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1Bambino Gesù Children’s Hospital, 00146 Rome, Italy
2UOS/IRGB, Milan Unit, National Research Council (CNR), 20138 Milan, Italy
3Humanitas Clinical and Research Center, 20089 Rozzano, Italy
4Medical Faculty of the Technische Universität Dresden, 01309 Dresden, Germany
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In recent years, many advances have been made in the
understanding of the role of the skeleton in whole body
pathophysiology.

The original vision of the bone as a static tissue with
limited functions is now completely abolished. Indeed it
is now well established that bone is a dynamic connective
tissue subjected to a continuous process of resorption and
formation. This activity is crucial, since correct bone home-
ostasis, skeleton integrity, and mechanical properties rely
on a perfect coupling between osteoclasts and osteoblasts
functions. Indeed recent studies demonstrated that the bone
remodelling process is an important regulator of many
functions not only limited to the bone, but also correlated
with the whole body physiology.

In this special issue, experts in the bone field addressed
the interplay between bone and energy metabolism, immune
system, male fertility, and kidney and documented how bone
has emerged as an endocrine “gland.”

In particular, osteocalcin is indicated as a key factor
mediating the endocrine functions of bone, with special
focus on glucose metabolism and male fertility. J. Shao et
al. described how osteocalcin targets 𝛽-cells in the pancreas
and adipocytes to regulate insulin production and sensitivity
and Leydig cells to control testicular function. Moreover
the authors reviewed the mechanisms regulating osteocalcin
production and activation, with particular attention to 1𝛼,25-
dihydroxyvitamin D3 and vitamin K, and reported studies
in humans supporting the relevance of osteocalcin in energy
metabolism and highlighting differences between men and

mice as well as aspects requiring further investigation. M.
F. Faienza et al. analyzed the bone-pancreas loop, focusing
the attention not only on osteocalcin, but also on other pro-
teins, such as osteoprotegerin, vitamin D, gastric inhibitory
polypeptide (GIP), and adiponectin, involved in the regu-
lation of insulin function and glucose metabolism. Antire-
sorptive drugs might impact the bone-pancreas interplay;
however conflicting results exist on this aspect and deserve
further efforts from the scientific community. In particular,
the development of new drugs simultaneously targeting the
skeleton, glucose metabolism, and the adipose tissue can be
envisaged. Besides the effects of bone osteocalcin on male
fertility, the endocrine role of oestrogens on human male
skeleton was also discussed in this special issue in the paper
by V. Rochira et al. The authors described the effects exerted
by oestrogens in the physiological events occurring in male
bone throughout life such as longitudinal skeletal growth,
skeletal proportion, achievement of peak bone mass, and
maintenance of bone mineral density. Moreover the authors
discussed clinical aspects of oestrogen deficiency.

In separate chapters, the interplay between bone and
kidney is presented. Y. Takei et al. described how bone home-
ostasis is finely regulated by a complex mechanism including
FGFs (fibroblast growth factors)/FGF receptors signalling.
In particular they emphasized how FGF23, expressed by
osteocytes/osteoblasts, reduces the levels of serum phosphate
and 1,25(OH)

2
D
3
and the relevance of its coreceptor𝛼Klotho,

produced by kidney distal tubular cells, in the physio-
logic regulation of mineral metabolism. In a clinical study
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S. Rotondi et al. investigatedwhether a soluble formofKlotho
could represent a marker of renal damage of CKD- (chronic
kidney disease-) MBD (mineral bone disorder), indicative
of the cross-talk between bone and kidney, and concluded
that soluble Klotho could be considered an early marker of
mineral metabolism impairment in renal disease.

Finally, bone diseases, such as osteopetrosis and osteo-
porosis, are revisited with the special focus on their relevance
for the endocrine role of the skeleton and on the relationship
with other diseases, respectively. Indeed, A. E. Coudert et al.
described how osteoclast dysfunctions lead to osteopetrosis
and have allowed shedding some lights on several aspects of
the bone biology that were not well known, discovering the
interaction between bone and stomach, insulin metabolism,
male fertility, immune system, bone marrow, and fat.

Regarding osteoporosis studies, P. Jackuliak and J. Payer
analyzed the osteoporosis risk in diabetic patients. Moreover
the authors made clinical considerations and discussed the
use of bone mineral density and the trabecular bone score to
study different bone properties, quantity and quality, respec-
tively. M. Bolanowski et al. investigated how many hormonal
disorders such as Cushing’s syndrome, hyperprolactinemia,
acromegaly, hypogonadism, and hypopituitarism influence
bone metabolism and can result in secondary osteoporosis.

This special issue should be of interest for basic and
clinical researchers since it covers a wide range of topics
regarding bone research. Original studies and reviews have
been published with the aim to report and summarize the
latest findings regarding the relevance of the skeleton in the
whole body physiology.
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Amélie Coudert



Review Article
Bone Regulates Glucose Metabolism as an Endocrine
Organ through Osteocalcin

Jin Shao, Zhi Wang, Tieyi Yang, Hui Ying, Yan Zhang, and Shuyi Liu

Department of Orthopaedics, Shanghai Pudong New Area Gongli Hospital/Clinical School, The Second Military Medical University,
Shanghai 200135, China

Correspondence should be addressed to Tieyi Yang; yangtieyi@163.com

Received 9 June 2014; Revised 21 August 2014; Accepted 18 September 2014

Academic Editor: Andrea Del Fattore

Copyright © 2015 Jin Shao et al.This is an open access article distributed under the Creative Commons Attribution License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Skeleton was considered as a dynamic connective tissue, which was essential for mobility, calcium homeostasis, and hematopoietic
niche. However more and more evidences indicate that skeleton works not only as a structural scaffold but also as an endocrine
organ, which regulates several metabolic processes. Besides osteoprotegerin (OPG), sclerostin (SOST), and Dickopf (DKK) which
play essential roles in bone formation,modelling, remodelling, and homeostasis, bone can also secret hormones, such as osteocalcin
(OCN), which promotes proliferation of 𝛽 cells, insulin secretion, and insulin sensitivity. Additionally OCN can also regulate the
fat cells and male gonad endocrine activity and be regulated by insulin and the neural system. In summary, skeleton has endocrine
function via OCN and plays an important role in energy metabolism, especially in glucose metabolism.

1. Introduction

Bone has been only considered as a structure organ for
centuries. Classical understanding of skeleton is that bone
functions as the structure scaffold in animals and contains
three types of cells: osteoblast, osteocyte, and osteoclast.
Osteoblasts come from mesenchymal stem cells and can
differentiate to osteocytes, which stay in the bone matrix.
Osteoblasts are responsible for bone formation, and its
activity can be regulated by several pathways such as WNT
signaling pathway. Osteoclasts are a type of bone cells, which
resorb bone and derived from the fusion ofmononuclear cells
belonging to the monocyte/macrophage lineage. Osteocytes
and osteoblasts can secrete some signaling factors, such as
WNT, OPG, and SOST, in order to regulate the coupling
function of osteoblast and osteoclast; in this way bone
obtains the ability to model and remodel itself. Recent
reports indicate that SOST, aWNTantagonist, downregulates
the WNT signaling activity by crosstalk with parathyroid
hormone (PTH) and bone morphogenetic protein (BMP) in
order to regulate bone cell differentiation, proliferation, bone
formation, and bone resorption activities [1–4]. Even though
there are plenty of evidences indicating that bone can secrete

protein factors in the circulation and regulate itself, all these
secreted factors cannot be called hormones.

However, in the past decades with the development of
technology we found that skeleton can also be an endocrine
organ, which regulates not only itself but also other organs.
The most well known and studied two hormones secreted by
skeleton areOCN and fibroblast growth factor 23 (FGF23) [5]
(Figure 1). In this review we would focus on OCN, especially
on its function as a hormone in metabolism homeostasis.

2. Endocrine Functions of Bone through OCN

2.1. Production of OCN. OCN is specially synthesized and
secreted by cells of osteoblast lineage, such as osteoblast and
osteocyte [6, 7]. In humans OCN is also known as bone
𝛾-carboxyglutamic acid-containing protein (BGP) and it is
one of the richest noncollagenous proteins in bone matrix.
The most of OCN is found in bone matrix and only a small
amount in blood, because it has strong affinity to bonematrix.

OCN has proosteoblastic or bone-building function.
Osteoblasts can secret OCN to stimulate osteoblastic dif-
ferentiation and osteocytic maturation. The OCN gene has
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Figure 1: Skeleton regulates mineral and energy homeostasis. In mineral homeostasis, low level of circulating calcium stimulates the
parathyroid gland to release PTH, which later upregulates blood calcium levels by stimulating osteoclastic bone resorption, renal calcium
reabsorption, and renal production of Vitamin D to increase intestinal calcium absorption. Increased serum phosphate and Vitamin D
stimulate FGF23 synthesis and releasing in bone, which subsequently inhibits PTH production from the parathyroid gland, inhibits Vitamin
D production in the kidney, and promotes renal phosphate excretion. Leptin inhibits bone formation and the homeostatic function of the
skeleton indirectly through SNS.However, SNS signalling also increases the production ofOCN frombone, which feeds into the positive loop.
OCN affects pancreatic 𝛽 cells and increases insulin level, which has feedback effect on bone, driving further production of OCN. OCN also
acts on fat to increase the production of adiponectin and upregulates insulin sensitivity. FGF23, fibroblast growth factor 23; PTH, parathyroid
hormone; SNS, sympathetic nervous system.

4 exons and 3 introns, and more than 70% of the exon
sequences are conserved both in human and in mice. The
OCN protein contains 46–50 amino acid residues (varying
from different species), the synthesis process of which is
a little complicated (Figure 2). Firstly, the transcription is
regulated by 1𝛼,25-dihydroxy-Vitamin D3. After the transla-
tion it is only preproosteocalcin, which contains 98 amino
acid residues composed of three parts: a 23-residue signal
protein, a 26-residue target propeptide, and a 49-residue
mature protein. Proteolysis of the prepropeptide will form
the mature OCN [8]. At position 17, 21 and 24 of the 49-
residue peptide second carboxyl groups (–COOH) are added
to form 𝛾-carboxyglutamyl residues, which are essential for
its activity regulation.

According to the carboxylation level, OCNcan be divided
into two groups; one is called undercarboxylated osteocalcin
(ucOCN), and the other is carboxylated osteocalcin (cOCN).
The decarboxylated form ucOCN is the active form of OCN
as a hormone, which has little affinity to bone so that
most of ucOCN will circulate with the blood, while most
of cOCN will be stored in the bone matrix because of its
strong affinity to bone matrix. Usually the concentration
of ucOCN is not controlled by the protein synthesis, but
by the decarboxylation of OCN and its releasing from the
bone matrix. This issue will be discussed in Section 2.3
later.

2.2. OCN Targeting Organs

2.2.1. OCN Targets 𝛽 Cells and Adipocytes. There are evi-
dences indicating that in Ocn knocked out mice the total
amount of insulin in serum is downregulated, and the
Ocn knocked out mice have so-called impaired glucose-
stimulated insulin secretion (GSIS) and poor glucose toler-
ance phenotype [9]. At the same time the serum adiponectin,
a protein hormone that modulates several metabolic pro-
cesses such as glucose regulation and fatty acid oxidation,
was also reduced [10]. All these results suggest that OCN
may target 𝛽 cells and insulin targeting tissue such as muscle,
liver, and adipocyte in order to regulate both insulin secretion
and sensitivity [11, 12]. Later studies show that the change
of insulin sensitivity is probably mediated by adiponectin
instead of direct interaction with OCN [13]. This result
indicates that adipocytes are probably one target of ucOCN,
and ucOCN functions as the activity form of OCN in
circulation.

There are also many evidences indicating that ucOCN
can regulate 𝛽 cells in pancreatic islets. Not only insulin
1 and insulin 2 can be upregulated by ucOCN but also
the proliferation of 𝛽 cells. Further research indicates that
CyclinD1, CyclinD2, andCdk4 in𝛽 cells can also be regulated
by ucOCN, and in this way it is not difficult to understand
why ucOCN can stimulate 𝛽 cell proliferation [9, 12, 14].
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Figure 2: OCN is synthesized in osteoblasts.OCN is mainly expressed in osteoblasts. After transcription, which is stimulated by Vitamin D,
the prepro-OCN peptide will be proteolysed and forms a prepeptide (23 aa) and a pro-OCN peptide (75 aa). The pro-OCN peptide can be
carboxylated atGlu residues 17, 21, and 24, resulting in formation ofGla residues in aVitaminKdependent process. Generally, this process only
occurs in a proportion of newly synthesized proosteocalcin. Then Gla and Glu pro-OCN peptides are subjected to a final proteolytic process
that produces cOCN and ucOCN. Both forms are released from osteoblasts in a process which is calcium dependent. While the carboxylated
Gla residues are involved in calcium and hydroxyapatite binding, allowing OCN deposition on mineralized bone matrix, ucOCN has a low
affinity for hydroxyapatite and is more easily released into the circulation. OCN, osteocalcin; ucOCN, uncarboxylated osteocalcin; VDR,
Vitamin D receptor; VDRE, Vitamin D receptor element.

𝛽 cells proliferation and insulin secretion can be significantly
affected at low concentrations of ucOCN (6–60 pM) [15].The
mice lacking osteoblasts have not only problems on bone
density and strength but also impaired glucose metabolism,
such as high blood glucose, low insulin secretion, and insulin
resistance. All these phenotypes mimic the defects in Ocn
knocked out mice. However, administration of OCN can
restore glucose and insulin level in circulation but only
partially insulin sensitivity [16].This indicates that osteoblasts
may have some OCN independent ways to regulate insulin
sensitivity.

Although more and more evidences show that OCN
can regulate 𝛽 cells and increase the insulin sensitivity of
insulin targeting cells, the receptor of OCN ormore correctly
ucOCN has not been identified yet. What is more, we do
not even know how OCN regulates the insulin sensitivity.
There are only evidences indicating adiponectin mediates the
insulin sensitivity regulation of OCN [13]. Whether some
other mechanisms involved in this progress is still not clear.
We should also not ignore cOCN, which usually stays in the
bone matrix.The biological function of cOCN is still unclear.
Is it only storage of ucOCN? Does it have some unknown

functions on metabolism of bone formation? Some in vitro
studies indicated that cOCN could regulate bone formation
and resorption; however, in the Ocn knocked out mice no
negative bone effects were observed [17–19]. Anyway, a lot of
questions still need to be answered.

2.2.2. OCN Regulates Testicular Function. OCN regulates
male reproduction activity [20]. These were observed from
the experimental studies on Esp and Ocn knocked out
mice. With or without OCN, male mice showed different
reproductive activity. Mice with high OCN activity (the
Esp knocked out mice) had increased testicular volume and
sperm count. On the contrary, theOCN absentmice (theOcn
knocked out mice) showed shriveled testes, epididymis, and
seminal vesicles. However, the female in both Esp and Ocn
knocked out groups did not showanydefects in reproduction.
Ocn specific deletion in leydig cells showed no such effects
as described above [20]. This indicates that OCN secreted by
skeleton regulates male reproduction activity as a hormone.

And fortunately the receptor in the leydig cell of ucOCN
was identified. It is a G protein-coupled receptor (GPCR6A)
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Figure 3: Endocrine actions of osteocalcin. Circulating OCN and particularly ucOCN (released during bone resorption activity) have direct
effects on𝛽 cells, stimulating insulin synthesis.Meanwhile it affects adipocytes and stimulates adiponectin secretion. Adiponectin upregulates
insulin sensitivity. In turn, insulin binds to insulin receptor of osteoblasts and affects osteoblasts; then OPG expression will be upregulated
and in turn suppress the activity of osteoclasts. Osteoclast stimulates bone resorption with subsequent release of ucOCN in blood circulation.
OCN also functions on leydig cells. It can increase their activity and testosterone production. OCN, osteocalcin; ucOCN, uncarboxylated
osteocalcin; OPG, osteoprotegerin; InsR, insulin receptor.

and localized on the surface of the leydig cell. This 7-
transmembrane protein was found because the GPCR6A
knocked out mice copy the metabolic syndrome of the
Ocn knocked out mice [21, 22]. In the past decades it was
demonstrated that gonadal hormone (estrogen) can regulate
bone formation [23, 24], and nowwe know that bone can also
regulate testicle and testosterone secretion. This discovery
suggested that there may be a novel mechanism regulating
bone formation in some special stage, such as teenage time,
in which rapid bone formation is associated with androgen
secretion changing. In general, OCN, particularly ucOCN
(released during bone resorption) targets directly 𝛽 cells
and stimulates insulin synthesis and secretion. At the same
time it affects adipocytes and enhances adiponectin secretion.
Adiponectin itself upregulates the insulin sensitivity of the
insulin targeting cells [13]. Interestingly, OCN also targets
leydig cells and regulates testosterone production and male
reproductive activity (Figure 3).

2.3. Regulation of OCN Production and Activation

2.3.1. OCN Is Partly Regulated by 1𝛼,25-Dihydroxyvitamin
D3 and Vitamin K. Vitamin D is a kind of fat-soluble
secosteroids which plays an essential role in absorption of
calcium, phosphorus, iron, zinc, and their metabolism. In
humans and mice the most active form of Vitamin D is
1𝛼,25-dihydroxyvitamin D3 (Vitamin D3). Recent studies
showed that the Ocn expression in osteoblasts can be partly
stimulated by Vitamin D3 [25]. It has been reported that
OCN usually functions to inhibit mineralization. More inter-
estingly fibroblast growth factor 23 (FGF23), another bone
secreted hormone, can affect kidney and inhibit Vitamin D

Table 1: Metabolic phenotypes of ESP and Ocn knocked out mice.

ΔESPmice ΔOcnmice
Blood glucose Decreased Increased
Glucose tolerant Increased Decreased
Sensitive to insulin Increased Decreased
Beta cells proliferation Increased Decreased
ucOCN Decreased Absent

synthesis.This loop suggested a feedback loop, in which bone
can partly regulate its own hormone secretion [26].

Studies showed that accumulation of osteocalcin in the
ECM of human osteoblastic cultures stimulated by 1𝛼,25-
dihydroxyvitamin D3 is inhibited by warfarin (antagonist of
Vitamin K), while Vitamin K2 enhanced the 1𝛼,25-dihydrox-
yvitamin D3 effect [27], and 1𝛼,25-dihydroxyvitamin D3
stimulated mineralization was significantly augmented by
warfarin [28].

The biological active form of OCN is ucOCN, while
the cOCN has a strong affinity to bone matrix and binds
tightly to hydroxyapatite, as a result little cOCN could be
found in the serum [29]. Vitamin K is a cofactor for the
glutamate carboxylase, which is required for carboxylation.
In the absence of Vitamin K the serum level of ucOCNwould
be increased. On the contrary, high level of Vitamin K can
reduce ucOCN level, which had been proved by Vitamin K
administration in daily diet [30].

2.3.2. OST-PTP, the Product of Receptor-Type Tyrosine-Protein
PhosphataseV (Esp) Controls OCNActivity. Generally speak-
ing, there are two ways controlling OCN signaling, one is
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Figure 4: Proposed regulation of Esp expression and OCN carboxylation in mice. FoxO1 and ATF4 could bind to the promoter site to
stimulate the transcription of Esp.The product of Esp is OST-PTP, which can suppress the carboxylation of prepro-OCN and in turn suppress
the activity of OCN. VK, Vitamin K; SNS, sympathetic nervous system; OCN, osteocalcin; ucOCN, uncarboxylated osteocalcin.

on the transcription level and the other is on the post-
translational level. The product of Esp is an osteotesticular
protein tyrosine phosphatase (OST-PTP), which is found in
embryonic cells, Sertoli cells, and osteoblast [9]. Karsenty et
al. found Esp knocked out mice have the opposite phenotype
compared with the Ocn knocked out group (Table 1). The
phenotypes of the Esp knocked out mice are as follows: hypo-
glycemia, high glucose-stimulated insulin secretion, glucose
tolerance, pancreatic insulin content, and 𝛽 cell proliferation
[9]. Esp deletion (either totally knocked out or selectively
knocked out in osteoblasts) resulted in the exact opposite
phenotype as found in the Ocn knocked out mice. And
Esp can rescue the phenotype of the high fat diet and gold
thioglucose-induced obesity and diabetes, which mimics the
phenotype of ucOCN treated mice [9, 12]. All these results let
Lee et al. believe that OST-PTP may mediate the inactivation
of OCN via 𝛾-carboxylation. Indeed lacking one allele of
Ocn in the Esp knocked out mice rescued the metabolic
abnormality of the Esp absent mice. This result indicates that
OST-PTP downregulates the activity of ucOCN [9]. As the
total Ocn gene expression did not change in Esp knocked
out mice, Ferron et al. suggested that OST-PTP was involved
in the osteoclast-dependent ucOCN formation and releasing
[31].

In the recent years the molecular mechanism of Esp
regulation was revealed (Figure 4). Two transcription
factors, forkhead box protein O1 (FOXO1) and cyclic

AMP-dependent transcription factor (ATF-4), are involved
in the regulation of the total OCN [32]. FOXO1 is a
conservative modulator of glucose metabolism in many
organs, as well as insulin synthesis in 𝛽 cells, and ATF4
regulates expression of many genes which mostly are
important for adult bone formation and development
[33, 34]. Osteoblast specific FoxO1 knocked out mice
have low blood glucose level and high glucose tolerance
[35], which is similar to the mice with high ucOCN level.
This indicated that FoxO1 may be a modulator of Ocn
transcription or posttranslational modification. Further
studies on knocked out mice showed that FoxO1 could
upregulate OST-PTP. Molecular experimental studies
showed that FoxO1 could bind to a cognate FoxO1 binding
site in the Esp promoter area and stimulate the expression
of the downstream Esp; then OST-PTP would activate the
carboxylation of OCN or ucOCN. The new formed cOCN
would bind to hydroxyapatite and stay in bone matrix, and
as a result the ucOCN would be downregulated [35]. These
studies also found the binding site for ATF4 in the Esp
promoter. Now it is not surprising that ATF4 can suppress
obesity in mice and involve in the glucose homeostasis
in human [36–38]. In fact even though ATF4 is mainly
expressed in osteoblast, it functions quite similar to FoxO1.
Via stimulating OST-PTP transcription ATF4 suppress the
activity of OCN, in this way suppressing insulin secretion and
insulin sensitivity [39, 40]. More details of OCN regulation
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are still unknown, and the endocrine regulation of OCN will
be discussed in the later section of this review.

3. Bone Regulates Glucose
Metabolism via OCN

3.1. OCN in Glucose Metabolism. As mentioned in the sec-
tions above, in the Ocn knocked out mice the blood glucose
concentration was higher than that of the wild type. Serum
insulin in the knocked out mice would be downregulated
and the mice tended to be obesity [12]. All these indicate
that OCN may be essential in energy metabolism, especially
in glucose metabolism. With administration of OCN or
deletion of Esp (OST-PTP increases ucOCN, the active form
of OCN), the mice achieved higher activity of insulin, lower
blood glucose, higher glucose tolerance, and higher insulin
sensitivity with normal glucagon levels [9]. This abnormality
is mainly caused by the increased number or mass of pan-
creatic islets and 𝛽 cells. This means that OCN can increase
insulin secretion and insulin sensitivity in some tissues such
as muscles and adipose tissue. The increasing sensitivity of
insulin is probably mediated by adiponectin, which can be
upregulated by ucOCN [9, 12, 41]. cOCN would be stored in
the bonematrix and released during bone resorption [10, 42].
Osteoclasts would secret protons and decrease the pH value
during resorption; this would facilitate the decarboxylation
of cOCN and by the way the active form ucOCNwould enter
the circulation to stimulate 𝛽 cells proliferation and insulin
secretion [31, 43]. However, more details of the mechanism
need to be revealed.

3.2. Feed-Forward Effect of Insulin. Insulin, synthesized and
modified in 𝛽 cells in pancreas, is an essential protein
hormone in almost all vertebrates. Through clinical obser-
vation we know that insulin signaling can also affect the
bones. Insulin receptor (InsR) is required for osteoblast
survival, proliferation, and differentiation [44, 45]. Runx2 is
a transcription factor which is essential for osteoblastic dif-
ferentiation and skeletal morphogenesis. Studies showed that
the expression of Runx2 was decreased in osteoblasts lacking
InsR [45, 46].However, insulin dose does not directly regulate
Runx2 activity. Instead, insulin downregulates Twist2, an
inhibitor of Runx2 activity [46], to suppress the activity of
Runx2 [43].

Insulin can also promote bone resorption. However, it
does not directly work on osteoclasts but on osteoblasts.
Insulin signaling can decrease osteoprotegerin (OPG) expres-
sion in osteoblasts via binding to InsR [31]. OPG, a key
regulator of osteoclasts, together with receptor activator of
nuclear factor-𝜅 ligand (RANKL) via receptor activator of
nuclear factor-𝜅 (RNAK) regulates the differentiation and
activity of osteoclasts [2, 47, 48]. During bone resorption
the osteoclasts secrete proton and the pH value will be low.
This acidic environment facilitates decarboxylation and the
concentration of ucOCNwill be upregulated. In turn ucOCN
increases 𝛽 cells proliferation, insulin secretion, and insulin
sensitivity [16, 49]. Thus, insulin signaling and OCN form a
feed-forward loop, in which insulin affects osteoblasts and in

turn increases its own secretion and sensitivity via ucOCN.
Insulin signaling can decrease OPG expression in osteoblast
via binding to InsR [31]. And InsR is downstreammolecule of
OST-PTP, which inhibits phosphorylation of InsR and stops
insulin signaling in osteoblasts [50, 51]. This feed-forward
model explains why the osteoblastic InsR knocked out mice
have low serum insulin level and high insulin resistance.

3.3. Endocrine Regulation of OCN. As mentioned above, the
relationship between OCN and insulin is not a feedback
relationship, so there must be some other signaling pathways
to regulate the OST-PTP activity. If not, the serum insulin
concentration cannot stay in a certain level with only the
feed-forward loop between bone and pancreatic islets. Some
studies suggested that sympathetic nervous system (SNS)
may control the expression of Esp via leptin, a hormone
secreted by adipocytes [41]. The main function of leptin is
regulating the amount of fat stored in the body. It can adjust
both the sensation of hunger and energy expenditures. The
target of leptin signaling is the brain. It inactivates the 5-
hydroxylase 2 (Tph2), which is known as the rate-limiting
enzyme of serotonin synthesis [52]. Tph2 knocked out mice
have osteoporotic and anorectic phenotype, indicating this
source of serotonin can regulate osteoblasts. Yadav et al. have
proved that leptin-dependent regulation of OCN carboxy-
lation appeared to be through the hypothalamus [53, 54].
The SNS acts through 𝛽2-adrenergic receptors (Adrb2) in
osteoblasts to upregulate the Esp expression [41], and in so
doing the activity of ucOCN would be suppressed.

3.4. OCN in Human

3.4.1. ESP Does Not Play the Same Role in Human. The ESP
gene in human is a so-called pseudogene which does not
have a functional product. Its function may be replaced by
another or some other proteins [55]. Years ago a study showed
that in human dephosphorylation of InsR can be achieved
by protein-tyrosine phosphatase 1B (PTP1B) instead of OST-
PTP [31]. So it seems that the mechanism of OCN regulation
in human is different from that in mice.

3.4.2. The Circadian Rhythm of OCN in Human Is Different
fromThat in Mice. In human the concentration of OCN will
arrive at its peak in the early morning and its lowest point
in the afternoon, while the mice will have a high level of
OCN in the day and the level of OCN reaches its lowest
point at night during sleep [56]. In the older studies the
researchers could only test the concentration of total OCN,
now there are several ways to test the level of ucOCN, such
as ucOCN specific ELISA and hydroxyapatite (HAP) binding
assay [19, 57]. With these technological development, recent
studies showed that the ratio of ucOCN/OCN usually did not
change, while the total amount of ucOCN in circulation had
the similar changes as the circadian rhythm of OCN [8, 58–
62].

3.4.3. Clinical Studies of OCN. In clinical studies the data
weremostly focused on the effects ofOCNonbone formation
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and metabolism. Children and adolescents, who have the
need to increase bone formation, usually have higher levels
of OCN and ucOCN and this may facilitate the utilization
of glucose in bone [63]. Clinical studies also showed that
bone loss was associated with high level of ucOCN in human,
and in older people high OCN level predicted increased
fracture risk or lower bone density [64, 65].The phenomenon
can be explained by studies in mice that bone resorption
facilitates decarboxylation of OCN and releases OCN from
bone matrix to the blood [10]. However, whether OCN has
effects on skeleton or not is still not clear; the OCN knocked
out mice seem quite normal. The minor differences between
the knocked out and wild type mice suggest that OCN may
play some roles in regulation of bone mineralization [17].

Only in recent years many studies are focused on the hor-
mone functions of ucOCN and OCN in energy metabolism.
Patients who suffer from type 1 or type 2 diabetes mellitus
have lower level of OCN than healthy people [66–69].
Patients with obesity also show lower level of OCN [70,
71]. We have already discussed that adiponectin mediates
the insulin sensitivity. However, studies showed in male
patients with type 2 diabetes adiponectin was associated with
ucOCN/OCN ratio instead of the concentration of ucOCN,
while in female patients it was correlated with OCN, but
not ucOCN [72]. It is now very clear that OCN regulates
testicular function and does not have such function on
female gonad [20]. Whether it has something to do with the
differences between male and female diabetic patients is still
unknown. Anyway, more studies need to be done to reveal
the mechanism of this phenomenon.

4. Conclusion

Studies in animal models showed that ucOCN targets 𝛽 cells
in the pancreas to directly regulate insulin synthesis and
regulates insulin sensitivity through adiponectin [13]. And
experiments in mice showed that ucOCN may be a potential
therapy for diabetic patients [66]. One of the regulators of
OCN isOST-PTP, which promotes the carboxylation of OCN
and reduces the concentration of ucOCN or the ratio of
ucOCN/OCN [8].

There are also many clinical evidences indicating that
OCN or probably ucOCN is associated with fasting glucose
and insulin sensitivity [63]. However, OST-PTP is not a
functional protein in human, and the exact role which OCN
plays in human still needs to be studied.

Anyway all these studies suggest us skeleton can behave
not only as a structure scaffold but also as an endocrine organ,
which regulates energy metabolism, even though all the
studies are mostly done in mice and only partially confirmed
in human [55]. Therefore, more investigations are needed to
reveal the total functions of OCN as a hormone in energy
metabolism.
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The functional significance of fibroblast growth factor (FGF) signaling in bone formation has been demonstrated through genetic
loss-of-function and gain-of-function approaches. FGFs, comprising 22 family members, are classified into three subfamilies:
canonical, hormone-like, and intracellular. The former two subfamilies activate their signaling pathways through FGF receptors
(FGFRs). Currently, intracellular FGFs appear to be primarily involved in the nervous system. Canonical FGFs such as FGF2
play significant roles in bone formation, and precise spatiotemporal control of FGFs and FGFRs at the transcriptional and
posttranscriptional levels may allow for the functional diversity of FGFs during bone formation. Recently, several research
groups, including ours, have shown that FGF23, a member of the hormone-like FGF subfamily, is primarily expressed in
osteocytes/osteoblasts. This polypeptide decreases serum phosphate levels by inhibiting renal phosphate reabsorption and vitamin
D
3
activation, resulting in mineralization defects in the bone. Thus, FGFs are involved in the positive and negative regulation of

bone formation. In this review, we focus on the reciprocal roles of FGFs in bone formation in relation to their local versus systemic
effects.

1. Introduction

Bone is a connective tissue with a mineralized extracellular
matrix that provides support to the body and affects cal-
cium (Ca)/phosphate (inorganic phosphate; Pi) metabolism.
Osteoblasts are involved in bone formation via secretion
of the organic matrix “osteoid” and the subsequent facili-
tation of hydroxyapatite crystal formation. Large multinu-
cleated osteoclasts play an active role in bone resorption.
Bone formation and resorption, that is, bone metabolism,
are regulated by local versus systemic factors. The former
includes growth factors and receptor activator of nuclear
factor 𝜅-𝛽 ligand (RANKL) and its receptor RANK. Repre-
sentatives of the latter include parathyroid hormone (PTH),
1𝛼,25-dihydroxyvitamin D

3
(1,25(OH)

2
D
3
), and calcitonin

[1]. Growing evidence suggests that additional interactions
between bone and extraskeletal organs affect, during develop-
ment, aging and pathogenesis. For example, undercarboxy-
lated osteocalcin secreted by osteoblasts acts on pancreatic
𝛽-cells to promote insulin production, which is involved in

the regulation of energy metabolism [2]. Osteoblast lineage
cells compose hematopoietic [3, 4] and cancer stem cell
niches [5], thereby affecting the fates of their stem cells.
The adipocyte-derived hormone leptin acts on its specific
receptors in the hypothalamus, increases sympathetic activity
in bone, and exerts antiosteogenic effects [6]. Serotonin (5-
HT) secreted by enterochromaffin cells binds to its receptor 5-
HT
2
BR in preosteoblasts and inhibits their proliferation [7].

Further studies in this field are of significance with regard to
understanding the precise functions of bone.

Fibroblast growth factors (FGFs) are pleiotropic growth
factors that regulate cell proliferation, migration, and differ-
entiation in many organs including bone. Twenty-two family
members of FGFs (FGF1–23, wherein FGF15 is the mouse
ortholog of human FGF19) have been identified in mammals
so far. FGFs can be divided into three subfamilies: canonical,
hormone-like, and intracellular [8]. Numerous studies have
shown that canonical FGFs, such as FGF2, act in bone.
Hormone-like FGF family members are the most recently
identified FGFs, and the discovery of these, especially
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the clinical and experimental studies of FGF23, led us to
explore the additional roles of FGFs in bone. Not only FGF23
but also FGF2 is exclusively expressed in osteoblast lineage
cells and shares specific receptors (FGF receptors, FGFRs) to
transduce intracellular signals, although the effects of these
FGFs are variable. The intracellular FGFs, FGF11–14, have
been well studied in neurons but not in bone and, therefore,
are not discussed here. This review, therefore, provides new
insights into the roles of FGFs during bone formation and
compares canonical versus hormone-like FGFs.

2. The FGF and FGFR Family Members and
Their Signaling Pathways

Canonical FGFs, including FGF2, comprise the most com-
mon subfamily that transduces signals through FGFR tyro-
sine kinases. A heparin-binding domain is conserved among
most FGFs, and heparan sulfate (HS) is an integral com-
ponent for the acquisition of the binding affinity of FGFs
to FGFRs. Therefore, these polypeptides can be retained
in the extracellular matrix in the vicinity of their secret-
ing cells. Thus, canonical FGFs act as autocrine and/or
paracrine factors [10, 11]. The hormone-like subfamily mem-
bers, FGF15/19, FGF21, and FGF23, contain extra structural
features at the C-terminus and require the membrane pro-
teins 𝛼Klotho/𝛽Klotho as cofactors rather than HS to bind to
FGFRs [8, 12]. This hallmark difference may pertain to the
dynamic properties of the two subfamilies. Both canonical
and hormone-like FGFs show their biological activities by
activating four distinct FGFRs (also known as the existence
of splicing variants “b” and “c” of FGFR1–3) with different
binding affinities. For information on the binding affinity of
individual FGFs to FGFRs, refer to other reviews and papers
(see, e.g., [13]). Many studies have found that tyrosine phos-
phorylation of the intracellular domain of FGFRs activates
the Ras-mitogen-activated protein kinase (MAPK) pathways,
including extracellular signal-regulated kinase (ERK)1/2, p38,
and c-Jun N-terminal kinase (JNK), the phosphatidylinositol
3-kinase- (PI3 K-) Akt pathway, and the phospholipase C
(PLC)𝛾-protein kinase C (PKC) pathway (Figure 1) (see, e.g.,
[14]). Overall, the spatiotemporal dynamics of FGFs and
FGFRs may determine how the FGF family members exert
their proper activities in particular cells and tissues.

It is also worth noting that negative and positive mod-
ulators expressed in a wide range of cells and tissues play
precise roles in FGF signaling, and this may further com-
plicate the functional profiles of FGFs. The sprouty (SPRY)
family is a highly conserved group of negative feedback loop
modulators of growth factor-mediatedMAPK activation that
was originally described in Drosophila [15]; thereafter, four
mammalian orthologs (SPRY1–4) have been identified. Either
FGF3 or FGF8 upregulates both mRNA and protein levels of
Spry4, while increased Spry4 inhibits both FGF3 and FGF8
signaling by interfering with the downstream activation of
FGFR1 in zebrafish blastomeres [16]. Similar expression of
Fgf genes (Sef ) encodes a conserved putative transmembrane
protein that has sequence similarity with the intracellular
domain of the interleukin-17 receptor. This modulator acts

Canonical FGFs

FGFRs

pTKs

RasPKC

MEK1/2

ERK1/2

Nucleus

p38 MAPK

PI3K

Akt

Osteoblast genes

Canopy1
Positive feedback loop

Negative feedback loop

Egr-1 ATF-2 mTOR

Plasma membrane

HS

PLC𝛾

Sef and Spry4

Figure 1: FGF/FGFR signaling and its feedback loops. Ligand-
dependent activation of FGFR tyrosine kinases induces ERK1/2,
p38 MAPK, and Akt phosphorylation and subsequent upregu-
lation of their downstream transcriptional factors such as early
growth response protein-1 (Egr-1), activating transcriptional factor-
(ATF-) 2, and mammalian target of rapamycin (mTOR). These
transcription factors regulate the expression of genes involved in
osteoblastogenesis. Canopy1 acts as positive feedback factor for
FGF/FGFR signaling. Sef and Spry4 silence FGF/FGFR signaling.
pTKs: phosphorylated tyrosine kinases; PLC𝛾: phospholipase C 𝛾;
PKC: protein kinase C; MEK: mitogen-activated protein kinase;
PI3 K: phosphoinositide 3-kinase.

as a feedback-induced antagonist of FGF8/Ras/Raf/MAPK
signaling in the development of zebrafish embryos [17]. In
contrast, Canopy1 (CNPY1) was identified as a positive feed-
back regulator for FGF-induced signaling [18]. This positive
feedback loop between the polypeptide and FGF8/FGFR1 is
involved in the cluster formation of dorsal forerunner cells
during gastrulation in zebrafish [19]; however, its underlying
mechanism in mammals remains to be elucidated.

3. Roles of Canonical FGFs on Bone Formation

In addition to our previous data on FGFRs [9], here we
show the expression profile of Fgfs in a well-established fetal
rat calvaria cell model (Figure 2). Among these, Fgf9 and
hormone-like Fgf23 are abundant and vary in expression
levels during osteoblast development. Table 1 summarizes the
primary roles of FGFs in bone formation in multiple models.
Human calvaria cell cultures describe, in detail, the roles
of FGF2 in osteoblastogenesis [20]. When treated at early
developmental stages, FGF2 inhibits alkaline phosphatase
(ALP) activity, collagen synthesis, and matrix mineralization
and increases cell proliferation; however, when treated at
late developmental stages, it has no obvious effects. Because
the in vivo effects of FGF2 on bone formation are apparent,
its potential therapeutic benefit in pediatric surgery and
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Figure 2: Expression profiling of Fgf genes in rat calvaria cell cultures. (a) Outline of osteoblast development. Rat calvaria cells from 21-day-
old fetal rats [9] were plated at 3,000 cells per cm2 and grown in 𝛼MEM supplemented with 10% fetal calf serum plus 50 𝜇g/mL ascorbic acid.
Cells proliferate, reach confluence at day 6, and subsequently initiate osteoid-like nodule formation. To determine matrix mineralization,
10mM 𝛽-glycerophosphate (𝛽GP) is added to cultures for 2 days before culture termination. (b) Distinct gene expression patterns of Fgfs
during osteoblast development. Total RNA was routinely prepared as indicated time points, and cDNA synthesis and quantitative real-time
RT PCR (qPCR) were performed using standard protocols. Ribosomal protein L32 was used as internal control. Data represent means ± S.D.
𝑛 = 3. Statistical significance of differences was analyzed with one-way or two-way analysis of variance (ANOVA) with repeated measures,
followed by Tukey’s multiple comparison test. ∗𝑃 < 0.05 and ∗∗𝑃 < 0.01 versus day 3.

periodontal disease is under consideration [21, 22]. The
significant anabolic actions of FGF2 in bone have been
widely demonstrated in several animal models; see, for
example, growth plate and trabecular bone in growing rats
that received daily intravenous injections of FGF2 [23]. Local
injections of FGF2 over the calvaria increase new bone
formation in mice [24], and those into osteotomized sites

of the tibia accelerate surgical fracture repair in rabbits
[21]. FGF2 also has an ability to prevent trabecular bone
loss in the vertebrae of ovariectomized rats possibly by
increasing osteoadipogenic cell proliferation [25]. Fgf2-null
(Fgf2−/− ) mice exhibit a significant decrease of femoral
trabecular bone volume and bone formation rate [26]. This
can be explained by a downregulation of BMP-2 in Fgf2−/−
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osteoblasts, resulting in a decrease in ALP activity and
nuclear accumulation of the master transcription factor of
osteoblastogenesis Runx2 [27]. Furthermore, an inverse cor-
relation between adipogenesis and osteogenesis is observed
in Fgf −/− mice, and FGF2 blocks adipocyte formation and
increases ALP-positive colony formation in bone marrow
cell cultures independent of FGF2 [28]. In FGF2, most
attention has been dedicated to the smallest 18-kDa variant
(LMW). In addition, genetic manipulation of LMW FGF2 in
skeletal tissues contributes to bone phenotypes in vivo [29].
However, there are several higher molecular weight (HMW)
variants of the polypeptide. Additional information on the
representative roles of the HMW variants in bone is shown
below.

Compared with FGF2, other canonical FGFs have not
been studied in detail (Table 1). Although Fgf1 expression was
not obvious in our model, its transcript appears to act in
the same manner as FGF2 [30]. Intravenous administration
of FGF1 increases bone formation of femoral diaphysis in
normal rats [30] and tibial metaphysis in ovariectomized
rats [24]. However, Fgf1−/− mice do not display any gross
phenotypic defects [31]. Because deficiency of FGF1 in mice
exacerbated high-fat diet-induced diabetic phenotypes, such
as insulin resistance and defects in adipose remodeling in
gonadal white adipose tissue, FGF1, may directly and/or
indirectly act on bone. FGF4 ismore specific tomesenchymal
cells, but its subcutaneous injections increase trabecular bone
mineral density in the mouse femur [32]. Much less is known
about the roles of FGF6 [33], FGF7 [34], and FGF8 [35]
in bone; the expression of Fgf7 but not of Fgf6 and Fgf8
is detected in our calvaria cell model, and FGF6 shows
catabolic effects on osteoblastic cells, but others have anabolic
function in vitro. Histological evidence for chondrogenesis
with the upregulation of the Sox9 and Col2a1 genes is seen
in cranial mesenchymal cells of transgenic mice overexpress-
ing FGF9, suggesting that FGF9 converts intramembranous
ossification to endochondral ossification [36]. FGF9 also
shows supportive effects on FGF2-dependent trabecular bone
formation [37]. Among Fgfs expressed in our model, Fgf9
is abundant during the late developmental stages, along
with Fgf23 levels (Figure 2). Notably, both mRNA levels are
upregulated by 1,25(OH)

2
D
3
, while only Fgf9 levels are sup-

pressed by pretreatment of cycloheximide, a protein synthesis
inhibitor, as well as the transcriptional inhibitor actinomycin
D (Figure 3). Thus, 1,25(OH)

2
D
3
-dependent expression of

Fgf9 but not Fgf23may result from de novo protein synthesis.
Additional role(s) and the precise regulatory mechanism
of FGF9 in osteoblast functions remain to be elucidated.
Functional anomalies in FGF10 signals may be involved in
craniosynostosis [38], but there are no obvious effects of
FGF10 in our rat (unpublished data) and mouse calvaria
cells [39]. Treatment of mouse calvaria cells with FGF18
promotes proliferation and suppresses differentiation and
matrix mineralization [39]. In Fgf18−/− mouse embryos, cal-
varia cell proliferation and bone mineralization and kyphosis
are observed in the cervical and upper thoracic spine [40].
Together with the observation that treatment of mouse cal-
varia cells with FGF18 increases proliferation and decreases
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Figure 3: 1,25(OH)
2
D
3
increases Fgf9 and Fgf23 gene expression

at late development stages in rat calvaria cell cultures. Rat calvaria
cells were obtained as shown in Figure 2. At day 11, nodule-forming
cells were stripped by collagenase and replated (subcultures). Four
days later, osteoblast subcultures were pretreated with or without
actinomycin D (ActD) or cycloheximide (CHX), followed by incu-
bation with 1 nM 1,25(OH)

2
D
3
for 6 h. See the above mentioned for

qPCR. Data represent means ± S.D. 𝑛 = 3. Statistical significance
of differences was analyzed with one-way or two-way analysis of
variance (ANOVA) with repeated measures, followed by Tukey’s
multiple comparison test. ∗∗𝑃 < 0.01 versus vehicle alone; ##

𝑃 <

0.01 versus 1,25(OH)
2
D
3
alone.

matrix mineralization [39], the effects of this polypep-
tide on bone formation appear to be similar to those of
FGF2.

4. Physiological and Pathological Importance
of FGFRs in Bone

The dynamics of FGFRs are also an important determinant
of FGF-mediated bone formation. Indeed, mutations in
FGFR1 and FGFR2 account for the craniosynostosis and
chondrodysplasia syndromes in humans [41–44], suggest-
ing that both FGFRs are important for endochondral and
intramembranous bone formation. Because Fgfr1−/−mice are
embryonic lethal shortly after gastrulation [45], osteochon-
drocyte lineage- and osteoblast-specific FGFR1 knockout
mice were generated under the control of the pro𝛼1(II) col-
lagen (Col2) and pro𝛼1(I) collagen (Col1) promoters, respec-
tively.Col2-mediated FGFR1 inactivation delays chondrocyte
and osteoblast maturation, while Col1-dependent FGFR1
deficiency accelerates osteoblast differentiation with stim-
ulated mineral deposition and reduces osteoclast activity
[46]. Gain-of-function missense mutations in Fgfr2 (S252W
and P253R) cause craniosynostosis syndromes, including
Crouzon and Apert syndromes [47, 48]. Indeed, heterozy-
gous Fgfr2 (S252W) mutant mice show midline sutural
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bone defects and craniosynostosiswith abnormal osteoblastic
proliferation and differentiation [49]. An in vitro study shows
that constitutively active FGFR2 (S252W) induces the ERK1/2
and PKC pathways causing osteoblastic differentiation in
the murine mesenchymal cell line C3H10T1/2 [50]. Three of
the Fgfr3 gain-of-function mutations have been reported to
cause chondrodysplasia and craniosynostosis. Achondropla-
sia, themost common form of human dwarfism, is associated
with the G380R mutation [51]. The P250R mutation causes
Muenke syndrome, a common syndrome of craniosynostosis
[52]. Crouzon syndrome and acanthosis nigricans, a skin
pigmentation disorder, result from the A391E mutation [53].
Unlike FGFR1 and FGFR2 deficient mice, systemic Fgfr3 null
mice are viable and show progressive osteodysplasia with
expanded growth plate cartilage [54]. Taken together, because
FGF9, a preferred ligand for FGFR3, upregulates osteopontin
(Opn) in chicken chondrocytes [55], FGFR3 signaling may
affect chondrocytes rather than osteoblasts [54]. In contrast
to these three FGFRs, there are quite a few reports about
the relationship between FGFR4 and bone formation. Cool
et al. indicated that FGFR4 is expressed in preosteoblasts
and osteoblasts in neonatal mouse calvaria, suggesting that
FGFR4 is involved in osteogenesis [56], but its role in bone
remains unclear.

5. FGF23 and FGF19 Subfamily Members as
Hormone-Like Factors

FGF23 is the last member of the FGF family, and its signif-
icant roles in Pi and vitamin D metabolism are obvious in
genetically engineered mice [57–59] (also see review [60]).
FGF23 was originally discovered as the gene responsible
for autosomal dominant hypophosphatemic rickets [61] and
thereafter as a phosphaturic factor produced bymesenchymal
tumors in tumor-induced osteomalacia [62]. FGF23 is pre-
dominately expressed in osteoblasts/osteocytes [63–66]. Type
I transmembrane protein 𝛼Klotho acts as a coreceptor for
FGF23 to convert canonical FGFRs (FGFR1c, FGFR3c, and
FGFR4) into a specific receptor for FGF23 [67, 68].Therefore,
organs expressing 𝛼Klotho, such as the kidney, parathyroid
glands, and choroid plexus, appear to be targets of FGF23
[69]. FGF23 decreases the expression of renal type II sodium-
phosphate cotransporters (Slc34a1 and Slc34a3) and 25-
hydroxyvitamin D

3
(25(OH)D

3
) 1𝛼-hydroxylase, resulting in

a decrease in serum Pi and 1,25(OH)
2
D
3
levels, respectively,

in mice and rats [70, 71]. Meanwhile, 1,25(OH)
2
D
3
induces

Fgf23 expression in rat osteosarcoma ROS17/2.8 cells [72]
as well as our rat calvaria cells [73]. Together with the
result that intraperitoneal injections of 1,25(OH)

2
D
3
into

mice increase serum FGF23 levels, there seems to be a
feedback loop between FGF23 and 1,25(OH)

2
D
3
[72]. FGF23

also decreases the expression of PTH [74], although this
is not simply regulated by the FGF23-𝛼Klotho axis [75].
Transgenic mice expressing constitutively active PTHR1 in
osteocytes exhibit increased serum FGF23 levels indepen-
dently of serum Ca and Pi levels and Fgf23 expression in
osteoblasts and osteocytes [76]. Comparison of Fgfr1/3/4
single and double knockout mice indicates that FGFR1 and

FGF23

FGFRs

Plasma membrane TKs

HS?

pTKspTKspTKs

Circulating 𝛼Klotho

Membrane
𝛼Klotho

Figure 4: Possible klotho-dependent and klotho-independent
mechanisms of FGF23 actions. FGF23 may activate FGFR tyrosine
kinases with or without membrane and circulating 𝛼Klotho. TKs:
nonphosphorylated tyrosine kinases.

FGFR3/4 may be involved in renal Pi reabsorption [70]
and vitamin D metabolism [77], respectively. Additional
factors, for example, Pi [78], sympathetic activation [79],
and circulating 𝛼Klotho [80], may be involved in FGF23
expression/production; however, the regulation of FGF23
expression is still under investigation.

Both of ectopic (hepatic) overexpression and
osteoblast/osteocyte-specific overexpression of the Fgf23
transgene result in lower bone mineral density of the
femur with hypophosphatemia and high serum levels
of PTH [57, 58]. The lack of either FGF23 or 𝛼Klotho
causes aberrant Ca/Pi and vitamin D metabolism, thus
ensuring skeletal anomalies and ectopic calcification
[59, 81, 82]. Fgf23−/−/Opn−/− double-knockout (DKO)
mice mimic hyperphosphatemia in Fgf23−/− mice, but
the severe osteoidosis in Fgf23−/− is markedly reduced
[83]. Fgf23−/−/Slc34a1−/− DKO mice reverse hyper- to
hypophosphatemia in keeping with hypomineralization in
bone [84].These observations suggest that skeletal anomalies
that involve FGF23 may result not only from serum Pi
levels but also from intrinsic anomalies in bone. FGF23
may act independently of the membrane protein 𝛼Klotho
(Figure 4). For example, overexpression of FGF23 in cultured
rat calvaria cells impairs osteoblast differentiation and
mineralized matrix formation but not mineralization, via
activation of FGFR1 [9]. One plausible explanation is that the
existence of the soluble form (circulating 𝛼Klotho) shedding
from the extracellular domain of 𝛼Klotho [85, 86] may act as
a cofactor for FGF23. In fact, effects of FGF23 in MC3T3-E1
cells (a mouse osteoblastic cell line) cultured with circulating
𝛼Klotho [87] mimic the results observed in rat calvaria
cells [9]. In mouse chondrocytes, FGF23 activates FRS2𝛼,
FGFR substrate 2𝛼, and ERK1/2, resulting in a decrease
in chondrocyte proliferation in the presence of circulating
𝛼Klotho [88]. In contrast, 𝛼Klotho is not required for FGF23
action in some cells. For instance, FGF23 can induce the
hypertrophy of neonatal rat ventricular cardiomyocytes,
in which 𝛼Klotho is not detected [89]. In addition, FGF23
decreases PTH secretion in thyroparathyroid organ cultures
from parathyroid-specific 𝛼Klotho-deficient mice [75]. It is
still unknown why FGF23 targets the kidney and parathyroid
glands, even in the presence of circulating 𝛼Klotho and/or
the ubiquitous expression of FGFRs.



International Journal of Endocrinology 9

The roles of two other members of the hormone-like
FGF19 subfamily, FGF19 and FGF21, in bone formation
remain to be elucidated. Fgf19 transcripts are predominantly
expressed in the ileum, while Fgf21 mRNA is expressed in
the liver, pancreas, and white adipose tissue [90]. In skeletal
tissue under normal conditions, FGF19, but not FGF21, is
also detectable at the protein level in human fetal growth
plate cartilage [91]. Interestingly, the treatment ofmouse bone
marrow cells with FGF21 increases 𝛽Klotho and Fgf21mRNA
expression, especially in the presence of rosiglitazone [92],
an agonist of the master regulator for adipogenesis, PPAR𝛾,
possibly affecting bone formation. Thus, genetic FGF21 loss
and gain of function inmice increase and decrease bonemass
[92], respectively, suggesting that FGF21/𝛽Klotho may act as
an inhibitor of bone formation.

6. Local and Systemic Effects of FGFs during
Bone Formation, Focusing on FGF2, FGF21,
and FGF23

As above, FGF2 and FGF23 may exhibit distinct activities
during different stages of osteoblast differentiation, such as
cell proliferation versus matrix (osteoid) mineralization. In
contrast to osteogenic cell proliferation, differentiation, and
associated matrix formation, the molecular mechanism(s)
underlying matrix mineralization remains to be fully eluci-
dated. Human FGF2 has multiple isoforms via an alternative
initiation of translation at CUG codons from a single FGF2
gene: LMW and high (HMW FGF2, 22-kDa, 22.5-kDa, 24-
kDa, and 34-kDa) molecular forms [93]. LMW FGF2—
exactly the same FGF2 as described above—is predominantly
expressed in osteoblast precursors and activates intracellular
signaling via FGFR in an autocrine/paracrine manner. While
recent evidence indicates that extracellular LMW FGF2 can
translocate to the nucleus after internalization [94], there
is little evidence for this process in bone to date. The
HMW FGF2 isoforms are not released from the cells and
localized to the nucleus and regulate gene expression to
exert specific effects. Transgenic mice overexpressing human
HMW FGF2 (22-kDa, 23-kDa, and 24-kDa) under the Col1
promoter (Col3.6) exhibit lower bone mineral density with
decreased bone formation and increased bone resorption
[95]. Interestingly, upregulation of Fgf23 expression and
hypophosphatemia are observed in these mice [95]. These
observations may lead to the development of an additional
framework for understanding the effects of the HMW FGF2
and FGF23 on bone mineralization.

It is well known that elevated serum FGF23 levels are the
most common predictor in patients with chronic kidney dis-
ease [96]. SerumFGF23 levels are positively correlated to aor-
tic arterial calcification in hemodialysis patients [97]. Recent
studies demonstrate that FGF23 exacerbates left ventricle
hypertrophy where 𝛼Klotho might not be expressed [89] and
elevated plasma FGF23 levels are associated with low body
mass index and dyslipidemia in dialysis patients [98]. Thus,
systemic actions of FGF23may reach organs dependently and
independently of 𝛼Klotho. Although skeletal tissues do not
express Fgf21 under normal conditions, circulating FGF21

seems to suppress osteoblastogenesis and induce adipoge-
nesis [92]. Also, FGF21 itself enhances Fgf21 and 𝛽Klotho
expression in bonemarrow-derived adipocytes, and increases
in FGF21 and 𝛽Klotho have a synergetic effect on its signaling
in local area [92]. Comprehensive analyses are needed to
determine the local versus systemic effects of FGF21 on bone.
Taken all together, FGFs expressed in bone are involved in
bone formation directly and indirectly, which indicates that
FGFs mediate the interrelationships between bone and other
organs under normal and/or clinical situations. The clinical
importance of FGF23/21 is now becoming clearer owing
to the recent findings in FGF research. However, precise
elucidation of FGF mechanisms is still required.

7. Conclusion

The skeleton is a multipotent organ that is fundamental for
the survival of vertebrates. Bone and mineral homeostasis
are strictly controlled by multiple mechanisms including
FGF/FGFR signaling. Canonical and hormone-like FGFs
regulate bone formation at different developmental stages
in different ways, and these members may compensate for
one another in bone and/or extraskeletal tissues. In order to
understand thesemechanisms, the balance between local and
systemic regulation needs to be considered.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] X. Feng and J. M. McDonald, “Disorders of bone remodeling,”
Annual Review of Pathology, vol. 6, pp. 121–145, 2011.

[2] M. Ferron, M. D. McKee, R. L. Levine, P. Ducy, and G.
Karsenty, “Intermittent injections of osteocalcin improve glu-
cosemetabolism and prevent type 2 diabetes inmice,”Bone, vol.
50, no. 2, pp. 568–575, 2012.

[3] L. M. Calvi, G. B. Adams, K. W. Weibrecht et al., “Osteoblastic
cells regulate the haematopoietic stem cell niche,” Nature, vol.
425, no. 6960, pp. 841–846, 2003.

[4] J. Zhang, C. Niu, L. Ye et al., “Identification of the haematopoi-
etic stem cell niche and control of the niche size,” Nature, vol.
425, no. 6960, pp. 836–841, 2003.

[5] H. Iwasaki and T. Suda, “Cancer stem cells and their niche,”
Cancer Science, vol. 100, no. 7, pp. 1166–1172, 2009.

[6] S. Takeda, F. Elefteriou, R. Levasseur et al., “Leptin regulates
bone formation via the sympathetic nervous system,” Cell, vol.
111, no. 3, pp. 305–317, 2002.

[7] C. Collet, C. Schiltz, V. Geoffroy, L. Maroteaux, J.-M. Launay,
and M.-C. de Vernejoul, “The serotonin 5-HT

2𝐵
receptor con-

trols bone mass via osteoblast recruitment and proliferation,”
The FASEB Journal, vol. 22, no. 2, pp. 418–427, 2008.

[8] M. Kuro-o, “Endocrine FGFs and Klothos: emerging concepts,”
Trends in Endocrinology & Metabolism, vol. 19, no. 7, pp. 239–
245, 2008.

[9] H. Wang, Y. Yoshiko, R. Yamamoto et al., “Overexpression of
fibroblast growth factor 23 suppresses osteoblast differentiation



10 International Journal of Endocrinology

andmatrixmineralization in vitro,” Journal of Bone andMineral
Research, vol. 23, no. 6, pp. 939–948, 2008.
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Transmembrane 𝛼-Klotho (TM-Klotho), expressed in renal tubules, is a cofactor for FGF23-receptor. Circulating soluble-𝛼-Klotho
(s-Klotho) results fromTM-Klotho shedding and acts onPhosphate (P) andCalcium (Ca) tubular transport.DecreasedTM-Klotho,
described in experimental chronic kidney disease (CKD), prevents actions of FGF23 and lessens circulating s-Klotho. Thus, levels
of s-Klotho could represent a marker of CKD-MBD. To evaluate the clinical significance of s-Klotho in CKD we assayed serum
s-Klotho and serum FGF23 in 68 patients (age 58 ± 15; eGFR 45 ± 21mL/min). s-Klotho was lower than normal (519 ± 183 versus
845 ± 330 pg/mL, 𝑃 < .0001) in renal patients and its reduction was detectable since CKD stage 2 (𝑃 < .01). s-Klotho correlated
positively with eGFR and serum calcium (Cas) and negatively with serum phosphate (Ps), PTH and FGF23. FGF23 was higher
than normal (73 ± 51 versus 36 ± 11, 𝑃 < .0002) with significantly increased levels since CKD stage 2 (𝑃 < .001). Our data indicate
a negative effect of renal disease on circulating s-Klotho starting very early in CKD. Assuming that s-Klotho mirrors TM-Klotho
synthesis, low circulating s-Klotho seems to reflect the ensuing of tubular resistance to FGF23, which, accordingly, is increased. We
endorse s-Klotho as an early marker of CKD-MBD.

1. Introduction

Alpha-Klotho (Klotho) is a transmembrane (TM) protein
primarily expressed in the kidney distal tubular cells [1]
where it acts as an obligate coreceptor for the bone derived
protein fibroblast growth factor-23 (FGF23) [2, 3]. In fact,
TM-Klotho is required for FGF23 regulation of both renal
handling of phosphate and renal synthesis of calcitriol [4].
At variance with TM-Klotho, soluble 𝛼-Klotho (s-Klotho) is
the circulating protein resulting from the shedding of the
extracellular domain of TM-Klotho operated by two metal-
loproteinases of the ADAM (a disintegrin and metallopro-
teinase domain-containing protein) family: ADAM 10 and
ADAM 17 [5]. Importantly, s-Klotho also acts as a paracrine
substance (with no receptor identified so far) with specific
and FGF23 independent renal and extra-renal effects [6, 7]. In

particular, s-Klotho inhibits the sodium-phosphate cotrans-
porter NaPi2a expression in the proximal tubules thus gen-
erating a phosphaturic effect additive to and independent of
FGF23 [7, 8] and activates the ion channel TRPV5 in the distal
tubules, thus increasing tubular reabsorption of calcium [9].
In summary, 𝛼-Klotho, with its transmembrane and soluble
forms, is deeply involved with the physiologic regulation of
mineral metabolism [10].

Experimental models of CKD evidence early reduction
of renal Klotho mRNA expression and of both TM-Klotho
and s-Klotho [11, 12], and this is considered responsible for
the development of kidney tubular cell resistance to FGF23.
In agreement, in a model of selective Klotho deletion in the
distal tubule, bone synthesis of FGF23 increased possibly
aimed at overcoming tubular resistance; as a result fractional
excretion of phosphate increased and calcitriol synthesis
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declined.These animalmodels have been invoked to describe
the early changes that in renal patients anticipate the develop-
ment of the newly identified CKD-MBD syndrome [13] or, as
pointed out in a recent paper, disorder [14].

Available data on serum levels of s-Klotho in CRF
patients almost invariably describe reduced values, a finding
referred to a primary proportional reduction of TM-Klotho,
as described in animal studies [16–18]. Moreover, circulating
serum levels of s-Klotho are not always correlated with esti-
mated glomerular filtration rate (eGFR) [19–22]. Excessive
variability of some of the commercial kits available for s-
Klotho assay in humans, as described by Heijboer et al.
[23] could contribute, at least partially, to these conflicting
results. Actually, Klotho assays have not been largely validated
and various forms of circulating alpha-klotho could be
responsible for this variability. Nonetheless, a very recent
paper based on renal biopsies of patients with glomeru-
lonephritis and variable renal damage, for the first time
showed reduced tubular TM-Klotho expression associated
with reduced serum levels of s-Klotho. Importantly, these
patients had almost undetectable changes in the standard
markers ofmineralmetabolism [24]. As awhole, the diagnos-
tic role of the assay of s-Klotho as a useful biomarker of early
mineral metabolism derangements in CKD patients may be
relevant but warrants further research [19–22].

In the present study, we evaluated the diagnostic perfor-
mance of s-Klotho in our CKD population of patients by
using the most accredited commercial s-Klotho assay [23].
We aimed at confirming the reduction of circulating levels of
s-Klotho and at verifying the links with FGF23 andwith other
markers of mineral metabolism derangements.

2. Methods

2.1. Subjects. We enrolled in the study, from our outpatient
unit, eligible patients who gave informed consent. Inclusion
criteria were white race, age 18–80 years, on conservative
therapy with no evidence of acute underlying illness and
näıve to treatment with any active or precursor metabolite of
vitamin D.

Fasting blood samples were drawn from all participants
to measure creatinine (Crs), albumin, calcium (Ca), phos-
phate (P), parathyroid hormone (PTH), 25(OH)-vitamin
D (25D), 1,25(OH)

2
-vitaminD (1,25D), fibroblast growth

factor-23 (FGF23), and soluble-𝛼-Klotho (s-Klotho). We also
collected fasting spot urine samples from all participants at
the time of blood sampling to measure creatinine, phosphate,
and calcium. In each patient, we recorded clinical parameters
and prescribed therapies.

We classifiedCKD stage according to theNational Kidney
Foundation Disease Outcomes Quality Initiative clinical
practice guidelines (KDOQI) [15].

Thirty normal subjects, recruited among the employees
and fellows attending ourUnit, served as control to obtain our
reference values in particular for s-Klotho and FGF23. They
were 14 males and 16 females, 35.0 ± 12.4 years of age with
normal renal function (eGFR: 105.8 ± 15.4mL/min/1,73m2)

negative urinary dipstick and no evidence of acute or chronic
underlying illness.

2.2. Assays. Serum creatinine (kinetic alkaline picrate
method), albumin (bromcresol purple method), Ca (cresol-
phthalein-complexone method), and P (ammonium molyb-
date method) were assayed by routine, standard colorimetric
techniques with a Technicon RA-500 analyzer (Bayer Cor-
poration Inc, Tarrytown, NY).

Serum PTH was assayed by an immunoradiometric
technique (DiaSorin, Stillwater,MN, USA) based on a double
antibody against the intact molecule; our normal values are
within 10–55 pg/mL, with intra- and interassay variations of
6.5% and 9.8%, respectively.

Serum 25D determination was done with a commercial
kit (Dia-Sorin, Stillwater, MN, USA) that included sam-
ple purification with acetonitrile followed by a 125I-based
radioimmunoassay. Intra- and interassay coefficients of vari-
ation were 10.8% and 9.4%, respectively.

Serum levels of 1,25D were measured with a radioim-
munoassay according to the manufacturer’s protocol (IDS
Ltd, Boldon, UK) including a monoclonal immunoextrac-
tion, followed by quantitation with a standard 125I-based
radioimmunoassay. Intra- and interassay coefficients of vari-
ation were <12% and <14%, respectively. The normal range
observed in our laboratory was between 19.5 and 67.0 pg/mL.

Serum levels of FGF23 were assayed with a commercially
available kit (Kainos Lab Inc., Tokyo, Japan) that utilizes
a 2-site ELISA for the full-length molecule. Two specific
murine monoclonal antibodies recognized the biologically
active FGF23, with a lower limit of detection of 3 pg/mL, and
inter- and intraassay coefficients of variation of <5%. This
assay has been demonstrated to be the most sensitive among
the 3 different methods available [25]. In 30 normal subjects,
we obtained a mean value of 29.8 ± 10.9 pg/mL (range 18–
52 pg/mL), in line with reported data [25].

Serum levels of soluble alpha-Klotho were assayed with a
novel enzyme-linked immunosorbent assay (ELISA) method
detecting human s-Klotho developed first by establishing a
monoclonal antibody with strong affinity for human Klotho
protein, recognizing with high selectivity the tertiary protein
structure of its extracellular domain (Immuno-Biological
Laboratories Co., Ltd.). This ELISA system can specifically
detect and measure the circulating serum s-Klotho levels in
humans [26]. It was recently tested by Heijboer et al. [23]
and the within- and between-run variation of the 𝛼-Klotho
IBL was <5 and <8%, respectively. Measurements in serum
and EDTA plasma samples were in agreement (𝑅2 = 0.99;
𝑛 = 20) and linearity was tested by dilution in two samples
with a concentration of 1929 and 2864 pg/mL. In one sample,
2-, 4-, and 8-time dilutions gave results as expected (100–117%
of expected values). In our experience, in 30 normal subjects
we obtained a mean value of 845 ± 330 pg/mL (range 2048–
481 pg/mL).

We estimated glomerular filtration rate (eGFR) according
to the abbreviated modification of diet in renal disease
(MDRD) equation (eGFR = 186 × serum creatinine−1.154 ×
age−0.203 × 0.742 if female) [27].
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Table 1: Clinical characteristics of the CKD patients.

CKD
Number of patients 68
M/F 37/31
Mean age, years 58 ± 15
eGFR, mL/min 45 ± 21
Mean body mass index 27 ± 4
Diabetes, number (%) 7 (10%)
Renal diagnosis

Glomerulonephritis/vasculitis 16 (24%)
Interstitial nephritis 15 (22%)
Hypertensive/large vessel disease 18 (26%)
Hereditary nephropathy 4 (6%)
Unknown or missing data 15 (22%)

Therapies
ACE inhibitor 28 (41%)
Angiotensin II receptor blockade 13 (19%)
Beta blocker 15 (22%)
Diuretic 10 (15%)
Insulin or oral hypoglycemic agent 6 (9%)

Values are mean ± standard deviation.
M/F: men/female; eGFR estimated glomerular filtration rate; ACE: angiot-
ensin converting enzyme.

2.3. Statistical Analysis. Data are expressed asmeans± SD for
Gaussian variables or median and IQR when normality was
not tenable.

We used Kolmogorov-Smirnov test to evaluate normality
of continuous measurements.

Spearman correlation was used to assess monotonic
covariation of measurements. Tests on Spearman correlation
were Bonferroni adjusted for multiplicity. Nonparametric
ANOVA (Kruskall-Wallis test) was used to comparemeasure-
ments among groups and post-hoc comparisons in pairs were
conducted by Bonferroni adjusted Mann-Whitney tests.

Log-measurements were confirmed to be normally dis-
tributed and were used as outcomes in multivariate regres-
sion models. The final multivariate model was obtained by
minimizing the Akaike information criterion via a forward
stepwise regression. All tests are two tailed and (adjusted) 𝑃-
values <0.05 were considered as statistically significant.

Analyses were performed using the open source software
package R version 3.0.2.

3. Results

For this study we recruited sixty-eight CKD patients, and
their clinical and biochemical parameters are reported in
Tables 1 and 2. Renal function, as reflected by eGFR, averaged
45 ± 21mL/min (median ± SD) and included CKD stages
from 2 to 4 (stage 2, 𝑛 = 22 (32%); stage 3, 𝑛 = 28 (41%);
stage 4, 𝑛 = 18 (27%)).

Table 2: Biochemistries in CKD.

Number of patients 68
Cas mg/dL 9,4 ± ,6
Ps mg/dL 3,5 ± ,7
PTH pg/mL 60,0 ± 31,7
25D ng/mL 23,7 ± 11,1
1,25D pg/mL 24,8 ± 13,2
Values are mean ± standard deviation.
Cas: serum calcium; Ps: serum phosphate; PTH: parathyroid hormone; 25D:
25(OH)-vitaminD; 1,25D: 1,25(OH)2-vitaminD.
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Figure 1: Correlation test of s-Klotho levels with FGF23 levels in
CKD.

Table 3: s-Klotho and FGF23 in CKD versus reference value.

CKD (68) Reference values (30) 𝑃=
s-Klotho, pg/mL 519 ± 183 845 ± 330 .0001
FGF23, pg/mL 73 ± 51 36 ± 11 .0002
Mann-Whitney test; values are mean ± standard deviation.
s-Klotho: soluble-Klotho; FGF23: fibroblast growth factor-23.

3.1. s-Klotho, FGF23, and eGFR. s-Klotho levels in our CKD
patients were significantly lower (519 ± 183 versus 845 ±
330 pg/mL, 𝑃 < .0001, Table 3) and FGF23 levels were sig-
nificantly higher (73 ± 51 versus 36 ± 11 pg/mL, 𝑃 < 0002,
Table 3) than our reference values.

In patients s-Klotho and FGF23 were negatively corre-
lated (𝜌 = −0.33, 𝑃 < .01, Figure 1). In addition, there was
a positive correlation between eGFR and s-Klotho (𝜌 = 0.43,
𝑃 < .001, Figure 2(a)) and a negative correlation between
eGFR and FGF23 (𝜌 = −0.66, 𝑃 < .0001, Figure 2(b)).

When we evaluated s-Klotho in the different CKD stages,
we found reduced levels since CKD stage 2, with a more
significant reduction in CKD stages 3 and 4 (reference
values = 845 ± 330, pg/mL; stage 2 = 611 ± 191, pg/mL, 𝑃 <
.01; stage 3 = 529 ± 160, pg/mL, 𝑃 < .001; stage 4 = 393 ±
142, pg/mL; 𝑃 < .001. Figure 3(a)). Levels of FGF23 were
significantly higher since CKD stage 2 (reference values =
36 ± 11, pg/mL; stage 2 = 46 ± 18, pg/mL, 𝑃 < .001; stage
3 = 57 ± 28, pg/mL, 𝑃 < .002; stage 4 = 136 ± 58, pg/mL,
𝑃 < .001. Figure 3(b))with no further increment in later CKD
stage. Multivariate analysis performed to identify the best
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Figure 2: Correlation tests of eGFR with s-Klotho levels (a) and FGF23 (b).
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Figure 3: s-Klotho (soluble Klotho) (a) and FGF23 (fibroblast growth factor 23) and (b) serum levels stratified by CKD stage and compared
with reference values. Indicated are medians, first and third quartiles, minimal and maximal values. Values between 1.5 and 3 times IQR
above the third quartile or below the first are represented by circles. Wilcoxon rank-sum tests. KDOQI: National Kidney Foundation Disease
Outcomes Quality Initiative clinical practice guidelines [15]. #𝑃 < .01 versus reference value; ∗𝑃 < .001 versus reference value; §𝑃 < .002
versus reference value.

Table 4: Multivariate analysis performed in CKD to identify
predictors of s-Klotho.

VAR Coef. CI 𝑃=
eGFR, mL/min .006 .002, .010 .004
Cas, mg/dL .193 .034, .035 .020
VAR: variable; coef: coefficient of linear regression; CI: confidence interval.

predictors of s-Klotho (Table 4) and FGF23 (Table 5) included
eGFR and serum calcium for s-Klotho and eGFR and 1,25D
serum level for FGF23.

3.2. s-Klotho, FGF23, and Mineral Metabolism. s-Klotho cor-
related negatively with PTH (𝜌 = −0.28, 𝑃 < .05, Figure 4(a))

Table 5: Multivariate analysis performed in CKD to identify
predictors of FGF23.

VAR Coef. CI 𝑃=
eGFR, mL/min −.019 −.023, −.014 .0001
1,25D, pg/mL −.016 −.024, −.008 .0001
VAR: variable; coef.: coefficient of linear regression; CI: confidence interval.

and Ps (𝜌 = −0.28, 𝑃 < .05, Figure 4(b)) and positively with
Ca (𝜌 = 0.30, 𝑃 < .01, Figure 4(c)) while no correlation was
found between s-Klotho and 1,25D, FEPO4

, and FECa.
FGF23 levels correlated positively with PTH (𝜌 = 0.43,
𝑃 < .001, Figure 5(a)), Ps (𝜌 = 0.51, 𝑃 < .001, Figure 5(b))
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Figure 4: Correlation tests of s-Klotho levels with: (a) PTH, (b) Ps, (c) Cas.

and FEPO4
(𝜌 = 0.47, 𝑃 < .001, Figure 5(d)) and negatively

with 1,25D (𝜌 = −0.39, 𝑃 < .001, Figure 5(c)). No correlation
existed with Ca and FECa.

4. Discussion

In agreement with experimental models of CKD [11, 12] and
with papers in the literature [19, 21] our patients showed
markedly reduced s-Klotho serum levels as compared to
reference control. Moreover, our mean values in CKD and in
normal controls are comparable to those available in papers
the literature that employ our same method of assay [19, 28–
30]. It is therefore suggested that although s-Klotho proteins
are not homogeneous, consistent data can be obtained by
different groups.

Renal function negatively affected s-Klotho levels with
detectable reduction starting from CKD stage 2. Since s-
Klotho is normally excreted in the urine [7–9], this reduction
in serum levels along with progressive renal damage can
be most probably explained by reduced renal synthesis. In
fact, in case of stable renal Klotho production, a reduced
excretion due to renal damage would increase serum levels.
Alternatively, if renal excretion persisted to be normal, serum
levels would not predictably decrease. On the contrary, an
increased renal excretion seems highly improbable since this

would contradict the available clinical [31] and experimental
[32] data of reduced urinary s-Klotho in CKD. In our
experience, the best predictor of s-Klotho was eGFR and this
is confirmatory of the hypothesis we have just considered.The
other positive predictor of s-Klotho in our study was serum
Ca as if a regulatory role of s-Klotho would be present even in
case of renal failure.This seems possible if we recall the direct
effect of s-Klotho on TRPV5. However, the pathomechanism
may not be straightforward since we did not find correlation
between s-Klotho and FECa. Therefore, we should guess a
more complex interplay with other changing parameters like
eGFR, PTH, and 1,25D.

The negative relationship we found between s-Klotho
and serum P is interesting due to the reported direct effect
of circulating s-Klotho on the renal expression of NaPi2a.
However, no correlation was evident with renal FEPO4

. Since
s-Klotho and FGF23 correlate negatively in CKD but exert
a similar positive effect on renal expression of NaPi2a,
it is possible that the action of s-Klotho is shadowed by
FGF23. Finally, the negative relationship with PTH should be
regarded as secondary to reduced renal function.

Serum levels of FGF23 were higher than normal in our
CKD population with increments detectable since CKD stage
2. Correlations of FGF23 were negative with eGFR and 1,25D,
and positive with PTH, Ps and FEPO4

. Multivariate analysis
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Figure 5: Correlation tests of FGF23 with: (a) PTH, (b) Ps, (c) 1,25D, (d) FEPO4
.

evidenced eGFR and 1,25D as best predictors. These data
suggest that bone cells somehow sense the reduction of eGFR
very early and increase FGF23 synthesis mainly aiming at
reducing 1,25D synthesis. In agreement, in a mice model
of CKD administration of FGF23 antibodies resulted in a
significant and dose dependent increase of 1,25D [33]. In our
CKD population, the consensual increments of serum P and
PTH along with that of FGF23 can be regarded, at variance,
as mainly secondary to the reduction of renal function.

Interestingly in our study, a negative relationship emerged
between s-Klotho and FGF23. This favors the hypothesis
that s-Klotho, whose circulating levels are strongly related to
renal function and are most probably secondary to reduced
expression of TM-Klotho, can be regarded as a sensitive
biomarker of TM-Klotho expression, useful to appreciate
early development of tubular resistance to FGF23. Conse-
quently, bone synthesis of FGF23 is increased. A recent paper
with histologic data from patients with glomerulonephritis
showed parallel reduction of renal Klotho and of s-Klotho
together with increments in FGF23, which is in agreement
with our data [24]. Transgenic animals selectively null for
Klotho throughout the nephron, as reported recently by
Lindberg et al., have negligible shedding of Klotho from renal
explants and circulating levels reduced by 80%, thus revealing
the kidney as a major contributor of circulating Klotho [34].

Significantly in our study, levels of s-Klotho and of
FGF23 are roughly halved and, respectively, doubled in a
population with an average eGFR of 45mL/min/1,73 but with
substantially normal values of Ca and P and with mean
values of 1,25D and of PTH, respectively, at the lower and
higher upper limits of normality. This confirms that changes
in serumCa and P are not reliable to detect early CKD-MBD,
while s-Klotho seems more sensitive than PTH and 1,25D.

Limitations of our study are several. First, the number of
evaluated patients is rather low. In fact, an increased number
of cases would have reinforced the reliability of our results
that, however, are in line with published data in the literature.
Second, we did not include CKD stage 1 patients and this
does not allow us to verify if s-Klotho diminish even in case
of “normal” renal function. Certainly, this important issue
warrants further investigations. Third, we did not measure
urinary s-Klotho. Effectively, evidence of reduced urinary
Klotho in our experience would have reinforced the hypoth-
esis of reduced renal synthesis. However, scanty, available
papers report reduced urinary Klotho in patients with renal
failure [31] and in animals selectively null for nephron Klotho
[34], both results confirming our hypothesis.

In conclusion, our results favor the hypothesis that renal
Klotho synthesis diminishes early in renal disease and that
s-Klotho proportionally lessens; bone detects these changes
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somehow and increases FGF23 production. Accordingly, s-
Klotho represents an early marker of renal damage and of
ensuing CKD-MBD, indicative of the cross-talk between
bone and kidney.
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Before the characterization of human and animal models of estrogen deficiency, estrogen action was confined in the context of the
female bone. These interesting models uncovered a wide spectrum of unexpected estrogen actions on bone in males, allowing the
formulation of an estrogen-centric theory useful to explain how sex steroids act on bone inmen.Most of the principal physiological
events that take place in the developing and mature male bone are now considered to be under the control of estrogen. Estrogen
determines the acceleration of bone elongation at puberty, epiphyseal closure, harmonic skeletal proportions, the achievement of
peak bone mass, and the maintenance of bone mass. Furthermore, it seems to crosstalk with androgen even in the determination
of bone size, a more androgen-dependent phenomenon. At puberty, epiphyseal closure and growth arrest occur when a critical
number of estrogens is reached. The same mechanism based on a critical threshold of serum estradiol seems to operate in men
during adulthood for bone mass maintenance via the modulation of bone formation and resorption in men.This threshold should
be better identified in-between the ranges of 15 and 25 pg/mL. Future basic and clinical research will optimize strategies for the
management of bone diseases related to estrogen deficiency in men.

1. Introduction

In the human male, testosterone (T) and estradiol (E
2
) are

the main circulating sex steroids acting on bone tissue. The
first is produced from the Leydig cells in the testis, while
the latter derives from the aromatization of the androgens by
means of the enzymatic complex of aromatase [1]. Aromatase
is a cytochrome P450 enzyme encoded by the CYP19A1 gene
that plays a key role in estrogen biosynthesis: it catalyzes the
conversion of Δ4-androstenedione into estrone and that of
T into E

2
[2, 3]. Aromatase is widely expressed in a large

number of tissues such as testis (Sertoli and Leydig cells),
ovary (granulosa cells and luteal corpus), brain (including
hypothalamus), hair follicles, and fibroblasts [2, 3]. Adipose
tissue also expresses aromatase and it constitutes an impor-
tant source of estrogens, especially in men [1–4]. In men,
in fact, E

2
is mainly produced by the testis and secondarily

by adipose tissue [2–4]. Biological actions of estrogens are
mediated by their receptor (ER) that belongs to the nuclear
receptors family, and, to date, two different ERs have been

identified: ER-𝛼 and ER-𝛽 [5]. A further nongenomic path-
way of estrogen action has been described probably involving
a plasma membrane interaction of the ER [6, 7].

Animal [8, 9] and human [10, 11] models of male con-
genital estrogen deficiency offered a new scenario useful
for better understanding estrogen effects on male bone
as well as several organs and tissues in men [12–14]. All
these physiological actions of estrogens in men remained
overlooked for a long time (see [13] for review). In the past,
estrogen was also erroneously considered indispensable for
blastocyst implantation [15] and congenital estrogen defects
are supposed to be incompatible with life [10, 11]. The
discovery of the first cases of congenital estrogen defects in
humans allowed understanding that aromatase deficiency is
due tomutations of the gene coding for the aromatase enzyme
complex, which leads to lack of both estrogen synthesis and
action, while estrogen resistance is due to mutations of the
genes coding for estrogen receptors and leads to resistance
to estrogen actions even in presence of circulating estrogens
[10, 11].
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This review will focus on the role of estrogens on human
male bone according to all skeletal physiological events that
occur in vivo in different life stages in men. The rise of T
and E

2
in men at puberty progressively exposes bone to sex

steroids, thus allowing them to act on the growing skeleton.
Sex steroids modify the way through which immature bone
develops in terms of size, structure, bone mineral density
(BMD), and proportions till the achievement of final skeletal
maturation. After the achievement of peak bone mass, estro-
gens continue to influence bone remodeling in adulthood, the
decline of circulating E

2
being directly correlated with bone

loss from adult to aging life.

2. Estrogen Effects on Bone from
Early to Late Puberty

Very low levels of estrogens circulate in the blood even in
male children during infancy, but their real physiological
significance is not known [16]. In prepubertal boys with a
genital Tanner stage 1, serum E

2
measured with the gold

standard liquid chromatography tandem mass spectrometry
(LC/MS/MS) starts to increase ranging from 0.5–1.0 to about
1.9 pg/mL in healthy controls and obese boys, respectively
[17, 18]. Considering the developing skeleton to not be under
the effects of estrogens before puberty in male fetuses and
children is a good simplification, even though this is a poorly
investigated field of research (Table 1).

The initial activation of the hypothalamic-pituitary-
gonadal axis in male children resulting in a progressive, slow
increase of sex steroids, including estrogens, characterizes the
peripubertal period [17–19]. Bone exposure to low concentra-
tions of estrogens leads to well-known estrogen-dependent
bone changes in males [20, 21].

2.1. Effects of Estrogens on Longitudinal Skeletal Growth.
The growth of long bones occurs at the growth plate, a
thin layer of cartilage that separates the epiphysis from the
metaphysis [22]. The growth plate consists of three distinct
layers of resting (stem cell-like), proliferative and hyper-
trophic chondrocytes [22, 23]. The concept that sex steroids
promote epiphyseal growth and maturation during puberty
in both sexes was a well-known issue in endocrinology since
the beginning of the last century [24–26]. This classical
endocrinological theory was based on a well-distinct action
of estrogen from androgen on bone. In fact, it was believed
that the former leads to growth plate maturation only in
women [27], while the latter leads to growth plate maturation
only in men [28, 29]. As a matter of fact, the failure of
epiphyseal closure and osteoporosis observed in adult men
with congenital hypogonadotropic hypogonadism or with
childhood onset severe T deficiency were both traditionally
ascribed to insufficient bone exposure to androgen at puberty
[30, 31]. Notwithstanding evidence on estrogen actions on
bonematuration inmen had become available since the 1980s
[32–34]; this viewpoint lasted since the beginning of the 1990s
when the idea that estrogen is the main sex steroid involved
in male bone maturation started to advance [35] thanks to

Table 1: Role of estrogens on male bone throughout lifespan.

Life stages Effects of estrogens on bone
Fetal life Poorly investigated/unknown
Infancy Poorly investigated/unknown
Puberty

Early
puberty
(detectable
but low E2)

Growth plate lengthening
Rapid advancement of bone age
Accelerated linear bone growth
Increase in height velocity (growth spurt)
Assurance of adequate target height attainment

Late
puberty
(high E2)

Thinning and progressive growth plate
disappearance before epiphyseal closure
Bone maturation
Advancement of skeletal maturation
Progression of bone age in late puberty
Epiphyseal fusion and growth arrest
Achievement of final height
Allowance of skeletal body proportions
Achievement of adequate peak bone mass

Bone size
Bone length
Periosteal bone apposition (crosstalk with
androgens)

Adulthood Maintenance of bone mass
Ageing Prevention of bone loss
E2: estradiol.

the description of the first cases of congenital defects of
estrogen synthesis or action [36–40].

The clinical phenotype presented by the unique male
patient described to date [36] with estrogen resistance was
very close to that ofmenwith aromatase deficiency [37, 40]. It
is characterized by tall stature, a history of continuous linear
growth into adulthood, unfused epiphyses, progressive genu
valgum, eunuchoid proportion of the skeleton, delayed bone
age, and osteoporosis. In 1997, Carani et al. [38] demonstrated
that transdermal E

2
replacement is effective in obtaining

complete epiphyseal closure, final skeletal maturation, the
arrest of growth in height, the increase in BMD, and peak
bonemass [10, 38].This result was subsequently replicated by
many other authors in all aromatase-deficient men described
so far [40–46]. On the other hand, six months of treatment
with high doses of T, given before the diagnosis of aromatase
deficiency in an attempt to arrest continuous linear growth,
had no effects on bone age in this patient [10, 38]. Besides,
E
2
treatment was not effective in the estrogen-resistant man,

as expected [36]. All these findings suggest that epiphyseal
closure is an estrogen-dependent phenomenon even inmales
and that androgens by themselves are not effective to ensure
a normal skeletal development during late pubertal stages
[10, 11, 21–23] (Table 1).

Later on, these findings opened the way to studies
investigating the role of estrogens on bone growth and
maturation not only in the context of congenital estrogen
defects but also in normal boys. Serum E

2
was found to

increase simultaneously with T levels during puberty in boys
and to correlate directly with chronological and skeletal age,
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Figure 1: Direct and indirect effects of increasing circulating estrogens and their depletion on the growth plate (a), and effects of estrogen
deprivation on bone elongation and epiphyseal status (b). AR: androgen receptor; E1: estrone; E

2
: estradiol; T: testosterone; ER-𝛼: estrogen

receptor alpha; ER-𝛽: estrogen receptor beta; GPR30: membranous-G-protein-coupled estrogen receptor.

height, weight, and pubertal stages, thus confirming the
crucial role of estrogens on bone physiology at puberty even
in the male [19, 21] (Table 1). In particular, estrogens seem
to have a dose-dependent effect on growth plates [21, 47]:
actually low doses of E

2
stimulate ulnar growth in boys

[33], while higher doses lead to an inhibition of this process
of growth [20]. Recently, circulating serum E

2
measured

by LC/MS/MS resulted directly related to both the genital
Tanner stage and the skeletal maturation in pubertal boys
[18]. In addition, serum E

2
was significantly higher and bone

agemore advanced in obese boys comparedwith healthy boys
at the same pubertal stage [48]. The excess of adipose tissue
in obese boys probably accounts for increased aromatization
of androgens into estrogens and for the advancement of
bone age due to the higher amounts of circulating estrogens
[18, 48]. This result is in line with the well-known gender
difference in the progression of skeletal maturation, which
is more rapid in women than in men and parallels gender
differences in theway serumE

2
increases throughout puberty

[19, 20, 33, 35]. At the beginning of puberty, when circu-
lating E

2
is low, the prevailing effect of E

2
consists in the

promotion of chondrocytes proliferation within the growth
plate, resulting in growth plate lengthening and accelerated
bone elongation (Figure 1) (Table 1). This corresponds to the
increase of height velocity occurring during pubertal growth
spurt that is postulated to be under estrogen control (Table 1)
[21, 40, 47]. As puberty goes on, the rise in serum T ensures
high E

2
circulating levels, typical of late puberty; E

2
inhibits

chondrocyte proliferation and stimulate chondrocyte differ-
entiation, thus inducing the progressive ossification of the
growth plate and its final disappearance (Figure 1). At present,
the amount of E

2
required for shifting from the increase in

length of the growth plate to its growth deceleration and final

closure of the growth plate line is not known in detail. Data
available in literature clearly show that no difference in serum
T is present between men with idiopathic hypogonadotropic
hypogonadism with fused epiphyses compared to those with
unfused epiphyses [30], but no data are available in literature
on serum estrogens in these rare conditions. This implies
that androgen is not involved in the process of shifting from
growth plate elongation to progressive growth plate thinning
and final disappearance (Table 1).

Based on the poor compliance of an aromatase-deficient
man, we tried to develop a dose-response relationship
between serum E

2
and radiological changes of the long bones

in terms of bone age [45]. Due to patient’s poor compliance,
serum E

2
remained below 20 pg/mL for a long time without

any change of bone age and growth plate appearance at X-ray
[45]. The closure of the epiphyses was obtained only several
months later when E

2
rose above 20 pg/mL and the patient

was taking the right dose of transdermal E
2
[45].This suggests

that serum E
2
above 20 pg/mL is necessary for epiphyseal

cartilage fusion [45] and that only in the case of severe
estrogen deficiency the epiphyses remain still open despite
the advancement of the chronological age (Figure 2). The
same results can be deduced from a recent study comparing
sex steroids, pubertal stage, and skeletal maturation between
obese and lean boys [17]. If boys at the end of puberty (with
a genital Tanner stage 5) are considered, bone age (of about
18 years on average) was greatly advanced and consistent
with fused epiphyses in obese boys with a mean serum E

2

clearly above 20 pg/mL (median 34.8 pg/mL,min–max: 25.6–
41.1 pg/mL), while bone age (of about 16 years on average)
was less advanced and consistent with still unfused epiphyses
in lean boys with a mean serum E

2
below 20 pg/mL (median

15.7 pg/mL, min–max: 13.2–21.0 pg/mL) [17].
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Figure 2: Proposed range for a critical serum estradiol threshold above which both skeletal maturation and mineralization can proceed in
an optimal way. E

2
: estradiol; BioE

2
: Bioavailable estradiol.

The molecular mechanism through which estrogens act
on the growth plate in vivo is still not known in detail, but
recently advance on this issue has been reached [22, 23].
Several convincing evidence suggests that the growth plate
width progressively decreases as a consequence of a process of
senescence involving the chondrocytes, mainly in the resting
zone [49]. How this senescence occurs and progresses is not
known, but severalmechanisms such as apoptosis, autophagy,
chondrocytes differentiation into osteoblasts, and hypoxia
have been proposed and are currently object of undergoing
investigation by basic scientists [23]. Certainly, estrogens
exert a strong effect on one or more of these pathways finally
resulting in the promotion of chondrocytes involution and in
the assurance of final epiphyseal closure followed by growth
arrest [21–23]. What is evident is that the number of both
chondrocytes and progenitor cells progressively decreases in
the resting zone of the growth plate and that estrogens accel-
erate this process, especially when they reach a critical level
[50]. Both ER-𝛼 and ER-𝛽 are expressed by human epiphy-
seal chondrocytes [51, 52]; moreover, the membranous-G-
protein-coupled estrogen receptor, namely, GPR30 [7], is also
expressed in the hypertrophic zone of human growth plate
[53]. Furthermore, the fact that aromatase is also expressed
by chondrocytes which are able to produce estrogens [54–56]
implies that both circulating and locally produced estrogens
are able to exert their actions within the growth plate via the
activation of all the available estrogen transduction signaling
pathways [22, 23]. Low levels of estrogens, similar to those
locally produced in vivo, are able to promote chondrocytes
proliferation and to protect them from cell death in vitro [57].
This mechanism might explain why low circulating and/or
locally produced estrogens enhance longitudinal growth
during early puberty. Conversely, the expression of the estro-
gen receptor GPR30 decreases dramatically during pubertal
progression in humans when circulating estrogens reach the
highest values typical of late puberty and longitudinal growth

decelerates up to cessation [53]. GPR30 is a good candidate
for explaining estrogen actions on growth plate since knock-
out mice in which this receptor is disrupted do not respond
to estrogen in terms of longitudinal growth deceleration and
cessation [58]. ER-𝛽, rather than ER-𝛼 [59], seems to be
mainly involved in the induction of growth plate fusion in
response to supraphysiological E

2
exposure [60]. However,

the complex interaction between estrogens and their recep-
tors within the growth plate remains to be elucidated in detail.
In the uniquemanwith estrogen resistance, epiphyseal fusion
did not occur at the expected time, despite high circulating
E
2
and normally functioning ER-𝛽 [36]. Besides, cultured

cells obtained from the bone biopsy of this patient did not
respond to estrogen exposure, differently fromwild type cells
[61, 62]. This issue is further complicated by the possible
crosstalk between ER-𝛼 and ER-𝛽. Theoretically, in fact, it is
possible that the residual truncated N-terminal fragment of
the disrupted ER-𝛼 may have acted as a negative inhibitor
of ER-𝛽 in this patient [62, 63], thus accounting for the
very delayed epiphyseal closure in this estrogen-resistantman
reached at the age of 35.5 years [61].

Other hormones are good candidates for explaining
growth plate proliferation, longitudinal bone growth, and
growth plate involution [23]. Among them, growth hormone
(GH) and insulin-like growth factor-1 (IGF-1) exert an
anabolic effect on bone and are necessary for longitudinal
bone growth and growth acceleration during infancy and
at the time of the growth spurt, respectively [23]. The role
of GH and IGF-1 on longitudinal bone growth and growth
spurt could be even indirect through the well-known ability
of estrogens to enhance GH and IGF-1 secretion, an event
that occurs during late puberty and that concurs to accelerate
growth during the pubertal spurt [10, 11, 35, 64] (Figure 1).
However, longitudinal bone growthmight occur and progress
also independently from the GH/IGF-1 status but at a lower
rate since men with aromatase deficiency continue to slowly
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increase their stature during adulthood, despite severe GH
deficiency [65]. Accordingly, GH response to GHRH plus
Arginine in four patients with aromatase deficiency was
significantly lower than that in normal subjects, both before
and after transdermal E

2
replacement therapy with E

2
[65].

In particular, E
2
replacement did not restore normal GH

secretion and IGF-1 that remained significantly lower than
normal age-matched controls [65]. The fact that estrogen
replacement treatment was effective on epiphyseal closure
and growth arrest in all patients with aromatase deficiency
[40], despite insufficient GH and IGF-1 production [65],
implies that GH and IGF-1 do not play a major role in the
process of growth plate closure in humans.These data suggest
that a tall stature (higher than the genetic target) may be
reached despite the coexistence of GH deficiency in these
patients. Even though we have no data about the GH-IGF1
axis in these patients during their childhood and puberty,
they were able to increase their stature during the first period
of E
2
treatment, soon before epiphyseal closure [40]. Besides,

when aromatase inhibitors are administered at puberty in
order to increase final height, usually a reduction of GH
and IGF1 levels is observed but a benefit on final height
is even obtained thanks to the epiphyseal fusion blockade
and a longer time available for growth [66, 67] (Figure 2).
All these data suggest that both longitudinal bone growth
and a slow progressive increase in height during adulthood
are possible even in presence of circulating GH and IGF-1
lower than normal on condition that epiphyseal growth plates
remains open. This condition might lead to the development
of tall stature [65]. Outside the context of these rare clinical
conditions that help to better know how sex steroids act on
the growing skeleton in healthy children and boys, GH and
IGF-1 remain very important physiological determinants of
growth during infancy and puberty since they ensure bone
elongation and a normal height velocity [64]. Accordingly,
GH deficiency represents one of the most important causes
of growth retardation and (if untreated) of final short stature.
Indeed, r-hGH replacement treatment is effective in restoring
a normal height velocity in children and boys with GH
deficiency [64].

2.2. Effects of Estrogens on Skeletal Proportions. In men,
estrogen at puberty modulates both growth and the increase
in stature in a fascinating way that allows accelerating the
growth of the appendicular skeleton for a brief period
only—characterized by low but detectable serum E

2
(early

puberty)—while preserving, at the same time, harmonic
skeletal proportions. Accordingly, the further increase of
serum estrogens triggers both epiphyseal closure and cessa-
tion of growth during mid-to-late puberty, thus avoiding the
development of an altered ratio between the appendicular
and the axial skeleton. Even though androgens alone are not
able to induce bonematuration, they exert direct and indirect
anabolic action on bone before, during, and after puberty
(Figure 1). In particular, during puberty, androgens probably
promote the continuous linear growth, especially at the level
of long bones as substantiated by the expression of androgen
receptors within the human growth plate [23, 68] and the

promotion of growth sustained by androgens through the
elongation of the growth plate, at least in rats [69] (Figure 1).
Disproportional growth of long bones leads to eunuchoid
proportions of the skeleton characterized by the prevailing
length of arms and legs over the spine. Usually the eunuchoid
skeleton is defined by the finding of an abnormal upper to
lower segment ratio (<0.88) and by the predominance of the
arm span over the patient’s height (ratio > 1) [40, 47, 70].
Menwith estrogen deficiency have a prolonged time available
for linear growth thanks to a still open growth plate and
they exhibit eunuchoid body proportions (Figure 1) [40, 47],
whichworsen if they are not treatedwith exogenous estrogens
[43]. Conversely, if the onset of E

2
treatment starts at the

proper time, during early puberty, body proportions are unaf-
fected in males with aromatase [41]. This evidence highlights
the concept that estrogen rather than androgen is necessary
also for a harmonic skeletal growth (Figure 1) (Table 2). As
a matter of fact, normal skeletal proportions are found in
patients affected by complete androgens insensitivity syn-
drome (CAIS) where normal-to-high E

2
serum levels allow

epiphyseal closure at the right timing, despite the absence of
androgen action [71, 72]. The adult height of patients with
CAIS usually corresponds, in fact, to both the calculated
target and mean height of men rather than females standard
[72]. All clinical conditions that lead to severe T deficiency
before the completion of puberty and that are characterized
by eunuchoid proportions of the skeleton [70] share the
same mechanism of severe estrogen deficiency secondary to
hypogonadism [73] (Figure 1). Thus, relative severe estrogen
deficiency secondary to insufficient androgen production
leads to eunuchoid body proportions in prepubertal male
hypogonadism [70, 73], 17,20-lyase deficiency and combined
17𝛼-hydroxylase and 17,20-lyase deficiency [40, 47].

2.3. Effects of Estrogens on Bone Mass Accrual and Attainment
of Peak Bone Mass. The peak of bone mass (bone growth
and BMD increase during childhood and young adulthood)
determines the total amount of bone mineralized tissue
available during adulthood till aging [74, 75]. Once the peak
of bone mass is achieved during puberty and early adulthood
(before the age of about 30 years), the bone becomes unable
to reach further significant bone mass accrual. Thus, the
bone mass remains stable or decreases on the basis of the
balance between bone formation and resorption [74, 75].
The achievement of peak bone mass is prompted by the rise
in sex steroids at puberty. Even this process was previously
supposed to be under the control of estrogens in females
and of androgens in males [10, 11, 76]. All the events that
can negatively interfere with the achievement of peak bone
mass predispose to the development of osteoporosis later in
life in both sexes [74, 75]. Among them, physiological or
pathological conditions that determine sex steroid deficiency
result in impaired peak of bone mass, such as in the case of
prepubertal hypogonadism or delayed puberty in boys and
anorexia nervosa in girls [30, 31, 75].

Probably androgens alone are not sufficient for the
achievement of a normal BMD and an optimal peak of
bone mass since severe osteoporosis was reported in all
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Figure 3: Schematic representation of the role of estrogen and androgen bone size according to gender. The effects of sex steroids on cortical
and trabecular bone are represented. Bone size is reached in late puberty and early adulthood as depicted at the left of the panel where the
effect of each sex steroid and their sum are shown according to gender. In men, the combined action of both T and E

2
led to greater bone size

and cortical thickness than in women. The prevailing effect of E
2
is consistent with higher endosteal bone formation in women. Bone loss

during aging occurs in a different fashion between man and women and is subordinate to the baseline conditions. Women lose more bone on
the endosteal surface and in the trabecular portion of bone, while men lose mainly bone mass in the cortical bone (right side of the panel).
E
2
: estradiol, T: testosterone; modified in part from figures published in [75, 77].

young adults with estrogen resistance [36] or aromatase
deficiency [38–40]. The importance of estrogens for the
acquisition of peak bone mass during puberty is evident by
the results obtained from both human [47] and mice models
[8] of estrogen deficiency (Table 1). Several mice models of
estrogen deficiency have been generated and all confirmed
that even in rodent estrogens mediate most of the actions
exerted on bone by androgens [8, 77, 78]. In particular, the
knock-out of the ER-𝛼 in male mice leads to the increase
of trabecular bone, the reduction of cortical bone, and the
decrease of longitudinal bone growth, while the knock-out of
the ER-𝛽 does not impact cortical and trabecular bone [78].
All these data reinforce the importance of ER-𝛼 in male bone
homeostasis [78, 79]. Studies performed on animal models,
however, do not allow transposing all the results to human
male bone physiology due to substantial differences in sex
steroid and bone physiology among species [77]. In rodent, in
fact, circulating estrogens are very low and often undetectable
so that the intracrine role of estrogens prevails over that of
serum E

2
[77]. Furthermore, in rodent, sex steroids do not

bind sex hormone binding globulin, and finally the process
of bone maturation is different in rodent due to the absence
of epiphyseal cartilage [77, 78]. The idea that estrogen is the
main sex steroid involved in the acquisition of peak bone
mass has been confirmed by other several data available in
literature from rare models of sex steroids deficiency and
from studies on pubertal boys. Inmen with CAIS, the peak of
bone mass is only in part reduced, with intermediate values
in-between those of male and female subjects [72], while
men with aromatase excess syndrome display an increased
BMD at the end of puberty due to high circulating estrogens

throughout puberty [80]. In addition, outside the context
of rare syndromes of sex steroids deficiency, several other
studies involving pubertal boys clearly demonstrate that
peak bone mass is under the control of estrogen even in men
(Table 1) [17, 18, 48, 81–83]. During puberty, E

2
leads to the

increase of bone mass mainly by increasing BMD, especially
at the level of cortical bone whereas T contributes to increase
the bone size, a phenomenon that is mainly mediated by the
mechanical load exerted on bone by the increasing muscle
mass [18]. As far as bone geometry is concerned, E

2
seems

to be negatively associated to endosteal circumference [18]
and seems to positively influence the increase of cortical
thickness both at the level of radius and tibia [18]. Thus,
both estrogens and androgens seem to be necessary for
normal bone mass accrual during puberty. Androgens
limit endosteal expansion and estrogens ensure adequate
periosteal bone expansion [18] (Figure 3). The final result
is a bone size greater than that of the female counterpart.
Compared to females, male bone has, in fact, a larger cortical
portion due to greater periosteal apposition and a larger
endosteal circumference due to reduced endosteal apposition
[18, 75, 77] (Figure 3). As a result of all these events, final peak
bone mass is determined by the increase of BMD during
puberty and early adulthood plus the remaining more slow
bone accrual that continues till the 3rd decade of life and
accounts for about 20% of peak bone mass [83].

3. Estrogen Effects on Bone during Adulthood

3.1. Estrogen and the Maintenance of BMD. In order to
maintain a biomechanically efficient bone, the skeleton needs
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to continuously remodel and repair the microcracks that
develop both in the trabecular and cortical bone during
lifetime [75, 83]. This process of remodeling occurs in
basic multicellular units (BMUs) which include osteoclasts,
osteoblasts, and osteocytes [84] that act altogether by cou-
pling bone resorption and bone formation. The balance
between bone formation and bone resorption determines the
maintenance (if the two processes balance out the amount of
bone mass) or the loss (in the case of resorption higher than
formation) of bone mass in men [74, 84]. Sex steroids exert a
direct action on the BMUs and can regulate, at least in part,
bone remodeling [83–85]. While this effect was traditionally
ascribed to estrogens in females, in the last 20 years, several
studies progressively have disclosed the sameoutcome inmen
[62, 74, 75, 83–85].

Evidence from basic research had already demonstrated a
direct estrogen action on bone cells andmore data, especially
on biomolecular mechanisms of action, have been progres-
sively obtained till now [84, 85]. In particular, estrogens
inhibit the apoptosis of osteocytes both in trabecular and
cortical bone [84, 86].They reduce bone resorption bymeans
of both direct and indirect effects on osteoclasts [84] and
act on osteoblasts, by inhibiting their apoptosis [84, 87]. In
general, estrogen regulates bone remodeling by (i) inhibiting
the activation of bone remodeling and the initiation of new
BMUs; (ii) reducing the number and activity of osteoclasts
(i.e., inhibition of their differentiation and promotion of
apoptosis) and bone resorption; and (iii) increasing the
number and the activity of osteoblasts (i.e., promotion of their
commitment and differentiation and inhibition of apoptosis)
and bone formation [77, 79, 84, 88]. For all these reasons,
bone loss in man is mainly related to relative estrogen
deficiency [74, 77, 84, 88, 89], while androgens have a minor
role [74, 75, 83, 84]. Accordingly, the net effect of androgens
per se on bone mass in vivo is quite poor. DHT, for example,
is not able to increase BMD in patients with benign prostate
hyperplasia [90]. In these patients, lumbar BMD decreases
of about 1.5% after 24 months of treatment as a result of the
net compensation between the poor anabolic effects of high
circulating DHT and its prevalent negative effect on BMD.
The latter is due to the inhibition of gonadotropin secretion
and the reduction of sera T and E

2
, with a reduced estrogen

action on bone [90].
Several studies investigated the relationship between

estrogen and BMD in men through different types of study
design and all unequivocally demonstrate that estrogen
action on the male bone is more determinant than androgen
action [74, 75, 77, 83, 84, 89]. A normal BMD is observed in
male patients with CAIS [72]. Serum E

2
and relative estrogen

deficiency resulted associated with altered bone turnover
markers [91], BMD [92–98], and fracture risk [99–102]. Most
of these findings were confirmed by large epidemiological
longitudinal studies [92, 94, 96–101]. Altogether, these studies
provide evidence that E

2
is a better predictor of male bone

health than T.
In addition, E

2
administered to male to female transsex-

uals [103–105] or to men with prostate cancer [106] signifi-
cantly increases BMD, despite endogenous serum T suppres-
sion. Otherwise, aromatase inhibitors lead to alterations of

bone turnover markers [107] and impairment of BMD [108].
Finally, genetic studies revealed an association between ERs
[109, 110] or aromatase enzyme [111, 112] polymorphisms with
decreased BMD in men.

Exogenous E
2
acts in a dose-dependent fashion on male

bone since it restores a normal BMD in aromatase-deficient
men given at a dose that ensures stable serum E

2
levels

within the normal male range [40, 113, 114]. A daily dose
of E
2
lower than 20𝜇g is usually unable to keep serum E

2

within the normal range in these patients. The result is
BMD worsening or failure in restoring a normal BMD in
men previously treated with higher doses [113] and in naive
patients [45], respectively. Similarly, in adult men without
genetic diseases involving estrogen pathways, E

2
seems to be

protective for bone but only when serum levels are above a
critical threshold [102]. In cohort studies, this threshold has
been settled in-between 15 and 20 pg/mL [115]. By studying
the effects of estrogen treatment in an aromatase-deficient
man [45], this threshold has been more precisely determined
as being around 16 pg/mL (Figure 2).This value has been also
confirmed by studies on fracture risk in older men (Figure 2)
[102]. Recently Khosla et al. stated that a serum E

2
level

at least above 25 pg/mL is certainly protective for bone in
men (Figure 2) [88]. All these data suggest that serum E

2

levels of 20 pg/mL or above are needed for optimal skeletal
maturation and achievement of optimal peak bone mass
[116]. This threshold is very close to that required also for the
epiphyseal closure (Figure 2) [45, 116].

The concept that estrogens act on bone only when a
specific amount is reached is well established, whereas the
precise threshold value remains to be settled. Differences in
study design and overall in methods used for estrogen assays
might explain the discrepancy between values obtained from
different studies. In the future, the wide use of the gold
standard methods (LC/MS/MS) for the measurement of
estrogen in serum will provide more reliable information on
the exact threshold value: the latter will probably fall within
the suggested range of 15–25 pg/mL (Figure 2). Furthermore,
future studies will be of help in disclosing if individual,
genetic differences in estrogen sensitivity might influence the
amount of estrogens needed for a full estrogen action on
bone.

In conclusion, clinical and basic research demonstrate
that E

2
is the main sex steroid required for bone homeostasis

in men [74, 77, 83, 84, 88, 89].

3.2. Estrogens and Bone Size. Bone size exhibits evident
gender differences that are ascribed mainly to sex steroids
actions on bone [83, 117, 118]. Estrogen controls the final
length of long bones by acting on epiphyseal closure (see
the paragraph above for details). The length of long bones
is greater in men than in women. This could be once
again the effect of the more rapid increase of estrogens at
puberty in women which is responsible for an anticipated
epiphyseal closure and growth cessation [17, 18, 48]. Actually,
bone mass and strength are greater in men than in women;
probably these differences are due to different length and
bone structure among the two sexes (Figure 3) [76]. Bone
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size, in fact, is larger in men than in women mostly as a
consequence of awiderwidth of bone, especially of its cortical
portion (Figure 3) [75, 77, 115, 118, 119]. The enlargement
of the periosteum involves the appendicular skeleton, and
it mainly occurs from puberty to the 3rd decade of life
[75]. In men, this process leads to continuous increase of
the cortical thickness (Figure 3) [119–121]. Conversely, in
females, this process ceases earlier and does not continue
during young adulthood [119–121]. In addition, the very
high amount of estrogen in women is responsible mainly
for endosteal bone formation. The final result is that adult
females have smaller cortical bone portion and a shorter
endosteal circumference than males (Figure 3) [75, 77, 115–
121].

It has been suggested that the different levels of circulating
androgens between the two sexes can explain this sexual
dimorphism in bone structure. As the final pathways of
sex steroids actions in bone are the same in the two sexes,
this sexual dimorphism in bone size probably comes from
indirect actions of sex steroids on tissues different from bone.
With this in view, a possible role of T in establishing bone
size can be explained by sex differences in muscle mass [122]
which start to appear at the time of puberty [48].Musclemass
is androgen-dependent [122] and greater muscle mass can
exert greater mechanical action on bone [123], thus resulting
in increased bone size and bone mass [75]. Obese boys, for
example, have larger muscle size and larger bones in the
legs if compared with lean boys at the same pubertal stage
[48]. Furthermore, whenT is administered to ovariectomized
female-to-male transsexuals, both muscle and skeletal mass
change and the final musculoskeletal system resembles that
of the male counterpart [124].

The old view postulated that androgen stimulates
periosteal expansion in men, whereas estrogen inhibits
periosteal apposition in women. The finding of significant
periosteal expansion prompted by estrogen treatment in a
boy with aromatase deficiency [41] suggests a more complex
cross-talk between these two hormones within the bone
periosteal surface [125]. Estrogens might exert a permissive
action on androgens, thus facilitating and promoting their
anabolic effect on the periosteum; this event does not take
place or is minimized when estrogens are lacking or are
below the normal range (Figure 3) [125]. Lesson from rare
models of estrogen or androgen deficiency seems to confirm
this hypothesis. In fact, bone size has a female appearance in
XY patients with CAIS [126, 127]. Accordingly, Vandenput
and colleagues [128] studied the role of the androgen receptor
in the skeletal homeostasis of androgen-resistant, testicular
feminized, male mice and observed that bone size and
bone formation at the periosteal surface depend also on a
functional androgen receptor. The mechanism consists in a
permissive estrogen role on androgens and seems to operate
also on trabecular bone homeostasis [114]. This permissive
estrogen action, however, needs to be confirmed and better
clarified on a molecular point of view.

In conclusion, the role of each sex steroid on bone size and
on gender difference is a complex phenomenon that involves
also other endocrine systems like the GH/IGF-1 and that
needs still to be better clarified.

4. Estrogen Effects on Bone While Aging

The progressive decline of T that usually occurs with advanc-
ing age might result in a corresponding decrease of circu-
lating estrogens in men [74, 98, 102, 129]. Relative estrogen
deficiency in elderlymenwith lowT is common and has been
clearly demonstrated in most of the longitudinal studies on
sex steroids in older men [98, 101, 102, 129].There is, however,
the possibility that both androgens and estrogens do not
decline with advancing age, especially in older men in a good
health status [130]. A mild-to-severe reduction of circulating
T in older men who develop age-related hypogonadism
is directly responsible for bone loss, but the concomitant
decrease of circulating E

2
has a main impact on bone health

[14, 129]. In older men, the 70–85% of the decrease in
BMD related to sex steroids decline is imputable to estrogen
deficiency while only the remaining 15–30% is imputable to
androgens [74, 84, 91]. Relative estrogen deficiency causes a
decrease of both trabecular [83, 88, 89, 98–101] and cortical
[131] bone in older men, leading to a bone structure that
strongly resembles that of young aromatase-deficient men
[74, 132]. Bone size, in fact, decreases at least in part as
an effect of contraction of the cortical portion of the bone
[75, 77, 116, 117]. However, the main changes related to
aging that occur in male bone regard the bone structure. In
particular, cortical porosity increases with age [75, 77, 131]
while BMD decreases [75, 77, 83, 84]. BMD changes are due
to the reduction of trabecular bone volume that is sustained
by the thinning of the trabeculae rather than a reduction
of their number, the latter being a mechanism involved in
female bone aging [75, 77, 83, 84]. Another mechanism
involved in male bone aging is endosteal resorption. In men,
endocortical resorption is less pronounced than in women
but substantially contributes to decreasing cortical cross-
sectional area and consequently bone strength (Figure 3) [74,
75, 77, 83, 84, 88, 89, 98–101, 131].

To what extent the decrease in BMD due to relative
estrogen deficiency contributes to the incidence of fractures
in aging men with late-onset hypogonadism is still not com-
pletely clear. Men with congenital estrogen deficiency were
classically considered at risk to develop fracture, but only
recently a history of pathological fractures of the forearmafter
minimal trauma has been observed in a man with aromatase
deficiency [46]. Long-term outcome concerning fractures in
those rare male patients remains still not available [40]. Data
obtained from older men demonstrate that E

2
is inversely

associated with BMD [92–98] and seems to predict fractures
better than T [99–102]. However, not all the older men with
low serum T develop relative estrogen deficiency [98, 102]
and probably onlymen with concomitant low serum E

2
are at

high risk of fracture. Individual differences in both aromatase
activity and expression probably might explain why in the
presence of low serum T only a subgroup of men with
late-onset hypogonadism has relative estrogen deficiency
(Table 2) [74]. However, well designed studies aimed at
exploring this hypothesis are still lacking. Among men with
low serum T, those with concomitant estrogen deficiency
should be considered to be at high risk of osteoporotic frac-
tures (Table 2), especially when serum E

2
is below 25 pg/mL
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Table 2: Risk of osteoporosis and fractures along with clinical
manifestations according to estrogen status in elderly men.

Elderly men with late onset hypogonadism

Estrogenic
status

Relative estrogen
deficiency
(less functioning
aromatase)

Normal circulating
estrogens
(normal functioning
aromatase)

Clinical
phenotype

Low serum E2 Normal serum E2
Normal E2/T ratio Impaired E2/T ratio

Highest gonadotropins Less increased
gonadotropins

Severely impaired BMD Normal to moderate
BMD decrease

Osteoporosis Osteopenia
Risk of developing
gynecomastia

Fracture risk High Low
E2: estradiol; T: testosterone; BMD: bone mineral density.

(Figure 2). T deficiency further contributes to increasing the
risk of fractures in these patients. Accordingly, muscle mass
reduction that is related to androgen depletion [122] worsens
BMD [123] and increases the risk of falling in elderly men
[115, 133].

In conclusion, elderly male might present relative estro-
gen deficiency that may be implied in several age-related
conditions [14] that can affect and worsen quality of life,
including bone loss.

5. Areas of Uncertainties

Even though now the crucial role of estrogen on bone home-
ostasis is well established many uncertainties still remain to
be clarified both in the field of basic and clinical research as
well as in the field of translational endocrinology.

5.1. The Research Corner. Estrogen effect on male skeleton
during fetal life and childhood has not yet been investigated
while preliminary data during pubertal development are
becoming available [16–18, 48] (Table 1). Furthermore, data
on the effects of estrogen deprivation on the growing skeleton
in men with congenital estrogen deficiency are scanty [40].

The exactmolecularmechanism of estrogen action on the
process of skeletal maturation remains to be established in
details. We still do not know whether estrogens are directly
involved in epiphyseal closure or whether their effect is
mediated by a more complex hormonal network (endocrine
and/or paracrine) including cytokines and growth factors.
The lack of animal models useful to study the pathophysiol-
ogy of the growth plate complicates the advancements on this
issue. The models available present several limitations. The
physiology of growth plate and the process of ossification of
long bones in rodents are very different from those of humans
[22, 23, 60].The rabbit is closer to human but presents several
significant differences [22, 23, 49–51].

While the role of circulating estrogens on bone matu-
ration and accrual has been clarified, the contribution of
intracrine estrogen production is unknown. Furthermore,

the other endocrine systems and growth factors recruited
by estrogen and having an important role within the bone
remains to be identified.

The effects on bone of selective estrogen receptor mod-
ulators (SERMs) remain doubtful due to conflicting results
available in the literature. Raloxifene, a SERM with a proven
estrogen agonist action on bone with estrogen antagonist
actions on other tissues, was not effective in inducing
epiphyseal closure in an aromatase-deficient man after 24
months of treatment [134]. Conversely, tamoxifen, another
SERM with agonist action on bone, induces permanent
growth arrest through the apoptosis of chondrocytes in rats
[135]. Raloxifene, however, is able to increase BMD both
in aromatase-deficient men [134] and in men with prostate
cancer [136, 137].

5.2. The Clinical Corner. About 20 years of research in the
field of estrogen on bone did not lead to significant changes
in clinical practice. Therapeutic strategies aiming to target
estrogens for inducing changes in the male bone include
aromatase inhibitors for the treatment of short stature in
children and adolescents and estrogen-like compound for
osteoporosis in adult and elderly men. None of these strate-
gies, however, reached the expected results and nowadays
they remain confined to the clinical research area without any
real impact and extensive use in clinical practice.

Aromatase inhibitors are effective in increasing final
height [67, 138] but the results in terms of centimeters
reached are less than those expected if the epiphyseal closure
is completely blocked. Aromatase inhibitors decelerate the
advancement of bone age [67, 138], but the latter is not com-
pletely blocked as it happens in aromatase-deficient men [67,
138]. Probably even themost potent 3rd generation aromatase
inhibitors are not able to completely block the enzyme [139]
or, alternatively, after a first period of successful blockade,
a phenomenon of escape might occur since serum E

2
tends

to progressively increase even though at a lower rate than
in the placebo group [138]. This probably also accounts for
the lack of reported undesired effects, such as osteoporosis,
which would be expected in the case of complete blockade of
the enzyme. Recently, however, Hero et al. reported vertebral
deformities in boys treated with letrozole [140]. It is not clear
whether severe prepubertal and pubertal estrogen deficiency
might lead to skeletal deformities. Sporadic skeletal deformi-
ties (i.e., kyphosis and bilateral femoral osteonecrosis) have
been observed inmenwith estrogen deficiency, but the cause-
effect relationship with estrogen deprivation needs to be
confirmed [40]. Finally, further data from clinical trials are
required in order to obtain final data on safety for the use of
aromatase inhibitors in boys since theoretically more adverse
events are expected to occur [141, 142].

The most critical issue in clinical practice is the poor
reliability of the commercially available assays.Their accuracy
and reproducibility are insufficient especially in the low range
of serum E

2
typical of men [40, 74, 143]. The development

of new techniques that are considered to be the gold
standard, such as LC/MS/MS, is providing precise standard
methodologies useful for serum estrogenmeasurement [143].
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In the last years, these new methodologies are becoming
even more widespread among clinical laboratories since they
could be cost and time saving, especially in laboratories that
perform a great number of assays per day. At present, serum
E
2
is not currently part of the work-up used for the clinical

diagnosis and management of male osteoporosis. Several
authors, however, are going to introduce this biochemical test
in the clinic when the lab outcomes are accurate. Thus, we
will be able to improve our knowledge about the real critical
amount of circulating estrogens required to ensure bone
health.

Osteoporosis still remains an overlooked and
undermanaged disease in older men [74, 144], while all the
advancements in the field of estrogen deficiency and bone did
not result in practical, significant changes in the approach to
male osteoporosis. All these uncertainties reflect the wide dif-
ferences among physicians approaching estrogen deficiency
in the context of osteoporosis in older men [74, 144] as well
as all the difficulties in identifying a way to physiologically
increase serum E

2
without concomitantly impairing

androgen production. The only practicable way remains T
therapy that is able to restore both normal sera T and E

2
with

consequent beneficial effects on bone in the presence of a
normal functioning enzyme [144]. However, T replacement
treatment should be considered only after careful evaluation
of potential benefits and disadvantages since it could be
harmful especially in older men who are not in a good health
status [145–147]. It should be remarked that T treatment is
currently not a treatment of choice for male osteoporosis
[148].

6. Conclusions

Several evidence support the view that estrogens are themain
sex steroids involved in processes such as bone maturation,
bone mass accrual, and epiphyseal closure in men. Estrogen
actions on bone, especially on bone maturation, remained
quite unaltered among both gender and species during
evolution, thus suggesting a high degree of conservative
functions for estrogen that are also confirmed by the high
degree of homologies of the aromatase enzyme. Conversely,
estrogen actions on other tissues and organs are determinant
in ensuring gender differences (e.g., primary and secondary
sexual characteristics) and in promoting sexual divergence
between the two sexes during evolution. The existence of a
threshold level for serum E

2
that is necessary for ensuring

skeletal maturation and adequate bone size and BMD con-
firms how complex the way estrogen acts on bone in men is.
All these evidence contribute to make the issue of estrogen
action on bone a fascinating one in the field of both basic
and experimental research and encourage researches in order
to find new strategies for the management and treatment of
bone diseases related to estrogen deficiency.
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Bone has been considered a structure essential for mobility, calcium homeostasis, and hematopoietic function. Recent advances
in bone biology have highlighted the importance of skeleton as an endocrine organ which regulates some metabolic pathways,
in particular, insulin signaling and glucose tolerance. This review will point out the role of bone as an endocrine “gland” and,
specifically, of bone-specific proteins, as the osteocalcin (Ocn), and proteins involved in bone remodeling, as osteoprotegerin, in
the regulation of insulin function and glucose metabolism.

1. Introduction

Bone is a dynamic structure that is constantly subject to
remodeling by specialized cells, the osteoclasts (OCs), osteo-
blasts (OBs), and osteocytes. Bone remodeling consists of
removal of mineralized bone tissue by OCs, to leave a
resorptive cavity filled by the migration of OB precursors
which differentiate into mature OBs. Osteocytes regulate
both remodeling and mineralization processes and represent
the terminal stage of the OB lineage embedded in the
bone matrix. Osteocytes are also the source of molecules
which control the production and activity of OCs, such as
osteoprotegerin (OPG) and Receptor activator of nuclear
factor kappa-B ligand (RANKL) [1].

Recently, bone has emerged as an endocrine “gland,” and
some key mediators of this alternative function have been
identified.

This review focuses on the role of the skeleton as endo-
crine organ, its modulation of glucose tolerance by secretion
of bone-specific proteins, in particular the osteocalcin (Ocn),
and how proteins involved in bone remodeling, like OPG, are
associated with impairment of insulin function.

2. The Role of Insulin in Regulating
the Functions of Bone Cells

The regulation of glucose metabolism occurs through the
interplay of multiple hormones which operate in many target
organs. Insulin plays an important role in glucose regulation
by promoting glucose uptake in adipose tissue and muscle
and by suppressing gluconeogenesis in liver. To perform these
functions, insulin binds to its receptor (InsR), a tyrosine
kinase expressed in hepatocytes, adipocytes, myoblasts, and
OBs.

However, deletion of the InsR in muscle, the most
important site of glucose uptake, does not affect blood
glucose levels, insulin concentration, and glucose tolerance,
suggesting that other tissues, like bone, could be involved in
glucose regulation [2, 3].

Insulin has been demonstrated to be an osteogenic
hormone both in vitro and in vivo. OBs express abundant
insulin receptors and respond to insulin treatment [4–6] by
increasing cell proliferation [7, 8], collagen synthesis [5, 9–
11], and glucose uptake [12, 13]. Mice knocked out for InsR
in their OBs have decreased trabecular bone volume due
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to reduced bone formation and poor numbers of OBs [3,
14]. In addition, these mutant mice show the reduction of
OC erosion depth and low serum levels of cross-linked C-
telopeptide (CTX) which indicate a decline of OC activity.
Moreover, the treatment with insulin has been shown to be
effective in determining the reversibility of skeletal alterations
of rodent model with type 1 diabetes and also favoring the
healing of fractures [15–19]. Based on these data, there are
emerging studies which regard the skeleton as an important
regulator of energy metabolism.

3. Osteocalcin and Glucose Metabolism:
The Bone-Pancreas Loop

Recent investigations, particularly from the Karsenty group,
have identified a crucial role for the Ocn in regulating
insulin metabolism in a hormonal way [14]. Ocn is the
major noncollagen protein secreted by the OBs and it
is stored in the extracellular matrix of bone. Before its
secretion, Ocn is carboxylated at the level of three Gla
residues. This process of carboxylation confers high-affinity
binding to hydroxyapatite, the mineral present in bone, and
the attachment of carboxylated Ocn to the bone matrix
[20]. Instead, when Ocn is uncarboxylated, its binding to
hydroxyapatite is reduced, promoting the passage of Ocn
into circulation.The involvement of undercarboxylated form
of Ocn in a bone-pancreas loop has been demonstrated by
previous studies. Ocn-deficient mice show few 𝛽 cells, great

fat mass, and decreased insulin sensitivity [21]. Conversely,
the subcutaneous infusion of recombinant Ocn into wild-
type mice enhances glucose tolerance and improves insulin
sensitivity [22].

The decarboxylation ofOcn is dependent on bone resorp-
tion: insulin signaling in OBs favors the differentiation of
OCs and the formation of resorption lacunae by inhibiting
the expression of OPG [14]. The low pH present within
these lacunae promotes the decarboxylation of Ocn and
consequently its activation [14] (Figure 1). Conversely, a
tyrosine phosphatase produced by Esp (Ptprv) gene blocks
Ocn decarboxylation and decreases serum levels of active
form of Ocn [21]. The human ortholog of Esp (OST-PTP,
also called osteotesticular protein tyrosine phosphatase) is
not active in humans but recent studies have shown that
there are additional tyrosine phosphatases, such as TC-PTP1,
expressed in OBs [21–24]. These phosphatases can regulate
Ocn activity and glucose homeostasis by acting on the insulin
signaling pathway in the OBs [21, 23, 24].

3.1. Uncarboxylated Osteocalcin Functions. The regulation of
systemic glucose metabolism and insulin resistance by Ocn
occurs in a hormonal manner [25].

Firstly, Ocn stimulates insulin secretion by 𝛽-cells both
directly [26, 27] and indirectly promoting the secretion of gut
glucagon-like peptide-1 (GLP-1) [28] (Figure 1).The effects of
Ocn on activating ERK and insulin secretion are mediated
by Ocn receptor, an orphan receptor belonging to the C
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family of GPCRs, highly expressed in the mouse pancreatic
𝛽-cell line [29]. The Ocn-GPRC6A network has strong
physiological effects in themouse, but the clinical relevance of
this endocrine pathway in humans is less certain. Up till now,
no mutations or polymorphisms of Osteocalcin or GPRC6A
genes have been reported in humans [27]. Secondly, Ocn
promotes 𝛽-cell proliferation by increasing Ccnd2 and Cdk4
expression in 𝛽-cells [22]. Thirdly, Ocn increases insulin
sensitivity in liver, muscle, and adipose tissue (Figure 1) by
upregulation of adiponectin gene expression in adipocytes
[21].

InsR signaling in OBs has a double and positive action on
Ocn. On one side, InsR induces Osteocalcin gene expression
in OBs by blocking the negative activity of the nuclear factor
Twist2 on Runx2, the master gene of OB differentiation and
Ocn expression [30]. Furthermore, InsR signal decreases the
ability of FOXO1 to activate the OPG promoter (Figure 1),
thus reducing the secretion of this inhibitor of OC function
by OBs [31].

3.2. Clinical Relevance of Osteocalcin Glucose Regulation. A
number of studies have established that numerous aspects of
Ocn biology are similar in rodents and humans. There are
several data indicating that serum levels of uncarboxylated
Ocn negatively correlate with insulin resistance, obesity,
diabetes, or markers of the metabolic syndrome (MetS) [32–
35]. Interestingly, important weight loss causes a decrease
of insulin resistance as well as an increase in Ocn levels
in obese children [36], and acute aerobic exercise could
increase serum uncarboxylated Ocn in obese subjects [37].
Furthermore, serum Ocn has also been positively correlated
with improved glucose control in subjectswith type 2 diabetes
[38]. Women with gestational diabetes show high Ocn levels
which correlate with insulin secretion parameters and return
to normal values postpartum [39]. This raising of serum
Ocn levels could represent an adaptive process to counteract
glucose intolerance during gestational diabetes.

4. Osteoprotegerin

OPG is a soluble glycoprotein belonging to the tumor
necrosis factor receptor superfamily which decreases bone
resorption by inhibiting the differentiation and activation of
OCs [40]. It acts as a decoy soluble receptor for RANKL, thus
preventing RANKL binding with its receptor RANK onOCs,
thus inhibiting osteoclastogenesis [41]. RANKL/RANK/OPG
system mediates important and complex relations between
the vascular, skeletal, and immune systems [42, 43]. OPG
is mainly secreted by bone but it is produced also by
different tissues, including endothelial and smooth muscle
cells [43]. OPG improves endothelial cells survival but it
may induce endothelial inflammation and proliferation of
endothelial and vascular smooth muscle cells, thus promot-
ing atherogenesis. OPG knockout mice show osteoporosis
and vascular calcification, reintroducing the hypothesis that
metabolic bone diseases and vascular diseases, for example,
arterial calcification, share common pathways [44, 45]. OPG
administration prevents calcification induced by Warfarin

or high doses of vitamin D in rats, but the effects of OPG
in humans are different from those in rodents [46]. In
humans, high OPG levels have been found in patients with
type 2 diabetes, coronary artery diseases, hypothyroidism,
hypercholesterolemia, and obesity, as well as in aging men
[47–51]. A population-based study has demonstrated that
high serumOPGrepresents an independent risk factor for the
progression of atherosclerosis, as well as of vascular mortality
[52]. On the other hand, results of experimental studies
suggest that OPG has also vasoprotective properties through
reduction of vascular calcification [53]. Recent data have
indicated a role of OPG asmetabolic biomarker [54]. In obese
subjects, OPG has been found to be positively associated
with insulin resistance [55, 56]. Furthermore, high OPG
levels have been associated with risk of metabolic syndrome
and microvascular complications in type 2 diabetes patients
[57].

5. Other Regulators of Bone-Pancreas Loop

5.1. Vitamin D. Vitamin D is recognized as a key regulator
of bone and mineral metabolism. Vitamin D signaling is
mediated by binding of the physiologically active form 1𝛼,25-
dihydroxyvitamin D3 (1,25D3) to its intracellular receptor
(VDR)which, after translocation to the nucleus, binds to vita-
min D response elements (VDREs) of target genes involved
in different pathways (cell proliferation, differentiation, and
immunomodulation) [58].

1,25D3 has an indirect effect on bone formation through
intestinal and renal regulation of calcium levels. However, the
presence of VDRs in OBs suggests a direct role of vitamin D
in bone metabolism, supported by gene expression profiling
studies examining mRNA in OBs treated with 1,25D3 [59–
62]. Moreover, data from in vitro and in vivo models have
shown that 1,25D3 can exert catabolic or anabolic actions on
bone, depending on species and/or environmental context,
in order to control the plasma calcium homeostasis [63]. In
particular, 1,25D3 showed stimulatory effects on human and
rat OBs and inhibitory effects on murine OBs. Generally,
in condition of negative calcium balance, VDR signaling in
OBs enhances bone resorption stimulating the expression of
RANKL [64] and suppresses bonemineralization by inducing
expression of Ocn and osteopontin [65, 66].

The identification of VDRs in different organs and tissues
including the prostate, brain, colon, breast, immune cells, and
pancreas underlines the extra skeletal effects of vitamin D
[67]. In particular, vitamin D regulates glucose homeostasis
and insulin secretion by binding to its VDR in pancreatic
𝛽-cells [68]. Vitamin D deficiency has been associated with
insulin resistance in nondiabetic subjects and with a reduced
insulin production in type 2 diabetics [69].

The role of vitamin D in regulation of insulin production
by pancreatic 𝛽-cells is supported by the presence of VDREs
in the human InsR gene promoter [70]. Moreover, several
studies have shown that polymorphisms of VDR gene may
affect insulin release and insulin sensitivity [71, 72]. In addi-
tion, pancreatic 𝛽-cells express a plasma membrane VDR,
which seems to mediate an insulinotropic rapid effect of
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vitamin D, independent of mRNA transcription and protein
translation [73].

5.2. Gastric Inhibitory Polypeptide (GIP). Gastric inhibitory
polypeptide (GIP) is a 42-amino-acid hormone, secreted
from K cells of duodenum and proximal jejunum. The main
function of GIP is the stimulation of the postprandial insulin
secretion from the pancreatic islets [74]. GIP exerts its effects
by binding to the GIP receptor (GIPR) and stimulates insulin
secretion by 𝛽-cells in a glucose-dependent manner [75].
GIPRs are present on OBs, OCs, osteocytes, and chondro-
cytes [76, 77] and GIP signaling has an anabolic action on
bone. In fact, several studies using in vitro and animal models
demonstrated an antiapoptotic and stimulating effect on OBs
[76, 78, 79] and a direct antiresorptive activity probably
mediated by cAMP. [77]. GIP is designed as a member of
the “entero-osseous axis,” responsible for the postprandial
reduction of bone resorption [78, 80]. This is supported by
a recent study of Nissen et al. showing a reduction of CTX
plasma levels after infusionwithGIP, both during euglycemia
and hyperglycemia [81].

5.3. Adiponectin. Adiponectin is a 28 kDa protein produced
by differentiated adipocytes and is abundantly present in
plasma [82–84]. The biological actions of adiponectin are
mediated through the two adiponectin receptors (AdipoR)
1 and 2 and comprise regulation of glucose and lipid
metabolism, inflammation, and energy balance [85].

Adiponectin controls glucose homeostasis by enhancing
insulin sensitivity and maintaining a functional 𝛽-cell mass
[86]. In particular, adiponectin stimulatesmuscle glucose uti-
lization [87, 88] and exerts a cytoprotective and antiapoptotic
effect on 𝛽-cells [89]. Moreover, adiponectin influences bone
metabolism, even if the mechanisms mediating this effect are
controversial. In vitro experiments showed that adiponectin
promotes proliferation of OBs in human [90] and inhibits
osteoclastogenesis, increasing bone mass [91].

Conversely, Shinoda et al. [92] demonstrated that high
level of circulating adiponectin represents a risk factor for
fractures independent of body composition and BMD [92].

This effect could be the consequence of the stimulation of
RANKL and inhibition of OPG expression by adiponectin in
OBs [93].

Moreover, a recent study has shown that adiponectin
inhibits OB proliferation and induces OB apoptosis in young
animals, whereas in older animals it increases the bone
mass [94]. Thus, according to this study, adiponectin has
opposite influences on bone mass, a local negative action
on OBs (inhibition of OB proliferation and induction of OB
apoptosis), and an indirect effect through a central signaling
that decreases sympathetic tone, leading to increase of bone
formation and bone mass [94].

6. Conclusions

Recent advances highlighted the role of the bone in mod-
ulating metabolic functions. The identification of Ocn as
a hormone that stimulates insulin sensitivity in peripheral

tissues and insulin secretion by the pancreas has opened the
way for new fields of research. Nevertheless, the interactions
between bone, pancreas, and probably other organs need to
be further explored.There are conflicting results on the effects
of antiresorptive drugs for osteoporosis, like bisphosphonates
and denosumab, on glucose metabolism. Bisphosphonates
and denosumab reduce circulating levels of total Ocn and in
particular of the undercarboxylated, active form. However,
although in mouse models the suppression of bone turnover
with antiresorptive drugs determines important effects on
fasting glucose, weight, and diabetes incidence, randomized
placebo-controlled trials have demonstrated that the reduc-
tion of bone turnover and low levels of undercarboxylated
Ocn are not involved in the regulation of insulin sensitivity
in humans. Thus, patients receiving such osteoporosis treat-
ments would not be at risk of impaired glucose metabolism
or diabetes.

These observations suggest that the bone pancreas loop is
more complex than currently known and additional studies
will be necessary to evaluate the impact of the connection
between the skeleton and metabolism in humans.

Development of new drugs that simultaneously target the
skeleton, the glucose metabolism, and the adipose tissue are
certain to be considered a future perspective.

Insulin signaling inOBs decreases the expression ofOPG,
inhibiting FOXO1, and induces Ocn expression, blocking
the negative activity of Twist2 on Runx2. Reduction of
OPG favors the differentiation of OCs and the low pH of
resorption lacunae promotes the decarboxylation of Ocn
and consequently its activation. The undercarboxylated Ocn
was released into the circulation and stimulates 𝛽-cells
insulin secretion both directly and indirectly by promoting
the secretion of gut GLP-1. Moreover, active Ocn increases
insulin sensitivity in liver, muscle, and adipose tissue.
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[55] M.-H. Gannagé-Yared, C. Yaghi, B. Habre et al., “Osteopro-
tegerin in relation to body weight, lipid parameters insulin
sensitivity, adipocytokines, and C-reactive protein in obese and
non-obese young individuals: results from both cross-sectional
and interventional study,” European Journal of Endocrinology,
vol. 158, no. 3, pp. 353–359, 2008.

[56] J. Suliburska, P. Bogdanski, E. Gajewska, G. Kalmus, M.
Sobieska, and W. Samborski, “The association of insulin resis-
tance with serum osteoprotegerin in obese adolescents,” Journal
of Physiology and Biochemistry, vol. 69, no. 4, pp. 847–853, 2013.

[57] S. Tavintharan, L. T. Pek, J. J. Liu et al., “Osteoprotegerin
is independently associated with metabolic syndrome and
microvascular complications in type 2 diabetes mellitus,” Dia-
betes & Vascular Disease Research, vol. 11, no. 5, pp. 359–362,
2014.

[58] M. R. Haussler, G. K. Whitfield, C. A. Haussler et al., “The
nuclear vitaminD receptor: biological andmolecular regulatory
properties revealed,” Journal of Bone and Mineral Research, vol.
13, no. 3, pp. 325–349, 1998.

[59] T. S. Lisse, R. F. Chun, S. Rieger, J. S. Adams, and M. Hewi-
son, “Vitamin D activation of functionally distinct regulatory
miRNAs in primary human osteoblasts,” Journal of Bone and
Mineral Research, vol. 28, no. 6, pp. 1478–1488, 2013.

[60] P. Tarroni, I. Villa, E. Mrak et al., “Microarray analysis of
1,25(OH)2D3 regulated gene expression in human primary
osteoblasts,” Journal of Cellular Biochemistry, vol. 113, no. 2, pp.
640–649, 2012.

[61] M. B. Meyer, P. D. Goetsch, and J. W. Pike, “Genome-wide
analysis of the VDR/RXR cistrome in osteoblast cells provides
new mechanistic insight into the actions of the vitamin D
hormone,” The Journal of Steroid Biochemistry and Molecular
Biology, vol. 121, no. 1-2, pp. 136–141, 2010.

[62] V. J. Woeckel, R. D. A. M. Alves, S. M. A. Swagemakers et al.,
“1𝛼,25-(OH)2D3 acts in the early phase of osteoblast differenti-
ation to enhance mineralization via accelerated production of
mature matrix vesicles,” The Journal of Cellular Physiology, vol.
225, no. 2, pp. 593–600, 2010.

[63] H.A.Morris, “VitaminD activities for health outcomes,”Annals
of Laboratory Medicine, vol. 34, no. 3, pp. 181–186, 2014.

[64] L. Lieben and G. Carmeliet, “Vitamin D signaling in osteocytes:
effects on bone and mineral homeostasis,” Bone, vol. 54, no. 2,
pp. 237–243, 2013.

[65] L. Lieben, R. Masuyama, S. Torrekens et al., “Normocalcemia is
maintained inmice under conditions of calciummalabsorption
by vitamin D-induced inhibition of bone mineralization,” The
Journal of Clinical Investigation, vol. 122, no. 5, pp. 1803–1815,
2012.

[66] M. Noda, R. L. Vogel, A. M. Craig, J. Prahl, H. F. Deluca, and
D. T. Denhardt, “Identification of a DNA sequence responsible



International Journal of Endocrinology 7

for binding of the 1,25-dihydroxyvitamin D3 receptor and 1,25-
dihydroxyvitamin enhancement of mouse secreted phospho-
protein 1 (SPP-1 or osteopontin) gene expression,”Proceedings of
the National Academy of Sciences of the United States of America,
vol. 87, no. 24, pp. 9995–9999, 1990.

[67] B. Bouvard, C. Annweiler, A. Sallé et al., “Extraskeletal effects of
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Various hormonal disorders can influence bone metabolism and cause secondary osteoporosis. The consequence of this is a
significant increase of fracture risk. Among pituitary disorders such effects are observed in patients with Cushing’s disease,
hyperprolactinemia, acromegaly, and hypopituitarism. Severe osteoporosis is the result of the coexistence of some of these disorders
and hypogonadism at the same time, which is quite often.

1. Introduction

Osteoporosis is defined as a loss of bone mass and strength
that leads to fragility fractures [1]. Secondary osteoporosis
results from a large and diverse group of medical prob-
lems, including endocrine disorders, adverse effects of med-
ications, immobilization, disorders of the gastrointestinal
or biliary tract, renal disease, and cancer. Some pituitary
diseases may influence bone mineral density (BMD) and
bone turnover causing osteopenia, osteoporosis, and frac-
tures [2]. Moreover, in some cases fractures occur despite
normal bone density. In our review we have focused on
the association between osteoporosis and pituitary disorders
such as Cushing’s disease, hyperprolactinemia, acromegaly,
and hypopituitarism. The mechanisms of bone effects of
certain hormones involved in pituitary disorders are shown
in Table 1, and their influence on bone turnover, bone density,
and fracture risk is shown in Table 2.

2. Cushing’s Disease

In current review we discuss both pituitary-dependent Cush-
ing’s syndrome (Cushing’s disease) and adrenal-dependent
Cushing’s syndrome, since the final bone effects of both
are caused by hypercorticism. Glucocorticoid-induced osteo-
porosis (GIO) is the most common cause of secondary
osteoporosis. Hypercorticism affects bone metabolism in a
variety of mechanisms [3]. The most significant influences
of glucocorticoids (GCs) are their inhibitory effects on bone

formation, acting directly and indirectly by regulating the
synthesis of factors present in the bone microenvironment
[4]. GCs reduce replication and prevent the terminal dif-
ferentiation of bone forming cells and additionally promote
apoptosis of osteoblasts and osteocytes by activating caspase
3. Besides decreasing the overall number of osteoblasts, GCs
also exert effects on their function by inhibiting the synthesis
of type I collagen, the major component of bone extracellular
matrix, with a consequent decrease in bone matrix available
for mineralization. Furthermore, alkaline phosphatase and
osteocalcin serum levels are decreased in patients with Cush-
ing’s syndrome. Indirect actions of GCs involve decreased
production of insulin-like growth factors (IGFs) and shifting
transforming growth factor-𝛽 (TGF-𝛽) binding [4, 5]. GCs
enhance osteoclastogenesis by increasing the production of
RANKL (receptor activator of NF-kappaB (RANK) ligand)
and reducing the synthesis of osteoprotegerin in stromal
and osteoblastic cells [3, 5, 6]. GCs prolong the life span of
mature osteoclasts by acting directly or through the increased
expression of macrophage colony-stimulating factor (M-
CSF) [3]. Impaired intestinal calcium absorption and renal
calcium reabsorption affect bonemetabolism in patients with
Cushing’s syndrome as well. In addition, GCs decrease the
release of growth hormone and gonadotropins which may
also play a role in bone turnover [7]. The catabolic effects
of GCs on muscle could contribute to the fracture risk
because muscle weakness increases the incidence of falls.
Furthermore myopathy and muscle weakness induce bone
loss by removing the stimulating activity on the bone [5, 8].
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Table 1: Mechanism of bone effects of certain hormones acting in pituitary disorders.

Hormone Physiological effect Effect of hormone excess Effect of hormone deficit

GH, IGF-1 Anabolic effect, influence bone size, OB stimulation,
OC promotion, necessary for attaining normal PBM

Thickening of bone,
↑cortical BMD ↓PBM, ↓BMD

Prolactin None OC stimulation,
↓trabecular BMD None

Cortisol None

OB inhibition,
OC stimulation,
↓trabecular BMD,
↓PBM

None

Sex steroids Necessary for attaining normal PBM None OC stimulation,
↓trabecular BMD

Thyroxine Necessary for bone growth and attaining normal PBM ↓PBM, OC stimulation ↓PBM
OB—osteoblast; OC—osteoclast; PBM—peak bone mass; BMD—bone mineral density.

Table 2:The influence of pituitary disorders on bone turnover, bone
density and fracture risk.

Disorder Bone
turnover

Bone mineral
density

Fracture
risk

Acromegaly Increase Increase/decrease Increase
Hyperprolactinemia Increase Decrease Increase
Cushing’s Disease Decrease Decrease Increase
Hypogonadism Increase Decrease Increase
Hypopituitarism Decrease Decrease/normal Increase
GHD Decrease Decrease Increase
GHD-growth hormone deficiency.

GIO occurs in two phases, a rapid early phase in which
BMD is reduced as a result of bone resorption, followed
by a slower, progressive phase in which BMD declines
because of impaired bone formation [3]. In patients with
endogenous or exogenous hypercortisolism bone loss is more
severe in trabecular bone than in cortical bone. This is
explained by greater surface-to-volume ratio of trabecular
bone compared with cortical bone; thus trabecular bone
responds more rapidly to stimulation than cortical bone [7].
It is well known that patients with Cushing’s syndrome may
have lower BMD and increased osteoporotic fracture risk
[6, 7, 9]. A study on 58 patients with pituitary-dependent
and 21 patients with adrenal-dependent Cushing’s syndrome
showed low mean BMD before treatment. BMD values were
lower in the lumbar spine than in the femoral neck, although
the difference was not statistically significant. According to
World Health Organization (WHO) criteria 82% patients
were diagnosed with osteopenia. Interestingly, the prevalence
of osteopenia and osteoporosis was independent of age.There
was no significant difference in BMD between patients with
Cushing’s syndrome of different origins, neither in the whole
group nor in male or female patients separately. Factors
such as type of Cushing’s syndrome, mean 24-hour serum
level of cortisol, and duration of symptomatic glucocorticoid
overproduction had no influence on Z-scores. Body mass
index (BMI) and menstrual status did not show a correlation
with Z-score. In males as well as in females, there was positive

correlation between age and Z-score at both the lumbar spine
and the femoral neck [7].

Endogenous hypercortisolism changes bone structure
and causes vertebral fractures in up to 70%of patients. Factors
associatedwith fracture risk include age at the onset, span and
severity of the disease, and individual susceptibility to GCs
[3]. In patients with endogenous Cushing’s syndrome frac-
tures occur most commonly at the thoracic and lumbar ver-
tebrae, hip, ribs, andpelvis, not infrequently developing spon-
taneously or after low-energy trauma [10]. The prevalence of
osteoporosis and atraumatic fractures is higher in adrenal
Cushing’s syndrome than in pituitary Cushing’s syndrome
[11]. In both endogenous and exogenous hypercortisolism
fractures might be asymptomatic and occur in patients with
normal or only slightly decreased BMD values [3, 10, 12]. It
is thought that even subclinical hypercortisolism (SH) might
be the cause of osteoporosis and increased risk of vertebral
fractures [3, 13].Morelli et al. studied the risk of new vertebral
fractures in patients with adrenal incidentaloma (AI). BMD
in subjects with and without SH was comparable; however
the prevalence of vertebral fracture and spinal deformity
index (SDI) were significantly higher in SH subjects than
in the group of patients without SH. The presence of SH
was related with worsening of SDI and occurrence of a
new vertebral fracture or the progression of the grade of
a preexisting vertebral deformity regardless of age, gender,
BMI, years since menopause, lumbar spine BMD, and basal
SDI. Patients with SH showed higher fracture incidence in
spite of stable BMD throughout the observation [13]. This
suggests that factors other than BMD, such as bone quality,
are associated with increased risk of fracture [7, 13]. Although
dual-energy X-ray absorptiometry (DXA) is considered a
gold-standard measurement of BMD, it cannot be employed
to assess bone microarchitecture, the most important factor
in determining bone quality [10, 14]. The trabecular bone
score (TBS) has been recently introduced as a method of
bone quality estimation in GIO [10, 15]. TBS can be used
in addition to BMD to divide patients according to their
fracture risk. The patients with low BMD and low TBS will
present fractures more likely than patients with low BMD
and high TBS [16]. Eller-Vainicher et al. showed that, in AI
patients with subclinical hypercortisolism, TBS is reduced
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and correlates with the number and severity of vertebral
fractures and with the degree of cortisol excess [16].

The aim of medical therapy is to prevent fractures [3].
Initially, factors influencing the fracture risk should be
recognized. Patients with GIO and all patients exposed to
glucocorticoid excess should be treated with appropriate
supplementation of vitamin D and calcium [12]. Adminis-
tration of calcium (1500mg daily) and vitamin D (800 IU
daily) is recommended [3].Themanagement in patients with
GH and sex steroids deficiencies may include replacement
therapy with adequate hormones. It seems that treatment of
GHD protects the skeleton from the adverse effects of glu-
cocorticoid overtreatment in hypopituitary patients [3, 17].
A proactive preventive approach including lifestyle changes,
such as tobacco cessation, reduction in alcohol consump-
tion, exercise program, and restriction of sodium intake in
the presence of hypercalciuria, should be implemented [5].
Antiosteoporotic drugs may be needed in patients in whom
fractures risk could not be normalized by correction of hyper-
cortisolism. Proposed treatment protocol in patients with
endogenous hypercortisolism comprises bone active treat-
ment for postmenopausal women or men older than 50 years
with a 10-year risk for fractures of at least 20% (calculated
by FRAX) or in patients older than 70 and/or with BMD <
−1.5 SD and/or prevalent fractures and/or more severe
hypercortisolism. Young patients (premenopausal women
or men aged less than 50 years) with long-term pituitary
hypercortisolism, even subclinical, not adequately corrected
by surgery should be treated with antiosteoporotic drugs
[12]. Bisphosphonates ought to be considered in patients with
Cushing’s syndrome who have a decreased BMD, regardless
of age [7]. Administration of alendronate or clodronate
provides faster BMD recovery in comparison with untreated
patients [3]. Fracture risk (FRAX score) and BMD should
be assessed few months after resolution of hypercortisolism.
Based on that, clinician is able to make a decision about
cessation of antiosteoporotic therapy [12].

3. Hyperprolactinemia

Hyperprolactinemia causes secondary hypogonadism and
may have sex hormone-independent effects on bone me-
tabolism [17, 18]. Estrogen deficiency in approximately 50%
of premenopausal women with secondary amenorrhea is
attributable to acquired gonadotropin-releasing hormone
(GnRH) dysregulation, comprising hyperprolactinemia. The
effects of estrogen deficiency on bone include an acceleration
of bone turnover with higher resorption than formation [19].
In cases of functional GnRH deficiency the pattern of GnRH
secretion is altered, involving reduced frequency of pulsations
and decreased pulse amplitude [4, 5]. Trabecular bone ismore
affected than cortical. A study on hyperprolactinemic males
showed low BMD at the lumbar spine in 80% of patients,
whereas only 30% subjects had a reduced BMD at the femoral
neck. Similar finding was reported in women [20].

Increase in bone resorption and low BMD occur in males
and females with hyperprolactinemia [18, 20–23]. Authors
reported that the patients with prolactinomas also presented
with osteopenia or osteoporosis and the risk factors of

bone loss were disease duration and hypogonadism [21]. A
significant negative correlation was found between lumbar
spine and femoral neck BMD values and both prolactin
(PRL) levels and disease duration, which suggests that the
duration of the disease is strongly correlated with the severity
of bone loss [20, 22]. In addition, patients with a longer
duration of hypogonadism are likely to have lower bone
density [19, 22]. In men with prolactinoma the absence of
detectable levels of estradiol was correlated with lower BMD
in all analyzed sites. It is not clear if testosterone deficiency or
estradiol deficiency ismostly responsible for bone loss inmen
with hypogonadism [22]. The importance of achievement of
adequate peak bone mass is considered the best protection
against age-related bone loss. The disturbances impeding the
acquirement of peak bone mass severely influence future
bone health. Patients who developed hyperprolactinemia in
childhood or adolescence havemore severe bone impairment
than subjects who developed hyperprolactinemia in adult-
hood [20, 22].The evaluation of bonemarkers can be useful in
diagnosing an early bone turnover alteration before a change
in BMD becomes apparent. In one study, in all patients,
osteocalcin (OC) levels were significantly lower and urinary
cross-linkedN-telopeptide of type I collagen (Ntx) levelswere
significantly higher; however BMD values were in normal
ranges in 20% of the patients [20].

Untreated prolactinomas were associated with a signif-
icant increase in fracture risk attributed to gonadotropins
and sex steroids deficiency or hyperprolactinemia per se
[17]. Mazziotti et al. have shown that higher prevalence
of radiological vertebral fractures (VFs) occurs in women
and men with PRL-secreting adenomas compared to con-
trols [18, 24]. Males with prolactinomas who suffered frac-
tures had lower BMD T-score and longer duration of the
disease, independently of the effects of age, serum IGF-
1 and PRL values, frequency of macroadenomas, adrenal
insufficiency, hypothyroidism, diabetes insipidus, parental
history of fractures, cigarette smoking, and excessive alcohol
consumption [18]. In female patients prevalence of VFs was
associated with the duration of the disease independently of
the effects of hypopituitarism, age, BMD, serum PRL levels,
and treatment with dopaminergic drugs [24]. Fractures were
more frequent in patients with untreated hyperprolactinemia
in comparison with patients treated with cabergoline [18,
24]. Dopamine agonist therapy restores gonadal function
and increases vertebral BMD in most hyperprolactinemic
women [19, 20]. History of amenorrhea may be a cause of
an increased fracture risk despite resumption of menses [19].
A progressive significant increase in serum OC levels and a
significant decrease in Ntx levels were noted after 6, 12, and
18 months of treatment in the 3 groups of patients. 18-month
treatment with one of the dopamine agonists (bromocriptine,
quinagolide, or cabergoline) normalized serum PRL and
OC levels and gonadal function, although it was unable to
completely restore lumbar spine and femoral neck BMD and
normalize Ntx levels [20].

4. Acromegaly

Acromegaly is characterized by growth hormone (GH) exces-
sive secretion and in most cases is caused by the presence of a
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somatotroph tumor of the pituitary gland [25, 26]. GH and its
main peripheral mediator insulin-like growth factor-1 (IGF-
1) stimulate proliferation, differentiation, and extracellular
matrix production in osteoblastic cells. GH and IGF-1 also
promote osteoclast recruitment and bone resorption activity
[27–30]. In prepubertal period anabolic action of GH is
responsible for longitudinal bone growth, whereas during
the adolescence and early adulthood it induces skeletal
maturation until the achievement of peak bone mass. In
adulthood GH regulates bone turnover, thus maintaining
bone mass [27]. In patients with acromegaly changes in
bone size and density and arthropathy are common problems
[31–33]. Acromegaly is known to be a secondary cause of
osteoporosis [27].

Information about the influence of GH excess on BMD
varies in the literature. In some studies BMD was reported
to be increased or within the reference ranges, while in other
papers it was decreased [17, 26, 34–37]. Conflicting data on
bone mineral density might be related to gonadal status,
different skeletal sites being measured, various techniques
employed, subject’s gender, age, and activity of the disease
[28, 36, 38]. Hypogonadal patients with acromegaly are at
higher risk of osteoporosis, particularly at sites composed
predominantly of trabecular bone, which has more intimate
contact with the circulation and is influenced by sex steroids
to a greater extent [34, 39, 40]. Normal or increased bone
mass is attributable to anabolic effect of GH, although
BMD measurements may be overestimated due to struc-
tural modification of the spine [27]. Hypogonadism occurs
frequently in patients with acromegaly as a consequence
of PRL and GH hypersecretion or hypopituitarism due to
local mass effects [25]. Impaired gonadal status including
hypogonadism and hyperprolactinemia is thought to be a
cause of BMD decline [28, 34]. In one study, forearm and
vertebral BMD values changed in opposite directions. It
seems that forearm BMD was increased because of GH and
IGF-1 action and vertebral BMD was low due to hypogo-
nadism [41]. Axial skeleton is composed of 70% trabecular
bone, while appendicular skeleton of 90% cortical bone [40].
Cancellous bone is more susceptible to rapid resorption than
cortical bone. Patients with acromegaly generally demon-
strate increased cortical bone mass, whereas trabecular BMD
is more variable [23, 35, 41, 42]. Influence of gender and
disease activity on BMD has been also widely studied [36,
40, 43]. Scillitani et al. reported that the anabolic effect
of GH excess on bone in acromegalic patients is gender
independent, evident only at the spine in eugonadal patients
regardless of disease activity and present only at femoral
neck during active disease regardless of gonadal status
[36].

It is well known that in patients with acromegaly bone
turnover is increased [28, 29, 35]. A specific marker of bone
formation, osteocalcin, is elevated in subjects with active
disease [28, 29, 35, 40, 43]. Indicators of bone resorption
such as urinary hydroxyproline/creatinine, urinary type I
collagen cross-linked N-telopeptide, and serum C-terminal
collagen type I cross-links are in higher concentrations
than in controls [28, 29, 35, 40, 43]. Additionally, serum
calcium and phosphate values and 24-hour urinary calcium

are elevated in patients with active disease [27, 29, 34, 35, 41].
Rise in serum calcium levels may be caused by increased
intestinal calcium absorption, while high serum phosphate
levels may be due to GH-mediated increased intestinal and
renal absorption [27].

Bone quality depends not only on bone density and bone
turnover but also on collagen integrity and the macrostruc-
ture and microstructure of bone [26]. Quantified ultrasound
(QUS) measurements of skeletal properties provide impor-
tant information on bone strength and resistance to fractures.
This method is performed at hand phalanges and at the
heel in patients with acromegaly [28, 33]. High-resolution
peripheral quantitative computed tomography (HR-pQCT)
permits in vivo assessment of the bone microarchitecture
and the volumetric BMD in the distal radius and tibia [26].
DXA is currently the most prominent clinical tool used to
assess bone health. However, DXA andQUSmethods are not
sufficient for identifying patients at risk for fracture, due to
the many possible interferences including bone deformities,
osteoarthritis, joint rigidity, and soft tissue thickening [26,
27]. Patients with acromegaly have an increased risk of
fractures, which might be correlated with insufficient quality
of bone [26, 27, 39, 42]. The reported prevalence of VFs
varies between 39% and 59% [27, 42]. In a prospective
study the incidence of VFs was significantly higher in
patients with active disease as compared with those who
had controlled/cured acromegaly at the beginning of the
study [38]. Claessen et al. showed that VFs tend to progress
in the long term in 20% of patients with biochemically
controlled acromegaly in the absence of osteoporosis or
osteopenia. This is suggestive of an abnormal bone quality
persisting after remission, possibly due to pretreatment long-
term exposure to high circulating levels of GH [30]. VFs
are often asymptomatic and are largely underdiagnosed.
Fractures occur more frequently in men than women. They
are also more severe and often multiple in men [27, 42].
Vertebral fractures may be present in patients with normal or
slightly decreased BMD, which makes BMD a poor fracture
predictor [27, 30, 39, 42]. In patients with acromegaly a spine
X-ray should be performed, both at diagnosis and during
follow-up in order to reveal possible VFs [39, 42]. The early
diagnosis and the effective control of acromegaly seem to be
the most important tools in reducing the risk of VFs [38].

5. Hypopituitarism and Growth
Hormone Deficiency

Patients with isolated GH deficiency (GHD) and with mul-
tiple pituitary deficiencies usually have low BMD. However,
in some cases normal BMD can be also observed. In patients
with childhood onset (CO) GHD there seems to be a clear
reduction in BMD, which may present the potential role of
GH in the achievement of peak bone mass [44–49]. Other
authors claim that there is no evidence supporting association
between isolated CO GHD and increased fracture risk or
low bone density [50]. Studies have shown that GHD itself
is crucial for the development of osteopenia in hypopitu-
itary patients [44, 49, 51]. A direct relation between GHD
and decreased bone mass in hypopituitarism is supported
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by the fact that GH replacement therapy improves BMD
values [51, 52]. The causes of reduced BMD in patients with
hypopituitarism and untreated GHD are not fully explained.
According to the literature BMD might be affected by many
factors such as age at onset, gender, bodymass index, gonadal
status, and the severity of growth hormone deficiency [47, 49,
51]. Pituitary hormone deficiencies causing hypogonadism,
hypothyroidism, or hypoadrenalism may also contribute
to bone loss. The mechanisms underlying the association
between either ACTH or TSH deficiency and lower BMD
are not clarified and might be a consequence of either
deficiencies of pituitary hormones or excessive hormone
replacement [47, 53, 54]. It is important to take into con-
sideration possible interactions between replaced hormones
[53].

It has been reported that GHD and hypopituitarism
are associated with increased fracture risk [17, 44, 51, 55].
Studies suggest that fracture rate is rather attributable to
GHD alone than other pituitary hormone deficiencies or
their replacement therapy [51]. In hypopituitary adult males
with untreated GH deficiency vertebral fractures occurred
more frequently in patients who received higher cumula-
tive and current doses of cortisone than in patients who
received lower doses [54]. In one nationwide study of patients
suffering from GHD the risk of fracture was significantly
increased in adult onset (AO) GHD females, but not in
males.Thiswas explained by a reduced percentage of properly
treated females with hypogonadism compared to men [56].
Holmer et al. studied fracture incidence in GHD patients on
complete hormone replacement therapy. They demonstrated
that women with CO GHD had more than doubled risk
for nonosteoporotic fractures. In contrast, a significantly
decreased incidence of fractures was observed in AO GHD
men.These findings were justified by the interaction between
oral estrogen and the GH-IGF-1 axis in women and by the
adequate substitution of testosterone and GH in men [44].

Recent meta-analysis revealed that administration of
recombinant human growth hormone (rhGH) resulted in
a significant increase in BMD in randomized/controlled
studies of more than 12 months. Similar outcomes were
observed in prospective studies. This beneficial effect of
rhGH replacement therapy is affected by gender, age, and
treatment duration.The doses used in studies varied from 0.2
to 0.96mg/daily with higher doses prescribed to women and
patients with CO GHD [57]. BMD within the first months
of treatment decreased which was followed by a subsequent
increase after at least one year of therapy. GH replacement
promotes bone turnover by stimulating both bone formation
and bone resorption, which is prominent during the first
phase of GH treatment. After this period bone turnover slows
down and bone mass increases [48, 57, 58]. Some studies
suggest that GH replacement therapy may reduce the risk of
fracture in patients with hypopituitarism and GHD [51, 59].

6. Conclusions

Secondary osteoporosis and fragility fractures can be a result
of Cushing’s syndrome, hyperprolactinemia, acromegaly,
and reduced production of sex steroids (hypogonadism).

Hypopituitarism might also be a cause of bone loss due to
deficiencies of several pituitary hormones, especially growth
hormone or excessive replacement therapy. The key is early
diagnosis and effective management of the underlying dis-
ease. In addition, primary prevention of fractures and proper
treatment of osteoporosis are very important, especially in
patients unsuccessfully treated with basic disease.
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Osteopetrosis is a rare genetic disorder characterized by an increase of bone mass due to defective osteoclast function. Patients
typically displayed spontaneous fractures, anemia, and in the most severe forms hepatosplenomegaly and compression of cranial
facial nerves leading to deafness and blindness. Osteopetrosis comprises a heterogeneous group of diseases as several forms are
known with different models of inheritance and severity from asymptomatic to lethal. This review summarizes the genetic and
clinical features of osteopetrosis, emphasizing how recent studies of this disease have contributed to understanding the central
role of the skeleton in the whole body physiology. In particular, the interplay of bone with the stomach, insulin metabolism, male
fertility, the immune system, bone marrow, and fat is described.

1. Introduction

Bone is a dynamic tissue which undergoes continuous self-
renewal, and bone homeostasis relies on functional equi-
librium among three types of cells: osteoclasts essential for
bone resorption, osteoblasts responsible for bone matrix
formation, and osteocytes involved in the reception and
transduction of mechanical stimuli and in the regulation
of osteoclast/osteoblast differentiation and function [1]. The
balance between bone synthesis and resorption is finely tuned
and any perturbations of this balance in adults trigger bone
disease. Human osteopetrosis was first described by Albers-
Schönberg in 1904 [2]. Osteopetrosis (osteo: bone and petros:
stone) regroups a set of rare, heterogeneous, and inher-
ited bone diseases characterized by increased bone mass.
Osteopetrosis is therefore an osteocondensing disease. In
principle, two causes could give rise to this osteocondensing
phenotype: increased bone formation or failure of resorption
by osteoclasts.However, osteopetrosis is known to result from
defective osteoclast differentiation or function [3, 4].

Important progress has been made during the past
decades in understanding the molecular mechanisms under-
lying the development of hereditary diseases characterized by
increased bone mass [3, 5].

Our objective in this review is not to give a detailed
description of all the sclerosing bone diseases; such informa-
tion can be found in other reviews [3, 4, 6, 7]. Instead, we
discuss recent findings regarding osteopetrosis and how the
study of this disease has contributed to new understanding of
functions associated with the skeleton [8–10].

2. Osteoclasts

Osteoclasts are highly specialized cells responsible for the
dissolution of bone mineral and for the degradation of
organic matrix. This activity is essential to bone remodeling
and mineral homeostasis [8].

Osteoclasts are multinucleated cells (containing up to
50 nuclei), derived from the fusion of mononuclear cells
belonging to the monocyte-macrophage lineage. Under the
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Table 1: Genes mutated in osteopetrotic patients.

Osteopetrosis
form Genetic transmission Gene Mutation type Protein

ARO Autosomal recessive

TCIRG1 Loss of function 𝛼3 subunit V-ATPase
CLCN7 Loss of function Chloride channel 7
OSTM1 Loss of function Osteopetrosis associated transmembrane protein

PLEKHM1 Loss of function Pleckstrin homology domain containing family M, member I
SNX10 Loss of function Sorting nexin 10
TNFSF11 Loss of function Receptor activator for nuclear factor 𝜅B ligand

TNFRSF11A Loss of function Receptor activator for nuclear factor 𝜅B
IRO Autosomal recessive CAII Loss of function Carbonic anhydrase II
ADO II Autosomal dominant CLCN7 Dominant negative Chloride channel 7

influence of factors secreted by osteoblasts and/or stromal
cells present in the bonemicroenvironment, these precursors
differentiate into osteoclasts [1].

The osteoclast differentiation pathway and the molecules
involved are now well established. M-CSF (macrophage
colony stimulating factor) is expressed by osteoblasts and
binds the c-fms receptor on osteoclast precursors, stimulating
their proliferation and the expression of RANK (receptor
activator of NF-𝜅B) receptor. The interaction of RANK-L,
expressed and secreted by osteoblasts and stromal cells, with
its receptor propels the fusion of osteoclast progenitors to
form a giant multinucleated cell. Osteoprotegerin inhibits
osteoclast differentiation by acting as a receptor decoy for
RANK-L [1].

A terminally differentiated osteoclast is able to degrade
extracellular bonematrix by the action of specific proteins. To
resorb bone matrix, osteoclasts must be perfectly polarized
with a ruffle border and a sealing zone. These two features
allow the creation of a resorption lacuna into which H+
ions are actively secreted in order to acidify it, leading to
dissolution of bonematrix hydroxyapatite [1]. Creation of the
acidic compartment requires a continuous source of protons.
Type II carbonic anhydrase (CAII) hydrates CO

2
to form

carbonic acid, which spontaneously dissociates into protons
and HCO

3

− ions. The protons are actively transported into
the resorption lacuna by a vacuolar ATPase proton pump
located in the ruffled border domain [1, 11]. The HCO

3

− ion
is exchanged with Cl− by a bicarbonate/chloride antiport
on the basolateral membrane of the cell. The chloride ion
is translocated into the resorption lacuna through chloride
channel 7 (ClCn7), recently reclassified as chloride/proton
antiport.The acidic environment promotes the dissolution of
inorganic content and also exposes the organic matrix, which
is then ready to be digested by secreted proteolytic enzymes
[1, 11].

The collagenous bone matrix is dissolved by two groups
of enzymes, the matrix metalloproteases and the lysosomal
cathepsins. Cathepsin K especially has been identified as a
key enzyme in osteoclast function. This enzyme is secreted
into the resorption lacuna and degrades type I collagen in the
acidic environment [12].

The acquisition andmaintenance of osteoclast membrane
polarity require a complex system of vesicle trafficking and
ongoing cytoskeletal renewal [1]. One of the proteins involved
in these processes is Plekhm1 (pleckstrin homolog domain
containing family M with run domain member 1). This
protein plays a crucial role in acidification and trafficking of
intracellular vesicles [13, 14]. A recently discovered protein
important for osteoclast trafficking activity is Snx10 (sorting
nexin 10). Snx10 belongs to a family of about 30 proteins
sharing the PX (phox homology) phospholipid binding
domain and is involved in protein trafficking and osteoclast
differentiation/function [15, 16].

3. Osteopetrosis

Osteopetrosis is a generic name for a group of rare genetic
bone diseases characterized by osteoclast failure [6]. Several
forms are known with different models of inheritance and
severity. The adult autosomal dominant type II form or
Albert-Schönberg disease classified as mild is sometimes
associated with bone symptoms. This is the most frequent
form of osteopetrosis observed by rheumatologists. In con-
trast, the infantile recessive osteopetroses are severe forms
and usually lethal in childhoodwithout treatment [3, 5–7, 17].
Mutations in at least 8 genes (Table 1) have been identified as
being responsible for osteopetrosis pathogenesis in humans.

3.1. Autosomal Recessive Osteopetrosis. Autosomal recessive
osteopetrosis is a severe disease diagnosed in the first months
of life owing to a variety of problems [3]. Patients are treated
in pediatrics or hematology departments. Sick children have
recurrent infections. They also show bruising and frequent
bleeding secondary to medullar hyperplasia caused by bony
invasion of the medullar space. Cranial nerve compressions
can occur leading to blindness and deafness. Neurological
defects may also be observed in some patients independently
of nerve compressions. X-ray analysis reveals dense bones
which are characterized by extreme brittleness. Untreated
children usually die during their decade from hemorrhage,
pneumonia, anemia, or infection. Hematopoietic stem cell
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Figure 1: Schematic diagram showing an osteoclast and the involved genes in osteopetrosis. Cellular localization and protein involved in
osteoclast differentiation and function. The genes mutated in human osteopetrosis are red in bold.

transplantation (HSCT) is the only treatment option cur-
rently far available [3, 5, 18].

Several biological abnormalities can cause this pathology.
Generally in ARO, the number of osteoclasts is normal
or high, but their acidifying activity, compulsory for bone
resorption, is impaired [17]. Several genes are known to
be involved in this form of osteopetrosis (Table 1, Figure 1).
About 50% of ARO patients harbors loss-of-function muta-
tions of TCIRG1 which codes for the proton pump V-
ATPase 𝛼3 subunit [17, 19]. Loss-of-functionmutations of the
CLCN7 gene, coding for chloride channel 7, have also been
described in∼10% ofAROpatients [20].Mutations inOSTM1
(osteopetrosis associated transmembrane protein 1), coding
for a protein involved in transport of ClCn7 to the ruffled
border (and considered as a 𝛽 subunit of ClCn7), have been
described as causing severe osteopetrosis in ∼5% of patients
[21–23]. Primary neurological defects can also be present in
patients bearing OSTM1 or CLCN7 mutations [20, 23].

Two cases of intermediate forms of ARO caused by
PLEKHM1 mutations have been described. An “Erlenmeyer
flask” deformity of the distal femora, bone pain, and chon-
drolysis of the left hip were described in one patient.
Interestingly, a brother with the same mutation showed no
clinical signs [14]. Recently, a mutation in the SNX10 gene
was found in 15 families in which the patients displayed a
heterogeneous phenotype.Mild growth retardation, hypocal-
cemia, hydrocephalus, severe hematological abnormalities,
and visual impairment have been described in patients with
loss of function mutations of SNX10 [3, 15, 16, 24].

Less than 4% of ARO patients harbors loss-of-function
mutations of TNFSF11, encoding RANK-L, or of TNFRSF11A,
encoding RANK receptor, and constitute a distinct subgroup
of recessive osteopetrosis. Indeed, bone biopsies from these
patients revealed a complete lack of osteoclasts [25–27].

In addition, patients with TNFSF11 mutations exhibit some
immune abnormalities and not palpable lymph nodes, but B
and T lymphocyte numbers are normal. By contrast, most of
the patients with TNFRSF11A mutations have a more severe
immunological phenotype with a defect in memory B lym-
phocyte differentiation and a reduction in immunoglobulins
levels [25–27].

Treatment of most recessive forms of osteopetrosis
includes HSCT, which restores osteoclast function. However,
osteopetrosis caused byTNFSF11mutations cannot be treated
by HSCT, because an osteoblast defect is the basis of this
pathology [28]. In practice, a molecular genetic diagnosis
should be made before transplantation to ensure that the
pathology is not due to a RANK-L mutation.

3.2. A Specific Intermediate Recessive Osteopetrosis (IRO):
Type II Carbonic Anhydrase Deficiency. In 1983, an autoso-
mal recessive osteopetrosis syndrome associated with renal
tubular acidosis was described [29]. The clinical signs of
the affected patients are highly variable. Mental deficiency is
frequent, but not always present. Optical nerve compression
and dental malocclusions can occur. Renal tubular acidosis
can explain the hypotonia, apathy, and muscular weakness
occurrence in some patients. By radiography CAII deficiency
resembles other forms of osteopetrosis, but brain calcifica-
tions can develop during childhood and osteosclerosis and
bone modeling spontaneously decrease instead of increasing
in the course of pathology evolution. Metabolic acidosis
occurs during the neonatal period, and renal tubular acidosis,
both proximal and distal, has been described [29, 30].

CAII is expressed in many different tissues including
brain, kidney, red blood cells, cartilage, lung, and digestive
mucosa. All patients with this pathology have a selective
defect involving CAII expressed in erythrocytes [31].
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3.3. Type II Autosomal Dominant Osteopetrosis (ADOII Also
Known as Albert-Schönberg Disease). ADO II is commonly
called benign osteopetrosis but presents with an extremely
heterogeneous course from asymptomatic to rarely fatal.
Prevalence of the pathology has been estimated at 5 per 100
000 [32].

ADOII clinical and radiological signs occur quite late
in childhood or in the teens, although earlier occurring has
sometimes been reported. ADOII patients usually displayed
osteosclerosis at the vertebral level (so-called sandwich ver-
tebrae) and also a bone in bone aspect observed mainly
in the iliac bones, but sometimes in other epiphyses. An
increase in cranial bone density can also occur. In addition,
on radiography, alternating dense and light bands are often
seen in iliac bones and at the extremities of long bones [7, 33].

Themain ADOII complications involve the skeleton [34].
Bone fractures occur in 80% of patients, with a mean of 3
fractures per patient. A few patients have had more than
10 fractures. The femur is the most fractured bone in this
pathology, but fractures can occur on any long bones and
even at the posterior arch of the vertebrae, which often leads
to a spondylolisthesis. Scoliosis is not rare. Hip arthritis is
frequent (in 50% of the cases) and could be due to excessive
stiffness of the subchondral bone. Arthritis can occur in
other locations as well. Mandibular osteomyelitis is often
associated with dental abscess or carious cavity. Cranial nerve
compressions caused by osteosclerosis are rare. Auditory
or visual impairment occurs in less than 5% of affected
individuals [7, 33].

Orthopedic treatment is often necessary to treat frac-
tures and arthritis. Arthropathies are technically difficult
and postsurgical complications, such as strengthening delay,
infections, and pseudoarthritis are frequent (50% of cases)
due to bone stiffness. The penetrance of ADOII is 60–90%.
Disease severity is highly variable, even within the same
family [33]. For example, in 3 families in which most of the
affected individuals expressed only a mild form of ADOII,
some members exhibited anemia and blindness caused by
optical nerve compression. This phenotype has been called
intermediate osteopetrosis because of its overlap with that of
mild ARO [33].

About 70% of patients affected by ADOII harbors het-
erozygous dominant negative mutations of the CLCN7 gene
(Figure 1, Table 1) [33]. In the remaining ∼30% of cases, no
mutations in CLCN7 gene sequences were found, suggesting
involvement of further genes in the pathogenesis of this form
of osteopetrosis [33].

4. The Relevance of Osteopetrosis
Studies to New Understanding of Functions
Associated with the Skeleton

4.1. Osteopetrosis and the Bone-Stomach Interaction. Osteo-
petrorickets is a bone disorder characterized by increase of
bone mass with a defect of skeletal mineralization. Schinke
and coauthors performed histological analysis of undecalci-
fied bone biopsies of 21 patients who received a diagnosis of
osteopetrosis. In patients with loss-of-function mutations in

the TCIRG1 gene, an increase of unmineralized bone matrix
osteoid was observed. The same pathological enrichment
of osteoid was confirmed in oc/oc mice carrying a loss-of-
function mutation of the tcirg1 gene, while no increase was
revealed in osteopetrotic scr−/− mice [35].

The increase of osteoid volume was associated with
hypocalcemia, due to a defect of intestinal calcium uptake.
Indeed it was shown thatTCIRG1 is also expressed in the fun-
dus, a region of the stomach involved in gastric acidification,
and loss-of-function mutations induce hypochlorhydria and
reduced intestinal calcium uptake in both humans and mice
[35].

This study was fundamental in demonstrating a physio-
logical link between the stomach and bone. Gastric acidifica-
tion is a prerequisite for efficient intestinal calcium uptake; in
hypochlorhydria, intestinal calcium uptake is lowered lead-
ing to parathyroin hormone (PTH)-dependent activation of
osteoclasts and an osteoporosis phenotype. In the case of loss-
of-function mutation of TCIRG1, intestinal calcium uptake is
reduced and PTH-dependent stimulation of bone resorption
is blocked, resulting in an osteopetrorickets phenotype [35].

Barvencik et al. performed histomorphometric analysis
of bone biopsies of 9 osteopetrotic patients with loss-of-
mutation in the TCIRG1, CLCN7, and TNFSF11A genes [36].
Pathological enrichment of nonmineralized bone matrix was
observed in all cases with TCIRG1 mutations. In contrast,
therewas no sign of osteopetrorickets in patients withCLCN7
and TNFSF11A gene mutations [35–37].

4.2. Osteopetrosis and Insulin Metabolism. Osteopetrosis
studies were fundamental to understand the link between
bone and osteocalcin signaling. Osteocalcin is a small protein
embedded in bonematrix. Osteocalcin can exist in two differ-
ent forms, undercarboxylated and carboxylated on 3 glutamic
acid residues [10, 38].The carboxylated form has high affinity
for the hydroxyapatite, facilitating its engraftment in the
bone matrix. It was shown that acidic pH can decarboxylate
proteins [39]. Ferron et al. investigated whether acidic bone
resorption lacuna promotes the decarboxylation of osteocal-
cin. Indeed they observed that in oc/oc mice the levels of
undercarboxylated osteocalcin were reduced by 30% com-
pared to wild-type animals. Similar features were observed
in wild-type mice that received fetal liver hematopoietic stem
cells (HSCs) from oc/oc mice confirming the relevance of
osteoclast function in osteocalcin-insulin signaling. More-
over they observed that oc/oc mice were glucose intolerant,
with reduced serum insulin levels, pancreas insulin content,
and insulinexpression in the pancreas [40, 41].

Interestingly, it was shown that osteopetrotic patients
affected by autosomal dominant osteopetrosis with osteo-
clast acidification defects have lower levels of insulin and a
lower undercarboxylated/carboxylated osteocalcin ratio but
diabetes was not reported [40, 41].

4.3. Osteopetrosis and Male Fertility. Osteocalcin is very
important for the cross talk between bone and the systems
responsible for male fertility [42, 43]. Karsenty’s group
showed that osteocalcin is able to stimulate, in a cAMP
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response element binding (CREB) protein-dependent man-
ner, the production of testosterone by testes. This function is
mediated by the interaction of osteocalcin with GPRC6A, a
G-coupled receptor expressed in Leydig cells [42, 43].

In 1997 Cohen et al. [44] showed that op/op mice (which
lack colony stimulating factor 1, CSF-1) have reduced mating
ability, low spermnumbers, and low serum testosterone levels
due to decreased Leydig cell steroidogenesis. The study also
showed how CSF-1 is essential for the development and
function of the hypothalamic-pituitary-gonadal axis. Further
studies in osteopetrotic animal models will be important to
confirm the interaction between bone and male fertility.

4.4. Osteopetrosis and the Immune System. It now well estab-
lished that there is a tight correlation between bone and the
immune system, which has led to a new discipline called
osteoimmunology. This research area is just now expanding
and we are beginning to better understand the relevance of
this interplay in bone diseases [45].

Many osteopetrotic animals are characterized by
immunological defects. Associated defects in B cell function
were attributed to mutations in genes involved in osteoclast
differentiation or function or to an abnormal medullary
microenvironment. oc/oc mice display a block at the pro-B
to pre-B cell transition, which is due to a defect of the bone
microenvironment rather than to a cell autonomous defect
of B cells, because in vitro experiments showed that B cell
progenitors isolated from osteopetrotic mice were able to
differentiate into immature B cells [46].

Moreover it was shown that rankl−/− mice display an
immunological defects. Apart the alterations of B cell dif-
ferentiation, Kong and coauthors described a reduction
in thymus size and a block of thymocyte development at
the CD4−CD8−CD44−CD25+ stage [47]. These effects are
correlated with many functions exerted by RANKL in the
immune system [48].

Many studies have beenpublished regarding the effects on
osteoclast differentiation and function following alterations
of immune cells [45]. The involvement of T regulatory cells
(Treg) is still under investigation. In particular, it was shown
that animal overexpressing the transcription factor FoxP3
(forkhead box P3) displayed osteopetrotic phenotype with
increased bone mass and reduced osteoclast number and
activity [49]. Moreover in vitro experiments suggested that
Treg cells could inhibit osteoclast differentiation and function
by suppression of cytoskeletal reorganization [50].

4.5. Osteopetrosis and Bone Marrow. Bone and bone marrow
can be considered as two distinct compartments of the same
functional unit, the bone-bone marrow organ. Perturbations
to one of the compartments typically affect the other as well
[51].

Indeed it was shown that dysfunction of osteoclast activ-
ity results in aberrant formation of the HSC niche, leading to
retention of HSC in the spleen. The frequency and absolute
number of LinnegSca1+cKit+ (LSK cells) were decreased by
90% and 99.8%, respectively, in the bone marrow of oc/oc
mice compared to controls. This alteration was associated

with a defect of mesenchymal stem cells to differentiate into
osteoblasts. The effect was revealed by a dramatic reduction
in the expression of the osteoblast markersRunx2,Alp,Osteo-
calcin and Bsp and a reduced proportion of cells expressing
CD51 and the integrin 𝛼5 (CD49e). The study showed that
osteoclasts promote the formation of the HSC niche, regu-
lating the osteoblast differentiation important for the niche
[52]. Indeed the authors showed that the absence of osteoclast
activity affects formation of the bone marrow HSC niche and
impairs ability of mesenchymal stem/stromal cells to recruit
hematopoietic progenitor cells. Moreover the restoration
of osteoclast function by treatment with CD45+Sca1+ cells
reestablishes normal levels of hematopoietic progenitors in
the bone marrow [46, 53].

4.6. Osteopetrosis and Fat. The relationship between bone
and adipose tissue is an area of intensive investigations
because molecules involved in bone-fat interactions could be
used as pharmacological targets to prevent osteoporosis and
bone fractures [54]. In particular, the involvement of peroxi-
some proliferator-activated receptor-𝛾 (PPAR-𝛾) was studied.
PPAR-𝛾 is a nuclear receptor and acts as a heterodimer with
retinoid X receptor. Ligands for PPAR-𝛾 include long-chain
fatty acid and synthetic compounds such as thiazolidinedione
[55]. PPAR-𝛾 functions are associated with activation of the
adipogenesis and inhibition of the osteoblastogenesis [56, 57].

Moreover Wan et al. investigated PPAR-𝛾 function in
osteoclasts [58]. The authors used TieCre/flox mice to delete
PPAR-𝛾 in osteoclasts. These mice developed increased bone
mass with a parallel reduction of bone marrow cavities and
extramedullary hematopoiesis. Indeed deletion of PPAR-𝛾
resulted in impaired osteoclast differentiation and activity,
since it regulates c-fos expression involved in RANKL signal-
ing [58].

Moreover Cock et al. demonstrated that the absence
of PPAR-𝛾 in white adipose tissue led to lipodystro-
phy, increased bone mineral density, and extramedullary
hematopoiesis in spleen [59]. This interplay between bone
and adipose tissue has clinical important implications, since
a long-term treatment with the PPAR-𝛾 agonist rosiglitazone
in patients affected by type 2 diabetes could result in osteo-
porosis and bone fractures [54, 58].

5. Conclusion

Rare hereditary diseases inducing a bone condensation have
shed new light on several aspects of bone cellular biology
that were not well known. Indeed the study of these diseases
allowed the identification of new mechanisms of osteoclast
differentiation and function and the discovery of new func-
tions associated with the skeleton. Much evidence suggests
that the skeleton has a central role in bone physiology since
bone disorders usually impact other organs [8, 9, 42, 43, 45,
53, 54, 60]. Osteopetrosis studies were essential to demon-
strate these interactions. However, there are some features of
these diseases that require further investigation. For example,
as in other monogenic diseases, the genotype-phenotype
correlation is not always clear and consistent. Indeed, the
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same mutations can give rise to different phenotypes, as
exemplified by the CLCN7 gene heterozygous mutations.
Moreover, the mutations identified to date explain only
70% of osteopetrosis cases. Efforts to identify the mutations
responsible for the remaining 30% are on-going [33].

From a pathophysiological point of view, it is worth
noting that the pathologies caused by reduced osteoclastic
activity such as osteopetrosis lead to frequent fractures. This
might be linked to a skeleton elasticity defect, but also
to an inability to repair micro damage in bones because
of a lower rate of bone turnover. This situation illustrates
the well-known discrepancy between the bone quantity and
its resistance to mechanical stress. In contrast, pathologies
caused by an increase in bone formation due to increased
activity of theWnt signaling pathway (striated osteopathy) or
to TGF𝛽 activatingmutations (Camurati Engelmann disease)
are not associatedwith an increased incidence of fractures [7].

In conclusion, further study of osteopetrosis will allow us
to better understand the physiology of bone and its impact on
the whole body. Moreover our challenge for the future will
be to identify new therapeutic approaches for this disabling
disease, particularly for those forms for which only palliative
intervention is currently available.
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It is well established that osteoporosis and diabetes are prevalent diseases with significant associated morbidity and mortality.
Patients with diabetes mellitus have an increased risk of bone fractures. In type 1 diabetes, the risk is increased by ∼6 times and is
due to low bone mass. Despite increased bone mineral density (BMD), in patients with type 2 diabetes the risk is increased (which
is about twice the risk in the general population) due to the inferior quality of bone. Bone fragility in type 2 diabetes, which is
not reflected by bone mineral density, depends on bone quality deterioration rather than bone mass reduction. Thus, surrogate
markers and examination methods are needed to replace the insensitivity of BMD in assessing fracture risks of T2DM patients.
One of these methods can be trabecular bone score. The aim of the paper is to present the present state of scientific knowledge
about the osteoporosis risk in diabetic patient. The review also discusses the possibility of problematic using the study conclusions
in real clinical practice.

1. Introduction

Osteoporosis is a skeletal disorder characterized by compro-
mised bone strength predisposing to an increased risk of
fractures. Many of these fractures are associated with signifi-
cant morbidity andmortality. Diabetes is also an increasingly
prevalent disease, with significant associated morbidity and
mortality. Additionally, it has become apparent in recent years
that both type 1 diabetes mellitus (T1DM) and type 2 diabetes
mellitus (T2DM) are associated with an increased risk of
osteoporosis-associated fractures [1–3]. Authors present the
overview of factors involved in the risk of osteoporosis and
fractures in both types of diabetes.

2. Diabetes Mellitus

Diabetes is a group of metabolic diseases characterized by
hyperglycemia resulting from defects in insulin secretion,
insulin action, or both.The chronic hyperglycemia of diabetes
is associated with long-term damage, dysfunction, and failure
of different organs. Diabetes mellitus is a common disease
in most parts of the world. Worldwide 382 million people
have diabetes and by 2035 this will rise to 592 million.

A further 316 million with impaired glucose tolerance are
at high risk from the disease—an alarming number, that
is, set to reach 471 million by 2035. The number of people
with type 2 diabetes is increasing in every country. Diabetes
caused 5.1 million deaths in 2013; every six seconds a person
dies from diabetes [4]. Well known late complications of
diabetes are microvascular disease including nephropathy,
retinopathy, neuropathy, and macrovascular disease such
as acute coronary syndrome, claudicatio intermittens, and
stroke [5]. However, the bone turnover and thus the skeletal
integrity may also be affected by diabetes, and diabetic bone
disease can represent an overlooked complication of diabetes
[6].

3. Osteoporosis

Osteoporosis is defined as a combination of reduced bone
mass and altered bone quality, with microarchitectural
abnormalities, resulting in decreased bone strength with
an increased risk of fractures [7]. Based on the present
definition, both bone density and quality, which encompass
the structural and material properties of bone, are important
factors in the determination of bone strength. Twenty-two
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million women and 5,5 million men in the 27 countries of
the European Union (EU27) were estimated to have osteo-
porosis, and 3,5million new fragility fractureswere sustained,
comprising 610,000 hip fractures, 520,000 vertebral fractures,
560,000 forearm fractures, and 1,800,000 other fractures (i.e.,
fractures of the pelvis, rib, humerus, tibia, fibula, clavicle,
scapula, sternum, and other femoral fractures) [8].

At present, the diagnosis of osteoporosis rests on areal
bone mineral density (BMD) measurement using dual-
energy X-ray absorptiometry (DXA).The results are reported
as the difference, in standard deviations (SDs), with the
peak bone mass (𝑇-score). The World Health Organization
(WHO) defines osteoporosis as a BMD 𝑇-score of −2.5 or
less [9]. Low BMD has been recognized as a good predictor
of osteoporotic fracture risk [10]. Nevertheless, although
widely used, a major limitation of BMD measurement is
that a substantial degree of BMD overlap exists between
subjects with and without subsequent fractures [11, 12]. An
additional explanation for this is that BMD does not capture
all of the factors that contribute to bone strength. Among
these factors is trabecular bonemicroarchitecture, which also
appears to be a significant determinant of bone strength
and is complementary to bone density [13, 14]. Another
limitation of BMD measurements is that they dispropor-
tionately evaluate cortical bone depending on the skeletal
site measured, which has a relatively slow rate of turnover
[15]. In addition to BMD, several other parameters that
can be measured during the same DXA scan may help to
identify patients at high risk of fractures, such as the femoral
neck length, the neck-diaphysis angle, the cross-sectional
moment of inertia, and the cortical thicknesses. In addition,
they reflect bone geometry or macroarchitecture, which is
influenced by BMD [16]. To partially answer this problem
the current osteoporosis classification criteria drafted by the
World Health Organization (WHO) are currently revised to
include clinical risk factors (http://www.shef.ac.uk/FRAX/).

4. Diabetes and Osteoporosis

Diabetes itself is associated with increased risk of fracture,
although T2DM is often characterized by normal or high
bone mineral density (BMD). Thus, diabetes may be associ-
ated with a reduction of bone strength, that is, not reflected
in the measurement of BMD [17]. Diabetic osteopathy is
a significant comorbidity of both forms of diabetes and is
characterized by microarchitectural changes that decrease
bone quality leading to an increased risk of bone fracture in
both types of diabetes [18, 19].

T2DM is associated with an increased risk of hip fracture
in both men, summary relative risk (RR) 2.8, and women,
summary RR 2.1. Results are consistent between studies of
men and women and between studies conducted in the
United States and Europe. The association between type of
diabetes and hip fracture incidence is stronger for T1DM,
summary RR 6.3, than for T2DM, summary RR 1.7 [3]. In
other meta-analyses, Vestergaard estimated a risk ratio for
diabetes and hip fracture of 1.38 (95%CI, 1.25–1.53) for T2DM
and 6.94 (95% CI, 3.25–14.78) for T1DM [17]. Increased risk

of nonspine fractures in general has also been reported for
T2DM [20].

The Nurses’ Health Study with 109,983 women aged 34–
59 years and followup of 22 years for the occurrence of hip
fracture indicated that both type 1 and type 2 diabetes are
associatedwith an increased risk of hip fracture.The results of
this study highlight the need for fracture prevention strategies
in all patients with diabetes [21].

4.1. The Pathogenesis of Bone Changes in Diabetes. Although
the relationship between diabetes and osteoporosis has been
widely investigated, it remains controversial. Diabetes could
impact bone through several mechanisms, some of which
may have contradictory effects.

The fracture risk of T1DM increases because of a decrease
of BMD. In patients with T1DM the impaired bone formation
is a result of absolute deficiency of insulin and insulin-like
growth factor-1 (IGF-1), which leads to lower values of peak
bone mass. In type 2 diabetes, obesity, increased load on
bone, and insulin resistance resulting in hyperinsulinaemia
lead to increased bone formation [22]. The coexistence of
other autoimmune diseases with T1DM can lead to an
additional risk factor for osteoporosis and increased fracture
risk (secondary osteoporosis) in T1DM [23].

In both types of diabetes, bone displays inferior quality
and strength [23]. T2DM reduces bone quality rather than
BMD. Several risk factors for osteoporotic fractures are
known and they are listed in Table 1.

4.1.1. Hyperglycemia. Hyperglycemia resulting from im-
paired secretion and/or action of insulin acts on bone tissue
cells through an increased production of interleukin-6 (IL-6)
in osteoblast line cells. IL-6 stimulates osteoclasts to resorb
bone. The accumulation of advanced glycation end prod-
ucts (AGEs) in collagen leads to inferior bone quality and
strength. Furthermore, glycated collagen inhibits expression
in osteoblasts [24]. The relationship between hyperglycemia
and fracture risk does not appear to be linear. Studies
have reported no increase in risk [25], or even decreased
risk [26], comparing those with impaired glucose tolerance
to those with normoglycemia. Another indirect effect of
hyperglycemia is glycosuria, which causes hypercalciuria,
leading to decreased levels of calcium in the body and poor
bone quality, and fastens bone loss [27]. Among those with
diabetes, there is not an established relationship between
glycated hemoglobin (A1C) and fracture risk. Most observa-
tional studies have found no effect [28].

4.1.2. Hypoglycemia. The risk of fractures in diabetes is
also affected by the incidence of hypoglycemic episodes, if
they especially are not preceded by prodromal symptoms.
Although hypoglycemia can occur with sulfonylurea use, an
increased risk of falls with lowA1C levels is associatedmainly
with insulin use [29].

Hypoglycemic treatments could modulate the risk of
fractures in many ways. Insulin-sensitizing treatment with
metformin is not associated with a higher incidence of
bone fractures [30]. Fracture rates are higher among all
patients taking glitazones (TZDs). TZDs act as stimulators
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Table 1: Risk factors for osteoporotic fractures in diabetes (modified
according to [23]).

Risk for osteoporosis
Directly due to diabetes
(i) Diabetes mellitus types 1 and 2
(ii) Poor glycemic control and hyperglycemia
(iii) Hypoglycemia (due to DM treatment)
Due to complications of diabetes
(i) Nephropathy and other kidney diseases
(ii) Neuropathy
(iii) Diabetic diarrhea
Due to diseases associated with diabetes
(i) Thyroid gland dysfunction (Grave’s disease)
(ii) Intestinal bowel diseases and celiac sprue
(iii) Amenorrhea
(iv) Delayed puberty
(v) Eating disorders
Risk of falls
(i) Episodes of hypoglycemia due to medication (mostly insulin)
(ii) Episodes of nocturia (during uncompensated DM)
(iii) Poor vision due to retinopathy or cataracts
(iv) Poor balance due to neuropathy, foot ulcers, or amputations of

diabetic foot
(v) Orthostatic hypotension (due to cardiac autonomic

neuropathy)
(vi) Impaired joint motility due to cheiropathy and arthropathy

of the nuclear receptor peroxisome proliferator-activated
receptor gamma (PPAR-𝛾) and could reduce bone density
through the inhibition of osteoblast differentiation and activ-
ity. In fact, PPAR-𝛾 activation induces the differentiation of
multipotent mesenchymal stem cells into adipocytes, rather
than osteoblasts, and increases osteoblast apoptosis [31, 32].
On the other hand, the insulin-sensitizing effect of TZDs
reduces circulating insulin levels and therefore the insulin
anabolic effect on the bone [18]. Higher incidence of fractures
has been reported in insulin-treated patients in comparison
with noninsulin-treated individuals [33]. In addition, the
recently introduced class of incretin-based drugs (i.e., GLP-1
receptor agonists and DPP-4 inhibitors) is expected to exert
potentially beneficial effects on bone health, possibly due
to a bone anabolic activity of GLP-1 that can be either
direct or indirect through the involvement of thyroid C cells
[34]. C cells are mainly known for producing calcitonin, a
hypocalcemic and hypophosphatemic hormone. Calcitonin
suppresses resorption of bone by inhibiting the activity of
osteoclasts. Some studies found that GLP-1 and other incretin
hormones, such as GIP or GLP-2, could have positive effects
on bone through antiresorptive and anabolic properties,
suggesting beneficial effects of antidiabetic drugs like GLP-1R
agonists or DPP-4 inhibitors on bone metabolism. The
molecular mechanisms involved Wnt/beta-catenin pathway,
OPG/RANKL ratio, and sclerostin levels [35].

4.1.3. Insulin. Insulin is an anabolic hormone, which acts on
bone through insulin receptors expressed by osteoblasts—
IRS-1 and IRS-2 (insulin-like substrate). Stimulation of IRS-
1 affects bone turnover, while stimulation of IRS-2 shifts the
balance between bone formation and resorption towards the
former. Insulin stimulates osteoblast proliferation, inactivates
p27 (responsible for osteoblastogenesis), promotes collagen
synthesis, and increases glucose uptake [18]. In T1DM, the
deficiency of insulin and IGF-1, which is present since
the diagnosis, leads to impaired bone formation, abnormal
mineralisation, abnormal bone microarchitecture, increased
fragility of the bone, and reduced peak bone mass [36]. In
T2DM hyperinsulinism (the stimulatory effects of insulin on
bone formation) coupled with insulin resistance increases
bone mass through effects on bone formation via IRS-1 and
IRS-2 surface receptors on osteoblasts and by reducing the
concentration of sex-hormone binding globulin (SHBG),
which leads to increased concentrations of estradiol and
testosterone [37].

4.1.4. Genetic Factors. Bone mineral density is affected by
genetic factors. The A1-type-1-collagen (COL1A1) gene poly-
morphism in patients with T1DM is associated with reduced
BMD at femoral neck and reduced serum vitamin D levels
versus controls [38]. Vitamin D receptor gene polymorphism
has also effect on BMD in diabetics [39].

4.1.5. Alterations in Collagen Cross-Link Formation. Bone
matrix consists of a two-phase composite material—themin-
eral phase (provides stiffness) and collagen fibers (provide
tensile strength, ductility, and toughness) [40]. Collagen
cross-linking plays an important role in bone strength [41].
Collagen cross-links can be divided into lysyl-hydroxylase-
and lysyl-oxidase-mediated enzymatic immature divalent
cross-links, mature trivalent cross-links, and glycation- or
oxidation-induced nonenzymatic cross-links (AGEs) such
as pentosidine [42]. These types of cross-links differ in the
mechanism of formation and in function [43]. Not only
hyperglycemia but also oxidative stress induces the reduction
in enzymatic beneficial cross-links and the accumulation of
disadvantageous AGEs in bone.

4.1.6. Changes in Bone Turnover Markers (BTM). Bone
turnover is a dual relationship between the process of bone
formation by osteoblasts (creation of new bone) and the pro-
cess of bone resorption by osteoclasts (removal of old bone)
[44]. Bone markers are subdivided into bone formation and
bone resorption markers. Bone formation markers consist of
osteocalcin (OC), bone-specific alkaline phosphatase (BAP),
alkaline phosphatase (AP), procollagen type 1 amino terminal
propeptide (P1NP), and procollagen type 1 carboxyl terminal
propeptide (P1CP), while resorptive markers consist of N-
terminal cross-linked telopeptide of type-I collagen (NTX)
and C-terminal cross-linked telopeptide of type-I collagen
(CTX) [45]. Several markers, especially OC, CTX, and P1NP,
may also vary with blood glucose or glucose intake, making
them perhaps less markers of bone turnover in diabetics and
more markers of alterations in glucose metabolism. In most
studies of bone turnover markers, osteocalcin, a marker of
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formation, is decreased with T2DM [46]. However, other
formation markers are not consistently different in diabetic
patients [47]. Resorption markers have been reported as
increased, decreased, or not different in those with diabetes
[48]. Another issue is kidney function, which may influence
the measurement of several biochemical markers of bone
turnover and also influence histomorphometry of the bone.
The lack of a difference in bone turnover markers indicates
that T1DM and T2DM are not different regarding the effect
on bone markers, although Scl levels are higher in T2DM,
proposing that bones are affected through an antagonizing
effect on theWNT pathway in T2DM, but not in T1DM [49].

Osteocalcin (OC), one of the osteoblast-specific secreted
proteins, has several hormonal features and is secreted in the
general circulation fromosteoblastic cells [50]. Recent animal
studies have shown that uncarboxylated OC (ucOC) action
is related to bone metabolism and glucose metabolism and
fat mass [51, 52]. Pittas et al. have shown that serum OC con-
centration is inversely associated with fasting plasma glucose,
fasting insulin, homeostasis model assessment for insulin
resistance, high-sensitivity C-reactive protein, interleukin-6,
body mass index, and body fat in cross-sectional analyses
[53].

4.1.7. Vitamin D. Most studies across a variety of geographic
locations suggest that vitamin D insufficiency is more com-
mon in individuals with diabetes compared to the general
population [54, 55]. Proposed mechanisms for vitamin D
deficiency in diabetes include genetic predisposition (T1DM),
increased BMI (T2DM), concurrent albuminuria (T1DM
or T2DM), or exaggerated renal excretion of vitamin D
metabolites or vitamin D-binding protein (T1DM, T2DM)
[56, 57].

4.1.8. Osteoprotegerin and RANK. Serum osteoprotegerin
(OPG) is significantly increased in diabetic patients, prompt-
ing expanded investigation of the correlation between OPG
production/release and glycemic levels [58]. Osteoprotegerin
is a protein belonging to the family of tumour necrosis
factor receptors (TNFR) capable of binding with receptor
activator of nuclear factor kappa B ligand (RANKL), which
prevents RANKL from binding to receptor activator of
nuclear factor kappa B (RANK) and results in the suppression
of osteoclastogenesis. Elevated osteoprotegerin in patients
with T1DM may be the body’s response to increased bone
resorption [59]. Serum levels of OPG, but not of its cognate
ligand receptor activator of nuclear factor kappa B ligand
(RANKL), are significantly increased also in T2DM patients
compared with healthy blood donors [58].

4.1.9.Wnt Signaling Pathway. Wnt signaling is also thought to
be a pathogenetic feature of osteoporosis inDM. In particular,
Wnt signaling has been shown as an important regulatory
pathway in the osteogenic differentiation of mesenchymal
stem cells not only in the embryonic development but also
in the maintenance and differentiation of the stem cells in
adulthood. Induction of theWnt signaling pathway promotes
bone formation while inactivation of the pathway leads to
osteopenic states. Activating and inactivating aberrations of

the canonical Wnt signaling pathway in osteogenesis result
in sclerosteosis and osteoporosis, respectively. Mani et al.
have shown that a single missense mutation in low-density
lipoprotein receptor-related protein 6, the coreceptor for the
Wnt signaling pathway, is genetically linked to osteoporosis as
well as DM, dyslipoproteinemia, and coronary artery disease
[60]. In addition, several studies have documented that T-
cell-specific transcription factor- (TCF-) 4, the partner of
𝛽-catenin in the canonical Wnt signaling pathway, is the
strongest T2DM susceptibility gene [61–63].

4.1.10. Obesity and BMI. A low BMI is associated with the
decreasedBMD, the increased possibility of osteoporosis, and
the risk of fracture [64]. A meta-analysis demonstrated that
BMI is also an important predictor of BMD in T2DM [19].
Overweight and obesity are believed to be protective factors
of BMD [65, 66]. Obesity, widespread in T2DM, is strongly
associated with higher BMD probably through mechanical
loading and hormonal factors including insulin, estrogen,
and leptin [67]. Recently published results from the Global
Longitudinal Study of Osteoporosis in Women (GLOW)
demonstrated that association between fracture risk, height,
weight, and BMI differs according to fracture site—there is an
inverse linear association between BMI and wrist fractures,
positive linear association between BMI and spine fractures,
and no significant association between BMI and upper leg
fractures [68].

4.1.11. Complications of DM. A few studies have reported
on diabetes-related complications as risk factors of fracture
in those with T2DM, but results have not been consistent.
The development of osteoporosis in both types of diabetes is
also promoted by the coexistence of chronic microvascular
complications, which also affect the bone marrow blood
vessels [69].

4.2. Problems in Clinical Practice. Mainly older adults with
T2DM are more likely to fall, but little is known about risk
factors of falls in this population [70]. A higher risk of falls
and the resulting fractures in patientswith diabetesmay result
from the presence of diabetic retinopathy or cataracts, which
impair visual acuity. In patients with coexisting sensory
motor neuropathy and diabetic foot, balance disorders and
falls are also observed [56]. Patel et al. suggest that reduced
vibration perception (a measure of peripheral neuropathy) is
an important risk factor for falling.The authors conclude also
that quantitative ultrasound (QUS), as opposed to DXA, may
be a more useful method for fracture risk prediction in older
womenwith type 2DM [71]. Insulin therapy is also associated
with increased falls, possibly because of more severe disease
and/or hypoglycemic episodes [72].

In T1DM, the increased risk of fractures may result
from reduced BMD, so the basic diagnostic procedure and
gold standard for diagnosis of osteoporosis and risk groups
of diabetic patients are DXA. In T2DM the higher risk
for osteoporotic fractures may be a consequence of poorer
bone quality, impaired micro- and macroarchitecture, and
increased tendency to fall. There is a need to clarify the use
of standard methods for assessing fracture risk in T2DM.
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The 10-year absolute risks of hip and osteoporotic fracture
can be calculated using the FRAX algorithm. The FRAX
scores are designed to predict the absolute 10-year risks of hip
and osteoporotic fracture using hip BMD and other clinical
risk factors of fracture [73]. The FRAX algorithm includes
femoral neck BMD 𝑇-score, age, sex, body mass index,
previous history of fracture, parental history of hip fracture,
current smoking, recent use of corticosteroids, presence of
rheumatoid arthritis, and at least 3 alcoholic beverages per
day [73–75]. Schwartz et al. showed in a study that femoral
neck BMD 𝑇-score and FRAX score are both associated with
fracture risk in older adults with T2DM and both methods
appear to be useful for clinical evaluation of fracture risk.
They also warn that, at any given 𝑇-score or FRAX score,
fracture risk was higher in those with diabetes [76].

To improve the management of osteoporosis, bone
turnover biomarkers can be used. They can assess, directly
or indirectly, bone development or bone resorption activity.
According to the level of bone turnover we can estimate
the fracture risk and evaluate the effect of treatment. These
markers are measured in serum, plasma, and urine [77]. The
ability to measure these markers has led to major advances
in clinical research. Unfortunately, for reasons of availability,
cost, and reproducibility, biological markers of bone turnover
are not commonly measured among nonspecialists of bone
diseases.

4.2.1. BoneQuality. Bonemust be stiff and able to resist defor-
mation, so that loading is possible. Bone must also be flexible
and able to deform to allow energy absorption during impact
loading. Bonemust also be light to allowmovement [78].The
balance between bone’s material stiffness and its flexibility
is achieved by varying its mineral content. The greater the
mineral content, the greater the material stiffness and the
lower the flexibility [26]. Bone strength, one of its major
determinants, is dependent both on bone mass, reflected by
bonemineral density (BMD), and on bonemicroarchitecture
[79]. Thus, bone strength arises from both bone quantity and
bone quality. Bone quality encompasses the geometric and
material factors that contribute to fracture resistance [80].
Bone quality is not precisely defined. It is described as an
amalgamation of all the factors that determine how well the
skeleton can resist to fractures, such as the microarchitecture
of the bone, the accumulated microscopic damages, the
quality of collagen, the size of mineral crystals, and the rate
of bone turnover [16, 26].

In fact, BMD explains only 70–75% of the variance in
bone strength, while the rest could be related to other factors
such as the accumulation of microfractures, the altered bone
microarchitecture, the disordered bone remodeling, or the
influence of extraskeletal risk factors [81].

Diabetes showing hyperglycemia and oxidative stress
deteriorates bone material properties in terms of collagen
posttranslational modification such as enzymatic immature
and mature cross-links and nonenzymatic AGEs formation.
The adverse effects of AGEs on bone cells accelerate bone
fragility and impaired bone quality in diabetes [27].

Despite the use of BMD, biomarkers, and fracture clinical
risk factors, many patients at risk for fractures are not

detected and many fractures are not explained. BMD is only
an assessment of bone mass. It does not provide information
on bone quality, another key parameter describing bone.
Fracture clinical risk factors (FRAX tool) are an indirect
assessment of bone quality [82].

The presence of prevalent vertebral fractures (VFs) could
also be used for the assessment of bone quality in individual
patients, because a large study on the incidence of VFs in
postmenopausal osteoporosis has shown that patients with
previous VFs were more likely to suffer from new VFs [83,
84].

One important way to describe bone quality is to assess
its microarchitecture. Bone microarchitecture contributes to
the mechanical strength of bone and, thus, to its ability
to withstand fractures. Bone loss is often accompanied by
deterioration in bone architecture, resulting from a decrease
in the number of trabeculae of cancellous bone, increased
intertrabecular distances, and a loss of trabecular connec-
tivity. In addition, a reduction in the thickness of cortical
bone and an increase in its porosity of trabecular bone can
result in fragility of the femoral neck [85]. Osteoporotic bone
is, hence, called “porous.” Although no single method can
completely characterize bone quality, current noninvasive
imaging techniques can be combinedwith ex vivomechanical
and compositional techniques to provide a comprehensive
understanding of bone quality [86].

A variety of imaging techniques allow characterization of
bone geometry and microarchitecture from the macroscale
to the microscale and also to nanoscale. Methods for charac-
terizing bone geometry and microarchitecture include quan-
titative CT, high-resolution peripheral quantitative CT, high-
resolution MRI, and micro-CT. Macroscopic assessment of
three-dimensional (3D) bone geometry can be performed
in vivo using quantitative CT (QCT), but an important
drawback of QCT is its delivery of ionizing radiation to
patients [87]. The advent of high-resolution peripheral QCT
(HR-pQCT) scanners with isotropic resolution of approxi-
mately 80 𝜇m has enabled in vivo imaging of 3D trabecular
morphology at peripheral sites such as the distal radius.
These measurements are largely restricted to peripheral sites
but have the concomitant benefit of reduced radiation doses
relative to those from whole-body QCT scans [88, 89]. High-
resolution MRI (HR-MRI) allows nonionizing 3D imaging
of the trabecular network at peripheral sites. A critical
advantage of this technique is its ability to generate 3D images
of bone geometry and microarchitecture without ionizing
radiation, but the disadvantages include the long scan times
required for high-resolution images of trabecular bone [90].

To meet the need for a clinical tool capable of assessing
bone microarchitecture, the trabecular bone score (TBS) was
developed [91, 92].

4.2.2. Trabecular Bone Score. Trabecular bone score (TBS) is
a novel noninvasive modality designed to assess the trabecu-
lar microarchitecture parameters derived from DXA images.
The proponents described the TBS as a texture parameter that
reflects pixel gray level variations in DXA images [93]. These
variations may reflect microarchitecture, but the pixel size of
currently available DXA machines is about four times larger



6 International Journal of Endocrinology

Table 2: Levels of degradation of trabecular structure according to
TBS.

Degradation Description TBS range
Normal Above 1.350

Moderate
Grade 1 1.300–1.350
Grade 2 1.250–1.300
Grade 3 1.200–1.250

Degraded Severe 1.100–1.200
Highly degraded Below 1.100

than the mean trabecular size. TBS development is based on
the following facts [94–96].

(i) A healthy patient has well- and dense-structured tra-
becular bone at the vertebral level (high connectivity,
high trabecular number, and small spaces between
trabeculae). If we project this structure onto a plane,
we obtain an image containing a large number of
pixel value variations, but the amplitudes of these
variations are small.

(ii) Conversely, an osteoporotic patient has an altered and
porous trabecular bone structure (low connectivity,
low trabecular number, and wide spaces between
trabeculae). If we project this structure onto a plane,
we obtain an image containing a low number of
pixel value variations, but the amplitudes of these
variations are high.

The amount of trabecular bone lost during aging in
women and men is similar or only slightly less in men than
women [97]. Strength of the vertebrae is compromised more
by loss of connectivity than by trabecular thinning [98].

TBS measures the level of degradation of trabecular
structure. We get a result, which can be evaluated according
to Table 2 (temporary consensus available on the website:
http://www.medimapsgroup.com/).

Large retrospective study with more than 29,000 post-
menopausal women showed that TBS independently predicts
fractures in a subpopulation of patients with diabetes [99].

We performed a retrospective cohort study using BMD
results from clinical registry of our department.We evaluated
the ability of lumbar spine TBS to account the increased
risk of fractures in T2DM in 56 postmenopausal women
patients with T2DM and 61 women patients without DM or
IGT. T2DM was associated with higher BMD (1.155 versus
1.048 g/cm2 in average, 𝑃 < 0.05) at all sites but lower lumbar
spine TBS (1.211 versus 1.295 in average, 𝑃 < 0.05). The
adjusted odds ratio (aOR) for a measurement in the lowest
versus the highest tertile was less than 1 for BMD (𝑃 < 0.05)
but was increased for lumbar spine TBS (aOR 2.39, 95%
confidence interval (CI) 2.22–2.81). Also according to these
results lumbar spine TBS predicts osteoporotic fractures in
those with diabetes and captures a larger portion of the
diabetes-associated fracture risk than BMD [100].

From a clinical point of view TBS is able to predict future
fracture risk [101], in combination with BMD. Using TBS we
can increase the number of patients with a well identified

risk, to improve the management of patients in which bone
quality has a greater impact than bone quantity [102–104].
This method allows us to follow the evolution of a patients’
trabecular bone texture over time and to monitor the effects
of antiresorptive or anabolic treatment [105, 106].

TBS can be used in diabetology as a diagnostic toll and
it can be used also to evaluate the effect of treatment. It
is necessary to keep in mind that TBS is not intended to
replace existing tools but rather to supplement them and
assist clinicians in our medical decisions. BMD and TBS
are two independent parameters reflecting different bone
properties: quantity and quality, respectively. Both BMD and
TBS are very important in assessing bone strength. Bone
strength status is important to evaluate the risk of fracture as
well as to make decision about the type of treatment [107].

5. Conclusions

Given the current data, which suggest that diabetic patients
are at a higher risk of fracture, it would be reasonable to screen
diabetic patients for osteoporosis. The current osteoporosis
guidelines for screening can be used for patients with T1DM
and also T2DM, but it is important to bear inmind that DM is
a risk factor for osteoporosis and fracture and that fracturing
can occur at higher BMD levels in patients with DM [108].

As a result of the ineffectiveness of BMD in assessing
fracture risks in T2DM, the major clinical problems are how
to assess the risks and when to start therapy for preventing
fractures in daily practice. Although there are potential can-
didates (osteocalcin, AGEs, and insulin) for such purposes, it
is unclear whether or not they could predict the occurrence
of new fractures in T2DM patients in a prospective fashion
and can be used in daily practice.

A simple and recommended procedure for all physicians
who are engaged in T2DM treatment is to question the
patients about their fracture histories. It is likely that about
half of themwill be identified as thosewho have bone fragility
and need osteoporosis treatment for fracture prevention.
Also if T2DM patients undergo spinal X-ray examination we
should directly look for vertebral fractures.

Recently, the fracture risk assessment (FRAX) algorithm
has been developed by the WHO, which could assess the
fracture risk of an individual even if BMD is not measured
[109]. This algorithm integrates the influence of several well-
validated risk factors for fractures that are independent of
BMD and therefore it might be useful for the case-finding
strategy that identifies diabetic patients at high risk for
fracture.

TheTBS is a new parameter, that is, determined from grey
level analysis of DXA images. The TBS meets the need for a
noninvasive method for assessing bone microarchitecture—
key determinant of bone strength. In addition, the TBS can be
estimated very simply, using widely available DXA machines
and during the same procedure as BMD measurement. The
TBS is a quantitative value, that is, reproducible and easy to
handle.

Therapeutic considerations in diabetic patients with
osteoporosis are recommendations from good clinical prac-
tice, rather than evidence-based studies (Table 3).
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Table 3: General management of osteoporosis in diabetic patients.

(i) To avoid glitazones
(ii) Good glycaemic control
(iii) Minimizing of hypoglycemic episodes
(iv) Prevention of diabetic complications, especially kidney disease
(v) To assess and prevent falls
(vi) Supplementation with calcium and vitamin D
(vii) Specific antiporotic medication (antiresorptive or

osteoanabolic treatment)

All patients with DM should be counseled regarding
their risk of osteoporosis and fractures. They should also be
advised on adequate calcium (at least 100–1200mg/day) and
vitaminD (800–1000 IU/day) intake [110, 111].When a patient
meets guidelines for treatment, there are several options
including antiresorptive medications such as bisphospho-
nates, denosumab, SERM, and anabolic agent teriparatide.
There are no long-term data on the effectiveness of either
of these types of medications in patients with diabetes [112].
Achieving adequate glycaemic control in patients with dia-
betes is especially important as there are data to suggest that
the microvascular complications of DM, such as retinopathy
and neuropathy, which arise from less than ideal glycaemic
control, can lead to falls and subsequent fractures.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

References

[1] S. Kurra and E. Siris, “Diabetes and bone health: the relationship
between diabetes and osteoporosis-associated fractures,” Dia-
betes/Metabolism Research and Reviews, vol. 27, no. 5, pp. 430–
435, 2011.

[2] A. V. Schwartz and D. E. Sellmeyer, “Diabetes, fracture, and
bone fragility,” Current Osteoporosis Reports, vol. 5, no. 3, pp.
105–111, 2007.

[3] M. Janghorbani, R. M. van Dam, W. C. Willett, and F. B. Hu,
“Systematic review of type 1 and type 2 diabetes mellitus and
risk of fracture,” American Journal of Epidemiology, vol. 166, no.
5, pp. 495–505, 2007.

[4] International Diabetes Federation, IDF Diabetes Atlas, Interna-
tional Diabetes Federation, Brussels, Belgium, 6th edition, 2013.

[5] American Diabetes Association, “Diagnosis and classification
of diabetes mellitus,” Diabetes Care, vol. 35, supplement 1, pp.
S64–S71, 2012.

[6] C. Hamann, S. Kirschner, K.-P. Günther, and L. C. Hofbauer,
“Bone, sweet bone—osteoporotic fractures in diabetesmellitus,”
Nature Reviews Endocrinology, vol. 8, no. 5, pp. 297–305, 2012.

[7] NIH Consensus Development Panel on Osteoporosis Pre-
vention, Diagnosis and Therapy, “Osteoporosis prevention,
diagnosis and therapy,” The Journal of the American Medical
Association, vol. 285, no. 6, pp. 785–795, 2001.

[8] E. Hernlund, A. Svedbom,M. Ivergård et al., “A report prepared
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