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Abstract

Vitamin D levels have been related to the severity and progression of various autoimmune disorders. In this study, we aimed to investigate the impact of genetic
variability in the vitamin D receptor (VDR) gene on disease susceptibility and progression in patients with rheumatoid arthritis (RA) treated with tumor necrosis
factor (TNF) inhibitors. The study comprises 121 RA patients subjected to anti-TNF therapy genotyped for four VDR polymorphic variants: rs1544410 (Bsml),
rs2228570 (Fokl), rs731236 (Taql), and rs7975232 (Apal). There was no significant association between RA susceptibility and VDR genetic variants. The study
results revealed that patients with the rs2228570 CC genotype were characterized by lower vitamin D3 levels (p = 0.028) than those with the T allele. Also, the
vitamin D3 levels (p = 0.029) and age at diagnosis (p = 0.017) were significantly lower in rs7975232 A allele carriers compared to CC homozygotes. However,
after 6 months of therapy, the A allele seemed to be related to lower disease activity score 28 (DAS28) values (p = 0.030) and more common in patients who
achieved remission (p = 0.004) compared to the CC genotype. Concerning other investigated polymorphisms, patients carrying rs1544410 AA and rs731236 CC
homozygosity had lower C-reactive protein (CRP) levels before therapy (p = 0.009). In conclusion, VDR rs2228570 and rs7975232 polymorphic variants were
found to be related to vitamin D3 levels. Moreover, the genotyping of rs7975232 was also useful in evaluating disease onset and disease activity after 6 months

of therapy with TNF inhibitors in RA patients.
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1. Introduction

Tumor necrosis factor (TNF)-a is a dominant inflammatory medi-
ator in the pathogenesis of rheumatoid arthritis (RA) (Weissmann
2006; Mclnnes and Schett 2011) and is highly expressed in RA
synovial fluid. Studies showed that selective blocking of TNF-a
alleviates the progression of RA symptoms (Brand et al. 2007;
Simsek 2011). Pro-inflammatory TNF acts as an activator of
macrophages as well as T and B lymphocytes (Gerriets et al.
2024). It inhibits regulatory T cells and enhances the production
of inflammatory cytokines (interleukin-1 [IL]-1, IL-6) and adhe-
sion molecules (intercellular adhesion molecule-1 [ICAM-1],
E-selectin). It is also a potent apoptosis inducer. TNF-a. rapidly
induces the production of matrix metalloproteinases (Sakalyte
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et al. 2022), which directly contribute to the degradation of
cartilage components, including collagen type Il (ltoh 2017).

Vitamin D3 (cholecalciferol) is produced in the skin after expo-
sure to sunlight, but it can also be found in certain fish, such
as salmon and mackerel. Upon entering the circulation, vitamin
D3 is bound to the vitamin D binding protein, which is trans-
ported to the liver in this complex. There, vitamin D undergoes
hydroxylation to form 25-hydroxyvitamin D (25(OH)D), which is
then carried to the kidney for the second hydroxylation to form
1,25-dihydroxyvitamin D (1,25[0OH]2D): the hormonal form of
vitamin D. The 1,25[0OH]2D circulates until it reaches the tar-
get cell. Upon entering the cell, vitamin D binds to the vitamin
D receptor (VDR) in the cytoplasm. This complex then enters
the nucleus and heterodimerizes with the retinoic acid X recep-
tor to increase the transcription of vitamin D-dependent genes
(Khazai et al. 2008). Besides its crucial role in calcium and bone
metabolism, vitamin D has also been reported to display protec-
tive effects against certain autoimmune diseases (Bogaczewicz
et al. 2012; Feng et al. 2013; Christakos et al. 2016; Lemke
et al. 2021), and it appears to have an anti-inflammatory effect
similar to that of anti-TNF drugs. Vitamin D downregulates Th1
cell-mediated immune responses and inhibits the production
of pro-inflammatory cytokines, such as TNF-a, interferon
(IFN)-y, IL-6, IL-17, or IL-23 (Garcia-Carrasco and Romero
2015; Sassi et al. 2018). At the same time, the production
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of cytokines related to Th2 cells as well as anti-inflammatory
cytokines is being promoted. These include, e.g., IL-4, IL-5,
IL-10, and transforming growth factor-f (El-Fakhri et al. 2014;
Garcia-Carrasco and Romero 2015). Vitamin D acts as an
immunosuppressant in different biological processes and
influences the immune system through a variety of mecha-
nisms. It is involved in numerous immunological interac-
tions, genetic regulation of cytokine production, and VDR
expression (Arnson et al. 2007).

It has been verified that RA is one of the human diseases
sensitive to vitamin D deficiency, as deficiency is associated
with RA susceptibility, higher disease activity, and disability
scores (Punceviciene et al. 2021). Moreover, the low serum
vitamin D concentration has been linked to genetic variability
within the VDR (Sepulveda-Villegas et al. 2020). Previous
studies are inconsistent, showing that VDR gene variants
are associated with susceptibility to autoimmune connective
tissue diseases (Latini et al. 2021), but, on the other hand,
they are not linked to RA (Senosi et al. 2022). It seemed
that the effect of polymorphisms on RA risk is population-
dependent (Bagheri-Hosseinabadi et al. 2020). Despite
this, we believe that an analysis of the potential association
between VDR single nucleotide polymorphism (SNP) and RA
patients treated with anti-TNFs regarding their clinical fea-
tures may have a significant impact on the evaluation of treat-
ment outcomes.

2. Materials and Methods
2.1. Study group

The study group consisted of 121 RA patients of Caucasian
origin. All patients were diagnosed and subjected to anti-TNF
therapy (adalimumab, etanercept, infliximab, golimumab,
and certolizumab pegol) at the Department of Rheumatology
and Internal Medicine, Wroctaw Medical University, and
the Department of Rheumatology and Connective Tissue,
Jan Biziel University Hospital No. 2 in Bydgoszcz, Poland.
Together with the RA patients, samples from 122 blood and
marrow healthy donors were analyzed as a control group.
The healthy individuals have not been diagnosed with
any rheumatic or autoimmune disorder or with any other
diseases. The inclusion criteria for patients were as follows:
consent to participate in the study; confirmed RA based on
the 2010 American College of Rheumatology/European
League Against Rheumatism (EULAR) classification criteria;
active form of the disease: disease activity score 28 (DAS28)
>5.1; and age over 18. In turn, exclusion criteria con-
sisted of pregnancy or breastfeeding; coexistence of other
systemic diseases of connective tissue besides RA; clinically
significant impairment of hepatic or renal function; alcohol
abuse; infection with hepatotropic viruses; infections resistant
to therapy; ongoing history of cancer if no cure was achieved;
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uncontrolled diabetes; and patient unwilling or unable to coop-
erate. Factors considered during the clinical evaluation were
medical history, number of tender and swollen joints, pain
intensity assessed by the patient on a 100 mm visual analog
scale (VAS), and laboratory tests (erythrocyte sedimentation
rate [ESR], C-reactive protein [CRP]). The parameters made
it possible to determine improvement according to the criteria
based on DAS28, suggested by the EULAR.

The day of the anti-TNF drug administration constitutes the
beginning of the participants’ observation for this study (day 0).
Clinical parameters and disease progression were then moni-
tored and analyzed after 12 weeks (3 months) and 24 weeks
(6 months) of the anti-TNF therapy. The study was conducted
in accordance with the Declaration of Helsinki and approved by
the Ethics Committee of the Wroctaw Medical University (identi-
fication code KB-751/2018).

2.2. SNP selection

SNPs in the VDR coding gene were chosen for the study based
on their minor allele frequency (MAF, 1000 Genomes Project)
above 10% in the European population, as well as potential
clinical or biological impact. Here, SNP characteristics, such
as introducing a change in RNA and/or amino acid sequence,
potential splicing site, and/or miRNA binding site, were the most
crucial factors for SNP selection. All necessary information men-
tioned above were collected based on the NCBI SNP database
as well as literature. As a result, the following four polymorphic
variants were selected for the current experiment: rs2228570,
rs1544410, rs7975232, and rs731236.

The first of the chosen polymorphisms, rs2228570 (also named
Fokl after the restriction enzyme commonly utilized for its geno-
typing) (Gleba et al. 2022), is a thymine (T) to cytosine (C) sub-
stitution in exon 1 of the VDR gene. The presence of the mutated
allele (C) causes the first methionine (Met) codon (ATG) of the
coding sequence to be changed into one encoding threonine
(Thr) (ACG). Consequently, the start of translation is located
three codons downstream of the sequence (with the next Met
codon) in the mutated variant compared to the wild type. The
rs2228570 C protein isoform (three amino acids shorter than
the original one) (Arai et al. 1997) was reported as 1.7-fold more
active than the longer one (Uitterlinden et al. 2004). Therefore,
individuals carrying the mutated C allele could potentially be
more sensitive to changes in vitamin D levels. The rs2228570
polymorphism was also reported as a marker of familial RA,
although experimental data are inconsistent (Goertz et al. 2003;
Ranganathan 2009).

The second VDR gene polymorphism selected for this
study was rs1544410 (also known as Bsml), which is an
intronic guanine (G) to adenine (A) substitution. Based
on recent experimental studies, it is hypothesized that
this genetic variant may affect mRNA stability and gener-
ate an alteration in the splice site or a change in intron
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regulatory elements (Ruiz-Ballesteros et al. 2020). This
could potentially have an impact on VDR protein activity
and biological function, although the exact biological effect
remains unclear. Experimental studies suggest that the
rs1544410 polymorphism is related to lower bone mineral
density (BMD) and higher bone turnover markers (Rass et
al. 2006), which makes it an interesting study subject in
diseases such as RA.

The two remaining SNPs included in the experiment were
rs731236 (Taql) and rs7975232 (Apal). Those VRD genetic
variants are localized in close proximity, so the same PCR
primer sets are usually utilized to study them both (Maj
et al. 2019; Gleba et al. 2022). The exonic rs731236 vari-
ant consists of a thymine (T) to cytosine (C) substitution.
This silent mutation causes one isoleucine (lle) codon
(ATT) to be replaced by another isoleucine codon (ATC).
As such, there is no change in the amino acid chain of
the VDR protein (based on the NCBI SNP database,
as of 14 April 2023: https://www.ncbi. nim.nih.gov/snp/
rs731236#variant_details). There are suspicions, how-
ever, that this SNP could affect mRNA stability or modify
the binding with vitamin D-responsive elements located in
the target genes (Latini et al. 2021). It was also reported to
accelerate bone loss in women with RA (Gough et al. 1998).
Meanwhile, the VDR gene polymorphism rs7975232 is an
intronic cytosine (C) to adenine (A) substitution. This one is
hypothesized to affect mMRNA stability and gene expression
(Mahto et al. 2018). As such, translation of the protein could
be affected, potentially changing the efficiency of the receptor
response to vitamin D. This could have an immense effect on
the course of the disease and is worth further investigation.

2.3. Sample collection and processing

Whole blood samples were collected into BD Vacutainer
K2EDTA tubes (Becton, Dickinson, Franklin Lakes, NJ,
USA) by experienced medical personnel at the Department
of Rheumatology and Internal Medicine, Wroctaw Medical
University, and the Department of Rheumatology and
Connective Tissue, Jan Biziel University Hospital No. 2
in Bydgoszcz, Poland. The biological material was trans-
ported to the Laboratory of Clinical Immunogenetics and
Pharmacogenetics, Hirszfeld Institute of Immunology and
Experimental Therapy, PAS, Wroclaw, Poland, for nucleic
acid extraction and genotyping studies. The patient samples
were stored at —20°C. At the time of DNA isolation, samples
were thawed and brought to room temperature. The QIAmp
DNA Blood Mini/Midi Kit (Qiagen, Hilden, Germany) was
used following the manufacturer’s recommendations. For
VDR SNPs detection, quantitative PCR was performed
using the LightSNiP assay (TIB MOLBIOL, Berlin, Germany)
and LightCycler FastStart DNA Master HybProbe (Roche
Diagnostics GmbH, Mannheim, Germany) on the LightCycler

480 Il Real-Time PCR Instrument (Roche Diagnostics GmbH,
Basel, Switzerland). The reaction was performed accord-
ing to the manufacturer’s instructions. The presence of VDR
genetic variants was assessed by amplification and labeling
with specific probes, followed by melting curve analysis.

2.4, Statistical analysis

Data regarding patients’ characteristics and clinical param-
eters were collected and statistically analyzed. To describe
associations within investigated SNPs, genetic models were
introduced. The genotypes were coded as a dominant homo-
zygote (MM), a heterozygote (Mm), and a variant homozy-
gote (mm). A dominant model compared MM vs. Mm + mm,
whereas a recessive model compared MM + Mm vs. mm.
An overdominant model was described as MM + mm vs.
Mm. The comparisons between MM and Mm, and mm were
included in a codominant model.

Data and clinical parameters collected during experiments were
analyzed statistically with the R software version 4.0.3 (http://
www.rproject.org, Accessed on June 13, 2022) and GraphPad
Prism 7 for Windows (GraphPad Software, La Jolla, CA, USA).
The GraphPad Prism 7 was also used to prepare the figures.
Data normality was verified with the Shapiro-Wilk test. The
quantitative data with normal distribution was presented as
mean * standard deviation (SD). Non-normally distributed data
were shown as medians with interquartile ranges (IQRs). The
chi-square or Fisher’s exact test was applied to compare geno-
types and allele frequencies between the patient and control
groups. The unpaired two-sample Wilcoxon test was introduced
to identify associations between clinical parameters (such as
CRP, DAS28, and VAS values) and genetic variants. Fisher’s
exact test was used to analyze relationships between categori-
cal data (e.g., treatment response) and genotypes. To analyze
relationships between vitamin D3 levels and VDR polymorphic
variants, the Kruskal-Wallis test followed by an unpaired two-
sample Wilcoxon test or one-way ANOVA followed by a t-test
were performed for non-parametric or parametric associations,
respectively. Probability (p) values of 0.05 or lower were consid-
ered statistically significant. p-values after Bonferroni correction
(pc) were calculated by multiplying 0.05 by the number of SNPs.
Hardy—Weinberg equilibrium (HWE) was calculated manu-
ally using Microsoft Excel 2019 (version 16.0.10369.20032,
Microsoft Corporation, Redmont, WA, USA).

3. Results

3.1. Patients’ characteristics

The clinical data of RA patients are listed in Table 1. During
anti-TNF therapy, the disease activity was significantly

reduced from high (DAS28 >5.1) to low (DAS28 <3.2). In
general, patients achieved good response to treatment.



3.2. Patients vs. healthy controls

No statistically significant differences in the distribution of VDR
genotypes and alleles were found between healthy controls
and RA patients (Table 2). The observed allele and genotype
frequencies closely resembled those reported in the NCBI SNP
database. The distributions of all SNP genotypes in the patient
and control groups were consistent with HWE (p > 0.05).

Table 1. Characteristics of the RA patients included in the study
Number of patients 121
Age mean in years (+SD) 52.2(13.3)
Disease duration mean in years (+SD) 13.6 (9.31)
Disease onset mean in years (+SD) 38.6 (14.0)
Sex F/M (%) 96/25 (79.3)
BMI mean (+SD) 25.7 (4.69)
RF-positive patients (%) 86.7
Anti-CCP positive patients (%) 82.4
Anti-TNF drugs: N (%)
Adalimumab 41 (33.9)
Etanercept 48 (39.7)
Certolizumab pegol 19(15.7)
Golimumab 9 (7.44)
Infliximab 4(3.31)
Concomitant treatment at the start of biologic (%)
treatment
NSAIDs 732
MTX 83.6
Corticosteroids 82.1
Disease activity:
DAS28 before treatment, mean (+SD) 6.14 (0.713)
DAS28 after 6 months of treatment, mean (+SD) 2.63(0.939)

Anti-CCP, anti-cyclic citrullinated peptide antibody; BMI, body mass index; CRP,
C-reactive protein; DAS28, disease activity score 28; F, female; M, male; MTX,
methotrexate; NSAIDs, non-steroidal anti-inflammatory drugs; RA, rheumatoid
arthritis; RF, rheumatoid factor; SD, standard deviation; TNF, tumor necrosis factor.
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3.3. VDR polymorphisms and patients’ characteristics

The age of diagnosis was found to be significantly higher in
rs7975232 CC homozygous patients compared to A allele
carriers (AA + AC vs. CC; mean: 36.87 vs. 43.93; p = 0.017)
and the AA genotype (AA vs. CC; mean 35.94 vs. 43.93;
p=0.018).

3.4. VDR polymorphisms and clinical parameters of RA

We observed that CRP levels at baseline were lower in
patients having rs1544410 AA genotype compared to G
allele carriers (AA vs. AG + GG, p = 0.009, pc = 0.037).
These results were confirmed in codominant models (AA vs.
AG, p=0.007, pc =0.027; AA vs. GG, p = 0.034, pc = ns.).
Moreover, rs1544410 A allele was associated with lower
VAS values after 3 months of treatment (AA + AG vs. GG,
p =0.009, pc = 0.034; AA+ GG vs. AG, p =0.038, pc =ns;
AG vs. GG, p=0.012, pc = 0.046) (Figure 1).

Similar findings were noted concerning rs731236 genetic
variants. In this case, CC homozygosity was linked to lower
CREP levels at baseline in a dominant model (CC vs. CT + TT,
p = 0.009, pc = 0.037) as well as in codominant models
(CC vs. CT, p = 0.006, pc = 0.026; CC vs. TT, p = 0.034,
pc = ns). Statistically significant associations between higher
VAS values after 3 months and the TT genetic variant were
also observed in the codominant (CT vs. TT, p = 0.006,
pc = 0.024) and recessive (CC + CT vs. TT, p = 0.005,
pc = 0.018) models, as shown in Figure 2.

Furthermore, in certain patients, the VDR rs2228570 poly-
morphism was related to VAS values after 3 months of
therapy. Patients with the CC variant were described with
lower values than those with the CT genotype (CC vs.
CT, p = 0.031, pc = ns.) and the T allele (CC vs. CT + TT,
p = 0.049, pc = ns.). No statistically significant relationships
have been found between the parameters CRP and VAS
and rs7975232. However, the rs7975232 CC homozygotes
seemed to be related to higher DAS28 values after 6 months

Table 2. VDR genotype and minor allele frequencies of RA patients and control group

Genotypes MAF 1 %2 p-value
SNP RA Controls | RA | Controls | RA | Controls RA Controls [ 1000 genomes RA Controls RA Controls
project— CEU

rs1544410 AA AG GG 0.368 0.434 0.470 0.408 2.146 0.523 0.143
18 27 53 52 50 43

rs2228570 cc CT T 0.438 0.422 0.429 0.006 0.417 0.937 0.518
38 39 60 63 23 20

rs731236 cc CT T 0.360 0.409 0.400 0.869 2.920 0.351 0.087
18 15 51 65 52 36

rs7975232 AA AC cc 0.483 0.496 0.404 0.068 1.692 0.794 0.193
33 26 59 65 29 25

1% chi-square; MAF, minor allele frequency; RA, rheumatoid arthritis; SNP, single nucleotide polymorphism; VDR, vitamin D receptor.
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of treatment when compared to the AC genotype (AC vs.
CC, p = 0.025) or those with the A variant (AA + AC vs. CC,
p =0.030). Both results were insignificant after the Bonferroni
correction. Interestingly, the A allele was statistically more
often observed among individuals who achieved remission
(DAS28 = < 2.6) after 6 months of therapy, as shown by
the dominant (AA + AC vs. CC, p = 0.004; Fisher’s exact
test) and the codominant (AC vs. CC, p = 0.008; AA vs. CC,
p = 0.016; Fisher’s exact test) models.
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3.5. VDR polymorphisms and vitamin D3 levels

The subgroup of patients enrolled in this study had performed
additional laboratory tests, including measurement of calcium,
alkaline phosphatase, 25-hydroxyvitamin D3 (25(OH)D3), and
thyroid-stimulating hormone (TSH) concentrations (Table 3).
The 25(OH)D3 deficiency (<30 ng/mL) was recognized in
66.7% of RA patients (n = 36) despite the use of vitamin D
supplements, occurring in 64.1% of patients.
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Fig 1. Differences in CRP and VAS parameters in relation to VDR rs1544410 genotypes (Mann—Whitney test). Data are presented as median
with IQR. CRP, C-reactive protein; IQRs, interquartile ranges; VAS, visual analog scale; VDR, vitamin D receptor.
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Fig 2. Differences in CRP and VAS parameters in relation to VDR rs731236 genotypes (Mann—Whitney test). Data are presented as median
with IQR. CRP, C-reactive protein; IQRs, interquartile ranges; VAS, visual analog scale; VDR, vitamin D receptor.



The baseline vitamin D levels were varied between distinct
rs2228570 and rs7975232 genotypes (Figure 3). Higher
values were observed in rs2228570 CT heterozygotes com-
pared to homozygotes in overdominant (CC + TT vs. CT,
p = 0.004) and codominant models (CC vs. CT, p = 0.009)
(Table 4). In turn, rs7975232 heterozygotes had lower levels
than homozygous patients (AA + CC vs. AC, p = 0.003; AA
vs. AC, p = 0.021; AC vs. CC, p = 0.009) (Table 5). Thus,
vitamin D deficiency (<30 ng/mL) was more likely observed in
rs2228570 homozygous patients (CC + TT vs. CT, p = 0.041;
Fisher’s exact test) as well as rs7975232 heterozygotes
(AA + CC vs. AC, p = 0.003; AA vs. AC, p = 0.031; AC vs.
CC, p = 0.004; Fisher’s exact test).

3.6. VDR polymorphisms and treatment outcome

None of the VDR polymorphic variants analyzed in this study
were related to response to anti-TNF therapy after 3 months
or 6 months of administration evaluated according to EULAR
criteria (individual data not shown).

4. Discussion

TNF-a is one of the key factors in RA, affecting its course,

severity, and progression, and treatment with inhibitors for this
cytokine is among the most effective therapies for the disease.

Table 3. Characteristics of patients’ subgroup
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Vitamin D downregulates TNF-a-mediated pro-inflammatory
effects, especially in macrophages and T cells of RA patients
(Ruefli-Brasse et al. 2003). Furthermore, low vitamin D
levels increase the tender joint count and DAS28 (Patel et
al. 2007). An in vitro study on a human cell line demonstrated
that different TNF-a concentrations combined with vitamin D
supplementation significantly increase the apoptosis of RA
fibroblast-like synoviocytes (Gu et al. 2016). Also, elevated
concentrations of TNF-a intensified the pro-apoptotic effect
of vitamin D, and the VDR mediated this mechanism. Vitamin D
is of great interest in the current RA research, and thus, we
decided to study the role of polymorphisms in the VDR gene
and their effects on the disease course and outcomes during
treatment with TNF-a. inhibitors.

Vitamin D intake was found to lower the risk of developing RAin
a prospective 11-year study of over 29,000 women in a cohort,
aged 55-69 years, without a history of RA (Merlino et al. 2004).
A higher intake of vitamin D was associated with a lower risk for
RA. Findings from other research groups (Cutolo et al. 2011;
Gatenby et al. 2013) that low serum vitamin D levels are associ-
ated with an earlier RA onset and more active disease support
this notion. Other studies describe further important results: the
prevalence of vitamin D deficiency was found to be 30%—63%
in patients with RA, serum vitamin D levels negatively correlated
with RA activity, and vitamin D supplementation was beneficial
for RA treatment (Song et al. 2012; Feng et al. 2013). Moreover,

Calcium (mg/dL) Alkaline phosphatase (U/L) Vitamin D3 (ng/mL) TSH (ulu/mL)
N 56 64 54 64
Minimum 8.9 36 4.64 0.271
Median 9.7 74.5 23.67 1.201
Maximum 10.7 350 66 4.331
IQR 0.5 33.25 23.14 0.744
IQR, interquartile range; N, number of individuals; TSH, thyroid-stimulating hormone.
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Fig 3. Differences in the levels of 25(0OH)D3 level (ng/mL) according to the presence of VDR genotypes: rs2228570 (ordinary one-way
ANOVA, p = 0.014) and rs797532 (Kruskal-Wallis test, p = 0.008). 25(0OH)D3, 25-hydroxyvitamin D3; VDR, vitamin D receptor.
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Table 4. Relationships between VDR rs2228570 genetic variants and
vitamin D levels in RA patients

VDR rs2228570 25(0H)D3 conc. (ng/mL)
Mean (+SD) cc 20.69 £11.12
CcT 32.22£16.06
T 22.33+9.077
Median (IQR) cc 18.47 (16.98)
CT+TT 25.08 (22.07)
cC+CT 23.88 (24.48)
T 21.54 (14.92)
p-values CCvs.CT+TT 0.028"
CC+CTvs. TT 0.508"
CC+TTvs.CT 0.004*
CCvs.CT 0.009+
CTvs. TT 0.093*
CCvs. TT 0.701%

"Mann-Whitney test.

ft-test.

25(0H)D3, 25-hydroxyvitamin D3; IQR, interquartile range; RA, rheumatoid
arthritis; SD, standard deviation; VDR, vitamin D receptor.

*statistically significant.

Table 5. Relationships between VDR rs7975232 genetic variants and
vitamin D levels in RA patients

VDR rs7975232 25(0H)D3 conc. (ng/mL)
Median (IQR) AA 29.6 (25.34)
AC +CC 21.54(21.2)
AA+AC 21.54(17.02)
cc 36.68 (19.87)
AA +CC 33.33(20.81)
AC 19.32 (12.56)
Mann—-Whitney test AAvs. AC+CC 0.1703
prvalues AA+AC vs. CC 0.029
AA+CCvs.AC 0.003
AAvs. AC 0.021
ACvs. CC 0.009
AAvs. CC 0.324

25(0H)D3, 25-hydroxyvitamin D3; IQR, interquartile range; RA, rheumatoid
arthritis; VDR, vitamin D receptor.
*statistically significant.

it was found that vitamin D levels are significantly different in
RA patients from distinct European countries, with higher con-
centrations in Spain compared to Poland (Vojinovic et al. 2017).
Our study also reported a 25(0OH)D3 deficiency (<30 ng/mL) in
66.7% of patients despite the intake of vitamin D supplemen-
tation. Still, the beneficial effects of vitamin D supplementation
in experimental models are not necessarily replicable in clinical
practice. The use of vitamin D in the therapy of autoimmune dis-
eases is still being investigated. Importantly, vitamin D signaling

inhibits the NF-xB, MAPK, and JAK/STAT pathways, which are
targets for drug development in RA (Tarner et al. 2007). For
example, treatment with increasing dosages of vitamin D (in
the form of 1,25[0OH]2D) intensifies the effects of etanercept, an
anti-TNF drug used in clinical practice (Dankers et al. 2016).
Also, a combined treatment with 1,25[OH]2D, dexamethasone,
and etanercept was shown to have an additive effect com-
pared to therapy with etanercept alone. Treatment with vitamin
D and calcipotriol (vitamin D hypocalcemic analog) tended to
reduce the levels of most pro-inflammatory mediators in stimu-
lated synovial stromal cells of patients with RA or osteoarthri-
tis (Huovinen et al. 2023). The combination of calcipotriol and
dexamethasone further reduced secretion of IL-6, IFN-y, basic
fibroblast growth factor (FGF), and vascular endothelial growth
factor (VEGF) when compared to therapy with calcipotriol or
dexamethasone alone.

VDR plays the role of a transcription factor and is located in vari-
ous organs and tissues (Uhlén et al. 2015). Importantly, VDR
was found in the rheumatoid synovium and areas of cartilage
erosion in human RA (Jeffery et al. 2016; Aslam et al. 2019).
Also, it is localized not only in the lining and the subliming layers
but also in the vascular endothelium of synovial tissue in RA
(Huovinen et al. 2023). In a study based on a mouse model, a
combination of VDR disruption and a TNF-o transgene caused
spontaneous development of arthritis (Zwerina et al. 2011). This
experimental result showed the importance of the VDR in the
suppression of inflammation—at least in mice. There are also
reports showing that vitamin D supplementation may be associ-
ated with a lower risk of disease development and lower dis-
ease activity (Merlino et al. 2004; Patel et al. 2007). It is not
surprising that vitamin D supplementation and VDR genotypes
exhibit such effects considering that the central pathological fea-
ture in RAis joint and bone destruction.

In this study, we investigated the relationships between four
VDR polymorphisms— rs1544410 (Bsml), rs2228570 (Fokl),
rs731236 (Taql), and rs7975232 (Apal)—and disease sus-
ceptibility and progression in RA patients treated with anti-TNF
medication. The function of these VDR genetic variants is not
yet fully understood, and their effects on VDR function or gene
transcription are unclear. There is evidence associating those
variants with autoimmune diseases such as multiple sclerosis
(Fukazawa et al. 1999) and type | diabetes mellitus (McDermott
etal. 1997; Pani et al. 2000). Furthermore, VDR polymorphisms
seem to also impact bone turnover (Morrison et al. 1992) and
bone density (Morrison et al. 1994; Sainz et al. 1997). We found
no difference in the frequency of any VDR polymorphic variants
studied between RA patients and controls. Similarly, no such
relations were shown by other study groups (Gough et al. 1998;
Lee et al. 2001). However, in the Egyptian population, the Apal,
Bsml, and Taqgl polymorphisms may contribute to RA suscepti-
bility (Saad et al. 2015). Two case—control studies found no sig-
nificant evidence regarding Fokl genetic susceptibility (Mosaad
et al. 2014; Saad et al. 2015). Another study showed that the



Fokl variant increased RA risk (Despotovic¢ et al. 2021). Also,
the contribution of Taql and Fokl polymorphisms in RA devel-
opment was observed in the study by Tizaoui and Hamzaoui
(2015). None of the studied polymorphisms were found to be
related to RA susceptibility. However, RA patients carrying the
rs7975232 A allele were characterized by significantly lower age
of diagnosis when compared to individuals with the CC geno-
type. Also, other researchers reported that the VDR rs7975232
genotypes were found to be associated with RA onset (Mukhtar
etal. 2019).

It has been known that vitamin D has immunomodulatory
properties; thus, possible associations between VDR gene
polymorphisms and the course of RA have been investigated.
Lee et al. (2001) found that bone loss in females (but not in
males) is influenced by the presence of the rs731236 TT gen-
otype compared to the CC genotype. Here, the bone loss in
women was 4.9%-9.6% (depending on the bone loss site) for
the TT homozygotes, while only 0.1%—-3.9% for the CC geno-
type carriers (Lee et al. 2001). It is an interesting observation,
taking into account that RA occurs more often in females.
Rass et al. (2006) reported lower BMD in RA patients carry-
ing the rs1544410 A allele compared to GG homozygotes.
Their results suggest that the A variant could be a marker
for increased osteoclastic activity and consequently greater
bone resorption and bone loss (Rass et al. 2006). In addi-
tion, some of the clinical parameters studied seemed related
to VRD genetic variants. Experiments by other study groups
showed that although patients with arthritis may have nor-
mal serum vitamin D levels, VDR gene polymorphism may
restrict vitamin D from performing its anti-inflammatory role
by altering the 1,25[0OH]2D binding sites (Mukhtar et al.
2019). Polymorphic variants of the VDR may enhance the
anti-inflammatory properties of the anti-TNF drugs. This was
reflected in the treatment efficacy described in our study. The
literature data showed that Bsml GG and AG genotypes, as
well as Fokl CC and CT variants, were associated with high
RA activity (Idriss et al. 2020). Interestingly, we observed that
CRP levels at baseline were higher in patients carrying the
rs1544410 (Bsml) G allele compared to the AA genotype.
The VDR rs2228570 (Fokl) CT variant was related to higher
VAS values after 3 months of therapy than the CC genotype.
We also found the VDR rs7975232 (Apal) polymorphism to
be related with disease progression. RA patients treated with
TNF-a inhibitors had significantly lower DAS28 values after
24 weeks of treatment when carrying the rs7975232 A allele
compared to the CC homozygotes.

Regarding vitamin D levels, a recent study suggests that VDR
Apal gene polymorphisms influence protein concentration,
showing significantly higher serum levels in RA patients with the
CC (aa) genotype (Ahmad et al. 2024). Another author reported
that the C allele (F) within the Fokl polymorphism increased vita-
min D levels (AbdEIneam et al. 2023). Our results indicate the
role of rs2228570 (Fokl) and rs7975232 (Apal) genetic variants
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in modulating vitamin D levels. The results revealed that patients
with the rs2228570 CC genotype had lower vitamin D3 levels
than those with the T allele. Also, vitamin D3 levels were sig-
nificantly lower in rs7975232 A allele carriers compared to CC
homozygotes. An association between vitamin D levels and
rs2228570 variants was seen in another autoimmune disease,
type 1 diabetes mellitus. In this case, the TT genotype carriers
presented statistically greater levels of 25(OH)D3 (Ferraz et al.
2022; Mostafa et al. 2024).

It is known that Fokl is a functioning site of the VDR gene
and determines the length of proteins. The shorter VDR form,
encoded by the C allele, is more active and effectively binds
1,25(0H)2D3 when compared to the T allele (Whitfield et
al. 2001). The same VDR polymorphism was also found to
affect TNF-a levels in another type of arthritis, knee osteo-
arthritis (Hassan et al. 2022). A significantly higher mean
level of TNF-o was found in the synovial fluid of patients with
VDR rs7975232 CC or AC genotypes compared to AA homo-
zygotes. A similar observation was also made for the VDR
rs731236 polymorphism, where the CC genotype exhibited
significantly higher mean levels of TNF-a in synovial fluid
than CT heterozygotes. Furthermore, a significant increase
in circulating and synovial fluid levels of TNF-a was observed
concerning disease severity (Hassan et al. 2022). It is impor-
tant to note that knee osteoarthritis is caused by mechanical
injury of the tissue, so increased levels of TNF-a are an effect
rather than the cause. Our study did not provide evidence
that one of the investigated VDR polymorphisms affected
anti-TNF treatment outcomes in RA patients. In line with this
observation, other researchers reported that the rs2228570
SNP was not associated with response in juvenile idiopathic
arthritis patients undergoing treatment with etanercept (Basi¢
et al. 2019), which is a predominant TNF inhibitor in our
group. However, our previous results showed that the VDR
rs2228570 A variant, as compared to CC genotype, was more
common in patients who achieved remission and in those with
Bath Ankylosing Spondylitis Disease Activity Index improve-
ment 275% after 6 months of anti-TNF therapy (Bugaj et al.
2022). This variant was also more frequently observed in RA
individuals who achieved remission in this study. Despite the
strength in the group homogeneity of the Polish RA patients
and the demonstration of significant associations, this study
has some limitations. Our results should be implicated in a
larger population. We also suggest that further investigations
into the effects of VDR polymorphisms could be useful to
widen our understanding of RA development.

5. Conclusion

In summary, our data suggest that VDR polymorphisms,
especially rs2228570 and rs7975232, together with vitamin D
level should be considered when examining the factors asso-
ciated with RA. Genotyping of rs7975232 might be useful in
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the evaluation of disease onset and disease activity in RA
patients treated with TNF inhibitors. Consequently, it may
have an impact on clinical decisions.

Acknowledgements

This work was supported by a grant from the National Science
Centre (Poland): 2022/47/B/NZ3/01980.

Author Contributions

JW performed statistical analyses, drafted, and finalized the
manuscript; KG performed genotyping studies, contributed

References

AbdElneam Al, Al-Dhubaibi MS, Bahaj SS et al (2023) The CDX2 G
allele and the FoKI F allele of the VDR gene are more prevalent
and related to changes in vitamin D levels in patients with
psoriasis vulgaris: A pilot study. Skin Res Technol 29:13530.
https://doi.org/10.1111/srt.13530

Ahmad HM, Zaki ZM, Mohamed AS et al (2024) Genetic risk of
rheumatoid arthritis: A case control study. Biochem Genet
62:3624—-3641. https://doi.org/10.1007/s10528-023-10648-7

Arai H, Miyamoto K, Taketani Y et al (1997) A vitamin D receptor
gene polymorphism in the translation initiation codon: Effect on
protein activity and relation to bone mineral density in Japanese
women. J Bone Miner Res 12:915-921. https://doi.org/10.1359/
jbmr.1997.12.6.915

Arnson Y, Amital H, Shoenfeld Y (2007) Vitamin D and autoimmunity:
New aetiological and therapeutic considerations. Ann Rheum Dis
66:1137-1142. https://doi.org/10.1136/ard.2007.069831

Aslam MM, John P, Bhatti A et al (2019) Vitamin D as a principal
factor in mediating rheumatoid arthritis-derived
response. BioMed Res Int 2019:3494937.
org/10.1155/2019/3494937

Bagheri-Hosseinabadi Z, Imani D, Yousefi H et al (2020) Vitamin D
receptor (VDR) gene polymorphism and risk of rheumatoid arthri-
tis (RA): Systematic review and meta-analysis. Clin Rheumatol
39:3555-3569. https://doi.org/10.1007/s10067-020-05143-y

Basi¢ J, Vojinovi¢ J, Jevtovi¢-Stoimenov T et al (2019) Vitamin D
receptor gene polymorphism influences lipid profile in patients
with juvenile idiopathic arthritis. Clin Rheumatol 38:117-124.
https://doi.org/10.1007/s10067-018-4264-2

Bogaczewicz J, Sysa-Jedrzejowska A, Arkuszewska C et al (2012)
Vitamin D status in systemic lupus erythematosus patients and
its association with selected clinical and laboratory parameters.
Lupus 21:477-484. https://doi.org/10.1177/0961203311427549

Brand DD, Latham KA, Rosloniec EF (2007) Collagen-induced
arthritis. Nat Protoc 2:1269-1275. https://doi.org/10.1038/
nprot.2007.173

immune
https://doi.

to statistical analyses, and drafted the manuscript; JS, BB,
KK, and SJ provided patients’ clinical samples and clinical
data; KBK conceived and designed the study, contributed
to analysis and interpretation of data, critically reviewed
the final manuscript for important intellectual content, and
secured funding. All authors approved the final version of the
manuscript.

Conflict of Interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Bugaj B, Wielinska J, Swierkot J et al (2022) VDR polymorphic
variants are related to improvements in CRP and disease
activity in patients with axial spondyloarthritis that undergo
anti-TNF treatment. Genes 13:1873. https://doi.org/10.3390/
genes13101873

Christakos S, Dhawan P, Verstuyf A et al (2016) Vitamin D:
Metabolism, molecular mechanism of action, and pleiotro-
pic effects. Physiol Rev 96:365-408. https://doi.org/10.1152/
physrev.00014.2015

Cutolo M, Pizzorni C, Sulli A (2011) Vitamin D endocrine system
involvement in autoimmune rheumatic diseases. Autoimmun
Rev 11:84-87. https://doi.org/10.1016/j.autrev.2011.08.003

Dankers W, Colin EM, van Hamburg JP et al (2016) Vitamin D in
autoimmunity: Molecular mechanisms and therapeutic potential.
Front Immunol 7:697. https://doi.org/10.3389/fimmu.2016.00697

Despotovi¢ M, Jevtovi¢ Stoimenov T, Stojanovi¢ S etal (2021)Association
of vitamin D receptor genetic variants with bone mineral density and
inflammatory markers in rheumatoid arthritis. Clin Biochem 87:26—
31. https://doi.org/10.1016/j.clinbiochem.2020.10.006

El-Fakhri N, McDevitt H, Shaikh MG et al (2014) Vitamin D and its
effects on glucose homeostasis, cardiovascular function and
immune function. Horm Res Paediatr 81:363-378. https://doi.
org/10.1159/000357731

Feng X, Lv C, Wang F et al (2013) Modulatory effect of 1,25-dihy-
droxyvitamin D3 on IL1 B-induced RANKL, OPG, TNF a, and IL-6
expression in human rheumatoid synoviocyte MH7A. J Immunol
Res 2013:160123. https://doi.org/10.1155/2013/160123

Ferraz RS, Silva CS, Cavalcante GC et al (2022) Variants in the
VDR gene may influence 25(OH)D Levels in Type 1 diabetes
mellitus in a Brazilian population. Nutrients 14:1010. https://doi.
org/10.3390/nu14051010

Fukazawa T, Yabe I, Kikuchi S et al (1999) Association of vita-
min D receptor gene polymorphism with multiple sclerosis in
Japanese. J Neurol Sci 166:47-52. https://doi.org/10.1016/
s0022-510x(99)00112-4



Garcia-Carrasco M, Romero JLG (2015) Vitamin D and autoim-
mune rheumatic disease. Reumatol Clin 11:333-334. https://doi.
org/10.1016/j.reumae.2015.11.001

Gatenby P, Lucas R, Swaminathan A (2013) Vitamin D deficiency
and risk for rheumatic diseases: An update. Curr Opin Rheumatol
25:184—191. https://doi.org/10.1097/BOR.0b013e32835cfc16

Gerriets V, Goyal A, Khaddour K (2024) Tumor necrosis factor inhibi-
tors. StatPearls Publishing, Treasure Island, FL.

Gleba JJ, Ktopotowska D, Banach J et al (2022) Polymorphism of
VDR gene and the sensitivity of human leukemia and lymphoma
cells to active forms of vitamin D. Cancers 14:387. https://doi.
org/10.3390/cancers14020387

Goertz B, Fassbender WJ, Williams JC et al (2003) Vitamin D recep-
tor genotypes are not associated with rheumatoid arthritis or bio-
chemical parameters of bone turnover in German RA patients.
Clin Exp Rheumatol 21:333-339

Gough A, Sambrook P, Devlin J et al (1998) Effect of vitamin D
receptor gene alleles on bone loss in early rheumatoid arthritis. J
Rheumatol 25:864-868

Gu X, Gu B, Lv X et al (2016) 1, 25-dihydroxy-vitamin D3 with tumor
necrosis factor-alpha protects against rheumatoid arthritis by
promoting p53 acetylation-mediated apoptosis via Sirt1 in syn-
oviocytes. Cell Death Dis 7:€2423. https://doi.org/10.1038/
cddis.2016.300

Hassan MH, Elsadek AAM, Mahmoud MA et al (2022) Vitamin D
receptor gene polymorphisms and risk of knee osteoarthritis:
Possible correlations with TNF-a, macrophage migration inhibi-
tory factor, and 25-hydroxycholecalciferol status. Biochem Genet
60:611-628. https://doi.org/10.1007/s10528-021-10116-0

Huovinen J, Palosaari S, Pesonen P et al (2023) 1,25(0OH)2D3 and
its analogue calcipotriol inhibit the migration of human synovial
and mesenchymal stromal cells in a wound healing model — A
comparison with glucocorticoids. J Steroid Biochem Mol Biol
233:106373. https://doi.org/10.1016/j.jsbmb.2023.106373

Idriss NK, Selim ZI, El-Hakeim EH et al (2020) Is there a feasible
link between vitamin D receptor genotypic and allelic frequencies
with analytical biomarkers of rheumatoid arthritis disease? J Nutr
Sci Vitaminol 66:526-535. https://doi.org/10.3177/jnsv.66.526

Itoh'Y (2017) Metalloproteinases in rheumatoid arthritis: Potential ther-
apeutic targets to improve current therapies. Prog Mol Biol Transl
Sci 148:327-338. https://doi.org/10.1016/bs.pmbts.2017.03.002

Jeffery LE, Raza K, Hewison M (2016) Vitamin D in rheumatoid
arthritis-towards clinical application. Nat Rev Rheumatol 12:201—
210. https://doi.org/10.1038/nrrheum.2015.140

Khazai N, Judd SE, Tangpricha V (2008) Calcium and vitamin D:
Skeletal and extraskeletal health. Curr Rheumatol Rep 10:110—
117. https://doi.org/10.1007/s11926-008-0020-y

Latini A, De Benedittis G, Perricone C et al (2021) VDR polymor-
phisms in autoimmune connective tissue diseases: Focus on
Italian population. J Immunol Res 2021:5812136. https://doi.
org/10.1155/2021/5812136

Lee CK, Hong JS, Cho YS et al (2001) Lack of relationship between
vitamin D receptor polymorphism and bone erosion in rheumatoid

10

Archivum Immunologiae et Therapiae Experimentalis
72, 23 (2024), DOI: 10.2478/aite-2024-0023

arthritis. J Korean Med Sci 16:188—192. https://doi.org/10.3346/
jkms.2001.16.2.188

Lemke D, Klement RJ, Schweiger F et al (2021) Vitamin D resistance
as a possible cause of autoimmune diseases: A hypothesis
confirmed by a therapeutic high-dose vitamin D protocol. Front
Immunol 12:655739. https://doi.org/10.3389/fimmu.2021.655739

Mahto H, Tripathy R, Das BK et al (2018) Association between vita-
min D receptor polymorphisms and systemic lupus erythemato-
sus in an Indian cohort. Int J Rheum Dis 21:468—476. https://doi.
org/10.1111/1756-185X.13245

Maj E, Trynda J, Maj B et al (2019) Differential response of lung
cancer cell lines to vitamin D derivatives depending on EGFR,
KRAS, p53 mutation status and VDR polymorphism. J Steroid
Biochem Mol Biol 193:105431. https://doi.org/10.1016/.
jsbmb.2019.105431

McDermott MF, Ramachandran A, Ogunkolade BW et al (1997)
Allelic variation in the vitamin D receptor influences susceptibility
to IDDM in Indian Asians. Diabetologia 40:971-975. https://doi.
org/10.1007/s001250050776

Mclnnes 1B, Schett G (2011) The pathogenesis of rheumatoid
arthritis. N Engl J Med 365:2205-2219. https://doi.org/10.1056/
NEJMra1004965

Merlino LA, Curtis J, Mikuls TR et al (2004) Vitamin D intake is
inversely associated with rheumatoid arthritis: Results from the
lowa Women’s Health Study. Arthritis Rheum 50:72—77. https://
doi.org/10.1002/art. 11434

Morrison NA, Qi JC, Tokita A et al (1994) Prediction of bone density
from vitamin D receptor alleles. Nature 367:284—-287. https://doi.
org/10.1038/367284a0

Morrison NA, Yeoman R, Kelly PJ et al (1992) Contribution of trans-act-
ing factor alleles to normal physiological variability: Vitamin D recep-
tor gene polymorphism and circulating osteocalcin. Proc Natl Acad
Sci USA 89:6665-6669. https://doi.org/10.1073/pnas.89.15.6665

Mosaad YM, Hammad EM, Fawzy Z et al (2014) Vitamin D receptor
gene polymorphism as possible risk factor in rheumatoid
arthritis and rheumatoid related osteoporosis. Hum Immunol 75:
452-461. https://doi.org/10.1016/j.humimm.2014.02.009

Mostafa EA, Abo Hashish MMA, Ismail NA et al (2024) Assessment
of vitamin D status and vitamin D receptor polymorphism in
Egyptian children with Type 1 diabetes. J Genet Eng Biotechnol
22:100343. https://doi.org/10.1016/j.jgeb.2023.100343

Mukhtar M, Sheikh N, Suqgaina SK et al (2019) Vitamin D recep-
tor gene polymorphism: An important predictor of arthritis
development. BioMed Res Int 2019:8326246. https://doi.
org/10.1155/2019/8326246

Pani MA, Knapp M, Donner H et al (2000) Vitamin D receptor allele
combinations influence genetic susceptibility to type 1 diabe-
tes in Germans. Diabetes 49:504-507. https://doi.org/10.2337/
diabetes.49.3.504

Patel S, Farragher T, Berry J et al (2007) Association between serum
vitamin D metabolite levels and disease activity in patients with
early inflammatory polyarthritis. Arthritis Rheum 56:2143-2149.
https://doi.org/10.1002/art.22722



Archivum Immunologiae et Therapiae Experimentalis
72, 23 (2024), DOI: 10.2478/aite-2024-0023

Punceviciene E, Gaizevska J, Sabaliauskaite R et al (2021) Vitamin
D and VDR gene polymorphisms’ association with rheumatoid
arthritis in Lithuanian population. Medicina 57:346. https://doi.
org/10.3390/medicina57040346

Ranganathan P (2009) Genetics of bone loss in rheumatoid arthri-
tis — Role of vitamin D receptor polymorphisms. Rheumatology
48:342-346. https://doi.org/10.1093/rheumatology/ken473

Rass P, Pakozdi A, Lakatos P et al (2006) Vitamin D receptor gene
polymorphism in rheumatoid arthritis and associated osteo-
porosis. Rheumatol Int 26:964-971. https://doi.org/10.1007/
s00296-006-0106-7

Ruefli-Brasse AA, French DM, Dixit VM (2003) Regulation of
NF-kappaB-dependent lymphocyte activation and develop-
ment by paracaspase. Science 302:1581-1584. https://doi.
org/10.1126/science.1090769

Ruiz-Ballesteros Al, Meza-Meza MR, Vizmanos-Lamotte B et al
(2020) Association of vitamin D metabolism gene polymorphisms
with autoimmunity: Evidence in population genetic studies. Int J
Mol Sci 21:9626. https://doi.org/10.3390/ijms21249626

Saad MN, Mabrouk MS, Eldeib AM et al (2015) Genetic case-control
study for eight polymorphisms associated with rheumatoid arthri-
tis. PLoS One 10:e0131960. https://doi.org/10.1371/journal.
pone.0131960

Sainz J, Van Tornout JM, Loro ML et al (1997) Vitamin D-receptor
gene polymorphisms and bone density in prepubertal American
girls of Mexican descent. N Engl J Med 337:77-82. https://doi.
org/10.1056/NEJM199707103370202

Sakalyte R, Denkovskij J, Bernotiene E et al (2022) The expression
of inflammasomes NLRP1 and NLRP3, toll-like receptors, and
vitamin D receptor in synovial fibroblasts from patients with dif-
ferent types of knee arthritis. Front Immunol 12:767512. https://
doi.org/10.3389/fimmu.2021.767512

Sassi F, Tamone C, D’Amelio P (2018) Vitamin D: Nutrient, hor-
mone, and immunomodulator. Nutrients 10:1656. https://doi.
0rg/10.3390/nu10111656

Senosi MR, Fathi HM, Baki NMA et al (2022) Bone mineral den-
sity, vitamin D receptor (VDR) gene polymorphisms, fracture
risk assessment (FRAX), and trabecular bone score (TBS)
in rheumatoid arthritis patients: Connecting pieces of the

puzzle. Clin Rheumatol 41:1333-1342. https://doi.org/10.1007/
s$10067-022-06048-8

Sepulveda-Villegas M, Elizondo-Montemayor L, Trevino V (2020)
Identification and analysis of 35 genes associated with vitamin D
deficiency: A systematic review to identify genetic variants. J
Steroid Biochem Mol Biol 196:105516. https://doi.org/10.1016/j.
jsbmb.2019.105516

Simsek | (2011) TNF inhibitors for rheumatoid arthritis — A year in
review. Bull NYU Hosp Jt Dis 69:220-224

Song GG, Bae SC, Lee YH (2012) Association between vitamin D intake
and the risk of rheumatoid arthritis: A meta-analysis. Clin Rheumatol
31:1733-1739. https://doi.org/10.1007/s10067-012-2080-7

Tarner IH, Muller-Ladner U, Gay S (2007) Emerging targets of biologic
therapies for rheumatoid arthritis. Nat Clin Pract Rheumatol
3:336-345. https://doi.org/10.1038/ncprheum0506

Tizaoui K, Hamzaoui K (2015) Association between VDR polymor-
phisms and rheumatoid arthritis disease: Systematic review and
updated meta-analysis of case—control studies. Immunobiology
220:807-816. https://doi.org/10.1016/j.imbio.2014.12.013

Uhlén M, Fagerberg L, Hallstrom BM et al (2015) Proteomics. Tissue-
based map of the human proteome. Science 347:1260419.
https://doi.org/10.1126/science.1260419

Uitterlinden AG, Fang Y, Van Meurs JBJ et al (2004) Genetics
and biology of vitamin D receptor polymorphisms. Gene 338:
143-156. https://doi.org/10.1016/j.gene.2004.05.014

Vojinovic J, Tincani A, Sulli A et al (2017) European multicentre pilot
survey to assess vitamin D status in rheumatoid arthritis patients
and early development of a new Patient Reported Outcome
questionnaire (D-PRO). Autoimmun Rev 16:548-554. https://doi.
org/10.1016/j.autrev.2017.03.002

Weissmann G (2006) The pathogenesis of rheumatoid arthritis. Bull
NYU Hosp Jt Dis 64:12—15

Whitfield GK, Remus LS, Jurutka PW et al (2001) Functionally rel-
evant polymorphisms in the human nuclear vitamin D receptor
gene. Mol Cell Endocrinol 177:145-159. https://doi.org/10.1016/
s0303-7207(01)00406-3

Zwerina K, Baum W, Axmann R et al (2011) Vitamin D receptor regu-
lates TNF-mediated arthritis. Ann Rheum Dis 70:1122—-1129.
https://doi.org/10.1136/ard.2010.142331

1"



	LE_Ignored_1
	LE_Ignored_2
	LE_Ignored_3
	LE_Ignored_4
	LE_Ignored_5
	LE_Ignored_6
	LE_Ignored_7
	LE_Ignored_8
	LE_Ignored_9
	LE_Ignored_10
	LE_Ignored_11
	LE_Ignored_12
	LE_Ignored_13
	LE_Ignored_14
	LE_Ignored_15
	LE_Ignored_16
	LE_Ignored_17
	LE_Ignored_18
	LE_Ignored_19
	LE_Ignored_20
	LE_Ignored_21
	LE_Ignored_22
	LE_Ignored_23
	LE_Ignored_24
	LE_Ignored_25
	LE_Ignored_26
	LE_Ignored_27
	LE_Ignored_28
	LE_Ignored_29
	LE_Ignored_30
	LE_Ignored_31
	LE_Ignored_32
	LE_Ignored_33
	LE_Ignored_34
	LE_Ignored_35
	LE_Ignored_36
	LE_Ignored_37
	LE_Ignored_38
	LE_Ignored_39
	LE_Ignored_40
	LE_Ignored_41
	LE_Ignored_42
	LE_Ignored_43
	LE_Ignored_44
	LE_Ignored_45
	LE_Ignored_46
	LE_Ignored_47
	LE_Ignored_48
	LE_Ignored_49
	LE_Ignored_50
	LE_Ignored_51
	LE_Ignored_52
	LE_Ignored_53
	LE_Ignored_54
	LE_Ignored_55
	LE_Ignored_56
	LE_Ignored_57
	LE_Ignored_58
	LE_Ignored_59
	LE_Ignored_60
	LE_Ignored_61
	LE_Ignored_62
	LE_Ignored_63
	LE_Ignored_64
	LE_Ignored_65
	LE_Ignored_66
	LE_Ignored_67

