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Abstract

Purpose Vitamin D has a crucial role in our metabolic health. We aimed to examine associations of vitamin D status and
its related dietary pattern (DP) with prevalent risk of metabolic syndrome (MetS) in 9,237 Korean adults aged 19—64 years
based on the National Health and Nutrition Examination Survey.

Methods Vitamin D status was examined by serum 25-hydroxyvitamin D (25(OH)D). A vitamin D-related DP associated
with 25(OH)D levels was derived using reduced rank regression (RRR). Associations of vitamin D status and its related DP
with MetS prevalence were examined using multivariable logistic regression models adjusted for potential confounders.
Results Men with sufficient vitamin D status had a 44% lower risk of MetS prevalence (OR: 0.56; 95%CI: 0.36—0.87) com-
pared to those with deficiency. A vitamin D-related DP derived using RRR was characterized by high intakes of vegetables,
fish, fruits, and nuts and low intakes of eggs, oils, and mushrooms in this study population. Among men, the DP was sig-
nificantly associated with a lower risk of MetS prevalence, showing a 12% (95%CI: 4-20%) reduction in risk for a one-unit
increase in the DP score. However, there was no significant association among women.

Conclusion The study’s findings suggest that a sufficient vitamin D status and a related DP with high intakes of vegetables,
fish, fruit, and nuts were associated with the risk of MetS, particularly in Korean male adults.

Keywords Vitamin D status - 25-hydroxyvitamin D - Metabolic syndrome - Dietary pattern - Reduced Rank Regression

Introduction

Metabolic syndrome (MetS), a cluster of abdominal obesity,
hypertension, dyslipidemia, and hyperglycemia, increases
risks of type 2 diabetes (T2D) and cardiovascular diseases
(CVDs) [1-3]. The global prevalence of MetS among
adults was estimated at 20-25% in 2018 and has continu-
ously increased [4]. The MetS prevalence in Korean adults
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was 25.6% and 12.4% in men and women, respectively, in
2016-2018 [5].

The complex pathophysiology and interrelations among
the components of MetS remain incompletely understood.
Key mechanisms like insulin resistance, chronic inflamma-
tion, and hormonal activation are pivotal in its development
and progression [6]. Despite extensive research, the precise
underlying cause remains elusive, with various contribut-
ing factors proposed, including genetic factors, adipose
tissue dysfunction derived from overweight/obesity, physi-
cal inactivity, and microbiota dysbiosis [7, 8]. Unbalanced
diets, including deficiencies of micronutrients such as vita-
min D, also play crucial roles in the MetS development by
linking to other contributing factors [8].

Numerous studies have addressed the preventive role
of vitamin D in MetS [8, 9]. Vitamin D plays an essential
role as a prohormone in our body, not only being involved
in bone metabolism but also having preventive effects
against metabolic diseases such as anti-inflammatory and
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anti-fibrotic effects. The main source of vitamin D is cho-
lecalciferol (vitamin D;) synthesized by sunlight or from
animal food and ergocalciferol (vitamin D,) from vegeta-
ble food. These sources could be biologically active forms
through two hydroxylations in our body, the first in the liver
(25-hydroxyvitamin D, 25(OH)D) and then in the kidney
(1,25-dihydroxyvitamin D, 1,25(OH),D). A blood level of
25(0OH)D indicates vitamin D status in our body.

Several observational studies among Western popula-
tions reported that serum 25(OH)D level had a signifi-
cant inverse association with the risk of MetS [3, 10, 11].
In the Korean population, the prevalence rate of vitamin
D deficiency (25(OH)D level <20 ng/ml) was 71% in
2010~2014, which was higher compared to other Western
countries — about 40% in the US and European population
[11-13]. A few studies within the Korean population also
showed preventive effects of vitamin D on MetS [14, 15],
but it is still controversial due to inconsistent results in stud-
ies [15, 16].

In addition, examining the association between dictary
vitamin D intake and disease outcomes is challenging due
to the limitations of traditional nutritional assessment tools,
which cannot accurately reflect the bioavailability of vita-
min D from various food sources and cannot account for
its interaction with other micronutrients and biomolecules
in our body during digestion and absorption [17]. Some
attempts to tackle these limitations include using statistical
approaches such as reduced rank regression (RRR) in nutri-
tion epidemiology [18, 19]. Several studies have reported
the advantage of using RRR models in deriving dictary pat-
terns (DPs) related to biomarkers of interest and examining
their association with chronic diseases [20-22]. However,
only a few studies have applied RRR to investigate the asso-
ciation of DPs with MetS, especially vitamin D-related DPs,
in an Asian population [23, 24].

Therefore, our study hypothesized that vitamin D status
and vitamin D-related DP are associated with the prevalence
of MetS in the Asian population. Thus, this study aimed to
examine the associations of vitamin D status and vitamin
D-related DP based on serum 25(OH)D level with risk of
MetS prevalence in Korean adults using population-based
data from the Korean National Health and Nutrition Exami-
nation Surveys (KNHANES) 2010-2014.

Materials and methods
Study population
This study was conducted based on data from the 5th-6th

(20102012 & 2013-2014) KNHANES, where serum
25(OH)D levels of participants were measured. The
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KNHANES is a population-based cross-sectional sur-
vey conducted by the Korea Disease Control and Preven-
tion Agency (KDCA) to monitor and assess the health and
nutritional status of Koreans [25]. The sampling involved a
stratified multistage probability method based on household
and regional units, considering administrative divisions,
housing type, age, sex, and residential property character-
istics. All eligible household members aged one year and
older who met the criteria of Korean representatives were
included as survey participants [25]. The KNHANES sur-
vey protocol was approved by the KDCA Institutional
Review Board (IRB) (Reference No: 2010-02CON-21-C;
2011-02CON-06-C; 2012-01EXP-01-2 C; 2013-07CON-
034 C; 2013-12EXP-03-5 C). All participants provided
informed consent for the use of their examination data. All
survey procedures and examinations complied with the
Declaration of Helsinki.

Definition of MetS

Based on the modified Third National Cholesterol Educa-
tion Program Expert Panel on Detection, Evaluation, and
Treatment of High Blood Cholesterol in Adults (NCEP-ATP
II)] [26], we defined MetS as the presence of three or more
of the following: (1) abdominal obesity: waist circumfer-
ence>90 cm in men and > 85 cm in women (according to
the Korean Society for the Study of Obesity, KSSO) [27],
(2) elevated fasting glucose: FG>100 mg/dL, (3) elevated
triglycerides: TGs > 150 mg/dL, (4) reduced HDL-choles-
terol: HDL-C level <40 mg/dL in men and <50 mg/dL in
women, (5) elevated blood pressure: SBP>130 mm Hg
and/or DBP>85 mm Hg.

Definition of vitamin D status

Vitamin D status was evaluated based on serum 25(OH)D
levels, which were measured by radioimmunoassay using
the 25(OH)D 1251 RIA Kit (DiaSorin, U.S.A) and a 1470
WIZARD gamma-Counter (PerkinElmer, Finland) [25].
Vitamin D status was defined as deficient (25(OH)D < 10
ng/mL), insufficient (25(OH)D>10 and <20 ng/mL), or
sufficient (25(OH)D >20 ng/mL) according to the WHO
criteria for vitamin D deficiency [28-30].

Vitamin D-related dietary pattern

Dietary intake of study participants was assessed by using
a 24-hour recall method [25]. All reported food items were
categorized into 17 food groups (Supplementary Table S1).
The daily intake (g/day) of each food group was calculated
based on an established KNHANES database. The vitamin
D-related DP was derived by using RRR [18], with 17 food
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group intakes as predictor variables and serum 25(OH)D
level as a response variable in the model. RRR is similar
to factor analysis but has the advantage of deriving linear
combinations of predictor variables (herein, a DP consist-
ing of 17 food groups) that maximally explain the variance
of response variables (herein, serum 25(OH)D), based on a
priori hypothesis related to the outcome of interest (herein,
MetS) [18]. More details on statistical analysis for deriv-
ing the DP are described in the Statistical Analysis section
below.

Potential confounders

Data of potential confounders, including sex, age, education
level, regular exercise, smoking status, and alcohol intake,
were collected by the KNAHNES self-reported question-
naire [25]. Body mass index (BMI) was calculated as the
body weight (kg) divided by the square of body height (m?).
Educational level was classified into four categories: < Ele-
mentary school, Middle school, High school, or > College.
Regular physical activity was categorized into three levels
based on walking days per week: < 2 days/week, 2—4 days/
week, or >4 days/week. Smoking status was categorized
into three groups: current, former, or non-smoker. Alcohol
intake was categorized into three levels: non-consumer, < 1
time/ week, or >2 times/week.

Statistical analysis

All analyses were performed using the SAS program (Sta-
tistical Analysis System, version 9.4, SAS Institute Inc.,
Cary, NC, USA). Clusters, strata, and sample weights
were used in all analyses to adjust for the survey design of
KNHANES, which enabled the results to be representative
of the entire Korean population. Differences in general char-
acteristics, socioeconomic factors, and clinical data between
non-MetS and MetS groups were examined using Student’s
t-test for continuous variables and chi-square test for cat-
egorical variables.

To derive the vitamin D-related DP, RRR analysis was
conducted with 17 food groups as predictor variables and
serum 25(OH)D as the response variable. Prior to the RRR
analysis, the daily intake of the 17 food groups was adjusted
for energy intake by taking residuals from general linear
models (GLMs) after log transformation to make the dis-
tributions symmetrical and normal. The RRR analysis iden-
tified a linear combination of the food groups explaining
serum 25(OH)D, referred to as vitamin D-related DP, with
factor loadings indicating associations between the food
groups and the DP. Factor loadings with absolute values of
0.20 or more are considered statistically meaningful. Addi-
tionally, the DP score of each subject was calculated based

on eigenvectors from the covariance matrix of predictors
and responses [31].

Associations of vitamin D status, based on the 25(OH)D
levels, and the vitamin D-related DP score with risk of MetS
prevalence and each component of MetS were examined by
multiple logistic regression analysis with adjustment for
age, BMI, and other confounders (education level, smok-
ing, alcohol drinking, regular exercise, and energy intakes).
The DP score was analyzed both as a continuous variable
(using a one-unit increase in the DP score) and as a categori-
cal variable (using quartiles). Tests for linear trends across
quartiles were performed using the same multiple logistic
regression models with a continuous variable ranging from
1 to 4 for quartiles. All statistical significance levels were
defined as P <0.05.

Results

Among a total of 23,985 participants aged 19 ~ 64 years,
we excluded 5,102 subjects who were pregnant, breast-
feeding, or menopausal, in a physiological condition that
could affect both vitamin D metabolism and MetS. We also
excluded subjects with extremely high or low daily energy
intake (<500 kcal/day or > 5000 kcal/day) (n=184) and
those with missing data for serum 25(OH)D, MetS com-
ponents, dietary intake, or anthropometric measurements
(n=17,637). Additionally, subjects who had not fasted for
at least 8 h prior to blood sampling or had TG serum levels
exceeding 400 mg/dL (n=365), were treated for hyper-
tension, diabetes, and dyslipidemia (n=1,189), and did
not completely answer the questions regarding potential
confounders, including education level, smoking, alco-
hol intake and physical activity (n=271) were excluded.
Finally, a total of 9,237 participants were included in the
analysis (Fig. 1).

General characteristics of study subjects

The characteristics of subjects according to the presence
of MetS are presented in Table 1. Out of 9,237 subjects,
1,312 (14.2%) were diagnosed with MetS. The proportion
of men (64.5%) with MetS was higher than those without
MetS (44.7%). MetS subjects were older (42.3 +0.3 years
vs. 36.2+0.2 years) and had higher BMI (27.0+0.1 kg/m?
vs. 22.7+0.1 kg/m?) and serum 25(OH)D level (17.0+0.2
ng/ml vs. 16.5+0.1 ng/ml) significantly, compared to non-
MetS subjects. MetS subjects had higher proportions of
drinkers and smokers and energy intake, whereas lower lev-
els of education and regular physical activity compared to
non-MetS subjects (P <0.05).
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Included

Total participants (n=41,102)

Excluded

Participants aged 19~64 years (n=23,985)

Participants aged <19 or >64 years (n=17,117)

~,| Participants who were pregnant, breastfeeding, or

menopausal (n=5,102)

Participants whose daily energy intake was

V

extremely high or low (n=184)

Participants without data on either

serum 25(OH)D, MetS component, dietary intake,
or anthropometrics (n=7,637)

Participants not having at least an 8-hour fasting

V

sample or exceeding 400mg/dL of a triglyceride
serum level (n=365)

| Participants who were treated for hypertension,

diabetes, and dyslipidemia (n=1,189)

Participants without data on potential

\
Final study population (n=9,237)

Fig. 1 Flowchart of study participants

Associations between vitamin D status and risk of
MetS prevalence

The proportion of subjects with vitamin D deficiency (< 10
ng/ml), insufficiency (10-20 ng/ml), and sufficiency (>20
ng/ml) according to serum 25(OH)D level were 9.8%,
67.0%, and 23.3%, respectively. Table 2 shows associations
between vitamin D status and the prevalence of MetS. In
men, vitamin D status was significantly associated with risk
of MetS prevalence, but no significant association in women.
Men with vitamin D sufficiency had a 44% lower risk of
MetS prevalence (OR=0.56; 95% CI 0.36, 0.87) compared
to those with vitamin D deficiency. Regarding each MetS
diagnostic component, men with vitamin D sufficiency
had lower risks of elevated TGs (OR=0.48; 95% CI 0.34,
0.67; Pfor trend <0.001) and reduced HDL-C (OR =0.69;
95% CI1 0.47, 1.00; Pfor trend <0.05 in the model adjusted
for age and BMI only) compared to those with vitamin D
deficiency. Women with vitamin D sufficiency had lower
risks of elevated TGs (OR=0.50; 95% CI 0.32, 0.77; Pfor
trend < 0.01), reduced HDL-C (OR=0.69; 95% CI 0.53,
0.91; Pfor trend<0.01), and elevated BP (OR=0.59;
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confounders including education level, smoking,
alcohol intake, and physical activity (n=271)

Y

95% CI 0.37, 0.94; Pfor trend <0.05), while had a higher
risk of elevated FG (OR=1.74; 95% CI 1.07, 2.83; Pfor
trend < 0.05) than those with vitamin D deficiency.

Associations between a dietary pattern related to
vitamin D status and risk of MetS prevalence

The vitamin D-related DP was characterized by high intakes
of vegetables, fish, fruit, and nuts, and low intakes of eggs,
oils, and mushrooms, according to factor loadings with
absolute values>0.20 (Fig. 2 & Supplementary Table S2).
Associations between the vitamin D-related DP and MetS
prevalence are shown in Table 3. The DP was associated
with a lower risk of MetS prevalence, particularly in men,
with a 12% (95% CI: 4-20%; P-value=0.006) reduction in
risk for a one-unit increase in the DP score. In particular,
men with higher DP scores had a 25% lower risk (OR g4y o1
= 0.75; 95% CI 0.59, 0.97; p for trend < 0.01) compared to
those with lower DP scores. However, no significant asso-
ciation was observed among women. For individual MetS
components, the DP showed non-significant linear associa-
tions but indicated that the lowest risks of elevated FG in
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Table 1 Demographic and
clinical characteristics of subjects
with and without metabolic syn-
drome (MetS)

MetS, metabolic syndrome;
BMI, Body Mass Index; 25(0OH)
D, 25-hydroxyvitamin D

Values are presented as “n(%) or
mean (SD)

‘Differences between non-MetS
and MetS groups were tested by
student’s t-test for continuous
variables and y? test for categori-
cal variables

Non-MetS (n=7,925) MetS (n=1,312) Pvalue®
Gender®
Male 3542 (44.7) 846 (64.5) <0.001
Age (years)® 36.2 (0.2) 42.3(0.3) <0.001
BMI (kg/m?)° 22.7(0.1) 27.0(0.1) <0.001
Serum 25(OH)D (ng/ml)® 16.5 (0.1) 17.0 (0.2) 0.011
MetS components®
Waist circumference (cm) 77.3(0.1) 90.5(0.3) <0.001
Fasting plasma glucose (mmol/l) 90.4 (0.2) 106.4 (1.0) <0.001
Serum HDL cholesterol (mmol/1) 52.5(0.2) 41.9 (0.3) <0.0001
Serum triglycerides (mg/dL) 99.3 (0.8) 200.8 (2.5) <0.001
Systolic blood pressure (mmHg) 111.2 (0.2) 126.4 (0.5) <0.001
Diastolic blood pressure (mmHg) 73.8 (0.1) 85.8 (0.4) <0.001
Education level®
< Elementary school 312 (3.6) 95 (6.6) <0.001
Middle school 431 (5.5) 134 (9.7)
High school 3420 (46.7) 532 (42.3)
> College 3762 (44.2) 551 (41.4)
Regular physical exercise®
<2 days/week 1660 (20.5) 306 (23.2) 0.026
2—4 days/week 2511 (29.7) 432 (31.8)
>4 days/week 3754 (49.8) 574 (15.0)
Smoking status®
Current 1822 (26.8) 418 (36.5) <0.001
Former 1447 (18.9) 325 (24.3)
Never 4656 (54.3) 569 (39.2)
Alcohol intake®
> 2 times/week 1667 (22.1) 425 (32.8) <0.001
< 1 time/ week 4934 (62.3) 697 (53.1)
Non-consumer 1324 (15.5) 190 (14.1)
Energy intake (kcal/day)® 2154.5 (12.0) 2272.5(28.2) <0.001

men (OR 3 o1 = 0.80; 95% C10.64, 1.00) and elevated TG
in women (ORg;,5 1 = 0.76, 95% CI=0.57, 1.00) in the
3rd quartile groups of DP score.

Discussion

We examined the vitamin D status using serum 25(OH)D
levels and a vitamin D-related DP associated with the serum
25(OH)D levels using RRR in Korean adults aged 19-64
years based on the KNHANES 2010-2014. In addition, we
investigated cross-sectional associations of vitamin D status
and its related DP with MetS risk in this study population.
We found that men with a sufficient vitamin D level had a
44% lower risk of MetS and a 52% lower risk of elevated
TG than those with a deficient vitamin D level. Women with
a sufficient status of vitamin D had lower risks of elevated
TG, reduced HDL-C, and elevated BP, even though there
was no statistically significant association with MetS risk.
The vitamin D-related DP identified in this study population
was characterized by high intakes of vegetables, fish, fruit,

and nuts and low intakes of eggs, oils, and mushrooms. This
DP was associated with a 12% lower risk of MetS preva-
lence for a one-unit increase in the DP score in men, while
no significant association was observed in women.

Vitamin D, mainly acquired through sun exposure and
dietary intake, acts as a prohormone involved not only in
classical functions related to bone metabolism but also in
non-classical pleiotropic pathways affecting immune func-
tion, inflammation, antioxidant, and anti-fibrosis, which link
to pathophysiological mechanisms of MetS and its com-
ponent [8]. Vitamin D deficiency is, therefore, a potential
risk factor for MetS affecting the cardiovascular system,
increasing insulin resistance and obesity, and stimulating
the renin-angiotensin-aldosterone system leading to hyper-
tension [32]. Several studies have assessed the association
of vitamin D with MetS, suggesting that higher 25(OH)D
levels are inversely associated with MetS [33, 34]. A meta-
analysis of 28 observational studies including~100 K
participants [35] found that high levels of 25(OH)D in the
adult population were associated with significant reductions
in CVDs, T2D, and MetS. Another meta-analysis of 18
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Fig. 2 Factor loadings of 17 food groups in the vitamin D-related dietary pattern derived by reduced rank regression (RRR) Prior to the RRR
analysis, the daily intakes of 17 food groups were adjusted for energy intake by taking residuals from general linear models after log transformation

observational studies including a total of 41 K participants
[36] also showed a significant inverse association between
blood levels of 25(OH)D and the risk of MetS. In line with
these previous studies, we found a significant inverse asso-
ciation between serum 25(OH)D levels and the prevalence
of MetS, mainly in men, not women.

Regarding individual components of MetS, serum
25(0OH)D was inversely associated with TG levels in both
men and women in this study. Many previous studies
showed this relationship, including a recent meta-analy-
sis of 59 observational studies [37], suggesting that high
levels of serum 25(OH)D reduce hypertriglyceridemia
and dyslipidemia. Vitamin D might have both direct and
indirect effects on serum lipid levels [38]. In vitro studies
demonstrated that 1,25(OH),D can directly control adi-
pogenesis by blocking adipocyte differentiation [39, 40].
Indirectly, vitamin D can reduce serum lipids by increas-
ing intestinal absorption of calcium, which leads to less
intestinal absorption and more fecal excretion of fat [41],
and/or by suppressing serum parathyroid hormone (PTH),
which reduces lipolysis in vitro studies [42]. We also
found that serum 25(OH)D was associated negatively with
BP, but only in women, which could also be explained by
the effect on the PTH-BP link [43]. Additionally, we found
a positive association between HDL-C and serum 25(OH)

D, also only in women. An underlying mechanism could
be the role of vitamin D in the formation of HDL particles.
Vitamin D can promote the formation of large HDL par-
ticles, affecting reverse cholesterol transport and prevent-
ing cardiovascular risk [44].

Our findings suggest sex differences in the effect of vita-
min D related to MetS and its components as addressed
in previous studies. Compelling evidence [45—47] shows
a higher prevalence of metabolic disorders like obesity,
T2D, and CVD in men compared to women (especially pre-
menopausal) due to sex-specific genetic and hormonal dif-
ferences. For instance, genetic studies revealed sex-specific
effects of the X chromosome in CVD [47, 48], observational
studies found higher insulin sensitivity in women [49], and
large clinical and experimental evidence indicated sex hor-
mones contribute to metabolic disease susceptibility [45],
suggesting the protective effect of estrogens. In the current
study, the Mets prevalence was twice as high in men (19.3%)
compared to women (9.6%). In addition, a recent review
suggests sex differences in vitamin D metabolism [50], such
as the effect of sex hormones on the expression levels of
vitamin D-related genes [51], which could also contribute
to differential susceptibility to MetS. In line with that, the
current study showed a higher MetS prevalence rate in men
(18.4%) than in women (10.0%) in the vitamin D deficiency
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Table 3 (continued)

4849)

Women (n

=4388)

Men (n

Dietary Pattern

Model 1 Model 2 Model 3

no. of cases / no. of total

Model 12 Model 2° Model 3¢

no. of cases / no. of total

OR (95% CI)

0.693

OR (95% CI)

0.669

OR (95% CI)

0.056

OR (95% CI)

0.296

OR (95% CI)

0.076

OR (95% CI)

0.624

P for trend

1.02(0.96-1.09)

0.551

1.02(0.95-1.08)

0.602

1.07(1.01-1.14)

0.026

0.97(0.89-1.05)

0.398

0.94(0.87-1.02)

0.120

0.99(0.92-1.06)

0.788

Linear for 1 unit

P-value

Elevated blood pressure

1.00 1.00

1.00

98 /1213

1.00 1.00

1.00

333 /1097
341/1097
364 /1097

Quartile 1

0.86 (0.64-1.17)
0.82 (0.61-1.11)

0.85 (0.63-1.15)
0.81 (0.60-1.10)

0.83 (0.62-1.11)

0.701

1.12 (0.84-1.50)
1.17 (0.88-1.55)

0.90 (0.75-1.10) 109/1212

0.93 (0.77-1.13)
0.95 (0.80-1.15)

1.03 (0.86-1.24)
1.14 (0.95-1.36)

Quartile 2

113/1212
130/ 1212

0.90 (0.75-1.10)

Quartile 3

0.83 (0.61-1.12)

0.685

1.37 (1.04-1.80)

0.026

0.88 (0.72-1.07)

0.228

0.93 (0.77-1.13)

0.538

1.28 (1.07-1.53)

0.003

393 /1097

Quartile 4

P for trend

0.94(0.84-1.05)

0.248

0.93(0.84-1.04)

0.222

1.14(1.03-1.27)

0.011

0.96(0.90-1.04)

0.313

0.99(0.92-1.06)

0.679

1.12(1.05-1.20)

0.001

Linear for 1 unit

P-value

OR, odds ratio; CI, confidence interval

aModel 1: crude; ®Model 2: adjusted for age and BMI; “Model 3: additionally adjusted for education level, smoking, alcohol drinking, regular physical activity, and energy intake

group (25(OH)D <10 ng/mL), suggesting a stronger link
between vitamin D and MetS in men.

In particular, this sex difference was more pronounced
in associations with FG levels. Although previous evi-
dence suggests that vitamin D deficiency links to the onset
of diabetes [52, 53], our study found that serum 25(OH)D
level was positively associated with FG level in women.
Several studies indicated that insufficient levels of vitamin
D induced the onset of insulin resistance, potentially lead-
ing to non-insulin-dependent diabetes by the disruption of
insulin sensitivity, B-cell function, or a combination of both
[54-56]. Despite the evidence, results from several observa-
tional studies remain an open issue for intense debate on the
relationship between 25(OH)D levels and diabetes risk [57,
58]. In addition, some studies showed sex differences in the
vitamin D and FG relationship. For instance, a cross-sec-
tional study among 542 Arab Americans found a significant
inverse correlation between 25(OH)D concentration and FG
in men but not women [59], consistent with our findings.
As mentioned, women have higher insulin sensitivity, espe-
cially during the reproductive period, due to the protective
effect of estrogens. The interaction between vitamin D and
estrogen levels might influence FG levels in women. There-
fore, future studies examining the associations between
vitamin D status and diabetes-related outcomes should con-
sider variations in sex hormones.

This study also aimed to identify vitamin D-related DPs,
and then examine their association with MetS prevalence in
Korean adults. Traditional nutritional assessment methods,
relying on self-reported dietary intake data and food com-
position databases, have limitations in estimating vitamin
D intake due to their inability to capture its bioavailabil-
ity and interactions with other micronutrients and biomol-
ecules [17]. Consequently, previous studies have shown
inconsistent results. Moreover, conventional DP analysis
techniques, such as principal component, factor, or clus-
ter analysis, share these limitations. Therefore, this study
applied the RRR technique to address these issues. We iden-
tified a vitamin D-related DP of 17 food groups by RRR,
using 25(OH)D as a proxy of vitamin D and also a poten-
tial mediator of MetS demonstrated in previous and current
studies. Many studies have reported the association between
DPs and MetS [23, 34, 60—65]. Yet, vitamin D-specific DPs
using RRR were rarely studied.

In this study, the vitamin D-related DP was characterized
by high intakes of vegetables, fish, fruits, and nuts and low
intakes of eggs, oil, and mushrooms. This result is similar
to ‘healthy’ and ‘prudent’ DPs in other studies on DPs and
MetS. Vitamin D-rich diets include both animal and plant
foods. The main form of vitamin D in animal-based food is
cholecalciferol (vitamin D3), rich in fatty fish, meat, eggs,
milk, and dairy products, while the main form in plant-based
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food is ergocalciferol (vitamin D2), rich in cereal grains,
vegetables, fruits, mushrooms [8]. Cholecalciferol (vitamin
D3) is known to be more effective in increasing and main-
taining circulating 25(OH)D levels and the bioavailability
is higher in animal-based and fortified foods, though data
are still insufficient to draw definitive conclusions [66]. Fish
intake is a key component of the vitamin D-related DP in
the study, as a previous study based on KNHANES reported
that the main food source of vitamin D among Korean
adults was fish (71.3%) and then eggs (14.9%) [67]. In the
current study, the DP was negatively associated with egg
intake, reflecting a DP where a higher intake of fish cor-
responds with lower intakes of eggs and other animal-based
food in this study population. Interestingly, vegetable intake
was more strongly associated with this vitamin D-related
DP than fish intake, which is likely aligned with dietary hab-
its where people with healthier dietary patterns tend to con-
sume more vegetables and fish. Additionally, in the Korean
diet, Kimchi — a traditional dish of fermented cabbage with
various types of sources — constitutes a significant portion of
vegetable consumption and often includes fish-based sauces
like anchovy or oyster, which might contribute to serum
vitamin D levels in this study population.

The vitamin D-related DP high in vegetables, fish, fruits,
and nuts was associated with lower risks of MetS and its
components including FG and TG in our study. Accord-
ing to a meta-analysis of 28 cross-sectional studies and 3
cohort studies including~70 K participants [64], prudent
and healthy patterns, high in fruit, vegetables, whole grains,
fish and seafood, legumes, poultry, olive oil, nuts, seeds,
and fat-free or low-fat dairy similar to the DP in our study,
were associated with a lower risk of MetS. Also, in previous
cohort studies in western populations [65, 68], DPs rich in
fruits, vegetables, nuts, and fish were inversely associated
with MetS risk. To date, one study among 1,092 Japanese
adults showed that the DP extracted by using RRR with
intakes of 6 MetS-related nutrients including vitamin D as
response variables was high intakes of vegetables, fruits,
fish, and natto, and was associated with reduced risk of
MetS [23].

Our study, to the best of our knowledge, is the first to exam-
ine a vitamin D-specific DP derived by RRR with 25(OH)D
and its association with MetS prevalence risk in Korean adults
aged 19-64 years using large, representative, population-
based data. However, there are some limitations. First, the
cross-sectional design of the study limits our ability to explain
causal relationships. Second, we used dietary data from a sin-
gle 24-hour recall, which may not fully represent usual intake.
However, serum 25(OH)D levels respond to vitamin D intake
in a relatively short time. A dose-response study demonstrated
that peak serum level (C,,,,) was reached 7 days after vita-
min D intake, with a half-life of approximately one month

@ Springer

[69]. Therefore, it would be more appropriate to derive the
DP related to serum 25(OH)D levels using short-term intake
data, such as 24-hour recall data. In addition, we could not
account for other unmeasured factors that could affect both
serum 25(OH)D levels and MetS, such as sex-specific genetic
and hormonal variation (e.g., estrogen) and sun exposure. The
limitation regarding sun exposure arises because the dates of
blood collection/examination, which could reflect seasonal
variation, were not available due to the data privacy con-
straints of KNHANES. Given these limitations, therefore, the
interpretation of the results should be cautious.

In conclusion, findings from this study suggest that main-
taining sufficient vitamin D status and adhering to a DP with
high intakes of vegetables, fish, fruits, and nuts could pre-
vent MetS and dyslipidemia, especially in Korean men. Our
results also indicate sex differences in MetS susceptibility
related to vitamin D and its related DP. Future studies in
prospective or interventional settings are required with con-
sidering sex-specific genetic and hormonal variation, which
could aid in developing sex-specific nutrition guidelines or
educational programs to prevent MetS.
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