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Abstract
Background: The comparatively low 25 hydroxyvitamin D [25(OH)D] levels have been reported in patients with
metabolic syndrome (MetS). Herein we investigated the cross-sectional and longitudinal relationships between serum
25(OH)D levels and MetS risk profile in northern middle-aged Chinese subjects without vitamin D supplementation.
Methods: A cohort of 211 participants including 151 MetS patients and 60 controls at 20–69 years of age were
enrolled from suburban Beijing, China. The recruited MetS patients were subjected to diet and exercise counselling for
1-year. All subjects at baseline and MetS patients after intervention underwent clinical evaluations.
Results: Serum 25(OH)D levels were significantly decreased in MetS patients. 25(OH)D levels were inversely related
to MetS score, fasting blood glucose (FBG) and triglyceride-glucose index (TyG) after adjusting for cofounders (all
P < 0.05). Participants in the lowest tertile of 25(OH)D levels had increased odds for MetS (P = 0.045), elevated FBG
(P = 0.004) in all subjects, and one MetS score gain in MetS patients (P = 0.005). Longitudinally, the metabolic statuses
as well as 25(OH)D levels of MetS patients were significantly improved (all P < 0.05), and the increase of 25(OH)D levels
were inversely related to MetS scores, total cholesterol (TC), low-density lipoprotein cholesterol (LDL-C), FBG, and TyG,
while positively related to high-density lipoprotein cholesterol (HDL-C) after adjusting for confounders.
Conclusions: 25(OH)D levels were significantly decreased in MetS patients, and it was negatively associated with
metabolic dysfunctions at baseline and 1-year after. Metabolic aberrations of MetS patients were significantly ameliorated with 1-year follow-up counselling accompanying by notably elevated 25(OH)D levels.
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Introduction
Vitamin D is a crucial family of fat-soluble secosteroids
which plays a vital role in regulating calcium and phosphate homeostasis in vivo. Other than maintaining bone
health, vitamin D also possesses extra-skeletal effects,
acting positively on cardiovascular system, pancreas and
adipose tissue in an endocrine manner, and the elevated
vitamin D levels help to prevent the occurrence and
development of cardiovascular disease (CVD) [1], type 2
diabetes (T2DM) [2] and obesity [3]. However, vitamin D
deficiency, characterized by serum 25 hydroxyvitamin D
[25(OH)D] levels ≤ 20ng/mL, is highly prevalent worldwide. In China, it was shown that in adults dwelling in
Gansu province (western China), an overall prevalence
of vitamin D deficiency hitting 87.2% [4], while a study
based on the child and young adolescent cohort in Beijing
(northern China) concluded that 78.3% of the recruited
samples were presented with vitamin D deficiency [5].
Metabolic syndrome (MetS) involves a cluster of metabolic dysfunctions including abdominal obesity, elevated
fasting blood glucose (FBG), high blood pressure (BP),
increased triglycerides (TG) and reduced high-density
lipoprotein cholesterol (HDL-C). Studies have revealed
that MetS was closely associated with various diseases
[6], and subsequently contributes to all-cause mortality.
It was reported that in mainland China, approximately
454 million Chinese adults were affected by MetS [7].
Due to highly overlapped risk factors (inadequate exercise, lack of sun exposure, etc.), increasingly abundant
evidences associating vitamin D deficiency and MetS and
its components were emerging over the years [5, 8, 9].
In vitro and in vivo studies also elucidated that vitamin D
possesses the ability of regulating glucolipid metabolism.
Biologically active metabolites of vitamin D3 ameliorated
obesity by inhibiting the expression of lipogenic genes
through inhibiting sterol regulatory element-binding protein (SREBP), which is a master transcription factor for
lipogenesis [10]. Besides, activation of VDR prevented
pathological dedifferentiation of pancreatic beta cells
[11], and downregulation of VDR increased endothelial
inflammatory response in preeclampsia [12], further shed
light on the potential associations between vitamin D and
MetS.
Individuals with MetS often present multiple metabolic perturbations, among which insulin resistance
(IR) is a vital pathophysiologic mechanism of diabetes and may display decades prior to clinical diagnosis.
Currently, the golden standard for measurement of IR

is hyperinsulinemic euglycemic clamp, which is not of
great convenience due to economical and ethical reasons.
Therefore, in recent years, several novel surrogate indices
including visceral adiposity index (VAI), lipid accumulation product (LAP), triglyceride-glucose index (TyG),
triglyceride to high density lipoprotein cholesterol ratio
(TG/HDL-C) and the metabolic score for IR (MetS-IR)
have been introduced to identify IR in the absence of
fasting insulin levels [13–16]. Notably, TyG have shown
higher accuracy for IR compared with homeostasis
model assessment of insulin resistance (HOMA-IR) [17].
As these indices were calculated based on combinations
of waist circumference (WC) and indicators of blood
lipid and glucose, it can be used as indicators for the
condition of whole-body metabolism. There were a few
studies conducted in different populations and regions
have shown that they were also associated with MetS [18,
19]. However, the associations between these indices and
vitamin D status are yet to be illustrated.
Vitamin D deficiency is highly prevalent and the relationship between vitamin D and MetS still controversial
[20, 21]. Moreover, as MetS patients usually have lower
vitamin D levels, and some studies suggest that vitamin
D supplementation can improve the metabolic status of
MetS patients [22]. It is also well established that lifestyle counseling such as diet and exercise interventions
brings about metabolic benefits for MetS patients [23],
but how vitamin D levels changes after diet and exercise
interventions remains unknown, and whether the metabolic improvements are related to the changes of vitamin D status is not clear either. Therefore, in this study,
we firstly cross-sectionally investigate the relationship
between serum 25(OH)D levels and MetS risk profile
in northern Chinese subjects, then explore the changes
of metabolic traits and vitamin D levels and their relationships in MetS patients before and after 1-year diet
and exercise interventions (1 year of intervention was
selected in order to avoid the seasonal variation on vitamin D levels).

Materials and methods
Subjects

All study subjects were recruited from the suburban Beijing
including MetS patients and controls. A total of 151 participants (aged 20-69 years) who met the MetS diagnosis
according to the worldwide definition of the metabolic syndrome proposed by the International Diabetes Federation
(IDF) in 2005 [24] : (1) central obesity: WC for men ≥ 90
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cm or for women ≥ 80cm; and (2) plus at least two of the
following items: (I) systolic BP (SBP) ≥ 130 mmHg and/or
diastolic BP (DBP) ≥ 85 mmHg; (II) HDL-C < 1.03 mmol/L
for males or < 1.29 mmol/L for females; (III)
TG ≥ 1.70 mmol/L; and (IV) FBG ≥ 5.6 mmol/L and/or
2h-BG ≥ 7.8 mmol/L. Simultaneously, 60 control subjects (aged 20–64 years) who met the following inclusion criteria were enrolled in the same region. The
inclusion criteria were as follow: (1) Annual income,
nationality and lifestyle were matched with the patients
in the MetS group; (2) BMI < 28 kg/m2; (3) Waist circumstance < 80 cm for females, < 90 cm for males; (4) Fasting
blood glucose < 6.1 mmol/L; (5) Systolic blood pressure
(SBP) < 135 mmHg, diastolic blood pressure (DBP) < 85
mmHg; and (6) Serum triglycerides < 1.7 mmol/L. All MetS
patients were received diet and exercise counselling. Firstly,
the frequency of follow-ups during the 12-month intervention were once every two weeks within the first 2 months,
followed by once every month for another 4 months, then
once every 3 months for the last 6 months. The interventions were including diet and exercise counseling. Secondly, the diet counseling was carried out by one trained
dietician in accordance with the following protocol: (1) Calorie restriction: reduce the intake of high-calorie foods and
the proportion of carbohydrate food, daily calorie intake is
restricted to 1600 kcal for males and 1400 kcal for females;
(2) Salt restriction: daily salt intake is restricted to 6 g per
person (salt in seasoning is included); (3) Dietary calcium
recommendation: daily intake of 250 mL milk, yogurt or
30 g of soybeans is strongly recommended; (4) Dietary fiber
recommendation: daily intake of 400–500 g vegetable and
200 g fruit are recommended; (5) High cholesterol food
restriction: daily intake of meat is restricted to 75 g and
no more than 4 yolks a day are recommended; (6) Unsaturated fatty acid recommendation: replace the consumption
of animal fat with plant oil as much as possible, deep seedwelling fish is also recommended; and (7) Quitting smoking and alcohol are required. Thirdly, the exercise program
was consisted of moderate intensity exercises. Each participant was equipped with a pedometer and required to
walk 10,000 steps per day. In general, 20–30 min of outdoor fast walk after meal is recommended. The control
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or collection of data were conducted in accordance with
standard protocol. For 5 subjects with elevated blood pressure (SBP ≥ 140 mmHg or DBP ≥ 90 mmHg) and blood
glucose (FBG ≥ 7.0 mmol/L), 40–80 mg daily Telmisartan
and 15 mg daily Pioglitazone were prescribed. These subjects were excluded in the analyses to avoid possible interference from medication. The study protocol was approved
by the Clinical Medicine Ethics Committee of Fuwai Cardiovascular Diseases Hospital, Beijing, China (No. 110-3) for
approval consistency. All participants provided informed
consent before entering the study.
Anthropometric measurements

Anthropometric measurements were performed by the
same trained medical staff. Weight (Wt) were measured to
the nearest 0.1 kg using an electronic scale, height (Ht) was
measured to the nearest centimeter using a stadiometer in
standing position and WC was measured as subjects stood
with the tape measure held parallel to the ground at the
midpoint of the line between the upper edge of the hip and
the lower edge of the ribs, close to the skin without squeezing. BMI was calculated by dividing weight (kg) by height
squared (m2). SBP and DBP were measured for three times
utilizing a standard method and the mean value was taken.
Biochemical measurements

Venous blood samples were taken from all participants
after over-night fasting. Serum total cholesterol (TC), TG,
HDL-C, low-density lipoprotein cholesterol (LDL-C),
FBG, liver and kidney function were measured by routine
automated laboratory methods in our clinical laboratory.
25(OH)D and parathyroid hormone (PTH) levels were
determined by electrochemiluminescence method in our
hospital.
Calculations of metabolic indices

MetS score was calculated according to previous publication [25]. In brief, control subjects exhibit none of the
5 MetS components defined as MetS 0 score, and MetS
patients with 3, 4 and 5 of the components defined as MetS
score 3, 4, and 5, respectively. VAI, LAP, TyG [13], MetS-IR
[16] and TG/HDL-C [26] were calculated using the following equations:

 

 
WC(cm)
TG(mmol/L)
1.31
VAI(Men) =
×
×
39.68 + (1.88 × BMI(kg/m2 )
1.03
HDL − C(mmol/L)

VAI(Women) =



 

 
WC(cm)
TG(mmol/L)
1.52
×
×
39.58 + (1.89 × BMI(kg/m2 )
0.81
HDL − C(mmol/L)
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LAP(Men) = (WC(cm) − 65) × TG(mmol/L)
LAP(Women) = (WC(cm) − 58) × TG(mmol/L)


TG(mg/dL) × FBG(mg/dL)
TyG = Ln
2
MetS − IR
=

Ln[2 × FBG(mg/dL) + TG(mg/dL)] × BMI(kg/m2 )
Ln[HDL − C(mg/dL)]
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Table 1 Comparison of clinical characteristics of control
participants and MetS patients
Variables

Controls

MetS patients

N (male/female)

60 (20/40)

151 (71/80)

0.070

Age (years)

44.02 ± 10.13

49.97 ± 7.73

< 0.001

23.17 ± 2.38

29.25 ± 3.24

< 0.001

79.75 ± 5.40

99.07 ± 7.28

< 0.001

114.07 ± 10.58

141.83 ± 16.05

< 0.001

Wt (kg)
BMI (kg/m2)
WC (cm)
Male

77.90 ± 11.86

< 0.001

89.25 ± 7.05

< 0.001

90.61 ± 9.08

< 0.001

4.91 (4.30, 5.73)

0.293

1.55 (0.93, 2.16)

1.80 (1.31, 2.45)

< 0.001

Male

1.09 (0.91, 1.32)

1.04 (0.89, 1.15)

< 0.001

Female

1.26 (1.09, 1.48)

1.18 (1.03, 1.29)

< 0.001

5.06 ± 0.43

5.56 ± 0.55

< 0.001

76.53 ± 8.90

81.13 ± 13.85

Female
SBP (mmHg)
DBP (mmHg)

TG(mmol/L)
TG/HDL − C =
HDL − C(mmol/L)

59.45 ± 7.64

P

TC (mmol/L)
TG (mmol/L)

72.64 ± 5.41

73.33 ± 7.75

4.81 (4.25, 5.57)

HDL-C (mmol/L)

Statistical analyses

All analysis was performed using SPSS (version 25.0)
for Windows. Data exhibiting skewed distributions were
logarithmically transformed prior to analysis. Data were
presented as mean ± standard deviation (SD) for continuous variables or median and inter-quartile range
(IQR) for skew distributions, and counts (fractions) for
categorical variables. Comparisons of anthropometric
characteristics, clinical features and laboratory results
between subjects with MetS patients and controls were
performed using the Student’s t-test or general linear
model with adjustment of age and gender. Associations
between 25(OH)D levels and continuous metabolic
parameters were evaluated by partial correlation analysis. 25(OH)D levels in subjects with different MetS scores
were calculated and expressed as mean ± SD. Multiple logistic regression models were used for MetS or
MetS components in relation to the tertiles of 25(OH)
D, and odds ratios (ORs) and 95% CIs were calculated
after adjusting for potential confounders. In longitudinal analysis, comparisons of anthropometric characteristics, clinical features and laboratory results of subjects
between baseline and 1 year after were performed by
paired T-test. Linear mixed effect model was built to
assess the association between 25(OH)D levels (independent variable) and multiple metabolic parameters and
indices (dependent variables). P value < 0.05 (two-sided)
was considered as statistically significant.

Results
Comparison of clinical and biochemistry parameters
between the controls and MetS patients

A total of 151 MetS patients (M/F: 71/80) and 60 controls
(M/F: 20/40) were recruited in this study. As presented

FBG (mmol/L)
UA (mmol/L)
Cr (mmol/L)
BUN (mmol/L)
VAI

224.48 ± 62.77
4.69 ± 1.21

271.25 ± 83.00
5.18 ± 1.44

< 0.001
0.005
0.051

Male

2.25 (0.96, 3.07)

2.56 (1.97, 3.76)

< 0.001

Female

1.98 (1.06, 3.15)

2.64 (1.90, 3.73)

< 0.001

Male

56.75 (24.09, 84.24)

67.33 (49.59, 90.90)

< 0.001

Female

38.09 (16.55, 59.30)

52.92 (38.16, 65.92)

< 0.001

8.14 ± 0.39

9.00 ± 0.52

< 0.001

45.59 (41.16, 50.23)

< 0.001

TG/HDL-C

1.26 (0.67, 2.04)

1.72 (1.12, 2.27)

< 0.001

25(OH)D (ng/mL)

16.63 ± 7.58

14.13 ± 3.65

LAP

TyG
MetS-IR

PTH (mmol/L)

42.48 (36.01, 48.36)

42.55 (34.25, 52.63)

43.1 (36.68. 52.63)

0.020
0.528

Data were expressed as ratio for categorical variables and mean ± SD for
normally distributed continuous variables, median (IQR) for skewed distributed
continuous variables. P values are from Student’s T-test or general linear model
with adjustment of age and gender. Values in bold are of significance at P < 0.05

in Table 1, MetS patients had significant higher Wt,
BMI, WC, SBP, DBP, TG, FBG, VAI, LAP, Uric acid (UA),
Creatinine (Cr) and lower HDL-C levels when compared with the controls as expected (all P < 0.01). Metabolic indices including TyG, MetS-IR and TG/HDL-C
were also significantly increased in MetS patients (all
P < 0.001).
The mean levels of 25(OH)D in MetS patients were significantly lower than that of the controls (14.13 ± 3.65
vs. 16.63 ± 7.58 ng/mL, P = 0.020). The overall percentage of vitamin D deficiency (< 20 ng/mL) was 92.05% in
MetS patients. However, PTH levels between two groups
showed no statistical difference.
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Table 2 Partial correlations between 25(OH)D and metabolic
traits in all subjects

Table 3 OR (95% CI) for MetS and its components in terms of
25(OH)D tertiles in all subjects

Variables

Measurements 25(OH)D tertiles

Adjusted 1
r

MetS score
BMI

P

WC
SBP
DBP
TCa

< 0.001

− 0.157

0.025

− 0.091

0.195

HDL-C
FBG
TyG
VAIa
a

LAP

MetS-IRa
TG/HDL-Ca
PTHa

0.083

− 0.160

0.022

− 0.179

0.010

− 0.151

0.031

0.003

0.971

− 0.224

0.001

− 0.123

0.079

− 0.136

TGa

r

− 0.250

− 0.122

Wt

Adjusted 2

0.053

− 0.186

0.008

− 0.171

0.015

− 0.117

0.096

− 0.145

0.040

− 0.117

0.097

P

− 0.227

0.001

− 0.109

0.121

0.107

0.128

− 0.028

0.691

− 0.130

−

− 0.134

−

Range(μg/mL)

Highest (n = 70)
OR(95% CI)

< 12.50

≥ 12.50 to
< 15.95

≥ 15.95

2.179 (0.982,
4.833)

1.695 (0.767,
3.748)

MetS
Model 1

0.057
0.064

P

0.045

0.192

− 0.114

0.106

Model 2

0.064

0.364

2.297 (0.611,
8.631)

1.919 (0.482,
7.639)

− 0.204

0.003

P

0.218

0.355

− 0.076

0.283

− 0.012

0.864

− 0.130

0.069

− 0.149

− 0.116
− 0.069

0.034
0.100
0.331

Adjusted 1 was analyzed after controlling for sex and age
Adjusted 2 was analyzed after controlling sex, age and BMI
Skewed distributions including 25(OH)D were logarithmically transformed

The partial correlations between 25(OH)D and metabolic
traits in all subjects

As displayed in Table 2 (Adjusted 1), 25(OH)D levels were
significantly negatively correlated with MetS score, Wt,
WC, DBP, TG and FBG, as well as TyG, LAP and PTH
in all subjects after adjusting the age and sex. After further adjustment of BMI (Adjusted 2), 25(OH)D levels still
remained significantly negatively associated with MetS
score (P = 0.001), FBG (P = 0.003) and TyG (P = 0.034).
Odds ratio for MetS and its components in terms
of the tertiles of serum 25(OH)D levels in all subjects

All subjects were stratified into trisections according
to 25(OH)D tertiles (lowest: < 12.50 μg/mL; median:
≥ 12.50 to < 15.95 μg/mL; highest: ≥ 15.95 μg/mL). As
shown in Table 3, the probability of the MetS in subjects in the lowest tertile of 25(OH)D levels was 1.179fold higher than those in the highest tertile after adjusted
age and sex (Model 1; OR = 2.179; 95% CI 0.982–4.833;
P = 0.045). However, this phenomenon was abolished
after further adjusted for BMI (Model 2). As MetS consists of multiple components, the relationship between
25(OH)D levels and each component of MetS were further proceeded by multiple logistic regression method.
With respect to FBG, the participants in the lowest tertile of 25(OH)D levels had higher odds for presenting

1.00 (reference)

1.00 (reference)

FBG (≥ 5.6 mmol/L)
Model 1

2.954 (1.408,
6.200)

1.466 (0.707,
3.039)

P

0.004

0.304

Model 2

2.854 (1.340,
6.079)

1.432 (0.681,
3.012)

P

0.007

0.344

1.00 (reference)

1.00 (reference)

TG (≥ 1.70 mmol/L)
Model 1

Values were in bold when P < 0.05
a

Lowest (n = 73) Median
OR (95% CI)
(n = 68)
OR(95% CI)

1.825 (0.886,
3.759)

1.423 (0.694,
2.916)

P

0.103

0.335

Model 2

1.672 (0.783,
3.580)

1.362 (0.636,
2.918)

P

0.184

0.427

1.00 (reference)

1.00 (reference)

HDL-C (< 1.03 mmol/L for males or < 1.29 mmol/L for females)
Model 1

1.118 (0.567,
2.207)

0.866 (0.440,
1.706)

P

0.748

0.678

Model 2

0.870 (0.410,
1.844)

0.751 (0.358,
1.573)

P

0.716

0.447

BP (SBP ≥ 130 mmHg and/or DBP ≥ 85 mmHg)
Model 1

1.891 (0.897,
3.984)

1.068 (0.518,
2.202)

P

0.094

0.858

Model 2

1.506 (0.612,
3.704)

0.923 (0.385,
2.211)

P

0.373

0.858

1.00 (reference)

1.00 (reference)

1.00 (reference)

1.00 (reference)

Model 1 was analyzed after controlling for sex and age
Model 2 was analyzed after controlling sex, age and BMI
Values were in bold when P < 0.05

elevated FBG based on Model 1(OR = 2.954; 95% CI
1.408–6.200; P = 0.004), and this relationship still existed
with further adjustment of BMI (Model 2; OR = 2.854;
95% CI 1.340–6.079; P = 0.007). However, 25(OH)D tertiles were not associated with the risk of the increased
TG, the reduced HDL-C and the elevated BP.
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Table 4 Odds ratio (95% CI) for MetS scores according to 25(OH)
D tertiles in MetS patients
Measurements Tertiles

Range(μg/mL)

Lowest (n = 49) Median
OR (95% CI)
(n = 51)
OR (95% CI)

Highest (n = 51)
OR (95% CI)

< 12.30

≥ 12.30 to
< 15.37

≥ 15.37

3.241(1.428,
7.340)

1.527(0.705,
3.307)

MetS scores
Model 1
P

0.005

0.283

Model 2

3.152(0.721,
7.164)

1.458(0.671,
3.168)

P

0.006

0.341

1.00(reference)

1.00(reference)

Model 1 was analyzed after controlling for age and sex
Model 2 was analyzed after controlling age, sex and BMI

Fig. 1 The levels of 25(OH)D were gradually decreased with the
increase of MetS score in all subjects. Data were expressed as
mean ± SD

The levels of 25(OH)D were gradually decreased
with the increase of MetS score in all subjects

The diagnosis of MetS requires the existence of central obesity plus at least two out of four metabolic components, and the severity of MetS increased as these
components mounting. We next calculated the MetS
scores, which was defined as the number of MetS components (range, 0–5) to reflect the metabolic status of
MetS patients. As displayed in Figure 1, compared with
0 score group (controls), 25(OH)D levels in patients
with 4 scores were significantly decreased (14.14 ± 0.54
vs. 16.63 ± 1.03 ng/mL, P = 0.031). As scores increased,
25(OH)D levels were further declined to 12.82 ± 0.64 ng/
mL in patients with 5 scores (P = 0.002).
Odds ratio for MetS scores in terms of the tertiles of serum
25(OH)D levels in MetS patients

Next, we investigated the relationship between 25(OH)
D tertiles and MetS scores in the MetS patients utilizing
ordinal logistic regression model. As shown in Table 4,
lower 25(OH)D levels were correlated with higher odds
for presenting more MetS components. Compared with
the patients in the highest tertile of 25(OH)D levels
(≥ 15.37 ng/mL), patients in the lowest tertlile of 25(OH)
D levels (< 12.30 ng/mL) had 2.241-fold higher probability of gaining one MetS score after adjusting for sex and
age (Model 1; OR: 3.241; 95% CI 1.428–7.340; P = 0.005).
The association remain significant after further adjustment of BMI (Model 2; OR: 3.152; 95% CI 0.721–7.164;
P = 0.006).

Values were in bold when P < 0.05

Comparison of metabolic parameters in MetS patients
at baseline and 1‑year follow‑up after intervention

All 151 MetS patients enrolled were received interventions including diet and exercise counseling. As shown
in Table 5, MetS score of the participants were significantly dropped at 1-year follow-up (3.68 ± 0.98 vs.
3.20 ± 0.73 ng/mL, P < 0.001), Anthropometric variables of MetS patients including Wt, BMI, WC as well
as FBG were also significantly decreased (P < 0.05). As
for metabolic indices, TyG and MetS-IR were declined
prominently compared with that at baseline. Interestingly, the 25(OH)D levels were notably elevated at 1-year
follow-up compared with at baseline (16.00 ± 4.09 vs.
14.13 ± 3.65 ng/mL, P < 0.001) in MetS patients without
vitamin D supplementation. Besides, the levels of PTH
were decreased with significance when compared to
that of baseline (39.27 ± 16.25 vs. 44.99 ± 13.27 mmol/L,
P < 0.001).
Associations between the changes of 25(OH)D levels
and metabolic parameters in MetS patients after 1‑year
intervention

Next, the longitudinal associations between the changes
of 25(OH)D and metabolic parameters were investigated in MetS patients using liner mixed effect model. As
shown in Table 6, after adjusting for sex, age and BMI,
the increase of 25(OH)D levels were significantly related
to the decrease of MetS score (β: − 1.512; 95% CI − 2.585
to − 0.440; P = 0.008) and lipid related traits including
TC (β: − 0.271; 95% CI − 0.473 to − 0.069; P = 0.009) and
LDL-C (β: − 1.832; 95% CI − 2.945 to − 0.718; P = 0.001).
Besides, it was also associated with elevated HDL-C levels (β: 0.168; 95% CI 0.192–0.317; P = 0.028), indicating
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Table 5 Comparison of clinical and biochemistry parameters at baseline and 1-year follow-up in MetS patients
Variables
MetS score
Wt (kg)
BMI (kg/m2)
WC (cm)
Male
Female
SBP (mmHg)
DBP (mmHg)

Pre-intervention (n = 151)

Post-intervention (n = 151)

P value

3.17 ± 0.98

< 0.001

27.77 ± 3.44

< 0.001

99.07 ± 7.28

95.68 ± 8.01

< 0.001

141.83 ± 16.05

138.60 ± 17.36

0.017

3.68 ± 0.70

77.90 ± 11.86

73.37 ± 12.30

< 0.001

29.25 ± 3.24

89.25 ± 7.05

90.61 ± 9.08

87.86 ± 7.15

89.89 ± 11.23

0.048
0.405

TC (mmol/L)

4.91 (4.30, 5.73)

4.93 (4.37, 5.65)

0.445

TG (mmol/L)

1.80 (1.31, 2.45)

1.66 (1.14, 2.28)

0.241

HDL-C (mmol/L)
Male

1.04 (0.89, 1.15)

1.01 (0.89, 1.14)

0.636

Female

1.18 (1.03, 1.29)

1.15 (1.07, 1.35)

0.352

LDL-C (mmol/L)
FBG (mmol/L)
UA
VAI

3.05 ± 0.74

5.56 ± 0.55

271.25 ± 83.00

3.20 ± 0.73

5.27 ± 0.61

278.19 ± 74.62

0.007
0.008
0.068

Male

2.56 (1.97, 3.76)

2.52 (1.78, 3.29)

0.315

Female

2.64 (1.90, 3.73)

2.05 (1.48, 3.35)

0.790

LAP
Male

67.33 (49.59, 90.90)

55.68 (39.12, 82.32)

0.054

Female

52.92 (38.16, 65.92)

40.83 (29.23, 62.34)

0.361

TyG
MetS-IR

9.00 ± 0.52

45.59 (41.16, 50.23)

8.83 ± 0.58

42.69 (38.94, 48.20)

TG/HDL-C

1.72 (1.12, 2.27)

1.50 (0.91, 2.16)

25(OH)D (ng/mL)

14.13 ± 3.65

16.00 ± 4.09

PTH (mmol/L)

43.1 (36.68. 52.63)

37.35 (27.60, 50.17)

< 0.001
< 0.001
0.324
< 0.001
< 0.001

Data were expressed as ratio for categorical variables and mean ± SD for normally distributed continuous variables, median (IQR) for skewed distributed continuous
variables. P values are from Paired T-test. Values in bold are of significance at P < 0.05

that increased 25(OH)D levels were associated with
the improved lipid profile. What’s more, the increase of
25(OH)D levels were notably contributed to the decrease
of FBG (β: − 1.128; 95% CI − 1.967 to − 0.286; P = 0.009)
and TyG (β: − 0.700; 95% CI − 1.506 to − 0.107;
P = 0.048). Taken together, these results suggested that
increased levels of 25(OH)D may play a role in the overall
amelioration of lipid and glucose metabolism.

Discussion
In our present study, we found that serum 25(OH)D levels were significantly decreased in MetS patients, and
inversely associated with MetS and its components both
cross-sectionally and longitudinally in northern Chinese
middle-aged subjects without vitamin D supplementation. Participants with the lowest tertlile of 25(OH)D
levels were much more likely to present MetS and hyperglycemia in all subjects, and one extra MetS score gain in
MetS patients than those in the highest tertile of 25(OH)
D levels. After 1 year of diet and exercise counselling,

metabolic aberrations of MetS patients were greatly
ameliorated, and 25(OH)D levels were notably elevated.
Further analysis using linear mixed effect model, which
combined data from MetS patients before and after intervention, demonstrated that the increased 25(OH)D levels
were negatively associated with adiposity traits, lipid profile and glucose metabolism.
25(OH)D is a well-known steroid hormone, which is
essential for the maintenance of calcium homeostasis and
for bone health [27]. However, due to the lack of outdoor
activities and unhealthy eating habits, vitamin D deficiency has now become a global health burden regardless of regions, races, age and sex [4, 28]. As risk factors
are highly overlapped, many studies have revealed that
lower 25(OH)D status were more commonly identified
in individuals with MetS. In our cross-sectional findings,
we found that serum 25(OH)D levels in MetS patients
were significantly lower than controls (the vitamin D
deficiency rate among MetS patients was 92.05%). In
consistence with our results, a study conducted in elderly
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Table 6 Associations between the changes of 25(OH)D
levels and metabolic parameters in MetS patients with 1-year
intervention by using liner mixed effect model
Variables

MetS score
WC
SBP
DBP
TCa
TGa
HDL-C
LDL-C
FBG
TyG
VAIa
LAPa
MetS-IRa
TG/HDL-Ca
PTHa

Adjusted
β (95% CI)

P

− 1.512 (− 2.585, − 0.440)

0.008

− 4.599 (− 28.415,19.218)

0.703

− 0.271(− 0.473, − 0.069)

0.009

− 6.048 (− 14.175, 2.078)

0.123

− 8.617 (− 22.034, 4.800)

0.299

− 0.210 (− 0.563, 0.144)

0.242

− 1.832 (− 2.945, − 0.718)

0.001

0.168 (0.192, 0.317)

0.028

− 1.128 (− 1.967, − 0.286)

0.009

− 0.071(− 0.512,0.371)

0.866

− 0.700 (− 1.506, 0.107)

0.048

− 0.287 (− 0.667,0.921)

0.188

0.045 (− 0.059,0.148)

0.397

− 0.043 (− 0.479,0.393)

0.846

− 0.079 (− 0.282,0.123)

0.440

Models were adjusted for age, sex and BMI
a

Skewed distributions including 25-hydroxy25(OH)D were logarithmically
transformed. Values in bold are of significance at P < 0.05

Chinese individuals (aged 65–112 years) from 8 major
cities also found that the serum 25(OH)D levels of the
participants with MetS were significantly lower than that
of the individuals without MetS [29]. Similar results were
also obtained in Chinese children and young adolescents
in Beijing [5]. Moreover, in our longitudinal analyses, it
was observed that after 1-year, the overall metabolic status of MetS patients were attenuated, and 25(OH)D levels
were remarkably elevated, suggesting that the improvement of MetS may closely associated with increased
25(OH)D levels.
In the present study, it was shown that participants
with lower vitamin D had higher odds of having MetS
after adjusting for age and sex. Consistent with our
results, a study enrolled 380 Malay adults found that
25(OH)D insufficiency was independently associated
with an increased risk of having metabolic syndrome
[30]. Calculated by counting the number of MetS components, MetS score have been utilized to assess the severity of MetS [25]. Studies have shown that MetS scores
perform better in predicting the risk for comorbidities,
including CVD and diabetes than the sole diagnosis of
MetS [31–33]. To our knowledge, this is the first study to
reveal the relationship between MetS score and 25(OH)D
levels particularly in northern Chinese middle-aged population. In this study, we found that 25(OH)D levels was
significantly negatively correlated with MetS score in all

subjects, and 25(OH)D levels were gradually decreased
with MetS score mounting. Interestingly, we further
observed that lower 25(OH)D levels in MetS patients
were notably associated with the probability for exhibiting higher MetS score even after adjustments for age,
sex and BMI. Our finding was supported by researches
conducted in Korean populations, which demonstrated
that serum 25(OH)D levels were decreased significantly
with an increase in MetS score [34, 35]. Longitudinally, in
our present study, MetS score were remarkably decreased
after 1 year of diet and exercise intervention. Further
analysis by using linear mixed effect model showed that
the increases of 25(OH)D levels were inversely associated MetS score in MetS patients. In consistence with
our findings, a study conducted in Canada revealed
that after 1-year of lifestyle counselling (without compulsive vitamin D supplementation), the serum 25(OH)
D concentrations of the participants were also elevated,
and statistically significant inverse relationships of the
increases in 25(OH)D with risk for MetS were observed
[36]. Collectively, these results indicated that the increase
of 25(OH)D levels in MetS patients may be conversely
beneficial for the improvement of metabolic dysfunctions
in addition to the diet and exercise intervention.
Obesity is one of the main characteristics of MetS.
Several studies have reported the obese individuals were
more likely to present low 25(OH)D levels. Pereira-Santos M, et, al found that vitamin D deficiency was highly
prevalent in obese subjects [37], and another metaanalysis combined 36 cross-sectional studies with 257,
699 participants revealed that vitamin D status was
inversely related to the incidence of abdominal obesity
[38]. In accordance with these studies, our data showed
that MetS patients had higher Wt, WC, BMI and lower
25(OH)D levels. It has been reported that vitamin D is
highly fat-soluble, hereby the comparatively low levels of
25(OH)D of MetS patients were derived from the vitamin
sequestration in excess adipose tissue, and volumetric
dilution in the large fat mass [39]. After 1-year intervention, the BMI and WC of MetS patients was significantly
decreased and the circulating 25(OH)D levels was notably elevated. One possible explanation is that the stored
25(OH)D in adipose tissue, especially in visceral fat,
was being released following the fat mass reduction. In
agreement with our result, Buscemi S, et al. also found
that significant decrease in BMI, WC and fat mass (FM)
induced by a very low-calorie ketogenic diet resulted in
the increased serum 25(OH)D levels [40]. A meta-analysis which recruited 18 clinical trials also demonstrated
that serum vitamin D levels were increased with weight
and FM loss [41], further supporting the hypothesis that
increases in serum 25(OH)D levels would be a result
from direct mobilization of stores into the circulation
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upon decrease of FM in the obese subjects. Besides, in
the present study, the follow-up diet and exercise counselling including healthy diet and outdoor activities also
contribute to the increase of serum 25(OH)D levels.
Next, our correlation analysis revealed that 25(OH)
D levels were significantly negatively related to TG after
adjusted for sex and age, although the relations were
attenuated after further adjustment of BMI. Similarly,
there are studies that failed to establish solid association
between 25(OH)D levels and lipid metabolism-related
traits after adjustments for BMI in overweight or obese
children and adolescents [5, 42]. However, other studies
found that in middle-aged or elderly population, where
the overall BMI were within normal range, the inverse
relationship remained substantial after adjusting for BMI
[43, 44]. Taken together, these results suggested that the
cross-sectional inverse relationships between 25(OH)D
and lipid profile may be dependent on BMI, especially
in overweight or obese population. Interestingly, in our
longitudinal study with 1-year follow-up, MetS patients
exhibited significant improvement in 25(OH)D levels.
Longitudinal correlations showed that the increase of
serum 25(OH)D levels was negatively related to TC and
LDL-C, and positively related to HDL-C after adjusted
for age, sex and BMI, suggesting this longitudinal relationship was independent of BMI. However, several
interventional studies have elaborated that vitamin D
supplementation in humans showed controversial effects
in lipid metabolism [45]. Therefore, whether vitamin D
is a casual factor for the improvement of dyslipidemia
in MetS, and how BMI interplays during the process
still need to be further elucidated. In addition, LDL-C
levels of MetS patients were found to be increased from
3.05 ± 0.74 to 3.20 ± 0.73 mmol/L after 1-year intervention. However, both of these values were within normal
range in accordance with the Chinese Guidelines on Prevention and Treatment of Dyslipidemia (2016 Edition)
and the Adult Treatment Panel III [46]. Therefore, the
clinical significance of LDL-C elevation was limited.
With regard to the associations between serum
25(OH)D levels and glucose status in MetS patients, our
data revealed that 25(OH)D levels were strongly negatively associated with FBG. Besides, subjects in lowest
tertile of 25(OH)D levels were 2.8 times more likely
to exhibit the elevated FBG after adjusted for age, sex
and BMI. In accordance with our results, a study conducted in Korean adolescents revealed that vitamin D
deficiency was associated with a 2.07-fold higher risk of
the elevated FBG in individuals with MetS [47]. However, there were studies which did not establish such
significant associations between the two factors [48,
49]. Even in studies which implemented over 8 weeks
of vitamin D supplementation did not show significant
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improvement in FBG in subjects with prediabetes, obesity or hypertension [50, 51]. Beside hyperglycemia,
IR represents a major pathological cause of diabetes.
In recent years, metabolic indices including TyG, VAI,
LAP, MetS-IR and TG/HDL-C have been used for evaluation of IR in diverse populations [13, 16, 52]. In our
study, we found that compared with the controls, these
indices were significantly elevated in MetS patients, and
the TyG and LAP were remarkably inversely related to
25(OH)D levels independent of age, sex and BMI. One
study reported in 2014 that in patients with hyperglycemia, 25(OH)D levels were negatively associated with
LAP, and subjects with higher LAP exhibit elevated risk
for vitamin D deficiency [53]. After 1-year, we found
that TyG and MetS-IR of MetS patients showed notable improvements, and the increases of 25(OH)D levels
notably and independently contributed to the decrease
of TyG.
PTH has been shown to modulate calcium and energy
homeostasis in an interactive way with vitamin D. It was
found in our present study that PTH levels were negatively related to 25(OH)D levels at baseline, though the
significance of which was attenuated after further adjustment of BMI. In accordance with our results, studies have
also revealed a strong negative association between PTH
and 25(OH)D levels [54], and elevated PTH were associated with increased risk of MetS or its components [55,
56]. It is reported that PTH possesses the ability of suppressing the activity of lipoprotein lipase in adipocytes
[57] and it is thus reasonable to suggest that vitamin D
may alleviate MetS by decreasing PTH levels. Moreover,
longitudinally, PTH levels were significantly decreased at
1-year follow-up, but the decrease of which was not significantly associated with the increase of 25(OH)D levels.
The longitudinal design, the homogeneity of samples
and multiply utilized metabolic parameters and indices
are the strengths of this study. However, some limitations still need to be illustrated. Several other factors,
such as sun exposure and dietary intake, which may
influence serum 25(OH)D levels were not assessed in
this study, although the study samples were collected
in the same season of the year and the lifestyle of each
individual were unlikely to change profoundly within 1
year. Moreover, another limitation of this study is the
absence of a simultaneously recruited MetS group without interventions. We suggested our study warrants
further perspective cohort studies for confirmation.

Conclusions
In conclusion, cross-sectionally, our study revealed
that 25(OH)D levels were generally decreased in
patients with MetS, and it was inversely related to
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MetS risk profile. Longitudinally, after 1-year, the notable improvements of metabolic status and the elevated
25(OH)D levels in MetS patients were observed, and
the increases of 25(OH)D levels were positively related
to the amelioration of MetS.
Abbreviations
MetS: Metabolic syndrome; BMI: Body mass index; Wt: Weight; Ht: Height; WC:
Waist circumference; SBP: Systolic blood pressure; DBP: Diastolic blood pressure; TC: Total cholesterol; TG: Triglycerides; HDL-C: High-density lipoproteincholesterol; FBG: Fasting blood glucose; UA: Uric acid; Cr: Creatinine; BUN:
Blood urea nitrogen; VAI: Visceral adiposity index; LAP: Lipid accumulation
product; TyG: Product of triglycerides and glucose; MetS-IR: Metabolic score
for insulin resistance; 25(OH)D: 25-Hydroxyvitamin D; PTH: Parathyroid hormone; OR: Odds ratio.
Acknowledgements
We would like to express our appreciation to Dr.Yanping Liu (Department of
Clinical Nutrition, Peking Union Medical College Hospital) for her help in diet
and exercise counseling for MetS patients.
Authors’ contributions
HX and GH contributed to the biochemistry measurements, data collection,
statistical analysis and drafted the manuscript. LW, HD, CW, XP, CD, DZ, YD, HY
and NL contributed to patients counselling, follow-up data collection and
preliminary data screening. YL, HZ and HP contributed to the design of study,
the patients counselling and the review and editing of the manuscript. FG,
JC and XX supervised the study, contributed to the design of the study, the
interpretation of the data, and the revision of the manuscript. Correspondence
to FG. All authors read and approved the final manuscript.
Funding
The study was supported by grants from the Beijing Natural Science Foundation (Nos. 7182130, 7082079), the National Natural Science Foundation of
China (Nos. 81370898, 30771026, 30540036), the China Diabetes Young
Scientific Talent Research Project (No. 2020-N-01-10), National Key Technology
Research and Development Program of China during the “11th Five-Year Plan”
from the Ministry of Science and Technology (2006BAI01A01), the National
Key Program of Clinical Science (WBYZ2011-873) and the PUMCH Foundation
(pumch-2013-020); the Innovation fund for postgraduate students of Peking
Union Medical College (2019-1002-26).
Availability of data and materials
All data generated are included in this published article.

Declarations
Ethics approval and consent to participate
Written informed consent was obtained from all participants, and the research
protocol was approved by the Clinical Medicine Ethics Committee of Fuwai
Cardiovascular Diseases Hospital, Beijing, China (No. 110-3) for approval consistency. All participants provided informed consent before entering the study.
Consent for publication
Not applicable.
Competing interests
All authors declared that there were no competing interests of any sorts.
Author details
1
Key Laboratory of Endocrinology of National Health Commission, Department of Endocrinology, Peking Union Medical College Hospital, Chinese
Academy of Medical Sciences and Peking Union Medical College, Beijing,
China. 2 Department of Endocrinology, Beijing Friendship Hospital Pinggu
Campus, Capital Medical University, Beijing, China. 3 Nutrition department,
Fuwai Hospital, National Center for Cardiovascular Diseases, Chinese Academy
of Medical Sciences and Peking Union Medical College, 167 Beilishi Road,
Xicheng District, Beijing, China.

Page 10 of 11

Received: 25 October 2021 Accepted: 12 January 2022

References
1. Jenkins DJA, Spence JD, Giovannucci EL, Kim YI, Josse RG, Vieth R,
et al. Supplemental vitamins and minerals for cardiovascular disease
prevention and treatment: JACC focus seminar. J Am Coll Cardiol.
2021;77(4):423–36.
2. Zhang Y, Tan H, Tang J, Li J, Chong W, Hai Y, et al. Effects of vitamin D
supplementation on prevention of type 2 diabetes in patients with
prediabetes: a systematic review and meta-analysis. Diabetes Care.
2020;43(7):1650–8.
3. Sergeev IN, Vitamin D. Status and vitamin D-dependent apoptosis in
obesity. Nutrients. 2020. https://doi.org/10.3390/nu12051392.
4. Yang K, Liu J, Fu S, Tang X, Ma L, Sun W, et al. Vitamin D status and correlation with glucose and lipid metabolism in Gansu Province. China
Diabetes Metab Syndr Obes. 2020;13:1555–63.
5. Fu J, Han L, Zhao Y, Li G, Zhu Y, Li Y, et al. Vitamin D levels are associated
with metabolic syndrome in adolescents and young adults: the BCAMS
study. Clin Nutr. 2019;38(5):2161–7.
6. Heaney RP. Vitamin D in health and disease. Clin J Am Soc Nephrol.
2008;3(5):1535–41.
7. Lu J, Wang L, Li M, Xu Y, Jiang Y, Wang W, et al. Metabolic syndrome
among adults in China: the 2010 China noncommunicable disease
surveillance. J Clin Endocrinol Metab. 2017;102(2):507–15.
8. Vitezova A, Zillikens MC, van Herpt TT, Sijbrands EJ, Hofman A, Uitterlinden AG, et al. Vitamin D status and metabolic syndrome in the elderly:
the Rotterdam Study. Eur J Endocrinol. 2015;172(3):327–35.
9. Bea JW, Jurutka PW, Hibler EA, Lance P, Martínez ME, Roe DJ, et al. Concentrations of the vitamin D metabolite 1,25(OH)2D and odds of metabolic syndrome and its components. Metabolism. 2015;64(3):447–59.
10. Kawagoe F, Mendoza A, Hayata Y, Asano L, Kotake K, Mototani S, et al.
Discovery of a vitamin D receptor-silent vitamin D derivative that
impairs sterol regulatory element-binding protein in vivo. J Med Chem.
2021;64(9):5689–709.
11. Neelankal John A, Iqbal Z, Colley S, Morahan G, Makishima M, Jiang FX.
Vitamin D receptor-targeted treatment to prevent pathological dedifferentiation of pancreatic β cells under hyperglycaemic stress. Diabetes
Metab. 2018;44(3):269–80.
12. Xu J, Gu Y, Lewis DF, Cooper DB, McCathran CE, Wang Y. Downregulation of vitamin D receptor and miR-126-3p expression contributes to
increased endothelial inflammatory response in preeclampsia. Am J
Reprod Immunol. 2019;82(4): e13172.
13. Ahn N, Baumeister SE, Amann U, Rathmann W, Peters A, Huth C, et al.
Visceral adiposity index (VAI), lipid accumulation product (LAP), and product of triglycerides and glucose (TyG) to discriminate prediabetes and
diabetes. Sci Rep. 2019;9(1):9693.
14. Guerrero-Romero F, Simental-Mendía LE, González-Ortiz M, MartínezAbundis E, Ramos-Zavala MG, Hernández-González SO, et al. The product
of triglycerides and glucose, a simple measure of insulin sensitivity. Comparison with the euglycemic-hyperinsulinemic clamp. J Clin Endocrinol
Metab. 2010;95(7):3347–51.
15. Giannini C, Santoro N, Caprio S, Kim G, Lartaud D, Shaw M, et al. The
triglyceride-to-HDL cholesterol ratio: association with insulin resistance in obese youths of different ethnic backgrounds. Diabetes Care.
2011;34(8):1869–74.
16. Bello-Chavolla OY, Almeda-Valdes P, Gomez-Velasco D, Viveros-Ruiz T,
Cruz-Bautista I, Romo-Romo A, et al. METS-IR, a novel score to evaluate
insulin sensitivity, is predictive of visceral adiposity and incident type 2
diabetes. Eur J Endocrinol. 2018;178(5):533–44.
17. Vasques AC, Novaes FS, de Oliveira MS, Souza JR, Yamanaka A, Pareja
JC, et al. TyG index performs better than HOMA in a Brazilian population: a hyperglycemic clamp validated study. Diabetes Res Clin Pract.
2011;93(3):e98–100.
18. Raimi TH, Dele-Ojo BF, Dada SA, Fadare JO, Ajayi DD, Ajayi EA, et al.
Triglyceride-glucose index and related parameters predicted metabolic
syndrome in Nigerians. Metab Syndr Relat Disord. 2021;19(2):76–82.
19. Datta Banik S, Pacheco-Pantoja E, Lugo R, Gómez-de-Regil L, Chim Aké
R, Méndez González RM, et al. Evaluation of anthropometric indices and

Xu et al. Diabetology & Metabolic Syndrome

20.
21.
22.

23.
24.
25.
26.

27.
28.
29.
30.
31.

32.

33.

34.

35.

36.

37.
38.
39.

(2022) 14:23

lipid parameters to predict metabolic syndrome among adults in Mexico.
Diabetes Metab Syndr Obes. 2021;14:691–701.
Majumdar V, Nagaraja D, Christopher R. Vitamin D status and metabolic
syndrome in Asian Indians. Int J Obes. 2011;35(8):1131–4.
Bonakdaran S, Fakhraee F, Karimian MS, Mirhafez SR, Rokni H, Mohebati
M, et al. Association between serum 25-hydroxyvitamin D concentrations
and prevalence of metabolic syndrome. Adv Med Sci. 2016;61(2):219–23.
Mutt SJ, Jokelainen J, Sebert S, Auvinen J, Järvelin MR, Keinänen-Kiukaanniemi S, et al. Vitamin D status and components of metabolic syndrome
in older subjects from Northern Finland (latitude 65°North). Nutrients.
2019. https://doi.org/10.3390/nu11061229.
De Sousa SMD, Norman RJP. Metabolic syndrome, diet and exercise. Best
Pract Res Clin Obstet Gynaecol. 2016;37:140–51.
Alberti KG, Zimmet P, Shaw J. Metabolic syndrome—a new world-wide
definition. A consensus statement from the International Diabetes Federation. Diabet Med. 2006;23(5):469–80.
Moon JY, Park S, Ahn CM, Cho JR, Park CM, Ko YG, et al. Increase of metabolic syndrome score is an independent determinant of increasing pulse
pressure. Yonsei Med J. 2008;49(1):63–70.
Ho CI, Chen JY, Chen SY, Tsai YW, Weng YM, Tsao YC, et al. Relationship between TG/HDL-C ratio and metabolic syndrome risk factors
with chronic kidney disease in healthy adult population. Clin Nutr.
2015;34(5):874–80.
Holick MF. Sunlight and vitamin D for bone health and prevention of
autoimmune diseases, cancers, and cardiovascular disease. Am J Clin
Nutr. 2004;80(6 Suppl):1678s-s1688.
Forrest KY, Stuhldreher WL. Prevalence and correlates of vitamin D deficiency in US adults. Nutr Res. 2011;31(1):48–54.
Liu L, Cao Z, Lu F, Liu Y, Lv Y, Qu Y, et al. Vitamin D deficiency and metabolic syndrome in elderly Chinese individuals: evidence from CLHLS. Nutr
Metab. 2020;17:58.
Moy FM, Bulgiba A. High prevalence of vitamin D insufficiency and its
association with obesity and metabolic syndrome among Malay adults in
Kuala Lumpur, Malaysia. BMC Public Health. 2011;11:735.
Solymoss BC, Bourassa MG, Campeau L, Sniderman A, Marcil M, Lespérance J, et al. Effect of increasing metabolic syndrome score on atherosclerotic risk profile and coronary artery disease angiographic severity.
Am J Cardiol. 2004;93(2):159–64.
Kim JY, Mun HS, Lee BK, Yoon SB, Choi EY, Min PK, et al. Impact of
metabolic syndrome and its individual components on the presence
and severity of angiographic coronary artery disease. Yonsei Med J.
2010;51(5):676–82.
Yoon H, Yoon YS, Kim SG, Oh HJ, Choi CW, Seong JM, et al. Relationship
between metabolic syndrome and metabolic syndrome score with β-cell
function by gender in non-diabetic Korean populations. Endocr Res.
2019;44(3):71–80.
Yoon H, Kim GS, Kim SG, Moon AE. The relationship between metabolic
syndrome and increase of metabolic syndrome score and serum vitamin
D levels in Korean adults: 2012 Korean National Health and Nutrition
Examination Survey. J Clin Biochem Nutr. 2015;57(1):82–7.
Yoon H, Jeong DK, Park CE, Oh HJ, Kim SG. The association between
gender difference with metabolic syndrome, metabolic syndrome
score and serum vitamin D levels in Korean adults. Int J Food Sci Nutr.
2017;68(1):121–9.
Pham TM, Ekwaru JP, Setayeshgar S, Veugelers PJ. The effect of changing
serum 25-hydroxyvitamin D concentrations on metabolic syndrome:
a longitudinal analysis of participants of a preventive health program.
Nutrients. 2015;7(9):7271–84.
Pereira-Santos M, Costa PR, Assis AM, Santos CA, Santos DB. Obesity and
vitamin D deficiency: a systematic review and meta-analysis. Obes Rev.
2015;16(4):341–9.
Hajhashemy Z, Shahdadian F, Ziaei R, Saneei P. Serum vitamin D levels in
relation to abdominal obesity: a systematic review and dose-response
meta-analysis of epidemiologic studies. Obes Rev. 2021;22(2):e13134.
Carrelli A, Bucovsky M, Horst R, Cremers S, Zhang C, Bessler M, et al.
Vitamin D storage in adipose tissue of obese and normal weight women.
J Bone Miner Res. 2017;32(2):237–42.

Page 11 of 11

40. Buscemi S, Buscemi C, Corleo D, De Pergola G, Caldarella R, Meli F, et al.
Obesity and circulating levels of vitamin D before and after weight loss
induced by a very low-calorie ketogenic diet. Nutrients. 2021. https://doi.
org/10.3390/nu13061829.
41. Pannu PK, Zhao Y, Soares MJ. Reductions in body weight and percent fat
mass increase the vitamin D status of obese subjects: a systematic review
and metaregression analysis. Nutr Res. 2016;36(3):201–13.
42. Atabek ME, Eklioglu BS, Akyürek N, Alp H. Association between vitamin D
level and cardiovascular risk in obese children and adolescents. J Pediatr
Endocrinol Metab. 2014;27(7–8):661–6.
43. Yin X, Sun Q, Zhang X, Lu Y, Sun C, Cui Y, et al. Serum 25(OH)D is inversely
associated with metabolic syndrome risk profile among urban middleaged Chinese population. Nutr J. 2012;11:68.
44. Lu L, Yu Z, Pan A, Hu FB, Franco OH, Li H, et al. Plasma 25-hydroxyvitamin
D concentration and metabolic syndrome among middle-aged and
elderly Chinese individuals. Diabetes Care. 2009;32(7):1278–83.
45. Garbossa SG, Folli F. Vitamin D, sub-inflammation and insulin resistance.
A window on a potential role for the interaction between bone and
glucose metabolism. Rev Endocr Metab Disord. 2017;18(2):243–58.
46. Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults. Executive summary of the third report of The National
Cholesterol Education Program (NCEP) expert panel on detection, evaluation, and treatment of high blood cholesterol in adults (adult treatment
panel III). JAMA. 2001;285(19):2486–97.
47. Kim YS, Hwang JH, Song MR. The association between vitamin D deficiency and metabolic syndrome in Korean adolescents. J Pediatr Nurs.
2018;38:e7–11.
48. Amirbaigloo A, Hosseinpanah F, Sarvghadi F, Tohidi M, Eskandary PS, Azizi
F. Absence of association between vitamin D deficiency and incident
metabolic syndrome: tehran lipid and glucose study. Metab Syndr Relat
Disord. 2013;11(4):236–42.
49. Kaseb F, Haghighyfard K, Salami MS, Ghadiri-Anari A. Relationship
between vitamin D deficiency and markers of metabolic syndrome
among overweight and obese adults. Acta Med Iran. 2017;55(6):399–403.
50. Ahmed MM, Zingade US, Badaam KM. Effect of vitamin D3 supplementation on insulin sensitivity in prediabetes with hypovitaminosis D: a
randomized placebo-controlled trial. Cureus. 2020;12(12):e12009.
51. Grübler MR, Gaksch M, Kienreich K, Verheyen N, Schmid J, Hartaigh BÓ,
et al. Effects of vitamin D supplementation on glycated haemoglobin and
fasting glucose levels in hypertensive patients: a randomized controlled
trial. Diabetes Obes Metab. 2016;18(10):1006–12.
52. Young KA, Maturu A, Lorenzo C, Langefeld CD, Wagenknecht LE, Chen
YI, et al. The triglyceride to high-density lipoprotein cholesterol (TG/
HDL-C) ratio as a predictor of insulin resistance, β-cell function, and
diabetes in Hispanics and African Americans. J Diabetes Complications.
2019;33(2):118–22.
53. Bardini G, Giannini S, Romano D, Rotella CM, Mannucci E. Lipid accumulation product and 25-OH-vitamin D deficiency in type 2 diabetes. Rev
Diabet Stud. 2013;10(4):243–51.
54. Mendes MM, Hart KH, Lanham-New SA, Botelho PB. Association between
25-hydroxyvitamin D, parathyroid hormone, vitamin D and calcium intake,
and bone density in healthy adult women: a cross-sectional analysis from
the D-SOL study. Nutrients. 2019. https://doi.org/10.3390/nu11061267.
55. Reis JP, von Mühlen D, Kritz-Silverstein D, Wingard DL, Barrett-Connor E.
Vitamin D, parathyroid hormone levels, and the prevalence of metabolic syndrome in community-dwelling older adults. Diabetes Care.
2007;30(6):1549–55.
56. Raposo L, Martins S, Ferreira D, Guimarães JT, Santos AC. Vitamin D, parathyroid hormone and metabolic syndrome—the PORMETS study. BMC
Endocr Disord. 2017;17(1):71.
57. Querfeld U, Hoffmann MM, Klaus G, Eifinger F, Ackerschott M, Michalk
D, et al. Antagonistic effects of vitamin D and parathyroid hormone
on lipoprotein lipase in cultured adipocytes. J Am Soc Nephrol.
1999;10(10):2158–64.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in published maps and institutional affiliations.

