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ABSTRACT
Background: Diabetes mellitus (DM) is characterized by chronic hyperglycemia. Polymorphisms
in the vitamin D receptor (VDR) gene play a crucial role in its pathophysiology. This study aimed to
investigate the associations of the FokI, TaqI, BsmI, and ApaI polymorphisms with susceptibility to
T1DM, T2DM, and GDM.Methods: A systematic search of PubMed, Google Scholar, and SciFinder
identified 154 eligible studies comprising 49,675 participants (23,225 patients with DM and 26,450
controls). Results: Significant associations were observed between T1DM and the FokI, BsmI, and
ApaI polymorphisms, while the TaqI variant showed no association. For T2DM, the FokI, BsmI, and
TaqI polymorphisms were associated with disease risk in specific ethnic groups. The GDM analysis
revealed no overall associations. A comparative analysis across DM types revealed no significant
differences in VDR polymorphisms, except for the BsmI SNP, which increased T2DM risk under cer-
tain genetic models. Conclusion: The G allele of the BsmI SNP significantly increases T2DM risk,
while the T allele of the FokI SNP confers protection against T1DM.
Key words: Diabetes Mellitus, FokI, TaqI, BsmI, ApaI, Gene Polymorphism, Meta-analysis, Meta-
regression

INTRODUCTION
Diabetes mellitus (DM) encompasses a spectrum
of metabolic disorders primarily defined by per-
sistent hyperglycemia, which increases the risk of
severe complications, leads to heightened health-
care costs, diminishes quality of life, and elevates
mortality 1,2. The major clinical forms of DM in-
clude type 1 diabetes mellitus (T1DM), type 2 dia-
betesmellitus (T2DM), and gestational diabetesmel-
litus (GDM) 3–5. The global burden of diabetes has
surged, with approximately 415 million individuals
affected in 2015, rising to 537 million by 20216,7.
Projections from the International Diabetes Federa-
tion (IDF) 10th edition suggest an alarming increase
to 643 million by 2030 and 783 million by 20458.
T2DM accounts for over 90% of all DM cases, impos-
ing a considerable economic strain on global health-
care systems 9, whereas T1DM constitutes approxi-
mately 5–10% of cases. This rise in diabetes preva-
lence parallels accelerated economic growth, urban-
ization, and the adoption of modern lifestyles.
The underlying mechanisms contributing to dia-
betes differ by type. T1DM results from the au-
toimmune destruction of insulin-producing β-cells,
leading to an absolute insulin deficiency. This pro-

cess involves immune-mediated β-cell damage exac-
erbated by stress-induced dysfunction, thereby trig-
gering further immune responses10,11. In contrast,
T2DM is characterized by a complex interplay of
insulin resistance and β-cell dysfunction. Periph-
eral tissues, such as muscle, liver, and adipose tis-
sue, become resistant to insulin, driven by factors
including obesity, chronic inflammation, and oxida-
tive stress. As insulin resistance progresses, β-cell
performance declines, contributing to insufficient
insulin secretion and persistent hyperglycemia12.
GDM, characterized by glucose intolerance mani-
festing during pregnancy, is influenced by genetic
and environmental factors, which are further com-
pounded by pregnancy-related metabolic and hor-
monal changes.
Vitamin D has been implicated in the pathogenesis
of diabetes, supported by evidence linking vitamin
D deficiency to an increased risk of diabetes13–15.
The active form of vitamin D exerts its physiolog-
ical effects through the vitamin D receptor (VDR),
which is expressed in various tissues, including the
pancreas 16. In pancreatic β-cells, vitamin D, acting
via the nuclear VDR (nVDR), influences insulin syn-
thesis through interaction with vitamin D response
elements (VDREs) in the insulin gene promoter17.
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This regulatory pathway may enhance insulin pro-
duction, protect β-cells, and ameliorate peripheral
insulin resistance18.
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Polymorphisms in the VDR gene may affect its
function, thereby influencing the risk of diabetes19.
Over 25 polymorphisms have been identified, with
some evidence supporting their association with
T1DM and T2DM development 20–22. These genetic
variations may alter immune function and calcium
metabolism, potentially contributing to β-cell au-
toimmunity in T1DM and impairing insulin secre-
tion in T2DM 23,24. The role of VDR polymorphisms
in GDM has also been explored, though published
results remain inconsistent 25. Key VDR polymor-
phisms, such as BsmI, ApaI, TaqI, and FokI, have
been studied for their potential roles in diabetes sus-
ceptibility and related metabolic effects 26,27.
Previous meta-analyses have provided conflicting
conclusions regarding the significance of VDR poly-
morphisms in diabetes. For instance, Zeng et al.
(2022) found that the VDR rs739837 polymorphism
is significantly associated with T2DM risk, but not
with GDM 28. Wang and Xue (2020) reported that
the FokI rs2228570 polymorphism increases suscep-
tibility to GDM, particularly in South Asian popu-
lations 29. Shahmoradi et al. (2021) highlighted a
protective effect of the BsmI SNP in T1DM under
specific genetic models30. However, other meta-
analyses, such as those by Zhai et al. (2020) and Ti-
zaoui et al. (2014), emphasize ethnicity-specific as-
sociations and interactions with environmental fac-
tors rather than significant global associations31,32.
Importantly, these studies did not perform meta-
regression analyses to examine the impact of con-
founding clinical or demographic factors on the het-
erogeneity in the results of VDR gene polymor-
phisms.
Given these discrepancies and the lack of exami-
nation of various phenotypic factors that may in-
fluence the effects of these SNPs, this comprehen-
sive meta-analysis and meta-regression aimed to
synthesize existing evidence to clarify the roles of
VDR polymorphisms, namely FokI, TaqI, BsmI, and
ApaI, in susceptibility to T1DM, T2DM, and GDM.
Furthermore, this study examined six genetic mod-
els (allelic, recessive, dominant, overdominant, ho-
mozygous, and heterozygous) to provide a more nu-
anced understanding of these associations.

MATERIALS ANDMETHODS
In this study, we adhered to established method-
ological frameworks, including the PRISMA 2020
guidelines, the Cochrane Handbook for Systematic

Reviews of Interventions, and the Meta-Analyses
of Observational Studies in Epidemiology (MOOSE)
guidelines. Our analysis focused on patients with
different types of DM (T1DM, T2DM, and GDM)
and healthy controls, examining VDR gene poly-
morphisms across various SNPs, including FokI
(rs2228570), TaqI (rs731236), BsmI (rs1544410), and
ApaI (rs7975232).

Search Strategy
To obtain comprehensive data on the FokI
(rs2228570), TaqI (rs731236), BsmI (rs1544410), and
ApaI (rs7975232) polymorphisms in T1DM, T2DM,
and GDM, we performed a systematic search
across multiple electronic databases, including
PubMed/MEDLINE, Google Scholar, and SCOPUS.
The search was conducted from June 15 through
the end of September 2024, utilizing predefined
keywords and MeSH terms (refer to S1, Table
1). To ensure comprehensive coverage, we also
examined the reference lists of relevant studies
and prior meta-analyses to identify any potentially
overlooked significant studies.

Eligibility Criteria
We carried out a thorough search of relevant stud-
ies, giving priority to peer-reviewed articles pub-
lished in English. To broaden the scope of data col-
lection, we also included grey literature and research
papers published in Chinese and Arabic. Eligible
studies included those with an observational design
(either case-control or cohort) that incorporated
control groups and examined at least one polymor-
phism of the vitamin D receptor (VDR) gene (FokI
[rs2228570], TaqI [rs731236], BsmI [rs1544410], or
ApaI [rs7975232]) in individuals with T1DM, T2DM,
or GDM, who were diagnosed based on the World
Health Organization (WHO) criteria (1999)33. Stud-
ies also needed to provide sufficient data to cal-
culate odds ratios (OR) and 95% confidence inter-
vals (CIs) and report detailed genotype frequencies,
along with the total number of cases and controls.
Studies were excluded if they were reviews, book
chapters, duplicates, lacked sufficient data, or were
otherwise deemed irrelevant.

Screening and Data Extraction
The initial phase of this meta-analysis involved
two researchers (HA and AQ) who independently
screened study titles and abstracts against the pre-
defined inclusion criteria. After this preliminary re-
view, the full texts of studies deemed potentially rel-
evant were retrieved for further evaluation, while
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those not meeting the eligibility criteria were dis-
carded. HA, AQ, and AA then systematically ex-
tracted key information into a custom Excel spread-
sheet, which included details such as the authors,
publication dates, SNP frequency data, the number
of participants in both patient and control groups,
and the overall sample size for each study. Addi-
tional recorded variables included the study design,
types of biological samples used, key biomarkers for
DM (such as HbA1c and fasting or random blood
glucose), as well as demographic data like partici-
pant age, gender, ethnicity, latitude, and geograph-
ical location. Any inconsistencies in data extrac-
tion or interpretation were resolved by consultation
with the senior author (AA). The included studies
were assessed for methodological quality using the
Newcastle-Ottawa Scale (NOS) following the guide-
lines of Stang 34. This tool evaluates studies in three
categories (Selection, Comparability, and Exposure)
with a total of nine criteria. Based on their scores,
studies were classified as low (0–3 stars), moderate
(4–6 stars), or high quality (7–9 stars), as shown in
S1 Table 2 of Supplementary File 1.

Data Analysis
In this meta-analysis, we utilized SPSS version 30,
adhering to the PRISMA guidelines (see ESF-1, Ta-
ble 5). For each single nucleotide polymorphism
(SNP) examined, at least two studies were required
for inclusion. The Hardy-Weinberg equilibrium
(HWE) in the control groups was assessed using
the chi-squared (χ²) test. The associations between
VDR gene polymorphisms and various types of DM
(T1DM, T2DM, and GDM) were analyzed using ORs
and their respective 95% CIs.
The relationships between VDR gene polymor-
phisms (FokI, TaqI, BsmI, and ApaI) and the three
types of diabetes (T1DM, T2DM, and GDM) were
explored through various genetic models. The spec-
ified models for the FokI, TaqI, BsmI, and ApaI SNPs
included the allelic, recessive, dominant, overdomi-
nant, homozygous, and heterozygous models. The
symbols for each model were as follows: for FokI,
the allelic (T vs. C), recessive model (TT vs. TC +
CC), dominant model (TT+TC vs. CC), overdomi-
nant model (TC vs. TT+CC), homozygous (TT vs.
CC), and heterozygous (TC vs. CC) models, in addi-
tion to the (TT vs. TC) model; for TaqI, the allelic (C
vs. T), recessive model (CC vs. CT+TT), dominant
model (CC+CT vs. TT), overdominant model (CT
vs. CC+TT), homozygous (CC vs. TT), and heterozy-
gous (CT vs. TT) models, in addition to the (CC vs.

CT) model; for BsmI, the allelic (G vs. A), recessive
model (GG vs. GA+AA), dominant model (GG+GA
vs. AA), overdominant model (GA vs. GG+AA), ho-
mozygous (GG vs. AA), and heterozygous (GA vs.
AA) models, in addition to the (GG vs. GA) model;
and for ApaI, the allelic (G vs. T), recessive model
(GG vs. GT+TT), dominant model (GG+GT vs. TT),
overdominant model (GT vs. GG+TT), homozygous
(GG vs. TT), and heterozygous (GT vs. TT) models,
in addition to the (GG vs. GT) model.
We used Cochran’s Q-statistic (with p < 0.10 in-
dicating statistical significance) and the I-squared
(I²) test to assess heterogeneity across studies35. A
fixed-effects model (FEM) was applied when the Q-
statistic p-value exceeded 0.10 and I² was below 50%,
indicating low heterogeneity. Otherwise, a random-
effects model (REM) was used36,37. Subgroup anal-
yses and meta-regressions were conducted based on
variables such as study year, ethnicity, age, HbA1c,
duration of illness, BMI, and sample size to explore
sources of heterogeneity.
Furthermore, we performed sensitivity analyses by
sequentially excluding individual studies to assess
the stability of the pooled estimates. This allowed
us to determine whether any specific study dispro-
portionately affected the results. To examine publi-
cation bias and the impact of small-study effects, we
employed Begg’s funnel plots and Egger’s regression
test, considering p-values less than 0.05 as statisti-
cally significant 38,39.

RESULTS
Study Characteristics
In the present study, we utilized specific keywords
and MeSH terms (refer to Supplementary File 1, Ta-
ble 1) to conduct a systematic search across sev-
eral literature databases, including PubMed, Google
Scholar, and SciFinder. This initial search retrieved
a total of 5,331 studies, as illustrated in the PRISMA
flow diagram (Figure 1), which outlines the process
of study selection and exclusion. After an exhaus-
tive screening to remove irrelevant and duplicate
records, we refined our selection to 174 articles. Of
these, only 154 studies met the stringent inclusion
criteria for our systematic review. Ultimately, a to-
tal of 154 studies were included in the final meta-
analysis, adhering to predefined inclusion and ex-
clusion criteria. However, two of the included stud-
ies featured cohorts of both T1DM and T2DM pa-
tients within the same study; thus, each was treated
as two separate studies (one for T1DM and one for
T2DM). Additionally, one study included two dis-
tinct T1DM cohorts from different cities, which were
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Figure 1: The PRISMA flow diagram outlining the database search and study selection process.

also considered as two separate studies. There-
fore, this meta-analysis incorporated data from 157
studies, including 57 on T1DM, 85 on T2DM, and
15 on GDM, all examining various models of VDR
gene polymorphisms, such as FokI (rs2228570), TaqI
(rs731236), BsmI (rs1544410), and ApaI (rs7975232).
Overall, 49,675 participants were included: 26,450
healthy controls and 23,225 patients with different
types of diabetes (T1DM: 8,013, T2DM: 12,206, GDM:
2,306).
Participants ranged in age from 5.8 to 80 years (Sup-
plementary File 1). SNP frequencies in the VDR gene
were primarily determined using PCR-Restriction
Fragment Length Polymorphism (RFLP) and Taq-
Man techniques, while other methods were less fre-
quently employed, as detailed in Supplementary File
1, Table 5. Egypt led in contributions with 26 stud-
ies, followed by Iraq (16) and India (13). China,
Turkey, and Saudi Arabia each contributed 10 stud-
ies, while Iran (9), Pakistan (8), Brazil (7), and Chile
(4) also made notable contributions. Spain, Ger-
many, Japan, and Jordan each conducted three stud-
ies, with Romania, Croatia, Italy, the Czech Repub-
lic, and Finland contributing two studies each. Var-

ious countries, including Tunisia, Guadeloupe, Eng-
land, the USA, and others, contributed one study
each. A full list is available in Supplementary File
2, Tables 1, 2, and 3. The quality of these stud-
ies was evaluated using the Newcastle-Ottawa Scale
(NOS) 40, yielding scores that ranged from 6 to 9
(Median = 8). Study characteristics and genotype
frequencies are summarized in Supplementary File
2, Tables 1, 2, and 3.

Association of the FokI (rs2228570) Poly-
morphism with T1DM, T2DM, and GDM
T1DM

An extensive analysis of the VDR FokI SNP was per-
formed, incorporating data from 38 studies in total.
These included 13 studies from European countries,
17 from Asian countries, five from African nations,
and three from American countries, as presented in
Table 1. The pooled results demonstrated a signif-
icant association between the FokI polymorphism
and T1DMunder two genotype models. Specifically,
the allelic model (T vs. C) yielded an OR of 0.81
(95% CI = 0.67–0.98, p = 0.029) as shown in Figure 2,
and the heterozygous model (TC vs. CC) showed an
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OR of 0.83 (95% CI = 0.71–0.97, p = 0.019; see Fig-
ure 3), suggesting an association of the FokI SNP
with a decreased risk of T1DM in these models. Eg-
ger’s test, outlined in Table 1, showed no evidence
of significant publication bias across these models.
Additionally, ethnicity-based subgroup analysis re-
vealed a reduced susceptibility to T1DM among the
Asian population, particularly in the heterozygous
(TC vs. CC) model (see Figure 3) and the TT vs. TC
model (S1, Figure 1). No significant association was
detected for other populations.

T2DM

Table 2 presents the findings from an extensive anal-
ysis of the FokI SNP in relation to T2DM, which uti-
lized data from 55 studies. These studies included
seven from European countries, 30 from Asian coun-
tries, 13 from African nations, and five from South
American countries. The overall analysis revealed
no significant association between the FokI poly-
morphism and T2DM across all genotype models.
Publication bias analysis, evaluated using Egger’s
test, confirmed the absence of bias, as detailed in Ta-
ble 1. However, subgroup analysis by ethnicity sug-
gested an increased risk of T2DM in the African pop-
ulation across four genotype models: allelic (T vs. C;
see S1, Figure 2), the recessivemodel (TT vs. TC+CC;
see S1, Figure 3), the dominant model (TT+TC vs.
CC; see S1, Figure 4), and the homozygous model
(TT vs. CC; see S1, Figure 5). In contrast, among the
Asian population, the (TT vs. TC) model showed a
significantly reduced susceptibility to T2DM (see S1,
Figure 7).

GDM

A detailed analysis of the FokI SNP was conducted
using data from 10 studies, as presented in Table 3.
Of these, eight studies were conducted in Asian
countries, one in an African nation, and one in a
South American country. The overall pooled anal-
ysis found no significant association between the
FokI polymorphism and GDM across all genotype
models. Egger’s test showed no evidence of signif-
icant bias. However, subgroup analysis by ethnic-
ity revealed a probable increased risk of GDM in the
Asian population under the allelic (T vs. C) model,
as shown in S1, Figure 7.

Association of the TaqI (rs731236) Poly-
morphism with T1DM, T2DM, and GDM
T1DM

An analysis of the TaqI SNP was conducted using
data from 28 studies. As shown in Table 1, these

included eight studies from European countries, 14
from Asian countries, four from African nations, and
two from American countries. The pooled analy-
sis revealed no significant association between the
TaqI polymorphism and T1DM across seven geno-
type models. Publication bias analysis showed no
significant bias in any of these models, as presented
in Table 1. However, a subgroup analysis by ethnic-
ity identified an increased risk of T1DM in the South
American population, specifically in two genotype
models: the recessive (CC vs. CT+TT) model (see
S1, Figure 8) and the homozygous (CC vs. TT) model
(see S1, Figure 9).

T2DM

The TaqI SNP analysis included data from 46 stud-
ies, as summarized in Table 2. Among these, three
studies were conducted in European countries, 33 in
Asian countries, five in African countries, and five
across North and South America (three in North
America and two in South America). The pooled
analysis found no significant association between
the FokI gene polymorphism and T2DM across any
of the genotype models. Egger’s test showed no evi-
dence of publication bias. However, ethnic subgroup
analysis revealed a higher susceptibility to T2DM in
the African population under the dominant (CC+CT
vs. TT) model (see S1, Figure 10), the overdominant
(CT vs. CC+TT) model (see S1, Figure 11), and the
heterozygous (CT vs. TT) model (see S1, Figure 12).

GDM

The TaqI SNP analysis, covering over seven models,
incorporated data from six or seven studies from var-
ious countries, as outlined in Table 3. The pooled
results indicated no significant association between
the FokI polymorphism and GDM across multiple
genotype models. Bias analysis confirmed no evi-
dence of publication bias.

Association of the BsmI (rs1544410) Poly-
morphism with T1DM, T2DM, and GDM
T1DM

A comprehensive analysis of the BsmI SNP was
conducted, incorporating data from 42 studies, as
shown in Table 1. These included 11 studies from
European countries, 21 from Asian countries, seven
from African nations, and three from American
countries. Table 1 and Figure 4 illustrate that the
pooled analysis reveals a significant association be-
tween the BsmI polymorphism and an increased risk
for T1DM under the overdominant model (GA vs.
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Table 1: Main results of pooled odds ratios (ORs) in themeta-analysis of vitamin D receptor (VDR) gene
polymorphisms in association with type 1 diabetes mellitus (T1DM) risk.

Locus Genetic
Model

Subgroup No. of
Studies

OR 95% CI
(Lower)

95% CI
(Upper)

p-val
(Assoc)

Model p-val
(Hetero)

I²
(%)

Publication
Bias

(Egger’s
test p-val /
Trim &
Fill)

FokI
(rs2228570)

Allele
contrast
(T vs. C)

Overall 38 0.81 0.67 0.98 0.029 Random 0.000 88.9% 0.084

TT vs. TC Asia 16 0.59 0.35 0.98 0.040 Random 0.000 64.7% 0.110

TC vs. CC Overall 36 0.83 0.71 0.97 0.019 Random 0.000 58.5% 0.883

Asia 16 0.73 0.55 0.96 0.026 Random 0.001 60.4% 0.581

TaqI
(rs731236)

Recessive
model
(CC vs.
CT+TT)

South
America

2 1.88 1.01 3.50 0.046 Fixed 0.483 0.0% NA

CC vs. TT South
America

2 1.93 1.02 3.65 0.042 Fixed 0.653 0.0% NA

BsmI
(rs1544410)

Allele
contrast
(G vs. A)

Africa 7 1.44 1.01 2.07 0.044 Random 0.006 66.7% 0.768

South
America

3 0.66 0.55 0.80 0.000 Fixed 0.512 0.0% 0.561

Recessive
model
(GG vs.
GA+AA)

South
America

3 0.61 0.47 0.80 0.000 Fixed 0.116 53.5% 0.720

Dominant
model
(GG+GA
vs. AA)

Europe 11 1.13 1.01 1.26 0.037 Fixed 0.282 17.0% 0.856

South
America

3 0.58 0.41 0.83 0.003 Fixed 0.719 0.0% 0.053

Overdominant
model
(GA vs.
GG+AA)

Overall 42 1.22 1.08 1.37 0.002 Random 0.000 53.8% 0.299

Asia 21 1.29 1.07 1.56 0.007 Random 0.006 49.5% 0.028 (4
missing on

left,
imputed
OR=1.146,
95%CI:

0.956-1.375)

GG vs. AA Africa 7 1.82 1.14 2.90 0.012 Fixed 0.209 28.8% 0.344

South
America

3 0.53 0.36 0.78 0.001 Fixed 0.854 0.0% 0.932

Continued…
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GG vs. GA Overall 42 0.88 0.78 1.00 0.049 Random 0.006 39.4% 0.044 (9
missing on

left,
imputed
OR=0.803,
95%CI:

0.703-0.921)

GA vs. AA Europe 11 1.17 1.04 1.32 0.008 Fixed 0.229 22.5% 0.602

South
America

3 0.66 0.45 0.97 0.035 Fixed 0.263 25.1% 0.352

ApaI
(rs7975232)

Allele
contrast
(G vs. T)

Overall 28 0.85 0.74 0.99 0.031 Random 0.000 76.8% 0.248

Recessive
model
(GG vs.
GT+TT)

Overall 28 0.74 0.58 0.93 0.011 Random 0.000 71.9% 0.134

GG vs. TT Overall 28 0.72 0.55 0.93 0.013 Random 0.000 65.0% 0.203

Note: Bold font indicates statistical significance (p < 0.05).

Figure 2: Forest plot of the FokI SNP allelic (T vs. C) model in type 1 diabetes mellitus (T1DM).
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Figure 3: Forest plot of the FokI SNPheterozygous (TC vs. CC)model in type 1diabetesmellitus (T1DM).

Table 2: Main results of pooled odds ratios (ORs) in themeta-analysis of vitamin D receptor (VDR) gene
polymorphisms in association with type 2 diabetes mellitus (T2DM) risk.

Locus Genetic
Model

Subgroup No. of
Studies

OR 95% CI
(Lower)

95% CI
(Upper)

p-val
(Assoc)

Model p-val
(Hetero)

I²
(%)

Publication
Bias

(Egger’s
test p-val /
Trim &
Fill)

FokI
(rs2228570)

Allele
contrast
(T vs. C)

Africa 13 1.79 1.24 2.57 0.002 Random 0.000 85.7% 0.033 (0
missing)

Recessive
model (TT

vs.
TC+CC)

Africa 13 2.06 1.18 3.61 0.011 Random 0.000 72.2% 0.097

Dominant
model

(TT+TC vs.
CC)

Africa 13 1.76 1.18 2.62 0.005 Random 0.000 79.0% 0.067

TT vs. CC Africa 13 2.45 1.32 4.52 0.004 Random 0.000 74.9% 0.141

TT vs. TC Asia 30 0.79 0.64 0.97 0.025 Random 0.000 58.2% 0.025 (0
missing)

Continued…
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TaqI
(rs731236)

Dominant
model
(CC+CT
vs. TT)

Africa 5 1.72 1.18 2.51 0.005 Fixed 0.383 4.1% 0.559

Overdominant
model (CT

vs.
CC+TT)

Africa 5 2.08 1.01 4.29 0.046 Random 0.009 70.5% 0.142

CT vs. TT Africa 5 1.80 1.18 2.75 0.006 Fixed 0.308 16.7% 0.012 (2
missing on

left,
imputed
OR=1.475,
95%CI:

1.004-2.166)

BsmI
(rs1544410)

Allele
contrast
(G vs. A)

Overall 48 1.22 1.04 1.43 0.014 Random 0.000 86.3% 0.545

Asia 32 1.31 1.07 1.60 0.008 Random 0.000 87.5% 0.450

Europe 2 0.71 0.53 0.96 0.024 Fixed 0.512 0.0% NA

Recessive
model
(GG vs.
GA+AA)

Asia 32 1.33 1.01 1.75 0.040 Random 0.000 79.1% 0.396

Europe 2 0.65 0.45 0.92 0.015 Fixed 0.860 0.0% NA

Dominant
model
(GG+GA
vs. AA)

Overall 47 1.37 1.10 1.70 0.005 Random 0.000 81.2% 0.660

Asia 31 1.45 1.10 1.91 0.009 Random 0.000 84.1% 0.552

Overdominant
model
(GA vs.
GG+AA)

Overall 47 1.24 1.04 1.47 0.016 Random 0.000 77.2% 0.324

Africa 10 1.69 1.19 2.38 0.003 Random 0.010 58.7% 0.408

Europe 2 1.49 1.04 2.14 0.028 Fixed 0.785 0.0% NA

GG vs. AA Overall 47 1.36 1.03 1.78 0.028 Random 0.000 77.3% 0.517

Asia 31 1.62 1.13 2.31 0.008 Random 0.000 80.1% 0.320

GG vs. GA Europe 2 0.65 0.45 0.93 0.020 Fixed 0.921 0.0% NA

GA vs. AA Overall 46 1.38 1.11 1.71 0.004 Random 0.000 77.8% 0.410

Africa 10 1.75 1.14 2.69 0.010 Random 0.007 60.5% 0.620

Asia 31 1.37 1.03 1.82 0.029 Random 0.000 82.4% 0.515

ApaI
(rs7975232)

Recessive
model
(GG vs.
GT+TT)

Africa 5 0.46 0.25 0.85 0.014 Random 0.067 54.4% 0.039 (2
missing on

right,
imputed
OR=0.585,
95%CI:

0.344-0.995)

Note: Bold font indicates statistical significance (p < 0.05).
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Table 3: Main results of pooled odds ratios (ORs) in themeta-analysis of vitamin D receptor (VDR) gene
polymorphisms in association with gestational diabetes mellitus (GDM) risk.

Locus Genetic
Model

Subgroup No. of
Studies

OR 95% CI
(Lower)

95% CI
(Upper)

p-val
(Assoc)

Model p-val
(Hetero)

I²
(%)

Publication
Bias

(Egger’s
test p-val /
Trim &
Fill)

FokI
(rs2228570)

Allele
contrast
(T vs. C)

Africa 1 0.54 0.36 0.82 0.003 Fixed NA NA NA

Asia 8 1.20 1.00 1.43 0.045 Random 0.041 52.3% 0.213

Dominant
model

(TT+TC vs.
CC)

Africa 1 0.32 0.15 0.68 0.003 Fixed NA NA NA

TT vs. CC Africa 1 0.27 0.12 0.64 0.003 Fixed NA NA NA

TC vs. CC Africa 1 0.35 0.16 0.79 0.011 Fixed NA NA NA

Note: Bold font indicates statistical significance (p < 0.05).

GG+AA), with an OR of 1.22 (95% CI = 1.08–1.37, p
= 0.002), suggesting a heightened susceptibility to
T1DM. Conversely, a protective association was ob-
served under the GG vs. GA model (OR = 0.88, 95%
CI = 0.78–1.00, p = 0.049), indicating a potential re-
duced risk for T1DM associated with the GG geno-
type (Figure 5). Egger’s test revealed significant bias
in the GG vs. GAmodel (p = 0.044) with nine studies
missing on the left side of the funnel plot, and im-
puting these studies altered the effect size to 0.803.
However, the symmetrical appearance of the fun-
nel plot and the lack of clear indication of missing
studies imply that this finding could be attributed
to study heterogeneity rather than publication bias.

Additionally, subgroup analysis by ethnicity identi-
fied an increased risk of T1DM across different ge-
netic models: two genetic models—allelic (G vs. A;
see S1, Figure 13) and homozygous (GG vs. AA; see
S1, Figure 14)—in the African population, two ge-
netic models in the European population—dominant
(GG+GA vs. AA; see S1, Figure 15) and heterozygous
(GA vs. AA; see S1, Figure 16)—and a single model
(overdominant; see Figure 4) in the Asian popula-
tion. While a decreased susceptibility and protective
role were observed in the South American popula-
tion in almost all genetic models. These models are
the allelic (G vs. A; see S1, Figure 13), recessive (GG
vs. GA+AA; see S1, Figure 17), dominant (GG+GA
vs. AA; see S1, Figure 15), homozygous (GG vs. AA;
see S1, Figure 14), and heterozygous (GA vs. AA; see
S1, Figure 16) models.

T2DM

A comprehensive analysis of the BsmI SNP was per-
formed, incorporating data from 48 studies, as de-
tailed in Table 2. Among these, two studies were
conducted in European countries, 32 in Asian coun-
tries, 11 in African nations, and two in South Amer-
ican countries. The pooled analysis demonstrated
a significant positive association between the BsmI
gene polymorphism and T2DM under all models ex-
cept the recessive and (GG vs. GA) models. The
risk association models are as follows: the allelic
model (G vs. A) (OR = 1.22, 95% CI = 1.04–1.43, p =
0.014) (see Figure 6A), the dominant model (GG+GA
vs. AA) (OR = 1.37, 95% CI = 1.10–1.70, p = 0.005)
as shown in Figure 6B, the overdominant (GA vs.
GG+AA) model (OR = 1.24, 95% CI = 1.04–1.47, p =
0.016) as shown in Figure 6D, the homozygous (GG
vs. AA) model (OR = 1.36, 95% CI = 1.03–1.78, p =
0.028) as shown in Figure 6C, and the heterozygous
(GA vs. AA)model (OR = 1.38, 95%CI = 1.11–1.71, p =
0.004) as shown in Figure 7. No evidence of bias was
detected across these models. Moreover, subgroup
analysis by ethnicity revealed a higher susceptibility
to T2DM within the Asian population across multi-
ple genotype models, including allelic (G vs. A) (see
Figure 6A), recessive (GG vs. GA+AA) (see S1, Fig-
ure 18), dominant (GG+GA vs. AA) (see Figure 6B),
homozygous (GG vs. AA) (see Figure 6C), and het-
erozygous (GA vs. AA) (see Figure 7) models.
The European population exhibited increased sus-
ceptibility under the overdominant model (GA vs.
GG+AA; see Figure 6D), while the African popula-
tion showed similar results under the overdominant
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Figure 4: Forest plot of the BsmI SNP overdominant (GA vs. GG+AA) model in type 1 diabetes mellitus (T1DM).

(GA vs. GG+AA; see Figure 6D) and heterozygous
(GA vs. AA; see Figure 7) models. In contrast, a
protective association toward T2DM was observed
in the European population under the allelic (G vs.
A) model (see Figure 6A), recessive (GG vs. GA+AA)
model (see S1, Figure 18), and (GG vs. GA) models
(see S1, Figure 19).

GDM

The analysis of the BsmI SNP, encompassing more
than seven models, included data from six, seven, or
eight studies from various countries, as shown in Ta-
ble 3. The pooled analysis demonstrated no signif-
icant association between the BsmI polymorphism
and GDM across the different genotype models. Ad-
ditionally, bias analysis confirmed the absence of
publication bias.

Association of the ApaI (rs7975232) Poly-
morphism with T1DM, T2DM, and GDM
T1DM

An overall analysis of this SNP, incorporating data
from 28 studies, is presented in Table 1. Of these,
seven studies were conducted in European coun-
tries, 15 in Asian countries, four in African countries,

and two in South American countries. The forest
plot in Figure 8A–C indicates that the pooled results
revealed a significant negative and protective asso-
ciation between the ApaI gene polymorphism and
T1DM across three genotype models: allelic (G vs.
T) (OR = 0.85, 95% CI = 0.74–0.99, p = 0.031), the re-
cessive model (GG vs. GT+TT) (OR = 0.74, 95% CI
= 0.58–0.93, p = 0.011), and the homozygous model
(GG vs. TT) (OR = 0.72, 95%CI = 0.55–0.93, p = 0.013).
Bias analysis indicated no significant publication
bias, as shown in Table 1. Additionally, subgroup
analysis found no significant differences across eth-
nic groups in terms of susceptibility to T1DM for any
of the seven genotype models.

T2DM

An extensive analysis of the ApaI SNP was con-
ducted, utilizing data from 37 studies, as outlined in
Table 2. These included three studies from European
countries, 25 from Asian countries, five from African
nations, and three from North American countries.
The pooled analysis found no significant association
between the ApaI gene polymorphism and T2DM
across all genotype models, including the dominant
model. However, bias analysis revealed significant
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Figure 5: Forest plot of the BsmI SNP (GG vs. GA) model in type 1 diabetes mellitus (T1DM).

publication bias in the allelic (G vs. T), recessive (GG
vs. GT+TT), and (GG vs. GT) models, with missing
studies in each case. Furthermore, subgroup anal-
ysis by ethnicity indicated reduced susceptibility to
T2DM in the African population under the recessive
model (GG vs. GT+TT; see S1, Figure 20).

GDM

The analysis of the ApaI SNP, covering more than
seven models, included data from five studies repre-
senting various countries, as shown in Table 3. Bias
analysis revealed significant bias in the allelic (G vs.
T) model, with two missing studies on the left side
of the funnel plot, and imputing these studies would
not alter the results. The pooled analysis found no
significant association between the ApaI gene poly-
morphism and GDM across the different genotype
models.

SubgroupAnalysis Between T1DM, T2DM,
and GDM
A subgroup analysis was performed to assess varia-
tions in four VDR gene polymorphisms among dif-
ferent diabetes types—T1DM, T2DM, and GDM. No-
tably, in the BsmI dominant model, a significant as-

sociation emerged across the diabetes types, with

T2DM showing an effect size of ES = 0.317 (p = 0.017),

suggesting a positive association with increased sus-

ceptibility to T2DM. Likewise, in the GA vs. AA com-

parison, a significant effect size of ES = 0.330 (p =

0.008) was observed.

Meta-regression Analyses

We conducted ameta-regression analysis to identify

the primary contributors to heterogeneity within

the VDR gene polymorphism data related to DM, as

detailed in S1, Table 3. The results showed that, in

T1DM, the duration of illness (DOI) was a significant

moderator (p < 0.05) and the strongest contributor

to heterogeneity, explaining 39% of the variance in

the FokI (TC vs. CC) model and 87.8% in the ApaI

(G vs. T) model. Additionally, both age and ethnic-

ity significantly contributed to heterogeneity in the

FokI (TC vs. CC) model, accounting for 39.0% and

36.0% of the variance, respectively. In contrast, no

significant factors were identified to account for the

heterogeneity observed in T2DM and GDM.
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Figure 6: Forest plots of the BsmI SNP in 
type 2 diabetes mellitus (T2DM): (A) 
Allelic (G vs. A) model, (B) Dominant 
model (GG+GA vs. AA), (C) Homozygous 
(GG vs. AA), (D) Overdominant model 
(GA vs. GG+AA).

DISCUSSION
Association Between the FokI (rs2228570)
Polymorphism and T1DM, T2DM, and
GDM
The initial findings of this study indicate that the
FokI (rs2228570) polymorphism, when analyzed un-
der the allelic model (T vs. C) and the heterozygous
model (TC vs. CC) across mixed ethnicities, demon-
strates a significant association with T1DM in com-
parison to controls, suggesting a potential trend to-
wards reduced susceptibility to T1DM in carriers of
the T allele. Subgroup analyses further revealed sig-
nificant associations across various ethnic groups;
for instance, the TT vs. TC and TC vs. CC models
showed notable differences between Asian individ-
uals with T1DM and controls, indicating that these
genotypic configurations may confer a decreased
susceptibility to T1DM within the Asian popula-
tion. In T2DM, analysis of the FokI polymorphism
across mixed ethnicities (overall) revealed no signif-
icant differences between T2DM patients and con-
trols. However, subgroup analyses identified signif-
icant associationswithin specific populations. In the

African population, significant differences emerged
under the allelic model (T vs. C), recessive model
(TT vs. TC+CC), dominant model (TT+TC vs. CC),
and homozygous model (TT vs. CC), suggesting
an increased susceptibility to T2DM associated with
the TT genotype. Conversely, in the Asian popula-
tion, the heterozygous model (TT vs. TC) demon-
strated a significant difference between T2DM pa-
tients and controls, implying a potential protective
effect against T2DM. In GDM, no significant asso-
ciations were observed across any genetic models
when analyzed under mixed ethnicity.
Recently, a meta-analysis by Zhai et al. indicated no
significant overall association between VDR poly-
morphisms and T1DM risk in the general popula-
tion. However, subgroup analysis based on ethnicity
revealed important insights for the FokI polymor-
phism: it was associated with a decreased risk of
T1DM in European populations, while African pop-
ulations showed an increased risk under all geno-
type models 31. Another small-scale meta-analysis
based on seven studies indicated that no significant
associations were found between the FokI polymor-
phism and T1DM risk 30. However, these previous
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Figure 7: Forest plot of the BsmI SNP heterozygous (GA vs. AA) model in type 2 diabetes mellitus (T2DM).

studies did not incorporate all available studies ex-
amining various genetic variants in their analyses,
potentially limiting the comprehensiveness of their
findings. In contrast, our study pooled the overall
odds ratios from 38 studies, enabling a more exten-
sive and inclusive analysis. Furthermore, we con-
ducted subgroup analyses based on ethnicity, which
enhance the robustness and generalizability of our
results by accounting for potential ethnic-specific
genetic variations.
The FokI (rs2228570) polymorphism within the VDR
gene, located on chromosome 12q13, holds signifi-
cant implications for diabetes pathogenesis through
its influence on immune responses and metabolic
pathways 41,42. This variant modifies the VDR
protein structure through nucleotide substitution
of the start codon, potentially impacting its in-
teraction with nuclear co-regulators and altering
the transcriptional activity of vitamin D-responsive
genes 43,44. These alterations can affect pathways
linked to immune regulation, beta-cell function,
and insulin sensitivity, contributing to diabetes sus-
ceptibility. Studies have explored the direct im-

pact of FokI on these pathways, particularly in
the context of immune cell behavior and glucose
metabolism 31,45,46.
Despite extensive research, the association between
FokI and T1DM presents varied results across popu-
lations. While Shahmoradi et al. (2021) found no
overall association 30, Zhai et al. (2020) reported
a protective effect of the T allele in European co-
horts and an increased risk in African populations31.
These discrepancies may be attributed to differences
in study designs, sample sizes, and regional fac-
tors such as UV exposure and dietary vitamin D in-
take. Future studies should standardize method-
ologies and include broader sample sizes to better
understand these associations, controlling for con-
founding variables such as lifestyle and socioeco-
nomic status.
For T2DM, which is characterized by insulin resis-
tance and beta-cell dysfunction, significant associa-
tions with FokI have been reported, particularly in
Asian populations where the T allele is linked to in-
creased risk 45. Contrary to previous findings, our
results indicate a significant association between
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Figure 8: Forest plots of the ApaI SNP in type 1 
diabetes mellitus (T1DM): (A) Allelic (G vs. T) model, 
(B) Recessive model (GG vs. GT+TT) model, (C) 
Homozygous (GG vs. TT) model.

the presence of the T allele and a reduced risk
of T2DM. This discrepancy highlights the need for
additional studies to further explore the relation-
ship between specific alleles and T2DM risk. Ge-
netic predispositions may be enhanced by environ-
mental and lifestyle factors, such as dietary habits
and physical activity levels. Examining the role of
FokI in combination with other polymorphisms and
metabolic risk factors would help clarify its contri-
bution to T2DM susceptibility. Longitudinal stud-
ies and genome-wide interaction analyses could pro-
vide further insights into these complex relation-
ships.
In GDM, Liu (2021) found FokI significantly associ-
ated with increased risk, particularly in Caucasian
populations 47. This may relate to vitamin D’s crit-
ical role in insulin secretion and beta-cell function
during pregnancy, which is potentially modified by
hormonal changes. In our study, we observed that,
within the African population, the allelic, dominant,
homozygous, and heterozygous models are asso-
ciated with a lower risk of GDM. In contrast, in
the Asian population, the allelic model is associ-

ated with an increased risk of GDM. Future research
should focus on the interplay between FokI and
pregnancy-specific factors to better understand its
impact on GDM. Concrete examples, such as inter-
vention trials assessing vitamin D supplementation
based on FokI genotypes, could inform personalized
prevention strategies.

Association Between the TaqI (rs731236)
Polymorphism and T1DM, T2DM, and
GDM
The second key finding in the present study showed
that the TaqI (rs731236) polymorphism has no as-
sociation with the risk of T1DM when all ethnic
groups are combined. However, subgroup analysis
detected that the recessive model (CC vs. CT+TT)
and homozygous model (CC vs. TT) in South Amer-
ican populations are significantly different among
T1DM and controls, suggesting an association with
increased risk to T1DM. Likewise, in T2DM, these
models, namely the dominant model (CC+CT vs.
TT) and heterozygous model (CT vs. TT), are associ-
ated with increased risk to T2DM in the African pop-
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ulation. No significant difference was found in all
genetic models of TaqI SNPs between GDM patients
and controls when all ethnicities are combined, sug-
gesting no association between these SNPs and the
risk of GDM. It should be noted that we couldn’t
perform subgroup analyses due to a lack of studies
for each ethnicity.
The TaqI (rs731236) polymorphism, located in the 3’
UTR of the VDR gene, affects mRNA stability and
VDR expression, which can influence immune re-
sponses and insulin signaling31,48. While Zhai et
al. found no significant association with T1DM31,
population-specific data suggest that TaqI may in-
teract with other immune-related genes, such as
HLA-DQ 49. This supports the need for multi-gene
analyses to elucidate its potential role in T1DM risk.
Ethnic variability, particularly trends indicating in-
creased risk in South American cohorts, highlights
the importance of exploring region-specific environ-
mental interactions, including sun exposure and di-
etary habits 50.
Aravindhan et al. found that in T2DM, TaqI does not
show a strong association overall45, though stud-
ies in African populations have linked certain TaqI
genotypes to increased risk51. Integrating findings
from gene-environment interaction studies and epi-
genetic analyses could reveal how TaqI modulates
glucose homeostasis under different environmen-
tal conditions. However, no significant associations
were found with the TaqI polymorphism for these
complications 52. Additionally, Liu et al. found no
significant overall association between GDM and
TaqI, although pregnancy-related interactions be-
tween TaqI and maternal vitamin D levels warrant
further study 41,47. Larger, multi-ethnic cohort stud-
ies that include vitamin D status and hormonal pro-
files are needed 53.

Association Between the BsmI (rs1544410)
Polymorphism and T1DM, T2DM, and
GDM
The third major finding of the current study in-
dicates that BsmI SNPs under the overdominant
model (GA vs. GG+AA) and (GG vs. GA) models,
when all ethnicities are combined, are significantly
different among T1DM and controls, suggesting an
increasing risk for T1DM when (GA vs. GG+AA) is
present and a decreasing risk for T1DM when the
(GG vs. GA) model is present. However, subgroup
analyses based on ethnicity show that the increased
frequency of the allelic (G vs. A) and homozygous
(GG vs. AA) models in the African population may

be associated with increased risk to T1DM. Likewise,
the increasing frequency of the dominant model
(GG+GA vs. AA) and heterozygous (GA vs. AA) gene
models in the European population, and the over-
dominant (GA vs. GG+AA) model in the Asian pop-
ulation, may increase the risk of T1DM. However, in
the South American population, the increasing fre-
quency of the allelic (G vs. A), recessive model (GG
vs. GA+AA), dominant model (GG+GA vs. AA), ho-
mozygous (GG vs. AA), and heterozygous (GA vs.
AA) models may be associated with a decreased risk
to T1DM.
The BsmI (rs1544410) polymorphism, also located in
the 3’ UTR, is believed to impact VDR expression and
consequently affect immune and metabolic path-
ways. While Shahmoradi et al. observed no over-
all association with T1DM, specific genetic models
suggested nuanced risk variations31. The observed
lowered susceptibility to T1DM in American cohorts
versus inconsistent results in European and Asian
groups could stem from genetic linkage differences
and varying environmental exposures. Including vi-
sual data representation, such as allele frequency
distributions and region-specific odds ratios, would
enhance the interpretation and applicability of these
findings 54.
Aravindhan et al. indicated that in T2DM, BsmI has
been associated with risk under the heterozygote
model 45. Future research should focus on how BsmI
modulates inflammatory pathways, as chronic in-
flammation is a known contributor to T2DM. Func-
tional studies exploring BsmI’s role in immune cell
regulation and insulin signaling could offer valuable
insights. For GDM, regional differences in BsmI’s
effect have been noted, with increased risk observed
in specific populations 47. Investigating the interac-
tion between BsmI, maternal vitamin D levels, and
pregnancy-related hormonal changes would clarify
its role in GDM. Including environmental data, such
as sun exposure and dietary vitamin D intake, could
further contextualize these findings.

Association Between the ApaI (rs7975232)
Polymorphism and T1DM, T2DM, and
GDM
The fourth major finding of the present study shows
that the ApaI (rs7975232) polymorphism under the
allelic (G vs. T), recessive model (GG vs. GT+TT),
and homozygous (GG vs. TT) models are signif-
icantly increased in T1DM compared to controls,
which is associated with a decreased risk of T1DM
in the overall genetic model where the ethnicities
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are combined. Subgroup analysis showed no sig-
nificant differences among different ethnicities. In
T2DM, there is no significant difference in all mod-
els when all ethnicities are combined compared to
controls. However, subgroup analysis showed that
in the African population, the recessive model (GG
vs. GT+TT) is significantly different between T2DM
and controls and associated with a decreased risk of
T2DM. In GDM, there are no significant differences
in all gene models.
The ApaI (rs7975232) polymorphism, located in in-
tron 8, influences VDR expression, impacting im-
mune function and glucose metabolism. While
Shahmoradi et al. reported no overall association
with T1DM, allelic models showed protective effects,
particularly in African cohorts 30. Functional ge-
nomic studies should explore how ApaI modulates
VDR gene expression under different environmental
conditions. For T2DM, potential protective effects of
ApaI in certain regions have been reported45, possi-
bly due to its role in enhancing VDR expression. Re-
search focusing on cumulative effects of ApaI with
other polymorphisms could elucidate how it impacts
metabolic pathways. For GDM, Liu et al. high-
lighted an increased risk linked to ApaI in specific
populations 47. Longitudinal studies that include
pregnancy-related variables and epigenetic factors
would help determine how these interactions influ-
ence GDM risk.
Clinical and research implications of genotyping for
VDR polymorphisms, particularly FokI, TaqI, BsmI,
and ApaI, could suggest personalized diabetes pre-
vention and treatment strategies. Integrating ge-
netic data with environmental factors in multi-gene
panels could offer a comprehensive view of dia-
betes risk. Standardizing study designs and includ-
ing diverse populations with controlled confound-
ing factors will be crucial for advancing this re-
search. Implementing visual tools, such as allele dis-
tribution charts and regional odds ratio plots, would
improve data interpretation and clinical applicabil-
ity. The understanding of VDR polymorphisms as
part of a complex genetic landscape influencing dia-
betes highlights the importance ofmultifactorial ap-
proaches. Combining genetic, environmental, and
epigenetic data in future studies could bridge re-
search findings with public health strategies and
personalized medical practices.

Association Through Meta-analyses
This study provides a simultaneous comparative
evaluation of four VDR SNPs across type 1, type

2, and gestational diabetes. Regarding popula-
tion specificity and heterogeneity, previous meta-
analyses have also failed to emphasize the exact role
of each SNP because of inconsistency at the subtype
level, where some T1DM analyses found no over-
all association between the FokI and ApaI polymor-
phisms, in contrast to our study. Similarly, meta-
analyses focused on T2DM did not identify a con-
sistent association for BsmI. Initial significant as-
sociations (BsmI, FokI, ApaI in subgroups) were all
deemed “less credible” after bias analysis, whereas
FokI and BsmI were associated with T2DM over-
all, and TaqI/ApaI were not significant; this sup-
ports a moderate genetic effect, especially for FokI
in another meta-analysis. Others suggest poly-
morphisms affect disease severity rather than risk.
These study findings are often population-specific
and sometimes inconsistent in direction across eth-
nic groups. Across meta-analyses, findings on VDR
polymorphisms in diabetes are inconsistent and of-
ten contradictory, making comparison essential.
In the mechanistic view, FokI affects the protein
structure and activity of VDR, while BsmI, ApaI, and
TaqI are mostly non-coding variants, influencing
mRNA stability or gene expression rather than pro-
tein structure. Specifically, these polymorphisms
influence insulin secretion (β-cell function), insulin
sensitivity (peripheral tissues), and inflammation
(immune modulation). Thus, we also attempt to
clarify that the clinical value of our work lies in refin-
ing the strength and consistency of currently avail-
able evidence rather than proposing immediate clin-
ical implementation.

LIMITATIONS
This study’s findings are limited by data heterogene-
ity, inconsistent control of confounding variables,
and reliance on cross-sectional and case-control de-
signs, which hinder causal inferences. The lack of
functional studies and limited representation of di-
verse populations further restricts generalizability.
Moreover, this meta-analysis uses crude genotype
frequency data and therefore relies on unadjusted
odds ratios. Thus, the pooled estimates were not ad-
justed for important environmental and metabolic
confounders, such as serum 25(OH)D levels, sun-
light exposure, dietary vitamin D intake, BMI, adi-
posity, and other lifestyle-related factors. This
limitation is especially relevant for VDR polymor-
phisms because their biological effects are likely to
be context-dependent and modified by ligand avail-
ability. However, the crude genetic effect primarily
found an association and is inevitable, but should be
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Figure 9: Summary of the associations of four VDR gene polymorphisms (FokI, TaqI, BsmI, and ApaI) with type 1
diabetes mellitus (T1DM), type 2 diabetes mellitus (T2DM), and gestational diabetes mellitus (GDM) across differ-
ent genetic models and ethnic groups.

interpreted cautiously. Future research should pri-
oritize longitudinal studies, diverse cohorts, and in-
tegrative approaches to better understand the role
of VDR polymorphisms in diabetes.

CONCLUSIONS
As summarized in Figure 9, this study identifies key
associations between VDR gene polymorphisms and
diabetes susceptibility. The G allele of BsmI signifi-
cantly increases T2DM risk, while the T allele of FokI
provides protection against T1DM. These associa-
tions vary across populations, reflecting the inter-
play of genetic and environmental factors. The find-
ings underscore the need for standardized method-
ologies and large, multi-ethnic studies to address
inconsistencies. Future research should prioritize

functional analyses to elucidatemechanisms and in-
tegrate genetic and environmental data to develop
personalized prevention and treatment strategies.

ABBREVIATIONS
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