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Background: The association between serum 25-hydroxyvitamin D [25(OH)
D] and metabolic syndrome (MetS) remains controversial, particularly in large-
scale health-screening populations where early metabolic abnormalities can be 
detected. This study aimed to investigate the independent and potential non-
linear association between serum 25(OH)D levels and MetS in adults undergoing 
routine health examinations.
Methods: This cross-sectional study included 29,214 adults who underwent 
routine health examinations at a tertiary hospital between January 2024 and 
November 2025. MetS was defined according to the 2023 Chinese expert con-
sensus criteria. Multivariable logistic regression models with sequential adjust-
ment were used to estimate odds ratios (OR) and 95% confidence intervals (CI) 
across quartiles of serum 25(OH)D. Restricted cubic spline (RCS) analysis was per-
formed to explore potential non-linear dose–response relationships. Sensitivity 
analyses included exclusion of outliers, additional adjustment for hepatic and 
renal function indicators, and E-value estimation to assess robustness to unmea-
sured confounding.
Results: Among 29,214 participants, 6,002 (20.5%) were diagnosed with MetS. 
After multivariable adjustment, higher serum 25(OH)D levels were independently 
associated with lower odds of MetS. Compared with the lowest quartile (Q1, 
<14.9 ng/mL), participants in the highest quartile (Q4, >25.2 ng/mL) had a 36% 
lower likelihood of MetS (OR = 0.64, 95% CI: 0.57–0.71). RCS analysis demon-
strated an inverse dose–response relationship, with the strongest risk reduction 
observed above approximately 20 ng/mL.
Conclusion: In this large health screening–based population of 29,214 adults, 
higher serum 25(OH)D concentrations were independently associated with 
lower odds of metabolic syndrome after comprehensive adjustment for poten-
tial confounders. Although the findings support a robust inverse association, 
causal inference cannot be established, and residual confounding may remain. 
Prospective cohort studies and well-designed randomized trials are warranted 
to clarify whether vitamin D plays a causal role in the development of metabolic 
syndrome or primarily reflects underlying metabolic health status.
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Introduction

With the evolution of social lifestyles, global public health priori-
ties have shifted from isolated disease entities toward complex ill-
nesses and systemic syndromes. Taking obesity—particularly central 
obesity—as an example, early manifestations may include dysregu-
lated glucose metabolism, elevated blood lipids, or impaired blood 
pressure control, which can progressively develop into broader meta-
bolic disturbances. In essence, metabolic syndrome (MetS) is a cluster 
of metabolic disorders characterized by interrelated and interacting 
comorbidities. Within this syndrome, multiple dysregulations inter-
act, leading to more numerous and severe complications. Because of 
geographic heterogeneity and variability in diagnostic definitions, the 
precise worldwide prevalence of MetS is difficult to determine, 
although current estimates suggest that roughly one in four adults 
globally are affected (1). Prevalence varies substantially depending on 
diagnostic criteria and region (2, 3). In China, the prevalence appears 
to be relatively higher, approaching 30% (4).

Numerous previous studies have demonstrated that individuals 
with MetS exhibit a significantly higher all-cause mortality rate. This 
is closely linked to increased cardiovascular risks resulting from dys-
regulated blood pressure and complications arising from impaired 
glucose metabolism (1, 5, 6). Therefore, implementing effective health 
management and early identification of modifiable risk factors in this 
population represents a critical step in addressing this challenge. 
Routine health examinations provide a window of opportunity for the 
early identification and intervention of MetS. Individuals undergoing 
regular health check-ups are often asymptomatic, yet may already 
exhibit early metabolic disturbances (7). Identifying modifiable bio-
markers associated with MetS in this population is therefore essential 
for effective risk stratification, early intervention, and the optimization 
of preventive and nursing management strategies.

Vitamin D deficiency exhibits variations across time, geography, 
and populations, yet its global average prevalence remains approxi-
mately 35.4%. The prevalence increases with higher latitude and is 
disproportionately higher among women, individuals with obesity, 
and older adults. According to global epidemiological statistics, nearly 
one-eighth of the global population has insufficient serum 25(OH)D 
levels (8, 9). Serum 25(OH)D is the primary biomarker used to assess 
vitamin D status in vivo and has traditionally been recognized for its 
essential role in bone and mineral metabolism. Beyond skeletal health, 
accumulating evidence suggests that vitamin D is closely involved in 
multiple metabolic pathways, including glucose metabolism, lipid 
regulation, blood pressure control, inflammatory responses, and 
endothelial dysfunction. Consequently, its potential role in metabolic 
health has received increasing attention in recent years (10–12).

It has been shown by multiple epidemiological studies that 
enhanced serum 25(OH)D levels correspond to a lower risk of MetS, 
and this inverse association is also present in individuals with central 
obesity and dyslipidemia (13). Furthermore, evidence from dose–
response meta-analyses has indicated that serum 25(OH)D concentra-
tions exert an impact on the development of MetS. In particular, 
individuals with higher concentrations have a significantly reduced 

risk of developing MetS, and this effect is more pronounced in devel-
oped countries, with a risk reduction of up to 43% (14). However, such 
findings lack validation from prospective epidemiological studies or 
randomized controlled trials (RCT). Although several previous stud-
ies have reported this association, the statistical significance was lost 
after adjustment for relevant covariates. Differences in study popula-
tions, methods of vitamin D categorization, seasonal variation, and 
liver and renal function may partially account for these discrepancies 
(15, 16). Therefore, evidence derived from adult health-screening 
populations that simultaneously account for key confounding factors 
and rigorously evaluate the robustness of the association remains 
insufficient. Building upon previous studies, the present study aimed 
to investigate the relationship between serum 25(OH)D levels and 
MetS in a health examination cohort from eastern China, with com-
prehensive adjustment for potential confounders and additional 
robustness analyses to provide more reliable real-world evidence.

Several biological mechanisms may explain the potential associa-
tion between vitamin D status and metabolic syndrome. Vitamin D 
exerts many of its metabolic effects through activation of the Vitamin 
D Receptor (VDR), which is widely expressed in adipose tissue, pan-
creatic β-cells, and skeletal muscle and plays an important role in lipid 
and glucose metabolism (17). Activation of the VDR has been 
reported to enhance insulin secretion and improve insulin sensitivity 
while reducing chronic low-grade inflammation. In addition, vitamin 
D may regulate blood pressure by suppressing the Renin–
Angiotensin–Aldosterone System (RAAS) and improving endothelial 
function (18). Vitamin D may also influence adipokine secretion and 
inflammatory pathways, which are key processes involved in the 
development of metabolic syndrome (19).

This cross-sectional study aimed to investigate the independent 
association between serum 25(OH)D levels and MetS in a health-screen-
ing population from eastern China. To achieve this objective, multivari-
able-adjusted models were applied to control for potential confounding 
factors. Potential non-linear relationships were further explored using 
RCS analyses. In addition, several sensitivity analyses were conducted, 
including exclusion of extreme values, additional adjustment for hepatic 
and renal function indicators and the timing of blood sampling, as well 
as E-value estimation to assess the robustness of the findings and the 
potential influence of unmeasured confounding.

Methods

Study design and population

This cross-sectional study was conducted at the Health 
Management Center of Jinhua Central Hospital and followed the 
Strengthening the Reporting of Observational Studies in Epidemiology 
(STROBE) guidelines. Individuals who underwent health examina-
tions at the Health Management Center of Jinhua Central Hospital 
between January 1, 2024, and November 30, 2025, were consecutively 
enrolled for personal health monitoring or routine screening. The 
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health examination program included collection of general medical 
history, measurement of basic anthropometric parameters, and labo-
ratory tests performed by trained medical personnel. A total of 41,777 
individuals with recorded serum 25(OH)D measurements were ini-
tially assessed for eligibility.

Legally adult individuals were enrolled as the primary study par-
ticipants. Additionally, all vitamin D–related data were uniformly 
tested and provided by our center, and individuals included in the 
study were required to have a complete dataset of indices associated 
with MetS. Participants were excluded if they met any of the following 
criteria:

	(1)	Age<18 years;
	(2)	Missing key variables required for the diagnosis of MetS or 

lacking valid personal identification information;
	(3)	Pregnancy or lactation;
	(4)	A history of severe liver disease, renal disease, or malig-

nant tumors;
	(5)	Unreliable laboratory measurements due to compromised 

blood sample quality;
	(6)	Participants with multiple health examinations during the 

study period, for whom only the first examination was 
retained to avoid repeated measurements and potential clus-
tering effects.

After applying the exclusion criteria, 29,214 participants were 
included in the final analysis (Figure 1).

The entire study process, from the research protocol to the study 
outcomes, was conducted in strict accordance with the Declaration of 
Helsinki and was reviewed and approved by the Ethics Committee of 
Jinhua Central Hospital, with informed consent waived for this study 

(20). Given that this research entailed secondary analysis of an exist-
ing health examination database, involved no additional interventions 
or potential risks to participants, and all data were de-identified before 
the analytical process, the ethics committee granted a waiver for the 
requirement of informed consent.

Data collection and measurements

Anthropometric measurements

All anthropometric assessments were conducted by trained nurses 
at the health examination center following standardized operating 
procedures. Height and body weight were measured using an auto-
matic measuring device (Omron, Japan), and the body mass index 
(BMI). Notably, height was measured as barefoot net height with shoes 
removed, and BMI was computed in accordance with international 
standards, defined as body weight (kg)/height (m2). Waist circumfer-
ence was measured by trained nurses from the health examination 
center using a non-elastic measuring tape, with participants required 
to be in a fasting state. The measurement was taken at the midpoint 
between the palpable inferior costal margin and the superior iliac 
spine, with participants in a standing position and breathing normally. 
Blood pressure was measured using an Omron automatic electronic 
sphygmomanometer (Model HBP9030, Japan), after participants had 
rested quietly for 5–15 min prior to the measurement.

Biochemical measurements

For the collection of biochemical data, participants were required 
to undergo an overnight fast of at least 8 h, and venous blood samples 
(a minimum of 5 mL) were collected from them between 6:30 and 

FIGURE 1

The selection process of the study participants is detailed in the flowchart.
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9:30 the following morning. All blood samples for biochemical testing 
were uniformly sent to the Department of Laboratory Medicine, and 
the relevant assays were performed by physicians specifically respon-
sible for biochemical testing of health check-up samples. A fully auto-
mated biochemical analyzer (Beckman Coulter, USA; model AU5800) 
was utilized to determine various biochemical indicators, including 
fasting blood glucose (FBG, hexokinase assay), triglycerides (TG, 
enzymatic assay), total cholesterol (TC, enzymatic assay), high-density 
lipoprotein cholesterol (HDL-C, direct assay), low-density lipoprotein 
cholesterol (LDL-C, direct assay), serum creatinine (SCr, Jaffe assay), 
and blood urea nitrogen (BUN, urease ultraviolet rate assay), along 
with other relevant biochemical parameters.

Serum 25(OH)D concentrations were expressed as nanograms 
per milliliter (ng/mL), and the assay was performed via the chemilu-
minescence method using the Maglumi X8 analyzer (Shenzhen, 
China). All laboratory analyses were conducted in accordance with 
standardized operating procedures, and internal quality control was 
routinely performed throughout the study period.

Definition of metabolic syndrome

As the study population consisted entirely of Chinese participants, 
the diagnostic criteria for MetS were adopted from the 2023 Chinese 
Guidelines for the Prevention and Treatment of Metabolic Syndrome 
in Adults. This Chinese version differs from the 2006 criteria of the 
International Diabetes Federation in the waist circumference thresh-
old for females (21, 22). Central obesity, defined as a waist circumfer-
ence ≥90 cm in men and ≥85 cm in women, was regarded as an 
essential component for the diagnosis of MetS. In addition, the diag-
nosis could be made if any two of the following criteria were met:

	(1)	Abnormal glucose metabolism: fasting blood glucose 
(FBG) ≥ 6.1 mmol/L, 2-h postprandial blood glucose 
(2hPG) ≥ 7.8 mmol/L, a previous diagnosis of diabetes mel-
litus, or receiving hypoglycemic drug therapy;

	(2)	Elevated blood pressure: systolic blood pressure 
(SBP) ≥ 130 mmHg, diastolic blood pressure 
(DBP) ≥ 85 mmHg, a previous diagnosis of hypertension, or 
receiving antihypertensive drug therapy;

	(3)	Abnormal lipid metabolism: triglyceride (TG) ≥ 1.7 mmol/L, 
and decreased high-density lipoprotein cholesterol (HDL-C) 
(<1.4 mmol/L in men and <1.3 mmol/L in women).

Assessment of serum 25(OH)D

Serum 25(OH)D is the predominant circulating form of vitamin 
D in the human body; therefore, it was set as the primary exposure 
variable in this study. Serum 25(OH)D was measured by chemilumi-
nescence assay using the Maglumi X8 system (Shenzhen, China) at 
our center. As the assay results were reported in ng/mL, all subsequent 
analyses were conducted using this unit.

Covariates and potential confounders

Based on the metabolic characteristics of vitamin D and findings 
from previous studies, we identified potential confounding variables 
a priori. These variables included demographic characteristics, anthro-
pometric measurements, metabolism-related biochemical indicators, 
and other relevant factors that may influence circulating vitamin D 

concentrations, such as season. Specifically, age and sex were consid-
ered fundamental demographic covariates, while BMI was included 
as a key anthropometric indicator. Metabolic-associated covariates 
included blood pressure readings, markers of glucose metabolism, and 
lipid profiles. Furthermore, considering the significant seasonal varia-
tions in both health examinations and vitamin D metabolism, this 
variable was also incorporated into the study. To avoid overadjustment 
and evaluate the stability of the observed association, these covariates 
were sequentially introduced into the multivariate regression model 
in subsequent analyses.

Statistical analysis

All statistical computations were carried out using IBM SPSS 
Statistics (version 25.0; SPSS Inc.) and R software (version 4.5.2). After 
grouping the cohorts, continuous variables were presented as mean ± 
standard deviation (SD) for normally distributed data and as inter-
quartile range (IQR) for skewed data. Categorical variables were 
expressed as case number (percentage), i.e., (n, %). Statistical tests 
were selected based on the data characteristics, with the Mann–
Whitney U test or Chi-square test applied for analysis as appropriate.

Potential outliers in continuous variables were identified using 
boxplot inspection and the interquartile range (IQR) method. These 
observations were documented separately but retained in the primary 
analyses to reflect the real-world distribution of values in the health 
examination population. Subsequently, to verify the reliability of the 
study findings, we performed a sensitivity analysis after excluding out-
liers. The OR and corresponding 95% CI for serum 25(OH)D and 
related covariates were calculated using logistic regression. Meanwhile, 
we constructed a series of multivariate models (from Model 1 to 
Model 4) with sequential adjustment for covariates. To evaluate the 
influence of covariates on the results, the study examined the associa-
tion by sequentially adjusting for relevant covariates. Finally, to inves-
tigate the nonlinear dose–response relationship between the two, we 
constructed a RCS model. In addition, we calculated the OR and cor-
responding E-values to assess the impact of other potential unmea-
sured confounding factors.

Results

Study population and baseline 
characteristics

A total of 29,214 individuals who underwent health examinations 
at the Health Management Center of Jinhua Central Hospital between 
January 1, 2024, and November 30, 2025, were included after the 
screening process (Figure 1). The baseline characteristics of the study 
population are summarized in Table 1. Among the included partici-
pants, 6,002 individuals (20.5%) met the diagnostic criteria for MetS.

In comparison to participants without MetS, those diagnosed with 
MetS were older and had a higher male proportion. They also exhib-
ited higher levels of BMI, waist circumference, systolic and diastolic 
blood pressure, fasting blood glucose, and triglycerides, but lower 
HDL-C and eGFR levels. Standardized mean differences (SMD) were 
calculated to evaluate the magnitude of baseline differences indepen-
dent of sample size. Anthropometric and metabolic variables, particu-
larly BMI and waist circumference, showed moderate to large 
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standardized differences, whereas seasonal distribution and serum 
25(OH)D levels showed minimal imbalance between groups (Table 1).

Grouping and distribution characteristics

The distribution of serum 25(OH)D levels among participants is 
presented in Figure 2. The distribution exhibited a slight right skew, 
with outliers primarily observed in the right tail. The dashed lines 
indicate the predefined cutoff values for vitamin D deficiency and 
insufficiency.

The distribution of serum 25(OH)D concentrations in the two 
groups is presented using a box plot (Figure 3). The mean serum 
25(OH)D levels were 20.6 ± 7.6 ng/mL and 20.6 ± 8.3 ng/mL in the 
two groups, respectively, with no statistically significant difference 
observed (p = 0.88).

The prevalence of MetS across serum 25(OH)D quartiles is sum-
marized in Table 2. The prevalence rates were 18.7% in Q1 (<14.9 ng/
mL), 21.8% in Q2 (14.9–19.8 ng/mL), 22.0% in Q3 (19.9–25.2 ng/mL), 
and 19.7% in Q4 (>25.2 ng/mL). The highest prevalence was observed 
in Q3, whereas the lowest prevalence occurred in Q1 (unadjusted 
estimates).

Multivariable regression analysis

The associations between serum 25(OH)D levels and MetS were 
evaluated using multivariable logistic regression models (Table 3). In 
the crude model, an increased odds of MetS was observed in partici-
pants in the Q2 and Q3 groups, showing a paradoxical association. 

This unexpected finding may be explained by confounding, particu-
larly confounding by adiposity. Individuals with higher adiposity are 
more likely to develop MetS while simultaneously exhibiting lower 
circulating vitamin D levels due to sequestration of vitamin D in adi-
pose tissue.

Accordingly, in Model 1, adjustments were made for demo-
graphic variables (sex and age), re-analysis revealed a reversal of 
the results with a statistically significant negative correlation. 
Further adjustment for BMI in Model 2 markedly strengthened 
this inverse association, supporting the hypothesis that adiposity 
acted as a major confounder in the crude analysis. Additional 
adjustment for fatty liver status (Model 3) and other covariates 
(Model 4) produced consistent results, with the highest quartile 
(Q4) showing a 36% lower risk of MetS compared with Q1 
(OR = 0.64, 95% CI: 0.57–0.71, p < 0.001). These findings suggest 
that the apparent paradox observed in the unadjusted model was 
primarily driven by adiposity-related confounding, and that 
serum 25(OH)D levels were independently and inversely associ-
ated with MetS after appropriate control of confounding factors 
(Table 3).

Restricted cubic spline analysis

The RCS analysis was performed to evaluate the dose–response 
relationship between serum 25(OH)D concentrations and the risk of 
MetS, with adjustment for the key covariates described previously. The 
spline model included four knots placed at the 5th, 35th, 65th, and 
95th percentiles of the serum 25(OH)D distribution, and the results 

TABLE 1  Baseline characteristics by metabolic syndrome status.

Variables No (n = 23,212)1 Yes (n = 6,002)1 P-value2 SMD3

Age (years) 47 ± 15 54 ± 15 <0.001 0.52

Sex <0.001 0.36

 � Male 11,591 (50%) 4,038 (67%)

 � Female 11,621 (50%) 1,964 (33%)

BMI (kg/m2) 23.2 ± 3.0 27.5 ± 3.0 <0.001 1.45

Waist circumference (cm) 79 ± 10 94 ± 8 <0.001 1.71

Systolic BP (mmHg) 123 ± 17 139 ± 16 <0.001 0.97

Diastolic BP (mmHg) 75 ± 10 83 ± 11 <0.001 0.81

Triglycerides (mmol/L) 1.29 (0.94, 1.76) 2.23 (1.74, 3.02) <0.001 0.68

HDL cholesterol (mmol/L) 1.38 (1.20, 1.60) 1.17 (1.02, 1.35) <0.001 0.74

Fasting blood glucose (mmol/L) 4.93 (4.63, 5.30) 5.60 (5.01, 6.36) <0.001 0.67

eGFR (mL/min/1.73 m2) 101 ± 19 91 ± 17 <0.001 0.55

Blood sampling 
season

<0.001 0.13

 � Spring 3,493 (15%) 1,135 (19%)

 � Summer 7,221 (31%) 1,606 (27%)

 � Autumn 11,421 (49%) 2,931 (49%)

 � Winter 1,077 (4.6%) 330 (5.5%)

Serum 25(OH)D (ng/mL) 20 (15, 25) 20 (15, 25) 0.12 <0.01

1Mean ± SD; n(%); Median (Q1, Q3).
2Welch Two Sample t-test; Pearson’s Chi-squared test; Wilcoxon rank sum test.
3SMD, standardized mean difference.
Values are presented as mean ± standard deviation, median (interquartile range), or number (percentage), as appropriate.
P-values were calculated using Student’s t-test, Wilcoxon rank-sum test, or chi-square test, as appropriate.
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are shown in Figure 4. The horizontal red dashed line represents an 
OR of 1.0, indicating no association between the two variables.

As shown in the RCS curve, the magnitude of reduction in MetS 
risk was not positively associated with elevated serum 25 (OH) D con-
centrations. The first half of the curve demonstrated a pronounced 
reduction in risk, whereas the risk reduction gradually diminished 
with further increases in concentrations, suggesting a potential non-
linear trend between the two variables. While the curve shape implied 
a potential non-linear trend, the non-linearity test failed to achieve 
conventional statistical significance (non-linear p = 0.099). Within the 
range of vitamin D deficiency (<12 ng/mL; red shaded area), the OR 
for MetS remained consistently above 1.0, indicating that low serum 

FIGURE 2

Distribution of serum 25-hydroxyvitamin D levels. Histogram and density plot showing the distribution of serum 25(OH)D levels in the study population. 
Vertical dashed lines indicate commonly used clinical cut-off values for vitamin D deficiency and insufficiency.

FIGURE 3

Serum 25(OH)D levels by metabolic syndrome status. Boxplots compare serum 25(OH)D levels between participants with and without metabolic 
syndrome. Mean ± SD values and unadjusted p-values are shown.

TABLE 2  Prevalence of metabolic syndrome across serum 25(OH)D quartiles.

25(OH)D 
quartile

Total (n) MetS 
cases (n)

Prevalence (%)

Q1 7,350 1,371 18.7

Q2 7,268 1,585 21.8

Q3 7,308 1,610 22.0

Q4 7,288 1,436 19.7

29,214 6,002 20.5

MetS prevalence is unadjusted.
Serum 25(OH)D quartiles were defined based on the distribution of the study population.

https://doi.org/10.3389/fnut.2026.1809892
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org


H
e et al.�

10
.3

3
8

9
/fn

u
t.2

0
2

6
.18

0
9

8
9

2

Fro
n

tie
rs in

 N
u

tritio
n

0
7

fro
n

tie
rsin

.o
rg

TABLE 3  Association between serum 25(OH)D quartiles and metabolic syndrome.

Characteristic Crude Model 1 Model 2 Model 3 Model 4 (Fully adjusted)

OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value OR 95% CI p-value

25(OH)D quartile
(Ref: Q1)

 � Q1

 � Q2 1.22 1.12, 1.32 <0.001 0.96 0.88, 1.04 0.3 0.92 0.83, 1.02 0.12 0.92 0.82, 1.02 0.10 0.92 0.83, 1.02 0.13

 � Q3 1.23 1.14, 1.34 <0.001 0.83 0.76, 0.91 <0.001 0.77 0.69, 0.86 <0.001 0.78 0.70, 0.87 <0.001 0.79 0.71, 0.88 <0.001

 � Q4 1.07 0.99, 1.16 0.11 0.57 0.52, 0.63 <0.001 0.60 0.54, 0.67 <0.001 0.63 0.57, 0.71 <0.001 0.64 0.57, 0.71 <0.001

Age (per 10 years) 1.04 1.03, 1.04 <0.001 1.06 1.05, 1.06 <0.001 1.06 1.05, 1.06 <0.001 1.06 1.05, 1.06 <0.001

Sex (Ref: Male)

 � Male

 � Female 0.48 0.45, 0.51 <0.001 1.24 1.15, 1.35 <0.001 1.42 1.31, 1.54 <0.001 1.47 1.33, 1.62 <0.001

BMI (per 5 kg/m2) 1.71 1.69, 1.74 <0.001 1.60 1.57, 1.62 <0.001 1.60 1.57, 1.62 <0.001

Fatty liver

 � No

 � Yes 3.49 3.18, 3.83 <0.001 3.50 3.19, 3.84 <0.001

eGFR (per 10 mL/

min/1.73 m2)

1.00 1.0, 1.00 0.3

Blood sampling season

 � Spring

 � Summer 0.90 0.80, 1.00 0.057

 � Autumn 1.01 0.91, 1.12 0.8

 � Winter 1.03 0.86, 1.24 0.7

CI, confidence interval; OR, odds ratio.
Odds ratios (ORs) and 95% confidence intervals (CIs) were estimated using logistic regression models.
Model 1 was adjusted for age and sex; Model 2 was further adjusted for BMI.
Model 3 was additionally adjusted for fatty liver.
Model 4 was further adjusted for eGFR and season of blood sampling.
Bold values indicate statistical significance (P < 0.05).
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25(OH)D levels, particularly in individuals with vitamin D insuffi-
ciency or deficiency, were associated with a significantly increased risk 
of MetS. In the insufficiency range (12–20 ng/mL; yellow-shaded 
area), the OR declined rapidly and crossed the null line (OR = 1.0) at 
approximately 20 ng/mL. In the sufficiency range (>20 ng/mL; green-
shaded area), the OR showed an approximately linear downward 
trend, reaching around 0.5 at 80 ng/mL, suggesting progressively 
lower odds of MetS with higher serum 25(OH)D concentrations.

Outlier and sensitivity analyses

Outlier analysis

Outliers identified using the IQR method were assessed across 
clinical and biochemical variables according to MetS status. Overall, 
17.03% of participants exhibited at least one outlier across the assessed 
variables (Supplementary Table A1). Among all variables, FBG, liver 
transaminases, including alanine aminotransferase (ALT) and aspar-
tate aminotransferase (AST), showed the highest outlier frequencies, 
at 7.19, 7.26, and 5.75%, respectively.

The proportions of outliers according to MetS status are presented 
in Supplementary Figure A1 and Supplementary Table A2. 
Participants with MetS demonstrated higher proportions of outliers 
across most variables, particularly for FBG (20.1% vs. 3.8%), ALT 
(16.8% vs. 4.8%), TG (15.1% vs. 3.2%), and AST (12.8% vs. 3.9%). In 
contrast, the frequency of serum 25(OH)D outliers was low in both 
the MetS group (1.3%) and the non-MetS group (1.8%), with no sta-
tistically significant difference observed.

Sensitivity analysis

First, we compared the OR values for serum 25(OH)D across dif-
ferent quartiles in relation to MetS in both the original dataset (includ-
ing outliers) and the sensitivity dataset after excluding all outliers 

(n = 24,240). The results are presented in Supplementary Figure A2. 
A significant negative correlation was observed for serum 25(OH)D 
in the Q3 and Q4 quartiles, with a high degree of overlap in the OR 
estimates and their corresponding 95% CI. This finding was consistent 
with the previous statistical results. Similar patterns were observed 
after exclusion of extreme values.

Second, we further evaluated the stability of the observed associa-
tions by sequentially adjusting for additional potential confounding 
variables, including eGFR, season of blood sampling, and ALT/
AST. The corresponding results are shown in Supplementary Figure A3 
and Supplementary Figure A1. The negative dose–response relation-
ship between the two variables remained consistent across all extended 
multivariate models (Models 3–5). Even after adjustment for all other 
covariates, the Q4 estimate in Model 5 remained comparable to ear-
lier models.

Third, the odds ratios for MetS across serum 25(OH)D quartiles 
under progressively adjusted regression models are presented in 
Supplementary Figure A4. Compared with the reference group Q1, 
OR estimates for Q3 and Q4 remained below 1.0 across crude and 
adjusted models, with largely overlapping 95% confidence intervals. 
The overall distribution pattern of the estimates remained similar after 
incremental covariate adjustment.

E-value analysis

To further evaluate the potential impact of unmeasured confound-
ing, an E-value analysis was performed. For the Q4 versus Q1 compari-
son, the E-value was 1.25 in Supplementary Table A3. This implies that 
the observed association could only be explained if there existed an 
unmeasured confounder that was associated with both variables of 
interest and had an OR greater than 1.25 for the outcome. Although 
the E-value of 1.25 was relatively low, the combined interpretation with 
the 95% CI (OR = 0.64, 95% CI: 0.57–0.71) indicated that an unmea-
sured confounder with a substantially stronger effect (OR ≥ 1.82) 

FIGURE 4

Dose–response relationship between serum 25(OH)D and metabolic syndrome. Restricted cubic spline analysis illustrating the dose–response 
association between serum 25(OH)D levels and metabolic syndrome. Models were adjusted for age, sex, BMI, fatty liver, eGFR, and season.
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would be required to explain the observed association. Collectively, 
these findings demonstrate a moderate level of robustness in the study 
results to the potential unmeasured confounding factors not included 
in the analysis (see Supplementary material for detailed sensitivity 
analyses).

Discussion

In this large health screening-based cross-sectional study, higher 
serum 25(OH)D concentrations were independently associated with 
lower odds of MetS after comprehensive adjustment for potential 
confounders. However, no causal inferences can be drawn from this 
finding. Multivariate logistic regression analysis revealed that the 
negative association persisted after successive adjustment for con-
founding factors (Table 3). Furthermore, the RCS model was applied 
to assess the linear relationship between the two variables, and the 
results indicated a non-linear trend in their association. This indicates 
that the effect of serum 25(OH)D does not increase uniformly across 
the entire concentration range, but is more pronounced at lower 
levels (i.e., <12 ng/mL or 12–20 ng/mL), as shown in Figure 4. To 
account for potential bias, several sensitivity analyses were conducted. 
These included exclusion of outliers (Supplementary Figure A2), 
additional adjustment for liver function, renal function, and blood 
collection season (Supplementary Table A2), and E-value estimation 
to assess the potential impact of unmeasured confounding 
(Supplementary Table A3). Across all sensitivity and robustness anal-
yses, the observed association remained stable, supporting the 
robustness and internal validity of the main findings.

Notably, no statistically significant difference between the two was 
detected in the unadjusted analysis; however, following multivariable 
adjustment, serum 25(OH)D levels were significantly inversely cor-
related with the risk of MetS. This reversal between crude and adjusted 
models likely reflects substantial confounding by adiposity-related 
factors. Variables such as BMI and fatty liver status are strongly associ-
ated with both serum 25(OH)D concentrations and metabolic risk, 
potentially inducing a suppression or masking effect in unadjusted 
analyses. After controlling for these key confounding factors, the inde-
pendent association between the two became evident (Table 3 and 
Supplementary Figure A4).

Our results are broadly aligned with the outcomes documented 
in numerous prior investigations. A recent study conducted in South 
Korea indicated that each 25 nmol/L increment in serum 25(OH)D 
was associated with at least a 15% reduction in the risk of MetS (9). 
In addition, a similar negative correlation has been reported in 
another observational study, albeit with a slightly smaller reduction 
in the risk of MetS of approximately 18% (13). Similarly, a popula-
tion-based study in Rotterdam demonstrated that among elderly 
individuals with MetS, serum 25(OH)D at high levels correlated with 
a lower prevalence of MetS, and this finding showed a more signifi-
cant correlation with individual metabolic components (HDL-C, 
triglyceride, and blood glucose levels) (23). However, it is noteworthy 
that not all studies have observed a strict linear association. The non-
linear association identified in the current analysis is consistent with 
the findings reported by Hajhashemy et al. (14). In their study, the 
greatest reduction in MetS incidence was observed when serum 
25(OH)D concentrations were close to the vitamin D insufficiency 

threshold (approximately 20 ng/mL). Beyond this level, further 
increases in 25(OH)D were associated with progressively smaller 
reductions in MetS risk, suggesting a plateau or threshold pattern 
rather than a strictly linear relationship (13, 14, 24).

Although observational studies have consistently demonstrated 
an inverse association between the two, these findings remain 
inconsistent with evidence from randomized controlled trials. A 
randomized, double-blind RCT reported that 40 participants in the 
study were randomly assigned to receive a 16-week vitamin D sup-
plementation, with the other group given a placebo. The final results 
showed a significant reduction in TG levels in the intervention 
group (p < 0.001), while no significant improvements were observed 
in other study variables. The study concluded that vitamin D sup-
plementation had no beneficial effect on improving major cardio-
vascular risk factors (25). The discrepancies between the findings of 
observational studies and randomized controlled trials suggest that 
serum 25(OH)D is promising as a biomarker or modulator of meta-
bolic risk, rather than a direct etiological factor in the pathogenesis 
of metabolic syndrome.

Several biological mechanisms may help explain the observed 
association. Vitamin D, through activation of the VDR, has been 
shown to upregulate genes involved in cholesterol efflux and fatty 
acid oxidation, such as ABCA1 and CPT-1A, thereby influencing TC 
and TG metabolism and promoting HDL-C formation and choles-
terol transport. In addition, vitamin D acts on pancreatic β cells and 
peripheral target tissues to regulate calcium homeostasis, attenuate 
inflammation and oxidative stress, enhance insulin secretion, and 
improve insulin resistance (17, 26). Meanwhile, vitamin D exerts 
multifactorial effects on the maintenance of BP homeostasis. Vitamin 
D deficiency weakens the inhibitory effect on the RAAS. Meanwhile, 
it leads to reduced intracellular calcium concentrations and blunted 
reactivity in vascular smooth muscle, thereby elevating blood pres-
sure. Vitamin D may also contribute to blood pressure regulation 
through vascular protective effects. It improves endothelial function, 
inhibits inflammatory mediator production, and alleviates vascular 
injury, thereby reducing peripheral vascular resistance (18, 19, 27, 
28). These anti-inflammatory and vascular effects are likely mediated 
through interconnected metabolic and endothelial pathways. Overall, 
vitamin D is unlikely to exert a direct effect on MetS itself but may 
influence syndrome development indirectly through modulation of 
its individual metabolic components. Research into the aforemen-
tioned mechanisms also supports the existence of a potential negative 
association between serum 25(OH)D levels and MetS. That said, the 
inconsistent outcomes from RCT may stem from variations in sup-
plementation dosage, baseline vitamin D status, and heterogeneity 
across study populations.

Its measurement facilitates the early identification of high-risk indi-
viduals who may potentially develop metabolic syndrome, and enables 
targeted lifestyle modifications and nutritional counseling (29–31). 
From a clinical perspective, serum vitamin D measurements obtained 
during routine health examinations may provide useful baseline infor-
mation for metabolic risk assessment. Based on these measurements, 
individualized preventive strategies, including dietary modification, 
guidance on safe sun exposure, and vitamin D supplementation when 
appropriate, may be implemented. Such strategies may be particularly 
relevant during periods of reduced outdoor activity or marked seasonal 
variation in sunlight exposure, which is consistent with our findings 
after adjustment for seasonal factors (32). Collectively, these findings 
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suggest that serum 25(OH)D may serve as a practical biomarker for 
early metabolic risk stratification in routine health-screening settings.

A key strength of this research is the systematic evaluation of 
result robustness. The observed relationships remained consistent 
across a series of sensitivity analyses. Notably, considering the poten-
tial for a large number of outliers in a large sample, we compared the 
influence on the results before and after outlier exclusion. In fact, the 
study findings were not confounded by outliers and the expected 
results were still observed. Furthermore, the association persisted 
after additional adjustment for liver and renal function as well as 
season of blood sampling. Lastly, we quantitatively assessed the 
potential influence of unmeasured confounding. As we noted earlier, 
although the E-value was relatively small, it still indicated a moderate 
level of robustness. The application of such quantitative bias analysis 
remains limited in nutritional epidemiology, yet it can substantially 
improve the interpretability of observational research (33). Despite 
the consistency of our findings across multiple sensitivity analyses, 
the E-value analysis suggests only a moderate degree of robustness to 
potential unmeasured confounding. Therefore, the influence of resid-
ual confounding factors cannot be completely ruled out, and caution 
should be exercised in the interpretation of the results. Several limita-
tions of the present study can be identified in light of the above. Most 
importantly, the study design does not allow for establishing causal 
directionality between the two factors. Second, data on vitamin D 
supplementation, dietary intake, and sun exposure were lacking; 
these are all potential unmeasured factors that may have influenced 
the study outcomes. Finally, the enrolled population consisted pre-
dominantly of Chinese participants from a single center, which may 
limit the generalizability of our findings to other ethnic groups.

In summary, among individuals undergoing routine health 
examinations, changes in serum 25-hydroxyvitamin D levels are 
associated with the risk of MetS onset. Future studies should con-
duct more animal experiments or RCT to validate the plausibility 
of this relationship, and provide better evidence for decisions 
regarding vitamin D supplementation in health screening and 
health management.

Data availability statement

The datasets presented in this article are not readily available due 
to confidentiality and privacy reasons. Requests to access the datasets 
should be directed to 411158328@qq.com.

Ethics statement

The studies involving humans were approved by the Ethics 
Committee of Jinhua Central Hospital (Approval No. 2026530101). 
The studies were conducted in accordance with the local legislation 
and institutional requirements. The human samples used in this 
study were acquired from primarily isolated as part of your previous 
study for which ethical approval was obtained. Written informed 
consent for participation was not required from the participants or 
the participants’ legal guardians/next of kin in accordance with the 
national legislation and institutional requirements.

Author contributions

JH: Conceptualization, Data curation, Funding acquisition, 
Writing  – original draft. Y-YP: Project administration, Software, 
Writing – original draft. X-KZ: Methodology, Resources, Writing – 
review & editing. Y-NS: Investigation, Supervision, Writing – review 
& editing. H-FD: Methodology, Resources, Visualization, Writing – 
review & editing. H-ZW: Validation, Visualization, Writing – review 
& editing. T-WY: Software, Validation, Visualization, Writing – review 
& editing. Y-GC: Conceptualization, Methodology, Supervision, 
Writing – review & editing.

Funding

The author(s) declared that financial support was received for this 
work and/or its publication. This work was supported by the Jinhua 
Major & Key Science and Technology Program (Social Development 
Category) under Grant 2026-3-025.

Conflict of interest

The author(s) declared that this work was conducted in the 
absence of any commercial or financial relationships that could be 
construed as a potential conflict of interest.

Generative AI statement

The author(s) declared that Generative AI was not used in the 
creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this 
article has been generated by Frontiers with the support of artificial 
intelligence and reasonable efforts have been made to ensure accuracy, 
including review by the authors wherever possible. If you identify any 
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors 
and do not necessarily represent those of their affiliated organizations, 
or those of the publisher, the editors and the reviewers. Any product 
that may be evaluated in this article, or claim that may be made by its 
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online 
at: https://www.frontiersin.org/articles/10.3389/fnut.2026.1809892/
full#supplementary-material

https://doi.org/10.3389/fnut.2026.1809892
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
mailto:411158328@qq.com
https://www.frontiersin.org/articles/10.3389/fnut.2026.1809892/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fnut.2026.1809892/full#supplementary-material


He et al.� 10.3389/fnut.2026.1809892

Frontiers in Nutrition 11 frontiersin.org

References
	1.	Saklayen MG. The global epidemic of the metabolic syndrome. Curr Hypertens Rep. 
(2018) 20:12. doi: 10.1007/s11906-018-0812-z

	2.	Yang C, Jia X, Wang Y, Fan J, Zhao C, Yang Y, et al. Trends and influence factors in the 
prevalence, intervention, and control of metabolic syndrome among US adults, 
1999-2018. BMC Geriatr. (2022) 22:979. doi: 10.1186/s12877-022-03672-6

	3.	Roomi MA, Mohammadnezhad M. Prevalence of metabolic syndrome among appar-
ently healthy workforce. J Ayub Med Coll Abbottabad JAMC. (2019) 31:252–4.

	4.	Yao F, Bo Y, Zhao L, Li Y, Ju L, Fang H, et al. Prevalence and influencing factors of 
metabolic syndrome among adults in China from 2015 to 2017. Nutrients. (2021) 13:4475. 
doi: 10.3390/nu13124475

	5.	Li J, Liu W, Li H, Ye X, Qin JJ. Changes of metabolic syndrome status alter the risks of 
cardiovascular diseases, stroke and all cause mortality. Sci Rep. (2025) 15:5448. doi: 
10.1038/s41598-025-86385-1

	6.	Lönnberg L, Leppert J, Ohrvik J, Rehn M, Chabok A, Damberg M. Occurrence of 
metabolic syndrome in midlife in relation to cardiovascular morbidity and all-cause 
mortality-lessons from a population-based matched cohort study with 27 years follow-up. 
BMJ Open. (2024) 14:e081444. doi: 10.1136/bmjopen-2023-081444

	7.	Gayanjalee DA, Dharmapala S, Chandrasekara A. Development and validation of a 
multidimensional risk Spectrum screening tool for the early detection of metabolic syn-
drome. Cureus. (2025) 17:e94932. doi: 10.7759/cureus.94932

	8.	Cui A, Zhang T, Xiao P, Fan Z, Wang H, Zhuang Y. Global and regional prevalence of 
vitamin D deficiency in population-based studies from 2000 to 2022: a pooled analysis of 
7.9 million participants. Front Nutr. (2023) 10:1070808. doi: 10.3389/fnut.2023.1070808

	9.	Lee K, Kim J. Serum vitamin D status and metabolic syndrome: a systematic review 
and dose-response meta-analysis. Nutr Res Pract. (2021) 15:329–45. doi: 10.4162/
nrp.2021.15.3.329

	10.	 Autier P, Boniol M, Pizot C, Mullie P. Vitamin D status and ill health: a systematic 
review. Lancet Diabetes Endocrinol. (2014) 2:76–89. doi: 10.1016/S2213-8587(13)70165-7

	11.	 Ma J, Li P, Wang J, Zhang H, Li Z, Tao L, et al. Vitamin D status, vitamin D receptor 
polymorphisms, and risk of cardiometabolic multimorbidity. Nutr J. (2025) 24:76. doi: 
10.1186/s12937-025-01139-z

	12.	 Ge L, Gao S, Kia N, Wang Y, Hua L. Effect of vitamin D supplementation on body 
composition, lipid profile, and glycemic indices in patients with obesity-associated meta-
bolic syndrome: a systematic review and meta-analysis. Diabetol Metab Syndr. (2025) 
17:287. doi: 10.1186/s13098-025-01799-1

	13.	 Shu M, Xi Y, Wu J, Zhuo LB, Yan Y, Yang YD, et al. Relationship between circulating 
25-Hydroxyvitamin D and metabolic syndrome in Chinese adults: a large Nationwide 
longitudinal study. Nutrients. (2024) 16:1480. doi: 10.3390/nu16101480

	14.	 Hajhashemy Z, Shahdadian F, Moslemi E, Mirenayat FS, Saneei P. Serum vitamin D 
levels in relation to metabolic syndrome: a systematic review and dose-response meta-
analysis of epidemiologic studies. Obes Rev. (2021) 22:e13223. doi: 10.1111/obr.13223

	15.	 Qi KJ, Zhao ZT, Zhang W, Yang F. The impacts of vitamin D supplementation in 
adults with metabolic syndrome: a systematic review and meta-analysis of randomized 
controlled trials. Front Pharmacol. (2022) 13:1033026. doi: 10.3389/fphar.2022.1033026

	16.	 Wolters M, Marron M, Foraita R, Hadjigeorgiou C, De Henauw S, Eiben G, et al. 
Longitudinal associations between vitamin D status and cardiometabolic risk markers 
among children and adolescents. J Clin Endocrinol Metab. (2023) 108:e1731–42. doi: 
10.1210/clinem/dgad310

	17.	 Cade C, Norman AW. Vitamin D3 improves impaired glucose tolerance and insulin 
secretion in the vitamin D-deficient rat in vivo. Endocrinology. (1986) 119:84–90. doi: 
10.1210/endo-119-1-84

	18.	 Liang Z, Wang Z, Liu X, He Y. Confronting the global obesity epidemic: investigating 
the role and underlying mechanisms of vitamin D in metabolic syndrome management. 
Front Nutr. (2024) 11:1416344. doi: 10.3389/fnut.2024.1416344

	19.	 Jia J, Tao X, Tian Z, Liu J, Ye X, Zhan Y. Vitamin D receptor deficiency increases 
systolic blood pressure by upregulating the renin-angiotensin system and autophagy. Exp 
Ther Med. (2022) 23:314. doi: 10.3892/etm.2022.11243

	20.	 World medical association declaration of Helsinki: ethical principles for medical 
research involving human subjects. JAMA. (2013) 310:2191–4. doi: 10.1001/
jama.2013.281053

	21.	 Alberti KG, Zimmet P, Shaw J. Metabolic syndrome--a new world-wide definition. A 
consensus statement from the international diabetes federation. Diabet Med. (2006) 
23:469–80. doi: 10.1111/j.1464-5491.2006.01858.x

	22.	 Chinese Medical Association. Expert consensus on health education for prevention 
and control of adult metabolic syndrome. Chin J Health Manag. (2024) 18:81–92. doi: 
10.3760/cma.j.cn115624-20231201-00314

	23.	 Vitezova A, Zillikens MC, van Herpt TT, Sijbrands EJ, Hofman A, Uitterlinden AG, 
et al. Vitamin D status and metabolic syndrome in the elderly: the Rotterdam study. Eur 
J Endocrinol. (2015) 172:327–35. doi: 10.1530/EJE-14-0580

	24.	 Tian M, Zhang J, Nian C, Wei M, Kuang W, Du W, et al. Nonlinear associations 
between serum vitamin mixtures and cardiovascular disease risk: insights from a national 
cross-sectional analysis. Eur J Med Res. (2026) 31:222. doi: 10.1186/s40001-025-03741-7

	25.	 Salekzamani S, Mehralizadeh H, Ghezel A, Salekzamani Y, Jafarabadi MA, Bavil AS, 
et al. Effect of high-dose vitamin D supplementation on cardiometabolic risk factors in 
subjects with metabolic syndrome: a randomized controlled double-blind clinical trial. J 
Endocrinol Investig. (2016) 39:1303–13. doi: 10.1007/s40618-016-0507-8

	26.	 Maestro B, Dávila N, Carranza MC, Calle C. Identification of a vitamin D response 
element in the human insulin receptor gene promoter. J Steroid Biochem Mol Biol. (2003) 
84:223–30. doi: 10.1016/S0960-0760(03)00032-3

	27.	 Carrara D, Bruno RM, Bacca A, Taddei S, Duranti E, Ghiadoni L, et al. Cholecalciferol 
treatment downregulates renin-angiotensin system and improves endothelial function in 
essential hypertensive patients with hypovitaminosid D. J Hypertens. (2016) 34:2199–205. 
doi: 10.1097/HJH.0000000000001072

	28.	 Muldowney S, Kiely M. Vitamin D and cardiometabolic health: a review of the evi-
dence. Nutr Res Rev. (2011) 24:1–20. doi: 10.1017/S0954422410000259

	29.	 Gagnon C, Lu ZX, Magliano DJ, Dunstan DW, Shaw JE, Zimmet PZ, et al. Low serum 
25-hydroxyvitamin D is associated with increased risk of the development of the meta-
bolic syndrome at five years: results from a national, population-based prospective study 
(the Australian diabetes, obesity and lifestyle study: AusDiab). J Clin Endocrinol Metab. 
(2012) 97:1953–61. doi: 10.1210/jc.2011-3187

	30.	 Xu H, Han G, Wang L, Ding H, Wang C, Ping X, et al. 25-hydroxyvitamin D levels 
are inversely related to metabolic syndrome risk profile in northern Chinese subjects 
without vitamin D supplementation. Diabetol Metab Syndr. (2022) 14:23. doi: 10.1186/
s13098-022-00793-1

	31.	Mba CM, Koulman A, Forouhi NG, Sharp SJ, Imamura F, Jones K, et al. 
Association between circulating 25-hydroxyvitamin D and cardiometabolic risk fac-
tors in adults in rural and urban settings. Nutr Diabetes. (2022) 12:34. doi: 10.1038/
s41387-022-00215-1

	32.	 Osredkar J, Vičič V, Hribar M, Benedik E, Siuka D, Jerin A, et al. Seasonal variation 
of total and bioavailable 25-hydroxyvitamin D [25(OH)D] in the healthy adult Slovenian 
population. Acta Biochim Pol. (2024) 71:13108. doi: 10.3389/abp.2024.13108

	33.	 Trinquart L, Erlinger AL, Petersen JM, Fox M, Galea S. Applying the E value to assess 
the robustness of epidemiologic fields of inquiry to unmeasured confounding. Am J 
Epidemiol. (2019) 188:1174–80. doi: 10.1093/aje/kwz063

https://doi.org/10.3389/fnut.2026.1809892
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://doi.org/10.1007/s11906-018-0812-z
https://doi.org/10.1186/s12877-022-03672-6
https://doi.org/10.3390/nu13124475
https://doi.org/10.1038/s41598-025-86385-1
https://doi.org/10.1136/bmjopen-2023-081444
https://doi.org/10.7759/cureus.94932
https://doi.org/10.3389/fnut.2023.1070808
https://doi.org/10.4162/nrp.2021.15.3.329
https://doi.org/10.4162/nrp.2021.15.3.329
https://doi.org/10.1016/S2213-8587(13)70165-7
https://doi.org/10.1186/s12937-025-01139-z
https://doi.org/10.1186/s13098-025-01799-1
https://doi.org/10.3390/nu16101480
https://doi.org/10.1111/obr.13223
https://doi.org/10.3389/fphar.2022.1033026
https://doi.org/10.1210/clinem/dgad310
https://doi.org/10.1210/endo-119-1-84
https://doi.org/10.3389/fnut.2024.1416344
https://doi.org/10.3892/etm.2022.11243
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1001/jama.2013.281053
https://doi.org/10.1111/j.1464-5491.2006.01858.x
https://doi.org/10.3760/cma.j.cn115624-20231201-00314
https://doi.org/10.1530/EJE-14-0580
https://doi.org/10.1186/s40001-025-03741-7
https://doi.org/10.1007/s40618-016-0507-8
https://doi.org/10.1016/S0960-0760(03)00032-3
https://doi.org/10.1097/HJH.0000000000001072
https://doi.org/10.1017/S0954422410000259
https://doi.org/10.1210/jc.2011-3187
https://doi.org/10.1186/s13098-022-00793-1
https://doi.org/10.1186/s13098-022-00793-1
https://doi.org/10.1038/s41387-022-00215-1
https://doi.org/10.1038/s41387-022-00215-1
https://doi.org/10.3389/abp.2024.13108
https://doi.org/10.1093/aje/kwz063

	Serum 25-hydroxyvitamin D and metabolic syndrome: a large cross-section study with dose response analysis in a health screening population
	Introduction
	Methods
	Study design and population
	Data collection and measurements
	Anthropometric measurements
	Biochemical measurements
	Definition of metabolic syndrome
	Assessment of serum 25(OH)D
	Covariates and potential confounders
	Statistical analysis

	Results
	Study population and baseline characteristics
	Grouping and distribution characteristics
	Multivariable regression analysis
	Restricted cubic spline analysis
	Outlier and sensitivity analyses
	Outlier analysis
	Sensitivity analysis
	E-value analysis

	Discussion

	References

