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avtorTa sayuradRebod!

redaqciaSi statiis warmodgenisas saWiroa davicvaT Semdegi wesebi:

 1. statia unda warmoadginoT 2 calad,  rusul an inglisur enebze, dabeWdili 
standartuli furclis 1 gverdze,  3 sm siganis marcxena velisa da striqonebs 
Soris 1,5 intervalis dacviT. gamoyenebuli kompiuteruli Srifti rusul da ing-
lisurenovan teqstebSi - Times New Roman (Кириллица), xolo qarTulenovan teqstSi 
saWiroa gamoviyenoT AcadNusx. Sriftis zoma – 12. statias Tan unda axldes CD 
statiiT. 
 2. statiis moculoba ar unda Seadgendes 10 gverdze naklebs da 20 gverdze mets 
literaturis siis da reziumeebis (inglisur, rusul da qarTul enebze) CaTvliT.
 3. statiaSi saWiroa gaSuqdes: sakiTxis aqtualoba; kvlevis mizani; sakvlevi 
masala da gamoyenebuli meTodebi; miRebuli Sedegebi da maTi gansja. eqsperimen-
tuli xasiaTis statiebis warmodgenisas avtorebma unda miuTiTon saeqsperimento 
cxovelebis saxeoba da raodenoba; gautkivarebisa da daZinebis meTodebi (mwvave 
cdebis pirobebSi).
 4. statias Tan unda axldes reziume inglisur, rusul da qarTul enebze 
aranakleb naxevari gverdis moculobisa (saTauris, avtorebis, dawesebulebis 
miTiTebiT da unda Seicavdes Semdeg ganyofilebebs: mizani, masala da meTodebi, 
Sedegebi da daskvnebi; teqstualuri nawili ar unda iyos 15 striqonze naklebi) 
da sakvanZo sityvebis CamonaTvali (key words).
 5. cxrilebi saWiroa warmoadginoT nabeWdi saxiT. yvela cifruli, Sema-
jamebeli da procentuli monacemebi unda Seesabamebodes teqstSi moyvanils. 
 6. fotosuraTebi unda iyos kontrastuli; suraTebi, naxazebi, diagramebi 
- dasaTaurebuli, danomrili da saTanado adgilas Casmuli. rentgenogramebis 
fotoaslebi warmoadgineT pozitiuri gamosaxulebiT tiff formatSi. mikrofoto-
suraTebis warwerebSi saWiroa miuTiToT okularis an obieqtivis saSualebiT 
gadidebis xarisxi, anaTalebis SeRebvis an impregnaciis meTodi da aRniSnoT su-
raTis zeda da qveda nawilebi.
 7. samamulo avtorebis gvarebi statiaSi aRiniSneba inicialebis TandarTviT, 
ucxourisa – ucxouri transkripciiT.
 8. statias Tan unda axldes avtoris mier gamoyenebuli samamulo da ucxo-
uri Sromebis bibliografiuli sia (bolo 5-8 wlis siRrmiT). anbanuri wyobiT 
warmodgenil bibliografiul siaSi miuTiTeT jer samamulo, Semdeg ucxoeli 
avtorebi (gvari, inicialebi, statiis saTauri, Jurnalis dasaxeleba, gamocemis 
adgili, weli, Jurnalis #, pirveli da bolo gverdebi). monografiis SemTxvevaSi 
miuTiTeT gamocemis weli, adgili da gverdebis saerTo raodenoba. teqstSi 
kvadratul fCxilebSi unda miuTiToT avtoris Sesabamisi N literaturis siis 
mixedviT. mizanSewonilia, rom citirebuli wyaroebis umetesi nawili iyos 5-6 
wlis siRrmis.
 9. statias Tan unda axldes: a) dawesebulebis an samecniero xelmZRvane-
lis wardgineba, damowmebuli xelmoweriTa da beWdiT; b) dargis specialistis 
damowmebuli recenzia, romelSic miTiTebuli iqneba sakiTxis aqtualoba, masalis 
sakmaoba, meTodis sandooba, Sedegebis samecniero-praqtikuli mniSvneloba.
 10. statiis bolos saWiroa yvela avtoris xelmowera, romelTa raodenoba 
ar unda aRematebodes 5-s.
 11. redaqcia itovebs uflebas Seasworos statia. teqstze muSaoba da Se-
jereba xdeba saavtoro originalis mixedviT.
 12. dauSvebelia redaqciaSi iseTi statiis wardgena, romelic dasabeWdad 
wardgenili iyo sxva redaqciaSi an gamoqveynebuli iyo sxva gamocemebSi.

aRniSnuli wesebis darRvevis SemTxvevaSi statiebi ar ganixileba.
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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 vascular 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-β, 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-β, 
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 α-smooth muscle actin (α-SMA), smooth muscle 
myosin heavy chain (SM-MHC), calponin, and transgelin 
(SM22α) [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 

and acquire synthetic, migratory, and pro-inflammatory 
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/PDGFRβ, TGF-β/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.
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. α-smooth muscle actin (α-SMA).
2. Smooth muscle myosin heavy chain (SM-MHC / MYH11).
3. Calponin.
4. Transgelin (SM22α).
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.

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 from a 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)/PDGFRβ 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 
α-smooth muscle actin (α-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-β (TGF-β) signaling, in contrast, 
exerts dual and context-dependent effects on VSMCs. 
Under physiological conditions, TGF-β 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-β 
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-β'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]. 



56

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 (lncRNAs) 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 VSMCs 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.

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/PDGFRβ 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-β signaling has been explored 
as a means to promote the contractile phenotype, particularly 
via activation of Smad2/3-dependent transcription [20]. Yet, the 
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pleiotropic and context-dependent effects of TGF-β 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 Klf4 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 
VSMCs 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.

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/PDGFRβ 
and TGF-β/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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