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Background and aims: Although the associations of vitamin D with obesity and metabolic abnormalities have been
reported, the role of vitamin D in the transition of obesity phenotype remains unclear but is highly desired since
it is crucial to identify potential methods for obesity management. Therefore, we aimed to investigate the
relationship between vitamin D and the risk for metabolically unhealthy obesity (MUO) or metabolically healthy
obesity (MHO) in metabolically healthy children with 2 years of follow-up.

Methods: Data were collected from a population-based cohort consisting of 6424 metabolically healthy children
aged 6-16 years at baseline. Metabolic abnormalities including hypertension, high triglycerides (TG), low high-
density lipoprotein cholesterol (HDL-C), hyperglycemia, and hyperuricemia were assessed both at baseline and
follow-up. Baseline serum 25-hydroxyvitamin D (25[OH]D) concentrations were measured as exposure. The
obesity phenotype transition was evaluated by weight status with the combination of metabolic health status
from baseline to follow-up.

Results: During a 2-year follow-up, 889 (13.8 %) incident MUO cases occurred. For participants with obesity,
each 10 nmol/L increment in 25(OH)D concentrations was associated with a 21 % (95%CI: 13 %~43 %) and a 7
% (95%CI: 1 %~14 %) decreased risk in high TG and hyperuricemia, respectively. A 51 % (95%CI: 22 %~69 %)
lower risk of MUO was observed in participants with sufficient vitamin D levels (>50 nmol/L) compared to those
with vitamin D deficiency (<30 nmol/L). Besides, among children who were MHO at baseline, those with suf-
ficient vitamin D levels (>50 nmol/L) were more likely to transition to metabolically healthy normal weight
(MHNW) than vitamin D deficient individuals (<30 nmol/L).

Conclusions: Vitamin D may prevent the development of MUO and help increase the transition from MHO to
MHNW. The findings highlight that vitamin D might be an effective nutrient for obesity management.

1. Introduction obesity, including cardiovascular disease (CVD), musculoskeletal dis-

orders, cancer, dementia, and pain [2,3]. Also of interest is that meta-

Obesity continues to rise at an alarming rate worldwide, with the
prevalence increasing 8-fold in the past four decades among children
and adolescents globally [1]. In particular, China had over twice the
global average increase in age-standardized summary exposure value of
high BMI after 2010 [2]. This pandemic poses a substantial threat to
public health due to the numerous health consequences related to

bolically unhealthy obesity (MUO) is commonly defined by metabolic
involvement leading to related diabetic and cardiorespiratory diseases
[4]. In contrast, obesity without the presence of elevated metabolic risk
factors, termed metabolically healthy obesity (MHO), entails a lower
risk for multiple diseases compared to MUO [5]. Thus, MHO has raised a
series of scientific questions regarding the biological basis and
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Fig. 1. The flow chart of the study population.
25(0OH)D, 25-hydroxyvitamin D.

influencing factors of the transition between metabolic phenotypes of
obesity [4,5].

Vitamin D, a fat-soluble micronutrient, is generally considered to
benefit skeletal health [6]. Despite the presence of vitamin D-related
components in various organ systems, there is ongoing debate on the
non-skeletal benefits of this nutrient [7]. Several observational studies
indicate that increased vitamin D levels are linked to a lower risk of
obesity as well as obesity-associated metabolic risk factors [8,9]. How-
ever, vitamin D deficiency may be the consequence of obesity, rather
than the cause, due to the sequestration of this fat-soluble vitamin in
adipose tissue [10]. Additionally, the impact of vitamin D on the tran-
sition of body size metabolic phenotype is poorly understood. As excess
body fat compartments reduce vitamin D bioavailability [11], the po-
tential effects of vitamin D on metabolic health may vary based on
weight status.

At present, vitamin D is still a research hotspot in the field of obesity
prevention. However, there is still a large gap in our understanding of
how vitamin D affects metabolically healthy body size transition. Here,
using data from a large prospective cohort in China, we aimed to
investigate the relationship between vitamin D and the risk for MUO or
MHO in metabolically healthy children with 2 years of follow-up.

2. Material and methods
2.1. Study population

The current study utilized data from the school-based cardiovascular
and bone health program (SCVBH), which is a prospective study to
investigate risk factors for cardiovascular and bone health in school-
aged children. The protocol and baseline characteristics of the study
population have been reported elsewhere [12]. Briefly, a stratified
cluster sampling method was used to select students in 30 schools (8
primary schools, 21 middle schools, and a 12-year education school)
from Dongcheng, Tongzhou, Fangshan, and Miyun districts of Beijing.
All the students in Grades 1 to 4 from primary schools, and Grade 1 from
junior and senior high schools were invited to participate in the baseline
survey from November to September 2017. A total of 15391 children in
Beijing aged 6-16 years completed a self-administered questionnaire,
underwent a physical examination, and provided biological samples at
baseline. Then, 12984 participants were successfully followed up at the
end of 2019, completing the same survey content as the baseline.

In the present analysis, we initially selected 7395 participants,
applying exclusion criteria at baseline, which conducted: (1) hyperten-
sion, dyslipidemia, hyperglycemia, or hyperuricemia; (2) being

underweight; (3) lacking data for vitamin D measurements. Of these,
400 participants were lost to follow-up and 571 participants were
missing data on metabolic phenotypes. Ultimately, the study included a
total of 6424 children (as shown in Fig. 1).

Ethical approval of SCVBH was granted by the Institutional Review
Boards of Capital Institute of Pediatrics (approval number:
SHERLL2016026), and informed consent was obtained from partici-
pants aged >12 years and parents of participants aged <12 years.

2.2. Questionnaire

A validated questionnaire was used to collect socio-demographic
(age, sex, etc.) and lifestyle information (dietary and physical activ-
ity). Smoking behavior was defined as having smoked at least one entire
cigarette in the previous month [13]. Alcohol drinking was defined as
consumption of a standard amount of alcoholic beverage (e.g., 120 ml
wine, 50 ml liquor, or a bottle of beer) in the past month [14]. The
frequency (per week), duration (minutes), and intensity (vigorous or
moderate) of physical activity in a typical week were collected by
questionnaire, and individuals with a daily frequency of moderate or
vigorous physical activity >60 min were considered to achieve an ideal
physical activity [15]. The questionnaire also collected information on
the use of vitamin D supplements in the past 6 months. A validated food
frequency questionnaire was used to collect the frequency of different
food intakes in the past half-year. Ideal dietary behaviors were defined
as achieving at least 4 out of 5 following items: (1) fruits and vegetables
(>1 time/day); (2) aquatic foods (>1 time/week); (3) whole-grain foods
(>1 time/day); (4) sugar-sweetened beverage (<1 time/week); and (5)
bean-curd or dairy products (>1 time/day) [15]. Parental height and
weight were collected by questionnaire, and then parental weight status
was classified as normal (<24 kg/mz), overweight (24 -< 28 kg/mz),
and obesity (>28 kg/m?). Self-reported questions were used to collect
information about family history of hypertension, dyslipidemia, and
diabetes.

2.3. Anthropometric and laboratory analysis

Anthropometric measurements included weight measurement using
the electronic scale without shoes and height using the stadiometer.
Body mass index (BMI) was calculated as weight (kilograms)/(height
(meters))?. Resting blood pressure (BP) was measured three times with
1-2 min intervals (OMRON HBP-1300, Omron, Kyoto, Japan) in a seated
position, and the average of the last two readings was used.

Fasting venous blood samples (5 ml) were drawn after an overnight
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Table 1

Characteristics of study population by vitamin D status.
Characteristics Overall (n = 6424) Vitamin D status P value

Deficiency (n = 1566) Insufficiency (n = 3198) Sufficiency (n = 1660)

Demographic and lifestyle indicators
age, mean (SD), year 11.0 (3.3) 11.9 (3.2) 11.0 (3.3) 10.1 (3.2) <0.001
boys, n(%) 2878 (44.8) 461 (29.4) 1366 (42.7) 1051 (63.3) <0.001
smoking, n(%) 57 (0.9) 9 (0.6) 26 (0.8) 22 (1.3) 0.062
drinking, n(%) 405 (6.3) 118 (7.5) 194 (6.1) 93 (5.6) 0.058
ideal physical activity, n(%) 354 (5.5) 86 (5.5) 157 (4.9) 111 (6.7) 0.036
parental obesity, n(%) 1648 (25.7) 376 (24.0) 862 (27.0) 410 (24.7) 0.054
family history of metabolic abnormalities, n(%) 1856 (28.9) 498 (31.8) 927 (29.0) 431 (26.0) 0.001
Baseline metabolic parameters
ideal dietary behaviors, n(%) 1234 (19.2) 297 (19.0) 592 (18.5) 345 (20.8) 0.156
usage of vitamin D supplements, n(%) 1326 (20.6) 307 (19.6) 643 (20.1) 376 (22.7) 0.058
BMI, mean (SD), kg/m? 19.3(3.8) 19.5 (3.5) 19.3 (3.8) 18.8 (3.8) <0.001
weight status, n(%) <0.001
normal weight 4404 (68.6) 1160 (74.1) 2156 (67.4) 1088 (65.5)
overweight 1088 (16.9) 228 (14.6) 567 (17.7) 293 (17.7)
obesity 932 (14.5) 178 (11.4) 475 (14.9) 279 (16.8)
SBP, mean (SD), mmHg 106.4 (9.1) 106.8 (8.9) 106.4 (9.0) 105.9 (9.4) 0.018
DBP, mean (SD), mmHg 58.8 (6.5) 59.8 (6.2) 58.9 (6.5) 57.7 (6.7) <0.001
TG, mean (SD), mmol/L 0.70 (0.30) 0.76 (0.29) 0.70 (0.29) 0.64 (0.30) <0.001
HDL-C, mean (SD), mmol/L 1.47 (0.28) 1.47 (0.28) 1.47 (0.28) 1.48 (0.29) 0.393
FBG, mean (SD), mmol/L 5.06 (0.31) 5.11 (0.28) 5.06 (0.31) 5.03 (0.31) <0.001
UA, mean (SD), pmol/L 256.3 (73.7) 250.6 (75.2) 255.1 (73.7) 264.1 (71.7) <0.001
Follow-up metabolic parameters
ideal dietary behaviors, n(%) 1359 (21.2) 322 (20.6) 668 (20.9) 369 (22.2) 0.653
usage of vitamin D supplements, n(%) 1440 (22.4) 300 (19.2) 675 (21.1) 465 (28.0) <0.001
BMI, mean (SD), kg/m? 20.3 (4.1) 20.5 (3.9) 20.4 (4.2) 19.8 (4.1) <0.001
weight status, n(%) <0.001
normal weight 4424 (68.9) 1156 (73.8) 2149 (67.2) 1119 (67.4)
overweight 1111 (17.3) 234 (14.9) 583 (18.2) 294 (17.7)
obesity 889 (13.8) 176 (11.2) 466 (14.6) 247 (14.9)
SBP, mean (SD), mmHg 109.9 (10.7) 110.2 (10.3) 109.7 (10.7) 110.3 (11.2) 0.177
DBP, mean (SD), mmHg 61.3 (7.2) 62.4 (6.9) 61.3 (7.1) 60.4 (7.6) <0.001
Hypertension, n(%) 610 (9.5) 127 (8.1) 287 (9.0) 196 (11.8) 0.001
TG, mean (SD), mmol/L 0.69 (0.36) 0.74 (0.37) 0.69 (0.37) 0.63 (0.33) <0.001
High TG, n(%) 115 (1.8) 31 (2.0) 63 (2.0) 21 (1.3) 0.173
HDL-C, mean (SD), mmol/L 1.47 (0.27) 1.46 (0.26) 1.47 (0.27) 1.50 (0.28) <0.001
Low HDL-C, n(%) 207 (3.2) 57 (3.6) 105 (3.3) 45 (2.7) 0.316
FBG, mean (SD), mmol/L 5.10 (0.38) 5.02 (0.44) 5.12 (0.36) 5.15 (0.36) <0.001
Hyperglycemia, n(%) 552 (8.6) 131 (8.49) 277 (8.7) 144 (8.7) 0.934
UA, mean (SD), pmol/L 348.2 (80.1) 350.4 (77.1) 346.7 (80.6) 349.0 (81.7) 0.299
Hyperuricemia, n(%) 1155 (18.0) 285 (18.2) 556 (17.4) 314 (18.9) 0.406

SD, standard deviation; BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; TG, triglycerides; HDL-C, high-density lipoprotein

cholesterol; FBG, fasting blood glucose; UA, uric acid.
Data was presented as mean (SD) or percentage.

fast and centrifuged for 10 min at 1509.3xg. Fasting blood glucose
(FBG), high-density lipoprotein cholesterol (HDL-C), triglycerides (TG),
and uric acid (UA) were measured using the Hitachi 7080 biochemistry
autoanalyzer (Hitachi, Tokyo, Japan) at both the baseline and follow-up
survey. The enzymatic method (Sekisui Medical Incorporation, Tokyo,
Japan) was allowed to assess on the spot values for TC and TG while
HDL-C and LDL-C were analyzed by the direct method (Sekisui Medical
Incorporation, Tokyo, Japan). Fasting glucose was measured using a
hexokinase method (Biosino Bio-Technology and Science Incorporation,
Beijing, China). UA was detected with commercial detecting Kits (Bio-
sino Bio-Technology and Science Incorporation, Beijing, China) ac-
cording to the manufacturer’s protocols. Serum concentrations of 25-
hydroxyvitamin D [25(OH)D] were measured using DiaSorin 250H
Vitamin D total assay (DiaSorin, Stillwater, MN, United States) on an
automated chemiluminescent platform at baseline.

2.4. Study variables

According to the Institute of Medicine recommendations, vitamin D
status was classified as deficiency (<30 nmol/L), insufficiency (30 ~
<50 nmol/L), and sufficiency (>50 nmol/L) based on the baseline serum
25(0OH)D concentrations [16].

Childhood weight status was classified as normal weight (<85th),

overweight (85th —95th), and obesity (>95th) according to the age-and-
sex-specific cut-offs proposed by the World Group on Obesity in China
[17]. As suggested in the expert consensus on screening metabolically
unhealthy obesity in children [18], participants were defined as being
metabolically unhealthy if they met at least one of the following criteria:
(1) systolic BP and/or diastolic BP > 95th percentile for sex- and
age-specific group [19]; (2) HDL-C <1.03 mmol/L; (3) TG > 1.70
mmol/L; (4) fasting glucose >5.6 mmol/L; (5) UA >420 pmol/L. In the
present study, we classified the metabolic phenotypes of weight status at
follow-up to six classes as the primary outcome: metabolically healthy
normal weight (MHNW), metabolically unhealthy normal weight
(MUNW), metabolically healthy overweight (MHOW), metabolically
unhealthy overweight (MUOW), metabolically healthy obesity (MHO),
and metabolically unhealthy obesity (MUO).

2.5. Statistical analysis

For the present study, we initially limited our sample to metaboli-
cally healthy individuals at baseline. Study population characteristics
were presented as frequency (%) for categorical variables, and mean
(SD) for continuous variables. Differences across the vitamin D status
categories were examined using analysis of variance for continuous
variables, and chi-squared tests for categorical variables. The
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Fig. 4. Restricted cubic spline analysis for the associations of 25(OH)D concentrations and risk of metabolic abnormalities. A, B, C, D, and E stand for the associations
of 25(OH)D levels with the risk for hypertension, low HDL-C, high TG, hyperglycemia, and hyperuricemia, respectively, in baseline metabolically healthy normal
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HDL-C, high TG, hyperglycemia, and hyperuricemia, respectively, in baseline metabolically healthy obese children.

HDL-C, high-density lipoprotein cholesterol; TG, triglycerides.

The gray shaded area indicates the density of participants according to 25(OH)D levels.
Models were adjusted for age, sex, smoking, drinking, physical activity, dietary behaviors, vitamin D supplementation, parental obesity, family history of metabolic
abnormalities, and baseline metabolic parameters (including BMI, SBP, DBP, HDL-C, TG, FBG, and UA).

cumulative incidence rates (CIRs) for each outcome in different vitamin
D status groups were calculated as the number of new cases within a 2-
year follow-up divided by the number of participants who were free of
the corresponding outcome at baseline. An alluvial plot was used to
demonstrate the transitions of metabolic status from baseline to follow-
up by weight status.

The estimated marginal means of 25(OH)D concentrations in
different metabolic phenotypes were calculated using analysis of
covariance, and the Tukey-Kramer test was used to compare the mean
between groups in the post-hoc analysis. By assigning numeric values to
the categorical variables, the trend of 25(OH)D concentrations across
groups was tested in the linear regression models. To examine the dose-
response relationship between 25(OH)D concentrations as a continuous
variable and the incidence of MUO and metabolic abnormalities by
baseline weight status group, we used restricted cubic spline curves with
three knots based on logistic models. The associations between baseline
vitamin D and metabolic phenotypes of weight status at follow-up were
determined by the multinomial logistic regression after adjustment for
demographic, parental, lifestyle, and baseline metabolic indicators. We
further used multivariable log-binomial regressions to examine the as-
sociations of vitamin D with each metabolic abnormality. Also, stratified
analyses were performed by sex and weight status. The potential effect
modification of stratified variables was examined using a two-way
product term in the models.

The sample size calculation was performed using an online sample
size calculator (https://sample-size.net/). A 2-tailed P < 0.05 was
considered statistically significant, and all analyses were performed by R
software (version 3.4.0, www.cran.r-project.org).

3. Results

The mean age of 6424 participants was 11.1 + 3.3 years at baseline,
and 2878 (44.8 %) of them were boys. Overall, the mean of serum 25
(OH)D concentrations was 41.5 + 15.3 nmol/L, and the prevalence of
vitamin D deficiency was 24.3 %. As compared to those with vitamin D
deficiency or insufficiency, participants who had sufficient vitamin D
had the lowest level of BMI, DBP, and TG at both the baseline and follow-
up (Table 1). Fig. 2 illustrates the frequencies of weight and metabolic
status from baseline to follow-up by vitamin D status. By the end of
follow-up, we found that 8.1 % of the initial 4048 normal weight chil-
dren became overweight and obese. Of these, 40.2 % developed at least
one metabolic abnormality, and 22.8 % had vitamin D deficiency. 82.2
% of the initial 2020 children with overweight/obesity maintained their
weight status at follow-up. Among them, 839 (51.0 %) became meta-
bolically unhealthy. Similarly, the frequencies of the transition for each
metabolic phenotype are depicted in Fig. 3.

During a 2-year follow-up, the cumulative incidence of hypertension,
low HDL-C, high TG, hyperglycemia, and hyperuricemia were 9.5 %,
3.2%, 1.8 %, 8.6 %, and 18.0 %, respectively. Fig. 4 shows the nonlinear
associations between the risk of metabolic abnormalities and 25(OH)D
concentrations by baseline weight status. We mainly found that the risk
for high TG (P for linearity = 0.005) and hyperuricemia (P for linearity
= 0.050) decreased approximately linearly with increasing 25(0OH)D
levels in the baseline obesity group. The associations of vitamin D both
as continuous and categorical variables with the risk for metabolic ab-
normalities derived from multivariate logistic regressions were given in
Table 2. The results demonstrated that a 10 nmol/L increment for 25
(OH)D concentrations in children with obesity at baseline would yield
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Table 2
Associations of vitamin D with risk for metabolic abnormalities by baseline weight status.
Baseline Metabolic Continuous 25(0OH)D Vitamin D status Pirend
weight abnormalities concentrations per 10 Deficiency Insufficiency Sufficiency
status nmol/L
RR (95%CI) P value CIR (%, 95% RR (95% CIR (%, 95% RR (95%CI) CIR (%, 95% RR (95%CI)
CD CD Cn
Normal
hypertension 0.99 (0.97, 0.497 9.1 (7.4, Reference 6.0 (5.1,7.1) 0.99 (0.92, 5.3(4.1,6.8) 0.96 (0.87, 0.441
1.01) 10.9) 1.07) 1.05)
low HDL-C 0.86 (0.75, 0.052 2.7 (1.9, 3.9) Reference 2.1 (1.6,2.8) 0.79 (0.50, 1.9(1.2,2.9) 0.67 (0.37, 0.176
1.01) 1.23) 1.21)
high TG 0.83 (0.66, 0.107 1.0 (0.5, 1.8) Reference 1.3(0.8,1.8) 1.13 (0.56, 0.6 (0.2,1.2) 0.49 (0.17, 0.175
1.05) 2.29) 1.37)
hyperglycemia 0.98 (0.91, 0.515 7.3(5.9, 8.9) Reference 8.1 (6.9,9.3) 1.11 (0.85, 7.7 (6.2, 9.5) 1.04 (0.75, 0.825
1.05) 1.44) 1.43)
hyperuricemia 0.99 (0.94, 0.972 13.3(11.4, Reference 11.5 (10.2, 0.83 (0.67, 14.2 (12.2, 0.90 (0.71, 0.421
1.05) 15.4) 12.9) 1.02) 16.5) 1.14)
Overweight
hypertension 0.99 (0.95, 0.960 10.9 (7.2, Reference 10.6 (8.2, 1.00 (0.85, 12.3 (8.7, 0.99 (0.82, 0.949
1.05) 15.7) 13.4) 1.18) 16.6) 1.21)
low HDL-C 0.82 (0.65, 0.090 3.5(1.5,6.8) Reference 5.1 (3.5,7.3) 1.31 (0.60, 2.3(1.0, 4.9) 0.55 (0.19, 0.263
1.04) 2.83) 1.57)
high TG 1.02 (0.68, 0.922 0.9 (0.1, 3.0) Reference 1.6 (0.7, 3.0) 2.11 (0.43, 1.0 (0.2, 2.9) 1.29 (0.19, 0.849
1.52) 10.29) 8.88)
hyperglycemia 0.98 (0.91, 0.571 11.8 (7.9, Reference 9.3 (7.1, 0.79 (0.49, 9.2 (6.2, 0.76 (0.43, 0.338
1.05) 16.7) 12.0) 1.27) 13.1) 1.33)
hyperuricemia 0.89 (0.81, 0.009 31.1 (25.2, Reference 22.0 (18.7, 0.66 (0.49, 24.6 (19.8, 0.60 (0.42, 0.006
0.97) 37.6) 25.7) 0.89)** 30.0) 0.85)**
Obesity
hypertension 1.02 (0.92, 0.768 22.5 (16.6, Reference 20.4 (16.9, 0.88 (0.61, 21.9(17.2, 1.01 (0.67, 0.841
1.13) 29.3) 24.3) 1.28) 27.2) 1.55)
low HDL-C 0.91 (0.75, 0.307 9.5 (5.7, Reference 6.3 (4.3,8.9) 0.52 (0.28, 6.1 (3.6, 9.6) 0.58 (0.28, 0.187
1.10) 14.8) 0.96)* 1.18)
high TG 0.71 (0.57, <0.001 9.6 (5.7, Reference 5.7 (3.8, 8.2) 0.56 (0.29, 4.3(2.2,7.4) 0.38 (0.17, 0.012
0.87) 14.8) 1.01) 0.81)*
hyperglycemia 1.04 (0.91, 0.571 10.7 (6.5, Reference 10.5 (7.9, 1.09 (0.64, 11.8 (8.3, 1.26 (0.69, 0.414
1.19) 16.2) 13.6) 1.88) 16.2) 2.29)
hyperuricemia 0.93 (0.86, 0.049 33.7 (26.8, Reference 38.3 (33.9, 1.02 (0.75, 31.2 (25.8, 0.80 (0.57, 0.168
0.99) 41.1) 42.8) 1.37) 36.9) 1.14)

RR, risk ratio; CIR, cumulative incidence rate; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol. *0.01 < P < 0.05; **0.001 < P < 0.01.
Multivariable logistic regression models were used to examine the association between vitamin D both as continuous and categorical variables and risk of metabolic

abnormalities.

RRs were adjusted for age, sex, smoking, drinking, physical activity, dietary behaviors, vitamin D supplementation, parental obesity, family history of metabolic
abnormalities, and baseline metabolic parameters (including BMI, SBP, DBP, HDL-C, TG, FBG, and UA).

21 % (95%CI: 13 %~43 %) and 7 % (95%CI: 1 %~14 %) risk reduction
for high TG and hyperuricemia, respectively. In this subgroup, we also
found that children with sufficient and insufficient vitamin D levels had
62 % (95%CI: 19 %~83 %) and 48 % (95%CI: 4 %~72 %) decreased risk
for high TG and low HDL-C, respectively, compared to those who had
vitamin D deficiency status.

The adjusted means across different metabolic phenotypes by base-
line weight status are presented in the bar plot (Fig. 5). From MHNW to
MUO at follow-up, a significantly decreased trend (P = 0.005) in 25(0H)
D concentrations was observed only in the children with obesity at
baseline. Likewise, the adjusted mean of 25(OH)D concentrations
decreased linearly with the clustering of metabolic abnormalities at
follow-up only in children with baseline obesity(P = 0.017) (Fig. 6).

Fig. 7 illustrates the dose-response associations between baseline 25
(OH)D concentration and the risk of MUO and metabolically unhealthy
status by baseline weight status. A linear inverse association (P for
linearity = 0.018) between vitamin D and the risk of MUO was observed
in the baseline metabolically healthy obesity group. Besides, in this
study group, the risk for metabolically unhealthy status decreased
approximately linearly with increasing 25(OH)D concentrations from
50 nmol/L. Adjusted ORs from multivariate multinomial logistic re-
gressions are given in Table 3 to show the associations between vitamin
D and risk for each metabolic phenotype in the overall population.
Compared to vitamin D deficient children, those with sufficient vitamin
D levels had 51 % (95%CI: 22 %~69 %) decreased risk for MUO. In

addition, each 10 nmol/L higher of baseline 25(OH)D concentrations
were associated with a 13 % (95%CI: 3 %~22 %) reduction in the risk
for MHO during follow-up.

We also examined the associations of vitamin D with risk for MUO
(Table 4) or MHO (Table 5) by sex and baseline weight status. The risk
for MUO was significantly lower in vitamin D insufficient and sufficient
boys compared to vitamin D deficient boys. However, the association
was not statistically significant in girls. The weight status stratified an-
alyses found a significantly lower risk of MUO in vitamin D sufficient
children for baseline normal weight (OR[95%CI]: 0.13 [0.03-0.61]) and
obesity groups (OR[95%CI]: 0.20 [0.05-0.85]), but not for the baseline
overweight group. Furthermore, children with vitamin D sufficiency had
a significantly lower risk of maintaining the MHO status compared to
vitamin D deficient children in the baseline obesity group. Further,
sensitivity analyses were performed to analyze the associations between
vitamin D and the risk for metabolically unhealthy obesity and over-
weight (MUOO) (Table 6). Similarly, an inverse association between the
risk of MUOO and vitamin D levels was found in boys as well as over-
weight and obese individuals. However, the association was not statis-
tically significant in girls and normal weight individuals.

4. Discussion

Leveraging this large, school-based prospective cohort study
involving more than 6000 children who were free of metabolic
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Fig. 5. The estimated marginal mean of 25(OH)D concentrations in different metabolic phenotypes at follow-up by baseline weight status. MHNW, metabolically
healthy normal weight; MUNW, metabolically unhealthy normal weight; MHOW, metabolically healthy overweight; MUOW, metabolically unhealthy overweight;
MHO, metabolically healthy obesity; MUO, metabolically unhealthy obesity. Error bar represents standard error of the mean. The means were adjusted for age, sex,
smoking, drinking, physical activity, dietary behaviors, vitamin D supplementation, parental obesity, family history of metabolic abnormalities, and baseline
metabolic parameters (including BMI, SBP, DBP, HDL-C, TG, FBG, and UA). *0.01 < P < 0.05, **0.001 < P < 0.01 compared to the metabolically healthy normal

weight group (reference group).

Metabolic Health

Number of metabolic abnormality = 1
¥ Number of metabolic abnormality > 1

Clustering of metabolic abnormalities at follow-up

Vitamin D concentrations (nmol/L)
w
>
1

Pireng = 0.878 Pieng = 0.060 Pienga=0.017
%
1
—la —
] .}% Syt
20 : e
Normal Overweight Obesity

Baseline weight status

Fig. 6. The estimated marginal mean of 25(OH)D concentrations according to the clustering of metabolic abnormalities at follow-up by baseline weight status.

Error bar represents standard error of the mean.

The means were adjusted for age, sex, smoking, drinking, physical activity, dietary behaviors, vitamin D supplementation, parental obesity, family history of
metabolic abnormalities, and baseline metabolic parameters (including BMI, SBP, DBP, HDL-C, TG, FBG, and UA). *P < 0.05 compared to the metabolic health group

(reference group).

abnormalities at baseline, we found that vitamin D was inversely asso-
ciated with the incidence of MUO over a 2-year follow-up period. Be-
sides, our results showed that the risk of high TG and hyperuricemia
decreased with increasing levels of serum 25(OH)D concentrations only
in children with overweight/obesity at baseline. As a result, public
health and clinical strategies based on vitamin D supplementation may
have significant implications for preventing potential health hazards
caused by obesity. Additionally, our participants with higher vitamin D
levels at baseline were more likely to transition from MHO to MHNW at
follow-up. In light of these findings, we speculate that vitamin D might
be an effective nutrient for obesity management in children.

It is well documented that obesity poses substantial health issues for

both individuals and society [20]. Specifically, several obesity-related
metabolic abnormalities including hypertension, dyslipidemia, and
diabetes, are increasing with the obesity epidemic [21]. Despite the
mechanisms that link obesity to metabolic disease have been elucidated
in detail, individuals with obesity but apparently free of metabolic dis-
orders, the so-termed MHO, have been extensively debated [22].
Currently, metabolically unhealthy obesity is generally considered at a
high risk of progressing to the metabolically unhealthy phenotype, and
therefore should not be regarded as a benign condition [23]. In our
analysis, 76 % of 932 MHO children at baseline transitioned into MUO
phenotype after a 2-year follow-up. Similar to our results, another study
comprised of 59957 Korean adults reported that about 70 % of MHO
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Fig. 7. Restricted cubic spline analysis for the associations of 25(0OH)D concentrations and risk of metabolically unhealthy obesity and metabolically unhealthy
status. A, B, and C stand for the associations of 25(OH)D levels with the risk for metabolically unhealthy obesity in baseline metabolically healthy normal weight,
overweight, and obesity group, respectively. D, E, and F stand for the associations of 25(OH)D levels with the risk for metabolically unhealthy status in baseline
metabolically healthy normal weight, overweight, and obesity group, respectively.

The gray shaded area indicates the density of participants according to 25(OH)D levels.

Models were adjusted for age, sex, smoking, drinking, physical activity, dietary behaviors, vitamin D supplementation, parental obesity, family history of metabolic
abnormalities, and baseline metabolic parameters (including BMI, SBP, DBP, HDL-C, TG, FBG, and UA).

Table 3
Associations between vitamin D and risk of metabolic phenotypes of weight status.
Metabolic Continuous 25(0OH)D Vitamin D status Pirend
Ph i 1 1/L
enotypes concentrations per 10 nmol/ Deficiency Insufficiency Sufficiency
RR (95%CI) P CIR (%, 95% RR (95% CIR (%, 95% RR (95%CI) CIR (%, 95% RR (95%CI)
CD CD CD (@]
MUO 0.81 (0.73, 0.90) <0.001 6.8 (5.7, 8.1) Reference 8.5(7.6, 9.5) 0.86 9.5(8.2,11.0) 0.49 (0.31, 0.78) <0.001
— (0.58,1.28) -
MHO 0.87 (0.78, 0.97) 0.005 4.8 (3.8, 5.9) Reference 6.4 (5.6, 7.3) 1.10 6.0 (4.9,7.2) 0.66 (0.41, 1.05) 0.022
sk (0.73,1.65)
MUOW 0.91 (0.84, 0.99)*  0.015 18.7 (16.8, Reference 17.2 (15.9, 1.12 18.6 (16.8, 0.82 (0.57, 1.17) 0.104
20.7) 18.5) (0.83,1.53) 20.5)
MHOW 0.98 (0.91, 1.05) 0.307 9.3 (7.9,10.8) Reference 10.9(9.9,12.1) 1.14 11.0(9.6,12.6)  0.97 (0.71, 1.33) 0.422
(0.87,1.49)
MUNW 1.00 (0.95, 1.05) 0.443 18.7 (16.8, Reference 17.2 (15.9, 0.96 18.6 (16.8, 1.01 (0.82, 1.25) 0.550
20.7) 18.5) (0.81,1.15) 20.5)

RR, risk ratio; CIR, cumulative incidence rate; MUO, metabolically unhealthy obesity; MHO, metabolically healthy obesity; MUOW, metabolically unhealthy over-
weight; MHOW, metabolically healthy overweight; MUNW, metabolically unhealthy normal weight. *0.01 < P < 0.05; **0.001 < P < 0.01; ***P < 0.001.
Multivariable multinomial logistic regression models were used to examine the association between vitamin D both as continuous and categorical variables and risk of
metabolic phenotypes.

RRs were calculated by taking metabolically healthy normal weight as reference group, and adjusted for age, sex, smoking, drinking, physical activity, dietary be-
haviors, vitamin D supplementation, parental obesity, family history of metabolic abnormalities, and baseline metabolic parameters (including BMI, SBP, DBP, HDL-C,
TG, FBG, and UA).
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Table 4
Associations of vitamin D and risk for metabolically unhealthy obesity by sex and baseline weight status.
Subgroup Continuous 25(OH)D Vitamin D status Ptrend
trati 1 /L
concentrations per 10 nmol/ Deficiency Insufficiency Sufficiency
RR (95%CI) Pinteraction CIR (%, 95%CI) RR (95%CI) CIR (%, 95%CI) RR (95%CI) CIR (%, 95%CI) RR (95%CI)
Sex 0.861
boy 0.84 (0.73, 0.95) 13.3(10.4, Reference 11.5 (9.9, 13.2) 0.49 (0.28, 0.88) 11.2(9.4,13.2) 0.37 (0.20, 0.68) <0.001
*k 16.6) * *k
girl 0.90 (0.75, 1.07) 4.1 (3.0,5.4) Reference 6.2 (5.1,7.3) 1.35 (0.78, 2.35) 6.6 (4.7, 8.8) 0.95 (0.47, 1.91) 0.497
Weight status 0.635
normal 0.62 (0.42, 0.91)* 0.8 (0.3,1.4) Reference 0.5 (0.2, 0.9) 0.40 (0.14, 1.11) 0.3 (0.1, 0.8) 0.13 (0.03, 0.61) 0.002
overweight 0.81 (0.67, 0.99)* 8.0 (4.9,12.2) Reference 6.4 (4.6, 8.7) 1.13 (0.56, 2.26) 6.2 (3.8,9.5) 0.71 (0.32, 1.59) 0.164
obesity 0.69 (0.53, 0.89) 43.7 (36.5, Reference 45.7 (41.3, 0.91 (0.22, 3.82) 47.1 (41.4, 0.20 (0.05, 0.85)* 0.004
. 51.1) 50.1) 52.8)

RR, risk ratio; CIR, cumulative incidence rate. *0.01 < P < 0.05; **0.001 < P < 0.01.
Multivariable multinomial logistic regression models were used to examine the association between vitamin D both as continuous and categorical variables and risk of

metabolic phenotypes.

RRs were calculated by taking metabolically healthy normal weight as reference group, and adjusted for age, sex (except for stratified analyses by sex), smoking,
drinking, physical activity, dietary behaviors, vitamin D supplementation, parental obesity, family history of metabolic abnormalities, and baseline metabolic pa-

rameters (including BMI, SBP, DBP, HDL-C, TG, FBG, and UA).

Table 5
Associations of vitamin D and risk for metabolically healthy obesity by sex and baseline weight status.
Subgroup Continuous 25(OH)D Vitamin D status Prend
trati 1 1/L
concentrations per 10 nmol/ Deficiency Insufficiency Sufficiency
RR (95%CI) Pinteraction CIR (%, 95%CI) RR (95%CI) CIR (%, 95%CI) RR (95%CI) CIR (%, 95%CI) RR (95%CI)
Sex 0.331
boy 0.83 (0.72, 0.95)** 5.5(3.7,7.9) Reference 8.3(7.0,9.9) 1.00 (0.53, 6.7 (5.4, 8.4) 0.50 (0.25, 0.99)* 0.003
1.90)
girl 0.78 (0.65, 0.93)** 4.5(3.4,5.9) Reference 4.9 (4.0, 6.0) 0.92 (0.54, 4.6 (3.1, 6.6) 0.53 (0.27, 1.00)* 0.048
1.55)
Weight status 0.038
normal 1.00 (0.69, 1.47) 0.2 (0.1, 0.6) Reference 0.4 (0.2, 0.7) 1.53 (0.33, 0.3 (0.1, 0.9) 1.22 (0.22, 6.89) 0.539
7.05)
overweight 0.91 (0.75, 1.10) 5.9 (3.3,9.7) Reference 7.6 (5.6, 10.1) 1.69 (0.80, 5.3(3.1,8.3) 0.84 (0.36, 2.01) 0.263
3.55)
obesity 0.62 (0.48, 0.80) 32.6 (26.0, Reference 31.5 (27.5, 0.89 (0.21, 27.5 (22.5, 0.14 (0.03, 0.59) 0.001
ok 39.8) 35.7) 3.72) 32.8) o

RR, risk ratio; CIR, cumulative incidence rate. *0-01 < P < 0-05; **0-001 < P < 0-01; ***P < 0-001.
Multivariable multinomial logistic regression models were used to examine the association between vitamin D both as continuous and categorical variables and risk of

metabolic phenotypes.

RRs were calculated by taking metabolically healthy normal weight as reference group, and adjusted for age, sex (except for stratified analyses by sex), smoking,
drinking, physical activity, dietary behaviors, vitamin D supplementation, parental obesity, family history of metabolic abnormalities, and baseline metabolic pa-

rameters (including BMI, SBP, DBP, HDL-C, TG, FBG, and UA).

patients progress to MUO over a 7.7-year follow-up [24]. In addition, the
associations between MHO and atherosclerotic diseases have been
investigated in several epidemiological studies. The China Kadoorie
Biobank (CKB) cohort involving >450000 Chinese adults found that
MHO patients had an 8 % higher risk for atherosclerotic vascular events
compared to the MHNW individuals over a 10-year follow-up [25].
Current evidence points to high conversion rates from metabolically
healthy to unhealthy obesity and indicates that effective means are
needed to prevent this unfavorable transition.

Vitamin D, which is mainly responsible for calcium homeostasis and
bone metabolism, has been shown to have potential benefits for car-
diovascular health [26]. A growing body of evidence has investigated
the relationship between vitamin D and obesity as well as
obesity-related metabolic abnormalities. However, data from different
scales have been confusing and conflicting. A previous cross-sectional
analysis of 559 Chinese adolescents found a negative correlation be-
tween vitamin D and TG after adjustment for BMI [27]. We have now
extended this finding to a more specific population by using a cohort
study. After 2 years of follow-up in our study population, the risk of high
TG was reduced by 62 % (95%CI: 19 %~83 %) in the vitamin D suffi-
ciency individuals compared with vitamin D deficiency individuals only

in the baseline obese group. However, no significant association be-
tween the risk of cardiometabolic abnormalities and vitamin D was
found in our baseline normal weight group. The results of a recent
meta-analysis are partially consistent with our findings, where vitamin
D supplementation >200,000 IU was shown to have a beneficial effect
on reducing TG and fasting glucose levels but not HDL-C and blood
pressure in children [28]. Unfortunately, the subgroup differences ac-
cording to weight status were not included in their analyses. A recent
randomized clinical trial conducted in 604 racially diverse school-
children showed beneficial effects of vitamin D supplementation on
HDL-C, LDL-C, and total cholesterol but not on TG in all weight status
groups [29]. Another randomized controlled trial conducted in elderly
patients with type 2 diabetes observed a significant reduction in TG
levels in the vitamin D supplementation group in obese patients, which
is consistent with our data [30]. The exact mechanism underlying the
protective role of vitamin D in the lipid profile remains elusive and is
presumably linked to the peroxisome proliferator-activated receptor
(PPAR)-a pathway, which may be activated by vitamin D and is essential
for lipid metabolism [31]. In addition to the high TG, an inverse asso-
ciation between 25(OH)D concentrations and the risk of hyperuricemia
was found in our population with overweight and obesity. Nevertheless,
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Table 6
Associations of vitamin D and risk for metabolically healthy obesity and overweight by sex and baseline weight status.
Subgroup Continuous 25(0OH)D Vitamin D status Pirend
trati 1 1/L
concentrations per 10 nmol/ Deficiency Insufficiency Sufficiency
RR (95%CI) Pinteraction CIR (%, 95% RR (95% CIR (%, 95% RR (95%CI) CIR (%, 95% RR (95%CI)
CD CD CD CD
Sex 0.986
boy 0.86 (0.79, 0.95) 36.9 Reference 40.4 0.57 (0.37, 36.3 0.51 (0.46, 0.56) <0.001
sk 0.88)* *%
girl 0.92 (0.81, 1.04) 21.7 Reference 27.1 1.24 (0.84, 26.1 0.99 (0.59, 1.65) 0.554
1.82)
Weight status 0.112
normal 0.90 (0.79, 1.02) 6.9 Reference 8.4 0.98 (0.62, 8.5 0.68 (0.39, 1.18) 0.067
1.56)
overweight and 0.83 (0.74, 0.92) 81.0 Reference 83.2 1.06 (0.69, 78.3 0.61 (0.37, 0.98) 0.010
obesity i 1.62) *

RR, risk ratio; CIR, cumulative incidence rate. *0-01 < P < 0-05; **0-001 < P < 0-01; ***P < 0-001.
Multivariable multinomial logistic regression models were used to examine the association between vitamin D both as continuous and categorical variables and risk of

metabolic phenotypes.

RRs were calculated by taking metabolically healthy normal weight as reference group, and adjusted for age, sex (except for stratified analyses by sex), smoking,
drinking, physical activity, dietary behaviors, vitamin D supplementation, parental obesity, family history of metabolic abnormalities, and baseline metabolic pa-

rameters (including BMI, SBP, DBP, HDL-C, TG, FBG, and UA).

the effects of vitamin D supplements on hyperuricemia reported by
randomized clinical trials are inconsistent. In a randomized controlled
trial among patients with prediabetes and hyperuricemia, a significant
reduction in uric acid concentration was found after 12 weeks of vitamin
D supplementation [32]. According to Hu et al., the response of serum
uric acid to vitamin D supplementation in patients with type 2 diabetes
was modified by gender and baseline vitamin D status [30].

There is strong evidence from cross-sectional studies that vitamin D
deficiency is related to unfavorable adiposity [27,33,34]. However,
there is intense scientific debate as to whether this reflects a causal
relationship or instead a reverse causation [35]. According to Thacher
TD, vitamin D deficiency may be an indicator rather than a cause of
obesity due to the sequestration of vitamin D in adipose tissue [36].
Using the bi-directional genetic approach, a Mendelian randomization
study suggested that a higher BMI led to a lower 25(OH)D concentra-
tion, while any effects of lower 25(OH)D on increasing BMI were likely
to be small [9]. Nonetheless, the effect of weight loss interventions
including dietary/lifestyle modification and surgery on vitamin D status
is still inconclusive [37]. A meta-analysis conducted by Mallard SR
indicated that behavior therapy-induced weight and fat mass reduction
was associated with a small increase in serum 25(OH)D levels [38],
while another study found no significant changes in 25(OH)D levels
after weight loss [39]. As for the studies that examined the effect of
vitamin D supplementation on weight loss, most of them did not find
statistically significant results [40-42]. However, no further studies
have yet assessed the associations of vitamin D with obesity phenotypes.
Our study extends the previous findings by providing insight into the
role of vitamin D in obesity phenotype transition. Although only 14 %
(889 of 6424) of participants with metabolic health at baseline transi-
tioned to MUO, we found that each 10 nmol/L higher serum 25(0OH)D
concentration was significantly associated with a 19 % decreased risk of
transitioning to MUO, and the association persisted in weight
status-stratified analysis. Interestingly, in the subgroup analysis of initial
MHO children, participants with higher vitamin D levels are more likely
to transition to the MHNW phenotype. Hence, strategies to increase
vitamin D levels in children with obesity for obesity management are
warranted. Although the underlying mechanisms by which vitamin D
may play a potential role in weight loss are still unclear, several clues
can be deduced from previous experimental studies. Evidence suggests
that vitamin D may inhibit preadipocyte differentiation and fatty acid
synthesis by regulating adipogenic transcription factor gene expression
[43]. Additionally, as a key regulator of calcium metabolism, vitamin D
may suppress adipocyte fatty acid synthase expression by increasing

10

calcium levels [44].

Our study has several strengths, including its large sample size,
objective measurements of serum 25(OH)D concentration and metabolic
indicators, and adjustment for a wide range of potential confounders. In
particular, we restricted our sample to initially metabolically healthy
individuals in a population-based prospective cohort, which can observe
the natural history of the transition of obesity phenotype and minimize
reverse causality in the causal inference. In addition, the dose-response
and stratified analyses were performed to test the robustness of our
findings.

5. Limitations

Nevertheless, there are still limitations in our study when inter-
preting the results. First, unmeasured time-varying and residual con-
founding cannot be ruled out due to the nature of observational design.
Second, the 2-year follow-up period in our cohort may not be sufficient
to observe the full effects of vitamin D on obesity phenotype transition.
Another limitation of the study is the lack of follow-up vitamin D data,
which may not accurately reflect vitamin D levels during the follow-up
period. Finally, the generalizability of the conclusion may be limited due
to the lack of other ethnic groups in our study population.

6. Conclusion

The associations between vitamin D and metabolic risk factors in
populations with different weight statuses have been reported. How-
ever, no studies have used a longitudinal design and took metabolically
unhealthy obesity as the outcome. Thus, it remains unclear whether
vitamin D itself plays a causal role in the transition from metabolically
healthy weight status to metabolically unhealthy obesity or whether
vitamin D supplementation can serve as a potential method to prevent
metabolically unhealthy obesity. To the best of our knowledge, the
present study is the first investigation to evaluate the role of vitamin D in
obesity phenotype transition among children, revealing that higher
levels of vitamin D may help prevent metabolically healthy individuals
from transitioning to metabolically unhealthy status and MUO, espe-
cially in children with obesity. Our results suggest that public health and
clinical strategies based on vitamin D supplementation may have
important implications for the prevention of potential health hazards
caused by obesity in children and adolescents. Also, vitamin D has been
speculated to be an effective nutrient for obesity management in
children.
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