Osteoporosis International (2019) 30:2065-2072
https://doi.org/10.1007/s00198-019-05087-3

ORIGINAL ARTICLE

®

Check for
updates

Effects of calcium supplementation on circulating osteocalcin
and glycated haemoglobin in older women

J.R. Lewis "> . T. C. Brennan-Speranza® - I. Levinger>® - E. Byrnes’ « E. M. Lim”2 . L. C. Blekkenhorst' - M. Sim "2 .
J. M. Hodgson'? - K. Zhu®*8 . W. H. Lim??° . L. A. Adams*'° - R. L. Prince?®

Received: 23 April 2019 / Accepted: 9 July 2019 /Published online: 24 July 2019
© International Osteoporosis Foundation and National Osteoporosis Foundation 2019

Abstract

Summary One year of calcium supplementation in older women led to modest reductions in total osteocalcin and
undercarboxylated osteocalcin (ucOC), with no changes in muscle or fat mass, or glycated haemoglobin. Future studies should
explore whether treatments with more profound effects of suppressing ucOC may lead to impaired glycaemic control.
Introduction Total osteocalcin (TOC) is a marker of bone turnover, while its undercarboxylated form has beneficial effects on
glucose metabolism in mice. This post hoc analysis of a randomised double-blind, placebo-controlled trial examined whether
1 year of calcium supplementation affected circulating TOC, undercarboxylated osteocalcin (ucOC) or glycated haemoglobin
(HbAlc) in 1368 older community-dwelling women (mean age 75.2 +2.7 years).

Methods Women enrolled in the Calcium Intake Fracture Outcome Study trial (1998-2003) were supplemented with 1.2 g/d of
elemental calcium (in the form of calcium carbonate) or placebo. Circulating TOC, ucOC and HbA1c was measured at 1 year (1999).
Results After 1 year of calcium supplementation, TOC and ucOC levels were 17% and 22% lower compared with placebo (mean
22.7£9.1 vs. 27.3+10.9 pg/L and 11.1+4.9 vs. 13.0£5.7 ug/L, both P<0.001). Carboxylated osteocalcin/ucOC was 6%
lower after calcium supplementation (P < 0.05). Despite this, no differences in HbAlc were observed (calcium, 5.2+ 0.6 vs.
placebo, 5.3+0.8%; P =0.08). Calcium supplementation did not affect BMI, whole body lean or fat mass. In exploratory
analyses, total calcium (dietary and supplemental) was inversely related to TOC and ucOC, indicating calcium intake is an
important dietary determinant of osteocalcin levels.

Conclusion One year of calcium supplementation in older women led to modest reductions in TOC and ucOC, with no changes in
muscle or fat mass, or HbA lc. Future studies should explore whether treatments with more profound effects of suppressing ucOC
may lead to impaired glycaemic control.
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Introduction

The polypeptide protein, osteocalcin, is synthesised and
secreted by mature osteoblasts during bone formation
[1]. It is also released from the bone matrix during bone
resorption and, as such, is used clinically as a serum
marker of bone remodelling. Osteocalcin undergoes vi-
tamin K-dependent post-translational modification
whereby three available glutamic acid residues (Glu)
are y-carboxylated (Gla) [2, 3] with the negatively
charged y-carboxyglutamic acid groups having a high
binding affinity for bone; in particular, the exposed cal-
cium ions at the surface of bone mineral [4]. Both car-
boxylated (cOC) and undercarboxylated osteocalcin
(ucOC) are abundant in the circulation [5].

High-quality mouse genetic-based studies indicate that
osteocalcin stimulates pancreatic insulin production and secre-
tion, as well as insulin sensitivity to reduce average glucose
concentrations [6—8]. These effects on glucose metabolism are
thought to be primarily due to the uncarboxylated form of
osteocalcin (ucOC) in which fewer than three glutamic acid
residues are carboxylated. Lower ucOC concentrations are
also linked to reduced muscle mass and function in animal
models [6-11].

Despite this evidence from in vivo and ex vivo studies
in mice, the findings cannot be directly applied to
humans. There are substantial differences in the regulation
of the osteocalcin gene between mice and human [12]. In
the few observational studies that have been conducted in
humans, the data are inconsistent [13—18]. Furthermore,
given that the carboxylation of osteocalcin in humans is
vitamin K dependent, the vitamin K status of the partici-
pant must be evaluated [12]. Thus, the role of osteocalcin
in the regulation of glucose metabolism and lean and fat
mass in humans remains unclear; indeed, it remains to be
determined whether in human’s osteocalcin reflects or de-
termines the connection between bone and glucose metab-
olism [12, 19] .

Calcium is an essential mineral for both the accrual of
peak bone mass and preventing bone loss in later life, par-
ticularly in postmenopausal women [20]. The recommend-
ed dietary intake calcium for postmenopausal women is
1200-1300 mg per day [21, 22]. Calcium supplementation
is known to reduce bone turnover [23]; thus, we
hypothesised that women with 1 year of calcium supple-
mentation would have lower total osteocalcin (TOC) and
ucOC levels compared with placebo and that these lower
levels may identify effects on glycated haemoglobin
(HbAlc) levels as changes in lean and fat mass.
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Methods
Ethics statement

The Human Ethics Committee of the University of Western
Australia approved the study and written informed consents
were obtained from all participants. Human ethics approval
for the use of linked data for the project was provided by the
Human Research Ethics Committee of the Western Australian
Department of Health (DOHWA HREC), project number no.
2009/24.

Study design

We took advantage of the CAIFOS RCT study design in
which the participants involved were recruited in 1998 to a
5-year, randomised, controlled trial of oral calcium supple-
ments compared with placebo to prevent osteoporotic frac-
tures as described previously [24].

Study participants

Briefly, women were recruited from the Western Australian
general population of women aged over 70 years by mail
using the electoral roll as a requirement of citizenship. Over
99% of Australians of this age are registered on the roll. Of
the 5586 women who responded to a letter inviting partici-
pation, 1510 women were willing and eligible. Of these
women, 1460 were recruited for the study. Participants were
ambulant and did not have any medical conditions likely to
influence 5-year survival. They were excluded if they were
receiving any bone-active agents, including hormone re-
placement therapy. Women were similar in terms of disease
burden and pharmaceutical consumption to whole popula-
tions of this age, but they were more likely to be from higher
socio-economic groups [25]. In the 5 years of the trial, par-
ticipants received 1.2 g of elemental calcium, as calcium
carbonate, daily or a matched placebo. As this trial com-
menced and was completed prior to the advent of the clinical
trials registry, the trial was retrospectively registered in the
Australian New Zealand Clinical Trials Registry
ACTRN12615000750583. We assessed osteocalcin in
2014/2015 from blood samples collected in 1999 in the
CAIFOS RCT that had not been defrosted previously. The
year-1 clinical visit was attended by 1368 women, of which
1265 (92%) had samples collected in 1999 for osteocalcin
measures and 1255 (91%) for HbAlc.
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CAIFOS randomised controlled trial

Patients received calcium carbonate tablets, 0.6 g twice per
day (with morning and evening meals), or identical placebo
tablets (Wyeth Consumer Healthcare, Baulkham Hills,
Australia). The randomisation list was produced by generating
146 blocks of 10 numbers. In each block, five positions
representing placebo and five positions representing calcium
treatment were ordered using a letter code according to a ran-
dom number generator. The numbered blocks were ordered
according to randomly generated numbers, and an identifica-
tion number was assigned, in order, to each letter code in the
randomised list. The Pharmacy Department of the Sir Charles
Gairdner Hospital, Nedlands, Australia, assigned a treatment
to the letter code and assigned the appropriate medications to
the patient according to this list. The randomisation was strat-
ified by allocating patients to blocks according to whether a
prevalent non-traumatic fracture had occurred after age
50 years, ensuring that an equal number of patients with and
without a prevalent fracture received placebo or calcium.
Medication compliance was checked at the completion of
the study by counting returned tablets at each 12-month re-
view and was calculated as a percentage of the optimum. For
the current study, only the year-1 compliance data was used.

Participant characteristics

Participants provided their previous medical history and cur-
rent medications which was verified by their general practi-
tioner where available. Data were coded using the
International Classification of Primary Care — Plus (ICPC-
Plus) method [26]. The coding methodology allows aggrega-
tion of different terms for similar pathologic entities as defined
by the ICD-10 coding system. Information about pre-existing
diabetes (T89001-90009) was obtained from the patient’s pre-
vious medical history and current medications. Participants
were asked to verify this information with their general prac-
titioner, where available.

Biochemistry

Fasting blood samples were collected at year 1 (1999) for
assessment. HbA 1¢ was determined immunoturbidimetrically
using standard colorimetric and enzymatic methods on a
Cobas Integra 800 analyser with reagents supplied by Roche
Diagnostics (Castle Hill, NSW, Australia). Serum TOC was
measured by sandwich electrochemiluminescence immunoas-
say using the Roche Cobas N-Mid Osteocalcin assay (Roche
Diagnostics, Mannheim). The inter-assay coefficients of vari-
ation (CV) were 2.3% and 4.8% at levels of 18 and 90 ng/mL
respectively. Serum ucOC was determined using the same
reagent assay with pre-treatment of the serum samples using

5 mg/mL of hydroxyapatite (Calbiochem) following the meth-
od of Gundberg et al. [27]. The inter-assay imprecision for
percentage binding of cOC was 8% and 12% at osteocalcin
concentrations of 100 and 15 ng/mL respectively.

Body composition

Body composition was measured in a randomly selected sub-
group of participants at 12 months by whole body dual-energy
X-ray absorptiometry (DXA), using a Hologic 4500A bone
densitometer (Hologic Corp., Waltham, MA) with CVs under
2% in our laboratory. All data and analyses presented exclude
the head. Lean body mass refers to bone-free lean mass.

Dietary calcium intake

A validated semi-quantitative food-frequency questionnaire
(FFQ) developed by the Cancer Council of Victoria was used
to assess baseline dietary intake, including calcium [28] in
1050/1103 (95.2%) of participants. The process of collec-
tion was identical, whereby a research assistant supervised
the completion of the questionnaire in small groups. Food
models, cups, spoons and charts for frequency were provid-
ed. Energy and nutrient intakes were estimated based on
frequency of consumption and an overall estimate of usual
portion size [29]. Total calcium intake (mg/d) was calculat-
ed by multiplying the 12-month percentage tablet compli-
ance by 12 to convert to mg/d and adding dietary calcium
intake in mg/d.

Dietary vitamin K intake

As vitamin K is related to the ratio of cOC to ucOC, we
assessed dietary vitamin K intake from the aforementioned
FFQ. Dietary vitamin K intake was calculated at baseline from
all listed food items (n = 101) included on the FFQ, by multi-
plying the food item consumed (g/d) by the mean vitamin K
value (pg/g). Vitamin K, (phylloquinone) values for FFQ
food items (n =96) were obtained from the US Department
of Agriculture National Nutrient Database for Standard
Reference (Release 28) [30]. Vitamin K, (menaquinone;
MK-4 to MK-9) values (n=43) for FFQ food items were
obtained from Schurgers and Vermeer [31] and vitamin K,
(menaquinone; MK-10) values (n=6) for FFQ food items
were obtained from Manoury et al [32]. Where foods contain-
ing vitamin K were not available for FFQ food items, a value
of 0 ng/g was applied where no values were available for FFQ
food items (phylloquinone n = 5; MK-4 to MK-9 n=58; and
MK-10 n=95).

@ Springer



2068

Osteoporos Int (2019) 30:2065-2072

Statistical analysis

Continuous variables were presented as mean + standard de-
viation (SD), or number and percentage. To investigate a
‘dose’ relationship between dietary calcium and calcium sup-
plements, total calcium intake was calculated and tested in
unadjusted and age-adjusted analyses. Differences between
normally distributed characteristics of the treatment groups
were determined by univariate analysis of covariance with
adjustments for age. The Mann-Whitney test was used to de-
termine the differences between the groups for non-normally
distributed variables. All P values less than 5% (< 0.05) were
considered statistically significant. All analyses were under-
taken using IBM SPSS Statistics Version 22 (2012, Armonk,
NY: IBM Corp) or Stata (version 13 StataCorp LP, College
Station, TX).

Results

Details of the women included in the RCT are shown in Fig. 1.
Participant characteristics at baseline are displayed in Table 1.
The characteristics of the participants who did not attend the
12-month clinic visit and those with missing osteocalcin or
HbA ¢ data not included in the study were similar (data not
shown).

Effect of calcium supplements on circulating
osteocalcin

After 12 months, the mean + SD TOC and ucOC in women
randomised to the calcium supplemented group (22.7+9.1
and 11.1+4.9 nug/L, respectively) was significantly lower
than placebo (27.3 +£10.9 and 13.0+5.7 pg/L, respectively).
These results were similar in age-adjusted models (Fig. 2).
The ratio of cOC/ucOC was ~ 6% lower in the calcium sup-
plemented group in the unadjusted and age-adjusted models
(P<0.05). To determine whether threshold effects were

Fig. 1 Flowchart of randomised
controlled trial participants

evident, we examined the relationship between tablet compli-
ance (0—-100%) and osteocalcin measures. A linear inverse
relationship between tablet compliance and tOC and ucOC
levels was observed in the calcium supplemented group but
not in the placebo group; suggesting a linear relationship be-
tween calcium and osteocalcin forms (Supplementary Fig. 1).
Considering that vitamin K and age are known to influence
both ucOC and the ratio of cOC/ucOC, additional analyses
were performed where dietary vitamin K and age were includ-
ed as covariates when examining the effects of calcium sup-
plements on these outcomes. The inclusion of the aforemen-
tioned covariates did not change the interpretation of the re-
sults for ucOC (estimated mean (EM) =+ standard error (SE),
placebo 13.0+0.2 pg/L and calcium 11.0+0.2 pug/L) or the
ratio of cOC/ucOC (EM = SE, placebo 1.22 +£0.02 and calci-
um 1.15+0.02) (all P<0.05). Further analysis of individual
participant dietary and supplemental (total) calcium intake
identified a linear relationship between calcium intake and
TOC and ucOC (Fig. 3).

Effect of calcium supplements on HbA1c

After 12 months, mean + SD HbAlc in the women
randomised to placebo was 5.3 +0.8% and was not signifi-
cantly different (P=0.080) to the calcium supplemented
group (5.2+0.6%). Results remained similar in age-adjusted
models (Fig. 2) with no indication of any relationship with
tablet compliance with HbA 1c levels, strengthening the con-
fidence in the null findings (P > 0.05). Additionally, we inves-
tigated total calcium intake and HbAlc levels and there was
no relationship #*=0, P>0.05).

Effect of calcium supplements on body mass index
and body composition

Despite the reduction in TOC and ucOC, after 12 months, the
change in body mass index (BMI, mean + SD) in the women
randomised to placebo (—0.03 +1.1 kg/m?) was not

1460 elderly women recruited (1998)

730 Randomised to

730 Randomised to

Placebo Calcium

6 deaths 4 deaths
45 withdrew/unable to be  [€—] [—>{ 37 withdrew/unable to be
scheduled scheduled
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Year 1 (1999)
n=679
626 with HbAlc
635 with osteocalcin

Year 1 (1999)
n=689
630 with HbAlc
631 with osteocalcin
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Table 1 Characteristics of the

women included in the post hoc Characteristics All participants Placebo Calcium

analysis
Number, 7 (%) 1368 (100) 679 (49.6) 689 (50.4)
Age, years, mean + SD 752+2.7 75127 752+2.7
Body mass index, kg/m?, mean + SD 272+4.7 274+4.7 27.1+4.7
Smoking history, previous or current (%) 501 (36.8) 238 (35.1) 263 (38.5)
Dietary vitamin K intake (pg/d) 120+47 119+45 120+48
Dietary calcium intake (mg/d) 960 +355 962 +357 957 +£48
Diabetes, yes (%) 85 (6.2) 43 (6.3) 42 (6.1)

Data are presented as either mean =+ standard deviation or number (percentage) for all participants at 1 year of

follow-up

significantly different to the calcium supplemented group (—
0.11+1.34 kg/m®, P=0.229). Results were similar in age-
adjusted models (P > 0.05), with no indication of any differ-
ences by tablet compliance (data not shown). Similarly, in the
women with DXA-derived measures of body composition at
baseline and 12 months (z = 201, placebo n = 104 and calcium
n=97), no difference in the change of lean mass (placebo, —
0.10£1.09 vs. calcium, —0.07£0.98 kg; P=0.792) or fat
mass was recorded over this time (placebo, —0.43 +£2.05 vs.
calcium, —0.43 £2.17 kg; P=10.995). Results remained sim-
ilar after age adjustments (data not shown).

Discussion

In this post hoc analysis of a large RCT of 1.2 g/day of
elemental calcium in older women, we found that com-
pared with control, 12 months of calcium supplementation
lowered circulating TOC and ucOC but had no significant
effect glycaemic control as measured by HbAlc or on
lean body or fat mass before or after adjusting for vitamin
K consumption. Given the high-quality studies in mice
demonstrating reducing ucOC impairs glycaemic control
[6-8], it would be expected that a 22% reduction in ucOC
may be accompanied by an increase in HbAlc. However,
we did not observe differences in glycated haemoglobin
in this study which was well powered to detect even mod-
est differences between groups suggesting these findings

a
30 JERIN 154
144
25+ -
g J
Z Ed
O 204 Q
: K
=
154 E
0.0

Placebo

Placebo Calcium

may not translate to humans. Interestingly, it has been
suggested the rat osteocalcin gene shares greater similar-
ities and synteny to the human osteocalcin gene than the
mouse osteocalcin gene [33]. A study using the CRISPR/
Cas9 technology to knockout osteocalcin in rats found
that 5-month old knockout rats had higher trabecular
thickness, density and volume but did not display the
profound metabolic disturbances observed in mice [33],
supporting the concept of different species-specific roles
of osteocalcin on metabolism. To our knowledge, this is
the first RCT investigating calcium supplementation in
older women to have assessed glycaemic control and
body composition in the same patients.

Two previous short-term interventions in men reported that
circulating levels of ucOC was related to glycaemic control at
rest and after exercise [34, 35]. The association between ucOC
and metabolic parameters may be stronger in men than wom-
en [36]. Other human observational studies of men and wom-
en report that increases in serum TOC levels were associated
with an increase in insulin secretion, while increases in ucOC
were associated with an improvement in insulin secretion and
sensitivity [13]. In other studies, individuals with higher se-
rum osteocalcin were reported to experience lesser increments
in fasting plasma glucose at their 3-year clinical follow-up
[14]. A 10-year longitudinal study also reported that lower
baseline osteocalcin, but not ucOC, in middle-aged men,
was associated with reduced risk of developing type-2 diabe-
tes [16].

*kk

Calcium

Placebo

Randomisation

Fig. 2 Age-adjusted mean and SEM of total osteocalcin (TOC) (a), undercarboxylated osteocalcin (ucOC) (b), and glycated Hb (c) in the patients

randomised to placebo or calcium
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Fig.3 Total (diet + supplemental) a

calcium intake (placebo grey

circles and calcium black circles) 1207
and total osteocalcin (TOC; P= 100
0.07) (a) and undercarboxylated

osteocalcin (ucOC; 72 = 0.06) (b) 80

TOC (ng/L)

ucOC (ug/L)

0 1000 2000
Total calcium intake (mg/day)

In regard to changes in muscle and fat mass, a previous
study of daily doses of 500 mg/d of vitamin K
(phylloquinone) over 3 years in older women (n =237, aged
60-80 years), ucOC was reduced by 58% without effect on
lean mass loss or fat gain over 3 years. This led the authors to
conclude that ucOC may not be implicated in the age-related
changes in skeletal muscle or adipose tissue mass in older
community-dwelling adults [17]. Our data in 201 women with
more modest reductions to ucOC due to calcium supplemen-
tation add further support to the concept that lowering ucOC
may not affect skeletal muscle or adipose tissue mass.

In our investigation, we also report that dietary calcium can
influence circulating TOC and ucOC. Physiologically, it would
be plausible as calcium is a weak anti-resorptive agent and
should lead to less osteocalcin being released into the circula-
tion. However, to date, few studies reporting the association
between circulating forms of osteocalcin and metabolic out-
comes have considered calcium intake. Our work provides ev-
idence for the importance of adjusting for dietary and supple-
mental calcium intake for studies planning to investigate the
association of either TOC or ucOC with disease outcomes.

It is notable here that we assessed both TOC (carboxylated
and undercarboxylated) and ucOC in a large RCT of older
women taking calcium or placebo supplements. Secondly, the
assessment of HbA 1¢, which is an established measure of lon-
ger term (3 months) glucose control compared with blood glu-
cose alone, provides high-quality evidence that despite
12 months of calcium supplementation lowering both ucOC
and TOC, there were no detrimental effects on glucose control.

There are several limitations within our study that should
be considered. Firstly, baseline osteocalcin measures were not
performed. Therefore, we cannot exclude the possibility of
residual confounding by unmeasured differences in
osteocalcin measures at baseline; however, this is unlikely
given the RCT design. Secondly, as the average age of these
women was 75 years, these findings may not extrapolate to
other populations. Despite the observed reductions in both
TOC and ucOC with calcium intake over 12 months, the final
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values were higher compared with values previously observed
for healthy young females [37]. In addition, as this was a post
hoc analysis, bias may have been inadvertently been intro-
duced into the study. Thirdly, as this study was based on the
1-year follow-up, with no assessment of osteocalcin and
HbAlc levels beyond 12 months, we cannot rule out different
effects beyond this time frame. Finally, participants in this
study had other comorbidities and prescription medications
that may have affected the circulating levels of osteocalcin
and ucOC; however, these would likely have been randomly
distributed between groups.

In conclusion, this study demonstrates that increased calci-
um intake inversely affects circulating TOC and ucOC levels.
However, the changes in TOC and/or ucOC did not appear to
have any effects on glucose control or body composition.
These findings further suggest that bone cell activity as mea-
sured by osteocalcin or under cOC may not regulate glucose
metabolism or body composition.

Funding information The study was financially supported by a research
grant from a Sir Charles Gairdner Hospital Research Advisory
Committee, Healthway Health Promotion Foundation of Western
Australia and by the project grants 254627, 303169 and 572604 from
the National Health and Medical Research Council of Australia. The
salary of Dr. Lewis is supported by a National Health and Medical
Research Council of Australia Career Development Fellowship (ID:
1107474) and A/Prof Itamar Levinger is a Heart Foundation Future
Leader Fellow (ID: 100040). None of the funding agencies had any role
in the conduct of the study; collection, management, analysis, or interpre-
tation of the data; or preparation, review, or approval of the manuscript.

Compliance with ethical standards

The Human Ethics Committee of the University of Western Australia
approved the study and written informed consents were obtained from
all participants. Human ethics approval for the use of linked data for the
project was provided by the Human Research Ethics Committee of the
Western Australian Department of Health (DOHWA HREC), project
number no. 2009/24.

Conflicts of interest None.



Osteoporos Int (2019) 30:2065-2072

2071

References

10.

11.

12.

13.

15.

16.

18.

Karsenty G (1998) Transcriptional regulation of osteoblast differ-
entiation during development. Front Biosci 3:834-837

Hauschka PV, Lian JB, Gallop PM (1975) Direct identification of
the calcium-binding amino acid, gamma-carboxyglutamate, in min-
eralized tissue. Proc Natl Acad Sci U S A 72:3925-3929

Price PA, Otsuka AA, Poser JW, Kristaponis J, Raman N (1976)
Characterization of a gamma-carboxyglutamic acid-containing pro-
tein from bone. Proc Natl Acad Sci U S A 73:1447-1451
Brennan-Speranza TC, Conigrave AD (2015) Osteocalcin: an
osteoblast-derived polypeptide hormone that modulates whole
body energy metabolism. Calcif Tissue Int 96:1-10

Hauschka PV, Lian JB, Cole DE, Gundberg CM (1989) Osteocalcin
and matrix Gla protein: vitamin K-dependent proteins in bone.
Physiol Rev 69:990-1047

Ferron M, McKee MD, Levine RL, Ducy P, Karsenty G (2012)
Intermittent injections of osteocalcin improve glucose metabolism
and prevent type 2 diabetes in mice. Bone 50:568-575

Lee NK, Sowa H, Hinoi E, Ferron M, Ahn JD, Confavreux C,
Dacquin R, Mee PJ, McKee MD, Jung DY, Zhang Z, Kim JK,
Mauvais-Jarvis F, Ducy P, Karsenty G (2007) Endocrine regulation
of energy metabolism by the skeleton. Cell 130:456-469

Ferron M, Hinoi E, Karsenty G, Ducy P (2008) Osteocalcin differ-
entially regulates 3 cell and adipocyte gene expression and affects
the development of metabolic diseases in wild-type mice. Proc Natl
Acad Sci U S A 105:5266-5270

Shen H, Grimston S, Civitelli R, Thomopoulos S (2015) Deletion
of connexin43 in osteoblasts/osteocytes leads to impaired muscle
formation in mice. J Bone Min Res 30:596-605

Lin X, Hanson E, Betik AC, Brennan-Speranza TC, Hayes A,
Levinger I (2016) Hindlimb immobilization, but not castration, in-
duces reduction of undercarboxylated osteocalcin associated with
muscle atrophy in rats. ] Bone Min Res 31:1967-1978

Ferron M, Lacombe J (2014) Regulation of energy metabolism by
the skeleton: osteocalcin and beyond. Arch Biochem Biophys 561:
137-146

Booth SL, Centi A, Smith SR, Gundberg C (2012) The role of
osteocalcin in human glucose metabolism: marker or mediator?
Nat Revs Endocrinol 9:43-55

Bullo M, Moreno-Navarrete JM, Fernandez-Real JM, Salas-
Salvado J (2012) Total and undercarboxylated osteocalcin predict
changes in insulin sensitivity and beta cell function in elderly men
at high cardiovascular risk. Am J Clin Nutr 95:249-255

Pittas AG, Harris SS, Eliades M, Stark P, Dawson-Hughes B (2009)
Association between serum osteocalcin and markers of metabolic
phenotype. J Clin Endocrinol Metab 94:827-832

Schafer AL, Sellmeyer DE, Schwartz AV, Rosen CJ, Vittinghoff E,
Palermo L, Bilezikian JP, Shoback DM, Black DM (2011) Change
in undercarboxylated osteocalcin is associated with changes in
body weight, fat mass, and adiponectin: parathyroid hormone (1-
84) or alendronate therapy in postmenopausal women with osteo-
porosis (the PaTH study). J Clin Endocrinol Metab 96:E1982—
E1989

Ngarmukos C, Chailurkit LO, Chanprasertyothin S, Hengprasith B,
Sritara P, Ongphiphadhanakul B (2012) A reduced serum level of
total osteocalcin in men predicts the development of diabetes in a
long-term follow-up cohort. Clin Endocrinol 77:42-46

Shea M, Dawson-Hughes B, Gundberg CM, Booth SL (2017)
Reducing undercarboxylated osteocalcin with vitamin K supple-
mentation does not promote lean tissue loss or fat gain over 3 years
in older women and men: a randomized controlled trial. ] Bone Min
Res 32:243-249

Schwartz AV, Schafer AL, Grey A, Vittinghoff E, Palermo L, Lui
LYL, Wallace RB, Cummings SR, Black DM, Bauer DC, Reid IR

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

3L

32.

33.

34.

(2013) Effects of antiresorptive therapies on glucose metabolism:
results from the FIT, HORIZON-PFT, and FREEDOM trials. J
Bone Min Res 28:1348-1354

Diaz-Lopez A, Bullo M, Juanola-Falgarona M, Martinez-Gonzalez
MA, Estruch R, Covas MI, Aros F, Salas-Salvado J (2013) Reduced
serum concentrations of carboxylated and undercarboxylated
osteocalcin are associated with risk of developing type 2 diabetes
mellitus in a high cardiovascular risk population: a nested case-
control study. J Clin Endocrinol Metab 98:4524-4531

Zhu K, Prince RL (2012) Calcium and bone. Clin Biochem 45:936—
942

Institute of Medicine (2011) Dietary reference intakes for calcium
and vitamin D, Washington DC, USA

National Health and Medical Research Council (Australia)., New
Zealand. Ministry of Health., Australia. Dept. of Health and Ageing
(2006) Nutrient reference values for Australia and New Zealand :
including recommended dietary intakes. National Health and
Medical Research Council, Canberra

Zhu K, Bruce D, Austin N, Devine A, Ebeling PR, Prince RL
(2008) Randomized controlled trial of the effects of calcium with
or without vitamin D on bone structure and bone-related chemistry
in elderly women with vitamin D insufficiency. ] Bone Min Res 23:
1343-1348

Prince RL, Devine A, Dhaliwal SS, Dick IM (2006) Effects of
calcium supplementation on clinical fracture and bone structure:
results of a 5-year, double-blind, placebo-controlled trial in elderly
women. Arch Intern Med 166:869-875

Bruce DG, Devine A, Prince RL (2002) Recreational physical ac-
tivity levels in healthy older women: the importance of fear of
falling. J] Am Geriatr Soc 50:84-89

Britt H, Scahill S, Miller G (1997) ICPC PLUS for community
health? A feasibility study. J Health Info Manage Assoc Aust 27:171
Gundberg CM, Lian JB, Gallop PM (1983) Measurements of
gamma-carboxyglutamate and circulating osteocalcin in normal
children and adults. Clin Chim Acta 128:1-828

Hodge A, Patterson AJ, Brown WJ, Ireland P, Giles G (2000) The
Anti Cancer Council of Victoria FFQ: relative validity of nutrient
intakes compared with weighed food records in young to middle-
aged women in a study of iron supplementation. Aust N Z J Public
Health 24:576-583

Ireland P, Jolley D, Giles G, O’Dea K, Powles J, Ritishauser I,
Wahlqvist ML, Williams J (1994) Development of the Melbourne
FFQ: a food frequency questionnaire for use in an Australian pro-
spective study involving an ethnically diverse cohort. Asia Pac J
Clin Nutr 3:19-31

US Department of Agriculture ARS, and Nutrient Data Laboratory
(2015) USDA National Nutrient Database for Standard Reference,
Release 28

Schurgers LJ, Vermeer C (2001) Determination of phylloquinone
and menaquinones in food. Pathophysiol Haemost Thromb 30:
298-307

Manoury E, Jourdon K, Boyaval P, Fourcassie P (2013)
Quantitative measurement of vitamin K 2 (menaquinones) in var-
ious fermented dairy products using a reliable high-performance
liquid chromatography method. J Dairy Sci 96:1335-1346
Lambert LJ, Challa AK, Niu A, Zhou L, Tucholski J, Johnson MS,
Nagy TR, Eberhardt AW, Estep PN, Kesterson RA, Grams JM
(2016) Increased trabecular bone and improved biomechanics in
an osteocalcin-null rat model created by CRISPR/Cas9 technology.
Dis Model Mech 9:1169-1179

Levinger [, Jerums G, Stepto NK, Parker L, Serpiello FR, McConell
GK, Anderson M, Hare DL, Byrnes E, Ebeling PR, Seeman E
(2014) The effect of acute exercise on undercarboxylated
osteocalcin and insulin sensitivity in obese men. J Bone Min Res
29:2571-2576

@ Springer



2072

Osteoporos Int (2019) 30:2065-2072

35. Levinger I, Zebaze R, Jerums G, Hare DL, Selig S, Seeman E
(2011) The effect of acute exercise on undercarboxylated
osteocalcin in obese men. Osteoporos Int 22:1621-1626

36. Liu DM, Guo XZ, Tong HJ, Tao B, Sun LH, Zhao HY, Ning G, Liu
JM (2015) Association between osteocalcin and glucose metabo-
lism: a meta-analysis. Osteoporos Int 26:2823-2833

@ Springer

37. Levinger I, Seeman E, Jerums G et al (2016) Glucose-loading re-
duces bone remodeling in women and osteoblast function in vitro.
Physiol Rep 4(3):¢12700

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.



	Effects of calcium supplementation on circulating osteocalcin and glycated haemoglobin in older women
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Abstract
	Introduction
	Methods
	Ethics statement
	Study design
	Study participants
	CAIFOS randomised controlled trial
	Participant characteristics
	Biochemistry
	Body composition
	Dietary calcium intake
	Dietary vitamin K intake
	Statistical analysis

	Results
	Effect of calcium supplements on circulating osteocalcin
	Effect of calcium supplements on HbA1c
	Effect of calcium supplements on body mass index and body composition

	Discussion
	References


