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Emerging Therapies for Osteoporosis
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Although several effective therapies are available for the treatment of osteoporosis in postmenopausal women and older men, 
there remains a need for the development of even more effective and acceptable drugs. Several new drugs that are in late-stage 
clinical development will be discussed. Abaloparatide (recombinant parathyroid hormone related peptide [PTHrP] analogue) has 
anabolic activity like teriparatide. Recent data from the phase 3 fracture prevention trial demonstrate that this agent is effective in 
reducing fracture risk. Inhibiting cathepsin K reduces bone resorption without decreasing the numbers or activity of osteoclasts, 
thereby preserving or promoting osteoblast function. Progressive increases in bone mineral density (BMD) have been observed 
over 5 years. Early data suggest that odanacatib effectively reduces fracture risk. Lastly, inhibiting sclerostin with humanized an-
tibodies promotes rapid, substantial but transient increases in bone formation while inhibiting bone resorption. Marked increases 
in BMD have been observed in phase 2 studies. Fracture prevention studies are underway. The new therapies with novel and 
unique mechanisms of action may, alone or in combination, provide more effective treatment options for our patients. 
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INTRODUCTION

Osteoporosis is a disorder of low bone mass and damaged skel-
etal architecture resulting in impaired bone strength and an in-
creased risk of fragility fracture. During the past 20 years, sev-
eral classes of drugs with different mechanisms of action have 
been shown to protect patients with osteoporosis from fragility 
fractures. Most of our current treatment options are anti-remod-
eling agents that reduce both bone resorption and formation, 
bringing the balance of bone metabolism back toward or to 
normal. These drugs strengthen trabecular bone by reducing 
the number and depth of stress risers in thin trabeculae. They 
do not improve or rebuild the damaged trabecular architecture. 
They have less or even no effect on strengthening cortical 
bone. The most effective of these drugs, potent bisphospho-

nates and the receptor activator of nuclear factor kappa-B 
(RANK) ligand inhibitor denosumab, reduce the risk of verte-
bral fracture by about 70%, of hip fracture by 40% to 50% and 
of all non-vertebral fractures by 20% to 30% [1,2]. The only 
bone building or anabolic agents now available are parathyroid 
hormone (PTH) analogues, PTH 1-84 and teriparatide. These 
drugs stimulate both bone formation and bone resorption. In 
the early months of treatment, bone formation is activated more 
than is resorption, resulting in a positive bone balance, espe-
cially in the trabecular skeleton. While teriparatide therapy 
may thicken cortical bone, it also causes, at least temporarily, 
an increase in the porosity of cortical bone [3]. Both teripara-
tide and PTH 1-84 reduced the risk of vertebral fracture by 
65% and 61%, respectively [4,5]. Teriparatide reduced the inci-
dence of non-vertebral fracture by 35%. Neither of these drugs 
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has been shown to reduce the risk of hip fracture.
 There are several important limitations to our current treat-
ments. Some drugs such as oral bisphosphonates require com-
plex dosing regimens that are inconvenient and may result in 
poor compliance with the dosing rules. Patients sometimes ob-
ject to the daily injections required with PTH drugs. Overall 
there is very poor adherence to recommended treatment regi-
mens; more than half of patients discontinue their treatment 
within 12 months of beginning therapy [6]. Also, concerns 
about long-term safety with bisphosphonates and perhaps de-
nosumab limit the acceptance of these drugs and cause con-
cerns about the benefit: risk ratio of long-term treatment [7]. 
Thus, opportunities exist for new therapeutic agents to fill the 
unmet needs of having a drug that reduces the risk of non-ver-
tebral fracture more effectively than current treatments, that 
has a good safety profile and that can be given conveniently.
 This review will focus on the clinical development of three 
types of new drugs. One is a different form of PTH. The other 
two are drugs with unique mechanisms of action that have the 
potential to substantially strengthen cortical bone and to be-
come important new treatment options to reduce fracture risk 
in patients with osteoporosis.

PARATHYROID HORMONE RELATED 
PEPTIDES

Parathyroid hormone related peptide (PTHrP) shares modest 
structural homology with PTH 1-84 and teriparatide. Both PTH 
and PTHrP bind to the same PTH receptor, but the kinetics of 
binding differ, and the duration of the cellular activation of cy-
clic AMP with PTHrP is shorter than with PTH [8,9]. Preclini-
cal studies suggested that, compared to PTH, PTHrP could 
achieve an anabolic skeletal effect with less activation of bone 
resorption and less calcium mobilization causing hypercalce-
mia, thereby broadening the therapeutic window [10].
 In a phase 2 clinical trial, 600 µg PTHrP 1-36 administered 
daily for 2 months resulted in similar gains in bone mineral 
density (BMD) as did teriparatide 20 µg daily [11]. The fre-
quency of hypercalcemia and the tolerability between the two 
study drugs were similar.
 A more promising candidate molecule is abaloparatide, a 
synthetic analog of PTHrP. In a phase 2 study, the stimulation 
of resorption and formation markers was less with abalopara-
tide 80 µg daily than with teriparatide 20 µg [12]. However, 
The BMD response to abaloparatide was greater in both the 
spine and especially in the hip than with teriparatide. Consis-

tent with the preclinical studies, hypercalcemia appeared to oc-
cur less frequently with abaloparatide.
 Results of the phase 3 pivotal fracture trial with abalopara-
tide were recently presented at the annual meeting of The En-
docrine Society [13]. Over 18 months of treatment with abalo-
paratide and teriparatide, the incidence of vertebral fracture 
was decreased by 86% and 80%, respectively, compared to pla-
cebo. A significant 43% reduction in non-vertebral fracture risk 
was observed with abaloparatide. Teriparatide reduced non-
vertebral fracture by 28%, a difference that was not statistically 
significant compared to placebo. The difference in non-verte-
bral risk reduction between abaloparatide and teriparatide was 
also not significant. The frequency of hypercalcemia was ob-
served somewhat less with abaloparatide than with teriparatide.
 The study is continuing for another 6 months during which 
time, all patients will take alendronate 70 mg once weekly. A 
more detailed analysis of the data from this study will be nec-
essary to determine whether and how abaloparatide would pro-
vide meaningful clinical advantages over teriparatide, other 
than the convenience of not having to refrigerate the drug. A 
transdermal dosing system of abaloparatide is also under de-
velopment.

CATHEPSIN K INHIBITORS

Cathepsin K (CatK) is the major osteoclast-derived proteolytic 
enzyme in bone [14,15]. It hydrolyzes type 1 collagen and oth-
er bone matrix proteins. The enzyme is highly expressed in os-
teoclasts with quite limited expression in other tissues. Genetic 
deficiency of CatK (pyknodysostosis) is characterized by an 
osteoclast-rich form of osteopetrosis with high bone mass, re-
duced bone resorption but with preservation of bone formation. 
Targeted disruption of the CatK gene in mice results in a phe-
notype with an osteosclerotic skeleton with increased trabecu-
lar and cortical bone mass of good quality [16]. Histomor-
phometry demonstrates a high rate of bone formation, normal 
bone mineralization and normal or increased osteoclast num-
bers, but a decrease in the osteoclasts’ ability to resorb bone 
matrix. Compared to normal animals, CatK deficient mice have 
increased bone strength at the vertebral body and femoral mid-
shaft.
 Several small molecular weight inhibitors of human CatK 
have been evaluated in pre-clinical studies and clinical trials. 
The preclinical studies with these inhibitors have been restrict-
ed to monkeys and rabbits. Balicatib (Novartis, Basel, Switzer-
land) is a basic, highly selective nitrile-based CatK inhibitor in 
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enzyme-based assays, but the selectivity is largely lost in whole 
cell assays due its accumulation in lysosomes (a property called 
lysosomotropism) where high concentrations exert effects on 
non-K cathepsins. Odanacatib (Merck, Kenilworth, NJ, USA) 
is a non-basic, non-lysosomotropic, nitrile based molecule that 
retains its high enzyme selectivity in cell-based assay systems 
[17]. ONO-5334 (ONO Pharmaceutical, Trenton, NJ, USA) is 
a potent hydrazine-based non-lysosomotropic inhibitor of CatK 
with high selectivity compared to other cathepsins.
 In preclinical studies in ovariectomized rabbits and mon-
keys, CatK inhibitors caused dose-dependent decreases bone 
resorption at both trabecular and cortical sites and preservation 
of areal BMD [18-22]. Odanacatib treatment increased osteo-
clast numbers when assessed by histomorphometry, and in-
creased serum levels of tartrate resistant acid phosphatase 5b 
(TRAP5b), a marker of osteoclast number. The effects of CatK 
inhibition on bone formation are more complex. Like other re-
sorption inhibitors, balicatib and odanacatib inhibit trabecular 
bone formation in ovariectomized monkeys. In ovariectomized 
rabbits, both odanacatib and alendronate reduced bone resorp-
tion and prevented bone loss [21]. However, the reduction in 
bone formation rate was less with CatK inhibition than with 
alendronate. Unlike what occurs with other anti-resorptive 
agents, CatK inhibition is associated with maintenance of en-
docortical bone formation and increased periosteal bone forma-
tion in the femur, resulting in increased cortical bone thickness 
and volume in the hip and improved bending strength of long 
bones [19,23].
 These effects in preclinical studies demonstrated the unique 
effects that CatK inhibition has on bone remodeling. Inhibiting 
CatK results in decreased capacity of viable osteoclasts to re-
sorb bone. By inhibiting the extracellular activity of CatK in 
the resorption space, the depth of resorption cavities made by 
osteoclasts is markedly reduced, and the overall rate of bone 
resorption is decreased. However, the number and other func-
tions of osteoclasts is preserved, unlike the effects of bisphos-
phonates or RANK ligand inhibitors which result in decreased 
numbers and function of osteoclasts. As a result, communica-
tion between these functioning osteoclasts and osteoblasts re-
mains intact in the presence of CatK inhibition. Osteoclast-de-
rived signaling molecules such as spingosphine-1-phosphate 
are present to regulate osteoblast activity [23,24]. Preservation 
of osteoblast function might also be due to reduced degradation 
by CatK of matrix-derived growth proteins such as transform-
ing growth factor β and insulin-like growth factor 1. 
 The favorable preclinical studies led to clinical trials with 

the three CatK inhibitors. In a phase 2 study, treatment with 
balicatib led to reduced markers of bone resorption and in-
creased BMD [25]. However, because several cases of mor-
phea-like skin lesions were observed, further development of 
this compound was halted. The dermatologic toxicities of bali-
catib might be due to inhibition of CatK in skin or to the lyso-
somotropism described above, causing off-target inhibition of 
other cathepsins expressed in skin fibroblasts [26].
 The effects of oral ONO-5334 (50 mg twice daily, 100 mg 
once daily, or 300 mg once daily) were compared with placebo 
and alendronate 70 mg weekly in postmenopausal women with 
osteoporosis in a phase 2 trial [27]. After 12 months of therapy, 
the 300 mg daily dose of ONO-5334 reduced bone resorption 
markers similarly to alendronate, but the effects on bone for-
mation markers bone specific alkaline phosphatase (BSAP) 
and procollagen type I N-terminal peptide (P1NP) were less 
than that observed with alendronate. Levels of TRAP5b were 
reduced by alendronate but increased by the CatK inhibitor. 
The effects of ONO-5334 300 mg daily and alendronate on 
BMD of the lumbar spine were comparable. No clinically rele-
vant safety concerns were noted, and no difference was detect-
ed in the rate of skin adverse events among the study groups.
 Odanacatib is the most extensively studied CatK inhibitor in 
clinical trials and is the only agent remaining in clinical devel-
opment. In a placebo-controlled phase 2 trial, postmenopausal 
women with low BMD received odanacatib in once weekly 
doses ranging from 3 to 50 mg [28]. Over 24 months of treat-
ment, a dose dependent increase in BMD at the lumbar spine 
and femoral neck was observed. At the highest dose of odana-
catib (50 mg weekly), BMD at the lumbar spine and total hip 
increased by 5.7% and 4.1%, respectively, versus placebo. Uri-
nary N-terminal telopeptide (NTX) was quickly reduced, with 
persistent decreases observed at 12 and 24 months (58% and 
52% versus placebo, respectively). Markers of bone formation 
were initially reduced (20% for BSAP and 30% for P1NP), but 
levels then gradually returned toward baseline by 24 months. 
In the extension of this study, continued therapy with odanacat-
ib 50 mg once weekly for 5 years resulted in almost linear in-
creases in BMD from baseline at the lumbar spine (11.9%) and 
total hip (8.5%) (Fig. 1) [29]. Urinary NTX values remained 
well below baseline (50% at 3 years; 55.6% at 5 years), while 
after year 2, bone formation markers remained close to base-
line levels. 
 The effects of odanacatib treatment on bone metabolism and 
BMD were rapidly reversible. After 2 years, therapy was with-
drawn in a group of participants that had received odanacatib 
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50 mg weekly [30]. Markers of both bone resorption and for-
mation quickly rose above baseline values, returning to base-
line 12 to 24 months after therapy was discontinued. BMD val-
ues decreased to levels seen in the placebo group 12 months af-
ter withdrawing treatment. All doses of odanacatib were well 
tolerated. The incidence of skin and pulmonary events were 
similar in the treatment and placebo groups, and morphea-like 
skin lesions were not reported during the 5 years of therapy. 
 The effects of treatment with odanacatib 50 mg weekly on 
the incidence of hip and spine fracture is being evaluated in an 
international, placebo-controlled phase 3 event-driven study in 
more than 16,000 postmenopausal women with osteoporosis 
[31]. Based upon the results of a pre-planned interim analysis, 
this study was recently discontinued early because of “robust 
effectiveness.” After a median duration of therapy of about 3 
years, it was recently reported that odanacatib significantly re-
duced the incidence of vertebral, hip and non-vertebral frac-
tures [32]. The overall safety profile of odanacatib did not dif-
fer from placebo. More detailed analyses of adverse events of 
special interest are being made. To collect more safety informa-
tion, most patients will continue on their blinded treatment al-
location for 5 years with additional follow-up on open label 
odanacatib therapy. 

ANTI-SCLEROSTIN THERAPY

Sclerostin is an osteoblast inhibiting glycoprotein expressed 
primarily in osteocytes [33]. Secretion is increased by unload-

ing or immobilization and is inhibited by PTH and by skeletal 
loading. Sclerostin inhibits osteoblast activity by interrupting 
the Wnt signaling pathway. Genetic deficiency of sclerostin re-
sults in the syndromes of sclerostiosis and Van Buchems dis-
ease. Both diseases are characterized by very high bone mass 
but, unlike the brittle bones of patients with osteopetrosis, the 
bone tissue is normal and of good quality. As a result, these pa-
tients with sclerostin deficiency are at very low risk for frac-
ture. Homozygous patients experience cranial and facial distor-
tion during growth and, as adults, bony overgrowth such as 
cranial basilar stenosis. Heterozygotes, who have intermediate 
levels of sclerostin, have a normal phenotype except for high 
bone mass, suggesting that inhibiting sclerostin has promise as 
a treatment strategy to activate bone formation and to improve 
bone mass as a treatment for osteoporosis and other bone disor-
ders [34].
 Sclerostin-deficient mice also exhibit high bone mass with 
increased rates of bone formation in both trabecular and corti-
cal bone. These effects result in substantially stronger skeletons 
than in genetically normal mice [35].
 Inhibiting sclerostin activity with an anti-sclerostin antibody 
in animals demonstrated the potential of sclerostin inhibition to 
improve bone mass and structure. In aged, ovariectomized rats 
given a sclerostin-inhibiting antibody, increased bone forma-
tion was observed on trabecular, endocortical, intracortical and 
periosteal bone surfaces [36]. Trabecular and cortical bone 
thickness was increased, and cortical porosity was reduced. 
Treatment for 5 weeks resulted in bone mass and bone strength 
that exceeded the sham-operated control animals and restored 
the skeletal abnormalities induced by ovariectomy.
 In gonad-intact female cynomolgus monkeys, treatment with 
a humanized sclerostin-neutralizing antibody once monthly for 
2 months transiently increased markers of bone formation, in-
creased BMD in the lumbar spine, femoral neck, proximal tib-
ia, and distal radius [37]. Increased modeling-based bone for-
mation was observed on all skeletal surfaces. Substantial in-
crease in bone strength occurred, with a strong correlation be-
tween bone mineral content (measured by quantitative comput-
ed tomography) and peak load observed in both the lumbar 
spine and femoral diaphysis.
 In clinical studies, single doses of humanized anti-sclerostin 
antibodies, administered subcutaneously, induced rapid and 
substantial increases in markers of bone formation accompa-
nied by a moderate decrease in bone resorption markers, result-
ing in a very positive bone balance. In phase 2 studies in which 
patients received anti-sclerostin antibody injections every 2 to 

Fig. 1. Bone mineral density change with odanacatib 50 mg once 
weekly.
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4 weeks, does-dependent increases in BMD were observed 
(Fig. 2) [38,39]. The BMD responses to the larger doses of ro-
mosozumab were substantially greater than those observed in 
patients randomly assigned to receive open label alendronate 
or teriparatide therapy. Despite ongoing treatment, markers of 
bone formation returned to baseline levels within 6 to 12 
months of beginning treatment. The mechanism(s) of this resis-
tance to the anabolic effect of anti-sclerostin therapy is not 
known.
 Anti-sclerostin therapy has been well tolerated, complicated 
only by injection site reactions that were generally mild and 
transient. Phase 3 studies with romosozumab, currently under-
way, will evaluate the efficacy of treatment to reduce fractures 
in women with postmenopausal osteoporosis and will provide 
much more information about the tolerability and safety of 
therapy with anti-sclerostin antibodies.

CONCLUSIONS

New forms of treatment, based on new or refined knowledge 
about the molecular mechanisms regulating bone metabolism, 
hold the promise of providing large gains in bone mass and re-
constructing damaged skeletal architecture. The clinical chal-
lenge will be to most appropriately use these new medications 
to treat our patients most effectively.
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