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Abstract

Objective: To investigate whether low vitamin D status was related to insulin
resistance (IR) or impaired fasting glucose (IFG) in Korean adolescents, after
adjusting for total body fat mass (FM).

Design: A cross-sectional study.

Setting: Korea National Health and Nutrition Examination Survey (KNAHNES)
2009-2010.

Subjects: In total, 1466 participants (769 males) aged 10-19 years were assessed
for serum 25-hydroxyvitamin D (25(OH)D) levels, for FM by whole-body dual-
energy X-ray absorptiometry and for IR by homeostasis model assessment
(HOMA-IR) after an 8h fast.

Results: Age-, sex-, season- and physical-activity-adjusted regression models
showed that serum 25(OH)D levels were significantly related to markers of
adiposity (P=0-016 for FM (g), P=0-023 for FM (%) and P= 0-035 for fat mass
index). When the participants were stratified into three 25(OH)D categories
(<37-5nmol/l (12 553), 375 to <50nmol/l (n 543) and =50nmol/l (1 370)),
significantly decreasing trends were observed for fasting insulin (all #<0-001),
HOMA-IR (all P<0-001) and the odds ratios for IFG (all P for trend <0-05)
from the lowest to the highest 25(OH)D category, after adjustments for age,
sex, physical activity and all markers of adiposity. In the multivariate logistic
regression analysis, the likelihood of participants in the lowest serum 25(OH)D

category having IFG was 2:96-3-15 compared with those in the highest 25(OH)D K%::’n?,r,ds
category (all P<0-05). Glucose
Conclusions: There was a significant inverse relationship between vitamin D Insulin resistance
status and IR and the risk of IFG, independent of adiposity, in Korean adolescents. Adiposity

Low vitamin D (VitD) status is widespread® and health
concerns related to VitD insufficiency/deficiency are
increasing. The VitD receptor is present on most cells of the
body; VitD is required not only for bone health but may
also play crucial roles in many diseases, including glucose
metabolism, CVD, cancer and immune disorders®.

Low circulating 25-hydroxyvitamin D (25(OH)D) con-
centrations, an indicator of VitD status, have been
linked to type 2 diabetes mellitus (T2DM), metabolic
syndrome and other cardiometabolic risk factors in several
adult studies™™. Few epidemiological surveys have
addressed paediatric populations®'?. There has been no
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population-based epidemiological report of VitD status,
insulin resistance (IR) and T2DM risk in an Asian
paediatric population.

The mechanism by which VitD deficiency and T2DM
risk are related is unclear. The theoretical evidence that
VitD reduces IR"'™' and maintains insulin secretion'*'’
supports the hypothesis that VitD reduces the risk of
T2DM. However, VitD deficiency, impaired fasting glucose
(IFG) and T2DM share the same risk factors, including
African-American, Asian or Hispanic ethnicity, increased
adiposity, older age and physical inactivity"'®. Therefore,
adjustment must be made for these confounding factors
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in analyses of the association between VitD status and
glucose homeostasis.

We investigated the relationships between VitD status
and markers of IR and/or IFG using data based on the
Korea National Health and Nutrition Examination Surveys
(KNHANES) 2009-2010, after adjusting for age, sex,
physical activity (PA) and adiposity. The adjusted markers
of adiposity included BMI Z-score and total body fat
measurements made with whole-body dual-energy X-ray
absorptiometry (DXA).

Materials and methods

Study population
We used data from the third year (2009) of KNHANES IV
and the first year (2010) of KNHANES V, with permission
of the Korea Centers for Disease Control and Prevention.
The KNHANES is a national survey based on a health
interview survey, a nutrition survey and a health exam-
ination. KNHANES IV and V have a rolling sample design,
with complex, stratified, multistage probability sampling.
Among the 264 186 primary sampling units (based on the
2005 National Census Registry), 200 and 192 sampling
units were randomly selected, then twenty-three and
twenty households were sampled from each unit, yield-
ing 4600 and 3840 households in 2009 and 2010,
respectively. In 2009 and 2010, 12722 and 10938 indivi-
duals were sampled, respectively: 10078 and 8473,
respectively, participated in health interviews and health
examinations; and 9397 and 8027, respectively, partici-
pated in the nutrition survey. Written informed parental
consent and patient assent were obtained before testing.
We analysed individuals who participated in KNHANES
between 2009 and 2010 because these health examina-
tions included measurements of body fat made with
DXA since July 2009. Among the 2584 participants aged
10-19 years, 515 were excluded: those with missing
fasting measures and/or those who had fasted for less
than 8h (n 262); those who had a previous history
of diabetes (7 1); those whose fasting glucose level
exceeded 7mmol/l (n 2); and those with missing values
for 25(OH)D (n 212) and/or fasting insulin or glucose
(n 221). Among the 2069 participants, only 1472 were
tested with DXA. There were no differences in sex, BMI
Z-score, fasting blood glucose and insulin levels between
adolescents who had DXA scans and those who did not.
The following participants were also excluded: those who
did not answer the PA questionnaire (72 4) and/or those
whose homeostatic model assessment of B-cell function
(HOMA-B) and/or log transformation could not be
calculated (7 2). In total, 1466 participants (769 males)
were finally included.

Enrolment was conducted in all seasons: spring
(March-May, 7 206), summer (June—August, 71 435),
autumn (September—November, #n 438) and winter
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(December—February, n 387). Height, weight, BMI per-
centile and BMI Z-score were assigned on the basis of the
2007 Korean National Growth Charts"”, and the partici-
pants were classified into three groups: lean (7 1158,
<85th BMI percentile); overweight (7 189, 85-95th BMI
percentile); and obese (n 119, =95th BMI percentile).
A questionnaire was used to assess the amount and
intensity of PA performed. The participants were asked
about their levels of PA during a normal week. The
definition of ‘regular PA’ was based on the PA guideline
provided by the US Department of Health and Human
Services''™® and the output indicators of the Korea Youth
Risk Behavior Web-based Survey"”. Participants who
performed moderate or vigorous PA for at least 60 min/d
on 3 d/week, and/or walking activity for at least 60 min/d
on 5 d/week, and/or muscular strength activity on more
than 3 d/week were assigned to the ‘regular PA’ group.
Participants who performed moderate or vigorous PA for
at least 180 min/d on 3 d/week were also assigned to the
‘regular PA’ group.

Laboratory measurements

Blood samples were obtained by venepuncture, imme-
diately refrigerated, transported to the central testing
institute and analysed within 24h of transportation.
Serum 25(OH)D concentrations were measured with an
immunoradiometric assay using a 1470 Wizard gamma-
counter (Perkin-Elmer, Turku, Finland) and a 25(OH)D
1251 radioimmunoassay kit (DiaSorin, Stillwater, MN,
USA). At serum 25(OH)D levels of 215, 56-8, 825 and
122-5nmol/l, the inter-assay CV were 11:7%, 10-5%,
8:6% and 12-5%, respectively, and the intra-assay CV
were 9:4%, 82%, 9:1% and 11-0%, respectively.
KNHANES participates in the VitD Standardization Program,
so the measurement of 25(OH)D was standardized with
the recently developed National Institute of Standards and
Technology-Ghent University reference procedure”.
Insulin levels were measured with a 1470 Wizard gamma-
counter and an immunoradiometric assay (Biosource,
Fleurus, Belgium). Plasma glucose was measured enzy-
matically with a Hitachi Automatic Analyzer 7600 (Hitachi,
Tokyo, Japan) and commercially available Pureauto S GLU
kits (Sekisui, Tokyo, Japan). IR by homeostasis model
assessment (HOMA-IR), HOMA-B and the quantitative
insulin-sensitivity check index (QUICKD were calculated
as previously described?!#?,

Total body fat measurements

Whole-body DXA scans were performed with a QDR
Discovery fan beam densitometer (Hologic, Inc., Bedford,
MA, USA). The KNHANES data sets included DXA mea-
surements of fat mass (FM) in grams. Body fatness is
generally expressed as FM (g) and FM as a percentage of
body weight (FM (%); calculated as (FM/total mass) X 100).
A more appropriate approach is to normalize body fatness
by height®. FM can be divided by height squared, to
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produce the fat mass index (FMI; calculated as (body FM

excluding the head area)/height®). Until recently, no

comprehensive source of body composition reference data

for Korean children and adolescents was available.

Therefore, we derived Z-scores for FM (g), FM (%) and FMI

from centile curves estimated using the LMS method?.
The DXA FM Z-scores were calculated as follows:

Z = [(x/M)' =1]/(L x ),

where X is the DXA measurement for each individual, L is
the power transformation, M is the median value and Sis
the CV for each sex—age group centile curve.

Statistical analysis
All analyses were performed considering the KNHANES
survey design and the weights used to ensure nationally
representative estimates. The statistical software package
IBM SPSS Statistics 19:0 was used to accommodate the
complex sampling design with stratification, clustering and
unequal weighting of the KNHANES sample. Statistical
significance was defined as P<<0-05 on two-sided tests.
All continuous variables are expressed as means with
their standard errors and categorical variables as numbers
and percentages of participants. When the distribution
of a continuous variable was skewed, the variable was
natural log-transformed for the analysis. The mean
25(OH)D concentrations according to subgroup were
compared with an independent-samples ¢ test. Serum
25(OH)D concentrations were categorized into three
groups: <37-5nmol/l (the lowest category, n 553); 375
to <50nmol/l (n 543); and =50nmol/l (the reference
group, 1 370). The Rao-Scott x” test was used to analyse
the associations between the categorical variables and
25(0OH) categories. The modifying effects of overweight
status on the relationships between the three categories
of 25(OH)D and the other dependent variables were
evaluated (test for interaction). Tests for linear trends
(P for linear trend) across the three categories of serum
25(OH)D were performed. We calculated the age- and
sex-adjusted means for fasting glucose, fasting insulin,
HOMA-IR, QUICKI and HOMA- according to the three
categories of serum 25(OH)D and analysed these asso-
ciations with a test for linear trends. Subgroup analyses
were then performed to analyse the mean differences in
the dependent variables between the reference category
(25(OH)D =50 nmol/D and the other two categories.
Multivariate linear regression analyses were performed
to assess the associations between the serum 25(OH)D
categories and fasting glucose, fasting insulin, HOMA-IR,
QUICKI and HOMA-B, after adjustment for potential
confounders. Multivariable logistic regression analyses
were used to assess the association between the 25(OH)D
categories and the risk of IFG, after adjustment for
potential confounders. Multivariate-adjusted odds ratios
and 95% confidence intervals for the groups with
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25(OH)D <37-5nmol/l or 37-5 to <50nmol/l were
computed by comparison with the reference category
(25(OH)D =50nmol/D). We entered the potential con-
founders as follows: model 1 included age, sex, PA and BMI
Z-score; model 2 included age, sex, PA, FM (g) Zscore;
model 3 included age, sex, PA and FM (%) Zscore; and
model 4 included age, sex, PA and FMI Z-score.

Results

Table 1 presents the clinical characteristics of the study
participants (mean age, 14-3 years). The Zscores for height,
weight and BMI for the total participants were 0-57 (se 0-04),
0-31 (st 0-04) and 0-08 (se 0-04), respectively. The percen-
tages of participants in the overweight and obese groups
were 12:9% and 8-1%, respectively. The mean level of
serum 25(OH)D was 42-0 (st 0-6) nmol/l. The percentages
of participants with serum 25(OH)D levels <25nmol/l
(n 104), 25 to <37-5nmol/l (n 449), 37-5 to <50nmol/l
(n 543), 50 to <75nmol/l (n 346) and =75 nmol/l (1 24)
were 7-1%, 30-6%, 37-1%, 23-6% and 1-6%, respectively.
The fasting glucose and insulin levels were 4-91 (s 0-01)
mmol/l and 91-2 (st 1-5) pmol/], respectively. Among the
sixty-one (4:3%) participants with IFG (56 to <7 mmol/D),
twenty-nine were overweight or obese.

There were significant differences in mean 25(OH)D
levels between the subgroups based on age (10-14 v.
15-19 years), sex, season and regular PA, but not based
on degree of obesity. In a univariate regression analysis,
no significant relationships between the four markers of
adiposity and serum 25(OH)D were observed. However,
age-, sex-, season- and PA-adjusted regression models
showed that serum 25(OH)D was significantly related to
Z-scores for FM (g) (P=0-016), FM (%) (P=0-023) and
FMI (P = 0-035), but not to Zscores for BMI (P= 0-265).

Table 2 shows the associations between the three
categories stratified according to serum 25(OH)D and
the participants’ characteristics. Across the 25(OH)D
categories, the participants in the highest 25(OH)D group
were younger and more physically active than those in
the lowest 25(OH)D group. The mean height Z-scores
showed a significantly increasing trend (= 0-033) from
the lowest to the highest 25(OH)D category. After
adjustment for age and sex, significantly linear downward
trends were observed for fasting glucose (P=0-039),
fasting insulin (P<<0-001), HOMA-IR (P<0-001) and
HOMA-B (P=0-001) and an upward trend for QUICKI
(P<0-00D) with increasing 25(OH)D category (Table 2).
In the subgroup analysis, the age- and sex-adjusted
means of fasting insulin, HOMA-IR and HOMA-B8 were
significantly lower in the reference category (25(OH)D
=50 nmol/D than in the other two categories of 25(OH)D.
The age- and sex-adjusted mean QUICKI for the refer-
ence category was significantly higher than those of the
other two categories of 25(OH)D (Table 2).
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Table 1 Characteristics of study participants according to sex and 25(0OH)D levels according to subgroups; adolescents aged 10-19 years,
Korea National Health and Nutrition Examination Survey (KNHANES) 2009-2010

Total Males Females 25(OH)D (nmol/l)
n % n n Mean SE P value*
Total participants 1466 100 769 697 42-6 0-6
Age (years)
10-14 804 54-8 431 373 44-8 07 <0-001
15-19 662 45-2 338 324 39-6 0-8
Sex
Males 769 52-5 769 0 42-8 07 0-021
Females 697 47-5 0 697 41-0 07
Season
Spring 206 141 111 95 37-4 1-0 <0-01¢
Summer 435 297 230 205 47-7 0-9
Autumn 438 29-8 229 209 44.3 0-8
Winter 387 26-4 199 188 356 0-7
Degree of obesity
Lean 1158 79-0 598 560 41-9 0-6 0-25¢
Overweight 189 12-9 104 85 431 11
Obese 119 8-1 67 52 40-8 17
WC =90th percentile
Yes 126 8:6 61 65 41-0 1.7 0-53
No 1340 91-4 708 632 421 0-6
Regular PA
Yes 951 63-9 565 386 43-6 07 <0-001
No 515 36.1 204 311 39-1 0-7
IFG
Yes 61 4.2 31 30 40-5 1-9 0-43
Lean 32 14 18 40-7 1-4 0-93
Overweight or obese 29 17 12 40-4 3-3
No 1405 95-8 738 667 42-0 0-6
HOMA-IR 1466 769 697 2:92 0-05
QUICKI 1466 769 697 0-33 0-00

25(0OH)D, 25-hydroxyvitamin D; WC, waist circumference; PA, physical activity; IFG, impaired fasting glucose; HOMA-IR, homeostatic model assessment—

insulin resistance index; QUICKI, quantitative insulin-sensitivity check index.

*Mean 25(0OH)D concentrations according to subgroups were compared with an independent-samples t test.
tEach mean 25(OH)D concentration according to subgroup was compared with the mean for the summer subgroup with an independent-samples t test.

tA pairwise comparison was performed between all subgroups.

As further controls for adiposity, we used the BMI
Z-scores (model 1) and body fat measurements made
with DXA (model 2, FM (g); model 3, FM (%); model 4,
FMD. After adjustment for age, sex, PA and markers of
adiposity, significantly decreasing trends for fasting
insulin (all P<0-001), HOMA-IR (all P<0-001) and
HOMA-B (P=0-001 for model 3 and P=0-002 for the
others) and an increasing trend for QUICKI (all P<0-001)
were observed with increasing serum 25(OH)D (Table 3).
After adjustment for HOMA-IR, there was no significant
inverse relationship between HOMA-$3 and the 25(OH)D
categories. The modifying effects of overweight status on
the relationship between the three categories of serum
25(OH)D and markers of IR were significant only for
fasting insulin, HOMA-IR and QUICKI (test for interaction:
P=0-046, P=0-030 and P=0-034, respectively). In the
stratified analyses, 25(OH)D categories were significantly
inversely related to fasting insulin and HOMA-IR, and
positively related to QUICKI in both lean (all P=0-001) and
overweight or obese participants (all P<<0-001; Table 3).

After adjustment for age, sex, PA and markers of
adiposity (models 1-4), the multivariate-adjusted OR for
IFG showed a significant decreasing trend with increasing
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25(OH)D category (all P for trend <0-05, Fig. 1). The
negative association between 25(OH)D categories and
fasting glucose levels was marginally significant (Table 3).
In the multivariate logistic regression analysis, the like-
lihood of participants in the lowest serum 25(OH)D
category having IFG was 2:96-3-15 compared with
those in the highest 25(OH)D category (all P<0-05 for
models 1-4, Fig. 1). No significant modifying effect of
overweight status on the associations between 25(OH)D
categories and fasting glucose (or the presence of IFG) or
HOMA-B was observed. In addition to body fat mea-
surements (BMI Z-scores (P= 0-001), FM (g) (P<0-001),
FM (%) (P=0-006) and FMI (P=0-001)), younger age
(P=0-00D) and less PA (P<<0:05) were all significant
predictors of IFG.

Discussion

The present nationally representative, population-based
study showed that three-quarters of Korean adolescents
aged 10-19 years were VitD deficient, and IR and the
risk of IFG decreased significantly with increasing serum
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Table 2 Characteristics of study participants according to categories of serum 25(OH)D concentration; adolescents aged 10-19 years,
Korea National Health and Nutrition Examination Survey (KNHANES) 2009-2010

<87-5nmol/l 37-5 to <50 nmol/l =50 nmol*
Variable Mean SE Mean SE Mean SE P value
Total participants (n, %) 553 377 543 37-1 370 25-2
Age (years) 15-6ll 0-14 145 0-16 14-0 0-22 <0-001
Sex (n (males/female)) 265/288 285/258 219/151 0-062**
Season (n (spring/summer/autumn/winter)) 112/92/111/238 74/162/194/113 20/181/133/36 <0-001**
Height Z-score 0-509 0-060 0-56 0-071 0-69 0-062 0-033
Weight Z-score 0-29 0-066 0-32 0-061 0-33 0-056 0-582
BMI Z-score 0-07 0-069 0-09 0-055 0-06 0-063 0-917
FM (g) Z-score 0-15 0-074 0-15 0-067 0-06 0-079 0-414
FM (%) Z-score 0-07 0-068 0-10 0-067 -0-03 0-091 0-453
FMI Z-score 0-12 0-074 0-12 0-068 0-00 0-086 0-320
Degree of obesity (n (lean/overweight/obese)) 435/68/50 427/69/47 296/52/22 0-440**
WC =90th percentile (n (no/yes)) 500/53 497/46 343/27 0-609**
Regular PA (n (no/yes))t 242/311 188/355 85/285 <0-001**
IFG (n (nolyes))t 523/30 522/21 360/10 0-460**
Fasting blood glucose (mmol/l) 4-94 0-02 4-89 0-02 4-89 0-02 0-039tt
Fasting insulin (pmol/1)§ 96-5lI 25 92-1ll 1-9 81-0 2:0 <0-001tt
HOMA-IR§ 3-116ll 0-086 2-933l 0-064 2-575 0-068 <0-001tt
HOMA-B§ 198-39ll 4-732 199-2I| 4-795 173-17 4-894 0-001tt
QUICKI§ 0-329 0-001 0-330ll 0-001 0-336 0-001 <0-001tt

25(0OH)D, 25-hydroxyvitamin D; FM, fat mass; WC, waist circumference; PA, physical activity; IFG, impaired fasting glucose; HOMA-IR, homeostatic model
assessment—insulin resistance index; HOMA-B, homeostatic model assessment—@3-cell function; QUICKI, quantitative insulin-sensitivity check index.

All continuous variables are given as means with their standard errors.

*Reference category.

tRegular PA (n (yes)) means the number of participants who performed moderate or vigorous physical activity for at least 60 min/d on 3 d/week, and/or walking
activity for at least 60 min/d on 5 d/week, and/or muscular strength activity on more than 3 d/week, who were assigned to the ‘regular physical activity’ group. Those
participants who performed moderate or vigorous physical activity for at least 180 min/day on 3 d/week were also assigned to the ‘regular physical activity’ group.
$IFG (n (no)) means the number of participants with fasting glucose <5-6 mmol/l.

§The analysis was performed using natural log-transformed values.

[IThe value was significantly different from that of the reference category (P < 0-001).

€The value was significantly different from that of the reference category (P=0-027).

**The Rao—Scott x“ test was used to analyse the associations between the categorical variables and the three categories of serum 25(OH)D.

t1Tests for linear trend (P for linear trend) across the three categories of serum 25(OH)D levels were performed. We calculated the age- and sex-adjusted means
for fasting glucose, fasting insulin, HOMA-IR, HOMA-B and QUICKI according to the categories of serum 25(OH)D. Subgroup analyses were then performed to
analyse the mean differences in the dependent variables between the reference category (25(0OH)D =50 nmol/l) and the other two categories.

Table 3 Multivariate linear regression analysis of the associations between serum 25(OH)D category (predictor variable) and fasting
glucose, fasting insulin, HOMA-IR, HOMA-B and QUICKI (outcomes); adolescents aged 10—19 years, Korea National Health and Nutrition
Examination Survey (KNHANES) 2009-2010

Model 1 Model 2 Model 3 Model 4

Dependent variable B SE P value B SE P value B SE P value B SE P value
Total participants (n 1466)

Fasting glucose —0-473 0-245 0-054 —0-462 0-245 0-061 —0-484 0-246 0-050 —0-463 0-245 0-060

Fasting in§ulin* —0-064 0-014 <0-001 -0-063 0-014 <O0-001 -0-067 0-014 <0-001 —0-063 0-013 <0-001

HOMA-IR —0-069 0-015 <0-001 -0-068 0-014 <0-001 -0-072 0-014 <O0-001 -0-068 0-014 <0-001

QUICKI* 0-010 0-002 <0-001 0-010 0-002 <0-001 0-010 0-002 <0-001 0-010 0-002 <O0-001

HOMA-B* —0-048 0-015 0-002 -0-047 0-015 0-002 -0-050 0-015 0-001 -—0-048 0-015 0-002

HOMA-Bt —0-006 0-012 0-629 —0-005 0-012 0-666 —0-005 0-012 0-674 —0-005 0-012 0-673
Lean participants (n 1158)

Fasting insulin* —0-045 0-013 <0-001 -0-044 0-013 0-001 -0-047 0-013 0-001 —-0-045 0-013  0-001

HOMA-IR* —0-048 0-014 0-001 -0-047 0-014 0-001 —0-049 0-014 0-001 -—0-048 0-014  0-001

QUICKI* 0-007 0-002 0-001 0-007 0-002 0-001 0-007 0-002 0-001 0-007 0-002 0-001
Overweight or obese participants (n 308)

Fasting insulin* —0-149 0-038 <0-001 -—0-155 0-036 <0-001 —0-159 0-036 <0-001 —0-154 0-037 <O0-001

HOMA-IR* —0-163 0-040 <0-001 -0-170 0-038 <0-001 -0-174 0-037 <0-001 -0-168 0-038 <0-001

QUICKI* 0-022 0-005 <0-001 0-023 0-005 <0-001 0-024 0-005 <0-001 0-023 0-005 <0-001

25(0OH)D, 25-hydroxyvitamin D; HOMA-IR, homeostatic model assessment-insulin resistance index; HOMA-B, homeostatic model assessment—g-cell func-
tion; QUICKI, quantitative insulin-sensitivity check index.

Multivariate linear regression analyses were performed to assess the association between increasing 25(0OH)D category (<37-5nmol/l, 37-5 to <50 nmol/l,
=50nmol/l) and the change in fasting glucose, fasting insulin, HOMA-IR, HOMA-B and QUICKI, after adjustment for potential confounders. If there was an
interaction between the three categories of serum 25(OH)D and BMI Z-scores (<85th percentile or =85th percentile), we split the group into two (lean v.
overweight/obese). The modifying effect of overweight status on the relationship between the three categories of serum 25(OH)D and markers of insulin
resistance was significant (test for interaction: P=0-046 for fasting insulin, P = 0-030 for HOMA-IR and P = 0-034 for QUICKI). No significant modifying effect
of overweight status on the association between the 25(0OH)D categories and fasting glucose or HOMA-B was observed. We entered potential confounders as
follows: model 1 included age, sex, physical activity (PA) and BMI Z-score; model 2 included age, sex, PA and fat mass (g) Z-score; model 3 included age, sex,
PA and fat mass (%) Z-score; and model 4 included age, sex, PA and fat mass index Z-score.

*The analysis was performed using natural log-transformed values for the dependent variables.

tThe analysis was performed after additional adjustment of natural log-transformed HOMA-IR.
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Figure 1 Multivariate-adjusted odds ratios for impaired fasting glucose (IFG) according to serum 25-hydroxyvitamin D level
(W, <37-5nmol/l, n553; [0, 37-5 to <50 nmol/l, n 543; [], =50 nmol/l, n 370) among adolescents aged 10—19 years, Korea National
Health and Nutrition Examination Survey (KNHANES) 2009-2010. Model 1 adjusted for age, sex, physical activity (PA) and BMI
Z-score; model 2 for age, sex, PA and fat mass (g) Z-score; model 3 for age, sex, PA and fat mass (%) Z-score; and model 4 for

age, sex, PA and fat mass index Z-score

25(OH)D, independently of age, sex, PA and adiposity.
To our knowledge, this is the first nationally representa-
tive study suggesting a significant relationship between
VitD status and markers of glucose homeostasis, even
after adjustment for total body fat measurements (made
with DXA), in an Asian paediatric population.

The potential effects of VitD on glucose homeostasis
are considered to be mediated by autocrine and paracrine
functions involving the transcriptional regulation of genes
in pancreatic B-cells, skeletal myocytes and immune cells,
improving insulin secretion and sensitivity and reducing
inflammation’*!'®. Despite theoretical links between
VitD and insulin sensitivity and/or secretion, controversy
remains regarding the relationship between 25(OH)D
levels and surrogate indices of insulin sensitivity*~7-2>2®
or B-cell function”?>2 and the risk of glucose intolerance
or T2DM®??”_ These discrepancies in the relationships
between VitD status and outcomes related to glucose
homeostasis in paediatric or adult populations may be
attributable to differences in study sample size, participant
characteristics (race, ethnicity and degree of obesity),
method of measuring insulin sensitivity and/or {-cell
function, and the adjusted markers of adiposity used.

Adipose tissue is not only the natural reservoir of
liposoluble 25(OH)D, but also a well-known determinant
of IR. Traditional measurements, such as BMI, do not
measure fat in accurate quantitative terms'*”. However,
a technique that can divide body weight into FM and
fat-free mass (such as DXA) is useful in adjusting for total
body adiposity. We first investigated the association
between total body fat and serum 25(OH)D and then
evaluated whether serum 25(OH)D was related to surrogate
indices of insulin sensitivity (HOMA-IR, QUICKD) or insulin
secretion (HOMA-B), and the risk of IFG, after adjusting for
total body adiposity using DXA.
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Racial and ethnic differences in the degree of adiposity
and the distribution of body fat are well known#*%”,
Asian-American and African-American children have
lower BMI and/or total body fat than Caucasian children.
Asian-American children have higher visceral adipose
tissue®” and African-American children have lower
visceral adipose tissue and more subcutaneous adipose
tissue than Caucasian children®. Lower levels of 25(OH)D
are associated with higher adiposity, measured with
DXA, in Caucasian and African-American youth examined
concurrently, and VitD deficiency is associated with higher
visceral adipose tissue in Caucasians and greater sub-
cutaneous adipose tissue in African-Americans®®. We
demonstrated a significant association between serum
25(OH)D levels and total body fat, measured with DXA,
after adjustment for age, sex, season and PA in a Korean
paediatric population, although we could not examine the
relationship between 25(OH)D status and the distribution
of abdominal adipose tissue.

Theoretically, a VitD response element in the human
insulin receptor gene promoter might affect insulin
receptor expression'”, and 1,25-dihydroxycholecalciferol
(1,25-dihydroxyvitamin D3) directly stimulates its expres-
sion and insulin responsiveness for glucose transport(m.
VitD also indirectly improves insulin responsiveness
by maintaining normal extracellular calcium levels and
effective calcium influx through cell membranes™?®. Many
cross-sectional studies have supported an association
between 25(OH)D levels and insulin sensitivity in
adults®_ Recently, Gagnon et al®® prospectively
demonstrated that lower 25(OH)D levels are associated
with increased HOMA-IR and risk of metabolic syndrome
in Australian adults. In cross-sectional studies of Chinese®’
and Korean adults®, VitD status was inversely related
to HOMA-IR. Low 25(OH)D levels are also significantly
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related to an increased risk of metabolic syndrome in
Chinese adults™ and T2DM in Korean adults'®. Consistent
with studies of adult populations®®®, cross-sectional
nationwide studies of paediatric populations have con-
sistently reported an inverse association between 25(OH)D
levels and fasting hyperglycaemia and/or increased
HOMA-IR, after adjustment for BMI®'”. Our study sup-
ports a significant relationship between 25(OH)D levels
and HOMA-IR or QUICKI, independent of total body fat.
The inverse relationship between 25(OH)D and IR was
significant in all participants, not only those who were
overweight or obese.

VitD receptors"? and la-hydroxylase> are present in
pancreatic B-cells and calcium plays an essential role in
B-cell insulin secretion*>'?. Therefore, VitD may directly
or indirectly affect insulin secretion. Contrary to expecta-
tion, HOMA- showed an increasing trend with decreased
serum 25(OH)D, which was not significant after adjustment
for HOMA-IR. Therefore, the failure of B-cell mass com-
pensation for decreased insulin sensitivity related to VitD
deficiency and/or other risk factors may be associated with
the development of fasting hyperglycaemia or IFG.

The risk of diabetes associated with IR and B-cell
compensation varies with race/ethnicity. Compared
with Caucasians, total adiposity is lower, but the risk of
incident diabetes is 18% higher in Asian-Americans>”,
which may be linked to their greater abdominal obesity,
smaller muscle mass and lower B-cell insulin secretion in
the context of IR%*?. Unexpectedly, about half of the
participants with IFG in our study were lean. The lean
participants with IFG may have had a ‘metabolically
obese, but normal-weight’ phenotype (lean individuals
with a disproportionate amount of fat stored within the
abdomen) and/or a family history of T2DM. Unfortunately,
the KNHANES data did not include body fat topography
measurements and/or complete answers to the family
history questionnaire for the paediatric population.
Although there is insufficient evidence to recommend
consistent thresholds of serum 25(OH)D in relation to non-
calcaemic metabolic benefits, numerous epidemiological
studies have suggested that 25(OH)D >75nmol/l may
confer health benefits by reducing the risk of T2DM,
CVD, etc.®V. Fewer than 2% of our participants were VitD
sufficient (>75nmol/D), irrespective of their overweight
status. VitD insufficiency and/or deficiency may be related
to hepatic IR, and the B-cell mass cannot fully compensate
or overcome IR in Korean adolescents.

The study was limited by a lack of information about
the participants’ pubertal status and family history of
T2DM, levels of parathyroid hormone and/or several
adipocytokines, and visceral fat measurements. We used
HOMA-IR and QUICKI, reflecting only hepatic insulin
sensitivity rather than in vivo whole-body insulin sensi-
tivity, which encompasses both hepatic and peripheral
tissues, measured using hyperinsulinaemic—euglycaemic

and hyperglycaemic clamps. Rajakumar et al®® recently
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reported that 25(OH)D levels are not independently
related to in vivo insulin sensitivity or B-cell function,
after adjustment for total body fat or visceral adipose
tissue, in healthy black and white youth aged 8-18 years
without dysglycaemia. Our study is the first to show that a
low VitD status is significantly related to hepatic IR and IFG,
independently of total body fat, in Korean adolescents.
Further studies are required to investigate whether the
association between 25(OH)D status and the parameters of
glucose homeostasis is significant in Korean adolescents
after adjustment for visceral adiposity, which determines
metabolic obesity in Asian populations.

Unexpectedly, the mean height Z-score showed an
increasing trend with increasing 25(OH)D. Serum 25(OH)D
levels were positively related to final adult height in
ninety young women®?. Adolescent girls with VitD
deficiency showed a significant reduction in height®.
Because of its essential role in skeletal development and
bone health, VitD may have a beneficial effect on linear
growth and final height.

Conclusion

Low VitD status was significantly associated with hepatic
IR and IFG, independently of total body fat, in Korean
adolescents. It remains to be determined whether VitD
optimization improves insulin sensitivity and reverses IFG
in VitD-deficient adolescents, irrespective of changes in
their total or visceral adiposity.
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