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 Neuroendocrinology of bone is a new area of research based on the evidence that 
pituitary hormones may directly modulate bone remodeling and metabolism. Skeletal fragility 
associated with high risk of fractures is a common complication of several pituitary diseases such 
as hypopituitarism, Cushing disease, acromegaly and hyperprolactinemia. As in other forms of 
secondary osteoporosis, pituitary diseases generally affect bone quality more than bone quantity 
and fractures may occur even in the presence of normal or low-normal bone mineral density as 
measured by dual-energy X-ray absorptiometry, making difficult the prediction of fractures in 
these clinical settings. Treatment of pituitary hormone excess and deficiency generally improves 
skeletal health, although some patients remain at high risk of fractures and treatment with bone-
active drugs may become mandatory.  
 Aim of this review will be to discuss the physiological, pathophysiological and clinical 
insights of the bone involvement in pituitary diseases. 

Skeletal fragility is a frequent complication of pituitary diseases. Vertebral fractures should be proactively 
investigated. Fracture risk is closely related to disease activity.  

1. Vertebral fractures are a frequent complication of pituitary diseases. 
2. Diagnosis of skeletal fragility in patients with pituitary diseases may be a clinical challenge, since 

dual-energy X-ray absorptiometry (DXA) does not provide reliable information for prediction of 
fracture risk. 

3. Morphometric vertebral assessment is currently the mainstay for the evaluation of skeletal status 
in pituitary diseases. 

4. Risk of vertebral fractures is closely correlated with pituitary hormone excess or defect, but it may 
not be normalized by the cure of pituitary disease. 

I. INTRODUCTION 

Pituitary hormones are involved in the regulation of skeletal physiology and bone loss commonly 
occurs in pituitary disorders (1). The traditional paradigm is that pituitary-derived hormones 
exert their biological effects on bone by peripheral mediators produced by target glands under 
their stimulation. However, there has been a growing evidence to suggest that pituitary hormones 
may bypass traditional endocrine organs to exert remarkable direct effects on the skeleton.  

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 hyper-
function 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 “neuroendocrinology of bone”. 

This review will highlight the mechanisms of pituitary hormone actions in bone and the 
peculiar clinical and therapeutic aspects concerning skeletal fragility occurring in patients 
affected by pituitary hormones excess and defect.  

II. REGULATION OF BONE METABOLISM 
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IIA. Bone cells and local environment 
Bone remodeling is necessary to maintain calcium homeostasis and to remove potentially 
damaged old bone, whereas bone modeling is a process of uncoupled bone formation and bone 
resorption (2,3), often regulated by mechanical forces to maintain bone shape and mass. 

Osteoclasts and osteoblasts are the cellular components of microscopic basic multicellular 
units (BMUs) in which coordinated bone resorption and formation of skeletal tissue occur (2). 
Osteoclasts are multinucleated cells arising from mononuclear precursors of the hematopoietic 
lineage responsible for bone resorption, a process that takes 3-5 weeks. Thereafter, the resorbed 
surface attracts osteoblasts that fill the BMU with new matrix, in a process which takes 3-5 
months to be completed. Osteoblasts derive from mesenchymal cells that reside in the bone 
marrow and they can differentiate further into lining cells or into osteocytes, or can die by 
apoptosis (3-5). Osteocytes have cytoplasmic processes that connect them to form a 
communicating network that plays a role in maintaining the material properties and structural 
strength of bone (6).   

The differentiation and function of cells of the osteoblastic and osteoclastic lineages are 
regulated by systemic and local signals, and the balance of their activities is essential to maintain 
bone remodeling. Bone morphogenetic proteins (BMPs) and Wnt play a fundamental role in 
determining in osteoblastogenesis, and, ultimately, in the gain of bone mass (7-9). Wnt and 
BMPs have similar effects, but signal through different pathways. BMPs are members of the 
transforming growth factor β (TGF-β) superfamily of polypeptides, which includes TGF-βs, 
activins, and inhibins (7), acting on two groups of BMP receptors using small mothers against 
decapentaplegic (Smad) and the mitogen activated protein kinase (MAPK) signaling pathways 
(10-12). The effects of BMPs are modulated by BMP antagonists, such as noggin and gremlin, 
which bind BMPs preventing their intracellular signaling. Wnts constitute a family of secreted 
glycoproteins that use the canonical Wnt/β-catenin signaling pathway (13). When Wnt receptor 
binding interactions are absent, β-catenin is phosphorylated by glycogen-synthase kinase-3β 
(GSK-3β) and degrades in the proteasome.  Following the binding of Wnt to specific receptors, 
called Frizzled, and to the low density lipoprotein receptor related protein (LRP) co-receptors -5 
and -6, the activity of GSK-3β is inhibited, leading to the stabilization of β-catenin, and its 
translocation to the nucleus, where it associates with transcription factors to regulate gene 
expression. By inducing Runx-2 and osterix, which are required for osteoblastogenesis, Wnt can 
enhance bone formation (14,15). Wnt activity is modulated by antagonists, such as secreted 
frizzled related protein (sFRP), Dickkopf-1 (Dkk-1) and sclerostin (16).  

Notch is a family of transmembrane receptors regulating cell fate decisions. In immature 
cells of the osteoblastic lineage, Notch suppresses cell differentiation by inhibiting Wnt signaling 
and by interacting with Runx2 to prevent osteoblast maturation (17). This effect may be 
counterbalanced by decreasing the expression of sclerostin in osteocytes (17). Notch1 inhibits 
osteoclastogenesis, whereas Notch2 by interacting with NfκB induces osteoclast differentiation 
(17). 

Osteoclast and osteoblast activities are coordinated through the Receptor Activator of NF-
κB-Ligand (RANKL)-osteoprotegerin axis (18,19). RANKL and macrophage colony-stimulating 
factor (M-CSF) are required for osteoclastogenesis, and RANKL activity is opposed by 
osteoprotegerin, a soluble decoy receptor. Proinflammatory cytokines such as tumor necrosis 
factor-α (TNF-α), interleukin-1 (IL-1), and interleukin-6 (IL-6) stimulate osteoclast formation, 
activation, and survival (20). Osteoblasts and osteoclasts can communicate with each other also 
through a direct cell–cell contact using the ephrin receptor (Eph)/ephrin system (21). The 
tyrosine kinase receptor Eph and its ligand ephrin are transmembrane proteins, both of which can 

A
D

V
A

N
C

E
 A

R
T

IC
LE

:
En

d
o

cr
in

e 
R

ev
ie

w
s

Downloaded from https://academic.oup.com/edrv/advance-article-abstract/doi/10.1210/er.2018-00005/4975444
by University degli Studi Milano user
on 21 June 2018



ADVANCE A
RTIC

LE

Endocrine Reviews; Copyright 2018  DOI: 10.1210/er.2018-00005 
 

 3

initiate the signaling cascades (21). An interaction between ephrin type-B receptor 4 (EphB4) 
expressed in osteoblasts and ephrin-B2 in osteoclasts was reported to inhibit osteoclastogenesis, 
while stimulating osteoblastogenesis through a bidirectional signaling, thereby inducing the 
transition from bone resorption to formation (22). In addition, an upregulation of 
cyclooxygenase-2 in osteoblasts may lead to an overproduction of prostaglandin E2, which in 
turn enhanced the osteoclastic bone resorption (23). Besides the effects on 
osteoblastogenesis,Wnt has a less recognized but important inhibitory role also in 
osteoclastogenesis and bone resorption by a direct effect on cells of the osteoclast lineage and an 
indirect effect secondary to the induction of osteoprotegerin (16). 

Osteocytes play multifunctional roles in orchestrating bone remodeling by regulating both 
osteoblast and osteoclast function, by secretion of insulin-like growth factor-I (IGF-I), frizzled-
related protein 1, DKK1, sclerostin and RANKL (24,25). As a matter of fact, osteocytes act as 
mechanosensors to control adaptive responses to mechanical loading of the skeleton, and they 
may be a key target cell for the actions of parathyroid hormone (PTH) in bone.  

IIB. Calcium homeostasis  
More than 99% of calcium in the body is stored in the skeleton as hydroxyapatite, which 
provides skeletal strength and is a source of calcium for the multiple calcium-mediated functions 
as well as for the maintenance of serum calcium within the normal range. Calcitriol [1,25-
dihydroxyvitamin D3 (1,25(OH)2D3)], the hormonally active form of vitamin D, is the major 
controlling hormone of calcium absorption in the distal as well as the proximal intestine (26). 
1,25(OH)2D3 has been reported to regulate every step of the intestinal transcellular calcium 
transport process, by inducing the expression of the apical membrane calcium channels, such as 
receptor potential–vanilloid-6 and the calcium-binding protein calbindin-D9k. If normal serum 
calcium cannot be maintained by intestinal calcium absorption, then 1,25(OH)2D3 acts together 
with PTH to increase calcium reabsorption from the renal distal tubule and to remove calcium 
from bone. Specifically, both PTH and 1,25(OH)2D3 stimulate osteoclastogenesis (27), resulting 
in the release of calcium to maintain calcium homeostasis. 

PTH and PTH receptor play a major role in regulating calcium homeostasis. Parathyroid 
glands secretory activity shows seasonal and circadian fluctuations, which are associated with 
changes in serum calcitriol, calcium, phosphate and bone turnover (28). Spontaneous PTH 
secretion is also characterized by an ultradian rhythm with tonic and pulsatile components, the 
latter being highly sensitive to changes in ionized calcium and calcitriol serum levels (28,29). 
Elevated PTH resulting from hypocalcaemia induces 1,25(OH)2D3 synthesis in the kidney and 
activation of calcium channels that mediate calcium intestinal absorption. 1,25-dihydroxyvitamin 
D inhibits PTH secretion and parathyroid cell proliferation via the vitamin D receptor, realizing a 
negative feed-back loop and maintaining a stringent control mechanism (30).  

Fibroblast growth factor-23 (FGF23), a phosphaturic factor that promotes renal phosphate 
excretion, also regulates vitamin D metabolism, inhibiting renal synthesis of 1,25(OH)2D3 (31).  

IIC. Key hormonal players  

1.PTH  
Besides the effects on calcium homeostasis, PTH directly influences bone remodeling. PTH 
signals through the PTH 1 receptor, a G protein-coupled protein, which mediates most of the 
functions of PTH and of its evolutionary relative, PTH-related peptide. Following an interaction 
with its receptor, PTH activates the cyclic AMP-dependent protein kinase A and the calcium-
dependent protein kinase C signaling pathways to regulate the function of osteoblasts (32).  PTH 
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can also activate the MAP kinase and phospholipase A and D pathways, and the pathway utilized 
depends on the target cell and its stage of differentiation.  

The intermittent administration of low dose PTH, in vivo and in vitro, results in enhanced 
osteoblastogenesis by its direct effects on cells of the osteoblast lineage and indirect effects 
through the induction of insulin-like growth factor-1 (IGF-I) and suppression of sclerostin 
secretion and Notch signaling (Figure 1) (33). The results is an enhancement of Wnt signaling 
(34). Interestingly, there is recent evidence that PTH directs bone marrow mesenchymal cell fate 
toward osteoblastogenesis decreasing adipogenesis (35). 

PTH rapidly stimulates RANKL in vivo and in vitro and stimulates the ability of mature 
osteoblasts to promote osteoclastogenesis (36-38). In acute, this effect is blunted by increase in 
osteoprotegerin expression induced by PTH. However, prolonged exposure (24 hours) to PTH 
inhibits osteoprotegerin expression maintaining the induction of RANKL expression (36-38). 
These effects on RANKL-osteoprotegerin axis may explain the differential effect of short vs. 
prolonged exposure to PTH with respect to the balance of its anabolic and catabolic actions.  

2.Sex hormones  
Estrogens and androgens promote the acquisition of bone mass during puberty and are 
responsible for the sexual dimorphism of the skeleton (39). Estrogen and androgen receptors 
have been detected in several cell types along the differentiation progression of mesenchymal 
and myeloid precursors to osteoblasts and osteoclasts (40). Both estrogens and androgens 
suppress bone resorption (Figure 1). Indeed, the effects of estrogens are mainly direct on 
osteoclasts, whereas the effects of androgens seem to be indirect, by mechanisms still not 
completely clarified (39). In fact, the levels of RANKL and osteoprotegerin were not altered by 
androgen receptor deletion in osteoblast and osteocytes (41), suggesting that other factors are 
responsible for the antiresorptive effects of androgens. Estrogens suppress osteoclastogenesis 
and bone resorption by increasing the expression of the Wnt co-receptor LRP5 as well as β-
catenin in osteoclasts (42). Moreover, there is evidence that estrogens promote osteoclast 
apoptosis likely by increasing the transcription of the Fas-ligand gene (43). In opposite to these 
effects on osteoclasts, there is extensive evidence from studies in humans and rodents showing 
that both estrogens and androgens attenuate osteoblast and osteocyte apoptosis (44,45).   

3.Thyroid hormones.  
Thyroid hormones have physiological stimulatory effects on bone remodeling and bone 
mineralization, and normal euthyroid status during childhood and adolescence is required for 
acquisition of peak bone mass (46). Triiodiothyronine (T3) is the active hormone produced by 
the thyroid gland and by peripheral deiodination of thyroxine (T4). Interestingly, the activating 
enzyme type 2 iodothyronine deiodinase is expressed in osteoblasts (47,48). Both thyroid 
hormone receptor-α and –β are expressed in bone, with former receptor transcripts being at least 
10-fold greater than those of thyroid hormone- β receptor (49).  

The effects of thyroid hormones on bone are considerably variable mainly in relationship 
with stage of differentiation and hormone levels. Experimental models indicate that T3 has 
anabolic action during skeletal development but catabolic effects in adult bone (50,51). 
Moreover, thyroid hormone excess, even when it is mild as in subclinical hyperthyroidism, can 
cause bone loss by increasing bone resorption (52,53). 

T3 stimulates osteoblast proliferation and differentiation (Figure 1), increasing expression of 
several proteins, such as osteocalcin, osteopontin, type I collagen, alkaline phosphatase (ALP), 
IGF-1, IGF-binding protein-2 (IGFBP-2) and IGFBP-4 (46). T3 may also potentiate osteoblast 
responses to PTH (54) by modulating expression of the PTH receptor (55). Osteoclasts express 
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thyroid hormone receptor-α and –β mRNAs, but it is not clear whether functional receptors are 
expressed in these cells. Indeed, it is unclear whether T3 acts directly in the osteoclast lineage or 
whether its stimulatory effects on osteoclastogenesis and bone resorption are secondary 
responses to direct actions of T3 in osteoblasts, osteocytes, stromal cells, or other bone marrow 
cell lineages (46).  

4.Glucocorticoids  
Endogenous glucocorticoids are important positive regulators of mesenchymal cell 
differentiation and function. In vitro studies have demonstrated that glucocorticoids are essential 
for the differentiation of mesenchymal cells (usually derived from bone marrow) into mature 
osteoblasts (56), whereas there is no evidence that glucocorticoids may act directly on osteoclast 
formation and activity at physiological levels (57). Noteworthy, glucocorticoids are contained in 
all osteogenic culture media (58). Calvarial cell cultures over expressing 11β-hydroxysteroid 
dehydrogenate type 2 (11β-hsd2) enzyme which inactivates cortisol in cortisone were resistant to 
glucocorticoids and exhibited greatly reduced osteoblastogenesis and predominant adipogenesis 
when compared with wild-type cultures (58). This phenotypic shift was accompanied by 
suppression of Wnt/β-catenin pathway and increase in mRNA expression for sFRP1, a Wnt 
signaling pathway inhibitor (57). These in vitro effects were consistent with the data from 
transgenic mice overexpressing 11β-hsd2 enzyme in mature osteoblasts and osteocytes which 
exhibited vertebral (but not femoral) trabecular osteopenia (59). 

The effects of glucocorticoids on bone are biphasic. When osteoblasts are exposed to 
glucocorticoid excess, an impaired differentiation of bone marrow stromal cells toward cells of 
the osteoblastic lineage is observed (60). Mechanisms include the induction of peroxisome 
proliferator activated receptor γ2, the regulation of nuclear factors of the CAAT enhancer-
binding protein family (61,62), inhibition of Wnt/beta-catenin signaling and repression of BMP-
2 (63,64). Glucocorticoids in excess may also induce apoptosis in osteoblasts and osteocytes due 
to activation of caspase 3 (65,66). Interestingly, glucocorticoids in excess may affect also the 
metabolism and function of osteocytes, modifying the elastic modulus surrounding osteocyte 
lacunae and causing reduced mineral to matrix ratios in the same areas with an increase in 
lacunar size (67). These effects of glucocorticoids on osteoblasts and osteocytes might account 
for a disproportionate loss of bone strength in relation to bone mass in patients with 
glucocorticoid-induced osteoporosis (68) (see section VI). 

Besides the effects of osteoblasts and osteocytes, glucocorticoid in excess can early induce an 
increase in bone resorption mediated by increase in expression of RANKL (69), M-CSF (70) and 
receptor subunits for osteoclastogenic cytokines of the gp130 family (71). The pro-resorptive 
effects of glucocorticoids in excess may be mediated also by up-regulation of matrix 
metalloproteinases (MMP) that cleave collagen fibrils (72). 

Glucocorticoid excess may also cause indirect negative effects on bone by inhibition of 
growth hormone (GH) and gonadotropin secretion leading to functional GH deficiency (GHD) 
and central hypogonadism (68,73). When glucocorticoid levels exceed the physiological range, 
an increase in hypothalamic somatostatin tone may occur with consequent impairment of GH 
secretion (74). This inhibitory effect on pituitary GH secretion was observed even when the 
glucocorticoid excess was mild, as in patients treated with inhaled corticosteroids (75) and in 
those with “subclinical” endogenous hypercortisolism (76). Exposure to glucocorticoid excess is 
also associated with qualitative abnormalities of PTH secretion, consisting in decrease in the 
PTH tonic secretory rate and concomitant increase in the fractional pulsatile PTH secretion (77), 
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with uncertain pathophysiological and clinical implications for the glucocorticoid-induced 
osteoporosis (29). 

Exposure to glucocorticoid excess is also associated with abnormalities in calcium-phosphate 
homeostasis caused by impairment of vitamin D metabolism and activity, decreased intestinal 
calcium absorption and increased renal calcium loss (78) .   

III. CLINICAL SKELETAL END-POINTS AND DIAGNOSTIC TOOLS 

Markers of bone formation are enzyme and proteins produced by osteoblasts 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. By contrast, degradation products of type 1 collagen are 
released during bone resorption. Osteocalcin, bone-specific-ALP and procollagen type I N 
propeptide (PINP) are variably considered as marker of bone formation, whereas carboxy-
terminal cross-linking telopeptide of type I collagen (sCTX), collagen type 1 cross-linked N-
telopeptide (NTX) and tartrate-resistant acid phosphatase (TRAP) are markers of bone 
resorption. The current guidelines recommended PINP and CTX as reference markers of bone 
formation and resorption, respectively, to be used in the clinical practice generally for 
monitoring treatment of osteoporosis with bone-active drugs (79,80). 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 deficiency (1). 

In clinical practice, measurement of bone mineral density (BMD) at 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 (81). 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. A T-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 (81). These densitometric definitions are applicable only for postmenopausal 
women and men age 50 and older, whereas for younger subjects the Z-score (i.e., the number of 
standard deviations from age-matched controls) of 2.0 or lower is used to define a BMD “below 
the expected range for age” (81). Since pituitary diseases often occur in men under 50 and pre-
menopausal 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 presence of normal BMD, consistently with the concept that bone quality more than bone 
quantity is affected by pituitary hormones excess and defect (1).  

BMD measurement by DXA has significant limitations due to its bidimensional nature and 
the lack of compartment-specific bone density measurement (82). As a matter of fact, DXA 
measurement of BMD does not provide information on bone quality which depends on bone 
macrostructure, microstructure, mineralization, micro damage, and collagen status. Many of the 
limitations of areal DXA measurement can be overcome by performing high-resolution 
peripheral computed tomography (HR-pQCT) at the distal radius and tibia. This technique 
allows higher spatial resolution, improved delineation of bone architecture, and acquisition of 
near isotropic volumetric dataset (82,83). The main structural parameters acquired by HR-pQCT 
are trabecular bone volume fraction (BV/TV), trabecular number (Tb.N), mean trabecular 
thickness (Th.mean), mean trabecular separation (Sp.mean), cortical thickness and cortical 
porosity. In addition to measuring bone structure, HR-pQCT images may be used to obtain 
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estimates of bone mechanical properties by finite element analysis (FEA) (82). FEA utilizes the 
structural data contained within HR-pQCT images to predict how the bone would respond to a 
simulated load, allowing for the estimation of bone stiffness and strength (84). A simpler and 
more feasible technique to identify deterioration of trabecular bone microstructure is the 
measurement of trabecular bone score (TBS) that is a gray-level textural metric that can be 
extracted from the two-dimensional lumbar spine DXA image. TBS captures the mean rate of 
pixel gray-level variations in the DXA image. A high TBS value reflects better bone structure, 
whereas a low TBS value indicates worse, fracture-prone microarchitecture (85). The newest 
method for clinical evaluation of bone mechanical properties is the reference point indentation 
consisting of inserting a probe through the skin and the periosteum of the proximal tibia and then 
performing indentation testing (86). Using the OsteoProbe, the main outcome measure is bone 
material strength index (BMSi); defined as 100 times the ratio of the distance the probe is able to 
indent a polymethylmethcylate standard divided by the sample indentation distance (82). 

Vertebral fractures (VFs) are the hallmark of osteoporosis, being the most common fragility 
fractures (87). In more than fifty percent of the cases, VFs 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 (83). 
VFs are identified marking the vertebral body with six points to describe the vertebral shape and 
heights. According to the quantitative morphometric approach, VFs are defined mild, moderate 
and severe based on a height ratio decrease of 20-25%, 25-40% and more than 40%, respectively 
(88). 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 (89). 

IV. PHYSIOLOGY AND PATHOPHYSIOLOGY OF PITUITARY HORMONE ACTION 
IN BONE 

IVA. GH-IGF-I axis  

1.Physiological aspects 
GH is a single-chain peptide of 191 amino acids synthesized by the pituitary gland under the 
control of central and peripheral signals (90). The synthesis and release of GH are promoted by 
GH releasing hormone and inhibited by somatostatin, and are regulated by a negative feedback 
mechanism (90). IGF-I, which is secreted by the liver under GH control, inhibits GH secretion 
directly in somatotrophs and indirectly by stimulating the release of somatostatin (90).  

GH circulates bound to a GH-binding protein, protein generated by proteolytic cleavage of 
the extracellular domain of the GH receptor (GHR), or by mRNA splicing (91).  

IGF-I is the mediator of most effects of GH on peripheral tissues. IGF-I is produced by the 
liver and circulates as part of a 150 kiloDalton complex formed by one molecule each of IGF-I, 
IGFBP-3, the predominant circulating binding protein, or IGFBP-5, and the acid labile subunit 
(ALS) (92). The 150 kiloDalton ternary complex stabilizes IGF-I, prolonging its circulating half-
life and regulating its availability to target tissues (92). There are six IGFBPs, and IGFBP-1, -2, -
4 and -6 also can bind IGF-I in the circulation and peripheral tissues, where they regulate the 
availability and activity of IGF-I (93). 

IGF-I also is synthesized in multiple extra-hepatic tissues, where it acts as a local growth 
factor under the control of diverse hormones and growth factors (94). In chondrocytes, IGF-I 
synthesis is under GH control, whereas in osteoblasts its synthesis is fundamentally under the 
control of PTH (95,96). Indeed, IGF-I mediates selected anabolic actions of PTH in bone (97), 
reproducing selected effects of PTH on cell proliferation and survival (98). Estrogens increase 
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and glucocorticoids decrease IGF-I transcription in osteoblasts (99-101). Thyroid hormones 
increase IGF-I synthesis by osteoblasts, and IGF-I can mediate anabolic actions of T3 in bone  
(102).  

IGFBPs are synthesized by bone cells. IGFBP-2 and -5 expressions is highest in the 
proliferative phase whereas IGFBP-3, -4, and -6 expression is maximal during terminal cell 
differentiation of osteoblasts (103). The regulation of IGFBP expression during osteoblastic cell 
differentiation may be related to the relative levels of autocrine and paracrine factors present in 
the cellular environment (94). IGF-I increase IGFBP-5 expression by the osteoblast, whereas 
growth factors with mitogenic activity inhibit IGFBP-5 and stimulate IGFBP-4 expression 
(104,105). Systemic hormones also regulate IGFBP synthesis, in a cell, and culture condition, 
dependent manner (106). GH increases IGFBP-3 and cyclic AMP inducers increase the synthesis 
of IGFBP-2, -3, -4, and -5 in osteoblasts (107), whereas glucocorticoids inhibit the synthesis of 
IGF-I, IGFBP-3, -4, and -5 and increase the expression of IGFBP-2 in osteoblasts (101,108). The 
abundance of IGFBPs and the availability of IGF-I are regulated by metalloproteinases and 
serine proteases secreted by osteoblasts (109,110).  

GH signals through the GHR belonging to the superfamily of cytokine receptors of type 1. 
The GHR in its final form consists of an extracellular, a transmembrane, and an intracellular 
domain, whereas the ghr gene consists of nine exons encoding the receptor protein and several 
additional untranslated exons (111). To date, two isoforms of human GHR have been identified: 
a full-length (fl-GHR) isoform retaining the protein fragment encoded by exon 3 and an exon 3-
deficient (d3-GHR) isoform excluding this fragment (112). Exon 3 encodes a segment in the 
extracellular domain of the receptor; although both the isoforms retain the capacity of binding 
GH with a high affinity, there may well be significantly functional differences between the two 
isoforms (113).  

GHR is expressed by chondrocytes and osteoblasts (114-117) under the control of IGF-I 
(118) and IGFBPs (119,120). Binding of GHR to GH, dimerization [which may also occur 
before GH binding (121)] and internalization of the receptor are required to initiate signaling, 
primarily by the activation of the Janus tyrosine kinase 2 (JAK 2), activators of transcription 
(STAT) (122) and extracellular signal-regulated kinases (ERK) 1 and 2 (123-126) which in turn 
modulate the activity of runt related transcription factor-2 (runx-2), which is an intracellular 
protein required for osteoblast cell differentiation (14,127). Interestingly, GH signaling may be 
modulated by IGF-I receptor (IGF-IR) activation (128,129).   

IGF-I signals through the IGF-IR, a transmembrane glycoprotein tetramer with ligand 
activated tyrosine kinase activity. Upon ligand binding, the IGF-IR dimerizes and undergoes 
autophosphorylation, leading to the activation of the insulin receptor substrate (IRS)-1 and IRS-2 
(130). IRS-1 and -2 mediate the effects of IGF-I in osteoblasts. IGF-I utilizes the 
phosphatidylinositol-3 kinase pathway, which induces the activation of Akt, and the MAPK 
pathway, which activates p38, Jun-N-terminal kinases and ERK 1/2 (131,132). The usage of 
each pathway is dependent on culture conditions and the stage of cell differentiation. IGF-IR 
number and affinity are regulated by hormones and growth factors, such as platelet derived 
growth factor, glucocorticoids and 1,25(OH)2D3 (94). 

2. Skeletal effects of GH, IGF-I and IGFPBs 
2.i. In vitro/ex-vivo studies 
GH can directly stimulate proliferation of osteoblasts (114,119,120) (Figure 1), although most of 
the effects in vivo are mediated by IGF-I (133). An important effect of GH is the stimulation of 
osteoblastogenesis in opposite to adipogenesis (134), by downregulating the expression of fetal 
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antigen-1 (135,136). GH also stimulates the expression of BMP (Figure 1), which are important 
for the differentiation of osteoblasts and for bone formation (7,137). In addition to its effects on 
the differentiation of cells of the osteoblast lineage, GH stimulates, either directly or indirectly 
through IGF-I, the differentiated function of the mature osteoblast. In fact, GH stimulates the 
carboxylation of osteocalcin, which is a marker of osteoblastic function (138) and production of 
osteoprotegerin and its accumulation in the bone matrix (Figure 1) (139,140).  

IGF-I has double effect on osteoblast differentiation and function (Figure 1). During the 
early stages of osteoblast differentiation, IGF-I induces autophagy by activation of AMP-
activated protein kinase, a cellular modulator of energy availability (141). The effects of IGF-I 
on osteoblast differentiation may be also mediated by activation of mTOR through the 
phosphatidylinositol-3 kinase-Akt pathway (142,143). Since mTOR has emerged as a key 
regulator of cell migration and chemotaxis (144), IGF-I may have a role in recruitment of 
mesenchymal stem cells in the coupling process during bone remodeling. Indirectly, IGF-I may 
favor osteoblastogenesis by stabilizing β-catenin, a signaling molecule utilized by the Wnt 
canonical signaling pathway (145). Besides favoring osteoblast differentiation, the main effect of 
IGF-I is on function of mature osteoblasts (146). IGF-I upregulates type I collagen transcription 
and decreases the synthesis of collagenase 3 or matrix metalloproteinase 13, a collagen 
degrading protease (147), guaranteeing the maintenance of appropriate levels of bone matrix and 
bone mass. Less clear is the function of IGF-I on osteoclasts which express IGF-1R (148). In 
vitro, IGF-1 induces RANK-L synthesis and, as a consequence, osteoclastogenesis (149). The 
induction of RANK-L by IGF-1 may explain the stimulatory effects of IGF-1 on bone resorption 
which may be tempered GH-induced secretion of  osteoprotegerin (Figure 1) (94).  

IGFBP-2 in the skeleton has recently received attention for its stimulating effects on 
osteoblastogenesis (Figure 1). In cultures from bone marrow stromal cells of igfbp2-/- animals at 
8 wk of age, the number of ALP-positive colony-forming units was significantly lower as 
compared to those obtained from wild-type littermates (150) and the time course of 
differentiation was prolonged in cultures from the igfbp2-/- mice with only 1.8% cells 
completing differentiation by day 21 (151). Similarly, the amount of mineral, measured by von 
Kossa staining was less in the igfbp2-/- than the igfbp2+/+ controls (150). Interestingly, the 
males and females igfbp2-/- cultures showed comparable response in contrast with that seen in 
vivo (see next section) (150). In contrast, overexpression of igfbp-2 in MC-3T3 cells significantly 
enhanced osteocalcin, ALP and Wnt10b expression, thereby reflecting the acceleration of 
osteoblast differentiation (151). Interestingly, a cooperative interaction between the receptors of 
IGFBP-2 and IGF-I was demonstrated leading to a coordinated series of intracellular signals 
required for osteoblast differentiation (152). When non-adherent marrow cells from male igfbp2-
/- mice were cultured in M-CSF and RANKL, the numbers of TRAP+ osteoclasts were also 
significantly lower as compared to the controls (150).  

IGFBP-4, which is highly expressed in adipocytes and osteoblasts, is the smallest IGFBP 
reported to be an inhibitor of IGF signaling in vitro in several cell culture models (153,154), 
despite the conflicting results in vivo (see next section). In cells isolated from igfbp4−/− female 
mice, there was an increase in osteoblastogenesis and osteoclastogenesis as compared to the 
wild-type control (155), whereas overexpression of igfbp-4  in osteoblasts decreased bone 
formation (156). These findings support the hypothesis that IGFBP-4 inhibits the differentiation 
of progenitor cells and the functions of osteoblasts and osteoclasts antagonizing IGF-I signaling 
(Figure 1). Similarly, constitutive overexpression of igfbp-5  inhibited osteoblastic cell function, 
whereas the expression of igfbp-5 fragments had no stimulatory or inhibitory activity (157). 
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IGFBP-3 can inhibit or stimulate IGF activity, the latter by upregulating IGF-I delivery to cell 
surface receptors (158). The function of IGFBP-1 and IGFBP-6 in skeletal tissue are still unclear 
(94). 
2.ii. In vivo studies (animal models)   
Studies on mouse carrying mutations of the gh releasing hormone receptor (lit/lit mouse) or the 
ghr have provided remarkable insights into the effects of low systemic IGF-1 on the skeleton 
(159,160). The phenotype of these mice is characterized by osteopenia and reduced cortical 
bone, but normal trabecular bone (94). Similarly, mice carrying a liver-specific igf-1 deletion 
display a modest skeletal phenotype, characterized by a decrease in cortical volume, secondary 
to a reduction in periosteal bone formation (161).  Igf-I null mice also exhibit low number of 
functional osteoclasts, indicating that IGF-1 is required for normal osteoclastogenesis (162).  

IGF-I is locally synthesized in bone under multiple signals in part independent from GH 
regulation (Figure 1). In mice with conditional deletion of igf-Ir  in osteoblasts, low osteoblast 
number and function, causing reduced bone formation and trabecular bone volume, have been 
reported (163).  

The physiological function of IGF-I on skeletal homeostasis was confirmed by the study of 
mice carrying deletions of the signaling molecules IRS-1 and -2. Irs-1 or -2 null mice exhibit 
osteopenia (164,165). However, their phenotypes are not identical, and irs-1 null mice display 
low bone turnover osteopenia and failure to exhibit an anabolic response to PTH, whereas irs-2 
null mice have osteopenia with increased bone resorption, and display a bone anabolic response 
to PTH (164,165). The stimulatory effect of PTH on bone formation in vivo was also not 
observed in igf-I and igf-Ir  null mice (97,165).  

On the other hand, in a giant bovine-GH transgenic mice model, bone length and size were 
increased but trabecular bone architecture was severely deteriorated with lower TB/TV and 
Tb.N, smaller Th.mean and loss of intertrabecular connectivity (166). Interestingly, cortical bone 
thickness was also significantly decreased at tibiae and vertebrae level despite increase in total 
cross-sectional area (166). 

There are animal models investigating the effects of IGFBP-2, -4 and -5 on the skeleton. 
Igfbp-2 null mice exhibited gender specific changes in bone turnover and structure (150).  The 
igfbp-2-/- males showed 40% lower osteocalcin levels whereas igfbp-2-/- females showed 20% 
higher serum osteocalcin levels compared the wild-type controls. At 8 weeks, male but not 
female Igfbp-2-/- mice showed an 18% reduction in distal trabecular BV/TV compared with 
igfbp-2+/+ mice, as main effect of reduced trabecular thickness. At 16 weeks, male igfbp-2-/- 
mice had significantly fewer osteoblasts/bone perimeter and osteoclasts/bone perimeter with 
marked reduction in mineralizing surface/bone. Likewise, the bone formation rate/bone 
surface/day was reduced by 45% as effect of IGFBP-2 deletion (150). A possible mechanism for 
the gender-specific effect of igfbp2 deletion was the persistently higher circulating IGF-I 
concentrations in the female igfbp2-/- mice at 16 weeks of age but not in the male igfbp2-/- 
(141). In rats, recombinant IGFBP-2 in combination with IGF-II has been shown to stimulate 
bone formation and protect against ovariectomy and unloading-induced bone loss (167).  

The in vivo effects IGFBP-4 on the skeleton were evaluated in mice with deletion (155) or 
conditional hyperexpression of igfbp-4 and in mice treated with recombinant IGFBP-4 (168). 
Inconsistently with the in vitro studies, trabecular BV/TV and thickness in the distal 
compartment of the femur were significantly decreased in igfbp-4-/- females when compared to 
littermate controls. Significant reductions were also observed in cortical area fraction and 
cortical thickness at the femur midshaft. By contrast, igfbp-4-/- males had significantly higher 
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Tb.N and connectivity density than littermate controls, despite showing no change in trabecular 
BV/TV and thickness (155). Interestingly, the number and surface of osteoblasts were modestly 
increased with the deletion of igfbp4 in females, but the numbers and surface of osteoclasts were 
also markedly higher leading to a significant increase in eroded surface in igfbp-4-/- females. 
Based on the evidence that estrogen could regulate igfbp-4 transcription (169,170), it was 
hypothesized that the bone loss observed in female igfbp4−/− mice might be related to an 
alteration in estrogen regulation of IGFBP-4 (155). 

Conditional hyperexpression of igfbp-4 in osteoblasts induced decrease in bone formation 
rate and mineral apposition rate, associated with a significant reduction in osteoid volume, 
osteoid surface, osteoblast surface, and the number of osteoblasts (156).  

Systemic administration of wild-type recombinant IGFBP-4 increased bone formation 
markers in serum and bone extract in a dose-dependent manner, by increasing IGF 
bioavailability via an IGFBP-4 protease-dependent mechanism (168). 

IGFBP-3 is a major component of the circulating IGF complex and its concentrations are GH 
dependent (93,171). The constitutive and ubiquitous overexpression of igfbp-3 in vivo caused 
growth retardation and osteopenia (172). 

In summary, the current experimental observations suggest that most of the effects of GH on 
bone are mediated by IGF-I. Systemic IGF-I is necessary to maintain cortical bone structure, 
whereas skeletal IGF-I appears to play a more significant role in the maintenance of trabecular 
bone (94). These effects support the evidence that patients with GH deficiency (GHD) may 
develop bone loss and fractures (see section VB.1) and explain the favorable effects of 
recombinant human GH (rhGH) on skeletal end-points (see section VIIB.1). However, when the 
skeleton is chronically exposed to an excess of IGF-I abnormalities in bone microstructure may 
occur with consequent decrease in bone strength (Figure 2), explaining the high risk of VFs 
observed in patients with acromegaly (see section VA.1). IGFBP-2 and IGFBP-4 were shown to 
exert opposite effects on osteoblasts and osteoblastogenesis at least in in vitro conditions. The 
clinical relevance of the IGFBPs skeletal effects in humans are still unclear (173).   

IVB. Prolactin (PRL) 

1.Physiological aspects 
PRL is a single chain polypeptide of 199 amino acids (molecular weight 23 KiloDalton) 
primarily synthesized and secreted by lactotrope cells in the anterior pituitary gland (174). PRL 
is secreted in different forms depending on post-translational glycosylation, proteolysis and 
phosphorylation processes (175). Phosphorylated PRL form represents about 5-30% of the PRL 
released by the anterior pituitary gland with both agonistic and antagonistic properties. 
Moreover, PRL fragments may derive from post-secretion proteolytic cleavage of full hormone. 
Finally, large forms of PRL hormone may result from dimerization and multimerization 
processes. Secretion of PRL from pituitary gland is regulated by endocrine, paracrine and 
autocrine factors, involving neurotransmitters, neurohormones, neuropeptides, metabolic 
substrates and systemic hormonal signals. PRL secretion is predominantly under hypothalamic 
dopaminergic control (174).  

PRL acts on a specific receptor (PRLR) belonging to the superfamily of cytokine receptors of 
type 1, which also includes the GHR and IL-1 receptor (176). Several isoforms of human PRLR 
have been identified including the full length receptor and at least eight other variants depending 
on the different splicing in the gene transcription. The long PRLR is the major form that 
transmits PRL signaling, while the short isoforms, when co-expressed with the long isoform, can 
act as dominant negatives. 
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As a member of the cytokine receptor family, PRLR consists of an extracellular binding 
domain, a single transmembrane domain and an intracellular domain required for signal 
transduction that lacks intrinsic kinase activity. The extracellular segment of PRLR is 
homologous to GHR, whereas the intracytoplasmic segments of PRLR are different and shorter 
than those of GHR. After binding, PRL induces receptor dimerization which is needed for 
intracellular signal transmission, being the Jak2-STAT pathway the main signaling cascade. 
Other signals used by PRLR include the pathways of the MAPK, second messengers 
phosphatidylinositol and calcium channels.  

PRLRs are present in the mammary glands, ovaries, pituitary glands, heart, lung, thymus, 
spleen, liver, pancreas, kidney, adrenal gland, uterus, skeletal muscle, skin and areas of the 
central nervous system supporting the concept that PRL may exert physiological effects on 
several tissues and organs (176). 

2. Skeletal effects of PRL 
2i. In vitro/ex-vivo studies 
Normally, osteoblasts constitutively express PRLR, although there are some osteoblastic cell 
lines, e.g., human osteoblastic lines, which require mediators such as 1,25(OH)2D3 or 
glucocorticoids for PRLR expression (177). 

In osteoblast-like UMR106 cells exposed to high PRL concentrations corresponding to those 
physiologically observed during pregnancy and lactation (i.e., between 100-500 ng/mL),  
expression of cytokines and molecules involved in regulating osteoclastogenesis (i.e., RANKL, 
ephrin-B1, TNF-α, IL-1 and cyclooxygenase-2) was upregulated in a dose-dependent manner 
(178) (Figure 1). At higher pathological concentrations (i.e., 1,000 ng/ml), PRL was also shown 
to downregulate OPG mRNA levels in osteoblasts thereby further enhancing the RANKL action 
on osteoclasts (179) (Figure 1). No direct effects of PRL on osteoclasts were demonstrated.  

In addition to the PRL-induced activation of osteoclasts through osteoblasts, PRL also 
suppressed pre-osteoblast differentiation and osteoblast functions, e.g., osteocalcin expression 
and ALP activity (Figure 1) (179-181). Although a 48-hour exposure to 100–500 ng/mL PRL 
had no effect on the osteoblast proliferation or cell viability (178), prolonged exposure to 100 
ng/mL PRL for 5–21 days did inhibit osteoblast proliferation in vitro, without effects on cell 
apoptosis (181).  
2.ii.In vivo studies (animal models) 
In animal models, PRL may influence skeletal health by three different mechanisms: 1) 
stimulation of intestinal calcium absorption; 2) direct effects on bone cells; 3) inhibition of sex-
steroid production.  

Studies in rats demonstrated that PRL released from the anterior pituitary gland during 
pregnancy and lactation was the principal calciotropic maternal hormone, which was capable of 
stimulating calcium absorption in the small intestine and proximal large intestine (182).  

The direct effects PRL on the skeleton are dependent on the age of the animals, with net bone 
gain in young growing individuals (183) but net bone loss in adults (184). Indeed, basal 
circulating PRL (∼7–10 ng/ mL) is essential for the maintenance of normal bone growth and 
remodeling. In fact, mice carrying a germline null mutation of the prlr  showed decrease in 
trabecular and cortical mineral apposition rates, whereas the number of resorbing cells was 
maintained, a situation that could lead to a diminished bone mass (185). 

Studies of the in vivo effects of hyperprolactinemia on bone are generally complicated by 
chronic estrogen deficiency caused by PRL-induced hypogonadism (186,187). To achieve highly 
sustained high plasma PRL without the stress-induced PRL release, the anterior pituitary gland 
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was transplanted under the renal capsule or recipient rats (188,189). Only PRL was constantly 
secreted by the grafts, due to the absence of the stimulatory hypothalamic signals on other 
pituitary hormones. Hyperprolactinemia was mild, comparable to that observed in the pregnancy, 
without any significant change in sex steroid hormones values in the recipients (179). In this 
experimental model,  BMD and bone mineral content were not altered, whereas bone turnover 
was increased accompanied by decreases in BV/TV and Tb.N and increases in Tb.Sp, osteoclast 
surface and eroded surface (179). Meanwhile, increases in the osteoblast surface, double-labeled 
surface, mineral apposition rate and bone formation rate indicated enhanced bone formation 
which however did not overcome the increase in the bone resorptive process (179). Increased 
bone formation seen in vivo was likely due to the coupling of bone formation to bone resorption, 
which was absent in in vitro conditions. Alternatively, an increase in bone formation could have 
resulted from the increased calcium supply from the PRL-stimulated intestinal calcium 
absorption (190) which also explained the decrease in BMD observed in this model. 

In summary, PRL exerts direct actions on bone remodeling with effects which were shown to 
be dependent on the circulating hormone values and influenced by the effects of sex-hormones 
and calcium supply. According to the experimental data, a model could be proposed in which 
PRL at physiological concentrations exerts stimulating effects on bone formation (Figure 1). 
When PRL values increases in the range of mild hyperprolactinemia, bone remodeling is further 
stimulated with bone resorption increasing more than bone formation. When PRL values are very 
high, bone resorption is further stimulated whereas bone formation is suppressed with 
consequent impairment of trabecular bone microstructure. There are no clinical studies, 
specifically evaluating the direct effects of PRL at different concentrations, since in most cases 
the relative contributions of PRL-excess and sex-steroid deficiency are difficult to be 
discriminated. However, some clinical studies evaluating the skeletal end-points in patients with 
prolactinoma seem to suggest that PRL may have a direct effect on bone in humans, such as 
demonstrated in experimental models (see section VA.2) .   

IVC. Follicle-stimulating hormone (FSH) 

1.Physiological aspects 
FSH is a 35.5 KiloDalton glycoprotein heterodimer consisting of two polypeptide units, α and β, 
the latter conferring receptor selectivity to the hormone. FSH is secreted by the pituitary gland 
under the control of gonadotropin-releasing hormone (GnRH) which actions are modulated by 
several peptides (e.g., galanin) and hormones (e.g., PRL; sex hormones, activins and inhibins) 
(191,192). FSH exerts its biological effects binding a rhodopsin-like G protein-coupled receptor 
of ~60kiloDalton which has a conserved seven transmembrane domain structure and an 
~40KiloDalton extracellular hormone binding domain (193). The FSH receptor (FSHR) gene has 
been mapped to chromosome 2p21–p16 and consists of ten exons and nine introns. The first nine 
exons encode the extracellular domain of the receptor, whereas exon 10 of FSHR encodes the C-
terminal end of the extracellular domain, the entire transmembrane domain, and the intracellular 
domain that is fundamental for signal transduction. There are polymorphisms involving exon 10 
with consequent variability in FSHR function and cellular response to FSH (194). Specifically, 
there is polymorphism involving the residue 680 of exon 10 (i.e., Ser680/Ser680 variant) making 
the receptor ‘more resistant’ to FSH action than the other allelic variants, requiring stronger 
stimulation to obtain the same response (195,196). 

Signaling of FSHR appears to be mediated through Gs, the G protein mostly associated with 
activation of adenyl cyclase and the cAMP second messenger system. However, there are many 
splice variants of the FSH-R which might signal by alternative mechanisms (197). 
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2.Skeletal effects of FSH 
2.i. In vitro/ex-vivo studies 
FSHR expression was demonstrated in mature osteoclasts and mesenchymal stem cells but not in 
mature osteoblasts (198). FSH preferentially increased the numbers of CD14+ cells expressing 
high levels of RANK which are more likely to differentiate into mature osteoclasts (199). 
Interestingly, FSH had no significant influence on RANK expression at a concentration of 10 
mIU/mL, which is in the range of the circulating follicular-phase FSH concentrations of women 
during the majority of their reproductive years (199). However, FSH caused a significant 
increase in RANK expression at 50 mIU/mL, concentrations typical during perimenopause that 
are associated with increased bone loss (199,200). At higher concentrations reached after 
menopause (100 mIU/mL), FSH had less of an influence on RANK expression (199). Besides 
stimulating osteoclast formation, FSH was shown to inhibit apoptosis of osteoclasts even in the 
presence of a potent pro-apoptotic stimulus, camptothesin (201). The effects of FSH on 
osteoclasts were abolished by a FSH antibody (199). 

FSH stimulated osteoclastogenesis by rapidly enhancing the phosphorylation of Erk1/2, 
IκBα, and Akt, with effects which were shown to be less profound than those induced by RANK-
L (201). However, RANKL and FSH induced additive effects on osteoclastogenesis, suggesting 
common mechanisms for downstream activation (201). Besides the direct effects on osteoclasts, 
FSH was also shown to up-regulate TNF-α and IL-1 production by monocytes and macrophages 
present in the bone marrow (202-204) (Figure 1). The pro-osteoclastogenetic effects were not 
obtained with LH (198). 

Ex-vivo studies revealed a reduction in osteoclastogenic and bone-resorptive activity in fshr-/- 
cultures compared to wild-type controls (198).  

Consistently with the absence of FSHR on osteoblasts, FSH did not increase calcein labeled 
surfaces and did not alter the formation of CFU-F or CFUob colonies (198). 
2ii. In vivo studies (animal and human models) 
First experimental evidence that FSH may influence bone metabolism was provided by studies 
demonstrating that hypophysectomy blunted the bone loss induced by ovariectomy in rats 
(205,206). Consistently with these results, fshr-/- and fshβ-/- mice do not lose bone despite 
hypogonadism (198). In fact, areal and volumetric BMD at both trabecular and cortical sites, 
femoral trabecular BV/TV, Tb.Th. or Tb.N in hypogonadal fshr-/- mice were indistinguishable 
from those of eugonadal controls (198). Similarly, hypogonadal fshβ-/- females did not lose bone 
and their spinal and tibial areal BMDs were similar to those of wild-type mice (198). 
Heterozygotic fshβ-/+ mice were eugonadal and fully fertile, with normal ovaries and uteri, but 
had a 50% reduction in serum FSH levels. This allowed examining the effects of FSH 
independently of estrogen status. FSH haploinsufficiency decreased osteoclast differentiation and 
bone resorption with consequent increase in spinal and femoral areal BMD compared with wild-
type mice (198). At the femoral neck, vBMD, BVF, and Tb.N were also strikingly increased. 

All the above data suggest that FSH stimulates osteoclastogenesis and bone resorption by 
direct and indirect actions on osteoclasts. However, the experimental models also provided 
evidence that direct skeletal effects of FSH may be influenced by the gonadal function since 
severe hypoestrogenemia would invariably prevent full osteoprotection by FSH inhibition. In 
fact, when ovariectomized mice were given daily injections of the FSH antibody a significant 
increase of BV/TV was observed, although the prevention of bone loss caused by estrogen 
depletion was not complete (207,208). On the other hand, when FSH secretion was increased in 
transgenic mice with normal ovary function, an increase in trabecular mass was observed likely 
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reflecting the favorable skeletal effects of high levels of gonadal hormones (e.g., androgens and 
inhibin) induced by FSH stimulation (209). 

The relative effects of FSH and gonadal hormones are difficult to be discriminated in human 
physiology and pathophysiology (210), although there are some conditions in which the role of 
FSH seems to be predominant on that of gonadal hormones. FSH is considered as a reliable 
biomarker of the evolution from active reproductive age to and through the menopause transition 
to the post-transition period (211). During late perimenopause, even before estrogen has 
declined, FSH levels begin to rise. This rise is accompanied by a sharp elevation in the markers 
of bone turnover (212,213) and decrease in BMD (204,214). FSH was suggested to explain 1.9-
11.8% of the changes in bone resorption indicators (213) and higher serum levels in biochemical 
markers of bone resorption were found in perimenopausal women with FSH above 26-35 
mIU/mL (212). In the Study of Women’s Health Across the Nation (SWAN) including 2336 
women aged 42-52 years, an inverse association between FSH values and BMD at lumbar spine, 
femoral neck and total hip was found (215). When the analysis was performed longitudinally in 
1735 perimenopausal women of SWAN, a strong correlation between changes in FSH levels and 
decrements in lumbar spine BMD was observed (200). The rate of bone loss at lumbar spine and 
femoral neck was highest during the 2 to 3 years before the final menstrual period, a time period 
in which FSH levels were greater than 34 mIU/mL (216). Noteworthy, levels of estradiol during 
the menopause transition were poor predictors of incremental BMD change (200). Similar results 
were reported in Chinese women between 45 and 55 years, in whom greater bone loss was 
observed when serum FSH values were above 40 mIU/mL (217).  

Evidence apparently supporting a direct effect of FSH on bone in humans derives from 
evaluation of skeletal end-points in subjects harboring an activating polymorphism of FSHR 
(218). In fact, postmenopausal women with the AA (Asn680/ Asn680) rs6166 genotype showed 
higher serum levels of bone specific-ALP and CTXs, lower femoral neck and total body BMD, 
higher prevalence of osteoporosis and a trend of higher prevalence of fractures as compared with 
those with the GG (Ser680/Ser680) rs6166 FSHR genotype, without any differences in estradiol 
between the two groups of women (218). 

The direct effects of FSH on bone remodeling in humans have been questioned by two 
clinical studies evaluating the skeletal effects of low (219) and high (220). FSH in post-
menopausal women using aromatase inhibitor, the suppression of FSH secretion by GnRH 
agonist did not reduce markers of bone resorption (219). Similarly, acute administration of 
recombinant FSH in 29 infertile women undergoing in vitro fertilization induced CTX decrease 
as effect of high estradiol induced by ovarian stimulation (220).  

In summary, experimental data suggest that FSH stimulates osteoclastogenesis and bone 
resorption. The clinical relevance of this effect in humans is still largely uncertain, since patients 
with central hypogonadism are at high risk of bone loss notwithstanding low FSH values (see 
section VB.2). However, according to the available literature data, a model could be proposed in 
which high FSH may have a role in determining bone loss in women during the menopause 
transition, when gonadal hormones are not so low such as in the post-menopausal period when 
the role of hypoestrogenemia is predominant (Figure 3). Indeed, other studies are needed to 
clarify whether the association between high FSH values and bone loss during the menopause 
transition may truly reflect a direct effect of FSH on bone rather than potentially be explained by 
FSH acting as a better integrated measure of ovarian function than a single measurement of 
serum estradiol (210).  

IVD. Thyrotropin (TSH) 
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1.Physiological aspects 
TSH is a 28 to 30 KiloDalton glycoprotein composed of a common α subunit and a unique β 
subunit, the latter being responsible for hormone specificity. TSH is primarily produced by 
pituitary gland under control of neuronal input from hypothalamus and negative feedback by 
thyroid hormones. However, possible extrapituitary sources of TSH have been indentified for 
over 25 years (221,222) and additional TSH-related circuits may be functioning in extra-
thyroidal sites including the bone, where a TSHβ splice variant was shown to be ectopically 
produced (223,224). 

TSH acts on the TSH receptor (TSHR), a seven-transmembrane-spanning receptor that 
stimulates a number of different cell signal transduction pathways (225). Tshr gene is localized 
on chromosome 14q31 and three germline TSHR polymorphisms, resulting in amino acid 
substitutions, have been identified (226). Two of these are located in the extracellular domain of 
the receptor (Asp36His and Pro52Thr) (227,228), and one is located in the intracellular domain 
(Asp727Glu) (229). The TSHR-Glu727 allele was associated with lower levels of plasma TSH in 
a population of healthy blood donors without effect on FT4 (230) pointing toward a higher 
sensitivity of the variant versus the wild-type TSHR (226). 

The activation of Gαs by TSH stimulates cAMP-protein kinase A pathway whereas Gαq/11 
stimulates phospholipase C-mediated generation of diacylglycerol and inositol-1,4,5-
trisphosphate activating the calcium and protein kinase C pathways, involving the MAPKs 
ERK1/2, p38 kinases and AKT (231-233). Moreover, TSH causes translocation of both β-
arrestin-1 and β-arrestin-2 (234) that are known to be important scaffolding proteins for 
internalization, desensitization and activation of several G-protein-independent signal 
transduction pathways (235).  

TSHR is canonically involved in regulation of synthesis and secretion of thyroid hormones 
from thyroid follicular cells. However, the expression of TSHR has also been reported in 
extrathyroidal tissues and organs, such as brain, kidney, testis, heart, adipose tissue, fibroblasts, 
hemopoietic and immune cells (236,237). As a matter of fact, several nontraditional biological 
roles for the TSHR have been hypothesized, such as those involving the stimulation of 
angiogenesis (238,239) and regulation of adipogenesis (240). TSHR was shown to be expressed 
also in bone cells, specifically during the early and mid-phase of osteoclast and osteoblast 
formation (241) and there has been accumulating evidence that TSH may have osteoprotective 
effects (242). 

2.Skeletal effects of TSH 
2.i. in vitro/ex-vivo studies 
 In murine bone marrow cells isolated from femora and tibiae of mice, recombinant TSH 
(rTSH) caused a concentration-dependent inhibition of osteoclast formation (Figure 1) 
accompanied by a decrease in expression of TRAP, cathepsin K, calcitonin receptor and β3-
integrin, as well as a decrease in resorption of dentin slices by osteoclasts (241). Similar effects 
were produced using monoclonal TSHR antibodies at equivalent doses in murine embryonic 
stem cells (243). Moreover, inhibition of osteoclastogenesis was observed in bone marrow cells 
isolated from transgenic mice overexpressing human TSHR or constitutively active TSHR in 
osteoclasts under a TRAP promoter (244), suggesting that the antiresorptive actions of 
intermittent and continuous TSHR activation are in essence similar. 

When cells were derived from tshr null mice generated by deleting exon 1 of the mouse 
TSHR gene (245), osteoclasts formation was increased by about 2-fold compared to wild-type 
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cultures, with concomitant increase in expression of osteoclast markers TRAP and calcitonin 
receptor (241).  

The anti-osteoclastogenic effects of TSH are mediated by inhibition of TNF-α production 
and activity in osteoclasts (Figure 1) (241,246). Supernatants of bone marrow cells deriving 
from tshr null mice had 3-fold higher concentration of TNFα as compared to cultures from wild-
type mice (241). The increase in osteoclastogenesis observed in bone marrow cells deleted for 
TSHR was abolished by anti-TNFα blocking antibodies (241) and when cells were 
concomitantly deleted for tnfα (246). Interestingly, TNFα failed to stimulate the pro-
osteoclastogenetic pathways in cells overexpressing TSHR (246), suggesting that TSH and 
TNFα may compete for the same transduction pathways but with opposite effects (241,246). 
Indeed, the interplay between TNFα and TSH is complex. In fact, TSH was shown to inhibit and 
stimulate TNFα expression in osteoclasts and osteoblasts, respectively (247,248). One could 
argue that TNFα produced by osteoblasts in response to TSH could potentially stimulate the 
production of TSHβ variant by macrophage which in turn inhibits TNFα production by 
osteoclasts, realizing a negative feedback loop potentially important for modulating the effects of 
TSH and thyroid hormone in physiological and pathological conditions (223,248). 

The role of TSH in osteoblast regulation is less defined and the effects were shown to be 
rather variable (Figure 1). In bone marrow-derived cultures, TSH inhibited osteoblastogenesis 
through a Runx-2 and osterix-independent mechanism involving down-regulation of LRP5, a 
Wnt co-receptor, and Flk1, a VEGF receptor (241). In parallel, the expression of both LRP-5 and 
Flk1 was upregulated in cells deriving from TSHR null mice (241). In other experimental 
conditions, TSH stimulated osteoblastogenesis. In fact, in embryonic stem cells cultures, TSH 
stimulated osteoblast differentiation primarily through the up-regulation of the non canonical 
Wnt components frizzled receptor and Wnt5a (247), as well as by up-regulation of IGFs and 
their stimulating binding proteins 3 and 5 (249). The in vitro anabolic effect of TSH was marked 
by an increase in production of type 1 collagen, ALP, osteocalcin and osteoprotegerin (247). 
Interestingly, the increase of osteoprotegerin may realize a feed-forward loop inhibiting 
osteoclastogenesis. Although multiple pathways appear to be involved in TSHR signaling in 
osteoblasts (250), the beta-arrestin-dependent pathway seems to be the most important in 
stimulating the differentiation of precursor cells toward an osteoblast phenotype (234), such as 
demonstrated for PTH (251). Noteworthy, the Gs-cAMP pathway, which is primarily involved in 
regulating thyroid function, was not shown to be determinant for the anabolic effects of TSH on 
bone (250). In fact, the small molecule C2 that is a TSH agonist for cAMP signaling (252) was 
not able to stimulate osteoblast differentiation (234). By contrast, a small molecule ligand that 
was functionally selective toward human TSHR activation of β-Arrestin-1 potentiated the TSH-
induced upregulation of ALP and osteopontin mRNA (253).  
2ii. In vivo studies (animal and human models) 
In the seminal study (241), tshr null mice have severe osteoporosis which did not improve after 
treatment of hypothyroidism. Histomorphometry revealed significant increase in TRAP-labeled 
surfaces in vertebral bodies, consisting with the increased osteoclastogenesis caused by 
abrogation of TSH signaling in bone cells (241). In a more recent study, mice lacking of TSHR 
showed decreased trabecular bone volume and bone strength at distal femurs, as evaluated by 
biomechanical tests, as compared to the wild-type littermates (254). Again, the replacement of 
hypothyroidism did not restore normal strength in this model (254).  

When TSHR-deficient mice were exposed to thyroid hormone excess, osteoporosis was more 
severe than that observed in hyperthyroid wild-type mice (255). This finding may reflect the 
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potential osteoprotection of TSHβ variant locally produced by macrophages under the positive 
control of thyroid hormone excess (248,250). This TSH-like molecule locally produced within 
bone marrow may counteract the negative effects of hyperthyroidism only in mice harboring 
TSHR.   

The genetic ablation of TNFα in TSHR-deficient mice rescued in a dose-dependent manner 
the abnormalities in bone microstructure arising from increased bone resorption (248), 
confirming the in vitro data that TNFα is the mediator of bone damage caused by abrogation of 
TSHR signaling (241,246).  

Low doses of rTSH were shown to increase both trabecular and cortical bone volume with 
improved microarchitecture and mechanical strength in ovariectomized rats (244,256). These 
effects were mediated by inhibition of osteoclastogenesis and activation of osteoblastogenesis 
(256). This latter effect occurred 7 months after ovariectomy when bone turnover was low, 
suggesting that the anabolic effects of rTSH intermittently administered may be influenced by 
the bone marrow microenvironment present in low turnover osteopenic bone (256). Interestingly, 
the doses of rTSH leading to bone effects were 5- to 50-fold lower than those used for clinical 
diagnostic indications (256). 

There is evidence that TSH may have direct effects on skeletal remodeling in humans, such 
as previously demonstrated in experimental animals. In fact, rTSH induced changes in 
biochemical markers of bone turnover in patients without thyroid gland. In the seminal study, 
Mazziotti et al. reported for the first time a significant decrease in serum CTX values 
accompanied by a slight but statistically significant increase in ALP values after two consecutive 
doses of rTSH in post-menopausal women under post-surgical and radio-active therapy follow-
up for thyroid cancer (257). Noteworthy, these effects were independent of thyroid hormones 
since the women did not have thyroid gland and replacement therapy with L-thyroxine was 
stable during the study period. The transient decrease in CTX values after rTSH injection was 
confirmed by Karga et al. who also reported an increase in PTH values as possible effect of 
blunted bone resorption (258). Interestingly, Martini et al. showed an increase in P1NP, a marker 
of bone formation, supporting the conclusion that bolus doses of TSH are indeed anabolic in 
humans (259), such as already demonstrated in murine models (244,256). The authors also 
reported an increase in RANKL concentrations (259), a finding not confirmed by others (260).  

In several clinical studies, serum TSH values in the reference range were associated with 
BMD and fractures. Kim et al. showed that lumbar and femoral neck BMDs in post-menopausal 
women with low-normal TSH levels were significantly lower than those in subjects with high-
normal TSH levels by as much as 3% to 4%, with a risk of osteoporosis which was 2-fold higher 
in the former and compared to the latter subjects (261). Similar results were reported by others in 
both women (262-265) and men (265-267). Interestingly, Lee et al. showed also a deteriorated 
cortical bone parameters in the femur associated with low-normal TSH values (265), further 
supporting the hypothesis that low-normal TSH values may cause skeletal fragility. In fact, a 
28%-increase in risk of hip fractures was observed in post-menopausal women with low-normal 
TSH values (268). Putting together 13 prospective cohort studies with baseline thyroid 
examinations between 1981 and 2002, Aubert et al. recently reported a 25%-increased risk of hip 
fracture in subjects with TSH values between 0.45 and 0.99 mIU/L (269). Hip fracture was also 
associated with FT4 with a 22%-increase of fracture risk per one standard deviation increase in 
serum FT4 (269). Consistently with these data, Mazziotti et al. observed a three-fold increase in 
prevalence of VFs in euthyroid post-menopausal women with low BMD and serum TSH values 
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between 0.5 and 1 mIU/L as compared to those with TSH values above 1.95 mIU/L (270). Such 
an association was shown to be independent of thyroid hormone values. 

Likely due to higher sensitivity of TSHR (230), TSHR-Asp727Glu polymorphism was 
associated with higher BMD at the femoral neck independently of thyroid status either in 
euthyroid subjects (271) or in those with subclinical thyrotoxicosis (272). Notably, in this latter 
condition can be difficult to discriminate the relative effects of increased thyroid hormone levels 
vs. low TSH on bone.  

The osteoprotective effects of TSH were questioned in two animal models of hypothyroidism 
(i.e., pax8-/- and thyroid hormone receptor-β-null mice) which were osteoporotic despite high 
TSH values and normal TSHR signaling in bone (46). Likewise, bone loss has been sporadically 
reported in hyperthyroid patients with TSH-secreting adenoma (TSH-oma), despite normal or 
even high TSH values (see section VA.4). On one side, one could argue that these results cannot 
be unexpected considering the potential negative effects of long-standing high TSH values on 
osteoblastogenesis (241,244), as opposed to anabolic effects observed with intermittent exposure 
to high TSH values. On the other side, it is reasonable to hypothesize that the anti-resorptive 
action of TSH may be overcome by the negative effects thyroid hormone excess in patients with 
TSH-oma.  

In summary, there is evidence that TSH may directly inhibit osteoclastogenesis and bone 
resorption, with concomitant increase in bone formation when hormone exposure is intermittent. 
Despite the unavaibility of a model in human diseases clearly demonstrating the reciprocal role 
of TSH and thyroid hormones on bone, a unifying view of the different clinical studies on the 
topic may be offered (Figure 4). In this model a prevalent role of TSH in driving fracture risk 
may be hypothesized in the presence of normal thyroid hormone levels. A less relevant role from 
TSH may be suggested when thyroid hormones rise above the normal levels.  

V. PITUITARY DISEASES AND SKELETAL ENDPOINTS  

VA. Hyperfunctioning pituitary diseases 
Hyperfunctioning pituitary diseases are caused by pituitary adenomas. Epidemiologically, the 
most frequent of all adenomas is the PRL-secreting adenoma (PRL-oma) (50-60%), followed by 
GH-secreting adenoma (10-15%), corticotrophin (ACTH)-secreting adenoma (7-8%) and TSH-
oma (0.5-3%), the remaining being represented by non-functioning pituitary adenomas.  

1.GH-secreting adenoma in adults (acromegaly) 
Clinical manifestations of acromegaly range from subtle signs of GH/IGF-I excess, such as acral 
overgrowth and coarsening of facial features, to significant metabolic, cardiovascular and 
respiratory manifestations, leading to an increase in morbidity and mortality (273,274).  

Although GH and IGF-I are traditionally considered as anabolic hormones for the skeleton 
with favorable physiological effects on longitudinal bone growth, bone modeling and bone 
remodeling and patients with acromegaly have characteristically enlarged bones (94), over the 
last 10-15 years there has been accumulating evidence that GH excess may cause skeletal 
fragility sustained by increase in bone resorption and abnormalities in bone microstructure, 
finally leading to increased risk of VFs (275).  
1i.Effects of GH hypersecretion on bone turnover and calcium metabolism  
Patients with acromegaly have increased bone turnover, as determined by changes in 
biochemical markers, calcium kinetics and bone histomorphometry (94). In a recent meta-
analysis including 15 studies (276-290), the standardized mean differences between acromegaly 
patients and control subjects were 1.49 and 1.57, for bone formation and bone resorption, 
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respectively, without significant impact of the gender and gonadal status (291). In studies 
evaluating both processes of bone remodeling, the differences in bone resorption were higher 
than those observed for bone formation (276,279,281,285,286,288), supporting the concept that 
bone loss occurs in acromegaly as effect of uncoupled bone turnover (291). 

Despite the stimulating effects of GH and IGF-I on renal activation of vitamin D (292), 
hypovitaminosis D has been consistently reported in patients with acromegaly (293,294) and 
there is also evidence suggesting lower peripheral bio-availability of vitamin D in this clinical 
setting as effect of an increase in vitamin D binding protein (295,296). Moreover, GH excess was 
shown to influence PTH pulsatility with prolongation of pulse half-duration and increase in pulse 
mass (297). 

The clinical relevance of all these effects of GH excess on calcium metabolism is uncertain. 
Patients with active acromegaly frequently have phosphate and calcium abnormalities, such as 
mild hyperphosphatemia, a tendency towards increased plasma calcium levels and hypercalciuria 
independently of PTH (292,298). The hypercalciuria observed in acromegaly patients is 
classically linked to increased intestinal calcium absorption driven by calcitriol, as well as to the 
increased bone turnover induced by GH excess (292). Therefore, hypercalciuria may be 
considered, at least in part, as a marker of skeletal fragility. The elevated plasma phosphate 
concentrations are related both to increased calcitriol-stimulated dietary phosphate absorption 
and to a direct antiphosphaturic action of IGF-I in the proximal renal tubule, whereas it is 
uncertain whether hyperphosphatemia may correlate with high bone turnover (292,298).  
1ii.Effects of GH hypersecretion on BMD 
DXA measurements of BMD in acromegaly may be affected by some pitfalls related to the 
abnormalities of bone structure caused by GH hypersecretion. Joint  degenerative disorders, 
characterized by osteophyte formation and facet-joint hypertrophy may lead to an overestimation 
of BMD measured at lumbar spine (299). Moreover, DXA measurement of BMD in acromegaly 
could be influenced by the bone enlargement caused by GH excess (300), although the effect on 
bone mineral content seem to overcome those on bone area (291). Another aspect worthy to be 
mentioned is the different effect of GH hypersecretion on cortical and trabecular bone. In fact, 
pathologically high GH and IGF-I levels exert deleterious effect on trabecular microarchitecture 
whereas cortical bone density tends to be increased as effect of GH on periostal ossification (94). 
DXA does not distinguish between cortical and trabecular bone and densitometric results are 
greatly influenced by the variable distribution of these two compartments in the different skeletal 
sites (301). 

Most patients with acromegaly show normal or even increased BMD at various skeletal sites 
and osteopenia and osteoporosis are not common features in acromegaly. In a meta-analysis 
performed in 13 studies (279,280,285,289,300-308), acromegaly did not induce a significant 
change in BMD at lumbar spine, whereas BMD was increased at the femoral neck and total hip 
(291). Indeed, when the analysis was performed in hypogonadal patients (285,289,301,309-312), 
BMD was low at lumbar spine and at lesser extent at femoral neck (291), consistently with the 
concept that loss of sex steroids increases bone turnover at the trabecular level which is 
predominant in the spine. Moreover, the differences between lumbar spine and femoral neck 
BMD may be also influenced by the activity of acromegaly reflecting the different effects of GH 
excess on trabecular and cortical bone (299).  
1iii.Effects of GH hypersecretion on risk of fractures 
Clinical Fractures.  
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Retrospective studies did not show an increased clinical fracture risk in acromegaly (313-315) 
likely reflecting the impossibility of questionnaires and databases to correctly identifying VFs 
(316) (Table 1).  
Morphometric VFs - Prevalence.  
In their seminal study, using the radiological and morphometric approach in acromegaly (88), 
Bonadonna et al. identified for the first time VFs in about 50% of post-menopausal women with 
acromegaly, although densitometric osteoporosis was present in less than 30% of the entire 
population (302). Fractures were multiple in more than two-third of fractured women. Three 
years later, our group also reported VFs in 23 out of 40 male patients with acromegaly (median 
age 47 years) (303). Other cross-sectional studies confirmed these findings (309,317-319) and 
the overall median prevalence of VFs was calculated to be about 40%, with a fracture risk which 
was three to eight-fold higher in acromegaly patients as compared to control subjects (291). 
Table 1 reports detailed findings from all the published studies on this issue. 

Six cross-sectional studies (309,317-321) evaluated the relationship between gender and VFs 
in 363 patients with acromegaly (217 females, 146 males; 77 patients with active disease);  VFs 
were shown to be slightly more frequent in males as compared to females (Figure 5). Moreover, 
in five cross-sectional studies including 351 patients with acromegaly (129 patients with 
hypogonadism, 80 with active disease), as already reported in other forms of secondary 
osteoporosis (322), the rate of fractures was found to be relatively increased in hypogonadal as 
compared to eugonadal patients (303,317,318,320,321). 

The impact of underlying genetic background on fracture risk of patients with acromegaly 
has been controversial. Polymorphism of GHR, characterized by deletion of exon-3 with 
consequent higher sensitivity to GH, was associated with higher prevalence of VFs in patients 
with acromegaly (320), with stronger association in females as compared to males (321). In 
another study performed in patients with long-standing controlled acromegaly, deletion of exon-
3 of GHR was associated with higher prevalence of colonic polyps, dolichocolon and 
osteoarthritis, without any significant impact of GHR polymorphism on BMD and vertebral and 
non-vertebral fractures (323). The reasons of these inconsistent results are unclear, but one could 
argue that the presence of patients with active acromegaly in the first study may have influenced 
the association between GHR polymorphism and VF risk (320). As a matter of fact, deletion of 
exon-3 in GHR may amplify the negative effects of GH excess on the skeleton.     

Interestingly, VFs developed more frequently at the thoracic spine and they were most 
commonly anterior wedge fractures (317), possibly contributing to kyphosis of patients with 
acromegaly, a feature clearly present in first patients reported by Pierre-Marie (324). Indeed, the 
potential clinical impact of VFs in acromegaly has not been so far investigated. However, the 
fact that more than 50% of fractured patients were shown to have either multiple or severe VFs 
(303) suggest that VFs may be associated with an unfavorable functional outcome (325), such as 
demonstrated in other clinical settings (326-328). 
Morphometric VFs - Incidence.    
The above mentioned cross-sectional studies were not able to define the causal relationship 
between GH hypersecretion and VFs and did not provide reliable information on the clinical 
predictors of fractures in this clinical setting. These limitations were also amplified by the 
difficulty to attribute to osteoporosis the vertebral deformity particularly when of borderline 
relevance (mild vs nonfracture) and occurring in presence of normal BMD (see section VI). To 
overcome these potential shortcomings, some studies were designed to evaluate the incidence of 
VFs in active and controlled acromegaly (304,329-331). In a retrospective longitudinal study,  
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Battista et al. reported incident VFs in more than one-third of acromegaly patients with 
hypogonadism regardless of activity of disease (329). The first prospective study specifically 
evaluating the incidence and determinants of VFs in active and controlled acromegaly was 
pubslihed in 2013 (304). Incident VFs developed in 42% of patients with acromegaly during a 3-
year follow-up, in close relationship with baseline disease status (i.e., higher incidence in 
patients with active acromegaly) and duration of active disease. Hypogonadism and pre-existing 
VFs were shown to influence the fracture risk only in patients with controlled acromegaly but 
not in those with active disease (see section VII.A2) (304,330). The predominant role of GH 
hypersecretion in determining fracture risk in acromegaly has been confirmed by a recent 
retrospective study evaluating incidence of VFs in patients with active acromegaly undergoing 
different medical therapies (331). This study reported higher incidence of VFs in patients with 
active disease regardless of the therapeutic approach (331).   
1iv.Effects of GH hypersecretion on bone structure  
In the last few years, it has clearly emerged that high prevalence and incidence of VFs is related 
to increased bone turnover and deterioration of bone structure, although evidence that 
acromegaly may cause impairment in bone quality was already provided by Ueland et al. in 
2002: they reported loss of trabecular connections and low trabecular bone biochemical 
competence in iliac crest biopsies of 13 acromegaly patients (11 males and 2 females) with 
active acromegaly (332). Only 10 years after and following our report of increased VFs, many 
other studies confirmed that bone structure was altered in patients with acromegaly. Using HR-
pQCT, Madeira et al. reported significant associations between several parameters of bone 
microstructure (i.e., BV/TV, Tb.N. and Sp.mean) and either gonadal or activity of disease in 82 
patients with acromegaly (32 males, 50 females) (333). Because the gonadal status appeared to 
be an important determinant of bone properties, the authors performed a subanalysis in 
eugonadal acromegalic patients as compared to control subjects. Interestingly, despite the higher 
trabecular volumetric bone density and cortical thickness in the distal radius, acromegaly patients 
with normal gonadal function showed compromised most of the trabecular measurements at the 
distal radius and distal tibia, supporting the hypothesis that abnormalities of bone microstructure 
in acromegaly may occur regardless of gonadal status (333). This concept was recently 
reinforced by Silva et al. who reported deterioration in trabecular microstructure of the radius in 
16 eugonadal males with acromegaly (334). Besides the abnormalities in trabecular 
microstructure, acromegaly was shown to affect also cortical bone in terms of increased porosity 
(334-336) and impaired cortical strength (337). 

Other studies evaluated bone structure at vertebral site by measuring lumbar spine TBS. 
Hong et al. found a 6%-lower TBS in males and females with acromegaly as compared to control 
subjects, without any significant difference in BMD (338). In another uncontrolled study 
performed in 48 naïve patients with active acromegaly, TBS was found to be partially degraded 
according to the definition by the manufacturer, whereas BMD Z-scores in most compartments 
did not differ from zero (339). Details from these studies are reported in Table 1.  

In summary, there is consistent evidence that GH excess causes deterioration of bone 
microstructure leading to high risk of VFs in close relationship with duration of active 
acromegaly. Bone turnover is invariably increased in patients with active acromegaly, whereas 
BMD as measured by DXA is generally slightly decreased or even normal. 

2. PRL-oma 
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Patients with PRL-oma are predisposed to develop osteopenia, osteoporosis and fragility 
fractures as effect of hypogonadism induced by PRL excess, as well as effect of direct actions of 
PRL on bone cells and calcium metabolism (340).  
2i. Effects of hyperprolactinemia on bone turnover and BMD 
 Accelerated bone turnover is expected in patients exposed to PRL excess (341), although 
biochemical data from clinical studies have been variable with only few studies reporting an 
increase in serum levels of markers of bone formation and resorption (342,343). In two studies, 
osteocalcin (i.e., a marker of bone formation) was shown to be suppressed while NTX (i.e., a 
marker of bone resorption) was high in adults with PRL-oma in close relationship with duration 
of disease and PRL levels (343,344), consistently with experimental evidence that PRL may 
have direct and opposite effects on bone formation and bone resorption (see section IVB.2). 

Men and women with PRL-oma were equally affected by bone loss (344,345). Eighty 
percent of male patients with PRL-oma were found to have densitometric diagnosis of either 
osteopenia or osteoporosis at lumbar spine, whereas only a minority of them (30%) showed a 
low BMD at the femoral neck, suggesting that trabecular bone was damaged earlier than cortical 
bone (344,346,347). The relative effects of hypogonadism and hyperprolactinemia on BMD are 
still a matter of controversy (see section IVB.2). In some studies, BMD was correlated with PRL 
levels, biochemical markers of bone turnover and duration of disease, but not with serum 
testosterone value in males (344) or estradiol values and coexistent amenorrhea in women (348). 
By contrast, several other studies reported a significant association between BMD values and 
hypogonadism in patients with PRL-oma (346,347,349-352). The mean spinal bone density in 
the hyperprolactinemic amenorrheic women was significantly lower than that in eumenorrheic 
hyperprolactinemic (351). Therefore, it is possible to hypothesize that bone loss in patients with 
hypeprolactinemia may be synergistically determined by increased PRL levels per se and by the 
concomitant sex-hormone deprivation.  

 The PRL-oma-related bone loss can be severe and affect young patients, since it can 
restrict peak bone mass acquisition (343). In fact, reduction of BMD was more severe in 
childhood-onset hyperprolactinaemic patients than in those who developed the disease in 
adulthood (344,349). Twenty-two percent of premenopausal women with PRL-oma showed a 
pathological Z-score (i.e., Z-score <-2.0 SD) with more severe bone loss at lumbar spine as 
compared to femoral DXA sites (349).  
2ii.Effects of hyperprolactinemia on risk of fractures 
Clinical fractures.  
Using the International Classification of Diseases (ICD) codes, the Prolactin Epidemiology, 
Audit and Research Study (PROLEARS) did not find a significant increase in fractures in 
patients with PRL-oma (Table 2), suggesting that this complication could be underestimated in 
the real-life clinical practice (353). By contrast, Vestergaard et al. reported a 60%-increase in 
risk of clinical fractures in PRL-oma before the diagnosis of disease as compared to controls 
(313) (Table 2). The annual fracture rate was 1·4% before and 1·2% after diagnosis among the 
patients with PRL-oma, and 0·9 and 1·0%, respectively, among their controls (313).  
Morphometric VFs – prevalence.  
Two recent cross-sectional studies reported high prevalence of radiological VFs in women and 
men with PRL-oma (354,355) (Table 2). The first study was carried out in 78 women (38 were 
premenopausal and 40 in post-menopausal period) who were evaluated for VFs using 
quantitative morphometry (354). Radiological VFs were found in 25 out of these women 
(32.6%) with the prevalence being higher in post-menopausal women (22/40) as compared to 
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pre-menopausal women (3/38). Noteworthy, the prevalence of VFs in post-menopausal women 
was higher as compared to control women of comparable age, in close relationship with duration 
of hyperprolactinemia (odds ratio: 1.16, C.I. 95% 1.04–1.30) but not with the age of onset of 
hyperprolactinemia (odds ratio: 0.72, C.I. 95% 0.4–3.6). These findings suggested that PRL 
excess per se may cause skeletal fragility regardless of gonadal status, although the cross-
sectional design did not allow defining exactly when VFs developed in relationship with 
menopausal status (354). In the second cross-sectional study, radiological VFs were found in 
37.5% of male patients with PRL-oma, the prevalence being about five-fold higher as compared 
to control subjects (355). Interestingly, the prevalence of VFs was not significantly different 
between eugonadal and hypogonadal patients and no significant difference in serum testosterone 
values was found between fractured and not fractured males (355). Again, these findings suggest 
that even in males PRL excess may influence fracture risk independent of gonadal status.  

There are no studies prospectively evaluating the incidence of VFs in patients with PRL-oma. 
In summary, PRL-oma causes a high-bone turnover osteoporosis with low BMD occurring in 

most patients, especially when the disease develops in the first decades of life before the 
achievement of bone peak mass. The pathogenesis of PRL-oma-induced bone loss is 
multifactorial, since both direct and indirect (hypogonadism) skeletal effects of 
hyperprolactinemia may be involved.  

3.ACTH-secreting adenoma [Cushing disease (CD)] 
In Cushing’s original series of 12 patients published in 1932, one was reported to have 
radiographic osteoporosis; six were reported to have kyphosis, and two were reported to have 
spontaneous fractures. Indeed skeletal fragility is a frequent complication of endogenous 
hypercortisolism, and fragility fractures may be the presenting clinical feature of disease 
(356,357). 
3i. Effects of hypercortisolism on bone turnover and BMD 
Differently from exogenous glucocorticoid excess (68), in endogenous hypercortisolism the early 
and transient phase of high bone turnover is not usually evident since the diagnosis of disease is 
often delayed with respect to onset of hypercortisolism (356). However, the biochemical skeletal 
phenotype may be characterized by uncoupled low bone formation and slightly increase bone 
resorption (358-360). 

The prevalence of osteoporosis as assessed by DXA has been reported to be 28–50% (361-
366), in close relationship with activity of disease as assessed by measurement of urinary cortisol 
values (363,365). The bone loss was more pronounced at lumbar spine and femoral neck, 
consistent with the view that trabecular bone is a principal target for the detrimental actions of 
glucocorticoid excess in the skeleton (358,361,367-371). Some studies reported gender-
dependent effects of hypercortisolism on skeletal health with higher prevalence of osteoporosis 
at the spine in men compared with women (364,372). As in other pituitary diseases (see sections 
VA.1, VA.2, VB.1), patients with childhood-onset CD have lower BMD Z-score as compared to 
adult-onset CD (359). Some studies showed that adrenal (362,371) or ectopic (363) etiology of 
hypercortisolism may be associated with higher prevalence of vertebral osteoporosis, perhaps 
because the higher adrenal androgens in ACTH-dependent hypercortisolism have a protective 
actions on the skeleton. Indeed, this topic is still controversial since other studies did not confirm 
the difference skeletal phenotype between ACTH-dependent and ACTH-independent 
hypercortisolism (364,373). 
3ii. Effects of hypercortisolism on risk of fractures and bone structure 
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The prevalence of fractures has been reported to be 15–50% (362-366,374-376), the most 
frequent involving the ribs and vertebrae (363,364,366,374-376) (Table 3). These rates were 
likely an underestimation of real fracture risk in CD, since not all patients underwent 
morphometric and radiological evaluation and asymptomatic vertebral and rib fractures may 
remain undiagnosed (363,375,377). In fact, when searched by a radiological morphometric 
approach, the prevalence of VFs was found to be 78% in patients with CD (Table 3), half of 
them being clinically symptomatic associated with pain, functional limitation, and height 
shortening by 3–10 cm of final stature (363). High prevalence of fractures was reported even in 
young patients with CD (376). Although fragility fractures were generally considered as an early 
complication of exposure to glucocorticoid excess (68,378), the prevalence of clinical fractures 
in CD correlated with duration of hypercortisolism (365). Vestergaard et al. (373) retrospectively 
reported a six-fold increase in risk of clinical fractures in the 2 years before diagnosis of 
endogenous hypercortisolism (CD in 65% of cases) (Table 3), without significant differences 
between CD and adrenal disease. In another retrospective study, the prevalence of VFs and non-
vertebral fractures was high since 5 years before diagnosis of CD (375). Patients with bone 
fractures (including both vertebral and peripheral fractures) compared to non-fractured ones 
showed increased levels of urinary free cortisol (365) and the risk increased of 4.1% for every 
100 nmoL free cortisol per 24-h increase (376), supporting the concept that skeletal fragility is a 
direct consequence of hypercortisolism.  

Gonadal status appeared to influence the risk of fractures only in patients with mild increase 
in cortisol secretion, whereas in patients with overt CD the potential protective effect of 
eugonadism was overcome by overt hypercortisolism (374). 

In some studies, the prevalence of VFs and rib fractures was found to be significantly higher 
in men compared to women (364,376), although such a difference was probably influenced by 
gender-dependent differences in CD activity.  

Despite the effects of glucocorticoid excess on bone quality being well known and 
characterized (60,379,380), data on bone microstructure in endogenous hypercortisolism are 
scant. In a study of 18 eugonadal women who had endogenous hypercortisolism (CD in 66.7% of 
the cases), Chiodini et al. (358) found significantly decrease in spinal and forearm trabecular 
bone mass by QCT, accompanied by decreased spinal and femoral BMD by DXA, whereas 
forearm cortical done mass was not decreased. Recent HR-pQCT data suggest also cortical bone 
resorption as a relevant effect of endogenous hypercortisolism. In fact, using HR-pQCT, dos 
Santos et al. reported lower cortical area, thickness and density in patients with endogenous 
hypercortisolism (73.3% with CD) as compared to control subjects, independently of gonadal 
status (366).  

In summary, patients with CD have a low-bone turnover osteoporosis characterized by a 
severe suppression of bone formation leading to an increased risk of fragility fractures, mainly 
involving vertebrae and ribs. BMD is generally mildly decreased, but some patients may develop 
fractures even when bone mass is not apparently low (see section VI).  

4. TSH-oma 
TSH-oma is a rare disease causing a secondary hyperthyroidism which is usually longer-standing 
and milder as compared to the primary thyroid disease (381). Although thyroid hormone excess 
is a well known cause of secondary osteoporosis (382), very few studies investigated the skeletal 
effects of TSH-oma with data limited to biochemical markers of bone turnover (383,384), 
whereas data on BMD and fractures were anecdotal (385). Bone resorption was shown to be 
increased in patients with TSH-oma with values being comparable to those seen in primary 
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hyperthyroidism and closely correlated to serum thyroid hormone levels (383). Consistently, 
normalization of bone turnover was observed after treatment of TSH-oma (384). In a clinical 
case report, very low BMD values at lumbar spine and multiple VFs were reported to be the 
presenting clinical features of TSH-oma (385), suggesting that skeletal fragility may be an early 
complication of secondary hyperthyroidism. Future studies will allow to definitively clarifying 
the true frequency of fragility fractures in patients with TSH-oma.  

VB. Hypopituitarism 
Hypopituitarism is an uncommon condition with an incidence and prevalence estimated to be 4·2 
per 100 000 per year and 45·5 per 100 000, respectively (386). 

Hypopituitarism is defined as one or more anterior pituitary hormone deficiencies caused by 
a variety of structural lesions or trauma in the hypothalamic–pituitary region. Hypopituitarism 
may occur as a consequence of treatment of pituitary adenomas with pituitary surgery and/or 
radiotherapy. Moreover, hypopituitarism may be caused by pituitary macroadenoma, traumatic 
brain injury, empty sella and several other less frequent diseases involving the hypothalamic–
pituitary region (387,388). 
1.GH deficiency (GHD) 
GHD is a frequent pituitary defect with relevant impact on clinical presentation of 
hypopituitarism (389). Severe GHD in adults is associated with adverse changes in body 
composition, lipid metabolism, insulin sensitivity, and exercise capacity (389). Moreover, adult 
patients with GHD suffer from skeletal fragility, which may potentially contribute to the 
impaired quality of life and increased risk of mortality observed in patients with hypopituitarism 
(389).  
1i.Bone turnover and calcium metabolism in untreated GHD  
Patients with GHD have a marked reduction in bone turnover, with both formation and 
resorption being suppressed (390-396). Moreover, a mild state of skeletal, intestinal and renal 
PTH resistance has been described in patients with GHD (395,397). GHD also is accompanied 
by abnormalities in the circadian rhythm of PTH, which may affect bone remodeling 
(395,397,398). 
1ii.BMD in untreated GHD  
Decreased BMD is reported in patients with GHD in relationship with duration, age of onset and 
severity of GHD. In childhood-onset GHD, vertebral BMD is markedly reduced with T-scores 
often between -1 to -2; about a third of the patients have T-scores of ≤-2.5 (399). In contrast, 
patients with adult-onset GHD often have vertebral T-scores ≥-1 (393,398,400-413). The reason 
for the different degrees of bone loss may be related to the longer duration of the disease and the 
defective achievement of peak bone mass in childhood-onset GHD as compared to adult-onset 
GHD (414-421). On the other hand, one could 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 
short patients with GHD (422). In fact, a study of life-long untreated CO-GHD showed a 
reduction in areal- BMD (mean Z scores –1.8 to –3.0), while the calculated volumetric bone 
density was normal (423). However, other studies reported low BMD results even after 
appropriate correction for height or when QCT was used to measure true volumetric BMD, 
suggesting that long-standing GHD may cause bone loss regardless of the effects on skeletal 
growth (424,425).  

The age of patients with adult-onset GHD influences degree of bone loss and BMD values. In 
fact, patients younger than 30 years of age have more severe osteopenia (403,404,411), whereas 
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BMD of GHD patients older than 55 years of age often does not differ from healthy controls 
(393,403,411).  

The degree of bone loss in adult-onset GHD correlates with severity of the disease 
(393,405,426,427). Patients with severe GHD, as defined by a GH response in the range of 4.0 to 
9.0 µg/L after GH releasing hormone and arginine (428), display significant reductions in BMD 
(393,427).  

The underlying disorders leading to GHD may influence the clinical presentation of GHD 
(429,430). The pharmaco-epidemiological survey KIMS (Pfizer International Metabolic Study) 
including 1567 adult GHD patients showed that BMD both at lumbar spine and femoral neck 
was significantly lower in cases treated for CD (n. 135 pts), as compared to those treated for 
acromegaly (no. 40 pts) and other pituitary diseases (n. 1392 pts), likely reflecting the long-term 
negative effects of previous hypercortisolism on the skeleton (431). 

The specific role of GHD in relation to other pituitary deficiencies in inducing bone loss in 
hypopituitarism is uncertain. In some studies, patients with isolated GHD had comparable bone 
loss to that occurring in presence of multiple pituitary deficiencies (389,394,404,427,432,433). 
On the other hand, adult patients with isolated GHD due to mutation of GHRH receptor were 
shown to have reduced bone size, but normal volumetric BMD of the lumbar spine and hip 
(434).  
1iii.Bone fractures and structure in untreated GHD 
The risk of fractures is 2-5 higher in adult GHD patients as compared to control subjects, 
regardless of the existence of other pituitary hormone deficiencies (313,433,435,436) (Table 4). 
Former studies reported an increase in prevalence of peripheral fractures, pointing to the fragility 
of cortical bone (423,433,435). However, these studies were performed by questionnaires or 
databases which did not capture the true prevalence of VFs in this clinical setting. In 2006, 
Mazziotti et al. evaluated for the first time the prevalence of radiological VFs in adult patients 
with GHD (437). More than 60% of these patients were shown to have VFs, which were multiple 
and/or moderate/severe in about 50% and 30% of the cases, respectively. These were not simple 
radiological findings, since more than 50% of fractured patients had one or more signs and 
symptoms consistent with spinal fractures, in close relationship with number and severity of 
fractures. Male and female GHD patients showed comparable prevalence of VFs (437), 
suggesting that skeletal fragility was a general and gender-independent complication of GHD, as 
demonstrated for acromegaly (302,303). Consistently with previous observations, a recent 
prospective study showed that more than 40% of patients with untreated GHD developed 
radiological VFs over a period of 6 years (438).  

Bone biopsies from male adult patients with GHD reveal decreased osteoid and mineralizing 
surfaces and decreased bone formation rate (439). Surprisingly, a recent study did not find any 
abnormalities in cortical and trabecular bone microarchitecture and estimated bone strength as 
assessed by HR-pQCT and microfinite element analysis in adult males with GHD (334). Indeed, 
some of these patients had previously received GH replacement more than 12 months before the 
study and this may have counteracted any abnormalities in bone structure and strength at the 
time of evaluation, consistently with the concept that beneficial effects of replacement therapy 
may be persistent after recombinant human GH (rhGH) withdrawal (440) (see section VIIB.1). 

2.Other pituitary hormone deficiencies  
Central hypogonadism can be as frequent as 95% in patients with sellar tumors and after surgery 
or radiotherapy; it is also high for patients who have had cranial irradiation for nonsellar lesions 
(441) and in patients with hyperprolactinemia. Acquired central hypothyroidism occurs in 40-
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65% of patients with pituitary diseases and is usually associated with other pituitary hormone 
deficiencies (442-444). Almost one-third of the hypopituitary patients may have adrenal 
insufficiency (445), with prevalence raising up to 90% after craniopharyngioma surgery (446). 

Patients with idiopathic hypogonadotropic hypogonadism have been found to have 
universally lower BMD compared to age-matched controls, though no data for possible increased 
fracture risk was found (447-452). Interestingly, there is some evidence that men with 
hypogonadotropic hypogonadism had lower baseline BMD as compared to men with primary 
hypogonadism (453,454), inconsistent with the experimental evidence that low FSH values may 
be protective for bone loss caused by sex steroid deficiency (see section IV.C). 

Using data extracted from KIMS, Tritos et al. evaluated the skeletal impact of untreated 
hypogonadism in 1218 patients with untreated adult-onset GHD (455). Hypogonadal patients 
were older and had lower IGF-I values and lumbar spine and femoral neck BMD in comparison 
with sex-steroid-sufficient subjects. In the multivariate analysis, untreated hypogonadism 
maintained the significant association with BMD at lumbar spine but not at femoral neck (455). 
However, hypogonadism did not show to significantly influence fracture risk in patients with 
untreated GHD (433,436,455). In fact, prevalence of fragility fractures was high in untreated 
GHD regardless of hypogonadism was treated or untreated (433,435,436). In other experiences, 
non-traumatic fractures were more frequent in patients with multiple pituitary hormone 
deficiencies as compared to those with isolated GHD (423) (Table 4).   

In the KIMS database, central hypothyroidism and hypoadrenalism were shown to be 
independently associated with lower lumbar spine BMD (455).  

In summary, GHD is the most important determinant of skeletal health in hypopituitary 
patients, causing a low-bone turnover osteoporosis with high risk of VFs and non-vertebral 
fractures. The deterioration of bone quality seems to be the main determinant of fractures in 
GHD patients, although the studies so far performed have not clarified which are the 
microstructural skeletal abnormalities underlying skeletal fragility in this clinical setting 
(334,439). Central hypogonadism may influence BMD in hypopituitary patients, but the impact 
on fracture risk seems to be lower as compared to untreated GHD. Central hypothyroidism and 
hypoadrenalism may per se cause skeletal fragility, likely reflecting the potential negative effects 
of low glucocorticoid (see section II.C) and TSH (see section IV.D) values on skeletal 
remodeling. Noteworthy, patients with isolated hypoadrenalism may develop a functional and 
transient GHD (Giustina effect) (73,74,456)  that may contribute to cause bone loss in this 
clinical setting (457,458). Moreover, the association between low BMD and central 
hypoadrenalism or hypothyroidism may reflect the potential negative effects of pituitary 
hormone overreplacements frequently observed in patients with hypopituitarism (see section 
VII.B).  

VI. BONE DENSITY AND QUALITY AS PREDICTORS OF FRACTURES IN 
PITUITARY DISEASES.  

Fragility fractures are the major clinical consequence of osteoporosis with potential impact on 
quality of life and survival. Therefore, predicting the absolute risk of osteoporotic fractures is of 
paramount importance mainly since prevention strategies have to be undertaken. Measurement of 
BMD by DXA at lumbar spine, femoral neck and total hip is used as the primary surrogate of 
bone strength in the clinical diagnosis of osteoporosis (81) (see section III). However, BMD 
could have limited sensitivity when used alone for prediction of fractures in the general 
population (459), since about half of all fractures occur in women with BMD values above the 
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WHO’s diagnostic threshold for osteoporosis (i.e., T-score <-2.5 SD) (460,461). This 
inconsistency derives from the inability of bidimensional DXA measurement to capture the 
deterioration of bone microstructure and is even more evident in patients with secondary 
osteoporosis, as those with pituitary diseases (1), in whom bone quality is impaired more than 
bone quantity (462).  

In a recent meta-analysis (291), 5 studies compared fractured and non fractured acromegaly 
patients for lumbar BMD (302,303,309,317,318). These studies did not show any difference in 
BMD between the two groups, although the heterogeneity was too high to achieve conclusions in 
this regard (291). Noteworthy, VFs occurred even in patients with normal BMD, especially when 
acromegaly was active (302), supporting the concept that bone quality is impaired as effect of 
GH hypersecretion and DXA measurement of BMD is of limited reliability in predicting 
fractures when patients are with persisting active disease. However, although VFs may occur 
regardless of absolute densitometric values, repeated measurements of BMD may provide some 
information about the ongoing risk of VFs. In fact, in a prospective study, patients experiencing 
incident VFs were shown to have significant reduction in BMD at femoral neck during follow-up 
(304). 

In the other pituitary diseases, the relationship between BMD and fractures was investigated 
by fewer studies. Fractured patients with PRL-oma showed lower lumbar spine BMD as 
compared to non-fractured patients (354,355), although such an association was lost after 
adjustment for duration of disease (354). As expected by the large experience with exogenous 
glucocorticoid-induced osteoporosis (68), a remarkable number of patients with CD may fracture 
in presence of low-normal or even normal BMD values (363-365,376). On the other hand, when 
BMD values were in the range of osteoporosis, the prevalence of VFs in CD was shown to be 
higher (363,364), and lumbar spine BMD was shown to be an important predictor of fractures in 
untreated (363) and treated BMD (463).  

In hypopituitarism, only two studies evaluated the correlation between fractures and BMD. In 
patients with untreated GHD, VFs were associated with BMD, since the highest risk to develop 
fractures was found in patients with T score < −1.0 SD (437). Noteworthy, all untreated patients 
with osteoporosis (T score < −2.5 SD) and all but one patients with osteopenia (T score between 
−1.0 and −2.5 SD) had VFs. However, VFs occurred also in a significant percentage of patients 
with normal BMD (437). When the analysis was performed prospectively, the incidence of VFs 
was significantly correlated with change in lumbar spine BMD T-score and Z-score during the 
study period (438).  

Therefore, the available evidence of literature suggests that when DXA measurements of 
BMD report either a decrease of BMD values or an absolute BMD value in the range of 
osteoporosis the risk of fractures is high. On the hand, the finding of normal or low-normal BMD 
does not exclude that patients may develop fractures. In these cases, other diagnostic tools are 
needed to identify patients at high risk of fractures.  

Over the last decade, several algorithms (e.g., FRAX) have been proposed to estimate 
fracture probability in the general population, combining individual risk factors and BMD values 
(464). In patients with pituitary diseases, the experience with these algorithms is limited 
(319,463) with inconclusive results concerning the reliability in predicting fractures in this 
clinical setting.  

The morphometric analysis allows identifying patients with prevalent VFs which are a 
marker of skeletal fragility (465) predisposing patients to develop other fractures (466), even 
when VFs are mild in severity (467). This concept has been confirmed even in the specific 
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setting of pituitary diseases by few prospective studies performed in patients with acromegaly 
(304,330) or GHD (438). 

Patients affected by pituitary diseases, without prevalent VFs and densitometric diagnosis of 
osteoporosis, may still develop fragility fractures. In these cases, the evaluation of bone 
microstructure may provide some reliable information on the risk of fractures (see section V). 
However, only few studies investigated the relationship between fragility fractures and 
deterioration of bone microstructure (335,336,366,376). All these studies were cross-sectional 
and most of the data derived from patients with acromegaly in whom VFs were associated with 
impaired trabecular and cortical microstructure evaluated by either HR-QCT (335) or bone 
histomorphometry (336). Two studies investigated the association between bone microstructure 
and fractures in patients with CD (366,376). TBS was shown to be deteriorated more than BMD, 
but both the parameters were not associated with fractures (376). Similarly, vertebral and non 
vertebral fractures in CD were not associated with trabecular and cortical bone microstructure as 
measured by HR-pQCT (366). These results were likely influenced by the cross-sectional design 
of studies, since in ACTH-independent hypercortisolism abnormalities of bone microstructure 
were shown to be predictive of incident VFs (468).  

VII.EFFECTS OF TREATMENT OF PITUITARY DISEASES ON SKELETAL 
ENDPOINTS 

VIIA. Treatment of hyperfunctioning pituitary diseases 

1.Therapeutic options 
1i. Neurosurgery  
Neurosurgery is the first-line therapy of CD (469), acromegaly (470,471) and TSH-oma (472). 
When performed by experienced neurosurgeons (473), remission of pituitary hyperfunction can 
be achieved in 80 to 90% of patients with microadenomas and 40 to 70% of those with 
macroadenomas, with a 10 to 20% of recurrence rate over several years (474,475). In PRL-oma 
the surgical approach can be offered to symptomatic patients who are resistant or cannot tolerate 
high doses of dopamine-agonists (476), or even also to microPRL-oma patients who prefer/need 
a rapid resolution of hyperprolactinemia without undergoing long-term dopamine agonist therapy 
(477). 
1ii. Medical therapies  
Dopamine-agonists are the first-line therapy of PRL-oma since they may normalize PRL values, 
decrease tumor mass and improve clinical symptoms in the most of patients (476,478). 
Carbergoline was shown to be more effective in normalizing PRL values, with fewer side effects, 
as compared to bromocriptine (475). 

First generation somatostatin receptor ligands (SRLs), octreotide LAR and lanreotide 
Autogel, are the first line medical therapy of acromegaly either when surgery fails to control 
GH/IGF-I hypersecretion or as first line therapy in patients with a low probability of surgical 
cure (471,479,480). In clinical trials, octreotide LAR and lanreotide ATG have been reported to 
normalize GH and IGF-1 in half to two thirds of the patients (481), whereas success rate was 
shown to be lower in surveys involving non-selected cohorts of patients (482). Noteworthy, the 
biochemical control of acromegaly can be improved increasing the SRL dose (483,484) and 
frequency (484) over the conventional regimens. Besides the biochemical control of acromegaly, 
SRLs can induce tumor shrinkage in more than 50% of treated patients (485,486) making these 
drugs effective as first-line therapy of acromegaly in alternative to neurosurgery when 
contraindicated or not accepted by the patients (487). When first generation SRLs fail to control 
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GH hypersecretion, pegvisomant or pasireotide can be used (487-489). Pegvisomant is a 
pegylated recombinant GH analog designed to interfere with dimerization of GH receptor and 
thus blocking production of IGF-I (490), without any direct effect on pituitary tumor. 
Normalization of IGF-I values occurs in 60% to 80% of acromegaly patients treated in the real-
life with pegvisomant (488,491). Pegvisomant has been used either alone or in combination with 
first generation SRLs or cabergoline to improve the clinical and biochemical control of 
acromegaly and to prevent the growth of pituitary tumor (492,493). Pasireotide LAR, is a 
multireceptor-targeted SRL which was shown normalize GH and IGF-I values in 20% of patients 
not responder to first generation SRLs (494). Dopamine agonists may be used in acromegaly 
patients with mild disease in whom baseline IGF-I values are close to the upper limit of normal 
range (480).  

In CD, nearly one third of patients experience in the long-term a failure of surgery and 
require an additional second-line treatment (469). Medical therapy of CD has recently become 
more important as compared to the past, due to the recent availability of drugs able to control 
cortisol secretion or action, such as pasireotide, mifepristone and adrenal steroidogenesis 
inhibitors (495-497). Pasireotide normalized urinary cortisol values in 17% to 20% of patients 
with CD (498,499). Mifepristone is a  glucocorticoid receptor antagonist that improves glucose 
tolerance, body weight, and quality of life in CD (500). Monitoring of mifepristone treatment can 
be difficult because ACTH and cortisol levels increase rather than decrease and overdosing 
causing adrenal insufficiency can occur (475). Currently available adrenal steroidogenesis 
inhibitors, including ketoconazole, metyrapone, etomidate, and mitotane, have variable efficacy 
and significant side effects, but they are not approved by the US Food and Drug Administration 
for CD (497). 

Patients with TSH-oma with persistent hyperthyroidism after neurosurgery can be treated 
with first generation SRLs which can normalize TSH and thyroid hormone levels in more than 
90% of patients and reduce tumor size in more than 40% of patients (501). 
1.iii Radiation therapy 
Radiation therapy is generally third-line treatment of hyperfunctioning pituitary adenomas, 
occasionally as second-line treatment, but rarely as first-line treatment (471,472,476,502). 
Traditionally, radiotherapy has been given in a fractionated manner at standard doses, whereas 
stereotactic radiosurgery is a more modern method that delivers a single dose of irradiation with 
high conformity and selectivity. The two approaches were shown to have comparable efficacy 
and safety (503), and the choice of the technique is generally dependent upon the tumor 
characteristics. Radiotherapy is preferred for large tumor remnants or tumors that are too close to 
optic pathways, whereas radiosurgery is preferred for smaller tumors (471).  

2.Skeletal end-points in treated acromegaly 
In cross-sectional and prospective studies, biochemical control of acromegaly was associated 
with decrease in serum levels of biochemical markers of bone turnover 
(276,278,281,289,298,302,504). This biochemical effect was accompanied by variable changes 
in BMD (289,301,302,308,310,339,505,506) and with persistently abnormal bone structure 
(337,339). As a matter of fact, structural properties of trabecular and cortical bone may be 
persistently deteriorated after reversal of GH hypersecretion, as suggested by the impairment of 
TBS during the first months of treatment in eugonadal males with acromegaly (339) and low 
bone material strength evaluated by impact microindentation in patients with long-standing 
controlled acromegaly (337) (Table 1).  
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Duration of active disease is the most important determinant of VFs in acromegaly (304) and 
the fractures are three-fold more frequent in patients with persistently active disease as compared 
to those in whom acromegaly is controlled by the treatment (302-304,318,329). However, some 
patients with controlled acromegaly still maintained high fracture risk, specifically in presence of 
untreated hypogonadism (304,321) and diabetes mellitus (507) (Table 1). Interestingly, both the 
clinical conditions did not significantly impact the risk of VFs when acromegaly was active, 
suggesting that the negative skeletal effects of abnormal glucose metabolism and lack of sex 
steroids may be overcome by those produced by continuously increased GH and IGF-I levels. 

Noteworthy, the risk of VFs persisted high in patients with controlled acromegaly and pre-
existing (i.e., prevalent) VFs (304,330). This latter finding reflects the so-called domino effect 
confirming that in acromegaly, such as in other forms of osteoporosis (438,466), VFs are always 
a hallmark of skeletal fragility. This concept is particularly important in acromegaly, where VFs 
often occurs in presence of normal or even high BMD leading to a misconsider the decrease in 
vertebral height, as assessed by quantitative morphometry, just as a radiological artifact.   

There is evidence that SRLs and pegvisomant may have pleiotropic effects on peripheral 
targets of acromegaly with potential improvement of clinical end-points regardless of the 
achievement of a strict biochemical control of disease (485,486,508). It is still unclear whether 
SRLs and pegvisomant may have direct effects on the skeleton independent of biochemical 
control of acromegaly. In a prospective study, incident VFs were reported to occur more 
frequently during treatment with pegvisomant as compared to SRLs (304). As a matter of fact, 
such a finding may reflect different severity of acromegaly in patients treated with the two drugs. 
In fact, the association between pegvisomant and incident VFs was lost after adjustment for 
activity of acromegaly (304). In a recent longitudinal study, the introduction of pegvisomant in 
the medical therapy of acromegaly (either alone or in combination with SRLs) was accompanied 
by a significant decrease in incidence of VFs, in close relationship with biochemical control of 
acromegaly (331). When acromegaly was controlled no significant difference in incident VFs 
was observed between pegvisomant and SRLs (331). 

3.Skeletal end-points in treated PRL-oma 
In patients with PRL-oma, treatment with dopamine agonists was accompanied by normalization 
of serum markers of bone turnover in relationship with normalization of PRL values and 
restoration of gonadal function (343,344). BMD values, however, only partially improved during 
treatment, remaining still lower as compared to normal control subjects (344,346-350,352,509-
512). In general, the improvement of BMD was associated with the recovery from 
hypogonadism, more than to the suppression of PRL levels (346-348,350,352,510,511). 

The effects of dopamine agonists on fracture risk are largely unknown, since only three 
cross-sectional studies investigated the prevalence of fractures in relationship with treatment of 
PRL-oma (313,354,355) (Table 2). Vestergaard et al. showed a 14% decrease of annual rate of 
clinical fractures after diagnosis of PRL-oma, suggesting a positive impact of treatment on 
fracture risk (313). Combining the studies which evaluated radiological VFs, treatment with 
dopamine agonist was accompanied by a significant decrease in fracture risk (odds ratio 0.25, CI 
95%: 0.11-0.59) (513). However, whether the treatment of PRL-oma may normalize the fracture 
risk is still unclear. In fact, male patients under treatment of PRL-oma showed still higher 
prevalence of VFs as compared to age-matched control subjects (355).  

4.Skeletal end-points in treated CD 
Correction of hypercortisolism was accompanied by marked increase in osteocalcin levels and 
moderate increase or even decrease in NTX levels (360,361). These changes in bone turnover are 
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expected to be associated with an increase in BMD, although the densitometric outcomes after 
treatment of hypercortisolism were shown to be variable with some patients recovering normal 
BMD (360,514) and others showing persistently abnormal BMD for several years after the cure 
of CD (368,515-517). Differences in duration of follow-up (359,360,517), uncertainties in the 
definition of cure of hypercortisolism (360) and potential confounding effects of hormone 
pituitary deficiencies developing after surgical treatment of CD (518) may partially explain the 
variable outcome of BMD reported in different studies, whereas the potential impact of different 
therapies of CD on skeletal end-points is still a matter of uncertainty. Changes in BMD after cure 
of CD are time-dependent and skeletal-site specific. The increase in BMD was larger and 
occurred earlier at lumbar spine as compared to total hip (360,375). Interestingly, BMD 
decreased at distal and total radius in the first 3-4 years after cure of hypercortisolism, and this 
finding was explained by a possible redistribution of bone minerals from the peripheral to axial 
skeleton (375). The recovery of BMD after cure of CD seems to occur earlier in children as 
compared to adults, likely reflecting both the rapid growth and the increase of bone turnover in 
the first decades of life (514,518). However, persistently pathological BMD was reported in 
children several years after cure of CD (519,520). Based on these data, a close densitometric 
monitoring is required in all (adults and children) treated CD patients even in those achieving 
biochemical remission of disease. 

Interestingly, improvement in lumbar spine BMD after cure of hypercortisolism was 
predicted by decrease in BMI during the follow-up period (375), suggesting a role for fat tissue 
in the pathophysiology of bone recovery after remission of CD (78). 

The close association between fragility fractures and severity of hypercortisolism (376) and 
duration of disease (365,375) suggest that an early treatment of CD may have a favorable impact 
on fracture risk (521). As a matter of fact, Vestergaard et al. reported a significant decrease in 
risk of clinical fractures early after diagnosis of CD (373) (Table 3), although it was not 
specified whether this outcome was related to correction of hypercortisolism or to other 
treatments (e.g., sex steroids or vitamin D) potentially impacting on fracture risk in this clinical 
setting (522-524). In a prospective study, no incident clinical fractures were registered over a 
period of 4 years after cure of hypercortisolism, although the number of patients with long-term 
follow-up was too low to draw definitive conclusions (375). On the other hand, high prevalence 
of VFs was reported in patients with long-standing cured CD (Table 3), although the cross-
sectional design did not allow to define the timing of fracture development and progression in 
relationship with the outcome of hypercortisolism (525). Noteworthy, patients with previous 
fractures were predisposed to develop new fractures after treatment of CD (373), confirming that 
fractures are a hallmark of skeletal fragility in CD such as observed in other pituitary diseases 
(304,438).  

In summary, the biochemical control of acromegaly, PRL-oma and CD was shown to be 
associated with a significant decrease in the risk of fractures, especially when an effective 
treatment was undertaken early after diagnosis of disease. However, some patients with cured 
pituitary disease may maintain high risk of fractures, providing the rationale to use bone-active 
drugs in this specific clinical setting (see section VIII). 

VII.B Treatment of hypopituitarism 

1.Therapeutic options 
The aim of hormone replacement is to safely eliminate or minimise the symptoms and clinical 
signs of specific hormone deficiencies. With the exception of rhGH and treatment of infertility, 
replacement therapy is consisting in the administration of target hormones. Hypoadrenalism is 
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the first deficiency that must be replaced either to prevent adrenal crisis after starting treatment 
with thyroid hormones or to better evaluate the pituitary axes that may by influenced by 
glucocorticoids, such as the GH/IGF-I axis (Giustina effect) (73,74,444). There is a significant 
heterogeneity in the type, dose, frequency and timing of glucocorticoid replacement of adrenal 
insufficiency in real-life clinical practice (526). This is increased by the absence of reliable 
biochemical or clinical markers of adequacy of glucocorticoid replacement. The guidelines 
indicate to use hydrocortisone 15-20 mg daily, whereas longer acting glucocorticoids can be used 
in some selected cases, such as nonavailability of hydrocortisone and poor compliance (444). 
Hydrocortisone has short half-life (approximately 90 minutes) (527) and multiple dosing is 
recommended to try mimicking physiological conditions. When long-acting glucocorticoids are 
used, one daily dose around 5 mg of prednisone and 0.5 mg of dexamethasone is sufficient to 
replace cortisol insufficiency (528,529). However, even when used at equivalent physiological 
doses, prednisone and dexamethasone may potentially cause unfavorable effects due to their long 
half-life not resembling the physiological daily rhythm of cortisol (530). Patients with 
hypopituitarism under treatment with rhGH and estrogens may need higher glucocorticoid dose 
as compared to patients in whom GHD and hypogonadism are not replaced, due to the inhibitory 
effects of GH on peripheral activation of cortisone in cortisol (531) and the decrease of cortisol 
bio-availability induced by estrogens (532). 

Central hypothyroidism is replaced with L-thyroxine in doses sufficient to achieve serum 
FT4 levels in the mid to upper half of the reference range, whereas TSH cannot be used to 
choose the appropriate L-T4 replacement dose. L-T4 doses in central hypothyroidism average 
1.6 µg/kg/day, based on the evidence that this hormone dose was associated with an 
improvement in several clinical end-points of central hypothyroidism (533-537). However at 
these doses, L-T4 may cause skeletal fragility, especially when GHD is replaced (see section 
VIIB.4)  

rhGH is offered to adult patients with biochemically proven GHD to improve body 
composition, exercise capacity, quality of life, cardiovascular outcomes and skeletal fragility 
(399,538). Treatment is started with low doses of rhGH (i.e., 0.1-0.4 mg per day) which are then 
uptitrated to maintain serum IGF-I in the normal range for age (444). 

Sex hormones are given in place of gonadotropins to patients with central hypogonadism 
when fertility is not an endpoint. 

2.Skeletal end-points in treated GHD 
2i.Effects of rhGH on bone turnover and calcium metabolism  
Replacement therapy with rhGH leads to an increase in bone turnover, as determined by changes 
in biochemical markers of bone resorption and bone formation (539). The effect of rhGH on 
bone remodeling is biphasic; rhGH causes a maximal effect on bone resorption after 3 months 
and on bone formation after 6 months. The effect on bone formation is sustained for prolonged 
periods of time (394,407,539-543). The effect of rhGH on biochemical markers of bone turnover 
is dose dependent (391,410,544,545), but not influenced by the modality of administration (i.e., 
continuous vs. daily administration, and daily vs. administration three times a week) (546,547). 
rhGH causes an increase in serum and urinary calcium after 3 to 6 months, an effect caused by 
calcium mobilization from the skeleton, an increase in intestinal calcium absorption and in the 
renal reabsorption of calcium due to increased sensitivity to PTH (548-551). rhGH is 
antiphosphaturic and increases the intestinal absorption of phosphate leading to an increase in 
serum phosphate levels (552-554). rhGH may normalize the circadian rhythm of PTH secretion 
(555).  

A
D

V
A

N
C

E
 A

R
T

IC
LE

:
En

d
o

cr
in

e 
R

ev
ie

w
s

Downloaded from https://academic.oup.com/edrv/advance-article-abstract/doi/10.1210/er.2018-00005/4975444
by University degli Studi Milano user
on 21 June 2018



ADVANCE A
RTIC

LE

Endocrine Reviews; Copyright 2018  DOI: 10.1210/er.2018-00005 
 

 35 

The early actions of rhGH on skeletal tissue induce activation of multiple bone remodeling 
units with consequent expansion of remodeling space and transient removal of bone during 
resorption before new bone is formed (417,539). Interestingly, a recent study reported an 
increase in circulating and cortical bone matrix protein levels of the Wnt signaling antagonist 
DKK-1 in response to 9–12 months of treatment with rhGH, consistent with the concept that 
bone formation is blunted during the first months of treatment (556).   
2ii. Effects of rhGH on BMD 
The early effects of rhGH on bone turnover may explain why randomized placebo controlled 
trials of less than a year duration showed either no significant change in BMD or some decline 
(406,408,409,412,539,549,557-561). Randomized placebo controlled trials of 18-24 months 
showed mixed results with either improvements or no effects on lumbar spine BMD (543,562). 
Longer prospective and non randomized studies reported more favorable effects of rhGH therapy 
on BMD (413,563,564). In a recent meta-analysis including 31 studies with 1340 patients (902 
treated for more than 12 months), Barake, et al. found a significant increase in lumbar spine and 
femoral neck BMD when treatment was longer than 12 months (18-180 months) (565). In 
prospective and retrospective studies of 10-15 years duration, lumbar spine BMD continued to 
increase for up to 10 years, but subsequently plateaued (413,563,564), whereas femoral neck 
BMD peaked at 5-7 years and returned to baseline at 10-15 years (413,563).  

Noteworthy, BMD may continue to increase even 18 months after rhGH discontinuation in 
contrast to the effects on body composition which were lost after the discontinuation of rhGH 
(440,566). The mechanisms underlying this effect are largely unknown. It was postulated that 
GH triggers bone remodeling, but may not be required for continued bone gain. Moreover, a 
prospective study by Appelman-Dijkstra, et al., reported a small decrease in FN BMD at 3 years 
after discontinuation of GH in patients younger than 60 (567). 

Besides the duration of treatment, the variable densitometric response to rhGH may be 
dependent on other factors, such as the timing of starting rhGH therapy after the diagnosis of 
GHD, the underlying disease causing GHD, age of patients, baseline skeletal condition, sex of 
patients and hormone replacement dose (94). 

In adult patients with childhood onset GHD, a longer delay in rhGH replacement during the 
transition period was negatively associated with bone mineralization at femoral neck (568). This 
finding is consistent with a relevant role of GH during bone mineral accrual in young adulthood 
(569) and suggests that interruptions in rhGH replacement during adulthood may be detrimental 
to bone health. Interestingly, a greater improvement in lumbar spine BMD was associated with 
older age at the onset of pituitary diseases (570). 

Johannsson, et al., in 1996 found that patients with a BMD Z-score of less than –1 responded 
significantly better compared to those with Z-score greater than –1 (~10% vs. ~ 2%) at all 
measured sites (407), but in a meta-analysis of long-term prospective studies, this association 
was found only in femoral neck (293).  

Some studies reported that a high dose of GH may cause more significant initial decline in 
BMD and that a physiologic dose is enough to produce a beneficial effect on BMD (542,571). 
However, the optimal dose to maximize BMD gain is unknown, and a meta-analysis found no 
correlation between the dose of GH and BMD change (293). 

Interestingly, men responded better than women in both randomized controlled and 
prospective studies (417,542,563,564), even when the effect was normalized for the dose of 
rhGH (542,572,573). These gender-dependent differences may be related to earlier changes in 
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bone remodeling in men as compared to women (94) and they may also reflect the different 
impact of hypogonadism in male and female subjects with GHD (574,575). 

Various pituitary disorders may lead to GHD, of which pituitary adenomas and their 
treatments are the most common in adults (389). The underlying pituitary disease may alter the 
effects of rhGH on bone mass. Patients with history of CD, as well as those with 
hyperprolactinemia and hypogonadism, showed a delayed effect of rhGH replacement therapy on 
BMD (576). 
2iii. Effects of rhGH on fractures and bone structure 
Differently from studies investigating the densitometric end-points in treated GHD (565), no 
randomized controlled clinical trials are available to evaluate the effects of rhGH on fracture risk 
in patients with GHD. Cross-sectional studies have suggested that rhGH treatment reduces the 
risk of vertebral and non-vertebral fractures in GHD  in close relationship with lag-time spanning 
between the diagnosis of GHD and initiation of therapy  (94) (Table 4). Indeed, rhGH was 
beneficial mainly in patients receiving replacement therapy shortly after the diagnosis of GHD is 
made (437).  

Underlying genetic differences may play a role in fracture risk of GHD patients. A recent 
study showed that GHD adults carrying the d3-GHR isoform had fewer VFs than the fl-GHR 
carriers, despite no difference in BMD. Authors hypothesized that GHR polymorphism may 
render better bone quality as effect of higher sensitivity to GH (577). 

The effects of rhGH therapy on fractures have been evaluated in non-randomized 
longitudinal/prospective studies (438,563,578-580) (Table 4). In a Swedish cohort of GHD 
patients treated with rhGH replacement therapy for up to 15 years, only two clinical fractures 
were reported (563), suggesting an overall protective effects of rhGH therapy on fracture risk. 
Holmer et al. retrospectively evaluated the incidence of osteoporotic and no osteoporotic clinical 
fractures in 832 patients with GHD under long-term treatment with rhGH as compared to 2581 
matched population controls (578). The study design limited the possibility of separately 
evaluating the effects of untreated and treated GHD on fracture incidence, because the person-
years risk before starting rhGH therapy was too low for a reliable interpretation of GHD-specific 
fracture risk. However, this study showed that risk of clinical fractures remained significantly 
high in treated women with childhood-onset GHD, whereas no risk increase during rhGH 
therapy was observed among childhood-onset GHD men and adult-onset GHD women (578) 
(Table 4). Interestingly, a significantly decreased incidence of fractures was reported in adult-
onset GHD men (578). These findings likely reflected the interaction between estrogen 
insufficiency, oral estrogen and the GH-IGF-I axis during the transition period in childhood-
onset GHD women and between testosterone treatment and bone health in adult-onset GHD men, 
although the potential impact of testosterone therapy on fracture risk in hypogonadal patients is 
still unclear. 

In the post-marketing multicenter Hypopituitary Control and Complication Study 
(HypoCCS), involving 9641 patients followed-up for more than 4 years, Mo et al. reported a 
40% decrease in incidence of clinical fractures during rhGH therapy as compared to untreated 
patients with GHD  (579) (Table 4). However, both treated and untreated patients with 
osteoporosis had similar fracture rates, suggesting that rhGH may not have the same protective 
action in more severe cases of bone loss (579). This hypothesis was in disagreement with 
previous studies reporting a better densitometric response to rhGH in patients with lower 
baseline BMD (94). As a matter of fact, details on BMD measurement were lacking in the study 
of Mo et al. and very few patients (8-10%) were labeled as osteoporotic (579). Therefore, debate 
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on predictive role of BMD on fracture incidence as well as on rhGH protection remains wide 
open (316,581). 

van Varsseveld et. evaluated the incidence of clinical fractures in 1028 patients with severe 
GHD included in the Dutch National Registry of Growth Hormone Treatment in Adults  (580) 
(Table 4). At the baseline and in the first years of follow-up, fracture risk did not differ between 
patients with previous non-functioning pituitary adenomas, CD and acromegaly, whereas after 6 
years, fracture risk was increased specifically in patients with previous acromegaly (580) (Table 
4). This finding suggest that rhGH replacement therapy may not fully restore bone health in 
GHD patients previously exposed to GH excess, especially when treatment of GHD is started 
late after diagnosis of disease and patients had already developed fractures before replacement 
therapy.   

Only one study prospectively evaluated the effects of rhGH replacement therapy on risk of 
radiological VFs (438) (Table 4). After six years of follow-up, risk of VFs was seven-fold higher 
in untreated as compared to treated GHD. Such a difference remained significant even after 
correction for the age of patients (i.e., untreated GHD patients were older than the treated ones). 
Interestingly, the difference in fracture risk between treated and untreated GHD became 
significant early during replacement therapy, providing first evidence that the beneficial effects 
of rhGH on bone quality and skeletal strength may anticipate the improvement of BMD, as 
assessed by DXA (438). This concept is also consistent with the results of rhGH therapy in 
adults with age-related bone loss and without hypopituitarism. In fact, a recent meta-analysis 
showed that rhGH could not improve BMD in women with age-related bone loss but was able to 
decrease fracture risk (582).  

Changes in TBS in response to rhGH treatment have also been investigated with 
controversial results. In a prospective uncontrolled study, Kuzma et al. showed a small but 
significant increase in TBS after 24 months of treatment of GHD adults (583) (Table 4). On the 
other hand, a more recent study failed to demonstrate improvement in TBS after 7 years of GH 
substitution (584) (Table 4). However, in this study baseline TBS was normal. One could argue 
that these findings could be explained by smaller GH influence on trabecular bone than on 
cortical bone. This hypothesis is supported by histomorphometric findings demonstrating an 
increase in periosteal bone formation during rhGH treatment (585), but it is inconsistent with the 
evidence that rhGH has favorable effects in reducing the risk of VFs (438). 

3.Skeletal end-points in treated central hypogonadism 
Replacement treatment with testosterone is recommended to improve skeletal health (444). 
Indeed, treatment increased BMD (454,586,587) and improved trabecular structure (588) and 
bone mechanical properties (589), whereas the impact of testosterone therapy on fracture risk is 
still unknown. In a cross-sectional study performed in 89 hypopituitary patients (25 with 
preserved gonadal function, 29 with hypogonadism in adequate replacement therapy with 
testosterone or estrogens, 35 with untreated hypogonadism) high prevalence of VFs was 
associated with untreated GHD and was not influenced by treatment of hypogonadism (436) 
(Table 4). Comparable results were provided by Tritos et al. who evaluated the prevalence of 
clinical fractures in untreated GHD patients with or without hypogonadism (455) (Table 4).   

4.Skeletal endpoints in treated central hypothyroidism 
As opposed to what happens in primary hypothyroidism, TSH cannot be used to monitor 
replacement therapy of central hypothyroidism and to determine the adequacy of L-T4 doses 
(444). Therefore, overtreatment of central hypothyroidism may easily occur especially when 
other pituitary hormone deficiencies coexist (590). For instance, GH status is a major 
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determinant of thyroid hormone biological effects by stimulating the deiodination of T4 in active 
T3 (591,592). In a recent post-hoc analysis of a study in GHD patients, Mazziotti et al. reported 
high prevalence of radiological VFs in patients receiving L-T4 doses higher than 1.3 µg/kg/d 
(593) (Table 4). Such an association was more significant in patients with treated GHD, 
consistently with the physiological concept that peripheral activation of T4 in T3 is stimulated by 
rhGH and treatment of GHD may favor higher exposure of peripheral tissues to thyroid 
hormones, whereas patients with untreated GHD may be relatively protected by thyroid hormone 
overtreatment. 

5.Skeletal end-points in treated central hypoadrenalism 
Similarly to central hypothyroidism, an overtreatment of central hypoadrenalism is frequent 
since replacement therapy do not completely mirror the endogenous hormonal production and its 
monitoring is also made difficult by the lack of good biomarkers of hormonal actions (530).  

Some studies investigated the effects of glucocorticoid replacement therapy on BMD. Lower 
BMD at lumbar spine and femoral neck was reported in women, but not in men, with treated 
central hypoadrenalism as compared to hypopituitary subjects with normal ACTH-adrenal axis 
(594). When analysis was replicated in patients undergoing replacement therapy of GHD, BMD 
was shown to improve as effect of rhGH therapy both in glucocorticoid-sufficient and in 
glucocorticoid-insufficient patients receiving a mean hydrocortisone dose of 20 mg/d (595). 
Peacey studied 6 patients with central hypoadrenalism in whom the decrease of hydrocortisone 
dose from 30 to 20 mg per day led to a mixed results with some patients improving their BMD 
and other continuing to lose bone (596). More recently, Frara et al. provided a first evidence that 
the shift of the treatment from conventional hydrocortisone to dual release hydrocortisone at 
equivalent doses induced a significant improvement in lumbar spine BMD (597) .   

Data on fractures in central hypoadrenalism are scanty (Table 4). Two large studies from the 
KIMS database showed that glucocorticoid replacement therapy was not associated with 
increased risk of clinical fractures, but these studies did not provide information about the 
glucocorticoid doses used by the patients (433,455). In a post-hoc analysis performed in 51 adult 
males with central hypoadrenalism, the use of hydrocortisone doses higher than 28 mg per day 
was associated with higher prevalence of radiological VFs, mainly when GHD was not replaced 
(598), consistently with the physiological concept that in absence of GH glucocorticoids are 
over-activated at the peripheral tissue level (1) (Table 4). 

VIII.TREATMENT WITH BONE ACTIVE AGENTS IN PITUITARY DISEASES 

 Bone active agents used to treat osteoporosis are classified as anti-resorptive and anabolic 
drugs (462). Bisphosphonates inhibit bone resorption and are the most commonly prescribed 
drugs for the treatment of osteoporosis. Bisphosphonates are approved for treatment of post-
menopausal osteoporosis, male osteoporosis and glucocorticoid-induced osteoporosis. Moreover, 
bisphosphonates were shown to be effective in other forms of secondary osteoporosis, such as in 
patients with HIV infection and those exposed to estrogen and androgen-deprivation therapies 
(599). Denosumab is a human monoclonal antibody (IgG2 immunoglobulin isotype) binding 
RANKL with high affinity and specificity and inducing a reversible inhibition of 
osteoclastogenesis and bone resorption (600). Denosumab is approved for treatment of post-
menopausal osteoporosis (601), male osteoporosis (602) and bone loss in patients with prostate 
(603) or breast cancer (604) undergoing hormone ablation therapy. Selective estrogen receptor 
modulators (SERMs), such as raloxifene and bazedoxifene, are anti-resorptive drugs approved 
for treatment of post-menopausal osteoporosis (605,606). Teriparatide is the 1-34 active 
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fragment of PTH with stimulating effects on osteoblastogenesis and bone formation when 
intermittently administered once daily (607). Teriparatide is currently the only anabolic drug 
approved for treatment of osteoporosis at high risk of fractures (608) and for glucocorticoid-
induced osteoporosis (609).  

Although treatment of pituitary hormones excess or defect generally improves skeletal 
health, some patients with cured pituitary diseases as with persistently active diseases may still 
have high fracture risk providing the rationale to use bone-active drugs in this specific clinical 
setting (Table 5). Despite the growing body of knowledge about bone fragility in acromegaly, no 
studies have been so far performed to test the efficacy and safety of anti-osteoporotic drugs in 
this clinical setting. Therefore, no evidence-based indications can be given in this regard. 
Nevertheless, use of inhibitors of osteoclastogenesis and bone resorption (i.e., bisphosphonates 
and denosumab) may have a rationale in patients with active acromegaly to counteract the 
overstimulating effects of GH and IGF-I excess on bone remodeling (Table 6) particularly in the 
presence of reduced BMD, finding which is not so frequent in patients with acromegaly. In this 
specific setting, the use of estrogens and selective-estrogen receptor modulators (e.g., raloxifene) 
may have rationale based on their concomitant inhibitory effects on IGF-I production (610) and 
bone resorption (605). When a progression of skeletal fragility and VFs occurs in patients with 
controlled acromegaly (304,330), an anabolic option may be perhaps considered in order to 
restore the impairment of bone quality reported in patients treated for acromegaly (339,611).  

The only few studies investigating the efficacy of bone active agents in pituitary diseases 
were performed in patients with CD and GHD (Table 5). Di Somma et al. evaluated the effects 
of alendronate in a small group of patients with active (10 cases) and inactive (11 cases) CD 
during 12-month follow-up (612) (Table 5). Treatment with alendronate (in combination with 
ketoconazole) induced a significant increase in serum osteocalcin and decrease in serum NTx 
values, accompanied by a significant increase of lumbar spine and femoral neck BMD. These 
results may support the use of anti-resorptive drugs in patients with persistently active CD, 
whereas it is uncertain whether this approach could be useful when CD patients are cured (521). 
As a matter of fact, it should be considered that bisphosphonates may potentially delay the 
recovery of bone remodeling after resolution of endogenous hypercortisolism. In this context, 
teriparatide with its stimulating effects on bone turnover may be an interesting therapeutic 
option, as suggested by anecdotal data showing favorable effects of this drug on BMD and TBS 
after cure of CD (613,614).  

Four studies evaluated the efficacy of alendronate in hypopituitary patients with GHD (Table 
5). Valk et al. evaluated the effects of pamidronate in preventing the increase in bone resorption 
induced by rhGH in the first months of replacement therapy (615). The bisphosphonate, 
administered up-front in 6 GHD patients treated with rhGH, attenuated the increase in bone 
turnover and prevented the decline in BMD eventually observed in the first months of GH 
substitutution. In fact, lumbar spine bone mineral content increased by three percent after 6 
months of treatment with rhGH and pamidronate (615). Biermasz et al. evaluated the effects of 
alendronate combined to rhGH after 3 years of stable replacement therapy in 18 GHD patients 
with osteoporosis (616). During 12-month treatment, alendronate induced a significant decrease 
in serum bone markers of bone turnover values, with a more pronounced reduction in NTX vs. 
osteocalcin and alkaline phosphatase (616). Interestingly, after 12 months of follow-up lumbar 
spine BMD increased by 4.4% during rhGH+alendronate therapy as compared to decrease of 
0.7% in patients treated with rhGH alone (616). No changes in femoral neck BMD were 
observed within the study period in either group, possibly due to the short-term follow-up. 
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Noteworthy, the improvement in lumbar spine BMD correlated with decrease in markers of bone 
turnover (616), as repeatedly shown with the use of bisphosphonates in the setting of primary 
osteoporosis (617). The same group evaluated the long-term effects of adding alendronate in 
patients receiving stable rhGH replacement therapy (618). After 3 years of combined treatment 
rhGH+alendronate, BMD increased by 8.7% and 3.5% at lumbar spine and femoral neck, and 
these changes were statistically significant as compared to those occurring in patients treated 
with rhGH alone (618). The beneficial effects of alendronate on BMD were accompanied by a 
decrease in VF incidence, although the study was not powered for this end-point. In fact, 5 
osteoporotic GHD patients had a total of 12 VFs before starting alendronate, whereas only one of 
these patients developed two new VFs within the first year of treatment with alendronate (618). 
More recently, White et al. evaluated the effects of alendronate in combination with rhGH on 
PTH sensitivity, bone turnover and BMD in 14 GHD patients (8 naïve and 6 under chronic 
replacement therapy) (619). Alendronate attenuated the rhGH-mediated improvement in renal 
PTH sensitivity and the increase in renal phosphate reabsorption, which occurred later as 
compared to patients treated with rhGH alone (619). Consistently with the results of the previous 
study (615), alendronate induced a significant decrease in bone resorption when given up-front to 
naïve GHD patients, which combined with the increase in osteocalcin may explain the greater 
increase in BMD observed in the rhGH+alendronate group as compared with rhGH therapy 
alone (619).  

These findings suggest that anti-resorptive agents, specifically alendronate may be used to 
prevent bone loss during the first months of rhGH therapy in GHD patients. Based on these data, 
it can be hypothesized also a possible effectiveness of bisphosphonates in active acromegaly (see 
above). Moreover, there is also evidence that the long-term use of rhGH does not preclude a 
beneficial effect of antiresorptive agents in GHD patients with osteoporosis. A question that 
remains unsolved is whether bisphosphonate treatment alone is able to increase BMD in not 
rhGH-substituted GHD patient with a low bone turnover state. Nevertheless, one could probably 
expect favorable clinical results also in these patients as shown in other low bone turnover states 
associated with corticosteroid use as well as in elderly patients with postmenopausal osteoporosis 
in whom bisphosphonates have been shown to be effective in increasing BMD and decreasing 
fracture risk (462). 

IX.FUTURE DIRECTIONS AND CONCLUSIONS  

Pituitary diseases are burdened by relevant osteometabolic derangements. Assessment of bone 
status should be consistently part of the diagnostic and follow-up approach to such diseases. To 
this end, a bone expert should be involved in the management of skeletal complications of 
pituitary patients since the best mix of diagnostic tools must be chosen based on the specific 
underlying diseases. Since in most cases the densitometric evaluation by DXA is not enough 
informative concerning the fracture risk (1), the morphometric vertebral evaluation currently 
represents the mainstay of the skeletal investigation in patients with pituitary diseases. 
Advantages of this approach are represented by its cost/effectiveness, convenience for the 
patients, ability to target the most precocious and severe type of bone involvement (trabecular 
bone) and to disclose not a theoretical but an actualized risk of fracture. The main drawback of 
this approach is the relatively delayed information concerning the severity of bone involvement. 
Therefore, the morphometric vertebral evaluation is likely to remain the method of choice for 
assessing the bone status in patients under long-term follow-up, i.e. those at presumably higher 
risk of already bearing a clinical event. In fact, those patients not fractured after many years of 
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disease can be thought to be in some ways protected by a relevant skeletal involvement. On the 
other hand, this approach is not probably the best to predict the risk of fracture in patients at 
diagnosis, i.e. those with a presumably low disease load. In these latter patients, the 
densitometric and morphometric evaluation by DXA should be probably more effectively 
accompanied by methods evaluating the quality of bone, such as TBS, in order to allow a better 
prediction of patients candidate to develop a severe bone complication and also to plan a targeted 
and more informative skeletal follow-up. Since no specific guidelines have been so far published 
on this topic, the monitoring of skeletal health in pituitary diseases cannot be evidence-based. 
However, based on our experience achieved in other forms of secondary osteoporosis, such as 
exogenous GIO (620), hormone-deprivation therapy (621) and primary hyperparathyroidism 
(622), one could suggest to perform a regular fracture risk re-assessment every 12-24 months 
(according to baseline severity of bone disease), by measurement of BMD and, if available, TBS 
by DXA. In patients with pre-existing VFs, regular vertebral morphometric evaluation should be 
indicated, since independently of the disease status, this represents the condition at highest risk 
of subsequent fracture. In patients without VFs at the beginning of follow-up, vertebral 
morphometry should be re-evaluated only in cases of decreased BMD, even when the disease in 
biochemically controlled. Clinical manifestations (e.g. exacerbation of back pain) may trigger re-
evaluation of bone status (with DXA BMD and morphometric evaluation) at any stage of the 
pituitary disease independently of the control of the disease.  

Therefore, in the future Pituitary Center of Excellence (473) a bone clinic with adequate 
variety of bone investigation tools should be available to help the pituitary expert in the 
management of this epidemiologically and clinically high-impact complication.  

 Research concerning pituitary diseases and bone is very active and many open issues on 
both pathophysiological and clinical aspects are in the agenda waiting to be solved. 
Pathophysiologically, the reciprocal role of pituitary and peripheral hormones in the 
pathogenesis of bone damage remains to be fully clarified and the study of human models in 
which their role can be consistently separated is particularly relevant. Moreover, the cellular and 
molecular mechanisms through which high GH and IGF-I may cause bone damage in humans 
still remain to be clarified (275). Clinically, the fracture predictive role of methods assessing 
bone quality and microstructure in vivo needs to be fully elucidated. In fact, although HR-pQCT 
is apparently the gold standard in the arena, its costs make its availability for routine evaluation 
not realistic. Other more cost-effective and easy applicable methods, such as TBS (338,339), CT 
cone-beam (335) and microidentation (this latter being microinvasive) (337) have been proposed 
in small single-center studies exclusively in acromegaly patients, but their widespread 
application particularly in routine clinical practice still needs to be validated by large pituitary 
patient population-studies. 

Another so far almost unexplored territory is the role of bone-active drugs in the treatment of 
bone complications in pituitary diseases. This topic is particularly relevant in fractured 
hyperpituitary patients (particularly in acromegaly and in CD) in whom the cure of underlying 
disease is difficult to achieve (469,487). In this clinical setting, opposite approach with anabolic 
treatment would be preferred in CD (623) and anti-resorptive treatment in acromegaly (275) 
unless pathogenetic treatments [i.e., with bone active molecules specifically affected by the 
underlying diseases (611,624,625)] will be available in the future. 

Another aspect to be discussed is the replacement therapy in patients with GHD. For mainly 
economic reasons the substitution with rhGH has become progressively less popular in our 
health systems and among endocrinologists. However, the burden of fractures in hypopituitarism 
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is high and aggravated by concomitant possible overtreatment of cortisol (530) and thyroid 
hormone deficiencies (593). To prevent or treat bone loss in the GHD patients who are decided 
not to be treated with rhGH is a clear unmet clinical need and cannot be simply overlooked by us 
as clinicians in our clinical practice. An intriguing pharmaco-economic topic of discussion could 
be if bone anabolic treatments, i.e. teriparatide, may be more cost-effective in GHD than its 
pathophysiological treatment with rhGH. Ad hoc clinical trials to test the efficacy of fracture 
preventive strategies in pituitary diseases are recommended. Even considered the relative rarity 
of pituitary diseases, the high incidence of bone-related events makes this kind of studies 
possible in those populations, despite the need of multicenter trials with long follow-up. 
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Figure 1: Interplays between pituitary hormones and endocrine/local modulators of bone 
remodeling. 

Figure 2: Biphasic model of the effects of GH at different levels on skeletal strength and fracture 
risk. 

Figure 3: Proposed model showing the relative effects of high FSH and low estradiol on risk of 
fractures in women during the menopause transition and in the post-menopausal period. 

Figure 4: Proposed model showing the relative effects of low and low-normal TSH and high 
thyroid hormone levels on risk of fractures in humans. 
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Figure 5: Gender-related prevalence and incidence of vertebral fractures (VFs) in patients with 
acromegaly. Paired data from studies analyzing males and females under the same experimental 
conditions are reported. 

Table 1: Studies evaluating fragility fractures and/or bone structure in untreated and treated 
acromegaly, reported in chronological order. 

Study Study design Pts. (Sex%) Active/Controlled 
acromegaly 

End-points Main Results 

Vestergaard, 2002 
(313) 

Retrospective 108 (52%F) NS Clinical fractures ↔ Clinical fractures 

Ueland, 2002(332) Cross-sectional 13 (85%M) 13/0 Bone microstructure and 
strength  

↓Trabecular bone 
density and 
biochemical 
competence  

Vestergaard, 
2004(314) 

Retrospective 206 (50%F) NS Clinical fractures ↓Clinical fractures 

Bonadonna, 
2005(302) 

Cross-sectional 36 (100%F) 15/21 Morphometric VFs ↑VFs in active 
disease ↔ BMD in 
fractured pts. 

Mazziotti, 
2008(303) 

Cross-sectional 40 (100%M) 15/25 Morphometric VFs ↑VFs in active 
disease ↔ BMD in 
fractured pts. 

Battista, 2009(329) Retrospective, 
longitudinal 

46 (50%F) 22/24 Morphometric VFs ↑ Incident VFs in 
HypoG 

Wassenaar, 
2011(317) 

Cross-sectional 89 (54%F) 0/89 Morphometric VFs ↑VFs in HypoG ↔ 
BMD in fractured pts. 

Padova, 2011(309) Cross-sectional 20 (60%F) 12/8 Morphometric VFs ↔ BMD in fractured 
pts. 

Mazziotti, 
2011(507) 

Cross-sectional 57 (100%M) 21/36 Morphometric VFs ↑VFs in diabetes 

Madeira, 2013(318) Cross-sectional 75 (71%F) 54/21 Morphometric VFs  ↑VFs in hypoG and 
active disease 

Madeira, 2013(333) Cross-sectional 82 (61%F) 50/32 Bone microstructure  ↓BV/TV, DTrab, 
TbN   

Mazziotti, 
2013(304) 

Prospective 88 (62%F) 14/74 Morphometric VFs ↑Incident VFs in 
active disease 
↑Incident VFs in pts. 
with controlled 
disease and HypoG 
or prevalent VFs  

Claessen, 2013(330) Prospective 49 (63%F) 0/49 Morphometric VFs ↑Incident VFs in 
controlled disease 
with prevalent VFs 

Brzana, 2014(319) Cross-sectional 32 (72%F) 16/16 Morphometric VFs ↔ FRAX score in 
fractured pts. 

Mormando 
2014(320) 

Cross-sectional 109 (56%F) 36/73 Morphometric VFs ↑VFs in relationship 
with d3-GHR 
polymorphism 

Hong, 2016(338) Cross-sectional 33 (58%F) 33/0 TBS ↓TBS  
Maffezzoni, 
2016(335) 

Cross-sectional 40 (60%F) 20/20 Bone microstructure; 
Morphometric VFs 

↓BV/TV and ↑TbS 
and cortical porosity 
in fractured pts. 

Godang, 2016(339) Prospective 48 (100%M) 0/48 TBS ↓TBS 
Malgo, 2017(337) Cross-sectional 48 (54%M) 0/48 Cortical bone strength 

Morphometric VFs. 
↓BMSi ↔ BMSi in 
fractured pts. 

Silva, 2017(334) Cross-sectional 16 (100%M) 16/0 Bone microstructure and 
strength 

↑Ct.area, Ct.Th, 
cortical pore volume 
and cortical porosity 
and ↓Trabecular bone 
density  

Petrossians, 
2017(315) 

Retrospective 3173 (54%F) 3173/0 Clinical fractures ↑ Clinical fractures in 
relationship with the 
age of pts.  

Dalle Carbonare, Cross-sectional 12 (83%M) 6/6 Histomorphometry ↓BV/TV and ↑TbS, 
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2018(336) Morphometric VFs Co.Th and porosity in 
fractured pts. 

Chiloiro, 2018(321) Cross-sectional 38 (66%F) 8/30 Morphometric VFs ↑VFs in HypoG and 
active disease  

Chiloiro 2018(331) Retrospective, 
longitudinal 

83 (58%) 11/72 Morphometric VFs ↓incident VFs during 
PegV therapy ↔ 
incident VFs in SRLs 
vs. PegV  

BMD, bone mineral density; BMSi, bone material strength index; BV/TV, trabecular bone volume to tissue volume; 
Ct.area, cortical area; Ct.Th., cortical thickness; d3-GHR, carrier of deletion of exon-3 in growth hormone receptor 
gene; DTrab, trabecular diameter; F, female; HypoG, hypogonadism; M, male; NS, not specified; pts., patients; 
PegV, pegvisomant; SRLs, somatostatin receptor ligands; TBS, trabecular bone score; TbN, trabecula number; TbS, 
inter-trabecular space; VFs, vertebral fractures; ↑, increased; ↓, decreased; ↔, unchanged. 

Table 2: Studies evaluating fragility fractures in untreated and treated PRL-oma, reported in 
chronological order. 

Study Study design Pts. 
(Sex%) 

Untreated/treated pts. End-points Main Results 

Vestergaard, 
2002(313) 

Retrospective 85 (78% F) 11/74 Clinical fractures ↑ Clinical fractures  

Mazziotti, 
2011(354) 

Cross-sectional 78 (100% 
F) 

37/41 Morphometric VFs ↑VFs in relationship with 
hyperprolactinemia  

Mazziotti, 
2011(355) 

Cross-sectional 32 (100% 
M) 

9/23 Morphometric VFs ↑VFs in relationship with 
hyperprolactinemia 

Soto-Pedre, 
2017(353) 

Retrospective 331 (78% 
F) 

NS Clinical fractures ↔ Clinical fractures 

F, female; M, male; NS, not specified; pts., patients; VFs, vertebral fractures; ↑, increased; ↓, decreased; ↔, 

unchanged. 

Table 3: Studies evaluating fragility fractures and/or bone structure in untreated and treated CD, 
reported in chronological order. 

Study Study design Pts.  
(Sex%) 

Active/Remission End-points Main Results 

Chiodini, 1998(358)  Cross-sectional 18 
(100% F) 

18/0 Bone microstructure  ↓Trabecular BMD 

Faggiano, 2001(525) Cross-sectional 36 
(75%F) 

0/36 Radiological VFs ↑ VFs 

Vestergaard, 
2002(373) 

Retrospective 76 (72% 
F) 

NS Clinical fractures ↑ Clinical fractures  

Ohmori, 2003(362) Retrospective 19 
(100% F) 

NS Morphometric VFs; Clinical 
fractures 

↓Clinical fractures in CD vs. 
adrenal CS 

Tauchmanova, 
2006(363) 

Cross-sectional 37 (57% 
F) 

37/0 Morphometric VFs ↑VFs ↔VFs in CD vs. adrenal CS 

Tauchmanova, 
2007(374) 

Cross-sectional 26 
(100%F) 

26/0 Morphometric VFs ↔VFs in overCD vs. subCD ↑VFs 
in subCD with HypoG 

Futo, 2008(375) Cross-sectional 41 (80% 
F) 

41/0 Clinical fractures ↔Fractures in CD vs. adrenal CS 

Valassi, 2011(364) Retrospective 317 
(81% F) 

317/0 Clinical fractures ↓VFs in CD vs. ectopic CS ↑VFs 
and ribs fractures in M  

Trementino, 
2014(365) 

Retrospective 38 (84% 
F) 

38/0 Clinical fractures; 
Morphometric VFs. 

↔Fractures in CD vs. adrenal CS 

Belaya, 2015(376) Retrospective 152 
(82% F) 

152/0 Clinical fractures; 
Morphometric VFs; TBS 

↑ Total fractures in M ↔TBS in 
fractured pts. 

Dos Santos, 
2015(366) 

Cross-sectional 30* 
(80%F) 

16/14 Bone microstructure; 
Morphometric VFs; Clinical 

fractures 

↓Ct.area, Ct.th, Ct.vBMD in active 
disease ↔ HR-pQCT parameters in 
fractured pts. 

BMD, bone mineral density; CD, Cushing disease; CS, Cushing syndrome; Ct.area, mean area of cortical bone; 
Ct.Th, cortical thickness; Ct.vBMD, volumetric bone mineral density of cortical bone; F, female;  HR-pQCT, high-
resolution quantitative computed tomography; M, male; TBS, trabecular bone score; VFs, vertebral fractures; ↑, 
increased; ↓, decreased; ↔, unchanged.*, 22 patients had CD. 
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Table 4: Studies evaluating fragility fractures and/or bone structure in untreated and treated 
hypopituitarism, reported in chronological order. 

Study Study design Pts. 
(Sex%) 

Untreated/treated 
pts. 

End-points Main Results 

Bravenboer, 
1996(439) 

Cross-
sectional 

36 
(100%M) 

36/0 Histomorphometry  ↔Trabecular structure 

Rosen, 
1997(435) 

Retrospective 107 
(63%M) 

107/0 Clinical fractures ↑Clinical fractures  

Wuster, 
2001(433) 

Retrospective 2084 
(53%M) 

813/1271 Clinical fractures ↑Clinical fractures ↓Clinical fractures in 
treated vs. untreated GHD 

Vestergaard, 
2002(313) 

Retrospective 199 (NS) 107/92 Clinical fractures ↑Clinical fractures in association to severity of 
GHD 

Bouillon, 
2004(423) 

Retrospective 66 
(58%M) 

43/23 Clinical fractures ↑Clinical fractures in relationship with 
multiple pituitary deficiencies 

Bravenboer 
2005(585) 

Prospective 11 
(100%M) 

0/11 Histomorphometry ↑MAR, mineralization lag time and activation 
frequency after treatment of GHD  

Mazziotti, 
2006(437) 

Cross-
sectional 

107 
(63%M) 

42/65 Morphometric VFs ↑VFs ↓VFs in treated vs. untreated GHD 

Holmer, 
2007(578) 

Retrospective 832 
(52%M) 

0/832 Clinical fractures ↑Clinical fractures in F with CO-GHD 
↓Clinical fractures in M with CO-and AO-
GHD 

Mazziotti, 
2008(436) 

Cross-
sectional 

89 
(67%M) 

56/33 (GHD) Morphometric VFs ↔VFs in HypoG 
35/25 a(HypoG) 

Mazziotti, 
2010(598) 

Cross-
sectional 

51 
(100%M) 

30/21 (GHD) Morphometric VFs ↑VFs in untreated GHD + HypoA treated with 
high corticosteroid dose  0/51 (HypoA) 

Tritos, 
2011(455) 

Retrospective 1218 
(53%F) 

1218/0 (GHD) Clinical fractures ↔Clinical fractures in treated HypoG, HypoA 
and HypoT 212/736a(HypoG) 

0/834a (HypoA) 
0/870a (HypoT) 

Elbornsson, 
2012(563) 

Prospective 122 
(57%M) 

0/122 Clinical fractures ↔Fractures after treatment of GHD 

Kuzma, 
2014(583) 

Prospective 147 
(57%M) 

0/147 TBS ↑TBS after treatment of GHD  

Mazziotti, 
2014(593) 

Cross-
sectional 

74 
(58%M) 

36/38 (GHD) Morphometric VFs ↑VFs in treated GHD + HypoT treated with 
high L-T4 dose  0/74 (HypoT) 

Mo, 2015(579) Prospective 9641 
(53%M) 

1267/8374 Clinical fractures ↓ Clinical fractures after treatment of GHD 

Allo Miguel, 
2016(584) 

Prospective 18 
(50%F) 

0/18 TBS ↔TBS after treatment of GHD 

Mazziotti, 
2016(438) 

Prospective 40 
(70%M) 

21/19 Morphometric VFs ↓Incident VFs after treatment of GHD 
↑Incident VFs in pts. with pre-existing VFs  

Mormando, 
2016(577) 

Cross-
sectional 

93 
(54%M) 

36/57 Morphometric VFs ↓VFs in relationship with d3-GHR 
polymorphism 

Van 
Varsseveld, 
2016(580) 

Retrospective, 
longitudinal 

1028 
(55%M) 

0/1028 Clinical fractures ↑Clinical fractures in Acro-GHD vs.CD-GHD. 

Silva, 2017(334) Cross-
sectional 

16 
(100%M) 

16/0 Bone microstructure  ↔Trabecular and cortical structure 

Acro-GHD, growth hormone deficiency developing after treatment of acromegaly; AO-GHD, adult-onset growth 
hormone deficiency; CD-GHD, growth hormone deficiency developing after treatment of Cushing disease; CO-
GHD, childhood-onset growth hormone deficiency; d3-GHR, carrier of deletion of exon-3 in growth hormone 
receptor gene; F, female; GHD, growth hormone deficiency; HypoA, hypoadrenalism; HypoG, hypogonadism; 
HypoT, hypothyroidism; M, male; MAR, mineral apposition rate; pts., patients; TBS, trabecular bone score; VFs, 
vertebral fractures; ↑, increased; ↓, decreased; ↔, unchanged. 

a, the remaining patients had normal function. 

Table 5: Studies evaluating the skeletal effects of bone-active drugs in patients with pituitary 
diseases, reported in chronological order. 

Study Study design Pituitary 
disease 

Pts. Active/Cured 
disease 

Bone-active 
drug 

Follow-up 
(months) 

Main Results 

Valk, 
1995(615) 

Prospective  GHD 6 (50%F) 0/6 Pamidronate 6 ↑LS BMC in GHD 
treated with 
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rhGH+pamidronate vs. 
rhGH alone  

Di Somma, 
1998(612) 

Prospective CD 21 
(57%M) 

10/11 Alendronate 12 ↓NTX, ↑Osteocalcin 
and ↑BMD in cured CD 
treated with alendronate 
vs. baseline 

Biermasz, 
2001(616) 

Prospective GHD 9 (67%M) 0/9 Alendronate 12 ↓NTX and ↑BMD  in 
rhGH+alendronate 
treated GHD vs. 
baseline  

Biermasz, 
2004(618) 

Prospective GHD 30 
(60%M) 

0/30 Alendronate 36 ↑BMD and ↓VFs in 
GHD treated with 
rhGH+alendronate vs. 
rhGH alone 

White, 
2011(619) 

Prospective GHD 14 
(64%M) 

8/6 Alendronate 12 ↑BMD in naive and 
non-naive GHD treated 
with rhGH+alendronate 
vs. rhGH alone 

Han, 
2012(613) 

Clinical case 
report 

CD 1 (F) 0/1 Teriparatide 6 ↑BMD vs. baseline. 

Kim, 
2015(614) 

Clinical case 
report 

CD 1 (M) 0/1 Teriparatide 24 ↑BMD vs. baseline; 
↑TBS vs. baseline. 

BMC, bone mineral content; BMD, bone mineral density; CD, Cushing disease; GHD, growth hormone deficiency; 
rhGH, recombinant human GH; ; NTX, collagen type 1 cross-linked N-telopeptide; Pts., patients; TBS, trabecular 
bone score; ↑, increased; ↓, decreased; ↔, unchanged. 

Table 6: Schematic picture of bone derangements in pituitary diseases. 

Pituitary disease Bone formation Bone resorption BMD Non-vertebral 
fractures 

Vertebral fractures 

Acromegaly ↑ ↑ ↔ ↔ ↑ 
PRL-oma ↓ ↑ ↓ ↑ ↑ 
CD ↓ ↑ ↓ ↑ ↑ 
TSH-oma ↑ ↑ ↓*  NE NE 
Hypopituitarism ↓ ↓ ↓ ↑ ↑ 

PRL-oma, prolactin-secreting pituitary adenoma; CD, Cushing disease, TSH-oma, thyrotropin-secreting pituitary 
adenoma: ↑, increased; ↓, decreased; ↔, unchanged. NE, not evaluated. *, anecdotal report. 
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Abstract
The microbiota is a complex ecosystem of microorganisms consisting of bacteria, viruses, protozoa, and fungi, living in
different districts of the human body, such as the gastro-enteric tube, skin, mouth, respiratory system, and the vagina. Over
70% of the microbiota lives in the gastrointestinal tract in a mutually beneficial relationship with its host. The microbiota
plays a major role in many metabolic functions, including modulation of glucose and lipid homeostasis, regulation of satiety,
production of energy and vitamins. It exerts a role in the regulation of several biochemical and physiological mechanisms
through the production of metabolites and substances. In addition, the microbiota has important anti-carcinogenetic and anti-
inflammatory actions. There is growing evidence that any modification in the microbiota composition can lead to several
diseases, including metabolic diseases, such as obesity and diabetes, and cardiovascular diseases. This is because alterations
in the microbiota composition can cause insulin resistance, inflammation, vascular, and metabolic disorders. The causes of
the microbiota alterations and the mechanisms by which microbiota modifications can act on the development of metabolic
and cardiovascular diseases have been reported. Current and future preventive and therapeutic strategies to prevent these
diseases by an adequate modulation of the microbiota have been also discussed.

Key words Microbiota ● Microbiome ● Diabetes ● Obesity ● Cardiovascular disease ● Metabolic syndrome

Abbreviations
AMPK AMP-Activated protein kinase
CVD Cardiovascular diseases
FIAF Fasting-induced adipose factor
FMI Fecal microbiota transplant
GLP-1 Glucagon-like peptide 1
GLP-2 Glucagon-like peptide-2
HDL High-density lipoprotein
HFD High-fat diet
IR Insulin resistance
LPL Lipoprotein lipase
LPS Lipopolysaccharide

MS Metabolic syndrome
PYY Peptide YY
RYGB Roux-en-Y bypass
SCFAs Short-chain fatty acids
T1D Type 1 diabetes
T2D Type 2 diabetes
TLR4 Toll-like receptor 4
TMAO Trimethylamine-N-oxide
VLDL Very low-density lipoprotein

These authors contributed equally: Alessia Pascale, Nicoletta
Marchesi.

* Carmine Gazzaruso
c.gazzaruso@gmail.com

1 Department of Drug Sciences, Pharmacology section, University of
Pavia, 27100 Pavia, Italy

2 Diabetes and endocrine and metabolic diseases Unit and the Centre
for Applied Clinical Research (Ce.R.C.A.) Clinical Institute “Beato
Matteo” (Hospital Group San Donato), 27029 Vigevano, Italy

3 Department of Biomedical Sciences for Health, University of
Milan, 20100 Milan, Italy

4 Metabolism Research Center, IRCCS Policlinico San Donato,
20097 San Donato Milanese, Italy

5 Chair of Endocrinology San Raffaele Vita-Salute University,
Milan, Italy

12
34

56
78

90
()
;,:

12
34
56
78
90
();
,:

http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-018-1605-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-018-1605-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1007/s12020-018-1605-5&domain=pdf
http://orcid.org/0000-0001-9974-0735
http://orcid.org/0000-0001-9974-0735
http://orcid.org/0000-0001-9974-0735
http://orcid.org/0000-0001-9974-0735
http://orcid.org/0000-0001-9974-0735
mailto:c.gazzaruso@gmail.com


The gut microbiota

The microbiota is a complex ecosystem of microorganisms
consisting of bacteria, viruses, protozoa, and fungi, living in
different districts of the human body, such as the gastro-
enteric tube, skin, mouth, respiratory system and the vagina
[1]. Over 70% of the microbiota lives in the gastrointestinal
tract and in a mutually beneficial relationship with its host,
steadily increasing from the gastric lumen to the small
intestine up to the colon/rectum, where it reaches its max-
imum concentration.

The development of the microbiota occurs immediately
after birth and its original composition is strongly influ-
enced by genetic and environmental factors, type of birth—
whether natural or cesarean—as well as by early-life
nutrition—whether natural or artificial [2–4]. The micro-
biota, of which bacteria constitute the predominant taxo-
nomic group, weighs approximately 1.5 kilograms, and it is
believed to be composed of more than 100 trillion micro-
organisms, a number that exceeds ten times that of the host
cells [1]. The intestinal habitat contains some 500 to 1000
different species of microorganisms, with a wide inter-
individual variability [5], since every individual has its own
bacterial fingerprint, as well as a “common core” of at least
57 species [6]. There are two dominant bacterial phyla,
namely the Bacteroidetes and the Firmicutes, which con-
stitute more than 90% of the phylogenetic categories
populating the distal part of the human intestine. The phyla
and their most represented genera, together with some of
their roles in metabolic and gut functions control, are
reported in Table 1.

Every single microorganism composing the microbiota
has a precise genetic background [7], and in this regard, the
term ‘‘microbiome’’, coined for the first time by Joshua
Lederberg to “signify the ecological community of com-
mensal, symbiotic, and pathogenic microorganisms that
literally share our body space and have been all but ignored
as determinants of health and disease” [8], refers to the
genetic information (genome) of the microbiota as a whole.
The microbiome counts a number of genes that is 250–800
times higher than the human’s and yields several important
substances that our body would not be able to produce
otherwise. Indeed, the microbiota can supply essential
nutrients, synthesize the vitamin K and many other vita-
mins, mainly those belonging to the B complex, contribute
to the digestion of cellulose, promote angiogenesis, and
enteric nerve functions [9–11].

It is believed that the microbiota is responsible for more
than 98% of the genetic activity of the organism, as if it
were a “second genome” for the human body [8]. Therefore,
it has also been assumed that the microbiota might represent
an additional endocrine system for the human being, as it
can produce a wealth of substances necessary for the

activity and proper functioning of organs and systems.
Moreover, the intestinal bacterial flora plays an essential
role in protecting the host health, as it covers metabolic,
structural, and protective functions [12]. Molecular analysis
has shown that commensal bacteria modulate the expression
of genes involved in several important intestinal and extra
intestinal functions, including xenobiotic metabolism, post-
natal intestinal maturation, nutrients uptake, and mucosal
barrier fortification [13] (Fig. 1). Furthermore, the gut
microbiota has a strong impact on drug metabolism with
consequent effects on drug pharmacokinetics [14].

Microbiota is involved in the regulation of metabolic
mechanisms of the body. In addition, many studies
showed that abnormalities in the microbiota composition
are often associated to the presence of common metabolic
diseases, such as obesity, type 2 diabetes, lipid disorders,
metabolic syndrome. This can lead to an increased risk for
atherothrombosis. On the other hand there is strong evi-
dence that microbiota can play a direct role in the physio-
pathological mechanisms of atherothrombosis indepen-
dently of the association with the metabolic diseases.
However, data available in the literature on the relation-
ship between microbiota and metabolic diseases are not
reported in a systematic manner and are sometimes con-
flicting or partial. Therefore, the present review is focused
on the most recent findings on this relationship with the
aim to give a comprehensive, up-to-date and systematic
overview on the topic. To find data for this review,
searches in MEDLINE, Cochrane Central Register of
controlled trials, and SCOPUS were conducted from 1990
to January 2018. The following terms were used in the
search: microbiota, microbiome, obesity, type 2 diabetes,
prediabetes, lipids, hypertension, metabolic syndrome,
cardiovascular risk. All papers, including randomized
controlled trials, meta-analyses, narrative and systematic
reviews, guidelines, position statement, recommendations
of expert panels, and basic and clinical studies were
considered. Three investigators (C.G., A.P., and N.M.)
have evaluate all relevant papers to be included into the
present review.

Metabolic functions of the microbiota

Since mammals can absorb simple sugars in the small
intestine but have a limited intrinsic capacity to digest
polysaccharides, all undigested elements constitute the main
substrate for the maintenance and proliferation of the
intestinal flora, representing the main source of energy in
the colon [15, 16]. Since the genetic and species variability
of the microbiota provides different enzymatic, biochem-
ical, and metabolic pathways relating to the host’s, the result
is the extraction of energy and absorbable substrates for the
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host, as well as the supply of energy and nutrients for the
proliferation of the same resident bacterial species [11]. For
these reasons, the microbiota is considered a metabolic
active organ [17]. Commensal intestinal bacteria, mainly
Bacteroidetes (Bacteroides and Prevotella), Firmicutes and
Actinobacteria, get energy from the fermentation and
transformation of undigested food substrates, particularly
from the fermentation of carbohydrates. Non-digestible
polysaccharides are degraded into monosaccharides, and
subsequently converted into bacterial fermentation pro-
ducts, especially short-chain fatty acids (SCFAs) and gases
(CO2 and H2) [18, 19]. The daily availability of substrates in

adults is about 20–60 g of proteins and 5–20 g of carbo-
hydrates. In the cecum and ascending colon, where the pH
is rather acidic (between 5 and 6) and the bacterial growth
rapid, the fermentation process reaches high levels, with an
abundant production of SCFAs. On the contrary, in the
distal colon, where the pH is almost neutral, the substrate
availability declines, the putrefactive processes become
quantitatively more important and the activity of the bac-
terial population decreases significantly. The metabolic end-
point is therefore represented by the production of SCFAs
(acetate, propionate, butyrate in the ratio 60:25:15), that
exert a powerful trophic and energetic action in the

Table 1 Phyla and their genera in gut: putative relationships with metabolic and gut functions

Phyla Genera Functions in Gut

Firmicutes
(Gram-positive)

Anaerostipes
Bacillus
Clostridium
Coprococcus
Enterococcus
Eubacterium
Faecalibacterium
Lactobacillus
Lactococcus
Megasphaera
Mycoplasma
Peptostreptococcus
Phascolarctobacterium
Pseudobutyrivibrio
Roseburia
Ruminococcus
Staphylococcus
Streptococcus
Veillonella

They make up the largest portion of the human gut microbiome and have been shown to
be involved in energy extraction, and potentially related to the development of diabetes
and obesity [39, 122–124].

Bacteroidetes
(Gram-negative)

Bacteroides
Prevotella
Corynebacterium

They have implications for the normal development of the gut, including the interactions
with the immune system [125, 126]. Gut Bacteroidetes generally produce butyrate, an
end-product of colonic fermentation, that is thought to have antineoplastic properties
and play a role in maintaining a healthy gut [127], with implications in the development
of obesity [124].

Actinobacteria
(Gram-positive)

Eggerthella [128]
Olsenella [129]

Found in the human colon and feces, they cause ulcerative colitis, liver and anal
abscesses, and systemic bacteremia [128, 130].

Cyanobacteria
(Gram-negative)

Spirulina Spirulina (Arthrospira platensis) has hypolipidemic, hypoglycemic, and
antihypertensive properties [131].

Proteobacteria
(Gram-negative)

Citrobacter
Escherichia
Helicobacter
Klebsiella
Salmonella
Shigella
Sutterella

The phylum Proteobacteria is the most unstable in the course of the host life among the
four main represented phyla of the gut microbiota and its imbalance is suggested as a
potential diagnostic criterion for gut-related diseases [62].

Spirochaeates
(Gram-negative)

Brachyspira The best-known species is Brachyspira hyodysenteriae, the agent of swine dysentery,
which induces an extensive and severe mucohaemorrhagic colitis in growing pigs [132].

Verrucomicrobia
(Gram-negative)

Akkermansia A. muciniphila is a common inhabitant of the human intestinal tract, comprising up to
1% of the total bacteria in the intestine. It grows optimally at 37 °C and it is capable of
fermenting glucose, N-acetylglucosamine and N-acetylgalactosamine [133].

Fusobacteria
(Gram-negative)

Fusobacterium
(5 species in the
gastrointestinal tract)

Gut bacteria including Fusobacteria may have an influence on the development of CRC
through interaction with the innate immune system or host factors [134].
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intestinal lumen [20]. Through the degradation of undi-
gested polysaccharides, Bacteroidetes mainly produce
acetate and propionate, while Firmicutes produce butyrate
[21]. Acetate is absorbed and then transported to the per-
ipheral level, where it acts as substrate for the synthesis of
cholesterol, while the propionate, captured by the portal
circulation, takes an active part in the gluconeogenesis.
Butyrate, as the main source of energy for colonocytes, has
shown to increases insulin sensitivity in mice and has an
anti-inflammatory action that has recently been investigated
as having a potential “antiobesogenic” action [22]. It is
important to note that butyrate and other SCFAs have a
dominant role in the overall regulation of intestinal cell
proliferation and in the development of obesity [23]. It has
also been shown how bacteria that produce SCFAs are able
to influence the enterocyte cycle in the colon. Notably,

butyrate promotes the stability of the cellular heritage,
favouring the conversion of cells with neoplastic phenotype
to non-neoplastic phenotype. The production of SCFAs is
also stimulated following the anaerobic metabolism of
protein substrates and/or peptides (putrefaction), which
generate potentially toxic substances including ammonia,
amines, phenols, thiols, and indoles. Here follows a list of
the main biological actions of SCFAs, resulting from the
enzymatic activity of the gut microbiota on undigested
carbohydrates:

1. Modulation of glycaemia, typically with hypoglycae-
mic effect [3].

2. Action on glucose homeostasis: inhibitory effect on
glycolysis and stimulation of lipogenesis or gluco-
neogenesis [24].

Fig. 1 Intestinal microbiota functions. SCFAs short-chain fatty acids
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3. Inhibitory control of excessive cholesterol production,
through direct action on the synthesis of the enzymes
involved in its production [19].

4. Regulation of satiety through the peptides, such as
leptin, involved in its control [25]. In particular,
SCFAs have been shown to decrease acute energy
intake without increasing the concentration of
glucagon-like peptide 1 (GLP-1) or peptide YY
(PYY) in both humans and rodents [26, 27].

5. Regulation of bowel kinetic activity, fluid transport,
and mucoprotective action [28].

6. Anti-carcinogenic action [29].
7. Anti-inflammatory action [30].

The microbiota may also affect its own composition. The
amount of SCFAs produced varies according to the fer-
mentable carbohydrates present in the bowel lumen [31,
32], which in turn may modify the composition of the
microbiota itself. Moreover, in humans, starch resistant to
digestion has been shown to specifically increase butyrate
levels [33], while arabinoxylan, produced by the prebiotic
arabinoxylan oligosaccharides, would increase propionate
levels in the transversal colon [34]. In addition, the micro-
biota carries out other important metabolic functions, for
example, at intestinal level it is essential for the synthesis of
some vitamins and enzymatic cofactors (vitamin B1, B2,
B6, B12, PP, K, H, pantothenic acid, and folic acid) and for
the absorption of calcium, magnesium, and iron [21]. It is
also responsible for the deconjugation in the liver of bile
acids catalyzed by bile salt hydrolase, an enzyme that is
found in many bacterial species. Hydrolysis inhibits the
reuptake of these molecules by enterocytes, thus preventing
their enterohepatic recirculation and enhancing their elim-
ination [35]. Therefore, it has been evidenced how intestinal
bacteria can also intervene in the process of hepatic trans-
formation of cholesterol into bile acids, with important
implications in the absorption of fats.

Microbiota and metabolic diseases

To understand how modifications in the gut microbiota
composition can negatively impact on its physiological
functions and, therefore, on the overall health status, a focus
on key terms such as eubiosis and dysbiosis is essential. The
term eubiosis refers to a condition of qualitative and
quantitative balance between the different species of
microorganisms that compose the microbiota and that
ensure a correct production of metabolites and substances
necessary for the correct functioning of our body [16].
Conversely, the term dysbiosis indicates an alteration of the
microbiota composition and function, with two potential
negative outcomes: first, the incorrect production of all

metabolites and substances essential for the performance of
physiological functions. Second, the increase in the pro-
duction of harmful metabolites with consequent likelihood
of developing several medical conditions (Fig. 2).

Microbiota and obesity

In 2016 more than 1.9 billion adults (18 years and older)
worldwide were overweight; of these, over 650 million
were overtly obese [36]. Obesity, as the result of changes in
energy intake and/or energy expenditure that lead to energy
imbalance [37], increases the risk of developing chronic
diseases such as the metabolic syndrome (MS), type 2
diabetes (T2D), dyslipidaemia, sudden death, cardiovas-
cular diseases (CVDs; arterial hypertension, coronary heart
disease, heart failure), cerebrovascular diseases, gallstones,
sleep apnea, cancers (breast, colon, endometrium) and
osteoarthritis [16].

A 2006 study from Jeffrey Gordon and collaborators has
evidenced significant differences in the microbiota compo-
sition of obese people by comparison with lean people [38,
39]. Particularly, it has been demonstrated that a decrease in
Bacteroides (Bacteroidetes phylum) and an increase of
Bacillaceae, Clostridiaceae, and other representatives of the
Firmicutes phylum in the gut of obese people [40, 41] is
directly connected to a prolonged exposure to a high-fat diet
(HFD). Such altered microbial composition is believed to
result in the upregulation of energy and calories production
from the undigested materials, thus altering the energetic
homeostasis [16]. Notably, among the most significant
factors affecting the richness and diversity of the micro-
biota, thus causing dysbiosis and eventually obesity, there
are an unbalanced diet, unhealthy lifestyle [42], and over-
use/abuse of antibiotics [43], with a major impact in case of
early exposure, i.e., infants treated with broad-spectrum
antibiotics such as ciprofloxacin [44–46]. Since about 90%
of gut bacteria belong to Bacteroidetes and Firmicutes
groups, and given that Firmicutes generate more harvest-
able energy than Bacteroidetes, it might be interesting to
explore the role of the gut microbial community in the
etiopathogenesis of obesity. Indeed, several comparative
studies on germ-free and conventional raised animals sug-
gest that the microbiota plays a critical role in the devel-
opment of obesity in mammals.

A 2004 study from Bäckhed et al. [47] has shown that
germ-free lean mice transplanted with the microbiota of
obese mice became obese over the next 2 weeks following
the transplant, whereas germ-free mice receiving the
microbiota from lean mice remained lean. The same study
has evidenced that, when transplanting gut microbiota from
conventionally raised animals into lean germ-free mice with
the same daily caloric intake, a body fat increase by 60%
within 14 days is recorded in lean mice together with insulin
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resistance (IR) [47]. Such results reveal a strong association
between obesity and significant modifications in the relative
abundance of the two dominant bacterial groups [48].
Similarly, an investigation by Liou et al [49] has shown that
obese mice that underwent Roux-en-Y gastric bypass
(RYGB) surgery show a reconfiguration of the distal gut
microbial composition with consequent rapid weight loss
and reduced adiposity compared with mice that underwent
only sham surgery (SHAM). Also, transfer of bacteria from
RYGB to SHAM mice resulted in weight loss, although less
significant. As shown by Kersten, one of the key mechan-
isms underpinning the development of obesity is the inhi-
bition of the fasting-induced adipose factor (FIAF), also
known as angiopoietin-like protein 4. FIAF is a circulating
lipoprotein lipase (LPL) inhibitor and a regulator of trigly-
ceride metabolism and expressed in the intestine, liver and
adipose tissue [50]. FIAF is able to inactivates LPL, an
enzyme that promotes the release of triglycerides from
lipoproteins, such as very low-density lipoprotein (VLDL)
and chylomicrons, by accelerating the dissociation of active
LPL dimers to inactive monomers [51]. FIAF activity can
be considered a useful therapy to increase LPL-driven tri-
glyceride clearance [51]. Studies on obese germ-free mice
FIAF -/- suggest that FIAF is a modulator of microbial

regulation of energy storage [47, 52]. Another obesogenic
mechanism involves the lipopolysaccharide (LPS), a pro-
inflammatory molecule generally contained in the cell wall
of Gram-negative bacteria, which is released and then
absorbed by the intestine following their death. LPS con-
tains Lipid A, a structural component of the LPS molecule,
responsible for the pathophysiological effects associated
with Gram-negative bacteria infections. Lipid A initiates a
signaling cascade that results in the activation of various
pro-inflammatory pathways, increasing the oxidative stress
upon binding to its pattern recognition receptor, Toll-like
receptor 4 [53, 54]. The increase of circulating LPS, known
as “metabolic endotoxemia”, is a HFD-induced metabolic
derangement [53, 55]. Indeed, HFD enhances the develop-
ment of specific bacterial species, increasing the intestinal
permeability and inducing the production of pro-
inflammatory cytokines—primarily TNF-α and IL-6—
eventually causing insulin resistance and chronic low-grade
inflammation [54] (Fig. 3). Results from Bäckhed et al.
show the involvement of AMP-activated protein kinase
(AMPK)—a key enzyme that controls the cellular energy
status—in pathways linked to the microbiota. Indeed, germ-
free mice show increased levels of phosphorylated AMPK
(an index of AMPK activation) in skeletal muscle and liver.

Fig. 2 Overview of the interactions between the microbiota and the
host, which may lead to metabolic changes and disease. CVD cardi-
ovascular disease, HDL high-density lipoprotein, TMAO

trimethylamine-N-oxide, T2D type 2 diabetes, VLDL very low-density
lipoprotein. Modified from Nguyen et al., 2017 [121]
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AMPK activation, able to trigger key enzymes involved in
the mitochondrial fatty-acid oxidation, is indicative of
increased energy expenditure [56]. Although the exact
pathway through which the microbiota signals to AMPK is
unclear, it seems to be independent from FIAF [52].

SCFAs, such as butyrate, propionate, and acetate, act in
the gut as signaling molecules and are specific ligands of
two G protein-coupled receptors, GPR41 and GPR43,
expressed in the gut epithelium [57–59]. As Samuel et al.
[59] have shown, GPR41 –/– mice and germ-free GPR41 –/
– mice colonized with Bacteroides thetaiotaomicron and

Methanobrevibacter smithii are significantly leaner than
wild-type littermates. This suggests that GPR41 is a reg-
ulator of host energy balance through gut microbiota-
dependent effects. Furthermore, activation of GPR41 boosts
the production of PYY, which normally inhibits gut moti-
lity, increases intestinal transit rate and reduces extraction of
energy from diet, thus affecting peripheral glucose con-
sumption [59]. The activation of GPR43 is able to reduce
fat accumulation and regulate energy metabolism by sup-
pressing insulin sensitivity in adipose tissues and increasing
insulin sensitivity in liver and muscle [47, 60]. Although

Fig. 3 Obesity, high-fat diet, and diabetes are associated with higher
gut permeability leading to metabolic endotoxemia. In the liver, LPS
promotes insulin resistance, hypertriglyceridemia, triglyceride accu-
mulation, and secretion of pro-inflammatory cytokines promoting the

progression of fatty liver disease. In the adipose tissue, LPS induces
adipogenesis, insulin resistance, macrophage infiltration, oxidative
stress, and release of pro-inflammatory cytokines and chemokines.
HFD high-fat diet, LPS lipopolysaccharide, TLR4 toll-like receptor 4
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these results point to the fact that the gut microbiota com-
position affects obesity, experimental evidence from
Ridaura et al. [61] show that also obesity can influence the
composition of the microbiota. This study shows that when
obese people lose weight following a hypocaloric diet, the
proportion of Bacteroidetes increases relative to Firmicutes.
Conversely, when obese people resume their previous diets,
the proportion of Firmicutes grows again. Altogether, these
experiments prove that obesity is associated to significative
changes in the microbiota, even though the specific
mechanisms that link the rearrangement of the gut microbial
composition to the pathogenesis of these metabolic out-
comes remain mostly unexplored [49, 62].

Microbiota and diabetes

Diabetes mellitus (DM), commonly referred to as diabetes,
is a group of metabolic disorders in which there are chronic
high blood sugar levels, resulting from defects in insulin
secretion/action and/or from IR [63]. Symptoms of high
blood sugar include polyuria, polydipsia, weight loss,
sometimes with polyphagia and blurred vision [63, 64].
Diabetes can follow many etiopathogenetic pathways, but
the most common forms belong to two main categories:
type 1 diabetes (T1D) and type 2 diabetes (T2D). T1D
represents about 5–10% of all forms of diabetes and has
multiple genetic predispositions, while T2D is the most
common form, affecting 90% to 95% of subjects with a
family history of diabetes, although its development is
influenced also by environmental factors such as over-
weight and obesity. Several researches exploring the asso-
ciation of diabetes with gut microbiota show that an altered
gut microbial composition might play a role in the patho-
genic process of diabetes [65–68]. In 2010, Larsen and
colleagues [69] demonstrated the strong connection
between T2D and composition changes in the gut micro-
biota, especially at phylum and class levels. The study
conducted on diabetic people compared to their non-
diabetic counterparts showed a remarkably low quantity
of Firmicutes and a high quantity of Bacteroidetes and
Proteobacteria. Accordingly, the ratios of Bacteroidetes to
Firmicutes significantly and positively correlated with
reduced glucose tolerance. As seen for obesity, an imbal-
ance between Firmicutes and Bacteroidetes taxonomic
groups impacts significantly on the type of SCFAs produced
[70]. Indeed, an increase in the production of acetate and a
parallel reduction in the concentration of butyrate [71, 72]
result in metabolic derangements associated to the upsurge
in the degree of IR. Furthermore, acetate stimulates the
production in the stomach of higher concentrations of
ghrelin, an essential hormone for the regulation of appetite
[73, 74]. The reduction of butyrate levels, conversely,

facilitates the establishment of a chronic subclinical
inflammatory state [75].

The role played by the microbiota in the development of
T2D has also been illustrated by a 2011 double-blind,
randomized, placebo-controlled trial on 20 patients with
untreated MS [76]. The trial explored the effects on the gut
microbial composition and glucose metabolism following
the infusion of intestinal microbiota from lean donors to
male receivers affected by MS. Once randomized and given
intestinal infusions of allogenic or autologous microbiota
via gastrointestinal probe, the infusion recipients showed a
rapid increase in insulin sensitivity and a greater quantity of
butyrate-producing intestinal microbiota, although this
effect gradually decreased over time and was dependent on
certain interindividual characteristics. Furthermore, other
substances produced by the microbiota, such as flagellins
and peptidoglycans, trigger an inflammatory response at
gastrointestinal level. Indeed, an altered composition of the
microbiota determines a chronic inflammatory state even at
intestinal level, having a strongly negative impact on its
permeability [77]. Evidence supports the idea of a link
between metabolic endotoxemia and an altered modulation
of GLP-1 and glucagon-like peptide-2 (GLP-2) production
[78]. These hormones, also called incretins, are yielded by
some intestinal cells when the presence of nutrients, such as
carbohydrates, amino acids, and fats, increases in the
intestinal lumen, with the following physiological and
metabolic effects: (1) enhancement of glucose-dependent
insulin secretion by pancreatic β-cells; (2) inhibition of
glucagon production; (3) delayed gastric emptying; (4)
protection of β-cells from apoptosis; (5) promotion of sati-
ety. Since they ensure an adequate glycaemic control
(HbA1C < 6.5%), especially in the postprandial phase, their
effects are extremely important, especially in T2D man-
agement. Under stimulation by incretins, indeed, insulin is
secreted only in case of hyperglycemia, an essential feature
to prevent persistent hyperinsulinemia, even when away
from meals. Important is then the opposite action of glu-
cagon, which has a hyperglycaemic action, and that is also
persistently high in T2D [79]. The action on the gastric
emptying rate can be particularly beneficial for subjects
with inappropriate food intake-related habits, as it slows
down the intestinal transit of nutrients, assuring a dilution of
the quota of absorbed glucose and reducing the sense of
hunger [80]. Yet, while for these reasons people with T2D
may be the main beneficiaries of the action of incretins,
their level is significantly low if compared to healthy sub-
jects. Besides, intermediate hormonal levels between dia-
betic and non-diabetic individuals are observed in people
with prediabetes [81]. The key role of the microbiota in
T2D development is also attested by findings on obese mice
treated with Bifidobacterium, which has been proven to
increase plasma concentrations of GLP-2, improving,
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therefore, intestinal permeability and reducing metabolic
endotoxemia [78]. In addition, a specific protective action in
relation to T2D was observed in the case of a specific
bacterium, Akkermansia muciniphila, which was shown to
both reduce chronic subclinical inflammation and improve
insulin sensitivity [82]. Interestingly, metformin seems to
induce modifications in the microbiota by promoting the
increase of GLP-1, specific types of SCFAs, mainly buty-
rate and propionate, as well as of glycine levels, an amino
acid associated with improved insulin sensitivity [83].
Moreover, recent evidence indicates the gut microbiota as a
site of metformin action [66]. In a double-blind study, with
treatment-naive T2D individuals randomized to placebo or
metformin showed that metformin had remarkable effects
on the intestinal microbiome. These results were verified in
a subgroup of the placebo cluster that switched to metfor-
min 6 months after the start of the trial. Transfer of fecal
samples from metformin-treated donors to germ-free mice
showed an improvement in glucose tolerance in mice that
received metformin-altered microbiota. By investigating
metformin–microbiota interactions, Wu and colleagues
revealed that metformin affects pathways with common
biological functions in species from two different phyla,
Proteobacteria and Firmicutes, and many of the metformin-
regulated genes in these species encoded metalloproteins or
metal transporters. These findings support the idea that the
altered gut microbiota mediates some of metformin’s anti-
diabetic effects. Although metformin is currently the first-
line medication for the treatment of T2D [84], particularly
in overweight and obese people [85], its mechanism of
action is still poorly defined. When, in 2005, Levri and
colleagues set out to determine whether metformin was an
effective medication for treatment of overweight or obese
adults without diabetes mellitus or polycystic ovary syn-
drome, they found out that there were no sufficient evidence
for the use of metformin as treatment of overweight or
obese adults, and that additional studies were needed to
answer this clinical question [86]. However, a 2016 ran-
domized placebo-controlled, double-blind trial on 62 ado-
lescents aged 10–16 years with obesity and IR conducted by
Van der Aa and colleagues [87] shows that an 18-month
treatment with metformin plus physical activity twice a
week results in a stabilization of the body mass index.
According to these results, metformin may be, therefore,
used as an additional therapy in combination with lifestyle
intervention in adolescents with obesity and IR [87].
Overall, these data confirm the pivotal role of the micro-
biota in the genesis of T2D. Recently, its role has also been
explored in relation to the development of a T1D-related
autoimmune response (Islet Autoimmunity). A prospective
study on more than 7000 children with a family history of
T1D found that there is a connection between the use of
probiotics, as intestinal flora modifiers, during the first year

of life and a reduction in the number of pancreatic β-cell
antibodies produced, resulting in a decreased risk of
developing autoimmune diabetes [88].

Microbiota and cardiovascular diseases

Generally, CVDs have an atherothrombotic onset [89],
which is the result of two distinct but concomitant patho-
logical conditions: atherosclerosis and thrombosis. IR,
inflammation, and endothelial dysfunction are involved in
atherothrombosis [90, 91]. Given the key role that MS plays
in the development of atherothrombosis, IR, inflammation
and endothelial dysfunction, and considering that the
microbiota is involved in all these medical conditions,
investigating the role of the microbiota in the pathophy-
siological process of atherothrombosis might lead to inter-
esting outcomes in terms of therapeutic strategies for
cardiovascular risk reduction.

In addition, the production of trimethylamine-N-oxide
(TMAO), a small colorless amine oxide generated by gut
microbial metabolism whose plasma levels predicts CVD,
depends on the gut microbial asset [92]. As observed in
studies on murine models and humans with CVD, [93–95],
following the intake of a great amount of dietary carnitine
and phosphatidylcholine, blood levels of TMAO were
lower in the group previously treated with a broad-spectrum
antibiotic therapy. Moreover, the levels of TMAO were
greater in omnivores than in vegetarian or vegan people,
showing how dietary habits can impact the microbiota [94].
High serum levels of TMAO were confirmed to be a valid
prognostic factor of 5-year mortality in a group of over 700
patients with ischemic and non-ischemic heart failure [96].
Another mechanism that links the microbiota to the devel-
opment of atherothrombotic complications is related to the
production of homocysteine, a CVD risk biomarker that has
been proven to be potentially active on thrombogenesis
[97]. In addition, as shown by RISTOMED study [98], the
microbiome seems to interact also with the methionine-
homocysteine cycle [99–101].

A possible relation between dysbiosis and arterial
hypertension emerged from a study by Yang et al. [102], in
which an increase in the Firmicutes/Bacteroidetes taxo-
nomic groups ratio in two rat models suffering from
hypertension has been observed, with a decrease of the
acetate and butyrate-producing bacteria, although over-
lapping results were obtained in a small cohort of patients
suffering from arterial hypertension and dysbiosis [102].

Such evidence, not only establishes the involvement of
the microbiota at various levels in the genesis of cardio-
vascular risk factors, but also suggests the possibility of
modulating the microbiota to improve cardiovascular out-
comes. Starting from these assumptions, Gan et al. [103]
showed that the intake of Lactobacillus rhamnosus GR-1 in
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a murine model of ischemic heart disease attenuated post-
ischemic remodeling and several hemodynamic parameters
related to heart failure, tracing the path for future inter-
ventional trials in humans.

Preventive and therapeutic strategies

Nowadays, it is still extremely difficult to draw up strategies
to modulate the composition of the microbiota and direct its
metabolic effects in a perspective of prevention or treatment
of dysbiosis-related metabolic diseases. Nonetheless, the
growing body of literature offers some insights on potential
emerging treatments with the microbiota as a possible
therapeutic target. Among the suggested strategies, pro-
biotic treatment, as the intake of microorganisms capable of
performing health-friendly functions, is certainly the first-
line option adopted to promote underrepresented beneficial
intestinal bacteria [104]. For instance, Lactobacilli and
Bifidobacteria—the most studied and employed probiotics
—are widely used in the treatment of gastroenteritis, nota-
bly in infants, and are found both in cultured dairy products,
such as yogurt [105], and in pharmaceutical formulations.
They are also employed for the prevention of dysbiosis, as
in Clostridium difficile infections following antibiotic
therapies [92]. Yet, positive research evidence is still poor,
similarly in the context of the prevention of metabolic
diseases, for which more specific research is necessary.
Although the positive impact of Akkermansia muciniphila
on metabolism is being increasingly recognized [106], at
present it can hardly be considered a treatment option for
dysbiosis-related diseases, as the active bacteria do not
reach the distal gut in sufficient concentrations. In this
regard, many researchers are trying to characterize the role
played by the different bacterial taxa on the obese gut
microbiota. A pioneering study for the treatment of obesity
from Chevalier and colleagues reveals that exposure to cold
temperatures leads to significant shifts in the microbiota
composition, named “cold microbiota” [107]. Transplanta-
tion of cold microbiota to germ-free mice increases insulin
sensitivity of the host, somewhat allowing tolerance to cold
by promoting the shift of white fat into brown fat, resulting
in an increased energy expenditure and fat loss. The
absorptive surface that broadens during cold, along with an
increase in the length of the villi and microvilli, is a
transferable feature with the cold microbiota leading to a
modified intestinal gene expression that promotes tissue
remodeling and suppression of apoptosis in intestinal dis-
trict. Such effect is reduced when co-transplanting the most
cold-downregulated strain Akkermansia muciniphila. The
results establish that the microbiota is a key factor orches-
trating the overall energy homeostasis during increased

demand and highlight the crucial role of the specific bac-
terial strain Akkermansia muciniphila [62, 107].

Another strategy that is being developed focuses on the
regulation of expression and function of engineered bacteria
able to produce molecules that have the potential to treat
certain disorders by altering human metabolism [108]. For
example, probiotic species engineered to produce ther-
apeutic biomolecules have been used to help fight off
infection, reduce inflammation, and treat diet-induced obe-
sity [109]. Engineered probiotic species include Escherichia
coli strain Nissle 1917 [110], Lactococcus lactis [111],
Bacteroides ovatus [112], and Lactobacillus casei [113].
Another strategic approach aimed at modulating the colonic
microflora involves the use of prebiotics, defined as “dietary
fibers with a well-established positive impact on the
intestinal microflora as they allow specific changes in the
composition and/or activity in the gastrointestinal flora”
[114–116]. At present, only oligosaccharides, particularly
fruit-oligosaccharides and inulin, are deemed to fulfill all
the criteria for prebiotic classification. Although soluble
fibers are mostly used by intestinal bacteria to acidify the
colon and nourish the colonic cells, they also play a role in
the growth and functions of Lactobacilli and Bifidobacteria
[116]. Although tested in subjects with allergies and meta-
bolic diseases (obesity, diabetes, and MS), their health
effects are indirect and therefore less-well proven. Fibers
supplementation might also constitute a good strategy to
modulate the human physiological mechanisms [117], but
since the process of fibers metabolization by the microbiota
strongly depends on the individual’s microbial profile, a
similar approach cannot be applied indiscriminately.

The most effective way to modulate the composition of
the microbiota, however, is through a balanced diet. As
seen, an imbalanced nutrition can impact negatively on the
physiological functions of the organism, inducing intestinal
permeability, metabolic endotoxemia and reducing the
amount of Akkermansia muciniphila and Lactobacilli,
which are associated with positive metabolic effects.
Similarly, an excessive consumption of red meat is asso-
ciated with a change in the composition of the microbiota,
with an increase in the production of TMAO [118]. Among
the different types of diet able to promote an optimal gut
microbial composition thus promoting the maintenance of a
health status, the renown Mediterranean diet, with its use of
legumes, vegetables, white meats, fish, fruit, cereals, and
extra virgin olive oil, is the best option [119]. As a whole, a
healthy lifestyle—of which the diet is the foundation—is
the best way to prevent and treat different metabolic dis-
eases, thanks to the positive influence on the intestinal
microbiota [120].

In conclusion, microbiota is strongly involved both in the
regulation of physiological metabolic pathways and in the
pathological mechanisms by which all the metabolic
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diseases occur. At the moment therapeutic strategies to
modulate microbiota composition are few and of relative
effectiveness. There are ongoing studies to build future
therapeutic strategies in a context of a microbiome precision
medicine based on a direct genetic modification of micro-
biome. In this way, it will be possible to have a genetically
modified microbiota and to obtain a personalized microbiota
composition to prevent or treat the metabolic diseases and
the associated increased cardiovascular risk.
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Abstract 

The 1st International Conference on Controversies in Vitamin D was held in Pisa, Italy 

June 14-16, 2017.  The meeting’s purpose was to address controversies in vitamin D 

research, review data available to help resolve them and suggest a research agenda to 

clarify areas of uncertainty.  Serum 25-hydroxyvitamin D (25(OH)D) concentration, i.e., the 

sum of 25(OH)D3 and 25(OH)D2, remains the critical measurement for defining vitamin D 

status.  Assay variation for 25(OH)D has contributed to the current chaos surrounding 

efforts to define hypovitaminosis D. An essential requirement to develop consensus on 

vitamin D status is that measurement of 25(OH)D and, in the future, other potential vitamin 

D biomarkers, e.g., 1α,25(OH)2D3, 3-epi-25(OH)D, 24,25(OH)2D3, vitamin D binding protein 

(DBP), free/bioavailable 25(OH)D and parathyroid hormone be standardized/harmonized, to 

allow pooling of research data. Vitamin D Standardization Program (VDSP) tools are 

described and recommended for standardizing 25(OH)D measurement in research. In the 

future, similar methodology, based on National Institute for Standards and Technology 

(NIST) Standard Reference Materials, must be developed for other candidate markers of 

vitamin D status. Failure to standardize/harmonize vitamin D metabolite measurements is 

destined to promulgate continued chaos. At this time, 25(OH)D values below 12 ng/mL (30 

nmol/L) should be considered to be associated with an increased risk of 

rickets/osteomalacia while 25(OH)D concentrations between 20-50 ng/mL (50-125 nmol/L) 

appear to be safe and sufficient in the general population for skeletal health. In an effort to 

bridge knowledge gaps in defining hypovitaminosis D, an international study on rickets as a 

multifactorial disease is proposed.    
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Introduction 

A central controversy in vitamin D research is how to define hypovitaminosis D (1).   

Many questions must be addressed to resolve this controversy.  Specifically, is there a 

biological/biochemical marker, or set of markers, that can be used to identify patients who 

are at high-risk for hypovitaminosis D-related diseases or conditions and, therefore, in need 

of intervention?  If so, what is this marker, can it be measured accurately and what cut-

point(s) can be used to define low vitamin D status?  Importantly, an essential  laboratory 

requirement in the effort to develop consensus guidelines on vitamin D status is that the 

measurement of potential biological/biochemical markers in vitamin D research be 

standardized, or at least harmonized, to allow pooling of research data. 

Currently, serum total 25-hydroxyvitamin D [25(OH)D] concentration – the sum of 

the 25(OH)D3 and 25(OH)D2 concentrations - is considered to be the best biomarker to 

define vitamin D status (2-4).  This is because 25(OH)D has a relatively long half-life of about 

two to three weeks, the hepatic conversion of the parent molecules cholecalciferol and 

ergocalciferol to 25(OH)D is unregulated, and its concentration in patients with rickets or 

osteomalacia – the two diseases accepted as being due, in part, to hypovitaminosis D – 

increases rapidly following treatment with orally administered vitamin D with associated 

resolution of these diseases. 

However, despite multiple meta-analyses including large randomized clinical trials, 

the definition of hypovitaminosis D and “optimal” vitamin D status remains elusive (1). In 

large part, this reflects the use of unstandardized 25(OH)D assays in vitamin D research 

which precludes the ability to pool research data from different studies and, therefore, to 

allow evidence-based definitions of vitamin D status (5, 6).  Additionally, difficulties in 

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=6921
http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2747
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differentiating cases of rickets and osteomalacia primarily due to hypovitaminosis D from 

those due to other causes, e.g. calcium deficiency, promulgate confusion (7, 8).    

At the same time, given the multitude of vitamin D metabolites, it is reasonable to 

ask if singular measurement of circulating 25(OH)D is the best marker to define 

hypovitaminosis D, or if measurement of other vitamin D metabolites  that possess 

physiologic activity should be included in a so-called “vitamin D panel” that could be used to 

define “low” vitamin D status  (9). The list of such potential vitamin D metabolites at the 

center of intense research includes the vitamin D2 and D3 forms of 1α,25(OH)2D3, and 3-epi-

25(OH)D, and 24,25(OH)2D3. Vitamin D binding protein (DBP) and free/bioavailable 25(OH)D, 

while not vitamin D metabolites, must also be added to the list for consideration (10). 

However, as has been the case for total 25(OH)D, lack of assay standardization/ 

harmonization confounds research on these additional metabolites. Ultimately, vitamin D 

status, e.g., “low,” “adequate” or “optimal,” should be defined based on measurement of a 

vitamin D-related analyte or analytes that best predicts surrogate or clear skeletal or extra-

skeletal outcomes for a specific target group. 

The 1st International Conference on Controversies in Vitamin D was held in Pisa, Italy June 

14-16, 2017.  The meeting’s purpose was to address controversies in vitamin D research, review data 

available to help resolve them and suggest a research agenda to clarify areas of uncertainty.   

Nomenclature of Targets and Ligands 

Key protein targets and ligands in this article are hyperlinked to corresponding entries in 

http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS 

Guide to PHARMACOLOGY (11), and are permanently archived in the Concise Guide to 

PHARMACOLOGY 2017/18(12-15). 

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=2779
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25-Hydroxyvitamin D and the Definition of Vitamin D Status  

Consensus Statement 

Serum total 25(OH)D concentration remains the critical measurement for defining 

vitamin D status (1-4).  Serum total 25(OH)D is defined as the sum of the concentrations of 

25(OH)D3 and 25(OH)D2.  Measurement of vitamin D status, based on currently available 

data, should not include the concentration of 3-epi-25(OH)D3 or any other vitamin D 

metabolite. As such, both research and clinical assays based on LC-MS/MS measurement 

systems, should preferably separate 3-epi-25(OH)D3 from 25(OH)D3.  Not excluding this 

epimer from the measurement of 25(OH)D3 may lead to overestimation of serum total 

25(OH)D and misclassification, bias and/or errors in clinical decision making when a fixed 

cut-point is used to define “low” vitamin D status , especially in young children (16, 17) in 

whom the 3-epimer is present at higher concentration. 

There needs to be evidence-based consensus regarding the 25(OH)D concentration 

to define hypovitaminosis D. In the absence of such data, at this time, 25(OH)D values below 

12 ng/mL (30 nmol/L) should be considered to be associated with an increased risk of 

rickets/osteomalacia while 25(OH)D concentrations between 20-50 ng/mL (50-125 nmol/L) 

appear to be safe and sufficient in the general population for skeletal health.  

Laboratory standardization in vitamin D research is a necessary element in 

developing consensus regarding the 25(OH)D level to define hypovitaminosis D (1, 5, 10).  

This standardization needs to take place in three principal areas: (1) laboratory 

standardization of the measurement of 25(OH)D; (2) laboratory 

harmonization/standardization of the measurement of vitamin D metabolites thought to be 

possible measures of status, e.g. 1α,25(OH)2D3, 3-epi-25(OH)D3, 24,25(OH)2D3, vitamin D 
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binding protein (DBP), and free/bioavailable 25(OH)D3 , and other measures used to 

evaluate vitamin D status, e.g. parathyroid hormone; and (3) standardization of the 

definitions of what constitutes vitamin D rickets and osteomalacia.   

Clinical thresholds are needed for defining the 25(OH)D concentration at which 

intervention is essential in vitamin D deficiency (rickets/osteomalacia). These should be 

based on well-designed studies of the relationship of standardized 25(OH)D data with health 

outcomes. This includes the recommendation that follows for the development of an 

international rickets registry to define the relationship of 25(OH)D and other key vitamin D 

metabolites to clinical outcomes.  Additionally, but importantly, consensus is needed to 

define causality for both skeletal and non-skeletal health outcomes; should they be PTH, 

immune function, falls, etc.? It seems likely that for the foreseeable future, vitamin D status 

will be related to PTH measurement. As such, it is recommended that a PTH reference 

measurement procedure be developed and that PTH measurements be standardized or at 

least harmonized. 

Standardization of serum total 25(OH)D in Vitamin D research 

Consensus Statement 

Standardization is the process whereby, within defined statistical limits, all 

laboratories and assays are brought into alignment with the “true concentration” based on 

gold standard reference measurement procedures and certified reference materials  (18, 

19).  That is, standardized laboratories report the “true” concentration, in this case, of 

serum total 25(OH)D regardless of time, place, and assay or measurement system. 

Failure to utilize standardized 25(OH)D data is a major contributor to the confusion 

surrounding vitamin D status (20).  A substantial literature exists documenting 25(OH)D 

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=1785
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assay variation.  Despite the existence of external quality assessment schemes, e.g., DEQAS, 

it is only since development of the NIST reference measurement procedure (21) in 2010 and 

the introduction of the VDSP has it been possible to evaluate assay variation in an unbiased 

way.(22)  In 2013, NIST began assigning target values for DEQAS materials.  Studies of 

DEQAS data since 2013 clearly demonstrate that there remains a great deal of sample-to-

sample variation within laboratories using the same assay and also between different assay 

platforms.(23, 24) Assay standardization of national nutrition survey data and 

epidemiological studies clearly show the dramatic differences in the prevalence of “low” 

vitamin D status between unstandardized measurements and ones standardized using VDSP 

methods.  For example, it was originally thought that there had been a dramatic decline in 

mean 25(OH)D levels in the US population from 1990 to the period 2001-2004.(25)  

However, after standardization mean 25(OH)D from around 1990 dropped from 74.4 nmol/L 

to 62.3 nmol/L documenting that during the period 1990-2006 US mean 25(OH)D levels 

were stable.(26) Additionally, in a study among Nordic countries, standardization of the 

Finish Health 2011 survey led to mean 25(OH)D levels decreasing from 76 nmol/L to 68 

nmol/L while in the Danish Health2006 survey mean 25(OH)D increased from 44 nmol/L to 

65 nmol/L.(27) Results such as these document that standardization may lead to increasing 

or decreasing observed 25(OH)D; it is impossible to know if, or which way, an individual 

studies 25(OH)D data are biased if standardized data are not used.  Standardization of Finish 

national data and data from throughout the EU have had profound impact on evaluating the 

impact of food fortification policy that would not have been possible without 

standardization.(28)  Moreover, in cases where 25(OH)D is used to evaluate the 

effectiveness of drug therapies,(29) the interpretation of the results is uncertain without 

standardized measurements.  These results and others call into question the validity of meta 
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analyses utilizing unstandardized 25(OH)D data.  As such, meta-analyses of non-

standardized 25(OH)D data are of little use; moving forward, standardized 25(OH)D 

measurements are essential in current and future vitamin D research studies . Moreover, 

retrospective standardization of studies completed in the past, using validated methods 

developed by the Vitamin D Standardization Program (VDSP), should be promoted as the 

vast majority of previously published research data have reported unstandardized 25(OH)D 

results (30, 31).  Key recently completed research identified in the preparation of vitamin D 

guidelines should be recommended for retrospective standardization. Journals should 

require standardized 25(OH)D data as a condition for publication.  Moreover, authors 

should document that the assay used meets the minimal performance criteria set by the 

VDSP, i.e. Precision (Total CV) ≤ 10% and Accuracy (Mean Bias)  ≤ 5%.  

We recognize LC-MS/MS is potentially the most accurate and precise 25(OH)D 

methodology for use in research studies especially where multiple vitamin D metabolites 

are measured in addition to 25(OH)D and across a variety of physiological states/health 

conditions (32, 33). Moreover, we recognize that automated immunoassays will continue to 

be used in many clinical laboratories where the focus remains serum total 25(OH)D.  We 

encourage all assay manufacturers to standardize their assays through participation in the 

CDC program (34, 35).  At the same time, we recognize substantial assay variation around 

mean bias (%) continues to exist (36, 37). Correcting this problem requires the VDSP to re-

evaluate and tighten its performance criteria to include a measure of variability around 

mean bias (%) and for commercial assay manufacturers to improve their assays in the 

development phase.  A much more difficult problem for some immunoassay assay 

manufacturers to correct – and for standardization efforts - are matrix specific interferences 
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especially those found in some physiological states, e.g. pregnancy, and ICU, osteoporotic, 

hemodialysis patients (38, 39). 

Issues leading to assay variation in 25(OH)D measurements  

Serum total 25(OH)D is a very difficult analyte to measure (40).  Several issues which 

contribute to assay variation in its measurement include antibody affinities for 25(OH)D2 

and 25(OH)3, cross-reactivity with other vitamin D metabolites, e.g. 24,25(OH)2D, DBP 

concentration and unknown matrix interferences.  

In some immunoassays the antibodies used to measure 25(OH)D may have low 

affinity for 25(OH)D2. This can lead to low estimates of total 25(OH)D (41, 42). This is 

primarily of importance in populations where ergocalciferol is widely used as supplement or 

in the treatment of hypovitaminosis D, e.g. the USA.  Additionally, supplementation with 

ergocalciferol will increase 25(OH)D2 while concomitantly reducing 25(OH)D3.(43) When in 

doubt, it is best to confirm the 25(OH)D concentration for patients prescribed ergocalciferol 

using a standardized LC-MS/MS assay. 

Additionally, several 25(OH)D immunoassays show high cross-reactivity with 

24,25(OH)2D (44).  As 24,25(OH)2D, can be present in serum at concentrations of up to 20% 

of total 25(OH)D, such cross-reactivity can potentially substantially affect the “25(OH)D” 

concentration (45). In contrast, 3-epi-25-OHD3, does not appear to show cross reactivity in 

immunoassays, yet does cross react in a competitive protein-binding assay and is not always 

separated in HPLC and LC-MS/MS methods (44, 46, 47). This is especially of importance in 

young children (16, 17) but the epimer is found in individuals of all ages (48-50).  

DBP concentration can also be associated with sample-specific inaccuracy of total 

25(OH)D measurement. In some automated immunoassays, 25(OH)D is not well released 
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from the binding protein, leading to discrepant results in individuals with high or low DBP 

concentrations, such as pregnant women or patients with liver failure (6, 39). 

Finally, as stated above, matrix specific interference with 25(OH)D assays may occur, 

for not always apparent reasons. For instance, in some immunoassays, sera from pregnant 

women, and among ICU, osteoporotic and hemodialysis patients behave differently than in 

sera from healthy controls (6, 38, 39, 42, 51, 52).  

Serum Total 25(OH)D Laboratory Standardization Methods 

The Vitamin D Standardization Program (VDSP) was founded in 2010 to promote 

standardized measurement of serum total 25(OH)D around the world (20).  Since that time, 

the VDSP, its partners and collaborators have developed cost-effective tools and methods to 

prospectively standardize 25(OH)D measurement in current and future vitamin D research 

(53) within defined statistical performance guidelines. Moreover, the VDSP has developed 

tools and methods to retrospectively standardize 25-OHD measurements from studies 

completed in the past when properly banked serum samples exist (31, 54).   

It is useful to think of the VDSP standardization process as being composed of four 

distinct phases (53) (Figure 1).  The first phase - development of the reference measurement 

system – is essential to the remaining three phases as it includes the tools and methods to 

accomplish standardization (Table 1).  Some elements of the reference measurement 

system were developed by programs collaborating with the VDSP. Phases 2, 3 and 4 consist 

of a series of calibration steps with each step connected to the previous ones to develop a 

chain of traceability from the routine clinical or research laboratory back up the scale to the 

gold standard reference measurement procedures and/or the NIST Standard Reference 

Materials (SRMs) (55-59) (Tables 2 and 3). The VDSP has developed performance criteria 



 

 
This article is protected by copyright. All rights reserved. 

that both reference measurement procedures and routine laboratories can use in phases 2-

4 and which must meet to be considered standardized (Table 4) (53, 60). 

Reference measurement procedures are certified by the international Joint 

Committee for Traceability in Laboratory Medicine (JCTLM).   Currently, there are only three 

laboratories in the world with certified 25(OH)D reference measurement procedures, i.e. US 

National Institute for Standards and Technology (NIST) (21), Ghent University in Belgium 

(61), and the US Centers for Disease Control and Prevention (CDC) (62).   

Accuracy-Based Performance Testing/External Quality Assessment Schemes 

(PT/EQA) play a role in all phases. Accuracy-based PT/EQA are ones where the serum 

materials used in the program were value-assigned by one of the three JCTLM certified 

reference measurement procedures.  The target value is the true concentration of serum 

total 25(OH)D.  To our knowledge there are only two accuracy-based PT/EQA in the world, 

i.e. the College of American Pathologists (CAP) Accuracy-Based Vitamin D (ABVD) Survey and 

the Vitamin D External Quality Assessment Scheme (DEQAS) (63, 64).  PT/EQA are 

traditionally thought to have a role primarily in Phase 4 "Verify End-User Test Performance” 

as their names imply (65).   However, as the true 25(OH)D concentration in CAP ABVD and 

DEQAS serum test materials is known, they can be used as low-cost substitutes for NIST 

SRMs 972a and 2973 in Phases 2 and 3 as noted below. 

Phase 2, “Calibrate Commercial Assay Systems to Reference Materials ,” highlights 

their central role in 25(OH)D measurement by both routine clinical and research 

laboratories (Figure 1).  Given the dominant role of commercially developed assay systems 

in serum total 25(OH)D measurement, a principal objective of the VDSP from its beginning 

has been to standardize those measurement systems (Figure 2).  NIST SRMs can be used in 
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the development phase to both calibrate their systems while NIST SRMs 972a and 2973 

along CAP ABVD and DEQAS materials can be used in development phase and routinely to 

evaluate their accuracy and precision.  Moreover, CDC’s Vitamin D Standardization-

Certification Program (VDSCP) was developed by the VDSP in collaboration with CDC to 

provide a rigorous program to standardize commercial assay systems as well as large 

commercial or research laboratories (34, 35).  CDC’s program is conducted over a one-year 

period.  CDC certification lasts for only one year so that maintenance of certification 

requires continuous participation in the program.  The current list of the CDC certified 

laboratories is given on the CDC website (34). 

Phase 3 is the standardization of routine laboratories to the gold standard reference 

methods and/or NIST SRMs (Figure 1) and it can be described in five steps (Figure 3) (53). 

Those general VDSP guidelines provide both scientifically rigorous procedures in each of the 

five steps that can be used to standardize serum total 25(OH)D measurement in routine 

clinical and research laboratories.  In addition, they provide less rigorous , but much lower 

cost, procedures that can be used especially by small clinical laboratories and research 

laboratories which measure serum 25(OH)D only infrequently.  For example, it is 

recommended that in the “Initial Assessment of Accuracy” (Step 2), that samples be 

measured in duplicate on each of two days.  NIST SRMs 972a and 2973 are the preferred 

option, however, CAP ABVD/DEQAS materials could be used as a lower cost substitute.  

Another example is that in the “Assessment of total CV% and mean bias, the preferred 

method would be to measure 40 single donor serum samples, obtain from CDC and with 

reference measurement procedure assigned target values, in duplicate on each of two days.  

Several lower cost procedures, however, down to measuring, say, five CAP ABVD/DEQAS 

samples in duplicate on each of two days. 
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The overall objective of the VDSP Steps to Standardization for Phase 3 is to 

determine if, after calibration, the assay meets VDSP performance criteria for Precision 

(Total CV) ≤ 10% and Accuracy (Mean Bias) ≤ 5%. Again, while rigorous methods requiring 

use of NIST SRMs and sets of single donor serum samples are given, much lower cost 

methods based on using serum materials from accuracy-based PT-EQA, CAP ABVD Survey 

and DEQAS are also provided.  For researchers, especially those using commercial assays, if 

calibration is not successful and the VDSP performance criteria are not met, a strategy is 

described for using trueness controls, e.g. NIST SRMs 972a and 2973, and CAP ABVD/DEQAS 

serum materials, to determine a master regression equation.  That master equation can 

then be used to calibrate the routine assay measurements with values assigned by a 

reference measurement procedure, e.g. NIST. 

Rickets as a Multifactorial Disease and Rickets Registry 

Lipid measurement and it adverse health outcome, i.e., coronary heart disease (CHD) 

can serve as a model for vitamin D status assessment and treatment.  Specifically, CHD is a 

multifactorial disease where risk increases with higher serum total cholesterol 

concentrations (66-68).  Reducing CHD risk has required a unified approach to both 

treatment and public health prevention (69, 70).  While there is no level of serum total 

cholesterol where CHD risk is zero and an elevated level of serum cholesterol does not 

guarantee that an individual will develop CHD, unified clinical and public health nutrition 

strategies towards lowering serum total cholesterol levels and “risk factor load” have led to 

reductions in CHD incidence and mortality around the world. 

Similarly, rickets appears to be a multifactorial disease.  In the case of vitamin D and 

rickets, the causal association is negative, i.e. those with low vitamin D status are at higher 
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risk of rickets (7, 8).  Lack of sun exposure, absence of maternal vitamin D supplementation 

while breast feeding, low calcium intake, and iron status, to name a few, are risk factors 

associated with an increased risk of rickets.  As with serum total cholesterol, low vitamin D 

status, i.e. low 25(OH)D concentration, does not guarantee that rickets will develop nor 

does a high 25(OH)D level reduce the rickets risk to zero. 

We propose here the development of an international “Rickets Registry” by which 

we try to understand and model the vitamin D contribution to rickets recognizing the 

multifactorial nature of this disease.  This effort would include: (1) developing a rigorous 

case definition for nutritional rickets; (2) standardized/harmonized measurement of serum 

25(OH)D and other possible measures of vitamin D status; e.g. 3-epi-25(OH)D3, 

24,25(OH)2D3, DBP, and bioavailable/free 25(OH)D3; and (3) “standardized” measurement of 

other known and possible rickets risk factors, e.g. sources of vitamin D exposure, calcium 

intake, serum alkaline phosphatase level, genetic markers and iron status. The hope is that 

such an effort will lead to consensus agreement on the definition of hypovitaminosis D 

based on standardized measurements of both 25(OH)D and cases of vitamin D rickets.  

Additional Vitamin D Metabolites, PTH and the Definition of Vitamin D Status and 

Hypovitaminosis D 

Consensus Statement 

The following vitamin D metabolites and components of vitamin D metabolism (1) 3-

epi-25(OH)D; (2) 1α,25(OH)2D; (3) 24,25(OH)2D3; (4) Vitamin D Binding Protein (DBP); (5) 

Free 25(OH)D; and (6) Parathyroid Hormone (PTH) are currently the subject of intense 

research to determine their role in assessment of vitamin D status (10).  Currently, their 

importance, if any, in defining states of vitamin D status remains to be determined (1-4).  It 
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is recommended that their measurement in vitamin D research be standardized/harmonized 

to prevent a recurrence of the problems due to assay variation historically and currently 

experienced with serum total 25(OH)D that have confounded the field. Moreover, in the 

future, it seems likely that multiple vitamin D metabolites, e.g., cholecalciferol, 1α,25(OH)D3, 

and 24,25(OH)2D3, etc. will be measured in a single LC-MS/MS analysis, i.e., a “vitamin D 

panel” (9, 71).  In such a system care must be taken to standardize/harmonize the 

measurement of each analyte in the panel.  

Finally, if and when new vitamin D metabolites are found to be important, 

standardization/harmonization will be essential especially in vitamin D research.  Such 

standardization/harmonization is critical as  research data will be used to develop clinical 

and public health guidelines. 

3-epi-25-hydroxyvitamin D 

The importance of the 3 epimer of 25(OH)D, if any, remains to be determined.  It 

was originally discovered in neonates and children where its concentration is quite high 

(16). In adults, its concentration is generally 5-10% of the total serum 25(OH)D3 

concentration (48, 49), but on occasion it can be quite high (72).  At this time, the 3 epimer 

concentration should not be included in the measurement of total 25(OH)D. 

While all three reference measurement procedures for serum total 25(OH)D 

measure and subtract the epimer peak from 25(OH)D3, there is no JCTLM-approved 

reference measurement procedure for the measurement of 3-epi-25(OH)D.  NIST, however, 

does provide certified values for 3-epi-25(OH)D3 in SRMs 972a and 2973 where a certified 

value is one that NIST has the highest confidence in its accuracy (56-59).   
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24,25(OH)2D3 

Traditionally 24,25(OH)2D3 was recognized only as the first step in degradation of 

25(OH)D (73).  CYP24A1 is the primary enzyme responsible for this metabolic step from 

25(OH)D to 24, 25(OH)2D3 and serum 1α,25(OH)2D3 to 1,24,25(OH)3D3.   The concentration 

of 24,25(OH)2D3 is highly correlated with that of 25(OH)D3 reported to be on the average 

between 7%-15% of total serum 25(OH)D3 concentration (74-76). However, 24,25(OH)2D3 

appears to have some utility in the diagnosis and management of certain diseases. The 

measurement of 24,25(OH)2D3 and total 25(OH)D is important in patients with 

hypercalcemia (76).  Moreover, the 25(OH)D3::24,25(OH)2D3 ratio is increased dramatically 

in patients with mutations of CYP24A1 (77-79) but reduced in osteogenesis imperfecta (80).    

The ratio of 24,25(OH)2D3 to 25(OH)D3 appears to be predictive of vitamin D3 

supplementation (81, 82).  Thus, irrespective of whether the ratio of the two metabolites is 

expressed as 24,25(OH)2D3:25(OH)D3 (74) or its inverse, 25(OH)D3:24,25(OH)2D3  (76), the 

outcome seems to be a better overall understanding of vitamin D status versus serum total 

25(OH)D alone. It is claimed by some researchers that the ratio of 25(OH)D3:24,25(OH)2D3 is 

also increased in patients with florid vitamin D deficiency rickets indicating that the renal 

vitamin D axis has switched to a 1-hydroxylation mode (45, 76, 78), however, this remains 

somewhat controversial (83). 

NIST has developed a JCTLM approved reference measurement procedure for serum 

24,25(OH)2D3 (84).  24,25(OH)2D3 target values are available for SRMs 972a, and 2973 (Table 

3) (55-59).  Standardization of 24,25(OH)2D3 measurement in vitamin D research is needed. 

  

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=267#1365


 

 
This article is protected by copyright. All rights reserved. 

Vitamin D Binding Protein (DBP) 

 Vitamin D binding protein (DBP) is the transport protein for all vitamin D metabolites 

(85, 86).  It has three common isoforms. DBP also binds fatty acids and actin monomers. 

Additionally, it may play a role in inflammation and serve an independent role in immune 

function (87-90).  DBP plays a key role in serum total 25(OH)D measurement, as noted 

previously and in the calculation and measurement of free 25(OH)D3. 

DBP is a highly polymorphic serum protein with 3 common alleles and >120 rare 

variants (89, 91).  These different forms have a racial and ethnic distribution.  Whether 

different forms have different affinities for vitamin D is uncertain (92, 93). 

DBP can be measured using immunoassays and LC-MS/MS (91, 94). Some 

commercially available DBP immunoassays use monoclonal antibodies, which have a 

different affinity for the different DBP isoforms. This means that some of the DBP isoforms 

are better detected by these monoclonal immunoassays than others, which can lead to 

falsely low DBP concentrations in serum of subjects with certain isoforms  (91). An 

immunoassay using polyclonal antibodies did not show these differences between the DBP 

isoforms yet showed a difference with a recently developed LC-MS/MS method (91, 95). 

This difference, of course, influences the calculated bioavailable or free vitamin D 

concentrations.  

Overall, when interpreting measured vitamin D concentrations, one should be aware 

that (1) the total concentration of several vitamin  D metabolites may be influenced by 

serum DBP, that (2) the measurement of total vitamin D can be influenced by the 

concentration of DBP, especially in automated immunoassays, and that (3) the 

measurement of calculated bioavailable or free vitamin D concentration is influenced not 
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only by the issues confounding total vitamin D measurement but also by DBP methodology.

  

The recently published NIST assay for DBP measurement may eventually lead to the 

development of a reference measurement procedure and SRMs which can be used to 

promote the standardized measurement of DBP and in turn to improvements in the 

calculation of Free 25(OH)D (96). 

Free 25-Hydroxyvitamin D 

The free hormone hypothesis postulates that it is only the unbound fraction (the free 

fraction) of hormones that can enter cells and exert their biologic effects  (97). 25(OH)D is 

bound primarily to DBP (≈85%) and to a lesser extent to serum albumin (≈15%).  The 

unbound fraction of 25(OH)D is <1% of the total amount.  Bioavailable 25(OH)D is the sum 

of free 25(OH)D and the 25(OH)D bound to serum albumin (98).  It is hypothesized that it is 

the unbound, 'free' 25OHD that drives many of the non-classical actions of vitamin D (99). 

Support for the importance of the free levels of vitamin D metabolites came initially 

from observations that the increase in 1α,25(OH)2D levels with administration of oral 

contraceptives or during the third trimester of pregnancy was not associated with changes 

in calcium metabolism, at least until the latter stages of pregnancy, but was accompanied by 

a parallel increase in DBP (100). This role of DBP as carrier of the vitamin D metabolites was 

well demonstrated in DBP knockout mice. Although these mice lost substantial amounts of 

the vitamin D metabolites in the urine, and their circulating levels of 25(OH) D were very 

low, they did not develop evidence of rickets until put on a low vitamin D diet (101). Interest 

in free 25(OH)D and free 1α,25(OH)2D levels was stimulated further by disease states in 

which the binding proteins are markedly altered such as liver disease and nephrotic 
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syndrome, was well as in normal physiologic states such as pregnancy, and some reports 

that alleleic variations in DBP that may affect its affinity for the vitamin D metabolites (92).  

Free 25(OH)D concentration can be calculated or measured directly (98, 102).  

However, free 25(OH)D is an extremely difficult measurement to make. Currently, there is 

only one immunoassay for the direct measurement of free 25(OH)D. This ELISA is less 

sensitive for 25(OH)D2.  Assay calibration was against a symmetric dialysis method.(103) 

Limit of detection (LOD) for blank serum is 0.7 pg/mL; at 5.02 pg/mL, between-run 

coefficient of variation (CV) was 6.2% and between-day CV was 4.5% with a total 

imprecision CV of 15.7% (104). LC-MS has been used to detect 25(OH)D in saliva, which is 

expected to be free of DBP and albumin and so represents free 25(OH)D (105).  In this 

method, 1 ml of saliva was deproteinized with acetonitrile, purified using a Strata-X 

cartridge, derivatized with PTAD, ionized by ESI and subjected to LC-MS. The limits of 

detection were reported as 2 pg/mL. The range of values obtained in normal controls was 

between 3 and 15 pg/mL, correlating well with total serum 25(OH)D (10–30 ng/mL). The 

intercept was positive, but the free fraction in the mid-range of the assay was approximately 

0.04%, in line with the results from centrifugal ultrafiltration and the Future Diagnostics 

immunoassay (106).”  However, the development of a JCTLM certified reference method for 

the direct measurement of free 25(OH)D will be difficult as the concentration is at the limit 

of current LC-MS/MS technology given the accuracy and precision required for JCTLM 

reference measurement procedures. 

Calculated free 25(OH)D concentration as currently measured is influenced by DBP 

and albumin concentration, varies in different clinical conditions and its accuracy is 

unknown (98). However, initial studies suggest that directly measured free 25(OH)D may be 

useful in overcoming that bias (102, 107). The development of DBP and serum albumin 
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reference measurement procedures will be of help in evaluating the different equations to 

calculate free 25(OH)D. Further research to define the utility, if any, of directly measured or 

calculated free 25(OH)D measurement in the assessment of vitamin D status is needed 

(108). 

Fibroblast Growth Factor 23 (FGF23) as a biomarker  

FGF23 is a relatively recently discovered hormone and with the interplay among PTH, 

1,25(OH)2D and FGF23 it has been speculated that it may also be a biomarker of vitamin D 

status. However, current research on the effect of Vitamin D treatment on FGF23 

concentrations has not shown a clear effect (109). 

The measurement of FGF23 is rather difficult and assays are neither standardized 

nor necessarily measuring the same fragments. Some FGF23 assays measure solely the 

intact FGF23 (the biological active form) whereas other assays measure both the intact form 

and the c-terminal fragments of FGF23 (110). As can be expected, the results from these 

assays do not correlate well with each other, especially in the physiological range (111-113).  

Moreover, the quality of FGF23 assays is not always established, and intact FGF23 

assays do not always agree with each other (110, 111). That is, apart from standardization 

differences and apart from the fact that intactFGF23 and c-termFGF23 assays do not agree 

and give different information (which can be logic), the is also a problem with the analytical 

performance of some assays. Some FGF-23 assays have high coefficients of variation and 

intact FGF23 assays do not agree with each other, i.e. low correlation, so the question can 

be asked whether they are measuring the same thing.   

In addition to these analytical issues, pre-analysis of FGF23 must be taken into 

account, as especially the intact FGF23 is highly unstable and protease inhibitor cocktails are 

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=9291
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needed for a reliable measurement (114). After centrifugation, FGF23 in plasma or serum is 

relatively stable (112).   

1α,25-dihydroxyvitamin D 

Serum 1α,25(OH)2D is the hormone form of vitamin D.  Serum 25(OH)D is 

hydroxylated at the one position by 1α-hydroxylase (CYP27B1) in the kidney and other 

tissues to form 1α,25(OH)2D (115, 116) . The vitamin D hormone system is essential in 

regulating serum calcium concentration (115, 116). Serum 1α,25(OH)2D stimulates: (1) 

calcium and phosphate absorption in the intestine (primarily duodenum and jejunum); (2) 

renal tubule reabsorption of calcium and phosphate in the kidney (along with PTH), and, (3) 

with PTH, mobilization of calcium and phosphate from bone.  

As 1α,25(OH)2D has a relatively short half-life and its levels are tightly controlled by 

PTH, FGF23, phosphate and calcium, calcitriol is not considered a useful measure of vitamin 

D status.  1α,25(OH)2D stimulates the 24-hydroxylase enzyme (CYP24A1); which leads to its 

degradation (115, 116). Mutations of CYP24A1 are one cause of idiopathic infantile 

hypercalcemia (81, 117) while increasing levels of serum phosphate/FGF-23 may be 

correlated with and increased expression of CYP24A1mRNA (73) although serum 

24,25(OH)2D3 levels fall in chronic kidney disease dialysis patients (82). Serum 

concentrations of 1α,25(OH)2D3 can provide insight in the etiology of hypo- and 

hypercalcemia or in the complex origin of rare cases of rickets or other metabolic bone 

diseases. 

In prospective research studies, 1α,25(OH)2D3 should only be reported in association 

with other vitamin D metabolites (i.e., 25(OH)D), calcium, phosphate and PTH.  DEQAS runs 

a PT/EQA program for 1α, 25(OH)2D3 and all clinical laboratories that measure it should 

http://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyId=267#1370
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participate in it .  Currently, there is no reference measurement procedure for 1α,25(OH)2D3 

although NIST had begun work on one. 

Recently, 1β,25(OH)2D3 was identified as a new vitamin D metabolite in human 

serum; however, its role in vitamin D metabolism remains to be worked out (118). 

Parathyroid Hormone (PTH) as a Biomarker of Hypovitaminosis D  

Due to the tight physiologic control of plasma calcium concentration by the 

calciotropic hormones regulating calcium absorption and excretion, and the interplay of 

PTH, 1α,25(OH)2D and FGF23, it is logical to focus on one of these factors as a potential 

biomarker for another – here PTH for 25(OH)D levels. As an example, iPTH suppression by 

serum 25(OH)D concentration has been used to estimate the 25(OH)D level to define 

hypovitaminosis D.  This is an attractive idea because lower serum 25(OH)D levels are 

associated with higher PTH levels. However, the threshold (inflection or breaking point) 

where iPTH clearly rises when 25(OH) levels are physiologically low, remains inconsistent 

and thereby unsolved (119). Establishment of a threshold is hampered by differences in 

standardization of PTH assays and other, preanalytical, issues including specimen type and 

stability (120). The possibility of multiple thresholds has also been suggested (121). 

As with other peptide hormones, PTH is relatively unstable and metabolized into 

inactive fragments both in the circulation and after venipuncture. Thus, well-defined pre-

analytical conditions are important for its measurement (122-124). In clinical practice, the 

2nd generation PTH assay introduced in the 1980’s is widely used. The assay was developed 

as an “Intact PTH Assay”, with one antibody directed towards the C -terminal and one 

towards the N-terminal part of the 84-amino acid peptide. However, such assays also 

capture PTH fragments, mostly inactive, with some (PTH 7-84) even being inhibitory. The 
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assays, in general, perform reasonably well in most clinical situations with the exception of 

declining renal function. In renal failure, inactive PTH fragments are not readily cleared from 

the circulation, build up, and are detected in the 2nd generation assay. Typically, in renal 

failure the elevated PTH level, as detected by the 2nd generation assay, will reflect both a 

level of true secondary hyperparathyroidism (active PTH) and the accumulation of uncleared 

fragments (inactive PTH).  The 3rd generation PTH assays are theoretically more selective for 

measurement of the entire peptide, PTH (1-84) and not circulating fragments because the 

second antibody is directed towards the first 4 amino acids in the peptide. The so-called 

‘whole’ PTH assays are preferred in patients with impaired renal function. However, 

whether the clinical specificity for 3rd compared to 2nd generation assays is improved 

remains to be established. While much remains to be clarified with regard to the 

relationship between circulating 25(OH)D and PTH, standardized 25(OH)D data will continue 

to be used in conjunction with “PTH” measurements .  It is apparent that reference methods 

and materials for PTH are needed to enhance definition of vitamin D status. 

Summary and Conclusions: 

A central controversy in vitamin D research is how to define hypovitaminosis D.  

Among the possible markers, serum total 25(OH)D is currently considered to be the best 

marker of vitamin D status.  In the absence of consensus, at this time, 25(OH)D values below 

12 ng/mL (30 nmol/L) should be considered to be associated with an increased risk of 

rickets/osteomalacia while 25(OH)D concentrations between 20-50 ng/mL (50-125 nmol/L) 

appear to be safe and sufficient.  To resolve this controversy, related to the definition of 

hypovitaminosis D, it will be necessary to: (1) standardize the measurement of serum total 

25(OH)D in vitamin D research as well as standardize/harmonize the measurement of other 

possible markers of vitamin D status; and (2) to develop/conduct a rickets registry which 
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includes a precise case definition of nutritional rickets  including other risk factors for 

nutritional rickets and standardized measurements of 25(OH)D and vitamin D metabolites. 
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Figure 1. Vitamin D Standardization Program (VDSP):  Standardization Phases. 

Legend:  Standardization of serum total 25-hydroxyvitamin D [25(OH)D] is a complex series 

of calibration steps designed so the routine laboratories report true 25(OH)D 

concentration within set statistical criteria.  It begins with development of a 

Reference Measurement System (RMS). The VDSP RMS contains the: (1) 

Recognized Reference Measurement Procedures (RMP); (2) NIST Standard 

Reference Materials or SRM©.  These are Certified Testing Materials, which can be 

used to calibrate an assay and assess if accuracy and precision of an assay meets 

VDSP guidelines to be acknowledged as reporting to true 25(OH)D concentration. 

(3) CDC Vitamin D Standardization Certification Program (VDSCP).  A rigorous 

program design to standardize 25(OH)D measurement by commercially developed 
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assays and other high-volume laboratories; (4) Performance Criteria used to define 

when an assay is standardized; currently a Total CV ≤ 10% and Mean Bias ≤ 5% and 

(5) Accuracy-Based Performance Testing/External Quality Assessment Schemes 

which use serum materials with RMP defined 25(OH)D target values to assess end-

user performance.   
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Figure 2. Vitamin D Standardization Program (VDSP):  Calibration Traceability Scheme 

Legend:  The VDSP Calibration Traceability Scheme illustrates how the reference 

measurement system’s tools are used to affect assay standardization; adapted 

from Myers G. Steroids 2008;73:1293-1296. The goal of the complex set of 

calibration steps is to assure an unbroken chain between the RMPs, or NIST SRM 

2972 ethanolic calibration solutions and the routine laboratory. It emphasizes the 

central role commercial assay manufacturers play in the standardization process 

and illustrates how accuracy-based PT/EQA are the only way to verify end-user 

performance in routine laboratories.  
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Figure 3: Vitamin D Standardization Program (VDSP):  Steps to the Standardization of an 

Individual Laboratories Assay to Measure Serum Total 25-hydroxyvitamin D. 

Legend: There are five steps to standardize an individual laboratories’ serum total 25(OH)D 

measurement (described in greater detail in the text and in Sempos et al. J AOAC 

Int. 2017; 100:1230-1233.) Step 1, Initial Calibration, entails setting up the assay and 

calibrating it using the manufacturer’s instructions. Step 2, an Initial Assessment of 

Accuracy is used to judge if the assay is performing correctly. This can be performed 

using NIST SRMs 972a and 2973, participating in CDC’s Vitamin D Standardization 

Certification Program; approaches potentially too costly for routine laboratories. A 

lower cost option in Steps 2-4 is to use CAP ABVD and/or DEQAS serum samples, 

which have RMP-assigned target values. Step 3, determine if the assay CV and Mean 
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Bias meet the VDSP performance criteria, i.e. Total CV ≤ 10% and Mean Bias ≤ 5%.  

In addition, a low-cost method to estimate Total CV and Mean Bias is to measure, 

say, five CAP ABVD or DEQAS serum samples in duplicate on two days. If the assay 

does not meet those criteria laboratory chemists should contact their commercial 

assay representative. If it is a laboratory-developed assay, it may be necessary to 

start the process over. When patient/study participant samples are measured for 

25(OH)D it is recommended, Step 4, that Trueness Controls are used to assess the 

ongoing accuracy and precision. For commercial assay users it is recommended that 

Trueness Controls be mixed in with patient/study samples.  At the end of the 

laboratory analysis those results should be used to develop a regression equation, 

i.e. RMP target values of the Trueness Controls (Y) and routine laboratory assay 

results (X).  If the laboratory did not meet VDSP performance criteria in Step 3, then 

the regression equation may be needed to calibrate the results to RMP results, i.e. 

the best estimate of the true 25(OH)D concentration.  All clinical and research 

laboratories should participate in an accuracy-based performance testing program 

e.g. CAP ABVD and/or DEQAS. (97) 
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Table 1. Vitamin D Standardization Program (VDSP) Reference Measurement System 

Components 

National Institute for Standards and Technology (NIST), Ghent University and Centers for 

Disease Control and Prevention (CDC) Reference Measurement Procedures. 

NIST Standard Reference Materials (SRMs) 

Performance Standards for Accuracy (Mean Bias %) and Precision (Total CV%) 

CDC Vitamin D Standardization-Certification Program (VDSCP) 

Accuracy-Based Performance Testing/External Quality Assessment Schemes  

 College of American Pathologists’ (CAP) Accuracy-Based Vitamin D Survey (ABVD) 

and 

 Vitamin D External Quality Assessment Scheme (DEQAS) 
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Table 2. SRM 2972a1 25-hydroxyvitamin D Calibrating2 Solutions3 

SRM 2972a consists of four separate ethanolic solutions 

Vitamin D Metabolite Concentration (nmol/L) 

25(OH)D3 in Ethanol Level 1 806.2 ± 32.4 

25(OH)D3 in Ethanol Level 2 1596.5 ± 64.1 

25(OH)D2 in Ethanol 560.4 ± 19.9 

3-epi-25(OH)D3 in Ethanol 577.0 ± 28.5 

1SRM 2972a is a replacement for SRM 2972 which has been redesigned. 
2Ethanolic solutions can be diluted to prepare calibration curves.   

3Please see: National Institute of Standards and Technology.  Certificate of Analysis Standard 
Reference Material® 2972a. 25-Hydroxyvitamin D Calibration Solutions. 
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Table 3. Assigned Values of SRMs 972a and 2973 (nmol/L)1. 

SRM Total 25(OH)D 25(OH)D2 25(OH)D3 3-epi-25(OH)D3 24,25(OH)2D3 

972a      

Level 1 73.1± 2.7 1.3 ± 0.2 71.8 ± 2.7 4.5 ± 0.2 6.38 ± 0.23 

Level 2 47.2 ± 1.0 2.0 ± 0.2  45.1 ± 1.0 3.2 ± 0.2 3.39 ± 0.12 

Level 3 82.9± 1.2 32.3 ± 0.8 49.5 ± 1.1 2.9 ± 0.4 3.88 ± 0.13 

Level 4 74.9± 2.2 1.3 ± 0.2 73.4 ± 2.3 64.8 ± 5.4 6.32 ± 0.22 

      

2973 100.1± 2.0 1.59 ± 0.05 98.4 ± 2.1 5.23 ± 0.2 7.51± 0.26 

1Please see: National Institute of Standards and Technology.  Certificate of Analysis Standard Reference Material® 972a. Vitamin D Metabolites 
in Frozen Human Serum for additional details; and Certificate of Analysis Standard Reference Material® 2973.  Vitamin D Metabolites in Frozen 
Human Serum (High Level). 
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Table 4. VDSP Assay Performance Limits Based on Biological Variation1 

Measurements CV (%) Bias (%) 

Reference Laboratories ≤ 5% ≤ 1.7% 

Routine Laboratories ≤ 10% ≤ 5% 

1Stöckl et al.(60)  
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