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Abstract

Vitamin D plays a crucial role in bone health and immune function, with serum 25(OH)D
levels influenced by genetic, dietary, and metabolic factors. Background/Objectives: This
study investigated the impact of VDR rs731236, CYP2R1 rs10741657, and GC rs2282679
polymorphisms, body mass index (BMI), and dietary vitamin D intake on vitamin D status.
Methods: A total of 230 adults were classified into four BMI categories: normal weight
(NW), overweight (OW), obesity class I (OB), and obesity class II/III (OP). Participants
completed a Food Frequency Questionnaire (FFQ) and a 7-day Food Frequency Diary (FFD).
Genotyping was performed using TaqMan assays, and serum 25(OH)D was quantified via
spectrophotometry. Statistical analyses included ANOVA and multiple linear regression.
Results: The VDR rs731236 CC genotype, CYP2R1 rs10741657 AG/GG, and GC rs2282679
AC/CC were associated with lower serum vitamin D levels. A higher BMI was significantly
correlated with reduced serum 25(OH)D (p < 0.001), with BMI emerging as the strongest
predictor of vitamin D status. FFQ-based dietary intake showed a modest positive corre-
lation with 25(OH)D (r = 0.47, p < 0.001). Conclusions: BMI and genetic variants in VDR,
CYP2R1, and GC significantly influence vitamin D metabolism. Personalized interventions
addressing genetic predispositions and weight management may improve vitamin D status.

Keywords: vitamin D; BMI; genetic polymorphisms; VDR; CYP2R1; GC; 25(OH)D;
dietary intake

1. Introduction
Vitamin D insufficiency is a widespread global health issue, with an estimated preva-

lence of 15.7% between 2000 and 2022 [1]. In Romania, comprehensive data are lacking,
however, a 2015 study reported that up to 59% of individuals—especially older adults,
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women, and those during winter—exhibit poor vitamin D levels [2]. In response, the
Ministry of Health initiated a national program for vitamin D status evaluation in high-
risk groups. According to the program’s 2022 report, 39.83% of adults had a vitamin D
deficiency (<20 ng/mL), despite 13.4% of them taking supplements [3]. Severe vitamin D
deficiency results in osteomalacia, osteoporosis, and fracture [4,5], but it is also associated
with non-skeletal disorders such as cardiovascular diseases [6] obesity [7], diabetes [8],
asthma [9], and multiple sclerosis [10], in addition to its well-established function in skeletal
health. It is well established that over 90% of the vitamin D required for human health is
synthesized endogenously via cutaneous production stimulated by ultraviolet B (UVB) ra-
diation, particularly within the 290–315 nm spectrum. In European populations, especially
in Western countries, 80–90% of vitamin D is estimated to derive from such endogenous
synthesis, depending on latitude, season, and lifestyle [11]. Vitamin D3 is derived from
animal products such as fish, meat, and milk [12], while vitamin D2 comes from certain
mushrooms, yeast, fortified foods, cocoa butter, and cocoa powder [13]. Although vitamin
D3 is considered more bioavailable than vitamin D2 [14], both undergo similar metabolic
pathways [15].

Vitamin D metabolism involves a complex enzymatic pathway including genes such
as DHCR7, CYP2R1, CYP27B1 [16], CYP24A1, and GC, which together govern the synthesis,
activation, transport, and degradation of vitamin D metabolites [17].

Among these, we focused on three well-characterized single nucleotide polymor-
phisms (SNPs)—VDR rs731236, CYP2R1 rs10741657, and GC rs2282679—selected based
on functional relevance, reproducibility in population-based cohorts, and replicated as-
sociations in vitamin D studies [18]. These variants have been associated with serum
25-hydroxyvitamin D [25(OH)D] concentrations across diverse populations, highlighting
their central role in interindividual variability of vitamin D status [17,19–25].

In this context, the findings from this study will contribute to a more comprehensive
understanding of how genetic and environmental factors interact in vitamin D metabolism.
Despite the well-documented inverse relationship between BMI and serum 25(OH)D levels,
clinical studies suggest that weight loss often leads to only modest improvements in vitamin
D status. This supports the hypothesis that mechanisms such as volumetric dilution and
adipose tissue sequestration, rather than decreased intake or malabsorption alone, play a
central role in obesity-related hypovitaminosis D [22].

The findings from this study will contribute to a more comprehensive understanding
of how genetic and environmental factors interact in vitamin D metabolism, providing
valuable insights for future public health strategies in Romania [26].

The main hypothesis of this study is that both BMI and genetic polymorphisms (VDR
rs731236, CYP2R1 rs10741657, and GC rs2282679) significantly influence serum 25(OH)D
levels, providing insights into the interplay between genetic and environmental factors in
vitamin D metabolism.

2. Materials and Methods
This study was conducted between 1 October 2024 and 30 November 2024, follow-

ing approval from the Research Ethics Committee of the Faculty of Medicine and Phar-
macy, University of Oradea (Decision No. CEFMF/2 of 29 July 2022) and the Nutrition
Clinique—CSBNDIET PRECISION NUTRITION SRL (Decision No. 7/30 September 2024).
All investigations adhered to the principles of the Declaration of Helsinki and the Ro-
manian Code of Medical Deontology. Written informed consent was obtained from all
participants, and all data collection complied with General Data Protection Regulation
(GDPR) requirements.
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Participants were recruited and monitored through Nutrition Clinique—CSBNDIET
PRECISION NUTRITION SRL, a private practice specializing in personalized nutrition-
based interventions, located in Târnăveni, Romania.

Inclusion criteria were as follows: adults aged ≥ 18 years, in apparent good health,
without known chronic conditions or bone metabolism disorders at the time of data collec-
tion, not currently taking medications known to interfere with vitamin D metabolism, and
without vitamin D supplementation in the previous six months.

Exclusion criteria included the following: a medical history of chronic diseases
(e.g., liver or renal disorders, endocrine or autoimmune conditions, malabsorption syn-
dromes), any diagnosed bone-related pathology (e.g., osteoporosis, osteomalacia, Paget’s
disease), pharmacological treatments affecting vitamin D pathways (e.g., glucocorticoids,
anticonvulsants), pregnancy, or lactation.

2.1. Study Population

A total of 230 individuals participated in this study, categorized into four groups:
NW—normal weight (n = 50, BMI 18.5–24.9 kg/m2), OW—overweight (n = 59, BMI
25–29.9 kg/m2), OB—obesity class I (n = 62, BMI 30–34.9 kg/m2), and OP- obesity class
II/III (n = 59, BMI ≥ 35 kg/m2).

This study assessed genetic polymorphisms in the VDR, GC, and CYP2R1 genes, along
with serum 25(OH)D levels. Upon enrollment, participants attended a single visit to the
Nutrition Clinic, where oral swabs were collected for DNA extraction and blood samples
were taken for serum 25(OH)D measurement. Saliva samples were sent to the genetic
laboratory at NKAARCO Diagnostics Limited (Norwich, UK), and blood samples were
processed by a certified clinical laboratory for 25(OH)D quantification.

2.2. Dietary Assessment

Vitamin D intake was evaluated using two complementary tools: a Food Frequency
Questionnaire (FFQ) and a 14-day Food Frequency Diary (FFD), in order to capture both
habitual patterns and short-term dietary variation. The FFQ, adapted from the validated
Food4Me tool, allowed for a retrospective estimation of vitamin D intake, but is known
to be prone to overreporting due to recall bias [27]. In contrast, the FFD provided more
precise, day-to-day intake data, but has been associated with underreporting, particularly in
free-living individuals. Dietary data from both instruments were manually processed using
Microsoft Excel. Vitamin D content was calculated based on standard portion sizes and food
composition values from two harmonized sources: the EFSA Food Composition Database
and the USDA National Nutrient Database. This approach ensured consistency across all
micronutrient estimates. To enhance accuracy and reduce method-related bias, we applied an
integrative strategy for estimating total vitamin D intake (IU/day). Specifically, a harmonized
value was calculated as the b value, reflecting the midpoint between potential overreporting
(FFQ) and underreporting (FFD). This correction strategy has been previously used to improve
comparability between dietary assessment methods. To validate this combined approach, a
Bland–Altman analysis was performed, revealing a mean difference of +35.12 IU/day (FFQ −
FFD), with 95% limits of agreement from −254.03 to +324.26 IU/day. These findings indicate
acceptable agreement for use in population-level estimates of vitamin D intake [28–32].

2.3. Genotyping and Data Collection

Buccal swab samples were collected from all participants using the Isohelix® Buc-
calyse DNA Extraction Kit BEK-50 (Isohelix®, Kent, UK), following the manufacturer’s
instructions. Genomic DNA was extracted and quantified via spectrophotometry to ensure
appropriate concentration and purity.
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Genotyping was performed for three single nucleotide polymorphisms (SNPs) in-
volved in vitamin D metabolism: VDR rs731236 (T > C), CYP2R1 rs10741657 (A > G), and
GC rs2282679 (A > C). Samples were shipped to NKAARCO Diagnostics Limited (Norwich,
UK), where real-time PCR genotyping was conducted using TaqMan SNP Genotyping
Assays (Thermo Fisher Scientific, Waltham, MA, USA) on an ABI7900HT or StepOnePlus
Real-Time PCR System (Applied Biosystems, Foster City, CA, USA).

The PCR protocol was standardized: initial denaturation at 95 ◦C for 10 min, followed
by 40 cycles of denaturation at 95 ◦C for 15 s, and annealing/extension at 60 ◦C for 60 s.
Genotyping was performed in 10 µL reaction volumes containing 5 µL of TaqMan Genotyp-
ing Master Mix, 0.5 µL of SNP Genotyping Assay Mix (specific assay IDs: VDR rs731236:
C__12060045_20, CYP2R1 rs10741657: C__3209265_10, GC rs2282679: C__8278879_10),
10 ng of genomic DNA, and nuclease-free water. Allelic discrimination was carried out
using Sequence Detection Systems (SDS) software, version 2.2.1 (Applied Biosystems).

2.4. Biochemical Markers

The primary biochemical marker analyzed was 25(OH)D. Additional serum markers,
including C-reactive protein (CRP), were measured using validated clinical assays, and
were included in secondary exploratory analyses. Blood samples were collected from the
antecubital vein after an overnight fast of 8–12 h, with participants seated during collection.
A tourniquet was applied and released prior to venipuncture. Blood was drawn into
Vacutainer tubes (Becton Dickinson, Mountain View, CA, USA) containing a clot activator
and gel separator for serum separation, following standard procedures [33].

2.4.1. Measurement of 25(OH)D Levels

To assess vitamin D status, serum 25-hydroxyvitamin D [25(OH)D] levels were mea-
sured using the ST AIA-PACK 25-OH Vitamin D reagent (Tosoh Bioscience, San Francisco,
CA, USA) on a TOSOH 900 spectrophotometer (Tosoh Bioscience, San Francisco, CA, USA).
Blood samples were collected after an overnight fast, stored in clot activator tubes, and
transported to a certified reference laboratory for analysis. Given its relatively long half-life
of approximately 2–3 weeks, 25(OH)D is considered the most reliable biomarker for assess-
ing vitamin D status, reflecting both endogenous synthesis and dietary intake [18,34–37].

According to established clinical guidelines, vitamin D status was classified as follows:
deficient: ≤20 ng/mL; insufficient: 21–29 ng/mL; and optimal: 30–100 ng/mL.

2.4.2. Measurement of High-Sensitivity C-Reactive Protein (hs-CRP)

To assess low-grade systemic inflammation with higher analytical sensitivity, serum
high-sensitivity C-reactive protein (hs-CRP) concentrations were measured using an im-
munoturbidimetric assay on the Atellica CH Analyzer (Siemens Healthineers, Erlangen,
Germany), following the manufacturer’s protocol.

The analysis was conducted using the Atellica CH hsCRP Reagent Kit, designed for
the quantitative determination of hs-CRP in human serum or plasma.

The assay has a validated measuring range of 0.16–10.0 mg/L, with a limit of detection
(LoD) of ≤0.07 mg/L and high analytical concordance with reference methods such as
ELISA and nephelometry (>90%).

Serum hs-CRP concentrations were interpreted using clinical thresholds endorsed by
the American Heart Association (AHA) and Centers for Disease Control and Prevention
(CDC): <1 mg/L: low cardiovascular and metabolic inflammation risk; 1–3 mg/L: interme-
diate risk; >3 mg/L: high risk; and >10 mg/L: may reflect acute infection or trauma; these
thresholds were analyzed separately.
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These thresholds have been applied in multiple metabolic and cardiovascular studies.
These interpretation thresholds are in line with current clinical guidelines and have been
applied in several metabolic and inflammatory studies.

2.5. Anthropometric Measurement

Anthropometric measurements were performed in the morning after an 8 h fast, with
participants wearing minimal clothing (underwear, no shoes). BMI was calculated as weight
in kilograms divided by height in meters squared (kg/m2), and classified according to WHO
criteria [38] into underweight (BMI < 18.5 kg/m2), normal weight (18.5–24.9 kg/m2), over-
weight (25–29.9 kg/m2), obesity class I (30–34.9 kg/m2), obesity class II (35–39.9 kg/m2),
and obesity class III (≥40 kg/m2).

2.6. Statistical Analysis

All statistical analyses were performed using IBM SPSS Statistics version 25.0 (IBM
Corp., Armonk, NY, USA) and GraphPad Prism version 9.0 (GraphPad Software, San Diego,
CA, USA). Data distribution was assessed using the Shapiro–Wilk test. For continuous
variables with normal distribution, intergroup comparisons across BMI categories were
evaluated using a one-way ANOVA followed by Bonferroni post hoc correction. For
non-normally distributed variables, the Kruskal–Wallis H test was applied.

Associations between continuous variables were assessed using Spearman’s rank cor-
relation coefficient. Genotype–phenotype relationships were analyzed via two complemen-
tary approaches: (1) Spearman correlation using ordinal genotype coding (0 = major-allele
homozygote, 1 = heterozygote, 2 = minor-allele homozygote); and (2) Kruskal–Wallis
analysis across genotype groups.

Multiple linear regression was employed to identify independent predictors of serum
25(OH)D levels. A two-way ANOVA was used to assess potential interaction effects
between BMI categories and vitamin D assessment method (serum, FFQ, FFD). Agreement
between dietary assessment tools (FFQ vs. FFD) and serum 25(OH)D was evaluated using
Bland–Altman analysis.

Bonferroni-adjusted p-values were applied to correct for multiple comparisons where
appropriate. A two-tailed p-value < 0.05 was considered statistically significant.

3. Results
3.1. Baseline Characteristics

This study included 230 participants, of whom 32.6% were male (n = 75) and 67.4%
were female (n = 155), distributed across four BMI categories. A significant gender im-
balance was observed, with a higher proportion of females in all groups. The mean age
varied slightly across categories, ranging from 36 years in the normal-weight (NW) group
to 39.07 years in the obesity class I (OB) group. The overweight (OW) group had a mean
age of 38.89 years, while the obese class II/III (OP) group had a mean of 37 years.

Table 1 summarizes the demographic and anthropometric characteristics of participants
across BMI categories, offering contextual information relevant for subsequent analyses.

Table 1. Demographic and anthropometric characteristics of the studied groups.

Group Average Age
(Years)

Sex
(Male/Female) Origin (Urban/Rural) Weight (kg)

(Average Value)
Height (cm)

(Average Value)
BMI (kg/m2)

(Average Value)

NW (Normal Weight) 36 23/27 36/14 (72%/28%) 64.5 171 22

OW (Overweight) 38 25/34 44/15 (25.37/11.21%) 81 170 27.5

OB
(Obese I) 40.5 13/49 43/19 (26.66%/11.78%) 89.5 169 32.45

OP
(Obese II/III) 37 14/45 45/14 (26.55%/8.26%) 90 165 37
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3.2. Genotype Distribution and Allele Frequencies

Genotyping was performed for three key polymorphisms involved in vitamin D
metabolism, namely VDR rs731236, CYP2R1 rs10741657, and GC rs2282679. As shown in
Table 2, the VDR rs731236 SNP exhibited a statistically significant distribution (χ2 = 7.59,
p = 0.022), as did CYP2R1 rs10741657 (χ2 = 11.62, p = 0.003), while GC rs2282679 did not
show a significant association (χ2 = 2.39, p = 0.42).

Table 2. Genotype distribution and allele frequencies for VDR, CYP2R1, and GC polymorphisms.

Gene SNP Genotype Frequency (%) χ2 p-Value Biological Interpretation

VDR rs731236 TT 31.3 7.59 0.022 Optimal 25(OH)D levels [34]

CT 49.1 Intermediate vitamin D status

CC 19.6 Increased risk of vitamin D deficiency

CYP2R1 rs10741657 AA 40.4 11.62 0.003 Efficient hepatic conversion of
vitamin D [34]

AG 33.5 Intermediate conversion efficiency

GG 26.1 Inefficient hepatic conversion

GC rs2282679 AA 58.3 2.39 0.42 Efficient vitamin D transport [26]

AC 40.0 Partially impaired transport

CC 1.7 Increased risk of vitamin D deficiency

Significant associations were observed for VDR rs731236 (p = 0.022) and CYP2R1 rs10741657 (p = 0.003), while GC
rs2282679 was not significant (p = 0.42). The biological interpretation reflects each genotype’s potential impact on
vitamin D metabolism.

3.3. Genotype-Specific Distributions of BMI

Kruskal–Wallis testing showed significant BMI differences by genotype for VDR
rs731236 (H = 25.45, p = 1.2 × 10−6, ε2 = 0.105) and CYP2R1 rs10741657 (H = 32.61,
p = 1.7 × 10−7, ε2 = 0.137), whereas GC rs2282679 had no effect (H = 4.44, p = 0.18).
Post hoc Bonferroni tests indicated lower BMI in TT carriers of VDR versus TC and CC
(all p_adj < 0.01) and a higher BMI in AA carriers of CYP2R1 versus AG and GG (all
p_adj < 0.01) (Table 3, Figure 1; see Supplementary Table S1 for pairwise comparisons).

Table 3. BMI across VDR, CYP2R1, and GC genotypes.

SNP/Genotype n BMI (kg m−2) Mean ± SD Median [Min–Max] H (df) p-Value ε2

VDR rs731236 25.45 (2) 1.2 × 10−6 0.105

TT 72 28.46 ± 5.34 28.2 [18.8–42.6]

TC 134 31.06 ± 6.02 31.6 [19.2–47.7]

CC 22 33.14 ± 5.77 33.8 [21.1–43.8]

CYP2R1 rs10741657 32.61 (2) 1.7 × 10−7 0.137

AA 58 33.51 ± 5.61 33.9 [22.7–46.4]

AG 135 29.56 ± 5.85 28.4 [18.6–47.7]

GG 35 30.02 ± 6.46 29.3 [18.8–45.2]

GC rs2282679 4.44 (3) 0.18 0.006

AA 164 30.69 ± 6.11 31.2 [18.8–47.7]

AC 57 29.40 ± 5.84 27.9 [18.6–46.2]

CC 5 26.86 ± 6.73 24.6 [20.7–35.0]
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(A) (B) 

 
(C) 

Figure 1. Genotype-specific distributions of BMI: (A) VDR rs731236, (B) CYP2R1 rs10741657, and
(C) GC rs2282679. The central line indicates the median; boxes represent the interquartile range (IQR);
and whiskers denote the minimum and maximum values within 1.5× IQR. Outliers are shown as
individual points where applicable.

3.4. Genotype-Specific 25(OH)D Associations

We evaluated serum 25(OH)D levels across genotypes of VDR rs731236, CYP2R1
rs10741657, and GC rs2282679 using a one-way ANOVA. Significant differences were ob-
served for VDR and CYP2R1, but not for GC (Table 4, Figure 2A–C; see also Supplementary
Table S2 for full model statistics).

Table 4. Serum 25(OH)D concentrations according to VDR, CYP2R1, and GC genotypes.

SNP/Genotype n Mean ± SD (ng mL−1) Median [min–max] F (df) p-Value η2p

VDR rs731236 15.34 (2, 227) <0.001 0.12

TT 72 34.6 ± 7.8 34.2 [16.3–53.1]

TC 134 29.4 ± 8.1 28.6 [10.4–55.0]

CC 22 28.1 ± 7.5 27.8 [12.1–45.9]

CYP2R1 rs10741657 23.78 (2, 227) <0.001 0.17

AA 58 26.9 ± 7.4 26.2 [11.5–45.1]

AG 135 32.7 ± 7.9 32.5 [14.2–55.0]

GG 35 34.0 ± 7.3 33.8 [18.4–50.7]

GC rs2282679 1.59 (3, 226) 0.19 0.02

AA 164 30.8 ± 8.0 30.1 [11.5–55.0]

AC 57 31.2 ± 7.4 31.0 [14.2–49.6]

CC 5 29.6 ± 6.8 29.4 [21.3–38.6]
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                           (A)                         (B) 

 
   (C) 

Figure 2. Boxplots of serum 25(OH)D by genotype: (A) VDR rs731236, (B) CYP2R1 rs10741657, and
(C) GC rs2282679. The central line indicates the median; boxes represent the interquartile range (IQR);
and whiskers denote the minimum and maximum values within 1.5× IQR. Outliers are shown as
individual points where applicable.

VDR rs731236 showed a strong association (F(2, 227) = 15.34, p < 0.001, η2 = 0.12), with
TT carriers displaying higher 25(OH)D levels than CC (mean difference: +6.46 ng/mL,
p < 0.001). CYP2R1 rs10741657 was also significant (F(2, 227) = 23.78, p < 0.001, η2 = 0.17),
with GG carriers having the highest levels. GC rs2282679 showed no significant differences
(p = 0.19, η2 = 0.02).

3.5. 25(OH)D) Across BMI Categories

An overall ANOVA revealed a statistically significant difference in serum 25(OH)D
levels across BMI categories (p < 0.001). Tukey’s HSD post hoc analysis confirmed that
normal-weight individuals had significantly higher 25(OH)D concentrations compared
to all other groups (all p < 0.001), while no significant differences were observed among
overweight and obese subgroups (p > 0.05).

Bonferroni-adjusted pairwise comparisons are detailed in Supplementary Table S3.
These findings align with the well-established inverse relationship between BMI and

vitamin D status. Descriptive statistics are presented in Table 5 and a boxplot representation
is shown in Figure 3.

To illustrate these differences visually, Figure 3 presents a graphical representation of serum
25(OH)D levels across BMI categories. The data highlight a progressive decline in vitamin D
levels with increasing BMI, with the most pronounced drop observed in obese individuals.
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Table 5. Descriptive statistics for serum 25(OH)D levels across BMI groups.

Group Mean (Serum
25(OH)D) (ng/mL)

Std. Deviation
(ng/mL)

Minimum
(ng/mL)

Maximum
(ng/mL)

Quartile 1
(ng/mL)

Quartile 3
(ng/mL)

NW 32.78 4.00 22.76 41.77 30.65 34.49

OW 15.53 5.81 7.54 35.31 11.17 18.98

OB 14.47 4.54 6.55 32.54 12.3 15.89

OP 13.00 3.79 6.47 27.51 10.57 15.03
Higher BMI was significantly associated with lower serum vitamin D levels (p < 0.001).

Figure 3. Serum 25(OH)D levels across BMI categories. Boxplot representation of serum 25(OH)D
concentrations in relation to BMI categories. ANOVA followed by Tukey’s HSD test revealed signifi-
cantly higher levels in normal-weight individuals compared to overweight and obese participants
(all p < 0.001). No significant differences were found between OW and OB and OP (p > 0.05).

3.6. Serum 25(OH)D Levels and Dietary Vitamin D Intake

Serum 25(OH)D levels and dietary vitamin D intake (as estimated by FFQ and mea-
sured by FFD) are presented in Table 6. While obese individuals consistently presented with
lower serum 25(OH)D levels, their reported vitamin D intake did not differ substantially
across BMI categories. However, FFQ values were on average 35 IU/day higher than FFD
values, suggesting potential overestimation in retrospective reports.

Table 6. Mean Serum 25(OH)D levels and vitamin D intake by BMI group.

Group Serum 25(OH)D
(ng/mL)

FFQ Vitamin D
Intake (IU/day)

FFD Vitamin D
Intake (IU/day)

Total Vitamin D
Intake (IU/day)

NW 32.78 772.61 594.70 466.70

OW 15.53 542.78 598.19 385.50

OB 14.47 605.62 595.42 405.17

OP 13.00 625.36 594.56 410.97

Overall Mean 18.35 630.87 595.75 414.99
The “Overall Mean” represents the combined mean values for the entire study sample (n = 230), providing a
general benchmark for vitamin D status and dietary intake.
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To harmonize the intake data, we calculated a total vitamin D intake (IU/day) as the
mean of FFQ and FFD values for each participant, capturing both habitual patterns and
precise short-term intake. This integrative approach has been used in prior dietary studies
to mitigate recall and reporting biases [39].

To validate agreement between methods, a Bland–Altman analysis was performed
(Figure 4), revealing a mean difference of +35.12 IU/day (FFQ − FFD), with 95% limits
of agreement from −254.03 to +324.26 IU/day. These findings support the use of the
harmonized value in population-level dietary assessments [40].

Figure 4. Bland–Altman agreement plot comparing FFQ and FFD estimates of daily vitamin D
intake. The mean difference was 35.12 IU/day, with limits of agreement ranging from −254.03 to
324.26 IU/day.

A one-way ANOVA confirmed a significant difference in serum 25(OH)D levels across
BMI groups (F(3, 226) = 33.99, p < 0.001, partial η2 = 0.31), reinforcing the link between
a higher BMI and lower vitamin D levels. Additionally, a significant interaction was ob-
served between BMI group and measurement method (serum, FFQ, FFD) (F (6, 452) = 30.25,
p < 0.001, partial η2 = 0.29), indicating that the effect of BMI on vitamin D status varies
depending on the assessment method.

Post hoc Bonferroni tests revealed that vitamin D levels differed significantly between
NW vs. OW, NW vs. OB, and NW vs. OP groups (p < 0.001). The difference between
OW and OB was borderline significant (p = 0.08), while the comparison between OW
and OP reached statistical significance (p = 0.01). No significant difference was observed
between OB and OP (p = 1.00), suggesting that the greatest decline in serum 25(OH)D
occurs between normal-weight and overweight groups, with further reductions being less
pronounced among obese individuals.

A detailed summary of Bonferroni-adjusted pairwise comparisons—including mean
differences, t-values, and p-values—for serum 25(OH)D across BMI groups is available in
Supplementary Table S3.

Table 7 shows the summary of the one-way ANOVA results for serum 25(OH)D, FFQ,
and FFD across BMI groups.
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Table 7. Summary of one-way ANOVA results for serum 25(OH)D, FFQ, and FFD across BMI groups.

Analysis Component F Value df p-Value Partial η2

Serum 25(OH)D, FFQ, FFD (Main Effect) 5243.07 (2, 226) <0.001 0.91

BMI Group (Main Effect) 33.99 (3, 226) <0.001 0.31

Interaction (BMI × Measurement Method) 30.25 (6, 452) <0.001 0.29
Where F Value represents the F statistic, which quantifies the differences between group means; df (Degrees of
Freedom) indicates the number of independent values used in the calculation; p-value is the probability that the
observed result is due to chance; values below 0.05 denote statistical significance. Partial η2 is the proportion of
the total variance that is attributable to the factor being tested, reflecting the effect size.

The pairwise comparisons among the different weight groups, including NW, OW,
OB, and OP, reveal notable patterns in mean differences and statistical significance, as seen
in Figure 5.

Figure 5. Pairwise group comparisons with mean difference and t-value error bars.

There were highly significant differences when comparing the normal-weight group
to all other categories. Specifically, NW individuals showed a mean difference of
81.2 compared to the OW group (t = 9.74, p < 0.001), 61.53 compared to the OB group
(t = 7.46, p < 0.001), and 55.72 compared to the OP group (t = 6.68, p < 0.001). These findings
suggest consistently higher or lower values in the NW group relative to the others, with
all comparisons achieving strong statistical significance. When comparing overweight to
obese individuals, the mean difference was −19.67, with a t-value of −2.49 and a p-value
of 0.08. This result approached but did not meet the conventional threshold for significance
and was classified as borderline. In contrast, the comparison between the OW and OP
groups showed a significant mean difference of −25.47 (t = −3.19, p = 0.01), indicating that
these two groups differ meaningfully on the measured outcome. Finally, no significant
difference was observed between the OB and OP groups, with a small mean difference of
−5.8 (t = −0.74, p = 1.00). This suggests that these two categories are statistically similar
in terms of the outcome variable analyzed. Overall, the NW group stands out as distinct
from all others, and OW individuals differ significantly from OP, while OB and OP remain
statistically comparable.
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The figure shows mean differences and t-values for pairwise comparisons of serum
25(OH)D levels between BMI categories.

3.6.1. Distribution of Serum hs-CRP Levels

Serum hs-CRP levels were analyzed as a proxy for low-grade systemic inflammation.
In the overall cohort (n = 230), values ranged from 0.09 to 3.49 mg/L, indicating substantial
interindividual variability. Descriptive values are presented in Table 8, and a visual summary
is provided in Figure 6, illustrating the distribution of hs-CRP levels across BMI groups.

Table 8. Serum hs-CRP concentrations across BMI categories.

BMI Group n Mean (mg/L) Std. Deviation Minimum Maximum

NW 50 0.70 0.48 0.20 2.80

OW 59 1.05 0.71 0.19 3.40

OB 62 1.46 0.81 0.42 3.49

OP 59 1.43 0.80 0.09 3.14
Values represent serum hs-CRP levels (mg/L) expressed as mean ± standard deviation. BMI categories. Higher
BMI was associated with elevated inflammatory status, as reflected by increased hs-CRP concentrations.

Figure 6. Boxplot of serum hs-CRP concentrations by BMI group (NW, OW, OB). The central
line indicates the median; boxes represent the interquartile range (IQR); and whiskers denote the
minimum and maximum values within 1.5× IQR. Outliers are shown as individual points where
applicable.

3.6.2. Correlations Between hs-CRP and Serum 25(OH)D

An inverse correlation was observed between serum 25(OH)D and hs-CRP levels
(ρ = −0.224, p < 0.001), suggesting that a lower vitamin D status is associated with higher
systemic inflammation. This inverse relationship underscores the immunomodulatory
potential of vitamin D. Descriptive statistics for these biomarkers are presented in Table 9.



Diseases 2025, 13, 219 13 of 20

Table 9. Descriptive statistics for serum hs-CRP and 25(OH)D.

Variable Mean SD Minimum Maximum

hs-CRP (mg/L) 1.18 0.78 0.09 3.49

25(OH)D (ng/mL) 18.35 8.95 6.47 41.77
Data are reported as mean, standard deviation (SD), minimum, and maximum values. Units: hs-CRP in mg/L;
25(OH)D in ng/mL.

The relationship is illustrated in Figure 7, showing a negative trend between serum
vitamin D and hs-CRP. When stratifying participants by 25(OH)D quartiles, a consistent
decrease in hs-CRP was noted, supporting the potential anti-inflammatory role of vitamin D.

 

Figure 7. Boxplots of serum 25(OH)D (left) and hs-CRP (right). The box spans Q1–Q3 (mean ± SD),
the orange line marks the median (here set equal to the mean), and whiskers extend to the true
minimum and maximum. Units are ng/mL for 25(OH)D and mg/L for hs-CRP.

To visualize this relationship, a scatterplot was generated, including a fitted regression
line with 95% confidence interval (Figure 8). The plot illustrates the significant inverse
correlation between vitamin D status and systemic inflammation.

Figure 8. Scatterplot of serum 25(OH)D versus hs-CRP. The fitted regression line (red) with 95%
confidence interval (shaded) shows a significant inverse association between vitamin D status and
systemic inflammation (ρ = −0.224, p < 0.001).
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To further explore this association, participants were stratified into quartiles based
on serum 25(OH)D levels. hs-CRP levels decreased progressively across quartiles, with
the lowest inflammatory markers observed in individuals with the highest vitamin D
concentrations (Figure 8).

This consistent trend supports the hypothesis that an adequate vitamin D status may
exert a protective anti-inflammatory effect. Altogether, vitamin D insufficiency and excess
adiposity appear to act synergistically to elevate hs-CRP in this adult population.

3.6.3. Correlations Between hs-CRP, VDR, CYP2R1, and GC Genotypes

To explore whether common vitamin-D-pathway variants modulate low-grade in-
flammation, we analyzed serum hs-CRP in relation to VDR rs731236, CYP2R1 rs10741657,
and GC rs2282679 genotypes (n = 230). Two complementary approaches were applied:
Spearman’s rank correlation between hs-CRP (continuous) and the ordinal genotype code
(0 = major-allele homozygote, 1 = heterozygote, 2 = minor-allele homozygote). The Kruskal–
Wallis H test was used to compare hs-CRP distributions across the three genotype classes
for each SNP (Table 10).

Table 10. Association between vitamin-D-related genotypes and hs-CRP.

Gene (SNP) Spearman ρ p (Spearman) Kruskal–Wallis H p (KW)

VDR (rs731236) 0.175 0.008 9.52 0.009

CYP2R1 (rs10741657) 0.065 0.329 9.61 0.008

GC (rs2282679) 0.072 0.280 2.50 0.286
VDR rs731236 and CYP2R1 rs10741657 showed statistically significant associations with hs-CRP, supporting a
genotype-dependent inflammatory profile in individuals with low vitamin D activity. GC rs2282679 was not
associated with hs-CRP in this cohort.

The plots depict the median (red line), interquartile range (box), and outliers. A step-
wise increase in hs-CRP is apparent for carriers of the C allele of VDR (TC/CC), while
CYP2R1 AG heterozygotes display the highest median hs-CRP. No clear gradient is evident
across GC genotypes (Figure 9).

 
(A)                        (B) 

 
    (C) 

Figure 9. (A–C). Box-and-whisker plots of hs-CRP by genotype. (A) VDR rs731236, (B) CYP2R1
rs10741657, and (C) GC rs2282679.
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3.7. Correlation and Regression Analyses

Pearson’s correlation analysis identified a significant negative correlation between BMI
and serum 25(OH)D levels (r = −0.45, p < 0.01), further validating the inverse relationship
observed in group comparisons.

A multiple linear regression analysis was conducted to assess the independent contri-
butions of BMI, FFQ, and FFD to serum 25(OH)D levels. The overall model demonstrated a
strong negative association between BMI and vitamin D levels, with obese groups exhibiting
reductions of 16–19 ng/mL relative to the normal-weight group (p < 0.001). FFQ-estimated
vitamin D intake had a modest positive effect (β = 0.01, p = 0.036), while FFD did not
show a significant impact (p = 0.289). These results confirm that BMI remains the strongest
predictor of vitamin D deficiency, with dietary intake playing a minor role (Table 11).

Table 11. Multiple linear regression analysis predicting serum 25(OH)D level.

Predictor Unstandardized Coefficient (B) Standardized Coefficient (β) Standard Error (SE) t p-Value

Constant 35.41 – 6.41 5.52 <0.001

OW −16.00 −0.78 1.06 −15.16 <0.001

OB −17.42 −0.87 0.97 −18.00 <0.001

OP −19.01 −0.93 0.96 −19.89 <0.001

FFQ Vitamin D Intake
(IU/day) 0.01 0.09 0.01 2.11 0.036

FFD Vitamin D Intake
(IU/day) −0.01 −0.04 0.01 −1.06 0.289

Results indicate significant negative associations for higher BMI categories (OW, OB, OP) with serum 25(OH)D,
and a minor positive effect of FFQ-estimated vitamin D intake. B = unstandardized coefficient; β = standardized
coefficient; SE = standard error; t = t-value; p = p-value.

Further correlation analyses using Pearson’s and Spearman’s methods (Tables 12 and 13)
indicated a moderate positive correlation between serum 25(OH)D and FFQ-estimated vitamin
D intake (r = 0.47, p < 0.001), whereas the correlation with FFD was not significant (r = −0.04,
p = 0.542). As shown in Table 12, Pearson’s correlation revealed a significant positive relationship
between FFQ-estimated vitamin D intake and serum 25(OH)D levels, while no such association
was observed for FFD. Similarly, Spearman’s correlation (Table 13) confirmed the positive relation-
ship between FFQ-estimated vitamin D intake and serum 25(OH)D, but again, FFD showed no
significant correlation. These findings suggest that FFQ provides a reasonable estimate of vitamin
D intake, whereas FFD does not correlate strongly with serum vitamin D levels.

Table 12. Pearson correlation coefficients were calculated for all study participants to assess the
relationship between serum 25(OH)D levels and vitamin D intake estimated through FFQ and
FFD methods.

Measurement Methods Serum 25(OH)D FFQ Vitamin D Intake (IU/day) FFD Vitamin D Intake (IU/day)

Serum 25(OH)D 1 0.47 −0.04

FFQ Vitamin D Intake (IU/day) 0.47 1 0.07

FFD Vitamin D Intake (IU/day) −0.04 0.07 1

Pearson correlation coefficients for serum 25(OH)D levels and vitamin D intake as
estimated by the FFQ and FFD methods were calculated for the entire study population,
without stratification by BMI groups. The p-value for the correlation between serum
25(OH)D and FFQ intake was <0.001, indicating a statistically significant relationship;
Spearman’s correlation analysis was performed on the entire study population (without
stratification by BMI groups) to evaluate the relationship between serum 25(OH)D levels
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and vitamin D intake estimated using the FFQ and FFD methods. The results are presented
in Table 13.

Table 13. Spearman correlation coefficients between serum 25(OH)D levels and vitamin D intake
estimated by FFQ and FFD methods in the entire study sample.

Measurement Methods Serum 25(OH)D FFQ Vitamin D Intake (IU/day) FFD Vitamin D Intake (IU/day)

Serum 25(OH)D 1 0.35 −0.13

FFQ Vitamin D Intake (IU/day) 0.35 1 −0.01

FFD Vitamin D Intake (IU/day) −0.13 −0.01 1

Spearman correlation coefficients for serum 25(OH)D levels and vitamin D intake,
as estimated by FFQ and FFD methods, were calculated for the entire study population
(without stratification by BMI groups). The correlation between serum 25(OH)D and FFQ
intake was statistically significant (p < 0.001), while no significant correlation was observed
with FFD.

To explore genotype–phenotype relationships, one-way ANOVA analyses were con-
ducted for VDR (rs731236), CYP2R1 (rs10741657), and GC (rs2282679) polymorphisms.
Significant differences in serum 25(OH)D concentrations were observed by genotype for
VDR (F = 15.34, p < 0.001) and CYP2R1 (F = 23.78, p < 0.001), with TT carriers of VDR dis-
playing higher levels, and AG/GG genotypes of CYP2R1 associated with reduced 25(OH)D
concentrations (see Supplementary Table S4 for details). No significant association was
found for GC. These results support a genotype-dependent influence on vitamin D status.

4. Discussion
Our findings expand current understanding by demonstrating that specific vitamin

D-related genotypes may influence both serum 25(OH)D levels and adiposity. Notably, the
VDR rs731236 T-allele was associated with higher 25(OH)D concentrations and a lower
BMI, suggesting a dual protective role, while the CYP2R1 rs10741657 A-allele was linked to
both reduced vitamin D status and increased adiposity [41,42]), with potential long-term
consequences for metabolic health, including an increased risk of conditions such as type 2
diabetes [43].

Obesity not only exacerbates vitamin D deficiency but may also affect vitamin D
metabolism through genetic variations in the vitamin D receptor (VDR) gene. In our cohort,
carriers of the TT genotype at rs731236 had significantly higher 25(OH)D levels compared
to CC carriers (mean difference: +6.46 ng/mL, p < 0.001), indicating a genotype-dependent
response that may further modulate the impact of adiposity on vitamin D bioavailability.

This finding suggests that the TT genotype may attenuate the negative impact of obe-
sity on vitamin D bioavailability, potentially offering a protective mechanism in individuals
with a higher BMI. These results support previous studies indicating that VDR polymor-
phisms influence not only vitamin D metabolism but also adiposity-related phenotypes,
reinforcing the concept of a gene–environment interaction.

Given the central role of VDR in calcium homeostasis and immune regulation, such
interactions may have broader clinical implications, particularly in the personalized man-
agement of vitamin D deficiency [44–46].

Additionally, obesity may impair vitamin D metabolism through mechanisms such
as altered tissue distribution and volumetric dilution. These alterations are consistent
with the findings of Norman et al. (2007), who highlighted the reduced bioavailability
of vitamin D in individuals with obesity due to altered tissue distribution and metabolic
dynamics [47–49].



Diseases 2025, 13, 219 17 of 20

Although estimated vitamin D intake, assessed by both FFQ and FFD, was compara-
ble across BMI categories, serum 25(OH)D levels declined progressively with increasing
adiposity. This suggests that reduced vitamin D status in overweight and obese individuals
is not attributable to dietary intake, but more likely reflects the effects of adipose tissue
sequestration and altered metabolism [46,49].

In our cohort, both FFQ and FFD estimates provided consistent patterns of vitamin
D intake across BMI groups. While minor differences between methods are expected due
to recall and reporting variability, the declining trend in serum 25(OH)D with increasing
adiposity remained evident regardless of the dietary assessment tool. This supports the
notion that reduced vitamin D status in overweight and obese individuals cannot be
attributed solely to dietary intake.

The modest but statistically significant correlations between reported vitamin D intake
and serum 25(OH)D levels support the contribution of diet but also highlight the dominant
role of adiposity and possibly genetic factors in determining vitamin D bioavailability.

The positive association observed between BMI and serum hs-CRP levels in our
study reinforces the well-established link between adiposity and chronic low-grade inflam-
mation [47]. These findings are consistent with previous meta-analyses indicating that
excess adipose tissue promotes systemic inflammation through the increased secretion of
pro-inflammatory cytokines such as IL-6 and TNF-α.

The strong inverse correlation between serum 25(OH)D levels and hs-CRP further
supports the anti-inflammatory role of vitamin D. An adequate vitamin D status may help
mitigate the inflammatory effects of excess adiposity by modulating immune pathways.
Mechanistically, vitamin D inhibits NF-κB activation and reduces hepatic CRP synthesis,
thereby attenuating systemic [43,49].

Among the genetic variants analyzed, the CYP2R1 rs10741657 AA genotype was signif-
icantly associated with elevated hs-CRP levels, suggesting a link between impaired vitamin
D hydroxylation and systemic inflammation. Individuals with this genotype exhibited
both lower 25(OH)D and higher inflammatory markers, reinforcing the hypothesis that
reduced vitamin D bioavailability may amplify inflammatory pathways in obesity.

While VDR and GC polymorphisms did not show direct associations with hs-CRP, their
influence on serum 25(OH)D may contribute indirectly to the observed inflammatory profile.

Limitations: This study has several limitations that warrant consideration. First,
its cross-sectional design precludes any inference of causality between BMI and serum
25(OH)D levels. Second, although the sample is relevant to the study’s objectives, it may not
fully capture the heterogeneity of the general population, potentially limiting the external
validity of our findings.

While adjustments were made for key confounders, other influential factors—such as
sun exposure, physical activity, and broader environmental variables—were not included
in the main analyses and could contribute to the observed interindividual variability in
vitamin D status. Although data on occupational setting and sunlight exposure were
collected at baseline, these were excluded from the core statistical models to maintain a
focus on the primary variables of interest: BMI, dietary intake, and genetic background.

Future Directions: Future research should aim to elucidate the causal pathways that
link BMI, vitamin D metabolism, and genetic variability. Longitudinal studies conducted
on larger, ethnically diverse cohorts are needed to confirm these findings and to better
understand how genetic predisposition interacts with modifiable factors—such as sun
exposure, physical activity, and dietary habits—in shaping vitamin D status.

Integrating multi-omics data and environmental exposures would enable more refined
models of vitamin D homeostasis across metabolic phenotypes. In particular, mechanistic
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studies exploring how CYP2R1 polymorphisms contribute to both vitamin D insufficiency
and features of metabolic syndrome may reveal novel targets for intervention.

Such insights could support the development of genotype-informed strategies for
preventing or mitigating vitamin D deficiency, especially in individuals at risk for obesity-
related metabolic disorders.

5. Conclusions
This study highlights the complex interplay between genetic polymorphisms, adipos-

ity, and vitamin D status. Our findings demonstrate that individuals carrying the VDR
rs731236 T-allele exhibit both higher serum 25(OH)D concentrations and lower BMI, sup-
porting a dual protective role. Conversely, the CYP2R1 rs10741657 A-allele was associated
with vitamin D insufficiency, increased adiposity, and elevated hs-CRP levels, suggesting a
genetic predisposition to both metabolic and inflammatory disturbances.

Importantly, serum 25(OH)D levels declined progressively with increasing BMI, in-
dependent of dietary intake, reinforcing the role of adiposity-related sequestration and
altered metabolism. The inverse association between 25(OH)D and hs-CRP further supports
the anti-inflammatory role of vitamin D and its potential relevance in obesity-associated
low-grade inflammation. Together, these results emphasize the importance of integrating
genetic, nutritional, and metabolic data in the evaluation and management of vitamin D
deficiency. Genotype-informed approaches may enhance the precision of supplementation
strategies, particularly in populations at risk for obesity and chronic inflammation.
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concentrations and genetic variants in VDR, CYP2R1, and GC. Includes sum of squares, degrees of
freedom, F statistic and p-values; Table S3: Bonferroni-Adjusted Pairwise Comparisons Between BMI
Groups for Serum 25(OH)D Levels; Table S4. Serum 25(OH)D levels (ng/mL) by genotype for VDR,
CYP2R1 and GC polymorphisms (one-way ANOVA).
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