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Objective: This study examines the association between serum vitamin D levels
and the prevalence of metabolic dysfunction-associated fatty liver disease
(MAFLD) in adolescents, along with potential modifying factors.

Methods: Data from 950 adolescents aged 12-18 years in the National Health
and Nutrition Examination Survey (NHANES) 2017-2018 were analyzed. MAFLD
was defined using hepatic steatosis and metabolic dysfunction criteria. Serum
25(0OH)D levels were measured, and weighted logistic regression and restricted
cubic spline models were applied to assess their association with MAFLD risk.
Stratified analyses were also conducted.

Results: Lower serum 25(0OH)D levels were significantly associated with higher
MAFLD risk (p < 0.001), showing a nonlinear dose-response relationship.
Adolescents with 25(OH)D > 75 nmol/L had a 57% lower risk of MAFLD compared
to those with levels < 50 nmol/L. Stratified analysis indicated that the protective
effect of vitamin D was more evident in individuals with higher retinol levels,
though retinol alone was not significantly associated with MAFLD.

Conclusion: Vitamin D deficiency is significantly associated with MAFLD in
adolescents, with a nonlinear dose-response relationship modulated by retinol
status. These findings underscore the potential role of vitamin D in MAFLD
prevention and provide a basis for further prospective or intervention studies.

KEYWORDS
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Introduction

Metabolic dysfunction-associated fatty liver disease (MAFLD), formerly named non-
alcoholic fatty liver disease (NAFLD), is a significant chronic liver disease worldwide. A
recent meta-analysis revealed that the global prevalence of MAFLD is 30%, reflecting a
50% increase from 1990 to 2019 (1). This increase presents a notable public health burden
(2). Notably, with the socioeconomic transformation and lifestyle changes, the prevalence
of MAFLD in adolescents has shown a significant trend of younger age (3, 4). The primary
pathological feature of MAFLD is fat deposition in hepatocytes (>5%), driven by metabolic
disorders (5). This pathological process is closely linked to abnormal liver function and
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significantly raises the risk of developing type 2 diabetes and
cardiovascular diseases in adulthood through mechanisms such
as insulin resistance and chronic inflammation (6). Therefore,
MAFLD poses a long-term threat to public health.

As a fat-soluble molecule with steroid hormone characteristics
(7), the multi-dimensional metabolic regulatory functions of
vitamin D are gradually being uncovered, revealing its extensive
physiological roles. Previous studies have established the central
role of vitamin D in bone mineral metabolism, maintaining
bone health by promoting intestinal calcium absorption and
regulating bone remodeling (8, 9). Recent research has shown that
vitamin D is broadly involved in physiological processes such as
immune regulation, hormone secretion, and cell proliferation and
differentiation (10). Vitamin D receptors are widely distributed
in the liver, adipose tissue, and immune cells, where they
play a crucial role in maintaining metabolic homeostasis by
regulating glucose and lipid metabolism, suppressing the release of
proinflammatory factors, and improving insulin sensitivity (11). In
the liver, vitamin D is metabolized by 25-hydroxylase (CYP2R1)
into 25-hydroxyvitamin D [25(OH)D] (12). Vitamin D status is
typically classified according to serum 25(OH)D concentrations.
Generally, vitamin D deficiency is defined as serum 25(OH)D
levels below 20 ng/mL (50 nmol/L), while insufficiency refers to
serum concentrations between 20 and 30 ng/mL (50-75 nmol/L).
By contrast, vitamin D sufficiency is generally considered to
be achieved when serum 25(OH)D levels exceed 30 ng/mL (75
nmol/L) (13).

Several studies have suggested that vitamin D deficiency
may play a critical role in the development and progression of
various metabolic diseases, including insulin resistance, obesity,
hypertension, metabolic syndrome, and cardiovascular disease
(14-17). In addition, the association between vitamin D levels
and NAFLD has attracted increasing attention (18). A cross-
sectional study revealed that low serum 25(OH)D levels in the
general population are associated with an increased risk of NAFLD
(19). Furthermore, a study from Korea indicated that vitamin
D deficiency may be considered an independent risk factor for
suspected NAFLD in adolescents (20). Besides, obesity constitutes
one of the primary risk factors for MAFLD. It significantly
increases the risk of developing MAFLD by promoting hepatic
fat accumulation and contributing to metabolic dysfunction (21).
Concurrently, obesity is also associated with vitamin D deficiency
(22), suggesting that vitamin D may mediate the effect of obesity
on MAFLD pathogenesis. However, research on the association
between MAFLD and vitamin D in adolescents aged 12-18 years
remains relatively limited.

Based on the current research advancements in the potential
role of vitamin D in metabolic diseases, this study proposes the
scientific hypothesis that adolescents with lower 25(OH)D levels
may be more susceptible to MAFLD. Given the new nomenclature
and diagnostic criteria for MAFLD, the population with MAFLD
differs from that with NAFLD in many respects (23). Therefore,
it is necessary to further clarify the characteristics and influencing
factors of MAFLD. This study utilizes data from the 2017-2018
National Health and Nutrition Examination Survey (NHANES)
to investigate the association between serum 25(OH)D status and
MAFLD, and to further explore potential effect modifiers.
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Material and methods

Study population

The National Health and Nutrition Examination Survey
(NHANES) represents a continuous research initiative designed
to evaluate health and dietary conditions across a diverse,
non-institutionalized U.S. population through its sophisticated,
multistage probability sampling framework (24). For this
investigation, we utilized data from the 2017-2018 NHANES cycle,
specifically chosen for its inclusion of liver ultrasound transient
electrography assessments. Our analysis focused on adolescents
aged 12-18 years. Participants lacking essential data points were
excluded, including those without liver ultrasound transient
electrography results and missing critical metabolic dysfunction
indicators such as body mass index (BMI), waist circumference
(WCQ), high-density lipoprotein (HDL) -cholesterol levels, blood
pressure (BP) readings (both systolic and diastolic), hemoglobin
A1C (HbAI1C), and fasting plasma glucose (FPG) measurements
(Figure 1). The National Center for Health Statistics (NCHS)
oversees the administration and maintenance of NHANES. The
NCHS Institutional Review Board/Ethic Review Board granted
approval for the NHANES protocols (Continuation of Protocol
#2011-17, effective until 26 October 2017; Protocol #2018-01,
effective from 26 October 2017). All participants provided written
informed consent.

Data collection

Study subjects provided self-reported information regarding
their age, gender, racial-ethnic background (classified as non-
Hispanic White, non-Hispanic Black people, Hispanic, or other
racial groups), family income (<$100,000, $100,000 and Over),
season of blood collection (November 1 through April 30, or
May 1 through October 31), secondhand smoke exposure, days
physically active (=5 Days/Week, at least 60 min/day), and
prior medical conditions. Anthropometric measurements such as
stature (in centimeters), body mass (in kilograms), and abdominal
circumference (in centimeters) were obtained during the Mobile
Examination Center (MEC) assessment; BMI was derived by
dividing the weight in kilograms by the square of height in meters.

Biological sample analysis

Venous blood samples were collected from participants at
the NHANES MEC facility. The concentrations of 25(OH)D,
and 25(OH)Dj3 were determined through high-performance liquid
chromatography coupled with tandem mass spectrometry (HPLC-
MS/MS). Quantitative estimation was performed by comparing
the response ratio (analytic peak area/internal standard peak area)
of unknown samples with that of known analytic concentrations
in calibration solutions (25). The total serum vitamin D
[25(OH)D] level was calculated as the combined concentrations
of 25(0OH)D, and 25(OH)Ds. FPG, lipid profiles (HDL-C,
triglycerides [TG], total cholesterol [TC], low-density lipoprotein
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FIGURE 1

Flowchart of participant inclusion and exclusion.

Cholesterol [LDL-C]), liver and renal function indicators (alanine
aminotransferase [ALT], gamma-glutamyl transferase [GGT],
creatinine) were measured using standardized laboratory methods.
Retinol levels in serum were analyzed using an adapted high-
performance liquid chromatography method with photodiode
array detection, complemented by spectrophotometric techniques
for quantitative assessment.

Defining MAFLD

Given the lack of explicit international consensus, hepatic
steatosis was identified using a median controlled attenuation
parameter (CAP) score of >248 dB/m, as this threshold
demonstrated reliable diagnostic accuracy in a recent meta-
analysis of individual patient data (26). Following the latest
expert consensus (27), MAFLD in adolescents was defined by the
coexistence of hepatic steatosis (assessed via CAP) along with one
or more of the following conditions: overweight or obesity [BMI
> 1 SD above the World Health Organization growth reference
median (28) or as a waist circumference > 90th percentile for age
and sex (29)], prediabetes and diabetes [(1) a previous diagnosis of
diabetes; (2) a HbAlc level > 5.7% (48 mmol/mol); or (3) a FPG
> 100 mg/dL (30)], and the presence of two or more metabolic
disturbances. These metabolic disturbances encompassed increase
BP (a systolic BP > 130 mmHg and/or a diastolic BP > 85 mmHg),
triglyceride concentrations > 150 mg/dL, HDL-cholesterol levels
below 40 mg/dL, and a triglycerides-to-HDL cholesterol ratio
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exceeding 2.25 (with adult MAFLD criteria extended to adolescents
aged 16 years and above).

Statistical analysis

Given a complex, multi-stage sample design used in the
NHANES, we applied appropriate sample weights in all analyses
to account for clustering, stratification, non-response, and
oversampling population. Continuous variables were expressed
presented as weighted mean (standard error), categorical variables
were presented as unweighted frequencies (%). Chi-squared test
with Rao & Scott’s second-order correction; Wilcoxon rank-sum
test for complex survey samples.

Weighted restricted cubic spline regression models with three
knots were used to further examine the nonlinear relationships
of 25(OH)D and retinol with MAFLD. Non-linearity tested
by including a quadratic term in the regression models.
Survey-weight adjusted multivariable logistic regressions were
performed to determine the independent associations between the
25(OH)D or retinol (both continuous variables and dichotomous
variable) and MAFLD. Confounders were selected based on
clinical significance and prior epidemiological evidence. Pre-
specified subgroup analyses were conducted. Interaction across
subgroups was tested using the likelihood ratio test. Moreover,
interaction spline was produced by using the estimated odds
ratio (OR) for MAFLD of a logistic model with a 25(OH)D—
retinol level interaction term. Missing covariates were addressed
using imputation by chained equations (31). All covariates had
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missing rates below 5%, except for physical activity (missing
14.5%). Sensitivity analyses were conducted through complete-
case exclusion. Furthermore, an additional sensitivity analysis was
performed to assess the robustness of findings to unmeasured
confounding using the E-value methodology of VanderWeele and
Ding (32).

A 2-tailed p < 0.05 was considered statistically significant,
and the analyses were performed using the “survey”, “rms”,
and “interaction RCS” package of R software (Version 4.2.2,
http://www.R-project.org, The R Foundation) and Free Statistics
analysis platform (Version 2.1.1, Beijing, China, http://www.

clinicalscientists.cn/freestatistics).

Results

Characteristics of study participants

Table I outlines the characteristics of the study participants
(N = 950), categorized by 25(OH)D status. The overall mean
age was 15.03 years, with a slight variation across 25(OH)D
categories. The majority of participants were non-Hispanic Black
people (50.60%), followed by non-Hispanic White (12.92%).
Ethnic distribution significantly differed by 25(OH)D status, with
Hispanic-Mexican Americans and non-Hispanic Black peoples
more prevalent in the lower 25(OH)D categories. Overweight
and abdominal obesity were more common in participants
with lower 25(OH)D levels, while metabolic abnormalities and
steatosis showed a trend toward higher prevalence in these
groups. Notably, the prevalence of MAFLD was significantly
higher in individuals with lower 25(OH)D levels, highlighting
a potential association between vitamin D deficiency and liver
health.

Vitamin D levels and MAFLD

The nonlinear curve fitting analysis established a significant
association between 25(OH)D levels and MAFLD risk (Figure 2).
The overall association was highly significant (p < 0.001),
with a notable p-value for non-linearity at 0.002, suggesting a
complex relationship rather than a simple linear trend. To further
investigate this association, we conducted logistic regression
analysis examining 25(OH)D levels and MAFLD prevalence in U.S.
adolescents (Table 2). The analysis revealed a significant inverse
dose-response relationship: each 5 nmol/L increase in 25(OH)D
was associated with a 10% reduction in MAFLD risk after adjusting
for potential confounders (adjusted OR = 0.90, 95% CI: 0.85~0.95,
p < 0.001). When examining specific vitamin D thresholds,
adolescents with 25(OH)D levels < 50 nmol/L (reference group)
exhibited the highest MAFLD risk, while those with optimal levels
(> 75 nmol/L) showed a remarkable 57% risk reduction (OR =
0.43, 95% CI: 0.22~0.82, p = 0.011). The dose-response nature
of this protective association was further confirmed by significant
trend analysis results (p for trend < 0.05).
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Subgroup analyses and interactions

A significant retinol-dependent association between 25(OH)D
levels and MAFLD was observed in interacting fitted curves, the
25(OH)D had a significantly stronger association with MAFLD at
higher retinol levels (p for interaction < 0.05, Figure 3). Specifically,
in stratified analysis, children have a higher retinol nutritional
status exhibited an inverse relationship between high 25(OH)D
levels and MAFLD (OR = 0.22), contrasting with no significant
effect for low retinol levels groups (OR = 0.65) (Table 3). Besides,
age group, sex, ethnicity, overweight, abdominal obesity, season
of blood collection, and physically active did not influence the
relationship (p for interaction > 0.05).

Retinol levels and MAFLD

In light of the combined health effects of vitamin A and vitamin
D nutritional status in children, this study further analyzed the
relationship between retinol levels and MAFLD. However, the
results did not reach statistical significance. In the restricted cubic
spline analysis, the overall p = 0.608 (Supplementary Figure 1).
In the logistic regression analysis (Supplementary Table 1), the
adjusted OR for retinol per 5 pg/dL increase was 1.03 (95% CI:
0.93-1.14, p = 0.562). Quartile analysis revealed similar trends, with
Q1 as the reference group; Q2 (OR = 0.90, 95% CI: 0.40-2.03, p
= 0.746), Q3 (OR = 1.25, 95% CI: 0.52-3.03, p = 0.517), and Q4
(OR = 1.09, 95% CI: 0.49-2.43, p = 0.790) showed no significant
differences. The trend analysis supported these findings (p for trend
> 0.05).

Discussion
This study, based on NHANES 2017-2018 data,
comprehensively evaluated the association between serum
25(OH)D levels and MAFLD risk in adolescents. The results
revealed an inverse association between serum 25(OH)D levels
and MAFLD risk, demonstrating a non-linear dose-response
relationship that was modified by factors such as retinol levels.
The results of this study will provide new scientific evidence
for the potential role of vitamin D in the onset and progression
of MAFLD.

Our study found significant differences in serum 25(OH)D
Higher
concentrations were most common in Non-Hispanic Black people

levels across ethnic and socioeconomic groups.
individuals, those with lower family incomes, and people who
were not overweight or abdominally obese. Notably, we observed
a significantly higher prevalence of MAFLD in populations
with lower serum 25(OH)D levels, with MAFLD prevalence
progressively decreasing as 25(OH)D levels increased. Similar
findings have been reported in previous studies; a prospective
study demonstrated that lower 25(OH)D concentrations were
significantly associated with NAFLD in adolescents, and this
association was independent of obesity (33). Additionally, an
observational study conducted in Brazil found a high prevalence of
vitamin D deficiency and insufficiency among obese adolescents,

which was closely associated with metabolic changes (34).Vitamin
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TABLE 1 Characteristics of study participants, divided by 25(OH)D status.

10.3389/fnut.2025.1615851

Variables Overall 25(OH)D P value
<50 nmol/L  50~75 nmol/L  >75 nmol/L

N, weighted 25,217,512 7,222,559 12,579,686 5,415,268
Sex-girls, n (%) 416 (48.58%) 191 (55.92%) 170 (46.23%) 55 (44.26%) 0.296
Age, year 15.03 (0.07) 15.15 (0.17) 14.89 (0.09) 15.19 (0.21) 0.152
Ethnicity, (%) <0.001
Hispanic-Mexican American 164 (16.91%) 74 (24.99%) 80 (17.52%) 10 (4.74%)
Other 250 (19.57%) 107 (24.53%) 121 (21.98%) 22(7.36%)
Non-Hispanic Black people 264 (50.60%) 32 (18.25%) 133 (53.35%) 99 (87.36%)
Non-Hispanic White 184 (12.92%) 134 (32.24%) 48 (7.15%) 2 (0.55%)
Education; more than 9th grade (%) 344 (40.63%) 149 (41.88%) 138 (39.15%) 57 (42.40%) 0.806
Family income (%) 0.001
<$100,000 644 (68.48%) 262 (71.63%) 284 (69.92%) 98 (60.95%)
$100,000 and over 162 (26.19%) 52 (17.44%) 82 (27.01%) 28 (35.95%)
Season of blood collection, (%) <0.001

November 1 through April 30 395 (46.92%) 186 (57.03%) 183 (51.09%) 26 (23.76%)

May 1 through October 31 467 (53.08%) 161 (42.97%) 199 (48.91%) 107 (76.24%)
Secondhand smoke exposure, (%) 251 (30.28%) 95 (30.59%) 108 (30.11%) 48 (30.23%)
Physically active (>5 Days/week, at least 60 min/day), (%) 210 (24.31%) 58 (14.37%) 103 (24.69%) 49 (36.70%)
TG, mg/dL 73.00 (54.00, 106.00) 68.00 (50.00, 105.75) 74.46 (54.00, 107.00) 74.55 (60.00, 103.46) 0.025
HDL-C, mg/dL 52.19 (0.73) 51.24 (0.62) 51.45 (0.94) 55.25 (1.46) 0.025
TC, mg/dL 155.59 (1.60) 155.17 (1.73) 154.81 (2.52) 157.97 (1.51) 0.30
LDL-C, mg/dL 88.11 (1.24) 89.45 (1.58) 87.39 (2.16) 88.01 (1.25) 0.77
ALT, U/L 13.00 (11.00,17.00) | 13.00 (10.00, 19.02) 13.00 (11.00, 17.00) 13.00 (11.00, 15.66) 0.95
GGT, U/L 12.00 (10.00, 16.00) 13.00 (10.00, 20.00) 12.00 (10.00, 15.00) 12.00 (10.00, 14.00) 0.029
Creatinine, mg/dL 0.69 (0.59, 0.80) 0.66 (0.58, 0.77) 0.67 (0.59, 0.80) 0.72 (0.62, 0.83) 0.016
25(OH)D, nmol/L 62.01 (1.56) 37.71 (0.63) 62.46 (0.28) 93.40 (2.02) <0.001
Retinol, ug/dL 42.95 (0.39) 39.43 (0.57) 43.30 (0.70) 46.81 (0.91) <0.001
Overweight, (%) 395 (42.13%) 182 (53.73%) 163 (40.80%) 50 (29.69%) 0.001
Abdominal obesity, (%) 447 (50.14%) 192 (58.85%) 196 (50.92%) 59 (36.51%) 0.001
Prediabetes and diabetes, (%) 215 (23.14%) 95 (28.00%) 92 (21.55%) 28 (20.36%) 0.127
Dyslipidemia, (%) 204 (23.92%) 80 (24.77%) 95 (26.61%) 29 (16.44%) 0.112
Metabolic abnormalities, (%) 280 (34.29%) 117 (37.74%) 125 (35.65%) 38 (26.32%) 0.083
Steatosis, (%) 239 (24.78%) 114 (34.63%) 102 (23.63%) 23 (14.29%) <0.001
MAFLD prevalence, (%) 214 (21.90%) 104 (31.66%) 90 (21.08%) 20 (10.81%) <0.001

TG, Triglycerides; HDL-C, High-Density Lipoprotein Cholesterol; TC, Total Cholesterol; LDL-C, Low-Density Lipoprotein Cholesterol; ALT, Alanine Aminotransferase; GGT, Gamma-

Glutamyl Transferase; 25(OH)D, 25-Hydroxyvitamin D.

Continuous variables were expressed presented as weighted mean (standard error) or Median (IQR), categorical variables were presented as unweighted frequencies and weighted percentage

(%). Chi-squared test with Rao & Scott’s second-order correction; Wilcoxon rank-sum test for complex survey samples.

D may exert a protective effect against hepatic fat deposition

by improving insulin sensitivity (35), inhibiting inflammatory

responses, and regulating lipid metabolism (36). Therefore,

maintaining adequate vitamin D status may be an important

metabolic regulatory factor for reducing the risk of MAFLD in

adolescents. Additionally, race and family income have been shown
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to be closely related to the risk of MAFLD (37, 38). Thus, these
factors were adjusted for as covariates in our study. The results

demonstrated a non-linear dose-response relationship between
serum 25(OH)D levels and MAFLD risk in adolescents, which
is consistent with previous research. A prospective cohort study

in China also found a non-linear negative association between

05
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transferase, and creatinine.

The dose-response associations between 25(OH)D levels and MAFLD. Analyses were adjusted for age, sex, ethnicity, education, season of blood
collection, income, secondhand smoke, physically active, low-density lipoprotein cholesterol, alanine aminotransferase, gamma-glutamyl

serum 25(OH)D concentrations and all-cause mortality in patients
with MAFLD or NAFLD (39). Our findings further demonstrate
that vitamin D deficiency exerts a more pronounced adverse
effect on MAFLD risk, whereas its protective efficacy appears to
stabilize beyond a specific 25(OH)D concentration threshold. This
suggests a potential “threshold effect” of vitamin D in regulating
metabolic homeostasis. Adequate levels are essential for protection,
but higher concentrations may not provide extra benefits. These
findings highlight the need for targeted vitamin D interventions.
It is more effective to focus on deficient groups rather than
supplementing those who already have adequate levels.

This study explored the moderating effects of age levels on
the relationship between vitamin D and MAFLD. Age-stratified
analysis showed that the protective effect of vitamin D was more
significant in adolescents aged > 15 years, while no statistically
significant association was observed in the group < 15 years
old. This age-dependent differential effect may be attributed to
pubertal development changes and hormonal fluctuations (40).
The adolescent period represents a critical window of metabolic
transformation, characterized by substantial increases in growth
hormone and sex hormone levels, coupled with progressive
insulin resistance (41). These physiological changes potentially
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enhance susceptibility to MAFLD, thereby increasing hepatic fat
accumulation risk (42). Indeed, puberty has been identified as a
high-risk period for the development and progression of obesity
and metabolic dysregulation (43). Vitamin D acts as a metabolic
modulator and may enhance protection by regulating insulin
sensitivity, inflammation, and lipid metabolism (44, 45).
Interestingly, we further found differential associations between
vitamin D and MAFLD across retinol concentration subgroups.
Specifically, among individuals with higher retinol levels, the
protective effect of vitamin D against MAFLD was significantly
enhanced, while no similar effect was observed in those with lower
retinol levels. This observation implies that retinol may enhance
vitamin D metabolic regulatory capacity through synergistic
interactions, consequently mitigating MAFLD risk. As the main
active form of vitamin A, retinol is an essential micronutrient
for mammals, primarily stored in the liver, kidneys, and
pulmonary tissues (46). Its physiological significance extends to
the regulation of cellular differentiation, immune modulation,
and lipid homeostasis (47). Studies have confirmed that retinol
plays an important role in regulating liver lipid metabolism and
inflammatory response (48, 49). A Dutch study (49) demonstrated
that retinol ameliorates lipid dysmetabolism and inflammation
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TABLE 2 The associations of 25(OH)D level with MAFLD in US adolescents.

Variable Crude Crude Adjusted Adjusted Adjusted

OR (95%Cl) P value OR (95%Cl) P value E value ?
25(OH)D, per 5 nmol/L 0.91 (0.87-0.95) <0.001 0.90 (0.85-0.95) <0.001 1.46

25(0OH)D, nmol/L

<50 1(Ref) 1(Ref)

50-75 0.72 (0.52-1) 0.051 0.80 (0.54-1.2) 0.285 -
>75 0.41 (0.24-0.7) 0.001 0.43 (0.22-0.82) 0.011 4.08
P for trend <0.001 0.017

25(0OH)D, Quartile

Q1 1(Ref) 1(Ref)

Q2 0.90 (0.60-1.36) 0.625 0.90 (0.56-1.45) 0.675 -
Q3 0.65 (0.42-0.99) 0.044 0.68 (0.41-1.13) 0.133 -
Q4 0.36 (0.22-0.57) <0.001 0.38 (0.21-0.69) 0.002 4.70
P for trend <0.001 0.001

Odds ratio (OR), 95% confidence interval (95% CI), and p for trend values were estimated via logistic regression. Analyses were adjusted for age, sex, ethnicity, education, season of blood
collection, income, secondhand smoke, physically active, low-density lipoprotein cholesterol, alanine aminotransferase, gamma-glutamyl transferase, and creatinine.
2The E-value was not calculated due to lack of statistical significance in the P-value.
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FIGURE 3
Odds ratio (OR) of vitamin D for MAFLD as a function of retinol levels. OR for MAFLD per 1-SD increase in the 25(OH)D (P for interaction <0.05).
Estimates derived from adjusted logistic models with restricted cubic splines using knots at tertiles (33rd, 67th).
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TABLE 3 Associations of 25(OH)D with MAFLD, divided by age, sex and
retinol status.

Subgroup (0] P value P for
(95%CI)* interaction
Age 0.402
<15y 0.61 (0.25-1.47) 0.271
>15y 0.41 (0.18-0.93) 0.032
Sex 0.978
Boys 0.55 (0.25-1.19) 0.13
Girls 0.47 (0.19-1.16) 0.103
Ethnicity 0.546
Non-Hispanic Black 0.38 (0.17-0.84) 0.017
people
All Other Ethnicity 0.58 (0.23-1.49) 0.256
Retinol status 0.047
Low (<Quartile 4) 0.65 (0.32-1.29) 0.214
High (>Quartile 4) 0.22 (0.07-0.7) 0.011
Overweight 0.296
No 2.06 0.381
(0.41-10.34)
Yes 0.43 (0.21-0.87) 0.019
Abdominal obesity 0.091
No 6.58 0.068
(0.87-49.91)
Yes 0.47 (0.24-0.92) 0.028
Season of 0.257
blood collection
November 1 through 0.23 (0.05-0.96) 0.045
April 30
May 1 through October 0.62 (0.31-1.25) 0.179
31
Physically active 0.101
<5 days/week, at least 60 0.36 (0.17-0.76) 0.008
min/day
>5 days/week, at least 60 0.86 (0.29-2.54) 0.787
min/day

*OR was calculated by independent variable 25(OH)D > 75 nmol/L vs. 25(0OH)D <
75 nmol/L.

Odds ratio (OR), 95% confidence interval (95% CI), and p for interaction were estimated via
logistic regression. Analyses were adjusted for age, sex, ethnicity, education, season of blood
collection, income, secondhand smoke, physically active, low-density lipoprotein cholesterol,
alanine aminotransferase, gamma-glutamyl transferase, and creatinine.

through modulation of hepatic signaling pathways, providing
mechanistic insights into its potential metabolic protective
properties. Although retinol can enhance the protective effect
of vitamin D, this study did not find a significant independent
association between retinol and MAFLD risk. This suggests that
retinol may not directly influence MAFLD pathogenesis but rather
exerts its metabolic protective effects indirectly through vitamin D
pathway modulation. This interpretation aligns with Zeng et al.’s
finding (50), which indicates that retinol enhances vitamin D’s
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effects mainly by boosting vitamin D receptor activity, rather than
through direct involvement in MAFLD pathways. In summary,
retinol may play a synergistic role in vitamin D-mediated metabolic
homeostasis regulation by enhancing the activity of the vitamin
D signaling pathway, but its preventive effect on MAFLD alone
may be limited. Therefore, future nutritional intervention strategies
should pay more attention to the interaction between fat-soluble
vitamins, especially the synergistic supplementation of vitamin A
and vitamin D, in order to more effectively reduce the risk of
MAFLD in adolescents.

Based on the nationally representative data from NHANES, this
study systematically evaluated the relationship between vitamin
D levels and the risk of MAFLD in adolescents and further
explored the potential interactions of age and retinol. The results
highlighted the potential protective role of vitamin D in the
risk of MAFLD in individuals with high retinol levels, where
the metabolic protective effects were more significant. However,
this study still has some limitations. First, the cross-sectional
nature of this study fundamentally limits causal inference, as
reverse causality cannot be ruled out. Consequently, caution is
warranted when interpreting these findings. Therefore, future
prospective cohort studies or intervention studies should be
conducted to further clarify the causal role of vitamin D in the
occurrence and development of MAFLD and the related biological
mechanisms. Second, this study did not investigate factors such
as dietary vitamin D intake, sunlight exposure, socioeconomic
indicators, and lifestyle factors. Although multiple confounding
variables were adjusted for in the statistical models, certain
potential confounders remained incompletely controlled. However,
we performed sensitivity analyses using the E-value methodology to
assess the robustness of our findings to unmeasured confounding.
These analyses indicated that our results are less likely to be
reversed by unadjusted confounding factors. Third, the ethnic
distribution of the sample limits the generalizability of our findings.
Specifically, non-Hispanic Black peoples represented 50.6% of
participants and Hispanic Mexican Americans 23.1%, while Asian
and other ethnic groups were underrepresented. As vitamin D
metabolism varies with skin pigmentation and cultural practices,
these results should be generalized to other populations with
caution. Finally, it should be noted that the observed associations
of 25(0OH)D with MAFLD, divided by retinol status, may be subject
to false positives attributable to multiple testing. In light of this,
we strongly recommend that future research prioritize the use of
prospective validation cohorts in conjunction with mechanistic
studies. This approach will enable a more robust exploration of the
association between 25(OH)D and MAFLD.

In conclusion, our investigation revealed a significant inverse
correlation between 25(OH)D concentrations and MAFLD risk
in adolescent populations, characterized by a nonlinear dose-
response relationship. Notably, a trend of enhanced protective
effects of vitamin D was observed in the subgroup with higher
retinol levels. This exploratory finding suggests that retinol
may potentiate the biological activity of vitamin D through
synergistic mechanisms, providing a preliminary hypothesis for
future research on fat-soluble vitamin interactions. However,
these observations require further validation through prospective
studies combined with mechanistic experiments. Our results
indicate that maintaining adequate vitamin D levels may have
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positive implications for MAFLD prevention in adolescents. While
focusing on specific nutrient supplementation, future research
could further explore the potential value of synergistic effects
among multiple micronutrients. Such comprehensive nutritional
intervention approaches may offer more comprehensive strategic
references for the prevention and management of metabolic
diseases in adolescents.
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