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Abstract Serum total osteocalcin, a marker of bone for-
mation, may regulate glucose metabolism and influence the
risk of developing adverse metabolic outcomes. We con-
ducted a systematic review and meta-analysis of published
observational evidence, to assess and quantify the associ-
ations of serum total osteocalcin with type 2 diabetes and
intermediate metabolic phenotypes [e.g., metabolic syn-
drome (MetS)]. Relevant studies were identified in a lit-
erature search of MEDLINE, EMBASE, Web of Science,
and reference lists of relevant studies to May 2015. Mean
differences and risk estimates (odds ratios or relative risks)
with 95 % CIs were aggregated using random-effects
models. Fifty-two observational (38 cross-sectional, eight
cohort, five case—control, and one both cross-sectional and
cohort) studies with data on 46,998 non-overlapping par-
ticipants were included. Baseline serum total osteocalcin
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levels were significantly lower in type 2 diabetes compared
with non-type 2 diabetes and in MetS compared with non-
MetS in pooled analysis of cross-sectional evidence.
Pooled risk estimates (95 % Cls) for type 2 diabetes in a
comparison of extreme fourths of total osteocalcin levels
were 0.23 (95 % CI 0.12, 0.46) and 0.89 (95 % CI 0.78,
1.01) for cross-sectional and cohort studies respectively.
The corresponding estimate was 0.39 (0.27, 0.56) for MetS
from cross-sectional evidence. In both cross-sectional and
cohort studies, a unit increase in serum total osteocalcin
levels was associated with a significant mean increase in
HOMA-B and mean reduction in HbAlc; with significant
mean reductions in fasting plasma glucose levels, HOMA-
IR, and body mass index in only cross-sectional studies.
Available evidence—mainly from cross-sectional studies,
supports inverse associations of serum total osteocalcin
with risk of adverse metabolic outcomes. Large-scale
prospective studies are needed to establish whether serum
total osteocalcin may be useful in the prevention of adverse
metabolic outcomes such as type 2 diabetes.

Keywords Total osteocalcin - Type 2 diabetes -
Intermediate metabolic phenotypes

Introduction

Osteocalcin, a bone-derived protein secreted by osteo-
blasts, is a constituent of bone extracellular matrix [1] and
is used as a biochemical indicator of bone resorption and
formation [2]. Osteocalcin is secreted in a fully carboxy-
lated form, demonstrated in vitro experiments to be the
inactive form, which is then decarboxylated to an active
biological form [1, 3, 4]. Circulating serum total osteo-
calcin comprises both carboxylated and undercarboxylated
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osteocalcin. In addition to its physiological functions, a
growing body of evidence indicates that serum levels of
osteocalcin may play a role in regulating glucose meta-
bolism and fat mass. In animal studies, osteocalcin mod-
ulates insulin secretion and sensitivity, increases P-cell
proliferation, and stimulates energy metabolism [3]. Lee
et al. [3] demonstrated that mice lacking osteocalcin
exhibited high blood glucose levels and insulin resistance.
Conversely, mice treated with osteocalcin displayed
decreased glycemia and increased insulin sensitivity [5].

Emerging evidence indicates that circulating levels of
serum total ostecalcin may exhibit protective effects on
adverse metabolic outcomes in humans, by causing
increased insulin secretion and sensitivity, increased
energy expenditure, reduced blood glucose levels, and
decreased visceral fat. A number of studies have reported
on the associations of serum total osteocalcin with adverse
metabolic outcomes, but the data are sparse and conflict-
ing; with some studies suggesting inverse associations [6—
8], whereas others failed to establish any associations [9,
10]. Osteocalcin may hold potential for the prevention and
treatment of obesity and adverse metabolic outcomes such
as type 2 diabetes and metabolic syndrome (MetS); there-
fore, there is a need to evaluate its role in the development
of these outcomes in greater detail. In this context, we
performed a systematic review and meta-analysis of all
available published observational evidence to clarify and
quantify the extent of potential associations of serum total
osteocalcin with type 2 diabetes and intermediate meta-
bolic phenotypes. We also sought to identify gaps in the
existing evidence.

Methods
Data sources and search strategy

We conducted this review using a predefined protocol and
in accordance with PRISMA and MOOSE guidelines [11,
12] (Appendices 1, 2 of Electronic Supplementary Mate-
rial). Two independent authors (S.K.K., T.A.A.) in dupli-
cation, searched MEDLINE, EMBASE, and Web of
Science up to May 2015. The computer-based searches
combined free and MeSH search terms and combination of
key words related to the exposure (e.g., “osteocalcin”) and
outcomes (e.g., “type 2 diabetes”, “MetS”, “glucose”,
“insulin resistance”, “body mass index”, “adiponectin”,
“leptin”). There were no restrictions on language or the
publication date. Reference lists of retrieved articles were
manually scanned for all relevant additional studies and
review articles. We restricted the search to studies of
humans. Further details on the search strategy are presented
in Appendix 3 of Electronic Supplementary Material.
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Eligibility criteria

We sought observational cohort, case—control, or cross-
sectional population-based studies that had reported on
associations of serum circulating levels of total osteocalcin
with [1] type 2 diabetes and [2] intermediate metabolic
phenotypes [MetS, insulin resistance [estimated by home-
ostasis model assessment of insulin resistance (HOMA-
IR)], homeostasis model assessment of beta cell function
(HOMA-B), non-alcoholic fatty liver disease (NAFLD),
body mass index (BMI), fasting plasma glucose (FPG),
fasting insulin, glycated haemoglobin (HbAlc), leptin, or
adiponectin]. Studies conducted among individuals with
type 1 diabetes only or gestational diabetes were excluded.

Data extraction and quality assessment

The data extraction and quality assessment were conducted
by two independent reviewers (S.K.K., T.A.A.). A stan-
dardized predesigned data collection form was used for data
extraction. Data were abstracted, where available, on study;
publication date; geographical location; population source;
year of baseline survey; sample population; study design;
age range at baseline; duration of follow-up (for cohort
studies); type of outcome; and degree of adjustment for
potential confounders (defined as ‘4’ when risk estimates
were unadjusted or adjusted for age and/or sex; ‘++ further
adjustment for established metabolic or type 2 diabetes risk
factors such as age, sex, anthropometric indices such as BMI
and waist circumference, smoking status, blood pressure,
physical activity, and high-density lipoprotein cholesterol;
and ‘+++ additional adjustment for inflammation, FPG, or
fasting insulin). Each article was assessed using the inclusion
criteria above and any disagreement regarding eligibility of
an article was discussed, and agreement reached by con-
sensus with a third reviewer (J.A.L.). We contacted authors
to obtain additional information, if study results were not
reported in sufficient detail. For cohort and case—control
studies, study quality was assessed based on the nine-star
Newcastle-Ottawa Scale (NOS) [13] using three pre-defined
domains namely: selection of participants (population rep-
resentativeness), comparability (adjustment for con-
founders), and ascertainment of outcomes of interest. The
NOS assigns a maximum of four points for selection, two
points for comparability, and three points for outcome. Nine
points on the NOS reflects the highest study quality. For
cross-sectional studies, quality was evaluated using the NOS
modified for cross-sectional studies [14], which was also
modified for the purposes of the current review question. A
maximum score of 8 reflected the highest study quality
(Appendix 4 of Electronic Supplementary Material). Over-
all, a score of >5 indicated adequate quality for inclusion in
the review.



Association of serum total osteocalcin with type 2 diabetes and intermediate metabolic phenotypes... 601

Statistical analysis

Summary measures were presented as mean differences for
continuous outcomes and risk estimates (risk ratios for
cohort studies and odds ratios for cross-sectional studies)
for categorical outcomes. For data reported as medians,
ranges, and 95 % confidence intervals (Cls), means and
standard deviations were calculated as described by Hozo
and colleagues [15]. To enable a consistent approach to the
meta-analysis and enhance interpretation of the findings,
units of measurements were converted where appropriate
and reported study-specific risk estimates (per-unit or
standard deviation change, quintiles, or other groupings)
were also transformed to involve comparisons between the
top quartile and bottom quartile of each study population’s
baseline distribution of total osteocalcin levels, using
standard statistical methods [16, 17]. When reported risk
estimates could not be transformed, we obtained the stan-
dardised estimates through correspondence with the study
authors. The inverse variance weighted method was used to
combine summary measures using random-effects models
to minimise the effect of between-study heterogeneity [18].
Heterogeneity was assessed using the Cochrane y” statistic
and the P statistic; and was distinguished as low
(P > 25 %), moderate (25 % < I> > 50 %) or high
(* > 75 %) [19]. Publication bias was evaluated through
funnel plots and Egger’s regression symmetry tests [20]. A
narrative synthesis was performed for studies that could not
be pooled. All tests were two-tailed and p values of 0.05 or
less were considered significant. STATA release 13 (Stata
Corp., College Station, TX, USA) was used for all statis-
tical analyses.

Results
Study identification and selection

Our initial search identified 1134 potentially relevant
citations. After screening based on titles and abstracts, 74
articles remained for further evaluation. Following detailed
assessments, 22 articles were excluded. The remaining 52
articles based on 52 unique observational studies met our
inclusion criteria and were included in the meta-analysis
(Fig. 1; Appendix 5 of Electronic Supplementary
Material).

Study characteristics and study quality

Table 1 summarizes the key characteristics of the studies
included in the review. In aggregate, 46,998 unique par-
ticipants were included in this review. However, not all
studies provided relevant data that could be included in the

meta-analysis. The majority of studies (n = 29) were
conducted in Asian countries; 14 in Europe; 4 in North
America (USA); 2 in Australia; 2 in South America (Bra-
zil); and 1 in Africa (Morocco). The average baseline age
of participants ranged from 39 to 76 years. The majority of
studies (n = 38) were cross-sectional studies; seven were
prospective cohorts; five case—controls; one had both cross-
sectional and prospective cohort designs; and 1 was a ret-
rospective cohort. The average follow-up for cohort studies
ranged from 0.5 to 10.0 years. There was considerable
variability in study populations which included healthy
participants, pre- and post-menopausal women, as well as
participants with pre-existing conditions such as MetS,
type 2 diabetes, and participants at high cardiovascular
risk. Among cohort, case—control, and cross-sectional
studies, quality score ranged from 5 to 8. Table 1 addi-
tionally provides assay characteristics of measured levels
of serum total osteocalcin from studies contributing to the
analysis. Apart from 3 studies which did not provide details
of type of assay used, all studies used conventional
radioimmunoassays, human-specific radioimmunoassays,
or electrochemiluminescence immunoassays which have
been shown to be quite precise as they are able to recognize
the fully carboxylated and noncarboxylated forms of
osteocalcin with the same affinity [21].

Baseline serum total osteocalcin levels in type 2
diabetes, MetS, and non-alcoholic fatty liver disease

The pooled random-effects mean difference across 16
cross-sectional studies showed significantly lower circu-
lating baseline levels of serum total osteocalcin —3.31 ng/
ml (95 % CI —4.04, —2.57; p < 0.001) in type 2 diabetes
compared with non-type 2 diabetes. A similar result was
found for participants with MetS —2.90 ng/ml (95 % CI
—3.61, —2.19; p < 0.001) compared with non-MetS in 12
cross-sectional studies. In pooled analysis of three cross-
sectional studies, baseline circulating serum total osteo-
calcin level was non-significantly lower —1.58 ng/ml
(95 % CI —4.38, 1.23; p = 0.270) comparing subjects with
and without NAFLD (Fig. 2). In pooled analysis of 2
cohort studies, baseline circulating serum total osteocalcin
level was significantly lower —2.14 ng/ml (95 % CI
—2.30, 1.97; p < 0.001) in type 2 diabetes compared with
non-type 2 diabetes. In the only cohort study, baseline
circulating serum total osteocalcin level was non-signifi-
cantly lower —1.33 ng/ml (95 % CI —-2.95, 0.29;
p = 0.107) comparing subjects with and without MetS
[22]. In sex-stratified analysis of cross-sectional evidence,
baseline circulating levels of serum total osteocalcin were
significantly lower in type 2 diabetes compared with non-
type 2 diabetes in both males and females (Appendix 6 of
Electronic Supplementary Material). Similar findings were
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and/ or abstract
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Fig. 1 Selection of studies included in the meta-analysis

obtained for studies of MetS (Appendix 7 of Electronic
Supplementary Material).

Association of serum total osteocalcin with type 2
diabetes

Circulating serum total osteocalcin levels in relation to risk
of type 2 diabetes was reported in six cross-sectional and
three cohort (prospective or retrospective) studies. Pooled
risk estimates for type 2 diabetes in a comparison of indi-
viduals in the top fourth versus those in the bottom fourths of
the population distribution of serum total osteocalcin levels,
adjusted for several established risk factors for type 2 dia-
betes were 0.23 (95 % CI 0.12, 0.46; p < 0.001) for cross-
sectional studies (6974 participants and 1484 cases) and 0.89

@ Springer

(95 % CI 0.78, 1.01; p = 0.060) for cohort studies (1662
participants and 189 cases) (Fig. 3). Substantial between-
study heterogeneity was found in the cross-sectional analy-
sis: I = 84 % (95 % CI 68, 92 %; p < 0.001), with no
evidence of heterogeneity in the cohort analyses: I = 0 %
(0, 90 %; p = 0.640). In analyses stratified by degree of
confounder adjustment for cross-sectional studies with rel-
evant data, the pooled age and/or sex risk estimate of three
studies for type 2 diabetes in a comparison of individuals in
the top fourth versus those in the bottom fourths of the
population distribution of serum total osteocalcin levels was
0.12 (95 % CI 0.04, 0.44; p = 0.001). The corresponding
estimate for pooled analysis of two studies that adjusted for
established risk factors plus FPG was 0.31 (95 % CI 0.15,
0.62; p = 0.001).
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Author, year of No. of cases No. of controls Mean difference (95% Cl)
publication
Type 2 diabetes
Aoki, 2011 5 39 — 2.10(0.39, 3.81)
Lopes, 2015 23 20 — -4.60 (-7.80, -1.40)
Shu, 2012 25 25 * -10.00 (-16.49, -3.51)
Im, 2008 31 259 — -4.70 (-7.23, -2.17)
Achemlal, 2005 35 35 — -3.00 (-5.22, -0.78)
Cakatay, 1998 35 35 — -8.07 (-9.91, -6.23)
Gennari, 2012 40 62 L -2.10 (-2.64, -1.56)
Oz, 2006 48 47 — -7.67 (-10.53, -4.81)
Alselami, 2015 65 20 — 4.77 (2.50, 7.04)
Buday, 2013 (Men) 83 72 — T -0.79 (-3.53, 1.95)
Buday, 2013 (Women) 89 47 — % -0.76 (-3.43, 1.91)
Choudhury, 2014 98 102 - -5.43 (-6.16, -4.70)
Sarkar, 2013 108 50 - -5.56 (-6.54, -4.58)
Ma, 2014 137 638 —*— -1.80 (-3.23, -0.37)
Kindblom, 2009 153 857 —— -6.10 (-7.69, -4.51)
Zhou, 2010 (Obese) 432 318 . -4.40 (-4.43, -4.37)
Yeap, 2015 445 2521 — -2.65 (-4.51, -0.79)
Zhou, 2010 (Non-obese) 458 371 A4 -2.60 (-2.62, -2.58)
Total < -3.31 (-4.04, -2.57)
Metabolic syndrome
Bezerra, 2013 32 26 — -3.91 (-6.43, -1.39)
Lee, 2015 52 83 — -2.40 (-4.55, -0.25)
Terzi, 2015 63 167 — -3.60 (-5.54, -1.66)
Bao, 2011 105 76 - -5.60 (-6.08, -5.12)
Alfadda, 2013 134 69 . -1.40 (-1.65, -1.15)
Bae, 2011 146 421 —- -3.70 (-4.91, -2.50)
Liao, 2013 219 2181 . -4.00 (-4.18, -3.82)
Confavreux, 2014 247 551 —* -1.10 (-2.13, -0.07)
Tan, 2011 297 2047 L4 -3.76 (-3.92, -3.60)
Yang, 2013 420 1369 . -2.58 (-2.73, -2.43)
Oosterwerff, 2013 476 808 L4 -1.88 (-2.00, -1.76)
Yeap, 2010 797 1968 - -1.30 (-2.14, -0.46)
Total < -2.90 (-3.61, -2.19)
NAFLD
Yilmaz, 2011 99 75 g -0.08 (-0.09, -0.07)
Liu, 2013 364 1319 A4 -3.70 (-3.86, -3.54)
Dou, 2013 449 1109 - -0.94 (-1.50, -0.38)
Total e -1.58 (-4.38, 1.23)
[ I I I I I I I

-15

Favours cases

-10 -75 5 25 0 25 5 75

Favours controls

Mean difference (95% Cl) in baseline serum total osteocalcin levels (ng/ml)

Fig. 2 Mean differences in serum total osteocalcin levels comparing
subjects with type 2 diabetes metabolic syndrome, and non-alcoholic
fatty liver disease with their respective controls. Study references are

Association of serum total osteocalcin
with intermediate metabolic phenotypes

In pooled analyses of cross-sectional studies, risk estimates
comparing individuals in the top versus bottom fourths of
circulating levels of serum total osteocalcin, adjusted for
several established metabolic risk factors and other potential
confounders, were 0.39 (95 % CI 0.27, 0.56; p < 0.001) for
MetS risk (12,644 participants, 3471 cases); 0.33 (95 % CI
0.07, 1.56; p = 0.162) for hyperglycemia risk (4133 par-
ticipants, 678 cases); and 0.68 (95 % CI 0.31, 1.46;
p = 0.320) for NAFLD (8750 participants, 366 cases)
(Fig. 4). There was evidence of between-study heterogeneity

provided in Appendix 5. The summary estimates presented were
calculated using random effects models; CI confidence interval (bars)

in the MetS analysis, I’ =85 % 95 % CI 75, 91 %,;
p < 0.001). In subgroup analysis by degree of confounder
adjustment, the risk estimates for MetS were 0.44 (95 % CI
0.30, 0.64; p <0.001) and 0.19 (95 % CI 0.05, 0.68;
p = 0.011) in analyses adjusted for established metabolic
risk factors and further for inflammation, FPG, or fasting
insulin respectively (Appendix 8 of Electronic Supplemen-
tary Material). Due to differences in total osteocalcin cate-
gories, it was not possible to include one study in the pooled
results for MetS. Yeap and colleagues reported an increased
risk of MetS for men in the lowest two quintiles of serum total
osteocalcin levels <30 ng/ml compared to men with serum
total osteocalcin levels >30 ng/ml [8].

@ Springer
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Author, year of

o No. of cases / No. of participants
publication

Risk estimate (95% Cl) Degree of adjustment

Cross-sectional studies
Choudhury, 2014 (Post-menopausal) 47196 —— 0.06 (0.01, 0.28) +++
Movahed, 2012 102 /382 — 0.07 (0.02, 0.21) +++
Hwang, 2012 252 /425 —1 0.44 (0.20, 0.97) +++
Zhou, 2009 253 /434 — 0.14 (0.04, 0.46) ++
Lerchbaum, 2015 385/2671 > 0.59 (0.50, 0.69) ++
Yeap, 2015 445/ 2966 ™ 0.27 (0.17, 0.43) ++
Total <> 0.23 (0.12, 0.46)
Cohort studies
Liatis, 2014 36 /307 — 1.49 (0.50, 4.42) +++
Ngarmukos, 2012 63 /126 . 0.88 (0.77, 1.00) +++
Hwang, 2012_b 90 /1229 e 0.86 (0.47, 1.59) ++t
Total 0.89 (0.78, 1.01)

T T T T

.01 .05 26 1 5

Risk estimate (95% CI) top vs bottom fourths of serum total osteocalcin

Fig. 3 Associations of serum total osteocalcin with type 2 diabetes.
Study references are provided in Appendix 5. The summary estimate
presented was calculated using a random effects model; size of data
markers are proportional to the inverse of the variance of the risk
estimate; CI confidence interval (bars); degree of adjustment: +
unadjusted or adjusted for age and/or sex, ++ further adjustment for

In pooled analyses, a unit (ng/ml) increase in serum total
osteocalcin levels was associated with mean differences in
FPG of —0.37 mg/ml (95 % CI —0.52, —0.23; p < 0.001)
in cross-sectional analyses and —0.10 mg/ml (95 % CI
—1.77, 1.57; p = 0.905) in cohort analyses (Appendix 9 of
Electronic Supplementary Material). The corresponding
mean differences were —0.02 pU/ml (95 % CI —0.07,
0.03; p = 0.533) and 0.57 pU/ml (95 % CI —0.89, 2.03;
p = 0.446) respectively for fasting insulin (Appendix 10 of
Electronic Supplementary Material); —0.09 percentage
points (95 % CI —0.14, —0.03; p = 0.002) and —0.38
percentage points (95 % CI —0.67, —0.09; p = 0.010)
respectively for HbAlc (Appendix 11 of Electronic Sup-
plementary Material); —0.03 (95 % CI —0.05, —0.01;
p = 0.004) and 0.43 (95 % CI —0.74, 1.60; p = 0.468)
respectively for HOMA-IR (Appendix 12 of Electronic
Supplementary Material); and 1.53 (95 % CI 0.77, 2.29;
p < 0.001) and 0.97 (95 % CI 0.95, 0.99; p < 0.001)
respectively for HOMA-B (Appendix 13 of Electronic
Supplementary Material). In pooled analyses of 4 cross-
sectional studies, a unit (ng/ml) increase in serum total
osteocalcin levels was associated with a mean difference in

@ Springer

established type 2 diabetes risk factors such as age, sex, anthropo-
metric indices such as BMI and waist circumference, smoking status,
blood pressure, physical activity, and high-density lipoprotein
cholesterol, +++ additional adjustment for inflammation, FPG, or
fasting insulin

BMI of —0.22 kg/m* (95 % CI —0.43, —0.02; p = 0.031)
(Appendix 14 of Electronic Supplementary Material). In
the cross-sectional analyses, between-study heterogeneity
was I* = 82 % (95 % CI 67, 90 %; p < 0.001) for FPG;
=79% (95% CI 59, 89 %; p < 0.001) for fasting
insulin; I* = 73 % (95 % CI 37, 88 %; p = 0.003) for
HbAlc; ? =85 % (95 % CI 71, 92 %; p < 0.001) for
HOMA-IR; I = 26 % (95 % CI 0, 70 %; p = 0.251) for
HOMA-B; and I> = 79 % (95 % CI 45, 92 %:; p = 0.002)
for BMI. One study assessed the association of serum total
osteocalcin with adiponection in men and post-menopausal
women [23]. A unit (ng/ml) increase in serum total
osteocalcin levels was associated with a significant mean
increase in adiponectin levels 0.36 pg/ml (95 % CI 0.04,
0.69; p = 0.028) in post-menopausal women and a mean
difference of —0.10 pg/ml (95 % CI —-0.29, 0.10;
p = 0.327) in men.

Publication bias

Under visual examination, funnel plots for those analyses
that involved 5 or more studies were mostly symmetrical,
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Author, year of No. of participants
publication

Cross-sectional studies of MetS

Risk estimate (95% CI) Degree of adjustment

Lee, 2015 135
Bao, 2011 181
Movahed, 2012 382
Bae, 2011 567
Confavreux, 2014 798
Saleem, 2010 (non-Hispanic whites) 1209
Saleem, 2010 (Blacks) 1284
Oosterwerff, 2013 1284
Yang, 2013 1789
Tan, 2011 2344
Lerchbaum, 2015 2671
Total

Cross-sectional studies of Hyperglycemia

Yang, 2013 1789
Tan, 2011 2344
Total

Cross-sectional studies of NAFLD

Liu, 2013 1683
Sinn, 2015 7067
Total

— 0.47 (0.15, 1.48) ++
0.06 (0.01, 0.69) et
— & 0.58 (0.21, 1.62) ++
— 0.20 (0.10, 0.39) ++
N 0.83 (0.50, 1.39) ++
& 0.43 (0.31, 0.63) ++
L 0.33 (0.23, 0.46) ++
— 0.27 (0.19, 0.40) ++
— 0.12 (0.05, 0.28) et
- 0.56 (0.35, 0.91) ++
L 0.76 (0.64, 0.89) ++
< 0.39 (0.27, 0.56)
N 0.14 (0.07, 0.30) ot
| 0.70 (0.52, 0.95) ++
_ 0.33 (0.07, 1.56)
B 0.44 (0.28, 0.70) ++
: 0.97 (0.96, 0.98) et
= 0.68 (0.31, 1.46)
T T T T

T
.01

Risk estimate (95% Cl) top vs bottom fourths of serum total osteocalcin

Fig. 4 Association of serum total osteocalcin with metabolic syn-
drome, hyperglycaemia, and non-alcoholic fatty liver disease in cross-
sectional studies. Study references are provided in Appendix 5. The
summary estimates presented were calculated using random effects
models; Size of data markers are proportional to the inverse of the
variance of the relative ratio; CI confidence interval (bars); NAFLD

with possible exception of cross-sectional studies that
evaluated associations with type 2 diabetes, FPG levels,
and HOMA-B. However, Egger’s regression tests showed
statistical evidence of publication bias for analyses
involving HbAlc, HOMA-IR, and MetS (Appendix 15).

Comment
Summary of findings

We have conducted the first study that systematically
reviews and summarises through a meta-analytical
approach, available observational studies that have asses-
sed the associations of serum circulating levels of total
osteocalcin with type 2 diabetes and intermediate meta-
bolic phenotypes. Our results showed statistically signifi-
cant lower baseline serum total osteocalcin levels in type 2

non-alcoholic fatty liver disease; degree of adjustment: + unadjusted
or adjusted for age and/or sex, ++ further adjustment for established
metabolic risk factors such as age, sex, anthropometric indices such as
BMI and waist circumference, smoking status, blood pressure,
physical activity, and high-density lipoprotein cholesterol, ++-+
additional adjustment for inflammation, FPG, or fasting insulin

diabetes compared with non-type 2 diabetes and in MetS
compared with non-MetS, with similar findings for both
males and females. Cross-sectional evidence suggested an
inverse association between serum total osteocalcin levels
and risk of type 2 diabetes in fully adjusted models
including potential mediators such as FPG and fasting
insulin, but no significant association from prospective
evidence (albeit limited number of studies) was demon-
strated. In analyses limited to cross-sectional evidence, we
found an inverse association between serum total osteo-
cacin and MetS in fully adjusted models, but no significant
association with hyperglycemia or NAFLD could be
demonstrated. In both cross-sectional and cohort studies, a
unit increase in serum total osteocalcin levels was associ-
ated with a significant mean increase in HOMA-B and
mean reduction in HbAlc; with significant mean reduc-
tions in FPG levels, HOMA-IR, and BMI in only cross-
sectional studies — the overall findings which are consistent
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with results from animal studies. In contrast, an increase in
serum total osteocalcin levels was not significantly asso-
ciated with fasting insulin in both cross-sectional and
cohort studies.

Interpretation of findings

The current review with the results based largely on cross-
sectional evidence, supports emerging evidence of a
decreased risk of adverse metabolic outcomes such as type
2 diabetes and MetS with increased circulating levels of
serum total osteocalcin. Apart from the well-known pro-
osteoblastic functions of osteocalcin [24], there is emerging
evidence of an endocrine function as well. Mechanistic
evidence linking osteocalcin with decreased risk of adverse
metabolic outcomes is its role in influencing insulin levels,
glucose metabolism, insulin sensitivity, fat mass, beta cell
proliferation, and energy expenditure, which has so far
been established in animal models [3, 5, 25]. Though
mechanistic studies for osteocalcin have mostly involved
experimental mice, growing epidemiological and recent
genetic evidence indeed suggest that multiple aspects of the
biology of osteocalcin are similar for both humans and
rodents [26, 27]; demonstrating that the metabolic func-
tions of osteocalcin in animals are conserved in humans.
Evidence from animal models also suggest that the active
form of osteocalcin (undercarboxylated osteocalcin) may
be of more importance in regulating glucose and energy
metabolism [3, 5, 28] and therefore implicated in the
development of adverse metabolic outcomes. However,
this has not been established, as it is uncertain if uncar-
boxylated osteocalcin might be the active form in humans
[26]. In addition, only few and smaller studies have
assessed the relationship of undercarboxylated osteocalcin
with metabolic outcomes, and have reported conflicting
results [29-32]. Compared to serum total osteocalcin,
which can be conveniently measured in large studies using
automated immunoassays [33], assays for undercarboxy-
lated osteocalcin are more cumbersome, labour intensive,
or less precise [34].

Implications of findings

The role of osteocalcin in glucose and energy metabolism
has been established experimentally in animal studies. Our
findings based on observational evidence, provide further
insight concerning the relationship between serum total
osteocalcin and adverse metabolic outcomes in humans.
They underscore a potentially protective role of increased
serum total osteocalcin levels on the risk of type 2 diabetes
and other adverse metabolic outcomes. Our review has also
identified gaps in the literature concerning the relationships
between serum total osteocalcin levels and metabolic

@ Springer

outcomes. Very few and inadequately powered prospective
cohort studies were available that evaluated these outcomes
particularly for type 2 diabetes, limiting the review to
mainly cross-sectional study designs. Thus, large-scale
prospective studies are needed to confirm the current
available evidence and additional research is required to
address the existing gaps. Serum total osteocacin remains a
promising though unproven strategy in the prevention or
treatment of adverse metabolic outcomes such as type 2
diabetes. This therapeutic potential has only so far been
demonstrated in animal experiments. Well designed ran-
domised controlled trials or Mendelian randomisation
experiments are also warranted to investigate these poten-
tial implications.

Strengths and limitations

The strengths and potential limitations of this review and
meta-analysis deserve consideration. We implemented a
comprehensive search strategy across multiple databases
without language restriction, yielding several published
studies on the topic. This review involved approximately
47,000 participants and evaluated the risk of a wide-range
of metabolic outcomes in relation to circulating serum total
osteocalcin. Our meta-analysis was robust as we were able
to harmonize estimates from almost all available con-
tributing studies (mean differences and risk estimates that
compared extreme fourths of baseline distribution of serum
total osteocalcin levels), allowing a consistent combination
of estimates across studies. Because the present review was
based on variably adjusted data reported by the eligible
studies, there remained a risk of residual confounding as
with meta-analyses involving published data. Majority of
studies included in the review, however, reported estimates
based on adjustment for a comprehensive panel of con-
ventional risk factors and potential confounders. In addi-
tion, when studies that evaluated associations for type 2
diabetes and MetS were grouped by degree of adjustment,
the significant associations remained consistent. Given the
novelty and the lack of relevant clinical trials published on
the topic, our review was based on only observational
evidence (with majority limited to cross-sectional designs)
which precluded the ability to make any causal inferences.
There was evidence of substantial heterogeneity among
contributing studies for some analyses, which could not be
explored because of the limited number of studies and data
on relevant study characteristics. Finally, given that tests
for publication bias are unlikely to be useful for analysis
involving limited number of studies [35], we were unable
to adequately explore for publication bias.

In conclusion, available evidence—mainly from cross-
sectional studies—supports inverse associations of serum
total osteocalcin with risk of adverse metabolic outcomes.
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This review also highlights important gaps in the existing
literature, with large-scale prospective studies in particular
needed to establish whether serum total osteocalcin may be
useful in the prevention of adverse metabolic outcomes
such as type 2 diabetes.
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