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Abstract

Polymorphisms in the vitamin D receptor (VDR) gene (BsmlI (rs1544410), FokI (rs2228570),
Apal (rs7975232), Taql (rs731236)) and low vitamin D concentrations have previously been
associated with type 1 diabetes (T1D). Vitamin D is thought to mediate the switch from a pro-
inflammatory Th1 response to an anti-inflammatory Th2 response which is protective against
the development of T1D. These associations are inconsistent across studies and population
groups. These associations have not been investigated in the South African black population.
Thus, this observational, case-control study aims to address this knowledge gap. South African
black participants with T1D (cases; n = 182) and healthy controls (n = 151) were genotyped for
the four VDR polymorphisms using polymerase chain reaction-restriction fragment length
polymorphism (PCR-RFLP). Vitamin D levels were measured using high performance liquid
chromatography (HPLC). Vitamin D levels were not significantly different between cases and
controls (62.8 + 20.7 vs. 59.5 + 17.0 nmol/l, respectively; P = 0.122). Higher vitamin D levels
were associated with the Taql TT (P =0.045) and Fokl TT/TC (P =0.014) genotypes in
multivariate analyses. Furthermore, the Taql TT genotype was associated with T1D status in
multivariate analysis (P =0.040). The FokI CC genotype increases the transcription of
CYP24A1, resulting in vitamin D catabolism and thus decreased vitamin D concentration
through the action of 24-hydroxlase. The Taql TT genotype results in increased vitamin D
potentially through calcium metabolism feedback pathways. In addition, the Taql TT genotype
is associated with T1D through a vitamin D-independent mechanism and may be in linkage
disequilibrium with a true causative variant.

Introduction

Type 1 diabetes (T1D) is a multifactorial disease characterised by insulin deficiency as a result of
the autoimmune destruction of pancreatic beta cells.!’) An imbalance between the Th1/Th2
pathways i.e. a shift toward the pro-inflammatory Thl pathway is thought to result in beta cell
destruction.”?) Several studies have shown that vitamin D is protective against T1D.®® In
addition, studies have shown a negative correlation between vitamin D and HbAlc levels in
participants with T1D. Furthermore, following vitamin D supplementation, these participants
showed improved glycaemic control.”)

Vitamin D exerts its effects through the vitamin D receptor (VDR). Upon vitamin D binding
there is a conformational change and subsequent heterodimerisation of VDR with the retinoid X
receptor (RXR). This complex mediates the downregulation of pro-inflammatory cytokines (e.g.
IL-2, IL-12 and IFNy) through direct binding to transcription factors, vitamin D response
elements or promotor regions of target genes.” The decreased pro-inflammatory cytokine
production inhibits the proliferation of Th1 cells thus preventing beta cell death.?

The VDR belongs to the steroid receptor superfamily of transcription factors.!") The VDR
gene consists of a 5 promoter region (containing the untranslated exons la-1f), exons 2-9
(which encode the N-terminal dual zinc finger DNA-binding domain, C-terminal ligand-
binding domain and an unstructured region that links the two functional domains) and a
3’ untranslated region (UTR).!'® Four polymorphisms in the VDR gene, namely, Bsml
(rs1544410), Fokl (rs2228570), Apal (rs7975232) and Taql (rs731236) have previously been
associated with the development of T1D.(!314

The Fokl polymorphism, in exon 2, results in a C>T substitution which creates a start codon
three amino acids upstream of the original start codon, resulting in a VDR protein that is three
amino acids longer than the wildtype protein.!>) The shorter variant is more active in
transactivation of vitamin D signalling than the longer variant.('
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The Bsml (A>G) and Apal (C>A) polymorphisms (found in
intron 8) and the synonymous Taql (T>C) polymorphism (located
in exon 9) are in linkage disequilibrium with a poly(A) micro-
satellite repeat in the 3 UTR of the VDR gene.'”) This repeat
influences VDR mRNA stability and regulates gene expression.!®

Numerous studies have shown an association between T1D and
the VDR polymorphisms. However, results are inconsistent based
on the population group and the polymorphism studied.!!>!9-2%
To the best of our knowledge, there is no data on these
polymorphisms in black South African participants with T1D,
an under-studied population for which there is very little
information on the molecular aetiology of T1D. We therefore
aimed to determine the association of vitamin D levels and VDR
polymorphisms with T1D in black South African individuals.

Methods
Study participants

Adult South African black participants (> 18 years of age;) for this
observational (case and control) study were recruited between 16
October 2014 and 20 September 2015 through convenience
sampling. Participants with T1D (cases; n = 182) were recruited
from diabetic clinics at tertiary hospitals in the greater
Johannesburg area, namely, Chris Hani Baragwanath Academic
Hospital and Charlotte Maxeke Johannesburg Academic Hospital.
These are state clinics and therefore anyone can attend who has
been referred through the public health care system. Criteria for
T1D diagnosis were the initiation of insulin therapy within one
year of diagnosis in individuals <30 years of age or initiation of
insulin treatment within the first-year post diagnosis in non-obese
participants >30 years of age at diagnosis. Patient glycated
haemoglobin (HbA1c) levels measured on the DCA Vantage point
of care analyser (Siemens, Munich, Germany), within three
months of date of recruitment, were obtained from patient files.
Patient glucose levels were measured on an Accu-chek active
glucometer (Roche, Basel, Switzerland) by the clinic on the day of
recruitment.

Non-diabetic black participants (controls; n=156) were
recruited from South African National Blood Service blood drives
in the greater Johannesburg area. Control participants were
excluded from the study if they had a random blood glucose
measurement > 11.1 mmol/l (n=3), a family history of T1D
(n=0), type 2 diabetes (n = 1), chronic pancreatitis (n = 0), were
pregnant (n=0) or had two or more beta cell autoantibod-
ies (n=1).

This study was conducted according to the guidelines laid down
in the Declaration of Helsinki and all procedures involving human
subjects/patients were approved by the University of the
Witwatersrand human research ethics committee; (M180334
and M150885) and by the South African National Blood Service
Research Ethics Committee (clearance certificate number
2014/19). Written informed consent was obtained from all
subjects/patients. All participants completed a questionnaire
self-reporting age at diagnosis.

Sample size

The number of participants used in this study was calculated based
on the ability to determine differences in allele frequencies between
cases and controls for the VDR polymorphisms with the highest
(62% for the A allele; rs7975232) and lowest (24% for the A allele;
rs1544410) recorded disease-associated allele frequencies in
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African populations.®® Thus, with an N of 150 participants in
each group we will be able to detect an 11% difference in the A allele
for rs7975232 between cases and controls and a 10% difference in
the A allele for rs1544410 at P < 0.05.

Genotyping participants for the Bsml, Fokl, Apal and Tagql
polymorphisms

DNA was extracted from whole blood using the Invisorb Spin
Blood Mini DNA Extraction Kit (Stratatec Biomedical AG,
Birkenfield, Germany) according to the manufacturer’s instruc-
tions. Participants were genotyped for the four polymorphisms
using PCR-RFLP. Primer sequences were obtained from the
literature.!>*) Supertherm Gold Taq polymerase (JMR Holdings,
London, United Kingdom) was used to amplify the regions
flanking the Apal, FokI and TaqI polymorphisms while OneTaq 2x
mastermix (New England Biolabs Inc., Massachusetts, USA) was
used to amplify the region flanking the BsmI polymorphism. The
resultant PCR products were digested with Apal (10U), FokI (5U),
Taql (10U) and BsmlI (10U), restriction endonucleases (New
England Biolabs Inc., Massachusetts, USA) and participants
genotyped based on the resultant fragment sizes.

Measurement of vitamin D

Vitamin D levels were measured using the ClinRep High
Performance Liquid Chromatography complete kit 25-OH-
Vitamin D,/D; (RECIPE, Munich, Germany) according to the
manufacturer’s instructions. Vitamin D status was based on the
National Academy of Medicine guidelines for the classification of
Vitamin D status (> 50 nmol/l = sufficient; 30-50 nmol/l =
insufficient; < 30.0 nmol/l = deficient).®?

Measurement of control plasma glucose concentration

The enzymatic hexokinase method was used to measure random
plasma glucose concentrations in control participants on the
ADVIA Chemistry System (Siemens Health Care Diagnostics Inc.,
New York, USA) in the Chemical Pathology National Health
Laboratory Service diagnostic laboratory.

Measurement of autoantibodies

GADG65 and TA-2 autoantibody positivity was measured by ELISA
(Kronus, Star, ID, USA) according to the manufacturer’s
instructions. Each ELISA plate was run in the same laboratory
using serum samples from both cases and controls. Participants
were considered GAD65 and IA-2 autoantibody positive when the
concentration was >5 IU/ml and >15 IU/ml, respectively, based on
the manufacturer’s recommendations.

Sun exposure

All participants completed a questionnaire in which they reported
their daily time spent in the sun (<5, 5-30 and >30 min) and
degree of skin exposure (four categories ranging from face and
hands only to “bathing suit”) for one week.®? The weekly sun
exposure score (0-58) was calculated from the sum of the daily sun
exposure scores (the product of time spent outdoors and skin
exposure; 0-8).

Anthropometric measurements

The weight of participants was measured in kilograms on an
electronic calibrated weighing scale (Seca, Hamburg, Germany)
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after removing shoes and any heavy clothing. Height was measured
in centimetres without shoes.

Statistical analysis

Statistical analysis was performed using Statistica software
v14.0.0.15 (StatSoft, Oklahoma, United States of America).
Results with a P value < 0.05 were considered to be statistically
significant. Data that were not normally distributed (disease
duration and glucose) were log-transformed to normality. Data
with a normal distribution were represented as mean + standard
deviation and non-parametric data as median (lower quartile;
upper quartile). Categorical data was represented as per cent (%) or
frequency. The control population was tested for Hardy-Weinberg
equilibrium. Continuous variables were compared between cases
and controls using the two-tailed Student’s non-paired t-test.
Categorical variables were compared using a chi-squared ()?) test.
Significant levels are two-sided. Due to the low frequency of
participants with the Bsml (AA), Taql (CC) and FokI (TT)
genotypes they were combined with the heterozygous genotype for
statistical analysis. A two-tailed Student’s non-paired t-test was
used to compare continuous variables between the Bsml, Tagl and
FokI genotypes and an ANOVA was used to compare continuous
variables across the three Apal genotypes.

Backward stepwise multivariable linear regression analysis was
performed with vitamin D concentration as the dependent variable.
Independent variables (season of sampling, sex, sun exposure and
VDR genotypes) were selected based on scientific plausibility and
subjected to univariate analysis with the dependent variable. When
the resultant P-value was < 0.2, the variable was included in the
multivariable regression model. The same process was used for the
backwards stepwise multivariable logistic regression analysis of T1D
status. In this model, the independent variables included in the
univariate analyses were sex, family history of diabetes, vitamin D
levels and VDR genotypes.

Results

Clinical and phenotypic characteristics of participants with
T1D and control participants

The clinical and phenotypic characteristics of cases and controls are
summarised in Table 1. The mean age at diagnosis of T1D was
20.7 + 8.4 years and the median disease duration was 7.0 (2.0; 11.0)
years. Glucose levels were significantly higher in the patient group
than in the control group (9.2 (5.7; 13.2) vs. 5.6 (4.7; 7.6); P < 0.001).
The mean HbAIc levels in cases was 10.6 + 3.4 indicative of poor
glycaemic control. Participants with T1D had a significantly lower
body mass index (BMI) than control participants (25.0 £ 5.9 vs. 28.0
+ 5.9; P<0.001). No other variable differed between groups.
Vitamin D concentrations ranged from 21.3 to 159.6 nmol/l. The
majority (70.1%) of participants had sufficient levels (> 50 nmol/l)
of vitamin D, 27.2% had insufficient levels (30-50 nmol/l) and 2.7%
of the cohort were deficient in vitamin D (< 30 nmol/l). The
percentage of participants who were deficient, insufficient and
sufficient for vitamin D did not differ between patients and controls
(2.7, 26.9, 70.3 vs. 2.7, 27.5, 69.8 %, respectively; P = 0.992).

Genotypic and allelic frequencies of the VDR gene
polymorphisms in cases and controls

All four VDR gene polymorphisms were found to be in Hardy-
Weinberg equilibrium (P> 0.05). There was no significant

Table 1. Clinical and phenotypic characteristics of type 1 diabetes patients and
control participants

Controls
Variables Cases n =182 n=151 P value
Age (years) 28.9 (9.3)° 29.2 (9.7)° 0.804
Age at diagnosis 20.7 (8.4)° - -
(years)
Duration of disease 7.0 (2.0; 11.0)¢ - -
(years)
Gender (% male, n) 54.4 (99) 43.7 (66) 0.052
Glucose (mmol/l) 9.2 (5.7; 13.2)4 5.6 (4.7, 7.6) <0.001
HbA1lc (%) 10.6 (3.4)¢ = -
BMI (kg/m2) 25.0 (5.9)° 28.0 (5.9)° <0.001
Waist circumference 77.9 (13.0)8 80.8 (13.3)2 0.053
(cm)
Vitamin D (nmol/l) 62.8 (20.7) 59.5 (17.0)2 0.122

Data displayed as mean (SD) or median (lower quartile; upper quartile); Missing data: 22, 10,
1,914, 3,78, 87.

difference in allelic and genotypic frequencies between participants
with T1D and control participants for any of the VDR gene
polymorphisms (Table 2).

Associations of the VDR gene polymorphisms with vitamin D
levels in black South African participants

The associations between VDR genotypes and vitamin D levels in
the total population are shown in Table 3. Participants with the
FoklI CC genotype had significantly lower vitamin D levels
compared to participants with the TC/ TT genotypes (59.3 + 18.2
vs. 65.1 = 20.7 nmol/l; P =0.009). Similarly, participants with the
Taql CC/TC combined genotypes had significantly lower vitamin
D levels than participants with the TT genotype (58.4 + 18.5 vs.
62.8 + 19.5 nmol/l; P =0.047). The remaining VDR polymor-
phisms did not show an association with vitamin D levels.

VDR genotypes and clinicopathological variables in
participants with T1D

The VDR gene polymorphisms and their association with different
clinicopathological variables are summarised in Tables 4-7. The
FokI CC genotype was associated with significantly lower vitamin
D levels compared to the CT/TT genotypes (60.3 + 19.2 vs. 68.2 +
23.0; P =0.017). The remaining VDR polymorphisms showed no
statistically significant difference with any of the clinicopatho-
logical variables investigated.

Determinants of vitamin D levels in the total cohort

Upon multiple regression analysis, sampling in spring/winter, sex,
Fokl and Taql genotype were associated with vitamin D
concentrations in the total cohort when controlling for sun exposure
(Table 8). Vitamin D levels were 9.6 nmol/l lower in individuals
recruited during winter/spring than participants recruited in
summer/autumn (P < 0.001). In addition, vitamin D levels were
5.8 nmol/l higher in males compared to females (P =0.005).
Individuals with the FokI CT/TT genotypes had vitamin D levels 5.4
nmol/l higher than those with the CC genotype (P =0.014).



Table 2. Genotypic and allelic frequencies of vitamin D receptor gene
polymorphisms in cases and controls

S. Bhola et al.

Table 3. Associations of the vitamin D receptor polymorphisms with vitamin D
levels in black South African participants

Cases Controls VDR polymorphism Genotype (n) Vitamin D (nmol/l) P value
SNP Frequency (n) Frequency (n) P value Bsml GG (204) 61.9 (19.2) 0.56
Bsml AA + AG (110) 60.6 (19.5)
Genotype model Fokl CC (218)° 59.3 (18.2) 0.009
AA 0.05 (9) 0.05 (7) 0.448 TC + TT (112) 65.1 (20.7)
AG 0.28 (49) 0.34 (47) Apal CC (37) 63.2 (17.0) 0.743
GG 0.67 (120) 0.61 (84) CA (141)P 61.6 (18.6)
Allele model AA (150)° 60.6 (20.3)
A 0.19 (67) 0.22 (61) 0.309 Taql TT (211)b 62.8 (19.5) 0.047
G 0.81 (289) 0.78 (215) TC + CC (113)° 58.4 (18.5)
Fokl Data displayed as mean (SD); Missing data: 22, P1.
Genotype model
cc 0.69 (125) 0.63 (95) 0.256 Table 4. Association of the Bsml vitamin D receptor gene polymorphism with
o 029 (3) 031 (47) clinicopathological variables in participants with type 1 diabetes
T 0.02 (4) 0.05 (8) 5T GRS
AER el Variable GG (n=120) ?:: :sc; P value
c 0.83 (303) 0.79 (237) 0.163 Age at diagnosis 21.3 (7.6)° 19.1 (9.2) 0.096
T 0.17 (61) 0.21 (63) (years)
Apal Male (%, n) 53.3 (64) 58.6 (34) 0.506
Genotype model Glucose (mmol/l) 83 (54;13.0>  10.2 (6.5; 13.3)° 0.240
cc 0.13 (24) 0.09 (13) 0.389 HbAlc (%) 10.6 (3.5)¢ 104 (3.2)¢ 0.772
CA 0.43 (78) 0.43 (64) BMI (kg/m?) 25.1 (6.1)? 24.9 (5.7)° 0.831
AA 0.44 (79) 0.48 (72) Waist (cm) 782 (14.1)° 77.7 (11.0)° 0.818
Allele model Vitamin D (nmol/l)  63.6 (20.8) 61.6 (21.0) 0.556
c 0.35 (126) 0.30 (90) 0.210 P;t;jjieslr.)layed as mean (SD) or median (lower quartile; upper quartile); Missing data: 22, 8,
A 0.65 (236) 0.69 (208)
Taql Table 5. Association of the Fokl vitamin D receptor gene polymorphism with
Genotype model clinicopathological variables in participants with type 1 diabetes
TT 0.69 (123) 0.60 (89) 0.189 Fokl genotype
TC 0.27 (48) 0.36 (54) CT+TT
cc 0.04 (7) 0.04 (6) Variable CC (n=125) (n=57) P value
. . R N
Allele model f;/g;rast) diagnosis 20.1 (8.3) 21.9 (8.4) 0.200
T 0.83 (294) 0.78 (232) 0.129 Male (%, n) 56.0 (70) 50.9 (29) 0.520
¢ 017 (62) 022 (66) Glucose (mmol/) 9.0 (58141)° 93 (55 130°  0.588
HbA1lc (%) 10.4 (3.3)¢ 11.0 (3.7)2 0.275
Participants with the Taql TT had vitamin D levels 4.3 nmol/l higher BMI (kg/m?) 253 (6.2)° 24.4 (5.3)° 0.350
than participants with the TC/CC genotypes (P = 0.045). Waist (cm) 78.8 (13.4)f 76.1 (12.1) 0.205
Vitamin D (nmol/l) 60.3 (19.2) 68.2 (23.0) 0.017

Logistic regression analysis for the determinants of T1D

The main determinants of T1D were a family history of T1D and
Taql TT genotype when controlling for vitamin D levels, sex, and
Fokl genotypes (Table 9). A positive family history of T1D was
associated with a 5 times higher risk of TID (P <0.001). In
addition, participants with the Taq CT/CC genotypes had a 41%
lower risk of T1D compared to participants with the TT
genotype (P = 0.040).

Data displayed as mean (SD) or median (lower quartile; upper quartile); Missing data: 21, 11,
<3, 913, ©2.

Discussion

The associations of VDR polymorphisms with vitamin D levels and
T1D in the black South African population have not previously
been investigated. The FokI polymorphism, Tagl polymorphism,
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Table 6. Association of the Apal vitamin D receptor gene polymorphism with clinicopathological variables in participants with type 1 diabetes

Apal genotype

CC (n=24) CA (n=78) AA (n=T79)
Variable Mean/median Mean/median Mean/median P value
Age at diagnosis (years) 21.1 (10.0) 20.4 (8.05)° 20.8 (8.3) 0.914
Male (%, n) 45.8 (11) 56.4 (44) 54.4 (43) 0.660
Glucose (mmol/l) 10.4 (5.7; 16.8)P 8.1 (5.3; 13.0)° 9.8 (6.1; 13.3)¢ 0.215
HbALc (%) 10.8 (3.5)° 10.7 (3.7)° 10.6 (3.1)f 0.962
BMI (kg/m2) 24.9 (6.5) 24.7 (5.8) 20.2 (5.9)2 0.882
Waist (cm) 75.6 (12.7) 77.7 (13.0)8 78.7 (13.2)° 0.592
Vitamin D (nmol/l) 61.8 (19.4) 65.1 (20.6) 61.0 (21.4) 0.454

Data displayed as mean (SD) or median (lower quartile; upper quartile); Missing data: 22, °1, %6, 97, €3, '8, #4.

Table 7. Association of the Taql vitamin D receptor gene polymorphism with
clinicopathological variables in participants with type 1 diabetes

Table 9. Logistic regression model for the determinants of type 1 diabetes (T1D)
status

Taql genotype Dependent Independent Odds ratio
TC + CC variable variable (95% ClI) P value
TT (n=123) (n=55) T1D status® Family history® 5.00 (3.08-8.11) <0.001
Variable Mean/median Mean/median P value Taqgl genotype®© 0.59 (0.36-0.98) 0.040
Age at diagnosis 20.9 (8.2)° 20.2 (8.8) 0.636 For full model P < 0.001 (n = 324).
(years) 2case =1, control =0.
bpositive family history = 1, negative family history = 0.
Male (%, n) 52.8 (65) 56.4 (31) 0.664 TC 4 CC genotype = 1; TT genotype = 0.
Glucose (mmol/l) 9.9 (5.7;15.0)° 8.2 (5.7; 12.9) 0.248
HbALc (%) 10.4 (3.3)¢ 11.3 (3.6)° 0.128
BMI (kg/m?) 24.7 (5.4)f 25.4 (7.0)2 0.527
(20,40,41) i g ; ;
Waist (cm) 7.4 (129)° 787 (13.4)° 0.561 cont.rols. ) The 'cc'mﬂlctmg r'es.ults in these studies may be due
s to differences in participant ethnicity, age, BMI, sun exposure, and
Vitamin D (nmol/l) 63.5 (21.4) 60.7 (19.7) 0.396

Data displayed as mean (SD) or median (lower quartile; upper quartile); Missing data: 21, ®9,
<5, 98, %6, 2.

Table 8. Multivariable linear regression model to determine the main factors
influencing vitamin D concentration

Dependent variables Independent variables b value P value
Vitamin D (n =324) Season? -9.60 <0.001
Sex? 5.76 0.005
Fokl genotype® 5.35 0.014
Taql genotype® 430 0.045

For full model R?=0.111 and P < 0.001.

2Season code: Autumn/summer = 0, winter/spring = 1.
bSex: female =0, male=1.

‘Fokl genotype: CC=0, CT/TT=1.

9Taql genotype: TC/CC=0, TT=1.

season of sampling and sex were associated with vitamin D levels.
Furthermore, the VDR Taql TT genotype and a family history of
T1D were associated with T1D in the present study.

Reduced vitamin D levels have been associated with T1D in
Egyptian, Australian, Saudi Arabian, Indian and Scandinavian
populations.®4-3% This is in contrast to our study where vitamin D
levels were not associated with T1D status. Similarly, studies in
Chilean, American and Danish populations found no difference in
vitamin D levels between participants with T1D and healthy

the method used for vitamin D measurements. In addition, the
studies showing an association between vitamin D levels and T1D
tended to have a smaller sample size (36-100 participants with
T1D) compared to those studies which did not show an association
(156-907 participants with T1D) and which includes the current
study. It is therefore possible that the associations observed in the
smaller studies were due to chance i.e. a type 1 error.

The current study found that participants with the Fokl CC
genotype had significantly lower levels of serum vitamin D
compared to participants with the Fokl TC/TT genotype.
Similarly, in Egyptian children with COVID-19 (n=180),
Jordanian men with prostate cancer (n=124) and healthy
Jordanian men (n=100) the Fokl CC genotype was associated
with lower vitamin D levels.*>* In addition, in Brazilian
participants with T1D (n = 65), the FokI CT/CC genotypes were
associated with lower levels of vitamin D compared to the TT
genotype.*¥) In contrast, the FokI CC genotype was associated with
higher vitamin D levels in a healthy Turkish Cypriot population
(n = 320), Egyptian children with T1D (n = 132), Americans with
actinic keratoses (n=137) and a Han Chinese population with
high levels of low density lipoprotein (n=192) compared to
participants with the FokI TT genotype.>-*® Furthermore, no
association between FokI genotype and vitamin D levels was seen
in a healthy adolescent Brazilian population.“? Similarly, no
association was found between FokI genotype and vitamin D levels
in a heterogenous South African population (white (n = 73), black
(n = 175) and Indian (n = 21)) with chronic kidney disease®” and
in a South African mixed-ancestry population (n = 968) with and



without hyperglycaemia/diabetes.®” The reasons for the
differences in the outcomes of these studies, in addition to the
factors mentioned above for the discrepancies in the T1D-vitamin
D investigations, may include the disease status of the participants.
The lack of agreement of our study with the two South African
studies may be that these studies looked at different ethnic groups
and did not report the results for the black participants separately
and the use of a mixed-ancestry population with no adjustment for
ethnic admixture.

The VDR-RXR-vitamin D complex activates the transcription of
CYP24A1, which encodes 24-hydroxlase, the enzyme responsible for
the catabolism of 25-hydroxyvitamin D3 and 1,25-dihydroxyvitamin
D; to their less active metabolites lowering the concentrations of
25-hydroxyvitamin D; and 1,25-dihydroxyvitamin D5.°? In South
African black participants, the VDR Fokl CC genotype has been
found to increase the transcription of CYP24A1 mRNA.® Thus, with
increased degradation of vitamin D, the serum vitamin D levels are
expected to be lower. Alternatively, the shorter VDR protein encoded
by the C allele is known to have increased transactivational activity
due to an increased binding affinity with the VDR co-activator,
transcription factor IT B.°* It is therefore possible that the increased
transactivation results in increased internalisation of vitamin
D-bound VDR and thus lower serum vitamin D concentrations.

In addition, the Taql TT genotype was associated with higher
vitamin D concentrations compared to the TC/CC genotypes. This
is similar to results from Polish, Egyptian and Greek popula-
tions.**-%®) Similarly, in the Chinese population, participants with
the TT and TC genotypes had higher vitamin D levels than
participants with the CC genotype.®” However, studies in the
Iranian and Chinese populations found no association between
Taqgl genotype and vitamin D levels. >0V

Bhanushali and colleagues hypothesised that the mechanism
through which Taql influences vitamin D levels is through VDR-
mediated calcium metabolism.®? The Taql polymorphism is in
linkage disequilibrium with a poly(A) microsatellite repeat (long and
short forms) in the 3’ untranslated region and regulates gene
expression through modulation of mRNA stability.® A study by
Durrin and colleagues found no association between the poly(A)
microsatellite repeat length and mRNA stability.!”) However, the
poly(A) microsatellite long form and the Taql T allele have been
associated in cell culture with increased VDR mRNA transcription
resulting in higher levels of VDR.4% Thus, the presence of the T
allele may result in higher concentrations of VDR which when
activated by binding to 1,25-dihydroxyvitamin D and RXR regulates
the expression of genes involved in increased calcium absorption
from the gut, together with calcium reabsorption in the kidney and
bone resulting in high serum calcium concentrations.® High serum
calcium inhibits the conversion of 25 hydroxyvitamin D to 1,25-
dihydroxyvitamin D in the kidney through decreased parathyroid
hormone production.®® The levels of 25 hydroxyvitamin D are
therefore higher in the presence of the T allele.

Previous studies looking at the association of VDR poly-
morphisms with T1D have shown contradictory results. In our
study, we found that only the TaqI TT genotype was associated with
TID in multivariate analysis. This is similar to studies in the
Dalmation and Greek populations which found the TT genotype
associated with T1D.?3979) However, in the Kuwaiti, Egyptian and
Iranian populations, the C allele was associated with T1D .(22246%)
Furthermore, no association between the Taqgl polymorphism and
T1D was found in the Pakistani, Chilean, Han Chinese, Kurdish and
Egyptian populations.!>20232%70) The discrepancy in results may be

S. Bhola et al.

due to environmental factors, different populations studied,
epigenetic factors or linkage disequilibrium.

Higher vitamin D levels have been shown to be protective
against the development of T1D.*"® As the Taql TT genotype is
associated with increased vitamin D levels in the South African
black population, it is unlikely that Taql TT increases the risk of
T1D through vitamin D-mediated VDR signalling pathways.
Therefore, we hypothesise that the VDR Taql polymorphism is in
linkage disequilibrium with a gene region which is the causative
factor for T1D.

The strength of this study is that, to the best of our knowledge, it
is the first study examining the associations of VDR poly-
morphisms and vitamin D levels with T1D in the under-
represented South African black population. The limitations of
this study were a small sample size, participants with T1D were not
newly diagnosed, lack of haplotype analysis and the cross-sectional
design of the study. All participants were diagnosed by a clinician
and met all inclusion criteria; however, we cannot completely rule
out that some participants with maturity onset diabetes of the
young or other types of diabetes may have been misdiagnosed. In
addition, the cases and controls were not matched for season of
recruitment and although season of recruitment was adjusted for
in our models, it is possible that this was only partially effective at
controlling for this confounder. We also cannot rule out other
sources of residual confounding. In addition, all participants were
recruited from a particular geographic area of South Africa (greater
Johannesburg) and therefore our findings may be subject to some
level of selection bias.

In conclusion, the Taql TT genotype is associated with T1D in
the black South African population through a mechanism which is
independent of vitamin D levels. It is possible that Taql is not a
functional polymorphism but is in linkage disequilibrium with a
true causative polymorphism that is responsible for an increased
risk of T1D. Future work would include functional studies to
determine the true risk alleles for T1D. The FokI CC and Taql CT/
CC genotypes were associated with lower vitamin D levels and thus
individuals with these genotypes may need increased vitamin D
supplementation compared to participants with the FokI T allele.

Acknowledgements. We would like to acknowledge Prof Raal for allowing us
access to the diabetic clinic, Sr Angeline Naidoo for blood draws and the
participants for agreeing to partake in this study.

Authors’ contributions. CJP designed the study. SBhola recruited partic-
ipants, collected the data and helped prepare the first draft of the manuscript.
EMC and CJP performed statistical analysis, writing and critical review of the
manuscript. NJC was involved in critical review of the manuscript. KLP
performed and interpreted vitamin D assays. SB provided access to participant
samples.

Funding. This work was supported by a National Health Laboratory Service
Research Trust Development Grant (C.P. Grant number 94398) and a
University of the Witwatersrand Faculty of Health Sciences Faculty Research
Committee Grant (S.B). The authors received no funding from commercial or
not-for-profit sectors for this research.

Competing interests. The authors declare no conflict of interest.

References

1. American Diabetes Association. Diagnosis and classification of diabetes
mellitus. Diabetes Care. 2012;35:564-71.

2. Kukreja A, Maclaren NK. Autoimmunity and diabetes. J Clin Endocrinol
Metab. 1999;84:4371-4378.



The vitamin D receptor Taql TT genotype is associated with type 1 diabetes in the Black South African population 7

3.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Mathieu C, Waer M, Casteels K, et al. Prevention of type I diabetes in NOD
mice by nonhypercalcemic doses of a new structural analog of 1,
25-dihydroxyvitamin D3, KH1060. Endocrinology. 1995;136:866-872.

. Hypponen E, Laara E, Reunanen A, et al. Intake of vitamin D and risk of

type 1 diabetes: a birth-cohort study. Lancet. 2001;358:1500-1503.

. Dong JY, Zhang WG, Chen JJ, et al. Vitamin D intake and risk of type 1

diabetes: a meta-analysis of observational studies. Nutrients. 2013;5:
3551-3562.

. Zipitis CS, Akobeng AK. Vitamin D supplementation in early childhood

and risk of type 1 diabetes: a systematic review and meta-analysis. Arch Dis
Child. 2008;93:512-517.

. Aljabri KS, Bokhari SA, Khan M]J. Glycemic changes after vitamin D

supplementation in patients with type 1 diabetes mellitus and vitamin D
deficiency. Ann Saudi Med. 2010;30:454-458.

. Buhary BM, Almohareb O, Aljohani N, et al. Association of glycosylated

hemoglobin levels with vitamin D status. ] Clin Med Res. 2017;9:1013-1018.

. Kongsbak M, Levring TB, Geisler C, et al. The vitamin d receptor and T cell

function. Front Immunol. 2013;4:148.

Altieri B, Muscogiuri G, Barrea L, et al. Does vitamin D play a role in
autoimmune endocrine disorders? A proof of concept. Rev Endocr Metab
Disord. 2017;18:335-346.

Takeyama K, Masuhiro Y, Fuse H, et al. Selective interaction of vitamin D
receptor with transcriptional coactivators by a vitamin D analog. Mol Cell
Biol. 1999;19:1049-1055.

Patel JB, Patel KD, Patel SR, et al. Recent candidate molecular markers:
vitamin D signaling and apoptosis specific regulator of p53 (ASPP) in
breast cancer. Asian Pac J Cancer Prev. 2012;13:1727-1735.

Mukhtar M, Batool A, Wajid A, et al Vitamin D receptor gene
polymorphisms influence T1D susceptibility among Pakistanis. Int |
Genomics. 2017;2017:4171254.

Seshadri K, Tamilselvan B, Rajendran A. Role of vitamin D in diabetes.
J Endorinol Metab. 2011;1:47-56.

Voltan G, Cannito M, Ferrarese M, et al. Vitamin D: an overview of gene
regulation, ranging from metabolism to genomic effects. Genes (Basel).
2023;14:1691.

Arai H, Miyamoto K, Taketani Y, et al. A vitamin D receptor gene
polymorphism in the translation initiation codon: effect on protein activity
and relation to bone mineral density in Japanese women. ] Bone Miner Res.
1997;12:915-921.

Durrin LK, Haile RW, Ingles SA, et al. Vitamin D receptor 3’-untranslated
region polymorphisms: lack of effect on mRNA stability. Biochim Biophys
Acta. 1999;1453:311-320.

Cieslinska A, Kostyra E, Fiedorowicz E, et al Single nucleotide
polymorphisms in the vitamin D receptor gene (VDR) may have an
impact on acute pancreatitis (AP) development: a prospective study in
populations of AP patients and alcohol-abuse controls. Int J Mol Sci.
2018;19:1919.

Wang G, Zhang Q, Xu N, et al. Associations between two polymorphisms
(FokI and Bsml) of vitamin D receptor gene and type 1 diabetes mellitus in
Asian population: a meta-analysis. PLoS One 2014;9:e89325.

Garcia D, Angel B, Carrasco E, et al. VDR polymorphisms influence the
immune response in type 1 diabetic children from Santiago, Chile. Diabetes
Res Clin Pract. 2007;77:134-140.

Ali R, Fawzy I, Mohsen I, et al. Evaluation of vitamin D receptor gene
polymorphisms (Fok-I and Bsm-I) in TIDM Saudi children. J Clin Lab
Anal 2018;32:22397.

Kamel MM, Fouad SA, Salaheldin O, et al. Impact of vitamin D receptor
gene polymorphisms in pathogenesis of Type-1 diabetes mellitus. Int J Clin
Exp Med. 2014;7:5505-5510.

Chang TJ, Lei HH, Yeh JI, ef al. Vitamin D receptor gene polymorphisms
influence susceptibility to type 1 diabetes mellitus in the Taiwanese
population. Clin Endocrinol (Oxf). 2000;52:575-580.

Mohammadnejad Z, Ghanbari M, Ganjali R, et al. Association between
vitamin D receptor gene polymorphisms and type 1 diabetes mellitus in
Iranian population. Mol Biol Rep. 2012;39:831-837.

Bonakdaran S, Abbaszadegan MR, Dadkhah E, et al. Vitamin D receptor
gene polymorphisms in type 1 diabetes mellitus: a new pattern from

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

Khorasan Province, Islamic Republic of Iran. na Mediterr Health ].
2012;18:614-619.

Turpeinen H, Hermann R, Vaara S, ef al Vitamin D receptor
polymorphisms: no association with type 1 diabetes in the Finnish
population. Eur J Endocrinol. 2003;149:591-596.

Zhai N, Bidares R, Makoui MH, et al Vitamin D receptor gene
polymorphisms and the risk of the type 1 diabetes: a meta-regression
and updated meta-analysis. BMC Endocr Disord. 2020;20:121.

Panierakis C, Goulielmos G, Mamoulakis D, ef al. Vitamin D receptor gene
polymorphisms and susceptibility to type 1 diabetes in Crete, Greece. Clin
Immunol. 2009;133:276-281.

Othman GO. VDR gene polymorphisms in Kurdish population and its
relation to TIDM in Erbil-Iraq. Cell Mol Biol. 2022;68:8-13.

Harrison PW, Amode MR, Austine-Orimoloye O, et al. Ensembl 2024.
Nucleic Acids Res. 2024;52:D891-D899.

El-Beshbishy HA, Tawfeek MA, Taha IM, et al. Association of vitamin D
receptor gene BsmI (A>G) and FokI (C>T) polymorphism in gestational
diabetes among Saudi Women. Pak ] Med Sci. 2015;31:1328-1333.

Ross AC, Manson JE, Abrams SA, et al. The 2011 dietary reference intakes
for calcium and vitamin D: what dietetics practitioners need to know. ] Am
Diet Assoc. 2011;111:524-527.

Hanwell HE, Vieth R, Cole DE, et al. Sun exposure questionnaire
predicts circulating 25-hydroxyvitamin D concentrations in Caucasian
hospital workers in southern Italy. ] Steroid Biochem Mol Biol.
2010;121:334-337.

Hamed EA, Faddan NH, Elhafeez HA, et al. Parathormone-25(OH)-
vitamin D axis and bone status in children and adolescents with type 1
diabetes mellitus. Pediatr Diabetes. 2011;12:536-546.

Greer RM, Portelli SL, Hung BS, et al. Serum vitamin D levels are lower in
Australian children and adolescents with type 1 diabetes than in children
without diabetes. Pediatr Diabetes. 2013;14:31-41.

Bin-Abbas BS, Jabari MA, Issa SD, et al. Vitamin D levels in Saudi children
with type 1 diabetes. Saudi Med ]. 2011;32:589-592.

Borkar VV, Devidayal, Verma S, et al. Low levels of vitamin D in North
Indian children with newly diagnosed type 1 diabetes. Pediatr Diabetes.
2010;11:345-350.

Rodland O, Markestad T, Aksnes L, et al. Plasma concentrations of vitamin
D metabolites during puberty of diabetic children. Diabetologia.
1985;28:663-666.

Pozzilli P, Manfrini S, Crino A, et al. Low levels of 25-hydroxyvitamin D3
and 1,25-dihydroxyvitamin D3 in patients with newly diagnosed type 1
diabetes. Horm Metab Res. 2005;37:680-683.

Bierschenk L, Alexander J, Wasserfall C, et al. Vitamin D levels in subjects
with and without type 1 diabetes residing in a solar rich environment.
Diabetes Care. 2009;32:1977-1979.

Thorsen SU, Mortensen HB, Carstensen B, et al. No association between
type 1 diabetes and genetic variation in vitamin D metabolism genes: a
Danish study. Pediatr Diabetes. 2014;15:416-421.

Zeidan NMS, Lateef H, Selim DM, et al. Vitamin D deficiency and vitamin
D receptor FokI polymorphism as risk factors for COVID-19. Pediatr Res.
2023;93:1383-1390.

Atoum MF, AlKateeb D, AlHaj Mahmoud SA. The Fokl vitamin D
receptor gene polymorphism and 25(OH) D serum levels and prostate
cancer among Jordanian men. Asian Pac ] Cancer Prev. 2015;16:2227-2230.
Ferraz RS, Silva CS, Cavalcante GC, et al. Variants in the VDR gene may
influence 25(OH)D levels in type 1 diabetes mellitus in a Brazilian
population. Nutrients. 2022;14:1010.

Tuncel G, Temel SG, Ergoren MC. Strong association between VDR FoklI
(rs2228570) gene variant and serum vitamin D levels in Turkish Cypriots.
Mol Biol Rep. 2019;46:3349-3355.

Hamed EO, Abdel-Aal AM, Din AK, et al. Vitamin D level and Fok-I
vitamin D receptor gene polymorphism in Egyptian patients with type-1
diabetes. na J Immunol. 2013;20:1-10.

Bullock TA, Mack JA, Negrey J, et al. Significant association of Poly-a and
Fok1 polymorphic alleles of the vitamin D receptor with vitamin D serum
levels and incidence of squamous cutaneous Neoplasia. ] Invest Dermatol.
2023;143:1538-1547.



48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Jia], Tang Y, Shen C, et al. Vitamin D receptor polymorphism rs2228570 is
significantly associated with risk of dyslipidemia and serum LDL levels in
Chinese Han population. Lipids Health Dis. 2018;17:193.

Neves JPR, Queiroz DJM, Araujo E, et al. Variants rs1544410 and
12228570 of the vitamin D receptor gene and glycemic levels in adolescents
from Northeast Brazil. Nutr Hosp. 2020;37:21-27.

Waziri B, Dix-Peek T, Dickens C, et al. Influence of vitamin D receptor
polymorphisms on biochemical markers of mineral bone disorders in
South African patients with chronic kidney disease. BMC Nephrol.
2018;19:30.

Erasmus R, Maepa S, Machingura I, et al. Vitamin D, vitamin D-binding
proteins, and VDR Polymorphisms in Individuals with Hyperglycaemia.
Nutrients. 2022;14:3147.

Prietl B, Treiber G, Pieber TR, et al. Vitamin D and immune function.
Nutrients. 2013;5:2502-2521.

O’Neill V, Asani FF, Jeffery TJ, et al. Vitamin D receptor gene expression
and function in a South African population: ethnicity, vitamin D and FokI.
PLoS One. 2013;8:¢67663.

Whitfield GK, Remus LS, Jurutka PW, et al. Functionally relevant
polymorphisms in the human nuclear vitamin D receptor gene. Mol Cell
Endocrinol. 2001;177:145-159.

Jurutka PW, Remus LS, Whitfield GK, et al. The polymorphic N terminus
in human vitamin D receptor isoforms influences transcriptional activity by
modulating interaction with transcription factor IIB. Mol Endocrinol.
2000;14:401-420.

Karpinski M, Galicka A, Milewski R, et al. Association between vitamin D
receptor polymorphism and serum vitamin D levels in children with low-
energy fractures. ] Am Coll Nutr. 2017;36:64-71.

Divanoglou N, Komninou D, Stea EA, et al. Association of vitamin D
receptor gene polymorphisms with serum vitamin D levels in a greek rural
population (velestino study). Lifestyle Genom. 2021;14:81-90.

El-Shal AS, Shalaby SM, Aly NM, et al. Genetic variation in the vitamin D
receptor gene and vitamin D serum levels in Egyptian women with
polycystic ovary syndrome. Mol Biol Rep. 2013;40:6063-6073.

Yu D, Shang Y, Luo S, et al. The Taql gene polymorphisms of VDR
and the circulating 1,25-dihydroxyvitamin D levels confer the risk

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

S. Bhola et al.

for the keloid scarring in Chinese cohorts. Cell Physiol Biochem.
2013;32:39-45.

Rashedi ], Asgharzadeh M, Moaddab SR, et al. Vitamin D receptor gene
polymorphism and vitamin D plasma concentration: correlation with
susceptibility to tuberculosis. Adv Pharm Bull. 2014;4:607-611.

Li K, Shi Q, Yang L, et al. The association of vitamin D receptor gene
polymorphisms and serum 25-hydroxyvitamin D levels with generalized
vitiligo. Br ] Dermatol. 2012;167:815-821.

Bhanushali AA, Lajpal N, Kulkarni SS, et al. Frequency of fokl and taql
polymorphism of vitamin D receptor gene in Indian population and its
association with 25-hydroxyvitamin D levels. ] Hum Genet. 2009;15:108-113.
Penna-Martinez M, Badenhoop K. Inherited variation in vitamin D genes
and type 1 diabetes predisposition. Genes (Basel). 2017;8:125.

Verbeek W, Gombart AF, Shiohara M, et al. Vitamin D receptor: no
evidence for allele-specific mRNA stability in cells which are heterozygous
for the Taq I restriction enzyme polymorphism. Biochem Biophys Res
Commun. 1997;238:77-80.

Rovito D, Belorusova AY, Chalhoub S, et al. Cytosolic sequestration of the
vitamin D receptor as a therapeutic option for vitamin D-induced
hypercalcemia. Nat Commun. 2020;11:6249.

Jorde R, Grimnes G. Increased calcium intake is associated lower serum 25-
hydroxyvitamin D levels in subjects with adequate vitamin D intake: a
population-based observational study. BMC Nutr. 2020;6:49.

Skrabic V, Zemunik T, Situm M, et al. Vitamin D receptor polymorphism
and susceptibility to type 1 diabetes in the Dalmatian population. Diabetes
Res Clin Pract. 2003;59:31-35.

Zemunik T, Skrabic V, Boraska V, et al. FokI polymorphism, vitamin D
receptor, and interleukin-1 receptor haplotypes are associated with
type 1 diabetes in the Dalmatian population. J Mol Diagn. 2005;7:
600-604.

Rasoul MA, Haider MZ, Al-Mahdi M, et al. Relationship of four vitamin D
receptor gene polymorphisms with type 1 diabetes mellitus susceptibility in
Kuwaiti children. BMC Pediatr. 2019;19:71.

Abd-Allah SH, Pasha HF, Hagrass HA, et al. Vitamin D status and vitamin
D receptor gene polymorphisms and susceptibility to type 1 diabetes in
Egyptian children. Gene. 2014;536:430-434.



	The vitamin D receptor TaqI TT genotype is associated with type 1 diabetes in the Black South African population
	Introduction
	Methods
	Study participants
	Sample size
	Genotyping participants for the BsmI, FokI, ApaI and TaqI polymorphisms
	Measurement of vitamin D
	Measurement of control plasma glucose concentration
	Measurement of autoantibodies
	Sun exposure
	Anthropometric measurements
	Statistical analysis

	Results
	Clinical and phenotypic characteristics of participants with T1D and control participants
	Genotypic and allelic frequencies of the VDR gene polymorphisms in cases and controls
	Associations of the VDR gene polymorphisms with vitamin D levels in black South African participants
	VDR genotypes and clinicopathological variables in participants with T1D

	Determinants of vitamin D levels in the total cohort
	Logistic regression analysis for the determinants of T1D

	Discussion
	References


