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Abstract 

The role of vitamin D (VD) in cardiovascular health remains controversial. Observational studies 
have associated low serum 25(OH)D₃ levels with increased risk of cardiovascular events, while 
interventional trials and Mendelian randomization studies have largely failed to confirm causality. 
This inconsistency may arise from unrecognized interindividual differences in VD responsiveness, 
as well as from the poor correlation between circulating VD metabolites and tissue-specific biological 
activity. This review highlights the emerging paradigm of variable VD sensitivity, which spans from 
VD resistance (VDRES) to hypersensitivity (VDHY). Individuals with VDRES exhibit impaired 
responses to standard supplementation due to genetic or acquired factors affecting VD metabolism, 
transport, or receptor signaling. In contrast, those with VDHY may develop adverse effects—such as 
hypercalcemia or vascular calcification—even under normal VD exposure, particularly if mutations 
impair VD catabolism (e.g., CYP24A1 variants). These opposing phenotypes may account for the 
heterogeneous outcomes observed in clinical studies. Further, recent findings suggest that VD 
signaling intersects with cholesterol metabolism and vascular pathology. Locally dysregulated VD 
activation within vascular smooth muscle cells may promote calcification and plaque instability 
independent of systemic levels. By integrating insights from endocrinology, vascular biology, and 
genetics, this review argues for a shift away from one-size-fits-all supplementation strategies. A 
better understanding of the molecular determinants of VD responsiveness may improve 
cardiovascular risk assessment and allow for personalized therapeutic approaches. Until tools 
become available to assess tissue-level VD activity or predict individual responsiveness, clinicians 
should remain cautious—particularly in populations at risk of either insufficient effect or toxicity. 

Keywords: vitamin D; vitamin D responsiveness; cardiovascular diseases; atherosclerosis; vitamin D 
resistance; vitamin D receptor; IIH; cholesterol; vascular calcification; atherosclerotic plaque 
 

1. Introduction 

The role of VD in the pathophysiology of cardiovascular (CV) disease remains controversial. 
Despite numerous studies, results have often been inconsistent, and no clear consensus has been 
reached. This review identifies two key factors that may contribute to the variability in findings: 
individual differences in VD responsiveness and the significance of local tissue-level effects that 
cannot be inferred solely from serum VD levels. Considering these elements may help generate more 
reliable conclusions regarding the benefits and risks of VD supplementation in cardiovascular 
contexts. 

Atherosclerosis and Its Vascular Complications 

Atherosclerotic diseases, such as myocardial infarction and stroke, remain the leading cause of 
death worldwide. Atherosclerosis is a multifactorial disease influenced by both genetic 
predisposition and environmental factors. Clinical manifestations develop gradually over decades. 
Significant risk factors include hypercholesterolemia, hypertension, diabetes, and smoking. 
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However, atherosclerosis is increasingly recognized as a chronic inflammatory process initiated by 
injury to the vascular endothelium and perpetuated by metabolic and hemodynamic stressors. [1] 

The vascular endothelium is a monolayer of endothelial cells (ECs) that lines all blood vessels 
and functions as a critical regulatory barrier between blood and tissues. [2]. In large and medium-
sized arteries, ECs are in direct contact with the tunica media, which consists of vascular smooth 
muscle cells (VSMCs), elastic fibers, and collagen. Surrounding this is the tunica adventitia, mainly 
composed of connective tissue [3]. 

Mechanical forces acting on the vessel wall include tensile stress from blood pressure and wall 
shear stress (WSS), the tangential force from blood flow. Low or oscillatory WSS is associated with 
regions of disturbed flow, such as arterial bifurcations, and these sites are particularly prone to 
atherosclerotic plaque formation [5,6]. Hemodynamic stress alters endothelial cell signaling and 
promotes a pro-inflammatory state, setting the stage for lesion development [7]. Atherosclerosis 
begins with endothelial dysfunction, characterized by increased permeability, leukocyte adhesion, 
and prothrombotic surface changes [8]. The retention and modification of low-density lipoproteins 
(LDL) in the intima is a key early step [4,9]. Modified LDLs activate ECs and attract monocytes, which 
differentiate into macrophages [10]. These cells, along with VSMCs, engulf LDLs and transform into 
foam cells, forming the fatty streak—the earliest visible lesion of atherosclerosis [1,10]. As foam cells 
accumulate, they release cytokines and growth factors that recruit additional inflammatory cells and 
stimulate the proliferation of VSMCs and matrix deposition. This leads to plaque growth and 
formation of a necrotic core, rich in lipids and cell debris, surrounded by a fibrous cap. The cap is 
composed of collagen and VSMCs and serves to stabilize the lesion. However, persistent 
inflammation weakens the cap, increasing the risk of rupture [1]. Hemodynamic forces further 
exacerbate the process. Turbulent flow not only sustains inflammation but also facilitates LDL 
infiltration due to longer residence times and physical disruption of endothelial integrity [11]. In later 
stages, plaque calcification occurs, resembling the formation of bone. VSMCs and pericytes may 
differentiate into osteoblast-like cells, leading to calcium deposition. Microcalcifications coalesce into 
macrocalcifications, which can stiffen the vessel wall and contribute to plaque instability [12–14]. 
(Figure 1) Plaque rupture is a critical event in acute cardiovascular syndromes. Rupture exposes 
thrombogenic material to the bloodstream, triggering platelet aggregation and the formation of a 
thrombus. If the thrombus occludes the vessel, it can lead to a myocardial infarction or stroke. In 
some cases, a thrombus may detach, forming an embolus that obstructs smaller downstream arteries, 
leading to ischemia or infarction of the affected tissues. The transition from subclinical lesions to 
symptomatic disease highlights the importance of plaque stability. A stable plaque, characterized by 
a thick fibrous cap and minimal inflammation, may remain silent. In contrast, an unstable plaque, 
marked by a thin cap and active inflammation, is prone to rupture. Even in the absence of complete 
occlusion, growing plaques can reduce coronary perfusion and lead to chronic ischemic conditions 
such as angina pectoris or heart failure. [15–17] 

Atherosclerosis is a complex disease driven by endothelial dysfunction, lipid accumulation, 
chronic inflammation, and hemodynamic stress. It evolves from fatty streaks to complex plaques that 
can calcify, rupture, and trigger life-threatening events. Understanding the molecular and 
biomechanical mechanisms of this process is essential for developing preventive and therapeutic 
strategies. 
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Figure 1. Hemodynamic Forces and Atherogenesis. Moderate laminar wall shear stress supports vascular 
homeostasis, whereas low or oscillatory laminar wall shear stress promotes endothelial dysfunction, 
inflammation, lipid infiltration, and the formation of atherosclerotic plaques. Turbulent flow regions are 
especially prone to lesion development. Adapted from Int. J. Mol. Sci. 2021, 22(11), 5635. 
https://doi.org/10.3390/ijms22115635 (Open Access, CC BY). 

Endocrinology of Vitamin D 

VD is a secosteroid hormone. It can be synthesized de novo in the skin by exposure to ultraviolet 
B light, which converts 7-dehydrocholesterol (7DHC) into cholecalciferol, or it can be absorbed 
through ingestion. Ingested or cutaneously synthesized cholecalciferol binds to the VD-binding 
protein and is transferred to the liver. The hepatic enzymes CYP2R1 and CYP27A1 (25-hydroxylases) 
transform VD to 25OHD. 25OHD has a long half-life and is usually used to determine VD status in 
the blood. The second hydroxylation step takes place in the kidneys. 1α-hydroxylase (CYP27B1) 
converts 25OHD into 1,25(OH)2D3 (active VD) in the proximal renal tubule. 1,25(OH)2D3 is released 
into the bloodstream and binds to the VD-binding protein. The VD receptor (VDR) is a ligand-
activated transcription factor found in nearly every tissue. As a lipophilic hormone, 1,25(OH)2D3 can 
cross the cell membrane and bind to the VDR in target cells’ cytoplasm and/or nucleus, and. function 
as a critical regulatory barrier between blood and tissue. Genome-wide analyses have revealed 
thousands of VDR binding sites that influence the expression of hundreds of genes involved in 
immunity, inflammation, and cardiovascular function. This widespread genomic activity explains 
the pleiotropic effects of VD. [18] 

VD metabolism is strongly regulated by calcium, phosphate, fibroblast growth factor 23 (FGF23), 
and parathyroid hormone (PTH) levels. FGF23 inhibits CYP27B1, downregulating 1,25(OH)2D3 
production and promoting its catabolism [20]. On the other hand, PTH upregulates CYP27B1 
expression in the kidneys, exerting the opposite effect. An increase in ionized blood calcium inhibits 
PTH secretion in the parathyroid glands, leading to lower 1,25(OH)2D3 production. 
Hyperphosphatemia also inhibits CYP27B1 activity in the kidneys. When present in excess, 
1,25(OH)2D3 initiates harmful feedback mechanisms by downregulating the expression of the 
CYP27B1 gene in the kidney, downregulating the gene encoding PTH in the parathyroid glands, and 
upregulating FGF23 secretion in the skeleton. Due to the tight endocrine regulation of renal VD 
hormone production, circulating 1,25(OH)2D3 levels remain within physiological limits even in the 
presence of very low 25(OH)D3 levels associated with severe VD deficiency. [18,19,22]. 

VD can be activated extra-renally in tissues expressing CYP27B1 [21]. Hence, circulating 
25(OH)D3 also serves as a substrate for local 1,25(OH)2D3 synthesis. Locally produced 1,25(OH)2D3 

may have autocrine and paracrine effects in cells that express the VDR. Therefore, the biological 
effects of VD signaling in VDR-expressing target cells are presumably determined by the sum of 
circulating 1,25(OH)2D3 concentrations in addition to locally produced 1,25(OH)2D3. Hence, the blood 
concentrations of 25(OH)D3, which are routinely used to determine VD status, are not a direct readout 
for the activity of VD signaling within target cells. VD is essential for the survival of most vertebrates. 
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Therefore, robust regulatory systems evolved during evolution that can maintain circulating 
concentrations of the active VD hormone, the active principle of the VD system, within narrow limits, 
despite variations in the circulating concentrations of the precursor molecule 25(OH)D3. Not so much 
is known about the regulation of local 1,25(OH)2D3 production within cardiovascular target cells, 
although what counts for the activity of VD signaling in a biological sense is the local concentration 
of 1,25(OH)2D3 within the target cell, regardless of its origin. (23) 

 
Figure 2. Vitamin D (VD) synthesis and metabolism. Mutations of the VD pathway. The two-step 
hydroxylation mechanism of VD synthesis and metabolism transforms dietary or skin-produced VD into its 
active hormonal form, 1,25-(OH)2D3. VD binds to the vitamin D receptor, controlling the amounts of phosphate 
and calcium in the serum, which has various biological effects. The enzyme 1-hydroxylase (CYP27B1) is 
responsible for converting VD into its physiologically active form, 1,25-(OH)2D3, which is degraded by 24-
hydroxylase (CYP24A1). Serum calcium, parathyroid hormone, and 1,25-(OH)2D3 levels control this process. 
Additionally, based on phosphate homeostasis, FGF23 affects VD metabolism by restricting the activity of 1,25-
(OH)2D3 through the inhibition of 1-hydroxylase (CYP27B1) and activation of 24-hydroxylase (CYP24A1) 
activity. SLC34A1 regulates proximal tubule phosphate reabsorption from primary urine. Red circles denote 
proteins in the VD machinery that can cause rickets or autoimmune conditions when mutated. Mutations in 
CYP24A1 and SLC34A1 can cause nephrolithiasis, hypercalcemia, hypercalciuria, and decreased PTH levels. 
Hypophosphatemia occurs in patients with SLC34A1 mutations. These mutations are highlighted in blue circles. 
Renal insufficiency, vascular calcification, and calcification in other organs can result from mutations in the 
CYP24A1 and SLC34A1 genes. This figure is adapted by Kristian Järvelin from Glenville Jones’ article [24] with 
the permission of Glenville Jones and from Ulla Järvelin’s open-access article [25]. 

Vitamin D and Cardiovascular Diseases 

VD exerts several regulatory effects on the cardiovascular system, mediated primarily through 
the VDR. In the heart, VDR expression has been demonstrated in both ventricular cardiomyocytes 
and cardiac fibroblasts [26,27]. Additional studies have identified VDR expression in cultured bovine 
aortic endothelial cells, and in the endothelial cells (ECs) lining of the rat aorta [28,29]. Furthermore, 
CYP27A1 is found to be expressed in human VSMCs, responsible for converting 25(OH)D3 into the 
active form 1,25(OH)₂D3 [30]. 

This suggests that cardiac tissues are not only responsive to VD but also capable of locally 
activating it. Indeed, local conversion of 25(OH)D3 to 1,25(OH)₂D3 has been observed in vitro in both 
ECs and vascular smooth muscle cells (VSMCs), further supporting the role of VD signaling in 
cardiovascular tissues [31]. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 5 August 2025 doi:10.20944/preprints202508.0366.v1

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202508.0366.v1
http://creativecommons.org/licenses/by/4.0/


 5 of 15 

 

Epidemiological studies have frequently reported an association between low serum 25(OH)D3 
levels and increased cardiovascular risk, including ischemic heart disease, myocardial infarction, and 
early mortality [32–37]. Despite these findings, randomized controlled trials have largely failed to 
demonstrate consistent benefits of VD supplementation in reducing cardiovascular events. Major 
clinical trials such as VITAL, ViDA, and DO-HEALTH, which employed high-dose VD regimens over 
multiple years, did not show significant reductions in coronary events or cardiovascular mortality. 
Likewise, systematic reviews and meta-analyses encompassing tens of thousands of participants 
have generally reported neutral effects on coronary artery disease outcomes [38,39]. 

Mendelian randomization studies—designed to minimize confounding—have also yielded 
essentially null results regarding causality between VD status and cardiovascular disease [40]. These 
inconsistencies between observational and interventional data suggest that VD’s effects on 
cardiovascular health may not be uniform across all individuals. 

Taken together, these findings underscore the need for a more refined approach to VD research 
in cardiovascular medicine. Rather than assuming a universal response to supplementation, future 
studies should investigate interindividual differences in VD sensitivity, metabolism, and genetic 
background. In particular, conditions such as VD resistance and hypersensitivity may serve as key 
modulators of cardiovascular outcomes, helping to explain the heterogeneity observed in clinical 
studies. 

Vitamin D Responsiveness Range 

Research led by Carsten Carlberg has revealed marked interindividual variability in the 
physiological and molecular response to VD supplementation. In the VitDmet study, conducted in 
Finland during the winter of 2015, 71 elderly participants with prediabetes received daily doses of 0, 
1,600, or 3,200 IU of VD. The study assessed changes in the expression of 12 VD-regulated genes and 
various laboratory biomarkers. Surprisingly, even at the highest dose, approximately 25% of 
participants did not exhibit the expected molecular or biochemical changes, indicating low 
responsiveness to supplementation. Based on their responses, participants were categorized into low 
responders (24%), mid responders (51%), and high responders (25%). [41] 

This categorization was later validated in the VitDbol study (2017), in which a group of healthy 
young adults received a single oral dose of 80,000 IU VD. The response patterns mirrored those 
observed in the earlier trial, suggesting that responsiveness is likely an intrinsic biological trait rather 
than one influenced primarily by age or metabolic status. [42] 

In the VD endocrine system, parathyroid hormone (PTH) plays a central role. It enhances 
intestinal calcium absorption, promotes bone resorption, stimulates the conversion of 25(OH)D₃ to 
1,25(OH)₂D₃, and inhibits phosphate reabsorption in the renal tubules. Under typical conditions, 
sufficient levels of 25(OH)D₃ suppress PTH into the lower tertile of the reference range. A failure to 
achieve this suppression may suggest VD resistance, even when serum 25(OH)D₃ levels appear 
adequate. [43] 
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Figure 3. VD responsiveness range Distribution of low, mid, and high responders to vitamin D₃ 
supplementation in (A) the VitDmet study (elderly pre-diabetic subjects; daily 0/1 600/3 200 IU for 5 months) 
and (B) the VitDbol study (healthy adults; single 80 000 IU bolus). Approximately one-quarter of participants 
showed minimal transcriptional or biochemical responses, and one-quarter of participants showed maximal 
responses, despite of similar intake of VD. Adapted from Carlberg C, Haq A. J Steroid Biochem Mol Biol 2018;175:12-
17. © 2018 Elsevier, [44] by Kristian Järvelin. 

Vitamin D Resistance (VDRES) 

VD resistance (VDRES) represents the low end of the responsiveness continuum, where 
standard or even high doses of VD fail to produce the expected physiological effects. This may be 
due to genetic mutations that impair VD signaling. For example, mutations in the VDR reduce its 
cellular function, while alterations in CYP27A1 or CYP27B1 affect VD activation. Such changes can 
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contribute to autoimmune diseases and other chronic disorders, some of which may respond to high-
dose VD protocols. [43] 

The phenomenon of VD resistance was first described as early as 1937 in children with rickets 
that did not respond to VD therapy [45]. Later studies identified hereditary defects in CYP27B1 or 
VDR as causes of congenital VDRES, which is rare and presents with hypocalcemia, secondary 
hyperparathyroidism, and severe rickets. 

However, more commonly, acquired VDRES arises over time, often due to environmental or 
immunological stressors. For instance, viral infections such as Epstein–Barr virus or cytomegalovirus 
have been shown to disrupt VDR function, either by direct receptor binding or by downregulating 
gene expression [46,47]. Inflammatory mediators and caspase-3 may also inactivate VDR signaling 
[48]. Additionally, glucocorticoid therapy can interfere with VDR gene expression and signaling 
pathways [49]. 

Aging further contributes to VDRES by impairing multiple components of the VD pathway. It 
reduces intestinal absorption of cholecalciferol [50], declines cutaneous production of VD [51], and 
decreases efficiency of hepatic and renal hydroxylation [52]. 

The most vulnerable link in this system appears to be the VDR itself. Mutations and 
polymorphisms affecting VDR function have been associated with autoimmune diseases and 
inadequate VD signaling despite normal serum levels [53]. 

In summary, individuals with VDRES either fail to activate VD effectively or are unable to utilize 
it at the tissue level. In these cases, standard supplementation may be insufficient, and personalized 
or high-dose regimens could be necessary to overcome this resistance. 

Vitamin D Hypersensitivity (VDHY) 

Compared to VD resistance (VDRES), VD hypersensitivity (VDHY) is the less understood end 
of the VD responsiveness spectrum. In individuals with VDHY, either excess amounts of active VD 
are present in the body, or the tissues exhibit heightened sensitivity to it. As a result, physiological 
effects occur at lower-than-average VD exposures, and supplementation may be unnecessary or even 
harmful. In such cases, regular sun exposure or standard therapeutic doses can lead to increased 
calcium absorption, bone resorption, and hypercalcemia. VDHY can be divided into two etiological 
categories: exogenous and endogenous. Exogenous VDHY is caused by excessive intake of 
pharmaceutical VD, often through high-dose supplementation. Endogenous VDHY, by contrast, 
refers to an exaggerated biological response to normal or low levels of VD, resulting from internal 
metabolic or genetic disturbances [54,55]. 

Historical cases of endogenous VDHY were first reported over 70 years ago, when children 
treated with high-dose VD for rickets developed symptoms of hypercalcemia. These outbreaks 
became endemic in three separate regions: Great Britain in the early 1950s [56], Poland in the 1970s 
[57], and East Germany in the 1980s [58]. 

In those historical cases, in some children, chronic moderate supplementation (e.g., 500 IU daily) 
led to delayed-onset toxicity. In contrast, in others, a single bolus of 600,000 IU caused symptoms 
resembling acute VD toxicity within days. Clinical features included hypercalcemia, 
hypercholesterolemia, cardiac murmurs, hypertension, neurological impairment, and renal 
dysfunction. In severe cases, children died, and post-mortem findings revealed extensive calcification 
of the heart, valves, and vasculature, including left ventricular hypertrophy and fragmentation of the 
arterial elastic lamina. [59]. 

Modern research has since clarified that endogenous VDHY is multifactorial in origin. One cause 
involves the ectopic synthesis of 1,25(OH)₂D₃ in granulomatous diseases such as sarcoidosis [60–62], 
tuberculosis [63], lymphomas [64,65], and fungal infections. In pregnancy, the placenta synthesizes 
1,25(OH)₂D₃ [66]. Another cause is genetic mutations affecting 

VD metabolism, particularly in CYP24A1 and SLC34A1, which impair the degradation or 
regulation of active VD [67–70]. Such mutations lead to the accumulation of 1,25(OH)₂D₃ and may 
result in persistent hypercalcemia, even under modest sun exposure or prophylactic VD dosing. 
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These inherited defects may manifest as idiopathic infantile hypercalcemia in neonates or may 
remain clinically silent until triggered by environmental factors. [54,55] 

The “gene-dose effect” is well established. Individuals with biallelic mutations often exhibit 
severe, early-onset disease characterized by hypercalcemia, nephrolithiasis, vascular calcification, 
suppressed PTH levels, and hypercalciuria. Monoallelic mutation carriers may remain asymptomatic 
unless exposed to additional triggers such as pregnancy, high-dose VD supplementation, or extended 
sun exposure. In these individuals, VD prophylaxis—even at standard doses—may precipitate 
toxicity. [71] 

Importantly, VDHY may persist into adulthood, particularly in individuals with monoallelic 
mutations. These individuals constitute a genetic risk group who may appear healthy until exposed 
to otherwise safe levels of VD. This underscores the importance of tailoring VD dosing based on 
individual metabolic sensitivity 

CYP24A1 and Cholesterol Metabolism 

Beyond its well-established role in calcium and phosphate homeostasis, VD metabolism appears 
to intersect with lipid regulation—an underexplored and interesting area. Notably, some patients 
with CYP24A1 mutations, which are known to impair the catabolism of 1,25(OH)₂D₃, have also been 
reported to exhibit abnormalities in lipid metabolism, including hypercholesterolemia. Historical 
case reports of infantile idiopathic hypercalcemia have documented a co-occurrence of 
hypercholesterolemia and vascular lesions [59]. These observations raise the question of whether 
dysregulated VD signaling might disrupt cholesterol homeostasis through metabolic cross-talk or 
feedback. 

To explore this hypothesis, researchers developed transgenic rats that constitutively overexpress 
the CYP24A1 gene. These animals exhibited significantly reduced circulating levels of 24,25(OH)₂D₃, 
reflecting enhanced catabolic activity. Interestingly, after weaning, the rats also developed 
albuminuria and hyperlipidemia, with lipid profiling revealing elevations across all lipoprotein 
fractions. Furthermore, they displayed atherosclerotic changes in the aorta, which were exacerbated 
by a high-fat, high-cholesterol diet [72]. These findings suggest that CYP24A1 may have broader 
biological roles than previously recognized, extending beyond VD catabolism to regulate lipid and 
vascular physiology. 

From a biochemical perspective, 7-dehydrocholesterol (7DHC) serves as a critical metabolic 
branch point. It is a shared precursor for both cholesterol and VD synthesis. In the skin, 7DHC is 
photochemically converted to pre-VD under UVB radiation [18]. The metabolic competition or 
feedback regulation, in turn, occurs between VD and cholesterol biosynthesis. For example, excessive 
levels of 1,25(OH)₂D₃—either due to ectopic synthesis or impaired degradation from CYP24A1 
mutations—could alter substrate flux or influence gene regulation. The reduction of cholesterol 
occurs via the enzyme 7-dehydrocholesterol reductase (DHCR7). [73] 

Studies have shown that DHCR7 activity is sensitive to cholesterol levels. When cholesterol 
accumulates, it accelerates DHCR7 degradation via end-product inhibition, thereby reducing 
cholesterol synthesis and potentially directing 7DHC toward vitamin D production. [73] 
Interestingly, experiments in keratinocytes found that cholecalciferol rapidly suppresses DHCR7 
activity without causing 7DHC accumulation. In contrast, 25(OH)D₃ suppressed DHCR7 activity 
modestly, and 1,25(OH)₂D₃ had no significant impact on 7DHC accumulation. It suggests that this 
regulation occurs independently of the VDR pathway. [74] 

Altogether, these findings highlight DHCR7 as a potential regulatory switch between VD and 
cholesterol synthesis. The complex interplay between these pathways warrants further investigation, 
particularly in the context of VD hypersensitivity, where excessive active VD may disrupt metabolic 
balance, potentially contributing to hypercholesterolemia or vascular pathology. 
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Vascular Calcification and CYP24A1 Mutation 

Mutations in the CYP24A1 gene, known for impairing the degradation of active VD metabolites, 
have been implicated not only in systemic hypercalcemia but also in vascular pathology. Elevated 
levels of 1,25(OH)₂D₃ can lead to cardiovascular complications, such as hypertension, arterial 
vasoconstriction, and notably, arterial calcification, particularly coronary artery calcification [73–77]. 
Recent genetic studies have identified associations between CYP24A1 variants and increased 
coronary artery calcification burden in independent populations [78,79], further suggesting that 
dysregulated VD metabolism contributes to coronary atherosclerosis. This is clinically relevant 
because coronary artery calcification is a well-established predictor of coronary heart disease and 
future cardiovascular events [80]. 

Although 25(OH)D3 is commonly used as a marker of VD status, it is the active metabolite 
1,25(OH)₂D₃ that exerts the most potent biological effects. Importantly, circulating levels of 25(OH)D3 
may not reflect tissue-specific activity, particularly in pathological conditions. In vascular tissues, 
extra-renal synthesis of 1,25(OH)₂D₃ can occur via CYP27B1 activity in ECs and immune cells. This 
local synthesis plays a role in atherosclerosis and plaque calcification, functioning independently of 
systemic VD levels [81]. 

The atherosclerotic plaque microenvironment provides an ideal setting for this “non-classical” 
VD activity. Within plaques, enzymes responsible for VD activation and the VDR are all expressed, 
enabling intracrine, autocrine, and paracrine signaling. In specific conditions—such as CYP24A1 
mutations, or ectopic synthesis of VD—local VD metabolism becomes dysregulated, leading to 
elevated intraplaque 1,25(OH)₂D₃ concentrations that may remain undetected in serum yet promote 
vascular injury. [23,81] 

Vascular calcification, particularly within atherosclerotic lesions, is now recognized as an active 
and regulated process that resembles osteogenesis. Calcified plaques contain bone morphogenetic 
proteins and structural proteins such as osteopontin, osteonectin, and osteocalcin, indicating a shared 
phenotype with bone tissue [82]. In vitro models using bovine vascular smooth muscle cells have 
demonstrated that the enzymes alkaline phosphatase and OPN are key mediators of vascular 
calcification [83]. 

Calcium-regulating hormones also influence this process. Parathyroid hormone (PTH) and 
parathyroid hormone-related peptide (PTHrP) suppress vascular calcification by downregulating 
AFOS activity [84]. In contrast, 1,25(OH)₂D₃ not only stimulates calcium influx [86] and inhibits 
smooth muscle proliferation [85,87] but also reduces PTHrP expression, removing a natural brake on 
vascular mineralization [82–84]. Excess VD—whether dietary or due to impaired catabolism—has 
been shown to induce vascular calcification in both animal models and experimental systems [87–
89]. 

Taken together, these findings support the view that CYP24A1 mutations, by disrupting local 
VD catabolism, may contribute to increased vascular calcification and promote the development of 
unstable, calcified atherosclerotic plaques, particularly in individuals with genetic or inflammatory 
predispositions. 

Future Research 

Current research suggests that approximately 50% of individuals may exhibit altered 
responsiveness to VD—either heightened sensitivity or resistance. However, these estimates are 
based on small and relatively homogeneous study populations. To understand the broader public 
health implications, larger, multiethnic cohorts are needed. 

Further in vitro and in vivo studies should investigate how VD—particularly in the context of 
CYP24A1 mutations—influences the expression of parathyroid hormone-related peptide (PTHrP) 
and the process of vascular calcification. Additionally, the observed relationship between CYP24A1 
mutations and cholesterol metabolism deserves deeper mechanistic exploration. 

Ultimately, the development of a clinical test to assess individual VD responsiveness could allow 
for safer and more effective supplementation strategies. Such a tool would help clinicians identify 
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individuals who are at risk of either insufficient response or toxicity, minimizing potential harms 
such as atherosclerosis or hypercholesterolemia. 

Discussion 

VD exerts a wide spectrum of biological effects that extend far beyond its classical role in mineral 
metabolism. It modulates inflammation, immune function, and vascular health. This review 
highlights that inter-individual variability in VD responsiveness—whether due to genetic mutations, 
environmental factors, or disease states—is a critical but underrecognized determinant of 
cardiovascular outcomes. 

In cases of VDRES, impaired response to VD may perpetuate chronic inflammation, 
autoimmune activation, or vascular dysfunction. In contrast, VDHY—whether due to CYP24A1 
mutations, ectopic synthesis, or reduced catabolism—may lead to pathological calcification, even 
under standard supplementation or natural sun exposure. 

Importantly, serum 25(OH)D levels may not reliably indicate true VD activity at the tissue level, 
especially in cells capable of local hormone synthesis. This is particularly relevant in VSMCs and 
macrophages, where dysregulated VD metabolism may directly contribute to vascular calcification 
and potentially influence cholesterol biosynthesis, given their shared metabolic pathways. 

Taken together, these findings challenge the notion of universal VD sufficiency thresholds and 
support a paradigm shift toward individualized VD therapy, guided by molecular diagnostics and 
patient-specific risk profiles. 

Conclusion 

VD supplementation is neither inherently beneficial nor harmful. Instead, its cardiovascular 
impact depends on the individual’s biological response. In VDRES, supplementation may restore 
immune balance and protect vascular function. In VDHY, even modest doses may precipitate 
hypercalcemia, vascular calcification, or, perhaps, lipid disturbances. 
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