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Osteocalcin is the most abundant noncollagenous protein of bone matrix. Once transcribed, this protein undergoes posttransla-
tional modifications within osteoblastic cells before its secretion, including the carboxylation of three glutamic residues in glutamic
acid, which is essential for hydroxyapatite binding and deposition in the extracellular matrix of bone. Recent provocative data
from experimental observations in mice showed that the circulating undercarboxylated fraction of osteocalcin increases insulin
secretion and sensitivity, lowers blood glucose, and decreases visceral fat in both genders, while it enhances testosterone production
by the testes in males. Moreover, both total and undercarboxylated osteocalcins increase following physical activity with potential
positive effects on glucose tolerance. Despite that these evidences have been only in part confirmed in humans, further prospective
investigations are needed to definitively establish the endocrine role of osteocalcin both in the general population and cohorts of
patients with diabetes or other metabolic disorders.

1. Introduction

Osteocalcin, also known as “bone gamma-carboxyglutamic
acid (Gla) protein (BGP),” is the most abundant noncol-
lagenous protein of bone matrix [1]. It is a product of
differentiated osteoblasts, formed by 46 to 50 amino acids
related to species [2–4]. The protein sequence is preserved in
vertebrates especially in the central region that contains three
residues of the amino acid gamma-carboxyglutamic acid
(Gla). Once transcribed, osteocalcin undergoes posttransla-
tionalmodificationswithin the osteoblast before its secretion.
These include the proteolysis of a prepropeptide and the
carboxylation of three glutamic residues (located in positions
17, 21, and 24) in glutamic acid [2] (Figure 1). Vitamin D
stimulates directly osteocalcin transcription (in fact the gene
has a “vitamin D responsive element”) while vitamin K reg-
ulates carboxylation processes. In addition, various growth
factors, hormones, or cytokines can modulate osteocalcin
production through signaling pathways or interacting with
transcription factors that act on osteocalcin gene promoter
region (BGLAP gene in chromosome 1q25–q31) [4]. This
gene is generally inactivated during osteoblast proliferation,
while it is abundantly transcribed during osteoblast differ-
entiation. Carboxylated Glaresidues are involved in calcium
and hydroxyapatite binding, allowing osteocalcin deposition

in mineralized bone matrix [1]. On the contrary, noncar-
boxylated osteocalcin has a low affinity for hydroxyapatite
and is more easily released into the circulation. However,
both the carboxylated and the undercarboxylated forms are
detectable in the peripheral blood, as well as total osteocalcin
that is usually measured as a marker of bone formation.
An immunoassay analysis in normal individuals estimated
that up to 50% of osteocalcin is undercarboxylated and that
this percentage may change in response to fluctuations in
intakes of vitamin K on a daily basis [5, 6]. Thus, levels of
undercarboxylated osteocalcin are influenced by vitamin K
status, whereas total circulating concentrations of osteocalcin
are influenced by bone cells activity independent of vitamin
K [6].

Although osteocalcin is released by osteoblasts during
bone formation and binds with the mineralized bone matrix
[2], its precise function in bone metabolism has not been
fully elucidated. Different experimental studies demonstrated
that osteocalcin promotes the recruitment and differentiation
of circulating monocytes and osteoclast precursors, suggest-
ing its role on osteoblast-osteoclast interaction and bone
resorption [2, 4, 7, 8]. Consistent with this observation, other
studies have shown that osteoclasts poorly resorb bone areas
which are deficient in osteocalcin [8]. Surprisingly and in
contrast with these in vitro observations, the knock-out mice
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Figure 1: Osteocalcin synthesis in osteoblasts. The BGLAP gene encoding osteocalcin is mainly expressed in osteoblasts and to lesser
extent odontoblasts. After transcription (which is stimulated by vitamin D) the preproosteocalcin peptide undergoes proteolysis giving
rise to a prepeptide (23 aa) and a proosteocalcin peptide (75 aa). The latter can be carboxylated at Glu residues 17, 21, and 24, resulting
in formation of Gla residues in a vitamin K dependent process. Generally, this process only occurs in a proportion of newly synthesized
pro-osteocalcin. Then Gla and Glu pro-osteocalcin peptides are subjected to a final proteolytic process that produces, respectively,
carboxylated andundercarboxylated osteocalcins. Both forms are released fromosteoblasts in a processwhich is calciumdependent.While the
carboxylated Glaresidues are involved in calcium and hydroxyapatite binding, allowing osteocalcin deposition on mineralized bone matrix,
undercarboxylated osteocalcin has a low affinity for hydroxyapatite and is more easily released into the circulation.

model for osteocalcin lacks negative skeletal abnormalities
and shows higher bone mineral density without any change
in bone resorption and mineralization [9].

Recently, however, experimental studies on mice models
with osteoblast-specific overexpression or downregulation
of osteocalcin production suggested that this protein might
have an important endocrine function, outside bone, by
regulating glucose and lipid homeostasis and probably also
the production of testosterone by the testes [10–12].

2. Osteocalcin Effects on Glucose Homeostasis

2.1. ExperimentalModels. Most of information about the role
of circulating osteocalcin and particularly its undercarboxy-
lated fraction on energy expenditure and the regulation of
insulin secretion was derived from studies onmice models in
which osteocalcin production was inactivated or increased.
In a first pivotal study aimed at identifying osteoblast-
specific molecules that affect energy metabolism, Lee and
colleagues [13] generated a knock-out mice model for the
gene Esp (Esp−/−KO), which encodes for an extracellular
tyrosine phosphatase named osteoarticular protein tyrosine
phosphatase (OST-PTP), selectively expressed by osteoblasts,
embryonic stem cells, and Sertoli cells [14, 15]. In bone this
gene is upregulated positively during osteoblast differenti-
ation and matrix deposition while it is downregulated in
mineralizing osteoblasts. In this animal model, the lack of
Esp gene was associated with high levels of adiponectin,

undercarboxylated osteocalcin and also with impaired glu-
cose metabolism [13]. In fact, after birth Esp−/− mice devel-
oped hyperinsulinemic hypoglycemia with normal glucagon
levels. This phenotype was essentially due to an increase in
the number of pancreatic islets and beta-cell mass compared
to control mice. Consistent with these observations, Esp−/−
mice showed increased tolerance during glucose tolerance
test as well as increased insulin sensitivity with the insulin
tolerance test as compared to the wild-type mice. The latter
effect was probably to be ascribed, at least in part, to an
increase in circulating adiponectin levels. Moreover, Esp−/−
mice showed increased energy expenditure, associated with a
reduction in body fat and low levels of triglycerides and free
fatty acids [13]. Notably, in this mice model osteocalcin gene
expression was not altered, suggesting that the increase in the
undercarboxylated form was independent of transcriptional
mechanisms.

A further evidence on the endocrine action of osteocalcin
was derived by experiments in mice in which the osteocalcin
gene was deleted (Ocn−/−) [13]. These mice showed an
opposite phenotype to that observed in Esp−/− mice. In
fact, they developed fasting hyperglycemia, hypoinsulinemia,
insulin resistance, reduced energy expenditure, and obesity.
The pancreas from these mice had a reduced number of
islets and beta-cell mass, with decreased insulin production.
Moreover, in addition to osteocalcin deficiency (genetically
induced) both the expression of adiponectin by the adipose
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tissue and its circulating levels were significantly decreased
compared to control animals. Finally, while the metabolic
phenotype of Esp−/− mice was fully corrected by removing
one allele of osteocalcin, in Ocn−/− mice a similar correction
of phenotype was obtained with the intravenous adminis-
tration of undercarboxylated osteocalcin [13]. Thus, in these
models the variation in undercarboxylated osteocalcin levels
was the main determinant of the observed alterations in
glucose metabolism. In keeping with this observation, the
administration of undercarboxylated osteocalcin was capable
of preventing weight gain and the development of diabetes in
normal mice receiving a hypercaloric and hyperlipidic diet
[16].

Additional in vitro experiments showed that different
concentrations of recombinant undercarboxylated osteocal-
cin are required to regulate insulin production by beta
cells and adiponectin by fat cells [16]. While both beta-cell
proliferation and expression of insulin genewere significantly
affected by low concentrations of osteocalcin (between 6
and 60 pM), the production of adiponectin by adipocytes
was stimulated at higher concentrations (between 0.6 and
6 nM). By contrast, the use of carboxylated osteocalcin did
not produce any effect.

Overall, these experimental studies suggest an endocrine
role of circulating undercarboxylated osteocalcin, with direct
effects on insulin production by beta cells and indirect effects
on insulin resistance, which are mediated by adiponectin
secretion (Figure 2). Consequently, all conditions related to
a reduced number or activity of osteoblasts should have a
negative impact on glycemic control, as recently suggested by
animal models [17]. In fact, the partial ablation of osteoblasts
in mice produced negative effects not only on bone density
and skeletal strength (as a result of reduced bone formation)
but also on glucose metabolism leading to hyperglycemia,
hypoinsulinemia, and insulin resistance similarly to what was
observed inOcn−/−mice [17]. In addition, the administration
of osteocalcin to these animals restored blood glucose and
insulin levels, but with only a partial recovery of insulin
sensitivity [17]. This suggests that osteoblasts exert a role
on energy metabolism and on glycemic control through
mechanisms dependent and independent of the production
of osteocalcin.

As a parallel observation to the effect of osteocalcin on
glucose metabolism, other experimental studies underlined
a novel mechanism through which the pancreatic beta
cells are able to regulate osteoblast activity and the release
of undercarboxylated osteocalcin [18]. Indeed, osteoblasts
express a functional insulin receptor (IR) and respond in vitro
to physiological doses of insulin increasing their anabolic
activities (through the production of alkaline phosphatase,
osteocalcin, and the synthesis of collagen type one) and glu-
cose uptake [18–21]. Moreover, more recent studies demon-
strated that the selective deletion of IR in osteoblastic cells
in mice (IRobs−/−) determined a reduction in the number
and activity of these cells and was associated with skeletal
abnormalities including a decrease in bone mineral density,
especially at trabecular bone [22]. Together with a reduction
in osteoblast number and activity therewas a parallel decrease
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Figure 2: Endocrine actions of osteocalcin. Circulating osteocalcin
and particularly its undercarboxylated fraction (released during
active bone resorption) exert a direct effect on 𝛽 cells, stimulating
insulin production as well as on adipocytes enhancing adiponectin
production. Adiponectin itself is able to promote insulin sensitivity.
In turn, insulin also acts directly on osteoblast and indirectly
on osteoclast. Osteoclast stimulates bone resorption with subse-
quent release of undercarboxylated osteocalcin in blood circulation.
Finally, osteocalcin has a role also on Leydig cells, increasing their
activity and testosterone production.

in osteoclast activity, with reduction in the depth of erosion
lacunae and bone resorption, as evidenced by the decrease in
bone resorption markers. In in vitro experiments, osteoblasts
that did not express the IR showed a reduced proliferative
capacity, were unable to fully differentiate inmature cells, and
expressed reduced levels of osteocalcin [22]. This phenotype
is remarkably consistent with clinical observations in diabetic
patients which often show a decrease in bone turnover and
particularly in markers of bone resorption as well as with
experimental animal models of diabetes showing reduced
osteoblast activity and decreased bone formation [23]. Sur-
prisingly, in the IRobs−/− mice, the lack of a functional IR
in osteoblast was also associated with an increase in fat
mass and a progressive impairment of glycemic control.
This phenotype is reminiscent of the alterations observed
in Ocn−/− or Esp transgenic mice and was essentially due
to a reduction in insulin secretory reserve in beta cells. In
addition, total and undercarboxylated osteocalcin levels were
significantly reduced in IRobs−/− mice compared with con-
trols. Therefore, the deletion of IR in osteoblasts leads to an
impaired release of total and undercarboxylated osteocalcin
from bone with negative effects on glucose tolerance. On the
contrary, the selective deletion of IR in striatedmuscle cells or
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adipocytes did not exert any influence on glucosemetabolism
in mice models [24, 25].

The direct effect of insulin in osteoblasts and bone
metabolism has been recently characterized in more detail
using the IRobs−/− and other mice models [26]. Overall,
these experimental studies demonstrated that activation of
insulin signaling in osteoblasts reduces the secretion of
osteoprotegerin leading to an increase in osteoclast activity.
In fact, osteoprotegerin is a decoy receptor for RANKL,
a major cytokine involved in osteoclast differentiation and
activation.The enhanced osteoclast activity following insulin
signaling, in turn, promotes the acidification of the extracel-
lular matrix of bone (since an acidic pH is essential for bone
resorptive capacity) allowing protein decarboxylation and
the release of undercarboxylated osteocalcin. Consistent with
this mechanism, osteoprotegerin expression was increased
while genes implicated in osteoclast activity and bone resorp-
tion were overexpressed in IRobs−/− mice as compared with
normal mice [26]. The opposite alterations were observed in
Esp−/− mice, likely due to the lack of inhibitory effect of this
tyrosine phosphatase on insulin signaling in osteoblasts.

Therefore, together with the stimulation of osteoblast
differentiation and bone formation, the effect of insulin
in bone results in enhanced osteoclast activity, increased
bonematrix acidification, and subsequent decarboxylation of
osteocalcin, with a positive impact on glucose homeostasis.
Notably, animal models of osteopetrosis due to Tcirg1 gene
mutation (encoding a vacuolar pump subunit which is essen-
tial for acidification of the bone matrix) showed an impaired
glucose tolerance associated with reduced levels of under-
carboxylated osteocalcin [26, 27]. Conversely, treatment with
inhibitors of bone resorption such as alendronate reduced
the levels of undercarboxylated osteocalcin and normalized
the phenotype in Esp−/− mice [26]. Thus, the acidification of
the extracellular matrix of bone by active osteoclasts appears
fundamental for osteocalcin decarboxylation and its effects
on glucose metabolism in mice.

All the above experimental observations also indicated
that the IR is substrate for the tyrosine phosphatase OST-
PTP (encoded by Esp gene) and possibly PTP1B expressed
by murine and human osteoblasts, respectively [26]. These
tyrosine phosphatases may interfere with the carboxylation
of osteocalcin through indirect mechanisms such as IR
dephosphorylation and inactivation of insulin signaling in
osteoblasts. In fact, in osteoblasts of Esp−/− mice the
phosphorylation of IR was increased, suggesting that the
metabolic alterations in this animalmodel (mainly character-
ized by hypoglycemia and increased glucose tolerance) were
secondary to an increase in insulin signaling in bone. In a
similar manner, the phenotype of Esp−/− mice was corrected
by inactivation of an IR allele.

In summary, different experimental observations indi-
cated the existence of a feedforward loop linking insulin, bone
resorption, and osteocalcin activity as a potential mechanism
for the association between bone and glucose metabolism. In
support of these findings, the daily injection of osteocalcin
in normal mice (in doses between 3 and 30 ng/g/day) led

to an improved glucose homeostasis by increasing beta-
cell function and insulin sensitivity [28]. Moreover, more
recent studies in different mice models demonstrated that
osteoblast-targeted disruption of glucocorticoid signaling
(due to transgenic overexpression of the glucocorticoid-
inactivating enzyme 11𝛽-hydroxysteroid dehydrogenase type
2) significantly attenuated the suppression of osteocalcin syn-
thesis and prevented the development of insulin resistance,
glucose intolerance, and abnormal weight gain induced by
corticosterone treatment [29]. These data suggested that the
effects of exogenous high-dose glucocorticoids on insulin
target tissues and energy metabolism may be mediated, at
least in part, through the skeleton.

2.2. Clinical Evidences and Therapeutic Implications. The
above experimental evidences have been only in part con-
firmed in humans and results remain conflicting. Indeed, the
Esp gene is a “pseudogene” inman and does not play the same
role demonstrated in mice [30]. Instead, in humans a similar
role could be played by a different gene, named PTP1B, which
encodes for a tyrosine phosphatase expressed in osteoblasts
and is able to dephosphorylate the IR. Consistent with this
hypothesis, a decrease of PTP1B gene expression in human
osteoblasts increased IR and FoxO1 phosphorylation and
decreased osteoprotegerin production [26]. Moreover, in
keepingwith the observations in osteopetroticTcirg1deficient
mice, human cases of autosomal dominant osteopetrosis with
mutations in CLCN7 gene (encoding for a chloride channel
coupledwith the proton pump in osteoclasts) showed low cir-
culating levels of undercarboxylated osteocalcin, associated
with an increase in postprandial insulin [26]. A more recent
study was designed to assess the effect of surgical resection on
osteocalcin and blood glucose levels in patients with osteoid
osteoma, a benign osteoblastic tumor, in comparison with
subjects undergoing knee surgery or healthy individuals [31].
Of interest, the surgical resection of osteoid osteoma induced
a consistent drop in total and undercarboxylated osteocalcin
together with an increase in glucose levels, whereas the
other bone remodeling parameters (CTX and bone alkaline
phosphatase)were not affected.No significant variationswere
observed in controls. Thus, like in experimental models, at
least in these rare human disorders, a consistent variation in
osteocalcin production and/or decarboxylation could play a
significant role on carbohydrate metabolism.

It is well known from clinical and experimental obser-
vations that markers of bone turnover including osteocalcin
are lower in diabetic patients than in normal individuals
and that interventions which improve glycemic control are
generally associated with an increase in serum osteocalcin
[6, 23, 32]. Conversely, whether an increase in osteocalcin
levels is associatedwith a reciprocal improvement of glycemic
control remains to be demonstrated from the clinical point
of view. In fact, even though several studies in different
populations of diabetic subjects or normal individuals have
been performed in the last few years their results remain
conflicting. Moreover, most of these reports were based on
retrospective and cross-sectional analyses of between osteo-
calcin and glucose metabolism. Despite these limitations,
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different cross-sectional and prospective studies in healthy
subjects demonstrated a positive association between total
osteocalcin levels and improved fasting blood glucose or
reduced concentrations of glycosylated hemoglobin levels,
even in different ethnic groups and at different ages [33–
40]. In some of these studies high osteocalcin concentrations
significantly correlated with an improved response to oral
glucose load or the euglycemic clamp as well as with addi-
tional parameters of glucose tolerance such as the HOMA
index, the index of Stumvoll, and the OGIS index [37, 38]. In
addition, a recent prospective analysis carried out in middle-
agedmen showed that low osteocalcin levels were related to a
high risk of developing type 2 diabetes at 10 years [41]. Simi-
larly to what was observed in healthy populations, an inverse
association between osteocalcin and glucose tolerance has
been described also in some cohorts of patients with obesity,
diabetes, metabolic syndrome, cardiovascular disease, and
renal failure [42–49]. Moreover, a recent prospective study
in patients with type 2 diabetes indicated that an increase in
osteocalcin levels over a period of 6 months was associated
not only with a decrease in glycosylated hemoglobin and an
improved glucose tolerance but also with positive effects on
triglycerides and HDL levels [41], suggesting that osteocalcin
could exert a protective effect on cardiovascular risk, as
further highlighted by other studies [50–52]. To this regard,
however, other observations showed a positive rather than
a negative correlation between total osteocalcin levels and
cardiovascular risk [53, 54]. In one of these studies, in fact,
elevated osteocalcin levels were associated with higher preva-
lence of carotid plaques, aortic calcification, and increased
intima-media thickness [53]. This contrasts with the above
evidences about a protective effect of osteocalcin on glucose
homeostasis and metabolic syndrome, conditions which are
also associated with increased cardiovascular risk. Indeed, in
a recent prospective analysis on 3542 adultmen aged between
70 and 90 years and followed for more than 5 years both
lower and higher total osteocalcin levels predicted increased
all-cause mortality rates, with comparable associations for
cardiovascular and noncardiovascular deaths [55].

These discordant results may be related at least in part
not only to the limited clinical significance of a single
measurement of plasma osteocalcin or the potential influence
of pharmacological treatment and lifestyle variables (i.e.,
nutritional status, smoking, or physical activity) but also
to the fact that osteoblast-like cells have been identified in
atherosclerotic lesions as well as in peripheral blood [56].
Thus, in some instances, part of circulating osteocalcin might
directly reflect the degree of cardiovascular calcification
and atherosclerosis instead of bone turnover. Moreover, the
assessment of total osteocalcin does not completely account
for the circulating undercarboxylated fraction, which has
been shown to be the biologically active “hormone,” at least in
animal models. Indeed, only few studies measured both the
total and the undercarboxylated form of osteocalcin, which
precludes definitive conclusions regarding the role of osteo-
calcin carboxylation in glucose metabolism. Overall, results
from these studies were inconclusive [6, 32]. In fact both
positive or inconsistent associations between undercarboxy-
lated osteocalcin, glucose homeostasis, and the distribution

of body fat were reported in population-based cohorts and
in patients with diabetes or metabolic syndrome [57–65]. In
addition, while in some of these studies the undercarboxy-
lated form was better correlated with glycometabolic status
than carboxylated or total osteocalcin levels, other studies
did not show significant differences between the different
osteocalcin fractions or even suggested a more consistent
association with the measurement of total osteocalcin. A
possible explanation for the lack of concordance among
these studies could be in part related to the current limita-
tions in the measurement of circulating undercarboxylated
osteocalcin levels and the lack of standardization among
the different techniques [66]. Undercarboxylated osteocalcin
levels are also strictly associated with vitamin K status in
contrast to total osteocalcin and surprisingly a high intake of
vitamin K (resulting in a low proportion of undercarboxy-
lated osteocalcin) has been associated with reduced insulin
resistance, which is the opposite to what would be expected
based on the above mouse models [6, 67]. Moreover, whereas
in most animal species osteocalcin is fully carboxylated, in
humans osteocalcin either in bone or serum is incompletely
carboxylated, and the degree of carboxylation is determined
by vitamin K availability in the diet [6]. Reduced circulating
osteocalcin concentrations (up to 80%) were also observed
in humans than in other species. Thus, caution needs to be
used in the extrapolation of findings from the mouse models
to humans.

It is well known that physical activity is able to exert an
anabolic action on bone through the stimulation of bone for-
mation, while inactivity is associated with an increase in bone
resorption [68]. Accordingly, given the positive relationship
between physical activity and the improvement of glucose
homeostasis, a recent study investigated whether part of this
interaction may be mediated by an increase in circulating
osteocalcin levels [69]. To this aim 28middle-aged obesemen
were randomly assigned to aerobic or power exercises. Of
interest, the reduction in serum glucose after acute exercise
(especially aerobic exercise) appeared at least in part related
to increased undercarboxylated osteocalcin levels. Moreover,
those subjects with higher baseline glucose and glycosylated
hemoglobin had greater reductions in glucose levels after
exercise. In particular, in the subgroup of obese men with
type 2 diabetes undercarboxylated osteocalcin was among
the strongest predictors for the change in glucose levels after
exercise.These findings are in part consistent with the results
of a previous study, that assessed the effects of resistance
training in combination with dietary restriction for weight
loss. Whereas an increase in osteocalcin levels was observed
after training, these changes were significantly associated
with changes in insulin resistance in the slight weight loss
group but not in the moderate weight loss group [70].
However several other studies were not able to demonstrate
a significant increase in osteocalcin levels with exercise and
specifically with resistance training [6].

The effect of osteoclast activity and matrix acidification
on the release of undercarboxylated osteocalcin from bone
described in animal models, if proven in humans, might
also have important clinical implications for the treatment of
skeletal fragility in diabetic patients as well as in nondiabetic
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subjects. In fact, many of the drugs currently used for the
treatment of osteoporosis are antiresorptives and consistently
suppress osteoclast activity and bone resorption, with poten-
tial negative implications on bone matrix acidification and
the release of undercarboxylated osteocalcin. Indeed, while
initial clinical observations suggested that both total and
undercarboxylated osteocalcin levels may be suppressed by
antiresorptive treatment for osteoporosis [71, 72], a large
retrospective analysis of postmenopausal women involved in
randomized controlled trials with alendronate (a nitrogen
containing bisphosphonate with potent antiresorptive activ-
ity on bone) failed to evidence any increase in diabetic risk in
the treatment group as compared with place-treated subjects
and even suggested a mild relative risk reduction with active
treatment [73].This latter observation has been confirmed by
a more recent post hoc analysis of 3 placebo-controlled trials
in postmenopausal women with antiresorptive agents (Frac-
ture Intervention Trial of Alendronate, Health Outcomes
and Reduced Incidence with Zoledronic Acid Once Yearly
Pivotal Fracture Trial, and Fracture Reduction Evaluation
of Denosumab in Osteoporosis Every 6 Months Trial) [74].
In all the 3 trials differences in fasting glucose changes
from randomization to trial conclusion (3-4 years) between
active treatment and placebo groups were not statistically
significant. Moreover, diabetes incidence was not increased
in any of the treatment groups or in the pooled estimate as
compared with placebo. Similar effects were observed among
the groups of overweight and obese women. A slight but
significant increase in weight was observed with alendronate
and denosumab treatment compared with placebo, and this
increase was only in part accounted by the parallel gain in
bone mass. However, despite a decrease in bone turnover
markers was observed in these trials after treatment (con-
sistent with the antiresorptive activity of bisphosphonates),
neither total or undercarboxylated osteocalcin levels were
measured. Conversely, a comparative analysis of osteoporotic
women treated with anabolic (PTH 1-84) or antiresorptive
(alendronate) compounds underlined potential differences
in fat and energy metabolism between the 2 regimens
[75]. In fact undercarboxylated osteocalcin levels increased
significantlywith PTHwhile they decreasedwith alendronate
administration. Moreover, in the overall cohort, 3-month
change in undercarboxylated osteocalcin was inversely asso-
ciated with 12-month changes in body weight, fat mass, and
adiponectin levels.

Even though these posthoc studies provided evidence
that bone antiresorptive treatment for up to 4 years does not
havemajor effects on glucosemetabolism in postmenopausal
women with osteoporosis, this information needs to be
replicated on a prospective basis as well as in patients with
diabetes or impaired glucose tolerance. In addition, given
the reported association between vitamin D and glucose
homeostasis [76, 77] a potential positive effect of vitamin
D supplementation on the prevention of diabetes in either
placebo and active treatment groups cannot be ruled out in
these retrospective studies.

3. Effects of Osteocalcin on
Testicular Function

As observed for energy metabolism, the demonstration that
osteocalcin plays a biological function on the testes (through
the regulation of androgen production) was derived from
experimental studies on Esp−/− and Ocn−/− mice, character-
ized respectively, by excessive or absent osteocalcin produc-
tion [78]. In fact, while female mice deficient in osteocalcin
were fertile and did not show any gonadal abnormality,
male mice with the same defect showed a poor reproductive
activity, associated with a decreased volume of the testes,
epididymis, and seminal vesicles. These alterations were also
associated with a 50% decrease in sperm count. On the
contrary, male Esp−/− mice had an increase in testicular
volume and a 30% increase in sperm count. None of these
parameters were affected in mice with specific deletion
of osteocalcin gene in Leydig cells only, suggesting that
osteocalcin production by the skeleton is directly involved in
endocrine regulation of male reproduction. Moreover, these
mice models also demonstrated that osteocalcin deficiency
impairs Leydig cellsmaturation and reduces testosterone syn-
thesis. In fact, circulating androgen levels were significantly
reduced in Ocn−/− mice and increased in Esp−/− animals.
These observations were consistent with results in ex vivo cell
assays demonstrating that a factor secreted by osteoblast (but
not by other cells of mesodermal origin) is able to increase
testosterone production in testis explant and primary Leydig
cells but not in ovary explants [78]. In particular, in cultured
Leyding cells deficient in osteocalcin, the treatment with
supernatant of wild-type osteoblasts (containing osteocalcin)
increased the maturation and the production of testosterone,
while this effect did not occur with other cell lines. In the
same studies, an unbiased approach based on the ability of
osteocalcin to increase cAMP production in Leydig cells and
on its dichotomy function between testis and ovary led to the
identification of Gprc6a, an orphan transmembrane receptor
coupled to G-proteins, as the potential osteocalcin receptor
[78]. Of interest this receptor is expressed in human andmice
Leydig cells of the testes but not in follicular ovarian cells, thus
providing a molecular basis for the gender specific effect of
osteocalcin on male fertility. Consistent with this hypothesis,
the specific deletion of Gprc6a gene in Leydig cells decreased
testosterone levels andmale fertility inmice. Further analyses
evidenced that by binding to Gprc6a osteocalcin regulates
in a CREB-dependent manner the expression of enzymes
required for testosterone biosynthesis in Leydig cells [78].
Overall these experimental evidences extend the endocrine
role of osteocalcin, which may act not only as a regulator of
energy metabolism in both genders but also of testosterone
production and fertility in men (Figure 2).

A major question raised by these experimental obser-
vations is whether the skeleton also regulates testosterone
production and male fertility in humans. Even though the
available clinical information is limited, there have been
3 recent studies which seem to support the hypothesis of
an endocrine role of osteocalcin on the male gonad in
humans [79–81]. In the first study, carried out on young
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males during skeletal growth, osteocalcin levels significantly
correlated with circulating testosterone [79], which was the
major determinant of periosteal circumference as assessed
through high-resolution pQCT performed on the radius.
Similar correlations were demonstrated with the assessment
of undercarboxylated osteocalcin. Moreover, the correlations
between osteocalcin, testosterone, and periosteal circumfer-
ence were highest in subjects with bone age between 11
and 14 years, during the phase of maximal skeletal growth.
Thus, during this phase, the rise in osteocalcin levels (due
to the rapid skeletal growth) may further stimulate testicular
testosterone production, which, in turn, contributes to an
increase in bone size. This could at least in part explain the
fact that at the end of skeletal growthmales show a larger bone
size than females, despite a similar volumetric bone density
[82]. In a different study, performed in a cohort of type 2
diabetic patients, circulating undercarboxylated osteocalcin
positively correlated with free testosterone (even after correc-
tion for FSH and LH levels) and negatively with glycosylated
hemoglobin levels [80]. Taken together, results from this
study further confirmed the existence of a direct action of
osteocalcin on testicular testosterone production in humans
and provided a potential explanation for the low testosterone
levels frequently described in diabetic subjects [83]. A similar
correlation between osteocalcin and testosterone levels was
observed in a population-based cohort of 1338men (aged 25–
86 years) independent of diabetes status as well as in a smaller
sample of patients with bone disorders [81].

4. Conclusions

In summary the recent provocative investigations on animal
models with excess or defect in osteocalcin production have
introduced a new concept according to which the skeleton
behaves as an endocrine organ by secreting osteocalcin
which, in turn, leads to increased insulin secretion, lower
blood glucose, increased insulin sensitivity, and decreased
visceral fat in both genders and enhanced testosterone pro-
duction by the testes in men. Although these evidences have
been only in part confirmed in humans, further prospective
investigations are needed to evaluate the clinical impact of
variation in osteocalcin levels or its undercarboxylated frac-
tion on endocrine functions both in the general population
and cohorts of patients with diabetes or other metabolic
disorders.
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[36] A. Garćıa-Mart́ın, M. Cortés-Berdonces, I. Luque-Fernández,
P. Rozas-Moreno, M. Quesada-Charneco, and M. Muñoz-
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