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Abstract: Recent advances have indicated that osteocalcin, and in particular its undercarboxylated
form (ucOC), is not only a nutritional biomarker reflective of vitamin K status and an indicator
of bone health but also an active hormone that mediates glucose metabolism in experimental
studies. This work has been supported by the putative identification of G protein-coupled receptor,
class C, group 6, member A (GPRC6A) as a cell surface receptor for ucOC. Of note, ucOC has been
associated with diabetes and with cardiovascular risk in epidemiological studies, consistent with
a pathophysiological role for ucOC in vivo. Limitations of existing knowledge include uncertainty
regarding the underlying mechanisms by which ucOC interacts with GPRC6A to modulate metabolic
and cardiovascular outcomes, technical issues with commonly used assays for ucOC in serum,
and a paucity of clinical trials to prove causation and illuminate the scope for novel health
interventions. A key emerging area of research is the role of ucOC in relation to expression of
GPRC6A in muscle, and whether exercise interventions may modulate metabolic outcomes favorably
in part via ucOC. Further research is warranted to clarify potential direct and indirect roles for ucOC
in human health and cardiometabolic diseases.

Keywords: osteocalcin; undercarboxylated osteocalcin; GPRC6A; insulin resistance; diabetes;
cardiovascular disease; bone; muscle

1. Introduction—Osteocalcin and Undercarboxylated Osteocalcin

The objectives of the present review are to highlight the role of osteocalcin, in particular its
undercarboxylated form, as a hormone that regulates glucose homeostasis and cardiometabolic risk,
by summarizing the available experimental and human evidence. Additionally, the emerging evidence
implicating undercarboxylated osteocalcin in muscle function and glucose uptake, and its therapeutic
potential for addressing cardiometabolic diseases are discussed.

Osteocalcin is a 49 amino acid polypeptide protein with a 5.7 KDa molecular weight. It is also
known as gamma-carboxyglutamic acid-containing protein or bone gla protein [1]. Osteocalcin is the
most abundant non-collagenous protein within the bone matrix, primarily produced by osteoblasts
during the late stage of their differentiation [2]. However, the exact role of osteocalcin in the control of
bone matrix formation, mineralization or maintenance is not fully understood [3]. In osteoblasts, after
protein translation at the endoplasmic reticulum, osteocalcin undergoes carboxylation at the 17, 21 and
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24 glutamic acid (Glu) residues by y-glutamyl carboxylase. This process is facilitated by vitamin K.
This post-translational modification changes the conformation of the osteocalcin protein, resulting in
an increased affinity for the calcium ions exposed at the surface of the hydroxyapatite crystal in the
bone matrix [2,4]. However, not all osteocalcin in bone is fully carboxylated, with a small amount of
osteocalcin still containing one (mostly Glul7) or more empty Glu residue(s), collectively denoted as
undercarboxylated osteocalcin (ucOC) [5].

Osteocalcin in the circulation is a marker of bone turnover [4]. Of the total amount of osteocalcin
that is released into the circulation, a substantial proportion (40-60%) is ucOC, the amount of which
is sensitive to vitamin K intake [3,5-7]. As such, a higher percentage of ucOC is a marker for
vitamin K status, generally indicative of lower vitamin K availability [8-10]. Furthermore, a higher
percentage of ucOC has been associated with increased risk of bone fracture in older adults, particularly
women [11-13]. Therefore, the detection of circulating ucOC has long been recognized as having
clinical predictive value as a nutritional biomarker and indicator of fracture risk. In addition, recent
studies have illuminated a role for ucOC to regulate insulin secretion by beta cells and adiponectin by
fat cells [14,15].

2. Osteocalcin, Glucose Homeostasis and GPRC6A—Experimental Studies

2.1. Osteocalcin, Undercarboxylated Osteocalcin and Glucose Metabolism

It has been hypothesized that bone may be involved in energy regulation to ensure the energy
supply needed during bone remodeling, which encompasses the cellular machinery responsible for
maintaining the integrity of bone composition, structure and strength [14]. In 2007, the Karsenty
group were the first to demonstrate that circulating ucOC regulates whole-body energy metabolism
via mechanisms that involved increasing insulin secretion from pancreatic beta cells, as well
as enhancing insulin sensitivity in peripheral tissues [15]. In this research, enteroccocal surface
protein (Esp)-knockout mice (Esp_/ ~) lacking an osteoblast-expressed receptor-like protein tyrosine
phosphatase (OST-PTP) exhibited increased (3-cell proliferation, increased insulin and reduced glucose
concentrations, and were protected from developing a diabetic phenotype [15]. Of note, this phenotype
was completely reversed by the deletion of a single allele of the osteocalcin gene (Ocn), resulting in mice,
which had a higher proportion of circulating osteocalcin in the undercarboxylated form and implicating
osteocalcin as a regulator of glucose homeostasis. Ocn-knockout mice did not display a distinct bone
phenotype, but later in life became glucose intolerant and obese with reduced pancreatic 3-cell
expression and insulin content [15]. Furthermore, administration of exogenous ucOC to wild-type
mice improved insulin production and sensitivity supporting ucOC as the metabolically active form of
osteocalcin [16,17]. Since then, independent research groups have confirmed that ucOC is involved in
energy metabolism, however, the level of involvement is still not clear [18]. One group has reported
that knockout of the osteocalcin gene in rats using the CRIPR/Cas9 method did not affect body weight
or fasting glucose concentrations [19]. Recent experimental studies have implicated ucOC in muscle
growth [20], male fertility [21], brain development and cognition [22], and anti-tumour immunity [23].

2.2. GPRC6A as a Putative Receptor for Undercarboxylated Osteocalcin

In keeping with an endocrine role for ucOC, G protein-coupled receptor, class C, group 6, member
A (GPRC6A) has been identified by several groups as a putative receptor of ucOC [24-26]. GPRC6A
belongs to the C family of G protein-coupled receptors and is widely expressed in cells of a number of
human tissues such as skeletal muscle, brain, lung, liver, heart, kidney, pancreas, placenta, spleen, ovary,
testis, prostate, leukocytes, and monocytes [25]. Expression of GPRC6A has also been documented
in mouse muscle [20,27]. It has been shown that either global or tissue-specific knockout of GPRC6A
leads to the loss of endocrine functions of ucOC in mice [21,24]. Furthermore, several studies have
reported that the deficiency of GPRC6A in mouse tissues or cultured cells results in the absence of
ucOC-induced activation of downstream signaling pathways [28-31]. By using computational docking
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models, Min Pi et al., [32] predicted that the C-terminal hexapeptide of ucOC docks to the extracellular
side of the transmembrane domain of GPRC6A. Consistently, they also showed that the mutation
of a computationally-identified binding site of GPRC6A decreased the activation of this receptor by
ucOC C-terminal hexapeptide [32]. It is worth noting, however, that to date there is still no evidence of
direct binding between ucOC and GPRC6A, thus it remains possible that GPRC6A only functions as
a crucial upstream regulator, rather than the direct receptor, in the ucOC-triggered signaling cascade.
Moreover, consensus on the role of GPRC6A in ucOC signaling is lacking, as some studies have shown
that in vitro treatment of ucOC failed to activate GPRC6A that was exogenously expressed in CHO or
HEK?273 cells [33,34]. Therefore, whether GPRC6A is the receptor by which ucOC exerts endocrine
functions in vivo requires further investigation.

2.3. Summary

e  Undercarboxylated osteocalcin regulates insulin secretion and sensitivity in mice
e A G protein-coupled receptor GPRC6A is implicated in the actions of undercarboxylated
osteocalcin in experimental studies

3. Osteocalcin, Diabetes and Cardiovascular Risk—Clinical and Epidemiological Studies

3.1. Osteocalcin, Metabolic Syndrome and Diabetes Risk

Clinical and epidemiological studies have examined associations of circulating osteocalcin with
endpoints related to metabolic syndrome and diabetes (Table 1). Generally these were cross-sectional
analyses assessing total circulating osteocalcin which have associated lower osteocalcin concentrations
with higher risk of Type 2 diabetes [35-37], higher body mass index (BMI) and plasma glucose
concentrations [37,38], lower insulin sensitivity [39,40]. In a large epidemiological study of 2493 men
and women, lower osteocalcin concentrations were associated with higher BMI, fasting glucose
and insulin resistance [41]. In another large epidemiological study of 2765 older men, lower
osteocalcin concentrations were associated with higher waist circumference, glucose and triglyceride
concentrations, and insulin resistance [42]. In both of those studies, adults with lower osteocalcin
concentrations had a higher risk of having metabolic syndrome [41,42]. Subsequent studies have
largely confirmed these findings, reinforcing the association of lower osteoalcin concentrations with
insulin resistance and with metabolic syndrome in men and in postmenopausal women [43-52].
In keeping with these studies, a meta-analysis of observational studies confirmed that circulating
total osteocalcin concentrations were lower in adults with metabolic syndrome or Type 2 diabetes [53].
Therefore there are ample observational studies in humans which support a pathophysiological role
for osteocalcin in regulation of glucose metabolism and diabetes risk in vivo. However, there are two
major limitations of these studies: firstly, causality cannot be inferred from cross-sectional analyses
and one longitudinal analysis did not show an association of osteocalcin with incidence of Type 2
diabetes [46]. Secondly, data on circulating ucOC which is postulated to be the metabolically active
form binding to GPRC6A were not reported in those studies (Table 1).
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Table 1. Selected studies examining associations of total circulating osteocalcin (TOC) with insulin
resistance, metabolic syndrome and diabetes in men and women are summarised. X = cross-sectional
analysis, L = longitudinal analysis, I = interventional component, HOMA = homeostasis model
assessment, HOMA-B = 3-cell activity, HOMA-IR = insulin resistance.

First Author, Year [ref no.] Study (Type) Results

339 post-menopausal women, Serum TOC was lower in women with Type 2
ImJ-A, 2008 [35] 31 with Type 2 diabetes (X) diabetes vs. controls (17.5 vs. 22.2 ug/L), and correlated

inversely with HbAlc (r = —0.22) and IR (r = —0.16)

254. men (128 newly diagnosed Type 2 Serum TOC was lower in adults with Type 2
Zhou M, 2009 [36] diabetes) and 180 postmenopausal diabetes vs. controls (15.1 vs. 16.8 ug/1)
women (92 with diabetes) (X) : VS 206 Hg/L):

Diabetic men had lower TOC (21.7 vs. 27.8 ug/L),
Kindblom JM, 2009 [37] 857 non-diabetic and 153 diabetic men (X) TOC was inversely related to body mass index (BMI),
fat mass and fasting glucose.

TOC correlated negatively with fasting plasma glucose
179 men and 149 post-menopausal (r = —0.24 for men, —0.19 for women) and HbAlc
Kanazawa I, 2009 [36] women with Type 2 diabetes (X) (r=—0.16, —0.27). TOC correlated with total
adiponectin in women (r = 0.30).

Serum TOC correlated with insulin sensitivity (r = 0.23),
. 149 non-diabetic men (X), and total adiponectin (r = 0.19). TOC was increased by
Fernandez-Real JM, 2009 [39] and 46 non-diabetic men and women (I) dietary weight loss (16.8% of body weight) or
weight loss (8.7%) + exercise.

Serum TOC inversely correlated with fasting glucose,
insulin and IR. Higher TOC associated with lower rise in
fasting glucose over 3 years.

380 men and women (X), 198 (L),

Pittas AG, 2009 [40] 5% with diabetes

Serum TOC inversely correlated with BMI, fasting glucose,
) IR and leptin, positively correlated with adiponectin. TOC in
Saleem U, 2010 [41] 2493 men and women (X) highest quartile associated with reduced odds of
metabolic syndrome.

TOC level was inversely associated with waist
circumference, glucose, triglyceride levels and IR, and was
Yeap BB, 2010 [42] 2765 older men with metabolic syndrome  lower in men with metabolic syndrome (20.1 vs. 21.4 ug/L).
’ present in 797 (28.8%) (X) Men with TOC of 13.3-16.6 and <13.3 ug/L had 1.5 to 2-fold
increased risk of metabolic syndrome compared to men with
TOC > 30 pg/L.

TOC correlated with HDL and was inversely associated with

, BP, glucose, triglycerides, waist circumference and BMI
Tan A, 2011 [43] 2344 men aged 20-69 years (X) Men with TOC in the lowest quartile had a higher odds ratio

for having metabolic syndrome.

TOC was lower in men with metabolic syndrome.
Bao Y, 2011 [44] 181 men who underwent coronary In a subgroup of 60 men with normal glucose tolerance men
. angiography (X) with multi-vessel coronary artery disease had lower TOC
compare to men without coronary artery disease.

TOC was lower in postmenopausal women with metabolic
syndrome (18.9 vs. 22.5 ug/L) and in men with metabolic

Bae S, 2011 [45] 567 men and postmenopausal women (X) syndrome (14.6 vs. 16.1 ug,/L) compared to those
without metabolic syndrome.
y TOC was not associated with fasting glucose, but was
Lee SW, 2012 [46] 214 postmenopausal women (X) inversely associated with HOMA-IR
Movahed A, 2012 [47] 382 postmenopausal women (X) Lower TOC was associated with higher odds ratio of

having Type 2 diabetes

1229 men aged 25-60 years without
diabetes at baseline, of which
90 developed Type 2 diabetes during
mean follow-up of 8.4 years (L)

Baseline TOC in tertiles was inversely associated with
HOMA-IR in cross-sectional analysis, but was not associated
with incident Type 2 diabetes in longitudinal analysis.

Hwang Y-C, 2012 [48]

TOC was inversely associated with metabolic syndrome
with odds ratio 3.7 for those with TOC in the lowest
compared to the highest quartile of values.

1284 persons (629 men and 655 women)

Qosterwerff MM, 2013 [49] aged 65-88 years (X)

TOC was lower in women with metabolic syndrome
1789 postmenopausal women aged (18.5 vs. 21.1 ug/L) compared to those without.
Yang R, 2013 [50] 41-78 years (X) Women with higher TOC had lower
odds ratio for metabolic syndrome.

Confavreux CB, 2014 [51] 798 men aged 51-85 years (X) Higher TOC x:z";fg;?ij‘ﬁlﬁ‘ger odds ratio

TOC was inversely associated with fasting glucose and
HOMA-IR, but not with atherosclerotic plaque in the subset
of 31 persons who had coronary CT angiography.

- 98 persons (24 men and 74 women)
Kang J-H, 2016 [52] mean age 53.5 years (X)
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3.2. Measuring Circulating Undercarboxylated Osteocalcin Concentrations

Standard immunoassays for osteocalcin (Table 1) recognise both carboxylated and
undercarboxylated forms, giving a result for total circulating osteocalcin. Currently two methods
are used to measure circulating ucOC concentrations. The hydroxyapatite (HAP) binding assay uses
HAP to bind carboxylated osteocalcin which is then removed by centrifugation, after which ucOC
is measured by immunoassay in the serum supernatant [54]. While this method should identify
the metabolically active form of osteocalcin [15], it is technically more involved than a single-step
immunoassay. Direct immunoassays use antibodies against ucOC; however, a commonly used
commercially available ucOC antibody (Takara Shuzo Co., Kyoto, Japan) overestimates large ucOC
fragments that can lead to inaccuracies in determination of ucOC or the ratio of ucOC to total
osteocalcin [54]. Furthermore, this ucOC antibody might not reliably detect ucOC when uncarboxylated
only at the Glu-17 position [55,56]. Therefore measurement of ucOC is not straightforward and
frequently used methods do not distinguish the number and position of uncarboxylated Glu residues,
and these limitations need to be considered in the interpretation of results. Compared to studies
reporting total osteocalcin concentrations (Table 1), clinical and epidemiological studies, which have
examined associations of ucOC with endpoints related to metabolic syndrome and diabetes tend to be
smaller in size, at least in part due to the added requirement for assay of ucOC (Table 2).

Table 2. Selected studies examining associations of undercarboxylated osteocalcin (ucOC) with insulin
resistance, metabolic syndrome and diabetes in men and women are summarised. X = cross-sectional
analysis, L = longitudinal analysis, I = interventional component, HOMA = homeostasis model
assessment, HOMA-B = {3-cell activity, HOMA-IR = insulin resistance, TOC = total osteocalcin,
PINP = N-terminal propeptide of type I collagen, CTX = collagen type I C-terminal cross-linked
telopeptide. * ucOC assayed using hydroxyapatite binding, # ucOC assayed using ucOC antibody.

First Author,

Year [ref no.] Study (Type) ucOC Assay Results

Higher ucOC associated with greater insulin
sensitivity (HOMA-B).

Higher total and carboxylated OC levels (not ucOC) associated
with insulin sensitivity, association attenuated by adjustment for
adiponectin. Higher carboxylated OC level at baseline predicted

less change in IR at 3 years, lower % ucOC predicted greater
increase in IR.

Hwang Y-C, 2009 [57] 199 men (X) #

348 non-diabetic men and women

Shea MK, et al., 2009 [58] (M =142, F = 206) (X, L)

50 men and women with poorly After one month of improved glycemic control, TOC level

Kanazawa I, 2009 [59] . # increased, ucOC was unchanged but the ratio
controlled Type 2 diabetes (L) of ucOC/TOC decreased.
Kanazawa I, 2011 [60] 180 men ar}d 109 postmenopausal 4 ucOC was inversely correAlated with fasting glucose and HbAlc in
women with Type 2 diabetes (X) men, but not in postmenopausal women.

28 men aged 52.4 years with BMI ucOC inversely correlated with fasting glucose and HbAlc,

Levinger I, 2011 [61] 32.1kg/ m? (X, I) ucOC increased following aerobic and strength exercise.

Baseline ucOC was not associated with HOMA-IR at
# 2 years, change in ucOC was inversely associated with change in
HOMA-IR over 2 years.

79 men aged 55-80 years with

Bullo M, 2012 [62] cardiovascular risk factors (X, L)

TOC and ucOC were correlated (correlation coefficient 0.66).
TOC and ucOC in quintiles were inversely associated with fasting
glucose, HbAlc and HOMA-IR. Inverse association of ucOC with
1ki M, 2012 [63] 1597 men aged >65 years (X) # these outcomes remains significant after adjusting for TOC
(but not vice versa). Higher quintiles of ucOC were associated
with lower odds ratios for prevalent Type 2 diabetes (but not

TOQ).
Mori K, 2012 [64] 129 adults with Type 2 diabetes 4 ucOC was not associated with insulin resistance using euglycemic
o 7 mean age 54.9 years (X) hyperinsulinemic clamp in adults with Type 2 diabetes
L 115 adults with Type 1 diabetes and No difference in ucOC between adults with Type 1 diabetes and
Thrailkill KM, 2012 [65] 55 controls mean age 18.8 years # controls. ucOC was inversely associated with HbAlc.

Carboxylated osteocalcin (not ucOC) was inversely associated
with HOMA-IR in cases, and fasting glucose in controls. Lower
carboxylated osteocalcin or ucOC in tertiles were associated with
higher odds ratio for incident diabetes.

153 adults with newly diagnosed
Diaz-Lopez A, 2013 [66] Type 2 diabetes and 306 matched #
controls, mean age 66.3 years
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Table 2. Cont.

First Author,

Year [ref no.] Study (Type) ucOC Assay Results
63 overweight/obese adults with TOC was associated with insulin sensitivity in the whole cohort.
Gower BA, 2013 [67] normal (N = 39) or impaired fasting * ucOC was associated with indices of {3 cell response in the subset
glucose (N = 24) (X) with impaired fasting glucose.

11 men aged 58.1 years with BMI Exercise increased ucOC and ucOC/TOC ratio, reduced glucose

Levinger I, 2014 [68] 33.1kg/ m? (I) concentrations and improved insulin sensitivity.

60 women with gestational diabetes
Saucedo R, 2015 [69] and 60 with normal glucose #
tolerance (X)

No difference in TOC or ucOC in women with gestational
diabetes compared to women with normal glucose tolerance.

Higher ucOC was associated with reduced diabetes risk
(odds ratio per 1 SD increase after adjusting for conventional risk
factors = 0.55). Similar results were seen for TOC, PINP and CTX.

*

Yeap BB, 2015 [70] 2966 men aged >70 years (X) When all 4 markers were included in the fully adjusted model,

higher ucOC remained associated with reduced diabetes risk
(odds ratio 0.56) while TOC was no longer associated.

129 overweight/obese Ratio of carboxylated to total osteocalcin correlated inversely with

Bonneau J, 2017 [56] postmenopausal women without # insulin sensitivity assessed using euglycemic hyperinsulinemic
diabetes mean age 57.7 years (X) clamp and positively with HOMA-IR in postmenopausal women.

Takashi Y, 2017 [71] 50 adults with Type 2 diabetes mean # ucOC correlated with Fhange in C—peptldg following glucagon,

age 59.2 years (X) and C-peptide response to eating a meal.
Yeap BB, 2017 [72] 108 adults with Type 1 diabetes . ucOC was not associated with fasting glucose, HbAlc or daily
€ap BB, mean age 39.1 years (X) insulin dose in adults with Type 1 diabetes.

3.3. Studies Associating Undercarboxylated Osteocalcin with Diabetes Risk in Men

A number of studies have reported ucOC results in relation to metabolic outcomes (Table 2).
Several cross-sectional studies in men have documented associations of ucOC with glucose metabolism
in vivo [57,63,70]. Two studies are of particular interest. A large epidemiological study of 1597 men
aged >65 years found that ucOC was inversely associated with measures of glycemia and insulin
resistance, remaining so after adjustment for total osteocalcin [63]. Another large epidemiological
study, the Western Australian Health In Men Study (HIMS), analysed 2966 men aged >70 years
in whom ucOC was assayed using a HAP-binding assay and also examined total osteocalcin and
two non-osteocalcin markers of bone turnover, N-terminal propeptide of type I collagen (P1NP)
and collagen type I C-terminal cross-linked telopeptide (CTX) [70]. That HIMS analysis found that
all four bone turnover markers were inversely associated with diabetes risk; however, when all
four were included in a multivariate model that included adjustment for conventional risk factors,
ucOC remained robustly associated with diabetes risk while total osteocalcin and P1NP were no longer
associated and the association of CTX was attenuated [70]. These epidemiological findings support the
concept of ucOC being a predictor of diabetes risk in older men, distinct from total osteocalcin or other
bone turnover markers. In a longitudinal study, an increase in ucOC was associated with a reduction
in insulin resistance in men over an interval of two years [62].

3.4. Other Studies of Undercarboxyated Osteocalcin and Glucose Metabolism

In a study of 348 non-diabetic men and women, ucOC measured using a HAP-binding assay
was not associated with insulin sensitivity at baseline; however, a lower % of ucOC predicted greater
increase in insulin resistance at follow-up [58]. In a study of 129 overweight postmenopausal women
without diabetes, a greater ratio of carboxylated to total osteocalcin correlated inversely with insulin
sensitivity, supporting in an indirect manner a role for ucOC in regulation of glucose metabolism in
women [56]. One study in 63 overweight or obese adults found an association of ucOC with 3 cell
responses only in the subset of adults with impaired fasting glucose but not in those with normal
glucose tolerance [67]. In studies of overweight men, ucOC was inversely correlated with fasting
glucose and HbAlc, and both ucOC and the ratio of ucOC to total osteocalcin increased following
exercise [61,68].
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3.5. Studies of Undercarboxylated Osteocalcin in Adults with Diabetes

Several studies of ucOC have been reported in adults with Type 2 diabetes (Table 2). A case-control
analysis of 153 adults with newly diagnosed Type 2 diabetes and 306 controls reported an association
of both carboxylated osteocalcin and ucOC with risk of diabetes [66]. While some studies have not
shown strong associations of ucOC with indices of glycemia [59,64] other studies have supported a role
for ucOC as a marker for better indices of glycemia in adults with Type 2 diabetes [60,71]. Of note,
while these studies relate ucOC to insulin sensitivity and Type 2 diabetes, ucOC does not appear to be
associated with indices of glycemia in the setting of gestational diabetes [69] and the role of ucOC in
Type 1 diabetes remains uncertain [65,72]. Therefore, there is observational data supporting a role for
ucOC to modulate risk of Type 2 diabetes, particularly in older men. The role of ucOC to modulate
glucose metabolism once Type 2 diabetes is already present is less clear.

3.6. Osteocalcin and Cardiovascular Risk

Diabetes has long been recognised as a cardiovascular risk factor, whose presence is predictive of
cardiovascular events and mortality [73-75]. Therefore, given the experimental and epidemiological
evidence linking osteocalcin and ucOC with diabetes risk, the next question is whether or not
osteocalcin and in particular ucOC by modulating cardiometabolic health influence the incidence of
cardiovascular events and mortality. Several epidemiological studies have examined associations of
osteocalcin with outcomes related to cardiovascular events and mortality (Table 3). In a cross-sectional
study of 461 adults undergoing coronary angiography, those with proven coronary artery disease
had lower total circulating osteocalcin as a group [76]. A longitudinal study of 781 men found no
association of total osteocalcin with mortality [77]. In a longitudinal analysis from HIMS of 3542 men
aged >70 years, there was a U-shaped association of total osteocalcin with all cause and cardiovascular
mortality [78]. Subsequent studies have reported associations of higher baseline total osteocalcin
with lower all-cause mortality, and lower baseline total osteocalcin with all-cause and cardiovascular
mortality in men [79,80], and a U-shaped association of total osteocalcin with non-cardiovascular
but not all-cause or cardiovascular mortality in women [81]. Therefore, on balance, lower total
osteocalcin appears to be a predictor of all-cause and cardiovascular mortality in men, while additional
research is needed to clarify the prognostic implications of high total osteocalcin concentrations in
men. The association of total osteocalcin with mortality in women is less clear. However, these studies
are limited by the lack of ucOC data.

Table 3. Selected studies examining associations of total osteocalcin (TOC) and undercarboxylated
osteocalcin (ucOC) with outcomes related to cardiovascular disease and mortality. X = cross-sectional
study, L = longitudinal study, CHD = coronary heart disease. * ucOC assayed using hydroxyapatite
binding, # ucOC assayed using ucOC antibody, N/A = no ucOC results reported.

First Author,

Year [ref no.] Study (Type) ucOC Assay Results

TOC was not associated with mortality, while higher bone

Szule P, 2009 [77] 781 men aged >50 years (L) N/A resorption markers were associated.

3542 men aged 70-89 years followed for U-shaped association of TOC with all-cause and

Yeap BB, 2010 [78] 5.2 years (L) N/A cardiovascular mortality.
461 adults (243 with CHD and
Zhang 'Y, 2010 [76] 218 without) undergoing coronary N/A TOC was lower in group with CHD.

angiography (X)

Higher baseline TOC was associated with less progression
N/A of abdominal aortic calcification and
lower all-cause mortality.

774 men aged 51-85 years followed for

Confavreux CB, 2013 [79] 10 years (L)

2271 men referred for coronary
angiography (L)

Association of TOC in lowest quintile with all-cause and

Lerchbaum E, 2013 [80] cardiovascular mortality.

N/A
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Table 3. Cont.

First Author,

Year [ref no.] Study (Type) ucOC Assay Results

U-shaped association of TOC with non-cardiovascular
Lerchbaum E, 2014 [81] 986 women aged 58-72 years (L) N/A mortality, TOC was not associated with all-cause or
cardiovascular mortality.

Higher ucOC and ratio of ucOC/TOC found in men with
Choi S-H, 2015 [82] 162 adults (114 men and 48 women) (X) # coronary artery calcification
(no differences found in women).

Higher ratio of ucOC/TOC was associated with lower
incidence of myocardial infarction, but was not
associated with stroke.

3384 men aged 70-89 years followed for

Yeap BB, 2015 [83] 7 years (L)

3.7. Circulating Undercarboxylated Osteocalcin and Cardiovascular Risk

A cross-sectional analysis involving 114 men reported an association of higher ucOC and
an increased ucOC/total osteocalcin ratio with coronary artery calcification [82]. The significance of
this finding, however, is uncertain as the sample size was relatively small, the cross-sectional nature
of the analysis precludes attribution of causation and no association was seen in women. Of note,
a more recent longitudinal analysis from HIMS of 3384 men aged 70-89 years followed for seven years
demonstrated an association of higher ucOC/total osteocalcin ratio with lower incidence of myocardial
infarction after adjusting for conventional cardiovascular risk factors [83]. In HIMS, the ratio of ucOC
to total osteocalcin was not predictive of stroke, suggesting a differential influence on distinct vascular
territories. Those findings support the concept that the proportion of circulating ucOC functions as
a biomarker for incidence of myocardial infarction. The possible underlying mechanisms and whether
interventions that result in a greater proportion of circulating ucOC would reduce cardiovascular risk
remain to be elucidated.

3.8. Matrix Gla Protein and Cardiovascular Risk

Of note, matrix y-carboxyglutamic acid (Gla) protein (MGP) is a peptide associated with
the organic phase of bone and cartilage, which shares substantial homology with osteocalcin [4].
MGTP is expressed in chondrocytes and vascular smooth muscle, and acts as an inhibitor of vascular
calcification [84,85]. MGP undergoes y-carboxylated at Glu residues under the influence of vitamin K
and uncarboxylated forms of MGP in the circulation have been associated with arterial stiffness in
adults, and with peripheral arterial calcification and incidence of cardiovascular events in patients
with Type 2 diabetes [86-88]. However, it is unclear whether or not there is an analogous role for ucOC
to modulate vascular calcification and thereby risk of cardiovascular events.

3.9. Summary

e Epidemiological studies associate lower circulating total osteocalcin concentrations with insulin
resistance and risk of Type 2 diabetes

e  Methods for assay of circulating undercarboxylated osteocalcin need to be optimised

e Epidemiological studies associate lower circulating concentrations of undercarboxylated
osteocalcin, or a lower ratio of undercarboxylated to total osteocalcin, with risk of Type 2 diabetes
and incidence of myocardial infarction

4. Osteocalcin, Exercise and Muscle Function—Experimental Studies

4.1. Putative Interaction of Bone, Muscle and Metabolism

The initial discovery of a metabolic role for ucOC focused attention on insulin sensitivity and
diabetes risk [15-17]. Whilst these initial studies did not focus primarily on muscle, it should be noted
that skeletal muscle plays a major role in glucose uptake and utilization [89,90]. It is a major site for
nutrient storage and energy expenditure [91,92]. In keeping with the importance of skeletal muscle in
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glucose metabolism, increasing interest has focused on the link between bone, muscle and metabolism,
via a potential role of ucOC acting in muscle [93].

4.2. The Role of Undercarbxoylated Osteocalcin in Skeletal Muscle: Evidence from Mouse Models

Evidence thus far has indicated that ucOC may participate in the endocrine modulation of
skeletal muscle functions, via the GPRC6A receptor and its downstream signaling pathways in muscle
cells [28]. In vivo studies in mice first pointed to ucOC effects in skeletal muscle insulin sensitivity
and signalling. These studies reported an association between higher serum ucOC levels due to loss
of Esp, activating transcription factor 4 (Atf4) or the class O of forkhead box transcription factor 1 (Foxol)
expression in osteoblasts with enhanced expression of insulin target genes in skeletal muscle [94,95].
A further study showed higher insulin-stimulated muscle glucose uptake in Esp~/~ mice compared to
wide type (WT) littermates. In muscle from mice subject to a high fat diet (HFD), administration of
ucOC reduced the deleterious effect of the HFD diet on gene expression and endoplasmic reticulum
stress, fat accumulation, and autophagy [96,97]. It should be noted, however, that ucOC was also able
to enhance the secretion of insulin from the pancreas [15,16], adiponectin from adipose tissue [16],
and glucagon-like peptide-1 (GLP-1) from the intestines [98,99]. Thus, the insulin-sensitising effects
of ucOC on muscle indicated by in vivo studies may be affected by indirect factors rather than
representing a purely direct.

4.3. The Role of Undercarboxylated Osteocalcin in Skeletal Muscle: Cell and Tissue-Based Studies

Other studies have been able to elucidate some of the direct effects of ucOC on muscle cells
by using in vitro and isolated (exercised) mouse muscle models. In C2C12 myotubes, a subclone
model or rapidly differentiating mouse myotubes, ucOC exposure at physiological concentrations
dose-dependently augmented insulin-stimulated glucose uptake [27,100]. Ex vivo, a 2.5-h ucOC
treatment (30 ng/mL) enhanced muscle glucose uptake in insulin-stimulated mouse soleus muscles,
but not in insulin-stimulated extensor digitorum longus (EDL) muscles [101]. It should be noted
that soleus and EDL muscles are made of distinct fiber-type compositions. While soleus primarily
consists of slow twitch type I and EDL of fast twitch type II fibers, respectively, this result indicates
that ucOC possibly favors muscle insulin sensitivity in a fiber type-specific manner [101]. Importantly,
ucOC also triggers non-insulin-stimulated glucose uptake [102]. Therefore, further investigations into
the mechanisms by which ucOC exert direct effects on muscle insulin sensitivity are warranted.

4.4. Exercise and Insulin Sensitivity: A Role for Undercarboxylated Osteocalcin?

The benefits of exercise on muscle energy metabolism and insulin sensitivity have been well
documented [103,104]. Even a single session of exercise improves insulin sensitivity for up to 48 h
following exercise [105,106]. An important and often overlooked benefit of exercise is that acute
exercise enhances glucose uptake in skeletal muscle in a pathway independent of insulin, meaning
people with insulin resistance and Type 2 diabetes may have normal glucose uptake in skeletal muscle
during and for a period following exercise [106-108]. The exact mechanism by which this interesting
phenomenon occurs remains unclear. Some reports have suggested that this post-exercise effect on
glucose uptake may be attributed to the alteration of humoral factors, one of which may indeed be
ucOC [61,68,106,109].

4.5. Exercise as a Stimulus for Increased Circulating Undercarboxylated Osteocalcin

Due to the specialized functions of bone cells, namely osteoblasts, osteoclasts and osteocytes,
bone is a dynamic tissue that responds to mechanical loading and unloading by modifying its mass
and strength via cellular driven remodeling [110]. It is thus possible that exercise, which stresses
the bone via increased mechanical loading, would have an effect on markers of bone remodeling,
including osteocalcin and ucOC [111,112]. Reports of the effect of exercise on total osteocalcin are
contentious, with some researchers describing increases in total osteocalcin concentrations with
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acute exercise [113,114], while others reported lower [115], or unchanged [116,117] total osteocalcin
concentrations shortly after exercise. The existence of these contradictory data may be due to
different exercise modes or intensities, or different time points of blood sampling during/following
exercise [111,118]. However, total osteocalcin is not the same as uOC and overall, studies seem
to agree that acute exercise associates with higher circulating ucOC concentrations. In humans,
ucOC concentrations were reported to be increased by 6-14% immediately after a single session of
high intensity aerobic exercise [61,68]. In mice, a much higher increase, up to 2.5-fold, was observed
during and shortly after a single bout of aerobic treadmill running [28].

4.6. Exercise, Undercarboxylated Osteocalcin and Insulin Sensitivity

Increases in serum ucOC concentrations following exercise may be clinically important.
As exercise improves insulin sensitivity and glycaemic control, it is likely that the increase in ucOC
may contribute to the insulin-sensitizing effect of exercise. Indeed, it was reported that a single
session of high-intensity exercise (95.1% =% 1.9% of HRpeak) by obese men increased circulating ucOC,
which correlated with enhanced insulin sensitivity following exercise [61,68]. Furthermore, analyses
from muscle biopsies revealed ucOC levels were also associated with higher insulin signaling activity
in the vastus lateralis muscle following exercise [68]. In an ex vivo mouse study where isolated
muscles were loaded into specialized contraction baths, ucOC treatment was reported to enhance
insulin-stimulated glucose uptake in EDL muscles post-ex vivo contraction, indicating a direct role for
ucOC in muscle insulin-sensitizing effect following contraction-stimulated exercise [27]. These studies
suggest a potential role for exercise as a stimulus to increase circulating ucOC, which may then, in turn,
modulate some of the beneficial effects of exercise. It should be noted that the exercise-induced ucOC
increase was usually transient [61,68], thus whether and how this short-term ucOC enhancement
contributes to muscle insulin sensitivity hours after exercise requires further exploration.

4.7. Undercarboxylated Osteocalcin and Muscle Strength

Mice lacking osteocalcin were reported to have lower muscle mass and volume compared to
their wild-type counterparts of a similar age [28]. Moreover, administration of ucOC increased
muscle mass in older mice [20]. Decreased ucOC levels were associated with reduced muscle mass
and strength, in both EDL and soleus muscles, in rats with disuse atrophy induced by hind limb
immobilization [119]. In cultured C2C12 myoblasts treatment with ucOC increased proliferation
and differentiation, effects that were mediated, at least in part, via GPRC6A [29]. Despite these
animal and cellular data suggesting an intrinsic role for ucOC in muscle function, human data are
limited. In a cross-sectional study of women aged >70 years in which ucOC was assayed using
a HAP-binding assay, a positive correlation was found between % ucOC and quadriceps muscle
strength [120]. In an interventional study of 62 patients with hypoparathyroidism, treatment with
recombinant parathyroid hormone (rPTH) resulted in an increase in % ucOC which was not associated
with energy metabolism [121], but was positively associated with the change of maximum force
generated in elbow extension [122]. However, in that study, the increase in ucOC was not associated
with other tests of muscle and physical performance [122]. Therefore, while there is some data to
support a role for ucOC in the regulation of muscle strength and function, in addition to its role in
muscle glucose uptake and metabolism, interventional studies are needed to determine if there is
a causative effect and whether there is scope for novel therapeutic approaches to enhance both glucose
metabolism and muscle function.

4.8. Molecular Mechanisms Underlying Undercarboxylated Osteocalcin’s Role in Insulin Resistance

The mechanisms underlying the action of ucOC in target tissues to improve insulin secretion
and sensitivity are not the major focus of the current review and as such are not described in
detail. However, substantial emerging evidence suggests that relevant molecular mechanisms include
activation of the ERK MAPK pathway in (3 cells [31,32] resulting in increased cell proliferation and
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insulin secretion, as well as increased insulin sensitivity in peripheral tissues via the activation of
the PI3K/ Akt pathway [20,96], the cAMP /CREB pathway [20], the AS160 protein [27,101], and the
downregulation of the ER stress pathway [96,97].

4.9. Osteocalcin and Ageing: Relevance to Muscle Mass and Glucose Homeostasis

In cross-sectional studies of men and women, circulating osteocalcin is highest in early adulthood,
lower in mid-life, and higher again in older age [123-125]. How the proportion of ucOC compared
with total osteocalcin changes during ageing is less clear. In mice, there is a substantive decrease
in total circulating osteocalcin and ucOC concentrations between the ages of 2 and 9 months,
and muscle-specific deletion of Gprc6a reduced exercise capacity in young mice [28]. Interestingly,
administration of exogenous osteocalcin restored the exercise capacity of 12 and 15-month old mice to
levels comparable with 3-month old mice [28]. The human correlate is the emergence of sarcopenia and
frailty in older age, linked with an increasing incidence and prevalence of diabetes [126]. In a study
of men aged 79-97 years, those with diabetes had poorer physical performance demonstrating the
inter-relationship between ageing, deterioration of physical function and diabetes [127]. Whether
ucOC might ameliorate age-related changes in muscle and other tissues to restore physical function
and improve glucose homeostasis in humans remains to be seen.

4.10. Summary

e  Undercarboxylated osteocalcin enhances muscle glucose uptake in mice and cells

e  Undercarboxylated osteocalcin increases muscle mass in older mice and increases proliferation of
muscle cells

e  Exercise increases circulating undercarboxylated osteocalcin and insulin sensitivity in vivo

5. Discussion and Conclusions

Our understanding of the interaction between bone and energy metabolism has been improved by
the identification of an endocrine role for ucOC in the modulation of insulin secretion and sensitivity,
and therefore risk of Type 2 diabetes. While the initial discoveries were made in experimental
mouse and cellular (in vitro) models, these were rapidly translated via observational clinical and
epidemiological studies that supported the relevance of osteocalcin, and particularly ucOC, to glucose
metabolism and diabetes risk in vivo. These studies have extended our understanding of ucOC, or the
ratio of ucOC to total osteocalcin, as predictors not only of indices of insulin resistance and risk of
Type 2 diabetes, but also of cardiovascular risk and incidence of myocardial infarction. Furthermore,
the role of ucOC in muscle function and the effects of exercise to increase circulating ucOC in vivo
illuminate new mechanisms by which exercise, bone and muscle are able to interact to regulate energy
metabolism. While GPRC6A has been postulated as the putative receptor for ucOC, including in
muscle, much more work is needed to clarify whether this is the primary route by which ucOC exerts
its actions in different tissues.

At this stage, interventional studies that prove a causal role for ucOC in the reduction of diabetes
and cardiovascular risk in humans are lacking. Anti-resorptive therapies for osteoporosis generally
reduce bone turnover markers and randomised controlled trials of these agents have not reported
differences in the incidence of diabetes in treatment vs control arms [128]. However, those trials were
never designed with incidence of diabetes as an outcome. By contrast, a retrospective analysis of
a large cohort of primary care patients prescribed anti-resorptive therapy with bisphosphonates and
practice-matched unexposed persons associated exposure to bisphosphonates with reduced risk of
Type 2 diabetes [129]. Neither of these studies reported ucOC results [128,129].

In studies involving men and women, dietary intake of vitamin K1 (phylloquinone) was associated
with insulin sensitivity [130], while dietary intakes of either vitamin K1 or K2 (menaqgionones)
were associated with lower risk of Type 2 diabetes [131,132]. In another study, vitamin K2 intake
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was associated with lower occurrence of metabolic syndrome [133]. However, a higher intake of
vitamin K might reflect better nutritional quality of the diet and greater engagement in healthy
lifestyle behaviors overall, for example, consumption of leafy green vegetables which is the main
source of vitamin K1 [134]. Clinical trials of vitamin K supplementation have yielded mixed results.
In a four-week trial in premenopausal women at risk of diabetes, vitamin K1 supplementation resulted
in lower 2-h glucose concentrations and improved insulin sensitivity [135]. By contrast, a 12-month
study of vitamin K1 supplementation in postmenopausal women showed no change in indices of
glucose homeostasis [136]. A large randomized placebo-controlled trial in 355 older men and women of
36 months supplementation with vitamin K1 found less progression of insulin resistance in men, but not
in women [137]. A four-week study of vitamin K2 supplementation in healthy young men reported
increased insulin sensitivity [138]. However, studies of vitamin K2 supplementation in young men and
women, and in postmenopausal women, have found no effect on adiponectin [139,140]. A systematic
review of eight trials involving 1077 participants reported no effect of vitamin K supplementation
on insulin sensitivity, concluding that further well-designed randomized controlled trials with large
sample sizes are needed [141]. Vitamin K supplementation consistently reduced ucOC, increasing
the proportion of carboxylated osteocalcin [135,136,138-140]. Thus, the overall effect of vitamin K
supplementation on indices of glucose metabolism remains to be fully clarified, reflecting the broader
actions of vitamin K1 and K2 on pathways distinct from osteocalcin [141-144].

Dedicated interventional studies are essential to determine whether increasing circulating ucOC
or the ratio of ucOC relative to total osteocalcin would improve insulin sensitivity and thus reduce
the risk of Type 2 diabetes in humans. Administering recombinant ucOC has been informative in
mice [16,17], but this approach is logistically more challenging in humans and as yet there have been
no clinical trials of ucOC to determine its effects on diabetes and cardiovascular risk. Increasing
circulating ucOC by exercise offers an alternative interventional approach, although care would be
required in the interpretation of such studies when distinguishing the effects of exercise versus the
effects of ucOC in the pancreas, fat and muscle tissues. Thus, the endocrine role of ucOC, linking as it
may muscle, bone and metabolism to influence diabetes and cardiovascular risk, remains a key arena
for future research to improve human health.

In terms of future perspectives and research directions, additional mechanistic studies to clarify
the mechanisms by which ucOC exerts its actions in various tissues, including 3-cells and muscle
would be highly valuable. Further work is needed to ascertain whether GPRC6A is a major receptor
for ucOC in these and other tissues, bearing in mind that another G-protein coupled receptor Gpr158
has been found to mediate the effect of osteocalcin on cognition in mice [145]. Epidemiological
studies utilizing robust assays for circulating ucOC will continue to provide important information
regarding the associations of ucOC in humans. The interaction of ucOC, muscle function and glucose
homeostasis is a key area further research, with exercise interventions representing a possible pathway
to manipulate ucOC with the ultimate goal of improving cardiometabolic health.

Author Contributions: All authors nominated articles of interest for inclusion in this review, participated in the
writing of the manuscript and its revision for critical content.

Acknowledgments: [tamar Levinger was supported by a Future Leader Fellowship (ID: 100040) from the National
Heart Foundation of Australia.

Conflicts of Interest: No conflicts of interest to disclose in relation to this work.

References

1. Wolf, G. Function of the bone protein osteocalcin: Definitive evidence. Nutr. Rev. 1996, 54, 332-333.
[CrossRef] [PubMed]

2. Neve, A.; Corrado, A.; Cantatore, FEP. Osteocalcin: Skeletal and extra-skeletal effects. . Cell. Physiol. 2013,
228, 1149-1153. [CrossRef] [PubMed]

3. Harada, S.I.; Rodan, G.A. Control of osteoblast function and regulation of bone mass. Nature 2003, 423,
349-355. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/j.1753-4887.1996.tb03798.x
http://www.ncbi.nlm.nih.gov/pubmed/9063025
http://dx.doi.org/10.1002/jcp.24278
http://www.ncbi.nlm.nih.gov/pubmed/23139068
http://dx.doi.org/10.1038/nature01660
http://www.ncbi.nlm.nih.gov/pubmed/12748654

Nutrients 2018, 10, 847 13 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hauschka, P.V.; Lian, J.B.; Cole, D.; Gundberg, C.M. Osteocalcin and matrix Gla protein: Vitamin K-dependent
proteins in bone. Physiol. Rev. 1989, 69, 990-1047. [CrossRef] [PubMed]

Ferron, M.; Wei, J.; Yoshizawa, T.; Del Fattore, A.; DePinho, R.A.; Teti, A.; Ducy, P; Karsenty, G. Insulin
signaling in osteoblasts integrates bone remodeling and energy metabolism. Cell 2010, 142, 296-308.
[CrossRef] [PubMed]

Lee, A.J.; Hodges, S.; Eastell, R. Measurement of osteocalcin. Ann. Clin. Biochem. 2000, 37, 432—-446. [CrossRef]
[PubMed]

Gundberg, C.M,; Lian, ].B.; Booth, S.L. Vitamin K-dependent carboxylation of osteocalcin: Friend or foe?
Adv. Nutr. 2012, 3, 149-157. [CrossRef] [PubMed]

Binkley, N.C.; Krueger, D.C.; Engelke, ].A.; Foley, A.L.; Suttie, ].W. Vitamin K supplementation reduces serum
concentrations of under-y-carboxylated osteocalcin in healthy young and elderly adults. Am. . Clin. Nutr.
2000, 72, 1523-1528. [CrossRef] [PubMed]

Binkley, N.C.; Krueger, D.C.; Kawahara, T.N.; Engelke, ].A.; Chappell, R].; Suttie, ].W. A high phylloquinone
intake is required to achieve maximal osteocalcin y-carboxylation. Am. J. Clin. Nutr. 2002, 76, 1055-1060.
[CrossRef] [PubMed]

Sokoll, L.J.; Booth, S.L.; O’Brien, M.E.; Davidson, K.W.; Tsaioun, K.I.; Sadowski, J.A. Changes in serum
osteocalcin, plasma phylloquinone, and urinary gamma-carboxyglutamic acid in response to altered intakes
of dietary phylloquinone in human subjects. Am. J. Clin. Nutr. 1997, 65, 779-784. [CrossRef] [PubMed]
Luukinen, H.; Kdkonen, S.M.; Pettersson, K.; Koski, K.; Laippala, P.; Lovgren, T.; Kiveld, S.L.; Vaanénen, H.
Strong prediction of fractures among older adults by the ratio of carboxylated to total serum osteocalcin.
J. Bone Miner. Res. 2000, 15, 2473-2478. [CrossRef] [PubMed]

Szulc, P.; Chapuy, M.; Meunier, P.; Delmas, P. Serum undercarboxylated osteocalcin is a marker of the risk of
hip fracture in elderly women. J. Clin. Investig. 1993, 91, 1769-1774. [CrossRef] [PubMed]

Vergnaud, P.; Garnero, P; Meunier, P.,; Breart, G.; Kamihagi, K.; Delmas, P. Undercarboxylated osteocalcin
measured with a specific immunoassay predicts hip fracture in elderly women: The EPIDOS Study. J. Clin.
Endocrinol. Metab. 1997, 82, 719-724. [CrossRef] [PubMed]

Ducy, P. The role of osteocalcin in the endocrine cross-talk between bone remodelling and energy metabolism.
Diabetologia 2011, 54, 1291. [CrossRef] [PubMed]

Lee, N.K.; Sowa, H.; Hinoi, E.; Ferron, M.; Ahn, ].D.; Confavreux, C.; Dacquin, R.; Mee, PJ.; McKee, M.D.;
Jung, D.Y;; et al. Endocrine regulation of energy metabolism by the skeleton. Cell 2007, 130, 456—469.
[CrossRef] [PubMed]

Ferron, M.; Hinoi, E.; Karsenty, G.; Ducy, P. Osteocalcin differentially regulates 3 cell and adipocyte gene
expression and affects the development of metabolic diseases in wild-type mice. Proc. Natl. Acad. Sci. USA
2008, 105, 5266-5270. [CrossRef] [PubMed]

Ferron, M.; McKee, M.D.; Levine, R.L.; Ducy, P.; Karsenty, G. Intermittent injections of osteocalcin improve
glucose metabolism and prevent type 2 diabetes in mice. Bone 2012, 50, 568-575. [CrossRef] [PubMed]
Brennan-Speranza, T.C.; Henneicke, H.; Gasparini, S.J.; Blankenstein, K.I.; Heinevetter, U.; Cogger, V.C.;
Svistounov, D.; Zhang, Y.; Cooney, G.J.; Buttgereit, F. Osteoblasts mediate the adverse effects of
glucocorticoids on fuel metabolism. J. Clin. Investig. 2012, 122, 4172-4189. [CrossRef] [PubMed]

Lambert, L.J.; Challa, A.K.; Zhou, L.; Tucholski, ].; Johnson, M.S.; Nagy, T.R.; Eberhardt, A.W.; Estep, PN.;
Kesterson, R.A.; Grams, ].M. Increased trabecular bone and improved biomechanics in an osteocalcin-null
rat model created by CRISPR/Cas9 technology. Dis. Model. Mech. 2016, 9, 1169-1179. [CrossRef] [PubMed]
Mera, P.; Laue, K.; Wei, J.; Berger, ].M.; Karsenty, G. Osteocalcin is necessary and sufficient to maintain
muscle mass in older mice. Mol. Metab. 2016, 5, 1042-1047. [CrossRef] [PubMed]

Oury, F; Sumara, G.; Sumara, O.; Ferron, M.; Chang, H.; Smith, C.E.; Hermo, L.; Suarez, S.; Roth, B.L.;
Ducy, P. Endocrine regulation of male fertility by the skeleton. Cell 2011, 144, 796-809. [CrossRef] [PubMed]
Oury, F; Khrimian, L.; Denny, C.A.; Gardin, A.; Chamouni, A.; Goeden, N.; Huang, Y.-Y.; Lee, H,; Srinivas, P;
Gao, X.-B. Maternal and offspring pools of osteocalcin influence brain development and functions. Cell 2013,
155, 228-241. [CrossRef] [PubMed]

Hayashi, Y.; Kawakubo-Yasukochi, T.; Mizokami, A.; Hazekawa, M.; Yakura, T.; Naito, M.; Takeuchi, H.;
Nakamura, S.; Hirata, M. Uncarboxylated osteocalcin induces antitumor immunity against mouse melanoma
cell growth. J. Cancer 2017, 8, 2478. [CrossRef] [PubMed]


http://dx.doi.org/10.1152/physrev.1989.69.3.990
http://www.ncbi.nlm.nih.gov/pubmed/2664828
http://dx.doi.org/10.1016/j.cell.2010.06.003
http://www.ncbi.nlm.nih.gov/pubmed/20655470
http://dx.doi.org/10.1177/000456320003700402
http://www.ncbi.nlm.nih.gov/pubmed/10902858
http://dx.doi.org/10.3945/an.112.001834
http://www.ncbi.nlm.nih.gov/pubmed/22516722
http://dx.doi.org/10.1093/ajcn/72.6.1523
http://www.ncbi.nlm.nih.gov/pubmed/11101481
http://dx.doi.org/10.1093/ajcn/76.5.1055
http://www.ncbi.nlm.nih.gov/pubmed/12399278
http://dx.doi.org/10.1093/ajcn/65.3.779
http://www.ncbi.nlm.nih.gov/pubmed/9062529
http://dx.doi.org/10.1359/jbmr.2000.15.12.2473
http://www.ncbi.nlm.nih.gov/pubmed/11127212
http://dx.doi.org/10.1172/JCI116387
http://www.ncbi.nlm.nih.gov/pubmed/8473517
http://dx.doi.org/10.1210/jc.82.3.719
http://www.ncbi.nlm.nih.gov/pubmed/9062471
http://dx.doi.org/10.1007/s00125-011-2155-z
http://www.ncbi.nlm.nih.gov/pubmed/21503740
http://dx.doi.org/10.1016/j.cell.2007.05.047
http://www.ncbi.nlm.nih.gov/pubmed/17693256
http://dx.doi.org/10.1073/pnas.0711119105
http://www.ncbi.nlm.nih.gov/pubmed/18362359
http://dx.doi.org/10.1016/j.bone.2011.04.017
http://www.ncbi.nlm.nih.gov/pubmed/21550430
http://dx.doi.org/10.1172/JCI63377
http://www.ncbi.nlm.nih.gov/pubmed/23093779
http://dx.doi.org/10.1242/dmm.025247
http://www.ncbi.nlm.nih.gov/pubmed/27483347
http://dx.doi.org/10.1016/j.molmet.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/27689017
http://dx.doi.org/10.1016/j.cell.2011.02.004
http://www.ncbi.nlm.nih.gov/pubmed/21333348
http://dx.doi.org/10.1016/j.cell.2013.08.042
http://www.ncbi.nlm.nih.gov/pubmed/24074871
http://dx.doi.org/10.7150/jca.18648
http://www.ncbi.nlm.nih.gov/pubmed/28900485

Nutrients 2018, 10, 847 14 of 20

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Wei, J.; Hanna, T.; Suda, N.; Karsenty, G.; Ducy, P. Osteocalcin promotes (-cell proliferation during
development and adulthood through Gprc6a. Diabetes 2014, 63, 1021-1031. [CrossRef] [PubMed]
Clemmensen, C.; Smajilovic, S.; Wellendorph, P.; Brauner-Osborne, H. The GPCR, class C, group 6, subtype
A (GPRC6A) receptor: From cloning to physiological function. Br. ]. Pharmacol. 2014, 171, 1129-1141.
[CrossRef] [PubMed]

Pi, M.; Quarles, L.D. Multiligand specificity and wide tissue expression of GPRC6A reveals new endocrine
networks. Endocrinology 2012, 153, 2062-2069. [CrossRef] [PubMed]

Levinger, I.; Lin, X.; Zhang, X.; Brennan-Speranza, T.C.; Volpato, B.; Hayes, A.; Jerums, G.; Seeman, E.;
McConell, G. The effects of muscle contraction and recombinant osteocalcin on insulin sensitivity ex vivo.
Osteoporos. Int. 2016, 27, 653-663. [CrossRef] [PubMed]

Mera, P; Laue, K.; Ferron, M.; Confavreux, C.; Wei, J.; Galan-Diez, M.; Lacampagne, A.; Mitchell, S.J.;
Mattison, J.A.; Chen, Y,; et al. Osteocalcin signaling in myofibers is necessary and sufficient for optimum
adaptation to exercise. Cell Metab. 2016, 23, 1078-1092. [CrossRef] [PubMed]

Liu, S.; Gao, F; Wen, L.; Ouyang, M.; Wang, Y.; Wang, Q.; Luo, L; Jian, Z. Osteocalcin induces proliferation via
positive activation of the PI3K/Akt, P38 MAPK pathways and promotes differentiation through activation
of the GPRC6A-ERK1/2 pathway in C2C12 myoblast cells. Cell. Physiol. Biochem. 2017, 43, 1100-1112.
[CrossRef] [PubMed]

Zhou, B.; Li, H,; Liu, J.; Xu, L.; Guo, Q.; Zang, W.; Sun, H.; Wu, S. Autophagic dysfunction is improved by
intermittent administration of osteocalcin in obese mice. Int. J. Obes. 2016, 40, 833-843. [CrossRef] [PubMed]
Pi, M.; Wu, Y,; Quarles, L.D. GPRC6A mediates responses to osteocalcin in (3-cells in vitro and pancreas
in vivo. J. Bone Miner. Res. 2011, 26, 1680-1683. [CrossRef] [PubMed]

Pi, M.; Kapoor, K.; Ye, R.; Nishimoto, S.K.; Smith, J.C.; Baudry, J.; Quarles, L.D. Evidence for osteocalcin
binding and activation of GPRC6A in (3-cells. Endocrinology 2016, 157, 1866-1880. [CrossRef] [PubMed]
Rueda, P; Harley, E.; Lu, Y.; Stewart, G.D.; Fabb, S.; Diepenhorst, N.; Cremers, B.; Rouillon, M.H.; Wehrle, I;
Geant, A. Murine GPRC6A mediates cellular responses to L-amino acids, but not osteocalcin variants.
PLoS ONE 2016, 11, e0146846. [CrossRef] [PubMed]

Jacobsen, S.E.; Norskov-Lauritsen, L.; Thomsen, A.R.B.; Smajilovic, S.; Wellendorph, P.; Larsson, N.H.;
Lehmann, A.; Bhatia, V.K.; Brauner-Osborne, H. Delineation of the GPRC6A receptor signaling pathways
using a mammalian cell line stably expressing the receptor. J. Pharmacol. Exp. Ther. 2013, 347, 298-309.
[CrossRef] [PubMed]

Im, JLA; Yu, B.P; Jeon, J.Y.; Kim, S.H. Relationship between osteocalcin and glucose metabolism
inpostmenopausal women. Clin. Chim. Acta 2008, 396, 66—69. [CrossRef] [PubMed]

Zhou, M.; Ma, X,; Li, H,; Pan, X; Tang, J.; Gao, Y.; Hou, X.; Lu, H.,; Bao, Y.; Jia, W. Serum osteocalcin
concentrations in relation to glucose and lipid metabolism in Chinese individuals. Eur. |. Endocrinol. 2009,
161, 723-729. [CrossRef] [PubMed]

Kindblom, J.M.; Ohlsson, C.; Ljunggren, O.; Karlsson, M.K; Tivesten, A.; Smith, U.; Mellstrom, D. Plasma
osteocalcin is inversely related to fat mass and plasma glucose in elderly Swedish men. J. Bone Miner. Res.
2009, 24, 785-791. [CrossRef] [PubMed]

Kanazawa, I.; Yamaguchi, T.; Yamamoto, M.; Yamauchi, M.; Kurioka, S.; Yano, S.; Sugimoto, T. Serum
osteocalcin level is associated with glucose metabolism and atherosclerosis parameters in type 2 diabetes.
J. Clin. Endocrinol. Metab. 2009, 94, 45-49. [CrossRef] [PubMed]

Fernandez-Real, ].M.; Izquierdo, M.; Ortega, F; Gorostiaga, E.; Gomez-Ambrosi, J.; Moreno-Navarette, ].M.;
Fruhbeck, G.; Martinez, C.; Idoate, F.; Salvador, ].; et al. The relationship of serum osteocalcin to insulin
secretion, sensitivity and disposal with hypocaloric diet and resistance training. . Clin. Endocrinol. Metab.
2009, 94, 237-245. [CrossRef] [PubMed]

Pittas, A.G.; Harris, S.S.; Eliades, M.; Stark, P.; Dawson-Hughes, B. Association between serum osteocalcin
and markers of metabolic phenotype. . Clin. Endocrinol. Metab. 2009, 94, 827-832. [CrossRef] [PubMed]
Saleem, U.; Mosley, T.H.; Kullo, I.]. Serum osteocalcin is associated with measures of insulin resistance,
adipokine levels, and the presence of metabolic syndrome. Arterioscler. Thromb. Vasc. Biol. 2010, 30,
1474-1478. [CrossRef] [PubMed]

Yeap, B.B.; Chubb, S.A.P; Flicker, L.; McCaul, K.A.; Ebeling, PR.; Beilby, J.P.; Norman, P.E. Reduced serum
total osteocalcin is associated with metabolic syndrome in older men via waist circumference, hyperglycemia
and triglyceride levels. Eur. J. Endocrinol. 2010, 163, 265-272. [CrossRef] [PubMed]


http://dx.doi.org/10.2337/db13-0887
http://www.ncbi.nlm.nih.gov/pubmed/24009262
http://dx.doi.org/10.1111/bph.12365
http://www.ncbi.nlm.nih.gov/pubmed/24032653
http://dx.doi.org/10.1210/en.2011-2117
http://www.ncbi.nlm.nih.gov/pubmed/22374969
http://dx.doi.org/10.1007/s00198-015-3273-0
http://www.ncbi.nlm.nih.gov/pubmed/26259649
http://dx.doi.org/10.1016/j.cmet.2016.05.004
http://www.ncbi.nlm.nih.gov/pubmed/27304508
http://dx.doi.org/10.1159/000481752
http://www.ncbi.nlm.nih.gov/pubmed/28977794
http://dx.doi.org/10.1038/ijo.2016.1
http://www.ncbi.nlm.nih.gov/pubmed/26740123
http://dx.doi.org/10.1002/jbmr.390
http://www.ncbi.nlm.nih.gov/pubmed/21425331
http://dx.doi.org/10.1210/en.2015-2010
http://www.ncbi.nlm.nih.gov/pubmed/27007074
http://dx.doi.org/10.1371/journal.pone.0146846
http://www.ncbi.nlm.nih.gov/pubmed/26785252
http://dx.doi.org/10.1124/jpet.113.206276
http://www.ncbi.nlm.nih.gov/pubmed/24008333
http://dx.doi.org/10.1016/j.cca.2008.07.001
http://www.ncbi.nlm.nih.gov/pubmed/18657532
http://dx.doi.org/10.1530/EJE-09-0585
http://www.ncbi.nlm.nih.gov/pubmed/19671707
http://dx.doi.org/10.1359/jbmr.081234
http://www.ncbi.nlm.nih.gov/pubmed/19063687
http://dx.doi.org/10.1210/jc.2008-1455
http://www.ncbi.nlm.nih.gov/pubmed/18984661
http://dx.doi.org/10.1210/jc.2008-0270
http://www.ncbi.nlm.nih.gov/pubmed/18854399
http://dx.doi.org/10.1210/jc.2008-1422
http://www.ncbi.nlm.nih.gov/pubmed/19088165
http://dx.doi.org/10.1161/ATVBAHA.110.204859
http://www.ncbi.nlm.nih.gov/pubmed/20395593
http://dx.doi.org/10.1530/EJE-10-0414
http://www.ncbi.nlm.nih.gov/pubmed/20501596

Nutrients 2018, 10, 847 15 of 20

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Tan, A.; Gao, Y.; Yang, X.; Zhang, H.; Qin, Q.; Mo, L.; Peng, T.; Xia, N.; Mo, Z. Low serum osteocalcin level is
a potential marker or metabolic syndrome: Results from a Chinese male population survey. Metabolism 2011,
60, 1186-1192. [CrossRef] [PubMed]

Bao, Y.; Zhou, M; Lu, Z,; Li, H.; Wang, Y.; Sun, L.; Gao, M.; Wei, M; Jia, W. Serum levels of osteocalcin are
inversely associated with the metabolic syndrome and the severity of coronary artery disease in Chinese
men. Clin. Endocrinol. 2011, 75, 196-201. [CrossRef] [PubMed]

Bae, S.J.; Choe, J.W,; Chung, Y.E,; Kim, B.J.; Lee, S.H.; Kim, H.Y.; Koh, ].M.; Kim, HK.; Kim, G.S. The
association between serum osteocalcin levels and metabolic syndrome in Koreans. Osteoporos. Int. 2011, 22,
2837-2846. [CrossRef] [PubMed]

Lee, SW.; Jo, HH.; Kim, M.R;; You, Y.O.; Kim, ].H. Association between obesity, metabolic risks and serum
osteocalcin level in postmenopausal women. Gynecol. Endocrinol. 2012, 28, 472-477. [CrossRef] [PubMed]
Movahed, A.; Larijani, B.; Nabipour, I.; Kalantarhormozi, M.; Asadipooya, K.; Vahdat, K.; Akbarzadeh, S.;
Farrokhnia, M.; Assadi, M.; Amirinejad, R.; et al. Reduced serum osteocalcin concentrations are associated
with type 2 diabetes mellitus and the metabolic syndrome components in postmenopausal women: The
crosstalk between bone and energy metabolism. J. Bone Miner. Metab. 2012, 30, 683-691. [CrossRef] [PubMed]
Hwang, Y.C,; Jee, ] H,; Jeong, LK.; Ahn, K.J.; Chung, H.Y.; Lee, M.K. Circulating osteocalcin level is not
associated with incident Type 2 diabetes in middle-aged male subjects. Diabetes Care 2012, 35, 1919-1924.
[CrossRef] [PubMed]

Oosterwerff, M.M.; van Schoor, N.M.; Lips, P.; Eekhoff, EM.W. Osteocalcin as a predictor of the metabolic
syndrome in older persons: A population-based study. Clin. Endocrinol. 2013, 78, 242-247. [CrossRef]
[PubMed]

Yang, R.; Ma, X,; Pan, X.; Wang, E; Luo, Y.; Gu, C.; Bao, Y,; Jia, W. Serum osteocalcin levels in relation to
metabolic syndrome in Chinese postmenopausal women. Menopause 2013, 20, 458-553. [CrossRef] [PubMed]
Confavreux, C.B.; Szulc, P; Casey, R.; Varennes, A.; Goudable, J.; Chapurlat, R.D. Lower serum osteocalcin is
associated with more server metabolic syndrome in elderly men from the MINOS cohort. Eur. J. Endocrinol.
2014, 171, 275-283. [CrossRef] [PubMed]

Kang, J.H. Association of serum osteocalcin with insulin resistance and coronary atherosclerosis.
J. Bone Metab. 2016, 23, 183-190. [CrossRef] [PubMed]

Kunutsor, S.K.; Apekey, T.A.; Laukkanen, J.A. Association of serum total osteocalcin with type 2 diabetes
and intermediate metabolic phenotypes: Systematic review and meta-analysis of observational evidence.
Eur. ]. Epidemiol. 2015, 30, 599-614. [CrossRef] [PubMed]

Gundberg, C.M.; Nieman, S.D.; Abrams, S.; Rosen, H. Vitamin K status and bone health: An analysis of
methods for determination of undercarboxylated osteocalcin. . Clin. Endocrinol. Metab. 1998, 83, 3258-3266.
[CrossRef] [PubMed]

Ferron, M.; Wei, J.; Yoshizawa, T.; Ducy, P.; Karsenty, G. An ELISA-based method to quantify osteocalcin
carboxylation in mice. Biochem. Biophys. Res. Commun. 2010, 397, 691-696. [CrossRef] [PubMed]

Bonneau, J.; Ferland, G.; Karelis, A.D.; Doucet, E.; Faraj, M.; Rabasa-Lhoret, R.; Ferron, M. Association
between osteocalcin gamma-carboxylation and insulin resistance in overweight and obese postmenopausal
women. J. Diabetes Complicat. 2017, 31, 1027-1034. [CrossRef] [PubMed]

Hwang, Y.C; Jeong, LK.; Ahn, K.J.; Chung, H.Y. The uncarboxylated form of osteocalcin is associated with
improved glucose tolerance and enhanced (-cell function in middle-aged male subjects. Diabetes Metab.
Res. Rev. 2009, 25, 768-772. [CrossRef] [PubMed]

Shea, M.K.; Gundberg, C.M.; Meigs, ].B.; Dallal, G.E.; Saltzman, E.; Yoshida, M.; Jacques, P.F.; Booth, S.L.
y-carboxylation of osteocalcin and insulin resistance in older men and women. Am. J. Clin. Nutr. 2009, 90,
1230-1235. [CrossRef] [PubMed]

Kanazawa, I.; Yamaguchi, T.; Yamauchi, M.; Yamamoto, M.; Kurioka, S.; Yano, S.; Sugimoto, T. Adiponectin
is associated with changes in bone markers during glycemic control in type 2 diabetes mellitus. J. Clin.
Endocrinol. Metab. 2009, 94, 3031-3037. [CrossRef] [PubMed]

Kanazawa, I.; Yamaguchi, T.; Yamauchi, M.; Yamamoto, M.; Kurioka, S.; Yano, S.; Sugimoto, T. Serum
undercarboxylated osteocalcin was inversely associated with plasma glucose level and fat mass in type 2
diabetes mellitus. Osteoporos. Int. 2011, 22, 187-194. [CrossRef] [PubMed]

Levinger, I.; Zebaze, R.; Jerums, G.; Hare, D.L.; Selig, S.; Seeman, E. The effect of acute exercise on
undercarboxylated osteocalcin in obese men. Osteoporos. Int. 2011, 22, 1621-1626. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.metabol.2011.01.002
http://www.ncbi.nlm.nih.gov/pubmed/21353261
http://dx.doi.org/10.1111/j.1365-2265.2011.04065.x
http://www.ncbi.nlm.nih.gov/pubmed/21521333
http://dx.doi.org/10.1007/s00198-010-1504-y
http://www.ncbi.nlm.nih.gov/pubmed/21153019
http://dx.doi.org/10.3109/09513590.2011.633660
http://www.ncbi.nlm.nih.gov/pubmed/22114890
http://dx.doi.org/10.1007/s00774-012-0367-z
http://www.ncbi.nlm.nih.gov/pubmed/22752126
http://dx.doi.org/10.2337/dc11-2471
http://www.ncbi.nlm.nih.gov/pubmed/22773701
http://dx.doi.org/10.1111/j.1365-2265.2012.04391.x
http://www.ncbi.nlm.nih.gov/pubmed/22435398
http://dx.doi.org/10.1097/GME.0b013e31828aa32d
http://www.ncbi.nlm.nih.gov/pubmed/23571521
http://dx.doi.org/10.1530/EJE-13-0567
http://www.ncbi.nlm.nih.gov/pubmed/24842726
http://dx.doi.org/10.11005/jbm.2016.23.4.183
http://www.ncbi.nlm.nih.gov/pubmed/27965939
http://dx.doi.org/10.1007/s10654-015-0058-x
http://www.ncbi.nlm.nih.gov/pubmed/26085114
http://dx.doi.org/10.1210/jc.83.9.3258
http://www.ncbi.nlm.nih.gov/pubmed/9745439
http://dx.doi.org/10.1016/j.bbrc.2010.06.008
http://www.ncbi.nlm.nih.gov/pubmed/20570657
http://dx.doi.org/10.1016/j.jdiacomp.2017.01.023
http://www.ncbi.nlm.nih.gov/pubmed/28242268
http://dx.doi.org/10.1002/dmrr.1045
http://www.ncbi.nlm.nih.gov/pubmed/19877133
http://dx.doi.org/10.3945/ajcn.2009.28151
http://www.ncbi.nlm.nih.gov/pubmed/19776145
http://dx.doi.org/10.1210/jc.2008-2187
http://www.ncbi.nlm.nih.gov/pubmed/19470634
http://dx.doi.org/10.1007/s00198-010-1184-7
http://www.ncbi.nlm.nih.gov/pubmed/20165834
http://dx.doi.org/10.1007/s00198-010-1370-7
http://www.ncbi.nlm.nih.gov/pubmed/20734028

Nutrients 2018, 10, 847 16 of 20

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Bullo, M.; Moreno-Navarette, ].M.; Fernandez-Real, ].M.; Salas-Salvado, ]J. Total and undercarboxylated
osteocalcin predict changes in insulin sensitivity and B cell function in elderly men at high cardiovascular
risk. Am. J. Clin. Nutr. 2012, 95, 249-255. [CrossRef] [PubMed]

Iki, M.; Tamaki, J.; Fujita, Y.; Kouda, K.; Yara, A.; Kadowaki, E.; Sato, Y.; Moon, ].S.; Tomioka, K.; Okamoto, N.;
Kurumatani, N. Serum undercarboxylated osteocalcin levels are inversely associated with glycemic status
and insulin resistance in an elderly Japanese male population: Fujiwara-kyo Osteoporosis Risk in Men
(FORMEN) Study. Osteoporos. Int. 2012, 23, 761-770. [CrossRef] [PubMed]

Mori, K.; Emoto, M.; Motoyama, K.; Lee, E.; Yamada, S.; Morioka, T.; Imanishi, Y.; Shoji, T.; Inaba, M.
Undercarboxylated osteocalcin does not correlate with insulin resistance as assessed by euglycemic
hyperinsulinemic clamp technique in patients with type 2 diabetes mellitus. Diabetol. Metab. Syndr. 2012, 4,
53. [CrossRef] [PubMed]

Thrailkill, KM.; Jo, C.H.; Cockrell, G.E.; Moreau, C.S.; Lumpkin, C.K.; Fowlkes, J.L. Determinants of
undercarboxylated and carboxylated osteocalcin concentrations in type 1 diabetes. Osteoporos. Int. 2012, 23,
1799-1806. [CrossRef] [PubMed]

Diaz-Lopez, A.; Bullo, M.; Juanola-Falgarona, M.; Martinez-Gonzalez, M. A ; Estruch, R.; Covas, M.L; Aros, E;
Salas-Salvado, J. 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. 2013, 98, 4524—4531. [CrossRef] [PubMed]

Gower, B.A,; Pollock, N.K,; Casazza, K.; Clemens, T.L.; Goree, L.L.; Granger, W.M. Associations of total
and undercarboxylated osteocalcin with peripheral and hepatic insulin sensitivity and 3-cell function in
overweight adults. . Clin. Endocrinol. Metab. 2013, 98, E1173-E1180. [CrossRef] [PubMed]

Levinger, I; Jerums, G.; Stepto, N.K.; Parker, L.; Serpiello, ER.; McConell, G.K.; Anderson, M.; Hare, D.L.;
Byrnes, E.; Ebeling, P.R.; et al. The effect of acute exercise on undercarboxylated osteocalcin and insulin
sensitivity in obese men. J. Bone Miner. Res. 2014, 29, 2571-2576. [CrossRef] [PubMed]

Saucedo, R.; Rico, G.; Vega, G.; Basurto, L.; Cordova, L.; Galvan, R.; Hernandez, M.; Puello, E.; Zarate, A.
Osteocalcin, under-carboxylated osteocalcin and osteopontin are not associated with gestational diabetes
mellitus but are inversely associated with leptin in non-diabetic women. J. Endocrinol. Investig. 2015, 38,
519-526. [CrossRef] [PubMed]

Yeap, B.B.; Alfonso, H.; Chubb, S.A.P,; Gauci, R.; Byrnes, E.; Beilby, ].P.; Ebeling, P.R.; Handelsman, D.J.;
Allan, C.A.; Grossmann, M.; et al. Higher serum undercarboxylated osteocalcin and other bone turnover
markers are associated with reduced diabetes risk and lower estradiol concentrations in older men. J. Clin.
Endocrinol. Metab. 2015, 100, 63-71. [CrossRef] [PubMed]

Takashi, Y.; Koga, M.; Matsuzawa, Y.; Saito, J.; Omura, M.; Nishikawa, T. Undercarboxylated osteocalcin can
predict insulin secretion ability in type 2 diabetes. J. Diabetes Investig. 2017, 8, 471-474. [CrossRef] [PubMed]
Yeap, B.B.; Davis, W.A,; Peters, K.; Hamilton, EJ.; Rakic, V.; Chubb, S.A.P,; Davis, TM.E. Circulating
osteocalcin is unrelated to glucose homoeostasis in adults with type 1 diabetes. J. Diabetes Complicat. 2017,
31, 948-951. [CrossRef] [PubMed]

Yeap, B.B.;, McCaul, K.A.; Flicker, L.; Hankey, G.J.; Almeida, O.P.; Golledge, ]J.; Norman, PE.
Diabetes, myocardial infarction and stroke are distinct and duration-dependent predictors of subsequent
cardiovascular events and all-cause mortality in older men. J. Clin. Endocrinol. Metab. 2015, 100, 1038-1047.
[CrossRef] [PubMed]

Emerging Risk Factors Collaboration. Diabetes mellitus, fasting glucose, and risk of cause-specific death.
N. Engl. ]. Med. 2011, 364, 829-841.

Emerging Risk Factors Collaboration. Association of cardiometabolic multimorbidity with mortality. J. Am.
Med. Assoc. 2015, 314, 52-60.

Zhang, Y,; Qi, L.; Gu, W.; Yan, Q.; Dai, M.; Shi, J.; Zhai, Y.; Chen, Y,; Liu, J.; Wang, W.; et al. Relation of serum
osteocalcin level to risk of coronary heart disease in Chinese adults. Am. ]. Cardiol. 2010, 106, 1461-1465.
[CrossRef] [PubMed]

Szulc, P.; Maurice, C.; Marchand, F; Delmas, P.D. Increased bone resorption is associated with higher
mortality in community-dwelling men >50 years of age: The MINOS study. J. Bone Miner. Metab. 2009, 24,
1116-1124. [CrossRef] [PubMed]


http://dx.doi.org/10.3945/ajcn.111.016642
http://www.ncbi.nlm.nih.gov/pubmed/22170359
http://dx.doi.org/10.1007/s00198-011-1600-7
http://www.ncbi.nlm.nih.gov/pubmed/21437719
http://dx.doi.org/10.1186/1758-5996-4-53
http://www.ncbi.nlm.nih.gov/pubmed/23249601
http://dx.doi.org/10.1007/s00198-011-1807-7
http://www.ncbi.nlm.nih.gov/pubmed/22068385
http://dx.doi.org/10.1210/jc.2013-2472
http://www.ncbi.nlm.nih.gov/pubmed/24037881
http://dx.doi.org/10.1210/jc.2013-1203
http://www.ncbi.nlm.nih.gov/pubmed/23616149
http://dx.doi.org/10.1002/jbmr.2285
http://www.ncbi.nlm.nih.gov/pubmed/24861730
http://dx.doi.org/10.1007/s40618-014-0220-4
http://www.ncbi.nlm.nih.gov/pubmed/25480426
http://dx.doi.org/10.1210/jc.2014-3019
http://www.ncbi.nlm.nih.gov/pubmed/25365314
http://dx.doi.org/10.1111/jdi.12601
http://www.ncbi.nlm.nih.gov/pubmed/27889949
http://dx.doi.org/10.1016/j.jdiacomp.2017.03.016
http://www.ncbi.nlm.nih.gov/pubmed/28410925
http://dx.doi.org/10.1210/jc.2014-3339
http://www.ncbi.nlm.nih.gov/pubmed/25548977
http://dx.doi.org/10.1016/j.amjcard.2010.07.013
http://www.ncbi.nlm.nih.gov/pubmed/21059437
http://dx.doi.org/10.1359/jbmr.081251
http://www.ncbi.nlm.nih.gov/pubmed/19113925

Nutrients 2018, 10, 847 17 of 20

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

Yeap, B.B.; Chubb, S.A.P; Flicker, L.; McCaul, K.A.; Ebeling, PR.; Hankey, G.J.; Beilby, J.P.; Norman, PE.
Associations of total osteocalcin with all-cause and cardiovascular mortality in older men: The Health In
Men Study. Osteoporos. Int. 2012, 23, 599-606. [CrossRef] [PubMed]

Confavreux, C.B.; Szulc, P; Casey, R.; Boutroy, S.; Varennes, A.; Vilayphiou, N.; Goudable, J.; Chapurlat, R.D.
Higher serum osteocalcin is associated with lower abdominal aortic calcification progression and longer
10-year survival in elderly men of the MINOS cohort. |. Clin. Endocrinol. Metab. 2013, 98, 1084-1092.
[CrossRef] [PubMed]

Lerchbaum, E.; Schwetz, V.; Pilz, S.; Grammer, T.B.; Look, M.; Boehm, B.O.; Obermayer-Pietsch, B.;
Marz, W. Association of bone turnover markers with mortality in men referred to coronary angiography.
Osteoporos. Int. 2013, 24, 1321-1332. [CrossRef] [PubMed]

Lerchbaum, E.; Schwetz, V.; Pilz, S.; Boehm, B.O.; Marz, W. Association of bone turnover markers with
mortality in women referred to coronary angiography: The Ludwigshafen Risk and Cardiovascular Health
(LURIC) study. Osteoporos. Int. 2014, 25, 455-465. [CrossRef] [PubMed]

Choi, B.H.; Joo, N.S.; Kim, M.J.; Kim, KM.; Park, K.C,; Kim, Y.S. Coronary artery calcification is
associated with high serum concentration of undercarboxylated osteocalcin in asymptomatic Korean men.
Clin. Endocrinol. 2015, 83, 320-326. [CrossRef] [PubMed]

Yeap, B.B.; Alfonso, H.; Chubb, S.A.P,; Byrnes, E.; Beilby, ]J.P.; Ebeling, PR.; Allan, C.A.; Schultz, C;
Hankey, G.J.; Golledge, J.; et al. Proportion of undercarboxylated osteocalcin and serum PINP predict
incidence of myocardial infarction in older men. J. Clin. Endocrinol. Metab. 2015, 100, 3934-3942. [CrossRef]
[PubMed]

Shanahan, C.M.; Proudfoot, D.; Farzaneh-Far, A.; Weissberg, P.L. The role of Gla proteins in vascular
calcification. Clin. Rev. in Eukaryot. Gene Expr. 1998, 8, 357-375.

Luo, G.; Ducy, P.; McKee, M.D.; Pinero, G.J.; Loyer, E.; Behringer, R.R.; Karsenty, G. Spontaneous calcification
of arteries and cartilage in mice lacking matrix Gla protein. Nature 1997, 386, 78-81. [CrossRef] [PubMed]
Pivin, E.; Ponte, B.; Pruijm, M.; Ackermann, D.; Guessous, I.; Ehret, G.; Liu, Y.P; Drummen, N.E.A;
Knapen, M.H.J.; Pechere-Bertschi, A.; et al. Inactive matrix Gla-protein is associated with arterial stiffness in
an adult population-based study. Hypertension 2015, 66, 85-92. [CrossRef] [PubMed]

Liabeuf, S.; Bourron, O.; Vermeer, C.; Theuwissen, E.; Magdeleyns, E.; Aubert, C.E.; Brazier, M.;
Mentaverri, R.; Hartemann, A.; Massy, Z.A. Vascular calcification in patients with type 2 diabetes, the
involvement of matrix Gla protein. Cardiovasc. Diabetol. 2014, 13, 85. [CrossRef] [PubMed]

Dalmeijer, G.W.; van der Schouw, Y.T.; Magdeleyns, E.J.; Vermeer, C.; Verschuren, WM.M.; Boer, ] M.A.;
Beulens, J.W.]. Matrix Gla protein species and risk of cardiovascular events in Type 2 diabetic patients.
Diabetes Care 2013, 36, 3766-3771. [CrossRef] [PubMed]

Meyer, C.; Dostou, J.M.; Welle, S.L.; Gerich, J.E. Role of human liver, kidney, and skeletal muscle in
postprandial glucose homeostasis. Am. |. Physiol. Endocrinol. Metab. 2002, 282, E419-E427. [CrossRef]
[PubMed]

Richter, E.A.; Hargreaves, M. Exercise, GLUT4, and skeletal muscle glucose uptake. Physiol. Rev. 2013, 93,
993-1017. [CrossRef] [PubMed]

Westerblad, H.; Bruton, ].D.; Katz, A. Skeletal muscle, energy metabolism, fiber types, fatigue and adaptability.
Exp. Cell Res. 2010, 316, 3093-3099. [CrossRef] [PubMed]

Lieber, R.L. Skeletal Muscle Structure, Function, and Plasticity; Lippincott Williams & Wilkins: Philadelphia,
PA, USA, 2002.

Levinger, I.; Brennan-Speranza, T.C.; Zulli, A.; Parker, L.; Lin, X.; Lewis, J.R.; Yeap, B.B. Multifaceted
interaction of bone, muscle, lifestyle interventions and metabolic and cardiovascular disease: Role of
osteocalcin. Osteoporos. Int. 2017, 28, 2265-2273. [CrossRef] [PubMed]

Yoshizawa, T.; Hinoi, E.; Jung, D.Y.; Kajimura, D.; Ferron, M.; Seo, J.; Graff, ].M.; Kim, ]J.K.; Karsenty, G.
The transcription factor ATF4 regulates glucose metabolism in mice through its expression in osteoblasts.
J. Clin. Investig. 2009, 119, 2807-2817. [CrossRef] [PubMed]

Rached, M.T.; Kode, A,; Silva, B.C.; Jung, D.Y,; Gray, S.; Ong, H.; Paik, ].H.; DePinho, R.A.; Kim, ] K,;
Karsenty, G. FoxO1 expression in osteoblasts regulates glucose homeostasis through regulation of osteocalcin
in mice. J. Clin. Investig. 2010, 120, 357-368. [CrossRef] [PubMed]


http://dx.doi.org/10.1007/s00198-011-1586-1
http://www.ncbi.nlm.nih.gov/pubmed/21359669
http://dx.doi.org/10.1210/jc.2012-3426
http://www.ncbi.nlm.nih.gov/pubmed/23386651
http://dx.doi.org/10.1007/s00198-012-2076-9
http://www.ncbi.nlm.nih.gov/pubmed/22776865
http://dx.doi.org/10.1007/s00198-013-2411-9
http://www.ncbi.nlm.nih.gov/pubmed/23775420
http://dx.doi.org/10.1111/cen.12792
http://www.ncbi.nlm.nih.gov/pubmed/25868823
http://dx.doi.org/10.1210/jc.2015-1899
http://www.ncbi.nlm.nih.gov/pubmed/26308289
http://dx.doi.org/10.1038/386078a0
http://www.ncbi.nlm.nih.gov/pubmed/9052783
http://dx.doi.org/10.1161/HYPERTENSIONAHA.115.05177
http://www.ncbi.nlm.nih.gov/pubmed/25987667
http://dx.doi.org/10.1186/1475-2840-13-85
http://www.ncbi.nlm.nih.gov/pubmed/24762216
http://dx.doi.org/10.2337/dc13-0065
http://www.ncbi.nlm.nih.gov/pubmed/23877986
http://dx.doi.org/10.1152/ajpendo.00032.2001
http://www.ncbi.nlm.nih.gov/pubmed/11788375
http://dx.doi.org/10.1152/physrev.00038.2012
http://www.ncbi.nlm.nih.gov/pubmed/23899560
http://dx.doi.org/10.1016/j.yexcr.2010.05.019
http://www.ncbi.nlm.nih.gov/pubmed/20580710
http://dx.doi.org/10.1007/s00198-017-3994-3
http://www.ncbi.nlm.nih.gov/pubmed/28289780
http://dx.doi.org/10.1172/JCI39366
http://www.ncbi.nlm.nih.gov/pubmed/19726872
http://dx.doi.org/10.1172/JCI39901
http://www.ncbi.nlm.nih.gov/pubmed/20038793

Nutrients 2018, 10, 847 18 of 20

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Zhou, B.; Li, H.; Xu, L.; Zang, W.; Wu, S.; Sun, H. Osteocalcin reverses endoplasmic reticulum stress and
improves impaired insulin sensitivity secondary to diet-induced obesity through nuclear factor-«B signaling
pathway. Endocrinology 2013, 154, 1055-1068. [CrossRef] [PubMed]

Zhou, B,; Li, H.; Liu, J.; Xu, L.; Zang, W.; Wu, S.; Sun, H. Intermittent injections of osteocalcin reverse
autophagic dysfunction and endoplasmic reticulum stress resulting from diet-induced obesity in the vascular
tissue via the NFkB-p65-dependent mechanism. Cell Cycle 2013, 12, 1901-1913. [CrossRef] [PubMed]
Mizokami, A.; Yasutake, Y.; Higashi, S.; Kawakubo-Yasukochi, T.; Chishaki, S.; Takahashi, I.; Takeuchi, H.;
Hirata, M. Oral administration of osteocalcin improves glucose utilization by stimulating glucagon-like
peptide-1 secretion. Bone 2014, 69, 68-79. [CrossRef] [PubMed]

Mizokami, A.; Yasutake, Y.; Gao, J.; Matsuda, M.; Takahashi, I.; Takeuchi, H.; Hirata, M. Osteocalcin induces
release of glucagon-like peptide-1 and thereby stimulates insulin secretion in mice. PLoS ONE 2013, 8, e57375.
[CrossRef] [PubMed]

Tsuka, S.; Aonuma, F; Higashi, S.; Ohsumi, T.; Nagano, K.; Mizokami, A.; Kawakubo-Yasukochi, T,;
Masaki, C.; Hosokawa, R.; Hirata, M. Promotion of insulin-induced glucose uptake in C2C12 myotubes by
osteocalcin. Biochem. Biophys. Res. Commun. 2015, 459, 437-442. [CrossRef] [PubMed]

Lin, X.; Parker, L.; Mclennan, E.; Zhang, X.; Hayes, A.; McConell, G.; Brennan-Speranza, T.C.; Levinger, I.
Uncarboxylated osteocalcin enhances glucose uptake ex vivo in insulin-stimulated mouse oxidative but not
glycolytic muscle. Calcif. Tissue Int. 2018. [CrossRef] [PubMed]

Lin, X.; Parker, L.; Mclennan, E.; Zhang, X.; Hayes, A.; McConell, G.; Brennan-Speranza, T.; Levinger, I.
Recombinant uncarboxylated osteocalcin per se enhances mouse skeletal muscle glucose uptake in both
extensor digitorum longus and soleus muscles. Front. Endocrinol. 2017, 8, 330. [CrossRef] [PubMed]
Richter, E.A ; Garetto, L.P.; Goodman, M.N.; Ruderman, N.B. Muscle glucose metabolism following exercise
in the rat: Increased sensitivity to insulin. J. Clin. Investig. 1982, 69, 785-793. [CrossRef] [PubMed]

Devlin, J.; Horton, E. Effects of prior high-intensity exercise on glucose metabolism in normal and
insulin-resistant men. Diabetes 1985, 34, 973-979. [CrossRef] [PubMed]

Cartee, G.D.; Young, D.A.; Sleeper, M.D.; Zierath, ].; Wallberg-Henriksson, H.; Holloszy, J. Prolonged increase
in insulin-stimulated glucose transport in muscle after exercise. Am. J. Physiol. Endocrinol. Metab. 1989, 256,
E494-E499. [CrossRef] [PubMed]

Cartee, G.D. Mechanisms for greater insulin-stimulated glucose uptake in normal and insulin-resistant
skeletal muscle after acute exercise. Am. . Physiol. Endocrinol. Metab. 2015, 309, E949-E959. [CrossRef]
[PubMed]

Kennedy, ].W.; Hirshman, M.E; Gervino, E.V.; Ocel, ].V.; Forse, R.A.; Hoenig, S.J.; Aronson, D.; Goodyear, L.J.;
Horton, E.S. Acute exercise induces GLUT4 translocation in skeletal muscle of normal human subjects and
subjects with type 2 diabetes. Diabetes 1999, 48, 1192-1197. [CrossRef] [PubMed]

Hood, M.S,; Little, ].P.; Tarnopolsky, M. A.; Myslik, E; Gibala, M.J. Low-volume interval training improves
muscle oxidative capacity in sedentary adults. Med. Sci. Sports Exerc. 2011, 43, 1849-1856. [CrossRef]
[PubMed]

Funai, K.; Schweitzer, G.G.; Castorena, C.M.; Kanzaki, M.; Cartee, G.D. In vivo exercise followed by in vitro
contraction additively elevates subsequent insulin-stimulated glucose transport by rat skeletal muscle.
Am. ]. Physiol. Endocrinol. Metab. 2010, 298, E999-E1010. [CrossRef] [PubMed]

Brotto, M.; Bonewald, L. Bone and muscle: Interactions beyond mechanical. Bone 2015, 80, 109-114.
[CrossRef] [PubMed]

Banfi, G.; Lombardi, G.; Colombini, A.; Lippi, G. Bone metabolism markers in sports medicine. Sports Med.
2010, 40, 697-714. [CrossRef] [PubMed]

Brotto, M.; Johnson, M.L. Endocrine crosstalk between muscle and bone. Curr. Osteoporos. Rep. 2014, 12,
135-141. [CrossRef] [PubMed]

Lin, C.F; Huang, T.H.; Tu, K.C; Lin, L.L,; Tu, YH.; Yang, R.S. Acute effects of plyometric jumping and
intermittent running on serum bone markers in young males. Eur. ]. Appl. Physiol. 2012, 112, 1475-1484.
[CrossRef] [PubMed]

Jurimée, J.; Rdmson, R.; Maestu, J.; Jirimée, T.; Arciero, P.; Braun, W.; Lemura, L.; Lemura, L.; Von Duvillard, S.
Interactions between adipose, bone, and muscle tissue markers during acute negative energy balance in
male rowers. |. Sports Med. Phys. Fit. 2011, 51, 347-354.


http://dx.doi.org/10.1210/en.2012-2144
http://www.ncbi.nlm.nih.gov/pubmed/23407450
http://dx.doi.org/10.4161/cc.24929
http://www.ncbi.nlm.nih.gov/pubmed/23708521
http://dx.doi.org/10.1016/j.bone.2014.09.006
http://www.ncbi.nlm.nih.gov/pubmed/25230237
http://dx.doi.org/10.1371/journal.pone.0057375
http://www.ncbi.nlm.nih.gov/pubmed/23437377
http://dx.doi.org/10.1016/j.bbrc.2015.02.123
http://www.ncbi.nlm.nih.gov/pubmed/25735975
http://dx.doi.org/10.1007/s00223-018-0400-x
http://www.ncbi.nlm.nih.gov/pubmed/29427234
http://dx.doi.org/10.3389/fendo.2017.00330
http://www.ncbi.nlm.nih.gov/pubmed/29204135
http://dx.doi.org/10.1172/JCI110517
http://www.ncbi.nlm.nih.gov/pubmed/6804492
http://dx.doi.org/10.2337/diab.34.10.973
http://www.ncbi.nlm.nih.gov/pubmed/3930321
http://dx.doi.org/10.1152/ajpendo.1989.256.4.E494
http://www.ncbi.nlm.nih.gov/pubmed/2650561
http://dx.doi.org/10.1152/ajpendo.00416.2015
http://www.ncbi.nlm.nih.gov/pubmed/26487009
http://dx.doi.org/10.2337/diabetes.48.5.1192
http://www.ncbi.nlm.nih.gov/pubmed/10331428
http://dx.doi.org/10.1249/MSS.0b013e3182199834
http://www.ncbi.nlm.nih.gov/pubmed/21448086
http://dx.doi.org/10.1152/ajpendo.00758.2009
http://www.ncbi.nlm.nih.gov/pubmed/20179245
http://dx.doi.org/10.1016/j.bone.2015.02.010
http://www.ncbi.nlm.nih.gov/pubmed/26453500
http://dx.doi.org/10.2165/11533090-000000000-00000
http://www.ncbi.nlm.nih.gov/pubmed/20632739
http://dx.doi.org/10.1007/s11914-014-0209-0
http://www.ncbi.nlm.nih.gov/pubmed/24667990
http://dx.doi.org/10.1007/s00421-011-2108-8
http://www.ncbi.nlm.nih.gov/pubmed/21837450

Nutrients 2018, 10, 847 19 of 20

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Herrmann, M.; Miiller, M.; Scharhag, J.; Sand-Hill, M.; Kindermann, W.; Herrmann, W. The effect of
endurance exercise-induced lactacidosis on biochemical markers of bone turnover. Clin. Chem. Lab. Med.
2007, 45, 1381-1389. [CrossRef] [PubMed]

Rudberg, A.; Magnusson, P.; Larsson, L.; Joborn, H. Serum isoforms of bone alkaline phosphatase increase
during physical exercise in women. Calcif. Tissue Int. 2000, 66, 342-347. [CrossRef] [PubMed]

Ehrnborg, C.; Lange, K.; Dall, R.; Christiansen, J.; Lundberg, P.A.; Baxter, R.; Boroujerdi, M.; Bengtsson, B.A.;
Healey, M.L.; Pentecost, C. The growth hormone/insulin-like growth factor-I axis hormones and bone
markers in elite athletes in response to a maximum exercise test. J. Clin. Endocrinol. Metab. 2003, 88, 394—401.
[CrossRef] [PubMed]

Maimoun, L.; Manetta, J.; Couret, I.; Dupuy, A.; Mariano-Goulart, D.; Micallef, ].; Peruchon, E.; Rossi, M. The
intensity level of physical exercise and the bone metabolism response. Int. J. Sports Med. 2006, 27, 105-111.
[CrossRef] [PubMed]

Lin, X.; Hanson, E.; Betik, A.C.; Brennan-Speranza, T.C.; Hayes, A.; Levinger, I. Hindlimb immobilization,
but not castration, induces reduction of undercarboxylated osteocalcin associated with muscle atrophy in
rats. . Bone Miner. Res. 2016, 31, 1967-1978. [CrossRef] [PubMed]

Levinger, I; Scott, D.; Nicholson, G.C.; Stuart, A.L.; Duque, G.; McCorquodale, T.; Herrmann, M.;
Ebeling, P.R.; Sanders, K.M. Undercarboxylated osteocalcin, muscle strength and indices of bone health in
older women. Bone 2014, 64, 8-12. [CrossRef] [PubMed]

Harslof, T.; Sikjaer, T.; Sorensen, L.; Pedersen, S.B.; Mosekilde, L.; Langdahl, B.L.; Rejnmark, L. The effect
of treatment with PTH on undercarboxylated osteocalcin and energy metabolism in hypoparathyroidism.
J. Clin. Endocrinol. Metab. 2015, 100, 2758-2762. [CrossRef] [PubMed]

Harslof, T.; Sikjaer, T.; Mosekilde, L.; Langdahl, B.L.; Rejnmark, L. Correlations between changes in
undercarboxylated osteocalcin and muscle function in hypoparathyroidism. Int. |. Endocrinol. Metab.
2016, 14, €38440. [CrossRef] [PubMed]

Fatayeri, D.; Eastell, R. Age-related changes in bone turnover in men. J. Bone Miner. Res. 1999, 14, 1203-1210.
[CrossRef] [PubMed]

Gundberg, C.M.; Looker, A.C.; Nieman, S.D.; Calvo, M.S. Patterns of osteocalcin and bone specific alkaline
phosphatase by age, gender, and race or ethnicity. Bone 2002, 31, 703-708. [CrossRef]

Hannemann, A.; Friedrich, N.; Spielhagen, C.; Rettig, R.; Ittermann, T.; Nauck, M.; Wallaschofsk, H.
Reference intervals for serum osteocalcin concentrations in adult men and women from the study of
health in Pomerania. BMC Endocr. Disord. 2013, 13, 11. [CrossRef] [PubMed]

Kirkman, M.S,; Briscoe, V.J.; Clark, N.; Florez, H.; Haas, L.B.; Halter, ].B.; Huang, E.S.; Korytkowski, M.T,;
Munshi, M.N.; Odegard, P.S,; et al. Diabetes in older adults. Diabetes Care 2012, 35, 2650-2664. [CrossRef]
[PubMed]

Henze, M.; Alfonso, H.; Flicker, L.; George, J.; Chubb, S.A.P; Hankey, G.J.; Almeida, O.P,; Golledge, J.;
Norman, PE.; Yeap, B.B. Profile of diabetes in men aged 79-97 years: The Western Australian Health in Men
Study. Diabet. Med. 2017, 34, 786-793. [CrossRef] [PubMed]

Schwartz, A.V.; Schafer, A.L.; Grey, A.; Vittinghoff, E.; Palermo, L.; Lui, L.Y.; Wallace, R.B.; Cummings, S.R.;
Black, D.M.; Bauer, D.C.; et al. Effects of antiresorptive therapies on glucose metabolism: Results from the
FIT; HORIZON-PFT and FREEDOM trials. J. Bone Miner. Res. 2013, 28, 1348-1354. [CrossRef] [PubMed]
Toulis, K.A.; Nirantharakumar, K.; Ryan, R.; Marshall, T.; Hemming, K. Bisphosphonates and glucose
homeostasis: A. population-based, retrospective cohort study. J. Clin. Endocrinol. Metab. 2015, 100, 1933-1940.
[CrossRef] [PubMed]

Yoshida, M.; Booth, S.L.; Meigs, J.B.; Saltzman, E.; Jacques, P.F. Phylloquinone intake, insulin sensitivity, and
glycemic status in men and women. Am. J. Clin. Nutr. 2008, 88, 210-215. [CrossRef] [PubMed]

Beulens, JW.]J.; van der A, D.L.; Grobbee, D.E ; Sluijs, I.; Spijkerman, A.M.W.; van der Schouw, Y.T. Dietary
phylloquinone and menaquinones intakes and risk of Type 2 diabetes. Diabetes Care 2010, 33, 1699-1705.
[CrossRef] [PubMed]

Ibarrola-Jurado, N.; Salas-Salvado, J.; Martinez-Gonzalez, M.A.; Bullo, M. Dietary phylloquinone intake and
risk of type 2 diabetes in elderly subjects as high risk of cardiovascular disease. Am. . Clin. Nutr. 2012, 96,
1113-1118. [CrossRef] [PubMed]


http://dx.doi.org/10.1515/CCLM.2007.282
http://www.ncbi.nlm.nih.gov/pubmed/17727311
http://dx.doi.org/10.1007/s002230010071
http://www.ncbi.nlm.nih.gov/pubmed/10773103
http://dx.doi.org/10.1210/jc.2002-020037
http://www.ncbi.nlm.nih.gov/pubmed/12519882
http://dx.doi.org/10.1055/s-2005-837621
http://www.ncbi.nlm.nih.gov/pubmed/16475055
http://dx.doi.org/10.1002/jbmr.2884
http://www.ncbi.nlm.nih.gov/pubmed/27291707
http://dx.doi.org/10.1016/j.bone.2014.03.008
http://www.ncbi.nlm.nih.gov/pubmed/24662619
http://dx.doi.org/10.1210/jc.2015-1477
http://www.ncbi.nlm.nih.gov/pubmed/25955226
http://dx.doi.org/10.5812/ijem.38440
http://www.ncbi.nlm.nih.gov/pubmed/27942265
http://dx.doi.org/10.1359/jbmr.1999.14.7.1203
http://www.ncbi.nlm.nih.gov/pubmed/10404022
http://dx.doi.org/10.1016/S8756-3282(02)00902-X
http://dx.doi.org/10.1186/1472-6823-13-11
http://www.ncbi.nlm.nih.gov/pubmed/23497286
http://dx.doi.org/10.2337/dc12-1801
http://www.ncbi.nlm.nih.gov/pubmed/23100048
http://dx.doi.org/10.1111/dme.13274
http://www.ncbi.nlm.nih.gov/pubmed/27761946
http://dx.doi.org/10.1002/jbmr.1865
http://www.ncbi.nlm.nih.gov/pubmed/23322676
http://dx.doi.org/10.1210/jc.2014-3481
http://www.ncbi.nlm.nih.gov/pubmed/25695881
http://dx.doi.org/10.1093/ajcn/88.1.210
http://www.ncbi.nlm.nih.gov/pubmed/18614743
http://dx.doi.org/10.2337/dc09-2302
http://www.ncbi.nlm.nih.gov/pubmed/20424220
http://dx.doi.org/10.3945/ajcn.111.033498
http://www.ncbi.nlm.nih.gov/pubmed/23034962

Nutrients 2018, 10, 847 20 of 20

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Dam, V.; Dalmeijer, G.W.; Vermeer, C.; Drummen, N.E.; Knapen, M.H.; van der Schouw, Y.T; Beulens, ].W.
Association between vitamin K and the metabolic syndrome: A 10-year follow-up study in adults. J. Clin.
Endocrinol. Metab. 2015, 100, 2472-2479. [CrossRef] [PubMed]

Booth, S.L.; Suttie, ].W. Dietary intake and adequacy of vitamin K. J. Nutr. 1998, 128, 785-788. [CrossRef]
[PubMed]

Rasekhi, H.; Karandish, M.; Jalali, M.T.; Mohammad-shahi, M.; Zarei, M.; Saki, A.; Shahbazian, H. The
effect of vitamin K1 supplementation on sensitivity and insulin resistance via osteocalcin in prediabetic
women: A double-blind randomized controlled clinical trial. Eur. J. Clin. Nutr. 2015, 69, 891-895. [CrossRef]
[PubMed]

Kumar, R.; Binkley, N.; Vella, A. Effect of phylloquinone supplementation on glucose homeostasis in humans.
Am. ]. Clin. Nutr. 2010, 92, 1528-1532. [CrossRef] [PubMed]

Yoshida, M.; Jacques, P.F.; Meigs, ].B.; Saltzman, E.; Shea, M.K.; Gundberg, C.; Dawson-Hughes, B.; Dallal, G.;
Booth, S.L. Effect of vitamin K supplementation on insulin resistance in older men and women. Diabetes Care
2008, 31, 2092-2096. [CrossRef] [PubMed]

Choi, H.; An, J.H.; Kim, SW.,; Park, K.S.; Jang, H.C.; Kim, S.Y.; Shin, C.S. Vitamin K2 supplementation
improves insulin sensitivity via osteocalcin metabolism: A placebo-controlled trial. Diabetes Care 2011, 34,
e147. [CrossRef] [PubMed]

Knapen, M.H.]J.; Schurgers, L.J.; Shearer, M.].; Newman, P.; Theuwissen, E.; Vermeer, C. Association of
vitamin K status with adiponectin and body composition in healthy subjects: Uncarboxylated osteocalcin is
not associated with fat mass and body weight. Br. ]. Nutr. 2012, 108, 1017-1024. [CrossRef] [PubMed]
Koitaya, N.; Sekiguchi, M.; Tousen, Y.; Nishide, Y.; Morita, A.; Yamauchi, J.; Gando, Y.; Miyachi, M.; Aoki, M.;
Komatsu, M; et al. Low dose vitamin K2 (MK-4) supplementation for 12 months improves bone metabolism
and prevents forearm bone loss in postmenopausal Japanese women. J. Bone Miner. Res. 2014, 32, 142-150.
[CrossRef] [PubMed]

Suksomboon, N.; Poolsup, N.; Ko, H.D.K. Effect of vitamin K supplementation on insulin sensitivity:
A. meta-analysis. Diabetes, Metabolic Syndrome and Obesity. Targets Ther. 2017, 10, 169-177.

Li, Y;; Chen, J.P; Duan, L, Li, S. Effect of vitamin K2 on type 2 diabetes mellitus: A review. Diabetes Res.
Clin. Pract. 2018, 136, 39-51. [CrossRef] [PubMed]

Takeuchi, Y.; Suzawa, M.; Fukumoto, S.; Fujita, T. Vitamin K2 inhibits adipogenesis, osteoclastogenesis, and
ODF/RANK ligand expression in murine bone marrow cell cultures. Bone 2000, 6, 769-776. [CrossRef]
Shearer, M.].; Newman, P. Metabolism and cell biology of vitamin K. Thromb. Haemost. 2008, 100, 530-547.
[PubMed]

Khrimian, L.; Obri, A.; Ramos-Brossier, M.; Rousseaud, A.; Moriceau, S.; Nicot, A.S.; Mera, P.; Kosmidis, S.;
Karnavas, T.; Saudou, E,; et al. Gpr158 mediates osteocalcin’s regulation of cognition. J. Exp. Med. 2017, 214,
2859-2873. [CrossRef] [PubMed]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1210/jc.2014-4449
http://www.ncbi.nlm.nih.gov/pubmed/25835288
http://dx.doi.org/10.1093/jn/128.5.785
http://www.ncbi.nlm.nih.gov/pubmed/9566982
http://dx.doi.org/10.1038/ejcn.2015.17
http://www.ncbi.nlm.nih.gov/pubmed/25782427
http://dx.doi.org/10.3945/ajcn.2010.30108
http://www.ncbi.nlm.nih.gov/pubmed/20881072
http://dx.doi.org/10.2337/dc08-1204
http://www.ncbi.nlm.nih.gov/pubmed/18697901
http://dx.doi.org/10.2337/dc11-0551
http://www.ncbi.nlm.nih.gov/pubmed/21868771
http://dx.doi.org/10.1017/S000711451100626X
http://www.ncbi.nlm.nih.gov/pubmed/22136751
http://dx.doi.org/10.1007/s00774-013-0472-7
http://www.ncbi.nlm.nih.gov/pubmed/23702931
http://dx.doi.org/10.1016/j.diabres.2017.11.020
http://www.ncbi.nlm.nih.gov/pubmed/29196151
http://dx.doi.org/10.1016/S8756-3282(00)00396-3
http://www.ncbi.nlm.nih.gov/pubmed/18841274
http://dx.doi.org/10.1084/jem.20171320
http://www.ncbi.nlm.nih.gov/pubmed/28851741
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction—Osteocalcin and Undercarboxylated Osteocalcin 
	Osteocalcin, Glucose Homeostasis and GPRC6A—Experimental Studies 
	Osteocalcin, Undercarboxylated Osteocalcin and Glucose Metabolism 
	GPRC6A as a Putative Receptor for Undercarboxylated Osteocalcin 
	Summary 

	Osteocalcin, Diabetes and Cardiovascular Risk—Clinical and Epidemiological Studies 
	Osteocalcin, Metabolic Syndrome and Diabetes Risk 
	Measuring Circulating Undercarboxylated Osteocalcin Concentrations 
	Studies Associating Undercarboxylated Osteocalcin with Diabetes Risk in Men 
	Other Studies of Undercarboxyated Osteocalcin and Glucose Metabolism 
	Studies of Undercarboxylated Osteocalcin in Adults with Diabetes 
	Osteocalcin and Cardiovascular Risk 
	Circulating Undercarboxylated Osteocalcin and Cardiovascular Risk 
	Matrix Gla Protein and Cardiovascular Risk 
	Summary 

	Osteocalcin, Exercise and Muscle Function—Experimental Studies 
	Putative Interaction of Bone, Muscle and Metabolism 
	The Role of Undercarbxoylated Osteocalcin in Skeletal Muscle: Evidence from Mouse Models 
	The Role of Undercarboxylated Osteocalcin in Skeletal Muscle: Cell and Tissue-Based Studies 
	Exercise and Insulin Sensitivity: A Role for Undercarboxylated Osteocalcin? 
	Exercise as a Stimulus for Increased Circulating Undercarboxylated Osteocalcin 
	Exercise, Undercarboxylated Osteocalcin and Insulin Sensitivity 
	Undercarboxylated Osteocalcin and Muscle Strength 
	Molecular Mechanisms Underlying Undercarboxylated Osteocalcin’s Role in Insulin Resistance 
	Osteocalcin and Ageing: Relevance to Muscle Mass and Glucose Homeostasis 
	Summary 

	Discussion and Conclusions 
	References

