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Abstract: Abstract: Atherosclerotic plaque calcification is a complex and
actively regulated process involved in the progression and structural remodeling of
atherosclerotic lesions. Current evidence indicates that vascular calcification is not
merely a passive consequence of tissue degeneration but involves coordinated
cellular and molecular mechanisms. Vascular smooth muscle cells (VSMCs) play a
central role by undergoing osteogenic and chondrogenic phenotypic transformation,
associated with activation of the BMP/SMAD/RUNX?2 and Wnt/B-catenin signaling
pathways. Chronic inflammation, oxidative stress, extracellular matrix remodeling,
and disturbances in mineral metabolism further promote osteogenic transformation
and calcium-phosphate deposition. The biological effects of calcification depend on
its morphology, size, and distribution within the plaque. Microcalcifications may
increase local mechanical stress and contribute to plaque vulnerability, whereas
larger consolidated calcifications may exert different structural effects. This review
summarizes the current understanding of atherosclerotic plaque calcification,
focusing on VSMC osteogenic transformation and major osteogenic signaling
pathways.
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AnHoramms: Kanpuudukaius aTepocKIepoTHUEeCKUX OJIAIIEK MPEeICTaBIsIeT

COOOM CIIOXKHBII W aKTHUBHO pEryjJupyeMblii MpOLecC, Y4YacTBYIOLIUH B
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NpPOTPECCUPOBAHUM U CTPYKTYPHOM  MEpecTpoilke  aTepOCKIECPOTHYECKUX
nopaxenuii. CoBpeMeHHbIE JaHHBIE MTOKA3bIBAIOT, YTO COCYANCTAs KaIblM(UKAIIHS
ABJISIETCSL HE TOJIbKO CIIEJCTBUEM JereHepaluu TKaHel, HO M pe3yJbTaToM
KOOPJIMHUPOBAHHBIX KJIETOYHBIX u MOJEKYJISIPHBIX MEXaHU3MOB.
['magkompimeunbie kieTku cocynoB (VSMC) wurparoT UEHTPaTbHYIO pOJb,
MOJABEPrasch OCTEOT€HHOW M XOHJPOreHHOW (PeHOTHUNIHYECKOW TpaHchOopMalnH,
CBSI3aHHOW ¢ akTuBauued curHaibHbix nyreit BMP/SMAD/RUNX2 u Wnt/B-
KaTeHMHa. XPOHUUYECKOE BOCMAJICHUE, OKUCIUTEIbHBIA CTPECC, pEMOJEINPOBAHUE
BHEKJIETOUHOTO MaTPUKCa M HAPYIICHHWs] MUHEPAIbHOTO OOMEHa JOMOJIHUTEIHLHO
CIIOCOOCTBYIOT OCTEOI'€HHON TpaHcpopMalu U OTJIOKEHUIO (ocdara Kalblus.
buonoruueckoe 3HaueHne KalblIU(PUKAIIUU 3aBUCUT OT €€ MOp(doIoruu, pasmepa u
pacnpenesieHuss BHYTpU OJsmKd. MukpokaibliupuKamuy MOTYT TOBBIIIAThH
JIOKaJTbHOE MEXaHWYECKOE HAMPSLKEHUE M COCOOCTBOBATh YSI3BUMOCTH OJIAIIKH,
TOTJIa KaK KPYIHbIE KOHCOTUINPOBAHHBIE KaJIbIIM(PUKATHI MOTYT OKa3bIBaTh WHBIE
CTpyKTypHble 3¢ dexTsl. B o0030pe mnpencraBieHbl COBpPEMEHHBIE JAaHHBIE O
MEXaHU3Max KaJbIIU(PUKAINN aTEPOCKICPOTHUECKUX OJISIIEK C aKIEeHTOM Ha
octeoreHuyto TpaHcpopmanuio VSMC u OCHOBHBIE OCTEOT€HHBIC CHUTHAIBHBIE
MyTH.

KiarwueBbie cJioBa: aTepPOCKJIICPO3; KaJbIH UKALTUS OJIsIIIIeK;
IJIaJIKOMBIILIEYHbIE KIETKH COCYyNOB; ocTteoreHHas auddepeniuporka; RUNX2;
BMP/SMAD; Wnt/B-kaTeHrH; BociajieHUE; OKMCIUTEIbHBIN cTpecc.

Annotatsiya: Aterosklerotik blyashkalar kalsifikatsiyasi aterosklerotik
zararlanishlarning rivojlanishi va strukturaviy gayta tuzilishida ishtirok etuvchi
murakkab va faol boshgariladigan jarayondir. Zamonaviy ma’lumotlarga ko‘ra,
tomir kalsifikatsiyasi faqat to‘qima degeneratsiyasining passiv oqibati emas, balki
muvofiglashgan hujayraviy va molekulyar mexanizmlar natijasidir. Tomir sillig
mushak hujayralari (VSMC) osteogen va xondrogen fenotipga o‘tib, ushbu
jarayonda markaziy rol o‘ynaydi. Bu o‘zgarish BMP/SMAD/RUNX2 va Wnt/3-
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katenin signal yo‘llarining faollashuvi bilan bog‘liq. Surunkali yallig‘lanish,
oksidlovchi stress, ekstrasellyulyar matriksning qayta tuzilishi va mineral
almashinuvining buzilishi  osteogen transformatsiya hamda kalsiy-fosfat
birikmalarining to‘planishini kuchaytiradi. Kalsifikatsiyaning biologik ta’siri uning
morfologiyasi, hajmi va blyashka ichidagi joylashuviga bog‘liq. Mikro-
kalsifikatsiyalar mahalliy mexanik zo‘riqishni oshirib, blyashka begarorligiga hissa
qo‘shishi mumkin, yirik birlashgan kalsifikatsiyalar esa boshqa strukturaviy ta’sir
ko‘rsatishi mumkin. Ushbu sharhda aterosklerotik blyashkalar kalsifikatsiyasining
zamonaviy mexanizmlari, aynigsa VSMC osteogen transformatsiyasi va asosiy
osteogen signal yo‘llari ko‘rib chiqiladi.

Kalit so‘zlar: ateroskleroz; blyashka kalsifikatsiyasi; tomir silliq mushak
hujayralari; osteogen differensiallanish; RUNX2; BMP/SMAD; Wnt/B-katenin;
yallig‘lanish; oksidlovchi stress.

Introduction:

Introduction: Atherosclerosis is a chronic vascular disease characterized by
lipid accumulation, inflammation, extracellular matrix remodeling, and progressive
structural changes in the arterial wall. As lesions progress, calcium-phosphate
deposits may develop within the intima, leading to plaque calcification. Current
evidence indicates that vascular calcification is an actively regulated process
involving cellular phenotypic changes, extracellular vesicles, matrix remodeling,
mineral metabolism, and intracellular signaling pathways.

Calcification is particularly common in advanced atherosclerotic lesions and
may occur as small microcalcifications or larger, confluent deposits. Its biological
effects depend not only on the presence of calcium but also on the size, morphology,
location, and distribution of mineralized regions. Microcalcifications may increase
local mechanical stress and contribute to plaque vulnerability, whereas larger areas
of consolidated calcification may have different structural and biomechanical

effects.
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Vascular smooth muscle cells (VSMCs) are key cellular mediators of plaque
calcification. Under physiological conditions, VSMCs maintain a contractile
phenotype that supports vascular integrity. However, inflammatory mediators,
oxidative stress, altered mechanical forces, lipid accumulation, and extracellular
matrix changes can induce phenotypic switching. VSMCs may lose contractile
characteristics and acquire osteogenic or chondrogenic properties, thereby
contributing directly to extracellular mineralization.A central regulator of this
transformation is runt-related transcription factor 2 (RUNX2), which promotes the
expression of osteogenic genes and is associated with suppression of the contractile
VSMC phenotype. Its activity is regulated by several interconnected pathways,
including bone morphogenetic protein (BMP)/SMAD and Wnt/B-catenin signaling.
Other regulators, such as MSX2, SOX9, and KLF5, also contribute to osteogenic or
osteochondrogenic differentiation.

Inflammation and oxidative stress further promote calcification by inducing
cellular dysfunction, apoptosis, extracellular vesicle release, and osteogenic
signaling. Apoptotic bodies and extracellular vesicles can serve as nucleation sites
for calcium-phosphate deposition, while extracellular matrix remodeling may
facilitate crystal formation. Thus, VSMC phenotypic plasticity, inflammation,
oxidative stress, apoptosis, and matrix remodeling form an interconnected network
that drives vascular mineralization.

Despite significant progress, the mechanisms linking these processes and
determining different patterns of plaque calcification remain incompletely
understood. Therefore, this review summarizes the cellular and molecular
mechanisms of atherosclerotic plaque calcification, with particular emphasis on
VSMC osteogenic transformation and the major signaling pathways involved.

Conclusion:Atherosclerotic plaque calcification is a complex and actively
regulated process involving interactions between vascular smooth muscle cells,

inflammatory mediators, oxidative stress, extracellular matrix remodeling, and
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mineral metabolism. VSMC phenotypic transformation toward an osteogenic state
represents a central mechanism in this process, with RUNX2 serving as an important
regulator of osteogenic gene expression.

The BMP-SMAD-RUNX?2 and Wnt/p-catenin pathways play major roles in
regulating VSMC osteogenic differentiation, while inflammatory and oxidative
signaling pathways further amplify these responses. Other regulatory mechanisms,
including Notch, PI3K/AKT, MAPK, and PPARy signaling, contribute to the
complex molecular network underlying vascular mineralization.

The clinical consequences of calcification depend on its morphology, size, and
distribution within the atherosclerotic plaque. In particular, microcalcification may
have different effects on plaque stability compared with larger, consolidated
calcified regions. A better understanding of these molecular and structural
mechanisms may facilitate the identification of biomarkers and therapeutic targets
for the prevention or modulation of pathological vascular calcification.Further
research integrating molecular mechanisms, advanced imaging, and clinical
investigations is needed to clarify how osteogenic signaling can be safely targeted
and how this may influence the progression and clinical consequences of calcified
atherosclerotic plaques.
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