factors including KLF4 and
TCF21, and regulatory RNAs like miR-143/145 and miR-
221/222, collectively shape VSMC behavior in the atheroprone
environment. These molecular circuits not only determine
whether VSMCs promote repair or degeneration but also offer
potential targets for therapeutic modulation.

Importantly, VSMCs do not simply oscillate between
two phenotypes. Rather, they display a broad continuum of
intermediate and alternative states, including macrophage-
like, osteogenic, and stem-like phenotypes. This complexity,
revealed through single-cell technologies and lineage-tracing
studies, challenges traditional dichotomies and emphasizes
the need for more precise phenotypic classifications in both
experimental and clinical research.

Despite significant progress, many questions remain
unresolved. It is still unclear how to selectively promote
beneficial VSMC phenotypes without exacerbating calcification
or fibrosis, or how to design interventions that can adapt to the
dynamic and heterogeneous nature of plaques. Furthermore, the
translational gap between animal models and human pathology
must be bridged to develop clinically effective therapies.

Nevertheless, the targeting of VSMC phenotypic switching
holds considerable promise. By understanding and manipulating
the mechanisms that govern VSMC identity, it may be possible
to develop novel interventions that stabilize atherosclerotic
plaques, reduce the risk of rupture, and complement existing
lipid-lowering and anti-inflammatory therapies. In this light,
VSMCs emerge not as bystanders, but as therapeutic gatekeepers
in the battle against atherosclerotic cardiovascular disease.
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