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Association between serum vitamin D levels and
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I Cross-sectional Study

Background: Metabolic dysfunction-associated steatotic liver disease (MASLD) is a growing global health concern, and emerging
evidence suggests a potential role of vitamin D in its pathogenesis. This study aims to evaluate the impact of serum vitamin D levels
on the risk of MASLD using National Health and Nutrition Examination Survey (NHANES) data.

Methods: We analyzed data from 3249 US adults based on NHANES 2021-2023 cycle. MASLD was defined by controlled
attenuation parameter value >248 dB/m. Three multivariable logistic regression models were constructed: Model 1 (vitamin

D alone), Model 2 (partially adjusted), and Model 3 (fully adjusted for demographic, metabolic, and inflammatory factors). Model
performance was assessed using receiver operating characteristic analysis, calibration curves, and decision curve analysis (DCA).
The mediation analysis was used to explore these associations.

Results: The analysis revealed that the MASLD group had significantly lower median vitamin D levels (77.35 vs. 82.10 nmol/L, P <
0.001) and a higher percentage in the lowest vitamin D quartile (27.2% vs. 22.1%, P < 0.001). The multivariable logistic regression
demonstrated an inverse association between vitamin D and MASLD prevalence, with each 10 nmol/L increase correlating with a 3.5%
reduction in MASLD risk [odds ratio (OR) 0.965, 95% confidence interval (Cl) 0.941, 0.989, P = 0.005]. Restricted cubic splines
confirmed a linear dose-response relationship (P nonlinear = 0.915). The fully adjusted model 3 showed excellent discrimination (AUC
0.825, 95% CI 0.811, 0.839), indicating excellent predictive performance for MASLD risk assessment. DCA further established that the
fully adjusted model provided clinically meaningful net benefits across a wide threshold probability range (15-90%) and prevented 38—
42% of unnecessary interventions for MASLD management. Mediation analysis indicated that body mass index, high-density lipoprotein

cholesterol, and glycohemoglobin mediated 52.11, 19.12, and 6.95% of the association of vitamin D and MASLD.
Conclusions: Our findings suggest that higher vitamin D levels were associated with lower odds of MASLD, highlighting its
potential as a modifiable risk factor and a promising therapeutic target.
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Introduction

Metabolic dysfunction-associated steatotic liver disease (MASLD)
has emerged as a significant public health concern, characterized by
excessive fat accumulation in the liver without alcohol consump-
tion. This condition is increasingly recognized as the hepatic man-
ifestation of metabolic syndrome, with its prevalence rising
alongside the global obesity epidemic™?!. MASLD encompasses
a spectrum of liver disorders, ranging from simple steatosis to
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more severe forms such as Metabolic dysfunction-associated stea-
tohepatitis (MASH), which can progress to cirrhosis and even
hepatocellular carcinoma, representing a major cause of morbidity
and mortality worldwide®*. The economic burden of MASLD is
substantial, placing considerable strain on health care systems!®!,
Currently, the diagnostic approaches for MASLD primarily
rely on imaging techniques and liver biopsy, although it is the
gold standard, but which are invasive and carry inherent
risks!®!. The non-invasive methods, including serum biomar-
ker assessments, are under investigation to facilitate early
diagnosis and monitor disease progression!’!. Treatment
options for MASLD remain limited, with lifestyle modifica-
tions, such as weight loss and dietary changes, being the

(CCBY), which permits unrestricted use, distribution, and reproduction in any medium,
provided the original work is properly cited.

Annals of Medicine & Surgery (2025) 87:8099-8107
Received 25 June 2025; Accepted 25 September 2025

Supplemental Digital Content is available for this article. Direct URL citations are
provided in the HTML and PDF versions of this article on the journal’s website,
www.lww.com/annals-of-medicine-and-surgery.

Published online 14 October 2025
http://dx.doi.org/10.1097/MS9.0000000000004048

8099


http://creativecommons.org/licenses/by/4.0/
www.lww.com/annals-of-medicine-and-surgery

Zhou et al. Annals of Medicine & Surgery (2025)

primary recommendation. Pharmacological interventions are
still largely experimental, underscoring the need for innova-
tive therapeutic strategies'®’!.

Vitamin D has been shown to exhibit anti-inflammatory, anti-
fibrotic, and immunomodulatory effects. A deficiency in this vita-
min, indicated by low serum levels of 25-hydroxyvitamin D [25
(OH)D], is associated with increased risks of cardiovascular dis-
ease, metabolic syndrome, and type 2 diabetes. The relationship
between vitamin D deficiency and MASLD remains controversial.
Evidence suggests that low vitamin D levels may be associated with
increased liver fat accumulation and inflammation, implicating the
vitamin in metabolic processes relevant to liver health"*"!, In
contrast, another study found no association between vitamin
D concentrations and MASLD!"3!, Further supporting this discre-
pancy, a recent bidirectional Mendelian randomization analysis
revealed no causal relationship between vitamin D status and
ultrasound-diagnosed non-alcoholic fatty liver disease!™.
Recently, Resmetirom (Rezdiffra) is an oral thyroid hormone
receptor-fB agonist that was approved for use in conjunction with
diet and exercise for the treatment of adults with noncirrhotic
MASH with moderate to advanced liver fibrosis in the USA"*!,
However, the underlying mechanisms through which vitamin
D influences liver pathology remain poorly understood, necessitat-
ing further exploration into its role in MASLD pathogenesis!"®..

Our study employs a cross-sectional design utilizing data
from the National Health and Nutrition Examination Survey
(NHANES), providing a representative sample of the US popu-
lation. The NHANES dataset allows for robust statistical ana-
lyses, enabling thorough covariate adjustments to ascertain the
relationship between serum vitamin D levels and MASLD pre-
valence. The findings may also offer valuable insights for devel-
oping targeted clinical interventions and public health strategies
to mitigate the burden of MASLD, with the ultimate goal of
informing evidence-based prevention approaches.

Materials and methods

Study population

This cross-sectional study analyzed data from the 2021-2023
NHANES, a nationally representative health assessment of the
US population. The initial sample included 11 933 partici-
pants, from which we excluded individuals under 20 years
old, those with missing data, patients with chronic hepatitis
B, and long-term alcohol users. The final analytical cohort
consisted of 3249 adults who had complete liver transient
elastography results and serum vitamin D measurements. All
study procedures followed the NHANES protocol approved
by the National Center for Health Statistics Ethics Review
Board, ensuring compliance with ethical research standards.
This selection process yielded a representative sample for
investigating the association between vitamin D status and
liver health in American adults.

Measurement of MASLD and serum vitamin D

The transient elastography measurements were obtained in the
NHANES Mobile Examination Center, using the FibroScan
model 502 V2 Touch equipped with a medium or extra-large
wand (probe). Liver steatosis and fibrosis were evaluated using
FibroScan, which combines ultrasound with vibration-controlled

Annals of Medicine & Surgery

HIGHLIGHTS

e This study, based on National Health and Nutrition
Examination Survey 2021-2023 data, is the first to inte-
grate mediation analysis and advanced predictive model-
ing (receiver operating characteristic and decision curve
analysis) to clarify the role of vitamin D in Metabolic
dysfunction-associated steatotic liver disease (MASLD),
highlighting its dose-dependent protective effect.

o This study revealed a significant inverse association between
serum vitamin D levels and MASLD prevalence. The fully
adjusted model demonstrated excellent predictive perfor-
mance for MASLD risk stratification. The mediation analy-
sis were also used to explore these associations.

e Vitamin D status may serve as a modifiable risk factor for
MASLD prevention, particularly in high-risk groups.
Clinical strategies should consider combined interventions
targeting both vitamin D supplementation and metabolic
mediators. Prospective studies are needed to establish caus-
ality and evaluate vitamin D supplementation’s efficacy in
MASLD management.

(low frequency 50 Hz) elastography to measure liver stiffness and
the controlled attenuation parameter (CAP, dB/m) for hepatic fat
quantification. A minimum of 10 valid measurements were
obtained per participant, with median CAP and liver stiffness
measurement (LSM, kPa) values automatically calculated along-
side interquartile ranges (IQR). Quality control required an IQR/
M ratio <30%. MASLD was defined as a CAP > 248 dB/m!'"),
a validated threshold for hepatic steatosis. Standardized protocols
ensured measurement accuracy, with trained technicians perform-
ing all assessments. The total 25(OH)D levels in serum was
calculated as the sum of 25(OH)D2 and 25(OH)D3, which
were quantified using high-performance liquid chromatography-
tandem mass spectrometry at the National Center for
Environmental Health. Participants were categorized into vitamin
D quartiles based on serum concentrations: Q1 (<58.10 nmol/L),
Q2 (58.20-78.80 nmol/L), Q3 (78.90-102.00 nmol/L), and Q4
(2103.00 nmol/L). The lowest quartile (Q1) served as the refer-
ence group for comparative analyses.

Covariates

This study analyzed baseline data from 3249 NHANES partici-
pants, collecting self-reported demographic and clinical charac-
teristics including gender (male, female), age (years), race
(Mexican American, Non-Hispanic White, Non-Hispanic Black,
Other Hispanic, and Other Race), education level (<high school
or >high school), diabetes status (yes, no), hypertension (yes, no),
smoking (yes, no), and kidney dysfunction (yes, no), along with
physical examination measures of body mass index (BMI) cate-
gorized as underweight/normal (<25 kg/m?), overweight (25—
30 kg/m?), or obese (230 kg/m?), and laboratory assessments of
serum biomarkers comprising total cholesterol (mmol/L), high-
density lipoprotein cholesterol (HDL-C, mmol/L), high-sensitivity
C-reactive protein (CRP, mg/L), glycohemoglobin (%), and com-
plete blood count parameters (White Blood Cell (WBC), neutro-
phils, lymphocytes, and monocytes, x10°/L). All laboratory
indicators were obtained by measuring the serum samples.
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Statistical analysis

All statistical analyses were conducted using R (version 4.3.0)
and SPSS (version 26.0), with significance defined as two-tailed
P < 0.05. Categorical data were expressed as frequencies (%)
and analyzed by x*/Fisher’s exact tests, while non-normal con-
tinuous variables were presented as medians (IQR) and com-
pared using Mann—Whitney U tests. Accounting for NHANES’s
complex sampling, weighted analyses ensured national represen-
tativeness. We developed three predictive models through
weighted multivariable logistic regression, analyzing vitamin
D both as continuously and categorical(quartile) variables,
with adjustment for relevant MASLD covariates. Our compre-
hensive analytical framework incorporated restricted cubic
splines (RCS) to evaluate potential dose-response relationships,
receiver operating characteristic (ROC) analysis with C-index
calculation to assess model discrimination, and decision curve
analysis (DCA) to examine the clinical utility of all three predic-
tion models. Additional subgroup analyses were performed to
investigate population-specific vitamin D-MASLD associations,
collectively providing a comprehensive evaluation of both sta-
tistical significance and clinical relevance. The “mediation”
package in R 4.3.0. was utilized to perform Mediation analysis
assessing the mediating effects of metabolism indicators (BMI,
HDL-C, and glycohemoglobin) on the associations of vitamin
D (continuous variable) and MASLD (measured by CAP value),
adjusted by age, gender, race, education-level, diabetes, hyper-
tension, smoking, kidneys-weak, BMI, WBC, neutrophils, lym-
phocyte, monocyte, CRP, and glycohemoglobin. The presence of
a mediating effect was defined as satisfying all of the following
conditions having a significant indirect effect, a significant total
effect, and a positive proportion of the mediator effect.

Results
Demographical and clinical characteristics of the study
population

The study population comprised 3249 participants, including
1427 non-MASLD and 1822 MASLD cases (Fig. 1). The baseline
characteristics of all participants were showed in Table 1 and

Participants from
NHANES 2021-2023
(n=11933)

Excluded
> Participants without data (n = 5041)
Age under 20 years old (n=2787)

Final enrolled participants

(n=4105)
Excluded
———> Significant alchol intake (n=747)
Viral hepatitis B (n=109)

Final enrolled participants
(n=3249)

Figure 1. Flowchart showing the selection of study population.

Table 2. There is a significant differences between MASLD and
non-MASLD groups across multiple variables. Demographically,
MASLD prevalence was associated with male (46.82% vs.
40.85%, P < 0.001), lower education level (<high school:
29.64% vs. 21.44%, P < 0.001), higher rates of diabetes
(19.70% vs. 7.29%, P < 0.001) and hypertension (42.92% vs.
23.90%, P < 0.001). Metabolic parameters showed marked dete-
rioration in MASLD, including patients were significantly older
(median 59 vs. 52 years, P <0.001), with elevated BMI (31.1 vs.
252 kg/m?, P < 0.001), dyslipidemia (HDL-C 1.29 vs.
1.50 mmol/L, P < 0.001), and poorer glycemic control (glycohe-
moglobin 5.6 % vs. 5.4%, P < 0.001). The MASLD group demon-
strated significantly higher inflammatory markers (CRP 2.53 vs.
1.08 mg/L; WBC 6.9 vs. 6.1 x 10°/L) and LSM (5.5 vs 4.5 kPa, P <
0.001). Notably, vitamin D deficiency was more prevalent in
MASLD, with lower median levels (77.35 vs. 82.10 nmol/L)
and overrepresentation in the lowest quartile (27.2% vs. 22.1%,
P < 0.001). There was no significant difference in the proportion
of kidneys weak between the two groups (P > 0.05). Our findings
comprehensively demonstrate the multisystemic nature of
MASLD, encompassing metabolic, inflammatory, and sociode-
mographic dimensions.

Associations between Vitamin D and prevalence of MASLD

Multi-variable analyses demonstrated a significant inverse asso-
ciation between serum vitamin D levels and MASLD prevalence
across all models (Table 3). In the fully adjusted model
(Model 3), each 10 nmol/L increase in vitamin D concentration
was associated with a 3.5% reduction in MASLD risk
(OR =0.965,95% CI0.941, 0.989, P = 0.005). When analyzed
by quartiles, participants in the highest vitamin D quartile (Q4)
showed a 29.5% lower MASLD risk compared to the lowest
quartile (Q1; OR 0.705, 95% CI 0.540, 0.921, P = 0.01), with
a significant dose-response trend (P for trend <0.001). The
protective association was most pronounced in Model 2,
where Q4 participants had a 52.4% risk reduction (OR 0.476,
95% CI 0.379, 0.598, P < 0.001). While the middle quartiles
(Q2 and Q3) showed non-significant associations in the fully
adjusted model, the consistent inverse trends across all models
and significant P-values for trend tests support a potential pro-
tective role of higher vitamin D levels against MASLD
development.

Subgroup analysis on the associations between vitamin
D and MASLD

Subgroup analyses demonstrated a consistent inverse associa-
tion between serum vitamin D levels (per 10 nmol/L increase)
and MASLD prevalence in the overall population (OR 0.96, P <
0.001; Fig. 2A). The protective effect remained significant across
most subgroups including both age categories (<60 years: OR
0.95; 260 years: OR 0.96), females (OR 0.95), normal weight to
obese individuals (BMI 25-30: OR 0.96; BMI > 30: OR 0.96),
and non-Hispanic Whites (OR 0.95; all P < 0.05). Notably
stronger associations were observed in non-hypertensive parti-
cipants (OR 0.94, P < 0.001) and those with higher education
levels (OR 0.95, P < 0.001). No significant interactions were
found by all subgroups above in the Fig. 2A (all P for interaction
>0.05), indicating the vitamin D and MASLD relationship was
largely independent of these factors. While some subgroups
(e.g., men and Mexican Americans) showed an insignificant
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Baseline characteristics of the NHANES 2021-2023 study population

Total Non-MASLD MASLD
Variables N = 3249 N=1427 N=1822 P
Age (years), n (%) <0.001
<60 1771 (54.00, 51.00) 851 (59.00, 64.00) 920 (50.00, 49.00)
>60 1478 (45.00, 49.00) 576 (40.00, 36.00) 902 (49.00, 51.00)
Gender, n (%) <0.001
Female 1813 (55.80) 844 (59.15) 969 (53.18)
Male 1436 (44.20) 583 (40.85) 853 (46.82)
Education level, n (%) <0.001
>High school 2403 (73.96) 1121 (78.56) 1282 (70.36)
<High school 846 (26.04) 306 (21.44) 540 (29.64)
Race, n (%) 0.007
Mexican American 208 (6.40) 72 (5.05) 136 (7.46)
Non-Hispanic Black 338 (10.40) 172 (12.05) 166 (9.11)
Non-Hispanic White 2087 (64.24) 914 (64.05) 1173 (64.38)
Other Hispanic 289 (8.90) 124 (8.69) 165 (9.06)
Other Race 327 (10.06) 145 (10.16) 182 (9.99)
Smoking, 1 (%) <0.001
No 2090 (64.33) 973 (68.19) 1117 (61.31)
Yes 1159 (35.67) 454 (31.81) 705 (38.69)
Diabetes, 1 (%) <0.001
No 2786 (85.75) 1323 (92.71) 1463 (80.30)
Yes 463 (14.25) 104 (7.29) 359 (19.70)
Hypertension, n (%) <0.001
No 2126 (65.44) 1086 (76.10) 1040 (57.08)
Yes 1123 (34.56) 341 (23.90) 782 (42.92)
Kidneys weak, n (%) 0.628
No 3162 (97.32) 1391 (97.48) 1771 (97.20)
Yes 87 (2.68) 36 (2.52) 51 (2.80)
Vitamin D (nmol/L), n (%) <0.001
Q1 (<58.10) 811 (24.96) 316 (22.14) 495 (27.17)
02 (58.20-78.80) 811 (24.96) 346 (24.25) 465 (25.52)
Q3 (78.90-102.00) 800 (24.62) 359 (25.16) 441 (24.20)
Q4 (=103.00) 827 (25.45) 406 (28.45) 421 (23.11)

Data are presented as median (interquartile range), or number (%) of participants with a condition.
MASLD, metabolic dysfunction-associated steatotic liver disease.

trend, the overall homogeneity of the effect in the population  with four knots(placed at the 5th, 35th, 65th, and 95th percen-
(P < 0.001 for all patients) suggests that the protective effect of tiles) revealed a significant overall relationship between serum
vitamin D may be broadly universal. The RCS analysis model  vitamin D levels and MASLD risk (P for overall = 0.01; Fig. 2B),

Demographical characteristics of the NHANES 2021-2023 study population

Total Non-MASLD MASLD
Variables N = 3249 N=1427 N=1822 P

Age (years) 57 (39.00, 67.00) 52.00 (34.50, 67.00) 59.00 (44.00, 68.00) <0.001
BMI (kg/m?) 28.40 (24.70, 33.30) 25.20 (22.70, 28.30) 31.10 (27.60, 35.90) <0.001
Vitamin D (nmol/L) 78.90 (58.20, 103.00) 82.10 (61.60, 106.00) 77.35 (55.60, 99.20) <0.001
LSM (kPa) 5.00 (4.10, 6.30) 450 (3.70, 5.50) 5.50 (4.40, 7.00) <0.001
Total cholesterol (mmoliL) 4.84 (4.16, 5.56) 4.76 (414, 5.46) 4.90 (419, 5.64) 0.001
HDL-C (mmol/L) 1.40 (1.16, 1.63) 1.50 (1.27,1.76) 1.29 (1.09, 1.53) <0.001
Glycohemoglobin (%) 5.50 (5.20, 5.80) 5.40 (5.10, 5.60) 5.60 (5.30, 6.00) <0.001
CRP (mg/L) 1,72 (0.79, 3.92) 1.08 (0.57, 2.40) 253 (1.16, 5.08) <0.001
WBC (1090) 6.60 (5.40, 7.80) 6.10 (5.10, 7.30) 6.90 (5.80, 8.20) <0.001
Lymphocyte (10L) 1.90 (1.50, 2.40) 1.80 (1.50, 2.20) 2.00 (1.60, 2.50) <0.001
Neutrophils (10%/L) 3.80 (3.00, 4.80) 3.50 (2.70, 4.50) 4.00 (3.20, 5.10) <0.001
Monocyte (10%/L) 0.50 (0.40, 0.60) 0.50 (0.40, 0.60) 0.50 (0.40, 0.60) <0.001

Data are presented as median (interquartile range) of participants with a condition.
BMI, body mass index; CRP, C-reactive protein; HDL-C, high-density lipoprotein cholesterol; LSM, liver stiffness measurements; MASLD, metabolic dysfunction-associated steatotic liver disease.
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Weighted multi-variate logistic regression of the association between vitamin D and MASLD

Vitamin D (10 nmol/L) Model 1 OR (95% Cl) P
Continuous variable 0.962 (0.945, 0.980) <0.001
Quartile variable
Q1 Reference
Q2 0.858 (0.704, 1.046) 0.130
Q3 0.784 (0.643, 0.956) 0.016
Q4 0.662 (0.544, 0.805) <0.001
P for trend <0.001

Model 2 OR (95% CI) P Model 3 OR (95% Cl) P
0.933 (0.912, 0.953) <0.001 0.965 (0.941, 0.989) 0.005
Reference Reference
0.784 (0.635, 0.967) 0.023 0.875 (0.683, 1.121) 0.291
0.664 (0.534, 0.827) <0.001 0.612 (0.725, 1.211) 0.618
0.476 (0.379, 0.598) <0.001 0.705 (0.540, 0.921) 0.010
0.044 <0.001

Cl, confidence interval; OR, odds ratio.
Model 1: unadjusted.
Model 2: Adjust: age, gender, race, education level, diabetes, hypertension, and smoking.

Model 3: Adjust: age, gender, race, education level, diabetes, hypertension, smoking, BMI, WBC, lymphocyte, total cholesterol, HDL-C, CRP, and glycohemoglobin.

indicating that vitamin D is an important predictor of MASLD.
However, the P-value for nonlinearity was 0.915, suggesting
that the relationship between vitamin D (per 10 nmol/L increase)
and MASLD follows a linear pattern rather than a nonlinear or
U-shaped curve, which also supporting the use of a linear model
in subsequent analyses.

Predictive value of vitamin D on the prevalence of MASLD

The ROC curve analysis revealed a graded improvement in
MASLD prediction accuracy across the three models (Fig. 3A),
with Model 3 (Area Under the Curve (AUC) = 0.825, 95% CI
0.811, 0.839) demonstrating significantly superior discriminative
performance compared to both Model 2 (AUC = 0.678, 95% CI
0.660, 0.696; DeLong’s test < 0.001) and Model 1 (AUC = 0.627,
95% CI 0.608, 0.646; DelLong’s test P < 0.001). The model
demonstrated excellent discrimination for MASLD risk prediction,
with a C-index of 0.832 (95% CI 0.819, 0.845). Calibration
analysis revealed good agreement between predicted and observed
probabilities (Hosmer-Lemeshow goodness-of-fit test: P = 0.093),
indicating no significant deviation from perfect calibration. The
likelihood ratio test was highly significant (P < 0.001), confirming
the overall model fit. Multicollinearity assessment showed that all
variance inflation factors were below 5 (Supplemental Digital
Content Appendix Table S1, available at http:/links.lww.com/
MS9/A983), suggesting no concerning collinearity among predic-
tors (Fig. 3B). DCA demonstrated progressively wider clinical
utility across the three models in this MASLD cohort (Fig. 3C).
Model 1 provided net benefit within a limited threshold probability
range of 48-70%, while Model 2 extended this range to 40-65%.
The fully adjusted Model 3 showed superior performance, offering
clinically meaningful net benefit across nearly the entire decision
spectrum (15-90% thresholds). All models showed greater net
benefit than the “treat-all” or “treat-none” strategies.

Mediating effect on the association between Vitamin D and
MASLD

The mediation analysis revealed significant indirect correlation
of serum vitamin D levels on MASLD (measured by CAP value)
through BMI, HDL-C, and glycohemoglobin metabolic path-
ways (Fig. 4). As shown in Supplemental Digital Content
Appendix Table S2, available at http://links.lww.com/MS9/
A984. BMI demonstrated the strongest mediating effect
(B = =0.09), accounting for 52.11% of the total effect. HDL-C
showed a modest but significant mediation [ = -0.02,

proportion of mediation (PM) = 19.12%], supporting vitamin
D’s role in improving lipid metabolism. In contrast, glycohemo-
globin exhibited minimal mediation (8 = -0.01, PM = 6.95%),
suggesting that vitamin D’s benefits on MASLD are largely
independent of glycemic control. Notably, vitamin D retained
a significant direct correlation on MASLD (8 =-0.08, P < 0.001)
after accounting for all mediators.

Discussion

MASLD has become a major global health challenge, represent-
ing a spectrum of hepatic disorders that progress from simple
steatosis to MASH, with potential advancement to cirrhosis and
hepatocellular carcinomal'!. As the predominant cause of
chronic liver disease, the disease’s escalating prevalence reflects
the global epidemic of metabolic disorders, understanding its
pathophysiology, risk factors, and potential preventive strate-
gies is critical for reducing the burden of this disease on health
care systems!'®2%, Previous research has suggested that low
levels of vitamin D may be associated with an increased risk of
developing MASLD, but it remains controversial>"-2*!, This
cross-sectional study investigates the deeper relationship
between serum vitamin D levels and liver health based on
NHANES 2021-2023 cycle, specifically focusing on the preva-
lence of MASLD. We constructed a comprehensive model com-
bining vitamin D with metabolic factors that provides superior
risk prediction and clinical utility across a wide range of inter-
vention thresholds, indicating the potential role of vitamin D in
MASLD prevention and liver metabolism. The findings from
this research could provide insights into vitamin D status as
a modifiable risk factor for MASLD, contributing to the devel-
opment of targeted preventive measures.

The innovation of this study lies in its examination of the
relationship between serum vitamin D levels and MASLD in
a large, representative population sample. Our findings provide
novel insights into the potential protective role of vitamin
D against MASLD in humans, unlike previous research that pri-
marily focused on animal models or small cohorts?>**!, According
to the forest plot results, the strongest protective effect was seen in
metabolically healthy subgroups (non-diabetic and non-hyperten-
sive), and the protective effect was weakened in high-risk groups,
but there was still a trend. The RCS curve results support
a consistent, dose-dependent decrease in MASLD risk with higher
vitamin D levels, without evidence of a threshold effect or increased
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Vitamin D (10 nmol/L)

A Variables n (%) OR (95%CI) P P for interaction
All patients 3249 (100.00) 0.96 (0.94 ~ 0.98) | <.001
Age (years) 0.492
<60 1771 (54.51)  0.95 (0.92 ~ 0.99) ] 0.021
> 60 1478 (45.49) 0.96 (0.93 ~ 0.99) I—I—i 0.013
Gender 3 0.947
Female 1813 (55.80) 0.95 (0.92 ~ 0.98) = 0.002
Male 1436 (44.20) 0.97 (0.93 ~ 1.02) !—F-! 0.204
BMI (kg/m?) | 0.181
<25 860 (26.47)  0.97 (0.92 ~ 1.02) l—!—‘—1 0.237
25-30 1085 (33.39)  0.96 (0.92 ~ 1.00) - 0.028
> 30 1304 (40.14)  0.96 (0.92 ~ 1.00) = 0.032
Race 0.318
Mexican American 208 (6.40) 0.89(0.79~1.01) «—=— 0.082
Non-Hispanic Black 338 (10.40) 1.03 (0.96 ~ 1.10) l—H'—i 0.395
Non-Hispanic White 2087 (64.24)  0.95 (0.92 ~ 0.98) . 0.002
Other Hispanic 289 (8.90) 0.90 (0.81 ~1.00) +H—=— 0.053
Other Race 327 (10.06)  0.97 (0.90 ~ 1.05) e 0.513
Education level 0.265
> High school 2403 (73.96)  0.95 (0.92 ~ 0.98) l <.001
< High school 846 (26.04)  0.97 (0.92 ~ 1.02) —— 0.258
Diabetes 0.818
No 2786 (85.75)  0.96 (0.93 ~ 0.98) Sl 0.001
Yes 463 (14.25)  0.95(0.89 ~ 1.02) —— 0.150
Hypertension 0.159
No 2126 (65.44) 0.94 (0.91 ~0.97) i <.001
Yes 1123 (34.56) 0.98 (0.94 ~ 1.02) l—I-‘—O 0.388
Smoking | 0.545
No 2090 (64.33)  0.95 (0.92 ~ 0.98) = 0.003
Yes 1159 (35.67)  0.96 (0.92 ~ 1.00) ‘ I—-—‘d 0.075
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Figure 2. Association between vitamin D and prevalence of MASLD. (A) Subgroup analysis of clinical characteristics. (B) RCS curve of the model. Values were
adjusted for age, gender, race, education level, diabetes, hypertension, smoking, BMI, WBC, lymphocyte, total cholesterol, HDL-C, CRP, and glycohemoglobin.
BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; CRP, high-sensitivity C-reactive protein; RCS, restricted cubic spline; OR, odds ratio.

risk at either extreme of vitamin D concentration. While vitamin
D alone showed modest predictive capacity (AUC = 0.627), its
combination with additional risk factors in Model 2 yielded inter-
mediate performance (AUC = 0.678), and the fully adjusted Model
3 achieved excellent diagnostic accuracy (AUC = 0.825). These
results demonstrate that vitamin D serves as an important but
insufficient standalone predictor, and its clinical utility for
MASLD screening is markedly enhanced when integrated into
a multifactorial risk assessment model. Our research data sup-
ported a linear association. However, in Model 3, the Q2 and Q3

groups showed non-significant P-values, while the Q4 group
reached statistical significance. This pattern implies that the rela-
tionship between vitamin D and MASLD may exhibit a threshold
effect rather than a simple dose-response relationship. Specifically,
vitamin D may need to reach a certain threshold level (e.g., Q4
concentration) to demonstrate protective effects against MASLD.
Further large-scale studies are still warranted to confirm this poten-
tial dose-response pattern. Previous studies have established corre-
lations between vitamin D deficiency and liver disease™'*'%?2, yet
our research demonstrate this association using comprehensive
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Figure 3. Predictive curve of vitamin D and prevalence of MASLD. (A) ROC curve of the model. (B) Calibration curve of the model. (C) DCA curve of the model.
Model 1: Unadjusted. Model 2: Adjust: age, gender, race, education level, diabetes, hypertension, and smoking. Model 3: Adjust: age, gender, race, education
level, diabetes, hypertension, smoking, BMI, WBC, lymphocyte, total cholesterol, HDL-C, CRP, and glycohemoglobin. ROC, receiver operating characteristic;
DCA, decision curve analysis; BMI, body mass index; HDL-C, high-density lipoprotein cholesterol; CRP, high-sensitivity C-reactive protein.

data from the NHANES on a large scale. This establishes a critical
link in understanding the pathophysiology of MASLD and suggests
that vitamin D may serve as a modifiable risk factor in its preven-
tion and management.

These results collectively validate the model’s robustness in both
discriminating MASLD cases and accurately estimating risk prob-
abilities across the spectrum of vitamin D levels!*!. This expansion
of useful threshold ranges — from Model 1’s intermediate-risk focus
to Model 3’s coverage of both conservative (15%) and aggressive
(90%) intervention preferences — indicates that comprehensive risk
factor integration substantially enhances clinical applicability for
MASLD management decisions. The results suggest that Model 3
could guide interventions across diverse clinical scenarios while
avoiding 38-42% of unnecessary treatments in low-risk groups
(15-30% thresholds). These results demonstrate that the compre-
hensive Model 3 offers reliable clinical utility across the entire
spectrum of decision thresholds for MASLD risk assessment,
which superior to both simpler models and current guideline-

In our study, we further explored the potential mediating effect of
metabolism related indicators within these associations. Our results
indicate that vitamin D may mitigate adiposity through regulating
adipocyte differentiation and inflammatory responses>”:>%!,
consequently decreasing hepatic lipid accumulation*],
Combined interventions of vitamin D supplementation and
weight management could yield synergistic effects in MASLD
prevention. Additionally, vitamin D appears to improve HDL
functionality by enhancing reverse cholesterol transport,
thereby reducing hepatic lipid deposition®®>*!!. This suggests
that strategies to elevate HDL-C levels may augment vitamin
D’s protective effects. The minimal mediation through glycohe-
moglobin implies vitamin D’s MASLD benefits are largely inde-
pendent of glycemic control in this cohort, indicating limited
efficacy of vitamin D monotherapy for glycemic-related
MASLD prevention'®?!. Notably, vitamin D retained
a significant direct effect on MASLD (8 = -0.08, P < 0.001)
after accounting for all mediators, implying additional protec-

tive mechanisms beyond these metabolic pathways*=%, Our

BMI
/ S \

based approaches while maintaining robust statistical reliability?®!.

S HDL-C
VitaminD ——> — > NAFLD
PM =19.12%
\ S /
PM = 6.95%

Figure 4. Mediating role of metabolism related indicators. PM, proportion of mediation. Adjust: age, gender, race, education-level, diabetes, hypertension,
smoking, kidneys_weak, BMI, WBC, neutrophils, lymphocyte, monocyte, CRP, and glycohemoglobin.
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findings highlight BMI as the primary mediator and suggest that
combined strategies targeting both vitamin D status and meta-
bolic factors may be most effective for MASLD prevention. The
implications of our findings extend into clinical practice and
public health policy. Given the significant inverse relationship
between vitamin D levels and MASLD prevalence, there is
a compelling case for integrating vitamin D status assessments
into routine clinical evaluations, especially for high-risk popu-
lations such as older adults and those with obesity-related
comorbidities. Based on our quartile analysis, we now suggest
a target vitamin D level of >80 nmol/L and recommend prior-
itizing trials in obese and hypertensive subgroups. The potential
for vitamin D supplementation as a preventive strategy against
liver disease could significantly alter the management landscape
for MASLD, which currently lacks effective pharmacological
treatments>®37, As public health initiatives increasingly focus
on lifestyle modifications and prevention strategies, this
research underscores the importance of vitamin D not only as
a nutrient but as a crucial component of liver health
management!>**",

However, the limitations of this cross-sectional research study
warrant careful consideration. First, the inherent selection bias
associated with cross-sectional designs may restrict the general-
izability of the findings, as the NHANES cohort may not repre-
sent the broader population adequately. Second, the study’s
reliance on self-reported data introduces the potential for inac-
curacies, particularly regarding lifestyle factors (e.g., dietary
intake, physical activity, and sun exposure) and comorbidities.
Lastly, the absence of longitudinal and interventional studies
restricts our ability to infer causality, leaving the temporal rela-
tionship between vitamin D levels and MASLD prevalence
ambiguous to some extent. These limitations emphasize the
need for further investigations employing longitudinal designs
and objective measures to validate the observed associations and
enhance our understanding of the role of vitamin D in MASLD
progression and treatment.

Conclusions

In conclusion, this study elucidates a significant inverse relation-
ship between serum vitamin D levels and the prevalence of
MASLD, suggesting that higher vitamin D status was associated
with lower odds of MASLD. These findings emphasize the
potential for vitamin D as a modifiable risk factor in MASLD
management and highlight the necessity for future research to
explore targeted interventions aimed at improving vitamin
D levels among at-risk populations. By advancing our under-
standing of vitamin D in liver health, we can potentially con-
tribute to the development of effective preventive strategies
against MASLD and its associated complications.
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