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A B S T R A C T   

Over the past few years, there has been a notable increment in scientific literature aimed at 
unraveling the genetic foundations of vitamin D signaling and its implications for susceptibility to 
autoimmunity, however, most of them address isolated diseases. Here, we conducted a systematic 
review of genetic variants related to vitamin D and autoimmune diseases and we discussed the 
current landscape of susceptibility and outcomes. Of 65 studies analyzed, most variants cited are 
in vitamin D binding protein (VDBP; rs2282679 GC gene), 25-hydroxylase (rs10751657 CYP2R1), 
1α-hydroxylase (rs10877012, CYP27B1) and the nuclear hormone receptor superfamily [FokI 
(rs2228570), BsmI (rs1544410), ApaI (rs7975232), and TaqI (rs731236) in VDR gene]. Therefore, 
our findings confirmed the associations of several genetic variants of vitamin D signaling with a 
broad spectrum of autoimmune diseases/traits. In addition, given the low number of papers found 
with functional analysis, further studies to elucidate the real effect that the variants exert on 
Vitamin D signaling are recommended.   

1. Introduction 

The indispensable Vitamin D (Vit D), is a precursor to steroid hormones and plays a crucial role in various physiological processes. 
There has been a documented rise involved to inadequate levels of this vitamin within the general population, making it a major public 
health problem [1]. Historically, Vit D has been associated with the regulation of blood calcium and phosphorus levels, as well as the 
mineralization of bone [2]. Furthermore, new evidence has demonstrated its important role in modulating the immune response [3–5]. 
Chemically, Vit D is a derivative of a steroid and the main physiologically relevant forms are vitamin D2, present in plants and 
commonly referred to as ergocalciferol (or calciferol), and vitamin D3, derived from animal tissues and denoted as cholecalciferol [6]. 
In the context of human physiology, 25-hydroxyvitamin D3 (25[OH]D3) serves as a stable indicator of Vitamin D status, and vitamin D3 
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demonstrates superior efficacy in sustaining its circulatory levels when compared to Vitamin D2 [7,8]. Interestingly, twin studies 
suggest the variability in 25(OH)D3 concentrations is highly heritable [9,10]. 

The metabolism of vitamin D3 into 25(OH)D3 (also called calcidiol) in the liver by 25-hydroxylase enzymes namely CYP2R1 and 
CYP27A1, and then hydroxylated by CYP27B1 in the kidneys to most potent derivative of Vit D: calcitriol (1,25-dihydrox-
ycholecalciferol [1,25{OH}2D3]) [11]. At the cellular level, calcitriol regulates gene expression by interacting with the Vit D receptor 
(VDR). In the nucleus, this complex binds DNA in a heterodimer with the Retinoid X receptor (RXR) to enhance transcription via a 
vitamin D responsive element (VDRE) present within the promoter region of several target genes [12], including HLA-DRB1 gene [13, 
14]. 

The interaction between calcitriol and VDR in immune cells trigger the secretion of the antibacterial peptide cathelicidin for 
bacterial lysis [4]. [15]. However, overall, Vit D has multiple immunosuppressant properties. Calcitriol, in a VDR-dependent manner, 
is capable of inhibiting the self-renewal and differentiation of human dendritic cells [16,17]. Additionally, the expression of 
pro-inflammatory cytokines, including IFNγ, TNFα, IL-12, IL-17 and IL-21 are also suppressed by calcitriol [18–22]. 

Vit D affects the balance of CD4 T lymphocytes by decreasing the differentiation of Th1 and Th17 cells and promoting the pro-
liferation of Th2 and T regulatory cells (Tregs) [23–25]. Also is necessary for the development of natural killer T (NKT) cells and 
regulate the production of IL-4 and IFN-γ by these cells [26]. Regarding the humoral immune response, Vit D can inhibit the prolif-
eration and differentiation of B cells, as well as the production of antibodies, but promotes the generation of memory B cells with class 
switching [27]. 

Despite the difficulty of interpreting the publications, some studies have demonstrated inadequate Vit D intake, environmental 
factors (for instance, inadequate sunlight exposure, smoking and others), and deficient supplementation could potentially play a role in 
the onset and advancement of autoimmune disorders and increased susceptibility to infectious diseases [28–32]. Skin type is one of the 
main individual factors that predispose individuals to vitamin D deficiency. However, it is important to highlight that genetic de-
terminants (such as genetic polymorphisms) have been increasingly studied and related to susceptibility to infection and autoimmune 
diseases [33]. Genome wide association studies (GWASs) have shown a common network of different variants for autoimmune diseases 
and the cooperative network of single-nucleotide polymorphisms (SNPs) appears to be the way to understand the complexity of these 
diseases [34]. Given the shared genetic susceptibility among autoimmune diseases , we conducted a systematic review on genetic 
variants related to Vit D signaling and autoimmune diseases or different outcomes. 

2. Methods 

2.1. Study design 

This systematic review was conducted independently by two investigators (L.M.T and L.B) in accordance with Preferred Reporting 
Items for Systematic Reviewers and Meta-analysis (PRISMA) protocol for relevant inclusions and exclusions [35]. This study was 
registered in PROSPERO (ID CRD42022369473), https://www.crd.york.ac.uk/prospero/. The focused question addressed was “If 
some genetic variants related to Vit D may be relevant in the susceptibility or different outcomes of autoimmune diseases”. To identify 
studies relevant to the focused question, we searched in PubMed, LILACS, SciELO, Cochrane and Scopus databases using the terms 
“Vitamin D″ and “Autoimmune Diseases” and “Genetic Variants”, which were standardized by the MeSH database [36]. The databases 
were searched in all available period until December 2022. 

After our first screening, we found 140 articles from PubMed, 2 articles from Cochrane, 63 Scopus, 0 from LILACS and SciELO 
(Flowchart 1). Then, a more careful evaluation was carried out following the inclusion criteria adapted according to Najjar et al.[37], 
including:1) Population: human of any gender and age, race, and geographical distribution; 2) Association genetic studies; 3) Study 
design: genetic association, cohort, cross-section, case-control, and Mendelian randomization (MR) studies, as well as clinical trials, 4) 
Larger sample size (more than 100 participants). Review articles, clinical reports, consensus statements, duplicate studies, papers that 
were not written in English, editorials, and conference papers were excluded from the analysis. Furthermore, the research was not 
carried out in Preprints databases. After eliminating duplicates, the principal investigators (L.M.T and L.B) reviewed all titles and 
abstracts. Discordant results were resolved by a third author (F.L.F.D). 

2.2. Data acquisition 

Data acquisition was carried out using a modified table template previously published by Najjar et al. [37]. For this review paper, 
the data extracted were: first author; publication year; country/region where the study was carried out; autoimmune disease type; 
study design characteristics; the number of cases and controls studied; mean age of participants; genotyping methods; genotype 
distribution; adjusted factors; and the main results. After evaluation of all articles and data extraction by the two main authors, three 
other authors (R.C.C, F.L.F.D or G.M.) made the quality assessment of eligible studies using the Critical Appraisal Skills Program tools 
(https://casp-uk.net/casp-tools-checklists/, accessed in January of 2023). 

3. Results 

Initially, 205 potential studies were identified from the search. Of these, 33 studies were excluded because they were in duplicate. 
For the remaining 96 papers, we included 5 articles due data availability. Then, after the full text assessment it was identified that 36 
papers did not meet the eligibility criteria, resulting in 65 studies analyzed. 

L.M. Trefilio et al.                                                                                                                                                                                                     

https://www.crd.york.ac.uk/prospero/
https://casp-uk.net/casp-tools-checklists/


Heliyon10(2024)e27700

3

Table 1 
Characteristics of observational studies evaluating the association between vitamin D genetic variants and Autoimmune diseases included.  

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

Multiple Sclerosis Irizar, H., 
2012 [177] 

Spain Case- 
Control 

364/513 44.14 ±
13.02/50.17 
± 13.26 

PCR-RFLP Sex, DRB1*15:01 
and ethnic origin 

VDR ApaI 
(rs7975232) 
and TaqI 
(rs731236) 

No association was 
found between 
VDR 
polymorphisms 
and MS, but a light 
tendency of ApaI 
variants and MS 
had observed in 
the Basques ethnic 
group 

Multiple Sclerosis Agnello, L., 
2017 [178] 

Italy Cohort 
Study 

100/92 39,6 ± 10.3/ 
45,2 ± 9.6 

PCR-RFLP No GC and 
CYP27B1 

GC (rs7041 and 
rs4588) and 
CYP27B1 
(rs118204009, 
rs118204011 
and 
rs118204012) 

There was no 
difference in the 
distribution of GC 
and CYP27B1 
genetic variants 
between the case 
and control 
groups. 

Multiple Sclerosis Karaky, M., 
2016 [38] 

Italy and 
Northern 
and 
Western 
European 
Ancestry in 
Utah 

Cohort 
Study 

109 NA TaqMan 
Genotyping 
Assay 

No METTL1 rs10877013 Monocytes and B 
cells (LCLs) 
isolated from 
patients that 
carried the T allele 
(rs10877013) 
were able to 
increase the 
expression of 
CYP27B1 and VDR 
after stimulation. 

Multiple Sclerosis Cox, MB., 
2012 [39] 

UK and 
Australia 

Case- 
Control 
and trio 
family 
dataset 

727/604 
1153 trio family 
dataset 

NA TaqMan 
Genotyping 
Assay 

No VDR FokI 
(rs2228570) 
and TaqI 
(rs731236) 

The C allele of 
rs731236 have a 
higher frequency 
in MS in the 
combined 
case–control and 
trio family dataset. 
The FokI variant 
was associated 
with multiple 
sclerosis only 
when combined 
with the presence 
of the DRB1*1501 
tagging. 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

Multiple Sclerosis Scazzone, C., 
2018 [181] 

Italy Case- 
Control 

105/130 39 ± 10/44 
± 9.9 

TaqMan 
Genotyping 
Assay 

Sex NADSYN1 
and 
CYP2R1 

NADSYN 
(rs3829251, 
rs7944926 and 
rs12785878) 
and CYP2R1 
(rs10741657 
and 
rs10766197) 

The minor allele A 
of rs10766197 was 
substantially 
higher in cases 
than in controls. 
’AA’ homozygotes 
tended to have 
lower 25-OH- 
vitamin d levels 
than ‘GG’ 
homozygotes or 
heterozygotes. AA 
was most present 
in men with MS 
and related with 
disease 
progression. None 
NADSYN 
polymorphisms 
were associated 
with MS. 

Multiple Sclerosis Lin, R., 2014 
[40] 

Australia Cohort 
study 

169 47,8 Illumina 
Infinium 
Hap370CNV 
array 

Sex WT1 rs10767935 
and rs5030244 

The SNPs 
rs10767935 and 
rs5030244 in WT1 
modified the 
effects of IFN-β on 
25 (OH)D levels 
and MS relapse. 
Individuals with at 
least one minor 
allele of 
rs10767935 and 
using IFN-β had 
higher levels of 
vitamin D. At 
rs5030244, 
carriers of the 
homozygous major 
allele (TT) who 
used IFN-β had 
higher 25(OH)D. 
In the dominant 
homozygotes of 
rs10767935 or 
with at least one 
copy of the 
recessive 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

rs5030244, there 
was no interaction 
between IFN-β and 
25(OH)D 

Multiple Sclerosis Al-Temaimi, 
RA., 2015183 
[41] 

Kuwait Case- 
Control 

50/50 33.44 ± 9.63/ 
28.68 ± 7.98 

TaqMan 
Genotyping 
Assay 

No VDR FokI 
(rs2228570), 
BsmI 
(rs1544410), 
ApaI 
(rs7975232) 
and TaqI 
(rs731236) 

The G allele of the 
TaqI genotype was 
related to the risk 
of MS, but TaqI did 
not influence 
vitamin D levels 
The BsmI C allele 
associating with 
MS risk, while the 
ApaI and FokI 
genotypes did not 
show any 
association. 

Multiple Sclerosis García-Martín, 
E, 2013 [184] 

Spain Case- 
Control 

303/310 43.9 ± 11.4/ 
43.4 ± 11.7 

TaqMan 
Genotyping 
Assay 

Age at onset and 
gender 

VDR FokI 
(rs2228570) 
and TaqI 
(rs731236) 

The frequencies of 
FokI and TaqI in 
patients and 
controls did not 
show differences, 
nor were they 
influenced by sex. 
Was not observed 
interaction 
between HLA 
DRB1*1501 with 
SNPs in VDR gene. 

Multiple Sclerosis Čierny, D., 
2016 [42] 

Slovak 
Republic 

Case- 
Control 

270/303 NA PCR-RFLP Sex and age VDR ApaI 
(rs7975232), 
BsmI 
(rs1544410) 
and TaqI 
(rs731236) 

ApaI and TaqI 
polymorphisms 
were not 
associated neither 
with MS 
development nor 
with the disease 
progression. 
In this population, 
the BsmI BB (AA) 
genotype is linked 
to decreased 
susceptibility to 
MS. 

Multiple Sclerosis Ramagopalan, 
SV., 2011[43] 

United 
Kingdom 

Case- 
Control 

3564/1873 NA TaqMan 
Genotyping 
Assay 

Ethnicity CYP27B1 rs118204009 First, one affected 
individual from 43 
families were 
sequenced. 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

In whole exome 
sequencing was 
found a rare 
variant in the 
CYP27B1 gene. 
For validation, 
genotyping 
analysis was 
performed in case 
and controls. The 
rs118204009 SNP 
was not found in 
healthy controls. 

Multiple Sclerosis Dickinson, JL., 
2009 [187] 

Australia Case- 
Control 

136/235 43,5/43,6 PCR-RFLP Sun exposure VDR TaqI 
(rs731236), 
FokI 
(rs10735810) 
and Cdx-2 
(rs11574010). 

None significant 
association 
between the alleles 
frequencies for 
evaluated 
polymorphisms 
and cases of MS 
was found. 
Already the Cdx-2 
showed an 
increase risk of MS 
among ’GG’ 
homozygotes 
compared to ’AA’ 
for those cases 
reporting low 
winter sun 
exposure during 
childhood. 

Multiple Sclerosis Barizzone, N., 
2013 [188] 

Italy and 
Belgium 

Familial 
study 
and Case- 
Control 

134 families and 
2608/1987 

NA Sanger 
sequencing and 
TaqMan 
Genotyping 
Assay 

Sex and age CYP27B1 rs118204009 No evidence was 
found that 
CYP27B1 variants 
are functional for 
Multiple Sclerosis. 

Multiple Sclerosis Dwyer, T., 
2008 [189] 

Australia Case- 
Control 

136/272 43.5 (9.3)/ 
43.6 (9.2) 

Sequenom 
Autoflex Mass 
spectrometer 

No MC1R Arg151Cys 
(rs1805007), 
Arg160Trp 
(rs1805008) 
and Asp294His 
(rs1805009) 

Only Arg160Trp 
was associated 
with increased risk 
of MS. The 
association 
between MC1R 
and MS was 
increase among 
those with greater 
sun exposure. 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

HLA-DR15 effect 
did not alter the 
frequency of the 
other SNPs 
studied. 

Multiple Sclerosis Tajouri, L., 
2005 [44] 

Australia Case- 
Control 

104/104 NA PCR-RFLP Age, sex and 
ethnicity 

VDR FokI 
(rs10735810), 
TaqI 
(rs731236) and 
ApaI 
(rs7975232) 

The TaqI variant 
was significantly 
different between 
the case group and 
the control group, 
and the allelic 
association was 
more significant 
than the genotypic 
one. The study 
demonstrates that 
the rarer ’t’ allele 
is predominant in 
MS patients when 
compared to the 
control group and, 
in addition, it is 
suggested that 
carriers of the ’t’ 
allele are at least 2- 
fold more likely to 
have MS. A 
significant 
difference was also 
observed for the 
allelic distribution 
of ApaI, although 
the genotype 
distribution was 
not different. The 
Fokl variant 
showed no 
association. 

Multiple Sclerosis and 
Neuromyelitis optica 

Zhuang, JC., 
2015 [191] 

China Case- 
Control 

149 (MS) and 
110 (NMO)/294 
healthy controls 

NA MassARRAY 
system and 
Sanger 
sequencing 

No CYP27B1 
and 
CYP24A1 

CYP27B1 
(rs12368653, 
rs10876994, 
rs118204009 
and rs703842) 
and CYP24A1 
(rs2248359) 

The variant p. 
R389H 
(rs118204009) 
had not been 
found. AC 
genotype of 
rs10876994 was 
much lower in 
NMO patients than 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

the controls 
(32.7% and 
46.9%), which 
indicate a possible 
protective role of 
A/C. In addition, 
the frequency of 
A/G alleles in 
rs703842 
polymorphism is 
unequal in MS 
cases and control, 
in particular the A 
allele has been 
elevated in 
patients of MS, but 
this genotype and 
rs10876994 had 
statistical 
difference in NMO 
cases and controls. 
With regard about 
rs12368653, 
identified 
differences 
between MS cases 
and control, and 
cases of MS and 
NMO. None 
statistical 
significance in 
allele or genotype 
frequency of 
rs2248359 
between any 
group. 

Multiple Sclerosis Ostkamp, P 
2021 [45] 

Germany Cohort 
Study 

883 32.43 
(26.76–41.15) 

Illumina 
OmniExpress 
chip 

Age, sex, BMI, 
smoking, alcohol 
consumption, 
clinical subtype, 
neurological site of 
first manifestation, 
month of assessment, 
and center 

MC1R rs1805008, 
rs2228479 and 
rs885479 

In carriers of 
MC1R:rs1805008 
(T), who reported 
increased 
sensitivity toward 
sunlight, lower 
latitude was 
associated with 
higher MRI 
activity, whereas 
for noncarriers 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

there was less MRI 
activity at lower 
latitudes. 

Multiple Sclerosis Scazzone C, 
2019 [193] 

Italy Case- 
Control 

107/133 39,8 ± 9.9/44 
± 9.9 

TaqMan 
Genotyping 
Assay 

No Klotho rs1207568 and 
rs9536314 

Allelic and 
genotypic 
frequencies did not 
differ between and 
multiple Sclerosis 
patients and 
controls, and any 
effect on disease 
course. 

Multiple Sclerosis Scazzone C, 
2021 [194] 

Italy Case- 
Control 

106/113 39/40 TaqMan 
Genotyping 
Assay 

Sex FOXP3 and 
GATA3 

FOXP3 
(rs3761547 
and 
rs3761548) 
and GATA3 
(rs3824662) 

The findings did 
not show any 
association among 
FOXP3 and GATA3 
SNPs, vitamin D3, 
and MS 
susceptibility. 

Sistemic Lupus 
Erythematosus 

Mostowska A, 
2013 [46] 

Poland Case- 
Control 

258/545 40/39 PCR–RFLP No VDR FokI 
(rs2228570), 
BsmI 
(rs1544410), 
ApaI 
(rs7975232) 
and TaqI 
(rs731236) 

The study did not 
observe significant 
differences for 
either the VDR 
FokI, BsmI, ApaI 
and TaqI genotype 
and allele 
frequencies in 
patients with SLE 
and healthy 
individuals. 
However, the 
studied VDR FokI 
variant might 
increase the risk of 
some clinical 
presentations in 
patients with SLE. 

Sistemic Lupus 
Erythematosus 

Meza-Meza 
MR, 2022[47] 

Mexico Cross- 
sectional 
study 

194/196 38/NA TaqMan 
Genotyping 
Assay 

No VDR FokI 
(rs2228570), 
BsmI 
(rs1544410), 
ApaI 
(rs7975232), 
and TaqI 
(rs731236) 

The study did not 
observe significant 
differences in the 
genotypic 
frequencies of the 
VDR variants 
between SLE 
patients vs. 
Control subjects. 
However, SLE 

(continued on next page) 

L.M
. Trefilio et al.                                                                                                                                                                                                     



Heliyon10(2024)e27700

10

Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

patient carriers of 
the TT FokI 
genotype showed 
higher clinical 
disease activity 
scores 

Systematic Lupus 
Erythematosus 

Azab SF, 2016 
[197] 

Egypt Case- 
Control 

100/100 11,5/ PCR-RFLP Age, sex and 
ethnicity 

VDR BsmI 
(rs1544410) 

Patients who carry 
the ‘BB’ genotype 
are more 
susceptible to SLE 
and have high risk 
to development 
nephropathy. 

Systemic Lupus 
Erythematosus 

Mahto H, 2018 
[48] 

India Case- 
Control 

331/2822 27,4/29,56 PCR-RFLP No VDR FokI 
(rs2228570), 
TaqI 
(rs731236), 
BsmI 
(rs1544410) 
and ApaI 
(rs7975232) 

Prevalence of FokI 
(Ff) and TaqI (Tt) 
heterozygotes 
were significantly 
higher in SLE 
patients compared 
to healthy 
controls. 
Furthermore, the 
minor alleles of 
FokI (f) and TaqI 
(t) polymorphisms 
were also more 
frequent in SLE 
patients than 
healthy controls. 

Systemic Lupus 
Erythematosus 

Monticielo 
AO, 2012 
[[49] 

Brazil Case- 
Control 

195/201 NA PCR-RFLP Phototype, ethnicity, 
age, gender, smoking 
status, BMI, 
hydroxychloroquine 
use, current 
corticosteroids use 
and vitamin D 
supplementation 

VDR BsmI 
(rs1544410) 
and FokI 
(rs222857) 

There was no 
statistically 
significant 
difference in 
genotype and 
allelic frequencies 
of BsmI and FokI 
polymorphisms 
between 
European-derived 
cases and controls. 
According to 
genotype 
distribution, 25 
(OH)D 
concentrations 
were significantly 
higher in patients 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

carrying the FokI 
f/f genotype 
compared with 
patients carrying 
the F/F genotype 
reinforcing its role 
in the functional 
activity of VDR. 

Systemic Lupus 
Erythematosus 

Ozaki, Y., 
2000[50] 

Japan Case- 
Control 

58/87 NA PCR-RFLP Ethnicity VDR BsmI 
(rs1544410) 

The ’B’ allele was 
more frequent in 
the group of 
patients with SLE. 
Furthermore, the 
’bb’ genotype was 
associated with 
progression of the 
nephrotic 
syndrome in SLE 
patients. 

Systemic Lupus 
Erythematosus 

Silva, J.A., 
2022 [51] 

Brazil Case- 
Control 

128/138 37.1/33.5 TaqMan 
Genotyping 
Assay 

Sex, age, ethnic 
group and same 
geographical area of 
the patients 

VDR TagSNPs 
(rs11168268, 
rs2248098, 
rs1540339, 
rs4760648 and 
rs3890733), 
FokI 
(rs2228570) 
and Cdx-2 
(rs11568820) 

The G allele of 
rs11168268 (A >
G) and the G/G 
genotype were 
associated with 
increased 
susceptibility to 
SLE. However, the 
G allele of 
rs2248098 (A > G) 
and the A/G and 
G/G genotypes 
were associated 
with lower 
susceptibility to 
SLE. SNPs 
rs11168268 and 
rs2248098 were 
associated with the 
development of 
SLE. 

Type 1 Diabetes Ramos-Lopez, 
E., 2007[52] 

Germany Case- 
Control 

284/294 NA PCR-RFLP No CYP2R1 rs12369784, 
rs12794714, 
rs11023376, 
rs1257735 and 
rs10741657 

rs12794714 is not 
associated with 
type 1 diabetes, 
but the ’G’ variant 
of rs10741657 has 
a strong 
association and is 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
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identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

most transmissible 
from parents to 
affected children. 
Patients with this 
polymorphism 
have a titer of less 
than 25(OH)D3. 
The G allele is 
often associated 
with susceptibility 
to type 1 diabetes, 
on the other hand 
the ’A’ allele may 
be protective. 

Type 1 diabetes Panierakis, C., 
2009[53] 

Greece Case- 
Control 

100/96 NA PCR-RFLP No VDR FokI 
(rs2228570), 
BsmI 
(rs1544410), 
ApaI 
(rs7975232), 
and TaqI 
(rs731236) 

FokI, BsmI, ApaI 
and TaqI 
polymorphisms 
are associated with 
type 1 diabetes, 
differing strongly 
between the case 
group and the 
control group. 
Cases were less 
commonly Fokl F 
and Bsml B alleles, 
and more 
commonly Apal A 
and Taql T alleles. 

Type 1 Diabetes Fichna, M, 
2010 [54] 

Poland Case- 
Control 

215/236 NA PCR–RFLP No PTPN22, 
PDCD1 and 
CYP27B1 

PTPN22 
(rs2476601 
and 
rs2488457), 
PDCD1 
(rs11568821) 
and CYP27B1 
(rs10877012) 

Just PTPN22 
T1858 allele was 
significantly more 
frequent in T1DM 
compared to the 
control group. 

Type 1 Diabetes Nejentsev, S, 
2004 [205] 

United 
Kingdom 
and USA 

Case- 
control 
and 
Cohort 
study 

1587/1827 and 
458 U K. families 
and 307 U S. 
families 

NA Invader (Third 
Wave 
Technologies, 
Madison, WI), 
TaqMan 
Genotyping 
Assay or Illumina 
Array 

No VDR 98 VDR SNPs In general, in the 
study of families 
four SNPs, 
rs4303288, 
rs11168275, 
rs12721366, and 
rs2544043, 
showed evidence 
of association 
with type 1 
diabetes. 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

Nonetheless, no 
strong evidence 
was found 
between VDR and 
type 1 diabetes 
after validation of 
the findings in the 
case-control study. 

Type 1 Diabetes Bailey, R., 
2007 [206] 

United 
Kingdom 

Case- 
Control 
and 
Cohort 
study 

7854/8758 
+2774 families 

NA TaqMan 
Genotyping 
Assay and Sanger 
sequencing 

No CYP27B1 
and 
CYP24A1 

CYP27B1 
(rs10877012, 
rs4646536 and 
rs8176345) 
and 70 SNPs of 
CYP24A1 

It was evidenced 
that the common C 
allele of 
rs10877012 is 
associated with 
T1D in the case 
group and in the 
evaluated families. 
The major T allele 
of the rs4646536 
SNP was also 
related to the 
disease, unlike 
previous studies 
that failed to find 
such a 
relationship. 
CYP24A1 was not 
associated with 
disease during 
testing and did not 
show any evidence 
of risk. 

Type 1 Diabetes Miettinen, 
ME., 2015 
[55] 

Finland Case- 
Control 

474/348 NA TaqMan 
Genotyping 
Assay 

Month of sample 
collection 

VDR; GC; 
CYP2R1; 
CYP27B1; 
CYP24A1; 
CYP27A1; 
CUBIN and 
NADSYN1/ 
DHCR7 

VDR 
(rs731236, 
rs1544410, 
rs7975232, 
rs2228570, 
rs4516035 and 
rs10783219); 
GC (rs4588, 
rs7041, 
rs12512631, 
rs2282679, 
rs3755967, 
rs17467825 
and 
rs2298850); 
CYP2R1 
(rs10741657, 

Just VDR 
rs1544410, 
rs731236, 
rs4516035, 
rs1544410 and 
rs731236 had 
different genotype 
distributions 
between the case 
and control 
mothers and may 
influence the in 
utero environment 
and thus 
contribute to the 
early 
programming of 
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Table 1 (continued ) 
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Design 
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Methodology of 
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identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

rs2060793, 
rs1993116, 
rs7116978, 
rs12794714 
and 
rs10500804); 
CYP27B1 
(rs108770112 
and 
rs4646536); 
CYP24A1 
(rs6013897); 
CYP27A1 
(rs17470271); 
CUBN 
(rs3740165); 
and NADSYN1/ 
DHCR7 
(rs12785878, 
rs3829251, 
rs7944926, 
rs12800438, 
rs3794060, 
rs4945008 and 
rs4944957) 

type 1 diabetes in 
the fetus. 

Type 1 Diabetes Boraska, V., 
2007 [208] 

Croatia Cohort 
Study 

Case–parent trio 
samples: 132 
parent–offspring 
trios, 20 
parent–offspring 
duos, seven 
families with two 
affected children 
and one family 
with three 
affected children 

NA PCR-RFLP No VDR FokI 
(rs10735810), 
TaqI 
(rs731236), 
BsmI 
(rs1544410) 
and Tru9I 
(rs757343) 

An association was 
found between 
Tru9I, in the Tru9I- 
BsmI haplotype 
and T1D in the 
population 
evaluated, from 
southern Croatia. 
In addition, there 
is a 
supertransmission 
of the major G 
allele of Tru9I 
between parents 
and offspring. 

Type 1 Diabetes Ongagna, JC., 
2005 [209] 

France Case- 
Control 

110/68 and 115 
first-degree 
relatives 

Patients 25.1 
years (range 
= 2–52 years) 
and control 
group 
matched for 
age; 
First-degree 

PCR-RFLP No GC Asp416Glu 
(rs7041) 

The frequencies of 
the Asp/Glu and 
Glu/Glu were 
significantly 
increased in 
diabetic subjects 
with detectable IA- 
2 antibodies 
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identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
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relatives, 23 
were siblings 
(age 20 ± 14 
years), 36 
were children 
(age 19 ± 12 
years), and 56 
were parents 
(age 37 ± 8 
years). 

Type 1 Diabetes Ramos-Lopez, 
E., 2004 [210] 

Germany Cohort 
Study 

187 families (561 
subjects) with at 
least one affected 
offspring with 
T1D 

NA SSCP Analysis 
and PCR-RFLP 

No CYP27B1 rs10877012 
and rs4646536 

The haplotype CT 
(rs10877012/ 
rs4646536) was 
significantly more 
often transmitted 
to affected 
offspring, while 
the AT 
(rs10877012/ 
rs4646536) 
showed a reduced 
transmission and 
might therefore be 
a protective factor 
in type 1 diabetes 
mellitus. 

Type 1 diabetes Van der Slik, 
AR., 2007 [56] 

Netherlands Case- 
Control 

277/286 NA PCR-SSP Age RXRB rs1547387 The genotype and 
allelic frequencies 
of RXRB 
(rs1547387) 
showed no 
statistical 
difference between 
the group of 
patients and the 
group of controls. 
However, 
segregation with 
different HLA class 
II haplotypes may 
influence 
susceptibility to 
T1D 

Type 1 Diabetes Ferraz, R.S., 
2022 [57] 

Brazil Case- 
Control 

65/83 27.28 ± 10.3/ 
38.49 ± 13.55 

Sanger 
Sequencing 

Sex, age and ancestry VDR ApaI 
(rs7975232); 
BsmI 
(rs1544410); 
TaqI 

No association was 
found between the 
variants and the 
risk of type 1 
diabetes in this 
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identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
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(rs731236); 
FokI 
(rs2228570) 

population. T1DM 
patients who had 
the AA genotype of 
the rs1544410 
variant or the CC 
genotype of 
rs731236 had 
lower serum levels 
of 25(OH)D 
compared to the 
other two 
genotypes. In 
patients, the TT 
genotype of the 
rs2228570 variant 
showed higher 
levels of 25(OH)D 
compared to CC +
TC in the same 
polymorphism. 

Type 1 Diabetes Almeida, J 
2020 [213] 

Portugal Case- 
Control 

350/490 29 ± 11.1/ 
32,2 ± 11.2 

PCR-RFLP and 
TaqMan 
Genotyping 
Assay 

Sex and age DHCR7, 
GC, 
CYP2R1 
and 
CYP24A1 

DHCR7 
(rs12785878), 
GC 
(rs2282679), 
CYP2R1 
(rs2060793) 
and CYP24A1 
(rs6013897) 

The frequency of 
each SNP alone 
was not 
significantly 
different between 
patients and 
controls. However, 
was observed a 
cumulative effect 
of minor alleles of 
SNPs at the 
DHCR7, GC, 
CYP2R1 and 
CYP24A1 loci on 
the susceptibility 
to type 1 diabetes. 

Type 1 Diabetes Thorsen SU, 
2014 [58] 

Denmark Cohort 
Study 

1467 trios NA TaqMan 
Genotyping 
Assay 

No VDR, 
CYP27B1, 
CYP24A1, 
CYP2R1, 
DHCR7 
and GC 

Bsm1 
(rs1544410), 
Fok1 
(rs2228570), 
Apa1 
(rs7975232), 
CYP27B1 
(rs4646536), 
GC 
(rs2282679), 
CYP2R1 
(rs10741657), 

The hypothesis 
that a different 
distribution of 
SNPs from vitamin 
D metabolism 
genes is associated 
with T1D was not 
confirmed by 
study. Though an 
association 
between genetic 
variation in the GC 
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Variants 

Relevant Key 
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DHCR7 
(rs12785878), 
and CYP24A1 
(rs6013897) 

locus and 25(OH) 
D levels was 
confirmed. 

Type 1 Diabetes Tapia G, 2019 
[59] 

Norway Case- 
Control 

189/576 12,7/11,7 Custom Golden 
Gate Assay 

Child’s HLA 
genotype, sex, 
cesarean delivery, 
maternal ethnicity, 
prepregnancy BMI, 
smoking in 
pregnancy, and age 
at delivery 

VDR, 
CYP2R1, 
CYP24A1, 
CYP27B1, 
GC and 
DHCR7 

GC 
(rs2282679), 
DHCR7 
(rs12785878, 
CYP2R1 
(rs10741657), 
CYP24A1 
(rs6013897), 
CYP27B1 
(rsrs703842), 
and VDR 
(rs1544410 
and 
rs11568820) 

Higher maternal 
DBP level at 
delivery may 
decrease offspring 
T1D risk. 
Increased 25(OH) 
D levels at birth 
may decrease T1D 
risk, depending on 
VDR genotype. 

Type 1 diabetes Rasoul MA, 
2019 [60] 

Kuwait Case- 
Control 

253/214 8,5/8,9 PCR-RFLP No VDR FokI, 
(rs10735810), 
BsmI, 
(rs1544410), 
TaqI, 
(rs731236) and 
ApaI 
(rs7975232) 

The findings 
reported in this 
study show that 
the VDR gene FokI 
and TaqI 
polymorphisms 
are associated with 
susceptibility to 
T1DM in Kuwaiti 
Arabs. The VDR 
polymorphisms 
ApaI and BsmI did 
not show a positive 
association with 
T1DM 

Diabetes Mellitus Vedralová, M., 
2012 [61] 

Czech 
Republic 

Case- 
Control 

54 DM1 without 
nephropathy, 
116 DM2 
without 
nephropathy, 
132 diabetic 
patients 
nephropathy, 47 
diabetic patients 
with nondiabetic 
renal disease/ 
118 

NA PCR-RFLP No VDR TaqI 
(rs731236), 
BsmI 
(rs1544410), 
ApaI 
(rs7975232) 
and FokI 
(rs2228570) 

The BsmI, ApaI and 
TaqI 
polymorphisms 
had no difference 
in frequency of 
expression. The F 
allele of the FokI 
polymorphism 
presented a higher 
risk of diabetic 
nephropathy and 
the distribution of 
alleles of this 
polymorphism was 
significant, since F 
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Variants 

Relevant Key 
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was more present 
in patients with 
nephropathy than 
f. Analyzing the 
combination of 
VDR 
polymorphisms, it 
was found that 
BBFFAATt was the 
most common 
allelic 
combination in 
individuals with 
diabetic 
nephropathy and 
absent in control 
individuals, and 
BbFFAaTt was 
more frequent in 
individuals with 
T2D. 

Diabetes Autoimmune study 
in the Young 

Frederiksen, 
B., 2013 [218] 

United 
States of 
America 

Case- 
Control 

111/1570 NA Illumina 48-plex 
(VeraCode), 
PCR-based linear 
array genotyping 
Assay and 
TaqMan 
Genotyping 
Assay 

Age, risk of Islet 
Autoimmunity and 
progression to type 1 
diabetes, self- 
reported ethnicity, 
first positive 
autoantibody 

VDR and 
PTPN2 

BsmI 
(rs1544410), 
FokI 
(rs2228570), 
Cdx2 
(rs11568820) 
and PTPN2 
(rs1893217 
and rs478582) 

There was no 
relationship 
between the 
development of 
islet autoimmunity 
(IA) and any 
variant evaluated. 
The progression to 
the development 
of type 1 diabetes 
in children with IA 
was related to 
rs2228570 GG. 
The rs1544410 
(VDR) ’AA/AG’ 
and rs1893217 
(PTPN2) ’AA’ 
decreasing the risk 
of T1D. The 
interaction 
rs1893217 
(PTPN2) ’GG/GA’ 
with the 
rs1544410 (VDR) 
variant ’AA/AG’ 
was not associated 
with T1D 
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Relevant Key 
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Diabetic nephropathy Martin, R., 
2010 [219] 

United 
Kingdom 

Case- 
Control 

655 
nephropaths/ 
674 non- 
nephropaths 

NA Pyrosequencing, 
TaqMan 
Genotyping 
Assay, Sequenom 
or direct 
sequencing 
technologies 

Population 
stratification 

VDR, 
CYP27B1 
and 
CYP2R1 

VDR: 
rs4303288, 
rs11168275, 
rs12721366, 
rs2544043, 
FokI 
(rs10735810), 
BsmI 
(rs1544410), 
ApaI 
(rs7975232) 
and TaqI 
(rs731236); 
CYP27B1 
(rs4646536), 
and CYP2R1 
(rs10741657). 

The rare AGT 
haplotype (BsmI/ 
ApaI/TaqI) 
demonstrated 
protection against 
nephropaty (3.1% 
cases versus 5.8% 
controls). 

Diabetic Retinopathy Taverna, MJ., 
2002[62] 

France Case- 
Control 

101/99 NA PCR-RFLP Age, sex, diabetes 
duration and clinical 
data 

VDR TaqI 
(rs731236) 

The wild-type TT’ 
genotype was less 
present in the case 
group, therefore it 
represents a low 
risk of developing 
severe 
retinopathy. The 
‘tt’ frequency 
showed no 
differences. The 
‘Tt’ frequency, is 
associated with the 
risk of severe 
retinopathy in 
patients with 
glycated 
hemoglobin 
>9.0%. The TT 
genotype was 
lower frequent in 
patients with more 
than 25 years of 
disease. 

Addison’s disease Pani, MA., 
2002[63] 

Germany Case- 
Control 

95/220 NA PCR-RFLP No VDR FokI 
(rs10735810), 
BsmI 
(rs1544410), 
TaqI 
(rs731236) and 

Significant 
differences were 
observed for ff, tt 
and bb genotype 
between patients 
and controls, but 
no significant 
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ApaI 
(rs7975232) 

differences were 
observed for the 
ApaI 
polymorphism. 

Addison’s disease Fichna, M., 
2009 [222] 

Poland Case- 
Control 

101/251 35,8/59,4 PCR-RFLP No CYP27B1 rs10877012 There was a 
prevalence of the C 
(rs10877012) 
allele in patients 
with AAD than in 
the control group, 
as well as the 
frequency of the 
’CC’ genotype, 
tending to be 2- 
fold as likely to 
develop AAD than 
other genotypes. 

Alopecia Areata Ates, O., 2017 
[223] 

Turkey Case- 
Control 

198/167 32.62 ±
9.621/31.56 
± 11.319 

PCR-RFLP No VDR BsmI 
(rs1544410); 
ApaI 
(rs7975232) 
and TaqI 
(rs731236) 

No association was 
found between the 
genetic variants 
studied and the 
genetics of 
Alopecia Areata 

Autoimmune Connective 
Tissue: systemic lupus 
erythematosus, primary 
Sjogren’s syndrome, 
and with rheumatoid 
arthritis 

Latini A, 2021 
[64] 

Italy Case- 
Control 

SLE 308, pSS 
195, RA 92/246 

NA TaqMan 
Genotyping 
Assay 

No VDR rs2228570, 
rs7975232 and 
rs731236 

For rs7975232 
SNP, it was 
observed a 
significant 
association of the 
variant 
homozygous 
genotype with 
SLE, pSS, and RA 
susceptibility. 
Moreover, it 
reported 
associations of this 
genotype with 
clinical 
phenotypes of SLE 
and pSS. Lastly, 
the GG genotype of 
rs731236 was 
associated with a 
lower RA 
susceptibility 

Axial  
Spondyloarthritis 

Bugaj B, 2022 
[65] 

Poland Case- 
Control 

106/122 42,7 (±12.9)/ 
NA 

PCR-RFLP No VDR FokI 
(rs2228570), 

No associations 
were identified 
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BsmI 
(rs1544410), 
ApaI 
(rs7975232) 
and TaqI 
(rs731236) 

between any of the 
studied 
polymorphisms 
and disease 
susceptibility. 
The study found 
higher prevalence 
for the rs731236 
CT genotype 
among female 
patients compared 
to males. 

Celiac disease Marild, K., 
2017 [66] 

Norway Case- 
Control 

416/570 NA Custom 
GoldenGate 
Assay 

No 66 tagSNPs CYP2R1 
(rs10741657), 
CYP24A1 
(rs6013897), 
GC 
(rs2282679), 
and DHCR7 
(rs12785878) 

Maternal and child 
vitamin D genetic 
variants did not 
predict the risk of 
celiac disease in 
the offspring. In 
addition, no 
association was 
found in the 
genetic variants 
studied and later 
celiac disease 

Celiac disease and Type 1 
Diabetes 

San-Pedro, JI., 
2005 [67] 

Spain Case- 
Control 

39/88 and 71/88 NA PCR-RFLP No VDR FokI 
(rs2228570), 
BsmI 
(rs1544410), 
ApaI 
(rs7975232) 
and TaqI 
(rs731236) 

The VDR ‘ff’ 
genotype was 
associated with 
celiac disease. In 
diabetes there was 
no such 
association, but 
the ‘fABt’ 
haplotype was 
reported. The 
polymorphisms 
studied are 
markers of 
predisposition or 
protection to 
autoimmunity. 

Graves’ Disease Ramos-Lopes, 
E., 2005 [228] 

Germany, 
Polish and 
Serbian 

Case- 
Control 

789/823 NA PCR-RFLP Number of different 
alleles or haplotypes 
tested 

VDR ApaI 
(rs7975232), 
TaqI 
(rs731236), 
BsmI 
(rs1544410) 

The ApaI and TaqI 
SNPs had no 
distribution 
difference. The 
BsmI 
polymorphism was 
associated with 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

and FokI 
(rs2228570) 

Graves’ disease in 
the Polish 
population, 
associated with the 
greater presence of 
’bb’ in the case 
groups of this 
ethnicity. The FokI 
variant f was 
associated in both 
German and Polish 
patients. In 
general, these 
polymorphisms 
were not 
associated with 
Serbs. 

Graves’ Disease and 
Hashimoto’s 
Thyroiditis 

Pani, MA., 
2002[68] 

Germany 
and Italy 

Cohort 
Study 

561 individuals 
(187 families – 
95 of GD and 92 
of HT) 

NA PCR, PCR-RFLP 
and nested PCR 

No GC GC intron 8 
(TAAA)N 
repeat (alleles 
6 (187 bp), 8 
(195 bp), 10 
(203 bp), 11 
(207 bp), 
D416E 
(rs7041) and 
T420K 
(rs4588) 

GC intron 8 
(TAAA)N repeat 
polymorphism was 
associated with 
Graves’ disease 
but not with 
Hashimoto’s 
thyroiditis. In both 
conditions, no 
significant 
association was 
observed neither 
GC D416E nor DBP 
T420K. 
Furthermore, no 
significant 
interaction 
between GC 
genotypes and 
HLA-DQ2 
haplotype was 
observed 

Hashimoto’s thyroiditis Djurovic, J., 
2015 [69] 

Serbia Case- 
Control 

44/32 NA PCR-RFLP Age, sex and 
geographically 

VDR FokI 
(rs2228570), 
ApaI 
(rs7975232) 
and TaqI 
(rs731236) 

The analysis 
indicates a 
significant 
difference in the 
genotype 
distribution of the 
FokI 
polymorphism 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

between patients 
and the control 
group, suggesting 
that Serbian 
women with ’FF’ 
are at greater risk 
of developing the 
disease. Regarding 
the ApaI and TaqI 
polymorphisms, 
there was a higher 
frequency of the 
variant allele, but 
there was no 
significant 
difference between 
the case and 
control groups. 

Hashimoto’s thyroiditis Hanna H, 2021 
[70] 

Egypt Case- 
Control 

112 patients with 
Hashimoto’s 
thyroiditis and 
48 hypothyroid 
non-HT subjects 

40/45 TaqMan SNP 
Genotyping 
Assay 

No VDR FokI 
(rs2228570) 
and BsmI 
(rs1544410) 

FokI AA genotype 
is more frequent in 
HT patients 
compared to 
hypothyroid non- 
HT subjects. 
Patients with FokI 
AA genotype have 
statistically higher 
levels of 25− OH- 
vitamin D3. 

Immune Thrombocytopenic 
Purpura 

Yesil S, 2017 
[71] 

Turkey Case- 
Control 

44/100 NA ABI PRISM 
SNAPshot® 
Multiplex mini- 
sequencing 

No VDR Cdx-2 
(rs11568820), 
FokI 
(rs2228570), 
BsmI 
(rs1544410), 
ApaI 
(rs11168271), 
and TaqI 
(rs731236) 

The homozygote 
GG genotype of 
Cdx-2 was more 
frequent in 
patients and the A 
allele of was 
associated with a 
decreased risk of 
disease in 
children. 

Inflammatory Bowel disease Eloranta, JJ., 
2011 [233] 

Switzerland Case- 
Control 

636/248 42.5 ± 5.1/ 
44.2 ± 17.0 

TaqMan 
Genotyping 
Assay 

Sex and age GC D416E 
(rs7041) and 
T420K 
(rs4588) 

The GC 416 Glu 
variant had no 
significant 
association with 
IBD, however it 
showed a tendency 
for this variant to 
be more common 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

in the case group 
than in controls, 
indicating 
pathogenesis in its 
presence. The 420 
Lys variant was 
more common in 
controls, it can be 
considered that it 
has a protective 
role 

Juvenile idiopathic arthritis Marini F, 2020 
[72] 

Italy Cohort 
Study 

103 20.21 ± 7.11 Sanger 
sequencing 

No VDR ApaI 
(rs797532), 
BsmI 
(rs1544410) 
TaqI 
(rs731236) 
Cdx2 
(rs11568820), 
FokI 
(rs2228570) 

Vitamin D status 
resulted to be 
independent of 
VDR genotypes. 
ApaI genotypes 
showed a highly 
significant 
different 
distribution 
between JIA 
patients and 
unaffected 
controls, with both 
the TT genotype 
and the T allele 
significantly more 
frequent in patient 
group 

Rheumatoid arthritis Maalej, A., 
2005 [73] 

France Cohort 
Study 

2 groups of 100 
trios affected 
with one RA 
patient and both 
parents. 

NA PCR-RFLP No VDR FokI 
(rs10735810), 
BsmI 
(rs1544410) 
and TaqI 
(rs731236) 

The analysis shows 
a difference 
between the 
transmissibility of 
the F allele of FokI, 
with the ’F/F′ 
genotype being 
more frequent in 
RA patients. BsmI 
and TaqI showed 
no difference in 
distribution 

Rheumatoid arthritis Yoshida, S., 
2014 [74] 

Japan Cohort 
Study 

1957 patients NA TaqMan 
Genotyping 
Assay 

Age, gender, 
disability score, 
biochemistry 
parameters and 
treatment 

GC, 
DHCR7/ 
NADSYN1 
and 
CYP2R1 

GC 
(rs2282679), 
DHCR7/ 
NADSYN1 
(rs3829251, 
rs12785878 

The minor GC 
allele was strongly 
associated with 
patients with low 
serum 
concentrations of 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

and 
rs1790349) 
and CYP2R1 
(rs10741657) 

25(OH)D3 and 
could be a risk 
factor for hip 
fracture in 
Japanese RA 
patients 

Rheumatoid arthritis Despotovic, 
2021[75] 

Republic of 
Serbia 

Case- 
Control 

143/105 57,04 ±
12.48/56 ±
16.59 

PCR-RFLP No VDR FokI 
(rs2228570), 
BsmI 
(rs1544410), 
ApaI 
(rs7975232), 
and TaqI 
(rs731236) 

The results 
indicate an 
association of f 
allele carriers 
(FokI) and 
increased 
susceptibility to 
RA, as well as with 
all the different 
outcomes. 
Haplotype analysis 
showed difference 
in the distribution 
of BsmI/ApaI (Ba) 
haplotype carriers 
in RA with 
associated 
osteopenia 
compared to 
controls 

Rheumatoid Arthritis Brink, M, 2018 
[76] 

Sweden Case- 
Control 

515/267 54,5 ± 9.4/ 
53,9 ± 9.3 

TaqMan 
Genotyping 
Assay 

BMI, sampling time 
of year (dark/light), 
smoking ever, 
educational level 
(academic/no 
academic), age at the 
time of sampling 

GC GC (rs4588 and 
rs7041) 

The genotype, 
allele frequencies 
or haplotype 
combinations not 
differ between 
cases and controls. 
However, was 
observed a 
significant 
relationship 
between increase 
levels of DBP when 
adjusting for 25 
(OH) D levels and 
the minor allele 
(A) of SNP rs4588 
and BMI (p < 0.05) 
in females. 

Rheumatoid Arthritis Punceviciene 
E, 2021 [239] 

Lithuania Case- 
Control 

206/180 55,01 ±
11.08/53,15 
± 10.68 

TaqMan 
Genotyping 
Assay 

No VDR TaqI 
(rs731236), 
BsmI 

Genotypic and 
allelic frequency 
distributions four 

(continued on next page) 
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Table 1 (continued ) 

Autoimmune disease Author; Year Country Study 
Design 

N Case/Controls Mean Age of 
Cases/ 
Controls 
(Year) 

Methodology of 
variants 
identification 

Adjusted Factors Gene Studied 
Variants 

Relevant Key 
Findings 

(rs1544410), 
ApaI 
(rs7975232), 
and FokI 
(rs2228570) 

VDR loci tested 
does not differ 
between the group 
of RA patients and 
controls. However, 
Vitamin D 
concentration in 
RA patients and 
controls carrying 
major alleles of 
TaqI, BsmI, and 
FokI variants were 
significantly 
different in both 
groups, and all 
genotypes for 
ApaI. 

Rheumatoid Arthritis Hussien YM, 
2013[77] 

Egypt Case- 
Control 

200/150 57,3/57,01 PCR–RFLP No VDR VDR: BsmI 
(rs1544410) 

It was found a 
significant 
association 
between lower hip 
(BMD-h) and 
genotype variants 
of VDR (BsmI) in 
RA patients with 
osteoporosis. 

Vitiligo Sobeih, S., 
2016[78] 

Egypt Case- 
control 

75/75 31.5 (13.5)/ 
No 

PCR-RFLP Age and Sex VDR ApaI 
(rs7975232), 
TaqI 
(rs731236) and 
FokI 
(rs10735810) 

The frequency of t 
ApaI genotype (aa) 
and the variant 
genotype (tt) of 
TaqI were higher 
between the 
patients, may be a 
risk for the 
development of 
vitiligo in this 
population. But 
serum 25(OH)D 
levels were not 
significantly 
different among 
the different 
genotypes 

Abbreviation: MS: Multiple Sclerosis; SLE: Systemic Lupus Eritythematosus. T1D: Type 1 Diabetes; RA: Rheumatoid arthritis; AIT: Autoimmune Thyroid Disorder; pSS: Primary Sjogren’s Syndrome; HT: 
Hashimoto’s thyroiditis; ITP: Immune Thrombocytopenic Purpura; DAISY: Diabetes Autoimmune study in the Young; JIA: Juvenile idiopathic arthritis. 
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Table 1 details all studies included in this systematic review. We extracted important data from papers published between 2000 and 
2022, conducted in different countries including Australia, Belgium, Brazil, China, Croatia, Czech Republic, Denmark, Egypt, Finland, 
France, Germany, Greece, India, Italy, Japan, Kingdom of Saudi Arabia, Kuwait, Lithuania, Mexico, Netherlands, Norway, Poland, 
Polish, Portugal, Serbia, Spain, Slovak Republic, Sweden, Switzerland, Turkey, United Kingdom (UK) and United States of America 

(caption on next page) 
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(USA). A full list of all identified papers is found in Supplementary Material. Among the papers incorporated into the analysis, 53 were 
case-control studies, 13 had a cohort design, 1 had a trio family dataset design, 1 had a familial study design and 1 had cross-sectional 
study design. It is important to highlight that some articles presented more than one type of study design. Most studies evaluate genetic 
variants of diseases such as Multiple Sclerosis, Systemic Lupus Erythematosus, Type 1 Diabetes, Addison’s disease, and Rheumatoid 
arthritis. It is important to note that our protocol returned more studies with adult subjects (31) than children (03). The mean age for 
the adults patients was 38.44 (SD = 9.75) and for pediatric patients was 10.9 (SD = 2,16). 

Appropriate genotyping methods were used in all included studies. Polymerase chain reaction-restriction fragment length poly-
morphism (PCR-RFLP) was used by 32 studies as the genotyping method. Twenty-four studies used TaqMan Genotyping Assay and a 
couple of methodologies of sequencing. It is also relevant to note that some papers presented more than one type of methodology. 

Some statistical strategies were used to control possible confounding factors, which included adjust for age, gender, genotype, 
country/region origin, risk of disease progression, first positive autoantibody, number of different alleles or haplotypes tested, month 
of sample collection, disease duration, population stratification, ethnicity, sun exposure, smoking history, vitamin D levels and other 
clinical data (see Table 1). In total, 87 genetic variants, including in VDR, GC, PTPN2, CYP27B1, CYP2R1, CYP24A1, CYP27A1, 
METTL1, WT1, PTPN22, PDCD1, NADSYN1/DHCR7, RXRB, MC1R, KLOTHO, FOXP3 and GATA3 genes were identified. Fifty-nine 
studies suggested that different genetic variants in Vit D signaling genes can be associated with autoimmune diseases susceptibility 
and several outcomes. However, the authors Irizar et al. , Agnello et al., García-Martin et al. , Barizzone et al. , Scazzone et al. , didn’t 
identify an association between the genetic variants and Multiple Sclerosis. Also, Ates et al. did not find any association with Alopecia 
Areata [79–85]. 

4. Discussion 

In face of a plethora of functions of Vit D and increasing knowledge about the genes that it regulates (over 200), currentely, its 
notable aspects revolve around the potential therapeutic applications and preventive influence of this vitamin in numerous diseases 
[86–88]. Saternus et al. present genetic evidence that variants of 11 from 29 investigated genes (960 SNPs) are related in skin 
pigmentation and are predictive serum levels of 25(OH)D [31]. In this sense, genetic association studies had reported variants that 
might affect the structure and/or function of different proteins important for Vit D signaling and, consequently, the susceptibility to 
several autoimmune diseases is increased [89]. Nevertheless, certain observations frequently exhibit inconsistencies across diverse 
global populations, and fail to explain whether genetic variant is associated of loss or gain-of-function. 

Lifestyle factors, encompassing exposure to sunlight, dietary supplementation and intake, as well as climatic conditions and 
geographical latitude, play a pivotal role in determining Vit D status [90,91]. Ethnicity is thought to significantly influence Vitamin D 
synthesis, which can be related to melanin pigmentation and possibly metabolism [92,93]. In the last decade, GWAS have demon-
strated an increasing number of genetic variants that affect synthesis, metabolism and transport of vitamin D. These variants display 
specific frequencies in certain populations [94]. In a large-scale GWAS meta-analysis involving 31 studies with 79,366 participants of 
European ancestry and replication in 40,562 samples, four significant loci were identified (rs3755967 in GC, rs12785878 in NAD-
SYN1/DHCR7, rs10741657 in CYP2R1, rs1721670 in CYP24A1) [95]. This study recapitulated the findings of a previous study by 
Wang et al. and discovered two additional variants (rs8018720 in SEC23A and rs10745742 in AMDHD1) involved in the genetic 
makeup associated with 25-hydroxyvitamin D levels [96]. So far, few studies have addressed the cellular and molecular mechanism of 
genetic variants related with Vit D and their impact on the immune system. This makes it difficult to understand the functional impact 
of these observational studies. 

Indeed, variants in the VDR gene are the most widely studied and approximately 500 SNPs have already been identified [97]. 
Among the publications included in our review, the most intensively studied VDR polymorphisms are FokI (rs2228570), TaqI 
(rs731236), BsmI (rs1544410), and ApaI (rs7975232) variants. For note, these SNPs are in strong linkage disequilibrium (LD). FokI 
results in an alternative initiation codon (ATG) codon, BsmI and ApaI are located in the 3′ region of the gene, while TaqI is a syn-
onymous variant. While these four SNPs do not induce alterations in the amino acid sequence of the protein, they have the potential to 
impact mRNA stability and gene transcription [33]. Few papers have found the influence of intronic rs757343 SNP, known asTru9I, 
with on the susceptibility or outcome of an autoimmune disease. Although not yet known if rs757343 have any functional effect, in a 
case–parent trio study with population of South Croatia observed a possible protective role of the Tru9I minor allele in T1D etiology 
[98]. Another variant identified in the VDR gene, which is still little studied, is rs17878969, a variant of the DELINS type at the 3′ 
untranslated region and most associated in the literature with susceptibility to infectious diseases [99,100]. 

The presence of the variant in FokI defined as f (ATG codon) translate the protein in complete form (427 amino acids), while the 
FokI variant defined as F (ACG codon) produces a slightly truncated protein (424 amino acids). Functional differences among 

Fig. 1. Main genetic variants found in genes related to Vitamin D signaling and autoimmune diseases. The skin produces around 80% of 
Vitamin D and the remaining 20% is obtained from the diet. Cholesterol molecules are metabolized into pre-vitamin D3 through the incidence of UV 
rays on MC1R receptors. In blood, Vitamin D binding protein to VDBP to be transported to the liver. In the liver, the CYP27A1 and CYP2R1 enzymes 
catalyze the action of 25-hydroxylase in the hydroxylation of vitamin D3 to 25(OH)D3. Once again, VDBP transport Vit D metabolites. In the 
kidneys, the CYP27B1 enzyme is able to hydroxylate 25(OH)D3 to 1,25(OH)2D3, the active form of Vitamin D. After Vitamin D active (calcitriol) 
enters target cells and binds to vitamin D receptor VDR. At cellular level, VDR-calcitriol complex in the cytosol is translocated to the nucleus, where 
it binds to RXR, which interacts with VDRE in vitamin D target genes. Some VDREs are located within METTL1 gene. Furthermore, VDR gene is a 
downstream target of WT1 and may be regulated its expression. MC1R: melanocortin-1 receptor; VDBP: vitamin D binding protein; VDR: vitamin D 
receptor; RXR: retinoid X receptor; VDRE: vitamin D response elements. 
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genotypes show that carriers of F code for a more active protein that interacts more efficiently with transcription factors and exhibits 
greater transcriptional activity when compared with full-length VDR protein [101,102]. In a study by van Etten et al., it was 
demonstrated that human lymphocytes with wild type FokI genotype (short FF VDR) proliferated more actively, and monocytes and 
dendritic produced higher levels of IL-12 [103]. Likewise, in a Japanese studied was observed that T1D patients who were carriers of 
the BsmI BB genotype produced higher levels of IFNγ than in the Bb and bb genotype groups (p < 0.05) [104]. Effectively, the role of 
genetic variants in the VDR gene may vary depending on the autoimmune disease studied, ethnicity and sun exposure. Alternatively, 
each variant might only impart a modest level of risk. As shown in Table 1, the Apa1 variant has shown the least association with risk 
factors for autoimmune diseases or vitamin D deficiency. 

Taking ethnicity into account, it has been observed that Chinese, Portuguese and Egyptian patients exhibit significantly higher 
frequencies of the BsmI B allele in SLE compared to control patients. Meanwhile, Abbasi et al. did not find the same result in subjects 
living in northeastern Iran [105–109]. Another study showed that variants in BsmI and FokI were not found to be risk factors for SLE in 
a Brazilian-European cohort [110]. Interestingly, Martin et al., 2010 showed a protective role of rare AGT haplotype in VDR gene 
(rs1544410, rs7975232 and rs731236) against diabetic nephropathy in patients with T1D from UK and Ireland patients [111]. 
Therefore, there is a clear indication that ethnicity significantly contributes to the variation in the discrepancy in VDR’s variants, not 
only in multiple sclerosis but also in other autoimmune diseases. Other co-segregating genetic factors, such as the HLA-DRB1*15 
positive haplotype, may also contribute to these differences [33,112,113]. 

Over recent years, research findings have highlighted connections between Vit D status and skin pigmentation [114]. Especially in 
the context of autoimmune diseases, MS is the main disease studied in relation to link between sun exposure and Vit D [115]. In this 
context, Dickinson et al. showed a significant interplay with sun exposure during childhood, ‘G’ allele of rs11574010 (Cdx-2) and MS 
risk [116]. The Cdx-2 SNP is situated upstream at − 3731 base pairs in 5′UTR of the VDR gene, is marked by an A to G substitution. This 
SNP does not exhibit LD with either the 3′UTR cluster or the Fok1 variants. However, it has been documented to be in LD with other 

Flowchart 1. PRISMA flow diagram.  
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polymorphisms identified within the 5′UTR region [117]. 
Here, it is also necessary to highlight the importance of melanocortin 1 receptor (encoded by the gene MC1R) of melanocytes, 

which plays a pivotal role in the control of human skin pigmentation [118,119]. Previously, Asp294His variant in MC1R gene has been 
associated with MS risk in Northern European Caucasian patients, while the variant Arg160Trp was associated in Australia population 
[120,121]. The majority of variants described in this gene are related to a reduction of MC1R function [122,123]. The scientific 
community has debated the paradox of higher Vit D deficiency among darker-skinned individuals despite a lower incidence of MS in 
this group. Some authors propose that individuals with MC1R variants might be more vulnerable to the inflammatory effects induced 
by ultraviolet radiation (UVR), offering a potential explanation for this phenomenon [124–126]. 

Currently, some studies have also shown the epistasis amongst PTPN2 and genes associated with the Vit D pathway [127]. 
Ramagopalan et al. using a ChIP-seq approach demonstrated that VDR has an intronic binding site in the PTPN2 gene. These findings, 
together with some genetic association studies, may support the role of PTPN2 on autoimmune diseases [128–130]. PTPN2 exhibits 
ubiquitous expression and serves as a signaling molecule that regulates various cellular processes, encompassing cell growth, dif-
ferentiation, mitotic cycle, oncogenic transformation and regulating inflammatory signaling [131–134]. It’s important to acknowledge 
that certain studies propose modest associations between SNPs in PTPN2 gene and autoimmune diseases. However, in combination 
with variants in the PTPN22 have been shown to possibly increase the susceptibility of T1D, CD, and RA [135–137]. 

Another protein found in our searches was the Vitamin D-binding protein (DBP, encoded by GC gene), which is synthesized pre-
dominantly in liver parenchymal cells [138]. DBP mediates the main systemic transporter of ergocalciferol/cholecalciferol, calcidiol 
and calcitriol to target cells and tissues, as well as playing an important role in macrophage activation [139]. The serum concentrations 
of calcitriol have also been correlated with those DBP levels [140]. The main genetic polymorphisms already identified in GC gene are 
the variable (TAAA)n repeat situated in intron 8 and in exon 11. These variants lead to amino acid change of aspartic acid for glutamic 
acid in codon 432 (rs7041) and threonine for lysine in codon 436 (rs4588) respectively. The functional impact is differences in the 
affinity for calcitriol and consequently low circulating levels of vit D metabolites in different populations [141–143]. 

Knowing that Vit D deficiency it is also common in Inflammatory bowel disease (IBD), Eloranta et al.identified that SNP rs4588 
variant Lys is less frequent in IBD cases than in the healthy population and can be considered a protective variant [144–146]. On the 
other hand, in Polish population the variant GC rs4588 Lys has been associated with Graves’ disease [147]. These controversial results 
difficult to understand the roles of DBP variants, but is important to note that the etiologies of IBD and Graves’ disease are different. 

Regarding the polymorphism rs7041 in GC gene, an interesting study showed that Asp/Glu and Glu/Glu variants are more frequent 
in subjects with type 1 diabetes and detectable tyrosine phosphatase-like insulinoma associated protein-2 (IA-2) autoantibodies, but 
the genotypes did not influence the prevalence of 65-kDa isoform of glutamic acid decarboxylase (GAD65) antibodies detection [148]. 
In addition, a GWAS study with European American ancestry individuals showed that individuals carrying the C allele for SNP 
rs2282679, were associated with lower serum calcidiol levels [149]. 

Numerous lines of evidence support an important role of genetic variants involved in Vit D metabolism, including in genes encoding 
the CYP450 enzymes [150]. The pre-vitamin D3 is metabolized to form 25(OH)D by enzymes CYP2R1 and CYP27A1 in the liver and 
then converted to its active form in the kidneys by CYP27B1 [114]. Previous studies showed that the SNP in CYP2R1 (rs2060793) 
promotes the substitution of Pro → Leu at amino acid 99 in the protein (rs2060793), decreases the 25(OH)D3 levels and eliminates the 
enzymatic activity of vitamin D 25-hydroxylase [151]. Interestingly, in a study using bioinformatics tools and previously published 
data, Yarwood et al. observed that the four genetic variants in the CYP2R1 gene associated with Vit D levels in rheumatoid arthritis are 
in intronic region [152]. In this systematic review, we identified different variants in CYP2R1 gene related to Multiple Sclerosis, Type 1 
Diabetes and Vogt-Koyanagi-Harada [153–156]. Both SNPs rs10741657 and rs10766197 have been significantly associated with lower 
Vit D concentrations in some autoimmune diseases [153,154,157]. Numerous hypotheses have been proposed to elucidate the 
sex-related variations in Vit D levels. One extensively studied hypothesis is associated with individuals harboring the AA genotype of 
the rs10766197 SNP exhibiting lower Vitamin D levels compared to those with the GG genotype, following adjustments for gender 
[158]. 

Notably, some studies that found evidence for an association between common variants in CYP2R1 gene and T1D risk used a 
relatively small sample size, however, this association could not be substantiated in extensive genetic databases. For example, larger 
studies using the European population failed to uncover any evidence supporting an association between any CYP2R1 variants and 
T1D [155,159]. The interpretation of these different results must take into consideration not only the sample size, but also the need for 
a more carefully designed, such as matched case-control studies that account for age, gender, ethnic groups and different outcomes. 

Variants in the CYP27B1 have previously been linked with MS, T1D and other autoimmune disease susceptibility, mainly in the 
Caucasian population [160–164]. In a mouse model of Vitamin D-dependent rickets type 1 (VDDR type 1), reduced levels of 1,25-dihy-
droxyvitamin D were observed in Cyp27b1 homozygous knockout mice [165]. In human studies, the rs118204009 SNP induces a 
substitution from arginine to histidine change at position 389 of the protein (R389H), resulting in the functional impairment of 
CYP27B1 and reduction in the levels of activated Vit D [166,167]. Interestingly, this variant has not been identified in Han Chinese 
population with both MS and neuromyelitis optica disease [162]. Furthermore, the rs10877012 (− 1260C > A) variant, situated in the 
promoter region, alters the putative binding site for the CDX2 transcription factor. The active Vit D and CYP27B1 expression are 
affected by this SNP [160,168,169]. 

In the context of longevity, Vit D assumes a crucial role in mineral metabolism, cell proliferation and modulation of the immune 
response [15]. Considering the significance of Vit D in aging and its potential to reduce susceptibility to chronic degeneration in the 
elderly, a notable study was conducted in Spain examined 104 individuals in their eighties (85 years) and 114 controls within the age 
range of 17–40 years. The study observed an link between long life and the VDR 3′UTR GS (rs1544410-G:rs17878969-S) and 
five-marker GGCGS (rs11568820-G:rs4516035-G:rs10735810-C:rs15444 10-G:rs17878969-S) haplotypes in males reaching their 
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eighties, while such an association was not observed in females [170,171]. 
Lastly, it’s noteworthy to emphasize that the presence of genetic variants in these genes may modify the response to Vit D sup-

plementation, even in individuals without any reported disease. Khayyatzadeh et al. identified that in healthy Iranian adolescents, 
those with the AA genotype for CYP2R1 (rs10741657) SNP exhibited a 2.5-fold increase in calcidiol serum levels compared to in-
dividuals with the GG genotype after receiving for 9 weeks Vit D supplementation [172]. Similarly, Bahrami et al. reported that female 
health adolescents carrying the major AA genotype for rs10766197 in CYP2R1 gene had higher Vit D concentrations after supple-
mentation [173]. These findings also extend to studies with the adult population. A recent study with healthy adults showed that DBP 
rs4588 minor allele (TT), CYP2R1 rs10766197 minor allele (AA) and rs12794714 minor allele (AA) were associated with lower 
response to vit D supplementation [174]. 

Our study also has some limitations that need to be considered. Given that autoimmune diseases share common molecular 
mechanisms, we performed only a descriptive analysis based on existing literature and as we found results for different diseases, it was 
not possible to perform a more robust statistical analysis such meta-analyses strategies [34,175]. Additionally, the studies included in 
our analysis varied in sample size, ethnicities and methodologies for identifying genetic variants, which may have contributed to 
conflicting results. Another limitation is the lack of information on dietary factors for all study participants, which could potentially 
have contributed to some conflicting results. Even if most of the analyzed SNPs are located in noncoding regions, it is worth noting that 
these variants explain 8-fold more heritability than protein coding variants in complex traits such as autoimmune diseases [176]. 

5. Conclusion 

Fig. 1 summarizes the main genetic variants discussed here, which contribute to our understanding of Vit D effect on pathogenesis 
of autoimmune diseases. In fact, future larger studies with populations of well-defined ethnicities, dietary information, and to explore 
the role of variants and gene–gene interactions in heritability are necessary to achieve a more thorough comprehension of the genetic 
background and its relationship to serum Vit D concentration. In this context, we conclude that, considering the association between 
Vit D deficiency, dysregulation of the immune system, and the development of autoimmune diseases, the identification of genetic 
variants that can predict change in Vit D signaling could have a significant impact on improving the management and ongoing care of 
individuals with these conditions. 
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[31] R. Saternus, S. Pilz, S. Gräber, M. Kleber, W. März, T. Vogt, J. Reichrath, A closer look at evolution: variants (SNPs) of genes involved in skin pigmentation, 
including exoc2, tyr, tyrp1, and dct, are associated with 25(oh)d serum concentration, Endocrinology 156 (2015) 39–47, https://doi.org/10.1210/en.2014- 
1238. 

[32] M.D. Kearns, J.A. Alvarez, N. Seidel, V. Tangpricha, V. Tangpricha, Impact of vitamin D on infectious disease, Am. J. Med. Sci. 349 (2015) 245–262, https:// 
doi.org/10.1097/MAJ.0000000000000360. 

[33] A.G. Uitterlinden, Y. Fang, J.B.J. van Meurs, H.A.P. Pols, J.P.T.M. van Leeuwen, Genetics and biology of vitamin D receptor polymorphisms, Gene 338 (2004) 
143–156, https://doi.org/10.1016/j.gene.2004.05.014. 

[34] M. Caliskan, C.D. Brown, J.C. Maranville, A catalog of GWAS fine-mapping efforts in autoimmune disease, Am. J. Hum. Genet. 108 (2021) 549–563, https:// 
doi.org/10.1016/j.ajhg.2021.03.009. 

[35] M.J. Page, J.E. McKenzie, P.M. Bossuyt, I. Boutron, T.C. Hoffmann, C.D. Mulrow, L. Shamseer, J.M. Tetzlaff, E.A. Akl, S.E. Brennan, R. Chou, J. Glanville, J. 
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A. Buchheister, N. Bünger, K. Göbel, L. Kirstein, N. Melzer, O. Simon, A. Echterhoff, U. Zettl, A. Winkelmann, U. Ziemann, A. Abdelhak, M. Kowarik, 
M. Krumbholz, M. Paech, C. Ruschil, M.-I. Stefanou, J. Tünnerhoff, L. Zeltner, H. Sheikh, H. Tumani, T. Fangerau, F. Lauda, D. Rau, D. Taranu, A. Huss, 
D. Brassat, B. Pignolet, F. Bucciarelli, L. Scandella, C. Lebrun-Frenay, M. Debouverie, S. Pittion-Vouyovitch, B. Brochet, A. Ruet, G. Defer, N. Derache, J. de 
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P.E. Mora-García, S. Cerpa-Cruz, U. De la Cruz-Mosso, Vitamin D receptor (VDR) genetic variants: relationship of FokI genotypes with VDR expression and 
clinical disease activity in systemic lupus erythematosus patients, Genes 13 (2022) 2016, https://doi.org/10.3390/genes13112016. 

[48] H. Mahto, R. Tripathy, B.K. Das, A.K. Panda, Association between vitamin D receptor polymorphisms and systemic lupus erythematosus in an Indian cohort, 
Int. J. Rheum. Dis. 21 (2018) 468–476, https://doi.org/10.1111/1756-185X.13245. 

[49] O. Monticielo, J. Brenol, J. Chies, M. Longo, G. Rucatti, R. Scalco, R. Xavier, The role of Bsm I and Fok I vitamin D receptor gene polymorphisms and serum 25- 
hydroxyvitamin D in Brazilian patients with systemic lupus erythematosus, Lupus 21 (2012) 43–52, https://doi.org/10.1177/0961203311421798. 

[50] Y. Ozaki, S. Nomura, M. Nagahama, C. Yoshimura, H. Kagawa, S. Fukuhara, Vitamin-D receptor genotype and renal disorder in Japanese patients with 
systemic lupus erythematosus, Nephron 85 (2000) 86–91, https://doi.org/10.1159/000045635. 
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[157] M. Wjst, J. Altmüller, T. Faus-Kessler, C. Braig, M. Bahnweg, E. André, Asthma families show transmission disequilibrium of gene variants in the vitamin D 
metabolism and signalling pathway, Respir. Res. 7 (2006) 60, https://doi.org/10.1186/1465-9921-7-60. 

[158] A. Arabi, N. Khoueiry-Zgheib, Z. Awada, R. Mahfouz, L. Al-Shaar, M. Hoteit, M. Rahme, R. Baddoura, G. Halabi, R. Singh, G. El Hajj Fuleihan, CYP2R1 
polymorphisms are important modulators of circulating 25-hydroxyvitamin D levels in elderly females with vitamin insufficiency, but not of the response to 
vitamin D supplementation, Osteoporos. Int. 28 (2017) 279–290, https://doi.org/10.1007/s00198-016-3713-5. 

[159] D. Manousaki, A. Harroud, R.E. Mitchell, S. Ross, V. Forgetta, N.J. Timpson, G.D. Smith, C. Polychronakos, J.B. Richards, Vitamin D levels and risk of type 1 
diabetes: a Mendelian randomization study, PLoS Med. 18 (2021) e1003536, https://doi.org/10.1371/journal.pmed.1003536. 

L.M. Trefilio et al.                                                                                                                                                                                                     

https://doi.org/10.1111/j.1749-6632.2003.tb03172.x
https://doi.org/10.1016/S0300-483X(02)00257-3
https://doi.org/10.1016/j.jsbmb.2014.10.012
https://doi.org/10.1101/gr.107920.110
https://doi.org/10.1186/1546-0096-11-S2-P161
https://doi.org/10.1016/j.jsbmb.2012.08.012
https://doi.org/10.1016/j.jsbmb.2012.08.012
https://doi.org/10.1111/j.1600-065X.2008.00743.x
https://doi.org/10.1002/ibd.21325
https://doi.org/10.1016/j.celrep.2018.01.052
https://doi.org/10.1016/j.celrep.2018.01.052
https://doi.org/10.3389/fimmu.2020.01856
https://doi.org/10.2337/db11-0758
https://doi.org/10.1111/j.1749-6632.2012.06522.x
https://doi.org/10.1146/annurev-immunol-032713-120249
https://doi.org/10.3389/fendo.2019.00910
https://doi.org/10.3389/fendo.2019.00910
http://refhub.elsevier.com/S2405-8440(24)03731-9/sref98
https://doi.org/10.1172/JCI110072
https://doi.org/10.1007/BF00217453
https://doi.org/10.1007/BF00194311
https://doi.org/10.1007/BF00219689
https://doi.org/10.1016/0016-5085(91)90594-B
https://doi.org/10.3109/00365529709028155
https://doi.org/10.3109/00365529709028155
https://doi.org/10.1097/FPC.0b013e328348f70c
https://doi.org/10.1055/s-2006-924256
https://doi.org/10.1016/j.clinbiochem.2004.12.013
https://doi.org/10.1007/s00439-014-1472-y
https://doi.org/10.1194/jlr.R031534
https://doi.org/10.1194/jlr.R031534
https://doi.org/10.1073/pnas.0402490101
https://doi.org/10.1038/gene.2013.23
https://doi.org/10.1002/jnr.24133
https://doi.org/10.1002/dmrr.719
https://doi.org/10.3390/genes11080897
https://doi.org/10.1186/s12886-016-0354-6
https://doi.org/10.1186/1465-9921-7-60
https://doi.org/10.1007/s00198-016-3713-5
https://doi.org/10.1371/journal.pmed.1003536


Heliyon 10 (2024) e27700

37
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[217] M. Vedralová, et al., Polymorphisms in the vitamin D receptor gene and Parathyroid hormone gene in the development and progression of diabetes mellitus 

and its chronic Complications, diabetic nephropathy and non-diabetic renal disease, Kidney Blood Press. Res. 36 (2012) 1–9. 
[218] B. Frederiksen, et al., Investigation of the vitamin D receptor gene (VDR) and its interaction with protein tyrosine phosphatase, non-receptor type 2 gene 

(PTPN2) on risk of islet autoimmunity and type 1 diabetes: the Diabetes Autoimmunity Study in the Young (DAISY), J. Steroid Biochem. Mol. Biol. 133 (2013) 
51–57. 

[219] R.J.L. Martin, A.J. McKnight, C.C. Patterson, D.M. Sadlier, A.P. Maxwell, A rare haplotype of the vitamin D receptor gene is protective against diabetic 
nephropathy, Nephrol. Dial. Transplant. 25 (2010) 497–503. 

[220] M.J. Taverna, et al., Taq I polymorphism of the vitamin D receptor and risk of severe diabetic retinopathy, Diabetologia 45 (2002) 436–442. 
[221] M. Pani, J. Seissler, K. Usadel, K. Badenhoop, Vitamin D receptor genotype is associated with Addison’s disease, Eur. J. Endocrinol. 147 (2002) 635–640. 
[222] M. Fichna, et al., Association of the CYP27B1 C(− 1260)A polymorphism with autoimmune Addison’s disease, Exp. Clin. Endocrinol. Diabetes 118 (2009) 

544–549. 
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