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ABSTRACT 

Background. Vitamin D3 is a fat-soluble secosteroid of central importance for skeletal 
metabolism, and inter-individual differences in vitamin D3 requirements are partly genetically 
determined. Insufficient vitamin D3 status has been described as a contributing factor in 
osteoporosis, breast cancer, and additional conditions. Once vitamin D3 enters the body it is 
recognized by specific receptors on target cells, thereby initiating biological processes and 
regulating the activity of numerous health-relevant genes. Genetic association studies have 
identified common variants in vitamin D pathway genes as determinants of circulating vitamin 
D status, and VDR polymorphisms have been examined in relation to receptor-mediated 
recognition and bone-relevant phenotypes (Wang, 2010; Duan, 2018; Krasniqi, 2021). 

Methods. A narrative synthesis was undertaken, prioritizing genome-wide association meta-
analyses with replication, systematic reviews and meta-analyses, and cohort studies. The 

synthesis focused on common variants in the vitamin D pathway genes CYP2R1, CYP27B1, VDBP 
(GC), and DHCR7, together with selected VDR polymorphisms, evaluated in relation to 
circulating 25-hydroxyvitamin D measures, their context dependence with respect to season 
and dietary vitamin D intake, and selected clinical outcomes (Wang, 2010; Duan, 2018; 
Engelman, 2013; Petersen, 2017; Krasniqi, 2021). 

Results. Large-scale genetic association evidence has implicated vitamin D pathway loci within 
DHCR7, CYP2R1, and VDBP (GC) as determinants of circulating vitamin D measures and the risk 
of insufficiency (Wang, 2010). Within CYP2R1, meta-analytic synthesis supports rs10741657 as a 
reproducible determinant, with the minor allele associated with lower vitamin D status and 
increased deficiency risk (Duan, 2018). For VDBP (GC), the rs2282679 minor allele is consistently 
associated with lower circulating vitamin D, whereas for DHCR7 rs12785878 and for CYP27B1 
rs10877012 the minor alleles likewise track with lower measures (Wang, 2010; Slater, 2016; Yu, 
2020). VDR polymorphisms (rs1544410, rs2228570, rs7975232) have been investigated for 
receptor-mediated phenotypes, although their associations with circulating vitamin D are less 
consistently replicated than those of pathway-metabolism genes (Krasniqi, 2021). Genetic 
effects are further modified by dietary vitamin D intake and season (Engelman, 2013; Petersen, 
2017; Lee, 2021). 



 

 

Discussion. Overall, the evidence supports genetically influenced variability in circulating 
vitamin D status and indicates that vitamin D3 acquisition through cutaneous synthesis and 
diet is modulated by contextual factors, so that vitamin D3 status is not uniform across 
individuals (Wang, 2010; Duan, 2018; Engelman, 2013; Krasniqi, 2021). A receptor-centered 
interpretation has been proposed in which reduced VDR-mediated recognition could diminish 
vitamin D3 effects even when blood concentrations appear adequate, and higher vitamin D3 
intake has been discussed as a compensatory strategy when receptor effectiveness is reduced. 
These interpretations support continued study of genotype-dependent variability while 
underscoring the need for cautious translation of genetic categories into individualized 
statements (Jia, 2013; Krasniqi, 2021). 
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INTRODUCTION 

Vitamin D3 is a fat-soluble secosteroid that is particularly important for bone metabolism, and 
variability in vitamin D3 requirements is partly dependent on genetic factors. Genetic epidemiology 
has demonstrated that inherited variation contributes to inter-individual differences in circulating 
vitamin D measures and the probability of vitamin D insufficiency (Wang, 2010; Duan, 2018; Krasniqi, 
2021). Beyond the skeletal domain, insufficient vitamin D3 status has been discussed in relation to 
breast cancer, osteoporosis, and additional conditions, and vitamin D pathway genetics has been 
investigated in these clinical contexts (Clendenen, 2015; Jia, 2013). Ensuring adequate vitamin D3 
intake has therefore been positioned as relevant in preventive strategies, while the interpretation of 
status has been emphasized as more complex in practice than a single threshold would suggest 
(Engelman, 2013; Krasniqi, 2021). 

Mechanistically, vitamin D3 entering the body is recognized by specific receptors on target cells, 
thereby triggering biological processes and regulating the activity of many health-relevant genes. 
Within this framework, the VDR gene encodes the vitamin D receptor and enables receptor-
mediated recognition of vitamin D3; the receptor can be conceptualized as a structure that binds 
the ligand and thereby transmits a signal into the cell, activating downstream genes associated with 
the beneficial effects of the vitamin. VDR polymorphisms have been examined in relation to bone-
relevant outcomes, including osteoporosis (Jia, 2013; Krasniqi, 2021). Reduced receptor effectiveness 
arising from genetic variation has been proposed as a potential explanation for weaker ligand 
binding, slower activation of vitamin D3-relevant processes, and discordance between circulating 
measures and functional effects (Krasniqi, 2021). 

These mechanistic interpretations are commonly operationalized using common variants in key 
vitamin D pathway genes (CYP2R1, VDBP (GC), DHCR7, CYP27B1) together with selected VDR 
polymorphisms. Large-scale association studies and subsequent syntheses have identified core 
pathway loci as robust determinants of circulating vitamin D measures (Wang, 2010; Duan, 2018), and 
systematic review evidence has highlighted VDBP (GC) and CYP2R1 as among the most consistently 



 

 

associated genes across studies (Krasniqi, 2021). Context dependence has been demonstrated in 
cohort designs, supporting the view that genetic effects are modified by dietary vitamin D intake and 
seasonality, and that vitamin D3 acquisition through sunlight exposure and diet is relevant but not 
uniformly predictive of status across individuals (Engelman, 2013; Petersen, 2017; Lee, 2021). 

GENETIC DETERMINANTS OF CIRCULATING VITAMIN D STATUS 

Inter-individual variability in circulating vitamin D measures has repeatedly been attributed to 
common genetic variation in core vitamin D pathway genes. In a genome-wide association meta-
analysis with replication, variants near or within VDBP (GC), DHCR7, and CYP2R1 were identified as 
robust determinants of vitamin D insufficiency and circulating vitamin D status (Wang, 2010). Across 
these loci, the relationship between genotype and phenotype is defined by which allele a variant 
carries: at each locus a common allele is associated with normal recognition or metabolism (the 
reference, or wild-type, state), whereas a minor allele is associated with reduced function and, 
depending on the gene, lower circulating vitamin D or weaker receptor-mediated recognition. 

Within CYP2R1, which encodes the principal hepatic 25-hydroxylase, meta-analytic synthesis 
supports rs10741657 as a reproducible determinant of vitamin D status. The reference allele is 
associated with normal hydroxylation and normal circulating vitamin D, whereas the minor allele is 
associated with a graded reduction in 25-hydroxyvitamin D and an increased risk of deficiency across 
diverse populations (Duan, 2018). Not every CYP2R1 variant acts in the same direction: for rs1562902 
the reference allele has been associated with comparatively higher circulating vitamin D, and 
homozygosity for the minor allele with values within the normal range, illustrating that the functional 
consequence of a variant must be interpreted per polymorphism rather than assumed (Petersen, 

2017). 

For VDBP (GC), which encodes the vitamin D-binding protein responsible for transport of vitamin D 
metabolites, rs2282679 is among the most consistently replicated determinants: the reference allele 
corresponds to normal binding-protein function and normal circulating measures, whereas the 
minor allele is associated with lower circulating vitamin D (Wang, 2010; Slater, 2016). For DHCR7, 
which governs the partitioning of 7-dehydrocholesterol between cholesterol synthesis and 
cutaneous vitamin D3 production, rs12785878 has been identified as a determinant of circulating 
status, with the minor allele associated with lower measures (Wang, 2010). For CYP27B1, which 
encodes the 1-alpha-hydroxylase that activates 25-hydroxyvitamin D to its hormonally active form, 
the minor allele of rs10877012 has been associated with lower circulating vitamin D in family-based 
analyses (Yu, 2020). 

A systematic review spanning a broad set of pathway polymorphisms concluded that associations 
with vitamin D measures were most consistently observed for VDBP (GC) and CYP2R1, whereas 
replication for other loci — including VDR — was less consistent across studies and phenotypes 
(Krasniqi, 2021). Collectively, these findings support a coherent model in which circulating vitamin D 
status is partly genetically determined and can be interpreted through a pathway-based, multi-
variant framework, with the direction of effect defined separately for the reference and minor allele 
at each variant (Wang, 2010; Duan, 2018; Krasniqi, 2021). 



 

 

VDR-MEDIATED RECOGNITION AND FUNCTIONAL VARIABILITY 

A receptor-centered model explains how vitamin D3 exerts biological effects through recognition by 
specific receptors on target cells, leading to the initiation of biological processes and regulation of 
the activity of many health-relevant genes. The VDR gene encodes this receptor and thereby 
determines its structure and functional properties. Where a sequence variant alters the receptor's 
blueprint, the receptor may be assembled in a structurally less effective form: the reference allele 
corresponds to normal recognition of vitamin D3, whereas a minor allele can be associated with 
weaker ligand–receptor interaction and slower downstream activation. In this framework, 
diminished biological responsiveness may occur even when circulating vitamin D measures appear 
adequate on blood testing, because the limiting step is recognition at the receptor rather than the 
amount of circulating vitamin (Krasniqi, 2021). 

Common VDR polymorphisms, including rs1544410, rs2228570, and rs7975232, have been 
investigated in this context. The reference allele at each of these variants is associated with effective 
recognition of vitamin D3 and a normal requirement, whereas the corresponding minor allele has 
been associated, in part of the literature, with less effective recognition and a correspondingly higher 
functional requirement. The strength of these associations varies by phenotype and population: 
meta-analytic evidence links rs1544410 to bone-relevant outcomes such as osteoporosis 
susceptibility (Jia, 2013), rs2228570 has been associated with lower circulating vitamin D in a young-
adult population, with the minor allele tracking reduced status (Kandemiş, 2021), and rs7975232 has 
been associated with the odds of vitamin D deficiency in a population-based analysis (Kong, 2020), 
while broader synthesis indicates that VDR associations are less consistently replicated than those of 
pathway-metabolism genes and should therefore be interpreted with corresponding caution 
(Krasniqi, 2021). 

The clinical relevance of receptor-level variation has been illustrated for disease-relevant endpoints. 
Reduced receptor effectiveness has been associated with an increase in the average risk of 
developing breast cancer on the order of a few percentage points, alongside the proposition that 
other beneficial effects of vitamin D3 may be attenuated; vitamin D pathway genetics, including 
receptor and signaling components, has accordingly been examined in breast cancer cohorts 
(Clendenen, 2015). While the magnitude and direction of such effect estimates vary by study design 
and endpoint, this body of work supports the broader premise that VDR variation and receptor-
related recognition remain relevant to disease-associated outcomes (Clendenen, 2015; Krasniqi, 2021). 

Finally, a compensatory hypothesis has been proposed in which a particularly high supply of vitamin 
D3 could activate even the less effective receptors, thereby restoring the normal beneficial effect of 
the vitamin. The practical implication is that, where receptor effectiveness is genetically reduced, a 

higher vitamin D3 supply may be required to achieve the same biological response — that is, if the 
relevant genes are less effective, more vitamin D3 is simply needed. This interpretation is consistent 
with the receptor-limited model outlined above and provides a rationale for genotype-aware 
consideration of vitamin D3 requirements, while continued study is warranted given the variable 
replication of receptor-level associations (Krasniqi, 2021). 



 

 

GENE–ENVIRONMENT INTERPLAY 

Adequate vitamin D3 supply is achievable through cutaneous synthesis upon ultraviolet exposure of 
the skin or through diet, but the practical reality is more complex, because genetic effects on 
circulating vitamin D measures are modified by environmental context. Identical exposures do not 
necessarily yield identical circulating concentrations across individuals. In a multicenter gene–
environment analysis, dietary vitamin D intake and season modified the effects of CYP2R1 and VDBP 
(GC) variants on circulating vitamin D measures, with genetic differences more pronounced under 
lower intake and during winter (Engelman, 2013). 

Longitudinal evidence in children supports the concept that vitamin D status is dynamic and that 
genetic contributions extend across the year. In Danish schoolchildren followed across seasons, 
common variants in vitamin D pathway genes were associated with circulating vitamin D measures, 

with minor alleles of certain CYP2R1 and VDBP (GC) variants tracking lower measures and other 
CYP2R1 variants tracking higher measures, supporting a genotype-dependent pattern that persists 
under varying seasonal conditions (Petersen, 2017). Analyses in adults have likewise evaluated 
vitamin D-related genetic variants together with season and dietary intake, again indicating that 
genetic effects are expressed within specific exposure contexts rather than being fixed in magnitude 
(Lee, 2021). Taken together, these data support the interpretation that vitamin D3 acquisition through 
sunlight and diet is foundational, but that genetically influenced variability and contextual 
modulation contribute to the observed complexity of vitamin D status (Engelman, 2013; Petersen, 
2017; Lee, 2021; Krasniqi, 2021). 

SOURCES OF VITAMIN D3 AND NUTRIENT CONTEXT 

Endogenous cutaneous production is the principal source of vitamin D3: when ultraviolet-B radiation 
reaches the skin, the body begins to produce its own vitamin D3, and even a short period in the sun 
can be sufficient. Because circulating vitamin D status is partly genetically determined, the 
effectiveness of sunlight- and diet-based strategies is not uniform across individuals, and seasonal 
factors together with dietary intake modify the magnitude of genetic effects on circulating measures 
(Wang, 2010; Engelman, 2013; Petersen, 2017). Tanning beds, which predominantly emit ultraviolet-A 
radiation, are of little value for vitamin D supply. 

Dietary intake provides an additional route: fatty fish such as herring, mackerel, and salmon, as well 
as liver, cod-liver oil, cheese, and mushrooms, contain appreciable amounts of vitamin D3. Where 
cutaneous and dietary sources are insufficient, vitamin D3 supply can be supported with higher-dose 
dietary supplements. Because normal circulating concentrations do not always translate into the full 
biological effect when receptor-mediated recognition is genetically reduced, a somewhat higher 
vitamin D3 supply may be required in some individuals to achieve the intended effect (Krasniqi, 2021). 

Nutrient context further modulates vitamin D3 action: vitamin D3 enhances the absorption of 
calcium, and it acts in concert with magnesium, since the two mutually support each other. These 
interactions situate vitamin D3 within a broader nutritional network rather than treating it as an 
isolated factor. 



 

 

TABLE 1 — PRINCIPAL HUMAN STUDIES OF GENETIC DETERMINANTS OF VITAMIN D3 
STATUS AND VDR-MEDIATED RESPONSE 

STUDY (AUTHOR, 
YEAR) 

DESIGN · POPULATION · SNP PRIMARY OUTCOME / KEY FINDINGS 

Wang et al., 2010 Design: GWAS meta-analysis with 
replication 
Population: 33,996 individuals of 
European ancestry (15 cohorts) 
SNP: rs2282679 (VDBP/GC), rs12785878 
(DHCR7), rs10741657 (CYP2R1) 

Minor alleles at the VDBP (GC), DHCR7, 
and CYP2R1 loci were associated with 
lower 25-hydroxyvitamin D and a higher 
risk of insufficiency; a combined 
genotype score identified individuals at 
substantially raised risk (Wang, 2010). 

Duan et al., 2018 Design: Systematic review and meta-
analysis 
Population: 16 studies; 52,417 individuals 
of diverse ethnicities 
SNP: rs10741657 (CYP2R1) 

The rs10741657 minor (G) allele was 
associated with lower 25-
hydroxyvitamin D and an increased risk 
of vitamin D deficiency; the reference 
allele corresponded to higher status 
(Duan, 2018). 

Petersen et al., 
2017 

Design: Longitudinal cohort across 
three seasons 
Population: 642 Danish schoolchildren 
(age 8–11) 
SNP: rs10500804, rs10741657, rs1562902 
(CYP2R1); rs2282679 (VDBP/GC) 

Minor alleles of rs10500804 and of VDBP 
(GC) variants were associated with lower 
25-hydroxyvitamin D, whereas minor-
allele homozygosity for rs10741657 and 
rs1562902 was associated with higher 
values, indicating variant-specific 
direction of effect (Petersen, 2017). 

Engelman et al., 
2013 

Design: Multicenter gene–environment 
interaction analysis 
Population: 1,204 women of European 
ancestry 
SNP: rs10741657 (CYP2R1); rs2282679 
(VDBP/GC) 

Vitamin D intake and season modified 
the genetic effects on 25-
hydroxyvitamin D; associations for 
CYP2R1 and VDBP (GC) variants were 
stronger under lower intake and in 
winter (Engelman, 2013). 

Slater et al., 2016 Design: Cross-sectional genetic 
association study 
Population: 180 primary-care patients 
(Virginia, USA) 
SNP: rs10741657 (CYP2R1); rs2282679 
(VDBP/GC); rs2228570 (VDR); rs12785878 
(DHCR7) 

Carriers of the rs10741657 minor allele 
were more likely to be vitamin D 
insufficient, while the rs2282679 minor 
allele was associated with lower odds of 
insufficiency; VDR rs2228570 and 
DHCR7 rs12785878 were not 
significantly associated in this sample 
(Slater, 2016). 



 

 

STUDY (AUTHOR, 
YEAR) 

DESIGN · POPULATION · SNP PRIMARY OUTCOME / KEY FINDINGS 

Yu et al., 2020 Design: Family-based association study 
Population: 1,505 rural individuals in 419 
pedigrees (China) 
SNP: rs10877012 (CYP27B1) 

The rs10877012 minor (T) allele showed 
family-based association with vitamin D 
deficiency and with serum 25-
hydroxyvitamin D between siblings (Yu, 
2020). 

Kong et al., 2020 Design: Cross-sectional genetic 
association study 
Population: 239 Malaysian children with 
epilepsy (multi-ethnic) 
SNP: rs7975232 (VDR) 

The VDR rs7975232-A allele was 
associated with reduced odds of vitamin 
D deficiency in the Malay subgroup, 
supporting allele-specific effects at this 
locus (Kong, 2020). 

Jia et al., 2013 Design: Meta-analysis (26 studies) 
Population: Adults; osteoporosis case–
control samples 
SNP: rs1544410 (VDR, BsmI) 

VDR rs1544410 was associated with 
osteoporosis susceptibility, with the 
genotype distribution differing between 
cases and controls, supporting attention 
to VDR variation in bone-relevant 
contexts (Jia, 2013). 

Kandemiş et al., 
2021 

Design: Case–control genetic 
association study 
Population: Young Turkish Cypriot 
professionals (age 18–40) 
SNP: rs2228570 (VDR) 

The VDR rs2228570 minor (T) allele was 
significantly associated with lower 
serum vitamin D, supporting an allele-
specific effect at this locus consistent 
with reduced receptor-related status 
(Kandemiş, 2021). 

Ju et al., 2023 Design: Meta-analysis and trial 
sequential analysis 
Population: 1,504 allergic-rhinitis 
patients; 1,435 controls 
SNP: rs2228570 (VDR) 

Lower vitamin D levels were associated 
with allergic rhinitis; the association of 
VDR rs2228570 with disease risk 
remained equivocal, indicating that 
VDR effects require cautious 
interpretation (Ju, 2023). 

Hyppönen et al., 
2009 

Design: Population cohort with 
genotyping 
Population: 6,429 adults (1958 British 
birth cohort) 
SNP: rs10877012-linked CYP27B1 variant 
(C>A) 

The CYP27B1 variant was associated 
with circulating 25-hydroxyvitamin D 
and with serum IgE, linking CYP27B1 
genotype to vitamin D status and an 
immune biomarker (Hyppönen, 2009). 



 

 

STUDY (AUTHOR, 
YEAR) 

DESIGN · POPULATION · SNP PRIMARY OUTCOME / KEY FINDINGS 

Clendenen et al., 
2015 

Design: Nested case–control study 
within a cohort 
Population: 734 breast cancer cases; 
1,435 matched controls (Sweden) 
SNP: rs2282679 (VDBP/GC), rs10741657 
(CYP2R1), rs12785878 (DHCR7) and VDR 
tag SNPs 

Vitamin D pathway variants predicted 
25-hydroxyvitamin D, but no robust 
association with breast cancer risk was 
detected, illustrating that genotype–
status links do not translate uniformly to 
disease endpoints (Clendenen, 2015). 

Krasniqi et al., 
2021 

Design: Systematic review (77 studies) 
Population: Healthy adults 
SNP: rs2282679 (VDBP/GC), rs10741657 
(CYP2R1); VDR rs1544410, rs2228570, 
rs7975232 

Associations with vitamin D status were 
most consistently confirmed for VDBP 
(GC) and CYP2R1; VDR variants were 
reported but replicated in only a small 
proportion of studies, supporting 
cautious genotype interpretation 
(Krasniqi, 2021). 

CONCLUSION 

Adequate vitamin D3 supply is achievable through cutaneous synthesis induced by ultraviolet 
exposure and through dietary intake, but the determinants of vitamin D status cannot be reduced 
to a single exposure pathway. Cutaneous synthesis is the principal source of vitamin D3, and even a 
short period in the sun can contribute meaningfully, whereas tanning beds — emitting 
predominantly ultraviolet-A — are of little value for vitamin D supply. Dietary intake from fatty fish, 
liver, cod-liver oil, cheese, and mushrooms, and, where needed, higher-dose supplementation, 
provide additional routes. The plausibility of heterogeneous responses to these sources is supported 
by genetic epidemiology demonstrating that inherited variation contributes substantially to inter-
individual differences in circulating vitamin D measures and insufficiency risk (Wang, 2010; Duan, 
2018; Krasniqi, 2021). 

Two complementary genetic mechanisms emerge from the synthesized evidence. First, variants in 
the metabolism and transport genes CYP2R1, VDBP (GC), DHCR7, and CYP27B1 influence how much 
vitamin D is hydroxylated, transported, activated, and ultimately measured in circulation, with the 
direction of effect defined separately for the reference and minor allele at each variant (Wang, 2010; 
Duan, 2018; Yu, 2020). Second, variation in VDR influences how effectively circulating vitamin D3 is 
recognized at the receptor, such that reduced recognition may attenuate the biological effect even 
when blood concentrations appear adequate (Jia, 2013; Krasniqi, 2021). Where receptor recognition 
or metabolic handling is genetically less effective, a higher vitamin D3 supply may be required to 
achieve the intended biological response. 

Interpretation of sunlight- and diet-based strategies is further contextualized by gene–environment 
evidence: dietary vitamin D intake and seasonal context modify the magnitude of genetic effects on 
circulating vitamin D measures, so that the same exposure level may translate into different 



 

 

circulating measures across individuals (Engelman, 2013; Petersen, 2017; Lee, 2021). Because VDR 
associations in particular are less consistently replicated than those of pathway-metabolism genes, 
genotype-informed statements about vitamin D3 requirements should be made with appropriate 
caution and supported by continued study (Krasniqi, 2021). Within a broader nutritional context, 
vitamin D3 enhances calcium absorption and acts in concert with magnesium, situating it within a 
network of interacting nutrients rather than as an isolated factor. 
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