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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/RUNX2 and Wnt/β-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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Аннотация: Кальцификация атеросклеротических бляшек представляет 

собой сложный и активно регулируемый процесс, участвующий в 
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прогрессировании и структурной перестройке атеросклеротических 

поражений. Современные данные показывают, что сосудистая кальцификация 

является не только следствием дегенерации тканей, но и результатом 

координированных клеточных и молекулярных механизмов. 

Гладкомышечные клетки сосудов (VSMC) играют центральную роль, 

подвергаясь остеогенной и хондрогенной фенотипической трансформации, 

связанной с активацией сигнальных путей BMP/SMAD/RUNX2 и Wnt/β-

катенина. Хроническое воспаление, окислительный стресс, ремоделирование 

внеклеточного матрикса и нарушения минерального обмена дополнительно 

способствуют остеогенной трансформации и отложению фосфата кальция. 

Биологическое значение кальцификации зависит от её морфологии, размера и 

распределения внутри бляшки. Микрокальцификации могут повышать 

локальное механическое напряжение и способствовать уязвимости бляшки, 

тогда как крупные консолидированные кальцификаты могут оказывать иные 

структурные эффекты. В обзоре представлены современные данные о 

механизмах кальцификации атеросклеротических бляшек с акцентом на 

остеогенную трансформацию VSMC и основные остеогенные сигнальные 

пути. 

Ключевые слова: атеросклероз; кальцификация бляшек; 

гладкомышечные клетки сосудов; остеогенная дифференцировка; RUNX2; 

BMP/SMAD; Wnt/β-катенин; воспаление; окислительный стресс. 

Annotatsiya: Aterosklerotik blyashkalar kalsifikatsiyasi aterosklerotik 

zararlanishlarning rivojlanishi va strukturaviy qayta tuzilishida ishtirok etuvchi 

murakkab va faol boshqariladigan jarayondir. Zamonaviy ma’lumotlarga ko‘ra, 

tomir kalsifikatsiyasi faqat to‘qima degeneratsiyasining passiv oqibati emas, balki 

muvofiqlashgan hujayraviy va molekulyar mexanizmlar natijasidir. Tomir silliq 

mushak hujayralari (VSMC) osteogen va xondrogen fenotipga o‘tib, ushbu 

jarayonda markaziy rol o‘ynaydi. Bu o‘zgarish BMP/SMAD/RUNX2 va Wnt/β-
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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 beqarorligiga hissa 

qo‘shishi mumkin, yirik birlashgan kalsifikatsiyalar esa boshqa strukturaviy ta’sir 

ko‘rsatishi mumkin. Ushbu sharhda aterosklerotik blyashkalar kalsifikatsiyasining 

zamonaviy mexanizmlari, ayniqsa 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/β-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/β-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–RUNX2 and Wnt/β-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 PPARγ 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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