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Cardiovascular Calcification: Unraveling the Mechanisms, Clinical Impact, and Therapeutic Challenges
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ABSTRACT 

	Cardiovascular calcification (CVC) is a pathological process characterized by the deposition of calcium phosphate within vascular structures and cardiac valves. Long considered a passive byproduct of aging and degenerative disease, CVC is now understood to be an actively regulated biological phenomenon driven by cellular differentiation, inflammatory pathways, oxidative stress, and disordered mineral metabolism. Its presence is strongly associated with increased cardiovascular morbidity and mortality, including coronary artery disease, heart failure due to valvular stenosis, and complications of chronic kidney disease. At the cellular level, CVC arises from the transdifferentiation of vascular smooth muscle cells (VSMCs) and valve interstitial cells (VICs) into osteoblast-like cells. This phenotypic shift is orchestrated by key transcription factors such as Runx2, Msx2, and osterix, which induce the expression of bone matrix proteins and enzymes that facilitate calcification. Simultaneously, an imbalance between pro-calcific mediators and anti-calcific inhibitors further accelerates mineral deposition. Inflammation and oxidative stress amplify these effects, while cell death and extracellular matrix remodeling provide the structural basis for calcium accumulation.
Several systemic conditions increase susceptibility to CVC, including advanced age, diabetes, hypertension, chronic kidney disease, and autoimmune disorders. Genetic syndromes such as generalized arterial calcification of infancy (GACI) and pseudoxanthoma elasticum (PXE) highlight the importance of disrupted mineral metabolism and extracellular inhibitors in pathogenesis. Clinically, imaging modalities such as computed tomography (CT) and biomarkers like microRNAs and extracellular vesicles are gaining traction for diagnosis and monitoring. Despite its clinical relevance, effective therapies targeting CVC remain lacking. This review underscores the necessity for early detection strategies, biomarker-guided interventions, and tailored treatments that account for the calcification's type, location, and underlying pathophysiology. Continued research is essential to improve outcomes in patients affected by this complex and multifactorial disease.
redictors, however, need further work to validate reliability.
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1. INTRODUCTION 

1.1 Overview of Cardiovascular Disease (CVD) and its global burden

Cardiovascular diseases (CVDs) remain the leading cause of mortality worldwide, accounting for an estimated 17.9 million deaths annually, representing approximately 32% of all global deaths (Fig. 1).1 The burden of CVD is particularly pronounced in low- and middle-income countries, where over 80% of these deaths occur.2 This disproportionate impact is attributed to a combination of factors, including limited access to healthcare, lifestyle changes, and socioeconomic disparities.3 The increasing prevalence of risk factors such as hypertension, diabetes, obesity, and sedentary lifestyles further exacerbates the global CVD burden.4 Addressing this challenge requires a comprehensive understanding of the underlying mechanisms and contributing factors to develop effective prevention and treatment strategies.
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Figure 1. Cardiovascular diseases attributeable to all risk factors in both sexes, all ages, 2019. Percent of total deaths.1

1.2 Definition and significance of cardiovascular calcification

Cardiovascular calcification refers to the pathological deposition of calcium phosphate crystals within the cardiovascular system, including the arterial walls and heart valves.3 Traditionally considered a passive, degenerative process associated with aging, recent research has revealed that vascular calcification is an active, regulated process resembling bone formation.4 This calcification contributes to arterial stiffness, reduced compliance, and impaired hemodynamics, thereby increasing the risk of adverse cardiovascular events such as myocardial infarction and stroke. Understanding the mechanisms driving cardiovascular calcification is crucial for developing targeted therapies to mitigate its progression and associated complications.5

1.3 Specific Mechanisms in Different Cardiovascular Tissues

Coronary artery calcification is a hallmark of atherosclerosis and serves as a predictive marker for coronary artery disease (CAD). CAC occurs through two primary mechanisms: intimal and medial calcification.5 Intimal calcification is associated with atherosclerotic plaque development and is characterized by the deposition of calcium within the inner layer of the arterial wall (Fig 2.).6 This process is driven by lipid accumulation, inflammation, and smooth muscle cell differentiation into osteogenic phenotypes.7 In contrast, medial calcification, also known as Mönckeberg's sclerosis, involves the calcification of the medial layer of the arterial wall and is commonly observed in patients with chronic kidney disease and diabetes. Medial calcification leads to increased arterial stiffness without necessarily causing luminal obstruction (Fig 2.).8,9  
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Figure 2. Intimal vs Medial Calcification.9
The progression of atherosclerosis is closely linked to the extent and pattern of calcification within the arterial wall. While extensive calcification is traditionally associated with stable plaques, emerging evidence suggests that microcalcifications within the fibrous cap can destabilize plaques, making them more prone to rupture.10 Plaque rupture can lead to thrombus formation and subsequent acute coronary events. Therefore, the relationship between calcification and plaque stability is complex and depends on the size, location, and morphology of the calcific deposits.11 Microcalcifications, defined as small calcium deposits less than 50 micrometers in diameter, are often located within the fibrous cap of atherosclerotic plaques.12 These microcalcifications can create focal points of increased mechanical stress, predisposing the plaque to rupture. In contrast, macrocalcifications are larger, more confluent calcium deposits that may contribute to plaque stability by reinforcing the structural integrity of the plaque.5 Understanding the differential roles of micro- and macrocalcifications is essential for risk stratification and the development of targeted interventions.
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Figure 3. Aortic valve stenosis (AS).13
Heart valve calcification is a progressive condition characterized by the deposition of calcium on the heart valves, leading to valvular dysfunction. The most commonly affected valves are the aortic and mitral valves (Fig. 3.).13 Aortic valve stenosis (AS) is primarily caused by calcific degeneration of the valve leaflets, leading to obstruction of blood flow from the left ventricle to the aorta. Degenerative AS is common in the elderly and is associated with risk factors such as hypertension, hyperlipidemia, and smoking.14 In younger individuals, congenital bicuspid aortic valve (BAV) is a significant risk factor for early-onset calcific AS. BAV is characterized by the presence of two, rather than three, aortic valve leaflets, which predisposes the valve to increased mechanical stress and subsequent calcification.15 Mitral annular calcification (MAC) involves the deposition of calcium in the fibrous ring (annulus) of the mitral valve. MAC is associated with aging, chronic kidney disease, and metabolic disorders. While often asymptomatic, extensive MAC can lead to mitral valve dysfunction, including mitral regurgitation or stenosis, and is associated with an increased risk of atrial fibrillation and stroke.16 
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Figure 4.a. Bicuspid aortic valve (BAV); b. Mitral annular calcification (MAC)14,16
Both vascular and valvular calcifications share common pathophysiological mechanisms, including inflammation, lipid infiltration, and osteogenic differentiation of vascular cells. However, the hemodynamic environment and mechanical stresses differ between blood vessels and heart valves, influencing the pattern and progression of calcification. For instance, the cyclical mechanical stress experienced by heart valves may accelerate calcific deposition compared to the relatively constant pressure in blood vessels.17 Cardiovascular calcification is a complex, actively regulated process that significantly contributes to the morbidity and mortality associated with cardiovascular diseases. Advancements in imaging and molecular biology have enhanced our understanding of the mechanisms underlying calcification in different cardiovascular tissues. However, therapeutic options remain limited, highlighting the need for continued research into targeted interventions that can prevent or reverse calcific processes without compromising physiological functions. Therefore, this literature review was written to unravel the mechanisms, clinical impact, and therapeutic challenges of cardiovascular calcifications.

2. Pathobiology of Cardiovascular Calcification

Cardiovascular calcification does not occur suddenly. It requires interrelated pathobiological mechanisms that occur progressively so that it can cause real calcification. Some recent literature states that there is a relationship between cell transdifferentiation, imbalance of pro and anti-calcific factors, inflammation and oxidative stress, extracellular matrix remodeling and apoptosis and necrosis to trigger calcification.18–20

2.1 Cell Transdifferentiation

Vascular smooth muscle cells (VSMCs) possess remarkable plasticity, enabling them to transdifferentiate into osteochondrogenic-like cells under pathological conditions. This phenotypic switch is pivotal in the initiation and progression of vascular calcification. Key transcription factors, such as Runt-related transcription factor 2 (Runx2), Msh homeobox 2 (Msx2), and osterix, orchestrate this transdifferentiation process.18 Runx2, in particular, is essential for the osteogenic differentiation of VSMCs and its deficiency has been shown to inhibit vascular calcification. Similarly, Msx2 and osterix contribute to the upregulation of osteogenic markers, promoting the calcific phenotype of VSMCs.21 Valve interstitial cells (VICs), the predominant cell type in heart valves, can undergo osteogenic differentiation, contributing to valvular calcification.19 
Under pathological stimuli, VICs express osteogenic transcription factors, including Runx2 and osterix, leading to the deposition of calcific nodules within the valvular extracellular matrix. This process mirrors the osteogenic transdifferentiation observed in VSMCs and underscores the shared molecular mechanisms driving calcification in different cardiovascular tissues.20,22  Transcription factors such as Runx2, Msx2, and osterix are central to the osteogenic transdifferentiation of both VSMCs and VICs. Runx2 acts as a master regulator, initiating the expression of downstream osteogenic genes. Msx2 enhances the osteogenic program by promoting Runx2 expression, while osterix functions downstream of Runx2 to further drive the maturation of osteoblast-like cells.23 The coordinated activity of these transcription factors is crucial for the pathological calcification observed in cardiovascular tissues.

2.2 Imbalance of Pro- and Anti-Calcific Factors

The progression of cardiovascular calcification is facilitated by various pro-calcific factors. Bone morphogenetic proteins (BMPs), particularly BMP-2, stimulate osteogenic differentiation in vascular cells. Alkaline phosphatase (ALP) contributes by hydrolyzing pyrophosphate, an inhibitor of mineralization, thereby promoting calcification.24 Extracellular matrix vesicles, released by VSMCs and macrophages, serve as nucleation sites for hydroxyapatite crystal formation. Additionally, the accumulation of calcium-phosphate complexes within the vascular matrix further exacerbates calcific deposition.25
Counteracting the pro-calcific milieu are endogenous inhibitors that maintain vascular homeostasis. Pyrophosphate (PPi) directly inhibits hydroxyapatite crystal growth, and its deficiency is associated with enhanced vascular calcification. Fetuin-A, a circulating glycoprotein, binds to calcium-phosphate complexes, preventing their deposition.26 Matrix Gla protein (MGP) inhibits BMP activity, thereby reducing osteogenic signaling.27 Osteopontin, a phosphorylated glycoprotein, impedes mineralization by binding to hydroxyapatite crystals and modulating inflammatory responses.28

2.3 Inflammation and Oxidative Stress

Inflammatory cytokines play a pivotal role in the pathogenesis of cardiovascular calcification. Interleukin-1β (IL-1β), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α) are upregulated in calcified vascular tissues and contribute to the osteogenic differentiation of vascular cells . These cytokines activate signaling pathways that enhance the expression of osteogenic transcription factors, thereby promoting calcification.29 Immune cell infiltration is a hallmark of calcified vascular lesions. Macrophages and T-cells accumulate at sites of calcification, secreting pro-inflammatory cytokines and matrix-degrading enzymes that facilitate calcific deposition. Macrophage-derived matrix vesicles also serve as nucleation sites for mineralization, further contributing to the calcification process.24 Oxidative stress, characterized by the excessive production of reactive oxygen species (ROS), disrupts cellular homeostasis and promotes vascular calcification. ROS enhances the expression of osteogenic transcription factors and stimulates the release of matrix vesicles from vascular cells. Additionally, oxidative stress leads to the degradation of extracellular matrix components, compromising vascular integrity and facilitating calcific deposition.30

2.4 Extracellular Matrix Remodeling

Matrix metalloproteinases (MMPs) are enzymes that degrade extracellular matrix components, including elastic fibers and collagen. MMP-mediated degradation of these structural proteins disrupts vascular integrity and creates a conducive environment for calcification. Specifically, MMP-2 and MMP-9 have been implicated in the breakdown of elastin and collagen, processes that precede and promote vascular calcification.31 Extracellular matrix proteins such as fibronectin and osteonectin influence vascular calcification by modulating cell-matrix interactions and mineral deposition. Fibronectin facilitates cell adhesion and migration, processes essential for tissue remodeling. Osteonectin binds to calcium and hydroxyapatite, promoting mineralization within the vascular matrix. The altered expression and function of these proteins contribute to the pathological calcification observed in cardiovascular diseases.32

2.5 Apoptosis and Necrosis

Apoptosis, or programmed cell death, leads to the formation of apoptotic bodies that can serve as nucleation sites for calcification. These vesicles, rich in phosphatidylserine and other pro-calcific molecules, facilitate the deposition of calcium-phosphate crystals within the vascular matrix . The accumulation of apoptotic bodies thus contributes to the progression of vascular calcification.33 In advanced atherosclerotic plaques, necrosis of lipid-laden macrophages and other cells leads to the formation of a necrotic core. This core provides a scaffold for calcific deposition, exacerbating plaque instability and increasing the risk of cardiovascular events.34 The interplay between cell death and calcification underscores the complexity of atherosclerotic disease progression.

3. Risk Factors and Clinical Associations

3.1 Traditional Cardiovascular Risk Factors

Advancing age is a well-established risk factor for CVC, attributed to cumulative exposure to risk factors and age-related changes in vascular biology. Men are generally at higher risk for CVC compared to premenopausal women, possibly due to protective effects of estrogen. However, postmenopausal women experience a rapid increase in risk, highlighting the influence of hormonal changes.35 Chronic high blood pressure contributes to endothelial dysfunction and promotes vascular smooth muscle cell (VSMC) proliferation and migration, facilitating calcification. Hypertension-induced mechanical stress can also lead to micro-injuries in the vascular wall, serving as nucleation sites for calcium deposition.36 Diabetes mellitus is associated with accelerated atherosclerosis and vascular calcification. Hyperglycemia induces oxidative stress and inflammation, promoting VSMC osteogenic differentiation and extracellular matrix remodeling, key processes in calcification.37 
Elevated levels of low-density lipoprotein (LDL) cholesterol and reduced high-density lipoprotein (HDL) cholesterol are linked to atherosclerotic plaque formation and calcification. Oxidized LDL particles can stimulate inflammatory responses and VSMC calcification.38 Cigarette smoking introduces toxins that cause endothelial injury, oxidative stress, and inflammation, all of which contribute to vascular calcification. Smoking also affects lipid profiles and promotes a pro-thrombotic state, exacerbating cardiovascular risk.39 Obesity, particularly visceral adiposity, is associated with insulin resistance, dyslipidemia, and systemic inflammation, components of metabolic syndrome that collectively increase the risk of CVC. Adipose tissue secretes pro-inflammatory cytokines that can induce VSMC calcification.4

3.2 Chronic Kidney Disease (CKD) and Mineral Bone Disorder (CKD-MBD)

CKD-MBD encompasses a spectrum of mineral metabolism disturbances that significantly contribute to vascular and valvular calcification. Elevated serum phosphate and calcium levels in CKD patients can lead to supersaturation and precipitation of calcium-phosphate complexes in vascular tissues. These deposits initiate and propagate calcification processes.40 Fibroblast growth factor 23 (FGF23) levels rise in CKD as a compensatory mechanism to excrete phosphate, while Klotho, a co-receptor for FGF23, decreases. This imbalance disrupts mineral metabolism and promotes vascular calcification through direct effects on vascular cells.41 CKD-induced hypocalcemia and hyperphosphatemia stimulate parathyroid hormone (PTH) secretion, leading to secondary hyperparathyroidism. Elevated PTH levels enhance bone resorption, increasing calcium and phosphate release into circulation, further contributing to vascular calcification.42

3.3 Inflammatory and Autoimmune Diseases

Chronic inflammation is a pivotal driver of CVC, with autoimmune diseases such as systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) exhibiting increased cardiovascular risk. Patients with SLE and RA have heightened systemic inflammation, leading to endothelial dysfunction and accelerated atherosclerosis. Autoimmune-mediated vascular injury and the presence of inflammatory cytokines promote calcific processes in the vasculature.43

3.4 Genetic Predisposition

Genetic factors play a significant role in the susceptibility to CVC, with certain mutations and polymorphisms influencing calcification pathways. Generalized arterial calcification of infancy (GACI) and pseudoxanthoma elasticum (PXE) are rare genetic disorders characterized by early-onset vascular calcification. Mutations in the ENPP1 gene in GACI and ABCC6 gene in PXE disrupt extracellular pyrophosphate metabolism, a key inhibitor of calcification. Polymorphisms in genes such as matrix Gla protein (MGP) and osteoprotegerin (OPG) have been associated with increased risk of vascular calcification. These genes are involved in the regulation of bone metabolism and vascular health.44

3.5 Novel and Emerging Risk Factors

Alterations in gut microbiota composition, or dysbiosis, have been linked to systemic inflammation and metabolic disturbances, influencing cardiovascular health. Microbial metabolites such as trimethylamine N-oxide (TMAO) have been implicated in promoting atherosclerosis and vascular calcification.45 Exposure to environmental toxins, including heavy metals and particulate matter, has been associated with increased oxidative stress and inflammation, contributing to vascular injury and calcification.46 These pollutants may disrupt endothelial function and promote pro-calcific signaling pathways.

4. Clinical Assessment and Diagnostic Modalities

4.1 Computed Tomography (CT)

Computed Tomography (CT) has become an indispensable tool in the evaluation of coronary artery calcification (CAC), with the Agatston score being the most widely utilized metric. This scoring system quantifies the extent of calcified plaque in the coronary arteries, providing a non-invasive means to assess atherosclerotic burden. The Agatston score is calculated by identifying areas of calcification with a density above 130 Hounsfield Units (HU) and multiplying the area by a weighting factor based on peak density. Scores are typically categorized as follows: 0 (no calcification), 1–100 (mild), 101–400 (moderate), and >400 (extensive), each correlating with an increasing risk of cardiovascular events.47
CAC scoring has proven valuable in refining cardiovascular risk stratification, particularly among asymptomatic individuals. Studies such as the Multi-Ethnic Study of Atherosclerosis (MESA) have demonstrated that even low levels of CAC (scores 1–100) are associated with a significantly increased risk of coronary heart disease compared to individuals with a score of 0 . Importantly, a CAC score of 0 has been associated with a low risk of cardiovascular events, effectively reclassifying individuals from intermediate to low risk and potentially reducing the need for pharmacological interventions. Beyond coronary arteries, CT imaging is instrumental in evaluating calcification of cardiac valves, particularly the aortic valve. Quantifying valvular calcification aids in the assessment of disease severity and guides clinical decision-making regarding interventions such as valve replacement.48 CT-derived calcium scores of the aortic valve have been correlated with hemodynamic measurements, providing a comprehensive evaluation of valvular heart disease.

4.2 Biomarkers

The pathogenesis of vascular calcification shares similarities with bone formation, involving osteogenic differentiation of vascular smooth muscle cells. Alkaline phosphatase (ALP) is an enzyme that promotes mineralization and has been associated with increased vascular calcification and cardiovascular mortality. Osteoprotegerin (OPG), a glycoprotein acting as a decoy receptor for receptor activator of nuclear factor-kappa B ligand (RANKL), inhibits osteoclastogenesis and has been linked to the inhibition of vascular calcification. Fetuin-A, a systemic inhibitor of calcification, binds to calcium and phosphate, preventing their deposition in vascular tissues. Low levels of Fetuin-A have been associated with increased vascular calcification and cardiovascular events.49
Inflammation plays a pivotal role in the initiation and progression of atherosclerosis and subsequent calcification. C-reactive protein (CRP), an acute-phase reactant produced by the liver in response to inflammation, has been extensively studied as a marker of cardiovascular risk. Elevated CRP levels have been correlated with increased CAC scores and a higher incidence of cardiovascular events, underscoring the interplay between inflammation and calcification in vascular pathology.25 Advancements in molecular biology have identified novel biomarkers implicated in vascular calcification. MicroRNAs (miRNAs), small non-coding RNAs that regulate gene expression, have been found to influence vascular smooth muscle cell differentiation and calcification processes. Specific miRNAs, such as miR-125b and miR-204, have been shown to modulate osteogenic pathways in vascular cells. Additionally, extracellular vesicles (EVs), including exosomes and microvesicles, have emerged as mediators of intercellular communication, carrying proteins, lipids, and nucleic acids that can influence vascular calcification. EVs derived from calcifying vascular cells have been found to promote mineral deposition, suggesting their potential role as both biomarkers and therapeutic targets in vascular calcification.31

5. CHALLENGES AND FUTURE RESEARCH DIRECTIONS

Cardiovascular calcification (CVC) remains a formidable clinical challenge, intricately linked to a wide spectrum of cardiovascular morbidities including coronary artery disease, valvular heart disease, and peripheral vascular complications. Despite growing insights into the molecular and cellular mechanisms driving calcification, the clinical translation of this knowledge into effective therapeutic interventions has been slow. Currently, treatment options are largely supportive and aimed at controlling underlying risk factors rather than directly targeting the calcification process. There is an urgent need for novel strategies that not only prevent but also reverse vascular and valvular mineral deposition.
One of the foremost challenges in the field is developing therapies that can effectively prevent and reverse cardiovascular calcification. Most current approaches, such as controlling blood pressure, glucose levels, lipid profiles, or mineral imbalances, only indirectly influence the calcification process. Emerging therapies are exploring the inhibition of osteogenic transdifferentiation of vascular smooth muscle cells (VSMCs) and valve interstitial cells (VICs). This includes targeting key transcription factors such as Runx2, Msx2, and osterix, which are central to the osteoblast-like transformation of these cells. Additionally, modulation of mineral metabolism—especially phosphate and calcium handling—is being pursued through non-calcium-based phosphate binders, calcimimetics, and interventions in the fibroblast growth factor 23 (FGF23)-Klotho axis. Another promising direction is the use of matrix-targeted strategies, such as interfering with extracellular matrix vesicles and inhibiting nucleation sites for hydroxyapatite crystal formation. Drug delivery systems utilizing nanoparticles and gene-editing tools like CRISPR/Cas9 may further enhance the precision and efficacy of these approaches by targeting calcified regions specifically.
Equally critical is the identification and validation of reliable biomarkers for early detection and therapeutic monitoring. Current diagnostic tools, like computed tomography (CT)-based Agatston scoring, primarily detect established calcification. Biomarkers capable of indicating preclinical or early-stage calcific activity are needed to guide timely intervention. Among the most promising are bone-related proteins such as alkaline phosphatase (ALP), osteoprotegerin (OPG), and osteopontin, which are elevated during active mineral deposition. Inflammatory markers including C-reactive protein (CRP), interleukin-6 (IL-6), and tumor necrosis factor-alpha (TNF-α) also correlate with calcific burden. Recently, microRNAs (miRNAs) such as miR-125b and miR-204 have been found to regulate gene expression involved in calcific pathways. Moreover, extracellular vesicles (EVs) secreted by calcifying cells have emerged not only as participants in disease progression but also as circulating indicators of pathological mineralization. The integration of these biomarkers into clinical practice could revolutionize risk assessment, patient stratification, and real-time therapy monitoring.
Another critical consideration is the anatomical and pathological heterogeneity of calcification, which underscores the importance of tailoring therapy based on the type and location of disease. For instance, coronary artery calcification (CAC), often seen in intimal atherosclerotic plaques, is strongly predictive of acute coronary events, especially when microcalcifications destabilize plaques. On the other hand, medial arterial calcification—common in diabetes and chronic kidney disease—contributes more to arterial stiffness and isolated systolic hypertension than to luminal obstruction. Similarly, calcification of the aortic or mitral valve leads to valvular dysfunction and heart failure. Each of these forms differs in etiology, histopathology, and clinical sequelae. As such, therapies should be personalized not only to the patient’s risk profile but also to the location, type, and developmental stage of calcification. For example, phosphate-lowering agents may be more effective in CKD-related calcification, whereas anti-inflammatory agents may be more suitable in autoimmune-related arterial disease.
Finally, a comprehensive understanding of how multiple risk factors converge to drive calcification is imperative for designing combination therapies and preventive strategies. CVC is seldom the result of a single pathway but rather emerges from a complex interplay of pro-calcific drivers including oxidative stress, inflammation, mineral imbalance, and genetic predispositions. For example, in chronic kidney disease, elevated phosphate levels interact with systemic inflammation to accelerate VSMC osteogenic transdifferentiation. In contrast, autoimmune conditions like rheumatoid arthritis may promote calcification independently of phosphate handling, largely via cytokine-driven vascular injury. Emerging research using systems biology, network pharmacology, and artificial intelligence is attempting to model these interactions to identify synergistic therapeutic targets. Future clinical trials must also move toward individualized treatment models that incorporate genetic, metabolic, inflammatory, and anatomical data to optimize outcomes.
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