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Abstract

Summary Our study showed that serum osteocalcin levels are
closely related to glucose metabolism in men of all ages and
younger women. This association disappeared in postmeno-
pausal women in which increases bone turnover rates. The
association between serum osteocalcin levels and glucose ho-
meostasis should be interpreted according to age and sex.
Introduction Osteocalcin, a marker of bone formation, ap-
pears to be associated with glucose homeostasis. We investi-
gated the age- and sex-specific association of serum
osteocalcin level with variables related to glucose metabolism.
Methods This study was based on cross-sectional analysis
from 719 participants aged 20-85 years after excluding pa-
tients taking antidiabetic or antiosteoporotic drugs. The sub-
jects were divided into four groups according to age and sex as
follows: men <50 years (n=131), men >50 years (n=191),

K. Y. Jung and K. M. Kim contributed equally to this work.

Electronic supplementary material The online version of this article
(doi:10.1007/s00198-015-3315-7) contains supplementary material,
which is available to authorized users.

b4 S. Lim
limsoo@snu.ac.kr

Department of Internal Medicine, Seoul National University
Bundang Hospital, Seongnam, Korea

Department of Internal Medicine, Eulji University, Seoul, Korea

Department of Internal Medicine, Seoul National University College
of Medicine, Seoul, Korea

Department of Internal Medicine, Chungbuk National University
Hospital, Cheongju, Korea

Department of Internal Medicine Seoul National University Bundang
Hospital, Seoul National University College of Medicine, 82
Gumi-ro 173beon-gil, Bundang-gu Seongnam 463-707, Korea

women <50 years (n=108), and women >50 years (n=279).
Anthropometric and biochemical variables including insulin
resistance (HOMA-IR) and {3 cell function (HOMA-{3) from a
75-g oral glucose tolerance test, and serum 25-OH-vitamin D
and parathyroid hormone levels were measured.

Results The serum osteocalcin level was significantly higher
in women aged >50 years compared with women <50 years
(20.4£7.8 vs. 17.9+£6.8 ng/ml, p<0.001), but there was no
difference between men aged >50 years and men <50 years
(16.4+£5.9 vs. 16.84+6.0 ng/ml, p=0.905). The participants
diagnosed with diabetes had lower serum osteocalcin levels
than normal or prediabetic participants. Multivariable regres-
sion analyses including HOMA-IR and HOMA-f3 indicated
that serum osteocalcin levels had a negative and independent
association with HbAlc levels in men and women aged
<50 years, but not in women >50 years.

Conclusions Low osteocalcin levels are associated with im-
paired glucose metabolism in men and premenopausal wom-
en. The osteocalcin levels may be determined by factors relat-
ed to bone metabolism in postmenopausal women. Our data
suggest that the serum levels of osteocalcin associated with
glucose homeostasis should be interpreted according to age
and sex.

Keywords Age - Gender - Glucose metabolism - Insulin
resistance - Osteocalcin - 3 cell function

Introduction

The skeleton is a metabolically active organ and is continu-
ously remodeled throughout life by bone resorption by osteo-
clasts and bone formation by osteoblasts [1]. During this pro-
cess, proteins originating from the skeletons are released into
the systemic circulation as metabolites of the process, but little
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is known about their systemic role [2]. Recent accumulating
evidence suggests that the proteins released during the bone
remodeling process have extraskeletal roles [3, 4].

Osteocalcin is a bone matrix protein preferentially synthe-
sized by osteoblasts [5]. The systemic role of osteocalcin is
not yet clear. However, it is increasingly evident that
osteocalcin has extraskeletal roles, indicating an association
with glucose homeostasis and energy metabolism [6]. In vitro
and in vivo studies have shown that osteocalcin exerts phys-
iological effects on pancreatic 3 cells and adipose tissue [7, 8].
Mice lacking osteocalcin display decreased {3 cell function,
glucose intolerance, and insulin resistance [7]. Conversely,
treatment with osteocalcin significantly improves glucose tol-
erance and insulin sensitivity in mouse models of obesity and
glucose intolerance [8]. In humans, osteocalcin is associated
with fasting glucose or insulin sensitivity indices [9-12]. By
contrast, other studies found no correlation between circulat-
ing osteocalcin and insulin resistance [13, 14] or blood glu-
cose levels [14]. Thus, there are still some discrepancies be-
tween the study results according to the study design or char-
acteristics of study participants.

Bone turnover rate varies considerably according to indi-
vidual variables. Among them, age and sex are the most im-
portant variables determining bone remodeling [15, 16]. Giv-
en that the circulating levels of osteocalcin, a marker of bone
formation, differ between sexes and alter with age [17, 18], the
relationship between circulating osteocalcin and glucose ho-
meostasis may also differ according to these variables. This
variability in circulating osteocalcin levels may be the cause of
inconsistent data observed in previous studies of the associa-
tion between circulating osteocalcin levels and glucose ho-
meostasis [9-14]. Therefore, the aim of the present study
was to evaluate the association of circulating osteocalcin
levels with variables related to glucose metabolism in men
and women with a broad range of ages.

Material and methods
Study population

We included consecutive patients aged >20 years who visited
the diabetes clinic at Seoul National University Bundang Hos-
pital (SNUBH) between October 2013 and December 2014
for evaluation or treatment of diabetes. Exclusion criteria were
as follows: (1) patients who had been treated with oral hypo-
glycemic agents or insulin; (2) patients taking agents that may
affect bone turnover rates, such as bisphosphonates, selective
estrogen receptor modulators, or teriparatide; (3) those taking
medications that may affect bone or glucose metabolism, such
as systemic glucocorticoids; (4) those having a history of met-
abolic bone diseases including hyperparathyroidism, Paget’s
disease, or a recent history of bone fracture; (5) uncontrolled
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hyper- and hypothyroidism; or (6) major surgery within the
previous 6 months.

A total of 719 patient participants who were naive to drugs
affecting glucose metabolism were enrolled in the present
study. The participants were divided into four groups by age
and sex as follows: men <50 years (n=131), men >50 years
(n=191), women <50 years (n=108), and women >50 years
(n=279). Participants were subsequently classified as those
with normal glucose metabolism, those with prediabetes in-
cluding impaired fasting glucose and impaired glucose toler-
ance, and those with diabetes mellitus (DM) according to the
American Diabetes Association diagnosis definition based on
their fasting and postprandial 2-h glucose levels [19]. This
observational study was approved by the Institutional Review
Board of SNUBH (IRB no. B-1502/286-106) and complied
with the Declaration of Helsinki.

Anthropometric and biochemical measurements

Height and body weight were measured by standard methods.
Body mass index (BMI) was calculated as body weight divid-
ed by height squared (in kilogram per square meter). Waist
circumference was measured with a flexible tape at a level
midway between the lower rib margin and the iliac crest.
Blood pressure measurements were made after subjects had
remained seated for 10 min. Measurements were made twice,
with a 5-min rest interval between them, and the mean value
of the two measurements was used. Participants were classi-
fied according to their smoking habits as nonsmokers, ex-
smokers, or current smokers. Participants were also classified
according to their alcohol consumption habits as abstinent
(<20.0 g/week), mild-to-moderate drinkers (20.0-199.9 g/
week), or heavy drinkers (>200 g/week). Physical activity of
participants was classified as none, irregular (1-2 bouts/
week), or regular (>3 bouts/week) exercise.

Plasma glucose levels were measured using a Hitachi 747
Clinical Chemistry Analyzer (Hitachi, Tokyo, Japan). HbAlc
levels were measured using a Bio-Rad Variant II Turbo HPLC
Analyzer (Bio-Rad, Hercules, CA, USA) in the National
Glycohemoglobin Standardization Program (NGSP) level 11
certified laboratory at SNUBH. Plasma insulin concentrations
were measured by radioimmunoassay (Linco, St. Louis, MO,
USA). Fasting plasma concentrations of lipids, aspartate/
alanine aminotransferase (AST/ALT), and creatinine were
measured using a Hitachi 747 Clinical Chemistry Analyzer.
Serum calcium (corrected for albumin binding) and phosphate
were also measured by standard automated laboratory
methods (Hitachi 747 Clinical Chemistry Analyzer).

Insulin resistance (HOMA-IR) and 3 cell function
(HOMA-{3) were calculated using the homeostasis model as-
sessment (HOMA) described by Matthews et al.[20] as fol-
lows: HOMA-IR =fasting insulin (in microunits per millili-
ter) x fasting plasma glucose (in milligram per deciliter)/405;
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HOMA-[3=360x fasting insulin (in microunits per milliliter)/
[fasting plasma glucose (in milligram per deciliter)—63]. Four
hundred twenty-five of the 719 participants (71.9 %, 188 men
and 237 women) underwent a 75-g oral glucose tolerance test
(OGTT). Plasma glucose and insulin levels were determined
at 30 and 120 min after the glucose load (PP30, PP120, Insu-
1lin30, and Insulin120, respectively). The insulinogenic index
(IGI), as an indicator of early-phase insulin release, was cal-
culated according to the following formula: (30-min insulin—
fasting insulin)/(30-min glucose—fasting glucose) [21].

Within the definition of prediabetes and diabetes mellitus
(DM), impaired fasting glucose (IFG) was defined as a fasting
plasma glucose (FPG) level of 100-125 mg/dL, and impaired
glucose tolerance (IGT) as PP120 140-199 mg/dL. Partici-
pants with IFG or IGT were defined as prediabetic. DM was
diagnosed when the FPG was >126 mg/dL, or the PP120 was
>200 mg/dL.

The total serum level of osteocalcin was assayed
immunoradiometrically using an Osteo-RIACT kit (Cisbio
Bioassays, Saclay, France). The detection limit of the assay
was 0.4 ng/mL and intra-assay and interassay coefficients of
variation (CVs) were 1.2-2.8 % and 3.6-5.2 %, respectively.
Serum c-terminal telopeptide of type I collagen (CTX) was
measured by electrochemiluminescence immunoassay using a
Modular Analytics E170 platform (Roche, Mannheim, Ger-
many) in those women among the study participants who were
aged >50 years. Serum 25-OH vitamin D concentrations were
measured by Diel-Alder derivatization and ultrahigh-
performance liquid chromatography—mass spectrometry (Wa-
ters, Milford, MA, USA). Circulating concentrations of intact
parathyroid hormone (PTH) were measured using an
electrochemiluminescence immunoassay on a Modular Ana-
lytics E170 platform (Roche, Mannheim, Germany). Serum
levels of C-reactive protein were measured with high-
sensitivity (hsCRP) using an automated immunoturbidimetric
method (Denka Seiken CRP II Latex X2, Tokyo, Japan).
White blood cells (WBC) were counted by flow cytometry
(XE-2100, Sysmex, Kobe, Japan). Urinary albumin levels
were measured using a nephelometric assay method (A&T
502X, A&T, Tokyo, Japan), and urine creatinine levels were
measured using the Jaffe method (Hitachi 7170 analyzer) to
calculate the spot urine albumin-to-creatinine ratio (Uacg).

Statistical analyses

Differences in anthropometric and biochemical variables be-
tween participants of each sex aged <50 and >50 years were
evaluated using a Student’s ¢ test. Variables such as HOMA-
IR, HOMA-{, and hsCRP were log-transformed to approxi-
mate a normal distribution. Pearson correlation analysis was
used to evaluate the associations between osteocalcin and met-
abolic variables such as anthropometric indices and glucose
metabolism-related parameters. Multiple linear regression

analysis was used to determine the association of osteocalcin
levels with HbAlc concentrations after adjusting for various
factors that may affect glucose homeostasis, bone metabolism,
or both. We considered p<0.05 to be significant. The statisti-
cal analyses were performed using IBM SPSS Statistics for
Windows (version 20.0, IBM Corp, Armonk, NY, USA).

Results

Association of serum osteocalcin levels with age in men
and women

Age-related changes in serum osteocalcin levels are shown in
Fig. 1. A scatterplot of the osteocalcin levels and a correlation
line for age of men indicated serum levels of osteocalcin de-
creased with age in the rage of 20 to 49 years (»r=—0.311,
p<0.001). However, no significant correlation between age
and serum osteocalcin levels was observed in men aged
>50 years (r=0.089, p=ns). In women aged between 20 and
49 years, serum osteocalcin levels decreased with increasing
age (r=—0.294, p=0.002). The serum osteocalcin levels in-
creased markedly at age 50 years, the median age of natural
menopause, and then decreased with increasing age in women
aged >50 years (r=—0.197, p=0.001).

Comparison of baseline characteristics between age
groups by sexes

Considering the trend of serum osteocalcin levels according to
age and sex, we divided the participants into four groups by
age and sex. The anthropometric and biochemical variables
related to glucose homeostasis and bone metabolism in the
four groups are shown in Table 1. The mean BMI was higher
in men than women. Between younger and older age groups,
the mean BMI was lower in older men than their younger
counterparts, while it was higher in older women than in their
younger counterparts.

Between the sexes, serum osteocalcin levels were higher in
women than in men (19.7+7.6 ng/mL vs. 16.6+5.9 ng/mL,
p<0.001). Serum osteocalcin levels were not significantly dif-
ferent between men aged <50 years and men aged >50 years.
By contrast, serum osteocalcin levels were significantly
higher in women aged >50 years compared with those in
women <50 years. The serum osteocalcin levels were not
different between sexes in participants <50 years, but were
significantly higher in women >50 years than in men
>50 years.

The levels of 25-OH vitamin D reflecting vitamin D
levels were lower in people <50 years than in people
>50 years, regardless of sex. Glucose levels tended to be
higher in people in the older age group than in people in
the younger groups, regardless of sex. Fasting insulin
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Fig. 1 Correlation between age and serum osteocalcin levels in men and
women

concentration and HOMA-IR were significantly higher in
women aged >50 years than in women <50 years old,
whereas they were not significantly different by age group
in men. Men aged >50 years had lower HOMA-3 and IGI
than men aged <50 years. Serum hsCRP levels were higher
in the older people than the younger people, regardless of
sex. ALT levels were higher in the younger men than in
the older men, while they were lower in the younger wom-
en than in the older women.

Association of serum osteocalcin levels with dynamic
glucose-related variables

To assess the correlations between serum osteocalcin levels
and other variables, simple correlation analyses were conduct-
ed, separately for the four groups (Table 2). Serum osteocalcin
levels were significantly associated with most parameters re-
lated with glucose metabolism including HbAlc, FPG, PP30,
and PP120 with varying relationship strengths, whereas cor-
relations between serum osteocalcin levels and fasting insulin
levels were not significant, except in older women.

@ Springer

Serum osteocalcin levels were positively correlated with
HOMA-f3 and IGI in the groups of men aged <50 years,
men >50 years, and women <50 years, but not in women
>50 years. The levels of osteocalcin were negatively correlat-
ed with HOMA-IR in all groups except for in men aged
>50 years. There were negative correlations between
osteocalcin concentrations and hsCRP levels except for men
>50 years. Similar negative correlations were found between
osteocalcin levels and WBC.

CTX levels were measured only in women aged >50 years.
The CTX levels were positively associated with osteocalcin
levels (r=0.533, p<0.001), but not with glucose metabolism-
related parameters including HbAlc, HOMA-IR, and
HOMA-f3 (Electronic supplementary material (ESM) Supple-
mentary Table 1).

Independent association of serum levels of osteocalcin
with HbAlc levels

To identify an independent association of serum osteocalcin
levels with HbA1c levels, multivariable linear regression anal-
yses for HbAlc levels were conducted. We adjusted for clin-
ical and biochemical variables including age, BMI, systolic
blood pressure (SBP), ALT, serum creatinine, HOMA-IR,
HOMA-f3, and hsCRP. Other variables related to bone metab-
olism, such as calcium and 25-OH vitamin D, were included
as confounders.

In this study, the HOMA-IR and HOMA-f3 indices were
significantly associated with HbAlc levels in all age groups.
The hsCRP levels were also significantly associated with
HbAc levels in both groups of men groups and showed bor-
derline significance in both groups of women. Serum
osteocalcin levels were inversely correlated with HbAlc
levels in the groups of men aged <50 years, men aged
>50 years, and women aged <50 years, but not in women
>50 years (Table 3). When exercise habit, smoking status,
and alcohol consumption were included, the association be-
tween osteocalcin and HbA I ¢ levels was maintained, but was
slightly diminished (data not shown). When CTX was includ-
ed in the final multivariable regression model for women aged
>50 years, it was not significantly associated with HbAlc
levels (ESM Supplementary Table 2).

Serum osteocalcin levels by glucose metabolism status

After classifying the participants as normal, prediabetic, or
with DM, we compared serum osteocalcin levels accord-
ing to their glycemic status. Serum osteocalcin levels were
significantly lower in those with DM compared with nor-
mal or prediabetic men or women, regardless of age group
(Fig. 2). There was a significant difference in serum
osteocalcin levels between groups of normal and predia-
betic men aged >50 years.
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Table 1  Comparison of variables between sexes by age group

Men <50 years Men >50 years Women <50 years ‘Women >50 years

(n=131) (n=191) (n=108) (n=279)

Mean+SD Mean+SD 2 Mean+SD Mean+SD P
Age, years 38.1+7.9 61.6+8.6 <0.001 354+£93 63.3+8.1 <0.001
SBP, mmHg 128.9+11.8 127.4+14.8 0.346 115.9+14.8 125.3+14.1 <0.001
DBP, mmHg 80.8+9.6 77.1£10.4 0.001 71.2+£9.7 74.4+9.4 0.004
Height, cm 173.5+£6.3 168.6+6.2 <0.001 160.2+£5.2 155.0+£5.5 <0.001
Weight, kg 77.1£11.2 71.2+10.8 <0.001 57.0£10.0 58.6+8.6 0.121
BMI, kg/m? 25.6+£3.2 25.0£3.2 0.104 22.243.6 244434 <0.001
Waist circumference, cm 87.7+9.4 88.2+7.5 0.732 722494 85.2+7.7 <0.001
Osteocalcin, ng/mL 16.8+6.0 16.4+5.9 0.546 17.9+6.8 20.4+7.8 0.004
Calcium, mg/dL 9.1+0.3 9.1+0.4 0.642 9.0+0.4 9.0+0.4 0.702
Phosphorus, mg/dL 3.5+0.5 34+04 0.084 3.8+0.5 3.8+0.5 0.366
25-OH vitamin D, ng/mL 15.846.2 17.5+7.5 0.035 14.2+6.7 19.8+10.3 <0.001
PTH, pg/mL 24.8+12.2 27.6+14.2 0.179 31.84343 30.2+16.7 0.668
HbAlc, % 72424 7.3+2.1 0.764 6.3+1.9 6.6+1.4 0.194
HbAlc, mmol/L 55.04£26.2 56.0+23.0 0.764 45.0+£20.8 49.0+15.3 0.194
Fasting glucose, mg/dL 140.6+68.7 145.0+£55.7 0.524 114.8+51.9 118.2+40.6 0.539
PP30, mg/dL 226.0+87.1 245.0+81.0 0.092 193.6+£78.3 219.2+69.4 0.020
PP120, mg/dL 225.4+125.9 261.0+117.0 0.017 190.6+£110.8 223.7+105.8 0.022
Fasting insulin, pIU/L 11.3£6.3 10.3+5.3 0.141 9.0+4.3 11.6+7.0 <0.001
Insulin30, pIU/L 29.8+22.1 24.9+18.1 0.074 31.24£22.7 37.5+31.1 0.129
Insulin120, pIU/L 30.1+25.1 37.4+36.9 0.090 27.7+17.0 54.0+43.3 <0.001
HOMA-IR® 39+2.6 3.6+2.0 0.711 27424 3.6+£2.6 <0.001
HOMA-° 94.7+81.3 62.9+71.1 <0.001 100.5+£70.5 86.7+£59.8 0.088
IGI 0.27+£0.31 0.19+0.23 0.027 0.45+0.58 0.38+0.45 0.419
Total cholesterol, mg/dL 197.7+£38.1 186.6+38.7 0.011 195.3+£36.5 199.2+43.9 0.376
hsCRP®, mg/dL 0.14+0.23 0.18+0.31 0.339 0.15+0.31 0.19+0.40 0.407
AST, IULL 29.7+17.0 28.4+13.8 0.466 21.4+12.6 25.1+12.3 0.009
ALT, IU/L 39.8432.5 31.0£21.4 0.007 19.0+17.3 23.0+14.7 0.025
TSH, ulU/L 2.0+1.1 2.1+1.9 0.434 25+1.8 23+1.9 0.311
Creatinine, mg/dL 0.90+0.16 0.92+0.22 0.279 0.68+0.13 0.67+0.13 0.305
Urine microalbumin/Cr° 81.4+338.9 85.7+315.1 0.590 22.0+£34.2 67.4+559.1 0.684
WBC, x10%/uL 6.3+1.9 6.6+2.0 0.256 6.3+1.8 6.0£1.6 0.134

PP postprandial, /GI insulinogenic index, PTH parathyroid hormone, 7SH thyroid stimulating hormone, Cr creatinine

2 p value for comparison between <50 and >50 years

®Log-transformed value was used for comparison

Discussion

In the present study of a relatively large number of participants
with a wide age range, circulating levels of osteocalcin were
negatively associated with glucose concentrations obtained
from OGTT and HOMA-IR, and positively associated with
HOMA-{ and IGI in men <50 years, men >50 years, and
women <50 years, but these associations diminished or disap-
peared in women >50 years whose bone turnover increases
and whose serum osteocalcin levels markedly increase. In the
multivariable linear regression analyses including 25-OH vi-
tamin D, hsCRP, HOMA-IR, HOMA-f3, or IGI, the serum

osteocalcin level was significantly associated with HbAlc
levels in men aged <50 years, men aged >50 years, and wom-
en aged <50 years, but not in women >50 years.

Bone formation and resorption occur continuously
throughout life and the bone turnover rate varies according
to age and sex [15]. In women, it is maintained relatively
stable at a low level until the early 1950s and the menopause,
and then is dramatically increased with increased bone loss.
However, in men the pattern is different. Bone turnover rate
increases in the early 1920s to build a peak bone mass and
declines slightly after then to 50 years of age. Thereafter, it
remains at a stable level in older men. Thus, the bone turnover

@ Springer
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Table 2  Correlation of serum osteocalcin levels with other variables according to sex and age group

Men, <50 years Men, >50 years Women, <50 years Women, >50 years
r p r p r P r P
HbAlc, % —0.475 <0.001 —-0.330 <0.001 —0.448 <0.001 —0.280 <0.001
Age, years -0.311 <0.001 0.089 0.219 —0.294 0.002 -0.197 0.001
SBP, mmHg 0.031 0.725 0.070 0.339 -0.179 0.064 -0.010 0.870
DBP, mmHg 0.074 0.402 0.053 0.468 -0.188 0.052 —-0.011 0.857
BMI, kg/m? —-0.196 0.025 -0.010 0.894 -0.170 0.078 —-0.080 0.198
Calcium, mg/dL 0.141 0.107 0.039 0.594 0.042 0.667 0.108 0.076
Phosphorus, mg/dL 0.164 0.061 0.096 0.144 0.124 0.202 0.100 0.099
25-OH vitamin D, ng/mL 0.031 0.750 0.047 0.558 —-0.105 0.295 —0.147 0.030
PTH, pg/mL 0.084 0.515 0.018 0.838 0.142 0.397 0.029 0.718
Fasting glucose, mg/dL —0.463 <0.001 -0.197 0.006 -0.457 <0.001 -0.153 0.012
PP30, mg/dL —0.402 <0.001 —0.335 <0.001 —0.400 <0.001 —0.262 0.008
PP120, mg/dL —0.496 <0.001 —0.197 0.015 —0.525 <0.001 —0.235 0.003
Fasting insulin, pIU/L 0.091 0.308 0.049 0517 —0.146 0.135 —0.153 0.029
Insulin30, uIU/L 0.295 0.002 0.139 0.150 0.231 0.038 0.020 0.841
Insulin120, puIU/L 0.186 0.052 0.048 0.615 —0.097 0.402 —0.110 0.278
HOMA-IR* -0.250 0.005 -0.072 0.342 -0.334 <0.001 —-0.245 <0.001
HOMA-B* 0.422 <0.001 0.244 0.001 0.418 <0.001 0.062 0.379
IGI* 0.390 <0.001 0.207 0.037 0.241 0.033 0.188 0.063
Total cholesterol, mg/dL 0.034 0.697 0.100 0.169 -0.128 0.186 0.095 0.113
hsCRP?, mg/dL -0.271 0.002 —0.158 0.041 -0.207 0.031 —0.055 0.418
AST, IU/L —-0.086 0.331 -0.012 0.867 0.010 0916 0.002 0.972
ALT, IU/L —0.066 0.451 —-0.040 0.582 —0.152 0.117 —0.032 0.604
Creatinine, mg/dL 0.163 0.063 0.140 0.053 0.114 0.241 0.089 0.143
WBC, x10%/uL —0.195 0.036 —0.198 0.019 -0.199 0.039 —0.136 0.055

 Log-transformed value was used. IGI, insulinogenic index
PP postprandial

Table3  Multivariable linear regression analysis for HbA1c with various factors including serum osteocalcin levels according to sex- and age-specific
groups

Men, <50 years Men, >50 years Women, <50 years Women, >50 years

ea t p B t p g t P & t P

Age, years 0.035 0.422 0.674 —0.129 -1.627 0.106 -0.161 -1.866 0.065 —0.003 -0.052 0.958
BMI, kg/m? 0.095 1.128 0262 -0.077 -0.853 0.395 —0.112 -1.348 0.181 -0.059 0925 0.357
SBP, mmHg 0.072 1.027 0307 -0.073 -0.969 0334 —0.041 0466 0.642 0.036 0.560 0.577
Osteocalcin, ng/mL —0.180 2470 0.015 -0.209 -2.658 0.009 —0.197 2506 0.014 —0.115 -1.800 0.074
Calcium, mg/dL 0.006 0.085 0933 -0.077 -0.989 0.325 0.037 0.515 0.608 0.052 0.876 0.383
25-OH vitamin D, nggmL  -0.072 -1.066 0.289 -0.025 -0.340 0.735 0.069 0.969 0.335 -0.097 -1.590 0.114
HOMA-IR® 0318 4.037 <0.01 0.326 3.661 <0.001  0.512 6.255 <0.001  0.580 8.558 <0.001
HOMA-B° -0422 5413 <0.01 -0332 —4.117 <0.001 -0368 —4.711 <0.001 -0.532 -8.086 <0.001
ALT, IU/L -0.097 -1264 0209 -0.044 -0.560 0.576 0.052 0.698 0.487 0.061 0.981 0.328
Creatinine, mg/dL -0.026 0325 0.746 -0.003 -0.045 0.964 -0.063 —0.903  0.369 0.028 0.440 0.661
hsCRP®, mg/dL 0.171 2.362 0.020 0.183 2.444 0.024 0.142 1.974 0.052 0.120 1.968 0.051

#Standardized 3 was used

® Log-transformed value was used
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rate in men does not show significant alteration in old age as it
does in women at the age of 50 years [16, 17, 22].
Osteocalcin is a marker of bone formation and its circulat-
ing concentration changes according to bone turnover rate
with aging [18]. In our study, the serum levels of osteocalcin
changed with age in men and women in a different fashion:
serum osteocalcin levels were inversely correlated with age in
men aged 2049 years, but the association disappeared from
age 50 years. Furthermore, the mean levels of serum
osteocalcin were not different between younger and older
men. By contrast, there was dramatic change in serum
osteocalcin levels in women at age 50 years: osteocalcin levels
decreased significantly with age in women aged 20—49 years.
The levels were then elevated sharply at the age of 50 years,
which is consistent with previous reports [17, 18]. In women
aged>50 years, serum osteocalcin levels again decreased sig-
nificantly with age. Thus, consistent with previous observa-
tions, alteration in bone turnover rate leads to age- and sex-
specific differences in circulating osteocalcin concentrations.
Osteocalcin might directly affect glucose metabolism;
osteocalcin increases 3 cell proliferation, insulin expression
and secretion, and regulates peripheral insulin sensitivity
through regulating adiponectin expression [7, 8]. Cross-
sectional studies have found that circulating concentrations
of osteocalcin are negatively associated with serum levels of
HbAlc, fasting glucose, and insulin, and insulin resistance
[10-12]. However, other clinical studies have shown that there
is no association between circulating osteocalcin and markers
of glucose metabolism [13, 14]. Most previous studies that
investigated the association between osteocalcin and glucose

metabolism were conducted in a specific group such as older
men [9, 10, 23] or postmenopausal women [24-26]. Conse-
quently, there was a discrepancy in the associations between
osteocalcin and glucose metabolism. This may be caused by
the intrinsic bone turnover rates, which are specifically related
to age and sex.

In the present study, the serum osteocalcin levels showed a
negative correlation with HbA lc levels after adjusting for the
other variables related to glucose homeostasis and bone me-
tabolism. Serum osteocalcin was positively associated with
insulin sensitivity in men and premenopausal women. How-
ever, these associations disappeared in postmenopausal wom-
en, when bone loss increase and bone turnover rate increases.
In this context, one can speculate that circulating osteocalcin
levels in postmenopausal women might be more influenced
by bone turnover rates, which should be considered when
evaluating the association of serum osteocalcin levels with
glucose metabolism. In other words, serum osteocalcin may
be able to indicate accurately the glucose metabolism in a state
of low bone turnover, but it might reflect bone turnover rates
per se in a high bone turnover phase. The associations with
glucose metabolism might be attenuated in this phase.

Another study including participants with a broad
range of ages showed that an elevated plasma osteocalcin
level was associated with improved glucose tolerance
[27]. However, the investigators did not examine its as-
sociation by age or sex specifically. The status of bone
turnover rate should be considered when interpreting the
serum level of osteocalcin as a marker of glucose metab-
olism in a specific group.
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Considering the influence of bone metabolism on glucose
homeostasis, it could be expected that other markers of bone
turnover, such as CTX might be associated with glucose me-
tabolism. Some recent studies suggested that CTX levels were
associated with glucose metabolism, but the results were in-
consistent [23, 28]. In our study, there was no significant re-
lationship between CTX levels and glucose metabolism in
women aged >50 years (ESM Supplementary Table 3). In
previous studies, osteocalcin showed a stronger association
with glucose metabolism than did CTX [23, 29]. Moreover,
evidence has shown that osteocalcin plays a direct role in
pancreas [3 cell function and insulin secretion [7, 30]. There-
fore, osteocalcin might be a more robust marker that reflects
both bone turnover and glucose metabolism.

Our study has several limitations. First, we measured total
serum osteocalcin levels only. Some studies suggest that car-
boxylation of osteocalcin is important for its biological prop-
erties. More specifically, uncarboxylated osteocalcin was re-
ported to be linked to glucose homeostasis in mice [8]. How-
ever, this association in humans is not clear [13, 14, 31]. Fur-
thermore, concentrations of uncarboxylated osteocalcin are
highly correlated with total osteocalcin [5]. Second, the pres-
ent study is cross-sectional. Accordingly, we cannot assume
any causal relationship between the serum levels of
osteocalcin and glucose metabolism. It remains to be deter-
mined whether low osteocalcin concentrations in type 2 dia-
betes represent a cause and/or a consequence of hyperglyce-
mia. Third, we measured CTX levels only in postmenopausal
women. Finally, we did not accurately assess participants’
gonadal status, which has major effects on bone turnover in
both men and women. Instead, we arbitrarily used an age of
50 years as a cutoff. This age is commonly used for defining
the onset of menopause in many studies [32-34]. In addition,
the mean age of menopause in Korean women is 49.8 years
[35]. In men, androgen levels decrease gradually with age but
tend to decrease more rapidly after the age of 50 years [36].
For these reasons, we chose 50 years as the cutoff for age
distribution in both sexes.

This study has several strengths. We investigated the asso-
ciation between serum osteocalcin and glucose metabolism in
a large number of both male and female participants. Further-
more, we investigated glucose metabolism comprehensively
using dynamic measures with the 75-g OGTT. The negative
association between serum osteocalcin levels and poor glyce-
mic control persisted after adjusting for other confounding
factors related to glucose and bone metabolism including cal-
cium, 25-OH vitamin D, and PTH.

In conclusion, circulating osteocalcin concentrations are
closely related to glucose metabolism in men of all ages and
younger women. The association diminished in older women,
particularly after menopause. Intrinsic bone turnover rates
could affect the intensity of the association between circulat-
ing osteocalcin and glucose homeostasis. Our study suggests

@ Springer

that the difference in bone turnover rates according to age and
sex should be considered when evaluating the association be-
tween circulating osteocalcin levels and glucose homeostasis.
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