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Bone Modulation

Yasser El Miedany

Introduction

In spite of its inert appearance, the bone is an
extremely dynamic tissue that is continuously
being remodeled to adapt to changing mechani-
cal demands. Such remodeling, which is carried
out on a microscopic scale, consists in the
removal of low-performing bone and its replace-
ment by new, fully functional bone. The first
symptom and considered the major characteristic
of osteoporosis is a decrease in the bone mass
and quality [1], rendering people prone to sus-
taining osteoporotic fracture (fragility fracture)
caused by low-energy trauma [2]. Osteoporosis is
more prevalent in older adults, with nearly 200
million patients are diagnosed to have osteoporo-
sis annually, and an estimated nine million new
osteoporotic fractures occur in a given year [3—
5]. Surgery is the primary treatment approach for
osteoporotic fractures; however, poor prognoses
have been reported and attributed to a combina-
tion of biological and surgical factors [6].
Fractured osteoporotic bones are usually com-
promised and comminuted, which makes it hard
to achieve an optimum reduction and stable fixa-
tion [5, 7]. Osteoporotic fractures mostly occur in
elderly patients, who usually live with other
comorbidities or unfavorable systemic conditions
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and most likely take medications that make them
prone to complications [8]. Furthermore, the
abnormal remodeling status of the bone with
osteoporosis would deteriorate after getting bed
bound while admitted to the hospital and very
limited mobility after discharge, which poses a
disadvantage with respect to fracture healing and
bone callus strength; consequently, the refracture
risk following surgery increases significantly [9].
Therefore, it is not surprising, bearing in mind
the complexity of treatment, length of hospital
admission, and poor prognosis, that the annual
facility-related hospital cost of osteoporotic frac-
tures is the highest (up to $5.1 billion), followed
by that of myocardial infarction and stroke [10].
In the course of the past three decades, several
drugs have been developed that can prevent frac-
tures; however, although the effect of these treat-
ments on vertebral fractures is impressive, the
effect on non-vertebral fractures is less than satis-
factory [11, 12]. Moreover, significant reduction
of vertebral fractures occurs early in the course of
therapy, typically within 6 months, whereas
reduction of non-vertebral fractures and hip frac-
tures specifically has not been observed before at
least 1 year of therapy [13]. Furthermore,
although the results of the clinical studies remain
controversial, the majority have reported decrease
in the callus area (20-40%) and bone mineral
density (BMD) at the fracture sites in elderly
osteoporotic patients. Studies have indicated that
the delayed or nonunion of osteoporotic fractures
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is implicated in the scarce capacity of bone
regeneration with aging [14, 15]. Additionally,
the bone properties of such patients are quite dif-
ferent from those of normal individuals and are
manifested in the decrease of bone mechanics
and mechanosensation, as well as the abnormal
bone metabolism caused by immune disorders
[16].

Pharmacological interventions aim to decrease
this risk and the associated clinical consequences
by correcting the imbalance between bone
resorption and bone formation that constitutes
the pathophysiological basis of the disease. Most
currently available agents inhibit bone resorption
and formation to varying degrees and decrease
the risk of fractures but cannot replace already
lost bone, and they only modestly decrease the
risk of non-vertebral fractures, the most frequent
osteoporotic fractures. Parathyroid hormone
(PTH) peptides, the only approved bone-forming
agents, stimulate bone formation but also bone
resorption and have not been shown to reduce the
risk of hip fractures, the most devastating clinical
consequence of osteoporosis. These unmet needs
have led to efforts for the development of new
therapeutics for osteoporosis based on improved
knowledge of the local regulation of bone remod-
eling arising mainly from the study of rare bone
diseases and genetically modified animal models
[17]. This chapter will discuss the concept of
dynamic skeleton, coupling of bone remodeling,
as well as principles of bone modulation. It will
then discuss implications from research studies
and clinical practice on bone modulation, as well
as new aspects of the bone-protecting effects of
vitamin D. It will conclude by elaborating some
nontraditional molecules with anti-osteoporotic
potential.

The Dynamic Skeleton

The unique character of the bone tissue is attrib-
uted to its mix of elasticity and strength that per-
mits deformation under a certain level of loading
stress before failing [18]. The strength of bone
depends mainly on both the density and distribu-
tion of the inorganic matrix mineralization [19].

Cortical bone, which consists of dense and well-
organized lamellae, has higher strength but a
lower capacity to withstand a load that exceeds
the elastic deformation range compared to that of
trabecular bone, which is composed of unparallel
lamellar units with variable porosity (50-90%)
[20]. The mechanical competence of trabecular
bone is based largely on the BMD, while the
stiffness of cortical bone is highly dependent on
its porosity [5, 21]. In contrast to calcified matrix
mineralization, the organic matrix (e.g., collagen
and non-collagenous proteins) is considered the
main factor responsible for controlling bone duc-
tility and its capacity to withstand an impact
without cracking [22]. A large proportion (90%)
of the organic matrix is composed of type I col-
lagen, which undergoes numerous posttransla-
tional modifications [23]. Among them,
enzymatic modifications positively affect the bio-
mechanical stability of the bone, while nonenzy-
matic cross-linking is associated with a
deterioration in these properties [22]. Non-
collagenous proteins, including osteopontin
(OPN) and osteocalcin (OCN), account for 10%
of the organic matrix and limit crack energy
through the control of hydroxyapatite size and
orientation [24]. Whereas bone material proper-
ties provide only a static snapshot of bone qual-
ity, the abilities of self-regeneration and
remodeling provide a dynamic profile of bone
health [25].

As the bones are not completely developed at
birth, they continue to be formed slowly out of
cartilage or connective tissue, which are con-
verted into the hard, lamellar components of the
bone. Growth of the bones (modeling) comes to
an end at puberty with ossification of the “growth
plates.” Modeling is of particular interest as the
bone is much more capable of reacting to exter-
nal loads during growth than at any other time.
About 90% of adult bone is formed by the end of
adolescence, and subsequent gains during adult-
hood are very small. Later, in the adult life, the
adult skeleton is renewed by remodeling. Bone
remodeling is a process where osteoclasts and
osteoblasts work sequentially in the same bone
remodeling unit. The basics of both bone model-
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ing and remodeling will be reviewed in the com-
ing section.

Bone Modeling

Bones, mostly, are composed of an outer shell of
protective and supportive cortical (compact)
bone, inside of which is a network of trabeculae
(plates) that comprise the cancellous, or spongy,
part of the bone. Bones are formed during embry-
onic development by the process of endochondral
ossification, in which they are first modeled in a
mold or anlagen of cartilage [26]. Blood vessels
invade the cartilage, which is resorbed by chon-
droclasts, to form a medullary cavity. The precise
origin of these chondroclasts is still uncertain,
but they may be in the hematopoietic cell lineage.
They are not required to be osteoclasts because
endochondral ossification is normal or only
slightly impaired in mammals that do not form
osteoclasts. The cartilage is replaced by cortical
bone formed by periosteal apposition and by tra-
becular bone, which is laid down within the med-
ullary space at the epiphyseal growth plate.
Hematopoietic, stromal, and adipocytic bone
marrow cells fill the remaining space within the
bones. A network of endothelium-lined sinusoids
and feeding blood vessels nutritionally supports
these cells and the trabecular bone. Up to approx-
imately 30% of the volume of the space inside the

bones of the axial skeleton is composed of tra-
becular bone, which contributes significantly to
the supportive role of bones in the maintenance
of normal posture. In contrast, trabecular bone is
confined largely to the ends of most long bones,
their diaphyseal cavities filled mostly with fatty
marrow in adult humans [27].

Bone Remodeling

Following bone modeling (growth), the integrity
of bones is maintained by the process of bone
remodeling, in which worn-out sections of bones
are removed by osteoclasts and replaced with
new bone laid down by osteoblasts (Fig. 17.1).
Osteoclasts are multinucleated cells derived from
mononuclear precursors in the mononuclear-
phagocyte lineage that fuse with one another by
cytoplasmic, but not nuclear, fusion [29]. Their
formation and activity are regulated predomi-
nantly by osteoblasts and stromal cells. The stro-
mal cells are derived from precursors in the
mesenchymal cell lineage that also gives rise to
chondroblasts, adipocytes, fibroblasts, and mus-
cle cells.

Osteoclasts remove packets (trenches) of the
bone (approximately 60 pm deep) from the sur-
faces of bone trabeculae at remodeling sites, and
osteoblasts fill in these defects by laying down
and mineralizing the new bone in a process simi-

o

Fig. 17.1 A sketch of BMU operation after a group of
osteocytes has undergone apoptosis near bone surface.
Bone resorption (red arrows) and bone formation (blue
arrows) are performed in this order. Bone remodeling is
initiated when osteoclast precursor cells are recruited to
the altered bone surface (black stellate cells) and fuse to
form mature, bone-resorbing osteoclasts (red cells) that
attach to the surface. Mature osteoclasts degrade the min-

*

eralized matrix (light yellow) and produce resorption pits
also called resorption bays or Howship’s lacunae. Once
osteoclasts have degraded the target area, they undergo
apoptosis, and osteoblasts (dark blue cells) situated
behind them first secrete osteoid matrix (dark yellow) and
subsequently differentiate into mature osteocytes (light
blue stellate cells). (Quoted from: Arias et al. [28] under
open access scheme)
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lar to that used to replace sections of damaged
roadways. Thus, osteoclasts typically do not
resorb through the full thickness of trabecular
elements during normal bone resorption and,
consequently, leave a base of bone matrix to
which osteoblasts are attracted and upon which
they can lay down new bone matrix. The resorp-
tion phase lasts up to approximately 30—40 days;
the formation phase takes about 120-170 days
[30]. Recent studies have indicated that bone-
lining cells in the osteoblast/stromal cell lineage
clean up the resorbed surfaces and prepare them
for new matrix deposition by removing project-
ing collagen fibers and laying down a thin layer
of matrix to form the cement line that can be seen
marking sites of resorption. The collagen fibers
are degraded by matrix metalloproteinases
secreted by these bone-lining cells, which do not
appear to differentiate into the osteoblasts that
subsequently fill in the resorption cavity [27].

Coupling of Bone Remodeling

Bone remodeling occurs in an orderly fashion by
the basic multicellular units (BMUs) and tempo-
rary anatomical structures comprising a team of
osteoclasts in the front and a team of osteoblasts
in the back, supported by blood vessels, nerves,
and connective tissue. Osteoclasts resorb the
bone by removing bone mineral and degrading
the organic matrix, while osteoblasts move to the
resorbed area and lay down new bone matrix that
subsequently mineralizes, a process known as
coupling. The mechanisms regulating this cou-
pling are not entirely clear, but it is thought that
growth factors mobilized from the bone matrix
during resorption might contribute to intercellu-
lar signaling and subsequent stimulation of bone
formation (Fig. 17.2). Alternatively, or in addi-
tion, the osteoclasts produce factors that might
contribute to generation and differentiation of
osteoblast precursors [32, 33]. It is now generally
accepted that osteocytes are the main regulators
of bone remodeling due to their location in the
bone allowing them to sense mechanical signals
and to respond to chemical signals regulating
bone and mineral metabolism by secreting fac-

tors that can modulate the number and function
of osteoblasts and osteoclasts [34].

An increased number and life span of osteo-
clasts and a decrease in the formation and life
span of osteoblasts induce an imbalance between
bone resorption and bone formation, the cellular
basis of osteoporosis. This imbalance, in favor
of resorption, results in bone loss and deteriora-
tion of bone architecture. The decline in the
ability of osteoblasts to refill the resorption cav-
ity leads to reduction of the thickness of the
bone packets and thinning of the trabeculae. In
addition, the enhanced osteoclastic resorption
per unit time that occurs at the menopause
results in perforation and removal of trabeculae
and loss of their connectivity [35]. Cortical bone
becomes wider in diameter and thinner, due to
the move of the endosteal surface outward at a
greater pace than the bone placed in the perios-
teum but also more porotic due to enhanced
intracortical remodeling [36].

Principles of Bone Modulation

Bone construction is achieved mainly by bone
modeling, which lead to a change in both the
external as well as the internal shape and dimen-
sions of the bone. Commonly, bone modeling is
considered as being formative; however, in fact,
it can be either formative or resorptive. Formative
bone modeling takes place on the periosteal sur-
face and usually occur during growth. Formative
bone modeling is carried out by osteoblasts,
which are able to synthesize and deposit a vol-
ume of bone upon a bone surface that has not
undergone prior bone resorption [36, 37]. On the
other hand, resorptive bone modeling takes place
on the endocortical surface which consequently
excavates the medullary canal of long bones dur-
ing growth and is not followed by bone forma-
tion. Resorptive modeling occurs also on the
periosteal surface during growth to enable inte-
gration of the metaphysis with the diaphysis of
long bones [37]. The resorptive bone modeling is
carried out by osteoclasts, which are able to
resorb a volume of the bone upon a bone surface.
Modeling helps to give the bone its strength for
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Fig. 17.2 Schematic representations of the normal cou-
pling process of bone resorption and formation during the
remodeling process. (a) RANKL promotes differentiation
and activation of osteoclasts at remodeling sites. Coupling
factors derived from the resorbed bone matrix or directly
from the activated osteoclasts stimulate the recruitment
and maturation of osteoblasts to initiate bone formation
on the existing resorption surface. (b) Denosumab blocks
osteoclastogenesis, and bisphosphonate induces the loss
of ruffled border and eventual osteoclast apoptosis. These
therapies lead to little-to-no resorption surface and fewer
numbers of osteoclasts on bone. (¢) Treatment with a

loading, resistance to deformation, and lightness
of weight to facilitate mobility [36].

On another front, renewal or reconstruction of
the bone is achieved by bone remodeling. Bone
remodeling is carried out by bone multicellular

cathepsin K (CatK) inhibitor reduces osteoclastic resorp-
tion efficiency and retards transcytotic trafficking of
matrix removal. This does not prevent other osteoclast
functions, such as the generation of a shallow resorption
surface and the release of osteogenic factors; together,
these functions initiate osteoblast bone formation (BP
bisphosphonate, CatKi cathepsin K inhibitor, Ob osteo-
blast, OC osteoclast, pOb osteoblast progenitor, pOC
osteoclast progenitor, RANK receptor activator of nuclear
factor kappa-B, RANKL RANK ligand. (Reproduced
with permission from (le Duong [31]). Still awaiting the
permission (email resent on first of August 2020))

units, which is composed of teams of osteoclasts
and osteoblasts which resorb, respectively, a vol-
ume of older or damaged bone and then replace it
with a newly synthesized bone [37]. Remodeling
is a bone surface-dependent process. Primarily
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this includes the intracortical surface of the
Haversian canals, the endocortical surface of the
medullary canal, and the opposing trabeculae
surfaces [36].

Remodeling balance is always achievable dur-
ing young adulthood when nearly equal volumes
of the bone are removed then replaced upon these
three components of the endosteal surface so that
no permanent bone loss or microstructural dete-
rioration occurs (Fig. 17.3) [38].

The net outcome of the imbalance between
bone resorption and formation, which occurs at
the menopause, is increased bone fragility. This
provides the rationale for the development of
pharmacological agents for the management of
osteoporosis. It is clear from the described
changes that reduction of bone resorption must
be an essential component of any therapeutic
approach for the maintenance or improvement of
bone strength. However, this approach cannot

replace already lost bone, which is required for
better fracture protection in women with severe
disease. For this, specific stimulation of bone for-
mation is essential. Thus, in theory, optimal phar-
macological management of osteoporosis should
aim at decreasing bone resorption (endosteal and
intracortical) and stimulating bone formation at
all skeletal envelopes, including the periosteum.
Such approach will not only prevent the struc-
tural decay of bone tissue but will also increase
bone mass and may lead to improved reduction
of the risk of non-vertebral fractures, which occur
predominantly at cortical bone sites [39].
Concurrent treatment of women with osteopo-
rosis with teriparatide and the inhibitor of bone
resorption, denosumab, increased BMD at all
skeletal sites considerably more than either
monotherapy alone after 2 years [39, 40]. The
difference in response between teriparatide and
teriparatide/denosumab treatment is probably

Young Adulthood

-Bone remodelling is slow
-Equivalent number of cavities are
excavated and refilled

-BMD does not decline being filled)

-Decline of the BMD

Fig. 17.3 (a) Reversible deficit in bone volume: at any
time BMUs at different sites are at different stages of their
remodeling cycle. Deficit is the result of cavities which
are completely refilled with osteoid but still incompletely
mineralized. So the reversible deficit is a deficit of mineral
not matrix. (b) Age-related (early menopause): rapid
increase in the rate of bone remodeling. The reduction in
the volume of the bone resorbed by each BMU but even
greater reduction in the volume of bone deposited at the

Age related ( Early menpause)
-Faster bone remodelling.
-Incomplete filling (more
cavities are excavated than

Post-menopause

-Rapid bone remodelling
-BMD decline slower than
perimenopause

-bone loss is driven only by the
speed of remodelling and the
degree of negative BMU
balance

same location resulting in BMU imbalance and morpho-
logical basis of irreversible bone loss. (¢) Postmenopause:
Rapid remodeling continues, but BMD declines more
slowly than during early menopause. This is explained by
the finding that bone loss is driven mainly by the speed of
remodeling and the degree of the negative BMU balance,
not by the greater difference in the number of cavities
being excavated and not concurrently being incompletely
refilled as occurs during early menopause
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due to inhibition of teriparatide-stimulated
RANKL (receptor activator of nuclear factor
kappa-B ligand) production by denosumab that
reduced bone resorption and allowed teriparatide
to exert a stimulatory effect only on bone forma-
tion. These results reinforce the hypothesis that
for optimal therapeutic outcome, bone formation
and bone resorption should be modulated in dif-
ferent directions. The results of the studies of
cathepsin K inhibitors illustrated that this may be
feasible. Cathepsin K inhibitors, however, may
preserve bone formation but are not anabolic
agents, an important unmet need in the manage-
ment of osteoporosis [38].

The design of a genuine anabolic treatment for
osteoporosis must address the possibility of stim-
ulating bone formation without concomitant
stimulation of bone resorption and ensuring that
formation is stimulated at quiescent bone sur-
faces. Human and animal genetics indicated that
this may be feasible. In particular, the recognition
of the pivotal role of the Wnt signaling pathway
in bone formation provided a number of potential
targets for the development of new pharmaceuti-
cals. For clinical use, however, treatments should
not only modify the expression of target mole-
cules but need also to have bone specificity to
avoid potential off-target effects [41, 42]. One
such target is sclerostin, a negative regulator of
bone formation produced exclusively in the skel-
eton by osteocytes [43]. The restricted expression
of sclerostin in the skeleton and the lack of abnor-
malities in organs other than the skeleton in
patients and animals with sclerostin deficiency
made this protein an attractive target for the
development of a new bone-forming therapy for
the management of osteoporosis. This approach
was further supported by studies of heterozygous
carriers of sclerosteosis who have increased
serum levels of PINP and high, normal, or
increased BMD but no clinical symptoms, signs,
or complications of sclerosteosis [44, 45]. This
will be discussed in further details in another
chapter in this book.

The concept of bone modulation in osteoporo-
sis management was further supported by the
findings of recent studies documenting that the
effectivity on fracture healing has been strength-

ened when teriparatide is combined with other
anti-osteoporotics. Casanova et al. [46], using
micro-CT and quantitative histomorphometry,
showed that a 3-week administration of teripara-
tide together with zoledronic acid significantly
increased bone volume and reduced trabecular
spacing in mice with operatively induced frac-
tures. Leder et al. [47] in a randomized control
trial described more significant increases in BMD
at the hip and at the lumbar spine in postmeno-
pausal women treated for 2 years with teripara-
tide and denosumab, when compared with
women on single administration of these medica-
ments. Furthermore, better fracture repair could
be obtained using a combination of teriparatide
and anti-sclerostin and/or anti-cathepsin K anti-
bodies [48].

Implications from Research Studies
and Clinical Practice

Inhibitors of Bone Resorption

Inhibitors of osteoclastic bone resorption, such as
bisphosphonates, denosumab, and selective
estrogen receptor modulators (SERMs), reduce
the rate of bone resorption to varying degrees by
different mechanisms of action. The reduction of
the rate of bone resorption is invariably followed
by reduction of the rate of bone formation due to
the coupling of the two processes. The final result
is an overall decrease of the rate of bone turnover
to a level that depends on the potency of the indi-
vidual agent used and is maintained during the
whole period of treatment. The introduction of
the most potent inhibitor of bone resorption,
denosumab, into clinical practice made any fur-
ther development of this class of agents obsolete.
However, studies of humans and animals with
osteopetrosis indicated that reduction of bone
resorption may not necessarily be coupled with
reduced bone formation if the osteoclasts remain
intact [49].

Loss of function of a number of molecules
regulating removal of bone mineral or degrada-
tion of bone matrix was shown to be associated
with a decrease of bone resorption without, how-
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ever, affecting or even stimulating bone forma-
tion [50, 51]. Cathepsin K (CatK), a protease
abundantly expressed in osteoclasts responsible
for the degradation of the organic matrix of the
bone, is the most extensively studied molecule in
preclinical and clinical studies.

Cathepsin K Inhibitors

Cathepsin K (CatK) is a member of a family of
cysteine proteases that is synthesized as a proen-
zyme before being transported to lysosomes
where it is cleaved to produce the active enzyme
that degrades collagen type I and other bone
matrix proteins within the acidic environment of
resorption lacunae [52]. Congenital absence of
CatK in patients with pycnodysostosis, a rare,
autosomal, recessive osteochondrodysplasia, is
characterized by increased bone density, bone
deformities, and increased bone fragility, compli-
cations that are not present in heterozygotes [53].
CatK-deficient mice develop a high bone mass
phenotype in the presence of fully differentiated
osteoclasts, while mice overexpressing CatK had
increased bone turnover and decreased trabecular
bone volume [54, 55]. The discovery that loss of
function of CatK decreases bone resorption with
increased number of viable osteoclasts and the
surprising finding of preservation or even increase
in bone formation provided the rationale for the
development of a new class of antiresorptive
agents that target this enzyme (Fig. 17.2) [31, 56,
57]. The mechanism responsible for the mainte-
nance or increase in bone formation in the pres-
ence of reduced bone resorption by CatK
inhibition may be due to stimulation of osteo-
blasts by osteoclast-derived factors (clastokines,
such as sphingosine-1-phosphate) or matrix-
derived growth factors (such as IGF-1) that are
not degraded [58, 59]. Initial studies of CatK
inhibitors showed off-target inhibition of other
cathepsins due either to their lack of specificity
for CatK or to their accumulation in lysosomes of
cells other than osteoclasts and led to the design
of new agents potentially devoid of such effects.
Two CatK inhibitors have been studied for the

treatment of osteoporosis, namely, odanacatib
(Merck & Co) and ONO-5334 (Ono
Pharmaceutical Company).

Odanacatib is a selective, orally administered
CatK inhibitor [60]. Unlike basic CatK inhibi-
tors, odanacatib is neutral and does not accumu-
late in the acidic environment of lysosomes
which could lead to off-target inhibition of other
cathepsins [56, 61]. Odanacatib is metabolized
by CYP3A4 and its absorption is not impaired by
food intake [31, 62]. In animal models, odana-
catib reduced bone resorption while preserving
bone formation in trabecular and endocortical
surfaces. In addition, odanacatib reduced cortical
remodeling and increased modeling-based bone
formation and improved the cortical area of the
femur and its strength [63, 64]. Odanacatib was
further superior to alendronate in increasing cor-
tical thickness, possibly through increased peri-
osteal bone formation, an action that was also
observed during treatment with another CatK
inhibitor [65, 66]. However, in 2016, Merk has
published that it has decided to discontinue
development after an independent adjudication
and analysis of major adverse cardiovascular
events confirmed an increased risk of stroke.
Phase III results showed that while the drug could
reduce fractures, it also increased the risk of atrial
fibrillation and stroke.

Stimulators of Bone Formation

The only currently available bone-forming agent,
PTH, stimulates bone formation but also bone
resorption. PTH binds to the PTH/PTHrP type I
receptor and activates several signaling path-
ways, including the canonical Wnt signaling
pathway, having both anabolic and catabolic
effects on the bone that are probably exerted via
signaling in osteocytes [67]. Teriparatide, given
by daily subcutaneous injections, increases can-
cellous and endocortical bone formation, mainly
at sites undergoing active bone remodeling, but
has limited effect on periosteal bone formation
and increases cortical porosity [68]. PTHrP 1-36
and their analogue abaloparatide, which bind to
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the PTH/PTHrP 1 receptor, also increase bone
formation and bone resorption markers, but to a
lesser extent than teriparatide, and improve hip
BMD significantly more than teriparatide [69,
70].

New Aspects of the Bone-Protecting
Effects of Vitamin D

Vitamin D positively influences not only the min-
eralization of the bone matrix but via genomic and
non-genomic effects modulates the function of
some nonskeletal systems, including muscles.
D-hormone metabolites have been shown to influ-
ence bone homeostasis directly. Bioactive 25(OH)
D3, 1,25 (OH)2D3, as well as 24R,25 (OH)2D3
stimulated osteoblast growth and differentiation
in vitro [71]. 1,25(0OH)2 D3 administered in vivo
for 28 consecutive days significantly increased
bone formation, reduced bone resorption, and
increased trabecular bone volume in mice [72].

Long-term  treatment with  1a,25[OH]
(2)-2B-(3-hydroxypropyloxy) vitamin D3 metab-
olite (eldecalcitol) suppressed bone turnover,
decreased the risk of bone microstructure deterio-
ration, and increased bone biomechanical strength
in ovariectomized rats [73]. Yamasaki et al. [74]
found that eldecalcitol increased bone formation
at the endocortical surface in female rats.

In clinical studies, significant increases in
BMD in the spine of osteopenic women were
found at the end of the first, second, and third
years of treatment with 1,25(OH)2D3, while no
positive effects in cholecalciferol-treated women
were observed [75]. Thus, it can be said that
D-hormone metabolites have unambiguously pos-
itive effects on bone mass and microstructure.

Further Nontraditional Molecules
with Anti-osteoporotic Potential

Osteoclast formation is increased after the activa-
tion of T cells through NF-xB, NFATcl1, or c-Fos
signaling. In bone tissue culture, this process was
inhibited by f-carboline alkaloid harmine.

Additionally, the alkaloid increased osteoblast
differentiation via Runx2, osterix, and bone mor-
phogenetic peptide (BMP) [76]. Thus, harmine
inhibits bone resorption and simultaneously acti-
vates bone formation. According to our knowl-
edge, no study analyzing anti-osteoporotic
effectivity of the alkaloid in vivo has been pub-
lished yet.

Certain anti-osteoporotic activity was recorded
in neoflavonoids, isolated chromatographically
from Dalbergia sissoo heartwood. The flavo-
noids significantly stimulated calvarial osteoblast
proliferation and mineralization [77]. Similarly,
caviunin-based isoflavonoid stimulates bone for-
mation via BMP2 and Wnt/p-catenin pathways,
effectively inhibits osteoclastogenesis, and
repairs cortical bone. In ovariectomized mice
caviunin increased the mechanical strength of the
vertebra and femur [78]. Similar anabolic effects
on the skeleton mediated by Wnt/p-catenin sig-
naling have been registered experimentally in
aglycone of icariin. Micro-CT analysis showed
that icariin after 12 weeks of treatment increased
BMD, trabecular bone number, trabecular thick-
ness, reduced trabecular separation, and increased
biomechanical strength in oophorectomized rats
[79]. Some flavonoids could be positioned as
potential pharmaceuticals or food supplements
for fracture repair in  postmenopausal
osteoporosis.

Strong bioactivity in the culture of osteoblast-
like cells has been shown in the three-dimensional
calcium-bearing structure CaP1 (which has three
molecules of water). In vivo, the substance
increased bone mineralization without any toxic-
ity [80]. Bone regenerative effects were also
found in synthetic diether molecules inhibiting
RANKL-induced osteoclast formation [81], as
well as in octacalcium phosphate, which
increased bone mineralization via an irreversible
transition into hydroxyapatite [82].

Furthermore, the food-derived compound sul-
foraphane and natural isothiocyanate promote
osteoblast activity via epigenetic mechanisms. The
molecule activates DNA demethylation increasing
matrix mineralization. In mice it stimulates the
expression of osteoblastic markers, such as Runx2
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and collagen I Al or ALP1, while inhibiting the
nuclear factor-kB (RANKL) in osteocytes with
subsequent increases in the trabecular number
[83]. New strategies in therapy for osteolytic dis-
eases consist of targeting noncoding microRNAs
(miRNAs), which control gene expression in
osteoclasts. Thus, miRNAs appear to be the key
molecules in the regulation of bone resorption
[84]. Bone homemostasis is determined by the
osteogenesis/adipogenesis ratio in mesenchymal
cells. Prevailing adipogenesis over osteogenesis is
a principle pathological factor in accelerated bone
loss. A strong modulator of osteogenic differentia-
tion is the glutamate exchanger xCT (SLC7A11)
sulfasalazine, which enhances the osteogenic
potential via an increase in BMP2/4 expression.
Sulfasalazine administered in vivo inhibited bone
loss in hypoestrogenic mice [85]. Thus, sulfasala-
zine is a further candidate useful in the treatment
of postmenopausal osteoporosis.

Potential bone-protecting candidates are also
growth factors, such as BMP, fibroblast growth
factor (FGF), and vascular endothelial growth
factor (VEGF) [86]. Some of these mediate the
action of other molecules [85]. The beneficial
effects of erythropoetin or statins on fracture
healing are under investigation; however, suffi-
cient evidence of their anti-osteoporotic action
in vivo is still lacking [87].

Implications of Remodeling

and Modeling on the Long-Term
Effects of Osteoporosis Drugs
on Bone Mass and Strength

Bone mass, as evaluated by aBMD, remains the
most important determinant of bone strength,
explaining up to 80% of the failure load [88].
Hence greater gains in aBMD, and thereby
higher aBMD values, have been associated with
lesser fracture risk, both in the presence and
absence of osteoporosis therapy [89, 90].
However, large differences in BMD gain, par-
ticularly at sites of predominantly cortical bone

such as the hip, have been noted between osteo-
porosis drugs, and even among antiresorptives.
Hence relatively weak antiresorptives such as
selective estrogen receptor modulators induce a
small (1-2%) initial gain of hip BMD, pertaining
to the partial refilling of the remodeling space,
but later do not prevent the loss of hip aBMD
[91], because new bone resorption units continue
to be activated and remodeling-based bone loss
continues, particularly intracortically, which is
not fully compensated for by the amount of mod-
eling-based bone formation (Fig. 17.3). With
more potent bisphosphonates, greater inhibition
of bone remodeling allows greater gains in
aBMD initially, but long-term clinical trials have
consistently shown a plateauing effect after
2-3 years at the hip [92, 93]. This phenomenon
could be explained by a new equilibrium reached
between the amount of bone removed by the
residual bone remodeling and the amount of new
bone deposited by modeling-based bone forma-
tion, even though the latter may be somewhat
negatively affected by bisphosphonates [94]
(Fig. 17.4). However, with a complete suppres-
sion of bone remodeling, as achieved with deno-
sumab, and provided bone modeling is sustained,
as suggested by the studies on monkeys [95],
then a positive bone accrual could be maintained
long term, thereby potentially explaining the
continuous BMD increase observed with this
drug for up to 10 years [96]. Eventually, with
new compounds such as odanacatib and particu-
larly romosozumab, that both inhibit bone
remodeling while promoting bone modeling,
even if transiently, an even greater gain of aBMD
could be observed.

In conclusion, the two components of bone
remodeling, resorption, and formation constitute
the primary target of pharmacological interven-
tions for the management of the disease. It is now
clear that bone resorption and formation can be
differently modulated by new classes of anti-
osteoporotic medications that provide a novel,
personalized perspective for the management of
patients in clinical practice.
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