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Preface

 Introduction to Interdisciplinary Approach to Osteoporosis: 
Why Is It So Important?

Osteoporosis is a skeletal metabolic disorder that has reached epidemic extents all 
over the industrialized world. Recent epidemiological studies confirm the tendency 
to a dramatic increase of individuals affected by osteoporosis and fragility fractures. 
Indeed, during the last decades, for the increase of life expectancy, this disease has 
become a major health threat around the world. Age, both in male and female popu-
lation, increases the risk of developing osteoporosis, which affects millions of 
women, but lately, also men. Age-related changes in body composition, metabolic 
factors, and hormonal levels, accompanied by a decline in physical activity, may all 
provide mechanisms for the propensity to lose muscle mass, gain fat mass, and also 
develop bone loss.

Since many factors, such as genetic, environmental, nutritional, and hormonal, 
play an important role in determining this disorder, attention must be given to this 
health problem by researchers, politicians, the media, and the public in order to 
approach this skeletal alteration in a correct manner. In fact, osteoporosis is one of 
the most common chronic disorders in the industrialized societies, with an impor-
tant impact on individual lives as well as on health economics (medical expenses, 
lost income as a result of disability, and complications of fragility fractures), and 
therefore, this skeletal disorder has become a major factor in health care planning 
systems due to the high socioeconomic costs.

Most reports agree that, among other factors, lack of physical activity and non-
equilibrated nutrition play a role in the development of bone loss, altered skeletal 
homeostasis, and, thus, skeletal fragility.

The genetic basis of osteoporosis has been studied analyzing the role of different 
gene products, and an increase in knowledge suggests the role of different cyto-
kines, hormones, and their receptors, indicating that genetic factors might play an 
important role in osteoporosis development besides all other known factors.

Thus, it appears clear that osteoporosis, being a multifactorial chronic skeletal 
disease, needs an interdisciplinary approach in order to accomplish all the needs of 
patients affected by osteoporosis and fragility fractures.
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Indeed, many programs and advice are starting to be offered to the public. Many 
educational programs centered on nutritional intervention, physical activity, and 
pharmacological therapy are considered vital to improve the knowledge of this dis-
ease in order to reduce fragility fractures and to diminish disability and mortality 
and to improve quality of life of individuals affected by osteoporosis.

In this book, the authors’ contributions address the spectrum of the multidisci-
plinary, and interdisciplinary, approach to osteoporosis, ranging from physiological 
characteristics to epidemiology, to clinical characteristics and pharmacological 
approaches. Metabolic and endocrinological aspects of obesity are analyzed in 
depth, considering the role of thyroid, adrenal, and ovarian functions, the interaction 
between osteoporosis and obesity or sarcopenia or kidney or rheumatological dis-
eases. Clinical aspects are considered, starting from the multidisciplinary evaluation 
(clinical, nutritional, functional) through the different interventions (therapeutic 
education and physical activity and training prescription, prescription medications), 
up to the interdisciplinary management of osteoporosis.

The involvement of experts in nutrition, kidney diseases, endocrinology and 
andrology, rheumatology, exercise and sports medicine, and orthopedic surgery 
explains, the multidisciplinary approach that should characterize the clinical care of 
the patient affected by osteoporosis.

The experts of the different disciplines, who have been involved in this editorial 
project, have made every effort to produce manuscripts rich in evidence-based med-
icine contents, but also basic research, highlighting the importance of a translational 
approach “from the bench to the bedside” pointing viewpoints from multiple disci-
plines and the multilayered issues involved in the care of patients affected by 
osteoporosis.

The book will be useful to physicians, scientists, postgraduate students, and stu-
dents of various disciplines dealing with osteoporosis and fragility fractures.

Rome, Italy Andrea Lenzi 
Rome, Italy  Silvia Migliaccio 
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1Anatomy and Physiology of Skeletal 
Tissue: The Bone Cells

Giacomina Brunetti, Graziana Colaianni, Silvia Colucci, 
and Maria Grano

1.1  Introduction

The skeleton is a hard structure formed by a set of bones that support the human 
body. According to their shape, the bones can be classified into four groups: long 
bones, short bones, flat bones, and irregular bones. Long bones, the major bones of 
limbs, are longer than they are wide and consist of an elongated central hollow 
shaft, known as diaphysis, and two expanded ends, known as epiphysis. The part 
between the diaphysis and the epiphysis is called metaphysis. The inner portion of 
the bone includes a cavity, known as marrow or medullary cavity, filled with bone 
marrow. Short bones are almost equivalent in length and diameter (i.e., the carpal 
bones of the hand); flat bones are skinny and plate-like (i.e., the skull and the ster-
num); irregular bones have a different shape with respect to the previously described 
three groups of bones (i.e., a vertebra).

Bone exists in two main forms due to the arrangement of collagen fibers: woven 
bone and lamellar bone. Woven bone is an immature form characterized by a disor-
ganized disposition of collagen fibers, thereby resulting in a weaker structure. 
Lamellar bone is the mature form and displays a regular parallel alignment of col-
lagen fibrils arranged in lamellae.

The mature bone tissue is structurally divided into two types: the cortical/com-
pact bone and the spongy trabecular bone. Cortical bone is dense and solid and 
surrounds the marrow cavity, whereas trabecular bone is composed of a network of 
trabecular plates and rods strewed in the bone marrow compartment. Mature 

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-75110-8_1&domain=pdf
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cortical bone is mainly composed of cylindrical units known as osteons or Haversian 
systems, which are formed by concentric lamellae of bone matrix containing a cen-
tral neurovascular canal.

As all the other connective tissue, the bone consists of an extracellular matrix 
composed of an inorganic and organic part and a cellular component, consisting of 
osteoclasts (OCs), osteoblasts (OBs), and osteocytes. The major component of the 
inorganic matrix is hydroxyapatite, whereas the organic part includes primarily col-
lagen type 1 but also other non-collagenic proteins, such as osteopontin, osteocal-
cin, and proteoglycans.

1.2  The Functions of the Bone

The bone is currently considered a multifunctional tissue. Indeed, it plays roles in 
mechanical support, provides a structure for the attachment of muscles, and allows 
body movements. The bone also exerts a protection for different organs, especially 
in vital areas such as the trunk, in which the ribcage shields the lungs and the heart 
or the vertebrae protect the spinal cord, or also cranial bones which kept the brain 
safe. Furthermore, the bone stores several minerals, such as calcium and phospho-
rus, which, when required, are released from the bone in the blood taking part in 
mineral homeostasis. In addition, the bone plays a role in hematopoiesis since all 
cellular blood components are derived from hematopoietic stem cells present in the 
bone marrow, the soft tissue hosted inside the cavity of the long bones and trabecu-
lar spaces, and also acts as energy storage due to yellow marrow, which, containing 
lipids, represents an energy reservoir. More recently, it has become clear that the 
bone can also display an endocrine function, as it regulates not only itself but also 
other organs through the two most well-known and well-studied molecules: osteo-
calcin (OCN) and fibroblast growth factor 23 (FGF23) [1].

Exclusively, the bone renews itself throughout the life through the physiological 
process known as bone remodeling consisting in the balanced activity of OCs, the 
resorptive cells of the bone, and OBs, the bone-building cells. Recently, more and 
more evidences have indicated that the osteocytes, the most abundant bone cell type 
embedded in the mineralized matrix, orchestrate bone remodeling.

Here we will address the current knowledge about bone cells.

1.3  Osteoclasts

OCs, generated by fusion of myeloid precursors [2], are multinucleated cells pres-
ent in physiological condition on bone surfaces when extracellular matrix degrada-
tion occurs. OCs have an exclusive cytoskeletal organization and membrane 
polarization that allows them to isolate the bone-apposed extracellular space, “the 
Howship’s lacunae,” where bone resorption takes place. Through their resorption 
activity OCs absolve to numerous functions. First of all, they participate to renew 

G. Brunetti et al.
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the bone in order to maintain its homeostasis. Secondly, since the bone is the major 
organ for the calcium storage, OCs are sensitive to numerous signal regulating cal-
cium release from the bone, such as parathyroid hormone and 1,25(OH)2 vitamin 
D3. Thirdly, through bone-resorbing activity, OCs are responsible of the release of 
growth factors stored in the bone matrix including insulin-like growth factor-1 
(IGF-1) and transforming growth factor β (TGF-β) affecting the coupling of bone 
formation and resorption and targeting other cells in the bone microenvironment. 
Lastly, OCs maintain characteristics of other myeloid cells, such as cytokine release 
and antigen presentation, which give them the potential to influence immune 
responses.

1.4  Osteoclastogenesis

The primary factors regulating OC differentiation are MCSF and RANKL, pro-
duced by stromal and OB lineage cells thereby providing support for this process [3, 
4]. Beyond macrophage colony-stimulating factor (MCSF) and receptor activator of 
nuclear factor-κB ligand (RANKL), the normal bone marrow microenvironment 
also contains a wide variety of OC-regulating molecules, including cytokines, 
growth factors, and hormones which are discussed in detail below.

Bone Resorption
OCs adhere to bone matrix by integrin αvβ3, expressed in specialized F-actin 
structures called podosomes; surround the portion of the bone to be digested 
and polarized in way that the cellular membrane in front of the bone is convo-
luted by the presence of microvilli, “the “ruffled border”; and hold the proton 
pump (V-ATPase) and Cl− channel 7 (ClC7), whereas the basolateral mem-
brane domain includes the HCO3−/Cl− antiporter [2]. Cytoplasmic carbonic 
anhydrase type II (CAII) enzyme creates the protons to be released into the 
resorption Howship’s lacuna under the cell. This “space” becomes separated 
from the rest of the extracellular space through the tight binding of αvβ3 to the 
bone matrix at the sealing zone. The β3 cytoplasmic domain recruits signaling 
proteins, inducing the binding of actin with different molecules (including 
vinculin, kindlin, talin, paxillin, and myosin IIA) and formation of the actin 
ring that labels the periphery of the ruffled membrane. Combined activity of 
ClC7 and V-ATPase determines elevated levels of HCl that acidifies the 
Howship’s lacuna, leading to the solubilization of the inorganic compounds of 
the bone matrix. In parallel, acidified cytoplasmic vesicles containing lyso-
somal enzymes including cathepsin K and metalloprotease-9 are also trans-
ported toward the ruffled cell membrane and, ultimately, released in the 
lacunae to degrade the organic components of the bone matrix.

1 Anatomy and Physiology of Skeletal Tissue: The Bone Cells



4

Furthermore, human osteoclast-poor osteopetrosis has been associated to inacti-
vation or deficiency of RANKL [12]. Inactivation of OPG causes juvenile Paget’s 
disease [13], a high-turnover bone disorder, whereas activating mutations of RANK 
generates different osteolytic diseases, such as familial expansile osteolysis [14].

Monocytes expressing RANK, a tumor necrosis factor (TNF) receptor family 
member, in the presence of RANKL fuse to differentiate into multinucleated OCs. 
RANKL–RANK interaction leads to the activation of numerous pathways including 
MAPKs (p38, JNK, ERK), mTOR, PI3K, NF-κB (canonical and alternative), and 
microphthalmia-associated transcription factor (MITF) [6, 15, 16].

Some of these pathways induce the expression of nuclear factor of activated T 
cells, cytoplasmic 1 (NFATc1), the key osteoclastogenic transcription factor [17], 
whose activation is also linked to the PLC-γ2/Ca2+ pathway. RANK signaling deter-
mines protein posttranslational modifications such as ubiquitination [18] (72), phos-
phorylation [19], and SUMOylation [20]. Ongoing studies also demonstrate a 
crucial role of epigenetic mechanisms in RANKL control of osteoclastogenesis [21, 
22]. In fact, RANKL modulates the expression of several microRNAs [23]. RANKL 
also determines histone 3 (H3) lysine 4 trimethylation (H3K4me3, a mark of 

MCSF
MCSF is derived from osteoblastic cells and is involved in the growth and 
survival of the OCs through regulation of numerous pathways such as the 
mitogen-activated protein kinases (MAPKs), extracellular signal-regulated 
kinase (ERK), and Jun N-terminal kinase (JNK) [4], glycogen synthase 
kinase-3β/β-catenin [5], and mammalian target of rapamycin (mTOR) [6]. 
Moreover, MCSF also induces OC differentiation signals since it has been 
recently found to increase diacylglycerol levels through stimulation of phos-
pholipase C-γ (PLC-γ), which in turn causes c-Fos activation [7]. The MCSF 
actions are mediated by binding with its receptor c-fms, and the importance of 
the growth factor and its receptor in osteoclastogenesis and bone phenotype 
came from data showing that null mutations in either the ligand or the recep-
tor genes result in a severe osteopetrosis [8]. Recently, it has been demon-
strated that c-fms can also interact with the newly identified interleukin-34 
(IL-34) and that MCSF as well as IL-34 promote the expression of RANK, 
whose signaling pathways also promote osteoclastogenesis [9].

RANKL/RANK/OPG Axis
RANKL is another crucial factor required for the differentiation, survival, and 
function of OCs. Two decades ago the demonstrations that RANKL transgenic 
mice showed osteoporosis whereas mice knockout for RANKL or for the decoy 
receptor osteoprotegerin (OPG) are osteopetrotic [10] and osteoporotic [11], 
respectively, underline the crucial function of this pathway in osteoclastogenesis.

G. Brunetti et al.



5

transcriptionally active chromatin) whereas mitigates H3K27me3 (a mark of silent 
chromatin) near the transcription start site of several genes encoding OC transcrip-
tion factors, such as NFATc1 and NF-κB [24].

Recently, Luo et  al. reported that leucine-rich repeat-containing G-protein-
coupled receptor 4 (LGR4, also called GPR48) is another receptor for RANKL. LGR4 
competes with RANK to bind RANKL and inhibited canonical RANK signaling 
during osteoclastogenesis [25]. RANKL binding to LGR4 activates the Gaq and 
GSK3-β signaling pathway, thereby inhibiting the expression and activity of 
NFATC1 during OC differentiation. Both total (Lgr4−/−) and monocyte conditional 
knockout mice of Lgr4 (Lgr4 CKO) showed increased OC formation and activity. 
The same authors demonstrated that LGR4 extracellular domain therapeutically 
abrogated RANKL-induced bone loss in three mouse models of osteoporosis [25].

Another molecule that negatively affect TNF-α pro- osteoclastogenic effect is 
RBP-J, a transcription factor which if it is removed leads to strong osteolysis in 
response to TNF-α [37]. In normal cells, small amounts of RANKL with TNF-α have 

OSCAR, FcRγ, and DAP12
A third signal controlling osteoclastogenesis arises from ITAM adaptors includ-
ing DNAX activation protein of 12 kDa (DAP12) [26] and Fc receptor γ (FcRγ). 
These cell surface molecules interact with co-receptors TREM2 and Sirpβ1 
(DAP12) or OSCAR and PIR-A (FcRγ) in order to activate Ca2+/NFATc1 
through PLC-γ2 [27, 28]. In mice, deletion of either ITAM protein has no effect 
on bone mass, while deletion of both causes severe osteopetrosis. Other studies 
reported that the primary role of the ITAM-mediated signaling seems to be in the 
regulation of the OC cytoskeleton, with modest effect on osteoclastogenesis [26, 
29]. Furthermore, loss of TREM2, the co-receptor for DAP12, increases OC for-
mation, through β-catenin, indicative of a Ca2+/NFATc1-independent effect [2]. 
Thus, ITAM signaling role in osteoclastogenesis requires further studies.

Tumor Necrosis Factor-α (TNF-α)
Already before the discovery of RANKL pro-osteoclastogenic role, TNF-α was 
recognized for its ability to stimulate bone resorption in vivo and in vitro [30, 
31]. TNF-α stimulates RANKL and MCSF expression by osteoblastic cells and 
also binds directly OC precursors [32, 33]. Numerous signaling pathways acti-
vated by TNF-α and RANKL are very similar and together stimulate OC dif-
ferentiation [34, 35]. However, the ability of TNF-α alone to induce 
osteoclastogenesis is quite low, due to little diversities in signaling pathway. In 
detail, RANK engages TRAF3, allowing the processing of p100 to p52, thereby 
removing significant brakes on the alternative NF-κB signaling pathway [36]. 
TNFR1 signaling augments p100 levels but not its transformation to p52.

1 Anatomy and Physiology of Skeletal Tissue: The Bone Cells
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a synergic on osteoclastogenesis. However, in conditions in which RANKL is severely 
excluded from the system, exposure of precursors to TNF-α prior to RANKL inhibits 
osteoclastogenesis [34]. Due to the presence of a death domain in TNFR1, TNFα 
stimulates pro-apoptotic pathways in addition to the pro-survival pathways that are 
downstream of classical NF-κB. Thus, the addition of TNF-α to OCs or their precur-
sors causes apoptosis only when classical NF-κB is blocked. Thus, NF-κB signaling 
downstream of TNFα supplies a strong survival signal to OC lineage cells.

LIGHT
LIGHT (homologous to Lymphotoxins exhibiting Inducible expression and 
competing with herpes simplex virus Glycoprotein D for herpes virus entry 
mediator [HVEM], a receptor expressed by T lymphocytes) is a member of 
TNFSF (TNFSF14) expressed on activated T cells, natural killer cells, mono-
cytes, granulocytes, spleen cells, and immature dendritic cells [38–40]. LIGHT 
can engage two membrane-bound TNFSF signaling receptors, HVEM and lym-
photoxin beta receptor (LTβR). HVEM is expressed on endothelial, dendritic, 
natural killer, and T and B cells [41, 42], while LTβR is expressed on fibroblast, 
monocyte, endothelial, epithelial, and stromal cells [43]. Following the interac-
tion of LIGHT with HVEM or LTβR resulted in cytokine production and cell 
survival or proliferation [44–47]. The LIGHT–LTβR interaction can also lead to 
cell death [48, 49]. Through the interaction with HVEM, LIGHT is described as 
a potent T cell co-stimulatory molecule [41, 50, 51]; its constitutive expression 
on T cells causes activation and expansion of these cells, favoring autoimmune 
disease development [52, 53]. LIGHT could also bind a soluble receptor decoy 
receptor 3 (DcR3), which is known to be involved in OC formation [54]. 
Moreover, LIGHT has been implicated in osteolytic rheumatoid arthritis and 
multiple myeloma [55, 56], although conflicting results have been reported about 
the role of LIGHT on OC formation [55–59]. In particular, Hishida et al. reported 
no OC differentiation from peripheral blood (PB) CD14+ monocytes treated with 
LIGHT [55], whereas our previous work in agreement with what demonstrated 
by Edwards et al. and Hemingway et al. showed a LIGHT pro-osteoclastogenic 
effect [56–59]. However, all the cited authors concordantly reported that LIGHT 
and RANKL synergically stimulated OC formation [55–59].

Interleukin-17 (IL-17)
Interleukins are known to affect OC differentiation [60, 61]. Recently, IL-17 
attracted numerous scientists overall for the therapeutic implications. IL-17 is 
expressed by a type of human T-helper cell (Th17) [61]. This cytokine plays a 
crucial role in inflammation and the development of autoimmune diseases 
such as rheumatoid arthritis; however, its mechanism of action in the develop-
ment of bone erosions, especially in relation to other known key cytokines 
such as IL-1, TNF, and RANKL, remains unclear.

G. Brunetti et al.
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IL-17 has been demonstrated to be implicated in osteoclastogenesis augmenta-
tion in inflammation by increasing the release of RANKL, which may synergize 
with IL-1 and TNF [62].

1.5  Osteoblasts

OBs differentiate from mesenchymal stem cells (MSCs), sharing their origin with 
other cells of connective tissues such as fibroblasts, adipocytes, and chondrocytes. 
They represent only 5% of total bone resident cells that are mainly constituted by 
osteocytes. OBs have the crucial function of building the bone [63] but also of 
regulating OC differentiation through the production of MCSF, RANKL, and 
OPG [3, 64].

Osteoblastogenesis is defined by several steps: lineage commitment, prolifera-
tive expansion, synthesis and mineralization of bone matrix, and differentiation in 
osteocytes. All these stages are signed by specific activation of transcription factors 
and sequential gene transcription thereby determining the expression of the typical 
OB markers. The key transcription factors involved in osteoclastogenesis are 
RUNX2 and Osterix, whereas the typical OB markers include collagen I (COLL I), 
alkaline phosphatase (ALP), bone sialoprotein, osteonectin, osteopontin, and OCN.

1.6  Transcription Factors Affecting Osteoblastogenesis

Runt domain-containing transcription factor (Runx2) represents a master switch for 
osteoblastogenesis. Runx2 levels progressively enhance during osteoblastogenesis, 
reaching the maximum expression in complete differentiated OBs. Runx2 homozy-
gous deletion in mice determined a total lack of OBs [65], whereas Runx2 haploin-
sufficiency in mice or in humans led to hypoplastic clavicles and delayed closure of 
the fontanelles, defects that are typical of cleidocranial dysplasia in humans [66–
68]. RUNX2 is necessary for the suitable activity of mature OBs, including the 
synthesis of bone matrix [69]. In fact Runx2 target genes include both genes 
expressed by immature and differentiated OBs, such as TGF-β receptor, ALP, COLL 
I, OPN, OCN, and collagenase [70].

Osterix (OSX)
OSX, transcription factor, is required downstream of RUNX2 and thereby 
necessary for OB differentiation. In mouse embryos OSX deletion led to OB 
absence, although RUNX2 is expressed [71]. These findings, together with 
the demonstration that OSX levels were undetectable in RUNX2-null mice 
[71], suggested that OSX works downstream of RUNX2 during osteoblasto-
genesis. OSX is essential both during embryogenesis and for postnatal OB 
and osteocyte differentiation and activity [72].

1 Anatomy and Physiology of Skeletal Tissue: The Bone Cells
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1.7  Molecules Affecting Osteoblastogenesis

The WNT family of glycoproteins has crucial functions in the regulation of osteo-
blastogenesis. Following the binding to different transmembrane receptor, WNT 
glycoproteins trigger several intracellular pathways that may be β-catenin depen-
dent or independent [81, 82].

In β-catenin-dependent WNT signaling, the glycoproteins (WNT1, WNT3, 
WNT3A, WNT8, WNT9A, or WNT10B) engage frizzled receptors and their 
co-receptors low-density lipoprotein receptor-related protein 5 (LRP5) or LRP6 
leading to the activation of a cascade of intracellular mediators that stabilize 
cytosolic β-catenin [83]. Thus, β-catenin translocates into the nucleus, interacts 
with lymphoid enhancer-binding factor 1 (LEF1) and T cell factor 1 (TCF1), 
TCF3, and TCF4 transcription factors, and promotes the transcription of osteo-
blastic genes. Wnt pathway is tightly regulated by numerous secreted antago-
nists that are soluble frizzled-related proteins (sFRPs), which interfere with Wnt/
frizzled receptor binding or Dickkopf (DKK) proteins and sclerostin, which bind 
the co-receptor LRP5/6. Indeed, loss-of-function mutations in LRP5 gene cause 
osteoporosis–pseudoglioma syndrome [84]. Mutations in LRP5 cause high bone 
mass syndrome [85–89]. Whereas, mutations in SOST (which encodes scleros-
tin) result in sclerosteosis or Van Buchem disease, respectively [90–93]. Genetic 

Activating Transcription Factor 4 (ATF4)
ATF4, a member of the basic Leu zipper (bZIP) family of transcription fac-
tors, has a key role in mature OB lineage cells. Alteration of ATF4 activity has 
been associated with the skeletal abnormalities observed in Coffin–Lowry 
syndrome patients [73, 74]. ATF4 directly regulates the expression of the 
bone matrix protein OCN and of RANKL. ATF4 also is involved in the amino 
acid import to guarantee a suitable protein synthesis by OBs [73].

Activating Protein 1 (AP1)
AP1 is a transcription factor which consists of different dimers of proteins 
belonging to Fos (c-Fos, FosB, Fra-1, and Fra-2) and Jun families (c-Jun, 
JunB, and JunD) [75]. Conditional deletion of Fra-1 in mice resulted in osteo-
penia that seems to be due to the reduced expression of OCN and COLL I 
[76]. Transgenic overexpression of FRA1 determined high bone mass due to 
increased osteoblastogenesis [73–80]. Moreover, a direct transcriptional con-
trol of OCN and Coll I by Fra-2 in human subjects has been reported [77, 78]. 
Additionally, ΔFOSB transgenic mice, an isoform of FOSB, increased bone 
mass through stimulation of OB formation and activity [79, 80].
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deletion of β-catenin in embryonic mesenchymal progenitors abolishes mature 
OB  generation [94–97].

Noncanonical Wnt glycoproteins such as WNT5A, WNT5B, WNT6, WNT7B, 
WNT11, and WNT16 can trigger the planar cell polarity (PCP) pathway or the Wnt/
Ca2+ signaling. The PCP pathway affects cell orientation in tissues as well as cell mobil-
ity, shape, differentiation, and communication. WNT5A is fundamental for controlling 
the PCP pathway through a DSH, Ras homolog gene family member (RhoB) and the 
small GTPase Rab4, activating kinases such as the c-Jun N-terminal kinase (JNK) con-
trolling cytoskeletal rearrangements [98, 99]. The Wnt/Ca2+ pathway triggers the activa-
tion of phospholipase C with consequent release of calcium that sequentially stimulates 
NFAT [100, 101]. Calcium signaling is engaged for cell fate and cell migration.

WNT5A was first classified as a noncanonical Wnt that activates β-catenin-
independent pathways. However, recent studies demonstrated that the downstream 
signaling of WNT5A can affect canonical β-catenin-dependent signaling [102]. 
Indeed depending on the receptor availability, noncanonical Wnts such as WNT5A or 
WNT16 can trigger or even antagonize alternative pathways [102, 103]. Thus, the 
division between canonical and noncanonical signaling pathways is becoming pro-
gressively more imprecise.

BMP Signaling
BMPs, a TGFβ superfamily member, bind to receptor complexes composed 
of heterotetramers of type I and type II Ser/Thr kinase receptors and activate 
SMADs (SMAD1, SMAD5, or SMAD8). The phosphorylated SMADs form 
a complex with SMAD4 and translocate into the nucleus to regulate gene 
expression. Genetic studies have shown that BMP2 and BMP4 signaling is 
required for differentiation to mature OBs. Furthermore, mice lacking only 
BMP2  in the limb mesenchyme formed bone during embryogenesis but 
exhibited a clear defect in bone mineral density shortly after birth, resulting in 
frequent fractures that failed to heal [104]. Deletion of BMP receptor 1A 
(BMPR1A) in pre-osteoblasts and OBs, either in utero or postnatally, resulted 
in an unexpected increase in bone mass [105–107]. These studies indicated 
that, although BMPR1A loss decreased bone formation, it also reduced bone 
resorption to a greater extent, resulting in a net increase in bone mass. Thus, 
BMP signaling in OB lineage cells seems to also have an important role in 
regulating OCs. In addition to its role in OB differentiation, BMP signaling 
regulates the function of mature OBs. Deletion of BMPR1A in mature OBs 
decreased OB function [108], whereas overexpression of noggin, a secreted 
inhibitor for BMPs, caused a reduction in OB function and a lower bone mass 
in mice postnatally [109]. Similarly, deletion of SMAD4  in mature OBs 
impaired OB activity [110]. Interestingly, BMP3 may counteract BMP2 and 
BMP4 activity to maintain a proper bone mass in vivo, as BMP3 knockout 
mice had increase trabecular bone respect to wild-type mice.

1 Anatomy and Physiology of Skeletal Tissue: The Bone Cells
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OCs express semaphorin 4D (Sema4D), which strongly suppresses bone forma-
tion [114]. On OBs the binding of Sema4D to its receptor plexin-B1 resulted in the 
suppression of IGF-1 signaling and by modulating OB motility. Sema4d−/− mice 
and Plxnb1−/− mice specifically in OBs showed increased bone mass due to aug-
mented bone formation. Notably, mice treatment with Sema4D neutralizing anti-
body prevented bone loss in postmenopausal osteoporosis murine model.

Semaphorin 7A (SEMA7A) has been shown to play a crucial role in the acti-
vation of monocyte/macrophages, thus contributing to osteoclastogenesis 
[115]. Polymorphisms of the SEMA7A gene were associated with low bone 
mineral density of the lumbar spine and femoral neck and with risk of vertebral 
fracture [116].

Semaphorin 3B (SEMA3B) has been identified as a 1,25(OH)(2)D(3)-
stimulated gene in osteoblastic cells. Moreover, during OB differentiation 
SEMA3B gene expression increased. Transgenic SEMA3B mice showed reduced 
bone mineral density and altered trabecular bone, due to increased OC numbers 
and activity [117].

Collectively, these studies support the key role of semaphorins in the regulation 
of skeletal homeostasis.

Semaphorins
Semaphorins emerged as a family of cell surface attached or secreted pro-
teins. The semaphorins are grouped into eight major classes [111]: the first 
seven are ordered by number, from class 1 to class 7; the eighth group is class 
V (V stands for virus). Classes 1 and 2 are found in invertebrates only, while 
classes 3, 4, 6, and 7 are found in vertebrates only. Class 5 is found in both 
vertebrates and invertebrates, and class V is specific to viruses. Most sema-
phorins use receptors in the group of proteins known as plexins. Class 3 sema-
phorins signal through heterocomplexes of neuropilins, class A plexins, and 
cell adhesion molecules; class 7 semaphorin use integrins as their receptors. 
Recently, it emerged the role of semaphorins in the regulation of bone cell 
activity. In detail, Sema3A is abundantly expressed in bone, and cell-based 
assays showed that Sema3A affected OB differentiation [112]. Semaphorin 
3A (Sema3A) has an osteoprotective effect by both inhibiting bone resorption 
and promoting bone formation. The binding of Sema3A to neuropilin-1 
(Nrp1) suppressed RANKL-induced osteoclastogenesis. Furthermore, 
Sema3A and Nrp1 binding promotes osteoblastogenesis and suppresses adi-
pogenesis through canonical Wnt/β-catenin pathway [112]. In mice Sema3A 
injection augmented bone volume and accelerated bone regeneration. Further 
studies showed that osteoblast-specific Sema3A-deficient mice had normal 
bone mass [113]. In contrast, mice lacking Sema3A in neurons had low bone 
mass, comparable to Sema3a-KO mice, signifying that neuron-derived 
Sema3A is responsible for the observed bone alterations independent of the 
local effect of Sema3A in the bone [113].

G. Brunetti et al.
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In vivo data also showed higher Atf4 expression in bone marrow of irisin-treated 
mice, suggesting a substantial commitment of OB precursor toward osteogenesis. In 
addition, long bones of r-irisin-treated mice expressed high level of osteopontin, 
one of the most abundant protein of bone matrix that is also known to be a mechani-
cally responsive molecule [123], and strongly reduced expression of sclerostin, one 
of the inhibitors of the bone anabolic Wnt pathway [124].

1.8  Osteocytes

Osteocytes, the most abundant cells in the bone, are essential for the maintenance of 
skeletal homeostasis. Osteocytes orchestrate bone formation during growth and the 
preservation of a healthy skeletal frame for locomotion. These cells modulate OB 

Lipocalin-2
Lipocalin-2 (LCN2) is a 25-kD adipokine belonging to a large superfamily of 
proteins that bind and transport lipids and other hydrophobic molecules. In 
mice subjected to experimentally induced mechanical unloading, Lcn2 
expression was upregulated in the long bones [118]. In primary OBs trans-
fected with LCN2-expression-vector (OBs-Lcn2), the levels of Runx2, 
Osterix, and Alp were downregulated, whereas IL-6 mRNA and the Rankl/
Opg ratio were p-regulated. These findings suggest that LCN2 directly affect 
osteoblastogenesis and indirectly osteoclastogenesis [118].

The Myokine Irisin
Irisin was originally identified as hormone-like myokine, secreted from skeletal 
muscle in response to exercise both in mice and humans, and able to induce the 
so-called browning response in white adipose tissue [119]. However, latest evi-
dence has questioned the primary biological role of irisin, demonstrating that 
irisin also targets bone tissue directly, driving positive effects on cortical mineral 
density and improving bone strength and geometry in mice [120]. This study 
highlighted a new biological significance of irisin as one of the molecules 
responsible for the yet poorly characterized bone-muscle unit and suggested that 
irisin might be the link between physical exercise and healthy bone. The effect of 
irisin on the bone is mainly exerted on OB lineage by enhancing differentiation 
and activity of bone-forming cells, through the upregulation of the Atf4. The 
increased differentiation and activity of OBs were also proved by the enhance-
ment of ALP-positive colonies and nodules of mineralized matrix. Consistently, 
the expression of ALP and COLL I mRNA were upregulated by irisin treatment 
in vitro [120, 121]. Although its receptor has not been identified yet, the action of 
irisin on OB is receptor mediated, as demonstrated by the activation of the MAP 
kinases Erk and p38 upon r-irisin administration in vitro [120–122].
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and OC activity by releasing factors that allow the skeleton to respond to mechani-
cal needs and hormonal variation. Osteocytes participate to bone endocrine func-
tions by producing hormones that influence other tissues/organs and control mineral 
metabolism as well as hematopoiesis.

1.9  Osteocytogenesis

About 5–20% of OBs resident on the bone surface are progressively surrounded by 
the bone matrix proteins they secrete and became osteocytes [125, 126]. This dif-
ferentiation process is delineated by changes in gene expression and is associated to 
functional and morphological changes. The active OBs have cuboidal shape, large 
nucleus located near the basal membrane of the cell, and copious endoplasmic retic-
ulum and Golgi apparatus. During osteocytogenesis, organelle number strongly 
declines, and the nuclear-to-cytoplasm volume ratio enhances as cells attain a star-
like morphology. The cytoplasmic processes of osteocytes are localized in the cana-
liculi of the mineralized bone and interact with adjacent osteocytes, cells on the 
bone surface, and endothelial cells of blood vessels. This wide lacunar–canalicular 
system is preserved by osteocyte capability to remodel their neighboring space. The 
osteocyte lacunar–canalicular system also permits the diffusion of osteocyte-pro-
duced molecules among all the cells of the bone and the bone marrow. Genes that 
are modulated during osteocytogenesis can be divided, based on their function, into 
three groups: genes associated to dendritic morphology and canaliculi formation, 
genes linked to phosphate metabolism and matrix mineralization, and genes modu-
lating bone formation or resorption.

1.9.1  Development and Maintenance of the Osteocytic Network

The differentiation from OBs to osteocytes is mediated by several proteins control-
ling the development of dendrites and the mineralization and matrix degradation to 
guarantee the proper formation of the lacunar–canaliculi system.

Podoplanin
Podoplanin is expressed in newly embedded osteocytes, but not in mature 
osteocytes or in OBs on the bone surface, thereby podoplanin is a marker of 
early osteocyte differentiation [127]. Podoplanin expression is necessary for 
elongation of the dendrite and is augmented by mechanical stimulation both 
in vitro and in vivo. Podoplanin interacts with CD44, and their expression has 
been linked with dendrite branching of the osteocytes [128, 129]. Osteocytic 
dendrites also have α-actinin and fimbrin, key proteins for cytoskeletal orga-
nization of osteocytes isolated from chicken [130, 131].
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1.9.2  Phosphate Metabolism and Matrix Mineralization

During osteocytogenesis the genes of the phosphate metabolism and matrix miner-
alization are highly expressed 35. These genes include fibroblast growth factor 23 
(FGF23), DMP-1, matrix extracellular phosphoglycoprotein (MEPE), phosphate-
regulating neutral endopeptidase (PHEX), and fetuin-A.  FGF23 is expressed by 
osteocytes and affects phosphate metabolism by targeting the kidney. FGF23 inter-
acts with FGF receptors and klotho co-receptor in the renal proximal tubule, which 
results into inhibition of renal phosphate reabsorption [139]. Fgf23 knockout mice 

Dentin Matrix Acidic Phosphoprotein-1 (DMP-1)
DMP-1 is expressed in mature OBs, and its expression enhances as OBs dif-
ferentiate toward osteocytes [132]. DMP-1 is necessary for suitable osteocyte 
maturation. Indeed, in mice lacking DMP1 osteocytes expressed elevated lev-
els of osteoblastic and early osteocytic genes (such as those podoplanin) and 
low levels of sclerostin (a marker of mature osteocytes) [133]. Additionally, 
these mice have defective mineralization and disorganized osteocytic lacu-
nar–canalicular system.

MMPs
The expression of MMPs also progressively increases as OBs differentiate 
into osteocytes. In osteocytogenesis MMP role can be associated to their 
function to cleave collagen in the matrix surrounding osteocytes, thereby 
allowing the formation of canaliculi through which osteocytes extend cyto-
plasmic projections. Consistently, in mice MMP-14 deletion led to few or 
absent osteocytic processes [134]. Moreover, MMP-13 is required to maintain 
osteocyte viability [135].

Connexin 43 (CX43)
CX43, critical protein for the activity of the osteocyte network, forms gap 
junction channels between communicating cells; CX43 also forms hemichan-
nels connecting cells with the extracellular environment. In mice CX43 dele-
tion from osteocytes reduces their viability and determines modifications in 
long bone geometry [136–138]. In vitro CX43 knockdown leads to cells that 
die spontaneously and express an increased RANKL/OPG ratio [138]. 
Furthermore, in CX43 knockout mice, OCs are localized on bone surfaces 
neighboring to areas where apoptotic osteocytes accumulate, suggesting that 
signals by dying osteocytes are crucial for OC recruitment.
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showed hyperphosphatemia, decreased BMD, reduced bone formation, and accu-
mulation of unmineralized osteoid [140].

FGF23 also works in an autocrine and/or paracrine way in osteocytes and other bone 
cells, as FGF receptor 1 (FGFR1) and klotho are also present on these cells. Other osteo-
cyte-produced molecules affect FGF23 expression and/or function and consequently 
indirectly influence phosphate metabolism. Indeed, in humans inactivating mutations in 
DMP1 or PHEX lead to high levels of FGF23 and hypophosphatemia [141].

DMP-1 is necessary for correct bone mineralization, whereas MEPE is an inhibi-
tor of the mineralization whose deletion in mice leads to increased bone mineral 
density [142]. DMP-1 and MEPE expression is increased by loading, and these 
proteins might mediate the local outcomes of mechanical stimulation in the matrix 
neighboring osteocytes [143]. Enzymatic degradation of MEPE generates a peptide 
that blocks mineralization both in vitro and in vivo [144]. PHEX is a metalloendo-
peptidase that interacts with MEPE and its peptide. Phex knockout mice develops 
osteomalacia and an altered osteocytic lacuna–canalicular system [145].

The liver protein fetuin-A, bone mineralization and calcification inhibitor, has 
been found in the bone and is more expressed by osteocytes compared with OBs 
[146]. Fetuin-A might be involved in the formation of dendrites by slowing matrix 
calcification of the surroundings developing osteocytes. Thus, phosphate metabolism 
regulation results from highly interconnected functions of these osteocytic proteins, 
because changes in the levels of one of them modifies the expression of the others, 
thereby generating a cascade of events that finally affects bone mineralization.

1.9.3  Regulation of Bone Formation and Resorption

Osteocalcin (OCN), the most abundant non-collagenous protein present in the 
bone, is an inhibitor of bone formation, as evidenced by the high bone mass in the 
absence of defective bone mineralization or bone resorption in mice. OCN is a 

Wnt Signaling
The Wnt antagonist DKK-1 is expressed in OBs and at higher levels in osteo-
cytes [147]. Another Wnt inhibitor, secreted frizzled-related protein-1 (SFRP-
1), is present in early osteocytes, and its expression decreases in mature 
osteocytes [148]. Another Wnt signaling antagonist, sclerostin, is primarily 
expressed in mature osteocytes and not in early osteocytes or OBs [149]. 
Sclerostin also binds to LRP4, which is required for the inhibitory action of 
sclerostin on Wnt–βcatenin signaling [150]. Importantly, osteocyte-targeted 
deletion of Lrp5 or overexpression of high bone mass LRP5 mutants in osteo-
cytes repeats the low or high bone mass phenotypes displayed by mice or 
humans with the genetic modifications in all cells [151], suggesting that acti-
vation of the Wnt pathway in osteocytes is sufficient to achieve bone forma-
tion downstream of LRP5 [86, 151].
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marker of OBs. However, in mice OCN is expressed at higher levels in osteocytes 
than in OBs [152], and osteocytes are more abundant than OBs. Osteocytes with the 
OBs, therefore, possibly contribute to the pool of OCN in the circulation. Studies in 
mice have also demonstrated that OCN in its undercarboxylated form can modulate 
insulin secretion by pancreatic β-cells, insulin sensitivity and glucose uptake in 
muscle, and fat metabolism [153].
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2.1  Introduction

Osteoporosis is a clinical condition of the skeleton, defined when value of bone 
mineral density (BMD) is lower than 2.5 standard deviations from the mean value 
of the young adult population (T-score values), usually measured at the lumbar 
spine (L1–L4) and femoral neck. Low bone mass is associated with deterioration in 
micro-architecture and geometry of the skeleton, and with a deregulated bone turn-
over, resulting in an excessive bone resorption and a reduced novel bone formation. 
The final clinical endpoints of osteoporosis are fragility fractures, mainly at the 
wrist, spine, and femoral neck that occur in about 30% of postmenopausal women 
and 12% of elderly men [1] and are responsible for the morbidity and mortality of 
the disease.

Bone strength is the parameter to measure the risk of fracture, and it is princi-
pally determined by the combination of BMD, bone size, and bone quality. For 
years BMD has been the only one measurable marker for assessing osteoporosis and 
fracture risk, and also today it is widely used to define the osteoporosis status. 
However, it is now well assessed that BMD value alone is not sufficient to deter-
mine the real risk of develop osteoporotic fracture, and other important parameters 
of bone quality (such as bone architecture and bone metabolism) have to be taken 
into account.

Osteoporosis risk depends by the failure to acquire the optimal bone mass peak 
during growth and by the capacity of maintain bone mass during the elderly and 
aspects that are both regulated by numerous dietary, lifestyle, hormonal, and genetic 
factors. Deficiency of calcium and/or vitamin D during childhood and adolescence 
may be responsible for the reduction of bone mass peak, while during the adulthood 
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and elderly may have a fundamental negative role in increasing bone mass loss. The 
rapid decrease of estrogens at menopause strongly contributes to a rapid bone loss 
in postmenopausal women, and it is one of the main causes of the higher incidence 
of osteoporosis in women.

Today, it is well assessed that osteoporosis is a multifactorial complex disorder 
whose pathogenesis is due to the interaction and synergic effects of various predispos-
ing genetic determinants regulating bone and mineral metabolism, of “non-skeletal” 
risk factors that could influence the risk of falling (i.e., muscle strength, balance, and 
visual acuity), of environmental influences, and of dietary and lifestyle habits.

2.2  Genetic Contribution to Osteoporosis

Principal skeletal determinants of osteoporosis predisposition and fragility fracture 
risk, such as BMD, bone geometry, and bone metabolism, are all under strong 
genetic influences. Major advances in the knowledge of genetic aspects of osteopo-
rosis and fracture risk have been made in the last two decades, and they have been 
principally derived by study on monogenic bone diseases, linkage analyses in osteo-
porotic pedigrees, association case-control and population-based studies for candi-
date genes, and experimental crosses in animal models.

Twin and family studies allowed to assess that about 60–85% of human BMD 
variability is under control of genetic factors [2, 3], and the heritability of other bone 
characteristics, such as bone geometry and bone turnover markers, ranges between 
50 and 80% [4, 5]. Moreover, genetic factors demonstrated to regulate up to 80% of 
individual variability of bone mass peak acquisition [6], acting principally before 
puberty. Conversely, the effect of genetic influences on fracture risk is less than 30% 
[7], maybe because fracture is a more complex phenotype that is determined not 
only by bone density and quality but also by other non-skeletal conditions.

Several genes have been associated with bone mass and other determinants of 
bone quality and fracture risk, but each of them has demonstrated to exert only a 
relatively modest single effect on bone tissue, suggesting that osteoporosis is the 
result of the synergic effect of various predisposing genetic variants, within differ-
ent genes, in association with environmental and lifestyle risk factors. To date, more 
than 100 candidate gene polymorphic variants have been tested for their association 
with BMD, fractures, and other bone-related quantitative trait loci (QTLs).

Briefly, we reported data about studies on major genes involved in osteoporosis 
and related phenotypes, discussing the effect of their polymorphic variants on bone 
mass, bone quality, and metabolism.

2.2.1  Lipoprotein Receptor-Related Protein 5 (LRP5) 
and Lipoprotein Receptor-Related Protein 6 (LRP6) Genes

These two genes are discussed together since they form a receptor complex with 
frizzled (Fz) to activate the transcriptional activity of the beta-catenin within the 
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Wnt signaling pathway that is involved in the regulation of osteoblast commitment, 
differentiation, and apoptosis, in the synthesis of bone matrix protein and mineral-
ization process, as well as in the coupling to osteoclasts and induction of bone 
resorption [8]. Inactivating mutations of the LRP5 gene are responsible for the 
osteoporosis pseudoglioma (OPPG), an autosomal recessive monogenic Mendelian 
disorder, characterized by severe early juvenile osteoporosis, very low bone mass, 
and fragility fractures. Conversely, activating mutations of the LRP5 gene result in 
sclerosing bone dysplasias, clinical conditions characterized by an excessive bone 
mass. Due to its role in the development of these two rare inherited bone disorders, 
LRP5 has been suspected as a key regulator of bone mass, and common polymor-
phic variations of this gene have been investigated, by association studies, for their 
relationship with BMD and fragility fracture in the general population. The two 
most investigated variants were the missense single nucleotide polymorphism 
(SNP) c.2047G>A, the Val667Met in exon 9 (rs4988321), and the missense SNP 
c.4037C>T, Ala1330Val in exon 18 (rs3736228). Both c.2047A and c.4037T alleles 
were associated with reduced lumbar bone mineral content, vertebral bone area, and 
stature in Caucasian men, but not in women [9], accounting for up to 15% of vari-
ance for these traits. In the same year, a study on young Korean men failed to find 
any association between LRP5 polymorphism and peak bone mass and BMD at any 
site [10]. In a case-control study on middle-aged men (mean age 50 years) with 
idiopathic osteoporosis, both the rare alleles of these two polymorphisms and their 
haplotype have been associated with a threefold high risk of low BMD [11]. In 2006 
the Rotterdam Study confirmed the association between the 1330Val allele and a 
reduced lumbar spine area and a higher risk of fracture at the femur, humerus, and 
pelvis in elderly men, but not in women [12]. The same study evidenced an interac-
tion between the 1330Val allele and a missense SNP Ile1062Val in the LRP6 gene 
(rs2302685), showing that 1330Val and 1062Val alleles have a synergic effect on 
fracture risk [12]. In 2008 a Bayesian meta-analysis on 10 association studies, 
including a total of 16,705 individual (of whom the great majority were women 
(8444) aged 18–81 years) indicated that 1330Val variant has a modest association 
with BMD and authors concluded that this aspect may limit its clinical use [13]. 
More recently, a prospective, multicenter, and large-scale study on 37,534 individu-
als from 18 participating teams in Europe and North America by the GENOMOS 
study group confirmed that genetic variations of the LRP5 gene are associated with 
both BMD and fracture risk, very consistently across analyzed populations but with 
a modest clinical effect [14]. Conversely, the Ile1062Val SNP of LRP6 did not show 
a significant association with BMD [14].

2.2.2  Vitamin D Receptor (VDR) Gene

Bioactive form of vitamin D is fundamental for the acquisition of bone mass pick 
and for the maintenance of bone homeostasis. It acts through its binding to the vita-
min D receptor (VDR). Mutations of the VDR gene cause the syndrome of vitamin-
resistant rickets a recessive Mendelian condition, characterized by severe rickets, 
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hypocalcemia, and hypophosphatemia, which is resistant to vitamin D supplemen-
tation. Due to the importance of vitamin D in bone metabolism, VDR has been the 
first candidate gene whose polymorphic variants have been analyzed in association 
studies for osteoporosis in 1994, showing that common allelic variants of VDR can 
be used to predict differences in BMD, accounting for up to 75% of the total genetic 
effect on BMD in healthy individuals [15]. Association studies between VDR and 
osteoporosis have been principally focused on two polymorphisms in intron 8 (BsmI 
and ApaI), one silent polymorphism in exon 9 (TaqI), a polymorphism affecting 
exon 2 and creating an alternative start codon and responsible for two different iso-
forms of VDR protein which differ in length by three amino acids (FokI), and a 
functional polymorphism in the promoter region at the binding site for the transcrip-
tion factor Cdx-2. BsmI, ApaI, and TaqI are in linkage disequilibrium, and maybe 
they are also in linkage disequilibrium with other sequence variations in the 3′ 
untranslated region (UTR) of the VDR gene that could affect mRNA stability and, 
thus, VDR protein expression. Numerous association studies have been published, 
presenting conflicting and/or inconclusive data, maybe due to inadequate popula-
tion sampling, ethnicity, gender, age, confounding factors, gene-gene interactions, 
and gene-environment interactions; a linkage disequilibrium between VDR poly-
morphisms and other bone metabolism genes cannot be excluded. Today, results of 
association studies on large populations seem to strongly reduce the role of VDR 
polymorphisms in the risk of osteoporosis and fragility fractures. The GENOMOS 
study (26,242 participants; 18,405 women) evaluated association between Cdx-2, 
FokI, BsmI, ApaI, and TaqI polymorphisms, and DXA-measured femoral neck and 
lumbar spine BMD, and fractures concluding that FokI, BsmI, ApaI, and TaqI are 
not associated with BMD or with fractures, and only Cdx-2 showed a very modest 
effect on the risk of vertebral fractures [16].

A haplotype meta-analysis by Thakkinstian et al. [17] evidenced that VDR single 
polymorphisms were not significantly associated to osteoporosis, while specific 
BsmI/ApaI/TaqI haplotypes were significantly associated to the clinical condition. 
Data from this study seem to indicate a gain in power when considering VDR hap-
lotypes rather than polymorphisms separately, demonstrating the importance of 
haplotype studies rather than single polymorphism studies for the VDR gene.

In addition, some studies suggested a possible interaction between calcium and 
vitamin D intake and VDR polymorphisms in the regulation of BMD [6, 18], with 
the possibility that effect of VDR genotypes on BMD would be visible only in the 
presence of a low calcium intake [19] or a vitamin D deficiency. Conversely, the 
association between VDR genotypes and bone mass would be hidden by high cal-
cium and/or vitamin D intake.

2.2.3  Estrogen Receptor Alpha (ERα) Gene

Estrogens are very important for the correct bone metabolism, for the skeletal 
growth, and for the maintenance of bone mass. Indeed, severe depletion of estro-
gens at menopause results in a rapid loss of bone mass, and it is one major cause of 
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higher incidence of osteoporosis and fragility fractures in women than in men. 
Estrogens exert their action on bone cells through their specific steroid receptors 
(ERs). An inactivating mutation of the estrogen receptor alpha (ERα or ESR1) gene 
was identified in men affected by severe juvenile osteoporosis. This fact prompted 
ERα as an important candidate gene for osteoporosis. ERα and, very less frequently, 
estrogen receptor beta (ERβ or ESR2) genes have been widely studied about the 
association of their polymorphisms with osteoporosis and fragility fractures at the 
wrist, hip, and spine. In the last two decades, a large number of studies investigated 
about an association between ERα polymorphisms and bone mass, mostly focusing 
on two SNPs in the intron 1 of the gene, recognized, respectively, by the XbaI and 
PvuII restriction enzymes, and on a variable TA repeat in the promoter region. PvuII 
maps within consensus recognition sites for AP4 and Myb transcription factors and 
influences Myb-associated transcription in vitro [20]. Both XbaI and PvuII have 
shown to influence report gene transcription in  vitro [21]. These data suggest a 
direct functional effect of XbaI and PvuII on ERα expression, but it is also possible 
a linkage disequilibrium with other functional polymorphic variations within ERα 
gene and/or contiguous genes.

Association studies between ERα polymorphisms and BMD showed inconsistent 
and controversial results. A meta-analysis by Ioannidis et al. [22], including more 
than 5000 women from 22 different studies (of which 11 including Caucasian 
women and 11 including Asian women), evidenced an association between XbaI 
genotypes and both BMD and fractures, with the XX genotype (XbaI) resulting 
associated with higher femur and spine BMD values (+1 to 2%) and with a reduced 
risk of fractures.

In 2004, the GENOMOS study group performed a large-scale association study 
between XbaI, PvuII, and TA repeat polymorphisms of ERα (both as single poly-
morphism and as haplotypes) and both BMD and occurrence of fragility fractures in 
18,917 unrelated individuals from eight European centers [23]. None of the three 
polymorphisms or haplotypes showed any statistically significant effect on 
BMD. Conversely women with the homozygote XX genotype of XbaI had a reduced 
incidence of 19% for all fractures and of 35% for vertebral fractures. No significant 
effects on fracture risk were seen for PvuII and TA repeats. The study seems to 
indicate XbaI as a risk marker for fracture, independently by BMD values [23].

Very few studies investigated the role of polymorphic variants of ERβ in deter-
mining BMD and fracture risk, principally focused on a CA repeat in the intron 5 of 
the gene. The Framingham study analyzed the association of this genetic variation 
and four other intronic polymorphisms with BMD in 723 men and 795 women [24]. 
The CA repeat genotypes resulted associated with femoral BMD but not with the 
spine BMD, both in women and in men. Two other SNPs, rs1256031 and rs1256059 
(respectively, in the intron 11 and the intron 15 of ERβ), showed an association with 
femoral BMD in men, and rs1256031, in particular, accounted for up to 4.0% dif-
ference in mean femoral BMD. The haplotype C-23CA-T (rs1256031, CA repeat, 
rs1256059) was significantly associated with reduced femoral BMD in women, 
with BMD value differences ranging from 3.0 to 4.3%. In the same year, the CA 
repeat was investigated for its association with BMD in 226 healthy 
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postmenopausal women (60–98 years), evidencing that women with less than 25 
CA repeats had significantly higher BMD at the total skeleton, lumbar spine, and 
femoral neck with respect to women bearing more than 25 CA repeats [25].

Two years later a large population-based cohort study analyzed the association of 
ERβ polymorphisms with risk of vertebral and incident fragility fracture in post-
menopausal women, alone or in association with polymorphisms of ERα and insu-
lin-like growth factor I (IGF1) genes, showing a synergic effect of genotypes 
interaction on fracture risk, and, thus, reinforcing the idea of the polygenic and 
complex nature of osteoporosis [26].

2.2.4  Aromatase Gene (CYP19)

The CYP19 gene encodes for aromatase, the enzyme responsible for estrogen synthe-
sis by catalyzing the aromatization of C19 androgens to C18 estrogens. Inactivating 
mutations of CYP19 cause aromatase deficiency, and they have been associated to 
clinical conditions affecting also bone growth and mineralization. Common poly-
morphisms of CYP19 have been, in vitro, associated with enzymatic activity. A study 
by Masi et al. first reported an association between a tetranucleotide (TTTA) repeat 
polymorphism in intron 4 of the CYP19 gene and BMD in postmenopausal Italian 
women [27]. The association of these polymorphisms with BMD was also studied in 
Italian elderly men but without evidencing a statistical significance [28]. The asso-
ciation between TTTA repeat and BMD was not confirmed in Finnish early post-
menopausal women [29]. Another study reported an association between a common 
SNP in the 5′ untranslated region (UTR) of CYP19 (rs1062033) and BMD in Spanish 
late postmenopausal women [30]. More recently, six polymorphisms (rs4646, 
rs10046, rs3784307, rs1062033, rs936306, and rs190258), located throughout the 
entire CYP19 gene (including also the 5′ and 3′ UTRs), were associated with bone 
mass in 286 Spanish postmenopausal women [31]. The rs10046 SNP in the 3′UTR 
resulted associated with BMD; the postmenopausal decrease in bone mass appeared 
to be slower in women with the AA genotype, than in those with AG or GG geno-
types. This polymorphism is in strongly linkage disequilibrium with the TTTA repeat 
and the rs4646 SNP in the 3′UTR, and they are all three associated with BMD. Two 
SNPs, located in exon I.6 and promoter I.6 of CYP19, were analyzed in a cohort of 
256 Spanish postmenopausal women [32], and rs4775936 was associated with lum-
bar spine BMD, with the homozygote AA genotype exhibiting a significantly higher 
lumbar spine BMD if compared with GG or GA women.

Association of CYP19 functional polymorphisms with BMD and/or fracture was 
also confirmed by other studies on different populations [33–37].

2.2.5  Collagen Type I Alpha I (COLIA1) Gene

Collagen type 1 is the most represented protein of bone extracellular matrix (about 
80% of total proteins in bone tissue). Alterations of collagen synthesis, properties, 
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and relative quantity of its two chains affect mechanical features of bone tissue 
and increase susceptibility to fragility fractures. Inactivating mutations of the 
gene encoding the alpha I chain of type I collagen (COLIA1) are responsible for 
osteogenesis imperfecta, a hereditary Mendelian disorder characterized by severe 
osteoporosis and skeletal fracture in early life. Therefore, COLIA1 is one of the 
principal candidate genes for fragility fractures in osteoporosis. A common poly-
morphism in the intron 1 of the COL1A1 gene, (Sp1 polymorphism, rs1800012) 
alters the binding site for the Sp1 transcription factor, affecting COL1A1 tran-
scription and resulting in an alteration of the normal equilibrium between α1 and 
α2 chains (2:1). In particular, the s allele has an increased affinity for Sp1, result-
ing in a higher amount of α1 with respect to α2 chain; the Ss genotype is respon-
sible for a collagen chain ratio of 2.3 (respect to the normal 2, typical of the SS 
genotype) [38]. Association studies evaluated the effect of Sp1 polymorphism on 
BMD and fragility fractures, showing a mild association with BMD values but a 
stronger relationship to osteoporotic fractures, particularly at the spine [38–41]. 
In particular, a higher prevalence of fragility fracture was found among ss and Ss 
genotypes with respect to the SS genotype [38–41], with an increase in fracture 
risk of about 68% for each copy of the s allele and independently by a significant 
reduction of BMD value [38].

The GENOMOS study evaluated COLIA1 Sp1 alleles as a predictor of BMD and 
fracture in 20,786 unrelated individuals from several European countries and found 
only a modest association between the ss genotype and reduced BMD; no reduction 
of BMD was observed in Ss individuals [42]. Moreover, the s allele could predis-
pose to incident vertebral fractures in women, but not in men, and the association 
with vertebral fracture has a 40% increase of risk for each copy of the s allele carried 
[42], independently by BMD.

A study by Uitterlinden et al. [43] investigated the interaction of polymorphisms 
of VDR and COLI1A genes in susceptibility to fractures in 1004 postmenopausal 
women. The “baT” (BsmI-ApaI-TaqI) VDR risk haplotype was evaluated in associa-
tion with ss and Ss COLI1A risk genotypes, showing a significant interaction 
(p = 0.03) between VDR and COLIA1 genotype effects. In subjects bearing the SS 
genotype, the fracture risk was not VDR genotype-dependent. Conversely, in sub-
jects carrying ss or Ss genotypes, the contemporaneous presence of the baT haplo-
type was associated with a higher risk of fracture of 4.4 and 2.1, respectively [43].

Moreover, an additive effect of the COLIA1 Sp1 polymorphism with 
10565insGGA polymorphism of the sclerostin (SOST gene) was evidenced in an 
elderly male and female Caucasian healthy population [44].

Data from these two studies further confirmed the polygenic nature of osteopo-
rosis and fracture risk.

2.2.6  Transforming Growth Factor Beta (TGF-β1)

Transforming growth factor beta (TGF-β1) is largely expressed by osteoclasts, 
and it has shown to control bone resorption and formation by directly acting on 

2 Genetics of Osteoporosis



32

both osteoblasts and osteoclasts [45]. Therefore, polymorphic variants of TGF-β1 
gene have been extensively studied in relation to osteoporosis. A C/T transition in 
exon 1 which causes a proline-leucine substitution at position 10 has been associ-
ated with higher level of circulating TGF-β1 protein, and the C allele was associ-
ated with higher BMD values and lower occurrence of fragility fractures in two 
Japanese populations [46]. A rare polymorphism in intron 4 (713-8delC variant) 
was associated with very low BMD, severe osteoporosis, and fracture risk in 
women with osteoporosis and with low bone mass and increased bone turnover in 
both osteoporotic and normal women [47]. The same research group evaluated, in 
2003, the association between 8 polymorphisms of the TGF-β1 gene and osteopo-
rosis in a case-control study of 96 osteoporotic patients with vertebral fractures vs 
330 normal individuals, evidencing that the TT genotype of the 816-20 T>C vari-
ant in the intron 5 was less common in fractured osteoporotic patients than in 
healthy controls and that it was associated with higher lumbar spine and hip bone 
mass [48].

The GENOMOS study investigated associations between five TGF-β1 polymor-
phisms [G–1639A (G–800A, rs1800468), C–1348T (C–509T, rs1800469), T29C 
(Leu10Pro, rs1982073), G74C (Arg25Pro, rs1800471), and C788T (Thr263Ile, 
rs1800472)] and BMD and fractures in 28,924 male and female individuals from 10 
different European research studies [49]. Only weak associations between the 
C–1348T SNP and lumbar spine BMD in men and between the C788T SNP and risk 
of incident vertebral fractures were reported [49], presumably indicating that poly-
morphic variations of the TGF-β1 gene do not play a major role in regulating BMD 
or susceptibility to fragility fractures.

Recently, a meta-analysis integrated all the eligible studies, including a total of 8 
studies involving 1851 cases and 2247 controls, and it investigate whether T869C 
and T29C polymorphisms of the TGF-β1 gene were correlated with postmeno-
pausal osteoporosis [50]. A significant association between T29C or T869C poly-
morphisms and osteoporosis risk was observed only in Asian, but not in Caucasian, 
population [50].

2.2.7  Other Genes

Polymorphisms of other genes, involved in the regulation of bone metabolism and 
turnover, have been, although more rarely, investigated about their association with 
BMD and fractures. They include sclerostin (SOST), bone morphogenetic protein 2 
(BMP2), bone morphogenetic protein 4 (BMP4), osteoprotegerin (OPG, 
TNFRSF11B), receptor activator of nuclear factor kappa-B (RANK; TNFRSF11A), 
RANK ligand (RANKL; TNFSF11), and runt-related transcription factor 2 (RUNX2; 
CBFA1).

Principal results from their association and/or linkage studies are depicted in 
Table 2.1.
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2.3  Novel Approaches to the Genetics of Osteoporosis: 
Genome-Wide Association Studies (GWAS)

Because of the polygenic nature of osteoporosis, in which few genes exert major 
effects on bone metabolism and homeostasis, while a large number of genes have 
only minor effects, classical single gene association and/or linkage studies present 
numerous limitations, such as inconclusive or controversial results, false-positive 
and/or false-negative associations, reduced sensibility in identifying genotype-phe-
notype associations, and inability to identify novel candidate genes and their genetic 
variants. The recent development of next generation sequencing (NGS) technique 
has allowed to design gene chips for the simultaneous analysis of hundreds genes 
and their polymorphic variants. Genome-wide association studies (GWAS) have 
opened new horizons for the discovery of genetic loci and variants associated with 
osteoporosis and fracture risk, and the application of this novel approach, in the last 
years, has obtained success in identifying replicated genetic loci associated with 
osteoporosis.

The first GWAS in osteoporosis was performed in 2007 and analyzed 100,000 
SNPs in 1141 individuals from the Framingham Osteoporosis Study to examine 
genetic associations with bone quantitative traits: BMD (including the femoral 
neck, trochanter, and lumbar spine), calcaneal ultrasound, and geometric indices of 
the hip [79]. Of the 40 top SNPs with the highest number of significantly associa-
tions with BMD traits, a variable percentage of 30–50% of them maps within 
genetic loci or near genes that have not previously been studied for osteoporosis. 
The others were polymorphisms located within known osteoporosis candidate 
genes, such as rs1884052 and rs3778099 in ERα, rs4988300 in LRP5, rs2189480 in 
VDR, rs2075555 in COLIA1 and rs10519297, and rs2008691 in CYP19.

One year later, two major GWAS analyzed the association of over 300,000 SNPs 
with BMD and fractures [80, 81]. The first study [80] evidenced an association 
between BMD and two SNPs, rs4355801 on chromosome 8 near to the TNFRSF11B 
gene, and rs3736228, on chromosome 11 in the LRP5 gene. The second study [81] 
identified five genomic regions significantly associated with BMD, both in the dis-
covery set population and in the replication set populations. Three of these regions 
map close to or within genes known to be important in bone homeostasis: TNFSF11, 
TNFRSF11B, and ERα.

In 2009, a large-scale meta-analysis of five GWAS of femoral neck and lumbar 
spine BMD, including 19,195 individuals of Northern European descent, allowed to 
identify 20 genetic loci reaching the genome-wide significance (GWS; p < 5 × 10−8). 
Seven of them confirmed to be known bone-related loci/genes, 1p36 (ZBTB40), 
6q25 (ERα), 8q24 (TNFRSF11B), 11q13.4 (LRP5), 12q13 (SP7), 13q14 (TNFSF11), 
and 18q21 (TNFRSF11A), while 13 mapped to new regions, not yet investigated as 
candidate genes for osteoporosis: 1p31.3 (GPR177), 2p21 (SPTBN1), 3p22 
(CTNNB1), 4q21.1 (MEPE), 5q14 (MEF2C), 7p14 (STARD3NL), 7q21.3 
(FLJ42280), 11p11.2 (LRP4, ARHGAP1, F2), 11p14.1 (DCDC5), 11p15 (SOX6), 
16q24 (FOXL1), 17q21 (HDAC5), and 17q12 (CRHR1) [82].
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Two years later, a larger meta-analysis of 17 GWAS of the femoral neck and 
lumbar spine BMD was performed on 32,961 subjects of European and East Asian 
ancestry and validated for marker replication of BMD association on 50,933 inde-
pendent subjects and for association with risk of low-trauma fracture in 31,016 
fractured individuals (cases) and 102,444 non-fractured controls [83]. The study 
identified 56 loci (32 novels) associated with BMD with a positive GWS; 14 of 
them resulted also associated with fracture risk. Numerous of these loci mapped 
near or within TNFRSF11B, TNFRSF11A, and TNFSF11 genes or near or within 
genes involved in the Wnt signaling pathways, in the mesenchymal stem cell dif-
ferentiation and in the endochondral ossification.

GWAS highlighted the highly polygenic and complex nature of osteoporosis and 
fracture susceptibility and the difficulty to predict the risk of osteoporosis on genetic 
bases. Anyway, since the first GWAS on osteoporosis was performed in 1997, numerous 
and great advances have been made in the discovery and validation of genes and loci 
involved in the predisposition to osteoporosis. GWAS allowed, to date, the identification 
of more than 60 loci associated with BMD, osteoporosis, and fragility fractures, includ-
ing novel loci, whose functional analysis has demonstrated that they have a clear effect 
on bone metabolism and, presumably, also on osteoporosis pathophysiology.

The association of GWAS results with functional studies revealed very useful to 
identify novel molecular targets for anti-fracture drugs and, thus, allowed the design 
of novel target therapies for osteoporosis.
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Osteoporosis Diagnosis

Claudio Marcocci and Federica Saponaro

Osteoporosis is a systemic disease characterized by decreased bone strength and 
an increased risk of fracture. Bone strength progressively declines with aging, 
and therefore osteoporosis is considered an inevitable process and is not 
approached as a relevant clinical problem. However, several intervening factors 
may accelerate this involutional process. One of the major reasons is that osteo-
porosis is asymptomatic until a fracture occurs, and therefore both the physician 
and the patients fail to appreciate its importance. As a matter of fact, many 
patients with osteoporosis and/or at increased risk of fracture are still underdiag-
nosed and undertreated.

Patients with known or suspected osteoporosis should undergo a through medi-
cal history and physical examination to discover risk factors that may have influ-
enced bone accrual and peak bone mass and increased bone fragility (Table 3.1).

3.1  Clinical Evaluation

Individuals with known or suspected osteoporosis should be evaluated for several 
risk factors (modifiable or not), which can help estimate the individual peak bone 
mass and bone loss. At the initial visit, administering specific questionnaires 
could also be useful, but an accurate anamnesis and physical examination can  
be sufficient.

Questions about the following issues should be asked to help making the correct 
diagnosis and choose the management of patients with osteoporosis. The most 
important osteoporosis risk factors are summarized in Table 3.1.
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3.1.1  Genetic Factors

Up to 80% of peak bone mass, depending on the skeletal site, is genetically deter-
mined: relevant factors are gender, race, and family history. A maternal history of 
hip fracture is particularly significant in increasing the fracture risk, but information 
about other fragility fractures and low BMD in first-degree and other relatives 
should also be collected [1]. The pathogenesis of osteoporosis is multifactorial, and 
only a few genes influencing bone mass have been identified (see Chap. 3). 
Moreover, some genetic diseases associated with osteoporosis, like “osteogenesis 
imperfecta,” particularly late-onset variants, may present with vertebral fractures. 
Clue for the diagnosis is the family history or specific signs (blue sclerae, lax skin, 
hypermobile joints, deafness, and cardiac diseases).

3.1.2  Environmental Factors

3.1.2.1  Alcohol
Alcohol abuse (>14 g/day ethanol for women and >28 g/day ethanol for men) is 
associated with decreased BMD and increased fracture risk, the possible causal 
relationship being a direct suppression of osteoblasts by alcohol. Moderate to heavy 
alcohol consumption was also shown to be associated with changes in bone geom-
etry, density, and microarchitecture, which affect bone quality [2]. On the other 
hand, some studies showed a favorable effect of small daily quantities of alcohol on 
the bone [3].

3.1.2.2  Cigarette Smoking
Smoking is another risk factor for bone loss. A higher the prevalence of osteoporo-
sis is higher in smokers than in non-smokers, an increased risk of osteoporotic frac-
tures has been shown in the former [4]. Recent studies have shown that smoking 
leads to a reduced bone resistance to mechanical stress because of deleterious 
microarchitectural changes in trabecular bone. Finally, cigarette smoking decreases 
estrogen levels and has influence on body weight [5].

Table 3.1 Major risk factors of osteoporosis

• Genetic factor
• Environmental factors
  –Alcohol abuse
  –Cigarette smoking
  –Physical inactivity and immobilization
  –Low body weight and diet
  –Limited exposure to sunlight
• Reproductive history and puberty
• Personal history of fractures and falls
• Drug therapy
• Comorbidities
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3.1.2.3  Physical Inactivity and Immobilization
Gravity stimulates bone formation, and weight-bearing physical activity has a posi-
tive effect on bone mass, but it is difficult to document that exercise can increase 
bone density in adults. It is well known that athletes have high bone mass, but exces-
sive exercise may also cause bone loss (marathon runners). On the other hand, peri-
ods of prolonged bed rest and immobilization due to neurological diseases led to 
rapid bone loss that can be reversible only in young patients.

3.1.2.4  Low Body Weight and Diet
Nutritional history should be evaluated, since thin habitus is a risk factor for low 
BMD and fractures. Caloric insufficiency during adolescence is associated with low 
peak bone mass and loss of weight at any age with bone loss. Inadequate calcium 
intake in the adolescence adversely affects peak bone mass and may contribute to 
age-related bone loss, particularly when accompanied by vitamin D deficiency. 
Conversely diets rich in sodium and animal proteins are associated with hypercalci-
uria and bone loss [6].

3.1.2.5  Limited Exposure to Ultraviolet Light
Ultraviolet light stimulates vitamin D production in the skin, mostly through sun 
exposure. Vitamin D insufficiency is rather common and is associated with decreased 
calcium absorption, subsequent secondary hyperparathyroidism, and bone loss. 
Long-standing severe vitamin D deficiency may result in osteomalacia.

3.1.3 Reproductive History and Puberty

The age of puberty affects bone mass both in males and females. Indeed, individuals 
with late pubertal development do not reach the adequate peak bone mass. In 
women, every condition characterized by a reduction in estrogen levels can be asso-
ciated with bone loss: irregular menses, history of infertility, and prolonged uses of 
progesterone contraception [7]. Early menopause (before 45  years) is invariably 
associated with an increased risk of fractures, but particular attention should be paid 
to exclude concomitant secondary causes also in this setting. In men history of 
infertility, loss of libido, and sexual dysfunctions may suggest the presence of hypo-
gonadism and suboptimal exposure of the bone to testosterone. Anorexia nervosa is 
a good example of a disease that can deeply influence pubertal development and the 
peak bone mass in both sexes, with a complex pathogenesis due to a combination of 
endocrine dysfunctions and nutritional deficit [8].

3.1.4  Personal History of Fractures and Falls

This aspect should be carefully investigated, particularly in elderly individuals. Of 
particular importance is to investigate the circumstances in which a fracture occurred, 
in order to identify the true “low-trauma, fragility fractures,” namely, those related to 
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a bone trauma, which should not cause a fracture in a healthy bone (i.e., a fall for the 
standing position). The hip, spine, and forearm are typically osteoporotic. In the posi-
tion statement from the National Bone Health Alliance Working Group published in 
2014, there was a consensus that the diagnosis of osteoporosis could be established in 
individuals who experienced a low-trauma hip fracture even without a BMD measure-
ment and in those with osteopenia and a low-trauma clinical vertebral, proximal 
humerus, or pelvis fractures [9]. The position statement also indicated that a low-
trauma distal forearm fracture in a patient with osteopenia at the lumbar spine or hip 
should be sufficient for the diagnosis of osteoporosis. Vertebral fractures directly 
reflect bone fragility and predict future new fractures. However, the large majority of 
spine fractures are not clinically evident, and imaging study can help to identify even 
old fractures: the incidental finding of a nontraumatic vertebral fracture on a radio-
graph (morphometric vertebral fracture) may also be considered as diagnostic of 
osteoporosis [10]. Fractures other than the spine, hip, or forearm should also be evalu-
ated, since virtually all fractures are the results of bone strength and force applied on 
that bone and therefore could reflect bone fragility and osteoporosis [11].

Information of falls should also be collected, since most fractures are cause by 
falls. Fall prevention should also be included in an appropriate strategy of fracture 
prevention. A recent consensus statement recommends asking the patient the fol-
lowing question: “In the past month, have you had any fall including a slip or trip in 
which you lost your balance and landed on the floor or ground or lower level?” [12]. 
Indeed, fractures related to falls can be considered a major health problem: one third 
of people over 65 years falls once each year, and 5% of falls eventually leads to 
fractures, with subsequent increased mortality, morbidity, and costs for the com-
munity. Recent studies have shown the efficacy of physical exercise training as a 
program of fall prevention in elderly osteoporotic patients [13].

3.1.5 Drug Therapy

Osteoporosis is an adverse effect of many pharmacologic agents, like glucocorticoids, 
proton pump inhibitors, selective serotonin receptor inhibitors, thiazolidinediones, anti-
convulsants, medroxyprogesterone acetate, aromatase inhibitors, heparin, calcineurin 
inhibitors, androgen deprivation therapy, and some chemotherapies. Glucocorticoid 
therapy is the most common cause of secondary osteoporosis and is associated with 
an increased rate of fractures, morbidity, and mortality. Glucocorticoids induce a rapid 
bone loss, and the fracture risks are already evident within 6 months of therapy, and 
several studies have shown that bone loss and fracture risk increase with the dose and 
duration of therapy [14]. The negative effects on bone are multifactorial, and not all of 
them can be explained by the reduction of BMD. They include direct effects like inhi-
bition of osteoblast function, increased osteoblast and osteocyte apoptosis, and stimu-
lation of the osteoclast, resulting in bone remodeling defects, bone loss, and a fracture 
risk [15]. Moreover, indirect effects (hypogonadism, kidney calcium loss, low levels 
of vitamin D) play a role [14]. Antiepileptic drugs, like phenobarbital and phenytoin, 
interfere with vitamin D metabolism and can cause osteomalacia, secondary hyper-
parathyroidism, and osteoporosis. Some anticoagulant drugs are known to interfere 
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with bone density: long-term administration of unfractionated heparin is associated 
with an increased fracture risk, whereas no data are available on low molecular weight 
heparin; chronic use of warfarin, which interferes with γ-carboxylation of bone pro-
teins, is associated with an increased risk of fractures [16]. Cyclosporin therapy in 
transplanted patients is associated with a 10–34% increase in clinical fractures partic-
ularly in the first year of treatment [17]. Finally, excessive administration of thyroxin 
can cause bone loss, particularly in postmenopausal women.

3.1.6  Comorbidities

Several diseases are known to have a deleterious effect on bone and may cause bone 
loss. Malabsorption syndromes like coeliac disease, peptic ulcer, gastrointestinal 
inflammatory diseases, chronic liver diseases, and chronic obstructive pulmonary 
disease can have negative effects on the bone by a combination of factors: excessive 
cytokine production, nutritional deficiency, decreased physical inactivity, and 
chronic drug use. The direct effects of cytokines on osteoblast and osteoclast activ-
ity and the use corticosteroid therapy can explain why rheumatologic diseases are 
associated with low BMD and increased fracture risk. Finally, some endocrine dis-
orders cause osteoporosis: primary hyperparathyroidism, thyrotoxicosis, Cushing’s 
syndrome, Addison syndrome, hypogonadism, and type 1 diabetes mellitus. Type 2 
diabetes even if usually associated with normal or even increased BMD is also asso-
ciated with an increased fracture rate [18], which seems to be mediated by the nega-
tive effect of advanced glycation end products on bone quality [19].

3.1.7  Physical Examination

Medical history should always be completed with an accurate physical examination. 
A high loss >4 cm compared with young age or >2 cm from the last visit may sug-
gest a prior vertebral fracture. Thoracic kyphosis, even if it is not diagnostic, can be 
indicative of the presence of vertebral fractures. Finally, frailty and fall risk should 
be evaluated by inspection of muscle mass and direct strength testing and gait and 
stability when the patient is standing.

3.1.8  Algorithms

Fracture risk assessment has been evaluated for many years by BMD, on the basis 
of the inverse relationship between BMD and fractures. Despite high specificity, 
this method has low sensitivity since many fractures occur in individuals with osteo-
penia and several clinical risk factors for fractures are independent from BMD. For 
this reason, some algorithms based on clinical parameters with and without BMD 
values have been proposed and now accepted by international guidelines. FRAX is 
a World Health Organization-sponsored algorithm introduced in 2008 and endorsed 
by the US National Osteoporosis Foundation (NOF) and other national and 
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international guidelines for osteoporosis management [20]. It is based on well-vali-
dated and weighted clinical risk factors for fracture and can predict hip, spine, 
humerus, and forearm fractures in males and women aged between 40 and 90 years. 
It was elaborated on data collected in large prospective studies and subsequently 
validated in a cohort of more than 230,000 patients.

The 2015 position statement from the National Bone Health Alliance Working 
Group for clinical diagnosis of osteoporosis agreed that a probability of hip fracture 
≥3% or of major osteoporotic fracture ≥20% calculated with FRAX could be con-
sidered as an appropriate treatment intervention threshold, as suggested in US NOF 
Clinician’s Guidelines, and could also be used as cutoff for the diagnosis of osteo-
porosis [9]. There is still an on-going debate in literature regarding the real utility of 
FRAX and the need of further improvement to the algorithm. Some strengths and 
limits of FRAX have been recognized. FRAX is free and easily accessible to clini-
cians and is particularly useful to identify old women with high fracture risk, still 
untreated. Moreover, it can help in reducing overtreatment in young postmeno-
pausal women, with low BMD and low fracture risk. One possible limit of FRAX is 
that vertebral fractures have the same value of other fractures in the algorithm, lead-
ing to a possible underestimation of fracture risk. Another limit is the age cutoff: the 
NOF suggests that FRAX should be used for a target age between 50 and 90 years, 
excluding risk assessment in young people. Moreover, epidemiologic data on which 
FRAX is based upon were proven in Caucasian women, and few data were available 
in man and other races. Another limitation of the algorithm is that it does not take 
into account the dose and duration of glucocorticoid drug therapy. It should be 
underlined that in the large majority of studies that evaluated osteoporosis treatment 
efficacy, eligibility criteria were based on BMD and not on FRAX. In conclusion, 
FRAX algorithm is a valuable and well-recognized tool in the evaluation of fracture 
risk in osteoporotic patients, but the final decision and treatment threshold should 
also take into account the clinician experience and judgment.
Other algorithms different from FRAX have been created: in the UK, the National 
Institute for Health and Care Excellence (NICE) recognizes both FRAX and 
Qfracture that includes also alcohol, smoking, and falls in the risk assessment [21]. 
In Italy, an algorithm called DeFRA (an algorithm derived from FRAX and based 
on fracture risk in Italian population) has been proposed, which includes the same 
continuous variable of FRAX (age, BMI, BMD) but a more detailed evaluation of 
other clinical factors (site and number of previous fractures, vertebral BMD in addi-
tion to hip BMD, other comorbidities) and more accurate informations on dichoto-
mous variables (smoking, corticosteroid dose, alcohol units) [22].

3.2  Laboratory Testing

No specific biochemical abnormalities are present in patients with involutional 
osteoporosis. However, biochemical testing may be of help in several instances: (1) 
uncover metabolic bone diseases which may be associated with clinical features and 
bone imaging (BMD and X-ray) similar to those typical of osteoporosis, (2) identify 
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secondary causes of osteoporosis and choice of therapy, and (4) evaluate adherence 
to therapy.

Secondary causes are found in about 60% of men and 50% of premenopausal 
women with osteoporosis. Thus an underlying disorder should be searched in all 
men and premenopausal women with low bone mass. In postmenopausal women 
secondary causes of osteoporosis are less frequent (20–30% of cases). How exten-
sive the search for secondary causes of osteoporosis should be based on medical 
history and clinical examination.

The most common causes of secondary osteoporosis are reported in Table 3.2. 
Most of these conditions may be clinically unapparent and may be discovered only 
by laboratory testing. The initial evaluation should include the first level tests that, 
if normal, would exclude other metabolic bone diseases or secondary cause of 
osteoporosis in about 90% of cases (Table 3.3). An increase of erythrocyte sedimen-
tation rate associated with anemia and an abnormal electrophoretic pattern may 
suggest the diagnosis of multiple myeloma, which can be confirmed by the finding 
of elevated light chains at immunoelectrophoretic of serum or urine. A high 24-h 
urinary calcium excretion (>250 mg in women and >300 in men) in the presence of 
normal serum calcium may rise the suspicion of idiopathic hypercalciuria, a disor-
der found in approximately 10% of the general population. Conversely a low 24-h 
urinary calcium vitamin D deficiency of a malabsorptive state can be suspected. An 
isolated increase of alkaline phosphatase (especially the bone isoform) with normal 
levels of other liver enzymes is highly indicative of Paget’s disease.

In selected cases, addition tests (Table 3.3, second level) are justified and should 
be selected on the basis of medical history and clinical examination. For instance, 
serum PTH should be assayed for the differential diagnosis of hypercalcemia. 
Serum cortisol should be measured in all cases of unexplained osteoporosis, par-
ticularly men, to rule out Cushing’s disease. Anti-transglutaminase antibodies 

Table 3.2 Most common secondary causes of low bone mass or osteoporosis

Male hypogonadism
Vitamin D deficiency
Malabsorption (especially celiac disease)
Primary hyperparathyroidism
Thyrotoxicosis
Multiple myeloma
Chronic liver diseases
Chronic obstructive pulmonary diseases
Rheumatoid arthritis
Idiopathic hypercalciuria
Solid organ transplantation
Alcohol abuse
Cigarette smoking
Physical inactivity and immobilization
Osteogenesis imperfecta
Anorexia nervosa
Drugs (glucocorticoids, antiepileptic drugs, excessive thyroxin and hydrocortisone replacement 
therapy)
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should be measured in addition to serum 25OHD when urinary calcium excretion is 
low or in premenopausal women with low bone mass or postmenopausal women 
with osteoporosis. Once the diagnostic workup is completed, it is prudent to mea-
sure serum 25OHD to determine the vitamin D status and, if deficient, guide supple-
mentation in order to reach adequate value.

Several markers of bone turnover (BTM) are currently available, reflecting the 
process of bone resorption and bone formation [23]. The most widely used are 
serum C-telopeptide of type 1 collagen (CTX) and urinary deoxypyridinoline for 
resorption and serum alkaline phosphatase (bone isoform) and procollagen type 1 
aminoterminal propeptide (P1NP) for formation. Measurement of BTM has limited, 
if any, diagnostic value. In adults, an increase of BMT may suggest an accelerated 
bone loss or other bone disorders (osteomalacia, Paget’s disease, bone metastases). 
Measurement of BTM may provide information that is complementary to BMD 
measurement. Indeed, high levels of bone resorption markers predict fracture inde-
pendent of BMD [24] and may suggest pharmacologic therapy even if BMD is not 
sufficiently low. High levels of bone resorption markers may also predict a benefit 
of antiresorptive therapy, whereas low levels may suggest continued monitoring. 
The most valuable use of bone markers is to monitor therapy and check whether 
patient’s adherence to pharmacologic therapy is adequate. Indeed, measurement of 
either bone resorption or bone formations marks at baseline and 3 months after the 
institution of therapy. Indeed, if a significant decrease is detected, the treatment can 
continue. Conversely, if no decrease is found, it will be important to reassess the 

Table 3.3 Laboratory tests to exclude/identify secondary causes of osteoporosis

First level
 • Erythrocyte sedimentation rate
 • Full blood count
 • Albumin-corrected serum calcium
 • Serum phosphate
 • Serum alkaline phosphatase
 • Protein electrophoresis
 • Serum creatinine
 • Serum testosterone in males1 (preferably together with sex-hormone binging protein)
 • 24/h urinary calcium2

Second level
 • Ionized calcium
 • TSH
 • PTH
 • 25OHD
 • Morning cortisol after administration overnight of 1 mg dexamethasone
 • Anti-transglutaminase antibodies (IgA)
 • Tryptase

1Preferably together with sex-hormone binging globulin measuremnet, to calculate the free-andro-
gen index
2Calcium supplement, if taken by the patient, should be stopped for 2  weeks before urine 
collection
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patient to identify problems with the treatment [25]. In addition, BTM measurement 
may be used for assessing the response to therapy. Indeed, compared to BMD, a 
shorter time (3–6 months) is needed in each patient to evaluate the efficacy of both 
antiresorptive and anabolic therapies.

3.3  Bone Imaging

The main role of bone imaging in osteoporosis is the detection of vertebral fractures 
(VF). As a matter of fact, identification of VF is clinically relevant both in terms of 
further fracture risk, independent of other risk factors, and to select patients for anti-
osteoporosis therapy.

Osteoporosis does not cause pain in the absence of fractures, but VF may also be 
asymptomatic, particularly in patients taking glucocorticoids. Back pain due VF has 
some typical features. It usually follows a fall or when some strain is applied to the 
back, such as lifting a suitcase or working in the garden. Loss of height and the find-
ing of kyphosis at clinical examination, even in an asymptomatic patient, may sug-
gest the presence of VF.

Indication for VF assessment therefore includes the presence of symptoms or 
signs suggestive of vertebral fractures and, in the absence of symptoms, other indi-
cations, which include previous fragility fractures and glucocorticoid treatment for 
more than 3 months using a daily dose of >5 mg daily of prednisone or equivalents 
(Table 3.3). Finally the search for VF is appropriate in all women aged >70 years 
and men between 70 and 79 years if T score is <−1.5 and in postmenopausal women 
and men with specific risk factors.

Spine images can be obtained using plain radiographs of the thoracic and lumbar 
spine in anteroposterior and, especially, lateral positions or by DXA, using the ver-
tebral fracture assessment (VFA) software program provided with some densitom-
etry devices. The advantage of FVA is the low radiation exposure (3 vs 600 μSv for 
a lateral lumbar spine X-ray) [26]. When VF are initially detected with VFA in 
patients in whom conditions other than osteoporosis are suspected, conventional 
X-ray of the spine should be performed and second-line imaging techniques (CT or 
MRI) be considered.

Table 3.4 Indication for vertebral fracture testing

• Suggestive symptoms (i.e., back pain that worsen with standing) and signs (i.e., kyphosis)
• Asymptomatic cases:
  –All women aged >70 years and men between 70 and 79 years if T score is <−1.5
  –Postmenopausal women and men aged 50 years or older with specific risk factors:
   Previous fragility fractures
   A high loss >4 cm compared with young age or >2 cm from the last visit
   Marked reduction of BMD values (T score < −3)
   Glucocorticoid therapy with >5 mg daily of prednisone or equivalents for >3 months
   Comorbidities associated with increased risk of vertebral fractures per se

3 Osteoporosis Diagnosis



54

3.3.1  Conventional X-ray of the Spine

Lateral radiograph alone is often taken, but the anteroposterior images may help to 
identify the level of vertebral deformity and exclude other causes (i.e., absence of 
pedicles suggests malignancy).

Three types of vertebral deformities may be detected: wedge, end plate (bicon-
cave if both plates are involved), and crush [27]. The method most commonly used 
to evaluate VF is based on the semiquantitative method devised by Genant [28]. 
This method is based on a visual inspection of the lateral spine images, and three 
deformity grades are defined: (1) mild or grade 1 (approximately 20–25% reduction 
in the anterior, middle (compared with the posterior height), and/or posterior height 
and a 10–20% reduction in area), (2) moderate or grade 2 (25–40% reduction in any 
height and a 20–40% reduction in area), and (3) severe or grade 3 (>40% reduction 
in any height and area) (Fig. 3.1).

Some vertebral deformities mimic fractures, as in Scheuermann’s disease, a self-
limiting skeletal disorder of children in which vertebrae grow unevenly resulting in 
a wedge shape of the vertebrae, causing kyphosis. Malignancy can also cause verte-
bral deformity, but in this case, erosion of the pedicle, a feature not found in osteo-
porotic vertebral deformity, is typically present. Paget’s disease may affect the 
spine: the vertebral body may be enlarged, and the bone appears sclerotic with a 

Fig. 3.1 Lateral X-rays of the spine showing a mild (left), moderate (middle), and severe (right) 
vertebral deformities (with the courtesy of Dr. Daniele Diacinti, University of Rome “La Sapienza,” 
Rome, Italy)
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disorganized texture appearance. Osteomalacia may cause vertebral deformities, 
often involving adjacent vertebrae, with atypical ground-glass appearance. Vertebral 
plates are deformed with a biconcave appearance (cod-fish appearance).

Vertebral morphometry is a quantitative method of diagnosis of VF based on the 
measure of anterior, middle, and posterior vertebral heights. It should always follow 
a qualitative analysis of the spine X-ray. It is performed by a six-point approach, 
corresponding to the four corners of the vertebral body and the midpoints of the end 
plate, by which the anterior, middle, and posterior heights are measured from T4 to 
L5. Several approaches have been proposed to quantify the shape of a vertebral 
body, based upon the anterior-posterior ratio, middle-posterior ratio, and posterior-
posterior adjacent ratio. The algorithm developed by Eastell et al. defines a vertebral 
fracture if any of the ratio falls 3 SD below the sex- and vertebra-specific mean ratio 
in normal [29]. A more complex algorithm has been proposed by McCloskey et al. 
based on the reduction in the ratios, as in Eastell’s algorithm, as well as a reduction 
in the ratios calculated with the “predicted posterior height” [30].

As mentioned before vertebral morphometry can be also performed on images 
obtained from DXA (VFA) (see chapter “New technologies for skeletal evaluation).
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4.1  Introduction

Health and well being of an individual are directly related to the functional status of the 
various systems of the human body. The World Health Organization (WHO) defines 
health as “a state of complete physical, mental and social well-being and not merely the 
absence of disease or infirmity” [1]. In 2001, a new classification system based on this 
bio-psychosocial model [2], the “International Classification of Functioning, Disability 
and Health” (ICF), was proposed to provide a unified and international common lan-
guage and framework for the description of functioning, disability and health [3]. In the 
term “functioning” WHO includes all body functions and structures, personal activities 
and social participation. In this framework, “functioning” and “disability” become the 
centre of health-care provision. Therefore any health-care intervention should be 
intended to restore impaired body structures and functions, to overcome activity limita-
tions and participation restrictions, and to prevent new alterations and disabilities from 
developing, especially in case of a chronic disease [4].

The most common diseases affecting the musculoskeletal system are osteoarthri-
tis and osteoporosis. In this chapter we will only deal with the functional evaluation 
of osteoporotic patients.

In the past, osteoporosis used to be defined as a silent disease and it was identified 
only after the occurrence of a fragility fracture. Nowadays the appropriate manage-
ment of osteoporotic patients requires an accurate functional evaluation even before 
the appearance of a fragility fracture. The cornerstone of this management is to iden-
tify the prodromal symptoms and signs of a fragility fracture and of its risk factors.
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4.2  Functional Evaluation

The functional evaluation of osteoporotic patients is a part of the physical examina-
tion aimed to identify systemic alterations that induce an increased risk of fracturing 
or are consequences of fragility fractures. For example, the inspection allows the 
identification of postural alterations, such as increased kyphosis of the thoracic 
spine, protruded abdomen or loss of body height that might be ascribed to the pres-
ence of one or more vertebral deformities. Measurement of height is probably one 
of the easiest ways to identify patients with vertebral deformities due to osteoporo-
sis. A height reduction of 4 cm or more is a reliable sign of a vertebral fracture. After 
sustaining this kind of fracture, patients frequently refer that their clothes are longer 
or do not fit as they used to. For an objective evaluation of the severity of the kypho-
sis, the wall-occiput distance (WOD) can be measured quantifying the distance 
from the bony prominence of the seventh cervical vertebra (occiput) to the wall, 
while standing against the wall [5, 6]. The measurement of WOD is one of the most 
useful maneuver for the clinical assessment of kyphosis. It has been proved that a 
WOD >4 cm can detect the presence of a prevalent thoracic vertebral fracture with 
a sensitivity of 41% and specificity of 92% [7]. Another measurement to take is the 
Rib-Pelvis Distance (RPD) (see Fig. 4.1) that can localize vertebral fractures at the 
lumbar spine level, a distance of <2 fingerbreadths (about 3.5 cm) has a high sensi-
tivity (87%) for detecting a lumbar vertebral fracture with a specificity of 47% [8].

It is worthwhile to remember that patients with multiple vertebral fractures, with a 
significant kyphosis, might have severe respiratory consequences such as chronic 
obstructive pulmonary disease and pneumonia both increasing their mortality risk [9].

Fig. 4.1 The rib-pelvis 
distance
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During the functional evaluation it is mandatory to investigate the following 
parameters: range of motion (ROM), muscle assessment (mass, strength, and 
power), balance, and disability. An accurate investigation of pain and quality of life 
is also necessary to complete the framework.

4.2.1  Range of Motion

The ROM is defined as the extent of passive or active joint mobility, measured in 
degrees. It can vary according to age, gender, functioning, body habitus, and genet-
ics. Passive ROM should be performed through all planes of motion (sagittal, coro-
nal and transverse), by the examiner when the patient is in a relaxed position. We 
define the ROM as active when the patient performs the same movements by him-
self. An impaired joint should be always compared with the contralateral one, when-
ever it is possible. The flexibility of the trunk is the most difficult to be assessed as 
no measurement tools can be used and it is necessary to rely on functional tests. One 
of these is the Schober test: while the patient is in a standing position, the examiner 
marks two points along the proximal and distal ends of the lumbar spine and this 
distance is taken when the trunk is in a flexed, neutral, and extended position. An 
alternative is the Modified Schober Test that propose to mark a point located 5 cm 
below and 10 cm above the lumbosacral junction for a total of 15 cm distance, if 
when flexing the distance between the two marks do not reach 20 cm it means that 
there is a limitation in lumbar flexion (see Fig. 4.2).

Fig. 4.2 Modified Schober test
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These tests seem to be more reliable than others, such as the measurement of the 
distance of the fingers to the floor or the inclinometer technique of Loebl. These 
tests can result positive in case of vertebral fragility fractures [10].

4.2.2  Muscle Assessment

An accurate assessment of muscle functioning in osteoporotic patients should 
include the evaluation of muscle mass, muscle strength, and muscle power. The last 
one is an important predictor of physical functioning. Alterations in muscle func-
tioning are important reasons for the loss of independence [11].

In the past, age-related muscle alterations were identified only with the loss of 
muscle mass, the so called “sarcopenia”; the term was coined to describe the loss 
of lean mass and derived from the Greek “sarcos” referring to flesh and “penia,” a 
lack of. Recently it has been proposed to introduce the term “dynapenia” in addi-
tion to “sarcopenia” when specifically referring to the loss of muscle function [12, 
13]. More recently it was introduced the term “osteosarcopenia” to better identify 
those people affected both by a loss of muscle mass and a reduction of BMD, as 
they are supposed to be strictly related as they share common physio-pathological 
pathways [14].

In order to better explain muscle assessment we divided the topic in three differ-
ent paragraphs: muscle mass, muscle strength, and muscle power and physical 
performance.

4.2.2.1  Muscle Mass Assessment
Considering that the clinical evaluation by anthropomorphic measurements is 
scarcely correlated with the diagnosis of sarcopenia (as changes in body compo-
sition like fat deposits and loss of skin elasticity might be possible confounders), 
it is preferable to perform an instrumental evaluation of muscle mass. Computed 
Tomography (CT) and Magnetic Resonance Imaging are considered as the gold 
standard for an accurate estimate of muscle mass and body composition. The 
high costs of both techniques and the high radiation exposure of the CT limit 
their use to research. Dual-energy X-ray absorptiometry (DXA), using a lower 
dose of radiation with the similar accuracy to discriminate fat, BMD and lean 
tissues, is a valid alternative. The Total Body examination with DXA can be con-
sidered the gold standard in the measurement of the loss of muscle mass as it can 
define the appendicular lean mass (ALM). According to the Foundation of the 
National Institutes of Health (FNIH), a reduced muscle mass is defined by gen-
der-specific cut-offs: ratio ALM to body mass index <0.512 for women and 
<0.789 for men [15]. When a DXA evaluation cannot be available, the 
Bioelectrical Impedance Analysis (BIA) might represent an easy and inexpensive 
alternative tool.
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4.2.2.2  Muscle Strength Assessment
Muscle strength is defined as the maximum amount of force a muscle can generate 
during its contraction [16]. Size and innervation of muscle fibers are responsible of 
the strength.

It is important to measure muscle strength of both upper and lower limbs. Handgrip 
strength is well correlated to physical performance and it is also strongly related with 
lower extremity muscle power, and with the level of disability in activities of daily 
living (ADL) [17]. Upper limb muscle strength can be calculated with the Hand Grip 
Strength Test (HGS), through the hand-held Jamar dynamometer, considering the 
maximum value (in kilograms) of three consecutive measurements of the upper domi-
nant limb (with a pause of 1 min after each measurement). The cut-off to define hand 
grip muscle weakness is <16 kg [15]. Lower limbs muscular strength can be measured 
isokinetically with an isokinetec device or isometrically with the Knee Extension 
Strength Test (KES). The KES is performed by a hand-held dynamometer and the 
mean value (in kilograms) of three consecutive measurements (with a pause of 1 min 
after each measurement) is assumed for each patient [18]. A ratio of KES and body 
weight (BW) (KES/BW) inferior to 0.31 defines lower limb muscle weakness.

4.2.2.3  Muscle Power and Physical Performance Assessment
Muscle power represents the maximum rate of work undertaken by a muscle per 
unit of time. It plays a key role in functional independence; in particular, the peak 
muscle power seems to be associated with physical performance more than strength 
in older people [19] Common activities such as walking, climbing stairs, and stand-
ing from a seated position require sufficient leg muscle power [20]. Physical perfor-
mance is defined as the ability to perform a physical task consisting in aerobic and 
anaerobic capacity, balance, coordination, flexibility; it results from several factors, 
such as age, sex, hereditary factors, nutrition, and training [21].

Muscle power can be assessed using evaluation tools, such as the sit to stand test, 
that investigate the ability and the time to stand up from a sitting position. Patients 
are first asked to stand from a sitting position for five times, as fast as possible, 
without using their arms. The test is performed twice with an interval of 1 min and 
it is considered the time of the best performance. “Normal” times for community 
dwelling older adults are: 11.4 s at 60–69 years, 12.6 s at 70–79, and 14.8 s over 
80 years old [22].

Buatois et al. demonstrated that subjects requiring more than 15 s to complete the 
task showed a risk of recurrent falls twice higher than those performing in <15 s 
[23]. The sit-to-stand test is easy as it can be performed everywhere and by every-
body just using a chair and a stopwatch and its results are directly related with the 
level of independence in elderly people [24].

Another test generally used to assess leg muscle power is the Stair Climb Power 
Test, consisting in recording the time necessary to climb a 10-stair flight of stairs, 
with the use of the handrail if needed; the average time of two trials is considered. 
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The test is easy to perform as it can be completed in <1 min and requires only a scale 
and a stopwatch [25].

One of the most widely used assessment tools for physical performance is the 
Short Physical Performance Battery (SPPB), including three sub-items: balance, 
gait, and sit to stand test. For the evaluation of balance we ask subjects to stand in 
three different positions (with feet in side-by-side, in a semi-tandem, and in tandem 
positions) for 10 s; the score goes from 0 (unable to hold any of the three positions) 
to 4 (able to hold all the three positions for 10 s). Gait speed is assessed asking sub-
jects to walk for 4 m at a normal pace; a score of 0 is given when the patients cannot 
perform the test, while 4 means that the task is completed in <4.1 s. Furthermore, 
the sit to stand test assesses the lower limb strength with participants instructed to 
sit in and fully rise from a chair five times as quickly as possible, without using arms 
for supporting. The score goes from 0 when the task is not completed to 4 when it 
is done in <11.1 s [26].

The overall score of SPPB ranges therefore from 0 to 12. The test can be admin-
istered in about 10 min and uniformly performed in each context by all researchers 
and clinicians. It has an excellent degree of reliability [27] and it is a good predictor 
of the functional status in older people, where a low score is associated with a higher 
risk of disability and hospitalization [28, 29].

Another very common and quick test is the 6-minute walk test (6MWT), per-
formed asking the patient to walk as far as possible on a flat indoor course for 6 min. 
This test can measure muscle tolerance and endurance as well.

4.2.3  Balance Assessment

The aims of balance assessments is to identify the presence of any balance impair-
ment and its possible cause in order to predict the risk of falling [30].

Fall is probably the most important risk factor for fragility fractures. The history 
of falls, including the number, the circumstances and other risk factors have to be 
consistently investigated [31]. Risk factors of falls can be broadly classified into 
intrinsic and extrinsic. The intrinsic risk factors include all the age-related physio-
logical changes (such as visual impairments and/or senile gait), cognitive impair-
ments (delirium, anxiety, depression, reduced attention and psychomotor 
restlessness), several medical conditions (all the diseases affecting the sensory and 
neuromuscular system contributing to postural stability) and drugs (the risk of fall-
ing is significantly increased when a person is on more than four medications, irre-
spective of the type of drug). Extrinsic risk factors account for the 33–50% of overall 
falls. Environmental factors include narrow steps or unmarked floor rises, slippery 
surfaces, low light or excessive glare, and ill-fitting footwear. Activity-related risk 
factors are associated to the person’s need for or inappropriate use of assistive 
devices and the so called “furniture cruising” [32]. The acronym DAME (D: drugs 
and alcohol; A: age-related physiological changes; M: medical problems; E: envi-
ronment) can be used to recall all the necessary information to investigate during the 
anamnesis [33].

G. Iolascon et al.



65

A commonly used test for predicting risk of falls is the Timed Up and Go test 
(TUG); it measures the time necessary to stand up from a chair, walk for 3 m, turn 
around, come back, and sit again; normal values for elderly range from 7 to 10 s 
[34]. The TUG is considered the simplest and most reliable test for balance assess-
ment [30].

The Berg Balance Scale (BBS) is a complex assessment tool, constituted by 
14 items, used to assess balance and risk of falls in older community-dwelling 
adults [35].

It can be completed in 10–20 min and it measures the ability of the patient to 
maintain balance while standing or when performing different movements. Each 
item is scored from 0 (inability to complete the task) to 4 (ability to complete it 
independently). Therefore the global score ranges from 0 to 56. Scores from 0 to 20 
reflect the presence of a balance impairment, 21–40 an acceptable balance, and 
41–56 a good balance. The BBS involves minimal equipment (chair, stopwatch, 
ruler, step) and space and requires no specialized training.

Another example of a complex scale is the Performance Oriented Mobility 
Assessment (POMA) or Tinetti test, a standardized assessment tool for both balance 
and gait. With POMA, balance is assessed while the patient is sitting, arising, stand-
ing, and turning; the right and left feet are separately evaluated for both step length 
and clearance, and then compared for symmetry and continuity. Additionally, any 
path deviation and trunk instability are searched. A score of 22 or less, out of a 
maximum score of 28, indicates that the patient is at high risk of falling [36].

Another simple and easy to perform test to assess balance is the Unipedal Stance 
Test (UST). It consists in measuring the length of time a patient is able to stand on 
one foot first with eyes open and then closed. Hurvitz et al. report that a UST lower 
than 30 s in an older ambulatory outpatient population is associated with a history 
of falling, while a UST higher than 30 s is associated with a low risk of falling [37]. 
The test was demonstrated to be age-specific but not gender-related [38].

Furthermore, the Functional Reach (FR) test could measure anterior and poste-
rior instability [39]; the patient is asked to slide a peg mounted on a horizontal bar, 
settled on a tripod, as far as possible without loosing his/her balance, while standing 
and with the other hand on the umbilicus. The test includes 3 trials and the mean 
distance is entered in the analysis.

4.2.4  Disability Assessment

The most used disability assessment tools are the Barthel Index (BI) and the 
Functional Independence Measure (FIM).

The BI or its modified version (Modified Barthel Index, MBI) assesses the ability 
of an individual to care for him/herself during different ADL. The BI maximum 
score is 20, while the MBI is 100; in both cases 0 refers to the complete dependence 
and the maximum score to complete autonomy.

The FIM was designed to provide a consistent data collection tool for compari-
son of rehabilitation outcomes across the continuum of healthcare. It consists of  
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18 items assessing the patient’s degree of disability and burden of care, of these 13 
items define the disability in motor functions and the others the disability in cogni-
tive functions [40]. Each item is rated on a 7-point scale, with 1 = total assistance 
(<25% independence) and 7 = complete independence (100% independence). The 
total score is useful to determine the degree of help the patient needs to accomplish 
basic daily tasks. The degree of dependency ranges from no help needed to com-
plete dependence on a caregiver. The FIM should be performed at admission to 
rehabilitation and at discharge [41].

Other two disability scales are the ADL and instrumental activities of daily living 
(IADL) that measure respectively the autonomy of the patient in performing several 
activities without or with the use of different tools.

The term ADL is used in healthcare to refer to people’s daily self care activities. 
This concept was originally proposed in the 1950s by Sidney Katz [42]. ADL 
include self-care tasks, such as: bathing/showering, bowel and bladder manage-
ment, dressing/undressing, eating (or swallowing), feeding, functional mobility 
such as transfers and bed mobility, sexual activities, toilet hygiene, and the care of 
personal devices such as hearing aids, orthotics, and splints.

The IADL scale was developed to assess more complex activities necessary for 
functioning in community settings (e.g., shopping, cooking, managing finances). 
The capacity to handle these complex functions normally is lost earlier than the 
basic ADL [43].

4.3  Pain Assessment

From Aristotle, through Descartes, to arrive to the early nineteenth century evolu-
tionists, pain has been described as a mechanism to protect the body, and therefore 
as useful. A modern and widely accepted definition of pain was formulated by the 
IASP (International Association for the Study of Pain) that defined it “an unpleasant 
sensory and emotional experience which we primarily associate with tissue damage 
or describe in terms of such damage, or both”. Recently Kandel defined pain as “not 
the direct expression of a sensory event but rather the product of elaborate process-
ing by the brain of a variety of neural signals”. Nociception is the most common 
starting mechanism of pain; it can be elicited by the stimulation of nociceptors and 
transmitted by myelin (Aδ) and non-myelin (C) sensitive nerve fibers [44].

Osteoporotic bone does not activate the pain pathway present in the bone tissue; 
therefore the disease remains asymptomatic until the fracture occurs [45]. On the 
other hand, vertebral fractures are the main cause both of acute and chronic pain in 
osteoporotic patients. Acute pain is generally a consequence of a sudden vertebral 
collapse and it generally increases in the standing position and decreases during 
rest. Pain can be aroused pushing on the spinous processes and it might bring to 
different degrees of functional limitation till immobility.

A comprehensive assessment of pain is required to characterize and quantify its 
impact on a patient’s health status and well being, with special attention to its onset, 
location, intensity, characteristics and its effects on patient’s functioning and 
ADL. Pain should be assessed both qualitatively and quantitatively.
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Qualitatively, pain can be described as burning, clamping, electric-like, com-
pressive, prickly, pincer etc. Moreover, it is important to define the site and irra-
diation of pain and the condition that cause or relieve it like movements, posture, 
bedsores etc.

Quantitatively, we can perform an objective measurement of pain using a pres-
sure algometer, an instrument for measuring sensitivity to pressure or to pain 
(Fig. 4.3).

More often pain assessment is done subjectively, using mono-dimensional or 
multidimensional scales. Unidimensional scales measure only the intensity pain, 
whereas multidimensional ones can assess, apart from its intensity, the extent to 
which pain impacts on other components, such as affective, cognitive and behav-
ioural parameters.

The Visual Analogic Scale (VAS) and the Numerical Rating Scale (NRS) are the 
most widely known and used mono-dimensional scales for the measurement of 
pain. VAS is based on an analogic measure of pain asking to the patient to point the 
intensity of pain on a 10 cm line. The lower and the upper limits correspond to the 
absence of pain and the worst imaginable pain respectively [46]. NRS is a seg-
mented version of VAS, where patients express on a 0–10 scale the intensity of their 
pain. NRS is easier to use than VAS, because it is simpler to be understood and 

Fig. 4.3 Algometer
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executed by patients. Other mono-dimensional scale is the Verbal Categorical 
Rating Scale (VRS); which consists of a list of adjectives describing increasing pain 
intensities (no pain, mild pain, moderate pain, and severe or intense pain) [47].

Multidimensional scales measure several dimensions of pain, such as quality, 
intensity, interference with functioning and the effects on the quality of life. They 
are more complete and useful than mono-dimensional ones. Good examples of mul-
tidimensional scales are: the McGill Pain Questionnaire (MPQ) and its short form 
(SF-MPQ); the Brief Pain Inventory (BPI); and Spine Pain Index (SPI).

The MPQ is formed of two parts: the Pain Rating Index and the Present Pain 
Intensity. The questionnaire can be completed in 20 min plus 2–5 min to score it 
[48]. Its short form, the SF-MPQ is composed of the same two parts, but takes about 
2–5 min to be executed and only 1 min to be scored [49].

The BPI [50] assesses pain severity and its interference with functioning, using 
a 0–10 NRS for each item. The Pain Intensity Score is the results of the average of 
the item “worst pain”, “least pain, “average pain”, over the last 24 h and finally the 
“present pain”. The Pain Interference Score estimates patient’s limits due to pain 
using a numeric scale from 1 to 10, going to “no interference” to “interferes com-
pletely”. The seven domains investigated are: general activity, walking, normal 
work, interpersonal relations, mood, sleep and enjoyment of life [51]. The score is 
obtained by an arithmetic average of the interference item’s rating. The question-
naire also gives the possibility to indicate the location of pain on a body chart and to 
describe it as stabbing, tingling, oppressive, pulsing, burning. The percentage of the 
relief achieved as a consequence of a pharmacological or non-pharmacological 
intervention can be easily calculated.

The SPI is a simple self-administered questionnaire that investigates the influ-
ence of back pain on functioning and in particular in the execution of ADL. It analy-
ses the patient’s disability due to the pain of the whole column requiring <5 min for 
patient to be completed and about 20 s to be scored [52].

For non collaborating patients there are specific pain assessment scales such as 
the Pain Assessment in Advanced Dementia (PAINAD) and the Non-Communicative 
Patient’s Pain Assessment Instrument (NOPPAIN).

4.4  Health-Related Quality of Life

Health-Related Quality of Life (HRQoL) is “a concept representing individual 
responses to the physical, mental and social effects of illness on daily living, which 
influence the extent to which personal satisfaction with life circumstances can be 
achieved…it includes perceptions of well-being and basic level of satisfaction and 
a general sense of self-worth” [53].

Osteoporosis and fragility fractures might have a considerable impact on HRQoL.
There are several scales available for its assessment that can be roughly classified 

as generic (such as The Short Form 36 Health Survey, SF36, European Quality of 
Life–5 Dimensions index, EQ-5D index, and the EuroQol-Visual Analogue Scale 
scores, EQ VAS) and disease specific (as the Quality of Life Questionnaire of the 
European Foundation for Osteoporosis, QUALEFFO).
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The SF36 is one of the most used instruments to assess quality of life in dif-
ferent diseases. It comprises 36 items, with six possible answers, from “none” 
to “very severe” according to an ordinal scale, investigating eight domains 
(physical functioning, social functioning, physical role functioning, emotional 
role functioning, mental well-being, vitality, bodily pain, and general health 
perceptions). Two summary scores are calculated: the physical (PCS) and men-
tal (MCS) components. Shorter versions of this questionnaire are the SF-12 and 
SF-8 [54].

Another generic scale is the EQ-5D, a self-administered and short questionnaire 
[55]. It consists of two main parts: the first including five dimensions, EQ-5D index 
[56], the second part is a VAS, which has as end points “the best imaginable health 
states” and “the worst imaginable health state” indicated on a scale from 100 to 0 
respectively.

As for the HRQoL measuring instruments specifically built for osteoporotic 
women, the most used is the QUALEFFO, a self-administered questionnaire for 
patients with vertebral fractures, developed by European Foundation for Osteoporosis. 
It includes five domains: pain, physical activity, social, general, and mental.
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5Skeletal Alterations and Parathyroid 
Function

Elisabetta Romagnoli and Vincenzo Carnevale

5.1  Introduction

Parathyroid hormone (PTH) action on bone is essential to regulate calcium and 
phosphorus metabolism as well as skeletal turnover.

The hormone is released from the chief cells of the parathyroid glands. The cal-
cium-sensing receptor (CaSR) expressed in the parathyroid cell membrane is the 
most important regulator of PTH synthesis and secretion. It is able to register subtle 
variations of extracellular ionized calcium concentration and, consequently, tightly 
regulates PTH levels.

PTH plays its functions by binding to the PTH/PTH-related peptide (PTHrP) 
type 1 receptor (PTHR1), a G-protein-coupled receptor. This receptor is widely 
expressed on many types of cells, but it is mainly represented on bone and kidney, 
where PTH exerts its most important functions.

In recent years, accumulating evidences showed that the actions of PTH on 
bone are much more complex than previously known. In fact, PTH regulates 
bone turnover by stimulating both bone resorption and bone formation, being 
the hormone catabolic or anabolic on the skeleton depending on the dose and 
periodicity of its signal. These different responses are mediated by the complex 
effects of PTH on bone cells that are, until now, not completely understood 
[1–3].
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5.2  Effect on Bone Resorption

Primary hyperparathyroidism (PHPT) is the most representative human disease in 
which the catabolic action of PTH on bone is mainly expressed. At the cellular level, 
this catabolic effect is achieved by the continuous exposure of bone cells to the PTH 
action. The hormone acts directly on osteoblasts and osteocytes, and, through its 
effects on these cells, it regulates the activity of osteoclasts, the bone resorbing 
cells. In turn, bone resorption is controlled by several cellular pathways, the most 
important of which being represented by the OPG-RANKL-RANK system. In 
recent years it has been demonstrated that PTH hormone regulates the expression of 
this pathway not only in the osteoblast lineage but also in the osteocytes, which 
probably most contribute to the resorpting signal for osteoclasts. Briefly, the increase 
of RANKL expression and the decrease of OPG expression in both osteoblasts and 
osteocytes lead to an increased RANKL/OPG ratio; this imbalance seems to be the 
main determinant of the enhanced osteoclastogenesis induced by PTH. Studies car-
ried out in humans with PHPT seem to support this hypothesis also “in vivo”: circu-
lating levels of RANKL and the RANKL/OPG ratio are higher in PHPT patients 
compared to controls, and, after successful parathyroidectomy, the RANKL/OPG 
ratio shows a significant reduction [3–5].

5.3  Effect on Bone Formation

The discovery in recent years of the anabolic effect of PTH on bone has established 
a new potential role of the hormone as a promising therapy for osteoporosis. This 
action of PTH is evident when it is administered by intermittent injection. This 
modality leads to an increase in bone mass, contrary to what is observed with the 
continuous infusion of the hormone, causing a reduction of skeletal mass.

The stimulation of bone formation results from several mechanisms, among 
which the increased osteoblastogenesis, the decrease of osteoblasts apoptosis and 
the activation of dormant lining cells.

However, the most important mechanism increasing bone formation is the inhi-
bition of the sclerostin action. This is a glycoprotein, secreted primarily by osteo-
cytes, that antagonizes the osteoanabolic Wnt/β-catenin signalling pathway. So in 
this sense, PTH acts as an “inhibitor of the inhibitor”.

According to “in vitro” studies, also in humans it has been demonstrated that 
patients with PHPT have lower serum sclerostin levels compared to normal subjects 
or patients who had undergone parathyroidectomy. Moreover, patients treated with 
PTH for postmenopausal osteoporosis show reduced serum sclerostin levels. The 
effect of PTH on the activity of Dickkopf1 (DKK1), another endogenous inhibitor 
of Wnt signalling, is less well known. In fact, results of “in vitro” studies are not 
consistent with those obtained in humans: while anabolic treatment with PTH 
reduces DKK1 mRNA levels in mice, serum levels of the protein are increased in 
both postmenopausal women treated with anabolic regimen and in patients with 
PHPT [3–5].
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5.4  Primary Hyperparathyroidism

The classical picture of severe skeletal involvement of PHPT includes bone pain and 
pathologic fractures, subperiosteal erosions and resorption of the distal phalanges, 
salt-and-pepper appearance of the skull, brown tumours and bone cysts. Such a 
clinical presentation is now quite uncommon among patients with PHPT, at least in 
developed countries. Instead, the hallmark of PHPT is an increase of bone turnover 
rate, which is found also in patients with minimal clinical manifestations and with-
out radiological signs of skeletal involvement [6]. The enhanced activation fre-
quency of bone multicellular units and the corresponding decrease of quiescent 
surfaces in turn expand the remodelling space. According to histomorphometric 
studies, as a consequence of such an increase of skeletal turnover rate, the cortical 
bone would appear more affected than trabecular tissue. In cancellous tissue, at least 
with mild to moderate PTH excess, the increased turnover rate induces a more 
active bone formation by the osteoblasts, whereas the tangential erosion of the tra-
beculae by the osteoclasts would make them thinner but still well connected. The 
more pronounced involvement of cortical tissue could instead derive from its lower 
turnover rate, bone resorption prevailing over the less activated formation process 
or, alternatively, a higher activity of the osteoclasts at the cortico-medullary junc-
tion. The higher activation frequency also translates in a less densely mineralized 
tissue, due to the shortening of secondary mineralization (the recovery of bone min-
eral density—BMD—following parathyroidectomy partly depends on the higher 
mineralization of bone matrix), as well as in lower maturation of collagen cross-
links (also ameliorating after surgery).

The histological consequence of this mechanism is the preferential loss of corti-
cal tissue and the relative preservation of the trabecular bone, as is observed in 
specimens obtained from the biopsy of the iliac crest. Patients with PHPT display 
thinner and porous cortices, while the microarchitecture of the cancellous bone is 
substantially unaffected, since the trabeculae have higher number, thickness and 
connectivity and lower separation than age-matched control subjects. The three-
dimensional observation of biopsy blocks by microcomputed tomography (μCT) 
coincides with the two-dimensional appearance of histological sections [6]. In other 
words, the modest to moderate increase of PTH levels which usually characterizes 
the nowadays clinical presentation of PHPT appears to exert an anabolic action on 
the trabecular tissue, delaying some features of its ageing process.

Under a clinical point of view, the enhanced rate of turnover is reflected by a dif-
fuse increase of the skeletal uptake of bone-seeking tracers, as well as by the aug-
mented concentration of biochemical markers of bone formation and resorption in 
serum and urine [7]. Bone markers may be frankly elevated when the skeletal 
involvement is more pronounced but may also remain in the upper range of normal 
in milder forms of PHPT. Even in the latter cases, however, the significant decrease 
of both resorption and formation markers after surgery reflects their previous up-
regulation due to PTH excess [8].

With the current clinical presentation of PHPT, the measurement of areal BMD 
(aBMD) by dual-energy X-ray absorptiometry (DXA) due to the wide availability, 
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accuracy, precision and low radiation exposure of this technique has become part of 
the standard clinical evaluation of these patients [9]. The current guidelines on 
PHPT recommend aBMD assessment of the third distal radius, lumbar spine, total 
hip and femoral neck every 1–2 years. Furthermore, in postmenopausal women and 
men 50 years and older showing a T-score value ≤−2.5 at these sites, parathyroid-
ectomy is indicated [10]. Although the aBMD of the forearm is not routinely mea-
sured in many centres, about 5% of patients would fulfil criteria for surgery based 
only on the T-score of the distal radius [11]. In any case, the measurement of aBMD 
at multiple sites is wise in PHPT, because preferential bone loss occurs at the 1/3 
distal radius (where cortical tissue prevails), whereas aBMD of the lumbar spine 
(having a higher proportion of trabecular tissue) is relatively preserved. Femoral 
sites, having about equal proportions of the trabecular and cortical bone, show inter-
mediate decreases of aBMD. Such a typical picture of PHPT is almost opposite to 
what is seen in patients with postmenopausal osteoporosis, whose trabecular bone 
loss usually anticipates the decline of aBMD detected at sites prominently com-
posed of cortical tissue. However, most cases of PHPT occur in postmenopausal 
women, so that different patterns of aBMD loss, reflecting the variable influence of 
the two conditions, may be found in individual patients [9, 12]. DXA aBMD assess-
ment is also a precious tool to monitor patients’ skeletal involvement over time. In 
fact, following parathyroidectomy, aBMD increases, mostly and more rapidly, at the 
lumbar spine and hip, whereas, if any, the recovery of aBMD is least and lowest at 
the distal radius. This has also been observed in a small sample of patients with 
normocalcemic PHPT. In PHPT patients who were not surgical candidates, a cor-
nerstone longitudinal study showed a substantial stability of aBMD values over 
about 10 years of observation [13]. After longer follow-up periods, bone loss can be 
detected, particularly in patients younger than 50 years and at sites enriched in corti-
cal tissue, such as distal radius and hip [14].

The DXA assessment of aBMD has invaluable clinical utility. However, although 
aBMD findings appear overall consistent with those of histomorphometric and μCT 
studies, they do not explain the increased risk of both vertebral and non-vertebral 
fractures of patients with PHPT. In particular, postmenopausal women with PHPT, 
independently of the severity of the disease, have a higher rate of morphometric 
vertebral fractures, even if aBMD appears preserved [15]. This apparent discrep-
ancy probably relies to the fact that DXA may only provide an integrated estimate 
of areal density, but does not allow to distinguish between the trabecular and corti-
cal compartments of the examined bone site. High-resolution peripheral quantita-
tive computed tomography (HR-pQCT) is a newer non-invasive technique, hitherto 
only available in research units, which allows to separately measure the true volu-
metric density (vBMD) of cortical and trabecular compartments of the radius and 
the tibia. It also allows to appreciate aspects of bone microarchitecture and strength, 
which cannot be detected by the DXA technique. In patients with PHPT, through 
HR-pQCT, it has been shown that vBMD is decreased, besides the whole skeletal 
site, in both cortical and trabecular compartments. Cortices are thinner, and the 
trabeculae are fewer, thinner, more spaced and heterogeneously distributed. The 
alterations of the tibia (a weight-bearing site) are less pronounced than that of the 
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radius, suggesting that gravity could partly mitigate the effects of PTH excess. The 
abnormalities of vBMD and microarchitecture are associated to altered biomechan-
ical competence, and whole-bone and trabecular strength are decreased by 22% and 
46%, respectively [16]. According to a longitudinal study, HR-pQCT-measured 
vBMD and microarchitecture of the radius and (even slightly more) of the tibia 
improve following parathyroidectomy.

Despite its speculative relevance, HR-pQCT remains an interesting research 
tool, still not widely available even in specialized bone units. Another measurement, 
obtained through the application of a software to DXA devices, the trabecular bone 
score (TBS), is rapidly gaining wide acceptance and diffusion. It is based on a grey-
level textural analysis of the DXA scans of the lumbar spine and can be performed 
also by analysing previous measurements. TBS has been reported to provide an 
indirect estimate of trabecular microarchitecture. Its results correlate to the findings 
of μCT studies, and low values reflect worse bone structure. TBS values signifi-
cantly correlate with HR-pQCT indices of total, cortical, trabecular vBMD, as well 
as with trabecular number and whole-bone stiffness of both the radius and the tibia 
[17]. Low TBS values are actually found also in many PHPT patients with normal 
aBMD of the lumbar spine. In adjunct, in a group of patients with PHPT, we found 
that their TBS values were lower than those of control subjects, although the respec-
tive aBMD values at the lumbar spine did not differ. Moreover, among PHPT 
patients, those with vertebral fractures had lower mean TBS values than patients 
without fractures, whereas TBS did not discriminate patients with and without non-
vertebral fractures [18]. So, TBS seems capable to identify vertebral fracture risk 
better than aBMD measurement, in patients with PHPT as previously found in 
patients with postmenopausal osteoporosis. Finally, as shown in a small group of 
PHPT patients followed-up for about 2 years, TBS values may recover after para-
thyroidectomy more than aBMD values, while they do not significantly change in 
non-operated patients [19].

5.5  Hypoparathyroidism

Hypoparathyroidism is an endocrine disease characterized by the absent or inap-
propriately low serum levels of PTH. In recent years it has been demonstrated that 
chronic PTH deficiency may profoundly affects the bone; however, these skeletal 
effects are difficult to completely elucidate because of the influence of concomitant 
chronic vitamin D treatment that clearly interferes with bone metabolism [20].

In general, chronic PTH deficiency leads to a marked reduction of bone turn-
over; bone resorption and bone formation are either depressed, but over time the 
remodelling balance favours bone formation. The final result is an increase of 
bone mass which is evident in both cancellous and cortical compartments. The 
histomorphometry and μCT of iliac crest bone biopsies give the most comprehen-
sive information about the effects of PTH deficiency on the skeleton. These tech-
niques showed that the reduction of both bone resorption and bone formation was 
evident at all three envelopes of the bone (cancellous, endocortical and 
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intracortical). Bone formation rate was reduced mostly because of both a decrease 
in mineralizing surface and mineral apposition rate. μCT confirmed that the higher 
cancellous bone volume was due to increased trabecular thickness, number and 
connectivity [20–22].

Non-invasive assessment of skeletal status by DXA consistently shows, 
across several studies, that BMD in patients with hypoparathyroidism was sig-
nificantly above the average at lumbar spine and femoral sites. In some cohorts, 
BMD was also increased at the 1/3 distal and ultradistal radius. The increase in 
aBMD is probably due to the increased mineralization. However, TBS, that at 
least indirectly evaluates trabecular microarchitecture, was not changed in 
hypoparathyroid patients [22].

New insights in the evaluation of bone properties in hypoparathyroidism have 
been provided by the application of advanced imaging techniques, such as HR-pQCT 
of the radius and finite element analysis (FEA). These techniques allow to estimate 
skeletal microarchitecture and estimated bone strength. Trabecular and cortical 
vBMD, cortical area and cortical thickness were all increased in hypoparathyroid-
ism; on the contrary, cortical porosity was reduced. However, ultimate stress and 
failure load were not different between hypoparathyroid patients and controls [23]. 
Changes in skeletal properties showed by the various imaging techniques may 
divergently affect the propensity to fragility fractures in these patients. However, 
data published so far concerning the risk of fractures are inconclusive and, some-
times, also divergent. It has been demonstrated that long-term overall fracture risk 
in patients with hypoparathyroidism was similar compared to controls; however, 
according to some authors, the risk of upper extremity fractures was increased, 
while, on the contrary, it was significantly reduced based on other studies. Similar 
divergent results have been reported also for vertebral fractures [24, 25].

5.6  Effects of Parathyroid Hormone Treatment 
in Hypoparathyroidism

The administration of hormone replacement therapy with PTH in patients with 
hypoparathyroidism may help to elucidate the effect of treatment on skeletal 
abnormalities.

Data of long-term administration of rhPTH 1-84 for up to 6 years have been 
recently published [26]. This study showed that BMD significantly increased at 
lumbar spine and femoral neck, while it progressively and significantly decreased at 
the distal 1/3 radius. Concomitantly, treatment induced an early stimulation of bone 
remodelling, reflected by a marked increase of both bone formation and bone 
resorption markers. After the first year, markers of bone turnover progressively 
declined but remained to levels always above baseline values. These findings are 
consistent with the different effects of PTH treatment at cortical or trabecular skel-
etal sites. Long-term administration in hypoparathyroidism leads to beneficial effect 
on the trabecular bone, increasing areal and volumetric BMD at the lumbar spine as 
well as TBS values. On the contrary, the effects on the cortical bone (mostly 
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represented at the distal 1/3 radius) are consistent with an increase in cortical poros-
ity and endosteal resorption. The analysis of iliac crest bone biopsies shows that 
long-term hormone replacement is associated with a decrease in trabecular thick-
ness and an increase in both trabecular number and cortical porosity [27]. Moreover, 
administration of rhPTH 1-84 is associated with early but transient increase in tra-
becular bone strength, as demonstrated by the microfinite element (μFE) analysis 
that is generally accepted as a surrogate marker of bone strength [28]. However, 
how PTH-induced changes in skeletal properties observed in different studies might 
reflect a modification of fracture risk still remains to be elucidated. More long-term 
data about incidence of fractures in hypoparathyroid patients treated with replace-
ment therapy clearly are needed.
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GH/IGF-I and Bone

Stefano Frara, Filippo Maffezzoni, Mauro Doga, Anna 
Maria Formenti, Gherardo Mazziotti, and Andrea Giustina

6.1  Physiology

Growth hormone (GH) and insulin-like growth factor-I (IGF-I) are relevant regula-
tors of bone homeostasis throughout human life, acting on both the trabecular and 
cortical bone [1]. The anabolic effects of these hormones are important to reach an 
adequate bone mass during puberty and early adulthood—a critical determinant for 
the future risk of osteoporosis—and for the maintenance of skeletal health during 
adult life [2–4]. The precise time of the attainment of peak bone mass is not clear-
cut, but it is skeletal-site dependent, and the gonadal status plays a noteworthy role 
in regulating bone accretion [5].

Bone modeling occurs mostly during growth: this process is characterized by 
uncoupled bone formation and bone resorption [6, 7] and is regulated by mechani-
cal forces in order to maintain bone shape and mass. During embryonic develop-
ment, IGF-I is fundamental for growth, independently of GH action [8], while 
postnatally and till the end of puberty, GH and IGF-I play a critical role in determin-
ing longitudinal skeletal growth, bony maturation, and acquisition of bone mass [9], 
as demonstrated by short stature, skeletal deformities, and low bone mass in 
GH-deficiency (GHD) patients [10], which can be normalized by adequate GH 
replacement therapy [11, 12].

Longitudinal growth is determined by proliferation and differentiation of chon-
drocytes in the epiphyseal growth plate of long bones, leading to endochondral bone 
formation. Once chondrocyte proliferation, hypertrophy, and differentiation are 
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completed, a new process starts: the newly formed cartilage is invaded by new blood 
vessels and then, modeled into bone trabeculae. This is called endochondral ossifi-
cation and is influenced by genetic and hormonal factors, as well as by nutrition and 
the cellular environment [13, 14].

GH and IGF-I also act in the regulation of the coordinated process of bone 
resorption and bone formation occurring during bone remodeling in the microscopic 
basic multicellular units [6]: multinucleated osteoclasts are attracted to a specific 
site to resorb the bone; then, once resorption is completed, mononuclear osteoblasts 
are activated to fill the cavity with newly synthesized matrix. At the end of these 
events, a resting phase occurs. The skeleton is, therefore, an extremely dynamic tis-
sue with a continuous remodeling process which regulates calcium homeostasis and 
removes potentially damaged bone [5].

The synthesis and release of GH from pituitary cells is under control of several 
signals, both from the central nervous system and the periphery: traditionally, 
GHRH promotes it, while somatostatin acts in an inhibitory fashion, and they are 
both regulated by a negative feedback mechanism. Moreover, IGF-I is secreted by 
the liver under GH control and inhibits GH secretion directly at the somatotroph 
level and, indirectly, by stimulating the release of somatostatin [15]. Serum GH 
levels decline with age, due to a decrease in GHRH production and an increased 
somatostatin tone. As a consequence, also, systemic IGF-I levels decline in elderly 
with a progressive loss of muscle mass and strength, a decline in physical perfor-
mance, an increased body fat, and a reduced bone mineral density (BMD) [16, 17].

Most of GH circulates bound to a GH-binding protein, which is the extracellular 
domain of the GH receptor (GHR) [18, 19], and once the dimerization and phos-
phorylation of the internalized receptor are completed, the signal transduction pro-
cess is started involving different proteins, such as the signal transducers and 
activators of transcription (STAT) [20]. The GHRs are highly expressed in several 
organs, in particular on surface cells of the liver, adipose tissue, heart, kidneys, 
intestine, cartilage, and skeletal muscles. Even if GH predominantly induces IGF-I 
synthesis by the liver, the physiology is more complex because IGF-I acts both as a 
circulating hormone and as a local growth factor. Actually, in this latter condition, 
IGF-I is synthesized, at least in part, in a GH-independent manner, and its produc-
tion by different extrahepatic tissues is under the control of several peptides [21].

In the bone, GHRs are densely expressed by chondrocytes and osteoblasts [22–25], 
and in vitro studies showed that GH is able to stimulate the proliferation of cells of the 
osteoblastic lineage through both STAT and ERK-1 and ERK-2/mitogen-activated pro-
tein (MAPK) pathways [5]. Moreover, GH affects directly the fate of mesenchymal 
precursors opposing adipogenesis and favoring osteoblastogenesis and chondrogenesis 
[26]. Indirectly, it stimulates the expression of bone morphogenetic proteins, which 
play a major role for bone synthesis and for the differentiation of osteoblasts [27, 28].

In addition to these effects on their precursors, GH induces, directly or through 
IGF-I, the differentiated function of mature osteoblasts as well as the carboxylation 
of osteocalcin, a marker of osteoblastic activity [29]. Moreover, GH and IGF-I vari-
ably stimulate the production of the receptor activator of nuclear factor κB ligand 
(RANK-L) and its decoy receptor osteoprotegerin which are essential for all the 
cascade events of osteoclastogenesis [30–33].
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Moreover, GH may act either directly to stimulate the replication of cells in the 
germinal layer of the epiphyseal plate or indirectly through its stimulatory effect on 
IGF-I secretion at the latter stages of maturation [34]. The growth plate is composed 
of three layers of chondrocytes in various stages of differentiation: the resting zone, 
where chondrocytes replicate at a slow rate and act to replenish the pool of prolif-
erative chondrocytes; the proliferative zone, where chondrocytes replicate at high 
rate and the resulting daughter cells line up along the long axis of the bone; and the 
hypertrophic zone, where cells differentiate terminally into hypertrophic chondro-
cytes [35–37]. At the end of this process, the hypertrophic zone is invaded by blood 
vessels and bone cells in order to calcify it and form a new endochondral bone [38].

GH also influences bone metabolism indirectly through the modulation of para-
thyroid hormone (PTH) secretion and its circadian levels [39] (mediated in part by 
changes in serum phosphate levels) [40] and enhances the activity of renal 
1α-hydroxylase while inhibiting 24-hydroxylase, with an increase in the synthesis 
of active 1,25-dihydroxyvitamin D3 that contributes to an increased extracellular 
calcium-phosphate product and bone mineralization [41].

When synthesized by peripheral tissues, IGF-I secretion is under control of sev-
eral hormones and growth factors. For example, in chondrocytes, its expression is 
regulated by GH, while in osteoblasts, it is controlled by PTH and other inducers of 
cAMP [34, 42]. Moreover, IGF-I mediates selected anabolic effects of PTH in both 
in vivo and in vitro bone cells [43, 44].

Conversely, estrogens and glucocorticoids act decreasing IGF-I transcription in 
osteoblasts [42, 45, 46], and some selected inhibitory effects of steroids on bone 
metabolism can be explained by the reduced IGF-I levels in osseous microenviron-
ment [5]. Also growth factors with mitogenic properties such as platelet-derived 
growth factor (PDGF) and fibroblast growth factor (FGF) may have a role reducing 
IGF-I synthesis and release in osteoblast cells [47].

Thyroid hormones are important factors for the regulation of skeletal develop-
ment and maturation, increasing bone remodeling. Triiodothyronine (T3) stimulates 
IGF-I synthesis in osteoblasts [48], and, at the same time, IGF-I can mediate ana-
bolic actions of T3 on the bone [49].

IGF-I receptor (IGF-IR) expression in osteoblasts is regulated by PDGF, gluco-
corticoids, and 1,25-dihydroxyvitamin D3 [50–52]. Once dimerized and autophos-
phorylated, IGF-IR is able to activate insulin receptor substrate (IRS)-1 and IRS-2 
[53], which mediate the effects of IGF-I in osteoblasts, through the phosphati-
dylinositol-3 kinase (PI3K) and MAPK pathways [54–56].

In vitro studies showed similar biological actions for IGF-I and IGF-II, which are 
both expressed by osteoblasts, even though IGF-II exerts less efficacious effects than 
IGF-I [5]. IGF-I strongly stimulates the osteoblastic function and bone formation, 
enhancing the activity of mature osteoblast cells. In contrast, its effect on osteoblastic 
cell proliferation is modest as well as its direct action on the differentiation of undif-
ferentiated stromal cells toward osteoblastic lineage [56]. Indirectly, IGF-I might 
favor osteoblastogenesis stabilizing β-catenin, a signaling molecule implicated in Wnt 
signaling pathway, which is fundamental for osteoblastogenesis [57, 58].

The action of IGF-I at the osteoclast level is not completely understood, even 
though osteoclasts express IGF-IRs and IGF-I has direct effects on their functions 
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[59]. In fact, IGF-I is able to induce RANK-L synthesis and, as a consequence, 
osteoclastogenesis [60]. This might explain the stimulatory effects on bone resorp-
tion, while the induction of osteoprotegerin by GH may counterbalance these 
actions, justifying the modest effect of IGF-I on bone mass in vivo [5].

Moreover, few studies have recently shown a role for IGF-I in chondrogenesis, 
inducing adipose-derived mesenchymal cell toward chondrogenic differentiation 
[61]. In vivo studies showed that Igf-1 null mice present impaired chondrocyte mat-
uration and shortened femoral length; however, only cortical bone is reduced, prob-
ably caused by a compensatory hypersecretion of GH or a decrease in trabecular 
bone resorption [62, 63]. They also exhibit decreased number of functional osteo-
clasts, confirming that IGF-I plays a part in normal osteoclastogenesis [64].

In contrast with the role of systemic IGF-I, some authors evidence a different 
role for locally produced hormones, suggesting that systemic IGF-I is necessary to 
maintain cortical bone structure, whereas skeletal IGF-I seems to play a predomi-
nant role in maintaining the trabecular bone [65].

Actually, only about 1% IGF-I is free in the circulation, while the majority is 
bound with specific proteins, called IGF-binding proteins (IGFBPs), which are a 
family of evolutionary conserved-related peptides with different affinity for IGF-I 
and IGF-II [66, 67]. Even if they usually sequester these growth factors, precluding 
their interactions with cell surface receptor, in selected conditions, IGFBPs may 
sometimes increase the effective concentrations of IGF-I in the cellular environ-
ment, resulting in enhanced IGF-I effects [68].

In cells of the osteoblastic lineage, the pattern of IGFBP expression depends on 
the stage of cell differentiation [69] and may be regulated by the autocrine and para-
crine factors that are participating in the cellular environment [70]: IGFBP-2 and 
IGFBP-5 levels are highest in the proliferative phase, while IGFBP-3, IGFBP-4, 
and IGFBP-6 are elevated during terminal cell differentiation [71].

IGFBP expression is regulated in a complex manner [72]: for example, GH 
increases IGFBP-3, IGF-I stimulates the IGFBP-5 expression (which is inhibited by 
other growth factors with mitogenic activity), 1,25-dihydroxyvitamin D3 augments 
osteoblast IGFBP-3 and IGFBP-4 production, and all the cAMP inducers amplify 
the synthesis of almost all IGFBPs [71, 73, 74].

The abundance of IGFBPs is regulated by matrix metalloproteases and serine 
proteases, secreted by osteoblasts as well [75]. Pregnancy-associated plasma pro-
tein-A (PAPP-A) is a metalloproteases expressed by bony cells that play a critical 
role in osteoblastic function by modulating IGF-I bioavailability [76], cleaving the 
inhibitory IGFBP-4 in an IGF-dependent manner [77].

IGFBP-1 role in skeletal cells has not been completely clarified; however, recent 
studies affirm that elevated values of this protein are strongly associated with high 
fracture risk, independently of IGF-I circulating levels [78]. In vitro, IGFBP-2 pre-
vents the effects of IGF-I on osteoblast activity, and it has been demonstrated that 
IGFBP-2 serum levels are inversely related with BMD and bone turnover in the 
elderly [79].

IGFBP-3 is a major component of the circulating IGF complex; its concentra-
tions are GH dependent [66, 67], and in vitro it can either inhibit or stimulate IGF 
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activity by upregulating IGF-I delivery to cell surface receptors [80]. However, 
in vivo studies are less contradictory: overexpression of IGFBP-3 causes growth 
retardation and osteopenia [81]. This is the only IGFBP cleaved also by plasmin, so 
the bioavailability of IGF-I in the bone microenvironment can be regulated by acti-
vators and inhibitors of plasminogen [82].

IGFBP-4 [83] and IGFBP-5 [84] are usually inhibitors of IGF-I, but under cer-
tain experimental conditions, autonomously from IGF-I levels, they can stimulate 
bone cell formation depending on interactions with extracellular matrix proteins 
[85].

6.2  Clinical Consequences of GH Excess and Deficiency 
in Humans

6.2.1  Acromegaly

Acromegaly is an insidious disorder characterized by exaggerated circulating levels 
of GH and IGF-I, usually caused by a pituitary adenoma. Even though it is a rare 
disease, the diagnosis is challenging and, frequently, very delayed [86], being asso-
ciated with reduced quality of life and an average 10-year reduction in life expec-
tancy due to metabolic, cardiovascular, and cerebrovascular comorbidities [87].

The effects of GH and IGF-I hypersecretion on bone structure and metabolism 
have been long debated, after the first evidence that this hormonal excess may stim-
ulate bone turnover [88]. In reality, initial studies failed to demonstrate a possible 
protective role of GH on the skeleton [89, 90], and acromegaly has been recently 
recognized as a possible cause of secondary osteoporosis, determining abnormali-
ties in bone microstructure [91, 92] and predisposing patients to develop a specific 
bone metabolic disorder, also known as acromegalic osteopathy [93], with high 
bone turnover and increased risk of vertebral fractures [94].

Histomorphometric and clinical studies observed an increased bone turnover in 
close relationship with activity of disease in acromegaly patients [88]. Like in other 
forms of secondary osteoporosis, biochemical markers are a good tool for clinicians 
in order to evaluate the risk of skeletal fragility in acromegaly [95]: markers of bone 
formation (i.e., osteocalcin, bone isoenzyme of alkaline phosphatase, and procolla-
gen type 1 N-propeptide, also known as P1NP) are direct or indirect products of 
active osteoblasts, while on the other hand, reference markers of bone resorption are 
released during osteoclast activity and include serum carboxy-terminal cross-link-
ing telopeptide of type 1 collagen (CTX) and urinary N-telopeptide of type 1 col-
lagen (NTX) [96]. Markers of bony resorption tended to be more increased in 
relation to markers of bone formation, so explaining, at least in part, bone loss 
induced by GH excess [97–99].

Hypovitaminosis D has been consistently reported in acromegaly patients, and 
this may be associated with its low bioavailability due to a GH excess-related effect 
on vitamin D-binding protein [100]. Furthermore, GH excess strongly influences 
PTH pulsatility, prolonging pulse half-duration and increasing pulse mass [101]; 
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however, at the same time, parathyroid hormone secretion might be influenced by 
medical treatment with somatostatin analogs [102]. Patients with active acromegaly 
usually present calcium-phosphate metabolism abnormalities, including hyperphos-
phatemia (related to increased calcitriol-stimulated dietary absorption and a direct 
antiphosphaturic effect of IGF-I in the proximal renal tubule, but it could also rep-
resent a result of bone turnover) [103], high serum calcium levels, and hypercalci-
uria, caused by increased intestinal absorption and high bone turnover [103]. So, in 
this clinical setting, hypercalciuria may be considered, at least in part, as a marker 
of skeletal fragility [93].

Even though measurement of BMD at lumbar spine and hip by dual-energy 
X-ray absorptiometry (DXA) is the cornerstone for diagnosis of osteoporosis and 
prediction of fracture risk in clinical practice [104], the relief of osteoporosis cannot 
be easily performed in acromegaly patients. In fact, the DXA measurements of 
BMD may be affected by several pitfalls related to abnormalities of bone structures 
caused by GH excess: degenerative joint alterations, characterized by osteophyte 
formation and facet-joint hypertrophy that may lead to an overestimation of BMD 
[92, 95] or bone enlargement due to GH hypersecretion [93, 105].

In this clinical setting, the different effects of both somatotropic and peripheral 
hormones excess on cortical and trabecular bone are discordant: deleterious action 
on trabecular microarchitecture is associated with a tendency to an increased corti-
cal bone density on periosteal ossification [5, 92]. Moreover, acromegaly patients 
show a compromised bone strength, macrostructure, microstructure, mineralization, 
microdamages, and alterations in collagen status, as confirmed in studies evaluating 
iliac crest biopsies that showed a reduced trabecular biomechanical competence in 
this clinical context [106]. Nevertheless, DXA scans do not distinguish between 
cortical and trabecular bone, leading to divergent results, which are largely influ-
enced by the variable distribution of these compartments in different skeletal sites 
[107]. Actually, this peculiarity may justify different BMD values on lumbar spine 
and femoral neck, reflecting the different percentage of cortical and trabecular bone 
in these sites [95].

All these considerations explain at least in part why different studies show incon-
sistent patterns in BMD of acromegaly patients: they are reported to be normal, or 
even increased, while only few studies reported low BMD at the lumbar spine par-
ticularly in patients with concomitant hypogonadism, consistently with the hypoth-
esis that loss of sex steroids may cause an increase in bone turnover with altered 
trabecular microarchitecture [99, 107, 108].

Many of the limitations of areal DXA estimation can be easily overcome by 
quantitative computed tomography (qCT) techniques. A few studies have already 
showed that qCT allows higher spatial resolution, improved delineation of bone 
architecture, and acquisition of near isotropic volumetric datasets [109]. They have 
also demonstrated that bone abnormalities were linked with duration of active acro-
megaly, hypogonadism, and coexistent diabetes mellitus [91, 92, 110].

In order to precociously identify deterioration of trabecular microstructure, a 
simpler and more practicable technique is now available: the trabecular bone score 
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(TBS). It is a gray-level textural metric extracted from the two-dimensional lumbar 
spine DXA image, and lower TBS values were reported in patients affected by acro-
megaly in respect with healthy subjects [111].

Even though in the past the first studies failed to demonstrate an increased frac-
ture risk in osteoporosis [112], vertebral fractures are a very frequent complication 
of acromegaly osteopathy, but only a few are clinically recognized and quickly 
treated [94, 113]. In this clinical setting, the radiological and morphometric approach 
is the gold standard to evaluate the true prevalence and incidence of fractures, as 
already determined in population studies [114].

In 2005, the first study stating an increased prevalence of vertebral fractures in 
postmenopausal acromegaly women was published [115]. Since then, several cross-
sectional [116–121] and prospective [113, 122] studies were completed, demon-
strating that vertebral fractures—in particular at the thoracic spine, with a peculiar 
kyphosis [122]—may occur even after a few years after diagnosis of disease [113]. 
Prevalent fractures were associated with hypogonadism [116] and concomitant dia-
betes mellitus [123], and they correlate with the duration of active disease [113], but 
not with BMD, since it could be normal, slightly reduced, or even increased in this 
peculiar contest [115–117].

Moreover, in the prospective studies, patients with vertebral fractures—even 
when mild or single—were predisposed to develop incident deformities [124], con-
sistently with the concept that these fractures are always a hallmark of skeletal 
fragility.

The role of overtreatment of coexistent hypopituitarism on skeletal health is still 
a matter of uncertainty [125, 126], and different questionnaires or the fracture risk 
assessment (FRAX) tool does not provide any help in identifying patients with 
increased vertebral fractures risk [121].

A recent study, evaluating the trabecular microstructure by cone-beam computed 
tomography analysis, confirms the hypothesis of a more severe deterioration in 
acromegaly patients with vertebral fractures as compared to non-fractured ones 
[92].

Albeit appropriate and effective management of acromegaly improves skeletal 
health [94], the fracture risk may remain augmented in those patients with preexis-
tent fractures, hypogonadism, or significant reduction of BMD at the femoral neck 
during the follow-up period [113, 122], providing a need of anti-osteoporotic thera-
pies in addition to treatment of acromegaly and, eventually, coexistent hypopituita-
rism [93].

Finally, it is important to underline the statements of revised guidelines on 
acromegaly that emphasized the concept that vertebral fractures may occur in all 
acromegaly patients, independently of BMD, and recommended performing tho-
racic and lumbar radiological evaluation in order to diagnose deformities [87]. 
Nevertheless, the therapeutic choice is still empiric, since no studies have tested 
the efficacy and safety of bone-active drugs [93] and it is unknown whether ver-
tebral fractures may impact quality of life in this specific clinical setting 
[127–130].
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6.2.2  GHD

Subjects with large nonfunctioning pituitary adenomas, patients who underwent 
neurosurgery for pituitary adenoma or craniopharyngioma, people who had pitu-
itary or head irradiation and neck or brain tumors, or those who were affected by 
autoimmune hypophysitis, Sheehan syndrome, or cranial accidents frequently show 
GH deficiency [131].

GHD in adults is associated with increased fat mass, particularly distributed in 
the truncal region, reduced lean mass [132], osteopenia [133], adverse lipid profile 
[134, 135], glucose intolerance, insulin resistance [135, 136], impaired fibrinolysis, 
altered cardiac structure and function [137], reduced exercise capacity [138], and 
reduced quality of life [139].

As previously reported, GH and IGF-I play a key role in the control of longitudi-
nal growth in addition to important stimulatory effects on bone remodeling and 
bone mass [1], whereas the progressive decline of GH secretion [15] is considered 
to be among the factors contributing to age-related and postmenopausal bone loss 
[140, 141].

GHD plays a negative role on the skeleton with a marked reduction in bone turn-
over [142], and this effect seems to be related to the age of the patients. In fact, 
young patients have been shown to have a greater impairment of BMD, as assessed 
by bidimensional radiological measurement, compared with the elderly [143–146]. 
Different bone turnover may explain such variable effects of GHD in two life peri-
ods [146]. In fact, it has been hypothesized that during adolescence and young adult 
life, when bone turnover is high and bone mass is being accrued, GHD would slow 
this acquisition determining osteopenia [147]. On the other hand, in patients who 
develop GH deficiency over 30 years, reduced BMD might be due to the lack of the 
important role of GH in bone metabolism [148].

In an investigational study of trabecular bone histomorphometry in 36 male adult 
patients with GHD, the analysis revealed decreased osteoid and mineralizing sur-
faces, decreased bone formation rate, and an increase in the eroded surface com-
pared with the normal healthy bone [149], confirming the state of low bone turnover 
osteoporosis [1, 145, 150–154].

Although GHD deficiency was found to be the most important determinant of 
bone loss in hypopituitary patients [5], other pituitary hormone deficiencies as well 
as their replacement therapies may contribute to determining skeletal fragility in 
this clinical setting. In fact, hypogonadism, replacement therapy with levothyroxine 
(L-T4), and glucocorticoids in excess may influence BMD status in patients with 
multiple hormone deficiencies [155–157].

Wüster et al. observed a decrease in vertebral lumbar bone mass and in proximal 
femur measured with DXA in 73% of 122 hypopituitaric patients [158]; while 
Johansson and colleagues studied 17 GHD male patients showing that total, but not 
spinal, BMD, measured with DXA, was reduced [159]. Like in childhood onset 
GHD, there are no suggestive differences in Z-score of patients with both GHD and 
hypogonadism and those with GHD alone. Regarding a group of patients in which 
the GHD onset was around 30 years, a reduction in vertebral lumbar spine BMD 
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was observed with both DXA and quantitative computed tomography (QCT), and 
older patients experience a lesser decrease in BMD compared to younger patients. 
Beshyah et al. compared lumbar spine BMD of 64 hypopituitary patients to control 
subjects and found it decreased in both male and female patients [160]. On the other 
hand, Degerblad et al. found a normal spine and hip BMD in adult-onset GHD male 
patients but a reduced total BMD in adult-onset GHD women both in the spine and 
hip [161].

A direct link between GHD and reduced bone mass in hypopituitarism is also 
supported by reports that GH replacement therapy with recombinant human GH 
(rhGH) can improve BMD and bone metabolism in these patients [162–164].

RhGH leads to an increase in bone turnover [165]. Moreover, GH replacement 
therapy increases serum and urinary calcium after 3–6 months, an effect caused by 
calcium mobilization from the skeleton, and increases intestinal and renal absorp-
tion of calcium due to an increased sensitivity to PTH [166–169]. It is noteworthy 
that the effect of rhGH on bone turnover is biphasic and dose dependent. In the first 
6–12 months of treatment, rhGH has a predominant pro-resorptive effect, whereas 
the stimulation of bone formation becomes relevant and sustained after 12–18 months 
of treatment [1, 154, 165, 170–177]. This biphasic effect on bone turnover explains 
why a decline in BMD was reported in the first 6–12 months of treatment [161, 
178–185], whereas a significant increase in BMD was observed only in longer-term 
studies [1, 162, 164, 186–193]. Indeed, the increase in BMD was described for up 
to 10 years follow-up in patients receiving continuous rhGH therapy [192, 194] and 
continued to increase even 18 months after rhGH discontinuation [195, 196].

RhGH increases bone mineral content to a greater extent than BMD because 
replacement therapy also increases bone area [171, 183]. This is supported by his-
tomorphometric findings demonstrating an increase in periosteal bone formation 
during rhGH treatment [185].

Low bone turnover osteoporosis in adult patients with GHD leads to an increase 
in fracture risk, which may contribute to the increased risk of mortality observed in 
this clinical setting [1, 133].

The risk of non-vertebral fractures is about threefold increased in untreated GHD 
patients [197–199]. Fractures in GHD are frequently localized to the radius, sug-
gesting a loss of cortical bone [197, 199], but GHD patients also have an increased 
incidence of vertebral fractures [200].

Previous studies suggested that GHD may be an independent risk factor for frac-
tures in patients with anterior hypopituitarism without any significant effects of 
other pituitary hormone deficiencies. However, these data regarded mainly non-
vertebral fractures and were based on a retrospective historical evaluation. In a 
cross-sectional study in GHD patients, Mazziotti et al. reported that hypogonadism 
was not associated with higher prevalence of fractures even in the presence of lower 
BMD as compared to eugonadic patients, and in both groups fractures were not cor-
related with BMD [155]. In another cross-sectional study by the same group [125], 
authors demonstrated that high replacement doses of glucocorticoid therapy may 
favor the occurrence of vertebral fractures in patients with untreated GHD. This 
finding was not observed in patients with treated GHD, suggesting that rhGH 
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replacement therapy could protect the bone from the negative effects of glucocorti-
coid over-replacement.

Moreover, in GHD-treated patients with central hypothyroidism, overtreatment 
with L-T4 was associated with a high prevalence of radiological vertebral fractures, 
whereas when GHD was not treated, the prevalence of vertebral fractures was high 
regardless of L-T4 doses [126].

This different impact of other pituitary hormone deficiencies or hormonal 
replacement therapies on BMD and fractures is consistent with the finding that frac-
tures do not correlate with BMD in GHD [155, 200]. This finding agrees with previ-
ous experiences who reported a poor predicted value of BMD for the risk of fractures 
in various forms of secondary osteoporosis, in which the fracture BMD threshold 
seems to be much lower than in postmenopausal osteoporosis.

Consistently with former cross-sectional studies [5], recent prospective studies 
reported a significant decrease in incident vertebral [11] and non-vertebral [12] frac-
tures in adult GHD patients treated with rhGH, suggesting that skeletal integrity 
could be an emerging critical end point in the decision-making process to initiate 
GH replacement in hypopituitary patients with GHD [201].

Glucocorticoid-induced osteoporosis (GIO) is the most frequent secondary 
osteoporosis both in men and women [157]; it is usually caused by exogenous 
corticosteroid administration for the treatment of several autoimmune, pulmo-
nary, and gastrointestinal disorders, but they are prescribed also in patients after 
organ transplantation or with cancer. Fracture risk increases precociously after 
starting treatment, and it is, at least in part, related to the dose and duration of 
glucocorticoid exposure [202]. Furthermore, even if it is much more uncommon, 
also, endogenous hypercortisolism may be a cause of GIO [203], and fragility 
fractures can be the presenting manifestation of Cushing’s syndrome, either clini-
cal or subclinical [204].

The pathophysiology of GIO is based on reduced bone formation, due to the 
actions of glucocorticoid excess on osteoblast differentiation and function [157], as 
well as on survival, metabolism, and function of osteocytes, causing high apoptosis 
rates and modifying the elastic modulus surrounding osteocytes lacunae [205].

All these negative effects account for a chronic impairment of bone quality and 
exaggerated loss of bone strength in relation to bone mass in this clinical setting 
[206]. However, during the first phases of steroid exposure, a significantly aug-
mented bone resorption may occur, leading to the well-known early increase in 
fracture risk [157, 202].

Besides the direct action of these drugs on bone cells, they may also have indirect 
effects mediated by derangements in neuroendocrine signals, including the somato-
tropic axis. Glucocorticoids can both increase and inhibit the GH secretory response 
of somatotropes to GHRH and GH secretagogues (GHS) [207, 208]. Glucocorticoids 
may enhance the expression of GHRH and GHS receptors on pituitary cells: pretreat-
ment with dexamethasone increases GH response to GHRH even after long-term 
exposure to the drug [15] and modulates GHRH receptor mRNA expression in the 
human pituitary [209]. At low concentrations, glucocorticoids increase GHRH con-
tent in hypothalamic cells, while at high levels a reduced neuronal content and release 
of GHRH together with an increase in hypothalamic production of somatostatin was 
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reported both in in vitro [210] and in vivo studies. These observations have been 
described even when the glucocorticoid excess is mild, for example, in patients 
treated with inhaled steroids or those with subclinical endogenous hypercortisolism 
[211, 212].

Actually, the increase in somatostatin tone seems to be the most important mech-
anism involved in the pathogenesis of blunted GH secretion observed during chronic 
treatment with glucocorticoids [15], and somatostatin antibodies as well as other 
substances known to decrease somatostatin tone such as galanin, pyridostigmine, 
clonidine, or ghrelin may at least partially counteract these inhibitory effects [213–
216]. Acute and chronic administration of glucocorticoids in healthy men induces a 
decrease in GH secretion throughout an augmented somatostatin tone [217–219], 
and, interestingly, GH inhibitory effects of hydrocortisone infusion were also dem-
onstrated in acromegaly patients [220].

Furthermore, several studies reported a growth retardation at diagnosis in more 
than three-quarters of pediatric Cushing’s syndrome patients due to the induced 
resistance of target tissues to IGF-I and other growth factors, together with a marked 
GH suppression [221, 222]. In this peculiar contest, an early appropriate treatment 
with GH appears to be indicated in the majority of patients, and it is able to consid-
erably improve the final height [223]. Limited data are available regarding BMD, 
but a high prevalence of reduced values—in particular at the femoral neck [224]—
associated with an increased fracture risk is commonly described [225–228]. It is 
noteworthy that the mild reduction in BMD in pediatric subjects is reversible after 
the cure of the primary disease and, eventually, the replacement of pituitary hor-
mone deficiencies that could be present [229].

Finally, glucocorticoid excess may suppress the peripheral expression of GHRs 
impairing the GH-mediated synthesis of IGF-I and thus amplifying the effects of 
functional GHD on target tissues [230]. On the other hand, the peripheral metabo-
lism of glucocorticoids by 11-β-hydroxysteroid dehydrogenase (11-βHSD) is mod-
ulated by GH, and activation of cortisone to cortisol in target tissues is amplified by 
GHD [231].

Although data are still few and not conclusive [232], some studies show that 
short-term rhGH treatment may significantly increase bone turnover markers, 
potentially leading to favorable chronic effects on bone remodeling [233], and it 
may positively contribute to reduce sarcopenia and the related protein wasting syn-
drome caused by glucocorticoid excess [234, 235].

 Conclusions
Growth hormone and IGF-I play a major physiological role in the regulation of 
bone metabolism in adults. Interestingly, both a hyperactivity of the GH/IGF-I 
axis as in acromegaly and a hypoactivity of the axis are associated with an 
increased risk of fractures. Importantly, acromegaly and GHD osteopathy are 
characterized by opposite alterations in bone metabolism since GH excess is 
linked to a high bone turnover skeletal disease, whereas GHD causes low bone 
turnover. Prevention of vertebral fractures in status of altered GH secretion is a 
major clinical problem, and appropriate guidelines should be implemented, 
including DXA or X-ray morphometry.
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7.1  Introduction

The hormones produced by the adrenal glands and in particular from its cortex (i.e., 
cortisol, aldosterone, and androgens) influence the skeletal tissue both in physiolog-
ical and pathological conditions. Indeed, these adrenal hormones are important for 
the skeletal growth and development and for maintaining the skeletal health during 
the adult life, and their excess can lead to a reduction of bone mineral density and 
quality and to an increased fracture risk [1, 2].

Among the hormones secreted by the adrenal cortex, cortisol has the most signifi-
cant effect on the bone, and the high sensitivity of the skeletal tissue to the cortisol 
excess explains why the occurrence of a fragility fracture can be the presenting mani-
festation of an otherwise asymptomatic hypercortisolism [3]. However, the different 
degree of cortisol secretion, though still in the normal range, is possibly associated 
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with bone mineral density (BMD) in postmenopausal females [4], with the BMD 
changes in elderly subjects [5] and with fractures in diabetic postmenopausal women 
[6]. The sensitivity to glucocorticoids (GCs) varies among individuals due to the dif-
ferent polymorphisms of the glucocorticoid receptor (GR) gene and the different 
activity of the 11β-hydroxysteroid dehydrogenases (the enzyme responsible for the 
interconversion between the inactive cortisone and the active cortisol) [7]. The differ-
ent GC sensitivities have been demonstrated to be possibly associated with bone 
health in patients with overt and subclinical cortisol excess and in osteoporotic 
patients without hypercortisolism [3, 7, 8].

The effect of the adrenal androgens on the bone is important particularly in 
women, in whom the adrenal is the main source of androgens, but evidences exist 
that the adrenal androgens influence the size and mineral content of the skeleton in 
both males and females [1]. Finally, the aldosterone excess has been suggested to be 
deleterious for the bone, probably with both direct effect on bone cells and indirect 
mechanisms.

This chapter will review the actions of the adrenal hormones on the bone in nor-
mal physiology and in the diseases characterized by their hypersecretion.

7.2  Adrenal Gland Hormones

The adult adrenal gland, situated immediately above the kidney, is composed of a 
cortex and a medulla. The adrenal cortex has a zona glomerulosa (15%), a zona 
fasciculata (75%), and a zona reticularis.

The main hormones produced by the adrenal cortex are cortisol, aldosterone, and 
adrenal androgens. Cholesterol, in particular the circulating low-density lipoprotein 
cholesterol, is the precursor for all adrenal steroidogenesis. Steroidogenesis requires 
the action of several enzymes expressed in a specific zonal manner. The adrenocor-
ticotropic hormone (ACTH) controls the GC secretion from the zona fasciculata and 
adrenal androgens (DHEA, dehydroepiandrosterone sulfate [DHEAS], androstene-
dione) secretion from the zona reticularis; mineralocorticoids are secreted from the 
zona glomerulosa under the principal control of angiotensin II. DHEA and DHEAS 
represent an important amount (>50%) of circulating androgens in premenopausal 
females and exert their effects after conversion to testosterone.

GCs act on glucose, protein, and lipid metabolism; cause catabolic changes in 
the muscle, skin, and connective tissue; modulate bone and calcium metabolism; 
increase blood pressure; suppress immunologic responses; and inhibit TSH secre-
tion, gonadotropin-releasing hormone pulsatility, and skeletal growth. Moreover 
GCs are involved in the pathogenesis of different gut and central nervous system 
diseases. In contrast to the diverse action of GCs, mineralocorticoids have a more 
restricted role, principally to stimulate epithelial sodium transport in the distal 
nephron, distal colon, and salivary glands.

Both free cortisol and aldosterone exert their effects binding the intracellular 
glucocorticoid and mineralocorticoid receptors (GR and MR, respectively).

The principal sites of cortisol and aldosterone metabolism are the liver and the 
kidney. The inactivation of cortisol to cortisone by 11β-hydroxysteroid 
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dehydrogenase (11-HSD) is the main pathway. Furthermore, 11-HSD expressed in 
peripheral tissues plays a crucial role in regulating corticosteroid hormone action 
and in influencing individual variability. Two distinct 11-HSD isozymes have been 
reported: a type 1 (11-HSD1) that is expressed principally in the liver, which con-
fers bioactivity to cortisone by converting it to cortisol, and a type 2 (11-HSD2), 
expressed in the kidney, colon, and salivary gland, that inactivates cortisol to corti-
sone. The main role of the 11-HSD2 is to protect the MR that shows the same affin-
ity for cortisol and aldosterone, from the GCs excess.

The adrenal medulla, embryologically derived from neural crest tissue, mainly 
synthesizes and stores epinephrine. Catecholamines act widely in the body and 
affect many cardiovascular and metabolic processes [9].

7.3  Glucocorticoids and Bone Physiology

Although excessive GCs are a well-recognized cause of osteoporosis, little is known 
about the role of endogenous GCs in determining skeletal mass. The reason why the 
mechanisms of action of GCs on the bone are better known in pathological condi-
tions than in physiological ones is linked to the fact that there are several difficulties 
with examining any relationships between endogenous GCs and bone physiology 
such as the natural diurnal and age-related variation of cortisol and the stress 
responses and problems in measuring free cortisol levels rather than total cortisol 
[1]. Moreover, besides the action of GCs through its receptor, specific enzymes 
modulate GC metabolism within the cell at the pre-receptor level [10, 11]. Two 
isoforms of 11β-hydroxysteroid dehydrogenase (11βHSD) modify intracellular GC 
concentrations independently of circulating levels: 11βHSD type 1 (11βHSD1) that 
increases intracellular GC concentrations by converting inactive cortisone to active 
cortisol and 11βHSD type 2 (11βHSD2) that catalyzes the conversion of active GCs 
to their inactive metabolites [10].

Endogenous GCs at physiological levels are essential for normal bone develop-
ment and exert anabolic effects on the bone (Hartmann); in fact adrenalectomy in 
female rats causes significant loss of metaphyseal trabecular bone mass [12], and 
patients with Addison’s disease are at a higher risk of hip fractures, independently 
of sex and age and association with other autoimmune diseases, indicating impaired 
bone quality [13].

Studies in mice models with cell-specific disruption of GC signaling or cell-
specific deletion of the glucocorticoid receptor (GR) demonstrate that physiological 
levels of endogenous GCs are required to preserve full bone integrity under physi-
ological conditions [14]. Targeted inactivation of GC signaling in transgenic mice 
overexpressing the 11βHSD2 (Col2.3–11βHSD2 transgenic mice) in osteoblasts 
(OBs) and osteocytes (OCs) resulted in reduced femoral cortical and vertebral tra-
becular bone mass and decreased mechanical bone strength [15–17]. In adult mice 
the disruption of the GR expression in OBs resulted in a lower bone mass and tra-
becular number (Rauch). Moreover, cultured OBs derived from GR-deficient mice 
show reduced proliferation and a diminished differentiation capacity with reduced 
expression of alkaline phosphatase (ALP), runt-related transcription factor 2 
(Runx2), collagen type 1 (Col1a1), and osteocalcin (Bglap2) [18].
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Wnt signaling by OBs is essential for mesenchymal progenitor cells to differenti-
ate away from a default adipogenic into an osteoblastic lineage, and this process is 
GC-dependent. Dominant adipogenesis and reduced osteoblastogenesis were 
observed in calvarial cell cultures from Col2.3–11βHSD2 transgenic mice. This 
phenotypic shift was associated with a reduction in Wnt10b and Wnt7b mRNA and 
β-catenin protein levels and with an increase in the expression of secreted frizzled-
related protein 1 (sFRP1), a Wnt inhibitor, compared with wild-type (WT) cultures 
[18]. Therefore, GCs stimulate differentiated OBs to produce Wnt, which activate 
the canonical Wnt-signaling cascade in mesenchymal progenitor cells [19]. 
However, these osteoblastogenesis-promoting actions of GCs appear to be indepen-
dent of GR dimerization (Rauch). The effects of GCs are concentration-dependent; 
in fact Wnt signaling seems to be augmented by physiological but not by pharmaco-
logical GC concentrations [19, 20]. Indeed, dexamethasone inhibits OBs only at 
pharmacological levels (10–7, 10–6 M), whereas concentrations in the physiologi-
cal range (10–8 M) are stimulatory [20]. In addition, GC-induced canonical Wnt 
signaling in OBs also affects the surrounding chondrocytes by augmenting the 
expression of matrix metalloproteinase 14, an enzyme implemented in the break-
down of the extracellular matrix during tissue development and remodeling [21].

Endogenous GC levels increase by 20–50% with age in humans [22–25] and in 
mice [26] because of blunting of the GC feedback inhibition of ACTH [27] as well 
as increased bone expression of 11β-HSD1 [22, 26]. Hence, in contrast to the ana-
bolic effects of GCs seen in young and adult mice, endogenous GCs increase skel-
etal fragility in old mice [26]. This effect is abrogated in transgenic mice with 
impaired GC signaling in OBs [26]. Furthermore, cortisol concentration and the rate 
of bone loss are inversely related in a healthy aging population even after adjust-
ments for possible interfering factors [25, 28].

Another potential element modifying the response of the bone to GCs is the sen-
sitivity of GR to GCs. Some variants of GR have been described, and in particular, 
the N363S sequence variant and the BclI restriction site polymorphism of the GR 
gene have been associated with an increased sensitivity to GCs [29, 30].

Finally, GCs were shown to increase aromatase expression in human OBs 
in vitro, and current evidence suggests that extragonadal estrogens play an impor-
tant role in bone metabolism [31, 32].

7.4  Androgens and Bone Physiology

Androgens play a role in bone physiology throughout life in both men and women, 
particularly at puberty and during adult life. The skeletal actions of androgens may 
be mediated directly via the androgen receptor or indirectly via the estrogen recep-
tor after aromatization to estrogens [2].

First, androgen receptors are expressed in human epiphyseal chondrocytes and 
growth plate cartilage cells [33]. By their action on these cells, it is likely that andro-
gens directly stimulate longitudinal bone growth during puberty and the subsequent 
epiphyseal growth plate closure; however androgens also influence pubertal bone 
growth indirectly by aromatization to estrogen [34] and by modulation of pituitary 
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growth hormone secretion [35]. Second, androgen receptors are expressed in human 
osteoblasts [1]. Cortical human osteoblasts express higher androgen receptor mRNA 
levels and more androgen binding sites per cell than trabecular human osteoblasts 
of the same skeletal site [36], thus suggesting a prevalent effect of androgens on 
cortical compartment. Moreover, some studies showed that the expression of andro-
gen receptors in osteoblasts is upregulated by androgens themselves [37]. Finally, 
androgen receptors have not been detected in human osteoclasts in vivo yet; there-
fore androgen effects on osteoclastogenesis and bone resorption are supposed to be 
carried out indirectly via osteoblasts and osteocytes, although several in vitro stud-
ies showed that androgens are able to directly induce osteoclast apoptosis [2].

The presence of androgen receptors on human osteoblasts [33] and the reduced 
bone mineral density (BMD) in individuals with complete androgen insensitivity 
syndrome [38] are demonstrative of direct effects of androgens on bone tissue. At 
the same time, however, men with inactivating mutations of estrogen receptor or 
enzyme aromatase genes have a severe skeletal involvement [39], thus implying that 
both androgens and estrogens, but mainly the second ones, are necessary for bone 
homeostasis.

The main androgens produced by the adrenal glands are dehydroepiandrosterone 
(DHEA) and androstenedione. Their production follows a specific pattern through-
out life: it is low in childhood, then raises significantly during adrenarche, being still 
high in early adulthood, but finally declines deeply with age, with a decrease up to 
40–70% at the age of 80 in comparison to the young adult. Androgen receptors bind 
testosterone and its more biologically active form, dihydrotestosterone, the latter 
with stronger affinity. Therefore, since at the moment there is no evidence that 
DHEA and androstenedione have specific receptors in the periphery, it is extremely 
likely that adrenal androgens act through their metabolites which bind the androgen 
or the estrogen receptor [1].

The contribution of adrenal glands to androgen effects on bone health can be 
considered variable according to sex and age. In male adults the role of adrenal 
androgens is likely very limited due to the gonadal origin of the majority of circulat-
ing androgens, whereas in female adults it is expected to be more important since 
that adrenal androgens are usually more abundant than the ovarian ones [1]. 
However, studies which explored the correlation between levels of adrenal andro-
gens and BMD found no or only weak associations [40, 41], thus suggesting that in 
adults the role of these androgens in bone physiology is negligible.

A greater impact of adrenal androgens can be hypothesized during the physio-
logical process of adrenarche before the beginning of the gonadal production of 
androgens. A prospective study of Remer and colleagues investigated the associa-
tion between adrenal androgen metabolite excretion rates before the onset of puberty 
and several parameters of skeletal modeling in late puberty. They found that andro-
stenediol, a direct metabolite of DHEA, was an early predictor of diaphyseal bone 
strength at the proximal radius measured by peripheral quantitative computed 
tomography in late puberty [42]. Although other factors, such as sex steroids in 
puberty and genetics, likely influence more than androstenediol skeletal geometry, 
a contribution of adrenal androgens to the bone accretion during growth may hence 
be asserted.

7 Adrenal Function and Skeletal Regulation



112

Finally, the decrease of adrenal androgens with aging has been supposed to be 
responsible of some age-related changes, included the reduced BMD.  However, 
studies which investigated in the elderly the effect on bone health of restoring serum 
levels of DHEA back to those of young adults have given inconsistent results, sug-
gesting that the skeletal impact of DHEA treatment is very limited [1].

7.5  Subclinical Hypercortisolism and the Bone

Subclinical hypercortisolism (SH) is a condition of cortisol excess in the absence of 
its classical signs and symptoms (i.e., striae rubrae, facial plethora, proximal myop-
athy, easy bruising) and may be of both exogenous (GCs, i.e., <5 mg/die prednisone 
equivalents) and endogenous origin [43]. The prevalence of SH, which in majority 
of cases is due to the presence of adrenal incidentaloma (AI; prevalence 4–7%) [44], 
is probably higher than previously suspected [43]. Less frequently, SH is due to a 
slight adrenocorticotropic hormone (ACTH) excess [45]. Nowadays SH prevalence 
is estimated between 0.2% and 2.0% [43]. SH has been suggested to be detrimental 
for the skeletal health, leading to an increased risk of vertebral fractures, only par-
tially explained by bone mineral density (BMD) reduction and possibly associated 
with a decreased bone quality [46].

In SH an uncoupling between bone apposition and resorption is present, with the 
osteoblastic activity being predominantly affected, as happens in the overt form of 
hypercortisolism [1]. Most studies found a reduction of trabecular BMD; on the 
contrary, data regarding cortical bone are more discordant [43, 47, 48].

In SH, the prevalence of vertebral fractures varies between 46.3% and 82.4% 
[43, 47–51]. In addition, up to 48% of patients with AI and SH may experience a 
new asymptomatic vertebral fracture over time [49, 51], in spite of an almost stable 
BMD. On the other hand, patients surgically treated had a strong reduction of the 
probability of a new vertebral fracture [50].

The increased fracture risk in SH seems to be independent of gender and gonadal 
status [47]. Apparently surprising, the degree of fracture risk in SH is similar to that 
reported in overt cortisol excess [46]. However, SH is asymptomatic, and, therefore, 
at diagnosis, the duration of the hypercortisolism has been probably longer than that 
in patients with a clinically overt cortisol excess. In SH the degree of BMD reduc-
tion is scarcely predictive of the fracture risk. Indeed, up to 40% of vertebral frac-
tures may be present in spite of a normal or only slightly reduced BMD [51], and 
the occurrence of a new vertebral fracture is independent of spinal BMD, age, and 
gender [49].

The reduced reliability of BMD in predicting the fracture risk in SH suggests, as 
in patients with overt cortisol excess [52], a reduction of bone quality (i.e., bone 
microarchitecture). Recently, a reduction of bone quality in SH has been indirectly 
evaluated using the trabecular bone score (TBS) and suggests a possible future role 
of TBS in predicting new vertebral fracture [48].

On the other hand, since SH is, by definition, asymptomatic, some authors inves-
tigated the prevalence of SH in patients with apparent primary osteoporosis. 
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Literature data suggest that the 1–10% of patients with apparently primary osteopo-
rosis have in fact a SH, with the different inclusion criteria of the different studies 
accounting for the differences in the prevalence among studies [3, 53]. As for the 
different forms of secondary osteoporosis, SH should be suspected in subjects with 
BMD lower than expected for age and/or if BMD declines more rapidly than 
expected and/or if it fails to respond to appropriate therapy and/or in the presence of 
fragility fractures in eugonadal persons [54]. In these patients SH should be ruled 
out evaluating cortisol levels, between 8:00 and 9:00 a.m., after taking 1 mg dexa-
methasone at 11:00 p.m. of the previous day. The SH presence should be suspected 
in presence of cortisol level above 1.8–2.0 μg/dL (50–55 nmol/L) and should be 
confirmed by the commonly used additional second-line tests [3, 43]. The recovery 
from SH is necessary to favor the normalization of bone turnover with recovery of 
bone mass and reduction of fracture risk, but in some patients the fracture risk could 
not be normalized, and specific antiosteoporotic drugs should be given. Up to now, 
there are no specific guidelines for this disease, and data of literature do not allow 
performing an evidence-based approach, but a single-case evaluation is often 
needed. Vitamin D and calcium should be always given, while in this specific clini-
cal context, other studies are needed to clarify role, effectiveness, and safety of 
antiresorptive and anabolic drugs [55].

7.6  Overt Hypercortisolism and the Bone

Cushing’s syndrome (CS) is characterized by inappropriately high levels of cortisol 
produced by the adrenal glands due to a pituitary corticotroph tumor or ectopic 
ACTH production from tumor outside the pituitary or autonomous adrenal overpro-
duction [56].

The prolonged exposure to this endogenous hypercortisolism exerts harmful 
effects to the bone, particularly inducing osteoporosis and increasing the incidence 
of low-energy fractures [57].

GC-induced osteoporosis (GIO) is the commonest cause of secondary osteopo-
rosis. The prevalence of osteopenia and osteoporosis among patients with CS is 
usually estimated between 60 and 80% and 30 and 65%, respectively [58–60]. The 
increased incidence of fractures occurs within 2–3 years before diagnosis and treat-
ment [61, 62] suggesting that prompt recognition and management of Cushing’s 
syndrome are essential to reduce skeletal complications. Fractures occur most com-
monly at the thoracic and lumbar vertebrae, hip, ribs, and pelvis, not infrequently 
developing spontaneously or after low-energy trauma.

Male patients have a higher prevalence of osteoporosis (47% vs 32%) and verte-
bral fractures (52% vs 18%) [63] than female patients, suggesting that testosterone 
deficiency could negatively affect bone status in Cushing’s syndrome. Most studies 
[64, 65], but not all [66], found that amenorrheic and eumenorrheic women with 
Cushing’s syndrome have similar BMD values and fracture prevalence, suggesting 
that the harmful effects of GCs overcome estrogenic bone protection in Cushing’s 
syndrome.
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The pathogenesis of bone loss and fragility is multifactorial and depends on 
effects of GCs on both bone mineral density (BMD) and bone architecture, geom-
etry, and rate of bone remodeling units (BRU). Moreover, the pathogenesis of GIO 
involves both skeletal and extraskeletal events.

Prolonged hypercortisolism induces an imbalance between bone formation and 
bone reabsorption, characterized by a rapid early phase of BMD reduction due to 
excessive bone resorption, which is followed later on by a slower phase of impaired 
bone formation [67].

Besides their direct effect on BRU, GCs reduce calcium absorption from the 
gastrointestinal tract and inhibit renal tubular calcium reabsorption [67]. GCs also 
influence the production and action of other hormones that regulate bone and cal-
cium metabolism such as gonadotropins, adrenal androgens, estrogens, GH-IGF1 
axis, and insulin [64, 68, 69].

In patients with CS, a significant reduction of lumbar spine BMD develops 
before involvement of the peripheral skeleton [66] because of a rapid loss of the 
trabecular bone [58]. The catabolic effects of GCs on the muscle also contribute to 
fracture risk due to an increased incidence of falls secondary to muscle weakness 
[67].

At tissue level, GCs inhibit osteoblast differentiation and function and promote 
osteoblast and osteocyte apoptosis, resulting in decreased bone formation and pro-
longed osteoclast lifespan.

The reduction of type I collagen synthesis by differentiated osteoblasts reduces 
the bone matrix available for mineralization [52].

Osteocytes are mechanosensors which function like a network transmitting 
information to the bone surface. Osteocyte apoptosis and the consequent disruption 
of the osteocyte canalicular network may result in a failure of signals that normally 
stimulate the replacement of the damaged bone [70] and in reducing bone surface 
turnover in response to mechanical forces [52]. Thus, a substantial effect of GCs on 
osteocytes might account for a disproportionate loss of bone strength in relation to 
reduction of bone mass.

At molecular level, glucocorticoid receptors and 11βHSD1 are present both in 
osteoblasts and in osteoclasts [71, 72]. Glucocorticoid-responsive elements are 
present in the promoter region of osteocalcin [73], a specific product of osteoblasts. 
GCs increase the expression of receptor activator of nuclear factor-κB ligand 
(RANKL), while the expression of osteoprotegerin (OPG) is decreased in osteo-
blasts [58], thus promoting increased osteoclastic activity [52, 74]. However, mea-
surement of circulating RANKL and OPG concentrations does not reflect their bone 
tissue expression, with OPG levels increased in patients with chronic hypercorti-
solism [75] and persisting even after successful surgical treatment of CS [76]; the 
source of increased OPG level in patients with CS is probably the vascular endothe-
lium [77].

Differential sensitivity of bone cells to glucocorticoid action has been described 
(see below) [52, 74].

In GIO fractures frequently occur in patients with normal or only slightly 
decreased BMD, due to a qualitative deterioration of bone tissue. Contrary to bone 
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mineral content and density, bone quality remains poorly defined and relates to fac-
tors such as bone architecture and microarchitecture, bone turnover, degree of min-
eralization, and cellularity [78].

There are only few studies using DXA to evaluate the interference of hypogo-
nadism on BMD of patients with CS, and the results are not concordant. Tauchmanovà 
et al. [5] found no differences in lumbar BMD and prevalence of vertebral fractures 
between amenorrheic and eumenorrheic women with overt endogenous CS, con-
cluding that the deleterious effects of hypercortisolism on the spine cannot be coun-
terbalanced by preserved menstrual cycles [64, 65]. In contrast, Karavitaki et al. 
[66] documented reduced forearm BMD in 16 postmenopausal but not in 13 pre-
menopausal women with CS.

Sex steroids play a crucial role in maintaining the bone density and microstruc-
ture, particularly in trabecular bone. The deleterious effects of hypogonadism on the 
bone microstructure have been described in postmenopausal women, and they have 
been evaluated by high-resolution peripheral quantitative computed tomography 
(HR-pQCT) that allows the in vivo assessment of bone microarchitecture and volu-
metric BMD at the distal radius and tibia [79–81].

Two new noninvasive techniques have been recently introduced as surrogate 
marker of bone microarchitecture: (1) the spinal deformity index, an index measur-
ing the number and the severity of vertebral fractures [82], and (2) the TBS, a tex-
ture parameter that evaluates pixel gray-level variations in two-dimensional images 
of the lumbar spine DEXA scan and correlates closely with the three-dimensional 
microarchitecture of the vertebrae [47].

Besides low bone mass and fractures, growth arrest is a specific feature of pedi-
atric CS [83]. Bone age is delayed compared with the chronological age (mean 
delay 1.6 years) [84]. With ongoing remission, complete normalization of BMD 
occurred 3–4.5 years following successful surgical intervention [85, 86], although 
final height might be compromised by growth hormone deficiency if not actively 
treated [83, 84, 86].

The surgical treatment improved BMD in most studies [59, 87–92]. The studies 
highlight the potential reversibility of bone damage with cure of hypercortisolism, 
although the time to complete bone recovery is relatively long and variable. A 
greater increase in BMD after remission has been reported in male than in female 
patients [92]. Notably, the duration of glucocorticoid replacement was negatively 
correlated with lumbar spine BMD in women with Cushing’s syndrome in long-
term surgical remission [93], suggesting that several factors, including gender and 
glucocorticoid over-replacement, might affect the time to bone recovery. Few data 
regarding the effects of pharmacological treatment on bone disease are available 
[94–96].

Recommendations for the treatment of osteoporosis induced by exogenous 
hypercortisolism can be only partly translated to patients with endogenous Cushing’s 
syndrome; therefore, specific guidelines for these patients are needed. Stratification 
of patients into two treatment subgroups—according to the cause of Cushing’s syn-
drome, gonadal status, age, presence of fractures, and expected time for hypercorti-
solism resolution—has recently been suggested [55]. These subgroups are patients 
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with less severe bone damage, needing only supplementation with calcium and vita-
min D (e.g., those not presenting with prevalent fractures, premenopausal women, 
and men younger than 50 years), and patients with more severe bone damage requir-
ing more aggressive treatment such as bone active therapy with teriparatide, deno-
sumab, and bisphosphonates (e.g., those with severe hypercortisolism and prevalent 
hip or vertebral fractures and those older than 70 years) [55].

7.7  Glucocorticoid Sensitivity and the Bone

The effects of GCs in different subjects are variable in relation to their individual 
sensitivity.

The polymorphisms of the GR and gene and the 11βHSD shuttle are thought to 
play an important role in this variability. In particular some variants of the GR gene 
have been described, the N363S and BclI polymorphism associated with a relative 
increased sensitivity to GCs and the ER22/23EK GR polymorphism associated with 
a reduced sensitivity to GCs [97]. The role of this polymorphism in the development 
of glucocorticoid-related osteoporosis has become object of several studies. In the 
general population, BclI homozygous subjects showed lower trochanteric BMD, 
and heterozygous carriers of N363S polymorphism showed a decreased BMD at the 
lumbar spine [28, 29]. In postmenopausal diabetic patients, the N363S polymor-
phism was associated to the presence of vertebral fractures [98]. Another study car-
ried on 800 Chinese patients found that both a single nucleotide polymorphism 
(SNP rs1866388) of GR and haplotype association (involving rs1866388 and 
rs2918419) are associated with extreme age-adjusted hip BMD z-score [99]. The 
possible role of these polymorphisms in influencing the bone consequences of 
hypercortisolism has been also evaluated. In patients with endogenous Cushing’s 
syndrome, the results obtained have been conflicting. In a previous study, patients 
carrying the BclI polymorphism of the GR showed reduced femoral BMD as com-
pared with patients carrying the wild-type GR [98], but in a subsequent study, this 
association was absent [100]. In both these studies, the N363S, ER22/23EK, and 
A3669G polymorphisms were not found to be related to BMD values. It is likely 
that in the presence of high cortisol levels, as in most patients with Cushing’s syn-
drome, the role of the GR polymorphisms on glucocorticoid sensitivity may be 
limited. At variance in patients with a subtle cortisol excess as is the case of AI with 
SH, the impact of the GR polymorphism in modulating the skeletal sensitivity to the 
glucocorticoid excess could be greater. However, in AI patients, the few available 
data on this issue are not conclusive. In a previous study, the contemporary presence 
of homozygous BclI and heterozygous N363S GR polymorphism was associated 
with fragility vertebral fracture, but not with BMD levels [101]. However, in a fur-
ther study, the association between the GR polymorphism and the BMD in AI 
patients was absent, but the small sample size and the lack of data about the pres-
ence of vertebral fractures could have influenced the results [102].

The 11βHSD1 activity, the other possible determinant of the individual bone 
sensitivity to GCs, seems to be important for the bone health in the conditions of 
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both normal and increased cortisol levels [103]. Indeed, the 11βHSD1 enzyme, 
present in adult bone tissue and expressed primarily in osteoblast, regulates tis-
sue levels of GCs independently of circulating cortisol levels [104]. The 11-HSD2 
is not found in adult bone. The 11βHSD1 activity increase with age at the osteo-
blast level [27]. Therefore, the individual bone sensitivity to therapeutic GCs and 
age-related changes in bone are thought to be associated to the local enzyme 
activity [27, 105]. The expression of 11βHSD1 is mainly regulated by pro-
inflammatory cytokines and GCs themselves [104]. In vitro studies have shown 
that the 11-HSD1 activity can be selectively inhibited enhancing osteoblastogen-
esis and inhibiting osteoclastogenesis [106] and that this inhibition seems to pro-
tect osteoblasts against glucocorticoid-induced damage [107]. In keeping with 
these data, some studies have evaluated the relation between the 11βHSD1 gene 
polymorphism and bone osteoporosis. A study conducted in Korean postmeno-
pausal osteoporotic women without clinically apparent hypercortisolemia found 
that the presence of some 11-HSD1 polymorphism (+16374C  >  T and 
+27447G > C9) is associated with higher BMD levels and also with a reduced 
fracture risk [108]. Another polymorphic variant of the 11-HSD1 gene, the 
rs4844880 polymorphism responsible for a reduced expression of the enzyme, 
has been shown to be associated with higher BMD [109]. Moreover the SNP 
rs11811440 in intron 5 of the 11-HSD1 gene was positively associated with the 
spinal BMD and negatively associated with post-dexamethasone cortisol levels 
[8]. Few data are available about the role of the 11βHSD1 in patients with corti-
sol excess. Szappanos and coauthors showed that the 83,557insA variant of the 
11-HSD1 gene was associated with serum osteocalcin levels in patients with 
endogenous Cushing’s syndrome [110].

7.8  Congenital Adrenal Hyperplasia and the Bone

Congenital adrenal hyperplasia (CAH) is a disorder of the adrenal cortex character-
ized by impaired cortisol synthesis, with or without aldosterone deficiency, and 
adrenal androgen excess, due to an enzymatic defect in adrenal steroidogenesis. The 
most common form of CAH is caused by mutations in the gene encoding the adre-
nal steroid 21-hydroxylase enzyme. This enzymatic defect leads to the overproduc-
tion in the adrenal glands of precursors of cortisol and aldosterone which are 
diverted to androgen synthesis. Therefore, affected subjects are exposed to high 
levels of androgens of adrenal origin even from the intrauterine life. In females this 
high exposition results in variable degrees of virilization [111]. During postnatal 
life in both sexes, high levels of adrenal androgens imply accelerated longitudinal 
bone growth and premature epiphyseal growth plate closure, frequently resulting in 
a reduced final height. However the treatment of CAH is based on glucocorticoid 
(GC) replacement therapy, which is aimed to remedy cortisol deficiency and limit 
adrenal androgen synthesis by reducing pituitary ACTH secretion; therefore, a con-
tribution of GC therapy on the reduced final stature must be taken into account 
[112].
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Studies which explored bone health of patients affected with CAH have given 
conflicting results. Some studies found no differences in terms of BMD between 
patients with CAH and healthy subjects, especially in children and adolescents [11], 
whereas others showed a low BMD, especially when adult subjects were considered 
[113–116]. A conserved BMD despite chronic GC therapy could be explained by 
the anabolic effect of androgens which counteract the deleterious effect of GC on 
bone. However, it must be also considered that in children affected with CAH, the 
advancement of bone age induced by androgens could lead to an overestimation of 
BMD. In keeping with this, Garcia Alves Junior and colleagues found a reduced 
BMD in pediatric patients with CAH when bone age was taken into account rather 
than chronological age [117]. From an opposite point of view, the reduced stature 
commonly observed in CAH could bring to an underestimation of BMD, particu-
larly at the spine, since that the areal BMD measured by DXA, which integrates 
cortical and trabecular bone mass divided by the two-dimensional projected skeletal 
area, is strictly influenced by bone size. After BMD correction for height, some 
authors found that only femoral neck BMD but not spine BMD resulted lower in 
adult patients affected with CAH [113].

In an attempt to understand the effect of the excess of adrenal androgens on the 
bone, an additional confounding factor comes from the GC replacement therapy 
which could vary in terms of type and dose of GCs used. Several studies found a 
negative correlation between BMD and cumulative doses of GCs [118], thus imply-
ing that the optimization of GC replacement therapy by using the lowest dose neces-
sary is one of the goal of the treatment of CAH to preserve bone health. No 
correlations were generally found between androgen levels and BMD, probably 
because hormonal measurement from a single sample does not reflect the trend of 
the pathology across time.

Few studies explored the risk of fracture of patients affected with CAH. Falhammar 
and coworkers reported a significantly increased overall prevalence of fractures in 
adult women with CAH [114], whereas Raizada and colleagues did not find any 
differences in fracture frequency in a small sample of young adult females [115], 
but the younger age and the lower number of recruited patients could have contrib-
uted to this result. One study in adult males with CAH showed no differences in the 
prevalence of fractures between patients and healthy subjects [116]. Studies inves-
tigating prospectively the risk of fracture on large samples of patients with CAH are 
lacking and thus would be required in order to clarify the real skeletal effects of 
adrenal androgen excess and GC replacement therapy on these patients.

7.9  Aldosterone and the Bone

The renin-angiotensin system (RAS) is an endocrine system that governs body fluid 
and electrolyte balance and blood pressure, and it is also involved in bone 
metabolism.

In the classic endocrine RAS, renin produced by the juxtaglomerular apparatus 
of the kidney and secreted into the circulation cleaves angiotensinogen to the 
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inactive decapeptide angiotensin I (Ang I), which is cleaved by angiotensin convert-
ing enzyme (ACE) to generate angiotensin II (Ang II).

Components of the RAS are expressed in the human bone cell [119] and can 
activate a local RAS response that leads to increased bone turnover and decreased 
BMD [120]. Several reports have been published on the effects of Ang II on bone 
cell function in  vitro, including the inhibition of osteoblastic differentiation and 
mineralization [121], the stimulation of proliferation and collagen synthesis in 
osteoblasts [122], and the stimulation of osteoclastic bone resorption [119].

The majority of the studies on the effects of ACE inhibitors or Ang II type 1 
receptor blockers on bone, including those in humans [123–126] and animal models 
[127–129], suggest that pharmacological inhibition of the RAS pathway can lead to 
decreased fracture risk and increased bone mass.

Some authors found that renin activity (PRA) was directly associated with bone 
mineral density (BMD) in highly selected samples of patients [130, 131]. Recently, 
Kuipers et al. [132] show that circulating RAS indexes, e.g., elevated PRA and low 
aldosterone to renin ratio (ARR), are associated with high BMD and low bone turn-
over independent of the confounding effect of hypertension. Association of PRA 
with BMD seems to be specific for the trabecular bone, and it has also been sug-
gested in an animal model of osteoporosis [133, 134]. Both PRA and the relative 
levels of ARR could be important for skeletal health, although aldosterone levels 
alone seem not to be a significant factor [132]. In addition, there is evidence that 
there are shared genetic pathways underlying these associations [132].

Primary aldosteronism (PA), characterized by aldosterone excess, and renin and 
Ang II suppression, has probably another mechanism of action to impair bone 
health. In an animal model, as well as in humans, aldosterone excess was associated 
with an increased urinary and fecal loss of Ca++ and Mg++, in turn inducing hypo-
calcemia, hypomagnesemia, and secondary hyperparathyroidism [135–140], which 
was rescued by adrenalectomy or treatment with a mineralocorticoid receptor 
antagonist (MRA) [138, 139]. These alterations seem to lead to low bone mass and 
fragility fractures, whereas surgery or MRA therapy improved bone mass [138, 
139]. Moreover, the possible relation between PA and bone was suggested by data 
coming from genome wide association between indexes of bone strength and some 
genes involved in aldosterone pathways [141]. In this regard it should be mentioned 
that the expression of mineralocorticoid receptor on bone cells [142, 143] could 
actually suggest a still unknown direct effect of mineralocorticoids on the skeletal 
tissue. Indeed, in an animal model, Fumoto et al. showed that pharmacological inhi-
bition of mineralocorticoid function with eplerenone resulted in increased bone 
mass, with stimulation of bone formation and suppression of resorption [143]. The 
treatment with eplerenone as well as the specific deletion of mineralocorticoid 
receptor in osteocytes improved the cortical bone thinning caused by slow-release 
prednisolone pellets [143].

Finally, a recent study shows that mineralocorticoids may contribute to the regu-
lation of FGF 23 transcription and release in vivo [144]. Many diseases, all compli-
cated by low bone mass and high prevalence of fracture, such as chronic kidney 
disease, heart failure, diabetic nephropathy, and hepatic failure, are characterized by 
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hyperaldosteronism [145–151], and the high FGF 23 plasma concentration that has 
been found in these diseases [152–157] could at least in part be secondary to the 
hyperaldosteronism. This association is intriguing, considering that PA is also asso-
ciated with low phosphorus levels [156].

 Conclusions
The hormones produced by the cortical adrenal gland contribute to the skeletal 
health during the growth and adult life. The effect of cortisol is modulated by 
polymorphic variants of GR gene that affect the sensitivity of bone tissue and by 
11BHSD isoforms that regulates the final intracellular GCs concentration. In 
physiological concentrations, GCs stimulate osteoclastogenesis activating the 
canonical Wnt signaling, but in aged people, GCs increase till 50%, thus increas-
ing skeletal fragility. Adrenal androgens affect the bone mainly at the beginning 
of puberty after their transformation in testosterone and estrogen.

Both subclinical and overt hypercortisolism are characterized by a high preva-
lence of vertebral fractures due mainly to worsening of bone quality, independent 
from the reduction of BMD. Moreover, the catabolic effect of GCs on skeletal 
muscles should be taken into account for estimating the risk of fractures in such 
patients. The prevalence of subclinical hypercortisolism is higher than previ-
ously hypothesized (i.e., up to 2% of general population), and consequently such 
a condition should be excluded in cases of unexpected diagnosis of osteoporosis 
and/or fractures.

Mineralocorticoid receptors have been identified in bone cells, and the excess 
of mineralocorticoids as in primary aldosteronism has been associated with 
osteoporosis and fractures.

Bone cells express receptors for catecholamines and are a target for the sym-
pathetic nervous system, but a role of epinephrine delivered by the adrenal 
medulla on the bone has not been hypothesized nor the hypersecretion in pheo-
chromocytoma or the lack of catecholamines after bilateral adrenalectomy seems 
to have an effect on the skeleton [1].
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8.1  Introduction

During their life-span, women live through three critical phases—the reproductive, 
menopausal transition, and postmenopausal phases—all of which are characterized 
by the complex interactions between hypothalamic, pituitary, and ovarian function. 
Throughout these phases, ovarian function, in particular estrogens (E), plays a cen-
tral role not only in female reproduction but also in the skeletal homeostasis, in the 
regulation of bone mass from puberty till menopause. Why are the sex steroids 
rather than the primary calcitrophic hormones the major regulators of bone mass? It 
can be explained from a biological point of view. When the new function is needed, 
the evolutionary process adapts an existing mechanism rather than developing a 
completely new one. It is speculated that the major role of E in regulating bone mass 
evolved from their primary role in supporting reproduction. For example, in birds, 
bone mineral content is mobilized to supply calcium for eggshell mineralization. 
With evolution, in mammals this earlier system was co-opted to provide calcium for 
mineralizing the fetal skeleton and for subsequent lactation. Even the role of the sex 
steroids in inducing and supporting the pubertal growth spurt can be understood in 
evolutionary terms. The tight coupling between the onset of puberty and the skeletal 
growth spurt ensures that reproduction cannot occur until there is sufficient skeletal 
mass to support pregnancy. Therefore, since reproductive success is the keystone of 
natural selection, the surprising complexity of sex steroid regulation of bone mass 
in mammals can be explained by its evolutionary linkage to ancient reproductive 
mechanisms [1].
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8.2  Ovarian Sex Steroids

Ovaries secrete both steroid hormones and different peptides. Steroid hormones 
produced by the ovary include C18- (estradiol, estron), C19- (dehydroepiandros-
terone, androstenedione, testosterone), and C21-carbon (pregnenolone, progester-
one, 17α-hydroxyprogesterone) steroids, among which estradiol and progesterone 
are the major steroid products synthesized by granulosa and theca ovary cells, 
respectively. Different peptides secreted by the ovary represent growth factors (e.g., 
insulin-like growth factors), cytokines (e.g., interleukin-1), activin, inhibin, and fol-
listatin [2].

E derive not only from ovarian but also from extraovarian secretion. In pre-
menopausal women more than 95% of E are derived from the ovary, and periph-
eral conversion of steroids represents only the minor part as a source for E. After 
menopause, the latter becomes the main source for E in postmenopausal women 
[1]. The peripheral conversion of steroids takes place in subcutaneous fat, skin, 
and other physiological (e.g., the brain, breast) and pathological estrogen-depen-
dent tissues (e.g., breast cancer cells, endometrial cancer cells), and it is possible 
due to aromatization of androstenedione that arises from the ovary and the adre-
nal gland in premenopausal women and primarily forms the adrenal gland in 
postmenopausal women. The main product of this reaction is estron, weaker E, 
which is further converted to the biologically active estradiol in target tissues. 
Although only small part of E is produced by individual adipocyte or skin fibro-
blast, these cell types contribute to circulating estradiol level in the relevant man-
ner because of their relative abundance, and this effect is more pronounced in 
obese women due to increased mass of the adipose tissue and skin [2] (see 
Fig. 8.1).

Sex steroid hormones act on their target cells by binding to member of the 
nuclear hormone receptor superfamily: E bind to estrogen receptor (ER) α or β, 
and progesterone binds to its progesterone receptor. Members of this superfamily 
of receptors are located in the nucleus and represent zinc-finger-containing tran-
scription factors characterized by an N-terminal domain, a central DNA-binding 
domain, and a C-terminal, ligand-binding domain. Binding of E or progesterone 
to their receptors in the nucleus stimulates transcription of target genes resulting 
from direct interaction of the receptor proteins with DNA or from interactions 
with other transcription factors. Additionally, besides nuclear-initiated signaling, 
nongenomic mode of action of sex steroids also exists. In particular, through 
binding to sex steroid receptors in the plasma membrane, E can initiate signal 
transduction by triggering the production of cyclic nucleotides and calcium flux 
and activation of cytoplasmic kinases. Activation of these kinases, in turn, leads 
to the phosphorylation of substrate proteins and transcription factors (such as 
AP-1 and Elk1), which mediate some of the gene-regulatory effects of E.   
Interestingly, a lot of genes are regulated by ERα through this indirect mode of 
action than are regulated via the direct association of E with DNA [3] (see 
Fig. 8.1).
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8.3  Physiological Effects of Sex Steroids, Its Receptors, 
and Other Ovarian Peptides on the Bone

8.3.1  Estrogens and Bone

Having multiple functions, E and ERα influence not solely the cells directly regulat-
ing bone remodeling (osteoblasts (OB), osteoclasts (OC), and osteocytes) but also 
the cells connected to skeletal tissue such as chondrocytes and immune system 
cells, T- and B-lymphocytes, which, in turn, participate in bone growth and 

Estrogens (E2, E1)

Premenopausal women:  95% from ovary+ 5% from peripheral conversion

Postmenopausal women: 100% from peripheral conversion

Skin and adipose tissue

Adrenal gland

Circulation

E2, E1
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Circulation
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Estrogen-target tissuesA E1

E2

17ß-HSD

A

Circulation

E2, E1E1 E2

17ß-HSD

Aromatase

Aromatase

Genomic signallingNongenomic signalling
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ERα
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Fig. 8.1 Schematic illustration of sources of estrogens in women and its principal of action: E 
derives from ovarian and extraovarian secretion (peripheral conversion of steroids). In premeno-
pausal women more than 95% of E is derived from the ovary, and peripheral conversion of steroids 
represents only the minor part as a source for E, whereas in postmenopausal women peripheral 
conversion is the principal source of E. The peripheral conversion of steroids takes place in subcu-
taneous fat, skin, and other physiological/pathological estrogen-dependent tissues, and it is possible 
due to aromatization of androstenedione that arises from the ovary and the adrenal gland in pre-
menopausal women and primarily forms the adrenal gland in postmenopausal women. The main 
product of this reaction is estron, which is further converted to the biologically active estradiol with 
the help of 17β-HSD enzyme in target tissues. Sex steroid hormones act on their target cells by bind-
ing to estrogen receptor α or β. There are two principal mode of E action: genomic (direct) and 
nongenomic (indirect) one. Binding of E to its receptors in the nucleus stimulates transcription of 
target genes resulting from direct interaction of the receptor proteins with DNA or from interactions 
with other transcription factors. Through binding to sex steroid receptors in the plasma membrane, 
E can initiate signal transduction by triggering transcription factors (e.g., Elk1), which mediate 
some of the gene-regulatory effects of E. A androstenedione, E estrogens, E1 estrone, E2 estradiol, 
ERα estrogen receptor, ERE estrogen response element, Elk1 ETS domain-containing protein Elk1, 
SRE serum response element, 17β-HSD 17β-hydroxysteroid dehydrogenase
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remodeling too. All these effects were explored on mice models with deletion of the 
ERα which provided the functional role of E and their receptor in specific cell types 
(see Table 8.1).

Osteoclasts There is strong evidence that E restrain osteoclastogenesis and OC 
survival through direct inhibitory action on OC and their progenitors because dele-
tion of ERα in the entire macrophage-monocyte lineage and in mature OC led to the 
notable increase in OC numbers and its survival. Interestingly, this effect is demon-
strated only in trabecular bone in female mice, but not in cortical bone and not in 
male mice [3, 4].

Table 8.1 Physiological effects of sex steroids, its receptors, and other ovarian peptides on differ-
ent cell types in women

Estrogens/estrogen receptor α
Trabecular bone Cortical bone

Osteoblasts – •  ↑ Osteoblastogenesis → ↓ bone resorption  
on endocortical surface

•  ↓ Osteoblastogenesis → ↓ periosteal bone 
formation

•  Estrogen receptor α, independent of 
estrogens, potentiates the responsiveness of 
osteoblast progenitors/osteocytes to 
mechanical forces at the beginning of 
puberty → ↑ bone accrual and periosteal 
bone formation

Osteoclasts • ↓ Osteoclastogenesis –
• ↓ Osteoclast apoptosis
• ↓ Bone resorption

Osteocyte • ↓ Osteocyte apoptosis
Chondrocytes • Closure of epiphyseal growth plates
T-/B-
lymphocytes

•  ↓ T-/B-lymphocytes → ↓ proosteoclastogenic cytokines (tumor necrosis 
factor-α, IL-1, IL-6, IL-7, IL-17, receptor activator of NF-κB ligand 
(RANKL)) → ↓ bone resorption

Progesterone/progesterone receptor
Osteoblasts • Potential stimulatory effect on osteoblastogenesis
Osteoclasts –
Osteocytes –
Inhibin A/B
Osteoblasts •  Biphasic effect on osteoblastogenesis: cyclic/short-term action → ↓ 

osteoblastogenesis, continuous action → ↑ osteoblastogenesis
Osteoclasts • ↓ Osteoclastogenesis
Osteocytes –
Activins
Osteoblasts • Potential stimulatory effect on osteoblastogenesis
Osteoclasts • Potential stimulatory effect on osteoclastogenesis
Osteocytes –
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Osteoblasts The effect of E on OB is more complex in comparison to its effect on 
OC. On the one hand, E have direct stimulatory action on the OB progenitors atten-
uating osteoclastic resorption in the endocortical surface. On the other hand, E 
decrease osteoblastogenesis in periosteum leading to the attenuation of periosteal 
apposition [3]. This effect of E is typical for cortical bone in female.

Osteocytes The direct action of E on osteocytes is still unclear. A lot of studies 
have demonstrated that E deficiency leads to an increase of OB and osteocyte 
apoptosis in both trabecular and cortical compartment. In the other studies, the 
deletion of ERα brought to OB and osteocyte apoptosis but bone mass was not 
altered in these mice models, suggesting that effect of E on osteocytes is only 
additive, and OB/osteocyte apoptosis alone due to E deficiency is not enough for 
bone loss [3].

It has been recently hypothesized that osteocytes may have a role for sensing and 
responding to mechanical forces during growth and adult life [1, 3]. At the same 
time, the presence of ERα stimulates periosteal bone formation in response to the 
mechanical forces. These data suggest that osteocytes and ERα work in coordinated 
way responding to mechanical stimuli. Probably, ERα can potentiate responsive-
ness of bone cells, in particular osteocytes, to mechanical strain, stimulating, in this 
way, periosteal bone formation [3].

Chondrocytes Not tightly belonging to the skeletal tissue, chondrocytes are also 
under control of E. Endochondral ossification, when the cartilage is formed and 
then replaced by the bone, is essential for longitudinal bone growth, and E play 
crucial role in the closure of the growth plate at the late stage of puberty. As the 
demonstration of that, lack of ERα on the chondrocytes leads to continued longitu-
dinal growth [3].

T-/B-Lymphocytes OC are differentiated cells which are derived from hemato-
poietic cells of monocyte-macrophage lineage, and their function is strongly 
connected to the other cells of immune system. T- and B-lymphocytes during 
their activity produce a lot of cytokines, among which are proinflammatory and, 
at the same time, proosteoclastogenic factors (IL-1, IL-6, IL-7, IL-17), tumor 
necrosis factor (TNF)-α, and receptor activator of NF-κB ligand (RANKL) [5]. 
E are the key regulator of immune function as demonstrated both in animals and 
humans [3, 5]. E loss promotes T-cell activation with subsequent increase of 
osteoclastogenic cytokines, which in turn activate OC formation and survival. 
Also B-cells are directly implicated in the regulation of bone resorption because 
they produce both RANKL and osteoprotegerin (OPG, binding to RANKL, pre-
vents the connection of RANKL to its receptor RANK causing inhibition of 
osteoclastogenesis). However, activated B-lymphocytes due to E loss and acti-
vation of T-cells overexpress RANKL, rather than OPG, and promote in this 
way osteoclastogenesis [5].
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8.3.2  Progesterone and Bone

Although the major focus has been directed to E, progesterone is a critical sex steroid 
which is required for ovulation, and its responses are modulated by E. OB expresses 
receptors of progesterone, and the level of progesterone receptor can be stimulated 
by E. Low doses of progesterone increase expression of growth factor and proteins 
which can locally promote osteoblastogenesis [6]. However, this effect is not abso-
lutely necessary for normal bone growth, considering that mice models lacking pro-
gesterone receptor did not show largely compromised bone phenotype [6, 7].

8.3.3  Activins/Inhibins and Bone

Inhibins and activins, peptides secreted by the ovary, can potentially take part in the 
regulation of bone homeostasis too.

Inhibin is produced by many tissues; however, the main source of inhibin is 
granulosa cells in the ovary. It has two isoforms, inhibin A and inhibin B, and its 
main function is to suppress follicle-stimulating hormone (FSH). Activin is pro-
duced by granulosa cells too, and it has opposed function to inhibin, stimulation of 
FSH [2]. It has been demonstrated that both hormones could be implicated in the 
bone homeostasis, stimulatory effect in case of activin and inhibitory effect in case 
of inhibin. In fact, activin is produced and stored also in the bone, exerting the effect 
on OB and OC development [6, 8]. As regards inhibin, it has biphasic effect on the 
bone, depending upon exposure: in cyclic/short-term administration, inhibin has 
negative, inhibitory influence on the bone; vice versa, in continuous administration 
it has positive, anabolic effect on bone metabolism [6, 9]. In vitro studies showed 
that normal cyclic levels of inhibin (as in normal physiological conditions) suppress 
both osteobasto- and osteoclastogenesis, leading to decreased bone turnover [6, 9]. 
As the demonstration of inhibitory effect of inhibin on bone differentiation, there is 
evidence of increased bone turnover and bone loss much before the menopause 
when the levels of E are still maintaining at the normal level, and it happens, prob-
ably, due to initial loss of ovarian inhibin secretion [6, 9].

8.4  Role of Sex Steroids in Skeletal Maturation  
During Puberty

The bone mass acquisition follows complex pattern which starts straight after the 
birth when children experience the greatest postnatal growth during the infancy. 
Thereafter, the growth and the gaining of bone mass decrease to the nadir known as 
the minimal prespurt velocity, the slowest period of growth in childhood, immedi-
ately before the pubertal growth spurt. The beginning of puberty is the time of the 
most rapid growth and bone acquisition followed by decreasing of velocity and 
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cessation of growth at epiphyseal fusion at the end of puberty [10]. Skeletal matura-
tion during puberty is a crucial moment because properly this period, when children 
achieve the peak of bone mass, represents the possibility to reach that much bone 
quantity and bone strength which will be able to meet and to resist to all the load-
bearing demands throughout of the individual’s lifetime. Additionally, the accrual 
of bone mass and size during growth is a critical determinant of the risk for develop-
ment of osteoporosis later in life.

The peak bone mineral accretion rate occurs at about 12.5 years at stage 2–3 of 
sexual maturity in girls and at about 14.1 years at stage 3–4 of sexual maturity in 
boys. During the 4 years surrounding the peak in bone accretion, 39% of total body 
mineral content is acquired; by 4 years following the peak, 95% of adult bone mass 
has been achieved [11].

Skeletal growth occurs mainly by modeling, coordinated action of bone deposi-
tion and resorption, which allows increasing the size and shape of bones. Linear 
bone growth occurs by ossification of the endochondral growth plate. Radial bone 
growth occurs by periosteal apposition, and the marrow cavity size increases by 
endosteal resorption. The excess of periosteal bone apposition over endosteal bone 
resorption that occurs during the pubertal growth spurt increases both the size and 
the volumetric bone mineral density of extremities [1]. Distinct increase in the tra-
becular bone of the spine and long bones occurs between sexual maturity at stages 
3–4. Cortical bone growth, instead, is lower in adolescent period that may bring to 
increased intracortical porosity since the rapid pubertal phase of growth exceeds the 
cortical bone acquisition [11]. At the time of epiphyseal plate closure, bones have 
reached about 90–95% of peak mass after which the process named as “consolida-
tion” or “plateau” begins. Period of “consolidation” is characterized by stabilization 
and achievement of maximal values of skeletal mass and decline of the intracortical 
porosity due to continued periosteal apposition and, probably, continued trabecular 
thickening [1, 11]. How long does “consolidation” last? It still remains disputed, 
and, probably, it depends on the skeletal site. Some found that for women it can last 
till the third decade for trabecular bone and till the second decade for cortical bone 
[11, 12].

Sex steroids (E in girls and both E and testosterone in boys) are a clue component 
in skeletal maturation. E act through different mechanisms during puberty. Firstly, 
direct action of E on bone modeling, stimulating formation and inhibiting resorp-
tion, increases bone mass during skeletal maturation [3]. Secondly, E act indirectly 
through growth hormone (GH)/insulin-like growth factor-1 (IGF-1) axis. Puberty is 
triggered by increase in pulsatile secretion of gonadotropin-releasing hormone 
(GnRH) by the hypothalamus which promotes the increase of gonadotropins and 
sex steroids, consequently. Rising levels of E potentiate secretion of GH and IGF-1 
which, in turn, stimulate periosteal bone apposition. Levels of GH and IGF-1 remain 
elevated during the 3–4 years of rapid growth; thereafter, they gradually return to 
the prepubertal levels [1, 3]. Finally, ERα, independent of E levels, potentiates 
responsiveness of osteoblast progenitors and osteocytes on mechanical forces, 
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enhancing in this way bone accrual and periosteal bone formation [3]. At the end of 
puberty when E reach their peak level, they induce epiphyseal plate closure leading 
to growth cessation [1, 3]. Thus, it appears that E both initiate the pubertal growth 
spurt and then it ends it.

Girls experience different pattern of growth in comparison with boys which 
explains the differences in the final height and peak bone mass between two 
sexes. Since boys enter puberty 2 years later than girls and their pubertal growth 
spurt lasts for 4 years rather than 3 years like in girls, it accounts for 10% higher 
final height and for 25% greater peak bone mass in males. Moreover, there are 
the differences also in bone dimension between two sexes. Boys have larger 
bones with thicker cortex which are opposite to girls having smaller bones with 
thinner cortex [1, 11]. In the latter phenomenon, sex steroids are responsible for 
gender dimorphism of skeleton. In males, E together with testosterone cause 
stimulatory effect on both trabecular and cortical bone, promoting in this way 
periosteal apposition and thicker cortex [1, 3]. In females, E might have both 
stimulatory and inhibitory effect on the bone, according to their blood levels. At 
the beginning of puberty, low E levels upregulate the expression of ERα which is 
the predominant clue when E levels remain low. ERα, in turn, amplifies the 
responsiveness of bone cells to mechanical strain and increased periosteal bone 
apposition, making cortex thicker. The dramatic rise of E levels at later stages of 
puberty restrains periosteal bone formation which leads to smaller diameter and 
thinner cortex preventing bones from becoming excessively large and heavy [3]. 
This restraining effect of high levels of E on periosteum remains predominant till 
the menopause.

The schematic illustration of women’s bone mass changes during life is pre-
sented on Fig. 8.2.

8.5  Role of Sex Steroids in Bone Loss After Menopause

As it was mentioned before, after completion of growth and after reaching of 
90–95% of peak bone mass, the phase of “consolidation” or “plateau” starts, and it 
continues approximately till the third decade of life. As it has been demonstrated by 
large epidemiological studies [13], immediately after this period and long before 
any change in sex steroid production, in both women and men, bone loss begins. In 
women after menopause, bone loss accelerates, and it follows two major phases: an 
early accelerated, but transient, phase that begins at menopause and lasts about 
4–8 years and a slow, continuous phase [1]. During the early accelerated phase, 
there is a loss predominantly of trabecular bone, whereas cortical bone declines 
substantially during the slow continuous phase [1, 3, 13]. There are several mecha-
nisms which explain the present pattern of bone dynamic after peak bone mass, and 
E deficiency plays a role during all the phases of bone decline, especially in the 
early accelerated phase.
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8.5.1  The Early Accelerated Phase of Bone Loss

The early accelerated phase of bone loss starts after menopause with cessation of 
ovarian E production. The rapid decline of E levels leads to the loss of inhibitory 
effect of E on osteoclastogenesis, promoting OC life-span. Additionally, E deficiency 
activates T- and B-lymphocytes with subsequent releasing of proosteoclastogenic 
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Fig. 8.2 Schematic illustration of changes of bone mass in women during life: in adolescence, 
during the phase of rapid bone gain, rising levels of E act directly and indirectly through GH/IGF-1 
axis on bone formation, leading to accumulation of bone mineral content and rapid bone accrual. 
At the end of puberty in girls, after reaching of peak bone mass, high levels of E restrain periosteal 
bone formation and promote closure of epiphyseal plate, leading to growth cessation and balance 
between bone formation and resorption. During the peak of bone mass in adult life, E maintains 
the balance in bone turnover, suppress osteoclastogenesis in trabecular bone, increase osteoblasto-
genesis on endocortical surface and reduce osteoblastogenesis on periosteum of cortical bone, 
reduce apoptosis of osteocytes, and decrease T- and B-cell activation with consequent inhibition of 
osteoclastogenesis. After menopause, acute E decline causes rapid bone loss, especially in trabecu-
lar bone, due to imbalance between bone formation and resorption toward the latter one. The rapid 
bone loss is followed by the slow bone loss which happens especially in cortical bone. The slow 
bone loss is caused by predominant process of aging (oxidative stress, lipid, FoxO and PPARγ 
activation) and other age-related changes (increased GC production/sensitivity, calcium negative 
balance, reduced levels of IGF-1, muscle mass, bone hydration, and vascularity) which all together 
suppress bone formation. E deficiency worsens age-related changes, lowering antioxidant defenses 
of bone cells and contributing to calcium negative balance. E estrogens, GC glucocorticosteroids, 
GH growth hormone, FoxO forkhead box protein, IGF-1 insulin-like growth factor-1, OB osteo-
blasts, OC osteoclasts, PPARγ peroxisome proliferator-activated receptor-γ
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cytokines, such as TNF-α, IL-1, IL-6, IL-7, IL-17, and RANKL, which, in turn, 
maintain OC formation. Altogether these factors dramatically increase bone resorp-
tion that occurs especially in trabecular bone. As regards the cells of bone formation, 
E deficiency causes OB/osteocyte apoptosis and decreased osteoblastogenesis. The 
latter process of decreased osteoblastogenesis happens on endocortical surface of 
cortical bone which leads to the increased bone resorption in this area. At the same 
time, E deficiency brings to the cessation of restraining effect of E on osteoblastogen-
esis on periosteum of cortical bone, increasing periosteal bone formation. However, 
it appears insufficient to maintain balance of bone remodeling, and bone resorption 
exceeds bone formation causing the rapid decline of bone mass. Thus, during the 
early phase of bone loss, trabecular bone undergoes fast changes such as trabecular 
perforation and loss of connectivity, whereas cortical bone becomes thinner as a 
result of an increase in the medullary diameter due to increases of bone resorption on 
endocortical surface [1, 3, 13].

8.5.2  The Slow Continuous Phase of Bone Loss

The slow continuous phase of bone loss, following the early rapid phase, involves 
primarily the cortical bone and is distinguished from the rapid phase by lower and 
continuous rates of bone loss and by decreased rates of both bone formation and 
resorption [1, 3]. How can the high rates of bone loss with high turnover during the 
early rapid phase be converted to the condition of low bone turnover during the slow 
phase? There are multiple factors contributing to bone loss during the latter phase, 
and the majority of them are associated with aging.

Aging, Oxidative Stress, and Estrogen Deficiency Oxidative stress and the formation 
of reactive oxygen species (ROS) are inescapable consequences of life in an oxygen-
rich environment. Evolutionary, our organism developed different defense mecha-
nisms to detoxify ROS. The most important ones are antioxidant enzymes (superoxide 
dismutases), thiol-containing oligopeptides (glutathione, thioredoxin), and FoxO 
transcription factors. FoxOs belong to a large family of forkhead proteins, and their 
activation due to increased oxidative stress leads to enhanced transcription of antioxi-
dant enzymes and other genes involved in cell cycle, DNA repair, and life-span [13]. 
At the skeletal level, in particular in OB, in order to decrease ROS concentration, 
FoxOs activated by oxidative stress bind to β-catenin (the important transcription fac-
tor of bone differentiation), promoting FoxO-mediated transcription at the expense of 
β-catenin-mediated transcription and decreasing in this way osteoblastogenesis [13].

With aging, there is a decline of antioxidant mechanisms which inevitably 
increases oxidative stress, formation of ROS, and FoxO activation and decreases 
bone formation. Scientific evidence demonstrated that E deficiency directly takes part 
in the lowering of antioxidant defenses. In fact, ovariectomy in rats decreases anti-
oxidant substances and increases ROS and lipid peroxidation which normalized after 
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E replacement. Additionally, administration of antioxidants such as N-acetylcysteine 
prevented ovariectomy-induced bone loss as effectively as the replacement with E 
did [13–15]. At the molecular level in OB, E reduces phosphorylation of p66shc (the 
important mediator of oxidative stress-induced apoptosis), causing antiapoptotic 
effect on OB/osteocytes [13, 16]. In OC, E stimulates the synthesis of glutathione 
and thioredoxin reductases which increase the pool of antioxidant substances able 
to capture and decrease ROS production, normally essential for osteoclastogenesis 
through activation of RANKL and TNF-α expression. In this way, E causes proapop-
totic effect on OC [13, 14, 16].

Taking together all the data, increased oxidative stress and decreased antioxidant 
defenses with aging per se suppress bone metabolism. It worsens by E deficiency 
which further decreases antioxidant capacities of bone cells, enhancing cellular oxi-
dative stress and leading, in this way, to apoptosis of OB/osteocytes and survival  
of OC.

Aging, Lipid Oxidation, and PPARγ Another process activated and increased with 
age is lipid oxidation. Due to the lack of defense mechanism with aging, during 
lipid oxidations there is a notable generation of ROS and other forms of fatty acid 
derivatives which bind and activate peroxisome proliferator-activated receptor-γ 
(PPAR-γ). Activation of PPAR-γ increases adipogenesis at the expense of osteo-
blastogenesis in the bone marrow. Additionally, ROS generated during lipid oxida-
tion activates FoxO-mediated gene transcription at the expense of β-catenin-mediated 
transcription, thus ultimately, decreasing in this way osteoblastogenesis [13].

Aging and Glucocorticoids Cortisol is rather essential for normal bone metabo-
lism, but it is well known how glucocorticoid (GC) excess has deleterious influence 
on the bone causing reduced osteoblastogenesis, strong and rapid OB/osteocyte 
apoptosis, and transient increased OC survival followed by suppressed osteoclasto-
genesis. All these changes lead to low bone state (reduction of both bone formation 
and resorption) which is something similar to what happens during the process of 
aging [17]. There is evidence that aging is associated with GC endogenous avail-
ability and production. In fact, aging in humans blunts GC feedback inhibition of 
ACTH, stimulates conversion of inactive cortisone to active cortisol, and increases 
endogenous GC production [18]. Therefore, aging-associated state of hypercorti-
solism inevitably contributes to suppression of bone remodeling.

Aging, Calcium Metabolism, and Estrogen Deficiency There are a lot of changes in 
calcium metabolism associated with aging. Aging impairs intestinal calcium absorp-
tion and renal calcium conservation leading to external calcium wasting. Unless 
dietary calcium is substantially increased to offset this lost, PTH level increases to 
maintain normal levels of serum ionic calcium by resorption of the bone that contain 
99% of body calcium stores. Progressive increase of PTH levels can lead to second-
ary hyperparathyroidism which ultimately damages bone metabolism [1, 19]. 
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Moreover, E acting through its ER increases intestinal calcium absorption and renal 
conservation, trying to maintain normal blood calcium levels [1, 19]. Thus, when the 
menopause comes, E deficiency worsens all these processes which normally happen 
with aging (reduced intestinal calcium absorption and renal conservation with conse-
quent secondary hyperparathyroidism).

Other Age-Related Contributing Factors Among the other factors which contribute 
to age-associated bone loss, there is reduction of growth factors such as IGF-1, of 
muscle mass and mechanical strain due to decreased physical activity, and of bone 
vascularity and hydration. The normal levels of these factors are required for ade-
quate function of bone metabolism, and its reduction is additional contributing fac-
tor to major age-related factors of bone damage [3, 13].

The schematic illustration of women’s bone mass changes during life is pre-
sented on Fig. 8.2.

8.6  Summary

In summary, E play one of the most important roles in bone metabolism, and it is 
evidenced during the entire women’s life-span, from the phase of bone gain in 
puberty, during the phase of bone maintenance in adult life, and during the phase of 
bone loss in either menopause or, thereafter, aging.

E have multiple functions. Normally, they suppress osteoclastogenesis in tra-
becular bone, increase osteoblastogenesis on endocortical surface and reduce osteo-
blastogenesis on periosteum of cortical bone, reduce apoptosis of osteocytes, and 
decrease T- and B-cell activation with consequent inhibition of osteoclastogenesis. 
Additionally, they possess antioxidant properties, protecting bone cells from oxida-
tive stress, and participate in intestinal calcium absorption and renal conservation. 
In adolescence, during the phase of rapid bone gain, rising levels of E act directly 
and indirectly through GH/IGF-1 axis on bone formation, leading to accumulation 
of bone mineral content and rapid bone accrual. At the end of puberty in girls, after 
reaching of peak bone mass, high levels of E restrain periosteal bone formation and 
promote closure of epiphyseal plate, leading to growth cessation and balance 
between bone formation and resorption. After menopause, acute E decline causes 
rapid bone loss, especially in trabecular bone, due to imbalance between bone for-
mation and resorption toward the latter one. The rapid bone loss is followed by the 
slow bone loss which happens especially in cortical bone. The slow bone loss is 
caused by predominant process of aging. Age-related increased oxidative stress, 
lipid oxidation, and ROS concentration initiate cascade of processes as FoxO and 
PPARγ activation. FoxO activation sequesters β-catenin to promote the gene tran-
scription of antioxidant defenses. PPARγ activation stimulates formation of adipo-
cytes instead of OB. Together these processes suppress normal osteoblastogenesis 
diverting it to formation of other substances (antioxidants) and cells (adipocytes). 
Age-related increased GC production/sensitivity and other age-related changes 
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(calcium negative balance, reduced levels of IGF-1, muscle mass, bone hydration 
and vascularity) ultimately contribute to suppressed bone formation and bone loss. 
In this slow phase, E deficiency worsens age-related changes. It lowers antioxidant 
defenses of bone cells and contributes in calcium negative balance.
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Obesity and Osteoporosis:  
Is the Paradigm Changing?

Emanuela A. Greco, Rachele Fornari, Andrea Lenzi, 
and Silvia Migliaccio

9.1  Introduction

During the last decades, obesity and osteoporosis have become important global 
health problems with an increasing prevalence worldwide [1–4], and the belief that 
obesity is protective against osteoporosis has recently come into question. In fact, 
the latest epidemiologic and clinical studies have shown that a high level of fat mass 
might be a risk factor for osteoporosis and fragility fractures [5–8].

Several potential mechanisms have been proposed to explain the complex rela-
tionship between the adipose tissue and bone.

For instance, fat has long been viewed as a passive energy reservoir, but since the 
discovery of leptin and the identification of other adipose tissue-derived hormones 
and serum mediators [9–11], it has come to be considered as an active endocrine 
organ involved in the modulation of the energy homeostasis. Adipose tissue, in fact, 
secretes various inflammatory cytokines, including interleukin (IL)-6, tumor necro-
sis factor-alpha (TNF-α) resistin, leptin, and adiponectin, which affect human 
energy and metabolic homeostasis and are involved in bone metabolism [12–15]. 
Moreover, fat tissue is one of the major sources of aromatase, an enzyme also 
expressed in the gonads, which synthesizes estrogens from androgen precursors. As 
known estrogens are steroid hormones which play a pivotal role in the maintenance 
of skeletal homeostasis, protecting against osteoporosis by reducing bone resorp-
tion and stimulating bone formation, and in obese postmenopausal women, increased 
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estrogen synthesis by adipose tissue has been suggested as one of the potential 
mechanisms for the protective effect of fat mass on the bone. Thus, the pathophysi-
ological role of adipose tissue in skeletal homeostasis lies in the production of sev-
eral adipokines and hormones which modulate bone remodeling via their effects on 
either bone formation or resorption.

On the other hand, since the demonstration that bone cells express several spe-
cific hormone receptors, the skeleton is considered an endocrine target organ [13–
16], and since recent observations have shown that bone-derived factors, such as 
osteocalcin and osteopontin, affect body weight control and glucose homeostasis 
[17–19], the bone has come to be considered an endocrine organ itself [20]. These 
considerations suggest a possible role of the bone as a player of a potential feedback 
mechanism between the skeleton and the other endocrine organs [20]. Thus, the 
cross talk between fat and bone likely constitutes a homeostatic feedback system in 
which adipokines and bone-derived molecules represent the link of an active bone-
adipose axis.

Finally, adipocytes and osteoblasts originate from a common progenitor, a pluri-
potential mesenchymal stem cell (MSC) [21], which has an equal propensity for 
differentiation into adipocytes or osteoblasts (or other lines) under the influence of 
several cell-derived transcription factors. This process is complex, suggesting sig-
nificant plasticity and multifaceted mechanism(s) of regulation within different cell 
lineages, among which are adipocytes and osteoblasts [22, 23].

9.2  Obesity and Osteoporosis: Fat and Bone  
Metabolism Interplay

Obesity is recognized as a risk factor for metabolic and cardiovascular diseases [2]. 
However, it has been considered a protective factor for bone loss and osteoporosis, 
which is defined as a bone metabolic disease, characterized by a decrease in bone 
strength leading to an increased risk of developing spontaneous and traumatic frac-
tures. Even though body fat and lean mass are linked with bone mineral density 
(BMD), with obesity apparently exerting protection against bone loss, especially 
after menopause, during the last decades numerous evidences have described an 
opposite event, suggesting an inverse relationship between obesity and osteoporo-
sis. In fact recent studies have shown that an increased abdominal fat tissue might 
be considered a risk factor for osteoporosis [5, 7, 8].

The mechanisms whereby increased central adiposity leads to metabolic altera-
tions, cardiovascular morbidity, and bone loss have been largely based on the dem-
onstration that adipose tissue secretes a number of cytokines and bioactive 
compounds, named adipokines.

The adipokines, which include a variety of pro-inflammatory peptides, are 
involved in many physiological or pathological processes, and their disregulation is 
a strong determinant of the low-grade inflammatory state of obesity, which pro-
motes a cascade of metabolic alterations leading to cardiovascular complications, 
insulin resistance or diabetes mellitus, and bone loss [9, 11].
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Leptin, the first identified adipose tissue-derived factor, is an anorexigenic hor-
mone secreted by adipocytes in proportion to body fat content. Leptin levels are 
typically elevated in obesity, which is considered a leptin-resistant state [24]. In 
obese subjects hyperleptinemia has been widely recognized as an independent car-
diovascular risk factor associated with hyperinsulinemia and insulin resistance [25] 
while its effect on the bone is complex, and both negative and positive actions have 
been reported on BMD [26, 27]. Leptin-deficient ob/ob mice and leptin receptor-
deficient db/db mice are extremely obese, with increased vertebral trabecular bone 
volume due to increased bone formation [28]. Interestingly, intracerebroventricular 
infusion of leptin in both ob/ob and wild-type mice was shown to decrease vertebral 
trabecular bone mass [28]. In vivo studies indicate that the effect of leptin might 
depend on its site and mode of action [29], and it has been proposed that peripheral 
administration of leptin could increase bone mass by inhibiting bone resorption and 
increasing bone formation, while inhibiting bone formation through a central ner-
vous system effect [26]. In vitro studies also found that leptin can act directly on 
bone marrow-derived mesenchymal stem cells (BMSCs) to enhance their differen-
tiation into osteoblasts and to inhibit their differentiation into adipocytes [30]. 
Finally, leptin inhibits the expression of neuropeptide Y (NPY), a hypothalamus-
derived peptide, essential for the regulation of food consumption, energy homeosta-
sis, and bone remodeling [31]. Specific NPY-knockout mice show a significant 
decrease in body weight, a significant increase in food intake, and twofold increase 
in trabecular bone volume compared with wild-type animals [32].

Adiponectin exerts a protective role on cardiovascular system and glucose 
metabolism, and in contrast with leptin, serum adiponectin levels are reduced in 
obese and diabetic subjects and increase after weight loss [33]. Low levels of adipo-
nectin are a common feature of obesity and correlate with insulin resistance [34]. 
Adiponectin levels are inversely related to the circulating levels of C-reactive pro-
tein (CRP), TNF-α, and IL-6, which are powerful inhibitors of adiponectin expres-
sion and secretion in cultured human adipose cells [35]. Human osteoblasts express 
adiponectin and its receptors, and in vivo and in vitro studies show that adiponectin 
increases bone mass by suppressing osteoclastogenesis and activating osteoblasto-
genesis [36], likely indicating that a rise in adiponectin levels, caused by fat reduc-
tion, could have a beneficial effect on BMD.

Resistin is produced by macrophages and visceral adipocytes. It is elevated in 
obesity and regulates insulin sensitivity in the skeletal muscle and liver, and it is 
positively associated with insulin resistance and glucose tolerance in both human 
and animal models [37]. Resistin might also play a role in bone remodeling, increas-
ing osteoblast proliferation, cytokine release, and osteoclast differentiation [38].

TNF-α is a pro-inflammatory cytokine which plays important regulatory effects 
on lipid metabolism, adipocyte function, insulin signaling, and bone remodeling 
[39]. Its expression has been shown to correlate with percent body fat and insulin 
resistance in humans [40], and it was further recognized that inflammatory pro-
cesses predispose to bone loss, giving rise to speculation that inflammatory cyto-
kines, such as IL-6 and TNF-α, may play critical roles in osteoclast activity [41]. 
Osteoclasts are the unique cells of the body tasked with resorbing the bone, and in 
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the late 1990s, the identification of three different molecules built the bases of the 
modern bone biology: an osteoclastogenic cytokine, the receptor activator of NF-kB 
ligand (RANKL), its receptor (RANK), and its inhibitor osteoprotegerin (OPG) 
[42]. It is now clear that RANKL is the key osteoclastogenic cytokine effector, 
inducing osteoclast formation and promoting osteoclast resorptive activity, while 
OPG functions as a decoy receptor, preventing association of RANKL with RANK 
receptor, thus moderating osteoclastogenesis and bone resorption [43]. It has also 
become clear that TNF-α promotes RANKL production by BMSCs and mature 
osteoblasts, reduces OPG production, and upregulates the receptor RANK on osteo-
clast precursors, increasing their sensitivity to prevailing RANKL concentrations 
[44]. Additionally, TNF-α turns out to have another property that is relatively unique 
among the inflammatory cytokines; it has potent effects on osteoclastogenesis as it 
not only promotes RANKL production but synergizes with RANKL to amplify 
osteoclastogenesis and to intensify osteoclastic resorption by directly modulating 
RANKL-induced signal transduction pathways [45]. These effects are likely a con-
sequence of the fact that RANKL is a TNF-superfamily member and functions 
through many of the same pathways induced by TNF-α itself.

IL-6 is a cytokine, which has a wide range of actions; it is secreted by several cell 
types, including fibroblast, endothelial cells, and adipocytes; and its plasma levels 
are significantly upregulated in human obesity and insulin resistance [46]. As TNF-α 
also IL-6 is a well-recognized stimulator of osteoclastogenesis and bone resorption. 
Several data show that IL-6 mRNA is expressed in preosteoblasts and osteoblasts 
[47] and that it stimulates osteoblast proliferation and differentiation by controlling 
the production of local factor [48]. In addition, IL-6 may play a role in bone forma-
tion in conditions of high bone turnover [49].

Emerging evidence points to a critical role for the skeleton in several homeo-
static processes including energy balance and adipose metabolism, and the connec-
tion between fuel utilization and skeletal remodeling seems to begin in the bone 
marrow with lineage allocation of MSCs into adipocytes or osteoblasts.

Mature bone cells secrete factors that modulate insulin sensitivity and glucose 
metabolism, such as osteocalcin (OCN), by which the skeleton could function as an 
endocrine organ itself [50]. OCN is an osteoblast-specific protein and a major non-
collagenous protein in the extracellular matrix. Karsenty and colleagues recently 
demonstrated that uncarboxylated OCN, acting as a prohormone, can increase β-cell 
proliferation, insulin secretion, insulin sensitivity, and adiponectin expression [51]. 
Thus, osteoblasts may be able to regulate glucose metabolism by modulating the 
bioactivity of OCN. In addition, more recent studies showed that OCN bioactivity 
is modulated by enhanced sympathetic tone driven by leptin, which has been shown 
to suppress insulin secretion by β-cells [52], and three recent studies have demon-
strated an inverse correlation between serum OCN and plasma glucose levels, sup-
porting a role for this pathway in humans [53]. Thus, a novel picture has emerged 
linking glucose metabolism, adipose stores, and skeletal activity.

Since its first description more than 20 years ago, osteopontin (OPN) has emerged 
as an active player in many physiological and pathological processes, including 
biomineralization, tissue remodeling, and inflammation. Modulation of immune 
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cell response by OPN has been associated with various inflammatory diseases and 
may play a pivotal role in the development of adipose tissue inflammation, insulin 
resistance, and diabetes [54]. OPN expression is significantly upregulated by 40- 
and 80-fold in adipose tissue from diet-induced and genetically obese mice, respec-
tively [55]. Moreover, it has been demonstrated that OPN expression in adipose 
tissue and circulating OPN levels were substantially elevated in obese, diabetic, and 
insulin-resistant patients compared with lean subjects and conversely that dietary 
weight loss significantly decreased OPN concentrations [56, 57].

9.3  Fat Bone Marrow and Osteoporosis: Cause or 
Consequence?

Adipocytes and osteoblasts originate from a common progenitor, a pluripotential 
MSC [58], which has an equal propensity for differentiation into adipocytes or 
osteoblasts or other lines, such as chondrocytes, fibroblast, and endothelial cells, 
under the influence of several cell-derived transcription factors. This process is 
complex, suggesting significant plasticity and multifaceted mechanism(s) of regula-
tion within different cell lineages, among which are adipocytes and osteoblasts  
[24, 59].

Transdifferentiation is the irreversible switching of differentiated cells that 
sometimes occurs during disease [60], and it interests partially differentiated cells 
(e.g., preosteoblasts) that switches to another lineage (e.g., adipocytes) [61].

Fat bone marrow is indicative of aging and it is frequently observed in the pres-
ence of osteoporosis, especially in postmenopausal women [62]. One possible cause 
of bone marrow fat deposition is the aberrant commitment of BMMSCs into adipo-
cytes due to their inability to differentiate into other cell lineages, such as osteo-
blasts. There exists an inverse relationship between bone marrow fat production and 
bone formation during osteoporosis; in fact an inhibited adipogenesis in patients 
with a high bone mass has been observed [63].

Recently, a correlation between the osteo-adipogenic transdifferentiation of bone 
marrow cells and numerous bone metabolism diseases has been established. Human 
BMMSC-derived osteoblasts, adipocytes, and chondrocytes had the potential to 
transdifferentiate to each lineage, and these findings provided new insights on the 
pathogenesis of skeletal diseases such as osteoporosis [64].

Estrogens can regulate several molecular signals within bone metabolism and play 
an important role in the development of bone marrow fat [65–68]. After menopause 
an increase in adipogenic switches in bone marrow and a decrease in bone mass have 
been observed [69, 70]. Several human and animal studies have examined the function 
of adipocytes in bone marrow. Mesenchymal stem cells isolated from bone marrow in 
postmenopausal osteoporotic patients express more adipose differentiation markers 
than those from subjects with normal bone mass [25], and pronounced fatty infiltra-
tion in the bone marrow of rats following oophorectomy has been observed, suggest-
ing a pivotal role of estrogen in regulating adipocyte and osteoblast recruitment  
[26]. More recent studies have shown that estrogens are negative regulators of 
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adipogenesis, and they are essential for osteogenic commitment; in particular, it seems 
that estrogens simultaneously induce osteogenesis and inhibits adipogenesis both 
in vivo and in vitro [71–73], and it has been demonstrated that estrogens suppress 
osteo-adipogenic transdifferentiation via canonical Wnt signaling, an important sys-
tem which regulates bone development, adipogenic differentiation, and gene expres-
sion in whole process of bone metabolism [63, 74]. Specifically, canonical 
Wnt/β-catenin signaling is highly expressed in mesenchymal precursor cells and plu-
ripotent cells, especially toward the osteoblast lineage, while it inhibits adipogenic 
differentiation [75]. Canonical Wnt signaling stabilizes and promotes cellular and 
nuclear β-catenin levels, which inhibits adipogenesis [75], and the suppression of Wnt 
signaling is essential for PPARγ induction and preadipocyte differentiation [76].

PPARγ plays a central role in initiating adipogenesis, and mutations of the 
PPARγ gene are associated with an altered balance between bone and fat formation 
in the bone marrow [59]. PPARγ insufficiency led to increased osteoblastogenesis 
in vitro and higher trabecular bone volume in vivo, confirming the key role of mes-
enchymal stem cell lineage allocation in the skeleton [58]. Interestingly, aged mice 
exhibit fat infiltration into bone marrow and enhanced expression of PPARγ, along 
with reduced mRNA expression of bone differentiation factors [77], and mice with 
premature aging (the SAM-P/6 model) show nearly identical patterns of adipocyte 
infiltration, with impaired osteoblastogenesis [78], indicating that aging or events 
that accelerate aging result in significant bone marrow adiposity and a defect in 
osteoblastogenesis in mice [79].

 Conclusions
Body fat and bone interplay through several adipokines and bone-derived mole-
cules, which modulate bone remodeling, adipogenesis, body weight control, and 
glucose homeostasis.

Thus, the existence of a cross talk between fat and the skeleton suggests a homeo-
static feedback system in which adipokines and bone-derived molecules form part of 
an active bone-adipose axis, which due also its peculiarity to the common origin of 
osteoblasts and adipocytes from a pluripotent mesenchymal stem cell.

When specific conditions occur, such as aging, menopause, or diseases as 
osteoporosis, obesity, or metabolic alterations, it has been observed an osteo-
adipogenic transdifferentiation and an aberrant commitment of BMMSCs into 
adipocytes because of their inability to differentiate into other cell lineages, such 
as osteoblasts.

However, the mechanism(s) by which all these events occur remains unclear, 
and this molecular control could be crucial to understand the pathogenesis of 
both obesity and osteoporosis.
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10.1  Introduction

Diabetes is a metabolic disease characterized by high blood glucose levels resulting 
from impaired insulin production or insulin resistance or both. It has been well 
established that bone fragility is a new complication of diabetes, particularly of type 
1 diabetes (T1D) [1]. Diabetes may negatively affect bone health by unbalancing 
several processes and systems: bone formation, bone resorption, collagen formation 
and collagen cross-linking, secretion of inflammatory cytokines, skeletal muscle, 
incretin system, bone marrow adiposity, calcium metabolism, etc.

Lower bone mass in T1D and compromised skeletal quality despite preserved 
bone density in type 2 (T2D) diabetes identified two different bone phenotypes that 
may reflect the peculiar pathophysiological background of the two types of diabetes. 
Indeed, although T1D and T2D share hyperglycaemia as their main hallmark, they 
are heterogeneous diseases whose aetiology and clinical presentation differ 
considerably. T1D is an autoimmune disease characterized by beta-cell destruction 
(usually leading to absolute insulin deficiency), and inflammation related to the 
autoimmune activation. T2D is due to a progressive loss of insulin secretion on the 
background of insulin resistance. In T2D, there is a “chronic low grade inflammation” 
that is directly related to “visceral obesity” and insulin resistance. Moreover, several 
anti-diabetic drugs can affect the bone strength.
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10.2  Fracture Risk in Diabetes Mellitus

10.2.1  Type 1 Diabetes

Between 1927 and 1964, it has been published some papers that suggested an 
increased prevalence of fragility fractures in T1D [1]. One of the first important 
proofs of the diabetes induced bone fragility is represented by the results of the Iowa 
Women’s Health Study, an 11-year follow-up of 32,089 postmenopausal women 
[2]. Hip fractures were found to be 12-times more common in women with T1DM 
compared to matched controls. Instead, men with T1D were found to have a 17.8 
fold increased risk of hip fractures in a 6-year follow-up of a large cohort of 
Norwegian subjects [3]. These findings were confirmed by Miao et al. with 8–12 
fold increase in hip fracture risk in a Swedish cohort of more than 99 24,000 patients 
with T1D [4]. In 2007, Vestergaard [5] and Janghorbani [6] published two large 
meta-analyses that reported, respectively, 6.9 and 6.3 fold increase in hip fracture 
risk in patients with T1D compared to subjects without diabetes. Although no large 
studies have evaluated the risk of vertebral fracture in T1D, there is data suggesting 
higher prevalence of clinical (OR = 2.5 95% CI: 1.3–4.6) [7] and morphometric 
vertebral fractures [8]. A more recent meta-analysis showed that T1D was associ-
ated with a three-fold higher risk of any fracture [9]. Moreover, a retrospective 
cohort study from the THIN database in the UK established the association between 
T1D and increased risk of fracture of lower extremities [10].

10.2.2  Type 2 Diabetes

Although T2D is less strong characterized by fragility fractures compared to T1D 
[11], evidence accumulated during the past two decades suggests that there is a 
three times increased risk of hip and other non-vertebral fractures [5, 6]. In particu-
lar, large studies such as the Health, Ageing, And Body Composition Study [12] and 
Women’s Health Initiative Observational Study [13] reported that type 2 diabetes 
was associated, respectively, with 64% and 20% increase in fractures at all sites 
compared with non-diabetic subjects, despite a higher baseline BMD. Furthermore, 
in a systematic review of 16 independent observational studies, T2D was associated 
with two to three times greater risk of hip fracture in both men and women than 
individuals without diabetes [6]. Chinese [14] and Mexican-American and non-
Hispanic black individuals [15] have also shown an increased risk of hip fracture in 
those with type 2 diabetes compared with non-diabetics. Contrasting evidence has 
been provided regarding the association between vertebral fracture and T2D, 
although a significant or a trend towards an increased vertebral fracture risk has 
been recorded [12, 13, 16].

Moreover, it is still not fully elucidated the impact of T2D on non-axial bones. 
Indeed, many studies have shown an increased risk of ankle, humerus and foot frac-
tures [17, 18] instead, a meta-analysis published in 2007 [6] has documented no 
change in fracture risk.
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10.3  Pathophysiology of Bone Fragility in Patients 
with Diabetes

10.3.1  Type 1 and Type 2 Diabetes: Insulin Deficiency, 
Hyperinsulinaemia and Insulin Resistance

10.3.1.1  Insulin Deficiency
Insulin has a key role in bone metabolism. Insulin receptor (IR) is expressed on 
osteoblasts and osteoclasts surface. Particularly, in vitro [19] and in vivo [20] stud-
ies showed that insulin increased osteoblast proliferation and upgrade osteoblast 
differentiation, with a better bone formation rate. Insulin stimulation works by 
activating the substrate of the insulin receptor (IRS), which activates the intracellular 
MAPK and PI3-K/Akt pathways that are necessary for osteoblasts growth, osteoblast 
differentiation and survival of osteoblasts. Therefore, dysfunction of osteoblasts 
may result from impaired insulin signaling. Indirectly, insulin may also affect 
osteoclast function, across the insulin signaling pathway inside the osteoblast.

Particularly, IRS-1, which is located only on the osteoblast surface, is required to 
develop osteoclast differentiation factors such as the receptor activator of nuclear 
factor kappa-B ligand (RANKL)/osteoclast differentiation factor (ODF) [21].

Some in vivo studies evidence that insulin could restore the damage of osteoclast 
and osteoblast function in association with diabetes. In fact, up-regulation of osteo-
clastogenesis and down-regulation of osteoblastogenesis were inverted by insulin 
therapy, in STZ induced diabetic rats [22]. This observation was also confirmed in 
human, in a study that included 62 patients with new onset T1D, in whom stabiliza-
tion of bone mineral density (BMD) at all sites was associated with insulin therapy 
for 7 years [23]. Moreover, studies in humans indicate a prospective interplay 
between insulin and the osteoclastic pathway. Another study demonstrated that in 
newly diagnosed T1D patients insulin therapy significantly decreases OPG levels 
[24]. An upgrade in endothelium-dependent arterial dilation was associated with 
changes in OPG levels. Unluckily, this outcome does not provide an idea in what 
way insulin affects bone resorption in vivo.

C-peptide is another factor that can also affect bone strength. It has been previ-
ously proved that C-peptide can exert extra-pancreatic effects on various metabolic 
pathways connected to cancer development and to the cardiovascular system [25]. 
There were conducted a couple of population-based cross-sectional studies to 
explore the association between BMD and c-peptide, with contradictory results. 
Particularly, Hsu et al. showed that C-peptide serum levels were notably negatively 
associated with most regional BMD in more than 6000 subjects without diabetes. 
The majority of these associations remained significant following stratification 
based on insulin levels in the serum [25]. In another study, Montalcini et al. showed 
that lumbar BMD was positively associated with C-peptide levels, unrelated with 
insulin levels [26]. In the only one cross-sectional study conducted in men and post-
menopausal women with TD2, urinary C-peptide (a marker of insulin secretion) 
was positively correlated with femoral BMD in both genders; in women, it was 
negatively related with vertebral fractures presence [27].
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10.3.1.2  IGF–1
Insulin-like growth factor 1 (IGF-1), also called somatomedin C and IR pathways 
are necessary for bone health [28]. In fact, the IGF receptor is expressed on osteo-
blasts surface [29], and IRS-1 and IRS-2 are important mediators in the IGF signal-
ing cascade [30].

Teen T1D patients have low levels of IGF-1 confronted with healthy control 
subjects [28]. Other factors such as earlier age at diagnosis and poor metabolic con-
trol were predictive of lower IGF-1 in these patients [28]. It has also been proved 
that the reduction of IGF-1 is associated with low femoral and lumbar spine BMD.

Despite the fact that low levels of IGF-1 seems to be a hallmark of T1D, some 
studies have reported a relationship between decreased serum IGF-1 and vertebral 
fractures in post-menopausal women with T2D [31].

10.3.1.3  Hyperinsulinaemia and Insulin Resistance
Hyperinsulinaemia and insulin resistance are the features of T2D. Relative increase 
in BMD observed in T2D patients compared to subjects without diabetes might be 
explained by high levels of insulin. In some cross-sectional studies has been dem-
onstrated the positive correlation between insulin and BMD [32, 33]. In fact, condi-
tions such as metabolic syndrome, polycystic ovary syndrome or lipodystrophy, that 
are associated with hyperinsulinaemia, are characterized by high BMD levels.

On the other hand, some investigators have demonstrated that insulin may be 
negatively correlated with bone mass, despite the fact that this was probably due to 
insulin resistance rather than to a “harmful” effect of insulin itself [34]. This report 
is supported by the evidence that insulin appears to be positively correlated with 
bone mass, but this correlation is inverted after adjusting for body weight [34].

However, insulin resistance may have a significant role in the bone impairment 
observed in T2D. In several studies has been already shown that a damage in insulin 
signaling in osteoblasts can negatively affect bone mass and bone quality (cortical 
porosity) [21, 35], and insulin resistance may change insulin signaling in osteo-
blasts. Particularly, insulin resistance was correlated with higher BMD with no 
dependence and after adjustment for BMI [36].

This outcome was confirmed by Shin and colleagues, who have demonstrated that 
insulin resistance (evaluated by HOMA-IR) and fasting plasma insulin levels were 
negatively correlated with BMD in a large cohort of more than 3000 Korean men 
aged ≥20 years [37]. Furthermore, insulin resistance caused by elevated levels of 
free saturated fatty acids is correlated with decreased circulating levels of osteocalcin 
(OC), which in turn brings to a declined insulin sensitivity in skeletal muscle.

10.3.2  Type 1 and Type 2 Diabetes and Bone Health: Common 
Pathways for the Bone Fragility

10.3.2.1  Glucose Toxicity on Bone Formation

Osteoblast
Hyperglycaemia exercises destructive effects on osteoblastogenesis from the first 
differentiation step. Osteoblasts derive from mesenchymal stem cells (MSC), and 
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MSC viability and clonogenicity may be reduced by high glucose concentrations. 
Hyperglycaemia exerts an unfavourable effect on Wnt/β-catenin signalling. Some 
studies made on STZ diabetic rats have demonstrated a reduction of β-catenin and 
an increased expression of the Wnt signalling inhibitors SOST and Dickkopf-related 
protein 1 (Dkk1) [38]. Bone marrow stromal cells (BMSC) faced to high glucose 
show increased adipogenic pathway. Consequently, diabetes correlated to 
hyperglycaemia may increase proliferator-activated receptor γ (PPARγ 2) expression 
and decrease runt-related transcription factor 2 (RUNX2), ALP and OC expression 
in osteoblasts. Adipogenesis appears to be precipitated by chronic rather than acute 
hyperglycaemia.

One of the mechanisms that can describe the stimulation of adipogenesis over 
osteoblastogenesis involves the PI3K/Akt pathway, which is stimulated by reactive 
oxygen species (ROS) correlated with hyperglycaemia. Additionally, advanced 
glycation end-products (AGEs) owing to prolonged hyperglycaemia could decrease 
RUNX2, OC and osterix expression [39].

The impairment in osteoblast function may also be explained by the unbalanced 
protein synthesis process. Some investigators have demonstrated that high glucose 
levels minimized tyrosyl-tRNA synthetase expression and production in osteoblast-
like UMR-106 cells, emerging in reduced protein synthesis [40]. Endoplasmic retic-
ulum function is essential to osteoblast differentiation and activity, and it may be 
suppressed by AGEs. The osteoblast death rate may be increased by high glucose 
levels. In fact, AGEs can decrease osteoblast growth and increase apoptotic death 
[39]. In several in vitro studies it has been showed the impairment of bone formation 
in human osteoblasts.

Osteocyte
A significant contribution of osteocytes on bone fragility in DM was highlighted in 
several studies. Sclerostin is one of the most important proteins counteracting bone 
formation. It operates as an antagonist of the WNT/β catenin canonical signalling 
pathway. Increased osteocyte apoptosis can lead to decreased osteocyte density [41]
and numbers as showed in several studies on STZ diabetic mice. An important role 
of sclerostin in diabetic bone metabolism is also sustained by the observation that 
treatment with sclerostin antibodies ameliorates bone mass and strength in rats with 
T2D and STZ diabetic mice. Homogeneous evidences were indicated in cross-sec-
tional studies in humans. In patients with diabetes have been observed increased 
serum levels of sclerostin. Particularly, Gennari et al. reported higher sclerostin lev-
els in T2D patients compared to controls and T1D patients [42]. Additionally, 
sclerostin levels were higher in T1D patients confronted with healthy controls [43]. 
Diabetes may have negative effect on the Wnt pathway, leading to impaired osteo-
cyte function with decreased bone formation as suggested by these evidences 
reported.

10.3.2.2  Glucose Toxicity on Bone Resorption

Osteoclast
Hyperglycaemia may negatively affect osteoclastogenesis, resulting in an impair-
ment of bone resorption. Physiological glucose levels promote differentiation of 
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embryonic stem cells (ESCs) into osteoclasts, and hyperglycaemia may impair this 
process. Anyway, the effects of hyperglycaemia on osteoclasts are controversial as 
reported in several studies. The majority of in vitro studies have showed a decrease 
in osteoclast function. High glucose levels seems to reduce nuclear factor κB (NF-
κB) activity, resulting in reduced osteoclast formation [44]. Several studies have 
demonstrated that elevated TRAP activity [45], cathepsin K activity [45] and 
RANKL levels in diabetic mice may support an increased osteoclast activity. In 
different T2D mouse models have been reported contrasting data on osteoclast 
activity. Hyperglycaemia can affect both osteoclastogenesis and osteoclast function 
with contrasting evidence as reported by both in vitro and in vivo studies. On the 
one hand, hyperglycaemia can raise bone resorption, as confirmed by RANKL 
elevation, but on the other hand may reduce bone turnover, that might be the essential 
driver of bone fragility.

10.3.3  AGEs and “Diabetic Collagenopathy”

A damage of tissue material properties may have a significant role in the develop-
ment of bone fragility, as diabetes may be characterized by an important impairment 
in bone strength that is not fully described by BMD.

It is renowned that bone ductility, hardness and strength are based on the type of 
cross-links between adjacent collagen molecules, while the mineral constituent of 
the bone matrix provides stiffness.

To stabilize the newly formed collagen fibres it has been described that are 
required two types of covalent cross-links: enzymatic cross-links (lysyl oxidase 
(LOX)-mediated cross-linking) [46] and non-enzymatic cross-links (glycation or 
oxidation-induced AGEs cross-linking) [47]. The quantity of enzymatic cross-links 
in bone is strictly controlled by the expression of LOX, which plays the role to pre-
vent imprudent accumulation of enzymatic cross-links in the physiological process 
of mineralization [46]. It has been showed that to ensure osteoblastic differentiation, 
proper enzymatic cross-link formation is also required [48]. Across the homocyste-
ine pathway, diabetes is one of the conditions that may indirectly interest LOX activ-
ity. In fact, diabetes is correlated with elevated plasma levels of homocysteine, which 
successively can down-regulate gene expression and enzymatic activity of LOX [49].

Chronic hyperglycaemia is correlated with the production of AGEs. AGEs form 
spontaneously across non-enzymatic glycation or oxidation, and a substantial body 
of evidence indicates that production of AGEs within collagen fibres has a negative 
effect on bone strength. In fact, whereas enzymatic cross-links are crucial to pre-
serve bone strength, non-enzymatic AGEs cross-links looks to injure bone quality 
[47]. Furthermore, AGEs form irrevocable cross-links among the fibres in the triple 
helix, and competitively forbid enzymatic cross-link formation because AGEs 
cross-links are made between Lys residues, which are key sites of enzymatic cross-
linking in collagen molecules. The decelerate turnover of collagen leads to storage 
of a big quantity of altered type 1 collagen, which can cause biomechanical changes 
either in cortical and trabecular bone [50].
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Furthermore, in vitro and in vivo animal and human studies showed that cancel-
lous bone is vulnerable to the storage of non-enzymatic glycation, which raises its 
propensity to fracture and reduced post-yield strain and energy.

Anyway, AGEs may also have a negative effect on bone health by causing cel-
lular disorders. In fact, important and quite clear studies have been issued that the 
interplay of AGEs with their receptor RAGE (also expressed on osteoblasts and 
immune cells) decreases osteoblast activity [51].

In spite of the fact that the osteoblast system is negatively influenced by AGEs, 
their impact on osteoclast pathway is debatable. In fact, while some investigators 
have found that AGEs can raise osteoclast activity [52]. The inhibition of bone 
resorption was established by a significant decrease in the release of type I collagen 
fragments produced by the collagenolytic enzymes secreted by osteoclasts in the 
culture medium of AGE-modified mineralized matrices.

A few in vivo clinical trials have proved to confirm the significance of AGEs on 
the damage of bone health in diabetes, concentrating on pentosidine. In fact, pento-
sidine is one of the most usual non-enzymatic cross-links in bone, and it has been 
suggested as a specific marker of AGEs in bone. Some studies on animal models 
with diabetes [53, 54] and, importantly, in TD2 patients [55], pentosidine levels are 
elevated. An important increase in pentosidine bone level, probably responsible for 
low material properties, has been demonstrated in STZ diabetic rats [54]. Taking 
into consideration these observations, plasma and/or urinary pentosidine has been 
studied as a potential new marker of bone impairment in diabetes. Particularly, 
Yamamoto et al. have observed the relation among serum pentosidine levels and 
vertebral fractures in Japanese T2D patients; Pentosidine levels were notably 
increased in post-menopausal women with vertebral fractures confronted to the 
control group [56]. In spite of the fact that glycaemic control and renal function may 
influence plasma pentosidine levels, in this cross-sectional study pentosidine was 
correlated with fractures independent of BMD, diabetic status, risk factors for 
osteoporosis, and renal function [56].

In spite of the fact that these observations indicate that the injury in collagen 
cross-links and AGE formation could explain the link among bone fragility and 
diabetes, sizable studies are needed to confirm this theory. Furthermore, the 
immunoassay necessary to identify and measure pentosidine has a reduced grade of 
sensitivity and specificity owing to various factors in blood and urine that interfere 
with immunoassay standardization [57], consequently it needs to be ameliorated.

10.3.4  Incretin System

The incretin system includes a high number of peptides but more than 90% of its 
physiological effects are realized by glucose-dependent insulinotropic peptide (GIP) 
and glucagon-like peptide-1 (GLP-1). Many studies demonstrated that the vastness 
of nutrient-stimulated insulin secretion is decreased in patients with T2D, which 
prompted investigations to find out whether endogenous secretion and/or incretin 
action is decreased in diabetic individuals. GIP plasma levels seem to be normal or 
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even increased in T2D subjects, while meal-stimulated GLP-1 plasma levels are 
mildly but significantly decreased in patients with reduced glucose tolerance or 
T2D. Instead, T1D subjects can have normal incretin responses to meals [58].

Generally, GIP and GLP-1 have short half-lives and are rapidly degraded by 
dipeptidyl peptidase-4 (DPP-4). This system is altered in T2D subjects, and drugs 
currently used to ameliorate glucose control, such as GLP-1 receptor analogs 
(resistant to DPP-4 degradation) and DPP-4 inhibitors (which decelerate the 
enzymatic cleavage of GLP-1), amplify the half-life of these native hormones.

GIP bring to bear its functions by activating a particular G protein-coupled recep-
tor (GIPR) expressed by different cells, including pancreatic beta-cells and adipo-
cytes, and seemingly also by osteoclasts [59], osteoblasts [60], osteocytes and 
chondrocytes [61].

GLP-1 exercises its effects across interplay with the GLP-1 receptor found in 
pancreatic islets, lung, hypothalamus, stomach, heart and kidney. GLP-1 may 
also have a functional link with osteoblastic cells, probably across a GPI/IPG-
coupled receptor (GLP-1R), as well showed for the first time by Nuche-Berenguer 
et al. [62].

By increasing the expression of collagen type I and the activity of alkaline phos-
phatase [58], GIP stimulates osteoblast proliferation. Moreover, GIP seems to 
inhibit osteoclast activity among cyclic adenosine monophosphate (cAMP).

Although GLP-1 on osteoblasts has not been completely explained, there are 
some evidence showing that it can induce osteogenic differentiation in bone [63]. In 
fact, some authors described the expression of GLP-1R pending osteogenic differ-
entiation of adipose-derived stem cells [63]. GLP-1 appears to be able to repress 
osteoclasts across a calcitonin-dependent pathway [62].

Some in vivo researches, using diverse animal models, have demonstrated a sig-
nificant role for incretin hormones in bone metabolism, but there are only limited 
data relating to the impact of DPP-4 inhibitors and GLP-1 agonists on bone health 
in humans [64].

Administration of GLP-1 (or its analog enzyme-resistant variant, like exendin-4) 
to normal and diabetics rats seems to rise trabecular bone mass and the expression 
of osteoblast markers. These results validate the probable anabolic effect of GLP-1 
on trabecular bone [65].

Furthermore, the administration of GLP-1 to T2D and insulin resistance mice 
had a favorable effect on bone mass, while administration to WT mice had no con-
sequence on bone structure [65].

Recent studies also show a favorable effect of GIP and GLP-1 analogs on bone 
quality in T1D. In STZ diabetic mice, GIP and GLP-1 were capable to conserve 
cortical microarchitecture and to avoid the whole bone strength loss [66].

10.3.5  Acute and Chronic Diabetic Complications

Some large studies have indicated that hypoglycaemia is strictly correlated with risk 
of falls in T2D patients [67].
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There is robust evidence sustaining a link among chronic diabetes complications 
and risk of fracture in either T1D or T2D. A few studies found no relation between 
HbA1c and BMD. Patients with complications of diabetes were distinguished by 
increased fracture risk and decreased BMD values [5]. In fact, chronic diabetes 
complications can influence the risk fracture by various mechanisms [68].

Especially, retinopathy, macrovascular disease and neuropathy can raise the risk 
of fracture by growing the probability of falls [68, 69]. In addition, in T1D diabetic 
kidney disease there is a significant growth in the risk of fractures, maybe due to 
altered vitamin D and parathyroid hormone (PTH) levels [68].

In a recent cross-sectional study, was demonstrated only a subgroup of T2D sub-
jects with microvascular complications had deficiencies of cortical bone confronted 
with T2D subjects without microvascular complications or control subjects, but the 
investigators were not able to clear this feature [70]. Alternatively, no notable dis-
tinction in trabecular bone parameters and trabecular microarchitecture was 
recorded in patients with microvascular complications [70].

10.3.6  Inflammation

Differently, either TD1 or TD2 can be contemplated as inflammatory diseases. 
Susceptibility to T1D demands an intricate interaction among genetic and 
environmental factors, but there is now higher testimony for a role of natural 
inflammation. Especially, IL-1, a pro-inflammatory cytokine central to innate 
immunity, and tumor necrosis factor-α (TNF-α) have been involved in T1D onset 
and beta cell damage having a negative effect on insulin bio-synthesis. Either 
cytokines may encourage the osteoclastogenic process and increase osteoclast 
activity by causing the expression of RANKL and by exercising an anti-apoptotic 
effect [71].

In addition it has been suggested that TNF-α may down-regulate RUNX2 and 
osterix, consequently growing the expression of sclerostin and Dkk1 [72]. 
Systematically, reduced levels of TNF-α or suppression of TNF-α by TNF soluble 
binding protein or an anti-TNF-α [73] decrease the RANKL-induced osteoclast for-
mation, repressing bone resorption.

It has been shown that a low-grade chronic inflammation is associated with the 
pathogenic processes determining TD2 [74]. IL-6 is one of the cytokines most 
strictly related to obesity and T2D, as it is released from the adipose tissue [74]. In 
fact, either insulin resistance or hyperglycaemia is correlated with increased levels 
of IL-6. Recent studies have confirmed the relationship among IL-6 and bone 
metabolism. IL-6 is able to increase osteoclastogenesis, and some investigators 
have suggested that serum IL-6 [75] and gene polymorphism in IL-6 seems to have 
a role in decreasing BMD and affecting muscle strength [75]. Anyway, contrasting 
results were obtained about the role of this cytokin on bone metabolism. Some 
authors showed that IL-6 stimulates mesenchymal progenitor differentiation on the 
way to the osteoblastic lineage, and has a positive effect on bone formation in condi-
tions of higher bone turnover [76].
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10.3.7  Marrow Adiposity

Fat cells occupy the bone marrow along with osteoblasts and their usual mesenchy-
mal precursors. In the bone marrow, constitutional transformations happen continu-
ously with ageing and various environmental and health conditions [77]. 
Transformation of marrow adiposity is a physiological age-related phenomenon 
that includes the transformation of an active marrow (hematopoietic/red marrow, 
status at birth) into a less active one (fat/yellow). This phenomenon finishes around 
the age of 25–30 years [77].

Many studies have demonstrated several pathophysiological correlations among 
adipose tissue and bone that are sustained by the common mesenchymal origin of 
osteoblasts and adipocytes [78].

Subcutaneous adipose tissue, visceral fat and bone marrow fat have typical tissue 
properties and consequently distinct metabolic activity. Fat bone marrow appears to 
be an insulin-sensitive tissue, closely in relation to systemic energy metabolism, 
because of brown adipose tissue (expression of genetic and metabolic features) [78].

Many studies have suggested that composition of bone marrow fat could be not 
normal in subjects with osteoporosis and/or T2D [78]. A few studies in humans 
have discovered an opposite association among bone marrow adiposity and BMD 
[78]. These observations propose that bone marrow microenvironment disruption 
may elevate adipogenesis at the expense of osteoclastogenesis [79].

10.3.8  Muscle

10.3.8.1  Sarcopenia
Diabetes exerts effect on all musculoskeletal system elements, including muscle, 
bone and connective tissue. Some musculoskeletal affections like diabetic 
myonecrosis, diabetic amyotrophy and osteoporosis are contemplated as diabetic 
chronic complications, confirming diabetes capability to affect the musculoskeletal 
system. In addition, diabetes is one of the states that may determine sarcopenia. In 
T1D subjects, “diabetic myopathy” is featured by decreased muscle growth and 
strength [80] and damaged stem cell differentiation regarding the myogenic lineage 
[81]. Some studies in humans have demonstrated a decrease in muscle mass and 
fibre size. Some investigators have calculated that the risk of developing sarcopenia 
is three-fold higher in T2D patients compared to non-diabetic individuals after 
adjusting for many risk factors [82]. It has been confirmed that sarcopenia expands 
the risk of falls and fractures. In spite of the fact that the mechanism supporting the 
association among sarcopenia and diabetes has not been fully described, a decrease 
in muscle protein synthesis and a growth in protein destruction owed to insulin 
resistance appear to have a significant role [83]. In postmenopausal women with 
T2D, pentosidine is negatively correlated with relative skeletal muscle mass index 
and could be an independent risk factor for reduced muscle mass. In summary, 
diabetes can induce muscle impairment and reduced muscle strength that may 
increase the risk of falls [84].
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10.3.8.2  Irisin
Irisin might be a further link within diabetes, increased risk of fracture and skeletal 
muscle. Irisin is an exercise-induced myokine that can trigger “browning” of white 
adipose tissue. In vitro and in vivo studies evidenced that irisin may have a positive 
effect on bone health. Some cross-sectional studies have demonstrated that low 
levels of irisin are correlated with vertebral fractures in post-menopausal women 
[85]. Diabetic patients have lower irisin serum levels as compared to control healthy 
individuals [86]. Animal models lacking irisin might aid to understand the processes 
underlying the damage of cortical bone that is generally seen in diabetes.

10.4  Oral Anti-Diabetic Drugs and Fracture Risk

10.4.1  Metformin

The biguanide, metformin, is globally accepted as first line therapy in the treatment 
of T2DM.  The available preclinical and clinical data seemed to indicate that 
metformin had a good safety profile regarding the bone. Indeed, in preclinical 
studies both bone mass and bone quality are improved by the use of metformin but 
there were not clearly data in clinical studies: some trials supported a beneficial 
effect of metformin on fracture risk, other reported a neutral effect. Prospective 
RCTs are needed to demonstrate its potential protective role.

10.4.1.1  Preclinical Data
Many studies evaluated the potential anabolic role of metformin on bone [87–89]  
and they have found that metformin increases cellular proliferation, ALP activity, 
calcium deposition and the number of nodules formed in rat primary osteoblasts, 
effects that may counteract the detrimental effects of hyperglycaemia on osteoblast 
function [89]. Another bone anabolic pathway increased by metformin is differen-
tiation towards the osteoblast line of bone marrow mesenchymal cell progenitors 
(BMPCs) [89, 90]. Both bone mass and bone quality are improved by the use of 
metformin [91, 92]. In particular, a recent study conducted in  vitro, in  vivo and 
ex vivo has shown that metformin may prevent the decrease in trabecular area, the 
reduction in osteocyte density, and the reduction in TRAP activity induced by high 
glucose levels [93]. Anyway, a number of preclinical studies have failed to confirm 
the anabolic role of metformin on bone [94, 95].

Some studies have demonstrated that metformin modulates the receptor activator 
of nuclear factor κB (RANK)/receptor activator of nuclear factor κB ligand 
(RANKL)/osteoprotegerin (OPG) pathway resulting in reduction of bone resorption 
[96, 97]. In contrast, a number of studies conducted in vitro and one conducted 
in vivo have found no effect of metformin on bone metabolism [98–100].

10.4.1.2  Clinical Data
Observational studies have found a reduction in fracture risk in patients treated with 
metformin. Vestergaard et al. in one of the larger case control studies (mean age 
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43 ± 27 years old (y.o.); 41.8% women) have shown that treatment with biguanide 
was associated with a decreased risk of any fractures (HR 0.81; 95% CI: 0.70–0.93) 
[7] and a historical cohort study involving 1964 T2DM (mean age 61.7 ± 14.0 y.o.; 
49% women) reported that treatment with metformin was protective against risk of 
fracture even after adjusting for other risk factors (HR 0.70; 95% CI: 0.6–0.96) [17]. 
Although some observational studies have shown a beneficial effect of metformin 
on fracture risk, there was a only trial reported a neutral effect of metformin: in a 
cohort study involving 200,000 Scottish patients with T2DM (mean age 65 y.o.; 
47% women) who were followed for 9 years, there was no association between hip 
fracture and cumulative exposure to metformin [101]. Recently data from the 
Osteoporotic Fractures in Men (MrOS) study have found that the use of metformin 
in T2DM men (aged ≥65 y.o.) did not affect the risk of bone fractures  [102].

There has been one randomized trial, ADOPT, designed to compare metformin 
with other treatments on glycaemic control; in particular, 1840 women and 2511 
men were randomly assigned to rosiglitazone, metformin, or glyburide [103]. 
Fractures were identified as adverse events in ADOPT, and it has been reported 200 
fractures in 4351 patients followed for a median period of 4 years. In the group 
treated with metformin (mean age 57  ±  10 y.o.; 44% women), the cumulative 
incidence of fracture (women and men) was 1.20 per 100 patients years, with a 
cumulative incidence of fractures (95% CI) of 5.6% (4.1–7.1) at 5  years [104]. 
Fracture incidence was similar in the group randomized to sulfonylureas (mean age 
57 ± 10 y.o.; 42% women).

10.4.2  Sufonylureas

The sulfonylureas cause increased secretion of insulin by binding to an adenosine 
triphosphate (ATP)-dependent K+ channel on the cell membrane of pancreatic beta 
cells. This class of drugs increased the risk of hypoglycaemia [105], which is asso-
ciated with increased fracture risk [106]. However, only a few investigators have 
examined their biological effects on bone.

10.4.2.1  Preclinical Data
A small number of studies have investigated the effect of these drugs on bone for-
mation and no consistent data have been available about the influence of sulfonyl-
ureas on bone resorption. We have only a few preclinical data that seem to not 
increase the risk of fracture.

10.4.2.2  Clinical Data
There were not many studies that evaluated the effects of this drug on bone metabo-
lism: in most trials, sulfonylureas have been considered as a control group in order 
to investigate the effects of other anti-diabetic treatments (frequently TZDs). A 
major limitation of these kind of studies was the lack of distinction between trau-
matic and fragility fractures. The only randomized trial of sulfonylureas was the 
ADOPT trial in which were reported fractures on 49 patients (3.4%) that belonged 
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to the glyburide group, with incidence corresponding to 1.15 per 100 patient years, 
with a cumulative incidence of fractures (95% CI) of 5.7% (3.9–7.6) at 5  years 
[104]. This was the same incidence of the metformin group in ADOPT (as above). 
A larger prospective cohort study which involved 84,339 Canadian patients (mean 
age 59 y.o.; 43% women) has shown that patients treated with sulfonylureas had a 
lower fracture risk than patients treated with TZDs [107]. Moreover, other observa-
tional studies have reported a neutral effect of sulfonylureas on bone. A case–con-
trol study involving 1945 Italian patients affected by T2DM who were followed for 
4 years has found no significant association between bone fractures and sulfonyl-
urea treatment [108]. Similarly, a population-based study involving 1964 Rochester 
residents has shown no significant impact of this drug on fracture risk [18]. Recently, 
data from the MrOS study has been shown that sulfonylurea use may represent a 
risk factor for non-vertebral fracture in older men with T2DM HR 95% CI 1.66 
(1.09, 2.51) [102].

10.4.3  Thiazolidinediones

Thiazolidinediones such as pioglitazone (PIO) and ROSI were introduced in the late 
1990s for the treatment of T2DM.  They exert their function by activation of 
peroxisome proliferator-activated receptors (PPARγ) which increase hepatic and 
peripheral insulin sensitivity. The family of PPARs consists of three isoforms: 
PPARα, PPARβ/δ, and PPARγ [109]. Activation of PPARγ stimulates adipogenesis 
and suppresses osteoblastogenesis and so it determines the reduction of the osteo-
blast pool in bone marrow [110]. Several studies have demonstrated that TZDs 
negatively affect the bone health, increasing bone resorption and decreasing bone 
formation. We have a lot of preclinical and clinical data that seem to confirm the 
association between TZDs use and increased risk of fracture in women. These 
studies revealed involvement of the central (spine and hip) and peripheral sites and 
it is likely to be stronger with longer exposure duration in postmenopausal women. 
There were not clearly data on fracture risk in men.

10.4.3.1  Preclinical Data
Several studies have demonstrated that TZDs have an adverse effect on bone, 
increasing bone resorption and decreasing bone formation. It has not yet been fully 
elucidated how the TZDs decrease bone formation. BMPCs are able to differentiate 
into different cell lines (e.g., osteoblasts, myoblasts, chondrocytes, adipocytes). 
PPARγ stimulated differentiation into adipocytes, regardless of BMPCs trans-dif-
ferentiation towards the osteoblast line [110]. This imbalance between adipocyte 
and osteoblast formation [111, 112] has been the main cause of TZD-induced 
impairment of bone metabolism. TZDs also interact with the canonical wingless-
type MMTV integration site family (Wnt) that is an important regulatory pathway 
in the osteogenic differentiation of BMPC. In fact, its activation results in enhance-
ment of bone formation. Studies in  vitro and in humans have shown that ROSI 
increased Dickkopf-1 protein (DKK1), an inhibitor of canonical Wnt signalling 
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[113]. Other studies in osteocytes from a murine cell line have demonstrated that 
both ROSI and PIO determined osteocyte apoptosis [114, 115], sclerostin up-regu-
lation [114] and enhanced expression of sclerostin in the absence of oestrogen 
[115]. It has been demonstrated that GH/IGF axis plays a prominent regulatory role 
in skeletal development and mineral acquisition [116]. Some studies suggest that 
TZDs may affect bone formation by decreasing the concentration of IGF-1 [117]. 
TZDs increase bone resorption rate (potentially via enhancement of osteoclast dif-
ferentiation) [118] and osteoclast number [119], and decrease expression of OPG in 
a murine model [120] and in human BMPC [121]. The increased resorption rate was 
associated with significant reductions in BMD, BMC [120], and mechanical strength 
in mice [119]. Moreover, there was evidence to suggest a link between TZD and 
oestrogenic metabolism. In fact, in adipose stromal cells, PPARγ ligands inhibit 
aromatase expression [122, 123]. Studies have shown that in ovarian granulosa 
cells, TZD inhibits oestrogen synthesis by interfering with binding of androgen to 
aromatase [123].

10.4.3.2  Clinical Data
A number of observational studies have underlined the reduction in BMD associ-
ated with TZD treatment. In particular, the Health, Aging and Body Composition 
cohort reported a decrease in BMD (total, lumbar spine and trochanteric) among 
women but not men treated with TZDs after 4 years of follow-up [124]. The detri-
mental effects of TZDs have been particularly evident in women [107, 125–127] but 
a small number of studies also suggested the presence of negative effects in men 
[128–131]. Indeed, in a meta-analysis which included 10 randomized controlled 
trial (total 13,715 participants) and two observational studies (31,679 participants), 
it has been shown that there was no significant association between TZD therapy 
and fragility fracture in men, while both ROSI and PIO treatment increased fracture 
risk in women compared to control therapy. Regarding the site of fractures, these 
studies have demonstrated involvement of the vertebrae [126, 129, 131, 132] and 
hip [128, 129, 131, 132], but have also documented bone damage at peripheral sites 
such as ankle and foot [107, 127, 131, 133, 134]. The fracture risk was similar both 
with ROSI than PIO [129–131, 134, 135] and it was likely to be stronger with longer 
exposure duration of treatment [131, 132].

10.4.3.3  Rosiglitazone
In healthy [136, 137] postmenopausal women with T2DM [138] and in men 
affected by T2DM, treatment with ROSI has been associated with a significant 
reduction in BMD [139], specially at the femoral neck and total hip [140]. The 
same study has shown that there was not further bone loss after cessation of ROSI 
administration, and that bone loss at the total hip was reduced when treatment was 
switched from ROSI to metformin [140]. The treatment with ROSI is associated 
with an increased risk of fracture specially in women >60 years of age. The lower 
and upper limbs were the sites most commonly affected [104]. Instead, in men, 
studies have seemed to show a neutral effect of ROSI treatment, on the risk of 
fractures [104, 141].
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10.4.3.4  Pioglitazone
Studies have shown that treatment with PIO induces a significant reduction in BMD 
at the lumbar spine and femoral neck and radius but not at the lumbar spine in 
women and men with T2DM [142, 143]. As regards the fracture risk the treatment 
with PIO, as the ROSI, is associated with an increase of fracture. The fracture rate 
was higher in older women and risk raised only after the first year of treatment. No 
increase in fracture risk was found in men [144].

10.4.4  Incretin System

Incretins are a group of gastrointestinal hormones that causes a decrease in blood 
glucose levels by inhibiting glucagon release, reducing gastric emptying and food 
intake and potentially raising the amount of insulin released from the beta cells. 
Exendin-4 is a peptide agonist of the GLP receptor. Both GLP-1 and GIP are rapidly 
inactivated by the enzyme dipeptidyl peptidase-4 (DPP-4) [145]. Incretins may 
regulate bone system, due to the regulation of cellular proliferation of progenitor 
bone forming mesenchymal cells [146]. Several preclinical studies have showed 
positive effects of the incretin system on bone: they determine an increase in bone 
formation and a decrease in bone resorption otherwise, recent studies have demon-
strated no significant clinical effect of this system on skeletal tissues.

10.4.4.1  Preclinical Data of GLP-1
Some studies, which have investigated the effects of GLP analogues on bone tissue 
have demonstrated rate in response to these agents. Receptors for GLP-1, GLP-2, 
and GIP are present on human osteoblastic cells at different stages of differentia-
tion, and this may be the link between GLP1 and bone formation [146]. Probably, 
exendin-4, a GLP-1 analogue, interacts with the WNT pathway to rise bone forma-
tion; indeed, the treatment with exendin-4 is associated with a reduction in scleros-
tin in murine osteocytes and, in  vivo, in diabetic rats [147]. Both GLP-1 and 
exendin-4 interact with bone resorption: increasing the OPG/RANKL ratio [65, 
148, 149] and increased expression of calcitonin [150].

10.4.4.2  Preclinical Data of DPP-4 Inhibitors
The studies that evaluated the effects of DPP-4 inhibitors on bone formation have 
shown contradictory results. Anyway, no strong evidence is available about the 
relationship between DPP-4 inhibitors and bone resorption.

10.4.4.3  Clinical Data
There are contrasting data about BMD change and treatment with GLP analogues. 
Recently, Su et al. have reported a different fracture risk based on the different 
GLP-1 analogues treatment. In particular, liraglutide was correlated with a signifi-
cant reduced risk of fractures (MH-OR = 0.38, 95% CI: 0.17–0.87), instead exena-
tide was associated with increased fracture rate (MH-OR = 2.09, 95% CI: 1.03–4.21) 
[151]. DPP-4 inhibitor therapy was associated with reduced risk of fracture (OR 
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0.60; 95% CI: 0.37–0.99) even after the exclusion of comparisons with TZDs or 
sulfonylureas [152]. The main limitations of the study were that fractures were 
reported as adverse events and not as primary or secondary end points, and that the 
mean duration of the trials was only 35 weeks.

10.4.5  SGLT2 Inhibitors

Sodium glucose co-transporters 2 (SGLT2) allow the reabsorption of glucose in the 
proximal tubule of the kidney. SGLT2 inhibitors decrease plasma glucose by 
lowering the renal threshold for glucose and increasing urinary glucose excretion. 
The mechanism of action of these agents has raised concerns about bone safety but, 
currently, only a few studies have focused on the relationship between SGLT2 
inhibitors and fragility fractures. Canagliflozin seems to negatively affect bone.

10.4.5.1  Clinical Data
It has been shown that Canagliflozin was associated with a slight decrease in total 
hip BMD but not at other sites measured and no meaningful changes in bone 
strength were observed [153]. Watts and colleagues have confirmed the impairment 
of bone health related to the use of canaglifozin [154]. Indeed, in CANVAS trial a 
significant increase in fractures was recorded with canagliflozin versus placebo that 
was balanced between upper and lower limbs [154]. Although there is poor evi-
dence that has investigated the relation between bone system and dapaglifozin, it 
seems to have a neutral effect on bone. There are only two studies in which effects 
of dapagliflozin on bone-related primary or secondary endpoints have been exam-
ined and no BMD and/or fracture risk changes have been reported [155, 156].

10.5  Bone Biomarkers in Diabetes Mellitus

Several studies have investigated bone biomarkers in patients affected by DM aim-
ing to understand how DM affects bone formation and bone resorption.

In children affected by T1D, both formation markers (OC, TRAP and P1NP) 
[157, 158] and resorption marker (CTX) [157] seem to be lower at onset [157], even 
if they tend to get normalized over the time.

In adults T1D, contrasting evidences have been reported. Some authors have 
found no differences in bone biomarkers between patients with T1D compared to 
control [159], whereas in other study it has been revealed a reduction of bone for-
mation markers OC and BAP in T1D patients compared to control [160]; these 
evidences suggest a reduced bone metabolism in T1DM. Moreover, a reduced level 
of IGF-1 was recorded in patients with T1DM compared to T2DM [161].

Although in T2D evidences have not been univocal, newer evidences seem to 
suggest a reduction in both formation and resorption markers [162].

Recently, it has been reported that sclerostin, an inhibitor of WNT-signaling, was 
increased in patients affected by T2DM compared to T1DM and control subjects 
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[163, 164]. It has also been found a positive correlation with BMD [165]. These data 
suggested a potential pathogenic role of sclerostin in bone metabolism of T2DM 
patients.

Several studies investigated the relationship between bone biomarkers and verte-
bral fractures in T2DM and all evidences seem to point out a decreased bone turn-
over sustained by a reduction in IGF-1 [31] and OC [166] levels and by an increase 
in sclerostin levels [31, 167]. This observation was also supported by Jiajue and 
colleagues who have found an association between low P1NP levels and high CTX 
levels with bone fractures in patients with T2DM [168].

Finally, a recent meta-analysis which included 22 studies has shown that OC and 
CTX were usually decreased in patients affected with DM; in particular, in T1D 
there was a significant reduction in OC levels compared to controls whereas a 
borderline significance was reported in T2D. It has been also found a significant 
increase in ALP values in subjects with DM compared to control subjects [169].

Furthermore, P1NP, PTH, calcium, BAP, CICP, and DPD were also evaluated, 
but no differences were found between subjects with diabetes and controls.

10.6  How to Estimate the Fracture Risk in Diabetes

10.6.1  Bone Mineral Density

It is well known that fracture risk is increased in patients affected by DM, both type1 
and type2, but this observation is not sustained by the same trend in BMD values.

In a meta-analysis, reduced BMD Z-score was found at the spine and at the hip 
in patients affected by T1DM, with an average decrease of 22% in spine BMD and 
of −37% at hip Z-score when T1DM patients were compared with age and gender 
matched controls [5]. Instead, increased BMD at the spine and at the hip were found 
in T2DM patients [5].

Moreover, in T1D subjects, several studies have reported a significant decrease 
in BMD at either the spine, hip or total [170–172], although few studies have 
reported no reduction in BMD values [173].

When T1DM onset was reported in childhood before the peak of bone mass, 
BMD was 0.5–1.0 SD lower [174], but seems only be transiently reduced, with an 
increase during the puberty [175]. However, the majority of the studies reported a 
decreased BMD with longstanding T1DM [170, 176]. Furthermore, diabetic com-
plications and poor glycaemic control seem to have a detrimental effect on BMD in 
T1DM patients as most of the studies reported [174, 177].

Instead, T2DM has characterized by an increased risk of fractures despite normal 
to high BMD at both the hip and spine [178]. In a meta-analysis, Vestergaard et al. 
have reported 4–5% higher BMD in T2DM patients compared to controls [5].

No significant differences were reported between men and women [178] and 
across different ethnic groups as Mexican American, white, and black [179]. Fewer 
studies have been conducted among Asian populations and results have shown a less 
marked association between T2DM and increased BMD [180].
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It is controversial the relationship between BMD and BMI.  In several studies 
BMI is strongly positive associated with BMD [133, 178], although higher values 
of BMD persist in T2DM patients after adjusting for BMI [179].

However, despite the relatively higher BMD, it has been well documented an 
increased rate of bone loss among patients affected by T2DM. Several studies such 
as the Study of Osteoporotic Fractures [181], the Fracture Intervention Trial [182] 
and the Study of Women Across the Nation [183] have documented an increased 
BMD loss, especially at the hip, in T2DM women compared with matched controls 
without diabetes. Only in the multiracial Health, Ageing, and Body Composition 
Study these findings have been reported only in white women and not in black 
women and men with diabetes [184].

10.6.2  Bone Quality

In the recent years, bone quality has raised as a relevant element to understand the 
detrimental impact of DM on bone. Different procedures have been used to assess 
bone quality in subjects affected by T1D or T2DM.

High-resolution peripheral quantitative CT (HR-pQCT) is a non-invasive method 
used to assess bone microarchitecture in  vivo. In T1DM patients affected by 
retinopathy, bone volume of the proximal tibia was lower compared with control 
subjects [185]. Furthermore, lower trabecular volumetric BMD at the ultradistal 
radius and tibia and lower cortical thickness at the tibia have been reported in T1DM 
patients compared to healthy subjects. HR-pQCT impairments were more severe in 
patients with microvascular complications [186].

In T2DM it has been reported a deficit in cortical bone represented by cortical 
porosity and lower cortical density. In particular, for the first time, Burghardt et al. 
have reported a deficit in cortical bone among postmenopausal women with T2DM, 
whereas trabecular bone microarchitecture was similar to control subjects [187]. This 
pattern was also reported in postmenopausal African-American women with T2DM 
[188] and in postmenopausal women with T2DM and fragility fractures [189].

In the recent years it has been developed the microindentation, a new technique 
able to test the bone material properties in vivo, producing microindents over the 
midshaft of the anterior tibia, which provides a measure of bone resistance using the 
“bone material strength index” or BMSi (24123088). Farr and colleagues have 
found a significant BMSi reduction in T2D patients compared to control healthy 
subjects [190].

Trabecular bone score (TBS) is another recent method to assess bone quality in 
patients with osteoporosis and it is related to textural parameter correlated with bone 
microarchitecture, expression of trabecular number and disposition. A low value of 
TBS reflects a weak bone architecture that can lead to an increased risk of fracture.

In two different cohorts of patients with T2DM, TBS was lower in women 
[191, 192] and men [192], despite higher values of BMD. Interestingly, in these 
studies TBS was negatively correlated with glycaemic control. Finally, in a large 
retrospective analysis of postmenopausal women, after adjustment for possible 
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confounding factors, women with diabetes showed reduced values of lumbar TBS 
but not impaired BMD values [193].

Only one study was conducted among patients with T1DM and it has been found 
lower TBS values among patients with T1DM with previous history of bone frac-
tures [194].
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11.1  Renal Disease and Mineral and Bone Disease

According to the international KDIGO guidelines, the diagnosis of chronic kidney 
damage (CKD) or of decreased kidney function (chronic renal failure, CRF) is 
defined by the evidence, for 3 or more months, of any pathologic abnormality of the 
kidney. Abnormalities can be evidenced by urinary sediment, renal biopsy, or imag-
ing studies. First thing to notice is that these abnormalities may occur in the pres-
ence of normal or decreased glomerular filtration rate. Glomerular filtration rate 
(GFR), the most widely employed method to assess renal function, is commonly 
referred to as creatinine clearance; however, in recent years, different formulas have 
been provided that allow to estimate GFR (eGFR). The esteem can be obtained with 
few anthropometric parameters and/or biochemicals and, importantly, serum creati-
nine. Following their diffusion, these formulas have been applied also to the general 
population, and it has become evident that the reduction of GFR is more common 
than expected, in particular in elderly people. It is now appreciated that CRF preva-
lence in the general population averages 9% in Europe but has been reported to 
reach 13% in countries outside Europe. The condition of reduced GFR cannot be 
regarded as a nephrologic problem, since it is commonly recognized that CRF car-
ries a significant increase in the overall and cardiovascular risk of mortality. A semi-
nal publication by Levey et  al. [1] has clearly evidenced that it is not only the 
reduction of GFR (which could arise from aging or from vascular diseases like 
hypertension) but also the degree of proteinuria (which is expected to arise from 
glomerular or tubular damage) that contributes to increase the cardiovascular bur-
den of renal insufficiency [1]. CRF is thus divided into five different grades of 
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reduction (G, 1–5) and three levels of albuminuria (A, 1–3). The resulting GA clas-
sification of the individual patient is relevant for the prognostic value in terms of 
both progression of renal disease and cardiovascular risk. Accordingly, any physi-
cian should know and apply this classification to their patients.

Another cultural achievement in the field of nephrology has been the recognition 
that also the disturbances in mineral and bone metabolism may play a role in the 
increment of morbidity and mortality that goes along with progression of CRF. Until 
recently, the attention on bone disease in CRF was focused on the more severe and 
advanced stages of the disease, in patients receiving dialysis. In these patients, the 
disease of the bone was severe with deformities and/or non-healing fractures which 
were mostly referred to secondary hyperparathyroidism (SHP) and hypovitaminosis 
D. In more recent years, the attention has moved to the early stages of CRF which 
involve a much larger number of subjects. The biochemical derangements of SHP 
(hypocalcemia, hyperphosphatemia, hyperparathyroidism, and hypovitaminosis D) 
have been enriched by the discovery of specific receptors for serum Ca and vitamin 
D (which are expressed in most of the cells in the organism) and of the FGF23/
Klotho system. This last system can be regarded as responsible for the dialogue 
between the bone and kidney. Bone cells synthesize FGF23 which is determinant 
for the regulation of renal phosphate excretion and balance and for the fine-tuning 
of vitamin D synthesis; renal tubular cells, on the other side, produce klotho, a core-
ceptor that renders the selective action of FGF23 at renal and extrarenal sites. Also, 
other bone proteins (e.g., osteocalcin, sclerostin, DKK1, the SIBLINGS family, 
etc.) have gained attention because of their potential role in extra-skeletal calcifica-
tion which is now regarded as essential for the cardiovascular morbidity and mortal-
ity specifically carried by CRF.

As a result, renal osteodystrophy, the disease of bone that affects patients with 
CRF, is now re-comprised in a larger clinical entity named CKD-MBD which 
includes the biochemical derangements of divalent ions of renal patients, the 
presence of bone disease, and the presence of vascular and ectopic calcifications. 
All of these derangements are considered to occur together and in variable 
degrees as a consequence of CRF and to be responsible, at least in part, of the 
cardiovascular risk now appreciated in renal patients. For this reason, numerous 
research efforts are under way to try to discover the precise pathomechanisms of 
these derangements with the aim of discovering new, more successful, therapeu-
tic strategies.

11.2  Pathogenesis of Bone Disease in Renal Patients

The pathophysiology of bone disease in chronic kidney disease (CKD) is com-
plex. The kidney is essential for regulation of mineral metabolism, and it has 
been known for many years that renal patients are affected with bone disease as 
a result of significant derangements in divalent ions. Kidneys are involved in 
divalent ion homeostasis not only by renal handling of ions but also because of 
the synthesis of hormones affecting mineral metabolism and bone cell activity. 
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As a consequence, mineral abnormalities can be secondary to either a defect of 
some specific renal tubular cell activity (generally associated with normal glo-
merular filtration rate) or a generalized involvement of the organ affecting both 
glomerular and tubular structures (mostly resulting in variable degrees of renal 
failure).

Different renal diseases may produce different bone diseases as a reflection of 
the resulting metabolic alteration [2], and the presence or not of renal insufficiency 
is always essential for the final clinical picture. Accordingly, we can consider that 
bone disease may be secondary to CKD with or without reduced glomerular filtra-
tion rate (or chronic renal failure).

11.2.1  Bone Disease in Chronic Kidney Disease Without Chronic 
Renal Failure

Calcium and phosphate are divalent ions essential for skeletal health. Kidneys play 
a central role in the handling of these ions, through processes of glomerular filtra-
tion and tubular reabsorption and/or secretion. Under physiologic conditions, the 
balance of calcium and phosphate is maintained by tiny adjustments of urinary 
excretion that guarantee neutral balance. Renal tubular disorders that lead to cal-
cium and/or phosphorus imbalance result in bone disease.

In particular, tubular defects of calcium handling are responsible for calcium 
leak, negative calcium balance, and osteoporosis [3]. Interestingly hypercalciuria 
can be secondary to genetic disorders [4] referable to single or multiple transport 
protein defects. For example, genetic disorders of the voltage-dependent chloride 
transporter, CLC-5, have been reported in four different hereditary hypercalciuric 
syndromes with nephrolithiasis: Dent’s disease, X-linked recessive nephrolithiasis 
(XRN), X-linked recessive hypophosphatemic rickets (XLRH), and Japanese idio-
pathic low molecular weight proteinuria (JILMWP). The first and the third of these 
syndromes are also characterized by bone involvement [5]. In these syndromes, 
defects in tubular endocytosis and/or protein trafficking, resulting in defective reab-
sorption of the vitamin D-binding protein-25-hydroxyvitamin D complex and in 
defective activation of vitamin D [6], are claimed to explain the presence of 
rickets.

Genetic mutations of phosphate transport proteins also result in bone disease. 
For example, hereditary hypophosphatemic rickets with hypercalciuria (HHRH) is 
a rare autosomal recessive disorder characterized by hypophosphatemia secondary 
to renal phosphate wasting, muscle weakness, bone pain, limb deformities, and 
rickets. HHRH is distinct from other forms of hypophosphatemic rickets since it 
results from a loss-of-function mutation in sodium/phosphate cotransporter 2c 
(Na/P 2c) [7] leading to hypophosphatemia, low FGF23 levels, increased 1,25-dihy-
droxyvitamin D synthesis, increased intestinal absorption of calcium, and finally, 
hypercalciuria.

Renal tubular acidosis, a group of renal transport defects of bicarbonate reab-
sorption or of hydrogen excretion, also affects bone mineral composition. In fact, 
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acidosis favors ion exchange between H+ and Ca++ [8] and stimulates the buffer 
function of bone by directly dissolving the mineral component. Further, chronic 
acidosis affects bone cell activity through induction of PGE2 [9] and RANK-L pro-
duction [10], which result in disturbed collagen synthesis and increased osteoclast 
differentiation [11]. Also, acidosis inhibits expression of selective calcium transport 
channels in renal tubular cells, thus inducing urinary calcium excretion and negative 
calcium balance [12]. Further possible links between acidosis and bone can be 
guessed from the recent experimental evidence of proton-sensing receptors [13] and 
of acid-sensing ion channels in bone cells [14]. The typical clinical manifestations 
of bone involvement in acidosis are osteomalacia, osteopenia, and/or osteoporosis 
resulting from either defective mineralization, increased osteoclastic activity, or uri-
nary calcium leak.

Multiple defects in tubular transportation are also possible in Fanconi syndrome 
which leads to hypophosphatemia, hypercalciuria, aminoaciduria, glycosuria, aci-
dosis, vitamin D deficit, and then, osteomalacia or rickets (Table 11.1) [15].

Table 11.1 Bone involvement in kidney diseases

Bone disease Kidney disease Biochemical derangement
Osteoporosis RTA1, RTA2

(tubular disorders with metabolic acidosis)
Low pH
Normal anion gap
High serum Cl

Idiopathic hypercalciuria High urinary Ca
     −  X-linked recessive nephrolithiasis 

(XRN)
     −  Japanese idiopathic low molecular 

weight proteinuria (JILMWP)

Renal failure
High urinary Ca
Proteinuria

Osteomalacia 
rickets

− Dent’s disease
− X-linked recessive hypophosphatemic 
rickets (XLRH)

Renal failure
High urinary Ca
High urinary PO4

Proteinuria
Hereditary hypophosphatemic rickets with 
hypercalciuria (HHRH)

Low serum PO4

High serum 1,25D
High urinary Ca
High urinary PO4

Multiple renal tubular 
defects

Fanconi syndrome Multiple renal tubular 
defects

Renal 
osteodystrophy

Chronic kidney failure High PTH
Low serum 1,25D
Low serum Ca
High serum PO4

High/normal BALP
Low pH
Low Klotho
High FGF23

RTA renal tubular acidosis, 1,25D calcitriol, PTH parathyroid hormone, FGF23 fibroblast growth 
factor 23, Ca calcium, PO4 phosphate, BALP bone-specific alkaline phosphatase, Cl chloride
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11.2.2  Bone Disease in Chronic Kidney Disease with Chronic 
Renal Failure

The presence of reduced GFR changes completely the clinical spectrum of bone 
disease secondary to CKD. In fact, besides the classical derangement in divalent 
ions and the associated SHP, new pathomechanisms have been recently discovered. 
Further, in particular in the more advanced stages of renal disease, CRF carries the 
metabolic abnormalities of uremia, responsible for very specific clinical pictures.

11.2.2.1  Calcium, Phosphate, PTH, and the Vitamin D/FGF23/
Klotho System

Chronic renal failure typically associates with a complex endocrinopathy whose 
pathomechanisms are still incompletely understood. A major aspect of this endocri-
nopathy involves divalent ions and bone metabolism. It is interesting to note that 
until recently, the disorders of calcium, phosphate, parathyroid hormone, and vita-
min D have been regarded as the culprits of renal bone disease, generically recapitu-
lated in the term ROD.

However, the discovery of new actors like the FGF23/Klotho system and the Wnt 
pathway (see later) which are deeply intertwined with bone function has changed 
the picture. In fact, it is now possible to envisage that the diseased bone of renal 
patients is itself responsible of or involved with the systemic manifestations of CRF 
including left ventricle hypertrophy (LVH) and vascular calcification.

Typical disturbances of mineral metabolism in chronic renal failure are hyper-
phosphatemia, hypocalcemia, low vitamin D, and high PTH. Divalent ions are regu-
lated by kidney filtration, resorption, and excretion. Abnormal levels of these ions 
are detectable only late in the course of renal failure, when glomerular filtration rate 
(GFR) is less than 30 ml/min. In fact, in the early phases of CRF, the initial loss of 
nephrons associates with increased fractional excretion in the intact nephrons aim-
ing at maintaining normal levels of phosphate. Two hormones are essential to drive 
this adaptation: parathyroid hormone (PTH) and fibroblast growth factor 23 
(FGF23). Both are responsible for internalization and degradation of the sodium-
dependent phosphate cotransporter 2a (Na/P 2a) in the proximal tubule [16]. 
Hyperphosphatemia increases PTH and FGF23 secretion [17, 18], thus rising phos-
phate excretion. However, this system becomes insufficient when the residual num-
ber of functional nephrons cannot face the dietary load of phosphate. Kidney 
resistance to phosphaturic hormones secondary to reduced tubular expression of 
Klotho may also play a role. Klotho is a transmembrane protein primarily expressed 
in the distal tubular cells [19] where it acts as an obligate coreceptor for the bone-
derived protein fibroblast growth factor 23 (FGF23). Clinical data in CKD evidence 
early reduction of circulating renal Klotho expression [20, 21], which is considered 
a hallmark of tubular cell resistance to FGF23, whose levels eventually increase. As 
a result, circulating levels of calcitriol (1,25D) decrease [22] since FGF23 is a potent 
inhibitor of vitamin D metabolism, both by inhibiting its synthesis (through inhibi-
tion of the enzyme 25-hydroxyvitamin D-1-alpha-hydroxylase) and by increasing 
its degradation (through activation of the enzyme 24-hydroxylase) [23]. 1,25D 
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declines progressively also as a consequence of tubular damage leading to reduced 
ability to synthesize 1,25D. Calcitriol deficiency in turn decreases intestinal absorp-
tion of phosphate. However, also intestinal absorption of calcium is reduced and is 
responsible for hypocalcemia.

Reduction in 1,25D, hypocalcemia, and hyperphosphatemia is all capable of 
stimulating parathyroid gland secretion and cell proliferation. 1,25D normally sup-
presses PTH by several mechanisms: PTH gene transcription inhibition [24], antip-
roliferative action on parathyroid cells, and upregulation of calcium-sensing 
receptor expression (CaSR), which sensitizes parathyroid cells to the inhibitory 
effect of calcium [25]. Hypocalcemia stimulates PTH secretion directly by increas-
ing PTH gene expression and indirectly by exerting an antiproliferative role on 
parathyroid gland [26]. Hyperphosphatemia contributes to secondary hyperparathy-
roidism through direct effects on PTH synthesis (stabilization of PTH mRNA) and 
cell proliferation [27].

As a whole, these biochemical alterations combine to produce the clinical picture 
of secondary hyperparathyroidism of uremia, including the complex and specific 
bone disease known as renal osteodystrophy (ROD). In fact, the alterations of min-
eral metabolism lead to defective skeletal mineralization, while the chronic excess 
in circulating PTH, according to its catabolic action [28], leads to both high bone 
formation and resorption rates and accumulation of unmineralized osteoid.

11.2.2.2  The Canonical Wnt/Beta-Catenin Pathway
The canonical Wnt/beta-catenin signaling pathway has been recognized in the last 
decade as a major player in bone formation and resorption. In particular the canoni-
cal Wnt pathway is activated when any of several ligands interact with a complex 
receptor formed by the transmembrane Frizzled (Frz) receptor and the low-density 
lipoprotein coreceptor-related proteins (LRP) 5/6. When stimulated, the key func-
tion of the canonical Wnt pathway is to increase bone mass through a number of 
mechanisms including renewal of stem cells, stimulation of preosteoblast replica-
tion, induction of osteoblastogenesis, and inhibition of osteoblast and osteocyte 
apoptosis [29].

The Wnt pathway is tightly regulated by several receptor inhibitors, including 
Dickkopf-related protein 1 (DKK1), sclerostin, and secreted frizzled-related protein 
4 (sFRP4). Wnt receptor inhibition reduces osteoblastogenesis and promotes osteo-
blast and osteocyte apoptosis, thus exerting a powerful anti-anabolic effect.

Alterations in Wnt signaling or of Wnt inhibitor levels are present in patients 
with CKD.  In particular, recent evidences suggest that Wnt pathway inhibition 
could be an early event in the pathogenesis of ROD.  An increase in circulating 
blood levels of Wnt inhibitors (DKK1 and sclerostin) can be observed in CKD 
patients since the early stages [30, 31]. Indeed, CKD mice showed increased expres-
sion of Wnt antagonists (sclerostin and sFRP4) [32] associated with progressive 
increment of osteoclast activity. Similarly, bone expression of sclerostin increased 
in CKD patients starting from stage 2 [33], and most of the patients in this study 
showed a low bone turnover, despite progressive increments in PTH levels [33]. 
Finally, sclerostin has been shown to correlate negatively with osteoblast number 
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and bone turnover in hemodialysis patients [34]. According to these evidences, it 
has been suggested that the inhibition of Wnt pathway, in the early stages of CKD, 
could be determinant for the development of the frequently observed low turnover 
ROD [35].

In addition to Wnt inhibitors, other osteocyte-derived factors are involved in the 
regulation of bone metabolism and turnover in CKD. In particular, FGF23 and den-
tin matrix protein 1 (DMP1) are both upregulated in all stages of CKD, as compared 
to normal controls [33, 36]. DMP1, a member of the small integrin-binding ligand, 
N-linked glycoprotein (SIBLING) family proteins, is a powerful suppressor of bone 
FGF23 expression [37]. However, its osteocytic expression increases early in CKD 
despite high osteocytic FGF23 synthesis [33, 36], and the expression of both pro-
teins is inversely related to osteoid accumulation [36] suggesting a role in bone 
mineralization. The increase in bone FGF23 and DMP1 expression suggests that 
osteocyte function is altered early in the course of CKD. Importantly, the mecha-
nism by which these proteins regulate the process of calcification in bone could be 
exactly the same as that of ectopic vascular calcification. No surprise then that they 
are the subject of significant research investment for the potential therapeutic 
implication.

11.2.2.3  Metabolic Acidosis
In normal conditions acid-base balance is maintained by renal excretion of the daily 
acid load. Elimination of this acid load is achieved by the urinary excretion of 
hydrogen ions, both as titratable acidity and as ammonium. Along with the decline 
of functioning nephrons, acid excretion is initially maintained by increasing the 
fractional excretion of ammonium, but later retention of hydrogen ions is unavoid-
able and responsible for metabolic acidosis. A diminished excretion of titratable 
acidity (primarily as phosphoric acid) also plays a role. Since bone is a powerful 
buffer reservoir, chronic acidosis affects bone metabolism and in particular increases 
bone resorption (through stimulation of osteoclast activity) and inhibits mineraliza-
tion, thus producing osteomalacia, as already mentioned.

11.2.2.4  Abnormal Endocrine Hormones
In general, chronic renal insufficiency is associated with variable degrees of ure-
mic toxicity which is responsible for a systemic disturbance of metabolism even-
tually leading to a generalized organ dysfunction. With the contribution of 
inflammation and malnutrition that plagues renal patients, almost all of the endo-
crine organs become dysfunctional and associated with some bone involvement. 
The most frequently claimed endocrine derangements in renal patients are those 
of the hypothalamic-pituitary axis and of the sexual and thyroid hormones. A 
common finding along with GFR reduction is an increment in serum prolactin 
associated with hypogonadism, infertility, and bone loss. In advanced CKD, 
women suffer from oligomenorrhea or amenorrhea and low estrogen levels [38], 
whereas men are hypogonadal with low concentrations of total and free testoster-
one [39]. These alterations of sex steroids can be referred to either primary or 
secondary hypogonadism [39]. Uremic toxins, comorbid conditions, and 
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medications all contribute to sex hormone derangements in CRF [38]. 
Abnormalities of gonadal hormones contribute to bone disease because both 
androgens and estrogens modulate bone cell activity [40, 41]. In particular, the 
frequently observed hypogonadism of uremia is considered to contribute to the 
development of osteoporosis. The most frequent disturbance in thyroid function 
in uremia is hypothyroidism which is mainly prevalent in elderly people and 
potentially associated with osteoporosis.

11.2.2.5  Uremic Toxins
Several uremic toxins accumulate in the blood of patients with severely impaired 
renal function. Among them, indoxyl sulfate (IS), which is produced from the 
metabolism of dietary tryptophan, has recently gained attention and may have bone 
effects [42]. In osteoblast cultures IS, internalized via organic anion transporter-3 
(OAT-3), impairs osteoblast function and downregulates expression of parathyroid/
parathyroid hormone-related peptide receptor (PTHR) [43]. Further, IS inhibits 
osteoclast differentiation and bone resorption activity [44]. In experimental renal 
failure, IS reduces bone formation through downregulation of alkaline phosphatase, 
osteocalcin, and PTHR expression. Administration of an oral charcoal adsorbent 
inhibited IS accumulation in blood and ameliorated bone formation [45]. These 
findings strongly suggest that it is at least one of the factors responsible for the skel-
etal resistance to PTH described in uremia and considered responsible for low bone 
turnover.

11.2.3  Types of Bone Disease in Chronic Renal Failure Patients

The term “renal osteodystrophy” has been commonly attributed to every distur-
bance in mineral metabolism and skeletal health occurring in CKD, most frequently 
linked to secondary hyperparathyroidism. More recently, the new clinical entity of 
CKD-MBD (chronic kidney disease-mineral and bone disorder) has been estab-
lished aiming at encompassing the complex endocrine disturbance of mineral 
metabolism, bone and the pathologic calcification processes associated with CKD 
[46]. CKD-MBD includes:

• Laboratory findings: abnormal values of mineral metabolism biomarkers like 
calcium, phosphate, parathormone, and vitamin D

• Renal osteodystrophy: every morphologic alteration of bone occurring in chronic 
renal failure

• Ectopic calcifications: in particular those involving soft tissues and blood 
vessels

The reason to include this triad in a common disorder arises from the acknowl-
edgment that the underlying individual pathomechanisms are deeply intertwined 
and responsible for an increased morbidity that is not limited to bones but involves 

S. Mazzaferro et al.



191

the cardiovascular system. The laboratory findings are those classically linked with 
SHP; however, new molecules have been discovered in recent years (e.g., FGF23 
and sclerostin) which are produced by bone cells and potentially involved with 
cardiovascular disease. Renal osteodystrophy refers to the multiple bone changes 
ranging from high to low turnover, with or without mineralization defects that are 
described in CKD [47]. Low turnover lesions with defective mineralization (caused 
by vitamin D deficiency) characterize osteomalacia. If associated with normal 
mineralization, low turnover is typically identified as adynamic bone disease, 
recently thought to be the earliest bone adaptation to mineral derangements in 
CKD.  High turnover bone is usually related to secondary hyperparathyroidism 
occurring in advanced CKD; when severe it leads to osteitis fibrosa, evidenced by 
the presence of marrow fibrosis. Further, also mild or mixed forms of ROD can be 
observed.

This histopathologic classification is based on morphologic changes of bone and 
has some pathophysiologic value but is not ideal for routine clinical evaluation due 
to the variability in the methods of reporting. Accordingly, a unified classification 
system, known as TMV classification, has been introduced by the KDIGO guide-
lines aiming at achieving a homogeneous and simple description of bone changes in 
CKD. Three essential histomorphometry-derived parameters are taken into account:

• Turnover, as a measure of skeletal remodeling rate, which can be low, normal, or 
high

• Mineralization, evaluating the matrix calcification process that can be either nor-
mal or low

• Volume, reflecting the amount of bone (bone matrix, both mineralized and not) in 
respect to the entire bone tissue (including marrow, nerves, and vessels)

The two classifications are clearly different and can be compared only tenta-
tively, as illustrated in Table 11.2. Whatever the underlying lesion, skeletal health is 
severely compromised in renal patients who suffer a remarkably increased risk of 
bone fractures impacting life quality and expectancy.

Table 11.2 ROD: histopathologic vs TMV classification

Morphologic 
classification Features

KDIGO new classification
Turnover Mineralization Volume

Osteomalacia Defective mineralization of 
bone organic matrix

Low Abnormal Normal/
low

Adynamic bone 
disease

Low bone formation with 
normal osteoid

Low Normal/
abnormal

Normal/
low

Osteitis fibrosa Accelerated mineral apposition 
and bone formation

High Abnormal High/
normal/
low

Mixed uremic 
osteodystrophy

Coexistence of changes typical 
of osteitis fibrosa and 
osteomalacia

High/
normal

Abnormal Normal/
low
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11.2.4  Diagnosis of Bone Disease in Renal Patients

Given the variety of bone lesions in CKD, the gold standard technique for the diag-
nosis of renal osteodystrophy still remains the invasive bone biopsy. Less invasively, 
skeletal status can be investigated by using blood or urinary circulating biomarkers 
or by imaging findings obtained with radiologic equipment.

11.2.4.1  Bone Biomarkers
Biomarkers are defined as easily identifiable and quantifiable molecules detectable 
in biological fluids, whose levels express specific pathophysiological processes, 
identify patients at risk, or highlight the response to therapeutic treatments. On 
practical ground, no single biomarker is available to identify a specific type of bone 
disease [48]. Rather, it is necessary to evaluate several biomarkers together, and 
more than a single evaluation, their temporal trend is most useful to guess the under-
lying bone lesion. Widely employed biomarkers are serum calcium and phosphate, 
PTH, alkaline phosphatase, and vitamin D. More speculative and limited to research 
purpose are recently discovered biomarkers like FGF23, klotho, sclerostin, DKK1, 
etc. We will briefly go through the diagnostic value of the principal biomarkers cur-
rently employed (Table 11.3).

Table 11.3 Biomarkers involved in ROD

Biomarkers Production site Target Actions on bone
Levels in 
CKD

Diagnostic 
role

25D Hepatocytes Reduced Vitamin D 
deficiency

1,25D Kidney tubular 
cells

Intestinal cell Increase calcium 
and phosphate 
absorption

Reduced Markers of:
− 
Inappropriate 
kidney 
function
− Initial bone 
involvement

Osteoblast Induction of 
osteoblastic and 
osteoclastic 
differentiation

Parathyroid 
cell

Inhibition of PTH 
production

Kidney 
tubular cell

1α-Hydroxylase 
inhibition
24-Hydroxilase 
stimulation

PTH Parathyroid 
gland

Osteoblast Increase osteoid 
formation

Increased Indicative of 
SHP

Kidney 
tubular cell

Increase 1,25D 
synthesis
Increase calcium 
resorption
Decrease 
phosphorus 
resorption
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Table 11.3 (continued)

Biomarkers Production site Target Actions on bone
Levels in 
CKD

Diagnostic 
role

BALP Osteoblast 
(during bone 
formation)

Bone tissue Inactivation of 
pyrophosphate, an 
inhibitor of 
mineralization

Reduced 
or 
increased

Indicative of 
bone turnover

TRAP-5b Osteoclast Osteopontin, 
bone 
sialoproteins 
and collagen 1

Active in bone 
resorption

Marker of 
osteoclast 
activity

OPG Osteoblast, T 
and B cells, 
endothelial and 
VSMC, kidney, 
spleen, lung, 
liver, and skin

Osteoclast Inhibition of 
osteoclastogenesis

Increased Not a marker 
of bone 
histology in 
CKD

PINP Osteoblast Produced during 
bone formation

Increased Indicative of 
bone collagen 
synthesis

CTX Osteoblast Produced during 
bone resorption

Increased 
(highly 
dependent 
on kidney 
function)

Limited use in 
CKD

FGF23 Osteocyte Kidney 
tubular cell

Decrease 
phosphorus 
resorption
Decrease 1,25D 
synthesis
Increase 24,25D 
synthesis

Increased Limited to 
research

Parathyroid 
gland

Decrease PTH 
synthesis

Klotho Kidney tubular 
cells

Kidney 
tubular cell

FGF23 coreceptor
Decrease 
phosphorus 
resorption
Increase calcium 
resorption

Reduced No diagnostic 
role in bone 
disease

Sclerostin Osteocyte Osteoblast
Osteoclast

Reduction of 
osteoblastogenesis
Induction of 
osteoblast and 
osteoclast apoptosis
Stimulation of 
osteoclastogenesis

Increased Diagnostic 
role in bone 
disease still 
unsettled

SIBLINGs Bone cells Paracrine 
actions

Inhibition of 
mineralization and 
renal/intestinal 
phosphate uptake

Potentially 
involved with 
CKD-MBD

25D 25OH-vitamin D, 1,25D calcitriol, PTH parathyroid hormone, BALP bone-specific alkaline 
phosphatase, TRAP-5b tartrate-resistant acid phosphatase, OPG osteoprotegerin, PINP procollagen 
type I peptide, CTX C-terminal cross-linking telopeptide, FGF23 fibroblast growth factor 23, SHP 
secondary hyperparathyroidism, CKD chronic kidney disease, MBD mineral and bone disorder
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• Serum Calcium
Renal patients usually develop hypocalcemia which promotes parathyroid gland 
secretion and hypertrophy up to adenoma formation and autonomous hyperse-
cretion with hypercalcemia. Therefore, serum calcium can be low, normal, or 
high in CRF. The best method for serum calcium measurement is ionized cal-
cium which is not widely and routinely used. Total serum calcium can be mis-
leading in renal patients because of possible changes in serum albumin. 
Accordingly, it is advisable to correct total calcium concentration for serum 
albumin concentration or to measure the ionized fraction.

• Serum Phosphate
Serum phosphate levels inexorably increase in advanced CKD. However, in 
early stages of CKD, dietary phosphate load may be determinant for the 
development of SHP even in the presence of normal serum levels. The early 
stimulation of PTH in these stages can also result in mild hypophosphate-
mia. Also, hypophosphatemia can be observed in malnourished patients. 
Therefore, hypo-, normal, and hyperphosphatemia are possible in renal 
patients. Their diagnostic value for bone disease requires a careful clinical 
evaluation.

• pH
Because of its role in skeletal mineralization, acidosis, the most frequent 
abnormality in CRF, should be considered as a possible cause of osteomalacia. 
Metabolic alkalosis is also possible, secondary to volume depletion or drugs or 
dietary excess. Alkalosis is considered a risk condition for ectopic 
calcifications.

• Vitamin D
In renal patients, 25OH vitamin D deficiency is very common and is a recog-
nized cause of SHP. Moreover, severe insufficiency (<10 ng/ml) associates with 
osteomalacia. The reduction of circulating calcitriol, the active hormonal form of 
vitamin D, is one of the earliest markers of inappropriate kidney function, indica-
tive of initial bone involvement. However, intracellular or local tissue levels are 
more important than the circulating ones. Accordingly, its assay is not widely 
employed.

• PTH
Plasma PTH concentration is strictly linked to parathyroid secretion, thus mak-
ing the hormone a validated marker of hyperparathyroidism. However, due to 
biological complexity and variability and to technical laboratory aspects, there is 
a weak correspondence between serum values and bone histology findings [49]. 
In fact, PTH increment in CKD is influenced by reduced renal function; circulat-
ing levels include active, less active, and possibly antagonistic fragments; and 
preanalytic pitfalls are not rare.
For this reason, on practical ground it is recommended to evaluate multiple val-
ues over time and balance them with other biomarkers of bone, e.g., alkaline 
phosphatase. In general, extremely high PTH levels correlate best with high turn-
over and increased resorption aspects; moderate increments overlap widely with 
bone lesions, and low values indicate low turnover.
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• Alkaline Phosphatase
Total serum ALP is usually considered indicative of bone turnover in CKD 
patients. Its serum concentration includes tissue-specific and tissue non-specific 
enzymes (accounting for 95% of the entire value) and is represented by similar 
percentages of liver and bone isoenzymes [50]. The bone specific alkaline phos-
phatase (BALP) is more sensitive and specific of osteoblast activity and bone 
turnover and has strong correlation with histologic findings. Moreover, its stabil-
ity, hepatic excretion, limited biologic variation, and easily comparable assays 
would favor its use as the first choice bone disease biomarker, if it was not for the 
costs. Intriguingly, recent clinical observations indicate AP as a biomarker of 
cardiovascular risk [51].

• TRAP
Tartrate-resistant acid phosphatase, particularly its isoform TRAP-5b produced 
by osteoclasts, is a good marker of bone resorption, correlated with bone histo-
morphometric parameters. Its circulating levels are not influenced by renal func-
tion [52] and are representative of the underlying osteoclast activity [53]. Its 
wider use is limited by high costs.

• Osteocalcin (OC) and Osteoprotegerin (OPG)
For many years OC has been recognized as a biomarker of renal osteodystrophy 
involved in matrix mineralization and positively correlated with bone remodel-
ing [54]. More recent experimental data suggest that its under-carboxylated 
metabolite, produced along with bone resorption, may have systemic metabolic 
effects through modulation of insulin sensitivity.
OPG serum levels are not a good marker of bone histology in CKD. However, in 
the absence of renal insufficiency, its ratio with RANK ligand is measured, esti-
mating the degree of bone cell coupling activity.

• Bone Collagen-Derived Peptides
PINP (procollagen type I N-terminal peptide) is a marker of bone collagen syn-
thesis whose levels correlate positively with bone resorption markers and nega-
tively with BMD [55]. Its concentration is not affected by GFR, but it is not 
widely used in CKD, and thus its clinical value is underappreciated.
CTX (C-terminal cross-linking telopeptide) can be detected in blood and urine as 
a biomarker of bone resorption [56]. Increments have been associated with 
higher risk of osteoporotic fractures, but due to renal elimination, its value in 
ROD is limited.

• FGF 23/Klotho
Recently, the bone-released FGF23 has been proposed as the earliest and most 
reliable biomarker of mineral imbalance in CKD. Its serum levels increase since 
the first stages of CKD and definitively reflect CKD-MBD pathophysiology. 
However, despite its bone specificity, FGF23 is not a marker of bone turnover or 
disease. Instead, FGF23 levels associate best with cardiac hypertrophy and car-
diovascular disease [57]. Its assay is still limited to research laboratories. 
Reduction of both transmembrane and soluble Klotho can be observed since 
early stages of CKD. S-Klotho concentration in blood and urine is directly pro-
portional to calcemia but negatively related to phosphoremia and FGF23 levels 
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[58]. Moreover, low s-Klotho seems to associate with worse cardiovascular prog-
nosis. Produced by the kidney, Klotho is determinant of some tissue-specific 
effects of FGF23, but no diagnostic role is evident for bone disease.

• Sclerostin and the SIBLINGs
Sclerostin levels may increase in the earliest stages of CKD as a reflection of 
increased bone production [30, 31]. Given the inhibitory effect on osteoblast, its 
increment correlates with the development of adynamic bone. Importantly, scleros-
tin synthesis could be involved with the processes of ectopic vascular calcification 
and cardiovascular mortality. Its diagnostic role for bone disease is still unsettled.
SIBLINGs proteins (MEPE, DMP1, OPN, DSPP, BSP) are a family of bone-
synthetized proteins involved with local regulation of bone cell activity [48]. As 
such, they are potentially involved in the pathogenesis of CKD-MBD and could 
be novel biomarkers of bone disease.

11.2.5  Details of Bone Histology in ROD

Though invasive and expensive, bone biopsy still remains the only method to diag-
nose renal osteodystrophy properly. It represents the single available tool that defi-
nitely identifies the various bone lesions underlying skeletal fragility of patients 
with CKD and that informs us about bone quality in terms of turnover, mineraliza-
tion, volume, microarchitecture, remodeling, fibrosis, and matrix composition. For 
this reason, it remains the reference gold standard to assess renal bone disease. 
Unfortunately, because of practical limitations, bone biopsy is an exceptional pro-
cedure and clinical and pathological expertise is becoming rare. On the contrary, 
recent evidence shows that its use should be encouraged because of its diagnostic 
and prognostic value and in order to set up the most appropriate therapeutic inter-
ventions [35, 59]. According to current guidelines, bone biopsy in CKD is indicated 
in a limited and generic number of clinical conditions like unexplained fractures or 
bone pain, unexplained hypercalcemia or hypophosphatemia, discordance between 
serum biomarkers, unexplained radiologic abnormalities, and suspected toxicity of 
heavy or rare metals, prior to parathyroidectomy or to exclude low bone turnover 
before initiating antiresorptive drugs [60].

Bone biopsy technique should be performed according to standard methods: iliac 
bone sampling, either by vertical or, preferably, horizontal approach; no decalcifica-
tion of the sample; toluidine blue, Masson-Goldner trichrome, and aluminum stain-
ing; chemical tests for metals; and last but not least, histomorphometric analysis. The 
main parameters to evaluate are bone volume, mineralization, and turnover (the latter 
by measuring the double tetracycline labeling in fluorescence microscopy of unstained 
sections). Thus, appropriate tetracycline administration is necessary before biopsy 
procedure. The most frequent schedule of labeling is with demeclocycline 150 mg or 
tetracycline hydrochloride 250  mg four times per day; the same schedule is then 
repeated after 14 days; then the biopsy is performed after 3–5 days. However, differ-
ent protocols are employed, and it is mandatory to take a record of the exact days of 
administration to allow proper evaluation of the dynamic parameters. After sampling, 
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the bone specimen is embedded in methacrylate to allow its cutting with the micro-
tome. Stained slices are viewed at the optical microscope for description. In this way, 
calcified and non-calcified areas, trabeculae, osteoblast, and osteoclast (either active 
or inactive) are evaluated to recognize the standard histologic types of ROD.

11.2.5.1  Types of ROD
The different types of ROD can be distinguished by taking into account the main 
morphologic and histomorphometric aspects, as shown in Table 11.4. Indeed, osteo-
malacia is characterized by increased osteoid volume and prolonged mineralization 
lag time (Mlt) with low bone turnover and normal volume; adynamic bone disease is 

Table 11.4 Main parameters in bone histomorphometry

Acronym Explanation Definition note
Structural 
parameters

BV/TV Bone volume/
tissue volume

Quantity of BV (mineralized and non-
mineralized) as percentage of TV (bone 
matrix, cells, nerves marrow)

Tb. N
Tb. Th
Tb. Sp

Trabecular 
number
Trabecular 
thickness
Trabecular 
separation

Number, width, and distance between 
trabeculae

Static 
remodeling 
parameters

OV/BV
OS/BS
O. Th

Osteoid volume/
bone volume
Osteoid surface/
bone surface
Osteoid thickness

Non-mineralized bone matrix vs BV or BS, 
indicative of mineralization state

Ob. S/BS Osteoblastic 
surface/bone 
surface

Area occupied by Ob. as percentage of BS 
indicative of active formation processes

ES/BS
Oc. S/BS

Eroded surface/
bone surface
Osteoclastic 
surface/bone 
surface

Area occupied by Oc. indicative of bone 
resorption

Dynamic 
remodeling 
parameters

dLS/BS
sLS/BS

Double-labeled/
BS
Single-labeled/BS

Types, extension, and distance between the 
fluorescent signals of tetracyclines deposited 
on the mineralization front. Measure of new 
bone apposition

MS/BS Mineralizing 
surface/BS

Measure of the extension of surface active in 
mineralization

MAR Mineral apposition 
rate

Indicative of the quantity of newly 
mineralized bone

Aj. AR Adjusted 
apposition rate

Estimate of osteoid deposition per time unit 
(Aj.AR = MAR*MS/OS)

BFR Bone formation 
rate

Estimate of bone turnover (BFR = MS/
BS*MAR)

Mlt Mineralization lag 
time

Estimated time elapsed between matrix 
deposition and mineralization (Mlt = O. Th/
Aj. AR)
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represented by low bone formation rate (BFR) evidenced by single tetracycline 
labeling, with low or normal volume and normal Mlt. On the other hand, severe SHP 
is presented with high turnover, accelerated mineralization, and increased bone vol-
ume; a mild SH is also possible when these lesions are of limited entity; finally mixed 
uremic osteodystrophy presents with both aspects of osteomalacia and of SHP [60].

Osteomalacia is secondary to defective mineralization. Mlt is extremely pro-
longed, and osteoid surface is wide but not associated with increased number of 
active osteoblasts; trabeculae can be completely substituted by non-mineralized 
matrix. Bone turnover is low, as indicated by limited eroded surfaces and osteoclast 
number. Similar aspects are observed in the presence of aluminum toxicity.

Reduced bone remodeling with low BFR is a peculiar adynamic bone. Bone volume 
can be reduced because of the loss of osteoblastic activity, and trabecular thickness is 
extremely low. Active cells and mineralizing and eroded surfaces are sporadic.

Severe SHP is characterized by increased bone turnover of both formation and 
resorption, with endosteal fibrosis. Mineralization is also increased but may be 
insufficient for the increased rate of bone formation. Wide eroded surfaces with 
numerous active osteoclasts and increased osteoid surface with activated osteoblasts 
can be seen. However, matrix deposition occurs irregularly and leads to the dysfunc-
tional woven bone, whose aspect can be identified by polarized light microscopy. 
Findings of both high turnover and insufficient mineralization characterize the 
mixed renal osteopathy. Figure  11.1 shows the four typical histologic aspect of 
ROD, compared with a normal bone.

OSTEOMALACIA

Histology of Renal Osteodystrophy

HYPERPARATHYROIDISM

NORMAL BONE

MIXED LESION ADYNAMIC BONE

Fig. 11.1 Morphology of the four typical lesions of ROD, as compared with normal histology
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11.3  Imaging

Imaging may represent a useful tool to estimate bone disease in CKD.
Conventional X-ray examination of bone in CKD may reveal significant signs of 

disease, like generalized demineralization (detected when bone loss reaches about 
−30%); subperiosteal, intracortical, trabecular, and subchondral resorption; loss of 
cortical definition and corticomedullary differentiation; and “pseudo-widening” of 
joint spaces. Trabecular resorption is typically revealed by “salt and pepper” skull, 
a “ground-glass” appearance due to spotty deossification, and loss of distinction 
between inner and outer tables. Brown tumors are possible and described as cyst-
like, well-delimited, lytic lesions affecting the jaw, pelvis, and metaphyses of long 
bones, typically lacking of associated reactive bone formation. Osteosclerosis is 
seen in SHP in the axial skeleton, where excessive accumulation of osteoid results 
in the classic “rugger-jersey” aspect of the spine, with sclerotic endplates of verte-
bral bodies alternating to radiolucent bands.

Bowing deformities, sometimes with Looser-Milkman zones consisting in linear 
radiolucent bands perpendicular to the long axis of the bone located at their concave 
(compressive) side, can frequently be noted in osteomalacia and found in pubic and 
ischial rami, medial femoral necks, ribs, scapulae, and weight-bearing long bones. 
Conventional lateral X-ray of the spine is useful to recognize the presence of verte-
bral fractures which are asymptomatic but frequent in CKD. Vertebral fractures are 
best examined with a morphometric method according to the visual approach first 
suggested by Genant. Alternatively, vertebral morphometry can be obtained auto-
matically with dedicated softwares applied to computerized radiologic or DXA 
images. Importantly, lateral X-ray of the spine is very useful to measure vascular 
and soft tissue calcifications that are now included in the CKD-MBD syndrome 
(Fig. 11.2). In fact, vascular calcification is now considered part of the bone disease 
in CKD, directly linked to cardiovascular risk.

Dual energy X-ray absorptiometry (DXA) allows to calculate bone mineral density 
(BMD), the most diffuse parameter employed to diagnose osteoporosis. In the general 
population without CKD, BMD, which is representative mainly of the bone volume, 
is able to predict fracture risk. In CKD patients, the risk of fractures is high [61, 62], 
and fractures impact morbidity and mortality with both clinical and social conse-
quences. Therefore, diagnosis, prevention, and treatment represent critical points for 
these patients [46]. However, the role of DXA in predicting fracture risk in patients 
with CKD has been controversial until recently. The Kidney Disease Improving 
Global Outcomes (KDIGO) guidelines suggested to measure DXA for fracture risk 
evaluation only in early CKD stages (stages 1–3) [47]. In fact, in older individuals 
DXA BMD indicates the risk of fracture also in renal patients with an estimated GFR 
>60 ml/min per 1.73 m2 [63]. In more advanced stages, other factors in addition to 
bone mass become determinant for bone strength: turnover, mineralization, microar-
chitecture, and matrix. Further, DXA does not differentiate cortical from trabecular 
bone, does not recognize the types of ROD, and, when applied on the lumbar verte-
brae, measurements may be imprecise for the presence of aortic calcification and/or 
deformities. For these reasons, BMD measurement has been considered inadequate 
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and discouraged in advanced renal failure (stage 4 and 5 CKD) for the theoretical risk 
of underestimating the fracture risk [64–66]. However, recent observational studies 
have documented that low BMD predicts incident fractures also in patients with CKD 
3a–5D [67, 68]. Accordingly, the updated KDIGO guidelines suggest to perform 
BMD measurement even in patients with advanced CKD in order to recognize those 
at increased risk of fracture deserving therapeutic attention.

BMD can also be measured by quantitative computed tomography (QCT) which, 
at variance with DXA, differentiates cortical and trabecular bone and is more accu-
rate in assessing spinal volumetric BMD. Further, high-resolution radiologic tech-
niques (HR-QCT) analyze cortical porosity [69] and trabecular microarchitecture 
[70] and provide detailed 3-D images. Recently, these sophisticated tools have been 
used in ESRD patients to determine the relationship with bone histomorphometry 
[71]. Interestingly, not only bone volume could be assessed but also mineralization 
and some parameters of bone quality. The limitations of this technique include 
increased radiation dose, limited availability, high costs, and space requirements.

Fig. 11.2 X-ray of the 
lumbosacral spine with 
almost complete aortic and 
iliac artery vascular 
calcification in a 
hemodialysis female 
patient
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11.3.1  Osteoporosis and Renal Osteodystrophy

Osteoporosis, is a common disease in aging people, responsible for reduction of 
bone strength and, consequently, of increased fracture risk. Bone strength is deter-
mined by both bone quantity and bone quality [72]. The first component can be 
easily estimated by measuring BMD with a DXA or a QCT equipment. The second 
main component of bone strength, bone quality, is determined by bone matrix com-
position, mineralization, remodeling, and architecture. Defects of bone quality can 
be evidenced with bone histomorphometry. In osteoporosis the peculiar histologic 
finding is bone volume reduction due to prevalence of bone resorption over forma-
tion; turnover can be either high or low, while mineralization, matrix composition, 
and microarchitecture are mostly regular. In the absence of CKD, the most common 
way to assess fracture risk is represented by FRAX®, an algorithm provided by the 
WHO [73] which takes into account the following factors: age, sex, body mass 
index, ethnicity, family history, peak bone mass, hormone deficiency, falls, previous 
fractures, smoking, alcohol use, glucocorticoids, and diseases like rheumatoid 
arthritis, diabetes, osteogenesis imperfecta, long-standing hyperthyroidism, hypo-
gonadism, premature menopause, chronic malnutrition, or malabsorption syn-
dromes. Notably, no mention is made for CRF or CKD.  This is because renal 
patients have always been recognized to be affected with any type of ROD [46, 47] 
but not with OP. However, coexistence and relationships between OP and ROD war-
rant investigation because of the rising number of elderly population that typically 
suffer both osteoporosis and variable degrees of kidney failure [74]. Indeed, aging 
people may have OP before developing renal insufficiency or vice versa. In any 
case, given that both diseases negatively affect bone quality and are responsible for 
an increased risk of fractures, more than giving the exact name to the disease, it 
seems relevant to develop efficacious diagnostic and therapeutic strategies. On the 
clinical daily practice, it is possible that BMD performed in aging people will indi-
cate some degree of OP which can be associated or not with some type of ROD. The 
description of morphology and biochemistry of ROD claims for its substantial dif-
ference with OP, and it is difficult to imagine that the therapy could be the same. 
Also, the new concept of bone as an endocrine gland possibly linked with cardiovas-
cular disease suggests that therapies affecting bone cell (endocrine) activity may 
impact the cardiovascular system. Accordingly, it would be wise to distinguish the 
two disorders. Regrettably, there is still no agreement on how to recognize OP in 
CKD [75]. Early alterations in Klotho and FGF23 are now regarded as the earliest 
disturbance of the bone-kidney cross talk [2] and thus of the ensuing of ROD. Also, 
higher FGF23 quartiles have been reported to predict incident fractures specifically 
in patients with CKD from 3A to 5D stages and not in the population as a whole 
[76]. Thus, considering that the recognized eGFR threshold for Klotho reduction 
and FGF23 increments is set at <60 ml/min, this value of eGFR could be reasonably 
adopted to separate patients with CKD and initial ROD from non-CKD pure OP 
patients.

Recent evidence shows that BMD and FRAX risk assessment are relevant in 
patients with CKD [77, 78]. In particular, a significant reduction in BMD 
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(diagnostic for OP) identifies CKD patients at increased risk of fracture [63, 79, 80], 
with proportional rise of morbidity and mortality along with the development of 
major fractures [61, 81–85]. Recently the KDIGO committee recommended BMD 
assessment in renal patients to highlight the fracture risk and individualize clinical 
management [86]. Importantly, in recent years new drugs have been developed for 
the treatment of OP. These drugs specifically modify the activity of bone cells and 
could therefore have a role in the treatment of the different types of 
ROD. Unfortunately, CKD patients have been excluded from clinical trials evaluat-
ing pharmacotherapies for OP. Some authors suggest that ROD should be regarded 
as a secondary cause of OP, and the term “CKD-induced osteoporosis” has been 
coined [87]. While the debate is open, the single physician is faced with significant 
therapeutic choices.

11.4  Available Therapies for ROD

Therapy of ROD is focused mostly on the control of SHP. For this purpose, thera-
peutic efforts are directed toward improvement of the biochemical derangements 
that characterize it. The most important drugs available and employed in renal 
patients are schematically illustrated in Table 11.5. We will briefly analyze the ratio-
nale for their use.

First of all, hyperphosphatemia, which manifests in the late stages of the disease, 
is tentatively corrected through dietary restriction of proteins (down to 0.6 g/kg/day) 
which are the major source of phosphate. If insufficient, phosphate binders are 
available to reduce intestinal absorption. The most common and ancient phosphate 
binder is calcium carbonate that, administered during foods, binds phosphate and 
provides calcium for absorption. In this way, besides reducing serum phosphate, 
there is also an increment of serum calcium which could be desirable in the pres-
ence of hypocalcemia. In fact, improvement of hypocalcemia or even the induction 
of hypercalcemia is expected to reduce serum levels of PTH. However, since the 
recognition of the importance of vascular calcification, hypercalcemia is an untow-
ard effect. For this reason, a number of calcium-free phosphate binders have been 
developed. First it was sevelamer, a synthetic resin that binds dietary phosphate 
without calcium release. Further, sevelamer improves serum lipid levels and could 
theoretically improve cardiovascular outcome. However, prospective randomized 
trials have not been able to demonstrate a significant effect on mortality. Another 
non-calcium-based phosphate binder is lanthanum carbonate which is more potent 
than sevelamer and requires less pills to improve hyperphosphatemia but, again, 
without evidence of improved cardiovascular survival. Recently, also iron-based 
phosphate binders are made available. Control of hyperphosphatemia is an issue in 
advanced stages of renal disease, in particular in dialysis patients, in whom substitu-
tive therapy is not capable of correcting it. But in recent years the attention has been 
directed also toward the phosphate load in the early stages of the disease, when 
serum levels are still normal. There is a debate on the opportunity of administering 
phosphate binders early in renal patients (stages 3–4), even in the absence of 
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Table 11.5 Available therapies for ROD

Indications Mechanism Bone effects Dosing
Cholecalciferol Vitamin D 

deficiency
Treatment of SHP
Osteomalacia

Vitamin D 
storage

Increased 
25-hydroxyvitamin 
D levels with 
possible PTH 
reduction and 
secondary 
improvement of 
bone disease
Improvement of 
mineralization

200–1000 IU/die 
to max 4000 IU/d 
or 5000–
10,000 IU/weekly 
or 25,000–
50,000 IU/
monthly

VDR activators
Calcitriol Treatment of SHP Activation of 

VDR
Modulation of 
osteoblastogenesis 
and skeletal 
anabolism; 
osteoclast 
activation
Reduction in PTH 
with secondary 
improvement of 
bone disease

0.5–1 mcg/d

Paricalcitol Treatment of SHP Activation of 
VDR (mostly 
on parathyroid 
gland)

Reduction in PTH 
and fewer 
hypercalcemic 
episodes; 
improvement of 
biochemical 
markers of bone 
disease

CRF stages 3–4: 
1 mcg–2 mcg/d
CRF stage 5: max 
32 mcg/week

Calcimimetic 
cinacalcet

Treatment of SHP Allosteric 
modulation of 
CaSR

Reduction of PTH 
levels with 
secondary 
improvement of 
bone disease

30–120 mg/d

Phosphate 
binders

Treatment of 
hyperphosphoremia 
and SHP

Phosphate 
binding in the 
gastrointestinal 
tract

Reduction in 
phosphatemia and 
of PTH levels with 
secondary 
improvement of 
bone disease

Calcium based: 
Calcium 
carbonate 
500 mg–2000 mg 
die
Calcium free: 
sevelamer 
carbonate or 
hydrochloride 
800 mg–4800 mg/
die
Lanthanum 
carbonate 
1000–3000 mg/
die

(continued)
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hyperphosphatemia, with the aim of preventing the bone adaptive response in terms 
of increased FGF23 synthesis [46, 86].

Another way to improve SHP, given the evidence of vitamin D deficiency in 
renal patients, is by administering vitamin D compounds [88]. Cholecalciferol, the 
oldest of available drugs, has been used at high dosages to correct hypocalcemia. In 
this way serum levels of PTH dropped a little, but long-lasting hypercalcemia could 
develop. For this reason, cholecalciferol was substituted for calcitriol, the active 
hormonal form of vitamin D. Given the direct action on VDR expressed on parathy-
roid glands, calcitriol is definitely more active than cholecalciferol to reduce 
PTH. Also, in renal patients, the step of renal hydroxylation is skipped. However, 
high doses may be necessary with the untoward effect of hypercalcemia secondary 
to the contemporary stimulation of VRD in the intestine [89]. As already indicated, 
hypercalcemia, once tolerated, is now forbidden. Therefore, vitamin D analogues, 
more selective on parathyroid tissue and less active on intestinal receptors, have 
been developed. Paricalcitol is the most widely used vitamin D analogue in Europe 
and has a lower calcemic effect than calcitriol, with powerful suppression of PTH 
[90]. Importantly, none of the claimed pleiotropic effects of vitamin D and/or of 
analogues (e.g., improvement of left ventricle hypertrophy, of hypertension, of 
endothelial function, etc.) that, beyond control of SHP, could ameliorate patients’ 
prognosis have been demonstrated in randomized clinical trials. These days the use 
of vitamin D in renal patients is a subject of controversies. In general, there is 
renewed attention on the use of cholecalciferol since the early stages of the disease, 
at doses capable of avoiding deficiency and with the aim of avoiding the amount of 
SHP that could be referred to vitamin D insufficiency. The more active metabolites 
are used in the presence of significant elevations of PTH levels or when/if cholecal-
ciferol seems insufficient. In any case, high doses should be avoided since hypercal-
cemia is considered worse than mild hypocalcemia [86].

The discovery of calcium-sensing receptor prompted the research for drugs capa-
ble of stimulating it. Cinacalcet is the first calcium-sensing receptor activator made 
available for clinical use. Many patients with end-stage renal disease have been and 
are treated with cinacalcet to control SHP. Indeed, the drug increases the sensitivity 
of the receptor toward circulating calcium levels, thus inhibiting PTH secretion and 
proliferation. Therefore, cinacalcet can be employed for prevention and treatment of 

Table 11.5 (continued)

Indications Mechanism Bone effects Dosing
Teriparatide Adynamic bone 

disease
Activation of 
PTH1R on 
osteoblasts

Anabolic effects on 
bone

Intermittent: 20 or 
40 mcg/daily
Weekly: 56.5 mcg

Denosumab OP Inhibition by 
binding of the 
Ocl activator 
RANKL

Inhibition of 
resorption

60 mg every 6 m

ROD Renal osteodystrophy, SHP secondary hyperthyroidism, VDR vitamin D receptor, CaSR 
calcium-sensing receptor, PTH1R PTH/PTH-related protein receptor, RANKL receptor activator of 
nuclear factor kappa-B ligand
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severe SHP in renal patients [91]. Claimed positive clinical effects on calcification 
and survival are less evident, as for vitamin D.

All of the above drugs, even though with possible untoward effects, are capable 
of suppressing SHP in most of the cases. Evidence for this powerful efficacy comes 
from the modification of the prevalence of the different types of ROD evidenced in 
recent years. In fact, the most frequently described bone lesion in renal patients 
these days seems to be adynamic bone disease, i.e., a possible consequence of 
excessive PTH suppression. Adynamic bone is also described in patients who 
received parathyroid surgery and developed hypoparathyroidism. For these cases, 
the theoretical possibility exists to employ teriparatide, the synthetic biological drug 
reproducing the 1–34 fragment of the human PTH molecule [92]. Teriparatide is 
now indicated for some types of OP with normal renal function, and its use could be 
indicated in the presence of adynamic bone. However, the presence of renal insuf-
ficiency may change the pharmacodynamic profile and the biological effect of the 
drug, and for this reason, its use in CKD is limited to single, episodic, or case series 
experience [74].

More recently, another biological drug, denosumab, a monoclonal antibody 
directed against the RANKL, has been successfully employed in OP. Positive results 
in terms of reduced fracture rate incidence have been reported also in subpopula-
tions with mild renal insufficiency [93]. Theoretically, this drug specifically inhibits 
osteoclast recruitment and bone resorption leaving space for osteoblastic bone 
building activity. Further, at variance with bisphosphonates that are excreted by the 
kidney, its pharmacodynamic is not influenced by renal function. Therefore, its 
application could be useful in renal patients with high bone turnover but seems less 
suitable in case of adynamic bone. A diagnostic bone biopsy seems mandatory 
before use in single cases, and randomized trials are warranted to define the poten-
tial utility of denosumab in renal patients [74].

In summary, therapy of ROD has been mostly focused on the control of SHP, but 
this seems insufficient to reduce the burden of skeletal fractures in renal disease. 
Drugs employed for OP should be considered in renal patients with the target of 
fractures and not simply of the biochemical control of SHP.

References

 1. Levey AS, de Jong PE, Coresh J, et al. The definition, classification, and prognosis of chronic 
kidney disease: a KDIGO Controversies Conference report. Kidney Int. 2011;80:17–28.

 2. Mazzaferro S, Pasquali M, Pirrò G, Rotondi S, Tartaglione L. The bone and the kidney. Arch 
Biochem Biophys. 2010;503:95–102.

 3. Heilberg IP, Weisinger JR.  Bone disease in idiopathic hypercalciuria. Curr Opin Nephrol 
Hypertens. 2006;15:394–402.

 4. Vezzoli G, Soldato L, Gambaro G. Hypercalciuria revisited: one or many conditions? Pediatr 
Nephrol. 2008;23:503–606.

 5. Thakker RV. Pathogenesis of Dent’s disease and related syndromes of X-linked nephrolithia-
sis. Kidney Int. 2000;57:787–93.

 6. Devuyst O, Pirson Y.  Genetics of hypercalciuric stone forming disease. Kidney Int. 
2007;72:1065–72.

11 Renal Diseases and Skeletal Health



206

 7. Bergwitz C, Roslin NM, Tieder M, et al. SCL34A3 mutations in patient with hereditary hypo-
phosphatemic rickets with hypercalciuria predict key role for the sodium-phosphate cotrans-
porter NaPi-IIc in maintaining phosphate homeostasis. Am J Hum Genet. 2006;78:179–92.

 8. Bushinsky DA, Goldring JM, Coe FL. Cellular contribution to pH-mediated calcium flux in 
neonatal mouse calvariae. Am J Physiol. 1985;248:F785–9.

 9. Krieger NS, Parker WR, Alexander KM, Bushinsky DA. Prostaglandins regulate acid-induced 
cell-mediated bone resorption. Am J Physiol Renal Physiol. 2000;279:F1077–82.

 10. Frick KK, Bushinsky DA. Metabolic acidosis stimulates RANKL RNA expression in bone 
through a cyclo-oxygenase-dependent mechanism. J Bone Miner Res. 2003;18:1317–25.

 11. Bushinsky DA. Stimulated osteoclastic and suppressed osteoblastic activity in metabolic but 
not respiratory acidosis. Am J Physiol. 1995;268:C80–8.

 12. Nijenhuis T, Renkema KY, Hoenderop JG, Bindels RY. Acid-base status determines the renal 
expression of Ca2+ and Mg2+ transport proteins. J Am Soc Nephrol. 2006;17:617–26.

 13. Ludwig MG, Vanek M, Guerini D, et al. Proton sensing G-protein–coupled receptors. Nature. 
2003;425:93–8.

 14. Jahr H, van Driel M, van Osch GJ, Weinans H, van Leeuwen JP. Identification of acid-sensing 
ion channels in bone. Biochem Biophys Res Commun. 2005;337:349–54.

 15. Clarke BL, Wynne AG, Wilson DM, Fitzpatrick LA.  Osteomalacia associated with adult 
Fanconi’s syndrome: clinical and diagnostic features. Clin Endocrinol. 1995;43:479–90.

 16. Shimada T, Urakawa I, Yamazaki Y, et al. FGF-23 transgenic mice demonstrate hypophospha-
temic rickets with reduced expression of sodium phosphate cotransporter type IIa. Biochem 
Biophys Res Commun. 2004;312:409–14.

 17. Slatopolsky E, Caglar S, Pennell JP, et  al. On the pathogenesis of hyperparathyroidism in 
chronic experimental renal insufficiency in the dog. J Clin Invest. 1971;50:492–9.

 18. Slatopolsky E, Finch J, Denda M, et  al. Phosphorus restriction prevents parathyroid 
gland growth. High phosphorus directly stimulates PTH secretion in  vitro. J Clin Invest. 
1996;97:2534–40.

 19. Mian IS.  Sequence, structural, functional, and phylogenetic analyses of three glycosidase 
families. Blood Cells Mol Dis. 1998;2:83–100.

 20. Rotondi S, Pasquali M, Tartaglione L, et al. Soluble α-Klotho serum levels in chronic kidney 
disease. Int J Endocrinol. 2015;2015:1–8.

 21. Yu J, Deng M, Zhao J, Huang L. Decreased expression of klotho gene in uremic atherosclero-
sis in apolipoprotein E deficient mice. Biochem Biophys Res Comm. 2010;391:261–6.

 22. Levin A, Bakris GL, Molitch M, et al. Prevalence of abnormal serum vitamin D, PTH, calcium, 
and phosphorus in patients with chronic kidney disease: results of the study to evaluate early 
kidney disease. Kidney Int. 2007;71:31–8.

 23. Shimada T, Hasegawa H, Yamazaki Y, et al. FGF23 is a potent regulator of vitamin D metabo-
lism and phosphate homeostasis. J Bone Miner Res. 2004;19:429–35.

 24. Silver J, Naveh-Many T. FGF23 and the parathyroid glands. Pediatr Nephrol. 2010;25:2241–5.
 25. Canaff L, Hendy GN. Human calcium-sensing receptor gene. Vitamin D response elements in 

promoters P1 and P2 confer transcriptional responsiveness to 1,25-dihydroxyvitamin D. J Biol 
Chem. 2002;277:30337–50.

 26. Tfelt-Hansen J, Brown EM. The calcium-sensing receptor in normal physiology and patho-
physiology: a review. Crit Rev Clin Lab Sci. 2005;42:35–70.

 27. Dusso A, Arcidiacono MV, Yang J, Tokumoto M.  Vitamin D inhibition of TACE and pre-
vention of renal osteodystrophy and cardiovascular mortality. J Steroid Biochem Mol Biol. 
2010;121:193–8.

 28. Silverberg SJ, Shane E, de la Cruz L, et al. Skeletal disease in primary hyperparathyroidism. J 
Bone Miner Res. 1989;4:283–91.

 29. Rodda SJ, McMahon AP.  Distinct role for Hedgehog and canonical Wnt signaling in 
specification, differentiation and maintenance of osteoblast progenitors. Development. 
2006;133:3231–44.

 30. Fang Y, Ginsberg C, Seifert M, et al. CKD-induced wingless/integration1 inhibitors and phos-
phorus cause the CKD-mineral and bone disorder. J Am Soc Nephrol. 2014;25:1760–73.

S. Mazzaferro et al.



207

 31. Pelletier S, Dubourg L, Carlier MC, Hadj-Aissa A, Fouque D. The relation between renal func-
tion and serum sclerostin in adult patients with CKD. Clin J Am Soc Nephrol. 2013;8:819–23.

 32. Sabbagh Y, Graciolli FG, O’Brien S, et  al. Repression of osteocyte Wnt/beta-catenin sig-
naling is an early event in the progression of renal osteodystrophy. J Bone Miner Res. 
2012;27:1757–72.

 33. Graciolli FG, Naves KR, Barreto F, et al. The complexity of chronic kidney disease-mineral 
bone disorder across stages of chronic kidney disease. Kidney Int. 2017;91:1436–46.

 34. Cejka D, Herberth J, Branscum AJ, et al. Sclerostin and dickkopf-1 in renal osteodystrophy. 
Clin J Am Soc Nephrol. 2011;6:877–82.

 35. Drueke TB, Massy ZA. Changing bone patterns with progression of chronic kidney disease. 
Kidney Int. 2016;89:289–302.

 36. Pereira RC, Valta H, Tumber N, et al. Altered osteocyte-specific protein expression in bone 
after childhood solid organ transplantation. PLoS One. 2015;10:1–12.

 37. Martin A, David V, Li H, et  al. Overexpression of the DMP1 C-terminal fragment stimu-
lates FGF23 and exacerbates the hypophosphatemic rickets phenotype in Hyp mice. Mol 
Endocrinol. 2012;26:1883–95.

 38. Gomez F, de la Cueva R, Wauters JP, Lemarchand-Beraud T.  Endocrine abnormalities in 
patients undergoing longterm hemodialysis: the role of prolactin. Am J Med. 1980;68:522–30.

 39. Handelsman DJ, Dong Q.  Hypothalamo-pituitary gonadal axis in chronic renal failure. 
Endocrinol Metab Clin North Am. 1993;22:145–61.

 40. Kousteni S, Bellido T, Plotkin LI, et  al. Non genotropic, sex-non specific signaling 
through the estrogen or androgen receptors: dissociation from transcriptional activity. Cell. 
2001;104:719–30.

 41. Pederson L, Kremer M, Judd J, et al. Androgens regulate bone resorption activity of isolated 
osteoclasts in vitro. Proc Natl Acad Sci U S A. 1999;96:505–10.

 42. Niwa T, Takeda N, Tatematsu A, et al. Accumulation of indoxyl sulfate, an inhibitor of drug-
binding, in uremic serum as demonstrated by internal-surface reversed-phase liquid chroma-
tography. Clin Chem. 1988;34:2264–7.

 43. Nii-Kono T, Iwasaki Y, Uchida M, et al. Indoxyl sulfate induces skeletal resistance to parathy-
roid hormone in cultured osteoblastic cells. Kidney Int. 2007;71:738–43.

 44. Mozar A, Louvet L, Godin C, et al. Indoxyl sulphate inhibits osteoclast differentiation and 
function. Nephrol Dial Transplant. 2012;27:2176–81.

 45. Iwasaki Y, Yamato H, Nii-Kono T, et  al. Administration of oral charcoal adsorbent (AST-
120) suppresses low-turnover bone progression in uraemic rats. Nephrol Dial Transplant. 
2006;21:2768–74.

 46. Moe S, Drüeke T, Block GA, et  al. KDIGO clinical practice guideline for the diagnosis, 
evaluation, prevention, and treatment of Chronic Kidney Disease-Mineral and Bone Disorder 
(CKD-MBD). Kidney Int. 2009;76:S3–S130.

 47. Moe S, Drüeke T, Cunningham J, et al. Definition, evaluation, and classification of renal osteo-
dystrophy: a position statement from Kidney Disease: Improving Global Outcomes (KDIGO). 
Kidney Int. 2006;69:1945–53.

 48. Mazzaferro S, Tartaglione L, Rotondi S, Bover J, Goldsmith D, Pasquali M. News on biomark-
ers in CKD-MBD. Semin Nephrol. 2014;34:598–611.

 49. Garrett G, Sardiwal S, Lamb EJ, Goldsmith DJ.  PTH--a particularly tricky hormone: why 
measure it at all in kidney patients? Clin J Am Soc Nephrol. 2013;8:299–312.

 50. Ureña P, Hruby M, Ferreira A, Ang KS, de Vernejoul MC. Plasma total versus bone alka-
line phosphatase as markers of bone turnover in hemodialysis patients. J Am Soc Nephrol. 
1996;7:506–12.

 51. Drechsler C, Verduijn M, Pilz S, Krediet RT, et al. Bone alkaline phosphatase and mortality in 
dialysis patients. Clin J Am Soc Nephrol. 2011;6:1752–9.

 52. Yamada S, Inaba M, Kurajoh M, Shidara K, Imanishi Y, Ishimura E, et al. Utility of serum tar-
trate-resistant acid phosphatase (TRAP5b) as a bone resorption marker inpatients with chronic 
kidney disease: independence from renal dysfunction. Clin Endocrinol. 2008;69:189–96.

11 Renal Diseases and Skeletal Health



208

 53. Henriksen K, Tanko LB, Qvist P, Delmas PD, Christiansen C, Karsdal MA. Assessment of 
osteoclast number and function: application in the development of new and improved treat-
ment modalities for bone diseases. Osteoporos Int. 2007;18(5):681.

 54. Coen G, Mazzaferro S, Bonucci E, Taggi F, Ballanti P, Bianchi AR, et al. Bone GLA protein in 
predialysis chronic renal failure. Effects of 1,25(OH)2D3 administration in a long term follow-
up. Kidney Int. 1985;28:783–90.

 55. Vasikaran S, Eastell R, Bruyere O, et al. Markers of bone turnover for the prediction of fracture 
risk and monitoring of osteoporosis treatment: a need for international reference standards. 
Osteoporos Int. 2011;22:391–420.

 56. Johnell O, Oden A, De Laet C, et al. Biochemical indices of bone turnover and the assessment 
of fracture probability. Osteoporos Int. 2002;13:523–6.

 57. Grabner A, Mazzaferro S, Cianciolo G, et al. Fibroblast growth factor 23: mineral metabolism 
and beyond. Contrib Nephrol. 2017;190:83–95.

 58. Marçais C, Maucort-Boulch D, Drai J, et al. Circulating Klotho associates with cardiovascular 
morbidity and mortality during hemodialysis. J Clin Endocrinol Metab. 2017;102(9):3154–61. 
[Epub ahead of print].

 59. Evenepoel P, D’Haese P, Bacchetta J, et  al. Bone biopsy practice patterns across Europe: 
the European renal osteodystrophy initiative-a position paper. Nephrol Dial Transplant. 
2017;32(10):1608–13. [Epub ahead of print].

 60. Torres PU, Bover J, Mazzaferro S. When, how, and why a bone biopsy should be performed in 
patients with chronic kidney disease. Semin Nephrol. 2014;34:612–25.

 61. Alem AM, Sherrard DJ, Gillen DL, et al. Increased risk of hip fracture among patients with 
end-stage renal disease. Kidney Int. 2000;58:396–9.

 62. Wakasugi M, Kazama JJ, Taniguchi M, et al. Increased risk of hip fracture among Japanese 
hemodialysis patients. J Bone Miner Metab. 2013;31:315–21.

 63. Yenchek RH, Ix JH, Shlipak MG, Bauer DC, Rianon NJ, Kritchevsky SB, Harris TB, Newman 
AB, Cauley JA, Fried LF, Health, Aging, and Body Composition Study. Bone mineral density 
and fracture risk in older individuals with CKD. Clin J Am Soc Nephrol. 2012;7:1130–6.

 64. Jamal SA, West SL, Miller PD. Fracture risk assessment in patients with chronic kidney dis-
ease. Osteoporos Int. 2012;23:1191–8.

 65. Jamal SA, West SL, Miller PD. Bone and kidney disease: diagnostic and therapeutic implica-
tions. Curr Rheumatol Rep. 2012;14:217–23.

 66. Ott SM.  When bone mass fails to predict bone failure. Calcif Tissue Int. 1993;53(Suppl. 
1):S7–13.

 67. Jamal SA, Hayden JA, Beyene J. Low bone mineral density and fractures in long term hemo-
dialysis patients: a meta-analysis. Am J Kidney Dis. 2007;49:674–81.

 68. Jamal SA, Cheung AM, West S, Lok C. Bone mineral density by DXA and HR pQCT can 
discriminate fracture status in men and women with stages 3 to 5 chronic kidney disease. 
Osteoporos Int. 2012;23:2805–13.

 69. Nishiyama KK, Macdonald HM, Buie HR, Hanley DA, Boyd SK. Postmenopausal women with 
osteopenia have higher cortical porosity and thinner cortices at the distal radius and tibia than 
women with normal aBMD: an in vivo HR-pQCT study. J Bone Miner Res. 2010;25:882–90.

 70. Liu XS, Stein EM, Zhou B, et al. Individual trabecula segmentation (ITS)-based morphological 
analyses and microfinite element analysis of HRpQCT images discriminate postmenopausal 
fragility fractures independent of DXA measurements. J Bone Miner Res. 2012;27:263–72.

 71. Pereira RC, Bischoff DS, Yamaguchi D, Salusky IB, Wesseling-Perry K.  Micro-CT in the 
assessment of pediatric renal osteodystrophy by bone histomorphometry. Clin J Am Soc 
Nephrol. 2016;11:481–7.

 72. NIH Consensus Development Panel on Osteoporosis Prevention, Diagnosis, and Therapy. 
Osteoporosis prevention, diagnosis, and therapy. JAMA. 2010;285:785–95.

 73. Kanis JA, on behalf of the World Health Organization Scientific Group. Assessment of osteo-
porosis at the primary health-care level. Technical report. Sheffield: World Health Organization 
Collaborating Centre for Metabolic Bone Diseases, University of Sheffield; 2007. Printed by 
the University of Sheffield.

S. Mazzaferro et al.



209

 74. Tartaglione L, Pasquali M, Rotondi S, Muci ML, Covic A, Mazzaferro S. Positioning novel 
biologicals in CKD mineral and bone disorders. J Nephrol. 2017;30(5):689–99. [Epub ahead 
of print].

 75. Miller PD. Diagnosis and treatment of osteoporosis in chronic renal disease. Semin Nephrol. 
2009;29:144–55.

 76. Lane NE, Parimi N, Corr M, et al. Association of serum fibroblast growth factor 23 (FGF23) 
and incident fractures in older men: the Osteoporotic Fractures in Men (MrOS) study. J Bone 
Miner Res. 2013;28:2325–32.

 77. Jamal SA, West SL, Nickolas TL. The clinical utility of FRAX to discriminate fracture status 
in men and women with chronic kidney disease. Osteoporos Int. 2014;25(1):71–6.

 78. Naylor KL, Leslie WD, Hodsman AB, Rush DN, Garg AX. FRAX predicts fracture risk in 
kidney transplant recipients. Transplantation. 2014;97:940–5.

 79. West SL, Lok CE, Langsetmo L, Cheung AM, Szabo E, Pearce D, et al. Bone mineral density 
predicts fractures in chronic kidney disease. J Bone Miner Res. 2015;30:913–919 8.

 80. Nickolas TL, Cremers S, Zhang A, et al. Discriminants of prevalent fractures in chronic kidney 
disease. J Am Soc Nephrol. 2011;22:1560–72.

 81. Naylor KL, Garg AX, Zou G, et al. Comparison of fracture risk prediction among individuals 
with reduced and normal kidney function. Clin J Am Soc Nephrol. 2015;10:646–53.

 82. Fried LF, Biggs ML, Shlipak MG, et al. Association of kidney function with incident hip frac-
ture in older adults. J Am Soc Nephrol. 2007;18:282–6.

 83. Coco M, Rush H.  Increased incidence of hip fractures in dialysis patients with low serum 
parathyroid hormone. Am J Kidney Dis. 2000;36:1115–21.

 84. Beaubrun AC, Kilpatrick RD, Freburger JK, Bradbury BD, Wang L, Brookhart MA. Temporal 
trends in fracture rates and postdischarge outcomes among hemodialysis patients. J Am Soc 
Nephrol. 2013;24(9):1461.

 85. Naylor K, McArthur E, Leslie W, et al. Three three-year incidence of fracture in chronic kid-
ney disease. Kidney Int. 2014;86:810–8.

 86. Ketteler M, Block GA, Evenepoel P, et al. Executive summary of the 2017 KDIGO Chronic 
Kidney Disease-Mineral and Bone Disorder (CKD-MBD) Guideline Update: what’s changed 
and why it matters. Kidney Int. 2017;92:23–36.

 87. Moe SM.  Renal osteodystrophy or kidney-induced osteoporosis? Curr Osteoporos Rep. 
2017;15:194–7.

 88. Mazzaferro S, Goldsmith D, Larsson TE, Massy ZA, Cozzolino M. Vitamin D metabolites 
and/or analogs: which D for which patient? Curr Vasc Pharmacol. 2014;12:339–49.

 89. Andress DL, Keith MD, Norris C, et al. Intravenous calcitriol in the treatment of refractory 
osteitis fibrosa of chronic renal failure. N Engl J Med. 1989;321:274–9.

 90. Bover J, Cozzolino M. Mineral and bone disorders in chronic kidney disease and end-stage 
renal disease patients: new insights into vitamin D receptor activation. Kidney Int Suppl. 
2011;1:122–9.

 91. Behets GJ, Spasovski G, Sterling LR, et al. Bone histomorphometry before and after long-term 
treatment with cinacalcet in dialysis patients with secondary hyperparathyroidism. Kidney Int. 
2015;87:846–56.

 92. Sumida K, Ubara Y, Hoshino J, Mise K, Hayami N, Suwabe T, et al. Once-weekly teriparatide 
in hemodialysis patients with hypoparathyroidism and low bone mass: a prospective study. 
Osteoporos Int. 2016;27:1441–50.

 93. Chen CL, Chen NC, Hsu CY, et al. An open-label, prospective pilot clinical study of deno-
sumab for severe hyperparathyroidism in patients with ow bone mass undergoing dialysis. J 
Clin Endocrinol Metab. 2014;99:2426–32.

11 Renal Diseases and Skeletal Health



211© Springer International Publishing AG, part of Springer Nature 2018
A. Lenzi, S. Migliaccio (eds.), Multidisciplinary Approach to Osteoporosis, 
https://doi.org/10.1007/978-3-319-75110-8_12

G. Isaia (*) 
Unit of Geriatrics and Metabolic Bone Disease, Molinette Hospital and School of Geriatric 
Medicine, University of Torino, Torino, Italy
e-mail: giancarlo.isaia@unito.it 

L. Marchese 
Presidio Ausiliatrice, Fondazione Don Carlo Gnocchi, Torino, Italy 

M. Marchetti · M. Bo 
Department of Geriatrics, Città della Salute e della Scienza - Molinette Hospital, University 
of Torino, Torino, Italy
e-mail: margherita.marchetti@to.omceo.it; mario.bo@unito.it

12Osteoporosis and Cardiovascular Risk

Giancarlo Isaia, Lorenzo Marchese, Margherita Marchetti, 
and Mario Bo

12.1  Introduction

Osteoporosis and cardiovascular diseases are two of the major public health prob-
lems: both are associated with high morbidity and mortality, increased recourse to 
hospital services, loss of independence, increased risk of institutionalization and 
high health-related costs. The socio-economic consequences of both these diseases 
are very important bearing in mind the facts that OP is the second highest world 
health problem after CVD, and this number will increase with the growth of the 
elderly population over the next decades.

Prevalence and incidence of either cardiovascular disease (CVD) and osteoporo-
sis (OP) increase with advancing age. Traditionally these two conditions were con-
sidered unrelated and their coexistence has been attributed to ageing-associated 
independent processes. Indeed, CVD and OP involve different apparatus, have dis-
tinct well-defined pathogenetic pathway and are treated with specific therapeutic 
interventions. However, growing evidence indicates the existence of a correlation 
between CVD and OP fractures, irrespective of age. Some studies showed that OP 
fractures are associated with higher risk of cardiovascular event. Moreover, CVD 
and OP share some common risk factors (estrogens deficiency and many other 
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factors may be involved either in bone formation or in development of atherosclero-
sis) and some therapeutic drugs currently used in the treatment of these conditions 
might not be exclusive for a single system (bone or cardiovascular) but take part 
both in bone metabolism and atherosclerosis.

Hereafter, we will briefly review the evidence supporting a link between CVD 
and OP.

12.2  Epidemiology

A growing evidence indicates the existence of an association between CVD and OP 
fractures, irrespective of age, and some studies suggested a causal relationship 
between these two conditions.

Winkelmann et al. firstly reported an association between low femoral BMD and 
atherosclerosis in the elderly, in which severe OP in the hip was not only a risk fac-
tor for hip fractures, but also a marker of coronary heart disease [1]. Tanko et al. 
showed an important increase of cardiovascular risk in patients with bone loss rep-
resenting the placebo group of Multiple Outcome of Raloxifene Evaluation study 
[2]: women with vertebral OP fractures had a 3.9 fold greater risk of cardiovascular 
events (95% CI, 2.0–7.7; p < 0.001) compared with those with osteopenia expressed 
as low bone mineral density (BMD). Moreover, the cardiovascular risk increased 
proportionally to the number and severity of vertebral fractures at baseline, suggest-
ing a linear relationship between the severity of OP and CVD risk at the time of 
diagnosis of bone loss. In a large study carried out in the National Health Insurance 
Research Database in Taiwan, OP vertebral fracture was associated with higher risk 
of stroke, whereas hip fracture was associated with higher risk of myocardial infarc-
tion [3]. At the same time, it has been reported that individuals with CVD may have 
higher risk of major OP fractures, including hip or vertebral fracture. In a large 
cohort of community-dwelling patients (Swedish Twin Register), ischemic heart 
disease was associated with higher risk of hip fracture [4]. Moreover, several studies 
show that heart failure is also associated with higher risk of hip fracture [5].

12.3  Risk Factors and Pathophysiology

OP and CVD share several common risk factors. Age, smoking, sedentary life-style 
and physical inactivity, alcohol consumption, menopause, hypertension, inadequate 
nutrition and chronic use of some medications (for example, glucocorticoids, diuret-
ics and anticoagulants), can promote atherosclerosis, vascular calcification (VC), 
bone demineralization.

Age represents per se a high risk factor for both these conditions. Progressive 
bone loss is a physiological event occurring during aging. The slow reduction of 
osteoblastic activity and survival, typical of the late post-menopause and aging, 
gradually worsens bone health. Atherosclerosis/arteriosclerosis is also considered a 
hallmark of aging process, contributing to heart attacks and strokes, significantly 
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enhancing morbidity and mortality in the elderly. Reduced blood flow supply 
because of atherosclerosis may impair the intraosseous blood circulation. This in 
turn impairs bone metabolism in the joint resulting in loss of BMD and osteoporo-
sis. In the case of asymmetrical peripheral arterial disease, the hip bone mineral 
content in the affected limb is lower than that of the contralateral limb. Limited 
physical activity in patients with cardiovascular disease could be consequently 
responsible for bone loss [6].

Obesity and physical inactivity are well recognized risk factors for CVD and OP, as 
well as diabetes. Cigarette smoking is a strong predictor of CVD morbidity and mortal-
ity, and it has been associated with an increased risk of bone loss and OP fractures.

Endothelial dysfunction is considered a preclinical marker of atherosclerosis. 
Some interesting data demonstrated that coronary microvascular endothelial dys-
function is an independent predictor for development of postmenopausal osteoporo-
sis (PMOP). Arterial stiffness secondary to VC was also studied in patients affected 
by OP.  Pulse wave velocity (PWV) is considered a reliable surrogate of arterial 
stiffness, and several studies demonstrated that brachial-ankle PWV (baPWV) cor-
relates well with coronary artery disease (CAD). Hirose et al. observed that baPWV 
was negatively correlated with BMD. Aortic calcification (AoC) seems to be itself 
an independent indicator of low BMD and risk of future fractures at the proximal 
femur: in a recent study, increasing severity of abdominal AoC was associated with 
prevalent vertebral fractures regardless of age, body mass index (BMI), history of 
fractures and BMD [7]. Abdominal aortic calcification (AAC) occupies a particular 
position in this field. Firstly, its assessment is easily available, inexpensive and easy 
to perform. Most often, AAC is assessed from lateral radiographs of lumbar spine 
using Kauppila’s semi-quantitative 24-point score or using a simplified 8-point 
semi-quantitative score. These scores estimate AAC severity in the abdominal aorta 
adjacent to the first four lumbar vertebrae. AAC may be also assessed from lateral 
spine scan obtained by dual energy X-ray absorptiometry (DXA) (using the above 
scores) and using quantitative computed tomography.

Secondly, severe AAC is associated with higher cardiovascular mortality and with 
higher risk of cardiovascular diseases in comparison with individuals without or with 
milder AAC [8] . This association was found consistently in several large cohorts of 
men and women as well as confirmed by meta-analyses. Importantly, it remained 
significant after adjustment for multiple confounders, such as age, weight, negative 
lifestyle factors (e.g. smoking, sedentary lifestyle), co-morbidities and treatments.

Thirdly, severe AAC is associated with higher risk of osteoporotic fracture. This 
association was found in cross-sectional and prospective studies. Cross-sectional 
studies were focused on vertebral fractures. Severe AAC was associated with greater 
prevalence, higher number and greater severity of vertebral fractures [9]. This asso-
ciation remained significant after adjustment for confounders including bone mineral 
density (BMD) measured by DXA. Severe AAC and lower BMD were jointly and 
independently associated with higher number and greater severity of vertebral frac-
tures. In some cohorts, severe AAC was also associated with prior hip fracture [10].

On the other side, some data suggest that OP may be associated with increased 
risk of CVD. Sumino et al. reported higher arterial stiffness in osteoporotic women 
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compared with healthy controls. Frost et al. demonstrated that decreased BMD is 
associated with VC and arterial stiffening and proposed a possible role of osteopro-
tegerin (OPG) as a marker of arterial stiffening, independent of any association with 
BMD [11]. Furthermore, it was supposed that arterial stiffening is independent of 
non-calcified atheromatous plaque and BMD, but associated with a calcification 
process within atherosclerotic plaque distinct from atherosclerosis and due to a 
natural tendency of vascular wall to calcify. Low BMD appears to be associated 
with increased prevalence of aortic valve calcification, although the underlying 
pathophysiologic rationale remains to be elucidated.

Estrogens deficiency occurring in menopause leads to a significant increase of 
some pro-inflammatory cytokines, such as interleukin-1 (IL-1), interleukin-6 (IL-
6), tumor necrosis factor-alpha (TNF-α) and osteoclastic hyperactivity, while osteo-
protegerin (OPG) decreases. These phenomena are mostly responsible of bone loss, 
but seem to be also implicated in the mechanisms of atherogenesis [12].

Moreover, the growing knowledge of bone biology led to recognize that sev-
eral matrix proteins, such as type 1 collagen, proteoglycan, osteopontin (OPN), 
osteonectin and also bone morphogenetic proteins (BMPs) and OPG, usually 
found in bone, are vascular matrix components too. These factors may be involved 
either in bone formation or in development of vascular calcification (VC) and 
atherosclerosis [13].

12.3.1  Vascular Calcification and Bone Biology

VC and bone mineralization share several anatomical and pathophysiological 
common features. In fact the calcification of the arterial wall tissue is not just a 
simple precipitation or absorption of phosphate and calcium but it is a highly 
organized process, regulated by mechanisms similar to those involved in bone 
mineralization [6].

VC is the pathological deposition of calcium and minerals in blood vessels, 
highly associated with cardiovascular disease mortality: intimal calcification is 
mainly linked to atherosclerosis, whereas medial calcification is a non-occlusive 
process which increases vascular stiffness impairing vascular compliance [14]. VC 
has long been considered simply a passive ageing-related process; however, recent 
studies showed that vascular calcification is a highly regulated process, involving 
genetic factors, hormones, cytokines, enzymes involved in the metabolism and 
transport of calcium and phosphate, and trans-differentiation of vascular smooth 
muscle cells into osteoblastic cells and other factors.

VC and bone mineralization share some anatomical and pathophysiological 
common features which could partly explain the link between OP and CVD. VC is 
an active process, regulated by several factors primarily involved in the osteogenesis 
process, such as BMPs, OPG, OPN, bone specific-alkaline phosphatase (bALP) and 
matrix Gla protein (MGP).

Vascular smooth muscle cells (VSMCs) are able to differentiate into osteoblast-
like cells under the stimuli of BMPs, RANKL, reactive oxygen species (ROS), 
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inflammation and estrogen deficiency. These osteoblastic cells produce bALP, 
osteocalcin (OC) and other crucial factors to mineralization.

The unbalance between RANKL and OPG has been indicated as the pivotal 
mechanism responsible for estrogen deficiency bone loss. RANKL and OPG might 
play a role in vascular biology: it is known that both RANKL and OPG are present 
in the plaques and the healthy vessel wall. This data, together with the presence of 
osteoclasts-like cells in the atherosclerotic plaques, support the hypothesis of a rel-
evant role of this system in controlling vascular biology.

OPG, one of the main regulators of bone resorption mediated by osteoclasts, is 
another factor found in both vascular and bone tissue. The discovery that mice lack-
ing OPG had severe OP and VC provided the first clue that OPG might be a key 
molecule linking these vascular and skeletal phenotypes. Elevated level of OPG was 
also found in patients with CVD, suggesting its abnormal high serum concentration 
in vivo may be associated with endothelial dysfunction and arterial calcification [15].

It has been suggested that OPG might act as an autocrine/paracrine regulator of 
vascular calcification and may be useful as a serum marker of vascular disease. 
OPG is able to prevent VC by blocking the formation of osteoclast-like cells present 
in calcified arterial walls acting as a decoy receptor of RANKL as in bone. OPG is 
also able to reduce endothelial and smooth vascular cell apoptosis: the vascular 
cell’s survival mediated by OPG could represent a protective mechanism against 
atherosclerosis. However, its exact role in vascular calcification is still not com-
pletely understood and need further studies [16].

Osteopontin (OPN) is a glycoprotein of extracellular matrix of bone tissue bind-
ing to calcium and hydroxyapatite which was also proposed to be a mediator in the 
pathogenic pathways leading to atherosclerotic vascular disease. Circulating levels 
of OPN were reported to be independently associated with the severity of coronary 
atherosclerosis and increased risk for major adverse cardiac events [17].

bALP is an enzyme that catalyzes the hydrolysis of esters, generally located on 
the osteoblasts surface and used as a marker of bone turnover. Recent evidences 
show that serum bALP and phosphate may be indicators of VC in chronic kidney 
disease, ischemic heart disease and stroke [18]. This finding has to be confirmed 
with studies including large populations.

Several other markers of bone metabolism, including parathyroid hormone 
(PTH), OC, vitamin K, MGP and other non-collagenous bone proteins take a sig-
nificant part in the process of calcification. However, their diagnostic role and 
potential implications in clinical practice need further assessments.

12.3.2  Vitamin D

Vitamin D displays its hormonal effect in the form of its physiological active metabo-
lite 1,25(OH)2D- 1,25 dihydroxyvitamin D3, and Vitamin D receptors (VDR) are pres-
ent in many different tissues, such as brain, breast, immune cells, muscle tissue, 
parathyroid glands, cardiomyocytes, vascular endothelial and vascular smooth muscle 
cells, endothelial cells of colon mucosae, as well as malignant colon cells. Vitamin D 
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has a key role in maintenance of bone quality and reduction of fracture risk. However, 
low levels of Vitamin D have been associated with muscle weakness, increased risk for 
cancers, autoimmune disease and infectious [19]. A possible association between low 
vitamin D levels and metabolic syndrome (MS) has been also proposed, as Vitamin D 
deficiency may increase the risk of insulin resistance and hypertension, the main com-
ponents of MS [20]. Clinical studies confirm that Vitamin D deficiency influences the 
activity of renin in plasma, leading to hypertension. Vitamin D regulation of renin 
expression is independent of calcium metabolism. Renin transcription has been found 
being suppressed by a VDR-mediated mechanism. 1.25(OH)2D3 can thus be consid-
ered a negative endocrine regulator of the renin-angiotensin system (RAS).

However, these data have yet to be confirmed and the precise role of hypovita-
minosis D on metabolic status remains to be clarified.

Observational studies suggest an association of low Vitamin D levels with CVD 
and atherosclerosis. Data on atherosclerosis of the coronary arteries (CAD) have 
shown that low 25(OH)D levels are associated both with presence and severity of 
coronary heart disease, and vitamin D deficiency has been identified as an indepen-
dent marker for CAD [21]. A variety of anti-atherosclerotic effects seems to be 
exerted by VDR activation: these involve, amongst others, vitamin D-induced 
decrease of endothelial adhesion molecules, increase of nitric oxide (NO) production 
and inhibition of macrophage to foam cell formation. VDR activation can also stimu-
late insulin secretion, protecting against beta-cell dysfunction, as insulin secretion is 
a calcium-dependent process. Other suggested anti-diabetic effects include improved 
peripheral insulin resistance, anti-inflammatory actions, and stimulation of osteocal-
cin, a bone marker with putative effects on insulin secretion and insulin sensitivity.

Vitamin D deficiency thus directly promote the development of hypertension 
and, consequently, cardiomyocyte hypertrophy and vascular remodeling, resulting 
in ventricular hypertrophy and congestive heart failure. Also, this process stimulates 
the release of cytokines, such as interleukin-10, from smooth muscle vascular cells, 
that have been identified as having an important role in atherogenesis [22]. Vitamin 
D analogues have been shown to inhibit the release of several proinflammatory 
cytokines and adhesion molecules, preventing abnormal changes in smooth muscle 
cells in vessel walls that lead to vascular calcification. It has been proved that low 
vitamin D levels are associated with increased risk for development of the coronary 
arterial calcifications seen in atherosclerosis that, together with increased arterial 
resistance, results in a significant rise in CVD [23, 24].

Low Vitamin D levels lead to the increased production and release of PTH and, 
consequently, to secondary hyperparathyroidism, which has negative implications 
for the cardiovascular system and bone metabolism.

12.3.3  Estrogens

Estrogen physiologically promote bone formation by reducing survival, function and 
production of osteoclasts, through inhibition of two signaling molecules, receptor 
activator of nuclear factor κB ligand (RANKL) and colony stimulating factor-1.
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Estrogen deficiency occurring with menopause represents the major contributor 
to gradual bone loss observed in women. Lack of estrogens causes a reduction in 
bone mineral density and quality, owing to an imbalance between the formation of 
new bone and removal of old bone (remodeling cycle).

Furthermore, bone and coronary arteries are target organs for estrogens. Woman 
after the menopause demonstrate accelerated bone loss, but also the beneficial 
effects of estrogens on the cardiovascular system and atherosclerosis are well estab-
lished [25].

Menopausal estrogenic deficit is also associated with a significant increase in 
pro-inflammatory cytokines like tumor necrosis factor (TNF)-α, interleukin (IL-4), 
IL-10 and IL-12 which enhance bone turnover leading to increased bone loss and 
greater fracture risk. Specifically, TNF-α, produced by macrophages and granulo-
cytes, contributes to decrease bone mass increasing osteoclastic formation via direct 
stimulation of pro-osteoclastogenic activity of stromal cells. Moreover, the high 
levels of follicular stimulating hormone (FSH) during menopause can stimulate 
osteoclastic differentiation and TNF-α production, both causing bone fragility.

Lots of studies showed that the decline of estrogens, which are considered impor-
tant natural antioxidants, induces a pro-oxidant state during menopause. Oxidative 
stress (OxS) might intensify bone resorption, underlying development of post 
menopausal osteoporosis (PMO). In addition, the majority of studies reported OxS 
is strongly linked to a variety of pathologies like infections, autoimmune diseases 
and others, specific to old age: cancer, neurodegenerative and CVD. As OxS is also 
a risk factor of arteriosclerosis and cardiovascular event, it seems to be an interest-
ing link between low bone quantity/quality, on one hand, and arteriosclerosis, on the 
other hand [26].

12.3.4  Other Factors

Homocysteine (Hcy) is a factor which may contribute to the high bone remodeling 
of menopause by its direct and indirect effects on bone metabolism. Hcy can 
increase osteoclastic activity, decrease osteoblastic function and bind directly to 
bone extracellular matrix, reducing bone strength. Hyperhomocysteinemia (HHcy) 
may produce also some mitochondrial abnormalities, which can alter bone proper-
ties through generations of ROS. However, the mechanism of HHcy-induced bone 
loss via the mitochondrial pathway is largely unknown.

Interestingly, Hcy plasma levels can increase in postmenopause, thus enhancing 
the detrimental effect on the skeleton and on CVD risk. Current reports on whether 
Hcy affects bone density are still controversal.

Homocysteine is a possible risk factor for atherosclerosis. Homocystinuria is a 
genetically inherited disease which is characterised by elevated plasma homocyste-
ine concentrations. Its clinical manifestations, apart from skeletal disorders and OP, 
include a tendency towards premature atherosclerosis and thromboembolism. There 
is also evidence that postmenopausal woman with a heterozygous mutation in meth-
ylenetetrahydrofolate reductase (MTHFR) and, therefore, hyperhomocysteinaemia 
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demonstrate a decrease in BMD. This supports the hypothesis that homocysteine 
participates in the interaction between oestrogen and bone metabolism [27].

Many studies also found an alteration in bone biomechanical properties in 
patients affected by vitamin B12 and folate deficiencies, hypothesizing that both 
could act not only via Hcy-dependent pathways but also via Hcy-independent path-
ways in determining bone loss. Earlier evidence reported Hcy and vitamin B12, but 
not folate, was related to BMD in PMO. However, the real impact of lack of folate 
and vitamin B12 alone or in association with HHcy on bone health has to be better 
clarified. The relationship between Hcy, folate, and vitamin B12 and BMD in post-
menopausal women needs to be further investigated.

Also patients with OP and atherosclerosis exhibit insufficient vitamin K levels. 
Vitamin K is a cofactor required to convert the amino acid glutamate into gamma-
carboxyglutamate, or Gla-proteins. Gla-proteins regulate physiological processes 
controlled by calcium. These include blood coagulation (clotting) and bone mineral-
ization. Accordingly, Gla-proteins are critical to the formation and replenishment of 
bone tissue. Unless these proteins are modified by vitamin K, they cannot properly 
form the matrix in which calcium and phosphorus bind together to make solid, well-
mineralized bone. Vitamin K has been shown to stimulate new bone formation and 
reduce the incidence of vertebral fractures. The Gla-protein osteocalcin, normally 
present in bone, has been found in calcified atherosclerotic plaque lesions, and pro-
duction of this protein is pathologically up-regulated in people with atherosclerosis. 
At the same time, another vitamin K-dependent Gla-protein known as matrix Gla-
protein (MGP), normally found in healthy arterial walls, is a strong inhibitor of vas-
cular calcification. In other words, by increasing MGP in the arterial walls, vitamin K 
protects against the calcification-inducing effects of osteocalcin. Therefore, vitamin 
K deficiency is also a confounder in the OP/CVD relationship [28].

12.4  Drugs

Some data show that many drugs used for treatment of OP have an interesting 
impact on cardiovascular system. This evidence could further suggest pathophysi-
ological similarities between bone loss and CVD.

Biphosphonates (BP) are well-known antiresorptive agents used for therapy of 
post- menopausal osteoporosis (PMO) with proved antifracturative efficacy, mostly 
due to their ability to increase BMD. Recent studies have supported the hypothesis 
that BPs may have also some antiatherogenic actions [29]: ibandronate (IBN) i.v. 
produced a significant increase in high-density lipoprotein cholesterol/low-density 
lipoprotein cholesterol (HDL-C/LDL-C) ratio in 60 postmenopausal osteoporotic 
women, and zoledronate (ZLN) i.v. annually causes a significant reduction of 
carotid artery intima-media thickness (CA-IMT) and an even more effective reduc-
tion of LDL-C compared with that observed with IBN. Fibroblast growth factor 23 
and sclerostin—a Wnt/β-catenin signaling antagonist promoting the differentiation 
of osteoblast precursors towards mature osteoblasts—were proposed to be involved 
in the mechanism of action of BPs at a vascular level. Alendronate (ALN) has been 
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proven effective in reducing CA-IMT and improving lipid profile during 1 year of 
therapy [30]. ALN seems have also a protective effect from atherosclerosis and 
abdominal AoC. However, the role of BPs on VC is still conflicting.

Statins lower serum cholesterol by inhibiting 3-hydroxy-3-methylglutaryl coen-
zyme A (HMG-CoA) reductase in the liver and can decrease LDL cholesterol levels 
in patients with dyslipidemia, helping prevent the formation of atherosclerotic 
plaque. Their association with bone miralization is controversial: some reports 
claim they were associated—alone or in combination with BPs—with an increase in 
bone mineralization and reduced incidence of fractures in murine and human mod-
els, while others seem to deny this hypothesis.

One possible explanation could be that both statins that BP induce inhibition of 
mevalonate, that leads to the synthesis of both cholesterol and prenylation of pro-
teins which activate the osteoclast cells [31].

Denosumab (Dmab) is a monoclonal antibody that blocks RANKL, inhibiting 
osteoclast formation and survival, that has been introduced for the therapy of PMO 
as an effective antiresorptive agent. Its effects in preventing VC in a murine model 
of glucocorticoid-induced OP have been proven, but data in humans are still lack-
ing. However, patients treated with Dmab do not report effects on progression of 
AoC or incidence of CVD [32].

Raloxifene (RLX) is a Selective Estrogen Receptor Modulator (SERM). Its pro-
tective action from demineralization in women in early postmenopause with normal 
or low bone mass is well known, and it has proven useful in preventing osteoporosis 
and fracture risk. It showed a beneficial effect in reducing LDL cholesterol levels, 
improving vascular endothelial function and reducing risk of coronary heart dis-
ease, especially in postmenopausal women.

Recent evidence suggests that Vitamin D (Vit D) intakes above current recommen-
dations may be associated with better health outcomes other than reducing the risk of 
osteopenia and osteoporosis. A daily dose of 700–1000 IU has an anti-inflammatory 
effect and blocks plaque calcification in arterial blood flow. Its role in blood pressure 
homeostasis suggests that Vit D analogues could help prevent or ameliorate hyperten-
sion. Toxic doses lead to medicalcinosis, which is a reversible process.

The free radical Nitric Oxide (NO), is a powerful vasodilator that helps keep the 
vascular tone and would inhibit collagen and bone loss. NO could be involved in 
osteogenesis as knock-out mice show low bone mass, a low BMD and a reduced 
number of osteoclasts [33]. The endothelial isoform of the synthase (eNOS) is 
found in high concentrations level in bone where it plays an active role in osteoblast 
activation and inhibition of bone resorption. Patients treated for 1 year with NO 
show an increased bone mass. Nitrates (like nitroglycerin) have proven to be useful 
in enabling osteoclastogenesis and increasing bone mass.

Besides, several data showed some medications, such as bisphosphonates (BPs) 
and raloxifene (RLX)—mainly used for the treatment of OP and statins, the most 
important drug for hypercholesterolemia—are effective on both bone loss and CVD 
risk. These data could indicate that the mechanisms of action of all these medica-
tions at cellular level may not be exclusive for a single system (bone or cardiovas-
cular) but take part both in bone metabolism and atherosclerosis.
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13Osteoporosis in Men

Elena Nebot Valenzuela and Peter Pietschmann

13.1  Definition of Osteoporosis

Osteoporosis is a skeletal disorder characterized by compromised bone strength 
predisposing a person to an increased risk of fracture. Bone strength primarily 
reflects the integration of bone density and bone quality [1]. Bone microarchitecture 
is an important determinant of bone strength; an example of trabecular alterations in 
male idiopathic osteoporosis is shown in Fig. 13.1.

13.2  Epidemiology

Due to the essential role of estrogen deficiency in the development of osteoporosis, 
postmenopausal and elderly women are numerically most affected. However, men 
are not protected from bone loss and its consequences [2, 3].
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Men undergo a relatively slow bone loss with age; bone loss is accelerated from 
the sixth decade at an average rate of 0.5–1.0% per year and accompanied by a 
growing incidence of fractures [4]. The most common sites for fragility fractures in 
men are those of the vertebrae and hip, but also fractures of other sites such as fore-
arm, ribs, pelvis, and clavicle are associated with osteoporosis in men [5].

Osteoporosis affects approximately 10  million subjects in the United States, 
including 2 million men [6]. It has been estimated that one in five white men will have 
a fracture related to osteoporosis during his lifetime [7]. In this context, men are esti-
mated to account for 29% of all osteoporotic fractures [8]. The prevalence of the dis-
ease in the European Union is estimated at 27.6 million (22.0 million women versus 
5.6 million men) [9]. Approximately 6% of men and 21% of women aged 50–84 years 
are classified as having osteoporosis. The prevalence of osteoporosis in women over 
the age of 50 years is three to four times greater than in men; this finding is in line with 
the difference in lifetime risk of an osteoporotic fracture in women and men [9].

Nevertheless, mortality after a hip fracture, (in particular within the first year 
after the fracture), is higher in men compared to women [10, 11]; the reason for this 
gender difference has not yet been clarified [12]. For instance, a study by Bass et al. 
[13] reported that approximately one in three men older than 65 years dies within 
1 year after hip fracture.

13.3  Pathophysiology

In osteoporosis, osteoblast and osteoclast activities are unbalanced with decreased 
bone formation and/or increased bone resorption; this imbalance results in bone loss 
and increased fracture risk [12].

From a clinical point of view, osteoporosis in men can be classified as primary or 
secondary [14]. In cases of primary osteoporosis, the condition either is caused by 

Control subject Patient

Fig. 13.1 Histologic sections of trabecular bone from iliac crest biopsies of a control subject (left 
panel) and a man with idiopathic osteoporosis (right panel) [41]. Biopsies were fixed, dehydrated, 
and embedded in polymethyl methacrylate. Histologic sections were cut from the blocks and 
stained according to Goldner
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age-related bone loss (senile osteoporosis) or the cause is unknown (idiopathic osteo-
porosis). The term idiopathic osteoporosis commonly is used only for men less than 
70 years old; older men—in the absence of secondary causes—are assumed to suffer 
from age-related osteoporosis. Nevertheless, in contrast to women, the majority of 
men with osteoporosis have at least one secondary cause. In secondary osteoporosis, 
the loss of bone mass is caused by specific lifestyle factors, diseases, or medications.

13.3.1  Primary Osteoporosis

Taking into account that the age-related changes in the male skeleton occur early in 
adult life and that failure to achieve adequate peak bone mass at a young age is one 
of the factors leading to osteoporosis, the pathogenesis of the two types of primary 
male osteoporosis is described together. Quantitative and qualitative alterations of 
bone are mainly attributed to changes in the concentration of circulating endoge-
nous factors which regulate bone metabolism [15].

13.3.1.1  “Natural” Bone Loss in Men
Adult bone mass is achieved during childhood and particularly during adolescent growth 
spurt. Interestingly in this period, there is also an increase in fractures, which appears to 
be due to transient decreases in cortical thickness and increase in cortical porosity [16]. 
Data obtained by quantitative computer tomography have also demonstrated that tra-
becular bone mass seems to “peak” in early adult life (although the timing of acquisition 
of peak bone mass may be different at different sites), with decreases in trabecular bone 
(evident in both sexes) as early as the third decade. By contrast, in men cortical bone 
remains stable until later in life, with subsequent decreases [17].

Bone loss generally accelerates after the age of 70 years in men due to a combi-
nation of nutritional and hormonal deficiencies [14]. A decrease in intestinal cal-
cium absorption and high prevalence of vitamin D insufficiency both contribute to 
elevated serum parathyroid hormone (PTH) levels and bone loss [18].

As will be discussed in the next section, rapid bone loss is common in testoster-
one or estradiol deficiency [19]. Both free or bioavailable testosterone and estradiol 
levels decline with age due to increased serum sex hormone-binding globulin 
(SHBG) levels and failure of the hypothalamic-pituitary-testicular axis to compen-
sate [20]. The age-related decrease of insulin-like growth factor 1 (IGF-1) may 
directly or indirectly decrease bone formation [21].

The pattern of age-related changes in bone structure is an important factor in the 
pathophysiology of bone loss. As mentioned before, in men, trabecular bone loss 
starts early in life; this is associated with changes in the IGF-1 regulating system, 
whereas cortical bone loss occurs later, in association with decreases in testosterone 
and estrogen and increased bone remodeling [22].

In men, the imbalance of bone resorption relative to formation leads to decreases in 
bone mineral density (BMD) of about 1% per year, which can begin soon after peak 
bone mass [22, 23]. As described above, BMD is not the only determinant of fracture 
risk; bone size, geometry, and microarchitecture are major contributors to bone 
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strength. Men have greater bone size than do women, which confers mechanical advan-
tage. With increasing age, the rate of resorption at the endocortical surface increases. 
This endocortical resorption is partially compensated by an increase in periosteal cir-
cumference, which increases bone size and displaces the cortex outward from the cen-
ter of the bone (both of which increase bone strength). However, a net decrease in 
cortical thickness occurs, which reduces bone strength [24]. In addition, microarchitec-
ture deteriorates with aging: cortical porosity increases, endocortical absorption causes 
trabecularization of cortical bone (Fig. 13.2), and trabecular thickness decreases [25].

Male, 63 years old Male, 90 years old

Fig. 13.2 Representative microarchitectural images of middle-age and old human male tibia mid-
shafts, respectively. Tibias were obtained from body donors provided by the Department of Anatomy, 
Medical University of Vienna, Austria. Analyses of the cortical bone microarchitecture were per-
formed with an X-raying inspection system with a microcomputer tomography scanner (Viscom 
X-8060-II, Core Facility for Micro-Computed Tomography, University of Vienna, Austria)

E. N. Valenzuela and P. Pietschmann



227

13.3.1.2  Hormones and the Male Skeleton
Bone-forming cells contain both androgen and estrogen receptors along with 
enzymes involved in sex hormone metabolism [15]. It appears that both types of 
steroids play a role in bone growth. Estrogens, possibly mediated by IGF-1, favor 
the longitudinal growth of long bones in the epiphyseal plate. Androgens, on the 
other hand, stimulate periosteal apposition and are responsible for appositional 
growth which leads to an increase in bone thickness. Moreover, sex hormones play 
an important role in maintaining bone mass with age: estrogens are regarded to 
protect both cancellous and cortical bone, whereas androgens predominantly con-
serve cancellous bone [26].

With aging, in men testosterone and 17β-estradiol levels decline and SHBG lev-
els increase [20, 27, 28]. A study by Orwoll et al. [20] showed that both total and 
bioavailable testosterone levels are diminished with aging, and a 10% reduction rate 
per decade was reported. Moreover, there was a strong association between older 
age and low concentrations of total and bioavailable estradiol. Additionally, low 
levels of free estradiol were associated with low free testosterone and high SHBG.

It is important to note that independent roles of estrogens and androgens in bone 
metabolism in healthy men had been demonstrated. A study by Falahati-Nini et al. 
[29] reported that estrogens were responsible for over 70% of sex hormone-related 
bone resorption in normal elderly men, while bone formation was equally affected 
by both types of steroids. However, the study by Leder et al. [30] demonstrated the 
superiority of androgens in the regulation of bone formation and an independent 
action of both hormones on bone resorption in healthy young men.

The effect of sex hormones on the male skeleton can also be assessed by the cor-
relation of the hormones with fracture risk [28, 31]. Several studies show that tes-
tosterone is not strongly associated with bone loss, while others refer to it as a 
strong predisposing factor for osteoporotic fractures. A possible explanation is that 
the hormone affects mostly exoskeletal parameters of fracture risk (e.g., muscle 
mass), and it appears possible that its aromatization to estrogens could have an 
effect [32].

The pathogenesis of bone loss in men is closely related to the production and 
action of estradiol (total, free, or bioavailable). Moreover, the pathogenesis of male 
osteoporosis is consequently related to quantitative and qualitative changes of aro-
matase and estrogen receptors which mainly arise from genetic variations of the 
corresponding genes [33]. Most of the studies using fracture as outcomes have pro-
vided support for a key role for estradiol in determining fracture risk in aging men, 
as well as the presence of a threshold estradiol level below which fracture risk 
increases in men [17]. Testosterone may also contribute to fracture risk, particularly 
in the setting of high SHBG levels. In men, sex steroid deficiency alone is sufficient 
to increase bone resorption markers, even in the setting of suppressed follicle-stim-
ulating hormone (FSH) levels [34]. However, the precise role of increases in FSH 
with aging in mediating age-related bone loss remains unclear [17].

Growth hormone (GH) and IGF-1 have an anabolic effect on skeletal growth 
[15]. Their receptors in growth plate chondrocytes stimulate longitudinal bone 
growth with endochondral bone formation. Cell receptors for GH and IGF-1 are 
also found on both osteoblasts and osteoclasts [35]. With aging, GH and IGF-1 
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levels are reduced [36]; the alterations of GH production with age have been termed 
“somatopause.” Daily GH secretion may be impaired in the elderly, reaching only 
1/20 of its levels encountered in young adults [37]. Most of systemic and local 
IGF-1 is bound to specific binding proteins (IGFBPs). The fact that they inhibit 
IGF-1 function means that they are likely involved in the pathogenesis of osteopo-
rosis. It has been found that IGFBP-2 increases significantly with aging in both men 
and women and is negatively correlated with BMD and positively with bone turn-
over biochemical markers [38]. The concomitant decrease in IGF-1 is associated 
more than any other factor with the changes observed in cancellous bone in men 
during the first two decades of adult life. Later in life these changes are mainly 
attributed to sex hormones [36].

13.3.1.3  Male Idiopathic Osteoporosis: Osteoblast Dysfunction
Osteoblast function was evaluated in vitro in cells isolated from bone specimens of 
men with osteoporosis [39]. A study by Pernow et al. [40] found that osteoblast-like 
cells isolated from men with idiopathic osteoporosis showed impaired bone forma-
tion and slightly decreased bone resorption, which might be due to the low expres-
sion levels of receptor activator of nuclear factor kappa-B ligand (RANKL) and 
runt-related transcription factor 2 (RUNX 2) as demonstrated in a study by Patsch 
et al. [41]. Pernow et al. [40] described osteoblast dysfunction with decreased osteo-
calcin and increased production of factors stimulating osteoclast activation.

In men with idiopathic osteoporosis, low levels of serum estradiol and high lev-
els of SHBG have been reported [42, 43]. Moreover, a lower abundance of estrogen 
receptor alpha has been found in osteoblasts and osteocytes from male idiopathic 
osteoporosis patients [44].

Whereas the mechanisms of estrogen action on bone may be complex, the find-
ing that osteoblasts express estrogen receptors suggests that this class of hormones 
exerts direct effects on bone cells; in vitro estrogen treatment coordinately increases 
DNA content and alkaline phosphatase activity. Estrogen increases both the levels 
of messenger RNA for alkaline phosphatase and type I collagen. Thus, estrogen 
promotes the formation of bone while reducing cellular responsiveness to hormones 
that may trigger bone resorption [45]. Furthermore, positive correlations between 
parameters of bone formation and estradiol levels have been demonstrated in men 
with idiopathic osteoporosis [46]. Low osteoid thickness and wall thickness are 
indicators of a low formative capacity of the osteoblast in the bone morphogenic 
unit, i.e., short osteoblast life span or low osteoblast number, leading to low bone 
mass. The bone structure, with thin wall and thin osteoid, was associated with low 
estradiol levels.

In addition to low estradiol levels, also low circulating IGF-1 levels could result 
in decreased bone formation in men with idiopathic osteoporosis [47]. Our current 
working model of the pathophysiology of idiopathic osteoporosis in men is shown 
in Fig. 13.3.
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13.3.2  Secondary Osteoporosis

The pathogenesis of secondary osteoporosis is heterogeneous encompassing induc-
tion by lifestyle conditions and habits, medications, or the consequences of underly-
ing diseases [48]. Lifestyle conditions and habits such as smoking, excessive alcohol 
consumption, diet, and physical activity are associated with osteoporosis and con-
sidered to be risk factors which can be modified [49].

The most frequent secondary causes of osteoporosis in men are glucocorticoid 
use, hypogonadism, and excessive alcohol intake [50]. One of these causes is pres-
ent in the majority of younger men with osteoporosis [20] and may be superimposed 
on primary osteoporosis [14]. In this line, the treatment with exogenous glucocorti-
coids is the most common cause of secondary osteoporosis in adult males [51, 52]. 
Synthetic glucocorticoids are widely used for treatment of patients with diverse 
conditions, including inflammatory bowel disease, rheumatoid arthritis, or chronic 
obstructive pulmonary disease that may also be precipitants of osteoporosis [53]. 
Glucocorticoid-induced osteoporosis occurs in two phases: a rapid decrease in 
BMD that appears to be due to an increase in bone resorption, followed by a slower, 

SHBG IGF–1

Bioavailable
testosterone

Estradiol
Bone

formation

Bone
strength

Osteoporosis

RUNX 2 RANKL

Bone
resorption

Fig. 13.3 Our hypothetical model of the pathophysiology of osteoporosis in men. SHBG sex 
hormone-binding globulin, IGF-1 insulin-like growth factor 1, RUNX 2 runt-related transcription 
factor 2, RANKL receptor activator of nuclear factor kappa-B ligand
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progressive phase of BMD decline likely a result of impaired bone formation [53, 
54]. The mechanisms might be indirect, e.g., an upregulation of osteoclastogenesis 
via stimulation of RANKL and suppression of osteoblast OPG expressions [49, 55]. 
Moreover, a major effect of glucocorticoids is a profound impairment of bone for-
mation through suppression of osteoblastogenesis and induction of osteoblast and 
osteocyte apoptosis [56]. The resulting increased risk of fracture is seen within 
3 months after initiation of oral glucocorticoid therapy and is reflected by changes 
in the concentrations of various bone markers such as osteocalcin [54, 57].

Osteoporosis is regularly mentioned as a secondary consequence of alcohol-
ism, and chronic alcohol abuse is established as an independent risk factor for 
osteoporosis [58]. Alcohol exhibits various direct effects on the activity of bone 
cells. Under the influence of alcohol, the growth of mesenchymal stem cells in 
the bone marrow and the transformation into osteoblasts are inhibited [59]. 
Furthermore, alcohol inhibits osteoblast growth in cell cultures and impaired 
DNA synthesis and cell proliferation of osteoblasts [60]. The modality of the 
decrease in bone mass and strength following alcohol consumption is mainly 
due to a bone remodeling imbalance, with a predominant decrease in bone for-
mation [61]. Another factor that seems to be involved in mediating the impaired 
osteoblastic function appears to be sclerostin, which correlates with decreased 
markers of bone synthesis and increased markers of bone breakdown [62]. In 
contrast, estradiol has a protective influence on alcohol-induced bone loss 
through the inhibition of the upregulation of RANKL in osteoblasts [63]. On the 
other hand, alcohol may indirectly influence bone remodeling, including osteo-
cyte apoptosis, oxidative stress, and Wnt signaling pathway modulation [58]. In 
this line, oxidase activity is increased through the alcohol-induced oxidative 
stress resulting in an increase of RANKL signaling, which enhances osteoclas-
togenesis [64].

13.4  Diagnosis

In the diagnostic workup of men with osteoporosis, it is important to determine pos-
sible secondary causes of the disease. For further details, the reader is referred to 
Chap. 7 “Osteoporosis: Diagnosis.”

13.5  Treatment

The National Osteoporosis Foundation recommends that BMD testing should be 
performed in all men aged 70 years and older, as well as some aged 50–69 years 
depending on the risk factor profile [65, 66]. Moreover, the guidelines recommend 
osteoporosis treatment not only after hip or vertebral fractures or with T-scores 
≤−2.5 but also in men aged >50 with osteopenia if FRAX-based 10-year hip or 
major osteoporotic fracture probability is >20% [67].
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13.5.1  Calcium and Vitamin D

Vitamin D insufficiency and consequent secondary hyperparathyroidism are com-
mon in older men. It leads to bone loss, muscle weakness, decreased balance, and 
falls. All major osteoporosis trials have included calcium and vitamin D, which 
reduce fractures by 10–15% [68]. However, the adequate intake levels of calcium 
and vitamin D is still a controversial issue. For further details, see part III of this 
book: Part III: Prevention and Treatment.

13.5.2  Antiresorptive Drugs

Randomized controlled trials in male osteoporosis have been completed for all com-
monly used osteoporosis drugs, including alendronate and risedronate (daily and 
weekly), intravenous zoledronate and ibandronate, and most recently, denosumab 
and strontium ranelate [68, 69]. In practice, drug choice will depend on availability, 
cost, reimbursement criteria, disease severity, side effects, comorbidities, and (rela-
tive) contraindications.

13.5.2.1  Alendronate
Alendronate is a potent bisphosphonate that inhibits osteoclast-mediated bone 
resorption [70]. The 2-year double-blind trial study by Orwoll et al. [71] demon-
strated that a daily dose of 10 mg of alendronate increased lumbar spine and hip 
BMD, reduced the rate of vertebral fractures, and prevented decreases in height in 
men with osteoporosis.

13.5.2.2  Zoledronic Acid
Zoledronic acid is a bisphosphonate administered intravenously. A once-yearly 
infusion of zoledronic acid at a dose of 5  mg was associated with a significant 
decrease in the risk of new vertebral fractures among men with osteoporosis [72].

13.5.2.3  Denosumab
Denosumab is a fully human monoclonal antibody that specifically binds to the recep-
tor activator of nuclear factor-κB ligand, a key mediator of osteoclast formation, func-
tion, and survival [73]. Denosumab was studied in men with low bone mass; 2 years 
of denosumab therapy was associated with increased BMD at all skeletal sites, with 
maintained reductions in bone resorption, and was well tolerated [74].

Androgen-deprivation therapy is well-established for treating prostate cancer but is 
associated with bone loss and an increased risk of fracture [75–77]. Bone mineral 
density loss is rapid during the first year of androgen-deprivation therapy; up to 4.6% 
of total hip, femoral neck, and lumbar spine BMD loss has been reported in prostate 
cancer patients without bone metastases (nonmetastatic prostate cancer) [75]. Smith 
et al. [76] found that twice-yearly administration of denosumab increased BMD at all 
skeletal sites and significantly reduced the incidence of vertebral fractures.
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13.5.3  Bone Anabolic Drugs

13.5.3.1  Intermittent Parathyroid Hormone (PTH) Therapy
Intermittent PTH with the 1–34 fragment teriparatide treatment has been approved 
as an anabolic agent for osteoporosis in men. The therapy is usually given for 
2 years maximum (at which time bone resorption catches up and exceeds formation) 
followed by antiresorptive treatment to maintain benefits. Orwoll et  al. [78] 
described that once-daily administration of teriparatide resulted in increased BMD 
at the spine and proximal femur, and increased bone mineral content in osteoporotic 
men, after a median treatment duration of 11 months. Furthermore, the effects of 
teriparatide on markers of bone turnover and BMD were similar to those seen in a 
trial in postmenopausal women, who experienced dramatic reductions in the risk of 
vertebral and non-vertebral fractures [79].

13.5.4  Undertreatment

Although in recent years significant progress in our knowledge on the treatment of 
osteoporosis has been made, only a small fraction of the patients receive adequate 
medication. Underdiagnosis and undertreatment of osteoporosis have been reported 
for both genders but appear to be particularly common in elderly subjects and men 
[80, 81]. With regard to the high incidence of postfracture disability and high mor-
tality rate undertreatment of osteoporosis in men not only causes unnecessary suf-
fering but also high healthcare costs.

 Conclusion
Osteoporosis in men should be considered as a serious public health concern and 
as a potentially life-threatening disease. In contrast to osteoporosis in women, 
osteoporosis in men frequently is a secondary condition (e.g., due to glucocorti-
coid treatment, hypogonadism, or alcohol abuse). Osteoblast dysfunction appears 
to play the dominant role in the pathophysiology of primary osteoporosis in men.

The treatment of osteoporosis in men has been studied far less than in women; 
nevertheless, a reduction of the incidence of vertebral fractures in men has been 
demonstrated in three independent studies with three different compounds. 
However, further research, e.g., with regard to the reduction of non-vertebral 
fractures, is necessary.
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14.1  Introduction

Inflammatory joint diseases, such as seronegative spondyloarthropathies (SnSp), 
rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), systemic sclerosis, 
and vasculitides, are characterized by bone complications including osteoporosis 
(OP) and fragility fractures (FF).

The course of OP is closely connected with the activity of the underlying disease 
and other risk factors, including low body mass index (BMI) (<18 kg/m2), early 
menopause (<45 years), low-energy fractures, renal failure, diabetes, smoking and 
alcohol use, high bone turnover, vitamin D deficiency, low intake or impaired 
absorption of calcium, and low calcium concentration. However, active inflamma-
tion, glucocorticoids (GC) therapy, long disease duration, immobilization, and 
reduced physical activity are considered the main risk factors altering both the qual-
ity and the amount of bone mineral density (BMD) associated to these diseases [1]. 
It is well-known that inflammatory cytokines, such as the tumor necrosis factor 
(TNF)-α, interleukin (IL)-1, IL-6, IL-7, and IL-17, are involved in the regulation of 
the bone homeostasis, with increasing osteoclast activity through receptor activator 
of the nuclear factor kappa-B ligand (RANKL) and receptor activator of the nuclear 
factor kappa-B (RANK) pathway, with the prevalence of bone resorption on bone 
formation in rheumatic diseases [2]. Therefore, treatment with synthetic and 
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biological disease-modifying antirheumatic drugs (DMARDs) is of major impor-
tance, not only to control disease activity but also to limit generalized bone loss. GC 
are frequently used in the treatment of rheumatic diseases because they suppress the 
systemic inflammation with a subsequent beneficial effect on bone mass, even 
though one of the principal complications of GC long-term use consists of an impor-
tant alteration of bone metabolism. FF risk is positively related to their daily dose 
and increases during the first 6 months of therapy, and the relative risk of fractures 
is higher for forearm, hip, and vertebral sites and depends on the duration of GC 
therapy itself [3].

This paper focuses on three inflammatory joint diseases, SnSp, RA and SLE, 
because OP and FF represent the main extra-articular complications of these diseases.

14.2  Osteoporosis in Seronegative Spondyloarthropathies

SnSp are a heterogeneous group of disorders with clinical features that include axial 
and peripheral arthritis, psoriasis, inflammatory bowel disease, and uveitis. The 
group, which affects approximately 0.5–1.5% of the Western population, comprises 
chronic inflammatory diseases such as ankylosing spondylitis (AS), psoriatic arthri-
tis (PsA), reactive arthritis, inflammatory bowel disease-related spondyloarthropa-
thies, and undifferentiated spondyloarthritis. In the context of SnSp, AS and PsA are 
the most frequently observed conditions; both are immunoinflammatory disorders 
characterized by bone involvement and associated with different prevalence of low 
bone mineral density (BMD), OP, and an increased risk of OP-related FF.

Chronic and persistent inflammation is an important risk factor for bone loss in 
AS and PsA due to its deleterious effect on bone remodelling. As a consequence, 
bone balance is negatively affected; indeed, imbalance between osteoblast bone for-
mation and osteoclast bone resorption with net prevalence of osteoclastogenesis 
occurs [1]. Furthermore, additional and relevant risk factors for OP and FF to take 
into account are GC treatment, low levels of vitamin D, sarcopenia, intestinal mal-
absorption, hypo(immo)bilization, and reduced physical activity due to compro-
mised mobility, joint pain, and functional impairment.

Emerging and increasing evidence highlights the harmful role on the bone played 
by inflammatory cytokines, such as tumor necrosis factor (TNF)-α, interleukin (IL)-
1, IL-6, IL-17, and IL-23. In fact, chronic inflammation is characterized by overex-
pression of inflammatory cytokines involved in the upregulation of the receptor 
activator of the nuclear factor kappa-B ligand (RANKL); RANKL is responsible for 
inducing osteoclastogenesis by binding to receptor activator of the nuclear factor 
kappa-B (RANK) on the surface of cells of the osteoclast lineage [2, 4].

It is not fully defined the role of dickkopf-1 (Dkk-1), the potent inhibitor of the 
Wnt/β-catenin pathway, whose levels in AS are below those of the healthy control 
population. It was speculated that the decrease in Dkk-1 results in increased 
Osteoprotegerin (OPG) and up-regulation of the Wnt pathway leading to activation 
of β-catenin, which transcriptionally enhances OPG gene expression [5]. Even less 
known is the role of Dkk-1 in PsA.
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Since TNF-α, IL-17, and IL-23 are cytokines involved in the pathogenic mecha-
nism of the typical lesions of AS and PsA, including the skeletal ones, it follows that 
neutralizing their effects with more innovative drugs can provide favourable results 
on maintaining bone homeostasis. Available data suggest that the anti-inflammatory 
treatment with TNF-α inhibitors, while having a positive effect on BMD at the spine 
and the hip, is less effective in reducing the risk of fracture [6].

Traditional anti-osteoporotic drugs for OP and FF prevention according to local 
recommendations and in combination with calcium and vitamin D are indicated.

14.3  Osteoporosis in Ankylosing Spondylitis

AS, the prototype disease in the spectrum of SnSp, is a progressive inflammatory 
rheumatic disorder that primarily affects the axial skeleton, including the sacroiliac 
joints. AS usually presents during the third decade of life and rarely after the age of 
45 years. Its prevalence is generally reported between 0.1 and 1.4%. There is some 
gender disparity with a 2–3:1 male-to-female ratio rather than the previously 
thought 5–6:1.

Many studies have shown decreased BMD levels by dual-energy X-ray absorpti-
ometry (DEXA), with an OP prevalence range from 19 to 62% [6]. The frequencies 
differ widely as a consequence of different duration, activity and extent of disease 
and of the degree of the impaired back mobility.

One of the main features of bony damage in early AS is the excessive loss of the 
trabecular bone in the centre of the vertebral body causing osteopenia or OP [7]. In 
long-standing disease the presence of structural bone lesions, such as syndesmoph-
ytes (new bone formation “bridging” two or more adjacent vertebrae), may be 
responsible for increased BMD.  Therefore, in early AS, DEXA measurements 
should include both the spine and the hip, while in long-standing disease, only the 
hip BMD level should be considered; however, active or past hip osteoarthritis can 
represent a confounding factor.

Generally low BMD levels are associated with high disease activity expressed by 
relevant inflammation indices and abnormal values of Bath Ankylosing Spondylitis 
Functional Index (BASFI), Bath Ankylosing Spondylitis Disease Activity Index 
(BASDAI) and Bath Ankylosing Spondylitis Metrology (BASMI) [8]. In early SA, 
risk factors for low BMD seem to be related to male gender and decreased func-
tional capacity [9].

A systematic review showed a high prevalence of osteopenia versus OP for the 
lumbar spine (39% and 16%, respectively) and for the femoral neck (38% and 13% 
respectively), particularly in patients with a short disease duration. This high preva-
lence was not expected in a relatively young and predominantly male population [10].

A study in a cohort of 204 patients (57% men, mean age 50 ± 13 years) found a 
prevalence of OP of 21% in participants aged ≥50 [11]. Low BMD was associated 
with age, disease duration, and inflammatory parameters.

In a study of 103 patients, osteopenia at the hip and spine was found in 56% and 
41%, respectively, of patients with disease duration <5 years, with an additional 11 
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and 15% having OP. In patients with a longer disease duration (>10 years), 29% 
were osteoporotic at the hip and only 4% at the lumbar spine [12].

Given the low BMD, the alteration of the biomechanical properties of the spine, 
and the structural bony damage, patients with AS have a fourfold FF risk, during 
their lifetime, compared with the general population, even from minor injury.

Vertebral FF are a common finding in AS, but their prevalence is highly variable 
up to more than 40% [13]. The discrepancies in prevalence rate reflect inadequate 
design or lack of power of the studies, inconsistency in the definition of vertebral FF, 
differences in recruitment, sex distribution, age, and vertebral FF assessment meth-
ods. Vertebral FF may depend on the low BMD and/or the increased spine vulnera-
bility secondary to the bone lesions, with reduced shock absorption, induced by the 
disease; however, they appear to be related more to the duration and structural sever-
ity of the disease rather than to BMD. Vertebral FF should be promptly and carefully 
considered in any patient with neck or back pain that is changed in intensity or char-
acter as they are often associated with neurological signs and symptoms.

A case-control study of 53,108 patients with fractures concluded that the risk of 
fractures was higher in AS than in rheumatoid arthritis (RA), with the largest 
increase for vertebral fractures (odds ratios 7.1 and 2.7, respectively) [14].

Recent data suggest both low BMD and high prevalence of vertebral FF even in 
patients with early-onset disease [15].

Patients with AS are also at increased risk of nonvertebral FF; in a large study, 
this risk was found to be statistically significant, even after adjustment for potential 
confounding factors (smoking, alcohol consumption, body mass index, and use of 
oral steroids) [16]. According to the results of the same study, the regular use of 
nonsteroidal anti-inflammatory drugs (NSAIDs) seems to eliminate the excess ver-
tebral and nonvertebral FF risk with an unknown mechanism.

Increased levels of RANKL and low levels of OPG have been detected in the sera 
of patients with AS. Furthermore, cross-sectional studies have highlighted an asso-
ciation between low vitamin D concentrations and both susceptibility and disease 
activity, suggesting a potential role of vitamin D related to its skeletal and immuno-
logical effects [17]. Paradoxically, although subjects with AS generally exhibit 
localized regions of enhanced bone formation at sites of spinal involvement, some 
of them may have low BMD at the spine [18]. It is possible to speculate that this 
happens when and if the local inflammatory process is still active and persistent.

TNF-α inhibitors appear to increase lumbar spine and hip BMD [5]; so far there is 
no clear evidence of an anti-fracture effect. It is likely that also the novel biotechnologi-
cal drugs targeting IL-17 and IL-23/17 axis can exert the same effects. More research 
is needed to assess the effects of these agents on bone quality and fracture risk.

14.4  Osteoporosis in Psoriatic Arthritis

PsA is an inflammatory chronic rheumatic disease affecting both peripheral and 
axial joints in addition to skin. PsA usually occurs in the age of 40–50 years old; 
male-to-female ratio is from 0.7:1 to 2.1:1.
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Prevalence of low BMD is not well defined; studies addressing the topic have 
shown conflicting results as far as the prevalence of OP in patients with PsA is con-
cerned. Though most of the studies have found no significant increase in OP con-
cluding that the magnitude of the problem seems to be mild, others suggest a higher 
prevalence than previously thought [19, 20].

OP, when present, recognizes pathophysiological mechanisms similar to those of 
AS and appears to be related to the duration, extent, and activity of the disease.

A study of 155 patients found no differences in BMD values between patients and 
reference population [21]. Prevalence of OP was 16%; it was higher in postmeno-
pausal women (28%) than in men (9%) or premenopausal women (4%). Prevalence of 
clinical fractures was 13%, mainly found in postmenopausal women; however, spine 
X-ray was not performed so that morphometric vertebral FF were not considered.

A study including 91 patients found no significant differences in mean lumbar 
spine and femoral neck BMD between PsA patients and controls; however, the preva-
lence of FF was significantly higher in patients (14.3%) than in controls (4.4%) [22].

A previous study carried out in 45 postmenopausal women with PsA concluded 
that patients did not have lower BMD even if they had a higher prevalence of FF 
[23]. In contrast, a study in 100 postmenopausal women with PsA showed that the 
prevalence of vertebral and nonvertebral FF on radiographic readings did not differ 
between cases and controls [24].

The higher prevalence of fractures compared with controls found in some studies 
indicates that alterations of bone quality are a characteristic of the disease, regard-
less of BMD values.

According to a recent systematic review, high likelihood of bias and inconsistent 
results of the available studies suggest a need for well-designed longitudinal studies 
on bone health in PsA [25].

Limited available data on vitamin D status in PsA suggest that patients have low 
levels of vitamin D with an inverse correlation between the serum level and the 
activity of the disease [26].

There are limited data on the effect of traditional therapies for OP in PsA patients. 
However, treatment with the currently available TNF-α inhibitors can potentially 
positively interfere on skeletal damage related to the disease; it is likely that a simi-
lar favourable effect can be exerted by the novel inhibitors of IL-17, IL-23/17 axis, 
and phosphodiesterase 4.

14.5  Osteoporosis in Rheumatoid Arthritis

RA is an autoimmune, systemic disease that is characterized by distal and sym-
metrical synovitis with joint destructions. It affects 0.5–2% of the general popula-
tion, with a female preponderance and an increased prevalence with age. This 
disease is associated with subchondral bone erosion, cartilage degradation, and sys-
temic bone loss. Periarticular bone loss, adjacent to the inflamed and swelling joints, 
is a key feature of RA and the result of local inflammation [27]. Generalized bone 
loss, leading to OP, is the main extra-articular manifestation of RA and may lead to 
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the occurrence of FF, exacerbating pain and disability and impairing the quality of 
life of these patients [28]. In the USA, data from the National Data Bank for 
Rheumatic Diseases indicated that FF are the third cause of mortality in RA patients, 
after respiratory problems and myocardial infarctions, and the second cause of inva-
lidity, after depression [29].

Even if the patients with RA are at high risk of OP and FF, having several well- 
known risk factors, such as menopausal status, low BMI, reduced physical activity 
and disability, vitamin D deficiency, and GC therapy, the inflammatory disease 
activity may be the most important factor associated with bone loss in RA [30, 31]. 
Another risk factor for developing OP is represented by the rheumatoid factor (RF) 
status: the frequency of OP and reduced bone mass is higher in RF-positive than 
RF-negative patients [32].

The prevalence of OP in RA patients is reported to be approximately twice that 
in the general population [32]. The frequency of OP in patients with RA ranges 
from 12.3 to 38.9% at the lumbar spine and from 6.3 to 36.3% at the hip [33–34]. 
According to a recent report, the frequency of OP in Korean postmenopausal women 
with RA was of 46.8% [31]. Above all, there is at least a twofold increase in the risk 
of vertebral FF in RA patients, and a higher risk, up to sixfold, has been reported in 
patients with a long-standing disease [34–36]. Recently, RA has been taken into 
account as an independent risk factor in the assessment of fracture risk [37, 38].

An important part of the accountability for the increased fracture risk is the 
reduced bone strength, which can be explained by disturbances in bone remodel-
ling. It is known that upregulation of pro-inflammatory cytokines, such as TNF-α, 
IL-1, Il-6, and IL-17, is responsible for the overexpression of RANKL that pro-
motes osteoclasts differentiation and leads to an increased bone resorption. More 
recently, it became known that formation of the bone is also hampered in RA 
patients [39]. This is orchestrated by osteocytes, which send their molecular signals 
based upon loading and unloading forces, resulting in changes in RANKL/OPG and 
the Wnt pathway. Inhibitors of the Wnt signalling pathway, such as Dkk-1 and 
sclerostin, result to be upregulated in active RA [40], leading to apoptosis of osteo-
blasts and hence to a decreased bone formation. Additionally, OPG is inhibited by 
increased receptor activation for RANKL expression, which leads to a prolonged 
lifespan of osteoclastic cells.

GC are frequently used in the treatment of RA. It is well demonstrated that GC 
have an action both in retarding the progression of erosive joint damage in early RA 
and a control of disease activity [41–43]. The use of GC is restrained by the occur-
rence of their side effects, and one of the principal complications of long-term GC use 
consists of an important alteration of bone metabolism. GC mainly suppress bone 
formation because they determine a decrease in osteoblastogenesis, interfering with 
osteoblastic differentiation and maturation and inducing loss of function and apopto-
sis of osteocytes [44, 45]. Risk of fracture in patients who received long-term GC 
therapy is about 33–50%, positively relating to daily and cumulative dose [46, 3].

Several studies have shown a lower BMD in RA as compared to controls [47–
49], the largest effect being measured at the hip. The observed BMD reduction is 
approximately of 2–17% at the hip and from no reduction to 10% at the spine; in a 
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population of 394 female RA patients, no significant reduction in spine BMD was 
found, in contrast with a significant reduction of 3.7–8.5% at the hip and 4.2–5.0% 
at the femoral neck (according to the age group) [32]. In a study focused on peri-
menopausal women, a BMD reduction of 5.5% was observed at the lumbar spine 
[50]. In the largest study conducted on 94 male patients with RA, no reduction was 
observed at the spine BMD, and a significant decrease at the hip (6.9%) was 
observed in the oldest patients only [51]; one longitudinal result suggests that BMD 
loss is lower in males than in pre- and postmenopausal women [52]. A recent study 
showed that in premenopausal women with RA both spine and hip BMD values 
were significantly lower than in age-matched controls and that such a difference was 
maintained at the hip after adjustment of BMD for GC therapy and disease activity 
indices [53]. This suggests that the disease itself is responsible of the significant 
bone loss, in particular at predominantly cortical skeletal sites. An association 
between low-dose GC use (≥6 months) and OP has not been observed [54]. This 
may be explained by a control of the disease activity and an improvement of func-
tion of the co-treatment with low-dose GC and GC-induced OP (GIO) preventive 
therapy [55, 56].

A common observation in all studies is the large interindividual variations, 
explaining why there is an apparent discrepancy between a relatively modest mean 
reduction in BMD and a high prevalence of OP. Among the confounding factors 
affecting the interpretation of BMD results in RA patients is the long duration of the 
disease, including the course of the disease itself, and an association has been 
observed between the severity of RA and the risk of OP [57].

Patients with RA are at increased risk of FF at the hip, vertebrae, and pelvis [35, 
58, 59]. Humerus and tibia/fibula fracture risk is also increased in some but not all 
the [35, 58] studies. The risk of wrist fracture seems not to be increased in RA as 
compared to controls [35, 58].

In the General Practice Research Database, 30,262 patients with RA (ages 
≥40  years) were compared to controls, with a mean duration of follow-up of 
4.3 years; the increased risk of clinical fracture was of 1.5 (1.4–1.6) [35]. Indicators 
of a substantially elevated risk of hip fracture were the long duration of the disease, 
low BMI, and the use of oral GC.  Two important observations for the potential 
mechanisms of bone fragility have been made in this study: the risk of fracture is the 
same in men and women; the fracture risk remains elevated after excluding patients 
who had taken GC at any time during the follow-up.

RA is characterized by a higher severity of spine involvement with a higher risk 
of having two or more fractures compared to controls [34, 60]. The incidence of 
vertebral FF is 6.7 per 100 patient-years according to a study with a mean follow-up 
of 2–3 years [61]. Patients with incident vertebral FF are those with older age, lower 
BMD, higher disability, and previous nonvertebral fractures. Being diagnosed as 
having RA, the risk is related to vertebral deformities independent of BMD and GC 
use [34]. Presence of vertebral FF is inversely related to the use of DMARDs and 
GC, enhancing the hypothesis that an appropriate control of the disease may be a 
protective factor against bone fragility [60]. Low bone quality might be the cause of 
the frequent prevalence of vertebral FF in patients with RA [62]. Vertebral FF may 
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not emerge to clinical attention in RA because of analgesics use for painful joints. 
Thus, vertebral fracture assessment technology on DEXA devices should be used in 
these patients at the time of BMD measurement.

The incidence rate of nonvertebral FF in IORRA cohort study is 3.5/100 patient- 
years and does not change in 10 years, despite a striking improvement in RA disease 
control [63]. This study could indicate that OP treatment and nonvertebral fracture 
prevention remain important, regardless of RA disease activity.

DMARDs, as methotrexate (MTX), and biotherapies, as anti-TNF therapies, 
have proved to be successful in retarding joint destruction in RA while being able to 
control inflammation. The goal of the treatments is the remission of the disease and 
the prevention of the structural damage; prevention of bone complications is there-
fore expected.

Infliximab was able to decrease bone resorption; at its introduction as therapy in 
a population of patients with RA for 11 ± 7 years and failure of other DMARDs, an 
increase in the ratio between markers of bone formation and bone resorption was 
observed [64]. There was no BMD change over 1  year. In a small group of 20 
patients, with early and active disease, BMD loss was significantly reduced in 
patients receiving MTX and infliximab, as compared to those treated by MTX 
alone, at the femoral neck and the hip: −0.35 vs. −3.43% and −0.23 vs. −2.62% 
[65]¸ there was no change at the spine level. Other studies showed that infliximab 
and etanercept were able to arrest BMD loss at the spine [66, 67]. The BeSt study 
compared prospectively the efficacy of four treatment strategies in RA: (a) sequen-
tial monotherapy of several DMARDs, (b) step-up combination therapy, (c) initial 
combination therapy with tapered high-dose prednisone, and (d) initial combination 
therapy with infliximab. In the group with better suppression of inflammation, the 
BMD loss was less than in other groups [68]. In a study of 50 patients with active 
RA who started adalimumab in addition to stable MTX e prednisone (less than 
10 mg/day) at baseline, BMD was associated with disease activity and duration; 
after 12 months, adalimumab arrested further decrease in BMD, with an inverse 
association between decrease in serum C reactive protein (CRP) levels and increase 
in BMD, but a greater increase at femur BMD was observed in patients who received 
concomitant low doses of prednisone [69]. While most studies were of short dura-
tion, up to 1 year, the BMD sparing effect seemed to maintain thereafter in a cohort 
of 184 established RA patients: only a small decrease of hip BMD and a stable spine 
BMD was shown after a mean follow-up of 4 years of anti-TNF treatment [70]. In a 
large sample size study, the use of biologic DMARDs (infliximab, adalimumab, 
etanercept, golimumab, certolizumab, rituximab, abatacept, tocilizumab, anakinra) 
did not lead to a reduction in the risk of nonvertebral osteoporotic fractures [71]. In 
a group of 8419 RA women, it was found that the use of anti-TNF in combination 
with MTX was not associated with a reduction in the risk of FF [72]. Another recent 
study also did not report any advantages of TNF inhibitors over traditional nonbio-
logic therapies for the prevention of bone loss and fracture in RA patients [73].

At this stage, there is increasing evidence on the beneficial effect of anti-TNF 
agents to prevent bone loss, even if the clinical impact, in terms of fracture risk 
reduction, has yet to be confirmed. Therefore, the administration of bisphosphonates 
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(BP), as well as other agents, such as teriparatide and denosumab (a monoclonal 
antibody against RANKL), might be important for OP treatment and consequent 
fracture reduction in RA patients.

14.6  Osteoporosis in Systemic Lupus Erythematosus

SLE is an autoimmune disease characterized by chronic inflammation and the produc-
tion of a wide array of autoantibodies. SLE can virtually involve any organ/system; in 
its clinical picture, active disease, chronic damage, and comorbidities overlap [74].

SLE typically affects young women in their childbearing age, with a peak of 
incidence between 15 and 40 years of age and a male to female ratio of 1:9. Disease 
onset is less common in childhood and in elderly population with female to male 
ratios of 2–6:1 and 3–8:1, respectively [74]. Because the survival of patients with 
SLE has improved dramatically over recent decades, attention is now focused on 
disease complications leading to increased morbidity and mortality.

Of note, the musculoskeletal system is frequently involved, and OP is one of the 
most common comorbidities, found in 1.4–68% of this population [75–77]. This 
wide variation in prevalence may be related to the study design, sample size, GC 
use, disease activity and duration, patient demographics, and under-recognition as 
more than 75% of patients are thought to have suboptimal screening [78]. A system-
atic review and meta-analysis, which evaluated the mean difference of the BMD 
level between SLE patients and controls, has been recently published [79]. Literature 
showed that SLE patients had significantly lower BMD levels than controls 
(p < 0.001).

In SLE, FF also occur in younger patients as compared with those with primary 
OP, and 4–30% of patients may develop FF despite normal BMD [76, 77, 80–82]. 
The most common sites of FF are the hip, vertebra, ankle, rib, foot, and arm [76, 
80]. OP and associated FF may result in severe pain, disability, impaired quality of 
life, and increased mortality [83, 84].

The pathogenesis of OP and the occurrence of FF in SLE are likely to be multi-
factorial, involving both non-disease-related and disease-related factors.

It has been established that the old age, postmenopausal status, low body mass 
index, reduced physical activity, and constitutional symptoms are the possible risk 
factors for OP [75–77, 85, 86].

Pro-inflammatory cytokines including IL-6, IL-1, and TNF-α are overexpressed 
by activated immune cells in SLE patients and have a direct action on the bone, 
increasing on one side osteoclastic bone resorption and on the other reducing osteo-
blastic bone formation [2, 7, 77, 85, 87]. It is well known that upregulated RANKL/
RANK/OPG signalling and downregulated Wnt/β-catenin pathway are responsible 
for bone loss associated with inflammatory rheumatic diseases [2, 7, 85, 87]; in 
addition, polymorphisms in the RANKL and OPG genes appear to play an impor-
tant role in bone remodelling process and in FF occurrence in SLE [88].

OP and atherosclerosis are common clinical problems and share bidirectional 
correlation [89, 90]. Cardiovascular disease is a well-recognized complication of 
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SLE, and there has been a growing interest in the biology and mechanisms underly-
ing premature and accelerated atherosclerosis in this disease [91, 92]. To date, the 
role of inflammatory immunological pathways has been recognized for both the 
increased risk of cardiovascular disease and low BMD [86, 92, 93]. Oxidized low- 
density lipoprotein (LDL) and LDL cholesterol (LDL-c) play an important role in 
the generation and progression of atherosclerosis; additionally, it has been shown 
that high serum LDL-c level may also be a risk factor for low BMD and for nonver-
tebral FF [80, 86]. Oxidized lipids are able to activate T cells, which in turn can 
induce increased production of TNF-α and RANKL; moreover, oxidized lipids may 
negatively influence osteogenesis by reducing osteoblast differentiation and matu-
ration. As a consequence, LDL and LDL-c may be considered the link between OP 
and atherosclerosis, and in fact in active SLE patients, high serum levels of LDL and 
LDL-c were inversely correlated with BMD [80, 86, 93].

Although some clinical and cross-sectional studies failed to demonstrate a rela-
tionship between disease activity and bone loss in SLE [80, 94, 95], a recent 5-year 
prospective study in Chinese women with SLE demonstrated an association between 
high disease flare rate and increased bone loss in spine and hip [96]. In addition, low 
complement C4 levels were a predictor of low lumbar spine BMD in the Hopkins 
Lupus Cohort, and low complement C4 was an independent contributor to the asso-
ciation between low BMD and carotid atherosclerosis [93, 97].

The relationship between organ damage and reduced BMD is still debated. While 
several studies report such a relation [96, 98], the results of other studies [75] failed 
to identify organ damage as a risk factor for OP and FF [76, 94, 95]. Lupus nephritis 
occurs in up to 60% of SLE patients during the disease course and can result in renal 
failure. In chronic renal failure, the development of both secondary hyperparathy-
roidism and low 1,25[OH]2D levels will adversely affect bone mass. However, an 
association between impaired renal function and low BMD was reported in only one 
study, in older female SLE patients [99].

Hypovitaminosis D is highly prevalent in SLE as a result of avoidance of sun-
shine, photoprotection, renal insufficiency, and the use of GC, anticonvulsants, cal-
cineurin inhibitors, and, probably, antimalarials which alter the metabolism of 
vitamin D or downregulate the functions of the vitamin D receptor [82, 87, 100]. 
Studies that included healthy controls reported lower vitamin D levels in SLE 
patients in 12/14 (86%) [101]. Vitamin D insufficiency (25OH-D serum levels 
<30  ng/mL) was also recently documented in 60% of non-supplemented female 
SLE patients in the Mediterranean region [102]. A cross-sectional evaluation of 
bone metabolism parameters in 186 SLE patients showed vitamin D insufficiency in 
79% with a mean level of 21.8 ± 15.7 ng/mL; of note, 25OH-D levels <20 ng/mL 
were found in 52.2% of patients [82].

With respect to bone mass, hypovitaminosis D, which predisposes to secondary 
hyperparathyroidism, represents an additional risk factor for OP. A significant asso-
ciation between low 25OH-D levels and low vertebral BMD was found in [103]. A 
positive correlation was also observed between 25OH-D levels and lumbar spine 
and total hip BMD in Chinese young male SLE patients [104]. Furthermore, a 
6-year prospective study in 126 Dutch SLE patients confirmed that low 25OH-D 
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levels at baseline were significantly associated with bone loss in the lumbar spine 
and hip [105].

The active form of vitamin D [1.25(OH)2D] is a steroid hormone that, in addi-
tion to its actions on calcium and bone metabolism, exhibits a wide spectrum of 
immunomodulatory and anti-inflammatory effects, as extensively documented by 
experimental studies [100, 101, 106–108]. Although these effects have been also 
reported in clinical studies and reviews specifically evaluating SLE patients, the 
relationship between vitamin D status and the onset, activity, and complications of 
the disease is currently theoretical, and further well-designed trials are needed [100, 
101, 106, 108–110].

Most patients develop SLE in their premenopausal years, and some of them do 
so in the years preceding the achievement of peak bone mass. Both the disease and 
its treatment (e.g., cyclophosphamide) can also induce amenorrhoea and premature 
menopause, which cause bone loss. Furthermore, it has been suggested that other 
endocrine dysfunctions may affect negatively bone mass in SLE.  The hormonal 
status of SLE patients has been described as a relatively high oestrogenic and low 
androgenic state; low plasma androgens in active and inactive SLE and an associa-
tion between low dehydroepiandrosterone sulphate levels and low BMD have been 
reported [80, 85, 87].

The antimalarial drugs chloroquine (CQ) and hydroxychloroquine (HCQ) are fre-
quently used in SLE patients as immunosuppressants. The mechanism of action has 
been linked to an effect on DNA, antigen processing, cytokines, lysosomal mem-
branes, and T-cell proliferation [85]. Additionally, CQ and HCQ were thought to inter-
fere with the synthesis of 1,25(OH)2D, by inhibiting hydroxylase α1 [85, 87].

With regard to the skeletal effects, studies in SLE patients demonstrated conflict-
ing results [77, 80, 85]. Two cross-sectional studies in SLE female patients reported 
a significant correlation between HCQ and higher BMD in the spine and hip [111, 
112]; additionally, treatment duration was significantly associated with higher BMD 
in the spine [112]. Conversely, a cross-sectional and a 6-year prospective study in 
Dutch SLE patients showed a negative correlation between BMD and HCQ use 
[105, 113]. In a 5-year prospective study, no influence of HCQ treatment on BMD 
was found [96]. Thus, it is still unclear whether the antimalarial drugs ultimately 
affect bone metabolism, and further studies on this possible adverse effect are 
needed [77, 80, 85, 87].

In SLE patients, GC, commonly used at high doses for the treatment of disease 
flares, significantly improved survival and the quality of life [85]. However, there is 
no doubt that GC and other immunosuppressants could represent an additional risk 
factor for bone loss and FF [3, 44, 45, 77, 85, 114]. Longer duration of GC therapy 
and cumulative and high-dose GC use appear to be associated with bone loss and FF 
in SLE patients [3, 44, 45, 77, 80, 82, 96, 114, 115]. Moreover, cumulative dose 
[116] and duration of GC therapy independently predicted higher FF risk in SLE 
patients compared with controls, using the FRAX tool, the most widely used algo-
rithm for assessing the 10-year individual FF risk [37, 117, 118].

For cyclosporine A (CyA), a possible deleterious effect on the skeleton has also 
been suggested based on the high frequency of FF occurring in transplant recipients 
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treated with this drug. However, in rheumatic diseases including SLE, CyA is used 
at lower doses than in transplant recipients, and present data do not allow to confirm 
the relationship between CyA and bone loss in SLE patients [77, 82, 85].

Cyclophosphamide, commonly used to treat severe SLE comorbidities including 
renal and neurologic involvement, may contribute to treatment-related OP by induc-
ing amenorrhoea and premature menopause secondary to ovarian failure [77].

Chronic treatment with antiepileptics and anticoagulants may also contribute to 
bone loss and FF occurrence by negatively affecting bone mass, as documented in 
some studies [77, 80, 82, 85].

Although estimates for the prevalence of OP and FF in SLE patients indicate that 
their burden may be dramatically elevated, bone health care in SLE is still subopti-
mal, and quality-improvement efforts should address OP screening, prevention, and 
treatment [78]. There is no consensus regarding the optimal method of identifying 
bone loss and risk of FF in SLE; the FRAX and the DeFRA (the Italian algorithm 
derived from FRAX) could represent useful tools to establish the need for pharma-
cological treatments [38].

At present, there are no specific guidelines regarding OP prevention and treat-
ment in SLE patients.

Calcium and vitamin D are recommended in all patients treated with GC [44, 45, 
114, 119, 120]; special attention must be paid to obtain the target 25OH-D serum 
level above 30 ng/mL, as recommended by multiple scientific societies [121, 122].

BP are considered the first choice to prevent bone loss and reduce FF risk in GIO 
[44, 45, 114, 119, 120].

However, when considering premenopausal women, there is no generally recom-
mended treatment, and BP should only be prescribed in patients with high risk of 
FF, as these drugs may be long term stored in the bone and are associated with foetal 
abnormalities in animal models [77, 85, 87, 119].

Teriparatide, which counteracts the most relevant pathophysiological mecha-
nisms of GIO [45, 114, 119, 120], has been shown to be superior to BP in both FF 
rate and BMD in patients with GIO [114, 119, 120] and SLE [123].

Denosumab could represent an attractive effective agent in the treatment of GIO 
[114, 120, 123]; additionally, since denosumab is not incorporated in the bone, this 
drug may be also advantageous in premenopausal patients [77, 114, 119, 120, 124]. 
A recent study has shown that denosumab is superior to BP in SLE [125].

 Conclusion
Several, if not all, inflammatory rheumatic diseases may be complicated by 
increased bone loss and elevated FF risk. We focus on RA, SLE, AS, and PsA 
because OP and associated FF are largely documented in these diseases.

The pathogenesis of OP and the occurrence of FF are likely to be multifacto-
rial, involving both non-disease-related and disease-related factors. In addition 
to disease state, several factors including genetic, metabolic, and hormonal fac-
tors may have a deleterious effect on the bone. Increasing evidence highlights 
the role of complex interactions involving chronic inflammation, RANKL/
RANK/OPG signalling, and Wnt/β-catenin pathway. Even if clinical studies 
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have demonstrated that adequate immunosuppressive therapy prevents both 
local and generalized bone loss, there is no doubt that the chronic use of GC and 
other immunosuppressants could represent an additional risk factor for bone 
health.

There are no specific guidelines regarding OP prevention and treatment in 
rheumatic diseases.

A healthy lifestyle and calcium and vitamin D supplementations are dif-
fusely recommended in almost all patients; BP are considered the first choice in 
patients at risk of FF with caution in their use both in premenopausal and 
younger patients. Denosumab and teriparatide might be an attractive additional 
option.

Whether TNF-α inhibitors and other biologic agents are ultimately effective 
in reducing FF risk remains so far inconclusive.
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15.1  Introduction

During the last decades, in industrialized countries was observed a significant 
increase in average life expectancy with a gradual aging of the population. The pro-
longed life expectancy, lifestyle and improper eating behaviors have contributed to 
increase the incidence of illnesses, often resulting of well-being, such as obesity, 
dysmetabolism, cardiovascular disease, osteoporosis, which contribute heavily to 
both quality of life of those affected and significant increase in social costs.

Osteoporosis is one of these chronic diseases and it is defined as a metabolic 
disorder of the skeletal tissue characterized by a decrease in bone strength, lead-
ing to an increased risk of developing traumatic and/or spontaneous fractures [1], 
due to a reduction in both bone quantity and quality [2–5], that include altera-
tions in micro- and macro-architecture, turnover and changes of ultra-structural 
material. The decrease in skeletal tissue strength makes the subject more suscep-
tible to vertebral, non-vertebral fractures and, especially in the most advanced 
decades, femoral fractures associated with high morbidity and mortality.

The integrity of the skeletal tissue is maintained by a sophisticated highly 
dynamic process called remodeling, characterized by balanced osteoclast activity, 
monocyte-macrophage origin cells, bone resorption and osteoblast cells, mesenchy-
mal origin cells, responsible for bone neoformation.

Bone tissue is a highly specialized connective tissue that owes its peculiarity to 
being mineralized, since the intercellular substance (composed of collagen fibers 
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and amorphous substance) is mostly impregnated with mineral crystals (predomi-
nantly calcium phosphate) arranged around the collagen fibers, which constitute an 
organic scaffold for the formation of the crystals themselves. Calcium phosphate 
crystals are very resistant, but anelastic and rather friable, while collagen fibers are 
flexible and can be easily elongated or folded. This particular combination of pro-
teins and crystals gives the bone exceptional mechanical properties: hardness and at 
the same time, flexibility, lightness and traction and twist resistance.

Several factors can act on bone cells by modulating their activity, optimizing 
skeletal tissue health, but also affecting the different phases of bone remodeling in 
periods of life or in pathological conditions. The rate of bone loss in adults reflects 
the interactions of genetic, hormonal, environmental and lifestyle factors, such as 
diet, alcohol, smoking and physical activity, which also influence the extent of 
bone acquisition and play a key role in maintaining physiological skeletal 
homeostasis.

In particular, the nutritional aspect is crucial not only during adulthood, but also 
in the early stages of life as a proper diet can guarantee an adequate supply of macro 
and micronutrients [6–9]. A very important factor that needs to be considered, but 
often omitted, is the optimization of bone mass peak reached within the third decade 
of life. After the first three decades of life our skeleton arrives at a balance in adult-
hood. In other words, the greater the bone mass obtained during the growth stages, 
the lower the risk of developing osteoporosis in the most advanced phases of life 
[10–13]. For this reason osteoporosis must be considered as many other chronic 
pathologies a disease to be cured, but even more a pathology for which primary 
prevention can play an important role.

Our skeleton forms before birth, it sustains us in life, and can withstand a long 
time after death. Throughout life the size of our skeleton and the amount of bone 
will change in meaningful way. During the first 10–12  years of life, bone mass 
increases steadily, both in boys and girls. During puberty, the accumulation rate of 
bone mass accelerates, with a faster increase in men, and at least half of the bone 
mineral density is acquired, making it a critical time to optimize conditions that 
contribute to proper skeletal growth, thus achieving the peak of bone mass (PBM) 
in the mid-20 s. Infact, the bone mass acquired at the beginning of adulthood acts as 
a bone bank for the rest of life (Fig. 15.1 Modified by https://www.iofbonehealth.
org/news/bone-healthy-lifestyle-teenageyears-pays) [14]. The main goals for good 
bone health in the various phases of life are the following:

Kids and teens: to reach the potential genetic bone mass peak;
Adults: avoid premature bone loss and keep a healthy skeleton;
Elderly: prevention and treatment of osteoporosis.

Proper nutrition for the construction and the maintaining the skeleton is essen-
tial for the achieving these goals. A balanced diet provides the body with all the 
essential macro- and micro nutrients for the well-being of the body and the specific 
skeletal tissue. The most important nutrients are calcium, vitamin D and proteins.

C. Marocco et al.



261

15.2  Calcium

Calcium ion is among the fundamental micronutrients for maintaining a physiolog-
ical skeletal homeostasis. Calcium is absolutely the most important mineral pres-
ents in our body, and it is about 1.5–2% of the total weight of an adult. So, 
depending on their weight, men contain on average about 950–1300 g of calcium, 
women about 770–920 g. 99% of the total calcium of our body is contained in the 
skeleton and in the teeth. The remaining 1% is in solution in the blood, which dis-
tributes it to various tissues according to their needs. Calcium is present in bone in 
the form of a complex mineral, called hydroxyapatite, that gives resistance to the 
skeleton.

The concentration of calcium in all districts must be kept by the body under 
close control, and the central mechanism for doing so is the control of calcium 
concentration in the blood (calcium). Under normal conditions, calcium is 
maintained by the body within precise limits. This is necessary to ensure vital 
functions such as muscle contraction, blood clotting, nerve impulse conduction, 
and others. The calcic pool of the organism is divided into a ionized, metaboli-
cally active portion and a protein bound, predominantly albumin or salts. The 
ionized and anion-linked calcium together constitute the ultrafiltration fraction 
of plasma calcium, which represents the fraction filtered by the glomeruli. 
Protein-bound fraction may also vary considerably in relation to pH values and 
plasma concentration of bicarbonates and proteins. Calcium is introduced with 
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food, is absorbed into the intestine, passed into solution in the blood, and with 
blood it comes to the whole body, and in particular to the bone. The bone is our 
calcium reserve and calcium levels in the blood are maintained in balance. 
Calculation of calcium is continually achieved thanks to the combined action on 
the bone, kidney and intestine of three hormones: parathyroid hormone (PTH), 
calcitonin and vitamin D 1.25 (OH) 2. This regulation is intersected with the 
bone remodeling process.

If the blood levels of calcium fall, the hormone parathyroid (PTH), secreted by 
the parathyroid glands, releases calcium from the skeleton’s blood, to compensate 
the reduction in concentration of calcium in circulation. Calcium is important to 
health of bones throughout the life, in particular during adolescence, when it is 
accumulated around half of our bone mass [15].

In conclusion—if calcium needs to remain constant—our diet should always 
contain the right amount of calcium to replace what is lost (on average, in an adult 
300 mg per day). Otherwise, we can keep calcium at normal levels just by taking 
calcium from our “calcium bank”, the skeleton.

As long as plasma calcium deficiency persists (for example due to insufficient 
food intake or bad bowel absorption), calcium withdrawal from the bone continues. 
This causes a progressive loss of bone tissue, which, if significant, will be very dif-
ficult to correct. Often you can no longer return to the original levels. If the calcium 
loss process lasts long, its inevitable consequence is the appearance of osteoporosis. 
Conversely, when these needs are met, available calcium can be deposited in the 
bone, replenishing the reserve and maintaining the robustness of the skeleton.

The food calcium requirements vary widely with age (Table 15.1) [15]. It is very 
high in growing subjects especially in relation to body weight; increases in particu-
lar during pregnancy and during lactation. Calcium requirements may increase fre-
quently in the elderly for the occurrence of malabsorption.

Children and adolescents, whose skeleton is growing, must take up each day 
with much more calcium than what they lose with urine. And the same goes for 
pregnant women, especially during the third trimester, where the child’s skeleton 
is built.

Adults, who no longer have to grow, should only cover urinary calcium loss. But 
the intestine absorbs only part of the calcium contained in the foods (Table 15.2) 
[16, 17].

Table 15.1 Recommended 
daily calcium intakes

Infancy to adolescence Calcium (mg/day)
0–8 years 700–1000
9–18 years 1300
Women Calcium (mg/day)
19–50 years 1000
During pregnancy/lactation 1200–1500
Post-menopause (50+ years) 1200
Men Calcium (mg/day)
19–65 years 1000
65+ years 1200
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15.3  Vitamin D

Vitamin D is closely linked to calcium requirements and daily intake. In fact, scien-
tific studies have shown that the administration of vitamin D in the presence of low 
calcium intake is not equally effective [18]. Vitamin D plays two key roles in devel-
opment and in maintaining bone health: it helps absorb calcium from food in the gut 
and ensures the correct renewal and the mineralization of the bones. Vitamin D was 
discovered in 1922 and it was called so by mistake. Indeed it is not a real vitamin 
but it should be more properly defined as the precursor of the hormone. Vitamin D 
is synthesized directly in our skin by the action of ultraviolet light B sunlight (UVB) 
on a substance called 7-dehydro-cholesterol, but can also be obtained from foods 
like the blue fish (Table 15.3) [17]. In some countries it is normally added to milk 
and baby foods. Vitamin D is the only vitamin we are able to produce on its own, 
but if necessary it can be given as a “supplement”.

Vitamin D is strongly lipophilic, so both the food source and the amount of skin 
synthesis remain very low. The circulating vitamin D is immediately deposited 
mainly in the fatty tissue, where the storage capacity is very high. This is the reason 
for which vitamin D can be administrated as a bolus that can cover the needs even 
for many months. Vitamin D that passes through the liver is immediately hydroxyl-
ated at 25 and becomes 25OH-vitamin D. This process does not require “energy”, 

Table 15.2 Calcium content of common foods

Food Serving size Calcium (mg)
Milk, whole 200 ml 236
Milk, semi-skimmed 200 ml 240
Milk, skimmed 200 ml 244
Soy drink (non-enriched) 200 ml 26
Soy drink, calcium enriched 200 ml 240
Rice drink 200 ml 22
Almond drink 200 ml 90
Yoghurt (with whole milk) 125 ml 154
Yoghurt (with semi-skimmed milk) 125 ml 148
Hard cheese (cheddar, parmesa, gruyere, emmental) 30 g 240
Fresh cheese (mascarpone, ricotta, cottage cheese) 200 g 138
Eggs 60 g 27
Sardines in oil (canned) 60 g 240
Oysters 100 g 186
Shrimps 150 g 45
Chick peas 80 g raw/200 g cooked 100
White beans 80 g raw/200 g cooked 132
Almonds 30 g 75
Walnuts 30 g 28
Sesame seeds 15 g 22
Bok choy 50 g (raw) 20
Broccoli 120 g (raw) 112
Cress 120 g (raw) 188
Orange 150 g 60
Figs, dried 60 g 96
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but it provides it and therefore does not compromise in case of hepatic failure. The 
25OH-Vitamin D is actually the most important circulating metabolite, deposited in 
the liver and muscles in sufficient quantities to guarantee the need for no more than 
10 days. The 25OH-Vitamin D can then be activated at 1.25 (OH) 2 Vitamin D or 
degraded at 24.25 (OH) 2 Vitamin D. This alternative hydroxylation process is rig-
idly controlled by PTH, calcium and phosphoremia. Vitamin D deficiency in chil-
dren can lead to late growth and bone deformity, known as “rachitism”. The same 
processes in adults lead to “osteomalacia”, which is a ‘softening’ of bones due to 
poor mineralization. Vitamin D is needed both to ensure good absorption of calcium 
in the intestine and for proper mineralization of the bone.

The hypovitaminosis D causes bone mineralization alterations depending on the 
severity of the deficiency and its duration, as well as calcium intake. It is known that 
vitamin D deficiency especially if prolonged in time can produce proximal myopa-
thy and sarcopenia, with increased risk of falls [19]. It is likely that vitamin D exerts 
physiological actions in other organs and apparatus other than calcium metabolism 
as demonstrated by the presence of calcitriol receptors in different organs, particu-
larly at the prostate, colon, breast and in different cell types, where the expression 
of the 1-hydroxylase renal activity was documented, necessary to raise levels of 
1.25 (OH) 2 vitamin D. Vitamin D actions are due to calcitriol, its active metabolite. 
At the muscle tissue level, 1.25 (OH) 2 Vitamin D is able to activate calcium trans-
port mechanisms at the level of the sarcoplasmic reticulum, which are fundamental 
to muscle contraction [20]. The 25-OH-vitamin D (25OHD) serum concentrations 
adequately express the levels of vitamin deposits. Vitamin D deficiency is extremely 
common in Italy [21, 22], especially for the type of Mediterranean diet, less rich in 
animal fat or following the introduction of vegetarian or vegan diets, which is not 
adequately corrected for vitamin D intake. It is estimated that supplementation of 
foods with vitamin D is not greater than 200 U/l/day [23]. In the Nordic countries, 
the situation is better because traditionally dairy products are supplemented with 
vitamin D since childhood.

To ensure year-round vitamin D levels of 40 ng/ml, daily doses of vitamin D 
of at least 1000 U are recommended. Over the last few years, a steady increase in 
recommended daily vitamin D levels has been reported, starting with from 200 

Table 15.3 Approximate vitamin D levels in food

Food Serving size Mcg per serving IU per serving RNIa

Cod liver oil 1 tablespoon 23.1 924 231
Salmon, grilled 100 g 7.1 284 71
Mackerel, grilled 100 g 8.8 352 88
Tuna, canned in brine 100 g 3.6 144 36
Sardines, canned in brine 100 g 4.6 184 46
Margarine, fortified 20 g 1.6 62 16
Egg 60 g 0.9 36 9
Liver 100 g 0.9 36 9

aThe RNI (recommended nutrient intake) is defined by the FAO/WHO as “the daily intake which 
meets the nutrient requirements of almost all (97.5%) apparently healthy individuals in an age- and 
sex-specific population group”. Daily intake corresponds to the average over a period of time
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to 400 U in growth at up to 600 U in subjects over the age of 18 [24–26]. Clinical 
studies have shown that only doses around 800 U are associated with a signifi-
cant reduction in the risk of femoral fractures in the elderly population [27]. 
Vitamin D supplementation can change and it must be personalized to the risk of 
hypovitaminosis D and calcium dietary intake [28]. Regarding the safety issue, a 
homeostatic physiological mechanism acts to control the circulating levels of 
vitamin D up to the administration of 10,000 U daily and to avoid overdose [23] 
at the same time.

15.4  Protein

If an important role in the approach of a proper diet is given by a fair amount 
of macro- and micro nutrients it is crucial to remember the role of a correct 
equilibrium of all nutrients as indicated by the nutrition pattern of the 
Mediterranean diet. Within the macronutrients, it seems that a correct and 
appropriate amount of proteins plays an important role both in achieving a 
good bone mass peak and for maintaining adequate bone mass in adult life and 
during aging.

Food proteins are a source of important aminoacids necessary to maintain the 
bone structure. They also have an effect favorable on the bone, stimulating the 
release of the insulin-like growth factor I (IGF-I), which plays a major role in bone 
formation, increasing the activity of osteoblasts and so the production of bone 
matrix [29]. In 2009 the first systematic review and a meta-analysis were published 
on the relationship between proteins food and health of healthy bitches in healthy 
adults [30]. The researchers found a positive association between protein intake, 
BMD and BMC, and one reduction of bone resorption markers. Variations in pro-
tein intake during childhood and adolescence may have an impact on skeletal growth 
and affect the genetic potential of achieving PBM. In the elderly, the lower protein 
intake is associated with loss of bone mineral density (BMD) at the level of the hip 
and spine.

15.5  Vitamin K

Vitamin K is necessary to create osteocalcin, the second most important protein in 
the bone after collagen. Epidemiological studies have showed that high-diets 
Vitamin K is associated with less risk of fractures in the elderly [31]. Good food 
sources of vitamin K include green leafy vegetables—like lettuce, spinach and cab-
bage -, liver, some fermented foods–such as fermented cheese and natto (fermented 
soy)–and dried fruit (plums).

Randomized controlled studies on the intake of vitamin K1 or K2 supplements 
do not have showed BMD increase at the major skeletal sites [32]. Consequently, 
they are necessary further studies to determine the role of Vitamin K supplements 
for prevention and treatment of osteoporosis.
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15.6  Vitamin B and Homocysteine

Homocysteine is an amino acid that can interfere with the synthesis of collagen, the 
main protein bone. When the blood levels of vitamin B6, vitamin B12 and folic acid 
are low, homocysteine levels may increase. Consequently vitamin B deficiency 
could compromise bone health. This concept is supported by observational studies 
that have found an association between high levels of homocysteine, low levels of 
BMD [33] and an increased risk fracture of the hip in the elderly [34].

However, a 2014 review concluded that inconsistencies within current data 
require definitive studies to evaluate the role of vitamin Group B in the prevention 
of osteoporosis. [35].

15.7  Vitamin A

The role of vitamin A in bone health is controversial [36]. The high intake of vita-
min preformed, which can be obtained from food sources of animal origin such as 
liver, other offal and fish oils, was associated with osteoporosis and hip fracture. 
However, carotenoids, which are vitamin A precursors, were associated with the 
improvement of health of the bones. Carotenoids can be obtained from green leafy 
vegetables, carrots, pumpkins, red and yellow peppers, mango, papaya and apricots. 
The simultaneous intake of oil supplements fish and a multivitamin supplement 
could lead to excessive intake of vitamin A.

15.8  Magnesium

About half the total body magnesium is stored in the skeleton [37]. Magnesium 
plays an important role in bone formation, stimulating the proliferation of osteo-
blasts. Magnesium deficiency is rare in well nutrited populations. However, since its 
absorption decreases with age, seniors may be at risk of a slight shortage. Good 
sources of magnesium are green vegetables, legumes, nuts, seeds, cereals refined, 
fish and dried fruit (apricots, plums, raisins).

15.9  Zinc

Zinc plays a role in the renewal of bone tissue and mineralization. The shortage of 
zinc is usually associated with malnutrition, deficiency calories and proteins, and 
has been reported as widespread in elderly people living in the community [38].

Although vegetarian diets do not behave necessarily a lower intake of zinc, for 
vegetarians can be bioavailability of zinc lower, so hiring may be required maggiori. 
Zinc sources are red meat lean, poultry, whole grains, legumes and dried fruits 
(peaches, plums, apricots).
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15.10  Modifiable Risks

Talking about nutritional aspects there are foods that can adversely affect bone 
health, such as alcool and caffeine.

More than two alcohol-per-day units may increase the risk of having a fragility frac-
ture, while more than four units per day can double the risk of fracture [39]. For those 
who drink alcohol, moderation is the healthiest choice for bone health. Up to two glasses 
of 120 ml wine per day do not affect negatively affecting the health of the bones.

Caffeine increases urinary and fecal calcium losses and so, in combination with 
a low diet calcium content, has the potential to negatively affect bone health. A 
Swedish study suggests that a caffeine intake of 330 mg per day (i.e. four 600 ml 
cups) could be associated with a 20% increase in risk of osteoporotic fractures com-
pared to caffeine intake less than 200  mg per day [40]. However, increasing by 
40 mg the calcium intake for each cup of coffee with caffeine drink, counterbalance 
the potential loss of calcium [41].

15.11  Pregnancy

Over the last two decades, the idea that the environmental influences of intrauterine 
life and the onset of postnatal life may have implications for health in adulthood. 
The environment of the first years of life has consequences to long term in muscu-
loskeletal development [42, 43] in fact, little growth during childhood is associated 
with a reduced bone mineral content in the bone mass peak and adult life [44], as 
well as a an increased risk of fracture. During the third quarter, much of the bone 
development in the fetus, a process that requires a total 30 g of calcium [45]. During 
pregnancy the calcium intestinal absorption of the mother increases and a too low 
take-up may be one risk factor for a low bone mass in the newborns, especially in 
areas where the content of calcium in the diet is chronically low [46].

During the gestation development of the bone of the offspring appears related to 
maternal diet: the healthiest diets are associated with a greater bone mass of the 
prole, [47] and the micronutrient more closely associated with the bone develop-
ment of the offspring in the period gestational is vitamin D. Vitamin D deficiency is 
common during the pregnancy. A controlled, randomly controlled trial scale, “UK 
Maternal Vitamin D Osteoporosis Study (MAVIDOS) ”, is testing whether mothers’ 
offspring that have supplemented vitamin D in pregnancy has a greater bone mass 
at moment of birth with respect to the mothers’ offspring who did not take it [48]. 
The American Academy of Pediatrics (AAP) [49], the Endocrine Society [50] and 
the National Osteoporosis Foundation [51], have proposed some strategies to reach 
the daily dose recommended (RDA—Recommended Dietary Allowance) of vita-
min D, including: consumption of fortified foods, the extension of the range of milk 
products fortified and in some cases, the use of a vitamin D supplement or a multi-
vitamin that understands it. Strategies to improve calcium intake include an increase 
in dairy consumption or fortified products.
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15.12  Children

A clinical report published in 2014 by American Academy of Pediatrics highlighted 
some modifiable factors that influence accumulation bone mass in children and ado-
lescents [49]: nutrition, exercise and lifestyle, body weight, body composition and 
hormonal status. Most important nutrients to optimize your health of bones in chil-
dren and adolescents are calcium, vitamin D and proteins. Among the food choices 
that can adversely affect the health of bone there is the so-called ‘displacement of 
milk’—for where carbonated drinks are consumed in place of milk—and high- 
sodium diets. The consumption of carbonated beverages is increasing in all the 
world and a meta-analysis showed that it is associated with a lower intake of milk, 
calcium and other nutrients [52]. The main source of nutrition for children in the 
first year of life is breast milk or formula. Insufficient calcium intake is a problem 
spread all over the world [53], found in particular among women of fertil age and 
pregnant women [54]. Milk and dairy products provide up to 80% of the dose daily 
calcium for children from second year of life. The daily reference dose (RDA) of 
vitamin D recommended by IOM for children is shown in [55].

Food proteins are a source of amino acids necessary to build the bone matrix. 
The milk provides high-quality protein, mostly casein, but also whey proteins, 
which they contain promoters of growth [56]. The children healthy people who 
received extra doses of milk in the diet, and therefore more protein, they have 
Significant increases of the IGF-l compared to the control subjects [57]. The change 
in the assumption of proteins, within the normal range of children and teenagers 
well-fed, can influence skeletal growth and so have an impact on the ability of each 
child to reach its PBM genetic potential. For optimal bones health it takes a weight 
healthy body in childhood and adolescence. A body mass index (BMI) at the 
extremities of the spectrum can pose a threat to it skeletal development.

It has been shown that nervous anorexia has a strong negative impact on bone 
mineral density in the teens and boys [58], as well as indexes of skeletal force [59, 
60]. Overweight and obese children have a low bone mass and bone surface com-
pared to weight [61] and have more likely to meet repeatedly wrist fractures. [62]

15.13  Mediterranean Diet and Bone

A balanced diet plays a key role in maintaining the well-being of the individual, 
preventing chronic metabolic diseases and optimizing the individual’s genetic heri-
tage. A balanced diet involves the presence of all macro- and micronutrients distrib-
uted in a balanced manner in the various daily meals. No food alone provides all the 
essential nutrients to maintain the body’s well-being, including that of bone tissue, 
so it’s fundamental that a proper diet is as much varied as possible to optimize skel-
etal homeostasis. The ideal dietary diet model is the Mediterranean Diet (MeDi). 
The first studies on the Mediterranean diet and the importance of a proper diet to 
correct cardiovascular risk factors such as cholesterol are those implemented by 
Ancel Keys in the 1950s in Italy, in the Salento region [63]. These studies showed 
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that a diet rich in vegetable products, poor in animal foods (preferably fish and 
white meat), poor in fat, except for extra virgin olive oil, was associated with a 
reduced risk, in the population studied, of chronic metabolic pathologies and longer 
life expectancy [64]. After these initial studies, many researches published over the 
last decades, have focused their interest in evaluating and characterizing the mecha-
nisms behind MeDi ‘s positive effect on the well-being of the organism [65]. First 
of all, it has been shown that MeDi is also based on an optimal distribution of nutri-
ents [66]: 45–60% of daily calories should from carbohydrates, preferably complex, 
by limiting simple sugars (OMS 2016), less than 30% of calories must come from 
fat, mostly unsaturated, and about 12–18% of proteins mainly of vegetal origin.

There are many clinical studies that have shown a positive effect of MeDi on 
reducing the risk of developing chronic metabolic pathologies [67–71], presumably 
through an inhibition of mechanisms related to a chronic subclinical inflammation. 
In recent years, several studies have shown that MeDi components can modulate 
skeletal homeostasis. A recent study in an animal model evaluated the possible role 
of specific MeDi components, such as olive oil as a source of polyphenols, that 
played an important role in skeletal well-being [72].

But if the results obtained in animal models are even more interesting, studies that 
associate adherence to MeDi with maintaining skeletal well-being, bone mineral density 
and reduced risk of fragility fracture are even more interesting [73–75]. Recent results, 
published by an Italian group, demonstrate a positive correlation between bone health 
and adherence to MeDi, suggesting that a high adherence to MeDi favors bone health 
[76]. In a recently published study, Benetou and colleagues assessed association of MeDi 
membership with hip fracture incidence in a cohort in eight European countries. A total 
of nearly 200,000 participants were evaluated in a prospective study on cancer and nutri-
tion. Data extrapolated from the study showed that increased adhesion to MeDi was asso-
ciated with a 7% decrease in hip fracture. Newly published studies have is confirmed a 
positive role of MeDi in preventing skeletal and fractures of fragility [77, 78].

Finally a particularly interesting recent study by Mousavi et al. that has shown 
that mice fed with a MeDi during pregnancy and different concentrations of olive oil 
have led to an increase in osteoblastic cell proliferation in the skeleton of births dur-
ing neonatal life [79], suggesting an important role in the diet even during the 
embryonic stage of life that could thus have important repercussions in adult life.

Further studies will be needed to confirm the protective role of MeDi on the 
skeleton and to characterize the mechanisms by which this effect will be imple-
mented but the observations in the literature still confirm that a specific dietary 
approach, such as MeDi, can represent an editable environmental factor for the 
prevention of osteoporosis.

15.14  Vegetarian Diet and Bone

The adoption of a vegetarian diet has become increasingly popular in recent years. 
Some data suggest that about 3–5% of the US population is vegetarian. 
Vegetarianism is associated with many health benefits such as reducing the 
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incidence of obesity, diabetes, hypertension, cardiovascular disease and some 
types of cancer [80]. However, the rather restrictive typology of this diet promptly 
raised some concerns about a possible shortage of some nutrients and an increased 
risk of osteoporosis [81].

Vegetarians are those who exclude meat, fish and all their derivatives from their 
diet [82]. Generally, the vegetarian diet is classified based on the foods included 
or excluded. For example, we talk about lacto-ovo-vegetarian diet when we 
include dairy and egg, lacto-vegetarian diet that includes only dairy products and 
vegan diet which excludes all animal derivatives. However, even on the basis of 
this subdivision there are numerous heterogeneities also linked to the variation of 
individual choice. In addition, despite the fact that most vegetarians lead a healthy 
and active lifestyle, various studies indicate that vegetarianism may have a nega-
tive impact on bone health due to reduced vitamin B12, calcium and vitamin D 
intake [83–85].

15.14.1  Calcium, Protein, and Vitamin D in the Vegetarian Diet

Public opinion generally believes that vegetarians, especially vegans, do not need 
the same calcium intake of non vegetarians for their dietary regime with low protein 
content. Since there is no scientific evidence to support this hypothesis, it is recom-
mended that vegetarians respect the same dietary guidelines and the same refer-
ences as dietary intake of non vegetarians.

Although dairy products are widely recognized as an important source of 
dietary calcium, various plant-derived foods contain a good source of absorbable 
calcium. Among them are bock choy, cabbage, broccoli, tofu and fortified foods 
such as vegetable lettuce, orange juice and energy bars [86]. The bioavailable 
calcium derived from vegetable foods is affected by the presence of oxalic acid 
and phytic acid contained in some foods, like legumes. High-oxalic foods include 
spinach, rhubarb, beetroot; calcium absorption from these foods can be very low, 
equal to 5% compared to low oxalic acid plants such as broccoli and bock choy 
where.

It is well known that increased protein intake with the diet causes increased uri-
nary calcium excretion [87]. As a result, vegetarians, whose diet is low in protein, 
should have reduced urinary calcium loss and thus require less calcium; However, 
recent studies suggest that the relationship between protein intake and calcium 
requirement is much more complex and that however, a protein rich diet offers 
greater benefits in terms of bone health [88, 89]. Proteins have countless positive 
effects on the bone. A higher protein intake improves calcium absorption, especially 
in low-calorie diets. Proteins also help maintain bone structure by suppressing para-
thyroid hormone (PTH) and improving muscle strength [90]. Vegetarians can take 
high amounts of protein through soy, corn, wheat and rice containing sulphate 
amounts per gram, similar to meat, milk and eggs, and may therefore exhibit high 
levels of excreted calcium in the urine [91]. However, there are various foods that 
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neutralize acids such as fruit and vegetables, and therefore a fairly balanced supply 
of protein, fruit, vegetables, and calcium-rich foods can still be protected against the 
bone. Fruits and vegetables are good sources of various nutrients such as magne-
sium, calcium, potassium, vitamin K and vitamin C; the presence of antioxidants in 
such foods could protect the bone by reducing the absorption related to oxidative 
stress [92].

Generally, non-vegetarian protein intake varies from 1% to 18% of energy input, 
where protein intakes in lacto-ovo-vegetarians and vegans are about 12–14% and 
10–12% respectively. The sources of protein also vary according to the type of diet; 
for example, in a study, animal proteins varied from 6.3% in non-vegetarians to 
2.4% in lacto-ovo-vegetarians up to 0.6% in vegans [93].

Vitamin D plays a key role in bone homeostasis by stimulating calcium reab-
sorption and promoting proper bone mineralization. Dairy products are often 
fortified with vitamin D and therefore constitute a good source of food for lacto-
ovo- vegetarians and lacto-vegetarians. Even vegetable milk can be fortified with 
vitamin D constituting a source of such vitamin for vegans. However these types 
of foods are recently introduced and not available everywhere. For example, in 
Finland, dietary intake of vitamin D in vegans and lacto-ovo-vegetarians was 
insufficient to maintain both the 25OH vitamin D and PTH levels in the normal 
range in the winter months with possible long-term negative effects on BMD 
[94]. The identification of a good vitamin D diet is therefore clearly a priority in 
vegetarian and vegan subjects to keep bone homeostasis. Although fortified foods 
and UV rays are vegetable sources of vitamin D, however, the amount they pro-
vide is limited and insufficient to meet the currently recommended RDA of 
600 UI/d for subjects between 19 and 70 years of age and 800 UI/d for subjects 
over 70 years, indicating the need for vitamin D supplementation in vegetarian 
subjects.

In addition, vegans are generally at risk of vitamin B12 deficiency due to 
reduced dietary intake, as the main source of this vitamin is animal food. 
Vegetarians have low levels of vitamin B12 and increased levels of homocysteine 
than non vegetarians. A European study compared lacto-ovo-vegetarians and veg-
ans to omnivorous subjects and showed a deficiency of vitamin B12 in 11% of 
omnivores, 77% of lacto-ovo-vegetarians and 92% of vegans [95]. Similarly, high 
serum methylmalonic acid levels, functional indicators of Vitamin B12 deficiency, 
were present in 5% of omnivorous, 68% of the vegetarian side and 67% of vegans. 
It is therefore clear that ensuring an adequate supply of vitamin B12 is essential 
for vegetarians. Non- animal sources of this vitamin are fortified cereals, yeast and 
fortified soy products. Since vitamin deficiency is very common in vegetarians, it 
is advisable to periodically control the serum levels of methylmalonic acid or 
adequate supplementation.

In conclusion, it is always advisable for vegetarians to follow some dietary rec-
ommendations such as an adequate calcium and vitamin D intake by fortified foods 
or specific supplements, an adequate protein intake, an abundant intake of fruits and 
vegetables, and an adequate supply of vitamin B12.

15 Nutrition and Skeletal Health



272

References

 1. NIH Consensus Development Panel on Osteoporosis. JAMA. 2001;285:785–95.
 2. Migliaccio S, Falcone S, Spera G. Bone modeling and remodeling: new roles for an old game. 

Aging Clin Exp Res. 2004;16(Suppl 3):20–2.
 3. Seeman E. Bone quality. Osteoporos Int. 2003;14(S5):3–7.
 4. Boivin G, Meunier PJ. The mineralization of bone tissue: a forgotten dimension in osteoporo-

sis research. Osteoporos Int. 2003;14(3):S19–24.
 5. Dempster DW. The contribution of trabecular architecture to cancellous bone quality. J Bone 

Miner Res. 2000;15:20–4.
 6. Kitchin B, Morgan S.  Nutritional considerations in osteoporosis. Curr Opin Rheumatol. 

2003;15:476–80.
 7. Javaid MK, Cooper C. Prenatal and childhood influences on osteoporosis. Best Pract Res Clin 

Endocrinol Metab. 2002;16:349–67.
 8. Migliaccio S, Migliaccio PA. Attuali orientamenti della dietoterapia in gravidanza per la salute 

della donna e del bambino. Atti Congresso Nazoinale SIGO. 2001.
 9. Wosje KS, Khoury PR, Claytor RP, Copeland KA, Hornung RW, Daniels SR, Kalkwarf 

HJ. Dietary patterns associated with fat and bone mass in young children. Am J Clin Nutr. 
2010;92(2):294–303.

 10. Bonjour JP, Ammann P, Chevalley T, Rizzoli R. Protein intake and bone growth. Can J Appl 
Physiol. 2001;26:S153–66.

 11. Earl S, Cole ZA, Holroyd C, Cooper C, Harvey NC. Session 2: other diseases: dietary manage-
ment of osteoporosis throughout the life course. Proc Nutr Soc. 2010;69:25–33.

 12. Cooper C, Harvey N, Cole Z, Hanson M, Dennison E. Developmental origins of osteoporosis: 
the role of maternal nutrition. Adv Exp Med Biol. 2009;646:31–9.

 13. Kalkwarf HJ, Khoury JC, Lanphear BP. Milk intake during childhood and adolescence, adult 
bone density, and osteoporotic fractures in US women. Am J Clin Nutr. 2003;77:257–65.

 14. Cooper C, Melton LJ 3rd. Epidemiology of osteoporosis. Trends Endocrinol Metab. 
1992;3:224–9.

 15. Institute of Medicine. Dietary reference intakes for calcium and vitamin D. Washington, DC: 
National Academies Press; 2011.

 16. Table Ciqual de composition des aliments, ANSES (French agency for food, environmental 
and occupational health and safety), France. 2012. Accessed September 2017.

 17. Food Standards Agency. McCance and Widdowson’s the composition of foods. 6th Summary 
ed. Cambridge: Royal Society of Chemistry; 2002.

 18. Adami S, Viapiana O, Gatti D, Idolazzi L, Rossini M. Relationship between serum parathyroid 
hormone, vitamin D sufficiency, age, and calcium intake. Bone. 2008;42:267–70.

 19. Schott GD, Willis MR. Muscle weakness in osteomalacia. Lancet. 1976;1:626–7.
 20. Boland R. Role of vitamin D in skeletal muscle function. Endocr Rev. 1986;7:434–48.
 21. Rossini M, Mattarei A, Braga V, Viapiana O, Zambarda C, Benini C, Pancheri S, Spanevello 

MC, Lovato R, Sella S, Giannini S, Olivi P, Lavini F, Giulini GM, Fracassi E, Gatti D, Adami 
S. Risk factors for hip fracture in elderly persons. Reumatismo. 2010;62:273–82.

 22. Isaia G, Giorgino R, Rini GB, Bevilacqua M, Maugeri D, Adami S. Prevalence of hypovita-
minosis D in elderly women in Italy: clinical consequences and risk factors. Osteoporos Int. 
2003;14:577–82.

 23. Vieth R. Vitamin D supplementation, 25-hydroxyvitamin D concentrations, and safety. Am J 
Clin Nutr. 1999;69:842–56.

 24. Malabanan A, Veronikis IE, Holick MF.  Redefining vitamin D insufficiency. Lancet. 
1998;351:805–6.

 25. Holick MF. Vitamin D Deficiency. N Engl J Med. 2007;357:266–81.
 26. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, Murad 

MH, Weaver CM. Evaluation, treatment, and prevention of vitamin D deficiency: an Endocrine 
Society clinical practice guideline. J Clin Endocrin Metab. 2011;7:1911–30.

C. Marocco et al.



273

 27. Bischoff-Ferrari HA, Willett WC, Wong JB, Giovannucci EG, Dietrich T, Dawson-Hughes 
B. Fracture prevention with vitamin D supplementation. A meta-analysis of randomized con-
trolled trials. JAMA. 2005;293:2257–64.

 28. Adami S, Romagnoli E, Carnevale V, Scillitani A, Giusti A, Rossini M, Gatti D, Nuti R, 
Minisola S. Linee guida su prevenzione e trattamento dell’ipovitaminosi D con colecalcif-
erolo. Reumatismo. 2011;63:129–147.2.

 29. Heaney RP. Dairy and bone health. J Am Coll Nutr. 2009;28(Suppl 1):82S–90S.
 30. Darling AL, Millward DJ, Torgerson DJ, Hewitt CE, Lanham-New SA. Dietary protein and 

bone health: a systematic review and meta-analysis. Am J Clin Nutr. 2009;90:1674–92.
 31. Booth SL, Colditz GA. Vitamin K intake and hip fractures in women: a prospective study. Am 

J Clin Nutr. 1999;69:74–9.
 32. Hamidi MS, Gajic-Veljanoski O, Cheung AM. Vitamin K and bone health. J Clin Densitom. 

2013;16:409–13.
 33. Morris MS, Jacques PF, Selhub J. Relation between homocysteine and B-vitamin status indi-

cators and bone mineral density in older Americans. Bone. 2005;37:234–42.
 34. McLean RR, Jacques PF, Selhub J, Tucker KL, Samelson EJ, Broe KE, Hannan MT, Cupples 

LA, Kiel DP. Homocysteine as a predictive factor for hip fracture in older persons. N Engl J 
Med. 2004;350:2042–9.

 35. Clarke M, Ward M, Strain JJ, Hoey L, Dickey W, McNulty H. B-vitamins and bone in health 
and disease: the current evidence. Proc Nutr Soc. 2014;73:330–9.

 36. Tanumihardjo SA.  Vitamin a and bone health: the balancing act. J Clin Densitom. 
2013;16:414–9.

 37. de Baaij JH, Hoenderop JG, Bindels RJ. Magnesium in man: implications for health and dis-
ease. Physiol Rev. 2015;95:1–46.

 38. Kvamme JM, Gronli O, Jacobsen BK, Florholmen J.  Risk of malnutrition and zinc defi-
ciency in community-living elderly men and women: the Tromso study. Public Health Nutr. 
2014;18(11):1–7.

 39. Kanis JA, Johansson H, Johnell O, Oden A, De Laet C, Eisman JA, Pols H, Tenenhouse 
A. Alcohol intake as a risk factor for fracture. Osteoporos Int. 2005;16:737–42.

 40. Hallstrom H, Wolk A, Glynn A, Michaelsson K. Coffee, tea and caffeine consumption in relation 
to osteoporotic fracture risk in a cohort of Swedish women. Osteoporos Int. 2006;17:1055–64.

 41. Barrett-Connor E, Chang JC, Edelstein SL.  Coffee-associated osteoporosis offset by daily 
milk consumption. The rancho Bernardo study. JAMA. 1994;271:280–3.

 42. Holroyd C, Harvey N, Dennison E, Cooper C.  Epigenetic influences in the developmental 
origins of osteoporosis. Osteoporos Int. 2012;23:401–10.

 43. Harvey N, Dennison E, Cooper C. Osteoporosis: a lifecourse approach. J Bone Miner Res. 
2014;29:1917–25.

 44. Baird J, Kurshid MA, Kim M, Harvey N, Dennison E, Cooper C. Does birthweight predict bone 
mass in adulthood? A systematic review and meta-analysis. Osteoporos Int. 2011;22:1323–34.

 45. Namgung R, Tsang RC. Bone in the pregnant mother and newborn at birth. Clin Chim Acta. 
2003;333:1–11.

 46. Ganpule A, Yajnik CS, Fall CH, et al. Bone mass in Indian children--relationships to mater-
nal nutritional status and diet during pregnancy: the Pune maternal nutrition study. J Clin 
Endocrinol Metab. 2006;91:2994–3001.

 47. Cole ZA, Gale CR, Javaid MK, Robinson SM, Law C, Boucher BJ, Crozier SR, Godfrey KM, 
Dennison EM, Cooper C.  Maternal dietary patterns during pregnancy and childhood bone 
mass: a longitudinal study. J Bone Miner Res. 2009;24:663–8.

 48. Harvey NC, Javaid K, Bishop N, Kennedy S, Papageorghiou AT, Fraser R, Gandhi SV, 
Schoenmakers I, Prentice A, Cooper C. MAVIDOS maternal vitamin D osteoporosis study: 
study protocol for a randomized controlled trial. The MAVIDOS study group. Trials. 
2012;13:13.

 49. Golden NH, Abrams SA, Committee on N. Optimizing bone health in children and adoles-
cents. Pediatrics. 2014;134:e1229–43.

15 Nutrition and Skeletal Health



274

 50. Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP, Murad 
MH, Weaver CM, Endocrine S. Evaluation, treatment, and prevention of vitamin D deficiency: 
an Endocrine Society clinical practice guideline. J Clin Endocrinol Metab. 2011;96:1911–30.

 51. National Osteoporosis Foundation. Calcium and vitamin D: what you need to know. 2015. 
http://nof.org/articles/10 Accessed 24 Feb 2015.

 52. Vartanian LR, Schwartz MB, Brownell KD. Effects of soft drink consumption on nutrition and 
health: a systematic review and metaanalysis. Am J Public Health. 2007;97:667–75.

 53. Peterlik M, Boonen S, Cross HS, Lamberg-Allardt C.  Vitamin D and calcium insufficien-
cyrelated chronic diseases: an emerging world-wide public health problem. Int J Environ Res 
Public Health. 2009;6:2585–607.

 54. Dietary Guidelines Advisory Committee. Scientific Report of the 2015 Dietary Guidelines 
Advisory Committee: Advisory Report to the Secretary of Health and Human Services and 
the Secretary of Agriculture. In: U.S. Department of Agriculture, Department of Health and 
Human Services – USA, editors. Washington DC; 2015.

 55. Institute of Medicine. Dietary reference intakes tables and application. 2015. http://www.iom.
edu/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx. Accessed 24 Feb 2015.

 56. Rizzoli R.  Nutrition: its role in bone health. Best Pract Res Clin Endocrinol Metab. 
2008;22:813–29.

 57. Cadogan J, Eastell R, Jones N, Barker ME. Milk intake and bone mineral acquisition in ado-
lescent girls: randomised, controlled intervention trial. BMJ. 1997;315:1255–60.

 58. Misra M, Katzman DK, Cord J, Manning SJ, Mendes N, Herzog DB, Miller KK, Klibanski 
A.  Bone metabolism in adolescent boys with anorexia nervosa. J Clin Endocrinol Metab. 
2008;93:3029–36.

 59. DiVasta AD, Feldman HA, Beck TJ, LeBoff MS, Gordon CM. Does hormone replacementnor-
malize bone geometry in anorexia nervosa? J Bone Miner Res. 2014;29:151–7.

 60. Misra M, Katzman DK, Clarke H, Snelgrove D, Brigham K, Miller KK, Klibanski A. Hip 
structural analysis in adolescent boys with anorexia nervosa and controls. J Clin Endocrinol 
Metab. 2013;98:2952–8.

 61. Goulding A, Taylor RW, Jones IE, McAuley KA, Manning PJ, Williams SM. Overweight and 
obese children have low bone mass and area for their weight. Int J Obes Relat Metab Disord. 
2000;24:627–32.

 62. Goulding A, Grant AM, Williams SM. Bone and body composition of children and adolescents 
with repeated forearm fractures. J Bone Miner Res. 2005;20:2090–6.

 63. Keys A, Fidanza F, Scardi V, Bergami G, Keys MH, Di Lorenzo F. Studies on serum choles-
terol and other characteristics of clinically healthy men in Naples. AMA Arch Intern Med. 
1954;93(3):328–36.

 64. Keys A, Menotti A, Karvonen MJ, Aravanis C, Blackburn H, Buzina R, Djordjevic BS, Dontas 
AS, Fidanza F, Keys MH, et al. The diet and 15-year death rate in the seven countries study. 
Am J Epidemiol. 1986;124(6):903–15.

 65. Mancini M, Parillo M, Rivellese A, Riccardi G.  Nutrition and cardiovascular risk: the 
Mediterranean experience. Acta Cardiol. 1989;44(6):466–7.

 66. Alberti-Fidanza A. Mediterranean meal patterns. Bibl Nutr Dieta. 1990;45:59–71.
 67. FerroLuzzi A, Ghiselli A. Protective aspects of the Mediterranean diet. Adv Exp Med Biol. 

1993;348:137–44.
 68. Santoro A, Pini E, Scurti M, Palmas G, Berendsen A, Brzozowska A, Pietruszka B, 

Szczecinska A, Cano N, Meunier N, de Groot CP, Feskens E, Fairweather-Tait S, Salvioli S, 
Capri M, Brigidi P, Franceschi C, NU-AGE Consortium. Combating inflammaging through a 
Mediterranean whole diet approach: the NU-AGE project’s conceptual framework and design. 
Mech Ageing Dev. 2014;136-137:3–13.

 69. Mattioli AV, Palmiero P, Manfrini O, Puddu PE, Nodari S, Dei Cas A, Mercuro G, Scrutinio 
D, Palermo P, Sciomer S, Di Francesco S, Novo G, Novo S, Pedretti RFE, Zito A, Parati G, 
Pedrinelli R, Farinetti A, Maiello M, Moscucci F, Tenaglia RL, Sucato V, Triggiani M, Cugusi 
L, Scicchitano P, Saba PS, Ciccone MM. Mediterranean diet impact on cardiovascular dis-
eases: a narrative review. J Cardiovasc Med (Hagerstown). 2017;18(12):925–35.

C. Marocco et al.

http://nof.org/articles/10
http://www.iom.edu/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx
http://www.iom.edu/Activities/Nutrition/SummaryDRIs/DRI-Tables.aspx


275

 70. Dinu M, Pagliai G, Casini A, Sofi F. Mediterranean diet and multiple health outcomes: an 
umbrella review of meta-analyses of observational studies and randomised trials. Eur J Clin 
Nutr. 2017. https://doi.org/10.1038/ejcn.2017.58.

 71. Veronese N, Stubbs B, Noale M, Solmi M, Rizzoli R, Vaona A, Demurtas J, Crepaldi G, Maggi 
S. Adherence to a Mediterranean diet is associated with lower incidence of frailty: a longitudi-
nal cohort study. Clin Nutr. 2017. pii: S0261-5614(17)30311-4.

 72. Tagliaferri C, Davicco MJ, Lebecque P, Georgé S, Amiot MJ, Mercier S, Dhaussy A, Huertas 
A, Walrand S, Wittrant Y, Coxam V. Olive oil and vitamin D synergistically prevent bone loss 
in mice. PLoS One. 2014;9(12):e115817. https://doi.org/10.1371/journal.pone.0115817.

 73. Kontogianni MD, Melistas L, Yannakoulia M, Malagaris I, Panagiotakos DB, Yiannakouris 
N. Association between dietary patterns and indices of bone mass in a sample of Mediterranean 
women. Nutrition. 2009;25:165–71.

 74. Benetou V, Orfanos P, Pettersson-Kymmer U, Bergström U, Svensson O, Johansson I, Berrino 
F, Tumino R, Borch KB, Lund E, Peeters PH, Grote V, Li K, Altzibar JM, Key T, Boeing H, 
von Ruesten A, Norat T, Wark PA, Riboli E. Trichopoulou Mediterranean diet and incidence of 
hip fractures in a European cohort. Osteoporos Int. 2013;24(5):1587–98.

 75. Romero Pérez A, Rivas Velasco A. Adherence to Mediterranean diet and bone health. Nutr 
Hosp. 2014;29(5):989–96.

 76. Savanelli MC, Barrea L, Macchia PE, Savastano S, Falco A, Renzullo A, Scarano E, Nettore 
IC, Colao A, Di Somma C. Preliminary results demonstrating the impact of Mediterranean diet 
on bone health. J Transl Med. 2017;15(1):81.

 77. Kunutsor SK, Laukkanen JA, Whitehouse MR, Blom AW. Adherence to a Mediterranean-style 
diet and incident fractures: pooled analysis of observational evidence. Eur J Nutr. 2017. https://
doi.org/10.1007/s00394-017-1432-0.

 78. Byberg L, Bellavia A, Larsson SC, Orsini N, Wolk A, Michaëlsson K. Mediterranean diet and 
hip fracture in Swedish men and women. J Bone Miner Res. 2016;31(12):2098–105.

 79. Mousavi SN, Koohdani F, Eslaminejad MB, Izadi P, Eshraghian M, Sayahpour FA, Neek LS, 
Shidfar F. Extra virgin olive oil in maternal diet increases osteogenic genes expression, but 
high amounts have deleterious effects on bones in mice offspring at adolescence. Iran J Basic 
Med Sci. 2016;19(12):1299–307. https://doi.org/10.22038/ijbms.2016.7915.

 80. Dewell A, Weidner G, Sumner MD, Chi CS, Ornish D. A very-low-fat vegan diet increases 
intake of protective dietary factors and decreases intake of pathogenic dietary factors. J Am 
Diet Assoc. 2008;108:347–56.

 81. New SA. Do vegetarians have a normal bone mass? Osteoporosis Int. 2004;15:679–88.
 82. Craig WJ, Mangels AR, American Dietetic Association. Position of the American dietetic 

association: vegetarian diets. J Am Diet Assoc. 2009;109:1266–82.
 83. Spencer EA, Appleby PN, Davies GK, Key TJ. Diet and body-mass index in 38000 EPIC- Oxford 

meat-eaters, fish-eaters, vegetarians, and vegans. Int J Obes Relat Metab Disord. 2003;27:728–34.
 84. Crowe FL, Steur M, Allen NE, Appleby PN, Travis RC, Key TJ. Plasma concentrations of 

25-hydroxyvitamin D in meat eaters, fish eaters, vegetarians and vegans: results from the 
EPIC-Oxford study. Public Health Nutr. 2011;14:340–6.

 85. Pawlak R, Parrott SJ, Raj S, Cullum-Dugan D, Lucus D. How prevalent is vitamin B(12) defi-
ciency among vegetarians? Nutr Rev. 2013;71:110–7.

 86. Food and Nutrition Board, Institute of Medicine. Dietary reference intakes for calcium and 
vitamin D. Washington, DC: National Academies Press; 2011.

 87. Kerstetter JE, Allen LH. Dietary protein increases urinary calcium. J Nutr. 1990;120:134–6.
 88. Thorpe MP, Evans EM. Dietary protein and bone health: harmonizing conflicting theories. 

Nutr Rev. 2011;69:215–30.
 89. Kerstetter JE, Kenny AM, Insogna KL. Dietary protein and skeletal health: a review of recent 

human research. Curr Opin Lipidol. 2011;22:16–20.
 90. Genaro PS, Martini LA. Effect of protein intake on bone and muscle mass in the elderly. Nutr 

Rev. 2010;68:616–23.
 91. Massey LK. Dietary animal and plant protein and human bone health: a whole foods approach. 

J Nutr. 2003;133:862S–5S.

15 Nutrition and Skeletal Health

https://doi.org/10.1038/ejcn.2017.58
https://doi.org/10.1371/journal.pone.0115817
https://doi.org/10.1007/s00394-017-1432-0
https://doi.org/10.1007/s00394-017-1432-0
https://doi.org/10.22038/ijbms.2016.7915


276

 92. Hamidi M, Boucher BA, Cheung AM, Beyene J, Shah PS. Fruit and vegetable intake and bone 
health in women aged 45 years and over: a systematic review. Osteoporos Int. 2011;22:1681–93.

 93. Rizzo NS, Jaceldo-Siegl K, Sabate J, Fraser GL. Nutrient profiles of vegetarian and nonveg-
etarian dietary patterns. J Acad Nutr Diet. 2013;113:1610–9.

 94. Outila TA, Kärkkäinen MU, Seppänen RH, Lamberg-Allardt CJ. Dietary intake of vitamin 
D in premenopausal, healthy vegans was insufficient to maintain concentrations of serum 
25-hydroxyvitamin D and intact parathyroid hormone within normal ranges during the winter 
in Finland. J Am Diet Assoc. 2000;100:434–41.

 95. Herrmann W, Schorr H, Obeid R, Geisel J. Vitamin B-12 status, particularly holotranscobala-
min II and methylmalonic acid concentrations, and hyperhomocysteinemia in vegetarians. Am 
J Clin Nutr. 2003;78:131–6.

C. Marocco et al.



277© Springer International Publishing AG, part of Springer Nature 2018
A. Lenzi, S. Migliaccio (eds.), Multidisciplinary Approach to Osteoporosis, 
https://doi.org/10.1007/978-3-319-75110-8_16

G. P. Emerenziani (*)
Department of Experimental and Clinical Medicine,  
University of Catanzaro “Magna Græcia”, Catanzaro, Italy
e-mail: emerenziani@unicz.it 

E. A. Greco 
Department of Experimental Medicine, Section of Medical Pathophysiology, Endocrinology 
and Nutrition, Sapienza University of Rome, Rome, Italy

L. Guidetti
Department of Movement, Human and Health Sciences, University of Foro Italico of Rome, 
Rome, Italy

C. Baldari
University eCampus, Novedrate, Italy

16Different Physical Activity Protocols 
in the Subjects Affected by Osteoporosis

Gian Pietro Emerenziani, Emanuela A. Greco, 
Laura Guidetti, and Carlo Baldari

16.1  Introduction

The bone is a dynamic tissue that responds to the external and internal environments 
to which it is exposed across the life course. The skeleton serves many important 
purposes in the body. For instance, it provides a framework for the body and conse-
quently allows us to stand upright and move about in our environment. The skeleton 
should be strong enough not only to support our weight but also to exercise daily. 
Moreover, it protects vital organs such as the brain and heart from trauma.

Age, gender, genetics, and lifestyle may influence bone mass, structure, and 
strength. During growth, exercise is associated with an increase in bone shape, strength, 
and density; during adulthood, exercise may help to maintain bone strength, while at 
older age, exercise may attenuate the physiological (natural) decline in bone mass [1].

Osteoporosis is a bone metabolism alteration characterized by a decrease in 
bone strength, due to decreased bone density and quality, which lead to a signifi-
cant increase in the risk of fracture risk [2]. These injuries are a significant source 
of morbidity and mortality. International Osteoporosis Foundation (IOF) highlight 
the importance of physical activity or exercise for the prevention on bone loss and 
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the maintenance of bone health [3]. However, when subjects with high risk of frac-
ture start to exercise, many issues should be addressed. For instance, specific ques-
tions might be the following: Will the exercise increase the risk of falls? Which 
intensity should be chosen in order to reach the positive effects on skeletal 
 metabolism? How exercise should be modified in order to be adaptable for subjects 
with osteoporosis?

To address these questions, it is very important to know how physical activity 
could influence bone health.

It is well known that chronic reduction in mechanical loading, such as it occurs 
following prolonged bed rest, results in a generalized bone mass loss, particularly 
in skeletal sites that bear weight under normal conditions [4]. Evidences support-
ing the role of weight bearing on the skeleton came from observations of bone loss 
in astronauts [5]. Therefore, non-weight-bearing exercises such as swimming or 
cycling may not be the best to improve bone health. However, they might have a 
role in muscle strength maintenance and in sarcopenia prevention in aging popula-
tion. A large number of cross-sectional studies have shown that bone density 
depends on customary activity levels [6, 7]. However, the World Health Organization 
[8] affirms that these studies could be misleading since it is not clear whether 
physical attributes determine activity levels or the other way around. While bone 
density is related to exercise levels, it is much less clear that customary exercise 
levels affect fracture risk. In fact, research evidences show different results. In 
particular, the European Vertebral Osteoporosis Study (EVOS) [9] suggested that 
high levels of physical activity were associated with increased risk of fracture in 
men, but not in women. In contrast, the Tromsø study [10] suggested that high 
levels of physical activity were protective against axial fractures in middle-aged 
men but not in women. We may justify these opposite results by the interaction of 
the effects of exercise on bone density, on the one hand, and on exposure to skeletal 
trauma on the other. Because of the difficulties associated with observational stud-
ies mentioned above, randomized controlled studies have been used to determine 
the effects of exercise on the bone. Evidences suggest that exercise has positive 
effects on bone density at all ages. Several results showed that exercise confers the 
greatest long- term benefit when initiated in the prepubertal years [11]. Kannus 
et  al. [12] showed that the bones of the playing extremity clearly benefit from 
active tennis and squash training, which increases their mineral mass. The benefit 
of playing is about two times greater if females start playing at or before menarche 
rather than after it. However, the minimal duration of activity necessary to produce 
positive results on bone mineral density should be studied further. On the other 
hand, Slemenda et  al. [13] found no relationship between physical activity and 
bone mineral density in peripubertal girls indicating that during puberty, other fac-
tors such as sex steroids become more influential on bone acquisition. Nordström 
et  al. [14] showed that variations in bone mineral density response to different 
activities reflect the different loading patterns of each sport and the phenomenon of 
site specificity. Regarding adults, weight-bearing exercise at relatively high inten-
sities has consistently greater bone mineral density than subjects that exercise at 
low intensity or did not exercise [15].

Also for adults the higher bone mineral density of athletes is observed predomi-
nantly at the skeletal sites loaded during their respective activities. However, some 
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activities may not apply a sufficient stimulus to the skeleton to induce an adaptive 
response such as swimming. We may suggest that physical activity could lead to 
positive effects on bone health throughout life. The magnitude of this effect depends 
on the nature and intensity of the physical activity and the number of years spent in 
training and in contrasting the sedentary behavior. However, while exercise should 
be encouraged, it is not by itself an adequate and safe therapy for those at higher risk 
of fractures.

16.2  Physical Activity Principles

To understand the relation between physical activities and skeletal health, it is very 
important to be familiar with the physical activity principles such as specificity, 
overload, and progression. Drinkwater [16] suggests to incorporate five principles 
into exercise study design for osteoporosis: specificity, overload, reversibility, initial 
values, and diminishing returns.

Specificity: this principle states that the type of exercise should be chosen to best 
meet the desired goal of the exercise program. In an exercise program for osteopo-
rosis condition, the exercise protocol should be carefully designed to load the target 
bone, i.e., be specific to the site measured.

Overload: this principle states that the target system of interest must be suffi-
ciently challenged for it to adapt to exercise training. For instance, exercise must 
overload the bone in order to properly stimulate bone remodelling.

Reversibility: sometimes it is renamed “use it or lose it” principle. This principle 
states that if a subject stops exercising, he/she will lose the gained benefits from 
exercise training. Osteoporosis conditions refer to the reversal in bone response 
once a stimulus is removed.

Initial values: it refers to the fact that responses from the bone are greatest when 
bone mass at baseline is lower than average.

Diminishing returns: it means that once a given training level is achieved, further 
responses will probably be slower and of smaller magnitude.

Another important parameter is the progression of the load. It means that an 
exercise program must continue to be challenging once the effect is obtained in 
order to keep improving. In other words if you want to see even greater improve-
ments after your initial gains, your program has to progress by increasing the 
overload.

Since the bone is influenced by several factors, its mass, structure, and strength 
vary considerably between individuals. For this reasons, it is very important that the 
physical activity training design for osteoporosis must be individualized according 
to the subject’s characteristics. To do this, the physical activity protocols should be 
realized taking into consideration the frequency, the intensity, the duration, and the 
type of exercise.

Frequency: it refers to the number of workouts a subject performs over a specific 
time period. It is usually expressed as a day per week of exercise. It can be easily 
manipulated to produce bone overload.

Intensity: intensity refers to how much effort a subject put forth during exercise 
and how hard is the exercise. The bone is most influenced by this parameter. In fact, 
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a study developed by Robinson et al. [17] showed that bone mass at both the hip and 
spine is 30–40% higher in gymnasts than in runners. This result could be justified 
by the higher intensity of exercise in gymnasts than in runners. Gymnasts can expe-
rience forces at the ground reaction of more than 12 times body weight, whereas 
only three to five times in runners. If we analyze walking exercise, we could affirm 
that it is a low-intensity activity, creating ground reaction forces of approximately 
one time body weight [18], and it has a little or no effects on bone mass.

Duration: it refers to how much exercise is performed during one session. 
Together with the other parameters, it can be varied in order to produce different 
bone overload. Usually duration of session depends on the number of repetitions, 
the sets, and the recovery time between each sets.

Type: it refers to the kind of exercise that the subjects do. First, as previously men-
tioned, exercise must be site specific. Second, exercise incurring impact, such us jump-
ing or squash, has been shown to best stimulate bone mass accretion [19]. Therefore 
bone mineral density is strongly associated with the type of activity performed [20].

16.3  Physical Activity Program

Exercise prescription needed to benefit the bone will differ across the life span accord-
ing to age and health of participant. In children and adults, activities with high magni-
tude and high loading rate promote bone gain. These exercises include impact 
activities such as jumping and resistance activities such as weight training. Whereas 
high-magnitude impact activities are recommended for younger and adults, they are 
not recommended for elderly with low bone mineral density. Elderly should not be 
involved in jumping activities, but the training program should promote resistance 
exercise, balance, and flexibility in order to reduce the risk of falling. Any individuals 
should start the physical activity program with caution and with an appropriate pro-
gression. Exercise that produces severe joint pain or muscle soreness that lasts more 
than 2 days should be avoided and changed with a new exercise that can be better 
tolerated. Moreover, exercise should also be aimed at reinforcing muscle that is 
important for posture. In order to reach the positive effects of exercise on bone mineral 
density, it is very important that subjects perform the exercise continuously through-
out their life. To accomplish this aim, the most appropriate exercise prescription 
should also take into consideration the enjoyment, cost, and accessibility.

It may be not correct to make strong recommendations for exercise prescription 
in subjects with osteoporosis. Individuals with osteoporosis should be engaged in a 
multicomponent exercise program that includes resistance training in combination 
with balance and with low potential risk of fall. Moreover, a combination of aerobic 
exercise with resistance or balance training should be chosen.

16.3.1  Resistance Training

Progressive resistance training program is strongly recommended for individuals 
with osteoporosis, at least twice a week. The intensity and the type of exercise 
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should be tailored to subjects’ capacity, especially in the presence of pain. It is sug-
gested to perform two sets of at least one exercise for each major muscle group, at 
the target intensity of 8–12 repetitions maximum. Obviously, sedentary subjects 
with low level of fitness should begin training at lower intensity. In order to provide 
the resistance load, it is possible to use bands or cables, free weights, body weight, 
and machines. The latter should be used with caution in subjects with high risk of 
fractures. Regarding the velocity of the movement, slow, controlled movements are 
recommended.

Figure 16.1 shows a progressive resistance exercise program for thighs and 
buttocks.

16.3.2  Balance Training

It should be suggested to perform daily balance training to accumulate 2 h of bal-
ance training weekly. Balance exercise may be incorporated into daily activities or 
performed all at once. According to the overload principle, balance exercise should 

Squat Chair stand Leg press

Starting position:

Stand with your back straight

and your feet a little wider

than shoulder width apart.   

Starting position:

Sit at the edge of a stable,

straight-backed chair with  

your back straight and your 

feet a little wider than shoulder 

width apart and directly under 

your knees. Corss your arm 

across your chest. 

Starting position:

Start the exercise in a seated

position and adjust the seat on

order that your torso and upper

legs and your upper and lower

legs are at right angles. Cross

your arms across the chest.    

Movement:

Slowly lower your buttocks

toward the floor, as if you

were going to sit down in a

chair, until your legs are bent

between 45 and 90°. Slowly

return to the starting position

Movement:

Slowly raise yourself out of

the chair to a full stand.

Slowly return to the starting

position   

Movement:

Slowly extend your legs until

there is just a slight bend in

your knees. Return to the

starting position   

Fig. 16.1 Progressive resistance exercise program for thinghs and buttocks
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be chosen in order to provide a sufficient challenge to balance. For example, reduc-
ing the person’s base of support or amount of sensory input.

Figure 16.2 shows a progressive balance exercise program

 Conclusion
Physical activity may play an important role for bone health during all stages of life. 
In children it is very important to do exercise in order to acquire and develop bone 
mass, in adult age to maintain bone density and quality, and in older age to contrast 
the loss of bone mass. To reach the positive effects on bone health, it is very impor-
tant that physical activity should be programmed on the subjects’ clinical and physi-
cal characteristics. Thus, multicomponent exercise that includes aerobic training 
plus resistance training and balance training is strongly suggested. In addition, spe-
cific exercises on spinal extensor daily, and guidance on safe movement and how to 
empower desire to do, may lead to the best physical activity approach.

Semi Tandem Stand Tandem Stand
One Leg Stance

Starting position and

movement

stand with the side of the heel

of one foot touching

the big toe of the other foot

for about 10 seconds. You

may put either foot in front,

whichever is more comfortable

for you.You may use your

arms, bend your knees, or

move your body to maintain

your balance, but try not to

move your feet. Try to hold

this position.To make this

exercise more challenging,

close your eyes.               

Starting position and

movement  

stand with the heel of one foot

in front of and

touching the toes of the other

foot for about 10 seconds. You

may put either foot in front,

whichever is more comfortable

for you.You may use your

arms, bend your knees, or

move your body to maintain

your balance,

but try not to move your feet.

Try to hold this position. To

make this exercise more

             challenging, close your eyes.             

Starting position and

movement

 Begin with your feetshoulder-

width apart and one foot

slightly off the floor. Rise one

foot off the floor so that the

knee is slightly in front and the

foot a few centimeters off the

ground. Hold the position for

up to 30 seconds and then

swith legs. Repeat up to three

to five times on each leg.

To make this exercise more

       challenging, close your eyes.        

Fig. 16.2 Progressive balance exercise program
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17Pharmacological Therapy: Past, Present, 
and Future

Silvia Migliaccio, Andrea Lenzi, and Emanuela A. Greco

17.1  Introduction

Osteoporosis is a bone metabolic disease characterized by a skeletal fragility, due to 
decreased of both bone density and quality, leading to an increased risk of develop-
ing spontaneous and traumatic fractures [1]. Osteoporosis has been defined a social 
disease due to its high impact on mortality and morbidity, to its significant altera-
tions of the quality of life of patients, and to its high economic impact [2, 3].

The bone is a highly specialized connective tissue, whose primary functions are 
mechanical support, physical protection for organs and soft tissue, and storage for 
systemic mineral homeostasis [4, 5].

Several different causes and risk factors influence bone strength leading to skel-
etal fragility: (1) failure to reach an optimal peak bone mass in terms of mass and 
strength, (2) excessive bone resorption leading to decreased bone density and 
microarchitectural weakening, and (3) insufficient formation upon an augmented 
resorption during bone remodeling. Thus, osteoporosis is the consequence of an 
imbalance of the physiological process of bone turnover, with the loss of the equi-
librium between the activity of specialized cells as osteoblasts and osteoclasts [6]. 
In fact, this sophisticated equilibrium is due to and maintained by a dynamic pro-
cess, called remodeling, characterized by a balance, referred to as coupling, between 
the activity of osteoclasts, the bone resorbing cells, and osteoblasts, the bone form-
ing cells [4, 7].
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Pharmacological therapies lead to correct remodeling imbalance, modulating the 
activity of bone target cells, to increase skeletal strength, and reduce the risk of 
fractures [8, 9]. Thus, anti-osteoporotic drugs can be classified as anti-resorptive 
agents, aimed at reducing or blocking bone density loss through mechanism(s) of 
action based on modulating osteoclastogenesis or osteoclast activity [9–14], and 
drugs that stimulate osteoblast activity, classified as anabolic agents, exerting their 
stimulus on osteoblasts, determining bone formation, and restoring skeletal micro-
architecture with increase in both cortical thickness and connectivity [15].

On the basis of these considerations, optimal anti-fracture efficacy results when 
drug therapy is targeted to the underlying cellular abnormality, anabolic therapy for 
osteoporotic individuals with reduced bone formation, and anti-resorptive therapy 
for patients with increased bone resorption.

Moreover, it is important to underline that the adequacy of calcium intake and 
vitamin D status are priority measures before starting osteoporosis treatment with 
specific drugs, as well as encouraging physical activity and prevention of falls.

17.2  Hormone Replacement Therapy (HRT)

Bone loss starts 2–3 years prior to menopause; it is accelerated by estrogen depriva-
tion during menopause and continues for up to 5–10 years later. It is known that 
estrogen deficiency is associated with an increase in the lifespan of osteoclasts and 
a concomitant decrease in osteoblast lifespan. It is also associated with increases in 
bone marrow levels in a number of osteoclastogenic cytokines, which expand the 
pool of osteoclast precursor cells, and increase expression of the key molecule regu-
lating osteoclast development, activity, and lifespan, the receptor activator of nuclear 
factor B ligand (RANKL) [16].

Suppression of osteoclast activity by estrogen replacement therapy has been used 
for decades and was the mainstay of prevention and treatment of postmenopausal 
osteoporosis. Numerous indications have been demonstrated that estrogen was sig-
nificantly more effective than placebo in preserving and increasing bone mineral 
density (BMD), and reducing incidence of vertebral and non-vertebral fractures, 
and that the discontinuation of estrogen resulted in bone loss at a rate similar to that 
seen in early menopause [17]. However, the primary indication for estrogen replace-
ment therapy is the treatment of moderate and severe menopausal symptoms (i.e., 
vasomotor symptoms, vaginal atrophy), probably because of its association with an 
increased risk of adverse health outcomes in the long-term therapy, such as stroke 
and venous thromboembolic events [18].

17.3  Selective Estrogen Receptor Modulators (SERMS)

SERMs bind to the estrogen receptor (ER) with high affinity and mediate transcrip-
tional events as agonist (bone and cardiovascular system) or antagonist (breast and 
endometrium), depending on target tissues. Raloxifene is approved for the prevention 
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and treatment of postmenopausal osteoporosis (60 mg/day). However, the effects of 
raloxifene on BMD and bone turnover markers have generally been lower than 
bisphosphonate therapy [19]. The MORE (Multiple Outcomes of Raloxifene 
Evaluation) study demonstrated a 30% reduction of vertebral fracture risk, but not 
non-vertebral fractures during a follow-up of 3 years [12]. In the CORE study, an 
extension of the MORE study, it has been shown that raloxifene therapy had no 
effect on non-vertebral fracture risk after 8 years but reduced the risk of ER-positive 
invasive breast and endometrial cancer [20]. Finally, the RUTH (Raloxifene Use for 
The Heart) study, involving for 5 years postmenopausal women with high risk of 
cardiovascular disease, showed an increased risk of fatal stroke and venous throm-
boembolism [21]. These studies show that raloxifene is well tolerated, with tran-
sient occurrence of hot flushes and leg cramps in <10% of patients; thus it is not 
recommended to symptomatic postmenopausal women [12].

Other new SERMs, such as bazedoxifene, have been developed in recent years, 
having good efficacy, safety, and/or tolerability profiles.

17.4  Bisphosphonates

Bisphosphonates, which decrease bone turnover leading osteoclasts to apoptosis, 
are the most prescribed anti-resorptive agents in the world for the treatment of 
osteoporosis and are in use from last three decades. They are synthetic analogues of 
pyrophosphate, with high affinity for hydroxyapatite, which strongly bind to the 
mineralized tissue, especially in the active remodeling sites. They are removed from 
the bone by osteoclasts during resorption and are not metabolized for excretion; 
thus they can be rebound by the mineralized tissue again and can remain as long as 
10 years in the skeleton. Variations in the structure of the amino side chains of these 
drugs affect their pharmacological activity in terms of bone affinity and potency. 
The most potent molecules have a nitrogen-containing chain, such as alendronate, 
risedronate, ibandronate, and zoledronate. Skeleton-binding affinity increases in 
this rank order: risedronate, ibandronate, alendronate, and zoledronate [22].

Alendronate can be given orally once a week (70 mg), ibandronate once a month 
(150 mg), and risedronate once a week or once a month (35 mg and 150 mg, respec-
tively). Oral bisphosphonates have to be taken with plain water only, after an over-
night fast, and followed by 30–60 min without eating or drinking. The patients need 
to stand upright for 1 h to prevent gastroesophageal reflux and damage to the mucosa 
[22]. Ibandronate can also be taken intravenously every 3 months (3 mg) and zole-
dronate once a year (5 mg). The main side effect of this administration is an auto-
limited flu-like syndrome (acute phase reaction) due to release of cytokines (TNF-α, 
IFN-γ, and IL-6), causing mild fever and muscle pain that can be controlled with 
antipyretic drugs. This reaction usually ends in 1 or 2 days and gets milder with the 
subsequent infusions. Fifty percent of the absorbed dose binds to the bones, and the 
rest is excreted in the urine. Renal toxicity may occur with rapid intravenous admin-
istration; thus it is not recommended for patients with creatinine clearance lower 
than 30–35 mL/min [22].
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Alendronate was the first bisphosphonate approved by the FDA for the preven-
tion and treatment of osteoporosis. The once-weekly administration (70  mg) 
improved the use and tolerability with the same or better efficacy than the daily 
therapy (10 mg) [23]. In the FIT (Fracture Intervention Trial) study, there was a 47% 
reduction in new morphometric vertebral fractures and 51% in hip fractures in indi-
viduals with one prior vertebral fracture at least [24]. In those without fractures, 
alendronate reduced the risk of radiographic vertebral fractures in 4 years [25]. In 
the FOSIT (Fosamax International Trial) study, alendronate reduced 47% the risk of 
non-vertebral fractures [26]. In the FLEX (Fracture Intervention Trial Long-term 
Extension) study, the subjects treated with alendronate switched to placebo for 
5 years, showing a decline in BMD, both at spine and total hip, but mean levels 
remained at or above pretreatment levels 10 years earlier. After 5 years, the cumula-
tive risk of non-vertebral fractures was not significant. Among those who continued, 
there was a significantly lower risk of clinically recognized vertebral fractures, but 
no significant reduction in morphometric vertebral fractures [27].

Risedronate, which is taken once a week (35  mg) or monthly (150  mg), was 
evaluated in the US and the multinational VERT (Vertebral Efficacy With 
Risedronate Therapy) studies, showing a reduction of new vertebral (41% and 49%, 
respectively) and non-vertebral fractures (39% and 33%, respectively) during 
3 years, at least in women with prior vertebral fracture [28]. In the Hip Intervention 
Program Study Group, risedronate showed a reduction of fracture risk of 40% in 
women with osteoporosis [29].

An oral daily dose (2.5 mg) and an intermittent dose (20 mg every other day for 
12 doses every 3 months) of ibandronate were evaluated in the BONE (oral iBan-
dronate Osteoporosis vertebral fracture trial in North America and Europe) study. 
After 3 years, daily and intermittent oral ibandronate significantly reduced the risk 
of new morphometric vertebral fractures by 62% and 50%, respectively, versus pla-
cebo. The overall population was at low risk of osteoporotic fractures. Consequently, 
the incidence of non-vertebral fractures was similar between the ibandronate and 
placebo groups. However, findings from a post hoc analysis showed that the daily 
regimen reduced the risk of non-vertebral fractures (69%) in a higher-risk subgroup 
(femoral neck BMD T-score < −3.0) [30]. The MOBILE (Monthly Oral IBandronate 
In LadiEs) study evaluated the monthly dose (50/50, 100, and 150 mg) compared 
with the daily regimen during 2 years. All monthly regimens were proven to be 
similar, and the 150 mg regimen is better than the daily regimen. All monthly regi-
mens produced similar hip BMD gains, which were greater than those of the daily 
regimen [31]. The DIVA (Dosing IntraVenous Administration) study compared two 
regimens of intermittent intravenous injections of ibandronate (2 mg every 2 months 
and 3 mg every 3 months) with a regimen of 2.5 mg of oral ibandronate daily, which 
are at least as effective as the daily regimen of 2.5 mg by oral route [32].

The HORIZON (Health Outcomes and Reduced Incidence with Zoledronic Acid 
Once Yearly) study evaluated the efficacy of 5 mg zoledronate during 3 years. There 
was a reduction of the risk of morphometric vertebral fracture by 70% and hip frac-
ture by 41%. Non-vertebral fractures, clinical fractures, and clinical vertebral frac-
tures were reduced by 25%, 33%, and 77%, respectively [33]. A reduction of 35% 
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in new clinical fractures in patients with prior fractures was documented in another 
study, along with a reduction in mortality (28%) [34]. Recently, the extension FPT 
(HORIZON-Pivotal Fracture Trial) study showed the benefits of a 6-year treatment 
of zoledronate. In 3–6 years, femoral neck BMD remained constant in the zoledro-
nate group, and dropped slightly in the discontinuing group, but remained above 
pretreatment levels. Other BMD sites showed similar differences. New morphomet-
ric vertebral fractures were lower in the zoledronate group, whereas other fractures 
were not different [35].

The most common adverse events reported with the use of oral bisphosphonates 
are related with gastroesophageal intolerance, reported in up to 10% of trial partici-
pants [36, 37]. An increased risk of atrial fibrillation was reported in the HORIZON 
trial [33], but other observational studies have failed in detecting an increased risk 
with any of the bisphosphonates [37].

Osteonecrosis of the jaw (ONJ) has been reported primarily in patients with can-
cer who have received large and cumulative doses of intravenous bisphosphonates. 
This condition is defined as exposure of necrotic bone in the oral cavity, not healing 
for 6–8 weeks, in the absence of radiotherapy and jaw metastases. In patients with 
osteoporosis treated with bisphosphonates, ONJ is rare, accounting for 0.8–5.0% of 
the reported cases, and no cases have been identified in clinical trials with alendro-
nate, ibandronate, or risedronate. In the HORIZON-FPT, two cases of ONJ were 
reported among 7765 patients, one in the placebo and one in the zoledronate group 
[33]. The incidence of ONJ is estimated at 0.9/100,000 patient years of treatment 
among patients who receive oral bisphosphonate therapy, and the causal association 
is unproven [36, 37]. No validated diagnostic technique exists to determine which 
patients are at increased risk of developing ONJ, and discontinuing bisphosphonate 
therapy may not lower the risk but may have a negative effect on low-bone mass-
treatment outcomes.

Cases of atypical low-trauma subtrochanteric and femoral shaft fractures have 
been reported in patients receiving long-term bisphosphonates. Prior to the fracture, 
patients reported prodromal symptoms of pain (typically groin or thigh). 
Radiographic findings are the thickening of the cortex in the lateral aspect of the 
proximal femur, which is the site of high tensional stresses. A complete atypical 
fracture is displayed in addition to a straight transverse fracture line and median 
cortical spiking [38]. Attention has been drawn to an association between this kind 
of fractures and the use of bisphosphonates, possibly related to long-term suppres-
sion of bone turnover [22]. However this hypothesis comes from retrospective case 
series with small numbers of patients involved. There is no randomized controlled 
trial evidence of an increase in the risk of atypical fractures. There is also a possible 
association of reduced bone turnover induced by bisphosphonates and the other risk 
factors, such as younger age at beginning or concomitant therapy with corticoste-
roids, proton pump inhibitors, or other anti-resorptive agents [22].

At the present time, the ideal duration of treatment with bisphosphonates is 
uncertain. There is considerable evidence showing that anti-resorptive agents are 
effective in reducing fracture risk and that they are well tolerated for over 3–5 years. 
It is a reasonable question when considering bisphosphonate therapy, however, 
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because these drugs accumulate in the skeleton, leading to a reservoir that continues 
to be released for months or years after treatment is discontinued. Stopping alendro-
nate after 10 years of treatment at a dose of 10 mg daily (which should be the same 
of 70 mg weekly), the amount of alendronate released from the bone over the next 
several months or years would be equivalent to taking one fourth of the usual dose 
(2.5 mg daily or 70 mg once a month). There is a concern that long-term treatment 
has the potential to oversuppress bone remodeling and inhibit repair of microdam-
age, cause excessive mineralization, and cause an increase in microcracks. The data 
from the FLEX trial [27] suggest that a subset of patients may safely take a break 
from alendronate after 5 years of therapy without experiencing a rapid decline in 
BMD. The data suggest that, although there is some residual benefit in terms of 
fracture reduction for some time after a 3- to 5-year course of bisphosphonate ther-
apy, continuing treatment for 10 years is better for some patients (high risk of frac-
ture). Decisions regarding discontinuation must be individualized and based upon 
the assessment of ongoing fracture risk [22].

17.5  Calcitonin

The PROOF (Prevent Recurrence Of Osteoporotic Fractures) study showed that a 
dose of 200 IU of salmon calcitonin nasal spray significantly reduced the risk of new 
vertebral fractures by 33% and 36% in women with prevalent fractures. Occasional 
rhinitis can occur. Headache, flushing, nausea, and diarrhea have been reported more 
commonly with subcutaneous dose than with intranasal calcitonin. There is no data on 
hip or non-vertebral fracture risk reduction [13]. Nowadays, calcitonin is used as sec-
ond or third place of choice for the treatment of osteoporosis.

17.6  Denosumab

Denosumab is a human monoclonal antibody that inhibits RANKL and, conse-
quently, osteoclastogenesis. It is administered as a 60 mg subcutaneous injection 
every 6 months. Its clearance occurs by means of the reticuloendothelial system and 
not by renal excretion. Therefore, denosumab can be taken by patients with renal 
impairment. The FREEDOM (Fracture Reduction Evaluation of Denosumab in 
Osteoporosis Every 6  Months) trial evaluated the efficacy of denosumab during 
3 years; the treated group showed significant gains in lumbar spine and total hip 
BMD with a reduction of new radiographic vertebral fracture (68%), hip fracture 
(40%), and non-vertebral fracture (20%). Cellulitis was more frequent in patients 
taking denosumab compared with the placebo (0.3% vs. <0.1%), although the abso-
lute risk was very low [39]. In the long-term group, BMD further increased in 
cumulative 6-year gains of 15.2% (lumbar spine) and 7.5% (total hip). In the long-
term group, fracture incidence remained low and rare cases of ONJ have been 
reported [40]. Patients discontinuing denosumab experienced a fast decrease in 
BMD during the first 12 months, with the subsequent rate of BMD losses being 
similar to the placebo, demonstrating that denosumab does not confer a residual 
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effect following cessation of therapy [41]. Long-term treatment with denosumab 
was associated with a sustained increase on BMD, as well as low bone markers, and 
maintained the vertebral and non-vertebral anti-fracture efficacy over 6 years [40].

17.7  Teriparatide

Intermittent administration of low-dose PTH enhances osteoblast activity and bone 
formation. Two PTH peptides have been approved for the treatment of osteoporosis: 
teriparatide (PTH 1-34) and PTH 1-84. Teriparatide is administered as a 20 mcg 
subcutaneous daily injection, and the data show a 65% and 54% reduction in frac-
ture risk in vertebral and non-vertebral fractures [42]. The concomitant use of 
bisphosphonates may attenuate bone mass improvement seen with PTH alone, but 
the administration of an anti-resorptive agent has to be considered after the treat-
ment in order to maintain the bone gain achieved [43]. Maximum treatment duration 
of 2 years is recommended because preclinical studies showed the development of 
osteosarcoma in rats [42]. Asymptomatic hypercalcemia, occasional nausea, dizzi-
ness, leg cramps, and headache were associated with teriparatide use. Teriparatide 
is contraindicated in clinical situations with high risk of osteosarcoma, such as chil-
dren and adolescents, Paget’s disease, bone metastasis, skeletal irradiation, or unex-
plained elevations of alkaline phosphatase.

17.8  Strontium Ranelate

Strontium ranelate contains two atoms of strontium, which is a divalent cation, like 
calcium. It has a dual action, increasing bone formation and decreasing resorption, but 
its exact mechanism of action is still unclear. The SOTI (Spinal Osteoporosis Therapeutic 
Intervention) trial showed a fracture risk reduction of 49% in the first year of treatment 
with 2 g daily and of 41% during the 3-year study [44]. The TROPOS (TReatment Of 
Peripheral OSteoporosis) trial showed a reduction of 19% on non-vertebral fracture, and 
among women at high risk of hip fracture, the reduction for hip fracture was 36% [45]. 
The most common side effects were nausea, diarrhea, and mild and transient elevation 
in creatine kinase. It is contraindicated in patients at high risk of thromboembolic events, 
and many cases of hypersensitivity were described, with eosinophilia and systemic 
symptoms [46]. As strontium has a higher atomic number than calcium, it attenuates 
more X-rays than calcium does. This attenuation can result in an overestimation of 
BMD that requires an adjustment for bone strontium content [47].

17.9  New Osteoporosis Targets and New Mechanisms of Action

17.9.1  Cathepsin K Inhibitors: Odanacatib

Cathepsin K is a lysosomal enzyme produced by the osteoclast to break down the bone 
matrix during resorption process, and odanacatib (ODN) is a specific inhibitor of this 
enzyme. The phase II study showed that women receiving odanacatib for 5  years 
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gained BMD in spine and hip, with larger reductions in bone resorption than in bone 
formation markers. Discontinuation of ODN resulted in reversal on these effects, with 
fast bone loss. Treatment with ODN for up to 5 years was generally well tolerated [48].

17.9.2  Anti-sclerostin Antibodies

Sclerostin is a protein produced almost exclusively by osteocytes, and its function is 
to prevent the Wnt signaling in osteoblasts. The activation of Wnt pathway in the 
cell membrane of osteoblasts strongly induces bone formation. New monoclonal 
antibodies against sclerostin have been developed and are new promising therapeu-
tic goal for osteoporosis.

 Conclusions
Osteoporosis is a very common clinical situation, with an expected trend to and 
increasing incidence in the next decades due to the worldwide aging of the popu-
lation. Bone loss and fractures follow the decrease in estrogen levels in the post-
menopausal period, which increases osteoclast activity and, subsequently, bone 
resorption. The adequacy of calcium intake and vitamin D status are priority 
measures before starting osteoporosis treatment with specific drugs, as well as 
encouraging physical activity and prevention of falls. Several drugs are already 
available with proven efficacy against fractures and excellent safety profiles, and 
others are in the process of being developed. The challenge today is to improve 
the detection of osteoporosis and convince healthcare professionals to refer at-
risk patients for treatment, and, due to their different and specific mechanisms of 
action, it will be possible to customize the best therapeutic approach for each 
patient in order to optimize response to treatment both in terms of patient com-
pliance and clinical response.
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18.1  Introduction

The prevalence of osteoporosis increases with increasing age of the population. 
Osteoporosis can lead to osteoporotic vertebral compression fractures (VCFs), 
being the most serious complaint for elderly people worldwide, followed by hip, 
wrist, and ankle fractures [1]. Osteoporotic VCFs are known as low-energy frac-
tures or insufficiency fractures because the fragility of the bone is the main cause to 
injury with minimal or no trauma. In fact, we can define an osteoporotic fracture if 
it occurs in a person as a result of little or no trauma, the equivalent of a fall from 
standing position or lower [2]. In the United States, there are approximately 700,000 
and in Europe 450,000 cases of osteoporotic VCFs every year although only one-
third are diagnosed [3]. Incidence is doubled in menopausal women, and about 8% 
of women over 50 years of age and 27% of women over 80 years have VCFs [4]. 
The vertebra is compressed resulting in a reduction of its height and an abnormal 
increase of the curvature of the spine with kyphosis. Vertebral fractures may be 
symptomatic or asymptomatic. Symptomatic, or clinical, vertebral fractures cause 
either sufficient pain for the patient to bring them to the attention of a health profes-
sional or a measurable loss of height. Vertebral body height may be measured at 
posterior, middle, and anterior parts of the vertebra. Genant’s semiquantitative 
method is the most accepted technique to classify the changes in vertebral body in 
terms of reductions in overall height and also indicates fracture severity. Then, ver-
tebral bodies can be classed as normal (grade 0), mildly deformed (grade 1, 
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reduction between 20 and 25% in anterior, middle, and/or posterior height and a 
reduction of area of 10–20%), moderately deformed (grade 2, reduction between 25 
and 40% in anterior, middle, and/or posterior height and a reduction of area of 
20–40%), and severely deformed (≥40% reduction in any height and area) [5]. 
Another classification for vertebral fracture is the Magerl one [6] based on purely 
morphological criteria; it is the most widely used system. It distinguishes three 
types of fracture (A = pure compression, B = distraction, C = translation or rota-
tion), three groups and three subgroups, using the AO codes. Its interest lies in its 
good predictive value, with vertebral instability increasing from type A to type 
C. The most important consequence of VCFs is the acute pain, which may be per-
sistent. The pain is exacerbated by movement and reduced by rest and may therefore 
limit mobility. Also, the risk of pain and disability increases progressively with the 
number and severity of vertebral deformities. In some patients, the acute pain is fol-
lowed by chronic pain with progressive loss of height, kyphosis, and impairment of 
daily activities. Many studies have shown that the quality of life, assessed with 
QUALEFFO tests, is worse in the presence of a VCF, and these are accompanied by 
sleep disorders, psychiatric problems, impaired mobility, pulmonary complications, 
and increased mortality rates [7–9]. An important consequence after the first verte-
bral fracture is certainly the risk of developing new vertebral fractures that increases 
five to ten times [10]. Vertebral fractures can be linked to the risk of having fragility 
refractures also to other sites like the femur, wrist, and humerus [11, 12].VCFs com-
monly occur in the mid-thoracic, low thoracic, and high lumbar areas and mostly at 
the thoracolumbar junction, especially T12 and L1 [13]. Historically, surgical treat-
ment is indicated for patients with VCFs and neurological deficits or spinal instabil-
ity. Since the surgery entails for these elderly patients with VCFs and comorbidities 
greater health risk, conservative treatment that consists a short period of bed rest to 
avoid complications caused by immobilization and external brace is recommended. 
Pain medication with oral analgesic and narcotics which can be effective for frac-
ture pain are also indicated, while nonsteroidal anti-inflammatory drugs (NSAIDs) 
may relieve pain associated with inflammation and muscle spasm [14]. Anti-
osteoporosis medications with vitamin D should be prescribed to reduce the risk of 
further vertebral fractures, also reducing risk of fall. Conservatively treated VCFs 
are cured with partial relief of pain and quality of life within 2–12  weeks [15]. 
However, conservative treatment with long periods of inactivity can lead these 
elderly patients to pneumonia, bedsores, venous thromboembolism, new VCFs, and 
sometimes death. Furthermore, narcotic analgesics may lead to debilitating side 
effects, in particular cognitive impairment, nausea, and constipation, while NSAIDs 
are associated with gastrointestinal side effects such as nausea, gastritis, and ulcers. 
Unfortunately, these side effects tend to be more pronounced in frail older people.

Open surgery with internal fixation may be performed in patients whose pain 
does not resolve with conservative management, but the high morbidity and the high 
costs of surgical treatment related to VCFs make it a duty to find alternative, more 
effective, and less invasive treatments than open surgery. During the past 30 years, 
two kinds of minimally invasive spine surgical treatment have been increasingly 
used. Currently, the two main minimally invasive techniques are percutaneous 
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vertebroplasty (PVP) and kyphoplasty (PKP) [16]. Both procedures are based on 
the injection of a bone cement of polymethyl methacrylate (PMMA) into the frac-
tured vertebra for the mechanical stabilization of VCFs and for pain relief. 
Percutaneous vertebroplasty is an injection of PMMA bone cement into the verte-
bral body via a needle using a transpedicular or extrapedicular approach, with 
monolateral or bilateral approach. It may be performed under general anesthesia, 
although more commonly the procedure is performed under local anesthesia [17]. 
Deramon and Galibert introduced for the first time PVP for the treatment of painful 
hemangioma in 1984 [18]: the result was so gratifying in pain relief that many other 
surgeons use and extended the indications for PVP including osteoporotic compres-
sion fractures, traumatic compression fractures, and painful vertebral metastases 
[17]. Lieberman et al. in 2001 described the initial outcome and efficacy of a new 
minimally invasive spine procedure in the treatment of painful VCFs, kyphoplasty 
[19], biomechanically developed by Reiley and Belkoff [20]. The basic ideas behind 
PKP were to treat kyphosis deformity and restore vertebral size: PKP is a technique 
that involves the introduction of inflatable bone tamps into the vertebral body. Once 
inflated, the bone tamps restore the vertebral body back toward its original height 
while creating a cavity that can be filled with bone cement.

The inflation of the device via a radiopaque liquid restores the vertebral size and 
helps to correct the kyphotic deformity. The balloon is deflated and replaced by a 
cement made of PMMA. PVP and PKP are clearly advantageous compared to con-
servative treatment or open surgery in terms of pain and function. In older patients, 
percutaneous vertebral augmentation may promote early mobilization and reduce 
analgesic intake [21].

The analgesic effect of bone cement injection into the vertebra may result from 
the fixing of microfractures and the decrease of the mechanical stresses associated 
with the body weight and mobility. Furthermore, nerve endings are destroyed by the 
cytotoxic and exothermic action during the polymerization of the bone cement, 
reducing the pain. However, the benefits and shortcomings of these two techniques 
are still debated such as height restoration and bone cement leakage [22]. The maxi-
mum number of vertebrae augmentable per session should be three, although exten-
sive augmentation to more than three vertebral levels per session has been shown as 
feasible [23].

Conventional radiographs are usually the first technique used to study patients 
with suspected vertebral fracture in osteoporotic patients. A 20% vertebral body 
height loss or 4 mm of vertebral height reduction constitutes the diagnosis of a ver-
tebral compression fracture. But in many cases of osteoporotic vertebral fractures, 
morphologic changes may require time for their development. Therefore, the 
absence of a fracture on X-ray in an osteoporotic patient does not rule it out, and 
when symptoms persist, a magnetic resonance imaging (MRI) should be performed. 
In order to identify the VCFs with or without vertebral deformities and degree of 
edema, assess its age, define its anatomy, assess the posterior wall of the vertebral 
body, and exclude other causes of back pain, MRI is a requisite to screen all patients 
who are considered for planning medical, PVP, PKP, or open surgical treatment 
[24]. The presence of a pattern of bone marrow edema is associated with a good 
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clinical short-term success relieving pain [25]. However, CT scanning or bone scin-
tigraphy may be used instead when MRI is unsafe (e.g., in patients with pacemak-
ers). CT equipment is also required if there are any doubts regarding the integrity of 
the posterior vertebral wall [26].

18.2  Technical Issues

PVP is performed under radiological guidance using fluoroscopy. It is usually per-
formed using local anesthesia of the skin, subcutaneous tissue, and the periosteum 
of the vertebral body into which the needle is to be introduced; sometimes con-
scious sedation is an addiction. The patient is clearly positioned prone. A small skin 
incision is made and a disposable bone biopsy needle or trocar needle is placed 
centrally in the vertebral body using an image-guided safe access route. This may 
be done bilaterally or monolaterally through the pedicle, obliquely across one ped-
icle, or laterally oblique through the base of the pedicle. Under constant screening 
with X-ray image intensifier, it is advanced through the pedicle into the vertebral 
body; an orthopedic hammer can be useful in case of sclerotic cortical bone. The 
cement is then injected very slowly, again under constant fluoroscopic screening.

In unilateral approach, rotating the trocar tip, the cement can be spread through-
out the vertebral body. In bilateral approach to achieve optimal vertebral filling, two 
trocars may be used, one on either side of the midline. The procedure may last from 
15 min to 1 h, depending on the number of vertebrae being treated and the experi-
ence of the surgeon. Computed tomography (CT) scanning could be indicated at the 
end of the procedure to assess the distribution of cement and identify any complica-
tions [27].

PKP is a variant of PVP in which one or two balloon-like devices are inserted 
bilaterally into the vertebral body, through a transpedicular approach. A small bal-
loon catheter surrounded by a metal stent is inserted into the vertebral body using a 
minimally invasive percutaneous approach under radiographic guidance and either 
local or general anesthetic. The balloon catheter is then inflated with liquid, under 
pressure, to create a cavity in which the stent is expanded. Balloons are slowly 
inflated until they reach their highest achievable volume, in order to restore verte-
bral body height. The balloons are then deflated and removed, leaving a cavity 
which is filled with PMMA bone cement; because of the existence of the cavity, the 
cement may be injected at a lower pressure than that used for PVP. The injected 
cement hardens within 1 h, and the patient may then be mobilized [17].

PVP and PKP are traditionally performed using PMMA to which a radiopaque 
substance such as barium, tantalum, or tungsten sulfate has been added to facilitate 
visualization during the procedure when polymerization of methyl methacrylate 
monomers to PMMA polymers occurs. It is prepared by mixing a liquid component 
containing the monomer, accelerator, and inhibitor with a powder containing the 
polymer, radio-opacifier, and initiator. It is cheap and easy to manipulate and gives 
the appropriate stiffness and strength to the vertebral body. However, there are no 
osteoinductive or osteoconductive properties and, therefore, no integration with 
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host bone over time. Its stiffness may promote mechanical overload to adjacent 
vertebral bodies [28]. PMMA appears to have analgesic properties quite apart from 
those caused by the effect of the stability provided by the cement within the weak-
ened vertebrae. The reason for such analgesic properties remains unclear, but one 
possibility is that it destroys or damages local nerve endings as a result of both the 
toxic effects of the free monomers of PMMA and the heat caused by the cement 
polymerization [29].

18.3  Criteria for Treatment

The National Institute for Health and Care Excellence guidance indicates that PVP 
and PKP should be limited to patients whose pain is refractory to more conservative 
treatment for PKP; there is an additional requirement that they should have contin-
ued vertebral collapse and severe pain [30, 31]. Recent guidance from the 
Cardiovascular and Interventional Radiology Society of Europe (CIRSE) states that 
PVP is indicated in patients with “painful osteoporotic VCFs refractory to medical 
treatment.” It defines failure of medical treatment as “minimal or no pain relief with 
the administration of physician-prescribed analgesics for 3 weeks or achievement of 
adequate pain relief with only narcotic dosages that induce excessive intolerable 
sedation, confusion, or constipation.” In case of painful patients at high risk of com-
plications resulting from immobility (e.g., thrombophlebitis, DVT, pneumonia, or 
pressure ulcer), CIRSE guidelines further note that PVP may be considered at the 
beginning.

Contraindications
The CIRSE guidelines list the following absolute contraindications to PVP:

 – Asymptomatic vertebral body compression fracture
 – Patient improving on medical treatment
 – Osteomyelitis, discitis, or active systemic infection
 – Uncorrectable coagulopathy
 – Allergy to bone cement or opacification agents
 – Prophylaxis in osteoporotic patients

Relative contraindications in osteoporotic patients include:

 – Radicular pain
 – Tumor extension into the vertebral canal or cord compression
 – Fracture of the posterior column and increased risk of cement leak
 – Vertebral collapse >70% of body height (needle placement might be difficult)
 – Spinal canal stenosis and asymptomatic retropulsion of a fracture fragment caus-

ing significant spinal canal compromise
 – Patients with more than five metastases or diffuse metastases
 – Lack of surgical backup and monitoring facilities
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These contraindications appear to be equally applicable to PKP.

18.4  Clinical Evidences of PVP and PKP

PVP and PKP are therapeutic alternatives for patients in whom conservative treat-
ment failed. They are minimally invasive procedures and seem to determine a rapid 
and sustained pain relief with a better quality of life. Although many studies have 
shown good clinical outcomes and improved quality of life after PVP and PKP, 
there is an ongoing debate on which of these two procedures can provide the most 
important efficacy and safety.

Analgesic effect of these techniques can be related to some factors, such as the 
thermal effect of the cement that produces the ablation of C-nociceptive fibers, the 
mechanical stabilization of the fracture, and the height restoration of the vertebral 
body [32]. Compared with medical treatments, short-term pain relief and long-term 
beneficial effects after PVP seem to be significantly superior [33]. Recent studies 
demonstrated that most patients who had favorable clinical results with conservative 
treatment for 3 weeks after the fracture also had successful clinical results at 1 year. 
If the patient failed conservative treatment, percutaneous cement augmentation also 
showed excellent results at 1 year after the trauma. However, the long conservative 
treatment period of 3 weeks has been criticized by other authors [34].

A follow-up survey indicated that patients who underwent percutaneous verte-
broplasty were significantly more satisfied with given treatment than patients who 
underwent conservative treatment. In addition, lower rate of complications was 
observed in percutaneous vertebroplasty group [35].

Postoperative pain relief in osteoporotic VCFs has been shown in the literature 
using PVP and PKP, which was measured by the VAS pain scale. However, many 
studies showed that the follow-up point at which the difference becomes really 
insignificant varies after 3, 6, or 12 months [36]. Improvement in VAS score was not 
statistically significant between PVP and PKP groups. The potential reason for the 
similar pain scores is that clinical heterogeneity was induced by a double blind, the 
duration of illness, types of fractures, gender differences, and insufficient sample 
size bias [37]. Moreover, the natural history for spontaneous pain reduction is 
3 months [38].

In this context, the results from a recent meta-analysis are focused on the timing 
in case of significant VAS reduction and showed that PKP has significantly lower 
VAS scores in the short-term follow-up, but at long-term follow-up, results were 
comparable [39].

Compared with medical treatments, two prospective controlled studies evalu-
ated and compared the efficacy and safety of PKP and found better long-term pain 
relief and superior functional outcome up to 3 years [40, 41]. It was shown that 
both PKP and PVP can restore kyphosis. According to this meta-analysis, the 
angle of postoperative kyphosis was significantly improved in the short- and long-
term follow-up in the PKP group. Patients who underwent PKP had a higher 
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kyphosis angle improvement if compared with patients who underwent PVP, and 
there was a slight loss of kyphosis angle correction between the short- and long-
term follow-up. As reported in previous studies, the improvement in kyphosis 
angle with PKP and PVP has been attributed in part to the lying position that 
patients assume during the operation and in part to the failure of the two end 
plates of the fractured vertebra. PKP corrects the kyphotic deformity through the 
expansion of a balloon, and this seems to be more beneficial to restore the verte-
bral size and correct the kyphotic deformity compared to PVP. A further advan-
tage of PKP is the creation by the inflatable balloon of a cavity, which allows to 
inject larger quantities of cement compared to PVP [42]. Mechanical stabilization 
of the vertebral body relies on quantity and localization of the injected cement. 
The filling of 16–30% of the volume could recover the vertebral stiffness partially 
at the pre-fracture state, and this would be enough to obtain clinical healing [43]. 
Cadaveric studies have shown that kyphoplasty had greater recovery of vertebral 
height than vertebroplasty [44]. However, clinical studies are contradictory. Some 
authors found greater height restoration with kyphoplasty, but others did not find 
differences between both techniques [45]. Some studies found no better pain reso-
lution with height restoration and do not consider this factor mandatory in order 
to achieve pain control [46].

Meta-analysis of published papers shows fair to good evidence that in patients 
with osteoporotic VCF outcomes on physical disability, general health and pain 
relief are better with PVP and PKP than with medical management within the first 
3–6 months after intervention [47]. There is fair evidence that by the first or second 
year after intervention, PVP provides a similar degree of pain control and physical 
function as that obtained with optimal medical management. PKP seems to be supe-
rior to PVP according to short-term pain relief, kyphosis angle correction, and 
cement leakage.

A recently presented preliminary 1-year results of the multicenter randomized 
controlled Fracture Reduction Evaluation (FREE) study confirmed in the kypho-
plasty group a significant improvement of the quality of life and VAS scale pain 
scores and function after 1 month controlled against nonsurgical treatment. These 
treatment effects diminished dramatically until the 12-month follow-up but were 
still significantly better than nonsurgical treatment for quality of life [40].

Controversy remains regarding whether a unilateral or a bilateral approach is 
superior, and there are no large studies comparing these two approaches. A recent 
meta-analysis tried to find if there is an evidence to suggest a benefit in clinical 
outcome of a unilateral kyphoplasty or bilateral kyphoplasties, but no clinically 
important differences were found between them. Only considering less operation 
time and less cost, a unilateral percutaneous kyphoplasty could be considered an 
advantageous method. [48]

Women with preexisting VCFs have a four times increased risk of subsequent 
vertebral fracture, but these fractures seem to be not different between the PKP and 
PVP groups [49]. There is insufficient evidence whether PKP results in greater pain 
relief 1 and 2 years after intervention [50].

18 Surgical Therapy: Vertebro-Cifoplastic: – Pros and Cons



304

18.5  Complications of PVP and PKP

International literature is unanimous about the low rate of complications associated 
with PVP and PKP when treating osteoporotic VCFs [43]. The cement leakage is 
one of the most common complications associated with PKP and PVP. Leakage 
occurs when the cement is not wholly contained by the fractured vertebra but 
escapes through either the fracture or the track created by the needle. Systematic 
reviews provided that little cement leakage is found after PVP and PKP by the stan-
dard X-ray imaging, whereas high rates are observed with computed tomography 
[51]. There are many routes by which cement may leak from a vertebra: paraverte-
bral leakage, venous leakage, or leakage into the spinal canal and intervertebral 
foramen. Injury of the surrounding soft tissues is mainly due to the high temperature 
of polymerization of PMMA. The most sensitive structures are neural tissues, spinal 
cord, and nerve roots. Fortunately, most of the extravasations are to the disc or para-
vertebral tissues, hence asymptomatic. Transient radicular symptoms have been 
described in up to 3–4% of the patients, and only isolated cases of paraplegia after 
these procedures have been reported, most of them due to failure of technical issues. 
The monomers that do not contribute to the polymerization have systemic cardio-
pulmonary effects. Pulmonary embolism can be due not only to the cement but also 
to the fat from the bone marrow extruded into the venous system by the high-pres-
sure cement injection or by inflating the balloons [52]. Although all of the included 
studies reported the incidence of cement leakage, no cases of spinal stenosis and 
pulmonary embolism due to cement leakage were reported. The Food and Drug 
Administration (FDA) states that PMMA is contraindicated in the presence of active 
or incompletely treated infection at the site where the cement is to be applied. It also 
notes that hypotensive reactions have been noted between 10 and 165  s after its 
application; as these have lasted from 30 s to over 5 min, and some have progressed 
to cardiac arrest, the FDA recommends that patients should be monitored carefully 
for any changes in blood pressure during and immediately following the application 
of the cement. Other reported adverse events include pyrexia due to allergy to the 
cement. In addition, the FDA notes that the heat released while the cement is hard-
ening in situ may damage the bone or other tissues surrounding the implant [53].

In a systematic review of the literatures, the risk of experiencing new VCFs 
increased after PVP and PKP.  Retrospective and prospective studies found an 
incidence of recompression of 12.5–36.8% after PVP and PKP [54, 55]. From the 
standpoint of vertebrae, adjacent recompression occurred more frequently than 
distant levels, and it demonstrated a remarkable propensity of refractures within 
three levels above or below preexisting fractures [56]. The exact mechanism for 
refracture is still unclear. Several authors indicate that the cemented vertebra can 
change the biomechanics of the spine with increased stresses and strains and 
therefore may increase the incidence of new adjacent VCFs. The greater height of 
the collapsed vertebra increases the tension of the soft tissues around it and can 
lead to an increase of the load on other vertebrae, especially adjacent [57]. Other 
authors also suggest that a wedge-shaped fracture increases the flexion bending 
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moment due to the upper body weight, and thus a higher muscle force in the erec-
tor spinae is required to balance the spine, which results in a higher spinal load 
and a higher intradiscal pressure [58]. The erector spinae are a long muscle, and 
thus its force affects intradiscal pressure not only at adjacent levels but also the 
whole region.

 Conclusion
PVP and PKP are two minimally invasive spine augmentation procedures which 
can increase bone strength as well as reduce the pain produced by VCFs, and 
both techniques depend on PMMA cement injection into the fractured vertebra 
for mechanical fixation. The advantage of PVP and PKP in comparison to con-
servative treatment including bed rest, painkillers, and bracing or open surgery 
has been well established in terms of pain and functional outcome. PVP and PKP 
produce immediate pain relief, and when compared with conservative manage-
ment at least at 1 year, PVP and PKP are superior on clinical improvement with 
reduction in the use of analgesic drugs. Furthermore, PKP can restore the verte-
bral height in VCFs. Anyhow some studies report that there are no statistically 
significant differences in the vertebral height restoration and kyphosis angle cor-
rection of between PKP and PVP.

Cement leakage and new VCFs at the adjacent level are the most common 
complications. Cement leakage is more frequent in PVP [59]. Leakage into the 
disc space is more frequent in cases of cortical defect of the end plate or verte-
bral cleft than intrasomatic collapse, but there is no statistically significant cor-
relation between intradiscal leakage and fracture severity, kyphosis angle, 
treated level, age, and sex of the patient [60]. High-viscosity PMMA signifi-
cantly reduces the risk of leakage and related complications, and lower amount 
of cement is required [61].

According to the literature, the “domino” effect is present in both PVP and 
PKP but with different results probably depending on the heterogeneous charac-
teristics of the patients studied. Hierholzer et al. reported 16% of new symptom-
atic VCFs after PVP but without considering new asymptomatic VCFs [62]. 
Klazen et al. reported 19.7% of new VCFs following PVP, but no statistically 
significant difference on the incidence of subsequent vertebral fractures between 
vertebroplasty and conservative treatment was found [63]. Different studies 
reported a higher incidence (15–25%) of consequent vertebral fracture after PKP 
compared with PVP; consequent fractures occur more frequently at the adjacent 
level to the treated vertebra [64–66].

From a biomechanical point of view, 2  ml of bone cement is sufficient to 
reinstate the bone strength of the vertebral body [67], but it has been calculated 
that the minimum dose of cement required to restore the resistance is about 16% 
of the vertebral volume, while the quantity necessary to restore vertebral hard-
ness is 30%; then, as the vertebral bodies have different volumes depending on 
the segment concerned, it must take into account the level to be treated. Injection 
of large amounts of cement in order to obtain a better result is not needed; 
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according to Kaufmann et al., there was no significant association between the 
volume of the cement injected and the clinical outcomes of postprocedure pain 
and medication use [68]. PMMA can cause adverse reactions during the polym-
erization (exothermic reaction) and have toxic effects. Within the vertebral body, 
the PMMA becomes a stranger inert body with disappearance of metabolic bone 
turnover, and for this reason new biocompatible, biodegradable, bioactive, and 
osteoconductive cements are the subject of numerous biomechanical and clinical 
investigations [69–73].

The ideal cement should be absorbable, nontoxic, with low polymerization 
temperature, biomechanically similar to the bone, and bioactive. The appropriate 
treatment of osteoporotic vertebral fractures requires understanding the effect of 
the disease on the material and structural properties of the bone tissue and the 
fracture healing process [74].

The careful reviewing of valid scientific publications shows that both ver-
tebro- and kyphoplasty are effective and safe as minimally invasive proce-
dures in the treatment of symptomatic vertebral collapse, but before using 
such procedures, it is important to keep in mind that the percutaneous inter-
ventional cementation methods do not treat the underlying metabolic bone 
fragility condition. They should be performed only after at least 3 weeks of 
unuseful conservative treatment, and they have better results when applied to 
antiosteoporotic therapy and physiotherapy. PVP and PKP are not free from 
complications and should be performed in multi-specialist centers with the 
presence of a multidisciplinary team (fracture unit), requiring an adequate 
informed consent of the patient as there are no absolute international guide-
lines based on evidence criteria.

Toolbox for Guidance

• Vertebro- and kyphoplasty are effective and safe as minimally invasive proce-
dures in the treatment of symptomatic vertebral fractures, but they do not deal 
with the poor bone quality condition affecting osteoporotic patients (grade A 
recommendation).

• Vertebroplasty and kyphoplasty have better long-term pain relief and superior 
functional outcome up to 3 years if compared to conservative treatment (bed 
rest, painkillers, and bracing), and they should be performed only after at least 
3  weeks of unuseful conservative treatment (grade A and B 
recommendation).

• The most frequent complications after vertebroplasty and kyphoplasty are 
cement leakage and new vertebral fractures at the adjacent level (grade A 
recommendation).

• These treatments should be always integrated with antiosteoporotic therapy and 
physical exercise if it is possible (grade A and B recommendation).
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19.1  Introduction

The most serious complication of osteoporosis is the fragility fracture. These frac-
tures can cause increased long-term morbidity, functional limitation, decreased 
health-related quality of life (HRQoL), and mortality [1]. In many cases, a surgical 
approach with subsequent rehabilitative treatment is required. The main objectives 
of surgery and postoperative rehabilitation are to restore pre-fracture functioning 
and to prevent and treat complications like thrombosis, muscular contractures, and 
immobility syndrome [2]. The process ends when the patient is able to return to a 
full functional activity level, recovering his/her previous activities, whenever 
possible.

The foundation of a successful rehabilitation program is the development of an 
individual rehabilitation plan based on the results of a comprehensive evaluation 
(see Chap. 9).

The aim of this book chapter is to describe the postsurgical rehabilitative 
approach to the most common fragility fractures (see Table 19.1).
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Table 19.1 Post-surgical rehabilitative approach to the most common fragility fractures

Functioning Functional assessment
Rehabilitative 
intervention

Vertebral 
fractures

Back pain Numerical Rating Scale (NRS)
Spine Pain Index (SPI)
Brief Pain Inventory (BPI)

Short-term bed rest
Pain killers
Physical therapies
Back brace

Decreased pulmonary 
function

Spirometry Respiratory exercises

Reduced muscle 
strength

Manual Muscle Testing (MMT) Back extensors 
strenghtening

Depression Geriatric Depression Scale (GDS) Psychotherapy
Anti-depressive drugs

Decreased Health-
Realted Quality of 
Life (HRQoL)

The 36-Item Short Form Health 
Survey (SF-36)

Limitation in 
Activities of Daily 
Living (ADL)

Hip 
fractures

Pain NRS
Harris Hip Score
Western Ontario and McMaster 
Universities Osteoarthritis Index 
(WOMAC)

Pain killers
Physical therapies

Reduced Range Of 
Motion (ROM)

Goniometric assessment
Harris Hip Score
Western Ontario and McMaster 
Universities Osteoarthritis Index 
(WOMAC)

Exercises for restoring 
ROM

Reduced muscle 
strength

MMT Muscle strengthening 
(progressive increasing 
load)

Reduced balance Berg Balance Scale
Performance-Oriented Mobility 
Assement (POMA) (Tinetti Test)

Balance training
Falls prevention

Walking disability 4-meter gait speed (4MGS) Gait training
Delirium Delirium Assessment Scale (DAS)
Depression GDS Psychotherapy

Anti-depressive drugs
Decreased HRQoL SF-36
Limitation in ADL

Wrist 
fractures

Pain NRS
BPI

Pain killers
Physical therapies

Edema Clinical assessment Reduction of swelling
Reduced ROM Goniometric assessment Exercises for restoring 

ROM
Reduced muscle 
strength

MMT Muscle strengthening

Decreased HRQoL
Limitation in ADL The Disabilities of the Arm, 

Shoulder and Hand (DASH) Score
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19.2  Vertebral Fractures

Vertebral fragility fractures are defined as fractures that occurred in the absence of 
a trauma or following a fall from a standing position or a lower height [3]. They are 
the most common type of osteoporotic fractures [4]. The incidence of vertebral 
fractures increases with age in both men and women and seems to be greater in 
women than men across all ages [5]. The prevalence is underestimated because it 
has been calculated that only the 30% of vertebral fragility fractures come to clini-
cal attention due to pain or height loss [6]. A vertebral fracture represents a major 
risk for subsequent vertebral fractures. This mechanism is called “vertebral fracture 
cascade.” In the first year after sustaining a vertebral fracture, the risk of a second 
vertebral fracture increases by four to seven times, while the presence of more than 
one vertebral fracture rises this risk exponentially [7].

Lumbar spine and the dorsolumbar passage are the most interested sites [8]. The 
symptoms are significant and include back pain [9–11], decreased pulmonary func-
tion (one study demonstrated a decrease in vital capacity of 9% for every vertebral 
fracture) [12], decreased HRQoL, depression, and loss of self-esteem [13]. Acute 
vertebral fracture is usually characterized by disabling pain and muscle spasm. Pain 
usually persists for several months [10].

Table 19.1 (continued)

Functioning Functional assessment
Rehabilitative 
intervention

Proximal 
humerus 
fractures

Pain NRS
BPI

Pain killers
Physical therapies

Edema Reduction of swelling
Reduced ROM Goniometric assessment Exercises for restoring 

ROM
Reduced muscle 
strength

MMT Muscle strengthening

Decreased HRQoL
Limitation in ADL DASH Score

Ankle 
fractures

Pain Foot and Ankle Outcome Score 
(FAOS)

Pain management

Edema Clinical assessment Reduction of swelling
Reduced ROM Goniometric assessment Exercises for restoring 

ROM
Reduced muscle 
strength

MMT Muscle strengthening 
(progressive increasing 
load)

Reduced balance Berg Balance Scale
POMA

Balance training

Walking disability FAOS
4MGS

Gait training

Decreased HRQoL FAOS
Limitation in ADL FAOS

19 Rehabilitation Therapy After Surgery in Osteoporotic Patients
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The spinal deformity index (SDI), based on the morphometric analysis, is a use-
ful tool to classify vertebral fragility fractures and to define the specific treatment 
[14, 15].

The treatment of spine fractures is generally conservative including short-term 
bed rest and pain relief (acetaminophen, nonsteroidal anti-inflammatory drugs, and 
narcotics) [16]. Back bracing (i.e., spinal orthoses or corsets) might be also consid-
ered at this stage to immobilize the fracture site, to reduce loads on fractured verte-
brae, and to improve spinal alignment, thus favoring the healing process and pain 
management [17, 18]. Rehabilitation is also aimed to reduce pain and improve 
mobility. The use of pain management techniques (ultrasounds, hydrotherapy, ice, 
heat, early mobilization, stretching exercises to decrease muscle spasm, and a gentle 
strengthening exercise program) in the acute phase after vertebral fracture might be 
beneficial.

The indications for surgery depend on patients’ general conditions, age, fracture 
pattern and stability, involvement of the spinal cord, bone quality, severity of pain, 
and timing [2]. The surgical possibilities are vertebro-kyphoplasty with cement, 
vertebral stabilization, and/or spinal stabilization with or without fusion [8]. In any 
case rehabilitation should start soon after surgery. Short-term goals are to reduce 
hyper-kyphosis and respiratory problems. Therefore, breathing exercises and back 
extensors’ strengthening exercises are proposed along with postural training and 
instructions on how to lift objects [19]. Back extensors’ strengthening exercises 
should start with low impact and with short lever arms with a progressive increase 
of the load. Bending of the spine or flexion exercises, especially in combination 
with twisting, should be avoided [20]. Tai chi and hydrotherapy are also 
recommended.

Long-term outcomes are the increase of the global muscular strength and mobil-
ity of the vertebral column and the improvement of balance during postural changes 
and walking.

19.3  Hip Fractures

Hip fractures are the most common fractures that require hospitalization [21]. 
Mortality of individuals who sustain a hip fracture increases significantly (33% at 
1 year) [22], and those who survive do not regain their pre-fracture level of function-
ing and independence in their daily activities [23]. Most of the guidelines for the 
management of hip fracture recommend that surgeons perform hip fracture surgery 
within 24 h after the injury. Early surgery is associated with better functional out-
come, shorter hospital stay, and lower rates of complications and mortality.

There are three different types of hip fractures, considering the involvement of 
the upper femur area: intracapsular, intertrochanteric, and subtrochanteric fracture. 
Open reduction and internal fixation are usually reserved to very young patients. 
Stable intertrochanteric fractures are typically treated with sliding hip screw fixa-
tion. Unstable fractures are treated with an intramedullary nail because it provides 
the buttress for the proximal fragment [24]. In elderly, the gold standard for hip 
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fractures is the arthroplasty (hemi or total), usually associated with optimal func-
tional outcomes after surgery [25].

In any case, patients should undergo an intensive and multidisciplinary rehabili-
tation program to regain the pre-fracture functional status [26]. Rehabilitation, in 
fact, has to start immediately after hip fracture surgery and should be tailored to the 
patient needs.

In general, the aims of the postsurgical rehabilitation management of hip frac-
tures are (1) to reduce pain, (2) to improve functioning, (3) to regain an adequate 
level of functional activity and social participation, and (4) to improve HRQoL. 
Even though the scientific community agrees on these aims, there are still some 
open issues such as the ideal rehabilitative setting and the best timing for starting the 
loading exercises.

The individual rehabilitation plan includes three distinct periods of recovery, 
with different locations:

 1. Acute phase—from the time of fracture to 5–7 days postoperatively, usually con-
ducted in an orthopedic department

 2. Subacute—after 5 days up to 90 days postoperatively, in a rehabilitative setting 
or at home

 3. Post-acute—90 days postoperatively up to 1 year after fracture, at home

If during the acute postoperative period there is a general consensus on what kind 
of rehabilitation should be performed, less agreement exists regarding the optimal 
rehabilitative care of patients in the subacute period. This period can vary in length, 
depending upon the pre-fracture clinical and functional conditions of the patient, 
the type of surgery, and peri- and postoperative patient’s conditions. In the post-
acute phase, the choice of the best rehabilitation setting is still controversial. Patients 
generally prefer home-based rehabilitation; on the other hand in a rehabilitation 
clinic, a more comprehensive technical and methodological approach can be 
applied.

One of the specific aims of rehabilitation soon after surgery is to prevent cardio-
vascular and pulmonary complications. Therefore, lower limb pumping exercises 
and deep breathing exercises are proposed; both activities should be continued until 
patients start walking. An early mobilization (within 24 h) might avoid prolonged 
bed rest and prevent complications such as deep vein thrombosis. Oldmeadow et al. 
showed that patients who started an early ambulation (within 48 h after surgery) 
compared to a delayed ambulation (over 48 h postsurgery) were able to walk for 
greater distances, were more independent during transfers, and were more fre-
quently discharged home rather than to a rehabilitation facility [27].

In the first 3 days after surgery, it is also mandatory to maintain muscular strength 
and endurance of the upper extremities and of the non-operated lower limb, to pre-
vent muscle atrophy of the operated limb, to regain active mobility and voluntary 
control of the operated limb, and to prevent muscular contractions. Strengthening 
exercises for the knee extensors, started 2–3 days after surgery, are feasible and 
effective with improvements in functional outcomes [28]. The rehabilitative 
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approach should include a progressive increasing load on the operated hip, from low 
load exercises (i.e., submaximal quad sets, bicycle with no resistance) in an early 
phase to a moderate-high load (i.e., stairs, resistance training) in a late phase [29]. It 
is also necessary to work on balance and correct potential walking deviations. It is 
paramount to teach the patients how to avoid risky movements that might dislocate 
the operated hip and to apply all necessary environmental changes to their houses, 
including those aimed to reduce the risk of falls. If we consider that more than the 
95% of all hip fractures occur during a fall, fall risk reduction must be a very impor-
tant part of the rehabilitative project of all patients who sustained a hip fracture [30]. 
A recent Cochrane review concluded that group and home-based exercise programs 
and home safety interventions are successful in reducing the rate of falls and the 
overall risk of falling [31]. El-Khoury et al. said that exercise programs aimed to 
prevent falls in elderly also seem to be useful in preventing fall injuries as well, 
including fractures [32].

The “F balance” is a theory that can be useful for clinicians in making decision 
process when approaching patients with a hip fracture. It consists of a balance 
between the achievement of the optimal function and obtained controlling forces 
(i.e., exercises of mobilization) and improving form (i.e., strength, endurance, bal-
ance), against the risk of tissue damage (failure). The “F balance” focuses the atten-
tion on the “feel” of the patient that should always be the main objective of the 
rehabilitative treatment [33].

Pain management is crucial. It should start as soon as possible, ideally in the 
ambulance going to the hospital, and should continue throughout the process of care 
(see Fig. 19.1).

It is also important to consider the patient cognitive status. Iolascon et al. have 
recently analyzed the possible stressful events that might be responsible for the high 
rate of delirium in those patients who experienced a hip fracture [34]. Among oth-
ers, the accident itself, the transfer to the hospital, the clinical and radiological 
examinations, the type of anesthesia and surgery, the administration of opioids, the 
sleep deprivation, and the pain that is not always properly treated were identified as 
having a key role in the development of delirium [35]. Delirium usually appears 
within the first 48 h after surgery; prodromic symptoms such as disorientation, dif-
ficulty in concentration, short-term and/or long-term memory impairment, and an 
underlying somatic illness are frequently observed [36]. It is important to identify 
promptly these symptoms and to apply a multifactorial intervention program, such 
as the one proposed by Björkelund et  al., which consists of supplementation of 
oxygen and intravenous fluid, accurate monitoring of vital signs, adequate pain 
management, daily screening of the delirium, reduction in drug assumption, and 
modification in perioperative management [34, 37].

Nutrition is another important component in the management of elderly frac-
tured patients [38]. Bell et al. reported a state of malnutrition in 48% of patients who 
sustained a hip fracture [39]. Moreover, serum albumin levels lower than 3 g/dL 
were associated with poor recovery after a fragility fracture [40].

Magaziner et al. evaluating community-dwelling hip fracture patients at base-
line, at 1 and at 2  years after sustaining the fracture, demonstrated that, when 
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compared to age, sex, and pre-fracture walking ability matched controls, they pre-
sented a significant decline in functioning. In fact, over 50% presented a walking 
disability (unable to walk across a room—3 m), and about 39% had disability in 
transferring and 18% in personal grooming [23]. In another paper from the same 
research group, a difference in performance-based functioning of older women 
2 years after the hip fracture when compared to age-matched women without hip 
fracture was demonstrated. Those who sustained a hip fracture had slower walking 
speeds [41]. The rate of recovery of activities of daily living (ADL) varies over time. 
Activities such as ambulation, chair/bed transfers, self-care, and bladder control 
usually recover during the first 6  months. Others such as bathing, dressing, and 
climbing stairs take longer to recover, usually over 12 months. Moreover the likeli-
hood of returning to pre-fracture status is greatest for activities such as grooming, 
feeding, bowel and bladder control, and even for using the toilet, bathing, dressing, 
ambulation, transfers, and stair climbing [42]. After 2 years from the hip fracture, 
also the HRQoL, measured by the 36-Item Short Form Health Survey (SF-36), 
remained decreased [43].

Patient with a
possible hip fracture

Transfer to the
hospital as soon as

possible

Emergency
Department

Surgical intervention
(48-72 hours if

possible)

Post-surgical
management of the

patient

Rehabilitation Plan

Rehabilitative Unit Home care
rehabilitation

Opioids per os and/or NSAIDs in order to obtain
an early mobilization

Oxycodone 5mg per os
or tapentadol 50mg per os

Morphine 5mg sc; after 6 hours oxycodone 5mg
per os or tapentadol 50mg per os (in double

doses in case of inadequate management of pain)
analgesia should be performed in each transfer

Quick analgesia with opioids (morphine 5mg sc)

Rx

Fig. 19.1 Operational flow-chart for the management of patients with hip fracture
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19.4  Wrist Fractures

Wrist fractures are the third most common fragility fractures. Women are four to six 
times more likely to sustain a distal radius fracture than men [44]. Its overall inci-
dence is increasing and the highest is around the age of 50 [45].

Fractures of the distal radius generally occur as a consequence of a fall onto the 
outstretched hand from a standing position. The typical fracture pattern is the dorsal 
displacement of the distal radius that might be accompanied by comminution of the 
radius and lesion of the ulnar side of the wrist or of the scapholunate ligament. 
Nondisplaced fractures are considered stable and are usually treated conservatively 
with a short arm cast for 4–6 weeks, while displaced distal radius fractures need to 
be reduced and then splinted [46].

Restoring motion and reducing swelling are key points in the rehabilitative treat-
ment of wrist fractures. Older patients are susceptible to stiffness of the upper limb 
joints and to severe hand edema. The patient must be instructed to elevate the hand 
and on how to use the sling. If symptoms and signs such as pain, stiffness swelling, 
and changes in skin temperature occur, a complex regional pain syndrome must be 
investigated and its treatment started as soon as possible [24].

If the orthopedic surgeon decides to go for surgery, there are several options such 
as a percutaneous fixation with a Kirschner wire (K-wire), a closed reduction and 
stabilization with an external fixator [47], an open reduction and internal fixation, or 
combinations thereof.

Rehabilitation usually starts after cast removal or surgery. The general goals are 
the reduction of edema, increasing the range of motion (ROM), and muscular 
strengthening [24]. Wound care and pain management are also important to be per-
formed. A program of home-based exercise should be followed by patients includ-
ing shoulder, elbow, forearm, wrist, and digit movements. Specific hand exercises 
include tendon gliding (for flexor digitorum profundus, flexor digitorum superficia-
lis), metacarpophalangeal flexion and extension, and thumb extension and opposi-
tion [48]. It is also recommended to perform other exercises such as gripping, 
rolling, pinching, scraping, and full flexion and extension of extrinsic muscles [49]. 
When the hand and forearm strength is regained, patients will start using again their 
upper limb in their ADLs.

Existing literature seems to be in favor of early mobilization [50, 51]. However, 
there are still concerns about the best timing at which wrist motion should be started 
after the reduction is obtained. Most of the authors agree that the early mobilization 
of the wrist and fingers might prevent complications.

19.5  Proximal Humerus Fractures

Proximal humerus fractures represent the 36.3% of the fragility fractures that 
require hospitalization ([21]). They usually occur after a fall from a standing posi-
tion on the outstretched arm or directly on the shoulder [52]. The fracture might be 
complicated by neurovascular injuries, in particular the impairment of the axillary 
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nerve or of the brachial plexus [24]. Therefore, an accurate neurological examina-
tion should be performed and documented in all these patients.

These fractures are usually treated conservatively in the elderly, unless there is an 
unstable or displaced fracture that requires surgical approach. The conservative 
treatment foresees the use of a sling or shoulder immobilizer for about 2 weeks fol-
lowed by a careful mobilization of the wrist and elbow and then after 3–4 weeks of 
the shoulder itself [53]. Early mobilization is paramount to prevent muscle contrac-
tions and reduce the edema [54]. The sling should be discontinued as early as their 
pain allows.

The surgical treatment usually consists of open reduction with internal fixation 
or arthroplasty [8]. After surgery, exercises aimed to enhance shoulder ROM should 
start as soon as possible. In particular, Codman exercises can be started during the 
first week. Patients should be instructed to avoid above chest level activities until the 
fracture callus is evident. The complete functional recovery of the shoulder is not 
expected. Even though the limited use of the upper extremity can compromise some 
activities of daily living, it is possible to teach the patient alternative movements to 
carry out such actions as scapular plane motion can supply the loss of glenohumeral 
movements that include hand-to-head function [24].

19.6  Ankle Fractures

The incidence and severity of ankle fractures in elderly patients have been recently 
increasing [55]. Clinical studies reported that the incidence rises until 65 years old, 
and then there is a plateau or a decrease [56].

Nondisplaced fractures are usually immobilized with a splint or a cast for 
4–6 weeks [57]. In case of displaced fractures, surgical stabilization is generally 
needed. Although early studies recommended that a conservative approach should 
be always pursued in the elderly, recent studies are in favor of the surgical interven-
tion [56]. However, the best treatment of ankle fractures in older people is still 
debated, because of their instability, low bone quality, weak soft tissue integrity, and 
weight-bearing limitations [24].

The aims of the management of ankle fracture are to reduce pain, to improve 
ankle mobility and balance, and to recover the ADLs and pre-fracture functional 
levels, avoiding the complications of immobilization and bed rest.

Rehabilitation should start as soon as the cast is removed or after the surgical 
treatment. The proposed programs generally include stretching, manual therapy, 
proprioceptive exercises, mobilization, strengthening exercises, and balance and 
gait training [58].

There are poor evidences on the effects of rehabilitation in the management of 
ankle fractures. A Cochrane systematic review assessed the effects of rehabilitation 
during or after the period of ankle immobilization. The authors concluded that start-
ing the weight bearing during the immobilization period and wearing a sling that 
can be removed to allow ankle exercises might improve the outcome after ankle 
fracture [59].
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