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The bones form the framework of our body. We know that bones protect our vital organs, regu-
late calcium and phosphorous homeostasis, and function as a site of erythropoiesis. More recently,
however, the identification of bone hormones has allowed us to envision bones as endocrine or-
gans too. Within the last few years, the bone hormones osteocalcin and lipocalin 2 have been
implicated with glucose and energy metabolism. We systematically reviewed articles surrounding
this subject and found a clear relationship between the osteocalcin levels and glucose tolerance
and insulin sensitivity. We also found that many journals have shown the detrimental effects of an
absences of lipocalin 2 from adipocytes. As osteocalcin administration to mice showed decreased
blood glucose levels and promoted glucose tolerance and insulin sensitivity. Future studies could
perhaps explore the use of osteocalcin as a supplement for type 2 diabetes.
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Our bones have long been envisioned as the frame-
work of our body. It is a structural appendage that
protects our vital organs, regulates calcium and phos-
phorous homeostasis, and functions as a site of eryth-
ropoiesis. In the last decade, the discovery of certain
bone hormones has allowed us to observe that bone
can also function as an endocrine organ (Guntur and
Rosen 2012). Recent studies have shown that at least
two bone-derived hormones are implicated in the
control of glucose and energy metabolism, namely
osteocalcin (OCN) and lipocalin-2 (LCN2) (Mera et
al. 2018). Other studies have shown that patients with
type 1 and type 2 diabetes have an increased risk of
fractures and that hyperglycemia and insulin affects
bone metabolism (Bouillon et al. 1995; Janghorbani
et al. 2007).

Osteocalcin is a non-collagenous vitamin
K-dependent protein that is secreted in the late stage
of osteoblasts differentiation (Neve et al. 2013). Accu-
mulating evidence has shown that under carboxyl-
ated conditions, OCN stimulates the production

and secretion of insulin by the pancreatic (-cells
and adiponectin expression in adipocytes, resulting
in improved glucose intolerance (Kanazawa 2015)
(Figure 1). Both of these OCN functions are medi-
ated by the G-protein-coupled receptor GPRC6A
(Guntur and Rosen 2012; Pi et al. 2016). The GPRC6A
receptor belongs to the C family of GPCRs and is
extensively expressed in the body and detects amino
acids, steroids, extracellular calcium and osteo-
calcin (Pi et al. 2011). Correlations between expres-
sion of GPRC6A and functional responses to OCN
have been observed in both p-cells and Leydig cells
where they stimulate testosterone and 25-hydroxy
vitamin D biosynthesis (Pi et al. 2016). OCN has also
been shown to stimulate AMPK phosphorylation in
pancreatic B-cells, and thus regulates insulin secre-
tion, cell proliferation, and survival (Pi et al. 2016).
Some studies have shown through molecular
and genetic analyses in mice that lipocalin 2 is an
osteoblast-enriched secreted protein (Mosialou et al.
2017). Two receptors for LCN2 have been proposed,
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Figure 1. Endocrine regulation of energy metabolism by bone. Bone mediates through osteocalcin that

when undercarboxylated - favors p-cells proliferation

and insulin secretion in the pancreas. Insulin

favors osteocalcin bioavailability whereas sympathetic tone, regulated by leptin, decreases osteocalcin

bioavailability (adapted from Karsenty and Oury 2012).

the transporter protein SLC22A17 (24p3R) and the
megalin/glycoprotein GP330 (Hvidberg et al. 2005;
Gomez-Chou et al. 2017; Francisco et al. 2018). One of
the main functions of LCN2, also known as neutro-
phil gelatinase-associated lipocalin (NGAL), occurs
during an acute infectious process and is associated
with its interaction with SLC22A17. Bacteria obtain
much of their iron by synthesizing siderophores
when inside a host. These siderophages scavenge
iron and then deliver it to the bacteria. Upon detec-
tion of bacteria, Toll-like receptors of our immune
cells stimulate the transcription and translation of
LCN2, which sequestrates the iron-laden sidero-
phore and thus inhibits bacterial growth (Flo et al.
2004). SLC22A17 is located in the brain, adrenal
gland, endometrium, and many other tissues in the
body (Miyamoto et al. 2011; Visscher et al. 2015).
Megalin, a giant membrane glycoprotein of 600 kDa
that belongs to the low-density lipoprotein receptor
(LDLR) protein family is another receptor of LCN2
(Marzolo and Farfan 2011). Megalin is found in the
plasma membrane of many absorptive epithelial

cells, mainly in the kidney, brain, prostate, placenta
and thyroid (Holt et al. 2008).

Experiments in mice have demonstrated that LCN2
maintains glucose homeostasis by promoting insulin
secretion and improves glucose tolerance and insulin
sensitivity (Guo et al. 2010). Furthermore, osteo-
blast-derived LCN2 has been shown to inhibit food
intake (Palmiter 2017). Mosialou et al. (2017) have
described the mechanism of how LCN2 suppresses
appetite by crossing the blood-brain barrier, binding
to the melanocortin 4 receptor (MC4R) in the hypo-
thalamic paraventricular and ventromedial nuclei
neurons and activating an MC4R-dependent anorex-
igenic pathway.

In mammals, glucose is a major source of energy
and is essential for our survival (Guntur and Rosen
2012). Dysfunction in the regulation and utilization
of glucose leads to a wide assortment of metabolic
syndromes, including Diabetes Mellitus, a vast and
growing clinical and public health problem. In 2015,
the International Diabetes Federation estimated that
415 million adults had diabetes and that this number
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will increase to 642 million by 2040 (Herman
2017). Furthermore, there have been many studies
published documenting the association of diabetes
and increased frequency of fractures in such patients
(Ivers et al. 2001; de Liefde et al. 2005; Vestergaard
2007). In this study, we review some of the literature
surrounding the bone hormones and glucose and
energy metabolism.

Osteocalcin

Ferron et al. (2012) have tested in mice the thera-
peutic potential of intermittent administration of
osteocalcin. They have found that daily injections of
osteocalcin (3 or 30 ng/g/day) significantly improved
glucose tolerance and insulin sensitivity in mice fed
anormal diet. They also felt that this was attributable
partly to the observed increase in both B-cell mass
and insulin secretion. Furthermore, mice treated
with osteocalcin injections displayed additional mito-
chondria in their skeletal muscle, increased energy
expenditure, and were protected from diet-induced
obesity. Finally, hepatic steatosis induced by high fat
diet has completely been rescued (Ferron et al. 2012).

One study in 2011, has reported for the first time
that undercarboxylated osteocalcin (ucOC) is asso-
ciated with glucose/fat metabolism in patients with
type 2 diabetes. They found that in men, even after
multiple regression analysis, ucOC negatively corre-
lated with percent trunk fat, visceral/subcutaneous
fat ratio, fasting plasma glucose and HbA,, (indepen-
dent of age, duration of diabetes, body stature, and
renal function) (Kanazawa et al. 2011). Another study
has also demonstrated that osteocalcin levels were
inversely correlated with the body mass index, fasting
glucose and insulin, homeostasis model assessment
of insulin resistance, triglycerides, and leptin, and
positively correlated with adiponectin, even after
adjustment for age and gender (Saleem et al. 2010).
Furthermore, in a cross-sectional study, osteocalcin
levels were found to be highest in participants with
normal glucose tolerance, followed by those with
impaired fasting glucose and type 2 diabetes (Liang
et al. 2016).

Studies testing the hypothesis that bone cells
regulate energy metabolism, found osteocalcin to
be a positive regulator of insulin secretion, insulin
resistance, and energy expenditure. Astonishingly,
insulin signaling in osteoblasts is a positive regulator
of osteocalcin production and activation as it can
indirectly enhance bone resorption by osteoclasts.
On the contrary, leptin is a potent inhibitor of osteo-
calcin function (Ducy 2011).

Previous studies have shown that members of the
class O of forkhead box transcription factors (FOXO)
have important role in the metabolism, cellular prolif-
eration, stress resistance, and apoptosis (Wang et al.
2014). One study has demonstrated that mice lacking
Foxol only in osteoblasts had increased pancreatic 3
cell proliferation, insulin secretion, and insulin sensi-
tivity. Remarkably, the ability of osteoblast-specific
FoxOl deficiency to affect metabolic homeostasis
was due to increased osteocalcin expression and
decreased expression of Esp, a gene that encodes a
protein that decreases the bioactivity of osteocalcin
(Rached et al. 2010).

We have found one study that aimed to investi-
gate the relationship between 25-hydroxyvitamin D
[25(OH)D], osteocalcin, markers of glucose metab-
olism, and obesity-related parameters. They have
demonstrated that ucOC is related to 25(OH)D and
adiponectin concentrations (Giudici et al. 2017).
Neumann et al. (2016) have demonstrated that total
OC was lower in males with T1D. Further to this, in
T1D patients, the total OC was inversely correlated
with BMI and HbAlc, and UC-OC inversely corre-
lated with HbAIc (glycated hemoglobin). Therefore,
they concluded that total OC and UC-OC are associ-
ated with good glycemic control in TID (Neumann
et al. 2016).

Another study, published by Lee et al. (2007),
has shown that mice lacking osteocalcin display
decreased P-cell proliferation, glucose intolerance,
and insulin resistance. They have also found that ex
vivo, osteocalcin can stimulate Cyclin D1 and insulin
expression in B-cells and adiponectin in adipocytes
and that in vivo osteocalcin can improve the glucose
tolerance (Lee et al. 2007).

In an outstanding study, an extract containing
both Gla- and GluOC from boiled pork bone was
prepared and subsequently tested whether the extract
might beneficially influence the improving metabolic
parameters in obese mice. They have found that daily
oral administration of the extract for four weeks
decreased blood glucose levels and promoted glucose
tolerance as well as insulin sensitivity (Mizokami et
al. 2016).

Wei and Karsenty (2015) have generated mice
lacking osteoblast testis specific protein tyrosine
phosphatase (OST-PTP), which is encoded by a gene
termed Esp. They have found that Esp—/-mice exhib-
ited the same phenotype made of hypoglycemia,
hyperinsulinemia, and increased glucose utilization
by peripheral tissues. What is more, mice lacking Esp
in all cells or in osteoblasts had only significantly less
visceral fat (Wei and Karsenty 2015).
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Lipocalin 2

Mosialou et al. (2017) have identified in mice lipo-
calin 2 (LCN2) as an osteoblast enriched secreted
protein. In addition, their studies have demonstrated
that osteoblast derived LCN2 maintains glucose
homeostasis by inducing insulin secretion and
improves glucose tolerance and insulin sensitivity.
Furthermore, osteoblast-derived LCN2 inhibits food
intake. They have found that LCN2 crosses the blood-
brain barrier, binds to the melanocortin 4 receptor
(MC4R) in the hypothalamic paraventricular and
ventromedial nuclei neurons and activates an MC4R-
dependent anorexigenic pathway (Mosialou et al.
2017).

Systemic insulin sensitivity, adaptive thermo-
genesis, and serum metabolic and lipid profile were
assessed in LCN2-deficient mice fed a high-fat diet
(HFD) or regular chow diet in one study. In mice, the
in vivo disruption of LCN2 resulted in significantly
potentiated diet-induced obesity, dyslipidemia, fatty
liver disease, and insulin resistance. They have also
found that gene expression patterns in white and
brown adipose tissue, liver, and muscle indicate that
LCN2""mice have increased hepatic gluconeogenesis,
decreased mitochondrial oxidative capacity, impaired
lipid metabolism, and increased inflammatory state
under the HFD condition (Francisco et al. 2018).

In another study, fatty liver was triggered in rats
fed either with liquid Lieber-DeCarli (LDC) or LDC
+70% cal fructose (L-HFr) diet for 4 or 8 weeks. They
have found that fructose diet up-regulates hepatic
LCN2 expression, which correlates with the increased
indicators of oxidative stress and mitochondrial
dysfunction. Thus, they concluded that LCN2 may
be involved in liver protection (Alwahsh et al. 2014).
Another study has shown that expression of LCN2 is
elevated by agents that promote insulin resistance and

is reduced by thiazolidinediones. LCN2 serum levels
are elevated in multiple rodent models of obesity
and forced reduction of LCN2 in 3T3-L1 adipo-
cytes improves insulin action. They have also found
that exogenous LCN2 promotes insulin resistance
in cultured hepatocytes (Yan et al. 2007). Lambertz
et al. (2017) have reported that fructose-induced
steatosis and liver damage was more prominent in
female than in male mice, but that intriguingly, the
most severe hepatic damage occurred in the female
mice lacking LCN2.

Conclusions

Many studies, have shown a clear relationship
between the osteocalcin levels and glucose toler-
ance and insulin sensitivity. However, the discovery
of lipocalin 2, as an osteoblast enriched, secreted
protein is relatively new and as a consequence, there
is a need for further studies on the topic. Neverthe-
less, we have found many journals indicating the
detrimental effects of an absence of lipocalin 2 from
adipocytes, namely increased hepatic gluconeogen-
esis, decreased mitochondrial oxidative capacity,
impaired lipid metabolism, and increased inflamma-
tory state. One study has also intriguingly reported
that the most severe hepatic damage occurred in mice
lacking LCN2. All this suggests that with further
studies, associations between diet-induced obesity,
dyslipidemia, fatty liver disease might be made with
bone derived LCN2.

One study has demonstrated that the adminis-
tration of osteocalcin in mice decreased the blood
glucose levels and promoted glucose tolerance as well
as insulin sensitivity. Perhaps in the future one think
hard about the use of osteocalcin as a supplement
for patients with type 2 diabetes, specifically on the
required daily dosage to see such a protective effect.
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