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Osteocalcin is among the most abundant proteins in bone and is produced exclusively by osteoblasts. Initially
believed to be an inhibitor of bonemineralization, recent studies suggest a broader role for osteocalcin that extends
to the regulation of whole body metabolism, reproduction, and cognition. Circulating undercarboxylated
osteocalcin,which is regulated by insulin, acts in a feed-forward loop to increaseβ-cell proliferation aswell as insulin
production and secretion, while skeletal muscle and adipose tissue respond to osteocalcin by increasing their
sensitivity to insulin. Osteocalcin also acts in the brain to increase neurotransmitter production and in the testes
to stimulate testosterone production. At least one putative receptor for osteocalcin, Gprc6a, is expressed by adipose,
skeletal muscle, and the Leydig cells of the testes and appears tomediate osteocalcin's effects in these tissues. In this
review,we summarize these newdiscoveries, which suggest that the ability of osteocalcin to function both locally in
bone and as a hormone depends on a novel post-translational mechanism that alters osteocalcin's affinity for the
bone matrix and bioavailability. This article is part of a Special Issue entitled Bone and diabetes.

© 2015 Elsevier Inc. All rights reserved.
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1. Introduction

Osteoblasts are specialized mesenchymal cells that are primarily
responsible for the synthesis and deposition of the mineralized,
collagen-rich matrix that composes bone tissue. Over the last decade,
diabetes.
aedic Surgery, Johns Hopkins
t, Baltimore, MD 21205, USA.

insights into the biology of o
studies have elaborated an expandedbiological function for the osteoblast
that is focused on the actions of bone-derived osteocalcin [1,2].
Osteocalcin has routinely been used as a serum marker of osteoblastic
bone formation and believed to act in the bone matrix to regulate
mineralization, but new genetic and pharmacologic evidence now points
to a hormonal role for the protein. These newly discovered actions link
the energy demands of bone to global homeostasis [1,3] and close a
number of open endocrine loops associated with the impact of nutrient
availability [4,5], leptin [6,7], adiponectin [8] and insulin [9] on skeletal
metabolism. In this review, we summarize the current knowledge of
osteocalcin function beginningwith the initial suggestion that the protein
steocalcin, Bone (2015), http://dx.doi.org/10.1016/j.bone.2015.05.046
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inhibitsmineralization and endingwith evidence of the hormonal actions
of osteocalcin in humans.
2. Structure and post-translational modifications of osteocalcin

Osteocalcin, also referred to as bone γ-carboxyglutamic acid (Gla)
protein or BGP, is a 46–50 amino acid, 5.6 kDa secreted protein that is
produced primarily by osteoblasts [10]. Smaller amounts are also
produced by odontoblasts of the teeth and hypertrophic chondrocytes.
The protein was first isolated by Price et al. [11,12] from bovine and
human bone and shown to represent themajor fraction of Gla containing
protein in bone. A second Gla-protein, isolated later by the same group,
was termed matrix Gla protein or MGP [13,14]. Together, these two
proteins belong to a distinct subgroup of the larger vitamin
K-dependent protein family, the constituents of which are primarily
involved in coagulation.

The human osteocalcin gene, BGLAP, is located on chromosome 1 at
1q25–q31 [15] and encodes an 11 kD, 98 amino acid pre-pro-protein
(Fig. 1). The mature peptide is generated by sequential cleavage events
that remove an endoplasmic reticulum signal sequence and the pro-
sequence followed by γ-carboxylation of three glutamic acid residues
at positions 17, 21, and 24. All three of the glutamate carboxylation
Fig. 1.Osteocalcin structure, translation, and processing. (A) The structure of osteocalcin is
marked by three γ-carboxyglutamic acid residues and a disulfide bond. The human protein
contains 49 amino acids with γ-carboxyglutamic acid residues at positions 17, 21, and 24
and a disulfide bond between cysteine residues at positions 23 and 29. The mouse protein
is 3 amino acids shorter with γ-carboxyglutamic acid residues at positions 13, 17, and 20.
(B) Osteocalcin is translated as a pre-pro-peptide. Following signal sequence cleavage the
peptide translocates into the endoplasmic reticulum, where a disulfide bond forms. After
processing in a potential protein convertase step, osteocalcin is γ-carboxylated on three
glutamic acid residues.
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events occur during a single binding of the immature peptide to
γ-glutamyl carboxylase [16]. This enzyme utilizes CO2, O2, and vitamin
K, supplied by the vitamin K cycle and circulation, as cofactors. With
each γ-carboxylation cycle, vitamin K is converted to an epoxide,
which is then reduced by vitamin K epoxide reductase to allow another
round of carboxylation [17]. The mature, carboxylated osteocalcin
protein is packaged into intracellular vesicles for secretion into the
bone matrix [10,18].

All vitamin K-dependent Gla proteins are thought to have evolved
from a common ancestor because they share both the ability to bind
calcium and the same γ-carboxylase recognition sites [19,20]. The
hepatic Gla proteins that function in blood coagulation bind to
calcium-linked phospholipids whereas osteocalcin binds to calcium
ions in hydroxyapatite [21].

The osteocalcin and MGP genes appear to have diverged from an
ancestral gene that first emerged 500 million years ago before the
evolution of jawless fish [22]. MGP appeared first with the development
of cartilaginous structures, while a later genome duplication event
coinciding with the emergence of bony structures led to the evolution
of the osteocalcin gene. In most organisms, including humans,
osteocalcin is encoded by a single gene that is highly conserved across
species. However, mice contain a cluster of three osteocalcin genes,
indicative of an additional duplication late in rodent evolution [23].
Two of these genes, osteocalcin gene 1 (OG1) and osteocalcin gene 2
(OG2), are expressed predominantly in the bone. The third gene,
osteocalcin-related gene (ORG), is expressed primarily in the kidney.
Although the exact function of ORG remains unknown [24], it has
been suggested that ORG encodes nephrocalcin, a calcium-binding Gla
protein important in calcium homeostasis [23].

3. Role of osteocalcin in mineralization

Mature osteocalcin is secreted into the bonemicro-environment and
then undergoes a conformational change that aligns its calcium-binding
Gla residues with the calcium ions in hydroxyapatite. This property was
initially proposed as a mechanism that enables osteocalcin to initiate
the formation of hydroxyapatite crystals [12]. However, subsequent
work was more compatible with the notion that osteocalcin functions
as an inhibitor of bonemineralization. In support of this idea, osteocalcin
inhibits the precipitation of calcium salts from saturated solutions [25],
and chronic treatment of rodents with warfarin, an inhibitor of vitamin
K-dependent γ-carboxylation, results in over-mineralization and the
premature closure of the growth plate [26].

To more fully study the role of osteocalcin in bone formation, Ducy
et al. [27] created an osteocalcin null mouse lacking both osteocalcin
genes expressed in the bone. These mice exhibited an age-dependent
increase in bone formation rate and bone mass compared to controls,
without an impact on bone resorption. Subsequent analysis of the
bone matrix using Fourier transform infrared microspectroscopy
indicated that themineral tomatrix ratiowas increased in older knockout
animals. In addition, thehydroxyapatite crystal sizewas larger, suggesting
that osteocalcin might regulate the rate of mineral maturation [28].
However, the deposition of dentin by odontoblasts was normal in
osteocalcin null mice [29], and analysis of mice overexpressing
osteocalcin in bone revealed a relatively normal state of mineralization
[30]. Therefore, the precise role of osteocalcin within the bone matrix
remains unclear, and osteocalcin's inhibitory effect on bone mineraliza-
tion is likely to be considerably lower than that ofMGP since the removal
of this gene results in the calcification of the aorta and the progressive
mineralization of the growth plate [30,31].

Other studies have led to the hypothesis that osteocalcin exerts a
mechanical function within the bone matrix. As a result of its ability to
tightly bind hydroxyapatite and form a complex with collagen through
the matrix protein osteopontin [32–34], osteocalcin was proposed as
means to bridge the matrix and mineral fractions of bone tissue. Such
an arrangement is compatible with the formation of dilatational bands
steocalcin, Bone (2015), http://dx.doi.org/10.1016/j.bone.2015.05.046
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that are seen when bone fractures. In this situation, osteocalcin and
osteopontin might serve to prevent crack growth by stretching and dis-
sipating energy [35,36]. In accordance with this idea, fracture tough-
ness is substantially reduced in osteocalcin null mice, osteopontin null
mice, and double transgenic mice.
4. Regulation of glucose metabolism by osteocalcin

Recent work from several groups has now clearly demonstrated a
role for osteocalcin in the regulation of glucose metabolism. Studies by
the Karsenty group showed that mice lacking osteocalcin accumulate
body fat and exhibit dramatic impairments in glucose metabolism
[3,27]. Since osteocalcin is only produced by osteoblasts and can
enter the circulation, Karsenty speculated that osteocalcin functions
as a hormone in a manner analogous to leptin and adiponectin
(Fig. 2). Osteocalcin's presence in the serum, expression exclusively
in the bone, and synthesis as a pre-pro-molecule are characteristics
of such a function.

To test this idea, Lee and colleagues [3] performed a screen of
osteoblast-enriched genes that could regulate osteocalcin levels in the
serum. These analyses identified the Esp gene (also know as Ptprv),
that encodes osteotesticular protein tyrosine phosphatase (OST-PTP),
as a powerful regulator of glucose metabolism in mice. Mice lacking
Esp exhibited a metabolic phenotype opposite of osteocalcin null mice,
which was characterized by marked hypoglycemia and reduced fat
mass secondary to hyperinsulinemia, increased β-cell proliferation,
and increased insulin sensitivity. The effect on glucose metabolism
was indeed so severe that a portion of Esp−/− mice did not survive
until weaning. To demonstrate a functional linkage between osteocalcin
and OST-PTP, Esp−/− mice were crossed with those deficient for
osteocalcin. Removal of even a single allele of osteocalcin rescued the
metabolic phenotypes of Esp−/− mice. While the mechanism was not
known at this time (see below), OST-PTP appeared to regulate the
carboxylation and bio-availability of the hormonal form of osteocalcin.
Fig. 2.Hormonal effects of osteocalcin onwhole bodymetabolism. In response to insulin, under
the low pH of the osteoclast resorption pit and enters the circulation where it acts as a hormone
mediated by the increased production of adiponectin by adipose tissue. In the pancreas, oste
Additional studies have suggested that osteocalcin acts in the brain to stimulate neurotransmit
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Under-carboxylated osteocalcin increased the expression of adiponectin
in adipose tissue and insulin and cyclin D1 expression in β-cells, but γ-
carboxylated osteocalcin did not. In this way, bio-activation of osteocalcin
appears to mimic the activation of pro-thrombin, which is also activated
when its carboxylated residues are removed [37]. However, work by an-
other group has suggested that both carboxylated and undercarboxylated
osteocalcins can stimulate a response in adipocytes and myoblasts [38].

To further examine the biological role of osteocalcin, Ferron et al.
[39] assessed the hormone's influence on glucose metabolism in
wild-type mice. In vitro, recombinant osteocalcin dose-dependently
increased the expression of insulin and markers of proliferation in
primary β-cells as well as cell models. At higher concentrations,
osteocalcin treatment increased AdipoQ and Ppargc1a expression in
white and brown adipose tissues. In vivo, infusion of recombinant
osteocalcin via subcutaneous mini-pump improved glucose tolerance
and insulin sensitivity. Several recent studies have confirmed this effect
and demonstrated that daily injections [40] or oral administration [41,
42] of osteocalcin can abrogate the deleterious effects of a high fat diet
onmetabolism. The precisemechanismbywhichosteocalcin administra-
tion improves glucosemetabolism is still not knownbut itmay be related
to the protein's ability to stimulate the release of glucagon-like peptide-1,
an incretin released by intestinal endocrine cells that stimulates insulin
secretion [41,42]. Other beneficial actions of osteocalcin appear to involve
its ability to reverse autophagic dysfunction and endoplasmic reticulum
stress resulting from diet-induced obesity [43,44].
5. Regulation of osteocalcin by insulin

The discovery of osteocalcin's role in regulating glucose metabolism
was independently established by Fulzele et al. [9,45] in the course of
studies designed to examine insulin actions in osteoblasts. In these
studies, mice lacking the insulin receptor specifically in osteoblasts
(IRflox; Oc-Cre) developed a metabolic phenotype reminiscent of the
osteocalcin null mice described by the Karsenty group [3]. IR knockout
carboxylated osteocalcin is produced by the osteoblast or released from the bonematrix by
. Osteocalcin produces a widespread increase in insulin sensitivity, whichmay be partially
ocalcin causes an increase in β-cell proliferation as well as increased insulin production.
ter production and in the testes to increase testosterone production.

steocalcin, Bone (2015), http://dx.doi.org/10.1016/j.bone.2015.05.046
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mice accumulated body fat and exhibited hyperglycemiawith reductions
in serum insulin, insulin sensitivity, and glucose tolerance. Profiling of
RNA from IR null osteoblasts, identified osteocalcin as a major insulin-
responsive gene in osteoblasts, which supported the hypothesis that in-
sulin receptor signaling in the osteoblast is required for osteocalcin pro-
duction. Consistent with this idea, administration of osteocalcin to the
insulin receptor mutant mice improved glucose metabolism, suggesting
that insulin and osteocalcin form a bone–pancreas endocrine loop.

Ferron and colleagues [46] confirmed the existence of this feed-
forward loop, but suggested a different mechanism for the bio-
activation of osteocalcin. Structural analysis of the catalytic domain
of OST-PTP revealed that it exhibits homology to other phosphatases
like PTP1B [47,48], that act to dephosphorylate the insulin receptor
[46]. Substrate trapping studies confirmed that the insulin receptor
is indeed a target of OST-PTP and loss of OST-PTP function in
Esp−/− osteoblasts accounted for enhanced insulin signaling. This
increase in insulin signaling in Esp−/− mice was postulated to increase
the activation of osteoclasts, which in turn decarboxylated matrix-
embedded osteocalcin in the low pH of the resorption pit [49] to facilitate
its release into the circulation. In support of this idea, osteopetrotic mice
and humans that lack functional osteoclasts had lower levels of
undercarboxylated osteocalcin and exhibit an impaired glucose
tolerance. Considered together, the studies by Fulzele [9] and Ferron
[46] suggest that insulin regulates the production of osteocalcin and
also promotes its bio-availability by favoring decarboxylation.

The transcriptional mechanism through which insulin stimulates
osteocalcin production has also been investigated. FoxOs are major
transcriptional mediators of insulin action, and their phosphorylation
and subsequent nuclear export is a primary response in many insulin
target cells, including β-cells, adipocytes, and hepatocytes [50]. Rached
and colleagues identified three FoxO-binding sites in the osteocalcin
gene and found that FoxO1 is a potent suppressor of osteocalcin
expression [51]. Mice rendered deficient for the transcription factor
in osteoblasts (FoxO1flox; Collagen1-Cre) exhibited increased pancreatic
β-cell proliferation, insulin secretion, and insulin sensitivity secondary
to increased osteocalcin expression and bio-activation [51]. The suppres-
sionof osteocalcin expressionby FoxO1mayalso bemediated by its inter-
action with the transcription factor Atf4 [52], which also suppresses
osteocalcin bio-activation [53], and through its inhibition of Runx2
activity [54].

Tor signaling also provides additional control over osteocalcin
production. Mice with unrestrained mTOR signaling in osteoblasts
via the genetic ablation of the Tsc2 gene had 10-fold higher levels of
undercarboxylated osteocalcin and ultimately became desensitized to
the hormone [55]. Whereas youngmice had lower blood glucose levels
and higher insulin levels, agedmice exhibited a reduction in β-cell area,
glucose tolerance, and serum insulin and a downregulation of Gprc6a.
The dramatic over-production of osteocalcin in these mice appears to
be secondary to the inhibition of FoxO1 activity.

Because osteocalcin is produced by differentiated osteoblasts, the
production of osteocalcin is also influenced in mouse models designed
to interfere with osteoblast maturation. Two such examples include
the Fra-2 (Fosl2) transcription factor and the vitamin K-dependent
γ-glutamyl carboxylase (GGCX). Fra-2 plays an important role in
coordinating osteoblast development [56] and also regulates osteocalcin
production. Over-expression of Fra-2 in osteoblasts results in increased
levels of osteocalcin, reduced body weight and reduced serum glucose
with improved glucose tolerance and insulin sensitivity while knockouts
have the opposite phenotype [57]. GGCX should play a role in regulating
osteocalcin bioavailability because it catalyzes the conversion of
glutamic acid to γ-carboxyglutamic acid. Genetic removal of this gene
in osteoblasts increased serum undercarboxylated osteocalcin levels
concomitant with improved glucose tolerance and reduced fat mass
[58,59]. A similar phenotype was observed in mice in which Vkorc1,
the enzyme responsible for Vitamin K recycling, was ablated specifically
in osteoblasts [59].
Please cite this article as: ZochML, et al, New insights into the biology of o
6. A role for osteocalcin in fertility and cognition

The continued examination of the osteocalcin null mice by Karsenty
and Oury [60] led to the description of two additional hormonal
functions for undercarboxylated osteocalcin. First, osteocalcin null
micewere noted to be poor breeders and toproduce litters of significantly
smaller numbers of pups than wild-type counterparts. This observation
led Oury and colleagues [61] to postulate that undercarboxylated
osteocalcin acts to regulate fertility and possibly the production of sex
steroid hormones. Estrogen and testosterone have a profound impact
on skeletal growth and maintenance [62], but signaling in the reverse
direction (i.e. bone to gonads) has not been examined. Consistent with
this notion, osteoblast-conditioned medium and undercarboxylated
osteocalcin increased testosterone production by the testes but did not
affect estradiol or progesterone levels produced by ovarian explants.
The mutant mice were also revealed to have low testosterone levels,
oligospermia, and reductions in the weight of reproductive organs, and
osteocalcin administration increased these parameters of male fertility.
Intriguingly, Esp−/− mice that have increased insulin signaling in osteo-
blasts [46] were found to have enhanced fertility, which suggested the
possibility that insulin signaling in the osteoblast regulates male fertility.
This idea was confirmed in later work [63] that suggested insulin favors
male fertility by stimulating bone turnover and osteoclast-mediated
activation of osteocalcin. While these studies identified a putative recep-
tor for osteocalcin (described below), it remains unclear what influence
derangements in glucose metabolism in osteocalcin null mice have on
fertility.

Second, behavioral abnormalities observed in osteocalcin null mice
prompted additional studies that disclosed new actions for the protein
in the brain. Routine handling of the osteocalcin null mice suggested
that cognition in the mutant mice was impaired relative to control
littermates, and more formal behavioral testing revealed an increase
in behaviors associated with anxiety and depression [64]. A previous
study had indicated that osteocalcin is produced in the brain and
might function as a neuropeptide [65]. However, work by Oury and
colleagues [64] demonstrated that circulating osteocalcin crosses the
blood–brain barrier and acts in the brainstem,midbrain, and hippocam-
pus to influence the synthesis of several neurotransmitters that favor
learning and memory formation. In these studies, osteocalcin was
shown to promote the expression of genes involved in the synthesis
of monoamine neurotransmitters and inhibit those needed for
γ-aminobutyric acid (GABA) synthesis, and corresponding changes in
the levels of serotonin, dopamine, norepinephrine, and GABA were all
noted. Consistent with the idea that bone-derived osteocalcin acts in
the brain acute disruption of osteocalcin expression in the osteoblast
resulted in a behavioral phenotype identical to null mice. Intriguingly,
the maternal production of osteocalcin appears to be necessary for
normal fetal brain development. Osteocalcin can be found in fetal
blood before it is expressed during bone development, and pups born
to osteocalcin null mothers have an increased level of neural apoptosis
in the hippocampus. While considerable additional work will be
required, these studies suggest the possibility that cognitive disabilities
and defects in bone metabolism as in cleidocranial dysplasia could be
linked.

7. Gprc6a: an osteocalcin receptor

The demonstration of specific functions for circulating
undercarboxylated osteocalcin prompted studies to identify its
receptor in target tissues. Gprc6a, a G protein coupled receptor
with no previously known function, is expressed by a wide variety of
cell types including those found to respond to circulating osteocalcin
[66,67], and is activated by a number of unrelated ligands including
cations, like calcium and zinc, and amino acids such as L-Arg and L-Lys
[68,69]. It is believed that this promiscuity allows Gprc6a and other
receptors in its family to operate as sensors of protein nutrition [70],
steocalcin, Bone (2015), http://dx.doi.org/10.1016/j.bone.2015.05.046
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but two parallel lines of investigation ultimately led to the identification
of Gprc6a as the receptor for osteocalcin. First, gene knockout studies
demonstrated that the loss of Gprc6a function produces a phenotype
nearly identical to osteocalcin null mice. These animals accumulate fat
and exhibit hyperglycemia, glucose intolerance, and insulin resistance
with reduced levels of testosterone that lead to demasculinization
[71]. Second, Oury and colleagues [61] narrowed the number of possible
osteocalcin receptors by comparing the expression of receptors with
unknown ligands in the testicular Leydig cell with those expressed by
the non-responsive ovary and examined signaling pathways activated
by osteocalcin treatment. Osteocalcin consistently produced an increase
in cAMP levels in Leydig cells, and the pharmacokinetics of this
response suggested that the receptor was G protein coupled. These
analyses led to the identification of 4 possible receptors including
Gprc6a, which was known to produce a fertility phenotype similar to
osteocalcin null mice [61,71].

Theβ cells of the pancreatic islets also expressGprc6a and the binding
of osteocalcin by this receptor activates signaling through theMAPkinase
pathway [72]. Genetic inactivation of the receptor in the β-cell lineage
(Gprc6aflox; Pdx1-Cre mice) results in hyperglycemia, hypoinsulinemia,
and glucose intolerance owing to a defect in osteocalcin-stimulated
β-cell proliferation [73]. The development of an identical metabolic
phenotype inmice lacking one allele of osteocalcin and one Gprc6a allele
in the β-cell provides additional genetic evidence for the idea that
osteocalcin and Gprc6a are in the same genetic cascade.

Based on the results of these studies, it appears likely that Gprc6a
also mediates osteocalcin's functions in other tissues including muscle,
adipose and bone. Osteoblasts express Gprc6a and genetic ablation of
the receptor results in osteopenia [71]. Though this phenotype is likely
to be influenced to a large degree by the metabolic defects and altered
mineral homeostasis, null osteoblasts do exhibit differentiation defects
in vitro [74]. It is unclear if this represents an alteration in osteocalcin
signaling in osteoblasts or is due to some other mechanism. It is likely
that additional unidentified receptors for osteocalcin exist because the
effect of osteocalcin deficiency on neurotransmitters and behavior is
not recapitulated in GPRC6A-null mice [64].

8. Evidence of an endocrine function for osteocalcin in humans

Since the initial discovery that osteocalcin impacts metabolism in
themouse, a number of studies have attempted to address the function
of osteocalcin in humans. To date, the vastmajority of studies have used
a cross-sectional design to examine the association of circulating levels
of total and/or undercarboxylated osteocalcin with altered glucose
metabolism. These studies indicate that the levels of osteocalcin are
negatively correlated with fasting glucose, fasting insulin, HOMA-IR (a
representation of insulin resistance), body mass index, and hyperlipid-
emia [75–79]. Untreated diabetics and pre-diabetics have decreased
levels of under-carboxylated osteocalcin, while higher serum levels
were associated with higher HOMA-β, a representation of enhanced
β-cell function [80,81]. Serum osteocalcin concentrations have also
been reported to be significantly reduced in obese children and
negatively related to leptin concentration and insulin resistance, but
not to adiponectin [82–84]. Moreover, substantial weight loss in these
children was associated with an increased serum osteocalcin level,
improved insulin sensitivity, and decreased serum leptin levels. Exercise
also increases circulating osteocalcin levels and was correlated with an
increase in insulin sensitivity and muscle strength [85–87].

A few initial studies using relatively small sample sizes identified an
association between polymorphisms in the human BGLAP locus and
type 2 diabetes and obesity [88,89], but there is some debate over
whether this association is only present in select ethnic groups [90].
This finding has now been substantiated by a more recent analysis
using a larger cohort of European decent that linked genetic variations
in BGLAP to alterations in body mass index [91]. Likewise, Oury and
colleagues [61] identified two unrelated individuals with T → A
Please cite this article as: ZochML, et al, New insights into the biology of o
transversions in exon 4 of the gene encoding GPRC6A, which resulted
in amino acid substitutions that produced a dominant negative protein.
In addition to the low testosterone levels and oligospermia, both
individuals presented with metabolic disturbances similar to osteocalcin
null mice [3], including increased adiposity, dyslipidemia, and
disturbances in glucose metabolism.

Pharmacologic modulators of bone metabolism have also been
reported to influence circulating undercarboxylated osteocalcin levels.
In a follow-up analysis of samples collected in the PaTH study, in
which osteoporotic postmenopausal women were treated with PTH
[1–84] or alendronate, Schafer and colleagues [92] observed corre-
sponding changes in undercarboxylated osteocalcin levels that support-
ed the observations made in rodent models. Additionally, subjects with
the largest increase in undercarboxylated osteocalcin levels exhibited
the greatest decreases in weight and fat mass [92,93]. However, inhibi-
tion of bone resorption by alendronate, zoledronic acid, or denosumab
treatment during the FIT, HORIZON-PFT, and FREEDOM trials was not
associated with significant changes in fasting glucose levels or diabetes
risk [93].

In linewith this later finding, other cross-sectional studies examining
the relationship between serum osteocalcin and metabolic disease have
suggested amore limited role for osteocalcin in human glucose metabo-
lism [94–96]. In one study, serumosteocalcinwas correlatedwith insulin
resistance in post-menopausal women, but not in pre-menopausal
women [97]. Similarly, indices of insulin sensitivity of the skeletalmuscle
but not those of the hepatocytewere reported to be positively associated
with osteocalcin levels [98]. Paradoxically, women with gestational
diabetes have elevated osteocalcin levels that do not predict the devel-
opment of this condition [99], and reducing undercarboxylated
osteocalcin levels in postmenopausal women by vitamin K1 supplemen-
tation did not alter fasting glucose levels or insulin resistance [100].
Taken together, data from these cross-sectional analyses, as well as
those examining an association between osteocalcin and testosterone
[101–103], indicate a more complex endocrine function for osteocalcin
in humans.

To date, only one study has attempted to directly examine the
effects of insulin on osteocalcin and bone turnover in humans. Basu
and colleagues [104] analyzed serum samples collected during a
hyperinsulinemic–euglycemic clamp in healthy patients and measured
the effect of this procedure on serum total and undercarboxylated
osteocalcin as well as other bone markers. No relationship between
insulin levels and osteocalcin levels or bone turnover markers was
apparent, but measures of insulin sensitivity, including glucose disposal
rates, were positively correlated with serum levels of the C-terminal
telopeptide of type 1 collagen, a bone resorption marker, suggesting
that insulinmight elicit factors that promote enhanced insulin sensitivity
in the periphery.

9. Perspective

The studies reviewed herein on the unexpected functions of
osteocalcin underscore a paradigm shift in our understanding of
skeletal physiology. The notion that bone is primarily a hormone-
responsive tissue should now be replaced by one in which bone
actively communicates with other organ systems and coordinates
mineral ion homeostasis with overall energy balance. Clearly,
osteocalcin can now be viewed as a bone-derived factor that influences
glucose metabolism, reproduction and cognition through endocrine
loops between the bone and the pancreas, the brain and the testes.

As this field moves forward, it will be important to determine
whether or towhat extent the hormonal actions of osteocalcin observed
in animalmodels are alsomanifested in humans. Geneticmousemodels
do not always replicate human disease, and while cross-sectional
clinical studies have revealed an association between metabolic
disturbances and circulating osteocalcin, they do not prove causality.
For instance, the increased energetic expense of maintaining body
steocalcin, Bone (2015), http://dx.doi.org/10.1016/j.bone.2015.05.046
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temperature in rodents relative to humans results in a higher metabolic
rate and the possibility of additional regulators/modifiers of metabo-
lism. The presence of a 3 osteocalcin gene cluster in themouse genome,
while other species maintain a single gene, could indicate the evolution
of novel functions specific to this species. Along similar lines, Esp, which
governs osteocalcin carboxylation in the mouse, is a pseudogene in
humans [105]. If a similar regulatory mechanism exists in humans,
another phosphatase, perhaps Ptpn2 [106], would have to assume the
functions of OST-PTP.

Despite these caveats, the recent studies on the hormonal actions of
osteocalcin prompt a number of additional questions regarding the
nature of endocrine functions exerted by the osteoblast and the fuel
requirements of bone cells. First, do acute increases in circulating
osteocalcin associated with bone anabolism impact whole body
metabolism? Second, do osteoblasts secrete other hormones in addition
to osteocalcin and fibroblast growth factor-23? Genetic evidence points
to at least one additional unknown factor that allows the osteoblast to
contribute to whole body glucose metabolism [107]. And finally, what
fuel sources do osteoblasts require to produce and deposit new bone,
and how is the cellular metabolism of osteoblasts regulated? Recent
studies suggest that key osteoblastic developmental pathways also
regulate the ability of bone cells to generate the energy necessary to
sustain bone formation [108–110]. The answers to these questions
and those that follow will certainly expand our understanding of skeletal
biology and its endocrine function.
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