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Osteoporosis is the most common chronic metabolic bone disease. It has been estimated that more than 10 million

people in the United States and 200 million men and women worldwide have osteoporosis. Given that the aging

population is rapidly increasing in many countries, osteoporosis could become a global challenge with an impact on the

quality of life of the affected individuals. Osteoporosis can be defined as a condition characterized by low bone density

and increased risk of fractures due to the deterioration of the bone architecture. Thus, the major goal of treatment is to

reduce the risk for fractures. There are several treatment options, mostly medications that can control disease progression

in risk groups, such as postmenopausal women and elderly men. Recent studies on the basic molecular mechanisms and

clinical implications of osteoporosis have identified novel therapeutic targets. Emerging therapies targeting novel disease

mechanisms could provide powerful approaches for osteoporosis management in the future. Here, we present current

pharmacological options, and discuss emerging therapies targeting novel mechanisms, investigational treatments, and

new promising therapeutic approaches. 
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1. Introduction

Osteoporosis occurs due to an imbalance between bone resorption and bone formation. As a result, bone breakdown

exceeds bone formation. In 1993, the World Health Organization (WHO) defined osteoporosis as a “progressive systemic

skeletal disease characterized by low bone mass and microarchitectural deterioration of bone tissue, with a consequent

increase in bone fragility and susceptibility to fracture” . Osteoporosis is a highly prevalent disorder estimated to

affect 200 million women and men worldwide, predominantly those over the age of 60 years. . Osteoporotic fracture is a

major health concern that significantly impacts the quality of life of the affected individuals. According to the International

Osteoporosis Foundation, worldwide, one in three women and one in five men over the age of 50 years will experience

osteoporotic fractures in their lifetime. On the other hand, more than 8.9 million fractures are caused by osteoporosis

annually, which means that an osteoporotic fracture occurs every three seconds. Approximately 33% of patients

experience a hip fracture and in the year following the fracture, up to 20% die, mainly due to preexisting conditions .

Given that life expectancy is increasing globally, osteoporosis will affect the quality of life of individuals and impose an

economic burden in most countries. Therefore, osteoporosis should be properly managed using effective approaches, and

this can be achieved by understanding the mechanisms underlying the pathogenesis of this disease. To date,

bisphosphonates (BPs), which inhibit bone resorption, are one of the most common medications for the treatment of

osteoporosis.

2. Therapeutic Approach and Novel Strategies

Numerous medications and therapeutic options have been established for the treatment of osteoporosis . As

osteoporosis occurs as a result of an imbalance between bone resorption and bone formation, the pharmacological

options for its management are anti-resorptive and anabolic agents.

2.1. Anti-Resorptive Agents

2.1.1. Bisphosphonates (BPs)

BPs come in close contact with osteoclasts and reduce bone resorption by inducing osteoclast apoptosis. BPs are stable

analogs of inorganic pyrophosphate and have a core structure of P-C-P bonds, which are responsible for the strong

binding affinity toward hydroxyapatite, the major mineral component of bone . This binding to bone minerals enables

BPs to be taken up by osteoclasts and inhibit their activity. BPs have been used for the treatment of osteoporosis since

the 1990s. They are available in inexpensive generic form, in oral and intravenous formulations, and remain the first-line

medications for the treatment of osteoporosis . Alendronate, risedronate, and ibandronate are available as oral tablets,
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while zoledronic acid and ibandronate are used intravenously. BPs are approved for use in GIO patients who are at

increased risk of fracture . The major adverse event is the risk of atypical femoral fractures and osteonecrosis of

the jaw. Gastrointestinal and renal complications have also been reported , and long-term use of BPs is also

associated with a risk for osteomalacia . BPs can be prescribed for less than five years and are supplemented with

calcium.

2.1.2. Denosumab

Denosumab (Prolia) is a human IgG2 monoclonal antibody against RANKL that inhibits osteoclast formation, function, and

survival . The half-life of denosumab is approximately 26 days and it does not appear to form neutralizing

antibodies . Denosumab is FDA-approved for the treatment of postmenopausal osteoporosis with a high risk for

fracture as well as for bone loss in men with prostate cancer receiving androgen deprivation therapy. It has also been

approved for women with breast cancer, who are at risk for osteoporotic fracture. A 60 mg dose is applied subcutaneously

every six months and can be supplemented with oral calcium and vitamin D. The adverse effects of denosumab are

related to the fact that RANKL is also abundantly expressed by dendritic cells and activated T lymphocytes, and its

antagonistic effect could affect the immune system . In the previous study, it was reported that the denosumab

treatment group showed skin eczema (3%) and cellulitis (0.3%) compared to the control group .

​​2.1.3. Selective Estrogen Receptor Modulators (SERMs)

Estrogen has been shown to directly regulate the survival of mature osteoclasts via the Fas/FasL system. Consistently,

selective ablation of estrogen receptor alpha in the osteoclasts of women could lead to an osteoporotic bone-like

phenotype. SERM or estrogen interacts with the RANKL/RANK/OPG system and decreases bone resorption. Raloxifene,

representing dual agonistic and antagonistic properties in estrogenic pathways, is a first-line therapy for patients with a

high risk for spine fracture.

2.2. Emerging Therapies and Investigational Agents Targeting Bone Resorption

2.2.1. Cathepsin K Inhibitors

Cathepsin K, the primary enzyme released from osteoclasts, digests collagen in bones. It is a more desirable anti-bone

resorption target as it prevents osteoclast activity by inhibiting the late differentiation of osteoclasts without affecting

normal bone remodeling . The advantage of targeting cathepsin K rather than osteoclastogenesis is to allow continued

signals to osteoblasts and consequent bone formation. Odanacatib is a selective cathepsin K inhibitor; unfortunately,

Merck discontinued the development of odanacatib due to an increased risk of stroke .

2.2.2. Lasofoxifene

Lasofoxifene is a third-generation SERM. It is approved for osteoporosis treatment in Europe, but its approval is pending

in the United States . In a clinical study, the group treated with lasofoxifene at a dose of 0.5 mg per day demonstrated a

42% risk reduction for vertebral fractures and a 24% risk reduction for nonvertebral fractures. It has also been found that

lasofoxifene treatment was associated with a decrease in breast cancer, coronary heart disease, and stroke occurrence

. Recently, the FDA granted a fast track designation to lasofoxifene for the treatment of women with estrogen receptor-

positive, HER2-negative metastatic breast cancer.

2.3. Anabolic Agents

PTH and Parathyroid Hormone-Related Protein (PTHrP) Analogues

PTH and PTHrP can increase the number and activity of osteoblasts by stimulating osteoblast differentiation, as a

consequence of increased bone formation. PTH is secreted by the parathyroid gland to adjust homeostasis of serum

calcium and phosphate mainly in response to low blood calcium levels. Binding of PTH to osteoblasts induces RANKL

expression, which increases osteoclast differentiation and function, and results in calcium release by bone resorption.

PTH can also reverse the glucocorticoids-induced IGF-1 suppression in GIO.

Teriparatide, the first anabolic treatment approved for osteoporosis, is a recombinant human PTH (1–34) analogue. It is

well known that continuous PTH dosing results in a catabolic effect, and conversely, intermittent intake promotes an

anabolic effect on bone . Stimulation of osteoblastic activity was shown by intermittent administration of teriparatide at

small doses , mainly mediated through expression of interleukin-11, suppression of DKK-1, and activation of Wnt

signaling . Although therapies with teriparatide showed great improvement on BMD, it is not clear whether teriparatide
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could prevent fracture efficiently . In GIO, however, teriparatide treatment was related to significantly fewer new

vertebral fractures compared to alendronate treatment at 18 and 36 months . However, due to its risk for

osteosarcoma, the usage of teriparatide is restricted to those at a very high risk for fracture.

Abaloparatide (PTHrP1-34), the second recombinant human PTH analog, received FDA approval in 2017. It is expected

to induce a stronger anabolic effect than teriparatide . In a phase three clinical trial, abaloparatide reduced the

incidence of new vertebral fracture by 86% and nonvertebral fracture by 43% over an 18-month period . Treatment with

this drug is limited to two years. Furthermore, the use of abaloparatide is more cost effective than that of teriparatide.

2.4. Emerging Therapies and Investigational Agents for Targeting Bone Formation

Anti-Sclerostin Antibodies

Sclerostin is an osteocyte/osteoclast-secreted protein that interferes with osteoblast differentiation, proliferation, and

activity. It competitively binds to LRP-5/6 on osteoblasts and inhibits the Wnt/β-catenin pathway, thereby preventing

osteoblast differentiation . An anti-sclerostin antibody, romosozumab, showed a greater increase in BMD than

alendronate and teriparatide in phase three clinical trials. Furthermore, it showed a 73% lower risk for new vertebral

fracture at 12 months compared with placebo. In July 2017, the FDA rejected the approval of rosomozumab for

osteoporosis treatment due to a higher rate of serious cardiovascular events compared with alendronate. In April 2019,

romosozumab (Evenity, Amgen/UCB), a humanized monoclonal antibody, finally received FDA approval. It comes with the

drug’s label noting an increased risk of myocardial infarction, stroke and cardiovascular death in clinical trials . Other

anti-sclerostin monoclonal antibodies, such as blosozumab and BPS804, are in the process of drug development .

2.5. Non-Pharmacological Fracture Prevention

2.5.1. Calcium

Calcium intake is the best option only in patients whose osteoporosis pathology is directly related to calcium shortage or

patients with secondary hyperparathyroidism. Administration of calcium (800–1200 mg daily) will suppress PTH release

and eventually decrease bone resorption and bone turnover. However, excessive calcium intake (more than 1500 mg total

daily) is not beneficial, will be excreted, and it might be associated with an increased risk of renal stones .

2.5.2. Vitamin D

Vitamin D modulates calcium metabolism, including intestinal absorption, renal excretion, and bone resorption. All patients

receiving glucocorticoid therapy should improve nutrition to decrease fracture risk, and it can be partially achieved by

adequate calcium and vitamin D status (serum level of 25-hydroxyvitamin D, > 20 ng/mL; 50 nmol/L). In order to correct

the deficiencies, supplements can be used at a dose of 600–800 IU vitamin D daily. Several reports have shown that

active vitamin D has positive effects in increasing BMD and preventing vertebral fractures . On the contrary,

intermittent high doses of vitamin D (60,000 IU monthly or 500,000 IU annually) have been associated with an increased

risk of falls and fractures. Thus, the recommended daily dose should not exceed 4000 IU of vitamin D in normal status 

.

2.6. Novel Targets, Novel Approach, and Experimental Materials for the Prevention of Osteoporosis

Stem Cells

Stem cell-based therapies are becoming increasingly important in the treatment of chronic and long-lasting diseases,

including osteoporosis, as they could enable curative and personalized regenerative medicine approaches. Several

different types of stem cells have been evaluated to modulate osteoporosis, including embryonic, induced pluripotent, and

MSCs . Among them, MSCs are critical candidates for bone regenerative medicine, as they have

advantages over other types of stem cells clinically, including ease of harvesting, immunosuppressive outcomes, and

fewer ethical concerns . It has also been found that bioactive molecules, such as IGF-1, TGF-β, vascular

endothelial growth factor (VEGF), hepatocyte growth factor (HGF), angiogenin, and IL-6 that are derived from MSCs, can

support bone regeneration to a great extent . Furthermore, exosomes released by MSCs have been

demonstrated to have a promising effect on bone remodeling and the prevention of bone loss in vivo .

MSC transplantation is feasible and its effects on bone formation have been previously described . MSCs can directly

repair the pathological area and also differentiate into osteoblasts, which is their endogenous role in bone formation. Bone

marrow-derived MSCs with high osteogenic differentiation potential are considered to be a reliable and effective source for

osteoporosis MSC therapies . MSC transplantation has been conducted in osteoporotic animal models and

humans, and it could indeed support microenvironment, promote bone regeneration and have paracrine effects. Thus, the
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secretome and/or exosomes from MSCs transplantation might be key to regulating osteoporosis, in addition to the cell

therapy itself   In line with this, there are over 1000 clinical trials of MSC transplantation therapies registered with

ClinicalTrials.gov (http://www.Clinicaltrials.gov/). Many cases involve bone diseases and conditions, such as osteoarthritis,

osteogenesis imperfecta, rheumatoid arthritis, and osteoporosis. Research efforts will be made in the future to clarify the

clinical application of MSCs in osteoporosis .

The molecular mechanisms of osteoporosis and therapeutic agents are summarized in Figure 1.

Figure 1.  Differentiation of bone cells, bone remodeling process, and various therapeutic agents for osteoporosis.

Hematopoietic stem cells (HSCs) are differentiated into osteoclasts, mediated through stimulation of receptor activator of

nuclear factor kappaB ligand (RANKL), generated from osteoblasts. Osteoclasts can be further maturated by monocyte-

colony stimulating factor (M-CSF). The bone resorption occurs by matrix metalloproteinases and cathepsin K, secreted by

mature osteoclasts. Osteoblasts are derived from the mesenchymal stem cells (MSCs) and involved in bone formation.

The major roles of osteoblasts in bone remodeling are activation of osteoclasts differentiation and generation of bone cells

including osteocytes. Various signaling molecules, such as insulin-like growth factor 1 (IGF-1), transforming growth factor

β (TGF-β), and Wnt induce osteoblast differentiation. Osteocytes are embedded in the bone matrix and orchestrate the

bone remodeling. They promote bone formation by releasing osteoprotegerin together with osteoblasts, whereas

suppress osteoblastogenesis by secretion of sclerostin and Dickkopf-related protein 1 (DKK-1), inhibitors of Wnt signaling.

Many therapeutic agents are being developed based on the molecular biology of bone and used clinically. Anti-resorptive

agents are bisphosphonates (BPs), anti-RANKL antibodies (e.g., denosumab), selective estrogen receptor modulators

(SERMs), and calcitonin. Parathyroid hormone (PTH) analogues, strontium ranelate, and anti-sclerostin antibodies can be

categorized as anabolic agents for osteoporosis.

3. Conclusions

Osteoporosis is an increasingly prevalent condition as the aging population grows fast globally. It causes more than 8.9

million fractures per year worldwide . Not only in western countries, but also in East Asian countries, such as China,

Korea, and Japan, many elderly women and men already have increased osteoporotic fracture risks. Osteoporotic

fractures may lead to significant functional limitations and increased mortality. Thus, a timely diagnosis, prescription of

medication, as well as the management of this disease are important. Although the optimal period of pharmacological

treatment and the starting age is controversial, novel strategies and emerging therapies could provide more options for

patients and clinicians. To date, BPs remain the first-line and most cost-effective medicine for osteoporosis, but there is

also concern about their long-term use due to safety issues. As mentioned above, the first goal of osteoporosis treatment

using pharmaceuticals is to reduce the risk for fracture. To achieve this, adequate investigations should be conducted and

a proper diagnosis should be given. Since BMD alone cannot predict the risk for fracture, new cutting-edge technologies,

including next-generation sequencing, genome-wide screening and assessment, and stem cell therapeutics should be

considered. In conclusion, by gaining a better understanding of the molecular mechanisms underlying osteoporosis,

enabling and using new emerging technologies, it is possible to achieve better outcomes in patients with osteoporosis.
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