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Apart from basic roles such as supporting the body, protecting internal organs, and storing calcium, the skeletal system also performs
hormonal functions. In recent years, several reports have been published on proteins secreted by bones and their impact on the ho-
meostasis of the entire body. These proteins include fibroblast growth factor 23, sclerostin, lipocalin 2, and osteocalcin. Osteocalcin,
the most abundant non-collagenous protein in bone tissue, is routinely measured as a clinical marker for diagnosing bone metabo-
lism disorders. Its molecule undergoes numerous transformations, with decarboxylation being the critical process. Decarboxylation
occurs in the acidic environment typical of bone resorption, facilitating the release of the molecule into the bloodstream and enabling
its hormonal action. Decarboxylated osteocalcin promotes insulin secretion and stimulates the proliferation of pancreatic islet B-cells.
It also plays a role in reducing the accumulation of visceral fat and decreasing fat storage in the liver. Furthermore, decarboxylated
osteocalcin levels are inversely correlated with fasting serum glucose levels, total body fat, visceral fat area, and body mass index.
Apart from its role in energy metabolism, osteocalcin affects testosterone production and the synthesis of glucagon-like peptide-1. It
is also actively involved in muscle-bone crosstalk and influences cognitive function.
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INTRODUCTION

Our understanding of the skeleton and its biological functions
has undergone a dramatic transformation over the past few de-
cades. Previously, the emphasis on the skeleton’s features was
primarily on its mechanical properties, which facilitate move-
ment, protect internal organs, and support muscular structures.
It was also recognised as the primary reservoir for calcium and
other minerals in the human body. However, the discovery of
proteins secreted by bone tissue into the bloodstream, which in-
fluence the regulation of homeostasis throughout the body, has
led to the recognition of the skeletal system as a hormonally ac-
tive entity.

Fibroblast growth factor 23 (FGF23) and osteocalcin (OC)

are currently considered to be novel hormones secreted by the
skeleton. The role of FGF23, which is produced mainly by os-
teocytes and osteoblasts, has been well documented in the liter-
ature [1,2]. It is mainly involved in the regulation of phosphate
metabolism and calcitriol synthesis in the kidneys, and its over-
activity can lead to the development of rare forms of rickets and
hypophosphatemic osteomalacia, such as X-chromosome-asso-
ciated hypophosphatemia and tumour-induced osteomalacia
[3,4]. Additionally, there are reports of the endocrine functions
of sclerostin, which may regulate the body’s energy metabolism
through its paracrine effects. Lipocalin 2 is also implicated in
the regulation of glucose metabolism [5-8].

This paper focuses on the role of OC in the regulation of the
body’s homeostasis, a topic that continues to be debated among
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researchers [9]. It presents a review of studies conducted in both
mouse models and the human population, enabling a more thor-
ough understanding of OC function and the identification of its
potential clinical implications.

CHARACTERISTICS OF OSTEOCALCIN

OC, also known as bone gamma-carboxyglutamic acid (Gla)
protein (BGP), is the most common non-collagenous protein in
bone tissue and is produced by osteoblasts during bone forma-
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tion. It is an important clinical marker used in the diagnosis of
bone metabolic diseases such as osteoporosis, Paget’s disease,
and bone tumours [10,11]. Human OC is encoded by the bone
gamma-carboxyglutamate protein (BGLAP) gene and com-
posed of 49 amino acids. The molecule undergoes numerous
transformations, the key one being the enzymatic carboxylation
of the glutamine residues at positions 17, 21, and 24 using gam-
ma-glutamylcarboxylase (GGCX) and vitamin K as a cofactor
[12]. These residues have a high affinity for hydroxyapatite, al-
lowing OC to be easily incorporated into the extracellular ma-
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Fig. 1. Osteocalcin: synthesis, carboxylation, and incorporation into hydroxyapatite structures. GGCX, gamma-glutamylcarboxylase.
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Fig. 2. Decarboxylation of osteocalcin.

400 www.e-enm.org

4 pH

/‘\

Decarboxylated osteocalcin

Copyright © 2024 Korean Endocrine Society



Osteocalcin: Beyond Bones E n M

trix (ECM) of bone tissue (Fig. 1) [13]. The reverse process, de-
carboxylation of OC, occurs in the acidic environment produced
by osteoclasts during bone reabsorption. Decarboxylated OC
(GIuOC) is released into the bloodstream and functions as a
hormone in the body (Fig. 2) [6].

DECARBOXYLATED OSTEOCALCIN HAS
MULTIPLE REGULATORY FUNCTIONS

Works aimed at identifying the function of GluOC began with
the creation of genetically modified OC-deficient (Osc/Osc)
mice by Desbois et al. [14] in 1996. In rodents, OC is encoded
by two genes, Bglap and Bglap?2, that are mainly expressed in
osteoblasts. Osc/Osc mice, generated through embryonic stem
cell technology, lacked the above genes and were characterised
by increased glucose levels, reduced insulin production, greater
visceral fat accumulation, reduced muscle mass, and, in the case
of male mice, smaller gonads and lower blood testosterone lev-
els than wild-type (WT) mice [15]. Due to this phenotype indic-
ative of impaired glucose-fat and endocrine metabolism, it has
been postulated that GluOC affects the regulation of energy me-
tabolism, male fertility, and muscle tissue development.

Further evidence of a relationship between GluOC secretion
and the regulation of energy metabolism was provided by an
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analysis of studies on genetically modified mice, published in
2007 by Lee et al. [16]. These mice lacked the Esp, also known
as protein tyrosine phosphatase receptor type V (Ptprv) gene
encoding osteo-testicular protein tyrosine phosphatase (OST-
PTP), which is a receptor-like negative regulator for OC. Their
phenotype mirrored that of Osc/Osc” mice—namely, they had
high serum GluOC levels, hypoglycaemia, increased beta-cell
proliferation in the pancreas, increased insulin secretion, and
higher sensitivity to the hormone. These mice had a lower risk
of obesity and glucose intolerance than WT mice [16]. Further-
more, Esp/Esp” mutants lacking a single Osc allele lost their
characteristic phenotype.

In a study by Ferron et al. [17], GluOC was administered to
WT mice that were exposed to a high-fat diet. In another group
of mice, the centre responsible for appetite control had been
damaged, which resulted in unrestrained hunger and excessive
food intake, leading to obesity. In both cases, mice treated with
injectable GluOC therapy had lower fat mass, higher insulin
sensitivity, and lower serum triglyceride levels than those fed
the same way but without GluOC therapy [17].

Studies using isolated pancreatic islet cells and primary adi-
pocytes derived from WT mice have established the biochemi-
cal mechanism of action of GluOC and its effects on energy
metabolism. GluOC has been shown to increase insulin secre-
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Fig. 3. Target organs and effects of osteocalcin. GPRC6A, G protein-coupled receptor family C group 6 member A; GLP-1, glucagon-like

peptide-1; FGF21, fibroblast growth factor 21.
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tion by promoting an increase in insulin 1 (/ns/) and Ins2 gene
expression and an increase in intracellular Ca** ion concentra-
tions by binding to the G protein-coupled receptor family C
group 6 member A (GPRC6A) receptor in pancreatic islets. Fur-
thermore, genetically modified mice lacking the Gprc6a gene
developed metabolic syndrome, similarly to Osc/Osc™ mice,
and had reduced testosterone levels, suggesting that the GPR-
CO6A receptor may be a major mediator of GluOC regulatory
functions (Fig. 3) [18].

Apart from pancreatic islets, the GPRC6A receptor in mice is
also found in cells present in other organs, including the liver,
small intestine, skeletal muscles, bones, the brain, and testis,
which indicates that GluOC may affect the function of these or-
gans [19]. Mice lacking GPRC6A expression in hepatocytes
presented excessive hepatic fat accumulation and glycogen de-
pletion, impaired glucose tolerance with normal insulin sensitiv-
ity, and reduced serum FGF21 levels. These findings imply that
GIuOC regulates hepatic metabolism and FGF21 release (Fig.
3) [20]. In the small intestine, GluOC stimulates enteroendo-
crine L cells to produce glucagon-like peptide-1, an incretin
hormone that increases blood insulin concentrations and pro-
motes pancreatic islet B-cell proliferation (Fig. 3) [21-23].
GluOC, via GPRC6A present on Leydig cells, has also been
shown to promote testosterone synthesis in mice, thereby affect-
ing male fertility [24].

GluOC promotes the expression of adiponectin genes in white
adipocytes and peroxisome proliferator-activated receptor gam-
ma coactivator 1-alpha (Pgcl/a) and uncoupling protein 1
(Ucpl) in brown adipocytes, which is consistent with the ob-
served lower accumulation of visceral adipose tissue in mice
with higher blood GIuOC concentrations (Fig. 3) [16,17,25].
When low doses (<10 ng/mL) of GluOC were administered to
mice, increased adiponectin expression was also observed, as
well as adipose tissue triglyceride lipase and peroxisome prolif-
erator-activated receptor y. In contrast, high doses (>20 ng/mL)
induced programmed adipocyte necrosis. These experimental
results suggest that GluOC may have applications in the treat-
ment of obesity and metabolic syndrome [26-28].

An important aspect of the study of the endocrine functions of
GlIuOC is the identification of its role in the muscle-bone feed-
back loop (muscle-bone crosstalk) [29]. A study by Mera et al.
[30] showed that serum GluOC concentrations in mice in-
creased after exercise; however, this effect was decreasingly ev-
ident as individuals matured. It was also observed that injecting
GluOC immediately before exercise increased the exercise ca-
pacity of young mice, while in older mice, it restored it to levels
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comparable to those found in young adults. Additionally, long-
term GluOC injection promoted an increase in muscle mass in
mice. At the metabolic level, GluOC, mediated by GPRC6A,
has been shown to promote the uptake and catabolism of glu-
cose and fatty acids in myofibres, which is essential for muscle
adaptation to exercise. Additionally, GluOC increases the re-
lease of interleukin-6 (IL-6) by myofibres. Meanwhile, IL-6, a
cytokine produced by muscle fibres during exercise, affects
bone metabolism by promoting bone resorption, thereby in-
creasing serum GluOC concentrations. This effect occurs
through upregulation of receptor activator of nuclear factors kKB
ligand (RANKL) expression and downregulation of osteoprote-
gerin (OPG) expression in murine osteoblasts, thus disrupting
the OPG/RANKL concentration ratio. This creates a feedback
loop involving bone and muscle metabolic products as part of a
broad network of interactions [30-33].

Previous research into the biological functions of GluOC has
also raised the important issue of its influence on central ner-
vous system function [34]. Oury et al. [35] demonstrated that
GluOC penetrates the blood-brain barrier and directly regulates
the expression of the tryptophan hydroxylase-2 (7ph2), tyrosine
hydroxylase (7h), glutamate decarboxylase-1 (Gadl), and Gad2
genes, thereby affecting neurotransmitter concentrations. OC-
deficient mice had higher concentrations of y-aminobutyric acid
in all brain structures and lower concentrations of dopamine and
serotonin in the brainstem compared to WT mice. Impaired
neurotransmitter synthesis may have been responsible for the
observed behavioural impairment of Osc’/Osc” mice—namely, a
greater tendency towards anxiety and depressive behaviour.
They also exhibited poorer memory and slower learning. Fur-
thermore, intracerebroventricular administration of GluOC to
Osc’/Osc” mice resulted in altered expression of the Tph2, Th,
Gadl, and Gad?2 genes and normalised behaviour. Changes in
behaviour and neurotransmitter concentrations were not ob-
served in Gprec6a’/Gprc6a” mice with normal GluOC levels [35].
Moreover, research by Khrimian et al. [36] suggested that OC
plays a key role in early brain development. It is also essential
for the formation and maturation of neuronal circuits.

Following Lee et al. [16], other researchers have also created
OC-deficient mouse models. However, apart from changes in
bone structure (particularly in hydroxyapatite crystals), they
found no significant phenotypic changes suggesting that OC is
a hormonally active substance. The phenotypic variations be-
tween the mouse models may be due to differences in the genet-
ic engineering methods used to create them [37,38].

Copyright © 2024 Korean Endocrine Society
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THE SERUM CONCENTRATION OF
DECARBOXYLATED OSTEOCALCIN IS
REGULATED

The concentration of GluOC, just like that of any other hor-
mone, must be tightly regulated by reciprocal feedback. Experi-
ments have shown that the main regulators of GluOC in the
body are two hormones that also affect energy metabolism—
specifically, insulin and leptin [39].

The results of a series of experiments by Ferron et al. showed
that mouse osteoblasts have receptors for insulin (InsR) on their
surface. Their metabolic activity depends on OST-PTP, as men-
tioned earlier. Insulin, by binding to InsR on osteoblasts, inhib-
its the activity of forkhead box O 1 (FoxOl), a nuclear tran-
scription factor, which then leads to a decrease in OPG expres-
sion and the OPG/RANKL concentration ratio, thereby promot-
ing bone resorption. Another observation was increased expres-
sion of the T cell immune regulator 1, ATPase H+ transporting
VO subunit a3 (7cirgl) gene, which encodes a subunit of the
vacuolar proton pump found on osteoclasts and required for
acidification of the bone ECM. As mentioned earlier, lowering
the pH of the ECM is necessary for the process of OC decar-
boxylation, thereby causing an increase in GluOC concentra-
tion. This creates a feedback loop in mice, where insulin via
InsR in osteoblasts influences GluOC production, while GluOc,
in turn, promotes insulin production and beta-cell proliferation
in the pancreas [40].

In humans, however, the Esp gene is a pseudogene and it does
not encode a functional protein [41]. Therefore, a search began
to identify an enzyme, present in human osteoblasts, that could
be equivalent to mouse OST-PTP. This protein turned out to be
protein-tyrosine phosphatase 1B (PTP1B), an enzyme capable
of dephosphorylating INSR, a specific InsR present in human
osteoblasts. It has been shown that, as in mice, deactivation of
INSR results in decreased phosphorylation of FOXO1 and in-
creased expression of OPG. Thus, insulin signalling regulated
by tyrosine phosphatase occurs in human osteoblasts, as it does
in mice. Additionally, it has been observed that in individuals
affected by osteopetrosis, a disease that limits bone resorption
and results in decreased ability of osteoclasts to acidify the
ECM, serum GluOC and insulin concentrations after meals
were also reduced, corresponding to the results of experiments
in a mouse model [40].

Leptin, known as the “satiety hormone,” is mainly secreted
by adipose tissue. It crosses the blood-brain barrier by binding
to a specific receptor (leptin receptor long isoform [LepRb]) in
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the hypothalamus, among others, thereby regulating food intake
and energy expenditure [42]. Acting through activation of the
sympathetic nervous system and the 2-adrenergic receptor
(Adrp:) located in osteoblasts, leptin has been shown to have a
direct effect on bone metabolism [43]. Genetically modified
mice lacking the leptin gene and the receptor for leptin had high
bone mass associated with an impaired balance of bone forma-
tion and osteogenesis, while mice overexpressing the leptin
gene had low bone mass. A similar relationship was observed in
humans with an inactivating mutation in the leptin gene [44,45].
Additionally, leptin, via Adrf,, was found to increase Esp ex-
pression in a mouse model, leading to reduced serum GluOC
levels. Genetically modified mice lacking Adrf3; had increased
GluOC concentrations [46].

OSTEOCALCIN FUNCTIONS HAVE
POTENTIAL CLINICAL IMPLICATIONS

Due to the promising results in mouse models, observational
analyses have been carried out on the human population to un-
derstand the extracellular functions of OC.

Iki et al. [47] showed statistically significant negative correla-
tions between serum GluOC levels and fasting plasma glucose
(FPG), glycated hemoglobin (HbAIc), and homeostatic model
assessment-insulin resistance (HOMA-IR) in more than 1,500
Japanese men over 65 years of age with type 2 diabetes mellitus
(T2DM). Concordant results were also obtained in another
study that, apart from men, also included postmenopausal wom-
en with T2DM. Total OC concentration (tOC) was shown to be
an independent predictor for HOMA-IR, HbAlc (negative rela-
tionship) and HOMA for beta-cell function (HOMA-) (positive
relationship) [48,49].

A study by Zheng et al. [50], conducted on 225 children of
both sexes with congenital osteoporosis, demonstrated similar
findings regarding the correlations of tOC and GluOC with FPG
and HOMA-IR as those found in adults with T2DM. Further-
more, GluOC and tOC exhibited statistically significant nega-
tive correlations with body mass index (BMI). This study also
analysed children’s grip strength, which was significantly posi-
tively correlated with the GluOC/tOC ratio, similarly to the per-
centage body fat-free mass [50].

In a group of 79 obese children aged 7 to 12 years analysed
by Wang et al. [51], negative correlations were found between
tOC concentration and percentage body fat and visceral fat area,
and a positive correlation was observed between tOC and lean
body mass. Furthermore, children with severe and moderate
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obesity had statistically significantly lower tOC concentrations
than those with mild obesity and overweight [51]. Moreover,
among the population of children with type 1 diabetes mellitus,
lower GluOC, and tOC concentrations were identified as inde-
pendent factors associated with increased body fat [52].

Lower tOC concentrations have been identified as an inde-
pendent risk factor for the development of metabolic syndrome
[53-55]. Additionally, low tOC concentrations were found to be
an independent risk factor for hypertriglyceridemia, hypergly-
cemia, and reduced high-density lipoprotein cholesterol concen-
trations [55].

In an analysis of the relationship between muscle strength and
the GluOC/tOC ratio in women over 70 years of age, the ratio
was found to be positively associated with muscle strength of
the hip flexors, hip extensors, and quadriceps of the thigh, as
well as measures of executive functioning and global cognition
[56,57].

CONCLUSIONS

The effects of OC, the most common non-collagenous protein
in bone tissue, have been shown to extend far beyond the skele-
tal system. A mouse model lacking OC has revealed that this
protein can have a significant clinical impact, particularly on
energy metabolism, which has been confirmed in observational
studies in the human population. GluOC levels have been found
to exhibit negative correlations with FPG and HOMA-IR, and
tOC has shown negative correlations with percentage body fat
and visceral fat area. Positive correlations were observed be-
tween tOC and lean body mass, and between GluOC and
HOMA-B. A negative correlation between tOC and BMI was
confirmed in a meta-analysis including the results of 28 studies
[58]. A meta-analysis based on the results of 24 studies showed
that serum tOC levels are significantly reduced in patients with
T2DM and negatively correlated with the development of
T2DM [59]. Furthermore, observations on the association of
GluOC/HOC with muscle strength in both children with congen-
ital osteoporosis and women over 70 years of age are consistent
with those made in mouse models.

To conclude, research on OC has confirmed that it is actively
involved in the regulation of energy metabolism and may have
an impact on muscle tissue development. However, further re-
search on GIuOC is required to more precisely identify its role
in the pathophysiology of diseases such as obesity, T2DM, met-
abolic syndrome, and sarcopenia, and to discover its potential
use in the treatment of these conditions in the future.
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