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Summary 
Bone is a target tissue for hormones, such as the sex steroids, 
parathormon, vitamin D, calcitonin, glucocorticoids, and thyroid 
hormones. In the last decade, other “non-classic” hormones that 
modulate the bone tissue have been identified. While incretins 
(GIP and GLP-1) inhibit bone remodeling, angiotensin acts to 
promote remodeling. Bone morphogenetic protein (BMP) has also 
been found to have anabolic effects on the skeleton by activating 
bone formation during embryonic development, as well as in the 
postnatal period of life. Bone has also been identified as an 
endocrine tissue that produces a number of hormones, that bind 
to and modulate extra-skeletal receptors. Osteocalcin occupies a 
central position in this context. It can increase insulin secretion, 
insulin sensitivity and regulate metabolism of fatty acids. 
Moreover, osteocalcin also influences phosphate metabolism via 
osteocyte-derived FGF23 (which targets the kidneys and 
parathyroid glands to control phosphate reabsorption and 
metabolism of vitamin D). Finally, osteocalcin stimulates 
testosterone synthesis in Leydig cells and thus may play some 
role in male fertility. Further studies are necessary to confirm 
clinically important roles for skeletal tissue in systemic 
regulations. 
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Introduction 
 

Bone was originally understood to be a static 
organ performing mechanical functions while also being 
the target for sex steroids, calcitonin, 1,25(OH)2 
D vitamin (1,25(OH)2D3), glucocorticoids, and thyroid 
hormones. In the last decade thyrotropin stimulating 
hormone (TSH) has been shown to activate osteoblast 
differentiation and inhibit bone resorption independently 
of 1,25(OH)2D3 (Dumic-Cule et al. 2014). TSH 
administration in small doses, which does not increase 
serum triiodothyronine or thyroxine levels, prevents 
progressive bone loss in OVX rats (Sampath et al. 2007). 
In a clinical study, a negative correlation between serum 
TSH and bone resorption markers was found in a group 
of euthyroid postmenopausal women (Zofkova and Hill 
2008). Recently other hormones, such as incretins 
(Yamada 2012), growth factors (Chen et al. 2004) and 
angiotensin (Asaba et al. 2009) have been shown to 
regulate the skeleton directly. 

Additionally, bone has been identified as an 
endocrine tissue that produces hormones that modulate 
extra-skeletal systems, such as energy metabolism, 
phosphate homeostasis and/or male fertility. This review 
focuses on some of the non-classic relationships that exist 
between bone and systemic hormones and/or metabolic 
parameters.  
 
Regulation of bone metabolism by incretins 

The fundamental function of incretins, such as 
gastric inhibitory polypeptides (GIP) and glucagon-like 
peptide-1 (GLP-1) is stimulation of insulin secretion in 
pancreatic beta-cells after meals. GIP receptors are also 
expressed on osteoblasts and GLP-1 receptors can be 
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found on thyroid C-cells. While GIP stimulates 
osteoblasts and increases bone formation, GLP-1, via C-
cells, inhibits bone resorption (Yamada 2012). Increases 
in serum GIP after meals could explain acute postprandial 
changes in bone remodeling (Yavropoulou and Yovos 
2013). A decline in GIP and/or GLP-1 leads to a decline 
in bone metabolism, which could be one of the 
mechanisms inducing osteopenia in diabetics (Yamada 
2012). Novel incretin-based pharmaceuticals, e.g. GLP-1 
receptor agonists, which have been introduced for 
treatment of type 2 diabetes, also have bone protective 
effects, the efficiency of which is being investigated 
(Dicembrini et al. 2012). 

 
Influence of bone morphogenetic peptide (BMP) on bone 
metabolism 

Hormones modulating bone metabolism are also 
BMPs. These multifunctional growth factors are members 
of the transforming growth factor beta (TGF-β) 
superfamily. They regulate embryonic development of 
the skeleton, as well as postnatal bone formation. BMP 
signaling in bone is mediated by type I and type II 
receptors, which stimulate downstream molecules such as 
Smad1, Smad5 and Smad8. After phosphorylation, these 
molecules form the Smad4 complex, which is 
translocated into the nucleus of osteoblast. Once in the 
nucleus it interacts with the Runx2 molecule and 
activates bone formation. BMP signaling is inhibited by 
the protein Noggin. Over-expression of noggin in 
osteoblasts leads to osteoporosis in mice (Chen et al. 
2004). Another molecule, which inhibits BMP signaling, 
via negative interaction with Smad, is the Tob factor, 
which interacts specifically with BMP activated Smad 
proteins and inhibits BMP signaling. In Tob null mutant 
mice, BMD signaling is activated and bone formation is 
enhanced (Chen et al. 2004). Another transcription factor 
that recognizes bone-specific Runx2 and induces its 
degradation is Smurf1. Smurf1 interacts with Smad1 and 
Smad5 and mediates their degradation. Over-expression 
of Smurf1 in osteoblasts inhibits postnatal bone 
formation in mice (Chen et al. 2004).  

BMP also has osteoanabolic effects on the adult 
skeleton. It potentiates muscle growth and inhibits muscle 
wasting. Thus, direct anabolic effects of BMP on the 
skeleton are further potentiated by an increase in muscle 
mass volume (Winkbands et al. 2013). The influence of 
BMP on fracture healing is also being investigated 
(Collinge 2013). 

Finally, new pharmaceuticals that activate Runx 

or Smad molecules or inhibit Noggin or Tob, in ways 
similar to recombinant incretins, are promising molecules 
for the treatment of osteoporosis.  

 
The role of angiotensin in modulation of bone remodeling 

Besides incretins and BMP, bone is the target for 
angiotensin II, which markedly stimulates bone-turnover. 
Although the primary locus of angiotensin action are 
osteoblasts, activation of bone formation is followed by 
exaggerated production of RANKL (receptor activator of 
NF-kappa B ligand), which stimulates osteoclastogenesis. 
Enhanced activity of the renin-angiotensin system 
accelerates bone resorption (in similar ways as 
inflammatory cytokines IL-1 and TNF-alpha), which 
induces ´high-turnover osteoporosis´ in mice, mostly 
independent of hypertension development (Asaba et al. 
2009). Research in humans has shown that treatment of 
hypertension with angiotensin-converting enzyme (ACE) 
inhibitors (e.g. enalapril) can reduce the risk of fractures. 
Therefore, negative modulators of renin-angiotensin 
system could be considered potential pharmaceuticals for 
treatment of osteoporosis in patients with hypertension 
(Nakagami et al. 2012). Further studies evaluating the 
protective effects of ACE inhibitors on human skeleton 
are needed. 

 
Endocrine and metabolic functions of bone 

 
Our view of the skeleton has been enriched by 

new information that defines bone as an endocrine tissue 
that modulates other body systems. From this point of 
view, the most important hormone synthetized by 
osteoblasts and osteocytes is osteocalcin, activated by γ-
carboxylation process.  

 
Involvement of osteoblastic cell line (osteocytes) 
in regulation of bone metabolism 

Remodeling and modeling of the skeleton comes 
from interactions between the activities of osteoblastic 
cell line and osteoclasts. While osteoclasts are derived 
from the monocyte-macrophage linage, osteoblast cell 
line is of a mesenchymal origin. These cells will express 
RANKL, which, together with a number of cytokines, 
activate osteoclastogenesis. Moreover, osteocytes also 
synthesize osteoprotegerin (a decoy receptor for 
RANKL), which inhibits interaction between RANKL 
and RANK and thus inhibits osteoclastogenesis 
(Kitamura et al. 2013, Takahashi et al. 2011). Maturation 
of bone forming osteoblastic cell line is promoted by the 
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canonical pathway of Wnt (wingless proteins), as well as 
by hormones produced in osteocytes 1,25(OH)2D3 
(Turner et al. 2014) and BMP-4 (activated by the p38 
MAP kinase) (Kondo et al. 2014). As a result mutual 
relationships between the parameters of RANK-RANKL-
OPG axis determine an equilibrium between bone 
resorption and bone formation.  

In bone the osteoblast-derived osteocyte 
occupies the role of endocrine cell, which synthesizes 
1,25(OH)2D3, fibroblasts growth factor (FGF23) (see 
below), and osteocalcin. Osteocalcin, via G-protein 
receptors GPRC6A, stimulates some of the extra-skeletal 
systems, such as pancreatic beta cells and testicular 
Leydig cells. Furthermore, the hormone modulates 
metabolism of fatty acids and potentiates male fertility 
(Pi and Quarles 2013, Oury et al. 2011, Karsenty and 
Oury 2014). FGF23 has been found a major phosphate 
regulatory hormone, similarly as parathyroid hormone or 
1,25(OH)2D3 (Doyle and Jan de Beur 2008). 

 
Role of osteoblastic cell line in energy homeostasis 

There are mutual interactions between bone and 
energy metabolism in vertebrates (Raska et al. 2009). 
Osteocalcin (which is under the negative control of the 
Esp gene) activates insulin synthesis in beta cells and 
increases insulin sensitivity in fat, liver and muscles 
(Hinoi 2012). Osteocalcin deficient mice developed 
hyperglycemia, insulin resistence, and high body 
adiposity (Wolf 2008). In healthy women, serum 
osteocalcin has been shown to be inversely related to 
parameters of glucose metabolism, such as glycemia or 
hemoglobin A1c (HbA1c) levels (Weiler et al. 2013). In 
schoolchildren, an inverse correlation between the total 
and/or under-carboxylated osteocalcin levels and 
adiposity has been observed (Boucher-Berry et al. 2012). 
Thus Boucher-Berry postulated that the markers of bone 
metabolism might also reflect the risk for adiposity in 
children. On the other hand, adipocyte-derived leptin, via 
the central sympathetic nervous system, inhibits 
osteoblast activity and osteocalcin synthesis and slows 
down bone formation (Hinoi 2012). 

On the basis of feedback loop the direct 
interaction between insulin and bone is also working. The 
insulin signaling pathway positively influences osteoblast 
proliferation, differentiation and survival and modulates 
bone growth. An impairment of insulin signaling pathway 
in bone leads to an impaired bone quality in mice, 
together with obesity and insulin resistance (Pramojanee 
et al. 2014). Furthermore, poor metabolic control is 

associated with reduced bone formation in children and 
adolescents (Wedrychowicz et al. 2014). Finally, the bi-
directional cross-talk between energy metabolism and 
skeletal tissue plays a role in energy balance regulation 
and vice versa. 

 
Osteoblastic cell line influences phosphate homeostasis 

Adequate phosphate levels are necessary for 
development of the skeleton in childhood and 
maintenance of its integrity in adulthood. Until recently, 
vitamin D and PTH have been thought to regulate 
phosphate metabolism at the level of the kidneys, 
intestines and bone. The precursor molecule 25(OH)D3 is 
metabolized into an active form (1,25(OH)2D3) not only 
in the liver and kidneys, but also in a number of bone 
cells, including osteoblasts (Qaw et al. 1992). 
Furthermore, 1,25(OH)2D3 can activate osteoblasts 
directly by increasing production of ALP and osteocalcin, 
which stimulates formation and mineralization of the 
skeleton. In other words, osteoblast could be defined as 
target for 1,25(OH)2D3, as well as an endocrine cell 
synthesizing 1,25(OH)2D3 (Anderson et al. 2012, van 
Driel et al. 2006).  

In addition to the well- known PTH – vitamin D 
axis, phosphatonins, such as FGF23, sFRP-4 and MEPE, 
may play some role in long-term regulation of phosphate 
homeostasis. Most investigated phosphatonin FGF23 is 
synthesized by osteocytes (Lee et al. 2014). FGF23, via 
GPRC6A receptor targets a limited number of tissues, such 
as the kidneys and parathyroid glands, choroid plexus, and 
pituitary gland that coexpress FGF receptors and α-Klotho 
complexes. FGF23 via GPRC6A controls phosphate 
reabsorption and metabolism of vitamin D (Neve and 
Cantatore 2012). Gene transcription of FGF23 is positively 
regulated by 1,25(OH)2D3 and serum phosphate and 
negatively regulated by PHEX (phosphate regulating gene 
located on the X chromosome) (Cavalli et al. 2012).  

An elementary co-receptor for phosphatonins 
(including FGF23) is the transmembrane protein, Klotho. 
This peptide (251 amino acids) acts as a cofactor that is 
essential for the interaction between FGF23 and its 
receptor (Kurosu and Kuro-o 2009). Klotho is expressed 
(under control of aging suppressor gene) in the 
parathyroid glands and kidneys, and regulates PTH, 
vitamin D synthesis and phosphate excretion (Torres et 
al. 2009, John et al. 2011, Kuro-o 2012). In Klotho-
deficient mice, calcinosis of vessels accelerates, probably 
involving the Runx factor and hypervitaminosis D, and 
induces premature aging (Lim et al. 2012). Klotho 
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declines with age and during certain phase of some 
chronic diseases (Kuro-o 2012).  

IGF23 functions as a phosphaturic factor  
(Kuro-o 2012). While mutations in the FGF23 or Klotho 
genes lead to hypervitaminosis D, hyperphosphatemia, 
hyperostosis, and ectopic calcifications, high activity of 
FGF23 inhibits synthesis of 1,25(OH)2D3 (via activation of 
Cyp24) and induces hereditary and acquired 
hypophosphatemic rickets (Cavalli et al. 2012, Quarles 2012).  

Levels of FGF23 increase in patients with 
chronic kidney disease (CKD) (Kuro-o 2012). In the 
initial phase of CKD, increased production of FGF23 
functions as an adaptive mechanism, which reduces 
exaggerated phosphate absorption in the intestines, 
inhibits 1,25(OH)2D3 synthesis, and brakes 
overproduction of PTH. Thus, FGF23-Klotho system 
protects organisms against retention of phosphate, a 
vascular toxin that accelerates arterial stiffness and 
coronary calcification (Shroff 2013). In the advanced 
stages of CKD, further increases in PTH levels amplify 
the synthesis of FGF23 as compensation for increased 
phosphate efflux from bone tissue, which is caused by 
excessive bone resorption (Quarles 2012). However, 
Klotho expression in the kidneys and parathyroids is seen 
to decline during this phase of CKD (Kuro-o 2012). 
Under this condition, progressive increases in FGF23 
lead to secondary hyperparathyroidism, which further 
amplifies FGF23 expression and together with low 
Klotho and hyperphosphatemia quickens vascular 
calcification and increases the risk of cardiovascular 
mortality (Quarles 2012). In vivo, Klotho deficiency can 
be restored with vitamin D receptor activators, which 
renew the anticalcific ability of the FGF23-Klotho system 
(Lim et al. 2012).  

Osteocyte derived FGF23, after modulation by 
Klotho, regulates urinary phosphate excretion, PTH, and 
1,25(OH)2D3 synthesis and in this way is involved in the 
progress of CKD and vascular damage.  

 
Does bone regulate male reproduction? 

Until now, the relationship between the skeleton 
and reproduction has been considered limited to the 
regulation of bone remodeling via sex steroids. It is well 
known, that androgens and estrogens are responsible for 
sexual dimorphism in development of peak bone mass 
and adaptation of bone to mechanical loading (Laurent et 
al. 2014). Androgen insufficiency, due to an imbalance in 
the hypophyseal-gonadal axis together with other factors, 
such as low activity of enzymes regulating sex steroid 

production, disorders in thyroid function, oxidative stress, 
genetic factors, autoimmunity together with life style and 
nutritional factors (e.g. zinc deficiency), can lead to male 
infertility (Kumar et al. 2014). 

Recently it has been shown that male fertility is 
also under control of skeletal tissue. Steroidogenic 
enzymes cytochromes P450scc and P450c17, required for 
synthesis and release of testosterone can be induced by 
osteocalcin through the GPRC6A receptor that is 
localized on Leydig cells (Karsenty and Oury 2014, Oury 
et al. 2011, Okuyama et al. 2014). Therefore, osteocalcin 
deficiency could be hypothetically considered as a new 
pathogenetic factor responsible for primary testicular 
failure in men. This hypothesis remains to be confirmed 
through clinical studies. 

 
Concluding remarks 

 
A modern understanding of skeletal tissue must 

now include previously unrecognized roles in the 
physiology and pathophysiology of organisms. The 
skeleton more than just a target tissue hormones, it is also 
an important endocrine structure as well. Understanding 
the bi-directional interaction between bone tissue and 
circulating hormones is an enormous challenge from a 
practical point of view. Synthetic molecules of incretins, 
used in the treatment of type 2 diabetes may offer new 
perspectives for the treatment of osteoporosis. This may 
also be true of molecules that activate Runx or Smad, or 
inhibit Noggin or Tob in the BMP signaling pathway. 
Furthermore, negative modulators of the renin-
angiotensin system can be considered potential 
pharmaceuticals for effective treatment of both 
hypertension and osteoporosis.  

We have also seen that the bone-derived 
hormone osteocalcin positively modulates expression of 
extra-skeletal hormones, such as insulin in pancreatic 
beta cells and testosterone in Leydig cells. From this 
point of view, osteocalcin could be viewed as perspective 
hormone for the treatment of metabolic syndrome in type 
2 diabetes, as well as male infertility.  

Phosphatonins, produced by skeletal tissue, could 
have CKD diagnostic value. Serum FGF23 levels fluctuate 
relative to the phase of CKD. In the late phase, large 
increase in FGF23 levels fails to protect against toxic 
phosphate retention and enhances vascular calcification. 
Thus, serum FGF23 might represent a promising putative 
marker of cardiovascular risk in CKD patients.  

Finally, bone appears to be an important 
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endocrine link in the overall regulation of homeostasis. 
New information regarding interactions between bone 
and extra-skeletal systems may suggest new treatments 
for many conditions, not just osteoporosis.  
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