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to increased risk of fracture, mainly the spine and hip fractures. Osteoporosis affects more than 200
million people worldwide and because of the skeletal fractures it causes, represents a major cause of
morbidity, disability and mortality in older people. Recently, the new discoveries of osteoimmunol-
ogy have clarified many of the pathogenetic mechanisms of osteoporosis, helping to identify new
immunological targets for its treatment opening the way for new and effective therapies with bio-

logical drugs. Currently, there are basically two monoclonal antibodies for osteoporosis therapy:
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denosumab and romosozumab. Here, we focus on the modern approach to the osteoporosis man-
agement and in particular, on current and developing biologic drugs targeted to new immunological
checkpoints, in the landscape of osteoimmunology.

Keywords: Osteoporosis, osteoimmunology, bone remodeling, cytokines, immunological checkpoints, biological

therapies.

1. INTRODUCTION

Osteoporosis is a systemic pathology of the skele-
ton, which affects more than 200 million people
worldwide, resulting in bone fragility and increased
risk of fractures [1]. The definition of osteoporosis
based on World Health Organization (WHO) criteria is
a reduction in Bone Mineral Density (BMD), assessed
by Dual-energy x-ray Absorptiometry (DXA), of 2.5
standard deviations or more, below that of the mean
peak BMD of young adults. The result is expressed as
T-score: values between -1 and -2.5 identify a condi-
tion of osteopenia, while very low T score values and
the presence of fractures identify severe osteoporosis
conditions [2, 3]. It is an insidious disease which pro-
ceeds silently until the appearance of skeletal fractures,
especially of the spine and the femur, involving high
morbidity, mortality and reduction of quality of life,
with significant socio-sanitary and economic impact
[4].

Osteoporosis is a predominantly female pathology,
whose prevalence increases drastically with age and is
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currently growing due to the constant aging of the
population [5]. It can be divided into primary osteopo-
rosis, which includes postmenopausal osteoporosis
(Type I) and senile osteoporosis (type II), and secon-
dary osteoporosis, which recognizes clearly definable
etiologic mechanisms and is determined by a large
number of pathologies and drugs [6-8]. Most of the
pathologies capable of inducing osteoporosis are pre-
dominantly characterized by a chronic inflammatory
substratum, the same partly shared by menopause and
inflammaging [9]. Osteoporosis is actually a multi-
factorial disease: the etiopathogenetic mechanisms in-
volved are variously combined and in each patient, the
clinical picture is peculiar, depending on the influence
of different factors. In addition, the skeletal homeosta-
sis is functionally connected to different organs and
systems [10, 11]. The major clinical challenges are to
identify patients at high risk for osteoporotic fractures,
search for new effective and safe drugs against specific
cell targets, design combined or sequential treatments
and personalize diagnostic and therapeutic protocols
3]

Currently available osteoporosis drugs are either
antiresorptive (inhibiting the osteoclasts) or bone-
forming (stimulating the osteoblasts) [12, 13]. All these
categories of drugs have the goal to make the bone
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stronger, acting on density, quality and bone turnover
that is on bone remodeling. The most utilized antire-
sorptive treatments are bisphosphonates [14], widely
used for over 20 years, and Selective Estrogen Recep-
tor Modulators (SERMs) that either cause osteoclast
apoptosis through farnesyl pyrophosphate synthase in-
hibition (bisphosphonates) or inhibit osteoclast re-
cruitment through mimicking estrogen activity on a
bone [15]. Although bisphosphonates and SERMs re-
duce the risk of osteoporotic-related fractures, they are
associated respectively with serious skeletal side ef-
fects and increased risk of venous thromboembolism
and stroke. Calcitonin, a peptide produced by the para-
follicular thyroid cells, binds to osteoclasts and inhibits
bone resorption. It is currently available in the USA for
osteoporosis treatment, but it is not a very powerful
antiresorptive drug and is associated with increased
risk of cancer in long-term treatments [12]. Teri-
paratide (recombinant human parathyroid hormone
analogue - rPTH) is an osteoanabolic drug inducing
bone formation [16]. However, the use of teriparatide is
limited to two years because of side effects and poten-
tial neoplastic risk. The osteoanabolic and antiresorp-
tive strontium ranelate, used in the past to treat osteo-
porosis, has now been withdrawn from the market due
to serious cardiovascular, cutaneous and hepatic side
effects. Biological and immunological drugs have also
been developed for osteoporosis, such as Receptor Ac-
tivator of Nuclear factor-kB Ligand (RANKL) Mono-
clonal Antibody (MoAb), placed on the market about
10 years ago. It is the first biological antiresorptive
drug against an osteoclastogenic cytokine, which inhib-
its osteoclast recruitment [17]. Other biological drugs
are under study, which target key molecules of bone
turnover [13].

Most reviews on osteoporosis therapy list the main
categories of drugs currently used in clinical practice,
based on updated guidelines, or alternatively focus on
the biochemical structure and mechanism of action of
specific drugs. Recent advances in the field of osteo-
immunology have improved our understanding of the
mechanisms of action of drugs already used in the
clinic and have allowed the identification of other po-
tential therapeutic targets. The purpose of this review is
to provide an updated view of both the MoAbs used in
osteoporosis therapy and the new potential biological
targets with clinical-translational implications.

2. IMMUNE REGULATION OF BONE REMOD-
ELING

Bone is a metabolically active and plastic tissue
formed by a matrix of proteins and mineral salts in
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which the bone cells (osteoblasts, osteocytes and osteo-
clasts) are embedded. Bone is remodeled throughout
life by a process of resorption of old bone, mediated by
osteoclasts (multinuclear giant cells of the myeloid
lineage, containing lysosomal enzymes, such as acid
tartrate-resistant phosphatase and cathepsins) followed
by new bone formation, mediated by osteoblasts (de-
rived from a mesenchymal stem cell that can also dif-
ferentiate into bone marrow stromal cells and adipo-
cytes) [18]. Osteoblasts are the precursors of osteo-
cytes, the structural cells of the bone. Bone remodeling
is finely tuned by cytokines and growth factors, which
are also central for immunological functions, and fac-
tors involved in inflammation are linked with those
critical for bone remodeling process [11].

Central in this process is the osteoclast, regulated by
various signal pathways, the most important of which
is undoubtedly the system of RANKL, produced by
osteoblasts but also by other cell types, mainly acti-
vated immune cells. It binds to its receptor RANK on
the membrane of the osteoclast precursors and mature
osteoclasts stimulating osteoclastogenesis and bone
resorption [19]. A natural inhibitor of RANKL, Osteo-
protegerin (OPG), functions as a decoy receptor, hin-
dering osteoclastogenesis. In addition, inflammatory
cytokines, such as Tumour Necrosis Factor-o. (TNF-),
Interleukin (IL)-1 and IL-6, also induce osteoblasts to
further express RANK-L, leading to an imbalance be-
tween bone formation and resorption, with consequent
osteoporosis [20].

Another complex signaling pathway, centrally in-
volved in regulating bone mass, is the Wingless/ Inte-
grated (Wnt) system, which exerts, unlike the RANK/
RANKL pathway, a prevailing osteoanabolic function,
mainly activating osteoblasts and blocking their apop-
tosis. In response to mechanical loading, it promotes
differentiation, proliferation, survival and mineralizing
activity of osteoblasts, and only indirectly blocks os-
teoclastogenesis and adipocyte differentiation [21].

Wnt pathway encompasses various proteins, both
inhibitory and stimulating, that bind to complex trans-
membrane receptors formed by the association of Friz-
zled Proteins (FRZ) and low-density Lipoprotein Re-
ceptor proteins 5 and 6 (LPR 5/6) which promote B-
catenin translocation in the nucleus of osteoblasts to
activate the transcription of Wnt signal target genes.
Osteocytes express several negative regulators of this
signal pathway [22]. Among them, the Dickkopf-
related protein 1 (DKK1), a high-affinity ligand of
Kremen proteins, also involved in embryonic develop-
ment, plays a central role. It inhibits the Wnt/B-catenin
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signalling pathway by binding to and antagonizing
LRP5/6 co-receptor, therefore preventing the activation
of the receptor signal [23]. Other inhibitors of the Wnt
pathway are Secreted-Frizzled Related Proteins
(SFRPs), members of the DKK family, and sclerostin.
Sclerostin is a glycoprotein also produced by osteo-
cytes and encoded by the SOST gene on the long arm
of chromosome 17 that both inhibits bone formation by
blocking the Wnt pathway and increases bone resorp-
tion through the induction of RANKL production by
osteocytes. Sclerostin binding to LPR 5/6 and FRZ re-
ceptor proteins leads to the phosphorylation and cyto-
plasmic degradation of B-catenin blocking osteoblast
stimulation [24]. Glucocortocoids and TNF-f increase
the expression of sclerostin and DKK1, thus suppress-
ing bone formation [25, 26]. Anti-TNF therapy, there-
fore, exerts positive effects on bone through both its
anti-inflammatory action and its osteoanabolic effect
mediated by the enhancement of the Wnt signal.

A complex network of cytokines is involved in the
regulation of bone remodeling. The Macrophage-
Colony Stimulating growth Factor (M-CSF) enhances
the osteoclastic differentiation signal mediated by
RANK. IL-6, IL-17, IL-31, TNF-o. and interferon-y
(IFN-y) are osteoclastogenic cytokines and inhibit os-
teoblasts, while other cytokines, such as IL-4, IL-10,
IL-12 and IL-33, suppress osteoclasts and promote os-
teogenetic function [11]. For the most part, the cytoki-
nes of the Th1 profile, unlike Th2, are osteoclastogenic
[20, 27]. This is evident in clinical practice: for exam-
ple in rheumatoid arthritis, periarticular erosions
caused by bone resorption are blocked by therapy with
anti-TNF-o. monoclonal antibodies, which have long
been used to treat this disease [28]. In patients with
multiple myeloma, the osteolytic skeletal pathology is
induced by a complex of osteoclastogenic factors, in-
cluding, in addition to DKKI1, also IL-6, produced by
the neoplastic plasma cells, against which targeted
therapies have been proposed [29]. IL-31, although
belonging to the Th2 profile, induces the production of
various inflammatory cytokines and matrix metallopro-
teinases, which respectively stimulate osteoclast pro-
duction and induce bone resorption [30], suggesting the
possibility of future anti-osteoporotic therapies against
it. On the contrary, the multifunctional Th2 cytokine
IL-33 exhibits anti-osteoclastic effects in postmeno-
pausal women [31]. Low IL-33 serum levels in post-
menopausal osteoporotic women have been recently
demonstrated [32], suggesting the possibility of using
recombinant IL-33 in osteoporosis therapy. Therefore,
osteoporosis can no longer be considered only as a Thl
profile disease, since also a Th2 profile, classically
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considered osteoprotective, especially in the elderly,
could variously contribute to skeletal damage [33, 34].

Immune regulation of bone remodeling also inter-
venes in the mechanisms driving bone metastases, real-
izing positive feedback between osteoporosis and neo-
plastic progression [35]. The normal bone remodeling
is deeply altered by neoplastic cells in the bone: exac-
erbated osteoclast activity is a common finding in bone
metastases and bone resorption and tumour growth po-
tentiate each other. The identification of new shared
targets for both osteoporosis and cancer represents an
interesting research field [36]. Several antiresorptive
molecules, frequently successfully used for the treat-
ment of postmenopausal osteoporosis (bisphospho-
nates, denosumab) also have specific indications in
cancer therapy and are routinely used to treat bone me-
tastases. While breast cancer cells stimulate osteoclas-
togenesis thus inducing bone resorption and osteolytic
metastases [37], prostate cancer cells act by stimulating
bone formation and inducing osteosclerotic metastases
through the secretion of Bone Morphogenetic Proteins
(BMPs) which increase osteoblast activity and conse-
quently bone mineralization. Multiple myeloma cells
secrete DKK1 inhibiting osteoblast maturation [38].
RUNX2, a transcription factor in mature osteoblasts,
exerts pleiotropic roles in the metastatic process, pro-
moting both breast and prostate bone metastasis [39].

3. BIOLOGICAL TARGETS IN OSTEOPOROSIS
THERAPY

3.1. RANKL

The first MoAb recognizing a biological target for
osteoporosis therapy had been denosumab (hMoAb
AMGI162), specifically produced against RANKL, the
essential mediator of bone resorption. Denosumab is a
humanized MoAb which binds RANKL with high
specificity, thus inhibiting osteoclastogenesis and the
excessive bone resorption which accompanies osteopo-
rosis. It is, therefore, a powerful anti-resorbent drug,
able to inhibit osteoclast formation, function and sur-
vival [40].

Successfully used in clinical practice by about 10
years, denosumab is approved for the treatment of os-
teoporosis in postmenopausal women at increased risk
of fracture, and is given as a subcutaneous injection of
60 mg once every 6 months. It is also utilised in the
setting of breast cancer bone metastasis at a higher
dosage (120 mg monthly). Subcutaneous administra-
tion is followed by a reduction in osteoclastic bone re-
sorption and, subsequently, a reduction in neoformative
activity. Like bisphosphonates, it is, therefore, an



Emerging Therapies for Osteoporosis

DEN MAB
ACTIVATED osu
T CELL
OSTEOCLAST
PRECURSOR
ACTIVATED
MACROPHAGE
.
TNF oo
i1 g

OSTEOBLAST

BONE OSTEOCYTE

OSTEOCLAST

Current Medicinal Chemistry, 2020, Vol. 27, No. 37 6359

SURVIVAL

DIFFERENTIATION

Fig. (1). Mechanism of action of denosumab. Denosumab is a humanized monoclonal antibody capable of neutralizing
RANKL, a cytokine produced by osteoclasts and immune cells, that interacts with the RANK receptor on the membrane of
osteoclast precursors and mature osteoclasts, where it blocks the activation cascade of intracellular transcription factors thus
affecting osteoclast recruitment, maturation, and survival. Denosumab, therefore, suppresses bone resorption by inhibiting both

osteoclast formation and function.

Abbreviations: Tumor Necrosis Factor (TNF), Interleukin-1 (IL-1), Receptor Activator of Nuclear-factor k-B (RANK), Recep-
tor Activator of Nuclear-factor k-B Ligand (RANKL), Osteoprotegerin (OPG), Tumor Necrosis Factor receptor-associated
Factor 6 (TRAF6), Inhibitor of nuclear factor Kappa-B Kinases (IKKs), Nuclear factor-kB (NF-kB), Nuclear factor of acti-
vated T-cells, cytoplasmic 1 (NFATcl). (4 higher resolution / colour version of this figure is available in the electronic copy

of the article).

antiresorptive drug, however, the mechanism of action
is quite different: bisphosphonates concentrate in the
bone tissue where they block the enzyme farnesyl
bisphosphate synthase in the osteoblasts that is essen-
tial for their activity, whereas denosumab binds
RANKL thus inhibiting both osteoclast formation and
recruitment [41]. Figure 1 shows the mechanisms
through which denosumab inhibits bone resorption.

The anti-fracture efficacy of denosumab at 36
months and at 6 years has been demonstrated by the
Freedom and Freedom extension studies respectively, a
phase 3 Double-blind Placebo-controlled (DBPC) clini-
cal trial on postmenopausal women with previous ver-
tebral fractures, with primary endpoint reducing the
risk of new fractures. Both at 3 and 6 years, patients
treated with denosumab showed a reduction of more
than 65% of the risk of new vertebral fractures com-
pared to placebo [42]. The anti-fracture efficacy of
denosumab was also demonstrated for non-vertebral
fractures, in particular, femoral fractures, with a 20%
risk reduction, showing that denosumab also acts, al-
though with less power, on the cortical bone [43].
Denosumab significantly improved bone mineralization
and consequently, BMD increased at the lumbar spine

and total hip through 6 years of treatment [44]. How-
ever, although it represents a turning point in the treat-
ment of osteoporosis, denosumab therapy also has
some limitations. At the end of the therapy the osteo-
clasts, initially blocked by denosumab, resume their
destructive activity so that multiple fractures may ap-
pear and BMD may decrease even below the starting
value [45]. Recently, with the aim of strengthening,
consolidating and maintaining over time the anti-
fracture efficacy of denosumab, possibly reducing its
side effects, further studies have been performed.
Denosumab and Teriparatide Administration (DATA)
study evaluated the efficacy of the combination therapy
with denosumab, as an antiresorptive drug, and teri-
paratide, the only osteoanabolising drug currently
available in Europe, administered both in sequence and
simultaneously, in severe and advanced osteoporosis
[46]. The results of the 1 and 2-year DATA study on
BMD at the level of the whole column and hip neck
showed that denosumab and teriparatide administered
together are more effective than in monotherapy. Fur-
thermore, the antiresorptive therapy with denosumab
after teriparatide or the combination consolidates the
recovery of bone mass. Interestingly, the behavior of



6360 Current Medicinal Chemistry, 2020, Vol. 27, No. 37

the bone remodeling markers Osteocalcin (OC) and C-
terminal Telopeptide (CTX), respectively linked to os-
teoblast and osteoclast activity, confirmed the block of
resorption with the maintenance of osteoformation. In
the most severe forms of osteoporosis, an additional
BMD gain has been documented when denosumab is
combined with teriparatide in the sequence teriparatide-
denosumab but not vice versa [47]. This is in contrast
to the common practice of first administering an antire-
sorptive, for example, bisphosphonates, and then, in the
most severe and progressive forms, the osteoanabolis-
ing agent. Antiresorptive therapy with denosumab ad-
ministered after an anabolic agent consolidates the ana-
bolic bone density gain. Efficacy of combination and
sequential therapy may be related to denosumab ability
to fully block teriparatide pro-resorptive effects
maintaining however its osteoanabolizing function
[48]. In general, the more effective the antiresorptive
drug is, the longer the therapy, the greater the risk of
adverse events, especially in some types of patients,
such as neoplastic and debilitated patients. On the other
hand, since osteoporosis is a chronic disease, prolonged
treatments are very frequent. For example, denosumab
therapy is associated with the risk of some adverse re-
actions such as infections of the urinary tract, cellulitis,
hypocalcaemia, musculoskeletal pain, Osteonecrosis of
the Jaw (ONJ) and Atypical Femoral Fractures (AFF),
among others. In long treated patients, the most fright-
ening, although rare, are ONJ and AFF, that however
may also occur as a result of bisphosphonate therapy
[49, 50]. Teriparatide, although effective, has limited
effect to no more than 2 years and could be associated
with the risk of osteosarcoma, at least in the experi-
mental animal [51]. So the need to look for new drugs
and treatment options.

3.2. Sclerostin

Among the many molecules, potential therapeutic
targets, which regulate bone remodeling, sclerostin,
which is part of the canonical Wnt-B-catenin signaling
pathway, seems particularly promising. It is a natural
inhibitor of Wnt signal in bone [52, 53].

Figure 2 shows the role of WNT pathway and scle-
rostin in bone remodeling and the effect of sclerostin
inhibition. The Wnt pathway is activated by the inter-
action between LRP5/6, Wnt and Frizzled proteins. As
a consequence, B-catenin is released, enters the nucleus
and activates transcription from Wnt target genes. Scle-
rostin inactivates the Wnt pathway by binding to
LRP5/6 and as a consequence B-catenin is phosphory-
lated and degraded.

De Martinis et al.

The observation of two rare recessive genetic dis-
eases, sclerosteosis and van Buchem's disease, helped
to clarify its function. These disease entities are clini-
cally characterized by the presence of high BMD and a
low risk of fractures. In particular, sclerosteosis is de-
termined by loss of function mutations in the SOST
gene, whereas in van Buchem's disease there is a muta-
tion in the regulatory region of SOST [54]. Less than
100 cases of sclerosteosis worldwide have been de-
scribed, characterized by robust bone growth evident
by mid-childhood, with strongly fracture-resistant
bones, normal, but dense bone architecture and clinical
symptoms due to bone overgrowth, such as deafness
and neurological abnormalities, mainly intracranial hy-
pertension and cranial nerve paralysis due to the en-
trapment in their pathologically restricted foramina.
Heterozygous gene carriers are clinically asymptomatic
and exhibit higher BMD only, therefore suggesting that
sclerostin function may be modulated. Buchem's syn-
drome exhibits less severe clinical manifestations [55].
The discovery of the effects of sclerostin has suggested
the development of specific inhibitors for the treatment
of osteoporosis, leading to the synthesis of a new hu-
manized MoAb against this glycoprotein, romosozu-
mab. The sclerostin block by romosozumab prevents
both its inhibitory function on osteoblasts and therefore
on bone formation and the induction of RANKL pro-
duction by osteoblasts and therefore osteoclastogenesis
[56].

Romosozumab (AMG 785) is a MoAb against scle-
rostin. The antibody is humanized, that is non-human,
but the amino-acid sequence is modified to increase
similarity with a human antibody. Romosozumab is
administered subcutaneously with the absorption of 50-
70% and a half-life of 6-7 days. It represents a promis-
ing approach for the prevention of fractures. Its clinical
potential for fracture prevention in postmenopausal
osteoporotic women has been investigated in two re-
cent phase 3 clinical trials, FRAME (Fracture Study in
Postmenopausal Women with Osteoporosis) [57] and
ARCH (Active-Controlled Fracture Study in Post-
menopausal Women with Osteoporosis at High Risk)
[58].

FRAME 1is a randomized trial on osteoporotic
women who were given monthly subcutaneous injec-
tions of romosozumab 210 mg or placebo one year,
followed by denosumab for 12 months in both groups.
After one year of therapy, romosozumab has been
shown to reduce the risk of vertebral fractures by 75%
with an increase of 13% of BMD compared to placebo,
showing osteoanabolic activity but also antiresorptive
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Fig. (2). Mechanism of action of romosozumab. The Wnt pathway is activated by the interaction between LRP5/6, Wnt and
Frizzled. As a consequence, b-catenin is released, enters the nucleus and activates transcription from Wnt target genes. Scle-
rostin binding to LRP5/6 and Frizzled coreceptors on osteoblasts inhibits Wnt canonical pathway and b-catenin is consequently
phosphorylated and degraded. Sclerostin inhibits bone formation by inhibiting osteoblasts and increases bone resorption by
increasing RANKL production by osteoblasts. Romosozumab inhibits sclerostin allowing for increased Wnt signaling. Scle-
rostin inactivates the Wnt pathway by binding to LRP5/6 and b-catenin is consequently phosphorylated and degraded.

Abbreviations: Wingless/Integrated (Wnt), Receptor activator of nuclear-factor k-B ligand (RANKL), Frizzled proteins (FRZ),
Low-density lipoprotein receptor proteins 5 and 6 (LPR 5/6). (4 higher resolution / colour version of this figure is available in

the electronic copy of the article).

activity. The marked increase in BMD was attributed to
increased bone formation and decreased bone resorp-
tion. The lower risk of vertebral fracture than placebo
was also observed at 24 months after the transition to
denosumab in the treated group [59].

The ARCH study is a head-to-head comparative
study between romosozumab and alendronate mono-
therapy for one year and therefore sequential therapy
with alendronate in both groups, with fractures as the
primary endpoint. The incidence of new vertebral frac-
tures at one year with romosozumab was significantly
lower than bisphosphonate, and at two years the romo-
sozumab and alendronate group had a fracture risk re-
duction of 48% and 38% respectively at the column
and femur compared to the group that had previously
hired alendronate. In conclusion, this study definitively
demonstrated that in postmenopausal women with os-
teoporosis at high risk of fracture, treatment with ro-
mosozumab for 12 months followed by alendronate
significantly reduced the risk of both vertebral and

femoral fractures compared to alendronate alone [60,
61]. This is probably due to the alendronate-mediated
strengthening of the indirect antiresorbing action of
romosozumab, as suggested by the suppression of bone
turnover markers by alendronate [57].

Another clinical trial, the STudy evaluating the ef-
fect of RomosozUmab Compared with Teriparatide in
postmenopaUsal women with osteoporosis at high risk
for fracture pReviously treated with bisphosphonatE
therapy (STRUCTURE), compared the effects of ro-
mosozumab and teriparatide on BMD and bone
strength in postmenopausal women previously treated
with bisphosphonates. It is, therefore, a head-to-head
study to compare the anabolic effect of romosozumab
with that of teriparatide in patients already treated with
bisphosphonates, representing the most common situa-
tion in real life, where the antiosteoporotic drugs ad-
ministered as a first therapeutic option are more often
bisphosphonates. Romosozumab increased vertebral
and femoral neck BMD and strength more than teri-
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paratide. In contrast to intermittent PTH, romosozumab
increases bone formation but also decreases bone
resorption markers [62]. Therefore, the osteoanabolic
effect of teriparatide is limited by the concomitant in-
crease in bone resorption; moreover, teriparatide can
only be used once for up to 24 months due to safety
concerns, in particular, the risk of the onset of os-
teosarcoma. Abaloparatide, a parathyroid hormone-
related protein analog drug used to treat osteoporosis,
approved by the Food and Drug Administration (FDA)
in the USA but not available in Europe yet, seems to
exert a more potent anabolic action than teriparatide,
but is accompanied by equally important risks [2, 44].

However, in the ARCH study, a significantly higher
number of serious cardiovascular adverse events in the
romosozumab group, compared to alendronate, unex-
pectedly emerged during the first year of treatment. On
the other hand, sclerostin is expressed not only at the
bone level but also in other tissues, including vascular
smooth muscle [61, 62]. After a careful revision of the
results from the ARCH study, romosozumab has been
finally approved by FDA for the treatment of osteopo-
rosis in postmenopausal women with a high risk of
fracture, and it is currently still under review for final
approval by the European Medicines Agency (EMA).
In any case, since it has been confirmed that the drug
can increase the risk of heart attack, stroke and cardio-
vascular death, it is important to carefully select pa-
tients for this therapy, avoiding use in those who have
had a heart attack or stroke within the previous year.

4. CYTOKINES, TRANSCRIPTION FACTORS
AND STEM CELLS

Other potential targets for osteoporosis therapy in-
clude growth factors, such as BMPs, Transforming
Growth Factor-beta (TGF-), Growth Hormone (GH),
and Insulin-like Growth factor-1 (IGF-1), and against
some of them have been produced monoclonal antibod-
ies or recombinant analogues which are currently being
tested (Fig. 3). TGF-B effects on bone are based on
autocrine and paracrine signalling and extracellular
matrix production and ossification, resulting in bone
healing. Moreover, through its chemotactic ability,
TGF-B recruits osteoprogenitor cells, fibroblasts, and
immune cells and at the same time inhibits activation,
proliferation, and differentiation of osteoclasts and in-
duces their apoptosis and additionally promotes the
development of callus and prevents its premature re-
sorption [63]. GH and its downstream mediator IGF-1
exert their effects on osteogenic cells via binding to
their cognate receptor, leading to activation of an array
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of genes that mediate cellular differentiation and func-
tion. Moreover, they both interact with other skeletal
regulator hormones, such as sex steroids, thyroid hor-
mone, and parathyroid hormone, to facilitate skeletal
growth and metabolism. IGF-1, released from bone
matrix, stimulates osteoblastic differentiation of MSCs
by activation of mTOR during bone remodeling [64].

Molecules belonging to the complex Wnt pattern,
other than sclerostin, are also promising targets for os-
teoporosis therapy. Among them, Bone Morphogenetic
Protein-2 (BMP-2) plays an important role in the de-
velopment of bone and cartilage [65]. Like other com-
ponents of the BMP family, it is able to stimulate os-
teoblast differentiation from a variety of cell types.
Therefore, BMP-2 fundamentally stimulates the pro-
duction of bone. Recombinant human BMP-2 (thBMP-
2) is currently available and is administered using a
variety of delivery system and biomaterial carriers in
orthopedic and dentistry procedures [66]. The statins,
employed to treat hypercholesterolemia, also exhibit
osteoanabolic functions. Statin-like molecules induce
BMP-2 and Vascular Endothelial Growth Factor
(VEGF) gene expression in osteoblasts and stimulate
fracture healing in mice [67]. DKKI1 antagonizes the
Wnt/B-catenin pathway by reducing B-catenin expres-
sion. An anti-DKK1 MoAb (RH2-18) has been devel-
oped and its subcutaneous administration increases tra-
becular BMD in ovariectomized mice and attenuates
erosions in rheumatoid arthritis [68]. Conversely, en-
hancement of DKK1 function may inhibit new bone
formation and prevent joint fusion in ankylosing spon-
dylitis [69]. Deregulated Wnt—B-catenin signaling is
implicated in the development of osteosarcoma and
exerts a crucial role in the pathophysiology of multiple
myeloma progression. Increased production of DKK1
by cancer cells is associated with the development of
osteolytic lesions in human metastatic bone disease.
MoAbs against DKK1 and DKK agonist molecules, as
well as proteasomal inhibitors utilised in the therapy of
multiple myeloma, such as bortezumab, are able to
counteract neoplastic bone resorption [70]. Similarly,
tyrosynkinase inhibitors used in the therapy of chronic
myeloid leukemia and other neoplasms, such as
dasatinib, exert anabolic and anti-resorbent functions
[71].

Secreted Frizzled-related Protein 1 (SFRP1) is a
member of the SFRP family which acts as a soluble
modulator of Wnt signaling. SFRP glycoproteins con-
tain cysteine-rich domains homologous to the Wnt-
binding site of Frizzled proteins. SFRP1 is a biphasic
modulator of Wnt signaling, counteracting the effects
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Fig. (3). Other potential targets: cytokines and transcription factors. Other potential targets for osteoporosis therapy have been
identified and against some of them have been produced monoclonal antibodies or recombinant analogues. In addition to anti-
sclerostin monoclonal antibody (Anti-sclerostin MoAb) and Anti-tumor necrosis factor-o. monoclonal antibody (Anti-TNF-a
MoAb), other relevant checkpoints of the Wingless/Integrated (Wnt) pathway in osteoblasts seem to be promising targets:
Dickkopf-related protein (DKK) antagonists, Proteasome inhibitors, Tyrosynkinase inhibitors (TKIs), Recombinant Bone
morphogenetic protein (rBMP), Tryptophan hydroxylase 1 (Tphl), Recombinant transforming growth factor- (rTGF-8), Re-
combinant insulin-like growth factor-1 (rIGF-1), Secreted frizzled-related protein 1 (SFRP1) antagonists.

Abbreviations: Low-density lipoprotein receptor proteins (LRP), Runt-related transcription factor 2 (Runx2), Protein kinase A
(PKA), cAMP response element-binding protein (CREB). (4 higher resolution / colour version of this figure is available in the

electronic copy of the article).

of Wnt at high concentrations, and favoring them at
lower concentrations. The gene that encodes SFRP1 is
located in a region of chromosome 8 frequently deleted
in a variety of cancer, mainly breast cancer suggesting
that it may also play a role as a tumor suppressor pro-
tein. Small-molecule antagonists to SFRP1 stimulate
bone growth in organ culture [72].

The serotonin system has also recently been suc-
cessfully targeted in mouse models of bone loss
through development of a small-molecule Tryptophan
Hydroxylase 1 (Tphl) inhibitor. Tphl, regulated by
LRP5 in the gut, synthesizes peripheral serotonin that
inhibits osteoblast function through the stimulation of a
membrane serotoninergic receptor which suppresses
the intracytoplasmic transcription factor cAMP Re-
sponse Element-binding Protein (CREB), thus inhibit-
ing osteoblastic proliferation and bone formation, with
consequent osteoporosis. This explains why the antide-
pressants that selectively inhibit the reuptake of the
neurotransmitter serotonin, induce osteoporosis [73]. A
synthesized small molecule (LP533401) that does not
cross the blood-brain barrier, specifically inhibits intes-

tinal Tphl. Administered orally, it is already being
tested to evaluate its effectiveness and safety in humans
[74].

Cathepsin K is a lysosomal cysteine protease re-
sponsible for the degradation of the organic bone ma-
trix by osteoclasts. Its rare genetic deficiency (pycno-
dysostosis), is characterized by high BMD, in addition
to several skeletal deformities. Several inhibitors of
catepsin k have been developed in the last decade and
variously tested in experimental settings. Early cathep-
sin K inhibitors, such as balacatib, demonstrated unde-
sirable off-target effects (skin hardening), that stopped
their clinical development. Odanacatib, an orally ad-
ministered selective inhibitor of cathepsin K, has been
successfully tested in several clinical studies, demon-
strating a high anti-absorptive action on bone. It re-
duces the reabsorption mediated by osteoclasts, while
the formation mediated by osteoblasts remains un-
changed. However, a deeper analysis of a phase III
study in post-menopausal women suffering from osteo-
porosis discovered an increased risk of stroke and its
use has not yet been approved [75].
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The use of stem cells for bone regeneration is be-
coming an attractive alternative or additional osteopo-
rosis treatment. Mesenchymal Stem Cells (MSC), from
which osteoblasts arise, are multipotent adult stem cells
with immunosuppressive properties that are deemed
safe for clinical use by the FDA. Bone formation and
fracture repair are dependent on the appropriate num-
ber and function of resident MSCs. Senile osteoporosis
is characterized by both a reduction and a compromised
function of resident bone marrow MSCs. Exogenous
introduction of MSCs, usually derived from bone mar-
row, adipose and umbilical cord blood tissues, or
treatments with drugs or small compounds able to re-
cruit endogenous stem cells to osteoporotic sites, im-
proves BMD and reduces the susceptibility of fractures,
by either increasing the numbers or restoring the func-
tion of resident MSCs that can proliferate and differen-
tiate into bone-forming cells [76]. Cell transplantation
can be done either locally or systemically. MSCs di-
rectly delivered at the site of bone injury in animal
models revealed a good survival and retention, leading
to bone regeneration. Scaffold carriers, such as bio-
compatible, biodegradable and non-immunogenic gela-
tin-based hydrogel polymers, could also be used to
support cell viability and function. Human tonsil-
derived MSC, embedded in gelatin hydrogel and deliv-
ered subcutaneously in ovariectomized mouse models
of systemic osteoporosis, have proved useful in induc-
ing trabecular bone structure recovery and improve-
ment of serum markers of bone turnover [77].

5. SMALL MOLECULES, NANOPARTICLES
AND NATURAL PRODUCTS

Small non-coding nucleotide Ribonucleic Acids
(RNAs) are important regulators of bone turnover.
Among them, microRNAs (miRNAs) and short inter-
fering RNAs (siRNAs) have shown potential therapeu-
tic value for osteoporosis. They exert important epige-
netic modification, by mediating post-transcriptional
regulation of target genes, cell differentiation and apop-
tosis. Several miRNAs have been discovered which are
involved in the regulation of osteoblast and osteoclast
differentiation, by targeting to bone-related genes and
different signaling pathways. RANKL is directly regu-
lated by miR-338-3p. In experimental settings, miR-
NAs 20a-5p and mmu-miR-17-5p suppress glucocorti-
coid-induced osteoclast differentiation and inhibit
RANKL in osteoblasts. Similarly, mmumiR-29a-3p
protects rats from glucocorticoid-induced bone loss by
regulating Wnt and its inhibitor Dkk-1 and inhibiting

De Martinis et al.

the histone deacetylase-4, thus restoring the acetylation
state of b-catenin and Runx2, and improving osteoblas-
tic mineralization. Other miRNAs, hsamiR-133a-3p
and hsa-miR-194-5p, negatively regulate osteoclast
related gene expression and represent possible bio-
markers in postmenopausal osteoporosis. Interestingly,
hsa-miR-382-3p and hsa-miR-550a-5p seem to be the
most representative circulating miRNAs in diabetic
bone disease, whereas hsa-miR-382-3p and hsa-miR-
188-3p are the most important circulating miRNAs in
postmenopausal osteoporosis, suggesting the possibil-
ity of exploiting differentiated and personalized target
therapies in the management of patients suffering from
specific forms of osteoporosis. The expression of mmu-
miR-705 is significantly enhanced in ovariectomized
mice through the TNF-o activated NF-kB pathway.
Since complete inhibition of NF-kB pathway, which
represents a major target for osteoporosis treatment,
may be harmful in clinics because of its great impor-
tance for immune system functions, the modulation of
its downstream signaling through specific miRNAs
could be an alternative promising therapeutic strategy
for osteoporosis [78]. Resveratrol, a polyphenolic phy-
toestrogen with osteogenic properties, prevents osteo-
porosis in ovariectomized rats by suppressing the ex-
pression of miR-338-3p and increasing the expression
of Runx2. Curcumin improves bone microarchitecture
by activating miRNA-365 targeting matrix metallopro-
teinase-9 in a glucocorticoid-induced osteoporosis mice
model. Since miRNA may cause off-target effects,
such as unintended gene knockdown and inflammation-
related cell toxicity, the full understanding of the func-
tion of miRNAs involved in various bone physiological
and pathological activities must represent the first step
for the development of specific and accurate gene-
silencing therapeutics [79]. Moreover, since miRNAs
and siRNAs are prone to nuclease degradation, it is
necessary to facilitate their cellular uptake to the target
sites by idoneous delivery systems which protect them
from premature nuclease degradation. To improve the
stability of miRNAs and siRNAs as therapeutic agents,
specific chemical modifications have been proposed.
For example, PEGylated nanoparticles incorporating
targeting ligands could be effective for avoiding reticu-
loendothelial system clearance, thus prolonging the
circulation time of miRNA and siRNA delivery sys-
tems. Lipid-based and polymer-based systems are cur-
rently the major categories of drug delivery systems
used for silencing gene expression at post-
transcriptional levels by siRNA in osteoporosis. An



Emerging Therapies for Osteoporosis

Current Medicinal Chemistry, 2020, Vol. 27, No. 37 6365

Table I. Summary of characteristics of several approved and experimental agents for treating osteoporosis.

Therapeutic Agents

Mechanism of Action

Antiresorptive

Osteoanabolic

Estrogens [88]

{ osteoclastogenic cytokines

L RANKL T OPG

T OB proliferation 4 OB apoptosis
T IGF and TGFB

Bisphosphonates [14]

{ farnesyl pyrophosphate synthase
4 OC function and life span

SERMs [15]

1 OC recruitment

T osteoblastogenesis

T TGF-B

Calcitonin [12]

4 OC proteolytic enzyme secretion

Statins [67]

4 HMG-CoA reductase in OCs

4 mevalonate pathway in OCs

T BMP-2 and VEGF in OBs

Strontium ranelate [88]

{ osteoclastogenesis

TOoPG

T calcium-sensing receptor stimulation
T osteoblastogenesis

Teriparatide (thPTH 1-34) Aba-
loparatide (thPTHrP) [16]

T PTHIR signaling in OBs

T cAMP-PKA dependent intracellular Ca2+ IGF-
1, T IGF-2, TGF-B, Wnt, RUNX2

Anti-TNFo,MoAbs [28]

{ inflammatory osteoclastogenesis

4 sclerostin and DKK1

T Wnt signaling

Denosumab [41]

4 RANKL signaling in OCs

Romosozumab [56]

4 RANKL production in OBs

d sclerostin

T Wnt signaling in OBs
TGF-B[63] 1 OC function and survival T OBP recruitment
T extracellular matrix and ossification
GH [64] - T OB differentiation and function
IGF-1 [64] - T mTOR activation

T OB differentiation

thBMP-2 [66]

T osteoblastogenesis

Anti-DKK1 MoAb [68]

T LRP6 coreceptor signaling
T Wnt/B-catenin pathway

Src tyrosynkinase inhibitors [71]

{ Src kinase activity

1 OC survival and function

T OB differentiation

d Src kinase expression

Tph-1 inhibitor LP533401 [74]

d peripheral serotonin biosynthesis
T CREB in OBs

T bone formation

Proteasomal inhibitors [70]

| NF-«B signaling

4 RANKL induced osteoclastogenesis

(Table 1) Contd....
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Therapeutic Agents

Mechanism of Action

SFRP1 antagonists [72] -

l SFRP1 activity

T Wnt signaling

Odanacatib [75]

{ cathepsin K activity in OCs -

MSCs [76] ]

T bone forming cell number and function

sncRNAs [78, 79] -

miRNAs 20a-5p J RANKL

mmu-miR-17-5p

{ osteoclastogenesis

mmumiR-29a-3p -

d Dkk-1 and histone deacetylase-4
T B-catenin and Runx2 acetylation

T OB mineralization

hsa-miR-133a-3p
hsa-miR-194-5p

4 OC related gene expression -

| NF-kB pathway signaling

Vitamins and natural products L ROS

[85, 88]

d inflammatory bone resorption

Legend to table/Abreviations: SERMs (selective estrogen receptor modulators); thPTH 1-34 (recombinant human parathyroid hormone 1-34); thPTHrP (re-
combinant human parathyroid hormone-related peptide); Anti-TNFo. MoAbs (anti-tumor necrosis factor-alpha monoclonal antibodies); TGF- (transforming
growth factor-beta); GH (growth hormone); IGF-1 (insulin-like growth factor-1); rhBMP-2 (recombinant human bone morphogenetic protein-2); Anti-DKK1
MoAb (anti-Dickkopf-related protein 1 monoclonal antibody); Tph-1 (tryptophan hydroxylase-1); SFRP1 (secreted frizzled-related protein 1); MSCs (mes-
enchimal stem cells); sncRNAs (small non-coding ribonucleic acids); OCP (osteoclast progenitors); OBP (oteoblast progenitors); RANKL (receptor activator
of nuclear factor kappa-B ligand); OB (osteoblast); OC (osteoclast); OPG (osteoprotegerin); VEGF (vascular endothelial growth factor); HMG-CoA (3-
hydroxy-3-glutaryl-coenzyme A); cAMP-PKA (cyclic AMP-dependent protein kinase A); RUNX2 (Runt-related transcription factor 2); Wnt (Win-
gless/Integrated); mTOR (mammalian target of rapamycin); LRP6 (Low-density lipoprotein receptor-related protein); CREB (cAMP response element-binding

protein); NF-xB (nuclear factor-kB); ROS (reactive oxygen species)

osteogenic siRNA targeting casein kinase-2 interacting
protein-1, encompassed into liposomes, promotes a
significant increase of bone formation in both healthy
and osteoporotic rats. The same siRNA has been en-
capsulated into more efficient osteoblast-specific ap-
tamer-functionalized lipid nanoparticles to promote its
selective uptake and induce bone formation [80]. A
site-specific bone-targeting system based on an octa-
aspartic acid sequence and bisphosphonates, strongly
binds to hydroxyapatite in the bone. The epigenetic
regulation of osteoblastic cell function by synthetic
hydroxyapatite nanoparticles is significantly different
in osteoblastic cells derived from osteoporotic rat bone
compared to the healthy ones, with significant implica-
tion on defining design parameters for potential thera-
peutic use of nanomaterials [81]. Farnesyl pyrophos-
phate synthase, the enzyme of the mevalonate pathway
targeted by nitrogen-containing bisphosphonates, such
as alendronate, could be selectively inhibited by spe-
cific siRNAs, leading to osteoclast-mediated bone re-
sorption inhibition and bone mass maintenance promo-
tion without negative effects on the proliferation of
preosteoblasts. Both the efficacy and duration of silenc-

ing effect after miRNA or siRNA administration de-
pend on several factors (rate of RNA release from the
delivery system, stability of the RNA molecules, type
of target tissue and turnover rate of the target protein).
Incorporation of miRNA or siRNA inside injectable
biodegradable matrices might facilitate their localiza-
tion to the sites of bone defects. Orthopaedic applica-
tions for therapeutics RNAs have the advantage that
RNAs can be administered topically into the surgical
site for repair in combination with a device. The addi-
tion of targeting moieties also improves the efficacy of
RNA delivery. The most commonly used moieties for
osteoporosis therapy are bisphosphonates, bone-
specific oligopeptides and aptamers, all characterized
by high bone affinity [82]. Water-dispersible magnetic
nanoparticles with radiofrequency-induced ther-
mogenic properties, such as bisphosphonate-conjugated
iron oxide nanoparticles, suitable for incorporation into
osteoclasts, have been developed with the potential of
limiting the aggravation of osteoporosis by reducing
the activity of osteoclasts through thermolysis [83].

Several natural products also exert bone protective
effects without exhibiting significant toxicity or delete-
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rious side effects. Inflammation-modifying foods,
alone or associated with other therapies, could be use-
ful to prevent osteoporosis. The bone protecting effects
of vitamin D are well known, but also other com-
pounds, such as vitamin C, B12 and folates seem to
exert beneficial anti-inflammatory and metabolic ef-
fects on bone health. Both L-arginine and vitamin E
coadministration reduces TNF-o and IL-6 levels in-
duced by zinc oxide nanoparticle administration in rats,
counteract its deleterious effects on bone turn over
[84]. Tart cherry (Prunus cerasus), a fruit rich in poly-
phenols, such as flavonols, hydroxycinnamic acids,
proanthocyanidins and anthocyanidins, has been re-
ported to display antioxidant and anti-inflammatory
properties and could be used as a supplement to pre-
vent inflammation-mediated bone loss in TNF-
overexpressing transgenic mice [85]. Traditional Chi-
nese medicines comprising herbal formulas are an in-
teresting alternative to prevent osteoporosis because of
their effective bone protecting properties and the lower
reported side effects compared with synthetic drugs.
Zhuanggu Guanjie pill is a traditional Chinese medi-
cine formula consisting of 12 herbs including rhizoma
drynariae, radix dipsaci, rhizoma cibotii and fructus
psoraleae, which have beneficial effects in osteoporosis
patients [86]. BHHI10, a traditional Korean herbal
medicine including three herbs (A. membranaceus, C.
cassia, and P. amurense), has also proved effective and
safe [87]. However, overall, the evidence for the use of
herbal medicine in patients with osteoporosis is still
inconsistent.

Table I summarizes the relevant osteometabolic
mechanisms of action of drugs, both approved and ex-
perimental, for osteoporosis therapy.

CONCLUSION

In conclusion, despite the current availability of
antiresorptive and anabolic drugs of proven efficacy for
osteoporosis [88], not all patients respond or tolerate
them and the search for new drugs is ongoing. Most of
their biological targets physiologically intervene in
many immunological functions, such as defense against
infections and tumors or the modulation of allergic and
autoimmune reactions [89, 90]. The aim is therefore to
tailor treatments for osteoporosis that are both effective
and safe.

LIST OF ABBREVIATIONS

AFF = Atypical Femoral Fractures
BMD = Bone Mineral Density
BMPs = Bone Morphogenetic Proteins
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cAMP-PKA
CREB

CTX
DBPC
DKK1
DXA
EMA
FDA
FZR
GH
HMG-CoA
IFN-y
IGF-1
IKKs

IL
LPR 5/6

MCS
M-CSF

miRNAs
MoAb
mTOR
NFATc1

NF-kB
OBP
oC
oCp
ONJ
OPG
PKA
RANKL

rhBMP-2
rhPTHrP

Cyclic AMP-dependent Protein
Kinase A

cAMP Response Element-binding
Protein

C-terminal Telopeptide

Double Blind Placebo Controlled
Dickkopf-related Protein 1
Dual-energy x-ray Absorptiometry
European Medicines Agency
Food and Drug Administration
Frizzled Proteins

Growth Hormone
3-hydroxy-3-glutaryl-coenzyme A
Interferon-y

Insulin-like Growth Factor-1

Inhibitor of Nuclear Factor Kappa-B
Kinases

Interleukin

Low Density Lipoprotein Receptor
Proteins 5 and 6

Mesenchimal Stem Cell

Macrophage-colony Stimulating
Growth Factor

microRNAs
Monoclonal Antibody
Mammalian Target of Rapamycin

Nuclear Factor of Activated T-cells,
Cytoplasmic 1

Nuclear Factor-kB
Oteoblast Progenitors
Osteocalcin

Osteoclast Progenitors
Osteonecrosis of the Jaw
Osteoprotegerin

Protein Kinase A

Receptor Activator of Nuclear Fac-
tor-kB Ligand

Recombinant Human BMP-2

Recombinant Human Parathyroid
Hormone-related Peptide
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rIGF = Recombinant Insulin-like Growth
Factor-1

RNAs = Ribonucleic Acids

ROS = Reactive Oxygen Species

rPTH = Recombinant Human Parathyroid
Hormone Analogue

'TGFf = Recombinant Transforming Growth
Factor-3

RUNX2 = Runt-related Transcription Factor 2

SERMs = Selective Estrogen Receptor Modu-
lators

SFRPs = Secreted-Frizzled Related Proteins

siRNAs = Short Interfering RNAs

sncRNAs = Small Non-coding Ribonucleic Ac-
ids

SOST = Sclerostin

TGF-B = Transforming Growth Factor- 3

TKI = Tyrosynkinase Inhibitors

TNF-a = Tumour Necrosis Factor-o

Tphl = Tryptophan Hydroxylase 1

TRAF6 = Tumor Necrosis Factor Receptor
Associated Factor 6

VEGF = Vascular Endothelial Growth Factor

Wnt = Wingless/Integrated
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