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Abstract: Stroke is a major neurological disorder and a leading cause of 

death and long-term disability worldwide. Early diagnosis is essential for timely 

treatment and improved outcomes. Although computed tomography and magnetic 

resonance imaging remain the main diagnostic methods, their limitations in the 

earliest stages highlight the need for additional approaches. Circulating biomarkers 

such as GFAP, S100B, NSE, UCH-L1, MMP-9, inflammatory mediators, and 

microRNAs show potential for early detection, differentiation, and prognostic 

assessment of stroke. These biomarkers reflect neuronal injury, astrocytic 

activation, blood–brain barrier disruption, neuroinflammation, and vascular 

damage. This review summarizes their biological significance, diagnostic potential, 

and clinical limitations. Further studies are needed to establish standardized 

thresholds and validate biomarker panels for routine clinical use. 

Keywords: stroke, early diagnosis, biomarkers, ischemic stroke, 

hemorrhagic stroke, GFAP, S100B, neuroinflammation. 

Аннотация: Инсульт является одной из ведущих причин смертности и 

длительной инвалидизации во всем мире. Ранняя диагностика необходима 

для своевременного лечения и улучшения клинических исходов. Несмотря на 

то, что компьютерная и магнитно-резонансная томография остаются 

основными методами диагностики, их ограничения на ранних стадиях 

заболевания обусловливают необходимость дополнительных 

диагностических подходов. Циркулирующие биомаркеры, включая GFAP, 

S100B, NSE, UCH-L1, MMP-9, медиаторы воспаления и микроРНК, имеют 

потенциал для раннего выявления, дифференциации и прогностической 
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оценки инсульта. Они отражают повреждение нейронов, активацию 

астроцитов, нарушение гематоэнцефалического барьера, нейровоспаление и 

сосудистое повреждение. В обзоре рассматриваются их биологическое 

значение, диагностический потенциал и клинические ограничения. 

Необходимы дальнейшие исследования для определения 

стандартизированных пороговых значений и валидации биомаркерных 

панелей. 

Ключевые слова: инсульт, ранняя диагностика, биомаркеры, 

ишемический инсульт, геморрагический инсульт, GFAP, S100B, 

нейровоспаление. 

Annotatsiya: Insult dunyo miqyosida o‘lim va uzoq muddatli 

nogironlikning yetakchi sabablaridan biridir. Erta tashxis o‘z vaqtida davolashni 

boshlash va klinik natijalarni yaxshilash uchun muhimdir. Kompyuter 

tomografiyasi va magnit-rezonans tomografiya asosiy diagnostika usullari bo‘lib 

qolayotganiga qaramay, kasallikning dastlabki bosqichlaridagi cheklovlari 

qo‘shimcha diagnostik yondashuvlarga ehtiyoj tug‘diradi. GFAP, S100B, NSE, 

UCH-L1, MMP-9, yallig‘lanish mediatorlari va mikroRNKlar kabi aylanib 

yuruvchi biomarkerlar insultni erta aniqlash, differensiallash va prognozini 

baholashda istiqbolli hisoblanadi. Ular neyronlar shikastlanishi, astrositlar 

faollashuvi, qon-miya to‘sig‘i buzilishi, neyroyallig‘lanish va qon tomirlar 

zararlanishini aks ettiradi. Ushbu sharhda biomarkerlarning biologik ahamiyati, 

diagnostik salohiyati va klinik cheklovlari ko‘rib chiqiladi. Ularni klinik 

amaliyotga joriy etish uchun standart chegaraviy qiymatlar va biomarker 

panellarini tasdiqlash bo‘yicha qo‘shimcha tadqiqotlar zarur. 

Kalit so‘zlar: insult, erta tashxis, biomarkerlar, ishemik insult, gemorragik 

insult, GFAP, S100B, neyroyallig‘lanish. 

Introduction:Atherosclerosis is a chronic vascular disease characterized by 

lipid accumulation, inflammation, extracellular matrix remodeling, and progressive 

structural changes in the arterial wall. In advanced lesions, calcium-phosphate 
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deposits may develop within the plaque. Vascular calcification was previously 

considered a passive consequence of tissue degeneration; however, current 

evidence indicates that it is an actively regulated process involving cellular 

phenotypic changes, extracellular vesicles, matrix remodeling, mineral 

metabolism, and intracellular signaling. 

Calcification is common in advanced atherosclerotic lesions and may occur 

as small microcalcifications or larger, confluent deposits. Therefore, its biological 

effects depend not only on the presence of calcium but also on the size, 

morphology, and distribution of mineral deposits. 

Vascular smooth muscle cells (VSMCs) are key cellular contributors to 

plaque calcification. Under physiological conditions, VSMCs maintain a 

contractile phenotype that supports vascular structure and function. In the 

pathological plaque environment, inflammatory mediators, oxidative stress, lipid 

accumulation, mechanical changes, and matrix remodeling can induce VSMC 

phenotypic switching toward osteogenic or chondrogenic states. Experimental and 

lineage-tracing studies support VSMCs as an important source of 

osteochondrogenic cells in calcifying vascular lesions. 

RUNX2 is a major transcriptional regulator of osteogenic differentiation. Its 

increased activity in VSMCs is associated with loss of contractile characteristics 

and acquisition of an osteogenic phenotype. Several signaling pathways contribute 

to this process, including bone morphogenetic protein (BMP)/SMAD and Wnt/β-

catenin pathways, which can interact with RUNX2 and other transcriptional 

regulators to promote vascular mineralization. 

Inflammation and oxidative stress further enhance VSMC phenotypic 

transformation, apoptosis, extracellular vesicle release, and extracellular matrix 

remodeling. These processes facilitate the initiation and progression of calcium-

phosphate deposition. The relationship between calcification and plaque stability is 

complex: microcalcifications may increase local mechanical stress, whereas larger 

and more continuous calcified regions may have different biomechanical effects. 
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Despite substantial progress, the interactions between inflammation, VSMC 

plasticity, osteogenic signaling, matrix remodeling, and mineral deposition remain 

incompletely understood. Therefore, this review focuses on the cellular and 

molecular mechanisms of atherosclerotic plaque calcification, with particular 

emphasis on VSMC osteogenic transformation and the major signaling pathways 

involved. 

Pathogenesis of Atherosclerotic Plaque Calcification 

Atherosclerotic plaque calcification results from coordinated cellular and 

extracellular processes involving inflammation, VSMC phenotypic switching, 

apoptosis, extracellular matrix remodeling, and disturbances in calcium-phosphate 

homeostasis. An imbalance between mineralization-promoting factors and 

endogenous inhibitors creates a pro-calcific vascular environment. 

Initiation of Mineral Deposition 

Early mineralization is closely associated with cellular injury and 

inflammation. Exposure of macrophages and VSMCs to oxidized lipids, 

inflammatory mediators, and oxidative stress promotes cellular dysfunction and 

apoptosis. Apoptotic bodies and extracellular vesicles can provide nucleation sites 

for calcium-phosphate crystal formation and contribute to the development of 

microcalcifications. 

VSMC Injury and Apoptosis 

VSMC apoptosis contributes to calcification by generating apoptotic bodies 

that facilitate mineral deposition. Persistent cell death may also weaken plaque 

structure. Inefficient clearance of apoptotic material promotes its accumulation 

within the necrotic core, where calcium and phosphate can facilitate further crystal 

formation. 

Calcium-Phosphate Balance 

Calcium and inorganic phosphate availability strongly influence vascular 

mineralization. Increased phosphate uptake by VSMCs through sodium-dependent 

phosphate transporters, particularly PiT-1, can promote osteogenic signaling and 
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calcification. Endogenous inhibitors, including matrix Gla protein, fetuin-A, 

pyrophosphate, and osteopontin, normally limit inappropriate mineralization. 

Disruption of this balance favors calcium-phosphate deposition. 

Extracellular Matrix Remodeling 

The extracellular matrix actively regulates mineralization by providing a 

structural environment for crystal formation and influencing VSMC behavior. 

Matrix degradation may expose sites that facilitate mineral nucleation, while 

osteogenic VSMCs can produce matrix components and extracellular vesicles that 

promote mineral deposition. Thus, VSMC phenotypic switching and matrix 

remodeling reinforce vascular calcification. 

Inflammation 

Inflammation is closely linked to plaque calcification. Pro-inflammatory 

cytokines and macrophage activity promote oxidative stress, apoptosis, 

extracellular vesicle release, and osteogenic differentiation. In turn, mineral 

deposits may further modify the inflammatory environment, creating a dynamic 

interaction between inflammation and calcification. 

Progression of Calcification 

Early deposits usually appear as small, dispersed calcium-phosphate 

accumulations. With continued cellular injury, inflammation, and matrix 

remodeling, they may enlarge and become more organized. However, 

microcalcifications do not necessarily progress into large calcified masses. Their 

biological effects depend on the morphology, size, and spatial organization of the 

deposits.Osteogenic Transformation of Vascular Smooth Muscle CellsVascular 

smooth muscle cells (VSMCs) are highly plastic cells capable of changing their 

phenotype in response to vascular injury and environmental stimuli. Under 

physiological conditions, they predominantly maintain a contractile phenotype 

characterized by markers such as α-smooth muscle actin (α-SMA), SM22α, smooth 

muscle myosin heavy chain, and calponin. 
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During atherosclerosis, lipid accumulation, inflammation, oxidative stress, 

altered mechanical forces, and extracellular matrix remodeling promote VSMC 

phenotypic switching. VSMCs may lose contractile characteristics and acquire 

fibroblast-like, macrophage-like, mesenchymal, osteogenic, or chondrogenic 

phenotypes. This plasticity contributes to plaque progression and vascular 

calcification. 

Osteogenic transformation involves activation of transcriptional programs 

associated with bone formation. RUNX2 is a central regulator of this process and 

promotes the expression of osteogenic genes while interfering with the 

maintenance of the contractile VSMC phenotype. BMP/SMAD and Wnt/β-catenin 

signaling pathways can further enhance RUNX2 activity and osteogenic 

differentiation.Inflammation and oxidative stress contribute to this phenotypic 

transition by modifying intracellular signaling, promoting cellular injury, 

apoptosis, and extracellular vesicle release. These mechanisms facilitate 

extracellular calcium-phosphate deposition and progression of vascular 

calcification.Therefore, VSMC phenotypic plasticity represents a central 

mechanism linking the inflammatory atherosclerotic environment to osteogenic 

differentiation and plaque calcification. 

Conclusion:Blood-based biomarkers have significant potential to support 

the early diagnosis and differentiation of stroke. Biomarkers such as GFAP, 

S100B, NSE, UCH-L1, MMP-9, inflammatory mediators, and circulating 

microRNAs reflect different mechanisms of cerebral injury and may provide 

diagnostic and prognostic information before or alongside conventional 

assessment. Among them, GFAP has shown particular potential for distinguishing 

ischemic stroke from intracerebral hemorrhage. 

However, no individual biomarker currently has sufficient accuracy and 

standardization to replace neuroimaging in routine clinical practice. The main 

challenges include differences in biomarker kinetics, sampling time, assay 

methods, patient characteristics, and diagnostic thresholds. Therefore, the most 
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promising future strategy is likely to involve validated multimarker panels 

integrated with clinical assessment and neuroimaging. Large multicenter studies 

are needed to establish standardized protocols and determine whether biomarker-

based approaches can improve the speed and accuracy of acute stroke diagnosis. 
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