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Abstract
Neuroendocrinology of bone is a new area of research based on the evidence that
pituitary hormones may directly modulate bone remodeling and metabolism. As a
matter of fact, skeletal fragility associated with high risk of fractures is a common
complication of pituitary diseases characterized by either hypo- or hyperfunction
of the pituitary gland. This chapter deals with physiological, pathophysiological,
clinical, and therapeutic aspects concerning the effects of pituitary hormones on
skeletal health.
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Introduction

Pituitary hormones are involved in the regulation of skeletal physiology, and bone loss
commonly occurs in pituitary disorders (Mazziotti et al. 2015a). The traditional para-
digm is that pituitary-derived hormones exert their biological effects on bone by
peripheral mediators produced by target glands under their stimulation. However, over
the recent years, there has been a growing evidence to suggest that pituitary hormones
may bypass traditional endocrine organs to exert remarkable direct effects on the
skeleton. This chapter will deal with physiological, pathophysiological, clinical, and
therapeutic aspects of direct and indirect effects of pituitary hormones on skeletal health.

Pituitary Hormones and Bone: Physiological
and Pathophysiological Aspects

The skeleton is an extremely dynamic tissue with a continuous remodeling process
guided by bone-forming osteoblasts and bone-resorbing osteoclasts (Canalis et al.
2007a). The balance between bone resorption and bone formation is crucial to
guarantee skeletal homeostasis, whereas osteoporosis develops when bone resorp-
tion exceeds bone formation (Mazziotti et al. 2012). Pituitary diseases may affect
bone remodeling either by increasing bone resorption or inducing impairment in
bone formation (Mazziotti et al. 2015a).

Growth hormone (GH)-insulin-like growth factor-1 (IGF-I) axis has an important
role in the regulation of bone growth and bone metabolism during lifespan (Giustina
et al. 2008). GH stimulates the proliferation of cells of the osteoblastic lineage and
affects the fate of mesenchymal precursors favoring osteoblastogenesis and
chondrogenesis and opposing adipogenesis (Giustina et al. 2008). Specifically, GH
downregulates the expression of fetal antigen-1, which is the soluble form of delta-
like 1 or Pref-1, and as a consequence may regulate adipogenesis (Abdallah et al.
2007). GH also stimulates the expression of bone morphogenetic proteins, which
are important for the differentiation of osteoblasts and for bone formation (Kassem
et al. 1993). In addition to its effects on the differentiation of osteoblasts, GH
stimulates, either directly or indirectly through IGF-1, the differentiated function
of mature osteoblast (Giustina et al. 2008). GH also stimulates the carboxylation of
osteocalcin, which is a marker of osteoblastic function (Hubina et al. 2004). Most of
the effects of GH on mature osteoblasts are mediated by systemic IGF-I (Digirolamo
et al. 2007). Interestingly, when synthesized by peripheral tissues, IGF-I expression
is controlled by diverse hormones (prevalently GH) and by other growth factors
(Giustina and Veldhuis 1998). In osteoblasts, synthesis of IGF-I is induced by
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parathyroid hormone (PTH), thyroid hormones, and estrogens, whereas the effects of
GH seem to be modest (Giustina et al. 2008). In addition to the effects on osteoblas-
togenesis and bone formation, GH and IGF-I modulate bone resorption by regulating
synthesis of osteoprotegerin and receptor activator of nuclear factor-B ligand
(RANKL) by osteoblasts (Giustina et al. 2008). In fact, GH was shown to stimulate
production of osteoprotegerin and its accumulation in the bone matrix, whereas
IGF-I induces RANKL synthesis and, as a consequence, osteoclastogenesis (Rubin
et al. 2002; Ueland et al. 2002; Mrak et al. 2007). Besides the direct effects on bone
remodeling, GH and IGF-I regulate calcium and phosphate metabolism (Kamenický
et al. 2014). Specifically, GH and IGF-I were shown to stimulate the conversion of
25-hydroxy vitamin D to 1,25-dihydroxy vitamin D by the calcium-dependent
activation of renal 1-alpha-hydroxylase, increasing the resorption of calcium and
phosphate in the intestine and kidney (Kamenický et al. 2014).

Gonadotropin-gonadal sex steroids axis plays a key role in maintaining bone health
throughout life, and secondary hypogonadism is an important factor involved in the
pathogenesis of skeletal fragility of patients with pituitary diseases (Riggs et al. 2002).
Over the recent years, there has been evidence that follicle-stimulating hormone (FSH)
may have direct pro-resorptive effects on mature osteoclasts and low FSH values were
suggested to attenuate the negative effects of hypogonadism on the skeleton in exper-
imental models of osteoporosis (Sun et al. 2006; Iqbal et al. 2012). In humans, the
possible involvement of FSH in the pathogenesis of osteoporosis was suggested by the
observation that amenorrheic women with higher FSH levels had greater bone loss than
those with lower values in face of near-equal estrogen levels (Devleta et al. 2004).
Moreover, in perimenopausal women increases in bone resorption markers and decrease
in bone mineral density (BMD) were better correlated with serum FSH than estrogen
levels (Zaidi 2007). However, clinical models of gonadotropin-releasing hormone
agonist therapy and in vitro fertilization procedure failed to demonstrate a clinically
significant effect of FSH on bone remodeling (Drake et al. 2010; Omodei et al. 2013).
Therefore, possible consequences of low FSH values on the skeleton in patients with
pituitary diseases have to be considered currently only as a working hypothesis.

Hypogonadism is traditionally considered the main mechanism causing skeletal
fragility in patients with prolactinomas (Klibanski et al. 1988). However, there is also
evidence that prolactin (PRL) may have sex hormone-independent effects on bone
remodeling. In fact, PRL receptor was demonstrated in osteoblasts, and PRL was
shown to decrease in vitro osteoblast proliferation with a secondary impairment of
bone formation and mineralization (Seriwatanachai et al. 2009; Coss et al. 2000).
Moreover, PRL induced increase in RANKL/osteoprotegerin expression in osteo-
blasts leading to an increase in bone resorption (Seriwatanachai et al. 2008a, b). The
direct effects of PRL on skeletal remodeling may play a role in determining bone loss
in postmenopausal women and eugonadal males with hyperprolactinemia (Mazziotti
et al. 2011a, b).

Thyrotropin (TSH)-thyroid axis is important for the control of longitudinal
growth, since thyroid hormones have physiological stimulatory effects on bone
remodeling and bone mineralization (Gogakos et al. 2010). However, when thyroid
hormones increase, bone remodeling is excessively stimulated with consequent bone
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loss and decrease in skeletal strength (Vestergaard and Mosekilde 2003). The effects
of thyroid hormones on bone may be modulated at different levels by TSH and GH
(Mazziotti et al. 2015a). The peripheral deiodination and activation of thyroxine is
stimulated by GH (Martins et al. 2007), and this effect may explain why hypopitu-
itary patients treated for GHD are predis posed to the negative effects of thyroid
hormone overtreatment (Mazziotti et al. 2014). Over the recent years, there has been
convincing evidence that TSH may have direct inhibitory effect on bone resorption.
In animal models, the lack of TSH signal was shown to increase bone resorption
leading to osteoporosis regardless of the effects of thyroid hormones (Abe et al.
2003). Also in humans, TSH was clearly shown to exert direct effects on bone
remodeling with inhibition of bone resorption (Mazziotti et al. 2005), and TSH
levels in the low-normal range were found to be associated with high risk of
vertebral fractures in postmenopausal women with osteopenia or osteoporosis
(Mazziotti et al. 2010a). Based on this assumption, one could argue that low TSH
values may favor skeletal fragility in patients with hypopituitarism, although the
evidence to support such a hypothesis is still lacking.

Skeletal fragility is a frequent and well-known complication of glucocorticoid
excess, as it occurs in patients with corticotropin (ACTH)-secreting adenomas (i.e.,
Cushing disease) (Mazziotti et al. 2016a) as well as in those treated with exogenous
corticosteroids (Mazziotti et al. 2010b). ACTH has been shown to stimulate bone
formation (Isales et al. 2010), but the potential skeletal effects of relatively high
ACTH values in patients with Cushing disease are still unknown. The central
pathophysiological mechanism of bone loss during long-term use of glucocorticoids
is reduced bone formation, due to actions that affects osteoblast differentiation and
function (Mazziotti et al. 2006a). However, during the first phase, a significant
increase in bone resorption (ultimately leading to the observed early increase of
risk of fractures) may occur (Mazziotti et al. 2006a). Besides the direct effects on
bone cells, glucocorticoids may also have indirect effects mediated by derangements
in neuroendocrine signals in the pituitary gland. Glucocorticoids modulate GH by
various and competing effects on the hypothalamus and pituitary gland, with final
effects depending on hormone concentrations and time of exposure (Mazziotti and
Giustina 2013a). Exposure to chronic glucocorticoid excess, even if mild as in
“subclinical hypercortisolism,” during treatment with inhaled corticosteroids and
overtreatment of hypoadrenalism, causes the increase in hypothalamic somatostatin
tone with consequent impairment of GH secretion which may play a pathophysio-
logical role in glucocorticoid-induced osteoporosis contributing to the development
of a more severe impairment of bone quality with increased risk of fractures
(Mazziotti et al. 2016b). As a matter of fact, both exposure to glucocorticoid excess
and GHD are associated with a “low-turnover osteoporosis.” Interestingly, there is
a cross talking between glucocorticoids and GH-IGF-I axis, since the latter may
modulate the activation of corticosteroids at peripheral tissues (Giavoli et al. 2004).
In fact, GH stimulates the peripheral inactivation of cortisol in cortisone; this effect
explains why patients with untreated GHD are particularly predisposed to negative
effects of glucocorticoid excess on bone (Mazziotti et al. 2010c). Glucocorticoids
may have also neuroendocrine effects on sex hormone production. Specifically,
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glucocorticoids inhibit the release of gonadotropins with consequent secondary
hypogonadism which may contribute to increased risk of fractures by impairment
of skeletal remodeling and muscle function (Canalis et al. 2007b).

Oxytocin and vasopressin were shown to exert direct effects on bone via specific
receptors on osteoblasts and osteoclasts (Tamma et al. 2009, 2013). Both osteoblasts
and osteoclasts express oxytocin receptors, whose stimulation enhances bone mass.
Consistent with this, mice deficient in oxytocin or its receptor display profoundly
impaired bone formation with consequent low-bone-turnover osteoporosis (Tamma
et al. 2009). In contrast, bone resorption remains unaffected in oxytocin deficiency
because, even while oxytocin stimulates the genesis of osteoclasts, it inhibits their
resorptive function (Tamma et al. 2009). Vasopressin was instead shown to have
a double effect on bone remodeling, with stimulating effects on bone resorption and
inhibitory effects on bone formation (Tamma et al. 2013). However, the role of oxytocin
and vasopressin in skeletal fragility of patients with pituitary diseases is still unknown.

Skeletal Fragility in Pituitary Diseases: Clinical and Therapeutic
Aspects

Measurement of biochemical markers of bone turnover may be useful in the clinical
management of skeletal fragility in patients with pituitary diseases. Markers of bone
formation are direct or indirect products of active osteoblasts expressed during
various phases of their development and reflect different aspects of osteoblast
function. Type I collagen is an important component of bone matrix, and osteoblasts
secrete its precursor procollagen molecule during bone formation, whereas degra-
dation products of type 1 collagen are released during bone resorption. As a matter of
fact, serum procollagen type I N propeptide (PINP) and carboxy-terminal cross-
linking telopeptide of type I collagen (sCTX) are recommended as reference markers
of bone formation and resorption, respectively, to be used in the clinical practice
(Vasikaran et al. 2011). In the clinical practice, PINP and CTX are generally used for
monitoring treatment of osteoporosis with bone-active drugs (Vasikaran et al. 2011).
In pituitary diseases, such as in other forms of secondary osteoporosis, measurement
of biochemical markers of bone turnover may also provide information on the type
of skeletal disorder (i.e., increase or decrease in bone turnover) caused by pituitary
hormone excess or defect.

In clinical practice, measurement of BMD at the lumbar spine, total hip, and
femoral neck by dual-energy X-ray absorptiometry (DXA) is the mainstay for
diagnosis of osteoporosis and prediction of fracture risk (Schousboe et al. 2013).
Skeletal demineralization is graded according to the World Health Organization
criteria based on comparisons of patient’s BMD with the average for young adults,
after adjusting for race and gender. AT-score less than or equal to�2.5 SD at the hip
or spine is defined as osteoporosis, whereas osteopenia is defined as a T-score
between �1 and �2.5 SD (Schousboe et al. 2013). These densitometric definitions
are applicable only for postmenopausal women and men aged 50 and older, whereas
for younger subjects the Z-score (i.e., the number of standard deviations from
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age-matched controls) of -2.0 or lower is used to define a BMD “below the expected
range for age” (Schousboe et al. 2013). Since pituitary diseases often occur in men
under 50 and premenopausal women, diagnosis of osteoporosis cannot be easily
performed on the basis of BMD alone in this clinical setting. Moreover, patients with
pituitary diseases were shown to fracture even in the presence of normal BMD,
consistently with the concept that bone quality more than bone quantity is affected
by pituitary hormone excess and defect (Mazziotti et al. 2015a). This is a clinically
relevant finding that prompted to the search for alternative diagnostic tools better
reflecting quality of bone in these patients, such as quantitative ultrasonometry, high-
resolution peripheral quantitative computed tomography, or measurement of trabec-
ular bone score by DXA (Griffith and Genant 2012; Ulivieri et al. 2014). However,
the feasibility and reliability of these methods in the clinical setting of pituitary
diseases are still uncertain.

Vertebral fractures are the hallmark of osteoporosis, being the most common
fragility fractures (Cooper et al. 1993; Wasnich 1996). In more than 50% of the
cases, spine fractures occur without specific clinical symptoms, and the radiological
and morphometric approach has emerged as the method of choice for evaluating the
true prevalence and incidence of these fractures in the clinical practice (Griffith and
Genant 2012). Vertebral fractures are identified marking the vertebral body with six
points to describe the vertebral shape and heights. According to the quantitative
morphometric approach, vertebral fractures are defined mild, moderate, and severe
based on a height ratio decrease of 20–25%, 25–40%, and more than 40%, respec-
tively (Genant et al. 1996). Quantitative morphometry is usually performed on spinal
X-ray images, although quantitative approach may also be applied to images of the
spine acquired by DXA (Clark et al. 2014).

Hypopituitarism

Adult patients with hypopituitarism have generally marked reduction in bone turnover
as predominant effect of GH deficiency (GHD) on bone remodeling regardless of
coexistent other pituitary hormone deficiencies (Kaufman et al. 1992). However,
about half of hypopituitary patients with GHD have normal vertebral BMD (Giustina
et al. 2008). In childhood-onset GHD, vertebral BMD is reduced with T-scores often
between �1 and �2; about one third of the patients have T-scores of �2.5 or less
(Molitch et al. 2006). In contrast, patients with adult-onset GHD have variable BMD
values in relationship with age (e.g., lower BMD in younger patients) and duration and
the severity of the disease (e.g., lower BMD in longer lasting and more severe GHD)
(Murray et al. 2006). The reasons for the different degrees of bone loss may be that
childhood-onset GHD occurs before the achievement of peak bone mass and due to its
longer disease duration. However, some authors also argued that lower BMD in
childhood-onset disease may be due to an underestimation of BMD related to low size
and volume of bones in patients with GHD and short stature (Högler and Shaw 2010).

The rate of non-vertebral fractures is increased about threefold in untreated GHD
patients (Rosen et al. 1997; Wuster et al. 2001). Using a radiological and
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morphometric approach, prevalent vertebral fractures were found in more than one
half of adult patients with GHD, and in about one third of them, fractures were
moderate-severe causing back pain and functional impairment (Mazziotti et al.
2006b). The prevalence of vertebral fractures was related to the duration of GHD
and did not seem to be significantly affected by the presence of other pituitary
hormone deficiencies (Mazziotti et al. 2006b, 2008a). Vertebral fractures were
shown to occur even in hypopituitary patients with normal BMD (Mazziotti et al.
2006b).

The effects of recombinant human GH (rhGH) replacement therapy on bone have
been widely studied over the last 20 years. Replacement therapy with rhGH led to
a dose-dependent increase in bone turnover markers (Abrahamsen et al. 2002).
Indeed, the effects of rhGH on bone remodeling are biphasic, since after an initial
(6–12 months) predominance of bone resorption, stimulation of formation became
predominant when treatment was continued for longer period of time (Ohlsson et al.
1998). Therefore, the positive effects of rhGH on bone were shown to be evident after
12 months of treatment (Barake et al. 2014), whereas shorter-term trials revealed
decrease or no change in BMD (Davidson et al. 2004). The beneficial effects of rhGH
on BMD have been reported to persist after withdrawal of GH (Biller et al. 2000).
A few studies reported densitometric outcomes when rhGH was given for a period
equal or longer than 10 years (Arwert et al. 2005; Elbornsson et al. 2012).

Consistently with former observation that fracture rate was lower in treated GHD
as compared to untreated patients (Mazziotti et al. 2006b), recent prospective studies
reported a significant decrease in incident vertebral (Mazziotti et al. 2016c) and non-
vertebral (Mo et al. 2015) fractures in adult GHD patients undergoing treatment with
rhGH, suggesting that skeletal integrity could be an emerging critical end point in the
decision-making process to initiate GH replacement in hypopituitary patients with
GHD (Giustina and Mazziotti 2015).

Replacement therapies of central hypoadrenalism and hypothyroidism were
shown to influence the fracture rate in patients with hypopituitarism (Mazziotti
et al. 2010c, 2014). As a matter of fact, an overtreatment with these hormones
may be frequent in patients with hypopituitarism since replacement therapies do
not completely mirror the endogenous hormonal production and their monitoring is
also made difficult by the lack of good biomarkers of their action. Higher prevalence
of vertebral fractures was demonstrated in hypopituitary patients treated with hydro-
cortisone doses higher than 28 mg per day (Mazziotti et al. 2010c) and thyroxine
doses higher than 1.35 μg/Kg per day (Mazziotti et al. 2014). The negative effects of
glucocorticoid overtreatment were shown to be more evident in patients with
untreated GHD, whereas the negative skeletal effects of thyroxine overtreatment
were more evident in patients with replaced GHD (Mazziotti et al. 2015a).

GH-Secreting Adenomas

Consistently with the concept that GH excess stimulates bone remodeling, markers
of bone formation and resorption are increased in patients with active acromegaly,
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whereas data on BMD are rather variable in relation to the skeletal site, activity of
disease, and gonadal status (Mazziotti et al. 2015b). As a matter of fact, low BMD is
a relatively uncommon clinical finding in patients with acromegaly (Kayath and
Vieira 1997), whereas several studies reported either increased (Kotzmann et al.
1993; Kaji et al. 2001) or similar (Longobardi et al. 1998) bone mass in acromegaly
patients as compared to control subjects. The discrepancy resulted to be much more
evident at the lumbar spine as compared to the femoral neck (Mazziotti et al. 2015b).
Different factors may be involved in determining this variability. Firstly, patients
with acromegaly are frequently affected by osteoarthritis with structural modifica-
tions of the spine consisting in osteophyte formation and facet-joint hypertrophy
which may lead to an overestimation of BMD measured at lumbar spine (Claessen
et al. 2016). Moreover, there is evidence that GH and IGF-I excess may exert
deleterious effect on trabecular microarchitecture, whereas cortical bone density
tends to be increased as effect of GH on periosteal ossification (Ueland et al.
2006). DXA does not distinguish between cortical and trabecular bone, and densi-
tometric results are greatly influenced by the variable distribution of these two
compartments in the different skeletal sites (Diamond et al. 1989).

Although BMD is not generally decreased, recent studies have demonstrated that
GH excess may cause abnormalities in bone microstructure (Madeira et al. 2013;
Maffezzoni et al. 2016), predisposing patients with acromegaly to develop a specific
bone metabolic disease, i.e., “acromegalic osteopathy,” characterized by high bone
turnover, deterioration of bone microarchitecture, and high risk of vertebral fractures
(Mazziotti et al. 2017). Using a radiological and morphometric approach, increased
prevalence of vertebral fractures was demonstrated in postmenopausal women
(Bonadonna et al. 2005) and males (Mazziotti et al. 2008b) with acromegaly. This
finding was confirmed by other cross-sectional studies (Mazziotti et al. 2017), and
more recently two independent prospective studies provided evidence for an
increased risk of vertebral fractures in male and female patients with acromegaly
(Mazziotti et al. 2013a; Claessen et al. 2013). The occurrence of vertebral fractures
in acromegaly correlated with the duration of active disease and serum IGF-I levels,
but not with BMD, since they were found to develop even in patients with normal or
minimally decreased BMD (Mazziotti et al. 2017). Biochemical control of acromeg-
aly improves skeletal health (Mazziotti et al. 2015b), although the risk of vertebral
fractures may persist high in some patients with well-controlled or cured acromegaly
in relationship with preexistent vertebral fractures and untreated hypogonadism
(Mazziotti et al. 2013a; Claessen et al. 2013). Therefore, guidelines for the diagnosis
and follow-up of acromegaly complications now include not only DXA (Giustina
et al. 2003) but also morphometric spine X-ray evaluation (Melmed et al. 2013).

PRL-Secreting Adenomas

Patients with prolactinomas have high-bone-turnover osteoporosis (Mazziotti
et al. 2015a). Bone loss occurs predominantly at the lumbar spine (Naliato et al.
2008) in close relationship with the duration of disease, serum values of PRL, and
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bone turnover markers (Mazziotti et al. 2015a). Patients with prolactinomas may
develop vertebral and non-vertebral fractures (Mazziotti et al. 2011a, b;
Vestergaard et al. 2002a). High prevalence of vertebral fractures was reported
even in postmenopausal women with prolactinomas (Mazziotti et al. 2011a) and
in men with normal testosterone values (Mazziotti et al. 2011b), supporting the
hypothesis that PRL excess per se may contribute to skeletal fragility regardless of
gonadal status. The frequency of vertebral fractures was significantly associated
with duration of disease independently of the effects of hypopituitarism, age of
patients, and serum PRL levels (Mazziotti et al. 2015a). Patients with fractures
were shown to have lower BMD as compared to those without fractures, but only
a minority of patients had either osteoporosis or BMD below the expected range
for age (Mazziotti et al. 2011a, b).

Improvement of BMD was reported during medical treatment of prolactinomas
with dopaminergic drugs (Klibanski and Greenspan 1986), although a partial recov-
ery of osteopenia and osteoporosis was observed in some patients with pro-
lactinomas (Di Somma et al. 1998). Few data from cross-sectional studies suggest
that correction of hyperprolactinemia may lead to a significant decrease of fracture
risk in women with prolactinomas (D’Sylva et al. 2015), although there is also
evidence that fracture risk may remain high in some patients, especially if males
and/or with long-standing hyperprolactinemia, independently of medical treatment
(Mazziotti et al. 2011a, b).

ACTH-Secreting Adenomas

Skeletal fragility is a frequent complication of Cushing disease (Mazziotti et al.
2016a). At the diagnosis of Cushing disease, the skeletal phenotype is usually
characterized by low-bone turnover and normal or low-normal BMD (Mazziotti
et al. 2016a). However, fracture risk increases rapidly after few months of exposure
to endogenous hypercortisolism, and fragility fractures may be the first clinical
manifestation of Cushing disease (Abdel-Kader et al. 2012). Fractures involve more
frequently the vertebrae, and they may occur in 30–50% of patients with Cushing
disease in close relationship with the severity of hypercortisolism (Vestergaard et al.
2002b; Trementino et al. 2014). Moreover, vertebral fractures were shown to occur
more frequently in males as compared to females (Valassi et al. 2011).

Bone health does not always completely recover after correction of endogenous
hypercortisolism (Scillitani et al. 2014). In fact, some patients may experience an
increase in bone formation soon after resolution of glucocorticoid excess with
secondary improvement of BMD and decrease in fracture risk (Mancini et al.
2010; Szappanos et al. 2010; Randazzo et al. 2012), whereas in other patients the
risk of fracture may persist elevated long-term after the cure of disease (Faggiano
et al. 2001). Therefore, a single-case evaluation is often needed for the therapeutic
management of osteoporosis induced by endogenous hypercortisolism also because
specific guidelines are not available and data of the literature do not allow an
evidence-based approach (Mazziotti et al. 2016b).
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Summary

Pituitary hormones may negatively impact bone health. Pathophysiological and
clinical relevance of these actions is well depicted by the often severe skeletal
damage which is observed in pituitary diseases characterized by either hypo- or
hyperfunction of the gland. Based on these findings, a novel area of research and of
clinical activity has developed over the last years which has been defined “neuro-
endocrinology of bone.” Contribution of neuroendocrine axes to pathophysiology of
bone loss outside the classic field to pituitary diseases is still unknown but currently
under active investigation.
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